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Abstract 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder, characterised by 

deficits in verbal and non-verbal communication, social interaction and repetitive behaviours 

(APA, 2013). The aetiology of ASD is mostly unknown, with continued research identifying a 

multitude of genetic and non-genetic factors. However, it is the interaction between 

environmental factors and the genetic background of an individual which leads to the 

development of ASD. There is an urgent need for improved animal models of ASD to further 

our understanding of the aetiology and particularly its pathophysiology, as this will aid in the 

development of much needed pharmaceutical treatments to alleviate the impact of adverse 

symptoms for individuals with ASD. Current animal models of ASD examine the genetic (e.g. 

serotonin transporter knock out rats) or the environmental (e.g. prenatal exposure to 

Valproate) contributions to the disorder, and very rarely a combination of the two.  

This thesis aimed to improve the Valproate (VPA) induced ASD animal model with a 

genetic × environmental interaction approach, as well as optimising chronic administration of 

the VPA to pregnant rats. To this aim, a non-invasive method of delivering VPA was used, which 

allowed genetically normal rats to voluntarily consume VPA throughout pregnancy. The 

prenatal exposure to VPA led to ASD-like behaviours in the offspring (communication delays, 

increased social behaviour, and social aversion). Next, rats with a genetic deficit in SERT 

(SERT+/-) exposed to VPA throughout gestation, with an optimised administration method 

using gelatine pellets, which allowed for voluntary non-invasive consumption, and a more 

accurate administration of increased VPA doses. Overall, the chronic prenatal exposure to VPA 

in SERT+/- rats led to a mild ASD-like phenotype, with rats exhibiting communication delays, 

abnormal play behaviour, disrupted social preference, and to some extent increased anxiety-like 

behaviour. The brains of the adult offspring were examined for neuronal changes in the GABA 

interneurons in brain regions associated with social behaviour (amygdala and hippocampus). 

However, no significant effects of prenatal VPA exposure, genotype, or sex were found. Thus, 

the variations GABAergic system is unlikely to underlie the earlier identified behavioural 

alterations. Ultimately, this thesis has furthered the VPA induced ASD animal model with a 

genetic × environmental interaction approach, as well as optimising the chronic administration 

method for pregnant rats.   
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1. Chapter One 

Autism Spectrum Disorder (ASD) is a complex disorder with multiple behavioural and 

cognitive abnormalities, which are clinically present from childhood. The Diagnostic and 

Statistical Manual of Mental Disorders (fifth edition; DSM-5; American Psychological 

Association [APA], 2013) classifies ASD as a neurodevelopmental disorder. ASD is characterised 

by pervasive deficits in verbal and non-verbal communication, social interaction, and repetitive 

and stereotyped behaviours (APA, 2013). One in 59 children had the diagnosis before their 

eighth birthday (based on 2014 data collection in the United States, Baio et al., 2018). ASD has 

a substantial lifelong impact, yet the aetiology is mostly unknown. Although the cause of this 

disorder is not well delineated, adverse environmental influences, genetic factors, and gene × 

environment interactions significantly increase an individual’s risk of developing ASD. While 

the symptoms and predisposing factors are becoming more apparent, effective treatment for 

ASD is yet to be developed (Belzung, Leman, Vourc’h, & Andres, 2005). It is essential that we 

further our understanding of the aetiology of ASD, to allow for accurate detection of the 

disorder, as well as developing targeted pharmacological, and more efficient behavioural 

treatment options. However, delineating ASD aetiology in humans is difficult due to the 

heterogeneous nature of the disorder, as well as the complexity of multi-gene and multi-

environmental influences. The use of in vivo animal experiments is an important alternative for 

investigating the genetic and environmental influences that underlie ASD symptoms. However, 

the progression of an animal model of ASD is hindered due to the limited clinical research which 

considers gene × environment interactions along with substantial validity concerns. The work 

in this thesis intends to advance and explore the validity of the animal model of ASD.   
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1.2 General Background 

1.2.1 Brief History of Autism  

The pattern of behavioural variation identified as autism has been documented as early 

as 1938. Kanner (1943) observed the characteristics of eleven children with behavioural 

abnormalities. The eleven children displayed similar characteristics of repetitive and obsessive 

behaviours, abnormalities in social interaction, and language development, as well as difficulties 

with eating, aloofness and sensitivity to loud noises. Kanner (1943) assembled these 

characteristics into one syndrome, which was further developed by Hans Asperger (1944). 

Asperger described a ‘reduced’ form of autism, which characterises the way children had 

difficulty with social communication and some obsessive or fixated behaviours (Wing, 1981). 

Asperger (1944) originally described the syndrome as Autistic Psychopathy, but later it became 

known as Asperger’s syndrome. Autism first appeared in the third edition of the DSM (1980) as 

Infantile Autism, within the category of pervasive developmental disorders (Volkmar & 

Reichow, 2013). It was not until 1994 in DSM-4, that it appeared as an individual disorder in the 

DSM. With the DSM-5 (2013), autism became classified as a spectrum of disorders without 

division between Autism, Asperger’s, and other subtypes. The inclusion of all forms of the 

disorder into a spectrum was due to studies showing little to no difference between Autism and 

Asperger’s (Macintosh & Dissanayake, 2004; Sharma, Woolfson, & Hunter, 2012), along with 

evidence suggesting these disorders had the same aetiology (Young & Rodi, 2014). Overall, ASD 

is a neurodevelopmental disorder and a spectrum of symptoms ranging in severity and impact.  

1.2.2 Symptoms  

ASD is a heterogeneous disorder; the symptoms and impact depend on the individual, 

developmental stage, age, and the addition of any co-existing disorders. ASD symptoms are 

typically identified at a young age when children are yet to reach their developmental 

milestones characteristic for their age (Gabrielsen et al., 2015). These children are often 

observed as having significant delays in language development, accompanied by a reduced 

interest in social interaction (APA, 2013; Baird, Douglas, & Murphy, 2011). In comparison to 

their same-age peers, children with ASD are likely to have difficulties with initiating or 

responding to social cues or verbal instructions, repeat words or songs (echolalia; APA, 2013; 

Baird et al., 2011; Kanner, 1943), and have difficulties with reciprocal conversation (Koegel, Park, 

& Koegel, 2014). The reductions in social interest are manifested by difficulty initiating and 

maintaining eye contact, failure to follow gestures or eye gaze, preference to play alone, and 
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physically directing others to objects rather than telling them (e.g. pulling a parents’ hand to 

the object rather than using language to identify the object; Sigman, Mundy, Sherman, & 

Ungerer, 1986).  

The deficits in communication and social interaction are combined with repetitive 

behaviours and interests. The behaviours can be grouped into two different categories; the 

‘lower level’ behaviours are simple and typically identified by the repetition of body movements 

such as body rocking, hand flapping, repetitive object manipulation and self-injurious 

behaviour (Watt, Wetherby, Barber, & Morgan, 2008). ‘Higher level’ behaviours, on the other 

hand, are typically more complex repetitions which involve insistence on sameness, order, 

object attachment, and fixation, and also extend to compulsions and ritualistic behaviour (Watt 

et al., 2008).  

Symptoms of ASD change with age, however, the symptoms are still identified by the 

core characteristics. In adulthood, individuals with ASD are likely to experience deficits related 

to social-emotional reciprocity, which includes difficulties maintaining back and forth 

conversation, initiating and joining conversations, responding to gestures, and facial and body 

language cues (APA, 2013; Baird et al., 2011). An adult with ASD is more likely to have higher 

level repetitive behaviours and interests (Watt et al., 2008). While this description of symptoms 

is not exhaustive, it is indicative of the practical impact and appearance of ASD. Ultimately, ASD 

symptoms across the lifespan have major practical implications, which can significantly impact 

relationships with others, learning, independent living, employment, and life satisfaction. 

1.2.3 Co-existing Disorders 

ASD is rarely a disorder on its own and is often compounded by other disorders 

involving cognitive and emotional processing. This makes clear separations in symptoms 

between ASD and co-existing disorders difficult, which in turn impacts treatment and 

intervention options (Matson & Shoemaker, 2009). The most common co-existing disorder 

with ASD is an intellectual disability, which is characterised by deficits in intellectual functions 

(such as, reasoning, abstract thought, judgement, and learning) and deficits in adaptive 

functioning to enable personal independence (such as, communication, social participation, 

independent living; APA, 2013). Furthermore, the DSM-V recommends that intellectual ability 

is assessed when assessing an individual for ASD (APA, 2013), as intellectual ability influences 

performance on psychological assessments. In 2004, the Centers for Disease Control and 

Prevention (CDC) examined 8-year-old children with ASD across seven areas in the United 

States (US) and ascertained that 38% of children with ASD also had an intellectual disability 
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(with an Intelligence Quotient [IQ] below 70; Baio et al., 2018). They also found that a further 

24% of the sample had low-to-impairing intellectual ability (IQ between 70 and 85). The high 

co-existence between ASD and intellectual disability has been identified by other researchers as 

well (La Malfa, Lassi, Bertelli, Salvini, & Placidi, 2004). The high co-existence of these disorders 

is indicative of biological underpinnings that give rise to these disorders.  

There is also a high rate of comorbidity between ASD and attention-deficit/hyperactivity 

disorder (ADHD), anxiety, and depression (Simonoff et al., 2008), as well as the co-existence of 

ASD and epilepsy. Simonoff et al. (2008) examined the co-existence of disorders for 112 children 

who were diagnosed with ASD (although at the time it was childhood autism and pervasive 

developmental disorders). The authors showed that 70% of the children had at least one co-

existing disorder, and 41% had two or more. Furthermore, the co-existence between ASD and 

epilepsy has been reported in a range from 5% to 27%, depending on the classifications of ASD 

and the seizures (Amiet et al., 2008; Jeste & Tuchman, 2015). Matsuo, Maeda, Sasaki, Ishii, and 

Hamasaki (2010) examined the cases of 519 patients who had their first seizure before 18 years 

of age and identified that 79 (15.2%) also had ASD. It is useful to bear in mind the co-existing 

disorders, and the potential impact of these disorders on in vivo models, as inducing ASD-like 

behaviours may induce anxiety- or depression-like behaviours. However, this thesis will be 

centred on the core behavioural symptoms of ASD (deficits in communication, social 

interaction, and repetitive behaviours), and efforts will be taken to acknowledge the co-existing 

disorders.  

1.2.4 Prevalence  

ASD affects about 1 to 2% of the general population (Baird et al., 2006; Baxter et al., 

2015; Christensen et al., 2016). In 2014, the CDC updated the prevalence of ASD in 8-year-old 

children in the United States (US), showing that prevalence had increased by 15% from 2012. 

The authors specify that the overall prevalence of ASD for 8-year-olds in 2014 was one in 59 

children (Baio et al., 2018), compared with previous rates of one in 68 in 2010 (Wingate et al., 

2014). It is unclear if the increase in ASD prevalence can be attributed to changes in diagnostic 

criteria, increased awareness of symptoms, changes in methodology, or an actual increase in the 

frequency of the ASD (APA, 2013). Furthermore, there are distinctive sex differences, as males 

are 4 to 5 times more likely to be diagnosed with ASD than females (Wingate et al., 2014). The 

4 to 1 male to female ratio has remained consistent as of the 2014 prevalence update (Baio et al., 

2018). This ratio has been replicated in other populations, including Korean (Kim et al., 2011) 

and Swedish populations (Gillberg, Cederlund, Lamberg, & Zeijlon, 2006). Moreover, males and 
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females with ASD tend to express ASD symptoms differently (Cridland, Jones, Caputi, & Magee, 

2014). Females tend to express more ‘passive-like’ symptoms, such as social aloofness, anxiety, 

and emotion regulation deficits (Mandy et al., 2012; Rynkiewicz & Łucka, 2015). On the other 

hand, males tend to express more disruptive behaviours, such as social interaction deficits, 

repetitive behaviours and hyperactivity (Mandy et al., 2012; Szatmari et al., 2012). Thus, the 

disruptive nature of symptoms expressed by males likely contributes to the increased male 

representation in the prevalence of ASD. Furthermore, little attention is directed to the 

differential presentation of ASD symptoms for males and females. Much more research is 

needed to explore the difference developmentally for gender-identities other than male, as this 

would enable treatment advances.  

1.2.5 Family and Economic Impacts 

ASD symptoms are present from an early age and are typically stable throughout the life 

span. The longevity of the disorder affects the individual’s life path (relationships, employment, 

and life quality), and these individuals require additional assistance and resources throughout 

their life. Horlin, Falkmer, Parsons, Albrecht, and Falkmer (2014) identified that the cost of ASD 

to an Australian family is approximately $34,900 (AUD, per year). While the cost of ASD was 

greatly associated with the loss of income, delays in diagnosis also led to significant financial 

burdens. Individuals diagnosed with ASD often have a lower quality of life (van Heijst & Geurts, 

2015), and are less likely to engage intimately with others (Farley et al., 2018; Humphrey & 

Symes, 2010). Using self-reported data, Gotham et al. (2015) showed that adults with ASD are 

less likely to be employed. The impacts of ASD are also experienced by family members who 

tend to work less and earn less over their lifespan due to the increased care required for children 

diagnosed with ASD (Cidav, Marcus, & Mandell, 2012). Vasilopoulou and Nisbet (2016) showed 

in a meta-analysis that parents, particularly mothers of children diagnosed with ASD, 

experienced a lower quality of life. This was also found in a Swedish sample, whereby Järbrink 

(2007) showed that it takes about 1000 hours per year to care for a child with ASD.  

Outside of the individual and their family, the cost of ASD impacts economic, health, 

and education systems. Buescher, Cidav, Knapp, and Mandell (2014) have identified that the 

lifetime cost for an individual with ASD was USD 1.4 million in the US, and GBP 0.92 million 

the United Kingdom (based on 2012 estimates). This cost was considered across multiple life 

domains; in childhood, the greatest cost was associated with special education and parental 

income loss, whereas in adulthood the cost was with supported living and the individual’s 

income loss. Based on prevalence rates and associated factors, Leigh and Du (2015) forecasted 
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the ASD related costs would rise to USD 450 billion by 2025 due to the increasing number of 

diagnoses. Furthermore, the global burden of disease for ASD is much greater than other 

neurodevelopmental disorders, such as ADHD, intellectual disability or foetal alcohol syndrome 

(Whiteford et al., 2013). Overall, ASD has major economic and societal cost, and the individuals 

with ASD and their families tend to bear the greatest burden. The broader impacts of ASD 

emphasise the need for early interventions or treatment options, which would reduce the 

aforementioned losses.  

1.2.6 Treatment 

Currently, there is no validated or recommended pharmacological treatment for the 

core symptoms of the disorder (deficits in communication, social interaction and repetitive 

behaviours). A small percentage of individuals with ASD experience relief from second-

generation antipsychotics, which help to reduce some of the co-existing symptoms, like 

irritability, hyperactivity or mood instability (LeClerc & Easley, 2015). There are two 

antipsychotics approved by the US Food and Drug Administration (FDA):  risperidone and 

aripiprazole. New Zealand’s Ministry of Health permits prescription of risperidone for 

individuals experiencing irritability, aggression, self-injurious behaviour and severe tantrums 

(Ministry of Health, 2011). Other options include psychostimulants, like methylphenidate or 

anti-depressants, such as Selective Serotonin Reuptake Inhibitors (SSRIs; Stepanova, Dowling, 

Phelps, & Findling, 2017). While these medications may be given to alleviate symptoms of co-

existing disorders, such as ADHD or depression, they do not adequately treat the core symptoms 

of ASD. Therefore, the current treatment of ASD symptoms rests on behavioural interventions 

which are effective when implemented at an early age (Stepanova et al., 2017). However, 

interventions require ongoing enhancements to coincide with an individual’s cognitive growth. 

Ultimately, until new treatment options are developed, individuals with ASD are unlikely to 

have substantial relief from their symptoms.  

While the symptomology and the impacts of ASD have been understood for some time, 

there are no reliable methods for preventing this disorder. As such, it is important to investigate 

the contributing factors like genes and the environment and the role they have in ASD, as this 

will inform methods and avenues for ameliorating ASD symptoms. Furthermore, the aetiology 

of ASD is not attributable to one source, which makes it likely that it is caused by multiple 

factors. This chapter will explore the aetiology of ASD and the contributing factors to the 

disorder; but first, an exploration into the neurobiology of ASD and related theories, as it 

elucidates the symptoms experienced by individuals.  
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1.3 Neurobiological Alterations in ASD  

ASD is diagnosed solely on behaviours, however, it has been well established that 

neuronal and biochemical alterations underlie ASD symptoms. Currently, there are no 

biological or physical markers to diagnose or supplement the diagnosis. However, there are 

well-replicated abnormalities in ASD populations, such as increased head circumference 

(Aylward, Minshew, Field, Sparks, & Singh, 2002), and hyperserotonemia (Cook & Leventhal, 

1996; Hanley, Stahl, & Freedman, 1977; McBride et al., 1998; Schain & Freedman, 1961). These 

characteristic abnormalities are indicative central nervous system (CNS) abnormalities. 

Particularly with the increased head circumference, which is suggested to be the result of 

increased myelination or decreased synaptic pruning (Bauman & Kemper, 2005; Courchesne, 

Redcay, & Kennedy, 2004; Hazlett et al., 2005; Herbert, 2005). This suggestion has been 

supported by Koul (2005) and Deoni et al. (2015). It is proposed that the changes in myelination 

subsequently alters connectivity within and between brain regions (Kana, Uddin, Kenet, 

Chugani, & Müller, 2014; Zikopoulos & Barbas, 2013). The increased head circumference appears 

to affect 20% of ASD children, although the increased head size returns to within the normal 

range by adulthood  (Courchesne et al., 2001). 

Additionally, hyperserotonemia, the elevated serotonin (5-hydroxytryptamine; 5-HT) 

levels in the blood platelets (Cook et al., 1997), affects approximately 30% of individuals with 

ASD (Gabriele, Sacco, & Persico, 2014). Hyperserotonemia is a peripheral nervous system (PNS) 

measure of 5-HT, and it has been suggested that hyperserotonemia is related to dysfunctional 

serotonin reuptake transporter (SERT; which also has actions in the CNS), as the SERT is 

responsible for the 5-HT levels in the blood platelets (Veenstra-VanderWeele et al., 2012). 

However, increased head circumference and hyperserotonemia only occur in subsets of the ASD 

population, thus cannot serve as a biomarker for all ASD, but these are indicative of biochemical 

alterations that are worthy of further exploration.  

Individuals with ASD also have neurological abnormalities that distinguish their neural 

processing from individuals who develop typically (referred to as neurotypicals). The first 

(known) report of neuronal connectivity dysfunction originated from Rumsey et al. (1985). 

Using positron emission tomography (PET) to examine cerebral glucose metabolism in 10 adult 

males with ASD (and 15 adult male controls), Rumsey et al. (1985) demonstrated that men with 

ASD had widespread elevated brain activity, and some areas were highly active compared to 

controls. Another early study demonstrated a connectivity deficit between the frontal and 

parietal lobes of individuals with ASD (Horwitz, Rumsey, Grady, & Rapoport, 1988). These 
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findings spurred further research into the connectivity of ASD brains (meta-analysis on 95 

papers reporting fMRI data between 1984 and 2009; Philip et al., 2012). In addition, numerous 

neuroimaging studies indicated that connectivity between brain regions was dysfunctional for 

individuals with ASD (Di Martino et al., 2014; Hasson et al., 2009; Kana, Keller, Cherkassky, 

Minshew, & Just, 2009). The functional and anatomical abnormalities (as identified earlier in 

this introduction) reflect alterations in the neural processing, but there are neuropathological 

changes in the ASD that contribute to the connectivity dysfunction.  

Additionally, the structural and functional abnormalities for ASD individuals changes 

over the lifespan (Ha, Sohn, Kim, Sim, & Cheon, 2015). The total brain volume for ASD 

individuals is above average for ASD children (Hazlett et al., 2011), but then rapidly declines in 

adolescence and adulthood (Ecker et al., 2014; Zielinski et al., 2014). Further to the lifespan 

changes for ASD individuals, studies have investigated the functional differences for pre- and 

post-pubescent ASD individuals. Prepubescent individuals with ASD exhibited impaired 

language development (Wang, Lee, Sigman, & Dapretto, 2006) and reductions in processing 

facial and gestures which are critical to social interaction (Kim et al., 2015). Whereas, 

postpubescent individuals with ASD show deficits in the regions associated with language 

(Kana, Keller, Cherkassky, Minshew, & Just, 2006).  

Neuronal regions that are associated with emotional and memory processing also show 

significant alterations. Using a Golgi-Cox stain which visualises 1 to 3% of neurons and is used 

to examine the morphology of cells (Zaqout & Kaindl, 2016); Raymond, Bauman, and Kemper 

(1995) showed that the hippocampus of two ASD children had fewer dendritic branches when 

compared with age-matched peers hippocampi. Raymond et al. (1995) suggest that the reduced 

dendritic branches are indicative of reduced connectivity. Neuronal correlates of emotional or 

cognitive processing are examined with the use of magnetic resonance imaging (MRI) scans; 

Sparks et al. (2002) demonstrated that children with ASD have enlarged amygdalae, when 

compared to neurotypicals (Schumann et al., 2004). Research has shown that the size of the 

amygdala was correlated with the severity of their social communication impairments (Juranek 

et al., 2006; Munson et al., 2006).  

The differences between ASD and others directs the attention to widespread alterations 

in the brains, and an excitation and inhibition connectivity imbalance is a theory proposed as 

the underlying cause of ASD (Markram, Rinaldi, & Markram, 2007). This has been driven by 

functional imaging findings which demonstrated that ASD individuals have hypo-

underconnectivity between brain regions (Di Martino et al., 2014; Hasson et al., 2009), and 
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hyper-overconnectivity within regions (Di Martino & Castellanos, 2003). The connectivity 

imbalance is further supported at a cellular level, individuals with ASD have a decreased number 

and size of Purkinje cells, which are the main inhibitory neurons in the cerebellum (Fatemi et 

al., 2002; Kern, 2003). Therefore, a reduction in the inhibitory neurons leads to ‘unchecked’ 

activation of excitation neurons. Additionally, ASD brains show reductions in Parvalbumin 

(PV), which is a calcium-binding protein that is expressed in GABA interneurons and the PV 

neurons are the main inhibitory interneurons in the CNS (Gonchar, Wang, & Burkhalter, 2008). 

Using post-mortem tissue, Hashemi, Ariza, Rogers, Noctor, and Martínez-Cerdeño (2016) 

examined prefrontal brain regions of 11 ASD adults and found significant decreases in PV cells 

when compared to controls. As such, there is mounting evidence to suggest that ASD is 

characterised by neuronal connectivity deficits, possibly leading to an imbalance between 

excitation and inhibition. However, in order to develop novel therapeutic targets, it is important 

to understand how this dysfunctional connectivity is mediated by neurotransmitter changes.   

1.4 Neurotransmitter Dysfunction 

In addition to the neuronal characteristics of ASD, there are substantial alterations to 

neurotransmitter function. Altered neurotransmitter function changes neuronal activity (such 

as hyper- or hypo-activity), which is linked to ASD symptoms.  

1.4.1 Serotonin Dysfunction 

Several critical factors underlie the relationship between ASD and the serotonergic (5-

HTergic) system. Firstly, 5-HT has a critical role in neurodevelopment, particularly regarding 

neuronal proliferation, neurogenesis, and migration (Alenina & Klempin, 2015; Banasr, Hery, 

Printemps, & Daszuta, 2004). Neurodevelopmental disruption to the serotonergic system may 

underlie some of the abnormalities found in ASD individuals as well as in animal models of ASD 

(Aylward et al., 1999; Raymond et al., 1995; Whitaker-Azmitia, 2001). Secondly, 5-HT has a 

significant role in psychological processes, such as mood, social behaviour and obsessive 

behaviours (Anderson, 2004; Lesch et al., 1996). Thirdly, pharmacological or dietary alterations 

suggest a role for 5-HT in ASD symptoms. Thus, a small group of individuals experience relief 

from ASD symptoms when taking SSRIs (Moore, Eichner, & Jones, 2004); and dietary 

restrictions that reduce the 5-HT precursor tryptophan, exacerbate ASD symptoms (McDougle 

et al., 1996). Finally, as mentioned before, individuals with ASD have hyperserotonemia. The 

relationship between hyperserotonemia (particularly in the CNS) and ASD is yet to be fully 

explored (Polleux & Lauder, 2004). Nonetheless, the accumulated findings point toward 5-HT 

having a critical role in ASD during the developmental years and across the individual’s lifetime. 
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Nakamura et al. (2010) found substantial support for the critical role of 5-HT in ASD, with the 

use of PET scans. Nakamura and colleagues scanned 20 men with ASD and 20 age- and IQ-

matched controls and identified that ASD individuals had significantly lowered SERT binding 

throughout the brain and increased dopamine (DA) transporter binding in the orbitofrontal 

cortex. While 5-HT has a substantial role, other neurotransmitters, like DA, are implicated in 

ASD. 

1.4.2 Dopamine Dysfunction 

Aside from DA, the other neurotransmitters of interest in relations to ASD, include the 

neuropeptide Oxytocin (OXY), ƴ-aminobutyric acid (GABA), and Glutamate (GLU; Penn, 2006; 

Rubenstein & Merzenich, 2003), and these will be explored in the following sections. While the 

exact involvement of these neurotransmitters is yet to be understood, there is emerging 

evidence to suggest that they also have an important role in ASD. Nguyen et al. (2014) showed 

that the dopaminergic system contributes to the ASD aetiology through interactions of DA 

genes and the subsequent proteins encoded on the genes. In a review, Staal (2015) found that a 

single nucleotide polymorphism of the dopamine-3-receptor gene (DRD3) was linked to ASD. 

Staal (2015) also identified a relationship between high rates of DRD3 expression in the basal 

ganglia, an area implicated in repetitive and stereotyped behaviour.  

1.4.3 Oxytocin Dysfunction 

Oxytocin is a neuropeptide associated with social behaviours such as attachment to 

parents, pair bonding, and aggression (Donaldson & Young, 2008). Oxytocin is synthesised in 

the hypothalamus and is involved in neurotransmission in brain regions associated with social 

functioning (such as the amygdala, medial prefrontal cortex, and the insula; Yamasue, 2015).  

Heinrichs and Domes (2008) and McGraw and Young (2010) suggest that social behaviour is 

increased by oxytocin because it inhibits the social avoidance and defensive characteristics of 

humans and rodents (like prairie voles). Children with ASD aged 6-11 years have reduced 

oxytocin blood levels (Green et al., 2001; Modahl et al., 1998) indicative of low oxytocin levels 

in the PNS (and possibly the CNS; Green et al., 2001). The authors postulate that the increased 

unmetabolized peptides are due to genetic deficits in ASD populations. There is emerging 

evidence demonstrating a strong association between the oxytocin receptor gene and ASD 

(LoParo & Waldman, 2015; Yamasue, 2013). Further research has indicated that brain activity 

in the amygdala (Furman, Chen, & Gotlib, 2011; Inoue et al., 2010) and insula (Saito et al., 2013) 

are strongly dependent on oxytocin receptor functioning. Furthermore, there is support from 

animal studies demonstrating that genetically de-activating the oxytocin receptor gene induces 
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social deficits similar to ASD deficits (Winslow & Insel, 2002; Young, Pitkow, & Ferguson, 

2002). Finally, the intranasal administration of oxytocin was found to alleviate ASD symptoms 

(Kosaka et al., 2016; Parker et al., 2017; Watanabe et al., 2015). These findings are suggestive of 

low oxytocin levels for ASD individuals.  

1.4.4 Glutamate and GABA Dysfunction 

As alluded to earlier, there is also evidence to suggest GLU and GABA are affected in 

ASD populations. These neurotransmitters are responsible for the excitation/inhibition (E:I) 

balance in the Central Nervous System. Evidence for a dysfunctional E:I balance is supported by 

high rates of epilepsy, a disorder of electrical brain activity in ASD patients (Amiet et al., 2008). 

GLU is the major excitatory neurotransmitter, and there is increasing evidence to suggest it has 

a critical role in ASD symptomology. Hassan et al. (2013) identified that average GLU levels were 

significantly higher in the anterior cingulate, striatum, cerebellum and frontal lobe in 

individuals with ASD when compared with controls. Additionally, increased GLU levels have 

been identified in the blood of adults with ASD (Shinohe et al., 2006). Furthermore, Purcell, 

Jeon, Zimmerman, Blue, and Pevsner (2001) demonstrated a significant reduction in GLU 

receptor density in the cerebellum of individuals with ASD.  

On the other hand, the primary inhibitory neurotransmitter GABA also shows 

significant alterations in ASD populations. Neurodevelopmental abnormalities in GABA may 

underlie some of the developmental changes that result in ASD symptoms. Several studies 

indicate that GABA receptors are decreased in ASD populations (Blatt et al., 2001; Oblak, Gibbs, 

& Blatt, 2010). Fatemi, Reutiman, Folsom, and Thuras (2009), using post-mortem tissue of 

individuals with and without ASD found that GABA receptors were significantly reduced in the 

parietal lobe and the cerebellum of ASD individuals, further suggesting GABAergic dysfunction 

in ASD. Intriguingly, blood tests of ASD and ADHD children, found elevated GABA levels only 

found in the ASD population (Dhossche et al., 2002). This has been suggested to be indicative 

of reduced central GABA neurotransmission. The role of GLU and GABA in ASD will be 

discussed in more detail in chapter four which examines alteration in GABA interneurons in an 

animal model for ASD.  
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1.5 Theories on Neurological Causes of ASD  

Many theories have been proposed to explain the pathology and origins of ASD 

symptoms. Most focus on the cognitive aspects, like failure to infer the mental state of others 

(Baron-Cohen, 2000; Baron-Cohen, Leslie, & Frith, 1985), and the subsequent theory of weak 

centralised coherence, which was derived from the Theory of Mind failures (Frith, 2003; Frith 

& Happé, 1994), as well as the social motivation theory (Chevallier, Kohls, Troiani, Brodkin, & 

Schultz, 2012). Whereas, others look to account for overall dysfunction, such as executive 

dysfunction/attentional dysfunction (Ozonoff, Pennington, & Rogers, 1991), and the 

empathizing-systemizing theory (Baron-Cohen, 2016). However, these theories do not account 

for the cellular and molecular findings associated with ASD. Two theories that attempt a better 

account of the cellular aspects of ASD are the connectivity hypothesis and the E:I imbalance; 

these will be explored in turn.  

The connectivity hypothesis postulates that dysfunctional connectivity and 

synchronisation within and between brain regions leads to ASD symptoms (Belmonte et al., 

2004). Belmonte et al. (2004) suggested that ASD brains experience overall under-connectivity, 

but within regions, there is over-connectivity. Furthermore, ASD symptoms are driven by 

signal-to-noise abnormalities; where too much connectivity causes noise that cannot be filtered 

out (Belmonte et al., 2004; Vasa, Mostofsky, & Ewen, 2016). There is some evidence to support 

the under-connectivity findings (Di Martino et al., 2014; Just, Cherkassky, Keller, Kana, & 

Minshew, 2006; Kana et al., 2009). However, many studies are refuting the stipulation of overall 

under-connectivity (Mizuno, Villalobos, Davies, Dahl, & Müller, 2006; Shih et al., 2010). The 

lack of support for these findings may be attributed to the age of the participants, as children 

and adolescents exhibit hyperconnectivity within brain regions and hypo-connectivity between 

regions, but not adults (Farrant & Uddin, 2016; Nomi & Uddin, 2015).  

Rubenstein and Merzenich (2003) propose a theory of imbalanced E:I in neural systems 

as the cause of ASD. The authors suggest that imbalance of E:I is driven by genetic factors (genes 

as well as epigenetic factors), that lead to molecular and neuronal pathway changes which result 

in ASD abnormalities in language, as well as abnormal social, and affiliative behaviours. 

Importantly, the E:I imbalance theory rests on dysfunctional GABA and GLU systems. Studies 

have repeatedly demonstrated the abnormalities associated with GABA signalling in ASD brains 

(Bailey et al., 1998; Casanova, Buxhoeveden, Switala, & Roy, 2002; Coghlan et al., 2012; 

Hussman, 2001; Ritvo et al., 1986). Further to this, Rubenstein and Merzenich (2003) suggest 

that the changes in the GABAergic system (and others like GLU, 5-HT, and DA) change the 
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neuronal activity, leading to overall brain dysfunction. Their suggestion is supported by 

decreased function in the GABAergic system in ASD brains (Blatt & Fatemi, 2011; Fatemi et al., 

2009). Deficiencies in GABA can increase GLU (via compensatory mechanisms) lead to hyper-

excitable and dysfunctional brains (Powell et al., 2003; Shumyatsky et al., 2002; Steele & Mauk, 

1999). 

For the moment, both the connectivity and E:I theories further the research into the 

neuronal underpinnings of ASD, by providing scope for further studies. However, both theories 

do not adequately describe the situation for ASD individuals. The connectivity hypothesis 

attempts to encompass a vast range of neurological processes (anatomical, functional 

connectivity like EEG, neuronal connectivity, computational models of connectivity). Thus, the 

capacity to accurately describe findings is limited. Whereas, there is emerging evidence 

demonstrating the E:I imbalance in other psychiatric disorders, such as schizophrenia (Gao & 

Penzes, 2015), and ADHD (Selten, van Bokhoven, & Kasri, 2018). Therefore, E:I imbalance may 

not be the cause of ASD or other disorders, but rather a functional result of the underlying 

dysfunction. Ultimately, with the current knowledge and technology, it is possible to examine 

micro effects (like neuronal changes), and macro effects (like abnormal EEG and fMRIs), 

however, the capacity to measure the interaction and coordination of the micro and macro 

effects are limited, therefore, abnormalities are examined in isolation.   

The connectivity and E:I theories draw supporting evidence from the GABAergic 

abnormalities in ASD, by suggesting that connectivity or inhibition is dysfunctional because of 

GABA changes in ASD brains. The GABAergic abnormalities are consistently found in ASD 

brains, as well as the ASD animal models, which gives further support to the substantial impact 

of GABA dysregulation as an underlying mechanism for ASD symptoms. Animal models of ASD 

will be explored further in section 1.7.  
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1.6 Aetiology 

ASD is a multifactorial disorder, and the genetic and non-genetic contributions are yet 

to be understood.  

1.6.1.1 Genetic Contribution 

Twin studies provide insights into the heritability of ASD, as monozygotic (MZ) twins 

have identical genes and exposure to the same maternal environment; which minimises 

confounds that are often involved in familial comparisons. Shared genes and environment 

increase the probability that if one twin develops a disorder, then the other will too, which is 

known as the concordance rate. The first published twin study for ASD demonstrated MZ (i.e. 

identical) twins had a concordance rate of 36%. That is, both twins were diagnosed with ASD in 

a third of the sampled population. However, there was no concordance for dizygotic twins (DZ 

or fraternal; Folstein & Rutter, 1977). A high concordance rate was also identified in a twin study 

from the Nordic countries (Denmark, Finland, Iceland, Norway and Sweden), where in the 

sample of 21 twin pairs (11 MZ, 10 DZ), 91% of MZ were concordant for ASD but not DZ twins 

(Steffenburg et al., 1989). These findings were supported by Bailey et al. (1995), who found that 

69% of MZ twins were diagnosed with ASD and no concordance for DZ twins. More recent 

studies show the concordance rates are closer to 88-95% for MZ twins compared to 31% in DZ 

twins (Hallmayer et al., 2011; Rosenberg et al., 2009; Taniai, Nishiyama, Miyachi, Imaeda, & 

Sumi, 2008).  

1.6.1.2 Familial Studies 

Concordance rates in families provide further insights into the genetic contribution for 

ASD. However, these rates are lower compared to twins, as siblings and family members do not 

share the pre- and post-natal environments. Examining sibling recurrences, Ritvo, Jorde, 

Mason-Brothers, Freeman, and Pingree (1989) identified the total recurrence risk for ASD is 

8.6% which suggests that ASD is more likely for siblings when they are born after an autistic 

child. Familial studies have consistently found that close relatives of individuals with ASD show 

increased rates of ASD-related symptoms, such as social and communication impairments, and 

aberrant non-social behaviour (Bolton et al., 1994; Pickles et al., 2000; Piven, Palmer, Jacobi, 

Childress, & Arndt, 1997; Tordjman et al., 2001). Furthermore, in a prospective longitudinal 

study, Ozonoff et al. (2011) showed that sibling recurrence rates were 18.7%, such that, 132 out 

of 664 infants were diagnosed with ASD in childhood and these infants had at least one older 
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sibling with ASD. Ozonoff et al. (2011) found a marked gender difference, which showed that 

26.2% of male infants received an ASD diagnosis compared with 9.1% of female infants.  

Twin and familial studies demonstrate that ASD is highly hereditable. However, the 

specific genes that increase the risk are not yet known (Neale et al., 2012). To identify potential 

gene candidates, genome-wide association studies (GWAS) have demonstrated that the risk of 

ASD increased with increased DNA mutations, like copy number variants (CNV) and sequence 

variants (Buxbaum et al., 2012; De Rubeis et al., 2014; Glessner et al., 2009). Furthermore, these 

DNA variants implicate more than 100 genes that were associated with ASD (Buxbaum et al., 

2012). GWAS have revealed mutations associated with ASD, that converge on genes that 

regulate synaptic transmission, chromatin remodelling (Pinto et al., 2014; Yuen et al., 2016), 

neuronal cell adhesion (Glessner et al., 2009), and excitability transcription (De Rubeis et al., 

2014). For example, Sebat et al. (2007) identified that de novo CNVs were significantly 

associated with ASD and mutations in the germline were a significant risk factor for offspring 

developing ASD. Further to this, de novo insertions and deletions significantly contributed to 

increased ASD risk, and the mutations were strongly associated with the paternal chromosomes 

(Dong et al., 2014). This association may be related to epigenetic changes, such as changes to 

DNA methylation found in the sperm of fathers that already had a child diagnosed with ASD 

(Feinberg et al., 2015). The combination of concordance and familial research confirms the 

presence of a strong genetic component that underlies the aetiology of ASD.   

1.6.1.3 Serotonin Specific Genetic Alterations 

Of the alleles mentioned above, the SLC6A4 allele, which codes for the SERT and 

psychological disorders has been repeatedly examined in relation to ASD (Taylor et al., 2006; 

Way & Taylor, 2010). The relationship between serotonin and ASD has been investigated 

because of the serotoninergic alterations in ASD populations and is the focus of this thesis (refer 

to introduction sections 1.7.6, 1.8, and chapter three). The SERT protein modulates 5-HT 

transmission by terminating and recycling 5-HT back into the pre-synaptic neuron (Lesch et al., 

1994). This SLC6A4 gene is located in chromosome region 17q11.2 (Gelernter, Pakstis, & Kidd, 

1995), and has a polymorphism in the promoter region (5-HT transporter gene-linked 

polymorphic region; 5-HTTLPR). This polymorphism is related to 20-23 DNA base-pairs, which 

is repeated 16 times (‘long’ variant) or 14 times ('short' variant; Taylor et al., 2006). The short 

variant leads to decreased function of the SERT (Coutinho et al., 2004; Heils et al., 1996), which 

has implications for the availability of 5-HT in the synapse as well as the binding sites for 

medications such as SSRIs. Studies have reported a link between this variant and depression 
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(Taylor et al., 2006), anxiety (Lesch et al., 1996), and ASD (Cook et al., 1997; Devlin et al., 2005; 

Yirmiya et al., 2001). In this respect, it is interesting that depression and anxiety are frequently 

comorbid with ASD (see section 1.2.3). 

However, studies examining the link between 5-HTTLPR and ASD have not been 

consistent (Coutinho et al., 2004; Ramoz et al., 2006). Devlin et al. (2005), Conroy et al. (2004) 

and Cook et al. (1997) have found that the short variant is a predictor for ASD behaviours, 

whereas Kluck, Poustka, Benner, Lesch, and Poustka (1997) and Tordjman et al. (2001), found 

that the long variant was more common among ASD populations. Others have found no 

association or link between either variant and ASD (Betancur et al., 2002; Coutinho et al., 2004; 

Maestrini et al., 1999; Persico et al., 2000; Ramoz et al., 2006).  

Additionally, there is another polymorphism in the second intron of the SLC6A4 gene 

which is associated with ASD. The variant consists of a variable number of tandem repeats 

(STin2 VNTR) and has three common alleles, STin2.9, STin2.10, STin2.12 (9, 10, and 12 denote 

the number of repeated units in the gene; Lesch et al., 1994). Studies have reported the STin2.12 

is more common in ASD populations (Huang & Santangelo, 2008; Kluck et al., 1997) and may 

contribute to the increased risk for hyperserotonemia (Coutinho et al., 2004; Coutinho et al., 

2007). However, an association between the Stin2.12 and ASD is, again, not always consistent 

(Brune et al., 2006), and contribution of the Stin2.12 to hyperserotonemia has also not been 

replicated (Betancur et al., 2002). 

Thus, the research examining the SLC6A4 gene and ASD have not revealed consistent 

results (which in itself is not unique and generally holds true for every gene associated with 

ASD). This may in part be due to small sample sizes and measurement error (Border et al., 2019). 

Border et al. (2019) and Risch, Herrell, Lehner, Liang, and Merikangas (2009) suggest that 

psychiatric disorders (such as depression and ASD) are polygenic and therefore, isolating a 

single gene is by definition erroneous. Additionally, it is clear that psychiatric disorders are the 

result of multifactorial interactions, with contribution from both genes and the environment. 

In this respect, Nijmeijer et al. (2010) and Hecht et al. (2016), found that while the 5-HTTLPR 

alone did not significantly increase the risk for ASD, in interaction with prenatal stress or 

maternal smoking, a significant association was found.  
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1.6.2 Prenatal Risk Factors  

In addition to genetic factors, environmental factors have a critical impact on 

neurodevelopment and the risk for ASD. In particular, prenatal risk factors like exposure to 

teratogens or maternal infections are known to increase the risk of ASD for the offspring. The 

prenatal period is critical for optimal neuronal development, and adverse effects have profound 

impacts during this time with long-term consequences. The research on prenatal factors has 

centred on maternal stress, exposure to teratogens, and infections during gestation. Kinney, 

Miller, Crowley, Huang, and Gerber (2008) found an increased risk of ASD in the children of 

pregnant mothers exposed to a storm (hurricane or cyclone) during the middle or end of the 

gestation period. This parallels the findings of Laplante, Brunet, Schmitz, Ciampi, and King 

(2008) who identified a negative association between prenatal maternal stress and lower 

cognitive and language abilities in 5-and-half-year-old children whose mothers had been 

exposed to the 1998 Quebec ice storm. In a review, Kinney, Munir, Crowley, and Miller (2008) 

suggested that stress during gestation and just after birth is a significant risk factor for ASD. 

Furthermore, in a review of multiple prenatal stress studies in laboratory animals, Kinney et al. 

(2008) summarised that prenatal stress does not need to be chronic or severe to result in 

significant postnatal developmental changes.  

1.6.2.1 Maternal Infections  

Maternal infections can have a substantial impact on the development of the offspring. 

Libbey, Sweeten, McMahon, and Fujinami (2005) postulated that maternal infection could 

interact with genetic susceptibility leading to the symptomology of ASD. This interaction aligns 

with the view that aetiology of ASD is multi-factorial and lacks a singular cause. Atladottir et al. 

(2010) found that early gestation infection, particularly with the influenza virus, increases the 

risk of ASD. This was based on a review of Denmark Medical Birth Register, including births 

from 1980 to 2005 with an examination of the hospital admissions and the diagnosis of the 

offspring. Another virus that was associated with ASD development in children was the in utero 

exposure to rubella (Chess, 1971). Maternal antibodies created in response to viruses could be 

crossing the placental barrier, interacting with the foetus, and thereby enhancing ASD risk.  

Animal studies have furthered our knowledge of maternal infections and the increased 

risk for ASD. Polyriboinosinic - polyribocytidilic acid (PolyI:C) and lipopolysaccharide (LPS) are 

two commonly used compounds that simulate viral or bacterial infections in laboratory animals 

(Patterson, 2011). Non-human primate studies also demonstrate the impact of maternal 

immune activation (MIA). Bauman et al. (2013) administered an adapted version of Poly I:C to 
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pregnant macaques (non-human primates) and found that the offspring exhibited decreased 

social interaction, communication and repetitive behaviours. Similar results have been found 

when Rhesus monkeys were prenatally exposed to Poly I:C (Machado, Whitaker, Smith, 

Patterson, & Bauman, 2015). Corresponding effects of MIA have also been found in rats and 

mice. That is, rodents that were prenatally exposed to Poly I:C exhibit behavioural deficits which 

are similar to ASD symptoms, such as reduced communication and deficits in social behaviour 

(Malkova, Collin, Hsiao, Moore, & Patterson, 2012; Schwartzer et al., 2013; Shi, Fatemi, Sidwell, 

& Patterson, 2003). The ASD-like effects of prenatal exposure to Poly I:C also extend to the 

neuronal abnormalities, particularly in the hippocampus (Ohkawara, Katsuyama, Ida-Eto, 

Narita, & Narita, 2015) and the amygdala (Li et al., 2018). Similar ASD-like behaviours are found 

in offspring prenatally exposed to LPS (Kirsten, Queiroz-Hazarbassanov, Bernardi, & Felicio, 

2015). Importantly, Smith, Li, Garbett, Mirnics, and Patterson (2007) and Ashdown et al. (2006) 

have demonstrated that ASD-like behaviour of rodents prenatally exposed to Poly I:C or LPS is 

likely to the be the result of maternal immune response rather than the active infection crossing 

the placental barrier. Overall, the behavioural variations in the prenatally exposed offspring 

align with diagnostic criteria for ASD.  

1.6.2.2 Teratogen Exposure 

Teratogens are usually defined as compounds that cause developmental disturbances 

and often malformation of the foetus (Ranger & Ellenbroek, 2015). Medications such as 

thalidomide and Valproic acid have stood out in the adverse effects on foetus development 

because of their pharmacological insult during sensitive neurodevelopmental periods. 

Thalidomide was a medication used in the 1950s-60s to treat anxiety and morning sickness. 

However, the ingestion of this medication while pregnant resulted in physical and neurological 

deformities for the children. When ingested around gestational day (GD) 20-24, the children 

were more likely to experience neurodevelopmental deficits (Miller, Strömland, Gillberg, 

Johansson, & Nilsson, 1998). GD 20-24 is a sensitive period, as it is associated with neural tube 

closure in the developing foetus, and exposure during this time critically impairs the developing 

tissue (Detrait et al., 2005). Accumulated evidence demonstrated that women taking this 

medication while pregnant were much more likely to have a child with ASD when compared to 

the population averages (Stromland, Nordin, Miller, Akerstorm, & Gillberg, 1994). This has been 

attributed to thalidomide crossing the placenta barrier and altering the development of neurons 

(Rodier, Ingram, Tisdale, & Croog, 1997). The association of thalidomide and ASD has been 

supported by animal studies, where prenatal exposure to thalidomide leads to changes in the 

serotonergic system, similar to the elevated 5-HT levels in ASD populations (Miyazaki, Narita, 
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& Narita, 2005; Narita et al., 2002). However, prenatal exposure to thalidomide in rats has not 

conclusively resulted in ASD-like behaviours. Narita et al. (2010) showed that thalidomide 

exposed rats had no significant social interaction deficits but exhibited some learning deficit in 

a memory task. Thus, it is likely that thalidomide-induced ASD model is unsuitable for 

examining social alterations in rats.  

1.6.2.3 Prenatal Valproate Exposure 

More importantly, for the current thesis, another medication that has teratogenic effects 

relevant to ASD is Valproic acid (valproate, VPA, 2-Propylpentanoic acid). This medication is 

primarily prescribed to treat epilepsy but is also effective in treating bipolar disorder, migraines, 

and mood disturbances (Bollino, Balan, & Aurelian, 2015; Lloyd, 2013). There is considerable 

evidence to demonstrate that the prenatal exposure to VPA significantly increases the risk of 

the offspring developing ASD (Adab et al., 2004; Christensen et al., 2013; Christianson, Chester, 

& Kromberg, 1994; Dean et al., 2002; Moore et al., 2000; Smith & Brown, 2014; Viinikainen et 

al., 2006; Williams & Hersh, 1997). Prenatal exposure to VPA is linked to birth abnormalities, 

changes in cognitive function and developmental deficits (Lloyd, 2013; Roullet, Lai, & Foster, 

2013). Further to this, VPA was found to increase the risk for ASD by 4.42% when women were 

taking it while pregnant (Christensen et al., 2013). Rasalam et al. (2005) identified that children 

who had been exposed to VPA in utero were significantly more likely to be diagnosed with ASD 

compared with children who had been exposed to other anticonvulsants. The authors went on 

to specify that children exposed to VPA in utero demonstrated a distinctive pattern of cognitive 

delays, especially in language and motor milestones, which aligns with a diagnosis of ASD. 

Additionally, when VPA is the only medication taken during pregnancy, the risk of ASD-like 

symptoms in the children is seven times higher (Bromley et al., 2008). It is from this association 

between in utero exposure to VPA and ASD in humans that an in vivo animal model of ASD has 

been generated to test the behavioural and neurological features of ASD (this model is detailed 

in section 1.8.3).  

Pharmacodynamically, VPA increases GABA in the brain (Löscher, 2002), and regulates 

neurotransmission by blocking voltage-dependent sodium channels, which prevent cells from 

completing action potentials (Bollino et al., 2015). VPA crosses the placental barrier and can 

have teratogenic effects on developing foetus (Dickinson, Harland, Lynn, Smith, & Gerber, 1979; 

Nau, Koch, Häuser, & Helge, 1981). The teratogenic mechanism of VPA is attributed to histone 

deacetylase (HDAC) inhibition, which leads to epigenetic alterations in the developing foetus 

(Gurvich et al., 2005; Ranger & Ellenbroek, 2015). Additionally, VPA increases reactive oxygen 
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species (ROS), endogenous molecules that can cause damage to DNA, proteins, and cellular 

communication (Defoort, Kim, & Winn, 2006; Na, Wartenberg, Nau, Hescheler, & Sauer, 2003; 

Tung & Winn, 2011). In foetuses, the antioxidant systems that normally detoxify ROS are 

immature, thus making the foetus more susceptible, particularly during organogenesis (Tung & 

Winn, 2011). VPA has complex mechanisms of action which may lead to an interactive effect, 

whereby HDAC inhibition leads to increase ROS levels, ultimately resulting in increased cell 

damage (Carew, Giles, & Nawrocki, 2008).  

1.6.2.4 Genetic and Environmental Interactions 

This chapter has examined studies that demonstrate 5-HT contributes to ASD 

symptoms (see section 1.3.1.4), and the significant impact of prenatal VPA leading to an 

increased risk of ASD (see section 1.6.2.3), Furthermore, studies have shown that prenatal VPA 

exposure alters 5-HTergic development and functioning (Miyazaki et al., 2005, Tsujino et al., 

2007, Oyabu et al., 2013). Thus, it is important to examine whether the 5-HTergic system and 

the prenatal exposure to VPA interact with each other. 

Despite the evidence that suggests that ASD results from gene-environment interactions 

(Kim & Leventhal, 2015), the current state of research on in vivo models of ASD relies on either 

purely genetic mutations (Banerjee-Basu & Packer, 2010; Moy et al., 2008; Moy et al., 2007), or 

singular environmental challenges (Fatemi et al., 2008; Schneider & Przewlocki, 2005; 

Takahashi, Haglin, & Kalin, 1992). In rare cases, studies have examined a genetic factor in 

interaction with prenatal exposure to VPA. Kim et al. (2019) examined mice with contactin-

associated-protein-like 2 knock-outs (Cntnap2 KO) that were prenatally exposed to 100 or 

300mg/kg of VPA on GD 10. The Cntnap2 is a member of the neurexin gene family which is 

involved in axonal differentiation and guidance, and there is some evidence to suggest it is 

disrupted in ASD populations(Anney, 2013). Cntnap2 KO mice show disruptions to 

neurodevelopment and ASD-like behaviours(Hali et al., 2020). Kim et al., found that Cntnap2 

KO mice prenatally exposed to VPA had improved social deficits but heighten seizure 

susceptibility. The authors examined amplitudes of excitatory postsynaptic currents in the 

pyramidal neurons of the prefrontal cortex and found that Cntnap2 KO mice prenatally exposed 

to VPA equivalent to controls, but the Cntnap2 KO mice and the VPA-exposed mice had 

abnormal neural transmission. Thus, Kim et al., found that the interaction of a genetic factor 

and an environmental factor lead to the recovery of the ASD-like phenotypes of the single-

factors. 
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Ellenbroek, August, and Youn (2016) examined ASD-like behaviours following the 

prenatal exposure of heterozygous serotonin transporter knockout (SERT KO) rats to prenatally 

to 400mg/kg VPA on GD 12.5. They were unable to find significant gene-environment 

interaction but did find that VPA-exposed offspring had increased anxiety and reductions in 

cognition. The authors suggested that the lack of interactions may be attributed to the timing 

of the environmental challenge, and that perhaps offspring with genetically compromised SERT 

function are more sensitive earlier or later in gestation.  

Ultimately, this thesis will advance the work of Ellenbroek et al. (2016) and will examine 

the relationship between VPA and 5-HT with the use of SERT KO animals. This thesis will assess 

ASD-like behaviours following chronic prenatal exposure to VPA as an environmental risk factor 

when combined with the genetic vulnerability contributed by the reduction in the SERT activity 

in the SERT KO strain. However, before examining the research on the animal model of ASD by 

prenatal exposure to VPA (section 1.8.3), but it is first relevant to examine animal modelling 

more broadly.   
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1.7 Animal Modelling 

Animal models of human conditions should fulfil meaningful validity criteria, of which 

there are three relevant items (Belzung & Lemoine, 2011; van der Staay, 2006; van der Staay, 

Arndt, & Nordquist, 2009). First, construct validity refers to how the disorder and its aetiology 

is modelled in the animal (Hulbert & Jiang, 2016; Willner, 1984). To fulfil the construct validity 

criterion, an ASD animal model ideally has similar genetic and/or environmental factors that 

are known to contribute to ASD. The second validity criterion is face validity, this refers to 

whether the animal model accurately represents the anatomical, behavioural, and biochemical 

characteristics of the disorder (Nestler & Hyman, 2010). The phenotype or the observable 

characteristics of an ASD animal model should include altered communication and social 

interaction. The final validity criterion is predictive validity, and this requires the model to 

respond to pharmacological treatments as a human would respond (Nestler & Hyman, 2010). 

Unfortunately, for ASD, given the very limited effectiveness of pharmacological therapy, this 

criterion is very difficult to assess. 

This thesis aims to examine and further advance the animal modelling of ASD. Before 

examining the current literature on VPA animal model of ASD, I will review other animal 

models for ASD. Animal models of ASD have been constructed in three major ways; a lesion 

approach, genetic basis (e.g. selective breeding for phenotypes or mutations), and the use of 

environmental manipulations (e.g. prenatal challenges).   

1.7.1 Lesion Approach to Animal Modelling of ASD 

The first method for modelling ASD behaviours in animals is through lesion studies, in 

which experimenters chemically or physically remove or lesion particular brain regions and 

examine the behavioural consequences of this lesion. Individuals with ASD do not have one 

specific brain region that is said to underlie the disorder; therefore, it is challenging to model 

ASD using lesion based techniques, and the construct validity of these models can be 

questioned. However, these models have contributed to our understanding of how alterations 

in specific brain regions lead to ASD-like behaviours in animals. 

From non-human primate studies, the removal of the medial temporal lobe in young 

macaque monkeys resulted in ASD-like deviations in sociability, particularly decreased social 

initiation, and increases stereotyped behaviours (Bachevalier, 1996). In rats, Wolterink et al. 

(2001) showed that lesions to the amygdala or hippocampus during the early postnatal period 

(postnatal day, PND 7) or later on (PND 21), resulted in decreases of pinning behaviours, social 
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exploration, and approach behaviours in the play behaviour assay. More specifically, social 

behaviour was decreased when lesions were applied to the amygdala, rather than the ventral 

hippocampus (Daenen, Wolterink, Gerrits, & Van Ree, 2002). Furthermore, Schneider and 

Koch (2005) demonstrated that lesions in the medial prefrontal cortex led to a reduction in play 

behaviour and social exploration. Taken together, these studies show that midbrain and cortical 

structures are necessary for sociability and that dysfunction in these regions result in socio-

behavioural alterations that are consistent with social dysfunction symptoms in ASD (Amaral, 

Schumann, & Nordahl, 2008; Barnea-Goraly et al., 2014; Carper & Courchesne, 2005).   

1.7.2 Genetic Approach to Animal Models of ASD 

In contrast to lesion models, altering the genetic makeup in animals has resulted in a 

large number of in vivo animal models for ASD. The genetic approach to animal models includes 

the use of inbred strains of animals (forward genetics), which have been specifically bred due to 

their expression of behavioural traits, such as the BTBR T+tf/J (BTBR) mice that were bred for 

their reduced sociability (McFarlane et al., 2008). Whereas, animal models are also based on 

targeted mutations in specific genes (reverse genetics), such as the Shank mutated mice or mice 

and rats with mutations in the Slc6a4 gene (Blakely & Veenstra-VanderWeele, 2011).  

The BTBR mice are used as an animal model for ASD because of their reduced sociability 

and aberrant vocalisations (Defensor et al., 2011; McFarlane et al., 2008; Moy et al., 2007). These 

behaviours are attributed to neuronal reductions in the hippocampus and an almost complete 

removal of the corpus callosum (Wahlsten, Metten, & Crabbe, 2003). BTBR are an inbred strain 

and the specific genetic locus (or more likely loci) that underlies the behavioural expression has 

yet to be determined. BTBR mice have transcript alterations in the hippocampus and amygdala 

(Nadler et al., 2006), polymorphisms associated with serotonin regulation (McFarlane et al., 

2008), mutation in the protein encoded by Disrupted in schizophrenia gene (Disc1;  Meyza et 

al., 2013), and further mutations in the exostosin 1 (Ext1) gene which is required for the 

molecules vital to forming the corpus callosum (Meyza et al., 2013). Furthermore, administering 

fluoxetine (an SSRI) to BTBR mice increases their sociability to match that of controls 

(Chadman, 2011; Gould et al., 2011). This model exhibits good face validity, as the behavioural 

expressions align with ASD symptoms; and there is emerging evidence to suggest the 

neurobiological factors (such as a lack of the corpus callosum, and reduced white matter) are 

aligned with findings from ASD populations, which supports the construct validity of this model 

(Chadman & Guariglia, 2012).  
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An example of reverse genetics is the SHANK animal model, which has been derived 

from evidence showing that the Shank family genes are altered in ASD populations. There are 

three Shank genes (Shank1-3) which encode proteins involved in synaptic scaffolding and 

dysfunction of these genes leads to reduced neuronal connectivity, and as such Shank genes 

have been attributed a critical role in ASD (Gauthier et al., 2009; Peça et al., 2011; Yoo, Bakes, 

Bradley, Collingridge, & Kaang, 2014). Mice with Shank1 mutations display deficits in 

communication and exhibit anxious-like behaviours. However, Shank1 mutants do not exhibit 

the ASD symptom triad, as social interaction and repetitive behaviours are no different when 

compared to mice with functional Shank1 gene (Silverman et al., 2011; Wöhr, Roullet, Hung, 

Sheng, & Crawley, 2011). In contrast, mice with Shank2 (Schmeisser et al., 2012; Won et al., 

2012) and Shank3 (Peça et al., 2011; Wang et al., 2011) mutations demonstrate reduced 

communication, social interaction, and increased repetitive behaviours. The disassociation 

between Shank1 and Shank2-3 indicate that these genes individually contribute to ASD-like 

behaviours.  

In addition to the BTBR and Shank mice models, many other animal models of ASD have 

been developed. In vivo models with ASD-like behaviours (i.e. reductions in communication, 

social interaction and repetitive behaviours) includes animals with mutations in neuroligins 

(Nlgn 1 - 4; Blundell et al., 2010; Radyushkin et al., 2009; Tabuchi et al., 2007), and the Fmr1 

gene (Bernardet & Crusio, 2006; Mineur, Huynh, & Crusio, 2006; Pietropaolo, Guilleminot, 

Martin, D'Amato, & Crusio, 2011). Further, heterozygous Mecp-2 null mice models Rett 

syndrome, which is a disorder that is closely associated with ASD. These mice exhibit reductions 

in social behaviour and significant repetitive behaviours (Gemelli et al., 2006; Moretti, 

Bouwknecht, Teague, Paylor, & Zoghbi, 2004).  

1.7.3 Serotonin Transporter Knockout Model 

In addition to the models mentioned above and with particular relevance to this thesis, 

a SERT KO model has been developed, allowing for the investigation of the role of the SERT in 

behavioural and physiological processes. The SERT is particularly relevant to the examination 

of ASD aetiology and the exhibited behaviours, as the 5-HT system has a critical role in ASD, 

and by examining the SERT KO animals in laboratory context we can discern the SERT 

contribution to behaviours in experimental settings. The original SERT KO model was 

generated in mice, where animals were mutated with homologous recombination that resulted 

in mice with a non-functional SERT (Lira et al., 2003). The mice with non-functional SERT 

genes (SERT-/-) exhibit increased anxiety and depressive-like behaviours which have been 
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replicated within and across laboratories (Bregman et al., 2018; Carroll et al., 2007; Holmes, 

Murphy, & Crawley, 2003; Lira et al., 2003).  

A SERT KO has also been generated in Wistar rats. This model was generated using N-

ethyl-N-nitrosourea (ENU); a compound with high mutagenicity (Smits et al., 2006). The 

process of development of the SERT KO strain required Wistar males to be treated with ENU 

for three weeks, and this significantly mutated the spermatogonial stem cells (pre-sperm cells). 

These treated males were subsequently mated with genetically-unaltered females, and the 

resulting offspring were genotyped to identify mutated genes (Smits et al., 2006). One of the 

genetic mutations identified was a premature stop-codon in the Slc6a4 gene. The offspring with 

this mutation was backcrossed with wildtype (SERT+/+) animals over multiple generations, thus 

cleaning up the genetic background while maintaining the mutation in the gene of interest 

(Smits et al., 2006). The SERT mutation results in a gene dependent deficit in the SERT 

function, where homozygous (SERT-/-) have a 100% reduction, while heterozygous (SERT+/-) rats 

have a 40-60% reduction compared with SERT+/+ rats that do not express the mutation 

(Homberg et al., 2007). The authors also demonstrated that there were no compensatory 

changes in tryptophan hydroxylase (which is a 5-HT synthesising enzyme) or monoamine 

oxidase (which is involved in metabolising 5-HT) activity. Furthermore, there were no 

alterations in dopamine and noradrenaline reuptake mechanisms.  

The genetic mutation in the SERT protein leads to social behaviour changes. Homberg, 

Schiepers, Schoffelmeer, Cuppen, and Vanderschuren (2007) showed that juvenile SERT-/- rats 

had significant reductions in play behaviour and exhibited aberrant play behaviours patterns 

when compared with their wild type controls. The reduced social behaviours exhibited by SERT-

/- rats was replicated by Muller, Olivier, and Homberg (2010). The findings in rats are similar to 

the reductions in social initiation behaviours that were identified in SERT knockout mice 

(Kalueff, Fox, Gallagher, & Murphy, 2007). Together, these findings suggest that the SERT has 

a significant role in social behaviour and more importantly, the SERT KO rat model is suitable 

for examining ASD-like behaviours (as shown in chapter three).    

In addition to the social behaviour alterations in SERT KO animals, other studies have 

examined the impact of the 5-HT mutations on the animal’s behaviour. SERT-/- rats exhibit 

increased anxiety in a range of behavioural tests (Homberg et al., 2007), which we have also 

found in our own lab (Kidwell, 2018). Holmes, Li, Murphy, Gold, and Crawley (2003) using 

SERT-/- mice, also found increased anxiety-like behaviour, in line with others (Adamec, Burton, 

Blundell, Murphy, & Holmes, 2006; Moy et al., 2009).   
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1.8 Environmental approach to Animal Models 

In humans, there is an established association between prenatal exposure to 

environmental challenges and the development of ASD. Therefore, ASD-like behaviours in 

animals have been investigated in response to such environmental challenges. Common 

prenatal environmental challenges used in laboratory settings are stress, maternal immune 

activation, and teratogens; these will be explored in the following section.    

1.8.1 Prenatal Exposure to Stress 

Stress during prenatal development in rats significantly affects behaviour in later life. 

Takahashi et al. (1992) administered a tail shock to pregnant females every second day of 

gestation from gestational day two. This environmental stress resulted in offspring exhibiting 

significant delays in initiating social interaction and showed increased anxious-like behaviour 

(increased freezing after a foot shock) when compared with offspring unexposed to prenatal 

stress. In a spatial memory task, Lemaire, Koehl, Le Moal, and Abrous (2000) demonstrated 

that prenatally stressed offspring had learning delays. Similar effects were found in prenatally-

stressed adult mice (Son et al., 2006). In a gene × environment interaction study, Jones et al. 

(2010) examined the reaction of the offspring from pregnant mice with reduced SERT function 

(SERT+/-) that were exposed to chronic prenatal stress. The authors suggest that their results 

demonstrate that the prenatally stressed offspring of SERT+/- had significant deviations in 

communication and social interaction. However, close inspection of their data actually shows 

that the offspring of SERT+/+ mothers were more sensitive to prenatal stress. Nonetheless, the 

study supports the evidence suggesting that prenatal stress increases the risk for ASD.  

1.8.2 Maternal Immune Activation 

As mentioned in the earlier section on maternal infections as a prenatal risk factor 

(1.6.2.1), another way to induce ASD-like behaviours in animals is with MIA, using the influenza 

virus, Poly I:C, or LPS. Shi et al. (2003) infected pregnant mice at GD 9 with the influenza virus 

and showed that the influenza-exposed offspring exhibited significant deficits in social 

interaction as well as reductions Purkinje cells. Fatemi et al. (2008) administered the influenza 

virus on GD 18, which resulted in a significant reduction in 5-HT levels. As identified earlier, 

maternal antibodies also significantly alter the brain and behaviour of prenatally-exposed 

offspring (Bauman et al., 2013). Both Poly I:C and LPS have been used to model ASD-like 

behaviours in rodents, with success. A prenatal administration of Poly I:C leads to deficits in 

behaviours relevant ASD, such as communication, social interaction and repetitive behaviours 
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(Bauman et al., 2014; Malkova et al., 2012; Patterson, 2011). These behaviours have also been 

observed in offspring that were prenatally exposed to LPS (Kirsten, Taricano, Maiorka, Palermo-

Neto, & Bernardi, 2010; Ohkawara et al., 2015; Shi et al., 2009).  

However, the MIA model is not specific to ASD and is often associated with 

schizophrenia-like behaviours (McAlonan, Li, & Cheung, 2010). There is mounting evidence to 

suggest that infection mid-to-late pregnancy contributes to the risk of developing schizophrenia 

(Cooper, 1992; Karlsson & Dalman, 2019; Mednick, Huttunen, & Machón, 1994). While there is 

an indication that MIA increases the risk of ASD, the association between MIA and 

schizophrenia is much stronger (McAlonan et al., 2010). Therefore, this thesis will focus on the 

influence of VPA as a teratogen which imparts the environmental factor contributing to ASD.  

1.8.3 Valproate-induced ASD Model 

The VPA-induced ASD model was based on clinical studies that prenatal exposure to 

VPA significantly increases the risk for children to develop ASD (Christensen et al., 2013), as 

discussed in prenatal risk factors section (1.6.2.3). This link led to the VPA induced animal 

model for ASD (Rodier et al., 1997; Rodier, Ingram, Tisdale, Nelson, & Romano, 1996).  

In the 1980s, VPA was chronically administered to pregnant rats to examine the 

teratogenicity. This research has established appropriate doses for rats and options for chronic 

administration of VPA. Nau, Zierer, Spielmann, Neubert, and Gansau (1981) used doses of 0, 

200, 400, 800mg/kg of VPA from GD 7 to 15 via subcutaneous injection in mice. The authors 

found that high doses of VPA (400-800mg/kg) resulted in significantly reduced foetal weight, 

increased incidence of malformation, and increased resorptions or deaths at birth (Nau et al., 

1981; Nau et al., 1981). These findings were supported by the work of Vorhees (1987), who used 

an oral gavage to administer doses of VPA (0, 150, 200, 300, 400, or 600mg/kg) to pregnant 

Sprague-Dawley (SD) rats between GD 7 to 18. The 600mg/kg repeated dose was lethal for two 

out of four dams and was lethal to all offspring. The 400mg/kg repeated dose led to 53% of the 

offspring being resorbed or dead. In contrast, doses of 150, 200, and 300mg/kg resulted in 

better survival rates but also increased birth abnormalities, such as limb, cardiovascular, and 

skeletal defects. In another study, Vorhees (1987) used oral gavage to administer 0, 150, and 

200mg/kg of VPA to pregnant SD rats on GD 7-18, and found that offspring exposed to VPA 

had decreased locomotor activity, increased working memory errors in a water maze and 

reduced startle responses. Furthermore, these deficits were worse for the 200mg/kg than the 

150mg/kg condition. From the teratogenicity studies, it is clear that high doses of VPA have an 
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embryo-toxicity that is lethal to dams and pups. However, lower doses do not have the same 

effect, and can be tolerated by the dam.  

The prenatal exposure to VPA has become a common method for inducing ASD, 

although the time point of gestational exposure is a critical variable to consider when 

developing a VPA model for ASD. Clinical findings have suggested that children from women 

taking VPA during the first trimester of pregnancy had a significantly increased risk of ASD 

(Christensen et al., 2016; Moore et al., 2000). The first trimester is a critical time for 

organogenesis and neural tube development and closure. This critical period roughly translates 

to gestational days 8-15 in rats and mice (Ergaz, Weinstein-Fudim, & Ornoy, 2016). As such, 

studies have commonly used GD 12 as the day of administration (Bringas, Carvajal-Flores, 

López-Ramírez, Atzori, & Flores, 2013; Kim et al., 2011; Loohuis et al., 2017; Schneider & 

Przewlocki, 2005; Stanton, Peloso, Brown, & Rodier, 2007). Other days for administration have 

been used with similar effects, such as GD 9 (Dufour-Rainfray et al., 2010; Tsujino et al., 2007) 

or GD 13 (Kataoka et al., 2013; Wagner, Reuhl, Cheh, McRae, & Halladay, 2006). Using different 

time points during gestation, Kim et al. (2011) showed that the most effective time point was 

GD 12 for mice and rats. However, the fact that in rats a single dose is typically used, while in 

humans VPA is taken throughout pregnancy reduces the construct validity of these animal 

models.  

1.8.3.1 Effects of Single Prenatal Exposure to VPA 

VPA-exposed animals have reductions in social interactions. For example, Schneider 

and Przewlocki (2005) showed that adolescent rats prenatally exposed to 600 mg/kg of VPA on 

GD 12 showed a marked decrease in the frequency of pinning. During adulthood, VPA-exposed 

rats were slower to socially interact, also had decreases in interaction events. These results were 

supported by Olde Loohuis et al. (2015). Additionally, social interaction deficits in the VPA 

animal model have been identified through the use of the social approach-avoidance assay. 

Dufour-Rainfray et al. (2010) exposed rats to VPA on GD 9. They showed that juvenile offspring 

rats exhibited reduced social initiation (decreased visits to social stimulus) when compared with 

control offspring. VPA exposure at GD 12 showed a similar effect (Bambini-Junior et al., 2011; 

Kim et al., 2011; Markram, Rinaldi, La Mendola, Sandi, & Markram, 2008).  

However, the ASD-like behaviours in animals prenatally exposed to VPA are not always 

consistent. Studies using behavioural assays to measure social behaviour of prenatally exposed 

VPA and control animals have shown increases (Cohen, Varlinskaya, Wilson, Glatt, & Mooney, 

2013; Stefanik, Olexova, & Krskova, 2015) or no significant difference (Narita et al., 2010). These 



42 
 

differences may be attributed to the day of administration or the dose. Narita et al. (2010) used 

an oral gavage to administer 800mg/kg of VPA at GD 9, and the adult offspring showed no 

significant difference in the social interaction measures of sniffing, pinning, chasing and 

avoidance. The lack of difference for these animals may be attributed to the oral gavage (which 

can induce stress) combined with a high VPA dose. However, Cohen et al. (2013) used an 

Intraperitoneal (IP) injection of 350mg/kg on GD 13 and found increased social investigation 

and play fighting. Similar increases in social behaviour was found by Stefanik et al. (2015) who 

used a single IP injection of 600mg/kg of VPA on GD 12. Both Cohen et al.’s and Stefanik et al.’s 

GD, administration, and dose were similar to methods of Schneider and Przewlocki (2005), thus 

the conflicting findings are not attributed to the administration factors. Further research is 

required to delineate ASD-like behaviours in animals prenatally exposed to VPA, which is 

included in the aims of this thesis, and will be explored in chapter two and three.  

This brings to light the significant validity concerns relating to the VPA administration 

method, as well as the lack of consideration of the genetic contribution to this animal model. 

An essential element of this model is the administration of VPA. As identified earlier, the 

validity of an animal model is based on the construct, face, and predictive validity. Currently, 

prenatal exposure to VPA results in ASD-like behaviours, which supports the face validity of 

this model. However, the construct validity is weaker, because women typically ingest VPA daily 

throughout pregnancy, while the current animal model typically uses a single dose. Therefore, 

to enhance the construct validity of the VPA-induced ASD animal model, improvements must 

be made to the administration methods as well as the consideration for the genetic component. 

Both of these factors will be targeted in this thesis. 

1.8.3.2 Effects of Multiple Prenatal Exposures to VPA 

Some researchers have attempted to enhance the construct validity of the VPA-ASD 

model by delivering multiple VPA doses during gestation. Chapman and Cutler (1984) 

administered 160-180mg/kg/day of VPA in drinking water to mice throughout gestation and 

lactation periods. Intriguingly, the offspring exhibited no behavioural changes compared with 

controls until adulthood, when the offspring showed increased social investigation. This finding 

is the opposite of the majority of the behavioural results from single VPA exposure offspring, 

although there some evidence to suggest that a single VPA administration can increase social 

behaviour (Cohen et al., 2013; Stefanik et al., 2015). It is, therefore, important to more 

systematically investigate the long-term effect of repeated VPA exposure during pregnancy. 

Interestingly, the repeated administration of VPA in the drinking water also resulted in 
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epigenetic changes and dysregulation of neuronal function (Fujimura, Mitsuhashi, Shibata, 

Shimozato, & Takahashi, 2016; Semmler et al., 2017), which aligns with findings from ASD 

populations. 

Administering multiple doses of VPA has also been accomplished using other ingestion 

methods. During gestation, Main and Kulesza (2017) delivered and VPA (800mg/kg) mixed 

with peanut butter to pregnant Sprague-Dawley rats on GD 10 and GD 12 and found that VPA-

exposed rats weighed less, with smaller brains, and exhibited significant deficits in motor 

coordination tasks (such as rotorod, beam walking, and gait patterns). The authors suggest that 

disrupted cerebellar development underlies these deficits in coordination. Upon examining the 

cerebellum, they found that VPA exposed animals had significantly smaller Purkinje cells which 

are the cells responsible for motor coordination in the cerebellum. Further, mice exposed to 

multiple oral of VPA doses on GD 12 to 14, this resulted in neurogenesis deficits and abnormal 

hippocampal morphology but the anxiety and cognitive measures showed little difference 

between VPA exposed and controls (Juliandi et al., 2015). However, these authors did not study 

social communication or social interaction. 

Intraperitoneal injections are an alternative method to chronically administered VPA. 

Sabers, Bertelsen, Scheel-Kruger, Nyengaard, and Moller (2014) used IP administration of 

20mg/kg/day or 100mg/kg/day of VPA to pregnant Wistar rats from GD 12.5 to GD 21. 

Treatment also continued for the mothers during the lactation period until PND 23. Sabers et 

al. (2014) found that offspring prenatally and postnatally exposed to VPA had increased 

neocortical cells and increased cortical thickness, which suggests that VPA exposure 

significantly disrupts cortical growth and organisation, alongside disruptions in the cerebellum. 

More recently, Bertelsen et al. (2017) administered 20 or 100mg/kg/day of VPA via IP injections 

to Wistar rats from GD 12 to birth (and did not continue treatment), and found that 

prepubescent male rats exposed to 20mg/kg/day engaged in play behaviour significantly less 

than controls, however, there were no differences between controls and 100mg/kg/day. This 

finding is at odds with the findings of a single administration of VPA during gestation. The 

authors suggest that 100mg/kg/day from GD 12 to birth, activates biochemical changes (histone 

deacetylation, DNA alterations, and increased GABA activity) that increase (or normalise) 

abnormal behaviour. Further, another multiple dose study administered VPA via IP injection 

between GD 11 to 13 resulted in no sociability changes in rats (Dendrinos, Hemelt, & Keller, 

2011). Overall, although far less studied, multiple VPA exposures (via drinking water, 

oral/digestion, and IPs) seems to lead to different (and even opposite) effects compared to a 

single injection (see chapter two, table 2.1).  
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Given that women ingest VPA throughout pregnancy, and their children have a 

significantly increased risk of developing ASD, chronically exposed to VPA throughout gestation 

in rats would represent a much higher construct validity than a single administration. 

Therefore, in this thesis, a detailed investigation of the continuous prenatal exposure in rodents 

was undertaken.  

1.9 Chronic VPA Administration in Animals with Reduced SERT as an 

ASD Animal Model  

The VPA-ASD animal model has limited construct validity when examining ASD 

symptomology in animals, as there are significant factors that separate the animal model from 

the clinical situation in humans. While researchers who have administered multiple VPA doses 

have enhanced the construct validity of the model, the results in terms of face validity have been 

disappointing so far. Furthermore, the VPA model of ASD does not consider the influence of 

the genetic factor in the aetiology of ASD. 

Therefore, I intend to advance the animal model of ASD using a gene × environment 

interaction method. With the accumulated evidence that implicates serotonin in ASD (as 

discussed in sections 1.4.1, 1.6.1.3, and 1.7.3), I will make use of the SERT knock-out rat model, 

in particular, the wild-type and heterozygous (SERT+/-) genotype animals. SERT+/-  have a 40-

60% reduction in the SERT function, similar to the levels seen in humans with the short allele 

of the 5-HTTLPR, which has been associated with ASD (as reviewed in section 1.6.1.4; Lesch & 

Gutknecht, 2005). Furthermore, the SERT genetic background will be combined with chronic 

administration of VPA throughout gestation (see section 1.8.3).  

More specifically, pregnant SERT+/+ rats that were previously mated with SERT+/-, will 

receive oral VPA doses for the 21 days of gestation. It is hypothesised that the genetic 

susceptibility (SERT+/- donated by the father) will interact with the prenatal exposure to VPA. 

This interaction will result in an in vivo model that more closely aligns with the clinical picture 

of the disorder identified in humans. 
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1.10 Objectives of this Thesis 

This thesis investigates the hypothesis that offspring with genetically compromised 

SERT and exposed to VPA throughout gestation will exhibit significant behavioural and 

neuronal alterations akin to ASD in humans.  

This hypothesis will be examined, firstly, by investigating the behavioural impacts of 

chronic prenatal VPA exposure in genetically normal rats (chapter two). Chapter two examines 

the efficacy of continuous administration of VPA throughout gestation, by investigating the 

communication and social behaviour over the lifespan of the male and female offspring. It is 

hypothesised that prenatal exposure to the high dose of VPA will result in reduced 

communication and social behaviour, particularly for the males. Such that, the males exposed 

to 300mg/kg/day will exhibit reductions in communication and social behaviour, beyond that 

of male exposed to the control dose.  

Secondly, the results of chapter two will be expanded to examine the behavioural impact 

of the gene × environment interaction with the use of SERT+/- with prenatal chronic VPA 

exposure (chapter three). Chapter three examines the communication and social behaviour of 

male and female SERT+/+ and SERT+/- offspring that were exposed to VPA. It is hypothesised that 

the SERT reduction will interact with the prenatal VPA exposure, particularly for the males. 

Such that, the male SERT+/- offspring exposed to a high dose will exhibit reductions in 

communication and social behaviour, beyond that of male SERT+/+ exposed to VPA or male 

SERT+/- exposed to the control dose.  

Brain tissue from the offspring in the second study will then be used to examine 

inhibitory GABA interneurons, in the context of the gene × environment interaction (SERT+/- by 

prenatal chronic VPA exposure; chapter four). Chapter four examines the GABA interneurons 

in the hippocampus and the amygdala of male and female SERT+/+ and SERT+/- offspring that 

were exposed to VPA. It is hypothesised that the SERT reduction will interact with the prenatal 

VPA exposure, particularly for the males. Such that, the male SERT+/- offspring exposed to a 

high dose will exhibit reductions in the GABA interneurons in the hippocampus and the 

amygdala, beyond that of male SERT+/+ exposed to VPA or male SERT+/- exposed to the control 

dose.  
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2. Chapter Two 

The relationship between in utero exposure to VPA and ASD in humans led to the 

development of an in vivo animal model of ASD (Rodier et al., 1997). The typical method for 

generating this model is to inject VPA into pregnant rats, halfway through gestation (as assessed 

by Kim et al., 2011). Using this method Schneider and Przewlocki (2005) showed that the 

offspring exposed to VPA on GD 12.5 demonstrated deficits in social behaviours, repetitive 

movements and hyperactivity with reduced exploration when compared with control animals. 

Similar to the findings of Schneider and Przewlocki (2005), investigations into the VPA-induced 

animal model of ASD in our lab have demonstrated significant reductions in the social 

investigation of novel social stimuli and increased anxiety. In particular, VPA exposed rats 

exhibit decreased social behaviour (Ranger, 2016), as well as increased anxiety-like behaviour 

including an increased time in the closed arms of the elevated plus maze and increased latency 

to consume novel food in the novelty suppressed feeding test (Ellenbroek et al., 2016). Together, 

the data suggest that the VPA model has high face validity as an effective model for ASD.  

As explored in chapter one (section 1.8.3), the construct validity of VPA-induced animal 

model for ASD is weakened by the disparity in administration methods of VPA. That is, a woman 

would ingest VPA throughout her pregnancy, which increases the risk of her child developing 

ASD (Christensen et al., 2013). Yet, the prenatal exposure to VPA for animals is commonly a 

single dose, and often through IP injection. Thus, the actions that lead to ASD in humans 

following prenatal exposure to VPA and the methods used in animal models do not align. As 

such, this chapter will explore the efficacy of continuous VPA exposure throughout gestation 

for rats. 

Previous research has attempted to reduce this disparity between human and animals 

by repeatedly exposing pregnant females to VPA (see table 2.1), with a variety of administration 

methods, days of exposure, as well as the overall findings. As explored in chapter one (section 

1.8.3.2), the behavioural findings from multiple prenatal exposures to VPA are inconsistent. For 

examples, Chapman and Cutler (1984) and Wellmann, Varlinskaya, and Mooney (2014) found 

increased social behaviour, Bertelsen et al. (2017) found decreased social behaviour, whereas 

Dendrinos et al. (2011) found no change. On the other hand, single exposure to VPA has more 

consistently lead to decreased social behaviour (Dufour-Rainfray et al., 2010; Gandal et al., 2010; 

Markram et al., 2008; Olde Loohuis et al., 2015; Schneider & Przewlocki, 2005; Schneider et al., 

2008). Together, these data suggest that repeated or continuous VPA may lead to different (if 
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not opposite) effects when compared to a single injection. Given that clinically, mothers ingest 

VPA throughout pregnancy, a more thorough investigation of the continuous prenatal exposure 

in rodents is warranted. 

 

Table 2.1. The findings of studies which used multiple prenatal VPA exposure in rodents, 
including VPA doses and administration routes.     

Reference Species 
VPA dose 

mg/kg/day 
Admin 
Route 

GD 
exposure 

Findings 

Chapman 
& Culter 
(1984) 

Mice 160-180 
Drinking 

water 

Conception 
to birth (& 
lactation to 
weaning) 

↑ Social investigation in 
adulthood 

Frisch et 
al. (2009) 

Rats 825 
Drinking 

water 
Conception 
to birth 

↓ Water maze spatial memory 
↓ Rotorod motor 
coordination 

Dendrinos 
et al. 
(2011) 

Rats 200 
IP 

injections 
11 to 13 No social behaviour changes 

Sabers et 
al. (2014) 

Rats 20 or 100 
IP 

injections 

12 to 21 (& 
lactation to 
weaning) 

↑ Neocortical cells 
↑ Cortical thickness 

Wellmann 
et al. 
(2014) 

Rats 200 
IP 

injections 
12 to 13 * 

↓ Number of USVs 
↑ Locomotor activity 
↑ Play behaviour 

Juliandi et 
al. (2015) 

Mice 300 Oral** 12 to 14 

↓ Learning and memory 
↓ Contextual and fear 
associations 
↑ HDAC inhibition 

Fujimura 
et al. 
(2016) 

Mice 
Not 

specified 
*** 

Drinking 
water 

Conception 
to birth 

↑ Epigenetic changes 
Altered neuronal 
proliferation 

Bertelsen 
et al. 
(2017) 

Rats 20 or 100 
IP 

injections 
12 to 21 

↓ Play behaviour for pre-
pubescent male exposed to 
20mg/kg/day 

Semmler 
et al. 
(2017) 

Rats 500 & 825 
Drinking 

water 
Conception 
to birth 

↑Hippocampal neurons 
↓Astrocytes 
No epigenetic changes 

Kinjo et 
al. (2019) 

Rats 100 or 200 
IP 

injections 
12 to birth 

↑ Locomotor activity 
↑ Time in open arms of EPM 
↑ Hippocampal proliferation 

* Wellmann et al. (2014) administered an additional dose on GD 12 (pm). ** Juliandi et al. (2015) 

did not specify exact oral administration methods. ***Fujimura et al. (2016) administered VPA 

at a concentration of 0.4% in the drinking water, achieving VPA plasma levels of 10 to 60µg/ml 

in the dams. ‘↑’ denotes increase, and ‘↓’ decrease from controls. 



2.1.2 Overall Aims of Chapter Two 

This chapter investigates the efficacy of administering VPA continuously throughout 

gestation and examines the behavioural phenotypes of the offspring. The VPA doses of 0, 100, 

200, 300mg/kg/day were selected, as previous research had shown this would avoid potentially 

fatal effects for the dam and the offspring, which occurs at 400-800mg/kg (Vorhees, 1987). The 

selected doses permit an investigation of dose-response alterations in the behaviour of the 

offspring. Furthermore, sweetened condensed milk (SCM) was selected as the vehicle of 

administration for the VPA doses. SCM provides a method for delivering VPA to dams every day 

of gestation while minimising stress and using a method that aligns with human ingestion of 

oral doses. In a pilot study, female rats were more likely to consume diluted (50% water) SCM 

in a ceramic dish in the home cage, over SCM delivered in a syringe or peanut butter delivered 

in a ramekin or syringe (data not shown).  

The overall aim of this series of experiments is to assess the communication and social 

behaviours of rats prenatally exposed to VPA throughout gestation. Further to this, the 

experiments are intended to examine a dose-response relationship in the behavioural deficits. 

Thus, it is predicted that:  

i. Males and females prenatally exposed to VPA will exhibit decreased 

communication and sociability, compared with males and females prenatally 

exposed to the control dose,  

ii. The decreased behaviours will differ as a function of prenatal VPA dose, such 

that the greatest deficits will be exhibited by males and females exposed to 

300mg/kg/day compared with those exposed to 100, or 200mg/kg/day,  

iii. Finally, the decreased behaviour will be persistent over the lifespan of the 

offspring. 
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2.1.3 Experimental Animals 

Nine adult males and 21 adult nulliparous female Sprague-Dawley rats were randomly 

selected from stock at VUW vivarium. Five days prior to mating, all females were handled by 

the experimenter for 15 minutes and exposed to Sweetened Condensed Milk (SCM) in a ramekin 

for 30 minutes. On the sixth day, one female and one male were paired in polycarbonate cages 

which included a metal grid lining the bottom of the cage. The grid enabled the detection of a 

vaginal mucus plug. Plugs were checked within 24 hours after pairing, and each day following 

for a further 10 days. If no mucus plug was identified, the female was returned to the animal 

stock. When a mucus plug had been detected, the male and female were separated. The male 

was then placed in group housing for later pairing or euthanised; the female was randomly 

allocated into a dose condition of 0, 100, 200, or 300mg/kg/daily of VPA, weighed then housed 

individually to raise their own litters until postnatal day (PND) 21. Day one of gestation was the 

day the mucus plug was detected, and also the first delivery of SCM containing a dose of VPA 

(see section 2.1.5 VPA administration for further details).  

The pregnant females were weighed twice a week to adapt the VPA dosage for weight 

increases due to foetal growth. Additional weights were not taken to prevent inducing 

unnecessary stress or handling during gestation. Females were checked for delivery every day. 

The day of birth was termed PND 1. At PND 21, the dam was removed from the cage and 

euthanised. The offspring were separated in sex- and litter-specific groups until they weighed 

approximately 150-200g, at which point they were housed in groups of 2 or 3 in each cage.  

2.1.4 Housing Conditions for All Animals 

The housing environment was maintained at a temperature of 21°C (± 2) and a humidity 

level of 55-60%, with reversed night/day cycle (lights on 1900-0700 hours). Animals were 

housed in conventional wire top cages (44cm x 28cm x 21cm) which were lined with pine or 

paper bedding (with the exception of metal grids lining the tray bottom for breeding pairs). 

Breeding pairs and lactating dams had ad libitum access to water and speciality laboratory chow 

(Speciality Feeds Rat and Mouse Cubes, Glen Forest, Aus). The stock and offspring animals had 

ad libitum access to water and laboratory chow (Diet 86, Sharpes Stock Feed). All animals were 

bred and housed at the VUW vivarium. All procedures followed the VUW Animal Ethics 

guidelines (Animal Ethics Committee number 000022477). 
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2.1.5 VPA Administration 

The regularly updated females' weights were used to tailor the VPA dose. Each day of 

gestation, the experimenter combined a diluted mixture of SCM (1.5ml) and water (1.5ml) with 

the individually tailored dose of VPA in a ramekin. The ramekin was placed in the female’s home 

cage for 30 minutes, after which time the ramekins were collected and cleaned to be prepared 

for the next dose. 

2.1.6 Experimental Animal Breeding Outcomes 

Twenty-one females were bred in this study, 19 of them producing a litter. There were no 

fatalities of the dams, and there were no significant differences in the number or gender of pups 

born (data not shown). A total of 205 offspring were born. However, one dam who had received 

100mg/kg/day produced three blind pups. Furthermore, two pups from a 100mg/kg/day litter, 

and one pup from a 200mg/kg/day litter, were still-born. For the surviving offspring, there were 

no identifiable physical abnormalities, such as tail kinks. Such abnormalities were expected 

following previous reports (Edalatmanesh, Nikfarjam, Vafaee, & Moghadas, 2013; Vorhees, 1987)  
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2.2 Experiment One: Isolation Induced Ultrasonic Vocalisations 

Ultrasonic vocalisations (USVs) are an optimal way to measure communication in rats, 

as it is non-invasive and minimises the stress on the animal. Vocalisations made by rats are 

broadly classified into three classes of vocalisations, which are defined by the frequencies of 22 

kilohertz (kHz), 50kHz and 40kHz (Brudzynski, 2005). 22kHz vocalisations commonly occur 

in the range of 18-32 kHz (Portfors, 2007). While the 50 kHz vocalisations occur between 35 

and 70 kHz (Knutson, Burgdorf, & Panksepp, 2002). Both 22kHz and 50kHz calls are emitted 

by adult rats and mice (Portfors, 2007). The 22 kHz calls are identified as relating to distress or 

negative states because these vocalisations are commonly emitted following foot stock, drug 

withdrawal, and restraint. In comparison, 50kHz vocalisations are associated with positive 

states as these calls are emitted in response to, or anticipation of a reward; such as being tickled, 

and anticipation of a food reward. Vocalisations are affected by an animal’s age, environment, 

and affective state (Portfors, 2007). The 40kHz (roughly between 40 and 65 kHz) vocalisations 

are commonly emitted by pre-weaning pups and are identified as distress calls (Brudzynski, 

Kehoe, & Callahan, 1999). The distress calls are a response to separation from the dam as well 

as loss in body temperature (Hahn & Lavooy, 2005), and these 40kHz calls will be examined in 

this experiment. 

Pre-weaning rodents will produce the largest number of USVs in the first 21 days of life, 

with the highest number of vocalisations produced around the seventh day (Branchi, Santucci, 

& Alleva, 2001). Socially isolating offspring is known to induce vocalisations, typically eliciting 

a behavioural response from the dam (e.g. pup retrieval or returning the pup to the nest). Wöhr 

and Schwarting (2008) used a playback experiment, where exposing a dam to 40 kHz 

vocalisations led to the dam demonstrating searching behaviours which was not seen when a 

40 kHz tone or white noise was played. This supports the notion that 40 kHz calls are a signal 

to the dam from pre-weaning pups that are isolated or in distress.  

As of 2019, research on the pre-weaning vocalisations of offspring exposed to VPA is 

very limited; however, it has been shown to decrease USVs. Gandal et al. (2010) administered 

600mg/kg of VPA on GD 13 to pregnant mice and found their offspring had a reduction in the 

number of USVs. Additionally, Servadio et al. (2018) found that rats exposed to 400 and 

500mg/kg on GD 12, made fewer vocalisation on PND 9, but showed no difference at PND 5. As 

identified in these studies, the isolation-induced USVs provide an early measure of 

developmental changes. This forms the first experiment with two measures of USVs taken at 

PND 7 and 14 for the offspring continuously exposed to VPA throughout gestation.  
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Continuing with the overall aims of this chapter (section 2.1.2), this experiment 

examines the quantity and quality of the USV communication in pre-weaning pups that were 

prenatally exposed to VPA throughout gestation. With the pre-weaning pups, the detection of 

sexes was not clear, and for the first experiment, there is no sex separation in the analyses. 

Nevertheless, it was predicted that;  

i. The pre-weaning pups prenatally exposed to VPA will exhibit decreased 

communication (number of calls, length, and other measures), compared with 

pups prenatally exposed to the control dose,  

ii. The decreased communication will differ as a function of prenatal VPA dose, 

such that the greatest deficits will be exhibited by those exposed to 

300mg/kg/day compared with those exposed to 100, or 200mg/kg/day,  

iii. Finally, the decreased communication exhibited by pups prenatally exposed to 

VPA will be consistent from PND 7 to PND 14.   
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2.2.2 Isolation Induced USV methods 

2.2.2.1 USV Apparatus 

An UltraMic (250K 16 bi; Java Sound) microphone was used to record the vocalisations 

of the offspring. This microphone was suspended above an isolation container lined with clean 

bedding. A Dell processor laptop was used to operate the Raven Pro software (Cornell 

University, Ithaca, NY) which detected and recorded the vocalisations for 300 seconds.  

 

2.2.2.2 USV Procedure 

On PND 7 and 14, pups were randomly selected from the litter and transported into the 

testing room. During the testing phase, the dam remained with the litter. Transport was in a 

cylindrical container lined with clean bedding. When the pup and container were in place under 

the microphone, the 300-second recording of the vocalisations was initiated. Afterwards, the 

pup was taken out of the cylinder, weighed, and a general health observation was made (eye-

opening, ear unfolding and digit separation, data not shown). The pup was then marked with 

an indelible marker to prevent selection of the same pup when it was returned to the litter. The 

pup was placed back in the cylinder and transported to the housing room and returned to the 

litter and dam. The next pup was then selected, and the process was repeated until 6 to 8 pups 

had been recorded. At the end of the recording experiment, all remaining pups were weighed, 

checked for health and marked with an indelible marker.  

2.2.2.3 USV Data Analysis  

In the analysis of the USVs, the Raven Software was manually adjusted for clear 

detection of vocalisations. As analysis required the spectrogram file, the window size of 840 

points was selected because it achieves the balance between computer processing and visibility 

of the vocalisations. A randomised selection of recordings was taken from the overall sample to 

keep consistency across all doses. Data was collected through manual inspection of the recorded 

USVs. Observation and selection were completed with the use of the spectrogram file, which 

enabled the selection of individual vocalisations (see figure 2.1).  
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Figure 2.1. Representative spectrograph displaying the sonographic features of five vocalisations 
emitted by a pup exposed to  100mg/kg/day (litter ID 3.C). The last call shows the limits of the 
highest and lowest frequency of that call.  

Once all visible and identifiable vocalisations had been made (such as those presented 

in figure 2.1), USVs were measured using several parameters. For the analysis of vocalisations 

the number of vocalisations (count), duration (seconds), low and high frequency (Hz), and 

overall frequency range of vocalisations (Hz; a measure of the change between low and high in 

frequency within a single call) was used. It is useful to note that frequency is the pitch of the 

sound.  

The USV parameters were examined with a 4 (Prenatal dose: 0mg/kg/day, 

100mg/kg/day, 200mg/kg/day, 300mg/kg/day) as the between-subject factor;  by 2 (PND: 7, 

14) as the within-subjects factor,  repeated measures ANOVA. A Greenhouse-Geisser correction 

was used on all measures due to violations of sphericity. The repeated measures ANOVAs were 

used to analyse the number, duration, low and high frequencies as well as the range in 

frequencies of vocalisations over time.  

All data were analysed for statistical significance with SPSS (version 22-25). Partial eta 

squared (ƞp
2) was used for the effect size. All significant analyses were followed up with Tukey 

HSD post hoc tests, and/or planned comparisons were used to follow up potential effect 

comparing specific prenatal dose or genotype conditions with others using Student’s t-test. The 

alpha level for statistical significance was set at p < .05. 

2.2.2.6 Sample Selection for Comparative Analysis  

 All USV recordings had unique identifiers which detailed the recording order (from 1 to 

8) and litter, which allowed the recordings to PND 7 to be matched with PND 14. The data was 

Highest frequency 

Lowest frequency 
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selected from 18 offspring of each prenatal dose condition, resulting in a total of 72 recordings 

which had corresponding analysis. The total number of recordings were reduced due to 

statistical outliers, data corruption, and to ensure the PND 7 and PND 14 corresponding data 

points.  

More specifically for the control dose litters, there were 17 recordings from five litters 

and one recording was removed due to data corruption. There were 16 recordings from five 

litters exposed to 100mg/kg/day, two recordings were removed due to outliers. For the 

200mg/kg/day, there were 13 recordings from three litters, no calls were presented in four 

recordings and another recording was an outlier. Finally, 13 recordings from three litters 

exposed to 300mg/kg/day, three recordings were removed due to discrepancies in pup 

identifiers and two recordings were significant outliers.  

Please note, a recording was considered to be an outlier when the average 

value/measurement was three times the mean of the condition. For example, of the 

100mg/kg/day litters, two recordings were removed as their values/averages were three times 

higher or lower than the average for the remaining recordings of the 100mg/kg/day litters. As 

such, outliers were determined based on the mean value of the variables being three times the 

mean of the prenatal dose condition.     

  

  



59 
 

2.2.3 Isolation Induced USV Results 

Number of vocalisations emitted on PND7 compared with PND 14 

The number of vocalisations decreased from PND 7 to 14 (F(1, 55) = 22.09, p = .001, ƞp
2 

= .29, see figure 2.2), but there was no interaction with prenatal dose exposure (PND × prenatal 

dose: F(3, 55) = .42, p = .741, ƞp
2 = .02, ns; prenatal dose main effect: F(3, 55) = .18, p = .911, ƞp

2 = 

.01, ns).  

 

 
 
Figure 2.2. The average number of vocalisations emitted on PND 7 and 14 by pups prenatally 
exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA. Error bars 
represent ± SEM. 
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Duration of vocalisations emitted on PND 7 compared with PND 14 

 

The length of the vocalisations increased from PND 7 to 14 (F(1, 55) = 7.17, p = .010, ƞp
2 

= .12, see figure 2.3), but there was no interaction with prenatal dose exposure (PND × prenatal 

dose: F(3, 55) = 1.39, p = .257, ƞp
2 = .07). There was a non-significant trend toward an effect for 

the prenatal doses (prenatal dose main effect: F(3, 55) = 2.37, p = .081, ƞp
2 = .11, ns). The follow 

up analysis showed that the vocalisations of pups exposed to the 300mg/kg/day dose emitted 

vocalisations that were significantly shorter at PND 7 than PND 14 (p = .008, see figure 2.3), and 

this was the only prenatal dose condition to show a significant effect.  

 

 

Figure 2.3. The average duration of vocalisation emitted on PND 7 and 14 by pups prenatally 
exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA. Pups exposed 
to the 300mg/kg/day doses emitted significantly longer vocalisations on PND 14 compared to 
PND 7. * indicates significance to p < .05. Error bars represent ± SEM. 
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Frequency of vocalisations emitted on PND 7 compared with PND 14 

 

There was a significant increase in the average lowest frequency from PND 7 to 14 (F(1, 

55) = 33.96, p = .001, ƞp
2 = .38, see figure 2.4), and there was a significant interaction between 

the exposure to the prenatal doses the PND on lowest frequency (PND × prenatal doses: F(3, 55) 

= 4.61, p = .006, ƞp
2 = .20), but no main effect of the prenatal doses (F(3, 55) = 1.08, p = .367, ƞp

2 

= .06, ns).  

The follow up analysis for the lowest frequency showed that pups exposed to 

0mg/kg/day and 100mg/kg/day exhibited significant increases in the lowest frequency of their 

vocalisations from PND 7 to 14 (p = .004, and p = .001, respectively), whereas, the pups exposed 

to 200mg/kg/day and 300mg/kg/day did not exhibit this increase (p = .107, and p = .353, ns, 

respectively).  

 

 

Figure 2.4. The average lowest frequencies of vocalisations emitted on PND 7 and 14 by pups 
prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA. The 
shortened y-axis shows the small difference in the low frequency of the 200mg/kg/day and 
300mg/kg/day from PND 7 to PND 14. * indicates significance to p < .05, *** indicates 
significance to p = .001. Error bars represent ± SEM. 
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There was a significant increase in the average highest frequency from PND 7 to 14 (F(1, 

55) = 52.98, p = .001, ƞp
2 = .49, see figure 2.5), and there was a significant interaction between 

the exposure to the prenatal doses the PND on highest frequency (PND × prenatal doses: F(3, 

55) = 4.54, p = .007, ƞp
2 = .20), but no main effect of the prenatal doses (F(3, 55) = .82, p = .490, 

ƞp
2 = .04, ns).  

The follow up analysis for the average highest frequency showed that pups exposed to 

0mg/kg/day, 100mg/kg/day and 200mg/kg/day exhibited significant increases in the highest 

frequency of their vocalisations from PND 7 to 14 (p = .001, p = .001, and p = .029, respectively), 

whereas, the pups exposed to 300mg/kg/day did not exhibit this increase (p = .115, ns).  

 

 

 

Figure 2.5. The average highest frequencies of vocalisations emitted on PND 7 and 14 by pups 
prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA. The 
shortened y-axis shows the small difference in the high frequency of the 300mg/kg/day from 
PND 7 to PND 14. * indicates significance to p < .05, *** indicates significance to p = .001. Error 
bars represent ± SEM. 
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The final measure of frequency is the overall frequency range of vocalisations. There was 

a significant increase in the range of frequency from PND 7 to 14 (F(1, 55) = 50.66, p = .001, ƞp
2 

= .48, see figure 2.6), but there was no significant interaction between the exposure to the 

prenatal doses the PND (PND × prenatal doses: F(3, 55) = .26, p = .851, ƞp
2 = .01, ns), and no main 

effect of the prenatal doses (F(3, 55) = 1.33, p = .274, ƞp
2 = .07, ns).  

Overall, the frequency measures extend the common count and duration measures, and 

demonstration that offspring prenatally exposed to VPA exhibit communication changes. 

  

 

Figure 2.6. The average range of frequency for vocalisations emitted on PND 7 and 14 by pups 
prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA. All 
offspring emitted vocalisations with a larger ranger frequency at PND 14. Error bars represent ± 
SEM. 
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2.3 Experiment Two: Play Behaviour 

The purpose of this experiment was to investigate ASD-like deficits in social interaction 

with the measure of play behaviour of juvenile offspring that were prenatally exposed to VPA.  

Social play behaviour deficits exhibited by rats are often in response to pharmacological 

or environmental manipulations (e.g., O'Shea, McGregor, & Mallet, 2006; Sams-Dodd, 1995). 

Rats are highly social species, and social play is vital to cognitive and social development (Meng, 

Li, Han, Shao, & Wang, 2010; Van den Berg et al., 1999). Thus, deficits in social play behaviour 

are indicative of changes to cognitive and social development.  

ASD-like behaviour is exhibited by rats prenatally exposed to VPA. Wang et al. (2013) 

prenatally exposed rats to a single dose of 500mg/kg of VPA on GD 12.5 and these animals 

engaged in social behaviour for a shorter period with fewer interactions, when compared with 

controls. Similarly, the deficits in social play behaviour have been replicated in other studies, 

which have used the same dose and PND as above (Markram et al., 2008; Olde Loohuis et al., 

2015), as well as an increased dose 600mg/kg on GD 12 (Sandhya, Sowjanya, & Veeresh, 2012). 

However, other studies have shown increases in sociability (Cohen et al., 2013), or no difference 

between prenatally VPA exposed and control offspring (Narita et al., 2010). Therefore, the 

impact of prenatal exposure on play behaviour in adolescence has revealed inconsistent results.  

The studies above have examined social play behaviour deficits by placing two 

conspecific animals together in an arena for a set time (5 to 15 minutes), and experimenters 

specify the onset and offset (code) the rats' specific behaviours. Social play behaviour was 

operationalised by Bolles and Woods (1964), which was further expanded on by Meaney and 

Stewart (1979) and continues to be developed. A commonly examined behaviour is pinning, 

(Panksepp & Beatty, 1980; Thor & Holloway, 1984; Trezza, Baarendse, & Vanderschuren, 2010) 

which is where one animal is ‘standing over’ its play mate who has rotated to its dorsal surface. 

Another behaviour is pouncing, which is used to measure play initiation, where the initiating 

rat attempts to make contact with the neck of the play partner, typically approaching from 

behind (Vanderschuren, Niesink, & Van Pee, 1997). Further to this, a commonly observed 

behaviour is chasing, where one animal follows another to initiate or evade a play sequence 

(Grant, 1963; Trezza et al., 2010). Pinning, pouncing, and chasing behaviours have clear onset 

and ending, and provide objective measures of social play behaviour (Panksepp & Beatty, 1980). 

Other behaviours such as boxing or wrestling, as well as less active behaviours like social 

grooming and sniffing, have also been used to examine social investigation behaviour 

(Vanderschuren et al., 1997) 
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Overall, measuring animals’ social behaviour is, technically, a relatively simple and 

effective measure for examining behavioural changes. Also, deficits in social interaction and 

communication are integral to the diagnosis of ASD. Thus it is crucial to examine the social 

interaction in the animal model for ASD, and previous studies have found reduced social play 

behaviour (Markram et al., 2008; Olde Loohuis et al., 2015; Sandhya et al., 2012; Wang et al., 

2013).  

Continuing with the overall aims of this chapter (section 2.1.2), this experiment 

examines the social play behaviour in juvenile offspring that were prenatally exposed to VPA 

throughout gestation. It was predicted that;  

i. The juvenile male and female offspring prenatally exposed to VPA would exhibit 

decreased play behaviours (duration and frequency of pinning, chasing, 

wrestling and passive social behaviours), compared with pups prenatally exposed 

to the control dose, and  

ii. The decreased play behaviour will differ as a function of prenatal VPA dose, such 

that the greatest reductions will be exhibited by those exposed to 300mg/kg/day 

compared with those exposed to 100, or 200mg/kg/day.    
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2.3.1 Play Behaviour Methods 

2.3.1.1 Play Behaviour Apparatus 

This experiment took place in a testing arena (40 x 25 x 30 cm) made from black 

polycarbonate plastic. The arena was cleaned with 70% ethanol and paper towels, and then a 

thin layer of clean bedding was spread evenly over the bottom of the arena. Habituation and 

experimental testing were conducted under red light; the source was from a red-light bulb 

suspended 60 to 80 cm above the arena. All experimental testing was recorded with EthoVision 

(XT™) software (Noldus, Netherlands). EthoVision allows the experimenter to score the 

animals’ behaviour manually, then to determine the duration (time in seconds) and frequency 

(number of events) of those manually scored behaviours.  

2.3.1.2 Play Behaviour Procedure 

The following method was derived from Vanderschuren et al. (2008). After weaning on 

PND 21, same-sex littermates (within prenatal dose condition) were paired (denoted by 

corresponding tail marks with indelible marker). In their pairs, animals were habituated to the 

testing room for 10 minutes and then immediately habituated to the testing arena for 10 

minutes. Finally, the animals were placed back in their home cage in the housing room. This 

process was repeated on PND 22 and 24.  

On testing days (PND 23 and 25), in pairs animals were habituated to the room for 10 

minutes, then the arena for 10 minutes, and then each animal was placed in a clean 

polycarbonate cage by themselves for 3.5 hours. The social isolation period increases the 

likelihood and motivation to engage in social play (Niesink & Van Ree, 1989; Van Hasselt et al., 

2012). The cages were kept in their housing room for this duration, and this served as a social 

deprivation period. Three hours and 20 minutes after the animals had finished their arena 

habituation, the isolated animals were placed in the testing room for 10 minutes. Then animals 

were paired and placed in the testing arena for 10 minutes to examine their behaviour. Following 

the test period, animals were weighed and checked for general health development, then 

returned their home cage in the housing room.  

During the testing phase, the behaviours were manually scored by one experimenter, 

who observed and scored the onset and offset of pinning, chasing, wrestling, and passive social 

behaviours. A pinning behaviour was defined as one animal of the pair ‘standing over’ the other 

animal which had its dorsal side against the floor. Chasing was defined as following one rat 

following the other to initiate play. Wrestling (also incorporates boxing) was defined as both 
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animals standing upright on the hind legs pawing at each other (boxing), as well as rolling or 

moving over each another (wrestling; Meaney & Stewart, 1979). Finally, passive social behaviour 

was defined as the animals being in close contact without active social investigation (such as, 

sniffing or grooming themselves or the other; File & Hyde, 1978).  

2.3.1.3 Play Behaviour Data Analysis 

 The variables of interest were the duration and frequency of pinning, chasing, wrestling 

and passive social behaviour during the 10-minute test. The frequency measure is a count of 

every instance of the behaviour (such as pinning, or chasing) and the duration measure is the 

total length of time the behaviour, (e.g. the length of time that a pair were engaged in pinning).  

Once all recordings were coded and extracted from EthoVision, SPSS (version 22-25) 

was used for statistical analysis. One-way 4(Prenatal dose; 0mg/kg, 100mg/kg, 200mg/kg, 

300mg/kg) ANOVAs were run on the duration and frequency of pinning, chasing, wrestling, 

and passive social behaviours. These ANOVAs were run on the behavioural measures of the 

males separate from females.  

All data were analysed for statistical significance with SPSS (version 22-25). Partial eta 

squared (ƞp
2) was used for the effect size. All significant analyses were followed up with Tukey 

HSD post hoc tests, and/or planned comparisons were used to follow up potential effect 

comparing specific prenatal dose or genotype conditions with others using Student’s t-test. The 

alpha level for statistical significance was set at p < .05. 
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2.3.2 Play Behaviour Results 

With no difference occurring between PND 23 and 25, the analysis was pooled together 

testing days, then averaged over. Of the 142 trials, there were 42 trials from the 0mg/kg/day, 42 

from the 100mg/kg/day offspring, 28 from the 200mg/kg/day, and 30 from the 300mg/kg/day. 

There were no eliminated trials.  

Table 2.2. The number of play behaviour pairs recorded based on prenatal dose and sex, and 
separated by the postnatal day of recording. Grey cells refer to the sample sizes used in the 
following analysis. 

 PND 23 PND 25 Total 

 Males Females Males Females Males Females 

0mg/kg/day 11 10 11 10 22 20 

100mg/kg/day 11 11 10 10 21 21 

200mg/kg/day 8 6 8 6 16 12 

300mg/kg/day 8 7 8 7 16 14 

 

 

2.3.2.1 Pinning 

Males pinning behaviour 

The prenatal doses almost had a significant effect on the duration of pinning for males 

(F(3, 71) = 2.60, p = .059, ƞp
2 = .10, ns). A planned comparisons analysis showed that males 

exposed to 200mg/kg/day spent significantly more time engaged in pinning behaviours, 

compared with the control dose males (p = .048, see figure 2.7). Interestingly, males exposed to 

300mg/kg/day showed increased pinning compared with the control dose males, although it 

missed significance (p = .062, ns).  

There was also a trend toward significance on the frequency of pinning behaviour for 

males prenatally exposed to VPA (F(3, 71) = 2.54, p = .063, ƞp
2 = .10, ns), data displayed in figure 

2.7 (right panel). To follow up the non-significant trend, the analysis showed that the males 

exposed to 200mg/kg/day had significantly more pinning events compared with the control 

dose males (p = .022).  
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Females pinning behaviour 

There was a significant effect on the duration of pinning for females prenatally exposed 

to VPA (F(3, 63) = 3.86, p = .013, ƞp
2 = .16). The follow up analysis showed that the females 

exposed to 200mg/kg/day and 300mg/kg/day spent significantly more time engaged in pinning 

compared with 100mg/kg/day (p = .049, p = .042, respectively), however, there was no 

difference between VPA exposure and controls (see left graph in figure 2.7).  

Furthermore, there was a significant effect on the number of pinning events that females 

engaged in (F(3, 63) = 2.93, p = .040, ƞp
2 = .12, right panel in figure 2.7). The post hoc analysis 

revealed non-significant differences, where the number of pinning events for females exposed 

to 300mg/kg/day was increased (albiet not significantly) over the control dose females (p = 

.084, ns) and the females exposed to 100mg/kg/day (p = .083).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. The average duration (left) and frequency (right) of pinning behaviours for the male 
and female offspring prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 
300mg/kg/day of VPA. Displaying that juvenile males exposed to 200mg/kg/day of VPA exhibit 
increased duration and frequency of pinning behaviours. * indicates significance to p < .05. Error 
bars represent ± SEM.  

 

  

0

5

10

15

20

25

30

35

40

Males Females

F
re

q
u

en
cy

0

20

40

60

80

100

120

Males Females

D
u

ra
ti

o
n

 (
se

co
n

d
s)

Offspring sex

0mg/kg/day 100mg/kg/day 200mg/kg/day 300mg/kg/day

* 

* 

* 
* 



70 
 

 

2.3.2.2 Chasing 

Males duration and frequency of chasing 

 The prenatal exposure to VPA had no overall effect on the duration of chasing 

behaviours for males (F(3, 71) = 1.60, p = .196, ƞp
2 = .06, ns). The same was also true for the 

number of chasing events for males (F(3, 71) = 1.63, p = .190, ƞp
2 = .06, ns, see figure 2.8).  

Females duration and frequency of chasing 

The prenatal doses had no significant effect on the duration of chasing for females (F(3, 

63) = 2.24, p = .09, ƞp
2 = .10, ns), and there were no trends or effects revealed in the post hoc 

analysis. Although, there was a close to significant effect on the number of chasing events that 

females engaged in (F(3, 63) = 2.53, p = .065, ƞp
2 = .11, ns, see figure 2.8). The post hoc analysis 

showed that the close to significant effect on the frequency of chasing was due to a non-

significant increase in females exposed to 300mg/kg/day compared to the control dose (p = 

.094, ns). 

 

 

 

 

 

 

Figure 2.8. The average duration (left) and frequency (right) of chasing behaviours for the male 
and female offspring prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 
300mg/kg/day of VPA. Error bars represent ± SEM.   
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2.3.2.3 Wrestling 

Males duration and frequency of wrestling 

The prenatal exposure to VPA had no significant effect on the duration of wrestling 

behaviours for males (F(3, 71) = 1.67, p = .181, ƞp
2 = .07, ns).  

There was a significant effect of the prenatal doses on the frequency of chasing in males 

(F(3, 71) = 3.46, p = .021, ƞp
2 = .13). The post hoc analysis showed that males exposed to 

300mg/kg/day engaged in significantly more wrestling events than those in the control 

condition (p = .019, see figure 2.9). 

Females duration and frequency of wrestling 

The prenatal exposure to VPA had no significant effect on the duration of wrestling 

behaviours for females (F(3, 63) = 1.81, p = .154, ƞp
2 = .08, ns), nor on the number of wrestling 

events for females (F(3, 63) = 1.46, p = .235, ƞp
2 = .07, ns, see figure 2.9).  

 

 

 

 

 

 

 

 

 

Figure 2.9. The average duration (left) and frequency (right) of wrestling behaviours for the male 
and female offspring prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 
300mg/kg/day of VPA, displaying the increased frequency of wrestling behaviour for males 
exposed to 300mg/kg/day of VPA. * indicates significance to p < .05. Error bars represent ± 
SEM.  
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2.3.2.4 Passive Social Behaviour 

Males duration and frequency of passive social behaviour 

The prenatal exposure to VPA had no significant effect on the duration of passive social 

behaviours for males (F(3, 71) = 1.72, p = .171, ƞp
2 = .07, ns), nor was there an effect of the prenatal 

doses on the number of passive social behaviours for males (F(3, 71) = 2.11, p = .107, ƞp
2 = .08, ns, 

see figure 2.10). 

Females duration and frequency of passive social behaviour 

The prenatal doses had a near to significant effect on the duration of passive social 

interaction for females (F(3, 63) = 2.48, p = .069, ƞp
2 = .11, ns). This non-significant effect is likely 

due to the decreased passive duration exhibited by the females exposed to 200mg/kg/day, 

compared with the control dose females (p = .102, ns). Additionally, there was no effect on the 

number of passive social interaction events that females engaged in (F(3, 63) = 2.11, p = .107, ƞp
2 

= .08, ns, see figure 2.10).  

 

 

 

 

 

 

Figure 2.10. The average duration (left) and frequency (right) of passive social behaviours for 
the male and female offspring prenatally exposed to 0mg/kg/day, 100mg/kg/day, 
200mg/kg/day, 300mg/kg/day of VPA, no statistical effects detected. Error bars represent ± 
SEM. 
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2.4 Experiment Three: Social Approach and Avoidance  

Rodents with social behaviour deficits are likely to avoid or delay interaction with novel 

partners. These behaviours can be examined through the social approach and avoidance 

paradigm, also known as the three-chamber test, which was originally established by Nadler et 

al. (2004). This paradigm allows for the investigation of an animal’s social behaviour without 

direct influence from the conspecific’s behaviour and more accurate detection of low levels of 

sociability (Crawley, 2004), making this a valid paradigm for the measurement of ASD-like 

behaviours in rodents.  

Social Approach and Avoidance (SAA) measures the proximity of a freely moving test 

animal to restricted conspecifics, which act as social stimuli. The test is divided into different 

phases. Phase one measures the tendency of the test animal to approach and interact with a 

social stimulus. This phase allows the test animal to develop social recognition and familiarity 

with the social stimulus (Kogan, Frankland, & Silva, 2000). Due to the highly social nature of 

rodents, rats typically spend more time interacting with the social than the non-social stimulus. 

Phase two measures social novelty. Here, the time the test animal spends with the social 

stimulus from the familiar phase is compared to the time spent with a newly introduced social 

stimulus. The animal has the freedom to interact with either familiar and novel stimulus or can 

spend time alone in the central zone. Because of the social familiarity established in the first 

phase, the preference for social novelty over familiarity can be assessed. Phase two animals 

prefer novel stimuli, and most control animals will spend more time with the novel social 

stimulus than the familiar one.  

The face validity of this test has led to its extensive use when examining the behavioural 

alterations in rodents prenatally exposed to VPA. A single injection of VPA during mid-gestation 

leads to animals spending less time with the novel stimulus and increased time in the non-social 

areas or with the familiar stimulus (Bambini-Junior et al., 2011; Kerr, Downey, Conboy, Finn, & 

Roche, 2013; Kim et al., 2014; Kim et al., 2011). However, these results were not uniformly 

replicated. Stefanik et al. (2015) exposed rats to 600mg/kg of VPA on GD 12.5 and measured 

SAA at PND 25, 46, and 76. They found that VPA exposed rats spent more time in proximity to 

the stranger rat and were quicker to interact. It is of note that Stefanik et al.’s SAA test differed 

from the methods established by Nadler et al. (2004) and Moy et al. (2008). The social stimulus 

used by Stefanik et al. was an adult male from the parents’ generation, and a second phase was 

not implemented for comparison of social novelty. An age disparity between the test animal and 

the social stimulus may have impacted the approach behaviours of the test animal, and thus, 
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the findings must be interpreted with caution. While Stefanik et al.’s methodology was different 

from the procedure used in the following experiment, it demonstrates that prenatal exposure 

to VPA impacts the offsprings’ social interaction behaviour.    

In addition to the Stefanik et al. (2015) findings, Dufour-Rainfray et al. (2010) also found 

that offspring of rats exposed to 600mg/kg of VPA on GD 9 spend significantly more time with 

the novel social stimulus in adulthood. Dufour-Rainfray et al. (2010) methodology also differed 

from the typical protocol, as they did not divide the test into two phases. Instead, in a single 

trial, the authors used littermates as familiar social stimulus and animals from different litters 

as unfamiliar stimuli. Thus, differences in the protocol may have affected the outcome of the 

social approach-avoidance tests.  

As ASD is a neurodevelopmental disorder with symptoms present from a young age and 

persisting into adulthood, we would expect to see ASD-like behaviours in animals persisting 

throughout life. However, this trajectory is rarely investigated. Stefanik et al. (2015) investigated 

age effects of VPA exposure by measure SAA at weaning, puberty and adulthood. They found a 

significant effect of age, such that weaning aged offspring were quicker to interact with the 

social stimulus than pubescent and adult controls. The lifespan trajectory will be examined in 

this experiment, by comparing the rats' sociability scores from prepuberty to postpuberty, which 

will allow the investigation of persistence of abnormal behaviours.  

Continuing with the overall aims of this chapter (section 2.1.2), this experiment 

examines the social behaviour in the SAA assay of pre- and post-pubescent offspring that were 

prenatally exposed to VPA throughout gestation. To examine if the ASD-like behaviours are 

consistent pre- and post-puberty, the SAA experiment was run twice. The pre-puberty measure 

was taken on PND 30, and the post-puberty measure was taken on PND 60. It was predicted 

that:  

i. The male and female offspring prenatally exposed to VPA will exhibit decreased 

social novelty compared with offspring prenatally exposed to the control dose,  

ii. The decreased social novelty will differ as a function of prenatal VPA dose, such 

that the greatest reductions will be exhibited by those exposed to 300mg/kg/day 

compared with those exposed to 100, or 200mg/kg/day, and 

iii. The decreased social novelty will be consistent pre- and post-puberty.  
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2.4.1 SAA Methods 

2.4.1.1 SAA Apparatus  

Testing occurred in a T-maze (116cm x 90cm x 40cm) made from black polycarbonate 

plastic. Before the onset of each individual test, the arena was cleaned with 70% ethanol and 

paper towels, which was allowed to dry before the next trial. All experimental testing was 

recorded with EthoVision (XT™) software, which was used to manually score the animal’s 

behaviour and track each animal’s nose, body and tail during the session.  

2.4.1.2 SAA Procedure 

On PND 30, a test animal was selected from its home cage, transferred into a temporary 

cage and placed in the experimental room for 10 minutes to habituate to the environment. 

Animals serving as conspecifics (experimentally naive Sprague-Dawley juveniles aged between 

PND 20-25 selected from the breeding colony) were also moved into the experimental room 

before the trials to allow for habituation to the environment. 

The test animal was placed in the T-maze for 10 minutes with an empty wire mesh 

cylinder in each arm. After 10 minutes, the test animal was removed from the apparatus and 

placed in a temporary cage, while a conspecific juvenile was placed under a cylinder. The 

placement of the first juvenile alternated for each test animal. The test animal was returned to 

the arena for 10 minutes to interact with the juvenile enclosed in the cylinder (phase one, see 

figure 2.11). The test animal was removed again from the arena, and another conspecific juvenile 

was enclosed under the opposite cylinder. With the addition of the second conspecific juvenile, 

the first conspecific juvenile becomes known as the ‘familiar’ social stimulus, and the newly 

added conspecific becomes the ‘novel’ social stimulus, indicating that the test animal has had 

time to familiarise itself to the first conspecific but not the second. 

 Finally, the test animal was returned the T-maze for a 10-minute test session (phase two, 

see figure 2.11). During this phase, the animal was tracked for its location in the arena. Upon 

completion of this session, test animals were weighed and returned to their home cage. The 

conspecifics were returned to a temporary cage if more sessions were to occur in the day or they 

were returned to their home cage. The arena was cleaned with ethanol, and the next test animal 

was placed in the experimental room for habituation. Phase two is the critical phase for the 

assessment of familiarity and novelty, and due to an experimental error, phase one was not 

recorded this experiment. Therefore, data extraction and analysis were exclusively performed 

from phase two.  
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Figure 2.11. T-maze set up for the SAA paradigm. Depicting phase one and two with the 
placement of familiar and novel social stimuli.  
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2.4.1.3 SAA data analysis  

Once all recordings were coded and extracted from EthoVision (XT™), SPSS (version 22-

25) was used for statistical analysis. The trials were then inspected for error or deviations, the 

elimination of trials is detailed in the next section (2.4.2). 

When analysing the SAA data, an ANOVA on time spent in proximity to the familiar 

and novel stimulus is typically used. However, these measures are not independent as proximity 

to one stimulus requires the absence of proximity to the other, thus violating the assumptions 

of the ANOVA. Therefore we first used the sociability score based on work by Brodkin, 

Hagemann, Nemetski, and Silver (2004). For every second the rat spends with the novel social 

stimulus the sociability score is increased by 1, while for every second it spends with the familiar 

social stimulus the sociability score is decreased by 1. Thus, a positive sociability score indicates 

the rat spent more time with the novel stimulus, while a negative sociability score indicates the 

rat spent more time with the familiar stimulus. The sociability score was analysed with 

ANOVAs.  

Additionally, to replicate the standard SAA analysis procedure, we used a repeated 

measures ANOVA to analyse the duration spent in proximity to the social and non-social stimuli 

(as per Crawley, 2004; Moy et al., 2008; Moy et al., 2007).  

To examine the changes from pre- to post-puberty, additional repeated measures 

ANOVAs were used to analyse the sociability score between PND 30 and PND 60. Tukey post-

hoc analysis was used to examine significant prenatal dose effects, along with planned 

comparisons.  

The ANOVAs in this experiment were separated by sex leading to four between-subjects 

levels (prenatal dose; 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day). When 

significant main effects were found, follow up analyses used Tukey HSD post hoc test. Partial 

eta squared (ƞp
2) was used for the effect size. Also, when required, planned comparisons were 

used to follow up potential effects by comparing specific prenatal dose conditions with others 

using independent t-tests. The alpha level for statistical significance was set at p < .05. 
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2.4.2 SAA Results for Pre-Pubescent Rats 

A total of 90 trials were recorded for SAA when the rats reached PND 30. After reviewing 

the trials, the data for seven animals were removed. The reasons for exclusion were: the data 

from two animals were excluded due to tracking errors, three were excluded as the animals did 

not leave the start zone and a further two animals’ data was ruled out because animals climbed 

on top of the apparatus rather than interacting with the conspecifics. Table 2.3 details the total 

number of animals used in this analysis. 

Table 2.3. The number of animals used in SAA at PND 30 separated by prenatal dose and sex.  

 PND 30 

Males Females 

0mg/kg/day 9 9 

100mg/kg/day 11 11 

200mg/kg/day 12 12 

300mg/kg/day 11 8 
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Sociability score of PND 30 males and females  

 

This score measures the preference for social novelty (positive) or familiarity (negative) 

toward the social stimulus. The prenatal exposure to VPA had no significant effect on the overall 

sociability score for males (F(3, 38) = .17, p = .919, ƞp
2 = .02, ns, see figure 2.12).  

For the females, the prenatal exposure to VPA also had no significant effect on the 

overall sociability score (F(3, 37) = 1.10, p = .363, ƞp
2 = .08, ns, see figure 2.12). 

 

  

 

 

 

 

 

 

 

 

 

Figure 2.12. The average sociability score of males (left) and females (right) prenatally exposed 
to VPA (doses are measured in mg/kg/day). Positive values indicate a preference for social 
novelty. No statistical differences found. Error bars represent ± SEM.   
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Males duration of time spent in proximity to familiar or novel stimuli  

 

Investigation of the time males spent in proximity to the familiar or novel stimuli 

revealed no significant results. This analysis showed no significant preference for the familiar 

or novel areas (F(1, 38) = .93, p = .342, ƞp
2 = .02, ns), the prenatal dose conditions did not show 

differential preferences (F(3, 38) = .17, p = .919, ƞp
2 = .02, ns), and there was no overall effects of 

the prenatal dose (F(3, 38) = .51, p = .680, ƞp
2 = .04, ns; see figure 2.13). 

 

 

Figure 2.13. The average duration spent in proximity to the familiar or novel stimulus for males 
prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA, no 
statistical effects detected. Error bars represent ± SEM. 
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Females duration of time spent in proximity to familiar or novel stimuli  

  

This analysis of time females spent in proximity to familiar or novel stimuli showed no 

significant preference for the familiar or novel areas (F(1, 37) = .00, p = .999, ƞp
2 = .00, ns), the 

prenatal dose conditions did not interact with the area preferences (F(3, 37) = 1.10, p = .363, ƞp
2 

= .08, ns), and there was no overall effects of the prenatal dose (F(3, 37) = 1.49, p = .233, ƞp
2 = .11, 

ns; see figure 2.14). 

 

 

Figure 2.14. The average duration spent in proximity to familiar or novel stimulus for females 
prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA, no 
statistical effects detected. Error bars represent ± SEM. 
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Distance travelled by males 

 The prenatal doses did not have a significant impact on the total distance travelled on 

PND 30 for the male offspring (F(3, 38) = .30, p = .825, ηp
2 = .02, ns, see figure 2.15). 

Distance travelled by females 

 The prenatal doses did not have a significant impact on the total distance travelled on 

PND 30 for the female offspring (F(3, 37) = 1.04, p = .385, ηp
2 = .08, ns, see figure 2.15).  

 

Figure 2.15. The average distance travelled by males (left) and females (right) prenatally 
exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA, no statistical 
effects detected. Error bars represent ± SEM. 
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2.4.3 SAA Results for Post-Pubescent Rats 

A total of 89 trials were recorded for SAA on PND 60. After reviewing the trials, the data 

for four animals were excluded due to the following reasons: the data from one animal exposed 

to 200mg/kg/day was removed due tracking errors, two animals did not leave the starting zone 

(one was exposed to 100mg/kg/day and the other was exposed to 200mg/kg/day), and the data 

from a 100mg/kg/day exposed rat was excluded because the animal climbed on top of the 

apparatus. Table 2.4 below details the total number of animals used in this analysis. 

Table 2.4. The number of test animals used in SAA at PND 60 divided by prenatal dose 

conditions and sex.  

 PND 60 

Males Females 

0mg/kg/day 9 10 

100mg/kg/day 8 12 

200mg/kg/day 11 11 

300mg/kg/day 12 12 
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Sociability score of males   

There was a trend toward significance for the prenatal exposure to VPA on the overall 

sociability score for males (F(3, 36) = 2.28, p = .096, ƞp
2 = .16, ns). The approach to significant 

effect was likely due to a (non-significant) increase sociability score of the males exposed to 

300mg/kg/day compared with the males exposed to 200mg/kg/day (p = .081, ns; see figure 

2.16). Furthermore, the planned comparisons also showed that the sociability score of 

100mg/kg/day was increased compared with 200mg/kg/day, albeit not significantly (p = .074, 

ns). However, none of the VPA doses differed significantly from the control condition. 

 

Sociability score of females  

The females prenatally exposed to VPA exhibited novelty preference but there were no 

significant differences in the sociability score between the prenatal dose conditions (F(3, 40) = 

.27, p = .844, ƞp
2 = .02, ns, see figure 2.16). 

 

 

 

 

 

 

 

 

 

Figure 2.16. The average sociability score at PND 60 of males (left) and females (right) prenatal 

exposed to VPA (doses are measured in mg/kg/day). The positive values reflect social novelty 

preference. Error bars represent ± SEM.  
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Males duration of time in proximity to familiar or novel stimuli 

 

In the analysis of time males spent in proximity to familiar or novel stimuli, there were 

no overall preferences for the stimuli (F(1, 36) = .39, p = .536, ƞp
2 = .01, ns), nor was there an 

overall effect of the prenatal dose (F(3, 36) = 1.05, p = .383, ƞp
2 = .08, ns).   

However, there was a trend towards a significant interaction between the prenatal dose 

condition and the stimuli area (F(3, 36) = 2.28, p = .096, ƞp
2 = .16, ns). To investigate this trend 

further, the side preferences was examined within each of the prenatal dose conditions, this 

revealed a significant effect for males exposed to 200mg/kg/day alone (F(1, 10) = 8.33, p = .016, 

ƞp
2 = .45, see figure 2.17).  

  

 

Figure 2.17. The average duration spent in proximity to the familiar or novel stimulus at PND 60 

of males prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of 

VPA. With the 200mg/kg/day males exhibiting a significant familiar area preference. * indicates 

significance to p  < .05.  Error bars represent ± SEM.  
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Females duration of time in proximity to familiar or novel stimuli 

On the other hand, females showed no overall prenatal dose effect (F(3, 40) = .53, p = 

.663, ƞp
2 = .04, ns), and there was no interaction between prenatal dose conditions and area 

preference (F(3, 40) = .27, p = .844, ƞp
2 = .02, ns), but there was a significant area preference 

(F(1, 40) = 4.26, p = .046, ƞp
2 = .10, ns; see figure 2.18).  

The follow up analysis on the area preference showed that the females exposed to the 

control and 100mg/kg/day doses exhibited a close to significant preference for the familiar area 

(p = .079, p = .094, ns, respectively). Whereas, the females exposed to VPA did not exhibit a 

preference for either area (p = .269; p = .287, ns, respectively). Thus, prenatal exposure to VPA 

is disrupting the preference formation for adult females.   

 

Figure 2.18. The average duration spent in proximity to the familiar or novel stimulus at PND 

60 of females prenatally exposed to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 

300mg/kg/day of VPA. The females exposed to higher doses of VPA exhibit no preference. Error 

bars represent ± SEM.  
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Distance travelled by males 

In addition to the sociability measures, general locomotor activity was recorded in SAA. 

The prenatal doses did not have a significant impact on the total distance travelled on PND 60 

for the male offspring (F(3, 36) = 1.09, p = .366, ηp
2 = .08, ns, see figure 2.19). 

Distance travelled by females 

 The prenatal doses did not have a significant impact on the total distance travelled on 

PND 60 for the female offspring (F(3, 40) = 1.47, p = .236, ηp
2 = .10, ns, see figure 2.19). 

 

Figure 2.19. The distance travelled by males and females prenatally exposed to 0mg/kg/day, 
100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA. No detectable differences found. Error 
bars represent ± SEM. 

  

0

500

1000

1500

2000

2500

3000

Males Females

D
is

ta
n

ce
 (

cm
)

Offspring sex

0mg/kg/day 100mg/kg/day 200mg/kg/day 300mg/kg/day



88 
 

2.4.4 Pre- & Post-Pubescent Comparison Results 

 The social behaviour of males and females prenatally exposed to VPA examined pre-

puberty (PND 30) and post-puberty (PND 60). A 2(PND: 30, 60) by 4(Dose: 0mg/kg/day, 

100mg/kg/day, 200mg/kg/day, 300mg/kg/day) repeated measures ANOVA was run on the 

sociability score.  

 

Sociability score for males from PND 30 to PND 60 

 The sociability score for males did not significantly change over time (see figure 2.20). 

There was no significant effect of time on the sociability score (F(1, 32) = .05, p = .835, ηp
2 = .00, 

ns), no significant effect of the prenatal dose conditions (F(3, 32) = .24, p = .869, ηp
2 = .02, ns), 

and the prenatal doses did not have an overall effect (F(3, 32) = .62, p = .605, ηp
2 = .06, ns).  

 

 

Figure 2.20. The average sociability score at PND 30 and PND 60 of males prenatally exposed 

to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA. The positive values 

reflect social novelty preference. No significant changes over time. Error bars represent ± SEM.  
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Sociability score for females from PND 30 to PND 60 

  

The sociability score for females did not significantly change over time (see figure 2.21). 

There was no significant effect of time on the sociability score (F(1, 32) = 2.81, p = .104, ηp
2 = .08, 

ns), there was no differential effect of the prenatal dose conditions (F(3, 32) = .36, p = .780, ηp
2 

= .03, ns), and the prenatal doses did not have an overall effect (F(3, 32) = .24, p = .869, ηp
2 = 

.02, ns).  

 

 

Figure 2.21. The average sociability score at PND 30 and PND 60 of females prenatally exposed 

to 0mg/kg/day, 100mg/kg/day, 200mg/kg/day, 300mg/kg/day of VPA. The positive values 

reflect social novelty preference. No change in sociability from PND 30 to PND 60 for females 

exposed to 200mg/kg/day and 300mg/kg/day. Error bars represent ± SEM.  
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2.5 Results Summary Table  

Table 2.5. Complete summary of significant differences in the experiments of chapter two for 

the offspring prenatally treated with VPA. The table includes directional dose/group 

comparisons.  

 

Experiment 

 

Variable 

Significant differences in group comparisons 

Condition Direction Condition 

USVs 

PND 7 & 

PND 14 

Number PND 7 > PND 14 

Duration of USVs 
PND 7 < PND 14 

 

Low Frequency 
PND 7 < PND 14 

Only for 0mg/kg/day & 100mg/kg/day 

High Frequency 

PND 7 < PND 14 

for 0mg/kg/day, 100mg/kg/day, & 

200mg/kg/day 

Range of Frequency PND 7 < PND 14 

Play 

Behaviour 

PND 23-25 

Males 

Pinning 

Duration & 

frequency 

0mg/kg/day < 200mg/kg/day 

Females 

Pinning 

Duration & 

Frequency 

100mg/kg/day < 200mg/kg/day 

Females 
Chasing 

Frequency 
0mg/kg/day < 300mg/kg/day 

Males 
Wrestling 

Frequency 
0mg/kg/day < 300mg/kg/day 

SAA  

PND 60 

Males 

Familiar vs 

Novel 

Preference 

Familiar > Novel 

Only for 200mg/kg/day 

Females 

Familiar vs 

Novel 

Preference 

Familiar > Novel 

Only for 0mg/kg/day & 100mg/kg/day 

Note: ‘>’ refers to less than, e.g. there were fewer vocalisations at PND 7 than PND 14.  
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2.6. Discussion  

The aim of study one was to investigate the efficacy of administering VPA continuously 

throughout gestation and to test the hypothesis that continuous gestational exposure would 

result in dose-dependent alterations in communication and social interaction. Three 

experiments were run pre-puberty, and one was run post-puberty, all intended to capture ASD-

like deficits. Overall, this study found several behavioural alterations following the continuous 

prenatal exposure to VPA, although the dose effects do not appear to be consistent, both in 

terms of dose-response and direction of the socio-behavioural alterations.  

Nineteen litters were born with no fatalities to the dams and no substantial physical 

impairment to the offspring. The lack of fatalities and impairments indicate that the 

administration of VPA daily with SCM at doses of 0, 100, 200, and 300mg/kg were below the 

level of toxicity for the dams and the offspring. This complements the findings in Vorhees 

(1987), who showed that oral gavage doses of 400-800mg/kg were toxic to dams and offspring. 

While the doses in this study were below toxic levels, they were expected to result in significant 

and consistent behavioural deficits, based on previous literature discussed in the introduction.  

It was hypothesised that there would be dose-dependent alterations in communication 

and social behaviour following daily administration of 100, 200, 300mg/kg/day in comparison 

with controls (0mg/kg/day). While indeed some effects were observed, the results do not 

overwhelmingly support the hypothesis. The offspring exposed to 200 and 300mg/kg/day 

showed altered behaviours across the four experiments. The offspring exposed to the highest 

dose of VPA (300mg/kg/day) had increased vocalisation length (PND 7 and PND 14), increased 

active behaviours (pinning and wrestling, PND 25), and a trend toward of social novelty aversion 

(PND 30, 60). Some differences between males and females were also found.  Thus, especially 

the females exposed to 200mg/kg/day exhibited an increase in active play behaviour (pinning 

and wrestling, PND 23, 25), as well as a pattern of social novelty aversion (PND 30, 60).  

Overall, the social aversion patterns align with previous studies that have examined the 

social behaviour of offspring prenatally exposed to VPA. The work of Bambini-Junior et al. 

(2011), along with Kim et al. (2011), Kerr et al. (2013), and Kim et al. (2014), who have all shown 

that VPA-exposed animals spend less time with the novel stimulus and increased time with 

familiar stimulus. This pattern has been identified in this study at both time points, pre- and 

post-puberty. However, USV and play behaviour effects are less clear in comparison to current 

literature. The following is a more specific discussion and review of the results found in the 

above experiments.  
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2.6.1 USVs 

The first experiment examined the USVs of the pre-weaning offspring. To date, the vast 

majority of published studies examine the total number of vocalisations, and at times, the 

duration of USVs (Bronzuoli et al., 2018; Melancia et al., 2018; Servadio et al., 2018). Based on 

previous literature, prenatal exposure to VPA was expected to reduce the number of 

vocalisations. However, there were no significant differences between the prenatal doses 

conditions, although, in line with previous research, we did find a significant decrease from 

PND 7 to 14 (Branchi et al., 2001; Elsner, Suter, & Alder, 1990).  Close inspection of figure 2.2 

indicates that the reduction was not as clear for the 300mg/kg/day (although this failed to 

reached significance).  

While the number of vocalisations decreases with age, the duration of those 

vocalisations increases, that is, the pre-weaning pups will emit vocalisations that increase in 

duration as they age (Elsner et al., 1990). This increase duration with age pattern was only found 

in the pups exposed to a high dose of VPA (figure 2.3). Interestingly, the 100mg/kg/day show 

no change between PND 7 and PND 14. The driving effect of this is unclear, as other measures 

for these offspring indicate similar trends as the control offspring, with the exception of the 

duration of USVs.  

In addition to the analysis of the number and duration of USVs, several frequency 

measures were also examined. The frequency measures the pitch of a call, more specifically the 

highest and lowest pitch as well as the range was analysed, to get a measure of the quality of the 

sounds made by the pups. The frequency measures provide further insight into the USVs, as 

rodent vocalisations are distinguished on frequency range as well as the sonographic features, 

or the shape of the calls (Brudzynski, 2015). Overall, USVs can be broadly categorised into short 

or long flat calls (typically seen at 22kHz), 50kHz flat, 50kHz step up or step-downs, and trills 

(Brudzynski, 2015; Portfors, 2007; Wright, Gourdon, & Clarke, 2010). Furthermore, figure 2.1 

displays typical sonographic features of pre-weaning pups in this study. The frequency measures 

in this study show that the pups exposed to higher doses of VPA (200mg/kg/day and 

300mg/kg/day) are exhibiting a delayed maturation at PND 14. The pups exposed to 

200mg/kg/day and 300mg/kg/day did not exhibit an increase in the low and high frequencies 

(figures 2.4 and 2.5), and therefore not achieving similar USV frequency as the controls. This is 

further compounded by the lack of clear reduction in the total number of vocalisations emitted 

by the pups exposed to the higher VPA doses. 
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The results of the first experiment demonstrated that daily administration of VPA 

throughout gestation leads to a qualitative change in the vocalisations emitted by the offspring. 

The qualitative changes in USVs provide an early indicator of neurobehavioural alterations 

(Lester, 1987; Servadio, Vanderschuren, & Trezza, 2015). To date, the vast majority of the 

literature has focused on the number and duration of the ultrasonic vocalisations, while paying 

little attention to more qualitative changes. The current study suggests that this quantitative 

focus may lead to a significant underestimation of the effects of prenatal exposure of VPA on 

the subsequent nature of the USVs (Brudzynski et al., 1999). With more recent software 

developments have led to automated USV classification with the use of software like MUPET 

(Van Segbroeck, Knoll, Levitt, & Narayanan, 2017) and DeepSqueak (Coffey, Marx, & Neumaier, 

2019) which would allow for a more detailed examination of the qualitative changes. 

2.6.2 Play Behaviour 

To examine the social interaction of the offspring chronically exposed to VPA during 

gestation, two experimental sessions of play behaviour were taken at PND 23 and 25. Increases 

in the active behaviours were identified, and there were significant effects for males and females, 

although not consistent across all measures. In particular, for the active behaviours (chasing, 

pinning, and wrestling), the offspring prenatally exposed to 200mg/kg/day and 300mg/kg/day 

of VPA showed an increase in play behaviour (pinning: figure 2.7; and wrestling: figure 2.9), 

although there was some inconsistency as the effects were sometimes observed in frequency 

and sometimes in duration of the behaviour.  

The increase in social play behaviour exhibited by the offspring prenatally exposed to 

VPA is surprising as it does not follow the expected outcomes for this animal model; at least 

based on the previous research that had used a single VPA exposure during gestation. Previous 

studies showed that rats prenatally exposed to VPA exhibit decreased social interaction 

(Markram et al., 2008; Olde Loohuis et al., 2015; Sandhya et al., 2012; Wang et al., 2013). The 

results of the present study show that, if anything, chronic prenatal exposure to VPA leads to 

the opposite. This clearly warrants further investigation, as it raises significant concerns with 

respect to the validity of the rat VPA model for ASD. It would be important to further investigate 

the nature of the social interaction both prepubertal as well as postpubertal. One important 

aspect that could be investigated is the nature of the “partner” in the play behaviour. It is well 

known from clinical studies that children with ASD respond differently to familiar or unfamiliar 

people. Thus, it would be interesting to see whether VPA treated rats play differently with 

littermates compared with unknown conspecifics. Likewise, and similar to the USV analysis, it 
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would be important to look at the quality of the play behaviour. Play behaviour is highly 

ritualised (Pellis & Pellis, 2007) and even in the absence of significant differences in the 

individual items that compose play behaviour, the sequence may be disrupted.  

2.6.3 SAA  

SAA allows for the investigation of social behaviour of VPA exposed offspring in a 

context where the conspecifics cannot directly affect the offspring’s behaviour. There were 

trends towards social novelty aversion in the 200mg/kg/day and 300mg/kg/day (see sociability 

score, figure 2.12 for PND 30 and figure 2.16 for PND 60). However, the offspring in the control 

condition did not exhibit any preference for the novel stimulus, which a complication for the 

analysis and interpretation. Previous studies have shown that offspring that were prenatally 

exposed to a saline injection exhibit a preference for the novel stimulus (when compared with 

the familiar stimulus; Favre et al., 2015). The control offspring in this chapter did not exhibit a 

clear social preference, which may be in part be due to the apparatus used or the lack of social 

isolation prior to the experiment. SAA was originally designed using a three-chamber apparatus, 

whereas, this experiment used a T-maze. Compared to the three-chamber approach the choice 

between the two arms in the T-maze may be less deliberate (as the animals do not have to cross 

the “neutral” zone), though, at the same time, the distance between the two stimuli is larger in 

the T-maze. As discussed in the introduction, methodological parameters can have a large 

impact on the outcome in the SAA, and perhaps it would, therefore, be useful to repeat these 

experiments using a different set-up to ensure that the control animals show a clear preference 

for the novel stimulus. Perhaps the social housing had carry-over effects for these rats. Overall, 

it is possible that lack of preference exhibited by the control rats may have masked VPA effects, 

as controls should serve as the baseline from which the behaviour of the VPA offspring should 

deviate from.  

In SAA, social preference for familiarity or novelty is generally assessed by the duration 

in proximity to the familiar or novel social stimulus (Crawley, 2004). The female offspring 

exposed to the control dose and 100mg/kg/day showed increased time spent with the familiar 

stimulus (although, the dose effects did not reach significance, figure 2.14). More importantly, 

there were dose-related decreases in the time spent with the novel stimulus, such that the 

offspring exposed to 300mg/kg/day spent even less time with the novel stimulus than the 

familiar, and also show the greatest decrease in social preference. The increased duration with 

the familiar stimulus (see figure 2.14) was exhibited by the females exposed to 300mg/kg/day 

compared with the females exposed to the control dose. These trends align with the findings of 
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Kim et al. (2011). Their experiment demonstrated that 400mg/kg VPA at GD 12 led to the 

offspring spending the least amount of time with the novel stimulus and significantly more time 

with the familiar stimulus compared to controls.  

The rats prenatally exposed to VPA exhibited very few statistically different behaviours 

in the post-puberty (PND 60) measure of SAA. Although a significant familiarity preference was 

found in the males exposed to 200mg/kg/day (figure 2.17). Furthermore, the sociability of these 

rats was examined pre- and post-puberty (figures 2.20 and 2.21), and there were divergent 

profiles for the males and females. The males exhibited preference at PND 60 that they had not 

shown at PND 30, however, this was in opposing direction for the 200mg/kg/day and 

300mg/kg/day (figure 2.20). Whereas, the females showed perseverance of behaviour (or no 

change from PND 30 to PND 60), which aligns with the hypothesis and provides further support 

for the impact of the chronic prenatal VPA exposure in rats.  
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2.6.4 Summary 

Overall, this study has confirmed that chronic prenatal exposure to VPA impacts social 

behaviour. While some of the findings aligned with the literature, such as the VPA offspring 

exhibiting reductions in social novelty in SAA, there were also inconsistencies. Notably with 

VPA offspring in this study showing increased social behaviour in the play behaviour paradigm, 

whereas based on previous research, decreases in play behaviour have been reported after VPA 

treatment. Ultimately, the chronic prenatal treatment with VPA led to a relatively mild 

phenotype. This was surprising given that previous studies (Schneider & Przewlocki, 2005; 

Vorhees, 1987) found substantial effects on behaviour following an oral gavage administration 

with slightly higher VPA doses. As such, the mild phenotype in this study may be a result of low 

VPA doses combined with an administration method that would likely lead to slower increases 

in VPA blood levels than seen after an IP injection or oral gavage. Furthermore, inconsistencies 

between the behaviours identified in this study and the literature may be attributable to strain 

differences. For example, Vorhees (1987) used Sprague-Dawley rats, whereas Schneider and 

Przewlocki (2005) used Wistar rats. While the current study also used Sprague Dawley rats, this 

is an outbred strain and as such genetically different from other Sprague Dawley strains. In this 

respect, it is important to remember, as discussed in the introduction that ASD has a strong 

genetic component and is likely the result of gene × environment interactions. Therefore, the 

genetic contribution needs to be considered. In the next study, we examined this further with a 

different strain, increased dose, and a more controlled and measurable method of delivering 

VPA to rats with genetically induced serotonin deficits.  
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3. Chapter Three 

 

The following study adopts a gene × environment interaction method to continue the 

advancement of the VPA-induced animal model of ASD. The following introduction highlights 

previous research relevant to the methods used in this study, then the methods and findings 

will be detailed in sections 2-4, followed by a discussion of the results in this chapter.  

As established in chapter one, the serotonergic system is markedly altered in ASD 

populations. There is a subset of ASD individuals who have hyperserotonemia, which is the 

elevated levels of 5-HT in blood platelets (Cook & Leventhal, 1996; Gabriele et al., 2014; 

Janušonis, 2008; McBride et al., 1998). Platelets are incapable of synthesising 5-HT; instead, 5-

HT accumulates in platelets via SERT (Veenstra-VanderWeele et al., 2012). Thus, the subset of 

ASD individuals with hyperserotonemia, they are likely to have a hyperactive SERT in the PNS, 

resulting in the increased 5-HT levels in the blood platelets. However, a dysfunctional SERT is 

yet to be confirmed as the cause of hyperserotonemia. Other researchers have suggested that 

hyperserotonemia is the result of reduced 5-HT clearance from the platelets (Cook & Leventhal, 

1996), or it is the increased synthesis in the intestine, where 95% of the 5-HT is synthesised 

(Croonenberghs, Verkerk, Scharpe, Deboutte, & Maes, 2005).  

While hyperserotonemia provides indications of biological factors in the PNS, it does 

not necessarily imply that similar 5-HT changes occur in the central nervous system (CNS). It 

is theorised that individuals with ASD have low intracellular serotonin levels in the CNS 

(Harrington, Lee, Crum, Zimmerman, & Hertz-Picciotto, 2013). A deficit in the tryptophan—

to—5-HT metabolism has been found in a subset of individuals with ASD (Adams et al., 2011; 

Boccuto et al., 2013; Naushad, Jain, Prasad, Naik, & Akella, 2013). The relationship between low 

5-HT and ASD symptoms was further highlighted when adults with ASD were given a low 

tryptophan diet (which decreases 5-HT precursor, and subsequently 5-HT levels) for 24 hours, 

and this resulted in a significant worsening of ASD symptoms (McDougle et al., 1996). 

Furthermore, the relationship between low 5-HT levels and ASD symptoms is supported by a 

subset of ASD individuals who experience symptom relief following treatment with SSRIs, which 

increases the extracellular availability of 5-HT and therefore the 5-HT levels in the CNS 

(Hollander et al., 2012; McDougle et al., 1996; Moore et al., 2004). Altogether, these findings 

are indicative of significant serotonergic alterations underlying and contributing to ASD 

symptoms. 
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Given the influence of the serotonergic system on ASD symptomology, studies have 

examined 5-HT aberrations in the VPA induced ASD animal model. Dufour-Rainfray et al. 

(2010) examined behaviour and serotonergic alterations, in rats that were prenatally exposed to 

600mg/kg (via IP injection) of VPA on GD 9. Gestational day nine was selected because the 5-

HTergic cells are present at this point but are not yet fully formed (Zhou & Iacovitti, 2000). 

Dufour-Rainfray et al. (2010) found that adult rats prenatally exposed to VPA had a 46% 

decrease in serotonin levels in the hippocampus but no difference between VPA exposed and 

controls was observed in the cortex or cerebellum. In comparison, Narita et al. (2010) examined 

the 5-HT levels in adult offspring that were prenatally exposed to 800mg/kg of VPA on GD 9 

(via oral gavage). They found increased 5-HT levels in the hippocampus, cerebellum and plasma 

but, again, no differences in the cortex. On the other hand, Tsujino et al. (2007) found higher 

levels of 5-HT in the frontal cortex of offspring that were prenatally exposed to 800mg/kg 

administered orally on GD 9. Both Tsujino et al. (2007) and Miyazaki et al. (2005) showed 

offspring prenatally exposed to VPA have a significant shift in the location of 5-HT cells in the 

dorsal raphe nucleus, with the cell bodies being more caudally situated after VPA. The shift in 

location suggests that prenatal exposure to VPA changes neuronal migration. This has been 

supported by Kuwagata, Ogawa, Shioda, and Nagata (2009), who found that the oral 

administration of 800mg/kg on GD 11 resulted in GD 16 foetuses exhibiting abnormal 5-HT 

migration. Overall, these studies demonstrate the prenatal exposure to VPA has a profound 

impact on 5-HT neurotransmission in the CNS.  

The 5-HT system also plays an essential role in social behaviour. Following the release 

of 5-HT, the principal metabolite 5-hydroxyindoleacetic acid (5-HIAA) is produced, which can 

be detected in cerebrospinal fluid and can be used as an in vivo measure of CNS 5-HT levels 

(Semerdjian-Rouquier, Bossi, & Scatton, 1981). In particular, a negative relationship between 

levels of 5-HIAA and aggressive behaviours has been found in humans, primates, and rodents 

(Fairbanks, Melega, Jorgensen, Kaplan, & McGuire, 2001; Higley & Linnoila, 1997; Maestripieri, 

McCormack, Lindell, Higley, & Sanchez, 2006). This relationship also extends to non-aggressive 

social behaviour, where Tõnissaar, Philips, Eller, and Harro (2004) found a similar negative 

relationship between time spent in social interaction and the 5-HIAA levels in the frontal cortex 

of Wistar rats. Thus, emphasizing the role of 5-HT in social behaviour. 

In addition, there is genetic evidence to further support a role for 5-HT in social 

behaviour. Watson, Ghodasra, and Platt (2009) examined non-human primates (Rhesus 

macaques) for the 5-HTTLPR polymorphism and the relationship with social responses. They 

found that macaques, heterozygous for the s-allele (which have reduced SERT function) 
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exhibited more anxiety-like behaviour than macaques homozygous for the L-allele when 

viewing images of high-status males and conspecifics. This research shows that the variants of 

5-HTTLPR differentially contribute to anxiety behaviours. 

Moreover, social deficits have been described in animals with genetic deletion or 

reduction of the SERT. Kalueff et al. (2007) found that in dyadic interactions, SERT-/- pairs 

showed reduced social sniffing and following compared to SERT+/+ mice pairs. Further to this, 

Moy et al. (2009) showed that SERT-/- mice have decreased social preference, as these mice 

spent significantly less time with a social stimulus in phase one compared the SERT+/+ and 

SERT+/- males; there were no effects for females, or in phase two. However, social behaviour in 

mice should be interpreted with caution, as social play and related behaviours is much less 

developed in mice when compared to rats (Pellis & Pasztor, 1999; Poole & Fish, 1975); as such, 

rats provide a better model for social behaviour in humans (Wöhr & Scattoni, 2013). 

Similar to social deficits found in SERT-/- mice, rats with genetic deletion leading to non-

functional SERT also exhibit social deficits. Using adolescent rats (PND 28-35), Homberg et al. 

(2007) found that SERT-/- rats exhibit decreases in active play behaviours (defined as pinning, 

pouncing, and boxing), but did not exhibit differences in exploring their playmate. Also, these 

SERT-/- rats exhibited interest in the play partner (defined as sniffing or licking/grooming play 

partner) but little play initiation (defined by the active play behaviours; Homberg et al., 2007). 

However, Olivier et al. (2008) showed that SERT-/- rats had increased anxiety levels in an open 

field test, elevated plus maze, and in a novelty suppressed feeding task. Therefore, it cannot be 

excluded that the reduction in play behaviour of the SERT-/- rats was secondary to increased 

anxiety levels. These studies indicate that animals with a genetic deletion of the SERT show 

reduced social behaviour reminiscent of ASD. However, such complete genetic deletions (SERT-

/-) have not been observed in humans, as the reduced ‘short’ (s) form of the 5-HTTLPR leads to 

reduction in SERT expression and function(Lesch et al., 1996). This is similar to the reduction 

observed in SERT+/- rats and mice, and therefore, this chapter examines the effects of gestational 

VPA exposure on SERT+/+ and SERT+/- rats.  

The combination of genetic alterations in the SERT and environmental challenges has, 

so far, rarely been explored. Schipper, Nonkes, Karel, Kiliaan, and Homberg (2011) examined 

the effects of early-life exposure to construction stress (infrequent and unpredictable noise and 

vibrations) in SERT+/+ and SERT-/- rats. The SERT-/- rats exposed to construction stress showed 

increased anxiety-like behaviours in the elevated plus maze EPM, which was expected based on 

unstressed SERT-/- and previous research (Olivier et al., 2008). The genotype × environment 
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interaction effects were found in a reversal-learning task, where the SERT-/- exposed to 

construction stress exhibited increased cognitive flexibility, and the stressed SERT+/+ exhibited 

decreased flexibility. The authors suggest the environmental effects interacting with the genetic 

background can result in positive outcomes (e.g. increased cognitive flexibility) as well as 

negative outcomes (e.g. increased anxiety behaviours). Also, exposure to stress early in life, 

decreased the stress response (or hypothalamic–pituitary–adrenal axis activity) in SERT-/- rats 

(Van der Doelen et al., 2014). With particular relevance to this chapter, Ellenbroek et al. (2016) 

examined ASD related behaviours following the interaction of SERT+/- and the exposure to 

400mg/kg of VPA on GD 12. The authors were unable to find a significant gene-environment 

interaction but found that VPA-exposed offspring had increased anxiety and reductions in 

cognitive processing. They suggest the lack of interaction may be attributed to the timing of the 

environmental challenge, whereby offspring with genetically compromised SERT function are 

more sensitive earlier or later in gestation. Thus, a continuous administration of VPA as the 

environmental challenge would capture multiple sensitive periods.  

Further work has been undertaken in our laboratory to examine the SERT KO with the 

prenatal VPA exposure. Ranger (2016) paired SERT+/+ females with either SERT+/+ or SERT-/- 

males, to produced litters with SERT+/+ and SERT+/- offspring. The mothers were administered 

400mg/kg of VPA or saline on GD 12. The offspring were examined for changes in 

communication, social interaction, and repetitive behaviours. The study showed no changes in 

communication for pre-weaning offspring, but there were SERT and VPA interactions in social 

and repetitive behaviours of the adult offspring. The VPA exposure for SERT+/- rats resulted in 

increased active social behaviours, whereas the SERT+/+ exposed to VPA exhibited significant 

decreases. This pattern was also found in the measure of repetitive behaviours, where the 

SERT+/- exposed to VPA made significantly fewer entries into previously explored areas, 

compared with the SERT+/+ exposed to VPA which made significantly more entries. Thus, the 

SERT+/- exposed to VPA, did not show the expected decreases in these measures and the author 

suggests that  SERT+/- were, in fact, more resilient to prenatal VPA exposure. Ultimately, Ranger 

(2016) showed that compromised SERT function in utero is perhaps protective against 

environmental challenges, like prenatal VPA exposure.  

Overall, research in our laboratory, as well as the inconsistencies in the literature, 

highlights the difficulty of investigating the consequences of a single prenatal VPA 

administration, particularly in combination with a genetic factor such as the reduction in SERT 

activity. The experiments in this chapter assess ASD-like behaviours following chronic prenatal 

exposure to VPA as an environmental risk factor combined with the genetic vulnerability of 
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reduced SERT activity. It is relevant to point out that studies examining the social behaviour of 

SERT animals have typically been done in SERT-/- rats and mice, not in SERT+/- animals. As such, 

the extent of the social deficits in SERT+/- animals is unclear. The experiments in this chapter 

follow the work of Ellenbroek et al. (2016) and Ranger (2016). The following experiments 

replicate behavioural assays and methods established in chapter two, with the inclusion of an 

anxiety measure (successive alleys test, section 3.5). Furthermore, the VPA administration 

method was amended and optimised for this chapter (section 3.1.5). Additionally, the VPA doses 

in this chapter were increased to 300mg/kg/day and 600mg/kg/day. The VPA doses were 

increased as the behavioural phenotype identified in chapter two was relatively mild and 

pregnant rats were able to tolerate the increased dose without dam fatality (based on a pilot 

study, data not shown).  

With the continued aim of chronically administering VPA in a non-stressful manner, 

and to overcome the limitations of the previous administration method, a novel voluntary 

administration method was implemented for this chapter, with the use of gelatine pellets. 

Gelatine pellet delivery is considered a superior option over syringe feeding (Atcha et al., 2010), 

peanut butter (Main & Kulesza, 2017), and SCM methods (which was explored in chapter two). 

Gelatine pellet delivery is a superior option as it is more similar to the oral intake of medication 

for people (especially chronic exposure), as well as the pellets provide a more precise and less 

invasive method for administering a dose to rodents (Zhang, 2011). Gelatine pellets were 

developed based on the work of Zhang et al. (2010), who used a gelatine pellet delivery method 

for three weeks to administer rimonabant (an inverse agonist of cannabinoid CB1 receptor, anti-

obesity drug) to neuropeptide Y (NPY) knockout mice, and successfully showed that blocking 

CB1 and NPY lead to reductions in body weight not bone mass. Subsequently, Zhang (2011) 

detailed the protocol for gelatine pellets as a method for oral administration of drugs in mice. 

The protocol was successfully implemented by Cheng, Spiro, Jenner, Garner, and Karl (2014) 

who showed that mice tolerated long term (8 months) administration of phytocannabinoid 

cannabidiol (CBD), which led to the successful prevention of memory deficits in Alzheimer’s 

disease transgenic mice. We, therefore, used this gelatine pellet oral delivery method in this 

chapter (see 3.1.5 VPA administration for further details).  
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3.1.2 Overall Aims of Chapter three  

The experiments in this chapter will examine the behaviours of rats with a genetic 

reduction in SERT that were chronically exposed to VPA throughout gestation. This will 

advance the VPA-induced ASD animal model, by combining gene and environmental factors to 

examine the impact on ASD-like behaviours, as well as advancing the chronic administration 

method for delivering VPA throughout gestation.  

The overall aim of this series of experiments is to assess the communication, social 

interaction and anxiety-like behaviours of rats with genetic deficits in the SERT following 

chronic prenatal exposure to VPA. Based on previous literature, it is typically the SERT-/- 

genotype that exhibits phenotypic differences in comparison to SERT+/+ rats. As such, it is 

uncertain if the SERT+/- genotype will exhibit deficits in communication, social interaction, and 

anxiety-like behaviours. Thus, it is hypothesised that the interaction of the SERT deficits with 

chronic VPA prenatal exposure will result in a more pronounced ASD-like phenotype. 

Therefore, it is predicted that:  

i. Males and females prenatally exposed to VPA will exhibit decreased 

communication and sociability with increased anxiety-like behaviours, 

compared to rats prenatally exposed to the vehicle, 

ii. There will be an interaction between SERT reduction and chronic exposure to 

VPA. As such, SERT+/- prenatally exposed to VPA will exhibit a stronger decrease 

in sociability and increased anxiety-like behaviours compared to SERT+/+ exposed 

to VPA,  

iii. Finally, the decreases exhibited by male and female SERT+/+ and SERT+/- 

prenatally exposed to VPA will persistent over their lifespan.    
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3.1.3 Experimental Animals 

 Seven adult heterozygous (SERT+/-) males and 19 adult nulliparous wildtype (SERT+/+) 

female Wistar rats were randomly selected from breeding stock at VUW vivarium. All females 

were handled by the experimenter for five minutes per day for three days before mating, to 

mitigate the handling stress during gestation. During the handling phase, the females were 

given gelatine pellets with a range of flavours to overcome neophobia, which could interfere 

with VPA ingestion during gestation.  

 Four days after the first handling and gelatine exposure session, each female was paired 

with one male, in polycarbonate cages which included a metal grid lining the tray bottom. The 

grid enabled the detection of vaginal mucus plugs. Plugs were checked once 24 hours after 

pairing, and each day following for a further seven days. If no mucus plug was discovered, the 

female was returned to the animal stock. When a mucus plug was detected, the male and female 

were separated. The male was then placed in group housing for later pairing or euthanising and 

the female was randomly allocated into a dose condition of 0, 300, or 600mg/kg/daily of VPA 

weighed then housed individually. On the day the mucus plug was detected (GD 1), the dams 

were given their first gelatine pellet containing a dose of VPA (or control dose; see section 3.1.5 

VPA administration for further detail).  

Females were checked daily for delivery of the litter. The day of birth was considered 

PND 1. Mostly, the dam and pups were left undisturbed until weaning on PND 21, with the 

exceptions of USV recordings on PND 7 and 14 (see section 3.2) and weekly cleaning of the cage. 

On PND 21 the dam was removed from the offspring and euthanised. The offspring had an RFID 

tag subcutaneously implanted, and a small ear punch (2mm diameter) was taken for genotyping 

(TransnetYX, Cordova, TN). The offspring were separated in sex-specific cages where they were 

housed in litter specific groups until they weighed approximately 150-200g, at which point they 

were housed in groups of two or three in each cage.  

3.1.4 Housing Conditions for All Animals 

The housing environment was maintained at a temperature of 21°C (± 2) and a humidity 

level of 55-60%, with reversed night/day cycle (lights on 1900-0700 hours). Animals were 

housed in conventional wire top cages were lined with pine or paper bedding (with the 

exception of metal grids lining the tray bottom for breeding pairs). All animals, including 

breeding pairs and offspring, had ad libitum access to water and laboratory chow (Speciality 

Feeds Rat and Mouse Cubes, Glen Forest, Aus). All animals were bred and housed at the VUW 
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vivarium. All procedures followed the VUW Animal Ethics guidelines (AEC number 

000022477). 

3.1.5 VPA Administration 

 The female's weight was recorded on GD 1 and every four days following, to adapt the 

VPA doses to the specific weight of each female. Batches of gelatine pellets were made for each 

female so that the VPA dose was tailored to her weight, and dose condition. Each day of 

gestation in the morning (0700-0900 hours) and evening (1700-1900 hours) the experimenter 

weighed a VPA (or control) gelatine pellet and placed it in the cage for the pregnant females to 

voluntarily consume. The remains of the gelatine pellet were collected and weighed before the 

next dose was placed in the cage. This allowed for a calculation of the actual dose consumed for 

each individual female (see table 3.1 for average consumption).  

Morning and evening doses were intended to maintain VPA blood levels by reducing 

the time between doses. Furthermore, it reduced the concentration of VPA in each pellet, and 

the resulting doses were more palatable for the females, as VPA has an unpleasant taste (Cloyd 

et al., 1992). Potentially because of the unpleasant taste, the females did not reliably consume 

the entire pellet. To increase consumption of VPA and to avoid pellets from drying out, new 

batches were created every four days with a rotation of different flavours (orange, strawberry, 

banana, caramel, and blueberry; GoBake ‘Favacol’). Flavours were changed in each batch to 

avoid the adverse association of VPA taste with pellet. The average weight of the pellets was 4.2 

grams. Figure 3.1 displays the typical size and shape of the VPA gelatine pellets. 

 

 
Figure 3.1. Banana flavoured VPA gelatine pellets, representative of typical doses given morning 
and evening to pregnant females.   
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3.1.6 Experimental Animal Breeding Outcomes  

 Nineteen litters were bred in this study, which produced a total of 198 offspring. Two 

females that were given 600mg/kg/day birthed stillborn pups (litter identifier, ID 004 and 010, 

see table 3.1). Also, one female from the 600mg/kg/day group produced a litter of 15 pups (ID 

008) and all except one died in the two days following birth. The remaining pup was euthanised 

due to the abnormalities of the litter and associated (potential) differences in maternal care. A 

female in the 300mg/kg/day produced only a single pup (ID 001), the singular pup was 

euthanised with the dam at weaning. Additionally, litter ID 002 (300mg/kg/day) and 003 

(600mg/kg/day) were removed from the analysis due to inconsistent consumption of the 

gelatine pellets. Overall, across all litters, there were no other dose-related physical 

abnormalities, such as tail kinks or webbed toes. Such abnormalities were expected following 

reports in previous studies (Edalatmanesh et al., 2013; Vorhees, 1987).  

VPA consumption was calculated from the total VPA doses given, minus the amount left 

in the remains of the gelatine pellets. The calculations separated the litters based on a range of 

consumed doses, subsequently divided into low and high prenatal dose conditions. From these 

calculations, one female (ID 019) from the 600mg/kg/day group consumed considerably less 

VPA and was therefore placed in the low dose condition. Similarly, one female (ID 017) 

consumed a considerably lower dose than the remainder of the females in the 300mg/kg/day 

group, and the litter was therefore removed from the analysis. As a result, the low dose condition 

included five litters, with an average intake of 218 to 299mg/kg/day. The high dose condition 

consists of three litters, with an average intake between 351 to 394mg/kg/day (see table 3.1 for 

details on consumption and resulting offspring). These prenatal dose conditions are compared 

with the control offspring from four litters that received the gelatine pellets without VPA.   
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Table 3.1. Litter information displaying intended and consumed doses with resulting genotype 
and litter size. The shaded rows refer to included litters (control dose – light green, low dose – 
green, and high dose – purple), ‘~’ refers to approximation, and ‘-‘ refers to unavailable 
information. 

Litter 

ID 

 

Given dose 

(mg/kg/day) 

Average 

consumed 

dose 

(mg/kg/day) 

Allocated 

Dose 

Group 

Offspring 

Males Females 
Total 

SERT+/+ SERT+/- SERT+/+ SERT+/- 

005 0 0 

Control 

3 5 2 1 11 

009 0 0 4 2 1 3 10 

015 0 0 1 6 5 2 13 

016 0 0 2 10 0 1 13 

001 300 ~183  - - - - 1 

002 300 ~186  1 1 3 4 9 

006 300 218 

Low 

5 2 1 6 14 

007 300 264 6 2 1 6 15 

012 300 259 5 8 2 1 16 

013 300 299 1 1 5 3 10 

017 300 184 2 3 4 2 11 

019 600 277 4 2 4 2 13 

003 600 ~267  0 1 6 1 8 

004 600 ~410  - - - - 
Deceased at 

birth 

008 600 394  - - - - 
15 – 

Deceased 

010 600 355  - - - - Deceased 

011 600 394 

High 

3 4 6 3 16 

014 600 351 4 3 3 1 11 

018 600 376 5 6 1 1 13 
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3.2 Experiment One: Isolation Induced Ultrasonic Vocalisations 

As discussed in chapter two (section 2.2), isolation-induced ultrasonic vocalisations 

(USVs) are an effective method of measuring communication between rats. Given that 

communication deficits are a core symptom of ASD, this assay allows for examination of early 

developmental alterations in animals.  

Previous research has shown that rats exposed to doses of 400-500mg/kg of VPA at GD 

12 show significant reductions in the total number of USVs when recorded at PND 9 (Servadio 

et al., 2018), similar has also been found in mice (Gandal et al., 2010). Chapter two showed that 

chronic prenatal exposure of VPA in Sprague Dawley rats impacted the quality rather than the 

quantity of vocalisations emitted by 7- and 14-day-old pups. With specific relevance to Wistars 

and the SERT animals, previous research in our laboratory has recorded and examined the USVs 

of pre-weaning SERT rats. Ranger (2016) prenatally exposed SERTs to VPA and found no 

interaction, treatment, or genotype effect. Overall, there are divergent findings relating to the 

pre-weaning USVs emitted by pups prenatally exposed to VPA. This may be related to a lack of 

investigation into the quality of USVs, as most researchers only examine the number and length 

of USVs (see chapter two, section 2.2 for further details).  

Continuing with the overall aims of this chapter (section 3.1.2), this experiment aims to 

examine the communication of pre-weaning pups that were prenatally exposed to VPA 

throughout gestation. As pups were genotyped at weaning, the following experiment does not 

account for the genetic reduction of the SERT+/- pups. Therefore, it is hypothesised that; 

i. Rats prenatally exposed to VPA will exhibit decreased communication (number 

and duration of calls, and decreased pitch) compared with rats prenatally 

exposed to the control dose, 

ii. The decreased communication exhibited by pups prenatally exposed to VPA will 

be consistent from PND 7 to PND 14. 
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3.2.1 Isolation Induced USV methods 

USV methods are identical to those described in study one, section 2.1.  

3.2.2 USV data analysis 

As genotyping was not completed until PND 21, the genotype of the offspring was not 

considered in the USV analysis. The USV parameters were examined with a 3 (Prenatal dose: 

Control, Low, High) as the between-subject factor;  by 2 (PND: 7, 14) as the within-subjects 

factor,  repeated measures ANOVA. A Greenhouse-Geisser correction was used on all measures 

due to violations of sphericity. The repeated measures ANOVAs were used to analyse the 

number, duration, low and high frequencies as well as the range in frequencies of vocalisations 

over time. Partial eta squared (ƞp
2) was used for the effect size. All significant analyses were 

followed up with Tukey HSD post hoc tests. The alpha level for statistical significance was set 

at p < .05. 

3.2.3 Sample Selection for Comparative Analysis 

Seventy-two pups were isolated and recorded for this experiment, 66 recordings were 

subsequently analysed. In total, 24 offspring were selected from the four control litters. Two 

recordings from a control litter (ID 009) were excluded from analysis due to a lack of 

vocalisations, thus reducing the number of analysed recordings to 22. There were 30 offspring 

recorded from the low dose condition (five litters). However, a recording from a litter (ID 019) 

and a recording from 007 was excluded due to a lack of vocalisations, two recordings from a 

litter (ID 006) were not available due to data corruption; thus 26 recordings were analysed. 

Additionally, there were 18 recordings from the high dose condition (three litters), with one 

recording excluded (from litter 018) due to a lack of vocalisations, leading to 17 recordings 

analysed from the high dose condition.   
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3.2.5 Isolation Induced USV results  

Number of vocalisations emitted on PND 7 compared with PND 14 

The number of vocalisations increased from PND 7 to 14 (F(1, 62) = 12.14, p = .001, ƞp
2 = 

.16), but there was no interaction with prenatal dose exposure (PND × prenatal dose: F(1, 62) = 

1.18, p = .314, ƞp
2 = .04; prenatal dose main effect: F(1, 62) = 1.53, p = .224, ƞp

2 = .05). The follow 

up analysis showed that the PND effect was due to the low dose offspring emitting significantly 

more vocalisations on PND 14 compared to PND 7 (p = .001, see figure 3.2). Neither the controls 

nor the high dose exhibited statistically significant increases from PND 7 to 14.  

 

 

Figure 3.2. The average number of vocalisations emitted on PND 7 and 14 by pups prenatally 
exposed to control, low, or high doses of VPA. Pups exposed to the low doses emitted 
significantly more vocalisations on PND 14 compared to PND 7. *** indicates significance to p 
< .001. Error bars represent ± SEM. 
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Duration of vocalisations emitted on PND 7 compared with PND 14 

The length of the vocalisations increased from PND 7 to 14 (F(1, 62) = 48.58, p = .001, 

ƞp
2 = .44), there was a close to significant interaction with the prenatal doses (F(2, 62) = 2.89, p 

= .063, ƞp
2 = .09, ns), and there was an overall main effect of the prenatal doses (F(2, 62) = 3.55, 

p = .035, ƞp
2 = .10). The follow up analysis showed that the vocalisations of pups exposed to the 

high dose were significantly longer than the vocalisation of low dose pups (p = .032).  

To follow up the close to significant interaction effect between PND and prenatal doses, 

the length of vocalisations was examined on PND 7 and 14 separately. The prenatal dose 

conditions did not significantly affect the length of vocalisation on PND 7 (F(1, 62) = .79, p = 

.46, ƞp
2 = .02, ns), but it did on PND 14 (F(1, 62) = 4.11, p = .021, ƞp

2 = .12). The post hoc analysis 

confirmed the overall findings, where the vocalisations of pups exposed to the high dose were 

significantly longer compared with the pups exposed to the low dose (p = .016, see figure 3.3).  

 

 

Figure 3.3. The average duration (or length) of vocalisations emitted on PND 7 and 14 by pups 
prenatally exposed to control, low, or high doses of VPA. The vocalisations were longer on PND 
14, and the high dose emitted longer vocalisations than low dose pups. * indicates significance 
to p < .05. Error bars represent ± SEM. 
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Frequency of vocalisations emitted on PND 7 compared with PND 14 

In the analysis of the lowest frequency of the vocalisations, there was no change from 

PND 7 to 14 (F(1, 62) = 2.46, p = .122, ƞp
2 = .04, ns), the exposure to the prenatal doses did not 

affect the lowest frequency (F(2, 62) = 1.20, p = .307, ƞp
2 = .04, ns), and there was no interaction 

between PND and prenatal doses (F(2, 62) = 1.35, p = .268, ƞp
2 = .04, ns, data not shown).  

In comparison, analysis of the highest frequency showed a significant effect of PND (F(1, 

62) = 23.34, p = .001, ƞp
2 = .27), and of prenatal doses (F(1, 62) = 3.19, p = .048, ƞp

2 = .09), as well 

as an interaction between PND and prenatal doses (F(2, 62) = 4.31, p = .018, ƞp
2 = .12). The post 

hoc analysis showed that vocalisations emitted by the high dose pups had a significantly lower 

high frequency than those of low dose pups (p = .047), but there was no difference between VPA 

exposure and the control dose.  

To further explore the interaction of the prenatal doses and PND, the highest frequency 

was examined within each of the prenatal dose conditions, separately. There was no significant 

change in the high frequency for the pups prenatally exposed to a high dose (F(1, 16) = 1.38, p = 

.258, ƞp
2 = .08, ns). However, the pups exposed to the control (F(1, 21) = 4.83, p = .039, ƞp

2 = .19) 

and low (F(1, 25) = 28.58, p = .001, ƞp
2 = .53) doses exhibited a significant increase in the high 

frequency from PND 7 to 14 (see figure 3.4).  

 

 

 

 

 

 

 

 

 

Figure 3.4. The average highest frequencies of vocalisations emitted on PND 7 and 14 by pups 
prenatally exposed to control, low, or high doses of VPA. The shortened y-axis shows the small 
difference in the high frequency of the high dose group across PND. * indicates significance to 
p < .05, and *** indicates significance to p < .001. Error bars represent ± SEM. 
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Finally, the overall frequency range of vocalisations (the total frequency difference 

between the low and high frequency within a single call) showed a significant main effect of 

PND (F(1, 62) = 80.24, p = .001, ƞp
2 = .56), and prenatal doses (F(1, 62) = 6.97, p = .002, ƞp

2 = 

.18), as well as an interaction between PND and prenatal dose conditions (F(2, 62) = 6.97, p = 

.002, ƞp
2 = .18). The frequency range increased from PND 7 to PND 14 (p = .001, see figure 3.5), 

and the post hoc analysis showed that the frequency range of the high dose pups was 

significantly smaller than that of low dose pups (p = .011).  

To explore the interaction further, the frequency range was examined within each of 

prenatal dose conditions, separately. All prenatal dose conditions exhibited a significant 

increase in the frequency range from PND 7 to 14 (control: F(1, 21) = 23.21, p = .001, ƞp
2 = .53; 

low: F(1, 25) = 60.40, p = .001, ƞp
2 = .71; high: F(1, 16) = 11.37, p = .004, ƞp

2 = .42; see figure 3.5).    

 

 

Figure 3.5. The average range of frequency for vocalisations emitted on PND 7 and 14 by pups 

prenatally exposed to control, low, or high doses of VPA. Pups exposed to high dose emitted 

calls that were of a narrower range than the pups exposed to the low dose. * indicates 

significance to p < .05, and *** indicates significance to p < .001. Error bars represent ± SEM. 
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3.3 Experiment Two: Play Behaviour 

The purpose of this experiment was to investigate the duration and frequency of social 

interactions between cage mates of SERT+/+ and SERT+/- juvenile rats that were chronically 

exposed to VPA during gestation. The literature and research supporting the investigation of 

play behaviour in rats, specifically those prenatally exposed to VPA is outlined in chapter two 

(section 2.3), and the play behaviour of SERT KO animals has been outlined in chapter one 

(section 1.7.3).  

This experiment aimed to examine the play behaviour of juvenile SERT+/- and SERT+/+ 

males and females prenatally exposed to VPA throughout gestation. However, there was a 

confound with genotype pairing for this experiment. As the sample tissue for the genotyping 

analysis was taken on PND 21, the results were not available at the time of pairing the animals 

for the experiment, thus pairs were randomly assigned without consideration for their genotype 

(see table 3.3 for a full break down of the number of pairs). Therefore, the genotypes of the 

offspring could not be considered for this experiment. Given this situation and the overall aim 

of this chapter, it is hypothesised that:  

i. Males as well as females prenatally exposed to VPA will exhibit decreased active 

play behaviours (chasing and pinning) compared with rats prenatally exposed to 

the control dose 

ii. The decrease in behaviour will differ as a function of the prenatal dose, where 

the rats prenatally exposed to the high dose will exhibit a greater decrease in 

behaviour compared to the rats prenatally exposed to the low dose.   
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3.3.1 Play Behaviour Methods  

Play behaviour methods were closely matched with methods described in chapter two, 

section 2.3.1. Briefly, after weaning on PND 21, animals were habituated to the testing room for 

10 minutes, then same-sex and within litter pairs were habituated to the testing arena for 10 

minutes. Then returned to their home cage in the housing room. This habituation process was 

repeated on PND 22.  

Unlike the methods detailed in chapter two, there was a single testing day between PND 

22-25 for this experiment, as the double recording in chapter two did not substantially enhance 

the analysis. On the testing day, animals were habituated to the room (10 minutes) and the 

arena (10 minutes). Subsequently, the animals were placed in a clean cage by themselves for 

three and a half hours. After three hours and 20 minutes, the isolated animals were then 

returned to the room for 10 minutes and placed in the arena for an additional 10 minutes to 

record their behaviour in the test situation. During the testing phase, the behaviours (pinning, 

chasing, and passive social behaviour) were manually scored by one experimenter. 

3.3.2 Play behaviour data analysis 

The data analysis methods follow those described in chapter two, section 2.3.1. For this 

experiment, the variables of interest were the duration and frequency of pinning, chasing, and 

passive social behaviour. Data were analysed for statistical significance with SPSS (version 22-

25).  

As the experiment examined the effect of prenatal exposure to VPA in males and females 

separately, two 3 (Dose; control, low, high) by 3 (Genotype of pairs; SERT+/+ x SERT+/+, SERT+/+ 

x SERT+/-, SERT+/- x SERT+/-) ANOVAs was run for each dependent variable; one for males, and 

one for females. However, due to the limitations of this experiment the genotype was excluded, 

and the focus on the analysis was on a 3 (Dose; control, low, high) ANOVAs, separated for males 

and females. Partial eta squared (ƞp
2) was used for the effect size. All significant analyses were 

followed up with Tukey HSD post hoc tests. The alpha level for statistical significance was set 

at p < .05. 
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3.3.3 Play Behaviour Results  

 As mentioned above, the genotype pairs were randomly assigned without consideration 

for their genotype. This led to three genotype pair groups of SERT+/+ with SERT+/+, SERT+/+ with 

SERT+/-, or SERT+/- with SERT+/-. With the random allocation and the exclusion of litters, some 

conditions had few samples, and the analyses were run on the males and females exposed to 

control, low, and high doses, regardless of the genotype (see figure 3.3 for a full break down of 

the number of pairs). Additionally, figures appendix A section A, illustrate the average duration 

of chasing, pinning, and passive play behaviour with genotype information included.  

 

Table 3.3. The number of play behaviours pairs recorded based on prenatal dose, sex, and the 
genotype pairing, with the subsequently combined totals.  

  
SERT+/+ x 

SERT+/+ 

SERT+/+ x 

SERT+/- 

SERT+/- x 

SERT+/- 
Combined 

Control 

 

Males 1 7 7 15 

Females 2 3 1 6 

Combined 3 10 8 21 

Low 

Males 4 5 3 12 

Females 1 7 4 12 

Combined 5 12 7 21 

High 

Males 3 4 3 10 

Females 2 3 1 6 

Combined 5 7 4 16 
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Male chasing behaviour 

 There was a significant main effect of prenatal dose on the duration of chasing 

behaviours (F(2, 34) = 3.99, p = .028, ƞp
2 = .19). The follow up analyses showed that the offspring 

prenatally exposed to the high dose spent more time chasing than the offspring exposed to the 

control dose (p = .030). The prenatal exposure to VPA also increased the frequency of chasing 

events (F(2, 34) = 3.83, p = .032, ƞp
2 = .18), with the follow up analysis also showing higher 

frequencies in the offspring exposed to the high dose compared to the control dose offspring (p 

= .037, see figure 3.6).  

Female chasing behaviour  

 The prenatal exposure to VPA significantly increased the time spent engaged in chasing 

behaviours (F(2, 34) = 3.99, p = .028, ƞp
2 = .19). The frequency of chasing events did not reach 

significance (F(2, 24) = 1.89, p = .175, ƞp
2 = .15, ns), though figure 3.7 shows a similar dose-

response curve. The prenatal dose effect on duration was due to females prenatally exposed to 

the low dose, which had a close to significant increase, compared with offspring exposed to the 

control dose (p = .054, ns; see figure 3.6).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. The duration (left) and frequency (right) of chasing behaviours for the offspring 

exposed to control, low, or high doses of VPA. Significant increases for high dose males and 

low dose females. * indicates significance to p < .05. Error bars represent ± SEM.  
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Male pinning behaviour 

 The prenatal exposure to VPA did not significantly affect the duration (F(2, 34) = .24, p 

= .791, ƞp
2 = .01, ns) or frequency (F(2, 34) = .13, p = .878, ƞp

2 = .0, ns) of pinning behaviour in 

males (displayed in figure 3.7). 

 

Female pinning behaviour 

The prenatal exposure to VPA did not significantly affect the duration (F(2, 24) = 2.22, 

p = .134, ƞp
2 = .17, ns) or frequency (F(2, 24) = 2.10, p = .147, ƞp

2 = .17, ns) of pinning behaviours 

in females (see figure 3.7). 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Duration (left) and frequency (right) of pinning behaviours for the offspring exposed 

to control, low, or high doses of VPA. No statistical effects for males or females prenatally 

exposed to VPA. Error bars represent ± SEM.  
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Male passive social behaviour  

The prenatal exposure to VPA did not affect the duration (F(2, 34) = 2.51, p = .096, ƞp
2 

= .13, ns); nor the frequency (F(2, 34) = .85, p = .438, ƞp
2 = .05, ns) of passive social behaviour 

in males (see figure 3.8).  

 

Female passive social behaviour 

The prenatal exposure to VPA did not affect the duration (F(2, 24) = 2.28, p = .128, ƞp
2 

= .18, ns); nor the frequency (F(2, 24) = 1.15, p = .337, ƞp
2 = .10, ns) of passive social behaviour 

in females (see figure 3.8).  

 

 

 

 

 
 
 
 
 
 
Figure 3.8. Duration (left) and frequency (right) of passive interaction for the offspring exposed 
to control, low, or high doses of VPA. No statistical effects for males or females prenatally 
exposed to VPA. Error bars represent ± SEM.  
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3.4 Experiment Three: Social Approach and Avoidance 

The purpose of this experiment was to investigate the social preference of pre-pubescent 

and post-pubescent SERT+/+ and SERT+/- rats that were chronically exposed to control, low, or 

high doses of VPA during gestation. This experiment uses the methods established in chapter 

two (section 2.4).  

SAA examines a rodents preference or avoidance of social stimuli, and as such, it has 

been extensively used to examine ASD-like behaviours of animals; especially as deficits in social 

behaviour is a core symptom of ASD. The social approach and avoidance paradigm allows the 

experimenter to examine the social behaviour of a singular test animal, unlike play behaviour, 

which involves two animals actively interacting. Furthermore, it allows for the comparison of 

preference and approach to social stimuli (Crawley, 2004; Moy et al., 2008). These factors make 

this paradigm invaluable for assessing social deficits in rodents, particularly in rats.  

As discussed in chapter two (section 2.4), this paradigm has been used to show that rats 

exposed to VPA during gestation exhibit decreased time with a novel stimulus and increased 

time with a familiar stimulus or alone (Bambini-Junior et al., 2011; Bronzuoli et al., 2018; Kerr 

et al., 2013; Kim et al., 2014; Kim et al., 2011). However, this finding has not been consistent 

across the literature, with some researchers finding increased time with the social stimulus or 

the novel social stimulus (Dufour-Rainfray et al., 2010; Stefanik et al., 2015). Reductions in social 

approach or time spent with the novel social stimulus would be expected for animals that were 

exposed to VPA during gestation. The addition of the genotype is expected to potentiate the 

effects of prenatal VPA exposure, such that the SERT+/- exposed to the high dose are likely to 

show deficits beyond that seen in the high dose SERT+/+. 

Previous research in our laboratory was the first to our knowledge to examine the social 

behaviour of SERT rats that were prenatally exposed to VPA. Ranger (2016) examined the social 

behaviours of adolescent (PND 35-60) male SERT+/+ and SERT+/- that were prenatally exposed 

to 400mg/kg on GD 12, and these rats did not show differences in social exploration or social 

novelty from controls. While VPA did reduce exploration of the novel stimulus, this effect was 

seen both in SERT+/- and SERT+/+ animals., and thus no genotype interactions were found. In 

the present study, in addition to using chronic VPA treatment, females were also included to 

assess sex-related changes.   
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Therefore, this experiment aims to examine the social behaviour in the SAA assay of pre- 

and post-pubescent SERT+/- and SERT+/+ males and females prenatally exposed to VPA 

throughout gestation. It is hypothesised that:  

i. Males and females that were prenatally exposed to VPA will exhibit decreased 

sociability (as seen in phase one) and a decreased preference for social novelty 

(as seen in phase two), compared with rats prenatally exposed to the control 

dose, 

ii. There will be an interaction between SERT reduction and chronic exposure to 

VPA. As such, SERT+/- prenatally exposed to VPA will exhibit decreased 

sociability and social novelty preference compared with SERT+/+ exposed to the 

control dose,  

iii. Finally, the decreases exhibited by SERT+/- and SERT+/+ prenatally exposed to 

VPA will be seen both pre- and post-puberty   
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3.4.1 SAA Methods 

3.4.1.1 SAA Apparatus  

The apparatus and experiment set up replicates the protocol in chapter two, section 

2.4.1. 

3.4.1.2 SAA Procedure 

SAA methods were closely matched with methods described in chapter two, section 

2.4.1. Briefly, a test animal was selected from its home cage and transferred into the 

experimental room for a 10-minute habituation period. Conspecific (but not of the same 

genotype) animals serving as the social stimuli were also transferred into the experimental room 

for habituation. The test animal was then placed in the T-maze for 10 minutes with empty wire 

mesh cylinders in each arm.  

 After the habituation to the room and T-maze, the test animal was placed in a temporary 

cage while a conspecific juvenile was enclosed in one of the cylinders. The test animal was 

returned to the T-maze for 10 minutes to interact with the juvenile (phase one). Once again, the 

test animal was placed in a temporary cage, and a second juvenile was enclosed in the opposite 

cylinder, and the test animal was returned to the T-maze for a final 10 minutes (phase two). 

Including the second conspecific in the cylinder, allows the first conspecific juvenile to become 

known as the ‘familiar’ and the newly added conspecific becomes the ‘novel’ stimulus, indicating 

that the test animal has had time to familiarise itself to the first conspecific but not the second. 

At the end of phase two, the test animal was weighed and returned to its home cage. The 

social stimuli were returned to their temporary cage, and the arena was cleaned with 70% 

ethanol and paper towels, and the next test animal was placed in the experimental room for 

habituation.  

Based on data collected in the first study, the following experiment will include the data 

from phase one, allowing for the examination of social approach (phase one) and social 

preference (phase two).  

3.4.1.3 Data Analysis for SAA 

To analyse the effect of prenatal exposure to VPA in SERT+/+ and SERT+/-, factorial 

ANOVAs 3 (Prenatal dose; control, low, high) by 2 (Genotype; SERT+/+, SERT+/-) was run 

separately for male and female offspring. These factorial ANOVAs were run on the dependent 

variables of the sociability score, and distance travelled.  
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As described in section 2.4.1.3, the preference of familiarity was coded into a sociability 

score to analyse the preference without violating the assumptions of ANOVAs. For this 

experiment, phase one examined sociability, with positive values (+1) assigned to the time spent 

with the social stimulus, and negative values (-1) assigned to the time in the empty space. 

Whereas in phase two, positive values were assigned to time spent with the novel stimulus, and 

negative values to time with the familiar stimulus. In either phase, the assigned values were 

added together, resulting in a sociability score. 

Furthermore, a repeated measures ANOVA with areas (phase one: social, empty; phase 

two: familiar, novel) as the repeated factor was used, as it is a typical method for analysing data 

from SAA.  

Finally, to examine the overall change in the sociability over time, a repeated measures 

3(Dose: control, low, high), 2(Genotype: SERT+/+ and SERT+/-), 2(PND: 30, 60) ANOVA, with 

PND as the repeated factor. This analysis was run on the sociability score in phase one, and the 

sociability score in phase two.  

All data were analysed for statistical significance with SPSS (version 22-25). Partial eta 

squared (ƞp
2) was used for the effect size. All significant analyses were followed up with Tukey 

HSD post hoc tests, and/or planned comparisons were used to follow up potential effect 

comparing specific prenatal dose or genotype conditions with others using Student’s t-test. The 

alpha level for statistical significance was set at p < .05. 
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3.4.2 SAA Results for Pre-Pubescent Rats 

  

A total of 104 rats were tested in the SAA paradigm, the test session occurring between 

PND 30 and 35. One SERT+/- female exposed to the high dose was removed from the analysis 

due to lack of movement or exploration. Table 3.4 provides the number of samples for each 

condition, sex, genotype.  

Table 3.4. The number of test animals used in SAA PND 30-35 divided by prenatal dose, sex 
and genotype.  
 

  SERT+/+ SERT+/- Combined 

Control 

 

Males 9 11 20 

Females 8 7 15 

Combined 17 18 35 

Low 

Males 10 13 23 

Females 7 9 16 

Combined 17 21 38 

High 

Males 9 12 21 

Females 5 3 8 

Combined 14 15 29 

 

 

3.4.2.1 Phase One Analysis 

Firstly, a sociability score was calculated to analyse the social preference of the SERT+/+ 

or SERT+/- males and females prenatally exposed to VPA. This score measures the preference 

(positive) or avoidance (negative) of the social stimulus in the first phase.  
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Control Low High

Prenatal Dose Conditions

SERT+/+ ♀ SERT+/- ♀

Male sociability score  

 The prenatal exposure to VPA did not significantly affect the sociability score (F(2, 58) 

= .21, p = .808, ƞp
2 = .00, ns). Furthermore, there was no effect of genotype (F(1, 58) = .04, p = 

.837, ƞp
2 = .00, ns) and no interaction (F(2, 58) = 2.02, p = .141, ƞp

2 = .065). Figure 3.9 displays 

the pattern of sociability score for males.   

Female sociability score  

 The females prenatally exposed to VPA exhibited a significant decrease in the sociability 

score (F(2, 33) = 3.79, p = .033, ƞp
2 = .19). The post-hoc analysis demonstrated that there was a 

trend for a decreased sociability score in high dose females compared with the control dose (p 

= .075, ns). Furthermore, there was a trend toward significance in the sociability score of the 

genotypes (F(1, 33) = 3.90, p = .057, ƞp
2 = .11, ns). However, there was no interaction between 

prenatal VPA exposure and the genotypes on the sociability score (F(2, 33) = 2.21, p = .125, ƞp
2 = 

.12, ns; see figure 3.9).  

As there was a significant VPA effect with an almost significant effect of genotype, the 

sociability score of the prenatal dose conditions was examined in the SERT+/+ and SERT+/- 

females separately. There was no effect of prenatal VPA exposure for the SERT+/+ (F(2, 17) = 0.38, 

p = .692, ƞp
2 = .04, ns), but there was a significant effect for the SERT+/- females (F(2, 16) = 6.75, 

p = .008, ƞp
2 = .46). Particularly, the SERT+/- females exposed to the high dose exhibited 

significantly decreased sociability scores compared to the control SERT+/- (p = .006) and the low 

dose SERT+/- (p = .048) females.  

 

 

 

 

 

 

 

 

Figure 3.9. The average sociability scores for males (left) and females (right) prenatally exposed 
to control, low, or high doses of  VPA, separated by genotype. Positive values indicate time spent 
with social stimulus. High dose females show significantly decreased sociability score. * 
indicates significance to p < .05. Error bars represent ± SEM.  
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Male time spent in social and non-social areas  

The male SERT+/+ and SERT+/- offspring showed a preference for the social area, although 

this was not significant (area; F(1, 58) = 3.31, p =.074, ƞp
2 = .05, ns; see figure 3.10 for average 

duration of males). The area preference showed no interaction with prenatal dose (area × 

prenatal dose: F(2, 58) = .214, p = .808, ƞp
2 = .00, ns), genotype (area × genotype: F(1, 58) = .043, 

p = .837, ƞp
2 = .00, ns), or the interaction between prenatal dose and genotype (area × prenatal 

dose × genotype: F(2, 58) = 2.02, p = .141, ƞp
2 = .06, ns). Furthermore, there were no significant 

main effects (prenatal dose: F(2, 58) = .91, p = .410, ƞp
2 = .03, ns; genotype: (1, 58) = .001, p = .969, 

ƞp
2 = .00, ns), nor was there an interaction of prenatal dose and genotype (F(2, 58) = .607, p = 

.549, ƞp
2 = .020, ns).  

Overall, the control SERT+/+ males showed a preference for the social area (albeit not 

significantly, p = .09, ns), while the control SERT+/- did not (p = .357, ns). Exposure to VPA 

eliminated this preference in the SERT+/+ males. Thus, prenatal exposure to VPA tended to 

inhibit social preference in the SERT+/+ males.  

 

Figure 3.10. The average duration of time spent in the social and non-social area for SERT+/+ and 
SERT+/- males prenatally exposed to control, low, or high VPA doses. Overall trends for social 
area preference, prenatal VPA exposure eliminated area preference for SERT+/+. Error bars 
represent ± SEM.   
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Female duration of time spent in social and non-social areas  

The female SERT+/+ and SERT+/- offspring showed a significant preference for the social 

area (area: F(1, 33) = 4.10, p = .05, ƞp
2 = .11). Furthermore, there was significant interaction 

between the prenatal dose condition and the area preference (area × prenatal dose: F(2, 33) = 

3.79, p = .033, ƞp
2 = .19), and there was a close to significant interaction of prenatal doses and 

genotypes for the females (prenatal dose × genotype: F(1, 33) = 3.16, p =.056, ƞp
2 = .16, ns). 

The interaction of prenatal dose on area preference was examined in the SERT+/+ and 

SERT+/- females separately. This analysis showed that the SERT+/+ females exposed to the control 

dose exhibited a trend toward a preference for the social area (p = .077, ns), and there was a 

significant social area preference for the low dose SERT+/+ females (p = .019), however the high 

dose SERT+/+ showed no preference (p = .251, ns). Similar to SERT+/+, the control SERT+/- had a 

significant preference for the social area (p = .015), and opposing the SERT+/+, the low dose 

SERT+/- exhibited no preference (p = .170, ns), and the high dose SERT+/- exhibited a close to 

significant preference for the non-social area (p  = .063, ns, see figure 3.11).  

Overall, the prenatal exposure to VPA in the SERT+/+ females impacts the social 

preference for the high dose SERT+/+ but not for the controls or low dose SERT+/+, whereas the 

prenatal exposure to VPA in the SERT+/- females more clearly disrupted the social preference 

formation and approach to social stimuli.  

 

Figure 3.11. The average duration of time spent in the social and non-social area for SERT+/+ 

and SERT+/- females that were prenatally exposed to control, low, or high VPA doses. Prenatal 

VPA exposure for SERT+/- females disrupts preference. * indicates significance to p < .05. Error 

bars represent ± SEM. 
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3.4.2.2 Phase Two Analysis 

Phase two of SAA introduces a new social stimulus, allowing the test animal to interact 

with either the familiar stimulus (the stimulus introduced in phase one) or a new novel social 

stimulus. To analyse the preference for social novelty in the SERT+/+ or SERT+/- prenatally 

exposed to VPA, the sociability score was calculated, with positive values assigned to time spent 

with the novel social stimulus and negative values assigned to time with the familiar.  

Males sociability score  

The male SERT+/+ and SERT+/- prenatally exposed to VPA exhibited no differences in 

their sociability scores in phase two at PND 30 (prenatal dose: F(2, 58) = 1.83, p = .169, ƞp
2 = .05, 

ns; genotype: F(1, 58) = .11, p = .738, ƞp
2 = .00, ns; prenatal dose × genotype: F(2,58) = 2.07, p = 

.135, ƞp
2 = .067, ns), see figure 3.12.  

Females sociability score  

For the females, there was no effect of genotype (F(1, 33) = 1.26, p = .270, ƞp
2 = .04, ns) 

nor an interaction (prenatal dose × genotype: F(2, 33) = .19, p = .829, ƞp
2 = .01, ns). However, the 

females had a close to significant effect of the prenatal doses on the sociability score (F(2, 33) = 

2.91, p = .06, ƞp
2 = .14, ns). The follow up analysis showed that females prenatally exposed to the 

low dose exhibited increased sociability compared with the control dose females (p = .054, ns), 

but this did not reach significance, see figure 3.12.  

 

 

 

 

 

 

 

 

 

Figure 3.12. The average sociability scores of males (left) and females (right) SERT+/+ and SERT+/- 
prenatally exposed to control, low, and high doses of VPA. Negative values indicate a preference 
for familiarity. No effect for males but females exposed to the low dose of VPA exhibited 
increased sociability. Error bars represent ± SEM. 
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Males time spent in familiar and novel social area 

 

The male SERT+/+ and SERT+/- offspring showed no significant preference for the familiar 

or novel stimuli, see figure 3.13. There was no preference for side (F(2, 58) = .00, p = .99, ƞp
2 = 

.00, ns), there was no interaction between stimuli preference and prenatal doses (F(2, 58) = 1.83, 

p = .169, ƞp
2 = .06, ns), nor did the genotypes (F(1, 58) = .11, p = .738, ƞp

2 = .00, ns) and there was 

no interaction between the prenatal dose, genotypes and time spent with the stimuli (F(2, 58) 

= 2.07, p = .135, ƞp
2 = .06, ns). There were no overall effects (prenatal dose: F(2, 58) = 1.46, p = 

.241 ƞp
2 = .53, ns; genotype: F(2, 58) = .03, p = .862, ƞp

2 = .00, ns, and prenatal dose × genotype: 

F(2, 58) = .21, p = .814, ƞp
2 = .00, ns).  

 

 

Figure 3.13. The average duration of time spent in the familiar or novel area for SERT+/+ and 
SERT+/- males that were prenatally exposed to control, low, or high VPA doses. No statistically 
significant effects were found. Error bars represent ± SEM. 
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Females time spent in familiar and novel social area  

The prenatal VPA exposure did not have a significant effect (prenatal dose: F(2, 33) = 

.334, p = .719, ƞp
2 = .02, ns), but there was a trend toward an interaction between prenatal doses 

and preference (prenatal dose × stimuli: F(2, 33) = 2.55, p = .093, ƞp
2 = .13, ns). The non-

significant interaction effect was followed up by examining the stimuli preference in each of the 

prenatal dose conditions, revealing a close to significant novel preference for the low dose 

females (F(1, 14) = 4.36, p = .056, ƞp
2 = .24, ns, see figure 3.14).   

Furthermore, there was a significant difference between female SERT+/+ and SERT+/- 

(genotype: F(1, 33) = 10.41, p = .003, ƞp
2 = .24, see figure 3.14). The SERT+/+ females exhibited no 

clear preference for the familiar or novel stimuli, across all prenatal dose conditions (F(1, 17) = 

.41, p = .530, ƞp
2 = .02, ns). However, SERT+/- females revealed a different pattern. The control 

dose SERT+/- showed no preference (p = .248, ns), whereas the low dose SERT+/- had a significant 

preference for the novel stimulus (p = .010). While a similar effect was seen at the high dose (no 

stimuli preference, p = .376), this failed to reach significance, presumably due to the sample size, 

coupled to a large variability (as evidenced in figure 3.14).  

The contrast between the control and low dose SERT+/- females is indicative of earlier 

findings, suggesting that the prenatal exposure to VPA disrupted the social preference in SERT+/- 

females.  

 

Figure 3.14. The average duration of time spent for in the familiar or novel areas for SERT+/+ and 
SERT+/- females that were prenatally exposed to control, low, or high VPA doses. Prenatal VPA 
exposure disrupts the social preference for SERT+/- females. * indicates significance to p < .05. 
Error bars represent ± SEM. 
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3.4.2.3 Locomotor Activity 

 In addition to the SAA measures, the overall locomotor activity of the test animals was 

measured with the total distance travelled during the testing sessions (phase one and two).  

Distance travelled for males  

 This analysis showed no significant effect for male SERT+/+ and SERT+/- prenatally 

exposed to VPA, see figure 3.15. That is, the distance travelled for males did not significantly 

change between the two phases (F(1, 58) = .76, p = .386, ƞp
2 = .01, ns), there was also no 

interaction between phase and prenatal dose (F(2, 58) = 1.26, p = .293, ƞp
2 = .04, ns) or genotype 

(F(1, 58) = 1.54, p = .224, ƞp
2 = .05, ns). Furthermore, there were no overall effects of prenatal 

dose (F(2, 58) = .38, p = .687, ƞp
2 = .01, ns) or genotype (F(1, 58) = .32, p = .575, ƞp

2 = .00, ns), 

nor was there an interaction (F(2, 58) = .40, p = .673, ƞp
2 = .01, ns). Blank 

 

 

Figure 3.15. The average distance travelled of SERT+/+ and SERT+/- males prenatally exposed to 
control, low, and high doses of VPA. There were no significant differences in the locomotor 
activity of males between phase one and two. Error bars represent ± SEM. 
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Distance travelled for females  

The distance travelled by female SERT+/+ and SERT+/- was close to showing a significant 

effect of phase (F(1, 33) = 3.38, p = .075, ƞp
2 = .09, ns, see figure 3.16). There was no interaction 

between phase and prenatal dose (F(2, 33) = .80, p = .459, ƞp
2 = .04, ns) or genotype (F(1, 33) = 

1.85, p = .183, ƞp
2 = .05, ns). Furthermore, there were no overall effects of genotype (F(1, 33) = 

2.64, p = .114, ƞp
2 = .07, ns), nor was there an interaction (prenatal dose × genotype: F(2, 33) = 

.37, p = .691, ƞp
2 = .02, ns). Blank 

However, there was an overall effect of prenatal dose (F(2, 33) = 4.70, p = .016, ƞp
2 = .22). 

The post-hoc analysis showed that the females exposed to a low dose travelled a significantly 

greater distance than the females exposed to the control dose (p = .038; see figure 3.16).  

 

 

Figure 3.16. The average distance travelled of SERT+/+ and SERT+/- females prenatally exposed to 
control, low, and high doses of VPA. Displaying the increased distance of SERT+/-‘s prenatally 
exposed to a low dose. * indicates significance to p < .05. Error bars represent ± SEM. 
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3.4.3 SAA Results for Post-Pubescent Rats 

 

A total of 99 rats were tested in the SAA paradigm, the test session occurring between 

PND 60 and 65. Five animals were excluded from the analysis due to lack of exploration in one 

or both phases. Of the control dose litters, one SERT+/+ male and two SERT+/- males were 

removed, and one SERT+/+ male and one SERT+/- male exposed to a high dose, were also 

excluded. Table 3.5 provides the number of samples for each condition, sex, genotype.  

Table 3.5. The number of test animals used in SAA PND 60-65 divided by dose, sex and 
genotype.  
 

  SERT+/+ SERT+/- Combined 

Control 

 

Males 8 10 18 

Females 8 7 15 

Combined 16 17 33 

Low 

Males 9 12 21 

Females 6 11 17 

Combined 15 23 38 

High 

Males 7 10 17 

Females 5 4 9 

Combined 12 14 26 
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3.4.3.1 Phase One Analysis for Post-Puberty 

Following the procedures used in chapter two and this study at PND 30, phase one of 

SAA examines the social preference of SERT+/+ and SERT+/- rats prenatally exposed to VPA.  

Male sociability score  

There was a significant effect of prenatal doses on the sociability score for males (F(2, 

50) = 4.39, p = .018, ƞp
2 = .15). That is, the males prenatally exposed to the high dose exhibited 

a sociability score that was significantly lower than the males exposed to the low dose (p = .011), 

but there was no difference from the control dose males, see figure 3.17. There was no main 

effect of genotype (F(1, 50) = .32, p = .577, ƞp
2 = .00, ns) nor interactions between prenatal doses 

and genotypes (F(2, 50) = .10, p = .909, ƞp
2 = .00, ns). Blank 

Female sociability score  

 The female SERT+/+ and SERT+/- prenatally exposed to VPA showed no significant effects 

of prenatal dose (F(2, 35) = .35, p = .704, ƞp
2 = .02, ns), genotype (F(1, 35) = .33, p = .569, ƞp

2 = 

.00, ns), nor were there any interactions (F(2, 35) = 1.19, p = .318, ƞp
2 = .06, ns, see figure 3.17).  

Figure 3.17. The average sociability score for males (left) and females (right) SERT+/+ and SERT+/- 

prenatally exposed to control, low, and high doses of VPA. Negative scores indicate interest in 
non-social areas. Male exposed to the high dose exhibited a significant preference for the non-
social areas compared with the low dose males, and no effect for females. * indicates significance 
to p < .05. Error bars represent ± SEM.  
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Males time spent in social and non-social areas  

The males exposure to the prenatal doses differentially affected the duration of time 

they spent in the social or non-social areas (F(2, 50) = 4.39, p = .018, ƞp
2 = .15, see figure 3.18). 

However, there was no overall preference for the social or non-social areas (F(1, 50) = 1.84, p = 

.181, ƞp
2 = .03, ns), nor was there a differential effect of the genotypes and areas (F(1, 50) = .32, p 

= .577, ƞp
2 = .01, ns). There were no overall effects of prenatal dose (F(2, 50) = .59, p = .556, ƞp

2 

= .02, ns), or genotype (F(1, 50) = .55, p = .463, ƞp
2 = .01, ns), nor an three way interaction 

between genotype, prenatal dose and preference (F(2, 50) = 2.01, p = .144, ƞp
2 = .08, ns). Blank.  

To examine the prenatal dose effect on social and non-social area preference, the 

duration of time in either area was analysed within each prenatal dose condition. The males 

prenatally exposed to the low dose exhibited a significant preference for the social area 

compared with the non-social (p = .001), no other dose conditions exhibited this preference, see 

figure 3.18.  

 

Figure 3.18. The average duration of time spent in the social or non-social areas for male SERT+/+ 
and SERT+/- prenatally exposed to control, low, and high doses of VPA, with low dose offspring 
displaying increase time in the social area. Error bars represent ± SEM. 

  

0

100

200

300

400

500

600

SERT+/+ SERT+/- SERT+/+ SERT+/- SERT+/+ SERT+/-

Control Low High

D
u

ra
ti

o
n

 (
se

co
n

d
s)

Prenatal Dose Conditions

Social area Non-social area



137 
 

Females time spent in social and non-social areas  

There was a significant area preference for all females, regardless of the prenatal dose or 

genotype (F(2, 35) = 8.90, p = .005, ƞp
2 = .20, see figure 3.19). However, there was no differential 

effect of the prenatal dose on the preference for the social or non-social areas (F(2, 35) = .35, p 

= .704, ƞp
2 = .02, ns), nor was there a differential effect of the genotypes and areas (F(1, 35) = 

.33, p = .569, ƞp
2 = .01, ns). There were no overall effects of prenatal dose (F(2, 35) = .50, p = .611, 

ƞp
2 = .02, ns), or genotype (F(1, 35) = .69, p = .413, ƞp

2 = .02, ns), nor a three way interaction 

between genotype, prenatal dose and preference (F(2, 35) = .16, p = .852, ƞp
2 = .01, ns). Blank. 

To further examine the overall effect of area preference, the duration spent in the social 

and non-social areas was analysis in each prenatal dose condition separately. The females 

SERT+/+ and SERT+/- exposed to the low dose were the only conditions to show a significant social 

preference (p = .008, and p = .047, respectively). Furthermore, planned comparisons showed a 

significant social preference for the SERT+/- exposed to the high dose (p = .014), and there was a 

trend of social area preference for the SERT+/+ exposed to the control dose (p = .09, ns).   

 

Figure 3.19. The average duration time spent in the social and non-social areas for female 
SERT+/+ and SERT+/- prenatally exposed to control, low, and high doses of VPA, with low dose 
offspring displaying increase time in the social area. * indicate significance to p < .05. Error 
bars represent ± SEM. 
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3.4.3.2 Phase Two Analysis for Post-Puberty 

Phase two of SAA introduced a new social stimulus, which allowed the test animal to 

interact with the familiar stimulus (introduced in phase one) or the new social stimulus 

(referred to as the ‘novel’). 

Males sociability score  

In phase two, positive values in the sociability score reflect time spent with the novel 

social stimulus and negative values reflect time with the familiar. 

 The male SERT+/+ and SERT+/- prenatally exposed to VPA showed no significant effects 

of prenatal dose (F(2, 50) = .30, p = .743, ƞp
2 = .01, ns), genotype (F(1, 50) = .79, p = .378, ƞp

2 = 

.02, ns), nor were there any interactions (F(2, 35) = .94, p = .398, ƞp
2 = .04, ns, see figure 3.20). 

As figure 3.20 displays, the SERT+/+ and SERT+/- offspring did not demonstrate a statistically 

significant preference for either social familiarity or novelty.   

Females sociability score  

The female SERT+/+ and SERT+/- prenatally exposed to VPA showed no significant effects 

of prenatal dose (F(2, 35) = .44, p = .651, ƞp
2 = .02, ns), genotype (F(1, 35) = 2.43, p = .128, ƞp

2 = 

.06, ns), nor were there any interactions (F(2, 35) = .04, p = .964, ƞp
2 = .00, ns, see figure 3.20). 

  

 

 

 

 

 

 

 

 

Figure 3.20. The average sociability scores for male (left) and female (right) SERT+/+ and SERT+/- 
prenatally exposed to VPA, displaying no significant differences between groups. Positive values 
correspond to time with the novel stimulus, and all rats exhibiting similar sociability regardless 
of prenatal treatment. Error bars represent ± SEM. 
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Males time spent in the familiar and novel areas  

This analysis revealed no statistically significant interactions or main effects in the 

analysis of male SERT+/+ and SERT+/- prenatally exposed to VPA. There was no significant 

preference for the either the familiar or novel stimulus (area: F(2, 50) = .07, p = .791, ƞp
2 = .00, 

ns), nor was there an interaction between the prenatal dose and area preference (area × prenatal 

dose: F(2, 50) = .30, p = .743, ƞp
2 = .01, ns). There was no effect of genotype (F(1, 50) = .79, p = 

.378, ƞp
2 = .02, ns), or any interaction (area × genotype: F(2, 50) = .94, p = .398, ƞp

2 = .04, ns). 

Furthermore, the prenatal dose did not have a main effect (F(2, 50) = 1.34, p = .271, ƞp
2 = .05, 

ns), but, there was a close to significant effect of genotype (F(1, 50) = 3.63, p = .063, ƞp
2 = .07, 

ns), however, no further effects were found. The average time spent in the familiar and novel 

social area is represented in figure 3.21.  

 

Figure 3.21. The average duration of time spent in the familiar and novel areas for male SERT+/+ 
and SERT+/- offspring exposed to control, low, and high doses of VPA, no statistically significant 
results were found. Error bars represent ± SEM. 

  

0

100

200

300

400

500

600

SERT+/+ SERT+/- SERT+/+ SERT+/- SERT+/+ SERT+/-

Control Low High

D
u

ra
ti

o
n

 (
se

co
n

d
s)

Prenatal Dose Conditions

Familiar area Novel area



140 
 

Females time spent in the familiar and novel social area  

The female SERT+/+ and SERT+/- prenatally exposed to VPA showed a trend towards 

significance for area preference (area: F(2, 35) = 3.38, p = .075, ƞp
2 = .09, ns, see figure 3.22). 

There was no interaction between the prenatal dose and area preference (area × prenatal dose: 

F(2, 35) = .44, p = .651, ƞp
2 = .02, ns), or the genotype (area × genotype: F(1, 35) = 2.43, p = .128, 

ƞp
2 = .07, ns), or any interaction (area × prenatal dose × genotype: F(2, 35) = .04, p = .964, ƞp

2 = 

.00, ns). Furthermore, there were no overall effects of prenatal dose (prenatal dose: F(2, 35) = 

.32, p = .731, ƞp
2 = .02, ns). Blank. 

While the overall analyses revealed no genotype effect, a review of the time spent 

(represented in figure 3.22) is suggestive of a genotype effect, but it was perhaps disguised by 

multiple comparisons. As such, SERT+/+ and SERT+/- females were examined for area preference. 

The SERT+/+ females showed a significant area preference for the novel social stimulus (F(1, 16) 

= 6.30, p = .023, ƞp
2 = .28), whereas, the SERT+/- showed no preference (F(1, 19) = .04, p = .851, 

ƞp
2 = .00, ns).  

Thus, the SERT genotype, particularly in combination with the prenatal exposure to 

VPA, disrupts the preference for familiar or novel stimuli.  

 

Figure 3.22. The average duration of time spent in familiar and novel areas for female SERT+/+ 
and SERT+/- offspring exposed to control, low, and high doses of VPA. SERT+/+ females exhibited 
increased duration with the novel stimulus. Error bars represent ± SEM. 
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3.4.3.3 Locomotor Activity 

The overall locomotor activity of the test animals was measured with the total distance 

travelled in phase one and two at PND 60.  

Distance travelled for males  

 SERT+/+ and SERT+/- males prenatally exposed to VPA showed no difference in locomotor 

activity see figure 3.23. There was no difference in distance travelled between the first and 

second phase (F(1, 50) = 1.10, p = .300, ƞp
2 = .02, ns). There was no interaction between prenatal 

dose exposure and the distance travelled (F(2, 50) = .05, p = .949, ƞp
2 = .00, ns), and nor did any 

of the prenatal dose conditions show an effect overall (F(2, 50) = .69, p = .505, ƞp
2 = .03, ns). 

Additionally, the genotypes did not have a differential impact (F(1, 50) = .31, p = .581, ƞp
2 = .00, 

ns), nor did it have an overall effect (F(1, 50) = 1.64, p = .207, ƞp
2 = .03, ns). Furthermore, there 

were no interactions between the distance travelled in phase one and two, with the prenatal 

dose conditions and genotypes (F(2, 50) = .08, p = .927, ƞp
2 = .00, ns). Blank.  

 

Figure 3.23. The average distance travelled in the first and second phases of SAA by male SERT+/+ 
and SERT+/- prenatally exposed to control, low, and high doses of VPA, showing no effects. Error 
bars represent ± SEM. 
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Distance travelled for females  

SERT+/+ and SERT+/- females prenatally exposed to VPA showed a significant effect of 

phase (F(1, 35) = 10.35, p = .003, ƞp
2 = .23), see figure 3.24. This effect was due to the overall 

significant decrease in locomotor activity from the first phase to the second phase (p = .003).  

To explore this effect further, the distance travelled for females was examined within each of 

the prenatal dose conditions. There was a significant decrease in activity for the females exposed 

to the control (F(1, 14) = 4.74, p = .047, ƞp
2 = .25) and low doses (F(1, 16) = 7.26, p = .016, ƞp

2 = 

.31) but not for the high dose females (F(1, 8) = 1.92, p = .204, ƞp
2 = .19, ns). Blank. 

Additionally, the genotypes did not have a differential impact (F(1, 50) = .31, p = .581, ƞp
2 

= .01, ns), nor did it have an overall effect (F(1, 35) = .01, p = .913, ƞp
2 = .00, ns). Furthermore, 

there were no interactions between the distance travelled in phase one and two, with the 

prenatal dose conditions and genotypes (F(2, 35) = .22, p = .805, ƞp
2 = .01, ns). Blank. 

 

Figure 3.24. The average distance travelled in the first and second phases of SAA by SERT+/+ and 
SERT+/- females prenatally exposed to control, low, and high doses of VPA, showing increased 
activity in the first phase and the increased distance for the females. Error bars represent ± SEM. 
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3.4.4 Pre- & Post-Pubescent Comparison Results 

 The social behaviour of SERT+/+ and SERT+/- that were prenatally exposed to VPA was 

examined pre-puberty (PND 30-35) and post-puberty (PND 60-65). A 2 (PND: 30, 60), by 

3(prenatal dose: control, low, high), by 2(genotype: SERT+/+, SERT+/-) repeated measures 

ANOVA was run on the sociability score.   
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Males sociability score in phase one from Pre- & Post-Puberty 

The prenatal doses differentially affected the sociability score in phase one over time 

(PND × prenatal dose:  F(2, 44) = 4.00, p = .026, ƞp
2 = .15). To explore this effect, the sociability 

score on PND 30 and 60 were compared within each of the prenatal dose conditions. This 

revealed a significant decrease from PND 30 to 60 for the offspring exposed to the low dose (p 

= .001).  

There were no further statistically significant effects. There was no difference in the 

sociability score on between PND 30 and 60 (F(2, 44) = 1.37, p = .248, ƞp
2 = .03, ns), and there 

was no genotype effect on the sociability score between these days (F(1, 44) = .39, p = .537, ƞp
2 = 

.01, ns), and there was no interaction between prenatal doses, genotypes, and the PNDs (F(2, 

44) = 1.43, p = .251, ƞp
2 = .06, ns). Blank. 

 

 
Figure 3.25. Phase one sociability scores measured on PND 30 and 60 for SERT+/+ and SERT+/- 
males prenatally exposed to control, low, and high doses of VPA. Significant decrease from PND 
30 to 60 in sociability for low dose males (represented individually). Error bars represent ± SEM. 
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Females sociability score in phase one from Pre- & Post-Puberty 

 Overall, there was no interaction of prenatal dose, genotype and PND on the sociability 

score of females (PND × prenatal dose × genotype:  F(2, 31) = .99, p = .385, ƞp
2 = .06, ns). However, 

there was a trend for the different effect of prenatal doses on the PND (PND × prenatal dose:  

F(2, 31) = 2.52, p = .097, ƞp
2 = .14), and there was a close to significant effect of the prenatal dose 

on sociability score regardless of PND (main effect prenatal dose: F(2, 31) = 3.05, p = .062, ƞp
2 = 

.16). The post hoc test indicated that a (non-significant) prenatal dose effect was attributed to 

the decreased sociability score in the high dose females compared with the low dose females (p 

= .088, ns, see figure 3.26).   

The genotype of females was also trending towards a significant interaction with PND 

(PND × genotype: F(1, 31) = 2.30, p = .093, ƞp
2 = .09). This analysis confirmed that the SERT+/- 

prenatally exposed to the control dose showed a significant effect of PND, where their sociability 

score was high on PND 30 and then substantially decreased on PND 60 (p = .001).  

 
Figure 3.26. Phase one sociability scores measured on PND 30 and 60 for SERT+/+ and SERT+/- 
females prenatally exposed to control, low, and high doses of VPA. Decreased sociability with 
age, with the exception of the SERT+/- exposed to the high which exhibited an increase. *** 
indicates significance to p < .001. Error bars represent ± SEM. 
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Males sociability score in phase two from Pre- & Post-Puberty 

 The male SERT+/+ and SERT+/- prenatally exposed to VPA showed no significant 

differences in their familiarity or novelty preference over time, see figure 3.27. There were no 

differences in the sociability score on between PND 30 and 60 (F(1, 44) = .71, p = .404, ƞp
2 = .02, 

ns), there was no prenatal dose effect (F(2, 44) = 2.19, p = .124, ƞp
2 = .09, ns), and there was no 

genotype effect (F(1, 44) = .77, p = .386, ƞp
2 = .02, ns), as well as no interaction between prenatal 

doses, genotypes, and the PNDs (F(2, 44) = 1.49, p = .236, ƞp
2 = .06, ns). No significant main 

effects were found.  

 

Figure 3.27. Phase two sociability scores measured on PND 30 and 60 for SERT+/+ and SERT+/- 
males prenatally exposed to control, low, and high doses of VPA, with no significant statistical 
effects. Error bars represent ± SEM. 
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Females sociability score in phase two from Pre- & Post-Puberty 

The female SERT+/+ and SERT+/- prenatally exposed to VPA showed no significant 

differences in their familiarity or novelty preference overtime, see figure 3.28. There was no 

difference in the sociability score on between PND 30 and 60 (F(1, 31) = .09, p = .764, ƞp
2 = .00, 

ns), there was no genotype effect on the sociability score between these days (F(1, 31) = 1.28, p = 

.267, ƞp
2 = .04, ns) and there was no interaction between prenatal doses, genotypes, and the 

PNDs (F(2, 31) = .47, p = .628, ƞp
2 = .03, ns). No significant main effects were found. 

 
Figure 3.28. Phase two sociability scores measured on PND 30 and 60 for SERT+/+ and SERT+/- 
females prenatally exposed to control, low, and high doses of VPA, with no statistically 
significant effects. Error bars represent ± SEM. 
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3.5 Experiment Four: Successive Alleys Test 

The introduction to this chapter (section 3.1) highlighted the co-existence of anxiety 

symptoms for people with ASD, and this experiment examines the influence of anxiety-like 

behaviours for SERT+/+ and SERT+/- prenatally exposed to VPA.  

Anxiety assays have revealed changes in both SERTs and animals prenatally exposed to 

VPA. Olivier et al. (2008) demonstrated that SERT-/- consistently showed increased anxiety-like 

behaviours in the open field, elevated plus maze, novelty suppressed feeding, and home cage 

emergence assays. Animals prenatally exposed to VPA likewise exhibit anxiety-like behaviours, 

as demonstrated by Schneider, Turczak, and Przewłocki (2006) who found that VPA exposed 

offspring showed significant decreases in the entries and exploration of the open arms in the 

elevated plus maze. Furthermore, Ellenbroek et al. (2016) found VPA exposed offspring spent 

less time in the open arms of the elevated plus maze, and increased latency in the novelty 

suppressed feeding task, thus exhibiting increased anxiety-like behaviour.  

These studies exemplify the range of behavioural assays used to measure the anxiety-

like behaviour of rodents. Most, if not all, of the assays, are based on the animal choosing 

between conflicting options of safety or exploration. The elevated plus maze, open field, and 

home cage emergence, all measure the time an animal spends in open, exposed areas compared 

with enclosed areas, as well as the entries to open or enclosed areas. These behavioural assays 

require the animal to make a binary choice. Where it is a choice of safety (thus exhibiting 

‘fearful’ and ‘anxious’ behaviours) or exploration (thus ‘explorative’). This binary choice excludes 

options for measuring a spectrum of anxiety-like behaviours. Ideally, anxiety-like behaviours 

are in a range of more or less severe. The Successive Alleys Test (SAT) attempts to overcome the 

binary nature of anxiety assays.  

SAT is derived from the elevated plus maze with enclosed, and exposed areas and the 

whole apparatus is elevated off the floor. The SAT apparatus is divided into four “alleys”, and 

each alley has progressively lower walls and narrower floors (see figure 3.30). This makes each 

subsequent alley more anxiogenic. The SAT was designed by Deacon (2013), who found that 

mice with lesions of the medial prefrontal cortex exhibited increased duration in the distant 

(more anxiogenic) alleys (alleys two, three, and four) compared with controls. The same mice 

with mPFC lesions showed increased duration in the open arms of the elevated plus maze 

compared with control. The results of both experiments indicate that mPFC lesions in mice 

reduce anxiety-like behaviours. SAT has been used in our laboratory, and the SERT-/- animals 

have shown increased latencies in reaching the most anxiogenic alleys, coupled with decreased 
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duration in the same alleys, compared with SERT+/+ (Kidwell, 2018). Thus, SERT-/- demonstrated 

a more severe anxious phenotype compared with SERT+/+ or SERT+/-, and the SAT shows effects 

similar to the elevated plus maze and other anxiety tests (Olivier et al., 2008). 

This experiment aims to examine the anxious phenotype of SERT+/- and SERT+/+ males 

and females prenatally exposed to VPA throughout gestation. The anxious phenotype is clearly 

found in the SERT-/- rats, but it is not clear in the SERT+/- rats. As such, it is uncertain if the 

SERT+/- in this experiment will exhibit an anxious phenotype, although it is worthy of 

investigation in the context of the gene × environment interaction. Thus, it is hypothesised that:  

i. Male and female offspring prenatally exposed to VPA will exhibit increased 

anxiety-like behaviour compared with rats prenatally exposed to the control 

dose,  

ii. Furthermore, there will be an interaction between SERT reduction and chronic 

exposure to VPA. Such that, SERT+/- prenatally exposed to VPA will exhibit 

increased anxiety-like behaviours compared with SERT+/+ exposed to the control 

dose.   



150 
 

3.5.1 SAT Methods 

3.5.2 SAT Apparatus 

The SAT apparatus was constructed from black or grey polycarbonate panels. Alleys 

progressively reduce in wall height and width. The colour of each alley was progressively lighter, 

alley one was black, alley two was dark grey, alley three was grey, and alley four was light grey. 

Each alley is 45cm in length, and the total length is 180cm. See table 3.6 and figure 3.29 for wall 

height and apparatus representation.  

Table 3.6. Dimensions of the Successive Alleys Apparatus 

Alley 
Width 

(cm) 

Wall height 

(cm) 
Hypothesised Anxiogenic Effect 

One 9 29 Low 

Two 8 6 Modest 

Three 6.5 2.5 Moderate 

Four 3.5 1 High 

 

 

 

Figure 3.29. Representation and dimensions of the Successive Alleys Apparatus  



151 
 

3.5.3 SAT Procedure 

 On or after PND 80, animals were selected from their home cage, transferred into a 

temporary cage, and transported into the experimental room. Animals were habituated to the 

room for 10 minutes.  

 The trial commenced when the rat was placed into the apparatus facing the back wall. 

The rat’s activity was recorded with EthoVision (XT™) for 5 minutes, while the experimenter 

manually coded the entries into each of the alleys with the use of EthoVision (XT™) manual 

scoring function. An entry was coded when the hindlegs of the rat crossed the boundary 

between the two alleys. The duration in each alley and the latency to enter an alley was 

measured from the manually coded entries. Manually coding the rat’s activity was required as 

EthoVision (XT™) was unable to automatically track the rat’s movement due to inference from 

the overhead lights in the experimental room.  

 At the end of the 5-minute trial, rats were weighed and returned to their home cage. 

The alleys were wiped down with 70% ethanol and paper towels. The alleys were dried before 

the next rat was tested.  

3.5.4 SAT Data Analysis 

To analyse the effect of prenatal exposure to VPA in SERT+/+ and SERT+/-, factorial 

ANOVAs 3 (Dose; control, low, high) by 2 (Genotype; SERT+/+, SERT+/-) were run separately for 

male and female adults. The total duration in each alley, and the latency to reach alleys two, 

three, and four were the variable of interest. To further examine the duration of time in the 

alleys, a repeated measures 3(Dose: control, low, high), 2(Genotype: SERT+/+ and SERT+/-), 

3(Alley: Alley two, three, four) ANOVA was used; with alley as the repeated factor.  

All data were analysed for statistical significance with SPSS (version 22-25). Partial eta 

squared (ƞp
2) was used for the effect size. All significant analyses were followed up with Tukey 

HSD post hoc tests, and/or planned comparisons were used to follow up potential effect 

comparing specific prenatal dose or genotype conditions with others using Student’s t-test. The 

alpha level for statistical significance was set at p < .05. 
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3.5.5 SAT Results  

 A total of 124 rats were tested in the SAT paradigm, the test session occurred on or 

after PND 80. One SERT+/+ male exposed to a low dose was excluded from the analysis as it 

did not leave alley one and did not explore the apparatus. Table 3.7 provides the number of 

samples for each condition, sex, genotype.  

Table 3.7. The number of test animals used in SAT PND 80+ divided by dose, sex and 
genotype.  

  SERT+/+  SERT+/- Combined 

Control  

  

Males 10 15 25 

Females 9 6 15 

Combined 19 21 40 

Low Males 12 8 20 

Females 11 19 30 

Combined 23 27 50 

High  Males 12 10 22 

Females 7 5 12 

Combined 19 15 34 
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3.5.5.1 Alley Entry Latencies 

Since all rats were placed in alley one, only the latency to enter the remaining three 

alleys is considered. Firstly, the effects of prenatal VPA exposure and genotypes on the latency 

to enter all alleys was examined in one analysis, and significant effects for particular alleys are 

assessed subsequently.  

Repeated measure analysis on latency to enter alley two, three, and four for males 

The repeated measures ANOVA on the latency to enter each alley showed there was a 

significant effect of alleys (F(1.71, 102.79) = 67.71, p = .001, ƞp
2 = .53, see figure 3.31), although 

this is unsurprising as all rats had to transverse alley two and alley three in order to reach alley 

four. The post hoc analysis confirmed there was a significant delay in reaching alley four 

compared with the latency to enter alley two (p < .05, see appendix three, section B for a table 

of the comparison and significance values).  

There were no further effects of the prenatal dose conditions (alleys × prenatal dose: 

F(3.43, 102.79) = .92, p = .455, ƞp
2 = .03, ns; main effect of prenatal dose: F(2, 60) = .78, p = .462, 

ƞp
2 = .03, ns;), nor with genotype (alley × genotype: F(1.71, 102.79) = .64, p = .505, ƞp

2 = .01, ns; 

main effect of genotype: F(1, 60) = .36, p = .551, ƞp
2 = .01, ns) and no interaction between the 

prenatal doses and genotypes (and alley: F(2, 102.79) = 1.64, p = .171, ƞp
2 = .05, ns; or as a main 

effect: F(2, 60) = .41, p = .665, ƞp
2 = .01, ns). 

To further explore the overall effect of delayed latency to enter the alleys (found in the 

overall repeated measures analysis), the latency to enter each of the alleys was assessed 

separately. 

Latency to enter individual alleys for males  

Latency to enter alley two: Males prenatally exposed to VPA showed a trend towards 

significance for the latency to enter alley two (F(2, 60) = 2.49, p = .091, ƞp
2 = .08, ns). The post 

hoc analysis indicated that the non-significant prenatal dose effect was attributed to a 

significantly increased latency of the low dose males compared with the control dose males (p 

= .040). Furthermore, there was no interaction between the prenatal doses and genotypes (F(2, 

60) = .82, p = .444, ƞp
2 = .03, ns), but there was an overall effect of genotype (F(1, 60) = 4.13, p = 

.047, ƞp
2 = .06). The follow up analysis revealed that SERT+/- males were significantly slower to 

enter alley two compared with SERT+/+ males (p = .030, see figure 3.30).   
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Figure 3.30. The average latency to enter alley two for SERT+/+ and SERT+/- males exposed to 
control, low, and high VPA doses, displaying the decreased latency of the low SERT+/-‘s. * 
indicates significance to p < .05. Error bars represent ± SEM.  

Latency to enter alley three and four: No statistically significant results were found. There 

were no effects of the prenatal dose conditions (alley three: F(2, 60) = .21, p = .813, ƞp
2 = .01, ns; 

alley four: F(2, 60) = 1.17, p = .318, ƞp
2 = .04, ns), nor with genotype (alley three: F(1, 60) = .02, p 

= .881, ƞp
2 = .01, ns; alley four: F(1, 60) = .74, p = .395, ƞp

2 = .01, ns) and no interaction between 

the prenatal doses and genotypes (alley three: F(2, 60) = .27, p = .761, ƞp
2 = .01, ns; alley four: 

F(2, 60) = 1.45, p = .243, ƞp
2 = .05, ns). The averages for the latency to enter alley three (green) 

and four (purple) is represented the repeated measures figure 3.31.  

 
Figure 3.31. The average latency to enter alley three and four, for male SERT+/+ and SERT+/- 

prenatally exposed to control, low, and high VPA doses, with an overall effect of delayed latency 
to enter alley three and four. Error bars represent ± SEM.  
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Repeated measure analysis on latency to enter alley two, three, and four for females 

There was a significant effect for the repeated measures analysis in the latency to enter 

all alleys for females (F(1.78, 90.80) = 41.72, p = .001, ƞp
2 = .45, see figure 3.33), again 

unsurprising as all rats had to transverse less anxiogenic alleys in order to reach the more 

anxiogenic alley four. The post hoc analysis confirmed there was a significant delay in reaching 

alley four compared with the latency to enter alley two (p < .05, see appendix three, section B 

for a table of the comparison and significance values).  

There were no further effects of the prenatal dose conditions (alleys × prenatal dose: 

F(3.56, 90.80) = .86, p = .481, ƞp
2 = .03, ns; main effect of prenatal dose: F(2, 51) = 1.25, p = .295, 

ƞp
2 = .05, ns;), nor with genotype (area × genotype: F(1.78, 90.80) = .16, p = .854, ƞp

2 = .01, ns; 

main effect of genotype: F(1, 51) = .03, p = .861, ƞp
2 = .01, ns) and no interaction between the 

prenatal doses and genotypes (and area: F(3.56, 90.80) = .06, p = .989, ƞp
2 = .01, ns; or as a main 

effect: F(2, 51) = .03, p = .997, ƞp
2 = .01, ns). 

Latency to enter alley two for females  

Females prenatally exposed to VPA showed a close to significant effect on the latency to 

enter alley two (F(2, 51) = 3.01, p = .058, ƞp
2 = .11, ns, see figure 3.32). The post hoc analysis 

indicated a non-significant effect, which was attributed to increased latency in the low dose 

females, compared with the control dose females (p = .074, ns). Furthermore, there was no 

overall effects of genotype (F(1, 51) = 1.67, p = .202, ƞp
2 = .03, ns) and no interaction between the 

prenatal doses and genotypes (F(2, 51) = .36, p = .701, ƞp
2 = .01, ns).  

 

Figure 3.32. The average latency to enter alley two for SERT+/+ and SERT+/- females exposed to 
control, low, and high doses of VPA. Displaying an increased latency for low dose females. Error 
bars represent ± SEM.  
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Latency to enter alley three and four: No statistically significant results were found. There 

were no effects of the prenatal dose conditions (alley three: F(2, 51) = .47, p = .631, ƞp
2 = .02, ns; 

alley four: F(2, 51) = 1.40, p = .256, ƞp
2 = .05, ns), nor with genotype (alley three: F(1, 51) = .09, p 

= .761, ƞp
2 = .01, ns; alley four: F(1, 51) = .05, p = .818, ƞp

2 = .01, ns) and no interaction between 

the prenatal doses and genotypes (alley three: F(2, 51) = .03, p = .963, ƞp
2 = .01, ns; alley four: 

F(2, 51) = .02, p = .983, ƞp
2 = .01, ns). The averages for the latency to enter alley three (green) 

and four (purple) is represented in repeated measure figure 3.33.  

 

 

Figure 3.33. The average latency to enter alleys three and four for female SERT+/+ and SERT+/- 

prenatally exposed to control, low, and high doses of VPA, with an overall effect of alleys and 

not prenatal conditions. Error bars represent ± SEM 
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3.5.5.2 Duration of Time in the Alleys 

Time spent alley one, two, three, and four, for males 

 An analysis of duration in all the alleys assesses the anxiety-like behaviour of the rats 

(decrease duration representing increase anxiety). Using a repeated measures ANOVA, with the 

duration in each alley as the repeated measure, there was a significant effect of alley, regardless 

of prenatal dose and genotypes (F(1.38, 83.28) = 126.63, p = .001, ƞp
2 = .68, see figure 3.34). The 

follow up analyses confirmed that the duration spent in alley one was significantly longer than 

the duration in alley two (p = .012), and the duration in alley two was longer than alley three (p 

= .001), and three was increased over the duration in alley four (p = .001).  

For the male SERT+/+ and SERT+/- prenatally exposed to VPA, there was no interaction 

between the prenatal dose and the duration spent in the alleys (alley × prenatal dose: F(2.78, 

83.28) = .63, p = .584, ƞp
2 = .02, ns), nor was there an interaction between the genotypes and 

duration in the alleys (alley × genotype: F(1.39, 83.28) = .34, p = .634, ƞp
2 = .01, ns). Further, there 

was no interaction between the prenatal doses, genotypes and the duration in the alleys (F(2.78, 

83.28) = 1.18, p = .322, ƞp
2 = .04, ns). Finally, there was no overall effects of prenatal dose 

(prenatal dose: F(2, 60) = 2.01, p = .143, ƞp
2 = .06, ns), and no overall effects of (genotype: F(1, 

60) = .08, p = .782, ƞp
2 = .00, ns). Blank. 

 

Figure 3.34. The average duration of time in all alleys of male SERT+/+ and SERT+/- prenatally 
exposed to control, low, and high doses of VPA. All males show a significant decrease in time 
spent in alley 2, 3, and 4. Error bars represent ± SEM. 
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Time spent alley one, two, three, and four, for females 

 Using a repeated measures ANOVA, with the duration in each alley as the repeated 

measure, there was a significant effect of alleys, regardless of prenatal dose and genotypes 

(F(1.48, 75.46) = 80.41, p = .001, ƞp
2 = .61, see figure 3.35). The follow up analyses confirmed that 

the duration of time spent in alley one was significantly longer than the duration in alley three 

(p = .001), and alley four (p = .001). The duration spent in alley two was longer than the duration 

in alley three (p = .001), and alley four (p = .001). The duration of time in alley one and two were 

not significantly different, see figure 3.35 for graphical representation. 

For the female SERT+/+ and SERT+/- rats prenatally exposed to VPA, there was no 

interaction between the prenatal dose and the duration spent in the alleys (alley × prenatal dose: 

F(2.96, 75.46) = 1.46, p = .232, ƞp
2 = .05, ns), nor was there an interaction between the genotypes 

and duration in the alleys (alley × genotype: F(1.48, 75.46) = 2.29, p = .123, ƞp
2 = .04, ns). Further, 

there was no interaction between the prenatal doses, genotypes and the duration in the alleys 

(F(2.96, 75.46) = 1.70, p = .174, ƞp
2 = .06, ns). Finally, there was no overall effects of prenatal 

dose (prenatal dose: F(2, 51) = 1.45, p = .244, ƞp
2 = .05, ns), and no overall effects of (genotype: 

F(1, 51) = .57, p = .455, ƞp
2 = .01, ns). Blank. 

 

 

Figure 3.35. The average duration spent in all allies for SERT+/+ and SERT+/- females prenatal 

dose conditions, displaying the significant decrease in duration in the more anxiogenic alleys. 

Error bars represent ± SEM. 
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3.6 Results Summary Tables 

 

Table 3.8.1. This table summarises the prenatal dose and genotype differences, as well as 
specifying the direction of the difference observed in this chapter.  

Experiment Variable 

Significant differences in prenatal condition 

comparisons 

Condition Direction Condition 

USVs 
Duration of USVs Low < High 

Frequency Range of USVs Low > High 

Play  

Behaviour 

PND 25 

Males Chasing  

Duration 
Control < High 

Males Chasing 

Frequency 
Control < High 

SAA  

PND 30 

Phase 1 

Females  

Sociability 
Control > High 

SAA 

PND 30 

Phase 2 

Females 

Sociability 
Low > High 

Females: 

Familiar vs Novel – 
Duration 

SERT+/- > SERT+/+ 

SAA 

PND 30 

Locomotor 

Females: 

Distance Travelled 
Control < Low 

SAA 

PND 60 

Phase 1 

Males: 

Sociability Score 
Low > High 

SAA 

PND 60 

Phase 2 

Females: 

Social vs Non-Social – 

Duration 

SERT+/+ > SERT+/- 

SAT 

PND 80+ 

Males: 

Latency to Enter 

Alley Two 

Control 

SERT+/- 

> 

> 

Low 

SERT+/+ 

Note: ‘<’ refers to less than, e.g. the control males chasing duration was less than high males.   
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Table 3.8.2. This table summarises the significant time effects and specifies the direction of the 
difference.  

Experiment Variable 
Significant differences in dose comparisons 

PND Direction PND 

USVs 

PND 7 vs 14 

Number 

7 < 14 

Duration of USVs 

High Frequency 

Range of 

Frequency 

SAA 

PND 30 v 

60 

Males: 

Sociability Score 

Phase 1 

30 > 60 

SAA  

PND 30 v 

60 

Females  

Sociability score 

Phase 1 

Control SERT+/- 

30 
> 

Control SERT+/- 

60 

Note: ‘<’ refers to less than; e.g. The number of USVs at PND 7 was less than the number of USVs 
at PND 14.   
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3.7 Discussion  

 Before discussing the specific results of the experiment, it is relevant to briefly 

summarise the main findings in this chapter. This chapter intended to assess the social 

behaviours of rats with genetic deficits in the SERT following chronic prenatal exposure to VPA. 

It was hypothesised that an interaction would occur between the SERT reduction and the 

chronic VPA exposure which would result in a pronounced ASD-like phenotype in the offspring. 

Overall, we were unable to confirm this hypothesis, although chronic VPA administration did 

induce several ASD-like behavioural changes. The offspring prenatally exposed to VPA 

exhibited a significant increase in USV length and reductions in the frequency range, as well as 

increased chasing behaviour. Furthermore, prenatal exposure to VPA disrupted the social 

preference formation and approach to social stimuli. However, the anxiety-like behaviour of 

these rats was not seen.  

It is also important to mention the large degree of variance seen in most experiments. 

Care was taken to reduce the effects of variance on the statistical tests (e.g. removing outliers, 

investigating transformations, combining dependent measures like the sociability score). It is 

likely that the variance is in part attributed to the small sample size, particularly with separation 

of sex, then prenatal dose and genotype. It is also possible that the variance is contributed to 

the amount of exposure to VPA in utero. Within a litter, the pups may have been differentially 

exposed to VPA concentrations, depending on their uterine position (Lipton, Robie, Ling, 

Weese-Mayer, & Carvey, 1998; Semmler et al., 2017), which may have induced different 

behavioural effects. 

Perhaps more importantly, as shown in table 3.1, while we aimed for 300 and 

600mg/kg/day, the actual amount consumed by the mother was typically less and varied quite 

a bit between animals. While the gelatine administration procedure is clearly superior to 

injections from a stress exposure point of view, it is less accurate in the dose administration. 

Importantly, the administration method and doses resulted in no fatalities to the dams (as 

identified in previous literature; Vorhees, 1987). However, there were two stillborn litters from 

dams that were given 600mg/kg/day (consumed on average 355-410mg/kg/day). Another dam 

that was given 600mg/kg/day (consumed 394mg/kg/day) birthed 15 offspring and only one 

survived. Thus, the high dose was clearly toxic for the offspring, a finding that aligns with 

previous literature (Nau et al., 1981; Vorhees, 1987). Furthermore, the stillborn litters and 

reduced pup survival raises concerns about the application of a dose within the toxicity range 

(400-800mg/kg as specified by Nau, et al., 1981).  
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On the other hand, other dams (identifiers 011, 014, and 018; see table 3.1) consumed 

similar amounts of VPA, and their litters survived normally into adulthood. Interestingly, we 

did not observe any other neurodevelopmental complications often described after VPA (kinked 

tail etc). Thus, it seems that in these animals, the dose either led to premature death or no gross 

abnormalities.   

In addition to the aversive impact of the chronic administration method, the gelatine 

pellets meant that litters and offspring could be grouped into low and high dose groups. This 

was based on the average amount of VPA consumed throughout gestation. In comparison with 

the methods used in chapter two and the use of drinking water (Frisch et al., 2009), the gelatine 

pellets afforded a more accurate measurement of the total intake. Unfortunately, there were 

only relatively small differences between the two doses, as the highest amount consumed in the 

low dose group was 299mg/kg/day and the lowest amount consumed in the high dose group 

was 351mg/kg/day. The narrow difference between low and high dose conditions is related to 

the inconsistency of dams consuming pellets containing VPA, which may have been due to the 

unpleasant taste of the pellets, or other factors like psychodynamic drug effects, such as sedation 

(as seen in dams following a 600mg/kg VPA dose; Ong et al., 1983). The narrow dose division 

may further explain the unclear dose-related behaviours in the phenotype of the offspring. 

Further investigation is needed to enhance and refine the gelatine pellet recipe and 

administration. In particular, future research should look to examine taste aversions in pregnant 

rats to determine levels of tolerance and optimal dose.  

3.7.1 USVs  

 The total number of vocalisations is often used as an indicator of general 

communication, and prenatal exposure to VPA in rodents has consistently resulted in fewer 

USVs (Bronzuoli et al., 2018; Melancia et al., 2018; Servadio et al., 2018). It was hypothesised 

that rats prenatally exposed to VPA would exhibit this reduction, which was not supported 

(figure 3.2). The number of USVs emitted by pre-weaning pups exposed to VPA was not 

statistically different from the number of USVs emitted by pups exposed to the control dose. 

Interestingly, there was a significant increase in the number of USVs from PND 7 to 14 for the 

pups exposed to the low dose of VPA, which was not found in the control animals, nor in the 

high dose group (although the same tendency was found). Inspection of figure 3.2 showed that 

both the low and high dose rats vocalised somewhat less on PND 7 than controls (although this 

failed to reached significance).  
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The USVs emitted during maternal isolation are ‘distress calls’ to elicit retrieval 

behaviour from the mother (Hofer, 1996; Noirot, 1972; Smotherman, Bell, Starzec, Elias, & 

Zachman, 1974). The number of isolation calls peak around PND 7 and reduce to ‘adult-like’ 

calling around PND 14 (PND 12-18), as pups are less dependent on their mother for survival and 

temperature control (as seen in chapter two; and Branchi et al., 2001; Kromkhun et al., 2013). 

However, the decline in the number of USVs was not found in this chapter, as there was a 

significant increase of USVs on PND 14 for controls and VPA exposed pups, particularly for the 

pups exposed to the low dose. The sustained increased in number of USVs at PND 14 may be 

indicative of a delay in maturation, similar to what was discussed in the previous chapter. The 

increased number of USVs, is typical for an earlier developmental stage (PND 7 to 10) where 

rats would be more dependent on the dam and nest (Hofer, Masmela, Brunelli, & Shair, 1998).  

In addition to the common measure of the number of USVs, qualitative measures were 

also investigated, and the pre-weaning pups showed substantial changes in their 

communication. The length of USVs increased with age, and the pups prenatally exposed to the 

high dose showed a significant increase, although it was only in comparison to the length of 

USVs emitted by the low dose pups, rather than the controls (figure 3.3). Also, the high 

frequency and range of frequency measures showed an effect of PND. The highest pitch of 

vocalisations increased from PND 7 to 14, for the control and low dose pups, but not for the 

pitch of USVs emitted pups exposed to the high dose, which stayed relatively low. This is very 

similar to what was observed in chapter two. The range frequencies in the USVs showed an 

increase from PND 7 to 14, but the range was significantly smaller for the USVs emitted pups 

exposed to the high dose compared to the low dose (but not the controls). Overall, the pre-

weaning VPA exposed offspring emitted abnormal vocalisations. However, as the current 

literature tends to focus only the total number of vocalisations, it is difficult to assess the extent 

of the abnormality. As explored in the discussion of chapter two, there are advances in software 

that would allow for automated classifications of USVs such as MUPET or DeepSqueak, which 

will hopefully lead to investigations that look beyond the total number of USVs  

3.7.2 Play Behaviour   

Juvenile play behaviour is critical for normal development (Kiser, Steemers, Branchi, & 

Homberg, 2012), and alterations in such behaviour are indicative of abnormal 

neurodevelopment. Rats chronically exposed to VPA throughout gestation exhibited abnormal 

play behaviour, particularly in chasing behaviour. Chasing is a behaviour that initiates a play 

bout (Vanderschuren, Spruijt, Hol, Niesink, & Van Ree, 1995), and the offspring exposed to VPA 
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exhibited increases in both duration and frequency of this behaviour (figure 3.6). The prenatal 

dose effect on the increased chasing behaviour was clearly seen in the male offspring exposed 

to low and high doses of VPA, whereas the only the low dose females showed an increase in 

chasing. This finding is indicative of the differential effects of chronic exposure to VPA in male 

and female offspring.  

From chasing a play bout typically moves to a pinning behaviour (Vanderschuren et al., 

1995). A null effect in pinning behaviour was surprising as a decrease in pinning was expected 

for males and females. Particularly, as previous studies that used a single VPA exposure found 

decreased pinning behaviours of the exposed rats (Chomiak, Karnik, Block, & Hu, 2010; 

Schneider & Przewlocki, 2005; Servadio et al., 2018), although some have found no change or 

an increase in pinning behaviours as well (Raza et al., 2015). Interestingly, the VPA exposed 

offspring did not show an increase in pinning behaviour, suggesting a disturbance in the normal 

pattern of social play behaviour. One could even suggest that the increase in chasing (initiation 

behaviour) is a consequence of a reduced ability to complete a normal cycle of play behaviour. 

From the play behaviour experiment with juveniles that were chronically exposed to VPA in 

utero, it is likely that VPA has affected the overall structure of play behaviour. This clearly needs 

further investigation with a special focus on the structure and sequence of behaviour. Further 

research should utilise software like Theme (patternvision.com) that measures the order and 

latency between behavioural events, such as the progression of pouncing to pinning and other 

behaviours that follow in the play fighting sequence (Casarrubea et al., 2015; Pellis & Pellis, 

2007).    

The non-active social interaction behaviour (passive interaction) showed no significant 

effect for males and females. The passive behaviours of females were consistent across control 

and VPA dose conditions. However, there appeared to be an effect of VPA exposure for males. 

The male offspring exposed to the high dose of VPA showed more passive behaviours than males 

exposed to the low dose, although this was non-significant (see figure 3.8).  

Similar play behaviour experiments have shown no effects in the social behaviour of 

juvenile rats that were exposed to a single dose of VPA (Narita et al., 2010; Schneider & 

Przewlocki, 2005), but have also shown increased passive behaviours (Olde Loohuis et al., 

2015). The discrepancy in findings between the play behaviour experiment in this chapter and 

Narita et al. (2010) and Schneider & Przewlocki (2005) is perhaps related to the chronic prenatal 

exposure to VPA compared with the one-off exposure used in previous studies. Alternatively, it 

may be related to the variability in experimental coding. Nevertheless, it would be worthy of 
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examining the play bout sequence of the VPA exposed offspring, as the passive interaction is 

perhaps replacing more active behaviours, as the frequency of passive interaction is nearly 

double the frequency of chasing and pinning.   

It is worthy of mentioning, the impact of the SERT+/+ and SERT+/- genotypes could not 

be determined in this experiment (as outlined in section 3.3 and 3.3.3, see appendix A.a), and 

thus the influence of the genotype differences are an unknown factor in these results. While 

attempts were made to create a sample size large enough to allow for comparisons, 

unfortunately, as pairing occurred prior to receiving the genotype information, the sample sizes 

were not large enough. It is possible that the prenatal exposure to VPA for SERT+/- may have 

lead to opposing effects in comparison to control SERT+/+ (based on examination of figures A1.1, 

A1,2, and A1.3). However, it likely that any genetic or interaction effects would be secondary to 

findings that indicate abnormal structure and sequence of play behaviour for these animals. 

3.7.3 SAA  

SAA allows for the investigation of social behaviour of VPA exposed offspring in a 

context where the conspecifics cannot physically affect the offspring’s behaviour. The following 

section reviews the findings of the pre- and post-puberty measures recorded between PND 30-

35, and PND 60-65.  

Sociability score 

The sociability score encompassed the measures of social approach (or novelty in phase 

two) and social avoidance (or familiarity in phase two) into a single measure and derived from 

(Brodkin et al., 2004). The sociability findings at PND 30-35 and PND 60-65 demonstrate a 

large degree of variance (figure 3.9 and 3.12), which has likely contributed to the lack of 

significant differences between conditions in this measure. The sociability score was useful for 

detecting large effects, such as the low sociability score of the SERT+/- females exposed to the 

high dose, compared with the SERT+/+ females (figure 3.9). The area preference for social (or 

novel in phase two) and non-social (or familiar in phase two) stimuli was more suitable for 

detecting social behaviour changes for VPA exposed rats with reductions in SERT activity.  

Area preference 

The area preference findings were more revealing about changes in rats behaviour 

following VPA exposure. It was expected that SERT+/+ exposed to the control dose would exhibit 

a preference for the social area in phase one and the novel area in phase two. The experiments 
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at PND 30-35 demonstrated non-significant trends towards the expected behaviours, whereas 

PND 60-65 experiments demonstrated that these rats tended towards the non-social or novel 

areas. The opposing effects of the control dose SERT+/+ rats suggest concerns with the methods 

for the adult rats, such as the use of the T-maze and the distance between areas or stimuli. These 

concepts were raised in the discussion of chapter two, but briefly, at PND 60 rats are about 

three times the size of PND 30 rats, and with the larger size they can remain in proximity to an 

area while showing interest in the opposing area. Measuring the sniffing behaviour of the test 

animal with the stimuli would overcome this flaw, and it is proposed as a more sensitive measure 

of social interest (Moy et al., 2008).  

Turning to the effects of VPA on the area preference. Based on previous literature, it was 

expected that males and females that were prenatally exposed to VPA would spend less time 

with the social stimuli, thus exhibiting social aversion (Bambini-Junior et al., 2011; Dufour-

Rainfray et al., 2010; Kim et al., 2011). There was some support for this, where females spent 

more time in the non-social areas, exhibited social aversion (figure 3.11). Interestingly, both 

sexes showed a preference for the novel stimuli (figures 3.12 and 3.13) or displayed no preference 

(figures 3.18 and 3.19), therefore exhibiting an opposing pattern to that described in previous 

literature. The findings in this experiment indicate that prenatal exposure to VPA indeed 

disrupted social preference formation. However, not all conditions showed this disruption, such 

as PND 60-65 SERT+/- females exposed to the high dose of VPA preferred the social area, 

whereas the SERT+/+ exhibited no preference (figures 3.19 and 3.22). So, while this is some 

indication that VPA disrupts social preference, particularly in females, the effects seem 

relatively moderate.  As discussed above, and in chapter two, this may, at least in part, be due 

to lack of a clear preference in the controls. 

More importantly, a gene × environment interaction was predicted. The SERT+/- rats at 

PND 30-35 showed no preference after a low dose and even a preference for the non-social area 

at a high dose of VPA (see figure 3.11 for phase one and figure 3.14 for phase two). This was the 

first indication of gene × environment interaction, as SERT+/+ females were significantly less 

impacted by prenatal VPA (though the interaction just missed significance). As discussed in the 

introduction, there is substantial evidence that prenatal VPA impacts on the serotonergic 

system, particularly on its development, and therefore a gene × environment interaction is not 

unexpected. Nonetheless, the effect is mild, perhaps due to the lower than anticipated dose of 

VPA that the dams actually ingested or the fact that only SERT+/- rats were used. Future studies 

using higher VPA doses and perhaps including the SERT-/- rats may lead to stronger interactive 

effects.  
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Furthermore, sociability score in phase one and two were examined pre- and post-

puberty. It was predicted that sociability decreases exhibited by SERT+/- and SERT+/+ prenatally 

exposed to VPA would be seen both pre- and post-puberty. However, the control and low dose 

offspring exhibited decreases in sociability with age (figure 3.25), and perhaps ‘normal’ social 

decrease with age (Salchner, Lubec, & Singewald, 2004). On the other hand, the high dose 

females had increased sociability (figure 3.26), which is similar to overall increases in sociability 

as found by Melancia et al. (2018). The increased sociability with the age for females exposed to 

the high dose suggests a continuation of VPA effects on social behaviour for these animals.   

Locomotor activity 

In addition to the sociability measures, a general locomotor activity measure was taken. 

While males showed no differences in the general activity, the female offspring moved more in 

the first phase (social vs non-social areas), compared with the second phase. Furthermore, the 

prenatal exposure to the low dose of VPA increased overall activity, particularly for the females 

(see figure 3.17). Similar effects were found in Schneider et al. (2008) were females prenatally 

exposed to 600mg/kg exhibited increased locomotor activity in an open field compared with 

control and VPA exposed males. 

The increased locomotor activity is unlikely that this was in response to a novel 

environment, as the rats were habituated to the room and then the empty apparatus (for a total 

of 20 minutes) before the first testing phase. As such, the increased activity is attributed to the 

inclusion of the social stimulus. Locomotor activity is rarely examined within the context SAA 

experiment, therefore, the impact social stimulus on locomotor activity is not clear. However, 

there is research to suggest that female rats are more exploratory and therefore locomote more 

than males (Lynn & Brown, 2009; Valle & Gorzalka, 1980), although this finding is not 

consistent (Masur, Schutz, & Boerngen, 1980; Slob, Huizer, & Ten Bosch, 1986). 

3.7.4 SAT  

Anxiety behaviours were examined in male and female SERT+/+ and SERT+/-, that were 

chronically exposed to control, low, or high doses of VPA throughout gestation. It was 

hypothesised that the prenatal exposure to VPA would lead to an anxious phenotype and SERT 

reductions might exacerbate the severity of the behaviours. It was therefore expected that the 

SERT+/- exposed to the high dose of VPA would show the longest latency to reach the more 

anxiogenic alleys and they would spend more time in the less anxiogenic alley (alley one).  
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On the whole, the offspring chronically exposed to VPA during gestation displayed an 

increased anxious phenotype. The low dose males and females exhibited increased delays to 

enter the more anxiogenic areas of the alleys, although this seemed to be restricted to alley two 

(see figure 3.30 and 3.32). The SERT reduction exacerbated the delay for the SERT+/- females 

that had been exposed to low dose, which provides support for the gene × environment 

interaction hypothesis (figure 3.32). These findings extend the work of  Ellenbroek et al. (2016). 

The authors found that a single exposure of VPA during pregnancy decreased the time spent in 

the open arms of the elevated plus maze in the offspring (therefore exhibiting an anxious 

phenotype), as well as increase the latency to feed in the novelty suppressed feeding paradigm. 

However, in contrast to the results in this chapter, they did not find a gene × environment 

interaction effect. This could be due to the differences in VPA administration, or to the fact that 

Ellenbroek et al. only investigated males.   

In addition, rats exposed to a high dose displayed increased variability, particularly with 

the time spent in alley one and two. However, a clear behavioural pattern did not emerge, where 

the latency and duration were matched with the anxiogenic status of the alleys. Therefore, the 

pattern of anxious behaviour is not clear, and future investigations are needed to examine this 

phenotype in male and females rats that are prenatally exposed to VPA. One such way would 

be to use repeated trials in the SAT to depict the persistent behavioural patterns, in combination 

with other established and validated behavioural assays. 
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3.7.5 Summary 

Together these experiments have confirmed that the chronic prenatal exposure to VPA 

in rats with the reduction in the SERT considerably alters their communication and social 

behaviour, and to some extent their anxiety-like behaviour. The behavioural impacts were 

enhanced with the accuracy and non-invasive method of administering VPA in gelatine pellets 

which afforded well-defined dose groups based on the VPA consumed. From this basis, the 

SERT+/+ and SERT+/- males and females that were exposed to VPA consistently exhibited 

abnormalities that align with an ASD-like phenotype, such as changes in vocalisations, play bout 

sequences, social avoidance.  

Overall, the SERT+/+ and SERT+/- males and females that were exposed to VPA exhibit a 

phenotype that aligns with the ASD model; however, the underlying origin of these behaviours 

is unclear. Previous research has demonstrated neural abnormalities in ASD patients (Hashemi 

et al., 2016) as well as VPA-induced ASD (Gogolla et al., 2009; Zimmerman, Patel, Smith, Pasos, 

& Kulesza Jr, 2018). To further explore the gene and environment interaction in light of this 

ASD rat model, the next study will investigate abnormalities in the adult brain of the rats 

described in this chapter, and the focus will be on regions associated with social behaviour 

(amygdala and hippocampus).  
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4. Chapter Four 

As discussed in chapter one and the beginning of chapter three, interactions between 

genetic and environmental factors (such as prenatal challenges) have a role in initiating 

neuronal changes found in ASD populations. To explore the validity of chronic prenatal 

administration of VPA in rats with SERT deficits, it is worthy to further investigate the neuronal 

changes in these animals. Chapter three examined the social behaviour of male and female 

SERT+/+ and SERT+/- rats that were prenatally exposed to VPA, and the findings were indicative 

of ASD-like behaviours (altered communication, aberrant play behaviour, and social 

avoidance). To complement chapter three, this chapter will examine the neuronal changes of 

the rats that were bred and tested in chapter three. Chapter four is focused on alterations in the 

gamma-aminobutyric acid (GABA) interneurons as a method for examining the impact of gene 

and environment interactions on the development of the central nervous system. The following 

introduction highlights research relevant to the regions of interest and GABA interneurons 

findings in ASD populations and animal models.  

4.1.1. Neuronal Changes Found in ASD Populations 

There are multiple neuronal changes found in ASD populations, indicating that the 

symptoms experienced by ASD individuals are the result of neuronal changes. A subset of 

individuals with ASD have an increased head size (Aylward et al., 2002). There is evidence 

suggesting that this increased size is the result of changes to the CNS, such as increased 

myelination or decreased synaptic pruning (Courchesne et al., 2004; Herbert, 2005). 

Additionally, some ASD individuals show structural changes in specific brain regions. 

Schumann et al. (2004) found that ASD individuals showed an enlarged hippocampus and 

amygdala. These findings are indicative of underlying structural and neuronal differences in 

ASD populations.  

Further support for neuronal abnormalities underlying ASD symptoms is drawn from 

co-occurring disorders, such as intellectual disability and epilepsy. There is approximately 70% 

of ASD individuals experiencing intellectual disability (Fombonne, 1999; Kelleher & Bear, 

2008). Also, there is a high co-occurrence of ASD with epileptic syndromes (Amiet et al., 2008; 

Danielsson, Gillberg, Billstedt, Gillberg, & Olsson, 2005; Jeste & Tuchman, 2015). The co-

occurrence of intellectual disability and epilepsy suggests there are significant changes that 

affect normal functioning. Furthermore, the co-occurrence with epilepsy is strongly indicative 

of excitation and inhibition imbalances for ASD individuals.  
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The amygdala and the hippocampus are brain regions associated with emotional and 

social processes, and deficits in social processing is a core symptom of ASD. Therefore, these 

regions are of particular interest in this thesis and chapter. Studies which have examined ASD 

populations have reported an increased volume of the hippocampus (Bauman & Kemper, 1985; 

Saitoh, Karns, & Courchesne, 2001; Sparks et al., 2002), and reduced complexity and dendritic 

arborizations in specific regions (CA1 and CA4) of the hippocampus (Raymond et al., 1995). 

However, other studies have found no differences in the hippocampus of ASD individuals 

compared to neurotypicals (Piven, Bailey, Ranson, & Arndt, 1998; Saitoh, Courchesne, Egaas, 

Lincoln, & Schreibman, 1995). As Saitoh et al. (2001) mentioned, the variance in findings 

regarding brain regions can be attributed to individual variability, and uncertain diagnosis, 

particularly when the evidence is based on post-mortem data.  

Additionally, studies have also reported overgrowth in the amygdala of ASD individuals 

(Aylward et al., 1999; Schumann et al., 2004; Won, Mah, & Kim, 2013). This overgrowth appears 

to be associated with an abnormal developmental pattern, as children with ASD display 

increased amygdala volumes (Schumann, Barnes, Lord, & Courchesne, 2009), and ASD children 

followed up after a year, exhibit greater amygdala growth than neurotypicals (Nordahl et al., 

2012). However, adult brains do not show the same overgrowth. Schumann and Amaral (2006) 

examined the amygdala in the post-mortem adult brain tissue and found no difference in 

volume or cell size, but there were fewer neurons in the amygdala, specifically in the lateral 

nucleus. Currently, it is unclear what neuroanatomical changes are specific to ASD 

symptomology, but the neuronal changes in the amygdala and hippocampus provide neuronal 

correlates for aberrant social behaviour. 

Cellular changes are also found in ASD brains. The abnormal neural activity in ASD 

brains may be attributed to (at least in part) abnormalities at a cellular level. Post-mortem ASD 

brain tissue is found to have low numbers of Purkinje (GABAergic neurons involved in 

inhibitory processes) and granule cells (small neurons involved in excitation) in the cerebellum 

(Bailey et al., 1998; Casanova, Buxhoeveden, Switala, & Roy, 2002; Casanova et al., 2002; Ritvo 

et al., 1986). Other cellular abnormalities are found in the cortical minicolumns, which are 

vertical layers of neurons (Buxhoeveden et al., 2006; Casanova et al., 2002). The number and 

size of columns are decreased in ASD brains (Casanova et al., 2002), although the reduction 

may be region-specific. Buxhoeveden et al. (2006) found smaller columns in the frontal cortex 

but not in the primary visual cortex. Casanova et al. (2002) showed cell dispersion within the 

columns, and Bailey et al. (1998) confirmed the cell dispersion and showed abnormal neuronal 
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migration. These findings indicate that the neurons are not in their expected locations, and this 

impacts neuronal connectivity.  

4.1.2 GABA and Parvalbumin  

GABA is the primary inhibitory neurotransmitter in adult brains. GABA is synthesised 

and released from inhibitory projection and interneurons (Coghlan et al., 2012; Lübkemann et 

al., 2015). Inhibitory interneurons are functionally and anatomically diverse (García, 

Karayannis, & Fishell, 2011), and can be classified by cytoarchitecture properties (basket, 

chandelier, stellate), or molecular properties (parvalbumin-, cholecystokinin-, calbindin-, 

calretinin-, vasoactive intestinal polypeptide-, somatostatin- expressing). Further classifications 

can be made based on the electrophysiological or functional state of the cells (Coghlan et al., 

2012; Dehorter, Marichal, Marín, & Berninger, 2017). There is emerging evidence suggesting 

that Parvalbumin-expressing (PV+) interneurons may be critically related to the dysfunctional 

GABAergic systems implicated in the aetiology of ASD (Coghlan et al., 2012; Hashemi et al., 

2016).  

PV+ cells are fast-spiking basket cells that form synapses with the soma (cell body) of 

excitatory pyramidal cells (Dehorter et al., 2017). The synapse with pyramidal cells allows the 

PV+ cells to regulate the duration and speed of excitatory spikes in the connected cell 

(Taniguchi, 2014). PV+ cells also form synapses with other interneurons, which contributes to 

neuronal synchronisation within the region (Tamás, Lőrincz, Simon, & Szabadics, 2003; 

Taniguchi, 2014). PV+ neurons are mainly found in the hippocampus, thalamus, cortex, and 

cerebellum (Celio, 1990; Vreugdenhil, Jefferys, Celio, & Schwaller, 2003). PV+ neurons are also 

found in the amygdala, where it has a role in regulating the excitatory action of the 5-HT2A 

receptor (McDonald, 1982; McDonald & Mascagni, 2007), and as established earlier, the 

amygdala has a critical role in regulating social and emotional behaviour (Hale et al., 2010). To 

investigate the link between ASD and PV, Hashemi et al. (2016) examined the interneuron 

populations in the prefrontal cortex (PFC) of post-mortem tissue from ASD and age-matched 

controls. They showed that the PV+ interneurons were significantly reduced in the PFC, but 

other (calbindin-and calretinin-expressing) interneurons did not show the same reductions in 

the same regions. This selective decrease in PV+ cells and signalling could lead to changes in 

the GABAergic inhibition and therefore shifts in the excitation : inhibition (E:I) balance in the 

neuronal network (Hashemi et al., 2016; Inui, Kumagaya, & Myowa-Yamakoshi, 2017; Selten et 

al., 2018).  
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4.1.3 PV & Animal Models of ASD 

 There is emerging evidence to suggest that similar reductions of PV occur in the brains 

of rodents prenatally exposed to VPA. Gogolla et al. (2009) showed that mice prenatally exposed 

to VPA had significantly reduced PV+ cells in the neocortex, but not in the hippocampus. PV 

was decreased in the striatum, but not in the medial PFC and somatosensory cortex of mice 

prenatally exposed to VPA (Lauber, Filice, & Schwaller, 2016). Dendrinos et al. (2011) examined 

the superior colliculus (a brainstem region involved in visual, auditory and somatosensory 

integrations and processing) and found a 30% decrease in PV+ cells in the superficial layer of 

the superior colliculus of rats prenatally exposed to VPA. Additionally, Ingram, Peckham, 

Tisdale, and Rodier (2000) found that VPA exposed rats had reductions in Purkinje cells of the 

cerebellum. A subpopulation of Purkinje cells express PV, making these cells an indirect 

measure of PV expression (Fortin, Marchand, & Parent, 1998; Soghomonian, Zhang, Reprakash, 

& Blatt, 2017).  

The findings from prenatally exposed VPA rodents, in combination with the above 

mentioned alterations in the GABA/PV signalling in ASD brains, shows that prenatal exposure 

to VPA results in similar molecular changes. The following experiment examines PV+ cells in 

the amygdala and hippocampus of SERT+/+ and SERT+/- adult rats that were prenatally exposed 

VPA. While there is evidence to indicate that VPA exposure has an impact on PV+ cells of 

rodents, there is a lack of evidence relating to the SERT genotype and PV+ expression. To our 

knowledge, there are no published studies on PV levels in the SERT KO rats. As such, this study 

will examine PV in animals prenatally exposed to VPA with SERT reduction. This study intends 

to validate the behavioural findings of chapter three and begin to elucidate the molecular 

mechanisms of ASD-like deficits in this ASD animal model.   
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4.1.3 Overall Aims of Chapter Four 

The experiment in this chapter examines the neuronal deficits of rats with a genetic 

reduction in the SERT that were chronically exposed to VPA throughout gestation. This chapter 

investigates the neuronal effects that may underlie the behavioural aberrations seen in chapter 

three, with a focus on the brain regions that are associated with social behaviour (the amygdala 

and the hippocampus). It is hypothesised that rats with a genetic reduction in SERT that were 

prenatally exposed to a high dose would show reductions in PV+ cells. Thus, it is predicted that: 

i. Rats prenatally exposed to VPA will have decreased PV+ GABAergic interneurons 

in the amygdala and hippocampus when compared with rats that were prenatally 

exposed to the control dose, 

ii. The effects will differ as a function of prenatal dose, such that the rats prenatally 

exposed to the high dose of VPA will show a reduction in cells beyond what is 

seen in the rats exposed to the low dose, 

iii. There will be an interaction between SERT reduction and chronic exposure to 

VPA. As such, SERT+/- prenatally exposed to VPA will exhibit a larger decrease in 

PV+ expressing cells in the amygdala and hippocampus, compared with SERT+/+ 

exposed to VPA.  
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4.2 Parvalbumin Staining Methods  

4.2.1 Experimental brain tissue 

Experimental animals 

 Fifty-nine offspring were selected based on their completion of the behavioural tasks in 

chapter three (see section 3.1.3 for full details on breeding and VPA administration). The tissue 

from three brains was excluded from analysis due to significant tissue damage, thus resulting in 

brain tissue from 56 offspring. Table 4.1 shows the number of brains per condition used in the 

data analysis. 

Table 4.1. The number of brain samples from experimental animals, divided by prenatal dose, 
sex and genotype. The grey cells refer to the combined (either of sex or genotype) totals.  
 

  SERT+/+ SERT+/- Combined 

Control 

 

Males 6 5 11 

Females 5 3 8 

Combined 11 8 19 

Low 

Males 5 5 10 

Females 4 7 11 

Combined 9 12 21 

High 

Males 5 4 9 

Females 5 2 7 

Combined 10 6 16 

 

Brain extraction  

  Rats were deeply anaesthetised with an intraperitoneal injection (IP) of sodium 

pentobarbital (50mg/kg). The rats were trans-cardially perfused with 200ml of 0.9% saline 

solution with 0.1% heparin, followed by 250ml of 4% paraformaldehyde solution (PFA) in 0.1M 

phosphate buffer (PB, pH 7.4). All perfusions were completed with a perfusion pump (EYLA 

microtube pump MP-3, Tokyo Rikakikai Co., LTD Tokyo, Japan) at a speed of 24 mL/min. Brains 

were extracted and immersed in 4% PFA overnight at 4°C. The following day the brains were 

placed in a solution of 30% sucrose in 0.1M PB (pH 7.4) for 4-6 days at 4°C until they sunk. The 

brains were then snap frozen with isopentane and dry ice and stored at -80°C until slicing.  

Brain tissue slicing 

Prior to slicing, the cerebellum was sliced coronally to provide a flat surface, and the 

tissue was mounted on a cryostat stand with embedding medium (Tissue-Tek® O.C.T. 

Compound, Sakura Finetek Japan, Tokyo, Japan). Coronal sections were cut at 30µm using a 

Leica CM 3050 S Research Cryostat (Leica Biosystems, Wetzlar, Germany). The slices were 
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collected in 10 mM phosphate-buffered saline (PBS) with 0.1% sodium azide in a series of six 

slices and stored at 4C until use. 

4.2.2 Immunohistochemistry for Parvalbumin Staining 

The tissue used in the following protocol was one of the six-series of free-floating 

sections that was sliced from each brain. The following protocol was carried out on brain tissue 

in a pseudo-random order to ensure consistent staining across all treatment conditions. 

Additionally, there was randomly selected tissue from non-experimental brains, which was used 

as the negative control tissue, and the negative controls were used for each staining session. 

All washes and incubations were performed in 6-well plates with mesh well inserts, and at room 

temperature (20-22°C) on a gently rocking platform to produce mild agitation.  

The tissue was washed three times for five minutes each in PBS with Triton X-100 

(PBST). The tissue was incubated in 3% hydrogen peroxide (H2O2) for 10 minutes to prevent 

endogenous peroxidase activity, then the tissue was washed three times for five minutes in 

PBST. The tissue was then blocked with 1% bovine serum albumin (BSA) in PBST for 60 minutes 

to reduce non-specific background staining and then washed three times for five minutes in 

PBST. Next, the tissue was incubated with the mouse monoclonal anti-parvalbumin antibody 

(Sigma-Aldrich, Auckland, New Zealand; #P3088) antibody (1: 80,000) in 1% BSA in PBST for 

90 minutes, and the tissue was washed three times for five minutes in PBST. Then, the tissue 

was incubated for 90 minutes with biotinylated goat anti-mouse (Vector laboratories, Inc., 

Burlingame, CA, USA; #BA-9200) antibody (1: 5000) in PBST and washed three times for five 

minutes in PBST. Following the secondary antibody, the tissue was incubated for 60 minutes 

with avidin-biotin-peroxidase complex (ABC; Vector Laboratories, Inc., Burlingame, CA, USA; 

1: 1000) in PBST to increase the signal. The tissue was washed three times for five minutes in 

PBST. The final step was to incubate the tissue in 3,3’-diaminobenzidine (DAB; 4mg/mL) with 

nickel(II) chloride (NiCl2; 8mg/mL) and 0.3% H2O2 in 50mM Tris HCl pH 7.4, for 10 minutes. 

The resulting reaction allowed visualisation of PV+ cells. Finally, the tissue was washed three 

times for five minutes in PBST. 

The slices were stored for no more than three days in PBST at 4°C until the slices were 

mounted on gelatinised slides. After allowing the mounted slices to dry for 6 to 12 hours, the 

tissue was dehydrated in successive baths of Ethanol (70%, 95% x 2, 100% x 2), and then cleared 

in Neo-clear® (15 minutes x 2; Sigma-Aldrich, Auckland, New Zealand; #109843), before being 

mounted in Neo-mount® (Sigma-Aldrich, Auckland, New Zealand; #109016) and allowed to dry.  
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Every batch included tissue that was nominated as the negative control. The negative 

control tissue was subjected to every treatment except the primary antibody, to ensure the 

visible staining was the result of the primary antibody. Furthermore, representative images of 

negative control tissue, in comparison to positively stained tissue are displayed in figure 4.1. The 

negative control tissue was checked at the end of each batch treatment to ensure there were no 

false-positive results.  

 
 

Figure 4.1. Representative light microscopy images of PV+ stain and negative control tissue at 
bregma -1.08, no regions of interest at this location. A. Extensive PV+ staining in the cerebral 
cortex and minimal staining in the anterior thalamus. B. A complete absence of staining. A-B. 
1.25X objective with scale bar 1000µm. C. Dense PV+ staining in the cerebral cortex, with visible 
cell bodies. D. A complete absence of staining. C-D.  20X objective with 100µm scale. 

 

 

4.2.3 Cell Counts and Analysis of Immunohistochemical Data 

The DAB-Nickel reaction resulted in a black-purple colouration of the PV+ cells, and 

immunostaining was observed in the neuronal fibres and cell bodies. PV-immunoreactive cells 
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were manually counted using an Olympus BX51 microscope equipped with a Lumenera camera 

(Lt665R) connected to the image analysis software Neurolucida 2017 (MBF Bioscience, 

Williston, Vermont, USA). 

The cell densities for each region were calculated as PV+ cells/mm2, and the averages for 

each region of interest (ROI) were then calculated for each brain. See figures 4.2 and 4.3 for a 

representation of ROIs.   

Amygdala 

The cell counting method for the amygdala was derived from Hale et al. (2010). To 

capture representative PV+ cell counts throughout the amygdala, three anteroposterior slices 

(Bregma; B -2.04 mm; -3.12 mm, -3.72 mm) were selected. The PV+ neurons were counted in 

both hemispheres on one slice of tissue per anteroposterior slice.  

Further to this, the cell counts were separated by the ROIs, to capture any changes 

within the anteroposterior range as a result of prenatal conditions. On the anterior slice (B -

2.04 mm) two separate ROIs, the dorsolateral part of the lateral amygdala (LaDL) and the 

anterior basolateral amygdala (BLA), were identified (see left panel figure 4.1). The mid-

anteroposterior slice (B -3.12 mm) had five ROIs: the LaDL and the BLA continued, and the 

ventromedial (LaVM) and ventrolateral (LaVL) parts of the lateral amygdala and posterior 

basolateral amygdala (BLP; see middle panel) were identified (see figure 4.1). Finally, the 

posterior slice (B -3.72 mm) has four ROIs which includes the LaDL, LaVM, BLP, and posterior 

part of the basomedial amygdala (BMP; see right panel figure 4.2).  

Ventral hippocampus 

The cell counting method for the ventral hippocampus was based on from Honeycutt, 

Keary, Kania, and Chrobak (2016) and Gogolla et al. (2009). To capture representative PV+ cell 

counts throughout the ventral hippocampus, three anteroposterior slices were selected (B -

5.0mm, -5.3mm, and -5.8mm). The PV+ neurons were counted on both hemispheres on one 

slice of tissue per anteroposterior slice, in six ROIs. See figure 4.3 for a full representation of the 

ventral hippocampus ROIs.  

The ROIs for the ventral hippocampus were consistent across all slices. Five regions 

focused on the hippocampus (dorsal Dentate Gyrus (DG), dorsal CA1, dorsal CA3, as well as 

ventral CA1 and ventral CA3).  
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4.2.5 Parvalbumin Staining Data Analysis  

Data were analysed using SPSS (version 25) and using 3(Prenatal Dose: Control, Low, 

High) by 2(Genotype: SERT+/+, SERT+/-) factorial ANOVAs with Tukeys post hoc test to follow 

up significant main effects. Partial eta squared (ƞp
2) was used for the effect size. The alpha level 

for statistical significance was set at p < .05. PV+ cell counts from each hemisphere were 

averaged to provide a single PV+ cell count (in mm2) for each ROI.  

Firstly, to identify changes in PV+ cells as a result of prenatal conditions, the cell counts 

from the entire amygdala or ventral hippocampus were combined. That is, the cell counts from 

the three anteroposterior slices and all ROIs within the slices were combined to provide a total  

PV+ cell count. This was analysed with a 3(Prenatal Dose: Control, Low, High) by 2(Genotype: 

SERT+/+, SERT+/-) factorial ANOVA.  

Then, to investigate ROI specific changes as a result of prenatal conditions, the cell 

counts of each ROI in the amygdala or ventral hippocampus were combined over different the 

anteroposterior slices, to provide a total count within each ROI. This was analysed with a 

3(Control, Low, and High) and genotype 2(SERT+/+, and SERT+/-) factorial ANOVA. 

 
 
 
 
 



 
 
 
 
 
 
 
 
 

 

Figure 4.2. Amygdala regions of interest overlayed onto images selected at 2x objective from a SERT+/+ control brain. The left panel is B -2.04mm 
with lateral amygdala (LaDL, blue) and the anterior basolateral amygdala (BLA, purple). The middle panel is B -3.12mm with contained the LaDL 
(blue), the ventromedial (LaVM, light blue) and ventrolateral (LaVL, white), BLA (purple) and posterior basolateral amygdala (BLP, pink). The right 
panel is B -3.72mm LaDL (blue), LaVM (light blue), BLP (purple) and posterior part of the basomedial amygdala (BMP, dark purple). 
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Figure 4.3. Hippocampus regions of interest overlayed onto images selected at 1.25x objective from a SERT+/+ control brain. The left panel is -5.00mm 
from bregma, the central panel is -5.30mm and the right panel is -5.80mm from bregma. All three panels show dorsal dentate gyrus (dark purple), 
dorsal CA1 (white), dorsal CA3 (blue), as well as ventral CA1 (light blue) and ventral CA3 (pink).  



4.3 Parvalbumin Staining Results 

4.3.1 Parvalbumin Staining Optimisation 

The immunohistochemistry protocol detailed in section 4.2.2 was developed after a 

series of optimisation tests. The final protocol resulted in successful full cell body staining, 

which extended to axon branches which were aligned with the originating cell body, and 

minimal background staining, see figures 4.9 and 4.10 for illustrative images of amygdala 

staining and figures 4.16 and 4.17 for hippocampus staining. Additionally, Appendix B details 

the full optimisation process and the original protocol.  

The original protocol which was developed in our laboratory called for overnight 

incubation in the primary antibody (I-Ab) at a high concentration (1: 5000). This step resulted 

in dark staining, increased background noise, low visualisation of the PV+ cells, and staining 

was visible in the negative control tissue. The I-Ab was tested at 1: 3500, 1: 10,000, 1: 20,000, 1: 

80,000, and 1: 160,000. A concentration of 1: 80,000 produced the best results. Furthermore, 

the overnight incubation was reduced to 90 minutes, following testing at 120 and 60 minute 

incubation times.  

While optimising the I-Ab concentration, the secondary antibody (II-Ab) was also 

tested, to ensure the compatibility between the I-Ab and II-Ab. The original protocol required 

the II-Ab concentration to be 1: 1000, and the concentration was tested at 1: 1000, 1: 2000, and 

1: 5000 in combination with the I-Ab. The lowest concentration of II-Ab (1: 5000) was optimal 

for the I-Ab, which was a 1: 80,000 concentration. The final target to reduce staining was the 

DAB reaction, which enables the visualisation of PV+ cells. The original protocol specified a 30 

minute incubation with DAB-Nickle, and following multiple tests this was reduced to 10 

minutes. 

Additionally, the original protocol included a secondary stain of Neutral Red to aid 

visualisation and region localisation. The initial tests indicated that counterstains of Neutral 

Red and Haematoxylin (at varying ranges of exposure time five seconds to two minutes) 

obscured the visualisation of PV+ cells. Thus no counterstain was used for the final protocol.  
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4.3.2 PV+ cell counts in the amygdala 

 

Figure 4.9. Representative light microscopy images of PV+ cells in the amygdala from a SERT+/+ 
male prenatally exposed to the control dose, at bregma -2.04. A. Extensive PV+ staining in the 
amygdala, hippocampus, thalamus, and cerebral cortex, 1.25X objective, with scale bar 1000µm. 
B. Dense PV+ staining in the basolateral amygdala (BLA), compared with the lateral dorsal 
amygdala. No PV+ staining in the central amygdala located medial to the BLA, 10X objective 
with 100µm scale bar. C. Dense PV+ staining in the BLA, with clearly defined cell bodies, 10X 
objective with 100µm scale bar. D. PV+ cell staining with connected dendritic branches, 40X 
objective with 100µm scale bar.  
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Figure 4.10. Representative light microscopy images of PV+ cells in the amygdala from a SERT+/- 
male prenatally exposed to the high dose, at bregma -2.04. A. Extensive PV+ staining in the 
amygdala, hippocampus, thalamus, and cerebral cortex, 1.25X objective, with scale bar 1000µm. 
B. Dense PV+ staining in the basolateral amygdala (BLA), compared with the lateral dorsal 
amygdala. No PV+ staining in the central amygdala located medial to the BLA, 10X objective 
with 100µm scale bar. C. Dense PV+ staining in the BLA, with clearly defined cell bodies, 10X 
objective with 100µm scale bar. D. Well defined PV+ cell bodies with connected dendritic 
branches, 40X objective with 100µm scale bar.  
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PV+ cell counts in the amygdala 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in the amygdala, 

see figure 4.4. That is, the prenatal dose had no effect (F(2, 50) = 1.56, p = .221, ƞp
2 = .06, ns), 

nor did the genotype (F(1, 50) = .06, p = .807, ƞp
2 = .01, ns), and there was no interaction between 

prenatal dose and genotype (F(2, 50) = 1.18, p = .315, ƞp
2 = .05, ns).  

 
 

 
Figure 4.4. The average PV+ cell counts in the amygdala for adult SERT+/+ and SERT+/- rats 
prenatally exposed to control, low, and high doses of VPA. No detectable differences between 
the conditions. Error bars represent ± SEM.   
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PV+ cell counts in the dorsolateral amygdala 

 

There was a near to significant effect of prenatal dose on the PV+ cell counts in 

dorsolateral amygdala (F(2, 50) = 2.61, p = .084, ƞp
2 = .09, ns, see figure 4.5). This effect was due 

to the reduced PV+ cell count in the dorsolateral amygdala of rats that were prenatally exposed 

to the low dose of VPA, compared with the control dose rats (p = .075, ns). However, there was 

no effect of the genotype (F(1, 50) = .16, p = .688, ƞp
2 = .01, ns), and there was no interaction 

between prenatal dose and genotype (F(2, 50) = .28, p = .761, ƞp
2 = .01, ns).  

 

 

Figure 4.5. The average PV+ cell counts in the dorsolateral amygdala for adult SERT+/+ and 
SERT+/- rats prenatally exposed to control, low, and high doses of VPA. There was a trend toward 
a significant decrease in PV+ cells for low dose rats. Error bars represent ± SEM.   
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PV+ cell counts in the ventromedial amygdala 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in ventromedial 

amygdala, see figure 4.6. That is, the prenatal dose had no effect (F(2, 50) = .14, p = .866, ƞp
2 = 

.01, ns), nor did the genotype (F(1, 50) = .74, p = .395, ƞp
2 = .02, ns), and there was no interaction 

between prenatal dose and genotype (F(2, 50) = .72, p = .493, ƞp
2 = .03, ns).  

 

 
Figure 4.6. The average PV+ cell counts in the ventromedial amygdala for adult SERT+/+ and 
SERT+/- rats prenatally exposed to control, low, and high doses of VPA. No statistical differences 
detected. Error bars represent ± SEM.   
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PV+ cell counts in the ventrolateral amygdala 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in ventrolateral 

amygdala, see figure 4.7. That is, the prenatal dose had no effect (F(2, 50) = 2.04, p = .141, ƞp
2 = 

.08, ns), nor did the genotype (F(1, 50) = .96, p = .331, ƞp
2 = .02, ns), and there was no interaction 

between prenatal dose and genotype (F(2, 50) = 2.47, p = .095, ƞp
2 = .09, ns).  

 

 
Figure 4.7. The average PV+ cell counts in the ventrolateral amygdala for adult SERT+/+ and 
SERT+/- rats prenatally exposed to control, low, and high doses of VPA. No statistical differences 
detected. Error bars represent ± SEM.   
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PV+ cell counts in the basolateral/basomedial amygdala 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in 

basolateral/basomedial amygdala, see figure 4.8. The prenatal dose had no effect (F(2, 50) = 

1.42, p = .251, ƞp
2 = .05, ns), nor did the genotype (F(1, 50) = .05, p = .820, ƞp

2 = .01, ns), and there 

was no interaction between prenatal dose and genotype (F(2, 50) = 1.02, p = .368, ƞp
2 = .04, ns).  

 

 
Figure 4.8. The average PV+ cell counts in the basolateral/basomedial amygdala for adult 
SERT+/+ and SERT+/- rats prenatally exposed to control, low, and high doses of VPA. No statistical 
differences detected. Error bars represent ± SEM.   
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4.3.4 PV+ cell counts in the ventral hippocampus  

 

Sample elimination and sample size 

 

From the original 56 brains that were sliced and stained for PV+ cell, 50 brains were 

used in the analysis of the hippocampus. Six brains were excluded from the analysis as the tissue 

was damaged, leading to unreliable cell counts. As such, the sample sizes for the hippocampus 

analysis are drawn from the grey cells in table 4.2. 

Table 4.2. The number of brain samples from experimental animals used for the analysis of PV+ 
cells in the hippocampus, divided by prenatal dose, sex and genotype. The grey cells refer to the 
combined (either of sex or genotype) totals.  
 

  SERT+/+ SERT+/- Combined 

Control 

 

Males 5 5 10 

Females 4 3 7 

Combined 9 8 17 

Low 

Males 4 5 9 

Females 3 7 10 

Combined 7 12 19 

High 

Males 5 3 8 

Females 4 2 6 

Combined 9 5 14 
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Figure 4.16. Representative light microscopy images of PV+ cells in the ventral hippocampus 
from a SERT+/+ male prenatally exposed to the control dose, at bregma -5.30. A. Extensive PV+ 
staining in the hippocampus, thalamus, and cerebral cortex, 1.25X objective, with scale bar 
1000µm. B. Dense PV+ staining in the CA3 with dendritic branches projecting laterally, 10X 
objective with 100µm scale bar. C. Dense PV+ staining in the CA3, with clearly defined cell 
bodies, 10X objective with 100µm scale bar. D. PV+ cell staining with connected dendritic 
branches, 40X objective with 100µm scale bar.  
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Figure 4.17. Representative light microscopy images of PV+ cells in the ventral hippocampus 
from a SERT+/- male prenatally exposed to the high dose, at bregma -5.30. A. Extensive PV+ 
staining in the hippocampus, thalamus, and cerebral cortex, 1.25X objective, with scale bar 
1000µm. B. Dense PV+ staining in the CA3 with dendritic branches projecting laterally, 10X 
objective with 100µm scale bar. C. Dense PV+ staining in the CA3, with clearly defined cell 
bodies, 10X objective with 100µm scale bar. D. PV+ cell staining with connected dendritic 
branches, 40X objective with 100µm scale bar.  
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PV+ cell counts in the ventral hippocampus  

 

There was no effect of prenatal dose or genotype on PV+ cell counts in ventral 

hippocampus when all cell counts are considered together, see figure 4.11. That is, the prenatal 

dose had no effect (F(2, 44) = 1.29, p = .285, ƞp
2 = .06, ns), nor did the genotype (F(1, 44) = .02, 

p = .904, ƞp
2 = .01, ns), and there was no interaction between prenatal dose and genotype (F(2, 

44) = .12, p = .886, ƞp
2 = .01, ns).  

 
Figure 4.11. The average PV+ cells in the ventral hippocampus for adult SERT+/+ and SERT+/- 
prenatally exposed to control, low, and high doses of VPA. No detectable differences were 
found. Error bars represent ± SEM.   
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PV+ cell counts in the Dentate Gyrus 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in the dentate gyrus, 

see figure 4.12. That is, the prenatal dose had no effect (F(2, 44) = .45, p = .640, ƞp
2 = .02, ns), 

nor did the genotype (F(1, 44) = .07, p = .799, ƞp
2 = .01, ns), and there was no interaction between 

prenatal dose and genotype (F(2, 44) = .67, p = .517, ƞp
2 = .03, ns).  

 

 

Figure 4.12. The average PV+ cells in the dentate gyrus hippocampus for adult SERT+/+ and 
SERT+/- prenatally exposed to control, low, and high doses of VPA. No detectable differences 
were found. Error bars represent ± SEM.   
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PV+ cell counts in the Dorsal CA1 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in the dorsal CA1, 

see figure 4.13. That is, the prenatal dose had no effect (F(2, 44) = .02, p = .978, ƞp
2 = .01, ns), 

nor did the genotype (F(1, 44) = .02, p = .889, ƞp
2 = .01, ns), and there was no interaction between 

prenatal dose and genotype (F(2, 44) = .58, p = .563, ƞp
2 = .03, ns).  

 

 

Figure 4.13. The average PV+ cells in the dorsal CA1 hippocampus for adult SERT+/+ and SERT+/- 
prenatally exposed to control, low, and high doses of VPA. No detectable differences were 
found. Error bars represent ± SEM.   
 
  

0

10

20

30

40

50

60

70

Control Low High

P
V

+
 c

el
ls

 p
er

 m
m

2

Prenatal Dose Conditions

SERT+/+ SERT+/-



198 
 

PV+ cell counts in the Dorsal CA3 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in the dorsal CA3, 

see figure 4.14. That is, the prenatal dose had no effect (F(2, 44) = .32, p = .725, ƞp
2 = .02, ns), 

nor did the genotypes (F(1, 44) = 1.05, p = .311, ƞp
2 = .02, ns), and there was no interaction 

between prenatal dose and genotype (F(2, 44) = .79, p = .459, ƞp
2 = .04, ns).  

 

 

Figure 4.14. The average PV+ cells in the dorsal CA3 hippocampus for adult SERT+/+ and SERT+/- 
prenatally exposed to control, low, and high doses of VPA. No detectable differences were 
found. Error bars represent ± SEM.   
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PV+ cell counts in the Ventral CA1 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in the ventral CA1, 

see figure 4.15. That is, the prenatal dose had no effect (F(2, 44) = 1.08, p = .347, ƞp
2 = .05, ns), 

nor did the genotypes (F(1, 44) = .86, p = .358, ƞp
2 = .02, ns), and there was no interaction 

between prenatal dose and genotype (F(2, 44) = 1.28, p = .287, ƞp
2 = .06, ns).  

 

 

Figure 4.15. The average PV+ cells in the ventral CA1 hippocampus for adult SERT+/+ and SERT+/- 
prenatally exposed to control, low, and high doses of VPA. No detectable differences were 
found. Error bars represent ± SEM.   
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PV+ cell counts in the Ventral CA3 

 

There was no effect of prenatal dose or genotype on PV+ cell counts in the ventral CA3, 

see figure 4.16. That is, the prenatal dose had no effect (F(2, 44) = 1.92, p = .158, ƞp
2 = .08, ns), 

nor did the genotypes (F(1, 44) = .09, p = .765, ƞp
2 = .01, ns), and there was no interaction 

between prenatal dose and genotype (F(2, 44) = .18, p = .838, ƞp
2 = .01, ns).  

 

 

Figure 4.16. The average PV+ cells in the ventral CA3 hippocampus for adult SERT+/+ and SERT+/- 
prenatally exposed to control, low, and high doses of VPA. No detectable differences were 
found. Error bars represent ± SEM.   
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4.4 Discussion 

This chapter examined PV neurons in the amygdala and ventral hippocampus of SERT+/+ 

and SERT+/- rats that were prenatally exposed to VPA throughout gestation. PV+ cells were 

examined as a measure of GABA interneuron expression and neuronal changes in the animal 

model of ASD, in regions that are vital for social functioning. It was hypothesised that the SERT 

deficiency and prenatal exposure to VPA would lead to a decrease in PV+ expression. The overall 

findings demonstrated that PV+ cells in the amygdala and the ventral hippocampus were not 

affected by either the SERT genotype nor the prenatal exposure to VPA. The following 

discussion will explore the methodology and contributing factors for the lack of findings.  

4.4.1 Methodology  

As highlighted in the optimisation section of the results (section 4.3.1), the experiment 

outlined in this chapter was preceded by extensive optimisation (as detailed in appendix B). The 

protocol for PV+ staining had in part been developed in our laboratory but was yet to be 

optimised for experiments. The initial tests of the protocol revealed pale and incomplete 

staining, and with changes to the primary and secondary antibody, the staining became dense, 

and cell bodies were visible. With further tests on the primary antibody concentrations and the 

DAB revelation time, optimal and replicable staining was achieved.  

The PV+ staining was visible in expected regions, such as the lateral and ventral 

amygdala, but was absent from the central amygdala nucleus (as displayed in figures 4.9 and 

4.10; also established in Kemppainen & Pitkänen, 2000). While it was not examined in this 

experiment, PV+ staining was visible in the striatum (figures 4.9 and 4.10, image A), and the 

cortex (figure 4.9 and 4.10, image A). Furthermore, the PV+ staining resulted in successful full 

cell body staining, which extended to the dendritic branches and these were aligned with the 

originating cell body, and minimal background staining (see figures 4.9 and 4.10, as well as 4.16 

and 4.17). Finally, there was no visible staining in the negative control tissue, and this was 

confirmed for each repetition of the protocol when processing the experimental tissue (see 

figure 4.1). As a result of the described methodology, the procedure used in this experiment led 

to successful staining of the PV+ cells in the amygdala and ventral hippocampus. Moreover, as 

indicated by the graphs, in most cases, that variability between the biological samples was small, 

thus adding to the confidence in the overall results. 
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4.4.2 Amygdala and Ventral Hippocampus Findings 

As mentioned before, there were no significant differences relating to the genotypes 

(SERT+/+ and SERT+/-) nor the prenatal exposure to VPA, in the amygdala and ventral 

hippocampus. Additionally, there was no difference between males and females. Although, the 

lack of sex differences, may be in part due to the relatively small size, especially in the number 

of female SERT+/- rats was relatively low (see table 4.1).  

The overall the lack of impact by the SERT genotype and prenatal exposure to VPA, may 

also be attributed to the age of rats at the time of brain extraction. Studies that have examined 

older rats that were prenatally exposed to VPA and have found normalisation of synaptic 

physiology (Martin & Manzoni, 2014; Walcott, Higgins, & Desai, 2011), although these studies 

had not examined PV+ expression. Previous PV+ expression experiments in the VPA-induced 

ASD animal model have looked at the brains of preweaning mice (Lauber et al., 2016) and young 

adults rats (Dendrinos et al., 2011) and young adult mice (Gogolla et al., 2009), rather than the 

much older 4-8-month-old rats that were used in this study. Older rats in this study were used 

as the rats were required for behavioural testing between PND 7 and PND 80+, thus earlier 

extraction of brains was not possible without significantly increasing the litters and animals 

used in this research. Furthermore, there are indications of developmental neuronal changes in 

ASD populations (as discussed in relation to the amygdala in section 4.1.2; Courchesne, 

Campbell, & Solso, 2011; Nomi & Uddin, 2015). Therefore, examining adulthood/late adulthood 

is perhaps missing the window to see the changes that originate from the interaction of prenatal 

exposure to VPA and the SERT reduction, as such research following this thesis, should examine 

the neuronal changes of younger animals. 

The results of this experiment are surprising as decreases in PV+ expression were 

expected. Previous studies demonstrated that single prenatal exposure to VPA reduces the PV+ 

expression (Gogolla et al., 2009; Lauber et al., 2016; Wöhr et al., 2015). However, it is important 

to keep in mind that this has typically been observed in other brain regions, such as the cortex 

(Gogolla et al., 2009; Lauber et al., 2016), the striatum (Lauber et al., 2016) and the superior 

colliculus (Dendrinos et al., 2011). Only one study, to the best of our knowledge, has investigated 

the hippocampus. In this study, Gogolla and colleagues exposed mice to 500mg/kg of VPA at 

GD 10, and this led to significantly reduced PV+ cells in the neocortex, but not in the 

hippocampus. It is currently unclear why we did not find any changes in the hippocampus. As 

discussed before, the differences in VPA administration (IP or SC injection, acute or chronic, 

and the level of VPA dose) may all have contributed to these discrepancies. So far, no study has 
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focused on the role of the amygdala, in spite of its prominent role in social and emotional 

behaviour, as well as in ASD.  

The results of this experiment show that neither the SERT genotype nor the prenatal 

exposure significantly impacted the number of PV+ cells in the amygdala and ventral 

hippocampus. The lack of effect is perhaps due to the ‘dose’ effects, of both gene and prenatal 

VPA exposure. In the case of the genotype, the SERT+/- genotype is deemed as a mild phenotype, 

suggesting that the one functional allele may be substantially compensating for the lack of SERT 

activity of the inactive allele (Homberg et al., 2007). In this respect, there is indeed some 

evidence pointing to disruptions of the GABAergic system in homozygous SERT-/- rats. 

Calabrese et al. (2013) showed that SERT-/- rats (compared to SERT+/+) exhibited significant 

decreases in the mRNA for GABAA receptor and glutamic acid decarboxylase 67 (GAD67; which 

is required for the synthesis of GABA). The mRNA of GABAA receptor was significantly 

decreased in the ventral hippocampus and the prefrontal cortex, whereas GAD67 was only 

decreased in the ventral hippocampus. These findings suggest that SERT-/- rats have decreased 

GABA function in the ventral hippocampus, and further research is needed to understand the 

GABA function in the prefrontal cortex. The work of Calabrese and colleagues did not include 

the SERT+/- genotype. Recently, our laboratory undertook an RNA sequencing study of the 

frontal cortex, data of which have not been published yet. This study also provided some 

indication of reduced GABAergic functioning. Thus, compared to SERT+/+ rats, SERT-/- rats had 

lower expression of the Pvalb gene, which codes for parvalbumin. In line with the data in this 

chapter, the SERT+/- did not differ from SERT+/+.  It would, therefore, be relevant to investigate 

if the full genetic deletion of SERT alters the expression of the PV+ in rats. Such research would 

further our knowledge of genetic SERT deletion and GABA function in the brain.   

The results of this experiment have established that the amygdala and the hippocampus 

may not have been the ideal for detecting deficits in PV+ expression in the ASD animal model. 

For this experiment, it was pertinent to focus on the amygdala and ventral hippocampus to 

investigate neuronal changes underlying social functioning. However, there is evidence to 

suggest that the amygdala and the ventral hippocampus are tightly connected (Lübkemann et 

al., 2015), and vital for social processes, as such there may be ceiling effects involved. Therefore, 

research following this thesis should look to examine brains that express PV, such as thalamus, 

cortex, and cerebellum (Celio, 1990). Future investigations into the PV expression these regions 

could provide a better estimate of the PV/GABA deficits in the animal model of ASD.  
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4.4.3 Summary 

Overall, the PV+ expression in the amygdala and ventral hippocampus was not affected 

by the SERT genotype, nor the prenatal exposure to VPA throughout gestation. These results 

were surprising given the indications that, at least, the prenatal VPA exposure would reduce the 

PV+ expression. However, this experiment was limited by the advanced age of the rats at the 

time of brain extraction, when compared to the previous studies. The findings were also limited 

by the reduced prenatal VPA doses and the examined brain regions. Despite the limitations of 

the experiment, the methodology was thorough, and the PV+ staining was identified in the 

expected brain regions, and there was no identifiable false-positive staining.  
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5. Chapter Five 

5.2 ASD and Animal Models 

ASD is a complex heterogeneous disorder with multiple behavioural and cognitive 

abnormalities, which are clinically present from childhood. It has been more than 75 years since 

ASD was first described, and our understanding of the symptoms and neurological 

underpinning is still evolving. Over time ASD has been consistently characterised by the deficits 

in communication, social interaction, and repetitive behaviours. The prevalence of ASD is 

increasing, with current estimates of one in 68 children diagnosed (Baio et al., 2018). With these 

increasing number of patients comes the substantial lifelong impact on the individual, their 

family, and the wider community. In addition, the aetiology is mostly unknown, with continued 

research identifying a multitude of genetic and non-genetic factors, including maternal 

infection and teratogen exposure. However, it is increasingly becoming clear that these factors 

alone are not the direct cause of ASD. Instead, it is more likely that the interaction between 

environmental factors and the genetic background of an individual ultimately leads to ASD (or 

psychiatric disorders in general).  

There is an urgent need for improved animal models of ASD to further our 

understanding of aetiology and particularly its pathophysiology (South, Rodgers, & Van Hecke, 

2017), which would aid in the identification of new therapeutic targets (Caraci, Leggio, 

Salomone, & Drago, 2017; Kaiser & Feng, 2015). However, the animal models of ASD are in their 

infancy, as most models examine only the genetic (Ellegood et al., 2015; McFarlane et al., 2008) 

or the environmental (Malkova et al., 2012; Shi et al., 2009) contributions, and very rarely a 

combination of the two. The consistent lack of gene × environment interaction research in the 

animal models of ASD leads to reduced construct validity, particularly, in regard to the 

aetiological process involved with the development of the ASD-like phenotype. Given the 

background, this thesis aimed to improve the VPA-induced ASD animal model with a gene-

environment interaction approach, as well as optimising the chronic administration method to 

enhance its construct validity.  
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5.3 Summary of Findings 

The chronic administration of VPA throughout gestation was investigated using 

genetically normal (wildtype) rats (chapter two) as well as rats with genetically compromised 

SERT (chapter three and four). In chapter two, daily doses of 0, 100, 200, 300mg/kg/day were 

administered in sweetened condensed milk to pregnant Sprague-Dawley rats, to examine the 

efficacy of administering chronic doses of VPA as well as the impact of these doses on the 

communication and social behaviour of the offspring. The findings of chapter two confirmed 

that the 100, 200, and 300mg/kg/day VPA doses were below the toxic levels for the dam, and 

the offspring exhibited a mild phenotype (such as increased social behaviour in play behaviour 

paradigm, and social aversion in the SAA paradigm). The results for chapter two confirm that 

the chronic voluntary ingestion of VPA was a viable administration method, although further 

optimisation was required. Thus, the administration method was optimised for chapter three 

using gelatine pellets, along with increased doses of 300 and 600mg/kg/day which were 

ingested by SERT+/+ dams that had mated with SERT+/- males. The experiments in chapter three 

demonstrate the behavioural impact of control, low, and high doses of VPA on SERT+/+ and 

SERT+/- offspring. The findings of chapter three confirmed that the chronic prenatal exposure 

to low and high doses of VPA in rats with the reduction in the SERT alters their communication 

maturation, leads to an increase in active behaviours, disrupts social preference formation, and 

increases their anxiety-like behaviour. To further explore the underlying origins of the altered 

behaviours of the offspring, the GABA interneurons were examined in the amygdala and ventral 

hippocampus, as seen in chapter four. The lack of significant effects in chapter four is perhaps 

indicative of low prenatal VPA doses. That is, the VPA exposure during gestation did not lead 

to neurobiological alterations in the amygdala and ventral hippocampus of adult rats.  

Overall, the SERT+/+ and SERT+/- rats prenatally exposed to VPA, exhibit a mild ASD 

phenotype, but one that shows deficits in the core symptoms of ASD, particularly 

communication and social interaction.  

5.4 Administration Methods 

This thesis aimed to strengthen the construct validity of the VPA-induced animal model 

of ASD, particularly in regard to the chronic administration of VPA in a non-stressful manner 

for pregnant female rodents. The VPA-induced animal model was derived from the observation 

that when pregnant women were medicated with VPA, their children were more likely to 

develop ASD (Christensen et al., 2013; Rasalam et al., 2005). Previous studies have typically 
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used a single exposure of VPA to induce ASD-like behaviours in rodents (Rodier et al., 1997; 

Schneider & Przewlocki, 2005). The single exposure to VPA is, of course, at odds with the 

clinical situation, as pregnant women ingest VPA daily throughout pregnancy. As a result, while 

the face validity of the single administration of VPA is well-established, the construct validity is 

substantially less. Studies that have attempted to increase the validity and by repeatedly 

exposing pregnant rodents to VPA have been few, and both the details of the administration 

and the results have been very varied (see literature summary in table 2.1).   

The administration methods in this thesis were aimed to increase the construct validity 

of this model by using daily oral administration. Chapter two implemented the use of sweetened 

condensed milk as the vehicle for VPA. The findings of chapter two confirmed that dams 

consistently and voluntarily ingested 100, 200, and 300mg/kg/day of VPA. These doses were 

below the level of toxicity for the dams and the offspring and led to observable behavioural 

changes in the offspring. However, the administration method used in chapter two was limited, 

as there was no quantifiable method for confirming the consumed dose, at times, different 

amounts of milk remained in the bowls. Therefore, the administration method was optimised 

and implemented in chapter three, with the use of gelatine pellets.  

Gelatine pellets containing VPA was a superior option compared to syringe feeding 

(Atcha et al., 2010), peanut butter (Main & Kulesza, 2017), and SCM methods (chapter two). 

The gelatine pellet administration method for VPA delivery induced ASD-like behavioural 

changes in the offspring, without causing dam fatalities. The pellets provided a more precise 

and less invasive method for administering VPA doses to rodents (Zhang, 2011). Furthermore, 

the given and consumed doses were quantifiable and allowed for dose-related groups of low and 

high doses (see consumption summary in table 3.1). However, there were inconsistencies in the 

consumption of VPA pellets, which was likely due to the unpleasant taste of the VPA. 

Nonetheless, the gelatine pellets of VPA provided a non-stressful method for administering VPA 

to pregnant dams for them to consume voluntarily in a short timeframe. Thus, the gelatine 

pellets were comparable to the ingestion of VPA as medication for pregnant women.  

With all of this said, the administration methods for chronic VPA exposure during 

gestation requires further development. As shown in the consumption summary information 

(table 3.1), the consumed doses of VPA are not equivalent to the administered doses; thus, the 

palatability of the doses needs to be increased. Attempts were made in this thesis to increase 

this by adding different artificial flavours and subdividing the dose into two administrations 

daily. However, these methods would be enhanced with an investigation into taste aversion and 
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palatability of doses. Furthermore, oral consumption does not achieve blood plasma levels that 

are comparable to IP or SC injection administration levels (Klotz & Antonin, 1977; Löscher, 

2007). As such, the chronic administration methods to achieve dam plasma levels high enough 

to cause substantial neurodevelopment effects must be further developed. Preliminary data 

from our animals indeed seem to suggest that the doses used in this study, while clearly leading 

to substantial amounts of VPA in the blood of the mother, might have fallen short of the doses 

typically obtained with a single IP injection. Thus, further pharmacokinetic investigation in a 

larger group of animals is warranted.  

Prior to the selection of the gelatine administration technique, the use of osmotic pumps 

was investigated. These devices have a semipermeable membrane which allows the desired 

compound (like VPA) to continuously diffuse into the circulation to maintain steady plasma 

concentrations when they are subcutaneously implanted (Herrlich, Spieth, Messner, & 

Zengerle, 2012). However, none of the osmotic pumps currently available would be large enough 

to contain the required dose of VPA needed throughout pregnancy. Hence, they would require 

replacement (involving anaesthesia and surgery) halfway through gestation which was not 

considered a viable option for this study, as it would induce considerable stress to the dams. 

The osmotic pumps could be a viable option in the future when the reservoirs are large enough 

to carry high quantities of VPA (the estimated maximum volume was two grams of VPA (not 

including vehicle) for 21 days, depending on dam weight). Alternatively, the gelatine pellet 

administration would benefit from pharmaceutical compounding development, mainly to 

increase the palatability. Ultimately, it is clear that the administration methods for chronic 

doses of VPA need to be further optimised, however, this thesis has clearly made a step in that 

direction.  

5.5 Gene × Environment Interaction Approach to the ASD animal model  

Overall, the administration methods and experiments in this thesis have advanced the 

VPA induced animal model for ASD, with a gene × environment approach. The gene × 

environment approach to inducing an ASD phenotype has demonstrated that SERT+/+ and 

SERT+/- males and females that were continuously exposed to VPA throughout gestation, 

exhibited abnormalities that align with an ASD-like phenotype. This supports previous work 

undertaken in our lab, whereby Ranger (2016) found interactions between the SERT+/- genotype 

and the single prenatal exposure to VPA, particularly in social and repetitive behaviours of adult 

offspring. 
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Surprisingly, there was not a consistent genotype and dose interaction, in chapter three 

and four. An interaction had been expected as the single VPA prenatal exposure had resulted in 

communication and social deficits (Olde Loohuis et al., 2015; Schneider & Przewlocki, 2005). 

Similarly, reductions in social behaviour were also found in the SERT-/- genotype (Homberg et 

al., 2007). Therefore, it was expected that reduced function of the SERT in the SERT+/- would 

potentiate the susceptibility to the teratogenic effects of prenatal VPA exposure, which had been 

speculated by Ellenbroek et al. (2016). As such, the conservative approach to avoid potential 

ceiling effects (due to the SERT-/-) may have prevented the demonstration of a clear gene and 

environment interaction between SERT function and chronic prenatal exposure to a high dose 

of VPA. Although, chapter three demonstrated deficits in communication, social, and anxiety 

behaviours, the inclusion of the SERT-/- genotype would likely confirm this interaction.  

The phenotype exhibited by the offspring in this thesis differs from previous research, 

notably where the single prenatal VPA administration led to offspring that have considerable 

reductions in communication and social behaviour (Dufour-Rainfray et al., 2010; Kim et al., 

2011; Schneider & Przewlocki, 2005). As such, the phenotype in this thesis may be a result of 

low VPA doses combined with an administration method that limited VPA blood levels rather 

than an abrupt onset achieved with an injection or oral gavage. As discussed above, preliminary 

data has examined this premise further (not included in the thesis). The pilot examined VPA in 

the serum of the dam that ingested VPA gelatine pellets (600mg/kg/day) or received a single 

SC injection of 400mg/kg VPA. The preliminary results show that gelatine pellets result in a 

dose that is one-seventh of an SC injection. As such, the mild phenotype identified in this thesis 

is aligned with previous research (Chapman & Cutler, 1984; Vorhees, 1987; Wellmann et al., 

2014) but is limited by the low VPA doses.  

5.5.2 Contribution of Reduced SERT Function to the ASD Animal Model 

The SERT+/- genotype was used to provide genetic vulnerability in the ASD phenotype, 

rather than providing a complete ASD phenotype. Animals with reduced SERT function were 

selected to further the construct validity of the VPA-induced ASD animal model, as the 

developments in the animal models of ASD too often examine the genetic or environmental 

contributions to ASD in isolation. Furthermore, the reduced SERT function of SERT+/- rats is 

more similar to the 5-HTTLPR which has been proposed as a contributing factor in the aetiology 

of ASD (Cook et al., 1997; Devlin et al., 2005).  

The findings of this thesis show that reduced SERT function does not substantially 

impact communication and social behaviours. In particular, the social behaviours exhibited in 
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SAA show very few differences between SERT+/+ and SERT+/-, and when they do occur, it is only 

the female SERT+/+ and SERT+/- that exhibit significant effects (see results summary for chapter 

three, table 3.8.1). Similarly, Ellenbroek et al. (2016) found no evidence of a genotype difference 

between (males) SERT+/+ and SERT+/- rats in relation to cognitive and anxiety-like behaviours. 

So, while the SERT+/- genotype seemed a sensible choice to investigate gene × environment 

interactions (since reduced SERT activity has repeatedly been associated with increased 

vulnerability for ASD in clinical studies), it was disappointing to find very few gene-related 

deficits. 

However, it should be acknowledged that, on the whole, the exact contribution of 

reduced SERT function to the ASD phenotype is still not fully understood. Previous literature 

has indicated that the SERT+/- genotype does not have an overt phenotype, as the SERT+/- 

behaviours are much closer to SERT+/+ animals (Homberg et al., 2007; Kalueff et al., 2007). 

Previous studies have used the SERT-/- genotype to demonstrate the ASD-like deficits of these 

animals with studies showing significant reductions in play behaviour, and abnormal play 

behaviour patterns (Homberg et al., 2007; Muller et al., 2010). However, the full genetic 

deletion of the SERT is not a direct model of the genetic variants found in ASD populations 

(refer to chapter one section 1.6). As such, the SERT+/- genotype was used to more closely align 

with reduced SERT function found in a subset of the ASD population, in particular, those with 

the s-allele of the 5-HTTLPR.  

A possible explanation for the minimal genotype findings and possibly the lack of gene 

× environment interactions may lie in the complex development of the 5-HTergic system. 

During the initial prenatal development, 5-HT is solely determined and regulated by the 

maternal environment until endogenous 5-HT is formed in the foetus, roughly from GD 9 

onwards (Bonnin & Levitt, 2011). Interestingly, SERT develops before the foetus can produce 5-

HT (Narboux-Nême, Pavone, Avallone, Zhuang, & Gaspar, 2008). Moreover, during 

neurogenesis, the SERT protein is spread throughout the brain, compared with later stages of 

development where is it restricted to 5-HTergic fibres, where 5-HT is primarily a 

neurotransmitter (Buznikov, Lambert, & Lauder, 2001; Narboux-Nême et al., 2008). Thus, 

during the early stages of development (i.e. when 5-HT plays a dominant role in 

neurodevelopment), the SERT appears to be primarily stimulated by maternal 5-HT levels. In 

order to circumvent the potential influence of altered maternal behaviour on subsequent 

behaviour in the offspring, we opted, in our study to mate SERT+/- males with normal SERT+/+ 

females. These mothers had normal levels of 5-HT, but the 5-HT influence on the pups differed, 

as SERT+/- pups would have been less affected. Therefore, research that follows this thesis should 
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aim to include SERT+/- mothers, and perhaps include cross fostering after birth, as this would 

control for potential changes in maternal behaviour and the subsequent influences on the pups.  

It is also important to remember that prenatal exposure to VPA not only increases 5-HT 

in the dam (Löscher, 1999) but can also cross the blood placental barrier (Narita et al., 2002; 

Nau et al., 1984), where it likely increases 5-HT levels in the pups (possibly in a SERT genotype-

dependent manner). Taken all together, a highly complex picture emerges comprising of 

different SERT genotypes of mothers and pups (leading to different levels of 5-HT) combined 

with the effects of VPA which are likely dependent on both the maternal and foetal genotype as 

well. Moreover, specifically related to the continuous treatment of VPA used in the present 

thesis, the effects are likely to differ between the early (before the foetuses produce their own 

5-HT) and the later stages of development (when SERT is restricted to 5-HTergic fibres). It is 

therefore perhaps not surprising that the exact interaction between the SERT and VPA could 

not be resolved in the present thesis. 

Intriguingly, some research has suggested that a genetic increase in SERT activity may 

also lead to ASD-like changes. Veenstra-VanderWeele et al. (2012), for instance, used the SERT 

knock-in mice, where a single amino acid Gly (at position 56) was converted to Ala, that led to 

enhanced SERT activity and increased 5-HT clearance in the synapse. Like the s-allele of the 

SERT, this genetic variation has also been shown to be linked to ASD (Glatt et al., 2001; Sutcliffe 

et al., 2005). Interestingly, the homozygous SERTGly56Ala knock-in mice exhibited no preference 

for social or non-social stimuli in an SAA paradigm as well as decreased pre-weaning USVs, thus 

exhibiting an ASD-like phenotype. Together, this suggests that there may be an optimal level of 

5-HT for typical development, and both too little or too much would lead to ASD-like 

behavioural changes. As such, the SERT+/- genotype may have maintained 5-HT levels within 

the optimal levels, thus not providing enough of tipping point for the ASD animal model. 

While, as mentioned above, VPA affects 5-HT levels, the interaction is complex, and it 

might even be the case that VPA actually induced effects on 5-HT that are opposite of those 

induced by the SERT genotype. While in the present thesis, we did not find many indications 

for that, Peter Ranger, in his thesis did find a few examples where the SERT+/- genotype seemed 

to protect against the effects of a single VPA injection (e.g. SERT+/- rats prenatally exposed to 

VPA showed increase in social behaviours compared with SERT deficit or VPA exposure alone; 

Ranger, 2016). Future research should look therefore look at different genetic models that 

impact 5-HT availability (including the SERTGly56Ala knock-in model) in combination with the 
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prenatal VPA exposure. This would allow us to answer the question of whether there is an 

interaction between genetically altered 5-HT and prenatal exposure to VPA. 

5.5.3 Contribution of the Prenatal VPA Exposure to the ASD Animal Model  

The chronic prenatal exposure to VPA led to a mild ASD-like phenotype. Chapter two 

findings showed that prenatal exposure to VPA at 200 and 300mg/kg/day disrupted 

communication maturation, increased active behaviours, and social novelty aversion. Chapter 

three demonstrated that increased doses led to more consistent alterations in behaviour. The 

offspring prenatally exposed to VPA in chapter three exhibited disruptions in the 

communication, and increased chasing behaviour. Importantly, chapter three showed that 

prenatal exposure to VPA clearly disrupts the social preference formation and approach to social 

stimuli. Interestingly, the prenatal exposure to VPA did not have consistent impacts on the PV+ 

interneurons in the amygdala and hippocampus, as seen in chapter four.  

As previously established, a single prenatal exposure to VPA leads to ASD-like deficits; 

therefore, it was expected that chronic exposure and increased doses would have a greater 

impact on communication and social behaviour deficits. While ASD-like deficits were 

identified, it appears that chronic VPA exposure leads to different (and even opposite) effects 

compared to a single exposure. Previous studies that used a single prenatal exposure found that 

the offspring exhibited decreased play behaviour (Olde Loohuis et al., 2015; Schneider & 

Przewlocki, 2005) and reduced social stimulus visits (Dufour-Rainfray et al., 2010). On the 

other hand, experiments in this thesis showed that the prenatal exposure to chronic doses leads 

to increased play behaviour paradigm (figures 2.7 and 3.6), as well as an overall preference for 

the social stimulus (figures 3.10 and 3.11). As such, the chronic administration VPA during 

gestation differentially impacts behaviour, compared with acute prenatal exposure.  

It is unclear what the exact cause is of the differential effects. One consideration is VPA’s 

effects on GABA in the prenatal brain. In particular, VPA crosses the placental barrier leading 

to direct VPA exposure in the offspring (Nau et al., 1984), leading to increases in GABA in the 

foetus and (Löscher, 1982). It is possible that chronic exposure to VPA continuously increases 

GABA in the foetus, which may lead to habituation. Acute exposure to VPA, on the other hand, 

is unlikely to cause such effects as the single administration leads to a spike in GABA that is 

normalised over time (Nau & Loscher, 1984; Nau et al., 1984), which poses a significant 

challenge for the foetus but is unlikely to cause cellular regulation changes. If chronic VPA 

exposure indeed led to habituation of its effect on the GABAergic system, this may also explain 

why this study failed to see a change in GABAergic interneurons.  
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Another consideration related to the chronic prenatal exposure to VPA is the epigenetic 

changes of VPA. The teratogenic mechanism of VPA is attributed to its ability to inhibit histone 

deacetylase (HDAC), typically leading to increased gene expression in the developing foetus 

(Gurvich et al., 2005; Moldrich et al., 2013; Ornoy, 2009). This mechanism has been suggested 

to underlie the congenital malformations (Giavini & Menegola, 2014) and spontaneous 

abortions typically associated with high levels of prenatal VPA exposure (Lloyd, 2013). 

Therefore, this HDAC inhibition may be a contributing factor to the loss of litters following 

exposure to 600mg/kg/day (see table 3.1).  

Interestingly, other malformations (tail kinks or fused digits) often associated with 

prenatal VPA exposure (Edalatmanesh et al., 2013; Favre et al., 2013; Foley et al., 2012; Nau et 

al., 1981; Vorhees, 1987) were never found in the experiments detailed in this thesis. The lack of 

characteristic malformation is perhaps related to the lower VPA doses, such that the doses were 

below the toxic levels to induce significant neurodevelopmental changes. However, the high 

dose (350-410mg/kg/day) in chapter three demonstrated that there were toxic effects for the 

embryos, with a 50% loss of litters (table 3.1). An alternative explanation may be related to the 

bioavailability and the slower onset of the VPA plasma levels with ingestion of the gelatine 

pellets. Löscher (1999) identified the bioavailability for rodents to be 34-47%, compared with 

70-100% in humans. Thus, rodents require a much higher dose to achieve comparable ‘active’ 

levels of VPA. Furthermore, oral gavage and IP/SC injection methods lead to much faster 

increases in plasma levels. It is possible that this more rapid increase in VPA in the offspring 

may underlie these obvious malformations. Reasoning along the same lines, the much slower 

(but stable) increase in VPA levels in the mother and pups may have allowed the brain of the 

offspring to adapt, which could be an explanation of the much more subtle behavioural changes 

observed in this thesis.  

Additionally, the chronic administration may have initiated regulation effects (up- or 

down-regulation) which mitigate the teratogenic impact of HDAC inhibition. The continuous 

exposure to VPA during development may have up-regulated other HDACs, as VPA only 

inhibits class I HDACs, whereas there are four classes and nine other HDAC types (Krämer et 

al., 2003). The continuous administration during development may have up-regulated other 

mechanisms that regulate HDAC activity (such as protein-protein interactions, or 

posttranslational modifications; Hassig et al., 1998) which may have contributed to the mild 

presence of a milder phenotype. 
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5.6 ASD Animal Model Validity  

This thesis and all included experiments were aimed at advancing animal modelling of 

ASD. Different models were explored in chapter one (section 1.7), all leading to a specific focus 

on the VPA-induced animal model. The following section will explore the validity of the VPA-

induced ASD animal model with the gene × environment approach demonstrated in this thesis. 

Conventionally, the validity of animal models of psychiatric disorders has been assessed 

on three criteria. First, construct validity refers to how the disorder and its aetiology is 

manifested in the animal model (Hulbert & Jiang, 2016; Willner, 1984). Second, face validity 

refers to the animal model’s representation of the anatomical, behavioural, and biochemical 

characteristics of the disorder (Nestler & Hyman, 2010). Third, predictive validity requires the 

model to respond to pharmacological treatments as a human would respond (Nestler & Hyman, 

2010). However, the third criterion is exceptionally difficult to assess at this time as there are 

no effective pharmacological treatments for ASD patients.  

Overall, the VPA-induced ASD animal models that use an acute or single prenatal 

exposure to VPA to induced ASD-like behaviours exhibit weak construct validity, as the acute 

exposure is dissimilar to pregnant women ingesting VPA every day of gestation. The 

dissimilarities between acute exposure and the daily ingestion of medication dissociate the 

causal factors of the disorder, as a one-off challenge is distinct from continual exposure to a 

teratogen. The use of gelatine pellets has increased the construct validity of the VPA-induced 

ASD animal model. The gelatine pellets allow the dams to consume VPA voluntarily in a short 

timeframe, which can be considered comparable to the daily medication that women take while 

pregnant.  

The construct validity of the VPA-induced ASD animal model has been furthered 

strengthened by the inclusion of the SERT genotype. As explored in chapter one, the genetic 

makeup of an individual with ASD likely has a critical role in the development and severity of 

their disorder. Even more so, are the alterations in the 5-HTergic system and the role it has in 

ASD. The gene × environment interactions have been previously proposed in the VPA-induced 

animal model (Mabunga, Gonzales, Kim, Kim, & Shin, 2015; Roullet et al., 2013), and very rarely 

the prenatal exposure to VPA is combined with a genetic vulnerability (Kim et al., 2019). To our 

knowledge, two studies have examined the behaviours of SERT animals prenatally exposed to 

VPA (Ellenbroek et al., 2016; Ranger, 2016). As such, genetic and environmental contribution 

to the VPA-induced ASD animal model has enhanced the construct validity of this model.  
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The VPA-induced ASD animal model, with acute prenatal exposure to VPA, has strong 

face validity (Mabunga et al., 2015). The face validity is a criterion that assesses anatomical, 

behavioural, and biochemical characteristics of the disorder. The VPA-induced ASD animal 

model with the gene × environment approach in this thesis demonstrated some alterations in 

communication and social interaction. However, it was not possible to confirm anatomical 

underpinnings of the behavioural changes. Therefore, while the face validity of this model, at 

this point in time, might be somewhat limited, it makes an important contribution to the 

advancement for the VPA-induced ASD animal model with the gene × environment approach. 

5.7 Pushing Beyond the Expected   

This thesis has highlighted the need to go beyond the simple quantitative measures 

when examining the behavioural phenotypes in animal models of psychiatric disorders, 

particularly considering the heterogeneous nature of ASD. Published literature typically present 

relatively simple quantitative results. For instance in USV studies, most papers only report a 

total number of vocalisations (Bronzuoli et al., 2018; Melancia et al., 2018; Raza et al., 2015), 

rather than duration, or frequency measures (as displayed in section two of chapter two and 

chapter three; and see in Felix-Ortiz & Febo, 2012). The results of this thesis suggest that much 

more information can be obtained by a more detailed characterisation of the calls. Wright et al. 

(2010) studied predominantly adult communication and classified USVs into at least 14 different 

types of call categories. Moreover, they showed that depending on the circumstances, only some 

of these calls may be affected. Using recently developed software, it is now possible to examine 

the sonographic features of these calls (Coffey et al., 2019). Preliminary studies indicate that 

prenatal VPA may, in fact, alter specific calls; thus, further research should be undertaken to 

identify the extent and impacted of altered USVs.  

The play behaviour experiments in chapter two and three, further highlight the need to 

examine more than a single measure of behaviour. Studies have often reported only pinning 

behaviour (Olde Loohuis et al., 2015; Wang et al., 2013), rather than additional measures (as 

seen in section three in chapter two and chapter three; as well as Markram et al., 2008; Sandhya 

et al., 2012). Rodent play behaviour is another area where software developments are allowing 

for a more detailed analysis. Play behaviour is very ritualistic with chasing typically followed by 

wrestling followed by pinning followed by non-social behaviour. The findings of chapter three 

are suggestive of disrupted play behaviour sequences whereby the offspring exposed to VPA 

exhibited an increased chasing behaviour, yet there were no changes in pinning behaviours, 

which should have followed a chasing behaviour, and thus indicative of aberrant play behaviour 
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sequences. Future research into chronic prenatal exposure to VPA should utilise software like 

Theme to examine the progression of behaviours (Casarrubea et al., 2015). Theme and other 

software like it examine the sequences or pattern of behaviour, thus confirming that chasing 

behaviour leads to pinning behaviour, and allows for analysis of other behavioural patterns. The 

examination of behavioural sequences is going beyond the quantification of pinning, pouncing, 

wrestling, and passive behaviour, and investigation the holistic behaviours.  

Furthermore, chapters two and three demonstrated that the combined measure of 

sociability (derived from Brodkin et al., 2004) was more accurate as a stand-alone measure of 

the behaviour of the offspring, particularly in regards to SAA in chapter three (section 3.4.2, 

figures 3.9 and 3.12). It was the additional measures of duration with social stimuli that 

highlighted a more detailed pattern of disrupted social preference in the offspring that been 

exposed to VPA (figures 3.11 and 3.14). The social behaviours demonstrated in SAA could have 

been extended by examining the sniffing behaviour of the test animal. Sniffing behaviour has 

been deemed to be a more sensitive measure of sociability (Moy et al., 2008), and future studies 

should examine this behaviour as it provides a more direct measure of social interest and 

investigation. 

Finally, the experiments in this thesis have examined sex differences, where possible. 

This thesis has demonstrated a different phenotype for males and females that were SERT+/+ 

and SERT+/- and prenatally exposed to VPA. The findings in the play behaviour and SAA 

experiments demonstrate that males exposed to VPA show increased active play behaviours but 

tend to be ambivalent between social and non-social stimuli, or familiar and novel stimuli. 

Females, on the other hand, while showing similar active play behaviours, exhibited social 

aversion and a preference for social familiarity. These sex differences in social behaviours are 

reminiscent of findings in ASD populations, however, males and females exhibit different ASD 

profiles. Hull, Mandy, and Petrides (2017) identified that there are phenotype differences for 

male and female individuals that were diagnosed with ASD, with males exhibiting more physical 

behaviours (repetitive behaviours), whereas females exhibit more cognitive deficits. As such, 

future research into the VPA-induced ASD model, should examine males and females as the 

outcomes of the prenatal exposure to VPA leads to different behavioural outcomes.  

Too often, animal models of psychiatric disorders only examine males, with the reason 

that the estrous cycle makes females too variable (despite evidence that indicates otherwise; 

Prendergast, Onishi, & Zucker, 2014). Others have cited that the estrous cycle leads females to 

react differently to pharmacological interventions (Hughes, 2007). In 2014, the National 
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Institute of Health (NIH) in the United States set forth a directive that grant applications in the 

pre-clinical field must include both sexes (Clayton & Collins, 2014). The NIH policy change 

encourages a shift in convention and to ensure the pre-clinical research meets the needs of the 

population it aims to support. This thesis has examined beyond the conventional the male-only 

view and shown differential effects in the males and females. 

5.8 Limitations within this Thesis 

This thesis has focused on chronic exposure to VPA throughout gestation, as a method 

for inducing ASD-like behaviours in rats. The prenatal exposure to VPA provides the 

environmental factor and is derived from unfortunate events in the 1980s when women were 

taking this medication while pregnant. As described in chapter one, when women ingest this 

medication while pregnant, their children are at a higher risk of developing ASD (Christensen 

et al., 2013). As such, the environmental situation modelled in this thesis is relevant for a subset 

of individuals that were exposed to VPA (or tetragons) and have alterations in the 5-HTTLPR 

gene. That is, the prenatal VPA exposure, this is not a causal link, and the same is likely true for 

rodents that exposed to VPA throughout gestation. That is, the prenatal exposure to a pregnant 

rat, does not cause ASD in the offspring but rather increases the risk. Some of the offspring may 

exhibit more ASD like behaviours than their siblings, and it may also be dose or exposure 

dependent (as explored in the discussion of chapter three, section 3.7). I suggest this is an 

underlying cause of the high variability seen the behavioural assays in this thesis.   

Furthermore, the animal model described in this thesis has been limited by the amount 

of VPA the dams would voluntarily and reliably consume. As described earlier in this chapter, 

all attempts were undertaken to increase the doses while maintaining the health of the dams to 

get the offspring to full gestation. Without further compounding techniques, it is unlikely that 

chronic oral doses could be increased to equivalent levels found with injection methods. It may 

be possible to suspend VPA in a compound to prevent the dam’s experience of the unpleasant 

taste, and pharmaceutical compounding would be a worthy avenue to investigate for research 

following this thesis.  

While this thesis and experiments have sought to advance the animal model of ASD, 

some restrictions prevent the progress of this model. ASD is a highly heterogeneous and 

complex disorder, as such, it is difficult to encapsulate the vast range of ASD in an animal, or to 

model the full spectrum of disorders within a single gene × environment approach. As 

established in chapter one, the manifestation of ASD is more likely due to complex interactions 

of multiple genes and environmental influences, both prenatal and postnatal. The complexity 
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of ASD is an inherent limitation for ASD animal models, however, it is important and relevant 

to continue to explore the contributing factors to ASD, and the interactions that underlie the 

complexity. The continued expansion of knowledge allows for exploration of new treatment and 

intervention options at the pre-clinical and clinical level, for a growing population that is so 

severely impacted by a complex disorder.  

5.9 Future Prospects Beyond this Thesis 

It has been more than 75 years since ASD was first described, and while our understating 

of the symptoms and neurological underpinnings has evolved, we are still unravelling the 

complexities of this disorder. It is clear that ASD is the result of complex genetic and 

environmental interactions. The complex interactions need to inform the animal models of 

ASD, not only to further our understanding of aetiology (South et al., 2017) but to aid in the 

pre-clinical trials for new pharmaceutical treatments (Caraci et al., 2017). As we move forward, 

it is important and relevant to consider the complex interactions that lead to ASD, rather than 

the focus on isolated contributing factors.  

Moreover, we need to examine the underlying assumptions we make as pre-clinical 

researchers and the approach we take to developing animal models. In the case of ASD, the 

assumption is that the animal model will exhibit deficits in communication and social behaviour 

with repetitive behaviours and interests, which are the core symptoms of ASD. This assumption 

focuses on the requirement that all core symptoms must occur together, at the exclusion of co-

occurring disorders like anxiety or epilepsy. In complying with this assumption, research 

overlooks findings on the individual symptoms, for example, social deficits. A comprehensive 

analysis of social deficits could inform interventions that apply to ASD and associated disorders. 

A symptom-based approach would have implications for multiple disorders, rather than 

findings that are deeply rooted in a single disorder.  

In 2010, the National Institute of Mental Health (NIHM) in the United States, launched 

the Research Domain Criteria (RDoC) project (Insel et al., 2010). The RDoC project developed 

a research framework for examining disorders like ASD, in a way that integrates multi-level 

information (genetics and behaviour, to self-reported data from individuals with ASD). While 

the RDoC has its own assumptions, it has moved away from the restrictive nature of disorder-

based approaches, and more into the symptom-based approach. As the RDoC has helped to 

conceptualise disorders in a dimensional manner, which has allowed re-grouping of symptoms 

that had not previously been considered, such as the commonality of working memory deficits 

in schizophrenia and bipolar (Schwarz, Tost, & Meyer-Lindenberg, 2016). However, RDoC has 
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also been met with criticism and disagreement (Weinberger, Glick, & Klein, 2015). In particular, 

Ross and Margolis (2019) disagree with RDoC’s assumption that disorders (like ASD) are a 

deviation from neurotypical, and perhaps with correct interventions, the individual would 

return to neurotypical functioning. Ross and Margolis (2019) suggest that disorders are the 

result of complex interactions that fundamentally change neuronal function, and thereby 

altering cognition, emotion, and behaviour, which may never return to neurotypical function. 

Despite, the criticism of RDoC, it provides another lens through which pre-clinical researchers 

can assess and understand findings from animal research. 
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5.10 Closing Remarks 

This thesis sought to advance the animal model of ASD and further the construct validity 

of the model. To this aim, genetically normal rats were exposed to VPA throughout gestation, 

then their communication and social behaviour were examined. The data showed that the 

administration method had some effects, with animals showing communication maturation 

delays, increased active behaviours, and social novelty aversion. This was expanded upon, with 

the use of genetically compromised SERT animals. SERT+/+ females were exposed to VPA 

throughout gestation, with a more controlled method of administration. Their SERT+/+ and 

SERT+/- offspring exhibited a mild ASD-like phenotype, particularly with the alterations in 

communication and the social aversion. The social processing regions of the offspring brains 

were also examined, and the findings do not show consistent changes in the PV+ interneuron 

levels in the amygdala and hippocampus (in late adulthood); thus, alterations in the PV+ or 

GABAergic system is unlikely to be the underlying cause of the behavioural changes 

demonstrated in chapter three. Ultimately, this thesis has furthered the VPA-induced ASD 

animal model with a gene × environment interaction approach, as well as optimising the 

administration method to align with the situation where women ingest VPA throughout 

pregnancy. Research following this thesis should attempt higher VPA doses with the gelatine 

pellets and continue to develop the gene × environment interaction approach to delineate the 

exhibited phenotype, with a focus on a symptom-based lens for assessing and reviewing the 

findings.  
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Appendix A – Information Relating to Chapter Three 

A1. Play Behaviour with Genotypes included 

  

 

 

 

 

 

Figure A1.1. The average chasing duration of males (blue) and females (purple) separated by 
prenatal dose conditions and genotype pairs. Error bars represent ± SEM, and conditions 
without error bars indicate a single pair. 

 

   

 

 

 

 

 

 

 

 

 

 

Figure A1.2. The average pinning duration of males (blue) and females (purple) separated by 
prenatal dose conditions and genotype pairs. Note, there was no recorded pinning behaviour 
for the female SERT+/- SERT+/- control dose pairs. Error bars represent ± SEM, and conditions 
without error bars indicate a single pair. 
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Figure A1.3. The average passive duration of males (blue) and females (purple) separated by 
prenatal dose conditions and genotype pairs. Error bars represent ± SEM, and conditions 
without error bars indicate a single pair. 
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A2. SAT Results 

Relating to section 3.5.5.1 – SAT males latency to entry alleys.  

 

Figure A2.1. The percentage of male offspring in alleys 2, 3, & 4 separated by prenatal doses 
and genotypes. All rats are placed in alley one (therefore 100%) and all rats move from alley 
one into two, but fewer rats enter alley three and even less enter for alley 4. Each condition 
has significantly fewer animals in alley four compared with alley 1. (no error bars due to a 
comparison of total percentage in each alley).  

 

Figure A2.2. The percentage of female offspring in alleys 2, 3, & 4 separated by prenatal doses 
and genotypes. All rats are placed in alley one (therefore 100%) and all rats move from alley 
one into two, but fewer rats enter alley three and even less enter for alley 4. Only low and high 
dose conditions had significantly fewer animals in alley four compared with alley 1 (p < .05). 
(no error bars due to a cumulative totals).  
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Table A1.1. Male SERT+/+ and SERT+/- follow up comparisons of delayed entry into alleys 2, 3, 
and 4. Confirming the overall increase in latency. * refers to p < .05 and *** is p = .001. 

  Alley 2 v 3  Alley 3 v 4 Alley 2 v 4 

Control  

  

SERT+/+ - - * 

SERT+/- * * *** 

Low SERT+/+ - - * 

SERT+/- - - - 

High  SERT+/+ *** *** *** 

SERT+/- - - * 

 

Table A1.2. Female SERT+/+ and SERT+/- follow up comparisons of delayed entry into alleys 2, 3, 
and 4. Confirming the overall increase in latency. * refers to p < .05 and *** is p = .001. 

  Alley 2 v 3  Alley 3 v 4 Alley 2 v 4 

Control  

  

SERT+/+ - - - 

SERT+/- - - - 

Low SERT+/+ - - * 

SERT+/- * * *** 

High  SERT+/+ - - *** 

SERT+/- - - - 
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Appendix B – Information Relating to Chapter Four  

A4.1 Original Protocol for Parvalbumin Staining 

All washes and incubations were performed in 6-well plates with mesh well inserts, and 

at room temperature (20-22°C) on a gently rocking platform to produce mild agitation.  

The tissue was washed three times for five minutes each in 10mM phosphate buffered 

saline Triton X-100 (PBST). The tissue was bathed in 3% hydrogen peroxide (H2O2) for 10 

minutes to prevent endogenous peroxidase activity, then the tissue was washed three times for 

five minutes in PBST. The tissue was then blocked with 1% bovine serum albumin (BSA) in PBST 

for 60 minutes to reduce non-specific background staining and then washed three times for five 

minutes in PBST. Next, the tissue was incubated in the primary anti-parvalbumin mouse 

(Sigma-Aldrich, Auckland, New Zealand; #P3088) antibody diluted 1:5000 in 1% BSA in 1 x PBST 

overnight, and the next morning the tissue was washed three times for five minutes in PBST. 

Then, the tissue was incubated for 90 minutes with biotinylated goat anti-mouse antibody 

(Vector laboratories, Inc., Burlingame, CA, USA; #BA-9200) diluted 1:1000 in PBST and washed 

three times for five minutes in PBST. Following the secondary antibody, the tissue was 

incubated for 60 minutes with avidin-biotin-peroxidase complex (ABC; Vector Laboratories, 

Inc., Burlingame, CA, USA) diluted 1:1000 in PBST to increase the signal. The tissue was washed 

three times for five minutes in PBST. The final step was to incubate the tissue in 3,3’-

diaminobenzidine (DAB), nickel(II) chloride (NiCl2) and, 0.3% H2O2 in Tris HCl 50mM buffer 

pH 7.4, for 30 minutes. The resulting reaction allowed visualisation of PV+ cells. The tissue was 

washed three times for five minutes in PBST. 

Every batch included a tissue nominated as the negative control, and the tissue was 

subjected to every treatment except the primary antibody at this step to ensure the visible 

staining result is a result of the primary antibody.  
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A4.1 Baseline & Initial Testing 

Baseline testing showed that the staining was exceptionally pale in comparison to 

previous work in our laboratory and the literature. It was difficult to detect PV+ cells. Neutral 

red (figure A4.1 C and D) and haematoxylin (figure A4.1 E and F) were tested, and the tissue was 

stained for 30 or 60 seconds (rather than the original protocol which called for two minutes).  

PV+ cells were more clearly identified in the absence of the counterstain (figure A4.1, A-

B). Neutral red and haematoxylin diminished the clarity of the PV staining, which reduced the 

visibility of the cell bodies and axons. Additionally, positive staining was detected in the 

negative control tissue, which was attributed to omission of the pre-quenching step (not 

shown). Following protocol would ensure the use of pre-quenching with H202 is required to 

remove the endogenous peroxidases.  

 
Figure A4.1. Representative image of the counterstain test. Images A (1.25x objective with scale 
bar 1000µm) and B (10x with 100µm scale bar) are without counterstaining and showing clear 
cell bodies in the lateral posterior CA3. Image C (2x) and D (10x) display PV+ staining with 
neutral red counterstain for 30 seconds. Image E (2x) and F (10x) display PV+ cell staining with 
haematoxylin as the counterstain.  
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A4.2 Pursuit of Darker Staining 

The original protocol stipulated that the primary antibody (I-ab) concentration should 

be 1: 5000. To ensure this was the optimal concentration, the I-ab was tested at increased (1: 

3500) and decreased concentrations (1: 10,000, and 1: 20,000). Additionally, the DAB revelation 

time was originally  30 minutes, and this was reduced to 10 minutes.  

Higher I-ab concentrations led to dark and dense staining (figure 4.2 A-D). The lower 

primary antibody concentration appeared to be slightly better (Figure 4.3 C-D). The 30 minute 

DAB revelation was too long (figure A4.3 A-D), and it was possible that 10 minutes was too long 

as well (figure A4.3 A-H).  

 

Figure A4.2. Images from tissue with primary antibody concentration testing. Tissue was 
exposed to DAB for 30 minutes. Primary antibody concentration of 1:3500, (A; 1.25x objective 
with 100µm scale bar and B; hippocampus 10x with scale bar 1000µm). A lower concentration 
of 1:10,000 show little change in density (C and D).  
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Figure A4.3. Representative images for primary antibody concentration testing. All tissue was 
exposed to DAB for 10 minutes. Primary antibody concentration of 1:3500, (A; 1.25x objective 
and B; hippocampus 10x). A lower concentration of 1:10,000 show little change in density (C 
and D). Also 1:20,000 shows clear cell and dendrite staining (E and F). The negative controls 
are revealed some endogenous reactivity (G and H). A, C, E, G were captured at 1.25X 
magnification with scale bar 1000µm, and B, D, F, H were captured at 10X objective with 100µm 
scale bar.  
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A4.3 Further Pursuit of Darker Staining  

The concentration of the secondary antibody (II-ab) was verified with a comparison of 

1: 1000 vs 1: 2000 while maintaining the primary antibody concentration of 1: 10,000 and DAB 

for 10 minutes. The II-ab concentration of 1:2000 resulted in dense staining of the neuronal 

branches and background signal (figure A4.4 A-D).  

 

 

Figure A4.4. Images from tissue with secondary antibody concentration testing. All tissue in this 
figure was exposed to the primary antibody concentration of 1: 10,000 and DAB for 10 minutes. 
The original concentration of secondary antibody concentration of 1:1000 (A; 1.25x objective 
with 1000µm scale bar and B; hippocampus 10x objective with 100µm scale bar) is compared 
with a lower concentration of 1:2000 show no differences in cell staining or density (C and D). 
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A4.1.8 Primary Antibody Concentration Test & DAB Strength 

So far, the optimisation testing had led us to confirm that tissue will be pre-quenched 

with H202, with I-ab concentration of 1:10,000, the II-ab concentration of 1:1000 and tissue 

would be incubated in DAB for 10 minutes, along with no counterstaining. These steps resulted 

in staining that was still dark and dense, therefore difficult to easily identify the cell bodies in 

the cortex and denser regions of the hippocampus.  

Therefore, we tested I-ab concentrations of 1: 10,000 (to serve as the baseline), 1: 80,000 

and 1: 160,000. At each of these concentrations, we also tested the DAB dilution of 50 or 100%. 

Overall the results showed clear consistent dark staining. Lowering the concentration of the PV 

antibody did not reduce the strength of the stain (figure A4.5 E-H and figure A4.6 A-D). A half 

dilution of DAB allows for better visualisation of the cells in the denser regions of the 

hippocampus (figure A4.5 C-D, G-H and figure A4.6 C-D).  
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Figure A4.5. Primary antibody and DAB concentration comparison images. A 1: 10,000 primary 
antibody was used as the baseline (A; 1.25x objective, B; hippocampus 10x) with the full 
concentration of DAB which is compared with 1: 10,000 and a half dilution of DAB (C D). This 
is also matched with the primary antibody concentration of 1: 80,000 with full DAB (E F) 
matched with 1: 80,000 with half dilutions of DAB (G H). A, C, E, G were captured at 1.25X 
objective with scale bar 1000µm, and B, D, F, H were captured at 10X objective with 100µm scale 
bar. 
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Figure A4.6. Primary antibody and DAB concentration comparison images. A 1: 160,000 primary 
antibody was used (A; 1.25x objective, B; hippocampus 10x) with the full concentration of DAB 
which is compared with 1: 160,000 and a half dilution of DAB (D-F). ). A, C were captured at 
1.25X objectivewith scale bar 1000µm, and B, D at 10X objective with 100µm scale bar. 
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A4.1.10 Shorter Primary Antibody Incubation  

Prior to this point, all I-ab incubations had been for 8+ hours or overnight incubation. 

In order to identify if a shorter incubation time was suitable and replicable, the I-ab incubation 

times were tested at 120, 90, and 60 minutes. Given that the concentration of the II-ab also 

impacts the non-specific staining and the density of the stain, it was apparent that we needed 

to test different concentrations of the II-ab.  

As such, we used the optimised steps so far (H202 10 minutes, BSA 1% 60 minutes, I-ab 

1: 80,000 for 120 minutes or 90 minutes or 60 minutes, II-Ab 1: 1000, or 1:5000, or 1: 10,000 for 

90 minutes, ABC 60 minutes and DAB 10 minutes – full or half concentration). 

The II-ab concentration of 1:10,000 (figure A4.9) led to the poorest results, with cell 

bodies pale in comparison to other secondary concentrations and the dendrites were not aligned 

with cell bodies.  

The II-ab concentrations of 1:1000 (figure A4.7) or 1:5000 (figure A4.8) gave similar 

results but at different I-ab incubations. That is 120 minutes of I-ab incubation, with secondary 

at 1:5000 with the full DAB may have provided the best overall results (figure A4.8 A-B). 

However, this is highly comparable with 90 minutes primary incubation with secondary at 

1:1000 and a half dilution of DAB (figure A4.7 G-H).  

Ultimately, we settled on I-ab incubation of 90 minutes with 1:5000 II-ab concentration 

with a full dilution of DAB. This appears to be a suitable compromise for visualisation in the 

and the amygdala and hippocampus. The full and final description of the protocol is detailed in 

section 4.2.2 of chapter four.  
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Figure A4.7. Secondary antibody at 1:1000. Primary antibody for 120 minutes with full DAB 
concentration (A; 1.25x objective, B; hippocampus 10x). Primary antibody for 120 minutes, with 
half DAB (C-D). Primary antibody for 90 minutes with full DAB concentration (E-F), primary 
antibody for 90 minutes with half DAB (G-H). Primary antibody for 60 minutes with full DAB 
(I-J) and primary antibody for 60 minutes and half DAB (K-L). A, C, E, G, I, K were captured at 
1.25X objective with scale bar 1000µm, and B, D, F, H, J, L were captured at 10X objective with 
100µm scale bar. 
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Figure A4.8. Secondary antibody at 1:5000. Primary antibody for 120 minutes with full 
concentration of DAB (A; 1.25x objective, B; hippocampus 10x). Primary antibody for 120 
minutes, with half DAB (C-D). Primary antibody for 90 minutes with full DAB (E-F), primary 
antibody for 90 minutes, with half DAB (G-H). Primary antibody for 60 minutes with full 
concentration of DAB (I-J), and primary antibody for 60 minutes with half DAB (K-L). A, C, E, 
G, I, K were captured at 1.25X objective with scale bar 1000µm, and B, D, F, H, J, L were captured 
at 10X objective with 100µm scale bar. 
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Figure A4.9. Secondary antibody at 1:10,000. Primary antibody for 120 minutes, with full 

concentration of DAB (A; 1.25x objective, B; striatum, 10x, C; cortex 10x). Primary antibody for 

120 minutes, half concentration of DAB (D-F). Primary antibody for 90 minutes, with full 

concentration of DAB (G-I), Primary antibody for 90 minutes, with half concentration of DAB 

(J-L). Primary antibody for 60 minutes, full concentration of DAB (M-O), and primary 

antibody for 60 minutes, with half DAB (P-R). A, C, E, G, I, K were captured at 1.25X objective 

with scale bar 1000µm, and B, D, F, H, J, L were captured at 10X objective with 100µm scale 

bar. 
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