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Abstract 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 

abnormal social interaction, communication and repetitive behaviours (Currenti, 2010).  There 

are no definitive causes of ASD, although alterations in genetics, cortical excitability, neuronal 

structure and development have been described (Courchesne et al., 2007).  Mouse models are a 

powerful tool in analyzing gene products, behaviours and neuroanatomical associations relevant 

to ASD.  The BTBR T+Itpr3tf/J mouse model of autism displays all three hallmark features 

(Ellegood, Babineau, Henkelman, Lerch, & Crawley, 2013; McFarlane et al., 2008).  The 

ketogenic diet has now been implicated in improving behavioural outcomes in developmental 

disorders (Evangeliou et al., 2003).  Moreover, there are a limited number of studies indicating 

its effects on animal models (Masino & Rho, 2012).  The work presented here investigates 

ketogenic diet and pharmacological treatment effects on social and repetitive behaviour, cortical 

excitability and motor map representation in the BTBR T+Itpr3tf/J mouse model of ASD.  
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Autism Review 

Autism spectrum disorder is a behaviourally defined neurodevelopmental disorder 

characterized by three hallmark traits, namely; abnormal and decreased social interaction, 

communication deficits and repetitive behaviours (Currenti, 2010; Llaneza et al., 2010; Maski, 

Jeste, & Spence, 2011; Sigman, Spence, & Wang, 2006).  There has been a dramatic increase in 

ASD incidence from the 1970’s with reports estimating a six-fold rise in diagnosed cases 

(Currenti, 2010; Roullet & Crawley, 2011).  There is no one identified cause for this dramatic 

increase in ASD prevalence but it is thought to be a result due to a combination of better 

diagnostic criteria, as well as genetic and environmental components (Currenti, 2010; Rubenstein 

& Merzenich, 2003).  

Developmental delays are sometimes present in the first 18 months of infancy although 

disease onset shows high variability, with many cases presenting after this window (Amaral, 

Schumann, & Nordahl, 2008; Currenti, 2010; Veenstra-VanderWeele & Blakely, 2012).  This is 

the critical age for developing higher order, social, emotional and communicative functions 

(Courchesne et al., 2007; Honey, McConachie, Randle, Shearer, & Couteur, 2008).  Autism 

spectrum disorder predominantly affects males with a 4:1 sex ratio, which is thought to be 

attributed to an X-linked effect (Amaral et al., 2008; Currenti, 2010; Rubenstein & Merzenich, 

2003).  It is a life-long condition with treatment costs per child that can reach as much as $30 

000 per year, and $35 billion annually in the United States alone (Courchesne et al., 2007; 

Currenti, 2010).  Therefore, research into the etiology and treatment of ASD will have a 

profound effect on medical costs as well as the progression of the ASD epidemic.  
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1.1.2 Genetic Components 

Due to the high (70-80%) concordance rate between monozygotic twins and familial rates 

of ASD, genetic abnormalities are a strong component in the etiology of this disorder (Morrow et 

al., 2008; Moy, Nadler, Magnuson, & Crawley, 2006).  Mutations in the Fragile X mental 

retardation 1 (FMR1) gene leads to the disorder fragile X syndrome, characterized by mental 

retardation, seizures, motor impairment and autistic features (Morrow et al., 2008; Moy & 

Nadler, 2008; Veenstra-VanderWeele & Blakely, 2012).  Rett syndrome results from a mutation 

in the scaffolding methyl CpG binding protein (MECP2) (Currenti, 2010; Morrow et al., 2008).  

It is characterized by normal development for a few months before the onset of social, cognitive 

and language decline as well as stereotyped hand movements, motor impairment and altered 

brain growth (Currenti, 2010; Morrow et al., 2008; Moy & Nadler, 2008; Roullet & Crawley, 

2011).  Furthermore, Angelman syndrome is characterized by the loss of functional ubiquitin-

protein ligase E3A (UBE3A) (Morrow et al., 2008).  This disorder leads to symptoms similar to 

autism including; language and social deficits, hand flapping, mental retardation and seizures 

(Moy et al., 2006; Moy & Nadler, 2008).  All of these disorders can shed light on the genetic 

underpinnings of altered development and social disruption viewed in ASD (Amaral et al., 2008; 

Courchesne et al., 2007; Currenti, 2010; DiCicco-Bloom et al., 2006; Honey et al., 2008; 

Minshew NJ, 2007; Moy & Nadler, 2008).   

Prominent genetic loci indicated in ASD etiology include; neuroligin 3 and 4, which 

mediate excitatory and inhibitory synaptic connections (Morrow et al., 2008; Veenstra-

VanderWeele & Blakely, 2012) and reelin (RELN) which mediates cell guidance during 

development and neurotransmission as well as plasticity in later developmental stages (Morrow 

et al., 2008; Moy et al., 2006).  Loss of the reelin gene in mice leads to motor difficulties, 
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anxiety, learning deficiencies and altered neuroanatomy (Moy et al., 2006; Moy & Nadler, 

2008).  Worth noting is the finding that ENGRAILED 2, a developmental patterning gene has 

been identified in a significant number of ASD cases and might contribute to altered neuronal 

guidance (DiCicco-Bloom et al., 2006; Morrow et al., 2008; Veenstra-VanderWeele & Blakely, 

2012).  Alterations in the phosphatase and tensin homolog (PTEN) gene has been shown to 

induce a larger head circumference and autistic behaviours (Morrow et al., 2008; Moy et al., 

2006; Moy & Nadler, 2008).  Downstream of PTEN, tuberous sclerosis complex 1 and 2 

(TSC1,TSC2) alterations cause tuberous sclerosis complex which displays high comorbidity with 

ASD (Morrow et al., 2008; Veenstra-VanderWeele & Blakely, 2012).  Finally, brain-derived 

neurotrophic factor (BDNF) has been implicated in autism susceptibility (Moy & Nadler, 2008; 

Maria Luisa Scattoni, Gandhy, Ricceri, & Crawley, 2008; Silverman, Babineau, Oliver, Karras, 

& Crawley, 2012).  This protein plays a monumental role in dendritic growth, spine and synapse 

formation (Scattoni et al., 2012).  The identification of candidate genes has greatly expanded the 

knowledge underlying ASD etiology, although as Moy et al. (2006) indicates only 10% of ASD 

cases can be ascribed to one genetic mutation.  Therefore, due to the heterogeneity of the 

disorder, ASD is more likely to arise from an interaction between multiple genes, individual 

development and environmental factors (Morrow et al., 2008).  

1.1.3 Neurobiology of Autism 

There are no resolute biomarkers of ASD although a few uniform neurological changes 

have been described (Amaral et al., 2008; Courchesne et al., 2007; Jeste, 2011; Minshew NJ, 

2007).  Abnormalities in; cortical connectivity, white matter density, amygdala volume, fusiform 

gyrus, caudate nucleus and decreased corpus callosum density have been identified in 

contributing to the core behavioural changes viewed in ASD (Amaral et al., 2008; Benvenuto, 



 4 

Battan, Porfirio, & Curatolo, 2013; Roullet & Crawley, 2011).  Functional magnetic resonance 

imaging (fMRI) studies have indicated that there is less connectivity in areas involving language, 

working memory, social perception and problem solving (Minshew, 2007; Nebel et al., 2012).  

Furthermore, the activation of face and object detection are diffuse and could indicate blurring of 

functional boundaries (Minshew, 2007; Nebel et al., 2012).  Alterations displayed in the mirror 

neuron system could account for the lack of empathy and understanding displayed by individuals 

with ASD, which leads to difficulty comprehending another’s internal process (Minshew, 2007).  

Lastly, increases in striatal size positively correlate with repetitive behaviour seen in ASD, while 

decreases in frontal lobe volume can effect executive functioning (DiCicco-Bloom et al., 2006; 

Veenstra-VanderWeele & Blakely, 2012).     

In early childhood there seems to be an abnormal increase in brain volume, expressed as 

an increase in both grey and white matter (Courchesne et al., 2007; DiCicco-Bloom et al., 2006; 

Veenstra-VanderWeele & Blakely, 2012).  Interestingly, this correlates to an increase in white 

matter directly underlying the cortex (DiCicco-Bloom et al., 2006).  Furthermore, a reduction in 

mini-column width but increased mini-column number is seen due to what some studies suggest 

is abnormal cell migration and decreased pruning (Courchesne et al., 2007).  This leads to 

increased local connectivity at the expense of further projections, which seems to be a 

neurological hallmark of ASD (Amaral et al., 2008; Courchesne et al., 2007; DiCicco-Bloom et 

al., 2006; Veenstra-VanderWeele & Blakely, 2012).  Early on there is overgrowth and premature 

myelination specifically in the frontal and temporal lobes as well as an increases in amygdala 

size (Courchesne et al., 2007; Veenstra-VanderWeele & Blakely, 2012).  Later on in 

development there is a slowing of growth and then decline in adulthood leading to the loss of 

Purkinje cells, frontal cortex volume and the thinning of cortical areas (Courchesne et al., 2007). 
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Overall, there are a multitude of neurobiological alterations that might contribute to the 

pathology of ASD.  It is becoming increasingly clearer though, that developmental progression, 

changes in functional organization, connectivity, lamination and cytoarchitecture are extremely 

important in the etiology of this disorder.  These contribute to social, communicative and 

behavioural deficiencies (Courchesne et al., 2007). 

1.1.4 Motor Deficiencies in Autism 

Motor deficits are another diagnostic characteristic of ASD, manifesting as abnormalities 

in gait, coordination, skilled movements, basic control, motor learning and gesture production 

(Maski et al., 2011; Mostofsky, Burgess, & Larson, 2007; Nebel et al., 2012).  This criterion is 

not yet a major component in the diagnosis or classification of ASD, but recent research 

indicates that motor disturbances illuminate other developmental processes.  Furthermore, motor 

difficulties shed light on neurodevelopmental disorders and strongly correlate with social, 

communication and learning ability due to the shared common mechanism of procedural learning 

(Maski et al., 2011; Mostofsky et al., 2007; Nebel et al., 2012).  Nebel et al., (2012) indicates 

that motor deficiencies may in fact be one of the earliest identifiable signs of ASD and should be 

included in the diagnostic criteria to increase early detection (DiCicco-Bloom et al., 2006; Maski 

et al., 2011). 

Increased white matter volume in the primary motor cortex (M1) correlates with motor 

problems seen in children with ASD (Mostofsky et al., 2007).  This is consistent with the 

literature indicating that increased radial white matter volume is seen particularly subcortically in 

individuals with autism (Courchesne et al., 2007; Mostofsky et al., 2007).  Moreover, there is a 

reduction in mini-column width but increased mini-column number specifically in the primary 



 6 

motor cortex (DiCicco-Bloom et al., 2006). Nebel and colleagues (2012) display that children 

with ASD present decreased functional segregation between upper and lower limb control.  This 

strengthens the hypothesis that ASD is characterized by increased and poorly defined intra-

hemispheric connections (Courchesne et al., 2007; DiCicco-Bloom et al., 2006; Rubenstein & 

Merzenich, 2003).  This could lead to impairments of skilled movement due to decreased 

specificity.  Furthermore, one study to date has indicated that the valproic acid (VPA) rat model 

of autism displays significant increases in arborisation and complexity of layer II pyramidal 

neurons in M1 (Snow et al., 2008).  Overall, this increase in primary motor cortex dendritic 

complexity, alterations in mini-column structure and functional overlap indicate that there is a 

neuroanatomical basis for abnormal motor function in ASD.  This is important because the 

acquisition of motor skills is tightly linked to social and communication development.  The 

primary motor cortex can serve as a model for neuronal architecture in ASD.  

1.1.5 Differences in Cortical Excitability 

Epilepsy is one of the more common comorbidities effecting the ASD population with an 

incidence rate of roughly 30% of individuals displaying seizures (Jeste, 2011; Rubenstein & 

Merzenich, 2003).  Moreover, 50-70% of children with autism display increased activity during 

sleep as measured by electroencephalography (EEG), indicating increased network excitability 

(Rubenstein & Merzenich, 2003).  As Rubenstein et al., (2003) suggest, this could be due to an 

imbalance between excitation and inhibition, leading to noisy and poorly differentiated systems.  

As previously mentioned, individuals with ASD have abnormal mini-column organization.  By 

definition, these are glutamatergic and gamma-aminobutyric acid (GABA) neurons that are 

organized into columns according to function and regulated by lateral inhibition to help establish 

functional units (Rubenstein & Merzenich, 2003).  Furthermore, it has been shown that the 
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narrowing of mini-columns is related to the reduction of the GABA inhibitory interneuron 

neuropil, leading also to increased excitability (Minshew NJ, 2007).  One study has indicated 

decreased GABA receptor binding in the brains of ASD patients (Veenstra-VanderWeele & 

Blakely, 2012).  Taken together, this can lead to altered excitability, reduction in response 

specificity, cortical disorganization and unorganized signal transmission (Courchesne et al., 

2007; Rubenstein & Merzenich, 2003).  Therefore, alterations in these structures may contribute 

to the increased excitability seen in ASD pathology and the high comorbidity between ASD and 

epilepsy (Courchesne et al., 2007). 

1.1.6 Serotonin in Autism  

 Serotonin is a widespread neurotransmitter produced in the brainstem dorsal raphe nuclei 

and projected to various brain areas such as the prefrontal cortex, basal ganglia, hippocampus, 

hypothalamus as well as the spinal cord (Scullion et al., 2012; Stahl, 1998).  Previous research 

indicates a role of altered serotonin levels in autism (Boylan et al., 2007; Chugani, 2004).  

Alterations in genes encoding serotonin function have been implicated in ASD, such as the 

serotonin transporter (SERT) protein activity and the SLC6A4 gene which confers serotonin 

transporter activity (Boylan et al., 2007; Veenstra-VanderWeele & Blakely, 2012).  It has also 

been shown that a SLC6A4 promoter polymorphism is associated with grey matter overgrowth 

in children with ASD (Boylan et al., 2007; Veenstra-VanderWeele & Blakely, 2012).   

Monoamine oxidase A (MAO-A) is involved in recycling serotonin and two serotonin 

receptors 5-HTA2 and 5-HTA7 are also candidate genes in altered serotonin function in ASD 

(Chugani, 2004; Moy & Nadler, 2008).  Low activity of the MAO-A gene is correlated with 

increased autistic behaviour in children (Chugani, 2004; Moy et al., 2006).  Furthermore, 
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Chugani (2004) has displayed that there is a susceptible alteration in the tryptophan 2,3-

dioxygenase gene, important in the metabolism of tryptophan, which could effectively change 

levels of serotonin in individuals with ASD.  Moreover, treatment with serotonin agonists during 

development leads to altered RELN levels and subsequently changes in cortical column 

development (Chugani, 2004).  The ENGRAILED 2 gene also plays an important role in the 

formation of serotonergic nuclei and may be disrupted as previously mentioned in ASD (Moy & 

Nadler, 2008; Veenstra-VanderWeele & Blakely, 2012).  Finally, BDNF concentration is very 

important in normal serotonergic neurotransmission, which is also altered in the disorder 

(Benvenuto et al., 2013; Scattoni et al., 2012).  Changes in basal serotonin levels disrupt 

serotonin signalling within the autistic brain.  If this is implicated in development, it could 

change cortical structure, cell migration and whole brain serotonin levels. 

Children with ASD display alterations in whole brain serotonin concentration.  Typically 

developing children display a 200% increase in serotonin synthesis of that of an adult until age 5 

when levels stabilize (Boylan et al., 2007; Chugani, 2004).  By contrast, children with ASD 

display a slow increase in serotonin synthesis from age 2 to 15, to 1.5 times the level of an adult 

where it does not decrease (Boylan et al., 2007; Chugani, 2004).  Therefore at a young age, 

children with ASD have much lower serotonin synthesis as compared to age-matched controls, 

but in adulthood there is increased serotonin flux.  High levels of serotonin promotes the pruning 

of dendrites, while too little serotonin causes an increase in dendritic spines (Boylan et al., 2007; 

Soorya et al., 2008).  This leads to changes in cortical development such as increased thickness, 

neuronal organization and decreased functional segregation (Boylan et al., 2007).  Serotonin also 

influences the ratio of glutamatergic neurons, important in the refinement of synaptic activity-

dependent organization and cortical map representation (Boylan et al., 2007; Scullion et al., 
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2012).  As Boylan et al., (2007) suggests, this altered balance of excitation to inhibition may 

disturb the pruning process leading to dysfunctional sensorimotor processes viewed in ASD.  

This might be one of the mechanisms by which altered cortical development, white matter tract 

alterations and increased cortical volume occurs in autism. 

A mouse model of altered serotonin development is the 5,7-dihydroxy-tryptamine 

lesioned mouse, which effects the median forebrain bundle (Boylan et al., 2007).  This depletes 

serotonin fibres in the hippocampus and cortex resulting in the widening of cortical regions, 

decreased social learning, repetitive digging, abnormal motor control and repetitive grooming 

behaviour (Boylan et al., 2007).  Furthermore, the SERT knockout mouse displays hypo-

locomotion, decreased social investigation and changes in brain development (Boylan et al., 

2007; Moy et al., 2006; Silverman et al., 2012).  Overall, these results create a strong case that 

serotonin plays an important role in developmental neurogenesis, cell migration, neuronal 

differentiation, axon branching and connection, plasticity, social behaviour and cell regulation.  

The changes described here in the analysis of serotonin synthesis in children with ASD and 

mouse models of altered serotonergic function indicate that serotonin is a contributing factor in 

ASD pathology. 

 

1.2 Treatment in Autism Spectrum Disorder 

1.2.1 Developmental Outcomes and Treatment in Autism 

Treatments to address the core symptoms of ASD include behavioural, educational and 

pharmacological intervention.  These are most effective when implemented early in childhood, 

with some studies indicating a critical period between 2 and 4 years of age (Benvenuto et al., 
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2013; Beversdorf, 2008; DiCicco-Bloom et al., 2006; Honey et al., 2008; Rogers, 1996).  Early 

identification and intervention is correlated with better behavioural, cognitive and social 

outcomes later on in life (DiCicco-Bloom et al., 2006; Goin-Kochel et al., 2007; Honey et al., 

2008; Levy, 2002; Rogers, 1996).  This allows for initial improvements in quality of life and 

better developmental trajectory (Beversdorf, 2008; Goin-‐Kochel et al., 2007).   

Currently, behavioural intervention is the primary treatment for ASD, concurrent with 

efforts to reduce comorbid symptoms such as epilepsy, hyperactivity and digestive problems 

(Levy, 2002; Schreibman & Anderson, 2001; Veenstra-VanderWeele & Blakely, 2012).  There 

are a wide variety of treatment avenues including; treatment types (behavioural, speech therapy, 

pharmacotherapy, etc.) specific behavioural intervention (attention difficulties, cognition and 

social interaction) and program-based therapy (educational, home and group activity) (Levy, 

2002; Schreibman & Anderson, 2001).  Educational approaches include low student teacher 

ratios, family involvement and awareness, programs for skill acquisition and the reduction of 

challenging behaviours (Beversdorf, 2008).  Pharmacological interventions are implemented to 

address anxiety and repetitive behaviours (Beversdorf, 2008; Soorya et al., 2008).  Furthermore, 

there has been a considerable increase in complementary and integrative therapy, including 

awareness of dietary influence on behavioural symptoms (Veenstra-VanderWeele & Blakely, 

2012; Wong & Smith, 2006).  These strive to address multiple domains of ASD and to further 

positive outcomes.  Working towards therapeutic integration allows for enhancement of 

treatment outcome (Levy, 2002; Schreibman & Anderson, 2001; Wong & Smith, 2006).  Due to 

the heterogeneous nature of the disorder and medical comorbidities, treatment of ASD must 

address a wide spectrum of symptoms while improving the quality of life for affected individuals 

and their families (Benvenuto et al., 2013).    
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1.2.2 The Ketogenic Diet  

The ketogenic diet (KD) is a high-fat, low-carbohydrate and adequate protein diet 

originally used to treat intractable epilepsy (Hartman et al., 2007; Kossoff et al., 2009; Masino & 

Rho, 2012).  Changes due to ketone body metabolism lead to overall changes in energy 

metabolism.  High rates of fatty acid oxidation produce elevated concentrations of acetyl-CoA, 

which triggers the synthesis of three ketone bodies in the liver; acetone, acetoacetate and beta-

hydroxybutyrate (BHB) (Hartman et al., 2007; Kossoff et al., 2009).  Fatty acids cannot cross the 

blood-brain-barrier but ketone bodies can and enter proportionally to the degree of ketosis 

(Hartman et al., 2007; Masino & Rho, 2012).  These ketone bodies are converted to acetyl-CoA 

which enter the Krebs or tricarboxylic acid cycle (TCA), and therefore glucose is no longer 

utilized as the sole source of fuel in the brain (Hartman et al., 2007; Yudkoff et al., 2001).  This 

leads to the production of adenosine triphosphate (ATP) and energy utilization in neuronal and 

extra-neuronal tissues (Hartman et al., 2007; Yudkoff et al., 2001).  The diet switches energy 

metabolism from the glycolytic pathway to fatty acid oxidation, resulting in ketosis and ketone 

bodies replace glucose as the major source of energy in the brain (Figure 1.2.2.1).   

It is still unknown why the ketogenic diet is effective for treating intractable epilepsy but, 

its effects may lie in chemical shifts in energy metabolism (Hartman et al., 2007; Masino & Rho, 

2012; Yudkoff et al., 2001).  Hypotheses for the neuroprotective effects of the diet include but 

are not limited to; seizure protection from acute ketone body administration, decreased glycolytic 

flux and ketosis altering brain amino acid metabolism (Kossoff et al., 2009; Yudkoff et al., 

2001).  Specifically, studies indicate that there may be a stabilization in the ratio between 

excitation and inhibition, so that the ketogenic diet decreases neuronal excitability and synchrony 

of firing (Cantello et al., 2007; Dahlin et al., 2012).  
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There are inconsistent results regarding the level of ketonemia in patients and the degree 

of seizure control.  Blood levels of BHB tend to be predictive with the threshold, being 4 

mmol/L for seizure control (Masino & Rho, 2012).  Furthermore, recent research has indicated 

that using BHB as a metabolite rather than glucose can decrease glutamate flux and decrease 

GABA degradation, possibly leading to increase seizure protection (Cantello et al., 2007; 

Yudkoff et al., 2008).  

Acetone, another ketone body has been shown to block seizures in animal models, 

through activation of voltage-gated potassium channels (Masino & Rho, 2012; Rho & Stafstrom, 

2012). Acetoacetate has the ability to inhibit vesicular glutamate transporters, effectively 

decreasing the availability of glutamate in the synapse (Masino & Rho, 2012).  Moreover, the 

ketogenic diet as a whole has been shown to increase synpatosomal GABA concentration, 

leading to increased inhibition (Cantello et al., 2007; Yudkoff et al., 2008).  These changes 

would lead to a decrease in the excitatory to inhibitory ratio, all contributing to changes in 

network excitability. 

Changes in metabolites may also confer decreased seizure susceptibility and 

neuroprotection.  Acetoacetate and BHB decrease glutamate and reduce mitochondrial reactive 

oxygen species (ROS) which may confer neuroprotection (Hartman et al., 2007; Masino & Rho, 

2012).  Furthermore, higher levels of ATP are produced by the diet than when glucose is used for 

fuel (Hartman et al., 2007; Kim & Rho, 2008).  Adenosine triphosphate sensitive potassium 

(KATP) channels are inhibited by high intracellular levels of ATP (Hartman et al., 2007; Kim & 

Rho, 2008).  Studies have shown that BHB and acetoacetate decrease neuronal firing rate and 

blocking KATP channels negates this effect (Hartman et al., 2007).  Therefore, the decreased 

neuronal excitability induced by ketone body administration is due to the opening of KATP 
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channels, although paradoxically there is a global increase in ATP concentration (Hartman et al., 

2007). 

The ketogenic diet also up-regulates mitochondria and energy metabolism genes, as well 

as promotes the biogenesis of new mitochondria (Hartman et al., 2007).  This effectively 

increases energy capacity and reserves, possibly amplifying the ability of neurons to cope with 

oxidative stress and metabolism flux (Hartman et al., 2007; Masino & Rho, 2012).  

Administration of 2-deoxy-D-glucose, an isomer which inhibits glycolysis is a strong 

anticonvulsant in animal models (Kim & Rho, 2008; Masino & Rho, 2012).  These results 

indicate, not only increased ATP production, but decreased glycolytic flux may induce beneficial 

effects on seizure susceptibility.  

Monoamine neurotransmitters, serotonin, norepinephrine (NE) and dopamine play a role 

in neuronal excitability and there is little work so far in investigating whether their 

concentrations are changed during ketogenic diet administration (Dahlin et al., 2012).  This is of 

interest because NE reuptake inhibitors prevent seizures in animal models (Masino & Rho, 

2012).  Furthermore, mice that are unable to produce NE do not display resistance to fluorothyl-

induced seizures when treated with the ketogenic diet (Dahlin et al., 2012; Masino & Rho, 2012).  

Therefore, NE may be required in the mechanism of ketogenic diet anticonvulsant effects.  

Interestingly, a study by Dahlin et al., (2012) displayed that dopamine and serotonin levels were 

significantly decreased after administration of the ketogenic diet.  Other studies indicate that 

there is two-fold increase in extracellular NE in the hippocampus in animals fed the ketogenic 

diet but no change in the current study (Dahlin et al., 2012).  These results indicate that 

monoamine neurotransmitter changes may also contribute to the efficacy of the ketogenic diet. 
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Figure 1.2.2.1.  Metabolic changes due to the ketogenic diet and ketosis 

 Normally, fatty acid metabolism occurs in the liver where fatty acids are converted to 

acetyl-CoA, which enters the TCA cycle.  When there is a dramatic increase in the availability of 

fatty acids, acetyl-CoA levels rise beyond the capacity of the TCA cycle and acetyl-CoA is 

shunted to ketogenesis.  Two Acetyl-CoA molecules can combine forming acetoacetyl-CoA, the 

precursor for acetoacetate and BHB.  Acetone is produced through the decarboxylation of 

acetoacetate.  Acetoacetate and BHB move into the interstitial space via monocarboxylic acid 

transporters (MCT) and are transported into the mitochondria where they are switched back to 

acetyl-CoA and utilized as energy.  Acetone enters the mitochondria directly (Kim & Rho, 2008; 

Masino & Rho, 2012). 
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1.2.3 Dietary Therapy in Autism 

Mantis et al., (2009) showed that the ketogenic diet not only decreased seizures in a 

mouse model of Rett syndrome, but also alleviated ASD behavioural symptoms seen in this 

disorder.  The observation that certain foods affected behaviour in autism along with the 

outcomes with Rett syndrome prompted a small study on the ketogenic diet and its effects on 

behavioural traits in ASD (Evangeliou et al., 2003; Liebhaber et al., 2003; Mantis et al., 2009).  

The authors found that the ketogenic diet improved behavioural outcomes for individuals with 

ASD, decreasing scores on the Childhood Autism Rating Scale, indicating better concentration 

and learning outcomes (Evangeliou et al., 2003).  Beneficial effects persisted even after stopping 

the diet, as sometimes seen with epilepsy (Evangeliou et al., 2003; Kossoff et al., 2009).  The 

ketogenic diet could prove to be an effective treatment for ASD and associated comorbidities 

such as epilepsy, improving not only seizure susceptibility but behavioural outcomes as well. 

Clinically the diet is formulated as either a long-chain triglyceride diet with a 4:1 fat to 

protein composition, or a medium-chain triglyceride diet with a greater allowance of 

carbohydrate and protein as compared to fat (Kossoff et al., 2009).  Both diets have similar 

efficacy but medium-chain triglycerides produce more ketone bodies per calorie of energy and 

may be more tolerable (Kossoff et al., 2009).  Beneficial effects are usually seen within 2-4 

weeks and correlate to a 75-90% seizure reduction (Kossoff et al., 2009).  Adverse side-effects 

can include growth retardation, kidney stones, increased lipid concentration and gastrointestinal 

problems (Kossoff et al., 2009).  One study indicates that when the diet is discontinued, 80% of 

children remain seizure-free after 2 years (Kossoff et al., 2009).  Therefore, more research into 

the mechanisms of the ketogenic diet can lead to increased awareness of seizure control and an 

action plan to create a more palatable diet formulation.   



 16 

1.2.4  Repetitive Behaviours and Fluoxetine 

The third diagnostic criteria of ASD is repetitive behaviours and restricted interests 

(Lewis et al., 2007; Moy et al., 2008).  They are classified into two categories; “higher order” 

behaviours are classified as complex cognitive inflexibility, including rituals, compulsions, 

restricted interests and routine (Lewis et al., 2007; Moy & Nadler, 2008; Soorya et al., 2008).  

The second category; “lower order” behaviours are characterized by motor movements such as 

stereotyped motor actions and object manipulation (Lewis et al., 2007; Moy & Nadler, 2008; 

Soorya et al., 2008).  Fluoxetine, a selective serotonin reuptake inhibitor (SSRI) has been used to 

decrease repetitive behaviour and anxiety in ASD (Benvenuto et al., 2013; Chadman, 2011; 

Veenstra-VanderWeele & Blakely, 2012).  Selective serotonin reuptake inhibitors work by 

causing negative allosteric inhibition of the presynaptic serotonin transporter previously 

mentioned SERT (Stahl, 1998).  Therefore, the transporter can no longer terminate the activity of 

serotonin in the synapse or participate in reuptake into the presynaptic terminal.  This effectively 

increases the duration that serotonin is available in the synapse (Stahl, 1998).  Over long-term 

use, 5HT1A auto-receptors become desensitized which increases serotonergic neurotransmission 

(Stahl, 1998).  Furthermore, short term tryptophan (a serotonin precursor) depletion creates 

worse ASD symptoms (Veenstra-VanderWeele & Blakely, 2012).  This lends evidence to 

serotonin deregulation in autism, and the administration of SSRI’s can be beneficial for repetitive 

behaviour. 
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1.3  Motor Mapping of the Primary Motor Cortex  

 A motor map is a cortical representation of muscular movement where closely located 

muscle groups are represented in similar spatial orientation on the brain (Reid  et al., 2012; 

Scullion et al., 2012; Teskey et al., 2008).  Intracortical microstimulation (ICMS) serves as a 

high-resolution technique to depict motor maps in rodents.  An electrode is inserted into layer V 

of the M1 cortex and stimulation is applied in order to evoke movements and define a movement 

threshold (Teskey et al., 2008).  The technique results in movement not by directly stimulating 

corticospinal motor neurons but by stimulating horizontal connections between those cortical 

neurons (Teskey et al., 2008). 

It has been shown that individuals with epilepsy display changes in the localization, 

mosaicism and spatial size of their motor maps (Scullion et al., 2012; Teskey et al., 2008).  

Teskey et al., (2008) showed that rats that had experienced seizures, or a pre-seizure state, 

developed larger motor maps as assessed with ICMS.  A mechanism for this expansion may be 

the synaptic potentiation of layer V pyramidal neurons in the primary motor cortex (Scullion et 

al., 2012; Teskey et al., 2008).  Using maximum electroshock therapy caused the maps to 

decrease in size (Teskey et al., 2008).  Therefore, variable map expression due to different 

stimulation parameters, shows that there is a complicated balance rather than universal outcome 

between network activity and motor map expression.  

One hypothesis for the plasticity of motor map expression in epilepsy is that seizures 

change GABA and glutamatergic neurotransmission, specifically an increase in glutamate and 

decrease in GABA flux (Teskey et al., 2008).  Studies have revealed that blocking glutamate 

transmission inhibits the expansion of motor map expression and that seizures enhance glutamate 
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transmission by up-regulating N-methyl-D-aspartate (NMDA) receptor insertion (Teskey et al., 

2008).  Moreover, GABA antagonists promote and increase the expression of motor map size 

(Teskey et al., 2008).  Therefore, pre-existing excitatory cortical connections are unmasked 

(Teskey et al., 2008).   

Serotonin plays an important role in movement, and serotonin levels have been shown to 

influence motor map expression (Scullion et al., 2012).  In the cortex, serotonin primarily acts on 

inhibitory 5HT1A receptors located on GABA interneurons and layer V pyramidal cells 

(Scullion et al., 2012).  This would sequentially imply an excitatory function of this 

neurotransmitter on cortical excitability (Scullion et al., 2012).  Overall, depleted serotonin levels 

led to higher movement thresholds and smaller motor maps, whereas an increase in serotonin 

concentration increases map size and decreases movement thresholds (Scullion et al., 2012).  

With this knowledge, motor map expression can be viewed as an indicator of network 

excitability.  Increased apparent map size with decreased movement thresholds indicate 

increased excitation in the system, while decreased apparent map size and increased movement 

thresholds indicate inhibition within the system (Reid et al., 2012; Scullion et al., 2012; Teskey 

et al., 2008). 

Juvenile seizures or febrile convulsions in a developing rat have been shown to alter 

motor map expression later in adulthood, indicating that early-life cortical reorganization can 

persist past the cessation of seizures (Reid et al., 2012; Teskey et al., 2008).  Induced febrile 

seizures in rats prone to seizure susceptibility display increased map size and decreased 

movement thresholds later on in life (Reid et al., 2012).  Moreover, children that experience a 

febrile seizure within the first year of life present with learning and memory consolidation 

difficulties (Reid et al., 2012).  If early changes in excitatory neurotransmission affect the 
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outcome and trajectory of development, then other paediatric neurodevelopmental disorders with 

changes in cortical excitability such as ASD may also have an effect on motor map expression.  

Interestingly, many individuals with ASD express over-tactile sensitivity and abnormal motor 

responses to stimuli (Moy et al., 2006; Veenstra-VanderWeele & Blakely, 2012).  As discussed 

above, there are already identifiable changes in the primary motor cortex of individuals with 

ASD (DiCicco-Bloom et al., 2006; Mostofsky et al., 2007; Nebel et al., 2012). 

 

1.4 Quantification and Development of Mouse Models of Autism Spectrum Disorder 

1.4.1  Behavioural Quantification in Mouse Models of Autism 

Mouse models of disease states have proven to be a valuable tool in clinical translational 

research. They perpetuate knowledge about disease state, etiology, treatment and mechanistic 

action (Moy et al., 2006; Roullet & Crawley, 2011; Silverman et al., 2010).  Mice with 

behavioural characteristics analogous to ASD provide insights into potential biomarkers, genetic 

underpinnings, altered cellular pathways and pharmacotherapy screening opportunities.  

Therefore, behavioural tests that evaluate ASD characteristics should utilize the innate 

tendencies of mice to engage in social behaviour, group communication and repetitive behaviour.  

The social approach test or three-chambered test developed by Crawley (2004) utilizes 

the tendency of mice to engage in social approach and investigation of a novel partner, while 

also striving to investigate a novel object.  One side of the three-chambered test contains a 

stranger mouse restrained in a wire cup allowing a second freely moving mouse to initiate 

contact at will (Crawley, 2004; Moy et al., 2006; Silverman, Yang, Lord, & Crawley, 2010).  

The opposite side of the three-chambered test holds a second empty wire cup which functions as 
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a novel object and a control (Crawley, 2004).  Mice that display high social tendencies spend 

significantly more time with the stranger mouse than the novel object in this paradigm.  They 

also spend significantly more time investigating the wire cup with the novel mouse (Figure 

1.4.1.1). The three-chambered test is an excellent measure of social initiation and interaction that 

may be applied to mouse models of autism to assess social behaviour. This provides insight to 

the first core symptom of the disorder in a potential animal model (Crawley, 2004; Moy et al., 

2006; Roullet & Crawley, 2011). 
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Figure 1.4.1.1.  Three-chambered social approach test 

 The three-chambered social approach test is used to measure social approach, interaction 

and grooming behaviour between a novel pair of mice. 
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The juvenile play test serves as a further measure of social characterization and depicts 

reciprocal social interactions between a pair of young mice (Crawley, 2004; Moy et al., 2006; 

Silverman et al., 2010).  After a brief social isolation period, juvenile mice are then allowed to 

freely interact while being videotaped and scored for social as well as play behaviours.  This 

allows for an in-depth characterization of reciprocal social interaction and further assessment of 

ASD attributes, such as reduced interaction (Figure 1.4.1.2). 

 

 

 

 

 

 

 

 

 

 

Figure 1.4.1.2.  Juvenile play test  

 The juvenile play test is used to view social and play interactions between a pair of 

juvenile mice. 
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Autistic individuals often show ritualistic repetitive behaviours, strong adherence to 

routine, repetitive manipulation of objects, rituals and compulsions as well as narrowed interests 

(Amaral et al., 2008; Crawley, 2004; Lewis et al., 2007; Moy & Nadler, 2008).  Mice with 

cognitive rigidity and repetitive behaviour display face validity to yet another core symptom of 

ASD.  Lower order repetitive motor stereotypies in mice include cage twirling, circling, jumping, 

back flipping, burying, digging and grooming (Lewis et al., 2007; Roullet & Crawley, 2011; 

Silverman et al., 2010).  These may be scored to quantify repetitive behaviour in ASD mouse 

models, with higher levels of these behaviours depicting more time spent engaging in motor 

stereotypies.  Higher order inflexibility and insistence on routine can be measured using spatial 

navigation and reversal learning through such tests as the Morris Water Maze, Barnes Maze and 

T-Maze (Crawley, 2004; Lewis et al., 2007; Moy et al., 2008; Silverman et al., 2010).  Mice with 

decreased cognitive flexibility will display longer reversal latency and resistance to change 

during these tests (Crawley, 2004; Lewis et al., 2007).    

Symptoms analogous to Obsessive Compulsive Disorder (OCD) are routinely assessed 

using the marble burying test where mice bury an unconditioned stimulus (Amodeo et al., 2012; 

Thomas et al., 2009).  This test is sensitive to anxiolytic pharmacological intervention and 

therefore is taken to be a test of repetitive behaviour provoked by anxiety (Greene-Schloesser et 

al., 2011; Thomas et al., 2009).  Thomas et al., (2009) suggests that digging behaviour, important 

in burying, is a more sensitive measure of repetitive behaviour in mice.  Mice dig in natural 

environments to hide food, escape predators and build nests for thermoregulation (Thomas et al., 

2009).  The authors suggest that when digging is repetitively seen in a lab environment, mice are 

engaging in an innate behavioural need despite the safety of the environment (Thomas et al., 

2009).  Interestingly, digging behaviour in mice is strain-dependent and also influenced by 
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anxiolytics (Dudek et al., 1983; Greene-Schloesser et al., 2011).  This behaviour may then be 

added to the list of motor stereotypies that can be behaviourally scored in screening measures for 

mouse models of ASD (Roullet & Crawley, 2011; Silverman et al., 2010).  

Communication deficits are the third hallmark trait of ASD, which include postponed 

language, limited vocabulary, decreased facial recognition and non-reciprocal communication 

(Roullet & Crawley, 2011; Wöhr et al., 2011).  In mice, olfactory cues and ultrasonic 

vocalizations are the main forms of direct communication (Roullet & Crawley, 2011; Wöhr et 

al., 2011).  Behavioural responses to scent marking can be analyzed when looking for 

communication deficits (Roullet & Crawley, 2011; Wöhr et al., 2011).  Furthermore, maternal 

separation paradigms enable researchers to analyze ultrasonic vocalization from pups and have 

been used extensively to investigate altered communication in ASD mouse models (Roullet & 

Crawley, 2011). 

1.4.2 Mouse Models of Autism  

 Autism is a behaviourally defined neurodevelopmental disorder, and therefore a mouse 

model used to assess ASD should display face validity to the three core behavioural symptoms 

(Moy et al., 2007; Roullet & Crawley, 2011; Silverman et al., 2010).  Furthermore, due to the 

varied clinical presentation of ASD, a single gene knockout mutant seems unlikely to encompass 

the full spectrum of the disorder (Moy et al., 2008, 2006).   

There is a mouse model of fragile X syndrome with mutations in the FMR1 gene that 

displays cognitive deficits including decreased reversal learning and altered social behaviour 

(Moy et al., 2006; Silverman et al., 2010).  These traits may be indicative of an ASD phenotype, 

although changes in the FMR1 gene confer a heterogeneous behavioural phenotype with some 
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mice not presenting deficits (Moy et al., 2006).  The mouse model of Rett syndrome, with 

mutations in the MECP2 gene also displays altered social behaviour, repetitive limb movements 

and increased anxiety (Moy et al., 2006; Moy & Nadler, 2008; Silverman et al., 2010).  

Previously described, the mouse model of altered serotonergic function displays decreased social 

learning, abnormal motor control, repetitive digging and grooming behaviour (Boylan et al., 

2007).  Lastly, a post-mitotic PTEN knockout mouse has been generated which displays low 

social approach, macroencephaly and sensory-motor deficits (Silverman et al., 2010).  These 

models could be very useful in assessing the contribution of specific candidate genes and 

neurotransmitter function in autistic-like behaviour, although the full spectrum of autism 

pathology cannot be fully attributed to one altered gene product. 

The BTBR T+Itprtf/J (BTBR) inbred mouse model of autism displays face validity to the 

three behavioural core symptoms of autism while scoring normally on measures of general 

health, motor and sensory capabilities (McFarlane et al., 2008; Moy et al., 2004; Roullet & 

Crawley, 2011).  BTBR mice show low reciprocal social interaction, increased repetitive 

behaviour and decreased social motivation as well as communication abnormalities (Defensor et 

al., 2011; McFarlane et al., 2008; Moy et al., 2004; Pearson et al., 2011; Pobbe et al., 2010; 

Wöhr et al., 2011).  

When placed in the three-chambered test BTBR mice spend significantly more time in 

the chamber opposite that of the stranger mouse (Defensor et al., 2011; McFarlane et al., 2008; 

Moy et al., 2004; Pobbe et al., 2010; Yang et al., 2012).  This was compared to C57BL/6J (B6) 

mice a control background strain, which spends more time with the novel mouse.  When placed 

in the juvenile play test, BTBR mice engaged in significantly less play and general social 

approach than B6 controls (McFarlane et al., 2008; Pobbe et al., 2010; Yang et al., 2012).  
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During proximity analysis, the BTBR strain also engages in lower levels of nose-to-nose contact 

and increased social aversion within a confined space (Figure 1.4.2.1) (Defensor et al., 2011). 

Taken together these studies suggest that the BTBR model displays decreased social interaction 

and social approach, strengthening its autistic phenotype.   

 

 

 

 

 

 

 

 

Figure 1.4.2.1.  The BTBR strain avoids nose-to-nose contact 

 When tested in the forced social proximity test BTBR mice actively avoid nose-to-nose 

contact (Defensor et al., 2011). 

When tested for lower order motor stereotypies, BTBR mice display high levels of 

invariant repetitive self-grooming both long in duration and high in frequency (Figure 1.4.2.3) 

(Amodeo et al., 2012; McFarlane et al., 2008; Pearson et al., 2011).  They also display higher 

levels of bar biting and marble burying when compared to B6 control mice (Amodeo et al., 2012; 
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Pearson et al., 2011).  Pearson et al., (2011) suggest that an increased display of motor 

stereotypies may be a reflection of anxiety associated with the situation that the behaviours are 

displayed.  Therefore, if BTBR mice display a higher level of repetitive behaviour correlating 

with social proximity, it might indicate higher social anxiety.  It has been proposed that early 

injury to the amygdala, hippocampus and temporal structures in rodents could result in the motor 

stereotypies seen in transgenic and inbred strains (Deacon, 2006; Moy et al., 2008).  

The BTBR strain also presents with higher order cognitive inflexibility. They show 

decreased reversal learning (Amodeo et al., 2012) and novel object exploration (Pearson et al., 

2011), preferring to adhere to original object investigation and path exploration (Figure 1.4.2.2).  

The deregulation of normal behavioural traits, such as grooming and cognitive rigidity displayed 

by BTBR mice indicates similarities to the third diagnostic criteria of ASD.   

 

 

 

 

 

 

 

 

Figure 1.4.2.2.  The BTBR strain in the repetitive novel object contact task 
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BTBR mice display decreased cognitive flexibility in the repetitive novel object contact 

test, displaying preference for the order of object exploration (Pearson et al., 2011). 

 

 

 

 

 

 

 

Figure 1.4.2.3.  The BTBR strain viewed for repetitive grooming 

 BTBR mice engage in a high frequency of invariant grooming (Pearson et al., 2011).  

 Communication deficits are also observed in this strain such as decreased social 

transmission of food preference (McFarlane et al., 2008; Roullet & Crawley, 2011; Maria Luisa 

Scattoni et al., 2008).  Furthermore, male BTBR mice emit fewer ultrasonic vocalizations in the 

presence of female urine than controls.  This depicts either the lack of social motivation or an 

inappropriate situational response (Wöhr et al., 2011).  Lastly, BTBR pups display an increase in 

atypical call structure vocalization than B6 controls during a maternal separation model 

conducted by Scattoni et al., (2008).  These findings indicate that BTBR mice display deficits in 

olfactory, ultrasonic, and social communication. 
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Neurologically, BTBR mice have a severely decreased hippocampal commissure and 

complete agenesis of the corpus callosum, which have been seen to a lesser extent in individuals 

with ASD (Ellegood et al., 2013; Kusek et al., 2007; Wahlsten et al., 2003).  New research 

indicates that BTBR mice display a posterior subcortical inter-hemispheric functional connective 

tissue spanning the left and right hemispheres (Miller et al., 2013).  This tissue segment displays 

similar protein composition to that of corpus callosum connective tissue and allows for 

functional synchrony in the posterior brain, but not the anterior segments (Miller et al., 2013).  

This is an example of altered white matter tracts, also seen in ASD.   

The BTBR strain also displays decreased cerebral white matter volume and significant 

cortical reductions as compared to the B6 control strain (Ellegood et al., 2013).  A study 

conducted by Ellegood et al., (2013) using magnetic resonance imaging (MRI) scanning showed 

that decrease frontal lobe volume correlated with the decreased duration that BTBR mice 

engaged in sniffing a novel partner.  Furthermore, nucleus accumbens volume correlated with 

overall social investigation and smaller striatum volumes were indicative of increased repetitive 

grooming (Ellegood et al., 2013).  All of these areas have been implicated in the social deficits 

and repetitive behaviour seen in ASD.   

The BTBR strain also displays a single nucleotide polymorphism in the kynurine 3-

hydroxylase enzyme that effects flavin adenine dinucleotide (FAD) binding and mitochondrial 

transmembrane proteins (Gould et al., 2011).  This protein is also involved in the synthesis of 

kynurenic acid, which is an antagonist of glutamate receptors promoting neuroprotection and 

regulating spine formation (Meyza et al., 2012).  This may be indicative of altered excitability, 

although to my knowledge this has not been displayed in this strain as of yet.  
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Lastly, BTBR mice display a 40% reduction in hippocampal SERT levels at 4 months of 

age and an enhanced response to 5HT1A receptors, indicating an increased potential for post-

synaptic response (Gould et al., 2011).  Considering these findings, it is interesting that 

fluoxetine has been used in the BTBR mouse model of ASD in an effective attempt to increase 

socialization in the three-chambered test (Chadman, 2011).  This disparity indicates that there is 

a complicated mechanism regulating serotonin flux in BTBR mice.  New research also indicates 

that BTBR mice have decreased BDNF concentrations in the hippocampus (Scattoni et al., 

2012).  Furthermore, BDNF is also important for serotonergic neurotransmission and may 

underlie the deficits in serotonin function seen in BTBR mice (Moy & Nadler, 2008; Scattoni et 

al., 2012; Veenstra-VanderWeele & Blakely, 2012). 

In conclusion, the BTBR mouse model displays phenotypic face validity to ASD 

symptoms including decreased reciprocal social interaction, decreased social approach, abnormal 

communication and restricted interests with repetitive behaviour.  This strain also displays 

neuroanatomical similarities to ASD with growing relevance to significant biomarkers.  The 

BTBR animal model of ASD is a valuable tool for investigating etiology, treatment and disease 

progression. 

 

1.5 Hypothesis and Experimental Rationale  

  In this thesis, I review the behavioural face validity of the BTBR mouse model of autism 

to ASD correlates.  Furthermore, I establish new behavioural scoring mechanisms and an 

experimental protocol for investigating repetitive behaviour in mouse models of 

neurodevelopmental disorders.  After the original behavioural characterization, I aim to 
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investigate the effects of dietary therapy and pharmacological intervention on ASD relevant 

behaviour displayed by BTBR and B6 mice.  Next, I investigate basal motor map expression in 

B6 and BTBR mice to view possible strain differences in cortical excitability, which may 

underlie differences in motor behaviour.  Lastly, I use dietary therapy to investigate effects on 

motor map presentation and cortical development.  This will lead to a better understanding of 

ASD mouse models and behavioural correlates, dietary and pharmacologic treatment, network 

excitability in animal models of ASD, dietary effects on cortical development and integrative 

treatments applied to autism spectrum disorder.  Therefore, in this thesis, I first hope to further 

validate the use of BTBR mice as an animal model of ASD.  I then propose treatment avenues 

for ASD; and lastly, I aim to characterize M1 expression, which may underlie behavioural 

deficiencies. 

1.5.1 Three-Chambered Social Approach Test  

Specific Hypothesis 1:  

BTBR mice will display decreased social approach behaviour and increased grooming 

compared to B6 counterparts in the three-chambered test.  Specifically, the BTBR mouse model 

of autism will engage in less time in the chamber with the novel mouse and more time in the 

opposite enclosure than the B6 control strain.  They will also engage in a lower frequency of 

nose pokes into the stranger mouse enclosure and display a decreased time sniffing that 

enclosure.  Furthermore, they will engage in a longer duration of grooming as compared to B6 

mice. 
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Significance:  

As described above, children with ASD display decreased social interaction and 

approach.  The first step in utilizing an ASD animal model is to ensure that it displays relative 

social behaviour.  We use the three-chambered test to assess social approach in B6 and BTBR 

mice to confirm prior literature on social and grooming behaviour.  This will indicate that BTBR 

mice have an ASD behavioural phenotype due to decreased sociability and an increase in 

repetitive behaviour (Amodeo et al., 2012; McFarlane et al., 2008; S S Moy et al., 2004). 

1.5.2 Ketogenic Diet Influence Over Social Behaviour and Repetitive Grooming in the 

 Three-Chambered Social Approach Test 

Specific Hypothesis 2: 

When administered to BTBR mice, the ketogenic diet will increase social behaviours such 

as time spent with the novel mouse, frequency of nose pokes and time spent sniffing the novel 

mouse enclosure.  Furthermore, there will be a reduction in grooming frequency and latency.  

There will be no effect on B6 sociability. 

Significance:  

The ketogenic diet has been used as a dietary treatment for a small number of children 

with ASD.  Early results indicate positive behavioural changes with increased sociability, 

improved communication and a decrease in repetitive behaviour (Evangeliou et al., 2003).  We 

fed BTBR and B6 mice a comparable ketogenic diet over a developmental window in order to 

determine if results are similar to that of human reports (Evangeliou et al., 2003; Liebhaber et al., 

2003).  This would indicate an increase in global functioning and decrease in behavioural 
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characteristics relevant to ASD in the BTBR strain.  Furthermore, it would strengthen the claim 

that the ketogenic diet is an effective dietary therapy for social deficits and motor stereotypies 

seen in animal models of ASD. 

1.5.3 Juvenile Play and Inchworming Behaviour 

Specific Hypothesis 3: 

 The BTBR strain of mice will exhibit decreased play and reciprocal social behaviour as 

compared to B6 controls, measured in the juvenile play test. 

Significance: 

Decreased reciprocal social interaction is a behavioural hallmark of ASD and the juvenile 

play test is used to assess deficits in reciprocal social interaction in mouse models of ASD 

(Roullet & Crawley, 2011).  Previous studies have displayed deficits in BTBR social 

engagement and reciprocal behaviour (McFarlane et al., 2008; Pobbe et al., 2011).  Discussed 

later, when tested in the juvenile play test, reciprocal social interaction of BTBR mice was 

masked by a pervasive synchronous digging behaviour.  Our lab has termed this “inchworming”.  

Digging has been defined as the displacement of bedding due to movement of the limbs or snout 

(Thomas et al., 2009) or the displacement of bedding by synchronous movement of the fore- and 

hindlimbs (Webster et al., 1981).  Inchworming expands on this definition by stating that there 

must be at least one inward synchronous movement of the fore- and hindlimbs inwards and then 

subsequently outwards, effectively pushing bedding material. It is usually observed in trains 

rather than a single isolated event and as a movement horizontally across the floor, which is how 

the name arose (Figure 1.5.3.1). 
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It has been hypothesized that digging behaviour is a sensitive measurement of repetitive 

behaviour in mice (Thomas et al., 2009).  Traditional methods to measure digging behaviour 

have scored the duration, frequency and latency to dig in order to quantify the behaviour 

(Webster et al., 1981).  Moreover, the duration and frequency are inversely related to the latency 

to dig. These parameters were used here to score inchworming behaviour.  This novel approach 

to assess repetitive digging could prove to be a valuable tool for analyzing mouse motor 

stereotypies.  Furthermore, it could be relevant to lower order motor stereotypies which include 

stereotyped movement and manipulation of objects seen in ASD (Lewis et al., 2007; Pearson et 

al., 2011). 
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Figure 1.5.3.1.  Inchworming behaviour displayed by BTBR mice 

When placed in the juvenile play test, BTBR mice engage in inchworming behaviour, 

this figure displays the extension and contraction phases. 
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1.5.4 Developmental Effects on Inchworming Behaviour 

Specific Hypothesis 4: 

 There will be an exaggeration of inchworming duration and frequency over development 

for BTBR mice.  This will correlate with a mean decreased latency to inchworm. There will be 

little or no effect of development on inchworming severity in the B6 control strain. 

Significance: 

Early intervention is important in ASD leading to better social, cognitive and 

developmental outcomes, where later intervention leads to decreased functioning (Beversdorf, 

2008; DiCicco-Bloom et al., 2006; Goin-Kochel et al., 2007; Honey et al., 2008).  Furthermore, 

it is generally observed that children with ASD display increased symptom severity including the 

exaggeration of repetitive behaviours over development (Honey et al., 2008; Soorya et al., 2008).  

Therefore, it would be interesting to view the untreated trajectory of inchworming behaviour in 

order to assess possible developmental effects.  If there is a developmental trend, this study will 

help to further characterize inchworming behaviour and validate the BTBR mouse model as a 

robust animal model of autism. 

1.5.5 Social Influence on Inchworming Behaviour 

Specific Hypothesis 5: 

 The BTBR strain will display an increase in inchworming duration, frequency and 

decrease in latency to inchworm in the presence of a partner mouse as compared to engaging in 

the behaviour alone.  There will be minimal or no effect of social presence on the B6 control 

strain. 



 37 

Significance: 

Autistic children display decreased communication and increased social anxiety possibly 

leading to the exaggeration of motor stereotypies in anxiety provoking situations (Rodgers et al., 

2012; Soorya et al., 2008).  The BTBR strain also displays exaggerated social anxiety in the 

three-chambered test (Pobbe et al., 2011) correlated with increased repetitive grooming.  We 

sought to investigate possible correlations between social presence in the inchworming test and 

higher levels of this repetitive behaviour for B6 and BTBR mice.  This helps to classify 

inchworming as a behavioural measure that is influenced by social presence, similar to repetitive 

motor stereotypies in ASD. 

1.5.6 Influence of the Ketogenic Diet on Inchworming Behaviour  

Specific Hypothesis 6:  

 There will be a decrease in the duration and frequency of inchworming behaviour for 

BTBR mice placed on the ketogenic diet as compared to standard diet food.  Subsequently, there 

will be an increase in the latency to inchworm.  There will be little or no effect on B6 

behavioural parameters. 

Significance:  

 The ketogenic diet appears to help social performance and decrease the incidence of 

repetitive motor stereotypies in children with ASD (Evangeliou et al., 2003).  Here, we fed 

BTBR and B6 mice a comparable ketogenic diet and subsequently tested them in the 

inchworming test.  It would be reasonable to hypothesize that inchworming behaviour will 

decrease if the ketogenic diet reduces grooming in the three-chambered test.  This allows us to 
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view effects of the ketogenic diet on this repetitive motor behaviour.  Moreover, this would 

strengthen the claim that the ketogenic diet is an effective dietary therapy for motor stereotypies 

seen in ASD. 

1.5.7 Influence of Fluoxetine on Inchworming Behaviour  

Specific Hypothesis 7: 

 There will be a decrease in the duration and frequency of inchworming behaviour for 

BTBR mice treated with a fluoxetine solution as compared to a saline control injection. 

Subsequently there will be an increase in the latency to inchworm.  There will be little or no 

effect on B6 behavioural parameters. 

Significance: 

Fluoxetine is a pharmacological intervention used to treat lower order motor stereotypies 

in children with ASD (Benvenuto et al., 2013; Soorya et al., 2008).  Interestingly, digging 

behaviour is also influenced by serotonin concentration and fluoxetine, which decreases the 

frequency and duration of the behaviour (Boylan et al., 2007; Greene-Schloesser et al., 2011).  

Moreover, BTBR mice have alterations in SERT clearance and when administered fluoxetine 

during the three-chambered test, display increased sociability and decreased grooming 

parameters (Chadman, 2011; Gould et al., 2011).  They also display increased 5HT1A receptor 

binding (Gould et al., 2011).  Given these observations, it would be reasonable to hypothesize 

that BTBR mice have alterations in serotonin concentration and clearance, which might 

contribute to inchworming behaviour.  Therefore, fluoxetine might not only influence BTBR 

social behaviour but also inchworming parameters.  This will help to pharmacologically establish 
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inchworming as a novel motor stereotypy in mice and shed light on the mechanisms behind 

inchworming. 

1.5.8 Possible Synergistic Effects of Chronic Ketogenic Diet Therapy and Acute 

 Fluoxetine Injections on Inchworming Behaviour 

Specific Hypothesis 8: 

 There will be a decrease in the duration and frequency of inchworming behaviour for 

BTBR mice on the ketogenic diet and treated with a fluoxetine solution as compared to the BTBR 

mice fed the ketogenic diet and given a saline control injection.  Subsequently, there will be an 

increase in the latency to inchworm for this group as well.  There will be little or no effect on B6 

behavioural parameters. 

Significance: 

A proposed mechanism behind the ketogenic diet is that it influences excitatory 

neurotransmission, alleviating symptoms of intractable epilepsy and possibly inducing a 

beneficial effect on behaviour in ASD (Cantello et al., 2007; Yudkoff et al., 2008, 2001). 

Furthermore, fluoxetine directly interferes with synaptic serotonin levels, which is administered 

to children with ASD to help manage repetitive behaviours (Benvenuto et al., 2013; Hagan et al., 

2012; Soorya et al., 2008; Stahl, 1998).  Both of these treatments decrease the incidence of 

repetitive behaviour and motor stereotypies viewed in children with ASD when used in a clinical 

setting (Evangeliou et al., 2003; Soorya et al., 2008).  If in fact they do work via a similar 

mechanism, then they should induce synergistic changes in inchworming behaviour when 

administered in a sequential fashion. Therefore, testing possible combined effects of dietary and 

pharmacologic therapy using chronic ketogenic diet treatment and an acute fluoxetine injection 
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may potentially identify a common therapeutic mechanism.  The rationale behind using the 

ketogenic diet and fluoxetine together would be to enhance a possible effect of these two 

treatments.  This will shed light on mechanisms underlying the behaviour and provide insight 

into synergistic effects of dietary and pharmacologic intervention for ASD (Schreibman & 

Anderson, 2001). 

1.5.9 Motor Map Expression in BTBR and B6 Mice and Effects of the Ketogenic Diet  

Specific Hypothesis 9: 

The B6 control strain will have a smaller apparent forelimb motor map size and higher 

movement thresholds compared to BTBR mice when fed standard diet food.  BTBR mice fed the 

ketogenic diet will display a decrease in apparent map area and an increase in movement 

thresholds.  There will be little or no change in B6 control strain map area and movement 

thresholds due to dietary therapy. 

Significance: 

The BTBR strain displays changes in motor behaviour such as the repetitive 

inchworming described previously.  This might predispose them to, or arise from differences in 

motor map representation, analogous to changes seen in individuals with ASD.  They also might 

display differences in excitatory neurotransmission (Gould et al., 2011) which directly affects 

motor map representation.  Specifically, they display lower SERT density in the hippocampus 

and increased responsiveness to 5HT1A receptor stimulation with no effect on auto-receptor 

function (Gould et al., 2011).  These changes alter serotonin concentration and cortical 

excitability.  It is possible to induce changes in motor map expression by manipulating 5HT1A 

receptors.  Applying a 5HT1A agonist leads to increased map size and decreased movement 
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thresholds, while 5HT1A antagonists induce increased movement thresholds and decreased 

motor map expression (Scullion et al., 2012).  Boylan et al., (2007) hypothesized that the 

increased cortical excitability and changes in primary motor cortex organization seen in ASD 

(DiCicco-Bloom et al., 2006; Mostofsky et al., 2007; Nebel et al., 2012; Rubenstein & 

Merzenich, 2003) is due to altered serotonergic transmission.  Therefore, due to changes in 

motor behaviour and neurotransmission seen in this model, we investigated basal forelimb motor 

map area in B6 and BTBR mice.  Changes have not been established in BTBR mice as of yet, 

but would strengthen that this model is a robust animal model of ASD. 

The ketogenic diet also induces changes in excitatory neurotransmission (Cantello et al., 

2007; Dahlin et al., 2012; Yudkoff et al., 2008), although the exact mechanism is unknown 

(Kossoff et al., 2009).  Interestingly, investigation of the M1 of normal individuals who ate a 

short-term ketogenic diet displayed decreased cortical excitability related to an increase in 

GABA activity (Cantello et al., 2007).  Therefore, next we determined if chronic ketogenic diet 

administration can influence motor map expression in B6 and BTBR mice.  This will indicate 

whether dietary manipulation can influence cortical organization and neurodevelopment.  It will 

also demonstrate whether the ketogenic diet changes map expression and movement thresholds 

in an animal model of ASD.  If there are motor map changes that are induced by the ketogenic 

diet, this would serve as an indication that this dietary therapy does in fact alter the excitation to 

inhibition ratio (Cantello et al., 2007).  Lastly, ketogenic diet map reorganization may also 

correlate with changes in inchworming behaviour.  
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Animals 

 Both BTBR and B6 mice were originally obtained from Jackson Labs and then generated 

from a breeding colony maintained by Dr. Jong Rho at the University of Calgary.  All mice were 

group housed (up to five per cage) and maintained on a 12:12 hour light/dark cycle, with food 

and water ad libitum.  Testing protocols were run during the light phase and conducted on an 

inverse ordered design in order to account for any time effects. All mice utilized for testing were 

male. 

 Ketogenic diet food was obtained from Bioserv and maintained in a refrigerator until 

time of use. All drugs were obtained from Sigma-Aldrich and dissolved in sterile phosphate-

buffered saline (PBS), which was also used as a control solution.  All fluoxetine solutions were 

administered as an intraperitoneal (i.p.) injection at 10mg/kg (in a 10ml/kg volume) while 

control saline injections were also administered at a 10ml/kg volume (Chadman, 2011).  Mice 

were handled according to the Canadian Council for Animal Care (CCAC) guidelines and all 

procedures were approved by the Health Sciences Animal Care Committee at the University of 

Calgary. 

 

2.2 Ketogenic Diet Treatment 

 Mice (BTBR and B6 strains) were bred within the animal facility and housed until 

postnatal day 21 (p21) when they were weaned and group housed four mice per cage.  Every 

mouse utilized for behavioural testing was born within a three-day span.  They were then 
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allowed to eat standard food for two days until p23 when they were fasted overnight for 12 

hours, with access to water (this procedure helps with the progression from standard to ketogenic 

diet).  At p24, mice were given a ketogenic diet called BioServ F3666 consisting of a 6.3:1 fat-

to-carbohydrate plus protein ratio.  All mice were allowed to eat ketogenic diet food ad libitum 

from a glass container, which was changed every other day to prevent rotting due to high 

moisture content in the food.  Each strain was fed the ketogenic diet for 11-14 days until p35 

when behavioural testing commenced.  Further dietary treatment was provided for mice included 

in the motor mapping experiment until 5-7 weeks of age.  At the end of each experiment, blood 

ketone levels were assessed from a sample of mice and ketosis was confirmed. Every mouse 

tested achieved a significant level of ketosis. 

 

2.3 Fluoxetine and Saline 

 Mice (BTBR and B6 strains) were bred within the animal facility and housed until p21 

when they were weaned and group housed four mice per cage.  Every mouse utilized for 

behavioural testing was born within a three-day span.  A fluoxetine solution was created from 

fluoxetine hydrochloride (Sigma-Aldrich) and dissolved in sterile PBS to create a 

pharmacologically relevant solution of 10mg/kg.  This was then injected at a volume of 10ml/kg 

(Chadman, 2011) per mouse, every 30 min on a rolling injection schedule.  Sterile PBS (saline) 

was used at 10ml/kg as a control for effects of injection stress.  Both BTBR and B6 strains were 

tested 30 min after the initial injection. 
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2.4 Three-Chambered Social Approach Test  

 The three-chambered test was conducted as previously reported to analyze social 

approach and investigation between a novel pair of mice (McFarlane et al., 2008; Moy et al., 

2004).  The freely moving or “subject” mouse is allowed to initiate social contact at will by 

moving towards the stranger mouse restrained in a cup on one side of the enclosure.  Mice born 

within 3 days of each other were weaned at p21 and group housed till the day of testing at age 

p35.  At least 4 mice per cage were needed and mice tested for social approach behaviours were 

from different litters, separate cages, the same strain and had no prior interaction.  

The three-chambered test apparatus (Figure 1.4.1.1) was set up with empty wire cups on 

either side of the chamber and a video camera was placed at a 45 degree angle to the enclosure. 

All videos were conducted in low lux using an infrared-sensitive camera because high 

illumination is anxiety-provoking for mice, which might interfere with social performance.   

The freely moving mouse was then placed into the middle of the three-chambered test 

apparatus with both side doors closed and allowed to habituate for 10 min.  The video camera 

was then turned on and the doors opened, allowing the mouse to move around and explore all 

three compartments for 10 min.  Afterwards the video recorder was turned off and the subject 

mouse confined to the middle of the three-chambered apparatus.  A second stranger mouse was 

then placed into one of the wire cups on either side of the enclosure.  For each subsequent trial, 

the cup and side containing the stranger mouse was switched.  The video camera was then turned 

on for 11 min and doors of the enclosure opened so that the subject mouse could explore either 

side.  After the 11 min trial, the video camera was turned off and mice placed back into their 

respective cages. 
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After each trial, the entire enclosure and wire cups were cleaned with 70% alcohol in 

preparation for the next test.  To ensure that the experimental design could be repeated on a 

second day, novel pairs of mice were used, subject and stranger mouse designation was flipped 

and the experimental design was inverted to account for order effects.  

A subset of habituation videos (with no novel mouse) were analysed first in order to rule 

out any variables that may create a side preference.  This was done by recording how much time 

the subject mouse spent in each compartment of the apparatus over a 10 min time window. 

Overall, there was no apparent side preference during any of the protocols described here.  The 

second 11 min video (with the novel mouse) was then analyzed; the number of entries and exits, 

time in each compartment, time grooming, number of nose pokes into the enclosure with the 

novel mouse and time sniffing the enclosure with the novel mouse were recorded.  The 

movement of all 4 paws into the next compartment characterized a switch in compartment 

location.  Furthermore, nose pokes were defined as a movement of the subject mouse to place its 

nose on the novel mouse enclosure or through the bars of the enclosure.  The number of entries 

and exits were also recorded to ensure that there was a consistent activity level within each 

strain.   

Time spent in the compartment with the stranger mouse, nose pokes into the enclosure 

and time sniffing the enclosure, were taken to be measures of social investigation and approach 

(Crawley, 2004; Roullet & Crawley, 2011).  Time spent in the opposite compartment and time 

grooming were taken to be measures of social avoidance (Crawley, 2004; Roullet & Crawley, 

2011).  Different strains of mice have different baselines of activity, social investigation and 

avoidance in the apparatus.  After all videos were analyzed, the mean number of entries and 

exits, time in each compartment, time grooming, number of nose pokes into the enclosure with 
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the novel mouse and time sniffing the enclosure with the novel mouse were calculated and 

compared across strains. 

2.4.1 Ketogenic Diet Influence Over Social Behaviour and Repetitive Grooming in the 

 Three-Chambered Social Approach Test 

In order to view the effects of ketogenic diet therapy on social behaviour in mice, the 

three-chambered test experimental protocol was conducted again, as described above, but mice 

were either fed standard diet food or the ketogenic diet.  In this test, there were four experimental 

groups: B6 mice fed standard diet, B6 mice fed ketogenic diet, BTBR mice fed standard diet and 

BTBR mice fed ketogenic diet.  All mice that were fed the ketogenic diet were tested according 

to the protocol described previously.  Moreover, mice tested together in the three-chambered 

social approach test were from the same strain and diet category allowing for inter-diet and strain 

comparisons. 

Results were analyzed in the same fashion as described above, but frequency of grooming 

was added as a scored variable; defined as the mean number of times each group of mice 

engaged in grooming behaviour.  To ensure changes displayed were not an artefact of energy 

level due to dietary therapy, the number of entries and exits were tracked for both B6 and BTBR 

mice on standard and ketogenic diets.  

 

2.5 Juvenile Play and Inchworming Behaviour 

As described above, when placed in the juvenile play enclosure, BTBR mice engaged in a 

highly repetitive synchronous digging motion – inchworming – which masks any social or play 
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behaviour due to its pervasive nature.  We have developed a modified juvenile play protocol 

(Bolivar et al., 2007; McFarlane et al., 2008; Roullet & Crawley, 2011; Silverman et al., 2010) 

and novel scoring mechanism based on prior digging literature (Webster et al., 1981) to quantify 

this behaviour.   

Mice born within 3 days of each other were weaned at p21 and group housed until the 

day of testing at age p35.  At least 4 mice per cage were needed per experiment and mice tested 

for inchworming behaviour were from the same cage, strain and had prior interactions.  The 

night before testing, mice were socially isolated into different cages with independent food and 

water.  The following morning (after a minimum of 12 hour isolation), all cages were brought up 

to the behavioural testing facility. 

A 30cm x 30cm clear Plexiglas box (Figure 1.4.1.2) was filled with enough Aspen chip 

bedding to completely cover the bottom of the enclosure (about 1cm).  The enclosure was then 

placed in front of an infrared video camera angled at 45 degrees to reduce glare on the plastic 

surface.  Two of the socially isolated mice from the same litter were placed in the enclosure from 

their respective cages and recorded for 11 min in low light.  After 11 min, the video recorder was 

turned off and the mice placed back into their original home cage together.  The Aspen chip 

bedding was then emptied and the entire enclosure washed with 70% alcohol.  For each test, 

fresh Aspen chip bedding was placed in the enclosure.  The next set of mice were then placed 

into the Plexiglas box and recorded.  The procedure was repeated until all of the mice were tested 

for that day.  Furthermore, the experiment was repeated on a second day, as long as the mice 

were socially isolated again that night, ear notched for identification, tested in novel pairs and on 

an inverted time schedule to account for order effects. 
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To be scored as inchworming, mice must use their fore- and hindlimbs in synchrony to 

displace bedding with a minimum of one inward and subsequently one outward motion (Figure 

1.5.3.1).  This was usually displayed but not exclusively as a horizontal movement across the 

bottom of the enclosure.  There are three inchworming parameters that were scored from each 10 

min video: the duration, frequency and latency to inchworm, adapted from digging parameters 

(Webster et al., 1981).  The video was scored twice in order to analyze the behaviour for each 

mouse.  Duration of inchworming for one mouse was the total time it displayed the behaviour 

over 10 min of the trial, summating the start and stop times each time the mouse engaged in a 

bout of inchworming.  For each video, the average duration of inchworming for the pair of mice 

was taken as a total for that video.  Frequency was defined as the number of times inchworming 

behaviour was initiated by each mouse, averaged together, which is the total for that video.  

Latency to inchworm is defined as the time elapsed before one mouse in the pair displays this 

behaviour.  If a pair of mice did not inchworm, the latency parameter does not exist for that 

video (i.e., it was not included in the latency analysis).  The overall mean duration, frequency 

and latency to inchworm was calculated and compared between strains.  Higher levels of 

inchworming duration and frequency, and subsequently a decrease in the latency to inchworm, 

were all taken as an indication of an increased level of motor stereotypy. 

2.5.1 Developmental Effects on Inchworming Behaviour 

To investigate the developmental progression of inchworming behaviour, BTBR and B6 

mice were evaluated over three developmental periods in order to view possible age-dependent 

changes in the duration, frequency and latency of inchworming.  The inchworming protocol was 

replicated directly after weaning on p21, the second time-point was already conducted at p35 (a 
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juvenile stage) and lastly, the final time-point was conducted at adulthood (p60).  Video analysis 

was scored as previously described and then compared across strain and age. 

2.5.2 Social Influence on Inchworming Behaviour 

To analyze the effects of social presence on inchworming behaviour, mice were tested 

alone and together in the inchworming test.  This was done by following the protocol discussed 

above for inchworming.  However, in this instance, only one mouse was tested at a time instead 

of including a pair of mice within the enclosure.  The videos were then scored as before, for 

duration, frequency and latency to inchworm.  The major difference in this protocol is that 

duration, frequency and latency to inchworm were calculated on a mouse-to-mouse basis and 

then compared to the mean duration, frequency and latency to inchworm from the paired 

inchworming protocol. 

2.5.3 Influence of the Ketogenic Diet on Inchworming Behaviour 

In order to view effects of dietary therapy on inchworming behaviour, mice were fed 

either standard diet or ketogenic diet as per the protocol discussed above and then tested in the 

inchworming test described previously.  Video analysis was conducted the same way in order to 

view possible changes in the duration, frequency and latency to inchworm.  The parameters were 

then compared across strain and diet. 

2.5.4 Influence of Fluoxetine on Inchworming Behaviour  

In order to view effects of drug therapy on inchworming behaviour, mice were either 

treated with an injection of PBS or a fluoxetine solution as per the protocol discussed above and 

then tested in the inchworming test described previously.  Video analysis was conducted the 
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same way in order to view possible changes in the duration, frequency and latency to inchworm. 

The parameters were then compared across strain and drug treatment. 

2.5.5 Possible Synergistic Effects of Chronic Ketogenic Diet Therapy and Acute 

 Fluoxetine Injections on Inchworming Behaviour 

In order to view possible synergistic effects of combined dietary and drug treatment, mice 

were fed ketogenic diet chronically and then subsequently treated with either a fluoxetine 

injection or PBS injection on the day of testing.  There were four experimental groups: B6 

ketogenic diet with a control saline injection, B6 ketogenic diet with a fluoxetine injection, 

BTBR ketogenic diet with a control saline injection, and BTBR ketogenic diet with a fluoxetine 

injection.  Mice were fed the ketogenic diet and injected with a drug treatment according to the 

protocols listed above.  Video analysis was conducted the same way in order to view possible 

changes in the duration, frequency and latency to inchworm.  The parameters were then 

compared across strain and drug treatment. 

 

2.6 Motor Map Expression in BTBR and B6 Mice and Effects of the Ketogenic Diet	  	  

The following study was conducted in order to view baseline differences, and differences 

due to dietary therapy between B6 and BTBR primary motor cortex forelimb map size and 

movement thresholds.  Four experimental groups of mice 5-7 weeks of age were utilized for 

ICMS surgery: B6 mice fed standard diet food, B6 mice fed ketogenic diet food, BTBR mice fed 

standard diet food, and BTBR mice fed ketogenic diet food.  A total of 8 mice per group were 

used, with the exception of B6 mice fed the ketogenic diet (n = 7) due to the difficulty of 
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conducting ICMS surgery with this strain while on this dietary therapy.  Furthermore, each 

mouse originated from a different litter to ensure genetic diversity. 

Mice were anaesthetized with a mixture of ketamine (25 mg/kg) and xylazine (2.5 

mg/kg).  Further ketamine injections of (10 mg/kg) were given to maintain the proper level of 

anaesthesia, which was monitored by evaluating breathing rate, whisker movement and 

withdrawal response.  A craniotomy was then performed to expose the left hemisphere motor 

cortex.  This extended 4 mm anterior and 3 mm posterior from bregma and 3 mm lateral from the 

midline.  The cisterna magna was then punctured with an 18-gauge needle to reduce swelling, 

while the dura matter was removed.  Body temperature silicon liquid was then placed on the 

exposed cortex.  A photograph was taken and magnified 32x using a digital camera connected to 

a stereomicroscope; this image was displayed on a computer and overlaid with a grid consisting 

of 500 µm squares using Canvas (version 11) imaging software.   

Electrodes were created from glass capillary tubes, bevelled and filled with 3.5 M sodium 

chloride, and had impedance values of 1.0 – 1.5 MΩ.  Electrode penetration occurred at the 

corners and middle of the grid squares unless there was a blood vessel on an intersection of the 

grid; if this was the case no electrode was inserted.  From the surface of the cortex, the electrodes 

were lowered 800 µm, comparable to layer V of the mouse cortex.  After insertion, stimulation 

was applied consisting of 13 monophasic 200 µs cathodal pulses at 300 Hz.  The mice were 

maintained in a prone position with their forelimb supported by a Q-tip, which allowed for close 

observation of forelimb movement. 

To determine a threshold for each insertion site, the current was increased from 0 µA 

towards 60 µA until a movement was observed either in the forepaw, shoulder, neck, jaw, 
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whiskers or hindpaw.  The current was then decreased until the movement stopped.  The minimal 

ICMS current able to induce movement was defined as the movement threshold.  If there were 

multiple movements, the last movement at the minimal current was noted, unless within a 10 µA 

span where both movements were noted.  If there was no movement up to 60 µA, the point was 

labelled unresponsive.  The border of the motor map was defined first, consisting of non-

forelimb movements and then filled in with forelimb movements of the digits, wrist, elbow and 

shoulder.  Re-drops were conducted on responsive points to assess anaesthesia levels.   

The maps were then analyzed with Canvas software to calculate the areal extent of the 

caudal forelimb area (CFA).  Apparent map area was calculated across all four groups based on 

mean group size and compared across strain and diet treatment.  Movement thresholds within 

each group were paired up using a random number generator.  The map with the least number of 

forelimb points was assigned a maximum threshold point of 60 µA for each forelimb point that 

was unresponsive compared to the larger map.  The mean movement threshold for each group 

was then calculated and compared across strain and diet treatment. This protocol was adapted 

from Scullion et al., (2012). 

 

2.7 Statistics 

 All statistics were run using SPSS (IBS).  The assumptions of homogeneity of variance 

and normality were established for every data-set before continuing with analysis.  When 

appropriate, a one-way analysis of variance (ANOVA) was run on the data to compare means.  

Experimental designs that contained more than two independent variables and multiple levels of 

experimental design were analyzed using a two-way ANOVA.  Relevant post-hoc comparisons 
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were established using a Tukey test and/or one-way ANOVA analysis.  If for some reason the 

assumptions of a parametric test were not met, then a robust equality of means analysis (Welsh 

test) was utilized to compare means.  Relevant comparisons are indicated on figures as follows, * 

< .050, ** < or = .010. 
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CHAPTER 3: EXPERIMENTAL RESULTS 

3.1 Three-Chambered Social Approach Test  

 In order to confirm that the BTBR mouse model displays face validity to the three 

behavioural characteristics of autism (i.e., decreased social interaction, abnormal communication 

and repetitive behaviours), the three-chambered social approach test was used (Moy et al., 2004).  

The data were analyzed using a two-way ANOVA with relevant post-hoc comparisons using a 

Tukey test and/or one-way ANOVA analysis.  The main effect of strain was not significant (F (1, 

42) = 0.03, p = .856).  This means that on average, B6 and BTBR mice did not score differently 

on the mean time spent in each chamber, averaged over chamber location (202.98 sec vs. 199.98 

sec).  The main effect of chamber was significant (F (2, 42) = 25.02, p < .001).  This signifies 

that there is a significant difference in the time spent in each chamber averaged over strain, 

where mice spent more time in the chambers with and opposite the stranger mouse (224.70 sec 

and 282.36 sec) than in the middle chamber (104.58 sec).  Moreover, the interaction between 

strain and chamber was significant (F (2, 42) = 12.21, p < .001).  This means that BTBR mice 

spent more time in the opposite chamber than with the novel mouse (345.48 sec vs. 183.78 sec) 

than B6 controls (207.24 sec vs. 265.50 sec). 

The B6 control strain did not spend more time in the compartment containing the novel 

stranger mouse than the opposite side of the enclosure (p = .100).  Furthermore, B6 mice spent 

significantly more time with the stranger mouse than BTBR mice (p = .025).  The BTBR strain 

spent significantly more time in the opposite chamber of the apparatus, than with the stranger 

mouse (p = .003) as well as spending significantly more time in the opposite enclosure than B6 

controls (p < .001).  These results are displayed in Figure 3.1.1 (N = 16).  
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Figure 3.1.1.  Three-chambered social approach test: time in each chamber 

Mean time spent in each chamber by B6 and BTBR mice.  A one-way ANOVA indicated 

differences between groups: B6 vs. BTBR with the novel mouse (p = .025), B6 vs. BTBR in the 

opposite chamber (p < .001) and BTBR mice with the novel mouse vs. opposite (p = .003). 

Standard error bars represent ± 1 standard error from the mean. 
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Increased grooming behaviour in the three-chambered social approach test is taken to 

reflect decreased social interaction and investigation of a novel partner as well as increased 

repetitive behaviour.  Here, BTBR mice engaged in significantly more grooming than B6 

controls (p < .001) (Figure 3.1.2 A) (N = 16). 

Further measures of social behaviour are quantified by measuring the mean number of 

nose pokes into the chamber of the stranger mouse that are conducted and subsequently the time 

sniffing that enclosure.  Number of nose pokes and time sniffing the enclosure both indicate 

social investigation and were analyzed using a one-way ANOVA.  It was observed that the B6 

strain engaged in significantly more nose pokes than BTBR mice (p = .002) and displayed 

significantly more time sniffing the novel mouse enclosure (p < .001) (Figure 3.1.2 B, C) (N = 

16). 

These data indicate that the B6 control strain engages in a higher level of social approach 

and decreased repetitive behaviour compared to BTBR mice.  This is expressed by B6 mice 

spending more time in the chamber with the novel mouse as well as not engaging in as much 

grooming behaviour respectively.  As previously described, this trend displays face validity to 

the first behavioural hallmark of ASD, i.e., decreased social interaction.  This indicates that the 

BTBR strain may be a good animal model of ASD. 
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Figure 3.1.2.  Three-chambered social approach test: nose poke frequency, sniffing and 

grooming duration 

A.  Mean number of nose pokes into the stranger mouse enclosure made by B6 and 

BTBR mice (p = .002).  B.  Mean time sniffing the stranger mouse enclosure conducted by B6 

and BTBR mice (p < .001). C.  Mean time grooming displayed by B6 and BTBR mice (p < 

.001).  All standard error bars represent ± 1 standard error of the mean. 
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3.2 Ketogenic Diet Influence Over Social Behaviour and Repetitive Grooming in the 

 Three-Chambered Social Approach Test 

 The ketogenic diet has been used previously to increase social and decrease repetitive 

behaviours. Here, we used a comparable ketogenic diet to view its effect on the social behaviour 

of B6 and BTBR mice in the hopes of increasing social performance and decreasing grooming in 

the BTBR mouse model of ASD.  The data were analyzed using a two-way ANOVA with 

relevant post-hoc comparisons.  The relationship between B6 and BTBR mice on standard diet 

displayed the same trend as previously reported.  The main effect of strain was not significant (F 

(1, 105) = 0.00, p = .958), indicating that on average B6 and BTBR mice spent the same time in 

each chamber averaged over location (200.00 sec vs. 200.9 sec) respectively.  The main effect of 

chamber was significant (F (2, 105) = 41.34, p < .001).  This means that there is a significant 

difference in the time spent in each chamber averaged over strain, where mice spent more time in 

the chambers with and opposite the stranger mouse (278.29 sec and 229.55 sec) than in the 

middle chamber (93.52 sec).  The interaction between strain and chamber was also significant (F 

(2, 105) = 11.80, p < .001).  This indicates that BTBR mice spent more time in the opposite 

chamber than with the novel mouse (284.23 sec vs. 231.32 sec) than B6 controls (174.87 sec vs. 

325.27 sec).  Furthermore, post-hoc comparisons displayed that B6 mice now spent significantly 

more time with the stranger mouse than in the opposite chamber on standard diet (p = .002). 

Moreover, the B6 strain also spent significantly more time with the stranger mouse than the 

BTBR strain on standard diet (p = .002).  BTBR mice did not spend more time in the opposite 

enclosure on standard diet food (p = .226).  Lastly, BTBR mice spent significantly more time in 

the opposite chamber than the B6 control strain when fed standard diet food (p = .001). These 

results are displayed in Figure 3.2.1 A (N = 75). 
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 Time spent in each chamber was analyzed using a two-way ANOVA for B6 and BTBR 

mice on the ketogenic diet.  The main effect of strain was not significant (F (1, 108) = 0.00, p = 

.999), indicating that on average B6 and BTBR mice spent the same time in each chamber 

averaged over location (200.00 sec vs. 200.01 sec) respectively.  However, the main effect of 

chamber was significant (F (2, 108) = 75.37, p < .001).  This means that there is a significant 

difference in the time spent in each chamber averaged over strain, where mice spent more time in 

the chambers with and opposite the stranger mouse (280.46 sec and 237.27 sec) than in the 

middle chamber (82.28 sec).  The interaction between strain and chamber was significant (F (2, 

108) = 5.07, p = .008).  This demonstrates that B6 mice spent more time in the chamber with the 

novel mouse as compared to the opposite (303.93 sec vs. 207.71 sec) than BTBR mice (257.00 

sec vs. 266.83 sec).  Moreover, post-hoc comparisons showed that B6 mice still spent 

significantly more time in the chamber with the stranger mouse than the opposite enclosure (p < 

.001) and significantly more time in the chamber with the mouse than BTBR mice on the 

ketogenic diet (p = .038).  BTBR mice on the ketogenic diet did not spend more time in the 

opposite chamber than with the stranger mouse (p = .913), although they still did spend 

significantly more time in the opposite chamber than B6 mice on the ketogenic diet (p = .022). 

These results are displayed in Figure 3.2.1 B (N = 75). 

 Time spent in each chamber by B6 mice on standard food compared to ketogenic diet 

food was analyzed next using a two-way ANOVA.  This showed a main effect of diet that was 

not significant (F (1, 81) = 0.00, p = 1.000).  This indicates that on average B6 mice on standard 

diet and B6 mice on ketogenic diet spent the same time in each chamber averaged over location 

(200.00 sec vs. 200.00 sec) respectively.  The main effect of chamber was significant (F (1, 81) = 

143.06, p < .001), indicating that there is a significant difference in the time spent in each 
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chamber averaged over diet, where B6 mice spent more time in the chambers with the stranger 

mouse (314.60 sec) than in the opposite or middle chamber (191.29 sec and 94.11 sec) 

respectively.  The interaction between diet and chamber was not significant (F (1, 81) = 2.44, p = 

.093).  This means that B6 mice on the standard diet spent the same amount of time in all three 

chambers with, in the middle and opposite (325.27 sec, 99.87 sec and 174.87 sec) respectively to 

the stranger mouse compared to B6 mice on the ketogenic diet (303.93 sec, 88.36 sec and 207.71 

sec) respectively.  Through post-hoc comparisons, it was shown that B6 mice spent the same 

amount of time in the chamber with the mouse whether fed standard diet or ketogenic diet (p = 

.333).  Mice on the ketogenic diet displayed a trend to spend more time in the opposite chamber 

although this was not significant (p = .098).  These results are summarized in Figure 3.2.2 A (N 

= 29). 

 Time spent in each chamber by BTBR mice on standard food compared to ketogenic diet 

food was then analyzed using a two-way ANOVA.  This displayed a main effect of diet that was 

not significant (F (1, 132) = 0.00, p = .956).  This indicates that on average BTBR mice on 

standard diet and BTBR mice on ketogenic diet spent the same time in each chamber averaged 

over location (200.91 sec vs. 200.01 sec) respectively.  The main effect of chamber was 

significant (F (1, 81) = 55.54, p < .001).  This means that BTBR mice on both diets spent more 

time in the chambers with, and opposite (244.16 sec vs. 275.53 sec) than in the middle (81.70 

sec) oriented around the stranger mouse. The interaction between diet and chamber was not 

significant (F (1, 81) = 0.70, p = .502).  This demonstrates that BTBR mice on the standard diet 

spent about the same amount of time in the chamber with and opposite (231.32 sec, vs. 284.23 

sec) and in the middle (87.18 sec) of the apparatus, as BTBR mice on ketogenic diet (257.00 sec 

vs. 266.83 sec and 81.70 sec) respectively.  Through post-hoc comparisons, it was shown that 
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BTBR mice spent roughly the same amount of time in the chamber with the novel mouse when 

fed either standard food or ketogenic diet food (p = .333) as well as time spent in the opposite 

chamber (p = .612).  These results are shown in Figure 3.2.2 B (N = 46). 
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Figure 3.2.1.  Three-chambered social approach test: inter-strain time in each chamber  

A.  Mean time spent in each chamber by B6 and BTBR mice on standard diet.  Post-hoc 

comparisons indicated differences between groups: B6 vs. BTBR with the novel mouse (p = 

.002), B6 with vs. B6 opposite (p = .002) and B6 vs. BTBR in the opposite enclosure (p = .001).  

B.  Mean time spent in each chamber by B6 and BTBR mice on ketogenic diet.  Post-hoc 

comparisons indicated differences between groups: B6 vs. BTBR with the novel mouse (p = 

.038), B6 with vs. B6 opposite (p < .001) and B6 vs. BTBR in the opposite enclosure (p = .022).  

Standard error bars represent ± 1 standard error from the mean. 
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Figure 3.2.2.  Three-chambered social approach test: intra-strain time in each chamber 

A.  Mean time spent in each chamber by B6 mice on standard diet compared to ketogenic 

diet.  Post-hoc comparisons displayed differences between groups: B6 mice on the standard diet 

with vs. opposite (p = .002), B6 mice on the ketogenic diet with vs. opposite (p < .001).  B.  

Mean time spent in each chamber by BTBR mice on standard diet compared to ketogenic diet. 

Standard error bars represent ± 1 standard error from the mean. 
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Grooming duration was also analyzed using a two-way ANOVA the main effect of strain 

was significant (F (1, 71) = 45.40, p < .001), indicating that on average BTBR mice spent a 

longer time grooming (174.22 sec) than B6 mice (44.35 sec) averaged over diet.  The main effect 

of diet was not significant (F (1, 71) = 3.03, p = .086), which indicates that mice on standard diet 

(126.05 sec) compared to ketogenic diet (92.51 sec) do not differ significantly on grooming 

duration averaged over strain.  The interaction between strain and diet was also not significant (F 

(1, 71) = 0.36, p = .550).  This means that BTBR mice did not groom for a shorter amount of 

time on the ketogenic diet (151.67 sec) vs. standard diet (196.77 sec) as compared to B6 on 

ketogenic diet vs. standard diet (33.36 sec vs. 55.33 sec) respectively.  Post-hoc comparisons 

indicated that BTBR still spent more time grooming than B6 mice on standard diet food (p < 

.001), while spending significantly more time grooming on the ketogenic diet than B6 mice on 

the ketogenic diet (p < .001).  Ketogenic diet administration did not reduce grooming for B6 and 

BTBR mice compared to standard diet food (p = .227) and (p = .119) for each strain, 

respectively.  Results are displayed in Figure 3.2.3 A (N = 75). 

The frequency of grooming was analyzed using a two-way ANOVA which showed a 

significant main effect of strain (F (1, 71) = 9.64, p = .003), indicating that on average BTBR 

mice display a higher frequency of grooming (2.68) than B6 mice (1.75).  The main effect of diet 

was not significant (F (1, 71) = 1.47, p = .229).  Therefore, averaged over strain standard (2.40) 

and ketogenic (2.04) diet did not change the frequency of grooming.  The interaction between 

strain and diet was also not significant (F (1, 71) = 0.00, p = .998).  This indicates that the mean 

grooming frequency difference between B6 mice on standard diet (1.93) vs. ketogenic diet (1.57) 

is not significantly different than the difference in frequency between BTBR mice on standard 

(2.86) and ketogenic diet (2.50).  Post-hoc comparisons indicated that BTBR mice engage in a 
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significantly higher frequency of grooming than the B6 strain (p = .035) as confirmed by 

previous reports.  Furthermore, B6 mice did not show a difference in the frequency of their 

grooming between standard diet and ketogenic diet administration (p = .367) as well as BTBR 

mice off and on ketogenic diet (p = .373).  Results are shown in Figure 3.2.3 B (N = 75). 
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Figure 3.2.3.  Three-chambered social approach test: grooming duration and frequency 

A.  Mean grooming duration as a function of diet and strain. B.  Mean grooming 

frequency as a function of diet and strain.  Post-hoc comparisons revealed a difference between 

B6 vs. BTBR on standard diet food (p = .035).  Standard error bars represent ± 1 standard error 

from the mean. 
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Time sniffing the novel mouse enclosure was also analyzed using a two-way ANOVA, 

the results of which showed a significant effect of strain (F (1, 71) = 111.64, p < .001).  This 

indicates that B6 (118.75 sec) on average spend a longer time sniffing the novel mouse enclosure 

than BTBR mice (41.74 sec).  There is also a significant main effect of diet (F (1, 71) = 5.60, p = 

.021), which indicates that on average mice on the ketogenic diet (88.87 sec) spend significantly 

longer sniffing the novel mouse enclosure than mice on standard diet (71.63 sec).  The 

interaction between strain and diet was significant (F (1, 71) = 23.86, p < .001).  This means that 

the difference between BTBR mice sniffing the novel mouse enclosure on standard vs. ketogenic 

diet (15.32 sec vs. 68.17 sec) was larger than the difference between B6 mice on standard diet vs. 

ketogenic diet (127.93 sec vs. 109.57 sec) respectively.  The B6 mice did not show a significant 

difference in the time they spent sniffing the novel mouse enclosure between standard diet and 

ketogenic diet administration (p = .177).  The BTBR mice demonstrated a significant increase in 

the amount of time spent sniffing the novel mouse enclosure when they were on ketogenic diet as 

compared to standard diet (p < .001).  Results are shown in Figure 3.2.4 A (N = 75). 

 The frequency of nose pokes was analyzed using a two-way ANOVA which revealed a 

main effect of strain (F (1, 71) = 41.57, p < .001), indicating that B6 mice make more nose pokes 

(27.02) into the stranger mouse enclosure than BTBR mice (17.08) on average.  There was no 

significant main effect of diet (F (1, 71) = 1.01, p = .318), indicating that averaged over strain 

mice on standard diet (22.83) compared to ketogenic diet (21.27) engage in the same number of 

nose pokes.  The interaction between strain and diet was significant (F (1, 75) = 10.78, p = .002).  

This indicates that the difference between the number of nose pokes B6 mice make on standard 

and ketogenic diet (30.33 vs. 23.71) is greater and inversely related to the number of nose pokes 

BTBR mice make (15.32 vs. 18.83) on standard diet and ketogenic diet, respectively.  Moreover, 
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post-hoc comparisons revealed that B6 mice engaged in significantly more nose pokes into the 

stranger mouse enclosure on the standard diet than the ketogenic diet (p = .022).  The BTBR 

strain tended to engage in more nose pokes into the stranger mouse enclosure on the ketogenic 

diet as compared to standard diet, although not significantly (p = .051).  Results are summarized 

in Figure 3.2.4 B (N = 75). 
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Figure 3.2.4.  Three-chambered social approach test: time sniffing and nose poke frequency 

A.  Mean time sniffing as a function of diet and strain. Post-hoc comparisons indicated 

differences between groups: BTBR standard diet vs. ketogenic diet (p < .001). B.  Mean 

frequency of nose pokes as a function of diet and strain.  Post-hoc comparisons indicated 

differences between groups: B6 standard diet vs. ketogenic diet (p = .022).  Standard error bars 

represent ± 1 standard error from the mean. 
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To ensure that these changes are a result of diet manipulation and not changes in energy 

level arising from altered metabolism, the number of entries and exits for each strain were 

tracked for mice on standard diet and ketogenic diet.  There were no differences found in the 

number of entries into each compartment for B6 mice on standard diet compared to ketogenic 

diet (Figure 3.2.5 A), or BTBR mice on standard diet compared to ketogenic diet (Figure 3.2.5 

B) (N = 75). 
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Figure 3.2.5.  Three-chambered social approach test: entries and exits 

A.  Mean number of entries and exits as a function of diet and chamber for B6 control 

mice. B.  Mean number of entries and exits as a function of diet and chamber for BTBR mice, 

standard error bars represent ± 1 standard error from the mean. 
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3.3 Inchworming Behaviour 

 In order to characterize inchworming behaviour as a repetitive synchronous digging 

behaviour that is strain-dependent, the duration, frequency and latency to inchworm was 

recorded as adapted from prior digging literature.  One-way ANOVA comparisons were used to 

analyze the data, which showed that on average, BTBR mice engage in a significantly longer 

duration of inchworming behaviour than B6 mice (p < .001) (Figure 3.3.1 A).  Furthermore, the 

BTBR strain also displays a higher frequency of inchworming behaviour than the B6 control 

strain (p < .001) (Figure 3.3.1 B).  Lastly, B6 mice show an increased latency to inchworm as 

compared to BTBR counterparts (p < .001).  This matches the literature, which states that 

digging duration and frequency are inversely related to the latency to dig (Figure 3.3.1 C) (N = 

16).   
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Figure 3.3.1.  Inchworming: duration, frequency and latency to inchworm  

A.  Mean inchworming duration for B6 and BTBR mice (p < .001). B.  Mean 

inchworming frequency for B6 and BTBR mice (p < .001). C.  Mean latency to inchworm for B6 

and BTBR mice (p < .001).  Standard error bars represent ± 1 standard error from the mean. 
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3.4 Developmental Effects on Inchworming Behaviour	  

 Due to the developmental progression of ASD symptoms, it was important to document 

the progression of inchworming behaviour over three developmental ages; p21, p35 and p60 for 

B6 and BTBR mice.  Comparing the duration of inchworming over development, a two-way 

ANOVA showed a significant main effect of strain (F (1, 41) = 408.34, p < .001).  This indicates 

that averaged over age, BTBR mice engage in a significantly higher duration of inchworming 

behaviour (202.60 sec) than B6 mice (5.63 sec).  There was also a significant main effect of age 

(F (2, 41) = 63.73, p < .001), indicating that mice tend to inchworm longer at age p35 (153.44 

sec) than at p21 and p61 (26.37 sec and 132.53 sec), respectively.  The interaction between strain 

and age was also significant (F (2, 41) = 58.82, p < .001).  This significant interaction shows that 

the difference between inchworming duration over development (p21, p35 and p60) is greater for 

BTBR (49.43 sec, 294.31 sec and 264.06 sec) than B6 mice (3.31 sec, 12.56 sec and 1.00 sec).  

The post-hoc comparisons revealed that BTBR mice engaged in significantly higher duration of 

inchworming than B6 mice at p21 (p = .001), p35 (p < .001), and p60 (p < .001).  The B6 control 

strain displayed a slight increase in inchworming duration from p21 to p35, although not 

significantly (p = .055).  They did, however, display a significant decrease in inchworming 

duration from p35 to p60 (p = .015).  When inchworming duration at ages p21 and p60 were 

compared for B6 mice, there was no significant difference (p = .812). The BTBR strain showed a 

significant increase in the duration of inchworming behaviour from p21 to p35 (p < .001), 

although the duration of inchworming was not significantly different between the ages p35 and 

p60 (p = .421).  Moreover, the duration of inchworming for BTBR mice at p21 and p60 was 

significantly different (p < .001).  These results are represented in Figure 3.4.1 A (N = 44). 
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 An analysis of inchworming frequency using a two-way ANOVA revealed a significant 

main effect of strain (F (1, 41) = 393.57, p < .001), indicating that BTBR mice engage in a 

higher frequency (29.12) of inchworming than B6 mice (1.25).  There was a significant main 

effect of age (F (1, 41) = 44.30, p < .001), which indicates that there was a significant 

progression of inchworming frequency from p21 (6.02), p35 (17.78) and p60 (21.75) regardless 

of strain.  The interaction between strain and age was also significant (F (1, 41) = 46.54, p < 

.001).  This means that BTBR mice displayed a larger difference in inchworming frequency over 

development: p21 (10.88), p35 (33.44) and p60 (43.06) than B6 mice at p21 (1.19), p35 (2.13) 

and p60 (0.44).  Post-hoc comparisons indicated that at each level of age BTBR mice engaged in 

significantly higher frequency of inchworming than B6 mice at p21 (p = .003), p35 (p < .001) 

and p60 (p < .001).  There was no change in inchworming frequency for B6 mice between p21 

and p35 (p = .437), p21 and p60 (p = .584) or between p35 and p60 (p = .085).  The 

inchworming frequency was also analyzed for BTBR mice and they engaged in a higher 

frequency of inchworming at p35 than p21 (p < .001) and a higher frequency of inchworming at 

p60 compared to p35 (p = .025).  Overall, BTBR mice engaged in a higher frequency of 

inchworming at p60 than p21 (p < .001).  This indicates an increase in inchworming frequency 

over development (Figure 3.4.1 B) (N = 44). 

 A two-way ANOVA was also used to investigate the developmental trajectory of the 

latency to inchworm for BTBR and B6 mice.  The data indicate a significant main effect of strain 

(F (1, 29) = 48.43, p < .001), which means that B6 mice displayed a significantly longer latency 

to inchworm (281.38 sec) than BTBR mice (62.93 sec) on average.  There was also a significant 

main effect of age (F (1, 29) = 8.83, p = .001), indicating that there was a developmental 

decrease in the latency to inchworm regardless of strain, p21 (269.67 sec), p35 (123.95 sec) and 
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p60 (122.85 sec). The interaction between strain and age was not significant (F (1, 29) = 0.40, p 

= .675).  This indicates that there was a similar trend in the latency to inchworm over 

development at p21, p35 and p60 for B6 (358.67 sec, 245.14 sec and 240.33sec) and BTBR 

(180.67 sec, 2.75 sec and 5.38 sec) strains of mice.  At p21, there is no difference between B6 

and BTBR latency to inchworm (p = .079).  At age p35, B6 display a longer latency to inchworm 

than BTBR mice (p = .001).  There is no significant difference in the latency to inchworm 

between B6 and BTBR at p60 (p = .082), although this is due to the high variability and unequal 

group sizes.  Furthermore, the B6 strain did not exhibit any change in the latency to inchworm 

over development specifically between p21 and p35 (p = .423), p35 and p60 (p = .998) as well as 

p21 and 60 (p = .506).  The latency to inchworm was higher for BTBR mice at p21 than at p35 

(p < .001), although not significantly different between p35 and p60 (p = .994).  Overall, there 

was a significant difference between the latency to inchworm between p21 and p60 for the 

BTBR strain (p < .001).  These results showed a decreasing developmental trend in the latency to 

inchworm for BTBR mice as development progresses (Figure 3.4.1 C) (N = 33). 
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Figure 3.4.1.  Developmental inchworming: duration, frequency and latency to inchworm 

A.  Mean duration of inchworming over developmental age for B6 and BTBR mice. Post-

hoc comparisons showed differences between groups: B6 p35 vs. p60 (p = .015), BTBR p21 vs 

p35 (p < .001), BTBR p21 vs. p60 (p < .001). B.  Mean frequency of inchworming over 

developmental age for B6 and BTBR mice.  Post-hoc comparisons demonstrated differences 

between groups: BTBR p21 vs. p35 (p < .001), BTBR p35 vs. p60 (p = .025). C.  Mean latency 

to inchworm over developmental age for B6 and BTBR mice.  Post-hoc comparisons showed 

differences between groups: BTBR p21 vs. p35 (p < .001), BTBR p21 vs. p60 (p < .001).  

Standard error bars represent ± 1 standard error from the mean. 
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3.5 Social Influence on Inchworming Behaviour 

 Autism is a behaviourally defined neurodevelopmental disorder that is greatly impacted 

by social interaction and social presence.  Therefore, it was imperative to investigate the effects 

of social presence on inchworming behaviour.  A two-way ANOVA was used to investigate the 

effects of social presence on inchworming duration.  There was a significant main effect of strain 

(F (1, 26) = 242.28, p < .001), which indicates that averaged over social presence, BTBR mice 

display a higher duration of inchworming (246.53 sec) than B6 mice (14.45 sec).  There was a 

significant main effect of social presence (F (1, 26) = 9.47, p = .005).  This means that on 

average mice display a higher duration of inchworming together (153.44 sec) than alone (107.54 

sec).  The interaction between strain and social presence was also significant (F (1, 26) = 11.09, 

p = .003).  This indicates that the difference between BTBR mice inchworming duration together 

vs. alone (294.31 sec vs. 198.75 sec) is larger and inversely related to B6 mice inchworming 

together and alone (12.56 sec vs. 16.33 sec) respectively.  Moreover, B6 mice did not engage in a 

different inchworming duration alone than with another mouse (p = .176).  The BTBR strain 

engaged in a significantly higher duration of inchworming behaviour when they were in the 

presence of another mouse than if they were alone (p = .003).  As previously seen, BTBR mice 

inchworm together for a longer duration than B6 (p = .001), they also inchworm for a longer 

duration alone than B6 mice (p = .001).  These results are summarized in Figure 3.5.1 A (N = 

30). 

 The frequency of inchworming was analyzed with the variable of social presence. A two-

way ANOVA revealed that there was a main effect of strain (F (1, 26) = 258.31, p < .001), 

indicating that on average BTBR mice display a significantly higher frequency of inchworming 

(37.00) than B6 mice (3.81) regardless of social presence.  There was also a significant main 
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effect of social presence (F (1, 26) = 6.40, p = .018), indicating that mice tend to display a higher 

frequency alone (23.00) than together (17.78).  The interaction between strain and social 

presence was not significant (F (1, 26) = 0.80, p = .380).  This indicates that the difference in 

inchworming frequency between social presence was the same for B6 alone vs. together (5.50 vs. 

2.13) compared to BTBR (40.50 vs. 33.44).  Post-hoc comparisons showed that there is no 

difference between the frequency of inchworming alone or with a partner mouse for the B6 strain 

(p = .266).  BTBR mice displayed a trend to engage in a higher frequency of inchworming when 

they were alone, although not significantly (p = .051).  At every level of social presence, BTBR 

mice displayed a higher frequency of inchworming (p < .001) than B6 mice. These data are 

represented in Figure 3.5.1 B (N = 30). 

 Latency to inchworm was also analyzed using a two-way ANOVA, which showed a 

significant main effect of strain (F (1, 22) = 262.64, p < .001), indicating that B6 mice displayed 

a longer latency to inchworm averaged over social presence (233.41 sec) than BTBR mice (9.44 

sec).  The main effect of social presence was not significant (F (1, 22) = 0.03, p = .860), 

indicating that averaged over strain the latency to inchworm for paired mice (123.95 sec) and 

mice tested alone (118.90 sec) was not different.  The interaction between strain and social 

presence was not significant (F (1, 22) = 0.42, p = .522).  The non-significant interaction means 

that the difference between B6 latency to inchworm, alone vs. together (221.67 sec vs. 245.14 

sec) is the same as that of BTBR mice (16.13 sec vs. 2.75 sec).  There was no difference between 

the latency to inchworm for B6 mice tested alone or with a partner mouse (p = .741), analyzed 

with a post-hoc follow up.  The BTBR strain displayed a significantly lower latency to inchworm 

when paired with a partner mouse as compared to tested alone (p = .006).  B6 mice display a 

longer latency to inchworm than BTBR, when tested in pairs (p = .001), although not alone (p = 
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.080), which is an effect of group size and variability.  This shows a strain effect and effect of 

social presence on inchworming behaviour (Figure 3.5.1 C) (N = 26).  
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Figure 3.5.1.  Effects of social presence on inchworming behaviour: duration, frequency 

and latency to inchworm 

A.  Mean duration of inchworming for B6 and BTBR mice tested alone and together. 

Post-hoc comparisons showed differences between groups: BTBR alone vs. together (p = .003). 

B.  Mean frequency of inchworming for B6 and BTBR mice tested alone and together. C. Mean 

latency to inchworm for B6 and BTBR mice tested alone and together.  Post-hoc comparisons 

revealed differences between groups: BTBR alone vs. together (p = .006).  Standard error bars 

represent ± 1 standard error from the mean. 
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3.6	   Influence of the Ketogenic Diet on Inchworming Behaviour   

 The ketogenic diet reduces repetitive and stereotyped behaviours in children with ASD 

(Evangeliou et al., 2003).  Moreover, there was a tendency for the ketogenic diet to decrease 

grooming behaviour in BTBR mice.  Therefore, we administered the ketogenic diet to BTBR and 

B6 mice in order to view a possible decrease in inchworming behaviour.  A two-way ANOVA 

was performed on the duration of inchworming for B6 and BTBR mice fed either standard diet 

or ketogenic diet.  There was a significant main effect of strain (F (1, 28) = 114.24, p < .001), 

which indicates that BTBR mice display a significantly higher duration of inchworming (147.41 

sec) compared to B6 mice (9.25 sec) regardless of diet.  There was also a significant main effect 

of diet (F (1, 28) = 10.83, p = .003).  This means that mice on standard diet food display a 

significantly higher duration of inchworming (99.60 sec) than mice on the ketogenic diet (57.06 

sec) averaged over strain.  The interaction between strain and diet was significant as well (F (1, 

28) = 9.12, p = .005), indicating that the difference between B6 inchworming duration on 

standard diet vs. ketogenic diet (11.00 sec vs. 7.5 sec) is smaller than that for BTBR mice 

(188.12 sec v. 106.63 sec).  Post-hoc comparisons revealed that there was no change in the 

duration of inchworming for B6 mice depending on if they were fed standard diet or ketogenic 

diet (p = .447).  There was a significant decrease in the duration of inchworming that BTBR 

mice engaged in when they were fed ketogenic diet rather than standard diet (p = .006).  The 

BTBR strain still engaged in a significantly higher duration of inchworming than B6 mice off (p 

< .001) and on (p = .001) the ketogenic diet.  These results are shown in Figure 3.6.1 A (N = 

32). 

 The relationship between inchworming frequency and diet manipulation was then 

measured.  A two-way ANOVA revealed a significant main effect of strain (F (1, 28) = 149.29, p 



 92 

< .001), indicating that BTBR mice display a higher frequency of inchworming (28.25) 

compared to B6 (2.94) averaged over dietary therapy.  There is also a significant main effect of 

diet (F (1, 28) = 13.77, p = .001), showing that compared to standard diet (19.44), ketogenic diet 

treatment reduced the frequency of inchworming (11.75).  The interaction between strain and 

diet was significant (F (1, 28) = 10.42, p = .003).  This means that the decrease in inchworming 

frequency from standard diet to ketogenic diet treatment was larger in BTBR mice (35.44 vs. 

21.06) than B6 mice (3.44 vs. 2.44).  The B6 strain did not display a difference in inchworming 

frequency between the standard and ketogenic diet conditions (p = .481).  The BTBR strain 

displayed a significantly decreased frequency of inchworming behaviour when fed the ketogenic 

diet as opposed to standard diet (p = .003).  The BTBR strain displayed a higher inchworming 

frequency off (p < .001) and on (p < .001) the ketogenic diet as compared to B6 controls, which 

was significant.  This indicates that there is a decrease in frequency of inchworming behaviour 

for BTBR mice fed the ketogenic diet (Figure 3.6.1 B) (N = 32).   

 The latency to inchworm was analyzed using a two-way ANOVA as a function of diet 

and strain.  The main effect of strain was significant (F (1, 12) = 10.10, p = .008), indicating that 

B6 mice display a longer latency to inchworm (232.63 sec) than BTBR mice (16.75 sec) on 

average.  The main effect of diet was not significant (F (1, 12) = 0.12, p = .739), meaning the 

difference in the latency to inchworm between standard diet (136.25 sec) and ketogenic diet 

therapy (113.13 sec) is not significant, averaged over strain.  The interaction between strain and 

diet was also not significant (F (1, 12) = 0.53, p = .479).  This shows that the difference between 

standard diet and ketogenic diet administration for B6 mice (269.00 sec vs. 196.25 sec) and 

BTBR mice (3.5 sec vs. 30.00 sec) inchworming frequency is not statistically significant.  Post-

hoc comparisons indicated that there was no effect on the latency to inchworm for the B6 strain 
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dependent on diet (p = .346).  The ketogenic diet did not increase the latency to inchworm for 

BTBR mice compared to standard diet food (p = .111).  Moreover, off (p < .001) and on (p = 

.008), the ketogenic diet B6 mice display a longer latency to inchworm than BTBR mice, which 

was significant.  Overall, this indicates that there is no net effect of ketogenic dietary therapy on 

the latency to inchworm for both strains of mice (Figure 3.6.1 C) (N = 16).   
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Figure 3.6.1.  Effects of ketogenic diet administration on inchworming behaviour: duration, 

frequency and latency to inchworm 

A.  Mean duration of inchworming for B6 and BTBR mice fed either a standard or 

ketogenic diet.  Post-hoc comparisons indicated differences between groups: BTBR standard diet 

vs. ketogenic diet (p = .006). B.  Mean frequency of inchworming for B6 and BTBR mice fed 

either a standard or ketogenic diet.  Post-hoc comparisons indicated differences between groups: 

BTBR standard diet vs. ketogenic diet (p = .003). C.  Mean latency to inchworm for B6 and 

BTBR mice fed either a standard or ketogenic diet, standard error bars represent ± 1 standard 

error from the mean. 
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3.7	  	  	  	  	  	  	  	  Influence of Fluoxetine on Inchworming Behaviour  

 Fluoxetine is used to reduce repetitive behaviour in children with ASD and reduces 

digging behaviour in mice.  Here, fluoxetine was used in order to view possible effects on 

inchworming behaviour.  The duration of inchworming between B6 and BTBR mice given either 

a saline or fluoxetine solution was analyzed using a two-way ANOVA.  The main effect of strain 

was significant (F (1, 26) = 137, p < .001), indicating that BTBR mice display a higher 

inchworming duration (143.06 sec) than B6 mice (3.25 sec) averaged over drug administration.  

The main effect of drug treatment was also significant (F (1, 26) = 15.96, p < .001), indicating 

that the duration of inchworming as lower for mice administered fluoxetine (49.31 sec) than 

saline (97.00 sec).  The interaction between strain and diet was also significant (F (1, 26) = 

15.63, p = .001).  This means that fluoxetine treatment reduced inchworming duration 

significantly more (95.63 sec) than saline injections (190.50 sec) for BTBR mice than B6 

counterparts (3.00 sec vs. 3.50 sec) respectively.  Furthermore, post-hoc comparisons revealed 

that there was no effect on inchworming duration between the saline and fluoxetine treated 

groups of B6 mice (p = .809).  The BTBR strain showed a decrease in inchworming duration 

when treated with fluoxetine as compared to saline (p = .001).  Regardless of whether the mice 

were treated with saline (p < .001) or fluoxetine (p < .001), BTBR mice displayed a significantly 

higher duration of inchworming behaviour compared to B6 mice.  These results are represented 

in Figure 3.7.1 A (N = 30). 

 The frequency of inchworming was analyzed next. A two-way ANOVA indicated that 

there was a main effect of strain (F (1, 26) = 73.00, p < .001), this means that averaged over drug 

treatment BTBR mice still display a higher frequency of inchworming (30.41) than B6 mice 

(1.66).  There was no significant main effect of drug (F (1, 26) = 2.15, p = .154), indicating that 
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saline (18.50) and fluoxetine (13.56) treatments did not differ in the frequency of inchworming 

averaged over strain.  The interaction between strain and drug was not significant (F (1, 26) = 

1.99, p = .170), indicating that the difference between B6 mice receiving saline (1.75) vs. 

fluoxetine (1.56) in inchworming frequency did not differ from that of BTBR mice (35.25 vs. 

25.56) respectively.  The post-hoc comparisons displayed that there was no effect of drug 

treatment on B6 mice (p = .897).  The fluoxetine treatment did not decrease the frequency of 

inchworming in BTBR mice as compared to the saline treated group (p = .141).  Overall, BTBR 

mice displayed a higher frequency of inchworming compared to B6 in the saline treated group (p 

< .001), and the fluoxetine treated group (p < .001).  These results are shown in Figure 3.7.1 B 

(N = 30). 

 The effect of drug treatment on the latency to inchworm for B6 and BTBR mice was 

analyzed using a two-way ANOVA.  There was a significant main effect of strain (F (1, 23) = 

39.23, p < .001), indicating that B6 mice displayed a longer latency to inchworm (203.27 sec) 

than BTBR mice on average (37.88 sec).  The main effect of drug treatment was not significant 

(F (1, 23) = 0.02, p = .891), which means that mice injected with saline (118.75 sec) as opposed 

to fluoxetine (122.39 sec) did not differ significantly in the latency to inchworm.  The interaction 

between strain and drug treatment was also not significant (F (1, 23) = 0.05, p = .834).  This 

means that the difference between the latency to inchworm for B6 mice given saline (204.25 sec) 

or fluoxetine (202.27 sec) was not significantly different from BTBR mice (33.25 sec vs. 42.50 

sec).  The individual trends displayed that there was no effect of drug treatment between saline 

and fluoxetine for either B6 or BTBR mice (p = .972) and (p = .724) respectively.  In both 

categories B6 mice displayed a higher latency to inchworm than BTBR for the saline (p = .026) 
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and fluoxetine (p = .001) injections.  This indicates that fluoxetine treatment does not influence 

the latency to inchworm for the B6 or BTBR strains (Figure 3.7.1 C) (N = 27). 

 The results of ketogenic diet administration and fluoxetine injections are summarized and 

compared in Figure 3.7.2. A, B, and C.  A one-way ANOVA revealed that BTBR mice did not 

exhibit a difference in the reduction of inchworming duration when fed either the ketogenic diet 

or fluoxetine injections (p = .617).  Furthermore, there was no difference in the reduction in 

inchworming frequency displayed by BTBR mice fed either the ketogenic diet or injected with 

fluoxetine (p = .340).  This indicates that they have relatively the same efficacy for reducing 

inchworming behaviour. 
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Figure 3.7.1.  Effects of fluoxetine administration on inchworming behaviour: duration, 

frequency and latency to inchworm  

A.   Mean duration of inchworming for B6 and BTBR mice injected with either a saline 

control solution or fluoxetine.  Post-hoc comparisons displayed differences between groups: 

BTBR saline vs. fluoxetine (p = .001). B.  Mean frequency of inchworming for B6 and BTBR 

mice injected with either a saline control solution or fluoxetine. C.  Mean latency to inchworm 

for B6 and BTBR mice injected with either a saline control solution or fluoxetine.  Standard 

error bars represent ± 1 standard error from the mean. 
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Figure 3.7.2.  Effects of the ketogenic diet compared to fluoxetine administration on 

inchworming behaviour: duration, frequency and latency to inchworm  

A.  Mean duration of inchworming for B6 and BTBR mice fed either standard or 

ketogenic diet, compared to mice injected with either a saline control solution or fluoxetine.  

Post-hoc comparisons displayed differences between groups: BTBR standard diet vs. ketogenic 

diet (p = .006), BTBR saline vs. fluoxetine (p = .001). B.  Mean frequency of inchworming for 

B6 and BTBR mice fed either standard or ketogenic diet, compared to mice injected with either a 

saline control solution or fluoxetine.  Post-hoc comparisons showed differences between groups: 

BTBR standard diet vs. ketogenic diet (p = .003). C.  Mean latency to inchworm for B6 and 

BTBR mice fed either standard or ketogenic diet, compared to mice injected with either a saline 

control solution or fluoxetine.  Standard error bars represent ± 1 standard error from the mean. 
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3.8 Possible Synergistic Effects of Chronic Ketogenic Diet Therapy and Acute 
 Fluoxetine Injections on Inchworming Behaviour	  

 Ketogenic diet therapy and fluoxetine both reduce repetitive behaviour in children with 

ASD, as well as repetitive behaviour in the BTBR mouse model of ASD.  Chronic ketogenic diet 

treatment and an acute injection of fluoxetine or saline control were administered to B6 and 

BTBR mice.  This was utilized in order to view a possible synergistic effect of these treatments, 

revealing perhaps an underlying common mechanism.  First, a two-way ANOVA was conducted 

to view the relationship between ketogenic diet treatment and a saline or fluoxetine injection on 

the duration of inchworming behaviour.  This indicated a significant main effect of strain (F (1, 

27) = 441.85, p < .001).  This shows that BTBR mice engaged in a significantly higher duration 

(190.25 sec) of inchworming than B6 mice (4.84 sec) on the ketogenic diet regardless of drug 

treatment.  There was also a significant main effect of drug treatment (F (1, 27) = 34.55, p < 

.001), showing that mice that received fluoxetine (123.47 sec) engaged in a significantly higher 

duration of inchworming than the ones who received saline (71.63 sec).  The interaction between 

strain and drug treatment was significant (F (1, 27) = 26.80, p < .001).  This means that 

fluoxetine injections increased inchworming duration in BTBR mice (239.00 sec) as compared to 

saline (141.50 sec) significantly more than fluoxetine induced a longer duration of inchworming 

in B6 mice (7.94 sec) as compared to saline injection (1.75sec).  The post-hoc comparisons 

revealed that there was no difference between B6 mice fed the ketogenic diet that received saline 

or fluoxetine in duration of inchworming (p = .158).  Unexpectedly, BTBR mice fed the 

ketogenic diet that received an acute fluoxetine injection displayed a significant increase in the 

duration of inchworming behaviour (p < .001).  The BTBR strain engaged in a longer duration of 

inchworming as compared to B6 mice for both saline (p < .001), and fluoxetine treated groups (p 
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< .001).  This indicates that an acute fluoxetine injection increases inchworming duration after 

ketogenic diet treatment only for the BTBR strain (Figure 3.8.1 A) (N = 31).   

 The frequency of inchworming for each strain fed the ketogenic diet and given an acute 

injection of either saline or fluoxetine was compared.  A two-way ANOVA analysis indicated 

that there was a main effect of strain (F (1, 27) = 333.33, p < .001).  This indicates that BTBR 

mice engaged in a higher frequency of inchworming (41.07) than B6 mice on the ketogenic diet 

(1.31) regardless of drug injection.  There was also a significant main effect of drug treatment (F 

(1, 27) = 10.51, p = .003), signifying that mice injected with fluoxetine (24.72) displayed a 

higher frequency of inchworming than mice injected with saline (17.66).  The interaction 

between strain and drug treatment was significant (F (1, 27) = 7.42, p = .011).  This means that 

fluoxetine injections increased inchworming frequency in BTBR mice (47.56) as compared to 

saline (34.57) significantly more than fluoxetine induced a higher frequency of inchworming in 

B6 mice (1.88) as compared to saline injections (0.75).  Post-hoc comparisons revealed that there 

was no effect of drug treatment on inchworming frequency in B6 mice fed the ketogenic diet (p 

= .237).  Nevertheless, there was a significant increase in the frequency to inchworm for BTBR 

mice given an acute injection of fluoxetine as compared to saline (p = .011).  The BTBR mice 

engaged in a higher frequency of inchworming as compared to B6 mice for both saline (p < .001) 

and fluoxetine injections (p < .001).  These results are summarized in Figure 3.8.1 B (N = 31). 

 Lastly, the latency to inchworm for B6 and BTBR mice fed the ketogenic diet and 

injected with either saline or fluoxetine was analyzed with a two-way ANOVA.  There was a 

significant main effect of strain (F (1, 20) = 232.49, p = .042).  This means that B6 mice 

displayed a longer latency to inchworm (290.42 sec) than BTBR mice (2.94 sec) on the 

ketogenic diet averaged over drug treatment.  The main effect of drug was not significant (F (1, 
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20) = 1.49, p = .437), which indicates that latency to inchworm did not change due to drug 

treatment, saline (158.17 sec) and fluoxetine (135.19 sec) respectively.  The interaction between 

strain and drug treatment was also not significant (F (1, 20) = 0.36, p = .555).  This indicates that 

fluoxetine injections did not change the latency to inchworm in BTBR mice (0.88 sec) as 

compared to saline (5.00 sec) significantly from B6 mice, fluoxetine (269.50 sec) vs. saline 

(311.33 sec).  The post-hoc comparisons indicate that there is no difference in the latency to 

inchworm for B6 and BTBR mice fed the ketogenic diet and injected with either saline or 

fluoxetine (p = .639) and (p = .231) respectively.  Furthermore, B6 mice did not display a longer 

latency to inchworm compared to BTBR mice in the saline treated group (p = .052), although 

this is due to high variability.  The B6 strain did display a longer latency to inchworm as 

compared to BTBR mice in the fluoxetine drug treatment (p = .003) (Figure 3.8.1 C) (N = 24).  
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Figure 3.8.1.  The effects of chronic ketogenic diet therapy with an acute fluoxetine 

injection: duration, frequency and latency to inchworm 

A.  Mean duration of inchworming for B6 and BTBR mice fed the ketogenic diet and 

injected with either a saline control solution or fluoxetine.  Post-hoc comparisons displayed a 

difference between groups: BTBR ketogenic diet and saline vs. ketogenic diet and fluoxetine (p 

< .001). B.  Mean frequency of inchworming for B6 and BTBR mice fed the ketogenic diet and 

injected with either a saline control solution or fluoxetine.  Post-hoc comparisons indicated a 

difference between groups: BTBR ketogenic diet and saline vs. ketogenic diet and fluoxetine (p 

= .011). C.  Mean latency to inchworm for B6 and BTBR mice fed the ketogenic diet and 

injected with either a saline control solution or fluoxetine.  Standard error bars represent ± 1 

standard error from the mean. 
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3.9	   Motor Map Expression in BTBR and B6 Mice and Effects of the Ketogenic Diet  

 The ketogenic diet has been used to treat intractable epilepsy and the behavioural 

symptoms of autism (Evangeliou et al., 2003; Masino & Rho, 2012).  One hypothesized 

mechanism for its efficacy is that it decreases cortical excitability and excitatory neurotransmitter 

flux (Cantello et al., 2007).  Motor maps have been shown to be affected by excitatory and 

inhibitory factors as well as behavioural correlates.  Therefore, we decided to look at the motor 

map size of both B6 and BTBR mice off and on the ketogenic diet.  This would allow analysis of 

any strain differences as well as changes due to ketogenic diet therapy administered over a 

developmentally relevant window.  Apparent map size was analyzed using a two-way ANOVA 

and displayed a significant main effect of strain (F (1, 26) = 16.03, p < .001).  This means that on 

average BTBR mice displayed a larger map area (4.82 µm) than B6 mice (3.15 µm).  The main 

effect of diet was not significant (F (1, 26) = 2.71, p = .112), indicating that the ketogenic diet 

did not significantly decrease map area (3.64 µm) as compared to standard diet treatment (4.33 

µm) averaged over strain.  There was a significant interaction between strain and diet (F (1, 26) 

= 4.54, p = .043).  This means that ketogenic diet treatment (4.03 µm) decreased apparent map 

area in BTBR mice as compared to standard diet food (5.61 µm) more than B6 mice on the 

ketogenic diet (3.25 µm) vs. standard diet food (3.05 µm).  Specifically, B6 mice had 

significantly smaller maps than BTBR mice (p < .001).  When B6 mice were fed the ketogenic 

diet compared to standard diet food there was no significant change in apparent map size (p = 

.742).  When BTBR mice were fed the ketogenic diet, compared to standard diet, there was a 

significant reduction in apparent map size (p = .017).  Interestingly, this led to the conclusion 

that BTBR mice fed the ketogenic diet did not differ significantly from B6 mice fed standard diet 

food (p = .090), on apparent map size.  Overall, this indicates that the ketogenic diet reduces 
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apparent map size for BTBR mice while not affecting B6 apparent map size (Figure 3.9.2 A) (N 

= 30).  A representative motor map from each treatment group is represented in Figure 3.9.1. 

 Movement thresholds were analyzed using a two-way ANOVA.  The main effect of 

strain was not significant (F (1, 26) = 2.17, p = .646), indicating that B6 (30.97 µA) and BTBR 

mice (29.78 µA) do not have different movement thresholds, averaged over diet treatment.  The 

main effect of diet was also not significant (F (1, 26) = 2.53, p = .123), which shows that mice on 

standard diet food (28.34 µA) do not have thresholds significantly different from mice on 

ketogenic diet treatment (32.42 µA) averaged over strain.  The interaction between strain and 

diet was significant.  This indicates that the ketogenic diet increases movement thresholds for 

BTBR mice (35.68 µA) as compared to standard food (23.88 µA) more and inversely to that of 

B6 mice on ketogenic (29.15 µA) vs. standard diet food (32.80 µA).  Specifically, B6 mice on 

standard diet food have higher movement thresholds than BTBR mice on standard diet food (p = 

.046).  When B6 mice were fed the ketogenic diet compared to standard diet there was no 

significant difference in movement thresholds (p = .394).  When BTBR mice were fed the 

ketogenic diet and compared to standard diet there was a significant increase in movement 

thresholds (p = .002).  Interestingly, this led to the conclusion that BTBR mice fed the ketogenic 

diet did not differ significantly from B6 mice fed standard diet (p = .489) on movement 

thresholds.  To disclose, one BTBR mouse was removed from the full analysis due to lying two 

standard errors from the mean outside of each parameter.  These results indicate that the 

ketogenic diet reduces movement thresholds for BTBR mice while not affecting B6 movement 

thresholds (Figure 3.9.2 B). 

 



 110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 111 

Figure 3.9.1.  Ketogenic diet treatment and motor mapping: representative map area 

 Representative map areas for B6 and BTBR mice off and on the ketogenic diet. 
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Figure 3.9.2.  Ketogenic diet treatment and motor mapping: apparent map area and 

movement thresholds 

A.  Apparent map area for B6 and BTBR mice fed either standard or ketogenic diet.  

Post-hoc comparisons revealed differences between groups: B6 vs. BTBR on standard diet food 

(p < .001), BTBR standard diet vs. BTBR ketogenic diet (p = .017). B.  Movement thresholds for 

B6 and BTBR mice fed either standard or ketogenic diet.  Post-hoc comparisons displayed 

differences between groups: B6 vs. BTBR standard diet (p = .046), BTBR standard diet vs. 

ketogenic diet (p = .002).  Standard error bars represent ± 1 standard error from the mean. 
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CHAPTER 4:  GENERAL DISCUSSION 

The first aim of this thesis was to investigate the behavioural face validity of the BTBR 

mouse model of autism and further determine that this model displays strong phenotypic ties to 

ASD.  We hypothesized that BTBR mice would engage in less social behaviour and increased 

motor stereotypies.  This was done by analyzing the behaviour of B6 and BTBR mice in the 

three-chambered social approach test as well as establishing inchworming parameters. 

Furthermore, by quantifying inchworming behaviour, I have created a new behavioural scoring 

mechanism and protocol for investigating repetitive behaviour in mice.  This is analogous to 

lower order motor stereotypies viewed in ASD.   

The second aim of this thesis was to use dietary therapy and pharmacological 

intervention to view therapeutic effects on social and repetitive behaviour seen in the BTBR 

mouse model of autism.  We hypothesized that dietary and pharmacological treatment would 

rescue social behaviour and decrease repetitive motor stereotypies.  Investigating ketogenic diet 

administration on behaviour in the three-chambered social approach test, as well as inchworming 

test, helped to characterize dietary influences.  Furthermore, fluoxetine was administered to 

determine if there was an influence of pharmacotherapy on inchworming behaviour.  Lastly, 

ketogenic diet treatment and fluoxetine injections were used concurrently in order to establish if 

there was a synergistic effect of these interventions on inchworming, possibly due to a common 

mechanism. 

The third aim of this thesis was to investigate basal forelimb motor map expression in B6 

and BTBR mice, enabling us to view strain differences in cortical excitability and M1 forelimb 

expression.  We hypothesized that BTBR mice would have larger apparent map areas and 
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decreased movement thresholds compared to B6 mice, which would be reversed with ketogenic 

diet treatment.  This is interesting because individuals with ASD display alterations in M1, and 

altered motor map expression can correlate with abnormal behaviour (DiCicco-Bloom et al., 

2006; Mostofsky et al., 2007; Nebel et al., 2012) which may be a relevant underpinning of 

inchworming.  Furthermore, we used ketogenic diet therapy to investigate its effects on cortical 

development and network expression in B6 and BTBR mice.  

The results discussed here will lead to a better understanding of ASD mouse models, 

repetitive behaviour, dietary therapy, pharmacologic intervention, dietary effects on cortical 

development and integrative treatments applied to ASD.  I believe this creates a strong case to 

further validate the use of BTBR mice as an animal model of autism.  Lastly, it illuminates 

possible mechanistic underpinnings of the ketogenic diet, repetitive behaviours, 

pharmacotherapy in ASD as well as differences in cortical excitability and development. 

 

4.1 Three-Chambered Social Approach Test  

 Deficits in social approach and investigation in BTBR mice have been well documented 

in the prior literature (Defensor et al., 2011; McFarlane et al., 2008; S S Moy et al., 2004; Pobbe 

et al., 2010; Yang et al., 2012).  Our original goal was to reproduce these results in our BTBR 

mice to ensure they displayed an autistic phenotype before commencing subsequent testing.  Our 

investigation of the three-chambered test displayed similar results indicating that B6 mice spend 

significantly more time with the novel mouse than in the opposite chamber.  They also spend 

significantly more time with the stranger mouse than the BTBR strain.  Moreover, BTBR mice 

spend significantly more time in the opposite chamber than with the novel mouse, and more time 
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in the opposite chamber than the B6 strain.  These results indicate that B6 mice display increased 

measures of social approach behaviour as compared to BTBR mice, which display social 

avoidance (Figure 3.1.1).  This is an important behavioural quantification because it indicates 

that BTBR mice actively avoid social interaction, a hallmark of ASD.  

 The B6 strain also engaged in significantly more time sniffing the novel mouse enclosure 

and engaging in nose pokes through the bars than the BTBR strain (Figure 3.1.2 C, B).  This 

also strengthens the assertion that BTBR mice display decreased social behaviour as compared to 

the control background strain.  Lastly, B6 mice engaged in less time grooming than BTBR mice 

in the three-chambered test (Figure 3.1.2 A).  Earlier work states that this is a measure of 

repetitive behaviour (Amodeo et al., 2012; Pearson et al., 2011) characterized as a lower order 

motor stereotypy.  Taken together, this test establishes that BTBR mice not only display 

decreased social behaviour and social investigation of a novel partner, but they show increased 

cognitive inflexibility and repetitive behaviours.  These are all important in characterizing a 

mouse model of ASD.  Due to these robust results our lab group decided to go ahead with using 

this model. 

4.1.2 Ketogenic Diet Influence Over Social Behaviour and Repetitive Grooming in the 

 Three-Chambered Social Approach Test 

 Ketogenic dietary therapy has been used for years to treat intractable epilepsy, and is just 

starting to gain notice for its effects on cognition and behaviour (Evangeliou et al., 2003; 

Liebhaber et al., 2003).  One of the first indications that the ketogenic diet could be beneficial for 

autistic behaviours was from a case study indicating that the dietary therapy not only leads to a 

marked reduction in seizure frequency but also better performance in social behaviour in Rett 
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syndrome (Liebhaber et al., 2003).  This prompted further investigation into using the ketogenic 

diet for behaviour and epileptic conditions.  A study was conducted by Mantis et al., (2009) on 

mice with Rett syndrome (MECP2 deletion) fed the ketogenic diet.  Mice on the ketogenic diet 

displayed reduced seizures, increased exploratory behaviour and better motor function (Mantis et 

al., 2009).  Next, a small clinical study indicated that ketogenic diet administration to children 

with autism displayed a reduction in autistic behaviour, improvement in school performance and 

concentration (Evangeliou et al., 2003).  Interestingly these results were also seen after 

discontinuing the diet as seen in epilepsy (Evangeliou et al., 2003). 

Our lab decided to run a similar study with B6 and BTBR mice fed a comparable 

ketogenic diet over a clinically relevant developmental window using the three-chambered social 

approach test.  Initial behavioural analysis of mice fed standard diet food indicates similar results 

to that discussed above (Figure 3.2.1 A).  When tested on the ketogenic diet, B6 mice still spent 

significantly more time in the chamber with the novel mouse as well as significantly more time 

with the novel mouse than BTBR mice on the ketogenic diet (Figure 3.2.1 B).  This indicates 

that ketogenic diet administration does not affect social behaviour in the control strain, as 

expected (Figure 3.2.2 A).  There was an increase in the amount of time BTBR mice spent in the 

chamber with the novel mouse as compared to the opposite chamber when on ketogenic diet, 

although this was not significant.  Furthermore, BTBR mice still spent significantly more time in 

the chamber opposite to the stranger mouse.  This shows that there was a slight increase in the 

amount of time BTBR mice spent with the novel mouse although not significantly, indicating a 

minor improvement in social behaviour (Figure 3.2.2 B).   

Both B6 and BTBR mice on the ketogenic diet displayed a decrease in grooming 

frequency and duration although not significantly (Figure 3.2.3 A, B).  This indicates that 
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ketogenic diet therapy slightly improves this repetitive behaviour in both strains of mice.  The 

most drastic improvement in social behaviour was presented in the mean time sniffing the novel 

mouse enclosure for BTBR mice.  The BTBR strain displayed significant increases in the 

amount of time they spent sniffing the novel mouse enclosure when fed the ketogenic diet as 

compared to standard diet (Figure 3.2.4 A).  There was no effect on this behaviour in B6 mice. 

Interestingly, there was a significant decrease in the frequency of nose poke behaviour that B6 

mice displayed on the ketogenic diet as compared to standard diet.  The BTBR strain displayed a 

minor increase in this behaviour, although this was not significant (Figure 3.2.4 B).  All B6 mice 

on and off the ketogenic diet still engaged in significantly higher amounts of social investigation 

and decreased grooming behaviour as compared to BTBR mice on and off the ketogenic diet. 

Mice on the ketogenic diet do not gain as much weight over development compared to 

counterparts fed standard diet food.  To ensure that the results displayed here are not an artefact 

of energy level we tracked the number of entries and exits made by each group of mice.  There 

was no significant difference for B6 or BTBR mice on or off the ketogenic diet (Figures 3.2.5 A, 

B).    

These results indicate that there is a minor improvement in social behaviour in the BTBR 

strain when fed ketogenic diet food.  Interestingly, there was a marked improvement in the mean 

time sniffing the enclosure when BTBR mice were fed ketogenic diet food.  This is a measure of 

direct interaction initiated by the subject mouse.  Furthermore, this parameter may hold more 

weight as an indication of increased social behaviour, for the time spent in each chamber is a 

social parameter based on affiliation and not direct contact.  Overall, ketogenic diet 

administration did not seem to change B6 sociability.  It is interesting that there was a significant 

decrease in nose poke frequency displayed by B6 mice fed ketogenic diet food.  This may be due 
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to decreased general health displayed by B6 mice on dietary therapy.  Alternatively, this may 

indicate that ketogenic diet food has negative effects on this strain while promoting positive 

social behaviour in BTBR mice. 

This test revealed that there were positive effects on social and repetitive behaviour 

displayed by BTBR mice, although many of the parameters were not significantly changed. 

Original analysis of BTBR behaviour indicated that there is a spectrum of social and repetitive 

behaviour in this strain with some mice presenting worse than others.  It has been reported that 

children with moderate to mild autistic symptoms fare better on ketogenic diet therapy than 

children with severe ASD (Evangeliou et al., 2003).  It could also be possible that mice fed the 

ketogenic diet reaped differential benefits exhibited by social performance and repetitive 

behaviours in this study as well.  This would lead to higher variability in the sample and weaker 

trends.  An alternative hypothesis could be that variation in blood ketone levels produced 

behavioural variability in the sample.  Further investigation into the behavioural and neurological 

benefits of ketogenic diet therapy is warranted to establish its efficacy and is therefore 

investigated in the following experiments.       

 

4.2 Inchworming Behaviour 

The juvenile play test is commonly used to measure decreased and abnormal social 

interaction, which is a hallmark feature of ASD (Bolivar et al., 2007; McFarlane et al., 2008; 

Pobbe et al., 2010).  When tested in the juvenile play test BTBR mice display decreased 

reciprocal social interaction as compared to B6 controls (McFarlane et al., 2008; Pobbe et al., 

2010).  As discussed above, when tested here in our juvenile play test BTBR mice engaged in a 
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novel repetitive motor behaviour that was so pervasive it masked any social interaction.  I 

believe this occurred due to the increased amount of aspen chip bedding used in our experiment 

(Figure 1.4.1.2) (Deacon, 2006).   

Our lab termed this behaviour inchworming due to the nature of movements displayed.  It 

is defined as at least one synchronous movement of the fore- and hindlimbs inwards followed by 

a synchronous movement outwards effectively displacing the aspen chip bedding at the bottom 

of the enclosure (Figure 1.5.3.1).  Moreover, inchworming is usually observed multiple times in 

a row rather than a single isolated event, while moving horizontally across the floor of the 

enclosure.  It resembles digging behaviour (Deacon, 2006; Dudek et al., 1983; Thomas et al., 

2009; Webster et al., 1981), although displayed in a highly synchronous and repetitive manner.  

Digging is defined as movements of the snout and/or paws to displace bedding materials and is 

usually viewed as a stationary event (Dudek et al., 1983; Thomas et al., 2009). 

The marble burying test examines the tendency of an animal to displace bedding material 

using the snout and forepaws in order to mask an object (Deacon, 2006; Thomas et al., 2009).  It 

is thought that this test measures compulsive stereotypic behaviour that occurs in response to 

aversive stimuli (Deacon, 2006; Thomas et al., 2009).  Thomas et al., (2009) indicates that 

digging behaviour, involved in marble burying may be a more sensitive parameter of repetitive 

behaviour in mice.  Furthermore, digging has been used as a variable to measure repetitive 

behaviour in mouse models of ASD (Deacon, 2006; Dudek et al., 1983; Pearson et al., 2011; 

Roullet & Crawley, 2011; Silverman et al., 2010; Webster et al., 1981). 

Marble burying, digging, and juvenile play are already established behavioural 

parameters for measuring ASD characteristics in animal models.  Therefore, inchworming 
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behaviour complements established measures of repetitive behaviour and provides a novel 

classification of lower order motor stereotypies viewed in ASD (Lewis et al., 2007; Roullet & 

Crawley, 2011; Silverman et al., 2010). 

When quantified, BTBR mice displayed a significantly higher duration of inchworming 

than B6 control mice (Figure 3.3.1 A).  They also engaged in inchworming behaviour more 

frequently than B6 counterparts (Figure 3.3.1 B).  Furthermore, B6 mice displayed a longer 

latency to inchworm than BTBR mice (Figure 3.3.1 C).  The method of scoring was adapted 

from digging literature which indicates that the duration and frequency to dig is inversely related 

to the latency to display the behaviour (Webster et al., 1981).  This trend was displayed here and 

indicates that the BTBR strain engages in a higher duration and frequency of inchworming 

sooner than B6 mice. 

The BTBR strain also displays higher levels of invariant grooming and cognitive 

inflexibility on choice tasks (Defensor et al., 2011; Pearson et al., 2011), this may indicate that 

inchworming is due to inherent cognitive inflexibility.  Overall, this new behaviour and 

experimental protocol help to further validate the BTBR mouse as a robust model of ASD.  

Moreover, this protocol is a valuable tool for the analysis of repetitive motor behaviours relevant 

to developmental disorders. 

4.2.1 Developmental Effects on Inchworming Behaviour 

 Autism is a neurodevelopmental disorder with symptoms usually presenting around 2-4 

years of age (Courchesne et al., 2007; Currenti, 2010; Rubenstein & Merzenich, 2003).  This is a 

critical time for the development of social cognition, language, emotion, attention and 

communication skills, all of which are affected in ASD (Courchesne et al., 2007).  So it comes as 
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no surprise that early intervention leads to better social, cognitive and developmental outcomes 

(Beversdorf, 2008; Goin‐Kochel et al., 2007; Honey et al., 2008).  Furthermore, children with 

ASD display increased symptom severity including the exaggeration of repetitive behaviour over 

time (DiCicco-Bloom et al., 2006; Honey et al., 2008; Soorya et al., 2008).  Our lab investigated 

the developmental trajectory of inchworming behaviour to determine whether there was 

worsening of symptoms over development. 

 The inchworming experiment was replicated over three developmental time points, p21 

the day of weaning and the earliest day available to investigate social behaviour.  The second 

stage was conducted at p35 then p60, which are juvenile and adulthood stages of development, 

respectively.  Interestingly, there was a substantial increase in inchworming duration for BTBR 

mice over developmental time.  The largest significant jump was from p21 to p35, where there 

was no further increase in duration from p35 to p60. This indicates that over development, 

inchworming behaviour displays face validity to the worsening of motor stereotypies seen in 

ASD (DiCicco-Bloom et al., 2006; Honey et al., 2008; Soorya et al., 2008).  Furthermore, 

children with ASD display a period of normal development followed by a significant decrease in 

functioning (Cantello et al., 2007; Courchesne et al., 2007).  The increase in inchworming 

duration displayed by BTBR mice might correspond to the progressive decline viewed in ASD. 

This observation could allow for insight into mechanisms behind this developmental decline. 

The B6 control strain did not display any change in inchworming duration from p21 to 

p35, but a significant reduction in the duration of inchworming from p35 to p60.  This is a 

fascinating trend, for BTBR mice also engage in peak inchworming duration at p35.  It has been 

reported before that digging behaviour is genetically regulated and that some strains engage in 

higher levels than others (Dudek et al., 1983).  To my knowledge though, this is the first time 
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that a developmental trend has been recorded.  Lastly, BTBR mice display significantly higher 

inchworming duration at every stage of development as compared to B6 controls (Figure 3.4.1 

A).   

There was also an impressive increase in the frequency of inchworming behaviour 

displayed by BTBR mice over development.  They engaged in a higher frequency of 

inchworming from p21 to p35 and p35 to p60.  The increase in frequency and stabilization of 

duration at p60 indicates that BTBR mice are engaging in longer bouts of inchworming at p35 

than they are at p60.  This may reflect a developmental difference in cognitive flexibility.  There 

was no trend in inchworming frequency for B6 mice and BTBR mice engaged in a higher 

frequency of the behaviour at every developmental time point (Figure 3.4.1 B).  

Lastly, there was a significant decrease in the latency to inchworm for BTBR mice over 

developmental time, which correlates to a significant decrease in the latency to inchworm from 

p21 to p35.  This follows the pattern displayed that there is an inverse relationship between the 

duration and frequency of inchworming to the latency to engage in the behaviour.  There was no 

significant developmental trend in the latency to inchworm for B6 mice (Figure 3.4.1 C). 

These results indicate that there is worsening of repetitive behaviour in the BTBR mouse 

model of autism over development, also seen in individuals with ASD.  The data strongly 

support the BTBR model as a relevant animal model of ASD.  Furthermore, the worsening of 

symptoms seen here can help shed light on when and why there is such a large functional decline 

viewed in children with developmental disorders.  It is hard to correlate animal ages with that of 

human development but the increase in inchworming behaviour from p21 to p35 may indicate 
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that critical time of development where deregulation leads to a decline in functioning 

(Courchesne et al., 2007). 

4.2.2 Social Influence on Inchworming Behaviour 

Autistic children display decreased communication and social functioning as well as 

increased social anxiety (Pobbe et al., 2011; Rodgers et al., 2012). This triggers motor 

stereotypies in anxiety provoking situations and has a significant impact on education, social 

interaction and communication (Rodgers et al., 2012; Soorya et al., 2008).  Furthermore, the 

BTBR mouse model of autism displays exaggerated social anxiety in the three-chambered test 

(Defensor et al., 2011; Pobbe et al., 2011) correlated with increased repetitive grooming.  They 

also display hippocampal abnormalities which effect emotional response in anxiety provoking 

situations (Deacon & Rawlins, 2005).  Therefore, it has been hypothesized that social anxiety 

may be a trigger for repetitive behaviour in ASD, as well as mouse models of ASD (Honey et al., 

2008; Pobbe et al., 2011; Rodgers et al., 2012). 

To further classify inchworming as a novel motor stereotypy relevant to repetitive 

behaviours in ASD we evaluated effects of social presence on the duration, frequency and 

latency to inchworm.  As indicated here, BTBR mice engaged in a significantly higher 

inchworming duration when in the presence of a partner mouse than tested alone (Figure 3.5.1 

A).  Furthermore, they display a higher frequency of inchworming when paired, although this 

trend was not significant (Figure 3.5.1 B).  Lastly, the BTBR strain also displayed a significant 

decrease in the latency to inchworm when tested together rather than alone (Figure 3.5.1 C).  

There was no effect of social presence on B6 mice. 
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Taken together, these data indicate that BTBR mice engage in a higher level of 

inchworming behaviour when in the presence of a partner mouse than tested alone.  Therefore, 

inchworming behaviour is exaggerated by the presence of a partner mouse.  Considering the 

prior literature on social anxiety in this strain, these data present a strong case that the increase in 

inchworming behaviour may arise from social anxiety.  Furthermore, this could be analogous to 

the increase in motor stereotypies resulting from anxiety viewed in children with ASD (Rodgers 

et al., 2012).  These results help to further the face validity of BTBR mice to ASD behavioural 

correlates. 

4.2.3 Influence of the Ketogenic Diet on Inchworming Behaviour	  	   

 Ketogenic diet therapy has a positive influence on social functioning, cognition and 

repetitive behaviour when given to children with ASD (Evangeliou et al., 2003).  Therefore, we 

utilized the ketogenic diet and administered it to BTBR and B6 mice.  The three-chambered test 

results indicated a minor positive effect on reducing grooming behaviour which is taken to be a 

repetitive motor stereotypy in this strain (Amodeo et al., 2012; Pearson et al., 2011).  It was 

reasonable to hypothesize that the ketogenic diet could have a positive effect to reduce 

inchworming behaviour.  Our lab ran the inchworming test with mice on the ketogenic and 

standard diet. 

 Remarkably, ketogenic diet therapy significantly reduced inchworming duration and 

frequency for BTBR mice as compared to counterparts fed standard diet food (Figure 3.6.1 A, 

B).  There was a slight increase in the latency to inchworm when the BTBR strain was fed 

ketogenic diet food, although not significantly (Figure 3.6.1 C).  There was no effect of 

ketogenic diet administration on B6 inchworming parameters.  These results indicate a positive 
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effect of ketogenic diet therapy to reduce repetitive behaviour in BTBR mice, also seen in 

children on ketogenic diet therapy (Evangeliou et al., 2003).  Previous studies have indicated that 

hippocampal alterations affect digging behaviour but not grooming behaviour (Deacon & 

Rawlins, 2005).  There may have been an significant effect of ketogenic diet therapy on 

inchworming behaviour as compared to grooming parameters because BTBR mice display 

hippocampal abnormalities, which might be altered with ketogenic diet therapy (Deacon & 

Rawlins, 2005; Ellegood et al., 2013).  These results help to validate inchworming as a repetitive 

stereotypy in this strain, further validating the BTBR model as a robust animal model of ASD. 

4.2.4    Influence of Fluoxetine on Inchworming Behaviour 

 Fluoxetine (a SSRI) has been used reliably to reduce repetitive motor and self-injurious 

behaviour in individuals with ASD, developmental and obsessive-compulsive disorders 

(Benvenuto et al., 2013; Chadman, 2011; Soorya et al., 2008; Veenstra-VanderWeele & Blakely, 

2012).  Therefore, parameters that are influenced by fluoxetine are usually classified as 

restrictive repetitive behaviours.  Digging behaviour has been shown to be a useful indication of 

repetitive behaviour in mice (Roullet & Crawley, 2011; Silverman et al., 2010).  Digging is also 

subject to the influence of decreased serotonin concentration, which worsens digging and 

fluoxetine injections, which significantly reduces the behaviour (Boylan et al., 2007; Greene-

Schloesser et al., 2011).  Moreover, BTBR mice have serotonin alterations and respond to 

fluoxetine administration displaying an increase in social behaviour (Chadman, 2011; Gould et 

al., 2011).  Therefore, inchworming behaviour may be affected by serotonin flux in BTBR mice. 

In order to create a strong case that inchworming is a novel motor stereotypy and a valuable 

comparison to repetitive motor behaviour in ASD, we predicted that fluoxetine should influence 

inchworming parameters.  We created a physiologically relevant injectable dose of fluoxetine 
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and administered it to BTBR and B6 mice in the inchworming test to view subsequent changes in 

inchworming behaviour. 

 As seen with the ketogenic diet, fluoxetine also reduced the duration of inchworming 

displayed by BTBR mice as compared to saline controls (Figure 3.7.1 A).  There was a trend for 

fluoxetine injections to decrease the frequency of inchworming, but this did not reach 

significance (Figure 3.7.1 B).  There was no effect of fluoxetine administration on the latency to 

inchworm for BTBR mice (Figure 3.7.1 C).  Furthermore, there was no effect of fluoxetine as 

compared to saline injections for B6 mice.  Lastly, Figure 3.7.2 combines the results of the 

ketogenic diet and fluoxetine inchworming experiments for comparison.  It indicates that there is 

no difference in the efficacy of ketogenic diet or fluoxetine treatment on inchworming behaviour. 

Furthermore, it shows that baseline inchworming parameters are stable and replicable.  

 These data indicate that there was a positive effect of fluoxetine to reduce inchworming 

behaviour as compared to a saline control injection.  These results considerably further the claim 

that inchworming is a repetitive motor stereotypy in the BTBR strain.  They also indicate that 

inchworming behaviour might arise from abnormalities in the serotonergic system seen in BTBR 

mice (Chadman, 2011; Gould et al., 2011).  Furthermore, due to the common link between 

SSRI’s reducing repetitive behaviour in individuals with ASD and in the BTBR mouse model of 

autism, inchworming behaviour could be very useful in teasing apart the role of the serotonergic 

system in repetitive behaviour.  Future research into this area will reveal possible ASD 

biomarkers in the BTBR mouse model of autism. 
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4.2.5 Possible Synergistic Effects of Chronic Ketogenic Diet Therapy and Acute 
 Fluoxetine Injections on Inchworming Behaviour 

 Taking into account that both the ketogenic diet and fluoxetine reduce inchworming 

behaviour, these treatments may be working via a similar mechanism.  Therefore, we combined 

the protocols and fed BTBR mice a chronic ketogenic diet and administered an acute fluoxetine 

injection on the day of testing.  We hypothesized that this would further reduce inchworming 

behaviour if the treatments were working due to a common mechanism.  This would help to 

elucidate mechanisms behind ketogenic diet treatment and its possible role in serotonin 

regulation as well as mechanisms underlying inchworming behaviour. 

 Unexpectedly, chronic ketogenic diet treatment with an additional fluoxetine injection 

induced a worse inchworming phenotype. BTBR mice fed the ketogenic diet and given 

fluoxetine displayed significantly higher inchworming duration and frequency than saline 

injected controls (Figure 3.8.1 A, B).  There was no effect on the latency to inchworm for BTBR 

mice (Figure 3.8.1 C).  Furthermore, there was no significant change in the duration, frequency 

or latency to inchworm for B6 mice. 

 These results indicate the ketogenic diet and fluoxetine do not work via similar 

mechanisms to influence inchworming behaviour.  This may be because ketogenic diet treatment 

is thought to decrease network excitability (Cantello et al., 2007) while serotonin usually has an 

excitatory role (Boylan et al., 2007; Scullion et al., 2012).  It is interesting then that 

independently they both act to reduce the behaviour.  The fact that combined they worsen 

inchworming may lie in the realization that ketogenic diet therapy was given chronically while 

the fluoxetine injections were given acutely. 
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 Innately, BTBR mice display serotonin and BDNF deregulation (Chadman, 2011; Gould 

et al., 2011; Scattoni et al., 2012) which may play a role in altered neuronal excitability (Miller et 

al., 2013).  This alteration may be stabilized with chronic ketogenic diet therapy over 

development, leading to decreased expression of inchworming behaviour at p35.  Moreover, 

mice not given ketogenic diet but administered an injection of fluoxetine on the day of testing at 

p35 may exhibit less inchworming due to altered serotonin flux as seen with digging (Boylan et 

al., 2007; Goin-Kochel et al., 2007).  Therefore, combining the treatments would lead to a 

stabilization of excitatory influence in the BTBR mouse before administering fluoxetine, a 

further hit of excitatory drive.  It has been shown before that BTBR mice are sensitive to the 

amount and type of stimulant used, engaging in stimulant-induced hyperactivity due to 

administration of amphetamine (Chadman, 2011; Silverman et al., 2012). 

This increase in repetitive behaviour can be likened to the clinical condition of serotonin 

syndrome, which results from excess serotonin action on the central nervous system (Cooper & 

Sejnowski, 2013).  This usually results from SSRI overdose and/or drug interactions producing 

overactive reflex activity such as twitching and spastic activity, muscle rigidity, tremors, 

tachycardia, hypertension and hyperthermia (Cooper & Sejnowski, 2013).  Interestingly, many of 

the effects of serotonin syndrome manifest as motor abnormalities.  This parallel helps to 

strengthen the claim that the combination of ketogenic diet therapy and fluoxetine result in 

abnormal levels of serotonergic activity in the BTBR mouse.  Furthermore, inchworming is 

directly affected by serotonergic tone and excitatory drive, which may be analogous to increased 

digging viewed in the 5,7-dihydroxy-tryptamine lesioned mouse (Boylan et al., 2007). 

 These findings will aid in the discovery of serotonin deregulation in repetitive behaviour 

and ASD.  They also help to shed light on the mechanisms behind ketogenic diet therapy, 
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indicating that there is a stabilization effect of this dietary treatment on the excitatory to 

inhibitory ratio (Cantello et al., 2007; Rho & Stafstrom, 2012; Yudkoff et al., 2008).  Moreover, 

these results indicate that concurrent ketogenic diet and stimulant administration may not be the 

best route for treating ASD symptoms.  Overall, inchworming not only serves as novel repetitive 

motor behaviour with face validity to ASD but a contemporary screening tool for therapeutic 

outcome of ASD characteristics. 

 

4.3 Motor Map Expression in BTBR and B6 mice and Effects of the Ketogenic Diet 

 One prominent theory of autism etiology is that there is an imbalance between inhibition 

and excitation in key neural systems (Boylan et al., 2007; Rubenstein & Merzenich, 2003).  This 

is becoming more apparent due to several developmental and environmental factors as well as 

common comorbidities.  Approximately 30% of individuals with ASD also present with 

comorbid epilepsy and 50-70% of children with ASD display increased excitatory activity during 

sleep as indicated with EEG recordings (Rubenstein & Merzenich, 2003).  Furthermore, 

emerging evidence indicates that individuals with autism display increased mini-column number 

at the expense of mini-column width (Courchesne et al., 2007; DiCicco-Bloom et al., 2006; 

Minshew NJ, 2007; Mostofsky et al., 2007; Rubenstein & Merzenich, 2003).  As indicated 

earlier, these are functional units of glutamatergic and GABAergic neurons that regulate 

corticothalamic activity (Rubenstein & Merzenich, 2003).  Lateral connections between these 

mini-columns are regulated by local GABAergic networks establishing lateral inhibition and 

functional segregation (Rubenstein & Merzenich, 2003).  The narrowing of these mini-columns 

is related to a reduction of GABA inhibitory interneuron neuropil (Minshew, 2007).  These 
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findings have been strengthened by further results indicating that GABA receptor binding is 

decreased in individuals with ASD (Veenstra-VanderWeele & Blakely, 2012).  Increases 

indicated here in local cortical connectivity viewed in ASD results in decreased long range 

connectivity such as corpus callosum density (Courchesne et al., 2007).  This would result in 

altered global connectivity and firing.  Therefore, it would be reasonable to hypothesize that a 

key part of autism pathology is an increase in excitatory tone and alterations in whole brain 

excitability and firing (DiCicco-Bloom et al., 2006; Rubenstein & Merzenich, 2003). 

	   One of the cortical areas to consistently display alteration in cortical structure in ASD is 

the primary motor cortex (DiCicco-Bloom et al., 2006; Maski et al., 2011; Mostofsky et al., 

2007; Nebel et al., 2012; Snow et al., 2008).  It has been reported that there is a significant 

reduction in mini-column width but increase in mini-column number in M1 (DiCicco-Bloom et 

al., 2006).  This could be associated with decreased inhibition in the primary motor cortex.  

Furthermore, there is an overall increase in radial white matter volume, which correlates with the 

degree of motor skill impairment in children with ASD (Mostofsky et al., 2007).  Also seen 

clinically is a reduction of functional segregation in the primary motor cortex specifically in the 

upper and lower limb regions leading to functional blurring and motor impairment (Nebel et al., 

2012).  Overall, this may indicate that there is an alteration in cortical excitability within the 

primary motor cortex in autism.  These findings are important, for they can serve as an example 

of altered cortical development in ASD (Courchesne et al., 2007).  Furthermore, because 

impaired motor function is tightly associated with the presentation of language and social 

abnormalities, research into this area can shed light on abnormal development in 

neurodevelopmental disorders (Maski et al., 2011; Mostofsky et al., 2007; Nebel et al., 2012). 
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 Another disorder that demonstrates altered motor representation is epilepsy (Teskey et 

al., 2008).  It has been noted that individuals with epilepsy display an apparent increase in motor 

map area and functional mosaicism (Teskey et al., 2008).  This is also true in animal models of 

epilepsy where ICMS operations have indicated increased apparent map area and decreased 

movement thresholds (Reid et al., 2012; Scullion et al., 2012; Teskey et al., 2008).  These 

changes are thought to be due to an increase in excitation and decrease in intra-cortical inhibition 

(Teskey et al., 2008), also indicated in ASD (Rubenstein & Merzenich, 2003).  Furthering this 

hypothesis, blocking glutamate transmission blocks the expansion of motor map expression and 

seizures enhance glutamate transmission by up-regulating NMDA receptor insertion (Teskey et 

al., 2008).  On the other hand, GABA antagonists increase apparent map size (Teskey et al., 

2008).  Therefore, glutamate and GABA tone greatly affect motor map expression indicating that 

it can be a great tool in identifying cortical excitability (Teskey et al., 2008).  Interestingly, 

serotonin influences motor map expression by acting to increase cortical excitation as discussed 

previously (Scullion et al., 2012).  Depleted serotonin levels lead to higher movement thresholds 

and smaller motor maps and increased serotonin concentration increases map size and decreases 

movement threshold (Scullion et al., 2012).  In conclusion, motor map presentation can be 

viewed as an indicator of network excitability. 

 Motor map representation can be changed due to drug application and electrical 

stimulation, as well as early life experience.  Reid et al., (2012) showed that febrile seizures in a 

developing rat alter motor map organization later in adulthood, indicating that early life cortical 

reorganization can persist past the cessation of seizures.  These rats present with increased map 

size and decreased movement thresholds later on in life (Reid et al., 2012).  Altered development 

does not just occur in animal models, for children that have experienced a febrile seizure within 
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the first year of life also display learning and memory difficulties (Reid et al., 2012).  This 

indicates that changes in cortical excitation affect the outcome and trajectory of development.  

Therefore, changes in cortical excitability in other paediatric neurodevelopmental disorders such 

as ASD may also exhibit altered motor map expression.  This comports with the records that 

indicate individuals with ASD express over-tactile sensitivity and abnormal motor responses to 

stimuli (Moy et al., 2006; Veenstra-VanderWeele & Blakely, 2012).  As discussed previously, 

there are already significant changes in the primary motor cortex of individuals with ASD 

correlating to altered development and function. 

 There are a severely limited number of studies on primary motor cortex organization in 

mouse models of autism.  One study by Snow et al., (2008) indicates that VPA treated rats (a 

model of autism) display increased dendritic arborisation of pyramidal neurons in layer II of the 

primary motor cortex.  Moreover, this was the first study to indicate deficiencies in cortical 

dendrite expression, which may be analogous to altered cortical development in autism (Snow et 

al., 2008).  They suggest this may be due to decreased pruning in the cortex (Snow et al., 2008) 

which is highly regulated by serotonin concentration in early development (Chugani, 2004; Moy 

& Nadler, 2008).  Serotonin also modulates the ratio of glutamatergic neurons, which are 

responsible for activity-dependent synaptic pruning in the cortex (Boylan et al., 2007). 

Therefore, altered serotonin concentration in development could be responsible for abnormalities 

in cortical maps leading to decreased definition of sensorimotor processing (Boylan et al., 2007).  

Changes in M1 representation in autism may be, in part, affected by altered serotonin in 

development.  As indicated, serotonin can also acutely change M1 representation (Scullion et al., 

2012). 
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 There have been limited studies of cortical excitability in mouse models of autism and 

only one current study on BTBR mice displaying altered inter-hemispheric firing to date (Miller 

et al., 2013).  This study indicates that there is a novel inter-hemispheric connective bridge of 

tissue that resembles a corpus callosum in the posterior brain of BTBR mice (Miller et al., 2013). 

This connective tissue leads to electrical connectivity in the posterior brain, but asynchronous 

electrical activity in the anterior portion (Miller et al., 2013).  Furthermore, BTBR mice 

displayed altered serotonergic flux, which may also contribute to altered cortical processing 

(Boylan et al., 2007; Gould et al., 2011).  Therefore, any study indicating altered cortical 

neuronal excitability in the BTBR mouse would be novel. 

 Lastly, ketogenic diet therapy has been effective for treating intractable epilepsy and 

behavioural symptoms in autism (Evangeliou et al., 2003; Hartman et al., 2007; Kossoff et al., 

2009; Liebhaber et al., 2003; Masino & Rho, 2012).  It is hypothesized that one of the 

mechanisms behind the ketogenic diet’s efficacy is an increase in inhibitory to excitatory drive 

(Cantello et al., 2007; Yudkoff et al., 2008).  A study conducted by Cantello et al., (2007) 

indicated that individuals on a short-term ketogenic diet displayed decreased cortical excitability 

in M1, correlated to increased GABA activity.  Altered neuronal excitability due to ketogenic 

diet therapy in a mouse model of ASD has never been directly reported, although if indicated 

may be due to decreased serotonin and glutamate flux and or increased GABA concentrations. 

 With this background knowledge, my last endeavour for this thesis was to investigate 

basal motor map expression in B6 and BTBR mice.  Therefore, any abnormalities in motor map 

expression could be an indication of abnormal M1 network excitability, analogous to established 

alterations in ASD.  Because alterations in M1 expression in ASD lead to behavioural 

abnormalities and altered sensorimotor processing, differences in BTBR motor map expression 
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could also be contributing to inchworming behaviour.  I then evaluated the subsequent effects of 

ketogenic diet administration on apparent map size and movement thresholds.  This was due to 

its hypothesized effects on cortical excitability and identified effects on inchworming behaviour 

within this thesis. 

 The motor mapping experiment revealed that BTBR mice display a significantly larger 

apparent map area than B6 control mice (Figure 3.9.1, Figure 3.9.2 A).  They also display 

significantly decreased mean movement thresholds as compared to the B6 control strain (Figure 

3.9.2 B).  This indicates that BTBR mice show higher basal levels of cortical excitation due to 

the lower stimulation needed to evoke forelimb movements as well as the larger apparent map 

area.  This would lead to the unmasking of representative map area and subsequently a larger 

forelimb representation, as seen here.  Furthermore, these results fit with the idea that individuals 

with autism have increased cortical excitability and altered expression of primary motor cortex 

functional domains (Nebel et al., 2012; Rubenstein & Merzenich, 2003). 

 With administration of the ketogenic diet to BTBR mice, apparent map size significantly 

decreased to levels that were not significantly different from that of B6 control mice fed either 

standard diet or the ketogenic diet (Figure 3.9.1, Figure 3.9.2 A).  The mean movement 

threshold, or stimulation required to evoke a movement also significantly increased to levels that 

were not significantly different from B6 mice fed either standard diet or ketogenic diet (Figure 

3.9.2 B).  There was no change in either parameter for B6 mice when fed ketogenic diet.  This 

indicates that administration of ketogenic diet therapy leads to a decrease in cortical excitability 

as indicated by the increased stimulation needed to evoke a movement as well as the decreased 

apparent map area. 
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 This is the first time that it has been shown that BTBR mice display alterations in cortical 

excitability compared to a background strain.  To my knowledge, it is also the first time that 

alterations in primary motor cortex excitability and functional presentation have been revealed in 

a mouse model of autism.  This strongly supports the hypothesis that individuals with ASD 

display deficits in the ratio between inhibition to excitation, as well as functional differences in 

cortical development (Rubenstein & Merzenich, 2003).  The unmasking of BTBR motor map 

forelimb area may be analogous to the decreased functional segregation viewed in children with 

autism (Nebel et al., 2012).  It also may arise from original changes in the ratio of glutamate, 

serotonin and GABA neurotransmission.  Furthermore, the BTBR mouse can now be considered 

for studies looking into the cortical development of autism pathology. 

This is also the first time that the ketogenic diet has shown to directly decrease network 

excitability, a mechanism long hypothesized.  Because the ketogenic diet was administered over 

a developmental window it may have altered developmental outcomes in BTBR mice pertaining 

to the functional connectivity of relevant areas.  This may be why ketogenic diet administration 

leads to better outcomes in younger children (Masino & Rho, 2012); it may be altering the 

course of neural development. 

Agonists of 5HT1A receptors have been shown to increase motor map size and decrease 

movement thresholds.  The BTBR strain displays alterations in 5HT1A receptor binding 

specifically, an enhanced response to 5HT1A receptor activation, indicating an increased 

potential for post-synaptic response (Gould et al., 2011).  They also display decreased SERT 

clearance in the hippocampus and decreased BDNF levels which effects serotonin 

neurotransmission (Gould et al., 2011; Scattoni et al., 2012).  As Scullion et al., (2012) discusses, 

increased serotonin concentration amplifies the glutamatergic to GABA signalling ratio.  This 
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effectively increases excitation at the expense of inhibition.  Studies have directly shown that 

application of serotonin agonists decrease GABAergic firing as well as the release of GABA at 

synapses (Scullion et al., 2012).  This may directly interfere with pyramidal cells in the cortex 

(Scullion et al., 2012).  As stated earlier, changes in serotonin flux can change cortical map 

representation and lead to deficiencies in cortical development and sensorimotor processing 

(Boylan et al., 2007).  Changes in serotonin activation in the BTBR mouse may be a contributing 

factor for why they display increased apparent map size and lower movement thresholds in the 

primary motor cortex. 

Ketogenic diet therapy has been shown to decrease serotonin levels (Dahlin et al., 2012). 

Moreover, decreased serotonin flux may correlate to decreased glutamatergic tone and/or 

increased GABAergic firing (Cantello et al., 2007; Scullion et al., 2012; Yudkoff et al., 2008, 

2001).  In the motor cortex, this would lead to increased movement thresholds and decreased 

apparent map area, exactly what is found in BTBR mice after administration of ketogenic diet 

treatment.  This effect may occur due to altered developmental trajectory, for ketogenic diet 

treatment was administered over a clinically significant developmental window (Kossoff et al., 

2009). 

The ketogenic diet also decreases excitability as described above via ketone bodies and 

metabolites, which influence the excitatory to inhibitory ratio.  Specifically, BHB decreases 

glutamate flux and decreases GABA degradation, which may lead to increased inhibition 

(Cantello et al., 2007; Yudkoff et al., 2008).  Furthermore, increased acetone levels activate 

potassium channels while acetoacetate inhibits vesicular glutamate transporters (Hartman et al., 

2007; Kim & Rho, 2008; Masino & Rho, 2012).  Lastly, ketogenic diet therapy increases 

synpatosomal GABA concentration (Hartman et al., 2007).  These are a few mechanisms by 
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which the ketogenic diet contributes to increased inhibition and decreased excitation, stabilizing 

neuronal networks that may influence motor map expression. 

It is hard to correlate motor map expression and behavioural outcomes, but as Scullion et 

al., (2012) indicates, changes in motor map size can correlate to behavioural abnormalities in 

motor control.  Furthermore, decreases in functional segregation in the primary motor cortex of 

children with ASD leads to decreased specificity and difficulty with motor execution and 

learning (Nebel et al., 2012).  Patients with ASD also show increased sensory and motor 

abnormalities, possibly on account of increased basal cortical excitability and decreased 

functional segregation (Rubenstein & Merzenich, 2003; Veenstra-VanderWeele & Blakely, 

2012).  Alterations in basal BTBR forelimb motor map expression may influence the emergence 

of high levels of inchworming behaviour.  Furthermore, serotonin deregulation promotes 

repetitive digging in mice (Greene-Schloesser et al., 2011; Moy et al., 2004).  Therefore, 

ketogenic diet administration may lead to decreased cortical excitability, possibly through 

decreased serotonin and glutamate concentration.  This may indicate why the ketogenic diet is 

effective in reducing inchworming behaviour, although this does not account for why acute 

fluoxetine injections are also beneficial for social (Chadman, 2011) and inchworming behaviour 

in this strain.  Decreased excitability may be only one mechanism that perpetuates inchworming 

behaviour.  There are surely other parameters such as social stress (indicated here), isolation 

time, anxiety and other motor networks in BTBR mice that influence inchworming. Therefore, 

the relationship between motor map expression and behaviour is not simple, but abnormalities 

and subsequent changes may influence functional output (Scullion et al., 2012). 
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4.4 Final Conclusions   

 In this thesis, I have shown that the BTBR mouse model of autism is an excellent animal 

model of ASD.  It displays all three hallmark characteristics of ASD: decreased reciprocal social 

interaction, abnormal and decreased communication, repetitive behaviours as well as genetic and 

neuroanatomical abnormalities.  The behavioural phenotype was established using the original 

three-chambered test with B6 and BTBR mice on standard diet.  Next, to view the effects of 

ketogenic diet therapy on social behaviour, we ran the three-chambered test with mice on and off 

ketogenic diet.  These results indicated minor improvement on social and repetitive behaviours, 

the most prominent effect being that the ketogenic diet significantly increased nose poke 

frequency in BTBR mice, a measure of direct social investigation. 

I also described a novel repetitive digging behaviour which displays social and 

developmental progression, analogous to repetitive behaviours seen in ASD (DiCicco-Bloom et 

al., 2006; Honey et al., 2008).  Both SSRI and ketogenic diet therapy reduce inchworming 

severity comparable to the results displayed in decreased motor stereotypies after 

pharmacological and dietary therapy in autism (Chadman, 2011; Evangeliou et al., 2003; Soorya 

et al., 2008).  Unexpectedly, the combination of ketogenic diet therapy and fluoxetine resulted in 

a worsening of symptoms which may reflect serotonin symptom pathology (Cooper & 

Sejnowski, 2013).  This indicates that both inchworming behaviour and ketogenic diet 

administration fundamentally arise from and subsequently influence serotonin concentration 

(Dahlin et al., 2012).  It also furthers the view that BTBR mice have alterations in their 

serotonergic tone (Chadman, 2011; Gould et al., 2011).  Digging is an established variable used 

in the analysis of repetitive behaviour in ASD.  Furthermore, inchworming is a robust digging 

measure influenced by social, developmental, pharmacological and dietary agents.  It will be 
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very useful in the future as a screening platform for aspects of neurodevelopmental disorders and 

treatment opportunities. 

 I also established that BTBR mice display increased apparent map area and decreased 

movement thresholds compared to B6 mice using ICMS procedures.  This trend is reversed after 

ketogenic diet administration, resulting in decreased cortical excitability.  Therefore, BTBR mice 

display altered cortical excitability analogous to the dysfunctional excitation to inhibition ratio 

reported in ASD.  The ketogenic diet resulted in decreased cortical excitability and altered 

developmental trajectory, mechanisms long hypothesized but never directly shown.  This may be 

due to decreased serotonin and glutamate with increased GABA concentration (Kim & Rho, 

2008; Yudkoff et al., 2008).  Overall, these results indicate a change in motor representation 

which may underlie abnormal motor behaviour (Scullion et al., 2012). This trend is also reported 

in ASD (DiCicco-Bloom et al., 2006; Maski et al., 2011; Mostofsky et al., 2007; Nebel et al., 

2012).  Altered motor map expression may be an influencing factor and underpinning of 

inchworming behaviour. 

  This study has led to a better understanding of ASD mouse models, repetitive 

behaviours, dietary therapy, pharmacologic intervention and network excitability.  Moreover, 

dietary effects on cortical development and the effects of integrative treatments applied to a 

paediatric model of autism spectrum disorder were elucidated.  I further validated the use of 

BTBR mice as an animal model of ASD and illuminated possible etiological underpinnings of 

BTBR pathology. 
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4.5 Limitations and Future Directions 

 The major limitation of this study is that the BTBR mouse model of autism is not a 

single-gene or knock-out mouse.  It is an inbred strain, meaning that it does not have a true 

legitimate control mouse to compare its behaviour, neuroanatomical and genetic biomarkers.  

The B6 strain is a genetic background strain and is the accepted control model for BTBR mice. 

This was determined by comparing the behaviour of multiple background strains to that of 

BTBR mice, and how they compare to other mouse models of autism (Bolivar et al., 2007; Moy 

et al., 2004, 2006; Moy et al., 2007; Roullet & Crawley, 2011).   

It is very difficult to develop a mouse model of ASD that displays all three characteristics 

of the disorder: reduced social interaction, abnormal communication and repetitive behaviours. 

The BTBR mouse model displays the entire behavioural phenotype and remarkably is now 

displaying neuroanatomical and genetic associations that are reported in some patients with ASD 

(Ellegood et al., 2013; Meyza et al., 2012; Miller et al., 2013).  Therefore, despite this limitation 

there is much to be learned from the BTBR mouse model.  The best way to create control 

comparisons is to observe multiple background strains or before and after comparisons either due 

to development, or possible treatments within the BTBR strain itself.  

In this thesis, I have created the foundation for many future experiments looking into the 

development, cortical excitability, ASD drug screening platforms, repetitive behaviour, dietary 

therapy and pharmacological intervention in the BTBR mouse model.  Due to the developmental 

trajectory of inchworming behaviour it would be interesting to investigate molecular markers of 

neuronal development over time in this model.  The most relevant time-point to identify these 

markers would be specifically between p21 and p35 where there is a significant reduction in 
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functioning.  This may shed light on the decline in development displayed by children with ASD 

(Courchesne et al., 2007; DiCicco-Bloom et al., 2006; Honey et al., 2008).  Furthermore, because 

abnormal motor behaviour is an emerging early marker of ASD, it would be interesting to look 

into when BTBR mice begin inchworming and if there is an effect of treatment implementation 

date on developmental outcomes (Courchesne et al., 2007; DiCicco-Bloom et al., 2006; Maski et 

al., 2011; Mostofsky et al., 2007; Nebel et al., 2012).    

Ketogenic diet administration works to induce beneficial effects in children with ASD, as 

well as when the diet is discontinued (Evangeliou et al., 2003; Kossoff & Rho, 2009). 

Determining if there are still positive effects on BTBR behaviour after the cessation of ketogenic 

diet therapy would help shed light on the mechanisms behind ketogenic diet treatment and if it 

alters developmental outcome.  Moreover, as previously stated, decrease frontal lobe volume in 

BTBR mice correlates with the decreased time spent sniffing a novel partner (Ellegood et al., 

2013).  Ketogenic diet therapy significantly increased the time that BTBR mice engage in 

sniffing the novel mouse enclosure.  Measuring frontal lobe volume of BTBR mice on standard 

diet food and ketogenic diet will support hypothesized differences in neuroanatomy.  If this 

hypothesis is correct, it would provide the first indication that ketogenic diet therapy alters 

physical neurodevelopmental outcome.  Furthermore, because ketogenic diet treatment 

significantly improves inchworming behaviour, it would also be fascinating to view the 

developmental progression of inchworming behaviour while B6 and BTBR mice are fed the 

ketogenic diet.  If there are significant changes compared to normal development of 

inchworming expression, it might indicate a critical time-point in BTBR developmental 

regulation. 
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The BTBR strain displays serotonin and BDNF deregulation mainly in the hippocampus 

(Chadman, 2011; Gould et al., 2011; Scattoni et al., 2012).  Individuals with autism also display 

changes in serotonin concentration over development as well as changes in BDNF expression 

(Chugani, 2004; Moy & Nadler, 2008).  Investigating levels of serotonin in the brain of BTBR 

mice over different stages of development may help to indicate first, if there is a difference, and 

second, how that difference is influencing development.  Altered serotonin levels may be 

affecting cortical structure (Ellegood et al., 2013) while BDNF levels influence serotonergic 

neurotransmission (Scattoni et al., 2012).  By depleting serotonin concentration in BTBR mice 

and evaluating inchworming behaviour, changes seen would further indicate that inchworming is 

regulated by serotonin.  Lastly, ketogenic diet therapy tends to decrease serotonin and increase 

NE concentrations (Dahlin et al., 2012).  Determining the serotonin and NE levels of BTBR mice 

on ketogenic diet therapy and on standard diet treatment will help to indicate if the ketogenic diet 

has a considerable effect on monoamine transmitter flux.  This would also have implications for 

the mechanism behind inchworming behaviour, and motor map expression. 

There were differences in apparent map area and movement thresholds viewed here in the 

primary motor cortex of BTBR mice compared to B6 controls.  Individuals with autism also 

display alterations in M1 such as decreased mini-column width and increased mini-column 

number (DiCicco-Bloom et al., 2006; Mostofsky et al., 2007; Nebel et al., 2012; Rubenstein & 

Merzenich, 2003).  This is related to the reduction in GABA neuropil and decreased GABA 

binding, leading to increased intra-hemispheric connections at the cost of long range inter-

hemispheric connections (Minshew, 2007; Nebel et al., 2012; Rubenstein & Merzenich, 2003).  

It has been reported in the VPA model that dendritic arborisation is altered in layer II of M1, but 

alterations have never been seen in any area of the BTBR cortex (Snow et al., 2008).  Therefore, 
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I propose that analyzing BTBR mini-column structure, GABA neuropil and GABA receptor 

binding in the primary motor cortex may elucidate functional deficiencies.  The ketogenic diet 

effectively reduces apparent map area and increases movement thresholds in the BTBR model. 

Viewing motor map representation after the cessation of ketogenic diet therapy will indicate if 

the ketogenic diet has lasting effects on cortical excitability.  This could indicate that dietary 

therapy altered the course of BTBR cortical development.  Furthermore, looking into neuroligan 

3 and 4, RELN and ENGRAILED 2 expression over BTBR development may shed light on 

synaptic connections, cell guidance and altered neural development. 

As indicated above, it is difficult to correlate motor abnormalities with motor map 

expression, although changes in map size usually correspond to differences in forelimb motor 

control (Scullion et al., 2012).  To determine if ketogenic diet therapy significantly changes 

motor movement control, I propose that BTBR and B6 mice be trained on skilled reaching while 

fed either standard diet or ketogenic diet.  This would indicate if BTBR mice display delayed 

motor learning as well as abnormal motor control also seen in children with ASD (DiCicco-

Bloom et al., 2006; Maski et al., 2011; Mostofsky et al., 2007; Nebel et al., 2012).  It would also 

reveal if the ketogenic diet has positive effects not only on motor map area and thresholds, but 

skilled motor learning and fine motor control.  This would indicate that the ketogenic diet has 

significant effects on learning outcomes and is therapeutic for abnormal motor commands.  It 

would help to strengthen the claim that there is a functional change in the primary motor cortex, 

which may underlie the positive effects dietary therapy has on inchworming behaviour. 
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