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Abstract  

Autism spectrum disorder (ASD) is characterised by impairment in the social domain and is 

often comorbid with depression and social anxiety. Several neuronal systems have been 

implicated in the neuropathology of ASD, yet the underlining neurobiology remains unclear, 

with no effective treatment being identified. Therefore, we utilised a well-validated mouse 

neurobiological candidate systems and we detected dysregulation of opioid, oxytocin, 

vasopressin, glutamate and dopamine in this model. Current ASD pharmacotherapy is only 

symptomatic and does not target core symptomatology. Intranasal oxytocin is a promising 

target for the treatment of ASD with known acute effects on related ASD-like 

symptomatology, but little currently is known about the effect of chronic exposure to the 

drug. Therefore, we performed a battery of behavioural experiments to assess the efficacy 

and neurobiological consequences of chronic oxytocin administration in the Fmr1 KO and 

wild-type mice. We observed restoration of sociability but not stereotypy upon acute and 

chronic oxytocin treatment in the mutants and prevention of comorbid anxiety following 

chronic oxytocin administration. Opposingly, detrimental effects in sociability, stereotypy and 

emotionality following chronic oxytocin treatment were detected in wild-type mice. Differential 

regulation of several transcripts was detected in Fmr1 KO and wild-type mice. Lastly, we 

investigated the effect of chronic exposure to social-defeat stress (CSS), a common 

psychopathology characterised by impairment in sociability and depression on central 

nicotinic acetylcholine receptor (nAchR) subtype and D2 dopamine receptor density. While 

CSS did not affect α7* and α4β2* nAChR binding, it downregulated D2. These findings offer 

better understanding of the neurobiology underpinning psychopathologies characterised by 

social deficit and highlight chronic OXT as an effective pharmacotherapy for their treatment. 

Nonetheless, our findings reveal potential safety concerns of its chronic use in healthy 

subjects with intact oxytocinergic system.  
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1. Chapter 1: General Introduction 
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1.1. Evolutionary implications of sociability  

Man is a social animal with a natural urge to live an associated life with others and, society is 

a necessity for his existence or survival. It is accepted that humans have been living in 

society since time immemorial without though knowing the exact origin time (as described in 

(Hossain and Ali, 2014)). In classical antiquity even, the great Greek philosopher, Aristotle 

expressed that “Man is a social animal by nature and, the one who can spend his life outside 

society, must be either beast or God’’. This statement fully reflects the importance of society 

to man’s existence and welfare. The social process starts from birth and continues 

throughout life. Healthy social interactions and social play are important behaviours 

throughout life that develop social communication skills, and ultimately create a ‘social’ 

person. Social communication encompasses behaviours such as facial expressions, eye 

contact, body language, which are influenced by both personality and sociocultural factors 

(Curenton et al., 2004; Inglebret et al., 2008) and a wide range of acceptable norms within 

and across individuals, families, and cultures contribute to that. 

Human intelligence is a major element that peaked thousands of years ago and, which 

involves adaptation to a present environment and shaping of the present environment to fit 

to one’s skills interests or values. The natural selection on our intellect has contributed to the 

development of great human achievements. Evolution of human intelligence is closely 

related to the evolution of the human brain (Klug et al., 2014). Various theories are 

formulated to explain and understand the evolution of human intelligence and, the ‘social 

brain’ hypothesis is one of them. According to Dunbar (1997), the ‘social brain’ theory 

supports the notion that human intelligence evolves primarily as a means of surviving and 

reproducing in large and complex social groups. Jerison (1973) was the first to point out that 

primates have unusually large brains in relation to their body size compared to other 

vertebrates. According to the ‘social brain’ hypothesis, primates evolved larger brains to 

cope with complex social behaviours (Dunbar, 1998). There are two predominant versions of 
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the ‘social brain’ hypothesis. One of them supports the theory that social transmission 

resulted from the necessity of establishing foraging skills (Reader and Laland, 2002), while 

the other expresses the notion that it is stemmed from processes underpinning social 

cohesion, with predation being  the principal survival matter (Dunbar and Shultz, 2007).  

A quantitative relationship has been revealed between social group size and brain size 

measurement (Dunbar, 1992, 1998). In most cases, the focus of the analyses is the size of 

the neocortex, as it is the only region that has expanded out of proportion as compared to 

other brain networks in primates (Finlay and Darlington, 1995). It has been found that 

neocortex is positively correlated with complex behaviours in social groups including male 

mating strategies (Pawłowski et al., 1998), grooming clique size (Kudo and Dunbar, 2001; 

Dunbar and Shultz, 2007) and rates of deception (Byrne and Corp, 2004).  

Conversely, a qualitative analysis of the ‘social brain’ theory revealed that mammals, who 

live in pair-bonded social systems (i.e. monogamous), have the largest brains (Dunbar and 

Shultz, 2007). It is assumed that there was a transition phase during the early stage of 

evolution in primates, in which a pair-bond relationship converted into a more complex form 

of bonded relationship (i.e. formation of friendships). This adds another dimension to 

previously described versions of the ‘social brain’ hypothesis, which encompasses only 

‘food-finding’ or ‘predation’ matters. This new addition suggests that cognitive demands of 

pair-bonding in mammals triggered the enlargement of brain size, and these demands are 

responsible for the relationship between social-group-size to brain-size. Interestingly, social 

cognition is believed to have evolved through these processes and that takes its ultimate 

form in the “Theory of mind’’ in humans (Dunbar, 2009). ‘’Theory of mind’’ is described as 

the ability to infer to other’s mental states including beliefs, information, emotions, intuitions, 

plans, intentions and desires, which may differ from one's own (Premack and Woodruff, 

1978). This theory implicates all skills required for typical development of social 

communication and relationships in humans such as verbally-mediated mindreading skills 
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emerging from the preschool period to later on in life developing skills of social competency 

(Slaughter, 2015).  

Impairment affecting the ‘’Theory of mind’’ ability is frequently seen in disorders that 

implicate social deficits affecting social cognition, social interactions and communication. 

These deficits can occur within the context of conditions such as autistic spectrum disorders 

(ASD), attention deficit hyperactivity disorder (ADHD), learning, intellectual and 

developmental disabilities, specific language impairment and traumatic brain injury (Baron-

Cohen et al., 1985). In addition, conditions that involve psychological or emotional disorders 

such as social anxiety and depression can be involved in the spectrum of conditions 

characterised by social deficits, an impairment in social behaviour and communication often 

accompany these disorders. 

1.2.   Autistic spectrum disorders  

1.2.1. Autism: Historical approach 

The word ‘autism’ originates from the Greek word ‘εαυτός’ that means self, in an attempt to 

describe a condition where an individual is eliminated from social interactions therefore, an 

isolated self. The psychologist Eugen Bleuler was the first to utilise the term ‘autism’ in 1910 

referring to one group of symptoms for schizophrenia with core symptoms being the split of 

personality, loosening of associations, detachment from reality and predominance of fantasy 

(Bleuler, 1912; Stotz-Ingenlath, 2000). Later on, the psychiatrist Leo Kanner (1943) 

described autism as a unique, standalone term based in a case study of observing 11 

children with severe communication problems and repetitive behaviours. Shortly after, the 

paediatrician Asperger (1944) revealed a milder form of autism with social communication 

difficulties, the Asperger’s syndrome based on observations derived from a similar case 

study with children. It was included in diagnostic and statistical manual of mental disorders 
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(DSM-3) as autism disorder in 1987 (Weintraub, 2011). In the last 50 years, autism has been 

considered as a spectrum of neurodevelopmental disorder characterised by deficits in the 

social domain. For more information see Lord and Bishop (2015). 

1.2.2. Epidemiological data of ASD 

The prevalence of ASD in the adult population within the U.K. was estimated at 1.1 % in 

2011 as illustrated by the Adult Psychiatric Morbidity Survey (The National Autistic Society, 

2017) and at 0.76% of the worldwide population in 2010 (Baxter et al., 2015). Notably, ASD 

is more prevalent in males than in females with a male: female range of ratio from 2:1 to 3:1 

(Mattila et al., 2011), and researchers have suggested that females may be protected 

against autistic behaviour (Robinson et al., 2013). The first studies conducted in the 1960s 

and 1970s in Europe and the U.S., reported prevalence of autism estimated at 2-4 cases per 

10,000 children (Treffert, 1970). Diagnosis of autism has climbed steadily since, with 

average prevalence estimated at 20.6/10,000 collected by 18 studies from Europe and the 

U.S. published between 2000 and 2009 (Rutter, 2005; Fombonne, 2009). While the exact 

reasons that caused the radical increase in autism cases over the years remain unknown, 

several factors have been linked to it, including changes in diagnostic criteria, diagnostic 

changes in the use of intellectual disability, greater awareness of the disorder and increased 

parental age (as reviewed by Rice et al. (2012)). It is estimated that the costs for supporting 

an individual with ASD (i.e. special education) and with intellectual disability during their 

lifespan is £ 1.5 million in the U.K. However, the cost for supporting an individual with an 

ASD without intellectual disability was estimated to be around £ 0.92 million in the U.K. 

(Buescher et al., 2014). Annual costs associated with societal care for a child with ASD are 

estimated between 85% and 550% higher than annual cost of care for a typically developing 

child (Newschaffer et al., 2007). 
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1.2.3. Clinical symptoms of ASD 

According to the Diagnostic and Statistical Manual of Mental Disorders, 5th ed. (DSM-5) 

diagnostic criteria of the ASD are characterised by two core symptoms; impairments in social 

communication and repetitive, stereotyped behaviour. These symptoms are necessary for 

the diagnosis to be made. These symptoms must be present in early childhood, but may not 

become fully manifested until they limit and impair every day functioning. In particular, 

manifestation of deficits in social-emotional reciprocity (reduced sharing of interests, 

emotions), nonverbal communicative behaviours (lack of facial expression or gestures) and 

developing and maintaining relationships (difficulties sharing imaginative play and making 

friends) must be present. In addition, restricted or repetitive patterns of behaviour manifested 

by at least 2 symptoms including stereotyped or repetitive speech, motor movements, 

excessive adherence to routines, restricted/fixated interests and hyper- or hypo-reactivity to 

sensory input must be also present (American Psychiatric Association, 2013). Autism is a 

spectrum disorder, with symptoms ranging from mild to severe. Typically, it is diagnosed in 

children under the age of 3-5 and currently there is no effective treatment available. The 

spectrum of this disorder includes a wide range of behavioural communication and social 

impairment disorders such as Asperger’s disorder, pervasive developmental disorder - not 

otherwise specified (PDD-NOS), Rett syndrome and childhood disintegrative disorder 

(Chmielewski and Beste, 2015).  

Common associated features of ASD include atypical language development, motor 

abnormalities and excellent attention to detail (Baron-Cohen et al., 2009; Fournier et al., 

2010; Maski et al., 2011; Boucher, 2012), but these are not included in the DSM-5 criteria 

(American Psychiatric Association, 2013). These behavioural traits might transpire due to 

various common co-occurring conditions including intellectual disability, language disorders, 

motor abnormalities, ADHD and Tic disorders (Baron-Cohen et al., 1999; Ming et al., 2007; 

Green et al., 2009; Boucher, 2012; Mahajan et al., 2012). Medical conditions that often co-
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occur with ASD include epileptic seizures, gastrointestinal problems, immune dysregulation, 

sleep disorders and genetic syndromes (Tuchman and Rapin, 2002; Benvenuto et al., 2009; 

Buie et al., 2010; Maski et al., 2011). In fact, approximately 70% of those diagnosed with 

autism also have intellectual disability, and 25% have a seizure disorder (Tuchman and 

Rapin, 2002). Psychiatric symptoms such as anxiety, depression and eating disorders are 

also frequently observed in autistic individuals (Simonoff et al., 2008; Hofvander et al., 2009; 

Mattila et al., 2010; Lugnegård et al., 2011). A summary of overlapping symptoms frequently 

associated with ASD can be seen in Figure 1.1. 

 

Figure 1.1: Core symptoms, frequent associated behavioural dysfunctions and co-occurring 
conditions in individuals with ASD. Modified from Lai et al. (2014). 
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1.2.4. Aetiology of ASD 

ASD is widely considered to be a multi-factorial disorder resulting from genetic and 

environmental risk factors and their interaction. Approximately 10% of children with autism 

have been reported to be affected with ASD due to specific genetic, neurologic or metabolic 

disorders (Newschaffer et al., 2007). The first family and twin studies that took place showed 

a strong genetic component with high concordance rates between the range of 82-92% in 

monozygotic twins in comparison to 1-10% in dizygotic twins, and heritability is estimated 

over 90% (Folstein and Rutter, 1977; Ritvo et al., 1989). However, recent studies have 

illustrated that the concordance in dizygotic twins might be higher than 20% (Hallmayer et 

al., 2011). Taken together, these findings strongly support a significant heritable component 

to the aetiology of autism. Nevertheless, the precise causes of pathology in ASD remain 

largely unknown. Genetic mutations with common mechanisms have been detected that can 

be treated with different classes of therapeutics, however no biomarkers are yet identified 

across each diagnosed case. 

It is known that single rare medical or genetic conditions are associated with autism. For 

instance, syndromic ASD includes monogenic disorders such as Fragile X, Tuberous 

sclerosis complex (TSC), Rett syndromes (Pieretti et al., 1991; Zoghbi et al., 1999; Curatolo 

and Bombardieri, 2007) in which patients exhibit significant overlapping symptoms with ASD. 

Approximately 1% of cases account for diagnosis of ASD and comorbidity with other 

syndromic disorders, as many of them are quite rare, in comparison to the most common 

forms of idiopathic autism (Abrahams and Geschwind, 2008). Nevertheless, the discovery of 

the genetic causes of syndromic ASD was the first indication for the identification of a 

genetic component in the aetiology of ASD. The identification of single-gene disorders, 

which are associated with ASD allowed molecular genetic studies to investigate genetic 

underpinnings in ASD pathology by using mouse models that carry the same genetic 
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disruption. Yet it is important to note that ASD is commonly a polygenic disorder, and this 

factor has greatly complicated the identification of its genetic basis. 

Genomic studies have revealed that de novo copy number variant (CNV) mutations affecting 

genes, which are expressed in the brain, are higher in individuals with ASD in comparison 

with the neurotypically developing population (Huguet et al., 2013). Even though a great 

amount of research has been focusing on the identification of the genetic mechanisms 

underlying ASD, the identified genes associated with ASD are estimated to exceed 500-

1,000 genes and this account for less than 1% of the individuals affected by the disorder 

(Iossifov et al., 2012; Sanders et al., 2012). Interestingly, two thirds of de novo mutations 

reported are associated with increase in the father’s age at the time a child is conceived, and 

a year increase in the father's age increases by about two times the number of mutations 

(Kong et al., 2012). Genome-wide linkage studies suggested potential autism susceptibility 

genes on chromosomes 2q, 7q, 15q, and 16p, however this has not been fully explained 

(Dykens et al., 2004; Wassink et al., 2004; Weiss et al., 2008).  

Chromosomal abnormalities contribute significantly to the genetic deficits of syndromic and 

idiopathic ASD. The transcription factor ENGRAILED 2 gene, which is found on the autism-

linked chromosomal region 7q36 (Alarcón et al., 2002), has been associated with ASD 

displaying cerebellar morphological abnormalities (Gharani et al., 2004). Chromosomal 

abnormalities on 15q have been associated with development of ASD and γ-amino-butyric 

acid (GABA) receptor subtype A (GABAA) deficiencies. Genes encoding GABAA receptors 

have been also associated with ASD with high confidence (Xu et al., 2012). In addition, 

deletions or duplications in 16p chromosome including 16p11.2, 16p12.1 and 16p13.1 are 

linked to autism (Ballif et al., 2007; Ullmann et al., 2007; Eichler and Zimmerman, 2008). 

Synapse dysfunctions are at the convergence between ASD and other neuropsychiatric 

disorders such as schizophrenia and intellectual disabilities, however their aetiology remains 

unknown. Mutations identified in both syndromic and idiopathic ASD involve synaptic genes 
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such as the SHANK1, SHANK2 and SHANK3 (Durand et al., 2007; Leblond et al., 2012; 

Sato et al., 2012), NLGN4X, NLGN3 (Jamain et al., 2003; Laumonnier et al., 2004) and 

CNTNAP2 (Arking et al., 2008). In addition, the FMR1 mutated gene in the fragile X 

syndrome (FXS), the most commonly known single-gene disorder accounts for 

approximately 2-3 % of ASD cases (Reddy, 2005).  

Other genes which are associated with ASD, include genes of the opioid system (opioid 

receptors and their endogenous ligands). In fact, an ASD patient has been detected with a 

genetic deletion including the PENK gene coding for proenkephalin, and another 10 ASD 

patients with CNVs that affect the μ-opioid receptor (OPRM1) gene (Kaminsky et al., 2011; 

Sanders et al., 2011; Halgren et al., 2012; Battaglia et al., 2013; Pellissier et al., 2017). It is 

supported that social and affiliative behaviours are associated with the endogenous opioid 

system (Machin and Dunbar, 2011), and thus the involvement of the endogenous opioid 

system in the development of ASD needs to be further investigated. Furthermore, genes 

encoding for neuropeptide receptors that are implicated in social processes, including the 

oxytocin receptor (OXTR) and vasopressin receptors, AVPR1A and AVPR1B have been 

also studied as risk factors for ASD. Meta-analyses findings revealed a single nuclear 

polymorphism (SNP) on the OXTR gene associated with ASD, while genotype studies found 

evidence for associations of AVPR1A microsatellites and AVPR1B SNPs with ASD, 

suggesting the social neuropeptide system as potential target for establishing the 

neurobiologic and genetic basis of treatment for ASD (Yang et al., 2010; LoParo and 

Waldman, 2015; Francis et al., 2016). Taken these together highlight the profound 

importance to understand the role of opioids and OXT in ASD. The involvement of the 

endogenous opioid system as well as the OXT and AVP neuropeptides system in ASD are 

key objectives of this thesis and hence the current evidence linking these two 

neurotransmitter systems with disruption in the social context will be extensively discussed in 
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the introduction section of the result chapters of the present thesis; chapter 2 and chapter 3 

respectively.  

Metabolic defects such as purine metabolic disorders, creatine deficiency syndromes, 

phenylketonuria and mitochondrial dysfunctions are associated with less than 5% of 

individuals with ASD (Manzi et al., 2008). High prevalence in ASD cases characterised with 

mitochondrial dysfunction was noted, suggesting that approximately 30% of children with 

ASD may experience metabolic abnormalities with one-third of autistic children having 

reported elevations in plasma lactate and/or the lactate-to-pyruvate ratio. Additionally, many 

other mitochondrial biomarkers including lactate, pyruvate, carnitine and ubiquinone had 

significantly different levels between ASD and controls (Rossignol and Frye, 2012), 

implicating dysregulation of major metabolic processes, and further support the 

mitochondrial hypothesis in the aetiology of autism. 

In addition to genetic and metabolic causes, environmental factors such as prescription of 

medications, drugs of abuse and several heavy metals have been associated with ASD. 

Valproic acid, an antiepileptic drug that has been used in the treatment of schizophrenia and 

bipolar disorder has been linked to the development of ASD in humans (Moore et al., 2000; 

Rasalam et al., 2005). Estimated levels of airborne heavy metals such as mercury, cadmium 

and nickel at birth have been also reported to be moderately associated with ASD (Windham 

et al., 2006). Moreover alcohol, smoking and illicit drug use during gestation have been also 

reported to be associated with ASD (Davis et al., 1992; Aronson, Hagberg and Gillberg, 

1997; Larsson et al., 2005). In addition, prenatal cocaine exposure is suggested to lead to 

increased serotonin (5-HT) levels in serum, namely hyperserotonaemia in foetuses, which is 

thought to be involved in the aetiological mechanisms implicated in autism (Whitaker-

Azmitia, 2005). Perinatal factors such as low birth weight, birth asphyxia and abnormally 

short gestation length (Kolevzon et al., 2007) as well as postnatal factors including viral 

infection, hypoxia and autoimmune disease (Ashwood and Van de Water, 2004; Kern and 
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Jones, 2006) are shown to be contributing-risk factors to the ASD. Inadequate nutrition is 

widely more common among children with ASD than the general population. Micronutrients 

including magnesium, zinc, selenium, vitamin A, vitamin B complex, vitamin D, vitamin E and 

carnitine have been found in lower levels in blood, hair or other tissue among children with 

ASD (Filipek et al., 2004; Adams and Vogelaar, 2005; Strambi et al., 2006; Pineles et al., 

2010; Gong et al., 2013). For more information on chemicals and nutrition factors 

contributing to an ASD phenotype, see review by Fujiwara et al. (2016). 

Several studies have reported evidence supporting the notion that various causality factors, 

from the ones previously mentioned, can affect boys and girls with ASD differently. In regard 

to micronutrients, the trend for ASD males having lower levels of vitamin D and 25(OH)D3 

was noted in a study conducted in the Faroe Islands (Kočovská et al., 2014). Similarly, 

another study showed that the gender difference of ASD on vitamin D metabolism might be 

explained on the basis of differential regulation of oestrogen and testosterone (Cannell, 

2008). With regards to the genetics relationship and the development of ASD, as ASD 

develops in early childhood, girls seem to have a greater tolerance comparing to boys by 

aggregating genetic changes without developing ASD (Huguet et al., 2013). Interestingly, 

many recent studies point to difficulties in females receiving clinical diagnosis even if they 

meet criteria for ASD (Knickmeyer et al., 2008). These difficulties for their clinical diagnosis 

arise from the ability of females with ASD to demonstrate better emotionality and sociability 

as compared to males that might coverup some of the diagnostic features (Head et al., 2014; 

Loomes et al., 2017). These highly suggest that high-functioning females within the 

spectrum have been underdiagnosed, compared to males. Taken together, it is supported 

that gender differences in the aetiology of ASD contribute to the marked heterogeneity of 

clinical presentation among diagnosed individuals. 
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1.2.5. Neurobiology of ASD 

1.2.5.1.   Neuroanatomy/neurocircuitry 

Enlarged total brain regions and volume have consistently been reported in individuals with 

ASD, after adjusting for height, IQ, and intra-cranial volume. This was observed since 

Kanner's  first description in 1943, when he characterised some of the children diagnosed 

with autism with "large head". Children with ASD between the age of 18 months to 4 years 

have a 5-10% abnormal enlargement in total brain volume as indicated by imaging studies 

(Piven et al., 1996; Sparks et al., 2002; Hazlett et al., 2005). It is common to observe 

macrocephaly in children and adults with ASD, which is defined as head circumference 

greater than the 97th percentile. Macrocephaly appears as abnormal brain overgrowth in 

white and gray matter, which develops during the first 2 years of life in children with autism, 

and these infants fall into the severe clinical spectrum of the disorder (Courchesne et al., 

2001; Courchesne et al., 2004). 

Also, morphological abnormalities in brain structures have been linked with ASD with respect 

to increased or decreased size. About subcortical structures, a volumetric meta-analysis 

showed that enlarged size of the caudate nucleus and a component of basal ganglia (BG) 

has been observed in ASD individuals (Duerden et al., 2012) and, increased volume of the 

caudate nuclei observed after a magnetic resonance imaging (MRI) study in subjects with 

ASD, were significantly correlated with ritualistic-repetitive behaviours (Sears et al., 1999). 

This suggests that caudate nucleus may be part of an abnormal distributed neural network 

sustaining stereotyped behaviours. Reduction in the size of thalamus in autistic patients has 

been also associated with stereotypical and repetitive behaviours (Tamura et al., 2010; 

Estes et al., 2011). Furthermore, increased cerebellar volume and reduced corpus callosum 

volume have been detected in ASD patients (Stanfield et al., 2008; Frazier and Hardan, 

2009). Enlarged volumes in amygdala have been detected mostly in high-functioning ASD 
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patients, however this was not consistent in all studies. In particular, meta-analyses studies 

showed decreased volume in amygdala (Nickl-Jockschat et al., 2012), while increased 

volume was observed in younger patient groups (Bellani et al., 2013). Outcomes from 

amygdala lesion studies, suggest that this region is implicated in fear processing, eye gaze 

when facing human and regulation of memory with emotional content (Adolphs et al., 2005; 

Adolphs et al., 2005; Spezio et al., 2007). These suggest that amygdala abnormalities might 

be responsible for impaired emotional perception and regulation in ASD. 

In addition, post-mortem studies on adults and adolescents with ASD, have shown reduced 

neuronal number in the amygdala, the fusiform gyrus, and the cerebellum. However, a study 

on young children showed significant increases in neuron number in the prefrontal cortex 

(PFC) (Courchesne et al., 2011), a brain region associated with executive function. From an 

anatomical perspective, the PFC is a key region with important neuroanatomical 

characteristics, as it has projections to cortical, subcortical and brain stem sites (Alvarez and 

Emory, 2006). It has been shown that the medial PFC (mPFC), a subdivision of the PFC, 

which has reciprocal connections with the amygdala, hippocampus and sensory regions 

within temporal cortex, is involved in social cognition and social interaction (Wood and 

Grafman, 2003). This suggests that mPFC facilitates the neural basis of mentalizing 

(inferring to other’s mental states/interests) and abnormalities detected in this brain region 

underline this dysfunction observed in ASD individuals (Frith and Frith, 2006). Disruption in 

communication within amygdala-mPFC circuitry induced memory-processing deficits, 

suggesting a key role of the mPFC in the development of ASD (Fuchs et al., 2007; 

Mashhoon et al., 2010).  

Furthermore, thinning of several areas in the temporo-parietal region, a region central to the 

integration of social information, empathy and selective attention to salient stimuli, has been 

detected in individuals with ASD (McAlonan et al., 2004; Scheel et al., 2011; Greimel et al., 

2013). Increased cortical folding and cortical thickness in parietal lobes have been also 
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detected in brains of children with ASD (Kates et al., 2009; Ecker et al., 2013). On the 

contrary reduced cortical thickness, volume and surface area have been observed in the 

orbital frontal cortex (OFC) in individuals with ASD, which were associated with symptoms 

severity. From a functional perspective, the OFC is involved in sensory processing, goal 

directed behaviour, adaptive learning, and attachment formation and morphological 

alterations of this region may explain some of the aforementioned behaviours associated 

with ASD. The inferior and middle frontal gyri and the prefrontal cortex, found also in the 

frontal lobe, demonstrated also reduced cortical thickness in individuals with ASD 

(Hadjikhani et al., 2005; Jiao et al., 2010).  

Additional studies have shown both increases and decreases in volume and thickness of the 

anterior cingulate cortex (ACC) in ASD, a highly interconnected brain region with the social 

brain network (Doyle-Thomas et al., 2013). The ACC is situated in the frontal cortex, and has 

a role in self-perception, social processing, error monitoring, and reward based learning 

(Doyle-Thomas et al., 2013; Ecker et al., 2013), suggesting that abnormalities in this region 

is involved in social and reward deficits observed in ASD. Collectively, neuroanatomical 

abnormalities have been detected in several brain regions including the amygdala (AMG), 

substantia nigra (SN) basal ganglia (BG), and they are associated with manifestation of the 

core diagnostic symptoms, as illustrated in Figure 1.2. For more information on the 

neuropathology of autism see review from Amaral et al. (2008).  
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Figure 1.2: Major brain regions associated with core diagnostic symptoms of ASD. These form 

putative neural systems and are involved in the functions most impacted in ASD. Modified from 

Amaral et al. (2008). 

1.2.5.2.  Neurotransmitters and neuropeptides  

Alterations in several neurotransmitter systems of the CNS have been reported in ASD 

patients. Emerging evidence suggest that ASD may be associated with abnormalities in 

excitatory glutamate and inhibitory GABA neurotransmission (Pizzarelli and Cherubini, 
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2011). The balanced interaction between glutamate and GABA transmission is essential for 

regulating cognition, memory, learning and emotional behaviours, whereas an imbalance 

between glutamate excitation and GABA inhibition, leading to hyperexcitation, has been 

linked to ASD (Gogolla et al., 2009; Chao et al., 2010; Coghlan et al., 2012). In fact, Blatt 

and Fatemi (2011) detected significantly decreased levels of GABAA and GABAB receptor 

expression in the cerebellum, and lower levels of GABAB have been found in the frontal and 

parietal cortex of individuals with autism. This is likely to have an effect on the 

excitatory/inhibitory balance in brain, and might further lead to seizures, a common 

comorbidity in ASD (Fatemi et al., 2009).  

Evidence of glutamatergic dysfunction in autism have been also reported. These support 

either a hyper-glutamate theory in the development of ASD (Fatemi, 2008) or a hypo-

glutamate notion that has emerged from pharmacological effects of glutamatergic agonists 

and antagonists (Carlsson, 1998). In accordance to the hyper-glutamate theory, increased 

serum glutamate concentration has been detected in adults with ASD in comparison to 

healthy individuals (Shinohe et al., 2006) and, also in a small sample of children with ASD 

(Aldred et al., 2003), which seem to be related to the severity levels of social impairment 

(Shinohe et al., 2006). In contrast, magnetic resonance spectroscopy studies have detected 

decreased concentration of glutamate/glutamine in the anterior cingulate cortex (ACC) in 

ASD patients (Bernardi et al., 2011). Altogether, abnormalities in the central glutamatergic 

neurotransmission seem to be implicated in the pathogenesis of core and secondary 

symptoms of ASD. 

Evidence for dopamine (DA) neurotransmitter abnormalities in ASD have been also 

reported. Positron emission tomography (PET) studies showed that children affected with 

ASD have low dopaminergic activity in the medial prefrontal cortex (Ernst et al., 1997) than 

healthy controls, which is suggested to be linked to the disability of individuals with ASD to 

mentalize with others. Also, elevated DA transporter binding is detected in the orbitofrontal 
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cortex of high functioning ASD adults (Nakamura et al., 2010). It has been also shown that 

disruptions in DA signalling originating in the VTA and projecting to limbic structures, 

including the nucleus accumbens (Björklund et al., 1984) negatively impacts reward 

processing, a function important for developing social interactions (Curtis and Wang, 2005). 

Collectively, these findings highlight important ASD-related alterations in major 

neurotransmitter systems in the brain (mainly the glutamate, GABA and monoamines), which 

are likely to underlie some symptoms associated with ASD.  

Dysregulation of 5-HT has been also associated with the neurobiology of ASD. In fact, 

hyperserotonaemia has been reported in serum of children with ASD (Mulder et al., 2004). In 

addition, significant higher expression of 5-HT2A receptor subtype mRNA levels were found 

in platelets and the duodenum of autistic children with gastrointestinal (GI) problems (Kazek 

et al., 2010). GI problems in ASD individuals appear to be responsible for maladaptive 

behaviours in ASD such as irritability, social withdrawal, hyperactivity and stereotypy and, 

those behaviour maladaptations may create or exacerbate GI problems (Chaidez et al., 

2014). In addition, while mice deficient for tryptophan hydroxylase 2, the rate-limiting enzyme 

of 5-HT synthesis, displayed reduced number of physical contacts (Beis et al., 2015), 

administration of selective 5-HT reuptake inhibitors (SSRIs) prescribed to individuals with a 

form of ASD, improved core symptomatology of ASD (Kumar et al., 2012) providing further 

evidence for the role of 5-HT in sociability behaviour.  

Dysfunction of N-methyl-d-aspartate receptors (NMDAR) at excitatory synapses is also 

associated with ASD, as shown by human ASD-associated genetic variations found in genes 

encoding NMDAR subunits (Tarabeux et al., 2011; Kenny et al., 2014). It has been 

demonstrated that pharmacological modulation of NMDAR function ameliorates symptoms of 

social withdrawal and repetitive behaviour in ASD individuals (Posey et al., 2004; Urbano et 

al., 2014), suggesting that reduced NMDAR function may contribute to the development of 

ASD in humans. 
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As previously discussed, neuropeptide systems such as the OXT and AVP have been 

implicated in the neurobiology of ASD. In fact, low plasma OXT and AVP levels (Modahl et 

al., 1998; Al-Ayadhi, 2005) and abnormal levels of peripheral OXT followed by OXT 

administration suggest that OXT signalling is disrupted in ASD (Andari et al., 2010; Guastella 

et al., 2010). Clinical findings using intravenous or intranasal administration of OXT in 

individuals with autism have demonstrated major improvements in some of the core 

symptoms of ASD (Hollander et al., 2003; Andari et al., 2010; Guastella et al., 2010; 

Anagnostou et al., 2012; Anagnostou et al., 2014). However, prolonged OXT treatment 

seems to have detrimental effects on brain maturation providing not satisfactory evidence to 

allow OXT to be yet prescribed to patients. This thesis will focus on the understanding of the 

role of this social neuropeptide, as key objective, and hence extensive details covering the 

evidence linking this neurotransmitter system with ASD will be discussed in the introduction 

section of the result chapter 3.  

Studies of response to drugs attempt to furthering our understanding of the underlying 

neurobiological networks that appear to be implicated in the neurobiology of ASD. The 

aforementioned studies that we have drawn our attention to, highlight the use of SSRIs, 

NMDAR agonists and OXT peptide in the management of ASD symptoms. It is, therefore, 

suggested that a unified approach incorporating modulation of these receptor systems (5-

HTR, NMDAR, OXTR) might show greater treatment efficacy than a unilateral approach for 

the management of core symptomatology in the ASD pathology. 

Neurobiological changes have also been noted in opioid receptors with clinical findings 

demonstrating increased opioid concentration in plasma (Leboyer et al., 1994, Leboyer et 

al., 1999, Tordjman et al., 2009, Cazzullo et al., 1999, Bouvard et al., 1995), cerebrospinal 

fluid (Ross et al., 1987, Gillberg et al., 1985) and urine samples (Sokolov et al., 2014, 

Reichelt et al., 2012) from autistic patients. Recent evidence from clinical and preclinical 

studies have revealed a key role for endogenous opioids in ASD. Hence, this thesis will 
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focus on furthering the understanding of the role of the endogenous opioid system in order to 

shed light in their neurobiological basis in the development of ASD. For extensive evidence 

supporting the involvement of the opioids in ASD, see chapter 2.  

Furthermore, neurotrophic factors such as the brain-derived neurotrophic factor (BDNF) and 

the epidermal growth factor (EGF) detected in blood have been involved in the 

pathophysiology of ASD (Qin et al., 2016). In humans, increased BDNF levels were detected 

in serum of individuals with the disorder, while high expression of BDNF levels were 

detected in the valproic-acid rat model of autism (Schuch et al., 2015). In addition, a 

significant reduction in serum levels of EGF has been shown in adult patients with high-

functioning ASD as compared with controls (Suzuki et al., 2007), while similar findings are 

observed in children with ASD (Russo, 2013). For more information on neurotransmitters 

associated with autism see review from Bethea and Sikich (2007).  

1.2.6. Preclinical models of ASD 

The high homology between mouse and human genomes and the genetic modifications that 

can be achieved in mice have raised interest over the years in generating knock-out (KO) 

and transgenic mouse models of human conditions such as ASD (Belzung et al., 2005; 

Becker et al., 2014). Defining mouse behavioural paradigms with high relevance to the 

diagnostic symptoms of autism has been a fundamental conundrum, as ASD is a human 

disorder (Crawley, 2004) with heterogeneous clinical phenotype incorporating a range of 

behaviours. In humans, ASD is assessed mainly by interviews from the individual with ASD 

and their environment (parents/carers/educators) and, speech is certainly a unique feature of 

communication. Specific human features such as eye contact, sharing of interests or facial 

expressions cannot be reflected in animals either (Bernardet and Crusio, 2006). 

Nevertheless, rodent models offer valuable preclinical tools in producing diagnostic and 
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ASD-associated symptoms by having evaluated animal related behaviour with validated 

experimental tests. 

Three different criteria are evaluated for rodents before they are considered as good animal 

models for ASD: (i) construct validity, meaning that these models should mimic aspects of 

the aetiology, as autism is a multifactorial disorder (e.g., known mutations, neuroanatomical 

anomalies or environmental factors ASD-associated), (ii) face validity, which refers to 

similarity to clinical symptoms such as social deficits and repetitive behaviours that define 

ASD, and (iii) predictive validity referring to similarity of therapeutics between patients and 

animal models, such as similar drugs to improve social deficits or reducing stereotypies. 

However, as there is no approved drug treatment which can effectively treat the diagnostic 

symptoms of autism, predictive validity is not yet a determined criterion applied in animal 

models of ASD (Crawley, 2004; Belzung  et al., 2005). These ASD mouse models have 

been generally classified into four categories (Belzung et al., 2005); (i) mutant mice with 

abnormalities in several neuropeptide or neurotransmitter systems involved in social 

behaviour and attachment, such as mice lacking OXT, AVP, opioid and GABA receptors; (ii) 

models that mimic epigenetic factors such as exposure of the foetus to anticonvulsants that 

increase the risk of autism in humans; (iii) animal models of neonatal lesions of brain areas 

characterised by autistic-related symptoms, including the cerebellum, amygdala and 

prefrontal cortex; (iv) models of human genetic diseases associated with autism such as the 

Fmr1 KO mouse as a model of Fragile X syndrome, and Shank3 KO as a model of 

microdeletion, the Phelan-McDermid syndrome, and (v) the Borna virus-induced model of 

autism, representing the neonatal infection-induced category (Belzung et al., 2005; 

Bernardet and Crusio, 2006). Some of the rodent models of ASD, which are available for use 

in biomedical research along with their behavioural traits, are represented below (Table 1.1). 
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Table 1.1: A sample of preclinical models commonly used for the biomedical research of ASD. Adapted and updated from Belzung et. al. 

(2005). 

Model category 
Animals Behavioural traits References 

Neuropeptide deficits 

Vasopressin 

Brattleboro rats 
(Mutant in Avp gene) 

Impaired social recognition, no cardiovascular response to social 
isolation 

Gardiner and Bennett, 1983;  
Engelmann and Landgraf, 1994 

V1aR KO mice ↓ social recognition Bielsky et al., 2004  

V1bR KO mice ↓ social recognition, ↓ aggression, modified social preference Wersinger et al., 2002, 2004 

Oxytocin Oxt KO mice ↓ social recognition, ↑↓ aggression, ↓ultrasonic vocalisation in 
new-borns, ↓discrimination and aversion to parasited male odour 

(DeVries et al.,1997; Winslow et al., 2000; 
Ferguson et al., 2001; Choleris et al., 2003; 
Kavaliers et al., 2003) 

Opioid Oprm1 -/- mice  
(Mu-opioid receptor) 

↓ultrasonic vocalisation in new-borns, no preference toward 
mother cue, stereotypic and perseverance, aggressiveness,  
↑ anxiety, motor clumsiness, ↑ seizures susceptibility,  
spatial learning impairment, ↓ nociceptive thresholds,  
↓ gastrointestinal mobility 

Roy et al., 1998;  

Gavériaux-Ruff and Kieffer, 2002;  

Jamot et al., 2003; Moles et al., 2004; 

Becker et al., 2014 

Prenatal toxicity   

5-Methoxytryptamin Rat pups (E12 to 
P20) ↓ultrasonic vocalisation in new-borns, ↓ spontaneous alteration Kahne et al., 2002 

Valproic acid Rat pups (E9 or 
E12.5) ↓social behaviours, stereotypic-like hyperactivity Schneider and Przewlocki, 2005 

Neonatal infection   

Borna virus Rats ↓social play behaviour, longer duration of social exploration, ↑ 
stereotypy scale Hornig et al., 1999; Pletnikov et al., 2002 

Early lesion   
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Cerebellum Rats (P10) 

↓preference for a compartment with their own soiled litter when 
compared with time spent in the compartment with conspecific 
odours, identical exploratory behaviour in a session with noise and 
a session without noise (persevering behaviour) 

Bobée et al., 2000 

Amygdala Rats (P7) ↓ in social play behaviour, ↓ in some social exploration, 
↓spontaneous alternation, stereotyped-like walking pattern 

Wolterink et al., 2001;  
Diergaarde et al., 2005  

Medial prefrontal cortex Rats (postnatal) 

↓social play (pinning behaviour) in juveniles, no deficit in amount 
of social interactions in adults but decreased conditioned place 
preference for places associated with social contacts, ↓social 
grooming, spatial alternation deficit 

Vicedomini et al., 1982;  

Schneider and Koch, 2005 

Models of genetic diseases 
associated with autism   

Fragile X syndrome Fmr1 tm1Cgr, KO 
mice see Table 2.1 for behavioural traits see Table 2.1 for references 

Dishevelled gene Dvl-1 deficient mice 
↓social interaction, deficits in nest-building, ↓ bundling during 
home cage sleeping, subordinate responses in a social dominance 
test 

Lijam et al., 1997 

Reelin gene Reeler mutant mice Normal social aggression, no difference in social exploration Salinger et al., 2003;  
Podhorna and Didriksen, 2004 

Cerebellar and cortex 
abnormalities GS Guinea pig ↓social interaction, stereotyped behaviour in a motor learning task Caston et al., 1998 

Shank3 gene Shank3B mutant mice 
self-injurious repetitive grooming, anxiety -like behaviour in an 
elevated plus maze test, social interaction deficits in a social 
novelty test 

Peça et al., 2011 

Engrailed 2 gene Engrailed2 mutant 
mice 

defective spatial learning, ↑ seizure susceptibility, ↓social 
interaction, ↑ immobility in the forced swim test 

Brielmaier et al., 2012;  
Provenzano et al., 2014 
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The development of behavioural assays has paved the way to allow assessment of several 

aspects of sociability in rodents. Mice and rats are social species, like humans, exhibiting a 

wide range of social behaviours that includes approach to familiar and new conspecifics after 

olfactory pheromones emitted by other mice. They engage in reciprocal social interactions, 

communication via ultrasonic vocalizations, communal nesting, parenting and sexual 

behaviours, territorial scent marking and aggressive behaviours (Carter et al., 1992; Miczek 

et al., 2001; Terranova and Laviola, 2005; Arakawa et al., 2008; Silverman et al., 2010). 

Standardized methods for scoring behavioural phenotyping have been utilized to address 

whether preclinical animal models display social deficits analogous to those seen in ASD in 

humans.  

Rodents engage in reciprocal social interactions displayed by sniffing (nose to nose or body 

contact), paw contact, following behaviours assessed during e.g., direct social interaction 

paradigm (Peça et al., 2011; Pobbe et al., 2012). Also, three-chambered social approach 

task quantifies direct social approach behaviours when a subject mouse is assessed for its 

preference to spend time with either an unfamiliar mouse or an object (Nadler et al., 2004). 

Rodents communicate primarily through olfactory pheromones and emit ultrasonic 

vocalizations during social interactions (Chabout et al., 2012). Components of rodent 

ultrasonic vocalisations (USVs) that are analogous to human language communication, have 

been recorded and identified. Motor stereotypies and repetitive behaviours, as the second 

ASD diagnostic symptoms, are presented in mice models of ASD as high frequencies of 

behaviours such as circling, jumping, repetitive self-grooming, head shakes, rearing 

(Silverman et al., 2010; Mattila et al., 2011; Becker et al., 2014).  

In addition to the core symptoms of ASD diagnosis, there are associated symptoms that 

commonly occur as comorbid conditions, such as anxiety and depression. Common rodent 

behavioural tasks for the assessment of anxiety-like behaviours rely on the conflict between 

the tendency of mice’ spontaneous exploratory behaviour versus innate aversion to brightly 
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illuminated open areas such as light/dark exploration test. The elevated plus-maze, in which 

mice are assessed for the time they spent in the two open arms of an elevated plus-maze as 

compared to the two enclosed arms of the maze, is another well-validated assessment of 

anxiety behaviour. In fact, anxiolytic drugs administered to mice increase the number of 

entries as well as time spent in the open arm of the maze in this paradigm. Furthermore, 

they also increase time spent in the light compartment as well as number of transitions 

between compartments in the light/dark apparatus, confirming predictive validity criterion 

(Crawley, 1985; Cryan and Sweeney, 2011). Several animal models have been also used for 

studying neurobiological events that lead to affective deficits and depressive disorders, 

which can potentially mimic human depression. The stress-induced social defeat is one of 

them, in which mice have undergone chronic stress by experiencing persistent loss in 

aggressive social encounters (Hollis and Kabbaj, 2014). The social defeat model is further 

discussed in section 4.1. 

Exploration of all facets of ASD is essential before claiming that a model is relevant to ASD, 

yet most models have not been checked for the whole repertoire of ASD signs. Interestingly, 

several knock-out animals involving genes already associated with ASD such as Engrailed 

2 gene null mice and the Fmr1 KO mice have been developed (Bernardet and Crusio, 2006; 

Cheh et al., 2006; Brielmaier et al., 2012). Each of these candidate genes may be 

representative of a valuable model to be studied, despite that the classical ASD model is 

polygenic. The Fmr1 KO mouse model displays strong construct validity as it recapitulates 

many of the physical, physiological and behavioural clinical features that are shared with the 

human FXS and autistic-like phenotype. This model was used in experiments presented in 

this thesis and extensive description and discussion of this model can be found in chapter 2, 

section 2.1.4.4. Also, rare ASD models satisfy some aspects of the face validity criteria. 

These include the prenatal 5-methoxytryptamine and the valproic acid model, three of early 

postnatal lesion models, the GS Guinea pig and the Borna virus-induced infection in 
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neonatal rats. Table. 1.2 below describes the clinical phenotypes, which are relevant to 

rodent behavioural phenotype and the appropriate behavioural assessments used to 

evaluate preclinical ASD models. For a comprehensive review on translational models of 

ASD see review by Kazdoba et al. (2016).  

It is worth, however, to note that the aforementioned paradigms (e.g. elevated-plus maze, 

light/dark box) as well as others (e.g. the forced-swim test, open field test) have been 

developed and evaluated only for preclinical screening of psychotropic drugs. Therefore, 

they can be efficiently used for screening of compounds for their anti-depressant or 

anxiolytic action. Though, they have been widely used to assess behaviours in preclinical 

models on drug-free state that are further characterised as disorder-like, including anxiety- 

and depression-like disorders. Stanford, 2017, who has been very critical on this matter, 

strongly supports that data generated based on this misinterpretation should be considered 

as dubious, as the criteria for the validation of the tests as ‘models of the disorder’ are 

ignored. As it is further discussed by Stanford, 2017, the depression-like and anxiety-like 

symptoms, which are assessed in rodents do not reflect the symptoms which are presented 

in humans. In particular, in the elevated plus maze there is no justification why a mouse (in 

the drug free-state) that demonstrate increased activity in the open arms, is rather 

characterised as ‘anxious’ than a ‘cautious’ mouse (Stanford, 2017). These are valid and 

critical points to take into consideration when interpreting the data in our study.   
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Table 1.2: Clinical phenotypes of ASD analogous to rodent behavioural phenotype 

and the appropriate behavioural paradigms used for evaluation of preclinical animal 

models. 

Clinical phenotype Rodent behavioural 
symptoms 

Assessment criteria for behavioural 
paradigms 

I. Social interactions 
social sniffing, following, 
allogrooming 
 

three-chamber sociability, social interaction 
paradigm 
(Nadler et al., 2004; Peça et al., 2011; Pobbe et 
al., 2012)  

   Communication deficits olfactory pheromones, 
ultrasonic vocalizations 

recording ultrasonic vocalizations  
(Chabout et al., 2012)  

II. Stereotypy   
a) Motor stereotypies (hand 
flapping, toe walking, rocking) circling, head shakes, jumping, 

repetitive self-grooming, 
rearing, Y-maze 

 
Direct observation of stereotypies in 
mouse behaviour in a non-social context  
(Silverman et al., 2010) b) Repetitive behaviours/ 

interests 

Comorbidity 
  

Anxiety Anxiety-like behaviour 

elevated plus maze, light-dark exploration, 
novelty suppressed feeding  
(Crawley, 1985; Zhou et al., 2010; Cryan and 
Sweeney, 2011) 
 

Depression Depressive-like behaviour 

forced swim test, tail suspension test,  
social defeat model  
(Can et al., 2012; Can et al., 2012; Hollis and 
Kabbaj, 2014) 
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1.2.7. Treatment of ASD 

The core and secondary symptoms of ASD can set limitations to the quality of life of 

individuals with the disorder, and concomitantly the lives of their families and caregivers. 

Therefore, early diagnosis and cognitive behavioural therapy (CBT) can improve the lives of 

these individuals (Howlin et al., 2009). There is no current cure of the disease, but 

symptomatic management is available using pharmacologic agents for relieving some of the 

symptoms. Symptoms such as repetitive, restrictive and stereotyped behaviour, which 

overlap between patients with ASD and patients with OCD is known to be at least partly 

mediated by 5-HT dysregulation (Jacob et al., 2009). This combined with evidence of 5-HT 

system dysregulation in individuals with ASD, prompted the use of SSRIs in adults and 

children with ASD (Todd, 1991; Reiersen and Todd, 2008). SSRIs and tricyclic 

antidepressants (TCAs) have been commonly used for symptomatic treatment of ASD 

including repetitive behaviours (Lewis and Kim, 2009). Interestingly, while treatment with 

fluoxetine and fluvoxamine demonstrated improvement on repetitive thoughts, actions and 

obsessive–compulsive-associated scale scores in adults (McDougle et al., 1996; Hollander 

et al., 2012), fluoxetine or citalopram did not show any improvement on these symptoms in 

children with ASD (Hollander et al., 2005; King et al., 2009) suggesting that improvement 

effects on repetitive behaviours after SSRIs treatment is age dependent.  

The most common medications, which are FDA approved, are second generations 

antipsychotics (SGA) such as risperidone and aripiprazole (Siegel and Beaulieu, 2012; 

Spencer et al., 2013) that target frequently co-occurring behaviours in individuals with ASD 

such as irritability, aggression, self-injurious behaviour and severe tantrums (see diagram for 

co-occurring behaviours of ASD in Figure 1.1). Risperidone, which acts on and blocks DA 

and 5-HT systems, has been shown to ameliorate stereotypical behaviour in children with 

ASD (McCracken et al., 2002; McDougle et al., 2005; Chavez et. al., 2006), yet this is not in 
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line with other studies (Tehrani et al., 2014). The literature has varied findings on risperidone 

studies and only some of them suggest beneficial effects on core symptoms of ASD 

including improved social interactions and verbal communication skills, based on significant 

results (Scahill et al., 2013; Tehrani et al., 2014), whereas others showed improvements in 

repetitive, and stereotyped patterns of behaviour, interests, and activities of autistic children 

but not in social deficits (McDougle et al., 2005). Meta-analytical evidence reveals that SGAs 

(i.e. risperidone) provide improvement in behavioural associated symptoms of Asperger’s 

and high-function ASD (i.e. irritability, aggression) rather than core symptomatology, with 

most cases reporting weight gain as a potentially concerning adverse effect. This 

discrepancy in respect to the symptomatic treatment efficacy of SGAs among studies is 

potentially due to differences in experimental design used and, heterogeneity within ASD 

patients’ samples assessed. While nosological changes are re-adjusting the diagnostic 

criteria of ASD, it is inevitable that study populations are categorized according to 

intelligence level, adaptive, functioning and language ability to help make more relevant and 

specific determinations of efficacy (Sochocky and Milin, 2013). 

 Development of pharmacological approaches to treat impairment of social functioning in 

ASD including limited social interactions, non-verbal communication difficulties (e.g., eye 

contact, gestures, body posture) and impaired pragmatic language did not progress as fast 

as in other areas. As a consequence, no medications are available for treatment of social 

impairment associated with ASD (Wink et al., 2010). Nonetheless, therapies which include 

psychosocial support have been used to treat ASD individuals including social skills training 

and speech-language therapy, occupational therapy and CBT with varied efficacy. Several 

studies have examined the effects of social stories, verbal, and nonverbal social skills 

training, interactions with typical peers, CBT and computer face processing games as 

treatments for children with ASD (Barnhill et al., 2002; Bauminger, 2002; Smith et al., 2002; 

Carter et al., 2004; Sofronoff et al., 2004; Solomon et al., 2004; Pakenham et al., 2005). 
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However, few of these studies showed a positive impact on emotion recognition, life-problem 

solving and symptoms of depression in high-functioning ASD children after a laboratory/clinic 

based intervention (Solomon et al., 2004). In addition, an intervention focused on parent 

management resulted in improved parent reports reporting fewer and lower behaviour 

problems in children with high functioning ASD and, improvement in the social interactions at 

home (Sofronoff et al., 2004). CBT has shown remission of anxiety in children with ASD by 

cognitive-induced changes (Wood et al., 2009). Altogether these suggest that there is 

discrepancy in efficacy in these interventions and this might be due to the different 

approaches used as well as the heterogeneity within patients’ samples assessed. It is 

important to note that these and all other intervention research with children with high-

functioning ASD are used in combination with psychotropic medications, which target 

symptoms of anxiety and depression (Martin et al., 1999). These highlight the importance of 

applying combined pharmacotherapy and psychosocial interventions in the treatment of ASD 

symptomatology. Collectively, psychosocial and CBT therapies show some promising results 

in the treatment of core and secondary symptoms in ASD, which undoubtedly warrant further 

investigation. 

Clinical trials have evaluated the efficacy of classes of compounds in treating ASD core 

symptoms that have been challenging due to the heterogeneity of the disorder. Pilot studies 

assessing effects of intranasal administration of the social neuropeptide OXT in individuals 

with ASD showed an improvement in emotional recognition and social awareness in ASD 

individuals as well as in the neurotypically developed (Hollander et al., 2007; Bartz and 

Hollander, 2008; Rimmele et al., 2009; Bartz et al., 2010; Guastella et al., 2010). Functional 

neuroimaging studies demonstrated that brain structures associated with sociability including 

the NAc, posterior cingulate, and premotor cortex showed enhanced activity in children with 

ASD following intranasal OXT administration, which suggests that this neuropeptide 

enhanced social behaviour responses and it is potential target for ASD patients (Gordon et 
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al., 2013). However, despite the beneficial effects of intranasal OXT administration in ASD 

subjects, there are gaps in terms of knowledge concerning prolonged OXT treatment. The 

present thesis will attempt to address this in chapter 3, in which extensive details covering 

the evidence linking OXT with ASD are discussed. 

Arbaclofen, a selective GABAB agonist, which stimulates neurotransmitter inhibition, was 

also studied as potential treatment in ASD individuals demonstrating improvement on social 

responsiveness and withdrawal (Erickson et al., 2014). In addition, D-cycloserine, a partial 

agonist of the ionotropic glutamatergic NMDA receptor has been evaluated in studies, where 

children with ASD were assessed and showed significant improvement in social withdrawal 

(Posey et al., 2004). Memantine, an NMDA receptor antagonist in open label retrospective 

studies demonstrated significant improvements in language function and social behaviour 

(Chez et al., 2007; Erickson et al., 2007), however the outcomes were not consistent (Owley 

et al., 2006; Niederhofer, 2007). Clinical studies using cholinesterase inhibitors seem to be 

beneficial for the treatment of interfering behaviours in children with ASD, particularly 

aggression, behaviour dyscontrol and expressive language (Niederhofer et al., 2002; Chez 

et al., 2004; Nicolson et. al., 2006). For detailed information on potential treatments for ASD 

see review by Kazdoba et al. (2016).  

Collectively, although risperidone and aripiprazole are two FDA-approved drugs for the 

treatment of associated symptoms of ASD such as irritability and aggression, yet medicine 

for treating autism’s core characteristics need to be approved. However, medicines that can 

relieve irritability can concomitantly ease core symptoms of ASD by improving sociability and 

reducing aggressive outbursts, tantrums and self-injurious behaviours. Ultimately, aetiology-

based treatments of ASD are warranted.  
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1.2.8. ASD comorbidity with anxiety and depression 

ASD has been closely associated with mood disorders. Kanner (1943) demonstrated in his 

series of experiments that several children display symptoms of anxiety and fear of objects 

and events, while at least one showed a tendency to depression. Clinical studies show that 

depression is probably the most common comorbidity in individuals with ASD, even though 

its exact prevalence is not known (Ghaziuddin et al. 2002). Wing et al. (1992) was the first to 

suggest a link between self-awareness of social difficulties and depression in young people 

with ASD as they are more susceptible to emotional pain following social failures.  

High prevalence of secondary psychopathologies is reported in about 72% of children with 

ASD (Leyfer et al., 2006) with depression and anxiety being among the most common ASD 

comorbidities (Simonoff et al., 2008). Interestingly, it has been reported that emotional 

comorbidities such as symptoms of depressive disorder might worsen core symptoms of 

ASD (Perry et al., 2001; Matson and Nebel-Schwalm, 2007) and poor quality of social 

relationships often reported in this population might be related to increased levels of 

depressive and anxiety symptoms (White et al., 2009; Whitehouse et al., 2009). Taken these 

together, it is evident that social deficit, the core symptom in ASD can either act as a cause 

or the consequence to the development of depression and anxiety disorders.  

A meta-analysis study has revealed that approximately 40% of ASD individuals suffered 

from a type of an anxiety disorder (White et al., 2009b; van Steensel et al., 2011). Specific 

phobia was the most common type affecting about 30% of autistic individuals, while OCD 

and SAD or agoraphobia occurring in 17% of the autistic population (van Steensel et al., 

2011). Remarkably, the same study suggests that children with a particular ASD subtype 

might be more vulnerable to develop a certain type of anxiety disorder over another. Studies, 

in which anxiety levels across ASD subtypes were compared, support the notion that anxiety 

varies in relation to ASD clinical severity. Indeed children with less severe ASD symptoms 
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would display more anxiety (Macneil et al., 2009). Such examples are children and 

adolescents with Asperger’s - syndrome with less severe manifestation of ASD- which 

display the highest anxiety levels, followed by children with PDD-NOS (Weisbrot et al., 

2005). In contrast, other studies failed to find differences in anxiety levels between ASD 

subtypes (Kim et al., 2000; Gadow et al., 2005; Pearson et al., 2006; Sukhodolsky et al., 

2008). 

To conclude, these are indicative of the complexity that these secondary psychopathologies 

add to the primary characteristics of the disorder. Hence, understanding the neurobiological 

basis of this comorbidity and taking into consideration differential diagnosis and classification 

of comorbid symptoms, will open new avenues of research implicating treatment 

innovations. As the results of this thesis focus on the neurobiology of social defeat which is 

associated with the manifestation of depression- and anxiety- like symptoms, we will focus 

this general introduction on these two disorders.  

1.3. Other psychopathologies characterised by social deficits: Anxiety and 

depression 

The ‘Theory of mind’ as discussed earlier in section 1.1, represents an evolved 

psychological capacity highly developed in humans and it is comprised by social cognition. 

This enables mammals to infer to others’ mental states, emotions, social cues and 

attributional style (Premack and Woodruff, 1978; Allen et al., 2008). Social neuroscience 

research targets treatment interventions that will improve patients’ social cognitive skills. 

Although social interactions require a set of sophisticated skills, most social signals for 

majority of people are processed automatically, without awareness. The necessity of 

processing such crucial skills for successful social functioning, becomes obvious only when 

they are altered or insufficient. Various psychiatric disorders are characterised by impaired 

social cognition and social functioning like schizophrenia and addiction. There is growing 
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evidence that social cognitive deficits underlie poor functional outcomes in patients with 

psychiatric disorders and play an important role in the initiation and maintenance of the 

disorder (Dodge, 1993; Fett et al., 2011). Social deficit is central for many psychiatric 

disorders and extensive research has been conducted in several of these including ASD, 

OCD, ADHD, addiction, post-traumatic stress disorder (PTSD), schizophrenia and mood 

disorders (i.e. depression). As the research chapters in this thesis will focus on the 

neurobiology underlining ASD and social defeat, we will concentrate the general introduction 

on the three disorders: ASD, depression and anxiety characterised by social deficits. Mood 

disorders including depression appear to be more common in those with ASD than in the 

general population (Ghaziuddin et al., 2002). However, relatively little is known about its 

pattern of psychiatric comorbidity and diagnosing depression in ASD individuals remains a 

challenge given this population's difficulties coping with adversity, interacting socially and 

managing emotions. Therefore, the necessity for evaluating antidepressant treatment in the 

ASD population warrants more research.  

1.3.1. Symptomatology and prevalence 

1.3.1.1.   Anxiety 

It is widely believed that anxiety is a characteristic feature of our modern times and that the 

prevalence incidents have increased due to socio-politico-economical or environmental 

changes that have been implemented over the years (Bandelow and Michaelis, 2015). 

According to the DSM-5, anxiety disorders include disorders that share features of excessive 

fear and anxiety and related behavioural disturbances, which differ from normal feelings of 

nervousness or anxiousness. It is diagnosed as a psychopathology when the fear or anxiety 

exceeds the normal levels anticipated to a situation or it is age inappropriate and ultimately, 

hinders one’s ability to function normally (American Psychiatric Association, 2013).  
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Around 8.2 million cases of anxiety were reported in the U.K. in 2013 (Fineberg et al., 2013) 

with women being twice as likely compared to men of being diagnosed with anxiety 

disorders (Martin-Merino et al., 2010). Genetic and neurobiological factors as well as 

psychosocial parameters such as chronic stressors or childhood sexual abuse have been 

discussed as possible causes for the increasing prevalence in women (Bandelow and 

Domschke, 2015). Anxiety disorders, including panic disorder with or without agoraphobia, 

generalized anxiety disorder (GAD), social anxiety disorder (SAD), phobias and anxiety from 

separation are the most prevalent amongst all mental health diseases, as reported by the 

World Health Organization (WHO) Mental Health Survey of over 60,000 adults from 14 

countries (Kessler et al., 1994; Demyttenaere et al., 2004).  

SAD is one of the most common of all anxiety disorders, with approximately 12% high rates 

of lifetime prevalence as compared to other anxiety disorders (Kessler et al., 2005). 

According to DSM-5, SAD is defined as persistent fear, anxiety or avoidance of social or 

performance situations typically lasting 6 or more months in which the person is exposed to 

unfamiliar people (American Psychiatric Association, 2013). The National Comorbidity 

Survey revealed data showing that SAD is the third most common psychiatric condition 

following major depression and alcohol dependence (Kessler et al., 2005).  

1.3.1.2.   Depression 

According to DSM-5 criteria, depression is diagnosed when five or more symptoms, which 

are characteristic of 1) depressed mood such as feelings of sadness, hopelessness or 2) 

loss of interest or pleasure including significant weight loss/gain, decrease/increase in 

appetite are present longer than a 2-week period. These symptoms cause significant 

distress or social and professional life dysfunction and, are not caused by substance use or 

another medical condition (American Psychiatric Association, 2013). 
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Major depression is a debilitating, frequently occurring disorder linked to diminished quality 

of life, medical comorbidity and mortality (Spijker et al., 2004; Ustün et al., 2004). Information 

about the prevalence of depression have not been gathered for most countries, however 

lifetime prevalence estimates of major depression ranged from 1.0% in Czech Republic to 

16.9% in the US (Moussavi et al., 2007). Depression has been ranked as the 4th leading 

cause of disability worldwide, according to the WHO (Murray and Lopez, 1996), and it is 

estimated that it will be the second highest mortality cause by 2020 (Murray, 1997).  

The increasing number of incidents of depression and anxiety disorders caused by the 

pressures of modern life is a financial burden to society: mood disorders including 

depression and anxiety disorders estimated annual costs in the UK rise up to £16 billion and 

£9.8 billion, respectively (Fineberg et al., 2013).  

1.3.2. Aetiology of other psychopathologies characterised by social deficit 

Anxiety and depression are multifactorial conditions with genetic vulnerability and 

environmental factors, including psychosocial or physical stress being inextricably linked in 

their aetiology. Anxiety and depression are often comorbid conditions, but it is uncertain how 

this comorbidity develops. Anhedonia seem to be a key linking factor between anxiety and 

depression; being the intermediate stage of devolution from anxiety into depression. 

According to a cross-sectional study by Winer et al., (2017), individuals suffering from 

anxiety start losing pleasure in avoiding activities which are anxiety-driven, and this leads to 

development of other depressive symptoms. 

1.3.2.1. Depression 

Family, twin and adoption studies have indicated an important role of genetic factors in the 

development of major depressive syndrome (MDD) and anxiety disorders. Heritability degree 

of 40% to 50% was suggested by twin studies and, 2-3-fold increase in the risk of developing 
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MDD among first-degree relatives by family studies (Lohoff, 2010). Interestingly, genetic 

predisposition may be shared among mood and anxiety disorders, with the individual clinical 

manifestation resulting from both genetic and environmental influences (Martin et al., 2009). 

Comprehensive researching on the genetic origins of MDD used linkage studies, which are 

successful in detecting genetic risk factors for rare hereditary disorders with high 

penetrance. Genes involved in the serotonergic system including the 5-HT transporter gene 

(SLC6A4) are candidate genes for susceptibility to depression and anxiety disorders 

(Southwick et al., 1994; Lesch et al., 1996; Lesch and Mössner, 1998; Davis et al., 1999; 

Brady et al., 2000; Furmark et al., 2004; Samochowiec et al., 2004; You et al., 2005) and 

contribute to an individual's response to a traumatic event (Caspi et al., 2003; Lee et al., 

2005), given the fact that many antidepressant medications act on these systems (Fichtner 

et al., 1994; Caspi et al., 2010; Goldman et al., 2010; Uher and McGuffin, 2010). Anxiety 

disorders hold a genetic link for genetic variants of DA beta-hydroxylase gene (DBH), as this 

enzyme plays a role in converting DA to noradrenaline (NA) as part of catecholamine 

synthesis (Bloom, 1982). Additionally, the discovery of the tryptophan hydroxylase isoform, 

the THP2 gene, a rate-limiting enzyme in brain 5-HT synthesis links serotonergic systems 

with depression (Walther and Bader, 2003; Zill et al., 2004). A meta-analysis study in 

depression collected from 183 articles found the presence of  393 polymorphisms in 102 

genes showing a potential role for variants in the genes apolipoprotein E (APOE), guanine 

nucleotide-binding protein β-3 (GNB3), methylene tetrahydrofolate reductase (MTHFR), and 

5-HT transporter (SLC6A4) (López-León et al., 2008). Genome-wide studies were not 

successful to find significant correlations, although 11 SNPs were associated with MDD and 

were localised in a region within an overlapping gene, named piccolo gene, a presynaptic 

protein important in monoaminergic neurotransmission in the brain (Psychiatric GWAS 

Consortium Coordinating Committee, 2009).  
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Genetic and environmental components seem to be crucial for the development of MDD. For 

instance provided the robust correlation between stressful life events and risk of developing 

depressive symptoms, a specific gene variant was observed in MDD patients (Kendler et al., 

1995; Caspi et al., 2010). In particular, individuals with one or more copies of the short allele 

of the 5HTT promoter variants were at high risk of developing depression depending on the 

occurrence of adverse life events (Caspi et al., 2003). Early life experiences are known to be 

linked to increased risk for depression including childhood abuse (Kendler et al., 2002, 2006; 

Widom et al., 2007) or poor emotional contact with partners (Roy, 1981; Slavich et al., 2011). 

These early life experiences increase the risk of psychiatric disorders like depression and 

anxiety by implicating mechanisms that include biological processes, psychological and 

psychosocial constructs that convert temporary traumatic experiences into chronic 

vulnerabilities. For example poor parental care or parental loss results in low self-esteem 

and emotional instability (Kendler et al., 2003; Avagianou and Zafiropoulou, 2008; Parsons 

et al., 2010). These effects might limit the ability of the individual to form close relationships 

and therefore, weaken the quality of social support available in later life (Schoenfelder et al., 

2011). Evidence-based studies indicate that distinct but overlapping components of cortico-

striato-thalamic neural circuits affect regulation of depression and insecure attachment 

(Galynker et al., 2012). The trigger for a first episode of depression is potentially a physical 

event such as traumatic head injury or an internal event like hormonal challenges. However, 

it is more common the onset of depressive episodes following external events such as 

bereavement (Farmer and McGuffin, 2003; Slavich et al., 2010, 2011) or chronic stresses 

from unemployment, poverty and poor family life (Monroe and Harkness, 2005; Harkness 

and Monroe, 2006).  

Numerous studies have found that various environmental factors contribute to depression 

vulnerability. These factors include in utero exposure to infection, cannabis use, lack of 

nutrients, maternal stress, perinatal complications, social disadvantage, urban upbringing, 
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ethnic minority status, childhood maltreatment, bullying, traumatic events, and exposure to 

stress (Gámez-Guadix et al., 2013; Cummings et al., 2014; Gullander et al., 2014; Lin and 

Wang, 2014; Feingold et al., 2015). For an inclusive review on gene-environment 

interactions in depression see review by Lopizzo et al. (2015). 

Several studies have shown that early adverse environment result in epigenetic marks via 

DNA methylation and histone modifications changes which may play a key role in the 

development of depression in subjects suffering from depression (Mill and Petronis, 2007; 

Tsankova et al., 2007). Interestingly, these marks can be observed in DNA from samples 

taken from peripheral tissue either blood or epithelial cells, as well as from brain tissue or 

neuronal cells (Klengel et al., 2012; Provencal et al., 2012; Suderman et al., 2012). The 

glucocorticoid receptor gene (GR), (NR3C1) has been associated with early life trauma-

induced changes in DNA methylation profile of the promoter of the gene that is observed in 

brain tissue and blood cells (McGowan et al., 2009; Labonté et al., 2012; Suderman et al., 

2012; Melas et al., 2013). The monoaminergic transporter genes were also the focus of 

other studies and, mainly the 5-HT transporter gene SLC6A4. Changes in methylation in the 

promoter of this gene have been reported after being exposed to environmental factors and 

in association with depression in peripheral tissue (Alasaari et al., 2012; Zhao et al., 2013). 

This provides a mechanistic explanation underlining the ‘environment x genetic’ interactions 

in depression. In addition, the gene encoding brain-derived neurotrophic factor (BDNF) has 

been also repeatedly investigated for epigenetic changes in depression. BDNF is a member 

of the neurotrophin family of growth factors that regulate development, maintenance and 

function of vertebrate nervous systems (Huang and Reichardt, 2001). BDNF has been 

associated with depression and treatment response to antidepressants (Murphy et al., 

2013). Reduction of BDNF transcripts in peripheral blood was observed in several studies of 

acutely depressed patients, which was reversed after antidepressant treatment (Menke, 

2013). Furthermore, a higher BDNF promoter methylation profile was observed from a large 
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sample-size cohort of 108 depressed patients with history of suicidal attempts (Kang et al., 

2013). Yet another study demonstrated reduction in BDNF promoter methylation profiles 

found in the peripheral blood of depressed patients (Fuchikami et al., 2011). For an 

extensive review on epigenetics and depression see review by Menke and Binder (2014). 

1.3.2.2.   Anxiety 

Genes found to be associated with GAD have also been associated with MDD (Roy et al., 

1995). There is little evidence that early-life trauma influences the risk for developing SAD in 

adulthood, unlike in MDD (Hettema et al., 2001). The focus of this section will be on the 

aetiology of SAD and bullying, as the most relevant subtypes of anxiety disorders and social 

defeat consequences, respectively that they are discussed in the results sections. 

SAD has a high degree of familial aggregation with rates of estimated heritability being 

between 25 to 50%, indicating that environmental factors also play an important role in its 

development (Kendler et al., 1999). The outcomes from genome-wide linkage analysis 

associated the region found near the NA transporter gene, on chromosome 16 with SAD. In 

addition, findings have included association of low extraversion, a characteristic trait of SAD, 

with a functional gene variant of β1-adrenergic receptor (ADRB1) and two SNPs and a three 

SNP haplotype in the Catechol-O-methyltransferase (COMT) gene -encoding enzyme that 

degrade catecholamines- in female patients with SAD (reviewed in (Stein et al., 2008)). SAD 

is associated with shyness in childhood, low extroversion and high neuroticism. Genes 

associated with high behavioural inhibition include corticosterone-releasing hormone (CRH) 

and 5HTT (reviewed in (Stein et al., 2008)). Additionally, a variation in the glutamic acid 

decarboxylase 1 (GAD1) gene, which is involved in synthesis of GABA from glutamate was 

found to be significantly associated with internalising-neuroticism behaviour (Hettema et al., 

2006). 
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1.3.3. Neurobiology of other neuropathologies characterised by social deficit: anxiety 

and depression  

Mood and anxiety disorders are the result of various neuroendocrine, neurotransmitter and 

neuroanatomical disruptions. Shared neurobiological mechanisms might shed light in the 

overlapping symptomatology of depression and anxiety. Anxiolytic and antidepressant drugs 

are well-documented to act primarily on monoaminergic systems; hence they have 

implicated 5-HT, NA and DA in the pathogenesis of mood and anxiety disorders. Genetic 

studies have widely employed products, which regulate monoaminergic signalling in the 

pathophysiology of mood and anxiety disorders, and they play critical role for the mechanism 

of action of antidepressants.  

1.3.3.1.   Monoamine hypothesis 

The monoamine hypothesis in depression initially postulated that low levels of monoamines 

are likely to be observed in depressed individuals, based on findings reporting that 

antidepressant drugs acutely increase their levels (Hirschfeld, 2000). Monoaminergic 

antidepressants are however widely used for first-line medication, though they do not exert 

their clinical benefit immediately, and benefit only some people and not others. This 

hypothesis emerged after the accidental discovery of the antidepressant effects of tricyclics 

and monoamine oxidase inhibitors (MAOIs). The first evidence, involves two structurally 

unrelated compounds (iproniazid and imipramine) developed for non-psychiatric conditions 

that demonstrated potent antidepressant effects in humans and enhanced central 5-HT and 

NA transmission (White and Roos, 1959). The second important factor adding evidence to 

the development of this hypothesis, however a controversial one (Baumeister et al., 2003) 

was reserpine, an antihypertensive drug acting by depleting monoamines, which caused 

depressive symptoms in a subset of patients (Davies and Shepherd, 1955).  
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In experimental studies, in which they have ingested a mixture of tryptophan-deficient amino 

acid that causes the transient reduction of 5-HT levels in the brain, to patients in remission 

and patients who are under medications at the time of study have shown that they are both 

likely to experience a brief relapse of symptoms during tryptophan depletion. This suggests 

that a lowering of serotonin levels may result in depression (Ruhé et al., 2007; Rot et al., 

2009). However, lowering serotonin levels by tryptophan depletion does not induce 

depression in all individuals. It has been reported that tryptophan depletion studies with 

individuals with an absence of personal or family history of depression did not show any 

mood changes (Ruhé et al., 2007). Several factors could contribute to an individual’s 

vulnerability to the effects of modified levels of 5-HT on mood (Jans et al., 2007). These 

suggest that the relationship between monamines and depression is not clear, and due to 

the complexity of the pathophysiology of depression, this hypothesis is now regarded as too 

simplified to explain the pathology. However, it has led to the development of 

antidepressants such as selective serotonin reuptake inhibitors (SSRIs) or serotonin-

norepinephrine reuptake inhibitors (SNRIs), which are widely used.  

Today’s antidepressant agents are designed to increase monoamine transmission acutely 

(Berton and Nestler, 2006), either via inhibition of neuronal reuptake such as SSRIs or by 

preventing degradation like MAOIs (Trivedi et al., 2006). While MAOI and SSRIs increase 

immediately monoamine transmission, it requires weeks of treatment to induce their mood-

enhancing properties. Serotonin-Noradrenaline Reuptake Inhibitors (SNRIs) have a similar 

mechanism of action to SSRIs but they block selectively the reuptake of 5-HT and NA. 

However, they have similar efficacy and side effects as SSRIs (Lambert and Bourin, 2002). 

On the other hand, the primarily used antidepressants; TCAs act by blocking reuptake of NA 

and to a lesser extent 5-HT. TCAs are more selective than the MAOIs, but not as selective 

as SSRIs/SNRIs (Tatsumi et al., 1997; Gillman, 2007).  
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Monoamines appear to be implicated in the neurobiology of SAD, however there are not 

many clinical-based studies to support the preclinical findings. Medications including 

benzodiazepines, SSRIs, SNRIs and MAOI have some efficacy in the treatment of SAD. 

SSRI treatment is successful in treating SAD symptoms and reversing brain abnormalities 

such as elevated amygdala activity (Schwarzt et al., 1999; Mathew and Ho, 2006) and 

altered dopaminergic transmission evident in the mesolimbic reward pathway (Schneier et 

al., 2000) that suggests a monoaminergic role in the aetiology of SAD (Stein et al., 2008). In 

addition, studies supporting disrupted monoaminergic signalling in patients with SAD have 

demonstrated reduced 5HT1A receptor binding in several brain regions such as the 

amygdala, nucleus accumbens core, insula and dorsal raphe nucleus, which suggests a 5-

HT1A disruption in the aetiology of SAD. It has been also reported that DA plays a role in the 

aetiology of SAD. In fact, neuroimaging analyses have revealed reduction in both the density 

of the DA transporter and binding capacity for the D2R (as reviewed in (Engel et al., 2009)). 

Interestingly, patients with Parkinson’s disease have high rates of comorbid SAD, reinforcing 

a role of DA in SAD (reviewed in (Stein et al., 2008)), however this co-morbidity could be 

caused by psychological factors such as insecurity due to display of the physical symptoms 

instead of a common aetiology of DA dysregulation.  

There are several proteins that regulate monoaminergic signalling and seem to be involved 

in the pathophysiology of mood and anxiety disorders. These are monoaminergic regulators 

including transmitter receptors; vesicular monoamine transporter (vMAT), which packages 

the AVP and OXT neurotransmitters into vesicles (Egashira et al., 2007). These 

neurotransmitters are then released in the CNS to regulate several physiologies such as 

stress and affiliative behaviours. Additionally, there are transmitter-specific reuptake 

transporters such as the 5-HT transporter (SERT) and DA transporter, the enzyme 

monoamine oxidase and the COMT enzyme (reviewed in (Martin et al., 2009)).  
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1.3.3.2.   The neuroendocrine hypothesis of depression 

The HPA axis is importantly involved in the pathophysiology of depression. The HPA axis 

activity is regulated by the secretion of CRH and AVP from the hypothalamus, which then 

activates the secretion of adrenocorticotrophic hormone (ACTH) from the pituitary and finally 

stimulates the secretion of the glucocorticoids (GC) (cortisol in humans and corticosterone in 

rodents) from the adrenal cortex. Activation of the HPA axis is self-limiting due to the 

inhibitory effects of GC on the stress response. The activated HPA axis regulates CNS as 

well as body peripheral functions (Fernández-Guasti et al., 2012). Sustained stimulation of 

the HPA axis due to chronic stress or through dysregulation of GC-mediated negative 

feedback has been associated with mood disorders such as depression (McEwen, 2005). It 

is worth mentioning that Hans Selye was the first to classify the steroid hormones, including 

GC by performing extensive structure-activity studies in the 1930s-1940s and his preclinical 

work led to recognition of the "general adaptation syndrome", which was later called "stress 

response" characterised by physiological changes (Selye, 1936, 1941). 

It has been reported that elevated levels of cortisol in saliva, plasma and urine were found in 

depressed patients as well as increased size and overactivity of the pituitary and adrenal 

glands (as reviewed in (Pariante and Lightman, 2008)). This increased activity of the HPA 

axis reported in depression is thought to be partially due to reduced feedback inhibition by 

endogenous GC. Through binding to the GC receptor (GR) and the mineralocorticoid 

receptor located in the HPA axis, the endogenous GCs serve as potent negative regulators 

of HPA axis activity (Pariante, 2006). 

Several triggers such as early stressful life events may cause changes in the stress 

responses and thus of the HPA axis, which can continue during adulthood, predisposing 

individuals to develop psychopathology of anxiety and depressive disorders. In particular, 

increased plasmatic ACTH and cortisol levels have been observed during behavioural 
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despair in neonate non-human primates when separated from the mother (Levine et al., 

1985; Hennessy and Moorman, 1989). Furthermore, direct injection to the cerebral nervous 

system of CRH in laboratory animals produced effects of reminiscent of stress, depression, 

fear and anxiety via activation of specific brain regions (Dunn and Berridge, 1990; Owens 

and Nemeroff, 1991; Weiss et al., 1994; Heim and Nemeroff, 2001). 

Clinical observations from 90 subjects exposed to early parental loss in childhood reported 

higher cortisol and ACTH levels in plasma from subjects who were diagnosed with a 

psychiatric condition as compared to those who did not receive diagnosis (Breier et al., 

1988). In addition, observations from children who experienced permanent or long-term 

separations from parents, or parental death demonstrated hyperactivity of the HPA axis 

accompanied with increased basal salivary cortisol concentrations (Flinn et al., 1996; Pfeffer 

et al., 2007), cortisol non-suppression after the dexamethasone suppression test (Weller et 

al., 1990), and from the combined Dex/CRH test (Tyrka et al., 2008) further indicating that 

early life stress contributes to dysregulation of the HPA axis. 

In addition, hyper-responsiveness of the HPA axis has been reported in patients with SAD, 

mainly during a psychosocial stressor which increased plasma cortisol (Furlan et al., 2001; 

Condren et al., 2002; Van West et al., 2008; Roelofs et al., 2009), while findings at baseline 

are similar to those of controls (Condren et al., 2002; Roelofs et al., 2009). Collectively these 

data support the notion that increase hypersensitivity of the HPA axis predisposes to 

depression and anxiety psychopathologies. For more information on the pathophysiology of 

depression see review by Hasler (2010), and by Krishnan and Nestler (2008). Also for the 

neurobiology of anxiety disorders see reviews by Martin et al. (2009) and Faravelli et al. 

(2012). 



72 

 

1.3.4. Anxiety and depression association with social defeat consequences 

Psychiatric disorders like depression (Fava, 1998; Mammen et al., 2002) and anxiety 

disorders (Eronen et al., 1998) are associated with severe emotional disturbances as well as 

with impaired social functioning including impairment on social cognition and withdrawal as 

well as excessive aggression (reviewed in Kohn and Asnis, (2003; Swann, (2003; Neumann 

et al., (2010)). This is biologically explained as there is high interconnection between neural 

circuits regulating social behaviours and emotions. In fact, social deficits causing excessive 

aggression might arise as a consequence of faulty emotional regulation (Davidson et al., 

2000). As anxiety and depressive behaviour were investigated as part of this thesis in 

relation to ASD and the neurobiology underlining social defeat, we will focus this section on 

understanding the association between emotional impairment and social deficit. 

1.3.4.1.   Definition and symptomology 

Social defeat refers to stressor generated by continuous loss of social encounters among 

conspecific animals, or hostility behaviour among humans, potentially causing significant 

psychological and functional consequences in respect to control over resources, and 

hierarchical positions (Björkqvist, 2001). Hierarchical and territorial behaviour is prevalent in 

animals and humans, however these behaviours are not included in DSM1-5 (Rohde et al., 

2001). Living in a group, has both advantages and disadvantages, and while resources are 

not infinite in any ecosystem, distribution of access to such resources, and to peers is 

inevitably uneven among individuals belonging to a social group (Alexander, 1974; De Waal, 

2000). 

In humans, social defeat is most often associated with bullying in schools and in workplaces. 

The psychological distress resulting from bullying, both in children and adults has been 

associated with various negative health effects. Studies conducted on this topic as a branch 

of social psychology, focus on the concomitant psychosocial effects of social defeat 
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including depression, anxiety, loss of self-esteem, social phobia, sleeping problems, 

irritability and lack of concentration (Björkqvist, 2001; Arseneault et al., 2010). Also, several 

studies have reported the association between bullying and symptoms of somatic effects like 

muscle-skeletal pain fatigue and GI symptoms (Bowling and Beehr, 2006; Nielsen et al., 

2012).  

Experimental rodents like the social defeat mouse model are utilised and extended to 

include observations of human behaviour such as aggression and bullying in the social 

context (Björkqvist, 2001; Rohde et al., 2001). Bullying is a subcategory of aggressive 

behaviour. It refers to a long-lasting and systematic form of interpersonal aggression and 

even violent behaviour by superiors, co-workers or other students directed against an 

individual over some period of time, and the target finds it difficult to defend themselves 

(Olweus, 1993; Einarsen and Skogstad, 1996). The literature identifies several forms of it 

such as physical, verbal, relational bullying and cyberbullying (Elinoff et al., 2004; Stassen 

Berger, 2007). Bullying behaviour involves repeated exposure to aggression in forms of 

verbal hostility or threats, teasing, physical assaults and social exclusion (Einarsen, 2000; 

Solberg and Olweus, 2003; Juvonen and Graham, 2014). Bullying is a significant social 

stressor for many adults and children with estimated prevalence rate of 32% in schools 

(Nielsen et al., 2015) and 15% in workplaces (Nielsen et al., 2010). The high prevalence of 

bullying in the society is an indicator for representing the extent of the problem that further 

underlines major socioeconomic implications.  

1.3.4.2.   Neurobiology of social defeat consequences 

Social defeat is a source of chronic stress in both animals and humans as addressed before 

that can cause behavioural, physiological and endocrine changes, and these changes can 

affect normal brain functioning and, overall the health of individuals (Björkqvist, 2001; 

Rohde, 2001; Allen and Badcock, 2003). As previously discussed in section 1.3.3, 

https://en.wikipedia.org/wiki/Aggression
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monoamine theory depletion and HPA axis dysregulation have been majorly implicated in 

the pathogenesis of MDD and, subsequently in social defeat in humans. There is emerging 

evidence linking nicotinic acetylcholine receptors (nAChRs) with depression and, exposure 

to nicotine by tobacco smoking with depression. Certain nAChRs subtypes have been 

proposed for the treatment of depression. Yet, it remains unknown the neurobiological basis 

that connects nicotine with depression. In the present thesis, we will focus on investigating 

the role of DA and nAChR subtypes in the context of social defeat. For more information 

about the relationship between depression and nicotine, see the introduction section of 

chapter 4. 

1.3.4.3.   Social defeat as an animal model of depression 

There are several animal models of anxiety, depression with different face, construct and 

predictive validity (for more information see review by Miczek et al. (2008)). As chapter 4 of 

this thesis will focus on the social defeat paradigm as a reliable model of depression induced 

by chronic psychosocial stress exposure, we will concentrate the general introduction on this 

paradigm alone. Social defeat model provides ethologic and ecologic validity, as it uses 

social conflict via repeated exposure to failed social encounters without prior habituation, in 

order to generate emotional and psychological stress (Tidey and Miczek, 1997). Social 

defeat induces a number of physiologic changes including increased heart rate, elevated 

blood pressure, and increased ACTH and corticosterone levels (Tornatzky and Miczek, 

1993). Consistent with known biological consequences observed in depression (section 

1.3.1), rodents that have undergone repeated exposure to social defeat display severe 

neurobiological modifications. These include morphological changes such as reduction in 

volume and cell proliferation in the hippocampus and the medial prefrontal cortex (Czéh et 

al., 2001, 2007; Becker et al., 2008; Van Bokhoven et al., 2011) as well as HPA axis 

dysregulation evident by elevated corticosterone levels (Razzoli et al., 2006; Buwalda et al., 
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2011). Thus, face validity is provided in this model, as it mimics the symptomatology of 

stress-related disorders including depression in humans (Martinez et al., 1998; 

Avgustinovich et al., 2005). The development of social defeat in mice as well as employing 

of the social interaction paradigm has demonstrated that socially defeated mice display a 

long-lasting social avoidance, which is reversible after chronic, but not acute treatment with 

antidepressants (Berton and Nestler, 2006; Tsankova et al., 2006), providing also predictive 

validity in this model of depression. Several therapeutic targets have been identified in social 

avoidance behaviour, and nAChRs seem to be among the most promising. For detailed 

information on the relationship between nAChRs and depression by utilising a social defeat 

paradigm, see chapter 4. 

1.4. Focus of the thesis 

This thesis focuses on understanding the mechanisms underlining the neurodevelopmental 

condition of ASD and also, on assessing the efficacy and neurobiological consequences of 

chronic OXT administration, as potential pharmacotherapy for the treatment of ASD. In 

addition, we have investigated the involvement of specific CNS targets in the neurobiology of 

social defeat which is a common psychopathology characterised by impairment in the social 

domain. Several neuronal systems have been implicated in the neuropathology of ASD, 

however, the underlining neurobiology remains unclear. As a result, more in depth 

understanding of the neurobiology underlining ASD is needed which will aid the development 

of pharmacological targets for its effective treatment. To this end we assessed the 

endogenous opioid system in a well-established model of ASD, the Fmr1 KO as there is 

emerging clinical and preclinical evidence pointing towards a dysregulation of this system in 

ASD (evidence discussed extensively in chapter 2).  

Pharmacotherapy is currently not available for the treatment of ASD but symptomatic 

management is available using pharmacologic agents for relieving some of the symptoms, 
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as discussed above. Emerging preclinical and clinical evidence have been supporting the 

role of intranasal OXT, as a novel therapeutic target in ASD (for extensive review of the 

evidence see chapter 3). Nonetheless, most studies focus on the acute effect of the drug 

and, the long-term effect of OXT exposure on related ASD-like symptomatology and brain 

neurochemistry is currently unknown. Long-term exposure of drugs often triggers 

compensatory alterations to CNS systems which may alter behaviour. Hence, we further 

investigated the behavioural and neurobiological effects of acute and chronic intranasal OXT 

administration in the Fmr1 KO mouse and in WT animals, to assess the efficacy of OXT in 

mice with autistic-like phenotype as well as the effect of OXT in WT healthy mice. We carried 

out extensive behavioural, gene transcriptional and receptor autoradiographic binding 

studies in order to assess long term effects of OXT on this ASD model and WT animals. This 

is the first study with chronic OXT administration undertaken in the Fmr1 KO mice, providing 

deeper understanding of long-lasting effects of OXT in the treatment of ASD.  

Social defeat is a common psychopathology characterised by impairment in the social 

domain and is emerging as a more reliable and translationally relevant model of depression 

and social anxiety. Both social anxiety and depression often co-occur with the core 

symptoms of ASD. Although a lot is known about the neurobiology underpinnings of 

depression, pharmacotherapy available to treat this condition is often ineffective and 

problematic. Therefore, better understanding of the neurobiology underlining social defeat is 

needed in order to develop more effective targeted pharmacotherapy for the successful 

treatment of the condition. Emerging evidence support a role of nAChRs and DA receptors in 

social anxiety and depression (for extensive review on the evidence linking those 

neurotransmitter systems with depression, see introduction section of chapter 4). To this 

end, we investigated α4β2*, α7* nAChRs and the D2R receptor binding levels in the brains of 

mice exposed to chronic defeat stress by autoradiographic binding. This study will contribute 

to shed light in the potential involvement of nAChRs and D2Rs in the neurobiological 
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mechanisms underlining social defeat which point towards therapeutic interventions for this 

condition. 



78 

 

1.5. Aims and Hypotheses 

The present thesis aims to shed light in neurobiological alterations that might occur at 

transcripts and receptor binding levels in animal models characterised by impairment in the 

social domain including ASD and depressive-like behaviour. In particular, the studies 

presented in this thesis assess specifically key central systems such as the oxytocinergic, 

the opioid, dopaminergic and the nACHR system in the neurobiological underpinnings of 

these pathologies as assessed in an ASD mouse model (Fmr1 KO) and a social defeat 

mouse model, respectively. In addition, efficacy of intranasal OXT pharmacotherapy as well 

as the consequences on brain neurochemistry at mRNA and receptor binding level following 

the treatment are assessed in an ASD animal model. The specific objectives for each 

chapter are as follows: 

 

Chapter 2: The involvement of the endogenous opioid system in the neurobiology of 

autism 

a) To assess levels of μ-opioid receptor (MOR), δ-opioid receptor (DOR) and κ-

opioid receptor (KOR) receptors binding in the brains of well validated mouse 

model of autism, lacking the Fmr1 gene by using quantitative autoradiography in 

the brains of WT and Fmr1 KO mice. A global decrease of MOR, DOR and KOR 

binding levels, and most predominantly the MOR, is hypothesized to be observed 

in the brains of the Fmr1 KO mice.  

b) To examine mRNA transcript levels of the genes of the endogenous opioid system 

(receptors and peptides) by performing quantitative Real Time PCR (qRT-PCR) in 

Fmr1 KO mice in brain regions that play major role in reward and social behaviour 

such as the nucleus accumbens (NAc), caudate putamen (CPu), ventral tegmental 
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area (VTA), emotion processing such as the central amygdala (CeA) and 

cognition, the prefrontal cortex (PFC). It is hypothesized that the mRNA levels of 

the endogenous opioid ligands (prodynorphin and proenkephalin) and receptors 

(DOR, KOR, MOR) will be found down-regulated in the brains of the Fmr1 KO 

mice. 

c) To assess levels of mRNA transcripts of genes involved in the modulation of 

glutamate and dopamine neurotransmission as well as the neuropeptides, 

oxytocin and vasopressin, which are all known to be involved in the ASD 

pathology, in Fmr1 KO mice by utilising additional qRT-PCR experiments across 

the five aforementioned brain regions. It is hypothesized that transcripts of these 

genes will be also altered in the brains of the Fmr1 KO mice as compared with WT 

controls. 

 

Chapter 3: Effects of chronic intranasal oxytocin treatment on social behaviour, gene 

expression and receptor binding in an animal model of autism 

a) To assess the therapeutic potential of chronic intranasal administration of OXT in 

ASD by examining the effect of acute and chronic intranasal administration of OXT 

on the autistic-like behavioural phenotype in Fmr1 KO mice including sociability, 

repetitive behaviour, anxiety and memory. A battery of behavioural paradigms 

including social interaction test, three-chamber sociability, motor stereotypies, 

novelty suppressed feeding, marble burying and novel object recognition were 

used to assess this objective. Intranasal OXT administration is hypothesised to 

improve behaviours, which are impaired in in the Fmr1 KO mice, acutely and 

chronically including social interactions, stereotypical behaviour, cognition and 

eliminate anxiety. 
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b) To investigate the pharmacological effect of chronic intranasal administration of 

OXT, on OXTR, NMDAR and mGluR5, which are all known to be involved in ASD 

neurobiology, in the Fmr1 model of ASD. Quantitative autoradiography was 

carried out to tackle this objective. Our hypothesis is that intranasal OXT 

administration in the Fmr1 KO mice will induce increase in OXTR, and decrease in 

mGlu5R and NMDAR binding levels in the brains of the mutants.  

c) To investigate the expression of mRNA transcripts of several systems involved in 

the neurobiology of ASD including the endogenous opioid system, glutamatergic, 

OXTergic in Fmr1 and WT mice chronically treated with OXT. qRT-PCR across 

two brain regions crucial in reward/motion and emotion processes; the CPu and 

the CeA was performed. It is hypothesized that intranasal OXT administration in 

the Fmr1 KO mice will alter transcript levels of the endogenous opioid system, as 

well as the OXTergic, glutamate and dopaminergic systems, which are implicated 

in the etiopathology of ASD. 

 

Chapter 4: Effect of chronic social defeat stress on nAChRs and D2 receptors: An 

autoradiography study in mice 

 To determine the effects of chronic social defeat exposure on ‘healthy’ mouse brain 

nicotinic acetylcholine receptors (AChRs) and dopamine receptor (D2R subtype) systems 

with quantitative autoradiography in brains of socially defeated mice. It is hypothesized 

that chronic social defeat exposure will induce decrease in the nAChRs and D2R binding 

levels in the brains of WT naïve mice. 
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2. Chapter 2: The involvement of the endogenous 
opioid system in the neurobiology of autism 
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2.1. Introduction 

2.1.1. Pharmacology of the opioids 

Exogenous opioids are a class of drugs derived from the opium poppy, where the 

biologically active alkaloid, morphine, is abundantly found. Opiates, namely the synthetic 

opioid drugs such as morphine, codeine or the semi-synthetic opiate heroin, act on three 

opioid receptor subtypes; the μ-opioid receptor (MOR), δ-opioid receptor (DOR) and κ-opioid 

receptor (KOR) (Martin et al., 1976; Lord et al., 1977). MOR, DOR and KOR are encoded by 

the Oprm1, Oprd1, and Oprk1 genes respectively. The opioids neuropeptides are processed 

from large precursor proteins, encoded by proenkephalin (PENK), prodynorphin (PDYN) and 

pro-opiomelanocortin (POMC) genes. Opioid receptors are activated by endogenous opioid 

peptides, including β-endorphins which are selective for MOR, enkephalins which act on 

both MOR and DOR, and dynorphins acting on KOR.  

The opioid receptors are G-protein-coupled receptors (GPCRs).The opioid peptides share a 

common NH2-terminal sequence (Tyr-Gly-Gly-Phe) that allows them to bind to opioid 

receptors (Bradbury et al., 1976). Opioid receptors are coupled to inhibitory G protein (Gi) 

and receptor activation thereby decreasing the intracellular cyclic adenosine monophosphate 

(cAMP) by the inhibition of the adenylate cyclase. Opioid receptors canonically couple to 

Kir3 and Ca2+ channels via Gβγ pathways. Activation of opioid receptor leads to an increase 

of intracellular potassium by activation of the Kir3 channel and blockade of the Ca2+ current 

sensitive P/Q-type, N-type and L-type channels (Diaz et al., 1995; Torrecilla et al., 2002) 

leading to inhibition of neuronal activity and/or suppression of neurotransmitter release. 

Opioid receptors and endogenous opioid peptides are broadly expressed throughout the 

CNS and the periphery (Le Merrer et al., 2009). The distribution pattern of opioid receptor 

expression in the brain is relatively similar for the MOR and KOR, yet more distinct for DOR. 

MOR in mice, is mostly expressed in the amygdala (AMG), excluding the central nucleus of 
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amygdala, thalamus (Th), mesencephalon, caudate putamen (CPu), nucleus accumbens 

(NAc) and some brain stem nuclei (Le Merrer et al. 2009). DOR is highly expressed in the 

olfactory tract, the cortex including neocortex, amygdala and the striatum (Pellissier et al. 

2016). KOR is widely distributed in the basal anterior forebrain including endopiriform cortex 

(Den) and claustrum, striatum (CPu and NAc), olfactory tubercle, hypothalamus (Hyp), 

preoptic area and pituitary (Kitchen et al., 1997). For extensive reviews on opioid 

pharmacology see reviews from Le Merrer et al. (2009) and Al-Hasani and Bruchas (2011).  

Opioids have been traditionally used in the clinic for their analgesic effects. However, 

repeated use and abuse can result in the development of tolerance to certain effects of 

opioids, thus discontinuation of the use of opioids will be necessary. Another phenomenon 

that can be developed during repeated treatment with opioids is physical dependence and 

withdrawal symptoms (Al-Hasani and Bruchas, 2011). Therefore, opioids are prime targets 

for pain management yet can induce serious adverse effects. Opioids are also used for a 

number of other therapeutic indications including modulation of self-administration of drugs 

of abuse, brain stimulation reward and social behaviour (Panksepp et al., 1980; Kreek, 1996; 

Van Ree et al., 2000). Evidence has been presented that endogenous opioids play a role in 

the development of neurodevelopmental diseases such as autism, and this will be the key 

objective for appraisal of this chapter. 

2.1.2. The concept of the ‘opioid theory’ in autism 

The opioid hypothesis in autism was first described by Panksepp in 1979 as an emotional 

disorder characterised by excessive endogenous opioid activity (Panksepp, 1979; Leboyer 

et al., 1994, 1999). Ever since it has been associated with elevated levels of the endogenous 

opioid peptide, β-endorphin, which was detected in plasma of autistic infants (Leboyer et al., 

1994). Interestingly, Panksepp formulated the idea that Kalat first tentatively suggested 

(Kalat, 1978) that the symptoms observed upon opiate withdrawal in dependent individuals, 
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i.e. symptoms of emotional lability, stereotypy, reduced socialization, correspond closely to 

those observed in autistic children (Panksepp et al., 1978; Panksepp, 1979). Based on this, 

he further suggested that therapy with opioid antagonists will be beneficial for the treatment 

of the autistic syndrome (Panksepp, 1979). In line with the opioid hyperactivity theory, 

clinical findings have demonstrated an increased concentration of the endogenous opioid 

neuropeptide, β-endorphin, in plasma (Leboyer et al., 1994, 1999; Bouvard et al., 1995; 

Cazzullo et al., 1999; Tordjman et al., 2009) cerebrospinal fluid (Gillberg et al., 1985; Ross et 

al., 1987) and urine samples (Sokolov et al., 2014) from autistic patients. Contradictory 

findings, however reveal decreased levels of opioid peptides in plasma (Weizman et al., 

1984, 1988) and cerebrospinal fluid (Gillberg et al., 1990) of individuals with ASD. The 

contradictory findings support a dual directional approach of the opioid hypothesis in autism, 

which further suggests that different types of ASD have different aetiology. Collectively, 

these data together with the heterogeneity that characterises the nature of the pathology in 

autism, limit possibilities for therapeutic approaches to succeed, and subsequently do not 

reinforce the opioid theory in autism.  

Numerous studies have examined the effects of opioid antagonists on individuals with ASD. 

Naloxone acts as a nonspecific opioid antagonist and naltrexone as MOR-selective and 

KOR-selective antagonist, and to a lesser extent DOR-selective (Emmerson et al., 1994; 

Weerts et al., 2008). Several clinical studies using naltrexone showed a modest effect on 

core symptoms of autism including improved communication and sociability, and reduced 

stereotypies (Leboyer et al., 1988; Campbell et al., 1989; Walters et al., 1990; Panksepp and 

Lensing, 1991; Leboyer et al., 1992; Bouvard et al., 1995). Beneficial effects on secondary 

symptoms of autism have also been reported such as reduction in self-injurious behaviour, 

hyperactivity and impulsive behaviour (Campbell et al., 1993; Aman and Langworthy, 2000; 

Sandman and Kemp, 2011). Together these findings highlight naltrexone as a promising 

agent for treating symptoms of autism.  
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Pellissier et al., 2017 attempted to provide an explanation of the contradictory findings, which 

support that ASD is similar to opiate withdrawal and yet opiate antagonists are promising 

drugs for the pathology. This research group has presented a model of MOR balance and 

social behaviour, which suggests that there is an optimal window for adaptive, normal social 

function in between social withdrawal and social indifference behaviour. These behaviours 

are suggested to be dependent on the MOR balance and social aversion sociability. 

Therefore, deficient and excessive MOR function negatively influences social behaviour 

through an inverted -U relationship. This relationship can be readjusted by blockade of MOR 

stimulation (antagonists) or MOR stimulation (agonists) in the presence of low opioid tone in 

order to restore normal social behaviour (Pellissier et al., 2017). 

In contrast with the opioid excess theory, preclinical studies on the Oprm1 gene reveal a 

strong association between the expression of this gene and autism. In particular, MOR gene 

knock-out mouse (Oprm1-/-) is a well characterised monogenic model of autism (Oddi et al., 

2013; Becker et al., 2014) displaying core symptoms of ASD including social interaction 

deficits, motor stereotypies. This model also displays comorbid symptoms such as 

aggressiveness, increased anxiety and susceptibility to seizures (Becker et al., 2014), which 

altogether suggest an important role for MOR in the ASD pathology. In support of this, 

clinical studies also demonstrated a genetic link between opioids and autism such as 

mutations detected on the MOR (OPRM1) gene. Maternal origin or de novo mutations of 

deleterious or translocation events on the OPRM1 gene (6q25-q27 loci) have been detected 

in low functioning ASD subjects (Meng et al., 1992; Halgren et al., 2012; Battaglia et al., 

2013). 

2.1.3. Role of the endogenous opioid system in social reward 

Social rewards are associated with positive feelings of self-worth, self-importance and they 

are reinforced via the establishment of social interactions (Hill, 1987). Preclinical evidence 
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from Panksepp et al. (1978) and clinical work from Liebowitz (1983) displayed similarities 

between drug addiction and social attachment by proposing for the first time that social and 

affiliative behaviours are associated with the endogenous opioid system (Machin and 

Dunbar, 2011). It is supported that during positive periods of social interactions, reward 

mediated effects might be regulated by the release of endogenous opioids (Herman and 

Panksepp, 1978). During negative stimulus such as social isolation, motivation for social 

contact is increased as a result of decrease in endogenous opioid release (Panksepp et al., 

1978; Knowles et al., 1989; Kalin et al., 1995). It is proposed that brain regions evolved in 

certain ways to modulate pain, either physical or emotional, as well as reward pathways 

(Panksepp et al., 1997; Machin and Dunbar, 2011), which underscores the existence of 

common brain structures involved in these processes.  

Social motivation deficits are present in most individuals with autism. Chevallier and 

colleagues (2012) have proposed the theory of social motivation in the pathology of autism. 

This theory posits that lack of understanding of the social cues in the early life of non-

typically developed children diminishes the need for social interaction-seeking. As a 

consequence, deficit in perceiving the reward value develops, which further leads to 

deprivation of social inputs and learning opportunities for those children, and ultimately leads 

to cognitive dysfunction (Chevallier et al., 2012). Social interactions activate brain regions 

within the cortico-basal ganglia circuit that induce feelings of pleasure and euphoria (Haber 

and Knutson, 2010; Kawamichi et al., 2016). In particular, social interaction and social 

interaction-seeking activate cortical regions such as the orbitofrontal cortex (OFC), the 

medial prefrontal cortex (mPFC) and striatal regions like the nucleus accumbens (NAc) and 

the caudate putamen (CPu) in humans (Haber et al., 2006; Haber and Knutson, 2010; 

Kawamichi et al., 2016). Interestingly, DA neurons within the ventral tegmental area (VTA) 

and the dorsal raphe nucleus drive motivation for social interactions in rodents (Tsai et al., 

2009; Witten et al., 2011; Gunaydin et al., 2014; Matthews et al., 2016). Social play, which 

has high rewarding properties, is a highly conserved behaviour among young mammals 
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(Vanderschuren et al., 2016), thus studies exploring this behaviour will also be addressed in 

this section. 

KOR anatomical distribution in the brain suggests a critical role for the endogenous KOR 

agonists in reward processes. KOR transcripts are abundantly detected in the VTA, 

substantia nigra (SN), NAc, CPu, Den, Hyp and the AMG of the rat (Meng et al., 1993), as 

well as in the human brain (Simonin et al., 1995; Zhu et al., 1995). KOR and their dynorphin-

like peptides play a major role in regulating the brain reward system by modulating DA 

release in the striatum (Di Chiara and Imperato, 1988; Maisonneuve et al., 1994). In 

particular, dynorphin-like peptides inhibit DA release in the striatum and may thus, contribute 

to a negative feedback regulation of DA release (Bruijnzeel, 2009). Additionally, KOR 

antagonists stimulate DA release in the striatum and have anti-rewarding effects (You et al., 

1999; Pliakas et al., 2001; Beardsley et al., 2005). Immunohistochemistry studies suggested 

that KOR are produced in the VTA and the SN and, are further transported to the NAc and 

CPu, where they control presynaptically the release of DA (Mansour et al., 1995; Britt and 

McGehee, 2008). Also, intracranial self-stimulation studies have shown that KOR agonists 

elevate reward thresholds in the rat brain (Todtenkopf et al., 2004; Carlezon et al., 2006; 

Tomasiewicz et al., 2008), which further indicates that KOR agonists decrease sensitivity to 

rewarding electrical stimuli, thus inducing a negative mood state. Collectively the above 

strongly suggest a role of the KOR in reward function with KOR being considered as major 

anti-reward system (Wee and Koob, 2010; Lutz and Kieffer, 2013). 

DORs are mostly known for their association with anti-anxiety and anti-depressive like 

properties, and they are less known for their rewarding properties (Lutz and Kieffer, 2013). 

However, DORs are abundantly found in brain regions modulating motivation and reward 

(mPFC, NAc, ventral pallidum (VP), VTA), and high levels of Oprd1 transcripts are found in 

striatal regions, which suggests that DORs play a role in these processes. In particular, DOR 

blockade increases food reward in rodents, which points towards an inhibitory role of DOR 

on food reward (Pellissier et al., 2016). Interestingly, pharmacological data have suggested 
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that reward processes are mediated by overlapping roles of MORs and DORs (Hutcheson et 

al., 2001; Le Merrer et al., 2009). Major evidence from use of DOR agonists shows increase 

in condition place preference (CPP) (conditioned measurement of reward) and in 

consumption of palatable substances, whilst their respective antagonists induce reduction in 

CPP in response to several drugs of abuse such as morphine. In fact, DOR ligands might 

produce some of their effects via activation of MORs (see review from Pellissier et al., 2016). 

Interestingly, DOR agonists administered either directly into the NAc or systemically had no 

effects on social play (Vanderschuren et al., 1995a; Trezza et al., 2011) suggesting that 

rewarding effects via social play are not DOR-mediated. Taken together, the data suggest 

that DOR play a role in modifying reward processes. 

MOR has been shown to play a key role in social play behaviour. Several studies have 

shown that systemic administration of MOR agonists under negative social conditions, such 

as separation from mother, social isolation and defeat, is sufficient to increase motivation for 

social play in juvenile rats (Loseth et al., 2014; Pellissier et al., 2017), further supporting that 

exposure to negative stimulation within the context of social behaviour increases motivation 

for social contact. Interestingly, MOR agonists directly administered into the NAc were able 

to enhance social play, whereas both MOR antagonists and KOR agonists decreased social 

play (Vanderschuren et al., 1995a, 1995b; Trezza et al., 2011). MOR and KOR seem to 

have opposite effects in regulating motivational processes, possibly by modulating common 

neuronal pathways; presumably via the mesolimbic pathway. In particular, systemic 

administration of the MOR agonist, morphine, induced CPP reflecting its reinforcing 

properties. In contrast, KOR agonist, U69593, induced condition place aversion (CPA) in a 

Pavlovian conditioning paradigm, supporting the anti-reward mechanism of this receptor 

(Shippenberg and Herz, 1986). KOR modulates social behaviour and comorbid depressive-

like behaviours (Lutz and Kieffer, 2013). In fact, KOR signalling in the NAc mediates social 

rejection, while maintaining pair bonding in the monogamous prairie voles (Resendez et al., 

2012) and KOR antagonist seems to prevent social defeat in rats (McLaughlin et al., 2006). 
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Pharmacological manipulations of MOR neurotransmission with naltrexone treatment in 

mouse pups demonstrated no preference for socially rewarding environment in these 

animals (Cinque et al., 2012) supporting impairment in the social reward naturally obtained 

from social contact and affiliations. Genetic permanent disruption of MOR neurotransmission 

by employing Oprm1-/- mice have demonstrated social deficits in this model, including 

reduced maternal attachment in mouse pups, reduced response to female vocalisation in 

adult males and modified social reward in juvenile mice (Moles et al., 2004; Wohr et al., 

2011; Cinque et al., 2012). In particular, Oprm1-/- mice showed reduced interests in peers, 

which suggested impairment in social reward from social contact and affiliations (Cinque et 

al., 2012). These strongly suggest that lack of MOR inhibits the establishment of 

experiencing reward via affiliative relationships. In addition, Becker et al. (2014), concluded 

that Oprm1-/- mice recapitulate autistic-like syndrome symptomatology. In humans, adult 

carriers of a gain in function mutation (Sia et al., 2008) on the A118G SNP of the OPRM1 

gene demonstrate increased capacity for experiencing social reward and neural sensitivity to 

social rejection (Way et al., 2009; Troisi et al., 2011), which further suggests that MOR can 

be modulating social reward in humans. In line with this, mice with the equivalent SNP, the 

A118G OPRM1 knock-in (humanized), display motivation for social interaction and resilience 

to social defeat (Pellissier et al., 2017). For an informative review on the involvement of 

MOR in social behaviour and reward, see updated review by Pellissier et al. (2017).  

Taken altogether, a strong association between the endogenous opioid system in social 

reward processes is supported, yet more research in the field is warranted. The key 

objective of this chapter is furthering our understanding on the endogenous opioid system in 

ASD. For this purpose, we were challenged to select a translationally reliable animal model 

of ASD, and we anticipated that the Fmr1 KO mouse was suitable. 
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2.1.4. Fmr1 null mice as a model of autism spectrum disorders 

2.1.4.1. Fragile X mental retardation disorder 

FXS is the most common monogenic cause of autism and one of the most prevalent 

inherited forms of intellectual disability affecting approximately 1 in 4,000 men and 1 in 8,000 

women (Peng et al., 2004). It is an X-linked dominant disorder that was first identified in two 

brothers in 1969 and it was associated with the fragile X site 27.3 position of the 

chromosome (Xq27.3) (Lubs, 1969). FXS is caused by an insertion mutation of more than 

200 cytosine-guanine-guanine (CGG) triplet repeats in the 5’ untranslated region of the 

Fragile X mental retardation (FMR1) gene combined with extensive methylation of the FMR1 

promoter that contains the repeat sequence and upstream the CpG islands, leading to 

transcriptional silencing of FMR1 and a partial (premutation) or full mutation of the Fragile X 

mental retardation (FMRP) protein (Sutcliffe et al., 1992). Premutation has a length of 50-

200 repeats and it is associated with excess production of FMR1 mRNA levels but below 

normal FMRP protein synthesis (Tassone et al., 2000a; Tassone et al., 2000b) (Figure 2.1). 

There is no cure available for the FXS condition, current treatment is symptomatic. Two 

approaches have been investigated for FXS treatment; i) reactivating the FMR1 gene and ii) 

compensating for the FMRP protein lack, with the latter approach in combination with 

mGluR5 antagonists (Pop et al., 2014) having failed in clinical trial. 
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Figure 2.1: Schematic representation of the FMR1 gene illustrating the location of the CGG 
triplet repeats within the 5’-untranslated region of exon 1 of chromosome 27. Adapted from 
Robertson and Wolffe (2000). 

 

FXS is typically associated with symptoms of developmental delay in men (Jacquemont et 

al., 2014). Early life hypotonia is often present and progresses to coordination difficulties 

during adulthood. Physical characteristics of the FXS involve macroorchidism in the majority 

of affected men and unusual craniofacial features such as long face, prominent jaw, 

forehead and ears, high arched palate and midfacial hypoplasia (Butler et al., 1988; 

Lachiewicz and Dawson, 1994; Hagerman and Hagerman, 2002). Presence of 

hyperextensive joints, soft redundant skin on the palms, flat feet as results of the presence of 

loose connective tissue have been also identified (Davids et al., 1990). Behavioural 

abnormalities associated with this disorder include attention deficits, irritability, a range of 

anxiety symptoms, increased susceptibility to seizures, hyperarousal and autistic-like traits 

such as social deficits, stereotypical behaviour and communication abnormalities (Garber et 

al, 2008; Jacquemont et al., 2014). Levels of severity of the symptoms in men carrying a full 

or premutation has been positively correlated with the percent of unmethylated FMR1 alleles 

and FMRP levels (Gross et al., 2015), while severity of cognitive impairment in females 

carrying a full mutation has been inversely related to the activation ratio of the normal FMR1 
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allele and the FMRP expression levels (De Vries et al., 1996; Loesch et al., 2004). Females 

with a full mutation are usually more mildly affected than males and this is due to the 

presence of FMRP in cells that express the normal X chromosome with the non-mutated 

FMR1 allele (Jacquemont et al., 2014). These suggest that severity of the manifestation of 

symptoms differs between males and females and, that it is closely related to expression 

levels of FMRP. 

2.1.4.2.  Comorbidity of FXS with other mental disorders 

Numerous medical conditions have been associated with FXS. Behavioural and cognitive 

features of FXS often include intellectual weaknesses, impairment in visuospatial skills, 

working memory, attention, sequential information processing, while, on the other hand, 

simultaneous processing and long-term memory are improved in FXS (Kidd et al., 2014). 

Attention disorders including impulsivity, inattention and hyperactivity are common among 

FXS patients and often lead to the development of a comorbid ADHD. Anxiety disorders are 

also very frequent with a prevalence percentage of 86.2% in males and 76.9% in females 

with FXS. Reported numbers of people with FXS that also have ASD have estimated 

prevalence between the range 5%–60% as results vary widely across studies (Devitt et al., 

2015), with additional reports showing that 90% of patients with FXS exhibit some type of 

autistic characteristic (Bailey et al., 2000). Therefore, shared neurobehavioral symptoms of 

FXS with ASD as well as the prevalence of autism-related symptoms in FXS patients render 

FXS as a promising model for studying autism (Jacquemont et al., 2014). 

2.1.4.3.   FMR1 gene and FMRP functions 

The FMR1 gene has been highly conserved throughout evolution (Noto et al., 2016). It is 

located on the X chromosome at the 27.3 position (Figure 2.1) and it codes for the FMRP. 
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This protein is ubiquitously expressed in the body and more predominantly in the brain and 

testes (Devys et al., 1993; Tamanini et al., 1997; Bakker et al., 2000). It is localised in the 

cytoplasm or in the nucleus of the cell depending on alternative splicing (Verheij et al., 1993) 

but it is also able to shuttle between these two compartments (Eberhart et al., 1996), 

suggesting that it may be involved in transporting specific mRNAs out of the nucleus and 

further regulate their subsequent translation (Paradee et al., 1999). In fact, FMRP interacts 

with mRNA (Brown et al., 2001; Darnell et al., 2011; Ascano Jr. et al., 2012) and micro-RNA 

(Jin et al., 2004; Edbauer et al., 2010) at the synapses and suppresses protein synthesis 

(Santoro et al., 2012). In the absence of FMRP, changes occur in neurotransmitter receptor 

function and intracellular signalling. Based on these known FMRP functions, therapeutic 

approaches have been proposed to inhibit the translation of certain FMRP targets (Lu et al., 

2004; Westmark and Malter, 2007; Gross et al., 2010) or signalling molecules (Huber et al., 

2002; Osterweil et al., 2010; Sharma et al., 2010; Bhattacharya et al., 2012). 

Evidence suggests that FMRP deficiency displays defects in synaptic plasticity (Huber et al., 

2002; Zhao et al., 2005) and the development of abnormally thin, long dendritic spines 

(Comery et al., 1997; Nimchinsky et al., 2001). During synaptogenesis, ribosomes aggregate 

on dendritic spines, where FMRP is mainly found (Weiler et al., 1997). FMRP has been 

hypothesized to inhibit translation of mRNAs that encode for metabotropic glutamate 

(mGluR) receptor (Bear et al., 2004). In particular, in normal dendrites FMRP inhibits 

translation of mRNAs that encode mGluR proteins, which are normally involved in the 

modulation of synaptic plasticity (Bear et al., 2004; Gubellini et al., 2004). This inhibition 

occurs by normal ionotropic glutamatergic receptor; α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) endocytosis. However, in FXS dendrites mGluR 

stimulation by glutamate causes excess local protein synthesis and altered synaptic 

plasticity with higher AMPAR endocytosis activity causing exaggeration of long term 

depression (LTD) of the synapses (Gladding et al., 2009). These events cause the 

weakening of the synapses and the presence of increased numbers of immature dendrites. 
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This effect is reversed by the use of mGluR inhibitors or in FMRP KO/mGluR5 heterozygotes 

(Dolen et al., 2007; Tabolacci et al., 2016). Collectively, these observations have led to the 

formulation of the mGluR theory in the fragile X pathogenesis, in which functional loss of the 

FMRP protein in the brain results in excessive glutamatergic signalling in FXS (Fish et al., 

2013), which contributes to the increased number of long and thin immature dendritic spines. 

This is evident in both the Fmr1 KO mice and the FXS patients (Portera-Cailliau, 2012), the 

abnormal dendritic spine morphology potentially reflects the intellectual disability phenotype 

in patients with FXS (Pop et al., 2014). 

Studies on the Fmr1 KO mouse model have also implicated the AMPAR, N-methyl-D-

aspartate receptor (NMDAR) and GABAR in FXS. FMRP loss of function has been 

associated with GABAergic inhibition in FXS with reduced levels of GABAA β-subunit 

observed in the hippocampus and brainstem (El Idrissi et al., 2005), which might explain the 

amygdala dysfunction reported in the Fmr1 KO mice (Pop et al., 2014). It has been reported 

that the Fmr1 KO mice display differentially altered dopaminergic function in mesolimbic and 

nigrostriatal pathways, which can facilitate imbalance of reward and motor functions (Fish et 

al., 2013). In particular, FMRP can modulate DA transmission in the forebrain and D1 

receptor agonist has been shown to partially rescue hyperactivity and enhance the motor 

function of the Fmr1 KO mice (Wang et al., 2008). FMRP loss has been also linked to 

impairments in NMDAR-dependent synaptic plasticity in the dentate gyrus (DG) of the 

hippocampus and treatment with NMDAR co-agonists such as glycine or D-serine rescues 

these impairments in the Fmr1 KO mouse (Bostrom et al., 2015). 

Interestingly, several studies have focused their attention on identifying mRNA targets of 

FMRP in an attempt to identify proteins that are misregulated in FXS (Darnell et al., 2001) 

and have shown that FMRP can bind to RNAs that are untranslatable like BC1 (Zalfa et al., 

2003); an untranslated RNA abundant in dendrites which acts as a translation repressor 

(Wang et al., 2002). Although it has been postulated that FMRP can modulate translation of 

several proteins that are linked to autism including NMDAR, mGluR5, tuberous sclerosis 
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complex 2, mammalian target of rapamycin (mTOR), neuroligin-3 and fragile-X related 

protein 2 (Darnell et al., 2011; Ascano Jr. et al., 2012; Iossifov et al., 2012), the exact 

molecular mechanisms underlying the high prevalence of autism in the FXS-affected 

population are not yet fully characterised and require further investigation.  

2.1.4.4.   Fmr1 KO mouse model 

The first knock-out mouse model of FXS was constructed in 1994 by inducing a deleterious 

mutation in the Fmr1 gene of the mouse, which has 98% homology with the respective 

human orthologue (The Dutch-Belgian Fragile X Consortium, 1994). It is the most widely 

used model for FXS, which totally lacks Fmrp expression after insertion of the neo cassette 

into exon 5 of the Fmr1 gene. Furthermore, it largely recapitulates the human syndrome at 

protein level. For the purpose of our study however, a newer version and more versatile of 

the Fmr1 KO model has been employed, which was generated with Cre-recombinase 

mediated deletion of exon 1 region in the Fmr1 allele, as described by (Mientjes et al., 2006), 

it also lacks Fmrp expression and detectable Fmr1 transcripts. However, neither mouse lines 

replicate the expansion of the CGG repeat, which is present in most human patients, and it 

might contribute in the pathology of the disorder in currently unknown ways (Ladd et al., 

2007; Khalil et al., 2008). Fmr1 KO mice display strong face validity as they recapitulate 

many of the clinical features of FXS including physical, physiological and behavioural that 

correspond to the human disease. Some of the common characteristics that they share with 

the human FXS are hyperactivity, macroorchidism and cognitive impairments as well as 

autistic-like phenotype including social interactions deficits, repetitive/compulsive behaviour 

and communication abnormalities (Bernardet and Crusio, 2006; Kazdoba et al., 2016). 

Detailed account of phenotypic changes in the Fmr1 KO mice with regards to the ASD 

domain are summarised in Table 2.1.  
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Predictive validity has been demonstrated in Fmr1 KO mouse model by using 

pharmacological intervention studies. Treatment responses of several drugs i.e. minocycline 

and lithium in the Fmr1 KO mice were evaluated and the findings were in parallel with those 

from human FXS open-label trials (Berry-Kravis et al., 2008; Paribello et al., 2010). The 

complete absence of the Fmr1 gene and the FMRP product in the Fmr1 KO mouse provides 

construct validity as it can incorporate aetiological similarities to the human disease (Leach 

et al., 2016). Hence, this mouse model with an identified genetic mutation presenting ASD 

symptoms holds a promising strategy in the research of ASD pathology. To this end, we 

selected the Fmr1 KO mouse model as a reliable model of ASD with high translational 

validity. 
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Table 2.1: Summary of the behavioural characteristics of the Fmr1 KO mouse displaying ASD symptoms conducted by a variety of behavioural tests 

from different studies.  

Behaviour Phenotypic direction Behavioural assays References

Time spent with unfamiliar WT the i) 1st day↓ ii) 3rd 
day ND, Time spent with familiar WT ND Social dominance tube Spencer et al. 2006; Spencer et al.  2008

Time spent in familiar cage first 5 min↓ Time spent in 
familiar cage after 20min ↑

Influence of cage familiarity on response to 
unfamiliar social partners Spencer et al.  2005

No preference for novel mouse, sniffing duration with 
partner↓ Three chamber sociability Dahlhaus et al.  2010; McNaughton et al. 2008

perseverance rate of learning↑
Water maze reversal learning-hiden platform, 
Plus-shaped water maze reversal learning

Paradee et al.  1999; Van Dam et al.  2000; The Dutch-Belgian Fragile X 
Consortium 1994; Kooy et al.  1996; Dhooge et al.  1997; Van Dam et al. 2000

perseverance escape latencies↑ Water maze reversal learning-visible platform The Dutch-Belgian Fragile X Consortium 1994;  Dhooge et al.  1997

perseverance↑
E-shaped water maze reversal learning, Five-
choice serial reaction task Kooy et al. 1996; Kramvis et al. 2013

self-grooming↑ Social interaction Pietropaolo et al.  2011; McNaughton et al. 2008

number of buried marbles↑ Marble burying Spencer et al. 2011; Gholizadeh et al. 2014; Veeraragavan et al. 2011

Time spent on open arms↓ ↑ ND Elevated plus maze Zhao et al. 2005; Mineur et al . 2002; Nielsen et al.  2002; Bilousova et al. 2009; 
Yan et al.  2004

anxiety-like responses Thigmotaxis in open-field, mirrored chamber 
open field Yan et al.  2004; Spencer et al .2005; Peier et al.  2000; Restivo et al. 2005

Males: after 60min cort↑ Females: after 15min↓ Corticosterone response to acute stress Lauterborn et al. 2004; Markham et al.  2006
ND Conditioned emotional response Van Dam et al. 2000

Direct social interaction Passive social behavior↓ affiliative behaviour↓ 
Sniffing and receptive behavior↑

Spencer et al. 2005; Pietropaolo et al. 2011; Mineur et al.  2006; Spencer et al. 
2008

Inappropriate 
social interactions

Perseverance

Anxiety

 



98 

 

Performance↓ Passive avoidance: working memory Ding et al.  2014; Veeraragavan et al.  2011; Yuskaitis et al. 2010
Escape latencies ND Cross-shaped water maze Van Dam et al.  2000

ND

Changing position of platform in water maze, E-
shaped water maze, passive avoidance (latency 
to enter dark compartment), olfactory learning 
and memory tasks, novel object task

Paradee et al.  1999; Van Dam et al.  2000; Kooy et al.  1996; The Dutch-
Belgian Fragile X Consortium 1994; Yan et al.  2004

Escape latencies↑ Rate of learning ND Morris water maze -hidden platform  The Dutch-Belgian Fragile X Consortium 1994; Yan et al. 2004; Kooy et 
al. 1996

Escape latencies ND Morris water maze -visible platform  The Dutch-Belgian Fragile X Consortium 1994; D'Hooge et al.  1997

ND
Radial maze, Barnes maze, fear 
conditioning:context and conditioned cue

Yan et al.  2004; Mineur et al . 2002; Van Dam et al . 2000; Peier et al.  2000; 
Dobkin et al. 2000

response↓ Trace fear conditioning, conditioned eyelid 
blink reflex

Zhao et al.  2005; Koekkoek et al.  2005; Ding et al. 2014

object sniffing↓ Open field, novel object recognition

entries↓ eight-arm radial maze: spatial memory
Conditioning learning ND, devaluation of reward and 
omission of lever press↑ Instrumental conditioning Frankland et al.  2004

Vocalizations↓ Gholizadeh et al.  2014; Rotschafer et al. 2012; Roy et al. 2012
Vocalizations↑ Spencer et al. 2011

Aggression ND Neutral cage aggression test Mineur et al.  2002

↑ Open field activity, activity cage, motor activity 
test

Mineur et al.  2002; Spencer et al.  2005; Peier et al.  2000; The Dutch-Belgian 
Fragile X Consortium 1994; Ventura et al.  2004; Pietropaolo et al.  2011; Ding 
et al. 2014

ND Open field activity Mineur et al . 2002; Spencer et al . 2005; Peier et al . 2000

Variable outcomes ↑↓= Auditory startle response Frankland et al.  2004; Yan et al.  2004; Peier et al.  2000; Nielsen et al.  2002; 
Qin et al. 2005; Chen et al.  2001

↑response Prepulse inhibition
Frankland et al.  2004; Nielsen et al.  2002; Chen et al. 2001; Spencer et 
al. 2011; Ding et al. 2015;  Pietropaolo et al.  2011

↑response Audiogenic seizures Chen et al.  2001; Qin et al.  2005; Musumeci et al.  2000; Yan et al.  2004; Ding 
et al. 2014

ND Hot plate and tail-flick test Zhao et al. 2005

Ultrasonic vocalization

Mineur et al.  2002; Ventura et al. 2004

Communication

Idiosyncratic 
responces to 

sensory stimuli 

Hyperactivity

Learning & 
memory

 

The behavioural outcomes of the Fmr1 KO mice presented are expressed in comparison to wild-type (WT) mice. Abbreviation ND used for no difference.
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2.1.5. The opioid system in the Fmr1 KO mouse 

Given the clinical and preclinical evidence showing a role for the opioid system in the 

neurobiology of ASD, preclinical work conducted at the laboratory of Dr. Le Merrer and Dr. 

Becker investigated the effects of opioid drugs such as morphine in the Fmr1 KO, which 

displays core symptoms of autism including social deficits, stereotypical behaviour and 

comorbid symptoms such as anxiety, hyperactivity, cognitive deficits and aggressiveness. 

They demonstrated that morphine-induced (5 mg/kg) hyper-locomotion was significantly 

reduced compared to WT controls, suggesting an interaction between the Fmr1 gene and 

the endogenous opioid system (see data in appendix A). In support of this, the same group 

further demonstrated that while treatment-naive Fmr1 KO mice show significantly higher 

sensitivity to nociception compared with WT, using the tail immersion paradigm, morphine (5 

mg/kg) induced higher analgesia in Fmr1 KO mice vs. WT groups (see data in appendix B), 

suggesting an altered MOR system in the Fmr1 KO mice. With respect to social behaviour, 

as expected Fmr1 exhibited reduced social interaction behaviour compared to WT in the 

social interaction pair paradigm, and this was completely reversed following acute 

administration of morphine (5 mg/kg) (see appendix C). Similarly, reduction in duration of 

nose contacts and stereotypic grooming observed in Fmr1 KO mice were completely 

abolished following morphine (5 mg/kg) administration (Appendix D and E respectively). 

Therefore, these alterations of the behavioural responses upon morphine administration in 

the Fmr1 KO mouse, strongly support the presence of an interaction between the Fmr1 gene 

and the endogenous opioid system. Thus, we embarked to further investigate the molecular 

nature of this interaction by analysing the potential alterations in transcripts and receptors of 

the endogenous opioid system in the brain of the Fmr1 KO mouse. 
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2.2. Hypotheses and Objectives  

2.2.1. Hypotheses 

Emerging evidence suggest an association between alteration in the Fmr1 gene and the 

endogenous opioid system, as illustrated by changes in sociability and stereotypy 

behaviours that were induced upon morphine administration in the autistic Fmr1 KO mice. 

Therefore, the overarching hypothesis for this chapter is that the Fmr1 KO mice will also 

demonstrate neurobiological changes on the opioid receptor binding level and mRNA 

transcript level. Our primary hypothesis is that decreased opioid binding levels will be 

observed for all opioid receptors, but predominantly for the MOR. Secondly, we hypothesize 

that the mRNA levels of the endogenous opioid ligands will be also down-regulated. Lastly, 

we hypothesize that neurotransmitter systems including glutamate and DA as well as the 

expression of neuropeptides implicated in social behaviour, oxytocin and vasopressin, which 

are known to be involved in the ASD pathology as discussed in chapter 1, will be 

differentially regulated in the Fmr1 KO mice. 

2.2.2. Objectives 

Primarily, the aim of this study was to identify if there were alterations in a) MOR, DOR and 

KOR receptors binding in the brain of mice modelling autism, the Fmr1 KO model by using 

quantitative autoradiographic binding in the brains of WT and Fmr1 KO mice, and b) in 

mRNA transcripts of the different components of the endogenous opioid system 

(neuropeptide gene and receptors) by performing quantitative Real Time PCR (qRT-PCR) 

across brain regions that play major role in reward and sociality: NAc, CPu, CeA, VTA and 

PFC. Secondly, we aimed to assess other neurotransmitter systems including glutamate and 

DA as well as the expression of oxytocin and vasopressin, by utilising additional qRT-PCR 
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experiments across the five aforementioned brain regions of WT and Fmr1 KO mice. These 

neurotransmitter components were carefully chosen based on their involvement in the 

neuropathology of ASD and possibly on the Fmr1 KO phenotype. 
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2.3. Materials and Methods 

2.3.1. Methods 

2.3.1.1. Autoradiographic receptor binding 

Animals and preparation of brain sections 

In this cohort, we utilised male mice for assessing endogenous opioid receptor binding levels 

in the Fmr1 KO mice. We proceeded with an initial screening of effects in order to further 

decide whether to continue with both sexes for the following cohorts. Brains from naïve WT 

and Fmr1 KO male C57BL6 mice (n=9 per genotype, 6-8 weeks old), dissected at the 

University of Tours, France and shipped to the UK, were sectioned in a Microtome cryostat 

HM305E with an internal temperature of -21°C. Twenty-micrometre coronal sections were 

cut at 300 μm intervals from rostral to caudal levels and thaw-mounted onto gelatin-coated 

ice-cold microscope slides and processed for autoradiography. Adjacent sections were cut 

for determination of total and non-specific (NSB) binding. Sections were stored at -20°C prior 

to radioligand binding. 

Autoradiography of MOR, DOR and KOR 

For binding studies, sections were thawed and processed as per established protocols 

(Georgiou et al., 2015, Kitchen et al., 1997). Multiple adjacent sections from both groups 

were processed together in a paired binding protocol.  

 MOR binding:  Sections were prewashed for 30 min in 50mM Tris-HCl pre-incubation buffer 

containing 0.9% w/v NaCl, pH 7.4 at room temperature to remove endogenous ligands. 

Binding was carried out in 50 mM Tris-HCl pre-incubation buffer, pH 7.4 at room 

temperature, in the presence of 4 nM [3H] [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) 



103 

 

(specific activity: 51.5 Ci/mmol) for 60 min. NSB was determined in adjacent sections with 4 

nM [3H] DAMGO in the presence of 1μM naloxone for 60 min. At the end of the binding, 

slides were rinsed three times in ice-cold (4°C) medium of 50 mM tris-HCl buffer, pH 7.4 for 

5 min for the washing out of the unbound excess ligands.  

DOR binding: Slides were pre-incubated for 30 min in 50 mM Tris-HCl, containing 0.9% w/v 

NaCl, pH 7.4 at room temperature. The slides were then incubated in the same buffer in the 

presence of 7 nM [3H] deltorphin (specific activity 50 Ci/mmol) for 60 min at room 

temperature. NSB was determined with 7 nM [3H] deltorphin in the presence of 10 μM 

naloxone. Incubation was terminated by three rinses 5 min each in ice cold 50mM Tris-HCl, 

pH 7.4.  

KOR binding: Slides were washed twice for 15 min in 50 mM Tris-HCl pre-incubation buffer, 

pH 7.4 at 4oC. Then incubation of the slides was followed in pre-incubation buffer in the 

presence of 5 nM of [3H] U69593 (specific activity 37.4 Ci/mmol) for 90 min at room 

temperature. Adjacent sections were used to determine NSB with [3H] U69593 in the 

presence of 10 μM naloxone. Incubations were terminated after 90 min by three rinses 5 min 

each rinse in ice cold pre-incubation buffer, pH 7.4. 

2.3.1.2. Film exposure and development 

Following the final incubation, sections were immediately dried under cold air for 2 hours. 

They were then placed in boxes containing anhydrous calcium sulphate for a minimum of 

seven days until completely dry. Adjacent total and non-specific sections were apposed to 

Kodak Biomax MR-1 film alongside autoradiographic 3H microscale standards of known 

radioactivity concentration to permit the conversion of the optical densities of silver grains in 

autoradiograms to specific activity of tissue-bound ligand to femtomoles per milligram 

(fmol/mg) of tissue. The duration of the apposition stage of [3H] DAMGO and [3H] Deltorphin 

bound sections to films was 10 weeks, while [3H] U69593 bound sections was for a year. 
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Sections for all treatment groups were processed in parallel in a paired protocol and 

apposed to the same film at the same time. 

The end of the apposition was followed by the development stage. The films were covered 

with an aqueous solution of 50 % v/v Kodak D19 developer for 3 min. The reaction was 

terminated by 30 sec rinse in reverse osmosis (RO) water containing few drops of glacial 

acetic acid. Films were then fixed by submersion in Kodak rapid fix solution for 3 min. Final 

rinse of films was followed in RO water and films were then let to dry overnight in a fume 

cupboard. 

2.3.1.3. Quantitative Image analysis  

Films were analysed by video-based densitometry using an MCID image analysis software. 

In brief, fmol/mg specific activity of tissue-bound ligand equivalent for receptor binding was 

derived from 3H microscale standards with known concentrations. This allowed for the 

calculation of the relationship between tissue reactivity and optical density by using an MCID 

software, with appropriate adjustments for radioactive decay of the standards and the 

radioligands. Specific receptor binding was derived by subtraction of NSB from total binding 

for MORs, DORs and KORs. Measurements were quantified bilaterally for each brain region; 

therefore, receptor binding represents determination for each brain region in duplicate, and 

the n values listed refer to the number of animals analysed. The following structures were 

analysed by sampling 5-20 times with a box tool cortex (8x8 mm) and hippocampus (5x5 

mm), while all other regions were analysed by free-hand drawing. Brain structures were 

identified by reference to the mouse atlas of Franklin and Paxinos (2001).  
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2.3.1.4. Animals and Real-time quantitative PCR analysis  

WT and Fmr1 KO mice (n=5) aged 6-8 weeks males and females used were not subjected 

to any human handling or experimental procedures prior to sacrificing. In this separate 

cohort, we proceeded with mouse tissue from both sexes, which was pooled together in an 

experimental tube in order to have more material. These preliminary data only assess 

striking changes observed at mRNA level in the Fmr1 KO mice brains, and are unable to 

show any sex differences at mRNA expression levels. Mice were culled by cervical 

dislocation and brains collected from both groups were dissected and immediately frozen in 

liquid nitrogen and kept at -80ºC. Prefrontal cortex (PFC), caudate putamen (CPu), nucleus 

accumbens (NAc), central amygdala (CeA), ventral tegmental area (VTA) were punched out 

from sections of 1 mm thickness. When assessing mRNA levels of a collection of genes of 

interest, bilateral punches were taken and they were collected together in a test tube from a 

male and a female for each brain structure and genotype. Total RNA was extracted and 

purified using the Direct-zolTM RNA Miniprep. cDNA was synthetized starting from 30 µg 

total RNA using the ProtoScriptR first-strand cDNA synthesis kit. qRT-PCR was performed in 

quadruplets on a CFX384 Real-Time PCR Detection System using iQ-SYBR Green 

supermix kit with 0.25 µl cDNA in a 12.5 µl final volume, as described previously by (Le 

Merrer et al., 2013; Becker et al., 2014). β-actin, an abundant house-keeping gene, was 

used as a baseline for calculating changes in the expression of target genes. Gene-specific 

primers were designed using Primer3 software. (For list with primers see Table 2.2). PCR 

conditions were: 95oC for 2 min followed by 40 cycles of 95oC for 15 sec, 60oC for 15 sec 

and 72oC for 30 sec. A melting curve was tested by gradually increasing the reaction 

temperature from 48°C to 95°C after the last cycle of amplification to determine the number 

of PCR products. SYBR green fluorescence was measured during amplification and the 

cycle threshold (CT) was determined. The fold change in the target gene in the experimental 

group, normalized to β-actin was calculated for each sample using the 2-ΔΔCt method. 
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According to established protocol (Le Merrer et al., 2012), qRT-PCR data were transformed 

before statistical analysis to obtain a symmetrical distribution centred on 0 (corresponding to 

no change in gene expression) using the following formula: if x<1, y=1-1/x; if x>1, y=x-1 (x: 

qPCR data; y: transformed data).  

Table 2.2: Primer sequences for qRT-PCR experiments. 

RefSeq Gene name Gene title  Forward oligonucleotide  Reverse oligonucleotide

NM_013622 opioid receptor, delta Oprd1 TTTGTGTTGGATGGGGCATG CTGACTGGAGTTCAACCCCT

NM_001204371 opioid receptor, kappa 1 Oprk1 CCTGGCATCATCTGTTGGTA GGAAACTGCAAGGAGCATTC

NM_011013 opioid receptor, mu Oprm1 ATCCTCTCTGAAGCCAACCC TTCCTGTCTTGGGCCATCAT

NM_018863 prodynorphin Pdyn TTTGGCAACGGAAAAGAATC TAGCGTTTGGCCTGTTTTCT

NM_001002927 preproenkephalin Penk ATGCAGATGAGGGAGACACC GCTTCTGCAGCTCTTTTGCT

NM_009732 Arginine vasopressine Avp ACACTACGCTCTTCCGCTTGT CACTGTCTCAGCTCCATGTCA

NM_016847 Arginine vasopressine receptor 1A Avpr1a GGAGAAACGGGAGACAGACA AAGCCCATTGTACAGCCCAAG

NM_011924 Arginine vasopressine receptor 1B Avpr1b AGGAGGAAGAGGAGGAGGAA ACTGAAGGCAGGAACTGAAG

NM_011025 oxytocin Oxt CTGCTTGGCTTACTGGCTCT GGGAGACACTTGCGCATATC

NM_001081147 oxytocin receptor Oxtr CTTAGGGCCAAAAGGTGTCA GCAGGTTTCTATGCCCTCTG

NM_010076 dopamine receptor D1A Drd1a AGATCGGGCATTTGGAGAG GGATGCTGCCTCTTCTTCTG 

NM_010077 dopamine receptor D2 Drd2 TGCCATTGTTCTTGGTGTGT GTGAAGGCGCTGTAGAGGAC

NM_007877 dopamine receptor D3 Drd3 GCATCCAAACTTCGAAGGAG GTGGATAACCTGCCATTGCT

NM_007878 dopamine receptor D4 Drd4 GTCCTGCAGAGGTCAAGGAG AACCCCCAGCCTTCATAAGT

NM_013503 dopamine receptor D5 Drd5 ACAAAGGGCCTTGAGGAAAT GCTTGAGAATCCCGCATCTA

NM_016976 glutamate receptor, metabotropic 1 Grm1 TTCCCACCAGTTGAGAAACC AAAGCCCTGACTGCACAAGT

NM_001160353 glutamate receptor, metabotropic 2 Grm2 CTTGTAGCTATGCCCCGTGT GACTGGAAGCACCTTTGCAT

NM_181850 glutamate receptor, metabotropic 3 Grm3 GTGGTCTTGGGCTGTTTGTT TGCTTGCAGAGGACTGAGAA

NM_001013385 glutamate receptor, metabotropic 4 Grm4 CTTCCTTAGCCAGGGTCTCC CATCCCTTCGGACACAGTTT

NM_001143834 glutamate receptor, metabotropic 5 Grm5 CCACTGACGACTTGACAGGTT CAGTAACGAAGAGGGTGGCTA 

NM_177328 glutamate receptor, metabotropic 7 Grm7 CCAAAAACTGTGCTGGGAAG GCATGCATTCCAAAGATCAA

NM_008174 glutamate receptor, metabotropic 8 Grm8 TCCTGTCCCACACTGTTCAA AAAATTGCATGCGTCAATCA

NM_011702 vasoactive intestinal polypeptide Vip AGGTACTCCATCTCTCACGGA CCAGATTGGACGATGGGCTT

NM_011703 Vasoactive intestinal peptid receptor 1 Vipr1 GGGAGTGGTCCTAGAATCCCA CATCTCTCAGCCTCATCGGA

NM_009511 Vasoactive intestinal peptid receptor 2 Vipr2 TCCAGGGCTACAAGGCTAGA TAGCATCCACCTATCGCCAC  

 

2.3.1.5.   Data analysis and statistical analysis 

All autoradiographic receptor binding data are presented as the mean ± standard error of the 

mean (SEM) and were analysed using GraphPad Prism 6. Two-way ANOVA for factors 

‘Genotype’ (Fmr1 KO vs. WT) and ‘Brain Region’ effect was used for comparison of specific 

binding. Sidak’s multiple comparisons post-hoc test was carried out if ANOVA was 
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significant to investigate the presence of a genotype effect in any brain regions analysed. 

Significance defined as p<0.05.  

A one-sample t-test was performed to assess the statistical significance of the transformed 

qRT-PCR data. Calculated p values indicated probability for a regulation to differ from 0. 

Only regulations over +1 or below -1 (fold-change) were retained as significant.  

2.3.2. Materials 

Autoradiographic analysis by receptor binding 

[3H] DAMGO, [3H] Deltorphin and [3H] U69593 radioligands were purchased from 

PerkinElmer Life sciences (Massachusetts, USA), naloxone from Tocris Bioscience (Bristol, 

UK), Tris-HCl and NaCl from Sigma-Aldrich (Poole, UK). Microtome cryostat HM305E used 

was purchased from Zeiss Hyrax C 25, Carl Zeiss Microimaging GmbH, (Germany) and the 

MCID image analyser from Image Research (Canada). 

Quantitative Real Time PCR  

Direct-zolTM RNA Miniprep was purchased from the Epigenetics company, Zymo research, 

ProtoScriptR first-strand cDNA synthesis kit from Lifetechnologies (France), iQ-SYBR Green 

supermix and Real-Time PCR Detection System from Bio- Rad (Marnes-la-Coquette, 

France).  
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2.4. Results 

In an attempt to reveal possible relationships between the endogenous opioid system and 

the absence of the Fmr1 gene, we looked for modifications in the receptors of the opioid 

system (MOR, DOR and KOR) both on receptor binding and transcripts level in specific brain 

regions of the Fmr1 KO mice. We further aimed to investigate alterations on transcription 

level between genotypes on a collection of genes involved in the control of social behaviour 

and reward. Several genes have been associated with the aetiology of autism and we 

quantified a selection of these in the WT and Fmr1 KO mice. We greatly focused on genes 

involved in the dopaminergic and glutamatergic system, as well as genes coding for 

neuropeptides implicated in social behaviour, oxytocin (OXT) and vasopressin (Avp). 

2.4.1. Autoradiographic analysis by receptor binding 

The quantification of the density levels of [3H] DAMGO, [3H] Deltorphin and [3H] U69593 in 

the brains analysed is expressed relative to the [3H] microscale standards used. NSB was at 

background levels with no difference between genotypes. Brain sections are shown relative 

to bregma points of the coronal sections, in accordance to the Paxinos and Franklin brain 

atlas (2001).  

Our data demonstrate that the distribution of MOR in the brains of the Fmr1 KO mice was 

not significantly different from their WT controls. High levels of MOR binding (99.5– 210 

fmol/mg) were detected within the intermediodorsal thalamic nucleus (IMD) and the 

interpeduncular nucleus (Ipn), moderate levels (55.9 – 96.6 fmol/mg) in the lateral septum 

(LS) and the ventral pallidum (VP), and low levels (20.18 – 50.87 fmol/mg) in the superficial 

layer of the motor cortex (MtCxSl) and the hippocampus (Hip) in both groups. Although, two-

way ANOVA revealed a significant effect on brain region (F(50, 815)=102.3, p<0.0001), it did 
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not show a significant effect of ‘genotype’ (F(1, 815) = 0.836, p>0.05) or ‘brain region’ x 

‘genotype’ interaction (F(50, 815) = 0.1978), p>0.05). Figure 2.2 illustrates MOR binding results. 

Similarly, DOR binding in the brains of the Fmr1 KO mice showed no difference in receptor 

distribution compared to WT mice respectively, in any region analysed. High binding was 

observed in the internal granular layer (IGI) (137.2–258.4 fmol/mg), moderate levels (112.2–

136.9 fmol/mg) within the caudate putamen (CPu) and the deep layer of the granular insular 

cortex (InCx), and low levels (19.6–104.8 fmol/mg) in the substantia nigra (SN) and the 

ventral tegmental area (VTA) in both groups. Two-way ANOVA did not show a significant 

difference on genotype effect (F (1, 815) = 0.022, p>0.05) or ‘brain region’ x ‘genotype’ 

interaction (F(50, 815) = 0.435, p>0.05), however, it revealed a significant brain region effect 

(F(50, 815)=73.50, p<0.0001) (Figure 2.3). 

Consistent with our data demonstrating no change in MOR and DOR receptor distribution in 

the Fmr1 KO mice compared to WT, KOR binding also did not show any differences 

between genotypes. High binding of KOR was found in the claustrum (Cl) and the dorsal 

endopiriform cortex (DEn) (41.86– 44.65 fmol/mg), moderate levels within regions such as 

the cingulate cortex (CgCx), the nucleus accumbens (NAc) and the medial septum (MS) 

(31.18– 35.73 fmol/mg), while low levels were detected in the basolateral amygdala (BLA) 

and the hippocampus (Hip) (20.15– 28.98 fmol/mg). Two-way ANOVA did not reveal a 

significant difference on genotype effect (F(1, 320) = 2.908, p>0.05) or ‘brain region’ x 

‘genotype’ interaction (F(19, 320)= 0.394, p>0.05), although it showed a significant brain region 

effect (F(19, 320)= 7.454, p<0.0001) (Figure 2.4). Overall, there was no significant difference of 

the binding levels of the opioid receptors between genotypes throughout the brain.
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Figure 2.2: [3H] DAMGO MOR binding in WT and Fmr1 KO mice. 

A) Representative images of adjacent coronal brain section from complete mapping of the brain at the level of the olfactory nuclei (column 1) (Bregma 
3.08), nucleus accumbens (column 2) (Bregma 1.10), medial septum (column 3) (Bregma 0.74), thalamus (Bregma -1.46) and the ventral tegmental area 
(column 4) (Bregma -3.40). NSB was undetectable (at background levels). The colour bar illustrates a pseudocolour interpretation of black and white 
image density calibrated in fmol/mg of tissue equivalent. Top row; from WT and bottom row; Fmr1 KO mice sections. B) Quantitative MOR 
autoradiographic binding in brain regions of naïve WT and Fmr1 KO mice. Two-way ANOVA (p>0.05) indicated no significant difference between 
genotypes or ‘genotype x brain region’ interaction. Data are expressed as mean ± SEM (n=9) of [3H] DAMGO specific binding (fmol/mg tissue). For 
abbreviations see p.17-26. 
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Figure 2.3: [3H] Deltorphin DOR binding in WT and Fmr1 KO mice. 

A) Representative images of adjacent coronal brain section from complete mapping of the brain at the level of the olfactory nuclei (Bregma 3.08), nucleus 
accumbens (column 2) (Bregma 1.10), medial septum (column 3) (Bregma 0.74), thalamus (Bregma -1.46) and the ventral tegmental area (column 4) 
(Bregma -3.40). Top row; from WT mice sections and bottom row; Fmr1 KO mice sections. The colour bar illustrates a pseudocolour interpretation of black 
and white image density calibrated in fmol/mg of tissue equivalent. B) Quantitative DOR autoradiographic binding in brain regions of naïve WT (top row) and 
Fmr1 KO (bottom row) mice. Two-way ANOVA (p>0.05) indicated no significant difference between genotypes or ‘’genotype x brain region’’ interaction. Data 
are expressed as mean ± SEM (n=9) of [3H] Deltorphin specific binding (fmol/mg tissue). For abbreviations see p.17-26. 
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Figure 2.4: [3H] U69593 KOR binding in WT and Fmr1 KO mice 

A) Representative images of adjacent coronal brain section from complete mapping of the brain at the 
level of the striatum (column 1) (Bregma 1.10) and the hypothalamus (column 2) (Bregma -1.46). Top 
row; from WT mice sections and bottom row; Fmr1 KO mice sections. The colour bar illustrates a 
pseudocolour interpretation of black and white image density calibrated in fmol/mg of tissue 
equivalent. B) Quantitative KOR autoradiographic binding in brain regions of naïve WT and Fmr1 KO 
mice. Two-way ANOVA (p>0.05) indicated no significant difference between genotypes or ‘’genotype 
x brain region’’ interaction. Data are expressed as mean ± SEM (n=9) of [3H] U69593 specific binding 
(fmol/mg tissue). For abbreviations see p.17-26. 
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2.4.2.  Real-time Quantitative PCR analysis 

Several neurotransmitter systems might be responsible for the marked behavioural 

alterations detected within the opioid system in the Fmr1 KO mice. As discussed before, 

modulatory circuitry of social motivation, which includes the endogenous opioids, DA, OXT, 

AVP (Nelson and Panksepp, 1998) and glutamate system is integrated into a network of 

neurobiological mechanisms whose alterations could cause the social deficits in autism 

(Neuhaus et al., 2010). There is also evidence that the neuropeptides implicated in social 

behaviour, OXT and AVP, are involved in the aetiology of autism. Indeed, transcription of 

these candidate genes for ASD is altered in the Fmr1 KO mice across five brain regions 

critical for motivation/reward, emotion and cognitive control: notably the NAc, CPu, VTA, 

CeA and PFC. 

Interestingly, mRNA levels for DOR (Oprd1), KOR (Oprk1), prodynorphin (Pdyn) and 

proenkephalin (Penk) were significantly down-regulated in some of the brain regions of Fmr1 

KO vs. WT examined (Figure 2.5). Significant reduction of transcripts was observed in the 

VTA for Oprd1 (~1.7 fold, p<0.001), Oprk1 (2 fold, p<0.05) and Pdyn (~1.5 fold, p<0.05), in 

the CeA for Oprd1 (~1.2 fold, p<0.01) and Oprk1 (<2 fold, p<0.05), and in the PFC for Oprk1 

(~1.5 fold, p<0.01), Pdyn (~1.2 fold, p<0.05) and Penk (~1.8 fold, p<0.01). MOR (Oprm1) 

transcript levels were consistent with binding data (Figure 2.2) showing no significant 

changes across all brain regions. Notably, the Penk gene coding for the precursor protein 

which binds to MOR and DOR was down-regulated (~1.7 fold, p<0.01) in the CPu of Fmr1 

KO mice.  

Transcript levels were also modified for genes coding for vasopressin receptor (Avpr1a) in 

the CPu and the CeA, the vasopressin receptor (Avpr1b) in the PFC and the oxytocin 

peptide (Oxt) and its receptor (Oxtr) in the NAc, PFC, VTA and the CeA (Figure 2.6A). In 

particular, up-regulation of Avpr1a (3 fold, p<0.05) mRNA in the CPu and down-regulation in 
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the CeA (~1.7 fold, p<0.01) were detected, as well as reduction of Avpr1b (~ 1.7 fold, 

p<0.05) of mRNA in the PFC. No alteration of Avp mRNA was detected across all brain 

regions examined. Interestingly, a significant 3-6 fold decrease in Oxt transcripts was found 

in the PFC (p<0.01) and in the NAc (p<0.05), and ~1.5 fold significant decrease was 

observed in Oxtr in these regions (PFC (p<0.01), NAc (p<0.05)). Oxtr mRNA was also 

altered in the CeA (p<0.01) and the VTA (p<0.05) with ~1.5 fold decrease in the Fmr1 KO 

mice.  

With regards to the dopaminergic system, significant decrease in Drd1a (1.5 fold, p<0.001) 

and Drd5 (>1.5 fold, p<0.01) mRNA was noted in the CeA, and a significant reduction was 

also marked in Drd2 (~1.5 fold, p<0.05) and Drd5 (<1.5 fold, p<0.01) mRNA in the PFC. 

Drd1a transcripts were decreased by ~1.2 fold (p<0.05) in the CPu, and Drd5 transcripts 

were increased by ~1.2 fold (p<0.05) in the Nac (Figure 2.6B). With respect to the 

metabotropic glutamatergic system, significant down-regulation of several mGluR subtypes 

was observed in several brain regions of Fmr1 KO mice with only Grm1 (p<0.01) and Grm4 

(p<0.05) being up-regulated by ~1.5 fold in the VTA and NAc of Fmr1 KO mice, respectively 

(Figure 2.6C). In particular, significant reduction of transcripts was observed in the CPu for 

Grm1 (~1.2 fold, p<0.01), Grm5 (~1.2 fold, p<0.05) and Grm8 (~2 fold, p<0.05), in the PFC 

for Grm4 (~1.2 fold, p<0.05), Grm5 (1.5 fold, p<0.01), Grm7 (~1.2 fold, p<0.05) and Grm8 

(1.5 fold, p<0.01), in the NAc for Grm2 (1.5 fold, p<0.01), Grm5 (~1.2 fold, p<0.05) and 

Grm7 (<1.2 fold, p<0.01), in the VTA for Grm3 (~1.7 fold, p<0.01), Grm5 (~1.3 fold, p<0.05), 

Grm7 (~ 1.3 fold, p<0.05) and Grm8 (1.5 fold, p<0.05), and in the CeA only for Grm7 (~1.2 

fold, p<0.01).  

Significant transcriptional alterations were also noted in the vasoactive intestinal peptide 

(Vip) and its receptors (Vipr1, Vipr2) in the Fmr1 KO mice. Significant increase was 

observed in the Vip mRNA by 1.2 fold in the CeA (p<0.001), while decrease by 1.5 fold was 

detected in the mRNA of Vipr1 in the PFC (p<0.05), in the CPU (p<0.05) and in the CeA 
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(p<0.001). Also, Vipr2 mRNA was down-regulated by 1.7 fold in the PFC (p<0.01), 1.3 fold in 

the NAc (p<0.001) and ~1.8 fold in the CPu (p<0.001) and the VTA (p<0.05) (Figure 2.6D).  

. 
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Figure 2.5: Fmr1 KO mice display transcriptional alterations within the endogenous opioid system. 

A) Brain-region specific mRNA extracted from tissues of WT and Fmr1 KO mice (n=5) for five regions; the NAc, CPu, PFC, CeA and the VTA. mRNA was 
amplified for DOR (oprd1), KOR (oprk1) and MOR (oprm1) opioid receptors, prodynorphin (Pdyn) and preproenkephalin (Penk) primers displaying a 
significant down-regulation of the respective genes of the opioid system. Data analysis was performed using a comparative Ct method. Significance of qRT-
PCR results was assessed after transformation using a one sample t-test (p<0.05*, p<0.01**, p<0.001***).  
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Figure 2.6: qRT-PCR data analysis of candidate genes across five regions; the nucleus 

accumbens(NAc), caudate putamen (CPu), prefrontal cortex (PFC), central amygdala (CeA) and 

the ventral tegmental area (VTA) in the Fmr1 KO mice. 

Brain-region specific mRNA extracted from tissues of WT and Fmr1 KO mice (n=5). Fmr1 KO mice 
display transcriptional alterations A) of OXT and AVP; mRNA was amplified for Avp, Avpr1a and 
Avpr1b, Oxt and Oxtr primers B) of the mGluRs; mRNA was amplified for mGluRs 1-5 and 7-8. (Grm 
1-5 and Grm7-8) primers C) in the dopaminergic receptor system; mRNA was amplified for DA 
receptors (Drd1a, Drd2-5), D) for genes of vasoactive intestinal peptide (Vip) and their receptors 
(Vipr1 and Vipr1) displaying an overall down-regulation of the respective genes of the dopaminergic 
system. Data analysis was performed using a comparative Ct method. Significance of qRT-PCR 
results was assessed after transformation using one sample t-test (p<0.05*, p<0.01**, p<0.001***). 
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2.5. Discussion 

Overall our data demonstrate global down-regulation of mRNA levels in the majority of 

genes analysed in the Fmr1 KO mouse including transcripts of genes of the opioidergic, 

dopaminergic, glutamatergic systems, the neuropeptides implicated in social behaviour and 

the vasoactive intestinal peptide. With respect to opioid receptors, these changes in mRNA 

levels did not translate to receptor binding changes, which were unaltered. This widespread 

down-regulation of the transcripts in the Fmr1 KO mouse, is seemingly contradictory to the 

role of the Fmrp protein which supresses translation of proteins, thus in the absence of 

which excess translation occurs (Jacquemont et al., 2014). Nonetheless, it needs to be 

noted that the Fmrp has a suppressive role at the translation level (Li et al., 2001), not the 

transcriptional level, and thus without additional experiments e.g. employing western blotting 

and double labelling immunohistochemistry to measure protein levels of these genes, it 

would be difficult to ascertain, if the down-regulation of gene expression actually translates 

to down-regulation of protein levels. 

2.5.1.  Regulation of the endogenous opioid system in the Fmr1 KO 

Our data demonstrate that inactivation of the Fmr1 gene does not influence MOR, DOR and 

KOR expression at a receptor binding level (Figures 2.2, 2.3 and 2.4 respectively); however, 

it alters the transcript levels of their respective genes but not of the Oprm1 gene (Figures 2.5; 

2.6 and Table 2.2). Work conducted at the laboratory of Dr. Becker and Dr. Le Merrer 

suggests that the endogenous opioid system is differentially regulated in the Fmr1 KO mouse 

model, as indicated by the alterations in the behavioural responses upon morphine 

administration. In particular, acute morphine (5 mg/kg) administration reversed the social 

deficits (Appendix C, D for data) and supressed self-grooming behaviour (Appendix E for 

data), indicator of stereotypy behaviour, in Fmr1 KO mice. These findings suggest an 
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impairment of the endogenous opioid system in this model of ASD, which may underline the 

observed autistic-like behaviour. Additionally, morphine-induced locomotion was significantly 

lower in the Fmr1 KO mice in comparison to WTs and morphine-induced analgesia was 

found to be significantly higher in the mutated mice compared with WT controls (Appendix B 

for data). These findings reinforce the suggested dysregulated opioid system in this mouse 

model of autism.  

In line with this, our data demonstrate that several alterations on transcript levels have been 

detected for the DOR (Oprd1), KOR (Oprk1) Penk and Pdyn genes in some of the brain 

regions examined (Figure 2.5). Interestingly, a genetic polymorphism of gain in function on 

the PENK gene in human was found to be protective over social deficits (Troisi et al., 2011) 

and CPu is a key region for behaviours relevant to ASD (Langen et al., 2009) including 

sensorimotor gating and social interaction sensitivity (Wyers et al., 1968, Swerdlow et al., 

2001, Peeke and Herz, 1971). Also, Penk and Pdyn transcripts that bind to MOR/DOR and 

KOR, respectively, are down-regulated in many regions of the Fmr1 KO mice including the 

CPu and PFC. However, the receptor binding (protein) levels remained intact in the Fmr1 KO 

mice. This suggests if there is any impairment in the endogenous opioid receptor system, it 

should be found in downstream of the signalling cascade and this might underline some of 

the behavioural symptoms observed in Fmr1 KO mice. Furthermore, the marked decrease in 

the Pdyn transcripts may negatively affect striatal DA levels and social reward and 

motivation. It has been shown that dynorphin-KOR systemic activity play a critical role in 

regulating the state of the brain reward by modulating DA release in the striatum (Di Chiara 

and Imperato, 1988a). Notably, decrease in dopaminergic activity following KOR activation is 

associated with aversive behaviour in mice (Shippenberg et al., 1992; Bals-Kubik et al., 

1993; Shippenberg and Elmer, 1998). Interestingly, no alterations were detected on the DOR 

and KOR protein level but down-regulation of their transcripts suggesting a lack of 

concordance between mRNA and protein level.  
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With regards to the implication of the MOR system in the Fmr1 KO mouse brain, the MOR 

deficient mouse model, Oprm1-/- has been shown to recapitulate an autistic-like phenotype 

(Becker et al., 2014). This would thus suggest that changes in this receptor system are 

anticipated to be observed in the Fmr1 KO mouse. Nevertheless, no alterations were found 

in the MOR protein and mRNA expression in any of the regions analysed indicating lack of 

disruption of MOR at protein and mRNA levels, which further suggests that Fmr1 does not 

regulate MOR transcription or MOR receptor density. Hence impairment of the MOR system 

implicated by the behavioural data in the Fmr1 KO is not due to disruption of MOR at protein 

or mRNA level. Subsequently, we speculate that alterations are found at intracellular 

signalling and second messenger level. MOR stimulating GTPγS binding assay in the Fmr1 

KO mouse brain would clarify whether there is disruption in the MOR activity in this model.  

In conclusion, our findings report modifications in mRNA levels of the opioid receptors, which 

are not translated to changes of their respective proteins in the Fmr1 KO mouse, as it has 

been investigated in this study using receptor binding studies. This was not anticipated to be 

observed in the Fmr1 KO mice while excess synthesis of other proteins has been detected in 

an FXS mouse model and cells from patients (Gross and Bassell, 2012). However, receptor 

expression measured by ligand binding provides us with information more relevant to 

function than mRNA expression, so we are unable to argue much importance of the mRNA 

changes observed. Therefore, whatever the aetiology behind the alterations in mRNA levels, 

due to the lack of change in the protein receptor level it would be safe to conclude that the 

behavioural alterations observed in the Fmr1 KO mice are not due to any alterations of DOR, 

MOR or KOR levels. 

2.5.2. Regulation of oxytocin and vasopressin in the Fmr1 KO  

Other neurotransmitter systems may be also implicated in the marked behavioural 

alterations in the Fmr1 KO mice. The neuropeptides OXT and AVP have been involved in 
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the aetiology of autism (Insel et al., 1999), therefore these are also potential targets for 

investigating the neurobiology of the Fmr1 KO. Modahl et al. (1992) suggested that an 

interplay of deficit in the OXT systems and the modulation of opioids might underline the 

social deficits in autism. Moreover, the opioid antagonists, naloxone and naltrexone, potently 

increase OXT levels in the brain whilst they do not affect AVP levels, indicating regulatory 

mechanisms underlining the relationship of opioids and OXT (Bicknell et al., 1985; Vuong et 

al., 2010). Interestingly, a study by Dr. Chang et al. 2017 is underway investigating the 

combinatorial benefit of administering OXT in conjunction with naloxone or naltrexone in a 

nonhuman primate model and whether this treatment will promote optimal prosocial effects 

including social attention and natural social interaction 

(https://sfari.org/funding/grants/abstracts/optimizing-social-effects-of-oxytocin-with-opioid 

blockers). Whether dysregulation of the oxytocin system is driven by the dysregulation of 

opioid peptide levels cannot be determined from this study but further investigation is 

warranted on the interplay between opioid and OXT in the CNS.  

OXT receptor is encoded by the Oxtr and there are three subtypes for AVP receptors which 

are encoded by the genes Avpr1a, Avpr1b and Avpr2. With respect to the involvement of 

neuropeptides implicated in social behaviour in the Fmr1 KO, our data reveal profound 

decrease of Oxt transcripts but to a lesser extent on Oxtr in the PFC and NAc reward brain 

regions. Both human and animal data, point towards OXT deficit at least partly to be 

responsible for some ASD symptoms (see section 3.1.4). This evidence together is in line 

with our data, as we display a significant decrease of Oxt and Oxtr concomitant with social 

deficit in Fmr1 KO (Figure 2.6A) that further support the OXT deficiency theory in autism. 

Nonetheless, decrease in Oxt mRNA does not necessarily mean decrease in the OXT 

peptide availability in these brain regions or even in neuronal OXT release. Further 

microdialysis experiments would reveal whether changes in mRNA translate to changes in 

OXT peptide release in the NAc and PFC of the Fmr1 KO mice. 
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In addition, AVP receptors are also implicated in ASD. AVPR1A has been known for its role 

in modulating a range of behaviours including stress, social bonding and autism (Charles et 

al., 2014). Autism-associated variants in the AVPR1A gene are linked to abnormal activity in 

the amygdala (Meyer-Lindenberg et al., 2009). Ongoing preclinical work from Roche 

pharmaceuticals reveals that Avpr1a antagonist restores social interaction in a rat model of 

autism (Grundschober, Roche and Pharmaceutical, 2015). Altogether these findings which 

support our data, suggest that the Avpr1a is likely to contribute to the pathology of autism 

and must be further investigated. In our study, we found that although Avp mRNA is not 

altered in any of the regions analysed, Avpr1a transcription is up-regulated in the CPu and 

down-regulated in the CeA, and Avpr1b is down-regulated in the PFC (Figure 2.6A) 

suggesting a dysregulation of the central endogenous AVP system in the Fmr1 KO mice. 

This is in line with the evidence associating CNS AVP dysregulation and autism (Leboyer et 

al., 1992; Boso et al., 2007). It is not possible to know from this data alone if dysregulation of 

the AVP receptor expression is involved in the ASD pathology, and future studies employing 

receptor binding and/or western blots experiments would be interesting to further investigate 

this relationship.  

2.5.3. Regulation of the dopamine and metabotropic glutamate receptors   

There is substantial evidence to suggest that Fmr1 deletion affects the dopaminergic and 

glutamatergic neurotransmitter systems that may contribute to the impairment of social 

reward processes in the brain of these mice. Changes in DA activity is associated with 

numerous core deficits in autism and comorbid symptoms including seizures (Starr, 1996; 

Tuchman and Rapin, 2002), motors problems (Rinehart et al., 2001, 2006) and repetitive 

behaviours (Canales and Graybiel, 2000; Ralph et al., 2001; Ralph-Williams et al., 2003). In 

particular, loss of Fmr1 differentially alters dopaminergic function in the mesolimbic and 

nigrostriatal pathways, and decreases dopaminergic activity thus leading to dysregulation in 
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both reward and movement (Wang et al., 2008; Fish et al., 2013). Dysregulation of the DA 

system has been reported in children with autism and ADHD demonstrated either by low DA 

levels that cause impaired attention and focus or high DA levels which result in hyperactivity 

and increased sensory inputs, causing ultimately an overload on the brain processing ability 

(Lake et al., 1977; Pasini and D’Agati, 2009). In line with the evidence showing dopaminergic 

dysregulation in ASD and ADHD, our data demonstrate an overall down-regulation of the 

mRNA levels encoded by the DA receptors (Drd1, Drd2 and Drd5) genes in the Fmr1 KO 

mice across the majority of the brain regions but the Drd5 increased transcripts in the NAc 

(Figure 2.6B). Our results thus suggest a hypofunction of dopaminergic activity across all 

brain regions analysed in this animal model of ASD, which appears rather as a paradox, as 

antipsychotics are used for the management of symptoms in ASD. However, it has to be 

noted that ASD is manifested with varied symptoms in individuals affected by the pathology. 

It is reported that antipsychotics used such as risperidone are mostly effective for children 

with autism and comorbid irritability and aggressive behaviour (Sharma et al., 2012). Thus it 

might be that these discrepancies lie in the wide spectrum of neurobiological systems that 

contribute to the development of ASD, and treatment with antipsychotics is not effective for 

all ASD individuals.  

Interestingly, Fmr1 KO mice exhibit increased DA turnover in the striatum and cortex 

regions (Gruss and Braun, 2004) further supporting the presence of a dopaminergic 

dysregulation in this ASD model. Moreover, Drd5 was identified as risk factor gene for ADHD 

and significant down-regulated mRNA levels of the receptor were identified in whole blood 

counts in ADHD subjects in a population of Chinese Ham children (Xu et al., 2015). It would 

be intriguing to investigate whether the decrease in Drd5 transcript in the CeA and PFC of 

Fmr1 KO underline any ADHD related symptoms which are prominent in ASD. Whether 

down-regulation of DA receptors transcript translates to changes in DA receptor protein and 

activity is a matter which warrants further investigation.  
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Absence of FMRP protein has been shown to induce exaggerated local protein synthesis 

(Jacquemont et al., 2014), which is contradictory to our results showing a down-regulation of 

gene transcripts in the majority of the genes analysed. Notably, glutamate transmission 

abnormalities derived from dysregulated glutamate receptor numbers and function have 

been extensively reported in models of ASD and thus, mGluRs antagonists are considered 

potential therapeutic targets for the treatment of ASD (Carlson, 2012). Our data illustrate that 

majority of the mGluR transcripts tested were decreased in most of the brain regions 

analysed, except for the Grm1 and the Grm4 (Figure 2.6C), which maybe in line with findings 

reporting increases in glutamate levels of ASD patients (Zheng et al., 2016). However, Gmr4 

was shown to be down-regulated in the striatum of opioid deficient model of ASD, notably the 

Oprm1-/- mice (Becker et al., 2014), which is contradictory to our findings that support the 

presence of up-regulated Grm4 in the striatum of Fmr1 KO mice. Nonetheless, it needs to be 

noted that although both KO mice strains display an ASD phenotype, the deleted gene 

responsible for this phenotype is distinct. Therefore, it could be that the Fmr1 gene and Fmrp 

protein may have completely the opposite effect on Gmr4 regulation compared to Oprm1. 

Whether the alterations of Gmr4 transcripts translate to changes in Gmr4 receptor protein 

levels is not known, but warrants further investigation. 

We also assessed the expression levels of the vasoactive intestinal peptide (Vip) peptide 

and its receptors that are implicated in ASD (Figure 2.6D). Emerging preclinical and clinical 

evidence support that alterations in the Vip gene is associated with deficits in social 

behaviour and stereotypies observed in individuals with autism (White et al., 2010). Our data 

reveal an increase on mRNA levels encoded by Vip and an overall down-regulation of its 

receptors gene transcripts across the five brain regions, further supporting in this way a 

relationship between these genes and autism. It might be that the up-regulated Vip triggers 

the down-regulation of the receptors Vipr1 and Vipr2 via a homeostatic compensatory 

mechanism. Future research should focus on assessing the potential link between the 
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aforementioned dysregulated genes and ASD with the vision of developing novel targets for 

its treatment. 

2.6. Conclusion 

Finally, our findings conclude that while there are no alterations of opioid receptor binding 

levels in the Fmr1 KO mouse model, changes on transcripts within the endogenous opioid 

system in the brain are detected. In addition, transcription levels of other major 

neurotransmitter systems (OXT, DA and glutamate) discussed are also differentially 

regulated in the Fmr1 KO, which points towards potential targets for the development of 

novel treatment approaches. Whether the observed changes in the social behaviour in the 

Fmr1 KO mice are concomitant to these transcription alterations warrants further 

investigation. 
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3. Chapter 3: Effects of chronic intranasal oxytocin 
treatment on social behaviour, gene expression 
and receptor binding in an animal model of autism 
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3.1. Introduction 

The natural neuropeptide OXT is an attractive therapeutic target for psychiatric disorders 

with impairment in the social domain, such as autism. While OXT has a long-established role 

in milk ejection, uterine contraction during labour as well as in regulating the function of 

peripheral target organs, relatively recent research suggests that OXT and its closely related 

peptide, AVP, play an important CNS role in the development of normal cognition and in 

complex social behaviour (Popik and van Ree, 1991; Carter et al., 1992; Insel and Hulihan, 

1995). OXT plays a crucial role in social exploration and recognition, attachment, anxiety 

and stress-related behaviours (Meyer-Lindenberg et al., 2011). While the two peptides are 

closely regulated and often demonstrate compensatory functional roles, this chapter is 

focussed on the role of the OXT peptide and its involvement in autism, with AVP 

occasionally included in the discussion. 

The heterogeneity that characterises ASD pathology calls for diagnosis-based 

pharmacotherapies. It is not yet clear whether a compromised OXT system contributes to 

ASD. Also, the consequences of exposure to chronic OXT treatment are not yet known and 

further studies are essential. Studies have shown that chronic intranasal administration 

reduces OXTR binding in various brain regions (i.e. NAc, AMG) and social behaviour in WT 

healthy mice (Huang et al., 2014), as well as causes long-term impairments in formation of 

typical social bonding in WT healthy male prairie voles (Bales et al., 2013). These together 

suggest that long-term changes in social behaviour induced by chronic OXT treatment seem 

to diminish rather than promote social behaviours under physiologic conditions and these 

effects might persist long after the treatments themselves. Further studies are essential to 

shed light on the potential detrimental effects of chronic OXT treatment on brain maturation. 

Therefore, the therapeutic value of intranasal OXT remains dubious, as evidence is not yet 

sufficient to allow OXT to be prescribed to patients. Nevertheless, animal studies are 
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essential tools to reinforce our knowledge via investigating mechanisms of actions, 

determining the right dose and age, optimizing current therapies/ administration methods 

and developing next-generation approaches. 

3.1.1. Neurobiology of oxytocin: structure, pharmacology, anatomy and physiology 

OXT and AVP were identified as neurohormones of the hypothalamic neurohypophyseal 

system (Bargmann and Scharrer, 1951). OXT was primarily known for its importance in 

stimulating uterine contraction during parturition and milk ejection during lactation (Burbach 

et al., 2001), while AVP was mainly known as an antidiuretic hormone that regulates water 

homeostasis and as a vasoconstrictor (Kozniewska and Romaniuk, 2008). In the CNS, AVP 

affects memory by facilitating storage and retrieval of acquired information, whilst OXT has 

the opposite effect possessing amnesic properties (Bohus et al., 1978). Later studies have 

revealed OXT’s key roles in the control of more complex behaviours such as aggression, 

fear conditioning, anxiety, social and affiliative behaviours (Carter, 2003; Donaldson and 

Young, 2008; Carter et al., 2009; Ebstein et al., 2009; Insel, 2010).  

 OXT is synthesized in magnocellular neurons of the supraoptic- (SON) and the 

paraventricular (PVN) nuclei of the hypothalamus, which project through their axons to the 

posterior pituitary, where they are released into blood circulation to further act on distant 

organs of the periphery. In addition, dendritic release of OXT modulates local activity of the 

hypothalamic neurons but also reaches distant targets of the brain through diffusion. 

Parvocellular OXT-containing neurons in the PVN also have projections to other regions of 

the brain such as the AMG, Hip, suprachiasmatic nucleus, striatum, bed nucleus of stria 

terminalis (BNST) and brainstem and they modulate neurotransmission in these regions 

(Meyer-Lindenberg et al., 2011) (Figure 3.1). OXT bound to OXT receptors initiates 

autoregulatory positive feedback of OXT release via increased influx of intracellular Ca2+ 

mechanisms in the Hyp and posterior pituitary (Dayanithi et al., 2000; Ludwig et al., 2002). It 
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has been demonstrated that OXT release from the SON increases in response to social 

defeat, whereas peripheral OXT release was not affected (Engelmann et al., 1999) 

suggesting that central and peripheral oxytocin act either in synchrony or independently 

during neuroendocrine-mediated behaviours to exert their behavioural effects (Baskerville 

and Douglas, 2010).  

 

 

 

Figure 3.1: Representation of the oxytocinergic projections circuitry in the brain of rodents. 

OXT is synthesized in the SON and the PVN nuclei of the hypothalamus, which project through their 
axons to the posterior pituitary, where they act on distant organs of the periphery. Parvocellular OXT-
containing neurons in the PVN have projections to other regions of the brain such as the amygdala, 
hippocampus, suprachiasmatic nucleus, striatum, bed nucleus of stria terminalis and brainstem, 
where they modulate neurotransmission. Adapted from Zanos et al. (2014).  
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OXT is synthesized by proteolytic cleavage from its precursor protein, neurophysin-1, and it 

is a nine amino-acid peptide widely abundant in reproductive related-tissue and the brain. 

The OXT gene was sequenced in 1984 (Ivell and Richter, 1984) and OXT was the first 

peptide hormone to be synthesized chemically in its biologically active form (Du Vigneaud et 

al., 1953) (Figure 3.2).  

The OXT receptor (OXTR) gene has been detected in several species. It was primarily 

isolated, cloned and identified in human (Kimura et al., 1992), and later in mouse (Kubota et 

al., 1996) and rat (Rozen et al., 1995). OXT binds predominantly to its only receptor, the 

OXTR, and it shows lower affinity towards AVP receptors (AVPR). After sequence 

comparison, the mouse oxtr gene shows 91% homology to the human and 97% to the rat 

homology (Kubota et al., 1996; Kumsta et al., 2013). In the mouse brain, OXTR is 

abundantly found in the AMG, olfactory nuclei, Hip and Hyp (Gould and Zingg, 2003). It is 

suggested that OXTR act at sensory modalities to modulate social approach and behaviour 

by utilising olfactory inputs in rodents (Grinevich et al., 2016) and visual inputs in primates 

(Freeman et al., 2014). 
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Figure 3.2: Representation of the A) OXT gene, B) mRNA and C) the neuropeptide itself. 
Modified from Gimpl and Fahrenholz (2001). 

 

 The OXTR belongs to the family of seven transmembrane Gα/q11 protein-coupled receptors 

(Kubota et al., 1996). Upon activation of the OXTR, the α subunit of the G protein 

dissociates from βγ subunits and activates phospholipase (PLCβ) isoform in the cytoplasm, 

which generates inositol phosphatase (IP3) and 1,2 diacylglycerol (DAG1-2) products. IP3 

triggers Ca2+ release from intracellular stores of the endoplasmic reticulum and mitochondria, 

while DAG activates protein kinase C (PKC) that further phosphorylates other proteins. Many 

cellular responses can be initiated directly or indirectly through this molecular pathway 

(Gimpl and Fahrenholz, 2001). For an extensive review on the OXTR pharmacology see 

Gimpl and Fahrenholz (2001) and Devost et al., (2008).  
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3.1.2. Routes of oxytocin administration  

OXT agonists and antagonists are commonly administered via the intravenous, 

intramuscular and intranasal route and they are routinely used in obstetrics and/or preclinical 

research. However, the highly significant homology between the OXTR, AVP peptides and 

their receptors, OXTRs and AVPRs (V1a, V1b, V2) respectively, makes it difficult to 

distinguish their specific action (Manning et al., 2008). The experimental and therapeutic use 

of neuropeptides in CNS disorders and CNS translational research has been hampered by 

their inability passing through the blood-brain-barrier (BBB), and causing potent hormone-

like side effects, when administered systemically (Illum, 2000). Oral OXT administration is 

not considered as a sustainable route due to the elimination of the peptide en route to the 

‘first pass metabolism’ (Lee, 1988). Additionally, parenteral OXT injections are unlikely to 

bypass the BBB and reach the brain in significant concentrations due to the large size of the 

OXT peptide (1008Da) (Ermisch et al., 1985). The BBB restricts free diffusion of lipophilic 

molecules from blood circulation to the brain, when molecules are larger than 500Da 

(Pardridge, 2002). Initially, it was mistakenly thought that there was free communication 

between CSF and the extracellular fluid in the CNS, allowing for the determination of 

peptides levels in the brain through the concentration of these hormones in the CSF. 

Preclinical work demonstrated that only 0.01% of the OXT peptide is able to cross the BBB 

after intravenous administration (Kendrick et al., 1991) and peptides, which are administered 

peripherally have a short half-life (Mens et al., 1983). Indeed, it has been shown that 

intravenous OXT administration in high doses is able to enter the brain in minimal 

concentrations via areas with tight capillary endothelial junctions and in significant 

concentrations via circumventricular organs with leaky capillary endothelial junctions 

(Landgraf et al., 1979; Ermisch et al., 1985). Additionally, intravenous OXT administration is 

an unfavourable administration route for treatment of CNS disorders in humans due to high 

risk of cardiovascular side-effects (Dyer et al., 2011). Following these findings, the most 
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reliable animal studies investigating functional roles of OXT had used intracerebroventricular 

or intracerebral administration routes. However, this is an invasive method with no feasibility 

and high risk of potential complications in human research. 

Intranasal administration of neuropeptides such as OXT and AVP seems a promising 

administration route for treatment of neurogenic diseases. Direct delivery of biologically 

effective quantities to the brain via the nasal passage offer major advantages over other 

administration routes including increased compliance (Guastella et al., 2013), ease of use, 

faster drug onset without causing systemic adverse effects (Yamamoto et al., 2001) and 

greater bioavailability (Miller et al., 2008). It has been shown that the OXT’s highly 

homologous peptide, AVP and other hormone-like peptides can cross the BBB and elicit 

elevated concentrations in the CSF and blood following 15-30 min of intranasal 

administration (Born et al., 2002). Thereafter, break-through studies have also reported that 

intranasal administration of OXT increased OXT concentration in the CSF and blood in 

humans (Striepens et al., 2013) and the CSF in macaques (Monte et al., 2014). Preclinical 

studies have also demonstrated that intranasal administration elevated levels of OXT in the 

CSF (Born et al., 2002), as well as in plasma and microdialysates within the dorsal 

hippocampus and the amygdala in rats and mice (Neumann et al., 2013). 

There is great controversy on how intranasal OXT administration mediates its functional 

effects within the CNS. Whether increased blood OXT levels are caused via direct nose to 

brain penetration or via indirect afferent feedback from the periphery that stimulates 

endogenous OXT release within the brain and in parallel, secretion into the periphery 

remains an open question. It has also been shown that increased OXT concentration in 

blood might arise from vasculature absorption in the nasal mucosa and ends in the 

peripheral circulation (MacDonald and Feifel, 2013). The anatomical and physiological 

characteristics of the olfactory region provide intracellular and extracellular pathways through 

the nasal cavity into the CNS, which circumvent the BBB. There are three suggested 
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passages that OXT is transmitted via the nasal transportation to the CNS; either directly via 

olfactory and transgeminal nerve fibres (intracellular and extracellular transport) or indirectly 

through systemic circulation. Intracellular transportation involves endocytosis mechanisms of 

the olfactory sensory neurons that deposit the substance particles on the olfactory epithelium 

(Thorne et al., 1995). OXTR have been found in the olfactory nuclei of humans and rats and 

the olfactory bulb of the rat (Yu et al., 1996). However, as OXT is a hydrophilic peptide with a 

large molecular weight, it is less likely to use this mode of transport. Millions of olfactory 

sensory neurons receptors have been detected in the olfactory epithelium (Doty and 

Bromley, 2007), which have large projections to the mucous layer of the olfactory epithelia 

located in the upper posterior nasal cavity and in this way access the external environment. 

Thereafter, the filia olfactoria is formed by convergent arrangement of the olfactory cell 

axons, which cross the threshold of the skull via a gap between the ethmoid bone to the 

olfactory bulbs (Kalogjera and Dzepina, 2012; Gerhard, 2013). Extracellular transport occurs 

via paracellular diffusion for the olfactory and respiratory epithelia and mainly favours 

hydrophilic substances with a large molecular weight, thus it might potentially favour the 

OXT peptide (Balin et al., 1986). Extracellular deposition of molecules can directly take place 

from the route of the olfactory epithelium to the olfactory bulb (Li et al., 2005) or be facilitated 

by regeneration of the olfactory sensory neurons (Balin et al., 1986). The third potential 

passage suggests that delivered substances travel indirectly to the brain crossing the BBB 

via the microvasculature facilitating rapid uptake to the surrounding capillary networks and 

ending into systemic circulation (Chow et al., 1999; Wolburg et al., 2008), from where they 

cross into the CSF and across the BBB (Wallum et al., 1987) (Figure 3.3)
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Figure 3.3: Intranasal oxytocin administration potential routes for therapeutic regulation of 

brain function in the ASD. 

Potential aspects of how intranasal OXT treatment exerts its functional effects in autism are 
represented. One potential way is via extraneuronal/perineuronal routes along trigeminal or olfactory 
nerve pathways, which allow the crossing of the BBB directly and cause central effects. Other 
mechanisms of OXT’s entry in the brain are discussed in detail in the text. Intranasal OXT may cause 
some of its central effects by stimulating the endogenous OXT system, which secretes OXT into the 
periphery and has direct-axonal, diffusion-mediated as well as OXT-OXT pathways mediated central 
effects (Landgraf and Neumann, 2004; Stoop, 2012). Intranasal OXT treatment impacts the function 
of important brain regions and, a few of these are represented here including the amygdala, insula, 
anterior cingulate, and the medial prefrontal cortex. Adapted from MacDonald and Feifel (2013). 
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OXT intranasal infusion is the preferred administration route for most studies on autism, as it 

has been shown that it can modulate a wide variety of complex social behaviours with only 

minimal side effects. Notably, chronic administration of intranasal OXT administered in high 

doses of 320IU within a period of 13 weeks caused only minor side effects (Epperson, 

McDougle and Price, 1996; Ohlsson et al., 2005; Feifel et al., 2010, 2012; Pedersen et al., 

2011). Translational research needs to overcome various limitations in relation to OXT 

based therapeutics in autism including limitations related to OXT dosage, chosen 

measurement techniques and biological medium analysed such as blood, CSF, urine, saliva 

(Carter et al., 2007; Szeto et al., 2011). Interestingly, a highly promising technique for 

detecting OXT in plasma in humans using a novel 2D liquid chromatography-tandem mass 

spectrometry assay has been reported (Zhang et al., 2011).  

3.1.3. Oxytocin interactions with motivational reward circuitry  

The motivational theory in autism, as discussed earlier (chapter 1 and chapter 2), proposed 

by Chevallier et al. (2012), implicates the action of certain neuropeptides and 

neurotransmitters such as OXT, DA and opioids in the mesocorticolimbic circuit, which 

encompasses the VTA, NAc, AMG and PFC brain regions. In support of this, Gordon et al. 

(2016) proposed that diminished social motivation observed in ASD individuals mirrored 

decreased connectivity on this circuit. Therefore, it was proposed by his group that intranasal 

administration of OXT increased connectivity between subcortical (NAc, AMG) and cortical 

(PFC) regions within the circuitry by stimulating reward value from positive auditory (i.e. 

music) or visual (i.e. happy faces) stimuli (Gordon et al., 2016). Studies in mammals suggest 

that OXT enhances reward via DA-dependent mesolimbic reward pathway (Donaldson and 

Young, 2008). In the mesolimbic pathway, DA is synthesised in the VTA and is released 

from projections to the NAc, AMG and the PFC. OXT which is synthesised in the PVN also 

projects to the VTA, NAc and the AMG regions and there is evidence to suggest that it can 
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potentially modulate DA activity along this circuit (Gordon et al., 2016). The location of the 

OXTRs expression, which is abundant in the mesocorticolimbic DA system, places OXT in 

an ideal position to influence a wide range of motivated behaviours (Love, 2014). 

Interestingly, injection of OXT into the VTA of rats increased DA release in the NAc (Melis et 

al., 2007; Shahrokh et al., 2010), which suggests that OXTR stimulate DA transmission in 

the mesolimbic pathway (Peris et al., 2017).  

Preclinical research supports the notion that OXT affects social recognition (Choleris et al., 

2003; Ross and Young, 2009). While OXT administration into the hippocampus or medial 

preoptic area of the hypothalamus improves social recognition, intracerebroventricular 

administration of OXT antagonists results in social recognition deficits (Popik and van Ree, 

1991; Van Wimersma and Maigret, 1996); OXT effects appear to be context-dependent. 

OXT administration in rodents increases positive social behaviours towards offspring and 

mates (i.e. in group) but also increases aggression towards strangers and conspecifics (i.e. 

out-group) (Love, 2014). Similarly, OXT administration has been associated with increased 

altruistic responses between members of the group they belong to and increased aggression 

towards members of other groups (De Dreu, 2012).  

OXT acts on the mesocorticolimbic circuit and promotes the expression of human affiliative 

social behaviour between peers by increasing trust, and eliminating fear responses via 

reducing amygdala activity (Kirsch et al., 2005; Lim and Young, 2006; Petrovic et al., 2008), 

thereby greatly increasing benefits from social interaction (Kosfeld et al., 2005). It has been 

demonstrated that OXT increases processing of facial stimuli in human faces via increased 

eye gazing (Guastella et al., 2008) and, also increased ability of inferring others 

mental/emotional state from social cues of the eye region (Domes et al., 2007), further 

illustrating its impact on affiliative social behaviour. Human research has also shown action 

of the OXT nasal spray on face processing networks like the amygdala that increased 

attention to positive social cues, such as exposure to happy over angry faces, and overall 
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improved emotion recognition (Domes et al., 2007; Domes et al., 2010, 2013). OXT might 

improve social cognition by enhancing gaze on cues that are important for social 

communication and the reward associated with engaging with the social cues (Guastella et 

al., 2008). Interestingly, a single-dose study in healthy volunteers showed that OXTR gene 

polymorphisms alter the sensitivity to reward-relevant features and/or their aversive 

properties in infants (Marsh et al., 2012). OXT administration has been also shown to 

enhance memory for social over other stimuli (Rimmele et al., 2009). OXT has also 

established close interactions with the mesocorticolimbic DA system (Baskerville and 

Douglas, 2010). In particular, OXT enhances motivational salience towards social stimuli and 

carries signals related to motivational value. Thus, by modulating dopaminergic activity 

within this network, OXT may encourage changes in both motivational salience and valence 

(Love, 2014). In light of this evidence supporting a role of OXT in the motivation and reward 

circuitry, we hypothesize that by targeting this system by using pharmacological 

manipulations, there are potentials to develop novel approaches in the treatment of ASD 

pathology. 

3.1.4. The relationship between oxytocin and autism  

Both neuropeptides OXT and AVP have been found to be involved in the development of 

social attachments. OXT plays an important role in facilitating partner preference in the 

absence of mating in female prairie voles, while administration of OXT antagonist prevented 

partner preference without interfering with mating (Insel and Hulihan, 1995). Although 

several studies investigated OXT and social behaviour, we decided to focus on the 

relationship between OXT and ASD for this thesis.  

OXT dysregulation has been reported in children with autism. Modahl et al. (1998) was the 

first to show that autistic children display significantly lower plasma OXT levels compared to 

typically-developed children. Autistic children failed to display increased OXT blood levels 
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during development; a physiological response associated with normal establishment of 

social interaction skills later in life (Modahl et al., 1998). It has been suggested that autistic 

patients are distinguished by different social interaction styles; ‘aloof’, for individuals 

displaying avoidance towards physical proximity with others, ‘passive’ individuals who 

neither engage in social relations nor reject, and ‘active-but-odd’ individuals who display 

inappropriate behaviour (Wing and Gould, 1979). Taking into consideration this 

classification, Modahl et al. (1998) demonstrated that higher OXT levels are significantly 

associated with lesser development of social and communication skills in the subgroup of 

‘aloof’ autistic children, but not in the ‘active-but-odd’ children. Together these suggest that a 

degree of heterogeneity in the responses to OXT treatment might be due to these different 

social interaction profiles. In a follow up study, higher levels of precursor proteins of the OXT 

peptide were found in plasma of a sample of autistic children, suggesting that autism is 

linked to alterations occurring during the OXT peptide processing (Green et al., 2001). 

However, opposing studies have shown overall elevated OXT levels in plasma of autistic 

individuals (Jansen et al., 2006), and marked behavioural differences between gender (Miller 

et al., 2013). In particular, Miller et al. (2013) measured plasma OXT in both typically 

developing children and high-functioning autistic subjects, aged between 8 and 18 years 

reported increased OXT levels only in girls, and higher levels of AVP in all boys. The 

observed increase in OXT levels was linked to higher anxiety levels in all girls and to better 

social language skills in all individuals (Miller et al., 2013), highlighting a dimorphism of the 

endogenous OXT system between the two genders. Notably, variability of OXT plasma 

levels has been reported in normative populations (Zhong et al., 2012). Therefore, the 

heterogeneity of autism in clinical symptoms, accompanied by differences in the OXT level 

amongst individuals and between genders, are parameters to be considered in order to 

develop selective and personalised use of OXT treatment following essential genetic and 

pharmacological screenings. 
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Based on disrupted OXT function in autism, OXT administration was proposed as a 

treatment (Andari et al., 2010; Guastella et al., 2010). Clinical findings using intravenous or 

intranasal administration of OXT in individuals with autism have demonstrated reduction in 

restricted repetitive behaviour (Hollander et al., 2003; Anagnostou et al., 2012), improved 

social cognition (Anagnostou et al., 2012) and recognition of emotions (Guastella et al., 

2010), increased social approach and social comprehension as well as cooperation (Andari 

et al., 2010). In contrast to these findings, Dadds et al. (2014) failed to show improvement in 

social interaction, emotion recognition or repetitive restrictive behaviours in high-functioning 

autistic individuals, as improvements over time of OXT administration were noted in both 

OXT and control groups. Notably, an open label trial of administration of intranasal OXT in 

autistic children and adolescents demonstrated improvement in social learning, social 

cognition, face recognition and decrease in repetitive behaviour over 12 weeks of treatment 

that persisted three months after discontinuation of OXT administration (Anagnostou et al., 

2014). Administration of single dose of intranasal OXT in autistic individuals significantly 

increased the rate in inferring others’ social emotions (Aoki et al., 2014). Additionally, in line 

with studies on autistic patients, Hall et al. (2012) demonstrated that administration of 

intranasal OXT was sufficient to increase eye gaze frequency and decrease salivary cortisol 

levels in low functioning FXS patients suggesting that intranasal OXT administration may 

ameliorate social anxiety symptoms in FXS patients. Also see Table 3.1 for a detailed 

summary of the use of OXT in clinical trials for ASD and FXS treatments. 
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Table 3.1: Summary of clinical trials of oxytocin treatment in autistic spectrum disorders (ASD) including Asperger’s syndrome (AS), high 
functioning (HF) and low functioning (LF) individuals with ASD and, fragile X syndrome (FXS). 

Subjects Administration Dose Clinical trial Assessment Behaviour Reference

5♂ with ASD or AS (16-19 y.o)  24IU randomized double-blind 
crossover RMET no difference Guastella et al . 2010

11♂ with ASD or AS (12-15 
y.o) 18 IU randomized double-blind 

crossover RMET ↑ emotion recognition Guastella et al . 2010

15 with ASD or AS 14♂ 1♀ 
(mean age =19-56) Intravenous 10U/ml

randomized double-blind, 
placebo controlled crossover 
design

YBOCS compulsion severity scale ↓ repetitive behaviour Hollander et al.  2003

14♂ with ASD or AS (19-56 
y.o) Intravenous 10U/ml randomized double-blind 

crossover Affective speech score retained social information Hollander et al.  2007

11♂ 2♀ with HF-A or AS 
(mean age =26) Intranasal 24IU 

randomized double-blind, 
placebo controlled within 
subject design

Social ball tossing game ↑ eye gazing and trust  promotes 
affliation and cooperation Andari et al. 2010

16♂ 3♀ with ASD Intranasal 24IU
Randomized double-blind, 
placebo-controlled, parallel 
design trial over six-weeks

Clinical global impression, DANVA, RMET, Social 
Responsiveness scale

no significant decrease in restrictive 
repetitive behaviour, significant 
improvement in social cognition and 
quality of life

Anagnostou et al. 2012

38♂ with ASD (mean age 
=11.79)    Placebo (mean age 
=10.74)

Intranasal 12IU if < 40kg 
24IU if > 40kg

Randomized double-blind, 
control trial over five days

Social skills rating scale, Social reciprocity scale, UNSW 
Facial Emotion task, OSU, Childhood Ratings scale, 
DISCAP-ASD

No difference in social interaction, 
emotion recognition or general 
behavioural adjustment

Dadds et al. 2014

11♂ 4♀ with HF-ASD or AS 
(mean age =13.8) Intranasal 0.2 < 0.4IU

Modified Maximum Tolerated 
Dose-open label trial  over 12 
weeks 

DANVA-2, BFRT, VYFPB, Revised eyes test, Strange 
stories task, Real and Apparent Emotion task,Irony and 
Empathy Task, Social Responsiveness Scale, CGI-I-
Social, BASC-2, Yale-Brown Obsessive-Compulsive 
Scale, Repetitive Behavior Scale-Revised, Child and 
Adolescent Symptom Inventory

↑ social learning, social cognition, 
face recognition, ↓ repetitive 
behaviour and anxiety

Anagnostou et al. 2014

20♂ with ASD Intranasal 24IU double-blind placebo-
controlled within subject Story fixation task ↑ infering with others' social emotions Aoki et al. 2014

8 LF♂ with FXS (13-18 y.o) Intranasal 24IU 48IU randomised double-blind 
placebo-controlled trial

eye gaze frequency, heart rate, respiratory 
sinus arrhythmia (RSA), heart rate variability (HRV) 
and salivary cortisol 

↑eye gazing, ↓salivary cortisol, no 
difference for heart rate, heart rate 
variability, respiratory sinus arrythmia

Hall et al. 2012

Intranasal 
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Despite the great interest and the deluge of reports investigating the social behaviour 

benefits following intranasal OXT administration, great scepticism has arisen in relation to 

this topic including, the methodological approaches used, statistical interpretation of 

outcomes, dosage regimen and sampling collection times. Leng and Ludwig (2016b) have 

extensively criticized the reliability of the outcomes from several of the aforementioned 

studies by questioning the amount of exogenous OXT administered (> 24IU), in all cases 

greater than the human physiological pituitary content that is estimated to be approximately 

14IU (28μg) (Heller and Zaimis, 1949), which was associated with modest increased 

concentrations found in the CSF. Besides, Leng and Ludwig (2016b) further suggest that 

higher OXT concentrations are essential for the stimulation of CNS effects as compared to 

peripheral effects because agonist stimulation of OXT receptors leads to desensitization 

(Conti et al., 2009), while receptors at peripheral sites are exposed to lower concentrations 

of OXT (1-10pg/ml) than receptors located in the brain (Leng and Ludwig, 2008); therefore, 

they are highly sensitive to the release of the peptide (Leng and Ludwig, 2016a). 

Conclusively, even Leng and Sabatier (2017), the greatest sceptics in the topic of ‘how 

intranasal OXT reaches the brain’, seem to agree with the notion that with enormous 

amounts administered, biologically significant peptide concentrations can enter the brain with 

a tiny penetration rate that can stimulate behavioural responses. 

3.1.4.1.   Genetics and epigenetic findings on the OXTR gene expression 

Numerous studies have associated variants of the OXTR gene with autism. Gregory et al. 

(2009) was the first to report deleterious mutation of OXTR gene in an autistic proband and 

his mother. However, no such deletion was detected in the proband’s affected sibling but 

instead found increased methylation of OXTR compared with the non-autistic sibling, 

suggesting that epigenetic silencing of this gene by DNA methylation might be involved in 

the causality of autism. DNA methylation analysis further detected the hypermethylated 
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pattern of the OXTR gene in the peripheral blood mononuclear cells and the temporal cortex 

of autistic individuals (Gregory et al., 2009). Numerous cohorts have also reported positive 

associations between polymorphisms at the OXTR gene and autism 

(https://gene.sfari.org/GeneDetail/OXTR), including family based studies with Chinese Han, 

Caucasian, Japanese, German and Israeli populations (Wu et al., 2005; Jacob et al., 2007; 

Lerer et al., 2008; Liu et al., 2010; Kranz et al., 2016). CD38 is a transmembrane 

glycoprotein widely distributed throughout the hypothalamus and found in OXT neurons, 

which has been shown to regulate OXT secretion (Jin et al., 2007). Ebstein et al. (2009) 

reported that CD38 has been associated with OXT detected in plasma from autistic patients. 

In particular a significant association was detected between SNPs of the CD38 gene and the 

measures for assessing ASD categories (Lord et al., 1994). Munesue et al. (2010) also 

reported the association of a CD38 SNP with high-functioning autistic individuals from cases 

mainly recruited to the Autism Genetic Resource Exchange. Yrigollen et al. (2008) reported 

a significant SNP in the OXT/AVP region linked to stereotypical behaviour. Finally, Campbell 

et al. (2011) detected 3 SNPs on the OXTR gene that are associated with both ASD 

diagnostic criteria as well as subphenotype measurements of social impairment in autism. 

3.1.4.2.   Preclinical findings 

Genetic studies have been conducted in rodents for advancing our understanding of the 

OXT system with targeted genetic disruptions of their OXT system and evaluate social 

behaviours (Young et al., 1997; Ferguson et al., 2000; Jin et al., 2007). Mice lacking the oxt 

or oxtr gene and CD38 gene -involved in OXT secretion- demonstrate similar and profound 

behavioural abnormalities, which together resemble those of human autism. As mentioned 

earlier in section 3.1.41, evidence from clinical studies have associated CD38 with ASD, 

thus the involvement of this gene in ASD is worth discussing. 
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Significant reduction in ultrasonic vocalisation following maternal separation was reported in 

oxytocin knockout mice (Oxt KO) pups suggesting that OXT deficiency fails to establish 

social affiliative behaviour (Young et al., 1997). Oxt KO mice display social memory deficits, 

reduced aggression and, normal social approach as compared with controls (DeVries et al., 

1997; Ferguson et al., 2001; Winslow and Insel, 2002; Ricceri et al., 2007). Evidence 

accrued from studies in rats reported that OXT administrated intracerebroventricularly 

induces stereotypical behaviour such as repetitive grooming and paw suckling (Drago et al., 

1986; Nelson and Alberts, 1997), suggesting a relationship between OXT and stereotypical 

behaviour.  

Oxtr KO mice were first generated by Takayanagi et al. (2005) where his study revealed that 

fewer ultrasonic vocalisations were emitted in comparison to WT littermates following social 

isolation. Later on, Sala et al. (2011) recapitulated that Oxtr KO mice exhibit relevant 

symptoms of autism, including impaired social interactions, decreased cognitive flexibility, 

increased aggressive behaviour and increased susceptibility to seizures; a common 

comorbidity in autistic patients. However, these behavioural responses were rescued after 

intracerebral OXT infusion, which attenuated aggressive behaviour and reversed social 

recognition defects likely via V1A receptors, while seizure susceptibility was antagonized by 

peripheral OXT administration (Sala et al., 2011). It might be that in the absence of OXTR, 

OXT acts as a partial agonist on V1A receptor to induce compensatory upregulation and/or 

downregulation of the receptor. Other studies, however did not demonstrate change in V1A 

expression in Oxtr KO mice (Ferguson et al., 2000). Pobbe et al. (2012) observed widely 

reduced social interactions in the Oxtr KO mice such as reduced sniffing behaviour, 

increased time spent alone when compared to their WT littermates. In addition, overall 

reduction in communication displayed by a reduced number of urinary scent marks across 

social and non-social contexts. However, these mice failed to show patterns of repetitive 

stereotypical behaviour in a repetitive novel object contact task. These together, reinforce 



149 

 

the autistic-like phenotypic traits of the Oxtr KO mice as indicated by robust social deficits 

and reduced communication levels (Pobbe et al., 2012).  

CD38 KO mice display deficit in the social recognition responses to the cues provided. 

Significantly lower OXT levels were reported in plasma and CSF of the CD38 KO mice as 

compared to WT littermates, while increased OXT concentration were found in the 

hypothalamus and neurohypophysis of these mice. These physiological responses were 

reversed following restoration of CD38 in the knock-out mice after infusion of lentiviral 

vectors carrying human CD38 gene (lenti-CD38) in the third ventricle (Jin et al., 2007) 

suggesting that administration of OXT can restore dysregulation of the central oxytocinergic 

system in these mice. OXT has been reported to rescue social deficits in both Oxt KO and 

CD38 KO mice (Jin et al., 2007, Ferguson et al., 2000) suggesting restoration of the 

endogenous OXT levels as a promising therapeutic strategy for conditions with impairment 

in the social domain, such as autism.  

Studies on animal models characterised as good ASD models such as the BALB/cByJ and 

the C58/J (Brodkin, 2007; Ryan et al., 2010) have shown that subchronic intraperitoneal 

administration of OXT increases social interactions in both genotypes, while acute single 

dose of OXT is sufficient to reduce repetitive behaviours in the C58/J mice (Teng et al., 

2013).  

While OXT is emerging as a promising target for the treatment of some core symptoms of 

ASD, the behavioural and long-term consequences of chronic exposure to OXT are not well 

known and further studies are essential. In an attempt to answer these questions, this 

chapter focuses on the behavioural and neurobiological consequences of chronic intranasal 

OXT administration in a well-validated model of autism, the Fmr1 KO model. We particularly 

focus on the OXT’s neurobiological underpinnings of behavioural deficits in autism and the 

therapeutic potential of intranasal OXT administration. This is the first study to investigate 
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the biological and behavioural-induced effects of acute and chronic intranasal OXT 

administration in the Fmr1 KO autistic mouse model.  
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3.2. Hypothesis and objectives 

3.2.1. Hypotheses 

OXT is a promising therapeutic target for the treatment of ASD as illustrated by preclinical 

and clinical based studies. It has been demonstrated that OXT is sufficient to relieve core 

symptoms of autism including social interaction deficits and stereotypy, as well as symptoms 

of anxiety and cognitive impairment. Receptor targets including metabotropic glutamate 

receptor 5 (mGluR5) and N-methyl-d-aspartate (NMDA) receptors seem to be implicated in 

models of fragile X with ASD phenotypes. Interestingly, mGluR5 and NMDA hyperactivity 

underlies some of the fragile-X and ASD-associated symptomatology in experimental rodent 

models. Therefore, we hypothesized that OXT treatment in the ASD Fmr1 KO mouse model 

will induce: 

(a) beneficial effects against the autistic-like behaviours (mentioned above) 

(b) changes in OXT receptor, mGluR5 and NMDA receptor binding levels in the brain  

(c) transcript changes in the endogenous opioid system, the oxytocinergic, glutamate and 

other systems, which are involved in the etiopathology of ASD. 

3.2.2. Objectives 

This study investigated if there are beneficial changes of acute and chronic OXT in the 

autistic-like phenotype of the Fmr1 KO mice including sociability and repetitive behaviour 

(core symptoms of ASD) and comorbid symptoms such as anxiety and cognition impairment 

by assessing them using a battery of behavioural paradigms including social interaction, 

three-chamber sociability and motor stereotypies tests, marble burring, novelty suppressed 

feeding and novel object recognition tests. Additionally, we assessed in the Fmr1 KO mice, 

the effect of chronic OXT administration on receptor systems, which are involved in the 
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etiopathology of ASD including the OXT, NMDA and mGluR5 receptors. We utilised 

quantitative autoradiographic receptor binding to assess the presence or absence of any 

receptor binding changes following chronic OXT administration in mice. Lastly, we 

investigated the expression of mRNA transcripts in Fmr1 KO mice following chronic OXT 

administration of several gene components of systems involved in the neurobiology of ASD 

including the endogenous opioid system, glutamatergic, oxytocinergic and others. qRT-PCR 

was performed across two crucial brain regions involved in reward/motor behaviour (CPu) 

and emotional processing (CeA). 
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3.3. Materials and Methods 

3.3.1. Methods 

3.3.1.1.   Effect of chronic intranasal OXT administration on core and secondary 

symptoms of ASD in Fmr1 KO and WT mice 

Male and female WT and Fmr1 KO mice aged 5–9 weeks generated at the lab of Julie Le 

Merrer and Jerome Becker (INRA-0085 CNRS-7247 INSERM, Université de Tours Rabelais, 

Nouzilly, France) were bred in-house on a homogeneous C57BL/ 6J background. For the 

purpose of the study, Fmr1+/+ and Fmr1 KO pups were nurtured by Fmr1+/+ and Fmr1 KO 

parents, respectively. Same gender animals were group housed (4-5 animals per group) and 

maintained in a climate-controlled animal facility (21°C±1°C) and maintained on a 12-hour 

light/dark cycle with food and water available ad libitum. All procedures were conducted in 

accordance with the C2EA-19- Ethics Committee for animal experiments of the Val de Loire. 

All behavioral, qRT-PCR and autoradiography experiments carried out were performed by 

myself at the lab of Dr. Le Merrer and Dr. Becker (behavioral, qRT-PCR) and at University of 

Surrey (autoradiography). As previously discussed (section 2.3.1.4), we utilized both sexes 

for the experiments carried out in this chapter, by following the same approach (not 

considering sex differences) in the qRT-PCR, autoradiography and the behavioural 

experiments carried out in the Fmr1 KO mouse model that provided us with preliminary data. 

3.3.1.2.   Intranasal administration  

Male and female mice were divided into four groups; Fmr1+/+ chronic saline, Fmr1+/+ chronic 

OXT, Fmr1 KO chronic saline and Fmr1 KO chronic OXT. All procedures were carried out 

according to previously established protocols with minor modifications (Bales et al., 2013; 
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Huang et al., 2014). OXT was dissolved in saline (0.9% NaCl) and administered intranasally 

in a volume of 5 μl to each mouse in doses of 0.3 IU/5 μl (OXT 0.3IU). The dose used is 

similar to the higher range of intranasal OXT doses given to adolescent prairie voles (Bales 

et al., 2013). Also, it is similar to the total daily dosage being used currently in clinical trials 

(Bakermans-Kranenburg and van IJzendoorn, 2013; Anagnostou et al., 2014; Dadds et al., 

2014) and other studies with clinical populations (Goldman et al., 2011; MacDonald and 

Feifel, 2013). Control mice received the same volume of saline (vehicle). Saline and OXT 

administration was carried out once daily in the morning between 0700 and 1200 h 

throughout the duration of the study. For most experiments, group sizes were 4-5 mice 

arranged by gender, genotype and treatment. For the intranasal administration, a P10 

Eppendorf pipette with 1-20 μl standard loading tips were used for administration. The 

animal was held still and drops of the 5 μl solution were gently placed equally on both 

nostrils of each mouse, which were taken in when they reflexively inhaled. Administration 

was rapid (less than 30 s) and handling was consistent across treatment groups. Following 

administration, the animal was returned to its home-cage with its familiar cage-mates. 

Behavioral interaction assessment was performed 5 min after the administration twice 

weekly, on days 1, 5, 9, 12, 16 and 20 of a 20-day period. The timeline for treatments on 

different cohorts is given in Figures 3.5; 3.6. For the intranasal treatments, mice were 

administered with OXT only once daily, 5 min before the start of the behavioural tests. The 

delay of only 5 min was based on OXT’s very rapid pharmacokinetics with effects expected 

to appear already within a few minutes following intranasal administration, as previously 

indicated by Veening and Olivier (2013). 

3.3.1.3.   Behavioral Assessments 

Social abilities were explored using direct social interaction and three-chamber sociability 

tests as described previously by established protocols (Peça et al., 2011; Pobbe et al., 2012; 
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Becker et al., 2014). Stereotyped behavior was assessed by scoring motor stereotypies as 

described previously (Silverman et al., 2010; Becker et al., 2014). Anxiety-like behavior was 

evaluated in the marble burying (Amodeo et al., 2012) and novelty suppressed feeding 

(NSF) (Zhou et al., 2010) tests as described by previous protocols. Learning and memory 

behavior was assessed by the novel-object recognition (NOR) paradigm for short-term 

memory in accordance to previously established protocols (Le Merrer et al., 2013). Two 

separate cohorts of mice underwent the same administration paradigm with differences on 

the duration of administration and the behavioral experiments utilized. Measurements of 

behavioral outcomes were unbiased (blinded to groups). 

Direct social interaction: For cohort #1 (n= 6-8 per group), mice were assessed in a 10-min 

direct social interaction paradigm, where they were exposed to a “stimulus” mouse. 

‘Stimulus’ mice used (8-10 weeks old) for first series of experiments were gender-matched, 

grouped-housed WT mice, socially naive to the experimental animals. In all cohorts, 

behavioral interaction assessment was performed 5 min after the administration of either 

saline or OXT twice weekly, on days 1, 5, 9, 12, 16 and 20 of a 20-day period. (For timeline 

see Figure 3.5). During this test, experimental animals met wild-type age- and gender-

matched unfamiliar stimulus mice. In cohort 2, social interaction was further assessed on 

day 36 to verify maintenance of OXT effects (For timeline see Figure 3.6). Testing started 

when experimental and stimulus animals were introduced in an arena for 10 min session of 

direct social interaction (SI) under 15 lx. Also for an illustration of the paradigm please see 

Figure 3.4. Total time spent in close contact (nose and paw contacts), number and duration 

of nose and paw contacts (crawling over, mounting, stepping on, pushing) and self-

grooming, as well as frequency of occurrence of the following, rearing and circling episodes 

for the 10 min duration were filmed and scored from visualizing the video recordings (Pobbe 

et al., 2012). The timeline of social interaction assessments was performed according to the 

timeline illustrated on Figure 3.5. Forty-five min following the final OXT or saline 
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administration, mice were euthanized by cervical dislocation and decapitation and brains 

were collected and immediately frozen in liquid nitrogen (-80°C), which were processed for 

qRT-PCR experiments or quantitative autoradiography. 
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Figure 3.4: Platform consisting of four arenas, in which direct social interaction sessions were 
performed. 

In order to distinguish between the two mice, the experimental mouse was placed in the arena first, 
following the start of the camera recording. Then, the ‘stimulus’ mouse was also placed in the arena. 
Social interactions of sessions including up to four experimental animals were run each time, each 
mouse pair (stimulus, experimental) placed on individual arenas, as indicated on the image. Image 
captured from the recorded videos, which were scored and analyzed. Measurement of outcomes 
were unbiased (blinded to groups).  
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Figure 3.5: Cohort #1 timeline of chronic oxytocin administration or saline in Fmr1 KO and 
wild-type mice for the social interactions (SI) assessments. 

 

For cohort #2 (n=8-9 per group), mice followed the same administration protocol as 

previously described in section 3.3.1.2. However, in order to evaluate more behaviors on the 

WT and Fmr1 KO mice treated with OXT or saline, OXT treatment lasted longer and the 

previous protocol was adjusted appropriately. Mice were administered OXT for a period of 

39 days, during which additional behavioral paradigms including the three-chamber 

sociability (or Crawley’s) test, scoring motor stereotypies, marble burying, novelty-

suppressed feeding (NSF) and novel object recognition (NOR) tests assessed core and 

comorbid symptoms of autism. For a timeline diagram, please see Figure 3.6. Direct social 

interaction, novel object recognition and novelty suppressed feeding were performed in 4 

equal square arenas (50 x 50 cm) separated by 35cm-high opaque grey Plexiglas walls over 

a white Plexiglas platform (View Point, Lyon, France). While several animals were tested 

concurrently and thus, olfactory stimuli from animals in adjacent sets of apparatus were 

present, it has to be noted that this is a factor that could not affect the outcomes, as it was a 

consistent parameter amongst all groups.
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Figure 3.6: Cohort #2 timeline of chronic oxytocin administration or saline in Fmr1 KO and 
wild-type mice and a battery of behavioral tests assessed. 

Social interaction and Y-maze tests haven’t been scored and analyzed yet, thus they are not included 
in the methods or results sections. 

 

Three-chamber sociability test (or Crawley’s test): Social approach was assessed in a box 

separated in three chambers with two sliding doors (8 x 5 cm) that allowed transitions 

between chambers. The experimental protocol was adapted from Peca et al. (2011). Two 

small identical cages (18 x 9 cm, 0.5 cm diameter-rods spaced 1 cm apart) comprised of 1 

cm-spaced vertical bars, were placed in each end-chamber and secured with a weighted 

cup. Stimulus mice were habituated in these restricted cages for 2 days (20 min/day) prior to 

the experiment. The test started with a 10-min habituation phase, where the experimental 

mouse was placed into the middle chamber (40x20x22.5 cm) of a transparent acrylic box 

consisting of partitions that divided the box into three interconnected equal chambers, each 

of the lateral chambers containing an empty wire cage. During this phase, the experimental 

mouse was free to explore the entire apparatus (wire cages empty) for 10 min. In a second 

phase, an unfamiliar ‘stimulus’ gender- and age-matched mouse (stranger) was placed into 

one of the two wire cages (“social cage”) while the other cage contained a soft mouse toy. 
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The experimental mouse was placed back into the centre chamber and was free explore the 

apparatus for 10 mins (sociability phase). Also see illustration of the paradigm on Figure 3.7. 

The number of entries in each compartment, the time spent in each chamber and in nose 

contact with the stimulus mouse or the wired cage, as well as duration of each nose contact 

episode was scored by analysing the video recordings after 10 min duration of the test. The 

analyses of the video recordings were performed manually on video recordings (Viewpoint, 

Lyon, France) and measurements were validated by an observer blind to the treatment 

groups. Social preference was determined by calculating the time that the “experimental” 

mouse spent around the cage containing the unfamiliar mouse (stranger 1) vs. the time 

spent around the cage containing the toy during the social interaction phase of the test. The 

test was carried out in dim light, at 15 lux. After the end of the test, the mouse was placed 

back in its home cage. 

 

Figure 3.7: Illustration of habituation and social interaction phases of the three-chamber 
sociability test. 

During the sociability phase, the experimental mouse is given a choice to interact either with an 
unfamiliar gender-matched adult mouse (‘stranger’), contained in one of the wired cages placed in the 
one-end chamber, or with a soft toy mouse contained in the other smaller cage located in the anti-
diametrical chamber. Image captured from the recorded videos that were scored and analyzed. 
Measurement of outcomes were unbiased (blinded to groups).  
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Novel object recognition: This paradigm was used to assess learning and memory in cohort 

#2 (see timeline diagram Figure 3.6), as previously described by Le Merrer et al. (2013). The 

recognition test consisted of 3 sessions of 10 min separated by 2 inter-trial intervals of 5 min. 

During the familiarization phase (session 1), the experimental mouse was presented with 

two copies of an unfamiliar object. Stimuli objects used sized 1.5-3 x 2-3 cm and included 

dices and Lego® bricks. The mouse was then removed to an opaque holding container for 5 

min, and one of the objects was displaced to a novel location for the next session (location-

dependent phase). After 5 min exploring during session 2, the mouse was placed in the 

holding container and only the object from session 1 was replaced with a novel object - 

introduced for the first time (novelty-dependent). The identity of the objects and their spatial 

location were the same for all subjects throughout the three sessions. Also see illustration of 

the paradigm on Figure 3.8. The number of visits and the time spent to explore each object 

were scored on video recordings for sessions 2 and 3. During session 2, short-term memory 

associated with spatial awareness (hippocampus-dependent) was assessed illustrated by 

frequency of exploration of displaced object. During session 3, short-term memory 

associated with novelty was assessed as indicated by the frequency of exploration of the 

novel object. Sniffing duration ratio measurement was used for all sessions. 
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Figure 3.8: Representation of the three phases of the novel object recognition paradigm; habituation session, displaced object and novel object 
sessions. 

Exploratory behaviour was defined as any behaviour directed at the object including sniffing (within ~ 5 cm), touching, chewing, pawing (directed touch), 
rearing or standing on the object. Measurement of outcomes were unbiased (blinded to groups).  
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Motor stereotypies: This paradigm was used to assess motor stereotypies in cohort #2 (see 

timeline diagram Figure 3.6), as previously described by Silverman et al. (2010) and Becker 

et al. (2014). In order to detect motor stereotypies in Fmr1 KO and WT mice treated with 

OXT or saline, animals were individually placed in clear standard home cages (21×11×17 

cm) filled with 3-cm deep fresh sawdust for 10 min. Light intensity was set at 30 lux. 

Numbers of head shakes, as well as rearing, grooming, circling episodes and total time 

spent digging were scored by direct live observation for 10 min duration of the test. 

Marble-burying: The procedure for marble burying was adapted from Amodeo et al. (2012) 

and this paradigm was used to evaluate anxiety levels of the animals (Becker et al. 2014). 

Mice were introduced individually in transparent cages (21×11×17 cm) containing 20 glass 

marbles (diameter: 1.5 cm) evenly spaced on 4-cm deep fresh sawdust. Also see illustration 

of the test (Figure 3.9). In order to prevent escapes, each cage was covered with a filtering 

lid. Light intensity in the room was set at 40 lux. The animals were removed from the cages 

after 15 min, and the number of marbles buried under more than half of the sawdust was 

counted. 

 

Figure 3.9: Illustration of marble-burying paradigm. 

Mice were assessed for their marble-burying performance in transparent standard cages during a 10-
min session, used as an index of anxiety behaviour. Measurement of outcomes were unbiased 
(blinded to groups). 
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Novelty-suppressed feeding: Experimental protocol was adapted from Zhou et al. (2010) and 

Becker et al. (2014). Mice were food deprived for 24 h prior to the test. Then they were 

placed individually in a standard housing cage for 30 min before individual testing. Three 

pellets of ordinary lab chow were placed on a white tissue in the center of each arena. Light 

intensity in the room was set at 60 lx. Each mouse was placed in a corner of an arena and 

was allowed to explore for a maximum time of 15 min. Latency to feed was measured as the 

time needed to bite a food pellet. Immediately after an eating event, the mouse was 

transferred back to their home cage (See illustration on Figure 3.10). 

 

Figure 3.10: Illustration of novelty-suppressed feeding paradigm. 

Food-deprived mice for 24 h were assessed for their latency to feed on the only 2-3 pellets placed in 
the middle of the chamber, while being in a stressful environment of light intensity at 60 lux. Image 
captured from the recorded videos that were scored and analyzed. Measurement of outcomes were 
unbiased (blinded to groups). 

3.3.1.4.  Biochemical assays applied in the brains of wild-type and Fmr1 KO mice 

treated with chronic intranasal oxytocin or saline 

3.3.1.4.1. Real-Time Quantitative PCR Analysis  

After completion of OXT treatment in cohort #1 (see diagram on Figure 3.5), mice brains 

were collected and the PFC, CPu, CeA, MeA (medial amygdaloid nuclei) and VTA/SN 
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(substantia nigra) brain regions were extracted to be processed for qRT-PCR experiments. 

Here we focus on two brain regions, CPu and CeA, as they play a critical role in the 

pathophysiology of ASD (Langen et al., 2009). In addition, for the qRT-PCR experiments we 

did not consider potential gender differences amongst the groups as we did not find 

significant behavioral differences between males and females amongst the groups in any of 

the tests. Therefore, when transcripts were assessed for a collection of genes of interest, 

tissue was pooled from one male and one female mouse of same genotype and treatment, 

separately for each brain structure.  

3.3.1.4.2. Micro-punches 

Procedures followed for the micro-punches were in accordance to previously established 

protocols (Le Merrer et al., 2013). Mice brains were removed after cervical dislocation, 

placed into a brain matrix and, with the use of razor blades, coronal sections through the 

brain were sliced at intervals of 1mm. Then, sections containing the CPu and the CeA were 

located at –0.34 mm and –1.34 mm bregma points, respectively, by using the mouse brain 

atlas Paxinos and Franklin (2001). These brain section were then placed on a microscope 

slide in order to allow selected brain regions to be punched out. Biopsy punches of 2-mm 

diameter and 0.8-mm diameter were used for the extraction of the CPu and CeA brain 

regions, respectively. Tissue containing these brain regions were collected in experimental 

tubes and they were immediately frozen in liquid nitrogen followed by dry ice and, storage at 

-80ºC.  

3.3.1.4.3. qRT-PCR 

Tissue was pooled from one male and one female mouse of the same genotype and 

treatment, separately for each brain structure (n=3-4/genotype/ treatment group). 

Procedures about RNA processing, cDNA synthesis and qRT-PCR reaction and conditions, 
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were performed same as previously described in section 2.3.1.2. Primer sequences are 

displayed in Table 3.2.  
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Table 3.2: Primer sequences for qRT-PCR experiments. 

RefSeq Gene name Gene title  Forward oligonucleotide  Reverse oligonucleotide

NM_011013 opioid receptor, mu Oprm1 ATCCTCTCTGAAGCCAACCC TTCCTGTCTTGGGCCATCAT

NM_018863 prodynorphin Pdyn TTTGGCAACGGAAAAGAATC TAGCGTTTGGCCTGTTTTCT

NM_001002927 preproenkephalin Penk ATGCAGATGAGGGAGACACC GCTTCTGCAGCTCTTTTGCT

NM_009732 Arginine vasopressine Avp ACACTACGCTCTTCCGCTTGT CACTGTCTCAGCTCCATGTCA

NM_016847 Arginine vasopressine receptor 1A Avpr1a GGAGAAACGGGAGACAGACA AAGCCCATTGTACAGCCCAAG

NM_011924 Arginine vasopressine receptor 1B Avpr1b AGGAGGAAGAGGAGGAGGAA ACTGAAGGCAGGAACTGAAG

NM_011025 oxytocin Oxt CTGCTTGGCTTACTGGCTCT GGGAGACACTTGCGCATATC

NM_001081147 oxytocin receptor Oxtr CTTAGGGCCAAAAGGTGTCA GCAGGTTTCTATGCCCTCTG

NM_001160353 glutamate receptor, metabotropic 2 Grm2 CTTGTAGCTATGCCCCGTGT GACTGGAAGCACCTTTGCAT

NM_001013385 glutamate receptor, metabotropic 4 Grm4 CTTCCTTAGCCAGGGTCTCC CATCCCTTCGGACACAGTTT

NM_008174 glutamate receptor, metabotropic 8 Grm8 TCCTGTCCCACACTGTTCAA AAAATTGCATGCGTCAATCA

NM_011702 vasoactive intestinal polypeptide Vip AGGTACTCCATCTCTCACGGA CCAGATTGGACGATGGGCTT

NM_011703 Vasoactive intestinal peptid receptor 1 Vipr1 GGGAGTGGTCCTAGAATCCCA CATCTCTCAGCCTCATCGGA

NM_009511 Vasoactive intestinal peptid receptor 2 Vipr2 TCCAGGGCTACAAGGCTAGA TAGCATCCACCTATCGCCAC

NM_018790
activity regulated cytoskeletal-associated 

protein Arc CCAGGAGAATGACACCAG TTCAGGAGAAGAGAGGATG

NM_020026
UDP-GalNAc:betaGlcNAc beta 1,3-

galactosaminyltransferase, polypeptide 1 B3galnt1 AAGGCACAGAAGGCTGAGAC  AAAACACACACTGGGAGGGT

NM_007540 brain derived neurotrophic factor Bdnf GTGACTGAAAAAGTTCCACC GACGTTTACTTCTTTCATGGG

NM_001284508 cholecystokinin CCK ACAACCACACATACGACCCC CTTCCGACCACACAGCTAGG

NM_009827  cholecystokinin A receptor Cckar TGCAAATGGATATTGGAACTCAAC AAGAGCTGTAACACTTTAATTTTGC

NM_007627.5 cholecystokinin B receptor Cckbr CCAACAAATGTGGTCCGTGC GGTAGAGTTCGCGGGAGATG

NM_010234 FBJ osteosarcoma oncogene Fos GAAGGGAACGGAATAAGATG CATCTTCAAGTTGATCTGTCTC

NM_026763 collagen, type VI, alpha 4 Col6a4  AGGCCAACCAGTCTGAAACC  AACGCCAGTCTCACTGTCTC

NM_175475
cytochrome P450, family 26, subfamily b, 

polypeptide 1 Cyp26b1 TGTGGCATGTGACTCTGGTC  TTCCTTCACACTTCCTCGGC

NM_012011
eukaryotic translation initiation factor 2, 

subunit 3, structural gene Y-linked Eif2s3y CAGTCAAGGCAGATTTGGGT GCCTCTTCTTATCTGGCCCC

NM_001159500 estrogen related receptor, beta Essrb  CTAGTGATGCAAGCACCCCA GGCTCTACCCTCTGACTCCA

NM_008082 galanin receptor 1 Galr1 AACTCCATGGAAGTCTGCCG CCTCTTTGGAGACGCAGCTA

NM_010254 galanin receptor 2 Galr2 ACTTCCCAACTGCACAACCT ATGACCCCCAGGTATCGTCT

NM_008117 growth hormone Gh GCTGCTCTCCTGCTTCAAGA GCACAGCTGCTTTCCACAAA

NM_175493 G protein-coupled receptor 68 Gpr68 GGATGCCGGAGAGATGTCAG AGGAACTTGGCTAAGGACGC

NM_011832 insulin receptor-related receptor Insrr CTCCCCCTCTGTCCCACATA AAGAAGGAGGAGCACCAAGC

NM_027519
mesenteric estrogen dependent 

adipogenesis Medag AACCTTGGGTACACAGCAAGA TTTCCTGGGGTGATTACTGACT

NM_010882 necdin Ndn GCAGGACTTAACAGCAACGC AGTCCATTCCACATGGATGCT

NM_009717 neurogenic differentiation 6 Neurod6 GTCCCTTAAGTCCTCCCCCA GGGTGGCACTGCACAGTAAT

NM_212452
relaxin/insulin-like family peptide receptor 

1 Rxfp1 TCCATCAACTCTGGCACAACT GGCCACATTTCCACCCAGAT

NM_021358
5-hydroxytryptamine (serotonin) receptor 

6 Htr6 GTCTGACCACCAAGCATAGCA AGTCACATACGGCCTGAGC

NM_001034874 shisa family member 6 Shisa6 GCTGAAGCTCCACCTTGACT ACATGAAGAGGGGCCGAAAA

NM_182993

solute carrier family 17 (sodium-dependent 

inorganic phosphate cotransporter), 

member 7 Slc17a7 TCAGTGGCCATTTGTTGTGT ACCCCCACCCAGATTTCTAC

NM_138649 synaptotagmin XVII Syt17  TCAGCTCCCTCCCCAAAATG CAGCTGGACTCATAGCACCT

NM_009504 vitamin D receptor Vdr CTGCGTGGGAGAAAGTAGGG AGCCATGTCTGACTTCCACC

NM_175638 WNK lysine deficient protein kinase 4 Wnk4 GGGGATATTGGCAGGATGTG ACTCAGTGCTGGGGTGTTCT  
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3.3.1.4.4. Autoradiographic receptor binding  

Preliminary pilot studies performed in Fmr1 KO mice and their wild-type controls at the lab of 

Dr. Le Merrer and Dr. Becker showed that chronic intranasal OXT treatments produced 

increase in social interactions (data not shown). The same experiment was repeated (as 

cohort #1 in this chapter), as illustrated in Figure 3.5). After completion of this study, mice 

(n=4-8 per group) were culled 45 mins after the end of the 20th day chronic intranasal OXT 

or saline administration with cervical dislocation and brains were removed and processed as 

previously described on chapter 2, section 2.3.1.1.1. As all previous procedures were carried 

out in the lab of Dr. Becker and Dr. Le Merrer, the brains were shipped to University of 

Surrey, where I processed them for autoradiographic binding experiments. Procedure of 

tissue preparation was carried out as detailed on section 2.3.1.1.1.  

Oxytocin receptor binding 

OXTR binding was carried out on sections from chronic saline- and OXT- treated WT and 

Fmr1 KO mice, both male and female, in accordance with previously described protocol by 

Jarrett et al. (2006) with minor modifications. Sections were rinsed twice for 10 min in a 

buffer solution (50 mM Tris-HCl, pH 7.4) at room temperature to remove endogenous OXT. 

Total binding was determined by incubating sections with 50 pM 125I - ornithine vasotocin 

(OVTA), a highly selective OXTR antagonist, in an incubation buffer medium (50 mM Tris-

HCl, 10 mM MgCl2, 0.1 % w/v bovine serum albumin, 0.05 % w/v bacitracin, pH 7.4) at room 

temperature. Adjacent sections were incubated with [125I] - OVTA (50 pM) in the presence of 

50 μM unlabelled (Thr4,Gly7)-OXT, to determine non-specific binding (NSB). Following a 

radioligand binding period of 60 min, slides were rinsed for 3 x 5 min in ice-cold rinse buffer 

(50 mM Tris-HCl, 10 mM MgCl2, PH 7.4) followed by a 30 min wash in the ice-cold rinse 

buffer. That was followed by a 2-sec wash in ice-cold distilled water. Slides were then dried 
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under a stream of cool air for 2 hours and stored in sealed containers with anhydrous 

calcium sulphate for 7 days.  

Metabotropic glutamate receptor 5 binding 

Metabotropic glutamate receptor 5 (mGluR5) binding by quantitative autoradiographic 

analysis was carried out in accordance to previously established protocols (Georgiou et al., 

2015; Wright et al., 2016). Sections were rinsed for 20 min in a buffer solution 50 mM Tris-

HCl containing 120 mM NaCl, 5mM KCl, 2mM CaCl2 and 1mM MgCl2, pH 7.4 at room 

temperature to remove endogenous ligand. Total binding was determined by incubating 

sections with 10 nM [3H]-2-Methyl-6-(phenylethynyl) pyridine (MPEP), a selective mGluR5 

antagonist, in 50 mM Tris-HCl buffer solution, pH 7.4 at room temperature for 60 min on ice. 

Adjacent sections were incubated in the same buffer in the presence of 10 nM [3H]-MPEP 

and 10μM fenobam, an mGluR5 antagonist to determine NSB sites. Incubations were 

terminated by rapid rinses of 2 x 1 min in ice-cold 50 mM Tris- HCl buffer, pH at 7.4 followed 

by a 1 min wash in ice-cold distilled water. Slides were then dried under a stream of cool air 

for 2 hours and stored in sealed containers with anhydrous calcium sulphate for 7 days.  

N-methyl-D-aspartate receptor binding 

N-methyl-D-aspartate receptor (NMDAR) binding by quantitative autoradiographic analysis 

was carried out in accordance to established protocol by Reynolds (2001). Sections were 

rinsed in 50 mM Tris- HCl, pH 7.4 containing 50μM glutamate, 50 μM glycine, 50 μM 

spermidine (pre-incubation buffer) for 20 min at room temperature. Total binding was 

determined by incubating sections with 70 nM [3H] (+)MK801 in a pre-incubation buffer for 60 

min on ice. Adjacent sections were incubated with 70nM [3H] (+)MK801 in the same buffer in 

the presence of 1mM (+)-MK801 to determine NSB for the same amount of time. Then, 

radioligand binding incubations were terminated by rapid rinses of 2 x 30 sec in ice-cold 50 

mM Tris- HCl buffer, pH at 7.4, followed by three 3 x 5 min rinses in ice-cold buffer (50 mM 
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Tris-HCl, 10 mM MgCl2, pH 7.4) and a sequential 30-min final wash in ice-cold distilled 

water. Slides were then dried under a stream of cool air for 2 hours and stored in sealed 

containers with anhydrous calcium sulphate for 7 days.  

3.3.1.4.5. Film apposition and development 

For the OXT receptor binding, slides were apposed for 3 days to Kodak MR-1 films in 

Hypercassettes with autoradiographic [14C] microscales of known concentrations that were 

converted to the equivalent concentrations for [125I] microscales, as described by Miller and 

Zahniser (1987). For the film apposition of mGluR5 and NMDAR experiments, slides were 

apposed with autoradiographic [3H] microscales of known concentration for 3 weeks. 

Sections for all treatment groups were processed in parallel in a paired protocol and 

apposed to the same film at the same time. Film development was carried out as previously 

described in section 2.3.1.2.  

3.3.1.4.6. Image analysis 

Image analysis was carried out as described previously in section 2.3.1.3. Specific binding 

was determined by subtracting the NSB from the total binding in the images of the brain 

sections for OXTR binding and mGluR5 binding. 
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3.3.1.5.   Statistical Analyses 

Data represents mean ± SEM for each treatment group. Statistical analyses were performed 

using the Graphpad Prism 7.0 software (StatSoft, UK). Statistical significance in behavioral 

assessments was assessed using two-way ANOVA for factors ‘genotype’ and ‘treatment’, 

followed by Holm Sidak multiple comparisons post hoc test or three-way ANOVA for factors 

‘genotype’, ‘treatment’ and ‘preference’, followed by Holm Sidak post hoc analysis. 

Quantification autoradiographic binding data were analysed with two-way ANOVA followed 

by Holm Sidak multiple comparisons post hoc. Significance of qRT-PCR results was 

assessed after transformation with one sample t-test. For all comparisons, values of p˂0.05 

were considered as significant. Data are presented as fold changes between WT OXT vs. 

WT saline, Fmr1 KO saline vs. WT saline and Fmr1 KO OXT vs. Fmr1 KO saline-treated 

groups.  
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3.3.2. Materials 

125I-OVTA, [3H]- MPEP and [3H] (+)MK801 radioligands were purchased from PerkinElmer 

Life sciences (MA, USA). OXT was purchased from Sigma-Aldrich (France), unlabelled 

(Thr4,Gly7)-OXT from Bachem (Germany) and anhydrous calcium sulphate from Drierite-

BDH Chemicals (Dorset, U.K.). MgCl2, bovine serum albumin, bacitracin, fenobam, (+)-

MK801, glutamate, glycine, spermidine from Sigma-Aldrich (Poole, UK). For the qRT-PCR 

experiments, brain matrix was purchased from ASI Instruments Warren (MI, USA), 2mm 

thickness biopsy punch, Direct-zolTM RNA Miniprep from the Epigenetics company, Zymo 

research (France), ProtoScript first-strand cDNA synthesis kit from the New England, 

Biolabs (France) and the DyNAmo SYBR Green qPCR Kit F-400S was purchased from M.J. 

Research Inc. (France). 96-well plates used were purchased from DNA Engine Opticon 

System, MJ Research Inc. (France). RNA concentration was measured on a 

spectrophotometer (Milton Roy Co., Spectronic 601). Behaviours were analysed with 

Viewpoint behaviour technology software (Montpellier, France). 
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3.4. Results 

3.4.1. Effect of chronic intranasal OXT administration in WT and Fmr1 KO on core 

symptoms of ASD 

In order to evaluate the effect of acute, sub-chronic and chronic OXT (0.3 IU/5 μl) in the 

Fmr1 KO mouse model of autism, WT and Fmr1 KO mice (cohort #1) were treated daily with 

saline or OXT for 20 consecutive days and were assessed in a social interaction paradigm 6 

times during the 20-day treatment. Social and non-social behaviours including time spent in 

social interaction (paw and nose contact), following, grooming, rearing and grooming after 

social contact were analysed with two-way ANOVA for factors ‘genotype’ and ‘treatment’, 

followed by Holm-Sidak post hoc analysis on each of the social interaction assessment days. 

In terms of time in social interaction, two-way ANOVA revealed a significant treatment effect 

for social interaction session on day 1, (F(1,28) = 62.33, p<0.0001) and day 20 (F(1,21) = 22.42, 

p<0.001), a significant genotype effect (F(1,28) = 49.31, p<0.0001) on day 1 and day 20 (F(1,21) 

= 19.47, p<0.001), and ‘treatment x genotype’ interaction effect on day 1 (F(1,28) = 53.26, 

p<0.0001) , day 3 (F(1,28) = 176.9, p< 0.0001), and day 20 (F(1,21) = 447.7, p<0.0001). Our 

data clearly demonstrates a profound impairment of social interaction behaviour in the saline 

treated Fmr1 KO mice on day 1, 3 and 20, as illustrated by a reduced time spent in social 

contact (paw, nose contact) with an unfamiliar mouse vs. their WT counterpart (Figure 

3.11A). This social deficit was reversed by acute (day 1, first OXT administration; mean diff.= 

-71.98, p<0.0001 vs. Fmr1 KO saline), sub-chronic (day 3, mean diff.= -52.72, p<0.0001 vs. 

Fmr1 KO saline) and chronic (day 20, mean diff.= -82.64, p<0.0001 vs. Fmr1 KO saline) 

OXT administration. Interestingly, while acute OXT administration did not affect sociability 

behaviour in WT mice (mean diff.= -2.898, ns vs. WT saline on day 1), subchronic and 

chronic administration of OXT significantly reduced social interaction in the WT mice (mean 
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diff.= 56.08, p<0.0001 vs. WT saline on day 3; mean diff.= 52.42, p<0.0001 vs. WT saline on 

day 20). In contrast, in Fmr1 KO mice, OXT administered either acutely (day 1), sub-

chronically (day 3) or chronically (day 20) had persistent prosocial effects. Interestingly, 

while WT mice treated with OXT did not reveal any difference on their social phenotype on 

Day 1 of OXT administration, a significant decrease in time spent during social interaction on 

Day 3 was evident, which persisted until Day 20 displaying an identical socially impaired 

phenotype with the Fmr1 KO mice saline-treated mice (Figure 3.11A). Similarly, the number 

of followings was significantly increased in the Fmr1 KO OXT-treated mice as compared with 

the Fmr1 KO saline-treated on all days of social interaction assessments. Two-way ANOVA 

revealed a significant treatment effect for number of followings for session (F(1,28) = 4.932, 

p<0.05) on day 1, day 3 (F(1,28) = 5.298, p<0.05), and day 20 (F(1,21) = 44.07, p<0.0001), 

genotype effect only on day 3 (F(1,28) = 10.7, p<0.01), day 20 (F(1,21) = 21.42, p<0.0001), but 

not on day 1 (F(1,28) = 3.531, ns) and ‘treatment x genotype’ interaction effect on day 3 (F(1,28) 

= 96.28, p< 0.0001), day 20 (F(1,21) = 136.5, p<0.0001) but not on day 1 (F(1,28) = 3.859, ns). 

Interestingly, consistent with the social interaction data, WT OXT-treated mice displayed 

reduced number of followings on day 3 (mean diff.=3.875, p<0.0001) and day 20 (mean 

diff.=3.762, p<0.01), but not on day 1 (mean diff.= -0.375, ns), as compared with WT saline-

treated animals. The decrease in the number of followings is one more parameter that 

clearly demonstrates reduced social interactions in the Fmr1 KO mice on days 1, 3 and 20, 

which was reversed by acute and chronic OXT treatment. However, in the WT mice, chronic 

OXT administration decreases social interaction and thus induces a social impaired 

phenotype, as illustrated on Figure 3.11B). 

 Also, social behaviour of self-grooming after social contact was significantly higher in 

mutants treated with saline on day 1 (mean diff.= -2.375, p<0.0001); day 3 (mean diff.= -

1.625, p<0.01); and day 20 (mean diff.= -1.881, p<0.001), as compared with WT saline-

treated mice for the three time-points assessed, which shows that social contact was 
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aversive in these animals. Interestingly, OXT treatment in mutants abolishes this behaviour 

as illustrated on all days of assessment (day 1, mean diff.= 2.375, p<0.0001; day 3, mean 

diff.= 1.625, p<0.01; and day 20, mean diff.= 2.167, p<0.0001; vs. Fmr1 KO saline), which 

indicates a prosocial effect. Two-way ANOVA for self-grooming after social contact revealed 

a significant treatment effect on day 1 F(1,28)=26.97, p<0.0001) and day 20 (F(1,21)=9.415, 

p<0.01), genotype effect only on  day 1 (F(1,28)=26.97, p<0.0001) and ‘treatment x genotype’ 

interaction effect on day 1 (F(1,28)=41.16, p<0.0001), day 3 (F(1,28)=31.55, p<0.0001) and day 

20 (F(1,21)=26.46, p<0.0001) (Figure 3.11C).  

Non-social control parameters of self-grooming and rearing behaviours were also measured. 

Self-grooming did not show any significant differences between the groups and two-way 

ANOVA did not reveal any treatment or genotype effect in all three assessment days (Figure 

3.11D). Rearing behaviour was increased in the Fmr1 KO saline-treated animals on day 1, 

as compared with WT saline-treated (mean diff.= -14.88, p<0.05). This effect was reversed 

by acute OXT treatment (mean diff.= 17.88, p<0.01). Two-way ANOVA revealed only on day 

1 a treatment (F(1,28)=12.39, p<0.01) and genotype effect (F(1,28)=6.769, p<0.05) but no 

‘treatment x genotype’ interaction effect (F(1,28)=3.08, ns) (Figure 3.11E). 
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Figure 3.11: Fmr1 KO show core symptoms of autism including impaired social interactions 
and stereotypies after social contact, which are reversed after acute, sub-chronic and chronic 
intranasal OXT treatment. 

Social behaviours assessed following experiment task were measuring A) duration of time spent in 
social interactions B) frequency of occurrence of followings and C) grooming after social contact. One 
following is counted from the time the experimental mouse starts following a ‘stimulus’ mouse, until 
the time the experimental mouse changes direction in order to continue following the ‘stimulus’ 
mouse. Non-social stereotypic behaviour assessed by measuring frequency of occurrence of D) self-
grooming and E) rearing. Two-way ANOVA for factors ‘genotype’ and ‘treatment’, followed by Holm-
Sidak post hoc analysis was applied on each of the social interaction assessment days. All data are 
represented as mean ± SEM. Statistical significance indicated as p<0.05*, p<0.01**, p<0.001***, 
p<0.0001# (n=6 per genotype, 3 females and 3 males). 
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3.4.2.  Receptor binding of [125I] OVTA, [3H] MPEP and [3H] MK801 by quantitative 

autoradiography in WT and Fmr1 KO mice brains treated chronically with OXT or 

saline 

3.4.2.1.   Quantitative analysis of [125I] OVTA binding  

Qualitative analysis of OXTR binding in brains of WT saline-treated mice were similar to 

OXT-treated WT and OXT-treated Fmr1 KO mice. High levels of OXTR binding (1.560–

2.809 fmol/mg) were detected within the olfactory nuclei including the AOL, AOV and the 

AOD, moderate levels (1.024–1.549 fmol/mg) in the DEn and the Pir, and low levels (0.018–

0.828 fmol/mg) in the CPu and Hip in both OXT and saline-treated groups (Figure 3.12A). 

Overall, our data demonstrate high levels of OXTR in the brains of the Fmr1 KO mice 

compared with the WT controls in cortical and non-cortical brain regions such as the 

olfactory nuclei (AOL, AOD, AOV), the Pir, MS and VDB. Two-way ANOVA followed by 

Sidak’s multiple comparisons post hoc test indicated a genotype effect as detected in the 

AOL (F(1,28)=7.05, p<0.05), AOD (F(1,28)=6.023, p<0.05), AOV (F(1,28)=6.59, p<0.05), MS 

(F(1,27)=5.218, p<0.05), VDB (F(1,27)=5.318, p<0.05), Pir (F(1,28)=5.125, p<0.05), and a 

treatment effect as observed in the DEn (F(1,28)=4.683, p<0.05), hypothalamus (F(1,26)=5.019, 

p<0.05) and the Pir (F(1,28)=4.413, p<0.05), but no significant ‘treatment x genotype’ 

interaction was found in any of the regions analysed.  
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Figure 3.12: OXTR binding.  

A) Quantification of OXTR binding levels in brains regions from the Fmr1 KO and WT mice chronically treated with intranasal OXT. Average bilateral regional 
OXTR density analysis defined by [125I] OVTA specific binding (fmol/mg tissue) in WT and Fmr1 KO mice treated with saline or OXT. Data are expressed as 
mean ± SEM, n=5-8 per group, p<0.05*. B) Representative images of adjacent coronal brain section from complete mapping of the brain at the level of the 
olfactory nuclei (Bregma 3.08) (first columns), medial septum (Bregma 0.74) (second columns) and hypothalamus (Bregma -1.46) (third columns). The colour 
bar illustrates a pseudocolour interpretation of black and white image density calibrated in fmol/mg of tissue equivalent. Top row; Saline-treated and bottom 
row; OXT-treated groups. For abbreviations see p.17-26. 
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3.4.2.2.   Quantitative analysis of [3H] MPEP binding  

Qualitative analysis of mGluR5 binding revealed similar distribution of receptors in the 

groups analysed. High levels of mGluR5 binding (798.8–381.3 fmol/mg) were detected 

within the LS, moderate levels (455.7–188.3 fmol/mg) in the MS and the VDB, and low levels 

(137.4–51.8 fmol/mg) in the Th and Hyp. Decrease in mGluR5 binding was observed in OXT 

treated groups and was irrespective of genotype in some regions analysed. Two-way 

ANOVA followed by Sidak’s multiple comparisons post hoc test indicated significant 

treatment effect in the striatum including the NAc (F(1,23)=5.585, p<0.05), the CPu 

(F(1,23)=4.51, p<0.05), the MS (F(1,24)=9.169, p<0.01) and VDB (F(1,24)=4.516, p<0.05). No 

significant ‘genotype x treatment’ interaction effect was observed in any of the regions 

analysed (see Figure 3.13A).  
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Figure 3.13: mGluR5 binding 

A) Quantification of mGluR5 binding levels in brains from the Fmr1 KO and WT mice chronically treated with intranasal OXT. Average bilateral regional 
mGluR5 density analysis defined by [3H] MPEP specific binding (fmol/mg tissue) in WT and Fmr1 KO mice treated with saline or OXT. Data are expressed as 
mean ± SEM, n=4-8 per group, p<0.05*; p<0.01** B) Representative images of adjacent coronal brain sections from complete mapping of the brain at the level 
of the NAc (Bregma 1.74) (first column), MS (Bregma 0.74) (second column) and Hyp (Bregma -1.46) (third column). The colour bar illustrates a 
pseudocolour interpretation of black and white image density calibrated in fmol/mg of tissue equivalent. Top row; Saline-treated and bottom row; OXT-treated 
groups. For abbreviations see p.17-26. 
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3.4.2.3.   Quantitative analysis of [3H] MK801 binding  

Emerging evidence show that dysfunction of NMDAR at excitatory synapses is associated 

with ASD. Animal models of ASD display NMDAR dysfunction, and repairing this deficit 

rescues ASD-like behaviours. Therefore, following our data on OXTR binding levels, we also 

analysed [3H] (+)MK801 binding in the brains of Fmr1 KO mice treated either with saline or 

OXT to investigate NMDAR binding levels in the brains of these mice. Qualitative analysis of 

NMDAR binding revealed similar distribution of receptors in the groups analysed. High levels 

of NMDAR binding (707.8–1229.9 fmol/mg) were detected within the DG, dHip and AuCx, 

moderate levels (363.6–640.6 fmol/mg) in the BLA and the Pir, and low levels (55.6–351.5 

fmol/mg) in the CPu, NAc and VTA (Figure 3.14A). Overall, our data demonstrate that the 

density of NMDAR was less abundant in the brains of the Fmr1 KO mice compared with their 

WT littermates in cortical brain regions including the motor (M1), auditory (AuCx) and visual 

cortices (ViCx) and the non-cortical region, the basolateral amygdaloid nuclei (BLA). Two-

way ANOVA followed by Sidak’s multiple comparisons post hoc test indicated a genotype 

effect in the AuCx (F(1,23)=10.61, p<0.01), ViCx (F(1,22)=5.308, p<0.05) and the BLA 

(F(1,24)=5.401, p<0.05), and a treatment effect in brain regions such as the ventral 

hippocampus (vHip) (F(1,23)=4.904, p<0.01), the VTA (F(1,16)=7.644, p<0.05) and the M1 

region (F(1,22) =11.13, p<0.01) (Figure 3.14A). Chronic OXT decreases NMDAR binding in 

the aforementioned regions irrespective of genotype. No significant ‘genotype x treatment’ 

interaction effect was observed in any of the regions analysed. 
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Figure 3.14: NMDAR binding 

A) Regional distribution and quantification of NMDAR binding levels in brains from the Fmr1 KO and WT mice chronically treated with intranasal OXT. 
Average bilateral regional NMDAR density defined by [3H] MK801 specific binding (fmol/mg tissue) in WT and Fmr1 KO mice treated with vehicle or OXT. 
Data are expressed as mean ± SEM, n=4-8 per group, p<0.05*, p<0.01**. B) Representative images of adjacent coronal brain sections from complete 
mapping of the brain at the level of the NAc (Bregma 1.74) (first column), AMG (Bregma -1.46) (second column) and VTA (Bregma -1.46) (third column). The 
colour bar illustrates a pseudocolour interpretation of black and white image density calibrated in fmol/mg of tissue equivalent. Top row; Saline-treated and 
bottom row; OXT-treated groups. For abbreviations see p.17-26. 
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3.4.2.4.   Quantitative Real Time PCR analysis for several genes of interest in WT and 

Fmr1 KO mice brains chronically treated with OXT or saline  

For the qRT-PCR experiments, we focused on two brain regions, that are majorly implicated 

in the pathophysiology of ASD, the central amygdaloid nuclei (CeA) and the caudate 

putamen (CPu). 

3.4.2.5.   Real-time Quantitative PCR analysis in the CPu  

Transcription of several candidate genes for ASD were changed in the Fmr1 KO mice 

treated with saline or OXT in the CPu, a brain region critical for motor and reward function. 

One sample t-test was used to analyse the transcript levels of the candidate genes in the 

brains of the WT and Fmr1 KO mice treated with OXT or saline. Several genes displayed 

significant changes in their mRNA expression including Avpr1a, Avpr1b, OXT and OXTr. 

Transcripts of Avpr1a gene were found significantly (~2 fold) down-regulated in the Fmr1 KO 

saline-treated vs. WT saline-treated group (p<0.05), while there was a significant up-

regulation (~2 fold) in the Fmr1 KO OXT vs. Fmr1 KO saline (p<0.05). Similarly to that 

outcome, Avpr1b transcript levels were significantly up-regulated (~3.2 fold) in the Fmr1 KO 

OXT vs. Fmr1 KO saline group (p<0.001). Avp and Avpr1a demonstrate an opposing pattern 

across all four groups screened for, however, Avp transcripts did not show any significant 

changes between groups (p>0.05). mRNA Oxt levels were found globally down-regulated 

across all four groups, with a significant decrease (~4 fold) marked in the Fmr1 KO saline-

treated vs. WT saline treated group (p<0.01). OXTr and Oprm1 mRNA did not show any 

significant difference, however, those two genes demonstrated an opposing expression 

pattern for their transcripts. Both Pdyn and Penk mRNA levels demonstrate a significant 

down-regulation (1-1.5 fold) in the Fmr1 KO saline vs. WT saline treated group (p<0.05), 



187 

 

whereas Penk transcripts were also significantly up-regulated (~1.2 fold) in the Fmr1 KO 

OXT vs. Fmr1 KO saline group (p<0.05). Grm4 and Grm8 transcripts reveal a similar 

expression profile with a marked decrease in the Fmr1 KO saline vs. WT saline (p<0.01, 

p<0.0001 for Grm4 and Grm8, respectively) (see Figure 3.15). Additionally, the fold change 

differences of additional genes implicated in ASD were assessed, as illustrated on Table 3.3.  
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Figure 3.15: Fmr1 KO and WT mice treated with OXT or saline display transcriptional alterations within several systems: the oxytocin and 
vasopressin neuropeptides, the endogenous opioid and glutamatergic system in the CPu. 

Brain-region specific mRNA extracted from tissues of WT and Fmr1 KO mice treated with OXT or saline (n=3-4/genotype/ treatment group) for the CPu brain 
regions. Data analysis was performed using a comparative Ct method. Significance of qRT-PCR results was assessed after transformation using a one 
sample t-test (p<0.05*, p<0.01**, p<0.001***, p<0.0001#). 
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Table 3.3: Fold change differences of gene expression levels in the CPu of WT and Fmr1 KO mice 

treated with OXT or saline. 

Gene  
Fmr1 KO Sal vs WT Sal WT OXT vs WT Sal Fmr1 KO OXT vs Fmr1 KO Sal 

Mean SEM P value Mean SEM p value Mean SEM p value 

Arc -2.32 0.56 0.045 1.21 0.15 0.171 2.04 0.26 0.002 

B3galnt1 -2.14 9.67 0.226 1.12 0.08 0.155 1.46 0.18 0.035 

Bdnf -3.02 1.61 0.022 -1.23 1.15 0.644 -1.02 0.74 0.333 

Cck -2.11 0.50 0.246 -1.33 0.39 0.872 1.24 0.27 0.166 

Cckra -1.54 0.31 0.143 -1.22 0.20 0.544 1.68 0.17 0.005 

Cckrb -1.78 0.30 0.048 -1.04 0.13 0.419 -1.30 0.27 0.240 

C-fos -1.12 0.02 0.001 -1.00 0.07 0.805 1.15 0.04 0.008 

Col6a4 -1.03 0.12 0.457 1.41 0.21 0.01 -1.15 0.12 0.072 

Cyp26b1 -1.18 0.11 0.070 1.09 0.10 0.846 -1.00 0.10 0.724 

Eif2s3y -1.19 4.64 0.192 -1.20 1.79 0.075 -4.55 2.85 0.079 

Esrrb 1.08 0.12 0.902 1.22 0.48 0.415 1.18 0.10 0.158 

Galr1 1.08 0.04 0.164 1.00 0.11 0.421 -1.04 0.04 0.413 

Galr2 -1.27 0.13 0.035 -1.05 0.18 0.781 1.24 0.09 0.081 

Gh -3.72 1.41 0.038 1.12 2.14 0.463 2.59 0.75 0.033 

Gpr68 -1.40 0.12 0.002 -1.18 0.07 0.143 -1.05 0.05 0.887 

Insrr -1.27 0.07 0.005 1.05 0.11 0.148 1.18 0.10 0.083 

Medag 1.00 5.10 0.280 1.42 0.23 0.029 -1.06 0.13 0.961 

Ndn -1.06 0.30 0.117 1.13 0.07 0.137 1.69 0.24 0.012 

Neurod6 1.67 0.23 0.058 1.18 0.09 0.054 -1.18 6.82 0.283 

Rxfp1 1.43 0.49 0.305 -1.12 0.81 0.580 -1.57 0.22 0.058 

Htr6 -1.17 0.12 0.536 1.03 0.13 0.589 -1.07 0.18 0.935 

Shisa6 1.02 0.28 0.683 1.03 0.34 0.454 -1.56 0.36 0.193 

slc17a7 -2.41 1.41 0.268 -1.40 0.68 0.626 -1.10 0.63 0.607 

Syt17 -1.12 1.13 0.917 1.10 0.70 0.616 -1.48 0.47 0.918 

Vdr -1.42 0.21 0.132 -1.02 0.21 0.615 1.35 0.09 0.018 

Vip 1.20 0.34 0.832 1.15 0.24 0.114 -1.53 0.18 0.041 

Vipr1 -1.39 0.07 0.000 1.07 0.10 0.717 -1.18 0.10 0.058 

Vipr2 -1.06 0.09 0.313 1.03 0.09 0.626 1.10 0.10 0.596 

Wnk4 -1.90 0.12 0.000 -1.01 0.19 0.375 -1.01 0.09 0.415 

Data are expressed as mean ± SEM. n=3-4 /genotype/ treatment group. Details of genes with significant 
regulation is highlighted in bold; p<0.05. For abbreviations see p.17-26. 
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3.4.2.6.  Real-time Quantitative PCR analysis in the CeA  

In order to investigate the expression levels of several candidate genes, we also examined 

transcription in another targeted brain region, the CeA, which is important in the emotional 

processing.  Avp transcript levels were significantly decreased (~1.8 fold) in the Fmr1 KO 

OXT-treated mice vs. Fmr1 KO saline-treated control animals (p<0.05). Interestingly, mRNA 

expression of the Avpr1b gene demonstrates a global increase (0.1 fold) in the expression 

across the Fmr1 KO and WT OXT or saline treated groups though not statistically significant 

(p>0.05), while the two genes, Avp and Avpr1a, represent an opposing expression profile 

across the four groups, similar in expression profile respective to the CPu brain region. The 

transcript levels of Oxtr and Oxt (p<0.01 and p<0.05, respectively) were found to be 

significantly lower in the Fmr1 KO OXT-treated mice vs. Fmr1 KO saline-treated control 

animals, whereas the latter also showed significant decrease in the Fmr1 KO OXT-treated 

mice vs. WT Saline-treated (p<0.05). A similar pattern of expression was found for Oxt, Oxtr 

and Oprm1 however, there was no marked significant difference across all four groups for 

the latter. Penk mRNA was found significantly up-regulated (~1.3 fold) in the Fmr1 KO saline 

vs. WT saline treated group (p<0.0001). OXT also significantly increased Penk mRNA levels 

in the WT mice (p<0.01). Grm4 transcripts were overall down-regulated and a significant 

decrease of approximately 1.5 fold was observed in both the Fmr1 KO saline vs. WT saline-

treated group (p<0.05) and the Fmr1 KO OXT vs. WT saline-treated group (p<0.01). Grm8 

mRNA was found up-regulated in the WT saline treated animals (p<0.01) (see Figure 3.16). 

Similarly to the CPu analysis, the fold change differences of the same list of genes were 

assessed also in the CeA, as illustrated on Table 3.4. 
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Figure 3.16: Fmr1 KO and WT mice treated with OXT or saline display transcriptional alterations within several systems: the oxytocin and 
vasopressin neuropeptides, the endogenous opioid and glutamatergic system in the CeA. 
Brain-region specific mRNA extracted from tissues of WT and Fmr1 KO mice treated with OXT or saline (n=3-4 per group) for the CPu brain regions. Data 
analysis was performed using a comparative Ct method. Significance of qRT-PCR results was assessed after transformation using a one sample t-test 
(p<0.05*, p<0.01**, p<0.001***, p<0.001#)  
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Table 3.4: Fold change differences of gene expression levels in the CeA of WT and Fmr1 KO 
mice treated with OXT or saline. 

Gene  
Fmr1 KO Sal vs WT Sal WT OXT vs WT Sal Fmr1 KO OXT vs Fmr1 KO Sal 

Mean SEM p value Mean SEM p value Mean SEM p value 

Arc -1.19 0.13 0.013 -1.03 0.08 0.928 -1.38 0.11 0.117 

B3galnt1 -1.99 8.27 0.304 1.18 0.07 0.011 1.11 4.84 0.381 

Bdnf 1.18 0.06 0.026 1.36 0.15 0.098 -1.23 0.10 0.066 

Cck 1.03 0.08 0.396 1.26 0.10 0.022 -1.17 0.06 0.033 

Cckra 1.04 0.39 0.410 1.16 0.33 0.289 1.11 0.17 0.514 

Cckrb -1.05 0.09 0.369 1.03 0.19 0.345 -1.19 0.13 0.093 

C-fos 1.23 0.09 0.047 1.29 0.20 0.271 -1.02 0.11 0.504 

Col6a4 1.90 0.31 0.062 1.96 0.66 0.048 -1.48 0.45 0.052 

Cyp26b1 -1.34 0.08 0.001 1.16 0.49 0.614 -1.76 0.21 0.002 

Eif2s3y -1.03 1.32 0.085 -4.30 1.71 0.033 1.21 1.51 0.110 

Esrrb -1.47 0.30 0.555 1.11 0.15 0.291 -1.05 0.25 0.683 

Galr1 1.12 0.12 0.410 1.04 0.07 0.107 1.05 0.17 0.472 

Galr2 1.03 0.06 0.782 -1.04 0.17 0.699 -1.06 0.11 0.303 

Gh -1.54 0.34 0.159 1.65 1.34 0.060 1.55 0.12 0.005 

Gpr68 -1.12 0.06 0.286 1.09 0.15 0.504 -1.00 0.13 0.756 

Insrr 1.00 0.28 0.280 1.01 0.26 0.804 -1.64 0.24 0.088 

Medag 1.01 0.18 0.820 1.59 0.09 0.000 -1.30 0.79 0.379 

Ndn 2.07 0.27 0.009 1.24 0.10 0.033 -1.21 0.18 0.059 

Neurod6 1.12 0.14 0.860 1.02 0.16 0.244 1.04 0.10 0.865 

Rxfp1 1.36 0.40 0.676 1.02 0.18 0.618 -1.70 0.28 0.009 

Htr6 -1.21 0.12 0.143 -1.11 0.12 0.711 -1.20 0.11 0.177 

Shisa6 -1.20 0.06 0.036 1.14 0.11 0.119 1.19 0.17 0.351 

slc17a7 -1.01 0.07 0.439 1.08 0.11 0.740 -1.24 0.04 0.000 

Syt17 1.02 0.07 0.542 1.20 0.19 0.758 -1.17 0.14 0.163 

Vdr -1.25 0.46 0.191 1.18 0.27 0.895 -1.03 0.26 0.896 

Vip -1.09 0.05 0.284 1.17 0.12 0.610 -1.12 0.08 0.136 

Vipr1 -1.05 0.03 0.356 1.04 0.15 0.456 -1.29 0.09 0.120 

Vipr2 -1.05 0.14 0.996 -1.06 0.18 0.605 -1.18 0.13 0.812 

Wnk4 -1.30 0.14 0.033 1.00 0.58 0.407 -1.21 0.15 0.203 

Data are expressed as mean ± SEM (n=3-4 /genotype/treatment group). Details of genes with 
significant regulation is highlighted in bold; p<0.05. For abbreviations see p.17-26. 
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3.4.3. Battery of behavioural paradigms assessing core symptoms of autism and 

comorbidity symptoms in the Fmr1 KO and WT mice treated with chronic OXT or 

saline for 39 days  

3.4.3.1.   Three-chamber sociability test and motor stereotypies outcomes  

Sociability was assessed with the three-chamber sociability paradigm in the Fmr1 KO and 

WT male and female mice population (n=8, 4 females; 4 males) chronically treated with OXT 

or saline on days 34 and 35 of chronic administration (Timeline diagram on Figure 3.6). 

Three-way ANOVA for factors ‘genotype’, ‘treatment’ and ‘preference’ followed by Holm 

Sidak post hoc analysis revealed a significant ‘preference’ (F(1,56)=15.61, p<0.001), 

‘preference x genotype’ effect (F(1,56)=16.49, p<0.001) and ‘preference x treatment x 

genotype’ effect (F(1,56)=14.73, p<0.001) for the time spent around cage. Overall, our data 

demonstrate that Fmr1 KO mice treated with saline spent significantly less time around the 

cage with the stranger mouse than the cage containing the toy (mean diff.= -21.25, p<0.05 

mouse vs. toy) compared with WT mice that spent the majority of their time around the 

‘social cage’ (Figure 3.17A). OXT treatment reversed this social impairment in Fmr1 KO 

mice as illustrated by the increase in time spent around the cage with the stranger mouse vs. 

the toy cage (mean diff.= 20.29, p<0.05 mouse vs. toy), as illustrated on Figure 3.17A. Motor 

stereotypies were assessed on days 26 and 27 of OXT administration by measuring the 

number of rearing, grooming, circling, head shakes as well as total time spent digging, as 

they were recorded under real-time observation during a 10-min live session (Figure 3.17Bi-

v). Motor stereotypies as displayed by increased number of circling (mean diff.= -4.917, 

p<0.001 vs. WT saline) and head shakes events (mean diff.= -4.625, p<0.001 vs. WT 

saline), and reduced time spent digging (mean diff.= 108.6, p<0.001 vs. WT saline) were 

observed in the saline-treated mutant mice as compared with the saline WT animals. Two-

way ANOVA followed by Holm Sidak’s multiple comparisons revealed a significant treatment 
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(F(1,30)=6.2, p<0.05) and ‘genotype x treatment’ interaction effect (F(1,30)=5.768, p<0.05) in 

rearing behaviour, and a significant genotype effect in both grooming (F(1,30)=5.972, p<0.05) 

and circling behaviour (F(1,30)=20.03, p<0.001). Head shakes showed significant genotype 

(F(1,30)=10.18, p<0.01), treatment (F(1,30)=5.529, p<0.05) and interaction (F(1,30)=9.14, p<0.01) 

effects. Time spent digging also revealed a significant interaction effect (F(1,30)=9.104, 

p<0.01) and genotype effect (F(1,30)=12.13, p<0.01). Interestingly, OXT treatment in the Fmr1 

KO mice did not seem to reduce those stereotypic behaviours, whereas OXT treatment in 

the WT mice indicated increased rearing behaviour (mean diff.= -20.78, p<0.01 vs. WT 

saline), head shakes (mean diff.= -4, p<0.01 vs. WT saline), as well as, decreased total time 

spent digging (mean diff.= 70.07, p<0.05 vs. WT saline). 
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Figure 3.17: Effect of chronic oxytocin on core symptoms of ASD assessed by 3-chamber sociability test and motor stereotypies assessment in 
cohort 2 (OXT-or saline treatment over 39 days). 

A) Three chamber-sociability (Crawley’s) test assessed social behaviour after measuring time spent in close contact with the mouse (nose and paw contacts) 
as compared to time spent in contact with the toy. Three-way ANOVA for factors ‘preference’, ‘genotype’ and ‘treatment’ was applied, followed by Holm Sidak 
post hoc. Data are represented as mean ± SEM (n=8). Bi-v) Non-social stereotypic behaviour was assessed by measuring frequency of occurrence of i) 
rearing, ii) self-grooming, iii) circling, iv) head shakes and v) time spent digging. Two-way ANOVA for factors ‘genotype’ and ‘treatment’, followed by Holm-
Sidak post hoc analysis was applied on each of the behaviours observed. All data are represented as mean ± SEM (n=8-9). Statistical significance indicated 
as p<0.05*, p<0.01**, p<0.001***, p<0.0001#. 
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3.4.3.2.   Anxiety assessed by marble burying and novelty suppressed feeding 

paradigms and learning and memory assessment by novel object recognition 

paradigm 

Fmr1 KO mice were also assessed for secondary symptoms of autism including anxiety and 

cognitive impairment. Marble burying and novelty suppressed feeding tasks were applied on 

day 21 and day 37 of chronic OXT administration, respectively, for evaluating anxiety in WT 

and mutant mice following chronic intranasal administration of saline or OXT (Timeline 

diagram on Figure 3.6). Two-way ANOVA for factors ‘genotype’ and ‘treatment’, followed by 

Holm Sidak post hoc analysis revealed a genotype effect (F(1,30)=5.813, p<0.05), but it did 

not show any treatment effect (F(1,30)=0.033, ns) for the marble burying task. Saline-treated 

Fmr1 KO mice showed increased marble burying behaviour, indicative of increased anxiety, 

as shown in Figure 3.18A and, OXT treatment did not rescue this phenotype (mean diff.= 

1.375, ns vs. Fmr1 KO saline). In the novelty suppressed feeding paradigm, when 

measuring feeding latency in the saline-treated Fmr1 KO mice, it was revealed that there 

was an increase in food latency (mean diff.= -125.1, p< 0.05 WT saline vs. Fmr1 KO saline), 

indicative of increased anxiety levels observed in the mutant mice and that effect was 

reversed after OXT treatment (mean diff.= -57.27, ns WT saline vs. Fmr1 KO OXT). Two-

way ANOVA for factors ‘genotype’ and ‘treatment’, followed by Holm Sidak post hoc analysis 

indicated a significant interaction effect (F(1,30)=13.25, p<0.01), with no effects of treatment 

(F(1,30)=1.66, ns) or genotype (F(1,30)=0.4972, ns). In particular, OXT increased feeding 

latency in WT mice to levels similar to saline-treated Fmr1 KO mice (mean diff.= -142.1, 

p<0.01 WT OXT vs. WT saline) (Figure 3.18B), indicating that chronic OXT increases 

anxiety in WT mice. Cognitive function was also evaluated in the Fmr1 KO mice with the 

novel object recognition paradigm on days 28 and 29 of the treatment’s timeline. As 

described, phase 1 was the habituation phase in which the mice were introduced to the 
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objects for the first time, followed by phase 2, where one of the objects used in phase 1 was 

displaced, and finally phase 3 in which a novel object was introduced for the first time. 

Measurement of the sniffing duration ratio was used for the second and third phase of the 

task assessing recognition of spatial change (location-dependent) and novelty (object-

dependent), respectively (Figure 3.18C). A two-way ANOVA following Holm Sidak’s multiple 

comparisons post hoc analysis revealed a significant interaction effect (F(1,30)=4.913, 

p<0.05), treatment (F(1,30)=4.686, p<0.05) and genotype (F(1,30)=11.65, p<0.01) effect for 

recognition of spatial change (location-dependent). Interestingly, WT OXT-treated mice 

showed a significant increase in sniffing duration ratio compared with WT saline-treated 

(mean diff.= -25.19, p<0.05), indicating increased spatial recognition (Figure 3.18C). OXT 

had no effect on Fmr1 KO mice and there was no difference in sniffing ratio between WT 

saline-treated and Fmr1 KO mice saline treated. Two-way ANOVA did not show any 

significant effect for novelty (object-dependent). 
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Figure 3.18: Effect of chronic oxytocin on comorbid symptoms of ASD in Fmr1 KO and WT mice. 

Fmr1 KO and WT mice were treated with saline or OXT for 39 days were assessed with the novel object recognition test for cognitive impairment and with the 
marbles burying and novelty suppressed feeding test for anxiety. A) Novel object recognition assessing learning and memory function for spatial 
(hippocampal-dependent memory) and novelty (object-dependent) preferences. Three-way ANOVA for factors ‘preference’, ‘genotype’ and ‘treatment’ was 
applied. Data are represented as mean ± SEM (n=8). B-C) Comorbid anxiety was evaluated by marble burying and novelty-suppressed feeding paradigms. 
Data from marble burying and novelty suppressed feeding were analysed by two-way ANOVA followed by Holm-Sidak’s multiple comparisons. Data are 
represented as mean ± SEM (n=8-9). Significance is noted as p<0.05*, p<0.01** 
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3.4.4. Discussion 

3.4.5. Chronic and acute intranasal OXT administration in the Fmr1 KO mice reverses 

social impairment and motor stereotypies in an Fmr1 KO model of ASD 

This present study is the first one to report the beneficial prosocial effects of chronic 

administration of OXT in the Fmr1 KO mouse model of autism. This evidence will add insight 

to the current research on OXT’s prosocial effects and ASD by validating these effects in 

another well-characterised mouse model of autism. Our results demonstrate that Fmr1 KO 

show core symptoms of autism including impaired social interactions and stereotypies. 

Social interactions impairment is reversed after acute, sub-chronic and chronic intranasal 

OXT treatment (Figure 3.11). Increased manifestation of other motor stereotypies such as 

self-grooming, circling and number of head shakes were increased in the Fmr1 KO mice; 

however, OXT treatment did not reverse these behaviours (Figure 3.17). Interestingly, 

detrimental effects of OXT was evident in the WT mice treated sub-chronically and 

chronically, but not acutely, as demonstrated by the impaired social interactions in the social 

interaction test (Figure 3.11), as well as increased motor stereotypies, as manifested by 

increased head shakes, rearing (Figure 3.11) and reduced time spent digging (Figure 3.17). 

Acute and chronic OXT administration in the Fmr1 KO mice was sufficient to relieve social 

deficits, while improving social behaviour suggesting that OXT treatment has beneficial 

effects in relieving core symptoms of autism. In line with previous studies (Spencer et al., 

2005; McNaughton et al., 2008; Dahlhaus and El-Husseini, 2010), Fmr1 KO mice displayed 

deficits in their social interactions as illustrated by decreased time spent in social contact 

(nose and paw contact) with an unfamiliar mouse as well as in the occurrence of followings. 

Three-chamber sociability test has also confirmed this after showing that these mutants 

demonstrate increased preference of the cage containing the toy over the mouse cage 
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(McNaughton et al., 2008; Dahlhaus and El-Husseini, 2010). These effects were reversed 

after acute intranasal OXT administration (day 1) and persisted over a period of 20 days in a 

direct social interaction paradigm. Interestingly, WT mice treated sub-chronically and 

chronically, but not acutely, with OXT displayed reduced sociability, as illustrated on Day 3 of 

social interaction assessment, which persisted until Day 20 of OXT administration. Previous 

work on WT mice treated acutely and chronically with intranasal OXT have demonstrated 

decreased social interactions when assessed with unfamiliar same sex mice in a similar 

paradigm (Huang et al., 2014). This is only partially in line with our findings as our data failed 

to show this impairment on Day 1 of social interaction assessment following acute OXT 

administration (Figure 3.11). Collectively, the above strongly suggest that although chronic 

OXT treatment has deleterious effects on social behaviour in healthy, wild-type subjects, it 

shows remarkably persistent beneficial effects in Fmr1 KO.  

A separate cohort, in which the mutants were tested in a three-chamber sociability test over 

a 39-OXT administration period managed to replicate the above findings (Figure 3.17A). In 

particular, Fmr1 KO mice displayed reduced preference in interacting with the stranger 

mouse, in agreement with previous reports (Sethna et al., 2017) and our results described 

over the 20-days paradigm. Chronic OXT administration in the Fmr1 KO mice was able to 

reverse that, as it increased social encounters with the stranger mouse as compared to the 

toy. In contrast to our findings with the social interaction test (20-days intranasal OXT 

administration-cohort 1), WT OXT-treated mice did not show impairment in this test, 

demonstrated by increased preference of exploring the mouse cage over the toy cage. Thus, 

these results might argue for differences between the two tests used, rather than the 

significant social impairment observed in the WT mice following prolonged OXT 

administration. There may be various reasons for this discrepancy. During this separate 

cohort, the Fmr1 KO mice were exposed to a battery of behavioural tests and the animals 

might have exhibited carry-over effects due to their repeated examination; therefore, the 
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three-chamber sociability test just partially failed to confirm our previous findings. Results 

using the three-chambered social approach with Fmr1 KO mice to evaluate their sociability 

have not been consistent. Several groups have reported normal sociability in the Fmr1 KO 

mice, preferring to explore the novel mouse over the novel object (McNaughton et al., 2008; 

Liu and Smith, 2009; Liu, Chuang and Smith, 2011; Pietropaolo et al., 2011; Sorensen et al., 

2015), while others suggest that the sociability of these mutants is impaired, exhibiting 

preference for an object over a novel mouse (Dahlhaus and El-Husseini, 2010) with marked 

decrease in the sniffing duration exploring the novel mouse as compared to WT controls 

(McNaughton et al., 2008). Differences in time of day of tests, housing conditions, age of the 

animals tested, characteristics of ‘stranger’ mice used and, most importantly, changes in the 

experimental paradigms likely explain the disparate results. Collectively, the above confirm 

our previously reported finding that social approach is diminished in Fmr1 KO mice. 

However, it is not consistent with the evidence showing that prolonged OXT administration in 

WT healthy animals has detrimental effects in their social behaviour. This might be explained 

due to paradigms testing social behaviour with different approaches. While three-chamber 

sociability measures the time spent around the cage containing the novel mouse (social/non-

social stimulus), the social interaction test measures direct social contact (nose and paw 

contact) with another novel mouse. 

Non-social behaviours in the Fmr1 KO and WT mice acutely, sub-chronically and chronically 

treated with OXT or saline were also evaluated during the social interaction paradigm (used 

as control paradigm in social context) (Figure 3.11) and in a dedicated paradigm observing 

motor stereotypies on single caged mice in a non-social context (Figure 3.17). The 

behaviours assessed during the direct social interaction include rearing, self-grooming and 

self-grooming after social contact behaviours. OXT intranasal infusion has been associated 

with reduction of repetitive behaviours in patients with ASD (Hollander et al., 2003), therefore 

we anticipated reproducing this effect in the Fmr1 KO mice. Acute and chronic OXT 
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administration in the Fmr1 KO mice decreased the aversiveness of social contacts by 

showing decreased self-grooming after social contact (social behaviour) in our paradigm, a 

behaviour which was significantly increased in the mutant mice demonstrating that OXT can 

eliminate social aversion in mice characterised by ASD-like phenotype. However, 

measurements of non-social behaviour (self-grooming and rearing), did not show any 

treatment or genotype effect. Motor stereotypies were assessed on a separate cohort of the 

39-day OXT administration paradigm, in which stereotypic behaviours of circling, head 

shakes, self-grooming, rearing and time spent digging were monitored. Interestingly, OXT 

treatment did not exhibit beneficial effects on stereotypy manifested by any of these 

behaviours in the Fmr1 KO mice. On the contrary, chronic OXT induced stereotypy as 

manifested by increasing head shakes and rearing in WT mice. The discrepancy in the 

motor stereotypy results might indicate that prolonged OXT administration (over 39 days) 

demolishes the efficacy of OXT, establishing treatment resistance in the Fmr1 KO autistic 

mice, at least for stereotypy-type behaviour. On the other hand, overstimulation of a ‘healthy’ 

oxytocinergic brain system, with abnormal endogenous OXT levels, might result in induction 

of stereotypical behaviour in WT mice; these await validation with additional experiments. 

Ultimately, these pave the way for evaluating an oxytocin administration timeline that can 

potentially benefit translational studies.  

3.4.6. Chronic and acute intranasal OXT administration in the Fmr1 KO mice has 

beneficial effects on comorbid symptoms of autism  

ASD also display several comorbid symptoms including anxiety and cognitive impairment. 

The behavioural tests we utilised to evaluate anxiety in Fmr1 KO mice challenged different 

aspects of anxiety. For timeline diagrams see Figures 3.5 and 3.6. Our results demonstrate 

that in the marble burying task, Fmr1 KO mice buried more marbles than WT did, indicating 

increased anxiety-induced stereotypies (Albelda and Joel, 2012), and OXT treatment in the 
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mutated mice did not affect this anxiogenic phenotype (Figure 3.18A). OXT is well known for 

its anxiolytic properties (as reviewed by Neumann and Slattery (2016)), and also induces 

stereotypies (Insel et al., 1999), thus we anticipated to observe decreased anxiety-induced 

stereotypies in the mutants following OXT administration. However, this was not the case 

suggesting a lack of OXT efficacy on the anxiety comorbidity symptoms of ASD in these 

mice. On the other hand, the novelty supressed feeding test assesses conflict anxiety by 

challenging approach/avoidance behaviour (Aupperle and Paulus, 2010). The latency to feed 

in a novel environment was longer in the mutant mice representing increased anxiety (Figure 

3.18B), which is in line with previous work utilising the same paradigm in a mouse model of 

ASD with CNVs (at human orthologue 15q11-13) (Tamada et al., 2010). Also, reduced 

feeding latency was observed in the mutants following OXT administration demonstrated as 

no difference between the mutants and the WTs, which suggests that this parameter is 

normalized and OXT was indeed anxiolytic in this paradigm. Overall, our results show 

discrepancy between the two tests, suggesting that chronic OXT treatment in the Fmr1 KO 

model does affect comorbidity in symptoms associated with ASD in the context of conflict 

anxiety, but not in anxiety-induced stereotypies. Interestingly, OXT increased feeding latency 

in WT mice to levels similar to those of the Fmr1 KO, indicating increase anxiety following 

chronic OXT administration in WT mice, which is in line with the anxiogenic-like phenotype in 

the literature (Peters et al., 2014). These suggest that prolonged overstimulation of a 

‘healthy’ oxytocinergic brain system has detrimental effects not only in the sociability domain 

but also in the anxiety domain in people with intact emotionality. Our data agree with most 

studies of the Fmr1 KO mouse model reporting increased anxiety-like behaviour in the 

marble burying test (Spencer et al., 2011; Westmark et al., 2011; Veeraragavan et al., 2012; 

Gholizadeh et al., 2014; Sethna et al., 2017) as well as in the novelty suppressed feeding 

paradigm. 
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The novel object recognition task assesses the ability to distinguish between familiar and 

novel objects indicated by more time spent exploring a novel object over a familiar object, 

which is a dentate gyrus-dependent task (Otto and Eichenbaum, 1992; Knight, 1996; Dolan 

and Fletcher, 1997; Lisman et al., 1999; Hunsaker and Kesner, 2008). Previous reports have 

shown that memory assessed by novel object recognition task is impaired in Fmr1 KO mice 

(Ventura et al., 2004; Pacey et al., 2011; Bhattacharya et al., 2012; King and Jope, 2013), 

which is in contrast with our findings where we found no differences between genotypes 

when assessed with this protocol. Differences in the age of the animals tested, housing 

conditions and different experimental protocols used are likely to explain the disparate 

results. During the object phase (phase 3), in which the object used during habituation 

(phase 1) was replaced by a novel object, mice spent more time exploring the novel object 

than the familiar object (>60% sniffing time ratio) and this was irrespective of genotype and 

treatment, clearly indicating that both WT and mutants exhibit intact memory performance 

with normal levels of response to novelty (Figure 3.18C). During the place phase (phase 2), 

in which the object which had remained in the arena since habituation was displaced, WT 

OXT-treated mice displayed significantly more time sniffing the displaced object as 

compared to all groups, indicating improved memory for object location. Collectively, these 

suggest that memory remains intact in the Fmr1 KO mice, however OXT-treatment in WT 

animals seem to improve memory for spatial location. This is in line with findings in human 

studies, supporting that OXT administration can improve memory in healthy controls (Ferrier 

et al., 1980; Bruins et al., 1992) but not in others, which show instead selective amnesic 

effects (Fehm-Wolfsdorf et al., 1984; Geenen et al., 1988; Heinrichs et al., 2004). 
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3.4.7. Receptor binding by quantitative autoradiography in brains of Fmr1 KO mice 

after chronic and acute intranasal OXT administration  

3.4.7.1.  Oxytocin receptor binding 

To our knowledge, this is the first study investigating OXTR binding levels in the Fmr1 KO 

autistic mouse model treated with OXT. Our data demonstrate that inactivation of the Fmr1 

gene modified brain region specific OXTR binding. Our findings report significant genotype 

effect in the olfactory and septal nuclei and the piriform (Pir) and a significant treatment 

effect found in the dorsal endopiriform nucleus (Den) and the hypothalamus (Hyp) (Figure 

3.12). The up-regulation of OXTR binding in the Fmr1 KO mice observed in the olfactory 

nuclei and the piriform cortex could be in response to the hypo-oxytocinergic state of the 

brain in these mutants (see results from chapter 2, section 2.4.2). Several studies have 

reported concomitant reduced levels of OXT in the hypothalamus, the main site of OXT 

synthesis in the brain with an increase in OXTR binding in several regions where OXT-

producing neurons project (i.e. the olfactory nuclei, piriform cortex, septum, hypothalamus) 

(Gimpl and Fahrenholz, 2001; Zanos et al., 2014), suggesting the existence of 

compensatory mechanisms to the reduced oxytocinergic tone. We showed that Fmr1 KO 

mice have decreased OXT mRNA levels in the striatum (Figure 3.15) that could induce 

compensatory up-regulation of OXTR, which is in line with previous studies (Lee et al., 2005; 

Zanos et al., 2014). This might reflect mechanistically rapid turn-over of clathrin-mediated 

internalization of OXTR targeting the receptors to recycle back to the plasma membrane. 

OXTRs are located in many brain regions including hypothalamus, olfactory nuclei, 

amygdala and hippocampus (Gould and Zingg, 2003; Zanos et al., 2014) in which they have 

been implicated in the regulation of social behaviours (Young et al., 1997; Lim and Young, 

2006). It has been previously shown that the oxytocinergic system is characterised by 

plasticity-induced neurochemical mechanisms, which facilitate neuroadaptations following a 
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range of stimuli (Lipschitz et al., 2005; Goyon et al., 2017). These might suggest that the 

mechanism underlining the regulation of OXTR in Fmr1 KO mice is likely to be at the 

receptor protein level via increased recycling to the membrane and decrease degradation of 

receptor rather than, increased mRNA Oxtr levels. No change in Oxtr mRNA levels was 

observed in the Fmr1 KO vs. WT. 

With regards to chronic OXT treatment on OXTR binding in WT and Fmr1 KO brains, chronic 

OXT treatment resulted in reduced OXTR in the Hyp and DEn regions irrespective of 

genotype, which is in line with previous studies (Huang et al., 2014; Peters et al., 2014), who 

also reported down-regulation of OXTR following 15 days ICV infusion of OXT (10 ng/h) or 

chronic intranasal OXT (0.15,0.3IU), respectively, suggesting potential compensatory 

neuroadaptation of the OXTR system after prolonged OXT administration. It is highly unlikely 

that the decrease of OXTR in response to OXT treatment explains the social deficits 

observed (Figure 3.11) in WT mice, as OXTR is down-regulated in both WT and mutants, 

but decreased social interaction following OXT treatment was only evident in WT mice. 

3.4.7.2.  Metabotropic glutamate receptor 5 binding 

Additionally, we investigated mGluR5 binding levels in the brains of Fmr1 KO and WT mice 

after chronic OXT or saline administration (Figure 3.13). mGluR5 antagonism is a promising 

treatment target for ASD symptoms and our data paradoxically demonstrate that mGluR5 

binding levels were found reduced in selected brain regions of both WT and Fmr1 KO 

animals following OXT-treatment in comparison with their respective saline-treated groups. 

Interestingly, in the Fmr1 mutant mice, enhanced mGluR5 activity has been linked to 

symptoms of ASD (Nakamoto et al., 2007), and systemic administration of the mGluR5 

antagonist, MPEP, normalized seizures, pre-pulse inhibition, and dendritic spine densities 

(Yan et al., 2005; Dolen et al., 2007; de Vrij et al., 2008).  
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Notably, our data reported significant treatment effect in the septal nuclei including the MS 

and VDB, and the striatum such as the NAc and the CPu. Interestingly, selective septal 

deletion of mGluR5 was reported to abolish sociability but did not affect preference for social 

novelty, while deletion of OXTR did not affect sociability in young adult mice but significantly 

impaired preference for social novelty (Mesic et al., 2015). Interestingly, mGluR5 are 

abundant at septal nuclei showing strong Oxtr signals (Guzmán et al., 2013), however, there 

is no significant colocalization of mGluR5 and Oxtr suggesting that different neuronal 

populations of the septum have distinct contributions in the regulation of sociability (Mesic et 

al., 2015). It is unlikely that the decrease of mGluR5 in the striatum of OXT treated animals 

in our study may underline the observed alterations of social behaviours in WT and Fmr1 KO 

mice following chronic OXT treatment as, while mGluR5 is down-regulated in both 

genotypes, chronic OXT treatment induces opposite behavioural effects in the two 

genotypes with respect to social interaction behaviour. Nonetheless, the OXT-induced 

decrease in mGluR5 appears to be more profound in the MS and VDB in WT mice than in 

Fmr1 KO mice. It is impossible to conclude from this study alone whether this brain region 

specific OXT-induced down-regulation of mGluR5 in WT mice may play a role in the 

detrimental effect of chronic OXT treatment in WT mice, but given the role of both those 

regions in social behaviours and emotionality (Goldstein, 1974), this hypothesis is indeed 

intriguing. In the present study, no change in mGluR5 levels were observed in saline treated 

Fmr1 KO vs. WT, suggesting that any changes in mGluR5 activity in Fmr1 KO mice are not 

due to alteration in mGluR5 protein numbers.  

3.4.7.3.  N-methyl-D-aspartate receptor binding 

NMDARs are also identified as potential targets for the treatment of ASD symptoms. 

Therefore, we also measured [3H] MK801 binding in the brains of Fmr1 KO or WT mice 

treated either with saline or OXT to investigate NMDAR binding levels in the brains of these 
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mice (Figure 3.14).  Overall, our data demonstrate that the density of NMDAR was less 

abundant in some of the brains regions of the Fmr1 KO mice compared with their WT 

conspecifics, specifically in cortical brain regions including the M1, AuCx and ViCx. 

Interestingly, NMDAR disruption recapitulated clinical endophenotypes of ASD including N1 

latency delay of auditory-evoked response (Gandal et al., 2012), which is supportive of our 

data clearly showing decrease in NMDAR detected in the AuCx of the Fmr1 KO mice. This 

finding appears to be supportive to the NMDAR hypofunction notion in the ASD 

symptomatology, which has been suggested by others (Gandal et al., 2012). Hence this 

might suggest that decreased NMDAR levels observed in the Fmr1 KO mice might 

contribute to the social deficits observed or more widely to the ASD-symptomatology in 

these mutants, as previously shown in the Shank2 null autistic mouse model (Won et al., 

2012). Moreover, we found a significant treatment effect in the M1, the ventral hippocampus 

(vHip) and the VTA irrespective of genotype. Indeed, a decrease of NMDA receptors was 

observed following chronic OXT administration in these regions. Interestingly, it has been 

also reported that treatment with OXT after exposure to NMDA antagonist MK-801 was able 

to re-establish MK-801-induced social interaction deficits in zebrafish (Zimmermann et al., 

2016), which may suggest that OXT treatment can exhibit beneficial effects against social 

deficits in the Fmr1 KO mice via NMDAR-mediated mechanisms. In addition, it has been 

shown that OXT can restore sociability in models of social deficit characterised by decreased 

NMDA levels as described from previous studies (Ferguson et al., 2001; P. R. Lee et al., 

2005; Teng et al., 2013). It is unlikely that the differential behavioural effects of chronic OXT 

administration in WT and Fmr1 KO are driven by these alterations of NMDA receptors as 

down-regulation of NMDA receptors was observed in both genotypes, which does not tie 

with the differences in behavioural outcomes in the two genotypes. 
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3.4.8. Altered transcription of several candidate genes of autism in the Fmr1 KO mice 

after chronic intranasal OXT administration  

Multiple genes have been associated with the etiopathology of autism and we quantified 

transcription of a selection of these collected after RNA sequencing analysis (data not 

shown) in the Fmr1 KO and WT control mice treated with OXT or saline. We examined two 

brain regions, the CPu and the CeA, which are implicated in motor/reward and emotional 

processes respectively (Figures 3.15 and 3.16). Transcriptional levels were modified for 

genes coding for the endogenous opioid peptides and their receptors, the neuropeptides, 

Oxt and Avp and their receptors, glutamatergic receptors, as well as several others including 

GPCRs (Gpr68), neurohormone (Gh), neurotrophic factor (Bdnf), plasticity protein (Arc) and 

5-HT receptor (Htr6). For timeline diagram of different cohorts, see Figure 3.5 and 3.6. 

3.4.8.1.   Regulation of the endogenous opioids in the CPu and CeA  

Pdyn and Penk transcript levels in the CPu were significantly down-regulated in the Fmr1 

KO Saline vs. the WT saline control group (Figure 3.15). Results from Penk expression 

pattern are in line with data obtained from a different cohort of WT and Fmr1 KO mice, 

whereas Pdyn transcription data are in contrast (see chapter 2, Figure 2.5). In the latter 

cohort, unlike the former (i.e. cohort used in this chapter), the animals were not handled and 

did not undergo any behavioural testing or treatment, thus, gene expression was tested at 

basal level with no prior 45-minute exposure to social interaction. This might suggest that 

Pdyn may be influenced by these environmental parameters. Indeed, it has been shown that 

Pdyn immunoreactivity is increased upon various stressors including ethanol intake and 

forced-swim test (McLaughlin et al., 2003; Chung et al., 2014; Anderson et al., 2016). CNV 

genetic polymorphism detected in the Pdyn gene, characterised by segmental duplication, 

has been associated with ASD and its clinical features are suggestive of a chromosomal 

syndrome (Kaminsky et al., 2011). Therefore, the detected down-regulation of Pdyn 
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transcripts in the CPu region in the Fmr1 KO mice might be linked to ASD pathology. 

Interestingly, the endogenous κ opioid peptides derived from Pdyn encode for the dysphoric, 

anxiogenic, and cognitive disrupting responses to behavioural stress exposure (Bruchas et 

al., 2010; Carroll and Carlezon, 2013). Whether this might be linked to the anxiogenic-like 

phenotype that is observed in the Fmr1 KO mice (Figure 3.18) requires further investigation.  

Interestingly, a genetic polymorphism of gain in function on the PENK gene in human was 

found to be protective over social deficits (Troisi et al., 2011). In line with this, our data 

demonstrate that transcripts of the Penk gene are found significantly down-regulated in the 

CPu, a key region for behaviours relevant to autism (Langen et al., 2009) including 

sensorimotor gating and social interaction sensitivity (Wyers et al., 1968; Peeke and Herz, 

1971; Swerdlow et al., 2001). Whether we can speculate that down-regulation of Penk 

transcripts in the Fmr1 KO mice is linked to the observed social interaction deficits (Figures 

3.11A and 3.17A) requires further investigation. Prior investigation at a protein level is 

essential, as excess synthesis of proteins has been detected in the FXS model (Gross and 

Bassell, 2012). Notably, Penk transcripts are found significantly up-regulated in the Fmr1 KO 

OXT-treated vs. Fmr1 KO saline-treated mice, which suggests that OXT treatment may 

attempt to rescue the down-regulated expression of the Penk gene in the these mutants. 

Whether this may underline the beneficial effects of OXT in reversing the social deficits in 

ASD warrants further investigation but the evidence pointing towards effect of Penk on social 

deficit (Troisi et al., 2011) is particularly intriguing. 

The amygdala has been long involved with socio-emotional disturbances in ASD (Zalla and 

Sperduti, 2013), therefore, CeA amygdaloid nuclei is one of our targeted regions for 

investigation. In the CeA, Penk mRNA expression was overall up-regulated following OXT 

administration in the WT mice (WT OXT vs. WT saline) and the mutants (Fmr1 KO OXT vs. 

WT saline) (Figure 3.16). Markedly, this suggests that OXT acts as a positive regulator of 

Penk in WT and Fmr1 KO mice in the CeA region. These are in line with evidence 
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supporting the opioid excess theory in autism, as discussed in chapter 2. Whether these 

changes in Penk mRNA regulation by OXT in the two genotypes are driving the differential 

effects of chronic OXT administration on behaviour cannot be determined by this study 

alone, but warrants further investigation. 

Despite alterations observed in the endogenous peptide mRNA levels, no OXT induced or 

genotype changes were observed in Oprm1 mRNA levels. This seemingly suggests a lack of 

interaction between OXT and MOR at least at mRNA level. Nonetheless, there is emerging 

evidence to suggest the presence of an interaction between MOR and OXTR. For instance, 

a profound down-regulation of Oxt mRNA and up-regulation of OXTR binding was observed 

in Oprm1-/- KO mice (Becker et al., 2014; Georgiou et al., 2015) suggesting that the 

presence of such an interaction may be at receptor protein level rather than mRNA.  

3.4.8.2.   Regulation of the oxytocin and vasopressin in the CPu and CeA  

As discussed previously in Chapter 2, the neuropeptides OXT and AVP have been involved 

in the aetiology of autism. Our data demonstrated that there were interesting links between 

the expression levels of the neuropeptides along with their receptors, and OXT treatment in 

the CPu. OXT treatment seems to have either a positive or negative correlation with the 

expression of certain genes, as it rescues or negatively regulates the expression of 

transcripts in both brain regions studied.  

As illustrated in Figure 3.15, in the CPu Oxt mRNA expression was globally down-regulated 

with marked 4.5-fold significant decrease observed in the Fmr1 KO animals, strongly 

suggesting dysregulation of the endogenous oxytocinergic system. Considering the evidence 

in Oxt KO mice pointing towards a socially impaired phenotype (Winslow and Insel, 2002), 

we suggest that this OXT deficit might explain the social behaviour deficits observed in these 

mutants (Figure 3.11 and 3.17). Intriguingly, chronic OXT administration had no effect on Oxt 

mRNA levels in WT mice or Fmr1 KO mice. In conclusion, the results from this study 
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suggest that the endogenous oxytocinergic system is impaired in the Fmr1 KO mice and 

restoration of this system through chronic intranasal administration of OXT benefits 

sociability behaviour, which is impaired in these mutants. 

In addition, the mRNA expression levels of Avpr1a and the Avpr1b in the CPu (Figure 3.15) 

region, show marked down-regulation in the Fmr1 KO saline-treated mice, while up-

regulation of Avpr1b is observed in the mutants treated with OXT, suggesting that prolonged 

OXT administration rescues the expression of these transcripts. This might further suggest 

that the beneficial effects of exogenous OXT in reversing the social deficits in ASD could be 

induced also by physiological compensatory mechanisms acting via the vasopressinergic 

system. 

 Interestingly, while in the CPu there are no genotype or OXT treatment induced effects with 

respect to Oxtr mRNA levels, in the CeA, a brain region characterised as the integrative hub 

of anxiety (Gilpin et al., 2015), OXT treatment seems to suppress the Oxt and Oxtr 

transcription levels in the mutant mice but not WT. The supressing of Oxtr levels is unlikely 

to have any behavioural significance as it does not translate to changes in OXTR binding. 

Nonetheless, whether the genotype differences in OXT treatment-induced Oxt mRNA 

regulation has any behavioural significance remains to be investigated. 

Lower levels of Avpr1a mRNA were observed in Fmr1 KO mice vs. WT in the CPu, 

suggesting a dysregulation of the AVP system in the Fmr1 KO model of ASD. In line with this 

observation, autistic children with the lowest AVP levels in the blood displayed severe social 

impairments, demonstrating a positive correlation between blood AVP concentrations and 

social behaviour (Carson et al., 2015). Interestingly, chronic OXT administration significantly 

increases transcription levels of Avpr1a and Avpr1b in the Fmr1 KO but not in WT mice, in 

the CPu and decreases Avp mRNA expression levels in the CeA (Figure 3.16). Whether this 

up-regulation of these components of the vasopressinergic system in the Fmr1 KO mice 

following chronic OXT administration underpins, at least partially the prosocial effect of OXT 

in these mice requires further investigation. Interestingly chronic OXT administration has 
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been shown to increase Avpr1a binding in the LS of mice (Huang et al. 2014), which might 

reinforces our suggestion, given the role of this region in social behaviour. 

3.4.8.3.   Regulation of glutamatergic system and other genes in the CPu and CeA  

As discussed in Chapter 2, a dysfunctional glutamatergic system has been reported in ASD 

with coexistence of both hypo- and hyper-function in different forms of ASD and mGluRs 

antagonists are considered as potential therapeutic targets (Carlson, 2012; Chen et al., 

2014). Our data demonstrated a global decrease of expression of Grm4 and Gmr8 

transcripts in the Fmr1 KO mice in both the CPu (Figure 3.15) and CeA (Figure 3.16) brain 

regions, which fits with our data showing decreased NMDAR binding in several regions in 

the Fmr1 KO mice (Figure 3.14). These data from transcriptional analysis are in support of 

the hypo-glutamatergic theory in autism, however, investigation at protein level and 

functional assays will be needed for validation. Our data also revealed that in the CPu, OXT 

treatment appears to rescue the expression of Grm4 and Gmr8 transcripts, while in the CeA 

OXT increased transcription levels of Gmr8 in WT and had no effect on Grm4 transcripts. 

Interestingly, a partial duplication of GRM8 has been identified in an individual with autism 

(Serajee et al., 2003) suggesting that increased Grm8 expression may be associated with 

ASD symptoms. Whether such a mechanism is involved in the detrimental effect of chronic 

OXT administration in WT mice remains to be investigated.  

Additionally, we looked into transcription of genes of interest (Table 3.3 and 3.4) that were 

found differentially regulated in the CPu and CeA brain regions. However, we will only 

highlight the transcriptional changes on a few of these genes including the Bdnf and Gh 

genes. Our data revealed association between differentially regulated Bdnf transcripts in the 

Fmr1 KO mice and OXT treatment. In particular, Bdnf mRNA levels were found to be 

dramatically down-regulated in the mutants in the CPu region, while OXT treatment does not 
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rescue its expression (Table 3.3). Several studies have reported dysregulation of Bdnf levels 

in autism (as reviewed by Ricci et al. (2013)). In agreement with our findings, lower serum 

BDNF levels were associated with impairment in children with autism (Kasarpalkar et al., 

2014). In addition, our data reveal reduced transcription of Gh (~ 3.7 fold) in the Fmr1 KO 

mice in the CPu, which is rescued following OXT treatment (Table 3.3). The growth hormone 

(Gh), has been also implicated in the neurobiology of autism, and it is shown that elevated 

levels of growth-related hormone in blood have been detected in children with ASD (Mills et 

al., 2007). Although the findings are in the opposite direction with the aforementioned study, 

nonetheless, it is supported that there is a link between dysregulation of growth hormone in 

individuals with autism and the regulatory effect of OXT in restoring the expression of that 

gene. 

3.5. Concluding remarks 

In conclusion, we demonstrated that intranasal OXT treatment reverses core symptoms of 

ASD in the Fmr1 KO mouse and these beneficial effects persist over time. In particular, our 

data shows complete restoration of social interactions following acute, sub-chronic and 

chronic OXT treatment in these mutants, which is characterised by OXT, opioid peptide and 

mGluR mRNA and glutamate receptor density deficits in the CPu. We also show that chronic 

OXT restores some of those deficits in Fmr1 mice (e.g. Avp1a, penk, Grm deficits). On 

second note, OXT reversed the anxiogenic-like phenotype of Fmr1 KO mice in a paradigm 

assessing conflict anxiety, highlighting the therapeutic potential of OXT for treatment of 

comorbid anxiety associated with ASD. Interestingly, in WT mice sub-chronic and chronic, 

but not acute, OXT administration induces a social deficit phenotype accompanied by 

increased motor stereotypies, and anxiety reminiscent of ASD, suggesting a detrimental 

effect of chronic OXT administration in healthy subjects with intact oxytocinergic and other 

CNS systems. This is accompanied by a profound OXT-induced dysregulation in several 
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gene transcripts including Grm8, Penk. Overall, this study provides important information on 

the impact and safety of acute and chronic OXT treatment in ASD and healthy subjects, and 

points towards possible underlining mechanisms. 
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4. Chapter 4: Effect of social defeat stress on 

nAChRs and D2 receptors: An autoradiography 

study 
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4.1. Introduction 

4.1.1. Depression  

One of the psychiatric conditions characterised by social deficits is depression, a serious 

mood disorder. Depression is a multifactorial disorder caused by a combination of genetics 

and environment, including psychosocial factors. Psychosocial factors include prolonged 

exposure to negative life events such as societal negative impact resulting from 

unemployment, poverty (Weich and Lewis, 1998) as well as adverse familial events such as 

poor parental care or loss resulting in low self-esteem and emotional instability (Avagianou 

and Zafiropoulou, 2008; Parsons et al., 2010). For detailed information on the aetiology of 

depression, see section 1.3.2. One of the major causes of depression is chronic exposure to 

social stress, and notably bullying, which is a classical form of it, as characterised by 

Gullander and colleagues (2014). 

Depression is characterised by several neuroendocrine, neurotransmitter and 

neuroanatomical abnormalities, some of which are discussed in the section 1.3.3. Although a 

great deal of progress has been done in the understanding of the neurobiology of 

depression, there are still gaps in our knowledge. Current pharmacotherapy is often 

problematic, and some patients are resistant to it. As a result, better treatment is needed, 

especially with regards to depression caused by chronic exposure to social defeat (SD) type 

of stress. To address this need, better understanding of the neurobiology underlining 

depression, and specifically SD, is needed in order to identify novel targets that may aid in 

successful treatment of the disorder. 

Receptor systems such as nicotinic Acetylcholine receptors (nAChRs) are involved in a 

variety of neurobiological mechanisms implicated in the pathophysiology of depression. They 

modulate DA function, influence HPA axis activity and they play a role in cholinergic 
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neurotransmission (reviewed in (Philip et al., 2010)), which are all mechanisms underlining 

depression. Nonetheless, little is known about the mechanisms that underline 

neuroadaptations in this system and contribute to the development of the disease state. In 

an attempt to refine our understanding of the nAChR system in SD related to depression, 

this chapter will focus on further investigating the involvement of nAChRs in the development 

of social stress-induced depression. 

4.1.2. Nicotinic receptors: pharmacology, localisation and function 

 Acetylcholine receptors (AChRs) are ligand-activated neurotransmitter receptors activated 

by the endogenous neurotransmitter acetylcholine (ACh). There are two types of AChRs: the 

metabotropic muscarinic receptors (mAChRs), which are membrane GPCRs, and the 

ionotropic nicotinic receptors, which will gate the channel to favour ion influx that further 

induces a cellular response upon stimulation by ACh. mAChRs have a slow activation and 

the subtypes present (M1-M5) facilitate activation of second messengers of PLC, IP3, cAMP 

and free calcium, which further alter cellular homeostasis. On the other hand, nAChRs, 

which is our focus in this chapter, are ion channel proteins that are activated by nicotine and 

open to allow diffusion of cations (Albuquerque et al., 1995; Gotti and Clementi, 2004; Eglen, 

2005; Dani and Bertrand, 2007).  

Two major findings contributed to the discovery of nAChRs; primarily, the electric organ of 

the Torpedo fish, which is rich in muscle expressing nAChRs and secondly the discovery of 

the snake toxin α-Bungarotoxin, which binds to muscle-type nAChRs. In particular, the 

starting point for the nAChR purification was upon discovery of the electric organ of the 

Torpedo fish, as this organ comprises approximately 40% of the protein and it produces an 

electric pulse to capture prays (Sobel et al., 1979; Kistler and Stroud, 1981). Later, α-

bungarotoxin extracted from venom of krait snake, Bungarus multicinctus, was shown to 

bind with high affinity to muscle type nAChRs to inhibit their function and promote 
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neuromuscular paralysis (Albuquerque et al., 1974; Fertuck and Salpeter, 1974; Barnard et 

al., 1977; Lee, 1979). 

There are subdivisions of nAChRs that include muscle or neuronal subtypes depending on 

their expression site. Our interest in this project focuses on the neuronal nAChRs, which are 

widely distributed in the brain. Neuronal nAChRs are organised in pentamers, which is a 

structure consisting of five protein subunits joined around a central ion channel. In mammals, 

they are assembled either as homo- or hetero-pentamers that are formed from a pool of nine 

α-like subunits (α2 – α10) and three β-subunits (β2 - β4). Their differential subtypes exhibit 

distinct pharmacological and physiological profiles, and anatomical distribution in the brain 

(Lloyd and Williams, 2000; Albuquerque et al., 2009). The different subunits of the nAChRs 

determine their specialized properties and functions. The mammalian high affinity nicotine 

binding receptor consists of at least α4 and β2 subunits (Flores et al., 1996; McCallum et al., 

2006).  

Several toxins target the nAChR system as it plays fundamental role in regulating important 

life functions such as muscle contraction, autonomic nervous system function and function of 

defensive measure against predation (Daly, 2005). Nicotine, the active ingredient in tobacco, 

is the most well-known nAChR targeting agent produced by a family of plants (Solanaceae) 

and primarily used as a potent natural pesticide acting against predation (Eastham et al., 

1998). Other toxins that target nAChRs exhibit selectivity for receptor subtype and are 

produced by plants, fungi, bacteria and animals (Albuquerque et al., 2009). A selective 

nAChR antagonist that binds with high affinity to the α7 subunit is α-bungarotoxin; the α7 

receptor subtype has distinguished function from other neuronal nAChRs (Rangwala et al., 

1997; Drisdel and Green, 2000). Another nicotinic agonist producing toxic effects is 

epibatidine, an alkaloid extracted from the skin of the Ecuadorian tree, Epipedobates tricolor 

(Dukat and Glennon, 2003; Yogeeswari et al., 2006). Epibatidine binds with high affinity to 

the α4β2* nAChR as well as to other nAChRs targets with various affinities. According to 
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Lukas et al. (1999), an asterisk following the different subtypes is employed to denote that 

one or more additional subunits might also be present. Several products of epibatidine are 

valuable pharmaceutical agents for treating numerous diseases such as Alzheimer’s disease 

(Dwoskin and Crooks, 2001; Xiao et al., 2004; Albuquerque et al., 2009).  

There are several types of nAChRs in mammals with various subunit compositions 

according to their location in the body, of which nine α-subunits and three β-subunits are 

expressed in the brain. The different nAChR subunit combinations have distinct localisation, 

pharmacological and kinetic properties (Gotti et al., 2006a; Grady et al., 2009). The various 

subtypes of nAChRs are broadly distributed in the brain. α7 and α4β2 nAChRs assemble into 

homo- and hetero-pentamers, respectively, and they are distributed throughout the brain and 

the spinal cord. In the brain they are found in several brain regions, as illustrated in figure 

4.1, including the olfactory bulb, cortex, hippocampus, medial habenula (MHb), 

hypothalamus, inderpeduncular nucleus (Ipu), substantia nigra, ventral tegmental area, 

amygdala and the cerebellum. The α4β2 nAChRs are also specifically found in the raphe 

nuclei, thalamus and the striatum brain regions, while the α7 are also located in the pineal 

gland (Jensen et al., 2005; Taly et al., 2009). 
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Figure 4.1: Representation of nAChRs subtypes distribution in the brain. 

Representation of nAChRs subtypes distribution throughout the brain as described in detail in text. 
Adapted from Taly et al. (2009).  

 

Nicotinic receptors located in the brain are expressed and function both pre-, post- and 

extra-synaptically (Jones and Yakel, 1997; Wonnacott, 1997; Jones et al., 1999; Gotti et al., 

2006b; Colombo et al., 2013). The nAChRs are found in neuronal cell bodies, dendrites and 

axon terminals and thus modulate the release of other neurotransmitters, hence strongly 

influencing the surrounding neuronal circuitry (Toth, 1996). In particular, nicotine binds pre-

synaptically to nAChRs to facilitate the release of neurotransmitters such as ACh, DA, NA, 

GABA, 5-HT and glutamate, which then mediate several behavioural responses including 

reward, dependence, cognition, anxiety, memory (Picciotto et al., 2000). The primary 

nAChRs in the CNS are α7 and β2* (α4β2*, α6β2*, α4α6β2*) with α3 also present but less 

prevalent than the α7 or α4* nAChRs (Jensen et al., 2005; Tapia et al., 2006; Brown et al., 

2007; Albuquerque et al., 2009; Kuryatov and Lindstrom, 2011). Preclinical studies have 

shown that α7* nAChRs are implicated in important cognitive functions including learning, 

memory and attention. Notably, it has been shown that absence of α7 nAChR in the 



223 

 

hippocampus results in significant learning and memory, and attention impairments, as 

demonstrated in pharmacological inhibition, as well as, genetic studies with knock-out 

animals (Levin et al., 2002, 2009; Fernandes et al., 2006; Nott and Levin, 2006; Young et al., 

2007). These receptors are also implicated in a variety of diseases of cognitive impairment 

including Alzheimer's disease, ADHD and schizophrenia (Levin, 2012). The α4 β2 nAChRs 

have been linked to behaviours associated with drug abuse and they are also involved in 

pain modulation (Changeux et al., 1999; Watkins et al., 1999; Damaj, 2007). For an 

extensive review on nAChR and their use as therapeutic targets, see review by Dineley et al. 

(2015). 

4.1.3. Nicotinic receptors in depression 

Nicotine and smoking have been reported to regulate mood via activation of nAChRs in both 

humans and animals. Various studies support that nicotine-contained in tobacco modulates 

neuronal systems that further regulate mood (as reviewed in Picciotto et al. (2015)). 

Interestingly, incidence rate of smoking is 50% higher in depressed individuals than the 

general population (Glassman et al., 1990; Diwan et al., 1998). The relationship between 

smoking and depression is bidirectional. Depression is thought to be a risk factor for 

maintaining smoking behaviour and depressed people find it much harder to stop smoking 

with a higher relapse rate (Glassman et al., 1990; Breslau et al., 1991; Killen et al., 2003). 

New evidence is emerging suggesting that exposure to nicotine through tobacco smoking is 

a risk factor for depression.  

Nicotine binds with high affinity to nAChRs, activates intracellular responses and long-lasting 

desensitization occurs upon prolonged exposure (Buccafusco et al., 2009). This further 

exerts its reinforcing properties in the CNS and autonomic ganglia (Picciotto, 1998). It has 

been observed that nicotine’s patches have beneficial effects for depressed patients; it 

improves mood in the short-term and increases REM sleep in non-smokers (Salín-Pascual 
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et al., 1995), while smoking cessation exacerbates symptoms of depression (Glassman et 

al., 1990). Notably, chronic nicotine administration elicits antidepressant-like effects in rats, 

assessed by learned helplessness (Semba et al., 1998) and forced swim test (Djurić et al., 

1999; Tizabi et al., 1999). Chronic nicotine administration (delivered through nicotine 

patches) desensitizes rather than activates nAChRs (Reitstetter et al., 1999) as a functional 

antagonism (Quick and Lester, 2002) suggesting that blockade of nAChRs rather than 

activation of these receptors may underline this antidepressant effect in mice. 

Janowsky and colleagues (1972) have reported over three decades ago that increased 

levels of ACh might lead to depression. Early observations also supported this hypothesis by 

showing that organophosphate poisoning in humans, which causes excess ACh levels 

throughout the brain and body by inhibiting acetylcholinesterase activity, result in 

depression-like symptoms. Additionally, higher rates of depression seem to appear in 

orchardists that work with these substances (Gershon and Shaw, 1961). Later on, it was 

reported that administration of physostigmine, a reversible acetylcholinesterase inhibitor, in 

human subjects affected with an underlying disorder, increased symptoms of depression and 

reduced mania (Janowsky et al., 1974). Also, when the same substance was infused in 

humans not diagnosed with a neuropsychiatric disorder, symptoms of depression were 

reported (Risch et al., 1981). These provide relatively strong evidence, which support the 

hypothesis that depression is associated with cholinergic overdrive, while nicotine 

administration decreases depressive symptoms (Salín-Pascual et al., 1995). The notion that 

blockade of nAChRs might have antidepressant effects is further supported by studies 

demonstrating that administration of a non-selective nAChRs antagonist, mecamylamine, 

displayed decreased symptoms of depression in patients suffering from Tourette’s syndrome 

(Salín-Pascual et al. 2000; Mihailescu and Drucker-Colín, 2000) and displayed 

antidepressant-like properties in naïve mice (Caldarone et al., 2004; Rabenstein et al. 2006). 

Animals studies have revealed that deletion or blockade of specific nAChRs have 
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antidepressant properties. β2*KO mice are characterised by antidepressant-like phenotypes 

(Caldarone et al., 2004). Amitriptyline, a classical antidepressant had no effect on these 

animals strongly reinforcing the notion that β2* nAChRs are involved in the function of a 

classical antidepressant. Cytisine, a partial agonist with high affinity for α4β2* nAChRs, has 

been shown to have  antidepressant-like properties, via a mechanism involving blockade of 

α4β2* nAChRs and subsequent reduction of neuronal activity in the basolateral amygdaloid 

nuclei (BLA) (Mineur et al. 2007). There is evidence suggesting a key involvement of 

nAChRs system in the mechanism of action of certain antidepressants. Indeed, it has been 

shown that clomipramine, a tricyclic antidepressant inhibits the activation of α4β2 nAChRs, 

which are commonly expressed in the CNS (López-Valdés et al. 2002), further supporting 

the antidepressant effect of nAChR antagonism. Additionally, buproprion, a classic 

antidepressant and smoking cessation aid, as well as phencyclidine, inhibit nAChRs in vitro 

and in vivo in a non-competitive pattern (Fryer and Lukas, 1999; Alkondon and Albuquerque, 

2005). Additional studies on rat hippocampal slices have reported that antidepressants 

which work via monoamine reuptake blockade are able to inhibit nAChRs in the CNS 

(Hennings et al., 1999). Fluoxetine, a selective 5-HT reuptake inhibitor commonly used to 

treat depressive-like symptoms exhibits nAChRs antagonistic properties in the CNS at low 

concentrations (Hennings et al.1997) further supporting nAChRs antagonism as one of the 

mechanism underlining commonly used antidepressants effect.  

Altogether these data reinforce the notion that blockade of nAChRs might have an 

antidepressant property in their own right, but may also be contributing to the antidepressant 

effects of various medications, thus implicating nAChRs in the pathophysiology of 

depression. Nonetheless, the neurobiology underlining this involvement remains unclear. In 

this chapter, we will focus on understanding the impact of chronic defeat stress, which is 

characterised by social aversion and anhedonia-induced by repeated exposure to negative 

social cue on key CNS systems. As discussed in section 1.3.4, chronic SD can lead to 
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behavioural abnormalities induced by stress and it is believed to capture features of 

depressive-like state. 

4.1.4. ‘Social defeat’ as a model for depression 

The SD paradigm uses social conflict between members of the same species to produce 

emotional and psychological stress, which is illustrated by submissive, supine posture, 

frequent vocalisation of distress and freezing behaviour (Blanchard and Blanchard, 1977). 

The defeat experience is a physical but also a psychogenic stressor, as it involves both 

physical exposure (i.e. attacks) but also time that the resident is in visual contact with the 

intruder without allowing physical harm, as described in methods section 4.3.1.2. Such 

repeated exposure to SD without prior habituation, generates persistent emotional stress in 

order to examine social subordination (Tidey and Miczek, 1997), providing ethological 

validity to the mouse model. Preclinical studies in rats demonstrated that repeated exposure 

to SD induces long-term changes in behaviour and neurochemistry. In particular, it induced 

significantly decreased locomotion and exploratory activity (Meerlo et al., 1996; Koolhaas et 

al., 1997; Tidey and Miczek, 1997), increased anxiety and submissive behaviour (Ruis et al., 

1999; Crawford et al., 2013), and reduced sexual behaviour and aggression (Meerlo et al., 

1996). Furthermore, there is substantial evidence to suggest that VTA dopaminergic system 

plays a key role in the behavioural manifestation of SD-related depression (Barik et al., 

2013). 

In humans, only a subset of depressive-like symptoms can be objectively studied in rodents 

including social avoidance, anhedonia, locomotor and metabolic changes. It has been 

demonstrated that 4-7 days of repeated exposure to SD induces decreased mobility in the 

social avoidance and the forced swim test (Berton et al., 1998; Hollis et al., 2010), between 

5-10 consecutive days of defeat generate physiological impairments in cardiac and 

autonomic circadian rhythms, thermoregulation and immune function (Tornatzky and Miczek, 
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1993; Stefanski, 2000; Sgoifo et al., 2002; Hayashida et al., 2010) and after 5 weeks of SD 

anhedonia-like behaviours are induced, which is a core symptom of depression in humans 

(Rygula et al., 2005). According to studies in rodents, exposure to chronic, repeated physical 

stresses induced depressive-like behaviour (Hollis et al., 2013) and provided evidence for 

dysregulation of HPA axis (Hill et al., 2012), which were reversible after chronic treatment 

with traditional antidepressant (Willner, 2005). While these data strengthen the relationship 

between stress and depression, such stressors are often criticized as artificial and that they 

are not representative of true nature of social stress exposure in humans (Kessler, 1997; 

Björkqvist, 2001; Almeida et al., 2002). SD stimulates increased dopaminergic activity in the 

VTA (Cao et al., 2010), which drives social avoidance and, might further promote alertness 

in threatening circumstances, as in the case of SD. Interestingly, pharmacological or 

optogenetic inhibition of dopaminergic activity in the VTA has beneficial effects, as it 

reverses SD-induced aversion and anhedonia (Barik et al., 2013; Chaudhury et al., 2013). 

These suggest that the increase in dopaminergic activity is essential for the following 

behavioural manifestation of stress outcomes (Barik et al., 2013; Chaudhury et al., 2013; 

Friedman et al., 2014; Marinelli and McCutcheon, 2014). 

With respect to the nAChRs system, evidence from pharmacological and molecular genetic 

studies have shown an inverse relationship between acetylcholinesterase activity and 

depression. Decreased hippocampal acetylcholinesterase activity, increased anxiety and 

depression-like behaviours, and decreased resilience to repeated stress in a SD paradigm 

(Mineur et al., 2013) were reported, suggesting an association between increased 

acetylcholinesterase activity and depression in a model of chronic SD. Taken together, it is 

suggested that abnormalities in the cholinergic system may be critical for the aetiology of 

depression. However, the precise mechanisms underlying the role of nAChRs in depression 

are not well-understood.  



228 

 

Interestingly, recent evidence in mice suggested that stress and nicotine induce long-lasting 

cellular adaptations within the VTA dopaminergic system that is regulated by marked 

remodelling of nicotinic systems, which further cause increased activity of the VTA 

dopaminergic neurons, and social avoidance behaviour (Morel et al., 2017). Indeed, Morel et 

al. 2017 demonstrated that blockade of β2* or α7* nAChRs prevented, the development and 

expression of social-stress-induced neuroadaptations, respectively in a model of chronic 

social defeat stress (CSS) in mice. Together, these data point towards the hypothesis that 

chronic SD may lead to profound neuroadaptations of the nAChR in the dopaminergic 

system. Therefore, we attempted to map alterations that might occur in the density of the α4 

β2* and α7* nAChRs and D2 receptors in brains from naive mice that have undergone chronic 

SD. 
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4.2. Hypothesis and aims 

4.2.1. Hypothesis 

Emerging evidence suggest that nicotine is associated with depressive-like behaviour and 

vice versa, potentially by modulating dopaminergic and nicotinic receptor systems. Hence, 

we hypothesize that chronic SD exposure will affect nAChRs and D2R binding in the brains 

of naïve mice. 

4.2.2. Aims 

The present study aims are to determine the effects of the exposure to chronic SD on 

nAChRs and D2R binding in mice which may at least partially explain the neurobiological 

mechanisms that underline depressive-like behaviour. 
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4.3. Materials and Methods 

4.3.1. Methods 

4.3.1.1.   Animals 

Adult male mice (C57BL/6J, 2 - 4 months old) were group-housed under standard animal 

housing conditions, at 22 °C, between 55% to 65% humidity, with a 12:12 hour light/dark 

cycle (7 am/7 pm) and had ad libitum access to water and food. Animals care and the 

experimental protocols used were approved by the French Ministère de l'Agriculture et de la 

Forêt (87-848) and the European Directive 86/609/CEE of 11/24/1986 for care of laboratory 

animals. Mice were separated in 2 groups; group 1 underwent SD stress protocol whilst 

group 2 did not. Both groups were evaluated for social interaction with the use of social 

interaction tests during the morning hours (09.00-12.00h) as described in section 4.3.1.2. 

Mice were culled by cervical dislocation before rapid removal of the brains followed by 

freezing in isopentane (-20oC) for 30 sec and stored at -80oC. These procedures were 

performed at the lab of Dr. Barik, following shipping of the brains at the University of Surrey 

where I processed them for autoradiographic receptor binding experiments. 

4.3.1.2.  Social defeat stress paradigm 

The chronic SD stress paradigm was performed according to established protocols (Barik et 

al., 2013; Morel et al., 2017). C57BL/6J mice (n=10) were subjected to 10 consecutive days 

of SD. Each defeat consisted of 5 min of physical interactions between the resident mouse, 

CD1 (6 month of age), and the intruder, experimental mouse. Following this, the intruder 

remained for 24h in the resident’s home cage that was partitioned in half by perforated 

transparent polycarbonate, which allowed visual, auditory, and olfactory communication 

whilst preventing tactile contact; see diagram below (Figure 4.2). Each experimental mouse 



231 

 

faced a novel CD1 each day. The social defeat test was carried out daily through the 10th 

day of the experimental protocol. Undefeated mice were handled and rotated daily, and 

housed 2 per cage with the polycarbonate partition separating the cage in two halves. This 

group of mice were not exposed to an intruder. Animals were daily inspected for health 

conditions, and they were immediately removed from the experiment if severe wounds were 

detected. 

Social interaction was performed in SD and non-SD mice, 24 h after the last defeat (day 11) 

in a low luminosity environment (20 lux). Undefeated and defeated mice were introduced for 

150s in an open-field (40cmx40cmx25cm) containing an empty perforated polycarbonate 

box (‘no target’ condition). Immediately after this, mice were rapidly removed and an 

unfamiliar CD1 mouse was placed in the box (‘target’ condition) and mice were re-exposed 

to the open-field for another 150 s. The time spent in the interaction zone surrounding the 

polycarbonate box was recorded and scored by an experimenter blinded to the treatments 

(see Figure 4.3), and it was used as an index of social interaction. Social interaction in mice 

subjected to chronic SD stress were compared with undefeated mice (NoSD). 
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Figure 4.2: Schematic of the chronic social defeat paradigm. 
Mice (n=10) were subjected to 10 consecutive days of SD. Each defeat lasted for 5 min, in which the 
experimental mouse (the intruder) was free to have physical interactions with the CD1 resident 
mouse. Next, the experimental mouse remained for 24h in the resident’s home cage. The cage was 
partitioned in half by a perforated transparent polycarbonate, so mice could maintain visual, auditory, 
and olfactory communication but not physical contact. For the social interaction assessment on day 
11, undefeated (NoSD) and defeated (SD) mice were introduced for 150s in an open-field containing 
an empty perforated polycarbonate box (‘no target’ condition). Immediately after this, mice were 
rapidly removed and an unfamiliar CD1 mouse was placed in the box (‘target’ condition). Mice were 
re-exposed to the open-field for another 150s. Experiments were performed by Dr. Barik and 
colleagues (Laboratory of Excellence (Labex) Biological Psychiatry Laboratory, Paris, France). 

 

 
4.3.1.3.  Preparation of mice brain sections 

Twenty μm coronal sections were cut at 300 μm intervals from rostral to caudal levels at -

21°C temperature, following thaw-mounting onto gelatin-coated ice-cold microscope slides 

and were processed for autoradiography. Adjacent sections (n=10) were cut for 

determination of total and NSB binding. Sections were stored at -20°C prior to radioligand 

binding.  

4.3.1.4.  Quantitative autoradiographic receptor binding 

Quantitative autoradiography is a useful tool for mapping possible receptors that might be 

involved on the neurochemistry of chronic SD mice and might underline partially the 
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neurobiology of depressive-like behaviour. Quantitative autoradiography was performed on 

sections of mice exposed to CSS and mice not exposed to CSS, for α4 β2*, α7* nACh 

receptors and D2Rs with cytisine-sensitive [125I] epibatidine, [125I] α-bungarotoxin and [3H] 

raclopride, respectively.  On the day of the experiment, sections were thawed and processed 

according to established protocols (Orr-Urtreger et al., 1997; Whiteaker et al., 2000; Léna et 

al., 2004; Metaxas et al., 2010) with minor modifications. Multiple adjacent sections from 

both groups were processed together in a paired binding protocol.  

α4 β2* nAchR binding: sections were pre-incubated for 10 min in 50 mM Tris-HCl buffer 

containing 120 mM NaCl, 5mM KCl, 2.5 mM CaCl2 and 1 mM MgCl2, pH 7.4 at room 

temperature to remove endogenous ligands. Binding was carried out in 50mM Tris-HCl pre-

incubation buffer, pH 7.4 at room temperature, in the presence of 100 pM [125I] epibatidine 

(specific activity 2200 Ci/mmol) for 2 hours. This radioactive ligand retains the high affinity, 

low non-specific binding of [3H]-epibatidine, while labelling of multiple nAChR subtypes and 

providing increased specific activity (2200 Ci mmol) and increased detection efficiency (≈80–

85% for 125I). This combination should theoretically boost signals by approximately 100-fold 

(Dávila-García et al., 1997). Two series of adjacent sections were also used from each 

mouse to measure total [125I] epibatidine binding (no competing ligand) and [125I] epibatidine 

binding in the presence of 20 nM cytisine. Cytisine is a partial agonist that blocks additional 

sites of the α4 β2* subtype nAChR, which are distinguished by their relatively low cytisine 

affinity to differentiate between cytisine-resistant and cytisine-sensitive [125I] epibatidine 

binding sites (Whiteaker et al., 2000). An additional set of adjacent sections were used to 

determine NSB in the presence of 300 μM nicotine hydrogen tartrate salt for 2 hours. 

Incubations were terminated after rinsing slides twice in ice cold (4°C) 50 mM tris-HCl buffer, 

pH 7.4 for 10 min and a final rapid rinse in ice-cold RO water to remove unbound ligand. 

α7* nAChR binding: Slides were pre-incubated for 30 min in 50 mM Tris-HCl buffer 

containing 1% w/v bovine serum albumin, pH 7.4 at room temperature. Pre-incubation of 
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NSB slides included 1 mM nicotine hydrogen tartrate salt. Binding was carried out in the 

same buffer in the presence of 3 nM [125I] α-bungarotoxin (specific activity 88.2 Ci/mmol) for 

2 hours. NSB was determined in adjacent sections in the presence of 300 μM nicotine 

hydrogen tartrate salt (a cold displacer for [125I] α-bungarotoxin) for 2 hours. Incubations 

were terminated after rinsing slides three times in ice-cold (4°C) 50mM tris-HCl buffer (not 

containing BSA), pH 7.4 for 10 min and a final rapid rinse in ice-cold RO water.  

D2R binding: slides were pre-incubated for 20 min in 50 mM Tris-HCl pre-incubation buffer, 

containing 120 mM NaCl, 5 mM KCl, 2 mM CaCl2 and 1 mM MgCl2, pH 7.4 at room 

temperature. The slides were then incubated in pre-incubation buffer in the presence of 4 nM 

[3H] raclopride (specific activity 70 Ci/mmol) for 60 min. NSB was determined in the 

presence of 10 μM sulpiride. Incubation was terminated by rapid rinses (6 x 1 min) in ice 

cold 50mM Tris-HCl buffer, pH 7.4 and a final rapid rinse in ice-cold RO water. 

4.3.1.5.  Film exposure and development 

Following binding, sections were rapidly dried under cold air for 2 hours and dried for up to 7 

days using anhydrous calcium sulphate. Adjacent total and non-specific labelled sections 

were apposed to Kodak Biomax MR-1 film alongside autoradiographic microscale standards 

of known concentration to permit the conversion of the optical densities of silver grains in 

autoradiograms to specific activity of tissue-bound ligand to femtomoles per milligram 

(fmol/mg) of tissue. [125I] epibatidine and [125I] α-bungarotoxin bound sections were exposed 

to film for 24 hours and 7 days, respectively, with a set of 14C microscale standards which 

had been cross calibrated to iodinated standards (Miller and Zahniser, 1987). [3H] D2R-

bound sections were exposed to film with 3H microscale standards for a period of 6 weeks.  

For development, [125I]- and [3H]- sensitive films were covered with an aqueous solution of 

50 % v/v Kodak D19 developer for 2 min. The reaction was stopped by 30 sec rinse in RO 

water containing few drops of glacial acetic acid. Images were fixed by submersion in Kodak 
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rapid fix solution for 3 min. Films were then rinsed in RO water and dried overnight in a fume 

cupboard. 

4.3.1.6.  Quantitative analysis 

Films were analysed by video-based densitometry using an MCID image analyser (Image 

Research, Canada). In brief, fmol/mg tissue equivalents for receptor binding were derived 

from either 3H or 14C microscale standards and the relationship between tissue reactivity and 

optical density was calculated using MCID software, with appropriate adjustments to allow 

for radioactive decay of both the standards and the radioligands. Specific receptor binding 

was derived by subtraction of NSB from total binding for α7* nAChRs, and D2Rs. For α4 β2* 

nAChRs, cytisine-resistant epibatidine binding was subtracted from total epibatidine binding 

to give cytisine-sensitive epibatidine binding, which represents α4 β2* nAChR binding. For 

each region, quantified measures were taken from both left and right hemispheres, therefore 

receptor binding represents a duplicate determination for each brain region and the n values 

listed refer to the number of animals analysed. The following structures were analysed by 

sampling 5-20 times with a box tool (cortex (8x8 mm), olfactory tubercle (6x6 mm) and 

hippocampus (5x5 mm)). All other regions were analysed by free-hand drawing. Brain 

structures were identified by reference to the mouse atlas of Franklin and Paxinos (2001). 

4.3.1.7.Statistical analysis 

Social interaction after social defeat 

For assessing time in interaction zone in the presence and absence of novel interacting 

mouse, we measured the social interaction behaviour, a unilateral student paired t-test with 

Bonferroni multiple comparison correction was used, to determine the differences in time 
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spent in interacting zones between groups (No Target vs Target) in No SD and SD groups. 

The statistical significance was set at p<0.05. Data are presented as mean ± SEM. 

Autoradiographic receptor binding  

All data are presented as mean ± SEM and were analysed using GraphPad Prism 7. Two-

way ANOVA for factors ‘’Social defeat’’ and ‘’Brain Region’’ were used for comparison of 

specific binding levels between groups. Statistical significance was defined as p<0.05. 

Sidak’s multiple comparisons test was carried out to investigate differences in radioligand 

binding experiments between the groups in individual regions.  

4.3.2. Materials  

[125I] epibatidine (2200 Ci/mmol), [125I] α-bungarotoxin (88.2 Ci/mmol) and [3H] raclopride (70 

Ci/mmol) radioligands were purchased from PerkinElmer Life sciences (MA, USA), cytisine 

and sulpiride from Tocris Bioscience (Bristol, UK), nicotine hydrogen tartrate salt, Tris-HCl, 

NaCl, KCl, CaCl2, BSA, MgCl2 were purchased from Sigma-Aldrich (Poole, UK) and 

anhydrous calcium sulphate from BDH Chemicals (Poole, UK). Brains were sectioned in a 

Microtome cryostat HM305E (Zeiss Hyrax C 25, Carl Zeiss Microimaging GmbH, Germany). 
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4.4. Results 

4.4.1.   Chronic social defeated and non-defeated mice assessed for social 

interaction 

Social interaction in mice subjected to chronic SD stress was compared with control-NoSD 

group of mice following 10 day of SD stress. SD group displayed social avoidance 

demonstrated by decreased time spent in the interacting zone (~ 20 sec) as compared with 

NoSD (~ 35-65 sec). It was also displayed that SD mice spent identical time in the 

interacting zone both when the ‘target’ mouse was present or not, whereas the control-NoSD 

spent significantly increased time in the interacting zone when ‘target’ mouse was present as 

compared to the empty cage. These experiments were performed by Dr. Barik’s group in 

Labex, France. Together these results show a decrease in social interaction in SD mice 

compared with non-SD mice clearly indicating social avoidance. 

 
Figure 4.3: Social interaction in mice subjected to chronic social defeat (SD) stress compared 
to non-social (NoSD) defeat. 
‘Target’ corresponds to the presence (+) or absence (-) of a novel interacting mouse. Defeated group 
displayed social avoidance. 
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4.4.2.   Effect of chronic social defeat on α4*β2* nAChRs binding in mice  

Extensive brain mapping of epibatidine binding sites by autoradiography revealed no global 

alteration of epibatidine binding after SD exposure. Cytisine-sensitive [125I] epibatidine 

binding was used to determine α4 β2* binding in mice that have or have not undergone SD 

(Figures 4.4 and 4.5). High levels of α4 β2* binding (31.9– 25.67 fmol/mg) were detected 

within the Th and the medial geniculate (MG) regions, moderate levels (24.04 – 17.38 

fmol/mg) in the VTA and the CPu, and low levels (12.38 – 1.43 fmol/mg) in the fr and the Pir 

in both groups. Our data demonstrate that there was no significant difference between the α4 

β2* binding levels in the brains of the SD mice compared with the controls. Although two-way 

ANOVA revealed a significant effect for α4 β2* binding sites on ‘brain region’ (F(33, 605) = 16.29, 

p<0.0001), it did not show any significant effect of ‘social defeat’ factor (F(1, 605) = 0.5101, ns) 

and ‘social defeat x brain region’ interaction effect (F(33, 605) = 0.5373, ns). There were no 

significant alterations in total [125I] epibatidine binding, cytisine-sensitive (i.e. α4 β2*) or 

cytisine resistant binding in any of the regions analysed (Figure 4.5). 

Total epibatidine binding sites are widely distributed in the brain and display high binding 

levels (36.4–21.9 fmol/mg) in brain regions such as the Th, VDB and fr, medium binding 

levels (20.7–15.6 fmol/mg) in regions such as the NAc, CPu and low levels (13.7–5.4 

fmol/mg) in the AMG and Hip. Cytisine-resistant binding sites are also widely distributed in 

the brain, although in lower binding levels (12.5–4.3 fmol/mg) than epibatidine sensitive 

binding, in brain regions such as the NAc, CPu and the VTA (Figure 4.5). High levels of 

cytisine resistant [125I] epibatidine binding (40–33 fmol/mg) were found in the Ipu, MHb and 

the fr, moderate levels (14.3–8.2fmol/mg) within the MG and the VDB, and low levels (5.1– 

0.7 fmol/mg) in the rest regions studied. The quantification of the density levels of [125I] 

epibatidine in the brains analysed was in relation to the 14C standards used, and NSB was 

indistinguishable from background levels. Two-way ANOVA did not reveal any significant 
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effect for the factors ’social defeat’ and ‘social defeat x brain region’ interaction in total [125I] 

epibatidine, cytisine sensitive [125I] epibatidine and cytisine-resistant [125I] epibatidine binding. 

 

Figure 4.4: Representative autoradiograms of α4 β2* nAChRs binding in control non-social 
defeated (NoSD) and social defeated (SD) mice. 

Representative images of total [125I] epibatidine (rows 1,3) and cytisine-resistant [125I] epibatidine 
(rows 2,4) binding in coronal adjacent brain sections of wild-type mice that have either undergone SD 
stress or not. Complete mapping of the brain illustrated above, starting at the level of the olfactory 
nuclei (Bregma 3.08, column 1), NAc (Bregma 1.10 column 2), CPu (Bregma 0.74 column 3), Th 
(Bregma -1.46 column 4) and the VTA (Bregma -3.40 column 5). The colour bar illustrates a 
pseudocolour interpretation of black and white film images. Top two rows; from control (NoSD) mice 
sections and, bottom two rows; SD mice sections. Non-specific binding was equal to background 
levels (image not shown). For abbreviations see p.17-26. 
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Figure 4.5: Quantification of α4 β2* nAChRs binding in control (NoSD) and SD mice. 

Cortical and non-cortical regions from brain sections of NoSD and SD mice were bound with [125I] epibatidine alone or in the presence of cytisine. A) Cytisine 
sensitive [125I] epibatidine binding. Cytisine-sensitive binding was determined by subtracting cytisine-resistant binding from total epibatidine binding. B) 
Cytisine resistant [125I] epibatidine binding C) Total [125I] epibatidine binding D) Cytisine resistant [125I] epibatidine binding for extra brain regions studied. Data 
are represented as mean ± standard error of the mean (n=10). For abbreviations see p.17-26. 
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4.4.3.   Effect of chronic social defeat on α7* nAChRs binding in wild-type mice  

 Extensive brain mapping of α-bungarotoxin binding sites by autoradiography revealed no 

global alteration of nAChRs numbers after SD. [125I] α-bungarotoxin binding was used to 

determine α7 binding in WT mice that have or have not undergone SD (Figures 4.6 and 4.7). 

High binding was observed in the fr, SUG and DG (37.75–50.05 fmol/mg), moderate levels 

(3.18–37.04 fmol/mg) within the VLG and the hippocampal CA2, and low levels (19.6– 20.62 

fmol/mg) in the AcbC and the AcbSh in both groups. Two-way ANOVA revealed a significant 

‘social defeat’ effect (F(1, 582) =3.869, p<0.05) and significant brain region effect (F(32, 582) 

=235.4, p<0.001) but no significant effect was seen for ‘social defeat x brain region’ 

interaction (F(32, 582) =0.6403, ns). Post-hoc Sidak’s multiple comparisons analysis revealed 

no significant difference between the two groups in any brain region analysed (Figure 4.7). 

The quantification of the density levels of [125I] bungarotoxin in the brains analysed was in 

relation to the 14C standards used. 
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Figure 4.6: Representative autoradiograms of α7* nAChRs binding in control non-social 
defeated (NoSD) and social defeated (SD) mice. 

Representative images of total and non-specific [125I] α-bungarotoxin binding in coronal sections from 
NoSD and SD mice brains. Adjacent sections were incubated for 3 h with 3 nM of [125Ι] α-bungarotoxin 
alone for determining the total binding (Total rows) or in the presence of 300 μM nicotine hydrogen 
tartrate for determining the NSB row. Complete mapping of the brain illustrated above, starting at the 
level of the olfactory nuclei (Bregma 3.08), NAc (Bregma 1.10), CPu (Bregma 0.74), Hyp (Bregma -
1.46) and the VTA (Bregma -3.40). Top two rows; from NoSD mice sections and, bottom two rows; 
SD mice sections. For abbreviations see p.17-26. 



244 

 

 

Figure 4.7: Quantitative autoradiographic analysis of α7* nAChRs binding in control (NoSD) and social defeated (SD) mice determined by [125I] α-
bungarotoxin binding. 

Cortical and non-cortical regions from brain sections of NoSD and SD mice were bound with [125I] α-bungarotoxin. Data are represented as mean ± standard 
error of the mean (n=10). For abbreviations see p.17-26. 
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4.4.4.   Effect of chronic social defeat on D2R binding in wild-type mice  

[3H] raclopride binding was used to determine D2R binding levels in the brains of WT mice, 

which have or have not been exposed to chronic SD (Figure 4.8). High binding was found in 

the CPu subregions (100.44– 124.30 fmol/mg) and low levels were detected in the NAc 

subdivisions and the Tu (32– 82.64 fmol/mg). [3H] raclopride binding levels were overall 

down-regulated in the brains of socially defeated mice in comparison to the non-defeated 

group. Two-way ANOVA revealed a significant difference on ‘social defeat’ (F(1, 108) = 17.28, 

p<0.05) and ‘brain region’ effect (F(5, 108) = 92.39, p<0.0001), but not significant ‘social defeat 

x brain region’ interaction effect (F(5, 108) = 0.0475, ns). Post-hoc analysis by Sidak’s multiple 

comparisons demonstrated that there was no significant difference between the two groups 

in any brain region analysed (Figure 4.8). NSB was indistinguishable from background level. 
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Figure 4.8: Representative autoradiograms of D2R binding in control non-social defeated 
(NoSD) and social defeated (SD) mice. 

A) Representative images of total and non-specific [3H] raclopride binding in coronal sections from 
control (NoSD) and SD mice brains. The pictures illustrated above start at the level of NAc (Bregma 
1.10), CPu (Bregma 0.74) and the VTA (Bregma -3.40). The colour bar indicates a pseudo colour 
interpretation of black and white image density, calibrated in fmol/mg of tissue equivalent. Top two 
rows; from NoSD mice sections and, bottom two rows; SD mice sections. B) Quantitative 
autoradiographic [3H] raclopride D2R binding in NoSD and SD mice. Data are represented as mean ± 
standard error of the mean (n=10). For abbreviations see p.17-26. 
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4.5. Discussion 

This present study aimed to investigate the effect of chronic SD, a more reliable translational 

model of depression characterised by repeated exposure to chronic social stress on D2R, α4 

β2* and α7* nAChR binding. The rational for this investigation was based on evidence arising 

from the study by Morel and colleagues (2017), demonstrating that α4 β2* and α7* play a key 

regulatory role in the interplay between stress and nicotine, at the cellular and behavioural 

level. Mice following chronic exposure to SD demonstrated behavioural and cellular 

maladaptations.  

With regards to behavioural changes, socially defeated mice displayed a marked social 

avoidance behaviour following 10-day chronic exposure to SD, as demonstrated by reduced 

time spent in the interacting zone as compared with the time of NoSD mice (Figure 4.3). Our 

findings are in line with previous studies demonstrating that SD repeated daily for 10 days 

resulted in increased anxiety and social aversion (Krishnan and Nestler, 2008). In fact, a 

single aggression in naïve mice resulted after 45 min in a significant increase in circulating 

glucocorticoids (Barik et al., 2013). It has been shown that stressors, which induce 

glucocorticoid increase can change DA-releasing neurons excitability in the midbrain and 

concomitantly affect DA release (Marinelli, 2007). These neurons project from the VTA to 

limbic and cortical structures to subserve regulation of motor control, reward and emotions 

(Marinelli et al., 2006; Dalley and Everitt, 2009; Valenti et al., 2011). Furthermore, they also 

participate in the modulation of anxiety-like behaviours and cognitive functions (Zweifel et al., 

2011). These together suggest that chronic SD stress drives social avoidance behaviour 

possibly by increasing mesocorticolimbic neuronal activity. Our results support the use of the 

psychosocial stress paradigm in mice as a reliable translational model to mimic impairment 

experienced by people exposed to chronic psychosocial stress. Indeed chronic exposure to 

social stress and, notably bullying, in humans is one of the major causes of depression 

(Gullander et al., 2014). 
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In addition to the behavioural outcomes, important cellular adaptations also occurred. After 

global mapping of [125I] epibatidine, cytisine-sensitive [125I] epibatidine and cytisine resistant 

[125I] epibatidine binding in both NoSD and SD mice brains, we showed that there were no 

observed significant changes in numbers of α4 β2* binding, total [125I] epibatidine and 

cytisine-resistant [125I] epibatidine sites between the two groups in any of the regions 

analysed (Figure 4.5). This is not in accordance to a recent study by Morel et al. (2017), who 

demonstrated a very small but statistically significant increase in epibatidine binding sites on 

synaptic fractions dissected from the VTA of SD mice, suggesting an upregulation of α4 β2* 

nAchR in dopaminergic rich brain regions. Additionally, in the same study, they showed an 

increase in hemicholinium binding sites (a marker of choline transport and, hence, of 

endogenous cholinergic transmission) in SD mice, indicating increased cholinergic tone in 

the VTA. Thus, the increase of cholinergic tone, which would subsequently desensitise α4 β2* 

receptors may explain the upregulation of α4 β2* receptors in the VTA. This finding is in line 

with other studies, in which increased cholinergic tone is assumed to explain the lower β2* 

nAChR availability in depressed patients (Saricicek et al., 2012). Interestingly, Morel et al., 

2017 showed that SD increased VTA frequency and burst activity of VTA dopaminergic 

neurons, clearly suggesting VTA dopaminergic mechanism underlining social avoidance 

behaviour. Intriguingly, while administration of a single dose of nicotine in naive (NoSD) mice 

enhanced firing and bursting activity of dopaminergic neurons in the VTA, SD mice exhibited 

no such response to nicotine suggesting potential neuroadaptations in the nAChR system in 

these mice. Taken all together, these suggest that SD modifies spontaneous activity of DA 

neurons, their sensitivity to nicotine and it increases the cholinergic tone in the VTA (Morel et 

al., 2017). Finally, functional and behavioural evidence confirmed a key involvement for α4 

β2* nAchRs in SD behaviour. More specifically, blockade of α4 β2* with chronic treatment with 

the selective antagonist, dihydro-β-erythroidine, reversed social avoidance clearly 

demonstrating that α4 β2* nAChRs are involved in the development of social avoidance, thus 

they are potential risk factors for depression. With respect to our present data showing a lack 
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of α4 β2* nAChR alterations in binding in SD mice, we can conclude that any alterations in 

nicotine sensitivity observed in SD mice is not due to alteration in α4 β2* nAChR levels but 

potentially due to changes in α4 β2* functional activity. The reason why no change in α4 β2* 

nAChR binding was observed in the VTA of SD mice, despite the upregulation reported by 

Morel et al, 2017, could be due to differences in technique, which was used to measure the 

receptor levels. Nonetheless, even Morel et al. 2017, only found a modest (3-5%) increase in 

α4 β2* receptor proteins in SD vs. NoSD mice.  

It has been previously shown that α7 nAChR KO mice exhibited depression-like phenotype 

as demonstrated by the forced swim paradigm, (Rygula et al., 2005) and by the sucrose 

preference test (Zhang et al., 2016), which assesses anhedonia, a core symptom of 

depression in humans. Thus, we investigated the effect of chronic social stress on α7* 

nAChR binding. After global mapping of [125I] α-bungarotoxin binding in both NoSD and SD 

mice brains, a significant ‘social defeat’ effect was found on α7* binding sites, but post hoc 

analysis did not show any differences in α7* nAChR levels in any regions analysed (Figure 

4.7). This is in agreement with Morel et al. (2017) who demonstrated no change in α-

bungarotoxin binding sites on synaptic fractions dissected from the VTA of SD mice. 

Interestingly, the same group showed that chronic administration of α7* nAChRs antagonist, 

methyllycaconitine, did not manage to reverse social avoidance in SD mice. However, acute 

administration of the potent antagonist prevented SD-induced social aversion (Morel et al., 

2017), suggesting potential neuroadaptations in the nAChRs system following prolonged 

overstimulation of α7* nAChRs. Altogether, these strongly support that α7* nAChRs are 

involved in the development of social avoidance and, hence, α7 activation with nicotine may 

be considered as a risk factor for depression. Indeed, Morel et al. (2017) found that α7 

nAChRs activation following intraperitoneal and intra-VTA injection of an α7* nAChRs 

selective positive allosteric modulator (PNU-120596), showed potentiation of stress 

sensitization and exacerbation of SD. These were followed by concomitant increase in the 
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VTA dopaminergic firing that ultimately reinforced our hypothesis. Thus, it is suggested that 

α7* nAChRs antagonist may be a potentially novel target for the treatment of depression. 

With regards to our data showing lack of alterations of α7* nAChR binding in brain regions of 

SD animals, we conclude that any alterations in α7* nAChR sensitivity implicated with the 

aforementioned behavioural studies by Morel et al., (2017), are not due to alterations in α7* 

nAChR density.  

Interestingly, significant treatment effect was detected on the D2R binding displaying an 

overall region decrease in the SD mice as compared to the NoSD animals (Figure 4.8). This 

is in line with previous findings, which have shown that reduced D2R binding in the limbic 

forebrain is responsible for chronic mild stress-induced anhedonia (Papp et al., 1994). This 

is also in agreement with data from depressed patients (Larisch et al., 1997; D’Aquila et al., 

2000; Gershon, Vishne and Grunhaus, 2007; Lee et al., 2010), showing a DA dysregulation 

in depression. As discussed before, Morel et al., (2017) showed hyperactivity of VTA 

dopaminergic neurons in mice that have undergone the same chronic SD protocol. It is 

possible that this surge of VTA dopaminergic activity may have triggered a compensatory 

down-regulation of D2R observed in SD mice in our study. Whether this decrease in D2R 

may at least partly mediate the social avoidance behaviour in these SD animals cannot be 

concluded by this study.  

In conclusion, although our results do not demonstrate significant changes in nAChR density 

in brains of SD mice, there is emerging functional electrophysiological and behavioural 

evidence to suggest the presence of profound neuroadaptations in these systems. These 

neuroadaptations potentially contribute to a complex nicotine-stress bidirectional interplay 

via DA cell activity, which is likely to have a major impact on mood regulation. Our data is 

supportive of D2R dysregulation, but shows that any neuroadaptations of the nAChR system 

in SD is not due to changes in α7* and α4 β2* nAChR density in the brain. 
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5.1. General discussion 

This thesis is focused on investigating the neurobiology underlining certain 

neuropsychopathological conditions characterised by impairment in the social domain. To 

this end, ASD and depression caused by chronic social stress, were explored. ASD is a 

neurodevelopmental condition, which includes a spectrum of symptoms characterised by 

impairment in the social domain and it is often accompanied by other debilitating disorders 

such as, social anxiety and depression (Williams et al., 2010). The aetiology of these 

pathologies remains unclear and advances in the understanding of its neurobiological 

underpinnings are of critical need. This thesis investigated neurobiological systems including 

the oxytocinergic and the opioid systems that are involved in ASD and comorbidity. 

Furthermore, the project underlines potential targets for the development of novel 

therapeutics. For this purpose, we employed mice modelling ASD, the Fmr1 KO. OXT is a 

promising treatment, with shown efficacy for the treatment of core symptomatology for ASD. 

Notably, it has been demonstrated that long-term OXT treatment has efficacy for young men 

with high-functioning ASD on sociality and communication with a complete absence of 

adverse effects (Kosaka et al., 2016). Our study provides further evidence by showing that 

prolonged OXT treatment reverses sociability deficits in the Fmr1 KO mouse. This study is 

the first to investigate acute and prolonged OXT treatment effects in this model of ASD, 

further reinforcing the literature on OXT’s efficacy in treating ASD core symptomatology. 

Nevertheless, our findings demonstrated that OXT has detrimental effects on sociability in 

wild-type mice, which raises safety concerns of OXT administration in an intact and healthy 

oxytocinergic system. Our contribution to this field of research provides us with a wider 

understanding of how we perceive autism and brings in potentials for novel targets that will 

pave the way for the establishment of novel therapeutics.  

Furthermore, a second part of this thesis aimed to shed light in the neurobiology underpining 

social defeal in response to repeated social stress by assessing the effect of chronic SD 
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stress on nicotinic and D2R density. Although there was no effect detected on α4β2* and α7* 

nAChR density in the brain, emerging functional electrophysiological and behavioural 

evidence (Morel et al., 2017) demonstrated the presence of profound neuroadaptations in 

these systems in the same SD model used. These results suggest a complex nicotine-stress 

interplay in the development of social stress-induced depressive disorders and may pave the 

way for the development of novel targets for stress-related psychiatric disorders. 

This chapter will focus on key novel contributions that this work has made on the 

understanding of the neurobiology of disorders characterised by social impairement in the 

social domain and the efficacy of potential pharmacotherapy used for their treatment. 

5.1.1. Efficacy of long-term oxytocin administration  

In the last decade, novel approaches in the field of therapeutics have set new grounds for 

the treatment of autism. Neuropeptides administered via the intranasal route have been 

shown to be able to cross the BBB and be delivered directly to the brain in humans (Born et 

al., 2002) exerting behavioural and functional effects (Born et al., 2002; Pedersen et al., 

2013; Aoki et al., 2014; Anagnostou et al., 2014). Ever since this major break-through, the 

utility of the intranasal route of peptide administration is frequent in clinical trials for the 

treatment of ASD. Nevertheless, there are points of controversy in respect of this topic 

amongst basic science researchers, which have been extensively discussed in this thesis. 

Our findings support that prolonged OXT treatment abolishes sociability defects and 

comorbid anxiety in yet another model of ASD, the Fmr1 KO mice, but not stereotypical 

behaviour in this paradigm, in line with other studies (Penagarikano et al., 2015). First, our 

results established and confirmed intranasal OXT as a promising pharmacotherapeutic in the 

Fmr1 model of ASD, which is a novel model assessing OXT treatment effects. Fmr1 KO is a 

model of Fragile X syndrome (FXS) which is characterised by mental retardation and ASD 

symptoms (Devitt et al., 2015). Currently, there is no available treatment for core ASD 
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symptoms in patients with FXS including social deficits and stereotypies. However, 

associated behavioural symptoms of ASD such as irritability, aggression, self-injurious 

behaviour and severe tantrums are treated with risperidone and aripiprazole (Siegel and 

Beaulieu, 2012; Spencer et al., 2013), which their efficacy is variable and exhibit significant 

side effects. Our data supports intranasal OXT administration as a potent pharmacotherapy 

at least for the treatment of social impairment and comorbid anxiety in patients with FXS. 

Secondly, this is one of the few studies, which have assessed the chronic effect of OXT in a 

mouse model of ASD. Majority of the studies in the literature focused on the acute or 

subchronic effect of OXT. However, it is of paramount importance to establish that not only 

the acute but also the chronic OXT administration is effective in reversing core symptoms of 

ASD. The oxytocinergic system is highly plastic and long-term administration of a drug can 

induce homeostatic compensatory neuroadaptations, which may limit or abolish the 

beneficial effect of the drug or even cause side effects. Nonetheless, in our ASD model that 

displays a marked deficit in oxytocin transcription, chronic OXT administration still is as 

effective as given acutely. This has important implications in support of the safe use of 

chronic OXT treatment at least in ASD patients.  

Based on the inconsistency in clinical and preclinical studies regarding the efficacy of OXT in 

treating ASD symptoms, one can assume that efficacy may depend on factors such as 

gender or genetic makeup. There is evidence to suggest that individuals with lowest pre-

treatment blood OXT concentrations benefit the most from OXT administration (Parker et al., 

2017), which is consistent with our study where we demonstrated a beneficial effect of OXT 

in a model characterised by OXT deficit at least in the striatum. This may have implications 

for ASD treatment in a personalised medicine approach, where ASD patients would be 

screened for OXT status; either genetically for OXT polymorphisms or biochemically by 

measuring OXT plasma levels, before deciding on treatment interventions. Finally, despite 

the obvious benefits of OXT treatment in the social aspects and comorbid anxiety aspects of 
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ASD, we did not observe any obvious benefits of OXT in stereotypical characteristics. This is 

in part consistent with clinical studies, which demonstrated that-long-term OXT treatment 

(24-weeks) has shown efficacy for young men with high-functioning ASD on comprehensive 

symptom and social-communicative behaviours, but not on secondary symptoms of 

stereotypic behaviour and comorbidity including anxiety and depressive state (Kosaka et al., 

2016).  

5.1.2. Oxytocin’s safety for general consumption 

The feasibility of intranasal OXT administration, as a non-invasive method in combination 

with its minimal reported side effects, has also its downsides. Off-label OXT has been 

prescriped by psychologists to treat mild social unease in those who are not suffering from a 

diagnosed disorder (Kovács and Kéri, 2015). OXT’s beneficial effects in social attachment, 

pair bonding and social behaviour are misused by profit-driven markets as they advertise it 

to the general public, as an attractive harmless medication that will improve everyday social 

contacts and restore relationships in couples. Therefore, the downside of it is based on the 

off-label use of OXT which led to an increased consumption of OXT by the general 

population (Kovács and Kéri, 2015). 

In this respect, concerns have been raised regarding the physiological consequences of 

prolonged OXT treatment. In fact, OXT has been associated with severe cardiovascular 

side-effects such as hypotension and tachycardia (Dyer et al., 2011) electrolyte imbalances 

and adverse effects in the kidneys (Rasmussen, et al., 2004). Also, chronic OXT 

administration has the potential to cause hormonal disturbances in females at different 

reproductive phases (i.e. milk ejection, labour induction) due to the peripheral effects of 

OXT, which suggests that safety precautions should be taken into consideration when OXT 

is administered to female participants, who might require regular gynecologist monitoring. 

Interestingly, Kosaka et al. (2016) demonstrated that long-term administration of OXT at a 
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dose smaller than 32 IU per day for 12 weeks does not lead to hormone-related 

abnormalities in non-pregnant females, which supports that the safety use of OXT might be 

dose-dependent in women. Also, clinicians propose to use oxytocin in ASD patients in 

combination with behavioural therapy, as a tool to ease social contact (Hall et al., 2012; 

Stavropoulos & Carver, 2013). 

Our data clearly show that chronic, not acute OXT treatment in a healthy murine 

oxytocinergic system with no inherent deficits in social interaction and normal endogenous 

levels of OXT has adverse effects on social behaviour, increases stereotypic behaviour and 

is anxiogenic, which reminisces the autistic-like phenotype in the Fmr1 KO mice. The 

detrimental effects after prolonged overstimulation of a healthy oxytocinergic system are 

consistent with other studies in mice (Huang et al., 2014; Peters et al., 2014) and further 

suggest that life-long management of intranasal OXT treatments should be cautiously 

applied to the human population. According to recent literature, chronic OXT administration 

has shown negative consequences, which seem to be dependent on context. OXT might 

increase the sensitivity to salient social stimuli such that exposure to positive or negative 

experiences can cause exaggerated responses, which may affect mood states (McQuaid et 

al., 2014). Preliminary results obtained in studies with OXT administration were found to 

contradict previous work simply suggesting prosocial effects of the peptide (Kosfeld et al., 

2005; Rilling et al., 2012; Zak et al., 2007) and highlighting the need for further 

understanding of the link between aggression and OXT. Higher scores on antisocial 

personality traits such as anger and interpersonal manipulation were related to increased 

aggressive behaviour following OXT administration (Alcorn et al., 2015), which is in line with 

our findings. Similarly, other studies suggest that OXT treatment in healthy individuals with 

higher levels of social anxiety may impair social cognitive functioning, as demonstrated by 

decreased performance on a social cognitive task assessing social working memory (Tabak 
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et al., 2016). In light of these, we suggest that OXT should be legally regulated and 

prescribed by physicians upon clinical screening and only for a diagnosed disorder. 

5.1.3. Progresses in ASD neurobiology 

This thesis investigated neurobiological mechanisms underlining the ASD aetiology. Notably, 

the endogenous opioid system as a potential candidate implicated in the neurobiology of 

ASD has been largely under-investigated. Despite the preclinical and clinical evidence 

supporting opioid dysregulation in ASD and the formulation of an opioid theory in ASD over 

three-decades ago (Panksepp, 1979), more studies need to focus on this matter. Our 

findings reveal changes on endogenous opioid peptides transcripts in the brain of the 

autistic, Fmr1 KO mouse model, but not on the expression of their respective receptors 

levels.  

Also, our data reveal profound deficits in key transcripts of peptides and receptors in the 

CNS if the Fmr1 KO model. For instance, NMDAR proteins and transcripts of opioid peptide, 

oxytocin, metabotropic glutamate and dopamine receptors subtypes are all down-regulated 

in specific brain regions in the ASD model. Whether these transcript deficits translate to 

differences in protein levels or neurotransmitter release with respect to neuropeptides, 

remains to be investigated. Nonetheless, the data clearly suggest a dysregulation of several 

key CNS systems (opioid, OXT, glutamate and DA) which may further underline potential 

targets for therapeutic discovery in this paradigm. Notable is the profound oxytocinergic 

deficit in the CPu of the Fmr1 KO, which is likely to underline some of the ASD symptoms 

observed in these mutants. Hence, restoration of OXT levels by OXT administration may be 

a neurobiological mechanism underlining the beneficial effect of OXT in ASD. This is 

supported by other studies conducted in the clinic and the laboratory demonstrating that 

primary deficits in the oxytocinergic system may cause social defects in ASD subjects, and 

correcting this deficit can restore social behaviour (Andari et al., 2010; Penagarikano et al., 
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2015; Parker et al., 2017). Nonetheless, it is evident from this study that multiple systems 

are impaired in ASD, which may explain the complexity and heterogeneity of the disorder.  

The neurobiological changes of transcripts that we observed in the Fmr1 KO mouse brain 

underscore the importance of investigating changes at the protein level. This brings out the 

the potential to identify protein targets, which could point towards the development of novel 

treatment approaches and perhaps incorporate a unified approach that would involve 

manipulations of several of these systems. Interestingly, a clinical trial is underway using 

memantine (NMDAR antagonist) to assess treatment response (over 12-weeks) to social 

responsiveness in ASD individuals, and has successfully progressed onto Phase 3 

(https://clinicaltrials.gov/Identifier No: NCT01972074). These preclinical and clinical findings 

constitute a starting point in unravelling the mechanistic implications of several 

neurotransmitter systems in the ASD pathology. This may progress to the identification of 

key targets for drug development, eventually considered for testing in human clinical trials.  

Moreover, we revealed that chronic intranasal OXT differentially regulates many transcripts 

of key receptor and peptide systems in specific brain regions in WT and Fmr1 KO mice. 

Notably, transcripts of Avp1a, Avpr1b and Penk in the CPu and Oxt, Avp, Oxtr, Penk and 

Grm8 transcripts in the CeA seem to be differentially regulated by chronic OXT in WT vs. 

Fmr1 KO. This may explain the differential and opposing effect of chronic intranasal OXT 

treatment in WT and the ASD model. Interestingly, our findings incorporate changes that 

occur in the AVPergic, OXTergic and the opioid peptide systems (Penk) at mRNA level that 

chronic OXT treatment can rescue. It might be that neuronal networks, which incorporate 

these systems act synergistically in the Fmr1 KO mouse and can exert their beneficial 

effects following chronic OXT treatment in this ASD model. Yet, additional experiments are 

needed to expand on this hypothesis. This information, nonetheless, is of paramount 

importance for understanding the pharmacological effect of a drug such as OXT in healthy 

and disease state and may pave the way for designing a more effective treatment. 
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5.1.4. Progresses in neurobiology of social defeat consequences 

Experiments in this thesis also investigated the effects of a mouse model of chronic social 

defeat on the density of nAChRs α4β2*, α7* and the DA receptors (D2Rs) in the brain. Our 

findings did not show significant changes in nAChR density in brains of social defeat mice 

but emerging functional electrophysiological and behavioural evidence (Morel et al., 2017) 

demonstrated the presence of profound neuroadaptations in these systems in the exact SD 

model. These effects further contribute to a complex nicotine-stress bidirectional interplay via 

DA cell activity that is likely to have a major impact on mood regulation. Ultimately, by 

identifying therapeutic targets for mood regulation disorders such as depression with 

pharmacological interventions, we can potentially restore social interactions suggesting the 

possibility of normalising specific negative outcomes of traumatic events such as bullying.  

Our data is supportive of D2R dysregulation but shows that any neuroadaptations of the 

nAChR system in SD is not due to changes in α7* and α4β2* nAChR density in the brain. 

Morel et al. (2017) further unravels a complex nicotine-stress bidirectional interplay and 

identifies α7* nAChRs as a promising therapeutic target for stress-related psychiatric 

disorders. It is further suggested that nicotine can have important impact on mood 

dysregulation and should be manipulated with caution. This may have implications for 

smokers or people using nicotine containing e-cigarettes.  

5.1.5. Future directions 

In this thesis, we investigated different CNS components that are involved in the ASD 

pathology at transcription level. Despite our findings demonstrating a lack of alterations in 

MOR binding and transcripts in the Fmr1 KO ASD model, the Fmr1 KO mice displayed 

potent impairment of MOR mediated biochemical effects (see data in Appendix: A-E) clearly 

suggesting an involvement of the MOR system in autism. Future studies should focus on 

identifying if alterations in MOR happen at the second messenger level with GTPγS binding 
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assays and if changes in release of opioid peptides take place in this ASD model by applying 

microdialysis in different brain regions. It might be that these changes occur deeper in the 

signalling cascade, thus primary neuronal cell culture could be employed to study MOR 

signalling in the Fmr1.  Approaches of the same type will need to be applied to explore 

changes in OXT peptide and receptor activity, glutamate receptor activity and vasopressin 

peptide and receptor activity. These studies will provide a clearer idea if changes in 

transcripts translate to changes in neurotransmitter release or receptor activity resulting in 

changes in functional neurotransmission and behaviour. Electrophysiological and 

optogenetic studies would reveal and refine any functional alterations in these systems in the 

ASD model. 

Our data showed that some comorbid symptoms in ASD were also affected by OXT 

treatment. Additional experiments should be also used to validate the absence or presence 

of the beneficial effects of OXT with regards to these. Notably, open field exploration test for 

assessing anxiety and Y-maze to assess spatial memory in the Fmr1 KO mice could be 

used. It should be noted that this thesis focused on anxiety and cognitive impairment as 

secondary associated symptoms of ASD but there are other associated symptoms, which 

could also draw our attention, such as increased sensitivity to seizure and aggression that 

are present in the Fmr1 KO mice (Frankland et al., 2004; Mineur et al., 2002; Qin, Kang, & 

Smith, 2005).  

Furthermore, it is important to assess males and females separately and consider biological 

differences, which might characterise each gender exclusively. In this way, variability of the 

experimental outcomes may be eliminated and reliability in the drug discovery field would be 

improved. Additionally, side effects would be minimized because a parameter of 

heterogeneity would be removed furthermore paving the way for more efficacious treatment 

innovations in these pathologies. 
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Lastly, translational research studies are crucial to assess if OXT is effective in FXS patients 

by investigating potential concomitant disruptions in OXT receptors in these patients with 

ASD-like phenotype. Functional imaging assays such as PET and fMRI could potentially be 

employed for these assessments. 

5.1.6. Limitations 

The use of animal models provided us with valuable information that will allow us to 

furthering our understanding of the neurobiology of ASD, however it must be noted that the 

use of these is not without their own limitations. ASD is a complex spectrum of disorders with 

symptoms overlapping with other disorders such as FXS, ADHD, Tourette’s syndrome, and 

unclear aetiology. These clearly create a burden in investigating the neurobiological basis of 

ASD. Also, it is possible to precisely control experimental variables when using animal 

models such as environmental context and social cues, however it is not the case in 

humans. Significant restrictions might be present when attempting to interpret data from 

analysis of behavioural symptoms from animals to humans. However, according to Baker, 

2011 animals can provide about 80% of translational reliability and, that is sufficient in order 

to test for treatment (Baker, 2011). Also, our study had limitations that did not allow us to 

provide conclusive statements from our data. The low sample size of (n=3) was not sufficient 

to provide us with statistical power when assessing for significant changes among the 

experimental groups. The reason for that limitation was due to time- and cost- effective 

approaches that we were bound to take. Additionally, the use of males and females in all 

qRT-PCR experiments might have increased variability in our data and normalise for effects 

on sex differences, thus any effect that could be sex-dependent and would drive data in 

opposite directions could have been masked and we are not being able to observe. Finally, 

due to high costs of the qRT-PCR experiments we only assessed mRNA levels of several 

candidate genes implicated in ASD, but did not assess changes on their respective proteins. 
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This has provided us with the limitation of reaching inconclusive statements in regard to 

interpretation of altered mRNA levels of several genes. 

5.1.7. Concluding remarks 

Collectively, the results described in this thesis show that social impairment is reversed upon 

acute and chronic OXT treatment and importantly, prolonged OXT administration maintains 

efficacy in respect of core symptomatology of ASD. Considering the significant benefits of 

OXT treatment in an impaired oxytocinergic system, the same effects do not apply in a 

healthy oxytocinergic system. Given both the negatives and beneficial effects seen after 

chronic OXT treatment in our experiments, a deeper understanding is provided on the long-

term therapeutic use for the treatment of autism. We further provide evidence for the 

neurobiological basis of ASD, which is implicating dysregulation of opioid, OXT, AVP, 

glutamate and DA systems in the Fmr1 KO mouse model, and undoubtedly warrants 

additional experiments in order to identify underlying mechanisms.  
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Figure 7.1: Opioid-induced locomotion and analgesia responses in Fmr1-/- versus Fmr1+/+ 
mice. 
A) Morphine-induced locomotion differences between Fmr1 KO and WT mice. Locomotion was 
measured by time bins in minutes for WT and Fmr1 KO mice treated with 5 mg, 10 mg and 20 mg 
doses of morphine and no morphine B) Morphine-induced analgesia in Fmr1 KO and WT mice by tail 
immersion test. WT and Fmr1 KO mice were treated with 5 mg of morphine or no morphine and 
nociception responses were monitored by taking tail flick latency measurements in immersion test by 
using stimulus temperatures of 48oC, 50oC and 52oC. (Behavioral experiments conducted by Dr. 
Becker and Dr. Le Merrer) 
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Figure 7.2: Opioid-induced responses in Fmr1-/- versus Fmr1+/+ mice. 
Morphine-induced social interactions in Fmr1 KO and WT mice by direct social interaction paradigm, in which a pair of experimental and stimulus mice are 
free to interact for 10min. Acute morphine administration of 5 mg in the Fmr1 KO mice increased the duration of C) social interactions and D) nose contact, 
and reduced the time spent in grooming behaviour (Behavioral experiments conducted by Dr. Becker and Dr. Le Merrer). 
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