
 

SEX-DEPENDENT GUT MICROBIOME DIFFERENCES  
IN A TRANSGENIC MOUSE MODEL OF AUTISM 

 

By George-Paul O’Byrne 
 

B.Sc., University of Saskatchewan, 2019 

 

A THESIS SUBMITTED TO THE COLLEGE OF GRADUATE AND POSTDOCTORAL STUDIES  
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF 

 

MASTER OF SCIENCE 

in 

PHYSIOLOGY 

 

Department of Anatomy, Physiology & Pharmacology 

 

THE UNIVERSITY OF SASKATCHEWAN 

(Saskatoon) 

 

Dec 2020 

    
 

© Copyright George-Paul O’Byrne, December 2020. All rights reserved. 
Unless otherwise noted, copyright of the material in this thesis belongs to the author. 



|i| 

 

PERMISSION TO USE 

In presenting this thesis/dissertation in partial fulfillment of the requirements for a Postgraduate 
degree from the University of Saskatchewan, I agree that the Libraries of this University may make 
it freely available for inspection. I further agree that permission for copying of this thesis/disserta-
tion in any manner, in whole or in part, for scholarly purposes may be granted by the professors 
who supervised my thesis, members of my advisory committee, or, in their absence, by the Head 
of the Department or the Dean of the College in which my thesis work was done. It is understood 
that any copying or publication or use of this thesis or parts thereof for financial gain shall not be 
allowed without my written permission. It is also understood that due recognition shall be given to 
me and to the University of Saskatchewan in any scholarly use which may be made of any material 
in my thesis. 

 

DISCLAIMER 

This work was created exclusively to meet the thesis requirements for the degree of Master of 
Science at the University of Saskatchewan. Reference, within this thesis, to any specific commer-
cial products, process, or service by trade name, trademark, manufacturer, or otherwise, does not 
constitute or imply its endorsement, recommendation, or favoring by the University of Saskatch-
ewan. The views and opinions of the author expressed herein do not state or reflect those of the 
University of Saskatchewan, and shall not be used for advertising or product endorsement pur-
poses. 

Requests for permission to copy or to make other uses of materials in this thesis/dissertation in 
whole or part should be addressed to: 

 

 

 

 

 

 

 



|ii| 

 

ABSTRACT   

 
A number of studies provide compelling evidence of a relationship between the 
overexpression of sAPPα, the non-amyloidogenic cleavage product of Amyloid Precursor 
Peptide (APP), and the abnormal neurological development observed in individuals with 
Autism Spectrum Disorder (ASD). Changes in the diversity of the gut flora, and co-
occurring gastrointestinal pathologies, have been consistently noted in studies of 
individuals with ASD. A number of mechanisms exist through which sAPPα overexpres-
sion may exert an influence on the initial development of the gut microbiome, or contribute 
to proinflammatory conditions within the gastrointestinal tract. In order to examine 
whether a relationship exists between sAPPα expression and gut microbiome 
composition, we performed cpn60 amplicon sequencing on fecal samples taken from 
transgenic mice expressing human sAPPα(NtgsAPPα = 10; Nwt = 18). We found no evidence 
of a strong effect on alpha or beta diversity, but did find significant reductions in the 
proportional abundance of Akkermansia muciniphila within sAPPα-overexpressing mice; 
suggesting that the sAPPα fragment may mediate differences in the growth medium 
provided by the intestinal mucosa. Though male and female controls differed in terms of 
the abundance of Akkermansia muciniphila detected at baseline, TgsAPPα males and 
females did not, suggesting that sex may influence the nature and extent of an sAPPα-
mediated effect. With these observations in mind, we argue for a link between 
overexpression of the sAPPα fragment and reduced abundance of Akkermansia 
muciniphila, before discussing the potential relevance of this finding to the intestinal 
pathology commonly seen in ASD. Finally, we discuss a number of variables which, based 
on the results of this study, may be of interest in further research. 

 

Keywords:  sAPPα, soluble amyloid precursor protein alpha, gut microbiome, dysbiosis, 
autism spectrum disorder, cpn60 amplicon, Akkermansia muciniphila 
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A Brief Overview:  
Autism spectrum disorder (ASD) is a neuropsychiatric disorder characterized by a range 
of socio-cognitive and behavioural impairments. ASD is generally diagnosed during early 
childhood and symptoms can vary greatly between individuals in terms of their severity. 
Current interventions remain limited in their efficacy and are often inaccessible to the 
families of children with ASD due to financial or socioeconomic barriers.    

A number of parallels exist between ASD and Alzheimer’s Disease, most notably, 
the involvement of Amyloid Precursor Protein (APP), from which neurotoxic β-Amyloid 
fragments are derived. Individuals with ASD show elevated brain, CSF, and plasma levels 
of an alternative cleavage product of APP known as sAPPα. Unlike β-Amyloid, sAPPα is a 
potent neurotrophic. Overactivation of the ‘non-amyloidogenic’ cleavage pathway, as in-
dicated by the elevated levels of sAPPα found in people with ASD, may explain many of 
the characteristic histological and neuroanatomical features of autistic brains. 

With recent advances in the field of bioinformatics has come surging interest in the 
gut microbiome and a wave of studies in which individuals with ASD are reported to differ 
significantly, in terms of the composition of their gut microbiomes, from neurotypical indi-
viduals. ASD appears to be associated with reductions in overall microbial diversity 
(Coretti et al., 2018; Zhang et al., 2018; Liu et al., 2019) and consistent differences in the 
abundance of specific bacterial taxa (Kang et al., 2013; Liu et al., 2019). ASD is also fre-
quently associated with gastrointestinal (GI) comorbidities, the presence of which have 
been correlated with the severity of behavioural symptoms (Borre et al., 2014; Mazefsky, 
Schreiber, Olino, & Minshew, 2014). In rodents, administration of metabolites produced 
by ASD-associated bacterial taxa appear to cause changes in the expression of ASD-
related genes, along with the induction of distinct autism-like behavioural symptomology 
(MacFabe et al., 2013). In line with such findings are a variety of studies suggesting that 
modification of gut microbiome composition—via dietary supplementation of pre- and pro-
biotics (as reviewed by Sivamaruthi et al., 2020), targeted use of antibiotics (Sandler et 
al., 2000), or fecal microbiota transplantation (Kang et al., 2019)—may represent a new 
avenue for the treatment of ASD.  

Despite the hope generated by such a prospect, much uncertainty still remains. 
Whether the gut microbiome changes seen in individuals with ASD precede the pathology 
of the disorder, or occur secondarily to it, is the subject of much debate. Since studies 
have shown that the gut microbiome may be shaped by neurological processes originat-
ing within the brain, via the Gut-Brain-Axis (GBA), it is possible that the overexpression of 
sAPPα seen in individuals with ASD may precede changes in gut microbiome composi-
tion. sAPPα overexpression has been shown to cause changes in the functioning of the 
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immune system (another common finding among individuals with ASD) which could influ-
ence the initial development of the gut microbiome by facilitating (or impeding) coloniza-
tion of the GI tract by specific commensals. The sAPPα fragment is also known to exert 
anti-apoptotic effects on both neuronal and somatic cells via the inhibition of apoptotic 
proteins and the promotion of pro-survival cell signalling pathways. Controlled apoptosis 
of intestinal enterocytes, which plays an important role in the developmental remodeling 
of the GI tract and is regulated by sAPPα-modulated signalling pathways, contributes to 
the prevention of persistent infection as well as the resolution of inflammation within the 
intestine—representing another potential mechanism by which sAPPα could influence the 
gut microbiome.  

By comparing the microbial composition of fecal samples via bioinformatic analysis 
of cpn60 amplicon sequencing data, as well as the histological characteristics of intestinal 
tissues from TgsAPPα mice with those of wildtype (WT) controls, the potential presence 
of a relationship between overexpression of the sAPPα fragment and the intestinal dysbio-
sis/enteritis associated with ASD may be investigated. What follows is a more compre-
hensive review of literature pertinent to the understanding of this thesis.  
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1.1  AUTISM SPECTRUM DISORDER (ASD) 

1.1.1 - Characterization 

Within the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), 
ASD (F84.0) refers to a group of related disorders that manifest in early childhood and 
are associated with significant deficits in ability across a range of functional areas (Park 
et al., 2016). Thought to be neurodevelopmental in origin, these deficits can vary greatly 
between individuals in terms of their intensity and often present comorbidly with other 
neurological disorders such as Tourettes, Attention-Deficit Hyperactivity Disorder 
(ADHD), and epilepsy (Zapella, 2002; Simonoff, 2008; Leitner, 2014; Jeste and Tuchman, 
2015; Mei et al., 2017). 

ASD, which may simply be referred to as Autism, is characterized by the presence 
(and in terms of the degree of severity) of the following symptoms: deficits in socio-cog-
nitive functioning, repetitive “stereotyped” movements, and rigid or compulsive behav-
ioural patterns (such as object fixations, strict routines, and obsessive interests). Addition-
ally, individuals with autism often experience significant differences in sensory processing, 
which can manifest as hyper- (or hypo-) sensitivity to certain stimuli as well as unusual 
interest in sensory aspects of the environment (Herbert et al., 2004; Park et al., 2016; 
Kirby et al., 2017).  

The presence of behavioural and cognitive traits associated with autism do not 
themselves imply an inability to function in society. Indeed, many professionals might owe 
a career to their place on the spectrum (Wei et al., 2013)—necessitating an often-contro-
versial distinction between “high-functioning” individuals and people with more severe 
forms of the disorder (Bal et al., 2017). In either case, the core symptoms of ASD can 
result in a significantly reduced quality of life and, in more severe cases, the need for 
lifelong care (American Psychiatric Association, 2013; Ruzzano, Borsboom, & Geurts, 
2014). Discomfort caused by non-typically perceived environmental stimuli (South & Rog-
ers, 2017) and compounded by communication difficulties can lead to a range of mala-
daptive behaviours frequently seen in individuals with ASD, including violence or hostility 
towards others, self-injury, pica, stimming, hypoactivity, or “internalizing” (Hall & Graff, 
2012). These behaviours generally pose greater obstacles, in terms of the provision of 
care to individuals with ASD, than do the core symptoms of the disorder (Hastings et al., 
2005).  
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1.1.2  - Prevalence and Impact 

ASD is the most commonly diagnosed neurological disorder in Canada (Ofner et al., 
2018). A recent report estimated the incidence of ASD within Canada as 1 in 66 children 
aged 5–17 years, with Newfoundland & Labrador reporting the highest incidence at 19.6 
cases per 1000 individuals and Yukon reporting the lowest at 8 cases per 1000 individuals 
(Ofner et al., 2018). According to the same document, the overall prevalence of ASD has 
increased dramatically since the last report published in 2009 (from 6 cases per thousand 
in Newfoundland & Labrador to the current rate; 5 per thousand to 17 in PEI and 3.5 to 
15.7 cases per thousand in Quebec). Differing incidence rates within Canada may reflect 
a lack of interprovincial consistency in data collection. For example, data on the incidence 
of ASD within Saskatchewan does not appear to be available. The US-based Autism and 
Developmental Disabilities Monitoring Network (ADDM) reported similar increases in 
prevalence, although their data are relatively weak in terms of generalizability (Ofner et 
al., 2018).  

Despite apparent increases in the prevalence of ASD, current treatment options 
remain expensive, time-consuming, and variable in efficacy (Ouyang et al., 2014; DeFilip-
pis & Wagner, 2016; Horlin et al., 2014; Ospina et al., 2008; Rogers et al., 2012; Khanlou 
et al., 2017; Shattuck, 2014; Shepherd & Waddell, 2015; Buescher et al., 2014). Catering 
to the needs of a child with moderate-to-severe ASD can pose significant financial strain, 
particularly for lower-income families, owing to the loss of income associated with their 
child’s need for full-time care and compounded by the costs associated with medication, 
behavioural intervention, informal care, and the management of accompanying health is-
sues (Sharpe & Baker, 2007; Cidav et al., 2012; Roddy & O’Neill, 2018). The parents of 
children with autism experience significantly greater levels of stress than the general pop-
ulation, in a manner correlated with the severity of their child’s symptoms (Hastings, 2003; 
Carter, 2008; Gomes et al., 2015; Soltanifar et al., 2015; Zhou et al., 2019). Accordingly, 
immediate family members of an individual with moderate to severe ASD are more likely 
to experience mental (Zhou et al., 2019) and physical (Karst & Van Hecke, 2012) health 
problems than the general population.  

It is only by striving to identify the neuropathology associated with ASD that we 
may hope to develop more effective and accessible clinical interventions, and alleviate 
both the distress experienced by those with the disorder and the financial and emotional 
toll placed upon family members and caregivers. For a more detailed explanation of the 
neurological features of ASD, see Supplemental Materials: Neuroscience of Autism.      
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1.1.3  - Causal Factors 

Though a clear understanding of the etiology of autism remains elusive, the literature in-
dicates that the heterogeneity seen in terms of the presentation of ASD is the result of an 
interplay between genetic, epigenetic, and environmental factors, with each factor exert-
ing its own influences on perinatal neurodevelopment (Hessl et al., 2001; Newschaffer et 
al., 2007; Lahiri et al., 2009; Ronald & Hoekstra, 2011; Hallmayer et al., 2015; Karimi et al., 
2017).  

1.1.3.1 Genetic Determinants 

For decades, studies have demonstrated evidence of the genetic components of ASD. 
Upper estimates have placed the heritability of ASD around 50% (Rutter 2000; Folstein & 
Rosen‐Sheidley 2001; Veenstra‐Vanderweele et al., 2003; Sandin et al., 2014), with con-
cordance rates among monozygotic and dizygotic twins around 60% and 3–5%, respec-
tively (Sparks et al., 2002; Albrahams & Geschwind, 2008; Losh et al., 2008; Hallmayer et 
al., 2011; Ronald & Hoekstra, 2011), and risk increasing as a function of genetic related-
ness (Sandin et al., 2017). Incidentally, family members of people who have been diag-
nosed with ASD are often noted to display autism-like personality traits, which may rep-
resent attenuated symptoms—prompting the characterization of a so-called broad autism 
phenotype (Losh et al., 2008). 

ASD is approximately four times more likely to be diagnosed in males than females 
(NASS, 2018; CDC, 2018). Females with the disorder are often noted to exhibit a different 
presentation of the core symptoms and involving fewer restricted and repetitive behav-
iours, but more severe “internalizing” symptoms such as anxiety and depression (Mandy 
et al., 2012; Werling and Geschwind, 2014). The consistency of this finding across epide-
miological studies suggests that the presence or absence of sex hormones (e.g., testos-
terone) or the expression of sex-specific genes may amplify the effects of genetic variation 
on the presentation of autistic phenotypes (Werling and Geschwind, 2014). Differing rates 
of diagnosis may also reflect the influence of sociocultural expectations regarding gender 
on perceptions of childhood behaviour. For example, males with ASD are more likely to 
be perceived as aggressive or socially disruptive (and therefore warranting a diagnosis), 
whereas females with the disorder may just be considered “quiet” or “shy” (Mandy et al., 
2012).  

Several rare genetic disorders—for example, Fragile X Syndrome (FXS), Phenyl-
ketonuria (PKU), Tuberous Sclerosis, and Rhett’s Syndrome (Rubenstein & Merzenich, 
2003)—are known to cause autism-like behavioural symptoms in some afflicted individu-
als; however, it is unclear how definitively the affected genes can be linked with specific 
behavioural phenotypes of autism, since these disorders also result in a wide array of 
neurophysiological abnormalities. Furthermore, many afflicted individuals do not display 
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any notable symptoms of ASD (Hessl et al., 2001; Rogers et al., 2001; Bolton et al., 2002; 
Klusek et al., 2017), suggesting that the co-inheritance of other (more commonly occur-
ring) genetic factors may underlie their presentation.  

Indeed, and reflecting the heterogeneous nature of ASD, a multitude of inheritable 
risk genes have been identified (Risch et al., 1999; De Rubeis et al., 2014), most of which 
are associated with the expression or functioning of proteins known to contribute to syn-
aptogenesis, neuroplasticity, and chromatin remodeling (Toro et al., 2010; Hussman et al., 
2011; Varghese et al., 2017). Of the thousand or so known risk genes (Alonso-Gonzalez 
et al., 2018), there has yet to a single risk gene to be identified as a definitive causal factor 
for ASD (De Rubeis et al., 2014). Moreover, only around 20% of ASD cases can be iden-
tified as having a discrete genetic cause (Alonso-Gonzalez et al., 2018). More recent stud-
ies have implicated spontaneous de novo mutations within parental gametes (or occurring 
post-zygotically) as prominent contributing factors to autistic end-phenotypes (O’Roak et 
al., 2012; Yuen et al., 2015; Alonso-Gonzalez et al., 2018). 

1.1.3.2 Environmental and Epigenetic Influences       

The current literature indicates that environmental factors likely play a role in the patho-
genesis of autism spectrum disorders, whether indirectly—through epigenetic regulation 
of gene expression, facilitation of ASD-related de novo mutations in those with genetic 
vulnerabilities, or the induction of local/systemic inflammation—or directly, via the disrup-
tion of proliferative signalling cascades during critical post- or antenatal periods of brain 
development.  

Though characteristic behavioural symptoms can be noticeable in children as 
young as 9–12 months of age (Johnson et al., 2007), most children with ASD are not 
diagnosed until after the age of 3, when deficits in social functioning become more explic-
itly apparent (Barbaro & Dissanayake, 2009). Notably, some children with autism appear 
to follow a typical developmental course before experiencing a sudden behavioural re-
gression between the second and third year of life (Rodier & Hyman, 1998; Shulman & 
DiLavore, 2004; Werner & Dawson, 2005; Luyster et al., 2005; Goldberg et al., 2008; 
Ozonoff et al., 2010). The presence of at least two distinct patterns of onset, prenatal and 
regressive, may indicate multiple distinct etiologies of the disorder. In the prenatal pattern 
of onset, ASD arises pre- or postnatally due to heritable genetic factors. In the regressive 
pattern, a combination of genetic vulnerabilities and epigenetic stressors (such as expo-
sure to environmental toxins, infection, or autoimmunity) cause abnormal neuronal mor-
phology and altered cortical excitability during the postnatal developmental period, result-
ing in an ASD-like phenotype.  

In support of this idea, whole genome studies have shown that siblings with autism 
often differ substantially in terms of the presence of ASD-associated de novo muta-
tions/risk genes. This implies that the heritability of autism cannot be explained by genetic 
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factors alone (Yuen et al., 2015). Furthering this implication, Yuen and colleagues noted 
that siblings with discordant mutations tend to demonstrate more clinical variability in 
terms of their ASD symptoms. This observation is consistent with a number of case stud-
ies describing marked differences in the presence, severity, and neurological symptoms 
between monozygotic twins with ASD (Lainhart & Piven 1995; Le Couteur et al., 1996; 
Kates et al., 1998). Such variability in presentation, even among twins, suggests that non-
genetic factors contribute significantly to the pathogenesis of autism (Rubenstein & 
Merzenich, 2003; Yuen et al., 2015; Modabbernia et al., 2017).  

If widespread reports of significant increases in the incidence of autism (Ru-
benstein & Merzenich, 2003; Rice et al., 2012) are to be interpreted such that ASD is 
occurring more frequently in the general population, then exposure to ASD-promoting 
environmental factors (e.g., pollutants associated with increased urbanization) could well 
be culpable. In potential agreement with this idea are geographical studies of ASD prev-
alence which show regional ‘hot-spots’—for example, an American epidemiological study 
concluded that children born in the region of New England are 50% more likely to be 
diagnosed with ASD than children born elsewhere in the United States (Hoffman et al., 
2017). As a result of industrial activities, several instances of groundwater contamination 
with heavy metals and volatile organic compounds, both of which have been associated 
with an increased risk of ASD (Kalkbrenner et al., 2014; Kalkbrenner et al., 2018), are 
known to have occurred in New England communities as documented in a 2012 paper by 
the Toxics Action Centre, entitled “Past and Current Pollution threats in New England.”  

It is important to note, however, that geographical patterns in ASD prevalence do 
not necessarily imply the presence of environmental factors. Differing regions often have 
disparate levels of access to diagnostic screening (Hoffman et al., 2017) and the number 
of developmental evaluations performed in the US has increased significantly within the 
last decade (ADDM, 2020). Apparent overall increases in the prevalence of ASD may 
simply reflect more accessible healthcare within a particular geographic region or new-
found vigilance among parents and educators (and therefore greater recognition of de-
velopmental issues), given the wealth of resources now available online. 

Alongside pollutants, nutritional factors have been implicated in the pathogenesis 
of autism. A large proportion of autistic individuals demonstrate significantly reduced se-
rum levels of cholecalciferol, a.k.a. Vitamin D (Bener et al., 2014; Principi & Esposito, 
2020). The Vitamin D Receptor (VDR) is expressed throughout the central nervous system 
(CNS), particularly the cerebral cortex, and appears to be functionally important in neu-
ronal growth and development (Principi & Esposito, 2020). Maternal vitamin D deficiency 
(Cui et al., 2007) as well as the reduced VDR density seen in autistic individuals (Altun et 
al., 2018) have both been associated with changes in neuronal proliferation (Cui et al., 
2007; Marini et al., 2010). Numerous studies have also shown children with autism to be 
deficient in folic acid (Vitamin B9), pantothenic acid (B5), and biotin (B7) (Adams et al., 
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2011; Ali et al., 2011; Al-Farsi et al., 2013; Spilioti et al., 2013; Stewart et al., 2015). Ac-
cording to a review by Frye et al. (2017), folate in particular is heavily implicated as a 
factor in the pathogenesis of ASD. Many autism-linked gene polymorphisms are associ-
ated with defects in folate metabolism or synthesis (Boris et al., 2004; James et al., 2006; 
Adams et al., 2007; Goin-Kochel et al., 2009; Mohammad et al., 2009; Liu et al., 2011; 
Vahabzadeh et al., 2013) and folate receptor autoantibodies (which physically obstruct 
the binding of folate) can be found in the mothers of (as well as individuals with) ASD (
Ramaekers et al., 2007; Frye et al., 2013). Gestational folate supplementation has been 
associated with a decreased risk of ASD (Surén et al., 2013).  

Infection (both pre- and post-gestational) is another environmental risk factor that 
has long been postulated to contribute to the pathogenesis of autism (Chess, 1971; 
Deykin and MacMahon, 1979; Ghaziuddin et al., 1992; Yamashita et al., 2003; Zerbo et 
al., 2015). Increased neuronal proliferation, microglial activation, and subsequent in-
creases in white matter volume—which were more pronounced in the presence of the 
anabolic PTEN gene—have been demonstrated in the offspring of both mice and primates 
treated with bacterial lipopolysaccharide (LPS) during gestation (Willette et al., 2011; Le 
Belle et al., 2014). This suggests that prenatal infection or inflammation can induce over-
growth of the brain via changes in gene expression (Le Belle et al., 2014). Fittingly, acti-
vation of the maternal immune system during pregnancy, particularly following exposure 
to pathogenic bacteria or viral infection, has been associated with an increased risk of 
autism in numerous studies (Atladóttir et al., 2012; Zerbo et al., 2015; Jiang et al., 2016; 
Isaksson et al., 2017; Mahic et al., 2017; Hornig et al., 2018).  

One of these studies (Atladóttir et al., 2012) found that the children of women di-
agnosed with an infection (and admitted to hospital) during pregnancy had an elevated 
risk of developing autism, particularly if the infection was bacterial in origin. Due to the 
inpatient setting, these women were more likely to have been treated with antibiotics, and  
prenatal antibiotic use has been correlated, across several studies, with the emergence 
of ASD (Zerbo et al., 2015)—though the same cannot be said for postnatal antibiotic use 
(Hamad et al., 2018; Lee et al., 2019), suggesting that the presence of an infection which 
necessitates treatment (and corresponding activation of the maternal immune system) 
may be more relevant to the pathogenesis of ASD than the treatment itself. Meltzer & Van 
de Water (2017) hypothesize that stimulation of the maternal immune system during preg-
nancy may influence foetal brain development via the induction of anti-brain autoantibod-
ies, which linger throughout childhood and cause neuroinflammation (Meltzer & Van de 
Water, 2017; Hughes et al., 2018). In agreement with this theory are the findings of two 
studies in which anti-brain antibodies (taken from the mothers of autistic children) were 
administered to pregnant rhesus monkeys. Significant enlargement of frontal-lobe white 
matter could be seen in the offspring of these rhesus monkeys, which was not present in 
controls (Bauman et al., 2013; 2014).  
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1.1.4  - Immunological Features 

As briefly discussed in the previous section, the immune system has been theorized to 
play a role in the pathogenesis of ASD, with associations demonstrated between infection 
or inflammation during the gestational or perinatal periods of development, and an in-
creased risk of developing ASD (Chess, 1971; Deykin and MacMahon, 1979; Ghaziuddin 
et al., 1992; Yamashita et al., 2003; Zerbo et al., 2015). Though autism is traditionally 
understood to be a neuropsychiatric condition, a large body of evidence describes co-
occurring immunopathology.  

Various immunological differences have been documented in individuals with ASD, 
leading some to argue that it may be appropriate to reclassify ASD as a “neuroimmune” 
disorder (Theoharides et al., 2009; Gottfried et al., 2015). Children with ASD, for example, 
are reported to experience infections more frequently than their neurotypical peers—par-
ticularly those of viral origin—and worsening of behavioural symptoms tend to accompany 
such illnesses, perhaps implying a relationship between atypical immune responses (oc-
curring either centrally or peripherally) and behavioural aspects of the disorder (Jyonou-
chi et al., 2008; Bailey, 2012).  

Many cytokines demonstrate the ability to cross the blood-brain-barrier (Banks et 
al., 1995) and influence neuronal development directly (Deverman & Patterson, 2009; On-
ore et al., 2012)—a mechanism which has been well documented in the context of other 
neuroimmune disorders, such as multiple sclerosis (Jones et al., 2017). Similarly, altered 
immune function could potentially underlie the neurodevelopmental abnormalities seen 
in autism. Several ASD-associated risk genes code for immune factors (Estes & McAllis-
ter, 2015) and distinct alterations in central and peripheral biomarkers of immune function 
(tending, with some variability, toward a proinflammatory profile) are frequently reported 
in studies of individuals of ASD (Croonenberghs et al., 2002; Bailey, 2012).   

In terms of the CNS, clinically significant neuroinflammation is seen in autistic indi-
viduals from early childhood onwards—as evidenced by microglial activation, astrogliosis, 
and elevated levels of proinflammatory cytokines such as IFN-γ, IL-1β, IL-6, and TNFα 
(Herbert, M. 2005; Pardo et al., 2005; Vargas et al., 2005; Li et al., 2009; Morgan et al., 
2010; Bailey, 2012; Theoharides & Patel, 2013). In many patients, the degree of neuroin-
flammation (Dipasquale et al., 2017) as well as the presence or absence of specific anti-
body classes (Heuer et al., 2008), can be correlated with severity of behavioural symp-
toms. Antibodies isolated from individuals with autism (as well as of maternal origin) have 
shown an unusual degree of reactivity toward CNS-related proteins (Singh et al., 1997a, 
b; Vojdani et al., 2002; Singh et al., 2006; Wills et al., 2007)—particularly antigens which 
occur in the foetal brain during development (Singer et al., 2008; Goines et al., 2010). 
Correspondingly, at least one study has remarked on the prevalence of autoimmune dis-
orders within the families of children with ASD (Money et al., 1971; Ashwood et al., 2004). 
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Peripherally, immune system dysfunction can be evidenced by similar elevations 
in plasma concentrations of various proinflammatory cytokines (Singh et al., 1991; 
Jyonouchi et al., 2001; Ashwood et al., 2004; 2011), and decreased circulation of anti-
inflammatory cytokines such as TGF-β and IL-10 (Okada et al., 2007; Ashwood et al., 
2006; 2008). Changes in cytokine levels appear to result from differences in the popula-
tion patterns of circulating immune cells: decreased numbers of CD3+, CD4+ and CD8+ 
T-cells and abnormal responses (of the cells which are present) to stimulation (Warren et 
al., 1990; Yonk et al., 1990; Gupta et al., 1996; 2000 2010; Denney et al., 1996; Fiumara 
et al., 1999; Ashwood et al., 2011a,b Bailey, 2012). Lymphoblasts taken from the blood of 
autistic individuals secrete increased levels of IL-6 and TNFα when challenged in vitro 
(Croonenberghs et al., 2002; Li et al., 2009) and CD4+/CD8+ T-cells have been shown to 
contain elevated intracellular concentrations of IL-4, reduced levels of IFN-γ and IL-2 
(Gupta et al., 1998)—as well as impaired responses to “recalled” antigens—versus con-
trols (Stubbs & Crawford, 1977; Stern et al., 2005; Ashwood et al., 2012). These differ-
ences appear consistent with evidence of impairments in both innate and adaptive im-
mune responses shown to occur in individuals with autism (Heuer et al., 2008) and sup-
port the notion that children with autism may be more prone to infection (Niehus & Lord, 
2006; Atladóttir et al., 2010; Sabourin et al., 2018). However, the generalizability of these 
findings on a broader scale remains uncertain as two independent studies have found no 
apparent differences between autistic individuals and controls in terms of the populations 
(or responses-to-stimulation) of CD3+, CD4+ and CD8+ T-cells (Plioplys et al., 1994; 
Careaga et al., 2010).  

As with the variability seen between people with ASD in terms of brain growth, 
variability in terms of the presence (or nature) of immunopathology or autoimmunity ex-
perienced by autistic individuals may indicate the existence of a distinct, “immunological” 
route through which an ASD phenotype can arise. This idea is supported by evidence that 
the likelihood of infection during infancy is 1.6 times higher in children who experienced 
a regressive onset of the disorder than in those children whose symptoms were detecta-
ble at an earlier age (Sabourin et al., 2018). In alignment with associations between ASD 
and bacterial infection, antibiotic use, and immune response, alterations or disturbances 
of the commensal bacteria (particularly those residing within the human GI tract) have 
recently emerged as another potential contributor to the pathology of ASD. Altered func-
tioning of the immune system could also be responsible, to some degree, for neurologi-
cally relevant changes in gut microbiome composition that are seen in ASD. 
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1.2  THE GUT-BRAIN-AXIS AND ASD 

1.2.1  - The Gut-Brain-Axis  

Evidence from numerous studies suggests that changes in gut microbiome composition 
can influence the presentation of surprisingly complex affective and behavioural states, 
including anxiety-like or depressive behaviours (Lyte et al., 1998; Desbonnet et al., 2010; 
Neufeld et al., 2011; Zhang et al., 2019), feeding behaviours and food preferences (Swartz 
et al., 2012; Duca et al., 2012), sleep (Smith et al., 2019), locomotor activity (Hsiao et al., 
2013; Schretter et al., 2018), emotional regulation (Tillisch et al., 2013), sociability (Mon-
tiel-Castro et al., 2013; Hsiao et al., 2013), and overall cognitive functioning (Gao et al., 
2019). Recent advances in high-throughput sequencing technology have allowed for the 
characterization of the Gut-Brain-Axis and describe a potent bidirectional relationship be-
tween the intestinal microbiota and the CNS (Cryan & Dinan, 2012; Luna et al., 2014; 
El Aidy et al., 2015), and appearing to play a vital role in the functioning of the brain (Mon-
tiel-Castro et al., 2013; Ma et al., 2019). Befitting the potential role of intestinal dysbiosis 
in various psychiatric & neurological disorders are the numerous studies which report 
associations between ASD and disruption of the intestinal microbiome (Grenham et al., 
2011; Carabotti et al., 2015; Hyland and Cryan, 2016; Jiang et al, 2017).  

The intestinal microbiota are able to exert influence on the CNS (and vice versa) 
via several modes of communication; these include both afferent and efferent fibres of the 
vagal nerve, the interactions of bacterial metabolites with host physiology (Caspani et al., 
2019), systemic release of proinflammatory cytokines secondary to microbial interactions 
with the immune system, altered intestinal permeability and nutrient homeostasis, and 
neuroendocrine interactions such as those mediated by the hypothalamic-pituitary-ad-
renal (HPA) axis (El Aidy et al., 2015).  

1.2.1.1 The Vagal Pathway 

The vagal (or 10th cranial) nerve originates in the medulla of the brainstem, where the four 
vagal nuclei reside (the dorsal motor nucleus, the nucleus ambiguus, the nucleus of the 
solitary tract (NTS), and the spinal trigeminal nucleus). Vagal nerve fibres, both afferent 
and efferent, are distributed throughout the abdominal viscera, allowing brain centres as-
sociated with appetite and digestive functions to monitor and influence GI parameters via 
the modulation of autonomic tone (Browning & Travagli, 2014; Carabotti et al., 2015).  

Vagal afferents thoroughly innervate the GI tract and transmit rich visceral sensory 
information from the periphery to the NTS of the brainstem, which sends outputs to the 
thalamus, limbic system, and insular cortex by way of the dorsal column and parabrachial 
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pathways (Jänig, 1996; Sikandar & Dickenson, 2012). Vagal activation of central reflex 
pathways allows for the coordination of autonomic, endocrine, and even behavioural re-
sponses to sensory or nociceptive signals from the viscera (Berthoud & Neuhuber, 2000; 
Sikandar & Dickenson, 2012; Maniscalco & Rinaman, 2018). The influence exerted over 
the CNS by this ‘bottom-up’ pathway cannot be understated; for example, the therapeutic 
stimulation of vagus nerve afferents (VNS) has been shown across several studies to 
cause significant reductions in the frequency and severity of seizures in children with both 
ASD and epilepsy (Murphy et al., 2000; Park, 2003; Wilfong & Schultz, 2006; Levy et al., 
2010; Hull et al., 2015). One such study reported significant behavioural improvements in 
severely autistic children suffering from hypothalamic hamartoma following VNS ther-
apy—independently from the antiepileptic effects (Murphy et al., 2000).  

Despite a rapidly growing body of research that supports the use of VNS therapy 
in the treatment of various psychiatric issues (Breit et al., 2018), the therapeutic mecha-
nism of VNS is only partially characterized. Preliminary studies have demonstrated that 
VNS can modulate the activity of monoaminergic and cholinergic nuclei in the brainstem 
(Manta et al., 2009; Shen et al., 2012; Hulsey et al., 2017) and change the rate of neuro-
transmitter release (Hassert et al., 2004; Roosevelt et al., 2006; Manta et al., 2013; Hulsey 
et al., 2017). Furthermore, lesions of the locus coeruleus (the cell bodies that produce the 
neurotransmitter, norepinephrine) seem to prevent VNS-dependent reduction in seizure 
frequency (Krahl et al., 1998; Shen et al., 2012).   

In a manner analogous to VNS therapy, commensal bacteria, e.g., those residing 
in the human intestine, demonstrate the ability to directly stimulate vagal nerve afferents, 
causing changes in the CNS (Bonaz et al., 2018; Cawthon & de La Serre, 2018). Dietary 
supplementation with Lactobacillus rhamnosus (a common probiotic) has been shown to 
cause anxiolytic effects in mice that disappear following a vagotomy (Cawthon & de La 
Serre, 2018). Treatment with lipopolysaccharide (LPS), a proinflammatory molecule found 
in the outer membranes of gram-negative bacteria, has been shown to inhibit vagally-
mediated “post-ingestive feedback” in mice, resulting in greater overall food intake (Caw-
thon & de La Serre, 2018). Microbially-synthesized short chain fatty acids (SCFAs), such 
as butyrate, have been shown to stimulate afferent terminals directly (Lal et al., 2001), 
while diet-driven dysbiosis of the intestinal microbiome has also been shown to induce 
microglial activation in the nodose ganglion, which was associated with decreased vagal 
input to the CNS (Cawthon & de La Serre, 2018). 

Inversely, the CNS appears to be able to influence the composition of the intestinal 
microbiome through efferent vagal signalling pathways, which have shown the ability to 
alleviate GI inflammation and modulate intestinal permeability (Pavlov & Tracey, 2012; 
Browning et al., 2017; Bonaz et al., 2018). Changes in the recruitment or activity of local 
immune cells could facilitate compositional changes in the intestinal microbiome (Alonso 
et al., 2008; Cryan & Dinan, 2012).  
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Additionally, stress-induced activation of the HPA axis appears to reduce vagal 
tone (Mayer, 2000; Agorastos et al., 2019), causing changes to the microbiota that might 
favour inflammatory bowel disease (IBD) (Alonso et al., 2008; Gur & Bailey, 2016), sec-
ondarily to impaired intestinal motility (Chey et al., 2001; Van Felius et al., 2003; Rhee et 
al., 2009; Bonaz et al., 2018). In vitro studies have also shown that HPA-associated cate-
cholamines such as norepinephrine (NE) can induce changes in the proliferation or viru-
lence of various bacterial species (Tsavkelova et al., 2006; Cryan & Dinan, 2012; Clarke 
et al., 2014). 

1.2.1.2 Neuro-immuno-endocrine Interactions 

Another mechanism through which commensal bacteria can exert effects on the CNS is 
the interaction between the microbiota and host immune responses. For example, germ-
free mice show a notable reduction in the severity of graft-versus-host-disease (GVHD)—
a common immunological complication associated with tissue transplantation—compared 
to mice raised in the presence of commensal bacteria (Jones et al., 1971). More recent 
studies have shown germ-free mice to display a host of other immunological (Cebra et al., 
1998; Guarner & Malagelada, 2003), endocrine (Sudo et al., 2004; Dinan & Cryan 2012; 
Clarke et al., 2014), metabolic (Swartz et al., 2012; Duca et al., 2012), behavioural (Lyte 
et al., 1998; Desbonnet et al., 2010; Neufeld et al., 2011; Cryan & Dinan, 2012; Swartz et 
al., 2012; Clarke et al., 2013;  Hsiao et al., 2013), and neurological abnormalities (Diaz-
Heijtz et al., 2011; Cryan & Dinan, 2012; Braniste et al., 2014; Luna et al., 2016), many of 
which occur in a sex-dependent manner (Sudo et al., 2004; Neufeld et al., 2011; Clarke 
et al., 2013; Diaz-Heijtz et al., 2011).  

In spite of the considerable body of inquiry devoted to the delicate interplay be-
tween the intestinal microbiota and the endogenous immune system, the full scope and 
extent of their relationship is not likely to be understood until the integration of bioinfor-
matics and machine learning into current investigative techniques (Qu et al., 2019; 
Topçuoğlu et al., 2020) becomes more complete. In keeping with the scope of this review, 
only a small sample of the literature will therefore be explored. 

As an example of the mechanisms through which commensal bacteria can cause 
immune-mediated changes to CNS function, mouse studies have demonstrated that mi-
crobial-induced changes in gut permeability can allow invasive bacterial colonization of 
mesenteric lymphoid tissue and subsequent provocation of inflammasomes, causing 
caspase-1-mediated activation of proinflammatory cytokines that can cross the blood 
brain barrier (Yarandi et al., 2016). Changes in gut permeability are implicated in the mod-
ulation of neuroinflammation and subsequent promotion of neurodegeneration (Wong et 
al., 2016). Underscoring the reciprocity of host-microbiome-interactions, Wong et al. 
(2016) also found that pharmacological (or stress-induced) inhibition of caspase-1 led to 
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changes within fecal samples, in terms of the relative abundances of Akkermansia, Blau-
tia, and Lachnospiracea—bacterial genera associated with anti-inflammatory effects 
(Jenq et al., 2015). Furthermore, cytokines released in response to microbial activity (such 
as IL-1, or IL-6) have demonstrated the ability to activate the HPA axis (Sudo et al., 2004), 
leading to cortisol release and enhanced stress responses, the neurophysiological con-
sequences of which—as discussed previously—can go on to change the composition of 
the intestinal microbiota (Dinan & Cryan, 2017; Patrick et al., 2018). The relationship be-
tween chronic stress and GI dysfunction has been well demonstrated (Mayer, 2000; 
Huerta-Franco et al., 2013) and there also exists a striking prevalence of comorbid bowel 
issues in patients with anxiety and depression (Koloski et al., 2001; O’Mahony et al., 2009). 

On the basis of these studies, as well as the evidence that will be presented in the 
following sections of this thesis, it is clear that the complex and multifaceted interactions 
between commensal bacteria, the immune system, and the brain have the potential to 
influence neurodevelopment during early infancy in a manner directly relevant to ASD.  

1.2.1.3 Bacterial Metabolites 

Though the direct interaction of bacterial metabolites with host physiology is implied in 
the previous sections, the microbiome does not necessarily require the mediation of the 
Parasympathetic Nervous System (PNS) or immune system to exert dramatic effects on 
CNS function.  

SCFAs, such as acetate, propionate, and butyrate, are produced by certain mem-
bers of the human microbiome via fermentation of complex carbohydrates (Topping et 
al., 1996) and are known to interact directly with host physiology in a number of important 
ways. Butyrate, for example, can serve as the primary energy source for colonic entero-
cytes (Roediger, 1982) and has been found to simultaneously promote the growth of 
healthy epithelial cells and inhibiting that of cancerous cells. SCFAs have been shown to 
activate G-protein-coupled and free fatty acid receptors (e.g., FFA2, FFA3) expressed by 
the intestinal epithelium (Le Poul et al., 2003; Brown et al., 2003; Nilsson et al., 2003). 
These receptors stimulate the release of peptides involved in appetite regulation (e.g., 
peptide YY and GLP-1), suggesting that SCFAs play a role in the bottom-up control of 
food intake (Flint et al., 2012). SCFAs are also readily absorbed by intestinal enterocytes 
(Silva et al., 2020), allowing them to enter the systemic circulation. From here, SCFAs 
readily cross the blood-brain barrier (Oldendorf, 1973; Vijay et al., 2014) to exert influ-
ences (both positive and negative) on neuronal proliferation, signalling, gene expression 
and morphology, as well as neurotransmitter production and social behaviour (Macfabe, 
2012; Moloney, et al., 2014; Yarandi et al., 2016; Shams et al., 2019; Yang et al., 2019; 
Lobzhanidze et al., 2019; Silva et al., 2020) via interactions with neuronally-expressed 
fatty acid receptors (Le Poul et al., 2003; Ulven, 2012).  
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Normally, only small quantities of acetate, propionate, and butyrate are detected in 
human brains, with CSF concentrations typically ranging from 0 to 171μM, 0 to 6μM, and 
0 to 2.8μM respectively (Silva et al., 2020). Reported SCFA concentrations within brain 
tissue itself are even lower, at around 17.0 pmol/mg for butyrate and 18.8 pmol/mg for 
propionate (Bachmann et al., 1979). In a direct example of the effects microbial composi-
tion can have on brain SCFA levels, mice supplemented with C. butyricum demonstrated 
parenchymal butyrate concentrations ranging from 0.4 to 0.7 μmol/g—an entire order of 
magnitude higher than levels reported in peripheral blood—as well as marked reductions 
in neuronal apoptosis due to increased activation of pro-survival signalling pathways (Liu 
et al., 2015; Sun et al., 2016; Silva et al., 2020). SCFAs have also been shown to increase 
the secretion of 5-hydroxytryptamine (5-HT) into the intestine via interactions with enter-
ochromaffin cells (Reigstad et al., 2015). Changes in 5-HT concentration may in turn stim-
ulate the growth of certain bacterial features, as demonstrated by in vitro studies (Oleskin 
et al., 1998). 

In addition to SCFAs, members of the human intestinal microbiome have demon-
strated the ability to synthesize a wide variety of molecules (as well as precursors and 
metabolites) involved in human neurotransmission: e.g., GABA, catecholamines, as well 
as tryptophan, 5-HT, and other indoles (Desbonnet et al., 2008; Wikoff et al., 2009).  

In some circumstances, commensals can produce molecules that are potently neu-
rotoxic. Urease-containing bacteria within the intestine produce ammonia, which is nor-
mally broken down by the liver (Zhang et al., 2013). In patients with impaired liver function, 
excessive absorption of ammonia can cause hepatic encephalopathy (HE), a fatal neuro-
logical disease characterized by dementia-like cognitive decline (Galland, 2014). Certain 
families of ammonia-producing bacteria—Lachospiraceae, Ruminococcaeae, and Clos-
tridiales XIV—make up greater proportions of the gut microbiomes of cirrhotic patients 
who develop HE, than of those who do not (Bajaj et al., 2012a,b; Ahluwalia et al., 2016), 
and these elevations are positively correlated with the degree of cognitive dysfunction 
(Bajaj et al., 2012a,b; Zhang et al., 2013). Moreover, supplementation of conventional 
treatment for HE with the antibiotic rifaximin has been reported to improve remission rates 
and reduce overall mortality by 50% (Sharma et al., 2013).  

Perhaps more illustrative of the overall contribution of the gut microbiota to human 
health than the specific cases mentioned above are studies suggesting that a significant 
proportion of the metabolites which can found in the blood—in general—may have origi-
nated in the intestinal microbiome (Wikoff et al., 2009; Cho et al., 2012). At the very least, 
the production of certain molecules (such as the antioxidant indole-3-propionic acid) can 
depend completely upon the colonization of the gut by a particular commensal (in this 
case, Clostridium sporogenes (Wikoff et al., 2009)), leading some to argue that the micro-
biome should simply be thought of as a commensal ecosystem, but as the human hologe-
nome (Simon et al., 2019). 
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1.2.2  - Gastrointestinal Dysfunction in ASD 

According to several different sources (Emanuele et al., 2010; Wang et al., 2011; 
MacFabe, 2012; Hsiao, 2014; Mostafa & AL-Ayadhi, 2015; Liu et al., 2016; Luna et al., 
2016; Rose et al., 2017), GI problems are extremely common among individuals diag-
nosed with ASD. One study reported that 90% of participants with ASD regularly experi-
enced clinically significant levels of GI distress (Liu et al., 2016), although other studies 
have reported little difference from controls (Hsiao, 2014). This inconsistency is likely due 
to wide variation in methodology as few studies agree in terms of the metrics used to 
assess GI symptoms, and many have important limitations such as small sample size, 
heterogeneous sample groups, the lack of a control group, and selection or referral biases 
(Buie et al., 2010; Coury et al., 2012). This said, the more rigorous studies do indeed 
report a higher prevalence of GI disorders (particularly IBD) in patients with ASD com-
pared to controls (Kohane et al., 2012). Even in the absence of a defined GI disorder, 
symptoms such as diarrhoea, constipation, gastric reflux, abdominal cramps, and epigas-
tric pain are frequently reported in children with ASD by clinicians and caregivers (Black 
et al., 2002; Ibrahim et al., 2009; Hsiao, 2014). The frequency and intensity of these GI 
issues appear to correlate with the severity of behavioural symptoms (Borre et al., 2014; 
Chaidez et al., 2014; Mazefsky, et al., 2014). While the physiological basis for these symp-
toms is likely to be somewhat heterogeneous, they appear for the most part to be related 
to disturbances in immune function. In line with inflammatory GI pathologies (such as en-
terocolitis, gastritis, and esophagitis), many individuals with ASD show markers of GI in-
flammation, including lymphoid nodular hyperplasia, complement activation, and elevated 
levels of proinflammatory cytokines (Torrente et al., 2002; Buie et al., 2010; Coury et al., 
2012; Hsiao, 2014), as well as increased intestinal permeability secondary to compro-
mised integrity of the gut epithelium (Emanuele et al., 2010). People with ASD and comor-
bid GI issues tend to show altered innate immune responses and characteristic proinflam-
matory transcriptional profiles, compared to autistic individuals without GI issues (Ash-
wood et al., 2004; 2006; Jyonouchi et al. 2011). They also tend to have altered carbohy-
drate digestion (Williams et al., 2011) and mothers of this subset of individuals are more 
likely to have experienced immune system activation while pregnant (Isaksson et al., 
2017).  

Highlighting another potential source of GI dysfunction, a variety of studies have 
shown reduced vagal tone and impaired activation of the PNS in children and adults with 
ASD—both of which are positively associated with the severity of behavioural and socio-
cognitive symptoms (Watson et al., 2010; Cheshire, 2012; Klusek et al., 2013; Cohen et 
al., 2015). Additionally, risk of ASD is associated with several serotonin transporter (SERT) 
polymorphisms that could result in altered serotonergic activity within the GI tract (Prasad 
et al., 2009), a well demonstrated feature of irritable bowel syndrome (Hsiao, 2014). Vita-
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min D receptors expressed by intestinal enterocytes have been implicated in the regula-
tion of apoptosis and autophagy (Lu et al., 2019), two processes thought to contribute to 
resolution of intestinal inflammation (Haslet, 1992) and representing another potential 
mechanism of GI dysfunction relevant to ASD. Whether GI abnormalities contribute di-
rectly to the aberrant neurodevelopment seen in individuals with ASD or occur as a result 
of it, is unclear—but in support of the latter case, De Theije et al. (2014a) demonstrated 
sex-dependent inflammation of the GI tract (as evidenced by epithelial cell loss and neu-
trophil infiltration) in the prenatal-VPA-exposure mouse model of ASD, accompanied by 
reductions in serotonergic signalling within the PFC, amygdala and small intestine. In a 
follow-up study, analysis of amplicon sequencing data suggested that prenatal VPA-ex-
posure caused trans-generational (and sex-dependent) differences in gut microbiome 
composition (de Theije et al., 2014b), suggesting that neurological abnormalities associ-
ated with ASD can lead to changes in the composition of the gut microbiome. 

 

1.2.3  - ASD and Dysbiosis of the Gut Microbiome  

The gut microbiome is established postnatally during the first year of life (Moore et al., 
2019). This process is facilitated by the neonatal immune system (Dzidic et al., 2018), the 
subsequent development of which appears to depend heavily upon gut microbiome com-
position (Goulet, 2015). A variety of environmental factors are known to contribute to mi-
crobiome composition, including delivery mode (Reyman et al., 2019), diet (Moore et al., 
2019; Mohammadkhah et al., 2018) antibiotic use (Knight et al., 2017; Shi et al., 2018), 
and perinatal stress (Dinan & Cryan, 2017; Patrick et al., 2018). 

Before the microbiome is well established, or if it is compromised, the intestinal 
growth medium is extremely vulnerable to invasion by pathogenic species—as evidenced 
by the classic (and potentially life-threatening) clinical scenario in which the GI tract is 
colonized by C. difficile following the use of broad-spectrum antibiotics (Gonzalez et al., 
2011; Ng et al., 2013). Since the intestinal microbiota have shown the ability to influence 
neurodevelopment in a variety of animal studies via the Gut-Brain Axis (Cryan & Dinan, 
2012), dysbiosis—either antecedent, or secondary to genetic predisposition— represents 
a compelling neurodevelopmental provocateur, in the context of autism spectrum 
disorder. Moreover, gut microbiome composition appears to be, to some degree, 
inherited (Goodrich et al., 2015; Kemis et al., 2019)—providing a potential explanation for 
the non-genetic inheritance discussed briefly in Section 1.1.3 - Causal Factors.   

In support of this hypothesis are myriad studies demonstrating altered gut 
microbiome composition (and intestinal dysbiosis) in both humans with and animal models 
of ASD (Adams et al., 2011; de Theije et al., 2014; Borre et al., 2014; Rose et al., 2017; 
Strati et al., 2017). Studies consistently show reduced overall microbial diversity in 
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individuals with autism (Coretti et al., 2018; Zhang et al., 2018; Hughes et al., 2018; Liu et 
al., 2019), as well as changes in the presence or relative abundance of certain bacterial 
taxa (Kang et al., 2013; Strati et al., 2017; Hughes et al., 2018; Liu et al., 2019)—although 
the accuracy of these interpretations can be contestable, owing to the compositional na-
ture of high-throughput sequencing data (Gloor et al., 2017). Reflecting this, as well as 
variation in study design and methodology, the bacterial species which are reported to be 
altered in ASD tend to differ from study to study (Gondalia et al., 2012; Hughes et al., 
2018; Ho et al., 2020).  

Despite such variability, one of the findings most consistently observed 
microbiome studies of individuals with ASD, is significantly elevated abundance of 
features within the genus Clostridium (Finegold et al., 2002; Song et al., 2004; Parracho 
et al., 2005; Ho et al., 2020). These findings are in curious alignment with a study reporting 
significant reduction of behavioural symptoms in children with regressive-onset autism 
following treatment with vancomycin (Sandler et al., 2000)—an antibiotic known to inhibit 
the growth of gram-positive bacteria such as Clostridium (Watanakunakorn, 1984; Baines 
et al., 2009; Allen et al., 2012). Behavioural improvements reportedly waned upon treat-
ment cessation: although this too is consistent with a Clostridium-mediated effect, since 
bacteria within this genus are known to form spores in the presence of environmental 
threats (including vancomycin), allowing them to stay dormant until growth conditions im-
prove (Wells & Wilkins, 1996; Baines et al., 2009; Fimlaid et al., 2015). Administration of 
propionic acid (PPA), an antifungal SCFA produced by some species of Clostridium 
(Hsaio, 2014; MacFabe et al., 2008; 2011; 2012; Hughes et al., 2018), has also been shown 
to induce autism-like behaviours in rats, as well as microglial activation, gliosis, and 
changes in the expression of ASD-associated genes (MacFabe et al., 2013; Frye et al., 
2016; Witters et al., 2016; Shams et al., 2019; Abdelli et al., 2019). Serum concentrations 
of PPA within autistic humans have not been extensively studied, though a higher preva-
lence of autism is found in individuals with propionic acidemia (Witters et al., 2016). Fur-
thermore, significant increases in the concentration of para-cresol, another potentially 
harmful metabolite produced by Clostridium (Persico & Napolioni, 2009), have been re-
ported—alongside elevated concentrations of numerous other bacterial metabolites (Yap 
et al., 2010; Ming et al., 2012; Rossignol & Frye, 2012)—in the urine of children with ASD. 
Other differences consistently noted across available microbiome studies of ASD include 
changes in the prevalence of Akkermansia muciniphila at the species level (Wang et al., 
2012), Bifidobacterium, and Prevotella at the genus level, and overall increases in the 
phylum Firmicutes (Gondalia et al., 2012; Ho et al., 2020). 

It is currently unknown whether the gut microbiome changes observed in 
individuals with autism are caused by the genetic, neurological, or metabolic aspects of 
the disorder, behavioural aspects such as increased stress (Park et al., 2013), restrictive 
eating (Cermak et al., 2013) and difficulties with personal hygiene (Bal et al., 2015), or by 
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environmental/iatrogenic factors associated with ASD—such as caesarean delivery (Yip 
et al., 2017), early antibiotic use (Hamad et al., 2019), or dietary restrictions (e.g., gluten, 
or casein-free) imposed by parents or caregivers, often on the basis of anecdotal advice 
(Mulloy et al., 2010; Whiteley et al., 2013; Hsaio, 2014; Liu et al., 2016). Reported changes 
may simply represent the inherent limitations of the sequencing methods, bioinformatics 
pipelines, and statistical analyses employed by investigators, which cannot inherently pro-
vide an entirely accurate representation of an ecology as temporally and spatially dynamic 
as the intestinal microbiome (Holt et al., 2020).  

This possibility can be rebuked somewhat by the comprehensive findings of Hsaio 
et al. (2013), which appear to tie together a number of the concepts discussed in previous 
sections. The study in question demonstrated compositional changes in the gut microbi-
ota occured alongside deficits in intestinal barrier integrity, altered serum metabolite pro-
files, and the presence of autism-like social and behavioural symptoms in the maternal-
immune-activation mouse model of ASD (Hsaio et al., 2013). Perhaps most importantly, 
treatment with the bacterial species Bacteroides fragilis (Mazmanian et al., 2008; Ochoa-
Reparaz et al., 2010) appeared to restore intestinal barrier integrity, normalize serum me-
tabolite profiles, and was associated with significant improvements in behavioural 
measures of communication deficit, stereotypy, and anxiety, as well as reduced differ-
ences in sensory processing (Hsaio et al., 2013). These results, coupled with the presence 
of sex-dependent hyperserotonaemia (secondary to excessive serum tryptophan) in 
germ-free mice (Clarke et al., 2013) and significant associations between mucosal 
5HT/tryptophan levels and the presence of Clostridial species (Luna et al., 2016; Israelyan 
et al. 2019), suggest that inborn genetic or immune factors can influence the initial coloni-
zation of the gut microbiome, predisposing one to dysbiosis that can interfere with neuro-
development directly or via changes in CNS activity—and vice versa (Gao et al., 2019; 
Nitschke et al., 2020). This interaction is summarized in Figure 1-1 (located on page 31).     

In line with previously discussed findings, fecal microbiota transplants have shown 
promise as a therapeutic intervention for ASD (Kang et al., 2019; Vendrik et al., 2020). In 
the original study by Kang et al. (2016), a number of individuals with ASD and comorbid 
GI problems were subjected to a modified version of a fecal microbiota transplant protocol 
developed to treat C. difficile infection (Moayyedi et al., 2015) that consisted of a two-
week course of the antibiotic vancomycin, followed by colonic flushing and inoculation 
with microbiota transplanted from healthy donors. Following the treatment, participants 
immediately demonstrated significant improvements in GI symptoms, with gradual im-
provements in the core behavioural symptoms of ASD occurring in the following weeks. 
Although these results were not placebo-controlled, subsequent gut microbiome studies 
demonstrated significant increases in overall diversity, driven by increases in the propor-
tion of Bifidobacterium, Prevotella, and Desulfovibro detected within samples (Kang et al., 
2017). A follow-up study has since confirmed that improvements in GI and behavioural 
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symptoms, as well as increases in microbiome diversity, have persisted in these individu-
als for at least two years post-treatment (Kang et al., 2019).  

The presence of a relationship between the gut microbiota and ASD symptomology 
is also supported by animal studies, which demonstrate the emergence of autism-like be-
havioural symptoms—as well as alternative splicing of ASD-associated genes—in mice 
that received fecal microbiota transplantation from human donors with ASD (Sharon et 
al., 2019).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1: Outline of the proposed interaction between genetic factors, the immune system, and the gut 
microbiome in the context of the altered brain development seen in individuals with ASD. 
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1.3  THE LINK BETWEEN ASD AND ALZHEIMER DISEASE 

Summary: 

Amyloid Precursor Protein (APP), which is implicated in the pathology of Alzheimer Dis-
ease (AD), may also be implicated in the pathogenesis of Autism Spectrum Disorder 
(ASD). In AD, APP is cleaved by an enzyme known as -secretase to yield secreted amy-
loid precursor protein-beta (sAPP), in addition to neurotoxic -amyloid (A) oligomers. 
In ASD, APP is thought to undergo non-amyloidogenic cleavage (Figure 1–2) instead—
an alternate processing pathway mediated by -secretases—resulting in the formation of 
a peptide known as secreted amyloid precursor protein-alpha (sAPPα).   

1.3.1.1 The Anabolic Hypothesis 

Alzheimer disease (AD), which accounts for roughly 60–70% of all dementia cases (Philip-
son et al., 2010), was first described in 1906 by Alois Alzheimer (discussed in Hippius & 
Neundörfer, 2003). One of the most-supported explanations for the progressive cognitive 
decline associated with AD implicates the build-up of synaptotoxic plaques (composed 
primarily of β-Amyloid) within the brain, resulting in a loss of synaptic density within the 
frontal cortex and temporal lobes (Crews et al., 2010; Dekosky & Scheff, 1990). Loss of 
synaptic density is followed by the degeneration of neurons, neurite dystrophy, inflamma-
tion and microglial activation, and subsequent reduction in the tissue volume of critical 
functional areas, particularly those involved in the neocortex and limbic system (Crews et 
al., 2010; Serrano-Pozo, Frosch, Masliah, & Hyman, 2011; Terry, Peck, Deteresa, 
Schechter & Horoupian, 1981). While the brain does attempt to compensate for these 
losses, as evidenced by transient increases in the area of synaptic contact at affected 
synapses (Dekosky & Scheff, 1990), its ability to maintain functional integrity declines 
progressively until it is completely overwhelmed at advanced stages of the disease 
(Dekosky & Scheff, 1990). 

Australian pathologists were the first to find evidence that β-Amyloid was a by-
product of the “aberrant catabolism of a cell-surface receptor of neuronal origin” known 
only as the A4 Polypeptide (Kang et al., 1987). Analysis conducted on the brains of elderly 
individuals suffering from Down’s syndrome (a.k.a. Trisomy 21) revealed large amounts 
of β-Amyloid deposition, identical to that seen in AD, which suggested that overexpression 
of the A4 Polypeptide gene (which is located on chromosome 21) could be central to the 
pathology of AD (Kang et al., 1987). A4 Polypeptide, also known as Amyloid-β Precursor 
Protein (APP), is a ubiquitously expressed membrane protein comprised of 695+ amino 
acids, which contains the β-Amyloid domain in its entirety. APP is cleaved to yield β-Am-
yloid (as well as the soluble peptide sAPPβ) by the dual action of proteases β-secretase 
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and γ-secretase (Mattson, 1997), and mutations within the region of the APP gene coding 
for β-Amyloid may be responsible for the varying sizes of β-Amyloid oligomers that can 
be produced by amyloidogenic β-secretase cleavage (Crews et al., 2010; Selkoe, 1989). 
Aside from its role in the pathological cascade of AD, APP is implicated various processes, 
such as in cell-cell adhesion, neurite pruning and neural progenitor cell differentiation 
(Lahiri et al., 2013; Nikolaev, McLaughlin, O’Leary, & Tessier-Lavigne, 2009; Thinakaran 
& Koo, 2008). 

 

1.3.2  - Non-Amyloidogenic Cleavage of APP 

Subsequent research into the trafficking and processing of APP revealed other functions 
of its metabolites—not all of which are deleterious. Indeed, the non-amyloidogenic cleav-
age pathway has been demonstrated to have neurotrophic and neuroprotective functions 
(Lahiri et al., 2013; Ray, Long, Sokol, & Lahiri, 2011; Thinakaran & Koo, 2008). In this non-
amyloidogenic pathway (which is thought to be less active in individuals with AD), α-secre-
tase, rather than β-secretase, cleaves APP—preventing the formation of β-Amyloid and 
yielding the N-terminal portion of APP, sAPPα, instead of sAPPβ (Mattson, 1997; Lahiri et 
al., 2013; Ray et al., 2011; Thinakaran & Koo, 2008). sAPPα is plasma and CSF-soluble, 
meaning that it can be measured peripherally, without the need for a biopsy (Mattson, 
1997; Ray, Long, Sokol, & Lahiri, 2011). 

As opposed to its amyloidogenic sAPPβ counterpart, sAPPα has been reported to 
exhibit a range of neurotrophic functions, appearing to be vital to healthy neurodevelop-
ment (Mattson, 1997; Tyan et al., 2012; Lahiri et al., 2013). In transgenic mouse models 
of AD, sAPPα has been shown to increase the proliferation of neural progenitor cells in 
the subventricular zone of adults (Demars et al., 2011), induce the formation of new cor-
tical synapses (Bell et al., 2008), stimulate neurite outgrowth (Small et al., 2014), enhance 
memory and protect against β-Amyloid-toxicity (Hick et al., 2015), and potentiate the ef-
fects of other neurotrophic factors such as transthyretin, NGF, and IGF-2 (Stein & John-
son, 2003; Bailey et al., 2012). sAPPα has also been shown to induce migration of neural 
progenitor cells and their differentiation into glial cells in vitro by increasing the expression 
of relevant chemokines (Vrotsos et al., 2009). The trophic effects of sAPPα are dose-
dependent—beginning around 100pM and peaking around 10nM (Demars et al., 2011). 

Crystal structures of sAPPα have shown it to contain several heparin-binding sites. 
Two of these sites appear primarily to bind either copper or zinc, while two others make 
up part of the growth factor-like domain (GFLD)—a portion of the peptide named accord-
ing to its compositional similarity to cysteine-rich growth factors—which contains two neu-
roprotective subdomains (Demars et al., 2011; Chasseigneaux & Allinquant, 2012; Small 
et al., 2014). In vitro, sAPPα has been shown to stimulate the proliferation of fibroblasts 
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(Saitoh et al., 1989) and psoriatic keratinocytes in a manner that can be prevented by 
inhibition of the GFLD—confirming that even in non-neuronal cells sAPPα can function as 
a growth factor (Siemes et al., 2004).  

Aside from its neurotrophic properties, sAPPα has been shown to exert anti-apop-
totic effects (Bailey et al., 2012)—protecting cultured neurons against hypoglycemic 
(Mattson et al., 1993), post-ischemic (Smith-Swintosky et al., 1994), and epoxomicin-in-
duced (Copanaki et al., 2010) cell death cascades. As well, sAPPα secretion has been 
demonstrated by T-lymphocytes following stimulation in vitro, suggesting that it may play 
a role in immune cell activation (Mönning et al., 1990;1992; Suh et al., 1997). Non-amy-
loidogenic processing of sAPPα has been shown to occur in the vascular endothelium, 
though its functional role here is unclear (d’Uscio et al., 2017). 

 

Bernadette Allinquant, Stéphanie Chasseigneaux. Journal of Neurochemistry. 120:10, 2011. 
Copyright © Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission 

 

Figure 1-2: Schematic representation of the main domains of sAPPα  

ORIGINAL CAPTION: Schematic representation of the main domains of sAPPα. The growth factor‐
like domain (GFLD) (28–123) also contains a heparin binding site (HBS) involved in neurite outgrowth 
(96–110). Another sequence (319–335) involved in neurite outgrowth is also a HBS (316–346). Two other 
HBS are present; one (131–166) shares the capacity to bind copper (135–155), and the other (382–447) 
is active in neuroprotection. The zinc‐binding domain has no HBS. The C‐terminal part of sAPPα (591–
612) and the GFLD (28–123) contains two neuroprotective domains. The position of the KPI domain is 
indicated. Amino‐acid numbering is for APP 695. 
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1.3.3  - sAPPα and ASD 

The anabolic hypothesis of ASD pathogenesis, as described by Lahiri et al. (2013), pro-
poses that the cortical dysplasia and connectivity changes seen in the brains of autistic 
individuals—as discussed in Section 1.1—may be caused by excessive proliferation of 
cortical neurons (and insufficient pruning of neurites) secondary to overproduction of the 
sAPPα fragment during early brain development.  

1.3.3.1 The Anabolic Hypothesis 

Several studies agree that individuals with autism have significantly higher brain and 
plasma concentrations of sAPPα and α-secretase (and corresponding decreases in β-
Amyloids 1-40/-42 variants) than neurotypical individuals (Bailey et al., 2008; Sokol et al., 
2006; Al-Ayadhi et al., 2012; Lahiri et al., 2013; Ray et al., 2016). In addition, individuals 
with more severe autistic behaviours were found to have more pronounced elevations in 
sAPPα than their higher-functioning counterparts, and sAPPα increases in general were 
found to lessen with age (Ray et al., 2011; Lahiri et al., 2013; Ray et al., 2016), prompting 
the hypothesis that sAPPα overproduction is implicated in the abnormal neurodevelop-
ment characteristic of ASD (Lahiri et al., 2013; Westmark et al., 2016). In a scenario where 
disproportionate non-amyloidogenic processing of the APP molecule is allowed to take 
place, for example, due to overexpression of α-secretase enzymes (Bell et al., 2008), fea-
tures consistent with an excessive amount of neurotrophic and proliferative activity—such 
as the macrocephaly, hyperconnectivity, enlarged neuropil, increased cell counts, and 
reduced cytoplasmic volumes seen in ASD—would be expected to occur (Lahiri et al., 
2013; Fang et al., 2014; McCaffery & Deutsch, 2005). 

Regional differences in the degree of growth and connectivity seen in autistic 
brains (and the fact that some areas appear to be under-connected or decreased in vol-
ume) could reflect spatial variability in terms of the expression of APP or α-secretase. It is 
known, for example, that the β-amyloid plaques implicated in Alzheimer disease do not 
occur uniformly across the brain (Braak & Braak 1991), appearing to localize primarily in 
temporal, parietal, and frontal association areas (Sepulcre et al., 2017). Furthermore, a 
study of individuals with Down Syndrome suggests that β-Amyloid accumulation begins 
in more anterior regions of the brain and advances posteriorly as the disease progresses 
(Annus et al., 2016)—a finding in curious alignment with that of Carper et al. (2002), who 
noted an apparent anterior-to-posterior gradient in the severity of hyperplasia within au-
tistic brains (Carper et al., 2002). Incidentally, early differences in brain volume (Dean et 
al., 2014), myelination rate, and network connectivity occur in individuals who carry the 
ApoΕ4 gene—a well-known risk factor for late-onset Alzheimer Disease (Carter et al., 
2005). It should also be noted that sAPPα has been shown to decrease β-Amyloid pro-
duction (and plaque formation) by directly inhibiting the actions of β-secretase, suggesting 
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that too little sAPPα may increase the risk of β-Amyloid deposition (Obregon et al., 2012). 
Fatemi and colleagues demonstrated increased expression of APP in the superior frontal 
cortex of children with autism, as well as a co-occurring increase in mGluR5 (Fatemi & 
Folsom, 2011; Fatemi et al., 2013)—notable for its ability to upregulate the translation of 
APP mRNA when activated (Westmark & Malter, 2007). This finding suggests that 
mGLUR5-mediated increases in APP expression, coupled with increases in α-secretase 
expression (Sokol et al., 2019), could facilitate regionally disparate overproduction of 
sAPPα in the brains of people with ASD—a claim bolstered by evidence showing that 
mGluR5-mediated upregulation of APP mRNA translation can be inhibited by the interac-
tion of Fragile-X Mental Retardation Protein (FMRP) with the receptor (Zalfa et al., 2003; 
Fatemi et al., 2013).  

Evidence of anabolic brain growth (macrocephaly) can also be seen in Fragile X 
Syndrome (FXS), a genetic disorder in which ASD-like behavioural symptoms have been 
observed (as discussed in Section 1.1.3.1—Genetic Determinants). FXS is caused by 
mutations in the FMRP-coding FMR1 gene and is the most common inherited cause of 
intellectual disability (Cohen et al., 2005). Like autism, it appears to affect males more 
severely than females (Hernandez et al., 2009), likely due to gene-dosing (as the FMR1 
gene is located on the X chromosome). The prevalence of comorbid ASD in individuals 
with FXS ranges from 25 to 52% (Kaufmann et al., 2004), but up to 90% of FXS males 
display behavioural characteristics associated with ASD—specifically, impairments in 
communication and social interaction (Kaufmann et al., 2004; Hernandez et al., 2009). The 
anabolic hypothesis can potentially explain the link between FXS and autism, through an 
inability of mutant-FMRP to regulate APP mRNA translation and the subsequent overpro-
duction of sAPPα (Westmark & Malter, 2007; Lahiri et al., 2013).  

1.3.3.2 Mechanisms of Action for sAPPα 

A number of mechanisms through which sAPPα could influence cortical development 
have been proposed by Sokol & Lahiri (2019), including the APP-mediated degradation 
of β-catenin—a cell-adhesion protein that seems to be heavily involved in the regulation 
of cortical surface area (Chenn & Walsh, 2003; Chen & Bodles, 2007)—as well as sAPPα-
mediated regulation of axonal myelination (Sokol et al., 2019) and the ability of ADAM17 
to promote both neuronal growth and neuroinflammation (Barger & Harmon, 1997; Barger 
& Basile, 2001).  

Increases in brain volume are commonly seen in imaging studies of children with 
autism, and appear to be driven primarily by white matter enlargement (Varghese et al., 
2018; Khanbabaei et al., 2019). sAPPα has been shown to prevent demyelination and 
promote the remyelination of cultured neuronal axons, both via interactions with oligoden-
drocytes (Llufriu-Daben et al., 2018). One such interaction includes stimulation of the 
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mTOR signalling pathway, which promotes oligodendrocyte maturation and myelination 
(Figlia et al., 2018). Altered mTOR signalling has been demonstrated in individuals with 
autism (Chao et al., 2006; Sokol et al., 2019). Additionally, ADAM17 has been shown to 
promote neuronal growth (Huang et al., 2014; Wei et al., 2015), oligodendrocyte develop-
ment, and myelination (Palazuelos et al., 2015; Palazuelos et al., 2014; Llufriu-Daben et 
al., 2018) via the stimulation of growth factors such as TGF-α and EGFR (Lee et al., 2003; 
Blobel et al., 2005) as well as the cleavage of Notch—another signalling molecule known 
to play a role in myelination (Matthews et al., 2017; Hughes & Appel, 2016; Mathieu et al., 
2013).  

Pertinent to the neuroinflammation seen in ASD are findings that both sAPPα and 
the α-secretase ADAM17 (Sastre et al., 2008; Palazuelos et al., 2015; Sastre et al., 2008) 
can promote inflammatory cytokine release and microglial activation (Qian et al., 2016; 
Wei et al., 2015). Compensatory upregulation of ADAM17 has been shown to occur near 
sites of β-Amyloid deposition within the brains of AD-sufferers, contributing to local neu-
roinflammation that may hasten the progression of the disease (Sokol et al., 2019). Indeed, 
ADAM17 has shown the ability to cleave (and activate) a number of inflammatory cyto-
kines that may be elevated in ASD (Lee et al., 2003; Pardo et al., 2017; Khawam et al., 
2009; Horiuchi et al., 2009; Wong et al., 2014; Ovrevik et al., 2011).  
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Figure 1-3: The pathogenic role of APP in Autism. 

ORIGINAL CAPTION: APP expression and processing contrasted among FXS, autism, and Alzheimer dis-
ease. At the level of mRNA translation, with a normal FMR1 gene, FMRP binds to (among other tar-
gets) APP mRNA and inhibits translation resulting in regulated APP synthesis. In FXS, loss of the translational 
repressor FMRP leads to exaggerated protein synthesis resulting in elevated APP levels. At the level of protein 
processing, excess APP provides more target for both anabolic and catabolic secretase processing. In the case 
of FXS, APP processing may change with age such that exaggerated anabolic processing in childhood leads to 
neuronal overgrowth followed by increased catabolic processing in adulthood both accompanied by associated 
outcomes. In the case of autism, α-secretase processing is increased resulting in increased levels of ana-
bolic/neurotrophic sAPPα. By comparison, relative levels of catabolic products (e.g., Aβ) are insufficient to com-
pensate, resulting in neuronal overgrowth and associated outcomes. In Alzheimer disease (normally a geriatric 
condition), excess catabolic processing by β-secretase, possibly accompanied by insufficient anabolic pro-
cessing, results in inflammation, neurodegeneration, and loss of brain volume. 
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1.3.4  - Transgenic sAPPα mice 

In order to shed light on the effects of sAPPα overexpression in vivo, a transgenic mouse 
model was developed by Bailey et al. (2013) via incorporation of the coding sequence for 
the sAPPα region of human APP-695 into the promoter region of the mouse prion protein 
(Bailey et al., 2013). The resultant “TgsAPPα” mice were confirmed to express human 
sAPPα, which was detected in both plasma and brain tissue, at genotype-dependent con-
centrations. Mice determined to be homozygous for the transgene (TgsAPPα+/+) demon-
strated significantly elevated levels of human sAPPα compared to heterozygous 
(TgsAPPα+/−) mice (Bailey et al., 2013). The reports of Bailey et al. (2012; 2013) as well as 
subsequent analyses indicate the presence of a variety of neurological, behavioural, and 
immunological changes in the TgsAPPα mouse that are analogous to those seen in hu-
mans with ASD.      

1.3.4.1 Neurological and Behavioural Effects of sAPPα 

While observations regarding the presence of cortical hyperplasia or altered connectivity 
within the brains of TgsAPPα mice do not appear to be available, the brains of these mice 
do demonstrate increased expression of synaptophysin—suggestive of increased synap-
tic density (Bailey, 2012)—as well as elevated glial fibrillary acidic protein (GFAP) con-
centration, which is consistent with increased neuronal proliferation, gliosis, and neuroin-
flammation (Lie et al., 2010; Bailey et al., 2012; Hagemann et al., 2013; Kim et al., 2018). 
These increases were accompanied by elevations in IL-6, gp130, and Notch1 (molecules 
implicated in a variety of neurotrophic signalling pathways) and ultimately align with ob-
servations of aberrant Notch1 signalling, as well as GFAP, IL-6, and synaptophysin ex-
pression, within the brains of individuals with ASD (Wei et al., 2011; Edmonson et al., 2014; 
Guang et al., 2018). 

The neurological abnormalities observed in TgsAPPα mice purportedly occurred 
alongside several behavioural features consistent with human ASD, such as hypoactivity 
and impaired sociability (Bailey et al., 2013). Notably, the decreased preference for social 
interaction was far more pronounced in male TgsAPPα mice than females, and the effects 
of sAPPα on behaviour in general appeared to differ with age (Kwak et al. 2010, 2014; 
Bailey et al., 2013; Baratchi et al., 2012).  

1.3.4.2 Effects of sAPPα on Immune Function 

A number of immunological changes have also been shown to occur in TgsAPPα mice, 
some of which directly correspond with observations from human studies and potentially 
implicating sAPPα overexpression in some of the immunological changes associated with 
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ASD, as discussed in Section 1.1.4. Splenocytes from TgsAPPα mice were shown to se-
crete significantly elevated quantities of the cytokines IFN-γ, IL-2, and IL-4 in response to 
stimulation—all of which appear to be increased in humans with ASD (Goines et al., 2011; 
Goines & Ashwood, 2013; Xu et al., 2015). In the original characterization of TgsAPPα 
mice, Bailey and colleagues argue that this disproportionate response is likely due to 
changes in T-cell population and highlighted the decrease in CD4+ cells (and a distinct 
increase in CD8+ cells) observed upon identification of the offending splenocytes. Similar 
decreases in CD4+ cell population have been found in individuals with ASD (Yonk et al., 
1990; Gupta et al., 1996; Bailey et al., 2012). Moreover, sAPPα appears to play a role in 
T-cell activation in general, as evidenced by the upregulated APP mRNA translation and 
sAPPα secretion demonstrated by a variety of T-lymphocytes in response to stimulation 
(Mönning et al., 1990; 1992; Fukuyama et al., 1994). 

Curiously, the immune cells described above were found to secrete significantly 
less of the aforementioned cytokines (compared to splenocytes from control animals), 
when stimulated again following immunization. This suggested that, despite their dispro-
portionately large response to initial contact with an antigen, the cells exhibit an impaired 
recall function, potentially hindering their ability to respond to subsequent challenges by 
the same antigen (Bailey et al., 2012). This feature of TgsAPPα mice may correspond with 
the altered T-cell responses and immune functioning demonstrated in children with au-
tism (Stubbs & Crawford, 1977; Stern et al., 2005; Ashwood et al., 2012).  

Further supporting an effect of sAPPα on T cell development—and in line with its 
anabolic/anti-apoptotic effects—TgsAPPα mice also demonstrate significantly reduced 
apoptosis within the thymus, resulting in an altered ratio of immature to mature thymo-
cytes (Bailey et al., 2012). This observation was supported by local decreases in pro-
apoptotic Bax signalling, markedly reduced caspase-3 activity, and elevated expression 
of the anti-apoptotic signalling factors Bcl-2 and Notch1 (Bailey et al., 2012). Dysregula-
tion of thymocyte apoptosis is likely to contribute to the observed changes in CD4+/CD8+ 
cell populations (Hernandez et al., 2010) and, therefore, underlie the related changes in 
cytokine secretion.  

 

1.3.5  - A Relationship between sAPPα and the Gut Microbiome? 

This section introduces a number of studies which support—in combination with the pre-
ceding discussion—the presence of relationship between sAPPα overexpression and the 
composition of the intestinal microbiota. Such a relationship, if present, could be relevant 
to the pathology of ASD—either by the induction of developmentally impactful intestinal 
dysbiosis (which may occur secondarily to sAPPα-dependent immune system changes, 
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or disruptions of GI functioning) or via the potential contribution of a dysbiotic gut micro-
biome to enhanced sAPPα expression within the brain during early development.  

1.3.5.1 Potential Effects of sAPPα on GI Function and Microbiome Composition 

Several potential mechanisms exist through which sAPPα could exert an influence on the 
composition of the gut microbiome. As discussed previously, sAPPα overexpression 
causes changes in T-lymphocyte functioning that result in both an enhanced primary im-
mune response and impaired secondary reactivity to previously encountered antigens 
(i.e., worsened immune memory). These features could directly interfere with the initial 
establishment of the gut microbiome known to take place during the first year of life.  

An enhanced primary immune response to commensal features that play a role in 
neurodevelopment (e.g., Bifidobacterium infantis) may reduce its ability to colonize the 
intestine, thus preventing it from exerting beneficial effects—either in terms of its interac-
tions with host physiology or its context within the greater microbial ecosystem of the gut 
flora. As demonstrated by post-antibiotic C. difficile infection, disruption of this ecosystem 
can make the GI tract vulnerable to opportunistic invasion (which the immune system is 
unable to contest). Selection pressures imposed by sAPPα-mediated immune system 
changes could foster the growth of certain features (e.g., microbes which are less sus-
ceptible to the immune consequences of IFN-γ, IL-2, and IL-4 secretion) at the expense 
of overall microbial diversity—as is consistently seen in individuals with ASD. Similarly, 
impaired immune memory might make the gut microbiome more susceptible to the long-
term tenancy of pernicious bacteria who would typically be deterred.   

In addition to its influence on immune function, sAPPα could potentially exert ef-
fects on the gut microbiome via interactions with the GI tract itself. One such mode of 
interaction is sAPPα-mediated disruption of enterocyte apoptosis—a widely occurring 
form of non-inflammatory cell death, which appears to be vital to the development and 
healthy functioning of the GI tract (Bullen et al., 2006; Taylor et al., 2008; Pérez-Garijo et 
al., 2015). As discussed above, TgsAPPα mice undergo significantly less apoptosis within 
the thymus, a feature which has notable consequences in terms of immune cell function, 
as evidenced by marked reductions in local caspase-3 activity. That these anti-apoptotic 
effects are mediated by the suppression of caspase-3 is supported by the findings of Her-
zog (2004), who noted similar reductions in caspase-3 activity (and resistance to apopto-
sis) among neurons treated with sAPPα. Indeed, the apoptosis of intestinal epithelial cells 
(IECs) also appears to be mediated by caspase-3 (Buret and Bhargava, 2012; Saavedra 
et al., 2018) and can be inhibited by bacterial suppression of caspase-3 activation 
(Faherty, 2009; Buret & Bhargava, 2012).  

As long as it does not occur excessively (Edelblum et al., 2006; Taylor et al., 2008; 
Günther et al., 2013), apoptosis of IECs has been hypothesized to represent an immune-
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mediated reaction in the context of pathogenic activity (Delgado et al., 2015), whereby 
affected tissue is sacrificed (and shed) in order to prevent the establishment or further 
spread of infection (Buret and Bhargava, 2012; Saavedra et al., 2018) and to resolve ex-
isting inflammation (Haslet, 1992). Through intercellular signalling, certain species of bac-
teria can inhibit apoptosis of IECs.The existence of such a pathway suggests that there is 
an evolutionary advantage to be had in prolonging the time period before “uprooting” 
occurs (Buret & Bhargava, 2012). If this is the case and the anti-apoptotic effects of sAPPα 
represent another disruptor of apoptosis of IECs, then a direct mechanism exists through 
which sAPPα overexpression could facilitate the growth of certain microbial features—
potentially pathogenic—and therefore have a negative impact on the health of the gut 
microbiome. This assertion can be supported by the work of Puig et al. (2011), who 
showed that APP is heavily expressed by the neurons, smooth muscle, and IECs of the 
mouse GI tract, and that the intestines of APP-knockout mice show attenuated immune 
responses to inflammatory stimuli. Based on these findings, the authors concluded that 
“APP may regulate host-microbe interaction, or susceptibility to GI inflammation” (Puig, 
et al., 2011). 

 The Notch1 signalling pathway, which sAPPα is known to stimulate, represents an-
other potential mechanism by which sAPPα could influence the gut microbiome. Notch1 
has been shown to facilitate local activation of proinflammatory T-cells stationed at the GI 
epithelium (Mathern et al., 2014) as well as inhibit the differentiation of secretory cells 
within the GI tract (Shinoda et al., 2010). Reductions in secretory cell population—and 
therefore secretions—could change the selection pressures exerted upon the gut micro-
biota, favouring commensal species that do not rely upon the presence of secretions 
(such as the mucolytic Akkermansia). If severe enough, a loss of secretions could facilitate 
attachment of pathogenic bacteria directly to the exposed lumen of the GI tract, drastically 
increasing intestinal permeability (Kim and Ho, 2010; Puig, et al., 2011).  

Just as in thymocytes, Bax and Bcl2 retain their respective roles as mediators of 
pro/anti-apoptotic signalling, respectively, within IECs (Lu et al., 2019, Buret & Bhargava, 
2012), providing molecular targets which could be consulted (along with Notch1 and 
caspase-3) in order to investigate the potential presence of disrupted apoptosis of IECs 
within TgsAPPα mice.     

 

1.3.5.2  Potential Effects of Microbiome Composition on sAPPα Expression 

As the Gut-Brain-Axis is multi-directional in nature, it is quite possible that certain features 
of the gut microbiota could contribute to elevations in sAPPα expression. While there has 
yet to be a study that demonstrates a direct effect of the gut microbiome on non-amyloi-
dogenic APP processing, several studies have linked the presence of specific bacterial 
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taxa with increased serum levels of the β-Amyloid(1-42) peptide (Blasco et al., 2017), 
establishing a precedent for gut-microbiome dependent modulation of APP cleavage and 
implying that gut microbiome composition may contribute to the pathology of Alzheimer 
Disease by facilitating the aggregation of amyloidogenic cleavage products (Pistollato et 
al., 2016; Kowalski & Mulak, 2019).   

In her 2019 paper, Sokol lists a variety of factors which could influence sAPPα 
expression during infancy—paying specific attention to the impact of ‘epigenetic stress-
ors.’ As she explains, epigenetic influences during early brain development may contrib-
ute to the neurological features of ASD by triggering the pathological overproduction of 
sAPPα (Lahiri et al., 2013). Due to its apparent ability to influence CNS development via 
the Gut-Brain Axis and its particular susceptibility to dysbiosis during the first year of life, 
the gut microbiome represents a potent source of epigenetic stress and should therefore 
be the target of considerable investigation. 

In terms of specific epigenetic factors, oxidative stress can be particularly relevant 
to the relationship between sAPPα and ASD. For instance, oxidative stress during gesta-
tion has been shown to cause epigenetic changes that precede alterations in cortical de-
velopment (Compart, 2013). Foetal exposure to oxidative stress is also associated with 
the upregulation of NDMA receptors, as well as subsequent increases in the activation of 
signalling pathways (MAP3K1; JNK; ERK) that have been shown to stimulate ADAM17 
activity (Xu et al., 2010; Zeidan-Chulia et al., 2014; Arkun & Yasemi, 2018). In addition to 
its own neurotrophic effects, enhanced ADAM17 activity would facilitate the secretion of 
sAPPα and enhance neurotrophic signalling/myelination. Increased free radical produc-
tion (and subsequent oxidative damage) can occur secondarily to infection, immune acti-
vation (Oskvig et al., 2012), or dysbiosis of the gut microbiome (Dumitrescu et al., 2018). 

Studies of children with autism have shown significantly reduced production of en-
dogenous antioxidants such as S-adenosylhomocysteine and S-adenosylmethionine (Gao 
et al., 2018; Guo, 2020), suggesting that children with ASD are generally more vulnerable 
to the effects of oxidative stress than their neurotypical peers (Theoharides et al., 2008; 
Gao et al., 2018; Guo, 2020). If oxidative stress does indeed contribute meaningfully to 
the regulation of sAPPα production, then children who are more vulnerable to oxidative 
stress (particularly those experiencing chronically elevated free radical production due to 
either persistent inflammation or reduced antioxidant production due to intestinal dysbio-
sis) would be more vulnerable to the pathological overproduction of sAPPα. Since sAPPα 
expression is thought to play a role in the release of inflammatory cytokines from T-lym-
phocytes—which can trigger further oxidative stress (Crapo, 2003)—sufficient levels of 
sAPPα expression could induce a forward-feedback loop, leading to further expression of 
APP and pathological overproduction of the sAPPα fragment.  
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In addition to oxidative stress, and potentially relevant on account of the peripheral 
hyperserotonemia seen in autism, activation of 5-HT4 serotonin receptor—which is heavily 
expressed by the cells of the GI tract (Grider et al., 1998; Hoyer et al., 2002; Hoffman et 
al., 2012)—has been demonstrated to promote α-secretase activity and therefore sAPPα 
production (Cachard-Chastel et al., 2007; Cochet et al., 2013; Pimenova et al., 2014). 
Intestinal 5-HT4Rs have long been of therapeutic interest due to their role in the regulation 
of peristalsis (Pan & Galligan, 1994; Grider et al., 1998; Jin & Foxx-Orenstein, 1998; Kim, 
2009; Hoffman et al., 2012), and pharmacological studies imply that they may be vulner-
able to interactions with microbially-synthesized ligands in the mucosa of the GI tract 
(Grider et al., 1998; Jin & Foxx-Orenstein, 1998; Hoffman et al., 2012). Indeed, bacterially-
produced tryptamine has been demonstrated to alter the rate of peristalsis in vivo via the 
agonism of mucosal 5-HT4Rs (Bhattarai et al., 2018; Cryan et al., 2018). Through this same 
mechanism, bacteria within the gut may be able to influence intestinal sAPPα production, 
potentially contributing to the elevated serum levels found in individuals with ASD.  

As discussed in Section 1.1.3: Causal Factors, ASD is strongly associated with 
folate deficiency. To date, there are no reports on serum folate concentrations (or abnor-
malities of folate absorption/metabolism, as are found in humans with ASD) in TgsAPPα 
mice, although the literature clerly indicates a relationship between serum folate levels 
and sAPPα expression in the context of Alzheimer Disease. Associations between folate 
deficiency and amyloidogenic processing have been demonstrated in both cell cultures 
and animal studies (Clarke et al. 1998; Yoshinaga et al., 2017), but the findings of Clarke 
et al. (1998) in particular—who reported that folic acid administration decreased β-Amy-
loid(1-42) deposition in APP/PS1 mouse brain tissues, by inhibiting the expression of the 
amyloidogenic enzymes β-secretase (BACE1) and presenilin 1 (PS1)—suggest that folate 
explicitly promotes the non-amyloidogenic pathway, and therefore sAPPα production. 
This notion has since been confirmed by Tian et al. (2016), who demonstrated a dose-
dependent effect of folic acid on the expression of α-secretases ADAM9/ADAM10 and 
corresponding increases in sAPPα levels. Oikonomidi and colleagues (2016) studied 59 
individuals with normal cognitive functioning, but were not able to demonstrate a correla-
tion between folate levels and sAPPα concentration in vivo, although they did note that 
high plasma levels of S-adenosylhomocysteine—without hyperhomocysteinemia—were 
correlated with higher CSF levels of sAPPα. According to the biosynthesis pathway for 
methionine (discussed in Folate by Jane Hidgon et al., 2014), the findings of Oikonomidi 
and colleagues thus imply an increased synthesis of methionine, from homocysteine, in 
patients with higher sAPPα levels, thus necessitating a greater availability of folate, as it is 
required to synthesize Vitamin B12 (the cofactor which facilitates this reaction). This logic 
is consistent with the findings of Oikonomidi and colleagues regarding CSF levels of β-
Amyloid(1-42), which were associated with high levels of both homocysteine and S-ade-
nosylhomocysteine, and low levels of Vitamin B12, implying lesser availability of folate to 
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be associated with greater amyloidogenic processing (and therefore reduced non-amy-
loidogenic processing) of APP. Bearing these studies in mind, increased activity of α-
secretases within autistic individuals may create greater demand for vitamin B12, thus 
favouring deficiency. In addition to other commensal organisms, folate-requiring bacteria 
within the intestine must compete with the intestinal epithelium and therefore with the 
metabolic demands of the host (Balasubramaniem et al., 2007; Engevik et al., 2019). The 
nature of this relationship suggests a number of possibilities, including commensal bac-
teria can facilitate sAPPα overexpression by producing more folate (Camilo et al., 1996; 
LeBlanc et al., 2013), or sAPPα overexpression could impose selective pressures upon 
the gut microbiome that limit the growth of folate-requiring organisms, or sAPPα overex-
pression may favour the growth of folate-synthesizing bacteria. 

To highlight one final mechanism through which the gut microbiota could influence 
sAPPα expression (in the context of ASD), ADAM17 activity is directly increased by ERK 
and MAP kinase p38 (Arkun & Yasemi, 2018; Sokol et al., 2019). These two signalling 
molecules are activated in response to inflammatory stimulation, such as that caused by 
the bacterial endotoxin LPS (Feng et al., 1999; Lee et al., 2020). LPS exposure has also 
been shown across several animal studies to induce sex-dependent behavioural and neu-
rological symptoms resembling those seen in ASD (Oskvig et al., 2012; Doenni et al., 
2016; Pang et al., 2016; Fernandez de Cossio et al., 2017; Schaafsma et al., 2017), and 
could be consequent to elevations in the population of gram-negative bacteria within the 
GI tract (Munford, 2007).  
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1.4  MICROBIOME ANALYSIS 

The emergent understanding of host-microbiome interactions (such as those implicated 
in the Gut-Brain Axis) is the direct result of an explosion in microbiome research that has 
taken place over the last two decades—an explosion catalyzed by increasing accessibility 
(and decreasing cost) of high-throughput sequencing technologies.  

1.4.1  - Amplicon Sequencing 

One of the more common methodologies among modern microbiome studies is known 
as ‘targeted amplicon sequencing’, in which taxonomically significant regions of bacterial 
DNA are amplified, then fed through a sequencing platform (such as the Illumina MiSeq) 
in order to analyse bioinformatically the composition of a microbial community. Different 
features are represented by unique amplicon sequence variants (ASVs), to which an iden-
tity can be assigned on the basis of their likeness to a known reference sequence —
essentially analogous to a bacterial “barcode” (Davidson & Epperson, 2018).  

The specific genomic target (or “amplicon”) will differ depending on the goals of 
the study in question; if a researcher aims to analyse the composition of a gut microbiome 
sample in terms of the bacterial species found within, they will require a target which is 
(1) universally expressed; (2) flanked by genomic content variable enough to allow differ-
entiation between features at the taxonomic level of interest. The majority of gut microbi-
ome studies referenced within this thesis use the 16S rRNA amplicon as their sequencing 
target. Since the 16S ribosomal subunit is necessary for the translation of all bacterial 
proteins, the DNA which codes for 16s ribosomal RNA is thought to be universally con-
served across bacterial taxa—an idea controversial to some (Martinez-Porchas et al., 
2017)—and is variable enough to allow differentiation at the genus level (Davidson & 
Epperson, 2018).  

Being significantly less invasive than other methods of DNA collection (such as 
mucosal biopsy or intestinal fluid acquisition), fecal sampling is commonly used in 
amplicon sequencing studies of the gut microbiome and a variety of commercial fecal 
DNA extraction kits exist for this purpose. While accessible and cost effective, it should 
be noted that fecal samples are not accurate reflections of the overall microbiota—only 
“proxies” representing, at best, the microbial features of the distal bowel (Yan et al., 2019; 
Tang et al., 2020).  

As described by Prodan et al. (2020), various bioinformatics “pipelines” (a term 
describing several different software applications, often free and openly-developed, used 
in sequence) are currently available. Each is tailored to a specific type of data, but 
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generally enables error correction, data processing, and statistical analysis of amplicon 
sequencing data.   

1.4.2  - The cpn60 amplicon 

Despite mainstream use of the 16S rRNA amplicon, a number of other target amplicons 
exist that may be more appropriate for a given study (De Filippis et al., 2017). One such 
alternative is the cpn60 amplicon, which has been shown across a number of sequencing 
studies to provide comparable information to the 16S rRNA gene in terms of community 
coverage (Schellenberg et al., 2009), but better discrimination between features at the 
species and subspecies level (Hill et al., 2006; Links et al., 2012). 

The cpn60 amplicon makes use of the coding sequence for Chaperonin 60—also 
known as GroEL and Hsp60, a ubiquitously expressed (and therefore highly conserved) 
protein known to assist in the folding of a variety of vital proteins as well as protecting 
them from stress-induced denaturation (Maguire et al., 2002). Aside from its basic 
functions, cpn60 has been implicated in the coordination of intercellular signalling as well 
as the modulation of proinflammatory cytokine release, and may potentially be a virulence 
factor in a number of human diseases (Verdegaal et al., 1996; Lewthwaite et al., 1998; 
Maguire et al., 2002).  

The cpn60 amplification process centres around a set of universal primers 
(H279/280 & H1612/H1613) designed to anneal to non-variable regions that exist on 
either end of a highly variable cpn60 ‘barcode’ region. This results in the generation of a 
sequence approximately 550–560 bp in length, to which a species-level identity can then 
be assigned based on likeness to previously-identified sequence variants within the chap-
eronin reference database, cpnDB. In a study by Verbeke et al. (2011), it was shown that 
this method of identification yielded results comparable to whole-genome sequence 
alignments (across a wide variety of bacterial taxa), thus implying not only that the cpn60 
amplicon is a strong alternative to the 16s rRNA gene, but that it may be a more appro-
priate target, in general, for researchers aiming to identify specific features within a mi-
crobial community (Links et al., 2012).  

1.4.3  - Analysis of Compositional Data  

An inherent (but often forgotten) constraint of high-throughput sequencing technology, 
which is relevant to the analysis of microbiome data generated via amplicon sequencing, 
is that the output of a sequencing run is limited by the capacity of the flow cell used. This 
means that the total number of reads generated (across all of the ASVs detected within 
the community of study) is in effect, a random, fixed-size sample of the relative abundance 
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of the microbial features within the source community (Gloor et al., 2017). One of the 
major implications of this limitation is that microbiome datasets are compositional—e.g., 
they contain information about relationships between the ASVs present within a commu-
nity, but do not imply anything about the absolute abundances of those features. 

For this reason, it is considered standard practice among microbiome studies to 
normalize (or “rarefy”) raw read counts, so that they may be represented as a proportion 
of the total reads generated, before conducting data analysis. Even then, proportional 
abundances cannot be used to infer anything about the actual abundance of an ASV 
within the gut microbiome (or indeed, the impact it may have on its environment). As 
explained by Gloor et al. (2017), two samples, A and B, may have the same proportion of 
ASVs identified as B. longum (e.g., 5% of total reads), even though the population of B. 
longum that physically resides in microbiome A in reality may be several orders of mag-
nitude larger than the population found in microbiome B—a discrepancy for which the 
potential exists due to the inherent difficulty in sequencing samples to the same depth (as 
visualized in Figure 1–4). 

In spite of this problem, many microbiome studies rely on methods of statistical 
analysis originally designed for traditional ecological studies in which counts can be nor-
malized to an area or volume which remains constant—a property at odds with the dy-
namic environment of the intestinal tract (and the variable nature of stool samples). As a 
matter of fact, many of the methods of analysis commonly employed by gut microbiome 
studies do not account appropriately for the ways in which compositional datasets can be 
problematic. Yet Gloor et al. (2017) state that many of these limitations can be overcome 
via the use of statistical methods appropriate for the analysis and interpretation of 
Compositional Data (CoDa).  
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Copyright © 2017 Gloor, Macklaim, Pawlowsky-Glahn and Egozcue. Licensed under creative commons (CC BY 4.0). 

Figure 1-4: “High-throughput sequencing data are compositional” (Gloor et al., 2017). 
 
Original Description: 

“(A) illustrates that the data observed after sequencing a set of nucleic acids from a bacterial popula-
tion cannot inform on the absolute abundance of molecules. The number of counts in a high through-
put sequencing (HTS) dataset reflect the proportion of counts per feature (OTU, gene, etc.) per sam-
ple, multiplied by the sequencing depth. Therefore, only the relative abundances are available. The 
bar plots in (B) show the difference between the count of molecules and the proportion of molecules 
for two features, A (red) and B (gray) in three samples. The top bar graphs show the total counts for 
three samples, and the height of the color illustrates the total count of the feature. When the three 
samples are sequenced we lose the absolute count information and only have relative abundances, 
proportions, or “normalized counts” as shown in the bottom bar graph. Note that features A and B in 
samples 2 and 3 appear with the same relative abundances, even though the counts in the environ-
ment are different. The table below in (C) shows real and perceived changes for each sample if we 
transition from one sample to another.” 
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STUDY OBJECTIVES 

Despite all three factors being strongly associated with ASD, no literature currently exists 
on the theoretical relationship between GI dysfunction, microbial dysbiosis, and sAPPα 
overexpression. That such an interaction takes place would be consistent with the evi-
dence described previously as well as the variety of potential mechanisms through which 
such a relationship could be orchestrated. In light of the emerging characterization of the 
gut-brain-axis (and its potential relevance to the pathogenesis and treatment of ASD), an 
exploration of the effects of sAPPα overexpression on the functioning and colonization of 
the gut could shed further light on the role of the GBA in neurological development and 
act as a commissure between two seemingly disparate areas of ASD research.  

To this end, the experiments described in the following sections aimed to assess 
gut microbiome composition and GI inflammation in TgsAPPα mice. Since the gut 
microbiome differences and GI impairments observed in humans with ASD appear to be 
quite significant, it was hypothesized that sAPPα overexpression would have a dramatic 
effect on microbiome composition—with notable reductions in overall diversity—and that 
evidence of inflammation and dysregulated apoptosis would be present within tissue 
samples taken from the distal colon. In order to test these hypotheses, a microbiome 
dataset was generated (including both TgsAPPα mice and WT controls) via cpn60 
amplicon sequencing. This dataset was then analyzed according to the methods deemed 
appropriate by Gloor et al. (2017). In addition, tissue samples were collected from six 
TgsAPPα mice and six controls (three males and three females of each) and either frozen 
(for protein studies) or fixed, stained, mounted, and analyzed for the presence of 
morphological features associated with inflammation.  
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ETHICAL CONSIDERATIONS 

All mouse studies were approved by the University of Saskatchewan's Animal Research 
Ethics Board (protocol 20060070: PI, DDM) and adhered to the Canadian Council on 
Animal Care guidelines for humane animal use. 
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2.1  ANIMAL HUSBANDRY AND GENOTYPING 

TgsAPPα mice (originally obtained from Jun Tan, Developmental Neurobiology, the 
University of South Florida) were housed and maintained according to the policies and 
procedures of the Lab Animal Services Unit (LASU) facility at the University of Saskatch-
ewan in a manner consistent with the littermate-controlled experimental setup described 
by the paper “Gut Microbiome Standardization in Control and Experimental Mice” (McCoy 
et al., 2017). Genotyping originally performed via quantitative real-time PCR was 
confirmed by Western blotting of brain lysates using the antibody “22C11,” which 
recognizes AA residues 66–81 within the N-terminal of human sAPPα.  

In order to investigate the impact of the sAPPα gene on the composition of the 
intestinal microbiota, an F1 colony was generated by cross-breeding TgsAPPα mice with 
WTs of the background strain, i.e. C57BL6. Heterozygous (HZ) F1 offspring were cross-
bred with each other in order to generate the F2 offspring, which were used for the 
experiments in this thesis. Unexpectedly, this breeding strategy did not appear to 
generate any viable homozygous mice—instead resulting in an F2 population of 26 mice, 
with 16 animals shown to be WT controls, and the remaining 10 identified as HZ for the 
transgene.  

After weaning, pups were transferred to new cages (which had been sterilized, in 
accordance with LASU animal handling procedures) in order to control for maternal 
influences on the gut microbiomes of littermates. Since gut microbiome differences 
demonstrated in human ASD appear to be quite significant, it was hypothesized that 
sAPPα would have a profound effect on microbiome composition. On this basis, TgsAPPα 
mice were co-housed with non-littermate controls in order to allow for the synchronization 
of their microbiota (through environmental proximity and coprophagy), so that any 
profound changes in composition mediated by the sAPPα gene might be observed.  
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2.2  SAMPLE COLLECTION 
 
Fecal Samples:  

In order to facilitate analysis of the gut microbiomes of F2 mice, fresh fecal pellets from 
individual mice were collected in following manner: each mouse was isolated and 
observed until a fecal pellet was produced, which was stored in a 1.5 mL microcentrifuge 
tube and immediately snap frozen on dry ice, to be stored at -80 ℃ until the DNA 
extraction procedure could begin. Samples were collected from F2 offspring (nHZf = 6, nHZm 

= 4, nWTf = 10, nWTm= 8) over the course of 30 minutes, from 10:00-10:30am, so as to limit 
the potential for known effects of circadian rhythm on gut microbiome composition to 
confound comparisons between samples (Deaver et al., 2018).  

 
Tissue Samples:  

Mice were necropsied shortly after fecal sample collection. During necropsy, samples 
were taken from the distal GI tracts of 12 mice (three from each study group) over a 90-
minute timespan, and kept on dry ice until they could be stored in -80 ℃. GI tissues to 
undergo staining were dissected from the distal colon, split longitudinally, and placed into 
tubes containing a pre-made solution of 10% NBF. After fixation, tissues were washed 
and incubated sequentially in 10, 20 and 30% sucrose solution, then refrigerated until 
such a time as they could be paraffin processed (approximately two months).  
 
 

2.3  DNA EXTRACTION 
DNA extraction was performed using the QIAamp® Fast DNA Stool Mini Kit (Qiagen Inc.), 
following the manufacturer’s protocol, but with an additional “bead-beating” step (as 
described by de Boer et al., 2010) to provide mechanical lysis. The same kit was used on 
all samples as well as an additional empty tube that served as an extraction control (EC); 
this is necessary in order to measure environmental or reagent-borne contamination.  

In order to achieve cell lysis and separation of fecal impurities (such as RNA and 
protein contaminants) from the bacterial DNA, approximately 220 mg of each sample was 
transferred to a sterile tube (which contained approximately 400 mg of 0.1 mm zirconia 
beads) and suspended in a 1 mL of a proprietary buffer solution known as InhibitEx, which 
came with the QIAamp Kit. At this point, samples were heated (via water bath) to 90 ℃ 
and kept at this temperature for 15 minutes in order to facilitate digestion. Following this, 
bead-beating was performed using a tissue homogenizer, which agitated the sample 
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tubes at 30 Hz for 60 seconds in order to ensure lysis of gram-positive bacterial cell walls 
(Lim et al., 2018).  

Samples were then pelleted by centrifugation at 20,000 x g for 1 minute. Twenty-
five microlitres of Proteinase K was added to a new 2 mL microcentrifuge tube and 600 µL 
of the supernatant added to the Proteinase K, along with 600 µL of Buffer AL. The 
remaining supernatant was frozen at 20 °C, should it be needed for further analysis. The 
working solution was vortexed and then incubated at 70 °C for 10 min in order to digest 
protein contaminants. Six hundred microlitres of 100% EtOH was then added to the lysate 
in, the solution vortexed, and then 600 µL of this solution added the QIAamp Spin Column. 
The Spin Column was centrifuged for three minutes, allowing the DNA in solution to bind 
to the silica membrane while the rest of the lysate passed through the column into a 
removable collection tube.  

The filtrate was discarded, a new collection tube added, and 500 µL Buffer AW1 
poured into the Spin Column. Centrifugation was repeated and the filtrate discarded. This 
step was performed again, with the addition of 500 µL Buffer AW2. Filtrate was again 
discarded, the spin column was placed in a new 1.5 mL tube and 100 µL Buffer ATE 
added to elute the DNA. A final centrifugation was performed to collect the purified DNA, 
and the Spin Column discarded. Nucleic acid concentrations were then analyzed using a 
NanoDrop 2000 Spectrophotometer (NanoDrop Technologies), and 280/260 ratios 
examined to determine the rough purity of the extracted DNA. Following this, DNA isolates 
were frozen at 20 °C until PCR amplification could begin.  
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2.4  CPN60 BARCODE SEQUENCING 

2.4.1  - PCR Amplification 

Once DNA had been extracted from all of the fecal samples, PCR was performed in order 
to amplify the cpn60 universal barcode. This was achieved through the use of a modified 
version of the Illumina 16S rRNA amplification protocol (Included in Appendix I - 
Supplemental Methods) PCR was performed using an established primer cocktail that 
includes a 1:3 molar ratio of primers H279/H280:H1612/H1613 that have been modified 
with the addition of the Illumina adapter sequences (Hill, Town & Hemmingsen, 2006).  

 

 

 

 

 

 

 

 
PCR results were isolated from irrelevant DNA fragments such as “primer dimers” 
(Desmarais et al., 2012) using the NucleoMag Cleanup Kit, which only retained fragments 
greater than ~600 bp in size (described mechanistically in the Illumina 16S rRNA 
amplification protocol). Post-cleanup results were visualized via gel electrophoresis to 
ensure the purity of cpn60 barcode amplicons (Fig. 2-1a). 

2.4.2  - Library Creation & Validation 

A second PCR was run on each sample in order to attach unique dual indices (which mark 
sample identity) and the Illumina sequencing adapters using the Nextera XT Index Kit, 
following the protocol as described. A list of the sequences used for each sample can be 
found in Table 1 of Appendix 1 - Supplemental Methods. Another clean-up was 
performed (using the same method as before) and another gel run to confirm the purity 
of the now indexed, adapted, and cpn60-amplified PCR products (Fig. 2-1b). Following 
this, 1 µL of a 1:50 dilution of the final library was applied to a Bioanalyzer 1000 DNA chip 
in order to verify amplicon size using an 2100 Bioanalyzer (Agilent Technologies).  

Table 2-1: Illumina-adapted cpn60 primers. “I,” refers to Inosine (Hill et al., 2002). “Y,” “R,” “S,” and “K” denote positions where 
nucleotides can vary: Y = C or T; R = A or G; S = C or G; K = G or T.       

c 
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2.4.3  - Library Quantification, Normalization & Pooling 

Libraries were quantified using a Qubit fluorometer (ThermoFisher Scientific) as 
described in the Illumina 16S protocol. The DNA concentration detected in each sample 
can be visualized in Figure 2-1c. Samples were then diluted with appropriate amounts of 
10 mM Tris (pH 8.5) in order to bring the DNA concentration of each sample to 4 nM 
before pooling. The amounts of Tris to be aliquoted were calculated by entering the DNA 
concentration values from the quantification step using a previously-made Excel formula 
and are listed in Table 2 of Appendix 1 - Supplemental Methods. Five microlitres of 
DNA from each sample library was then pooled (or “multiplexed”) into a single tube and 
vortexed, to be loaded into the Illumina MiSeq flow cell. 

2.4.4  - MiSeq Loading & Sequencing 

Five microlitres of the pooled sample library was combined with 5 µL 0.2 N NaOH, centri-
fuged at 280 x g for 1 minute, and incubated for 5 minutes at room temperature in order 
to denature the DNA into single strands. The denatured DNA was then diluted with pre-
chilled HT1, added to the PhiX Control library, and loaded into the MiSeq cartridge for 
sequencing. 

Amplicons were sequenced using a 2 × 250 cycle kit, but the operating procedure 
was modified to run 400 cycles for the first (forward) read (R1) and 100 cycles for the 
second (reverse) read (R2). This modification was made in order to account for the size 
of the cpn60 amplicon—which makes assembly of both reads impractical. Loss of infor-
mation about the 3′ end of the amplicon does not meaningfully impact the identification of 
ASVs as the majority of discriminative information occurs at the 5′ end (Links et al., 2012; 
Vancuren et al., 2020). 
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Figure 2-1:  
 
(a) Results of gel electrophoresis confirming the 
absence of primer-dimers following cpn60 primer 
amplification and cleanup due to an overall lack 
of DNA bands smaller than the cpn60 amplicon.  
 
(b) Results of gel electrophoresis confirming the 
absence of primer-dimers following index primer 
amplification and cleanup. 

 
(c) Results of fluorometric analysis showing the 
DNA concentration of each sample following am-
plification and cleanup (in ng/µL). 

a. b. 

 

WTm 
WTf  
HZm  
HZf 

c. 
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2.5  BIOINFORMATICS WORKFLOW 

2.5.1  - Illumina Output 

Output from the MiSeq run consisted of raw sequencing data in compressed, fastQ 
format. FastQ files are intermediary text files containing demultiplexed sequence data (i.e., 
separated out according to sample identity) as conveyed by the particular combination of 
index primers added to each sample during Library Creation (Section 5.6.2). In line with 
the sequencing parameters described previously, two of these files were generated for 
each sample, specifying the relevant sequences as a string of nucleotides (each 
nucleotide representing a consensus of the ‘base calls’ over 400 sequencing cycles). 
These data were written directly onto the Hill Lab’s data server. Sequencing data were 
processed and analyzed according to the Hill Lab bioinformatics workflow (described in 
the following sections). As such, data went through quality control and primer/adaptor 
removal before being imported into the Quantitative Insights into Microbial Ecology 2 
(QIIME2, version 2019.7) pipeline for analysis.  

2.5.2  - Quality Trimming & Adaptor Removal 

Raw sequence data first underwent quality trimming via an open source, UNIX-based 
JAVA applet known as Trimmomatic (Bolger et al., 2014). Trimmomatic uses a ‘sliding 
window approach’—scanning each sequencing read from the 5′ end and removing the 3′ 
end of the read when the average quality score of a user-specified minimum length (set 
here to 150 bp, as per Dr. Hill’s cpn60 workflow) drops below a chosen threshold. A score 
of 30 was chosen, based on an analysis of average sequencing output quality conducted 
using the program FastQC (Andrews, 2010), while the size of the sliding window was set 
to 4 bases, preventing a single weak base (e.g., a position for which no consensus could 
be made during sequencing) from triggering the deletion of higher-quality data further 
downstream, while still ensuring that a consecutive series of poor-quality bases would 
prompt data omission (Bolger et al., 2014). Another open-source program called Cutadapt 
(Martin, 2011) was then used on the quality-trimmed data in order to remove the PCR 
amplification primers from the quality-trimmed sequences.  
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2.5.3  - Error Detection & Variant Calling  

The now-trimmed and adapterless sequences were next processed through a program 
called DADA2, which stands for Divisive Amplicon Denoising Algorithm. DADA2 enables 
the practice of ‘variant calling’—identification of each of the cpn60 ASVs detected (or 
‘read’) within each sample, as well as the number of reads corresponding to each variant 
(from which the proportional abundance of that ASV can be calculated). This process is 
achieved via an open-source denoising algorithm that has the ability to differentiate actual 
ASVs from sequencing errors, while still preserving minor (but potentially important) 
differences between similar sequences (Callahan et al., 2016).  

The output from DADA2 consisted of trimmed, adaptorless, denoised sequences 
that had been truncated to 150 bp in length—a number determined previously to provide 
the optimal ratio between taxonomic resolution and required processing power (Vancuren 
et al., 2020). This output was used by QIIME2 to generate a ‘feature table’ in .biom file 
format, which contains a list of all variants, as well as their abundances in each sample.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2:  Format of the un-annotated feature-table generated by QIIME2 following DADA2 operation. Each ASV corresponds to 
a potentially unique bacterial feature (or OTU) found within a sample community (e.g., “06bb…”). On the right, we can see the ‘read 
count’, or the number of times a given ASV was detected in each fecal sample (e.g., the first ASV was detected 9368 times in sample 
112582). 
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2.5.4  - Feature Table Annotation 

The variant sequences from DADA2 were compared with the non-redundant database of 
cpn60 reference sequences, cpndb_nr (version 2020_05_06) via ‘watered-Blast’ 
(Schellenberg et al., 2009). From this, a list of all cpn60 ASVs detected was generated, 
now labelled according to the reference sequence they were most similar to. This list was 
combined with the feature table described previously to create an annoted table, which 
contained read-counts for each sequence variant (from which proportional abundance 
can be calculated), as well as the degree of likeness between each observed ASV and 
the cpnDB reference sequence it most resembled (a.k.a. the ‘Nearest Neighbour’ 
species). ASVs with <55% likeness to a reference sequence were eliminated from the 
working dataset (Johnson et al., 2015), then counts for ASVs with the same cpndb_nr 
Nearest Neighbour were summed and divided by the total reads in each sample so as to 
calculate their proportional abundance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2–3: Demonstration of the changes in formatting/information as the annotated feature table is manipulated. The feature 
table contains read-counts for each sequence variant (“total_reads”), as well as the degree of likeness between each observed 
ASV and the cpnDB reference sequence it most resembled (“%_ID”). 
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2.6  ANALYSIS OF SEQUENCING DATA 

2.6.1  - QIIME2 Core Diversity Metrics 

Rarefaction curves were generated first, in order to visualize the impact of different sam-
pling depths on the alpha diversity of each sample. Based on these results, alpha and beta 
diversity metrics were calculated at a sampling depth of 4310 by way of the “core-metrics” 
function of the q2-diversity plugin for QIIME2. 

2.6.2 - Alpha Diversity (Community Richness and Evenness) 

In order to assess community richness, Faith’s phylogenetic diversity (PD) scores were 
calculated for each sample. Faith’s PD incorporates the evolutionary relationships be-
tween features of a microbial community, expressed numerically as “the minimum total 
length of all the phylogenetic branches required to connect all those species on the tree,” 
(Faith, 2015). In order to assess community evenness, Shannon’s diversity scores were 
divided by the natural log of species richness (Zhang et al., 2012) in order to calculate 
Pielou’s evenness index for each sample. The resultant values were used to calculate 
mean Faith and Pielou scores for each study group (visualized in Figs. 1 and 2 of the 
same section), which were examined for pairwise differences via nonparametric Kruskal-
Wallis test (Xia & Sun, 2017).  

2.6.3  - Beta Diversity (Community Dissimilarity) 

Comparisons of beta diversity were performed (via QIIME2) on raw ASV data (before as-
signment of likely identity based on cpnDB), using a number of different methods of dis-
tance calculation (Jaccard, Bray-Curtis, Weighted and Unweighted Unifrac). Principle co-
ordinate analysis (PCoA) plots, in which samples are dispersed according to their position 
along the first, second and third principle axes (representing the first, second and third-
greatest sources of variation in sample composition) were generated in order to visualize 
beta diversity metrics using QIIME2’s Emperor function (Vázquez-Baeza et al., 2013).  

To investigate whether there were significant differences between study groups in 
terms of alpha or beta diversity metrics, groupwise comparisons were performed (again, 
via the q2-diversity plugin) using the statistical methods of Kruskal-Wallis and permuta-
tional multivariate analysis of variance (PERMANOVA), respectively. Effects of multiple 
tests were accounted for via Benjamini–Hochberg correction (Benjamini & Hochberg, 
1995).  
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In order to account for compositionality of the data, principle component analysis 
(PCA) plots were generated using centre-log-ratio (CLR)-transformed abundance values 
from the feature table, which were calculated using the ANOVA-like Differential Gene Ex-
pression Analysis (ALDEx2) package for R (Gloor et al., 2016). Analogously (to PCoA), 
PCA plots visualize compositional trends within study groups in terms of the variables 
which explain the largest and second-largest percentage of the variability between sample 
communities. These analyses were performed at each taxonomical level from species to 
phylum, and results were consistent with original measures of beta diversity. Since this 
method can be sensitive to groupwise differences in “beta dispersion” (or sample varia-
bility), distance matrices calculated using the R packages vegan and adonis were used to 
assess the level of beta dispersion present in each group. These were deemed via PER-
MANOVA to be statistically negligible (Table 2 of Supplementary Methods). A dendro-
gram was then made in order to classify individual samples in terms of their composition, 
which was then scoured—via a series of different metrics (Elbow, Silhouette, Dunn2 In-
dex, Gap-Statistic, and Pearson-Gamma)—for the presence of clustering (and number of 
potential clusters) within the list of samples (shown in Results - Fig 3–7 & 3–8). 

2.6.4 - Comparison of Individual Taxa 

Taxonomic lineages were generated based on the cpndb_nr “Nearest-neighbour” spe-
cies identified for the ASVs in the feature table. Read-counts for all ASV identified as the 
same nearest-neighbour species were summated and CLR-transformed as is appropriate 
for the analysis of compositional data (Gloor et al., 2017). In order to analyze differences 
in the abundances of individual taxa between experimental groups, nearest neighbour-
summated and CLR-transformed read-counts from the feature table were compared via 
the aldex.tt, aldex.kw, and aldex.effect functions of ALDEx2 (Gloor et al., 2016). 
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2.7  STAINING & HISTOMORPHOLOGICAL ANALYSIS OF 
GI TISSUE 

Paraffin processing was performed on fixed samples from WT and HZ TgsAPPα mice. 
The samples were then sectioned and subjected to hematoxylin/eosin (HE) and Periodic 
Acid Schiff (PAS) staining, before being cassette-mounted for imaging and analysis.  

Due to the inaccessibility of campus laboratories during the COVID-19 lockdown, 
Dr. Yanyun Huang, a pathologist with Prairie Diagnostic Services, was commissioned to 
assess the presence and degree of tissue inflammation based on the methodology out-
lined in “A guide to histomorphological evaluation of intestinal inflammation in mouse 
models,”—a system of analysis able to distinguish between intestinal damage of chemical, 
infectious or parasitic origin, and notable for its generalizability and ease of use (Erben et 
al., 2014). In accordance with this model, tissue samples were labelled in terms of their 
sample ID only, with no reference to their experimental group, sex, or genotype, in order 
to reduce the potential for confounding biases (Holland et al., 2011). The samples were 
scored according to the criteria found on the following page:  
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1 – QUALITY AND DIMENSION OF INFLAMMATORY CELL INFILTRATES: 

Severity – as defined by leukocyte density within lamina propria. 

i. Minimal (‘1’): less than 10% 
ii. Mild (‘2’): 10-25%, with scattered neutrophils 
iii. Moderate (‘3’): 26-50% 
iv. Marked (‘4’): Greater than 51%, dense infiltrate 

Extent – according to the expansion of leukocyte infiltration 

i. Mucosal (‘1’) 
ii. Mucosal and submucosal (‘2’) 
iii. Mucosal, submucosal, and transmural (‘3’) 

2 – EVIDENCE OF EPITHELIAL CHANGES: 

Hyperplasia – presence of crypt elongation due to increased epithelial cell numbers within longitudinal crypts relative 
to baseline. 

i. Minimal (‘1’): less than 25% 
ii. Mild (‘2 - 3’): 25-35% 
iii. Moderate (‘3 - 4’): 36-50%, mitoses present in middle/upper third of crypt epithelium 
iv. Marked (‘4 - 5’): Greater than 51%, mitoses present in middle/upper third of crypt epithelium 

Goblet cell loss – reduction of goblet cell numbers relative to baseline 

i. Minimal (‘1’): less than 20% 
ii. Mild (‘2 - 3’): 21-35% 
iii. Moderate (‘3 - 4’): 36-50%  
iv. Marked (‘4 - 5’): greater than 50% 

Cryptitis – presence of neutrophils between crypt epithelial cells (‘2’ or ‘3’) 

Crypt abscesses – presence of neutrophils within crypt lumen (‘3 - 5’) 

Erosion – loss of surface epithelium (‘1 - 4’) 

 
3 – OVERALL MUCOSAL ARCHITECTURE: 

Ulceration – presence of epithelial defects which extend beyond the muscularis mucosae (‘3 - 5’) 

Granulation tissue – evidence of connective tissue repair (new capillaries, spindle-shaped fibroblasts, myofibroblasts, 
macrophages, neutrophils and mononuclear cells); cellular debris (pseudopolyps, hypertrophied villiformous areas that 
project into the lumen). (‘4’ or ‘5’) 

Irregular crypts – presence of non-parallel crypts, varation in crypt diameter, bifurcation/branched crypts (‘4’ or ‘5’) 

Crypt loss – absence of crypts within a region of mucosa (‘4’ or ‘5’)  

Villious blunting – changes in the ratio of crypt-depth-to-villi-length:   

i. Mild (‘1 - 3’): villous-to-crypt ratio between 2:1 and 3:1 
ii. Moderate (‘2 - 4’): villous-to-crypt ratio between 1:1 and 2:1 
iii. Villous atrophy: villous-to-crypt ratio less than 1:1 (‘3 - 5’) 

Based on Erben, U., Loddenkemper, C., Doerfel, K., 
Spieckermann, S., Haller, D., Heimesaat, M. M., Zeitz, 
M., Siegmund, B., & Kühl, A. A. (2014). A guide to histo-
morphological evaluation of intestinal inflammation in 
mouse models. International journal of clinical and ex-
perimental pathology, 7(8), 4557–4576. 
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3.1  EFFECTS OF THE SAPPα TRANSGENE ON                                         

MICROBIOME COMPOSITION 
 

Sequencing Results 

A total of 4,299,629 reads were generated from the sequencing of 28 samples and 2 
contamination controls (Fig 3-1). The median library size was 88,760, with a range of 
3,606 (‘No-Template Control’) to 1,819,655 reads (mouse ID: S112590). 362 distinct ASVs 
were represented across total reads, which ranged from 32 to 100% in likeness to a given 
cpndb_nr reference sequence. A list of all ASVs which had greater than 80% likeness to 
a reference sequence (as well as the identity assigned to each) can be found in (Table 1 
– Supplemental Results).  

Summation of counts for ASVs with the same cpndb_nr Nearest Neighbour 
resulted in a list of 157 unique species. The most abundant (in terms of total reads) can 
be found in Table 3-1. Full taxonomic lineages were generated for each of the 157 unique 
NN species: 10 Phyla, 19 Classes, 31 Orders, 48 Families, and 92 Genera were repre-
sented. A list of cpn60 sequence variants found in the contamination controls, which were 
generated in order to quantify the nature and extent of any contamination introduced dur-
ing DNA extraction and primer amplification, can be found (along with their proportional 
abundance and closest cpndb_nr likeness) in Table 3-2. The average proportion of each 
sample occupied by these contaminants is presented in Table 3-3. 
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Figure 3-1: Total number of read-counts detected in each sample (shown in log-scale). 362 unique amplicon sequence 
variants (ASVs) were represented post quality-control. Each number along the X-axis corresponds to a fecal sample, and 
mouse group is indicated by colour (legend at top left; HZ = ‘heterozygous’, WT = Wildtype; m = male; f = female).  
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Table 3-1: The 40 most abundantly identified bacterial species observed within the sample library (fol-
lowing summation of ASVs identified as the same cpnDB entry).  
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Table 3-2: List of sequence variants present in contamination controls, labelled according to Nearest Neighbour ID. Experimental 
Control (Kit + Environment) = “EC”, no-template-control (PCR reagents) = “NTC”. 
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Table 3-3: Distribution and abundance of contaminant sequences across sample communities. 
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Lack of Overall Community Differences – Alpha Diversity  

Alpha diversity refers to the diversity of a microbial community within an individual sample 
and can be thought of as the relationship between the “richness” and “evenness” of a 
particular microbial community. Measures of richness represent the number of different 
species within a sample, while measures of evenness represent the number of individuals 
of each species found.  

In general—and as shown in Table 3–4 —samples from female mice demonstrated 
lesser richness (but greater evenness) than male sample groups, with HZ samples from 
both sex groups demonstrating greater richness and evenness than their WT counter-
parts. HZ male samples had the highest average Faith’s PD score of all groups (mean = 
15.28), while samples from WT females had the lowest (10.96). Samples from WT males 
showed the lowest average evenness of all groups (0.529), while those from HZ females 
showed the highest (0.53). The WT male samples also demonstrated the largest degree 
of variability, ranging considerably in terms of both Faith’s PD and Pielou’s Evenness. WT 
females were the most consistent in terms of richness. Samples from HZ males were the 
most consistent in terms of community evenness, despite having the smallest sample size 
of all groups (n=4).  

Pairwise Kruskal-Wallis testing—corrected for multiple comparisons via the 
method of Benjamini & Hochberg (1995)—was conducted in order to compare alpha di-
versity metrics statistically. Results of this testing can be seen in Tables 3–5 and 3–6, and 
are visualized in graphics (a–d) of Fig 3-2. To summarize, neither HZ males (n=4) nor HZ 
females were significantly different from their WT counterparts in comparisons of mean 
community richness (Faith’s PD) or evenness (Pielou’s Evenness Index) at the chosen 
confidence interval (α = 0.95). This trend persisted for cross-sex comparisons—female 
sample groups were not significantly different from male sample groups. P-values are 
listed in the tables below.  
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Table 3-4: Group means of alpha diversity metrics (assessing richness and evenness) and associated error values.  
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Table 3-5: Pairwise (and non-parametric) comparison of mean sample evenness (Pielou Index) via Kruskal-Wallis test. ‘H’ 
reflects the effect size, while “q-value” describes the B&H-corrected p-value. 
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Table 3-6: Pairwise (non-parametric) comparison of mean sample richness (Faith's PD) via the Kruskal-Wallis test.  
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d. 

b. a. 

c. 

Figure 3-2: Alpha Diversity Results 

(a) Individual Faith’s PD scores, indicating phylogenetic richness of each sample. 
(b) Pielou’s evenness indices, indicating community evenness in each sample. 
(c) Groupwise comparison of average community richness. 
(d) Groupwise comparison of average community evenness. 
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Lack of Overall Compositional Differences – Beta Diversity 

Beta diversity is another common method of analysis for microbial communities and can 
be thought of as the degree of dissimilarity, in terms of the species that make up each 
microbial community, between two different samples. Samples from HZ mice were not 
significantly dissimilar to their WT counterparts in terms of any of the methods used to 
calculate compositional distance between sample communities, which differ in the follow-
ing ways: 

Table 3–7 features the results of comparison of Bray-Curtis distance: no difference was 
detected between groups (via pairwise PERMANOVA, permutations = 999, p values 
included in Table). Euclidean distance matrices were also generated for each taxonomic 
level, and used to create Principal Component Analysis (PCA) plots, which may be more 
appropriate for compositional data, and are shown in Figure 3-3. In order to determine 
statistically whether sample type contributed significantly to overall community composi-
tion, the PCA-centroid distances were compared via PERMANOVA-testing (using the R 
package ALDEx2) at each taxonomic level. The results of this analysis supported those of 
the initial comparison of Bray-Curtis dissimilarity and confirmed that experimental group 
had no significant effect on the sample composition. These results are shown (at the level 
of NN species) in Table 3–8. Since analysis represented in Table 3–8 can be sensitive to 
differences in beta dispersion (or variance) between individuals within a sample group, 
additional analyses were performed to determine whether this was significantly different 
between groups (Fig 3–4). Variance testing via comparison of average distances between 
individual data points and group centroids revealed negligible differences in terms of var-
iability overall or between groups (Fig 3-3), thus further confirming results.  
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Table 3-7: Pairwise PERMANOVA of Bray-Curtis distance (Permut. = 999). No sample groups were significantly dissimilar from 
each other in terms of the unidentified ASVs used by QIIME2 to create a distance matrix.  
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Table 3-8: Results of PERMANOVA test comparing compositional similarity of centre-log-ratio transformed abundance at the 
species level. No significant effect of sample type on community composition could be found, assuming homogeneity between 
groups in terms of the level of beta-dispersion. 
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a. b. 

c. d. 

e. 

Figure 3-3:  

Beta dispersion, in terms of a Euclidean distance matrix, calculated from centre-log-ratio transformed read counts 
and plotted according to the first and second Principle Component Axes. (a) Phylum; (b) Class; (c) Order; (d) 
Family; (e) Genus; (f) Species. Lines represent centroid distance. Ellipses represent average distance from group 
centroid. Overlapping ellipses signify no significant dissimilarity between groups. Percentage of variation ex-
plained by each axis is not shown.  
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Genotype-Independent Sample Clustering  

In order to investigate the possible effects of variables other than genotype on sample 
composition, individual samples were grouped via hierarchical clustering—using the 
method of Ward (2012)—in terms of the proportional abundance of the 64-most abundant 
nearest neighbour species present in at least 10% of the samples. A dendrogram was 
created, which can be visualized in Fig. 3–5. Although a dendrogram alone cannot be 
used as evidence of clustering, groupings which occur below a certain height threshold 
are suggestive of a number of distinct clusters (k). A series of different metrics (Elbow, 
Silhouette, Dunn2 Index, Gap-Statistic, and Pearson-Gamma) were used to determine the 
number of clusters (k) best supported by the dataset—the results of which can be seen 
in Fig 3–5. Though the majority of these results support a k value of 2, a cluster- wise 
Jaccard bootstrapping test (set to 500 resamples) supported the presence of three clus-
ters. Since 2 is the absolute minimum k value a dataset can have when hierarchical clus-
tering is performed and, as such, is not particularly informative, k=3 was accepted, and 
three clusters are marked on the dendrogram seen in Fig 3–5. While these clusters did 
not appear to correspond significantly to sample sex or genotype, it should be noted that 
the green cluster appeared to consist mainly of samples from female mice. Since the navy 
blue (n=13) and grey clusters (n=6) separate later from each other than from the dark 
green cluster (n=9), they were designated as “C1a,” “C1b,” and “C2,” respectively.  

 The observation of broad, genotype-independent sample clustering during the pre-
sent study suggests the interference of additional influences on gut microbiome compo-
sition; for example, the presence of dam-borne effects. Samples that came from litterma-
tes were identified and compared, though direct comparisons of WT and HZ littermates 
were not included in the results since further constraint of already-limited sample sizes 
made this unlikely to produce statistically valuable results. As shown in Fig 3–6, littermate 
designations appear to correspond somewhat with the clustering detected between sam-
ples (in terms of the relative abundances of cpndb Nearest Neighbour species). For ex-
ample, no samples in the dark-green cluster (C2) appear to be from members of first 
(orange) litter—which were generally found in the navy cluster (C1).  
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a. b. 

c. 

d. 

e. 

f. 

Figure 3-4: Determination of cluster number (k) 

Verification of sample clustering (Euclidean distance) 
using the (a) Silhouette method – 8 indices of analysis 
favoured the presence of two distinct sample clusters, 
while 6 favoured the presence of three. Secondary 
analyses via (b) the Elbow, (c) Gap-Statistic, and (f) D 
index methods were in agreement, although Dunn 2 
and Pearson-Gamma testing (d) and (e) indicated that 
the best number of clusters was 3.  
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Figure 3-5:  

NN Abundance Heatmap (showing  
Hierarchical Clustering of Samples). 

Samples are represented by columns (n=28), 
while Nearest Neighbour species are repre-
sented by rows. 64 Nearest Neighbours which 
were found in at least 10% of samples, are listed 
on the right side of the graph by their cpndb_nr 
identities. The top dendrogram represents hier-
archical clustering of samples. Sample groups 
are represented by the first row of colours above 
the heatmap, and sample clustering is repre-
sented by the second row of colours above that. 
Statistical analysis supported the clustering of 
samples into three broad groups (dark-green, 
dark-blue and gray), but these did not appear to 
be influenced by sex or genotype. Heatmap col-
our (see key in the top-left) represents composi-
tional abundances of each NN (blue = less abun-
dant; red = more abundant).  

C1b
. 

C1a
. C2 

C1 
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Litter 1 - May 12th 2020; Litter 2 - May 14th 2020; Litter 3 - May 15th 2020 

Fig 3-6: Sample clustering and litter designation. Mice used in the present study were born in three sequential 
litters, and separated from their respective dams after weaning.  
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sAPPα-Associated Differences in Abundance of Individual Taxa  

Despite a lack of broad changes in diversity or similarity, a number of differences were 
observed, between experimental groups, in terms of the proportional abundances of spe-
cific bacterial taxa. All testing at the level of individual taxa was done via ALDEx2 and post-
hoc Bonferroni-Hochberg testing was performed (at a false discovery rate (FDR) of 0.05) 
in order to correct for multiple comparisons. 

Groupwise Comparison – Kruskal-Wallis (nonparametric ANOVA)  

As shown in Fig 3–6, significant differences were detected in terms of the proportional 
abundances of Akkermansia muciniphila (p = 0.002), Bacteroides coprophilus (p = 0.012); 
Pseudoflavonifractor capillosus (p= 0.029), and Bacteroides caecimuris (p = 0.033). The 
significance of these differences was retained following post-hoc testing.  

Genotype- and sex-dependent comparisons 

As shown in Fig 3–9 & 3–10, TgsAPPα+/- males differed significantly from male controls in 
terms of Prevotella dentalis (p = 0.046; effect size = -1.41), Lachnoanaerobaculum ume-
aense (p = 0.046; effect size = -1.21), Clostridium amygdalinum (p = 0.046; effect size = -
1.06), and Akkermansia muciniphila (p = 0.046; effect size = -1.04). Female TgsAPPα+/- 

mice differed significantly from controls (Table 3–11, 3–12) in terms of the abundance of 
Akkermansia muciniphila (p = 0.046; effect size = -1.49) and Flavonifractor sp. (p = 0.046; 
effect size = +0.78). Female and male controls were shown (Table 3–13 and 3–14) to 
differ significantly in terms of A. muciniphila (p = 0.005; effect size = +1.40) and Prevotella 
dentalis (p = 0.046; effect size = +0.73), but no significant differences were found between 
TgsAPPα+/- mice of either sex. 

Other comparisons 

Despite the apparent clustering shown in Figs 3–5 and 3–6, groupwise Kruskal-Wallis 
testing found no significant differences between the three litters.  

Following the results of the histological analysis (presented below), samples from mice 
whose tissues experienced marked autolysis were compared to those from mice showing 
minimal tissue damage. ALDEx2 found significantly greater proportional abundances of a 
single ASV (identified as Bacteroides coprophilus DSM 18228; 75% likeness to reference 
sequence) in mice from the latter group compared to the former (p = 0.023; effect size = 
+2.35). 
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Figure 3-7: Groupwise differences 

Groupwise Kruskal-Wallis showing the four bacterial taxa in which significant differences were detected by ALDEx2, in addition to the 8 most commonly 
detected taxa. (*) indicates p < 0.05, significance retained after post hoc testing (FDR = 0.05). 
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Table 3-10: Effect size – Wildtype vs TgsAPPα Males 
Output from the aldex.effect function of ALDEx2. Overall median CLR = the median clr value for each feature. Median 1 = the median clr value for 
each feature in condition 1 (heterozygous/HZ males). Median 2 = the median clr value for each feature in condition 2 (wildtype/WT males). Median 
difference = per-feature median difference between conditions 1 and 2. Max median difference = per-feature maximum median difference between 
Dirichlet instances within conditions 1 & 2. Effect size = per-feature effect size. Overlap = per-feature proportion of effect size that is 0 or less (Gloor 
et al., 2016).  

Table 3-9: Individual taxa differences – Wildtype vs Transgenic Males 
Output from the aldex.tt function of ALDEx2. Out of the 68 taxa that showed up in >10% of samples, 4 were significantly different (P < 0.05) in terms 
of centre-log-ratio of abundance, between wildtype and TgsAPPα males. These differences were retained following post-hoc correction for multiple 
comparisons according to the method of Benjamini & Hochberg (FDR = 0.05; critical values listed under the column ‘BH’).  
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Table 3-12: Effect size – Wildtype vs Transgenic Females 
Output from the aldex.effect function of ALDEx2. Overall median CLR = the median clr value for each feature. Median 1 = the median clr value for 
each feature in condition 1 (heterozygous/HZ females). Median 2 = the median clr value for each feature in condition 2 (wildtype/WT females). 
Median difference = per-feature median difference between conditions 1 and 2. Max median difference = per-feature maximum median difference 
between Dirichlet instances within conditions 1 & 2. Effect size = per-feature effect size. Overlap = per-feature proportion of effect size that is 0 or 

less (Gloor et al., 2016).  

 

Table 3-11: Individual taxa differences – Wildtype vs TgsAPPα Females 
Output from the aldex.tt function of ALDEx2. Out of the 68 taxa that showed up in >10% of samples, only Akkermansia muciniphila was significantly 
different (P < 0.05) in terms of centre-log-ratio of abundance, between wildtype and TgsAPPα females. These differences were retained following 
post-hoc correction for multiple comparisons according to the method of Benjamini & Hochberg (FDR = 0.05; critical values listed under the column 
‘BH’).  
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Table 3-13: Individual taxa differences – Wildtype Males vs Wildtype Females 
Output from the aldex.tt function of ALDEx2. Out of the 68 taxa that showed up in >10% of samples, Akkermansia muciniphila and Prevotella 
dentalis were significantly different (P < 0.05) in terms of centre-log-ratio of abundance, between wildtype males and females. These differences 
were retained following post-hoc correction for multiple comparisons according to the method of Benjamini & Hochberg (FDR = 0.05; critical 
values listed under the column ‘BH’).  

Table 3-14: Effect size – Wildtype males vs wildtype females 
Output from the aldex.effect function of ALDEx2. Overall median CLR = the median clr value for each feature. Median 1 = the median clr value 
for each feature in condition 1 (wildtype/WT females). Median 2 = the median clr value for each feature in condition 2 (WT males). Median 
difference = per-feature median difference between conditions 1 and 2. Max median difference = per-feature maximum median difference 
between Dirichlet instances within conditions 1 & 2. Effect size = per-feature effect size. Overlap = per-feature proportion of effect size that is 

0 or less (Gloor et al., 2016).  
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3.2  EFFECTS OF SAPPα OVEREXPRESSION ON GI 
INFLAMMATION: 

 
Despite no overt methodological differences in the collection or fixation of tissue samples, 
half of the tissue samples collected exhibited severe autolysis, which was deemed too 
obstructive to allow histological evaluation of intestinal inflammation. Perplexingly, this 
damage only occurred to the tissues taken from female mice. All tissue samples from male 
mice could be analyzed and the findings are listed below in Tables 3–15, 3–16, and 3–
17.    

Among males, no distinction could be made between WTs and heterozygotes in 
terms of the severity or extent of inflammatory cell infiltration, which was minimal in both 
cases. The integrity of the epithelium did not appear to be affected either; similarly minor 
degrees of goblet cell loss and epithelial hyperplasia were seen in both groups, as well as 
the apparent absence of any cryptitis or erosion. No significant changes in mucosal 
architecture (e.g., evidence of damage such as ulceration, or granulated tissue) were 
detected in tissues from either sample group.  
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 *A focal area of lympoid aggregation is present. This can be a normal finding.  

Table 3-15: Histomorphological evaluation of inflammatory cell infiltration – scored based on (Erben et al., 2014). 
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Table 3-16: Histomorphological evaluation of epithelial changes associated with inflammation – scored according to (Erben et al., 2014). 
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Table 3-17: Histomorphological evaluation of changes to the intestinal mucosa which may occur as a result of inflammation – scored according to (Erben et al., 2014). 
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4 DISCUSSION 
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Before discussing some of the species highlighted in the following sections, it is important 
to re-acknowledge that, given the compositional nature of high throughput sequencing 
data, the true abundances of species within an underlying microbiome (relative or other-
wise) cannot necessarily be inferred from the proportion of eponymous read counts found 
within a sample (Gloor et al., 2017). 

 

No significant differences in overall composition 

In contrast with expected outcomes, the results of this study did not indicate significant 
differences in the overall diversity of the microbial communities detected within fecal 
samples from HZ and WT mice (of either sex). Likewise, neither sex nor genotype 
accounted for the clustering of sample communities in terms of their compositional 
similarity. No differences in the presence or degree of inflammation could be found 
between the intestinal tissue samples of HZ and WT males, although female tissues were 
too heavily autolysed to facilitate histopathological interpretation. Differences were 
observed between these groups, however, only in terms of the proportional abundances 
of particular cpndb Nearest Neighbour species. The results of this study could not support 
either of its working hypotheses—that the microbial composition of fecal samples from 
sAPPα+/- mice would differ significantly from that of WT controls, or that sAPPα+/- tissue 
samples would demonstrate evidence of intestinal inflammation—but the differences 
shown, in terms of the proportional abundances of individual taxa, suggest that sAPPα 
overexpression is correlated with species-level differences shown to occur in the intestinal 
microbiomes of humans with ASD. 

Though, the initial apparent lack of differences observed between WT and HZ sam-
ples (in terms of microbial diversity and composition) seems to indicate that sAPPα does 
not have a noticeable effect on the gut microbiome, interpretation of these results must 
take into account both the general limitations of amplicon sequencing and the more 
specific limitations of this study, which include relatively small sample sizes, variable 
expression of the transgene, and animal husbandry protocol. 

The statistical power of this study is likely diminished by its relatively small sample 
sizes. Since age was a controlled variable in this experiment—and facility closures 
associated with the COVID-19 pandemic prevented the laboratory access necessary to 
generate additional data—sample size was limited to the number of mice within the orig-
inal F2 generation. Small sample sizes have been shown to decrease the probability that 
between-group differences in alpha diversity will be detected, especially if subtle in 
magnitude (Casals-Pascual et al., 2020), but the application used for compositional anal-
ysis of species-level differences, ALDEx2, is not limited to the same degree (Gloor, 2016).    
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The second factor that likely contributed to the lack of differences in microbial 
composition and enteropathology was genotype. Specifically, the lack of mice determined 
to be homozygous for the hsAPPα transgene in the present study. Despite the findings of 
Bailey et al. (2012), which purport the generation of homozygous, HZ, and WT littermates, 
as well as the employment of a breeding strategy suitable for the generation of such 
genotypes, in-house genotyping (performed via rt-qPCR) could not confirm the presence 
of any sAPPα+/+ mice, suggesting that a homozygous genotype resulted in a non-viable 
phenotype. Upon further reflection, this inconsistency is likely due to the method of 
genotyping employed by the previous researchers. Animals in that study were genotyped 
according the level of expression of the transgenic protein (as determined via Western 
blot) meaning that their characterization of homozygous and HZ genotypes may instead 
reflect variable expression of the hsAPPα transgene among HZ mice. Considering 
evidence that the anti-apoptotic effects of sAPPα are dose-dependent (Demars et 
al., 2011), variable expression of the sAPPα transgene within the animals used in the 
present study may have masked the full extent of its influence on the gut microbiome. 
This notion is supported indirectly by the findings of Bailey et al. (2012) in which 
differences (in terms of immune functioning and epithelial-cell apoptosis) were 
consistently reported as significant between ‘homozygous’ mice and WTs, than between 
‘heterozygous’ mice and WTs. 

Lastly, the animal husbandry protocol used in this experiment (specifically, the co-
housing of mice from both experimental groups) entailed that a genotype-dependent ef-
fect on overall microbiome composition would only be detected if relatively large in mag-
nitude (McCoy et al., 2017). Compositional differences between WTs and heterozygotes 
can be nullified by allocoprophagy-mediated distribution of bacterial features. As per the 
arguments of McCoy et al. (2017), the characterization of a genotype-specific microbial 
profile that is more subtle may require a second cohort of mice to be raised in cages 
segregated by genotype. Maternal influences (which often take place in the period before 
weaning and are therefore difficult to control for) are known to contribute significantly to 
gut microbiome composition within offspring (Gomez de Aguero et al., 2016), presenting 
the possibility that clustered samples may have come from mice within the same litter. 
Similarly, sAPPα-mediated differences between experimental groups may have been 
masked by the dam-borne similarities between littermates, as familial transmission has 
been shown to exert a greater influence on microbiota composition than defects in innate 
immunity (Ubeda et al., 2012). It was for this reason that McCoy et al. (2017) stressed the 
importance of using littermate controls in studies aiming to investigate the influence of 
genotype on microbiome composition. Based on the literature consulted and in the ab-
sence of another explanatory factor, the general agreement between sample clustering 
and litter of origin implies that the genotype-independent clustering of sample communi-
ties observed in the present study reflects maternal influences on gut microbiome com-
position. The results of ALDEx2-mediated ANOVA comparison, however, which did not 
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show any significant differences between litter groups (in terms of the proportional abun-
dances of individual taxa), suggest that differences at the level of individual taxa were 
more influenced by sex and genotype than by litter of origin.  

Differential Abundance of Individual Species 
A number of cpndb nearest neighbour species—none of which could be detected in con-
tamination controls—were found to differ significantly, between sample groups, in terms 
of the proportion of reads within a sample occupied. Little research exists concerning the 
majority of species outlined in the Results section, with the exception of Akkermansia 
muciniphila, which has been the subject of much investigation since its initial discovery. 
Within the present study, statistical analyses indicated that two ASVs identified as Akker-
mansia muciniphila (with likenesses of 99.3 and 100%, respectively) occupied a signifi-
cantly lower proportion of reads within fecal samples taken from TgsAPPα mice, of either 
sex, than it did within those from controls. Given the strong correlation between genotype 
and the proportional abundance of A. muciniphila also demonstrated within the present 
study as well as the consistency between the findings of this study and the observations 
of Wang and colleagues, who reported low proportional abundances of A. muciniphila in 
children with autism (primarily regressive-onset) compared to neurotypical controls 
(Wang et al., 2011), A. muciniphila represents the key point of focus of the following dis-
cussion. 

First described by Derrien et al. (2004), A. muciniphila is gram-negative, anaerobic, 
and a common commensal of the mammalian intestine, notable for its unique nutritional 
requirements. As an obligate chemoorganotroph, A. muciniphila relies exclusively upon 
the degradation of mucins (such as those commonly found in the intestinal mucosa) as a 
source of energy as well as carbon and nitrogen for macromolecule biosynthesis (Derrien 
et al., 2004). This finding was supported by the large proportion of its genome shown to 
code for mucolytic enzymes (van Passel et al., 2011). In order for a growth medium to 
support the presence of A. muciniphila, two essential components must be present: either 
N-acetlyglucosamine (GlcNAc) or N-acetylgalactosamine (GalNAc), and the amino acid 
L-threonine (van der Ark et al., 2018). In the absence of data regarding serum levels of 
these molecules within TgsAPPα mice, it would be inappropriate to speculate on potential 
deficiencies, although this presents a research question to be addressed in future studies.  

Notable metabolic by-products of A. muciniphila’s mucolytic action are the SCFAs 
acetate and propionate as well as 1,2-propanediol and succinate (Derrien et al., 2004; 
Ottman et al., 2017). Though primarily anaerobic, Ouwerkerk et al. (2016) showed the 
presence of oxygen (in nanomolar concentrations) to enhance the growth of A. mucini-
phila in culture and shift the synthesis of SCFA metabolites toward propionate rather than 
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acetate (Ouwerkerk et al., 2016). Given evidence from previous studies, which suggests 
that bacterially-synthesized propionate can cause changes in the expression of ASD-as-
sociated genes and induce autism-like behavioural phenotypes, the fact that TgsAPPα 
mice had lower relative abundances of this propionate-producing bacteria is intriguing, 
although no conclusions can be drawn within the scope of the present study as to whether 
A. muciniphila contributes significantly to the level of propionate found within the serum 
or brain tissue of TgsAPPα mice. Indeed, propionate production is likely of little relevance, 
within the grand scheme, to the relationship between A. muciniphila abundance and ASD 
as A. muciniphila has been shown to interact meaningfully with a wide variety of immuno-
logical and metabolic processes within the host. Associations have been found between 
A. muciniphila colonization and the upregulation of at least one biosynthesis pathway in-
volved in mucin production (Funderburgh, 2000), subsequent to changes in gene expres-
sion within the cecal epithelia of germ-free mice (Geerlings et al., 2018). Additionally, 
Geerlings et al. (2018) found that within colonic enterocytes, genes tied to B- and T-cell 
receptor signalling (CD19/CD37, and LCP2 respectively) as well as IL-4 signalling (CD3D, 
HLA-DOA/B), NF-kB signalling (CD74, CD40), ERK/MAPK signalling (RAC2, FYN, ETS1)—
and a number of others (CXCL9, HDAC9, MS4A1, IL16; CD5)—were all significantly up-
regulated in the presence of A. muciniphila,  while genes known to code for a number of 
cell proliferation factors (Egf, Egr1, and Ctgf) were notably downregulated (Geerlings et 
al., 2018). While changes in gene expression were not investigated in the present study, 
the findings of Geerlings and colleagues (2018) are relevant because they imply that A. 
muciniphila itself may be implicated in the regulation of both cell proliferation and the 
colonic immune response. If sAPPα overexpression were indeed to influence the growth 
of A. muciniphila, then the apparent ability of the latter to modulate the expression of 
genes involved in cell proliferation/immune reactivity may serve to mask (or even offset) 
the potential impacts of the former upon those same parameters—further reinforcing the 
complexity of the host-microbiome interactome. 

Perhaps equally intriguing is the finding that no differences were found between 
TgsAPPα males and females despite female controls having significantly higher propor-
tional abundances of A. muciniphila than their male counterparts. Overexpression of the 
sAPPα fragment may therefore oppose the influence of sexually dimorphic physiological 
factors that favour a higher proportional abundance of A. muciniphila within the growth 
medium of the intestinal mucosa. 

One such factor could be the influence of circulating sex hormones on the thick-
ness of the GI mucosa, a parameter directly correlated with the proportional abundance 
of A. muciniphila (Everard et al., 2013). Rodent studies have shown estrogen and testos-
terone to have opposing effects on gastric acid secretion (Amure & Omole, 1970; Maitrya 
et al., 1979), which predispose females toward a lower gastric pH, triggering compensa-
tory increases in the rate of mucus secretion and subsequent thickening of the gastric 
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mucosa (Afonso-Pereira et al., 2018). Greater acidity of gastric fluid also lowers the pH 
within the proximal GI tract, resulting in similar defensive thickening of the intestinal mu-
cosa (Holzer, 2007)—although circulating estrogen levels have also been associated with 
increased secretion of bicarbonate ions by the duodenal mucosa, which is likely an evo-
lutionary measure serving to protect the distal intestine from acid-induced damage (Tuo 
et al., 2011). Following this line of inquiry, it is tempting to suggest that the relative abun-
dances of A. muciniphila detected within fecal samples of female mice could wax and 
wane according to the hormonal milieu characteristic of the particular stage of oestrous 
(Caligioni et al., 2009) coincident with the time of sample collection. In view of this poten-
tial confound, the greater frequency in the present study with which high relative abun-
dances of A. muciniphila were observed in samples from female controls could have been 
influenced by individual variation in the timing (or initiation) of oestrus. In opposition to 
this idea, however, is a study conducted by Wallace et al. (2018), which concluded that 
the stage of oestrous coincident with fecal sample collection had no significant effect on 
microbiome composition in female mice. Nevertheless, the notion of sex-dependent dif-
ferences in mucosal thickness as well as the findings of this study regarding sex-differ-
ences in the proportional abundance of A. muciniphila at baseline are readily supported 
by the work of Elderman et al. (2017), who showed female C57B1 mice to have a thicker 
colonic mucus layer than age-matched males. Since the discrepancy seen between male 
and female controls, in terms of the proportional abundance of A. muciniphila, was not 
present in the heterozygotes, it might be hypothesized that sAPPα overexpression limits 
mucus secretion (and therefore regulates mucosal thickness) through an as-yet unknown 
mechanism. Due to the degree of autolysis present in the female tissue samples and the 
lack of any noticeable differences in mucosal thickness among male tissue samples, it 
cannot be concluded, based on the evidence generated by the present study, that over-
expression of the sAPPα fragment correlates directly with changes in the thickness of the 
intestinal mucous layer. However, it does bear mentioning that the histological analysis 
performed during this study was conducted with a different hypothesis in mind and is 
likely insufficient to prove or disprove such a claim given that mucus secretion can be 
triggered directly in response to the chemical and mechanical constraints of tissue fixation 
(Kamphuis et al., 2017). Given this, follow-up studies should aim to assess the definitive 
effects of sAPPα overexpression on mucosal thickness. 

As a (relevant) aside, reduced pH within the lumen of the colon has been demon-
strated in the context of IBD (Nugent et al., 2001), which is known to occur with greater 
frequency and severity in women (Chang and Heitkemper, 2002; Sankaran-Walters et al., 
2013). Although the features of human IBD do not translate entirely to rodents (as dis-
cussed by Chang & Heitkemper et al., 2002), the literature does appear to support the 
presence of analogous features in female mice. For example, enhanced splenic immune 
function (and greater release of inflammatory cytokines IL-2/IL-3) has been demonstrated 
in female mice following septic challenge (Zellweger et al., 1997), while the work of Melgar 
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and colleagues (2004) suggests that female C57B/6 mice appear especially prone (vs 
BALB/c mice) to the development of chronic colitis following acute administration of dex-
tran sulphate sodium (a compound used to chemically-induce symptoms of IBD). Along 
with evidence of splenocyte proliferation, these mice demonstrate epithelial immune cell 
infiltration and local cytokine profiles consistent with ulcerative colitis (Melgar et al., 2004). 
In a 2019 study of patients with ulcerative colitis, significant reductions in the proportional 
abundance of A. muciniphila were observed in symptomatic individuals compared to both 
quiescent controls as well as an inverse correlation between A. muciniphila abundance 
and inflammatory scores (Earley et al., 2019). The same study found a positive correlation 
between the abundance of A. muciniphila and the degree of mucin sulphonation detected 
upon mucosal biopsy, suggesting that reduced production of sulphomucin, which is as-
sociated with ulcerative colitis (Bonassa et al., 2015) could constrain its growth. Given 
this, changes in the rate of mucin sulphation represents another possible mechanism by 
which overexpression of the sAPPα fragment could facilitate reduced abundance of A. 
muciniphila. Follow-up studies of TgsAPPα mice should therefore aim to assess sulpho-
mucin production as well as the presence of symptoms or biomarkers associated with 
ulcerative colitis. 

Bearing in mind the previously discussed associations between ASD and GI pa-
thologies, the reduced abundances of A. muciniphila found in TgsAPPα mice could signal 
the presence (or conditions favouring the presence) of colitis-like inflammation of the in-
testine. Though a distinct lack of inflammation was observed in those intestinal tissue 
samples which could be analyzed, the work of Melgar et al. (2004) suggests that female 
C57B/6 mice have a tendency toward colitis far greater than that of males. Given this, the 
severe tissue damage noted in females could well be indicative of GI pathology; though 
the occurrence of such damage in both WT and TgsAPPα females suggests that the tissue 
autolysis seen in the present study was mediated by sex-dependent factors rather than 
sAPPα expression. Still, immunological assays should be conducted on reserved tissue 
samples—which went unused due to the pandemic-related closure of lab facilities—in 
order to assess potential differences in inflammatory cytokine profiles between TgsAPPα 
mice and WT controls.  

 

The Clinical Relevance of Tissue Autolysis  
Efforts to rationalize the complete autolysis of some tissue samples (and sparing of others) 
have led to the identification of a variety of potential explanatory factors. Post-mortem 
autolysis of tissue samples is a common histological problem and studies have shown that 
autolysis of the intestinal mucosa occurs extremely rapidly at room temperature, with tis-
sue specimens becoming unusable for histopathology unless fixed within 30 minutes of 
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death (Scheifele et al., 1987). This evidence alone, however, cannot explain the autolysis 
seen within the present study, as no apparent differences in tissue collection or fixation 
procedures occurred between the experimental groups within the present study. The tis-
sue samples which experienced severe autolysis were all from female mice and those 
spared were all from males, even though all specimens, regardless of sex, were necrop-
sied within 30 minutes of euthanasia. In the absence of other confounding variables—
such as anatomically-informed surgical errors during necropsy (which may have exposed 
the internal GI tract to proteolytic enzymes?), sex-differences in the lethality of CO2-in-
duced hypoxia or some unaccounted-for difference in the fixative requirements for female 
intestinal tissue—sex-dependent differences in the activity or composition of the gut mi-
crobiota may have been to blame. Indeed, the primary determinant of the rate at which 
post-mortem autolytic damage occurs appears to be the actions of the resident microor-
ganisms of the GI tract, which cause rapid enzymatic damage in the period between death 
and tissue fixation (Hyde et al., 2013).  

Sex hormones have been shown to affect the growth and metabolism of commen-
sal bacteria (Kornman & Loesche, 1982; Neuman et al., 2015), causing changes in the gut 
microbiome that could foster profiles associated with inflammatory disease (Flak et al., 
2013; Markle et al., 2013). Functional changes in estrogen receptor B have been shown 
to influence gut microbiome composition in mice (Menon et al., 2013) and certain features 
of the fecal microbiome have been correlated with levels of both fecal and systemic es-
trogens (Adlercreutz et al., 1984; Flores et al., 2012). Because dissected tissues were 
taken in the present study from the distal bowel—the region of intestine where fecal sam-
ples best approximate the underlying microbiome (Yan et al., 2019)—the results of am-
plicon sequencing data were consulted in order to see if the fecal microbial profiles of 
mice from which significantly-autolyzed tissues were collected showed changes in the 
abundances of particular Nearest neighbour species. Visual comparison (based on the 
heatmap found in Fig. 3–5) of samples that came from mice whose tissues were too au-
tolyzed to interpret and those whose tissues showed little to no autolysis reveals a number 
of species which appear to differ in abundance between the two groups.  

Statistical comparison revealed the presence of only one significant difference, in 
terms of the proportional abundance of an ASV identified as Bacteroides coprophilus 
(DSM 18228). Comparatively little research exists regarding this species, though a 2019 
study by Costello and colleagues, investigating the efficacy of fecal microbiota transplan-
tation in the management of ulcerative colitis, found the proportional abundance of B. 
coprophilus post-treatment to correlate strongly with measures of disease improvement. 
This appears to be somewhat consistent with the findings of the present study, since dam-
aged tissues were associated with significant reductions in the proportional abundance of 
B. coprophilus, compared to those with little to no tissue damage. The implication that 
greater abundances of B. coprophilus may protect against damage to the intestinal tissue 
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represents an interesting opportunity for further research. More evidence would be re-
quired in order to confirm that the ASV identified within the present study does indeed 
represent B. coprophilus, given its likeness of only 75% to the cpndb_nr reference se-
quence.  

According to Hyde et al. (2013), the advent of post-mortem tissue decomposition 
occurs alongside a shift in bacterial population, from aerobic to anaerobic, that is caused 
by the rapid loss of tissue oxygenation upon death. Following the logic of Hyde and col-
leagues, an intestinal environment concordant with a greater presence of anaerobic bac-
teria in vivo (and therefore, at the time of death) could hasten hypoxia-induced microbial 
population turnover and accelerate the course of post-mortem decay. If elevated abun-
dances of anaerobic bacteria (such as A. muciniphila) were to be observed within fecal 
samples collected from mice whose tissues were more severely damaged, the autolysis 
of some tissues and not others could be explained by the presence of a common param-
eter within the intestinal environment that would facilitate the growth of anaerobic bacte-
ria. Based on the rapidity of the post-mortem shift in microbiome composition described 
by Hyde and colleagues (2013), one such parameter could be the degree of intestinal 
tissue oxygenation in vivo, which is correlated (in both humans and C57B6 mice) with the 
relative abundance of anaerobes detected within fecal samples (Albenberg et al., 2014). 
The apparent sex-specificity of the autolysis observed in the present study suggests (1) 
that the compositional features of the gut microbiome in vivo may be affected by physio-
logical differences between males and females; (2) that these differences may manifest in 
terms of the degree of tissue oxygenation, such that the large intestine of female mice 
contains a lower [O2] than those of male mice; and (3), that, in view of (2), the intestinal 
microbiomes of female mice favour a greater proportional abundance of certain anaerobic 
bacteria. The support for each of these claims can be found within the literature as follows; 
a comprehensive review of human sexual dimorphism in the vasculature (Huxley & Kemp, 
2018) found that (in the absence of associated pathologies) the blood of males tends to 
feature a significantly greater number of red blood cells (RBCs) than that of females. 
Higher RBC counts make for a greater O2 carrying capacity, which would, according to 
Huxley & Kemp, favour higher O2 delivery [to the tissues] in males (2018). While this same 
effect has not been demonstrated within mice under natural conditions, administration of 
testosterone has been shown to affect haemoglobin and haematocrit in both male and 
female mice (Guo et al., 2013; 2015). Coupled with the findings reported in a follow-up 
study (Guo et al., 2016)—that testosterone administration reverses experimentally in-
duced anaemia in female C57BL/6 mice by stimulating erythropoiesis—the work of Guo 
and colleagues supports the presence of an analogous difference in O2 carrying capacity 
(and therefore tissue oxygenation) between male and female mice. Lending further cre-
dence to this phenomenon, male mice have been shown to possess a greater degree of 
blood flow to the gastric mucosa than female counterparts (Shore et al., 2017) and this 



EFFECTS OF SAPPα ON THE GUT MICROBIOME   

94  

 

effect can be reversed by the local administration of estrogen (Afonso-Pereira et al., 
2018).  

Given the previously demonstrated propensity of female C57 mice toward the develop-
ment of chronic inflammation within the bowel, sex-based differences in baseline oxygen 
perfusion may contribute to the increased prevalence/severity of IBD in women compared 
to men. This is supported indirectly by the positive effects of hyperbaric oxygen therapy 
(HBOT) on clinical outcomes in terms of wound healing and the resolution of inflammation 
(Goldman, 2009; Heyboer et al., 2017; Kahle et al., 2020). Since the efficacy of HBOT is 
thought to be the result of increased O2 availability (Sureda et al., 2016; Heyboer et al., 
2017), the inverse—that a generally lower O2 perfusion, particularly within the intestinal 
mucosa, may worsen outcomes in individuals with IBD—could also be the case. If such a 
relationship exists, then it highlights a novel therapeutic possibility: that, by allowing better 
recovery from tissue damage associated with Chron’s disease/ulcerative colitis—and fa-
cilitating the growth of beneficial aerobes within the intestine (Simrén et al., 2013; Distrutti 
et al., 2016), HBOT may be a useful clinical tool in the treatment of patients with IBD. Since 
a small number of studies have already demonstrated the efficacy of HBOT in the man-
agement of IBD flare-ups (as reviewed in Rossignol, 2012), the value of microbiome anal-
yses as hypothesis generators—even if limited in scope or statistical power—is evident. 

 

Strengths and Limitations 
In addition to the limitations mentioned previously within this discussion as well as the 
more general limitations of amplicon sequencing in the context of microbiome analysis 
(Gloor et al., 2017; Tang, 2020), it must be acknowledged that the fecal samples used in 
this study were collected at a single time point, rather than longitudinally. As such, it 
should be understood that reported compositional differences (or a lack thereof) cannot 
be taken as true representations of the microbiota as it exists in vivo. The literature indi-
cates, for example, that populations of specific bacterial features may change according 
to circadian rhythm (discussed by Rosselot et al., 2016) or stochastic variation over time 
(McCafferty et al., 2013). Though costlier, subject to many of the same limitations as sin-
gle-time-point collection, and incompatible with the timeframe of a one-year MSc thesis 
project, the sequencing of multiple samples taken from the same mouse at different times 
throughout the day, and regularly over the following weeks/months, would have strength-
ened any potential findings, and perhaps facilitated the detection of broader differences 
in the trajectory of microbiome development (Stewart et al., 2018). Though samples within 
the present study were collected at the same time of day (10-10:30am) in order to limit 
the confounding effect of diurnal variation on sample comparison, it could indeed be the 
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case that the lack of significant differences observed, in terms in overall sample compo-
sition, would not be seen had samples been collected at a different time of day.  

 Despite the proportion of the main discussion devoted to its limitations, the present 
study had some distinct strengths compared to microbiome studies similar in scope. A 
number of the confounding factors discussed by McCoy et al. (2017) were addressed—
in terms of study design, methodology, and data analysis/interpretation—lending strength 
to the validity of the findings presented above. In regard to animal husbandry, the potential 
influences of developmental age, sex, and familial transmission on microbiome composi-
tion were controlled for in the housing strategy employed. Furthermore, environmental 
variables such as diet, bedding, caging and temperature (McCoy et al., 2017) were kept 
consistent in accordance with the animal handling procedures of the LASU facility. Aside 
from these important aspects of study design, the inclusion of histological data was an-
other strength in that it provided a more static point of comparison between experimental 
groups (even despite the destruction of some tissues) so as to aid the interpretation of 
cpn60 sequencing data. 

With the exception of unforeseen errors in tissue collection (which prevented a 
more robust histopathological analysis of intestinal samples), the methodology employed 
in the current study was its strongest area. The inclusion of contamination controls during 
DNA extraction and PCR amplification of the cpn60 amplicon allowed the magnitude of 
contamination introduced during the DNA extraction/sequencing workflow to be assessed 
and for the sequences of potential contaminants to be identified, thus accounting for two 
confounds that are often overlooked in gut microbiome studies (Bastian et al., 2019). 
Other methodological strengths include the addition of a ‘bead-beating’ step to the DNA 
extraction protocol, as mechanical lysis has been shown to improve detection of amplicon 
sequence variants associated with gram-positive microbes (de Boer et al., 2010). Simi-
larly, the use of the cpn60 amplicon itself (rather than the more widely used 16s rRNA 
gene) may be considered a strong point, due to the improved species-level discrimination 
afforded by cpn60 (Links et al., 2012).  

The factors listed above, as well as the use of statistical methods appropriate for 
the analysis of compositional data—another issue overlooked by many microbiome stud-
ies, as stated by Gloor et al., 2017—lend the findings of the present study a great deal 
more cogency than might otherwise be allowed within the context of its limitations.  
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Concluding remarks 
Due to the relationship which appears to exist between enhanced expression of the non-
amyloidogenic cleavage product of APP—sAPPα—and the neurodevelopmental 
abnormalities characteristic to Autism Spectrum Disorder as well as the consistent 
comorbidity of GI issues/changes in gut microbiome composition seen in individuals with 
autism, and the existence of a number of potential mechanisms though which sAPPα 
might contribute to GI symptoms, this study aimed to investigate whether transgenic 
overexpression of human sAPPα would have a significant effect on either the bacterial 
composition of fecal samples in mice, or the level of inflammation present within tissues 
taken from the large intestine of the same mice.  

Though the findings of this study could not support the assertion that sAPPα 
overexpression has a significant effect on either outcome, significant reductions in the 
proportional abundance of Akkermansia muciniphila were observed in TgsAPPα mice 
compared to controls. Consistent with studies of human children with autism and of 
patients suffering from ulcerative colitis, this finding at once strengthens the existing 
evidence that the sAPPα fragment is involved in the pathogenesis of ASD and forges a 
new connection between sAPPα overexpression and the inflammatory enteropathies 
commonly seen in autistic individuals.  

The fact that differences were found between male and female controls in terms of 
the proportional abundance of Akkermansia muciniphila—while no such differences were 
observed among TgsAPPα mice—suggests either that the effects of sAPPα 
overexpression on the gut microbiome are sex-dependent or that this condition may 
influence an unknown mediator of sexual dimorphism within the intestinal growth medium. 
In either case, the findings reported by this thesis serve to highlight the necessity, within 
future studies of the Gut-Brain-axis, of controlling for the potential influence of sex on 
experimental outcomes.   
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