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Abstract((

Autism Spectrum Disorder (ASD) is a complex neurological condition. It 

affects approximately 1 in 110 people world wide, with a 4:1 ratio of males to 

females affected. ASD presents with a wide range of psychological symptoms 

including deficits in speech, motor function and cognition. Interestingly, ASD 

first presents symptomatically in the first three years of life, sometimes even 

presenting as a regression in acquired skills, such as language. Research has 

shown a multitude of anatomical changes to the brain, creating a specific 

pathology seen in subjects with ASD. This includes overall changes to brain 

volume, with a lower volume at birth followed by an excessive overgrowth, and, 

consequently, excessive brain volume in the first few years of life.  In addition to 

these findings, a set of regions in the brain have been repeatedly found to be 

associated with ASD, such as the amygdala, hippocampus and cerebellum. These 

findings suggest neural stem cells could be altered, leading to the changes seen in 

ASD, which are present right from birth. 

Due to the condition being psychiatric there is no way to identify ASD 

until behavioural symptoms appear. Consequently, there is no way to know what 

pre-natal ASD looks like, due to the lack of a biological marker. 

Though the origins of ASD are, as of yet, unknown, a wide variety of 

research has identified a number of associations that are potentially linked to 

ASD. One such association is maternal obesity, or obesity during pregnancy. 

This is associated with an increase in the risk for offspring to develop ASD. The 
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aim of the present study was to test this hypothesis using immunohistochemistry. 

We analysed the effects of maternal obesity on neural stem proliferation in 

regions of the brain commonly associated with ASD. 

To examine this association, we used a mouse model of maternal obesity 

to generate prenatal offspring and compared them to control offspring 

undergoing gestation in a mother of normal weight. We used pups from late 

mouse gestation, GD15.5 and GD17.5, examined neural stem cell proliferation 

using immunohistochemistry to detect the cell proliferation marker Ki67. This 

was completed in 3 core areas associated with ASD; the cerebellum, amygdala 

and hippocampus.  

We identified a significant decrease in the number of cells proliferating in 

the amygdala at both ages in pups from obese mothers. Furthermore, we found 

sex differences in these results, with decreases in cell proliferation greater in 

males. We did not see any significant differences in the hippocampus or 

cerebellum. 

These results show that maternal obesity alters neural stem cell 

proliferation in the amygdala. The postnatal consequences of this are currently 

unclear, however, as the early neonatal ASD brain is smaller than neurologically 

normal controls, it is tempting to suggest that these findings represent pre-natal 

ASD. Given that the size of the brain is altered in ASD, which suggests a defect 

in the proliferation of neural stem cells, combined with the fact that maternal 

obesity is a predisposing risk factor, we hypothesised that when the fetal brain 

undergoes development in an obese mother there will be alterations in neural 

stem cell proliferation in regions of the brain commonly associated with ASD 
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1 Introduction(

Obesity is one of the greatest health issues facing the Western world 

today. Obesity rates are rising internationally ranging from 20-70% of people 

affected today, population dependent 

(http://www.cdc.gov/obesity/adult/defining.html; http://www.health.govt.nz/nz-

health-statistics/health-statistics-and-data-sets/obesity-data-and-stats). Due to this 

rising prevalence of obesity, it is essential that we understand the effects of 

obesity on the body, and to further understand the related co-morbidities, 

including the effect of obesity during pregnancy on the health and disease risk of 

subsequent generations. 

Obesity is an excessive weight, usually as a measure against height (body 

mass index or BMI) ( http://www.cdc.gov/obesity/adult/defining.html). Here in 

New Zealand, the prevalence of obesity is around 1 in 3 adults, which increases 

to 1 in 2 among M�ori (New Zealand, 2014). Obesity also influences the 

development of other conditions, such as cardiovascular disease, diabetes 

mellitus and the �metabolic syndrome� (Paeratakul, Lovejoy, Ryan, & Bray, 2002; 

Pi-Sunyer, 1999). Due to these comorbidities, the burden of obesity on individual 

quality of life and the health care system is enormous (Lal, Moodie, Ashton, 

Siahpush, & Swinburn, 2012). 
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Obesity has also been linked to other health conditions, some through 

result of obese women during pregnancy. Women who are obese during 

pregnancy increase the risk their offspring will develop obesity and the metabolic 

syndrome (Drake & Reynolds, 2010). Furthermore, other less-obvious conditions 

such as Schizophrenia Spectrum Disorder (SSD) and Autism Spectrum Disorder 

(ASD) have also been associated with maternal obesity (Golan, Lev, Hallak, 

Sorokin, & Huleihel, 2005; Glasson et al., 2004; Malkova, Yu, Hsiao, Moore, & 

Patterson, 2012; Scott, Duhig, Hamlyn, & Norman, 2013). Due to these 

associations between generations, the implications for obesity are vast, making it 

essential we understand the associations in order to effectively treat them. 

ASD is a dynamic condition, which presents very early in life. It is 

currently believed to affect at least 1 in 250 preschoolers (Bertrand et al., 2001; 

Bryson, Clark, & Smith, 1988), with increases in the prevalence of ASD in recent 

years (http://www.cdc.gov/ncbddd/autism/data.html). Additionally, ASD is 4-5 

times more prominent in males compared with females (Newschaffer et al., 

2007). ASD consists of a range of behavioural symptoms, including; social 

developmental delay, lack of social understanding, changes to working memory, 

behavioural changes, inability to cope with change, and repetitive behaviour 

(Rapin & Tuchman, 2008). From an anatomical perspective, ASD brains show 

changes in: neuron number and size; axon and dendrite abundance; and 

connectivity. A specific cause of ASD is currently unknown, however, a 

combination of genetic and environmental influences is likely.  

The associations between maternal obesity and ASD risk suggest a 

powerful role for the prenatal environment. This is the time when much of the 

brain is developing. However, a number of anatomical abnormalities, which are 
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characteristic of ASD, are present at birth. Thus, it is reasonable to speculate that 

an adverse prenatal environment, such as pregnancies complicated by obesity, 

could alter the normal course of brain development; and this could manifest as 

offspring risk for neurobehavioural abnormalities. Based on this reasoning, we 

hypothesize there will be changes in the developing brain prenatally which are 

consistent with the known cellular changes associated with ASD, including 

changes in neural stem cell proliferation altering neuron number.  

1.1 Autism!Spectrum!Disorder!!

1.1.1 Definition(and(Diagnosis(
Autism Spectrum Disorder (ASD) is the collective term for a 

neurological disorder, which is believed to originate in prenatal development. 

ASD consists of three core categories based upon psychiatric criteria and age of 

onset. These categories are Autistic Disorder, Asperger�s Disorder, and Pervasive 

Developmental Disorder Not Otherwise Specified (PDD-NOS) (Newschaffer et 

al., 2007). Diagnosis of ASD from a psychiatric point of view can be found by 

following the set criteria in the fifth edition of the Diagnostics and Statistics 

Manual (DSM V).  

Wide ranges of symptoms characterize ASD, including deficits in: 

speech, relationships, social understanding and motor control. Classically, people 

with ASD also have anxiety issues and struggle with new situations and change 

(American Psychiatric Association & Association, 1994).  

Typically, ASD is diagnosed between two and five years of age, 

however, DSM V requires a presentation of symptoms before 3 years of age. 

Reports will usually show developmental issues, such as; lack of eye contact, 



! 14!

lack of responsiveness to name, and delayed onset of imaginative play from birth. 

However, there is a period of apparently normal development for some subjects 

under three; with these subjects meeting normal social developmental milestones 

for their age. However, regression in acquired skills, including loss of acquired 

speech is possible (Stefanatos, 2008). These symptoms can lead parents to 

believe their child may be deaf, indirectly leading to medical assessments 

(Koegel & Schreibman, 1976). 

1.1.2 Theories(and(associations(of(ASD(
Due to the complexity of ASD combined with how dynamic its 

presentation is, there are a variety of theories as to how ASD develops. 

1.1.2.1 Epidemiology!
ASD is believed to affect approximately 1 in 110 people in the developed 

world, with a predominance of males at an approximate ratio of 4:1 

(male:female). The prevalence of ASD has steadily increased in previous years to 

reach this level (Croen, Grether, Hoogstrate, & Selvin, 2002; Fombonne, 2003; 

Newschaffer et al., 2007; Jamain et al., 2003). However, why this is the case is 

presently unclear. 

There are two prominent theories to explain this rise in prevalence. The 

first theory stating diagnosis has become more acceptable and common which 

has been combined with increased awareness. Acceptance and awareness have 

led to an increase in correct diagnoses and a decrease in missed diagnoses and 

misdiagnoses (Fombonne, 2003, 2005). The second theory, which could explain 

these statistics, is the underlying causes or risk factors for developing ASD have 

increased, leading to an increase in the occurrence of ASD. As we are unsure 

what factors specifically predispose subjects to develop ASD presently, 
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epidemiological associations become important first clues of possible cause. 

(Dodds et al., 2011; Krakowiak et al., 2012; O'Reilly & Reynolds, 2013). 

1.1.2.2 Genetics!
Genetic abnormalities are closely associated with ASD. For example, the 

likelihood of developing ASD increases dramatically if someone already has 

another genetic condition, such as Fragile X (W. T. Brown et al., 1982). This 

association, among others, suggests a genetic basis of ASD, though it does not 

explain the initial exposure, which creates the genetic risk.  

Data from twin studies where at least one twin exhibited infantile ASD 

has been completed and compared. One such study was completed by Folstein et 

al., their findings showed there was a 36% pair-wise concordance rate for autism 

in monozygotic (MZ) pairs compared with 0% concordance in dizygotic (DZ) 

pair. Another study conducted by Steffenburg et al. also looked for a genetic 

association among same sex DZ and MZ twins in Nordic countries. Their 

findings placed the concordance between MZ twins at 91% and DZ twins at 0%. 

These two studies highlight the risk of ASD among MZ twins, suggesting a 

genetic component to ASD. 

Genome Wide Association Studies (GWAS) have identified a number of 

Single Nucleotide Polymorphisms (SNPs), which are closely associated with 

ASD. Ma et al. (2009) have looked for new and novel areas associated with 

ASD, and identified a region on chromosome 15p14.1 as being of potential 

significance to ASD. Another study conducted by Maillard et al. looked at 

16p11.2 as a focus of interest in ASD. Notable findings from this included Copy 

Number Variants (CNV) at this region were associated with changes to brain 

anatomy, seen across ASD, SSD and obesity (Maillard, Ruef et al. 2014). These 
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findings supported a common molecular origin, bringing the relationship between 

obesity, as a phenotype, and ASD closer together.  

1.1.2.3 Environmental!Influence!!
The increase in risk of developing ASD has been associated with 

environmental exposures during prenatal and postnatal development. A series of 

studies assessing the prenatal (maternal) and postnatal environment have 

identified a number of potential contributing factors.  

Maternal infections are closely related to ASD development, being one of 

the biggest associations identified in the literature. These correlations were 

noticed when looking at the incidence of mental illness like ASD or SSD 

following infectious pandemics, such as influenza. Such pandemics led to 

increases in the incidence of SSD and ASD in offspring who were in utero during 

infectious pandemics. These epidemiological associations have led to the 

questioning of why these infectious periods contribute to ASD, resulting in 

laboratory based studies (A. S. Brown, 2012; A. S. Brown et al., 2000). 

Maternal infection studies show changes to specific cell types in the 

nervous system across a range of infectious conditions. Fatemi et al. (2002)  

investigated one form of this in the mouse by administering H1N1 to pregnant 

dams on day 9 of gestation. Their treatment resulted in a significant decrease in 

pyramidal cell size combined with an increase in pyramidal cell density in the 

hippocampus at postnatal day 0 (P0). As these cellular changes are present from 

P0, it means they have definitely occurred during prenatal development, clearly 

supporting maternal infection as having effects on the prenatal brain. 

Furthermore, these findings can be considered important in the development of 
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ASD, as the changes in pyramidal cell size and density are consistent with those 

seen in human subjects with ASD, as will be discussed later. 

Shi et al. (2003) performed a similar experiment by administering a strain 

of the human influenza virus to pregnant mouse dams at gestational day 9.5, 

creating a lung infection. From here, they looked at the behavioural 

consequences for offspring, as opposed to anatomical. The result of this 

treatment was that offspring displayed significant deficits in prepulse inhibition 

(PPI) when compared to their sham-infected counterparts. PPI is a significant 

symptom, as it is seen in humans with ASD, adding to the link of maternal 

infection and phenotypic ASD. 

Many studies have looked at SSD and ASD as a result of maternal 

infection (A. S. Brown, 2012; A. S. Brown et al., 2000). Timing of infection is 

one hypothesis which potentially explains why the same exposure can cause 

different conditions – earlier infections affecting more fundamental development 

processes (Meyer, Yee, & Feldon, 2007). This suggests earlier infections in 

humans, such as during trimester one, might be more likely to lead to ASD. 

Conversely, later infections, such as during trimester two, might be more likely 

to lead to SSD.  

Brown et al. (2000) completed a cohort study to ascertain if there was a 

specific time during human gestation which lead to the highest risk for offspring 

to develop SSD. They found infection in the second trimester of gestation (weeks 

13-27) caused a significant increase in the risk for offspring to develop SSD 

when adjusted for confounders; including age, weight, ethnicity, and 

socioeconomic status (SES).  
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Another cohort study conducted by Atladóttir et al. (2000) looked at the 

effect of infection during pregnancy on the risk of offspring developing ASD. 

Their findings provide an in depth look into the role of the infection timing as 

well as the infectious agent. They found viral infection in the first trimester and 

bacterial infection in the second trimester was associated with significant 

increases in risk for ASD development in offspring (Atladóttir et al., 2010). 

The two rodent studies both used strains of the human influenza virus to 

create an infectious state, suggesting the possibility these could be virus specific 

changes in offspring. However, other studies, both human and rodent-based, have 

assessed similar aspects of anatomy and behaviour using different mediums of 

infection, including non-infectious viral or bacterial mimics, achieving similar 

results (A. S. Brown, 2012; A. S. Brown et al., 2000; Chess, 1977; Libbey, 

Sweeten, McMahon, & Fujinami, 2005; Patterson, 2009, 2011). Many of these 

studies also highlight the importance of the infection timing – which has been 

hypothesized to be a key difference between whether an individual develops 

ASD or SSD. The two cohort studies discussed highlighted this, as they aimed to 

pull apart the two conditions.  

There are two main agents used to stimulate the inflammatory response in 

animal models of maternal immune system activation, both of which are very 

different and provide different insight. PolyI:C mimics the response seen in viral 

infections, activating the Toll Like Receptor 3 (TLR3) pathway. On the other 

hand, lipopolysaccharide (LPS) is commonly used as it mimics the response seen 

in bacterial infection, through activation of the TLR4 pathway. These become 

important to understand when attempting to find an association among an 

inflammatory response, the cause of the response, and its downstream effects on 



! 19!

mother and offspring. For example, a study by Meyer el al. (2007) used LPS and 

polyI:C to create inflammatory responses that mimicked infections known to be  

associated with ASD. They found that this risk for developing conditions such as 

ASD was still there when these non-infectious agents were used to simulate the 

inflammatory response. These findings support the idea that it is not the 

infectious agent per se that is responsible for the changes seen, but in fact the 

inflammatory response itself.  

1.1.3 The(Anatomy(of(Autism(

1.1.3.1 Neuropathology!
!

Many studies have attempted to quantify the anatomical changes that 

define ASD, predominantly through post-mortem studies (Bailey et al., 1998; 

Bauman & Kemper, 2005; Fatemi, Halt, et al., 2002; Raymond, Bauman, & 

Kemper, 1995). These studies have found changes in the limbic system structures 

(hippocampus, amygdala and entorhinal cortex), inferior olivary nuclei and the 

cerebellum (Bauman & Kemper, 2005). These changes include alterations in cell 

size, cellular density broadly across a structure, but also cell-specific changes 

(Fatemi, Halt, et al., 2002; Bailey et al., 1998).  

Within each of the brain regions showing anatomical changes, the 

specific form of neuropathology is unique to them. For example, the Purkinje cell 

layer of the cerebellum is often seen with a patchy loss of cells, leading to an 

overall decrease in the number of cells present (Fatemi, Halt, et al., 2002; 

Raymond et al., 1995; Bailey et al., 1998). The hippocampus has decreased cell 

size and an increase in cell density (Bauman and Kemper 1985; Raymond et al., 

1995). Furthermore, differences have also been observed in ASD-specific 

anatomy depending on the age of the subject; older subjects tend to have higher 
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levels of neuronal loss raising the possibility that ASD pathology might also 

include neurodegeneration (Saitoh, Karns, & Courchesne, 2001).  

Overall, these studies highlight the diversity of the clinical presentation of 

ASD is reflected in the diversity of the pathological anatomy underlying the 

condition. Furthermore, based on this, we hypothesize the most likely places for 

changes to take place in the developing brain, are those regions associated with 

ASD behaviour or pathology, including the amygdala, hippocampus and 

cerebellum. 

1.1.3.2 Timeline!of!Growth!in!ASD!
The developmental timeline of ASD is also of specific interest, as a range 

of studies have indicated an unusual course with periods of excessive growth and 

potential degeneration.  

At the birth of full-term offspring, seemingly normal babies who go on to 

develop symptomatic ASD have a low-end normal, sized head circumference 

(HC, a measure of cortex size) (Hazlett et al., 2005). However, during the first 

twelve months of life they undergo a rapid increase in growth, outgrowing their 

normal counterparts, as seen by head circumference (Raymond et al., 1995). This 

was confirmed by quantitative MRI studies, which described a 5-10% 

enlargement in cortex size among subjects with ASD (Hazlett et al., 2005). 

Following this acceleration, subjects with ASD then have a slowed period of 

growth through to their adolescent years, with a plateau in growth (Eric 

Courchesne et al., 2001). While they are still growing, it is at a slower growth 

rate than their normal peers. By the time they reach the age of 13-16, there is no 

significant difference in HC (Eric Courchesne, Campbell, & Solso, 2011; Eric 

Courchesne, Carper, & Akshoomoff, 2003; E. Courchesne et al., 2007). 
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The last aspect of the ASD growth timeline is adulthood. At this point, a 

lot of evidence is varied based upon the age of subjects. HC itself cannot 

decrease overtly, however, the brain itself can change. Post mortem studies 

combined with imaging studies, such as MRI, reveal the adult brain with ASD 

appears to be undergoing a form of mild degeneration. The mechanism of size 

reduction is not entirely clear, but there is evidence to suggest there is region-

specific degeneration occurring, rather than global cell loss. This could account 

for the loss in cellular density in areas such as the cerebellum, where Purkinje 

cell numbers are specifically reduced (Vargas, Nascimbene, Krishnan, 

Zimmerman, & Pardo, 2005; Aylward, Minshew, Field, Sparks, & Singh, 2002; 

Hardan, Minshew, Mallikarjuhn, & Keshavan, 2001). 

'

Figure'1.1:'An'overview'of' the' results'of' cerebral'growth' in'ASD!The!solid!blue!line!represents!
normal! development! and! the! dashed! red! line! represents! autistic! development.! ! The! age! timeline! is!
from!birth!until!pre!pubertal!development,!at!approximately!age!13.!This!MRI!study!found!an!initial!
increase!in!the!growth!of!the!cerebral!cortex!in!general!during!the!earliest!stages!of!life,!beginning!in!
the!first!12!months!of!life..!This!overgrowth!was!seen!most!between!1R2!months!and!6R14!months.!By!
the!age!of!2R3!years,!subjects!with!ASD!have!significantly!larger!sizes!brain!sizes,!as!measured!by!MRI!
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and!HC.!This!then!slows!and!there!is!little!to!no!growth!in!comparison!to!their!control!counterparts,!
followed!by!a!decline!in!brain!size!later!in!life.!Figure*adapted*from*Courchesne*et*al*(2003).!

Further studies have been completed in order to determine if these 

changes are structure specific or global changes, and if they are structure specific, 

which structures are affected. Hazlett and Poe (2005) compared brain size, white 

matter (WM) and grey matter (GM) among individuals with ASD, normal 

development and developmental delay (DD), all between the ages of two and 

three. They found overall brain size was highest in the ASD group, and lowest in 

the DD group. When examined in more detail, the authors reported there was a 

significant enlargement in both grey matter (GM) and white matter (WM) in the 

frontal, parietal and temporal lobes of subjects with ASD when compared to both 

the normal and DD groups. The same study also used head circumference (HC) 

as a model for predicting future growth trajectory. The rationale for this 

comparison is HC is proportional to brain volume (BV), so it gives a crude 

indication of overall brain volume changes or relative differences among groups.   

This comparison confirmed the changes in brain growth patterns of 

subjects with ASD, which were observed using other methods. Importantly, this 

analysis accounted for BMI of subjects, in order to rule out the possibility of 

general bodily enlargement accounting for the differences among the groups in 

brain and HC size. This study confirmed that there are changes present to the 

anatomy of subjects with ASD from a young age. The findings of this support an 

increase in brain volume as well as specific changes to grey and white matter. 

However, this study does not accurately break up their findings into smaller age 

brackets, making it hard to see the progression of ASD when compared to control 

groups over these crucial years. It is possible that an overgrowth at the later 

aspects of this age bracket, (i.e. age three), is dampened by the initial 
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undergrowth that is often seen at birth, meaning we just see the overall increase, 

and not where the increase is arising. Due to these possibilities, it is important to 

establish what is occurring in ASD from the earliest stage possible, through 

studies such as looking at neural stem cell development. 

Overall, the findings of these studies overlap significantly. Through 

these, we are able to identify which areas of the brain are consistently affected by 

ASD and the manner of the pathology found. Additionally, by knowing what the 

development of ASD entails over a lifetime, we can further identify what we may 

expect to see in the brain at specific ages of life. Through producing a projected 

trajectory of growth, we can also attempt to extrapolate data from post-natal life 

to predict what we may see in prenatal development, giving us a hypothesis for 

the current study.  

1.1.3.3 Regions!of!Interest!

1.1.3.3.1 Amygdala!
The amygdala is a set of almond-shaped nuclei, which are bilaterally 

located deep within the temporal lobe. They are a crucial part of the limbic 

system, playing an essential role in memory, decision-making and emotional 

responses. The smaller sub nuclei can be isolated and identified based upon their 

cyto-architecture (Amunts et al., 2005). 

1.1.3.3.1.1 Development-
!

Amygdala development is very complex, predominantly due to having so 

many sub nuclei that make up the amygdala as a whole. Consequently, a full 

understanding of amygdala development is not clear yet. 
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The development of the amygdala takes place between GD10-GD13 in 

the mouse (McCONNELL & Angevine Jr, 1983; Soma et al., 2009). Progenitors 

cells arise from the ventricular zone (VZ) at this time and begin to migrate the 

considerable distance to form the amygdala sub nuclei (McConnell & Angevine 

Jr, 1983). On GD10, the medial and central nuclei being their development, with 

labeled cells fully distributed by GD13.  

On GD11, the lateral, basolateral and basomedial nuclei begin, which are 

then almost all distributed by GD17 (Soma et al., 2009). The amygdala consists 

predominantly of GABAergic interneurons, connecting the sub nuclei, as well as 

projections to the hippocampal dorsal CA1 (Bienvenu, Busti, Magill, Ferraguti, 

& Capogna, 2012). 

1.1.3.3.1.2 Involvement-in-ASD-
The amygdala has been implicated in ASD over a number of studies. An 

MRI study examined four groups of males between ages 7.5 years and 18.5 

years; ASD with mental retardation, ASD without mental retardation, Asperger�s 

Syndrome and a control neurologically normal group. They found a significant 

increase in the size of the amygdala in the children of the ASD groups when 

compared with age-matched controls between the ages of 7.5-12.5 years. From 

age 12.5 years to 18.5 years there was no significant difference in the amygdala 

size among any of the groups (Schumann et al., 2004). This study supported the 

notion of the accelerated growth during childhood, which halts in the peripubertal 

period (approximately age 12 in boys). Another study conducted by Aylward et 

al. (1999) used MRI on a group of non-mentally retarded autistic males who were 

of adolescent or young adult age. This was matched with control subjects of the 

same age without autism. Their findings showed a significant decrease in the size 



! 25!

of the amygdala at this age, both before and after correction for brain size. The 

two studies together suggest a timeline of over development followed by 

underdevelopment or potentially degeneration, leading to a smaller amygdala by 

adulthood. Though this study does not intuitively support the findings of this 

study, as will be discussed later, they still could support this study. There are a 

variety of subtle differences here to take into account. Aylward et al. used 

humans and MRI, while the present study used mice and cellular techniques. 

MRI cannot image to a cellular level, meaning that we cannot know what is 

being seen at such a small scale. The other main point to consider is the age of 

the subjects. Aylward et al. used adolescence and young adults. When looking at 

the projected timeline of growth in ASD, we are seeing a decrease in the size of 

structures and loss of cells in areas such as the amygdala at this age. 

Consequently, the idea of ASD associated degeneration is a possible mechanism 

to explain the changes seen here, as by this point, these structures are seen with a 

loss of cells. Overall, this means that the smaller sizes fit with late stage ASD, as 

the overgrowth is seen much earlier in childhood. This is in turn preceded by a 

mild undergrowth, seen from birth. This reiterates the importance of the age of 

subjects when assessing ASD, as the pathology seen varies immensely based on 

this. 

1.1.3.3.2 Hippocampus!
The hippocampus is a bilateral structure located within each hemisphere 

of the brain. It is a core structure in the creation and understanding of memory. A 

variety of studies have looked at the hippocampus and what anatomical 

alterations are seen within it in ASD. While findings consistently show changes 
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to the hippocampus, there is not a consensus as to what that is due to 

contradictions in results across studies. 

1.1.3.3.2.1 Development-
Hippocampal development begins approximately half way through 

gestation in the mouse. GABAergic interneurons are the first neurons to develop, 

followed by the glutamertergic interneuron populations (Pleasure et al., 2000). 

These interneurons originate from the medial ganglionic eminence (MGE) and 

lateral ganglionic eminence (LGE). Dlx1 and Dlx2 genes have been noted to be 

of significance to the development of the MGE and LGE, as mutations in these 

genes through knock out mice have shown a significant decrease in GABAergic 

neurons and tyrosine hydroxylase (TH) expressing neurons. The GABAergic 

interneurons migrate into the hippocampus at approximately GD16-GD17, 

forming synaptic connections early in post natal life. These migrate into the 

hippocampal primoridum around GD15 to reach their end destination in the 

cornu ammonis (CA, 1 to 4). By GD16 they have reached CA1 and CA3 and by 

GD17, they have reached the dentate gyrus. 

Hippocampal pyramidal cells are generated in the neuroepithelium of the 

ventricular zone between GD16 and GD19. These remain in their generated 

position for 24 hours before migrating over 3-4 days to the CA1 and CA3 

(Altman & Bayer, 1990b). The last cell phenotype to develop in the hippocampus 

is the granule cells from the dentate gyrus, which begin at the end of gestation 

and complete development within the first week of post-natal life (Altman & 

Bayer, 1990a). Within the first 3 weeks of post natal life the hippocampus is 

morphologically mature (Grove & Tole, 1999). 
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Functionally, the hippocampus is potentially involved in ASD due to the 

symptomatic changes to the working memory and the generally poorer memory 

of subjects with ASD. Consequently, this is one of the regions of interest in this 

study. 

1.1.3.3.3 Involvement!in!ASD!
Schumann et al. examined the hippocampus in the same collection of 

subjects with ASD as described above for the amygdala. Unlike the age-specific 

changes observed for the amygdala, the hippocampus showed increased size 

across all ages examined. Interestingly, they separated their ASD groups into 

those who had mental retardation and those who did not, and found a 

lateralization of hippocampal enlargement. That is, the enlargement seen was 

greater in one side than the other. They reported the right hippocampus was 

larger in ASD subjects, with and without mental retardation, however only the 

left hippocampus was significantly larger in subjects with ASD alone. These 

changes in size persisted through childhood and adolescence, and into later life 

(Schumann et al., 2004). 

Another study conducted post mortem analysis on subjects with ASD, 

looking for abnormalities when compared to their control counterparts. Their 

subjects were aged between 18 and 30. They found a consistent increase in cell 

density and packing as well as smaller neurons, suggesting an overall cellular 

difference to the morphology of the hippocampus (Kemper & Bauman, 1993). 

Nicholson et al. (2006) used MRI to study the hippocampus in male 

subjects with ASD, aged approximately 10 years old. They discovered subtle 

changes in the morphology of the hippocampus, particularly to the right posterior 

hippocampus. Furthermore the changes that were noted here would not have been 
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deemed as significant if they had been assessed using traditional measurements 

of volume (Nicolson et al., 2006). 

Despite these studies not showing a consistent finding across this field of 

research, they do have some consistencies. Firstly, there is definitely a change to 

the hippocampus of subjects with ASD, as all of these studies have reported 

alterations in some form. Differences could once again be due to age specific 

changes, as the studies reported often use subjects of different ages. Due to 

previous research identifying that the age of the subjects is significant to ASD, it 

is therefore important that this is consistent in order to compare studies 

effectively.  

Although reports looking at the neuropathology of ASD have conflicting 

results as to what is seen in the hippocampus, the fact that that they are finding 

changes at all suggest that the hippocampus is an important structure in this 

condition. Thus, it is important to consider the variety of changes seen and 

investigate the role of the hippocampus in developmental defects.  

1.1.3.3.4 Cerebellum!
The cerebellum is a large, bilaterally symmetrical part of the central 

nervous system that is external to the cerebrum. The cerebellum, like the rest of 

the central nervous system, develops from the ectoderm. The cerebellum is 

involved with motor function control, balance and modulation, which are seen to 

be of phenotypical importance in ASD (Jansiewicz et al., 2006; Kandel, 

Schwartz, & Jessell, 2000). 
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1.1.3.3.4.1 Development-
Cell development in this structure follows a strict timeline as elsewhere in 

the developing brain, where projection cells are the first to develop.   

Interneurons form during the late embryonic to early post natal life in the mouse. 

Purkinje cells are a GABAergic neuron that project to other nuclei in the 

cerebellum, inhibiting motor function (Leto et al., 2009). They are among some 

of the earliest cells to be born around GD10.5 to GD12 .5 (Carletti & Rossi, 

2007). 

Purkinje cells are derived from a precursor that is shared with other 

GABAergic interneurons. It is believed that the defining factor is that Purkinje 

cell precursors are Pax2 positive (Carletti & Rossi, 2007). 

ASCL1 (originally Mash1), Neurogenin 1 (Ngn1) and Neurogenin 2 

(Ngn2) (Florio et al., 2012) have been identified as three key genes in the 

development of the cerebellum, located in the cerebellum ventricular zone 

(cbVZ) (Zordan, Croci, Hawkes, & Consalez, 2008). ASCL1 knock out mice 

resulted in a loss of GABAergic interneurons, without the loss of the GABAergic 

PC, suggesting that ASCL1 is involved in the developmental pathway (Sudarov 

et al., 2011) leading to cerebellar GABAergic interneurons. 

Purkinje cells are important to later cerebellar development, as one of the 

roles they take on is the secretion of Shh, which aids the development of granule 

cells, another major cell set in the cerebellum. 

1.1.3.3.4.2 Involvement-in-ASD-
 There is strong evidence implicating changes in the cerebellum in ASD. 

Vargas et al. (2005) did a post mortem analysis comparing subjects with ASD to 
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control subjects who all died from unrelated causes (all subjects were aged 5-44 

years). They observed patchy loss of Purkinje cells in all ASD subjects, except 

one (of eighteen subject with ASD) who was 8 years old. Interestingly, one of the 

subjects had an almost complete loss in Purkinje cells (aged 25). Bailey et al. 

(1998) also conducted post mortem analysis on the brains of subjects with ASD. 

They identified the inferior olives of the brainstem as having an abnormal 

morphology. Additionally, they noted a significant decrease in the number of 

Purkinje cells within the cerebellum, sometimes accompanied by gliosis. Both 

studies highlight the most common change to the cerebellum seen in ASD; the 

loss of Purkinje cells, which is seen at a higher rate in older subjects. The 

consistency of these findings suggests a unique morphology of the cerebellum in 

ASD, with potentially far reaching effects on the function of the cerebellum. 

1.2 ! Obesity!
1.2.1 Obesity(Overview(

Obesity is one of the greatest health issues facing the western world 

today, with rates of obesity rising internationally. Additionally, many indigenous 

populations are affected more so than non-indigenous peoples. In New Zealand, 

obesity is far more prevalent and severe among M�ori and Pacific Islanders than 

Pakeha (European). 

When the body is in an obese state, the risk for many other comorbid 

conditions increases dramatically. Such conditions include cardiovascular 

disease, for example, high blood pressure and myocardial infarctions (Mokdad et 

al., 2003). Additionally, metabolic conditions like diabetes mellitus (DM) are 

also more prominent in an obese state (Kannel & McGee, 1979).  
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Interestingly, the effects of obesity are not just limited to the obese 

individual. There is also strong evidence to suggest that the risk of comorbid 

conditions can also be seen in subsequent generations. The risk of the offspring 

developing obesity, as well as the same cardiovascular and metabolic diseases, 

are also seen in those who were in utero when the mother was obese (Watkins, 

Rasmussen, Honein, Botto, & Moore, 2003). Additionally, other less obvious 

conditions, such a developmental delay, SSD and ASD, are also associated with 

offspring who were in utero while their mother was obese (Krakowiak et al., 

2012; Sullivan, Nousen, Chamlou, & Grove, 2012). When this is looked at in 

more depth, we see that the literature describing the epidemiology of obesity 

shows an increase in the incidence of obesity. This is matched on a smaller scale, 

with the increase in the incidence of ASD. Though a multitude of factors are 

believed to contribute to increase in ASD specifically, such as diagnostic criteria 

changes, it is also believed that this increase in incidence is at least partially due 

to an increase in the risk for developing ASD. If this were true, then the mirrored 

increases in obesity and ASD become a significant trend to explore when looking 

for the cause of ASD, as well as it being a potential outcome of obesity, 

specifically maternal obesity. 

 As a result of these interlinked conditions, the burden of obesity on the 

health system is enormous, making it important we understand how these 

mechanisms of risk work in order to effectively combat them. These associations 

are of interest to us in this study, as we look for biological changes in the brain 

consistent with ASD as a result of maternal obesity. 
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1.3 The!Present!Study!

ASD is a condition that has a very broad presentation, which is poorly 

understood. The exact cause of ASD is unknown, however, many pieces of 

epidemiology have created a series of associations between the development of 

ASD and the environment. Furthermore, genetic associations have also been 

identified; suggesting the condition is due to a complex interaction between the 

environment and an individual’s genetics.  

Laboratory based research has aimed to quantify what ASD does to the 

normal architecture of the brain. This has resulted in the identification of a 

handful of regions, such as the hippocampus, amygdala and cerebellum that have 

been consistently altered in a specific manner in ASD. 

The final piece of this puzzle is knitting together the epidemiological 

associations with the pathology in a manner that shows a biological causation. 

For one such association, maternal inflammation, this has been done. As 

discussed earlier, one of the hypothesized causes of ASD is maternal infection 

and activation of the immune system during pregnancy. 

As obesity elevates the normal inflammatory state, it is a good contender 

for creating inflammation during pregnancy. Indeed, previous work in the lab and 

others has identified maternal immune activation, with elevated cytokines in the 

maternal and fetal circulation as well as the placenta. Given that the fetus is 

exposed to this maternal immune activation in pregnancies complicated by 

obesity, and that this is similar to other conditions known to alter brain 

development and increase risk of ASD, my project aimed to address the 
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following hypothesis: maternal obesity alters the development of the offspring 

brain with cellular and anatomical changes consistent with the ASD phenotype. 

To address this hypothesis, we used a HFD to generate a model of 

maternal obesity in mice. Then, using the prenatal offspring of these mice, I 

examined whether neural stem cell proliferation was affected across 

development. Cell proliferation was marked using immunohistochemical staining 

for Ki67 – a protein present during cell cycle, and thus found in all dividing cells 

(mainly neural stem cells at the developmental times examined). A control group, 

consisting of dams that were of normal weight and not on a HFD, was used along 

side of the HFD group in order to directly compare the results in this study. The 

amygdala, Purkinje cell layer of the cerebellum and the hippocampus were 

examined as these areas. These are all reported to be altered anatomically in 

ASD, as well as the neural functions that they perform are altered in ASD 

individuals.  

 

!  
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2 Methods(

2.1 Diet!and!Mating!

Female C57BL/6 mice were maintained under a 12 hour light-dark cycle 

at constant temperature (25 ± 2°C) with food and water available ad libitum1. At 

age four weeks, mice were randomly allocated to one of two groups; control diet 

(10% kcal fat; D12450B, Research Diets, NJ, USA), or a high-fat (HF) diet (45% 

kcal fat; D12451, Research Diets, NJ, USA).  At age 10 weeks, females were 

time-mated, with the presence of a vaginal plug deemed representative of 

embryonic day 0.5. 

Fetuses were collected at either age Gestational Day 15.5 (GD 15.5) or 

GD 17.5. They were collected via caesarean at GD15.5 between the hours of 

0900 and 1000.  A midline incision was made into the peritoneal cavity of dams 

to expose the embryos, which were removed and placed in cold Phosphate 

Buffered Saline (PBS). Fetal heads were decapitated, snap frozen, placed in 

RNase-free 1.5 ml Eppendorf tubes and stored at -80°C until use. 

Additionally, tail tips were also collected for SRY genotyping to 

determine sex of embryos.  

2.2 Tissue!Sectioning!

A Cryostat was used to section the collected tissue. The tissue was 

prepared by mounting it in Optimal Cutting Temperature Solution (OCT). The 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1!At!one’s!pleasure!
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cryostat was set to have an OT of -18℃ and a CT of -20℃, with each section 

having a thickness of 20μm.  

Each brain was sectioned into 4 series’ of tissue with approximately 50 

sections in each series. Sectioning began at the brainstem and continued rostral 

until the genu of the corpus callosum. As the tissue was sectioned, they were 

mounted onto gelatin-coated glass slides, before being re frozen at -80℃ until 

the immunohistochemistry was started. 

2.3 Determination!of!Sex!

Genotyping was carried out using tail tips that came form the embryos 

that were collected. This was done by using SRY PCR, using the following 

primer sequences; SRY_F: CCACTCCTCTGTGACACT, and SRY_R: 

GAGAGCATGGAGGGCCAT. The gels were run and photographed to confirm 

the sex of the embryos. 

2.4 Immunohistochemistry!

2.4.1 Ki67(Protocol(
Paraformaldehyde (PFA) was prepared fresh for every run of tissue. The 

sections were fixed in this for 10 minutes. Following fixation, the tissue was 

washed with a blocking solution consisting of 16ml of methanol, 23.6ml of 

phosphate buffered saline (PBS) and 400μl of 0.3% H2O2, for 5 minutes. 

Next the sections were incubated in a buffer solution (2% bovine serine 

albumin (Sigma) (BSA), 2% normal donkey serum (NDS) in 0.1 % triton-X in 

PBS) for one hour at room temperature. Following this incubation the tissue was 

then mounted with the primary antibody consisting of the buffer solution and 
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purified anti mouse Ki67 antibody (1:1000 dilution, BioLegend). This was then 

incubated overnight at 4℃. 

Next the tissue was mounted with the secondary antibody, biotin donkey 

anti rat IgG (1:200 dilution, Jackson Immuno Research Laboratories) for two 

hours at room temperature. The sections were then incubated in a solution of 

Avidin Biotin Complex (ABC, A:B:PBS, 1:1:100 dilution, Vectastain®) for 90 

minutes.  

Following all of these incubations, the sections were then reacted with 

Diaminobenzidine (DAB, SigmaFast™ with metal enhancer). Each of the slides 

were reacted for 2 minutes before the DAB was rinsed off in PBS. The sections 

also had a second stain of Hematoxylin, which was done by dipping the slides of 

tissue in for 5 seconds and rinsing. Lastly, the sections were dehydrated in 

ethanol and xylene, before sealing with distyrene plasticizer xylene (DPX, 

Scharlau Chemie, S.A.) and coverslips to dry. 

2.5 Microscopy!

Completed immunohistochemistry was analyzed using bright-field 

microscopy on an Olympus BX51microscope (Japan). The 20X objective was 

used to collect images. The images were then collaged into a large image that 

encompassed an entire region as individual images do not achieve full coverage 

an entire brain region at this magnification. This was completed on Adobe 

Photoshop Elements and the Automate function. 
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2.6 Image!Analysis!

Collaged images were processed using the software ImageJ 1.45r 

(National Institute of Health, USA). Sections were selected from successful 

immunohistochemistry so that the anatomy was in tact. Then from those that 

were suitable, two sections were selected at random to quantify.  

The border of each region was defined using a polygon selection tool. 

The image outside of the polygon was deleted to just leave the selected region. 

This image was then ‘thresholded’, using an automatically determined value, 

thereby electronically selecting cells of interest through creating a binary image. 

Thresholded images were then analyzed and counted to give a final value, i.e. a 

count of the number of Ki67 positive cells in the selected region. A minimum of 

two images of each region of interest were taken for every brain assessed, and 

were then averaged to give the final result for that region in that specific brain. 

2.7 Statistical!Analysis!

Statistical analysis was carried out using the software Prism 6.0a 

(GraphPad Software Inc.). All of the data was entered into two initial groups 

based on maternal diet. These were then split by sex, creating four separate sets 

of data.  

Differences between all four sex and diet combinations for each region of 

interest were analysed using a one way analysis of variance (ANOVA) followed 

by a Tukey post-hoc test. Differences between diets regardless of sex for each 

region were assessed using a two-tailed student t-test. Graphs were created using 
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the results from these analyses in the same software with error bars representing 

the standard error of the mean (SEM). 

! !
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3 Results(

3.1 Overview!

The aim of this study was to investigate whether a maternal HFD prior to, 

and during gestation, lead to alterations in the proliferation of cells in regions of 

the brain associated with ASD. Embryonic brains were collected from control 

mothers and HFD mothers at gestational days 15.5 and 17.5. The tissue was then 

sectioned in preparation for immunohistochemistry using a Ki67 antibody, which 

specifically labels dividing cells. As ASD can affect the sexes differently, the sex 

of the pups was determined using PCR from tail tip tissue. 

Immunohistochemistry using this antibody revealed reduced cellular 

proliferation in the amygdala at both gestational day 15.5 and 17.5 offspring of 

HFD-fed mothers. At GD 15.5, this reduction was only significant in HFD male 

offspring compared to controls. However, by GD 17.5, there was a significant 

reduction in cell proliferation across both sexes undergoing gestation in HFD-fed 

mothers compared to offspring from control diet-fed mothers. 

Cell proliferation changes were not seen in the other two brain regions 

examined (hippocampus and Purkinje cell layer of the cerebellum).  
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3.1.1 Reference(Tables(of(Statistical(Comparisons(
!
Inter-Diet Comparison 
 Comparison Group A Comparison Group B 

1 Control Total (Male and Female) HFD Total (Male and Female) 

2 Control Male HFD Male 

3 Control Female HFD Female 

Table'3;1:'Inter;Diet'Comparison'Table.'For'each'region'of'interest,'at'both'ages,'each'of'these'
groups'was'compared.'This'involved'using'a'student't;test'or'one;way'ANOVA,'with'a'post'hoc'
Tukey'test.'

 

Intra;Diet'Comparison'
' Comparison*Group*A* Comparison*Group*B*

1' HFD!Male!! HFD!Female!!

2' Control!Male! Control!Female!

Table'3;2:'Intra;Diet'Comparison'Table.'For'each'region'of'interest,'at'both'ages,'an'intra;diet'
comparison'was'conducted.'This'was'to'look'for'any'differences'in'between'sexes'from'each'
diet'and'was'analysed'using'a'post'hoc'Tukey'test.'

!  
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3.2 Amygdala!

3.2.1 Gestational(Day(15.5(
A student t-test revealed cellular proliferation was significantly different 

at GD 15.5 when comparing the two diet groups, regardless of the sex of the 

pups. (P = 0.0197 (Figure 3.1)).  

3.2.2 Sex(Differences(in(the(Amygdala(at(Gestational(Day(15.5(
In the amygdala, one-way ANOVA revealed a significant difference 

between all four diet and sex combinations (P = 0.0094 (Figure 3.1)). A post-hoc 

Tukey test revealed that there was a significant difference in cell proliferation 

when comparing the HFD males to the control males. This was seen as a 

decrease in cell proliferation in the HFD males, compared to the control (P = 

0.01315 (Figure 3.1)). However, when comparing the HFD females to the control 

females using a post-hoc Tukey test, no significant difference was seen 

(P=0.5828 (Figure 3.1)). Additionally, intra-diet analysis (also using a Tukey 

test) revealed no significant difference within the control group between the 

sexes (P = 0.9654 (Figure 3.1)). The same intra-diet analysis comparing sexes 

from the maternal HFD revealed a significant difference in cellular proliferation, 

with a P value of 0.0086 (Figure 3.1). This was seen as a decrease in cell 

proliferation within the male group from the HFD. 

3.2.3 Gestational(Day(17.5(
A student t-test revealed a significant decrease in cellular proliferation in 

the HFD group when compared to the control group at age 17.5, with a P value 

of 0.0001 (Figure 3.2).  

3.2.4 Sex(Differences(in(the(Amygdala(at(Gestational(Day(17.5(
In the amygdala, one-way ANOVA revealed a significant difference 

among the diet and sex combinations (P=0.0033 (Figure 3.2)). A post-hoc Tukey 
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test revealed that there was a significant decrease in cell proliferation in the HFD 

males compared to the control males (P = 0.0076 (Figure 3.2)). This significant 

difference was also seen when comparing the females of the two diet groups, 

with a decrease in the HFD female proliferation numbers compared to females 

undergoing gestation in normal weight mothers. (P = 0.0473 (Figure 3.2)). Intra-

diet comparisons using a post-hoc Tukey test revealed no significant differences 

between the males and the females of each diet. This was seen with a P value of 

0.9856 for the mHFD and 0.9815 for the control diet (Figure 3.2). 

3.3 Purkinje!Cell!Layer!of!the!Cerebellum!

3.3.1 Gestational(Day(15.5(
!

A student t-test revealed no significant changes when comparing the pups 

of a maternal HFD group and pups from a control group at GD 15.5 in the 

Purkinje cell layer of the Cerebellum (P = 0.8336 (Figure 3.3)).  

3.3.2 Sex(Differences(in(the(Purkinje(cell(layer(at(Gestational(Day(15.5(
!

In the Purkinje layer of the cerebellum, a one-way ANOVA revealed no 

significant difference among all four diet and sex combinations (P=0.9604 

(Figure 3.3)). When comparing the males of each of the diet groups using a post-

hoc Tukey test, no significant difference was found (P=0.9999 (Figure 3.3)). The 

same test was performed upon the females, also showing no significant 

difference in cellular proliferation (P=0.9933 (Figure 3.3)). Additionally, there 

were no intra-diet differences in cellular proliferation (HFD P = 0.9946; control 

P = 0.9772 (Figure 3.3)). 
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3.3.3 Gestational(Day(17.5(
A student t-test revealed no significant difference when comparing the 

pups of a maternal HFD group and pups from a control group at GD 15.5 in the 

Purkinje cell region of the cerebellum (P = 0.2286 (Figure 3.4)). 

3.3.4 Sex(Differences(in(the(Purkinje(cell(layer(at(Gestational(Day(17.5(
In the Purkinje Layer of the cerebellum a one-way ANOVA revealed no 

significant difference among any diet and sex combinations (P=0.3833 

(Figure3.4)). When comparing the males of each of the diet groups using a post-

hoc Tukey test, no significant difference was found (P=0.4597 (Figure 3.4)). The 

same test was performed on the females, also showing no significant difference 

(P=0.9627, Figure 3.4). Additionally, there were no intra-diet differences in the 

cellular proliferation seen (HFD P = 0.5620; control P = 0.9939 (Figure 3.4)). 

3.4 Hippocampus!!

3.4.1 Gestational(Day(15.5(
A student t-test revealed no significant changes seen when comparing the 

pups of a maternal HFD group and pups from a control group at GD 15.5 in the 

hippocampus (P = 0.7884 (Figure 3.5)). 

3.4.2 Sex(Differences(in(the(Hippocampus(at(Gestational(Day(15.5(
In the hippocampus, one-way ANOVA revealed no significant 

differences among any of the diet and sex combinations (P = 0.8637 (Figure3.5)). 

When comparing the males of each of the diet groups using a post-hoc Tukey 

test, no significant difference was found (P = 0.9979 (Figure 3.5)). The same test 

was performed on the females, again with no significant difference seen. (P = 

0.9378, (Figure 3.5)). Intra-diet analysis found no differences in the cellular 

proliferation (HFD P = 0.9999; control P = 0.8782 (Figure 3.5)). 
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3.4.3 Gestational(Day(17.5(
A student t-test revealed no significant changes seen when comparing the 

pups of a maternal HFD group and pups from a control group at GD 17.5 in the 

hippocampus (P = 0.2288 (Figure 3.6)). 

3.4.4 Sex(Differences(in(the(Hippocampus(at(Gestational(Day(17.5(
In the hippocampus, one-way ANOVA revealed no significant difference 

among any diet and sex combinations (P = 0.5601 (Figure3.6)). When comparing 

the males of each of the diet groups using a post-hoc Tukey test, no significant 

difference was found (P = 0.6132 (Figure 3.6)). The same test was performed 

upon the females, and no significant difference was observed (P=0.9692 (Figure 

3.6). Intra-diet analysis found no differences in the cellular proliferation (HFD P 

= 0.8192; control P = 0.9999 (Figure 3.6)). 

! !
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'

Figure'3.1:'Gestational'day'15.5'Amygdala.'A'Cellular!Proliferation!in!the!Amygdala!as!measured!in!
each!sex!and!diet!combination.!CC:!Control!Combined!sexes;!HFDRC:!High!fat!diet!combined!sexes;!CR
M:!Control!Male;!CRF:!Control!Female;!HFDRM:!High!fat!diet!male;!HFDRF:!High!fat!diet!female.!Error!
Bars!=!SEM.!*P<0.05,!**P<0.01.!Number!at!base!of!bar!indicates!number!of!pups!examined!across!a!
minimum!of!3!separate!pregnancies.!B:!X10!focus!of!control!amygdala;!C:!X20!focus!of!control!
amygdala;!D:!X10!focus!of!HFD!amygdala;!E:!X20!focus!of!HFD!amygdala.!Arrows!indicate!cells!of!
interest.!
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'

Figure'3.2:'Gestational'Day'17.5'Amygdala,'overview'of'all'data.'A'Cellular!Proliferation!in!the!
Amygdala!as!measured!in!each!sex!and!diet!combination.!CC:!Control!Combined!sexes;!HFDRC:!High!fat!
diet!combined!sexes;!CRM:!Control!Male;!CRF:!Control!Female;!HFDRM:!High!fat!diet!male;!HFDRF:!High!
fat!diet!female.!Error!Bars!=!SEM.!*P<0.05,!**P<0.01,!***P<0.001.!Number!at!base!of!bar!indicates!
number!of!pups!examined.!B:!X10!focus!of!control!amygdala;!C:!X20!focus!of!control!amygdala;!D:!X10!
focus!of!HFD!amygdala;!E:!X20!focus!of!HFD!amygdala.!Arrows!indicate!cells!of!interest.!
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!
Figure'3.3:'Gestational'day'15.5'Purkinje'cell'layer'of'the'Cerebellum.'A'Cellular!Proliferation!in!
the!Purkinje!cell!layer!of!the!cerebellum!as!measured!in!each!sex!and!diet!combination.!CC:!Control!
Combined!sexes;!HFDRC:!High!fat!diet!combined!sexes;!CRM:!Control!Male;!CRF:!Control!Female;!HFDR
M:!High!fat!diet!male;!HFDRF:!High!fat!diet!female.!Error!Bars!=!SEM.!P>0.05.!Number!at!base!of!bar!
indicates!number!of!pups!examined.!B:!X10!focus!of!control!cerebellum;!C:!X20!focus!of!control!
cerebellum;!D:!X10!focus!of!HFD!cerebellum;!E:!X20!focus!of!HFD!cerebellum.!Arrows!indicate!cells!of!
interest.'
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!
Figure'3.4:'Gestational'day'17.5'Purkinje'cell'layer'of'the'Cerebellum.'.'A'Cellular!Proliferation!in!
the!Purkinje!cell!layer!of!the!cerebellum!as!measured!in!each!sex!and!diet!combination.!CC:!Control!
Combined!sexes;!HFDRC:!High!fat!diet!combined!sexes;!CRM:!Control!Male;!CRF:!Control!Female;!HFDR
M:!High!fat!diet!male;!HFDRF:!High!fat!diet!female.!Error!Bars!=!SEM.!P>0.05.!Number!at!base!of!bar!
indicates!number!of!pups!examined.!B:!X10!focus!of!control!cerebellum;!C:!X20!focus!of!control!
cerebellum;!D:!X10!focus!of!HFD!cerebellum;!E:!X20!focus!of!HFD!cerebellum.!Arrows!indicate!cells!of!
interest.'
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!

Figure'3.5:'Gestational'day'15.5'Hippocampus.'A'Cellular!Proliferation!in!the!Hippocampus!as!
measured!in!each!sex!and!diet!combination.!CC:!Control!Combined!sexes;!HFDRC:!High!fat!diet!
combined!sexes;!CRM:!Control!Male;!CRF:!Control!Female;!HFDRM:!High!fat!diet!male;!HFDRF:!High!fat!
diet!female.!Error!Bars!=!SEM.!P>0.05.!Number!at!base!of!bar!indicates!number!of!pups!examined.!B:!
X20!focus!of!control!hippocampus;!C:!X20!focus!of!HFD!hippocampus.!Arrows!indicate!cells!of!interest.'

CB
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!
Figure'3.6:'Gestational'day'17.5'Hippocampus.'A'Cellular!Proliferation!in!the!Hippocampus!as!
measured!in!each!sex!and!diet!combination.!CC:!Control!Combined!sexes;!HFDRC:!High!fat!diet!
combined!sexes;!CRM:!Control!Male;!CRF:!Control!Female;!HFDRM:!High!fat!diet!male;!HFDRF:!High!fat!
diet!female.!Error!Bars!=!SEM.!P>0.05.!Number!at!base!of!bar!indicates!number!of!pups!examined.'B:!
X20!focus!of!control!hippocampus;!C:!X20!focus!of!HFD!hippocampus.!Arrows!indicate!cells!of!interest.'
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3.5 Trialed!Immunohistochemistry!

!
Concentration! Tissue! Fixation! Fix'Time! Result!

1:3000' E15!FF! 4%!PFA! 10!minutes! Unsuccessful!

1:2000' E17!FF! 4%!PFA! 10!minutes! Unsuccessful!

1:1000' E17!FF! 4%!PFA! 10!minutes! Unsuccessful!

1:1000' Adult! 4%!PFA! 10!minutes! Unsuccessful!

1:1000' E17!FF! 4%!PFA! 5!minutes! Unsuccessful!

1:1000' E17!FF! 4%!PFA!! 20!minutes! Unsuccessful!

1:1000' E17!FF! 4%!PFA! 60!minutes! Unsuccessful!

1:1000' E17! Immersion!fixed! R! Unsuccessful!

1:1000' E17!FF! R20!Methanol! 20!minutes! Unsuccessful!

Table'3;4:'Table'of'trialed'combinations'for'the'Tryptophan'Hydroxylase'(TPH)'
immunohistochemistry.'FF'='Fresh'frozen;'PFA'='Paraformaldehyde.'

!
!

 

Concentration! Tissue! Fixation! Fixation'Time! Result!

1:5000' E15!FF! 4%!PFA! 10!minutes! Unsuccessful!

1:3000' E17!FF! 4%!PFA! 10!minutes! Unsuccessful!

1:1000' E15!FF! 4%!PFA! 10!minutes! Unsuccessful!

1:2000' Adult! 4%!PFA! 10!minutes! Unsuccessful!

1:1000' E17!FF! 4%!PFA! 5!minutes! Unsuccessful!

1:1000' E17!FF! 4%!PFA!! 20!minutes! Unsuccessful!

1:1000' E17!FF! 4%!PFA! 60!minutes! Unsuccessful!

1:1000' E17! Immersion!fixed! R! Unsuccessful!

1:1000' E17!FF! R20!Methanol! 20!minutes! Unsuccessful!

1:500' Adult! Perfusion!Fixed*! R! Successful!

Table'3;3:'Table'of'trialed'combinations'for'the'Tyrosine'Hydroxylase'(TH)'
immunohistochemistry.'FF'='Fresh'frozen;'PFA'='Paraformaldehyde.'*'='Perfusion'fixed,'the'
common'and'successful'method'of'fixation'used'for'this'antibody,'carried'out'as'a'positive'
control.'
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Initially, I set out to examine the effect that maternal obesity had on the 

development of the offspring brain with respect to ASD. The major aspect that I 

wanted to assess was whether cellular proliferation was altered in areas 

associated with ASD. However, I also wanted to examine the effect that this may 

have on different neuronal populations, which can be distinguished by their 

neurotransmitter expression. 

Serotonin and Dopamine are two such neurotransmitters that I identified 

as significant in ASD pathology, based on previous research. Therefore, to 

examine these in such a similar manner I wanted to perform 

immunohistochemistry, staining for their appropriate transporters. 

To do this, two cell type-specific antibodies were optimised. TH antibody 

(ab151), labels tyrosine hydroxylase, the rate-limiting enzyme in dopamine 

synthesis, and is specific for dopamine neurons. The other was TPH, which 

labels tryptophan hydroxylase, the rate-limiting enzyme in serotonin synthesis, 

and is specific for serotonin neurons. A summary of trials using these two 

antibodies appears in Tables 3.3 and 3.4. 

Both of these antibodies had been used by collaborators, so initially I 

attempted their protocols on our tissue, which is quite different, particularly in 

terms of age and fixation. The TH antibody had been used in perfused adult 

tissue at concentrations out to 1:50,000 successfully. I initially began using the 

antibody at 1:5000 with fresh frozen tissue that was fixed with 4% PFA prior to 

performing the immunohistochemistry, which was unsuccessful. I continued 

altering primary antibody concentrations with no changes. Following this I began 

altering the fixation protocols.  
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When tissue is perfusion fixed, the animal is injected with a large 

quantity of PFA through the heart, which disperses via the vascular system. 

Following this, the tissue of interest, in this case, the brain, is harvested and 

immersed for one hour in PFA. This led me to believe that the tissue was 

extremely over-fixed, so I tried extending my fixation protocol. When this did 

not work, I questioned that perhaps the tissue was under-fixed for some reason. 

However, after trying shorter fixation times as well, which were still met with no 

luck, I felt that PFA was not going to work for this. The last thing that I tried was 

using methanol, which was cooled to -20°C before the tissue was placed in it for 

20 minutes to fix. Once again, this was met with no success. 

After all of these trials, I wanted to ensure that the lack of success was 

not due to a failing of one specific step in the process. That is, ensure that all of 

my antibodies and other chemicals were working correctly. To do this, I used 

perfusion fixed adult tissue as a positive control and a high concentration of 

antibody, along with all other steps the same as previously used. This was 

successful, with Dopamine neurons in the Arcuate nucleus and median eminence 

clearly visible using the TH antibody. 

This brought me to the conclusion that the issues with this antibody were 

to do with the fetal tissue and fixation. Due to mouse embryos being so small, 

perfusion fixation is not as possible and replicating the effect of the long fixation 

did not prove to be successful. It is also possible that at the ages examined, the 

proteins I was trying to detect are not yet produced in sufficient abundance for 

detection with immunohistochemistry. Should this study be repeated, a more 

sensitive method (such as in situ hybridisation) should be considered. At this 
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point I disbanded this particular experiment, as I had no further options to 

explore. 

! !



! 57!

4 Discussion(

4.1 Overview!

Of the three areas assessed in this study, only the amygdala showed any 

significant difference in proliferation when HFD offspring were compared to 

those from control, normal weight mothers.  The hippocampus and Purkinje cell 

region of the cerebellum did not show any significant differences when compared 

to the control groups. There are a variety of possibilities to explain these 

observations, as well as implications for post-natal life and neurobehavioural 

phenotype. 

4.2 Cell!proliferation!at!Gestational!Day!15.5!

There were significant differences in cell proliferation seen in the 

amygdala at GD15.5. The males from the HFD mothers had significantly fewer 

numbers of proliferating cells when compared to the male offspring of mothers 

eating a control diet. Interestingly, the HFD males also had lower numbers than 

the HFD females, suggesting a greater change in the males as a consequence of 

maternal obesity.  

These findings suggest that maternal obesity is influencing the 

development of the fetal amygdala by altering the ability of the neural stem cells 

residing in this location to proliferate normally. How exactly this is occurring is 

unclear, however, inflammation is a leading contender for mediating change. If in 

fact inflammatory cytokines are reaching the brain at or even prior to this time-

point, it is possible that they are influencing cell proliferation. However, without 
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examining others times across amygdala development, it is difficult to say if this 

snapshot of the developmental timeline is representative of the entire course of 

amygdala development. 

In the Purkinje layer of the cerebellum and the hippocampus, there was 

no significant difference in cell proliferation between HFD and control groups at 

GD15.5, including when the two diet groups were split by sex.  

In the mouse, both of these regions undergo much of their development 

between GD10 and GD 13. Thus, by GD15.5, a lot of the cell proliferation has 

already taken place. This means that the age of the tissue used may play a role in 

the results seen, as we are not looking at the peak age of development. This will 

be discussed in more detail later in the chapter. 

4.3 Cell!Proliferation!at!Gestational!Day!17.5!

As at GD 15.5, the amygdala showed significant changes at GD17.5. The 

fetuses developing in HFD-fed obese mothers had consistently and significantly 

fewer numbers of proliferating cells than their control counterparts. This was also 

observed when the diet groups were separated by sex, with lower numbers of 

cells proliferating in the HFD male fetuses compared to the control male fetuses.  

Furthermore, there were significant differences seen when comparing 

sexes within a diet. While the males and females from the HFD group both 

exerted a decrease in the numbers of cells proliferating when compared to their 

control counterparts, the HFD males also had a significantly lower number of 

proliferating cells when compared to the HFD females.  
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In the Purkinje layer of the cerebellum there was no significant difference 

in cell proliferation at GD17.5. Similarly, the hippocampus also had no 

significant changes at this point in time. Just as at GD15.5, this could be due to a 

multitude of reasons. For one, at this age, we are even further down the 

developmental timeline and further from the peak of cell proliferation for both of 

these regions. Thus, although there may be changes in Purkinje cell or 

hippocampal development that are evident at this age, they are more likely to be 

processes that occur subsequent to neural stem cell proliferation, such as axon 

growth or synaptogenesis of differentiated neurons. 

4.4 Interpretation!of!Results!
4.4.1 Amygdala(

The amygdala showed consistently, and significantly, lower numbers of 

proliferating cells at both ages assessed in the HFD groups by comparison to 

controls. Additionally, these results were amplified in the HFD males at age 

GD15 in comparison to the HFD females. This could be interpreted in many 

ways. 

The reductions in cell proliferation could be due to a decrease in the 

overall numbers of cells capable of proliferating in the amygdala, suggesting that 

the generation of neural stem cells is impaired. These results could also be due to 

a shift in the timeline of cell proliferation, with perhaps more cells undergoing 

proliferation at an earlier age in the HFD. This would mean that the peak of 

development may be earlier, so that by GD15.5, more development would have 

taken place in the HFD, and consequently we see lower numbers of proliferating 

cells, indicative of a more mature structure. 
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Another possibility is that the changes seen are cell type specific, which 

is possible, but not well supported in the literature. The neuropathology of ASD 

finds many cell specific changes in other regions of the brain, such as the 

hippocampus and cerebellum, however the amygdala has not been identified to 

show similar changes. Instead, post mortem analysis has described the 

pathological histology of the amygdala as having a distinct decrease in cell size, 

as well as an increase in cell packing/density, which is often patchy. Bauman and 

Kemper described this, hypothesizing that perhaps the small, densely packed 

cells were a result of an arrest in development, of which the cause was unknown. 

A reduction in proliferation may be one possible mechanism by which this 

pathology might come about. 

If this hypothesis was true, then perhaps we see lower numbers of cells 

proliferating in the amygdala at this point because their development has indeed 

been arrested. This would mean that the cells we are seeing could be smaller, due 

to not having completed development successfully. Further to this, they may not 

have migrated successfully, potentially being more densely packed in the areas 

surrounding their origin – the ventricular zone. This can only be speculated about 

as we did not measure the density of proliferating cells in this study, nor did we 

investigate migration. However, gross observation of this region does give the 

impression that cells are more tightly packed in the HFD compared to control. 

Quantitation of this aspect would be useful for a more definitive answer.  

The sex specific changes that we see here strongly support these changes 

being consistent with ASD. The epidemiology surrounding ASD shows males are 

much more likely to have ASD than females, with an approximate ratio of 4:1, 

male:female. However, why this is the case is unclear.  
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The findings from the present study suggest that the effects of maternal 

obesity are greater on the developing male brain when compared to the females. 

This could be because the male brain is less robust when it comes to dealing with 

the effects of maternal obesity and, consequently, the changes seen as a result of 

this environment are exacerbated. However, regardless of the specific reason for 

these results, they do support the link between maternal obesity and ASD. These 

findings not only support the developmental timeline of what, anatomically, is 

affected, but also the epidemiology of who is affected.  

The last thing to take into consideration is the developmental timeline of 

the amygdala. Though it is not well understood, we do know that the amygdala, 

like the hippocampus and the cerebellum, is undergoing the majority of its 

development between GD10-GD12 in the mouse. Consequently, this means that 

both ages assessed in this study are in the end stages of the developmental 

timeline. While it could be argued that it would be better to complete the same 

trial on younger subjects, the sheer density of cell proliferation, combined with 

the technical difficulties of such small and fragile tissue, would make the 

experiment almost impossible to conduct and, if successful, very difficult to 

quantify.  

4.4.2 Cerebellum(and(Hippocampus(
The hippocampus and the cerebellum both showed insignificant results at 

the ages assessed. This could be because, regardless of the maternally obese 

environment, they are undergoing normal neural stem cell proliferation, 

indistinguishable from the control group. Thus, there would be no change to see 

when comparing the two groups at any point in the developmental timeline.  
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Another possibility is that maternal obesity is altering the number of cells 

proliferating in these regions, but we just do not see them using the present 

methods. Neural stem, or progenitor, cells give rise to multiple differentiated 

neuronal and non-neuronal cells. In order to do this, they have complex control 

of when they proliferate and differentiate. Across developmental time, it is 

believed that many subpopulations exist, in accordance with the differentiated 

cell type that they give rise to, such that there are progenitors that give rise to 

dopamine neurons, and other progenitors that give rise to serotonin neurons, and 

so forth for the generation of other cell types. If the maternal environment 

changed only one progenitor subtype, then this might be such a small proportion 

of the total progenitor number that it would not be statistically evident, as many 

more cells would be unaffected. For example, a decrease in progenitor cells that 

give rise to hippocampal pyramidal cells could be masked by normal numbers of 

proliferating progenitor cells that give rise to other cell types. This possibility 

could be clarified by examining whether the numbers or proportions of 

differentiated phenotypes was altered.  

Another aspect to consider when interpreting these data is the age of the 

tissue used. It is possible these results show no significant difference because 

there are no significant differences to be seen at these ages assessed. We are only 

assessing the tail end of development, with the peak of development for these 

regions occurring around GD10-GD13. Consequently, the results gathered from 

this may not adequately represent what is occurring in terms of cell proliferation, 

which peaks somewhat earlier than what was examined in this project.  

Blood borne factors as a result of maternal obesity are likely to give rise 

to the changes we have seen. However, we have not focused on any specific 
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causative agent (e.g. inflammation). We know that maternal obesity is leading to 

changes in the developing brain. However, we do not know the threshold of 

blood borne factors secondary to obesity that are required in order to create 

changes to the developing brain. In this study, we saw that the amygdala, at both 

ages, is most susceptible to the changes experienced as a result of maternal 

obesity. Conversely, the cerebellum and hippocampus did not show any 

discernable differences. Perhaps the amygdala has a lower threshold for being 

able to cope with secondary obesity factors before changes to development are 

created, while the hippocampus and cerebellum are more resilient to these 

effects. However, why exactly this region is more susceptible than the other two 

is unknown at present, but possibilities include differences in vascularity, 

proximity to large blood supply (e.g. the hypothalamus), or less robust 

developmental processes, being potential contributors to these contrasting results. 

As we are unsure what prenatal ASD looks like, it is difficult to predict 

with certainty which, if any, regions of the brain will be affected before birth; and 

even if we could make a reasonable prediction, it is difficult also to predict the 

way(s) in which they might be affected. While it is very likely that these regions 

are fundamentally changed during pre natal development, and that these changes 

prime postnatal development of ASD, this full mechanistic understanding must 

await further research, such as whether ASD brains have a different prenatal 

histology when compared to normally developed non-ASD brains. 

4.5 The!implications!for!ASD!

The findings of this study indicate that maternal obesity affects the way 

that the amygdala develops in utero. The decrease in the number of cells seen 
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proliferating at GD15.5 and GD 17.5 could well be an early stage of the 

development of ASD.  

ASD is currently diagnosed in humans using a psychiatric assessment. 

This means that a set diagnosis can only be reached post-natally, due to the lack 

of biological markers. Currently, there is no way to predict who will develop 

ASD, so there is no way of knowing what the anatomy of someone who will go 

on to develop ASD looks like in utero. However, research has looked at the 

subjects with ASD in retrospect to determine how they develop in early post-

natal life. These findings indicate a low-end normal head size, consequent to a 

reduction in brain size. This continues for the first few months of life, followed 

by a rapid increase in growth, outgrowing their normal counterparts. One could 

hypothesize that this low end normal head size could be part of a time line in 

development, which if extrapolated back in time, could give clues to what is 

occurring prenatally. Such an exercise would predict that proliferation would be 

reduced in the prenatal period, at least for some brain areas; and this is consistent 

with the observations of this study. 
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'

Figure'4.1:'Animated'graph'of'the'developmental'timeline'of'ASD.'The!green!line!here!represents!
normal!development,!with!the!red!line!representing!the!proposed!development!of!someone!with!ASD,!
looking! at! overall! brain! size.! The! black,! vertical! line! in! the! middle! represents! birth.! Research! has!
shown!us!what!postRnatal!ASD!looks!like,!which!is!mapped!in!this!graph.!This!is!then!used!that!data!to!
extrapolate! what! could! be! happening! prenatally,! predicting! an! overall! decrease! in! brain! size!
prenatally,!which!is!seen!from!birth.!If!this!graph!were!true,!then!the!findings!from!the!present!study!
support!this!prediction.'

Thus, if ASD is presenting, from post natal day 0 (P0), as on the low end 

of the head size spectrum, it is likely that they are also on the low end of this 

spectrum in utero. If this was the case, then it is possible that this would be seen 

as a decrease in cell numbers, particularly in regions of the brain known to be 

associated with ASD, such as the amygdala.  

The results of my project thus, provide the first evidence for a region-

specific reduction in cell proliferation, which fits broadly with the clinical and 

histological description of reduced brain size in human ASD. The findings 

provide a significant step in the pathway to understanding ASD. While 

knowledge about pre natal ASD is very limited, it is very likely that the findings 

from this study are a part of a timeline of development consistent with ASD. 

However, regardless of whether they do fit with ASD or not, they do highlight 

that maternal obesity is changing regions of the prenatal brain that are not just 
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related to weight regulation. The ramifications for this are enormous, as obesity 

continues to be one of the leading health issues in the western world. We may be 

seeing other mental illnesses that are in fact a result of maternal obesity; we just 

do not realize it yet. Only further research into the nature of changes in the 

developing brain will shed light as to what is happening. 

4.6 Possible!Mechanisms!for!Change!

There are a number of different possibilities to explain the results seen, 

when combined with previous published research. The point of this study was to 

observe the effect of maternal obesity on prenatal brain development in areas of 

the brain that have been implicated in ASD. What we observed was that under 

the influence of the maternal obese environment, neural stem cell proliferation 

was reduced in the amygdala and unchanged in the cerebellum and hippocampus 

These observations were consistent across two ages – GD15.5 and GD 17.5, 

representing early and mid/late gestation in humans, respectively.  

4.6.1 Inflammatory(Cytokines(
One possibility for creating the changes seen here is the presence of pro 

inflammatory cytokines in the fetal circulation, such as IL-6. Epidemiological 

associations between maternal immune activation and ASD or SSD have been 

noted over a number of years. However, as the risk does not seem to be pathogen 

specific, it is now believed that the development of the risk lies with the 

inflammatory response (Smith, Li, Garbett, Mirnics, & Patterson, 2007). Thus, 

maternal increases in cytokines have been hypothesized to underpin changes to 

the developing brain that are associated with ASD and SSD.   



! 67!

During obesity, a number of cytokines have been reported to be elevated 

(Heerwagen, Miller, Barbour, & Friedman, 2010; Kim, Young, Grattan, & 

Jasoni, 2014). IL6, as well as IL17A and TNFα, has been reported to promote 

neuronal differentiation and the modulation of neurotrophin expression. (Gadient 

& Otten, 1994), thus, aberrant exposure to IL6 might be imagined to alter normal 

development. 

ASD, like many other complex diseases, is likely to be due to a 

combination of the environment and genetics, which underlies all of our 

regulated biological processes. Further experiments that investigate the role of 

IL6, and other cytokines, on the proliferation of amygdala progenitor cells, would 

be valuable to understand better the mechanism that gives rise to reduced 

proliferation in this brain region. 

4.7 Future!Directions!
4.7.1 Behavioural(Tests(

Behavioural testing would be an excellent way to look at how the 

maternal HFD-dependent changes to development relate to behaviour. As we 

have identified significant changes to the amygdala specifically, we can see if 

there are changes to the behaviour of offspring consistent with the physiology of 

the amygdala. 

This could be done over a range of ages in order to cover the critical time 

frame of ASD that is seen in humans, being prior to 3 years of age. This age 

correlates to approximately the first 2 weeks of post-natal life for the mouse. It is 

important to test over a period that encompasses many ages, as there are clinical 

differences in ASD progression, which, are age-dependent; and of course the 

timing of ASD progression is different for mice. Ages to consider for behavioural 
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analysis should include periods of normal development and developmental 

regression in the neonatal period, which are characteristic of ASD. 

Tests of interest could include and elevated plus maze, comparing pups 

from a maternal HFD and a normal, control diet. This would be an important test 

due to the clinical significance of anxiety and rituality, which are prominent 

symptoms of clinical ASD. A forced swim test could also be of interest, 

ultrasonic vocalisations, repetitive behaviours (e.g. marble burying) and 

socialisation/novel object tests. These psychological tests could allow us to look 

at the phenotypic behaviour of these offspring in order to determine if there are 

any significant differences in the way these pups are behaving. 

Behavioural testing in mice could give us some ideas about how this 

treatment works in relation to maternal obesity, or inflammation in general 

during pregnancy. Using an elevated plus maze or swim test, we could examine 

anxiety levels in pups from obese mothers, or mothers who have undergone a 

form of immune activation. Then following SSRI treatment, examine if levels of 

anxiety have indeed been altered. This could help to support the relationship 

between maternal obesity and ASD as a phenotype, as we cannot know for sure if 

the pups are in an ASD like state. 

4.8 Concluding!Remarks!

The results of this study suggest a close relationship between maternal 

obesity and the developing brain. Epidemiological associations have placed 

maternal obesity closely alongside mental illness such as ASD, and for the first 

time, we have seen a change in the prenatal brain that is consistent with the 

epidemiology. The specific mechanism behind this is, as of yet, unknown, 
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however, there are a number of contending possibilities to create this change, 

including inflammation secondary to obesity. Further research into this area is 

required to determine how these changes are occurring and to further quantify the 

changes occurring. Identification and isolation of aspects associated with obesity 

would be necessary in order to individually test what exactly is affecting 

development. Overall, this study opens many new doors into the effect of the 

maternal environment on the developing brain, and potentially links with mental 

illness.  

!  
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