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Abstract

Abstract

Alzheimer’s disease (AD), the most common form of dementia, is a complex age-related
neurodegenerative disorder, leading to cognitive impairment and loss of associative
learning. The pathological hallmarks of AD are the presence of neurofibrillary tangles
composed of aggregates of hyperphosphorylated protein tau and senile plaques composed
of aggregates of fibrillar amyloid B (AP) peptides, with AB1-42 peptide being the most
abundant. These AP peptides have been proposed to contribute to the pathophysiology of
the disease; however, there are few tools available to test this hypothesis. This project
utilised the model organism, Caenorhabditis elegans, as an in vivo system to study the
toxicity associated with these AP species. To do this, a panel of transgenic C. elegans
strains expressing the human AP peptides targeted to the neurons using the pan-neuronal
promoters, snb-1 and rgef-1, was generated and the in vivo A toxicity was studied using
well-established behavioural assays. Molecular characterisation of the new transgenic
strains was carried out at the genomic and transcript level, demonstrating variation in the
AP transgene copy number and transcript abundance between strains. Behavioural
phenotyping of the transgenic C. elegans strain expressing the full length Ap1-42 species,
driven by the pan-neuronal promoter snb-1, showed that AB expression affects neuronal
function. Phenotypic data showed strong age-related defects in motility, changes in
chemotactic abilities, reduced longevity, deficits in learning behaviour and changes in
healthspan indicators such as maximum speed and fecundity. Subsequent work focused on
investigating differences in the timing and level of AP expression between strains differing
in copy number and promoter, and possible correlations between expression level or timing
and the severity of the disease phenotype. No previous reports have established a dose-
response relationship between AP peptide expression level and disease. Furthermore, the
in vivo toxicity associated with the different Ap species, namely the N-truncated Ap4-42,
mouse AP1-42 and the AP1-42G37L was compared to the full-length human Ap1-42
species. Lastly, the causal mechanisms of AP pathogenesis in a different genetic
background were explored by manipulating AD-associated downstream genes such as tau.
This work provides a new toolkit to investigate the in vivo toxicity of neuronal AP
expression and the molecular and cellular mechanisms underlying AD progression, in
addition to permitting, for the first time, a direct test of the dose-response relationship
between A peptide expression and disease. These strains may be used in subsequent

screens to develop novel therapeutics to treat Alzheimer’s disease.
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Chapter One

Chapter One

General introduction

1.1 Alzheimer’s disease pathology

Dementia is a clinical term used to define the progressive impairment of brain function,
affecting memory, cognition, and personality. It imposes a significant challenge to the
health and aged care sectors and affects almost 1 in 3 people over the age of 65 (O'Brien
and Wong, 2011). According to the Australian Bureau of Statistics (2018), dementia is
the second leading cause of death in Australia. Based on the Dementia Prevalence Data
2018-2058, the estimated number of people living with dementia in 2020 is 459,000 and
this is expected to increase to 590,000 by 2028 and 1076,000 by 2058. The most common
form of dementia is Alzheimer’s disease (AD) accounting for up to 50-75% of all
dementia cases. The histopathological characteristics of AD were described over 100
years ago in 1906 by a German psychiatrist, Dr. Alois Alzheimer, who published a report
describing the pathological changes in the cerebral cortex of a 55-year-old woman named
Auguste with progressive dementia, displaying behavioural and psychiatric symptoms
including paranoia, delusions, hallucinations, and impaired memory, which got
progressively worse over 5 years until she died of another illness in 1906 (Verdile G.,
2009).

AD is a complex, progressive, and multifactorial neurodegenerative disorder. The exact
cause is unclear; however, disease presentation and progression are influenced by one or
more genetic, epigenetic, and environmental factors (Huang and Mucke, 2012). Since it is
the most common form of dementia, it has emerged as a major public health issue with
the rise of an aging population (Barage and Sonawane, 2015; Ewald and Li, 2010;
Stelzma et al., 1995). Globally, AD is mainly prevalent in 10% of the population over the
age of 65, showing dramatic increase with age, with approximately 50% of people at the
age of 85 at the risk of developing the disease (Huang and Mucke, 2012). Behavioural

symptoms include progressive declines in short-term memory, spatial attention, reasoning
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and languages, leading to difficulties in performing daily functional activities and

withdrawal from social life (Zhao et al., 2014).

In the human AD brain, there is an overall loss of brain volume as a result of neuronal
death and shrinkage in specific regions of the brain resulting in neurotransmitter deficits
and inflammation (Gomez-Isla et al., 1997; Huang and Mucke, 2012; Mucke, 2009). In
addition, the disease causes loss of specific neuronal subsets and synaptic dysfunction
(Huang and Mucke, 2012). Some neuronal subsets are more vulnerable to damage than
others, such as neuronal circuits in the neocortex, hippocampus and basal forebrain
cholinergic system (Price and Sisodia, 1998; Price et al., 1998a; Price et al., 1998b). The
two important pathological hallmarks of the disease are the intracellular neurofibrillary
tangles (NFTs) formed by the aggregates of hyperphosphorylated tau protein
accumulating in the form of paired helical filaments and the extracellular senile plaques
composed of aggregates of amyloid beta (AB) peptides (Kosik et al., 1986). There are two
major forms of AD: (i) late onset sporadic AD and (ii) early onset familial AD, which
differ depending on etiological, pathological, genetic and biochemical factors (Sadigh-
Eteghad et al., 2015).

The late onset sporadic form of AD accounts for 90% of the cases and occurs after the age
of 65 (Campion et al., 1999; Chartier-Harlin et al., 1991; Miklossy et al., 2003; Murrell et
al., 1991). The presence of the apolipoprotein E (ApoE) &4 allele is shown to be a risk
factor for late onset AD (Meyer et al., 1998; Sadigh-Eteghad et al., 2012). ApoE is a
cholesterol and lipid carrier in the brain critical for AP catabolism. In addition, ApoE
receptors are responsible for the clearance of AB across the blood brain barrier in AD
(Mawuenyega et al., 2010; Wildsmith et al., 2013). On the other hand, the early-onset
familial AD is genetically determined and has been reported in patients as young as 25,
accounting for 5-10% of the AD cases. A number of mutations have been associated with
early onset AD, including those in genes that encode the amyloid precursor protein
(APP), presenilin 1 (PS1) and, presenilin 2 (PS2) (Bertram et al., 2010). APP (described
in more detail below) has been associated with AD in a number of ways; for example,
individuals with Down syndrome carry an extra copy of the APP gene due to trisomy of
chromosome 21, which has been proposed to cause high incidence of early onset AD
(Millan Sanchez et al., 2012; Rovelet-Lecrux et al., 2006). Therefore, increase in APP
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expression may also be a risk factor for late-onset AD (Brouwers et al., 2006). Presenilins
are a part of the y-secretase complex active site and are involved in APP cleavage and
production of AP (De Strooper, 2003). Mutations in the presenilin protein can change the
activity of the y-secretase complex resulting in an increase in the ratio of Ap42/40 species
which readily aggregate to form senile plaques (Ridge et al., 2013). However, it is
difficult to determine the temporal sequence of events leading to the disease pathology
due to the inaccessibility of the human brain (Link, 2005).

1.1.1 Amyloid precursor protein processing

APP has been identified as a key molecule involved in the pathogenesis of AD and
belongs to a family of amyloid precursor like proteins (APLP). The APP family of
proteins consist of APLP1, APLP2 and APP. Although APLP1 and APLP2 share a high
degree of similarity to APP within the intracellular and extracellular domain, these
proteins lack the AB domain (Slunt et al., 1994; Sprecher et al., 1993; Wasco et al., 1992;
Wasco et al., 1993a; Wasco et al., 1993b). All of them are single-pass membrane proteins
with large extracellular domains, however, only APP generates amyloidogenic fragments
due to the presence of an internal Ap site (O'Brien and Wong, 2011). APP is an integral
transmembrane glycoprotein that consists of the following domains: an N-terminal signal
peptide, a large ectodomain with sites for N-glycosylation, an amyloid region (AB), an
alternatively spliced kunitz-type serine protease inhibitor (KPI) domain, a single
membrane spanning helix, and a short cytoplasmic tail (Price et al., 1998a). The alternate
splicing of the APP transcript generates 8 isoforms, 3 being the most common. The
isoform predominantly expressed in the central nervous system is 695 amino acids in
length, whereas the other two 751 and 770 amino acid isoforms are ubiquitously
expressed (Bayer et al., 1999). Although the precise function of APP is unclear, several
studies have indicated that it plays an important role in the neurite outgrowth modulation
(Hoe et al., 2009), copper homeostasis regulation (Bellingham et al., 2004), synaptic
transmission and formation, and synaptic function and activity (Herard et al., 2006; Priller
et al., 2006). As shown in Figure 1.1, APP is processed by three secretase enzymes,
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Figure 1.1: Comparison of APP processing in normal and AD brain by a-, - and y-
secretases.

In the normal human brain, APP is processed via non-amyloidogenic pathway, where it is cleaved
by a- and y- secretases within the AB domain to yield soluble sAPPa and non-toxic p3 fragments.
In the AD human brain, APP is processed via amyloidogenic pathway, being first cleaved by -
secretase to give soluble SAPPp and then imprecisely by y- secretase to yield intact AP peptides,
which may be present as soluble AP oligomers or aggregated with other proteins to form senile
plaques. Modified from Hicks, Nalivaeva & Turner 2012.
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namely a-, B- and y- secretases, by either the amyloidogenic pathway or non-
amyloidogenic pathway (Wilson et al., 1999). These pathways are regulated by factors
such as diet, hormonal status, and genetic mutations (Gandy and Petanceska, 2001;
Verdile et al., 2004). Under normal circumstances, APP is processed via the non-
amyloidogenic pathway wherein the a- and y-secretases cleave APP within the A
domain resulting in the formation of non-amyloidogenic p3 fragments and the soluble N-
terminal a APP fragments. The a-secretase can occur either intracellularly or at the cell
surface (Haass and Selkoe, 1993). On the other hand, in the disease scenario, APP is
processed via the amyloidogenic pathway involving the B-secretase APP-cleaving enzyme
(BACE) which cleaves APP at the N-terminal to release soluble BAPP fragments and the
C99 soluble fragment, which contains the intact A domain. This C99 soluble peptide is
then further cleaved imprecisely by the heteromeric y-secretase complex which generates
AP peptides of varying lengths (Echeverria and Cuello, 2002; Wilson et al., 1999). The
spectrum of AP peptides produced contain ragged N- and C- termini of which
approximately 90% are the soluble AB1-40 whereas 10% of the peptides are AB1-42(43)
species. The AB1-42 are fibrillogenic and therefore can readily aggregate to form senile
plaques (Haass and Selkoe, 1993; Price et al., 1998a).

1.1.2 AP peptide as a driver of neurotoxicity

The AP peptide has been proposed to play a central role in the onset and progression of
AD (Findeis, 2007). A is produced in numerous cell types including neurons, astrocytes,
neuroblastoma cells, hepatoma cells, fibroblasts, and platelets (Atwood et al., 2003).
Under normal circumstances, AP produced in low concentrations may have a role in
neural development (Sadigh-Eteghad et al., 2014) and in the regulation of cholinergic
transmission (Harkany et al., 2000). Ap produced at physiological levels is
neuroprotective by reducing both the excitatory activity of potassium channels and
neuronal apoptosis. Additionally, it is proposed to protect the neurons in a concentration-
dependent manner due to antioxidant properties demonstrated in vitro (Nunomura et al.,
2006). Picomolar concentrations of A are shown to have protective effects such as
antimicrobial activity, blocking leaks in the blood-brain barrier, assisting in recovery from

posttraumatic brain injury, and cancer suppression (Brothers et al., 2018). The A peptide
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Changes in Af metabolism
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Figure 1.2: The amyloid (or Ap) cascade hypothesis.

Gradual changes in the steady-state levels of amyloid B-protein (Ap) in the brain are thought to
initiate the amyloid cascade. AP levels can be elevated by enhanced production and/or reduced
clearance. In particular, the Ap42/AB40 ratio can be augmented by mutations in three different
genes (B-amyloid precursor protein (APP), presenilin-1 (PS1) and PS2 that cause familial forms
of Alzheimer’s disease. The relative increase of AB42 enhances oligomer formation, which cause
subtle and then increasingly severe and permanent changes of synaptic function. In parallel, Ap42
forms microscopically visible deposits in the brain parenchyma, first as relatively benign diffuse
(non-fibrillar) plaques. As the diffuse plaques begin to acquire fibrils of A, local inflammatory
responses (microgliosis and astrocytosis) are observed. Synaptic spine loss and neuritic dystrophy
also occur. Over time, these events result in oxidative stress, altered ionic (for example, calcium)
homeostasis and a host of additional biochemical changes. Neurofibrillary tangles are induced by
altered kinase and phosphatase activities and contribute to additional defects, including some in
axonal transport. The cascade culminates in widespread synaptic/neuronal dysfunction and cell
death, leading to progressive dementia associated with extensive Ap and tau pathology (Haass &
Selkoe, 2007).
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has also been shown to enhance synaptic plasticity, learning and memory in mouse
models (Morley et al., 2019). However, under pathological conditions, there is an
imbalance between the production and clearance of AP that ultimately leads to the
accumulation of AB (Harkany et al., 2000; Qiu et al., 2009). This accumulation of A3

triggers a pathological cascade leading to synaptic dysfunction and disease.

The AP peptides released in the cytosol as monomers can assemble in distinct ways based
on length, microscopic dimensions, and molecular weight (Sadigh-Eteghad et al., 2015).
The AP monomers can self -assemble into different forms ranging from dimers to
nonfibrillar oligomers; however, they can also aggregate to form insoluble fibrillar senile
plaques (Walsh and Selkoe, 2007). Initially, the senile plaques were thought to be the
toxic form of AP, inducing neurotoxicity by disrupting synaptic function (Moreira et al.,
2010; Shankar and Walsh, 2009). However, subsequent studies confirmed that the amount
of AP deposition does not correlate well with the severity of the disease (Dickson et al.,
1995; Katzman, 1986; Terry et al., 1991). Although the presence of senile plaques is an
important pathological indicator of the disease, they are also found in individuals that do
not have the disease (Link, 2005). On the other hand, in vitro studies have shown the A
monomers can assemble into three types of AP oligomers: (i) short oligomers ranging
from dimer to hexamers (Bitan et al., 2003; Levine, 1995), (ii) AB-derived diffusible
ligands (ADDLSs) that are small oligomers ranging from 17 to 42 kDa (Lambert et al.,
1998), and (iii) protofibrils that are short fibril intermediates of < 8 nm in diameter and
<150 nm in length (Harper et al., 1997; Walsh et al., 1997; Yong et al., 2002). AB
protofibrils also appear prior to the formation of mature senile plaques and are known as
prefibrillar assemblies (Kirkitadze and Kowalska, 2005; Shankar and Walsh, 2009).
Numerous studies have emphasized that all AP oligomers play a critical role in neuronal
dysfunction by disrupting the cellular membranes of digestive organelles resulting in ions
and digestive enzymes leaking into the cytoplasm (Hepler et al., 2006; Li et al., 2012;
Park et al., 2016; Takahashi et al., 2002a; Tew et al., 2008). Furthermore, it has been
suggested that oligomeric AP species are 10 times more toxic than the A fibrils
(Bucciantini et al., 2002; Dahlgren et al., 2002; Kirkitadze et al., 2002; Resende et al.,
2008; Walsh et al., 2002). In addition, biochemical analysis of human AD brains reveals a
robust correlation between levels of soluble AP species and severity of cognitive decline

and synaptic dysfunction (Lemere et al., 2002; Lue et al., 1999; McLean et al., 1999;
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Wang et al., 1999). Thus, AP oligomers are a likely therapeutic target for AD (De Felice
et al., 2004). There are several possible ways in which the AP peptide exerts its
neurotoxic effects, including causing changes in the distribution and/or activity of
neurotransmitters and their receptors, disruption of intracellular calcium homeostasis,
causing disruption of axonal transport and impairment of mitochondrial function (Huang
and Mucke, 2012).

1.1.3 Amyloid cascade hypothesis

The amyloid cascade hypothesis is one of the central hypotheses to explain the
pathogenesis of AD and has continued to dominate the field for decades (Kametani and
Hasegawa, 2018). The hypothesis posits that the abnormal accumulation and aggregation
of AP in the various regions of the brain are the causative agents of AD and the other
symptoms such as neurofibrillary tangles, cell loss, vascular damage and dementia follow
as a result of this deposition (Figure 1.2) (Hardy and Higgins, 1992). Although some
studies have suggested that A itself exerts its toxic effects in the neurons, others suggest
that A alone is not intrinsically neurotoxic but the presence of A makes the neurons
vulnerable to excitotoxic damage as it causes calcium-mediated neuronal death (Koh et
al., 1990)

Several genetic studies and biomarker evaluations support the amyloid cascade
hypothesis. The APP gene was discovered to be on chromosome 21 and autosomal
dominant mutations in genes encoding APP and PS1, and PS2 are associated with early
onset AD (Kang et al., 1987). In addition, mutations in APP that are in close proximity to
the B- and y-secretase cleavage sites result in an increase in the production of AB42
thereby altering the ratio of AB42/40 and leading to aggregate formation (Kametani and
Hasegawa, 2018). For instance, individuals that carry the Osaka variant, an APP mutation
that enhances the production of AP oligomers, show limited plaque pathology and,
develop early cognitive symptoms of AD (Tomiyama et al., 2008). Similarly, another
APP mutation known as the Arctic variant results in an increase in the production of A
protofibrils and lower amyloid plaque burden; it is also associated with early onset AD
(Nilsberth et al., 2001; Scholl et al., 2012). In contrast, the Icelandic mutation, an APP
genetic variant resulting in approximately 40% decrease in amyloid production, is
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associated with decreased AD risk. Conversely, individuals with Down syndrome, whose
extra copy of chromosome 21 causes overexpression of APP, show clinical
manifestations of AD at about 40 years of age (Ricciarelli and Fedele, 2017). In these
individuals, the amount of APP was shown to increase to 1.5 times the normal amount
and consequently the AP production was also increased (Kolata, 1985). In contrast,
individuals with Down syndrome involving only the distal part of chromosome 21
telomeric to APP do not get AD (Prasher et al., 1998). A few, rare individuals have only
the APP gene micro-duplicated (i.e., not the entire chromosome 21) and do not have
Down’s syndrome but do get AD, typically in their mid-50s (Rovelet-Lecrux et al, 2006).
These studies suggest that either increased AP production or its decreased clearance are

the initial triggers of AD pathogenesis (Jonsson et al., 2012).

However, the amyloid cascade hypothesis has never been universally accepted. Firstly,
extensive amyloid deposits have been found in several cognitively normal individuals
whereas some AD individuals have shown very few amyloid deposits in the brain (Edison
et al., 2007; Li et al., 2008). Strikingly, the amyloid deposition in the cognitively normal
individuals was sometimes as extensive as that of dementia patients (Davis et al., 1999;
Fagan et al., 2009; Price et al., 2009). Secondly, none of the clinical trials targeting A
have been successful. However, the failures of these clinical trials could be attributed to

several reasons:

Q) Many trials were targeting either the amyloid monomers or plaques neither of
which are not associated with neurotoxicity. None of the trials address the
critical pathogenic role of soluble amyloid oligomers which could be potential
therapeutic targets.

(i) The drugs being administered were not able to cross the blood brain barrier
and achieve the optimum concentrations required for the desired biological
response. Specifically, the antibody therapies trialled had very low brain
barrier penetration with only <1.5% of an administered dose entering the brain
(Cummings et al., 2018; Honig et al., 2018; Logovinsky et al., 2016;
Ostrowitzki et al., 2017; Salloway et al., 2014; Sevigny et al., 2016). This is
below the concentration required for the continuous removal or prevention of

the formation of A oligomers.
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(iii)  Patients enrolled in the clinical trials have had concomitant neuropathology
other than amyloid or tau which results in higher variability in response to the
treatment

(iv)  Finally, there have been some arguments suggesting that the treatment is being

administered at the wrong stage of the disease.

Therefore, the design of these trials is not rigorous enough to adequately test the

hypothesis and do not invalidate the rationale for selectively targeting A oligomers

(Tolar et al., 2020).

1.2 Animal models of AD

In general, animal models have been beneficial in dissecting the underlying molecular
mechanisms leading to the disease state (Gotz and Ittner, 2008). The important rationale
behind using model organisms is that many of the cellular signalling pathways and genes
associated with the disease are evolutionarily conserved and therefore discoveries made in
the model system may give insights into more complex organisms (Di Carlo, 2012;
Markaki and Tavernarakis, 2010). Table 1.1 lists the selective advantages and limitations
of commonly used vertebrate and invertebrate model organisms in AD research. For
instance, some of the vertebrate model systems such as zebrafish and mouse enable

researchers to understand the basic biology of neurodegenerative diseases (Link, 2001).

Danio rerio, commonly known as zebrafish, is a tropical freshwater and aquarium fish
named for the uniform pigmented, horizontal blue stripes on its body. The zebrafish has a
fast development and generation time of 3-4 months and short lifespan of 3.5 years
(Saleem and Kannan, 2018). In addition, the nervous system is structurally similar to
other vertebrates and consists of special neuronal populations such as dopaminergic
neurons, astrocytes, oligodendrocytes, cerebellar Purkinje cells, myelin and motor
neurons (Di Carlo, 2012). The development of the nervous system has also been well
characterised in zebrafish (Kimmel et al., 1995). Hence, zebrafish is an ideal choice to
study neuronal development and neurodegeneration. The zebrafish genome has several
gene orthologs similar to those mutated in early onset AD such as the appa and appb
(APP) and presenilin related genes psenl (PSEN1) and psen2 (PSEN2). In addition, co-
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orthologs of the human tau gene (mapta and maptb) and the APOE gene (apoea and
apoeb) have also been identified in zebrafish (Newman et al., 2014). Researchers have
studied behaviours in zebrafish like feeding, learning, hearing, vision, touch and emotions
like fear, pain helplessness, courtship, social interactions, anxiety and decision making
(Saleem and Kannan, 2018). Although there is some degree of conservation between the
human and zebrafish A domain, the presence of the Ap peptide has not been reported
(Xietal., 2011). Strikingly, zebrafish injected with AB1-42 showed regeneration of
neurons. The regeneration induced by the AB1-42 peptide results in the activation of the
microglia to prevent synaptic degeneration and promotes neurogenesis (Saleem and
Kannan, 2018). Although pharmacological modifications are possible in fish, it is difficult
to quantify the amount of the chemical compound that goes into the fish through the gills

and skin as these substances are added in the water tanks (Rubinstein, 2006).

Mice have been utilized extensively in the field of AD research for several reasons.
Firstly, they have a close evolutionary relationship to humans relative to other animal
models, and there is structural similarity between the human and mouse brain. Secondly,
there are several behavioural tests available to test specific forms of neuronal dysfunction
in mice (Eriksen and Janus, 2007). However, these behavioural tests may not recapitulate
the dysfunction seen in human AD precisely. Mouse models of AD, such as the Tg2756
and APPswe/PS1 dE9 (APP/PS1) transgenic mice over-express human mutant APP or
APP/PS1, have human A in the brain that is deposited in amyloid plaques, and show
cognitive decline, synaptic plasticity alterations, synaptic loss, and memory impairment
(Hsiao et al., 1996; Jankowsky et al., 2001; Puzzo et al., 2014). Furthermore, genetic,
pharmacological, and immunological approaches aimed at reducing the cerebral AP load
in mouse models show reduction in synaptic loss and rescue of memory deficits (Gotz et
al., 2004; Li et al., 2013). However, there are several caveats associated with these
models. Although some of the mouse models show accumulation of AR amyloid fibrils,
tau accumulation and neuronal loss were absent (Bryan et al., 2009; Kametani and
Hasegawa, 2018). Therefore, there was no cognitive impairment in these models (Kim et
al., 2013; Kim et al., 2007). In addition, the spatiotemporal distribution of AP observed in
the human AD brain has not been replicated in the mouse models (Gotz et al., 2004).
Another important disadvantage is that these animals accumulate A variants that are
different from those found in the human brain (Kalback et al., 2002). The mouse AP

11
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peptides lack the extensive N-terminal degradations, posttranslational modifications, and
cross-linkages that are abundant in stable human A peptide deposits found in humans. In
addition, there is a difference in the oligomeric A species found in the mouse and human
AD brain, as the ones found in mice are not formic acid stable (Kalback et al., 2002).
Therefore, these peptides may not recapitulate all aspects of the human disease as they
may have different physiochemical properties and therefore different pathogenic
properties in vivo. In addition, the mouse AP peptide is less prone to aggregation as
compared to the human AP peptide as a result of three amino acid substitutions in the N-
terminal region, Arg5Gly, Tyrl0Phe, and His13Arg (Fraser et al., 1992; Yamada et al.,
1987). A further limitation is that creating mouse models is labour intensive, time
consuming and expensive (Hart and Chao, 2010).

Various immunotherapies that led to a decrease in the amyloid plaque in mouse models
did not show improvement in cognitive symptoms such as memory in human clinical
trials (Doody et al., 2014; Giacobini and Gold, 2013; Ostrowitzki et al., 2012; Salloway et
al., 2014).Therefore, none of the strategies successful in mice have translated to clinical
outcomes in AD patients (Ameen-Ali et al., 2017). The reasons are complex and
multifactorial, but include differences in mechanisms of drug action and metabolism, in
addition to the fundamental differences of the neuronal network of human and mice (Van
Dam and De Deyn, 2011). For instance, targeting B-secretase in Tg2576 mice by
administering the non-peptidic BACEL inhibitor TAK-070 reduced the soluble and
insoluble A and led to a reduction in cognitive impairments (Fukumoto et al., 2010). On
the other hand, verubecestat a promising BACEL inhibitor, recently failed to show any
improvement in a human clinical trial (Mullard, 2017). Although mice are more closely
related to humans than invertebrates, invertebrate models may be more easily
manipulated so that they recapitulate the progression of AD in humans. Alternative
approaches have focussed on invertebrate model systems to recapitulate specific
molecular and cellular aspects of the disease (Di Carlo, 2012; Link, 2001). The two
invertebrate model systems used extensively for AD studies are the vinegar fly
Drosophila melanogaster and the nematode Caenorhabditis elegans. Use of these model

organisms takes advantage of their well understood genetics, relative ease of gene
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Table 1.1: Suitability and limitations of commonly utilized model organisms to study AD. Adapted and modified from (Gotz et al., 2004)

Species

| Selective advantages

| Selective limitations

| Modelled aspects of AD

Vertebrate model organisms

Mus musculus

Brain anatomy similar to humans.
NFT and plaque staging, regional
vulnerability can be addressed.
Sophisticated behavioural tests
possible.

Therapeutic treatments possible;
monitored by histopathology and
behavioural tests.

Production and breeding of
transgenic mice; time-
consuming, laborious,
inefficient and expensive.
Ethical considerations limit
animal numbers and prohibit
certain experiments.

High throughput drug screening
(HTS) not possible.

No neuronal loss.

AP species different from the
ones found in the human brain.

Proof of role of FAD
genes in AD pathology.
Role of lipid metabolism
and inflammation in AD
confirmed.
Histopathology: plaques,
NFT, synapse loss, glial
pathology; but no massive
neuronal losses.
Behavioural impairment
associated with region-
specific pathology.

Danio rerio
(Saraceno et al., 2013)

Development of the nervous system
is well characterized, therefore
possible to analyse complex brain
functions characteristics of
vertebrates (Kimmel et al., 1995;
Panula et al., 2006).

Significant homology to mammals,
including humans (Esch et al.,
1990).

Faster development and longer
lifespan compared to mice.

High reproductive rate.

Embryos transparent and
development externally.

Expensive to maintain.
Difficult to modify genetically.

Several aspects of
presenilin gene biology
revealed using zebrafish
model(Newman et al.,
2014).
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Invertebrate model organisms

Caenorhabditis elegans

Easy and fast to breed, cheap, no
ethical limitations.

Powerful genetics.

Suppressor and enhancer (modifier)
screens possible, drug screening
possible.

RNA interference allows
inactivation of thousands of genes
in parallel.

Well established behavioural assays
that can serve as direct readout.
The worm ortholog apl-1 does not
contain an Ap domain and does
not have B-secretase, which
ensures faithful expression of
transgenic human A peptide.
Possible to study the in vivo
toxicity of a single AP peptide at a
time in isolation from other
confounding factors.

Genome does not encode for all
the human genes.

Behavioural abnormalities of
AD difficult to address.

NFT and plaque staging,
regional vulnerability
impossible to address.

Isolation of AD-related
genes.

Behavioural and synaptic
abnormalities.

0 1mm

Drosophila melanogaster

Easy and fast to breed, cheap and
no ethical limitations.

Modifier screens and drug
screenings possible.

Powerful genetics.

UAS GAL 4 reporter systems.

Brain anatomy different from
humans.

Behavioural abnormalities in
AD difficult to address.

NFT and plaque staging,
regional vulnerability
impossible to address.

Analysis of the
physiological role of APP
with implications for
pathological role such as
impaired axonal transport.
Neurodegeneration in the
absence of NFT
formation.
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manipulations, and the availability of experimental tools that are not available in
mammalian systems (Di Carlo, 2012; Gama Sosa et al., 2012; Link, 2001). An advantage
of D. melanogaster is availability of tools such as the GAL4-/UAS-system used in reverse
genetic approaches to express human or fly proteins in a tissue- and time-dependent
manner (Brand and Perrimon, 1993; Jeibmann and Paulus, 2009). Additionally, the fly
has inducible promoters to allow for spatiotemporal regulation of gene expression (Dietzl
et al., 2007; Matthews et al., 2005; Venken and Bellen, 2005). Conversely, the biggest
advantage of using the nematode C. elegans as a model system is the presence of single-
cell resolution forthe molecular and cellular basis of specific behaviours (described in

detail below).

1.3 Caenorhabditis elegans as a model to study age-related

neurodegeneration

The free-living nematode C. elegans is a powerful experimental in vivo system to study
the molecular and cellular events associated with human disease such as AD. The

C. elegans genome has been sequenced, with 80% of the genes predicted to have human
orthologs (Harris et al., 2004). Of those human genes that cause diseases, approximately
42% have an ortholog in C. elegans (Markaki and Tavernarakis, 2010). This high degree
of conservation has facilitated numerous unbiased forward and reverse genetic screens
employed to unravel complex molecular and cellular mechanisms, and disease
phenotypes (Link, 2006; Markaki and Tavernarakis, 2010). Mutant strains that lack a
gene can be easily identified and rapidly phenotyped (Hariharan and Haber, 2003).
Protein-protein interactions, mutant and/or RNA interference (RNAI) phenotypes, and
microarray data are all available on a public data repository, WormBase

(www.wormbase.org) (Chen et al., 2005).

Since C. elegans is optically transparent throughout its life cycle, in vivo imaging of GFP
tagged proteins is possible. For instance, GFP tagging of specific proteins allows the
imaging of neuronal cell dystrophy through the lifetime of the animal (Teschendorf and
Link, 2009). Furthermore, strains can be stored indefinitely in liquid nitrogen allowing

large mutant repositories to be set up (Stiernagle, 2006). Therefore, C. elegans is a
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Figure 1.3: Life cycle of the nematode Caenorhabditis elegans.

C. elegans larval development proceeds through 4 larval stages (L1 through L4). L4 larvae moult
into adults that survive for approximately 3 weeks under normal laboratory conditions; age-
associated declines can be measured as various aging "phenotypes™ over adult life. L1 larvae may
proceed through the alternate dauer pathway under harsh environmental conditions. Dauer larvae
are adapted for long-term survival and dispersal to new environments. Once in a more favourable
environment, dauer larvae re-enter reproductive development by moulting into the L4 larval stage
and progressing through the rest of the life cycle normally.
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convenient and useful model to obtain a better understanding of the fundamental aspects
of neuroscience, development, signal transduction, ageing, cell death, and mechanisms of
drug action (Standaert and Yacoubian, 2010; Wang et al., 2011).

Another important advantage of using C. elegans for studying aging is that it has a short
lifespan of about 2-3 weeks and a generation time of 3.5 days at 20 °C proceeding from
larval stages (L1-L4) through to adulthood (Figure 1.3). This facilitates the rapid
generation of transgenic strains thereby allowing quick evaluation of experimental
interventions (Di Carlo, 2012). The adult worm is 1 mm in length, 80 um in diameter and
can either be male or hermaphrodite. The adult hermaphrodite is made up of 959 somatic
nuclei and is optically transparent, allowing identification of specific cells. Each
hermaphrodite can produce up to 300 progeny if self-fertilized and even more if crossed
with males, which occur at a frequency of 0.1-0.2% in normal populations of Bristol N2
(Brenner, 1974; Hart and Chao, 2010). Several behavioural and physiological phenotypes
of the worm undergo age-related decline during the post reproductive stage, ultimately
leading to death.

C. elegans is an excellent model organism to study AD and other neurodegenerative
diseases. The well-characterised nervous system of C. elegans consists of only 302
neurons, and the position and identity of each neuron is reproducible from animal to
animal (White et al., 1986). As shown in Figure 1.4, C. elegans neurons are organised
into several ganglia in the head and the tail, and into the ventral and dorsal nerve cords
(Hobert, 2003). The pattern of synaptic connections has been reconstructed by serial
electron microscopy (White et al., 1986). According to their topology and synaptic
connection patterns, neurons have been grouped into different classes including
chemosensory, mechanosensory, and thermosensory neurons. (Di Carlo, 2012).
Moreover, 75 motor neurons innervate the body wall muscles (excluding the head), 56 of
which are cholinergic and 19 GABAnergic. Additionally, C. elegans larvae contain 4
serotonergic and 8 dopaminergic neurons (Teschendorf and Link, 2009). It is still the first
and currently the only organism with a largely complete neural connectome, with neurons
being connected by approximately 7800 synapses and 900 gap junctions (Byrne et al.,
2017). Since robust behavioural assays are available, they have been beneficial in the

identification of many genes affecting the development and function of the nervous
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pharynx

nerve ring

sensory
dendrites

ventral nerve cord

Figure 1.4: Overview of the C. elegans nervous system.
The majority of neurons are located in several ganglia near the nerve ring (Adapted from Fang-
Yen, Alkema, & Samuel, 2015).
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system, proving to be predictable output of neuronal health (Byrne et al., 2017; Griffin et
al., 2017). Not only are the cellular and molecular mechanisms of these behaviours
understood but also the underlying genetic basis have been identified. lon channels,
receptors, classic neurotransmitters (acetylcholine, glutamate, y- aminobutyric acid
(GABA), serotonin, and dopamine), vesicular transporters and the neurotransmitter
release machinery are similar in both structure and function between vertebrates and

C. elegans (Barclay et al., 2012; Hardaway et al., 2012). Therefore, there is a rich
contextual background cellular information that can be overlayed with transgene
expression and phenotype at single-cell resolution to understand not only how a transgene
functions in particular cell types but also how the expression of that transgene may affect

other aspects of neuronal function.

1.4 C. elegans behaviours to study age-related neurodegeneration

Neurodegenerative diseases are characterised by the progressive loss of neuronal
function. This loss is a result of deterioration of the structure and function of specific
neuronal subsets that can then present as behavioural deficits (Chen et al., 2015). Several
well-established neuronally-controlled behaviours have been used to assess age-related
neurodegeneration in C. elegans, and the effect of genetic manipulations or drugs on the
survival and function of specific neuronal populations in the C. elegans nervous system

can be readily studied in vivo (Chen et al., 2015).

Since aging is the greatest risk factor for neurodegenerative diseases, one of most
commonly used assays to study the aging process in C. elegans is the life span assay
(Amrit et al., 2014). Although the terms “lifespan” and “aging” tend to be used
interchangeably, they are not equivalent (Tissenbaum, 2012). Lifespan is a single
parameter that measures the amount of time an organism survives. It does not indicate the
health (physiological and functional status) of the animal (Tissenbaum, 2015). Hence, it is
crucial to define the quantitative changes associated with physiological aging to better
understand the process of aging and expedite the development of therapies (Son et al.,
2019). Healthspan can be defined as the time that an individual is active, productive and
free from age-associated diseases (Tissenbaum, 2015).
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Measuring healthspan, in addition to lifespan, is feasible in C. elegans. C. elegans
exhibits several behaviours that are important for its survival and reproduction, and are
therefore potentially useful indicators of healthspan because those behaviours are
indicative of functionality: locomotion (crawling and swimming), feeding (pharyngeal
pumping), defecation, egg-laying, mating, and its ability to sense and respond to
chemical, mechanical and thermal stimuli. C. elegans motility is a useful marker to assess
healthspan (Bansal et al., 2015). The classic sinusoidal pattern of movement is controlled
and coordinated by the dorsal and ventral muscles, and is influenced by the presence or
absence of food and exposure to mechanical or chemical stimuli (Croll, 1975; Donnelly et
al., 2013; Omura et al., 2012). Additionally, some studies have shown that genetic
mutations or exposure to environmental toxins can also change the motility of the worms,
resulting in irregular body bends (Ali and Rajini, 2012; Cooper et al., 2015; Liu and
Sternberg, 1995). C. elegans maximum speed is an indicator of healthspan of the animal
and is strongly correlated with longevity (Hahm et al., 2015). About 130 neuron and
muscle specific genes have been identified that affect locomotion. These include myo-3
(myosin heavy chain structure 3) in muscle formation, unc-18 (uncoordinated 18) in
neural function, unc-6 in neuronal pathfinding, cha-1 (abnormal choline acetyl transferase
1) in acetylcholine function, unc-47 in y-aminobutyric acid (GABA) function, and snb-1
(synaptobrevin 1) in synaptic release mechanisms. The muscle contraction that leads to
complete bending of either the dorsal or ventral side of the animal is defined as a single
body bend (Ghosh and Emmons, 2008). One the other hand, the term “thrashing” is
defined as the movement of worms in liquid determined either by measuring the
frequency of lateral movements or the direction of mid-body bending (Buckingham and
Sattelle, 2009). Previous studies have showed that movement on solid and liquid media
measure different aspects of health and behaviour since the kinematics of swimming is
distinct from that of crawling (Rollins et al., 2017). Since decline in motility is an early
effect of aging, it may eventually compromise other behavioural responses (Glenn et al.,
2004). Pharyngeal pumping across age has also been positively correlated with lifespan in
C. elegans (Luo et al., 2009). The rhythmic contraction and relaxation of the
neuromuscular pharynx enables worms to ingest bacteria. This rate of pharyngeal
pumping varies between individual worms and among environments that the worms are in

and declines progressively with age (Luo et al., 2009). The age-related decline in motility
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and pharyngeal pumping are positively correlated with lifespan and are also essential for
the survival of the organism. There may be a common regulatory mechanism mediating

these processes and therefore declines in these important parameters may cause reduced

life expectancy (Huang et al., 2004).

Reproduction is an excellent indicator of the organism’s general physiological health.
When reproduction is affected adversely, physiological decline starts early because
reproduction in C. elegans hermaphrodites is completed while the animal is relatively
young, whereas most of what lifespan assays measure is post-reproductive. Reproductive
aging in C. elegans hermaphrodites is characterized by a progressive age-related decline
of physiological function beginning on the 5" day and ceasing on 10"-14" day of
adulthood (Andux and Ellis, 2008; Hughes et al., 2007; Mendenhall et al., 2011). Egg-
laying is a well-studied aspect in C. elegans physiology and an important reproductive
indicator of healthspan (Maulik et al., 2017). C. elegans eggs are fertilized internally: a
mature oocyte is ovulated and passed on to the spermatheca where it is fertilized either by
self-sperm generated during the L4 larval stage or by male sperm deposited after
copulation (Greenstein, 2005). The hermaphrodite accumulates fertilized eggs for ~ 2.5
hours, containing about 10-15 eggs in utero at any given time. Once laid into the
environment, they hatch after ~10 hours (Pickett and Kornfeld, 2013; Schafer, 2005).
Egg-laying occurs via a simple motor program in which the smooth muscle cells contract
thereby releasing the eggs by opening the vulva and compressing the uterus. The egg-
laying circuit consists of the uterine muscles, vm1 and vm2 muscles, the HSN motor
neurons, and the VC motor neurons (Schafer, 2006). Egg-laying occurs in a specific
temporal pattern consisting of two distinct phases: active and inactive. In the active phase,
eggs are laid frequently in short bursts of 1-2 minutes, separated by the longer quiescent
inactive phase wherein eggs are retained (Schafer, 2005). This distinct egg-laying
behaviour is modulated by specific subset of neurons and neurotransmitters, with the
HSN motor neurons employing serotonin, acetylcholine, and neuropeptides (Desai and
Horvitz, 1989; Horvitz et al., 1982; Schafer, 2006). Mutants with decreased brood size
have low levels of dopamine (Maulik et al., 2017). That said, reproductive span was not
correlated with the age-related declines in motility, pharyngeal pumping, or survival
probability, which suggests that reproductive span may be regulated independently of

these processes (Huang et al., 2004). Perhaps this correlation may change if the
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hermaphrodite worms are mated with males, which replenishes their sperm thereby
increasing progeny production 3-4 fold and doubling the reproductive span. Thus,
although fecundity is accepted as a measure of healthspan, it may not necessarily
correlate with specific age-related neuronal deficits. Furthermore, fecundity is sensitive to
a range of biological and environmental influences, and both endogenous and exogenous
factors can contribute to changes in fecundity. Therefore, even though fecundity is a good
measure of overall healthspan, it does not allow the determination of the underlying

causes of changes in those measures of healthspan.

There are other neurodegenerative phenotypes which may or may not affect either
healthspan or lifespan but are mediated by specific neuronal subsets that can be
manipulated or tested. The ability of C. elegans to respond to chemosensory stimuli is one
of the most extensively studied behaviour in the worms. C. elegans use chemosensation to
locate food, avoid toxic conditions, to progress in stages of development and for mating
(Hart and Chao, 2010). The worms have a highly-developed chemosensory network
consisting of 16 pairs of anatomically bilateral symmetric neurons which respond to a
wide range of soluble and volatile odorants (Bargmann et al., 1993). The four visible
types of chemosensory neurons are the amphid, phasmid, inner labial, and outer labial
neurons with each consisting of sheath and socket cells forming a pore through which the
sensory neurons are exposed to the external environment (Hart and Chao, 2010; Ward,
1973; White et al., 1986). The amphid pores are located at the tip of the head and are
critical for the animal’s ability to respond to chemical stimuli. The phasmid pores located
near the tail, although being structurally similar to the amphid pores, are smaller and
contain sensory endings of PHA and PHB neurons, which are implicated in chemosensory
avoidance (Hart and Chao, 2010). Chemosensory neurons directly or indirectly synapse
onto the command interneurons that control locomotion through synapses with motor
neurons, which in turn control body wall muscles (Chalfie et al., 1985). Of the
chemosensory neuron pairs, AWA and AWC detect volatile attractants; ASE neurons
detect soluble attractants; ASH, ADL, and AWB detect volatile (and soluble) repellents;
ASI, ADF, and ASJ are involved in dauer formation, along with minor roles in soluble
attractant and are the sensory neurons involved in the detection of Oz and CO> (Hart and
Chao, 2010). The worm’s ability to sense chemical stimuli in the environment is

measured using a well-established chemotaxis assay. Chemotaxis towards a particular
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odorant is measured by establishing a gradient of attractant/repellent from a point source
and counting the number of animals at the point after a fixed time (Bargmann et al.,
1993). The amphid sensory AWA neurons, detect at least three volatile odorants (diacetyl,
pyrazine, and 2,4,5-trimethylthiazole) whereas the AWC neurons detect at least five
attractive odours (benzaldehyde, butanone, isoamyl alcohol, 2,3-pentanedione, and 2,4,5-
trimethylthiazole) (Hart and Chao, 2010). Previous studies have established a link
between chemotaxis behaviour and deficits in motility in day 8 adult worms: although
sensory abilities appear to be similar in young (day 2) and middle-aged (day 8) worms,
the decrease in chemotaxis response on day 8 may be attributed to a decline in motility
(Glenn et al., 2004).

Interestingly, C. elegans are capable of learning about mechanosensory, chemosensory
and thermosensory inputs and integrating this learnt sensory behaviour to approach or
avoid tastes, odours, or temperatures (Hedgecock and Russell, 1975; Mori, 1999; Rose
and Rankin, 2001; Wen et al., 1997). Additionally, they are capable of associative and
non-associative forms of learning such as classical conditioning and habituation (Rankin,
2004). For instance, when worms are provided with food at a specific temperature and
then transferred to a thermal gradient, they locate and crawl along the gradient to the
corresponding feeding temperature (Hedgecock and Russell, 1975). Moreover, C. elegans
possess both short- and long-term memory (Rankin et al., 1990). Food is a fundamental
environmental cue, the presence or absence of which profoundly influences C. elegans
behaviour (Sasakura et al., 2013). C. elegans movement changes in the presence or
absence of food and with changes in feeding status (satiety vs starvation). When well-fed,
wild-type animals move more slowly in the presence of bacteria in comparison to
movement in the absence of bacteria. This is a form of foraging behaviour which is
dependent on dopamine, and which detects the presence and availability bacterial food.
Locomotion of well-fed worms slows in the presence of food (Sawin et al., 2000). This
slowing response is known as the basal slowing response, and deficits in dopaminergic
signalling lead to diminished slowing response (Yao et al., 2013), (Chen et al., 2013).
Starved C. elegans slow even further in the presence of bacteria, and this response, known
as enhanced slowing response, ensures that the worms do not leave the food source
(Rivard et al., 2010; Sawin et al., 2000). The enhanced slowing response is modulated by

serotonin (Sawin et al., 2000). Slowing response requires that the worms are able to sense
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food and are able to integrate that sensory signal of presence or absence of food with
behaviour, modifying their movement in the light of their previous experience. This
requires that they have intact neuronal sensory capability along with the neuronal capacity
for processing and integrating information. Because this complex behaviour involves
different kinds of neuronal function in different neurons, it is a good indicator of neuronal
health. Although the behaviour requires neuronal complexity to function, the behavioural
output is a simple phenotype that is easy to measure and gives insights into a relatively

complex neuronal process.

1.5 C. elegans models for AD research

The two possible methods by which C. elegans model systems for disease research can be
developed are either (i) by manipulating the C. elegans gene orthologs known to be
involved in the disease-causing pathway or (ii) by expressing the human-disease related

variant in the model organism (Mhatre et al., 2013).

C. elegans as a model provides useful information about disease progression and the
function of genes involved in the disease-causing neuronal pathway because of the
simplicity of the wiring diagram of the nervous system. Furthermore, the advantage of
C. elegans being amenable to genetic manipulation makes it possible to dissect which
step is crucial in the disease-causing pathway that is leading to neuronal dysfunction/
neuronal death thereby presenting as a behavioural defect. Therefore, orthologs of genes
that are involved in the production of the aberrant AP peptides may be upstream genes
such as APP and the components of the secretases, whereas orthologs of tau may be

acting downstream of the accumulation and aggregation of Ap.

1.5.1 Analysis of C. elegans orthologs of human AD genes

A powerful approach to elucidate the in vivo function of a protein is to inactivate the gene
orthologs and observe the defects caused in the organism. Several C. elegans strains have
been generated by mutating the worm orthologues of human genes implicated in AD

(Table 1.2). The C. elegans genome encodes an APP ortholog apl-1 (amyloid precursor
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protein like-1). The apl-1 gene is expressed in multiple cell types and is necessary for
several developmental processes including moulting and morphogenesis. Loss of the apl-
1 gene causes 100% larval lethality, which can be rescued by neuronal expression of apl-
1 (Hornsten et al., 2007). However, APL-1 is not thought to be further processed to yield
an AB-like peptide (Daigle and Li, 1993).

Mutations in the C. elegans presenilin genes sel-12 and hop-1 lead to the disruption of
morphology and function of two cholinergic interneurons, thereby causing defects in
temperature memory (Wittenburg et al., 2000). The gene sel-12 was identified as a
suppressor of Notch signalling (Levitan and Greenwald, 1995). Notch signalling has an
important role in cell fate determination during development (Greenwald, 2005).
Moreover, presenilins mediate the activities of other proteins in addition to APP and
Notch; therefore, utilizing presenilins as therapeutic targets may be problematic as it
could possibly disrupt other cellular processes in addition to APP processing (Ewald and
Li, 2010). Furthermore, the two a-secretase encoding genes , sup-17 and adm-4, are
orthologous to the mammalian ADAM10 and ADAM17/TACE (Jarriault and Greenwald,
2005). Although the C. elegans genome encodes proteins that make up the y-secretase
complex, it lacks an ortholog of BACE (p-secretase) (Dimitriadi and Hart, 2010). Hence,
while the worm contains orthologs of APP and secretases, it is not only missing the [3-
secretase but is also missing the A domain. Furthermore, components of the secretase
complex are most likely upstream genes that are not only involved in the aberrant
processing of APP but are also involved in other cellular processes. Therefore, these
genes may not have neuronal phenotypes as they are part of other cellular processes.

The tau ortholog in C. elegans is ptl-1 (protein with tau-like repeats), which functions to
promote microtubule binding assembly (Goedert et al., 1996; McDermott et al., 1996).
The tau gene is possibly involved in downstream events after APP processing and
therefore may have neuronal phenotypes such as mechanosensory defects (Gordon et al.,
2008). In addition to the above-mentioned genes, C. elegans orthologs of several genes
implicated in late onset AD—including CLU (clusterin), BIN1 (bridging integrator 1), and
PICALM (phosphatidylinositol binding clathrin assembly protein) have been shown to
play a role in cellular cytoskeletal dynamics, clathrin-mediated endocytosis, and

postsynaptic exocytosis
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Table 1.2: Knockouts of C. elegans orthologues of human AD genes. Adapted from (Ewald and Li, 2010)

Human C. elegans References
Role Gene Gene Knockout alleles Phenotypes of null alleles
Amyloid Precursor APP/APLP1/APLP2 | apl-1 yn10,yn23,yn28, yn29, yn30, Larval lethal; molting defect; | (Hornsten et al., 2007)
protein family (APP) yn31, yn32 vacuoles; morphological
defects
Processing enzymes of APP
o - secretase ADAM10 sup-17 n1306, n1315, n1316, n1318, | Lethal (Tax etal., 1997)
n1319am, n1320
ADAM17/TACE adm-4 0k265 Wild type; functional (Jarriault and Greenwald,
redundancy between SUP-17 | 2005)
and ADM-4
[ — secretase BACE No endogenous 3 — secretase | (Link, 2006)
activity that cleaves human
APP found in transgenic
C. elegans
y — secretase complex
Presenilins PSENL1 or 2 sel-12 arl7i, tyll Disrupted vulva (Cinar et al., 2001;
morphogenesis; egg-laying Levitan and Greenwald,
defective 1995)
PSENL1 or 2 hop-1 ar-179 Functionally redundant with | (Li and Greenwald,
sel-12 1997)
APH-1 APH-1 aph-1 ep140, ep169, ep170, ep216, No anterior pharynx; (Francis et al., 2002),
ep4ll, ep413, zul23, or28 maternal effect embryonic (Goutte et al., 2002)
lethal; egg-laying defective;
APH-2 localized to
cytoplasm rather than cell
surface
Nicastrin APH-2 aph-2 zul81 No anterior pharynx; (Goutte et al., 2000)

maternal effect embryonic
lethal
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PEN-2 PEN-2 pen-2 ep219, ep220, ep221, ep336, No anterior pharynx; (Francis et al., 2002)
ep412, epd23 maternal effect embryonic
lethal; hypodermis fails to
enclose body; egg-laying
defective
Physical interactors with APP
Fe65 FE6G5 feh-1 gh561 Embryonic/larval lethal and | (Napolitano et al., 2008),
larval arrest (Zambrano et al., 2002)
Mena MENA unc-34 €951, gm104, gm114 Uncoordinated, axon (Kraemer and
guidance; reduced brood size | Schellenberg, 2007),
(Withee et al., 2004)
Tau and suppressors of tau pathogenesis
Tau TAU ptl-1 ok621 Incompletely penetrant (Gordon et al., 2008)
embryonic lethal, escapers
have mechanosensory defect
sut-1 bk79 Suppresses tau pathogenesis | (Kraemer and
Schellenberg, 2007)
MSUT-2 MSUT-2 sut-2 bk741 Suppresses tau pathogenesis | (Guthrie et al., 2009)

ADAM9 and APOEA4, since no orthologues have been identified in C. elegans
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(Bao et al., 2005; Dickman et al., 2006; Mathew et al., 2003; Nonet et al., 1999). Although C.
elegans has orthologs of genes involved in APP processing, it is missing the key element: the
aberrantly processed Ap peptides. Hence, worm models may be useful to study the
downstream events leading to the disease pathogenesis because it is possible to express the
AP peptide in this already existing cascade, thereby allowing the study of the downstream

effects of aberrantly processed APP products.

1.5.2 Transgenic C. elegans models of A and tau toxicity

Transgenic C. elegans strains are constructed by expressing the human disease-associated
genes in specific tissues using cell type-specific promoters (Gama Sosa et al., 2012).
Numerous transgenic C. elegans strains have been constructed based on the amyloid cascade
hypothesis by expressing the AB peptide in the body wall muscle, or the neurons (Table 1.3).
One important consideration is that AP expression should result in an interpretable phenotype
without affecting worm viability (Link, 2006). The first transgenic worm strains expressing
AP (CL2006 and descendants CL2010, CL2109, & CL3115) used the unc-54 promoter, a
constitutive body wall muscles promoter, largely because its activity has been well
characterized. The AP transgene in these strains had a signal peptide upstream of the A}
coding region for efficient cleavage and secretion of Ap peptide. The CL2006 and CL2120
transgenic worms showed a progressive paralysis phenotype and intracellular cytoplasmic A
deposits that co-localized with amyloidogenic dyes (Link, 1995). These worm models that
constitutively express AP have been utilised to study A structure/function and protein
interactions; however, their utility has been limited for forward and reverse genetic screens
due to the incomplete penetrance of the paralysis phenotype and variation in the age of onset
of paralysis (Link, 2006). Subsequently, another muscle-specific promoter, myo-3, was used
for temperature-inducible expression of the transgenic strain (CL4176) that displays a
completely penetrant paralysis phenotype (Wu et al., 2006). The model was constructed by re-
engineering the construct containing Af1-42 gene by adding an abnormally long 3’
untranslated region and then introducing the modified transgene into a C. elegans strain that
has a temperature-sensitive mutation in smg-1, an essential component of the mMRNA

surveillance system. In a smg-1 genetic background, the mRNA surveillance system is
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Table 1.3: C. elegans toxicity models of human proteins implicated in AD (adapted and modified from (Ewald and Li, 2010))

Human protein/peptide

C. elegans
promoter

Expression in C. elegans

Phenotypes

Strain/transgene
name/(plasmid)

References

Expression of the human f-amyloid peptide

in all glutamatergic
neurons

neurons in an age-related manner.
No gross visible phenotype

AP3-42 unc-54 Constitutively in muscles | Age-dependent progressive CL2005, CL2006, | (Fay etal., 1998),
paralysis; forms amyloid deposits; | CL1019, CL1118, | (Link, 1995, 2001),
increased oxidative stress CL1119, CL1120, | (Yatinetal., 1999)
CL1121, CL2120
AP1-40 unc-54 Constitutively in muscles | No SP cleavage CL2010 (Fay et al., 1998)
Dimer AB3-42 unc-54 Constitutively in muscles | No formation of amyloid deposits CL2109, CL3109 (Fay et al., 1998),
(Link, 2001),
Met**Cys AB3-42 unc-54 Constitutively in muscles | No formation of amyloid deposits; | CL3115 (Fay et al., 1998),
no increase in oxidative stress (Yatin et al., 1999)
APB3-42 myo-3 Inducible AB3-42 in body | Rapid paralysis, oxidative stress CL4176 (Drake et al., 2003),
wall muscles precedes amyloid deposition; (Link et al., 2003),
autophagosome accumulation (Florez-McClure et
al., 2007)
AP3-42 snb-1 Inducible AB3-42 in all Normal movement, forms amyloid | CL2241, CL2355 (Link, 2006), (Wu et
neurons deposits, reduced chemotaxis al., 2006), (Dosanjh
toward benzaldehyde, et al., 2010)
hypersensitive to serotonin
AP3-42 eat-4 Constitutively expressed | Loss of GFP-marked glutamatergic | UA166 (Chen et al., 2015;

Treusch et al., 2011)
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AP3-42 unc-54 Constitutively in muscles | Expresses human AP peptide and PE873 (Lagido et al., 2009;
accumulates AP fibrils. Toxicity of Lagido et al., 2008;
AP is enhanced at higher McLaggan et al.,
temperatures. 2012)

APB1-42 unc-54 Constitutively in muscles | Shifting L4 larvae or young adult GMC101 (MccColl et al., 2012)
from 20 °C to 25 °C causes severe
and fully penetrant paralysis

APB1-42 unc-119 Constitutively expressed Impaired neuromuscular and GRU102 (Fong et al., 2016)

in all neurons sensorimotor behaviour
AP1-42 flp-17 Constitutively expresses | Subtle modulation of the response | CMDO01 (Sinnige et al., 2019)

AB1-42 in the two BAG
neurons

to CO»

Expression of components of the y-secretase complex

PSEN1 sel-12 Constitutively in most cell | Rescues sel-12 null phenotypes PS1 (pBY146) (Levitan et al.,
types, except intestine 1996), (Wittenburg
et al., 2000)
Mutant PSEN1 variants Fails to rescue sel-12 null PS1AE9, (Levitan et al.,
phenotypes PS1IM146L, 1996), (Wittenburg
PS1H163R, et al., 2000)
PS1L266V,
PS1A286E,
PS1C410Y, A246
(pBY147)
PSEN2 Rescues sel-12 null phenotypes PS2 (Levitan et al., 1996)
Nicastrin Rescues egg-laying defect of aph-2 | hNCT FL (Levitan et al., 2001)

null
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Mutant Nicastrin variants

Partially rescues egg-laying defect
of aph-2 null

DYIGS, AAIGS,
A340, A369, EC

(Levitan et al., 2001)

APH-1

Human APH-1 is unable to rescue
egg-laying defect of aph-1 null
worms ; can partially rescue egg-
laying defect of aph-1 null only in
mixture with Hpen-2, Haph-1a,
Haphlb and HPSEN1

Haph-1a, Haphlb

(Francis et al., 2002)

PEN-2

Partially rescues egg-laying defect
of pen-2 null (with long 3’ UTR)
only in mixture with Hpen-2,
Haph-1a, Haphlb and HPSEN1

Hpen-2

(Francis et al., 2002)

Expression of human tau and variants

Tau (4R1N isoform, most
abundant form in human
brain)

aex-3

Constitutively in all
neurons

Age-dependent progressive unco-
ordination and accumulation of tau;
neurodegeneration; reduced
lifespan compared to non-
transgenic worms

N-1, N-2

(Kraemer et al.,
2003)

V337M tau (4R1N)
(FTDP-17 mutation

aex-3

Constitutively in all
neurons

Stronger age-dependent progressive
unco-ordination and accumulation
of insoluble tau; neurodegeneration;
reduced lifespan compared to non-
transgenic worms

337M-1, 337M-2

(Kraemer et al.,
2003)

P301L tau (4R1N)
(FTDP-17 mutation)

aex-3

Constitutively in all
neurons

Strong age-dependent progressive
uncoordination and accumulation of
insoluble tau; neurodegeneration;
reduced lifespan compared to non-
transgenic worms

301L-1, 301L-2

(Kraemer et al.,
2003)

Tau WT4R (wild type)

mec-7

Touch neurons (ALML/R,
AVM, PLML/R, PVM);
weak in FLP, PVD,BDU

Age-dependent progressive
impairment in touch response;

tmls82, tmis83,
tmis84, tmis85,
tmisl71

(Miyasaka et al.,
2005)
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neurodegeneration; little tau
accumulation in PLM neuron

Tau WT3R (wild type) mec-7 Touch neurons (ALML/R, | Age-dependent progressive tmls110, tmls173 (Miyasaka et al.,
AVM, PLML/R, PVM); impairment in touch response, 2005)
weak in FLP, PVD,BDU | neurodegeneration
P301L tau (FTDP-17 mec-7 Touch neurons (ALML/R, | Strong age-dependent progressive Tmls81, tmls178, (Miyasaka et al.,
mutation) AVM, PLML/R, PVM); impairment in touch response; tmls179 2005)
weak in FLP, PVD,BDU | neurodegeneration; strong tau
accumulation in PLM neuron (as
wild-type tau WT4R)
R406W tau (FTDP-17 mec-7 Touch neurons (ALML/R, | Strong age-dependent progressive Tmlsl146, tmls147, | (Miyasaka et al.,
mutation) AVM, PLML/R, PVM); impairment in touch response; tmls148, tmis149, | 2005)
weak in FLP, PVD,BDU | neurodegeneration; strong tau
accumulation in PLM neuron (as
wild-type tau WT4R)
Tauss; (=fetal, 352aa rgef-1 Constitutively in all Age-dependent progressive unco- VH255, VH1016, (Brandt et al., 2009)
isoform) wild type neurons ordination ; neurodegeneration VH1018
Taussz PHP (pseudo- rgef-1 Constitutively in all Strong age-dependent progressive VH254, VH1014, (Brandt et al., 2009)
hyperphosphorylated) neurons unco-ordination; neurodegeneration | VH1015
Taussp Ala (10 Ser/ Thr rgef-1 Constitutively in all Early onset of age-dependent VH418, VH421 (Brandt et al., 2009)
phosphorylation sites neurons progressive unco-ordination and
substituted with Ala) reduced lifespan compared to wild-
type taussy
Pro-aggregating human rab-3 Constitutively in all Severe locomotion defect and slow | BR5270 (Fatouros et al.,

tau F3(delta)K280

neurons

growth

2012)
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Chapter One

Anti-aggregating tau rab-3 Constitutively in all Strain has a mild phenotype serving | BR5271, BR6516 | (Fatouros et al.,
F3(delta)K280 1277P neurons as a control for BR5270 2012)
1380P
Anti-aggregating tau + rab-3 + Constitutively in all Pronounced uncoordinated BR5486, (Fatouros et al.,
full length tau aex-3 neurons phenotype 2012)
(h4R1NtauV337M)
Pro-aggregating human rab-3 + Constitutively in all Worms grow slowly and have a BR5706 (Fatouros et al.,
tau F3(delta)K280 + full | aex-3 neurons severe locomotion defect 2012)
length human tau (hTau
V337M)
Tau anti-aggregation rab-3 Constitutively in all Normal locomotion BR6427 (Fatouros et al.,
double transgenic line neurons 2012)
(hTau V337M)
Full length human tau aex-3 Constitutively in all Severe locomotory defect, slow CK10 (Brandt et al., 2009)
neurons growth and neurodegeneration

Expression of tau variants and Ap
F3 pro-aggregating tau + | rab-3 + Constitutively in all Shorter lifespan, reduced progeny UMO0001 (Wang et al., 2018)
AP3-42 snb-1 neurons viability, learning deficits, impaired

cholinergic, serotoninergic and

dopaminergic signalling.
F3 anti-aggregating tau + | rab-3 + Constitutively in all Shorter lifespan and learning UMO0002 (Wang et al., 2018)
AP3-42 snb-1 neurons deficits
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functional at low temperatures and expression of A is poor because the Smg pathway
targets the “abnormal” 3’ UTR for degradation. When shifted to the restrictive
temperature, mRNA surveillance is inactive and there is a significant increase in
transgene mMRNA stability. The subsequent translation of AP results in a completely
penetrant phenotype causing rapid paralysis. The strains described above express A in
muscle and provide insight into the biochemical and some cell biological features of Ap-
mediated defects. However, since AD is a neurodegenerative disorder, it is important to
express AP in the neurons in order to understand how the biochemistry and cell biology of
AP are translated into specific neuronal and behavioural deficits. The promoter of the snb-
1 gene, which encodes synaptobrevin, a synaptic vesicle protein required by all neurons,
was used for pan-neuronal expression of the transgene in CL2355. CL2355 shows
intraneuronal AP deposits along with subtle deficits in chemotaxis, associative learning,
thrashing in liquid, and hypersensitivity to serotonin (Dosanjh et al., 2010; Hart and Chao,
2010; Wu et al., 2006). Another strain was created to express AP exclusively in the
glutamatergic neurons using the promoter of the eat-4 gene. The eat-4 gene has L-
glutamate transmembrane transporter activity and glutamate: sodium symporter activity.
Although the strain did not show any gross visible phenotype, there was an age-related
loss of GFP expression in the glutamatergic neurons. At day 3, only 48% of the worms
had intact glutamatergic neurons and on day 7 it was reduced to 25% (Treusch et al.,
2011). In 2009, McColl and colleagues reported that all C. elegans strains constructed
using the original AP transgene express a truncated version of f-amyloid: a Ap3-42
peptide instead of an AB1-42 peptide. This was because the AB1-42 translation product
was processed aberrantly due to the presence of a cryptic signal peptide cleavage site at
+3 of the AB1-42 (McColl et al., 2009). A mass spectrometry analysis carried out to find
the nature and abundance of AP peptides in the human AD brain showed that the two
equally abundant major are AB1-42 and AP4-42, with AB3-42 peptide species being
completely absent (Roberts et al., 2017). Consequently, the worm strains made prior to
2009 actually expressed AB3-42 which has different physicochemical properties to Ap1-
42 and may not recapitulate the in vivo characteristics of the AB peptides present in the

human AD brain. A new C. elegans transgenic strain (GMC101) was constructed that
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expressed AB1-42 correctly in the body wall muscles using the promoter of unc-54
(McColl et al., 2012).

The new AB1-42 expression plasmid was designed by inserting two amino acids Asp-Ala
(DA) at the N-terminal end of the AP sequence of the previous AB3-42 construct. This re-
engineered plasmid was then used to create the new transgenic C. elegans strain
(GMC101). The identity of the expressed peptide was confirmed by immunoprecipitation,
MS, and immunoblotting. The targeting of the AP to the body wall muscle was confirmed
by amyloid dyes and immunohistochemistry. It was possible to compare GMC101 with a
previous AB3-42 expressing transgenic strain (CL2120) since both make use of the same
promoter (unc-54) for AB expression. When compared to older strain, GMC101 showed a
more severe and fully penetrant paralysis phenotype (McColl et al., 2012). Consequently,
a neuronal strain expressing the rectified Ap1-42 peptide using the pan-neuronal unc-119
promoter was developed (Fong et al., 2016). The transgene is mainly expressed in the
body wall muscles, ganglia, neurons, somatic nervous system. The new strain GRU102
showed reduced lifespan in addition to several behavioural deficits such as abnormal head
oscillatory movements, middle-age sensorimotor deficits, constipation, internal hatching
and defects in pharyngeal pumping (Fong et al., 2016). In addition, a strain containing a
single copy of the AB1-42 transgene was prepared, expressing the Ap1-42 peptide in a
single pair of glutamatergic sensory neurons, the BAG neurons. This strain (CMDO1)

showed subtle modulation in its response to CO; (Sinnige et al., 2019).

Transgenic C. elegans strains have also been developed that overexpress human tau, its
variants, and components of the y-secretase complex in the C. elegans nervous system.
All of these strains have been described in Table 1.3. The transgenic strains expressing
the human presenilin genes in mutant presenilin background show rescue specifically of
egg-laying. On the other hand, transgenic strains expressing tau and its variants show
neurodegeneration and strong age-dependent unco-ordinated locomotory phenotype, with
the severity of the phenotype dependent on the tau form being expressed. Most of these
strains were engineered to express the tau transgenes in the C. elegans nervous system.
Additionally, transgenic C. elegans strains generated by crossing the temperature
sensitive AP3-42 expressing strain (CL2355) with either the anti-aggregating tau strain

(BR5271) or the pro-aggregating tau strain have been developed and characterized in
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detail. The new strain that expresses AB3-42 in combination with the pro-aggregating tau
fragment (UMO0001) displays shorter lifespan, egg-laying defect along with reduced
progeny viability, and impaired cholinergic, serotonergic, and dopaminergic signalling.
On the other hand, the strain that expresses Ap3-42 and the anti-aggregating tau fragment
(UMO0002) displays shorter lifespan and less severe learning deficits than the strain
UMO0001 (Wang et al., 2018).
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1.6 Aims and scope of the thesis

Despite significant advances made in the field of AD research, the amyloid cascade
hypothesis remains controversial and a number of questions remain unanswered. Firstly,
the molecular and cellular mechanisms underlying AP toxicity remain unclear: neuronal
toxicity could either be due to the aggregated AP deposits or to soluble oligomers or a
combination of both. Secondly, the roles of the different N- and C- terminal truncated A
peptides that have been recorded as present in the human AD brain are relatively
unexplored. To answer these questions (or propose a path towards answers), this study
proposes to develop new C. elegans models of AP toxicity. Although C. elegans may not
recapitulate all aspects of AD, it is an excellent system in which to study the pathogenesis
of AD, because the fundamental cellular pathways required for neuronal development,
function and survival are highly conserved between humans and worms. Moreover, there
is no APP processing, cleavage, and breakdown in C. elegans, so the only AB peptide
present is AB1-42 (McColl et al., 2012): the analysis of AP peptides in transgenic

C. elegans. is not confounded by endogenous AP nor by processing variants derived from
AP1-42. This offers a huge advantage for in vivo study of a single AP species in isolation.
In addition, the majority of the literature has focussed on Ap expression in the C. elegans
body wall muscle and thus does not address directly the connection between AB1-42 and
neuronal deficits. Furthermore, all the transgenic C. elegans AD strains generated until
2012 were expressing an aberrant AB3-42 peptide which does not significantly contribute
to the AP distribution found in human AD brain. It is only relatively recently that
neuronal AP expression of the full length AB 1-42 is beginning to be investigated.

The hypothesis tested in this thesis is that the expression of the AB1-42 transgene in the
C. elegans neurons will result in disease relevant age-related behavioural deficits, and that
these behavioural deficits will serve as a direct readout of the AB-induced neuronal
toxicity. Additionally, the generation of new strains will be beneficial in understanding
the molecular mechanisms of A toxicity and will aid in the development of large drug
screening platforms to test potential therapeutic strategies against AD. Therefore, the aims

of this thesis are:
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1. Generate a transgenic C. elegans strain expressing the Ap1-42 transgene in the
neurons;

2. Generate transgenic C. elegans strains expressing different levels of Ap1-42
transgene (via transgene copy number and varying the strength of promoter, but
with same pan-neuronal spatial pattern) and compare behavioural phenotypes
between strains that differ in AP expression level,

3. Investigate the in vivo effect of varying AP peptide identity; and

4. Manipulate the genetic background of AP transgene expression.

The first experimental chapter introduces a new transgenic C. elegans strain expressing
the full length AB1-42 transgene in the nervous system using the pan-neuronal snb-1
promoter and describes the behavioural deficits that are the result of this neuronal Ap
expression (Aim 1). According to the amyloid cascade hypothesis, the level of A
expression is an important factor contributing to the severity of the behavioural deficit
and so far, there are few studies expressing the A peptide in the C. elegans neurons.
Therefore, the second experimental chapter compares the severity of the behavioural
deficits in transgenic Ap1-42 expressing C. elegans strains generated using pan-neuronal
promoters that differ in activity, so that these strains show quantitative differences in the
level of AP expression (Aim 2). The third experimental chapter discusses the generation
and behavioural analysis of transgenic C. elegans strains expressing different versions of
the AP peptide in neurons to compare the in vivo toxicity associated with these peptides
with the full length AB1-42 (Aim 3). The fourth experimental chapter explores a link
between the expression of the AP peptide and the pathogenesis of AD in a ptl-1 null
genetic background (Aim 4). To conclude, the final chapter summarizes the key findings
of all the chapters and describes future directions utilizing these transgenic strains to
understand the underlying mechanisms of AD pathogenesis, and evaluate therapeutic

strategies targeting the A peptides.
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Chapter Two

Molecular and behavioural characterisation of a transgenic
C. elegans strain expressing the human amyloid-beta protein in
neurons

2.1 Introduction

The primary pathological hallmark of Alzheimer’s disease (AD) is the presence of
extracellular senile plaques composed of aggregates of fibrillar AP peptides, derived from
the proteolytic processing of Amyloid Precursor Protein (APP) (Glenner and Wong,
1984; Masters et al., 1985). The transmembrane protein APP is cleaved sequentially by -
secretase at the N-terminal amino acids 1 and 11 followed by imprecise cleavage by -
secretase to give rise to a family of AP peptides varying between 39-43 amino acids in
length (Takahashi et al., 2002b). One of the most abundant AP peptides in the human AD
brain is the hydrophobic AB1-42 peptide (Haass and Selkoe, 1993; Selkoe, 2013). The
amyloid cascade hypothesis suggests that the progressive and abnormal accumulation and
aggregation of the AP peptides in the human AD brain is the primary cause of the disease,
and this precedes the other disease symptoms such as formation of intracellular
neurofibrillary tangles, cognitive decline and dementia (Barage and Sonawane, 2015;
Hardy and Higgins, 1992; Reitz, 2012). However, the molecular and cellular mechanisms
underlying AD pathology remain contentious and unclear (Alexander et al., 2014; Di
Carlo, 2012; Schon and Area-Gomez, 2010).

The nematode Caenorhabditis elegans is an excellent in vivo model system to study the
toxicity associated with these AP peptides. The simple and compact nervous system of
C. elegans consists of 302 neurons. It has well-mapped synaptic connections determined
by serial electron micrographs (Chalfie et al., 1985; de Bono and Maricg, 2005; White et
al., 1986), and a number of robust behavioural phenotypes that have been used to study
neuronal function such as chemotaxis, locomotion, egg-laying, pharyngeal pumping and
defecation (Bargmann and Horvitz, 1991; Croll, 1975; Hobert, 2003; Schafer, 2006). The
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worm is not only capable of displaying a wide range of behavioural phenotypes but also

shows behavioural plasticity, including learning behaviours (Byrne et al., 2017).

Several C. elegans strains have previously been generated by expressing the AB1-42 in
different cell types and a number of behavioural phenotypes have been correlated with
APB1-42 expression. For instance, the C. elegans strain expressing AB1-42 peptide in the
body wall muscle cells shows a severe, fully penetrant and age-dependent progressive
paralysis phenotype (McColl et al., 2012). Since AD is a neurodegenerative disorder, a
more disease-relevant strain expressing AB1-42 in the nervous system using the pan-
neuronal promoter unc-119 was reported and showed reduced lifespan and subtle age-
associated decline in behavioural functions such as internal hatching, pharyngeal pumping
and abnormal head movements (Fong et al., 2016). Another study attempted to show the
phenotype associated with AB1-42 expression from a single inserted copy of the
transgene, in a single pair of glutamatergic sensory neurons, the BAG neurons. However,
there was no significant behavioural phenotype reported in this strain (Sinnige et al.,
2019). Although there is a limited number of C. elegans strains expressing the relevant
full length AB1-42 peptide in the neurons, expression of AP is associated with subtle
behavioural deficits in these strains.

| sought to evaluate the effects of pan-neuronal AB1-42 expression on several different
behavioural phenotypes in worms by developing a new C. elegans model of A toxicity.
This new C. elegans AD model expressing high levels of AB1-42 transgene driven by the
promoter of the pan-neuronal SyNaptoBrevin-1 related gene, snb-1 was developed and
extensive behavioural analysis was performed to see if Ap transgene expression
correlated with any robust progressive age-associated disease-relevant phenotypes. This
would allow testing of neuronal effects of human A expression in C. elegans neurons
that otherwise express no AP, thereby exploring the inherent toxicity of AP, its in vivo
propensity to form amyloid, and the underlying amyloid cascade hypothesis. Thus, the
aims of this chapter are as follows: (i) describe the construction of a pan-neuronal Ap1-42
expressing C. elegans strain, confirm the presence of the AB1-42 transgene using a
quantitative copy number PCR assay, and quantify the expression using RT-qPCR, (ii)
characterize the age-associated effects of AP1-42 expression in C. elegans and (iii)

explore the severity of any behavioural defects as a result of neuronal AB1-42 expression.
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2.2 Materials and Methods

2.2.1 Materials

The composition of all reagents used in this study is listed in Supplementary Table 1. The
HPLC grade water used for all the reactions was obtained from Sigma-Aldrich. Genomic
DNA from C. elegans strains was extracted using ISOLATE Il Genomic DNA kit
(Bioline, Inc.). The Petri plates used were from Thermo Fisher Scientific, Australia. All
primers used in the study were ordered from Integrated DNA Technology (IDT)
(Supplementary Table 2). The Wizard® SV Gel and PCR Clean-Up kit from Promega
was used to extract DNA fragments from agarose gels and purify PCR products. All
transgenic C. elegans strains developed in this study were viewed and analysed under an

epifluorescence microscope Olympus SZX16 containing standard GFP and RFP filters.

2.2.2 Maintenance of C. elegans strains

Standard protocols were employed for the maintenance of C. elegans strains (Stiernagle,
2006). All worm strains were cultured on standard nematode growth media (NGM) plates
(Refer to Supplementary Table 1) seeded with E. coli OP50 culture at 20 °C, unless
otherwise stated (Brenner, 1974).

2.2.2.1 Obtaining age synchronous worm populations

Age-synchronous nematodes were obtained by treating gravid adult hermaphrodites with
alkaline hypochlorite (2:5 v/v 4.2% NaClO:1N NaOH) for 3 min. Adult worms dissolve
in the alkaline hypochlorite solution, leaving behind eggs that are resistant to the
treatment. The reaction was stopped by adding 10 ml M9 buffer (Refer to Supplementary
Table 1) to the sample, mixing and centrifuging at 500 g for 5 min at room temperature.
The supernatant was discarded, and the previous step was repeated twice to remove all the
residual bleach from the sample. The sample was then resuspended in 3 ml M9 buffer and
placed on a shaker at room temperature for 20 h. Newly hatched L1 larvae in the sample
were passed through a 40-um filter to remove debris, counted, and then transferred to a
clean NGM plate seeded with E. coli OP50. Alternatively, 10-15 gravid adults were
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picked onto a few freshly seeded plates and allowed to lay eggs for about 4-6 h at 20 °C.
At the end of 4-6 h, the adults were removed, and the eggs were allowed to develop into
an age-synchronous population at 20 °C. Day of the egg-lay was considered to be day 0.
In order to obtain worms for day 4 (young adults), day 8 (middle-aged) and day 12 (old
adults) time points, the age synchronous L4 staged worms (48-50 h post-hatch) were
transferred to FUdR (Fluorodeoxyuridine; 25 uM) containing NGM plates. The FUdR
plates were seeded with 10% E. coli OP50 (w/v).

2.2.3 Preparation of C. elegans transgenic strains

Transgenic C. elegans strains were generated by microinjecting varying concentrations of
the expression plasmids pSNB1AB42 and pSNB1GFP into the gonad of young adult
wild-type worms. Plasmid pAV1944 (myo-2::mCherry::unc-54 3°UTR) was used as co-
injection marker. pAV1944 expresses mCherry specifically in the pharyngeal muscles
(Miedel et al., 2012). This plasmid was a gift from Gary Silverman at the Washington
University School of Medicine in St. Louis (Addgene plasmid #37830;
http://n2t.net/addgene:37830; RRID: Addgene_37830). The injection mix also contained
fragmented C. elegans wild type genomic DNA in varying concentrations such that the
total concentration of DNA microinjected was maintained as 100 ng/ul regardless of
plasmid concentration. The genomic DNA was digested with the 4-base cutting restriction
enzyme, Sau3A (New England Biolabs, Inc.). The progeny obtained from worms
microinjected with pPSNB1AB2 and pAV1944 were selected on the basis of pharyngeal
mCherry expression, whereas the progeny of worms obtained from pSNB1GFP
microinjection were selected on the basis of pan-neuronal GFP expression. No marker
plasmid was co-injected with pSNB1GFP as the transgene itself expresses GFP which can
be easily viewed via epifluorescence microscopy. Refer to Supplementary Table 3 and
Supplementary Table 4 for details on the concentrations of the plasmids used for

microinjections for all the strains generated in this study.
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2.2.3.1 Stable integration of extrachromosomal arrays in C. elegans genome using X-

ray irradiation

One hundred age synchronous L4 stage hermaphrodites were placed on an unseeded 6 cm
NGM agar plate and were irradiated with X-rays (3000-4000 rad) for 4 min using the RS
2000 Biological Research Irradiator (Rad Source Technologies, Inc.). The worms were
then transferred to seeded plates and allowed to recover overnight in an incubator set at
15 °C. These X-ray irradiated adults, also known as POs, were then allowed to lay eggs.
About 400 F1 progeny were picked individually on 6 cm seeded NGM agar plates and
analysed for increased transgene transmission in the F2s. For an F1 that is heterozygous
for an integrated array, the percentage of F2s showing the presence of an integrated array
upon self-fertilization is approximately 75% and only one third of the 75% will be
homozygous. About eight F2 progeny from each F1 parent showing >75% fluorescent
progeny were picked individually to 6 cm NGM plates and were analysed for 100%
transmission of the transgene (Mariol et al., 2013). Approximately four F3 progeny from
candidate F2 homozygotes were individually picked to confirm genomic integration of
transgene and to avoid selecting sterile worms. The integrated strain was then outcrossed
at least three times to the wild type strain to remove any background mutations introduced

during the irradiation procedure.

2.2.3.2 Freezing worm strains

A subset of worms from each transgenic C. elegans strain were frozen after they were
generated using previous described methods (Stiernagle, 2006). About 2-3 large NGM
plates (9 cm) containing a high number of starved L1-L2 worms were washed with S
buffer (Refer to Supplementary Table 1), after which the worms in solution were
collected in a sterile tube. An equal volume of Freezing buffer (S buffer + 30% glycerol)
(Refer to Supplementary Table 1) was added to the worm sample, mixed and transferred
to four 1.8 ml cryovials labelled with the strain name and date. The cryovials were then
packed in an isopropanol freezing container Mr Frosty ™ at room temperature and placed
in -80 °C freezer overnight. The cryovials were transferred to their designated boxes at -

80 °C the following day. One of the four cryovials was tested to check for the recovery of
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the worm strains after freezing. The remaining vials were either stored in -80°C or in

liquid nitrogen.

2.2.3.3 Microscope details for imaging the pan-neuronal GFP expressing strain.

Glass microscope slides were prepared with agarose pads by pipetting 300 ul of 2%
agarose in M9 buffer (Supplementary Table 1) onto the slide and flattening slightly using
a coverslip, before allowing the agarose to cool and gel. Once the agarose pad was
formed, the coverslip was removed. Several worms were picked on each agarose pad and
immobilised by heating the slide on a block at 55 °C for 10 s. The agarose pad was then
covered with a coverslip. For imaging WG625 (Prgef-1:GFP) worms, images were
acquired using either an Upright microscope Nikon Eclipse Ci equipped with Nikon DS-
U3 Digital Camera or Zeiss LSM 510 laser scanning confocal microscope with a Plan
Apochromatic 20X/0.8 NA objective. Excitation was achieved with an argon multiline
laser at 488 nm (eGFP) and DPSS laser of 561 nm (mCherry). A long pass LP575 filter
was used for detection of mCherry. Z stacks were obtained using Zen software. For
imaging the WG700 (Psnb-1:GFP) strain, an inverted microscope Nikon Ti Eclipse
microscope was used. The FITC filter was used to visualise GFP fluorescence ( ~495 nm)

in the worms.

2.2.3.4 Strains used in this chapter

Details of all transgenic C. elegans strains used in this study have been listed in
Supplementary Table 5. The strains described in this chapter include: N2, Wild-type
Bristol strain; WG731, [Pmyo2::mCherry]; WG643, [Pmyo2::mCherry +Psnb-1::huAdp1-
42]; CB1124, che-3(e1124); CB1141, cat-4 (e1141); CB1112, cat-2 (e1112); MT8943,
[bas-1(ad446) 11; cat-4(e1141) V]; MT7988, bas-1(ad446) I11; RB888, casy-1(ok739) II;
KP4, glr-1(n2461) III.
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2.2.4 Construction of expression plasmids

The plasmid pPD49.26 was used as the backbone to construct the pan-neuronal human
DA-APB1-42 expression plasmid. As seen in Figure 2.1A, pPD49.26 contains a synthetic
intron and a 3’ UTR region from the unc-54 gene, which are essential elements required
for appropriate transgene expression in the worm, as well as three polylinker (MCS)
regions for cloning exogenous DNA (Fire et al., 1990). The expression plasmid
containing the human amyloid 3 (AB) 1-42 gene driven by the pan-neuronal promoter of
the snb-1 gene was assembled in two steps. First, the signal peptide and the DA-AB1-42
were extracted from pCL354 (McColl et al., 2012). The fragment containing the signal
peptide and hu-DA-AB1-42 was digested using Nhel and Sacl from pCL354 (McColl et
al., 2012) and cloned into the MCSII of pPD49.26 to generate the promoter-less plasmid,
pAB42 (Figure 2.1A). Briefly, pCL354 is an expression plasmid that consists of the
peptide/DA-AB1-42 driven by the muscle-specific promoter unc-54 (Supplementary
Table 3). . This generated a promoter-less DA-A4/1-42 containing vector pAB42. This
newly constructed promoter-less AB1-42 expressing plasmid could be used as a template
for future plasmid construction, to drive the expression of AB1-42 in specific subsets of
neurons using different neuronal promoters. Secondly, a 2 kb region upstream of the snb-
1 gene (thought to contain the promoter-enhancer sequence) was amplified from

C. elegans wild-type genomic DNA with snb-1 promoter-specific forward and reverse
primers that add Xbal (5”) and Xmal (3”) sites respectively (shown in Figure 2.1B)
(Nonet et al., 1998). Immolase enzyme (Bioline, Inc.) was used for amplifying the snb-1
promoter fragment in a 10 ul PCR reaction [1 ul DNA template, 0.5 pl Primer mix (10
uM), 0.4 ul dNTPs, 1 ul Buffer (10X), 0.6 ul MgCl: solution (50 mM), 0.1 pl Immolase
enzyme, 6.4 ul HPLC grade water] and using the following PCR conditions: denaturation
at 95 °C for 10 min, 35 cycles of denaturation at 95 °C for 15 s, annealing at 61.2 °C for
40 s, elongation at 72 °C for 2.5 min followed by final extension at 72 °C for 5 min. Refer

to Supplementary Table 2 for the list of primers used in the study.

The snb-1 fragment PCR product was digested with Xbal and Xmal and cloned into the
complementary Xbal (5”) and Xmal (3”) sites of MCSI of plasmid pAB42, resulting in
transgene expression plasmid pSNB1AB42 (Figure 2.1C). Additionally, the snb-1
promoter fragment was also cloned into the vector backbone pPD49.46 for future plasmid
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Figure 2.1: Cloning of snb-1 fragment.

A) Schematic representation of the expression plasmids used in this chapter. The template
plasmid was pPD49.26 from Fire vector kit 1995 (Fire, Harrison, & Dixon, 1990). Promoter-less
plasmid pAB42 was constructed by cloning hu-DA-AB1-42 gene into MCS |1 of pPD49.26. The
pan-neuronal AP expression plasmid pSNB1AB42 was prepared by cloning snb-1 promoter
enhancer fragment into MCS | of pAB42, and the pan-neuronal GFP expressing plasmid
pPSNB1GFP was constructed by inserting the snb-1 promoter fragment into MCS | of promoter-
less GFP-containing plasmid pPD95.77. B) The gradient PCR optimisation of snb-1 promoter
fragment. C) The digestion of clones to confirm the presence of snb-1 promoter fragment in the
pPD95.77 vector backbone. D) Digestion of clones to confirm the presence of snb-1 promoter
fragment in the pAB42 vector backbone. All DNA fragments were run on a 1% agarose gel. The
expected DNA fragments are indicated with a red arrow.
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constructions containing different transgenes driven by snb-1. As a control for appropriate
pan-neuronal expression, the same snb-1 promoter fragment was also inserted into the
complementary sites Xbal (5”) and Xmal (3”) of the promoter-less GFP containing
plasmid, pPD95.77 (Fire vector kit 1995) (Fire et al., 1990), resulting in pan-neuronal
GFP expression plasmid pSNB1GFP (Figure 2.1D).

The presence of the insert in the transgene expression plasmids (also listed in
Supplementary Table 3) was confirmed by restriction enzyme digestion and all clones
were finally verified by Sanger sequencing (Macrogen, Inc, Korea). For pAB42, the
presence of the AP gene was confirmed by sequencing a portion of the vector containing
AP gene using vector-specific M13 reverse primer. For pSNB1AB42 and pSNB1GFP, the
presence of snb-1 promoter was confirmed using primers specific to the snb-1 promoter

sequence (Supplementary Table 2).

2.2.5 Generating standard curves from plasmid and genomic DNA for copy number

PCR assay

Genomic DNA isolated from GMC101 (using ISOLATE Il Genomic DNA kit from
Bioline, Inc.) was used as template DNA to generate standard curves for two PCR
reactions for the target AB1-42 gene and a single-copy reference gene, Y45F10D.4, which
encodes a putative iron sulphur-containing protein (Zhang et al., 2012). Gradient PCR
was performed to optimize annealing temperature of the primers on a CFX96 Real-Time
PCR system (Bio-Rad Laboratories, Inc.). Each 10 ul PCR reaction consisted of 2 pl
DNA template (0.5 ng/ul), 1 pl Primer mix (10 puM), 2 ul HPLC grade water and 5 pl Sso
Advanced SYBR Green Super mix (Bio-Rad Laboratories, Inc.). The PCR conditions
were : initial denaturation at 98 °C for 2 min, 40 cycles of denaturation at 98 °C for 5 s,
annealing at 50-70 °C gradient for 15 s, elongation at 72 °C for 15 s followed by melt
curve analysis from 65-95 °C, 0.5 °C increment for 5 s to verify the specificity of the
amplicons. Once the PCR conditions were optimized, standard curves were obtained for
AP1-42 gene and Y45F10D.4 by generating a 10-fold dilution series (DNA concentration
range: 1 ng to 1x107-7 ng) of the template DNA. A no-template negative control (NTC)

was included in all the PCR reactions.
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2.2.6 Single worm lysis for PCR

Single worm lysis was performed by picking individual worms from each transgenic
strain into 20-pl lysis buffer (Supplementary Table 1). Samples were incubated for 16 h at
55 °C followed by 1 h at 85 °C. Worm lysates diluted 10-fold with HPLC grade water

were used as DNA template for qPCR of all test samples.

2.2.7 Copy number PCR assay

The putative AP containing transgenic strains, selected based on pharyngeal mCherry
expression, were analysed for AB1-42 transgene copy number. Average efficiencies
obtained from the standard curves were used to normalise the Cq value of the test
samples. The relative copy number of AB1-42 gene to reference gene Y45F10D.4 was
calculated using AACt method with the formula (Rao et al., 2013)

Equation 1: Relative copy number: delta delta Ct method

Relative copy number = 2(Cq(AB)+ E(A)]- [Cq(Y45F10D.4)+ E(Y45F10D.4)]

where Cq = quantitation cycle and E= reaction efficiency.

gPCR reactions for all samples were performed in duplicate. The relative copy number of
AP1-42 in each transgenic strain was calculated by averaging the copy number of A1-42

gene of the at least eight worms for that particular transgenic strain.

2.2.8 Total RNA isolation and cDNA synthesis

Total RNA was isolated from wild type and transgenic worms using Trizol (Invitrogen).
The frozen worm pellets were homogenized in 500 pl Trizol and incubated at room
temperature for 10 min, to which 0.1 volumes of 1 —bromo 3 —chloropropane (Sigma)
were added, mixed thoroughly, and incubated for another 10 min. The sample was
centrifuged at 12,000 g for 20 min at 4 °C The aqueous phase containing RNA was
transferred to a fresh tube and 0.8 volumes of isopropanol (Sigma-Aldrich, Inc.) was

added to it. The samples were incubated at room temperature for 15 min and centrifuged
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at 12000 g for 15 min at 4 °C. The pellet obtained was washed with 75% ethanol and
centrifuge for 5 min at 7500 g. The pellet was then air dried and resuspended in nuclease
free water (NFW) by heating at 60 °C for 10 min to dissolve the RNA. Following RNA
extraction, the samples were treated with DNase | and purified (New England Biolabs,
Inc.) according to the manufacturer’s instructions to remove any residual genomic DNA
contamination. cDNA was synthesised using Tetro cDNA synthesis kit (Bioline, Inc.)

according to manufacturer’s instructions.

2.2.9 RT-qPCR

Standard curves for reference genes cdc-42 and Y45F10D.4 were generated using 10-fold
serial dilutions of N2 ¢cDNA and for Ap GMC296 cDNA was used as template. RT-gPCR
was performed using the same PCR reaction and conditions for gPCR as described above.
The real time quantitative RT-PCR data was normalised by geometric averaging of
multiple internal control genes as previously described and is a modification of the Pfaffl
method (Bustin et al., 2009; Hellemans et al., 2007; Hoogewijs et al., 2008;
Vandesompele et al., 2002). The equation used for calculating the relative gene

expression using multiple reference genes is as follows:

Equation 2: Equation for calculating relative gene expression in RT-qPCR

(EGOI)ACt GOI
GeoMean|(E ggp)2Ct REF]

Relative gene expression =

2.2.10 Lifespan analysis

Age-synchronous worm populations were obtained by setting up an egg lay for 4-6 h on 6
cm NGM plates seeded with E.coli OP50. The eggs obtained were incubated at 20 °C for
three days. young worms on the first day of adulthood were used for all lifespan assays.
At day 3, about 20 worms were picked on each 6 cm seeded NGM plate, for a total of 120
worms used for each assay. The number of alive and dead worms were counted. The
worms were transferred to fresh plates every day until the end of the reproductive period
to avoid overlapping generations and to separate them from the larvae and transferred to
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new plates every second day during the post-reproductive period. A worm was scored as
dead if there was no touch provoked movement. In addition, the worms that were lost
either by crawling off the plate, resulting in drying out, or due to internal hatching
(bagging) were scored as censored and not incorporated into the analysis. The assay for
each strain was repeated at least three times. Survival curves or Kaplan Meier (KM)
curves were generated and analysed in GraphPad Prism 8 software (GraphPad Software,
Inc., La Jolla, USA). The log rank (Mantel-Cox) test was used to analyse the differences
between the survival curves and to determine the p values. Furthermore, the maximal
lifespans for all the strains were analysed by OASIS2 using the modified version of the
Mann-Whitney U Test, which determines the differences in the distribution tails of
survival data which affects the lifespan. This test also determines the differences in the
proportion of the longevity outliers (Gao et al., 2008; Han et al., 2016; Wang et al., 2004).
Mortality curves were plotted using the commonly used Gompertz equation (Yen et al.,
2008).

Equation 3: Gompertz equation
h(t) = Ae%t

The initial mortality rate is A and G is the exponential mortality rate co-efficient. The
best-fit values were determined by the performing a maximume-likelihood ratio test using
the flexsurv package in R (Bansal et al., 2015; Yen et al., 2008).

2.2.11 Brood size assay

Age-synchronous L4 staged worms (day 2 post hatch) were picked individually to seeded
NGM plates and incubated at 20 °C for 24 h. About 5-7 worms per strain were used for
each experiment and the worms were transferred to fresh plates every 24 h until the
cessation of egg-laying. Any worms that crawled off the plate or showed internal hatching
were removed from the experiment. The plates containing the eggs were incubated at
20°C for 3 days and then the progeny counted. The experiment was repeated at least twice

for each strain.
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2.2.12 Egg retention assay

The egg-in-worm assay was performed according to the protocol described in (Gardner et
al., 2013) with a few modifications. Briefly, 15-20 L4 staged worms per strain were
picked to seeded NGM plates and incubated at 20 °C for 40 h. One the day of the assay,
10 drops of bleach (2:5 v/v 4.2% NaClO:1N NaOH) were dropped on different locations
of a petri dish lid. Individual worms were transferred into each bleach drop and allowed
to disintegrate for about 10 min. This gives enough time for the worm cuticle to dissolve

and the eggs to remain. The eggs in utero were counted using a dissecting microscope.

2.2.13 Rate of egg production assay

Rate of egg production was determined for all the strains using the protocol described in
(Teshiba et al., 2016) with few modifications. Briefly, 15-20 L4 staged worms per strain
were picked on seeded NGM plates and incubated at 20 °C for 40 h. Approximately 88-
90 h post hatch, five young adult worms were transferred to a new NGM plate with a total
of six plates per strain. The adult worms were removed from the plates after 6 h and the
progeny allowed to develop for 2-3 days. The number of progeny on each plate was then
counted and the number of eggs laid/worm/h was determined. The experiment was

repeated at least three times.

2.2.14 Chemotaxis assay

Age-synchronous worm populations were obtained by bleaching gravid adults as
described above. The newly hatched L1 larvae in M9 buffer were counted and about 500
L1s were transferred to seeded 9 cm NGM plates. This time point was considered to be
day 1. Once the worms reached L4 stage, the plates were washed, and the worms were
transferred to FUdR (25 uM) containing NGM plates seeded with 10% (w/v) E.col. OP50.
Chemotaxis was performed according to a standard protocol (Bargmann et al., 1993) with
few modifications. Adult worms on day 4 and day 8 were used for chemotaxis. The
worms were washed off the plates with M9 buffer and transferred to a 15 ml tube. The

worms were then allowed to settle, and the supernatant was removed. The washing step
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was repeated for a total of three times to remove all residual bacteria. The worms were
not centrifuged as it could affect chemotaxis. The volatile odorants diacetyl and
benzaldehyde were used as test odorants for the assay. Diacetyl was diluted 1:1000 [1 ul
in 999 ul ethanol (100%)] and benzaldehyde was diluted 1:200 [1 ul in 199 ul ethanol
(100%)]. To set up a chemotaxis assay plate, the volatile odorant (1 ul) was spotted at one
end of the plate, about 3 cm from the centre of the plate. The vehicle control (1 pl) [100%
ethanol] was spotted on the opposite end of the plate, 3 cm from the centre, similar to the
odorant spot. In addition, 5% sodium azide (1 ul) was spotted at the odorant and the
control spot to immobilise the worms 15 min prior to the assay. To ensure that the worm
motility towards the odorant spot was not an artefact, two plates were set up for each
assay by spotting the odorant on the right side of one plate and on the left side of the other
plate. The worms in buffer solution were transferred to a small piece of Whatman filter
paper (grade 1), which was then inverted onto the assay plate to spot the worms at the
centre of the plate. After the worms were transferred on the agar, the Whatman paper was
removed using forceps, taking care to not damage the agar surface. The plates were
incubated at 20 °C for 1 h after which they were scored, and the chemotaxis index

calculated as follows:

Equation 4: Equation for calculating chemotaxis index (CI)

# worms (test) — # worms (control)

Chemotaxis index (CI) =
n Total # worms — # worms (origin)

The chemotaxis index (CI) was calculated using Excel 2010 (Microsoft, Inc.) and the bar
graph for chemotaxis index was plotted in GraphPad Prism 8 software (GraphPad
Software, Inc., La Jolla, USA) to allow for comparison between the different C. elegans

strains.

2.2.15 Associative learning assay

Age-synchronous worm populations were obtained by bleaching gravid adults. day 4
adult worms were washed three times with M9 buffer and transferred to an unseeded
NGM plate. The worms were conditioned for 2 h by placing 2 ul of odorant (diacetyl) on

the lid of the plates. In addition, another group of worms were simultaneously starved in
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the absence of diacetyl. Moreover, a naive group of worms was incubated on an NGM
plate in the presence of food without any odorant. At the end of the starvation period,
chemotaxis assays towards diacetyl were performed on the both the naive and the

conditioned groups as described above in section 2.2.14.

2.2.16 Memory loss assay

The butanone associative memory assay was performed according to a previously
described protocol with a few modifications (Kauffman et al., 2011). Age-synchronous
worm populations were obtained using the bleach protocol described above. On day 4, the
worms were washed off the NGM plates and transferred to a 15 ml tube. The supernatant
was removed after the worms settled by gravity. The wash procedure was repeated for a
total of three times. The chemotaxis assay was performed according to the protocol
described above. The test odorant used for the assay was butanone 10% (v/v) [100 ul
diluted in 1000 pl ethanol (100%)]. The chemotaxis assay for the naive group was carried
out immediately after the worms were washed. The remaining worms were allowed to
starve in M9 buffer for 1 h in the 15 ml tube after which they were transferred to
conditioning plates (seeded 6 cm NGM plates spotted with 2 pl 10% butanone on the lid)
for 1 h. The trained worms were washed off the conditioning plates. Some of the trained
worms were used for chemotaxis (Clonr) immediately after training to estimate the
learning index. For measurements of short-term associative memory, the remaining worm
population was transferred onto 3 seeded NGM plates and allowed to incubate for 30 min,
1 hand 2 h. The chemotaxis assay for each of the time points was performed at the end of

the incubation period. The learning index is estimated from the equation:

Equation 5: Learning index
Learning Index (LI) = Clyy, — Cl,4ive

The short-term associative memory (STAM) for the particular time point was calculated

using the equation:
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Equation 6: Short-term associative memory (STAM)

Short — term associative memory (STAM) = Clime point — Clon

2.2.17 Motility assays

Worm locomotion was measured on solid and in liquid media. To measure motility on
solid media, age-synchronous worms were washed thrice with M9 buffer and placed onto
unseeded NGM plates (6 cm). The excess buffer was wicked away using a Kimwipe. The
worms were allowed to acclimatize on the plates for 5 min after which worm motility was
recorded using an iPhone 7 Plus through Labcam from iDu Optics (New York, USA),
which is a microscope adaptor for the iPhone. The videos of worm motility on solid
media were recorded at 25 FPS and scale of 4.39 um/pixel whereas the motility in liquid
media was recorded at 25 FPS, 8.8 um/pixel. Motility in liquid media was measured
according to the protocol described in (Bansal et al., 2015) with few modifications.
Briefly, about 10-15 worms were washed at least three times with M9 buffer and
transferred to 24 well plates containing 1 ml M9 buffer in each well. The worms were
allowed to acclimatize in the liquid for 1 min after which the thrashing was recorded.
Adult worms on day 4 (young), day 8 (middle-aged) and day 12 (old worms) were used
for all the motility assays. Video recordings were of approximately 45 s-1 min duration.
All the videos were then transferred to the computer, converted to .avi format and
analysed using the Wormlab software system version 4.0 (MBF Bioscience, Williston,VT
USA). The default track settings were used to analyse the videos with a few exceptions.
The swimming or crawling option was selected depending on the type of video being

analysed and the threshold was adjusted manually for every video.

2.2.18 Basal and enhanced slowing response assays

The basal and enhanced slowing response assays were performed according to an
established protocol with few modifications (Sawin et al., 2000). Each 6 cm NGM assay
plate consisted of a ring-shaped bacterial lawn of E. coli strain HB101 with an inner

diameter of 1 cm and outer diameter of 3.5 cm. The basal slowing response (BSR) assay
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was performed on well-fed worms and enhanced slowing response (ESR) was measured
on starved worms. For BSR, well-fed worms were washed off seeded NGM plates and
half of the worms in the buffer solution were transferred to an unseeded NGM plate. The
remaining half were placed at the centre of the bacterial ring in the assay plate. All the
excess buffer was removed using a Kimwipe after which the worms were allowed to
acclimatize for 5 min. The worm movement on unseeded and seeded plates was recorded.
The videos were recorded for 45 s - 1 min. To measure the enhanced slowing response
assay, worms were washed off seeded NGM plates and transferred to an unseeded NGM
plate. The worms were then allowed to starve for 30 min to 2 h after which some of the
worms from the starved plate were picked to the centre of the bacterial ring on an assay
plate and allowed to acclimatize for 5 min. The worm movement of starved worms on
food and off food was recorded for 45 s to 1 min. All videos were analysed using the
Wormlab software. The slowing responses were measured on day 4 (young), day 8

(middle-aged) and day 12 (old) adult worms.

2.2.19 Statistical analysis

All data are reported as mean = standard error of the mean (SEM). To analyse age-
associated data, two-way ANOVA was used with post-hoc pairwise comparisons tests.
All other data were analysed using either Unpaired Student’s t-test or 1-way ANOVA
followed by post-hoc Tukey multiple comparison test. All the data were plotted and
analysed in GraphPad Prism 8 software (GraphPad Software, Inc., La Jolla, USA). A p-

value < 0.05 was considered statistically significant.
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2.3 Results

2.3.1 Construction of a pan-neuronal A containing transgenic strain

To generate transgenic C. elegans strains required for this study, the expression plasmids
were introduced into the C. elegans gonads by microinjection. The transgenic progeny
obtained contain extrachromosomal arrays of these plasmids that are meiotically and
mitotically unstable. To ensure stable integration and propagation of the transgene, the
transgenic worms were irradiated with X-rays to integrate the array into the worm
genome. All the transgenic strains generated using the microinjection marker plasmid
pAV1944 were identified by pharyngeal expression of mCherry (Supplementary Figure
2.1A). The transgenic neuronal GFP strain WG700 expressing GFP driven by the snb-1
promoter was obtained as shown in Supplementary Figure 2.1B. The GFP expression is
evident in the head and tail neurons in addition to the entire neuronal network throughout
the length of the worm which confirms pan-neuronal expression by snb-1. The GFP
signal appears diffused because this construct does not include a nuclear localization

signal.

2.3.2 Pan-neuronal strain WG643 shows multiple copies of the AP transgene

Transgenic C. elegans strains expressing pharyngeal mCherry were confirmed for the
presence of snb-1::DA-4f1-42:: unc-54 3° UTR transgene by copy number PCR. A
segment of a putative iron-sulphur cluster assembly enzyme, Y45F10D.4, was used as a
reference sequence as it has been previously shown to be a single copy gene per haploid
genome (Zhang et al., 2012). In order to obtain the range of the copy number PCR assay,
a standard curve was generated using the AP copy number derived from 10-fold serial
dilutions of known concentrations of an A plasmid. The concentration and size of the
plasmid was used to estimate the number the copies of the Ap transgene in the plasmid
DNA sample used for PCR. As can be seen in Figure 2.2A, the copy number ranges from
1-2560 copies per PCR reaction. In addition, standard curves for YA5F10D.4 and A were
generated using serial dilutions of C. elegans genomic DNA (Supplementary Figure 2.2)
and AP containing plasmid DNA (Supplementary Figure 2.3), respectively. The reaction
efficiency of A gene (E=95.8%, R?=0.996) and Y45F10D.4 (E=101.4%, R?>=0.993) was
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Figure 2.2: Transgenic stable integrated strain WG643 showing presence and
expression of Af minigene.

A) Standard curve obtained from 2-fold dilutions of A containing plasmid DNA ranging from
copy number (1-2560 copies) per reaction. Data represented as logio of the plasmid copy number
versus the cycle threshold (Cy) value. This shows the range of the PCR assay. B) Copy number
assay showing ~75 copies of the integrated Af transgene relative to the reference gene Y45F10D.4
(consists of copy number 1 per haploid genome). C) Relative AP expression at the transcript level
in the nematodes, normalized to reference genes Y45F10D.4 and cdc-42. day 4: young adults;
day8: middle-aged adults; day 12: old adults. (N=3 for all stages and N=2 for time points day 4,
day 8 and day 12 consisting of 200-300 worms per replicate). WG731, [Pmyo2:mCherry];
WG643, [Pmyo2:mCherry + Psnb-1::huAf1-42].
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obtained. As can be seen in the box and whiskers plot (Figure 2.2B), the negative
transgenic control strain WG731 does not show any evidence of the AP transgene. On the
contrary, the transgenic strain WG643 shows the presence of ~75 copies of the AP
transgene per haploid genome. The next step was to determine the relative levels of AP
transgene expression at the transcript level in the strain WG643 for which RT-gPCR was
performed. The stable reference genes Y45F10D.4 and cdc-42 were used for
normalization as internal control as the expression is shown to be relatively stable at all
stages of development (Hoogewijs et al., 2008; Zhang et al., 2012). Moreover, the data
generated using multiple reference genes for normalizing AP expression is more reliable
(Bustin et al., 2009; Hellemans et al., 2007; Hoogewijs et al., 2008; Vandesompele et al.,
2002). The standard curves for AB gene (E=99.4%, R?=0.995) (Supplementary Figure
2.4), YA5F10D.4 (E=102.9%, R?=0.993) (Supplementary Figure 2.5) and cdc-42
(E=100.2%, R?=0.898) (Supplementary Figure 2.6 ) were performed using a cDNA as
template. As can be seen in Figure 2.2C, there is AP expression in this WG643 strain.
Furthermore, three different time points were selected, which represented adult worms of
different ages, day 4 indicates ‘young’, day 8 ‘middle-aged’ and day 12 ‘old adults. The

level of AP transgene expression measured was similar at each of these time points.

2.3.3 Subtle decrease in growth rate of the Ap-expressing transgenic strain WG643

In order to assess if the expression of the A transgene in C. elegans neurons causes
changes in the growth of the worms, the amount of time the worms took to develop to L4
from an egg was initially measured. As can be seen in Figure 2.3A, there was no
difference in the time taken to develop to L4s between the wild type N2 and the
transgenic control strain WG731 (p > 0.9999). However, there was a significant increase
in the time taken by the AB-expressing worms to develop to L4 stage when compared to
transgenic control strain WG731 and the wild type (p < 0.0001). Additionally, the length
and the width of the AB-expressing strain WG643 was compared to the transgenic control
strain WG731 on day 4 (young), day 8 (middle-aged) and day 12 (old) adults in order to
assess the growth rate of the worms, using the Worm lab software. As seen in Figure 2.3,

the difference in the length and width of the AB-expressing strain WG643 in comparison

58



52+
w
50
- - -
£ 48+
(-]
= 46
@ e [
E 44
=
42
40 . .
By

w
=
=
B,
=
g
=
@
e
=]
|

ns

1300+
5 e E
12004 £ - v
B in & eV
- =
E 1100~ g 65+ o "
@ »
= 10004 50+ d" L
55 T T T
900
& é‘ﬂ;\ e&
@ &
Strain name
D 1400- E 1002 ns
[ ] ’—|
-
1300+ : 804 £ s
E —
3 1200 E
= S 604 'w
g 1100 £ ’
< - T 40-
a =
1000 204
900
0 1 1 T
& c;‘n? &
& &
Strain name
F ns ns
1500 — 100 |_|
iy
1400 : i v G g
. & _ 80+ - . v;' v
E 1300}
Sl £ wf 7
g‘uoo- : g . v
S 1100+ =
1000 204
900 T 0 T T T
A ~ ﬂ;
<k - A
© ®
Strain name

Strain name

Figure 2.3: C. elegans growth estimated by body size measurements of early (day 4),

middle-aged (day 8) and old (day 12) wormes.

A) Time taken for worms to reach L4. B) Body length of day 4 worms. C) Body width of day 4

worms. D) Body length of day 8 worms. E) Body width of day 8 worms. F) Body length of day 12
worms. G) Body width of day 12 worms. (n = 15 - 45). Each data point represents a single animal.
All data analysed using one-way ANOVA followed by post hoc Tukey multiple comparisons test.
ns not significant and ****p < 0.0001 N2, Wild type Bristol strain; WG731, [Pmyo2:mCherry];

WG643 [Pmyo2:mCherry + Psnb-1::hudf1-42].
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to transgenic control strain WG731 was not significant on day 4 , day 8, or day 12 (p >
0.05). In addition, there was no difference in the length and width of the wild type N2
strain and the transgenic control strain WG731 in all age groups. Although the Ap-
expressing worms showed a slight delay in the initial development to L4, the adult
transgenic AB-expressing strain didnot show significant change in the growth rate when

compared to the transgenic control strain WG73L1.

2.3.4 Pan-neuronal A strain shows reduction in lifespan

Since premature death is one of the symptoms of AD, the survival of the AB-expressing
strain WG643 was analysed. As can be seen in Figure 2.4A, the AB-expressing strain
WG643 shows a sharp decline in the survival in comparison to the transgenic control
strain WG731. The log-rank test showed a significant difference between the transgenic
control WG731 and AB-expressing strain WG643 (p < 0.0001). The survival curves for
the remaining biological replicates have been plotted in Supplementary Figure 2.7.
Furthermore, there is a significant decrease in the median lifespan of the worms in the
AB-expressing strain WG643 (25.8%) compared to the transgenic control strain WG731
(p < 0.0001). In addition, the median lifespan of the transgenic control strain WG731 was
lower when compared to the wild type N2 strain (p = 0.018), which may be due to the
presence of the co-injection marker transgene (Pmyo-2::mCherry) (Figure 2.4B). The
survival data was also used to evaluate the differences in the rate of aging between these
strains by calculating the initial mortality rate (A) and the Gompertz rate coefficient (G)
from the Gompertz equation using maximum likelihood estimation. The cumulative
hazard plot for three strains are shown in Supplementary Figure 2.8. A lower G value
indicates lower rate of aging. As can be seen in Table 2.1, there is a significant increase in
the Gompertz rate coefficient (G) of the AB-expressing strain WG643 as compared to the
transgenic control strain WG731. Therefore, the mortality rate doubling time (MRDT)
shows the chance of the AB-expressing worms dying after sexual maturity doubles every
2 days, which is higher than the transgenic control strain that shows a MRDT value of ~4

days.
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Figure 2.4: Pan neuronal AB-expressing strain shows reduced longevity.

A) Representative survival curves of one biological replicate (n =120 worms/replicate). B)
Median life span (n =2-4, 120 worms/replicate). ns not significant. ****p < 0.0001, N2, wild type
Bristol strain; WG731 [Pmyo-2::mCherry];WG643 [Pmyo-2::mCherry + Psnb-1::huAdf1-42]
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Table 2.1: Values for G and A obtained by using the Gompertz equation

Strain name Initial mortality | Gompertz value(G) Rate of aging
rate (A) (MRDT)

N2 3.65E-03 0.1667 4.15

WG731 6.00E-03 0.1677 4.13

WG643 3.89E-03 0.3217** 2.16

2.3.5 Pan-neuronal AB-expressing strain shows age-related deficits in locomotion

Several studies have shown that functionally distinct neuronal circuits regulate C. elegans
crawling and swimming behaviours. Movement on solid media (crawling) is
characterized by a sinusoidal posture, whereas in liquid worms show a C-shaped posture
(Mesce and Pierce-Shimomura, 2010; Pierce-Shimomura et al., 2008; Vidal-Gadea et al.,
2011). To determine if there were any age-related behavioural deficits associated with Ap
expression, motility of the worms was measured on both solid and liquid media on day 4
(young worms), day 8 (middle-aged worms), and day 12 (old worms). Movement of
worms on solid media was measured using several different motility parameters. As can
be seen in Figure 2.5A, the number of body bends was similar between the AB-expressing
worms WG643 and the transgenic control strain WG731 on day 4 (p = 0.82). However,
there was a sharp decline in the body bends of the AB-expressing worms on day 8 (p <
0.0001) and day 12 (p < 0.0001), being significantly lower than the transgenic control
strain WG731. Similarly, the mean speed showed a significant decline in comparison to
the transgenic control on day 8 (p < 0.0001) and day 12 (p < 0.0001) (Figure 2.5B).
However, there was an age-related decline in body bends and mean speed for all the
strains. Additionally, maximum speed is an important indicator of healthspan and was
also measured in the AB-expressing strain WG643 (Hahm et al., 2015). As can be seen in
Figure 2.5C, there was a significant age-related decline in the maximum speed in the Ap-
expressing worms compared to the control strain on day 12 (p =0.038, unpaired t test).
Furthermore, the amplitude of the body bend, defined as the amplitude of the sine wave
that best fits the worm posture or the depth of the body bends was measured. As can be
seen in Supplementary Figure 2.9A, there was a significant decrease in the amplitude of
the AB-expressing worms on day 8 (p < 0.0001) compared to the transgenic control strain
WG731. The wavelength that is defined as the period of the sine wave that best fits the
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Figure 2.5: Age-related changes in worm motility parameters in solid media.

A) Bodybends/30s. B) Mean speed (um/s). C) Maximum speed. (um/s) Headbends/30s. All data
analysed by two-way ANOVA followed by post hoc Tukey multiple comparisons test.
Significance values represent pairwise comparison between transgenic control WG731 and AB-
expressing strain WG643. ns not significant, **p < 0.01,***p < 0.001, ****p < 0.0001 (n=3, 5-15
worms/replicate). N2, wild type Bristol strain; WG731 [Pmyo-2::mCherry];WG643 [Pmyo-
2::mCherry + Psnb-1::huAp1-42].
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worm posture showed a significant overall increase from day 4 to day 12 in all the strains,
while the difference in wavelength between the AB-expressing strain and the transgenic
control strain was statistically insignificant on day 4 (p = 0.99), day 8 (p = 0.83), and day
12 (p = 0.96) (Supplementary Figure 2.9B). Furthermore, the number of head bends
measured in a 30s interval, an indicator of foraging behaviour, showed no difference
between strains (Supplementary Figure 2.9C). Pairwise correlations were performed using
R to evaluate which of the parameters are significantly correlated with each other and if
there were any changes in the correlation as the worms get older. As can been in seen in
Supplementary Figure 2.10A and Supplementary Figure 2.11A, several parameters are
significantly correlated in young adults on day 4 in the transgenic control strain WG731
and the Ap-expressing strain WG643. For instance, the correlation of body bends with
distance travelled diminishes in WG643 but not in WG731 on day 8. Similarly, the body
bends and mean speed correlations in the AB-expressing strain diminishes on day 12. In
summary, the correlation between the motility parameters diminishes in the transgenic

AB-expressing strain WG643 on day 8 and day 12.

Worm motility on liquid media is usually characterized by a C-shaped posture (Pierce-
Shimomura et al., 2008). As shown in Figure 2.6A, there was no difference in the body
bends/30s (thrashes/30s) between the AB-expressing strain WG643 and the transgenic
control WG731 on day 4 (p = 0.98). However, there was a significant reduction in the
body bends/30s of the AB-expressing strain WG643 on day 8 (p = 0.0068) and day 12 (p
< 0.0001) in comparison to the transgenic control WG731. Furthermore, there was a
significant reduction in the mean swimming speed of the AB-expressing strain WG643
when compared to the transgenic control strain on day 4 (p = 0.004), day 8 (p < 0001) and
day 12 (p < 0.0001 ) (Figure 2.6B). In addition, the activity index which is a measure of
how vigorously the worms bend while swimming over time was also analysed. In
comparison to the transgenic control WG731, the transgenic Ap-expressing strain WG643
showed a significant decline in activity on day 4 (p = 0.048), day 8 (p = 0.0004) and day
12 (p = 0.0003) (Figure 2.6C). The wave initiation rate which is defined as the number of
body waves initiated from the head or tail per minute was also measured (Figure 2.6D).

There was a significant decrease in the wave initiation rate of Ap-expressing strain
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Figure 2.6: Age-related changes in worm swimming parameters

A) Average number of thrashes/30s B) Mean speed (um/s) C) Activity (body area/s) D) Wave
Initiation rate (WIR)(n=2, 5-15 worms/replicate).. All data analysed by two-way ANOVA
followed by post hoc Tukey multiple comparisons test. Significance values represent pairwise
comparison between transgenic control WG731 and AB-expressing strain WG643 at each
timepoint. ns not significant, *p < 0.05 **p < 0.01,***p < 0.001, ****p < 0.0001. N2, Wild type
Bristol strain;WG731 [Pmyo-2::mCherry];WG643 [Pmyo-2::mCherry + Psnb-1::huAf1-42].
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WG643 in comparison to the transgenic control on day 8 (p < 0.0001) and day 12 (p =
0.0015), but not on Day 4 (p = 0.38). Curvature-based motility analysis using parameters
such as the brush stroke, dynamic amplitude and curling of the worms was performed.
The brush stroke gives an indication of the depth of the worm movement and extent to
which the worms has stretched in a given body bend. As shown in Supplementary Figure
2.12A, although the brush stroke of the AB-expressing strain WG643 remains similar to
the transgenic control on day 4 (p = 0.94) and day 8 (p =0.52), there is a significant
reduction in the brush stroke on day 12 (p = 0.03). Furthermore, the dynamic amplitude
gives a sense of whether the body bends are deep or flat and how much stretching effort
occurs in a single body bend. In contrast to the brush stroke, there is a significant increase
in the stretching effort by the AB-expressing strain WG643 in comparison to the
transgenic control strain WG731 on day 4 (p = 0.025) and day 12 (p = 0.024)
(Supplementary Figure 2.12B). Additionally, the curling parameter determines the
percentage of time the animal spends in the bent state and can detect changes in curl
pattern of swimming worms, and that there was no significant difference between the
transgenic AB-expressing strain WG643 and the transgenic control WG731 on day 8 (p =
0.85). and day 12 (p = 0.99) but was on Day 4 (p = 0.038) (Supplementary Figure 2.12C).

2.3.6 Pan-neuronal AB-expressing strain shows changes in chemotactic response

towards volatile odorants

Another behaviour used to assess age-associated neuronal dysfunction is olfaction. Since
olfaction in the worms is mediated by specific subsets of chemosensory neurons, two
well-characterised volatile odorants, diacetyl and benzaldehyde, were used for chemotaxis
assays (Bargmann et al., 1993). The chemotaxis index of the worms towards both the
odorants were measured in young (day 4) and middle-aged (day 8) adults. A schematic
illustration of a chemotaxis assay is shown in Figure 2.7A. Chemotaxis assays measure
the fraction of the worms that are attracted towards a particular chemical in a given time
interval. This fraction is represented as a chemotaxis index (calculated using Equation 4)
and the values obtained range from +1 to -1, wherein +1 indicates maximum attraction

and -1 indicates maximum repulsion. As can be seen in Figure 2.7B, there was a
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Figure 2.7: Ap-expressing strain WG643 shows a change in chemotactic response.
A) Schematic illustration of a chemotaxis assay. Bar graph showing the chemotaxis index of
C. elegans strains for Diacetyl (B) and Benzaldehyde (C) on Day 4 and Day 8. (h=4-6, 100-200
worms/ replicate). ns non-significant, *p<0.05, **p<0.01. N2, Wild type Bristol strain; WG731
[Pmyo-2::mCherry];WG643 [Pmyo-2::mCherry + Psnb-1::huAdf1-42].



significant decrease in the chemotaxis index of the AB-expressing strain WG643 (CI 0.57)
in comparison to the transgenic control WG731 on day 4 (p < 0.01, unpaired t test).
Although the AB-expressing strain does show a reduced chemotaxis index towards
diacetyl on day 8 (CI 0.41) compared to the control group, the difference was not
statistically significant. The che-3 mutant strain CB1124 was used as a negative control of
chemotaxis towards diacetyl and showed reduced chemotaxis on day 4 (CI 0.60) and day
8 (CI 0.65). On the other hand, the AB-expressing strain WG643 showed a significant
increase in its ability to sense benzaldehyde compared to the transgenic control strain
WG731 on day 8 (p = 0.022, unpaired t test) (Figure 2.7C). In addition, the wild type
strain N2 and the transgenic control strain WG731 showed similar chemotaxis index
towards both odorants on day 4 and day 8. These findings suggest that the expression of

AP peptide affects neuronal function in vivo.

The motility of the worms was estimated by calculating the % worms that moved from
the origin at the end of chemotaxis assay. As can be seen in Supplementary Figure 2.13,
although there was a decrease in the motility of the AB-expressing worms on chemotaxis
plates on day 8 in comparison to the transgenic control strain WG731, it was statistically

significant only for benzaldehyde (p =0.0005).

2.3.7 Pan-neuronal AB-expressing strain shows decrease in fecundity

Egg-laying in C. elegans has been used extensively to study the genetics of the nervous
system (Schafer, 2006). In order to assess if the expression of AP in the worms results in
egg-laying defects, egg-laying assays were performed. Firstly, the number of progeny laid
per day per worm was counted during the reproductive span of the worm as shown in
Figure 2.2.8A. There was a significant reduction in the progeny of the Ap-expressing
worms on Day 6 (p < 0.0001) and Day 7 (p = 0.016) of adulthood in comparison to the
transgenic control strain WG731. In addition, the fecundity or total brood size was
measured by counting the total number of progeny produced during the entire

reproductive span of the worm. The overall brood size of the Ap-expressing strain
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Figure 2.2.8: Pan-neuronal AP expression results in impaired egg-laying.

A) Average number of eggs laid per day during the reproductive span of the worm. B) Brood size
assay (n = 3, 5-7 worms/replicate). C) Egg-retention assay measuring the average number of eggs
retained in utero (n =3, 15-20 worms/replicate). D) Average number of eggs laid per worm per
hour (n=3, 15-20 worms/replicate). All data analysed using one-way ANOVA followed by post
hoc Tukey multiple comparisons test, ns not significant *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. N2, wild type Bristol strain; WG731 [Pmyo-2::mCherry];WG643 [Pmyo-
2::mCherry + Psnb-1::huAp1-42].
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WG643 was significantly lower (p < 0.0001) in comparison to the transgenic control
WG731 (Figure 2.2.8B). Moreover, the total brood size of the transgenic control WG731
was similar to the wild type N2 strain.

Secondly, an egg-retention assay was performed to measure the number of eggs retained
in the uterus of the worm. It was found that the number of eggs retained in utero of the
AB-expressing strain WG643 was significantly lower (~11 eggs/worm) than the control
transgenic strain WG731(~13 eggs/worm) (p < 0.05) (Figure 2.2.8C). Additionally, there
was no difference in the number of eggs retained in utero between the transgenic control
strain WG731 and the wild type N2 strain.

Thirdly, the progeny laid per worm per hour was calculated and there was no change in
the egg-laying rate between the transgenic AB-expressing strain WG643 (3.6
eggs/worm/h) and the transgenic control strain WG731 (3.7 eggs/worm/h) (Figure
2.2.8D) (p = 0.24). Overall, these data suggest that there may be a defect in the rate of egg
production which results in reduced number of eggs in utero and ultimately leads to a

decrease in brood size in the AB-expressing strain WG643.

2.3.8 Pan-neuronal AB-expressing strain showed deficits in dopaminergic signalling

Experience-based locomotion assays are used to study defects in neurotransmission. The
behaviour of worms has been shown previously to change in the presence of food in the
environment. For instance, well-fed worms slow down when reintroduced into a bacterial
lawn. This slowing response also known as basal slowing response (BSR), is experience-
based and shown to be dependent on the dopaminergic neuronal pathway (Ranganathan et
al., 2001; Sawin et al., 2000). The diminished slowing response of well-fed worms on
food suggest deficits in dopaminergic signalling. As shown in Figure 2.9A, the transgenic
AB-expressing strain WG643 showed a statistically significant slowing response in the
presence of food on day 4 (p < 0.0001) similar to the the control strain WG731 and the
wild type N2 strain; on the contrary, as predicted, the control strain CB1112 (cat-
2(e1112)) shows diminished slowing response even at day 4. The mutant strain CB1112

has defects in dopaminergic signalling as the mutation in the cat-2 gene, which encodes a
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Figure 2.9: Pan-neuronal AB-expressing strain shows deficits in dopaminergic
signalling.

A) Day 4. B) Day 8. C) Day 12 (n = 3, 5-15 worms/replicate). An unpaired t test was performed
to test for significance in slowing response, ns not significant, *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. N2, wild type Bristol strain; WG731 [Pmyo-2::mCherry];WG643 [Pmyo-
2::mCherry + Psnb-/::huAdp1-42], CB1112 [cat-2 (e1112) I1].
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tyrosine hydroxylase known to be in involved several processes including dopamine
biosynthesis (Sawin et al., 2000). However, the AB-expressing strain showed diminished.
slowing response on day 8 (p = 0.24) and day 12 (p = 0.72), which suggests deficits in
dopaminergic signalling as the worms grow older. On the contrary, the transgenic control
strain WG731 show statistically significant slowing responses even at later time points on
day 8 (p = 0.049) and day 12 (p = 0.038) whereas the control strain CB1112 showed
diminished slowing responses on day 8 and day 12 as expected. Although wild type N2
worms do slowdown in the presence of food on day 8 and day 12, the slowing response is
only significant on day 12 (Figure 2.9B,C). Since the AB-expressing strain WG643 show
diminished slowing responses on Day 8 and Day 12, these results indicate that these
animals may be defective in dopaminergic signalling.

Another experience-based locomotion assay is the enhanced slowing response assay
(ESR) mediated by serotonin. The ESR measures the slowing response of starved worms
when reintroduced onto a bacterial lawn. Mutant strains defective in neurotransmission
were used as positive controls for this experiment. The mutant strain CB1141(e1141) has
a mutation in the gene cat-4, which encodes an enzyme that synthesises the co-factor
required for dopamine and serotonin biosynthesis (Weinshenker et al., 1995). The mutant
strain MT7988 (bas-1(ad446)) has reduced serotonin levels due to a mutation in an
aromatic amino acid decarboxylase, an enzyme needed for the biosynthesis of serotonin
and dopamine (Loer and Kenyon, 1993.). As can be seen in Supplementary Figure 2.14A,
on day 4, the wild type N2 strain (p < 0.0001), the transgenic control strain W731(p =
0.0048) and AB-expressing strain WG643 (p = 0.0004) slow down significantly in the
presence of bacteria. However, the positive control strains MT7988 (p = 0.52) and
CB1141(p = 0.024) do not slow down in the presence of bacteria. Although the wild type
N2 strain (p = 0.29) and the transgenic control strain (p = 0.32) slowdown in the presence
of food on day 8, the slowing response is not statistically significant. However, the AB-
expressing strain WG643 showed diminished slowing response on day 8 (p = 0.54)
similar to the control strains MT7988 and CB1141 (Supplementary Figure 2.14B). On
day 12, none of the worm strains show significant slowing response in the presence of
food (Supplementary Figure 2.14C). Based on these data, no evidence was found that the
AB-expressing strain WG643 shows a defect in serotonergic signalling.
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2.3.9 Pan-neuronal AB-expressing strain showed deficits in associative learning and

short-term memory

In order to study the effects of AP expression on learning and memory of the worms,
food-odorant association-based learning assays were conducted. In the first associative
learning assay, young adult worms on day 4 were starved in the presence of the attractant
diacetyl for 2 h and standard chemotaxis assays towards diacetyl were performed after the
incubation period. The naive group consisted of well-fed worms incubated in the absence
of the odorant. The groups starved in the absence and presence of diacetyl have been
denoted as diacetyl ‘-” and diacetyl ‘+” in Figure 2.10A. The wild type N2 strain and the
transgenic control strain WG731 show an aversive response by a significant reduction of
chemotaxis towards diacety| after the starvation period. Although the transgenic Ap-
expressing strain group starved in the presence of diacetyl shows a moderate reduction in
chemotaxis towards diacetyl after the starvation, the difference between the groups that

were starved in the presence and absence of the odorant is not significant.

The second associative learning and memory assay utilised the AWC neuron-sensed
volatile chemoattractant butanone at a concentration that should result in a low
chemotactic response. On day 4, briefly starved worms were fed in the presence of
butanone and then the chemotaxis of these conditioned worms towards butanone was
tested. The AWC pair of chemosensory neurons sense butanone, and pairing butanone
with food changes the chemotactic response of C. elegans towards butanone, known as
butanone enhancement (Torayama et al., 2007). This associative learning assay was
performed to evaluate the cognitive decline associated with AP expression. In addition,
the memory of this food-butanone association was also tested. The controls used in the
experiment that showed associative learning defects were KP4 glr-1(n2461) and RB888
casy-1(ok739). The gene glr-1 belongs to the glutamate receptor family and casy-1 is a
CAISYntenin/Alcadein homolog. As can be seen in Figure 2.10B, the learning index (LI)
at time TO of the AB-expressing strain WG643 was 0.2, which is an increment in the
chemotactic response of the conditioned worms in comparison to the naive group. This
increase in chemotactic response was similar to that seen in the transgenic control strain

WG731. The memory of this learned association was measured after specific time
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Figure 2.10: Pan-neuronal Ap-expressing strain shows deficits in learning and
memory.

A) Associative learning assay using volatile odorant Diacetyl. (n=6, 100-200 worms per
biological replicate). An unpaired t test was used to test for significant difference in chemotactic
response to odorant between control and conditioned worms within strains. B) Short term memory
loss assay using butanone (n =6, 100-200 worms per replicate). An unpaired t test was used to test
for significant difference in STAM between strains at specific timepoints.

ns not significant *p < 0.05, ***p < 0. 001. N2, wild type Bristol strain; WG731 [Pmyo-
2::mCherry];WG643 [Pmyo-2::mCherry + Psnb-1::huAf1-42].
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intervals known as the short-term associative memory (STAM). STAM is measured by
the difference between the chemotaxis index towards butanone after conditioning at
specific time intervals (30 min, 1 h, and 2 h) and chemotaxis at TO. The STAM measured
after conditioning declines to -0.08 after 30 min, -0.12 after 1 h, and -0.16 after 2 h.
Moreover, the decline in short term associative memory is significantly lower than the
transgenic control strain WG731 at 30 min (p < 0.05) and 60 min (p < 0.05). This implies
that although the AB-expressing worms are able to form the association between butanone
and food, they are unable to retain the information, resulting in the decline of the learning

index after 30 min of conditioning.
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2.4 Discussion

The aim of this chapter was to develop a new in vivo model of AD by expressing the
human AB1-42 peptide in the C. elegans nervous system, using the pan-neuronal
promoter snb-1. The new transgenic C. elegans strain described here shows high levels of
expression of the Ap transgene and displays a wide range of behavioural deficits, thereby
making an important addition to the already existing strains. Behavioural phenotypes
include reduced longevity, impaired motility in solid and liquid media, defects in
chemotactic response towards diacetyl, reduced brood size and deficits in short term
associative memory. This strain can be used to test the hypothesis that expression of
human AB1-42 in the C. elegans nervous system causes a behavioural change in the

worms that may be relevant to the disease symptoms seen in human AD patients.

2.4.1 Successful integration and expression of AP in the transgenic C. elegans strain

WG643

The new strain WG643 described in this chapter was constructed using a plasmid
containing the modified version of the human AB1-42 transgene that had an extra
sequence GACGCG at its 5 end. Several of the previously reported transgenic C. elegans
AD strains were shown to express a truncated version of the human amyloid B-peptide,
AP 3-42, which is not abundantly expressed in the human AD brain. This error occurred
due to an unexpected post-translational N-terminal truncation of the synthetic signal
peptide (McColl et al., 2009). The transgene sequence was repaired by inserting the
sequence GACGCG (-DA-) to the 5’ region of the human A gene between the synthetic
signal peptide and AB minigene (Fong et al., 2016; McColl et al., 2012). The amino acid
residues (-DA-) were selected based on the empirical rules known for the substrate
specificity of the signal peptidase. The first rule predicts that the signal peptidase requires
small hydrophobic residues like alanine at positions at -1 and -3 with respect to the
cleavage site. The second rule predicts that the peptide bond located at a distance of six
residues C-terminal to the end of the hydrophobic core of the signal peptide will mainly
be cleaved (Dalbey and VVon Heijne, 1992; Lichtenthaler et al., 1999; von Heijne, 1983).

76



The pan-neuronal promoter snb-1 was used to drive the expression of the AP transgene in
the C. elegans nervous system. Synaptobrevins are proteins associated with synaptic
vesicles, have a role in synaptic transmission, and are expressed predominantly in the
neurons. Previous reports indicate that majority of SNB-1 expression was restricted to the
major process bundles such as the nerve ring, ventral cord and dorsal cords, with some
expression seen in neuronal cell bodies but no expression detected in commissural and
dendritic processes (Nonet et al., 1998). There is evidence that transgenes driven by the
snb-1 promoter may be expressed in other non-neuronal cells such as the spermatheca and
the pharynx but that the expression is predominantly neuronal (Hunt-Newbury et al.,
2007; McKay et al., 2003). The neuronal AB3-42 expressing strain also used the promoter
snb-1 to drive the expression of the AP transgene in the neurons (Dosanjh et al., 2010).

All the transgenic C. elegans strains were generated by microinjection of the expression
plasmids at different concentrations together with a visible marker plasmid and
fragmented genomic DNA into the worm gonad. Microinjected DNA is assembled into a
large, mitotically and meiotically unstable extrachromosomal, multicopy arrays by non-
homologous recombination. Genomic DNA fragments in the injection mixture allow the
genomic DNA to assemble into the array with the plasmid DNA, thereby preventing
germline silencing of the array that can occur when there are tandemly repeated plasmid
sequences without any intervening DNA (Kelly et al., 1997; Praitis and Maduro, 2011),
and the copy number of the transgene in the assembled array depends on the ratio of the
genomic “carrier’” DNA to the transgene plasmid. The arrays assemble independently in
each F1 progeny, so that the copy number of the transgene and the stability of
extrachromosomal arrays are different in each transgenic F1 individual; and each strain
derived from F1 animals that transmit the array is an independent transgenic strain
carrying a unique array. Extrachromosomal arrays are of varying lengths, and stability of
inheritance of the array is roughly proportional to its length (Mello and Fire, 1995). There
are a few copies of the arrays present in a cell and they segregate in a non-mendelian
fashion during cell division, thereby having varying degrees of meiotic and mitotic
instability (Mello et al., 1991) (Stinchcomb et al., 1985).

As a result of this instability, not all progeny of a transgenic worm inherit the array,

thereby giving rise to transgenic and non-transgenic progeny. Apart from that,
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extrachromosomal arrays that contain a high copy number of a transgene that is toxic for
the worms are silenced or selected against, resulting in few progeny inheriting the array
and a decrease in transmission frequency (Praitis and Maduro, 2011). In addition to
meiotic instability, arrays are also mitotically unstable and thus quickly lost over
subsequent generations. Further, each worm will contain a unique array containing a
unique number of copies of the transgenes; therefore, the effect of the transgene is
confounded by differences between individual worms.

To overcome this problem, it is important to integrate the array into the genome by
irradiation. This causes DNA damage in the worm that is subsequently repaired by non-
homologous end-joining and includes random insertion of the arrays at the sites of repair.
This means that arrays in different integrated F1s will be inserted in different locations,
and at different numbers of locations, generating stable inter-strain variation in copy
number and thus expression, eliminating within-worm mosaicism of expression. The
generation of a family of related strains with variable transgene copy number is a distinct
advantage of microinjection and integration over alternative methods, such as Mos1
mediated single copy insertion (MosSCI) and clustered regularly interspaced short
palindromic repeats (CRISPR) (Dickinson et al., 2013; Frokjaer-Jensen et al., 2008).
Moreover, it is possible to obtain isogenic animals for further analysis after the transgene
has been integrated (Praitis and Maduro, 2011). All the strains in this study are integrated,
ensuring all the cells in every worm inherit the array at each generation. A limitation of
this approach for generating transgenic strains is that the insertion of the multicopy array
occurs at a random chromosomal location and there may be potential mutations and
genome rearrangements due to irradiation (Nance and Frokjaer-Jensen, 2019). Therefore,
it is important to obtain multiple integrants and outcross them repeatedly to the wild type

to remove any background mutations.

The presence and expression of the A transgene in the new transgenic strain described
here, WG643, was characterized and validated at the genomic and transcript level (Figure
2.2). Immunoblotting was attempted to detect the expression of AP peptide in transgenic
AB-expressing strain WG643 (data not shown). However, no clear evidence of AP peptide
expression was determined from this experiment. This may be due to the technical

difficulties associated with detecting the hydrophobic AP peptide using Western blot
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combined with the fact that neurons make up a very small proportion of the total protein
mass of a worm. Confirmation that this strain accumulates human AB1-42 is an essential
follow up. Therefore, immunohistochemistry experiments performed on this strain would

ensure there is AP expression and accumulation in this strain.

2.4.2 Reduced lifespan and healthspan in the Ap-expressing strain

Although the growth of the AB-expressing worms is similar to the transgenic control
strain, there was a rapid increase in mortality after middle age (Figure 2.4). In other
words, this implies that the worms did not have stunted or enhanced growth early in their
lifespan, but instead aged and died faster. Healthspan, described as the period when an
individual is functional and free of disease, was also assessed (Fuellen et al., 2019;
Luyten et al., 2016). Maximum movement velocity is correlated with healthspan and
longevity and has been shown to decline with age (Hahm et al., 2015). In this context, the
age-related decline in maximum velocity of the AB-expressing worms compared to the
transgenic control may suggest a decline in healthspan at middle age (Figure 2.5C). In
addition, there was an overall reduction in brood size, and the number of eggs retained in
utero is lower as a result of reduced rate of egg production. There was a sharp decline in
the number of progeny on day 6 of the reproductive fertility period in the AB-expressing
worms suggesting a decline in healthspan at middle age compared to the transgenic
control (Figure 2.2.8). Egg-laying behaviour has been shown to be affected by disruptions
to the cellular homeostasis and defective neurotransmission (Fang et al., 2019), and this

likely also explains the results presented here.

2.4.3 AP expression impacts locomotion in transgenic strain WG643

Motility was analysed on both solid and liquid media since crawling differs from
swimming in both kinematics and neuromuscular activity (Pierce-Shimomura et al.,
2008). For instance, worms that carry mutations in the unc-79 or unc-80 genes were
reported to be defective in swimming, but showed normal locomotion in solid media

(Pierce-Shimomura et al., 2008). This observation might be due to the fact that swimming
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in liquid requires more energy than crawling, and because any abnormal movement may
be easier to detect in liquid since there is an increase in the freedom of movement (Fang-
Yen et al., 2010; Korta et al., 2007; Laranjeiro et al., 2017; Schreiber et al., 2010). In this
study, the AB-expressing worms showed similar motility in solid media as the transgenic
control on day 4, while crawling parameters, including body bends and mean speed, start
to decline at middle age on day 8 (Figure 2.5). In liquid media, parameters such as wave
initiation rate and activity have been previously shown to decline with age even in the
most favourable genetic backgrounds (Ibanez-Ventoso et al., 2016; Restif et al., 2014). In
line with the current knowledge, there was an age-related decline in these parameters in
all the strains. However, the decline in the activity and wave initiation rate of the Ap-
expressing worms in liquid was much more severe starting at day 8. Furthermore, motility
in liquid showed a decline in the number of thrashes starting at day 8, as well as a
significant decline in mean swimming speed even on day 4 (Figure 2.6). These motility
measures are highly sensitive and have been utilized to define functional declines in
longevity mutants such as age-1(hx546) and daf-16(mgDf50) (Ibanez-Ventoso et al.,
2016).

Experience based motility of the AB-expressing worms was also explored. The basal
slowing response modulated by dopamine and the enhanced slowing response modulated
by serotonin are behaviours with associative learning properties (Hobert, 2003). Several
studies have reported that serotonergic and dopaminergic neurons are susceptible to aging
in humans, specifically in age-related diseases such as AD (Mattson, 2004). The Ap-
expressing strain WG643 shows a diminished basal slowing response starting at day 8
which suggests that AR expression results in deficits in dopaminergic signalling in mid-
late adulthood (Figure 2.9B, C). An enhanced slowing response was observed in the Ap-
expressing strain as early as day 4 (Supplementary Figure 2.14). However, no enhanced
slowing responses were observed for any of the strains on day 8 and day 12. It has been
previously shown that differences in the basal and enhanced slowing response between
diminishes with age, which may be due to an increase in the basal slowing response with
age among all strains (Murakami et al., 2008). Moreover, the ESR assays are sensitive to

motility defects and this will affect the ability to detect a serotonin defect. Thus, it is not
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possible to determine if the AB-expressing worms are deficient in serotonergic signalling

using the enhanced slowing response assay alone.

2.4.4 AB-expressing transgenic C. elegans strain WG643 has disease relevant

phenotypes

Despite of having a simple nervous system, C. elegans is able to display complex
behaviours such as the ability to discriminate and move towards or away from chemicals,
odorants, temperatures and food sources and it is possible to correlate neuronal function
with certain behavioural responses (Bargmann, 2006; de Bono and Maricq, 2005). For
example, worms can detect attractant and repellent compounds using chemosensory
neurons: response to these chemicals is mediated by the activation of sensory and
interneurons that, in turn, stimulate the motor neurons that induce the worm to move
(Hobert, 2003). The AWA neurones detect diacetyl and the AWC pair detects butanone
and benzaldehyde (Bargmann et al., 1993). The AB-expressing worms showed a decline
in chemotactic ability towards diacetyl on day 4 (Figure 2.7A). In contrast, the worms
showed an increase in their chemotaxis towards benzaldehyde relative to the control
strain (Figure 2.7B). These responses may be due to the specific loss of AWA neurons
associated with the expression of Af. Since the motility of the AB-expressing worms is
similar to the transgenic control on day 4, the defect in chemotaxis is a primary defect and
not a secondary defect arising due to loss in motility (Supplementary Figure 2.13).
Furthermore, the neuronal AB3-42-expressing strain has previously been shown to have a
reduced chemotactic ability towards benzaldehyde and no change in chemotaxis towards
diacetyl (Dosanjh et al., 2010). The AB3-42 peptide may have different physiochemical
properties in vivo than the AB1-42, which may result in variation in the behavioural
phenotype observed. Furthermore, the inability to identify odours is a common symptom
observed in aging humans and is the best-known predictor of AD dementia (Rahayel et
al., 2012; Ship et al., 1996; Sun et al., 2012; Velayudhan et al., 2013; Wehling et al.,
2016). Previous studies have suggested odour identification may be an earlier indicator of
accumulated pathology before the onset of other symptoms (Lafaille-Magnan et al.,
2017).
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Since the most visible symptoms of AD are memory loss and cognitive decline,
quantitative measurement of differences in learning and memory in the Ap-expressing
worms is important to assess its utility as a model for AD. High-level cognitive abilities
across C. elegans strains are lost much earlier than basic motility and chemotaxis abilities.
Therefore, deficiencies in the worm’s learning behaviour can be detected early on
(Herndon et al., 2002; Kauffman et al., 2011; Kauffman et al., 2010; Morrison and Hof,
1997). All the memory assays were performed on young adults (day 4) since the
chemoreception abilities should be intact on day 4 before the loss of chemotaxis. Food-
odour associative learning is a food-dependent behaviour mediated by serotonin, which
informs the food status of the environment to the nervous system (Nuttley et al., 2002).
The first associative-learning assay used adaptation suppression, as starving wild-type
worms in the presence of diacetyl reduces the chemotaxis of the worms towards the
odorant. Studies have shown that high and low concentrations of diacetyl induce distinct
learning mechanisms (Bernhard and van der Kooy, 2000). The AB-expressing worms
show reduction in adaptation suppression and therefore defects in associative learning
(Figure 2.10A). Another study performed the same assay using benzaldehyde and found
this associative learning behaviour to be mediated by serotonergic signalling (Nuttley et
al., 2001). A similar learning defect was reported for the AB3-42-expressing strain when
using diacetyl in the learning assay (Dosanjh et al., 2010).

The second learning assay conditioned the worms with food in association with butanone
at a concentration of this chemical that is known to result in a low chemotactic response
when it is presented alone. The combination of food with this low concentration of
butanone, increases the chemotaxis towards this odor, a phenomenon known as butanone
enhancement (Kauffman et al., 2011; Kauffman et al., 2010). Butanone enhancement
requires butanone sensation, food sensation, followed by integration of the butanone and
food signals, and formation of memory, which occurs when butanone is sensed by the
AWC neurons (Bargmann et al., 1993). Pairing food and butanone produces a short-term
memory response that lasts for about 2 hours in wild type worms (Kauffman et al., 2011,
Kauffman et al., 2010). Although the AB-expressing worms showed associative learning
immediately after conditioning, there was a more rapid decline in the short-term

associative memory in the AB-expressing worms after 30 min of conditioning which
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implies deficits in memory (Figure 2.10B). Similar results were reported for mouse
models of AD (Ashe, 2001; Chiba et al., 2009).

2.5 Conclusion

The new transgenic C. elegans strain WG643 has been extensively characterised for AP
transgene integration and expression, and behavioural phenotyping has been carried out to
analyse diverse worm behaviours that are regulated by different subsets of neurons. These
worms showed rapid age-related decline in behavioural phenotypes that are regulated by
the neurotransmitters, dopamine and serotonin. The severe and robust behavioural
phenotypes demonstrated makes this strain important for the study of the disease. In
addition, it should provide an important tool to test the amyloid cascade hypothesis which
posits that Ap plays a major role in initiating the cascade of events leading to AD.
Therefore, greater the accumulation of A may result in an increase in the severity of the
phenotype. The next chapter describes strains that express the A transgene at different
concentrations and correlates this expression with severity of the disease phenotype.
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Chapter Three

Behavioural phenotyping of strains expressing varying levels of
amyloid P transgene driven by three different pan-neuronal
promoters

3.1 Introduction

Despite genetic evidence and the demonstrated involvement of A in inducing synaptic
dysfunction, disrupting neural connectivity, and association with neuronal death in a
brain-region specific manner, the amount and distribution of extracellular AB deposition
are only weakly correlated with the clinical expression and severity of the disease
(Murphy and LeVine, 2010). This weak correlation between the plaque burden and
disease severity has been used to criticise the amyloid cascade hypothesis. Furthermore,
in many cases the level of the soluble AB correlates with the disease burden better than
the insoluble AP version (McLean et al., 1999; Yu et al., 2019). Additionally, it has been
suggested that the soluble AP protein is associated with faster cognitive decline,
supporting the role of soluble AP as a neurotoxic agent of aging (Yu et al., 2019). The
insoluble A appears only to signify the presence of the disease. Although a low
concentration of AP may have a role in neural development and in the regulation of
cholinergic transmission (Harkany et al., 2000; Sadigh-Eteghad et al., 2014), it appears
that A in higher concentration causes neurotoxicity, impairs blood flow within the
cerebral structure, and accelerates neuronal dysfunction (Sadigh-Eteghad et al., 2015).
Thus, the exact relationship between AB concentration and neuronal dysfunction is

unclear and more studies need to be done to clarify it (Sadigh-Eteghad et al., 2015).

In the previous chapter, | introduced a pan-neuronal AB1-42 expressing transgenic
C. elegans strain driven by the snb-1 gene promoter. In doing so, | showed that the
expression of human AB1-42 in the C. elegans neurons resulted in neuronal-controlled

behavioural deficits in worms relevant to the disease symptoms observed in humans. In
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this chapter, | explore whether the severity of the disease phenotypes is correlated with

the levels of AB1-42 expression. Therefore, the aims of this chapter are as follows:

1. Create transgenic C. elegans strains that vary in the AP expression level.
2. Analyse how varying levels of AP correlate with the severity of the relevant

disease phenotypes.

To do this, additional transgenic C. elegans strains were generated to achieve variation in
AP expression. Differences in transgene expression can be mediated by the promotors
integrated with the plasmid, as well as the number of copies of the transgene. A new
transgenic strain expressing the AB1-42 transgene in the nervous system driven by
another pan-neuronal promoter, rgef-1, was generated and compared to the previously
described neuronal strain that uses the promoter snb-1 (Chapter 2). The gene rgef-1
encodes a human ortholog of RAS guanyl-releasing protein 3 and is expressed
exclusively in the nervous system (Altun-Gultekin et al., 2001; Chen et al., 2011). The
median FPKM (fragments per kilobase of transcript per million mapped reads) expression
value for the rgef-1 gene in all life-stages is 4.5 which is quite low (Grun et al., 2014). In
comparison, the snb-1 promoter shows higher levels of activity in all life stages with a
median FKPM expression value of 192.8 (Grun et al., 2014). In addition, I also tested a
previously published neuronal AB1-42 expressing strain, GRU102, in which the unc-119
promoter drives AB1-42 expression. The unc-119 gene is expressed in several tissues,
including the head, the muscular system, and the nervous system (Materi and Pilgrim,
2005). The median FKPM expression value in all life stages for the unc-119 gene is 22.9
(Grun et al., 2014) and so it is intermediate between rgef-1 and snb-1 promoter activities
(although not restricted specifically to the nervous system). Amongst the three promoters,
the rgef-1 promoter has the lowest activity, the unc-119 promoter has higher activity than
rgef-1, and the snb-1 promoter is the strongest pan-neuronal promoter in the list.
Furthermore, variation in A expression levels may result from variation in the number of
copies of the AP transgene. Hence, AP transgene copy number was also measured in these

transgenic strains.

These strains (which | show vary in transgene transcript level) may provide an

opportunity to test the relationship between AP concentration (or expression) and
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dysfunction. I hypothesise that the severity of the disease phenotype correlates with the
levels of A expression in these transgenic strains, assuming that transcript concentration
is correlated positively with protein translation and/or accumulation. Key behaviours in
C. elegans include lifespan, growth rate, egg-laying and retention, chemotaxis, and
motility. If the level of AB expression in the nervous system drives differences in disease
severity, then | expect that as AP expression increases, so does the impact on each of the

life and health span measurements as worms get older.
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3.2 Methods

All materials and methods used in this chapter are described in Section 2.2 with a few

exceptions (described below).

3.2.1 Construction of expression plasmids and generation of transgenic C. elegans

expressing pan-neuronal transgenes by microinjection

The promoter region 2670 bp upstream of the rgef-1 gene was amplified from the

C. elegans wild-type genomic DNA using the rgef-1 promoter-specific forward and
reverse primers by long range PCR Go Tag enzyme (Promega Corporation, Madison,
Wisconsin, USA) (Chen et al., 2011). The PCR reaction was 10 pl (1l DNA template,
0.5 I Primer mix (10 uM), 3.5 pul HPLC grade water, and 5 pul GoTaq Master mix (2X)),
and the PCR conditions were (initial denaturation at 94 °C for 2 min, 35 cycles of
denaturation at 94 °C for 30 s, annealing at 69.7 °C for 30 s, elongation at 70 °C for 3
min, followed by final extension at 72 °C for 10 min). See Supplementary Table 2 for a
list of primers used in the study. The amplified rgef-1 promoter fragment was then
digested with Pstl and Xmal and cloned into the complementary Pstl and Xmal sites of
promoter-less AP plasmid pAB42, resulting in the expression plasmid pEXAB42
containing the human AB1-42 transgene driven by pan-neuronal promoter rgef-1
(F25B3.3). The rgef-1 promoter fragment was also inserted into the complimentary Pstl
and Xmal sites of the promoter-less GFP-containing plasmid pPD95.77, resulting in
transgene expression plasmid pEXGFP. Details of the transgene expression plasmids are
listed in Supplementary Table 3. All clones were digested with restriction enzymes Pstl
and Xmal to confirm the presence of the rgef-1 promoter insert (Supplementary Figure
3.1) and were verified by Sanger sequencing (Macrogen, Korea). For pEXAB42 and
PEXGFP, the presence of rgef-1 promoter was confirmed using rgef-1 specific primers

internal to the promoter sequence.

To generate the transgenic C. elegans strains (refer to Supplementary Table 4 for details
all transgenic strains generated in this study), the expression plasmids were introduced
into the C. elegans gonads by microinjection, performed at the Florey Institute of
Neuroscience and Mental Health by Kirsten Grant. The AB-containing plasmid pEXAB42
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was micro-injected at a concentration of 25 ng/ul along with marker plasmid pAV1944
(2.5 ng/ul) and sheared genomic DNA (50 ng/ul). Furthermore, the plasmid pEXGFP was
microinjected along with sheared genomic DNA (50 ng/pl pEXGFP and 50 ng/ul
genomic DNA). Details of the plasmids used for microinjections to generate the strains

described in this study are listed in Supplementary Table 4.

3.2.2 Microscope details for pan-neuronal GFP-expressing strain WG625

Glass microscope slides were prepared with agarose pads by pipetting 300 pl of 2%
agarose solution (in HPLC water) onto the slide and flattening slightly using a cover slip,
before allowing the agarose to cool and gel. Once the agarose pad solidified, the cover
slip was removed. Several worms were picked on to each agarose pad and immobilised by
heating the slide on a block at 55 °C for 10 s. The agarose pad was then covered with a
cover slip. Images were acquired using either an Upright microscope Nikon Eclipse Ci
equipped with Nikon DS-U3 Digital Camera or Zeiss LSM 510 laser scanning confocal
microscope with a Plan Apochromatic 20X/0.8 NA objective. Excitation was achieved
with an argon multiline laser at 488 nm (eGFP) and DPSS laser of 561 nm (mCherry). A
long pass LP575 filter was used for detection of mCherry. Z stacks were obtained using

Zen software.

3.2.3 Strains used in this chapter

The strains described in this chapter are as follows: WG731 [Pmyo-2::mCherry]; WG643
[Pmyo-2::mCherry +Psnb-1::hudf1-42]; WG663 [Pmyo-2::mCherry +Prgef-1::hudp1-
42]; GRU101 gnals1[Pmyo-2::YFP]; GRU102 gnals2[Pmyo-2::YFP + Punc-
119::huAp1-42]; CB1124 [che-3(e1124)]; CB1141 [cat-4 (e1141)]; CB1112 [cat-2
(e1112)]; MT8943 [bas-1(ad446) Ill; cat-4(e1141) V]; MT7988 [bas-1(ad446) I11].
Details of all transgenic C. elegans strains used in this study have been listed in
Supplementary Table 5.
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3.2.4 Statistical analysis

All data have been reported as mean + SEM values. To compare the strains WG643 and
WG663 with the control strain WG731, an ordinary one-way ANOVA was used followed
post-hoc Tukey multiple comparisons test unless otherwise stated. To determine
differences between GRU101 and GRU102, an unpaired-t test was used unless otherwise
stated. A Shapiro-Wilk test was used to test normality and if the data were not normally
distributed, then non-parametric tests were used to determine whether differences were

significant.
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3.3 Results

3.3.1 Pan neuronal Ap1-42 expressing strains show variation in copy number and

expression

| hypothesised that the expression levels of AB1-42 in these transgenic strains would
depend on the number of copies of the AP transgene integrated into the C. elegans
genome in addition to the intrinsic promoter activity. Therefore, a copy number assay was
performed to quantify the number of copies of the AB1-42 transgene in each transgenic
strain. The transgenic strain WG663 contains AB1-42 driven by the promoter rgef-1,
WG643 contains AB1-42 driven by the snb-1 promoter, and the transgenic strain WG731
was used as a control for these strains since all three were constructed using the same
transgenic marker Pmyo-2::mCherry. On the other hand, the strain GRU102 contains
AP1-42 driven by the promoter unc-119 and the strain GRU101 was used as a control for
this strain as both contain the transgenic marker Pmyo2:YFP. Figure 3.1A shows the
relative AB1-42 transgene copy number per haploid genome, normalised to a single-copy
reference gene Y4A5F10D.4. The average relative AB1-42 copy number in WG643 (Psnb-
1::4p) is 85.67 * 3.65 copies, the strain WG663 (Prgef-1::4/) contains 75.86 + 2.58 and
GRU102 (Punc-119::4p) contains 3.59 £ 0.68 copies. As expected, the control strains do

not show any copies of the AB1-42 transgene.

Furthermore, the expression levels of the AB1-42 transgene were measured in these
transgenic strains using an RT-qPCR assay. Figure 3.1B illustrates the relative log-fold
expression of AB1-42 transgene in these strains normalised to reference genes Y45F10D.4
and cdc-42. The strain WG643 shows the highest levels of AB1-42 expression (13.47 +
0.28) in comparison WG663 (11.67 + 0.26) and GRU102 (5.197 £ 0.91). The strain
WG663 shows relatively higher AB1-42 expression than GRU102 even though the A3
transgene driven by a weak promoter rgef-1. As a result, we have a panel of pan-neuronal
APB1-42 expressing strains showing variation in the AP expression levels due to both
different pan-neuronal promoter activity and variation in the number of AB1-42 copies in
each of these strains. For easier explanation of the results, the WG643 strain will be
denoted as Psnb-1::44, the WG663 strain as the Prgef-1::44 and the transgenic control
strain WG731 as the mCherry control. In addition, the GRU101 control strain will be
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Figure 3.1: Comparison of Ap expression levels in the pan-neuronal Ap strains.
A) Copy number assay showing the number of copies of the Ap transgene in the strains per
haploid genome. B) RT-gPCR showing relative expression of the AB transgene normalized to
reference genes cdc-42 and Y45F10D.4.
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referred to as the YFP control and the GRU102 strain as the Punc-119::45. Since the
strain WG643 shows the highest levels of AB1-42 expression among the pan-neuronal
strains, this strain was expected to show a more severe behavioural defect in comparison
to the other strains. On the other hand, the GRU102 strain showed the lowest levels of
AP1-42 expression and therefore it was expected to display more moderate behavioural

defects.

3.3.2 Pan-neuronal ApB1-42-expressing transgenic C. elegans strains show significant

reduction in lifespan

To assess whether variation in the expression of AB1-42 in these strains correlates with
the severity of the disease phenotype, the lifespan of these transgenic strain was initially
measured. The representative survival curves of the transgenic C. elegans strains are
shown in Figure 3.2A and the Mantel-Cox (log rank) test was used to determine the
difference in the distribution of these survival curves. In addition, the survival curves for
the remaining biological replicates have been shown in Supplementary Figure 3.2. The
transgenic strains Psnb-1::44 and Prgef-1::4/ showed a significant reduction in lifespan
in comparison to the mCherry control strain WG731 (p < 0.0001). In addition, the strains
Psnb-1::4/ and Prgef-1::4/ showed a median lifespan of 13.17 £ 0.17 and 14 + 0.58
(S.E.) compared to the control WG731 (17.75 + 0.25). The reduction in median lifespan
was 26% for Psnb-1::44 and 21% for Prgef-1::44. The transgenic strain Punc-119::45
also showed a significant reduction in lifespan compared to the YFP control strain

(p <0.0001). The median lifespan of Punc-119::44 is 15 days compared to 16 days for
the YFP control strain thereby showing a ~6.25% reduction in median lifespan in
comparison to the control (Figure 3.2B). Furthermore, the lifespan data was also used to
estimate the rate of aging in these strains. Table 3.1 lists the Gompertz rate coefficient (G)
and the initial mortality rate (A) values derived from the Gompertz equation for all the
transgenic C. elegans strains as an estimate of the rate of aging. A lower value of G
indicates lower rate of aging. There was a significant increase in the Gompertz rate
coefficient (G) of the AB-expressing strains Psnb-1::44 and Prgef-1::4/ in comparison to

92



A 100~
-% mCherry control
= 804 -+ Psnb-1::AR
>
b Prgef-1::AR
3 60—
7 YFP control
§ 40- Punc-119::AR
o
o 20-
0 1 | | | | 1
0 5 10 15 20 25 30 35 40
Days
B
* %
—
* % %
204 — ns
. .
15 . 2o
ey | T

Median Lifespan (days)
2

5
0 T T T T T
S &P
O ,'\ "\‘ 00 Ng
PO R A\ A
o R
&

Strain name

Figure 3.2: Transgenic C. elegans strains expressing A peptide in the neurons show
reduction in life span.

A) Representative Kaplan-Meier survival curves of one biological replicate (n = 120). B) Bar
graphs showing the Median life span (n = 4, 120 worms/biological replicate). ns not significant,
**p < 0.01, ***p < 0.001.
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the mCherry control strain. This indicates that the rate of aging in the AB-expressing
strains is higher than the control strain. The mortality rate doubling time calculated using
the formula (MRDT) shows the chance of worms dying after sexual maturity doubles
every 2.16 days for Psnb-1::4/ and 1.79 in case of Prgef-1::4p strain. On the contrary,
there was no significant difference in the rate of aging between YFP control strain and
Punc-119::4p.

Table 3.1: Values for G and A obtained by using the Gompertz equation

Strain name Initial mortality | Gompertz value | Rate of aging
rate (A) (G) (MRDT)

mCherry control | 6.00E-03 0.1677 4.13

Psnb-1::4p 3.89E-03 0.3217** 2.16

Prgef-1::48 1.91E-03 0.3881" 1.79

YFP control 3.06E-03 0.2274 3.05

Punc-119::4p 3.95-03 0.2602 2.66

3.3.3 The strains Prgef-1::Af and Punc-119::Af show reduction in length on day 12

The growth rate of the worm strains was determined by measuring their length and width
of the worms on day 4 (young adults), day 8 (middle-aged) and day 12 (old adults) to test
whether variation in the AP expression results in differences in the growth of the Ap-
expressing worms. Although the Day 4 data indicate growth of the worms, the body
measurements at later time points measure decrease in body size due to aging. A one-
way ANOVA, used to test for differences in the animal’s length and width of the
transgenic Ap-expressing strains, showed that Psnb-1::44 (p = 0.0947) and Prgef-1::45
(p = 0.051) do not differ significantly from the mCherry control strain on day 4 and day 8.
Although the transgenic strain Psnb-1::44 did not show any differences in worm length
on day 12, there was significant reduction in the length of Prgef-1::4/ strain on day 12 (p
= 0.0039) compared to the mCherry control strain. In addition, an unpaired t-test was used
to determine significant differences between YFP control strain and the Punc-119::4/5
strain. In young adults on day 4, there was no difference in the length between the two
strains, whereas on day 8 the length of the AB1-42 expressing worms was higher than the

YFP control strain (p = 0.0144). In contrast, Punc-119::4 worms showed significant
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Figure 3.3: C. elegans growth and aging estimated by body size measurements of
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early (day 4), middle-aged (day 8), and old (day 12) wormes.
A) Body length of day 4 worms. B) Body width of day 4 worms. C) Body length of day 8 worms.
D) Body width of day 8 worms. E) Body length of day12 worms. F) Body width of day 12 worms
(n =15 - 45). Each data point represents a single animal. ns not significant, *p < 0.05, **p < 0.01,

*%) < 0.001, ****p<0.0001.
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reduction in length on day 12 (p < 0.0001). The length and width of all the transgenic
strain on day 4, day 8, and day 12 have been shown Figure 3.3. The differences in the
width of the transgenic A strains and the control strains was not significant at all time
points. Therefore, all the strains grow at the same rate ( non-significant comparisons at
Day 4), but they age at different rates shown as differences in sizes as they age. There was
no difference in the rate of aging of the Psnb-1::4/4 and the control transgenic strain
WG731 in terms of the body length at all timepoints. On the contrary, the Prgef-1::4f and
Punc-119::4p show reduced length on Day 12, which suggests that these AP expressing

worms senesce and shrink faster in comparison to the controls .

3.3.4 Pan-neuronal AP1-42-expressing strains show defects in egg-laying behaviour

To assess whether variation in the expression of AB1-42 influenced the severity of the
egg-laying deficit in these transgenic strains, three egg-laying assays were performed.
First, the total number of progeny produced per day during the reproductive span of a
worm was counted (Figure 3.4A) and the total brood size estimated from this data (Figure
3.4B). The Psnb-1::4/ strain showed a significant reduction in the number of progeny
produced on day 6 (p =0.0001) and day 7 (p = 0.0034) thereby leading to a significant
reduction in the total brood size (225 + 8.053) in comparison to the mCherry control
strain (286 £ 10.37 ). Although the Prgef-1::44 strain showed a significant reduction in
the number of progeny produced on day 6 (p =0.0119) and day 7 (p = 0.0251), and there
was a moderate reduction in the total brood size of Prgef-1::44 (265 £+ 12.44) in
comparison to the mCherry control strain WG731, the difference in total brood size was
not statistically significant (p =0.76). Similarly, the strain Punc-119::4/ shows a
reduction in brood size (248.8 + 14.72) when compared to the YFP control strain
GRU101 (282.8 £ 11.79); however, the difference was not statistically significant (p
=0.87).

Second, the egg-laying rate was measured in these worms. As shown in Figure 3.4C,
there were no significant difference in the rate of egg-laying in any of the ApB1-42-
expressing strains compared to the transgenic controls. Lastly, the number of eggs

retained in utero was measured (Figure 3.4D). The number of eggs retained is
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Figure 3.4: Comparison of egg-laying assays in transgenic Ap-expressing C. elegans

strains.

A) Number of eggs laid per worm per day during the reproductive span of the animal. B) Total

brood size (n=3, 5-7 worms/replicate). C) Rate of egg production calculated by counting the
number of eggs laid/worm/hour (n = 3, 15-20 worms/replicate). D) Mean number of eggs retained
in utero per worm (n = 3, 15-20 worms/replicate). ns. not significant *p < 0.05, ***p<0.001.
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significantly reduced in Psnb-1::44 (p = 0.0192) and Prgef-1::44 (p = 0.0419) in
comparison to the mCherry control strain, whereas no difference was seen in the Ap1-42
expressing strain Punc-119::44 (p = 0.447) compared to the YFP control strain GRU101.
Therefore, the ability to lay eggs is not affected, but the rate of egg production is reduced,
which results in an overall reduction in brood size in the Psnb-1::44 and Prgef-1::4f5

transgenic strains.

3.3.5 Pan-neuronal ApP1-42-expressing strains show subtle changes in chemotactic
abilities

Chemotaxis assays were performed using two volatile odorants, diacetyl and
benzaldehyde, on the AB1-42-expressing strains to measure any differences in the
chemotactic responses between these strains as a result of variation in AB1-42 expression.
Chemotaxis towards diacetyl and benzaldehyde is mediated by the AWA and AWC pair
of chemosensory neurons, respectively. As can be seen in Figure 3.5A, there was a
significant reduction in chemotactic ability of the AB1-42 expressing strain Psnb-1::4/4
towards diacetyl on day 4 (0.57 + 0.075) in comparison to the transgenic control WG731
(0.89 + 0.022). Although the Psnb-1::44 strain also showed a reduction in the chemotaxis
index towards diacetyl on day 8 (0.41 + 0.13) compared to the transgenic control WG731
(0.65 £ 0.063), the difference is not statistically significant. In comparison, the transgenic
strain Prgef-1::4/ does show reduced chemotactic ability on day 4 (0.66 + 0.085) and day
8 (0.37 £ 0.10), although the data are not statistically significant compared to the mCherry
control strain WG731. While both the AB-expressing strains show reduced chemotaxis
towards diacetyl on day 4, the reduction is significant only in the case of Psnb-1::45
strain. Furthermore, the AB1-42 expressing strain Punc-119::44 shows a significant
reduction in the chemotactic ability towards diacetyl in middle-aged worms on day 8
(0.50 £ 0.082) compared to the transgenic control GRU101 (0.77 + 0.07) (p =0.045,
unpaired t test), but not on day 4 (p =0.36). The strain CB1124 shows reduced chemotaxis

index towards diacetyl and serves as a negative control.

As shown in Figure 3.5B, the strain Prgef-1::4/ shows a moderate increase in the

chemotactic response towards benzaldehyde on day 4 (p = 0.12) and day 8 (p =0.066),
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Figure 3.5: Variation in chemotactic response of Ap-expressing transgenic C. elegans
strains towards volatile odorants on Day 4 and Day 8

Bar graph showing chemotaxis index towards Diacetyl (A) and Benzaldehyde (B) (n= 4-6, 100-
200 worms). One way ANOVA was used to compare the Psnb-1::48 and Prgef-1::44 to the
transgenic mCherry control strain at each time point. An unpaired t test was used to compare the
Punc-119::4p with the YFP control strain for each timepoint. ns not significant *p < 0.05.
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similar to the transgenic strain Psnb-1::44 when compared to the mCherry control strain
WGT731. Although the strain Punc-119::44 showed a decrease in the chemotaxis index
towards benzaldehyde on day 8 (p =0.30), it was not statistically different from the
transgenic YFP control strain GRU101.

Worm mobility was measured on the chemotaxis plates by calculating the percentage of
worms that moved away from the origin after 1 hour (Supplementary Figure 3.3). All the
transgenic AP1-42-expressing strains moved similar to the transgenic controls on the
chemotaxis plates. Although there was an age-related decline in the mobility of all the
worm strains on day 8, there was no significant difference between the mobility of the
transgenic AP1-42 expressing strains in comparison to the controls for either of the
volatile odorants. Therefore, the differences in the chemotaxis obtained between the
strains is due to the chemotactic defects and not due to movement per se. It is important
to note that these mobility data only indicate the ability of the worms to move towards the
odorant in a given time period, but do not detect any motility defects between worm

strains.

3.3.6 The transgenic AB1-42 expressing strains show a significant reduction in

motility parameters

Several motility parameters were measured in the AB-expressing transgenic strains to
determine if differences in the levels of AP expression result in variation in the severity of
the motility defect. Firstly, motility parameters on solid media were assessed. As can be
seen in Figure 3.6A and B, there is an age-related decline in the body bends/30s and mean
speed in all the transgenic strains. When comparing between strains, there was a
significant reduction in the body bends of the Psnb-1::44 and Prgef-1::4 starting at day
8 in comparison to the mCherry control. However, the Prgef-1::4/ shows a significant
reduction in mean speed even in young adult animals on day 4 (p < 0.0001). In addition,
the Psnb-1::4f and Prgef-1::4f show a drastic reduction in mean speed on day 8 and day
12. Maximum speed (Figure 3.6C), considered to be an indicator of health span, was also
measured in these strains (Hahm et al., 2015). The strain Prgef-1::44 did not show

differences in maximum speed in comparison to the mCherry control. In contrast, the
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Figure 3.6: P an-neuronal Ap-expressing strains show age-dependent reduction in

motility on solid media.

A) Body bends/30s. B) Mean speed (um/s).C) Maximum speed. All data analysed by two-way
ANOVA followed by post hoc Tukey multiple comparisons test. ns not significant, **p <

0.01,***p < 0.001, ****p < 0.0001 (n=3, 5-15 worms/replicate). The Psnb-1::4f and Prgef-7::4p
have been compared to the transgenic mCherry control and Punc-/179::4f has been compared to

the YFP control strain.
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Psnb-1::44 does show a significant reduction in maximum speed on day 12 (p =0.039) by
the non-parametric Mann-Whitney test. Therefore, the moderate and high AB-expressing
strains show age-related motility defects on solid media on Day 8 and Day 12 in
comparison to the control. On the other hand, the low AB-expressing strain Punc-119::4p
does not show changes in any of the three motility parameters when compared to the YFP
control strain. Therefore, the decline in motility is more severe (relative to transgenic
control) in AB1-42-expressing strains Psnb-1::44 and Prgef-1::4f but not in Punc-
119::44. Other motility parameters, such as mean wavelength, mean amplitude and head
bends/30s, were also compared between the strains (Supplementary Figure 3.4). The
Psnb-1::4p strain did not show any significant differences in the mean wavelength
compared to the mCherry control WG731 in all age groups. In contrast, there was a
significant decrease in the mean wavelength of the Prgef-1::44 strain (p = 0.0093) on day
12 relative to the mCherry control. Similarly, there was a significant reduction in the
mean wavelength of Punc-119::44 strain (p < 0.0001) in comparison to the YFP control
strain (Supplementary Figure 3.4A). Another parameter that displayed a variation in the
severity in the different AB-expressing strains was mean amplitude. As seen in
Supplementary 3.4B, there was a significant reduction in the mean amplitude on day 8 (p
=0.013) and day 12 (p =0.038) for the Psnb-1::4/ strain and on day 8 (p =0.043) for the
Prgef-1::4p strain compared to the mCherry control strain WG731. The YFP control
strain and the Punc-119::4 strain do not show any significant differences in mean
amplitude (Supplementary Figure 3.4B). In addition, no significant differences in
foraging behaviour, measured as frequency of head bends, was observed in the Ap1-42-
expressing transgenic strains in comparison to the transgenic controls (Supplementary
Figure 3.4C).

Secondly, motility in liquid was also assessed in these strains. There was a significant
decline in the number of thrashes in the Prgef-1::44 strain on day 12 (p =0.0007) in
comparison to the mCherry control strain. However, in the Psnb-1::4/ strain, the decrease
in the number of thrashes started on day 8 (p =0.0131) and day 12 (p < 0.0001). In
addition, there was a significant reduction in the number of thrashes in the Punc-119::4f
strain relative to the YFP control strain on day 8 (p =0.038) (Figure 3.7A). As shown in
Figure 3.7B, the mean speed was significantly lower in day 4 (p =0.0348), day 8 (0.0001)

102



>
==

400+
e Day 4
100 s Day 8 & ®
£ 3004 s,
=) o * *®
s i F 0w gt
e ;“,200— . .
S ]
2 c
3 S 100
3 =
0
&
'6\ Go Q§
C D
2.0+
&z 150
S
= @ 1.5
S 100~ S
5 > 107
- o
S 50 o
k= 0.5+
[-t)
-
3]
2 o 0.0
& N
o & )
6\ o Q‘J 6\

Figure 3.7: Pan-neuronal AB-expressing strains show age-dependent reduction in
motility on liquid media.

A) number of thrashes in liquid (Body bends/30s). B) Mean swimming speed (um/s). C) Wave
initiation rate. D) Activity in liquid (body area/s) (n=2, 5-15 worms/replicate). All data analysed
by two-way ANOVA followed by post hoc Tukey multiple comparisons test. The Psnb-/::44 and
Prgef-1::4/ have been compared to the transgenic mCherry control and Punc-719::4 has been
compared to the YFP control strain. *p < 0.05 **p < 0.01, ***p < 0.001, ****p < 0.0001
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and day 12 (p < 0.0001) in the transgenic AB1-42 expressing strain Psnb-1::45 compared
to the mCherry control strain WG731. Similarly, the Prgef-1::4 strain showed a
significant age-related decline in mean swimming speed on day 4 (p =0.0032 ), day 8 (p =
0.0025) and day 12 (p = 0.0006) relative to the mCherry control strain. On the other hand,
the Punc-119::4p strain showed a significant decline in the mean swimming speed only
on day 4 (p =0.0028) when compared to the YFP control strain. In addition, there was
rapid decline in the wave initiation rate of the Prgef-1::4/ on day 4 (p < 0.0001), day 8 (p
=0.0051) and day 12 (p =0.026) in comparison to the mCherry control strain. However,
the Psnb-1::4p strain showed a rapid decline in the wave initiation rate on day 8 (p <
0.0001) and day 12 (p =0.0010). In contrast, there was no difference in the wave initiation
rate between the YFP control strain and Punc-119::4f (Figure 3.7C). As can be seen in
Figure 3.7D, there was a decline in the activity of all the AB1-42 expressing strains. The
Prgef-1::4p showed a significant decline in activity starting on day 4 (p =0.0018) in
comparison to the Psnb-1::4/4 that showed a reduction in activity on day 8 (p =0.0005)
relative to the mCherry control. In addition, there was a decline in the activity of the
Punc-119::44 worms on day 4 (p = 0.037), but not on day 8 (p =0.35) or day 12 (p >
0.9999). All other parameters such as the dynamic amplitude (curvature), curling, and the
brush stroke (shown in Supplementary Figure 3.5) do not show any significant differences
between the AP1-42-expressing strains Psnb-1::44 and Prgef-1::44 and the transgenic
control WG731. The Punc-119::4f showed a significant reduction in curling on day 12 (p
< 0.0001) as compared to the YFP control strain (Supplementary Figure 3.5B).In
summary, all the Ap-expressing strains show an age-related decline in motility parameters
in liquid media and the severity of the phenotype correlates with the levels of Ap-

expression.

3.3.7 Pan-neuronal AB-expressing strains Psnb-1::4Af and Prgef-1::Af show

diminished basal slowing response mediated by dopamine

Two types of experienced-based learning assays were performed to compare deficits in
learning behaviour. The basal slowing response is mediated by dopaminergic signalling,

displayed by slowing of well-fed worms in the presence of food (Sawin et al., 2000). An
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Figure 3.8: Pan-neuronal Ap-expressing strains show diminished basal slowing

response mediated by dopamine.

A) Day 4. B) Day 8. C) Day 12 (n=3, 5-15 worms/replicate). An unpaired t test is used to test for
significant differences in worm movement on seeded and unseeded plates. ns not significant, *p <

0.05 **p < 0.01, ***p < 0.001, ****p < 0.0001.
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unpaired t-test was used to determine significant differences between the animals on
seeded and unseeded plates. In young adults on day 4, all the transgenic C. elegans strains
showed a significant reduction in body bends in the presence of food except the control
strain cat-2. The control strain cat-2 is defective in dopamine synthesis and does not slow
down in the presence of food. However, this slowing response diminishes on day 8 and
day 12 for the AB1-42 expressing strains Psnb-1::44 and Prgef-1::44 in comparison to
the mCherry control strain. These results indicate that there may be a deficit in
dopaminergic signalling in the AB-expressing strains Psnb-1::44 and Prgef-1::4/ as the
worms age. On the other hand the YFP control strain and the Punc-119::4 strains also
display slowing response on day 4, however, the slowing response is diminished on day 8
and day 12 in both these strains (Figure 3.8). Although these preliminary data indicate
that the Punc-119::44 strain possibly has a defect dopaminergic signalling, they are
difficult to interpret as the basal slowing response of the YFP control strain is not

statistically significant on Day 8 and Day 12.

An enhanced slowing response is displayed by starved worms in the presence of food and
is mediated by serotoninergic signalling (Supplementary Figure 3.6). In young worms on
day 4, all transgenic strains showed a significant reduction in body bends in the presence
of food following a period of starvation, as determined by an Unpaired t-test. The control
strains cat-4 and bas-1 did not show any slowing responses in the presence of food. On
day 8, the slowing response is diminished in all the transgenic strains. Surprisingly, the
enhanced slowing response is still evident in Punc-119::44 on day 8. On day 12, none of

the worm strains show enhanced slowing responses including the controls.
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3.4 Discussion

Although the AP peptide has been proposed to play a role in the pathogenesis of AD,
direct evidence that quantitatively links AP concentration to disease severity is lacking.
Here, I have compared strains expressing varying levels of AB1-42 in C. elegans neurons.
The strains have been constructed by a conventional transgenesis approach to show
variation in AP peptide expression using two different pan-neuronal promoters snb-1 and
rgef-1. A new transgenic C. elegans strain expressing the AB1-42 transgene in the
nervous system using the promoter rgef-1 was generated and characterised (Prgef-1::45).
This strain was compared to the previously described strain WG643 (Chapter 2) that
utilised the pan-neuronal promoter snb-1 to drive the expression of the Ap1-42 transgene
(Psnb-1::4p). In addition, a published pan-neuronal AB1-42 expressing strain, which uses
the unc-119 promoter to drive the AB1-42 transgene expression, was also used (Punc-
119::4p) (Fong et al., 2016). These strains were used to test the hypothesis that the
severity of the disease phenotype is correlated with the levels of AB1-42 expression in
these strains. The pan-neuronal AB1-42 expressing transgenic C. elegans strains described
in this study showed varying levels of the AB1-42 expression and also showed variation
in the severity of some, but not all, of behavioural phenotypes that were measured.
Overall, all the AB-expressing strains showed reduced longevity, impaired egg-laying,
and age-related decline in motility in liquid media accompanied by subtle defects in
chemotaxis and deficits in dopaminergic signalling. The phenotypic variation may be
correlated with the level of AB1-42 transcript abundance measured by RT-gPCR.
However, it is difficult to make direct comparisons between the Psnb-1::4/% or the Prgef-
1::A4p strains that express mCherry as a reporter and the Punc-119::4/ strain because the
Punc-119::4p strain was made in a different genetic background and expresses a different

transgenic marker YFP.

3.4.1 Transgenic AP1-42 expressing C. elegans strains show variation in Af§

expression

All strains were generated using conventional transgenesis involving microinjection of

the AB1-42 containing plasmid combined with a transgenic marker plasmid to obtain
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transgenic progeny containing the AB1-42 transgene on an extrachromosomal array. This
transgenic progeny obtained after microinjection were followed by irradiation to integrate
the extrachromosomal array randomly into the C. elegans genome. One possible
limitation of this approach is that this random integration can sometimes lead to germline
silencing of the array. In addition, there is limited control on the number of copies of the
AP1-42 transgene integrated into the C. elegans genome (Mello et al., 1991). There were
~ 80 copies of the AB1-42 transgene integrated in the Psnb-1::44 and Prgef-1::4/ strains
and ~ 5 copies of the AB1-42 transgene integrated in the Punc-119::44 strain (Figure
3.1A). Hence, the copy number of the Psnb-1:4p and Prgef-1:4/ strains is approximately
16-fold higher in comparison to the Punc-719:A4p. If the copy number and the FKPM
values were utilised to generate an index of expected expression by multiplying the copy
number and FPKM values, this would mean Psnb-1:4p has the highest AB expression of
16388 units, Prgef-1:44 shows expression of 337.5 units and Punc-119::4/ shows the
lowest expression of 80.15 units. In other words, if it were a simple relationship between
intrinsic activity and copy number, the Punc-119::4/ would have 20-25% the expression
of the Prgef-1::4p strain despite somewhat higher intrinsic promoter activity. When
comparing the AP expression levels by RT-qPCR, there was a 100-fold difference in AP
expression between the Psnb-7:4/ and Prgef-1::4p4. In addition, the Prgef-1::4/ shows
200% higher AB expression than Punc-119::44 which shows the lowest levels of Ap
expression (Figure 3.1B). However, it is difficult to compare a FPKM value, which is a
direct measure of transcript abundance, to A expression as measured by RT-qPCR,
because the latter is a relative measure of transcript abundance and thus dependent on the
“housekeeping” transcript(s) that is/are used. In addition, direct comparisons of Psnb-
1::4p and Prgef-1::A4p strains with Punc-119::4p strain is complicated because it was
constructed in a different genetic background, has a different transgenic marker which
mediates the quantitative variation in A expression, and variation in intrinsic promoter
activity. In addition, there may be other factors influencing the AP expression in these
transgenic strains such as integration sites. In order to control the variation in A
expression, the same promoter construct could be microinjected at different
concentrations to generate strains containing different copies of the AP transgene thereby

resulting in variation of AP expression. In addition, gene editing tools such as MosSCI
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and CRISPR could be utilized to insert specific number of copies of the AP transgene at
specific sites in the C. elegans genome (Nance and Frokjaer-Jensen, 2019). Regardless of
the quantitative differences in expression (or their cause), if the Psnb-1::4 strain with the
highest levels of AP expression shows a more severe behavioural deficit than the Prgef-
1::4p and the Punc-119::4p strains shows only subtle behavioural deficits, this would
support the hypothesis that levels of AB expression correlate with the severity of the
disease phenotype.

3.4.2 Pan-neuronal AB1-42-expressing strain show premature death and reduction

in fecundity

All the transgenic AB1-42-expressing strains showed a significant reduction in median
lifespan (Figure 3.2). However, Psnb-1::4p strain, with the highest A expression,
showed the most significant reduction in median lifespan (~ 25%) .The Prgef-1::4p strain
shows ~21% reduction in median lifespan. On the other hand, the Punc-119::4 strain
with the lowest A expression showed subtle reduction in median lifespan in comparison
to the control (~6%). Therefore, the reduction in median lifespan correlates with the
levels of AP expression. The rate of aging, measured by the Gompertz equation, is greater
in the high AB-expressing strains Psnb-1::44 and Prgef-1::44 (Table 3.1). These results
indicate that increased levels of AB in the C. elegans neurons cause the worms to age
faster, whereas low levels of Ap influences lifespan but does not necessarily lead to a
change in the rate of aging. Several previous studies have showed that although there are
individuals that do not show any symptoms of AD, their brains have profuse plaques at
autopsy known as high pathology controls or preclinical AD (Arriagada et al., 1992b;
Dickson et al., 1992). Moreover, the level of soluble AB in these individuals is lower than
that seen in AD patients. They also do not show presence of neurofibrillary tangles which
may indicate that the level of A in these individuals is unable to trigger the pathogenic

cascade that ultimately leads to neuronal dysfunction and death (Lue et al., 1999).

All the AB-expressing strains show reduction in brood size (Figure 3.4B). However, this
reduction in brood size was only significant for the highest AB-expressing strain Psnb-

1:Ap. In addition, there was possibly an impairment in rate of egg production in these
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strains which would result in a reduction in the brood size. It is also important to note that
all the young adult AB-expressing worms lay eggs at the rate close to wild type and the
rate of egg production is lower than the transgenic control only on day 6 and day 7 of
adulthood. Further experimentation is required to validate these results. For instance,
ectopic expression of serotonin to stimulate egg-laying and could be used to test whether
the worms response to the treatment restores the egg-laying deficit (Trent et al., 1983;
Waggoner et al., 1998).

3.4.3 Pan-neuronal ApB1-42-expressing strains Psnb-1::Af and Prgef-1::Aff show a

severe decline in motility

There was a rapid age-related decline in motility parameters in all the AB-expressing
strains; however, the defect was more severe in the Psnb-7:4p strain (Figure 3.6). When
comparing motility on solid media, only the high AB-expressing strains Psnb-/:44 and
Prgef-1::4p showed significant declines in crawling parameters such as body bends and
mean speed. However, only the Psnb-1::44 strain showed a significant declines in
maximum speed, which is a measure that has been correlated with healthspan. The low
AB-expressing strain did not show any significant difference in the motility on solid
media relative to the control strain. On solid media, there is mechanical resistance that the
worm encounters when crawling on the agar surface and this is 10,000-fold greater than
that encountered while swimming. Moreover, worms also display other engaging
behaviours such as foraging or pharyngeal pumping on solid media (Laranjeiro et al.,
2017; Vidal-Gadea et al., 2011). Therefore, any subtle defects in motility will be harder to

detect on solid media.

It is easier to detect motility defects in liquid as the worms are able to move freely.
Moreover, it has been previously reported that swimming in liquid is more energetically
demanding than crawling and there is increase in the metabolic rate of the worms while
swimming (Laranjeiro et al., 2017). When looking at motility parameters in liquid media,
the Psnb-1::4f and Prgef-1::44 strains show a decline in swimming parameters such as
the mean swimming speed, activity, number of thrashes and wave initiation rate (Figure

3.7). The low ApB-expressing strain Punc-119::44 also shows a decline in all of these
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swimming parameters, except for the wave initiation rate. Although the wave initiation
rate in this strain shows a decline from day 4 to day 8, the change is similar to the one
seen in the transgenic control (Figure 3.7C). Consistent with the defects in swimming
parameters for the Punc-119::4p strain, the low AB-expressing strain Punc-119::44 has

been reported to show ATP deficit at young age (Fong et al., 2016).

3.4.4 Defects in chemotaxis observed in all AB1-42-expressing strains

Olfaction is affected in AD and is a primary early indicator of the disease. All the pan-
neuronal AB1-42 expressing strains show subtle defects in chemotaxis towards diacetyl
(Figure 3.5). The Psnb-1::44 strain shows reduced chemotaxis towards diacetyl on day 4
whereas the Punc-119::44 strain showed decreased chemotactic response on day 8 .
Therefore, the Psnb-1::4/ strain with the highest Ap expression, has earlier onset of
chemotaxis impairment than the Punc-119::4p strain, which has the lowest A}
expression. One possible explanation for this observation is that there is a threshold of Ap
expression at which the phenotype arises and Psnb-1::4/ reaches this threshold for
chemotaxis defect earlier because it accumulates AP faster. The chemotaxis assay does
not demonstrate an increase in the severity of the behavioural defect as AP expression
increased but does show a defect if there is any expression of AfB. Thus, changes in
olfaction are early indicators of age-related cognitive decline due to AB in worms as in
humans because olfaction is sensitive to the presence of low concentrations of A (Sun et
al., 2012).

3.4.5 Pan-neuronal AP1-42-expressing strains show deficits in dopaminergic

signalling.

Synaptic dysfunction in AD is considered to be an early hallmark of the disease (Dosanjh
et al., 2010). In C. elegans, the basal slowing response is sensitive to even small amounts
of AB: all the AB-expressing strains showed a diminished basal slowing response on day 8
and day 12, these results support the idea that AP causes synaptic dysfunction, thereby

leading to neurotransmitter deficits, in this case dopaminergic signalling (Figure 3.8).
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Figure 3.9: Dose response curves explaining the correlation between the levels of Ap
expression and the severity of disease.
A) Gradual dose response curve. B) Fixed dose response curve.

112



These motility related behaviours are noisy, and preliminary experiments to reveal subtle
defects that may be the first signs of AP toxicity will require large sample sizes. Previous
studies suggest that the insoluble plaques do not correlate with disease severity, and the
soluble AB1-42 oligomers may be more toxic in vivo (McLean et al., 1999). A strain
expressing the AB1-42 peptide in the body wall muscle showed AP exists as a high order
oligomer (McColl et al., 2012). To verify the version of A in these strains, a liquid
chromatography experiment would need to be performed on the pan-neuronal Ap1-42-
expressing strains reported here. Several other studies have suggested that soluble A
oligomers are more toxic in vivo compared to the insoluble AP (Cohen et al., 2006;
Roberts et al., 2012; Shankar et al., 2008). As shown in Figure 3.9, the relation between
AP concentration and disease severity could possibly be explained in two ways: (i)Using
gradual dose response curve in which is there is gradual increase in disease severity with
the concentration of AP and there is visible phenotype after a particular threshold; (ii)
Fixed dose response in which there is a range of AB concentration that shows a
phenotype. The next step would be to construct strains that fall in between these high and

low AB-expressing strains to understand this relationship better.

3.5 Conclusion

This is the first study to demonstrate that varying expression levels using different
promoters and variable copy number of different integrated arrays does offer the
possibility of establishing a quantitative dose response between AP expression and AD
related phenotypes. These data support the conclusion that there is a correlation between
AP concentration and the initiation and progression of the disease, rather than the end
point of the disease. Therefore, C. elegans serves as a good model to study the
relationship between disease progression and AP expression because the severity of these
behavioural deficits is correlated with the quantitative expression of ApB. Additionally,
these data provide preliminary support for the hypothesis that some behaviours are more
sensitive indicators of the disease, such as the basal slowing response assay in which all
the AB-expressing strains show diminished slowing response irrespective of the Af

concentration.
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Chapter Four

Comparison of transgenic strains expressing different versions
of the AP transgene in the C. elegans nervous system

4.1 Introduction

Early onset familial forms of AD are caused by mutations in genes involved in the
processing of amyloid precursor protein (APP), causing enhanced production of amyloid
B (AP) peptides. This has ultimately led to the hypothesis that amyloid f is involved in the
AD pathogenic process (Haass and Selkoe, 1993). In this hypothesis, accumulation of A
is a result of enhanced production and reduced clearance from the cerebrospinal fluid in
AD patients and this deposition starts many years before the cognitive deficits become
evident (Mawuenyega et al., 2010). The AP peptides proposed to play a critical role in the
pathogenesis of AD, released after the imprecise proteolytic cleavage of the APP by 3 and
vy secretases, are usually about 38-43 amino acids in length (Haass and Selkoe, 1993;
Portelius et al., 2010). Extractions of amyloid deposits from the AD brain are composed
of heterogenous species of AB1-42, AB1-40, and shorter N- and C- terminal truncated
peptides (Kalback et al., 2002). Although studies have reported that the oligomeric Ap
species constituting mainly of the full length AB1-42 impair synaptic function, the
amyloid fibrils are also a toxic form of AB (Haass and Selkoe, 2007; Harmeier et al.,
2009; Klein, 2002; Selkoe, 2001; Wilcox et al., 2011). Furthermore, it has been reported
that several high and low oligomeric species, rather than a specific type of oligomer,
could trigger neuronal dysfunction (McLean et al., 1999). Although the presence of Ap
oligomers have been correlated with disease severity and are suggested to be the toxic
form of A, the mechanism of toxicity remains unclear (Kayed et al., 2003; Lambert et
al., 1998; Podlisny et al., 1998).

Since the AB1-40 and AB1-42 peptides are found most abundantly in the human AD
brain, the majority of studies have focussed on the role of these peptides in the
pathogenesis of the disease (Naslund et al., 1994, Piccini et al., 2005). AB1-40 is the
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predominant form secreted from cultured cells (Asami-Odaka et al., 1995) and biological
fluids, such as blood (Lewczuk et al., 2004) and cerebrospinal fluid (Wiltfang et al.,
2002). However, they are observed in later stages of the disease (Delacourte et al., 2002).
On the other hand, the longer form AB1-42 is thought to be a major contributor in the
pathogenesis of AD due to its higher propensity to aggregate (Jarrett and Lansbury,
1993). Surprisingly, it was found that majority of the A peptides that make up the AP
oligomers were amino-truncated (Sergeant et al., 2003). Moreover, the AP peptides
containing ragged N- and C-termini have been overlooked and an estimated 64% of these
amino truncated peptides are Ap4-X (Masters et al., 1985; Portelius et al., 2010). The
relative contribution of these AP species in the pathology of the disease has not been fully
understood and was ignored for almost 30 years since it was first discovered. However,
evidence suggests that these N-truncated peptides play a key role in AD, either the ABX-
42 species starting at positions 4,5,8,9 or with a pyroglutamate residue at position 3
(Jawhar et al., 2011; Sergeant et al., 2003). Figure 4.1 shows all the N-truncated Ap
peptides in the human AD brain. In addition, in vitro studies on these amino-truncated Ap
species have shown that they are both more fibrillogenic at physiological pH and more
toxic than the full length AB1-42. These N-terminal truncations enhance the AP
aggregation, which may initiate the pathological cascade that leads to Ap deposition and
ultimately to disease (Pike et al., 1995; Russo et al., 2002). Since these amino-truncated
AP species are found in people with Down syndrome and in preclinical AD, they are
implicated in the very first step of amyloidosis (Liu et al., 2006; Russo et al., 2001;
Sergeant et al., 2003).

One of the first N-truncated Ap species reported was the Ap4-42, which is relatively
abundant in AD, aged individuals, and those with vascular dementia (Lewis et al., 2006;
Masters et al., 1985). These findings were further supported by evidence from
immunoprecipitation and mass spectrometry experiments showing that Ap4-42 is one of
the major fractions in the hippocampus and cortex of AD patients (Portelius et al., 2010).
Short-term exposure of primary cortical cultures to aggregated Ap4-42 peptides triggers
neuronal loss. Furthermore, intracerebral fusion of AB4-42 oligomers affects
hippocampus-dependent behaviour as assessed by working memory behavioural testing in
mice. These AB4-42 oligomers have detrimental effects comparable to the Ap1-42
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Figure 4.1: N-terminally truncated Ap peptides.
Representation of all the N-terminally truncated AP variants. Arrows represent sites of cleavages
(Dunys, Valverde, & Checler, 2018).
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oligomers (Bouter et al., 2013). In addition, an in vivo mouse model of AD
overexpressing Ap4-42 suffer from massive CA1 pyramidal neuronal loss accompanied
by memory dysfunction (Bouter et al., 2013). However, the mode of Ap4-42 toxicity
remains unclear. For instance, bapineuzumab is used in antibody-based immunotherapy
directed against the amino-terminus of AB1-42, and is proposed to bind to A in the brain
and facilitate its clearance (Bard et al., 2000; Schroeter et al., 2008). Although the
antibody was successful in lowering the brain amyloid after 78 weeks of clinical trial,
there was no improvement in cognition (Rinne et al., 2010). Since bapineuzumab
potentially only binds to AB1-42, it ignores the majority of the other AP peptides in the
AD brain that may play an important role in cognitive decline and disease pathogenesis.
Therefore, it is critical to determine the in vivo toxicity associated with these amino-

truncated AP species found in the human AD brain.

Comparative studies of the relative toxicity of these specific AB peptides (amino
truncated, post-translationally modified or otherwise) have not been performed in
canonical mouse models of AD such as Tg2576 (Hsiao et al., 1996) or APPswe/PS1 dE9
(APP/PS1) transgenic mice (Jankowsky et al., 2001). Although these mice overexpress
human AP, deposit amyloid plaques, and show cognitive deficits, the spectra of A
peptides found in the mouse brain are different from those found in the human AD brain
and is limited to AB1-40/42/43 (Adlard et al., 2008; Kalback et al., 2002). This suggests
differences in mechanisms driving the deposition of A in mouse and humans (Schieb et
al., 2011). Furthermore, the toxic effects associated with AP peptides have been linked to
peroxide generation in cell cultures through metal ion reduction (Huang et al., 1999). The
metal ion binding site of AP has been mapped to the N- terminus amino acids 1-28 (Bush
et al., 1993; Bush et al., 1994). The A peptide found in mice contains three amino acid
substitutions within this metal binding domain (Arg5Gly, Tyr10Phe, His13Arg), which
significantly decreases the metal binding activity and peroxide production (Huang et al.,
1999). In addition, mice do not develop amyloid deposition with age even when Ap1-42
is overexpressed in the brains of familial AD-linked mutant presenilin transgenics, which
suggests that the mouse A is not as intrinsically pathogenic as the human Ap (Duff et al.,
1996). Moreover, the mouse AP peptides lack the extensive N-terminal degradations,

posttranslational modifications and cross-linkages abundant in
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Figure 4.2: Schematic model of hypothetical glycine zipper-mediated interaction
between Apa-helical regions.

Model of possible packing arrangement between C-terminal regions (residues 24-39) of
neighbouring AB molecules. The glycine zipper interface is represented by the jagged line;
residue G37 is highlighted in red. Adapted from (Fonte et al., 2011).
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the stable AP peptide deposits. Finally, the oligomeric AB species found in mouse AD
brain are not formic acid stable, while those in the human AD brain are (Kalback et al.,
2002). However, the in vivo toxicity of mouse Ap compared to human AP has not been

directly explored in other animals.

Study of mutations that result in changes to the in vivo neurotoxicity of these AP peptides
may be beneficial. Transgenic strains expressing Ap peptides with amino acid
substitutions have been generated to study different aspects of Ap toxicity (Fay et al.,
1998; Link, 1995). For instance, the hydrophobic C-terminal motif -Gly-XXX- Gly-
XXX-Gly- motif in A (residues 24-39) which forms a glycine zipper, has been identified
as being important for the oligomerization and toxicity of Ap (Fonte et al., 2011; Kim et
al., 2005). Previous studies have shown that these glycine zippers assist in the packing of
AP peptides into transmembrane a-helices (Figure 4.2), and G-to-L substitutions in these
glycine zipper motifs reduce Ap toxicity in cultured cells and in primary mouse cortical
neurons; G37L substitutions were particularly shown to have greater reduction in toxicity
(Hung et al., 2008; Kim et al., 2005). Addition of Ap G37L to neuronal cells led to
reduction of AP toxicity, which may be due to a direct interaction between the Ap and AP
variant causing the G37L mutation to interfere with the formation of Ap oligomers, or due
to an indirect effect such as competing for a common target (Fonte et al., 2011).
Furthermore, these glycine zipper motifs play an important role in the dimerization of
APP, and also in production of A by APP processing (Munter et al., 2010; Munter et al.,
2007). The role of the glycine zipper motif in processing means that using transgenic
mouse models expressing human APP containing these glycine zipper substitutions may
be difficult as these substitutions interfere with the proteolytic processing of APP into AP
peptides. In contrast, a transgenic C. elegans strain expressing the AB1-42G37L in the
body wall muscles does not require peptide processing and showed significant reduction
in the rate of paralysis compared to the AB1-42-expressing strains (Fonte et al., 2011).
Expressing this AB1-42G37L peptide in the C. elegans nervous system will make this
model more disease-relevant. Moreover, expressing this AB1-42G37L peptide in the
already established neuronal ApB1-42-expressing strain will give further insight into the in
vivo toxicity of these AB1-42G37L peptides.
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In this chapter, | test the hypothesis that the expression of each of these different AP
species in the C. elegans nervous system (one peptide at a time) will show differences in
behavioural deficits when compared to the strains expressing the pan-neuronal Ap1-42
transgene. To test this hypothesis, | aim to do the following:

1. Characterise the in vivo toxic effects of the neuronal expression of the amino-
truncated Ap4-42 transgene on C. elegans behaviour, and determine any differences
between the in vivo toxicity of this amino-truncated transgene and the full length AB1-
42 transgene.

2. Examine the in vivo toxic effects of the mouse AP transgene by expressing this
transgene in the C. elegans neurons and comparing the behavioural phenotypes
between the mouse Ap and human ApB-expressing strains.

3. Determine the in vivo effects of the concurrent expression of a mutant AP transgene
containing a G37L substitution and the full length AB1-42 transgene, by generating
double transgenic C. elegans strains expressing both the A transgenes
simultaneously in the neurons and comparing the behavioural phenotypes of this

strain with the single AB1-42-expressing transgenic strain.
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4.2 Methods

All materials and methods used in this chapter are described in Section 2.2 with a few

exceptions (described below).

4.2.1 Construction of transgenic C. elegans expressing AP variants in the neurons

The expression plasmid pSNB-1 was constructed by cloning the snb-1 promoter fragment
in to the MCS | of the pPD49.26 vector backbone. This plasmid was then used to
construct expression plasmids containing different Ap transgenes driven by the snb-1
promoter. The Ap4-42, AB1-42G37L, and mouse AP fragments were extracted from the
plasmids pGMC104, pGMC107, and pGMC110, respectively, using the restriction
enzymes Nhel and Sacl and cloned into the MCS 11 of pSNB1 vector backbone. These
pGMC plasmids were obtained from Dr. Gawain McColl at the Florey Institute of
Neuroscience and Mental Health. The presence of the insert in these new expression
plasmids pSNB1AB442, pMouseAB, and pAB42G37L was confirmed by restriction
enzyme digestion and all clones were verified by Sanger sequencing (Macrogen, Korea).

The expression plasmids were then introduced into the C. elegans gonads by
microinjection, performed by Kirsten Grant at the Florey Institute of Neuroscience and
Mental Health. Details of the plasmid concentrations used for microinjections are listed in
Supplementary Tables 1-5. Briefly, all the expressed plasmids were initially
microinjected at a concentration of 25 ng/ul, with marker plasmid pAV1944/pAV119 (2.5
ng/ul) and sheared genomic DNA (50 ng/ul). Transgenic strains were obtained for AB1-
42G37L and mouse AP containing expression plasmids. After multiple unsuccessful
attempts to obtain transgenic AB4-42 expressing strains, even at lower concentrations of
the expression plasmid, the Ap4-42 fragment was cloned into a plasmid containing rgef-1
pan-neuronal promoter. The new expression plasmid pEXAB442 was microinjected at a
concentration of 10 ng/ul along with marker plasmid pAV1944 (2.5 ng/ul) and sheared
genomic DNA (100 ng/ul) to successfully obtain pan-neuronal AB4-42 expressing
transgenic strains. Since all these transgenic strains contain extrachromosomal arrays of

these plasmids, the strains were irradiated using X-rays to integrate the array into the
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worm genome. Subsequently, all the integrated transgenic strains were backcrossed three

times to the wild type animals in order to remove background mutations.

4.2.2 Strains used in this chapter

The strains used in this chapter are as follows: WG731 [Pmyo-2::mCherry], WG643
[Pmyo-2::mCherry + Psnb-1::huAp1-42], WG663 [Pmyo2::mCherry + Prgef-1.::huAdpi-
42], WGT709 [Pmyo-2::mCherry + Prgef-1::hudp4-42]; WG724 [Pmyo-2::mCherry +
Psnb-1::mousedf1-42], WG657 [Pmyo2:GFP +Psnb-1::hudp1-42G37L], WG664
[Pmyo2::mCherry + Prgef-1.::huAp1-42; Pmyo2::GFP +Psnb-1.::huAp1-42G37L],
WG666 [Pmyo2::mCherry + Psnb-1::hudf1-42; Pmyo2::GFP +Psnb-1.:huAdpI-
42G37L], CB1112 [cat-2 (e1112) I1], MT7988 [bas-1 (ad446) 111] (Loer and Kenyon,
1993), CB1141 [cat-4 (e1141) V] (Sulston et al., 1975), MT8943 [bas-1(ad446) IlI; cat-4
(e1141) V1.

4.2.3 Statistical analysis

All data have been reported as mean £ SEM values. The Shapiro-Wilk test was used to
test normality and if the data were not normally distributed, then appropriate non-
parametric tests were used to determine significant differences. A two-way ANOVA
using age and genotype was used as variables for all motility assays, whereas a one-way

ANOVA was used for all other assays (unless otherwise stated).
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4.3 Results

4.3.1 Copy-number PCR assay shows a range of Ap copies in the transgenic strains

A copy-number PCR assay was performed to quantify the number of the copies of the AP
transgene in the transgenic C. elegans strains containing AP variants. As shown in Figure
4.3A, the mouse AP strain WG724 has the lowest number of AP copies per haploid
genome (0.82 + 0.03), while the 451-42G37L transgene-containing strains WG666 and
WG664 showed very high copy numbers of the AP transgene when compared to the other
strains. In addition, there was a lot of variation in the copy number of 451-42G37L
transgene within each strain. The transgenic C. elegans strain WG664,0btained by
crossing the strain WG663 (Prgef-1::huAp1-42) with WG657 (Psnb-1::A51-42G37L),
showed a copy number of 383 + 29. The strain WG666 showed the highest copy number
of ~400 copies (418 £ 74) amongst all the strains. This strain was obtained by crossing
the strain WG643 (Psnb-1.:huAdp1-42) with the strain WG657 (Psnb-1::A$1-42G37L).
The AB copy number in the strain WG664 and WG666 was due to the Ag1-42 and AB1-
42G37L transgenes. The transgenic AB4-42 expressing strain WG709 showed ~30 copies
of the AP transgene per haploid genome.

4.3.2 Transgenic C. elegans strains containing the AP variant transgenes show low
levels of AP transgene expression in comparison to the human Ap1-42 expressing

strains.

To allow for better comparison of the in vivo effects of Ap transgene expression, all the
transgenic strains described in this chapter are divided into three groups. The first group
consists of the mouse AP expressing strain WG724 (Psnb-1::mouseAf1-42) compared to
the human AB1-42 expressing strain WG643 (Psnb-1::huAf1-42) as they are driven by
the same pan-neuronal promoter snb-1.The second group compares the in vivo toxicity
between the AB1-42 and the truncated Ap4-42 peptide, thereby utilising the transgenic
strains WG709 (Prgef-1::huAdp4-42) and WG663 (Prgef-1.::huAdf1-42) as these strains
contain the A transgene being driven by same pan-neuronal promoter rgef-1. Lastly, the
third group comprises of the double transgenic strains WG664 and WG666 expressing
both the AB1-42 and the mutant AB1-42G37L peptide, wherein different promoters are
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Figure 4.3: Comparison of Ap expression levels in the pan neuronal A strains.

A) Copy number assay showing the number of copies of the Ap transgene in the strains per
haploid genome. B) RT-gPCR showing the relative expression of the Ap transgene in the strains
normalized to reference genes cdc-42 and Y45F10D.4. An unpaired t test was used to compare
between two strains, ns not significant, *p<0.05, **p<0.01. WG731 [Pmyo-2::mCherry], WG643
[Pmyo-2::mCherry + Psnb-1::huAp1-42], WG663 [Pmyo2::mCherry + Prgef-1::huAp1-42],
WG709 [Pmyo-2::mCherry + Prgef-1::huAdp4-42];, WG724 [Pmyo-2::mCherry + Psnb-
1::mouseApB1-42], WG657 [Pmyo2::GFP +Psnb-1.::huAdf1-42G37L], WG664 [Pmyo2::mCherry
+ Prgef-1.::hudp1-42; Pmyo2::GFP +Psnb-1.:hudf1-42G37L], WG666 [Pmyo2::mCherry +
Psnb-1::hudf1-42; Pmyo2::GFP +Psnb-1::huAf1-42G37L].
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utilised to express the AB1-42 transgene. The transgenic C. elegans strain WG664 was
obtained by crossing the strain WG663 (Prgef-1::huAdf1-42) with WG657 (Psnb-
1::huAdp1-42G37L). Additionally, the transgenic strain WG666 was obtained by crossing
the strain WG643 (Psnb-1::huAdf1-42) with WG657 (Psnb-1::huAp1-42G37L). The
double transgenic strains WG664 and WG666 are compared to the single Ap1-42
expressing transgenic strains WG663 and WG643 respectively. The WG731 strain
expressing mCherry in the pharynx was used as a transgenic control.

To characterize the AP transgene expression in these strains, an RT-qPCR assay was
performed. As can be seen in Figure 4.3B, the mouse AB-expressing strain WG724
showed the lowest expression (6.65 + 0.03) amongst all the transgenic strains and was
significantly lower (p = 0.0017) compared to AB1-42 strain WG643 (13.47 + 0.28) as
determined by an unpaired t-test. Although the AB4-42 expressing strain WG709 showed
lower AP expression (7.81 = 1.43) compared to AB1-42 expressing strain WG663 (11.67
+ 0.26), the difference in level of expression was not statistically significant (p =0.057,
unpaired t test). Surprisingly, the level of AB expression in the double transgenic strain
WG666 (9.5 + 1.33) was moderately lower as compared to the AB1-42 expressing strain
WG643 (13.47 = 0.28) (p = 0.105, unpaired t test). Furthermore, the strain WG664 (7.75
+ 0.37) showed significant reduction in Af expression as compared to AB1-42 expressing
strain WG663 (11.67 £ 0.26) (p = 0.001, unpaired t test). The AB expression levels in the
double transgenic strain WG664 and WG666 did not show any statistically significant
differences between these strains. In addition, levels of A expression analysed in young
(day 4), middle-aged (day 8) and old worms (day 12) showed lower levels of expression
when comparing to transgene expression levels from RNA obtained from mixed life-

stages (Supplementary Figure 4.1).

4.3.3 Pan-neuronal mouse AB-expressing strain WG724 is longer lived than the

human Ap-expressing strain.

Life span assays were performed to determine the in vivo effects of the Ap variant
transgenes on the longevity of the worms. As can be seen in Figure 4.4A, Kaplan-Meier

survival curves were plotted, and a log rank test was used to compare the survival curves
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Figure 4.4: Transgenic C. elegans strains expressing Ap variants in the neurons show
reduction in the lifespan.

A) Representative Kaplan-Meier survival curves of one biological replicate (n=120
worms/replicate). B) Median lifespan (n=4, 120 worms/biological replicate). The median lifespan
data were analysed using one-way ANOVA followed by post hoc Tukey multiple comparisons
test. WG731 [Pmyo-2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-1::hudp1-42], WG663
[Pmyo2::mCherry + Prgef-1::hudp1-42], WG709 [Pmyo-2::mCherry + Prgef-1::huAdf4-42];
WG724 [Pmyo-2::mCherry + Psnb-1::mouseAp1-42], WG657 [Pmyo2::GFP +Psnb-1::huAp1-
42G37L], WG664 [Pmyo2::mCherry + Prgef-1.::huAdp1-42; Pmyo2::GFP +Psnb-1::huAp1-
42G37L], WG666 [Pmyo2::mCherry + Psnb-1::huApf1-42; Pmyo2::GFP +Psnb-1::huAdp1-
42G37L].
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of all the AB-expressing strains. The survival curves of the remaining biological replicates
are shown in Supplementary Figure 4.2. In addition, the median lifespan was calculated
from the survival data, and one-way ANOVA was used to test for significant differences
in the median lifespan between the AB-expressing strains (Figure 4.4B). Table 4.1 shows
the median and maximum life span values and the decrease of the life span of the AB-
expressing strains compared to the transgenic control strain WG731. The Gompertz
equation was used to calculate the initial mortality rate (A) and the Gompertz value (G).
A lower Gompertz value (G) indicates low rate of aging. The mortality rate doubling time
was calculated using the formula MRDT = 0.693/G (

Table 4.2). When comparing the transgenic strains utilising snb-1 as the pan-neuronal
promoter to drive AP transgene expression, there was a significant difference in the
survival curves of the mouse AB1-42 strain WG724 and the human AB1-42 expressing
strain WG643 (p = 0.0002). Additionally, the median life span of the mouse Ap-
expressing strain WG724 was significantly higher than the human AB-expressing strain
WG643 (p=0.0119). Hence, these data show that the survival of the mouse AB1-42
expressing strain WG724 is higher than the human AB1-42 expressing strain WG643. In
the second group, there was no difference in the survival curves (p = 0.18) and median
lifespan (p>0.9999) of the truncated Ap4-42 expressing strain WG709 and the AB1-42
expressing strain WG663 (p = 0.18).

Furthermore, the survival curve of the double transgenic strain WG666 was significantly
lower from the AB-expressing strain WG643 (p = 0.03) as determined by log rank test.
However, there was no difference in the median lifespan. On the other hand, the double
transgenic strain WG664, expressing both the Ap1-42 and AB1-42G37L transgenes, and
the human AB1-42 expressing strain WG663 did not show significant differences in
survival curves(p = 0.12) and median lifespan (p = 0.2031). There was a reduction in
median and maximum lifespan of all Ap wildtype and variant expressing transgenic

strains in comparison to the transgenic control strain WG731 (Table 4.1). As seen in

Table 4.2, the rate of aging was similar for all the transgenic AB-expressing strains and

was higher than the transgenic control WG731. Hence, these data suggest that expressing
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both the wild type and variant AP peptides in the nervous system accelerates the rate of

aging in C. elegans.

Table 4.1: Median and maximum life span values (Mean £ SEM)

Strai Median % decrease | Maximum % decrease in
rain hame Lifespan | in median Lifespan maximum

(days) lifespan (days) lifespan

WG731(Tg control) 17.7540.25 24+1.15

WG643 (Psnb- 13.17+0.17 | -25.8% 16.67+0.61 -30.54%

1::hudp1-42)

WG724 (Psnb- 155+ 0.76 | -12.68% 19.33+ 1.26 -19.46%

1:mouseAp1-42)

WG663 (Prgef- 14.00 £ -21.12% 17.25+0.75 | -28.12%

1::huAp1-42) 0.58

WG709 (Prgef- 15.00 £ -15.49% 17.33+£0.67 | -27.79%

1:huAp4-42) 0.00

WG664 (Prgef- 13.00 £ -26.76% 16 +0.00 -33.33%

1::huABI-42 + Psnb- | 0.00

1::hudp1-42G37L)

WG666 (Psnb- 12.67 + -28.62% 17 £1.16 -29.17%

1::huAdp1-42 + Psnb- 0.33

1::huAp1-42G37L)

Table 4.2: G and A estimates derived from Gompertz equation

Strain name Gompertz value Initial mortality | MRDT
(G) rate (A)
WG731(Tg control) 0.17 6.003E-3 4.08
WG643 (Psnb-1::hudf1-42) 0.40 1.591E-3 1.75
WG724 (Psnb-1:mouseAf1-42) | 0.41 5.66E-4 1.67
WG663 (Prgef-1::huAdp1-42) 0.32 3.894E-3 2.16
WG709 (Prgef-1:hudpa-42) 0.39 1.917E-3 1.77
WG666 (Psnb-1::hudf1-42 + 0.32 5.076E-3 2.2
Psnb-1::huAp1-42G37L)
WG664 (Prgef-1::hudp1-42 + 0.37 1.262E-3 1.87
Psnb-1.:-huAf1-42G37L)
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4.3.4 Measurement of growth rate of variant Ap-expressing transgenic strains

To investigate if the expression of the AB variant transgene has any effect on the growth
and aging of these worms, the body size of all transgenic strains was measured in terms of
length and width on day 4 (young), day 8 (middle-aged), and day 12 (old) (Figure 4.5).
One-way ANOVA was performed to test for differences in the length and width between
these animals. When comparing the mouse AB-expressing strain WG724 with the human
AP1-42 expressing strain WG643 and the control strain WG731, there was no difference
in the growth rate of the worms in terms of the length and width on day 4, day 8 and day
12. Amongst the young adult worms on day 4, the length of the AB4-42 expressing strain
WG709 was significantly lower than the transgenic control WG731 (p = 0.0009) unlike
WG663 (p = 0.25). However, on day 8 and day 12, there was no difference in the length
and width of the WG709 (454-42), WG663 (451-42), and the control strain WG731. This
indicates that there is a difference in the growth rate of these strains on Day 4, but this

difference in growth diminishes in middle-aged adults on Day 8

Further, the length of the AB1-42G37L strain WG664 strain was significantly lower as
compared to the control strain WG731 (p = 0.01), but not different from Ap1-42
expressing strain WG663 (p = 0.31) on day 4. The differences in length between these
strains diminishes on Day 8 and Day 12. In contrast, the strain expressing two AP
transgenes Af1-42 and A41-42G37L driven by the same promoter snb-1 was slow
growing and did show significant differences in the length on day 4 and day 12 compared
to the AB1-42 expressing strain WG643 and the transgenic control strain WG731.
However, there were no differences in the width between all the worm strains at all time
points. Overall, these data suggest that there is no difference in the growth rate of the Ap
expressing worms and the transgenic control strain WG731 except for the slow growing

double transgenic strain WG666.
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Figure 4.5: Double transgenic C. elegans strain WG666 expressing Ap and Ap shows
slow growth as estimated by body size measurements of early (day 4), middle-aged
(day 8) and old (day 12) adults.

A) Body length of day 4 worms. B) Body width of day 4 worms. C) Body length of day 8 worms.
D) Body width of day 8 worms. E) Body length of day12 worms. F) Body width of day 12
worms. All data analysed using One-way ANOVA followed by post hoc Tukey multiple
comparisons test, ns not significant, *p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001. The
strains WG666 and WG724 were compared to the WG643 strain whereas the strains WG709 and
WG664 were compared to the WG663 strain. WG731 [Pmyo-2::mCherry], WG643 [Pmyo-
2::mCherry + Psnb-1::huAp1-42], WG663 [Pmyo2::mCherry + Prgef-1::hudpi-42], WG709
[Pmyo-2::mCherry + Prgef-1::huAdp4-42]; WG724 [Pmyo-2::mCherry + Psnb-1::mouseAf1-42],
WG657 [Pmyo2::GFP +Psnb-1::hudf1-42G37L], WG664 [Pmyo2::mCherry + Prgef-1::huAdp1-
42; Pmyo2::GFP +Psnb-17::hudp1-42G37L], WG666 [Pmyo2::mCherry + Psnb-1/::hudp1-42;
Pmyo2::GFP +Psnb-1::hudf1-42G37L].
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4.3.5 AP variant expressing strains show differences in egg-laying behaviour

compared to the human AB1-42 expressing strains

In order to determine differences in egg-laying behaviour between the transgenic Ap
variant expressing strains, egg-laying behaviour was measured using three different
assays. Firstly, brood size was measured by counting the total number of progeny per
worm and the number of progeny produced per day during the reproductive span of each
worm (Figure 4.6A,B). Secondly, the number of eggs retained in utero was measured in
young adult worms (Figure 4.6C). Thirdly, the rate of egg production was measured by

counting the number of progeny per worm per hour (Figure 4.6D).

Strikingly, the Ap4-42 expressing strain WG709 showed significantly reduced brood size
(~117 progeny/worm) compared to the AB1-42 expressing strain WG663 (~265
progeny/worm, p = 0.0063). Additionally, there was a significant reduction in the number
of progeny produced between WG709 and WG663 on day 4 (p = 0.02) and day 5 (p <
0.0001) but not on day 6 (p = 0.85) or day 7 (p = 0.97). There was also a drastic reduction
in the rate of egg production in the strain WG709 (1.49 £ 0.12) compared to WG663
(4.29 £ 0.26, p < 0.0001). Hence, the AB4-42 strain WG709 shows a drastic reduction in
brood size and rate of egg production.

The mouse AB1-42 expressing strain WG724 (~268 progeny/worm) showed no
significant difference in the brood size when compared to the transgenic control strain
WG731 (~286 progeny/worm) or the AB-expressing strain WG643 (~225 progeny/worm).
However, when the progeny number per worm per day during the reproductive span of
the worm was measured, the mouse Ap strain produced significantly fewer on day 6 (p =
0.0002) and day 7 (p = 0.0047) compared to the control strain WG731. In contrast, when
compared to the human Ap-expressing strain WG643 (60.92 £ 6.44), the mouse A strain
WG724 produced more progeny on day 5 (91.17 £ 5.63, p = 0.0077). There was no
difference in the eggs retained in utero or the rate of egg production between the human
AP and mouse AB-expressing strains. These results suggest that although there are
differences in the developmental profile of reproduction neither egg production (brood
size) nor egg-laying (egg retention) are affected in the mouse AP expressing strain
WG724.
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Figure 4.6: Transgenic C. elegans strains expressing different versions of the A
peptide show egg-laying defects.

A) Number of eggs laid per worm per day during the reproductive span of the worm. B) Total
brood size (n =3, 5-7 worms/replicate). C) Mean number of eggs retained in utero per worm
(n=3,15-20 worms/replicate). D) Rate of egg production calculated by counting the number of
eggs laid/worm/hour (n=3,15-20 worms/replicate). All data analysed using One-way ANOVA
followed by post hoc Tukey multiple comparisons test, ns not significant, *p < 0.05, **p <
0.01,***p < 0.001. The strains WG666 and WG724 were compared to the WG643 strain whereas
the strains WG709 and WG664 were compared to the WG663 strain. WG731 [Pmyo-
2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-17::hudf1-42], WG663 [Pmyo2::mCherry +
Progef-1.::hudp1-42], WG709 [Pmyo-2::mCherry + Prgef-1::hudf4-42]; WG724 [Pmyo-
2::mCherry + Psnb-1::mouseAf1-42], WG657 [Pmyo2::GFP + Psnb-1::huAp1-42G37L],
WG664 [Pmyo2::mCherry + Prgef-1::huAdp1-42; Pmyo2::GFP +Psnb-1::huAdp1-42G37L],
WG666 [Pmyo2::mCherry + Psnb-1::huAp1-42; Pmyo2::GFP +Psnb-1::huAp1-42G37L].
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The double transgenic strain WG666 expressing both the Ap1-42 and Ap1-42G37L
driven by pan-neuronal promoter snb-1 showed severe egg-laying defects as seen by
reduced brood size (~72 progeny/worm, p < 0.0001), low rate of egg production (1.4 +
0.13, p < 0.0001) and lower egg retention (9.11 + 0.30, p = 0.0169) compared to the AB1-
42 expressing strain WG643. On the other hand, the double transgenic strain WG664
expressing both the Ap1-42 and AB1-42G37L transgenes showed a drastic reduction in
the total brood (~96 progeny/worm) relative to the AB1-42 expressing strain WG663
(~266 progeny/worm, p < 0.0001). Furthermore, the WG664 strain laid significantly
fewer eggs on day 4 (p = 0.0018) and day 5 (p < 0.0001) when compared the strain
WG663. Although there was a significant reduction in the rate of egg production between
the two strains (p < 0.0001), the number of eggs retained in utero was similar to that of
WG663 (p = 0.07). Therefore, the double transgenic strain WG666 and WG664 show

severe impairment in egg laying.

4.3.6 AP variant expressing strains WG709 and WG664 show subtle differences in
crawling compared to the AB1-42 expressing strain WG663

In order to examine whether the AP variant expressing strains had an age-related
locomotion phenotype and to test whether these phenotypes were different from those
seen in human AB1-42 expressing strains, motility was measured on solid and liquid
media in young (day 4), middle-aged (day 8) and old (day 12) worms. Several motility
parameters were assessed on solid media: body bends, mean speed, maximum speed,
mean wavelength, mean amplitude, and head bends (Figure 4.7 and Supplementary
Figure 4.3). Two- way ANOVA followed by Tukey’s multiple comparisons test was used
to analyse the data set using age and genotype as independent factors. The p-values of the
comparison of motility parameters on solid media between the AB-expressing strains have
been listed in Table 4.3.

The AB4-42 expressing strain WG709 showed significant age-related decline in body
bends (p < 0.0001), mean speed (p < 0.0001), maximum speed (p = 0.012), mean
wavelength (p < 0.0001) and head bends (p = 0.002) from day 4 to day 12.
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Figure 4.7: Age-related changes in motility of transgenic Ap-expressing strains on

solid media.

A) Body bends/30s. B) Mean speed (um/s). C) Maximum speed (um/s).

All data analysed by two-way ANOVA followed by post hoc Tukey multiple comparisons test
(n=3, 5-15 worms/replicate). The strains WG666 and WG724 were compared to the WG643
strain whereas the strains WG709 and WG664 were compared to the WG663 strain. WG731

[Pmyo-2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-1::hudp1-42], WG663 [Pmyo2::mCherry

+ Prgef-1::huAp1-42], WG709 [Pmyo-2::mCherry + Prgef-1::hudp4-42]; WG724 [Pmyo-
2::mCherry + Psnb-1::mouseAfS7-42], WG664 [Pmyo2::mCherry + Prgef-1::hudp1-42;
Pmyo2::GFP + Psnb-1::huAp1-42G37L], WG666 [Pmyo2::mCherry + Psnb-1.::huAp1-42;

Pmyo2::GFP + Psnb-1::hudp1-42G37L].
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Although the body bends (p = 0.019) and the mean speed (p = 0.005) of the strain WG709
(AP4-42) were significantly higher than WG663 (AB1-42) on day 4, these differences
diminished in older worms on day 8 and day 12. None of the other motility parameters

showed significant differences between the two strains.

The mouse AB-expressing strain WG724 showed age-related decline in body bends (p <
0.0001), mean speed (p = 0.0001), mean wavelength (p = 0.0001), and head bends (p <
0.0001) from day 4 to day 12. None of the motility parameters show significant
differences between the mouse Ap WG724 and human AB WG643 expressing strains
(Table 4.3).

Further, the double transgenic strain WG666 expressing Ap1-42 and AB1-42G37L driven
by pan-neuronal promoter snb-1 showed significant age-related decline in body bends (p
= 0.0015), mean wavelength (p = 0.0013), and head bends (p < 0.0001) from day 4 to day
12. None of the motility parameters were significantly different between the two strains
WG666 and WG643. The second double transgenic strain WG664 expressing AB1-42
and AB1-42G37L transgenes showed significant age-related decline in body bends (p <
0.0001), mean speed (p < 0.0001), mean wavelength (p = 0.0003), and head bends (p =
0.0028) from day 4 to day 12. While the double transgenic strain WG664 expressing both
AP1-42 and AB1-42G37L showed better movement in terms of body bends and mean
speed compared to the single transgenic strain WG663 (Ap1-42) on day 4, it was not
significant on day 8 or day 12. None of the other parameters showed significant
differences between the two strains WG664 and WG663.
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Table 4.3: Comparison of crawling parameters between transgenic Ap-expressing strains

Strain comparisons | Genotype | day 4 (p value) | day 8 (p value) | day 12 (p value)
Body bends
WG663 vs WG709 | Prgef-1.:hudp1-42 vs Prgef-1:hudp4-42 0.0193* % 0.4101 0.9917
WG663 vs WG664 | Prgef-1.:huAdp1-42 vs Prgef-1::hudp1-42; Psnb-1::hudf1-42G37L | 0.0079** 4 0.5317 0.9991
WG643 vs WG724 Psnb-1::huAdp1-42 vs Psnb-1:mouseAB1-42 >(0.9999 0.7359 0.9857
WG643 vs WG666 Psnb-1::huAdpB1-42 vs Psnb-1::huApB1-42; Psnb-1.::-hudf1-42G37L | 0.6262 0.8189 0.9667
Mean speed
WG663 vs WG709 | Prgef-1.:hudp1-42 vs Prgef-1:hudp4-42 0.0052** 4 [0.9989 >0.9999
WG663 vs WG664 | Prgef-1::hudpB1-42 vs Prgef-1.::huAB1-42; Psnb-1::hudB1-42G37L | <0.0001**** 4 [ 0.9817 0.9716
WG643 vs WG724 | Psnb-1::hudp1-42 vs Psnb-1:mouseAp1-42 >0.9999 >0.9999 0.9973
WG643 vs WG666 | Psnb-1::hudpfI-42 vs Psnb-1::hudp1-42; Psnb-1::hudp1-42G37L | 0.1545 0.9969 0.9967
Maximum speed
WG663 vs WG709 | Prgef-1.:hudp1-42 vs Prgef-1:hudp4-42 0.9995 0.9898 >0.9999
WG663 vs WG664 | Prgef-1.:hudp1-42 vs Proef-1::hudp1-42; Psnb-1::hudf1-42G37L | 0.9487 0.8860 >0.9999
WG643 vs WG724 | Psnb-1::hudpI-42 vs Psnb-1:mouseAp1-42 0.7537 0.6024 0.9982
WG643 vs WG666 | Psnb-1::hudpBI1-42 vs Psnb-1::hudAp1-42; Psnb-1::hudp1-42G37L | 0.0634 0.6930 0.8520
Mean amplitude
WG663 vs WG709 | Prgef-1.:hudp1-42 vs Prgef-1:hudp4-42 0.9995 0.5072 0.9786
WG663 vs WG664 | Prgef-1.:hudp1-42 vs Prgef-1.:hudp1-42; Psnb-1.::hudf1-42G37L | 0.9998 0.0991 0.9954
WG643 vs WG724 | Psnb-1::hudpBI-42 vs Psnb-1:mouseAp1-42 >0.9999 0.9898 0.9961
WG643 vs WG666 | Psnb-1::hudpBI-42 vs Psnb-1::huAp1-42; Psnb-1::hudp1-42G37L | 0.9243 0.9674 0.9187
Mean wavelength
WG663 vs WG709 Proef-1.:huApf1-42 vs Prgef-1:hudf4-42 0.9749 0.7535 0.4910
WG663 vs WG664 | Prgef-1.:hudp1-42 vs Prgef-1.:hudp1-42; Psnb-1.::hudp1-42G37L | 0.5702 0.9959 0.6087
WG643 vs WG724 | Psnb-1::hudp1-42 vs Psnb-1:mouseAp1-42 >0.9999 >0.9999 0.9187
WG643 vs WG666 | Psnb-1::huAf1-42 vs Psnb-1::hudp1-42; Psnb-1::huAp1-42G37L | 0.6111 0.4952 0.0484*
Head bends
WG663 vs WGT709 Prgef-1.:huAp1-42 vs Prgef-1:huAf4-42 0.9916 >0.9999 >0.9999
WG663 vs WG664 | Prgef-1.:hudp1-42 vs Prgef-1.:hudB1-42; Psnb-1::-hudp1-42G37L | >0.9999 0.9048 0.9737
WG643 vs WG724 | Psnb-1::huApBI-42 vs Psnb-1:mouseAp1-42 0.9274 >0.9999 0.9986
WG643 vs WG666 | Psnb-1::hudp1-42 vs Psnb-1::hudp1-42; Psnb-1::hudp1-42G37L | 0.9991 0.7811 >0.9999

*Arrows indicate direction of change of motility parameter in strain 2 in comparison to strain 1.
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4.3.7 AP variant expressing strains WG724 and WG666 show subtle differences in
swimming compared to the AB1-42 expressing strain WG643

Swimming parameters were also compared in young (day 4), middle-aged (day 8) and old
(day 12) worms between the AB variant and Ap1-42 expressing strains, including the
number of thrashes, mean swimming speed, wave initiation rate, activity, brush stroke,
dynamic amplitude, mean waves, and self-contact curling distance (curling) (Figure 4.8
and Supplementary Figure 4.4). The AB4-42 expressing strain WG709 shows an age-
related decline in the number of thrashes (p < 0.0001), mean swimming speed (p <
0.0001), wave initiation rate (p < 0.0001), and activity (p < 0.0001) from day 4 to day 12..
Surprisingly, when comparing the two strains WG663 (AB1-42) and WG709 (Ap4-42),
there were no statistically significant differences in any of the swimming parameters at all
time points (Table 4.4).

The mouse AB-expressing strain WG724 showed significant age-related decline in the
number of thrashes (p < 0.0001), mean swimming speed (p < 0.0001), wave initiation rate
(p < 0.0001), activity (p < 0.0001), dynamic amplitude (p = 0.0013) and curling (p <
0.0001 from day 4 to day 12. When comparing the mouse AP strain WG724 and human
AP strain WG643, there was a significant difference in number of thrashes (p = 0.0037)
and mean swimming speed (p = 0.024) between the older worms on day 12. These
parameters were higher in the mouse AP strain WG724 compared to the human Ap strain
WG643. Similarly, the wave initiation rate was higher in the mouse Ap strain on day 8 (p
=0.0006) and day 12 (p = 0.015). However, none of the other swimming parameters

showed significant differences between the two strains.

Lastly, the double transgenic strains WG666 and WG664 showed age-related decline in
the number of thrashes, mean swimming speed, wave initiation rate, activity, dynamic
amplitude, and mean waves from Day 4 to Day 12. On day 4, the double transgenic strain
WG666 showed a significant decrease in number of thrashes (p = 0.0003), wave initiation
rate (p < 0.0001), and activity (p = 0.0037) and an increased dynamic amplitude (p <
0.0001) compared to the single transgenic strain WG643, but none of these differences
were significant on day 8 and day 12.. T. Additionally, none of the swimming parameters
showed significant differences between the double transgenic strain WG664 and the
single transgenic strain WG663 (Table 4.4).
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Figure 4.8: Age-related changes in motility of transgenic C. elegans strains in liquid

media.

A) number of thrashes in liquid (Body bends/30s). B) Mean swimming speed (um/s). C) Wave

initiation rate. D) Activity in liquid (body area/s) (um/s). All data analysed using two way

ANOVA followed by post hoc Tukey multiple comparisons test, ns not significant, *p < 0.05, **p
<0.01,***p < 0.001 (n=2, 5-15 worms/replicate). The strains WG666 and WG724 were
compared to the WG643 strain whereas the strains WG709 and WG664 were compared to the
WG663 strain. WG731 [Pmyo-2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-1::huApB1-42],
WG663 [Pmyo2::mCherry + Prgef-1::hudp1-42], WG709 [Pmyo-2::mCherry + Prgef-1::huAf4-
42]; WGT724 [Pmyo-2::mCherry + Psnb-1::mouseAf1-42], WG664 [Pmyo2::mCherry + Prgef-
1::huAp1-42; Pmyo2::GFP + Psnb-1::hudf1-42G37L], WG666 [Pmyo2::mCherry + Psnb-
1::hudp1-42; Pmyo2::GFP + Psnb-1.::huAf1-42G37L].
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Table 4.4: Comparison of swimming parameters between transgenic Ap-expressing strains

Strain comparisons | Genotype | Day 4 (pvalue) | Day 8 (p value) | Day 12 (p value)
Number of thrashes

WG663 vs WG709 Proef-1.:huAp1-42 vs Proef-1:huAdf4-42 0.99 0.99 0.99

WG663 vs WG664 Proef-1.:huAp1-42 vs Prgef-1::hudp1-42; Psnb-1.:huAp1-42G37L >0.99 0.92 0.90

WG643 vs WGT724 Psnb-1::huAdp1-42 vs Psnb-1:mouseAf1-42 >0.99 0.94 0.0037** 4

WG643 vs WG666 Psnb-1::huAdp1-42 vs Psnb-1::hudpf1-42; Psnb-1.: -hudf1-42G37L 0.0003*** ¢ 0.73 >0.99

Mean swimming speed

WG663 vs WGT709 Prgef-1.:hudp1-42 vs Prgef-1:huAf4-42 0.71 0.70 0.99

WG663 vs WG664 Prgef-1::huAB1-42 vs Prgef-1::hudp1-42; Psnb-1.:huAp1-42G37L 0.82 0.95 0.56

WG643 vs WGT724 Psnb-1::hudp1-42 vs Psnb-1:mouseAf1-42 0.59 0.55 0.024* 4

WG643 vs WG666 Psnb-1::hudB1-42 vs Psnb-1::hudB1-42; Psnb-1.:hudp1-42G37L 0.99 0.99 >0.99

Wave initiation rate (WIR)

WG663 vs WGT709 Prgef-1.:hudp1-42 vs Prgef-1:hudf4-42 0.99 >0.99 >0.99

WG663 vs WG664 Prgef-1.:hudp1-42 vs Prgef-1.:hudp1-42; Psnb-1.:hudf1-42G37L 0.99 0.92 0.98

WG643 vs WG724 Psnb- /.- huAB1-42 vs Psnb-1:mouseAB1-42 >0.99 0.0006*** 4 0.016* 4

WG643 vs WG666 Psnb-1::hudB1-42 vs Psnb-1::hudB1-42; Psnb-1.:hudp1-42G37L <0.0001**** y | 0.99 0.99

Activity (body area/s)

WG663 vs WGT709 Prgef-1.:hudp1-42 vs Prgef-1:hudf4-42 >0.99 0.97 >0.99

WG663 vs WG664 Proef-1.:huApf1-42 vs Prgef-1::hudp1-42; Psnb-1.::huAp1-42G37L >0.99 0.51 0.81

WG643 vs WGT724 Psnb-1::huAdp1-42 vs Psnb-1:mouseAf1-42 0.99 0.37 0.08

WG643 vs WG666 Psnb-1::hudB1-42 vs Psnb-1::hudB1-42; Psnb-1.:hudp1-42G37L 0.0037** ¥ >0.99 >0.99
Dynamic Amplitude

WG663 vs WG709 Prgef-1::huApB1-42 vs Prgef-1:hudf4-42 >0.99 >0.99 0.94

WG663 vs WG664 Prgef-1:-huAB1-42 vs Prgef-1::hudB1-42; Psnb-1:-hudB1-42G37L 0.99 0.99 0.75

WG643 vs WGT724 Psnb-1::huAdp1-42 vs Psnb-1:mouseAf1-42 0.076 0.73 0.14

WG643 vs WG666 Psnb-1::huAdp1-42 vs Psnb-1::hudp1-42; Psnb-1::hudp1-42G37L <0.0001**** 4 |0.75 0.99
Self-contact curling

WG663 vs WG709 | Prgef-1::hudfi-42 vs Prgef-1:hudp4-42 | 0.94 | >0.99 1 0.99
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WG663 vs WG664 Prgef-1.::huAp1-42 vs Prgef-1::hudp1-42; Psnb-1.:huAf1-42G37L 0.63 >0.99 0.92
WG643 vs WGT724 Psnb-1::huAdpB1-42 vs Psnb-1:mouseAp1-42 0.99 0.08 0.19
WG643 vs WG666 Psnb-1::huApB1-42 vs Psnb-1::huAp1-42; Psnb-1.: -huAp1-42G37L 0.81 0.69 0.78
Brush stroke
WG663 vs WG709 Prgef-1.:huAp1-42 vs Prgef-1:huAf4-42 >0.99 >0.99 >0.99
WG663 vs WG664 Prgef-1.::huAp1-42 vs Prgef-1::hudpi1-42; Psnb-1.:huAfB1-42G37L 0.99 0.99 0.99
WG643 vs WG724 Psnb-1::huAdpB1-42 vs Psnb-1:mouseAp1-42 0.71 0.69 0.44
WG643 vs WG666 Psnb-1::huApB1-42 vs Psnb-1::huAp1-42; Psnb-1.::huAp1-42G37L >0.99 >0.99 >0.9999
Mean waves
WG663 vs WG709 Proef-1.:huApf1-42 vs Prgef-1:huAf4-42 0.99 0.82 0.99
WG663 vs WG664 Proef-1.::huAp1-42 vs Prgef-1.:-hudp1-42; Psnb-1.:hudp1-42G37L 0.71 0.99 0.72
WG643 vs WG724 Psnb-1::huApB1-42 vs Psnb-1:mouseAf1-42 0.23 0.76 0.97
WG643 vs WG666 Psnb-1::huApB1-42 vs Psnb-1::huAp1-42; Psnb-1.::-huAp1-42G37L 0.99 >0.99 0.99

*Arrows indicate direction of change of motility parameter in strain 2 in comparison to strain 1
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4.3.8 AP variant expressing strains show distinct age-related changes in chemotactic

ability towards volatile odorants

To compare differences in olfactory responses between AP variants and AB1-42
expressing strains, chemotaxis assays were conducted using the volatile odorants diacetyl
and benzaldehyde in young (day 4) and middle-aged (day 8) worms (Figure 4.9). The
percentage mobility of all the transgenic strains on chemotaxis plates has been plotted in
Supplementary Figure 4.5. Chemotaxis towards diacetyl and benzaldehyde is mediated by
AWA and AWC chemosensory neurons respectively (Bargmann et al., 1993). On day 4,
the AB4-42 expressing strain WG709 showed a chemotaxis index of 0.86 + 0.029 towards
diacetyl compared to both the control strain WG731 (0.88 + 0.023, p = 0.71) and the
AB142 strain WG663 (0.66 + 0.085, p = 0.04). On day 8, the chemotaxis index (C.I) of
the AB4-42 expressing strain WG709 was 0.78 + 0.015 when compared to the control
strain WG731 (0.65 £ 0.06, p = 0.09) and the AB1-42 strain WG663 (0.37 £ 0.010, p =
0.0071). In addition, the WG709 strain performed significantly better in its ability to
sense diacetyl compared to the AB1-42-expressing strain WG663 on both day 4 and day
8. Although there was an age-related decline in the CI of WG709 towards benzaldehyde
from day 4 (0.86 £ 0.06) to day 8 (0.39 +£0.11), it was not significantly different from the
chemotaxis response of either the AB1-42 expressing worm strain WG663 or the control
strain WG73L1.

The chemotactic ability of the mouse AB-expressing strain WG724 towards diacetyl was
not significantly different from the human ApB-expressing strain WG643. However, there
was an age-related decline in the chemotaxis index of WG724 from day 4 (0.71 £ 0.045)
to day 8 (0.56 + 0.064). In contrast, the mouse AP strain performed significantly better in
its ability to sense benzaldehyde compared to the control transgenic strain WG731 on
both day 4 (0.90 £ 0.028, p = 0.0065) and day 8 (0.78 + 0.02, p < 0.0001). In addition, the
mouse AB-expressing worms on day 8 show moderately better chemotaxis towards
benzaldehyde when compared to the human AB-expressing strain WG643 (0.59 + 0.06, p
=0.023). Thus, the AB4-42 expressing strain WG709 performed significantly better in its
ability to sense diacetyl in comparison to the AB1-42 expressing strain WG663. In
addition, the mouse AP expressing strain WG724 also showed higher chemotaxis index
towards both the volatile odorants when compared to the human A expressing strain
WG643 on Day 4 and Day 8.
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Figure 4.9: Chemotaxis of transgenic C. elegans strains towards A) Diacetyl B)
Benzaldehyde.

An unpaired t test was used to compare between strains, ns not significant, *p < 0.05, **p
<0.01,***p < 0.001 (n=4-6, 100-200 worms/replicate).The strain WG724 was compared
to the WG643 strain whereas the strain WG709 was compared to the WG663 strain.
WG731 [Pmyo-2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-1::hudp1-42], WG663
[Pmyo2:mCherry + Prgef-1.:huAp1-42], WG709 [Pmyo-2::mCherry + Prgef-1::hudf4-42];
WG724 [Pmyo-2::mCherry + Psnb-1::mouseAf1-42], WG657 [Pmyo2::GFP +Psnb-1.:huApI-
42G37L].
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4.3.9 Double transgenic Ap-expressing strains WG664 and WG666 show deficits in

dopaminergic signalling starting at Day 4.

The basal and enhanced slowing response assays were performed to see if there were any
deficits in dopaminergic or serotonergic signalling in the ApB variant expressing strains.
The slowing response of well-fed worms on seeded plates is mediated by dopaminergic
signalling and is known as the basal slowing response. The slowing response of starved
worms on seeded plates is enhanced due to the starvation and is mediated by serotonergic
signalling (Sawin et al., 2000). The body bends/30 s of well-fed worms on seeded and
unseeded plates on day 4, day 8 and day 12 have been listed in Table 4.5. The differences
in body bends tested here are within strain differences. Although there is a strong age-
related decline in body bends in all strains from Day 4 to Day 12, as in other phenotypes,
it is difficult to interpret between strain differences in this assay. Based on an unpaired t-
test, all the worm strains showed significant basal slowing response on day 4 except the
double transgenic strains WG666 and WG664. The mutant strain CB1112 is used as a
control for this experiment because it is deficient in dopaminergic signalling (as can be
seen by the diminished slowing response). Although the transgenic control strain WG731
continues to show significant slowing response on day 8 (p = 0.049) and day 12 (p =
0.038), all of the AB-expressing strains do not show any slowing responses on day 8 and
day 12 (Figure 4.10).

Similarly, the body bends/30s of the starved worms between unseeded and seeded plates
was recorded in on day 4, day 8. and day 12. The data obtained has been plotted in
Supplementary Figure 4.6. An unpaired t test was performed to check if the worms
significantly slowed down on seeded plates. All the p-values have been listed in Table
4.6. On day 4, all the worms strains showed a significant enhanced slowing response.
However, the control strains MT7988 and CB1141do not slow down in the presence of
food and are deficient in dopaminergic and serotonergic signalling (Loer and Kenyon,
1993; Sulston et al., 1975). This slowing response is completely diminished in older

worms on day 8 and day 12 for all the strains assayed.
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Figure 4.10: Transgenic C. elegans strains expressing Ap peptides show diminished
basal slowing response.

A) Day 4. B) Day 8. C) Day 12.An unpaired t test was used to test for significances in slowing
responses, ns not significant, *p < 0.05, **p < 0.01,***p < 0.001 (n=3, 5-15 worms/replicate).
The strains WG666 and WG724 were compared to the WG643 strain whereas the strains WG709
and WG664 were compared to the WG663 strain. WG731 [Pmyo-2::mCherry], WG643 [Pmyo-
2::mCherry + Psnb-1::huAf1-42], WG663 [Pmyo2:mCherry + Prgef-1::hudp1-42], WG709
[Pmyo-2::mCherry + Prgef-1:hudp4-42]; WG724 [Pmyo-2::mCherry + Psnb-1:mouseAf1-42],
WG657 [Pmyo2:GFP +Psnb-1.::hudf1-42G37L], WG664 [Pmyo2:mCherry + Prgef-1::huAdpi-
42; Pmyo2:GFP +Psnb-1::huAp1-42G37L], WG666 [Pmyo2:mCherry + Psnb-1::hudf1-42;
Pmyo2:GFP +Psnb-1::hudp1-42G37L], CB1112 [cat-2 (e1112) II].
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Table 4.5: Summary of the basal slowing response assays

Strain name Genotype Body bends/30s on unseeded plates | Body bends/30s on seeded p-value
(mean + SEM) plates (unpaired t test)
(mean + SEM)

Day 4
WG731 Pmyo-2::mCherry 6.95 + 0.56 4.26£0.74 0.012 (*)
WG643 Psnb-1.:huAp1-42 6.67 +0.51 3.30+0.42 <0.0001 (****)
WG724 Psnb-1:mouseAf1-42 6.29+0.6 4.2+0.49 0.01(*)
WG666 Psnb-1::hudfi1-42 + Psnb-1::huAdp1-42G37L 5.00 + 0.56 3.63+0.47 0.30 (ns)
WG663 Prgef-1::hudp1-42 5.52+0.64 3.6+0.45 0.04(*)
WG709 Prgef-1:hudf4-42 7.46 £0.74 4.19+0.62 0.002 (**)
WG664 Prgef-1::hudp1-42 + Psnb-1::hudpBi-42G37L 7.63+0.43 6.11+0.74 0.06(ns)
CB1112 cat-2(e1112)I1 7.39+0.86 6.2+ .85 0.34 (ns)

Day 8
WG731 Pmyo-2::mCherry 6.84 + 0.55 4.87 £0.67 0.049 (»)
WG643 Psnb-1::hudf1-42 3.66 £0.36 2.83+0.64 0.06 (ns)
WG724 Psnb-1.mousedf1-42 497 £0.58 4.14+0.78 0.21 (ns)
WG666 Psnb-1.::huAdf1-42 + Psnb-1.::hudp1-42G37L 2.32+0.49 2.75+£0.52 0.61(ns)
WG663 Prgef-1::hudp1-42 2.74 £ 0.62 2.33+0.34 0.54 (ns)
WG709 Prgef-1:hudp4-42 4.85+1.03 2.48+0.73 0.21 (ns)
WG664 Prgef-1.::hudp1-42 + Psnb-1::huAB1-42G37L 4.56 + 0.57 3.64+05 0.24 (ns)
CB1112 cat-2(e1112)l1 4.65+0.79 4.34+0.92 0.81 (ns)

Day 12
WG731 Pmyo-2::mCherry 4.5 +0.49 2.79+0.46 0.04 (%)
WG643 Psnb-1.:hudpi-42 1.42+0.14 1.55+0.32 0.18 (ns)
WG724 Psnb-1:mouseAf1-42 1.69 +0.19 2.26+0.83 0.95 (ns)
WG666 Psnb-1::hudBi1-42 + Psnb-1::huAdf1-42G37L 2.16 £ 0.26 2.98 £ 0.67 0.35 (ns)
WG663 Prgef-1::hudpi1-42 2.72+0.44 1.90+0.34 0.14 (ns)
WG709 Prgef-1:hudf4-42 2.04 £0.38 1.44 £ 0.25 0.52 (ns)
WG664 Prgef-1.:hudp1-42 + Psnb-1::hudpBi-42G37L 3.18+0.51 1.70+0.25 0.09 (ns)
CB1112 cat-2(e1112)I1 1.85+0.32 3.07+0.86 0.12 (ns)
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Table 4.6: Summary of the enhanced slowing response assays

Strain name | Genotype Body bends/30s on unseeded plates Body bends/30s on seeded plates | p-value
(mean + SEM) (mean + SEM) (unpaired t test)

Day 4
WG731 Pmyo-2::mCherry 7.36 £0.76 4.16 £ 0.65 0.005 (**)
WG643 Psnb-1::huAdp1-42 4.65 + 0.67 2.75%0.75 0.0004 (***)
WGT724 Psnb-1:mousedp1-42 479041 1.92 £0.33 <0.0001 (****)
WG666 Psnb-1::hudpi1-42 + Psnb-1::hudfi-42G37L | 7.08 + 0.75 2.63+0.48 <0.0001 (****)
WG663 Proef-1.:hudpi-42 6.91 +0.69 2.75+0.75 <0.0001 (****)
WG709 Prgef-1:hudf4-42 5.69+0.711 2.64 £0.53 0.0013 (**)
WG664 Prgef-1.:hudp1-42 + Psnb-1.:hudp1-42G37L | 7.18 + 0.97 2.18+0.48 <0.0001 (****)
MT7988 bas-1 (ad446) 1l 6.19 £ 0.82 5.51 £ 0.65 0.52 (ns)
CB1141 cat-4 (e1141) V 4.70 £ 0.52 6.55 = 0.56 0.025 (*)

Day 8
WG731 Pmyo-2::mCherry 4.70 £ 0.66 3.90+£0.70 0.32 (ns)
WG643 Psnb-1.:huAp1-42 2.65+0.36 3.14+0.77 0.54 (ns)
WGT724 Psnb-1:mousedp1-42 3.02 £ 0.55 3.42 £0.613 0.46 (ns)
WG666 Psnb-1.::huAdp1-42 + Psnb-1::hudpf1-42G37L | 2.91 +0.51 2.52 £ 0.55 0.65 (ns)
WG663 Prgef-1::hudp1-42 2.95+0.68 2.74 £0.59 0.82 (ns)
WG709 Prgef-1:hudf4-42 2.54 £ 0.64 3.72+0.94 0.73 (ns)
WG664 Prgef-1.:hudp1-42 + Psnb-1.:hudp1-42G37L | 3.90+0.71 4.02+1.20 0.52 (ns)
MT7988 bas-1 (ad446) 111 3.50+0.54 3.4+£1.46 0.98 (ns)
MT8943 bas-1(ad446) Ill; cat-4 (e1141) V 2.42 £ 0.46 1.44 £ 0.28 0.09 (ns)
CB1141 cat-4 (e1141) V 1.87 +0.37 1.82+0.48 0.96 (ns)

Day 12
WG731 Pmyo-2::mCherry 1.93 +0.26 1.93+0.44 0.99 (ns)
WG643 Psnb-1::hudp1-42 1.1+0.17 1.3+0.18 0.77 (ns)
WGT724 Psnb-1:mousedp1-42 2.39+£0.36 2.24£0.38 0.33 (ns)
WG666 Psnb-1::hudf1-42 + Psnb-1::hudf1-42G37L | 2.06 + 0.43 2.39+£0.46 0.71 (ns)
WG663 Prgef-1.::hudpi-42 1.78 £ 0.45 1.66 £ 0.45 0.91 (ns)
WG709 Prgef-1:hudf4-42 2.37+£0.34 1.6+0.30 0.047 (ns)
WG664 Proef-1.:hudp1-42 + Psnb-1.:hudpi1-42G37L | 2.26 +0.35 2.29+0.38 0.68 (ns)
MT7988 bas-1 (ad446) 11l 2.63 £0.99 42+181 0.45 (ns)
CB1141 cat-4 (e1141) V 3.96+1.04 2.88+£1.10 0.49 (ns)
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4.4 Discussion

In the previous chapter, transgenic C. elegans strains expressing different concentrations
of full-length AB1-42 peptides in the neurons were described. In this chapter, the aim was
to examine the in vivo toxic effects of different AP variants by expressing these
transgenes in the C. elegans neurons and comparing the phenotypes of the Ap variant
expressing strains with the transgenic strains expressing the full length Ap1-42. Although
several studies have suggested that AP oligomers are the toxic species, a general
agreement on the structure and composition of these oligomers is lacking (Fonte et al.,
2011). Some studies have suggested that these oligomeric species are composed of N- and
C- truncated species (Sergeant et al., 2003). Moreover, despite the abundance of the N-
and C-truncated Ap peptides in human AD brain, their relative importance in the
pathogenesis of AD has not been well studied. The transgenic C. elegans strains described
here express three different Ap versions in the neurons and show specific behavioural

deficits when compared to the strains expressing the full length Ap1-42.

4.4.1 C. elegans expressing Ap4-42 show deficits in egg-laying behaviour but

improved movement and chemotaxis relative to Ap1-42

The N-terminal truncated A species, beginning with phenylalanine at position 4, was
discovered over 30 years ago and has been proposed to have higher amyloidogenic
property and thereby higher propensity to aggregate than full-length species (Cabrera et
al., 2018). This may be due to increased hydrophobicity as a result of removal of the first
few N- terminal residues, thereby altering its cytotoxic properties and its interaction with
other AP peptides. In addition, in vitro studies in primary neurons have suggested that
AP4-42 peptide is as toxic as the full length AB1-42 (Bouter et al., 2013). Since there are
currently no C. elegans models of AB4-42 expression, a new transgenic C. elegans strain
was constructed specifically expressing this transgene in the C. elegans neurons. |
hypothesised that the expression of this transgene may be as toxic, if not more, as the full
length AB1-42 peptide. Initially, it was difficult to obtain transgenic strains using a strong
pan-neuronal promoter, snb-1, which suggests that high levels of Ap4-42 expression in
the neurons may be toxic and select against transgenic worms expressing high levels of
this toxic peptide. In support of this hypothesis, transgenic strains expressing this peptide

were obtained using the alternative pan neuronal promoter rgef-1, which is characterised
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as a weaker promoter than snb-1 (Grun et al., 2014), and thus expresses less of the toxic
transgene. Scoring dead eggs or early larval death may be informative to confirm this
hypothesis in future work. If embryonic death occurs around neuronal development and

differentiation, then it may be due to the Ap4-42 transgene expression.

The only behaviour that was severely affected in the human AB4-42 expressing strain was
reduced brood size relative to the human AB1-42 strain (Figure 4.6B). Egg-laying
behaviour in C. elegans is mediated by the hermaphrodite-specific neurons (HSNs) that
synapse on the vulval muscles promoting muscle contraction by serotonin signalling
(Kaletta and Hengartner, 2006; Tanis et al., 2008). Either the expression of the AB4-42
transgene exerts it neurotoxic effects by causing neuronal loss in specific subset of
neurons, or it is a general indictor of poor health in the transgenic strain. The rate of egg-
production was also significantly reduced in this strain which may explain the reduced
brood size (Figure 4.6D). This implies that the egg-production (or even perhaps sperm
production) has a neuronal regulatory circuit of some description. This may also explain

why the phenotype is more pronounced later in the reproductive period.

In the C. elegans strains studied here, although we expected to observe greater
behavioural deficits in the AB4-42 strain, there was no difference in the lifespan,
swimming parameters, or chemotaxis towards benzaldehyde between the AB4-42 and
AP1-42-expressing strains (Figure 4.4, Figure 4.8, and Figure 4.9B). Surprisingly, the
AP4-42 expressing animals showed significantly higher motility on solid media on Day 4
in terms of body bends and mean speed (Figure 4.7A,B). In addition, the ability of these
worms to sense diacetyl is significantly better than the human Ap1-42-expressing worms
(Figure 4.9A). These results show that some behavioural deficits appear earlier in the full
length APB1-42-expressing strains. In contrast, the literature suggests that Ap4-42 is
involved in the initial seeding step prior to in vivo aggregation (Cabrera et al., 2018). In
fact, mice overexpressing Ap4-42 develop age-dependent memory impairments as a result
of specific hippocampal neuronal loss in a gene dose-dependent manner. Moreover,
young AB4-42-expressing mice show altered excitatory synaptic transmission which
precedes neuronal loss and behavioural deficits (Bouter et al., 2013; Dietrich et al., 2018;
Huttenrauch et al., 2016). There are a few possible reasons to explain these contradicting
results. Firstly, the concentration of AB4-42 in this transgenic strain is considerably lower
compared to the full length AB1-42-expressing strain. This could mean that the amount of

transgene expression in young worms is not enough to result in a behavioural deficit.
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Secondly, it is possible that although the AB4-42 may act as an initial stimulus for
aggregation, the interaction with the full length AB1-42 to form heterogenous oligomers is
important to cause neurotoxic damage. Therefore, this transgene is either acting in a
concentration dependent manner or only involved in the initial stages and is therefore
toxic only in a few neuronal subsets. If the AB4-42 toxicity is dependent on interaction
with other forms of Ap, such as AB1-42, then heterozygous worms strains expressing

both the transgenes may show a severe behavioural deficit as compared to the single
transgenic strains. Perhaps the AB4-42 peptide is processed differently, which
complicates our understanding of what happens downstream of the generation of these
peptides. Since these peptides have different physiochemical properties, these differences

result in the qualitative differences in the phenotypes are that generated by these peptides.

4.4.2 Mouse AB-expressing strain does not show noteworthy behavioural deficits

The mouse AB1-42 was anticipated to be less toxic than the human AB1-42 due to its
reduced metal binding activity and hydrogen peroxide production (Huang et al., 1999).
Although the concentrations of the plasmid used for microinjections was the same as the
other transgenic strains generated in the study (25 ug/ul), the copy number of the mouse
AP transgene in the integrated strain was very low. As a result, the expression levels of
mouse AP were also lower in this transgenic strain compared to the human Ap1-42
expressing strain, and this difference, rather than molecular characteristics, may be what
drives its significantly higher lifespan and lack of deficits in chemotaxis and egg-laying

behaviour (Figure 4.4, Figure 4.6, and Figure 4.9).

Despite the difference observed in lifespan and in expression level (Figure 4.3 and Figure
4.4), there were no clearly defined behavioural differences between the human and mouse
strains. There was an age-related decline in movement in liquid media in the mouse Ap-
expressing strain, but the worms performed significantly better than the human Ap1-42
expressing even at day 12 (Figure 4.8). However, the difference in the movement between
the two strains on solid media was statistically insignificant (Figure 4.7). This is because
swimming in C. elegans is known to be distinct from crawling in kinematics and

underlying neuromuscular activity (Pierce-Shimomura et al., 2008).

The severity of the disease phenotype increases with age in human Ap-expressing strain

but not in mouse ApB. This observation could either be because the concentration of this
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transgene does not reach a critical concentration to cause disease even in old worms, or it
could also indicate that the mouse AP has different physicochemical properties and
therefore less toxic than the human Ap. To distinguish between these hypotheses, strains
with comparable AP expression levels will be needed. This would allow to establish the

relationship between concentration/expression of any AP and neuronal defects.

4.4.3 Simultaneous expression of AB1-42 and Ap1-42G37L in C. elegans neurons

does not causes reduction in in vive A toxicity

Synthetic AP preparations form pores in synthetic membranes, which leads to the
hypothesis that the in vivo toxicity of AB causes or is the result of membrane damage
(Kim et al., 2005).The C-terminal motif Gly-XXX-Gly-XXX-Gly-motif in Ap (residues
24-39) is a glycine zipper important for Ap oligomerization and toxicity, since this motif
drives the packing of transmembrane a- helices and the formation of membrane pores in
C. elegans (Fonte et al., 2011). Hung et. al showed that mutations in this glycine zipper
motif results in reduced toxicity in primary mouse cortical neurons, with mutations G37L
and G33L having the greatest beneficial effect (Hung et al., 2008).

To test this hypothesis, | generated a transgenic C. elegans strain expressing the ABG37L
transgene. This strain showed a very high copy number compared to the other integrated
AB-expressing strains (Figure 4.3A). In addition, there was high variation in the copy
number of this transgene within the strain, despite its being integrated in the genome.
Following microinjection, a process of non-homologous end joining occurs resulting in
the transgene plasmids, marker DNA, and genomic DNA forming complex
extrachromosomal arrays, consisting of variable numbers of 50-300 copies of the
transgene which are genetically instable (Nance and Frokjaer-Jensen, 2019; Stinchcomb
et al., 1985). In my study, these multicopy extrachromosomal arrays containing the
APBG37L transgene were integrated in the strain, but expression was still highly variable
between RNA extractions for unknown reasons. Surprisingly, the A expression in these
transgenic strains was lower than the human Ap1-42-expressing strains despite its higher
copy number (Figure 4.3B). A possible explanation could be that these repetitive arrays
may have undergone germline silencing which resulted in reduced expression (Kelly et
al., 1997). Alternatively, the ABG37L transgene may not be toxic for the worms
compared to other transgenes used in this experiment, and therefore individuals with high
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copies of this transgene survived. The variation in Af expression in the double transgenic
strains may be result of variation in the extent of transgene silencing between individual
animals. However, it is difficult to draw definitive conclusions unless the expression of

the two transgenes can be measured independently.

It has been previously shown that expression of ABG37L in the C. elegans body wall
muscle displays reduced paralysis rates when compared with strains expressing Ap1-42
only. However, the expression of ABG37L is not non-toxic as does show a delayed
paralysis phenotype (Fonte et al., 2011). To test how possible molecular interactions
between AB1-42 and ABG37L in the neurons might impact healthspan, lifespan, and
behaviour, | generated a double transgenic strain expressing full length AB1-42 and Ap1-
42G37L using the snb-1 promoter. This strain was slow growing and had shorter lifespan
than the human AB1-42 expressing strain (Figure 4.4 and Figure 4.5). Furthermore, the
strain showed deficits in egg-laying behaviour as evident by reduced brood size, lower
rate of egg production and reduced number of eggs retained in utero (Figure 4.6). The
double transgenic strain also showed defects in swimming parameters such as wave
initiation rate and reduced activity of the worms (Figure 4.8). In addition, the onset of
motility defect in this double transgenic strain was seen prior to the single transgenic
strain expressing the Ap1-42 transgene on day 4. Similarly, the double transgenic strain
on day 4 showed diminished slowing response as a result of deficits of dopaminergic
signalling (Figure 4.10). Thus, the simultaneous expression of the ABG37L and Ap1-42
transgene in the C. elegans nervous system does not result in reduction of Ap toxicity in
vivo. Although this G37L substitution does not interfere with AP driven aggregation, in a
single mutant strain expressing G37L in muscle tissues, detectable amyloid formation was
prevented (Fonte et al., 2011). The difference observed here with this previous research
may be because neurons are more susceptible to damage as a result of in vivo Ap
aggregation. Previous studies have shown that accumulation of misfolded proteins in

C. elegans muscle can lead to disruption of cellular protein handling (proteostasis) and
expression of an aggregation-prone polyglutamine protein in C. elegans causes a
locomotion defect (Gidalevitz et al., 2006; Gidalevitz et al., 2009; Morley et al., 2002).
Additionally, the neuronal C. elegans strain described here is expressing both the full
length AB1-42 and ABG37L transgene rather than only the ABG37L transgene. Moreover,
it has been previously reported that ABG37L readily formed oligomers in vitro, and
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formed higher molecular weight species than the full length AB1-42 (Harmeier et al.,
2009; Hung et al., 2008)

The snb-1 promoter is a strong promoter and drives the expression of both the transgenes
AP1-42 and ABG37L in the WG666 strain; therefore, it was difficult to interpret whether
the differences in the phenotypes were due to the enhanced expression or molecular
interactions between transgenes. Hence, | tested a second transgenic strain WG664 that
expressed the human AB1-42 transgene using the rgef-1 promoter and the AB1-42G37L
transgene using the snb-1 promoter. The snb-1 promoter, with high intrinsic activity, is
known to be active in the early stages of embryonic development, while the rgef-1
promoter has comparably lower levels of activity beginning at later stages of embryonic
development (Grun et al., 2014). Unlike the double transgenic strain described above, this
strain WG664 showed no difference in lifespan compared to the single Ap1-42 transgenic
strain (Figure 4.4). However, this second strain shows significant reduction in brood size
and rate of egg-production and diminished basal slowing response compared to the
transgenic full length AB1-42 expressing strains in young adults on day 4 (Figure 4.6B
and Figure 4.10). Reduced basal slowing response may be attributed to deficits in
dopaminergic signalling (Sawin et al., 2000). The results from these double transgenic
strains do not support the non-toxicity of the ABG37L mutation in vivo. Surprisingly, the
worms showed significantly higher motility on solid media in terms of mean speed and

body bends in young and middle-aged worms compared to AB1-42 (Figure 4.7A,B)

The only difference between the two double transgenic strains is the promoter used to
drive AB1-42 expression. Because of the differences in promoters, expression of ABG37L
driven by snb-1 begins before the expression of AB1-42 driven by rgef-1 in the second
double transgenic strain WG664. Therefore, this difference in phenotype between the two
double transgenic strains may be driven by the timing and level of AB1-42 expression
thereby resulting in differences in the amyloid seeding step (Harper and Lansbury, 1997).
The relative expression levels/concentration of the two transgenes in double transgenic
strains is clearly important when examining how the interactions of these species impact
in vivo toxicity of the ABG37L transgene in C. elegans neurons. Additional transgenic

C. elegans strains with lower copy number and variation in the ABG37L transgene would
be particularly useful. If the stoichiometry of the peptide does matter, then in principle it
may be possible to manipulate the ratio and concentrations of the different AP species

(combination of pan-neuronal promoter and A transgene copy number) in vivo in the
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worm in a more controlled fashion. Phenotypic differences between the two double
transgenic strains with respect to lifespan and fertility may be because different

phenotypes may have different thresholds for triggering declines.

4.5 Conclusion

Research on AD has been hampered by a lack of clarity in how variation in species of Af
affect disease progression. To address this need, | generated and characterised transgenic
C. elegans strains expressing different versions of AB transgenes. The strain expressing
the amino-truncated Ap4-42 variant was shown to be as toxic as the full length human
AP1-42, consistent with the previously published literature. These amino-truncated Ap
may be a novel biomarker to monitor the onset and progression of AD and to study the
underlying mechanisms of disease-modifying drugs (Ghidoni et al., 2011). In addition,
this strain shows a severe egg-laying defect which may be an outcome of poor health per
se. The mouse AB-expressing transgenic strain did not show any noteworthy behavioural
deficit which may be a result of low expression levels of the AP transgene. Lastly, double
transgenic strains expressing the Ap G37L and the AB1-42 transgene using different pan-
neuronal promoters to drive AB1-42 expression showed differences in behavioural
deficits. These strains can be used to study the molecular mechanisms underlying in vivo
AP toxicity.
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Chapter Five

Phenotypic consequences of amyloid f§ expression in a pt/-1 null
genetic background

5.1 Introduction

Alzheimer’s disease is characterized by two important pathological brain lesions, the
extracellular senile plaques (described in detail previously) and intracellular
neurofibrillary tangles (NFTs) (Ikezu, 2008). NFTs are composed of aggregates of
hyperphosphorylated protein tau occurring mainly as paired helical filaments, but may
also be present as straight filaments, twisted ribbons or other conformations (Ballatore et
al., 2007; Buee et al., 2000; Kidd, 1963). These tau aggregates have been implicated in
several age-related neurodegenerative conditions called tauopathies (Ballatore et al.,
2007; Buee et al., 2000). Moreover, these NFT aggregates are also known to significantly
correlate with the severity of AD (Zhao et al., 2014).

In humans, there are six major isoforms of tau protein expressed abundantly throughout
the central and peripheral nervous system that are derived from the alternative splicing of
a single gene, the microtubule associated protein (MAPT) gene (Zhao et al., 2014). These
six putative isoforms differ in the number of microtubule (MT) binding repeats consisting
of either three or four of these regions, with each isoform having precise and distinct
physiological roles (Ballatore et al., 2007). The carboxy terminal of the tau protein
consists of a microtubule (MT) binding domain composed of repeats of a highly
conserved tubulin binding motif, whereas the amino terminal consists of a basic proline
rich domain known as the projection domain (Ballatore et al., 2007; Binder et al., 1985).
Any mutations in the MAPT gene resulting in changes in the alteration of the number of
repeats results in several tauopathies including AD (Gotz et al., 2013; Igbal et al., 2010;
Ittner and Gotz, 2011; Lee and Leugers, 2012; Wade-Martins, 2012). In addition to
MAPT, there are other tau-like genes in the microtubule associated proteins (MAPS)/tau
family, which includes MAP2 and MAP4. MAP2 and tau are expressed in the neurons
exclusively whereas the MAP4 are expressed in other cell types (Gordon et al., 2008;
Heidary and Fortini, 2001; Rolls et al., 2007).
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The main role of physiological tau is to promote the stabilization of axonal microtubules
in the central nervous system and function as an enzyme anchor, helping in neurite
outgrowth and in the transport of axoplasm (Avila et al., 2004). Tau modulates the
microtubule network and is thereby important in maintaining the appropriate morphology
of neurons as it is in a constant dynamic equilibrium associating and disassociating from
the microtubules (Ballatore et al., 2007; Roy et al., 2005). This equilibrium is possibly
controlled by the phosphorylation state of tau, determined by kinases and phosphatases
(Ballatore et al., 2007; Churcher, 2006; Mazanetz and Fischer, 2007). Furthermore, it may
also have other functions resulting from its interaction with other structures and enzymes
such as the plasma membrane, the actin cytoskeleton, the src tyrosine kinases such as
FYN, RNA and presenilin (Brandt et al., 1995; Buee et al., 2000; Fulga et al., 2007;
Kampers et al., 1999; Lee, 2005; Maas et al., 2000). These findings indicate that tau
function entails a range of poorly defined interactions and functions, making it difficult to
understand the mechanism by which aggregated tau plays a role in neurodegeneration
(Ballatore et al., 2007). Moreover, it is possible that tau aggregation results in a range of
phenotypes occurring at various stages of disease onset and progression (Ballatore et al.,
2007).

In the disease state, there is disruption of the equilibrium of tau protein binding to the
microtubule network that results in increased levels of free tau. Furthermore, the
increased rate and state of tau phosphorylation results in disengagement of tau from the
microtubules and, thereby, aggregation (Kuret et al., 2005). In addition, tau protein
undergoes modifications, such as abnormal phosphorylation, in addition to some other
modifications such as nitration, ubiquitination, or truncation, thereby resulting in reduced
affinity of tau to bind to microtubules and binding to other macromolecules. Collectively,
this leads to aggregation of tau protein, which in turn leads to the disruption of normal
structure and regulatory functions of the cytoskeleton that likely causes disturbances in
axonal transport, thereby resulting in synaptic dysfunction and neurodegeneration
(Arriagada et al., 1992a; Avila et al., 2004; Chen et al., 2004; Flaherty et al., 2000; Zhao
etal., 2014).

There could be two possible ways in which tau aggregation results in neurodegeneration.
Firstly, it could potentially be a toxic gain of function acquired by the aggregates and/or
their precursors. Secondly, there could be harmful effects that arise from the loss of

normal tau function resulting in a diseased state (Ballatore et al., 2007). Furthermore, a
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hypothesis was established to explain the pathological role of tau-mediated
neurodegeneration suggesting that reduction of tau may be beneficial (Rapoport et al.,
2002; Roberson et al., 2007). However, it is difficult to understand the relative
contribution of the toxic gain of function conferred by tau aggregates as compared to the
potential loss of physiological tau function resulting from tau concentration being
depleted and sequestered by the tau aggregates (Ballatore et al., 2007). For instance, tau is
not only toxic if its levels are elevated but also results in a disease state as a result of loss
of normal physiological function (Ballatore et al., 2007). Intraneuronal AB accumulation
appears to trigger the cleavage of tau, and A can interfere with tau inducing
conformational changes, thereby resulting in neurodegeneration (Gouras et al., 2000;
Rissman et al., 2004).

Several transgenic C. elegans strains have been constructed as models of tauopathy and
show behavioural deficits due to neuronal dysfunction (Fatouros et al., 2012; Kraemer et
al., 2003). In addition, these biochemical changes resulting in neurodegeneration can be
easily followed as the worms age, thereby obtaining temporal information on the
pathogenesis events (Kraemer et al., 2003). Furthermore, transgenic C. elegans strains
expressing both AP and tau protein have been generated to study the behavioural defects
associated with the toxic gain of function (Wang et al., 2018). Currently, there is no study
that reports any behavioural change associated with the loss of function of physiological

tau in a C. elegans AD model.

MAP with tau-like repeats, PTL-1, is a protein in the structural tau/MAP2 family and is
the sole tau ortholog found in C. elegans (Goedert et al., 1996; Gordon et al., 2008). The
ptl-1 gene is composed of eight coding exons, with exons 5-7 coding for the microtubule
binding domain (Chew et al., 2013). There are two isoforms derived from alternative
splicing of ptl-1 expressed in embryonic epidermal neurons from early larval to adult
stages. PTL-1 binds and promotes microtubule assembly in vitro, like the human tau, and
is thought to perform equivalent functions of MAP2 and tau (Goedert et al., 1996).
Although there is a high degree of similarity between the C-terminal of the invertebrate
ptl-1 gene and the vertebrate tau sequence, the N-terminal shows considerable divergence
between the vertebrate and invertebrate sequences (Gordon et al., 2008). A transcriptional
reporter line for ptl-1 showed that PTL-1 is predominantly expressed in the adult
mechanosensory neurons, but is also expressed in the head neurons, cells along the

ventral nerve cord, cells near the vulva, and the stomato-intestinal muscle (Gordon et al.,
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2008). Although a ptl-1 knockout worm grows and develops normally, it shows several
deficits in egg hatching and reduced sensitivity to touch stimuli (Gordon et al., 2008). In
addition, these worms show neuronal blebbing, which is an age-related increase in the
presence of abnormal structures, and display a reduction in longevity (Chew et al., 2013).
Despite of these deficits, tau is not essential for the viability of the worms (Gordon et al.,
2008).

In this chapter, a new strain expressing the AB1-42 peptide in a ptl-1 null genetic
background was generated in order to better understand the effects of A expression in
the absence of normal physiological tau. | hypothesised that the type and/or the severity
of behavioural deficit in this new strain would be greater than the strain that expresses
AP1-42 in the wild type genetic background. Therefore, the aims of this chapter are as

follows:

1. To characterise the expression of AP in the absence of tau. To do this, a new strain
was developed expressing the AP transgene in ptl-1 null background.

2. To determine the phenotypic impact of Ap expression in the absence of tau, by
comparing behavioural phenotypes between the strain expressing AP in the

absence of ptl-1 and the strain expressing A peptide in a wild type background.

This strain would give an insight into the mechanisms underlying tau and Ap mediated

neurotoxicity.

157



Chapter Five

5.2 Methods

All materials and methods used in this chapter are described in Section 2.2 with a few

exceptions (described below).

5.2.1 Competitive PCR strategy

In order to determine whether a worm was heterozygous or homozygous for the ptl-1 null
mutation, three primers were used for the competitive PCR, with two primers flanking the
regions deleted and one within the deleted the region. Worms that are homozygous for the
mutation generate a PCR product of approximately 464 bp, wild type worms yield a
product of 735 bp, and heterozygotic worms generate both PCR products. The details of

primers used in the study have been listed in Supplementary Table 2.

5.2.2 Strains used in this chapter

The strains described in this chapter are as follows: the transgenic control strain WG731,
[Pmyo-2::mCherry], the AB-expressing strain WG643, [Pmyo-2::mCherry + Psnb-
1::huAp1-42], the strain expressing A in ptl-1 null background WG673 [Pmyo-
2::mCherry + Psnb-1.::huAdp1-42; ptl-1], the ptl-1 null strain APD004 [ptl-1].

5.2.3 Statistical analysis

All data have been reported as mean + SEM values. Shapiro-Wilk test was used to test
normality and if the data were not normally distributed, then appropriate non-parametric
tests were used to determine significant differences. A two-way ANOVA using age and
genotype as variables for all motility assays and one -way ANOVA was used for all other

assays unless otherwise mentioned.
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5.3 Results

5.3.1 Generation of a transgenic C. elegans strain WG673 expressing pan-neuronal

AP in a ptl-1 null background

The ptl-1 mutation (ok621) is a 1933 bp deletion spanning a region from the end of exon
2 through to exon 8. The ok621 mutation was generated by the OMRF arm of the

C. elegans Knockout Consortium (WormBase ID: WBVar00091905) (Chew et al., 2013).
The ptl-1 null strain APD004 was a kind gift from Dr Hannah Nicholas at the University
of Sydney. This strain has been derived by outcrossing the mutant strain RB809 [ptl-
1(ok621)] to the wild type strain six times. The AB1-42-expressing worm strain WG643
was crossed with ptl-1 null strain APD004 to obtain the new strain WG673. The
heterozygous F1 progeny from this cross were screened for the presence of the transgenic
pharyngeal mCherry marker. Worms containing only one copy of the mCherry transgene
will show a dull fluorescence compared to their homozygous counterparts. The F1
progeny showing dull fluorescence were picked individually and allowed to reproduce.
All the resulting homozygous F2 progeny that showed a bright mCherry expression were
screened by competitive PCR for the presence of the ptl-1 null mutation. The
heterozygous and homozygous worms showing the ptl-1 mutation were picked
individually. A few F3s were then screened from each plate to test for worms that were
homozygous for the ptl-1 null mutation. The resulting new strain WG673 is homozygous
for the ptl-1(ok621) and for the transgenic mCherry marker. A schematic illustration of
the competitive PCR and the expected PCR products on the gel have been shown in

Supplementary Figure 5.1.

To estimate the expression levels of AP in this new transgenic strain WG673 expressing
neuronal AP in a ptl-1 null background, an RT-gPCR was performed. As can be seen in
Figure 5.1, although there is clear AP expression in the new strain WG673, there was a
moderate but significant decrease in the AP expression levels in the new strain compared
to the AB-expressing strain WG643 (p = 0.0054; unpaired t test). In addition, the ptl-1
null mutant strain APD004 did not show any expression of Af as expected. To allow
easier explanation of the results, the new strain WG673 expressing Ap in the ptl-1 null
background will be referred to as the AB;ptl-1 strain, the transgenic strain WG643
expressing AP in the wild type background will be referred to as the wild type A strain,

159



Chapter Five

16 % %k

Relative AB expression
T

00 'C\Q vs-;s
Strain name

Figure 5.1: Reduction in AP transcript level when expressed in a ptl-1 null genetic
background.

The new strain WG673 (Psnb-1::huAp1-42; ptl-1) strain shows a moderate but significant
reduction in levels of AP expression as compared to the strain WG643 (Psnb-1::huAf1-42)
determined by an unpaired t test. **p < 0.001.

160



Chapter Five

the control strain expressing the transgenesis marker Pmyo-2::mCherry only will be
addressed as the transgenic control and the strain APDO004 as the ptl-1 null strain.

5.3.2 Transgenic AB;ptl-1 strain WG673 shows changes in growth rate

To test whether the expression of AP in a ptl-1 mutant background has any effect on the
growth of the animals, the body size was measured in terms of length and width on day 4
(young), day 8 (middle-aged) and day 12 (old worms). As can be seen in Figure 5.2A, the
length of the AB;ptl-1 strain on day 4 was significantly lower than the transgenic control
strain (p = 0.0013); however, when compared to the wild type AB (p = 0.31) and ptl-1 null
strain (p = 0.84), the differences in length were not statistically significant. Moreover,
there were no significant differences in the width of the Ap;ptl-1 strains on day 4 when
compared to the transgenic control (p = 0.77), wild type Ap strain (p = 0.95), or the ptl-1
null strain (p = 0.18). On day 8, there was a significant increase in the length of AB;ptl-1
worms in comparison to the transgenic control (p < 0.0001), wild type Ap strain (p <
0.0001), and the ptl-1 null strain (p = 0.0144) (Figure 5.2C). In contrast, there was no
significant difference in the width of these worms on day 8 (D). Furthermore, there was
no significant difference in the length and width of the worms on day 12 (Figure 5.2E, F).
The increased length of the AB;ptl-1 worms on day 8 suggests that AP expression in a ptl-
1 null genetic background does not decrease the growth of the worms in comparison to
the slow growing strain expressing A in the wild type background but that there is non-

uniform differences in growth rates between the two strains.

5.3.3 Expression of AP in a prl-I mutant background shows reduction in longevity

Lifespan assays were performed to assess if expression of neuronal A in a ptl-1 null
background influences the longevity of the animals. The difference in the survival curves
was measured using a log rank test, and the new Ap;ptl-1strain showed a significant
reduction in lifespan when compared to the transgenic control strain (p < 0.00001), the
wild type AB-expressing strain p < 0.00001), and ptl-1 null strain (p < 0.00001). The

survival curves for one of the biological replicates is shown in Figure 5.3A.
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Figure 5.2: C. elegans growth estimated by body size measurements of early (day 4),
middle-aged (day 8) and old (day 12) adults.
A) Body length of day 4 worms. B) Body width of day 4 worms. C) Body length of day 8
worms. D) Body width of day 8 worms. E) Body length of day12 worms. F) Body width
of day 12 worms. All data analysed by one-way ANOVA followed by post hoc Tukey
multiple comparisons test, ns not significant, ****p < 0.001.
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All the remaining biological replicates are shown in Supplementary Figure 5.2.
Furthermore, the median lifespan of the Ap;ptl-1 strain was ~11 days ( 11+ 0.84),
significantly lower than the transgenic control strain (p = 0.0016). Although the median
lifespan of the wild type AP strain (~ 13 days) and ptl-1 null strain (~15 days) was higher
than the AB;ptl-1 strain, the difference was not statistically significant (Figure 5.3B). In
addition, the Gompertz equation was used to estimate the initial mortality rate (A) and
Gompertz value (G) from the survival data in order to measure any differences in the rate
of aging between these strains. A higher G value indicates higher rate of aging. The G and
A values for all strains are listed as a table in Figure 5.3C. There is a significant increase
in the rate of aging in the A;ptl-1 strain in comparison to the transgenic control (p =
0.0008) and ptl-1 null mutant strain (p = 0.0137). In contrast, there is no significant
difference in the rate of aging between the AB;ptl-1 strain and the wild type AP strain.
Although the ptl-1 mutation results in subtle reduction in the longevity of the worm, the
expression of A in this ptl-1 null mutant background greatly enhances the severity of the

phenotype.

5.3.4 Transgenic C. elegans strain expressing AP in a pt/-1 null background shows

impaired egg-laying

In order to study the effects of Ap expression in the ptl-1 null background on worm
fecundity, three egg-laying assays were performed. Firstly, the number of progeny laid
per worm per day was calculated for the entire reproductive span of the worm (Figure
5.4A). The average brood size was also derived from these data (Figure 5.4B). When
comparing the A;ptl-1strain to the transgenic control strain, although there was no
significant difference in the number of progeny on day 3 (p = 0.57), day 4 (p = 0.39), or
day 5 (p = 0.15) of the reproductive period, the AB;ptl-1 strain showed significantly
reduced progeny on day 6 (p = 0.0004). On the other hand, the difference in the number
of progeny between the AB;ptl-1 strain and the wild type A strain was only significant
on day 3 ( p = 0.0018) of the reproductive span of the worm. In addition, although there
was a significant reduction in the number of progeny on day 4 (p = 0.052) of the AB;ptl-1
strain when compared to the ptl-1 null strain, the difference was not statistically
significant on day 5 (p = 0.059), day 6 (p = 0.82), or day 7 (p = 0.89). Consequently, there
was a drastic reduction in the brood size of Ap;ptl-1strain in comparison to the transgenic
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Figure 5.3: Shortened lifespan of WG673 strain expressing Ap peptide in a ptl-1

genetic background.

A) Representative Kaplan Meier survival curves of one biological replicate (n=120
worms/replicate). B) Average of Median lifespan three biological replicates (n = 3, 120
worms/replicate). **p < 0.001.
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control (p <0.0001), the wild type AP strain (p = 0.024) and the ptl-1 mutant strain (p =
0.0137). To further explore this egg-laying deficit, an egg retention assay was performed
to estimate the number of eggs retained in utero. As can be seen in Figure 5.4C, the
number of eggs retained by Ap;ptl-1strain is about (9 + 0.87), which is significantly lower
than the transgenic control strain (p = 0.0003). However, there was no significant
difference in the number of eggs retained in utero in the AB;ptl-1 strain when compared to
the wild type AB (p = 0.0936) or ptl-1 strain (p = 0.0867). Finally, the rate of egg-
production was calculated for each of these strains. The rate of egg-production was
significantly lower in the AB;ptl-1 strain in comparison to the transgenic control strain (p
=0.0003), wild type AP strain (p = 0.0084) and the ptl-1 null strain (p < 0.0001) (Figure
5.4D). Thus, the expression of AP in a ptl-1 genetic background leads to severe egg

laying defects as demonstrated by reduced brood size, less number of eggs retained in
utero, and decreased rate of egg production. The reduced brood size and fewer eggs
retained in utero can both be explained by a reduction in the rate of egg production,

noting that the developmental duration of fertility is the same in all strains.

5.3.5 Transgenic C. elegans strain expressing AP in a pt/-1 null background shows

improvement in olfactory response towards volatile odorants

To evaluate if the expression of AB in a ptl-1 null genetic background changes the worm’s
chemotactic responses, chemotaxis assays were performed using the volatile odorants
diacetyl and benzaldehyde on day 4 (young worms) and day 8 (middle-aged worms). An
unpaired t test was used to compare the chemotactic abilities of the strains. Diacetyl and
benzaldehyde are sensed by chemosensory neurons AWA and AWC, respectively. As can
be seen in Figure 5.5A, on day 4, the chemotaxis index of the AB;ptl-1 strain (0.81+
0.056) towards diacetyl is similar to that of the transgenic control (p = 0.59) although it
was significantly higher than the chemotaxis index of the wild type Ap strain (0.57 +
0.075, p =0.033). On day 8, the difference in chemotaxis index of the ApB;ptl-1 strain in
comparison to the chemotaxis index of the transgenic control strain (p = 0.60) and the
wild type AP strain (p = 0.20) was not statistically significant. Hence, the AB;ptl-1 strain
was able to sense diacetyl| better than the wild type AP strain on day 4 and day 8.
However, the difference in the chemotaxis index between the two strains was significant

only on day 4.
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Figure 5.4: Transgenic C. elegans strain Af;ptl-1 shows deficits in egg-laying

behaviour.

A) Number of eggs laid per worm per day during the reproductive span of the worm. B)
Total brood size (n=3, 5-7 worms/replicate). C) Mean number of eggs retained in utero
per worm (n=3, 15-20 worms/replicate). D) Rate of egg-production calculated by
counting the number of eggs laid/worm/hour (n=3, 15-20 worms/replicate). All data were
analysed using one-way ANOVA followed by post hoc Tukey multiple comparisons test,
ns not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Although the chemotaxis index of the ptl-1 null strain towards diacetyl was lower than the
Ap;ptl-1 strain on day 4 (0.68 £ 0.037, p = 0.074) and day 8 (0.52 £ 0.088, p = 0.40), the
difference was not statistically significant. Furthermore, the mobility of these strains
towards diacetyl on chemotaxis plates was also derived from the chemotaxis data
(Supplementary Figure 5.3A). Although the strains show an age-related reduction in
mobility towards diacetyl on day 8, the mobility of the ApB;ptl-1 strain in comparison to

the other strains is not significantly different on day 4 and day 8.

The second volatile odorant used was benzaldehyde, the Ap;ptl-1 strain (0.90 + 0.05) and
wild type AP (0.81 + 0.036) show similar chemotactic indices on day 4 (p = 0.8385)
towards benzaldehyde (Figure 5.5B). However, the chemotaxis index of the ApB;ptl-1
strain (0.77 + 0.036) was significantly higher than the wild type AP strain (0.59 + 0.06)
on day 8 (p = 0.038). In addition, the chemotaxis index of the Ap;ptl-1 strain towards
benzaldehyde was significantly higher than the transgenic control strain on day 4 (p =
0.0273) and day 8 (p = 0.0004). On the other hand, there was no difference in chemotactic
responses between Ap;ptl-1 and ptl-1 null strain towards benzaldehyde on day 4 (p =
0.82) and day 8 (p = 0.34). Moreover, the percentage mobility of these strains was
measured on chemotaxis plates. As can be seen in Supplementary Figure 5.3B, although
the AB-expressing strains moved slower than the transgenic control strain and the ptl-1
null strain on benzaldehyde chemotaxis plates on day 8, the differences in the percentage
mobility between the strains was not statistically significant. Therefore, these results
suggest that the accuracy of chemotaxis towards both the volatile odorants is consistently
higher in the AB;ptl-1 in comparison to the wild type A strain.

5.3.6 Expression of Ap peptide in a pf/l-1 mutant genetic background results in

impaired locomotory behaviour

Age-related changes in movement were measured in these worm strains using motility
assays on solid and liquid media on day 4 (young worms), day 8 (middle-aged worms)
and day 12 (old worms). All the worm strains show progressive decline in motility with
age. In addition, the wild type AP strain and the AB;ptl-1 strain showed rapid decline in
motility parameters in comparison to the transgenic control strain unless otherwise
specified. Firstly, several movement parameters were measured on solid media (Figure

5.6 and Supplementary Figure 5.4). As can be seen in Figure 5.6A, the ApB;ptl-1 strain
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Figure 5.5:Transgenic C. elegans strain expressing Ap peptide in a ptl-1 genetic
background causes increase in chemotactic responses towards volatile odorants.

Bar graph showing the chemotaxis index of C. elegans strains towards Diacetyl (A) and
Benzaldehyde (B) on Day 4 and Day 8. (n=4-6, 100-200 worms/ replicate). An unpaired t
test was used to compare the chemotaxis index of wild type Ap and Ap;ptl-1 strain.
*p<0.05.
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showed significant decrease in the body bends in comparison to the transgenic control
strain on day 8 (p < 0.0001), but difference diminishes on day 12 (p = 0.12). When
comparing the mean speeds between these strains, the AB;ptl-1 showed drastic reduction
in mean speed in comparison to transgenic control strain on day 8 (p <0.0001) and day 12
(p =0.0002) (Figure 5.6B). On the other hand, there is a significant decrease in body
bends of AB;ptl-1 strain in comparison to the ptl-1 null strain only on day 4 (p = 0.0023),
but not on day 8 (p = 0.99) or day 12 (p = 0.93). Similarly, there was a drastic reduction
in the mean speed between the AB;ptl-1 strain and the ptl-1 null strain on day 4 (p =
0.0012) but diminished on day 8 (p = 0.99) and day 12 (p = 0.63). However, the
difference in the body bends and mean speed between the Ap;ptl-1 strain and the wild
type AP strain was not statistically significant at all time points. Furthermore, the
maximum speed, considered to be an important indicator of health span, was also
compared in these strains (Hahm et al., 2015). As can be seen in Figure 5.6C, there was a
significant reduction in maximum speed of the Ap;ptl-1 strain on day 4 (p = 0.014) and
day 12 (p = 0.0009) compared to the ptl-1 null strain. On the other hand, the maximum
speed of the Ap;ptl-1 strain in comparison to the transgenic control strain and wild type
AP strain was not significantly different across all age groups. Furthermore, there was no
significant difference the mean amplitude of the Ap;ptl-1 strain compared to the ptl-1 null
strain and the transgenic control strain. However, there was a significant increase in the
mean amplitude of the AB;ptl-1 strain compared to the wild type Ap strain on day 12 (p =
0.0046) (Supplementary Figure 5.4A). In contrast, there were no significant differences in
the mean wavelength and the frequency of head bends between any of the strains
(Supplementary Figure 5.4B,C). Thus, there were significant differences in the body
bends, mean speed and maximum speed between the ptl-1 strain and the A;ptl-1 strains
starting at Day 4. On the contrary, the AB;ptl-1 and the wild type AP strain did not show
significant differences in the motility parameters on solid media.

Secondly, motility was assessed in liquid media on day 4 (young worms), day 8 (middle-
aged) and day 12 (old worms). The number of thrashes (body bends/30s) was similar in
all the strains on day 4 (Figure 5.7A). However, there was a drastic age-associated decline
in the number of thrashes of the AB;ptl-1 expressing strain in comparison to the
transgenic control strain and ptl-1 null strain on day 8 (p < 0.0001) and day 12 (p <
0.0001). In fact, both the AB-expressing strains showed a similar decline in the body
bends with age and therefore the difference in the number of thrashes between the two
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Figure 5.6: Transgenic C. elegans strain expressing Ap in a ptl-1 genetic background
showed age-related locomotory defects on solid media.
A) Bodybends/30s. B) Mean speed (um/s). C) Maximum speed (um/s). All data were
analysed using two-way ANOVA followed by post hoc Tukey multiple comparisons test.
Significance values represent pairwise comparisons between A;ptl-1 and ptl-1 strain

(n=3, 5-15 worms/replicate).
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strains was insignificant on day 8 (p = 0.86) and day 12 (p > 0.99). Mean swimming
speed is closely related to the number of thrashes and therefore showed similar results.
The AB-expressing strains showed similar age-related decline in mean speed and the
difference between the two being statistically insignificant on day 4 (p =.0.47), day 8 (p =
0.89) and day 12 (p = 0.99). In contrast, the mean swimming speed showed a similar
significant decline in Ap;ptl-1 strain on day 8 (p <0.0001) and day 12 (p < 00001)
compared to the ptl-1 null strain and the transgenic control strain (Figure 5.7B). The
number of waves initiated either from the head or tail of the worms per unit time known
as the wave initiation rate was also estimated from the motility data (Figure 5.7C). The
wave initiation rate of the AB;ptl-1 strain was significantly lower starting at day 4 in
comparison to the transgenic control strain (p < 0.0001), the wild type AP strain (p =
0.0011) and the ptl-1 null strain (p = 0.0055). Furthermore, the difference in the wave
initiation rates between the AB-expressing strains diminishes on day 8 (p > 0.99) and day
12 (p = 0.97). However, the wave initiation rate of the ApB;ptl-1 strain was significantly
lower than the transgenic control strain on day 8 (p < 0.0001) and day 12 (p < 0.0001).
Similarly, the difference in the wave initiation rate between the Ap;ptl-1 strain and the
ptl-1 null strain was significantly lower on day 8 (p < 0.0001) and day 12 (p = 0.0011).
The activity of the worms was also measured to get an idea of how vigorously the worm
bends while swimming over time. As can be seen in Figure 5.7D, there was a significant
reduction in the activity of the AB;ptl-1 strain in comparison to the transgenic control
strain in all age groups (p < 0.0001). Similarly, the activity of the Ap;ptl-1 strain was
significantly lower than the ptl-1 null strain at day 4 (p = 0.0002), day 8 (p < 0.0001) and
day 12 (p < 0.0001). In contrast, the activity of the AB;ptl-1 strain and the wild type AP
strain was not significantly different in all age groups. The parameter brush stroke gives
an indication of the depth of the movement that the worm has accomplished in a given
stroke (body bend). The Ap;ptl-1 strain shows significant reduction in brush stroke in
comparison to the transgenic control strain (p = 0.048) and the ptl-1 null strain (p =
0.0003) on day 12 (Supplementary Figure 5.5A). However, the AB-expressing strains do
not show a significant difference in the brush stroke in all age groups. The dynamic
amplitude or the curvature range measuring how much “stretching” occurs in a single
stroke was compared between the strains (Supplementary Figure 5.5B). There was no
significant difference in the dynamic amplitude of the Ap;ptl-1 strain in comparison to the
transgenic control strain and the ptl-1 null strain in all age groups. However, the dynamic
amplitude of the wild type AP strain was significantly higher than the AB;ptl-1 strain on
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Figure 5.7: Transgenic C. elegans strain expressing Ap in a ptl-1 genetic background
enhances the severity of the motility defects on liquid media.

A) number of thrashes in liquid (body bends/30s). B) Mean swimming speed (um/s). C)
Wave initiation rate. D) Activity in liquid (body area/s) (um/s). All data were analysed
using two-way ANOVA followed by post hoc Tukey multiple comparisons test.
Significance values represent pairwise comparisons between A;ptl-1 and ptl-1 strain
(n=2, 5-15 worms/replicate). ns not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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day 12 (p = 0.010). However, the mean number of waves did not vary across all age
groups for all the strains. Moreover, the relative percentage of time the worm spends
curled up was also measured and it was found that the Ap;ptl-1 strain showed significant
high curling distance as compared to the transgenic control strain (p = 0.0096) and the ptl-
1 null strain (p = 0.026) on day 8, which diminishes on day 12. The extent of curling in
the AB-expressing strains was not significantly different across all age groups
(Supplementary Figure 5.5D). Therefore, both the wild type Ap and the AB;ptl-1 strain
showed similar age-related decline in motility. When comparing the AB;ptl-1 strain with
the ptl-1 strain and the transgenic control strain, there were significant reduction in the
number of thrashes, mean swimming speed, wave initiation rate, activity index, brush
stroke, and dynamic amplitude in the AB;ptl-1 strain, particularly on Day 8 and Day 12.
Therefore, expression of AB in a ptl-1 genetic background increases the severity of the

motility defect when compared to the ptl-1 null strain.

5.3.7 Transgenic C. elegans strain expressing AP in a pt/-1 null background shows

deficits in dopaminergic signalling

To assess deficits in learning dependent behaviours, experience-based motility assays
were performed. The basal slowing response in the worms mediated by dopaminergic
signalling refers to the slowing down of well-fed worms in the presence of food and
therefore diminished basal slowing response indicates deficits in dopaminergic signalling
(Sawin et al., 2000). As can be seen in Figure 5.8A, all the worms strains show basal
slowing response in the presence of food on day 4, except the positive control strain
CB1112 [cat-2 (e1112) 1], which is known to be deficient in dopaminergic signalling.
However, the basal slowing response was diminished by day 8 (Figure 5.8B) and day 12
(Figure 5.8C) in all the worms strains except the transgenic control strain. In addition,
there was no difference in the severity of the basal slowing response in wild type A
strain, ptl-1 null strain and the new Ap;ptl-1 strain. Thus, both the A} expressing strains

and ptl-1 strain show basal slowing response, particularly in middle-aged and old animals.

The enhanced slowing response mediated by serotonergic signalling was assessed by
measuring the slowing response of starved worms in the presence of food. As shown in
Supplementary Figure 5.6A, there was a significant difference in the movement of the

young adult worms of all strains in the presence and absence of bacteria measured in
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Figure 5.8: Transgenic C. elegans strain expressing Ap peptide in a ptl-1 genetic

background show deficits in dopaminergic signalling.
A) Day 4. B) Day 8. C) Day 12. An unpaired t test was used to test for differences in the

slowing responses on seeded and unseeded plates. ns not significant, ****p < 0.0001.
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terms of body bends on day 4. The control strain MT7988 [bas-1 (ad446) I11] and
CB1141 [cat-4 (e1141)V] did not show any slowing response, as expected, because they
are deficient in dopamine and serotonin (Sawin et al., 2000). Similarly, all the strains
including the transgenic control WG731 show diminished slowing response on day 8 and
day 12 (Supplementary Figure 5.6B,C). Hence, the enhanced slowing response assays are
not very sensitive for older worms and it is difficult to know which strains are deficient in
serotonergic signalling as all the starved and older worms slow down significantly in the

presence of food irrespective of the genotype.
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5.4 Discussion

In this chapter, a new C. elegans AD model was generated to study the effects of Ap
peptide expression associated with tau loss of function by expressing the A peptide in a
ptl-1 null genetic background. When compared to the transgenic control strain, the new
AB;ptl-1 strain displayed a shortened lifespan, egg-laying and locomotion defects,
enhanced chemotaxis towards diacetyl and benzaldehyde, and deficits in dopaminergic
signalling. In comparison to the ptl-1 null strain, the new AB;ptl-1 strain showed reduced
lifespan, increased rate of aging, reduced brood size, impaired motility on solid and liquid
media, and a significant reduction in maximum speed. Finally, when compared to the
strain that expresses A in the wild type background, the Ap;ptl-1 strain showed
differences such as severe egg-laying deficits and improved chemotaxis towards volatile
odorants.

Since tau is an important microtubule binding protein, it performs several functions in
vivo (Baas et al., 1991; Chen et al., 1992; Cleveland et al., 1977; Ittner et al., 2010; Lee et
al., 1998; Liao et al., 1998; Morris et al., 2011; Reynolds et al., 2008; Weingarten et al.,
1975). There are two possible ways in which tau results in neurodegeneration and thereby
disease: (1) it could assume a toxic gain of function as its levels increase, eventually
resulting in tau accumulation and aggregation (Avila et al., 2004; Clavaguera et al., 2009;
Gomez-Ramos et al., 2006; Ittner et al., 2008) or (2) a loss of physiological function that
results in disease (Gomez-Isla et al., 1997; Santacruz et al., 2005). It is difficult to discern
the functions of tau in mammalian models as there exists a complex functional
redundancy between MAP2, MAP4 and tau (Dehmelt and Halpain, 2005; Sontag et al.,
2012). Tau knockout mice generated do not show any defects in neuronal development or
function (Dawson et al., 2001; Harada et al., 1994; Ke et al., 2012; Tucker et al.,
2001),which may be due to the compensatory functions of the other MAPs (Harada et al.,
1994). In contrast, there was a report of a mouse AD model wherein loss of tau appeared
to aggravate the effects of mutated APP (Dawson et al., 2010). Interestingly, a study
showed that elimination of tau in a mouse model of AD expressing human precursor
protein with familial AD mutation is beneficial against Ap induced deficits (Roberson et
al., 2007). Roberson et. al. study supports previous cell-based studies which showed that
cultured hippocampal neurons from the tau knockout mice when treated with fibrillar Ap
were protected against A induced toxicity (Rapoport et al., 2002). However, targeting
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endogenous tau may have complications as tau knockout mice show behavioural

impairment and structural abnormalities with advancing age (Ilkegami et al., 2000).

Many animal studies have focussed on tau toxic gain of function, with some studies
employing gene-targeted approaches to study endogenous tau (Gotz et al., 2010; Gotz and
Ittner, 2008). The effects of toxic gain of tau function have been studied by
overexpressing human tau in the C. elegans neurons (Kraemer et al., 2003). Wang et. al
generated a C. elegans AD model by expressing both human tau and AP peptide in the
neurons and showed that the strain recapitulates AD-like pathology such as synaptic
fatigue, cognitive aging, and shorter longevity (Ballard et al., 2011; Larson et al., 2004;
Schroeder and Koo, 2005; Wang et al., 2018; Zhao et al., 2010). PTL-1 in C. elegans is
the only homolog of tau/MAP2 in the worm, suggesting that that there is shared
physiological function between tau/MAP2 family members (Gordon et al., 2008;
McDermott et al., 1996). Hence, it should also be possible to study the in vivo toxicity of
the AP peptide associated with tau loss of function in C. elegans in the absence of other

compensatory MAPs.

5.4.1 AP expression in tau null background results in behavioural changes in specific

neuronal subsets

Quantitative measures of Ap expression indicates that in the tau null background,
expression was moderately reduced relative to the wild type background (Figure 5.1).
This contrasts with the studies in a mouse model of AD in which there was no changes in
expression of the human precursor protein or behavioural phenotype when levels of tau
were reduced (Roberson et al., 2007). However, the reduction in Ap expression observed
in AB;ptl-1 strain is not likely to be driven by the absence of tau, as there are other aspects
of genetic background that can influence Ap expression. The differences in gene
expression is relatively minor and thus may not be biologically significant.

There is an increase in the chemotactic ability of worms expressing A in the ptl-1 null
background which indicates that expression of AP is unable to cause a behavioural deficit
in the absence of PTL-1 and that the absence of PTL-1 may be protective against Ap-
induced toxicity specifically in the chemosensory neurons (Figure 5.5). There have been
reports that suggest the possibility that tau reduction could protect against AD and other

neurological conditions associated with excitotoxity (Roberson et al., 2007).
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When compared to the strain that expressed Ap in the wild type background, the
transgenic control strain, and the ptl-1 null strain, while there was no overall difference in
the growth of this new worm strain (Figure 5.2), there was both a reduction in overall
lifespan and an increase in the rate of aging (Figure 5.3). The null ptl-1 strain has
previously been shown reduction in longevity relative to wild type C. elegans (Chew et
al., 2013). Expression of A in this ptl-1 null genetic background further reduces the

lifespan of the animals and increases the severity of the phenotypes.

The new strain showed a significantly impaired egg-laying in comparison to the
transgenic control strain, the ptl-1 null strain and the wild type AP strain. The rate of egg-
production in this Ap;ptl-1 strain was reduced, which contributes to the lower number of
eggs retained in utero and the drastic reduction in brood size (Figure 5.4). This decline in
reproductive health is in part driven by the mutation ptl-1 in C. elegans, which has caused
deterioration of neuronal health and predisposing the neurons to neurodegeneration
(Chew et al., 2013; Dawson et al., 2010). Thus, the expression of A in this already

stressed nervous system may hasten the appearance of behavioural deficits.

5.4.2 Some behavioural deficits are a result of neuronal A expression irrespective of

the genetic background

Motility parameters measured on solid and liquid media did not show differences between
strains expressing AP in different genetic backgrounds (Figure 5.6 and Figure 5.7). In
addition, all the AB-expressing strains and the ptl-1 mutant strain APD004 showed
deficits in dopaminergic signalling with advancing age measured using an experienced-
based motility assay (Figure 5.8). The dopaminergic signalling undergoes several changes
during the process of aging, and decreasing dopamine could increase hypo-activity
causing gait disturbances and contribute to the decline of functions (Robert et al., 2010).
However, the role of the dopaminergic system in AD is still under debate (Attems et al.,
2007; Portet et al., 2009) in part because several neurotransmitters and modulators
including acetylcholine, serotonin and dopamine are differentially altered in the brains of
individual with AD (Kar et al., 2004). Unfortunately, the assay used to quantify severity
of dysfunction in the dopaminergic system in this study was not sensitive enough to
detect differences between strains, and thus using a more sensitive assay might be

informative about the impacts of Ap and tau on dopaminergic signalling.

178



Chapter Five

The enhanced slowing response assay was used to measure deficits in serotonergic
signalling (Sawin et al., 2000). There were no differences in slowing response between
the strains with advancing age (Supplementary Figure 5.6). As there is an overall
reduction in the movement with age, differences in slowing responses between the worms
with advancing age become correspondingly difficult to detect. Therefore, more sensitive
measures may be required to assess deficits in serotonergic neurotransmitter signalling in

aging worms.

As previously mentioned ptl-1 is expressed in the neurons and a null mutation in this gene
results in shorter lifespan and loss of neuronal integrity. In addition, studies have
suggested that PTL-1 regulates structural integrity of the neurons in a cell autonomous
way (Chew et al., 2014). Some neuronal subsets may be more susceptible to damage via
AB-induced neurotoxicity than other cell types and this results in an increase in the
severity of the behavioural deficit. Furthermore, previous studies have suggested that loss
of tau may predispose the neurons to axonal pathology and neurodegeneration in the

stressed central nervous system (Dawson et al., 2010).

Mechanisms that link A and tau pathology have been proposed, but not fully established
and this remains a challenge in AD research (Blurton-Jones and Laferla, 2006; Oddo et
al., 2006). Since tau can lead to neurodegeneration independently in the absence of other
pathological events, it could be a key mediator of neurodegeneration acting downstream
of other pathological insults including expression of Ap (Goedert and Jakes, 2005;
Rapoport et al., 2002; von Bergen et al., 2001). Various other pathological events such as
AP mediated toxicity, oxidative stress and inflammation may trigger or contribute to the
detachment of tau from the microtubules (Andersen, 2004; King et al., 2006; Liu et al.,
2005; Moreira et al., 2005; Rapoport et al., 2002). Previous studies have shown that Ap
can interfere with tau inducing conformational changes and neurodegeneration (Spires-
Jones and Hyman, 2014; Stancu et al., 2014). Collectively, loss of tau function studies
have suggested that the disease pathology observed in tauopathies, including AD, may be
the result of loss of physiological function of tau upon aging (Hannan et al., 2016).

5.5 Conclusion

A new strain was generated and characterised expressing the AP peptide in a ptl-1 null
genetic background. The strain showed behavioural deficits such as impaired locomotory
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behaviour and deficits in dopaminergic signalling with advancing age, as well as those
that were aggravated by the expression of AB in the absence of the tau orthologue ptl-1
(i.e. the ptl-1 null allele ok621) such as reduced lifespan and an egg-laying deficit. In
contrast, the strain showed improvement in chemotactic response towards volatile
odorants. Although C. elegans strains expressing the Ap and tau have been beneficial in
studying the role of toxic tau gain of function, this new strain will help in understanding
the role of the loss of physiological tau in AD, a crucial addition to the already existing
strains. A complete understanding of the role of aberrant tau function in the presence of
Ap-induced neurotoxicity or other pathological stressors to the neurons may drive future

mechanistic studies and therapeutic interventions.
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General discussion

Alzheimer’s disease is a prevalent neurodegenerative disease with no cure. New animal
models are thus needed to both understand disease progression and develop new
treatment strategies. AD, like the majority of age-related neurodegenerative diseases have
been associated with the accumulation of specific proteins in the central nervous system,
resulting in toxic insult to the neurons, neuronal dysfunction and cell death (Teschendorf
and Link, 2009). One of the central hypothesis in the field of AD research is the amyloid
cascade hypothesis which postulates that the aggregation and accumulation of Ap plays a
major role in initiating the cascade of events that ultimately lead to a disease state (Hardy
and Higgins, 1992; Tanzi and Bertram, 2005; Haass and Selkoe, 2007; Shankar et al.,
2008; Teplow, 2013). However, despite more than 20 years of intensive research, the
precise mechanism by which these soluble or insoluble A species exert their toxic effects
in vivo remains unclear. No clinical trial that aimed to target AP has progressed further
than phase 111, possibly due to reasons including the treatment targeting the insoluble
plaques instead of soluble oligomers, treatment being administered at a later stage of the
disease, and poor brain penetration (Tolar et al., 2020). Animal models, particularly
mouse models, have historically been used in screens for identifying drug candidates to
go into human clinical trials. Those treatments that showed promise in animal models
have failed in clinical trials, which suggests that those animal models are not predictive of
treatment success in human disease. Moreover, these drugs are therapeutic and are
designed to target people who already have the disease: the aim of the drug treatment is to
either arrest progression or restore the impairment. Therefore, it is critical to have a
simple in vivo model that can recapitulate disease initiation and progression to better
define targets in the context of developing drugs for therapy. The new model should not
only show disease-relevant phenotypes upon expression of the AP peptide, but also
express different concentrations of A correlated with severity of phenotype.
Additionally, a well-designed model would also shed light on the different effects of
soluble vs insoluble AP and other mechanistic questions related to Ap toxicity. Hence, the

aim of this thesis was to develop new tools to study Ap toxicity in vivo.
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| used the invertebrate experimental system C. elegans to model AD as it offers several
advantages to study the molecular and cellular mechanisms of neurodegenerative
diseases. C. elegans displays a remarkable degree of behavioural complexity despite
having a nervous system consisting of 302 neurons. It’s entire nervous system has been
extensively mapped using electron micrographs of serial sections and found to consist of
5000 chemical synapses, 2000 neuromuscular junctions, and 600 gap junctions (Nuttley et
al., 2002; White et al., 1986). This allows gene expression to be interpreted in the context
of a very precise anatomical wiring diagram. Cellular ablation studies have correlated loss
of specific sets of neurons with specific behavioural responses that are remarkably
reproducible, thereby permitting the study of certain aspects of the disease at single cell
resolution in the worms (Bargmann and Avery, 1995; Hart and Chao, 2010). In addition,
due to its short lifespan, the temporal sequence of events relating to AD pathogenesis can
be quantified. One of the biggest advantages of using C. elegans as an in vivo model to
study behavioural deficits associated with AP peptide expression is that the worm does
not have its own endogenous A. This is beneficial in developing an AD model, as any
significant behavioural deficit seen in the transgenic AB-expressing C. elegans strain
would be due to the AP transgene only, thereby enabling us to study the causal
relationship of this peptide: a direct test of the amyloid cascade hypothesis.

6.1 Neuronal AB1-42 expression results in age-associated behavioural

deficits

The first main finding of the thesis was that expression of AB1-42 in C. elegans neurons
results in age-associated AD relevant behavioural deficits. As reported in Chapter 2, a
new C. elegans strain was genetically engineered to express the A transgene in the
nervous system using the pan-neuronal promoter snb-1. Earlier work demonstrated that
expression of A in the C. elegans body wall muscles resulted in a severe, fully
penetrant, age-dependent paralysis phenotype as a readout of Ap-induced toxicity. In
addition, this strain also showed in vivo accumulation of Ap by immunohistochemistry
and the presence of soluble AB oligomers by size exclusion chromatography (McColl et
al., 2012). C. elegans have 95 body wall muscle cells arranged in four longitudinal bands
forming a single layer of cells running along the length of the worm (Gieseler et al.,

2017). High levels of AB-expression in this model may be due to higher intrinsic activity
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of the muscle-specific promoter unc-54. Since AD is a neurodegenerative disorder, this
muscle-expression AP C. elegans strain is not directly relevant to the Ap pathology in
AD, which is neuronal. Instead, this strain may closely model Inclusion Body Myositis
(IBM), a progressive muscle disease associated with intramuscular A deposition
(Askanas and Engel, 2001). On the other hand, the pan-neuronal AB-expressing
transgenic C. elegans strain described here showed several behavioural phenotypes such
as reduced lifespan, impaired locomotion, deficits in healthspan indicators such as
fecundity and maximum speed, along with relatively mild defects in behaviours
correlated with neuronal dysfunction such as chemotaxis, neurotransmitter signalling, and
short-term associative memory. These findings are corroborated by previous reports on
C. elegans neuronal AD models that showed reduced longevity, impaired locomotion,
egg-laying defects, and reduced chemotaxis responses (Dosanjh et al., 2010; Fong et al.,
2016).

The differences in the behavioural phenotypes between the muscle and neuronal strains
may be due to either (i) quantitative differences in the level of AP expression in the
muscle and neurons, or (ii) differences in the response of the muscle and neuronal cells to
AP expression (Teschendorf and Link, 2009). Although 1/3' of worm cells are neurons,
the biomass is less than 1/3 because the neurons are smaller, whereas muscle have higher
biomass which causes quantitative differences in the levels of Ap expression. Therefore,
C. elegans strains expressing A in the body wall muscle prove beneficial to study the
biochemistry of the AP peptide because of high levels of expression of the transgene. By
contrast, neuronal expression of the transgene results in disease relevant behavioural
phenotypes and therefore may be well suited to study the cell biology aspect of the
disease. This in turn may provide insights into the biology of the organism upon A

transgene expression.

As shown in Figure 6.1, several C. elegans phenotypes such as locomotion, egg-laying,
chemotaxis, pharyngeal pumping, and lifespan are predictors of neuronal health.
Remarkably, each of these behaviours is modulated by distinct and intricate neural
networks consisting of specific subset of neurons, which gives rise to a simple
behavioural output which can be readily assayed. Behaviours such as motility and
pharyngeal pumping have been correlated with the lifespan. Some behaviours may be
indicators of physiological health such as maximum speed and fecundity, which may or

may not necessarily be indicative of neuronal health. In addition, there are behaviours that
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Figure 6.1: Measurable outputs of neuronal health.

As the entire nervous system has been mapped and the cellular lineage of C. elegans defined, C.
elegans behaviour is a predictable output of neuronal function. Locomotion, chemosensation, and
mechanosensation are elicited by distinct neuronal networks; thus, distinct changes in behaviour
can be designated to alterations in the function of individual neurons and subtypes. Using tissue-
specific expression of fluorescent proteins, changes in neuronal function can be assayed as
aberrations in neuronal structure or integrity. As molecular mechanisms of protein stability and
neuronal structure are modulated by aging pathways, changes in lifespan primarily reflect macro
effects on the animal (Adapted from Griffin, Caldwell, & Caldwell, 2017).
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are modulated by specific subsets of neurons such as chemotaxis. Locomotion is an
important behavioural output in C. elegans regulated by a neural circuit generating
sinusoidal bends in response to diverse sensory cues. The sensory cues are integrated by
the sensory neurons, which then transmit this information to the interneurons that mediate
the flow of this information to the motor neurons and finally to the muscle (Figure 6.2)
(de Bono and Maricqg, 2005). Given this context, behaviour is initiated at the neurons
upstream of the pathway and executed in the muscle, and therefore locomotory deficits
may arise either because of defects in muscle or neurons. For instance, the
‘uncoordinated’ phenotype is an abnormal locomotion phenotype such as twitching,
halting, odd jerky motions, curling or kinky motion, and partial or rigid paralysis, and
may arise as a result of mutations in genes expressed in either muscle, neurons or even in
other tissues. There are 111 Unc genes in C. elegans, but 71 of those primarily affect the
nervous system and not the muscle (Gieseler et al., 2017). The locomotory deficits
observed in my strain are neuronal deficits resulting from A expression in the neurons
upstream of this pathway (Figure 6.2). To test this more explicitly, AB expression may be
targeted to specific neuronal subsets to assess the effects on the severity of the different

phenotype.

Neuronal deficits can be explained by either neuronal dysfunction or neuronal death.
Behavioural deficits such as chemotactic defects and deficits in basal slowing responses
arising due to neuronal dysfunction are early indicators of disease pathogenesis. This
AP1-42 expressing strain WG643 showing early behavioural deficits will prove beneficial
in the study of neuronal dysfunction as it is possible to intervene in this pathway at an
early stage presumably while the worms are alive. These results demonstrate that the

C. elegans model presented here provides a useful new tool to understand early-stage
progression of the disease and AP toxicity.

6.2 Behavioural deficit dependent on AB concentration

Low levels of AP are protective; however, high levels of AP resulting from an imbalance
between production and clearance lead to accumulation of AP and an increase in A}
aggregation, which triggers a pathogenic cascade ultimately leading to disease (Sadigh-
Eteghad et al., 2015). Therefore, there may be a correlation between AB concentration and

the initiation and progression of the disease, rather than the end point of the disease. To
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Figure 6.2: Schematic representing the C. elegans locomotory circuit

Diverse environmental cues sensed by the sensory neurons are processed and integrated at the
interneurons. The processed information reaches the command interneurons, the premotor
neurons, that decide the direction of locomotion and manifest the outcome at the neuromuscular
junction by coordinated action of cholinergic and GABAergic motor neurons synapsing onto the
body wall muscles. The alternating waves of contraction and relaxation along the body of the
animal drives locomotion in C. elegans (Adapted from Thapliyal & Babu, 2018)
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explore this idea, C. elegans strains expressing varying levels of AP were generated using
two different pan-neuronal promoters, rgef-1 and snb-1 (Chapter 3). The variation in the
AP expression in these strains may be due to the combination of the intrinsic promoter
activity driving the Ap expression and variation in the copy number of the A transgene
integrated by conventional transgenesis. In addition, a neuronal AB-expressing strain
published during the course of this thesis was also included. This strain was previously
shown to have a reduced lifespan, deficits in egg-laying and locomotory behaviours. The
early onset of middle-aged behaviours in these animals correlated with metabolic decline
and electron transport failure that preceded AP toxicity (Fong et al., 2016). The A
transgene copy number analysis in these strains demonstrates that transgene copy number
incorporated into the transgene array is random when using transgenesis by
microinjection and highlights the importance of evaluating the copy number of transgene
in each independently derived transgenic strain. Furthermore, the analysis of transcript
abundance by qRT-PCR shows that, the level of transgene in these strains is correlated
with copy number. Therefore, the second main finding of this thesis was that increase in
the concentration of AP results in an increase in the severity of the behavioural deficits

such as lifespan, motility in liquid, and fecundity.

Table 6.1 shows the ranking of the AB-expressing strains according to the severity of the
disease phenotype. There were notably statistically significant differences between these
strains for some but not all phenotypes. Nevertheless, the AB-expressing strains have been
ranked on the basis of phenotype severity, wherein 1 indicates a mild phenotype and 3
indicates a severe phenotype. This may be correlated with the levels of A transcript
abundance ranging from high to low. In addition to increased severity, the high AB-
expressing strain also showed earlier onset of the chemotactic defect. However, it remains
to be established if AP acts in a continuous dose-dependent manner or whether there is a
threshold of AP concentration beyond which severe behavioural deficits are induced

irrespective of the concentration i.e. stepwise rather than continuous dose response.

Future work could include generating several transgenic C. elegans strains expressing
varying levels of the AP transgene to better correlate expression with the severity of the
behavioural deficit. This could be achieved by using CRISPR to integrate specific number
of AP transgene copies at a specific location in the C. elegans genome. It was also
observed that there are some phenotypes, such as deficits in dopaminergic signalling, that

are more sensitive to the presence of AP. Synaptic dysfunction is an early indicator of AD
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and oligomeric AP may trigger this dysfunction (Selkoe and Podlisny, 2002). My results
therefore provide insight into the relationship between AP toxicity and severity of the

behavioural deficit.

Table 6.1: Correlation between expression levels and severity of disease phenotype
Psnb-1:: | Prgef-1:: | Punc-119::

Expression level Medium

Lifespan
Brood size
Egg retention
Chemotaxis (diacetyl)
Motility on solid media

Motility on liquid media

Basal slowing response

DS >

6.3 Different variants of AP result in specific behavioural deficits.

Studies have shown that Ap peptides in the human AD brain have ragged amino- and
carboxy- termini in addition the full length Ap1-42 peptide(Masters et al., 1985; Portelius
et al., 2010). However, the relative importance of these AP variants in the pathogenesis of
AD is relatively unexplored. Approximately, 64% of the AP peptides in the human AD
brain were shown to be truncated at residue 4 (Masters et al., 1985). In an attempt to
explore the nature of the AP species, the fourth chapter of the thesis focussed on 3
different species of AB. The first AP species was the truncated Ap4-42, and worms
expressing this peptide showed several behavioural deficits similar to those seen in the
worms expressing the AB1-42 transgene (with a few exceptions). There was a drastic
reduction in brood size, which may be indicator of decline in overall health. In contrast,
the AB4-42-expressing strain performed better in terms of motility and in its ability to
sense diacetyl. The differences in the physiochemical properties of the two AP peptides
could possibly lead to specific differences in behavioural deficits. A key double
transgenic strain expressing both the AB1-42 and AB4-42 would be beneficial to see if

there was synergy between the two peptides.
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The second AP species studied was the mouse AB. Mice do not accumulate amyloid,
which suggests that mouse AP is not as intrinsically pathogenic as the human A peptide.
Moreover, transgenic mouse models, such as such as Tg2576 (9) and APPswe/PS1 dE9
(APP/PS1), accumulate A variants distinct from those found in the human AD brain
(Kalback et al., 2002). There were clearly defined behavioural differences in the mouse
AB- and human Ap-expressing strain. The mouse AB-expressing strain did not show any
behavioural differences relative to the control, which may be attributed to either the low

in vivo toxicity of the peptide or to the low copy number of the transgene in this strain.

Another AP species that has been described contains a G37L substitution in the full length
AP1-42 peptide. The “glycine zipper” motifs at the C-terminal of AB (amino acid residues
24-39) are known to play an important role in oligomerization and toxicity in C. elegans;
hence, amino acid substitutions such as G37L ameliorate AP toxicity when expressed in
cell culture or C. elegans body wall muscles (Fonte et al., 2011). Transgenic C. elegans
strains were generated co-expressing the full length AB1-42 and the AB1-42G37L in the
neurons and were expected to show reduction in the severity of the behavioural phenotype
in comparison to the strain expressing only Ap1-42. Although these new strains did not
show reduction in AP toxicity in vivo, there were differences in behavioural phenotypes
observed when the AB1-42 transgene expression was driven by pan-neuronal promoters,
indicating differences in the timing and level of transgene expression. Moreover, the copy
number of the AB1-42G37L was extremely high and variable in these strains. The
‘variation’ in copy number may either reflect real heterogeneity in copy number or that
the copy number assay has reached its limit of linearity in the correlation between PCR
signal and copy number. As mentioned above, the variation in number of copies of the
transgene randomly integrated into the C. elegans genome is a limitation of conventional
transgenesis. One possible way to circumvent this problem of high copy number variation
would be to decrease the concentration of the plasmid used for microinjections. Different
concentrations of the plasmid and different promoters could be used to obtain an allelic
series of transgene expression which would allow more sophisticated study of the
biology. Alternatively, arrays containing specific number of AB copies could be
engineered and CRISPR technology employed to knock these arrays into a specific
location in the C. elegans genome. Although it was observed that the AP expression
levels were much less variable in these strains, it would be beneficial to determine the

relative expression of the two AP transgenes in these strains by RT-gPCR.
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In the human AD brain, there is a spectrum of A peptides expressed in different
concentrations and ratios, which make study of the in vivo toxicity of these peptides
complex. The preliminary evidence from these transgenic strains suggests that C. elegans
can be utilized to reconstruct the complexity in a much more controlled fashion, by not
only exploring the biological properties of a single peptide in isolation but also building
the complexity of the system one component at a time to determine the effects of

interactions between different peptides.

6.4 Phenotypic impact of AP expression in different genetic background.

Although C. elegans has most of the components of the APP processing pathway, it lacks
the B-secretase, the A domain, and therefore endogenous AP. Using genetic tools in

C. elegans, it is possible to study different aspects of the disease-causing APP pathway by
expressing AP and mutating different genes to observe their effects on the in vivo toxicity
of AB. The ability of examine these effects in the absence of endogenous factors is a key
benefit of using C. elegans. For example, in addition to Ap and tau that are implicated as
major drivers in the pathogenesis of the disease, there are other relatively minor players
and modifiers in humans such as the apolipoprotein E gene. Because of the homology
between humans and C. elegans, it is possible to manipulate other components of the
genetic background. For this study (Chapter 5), the C. elegans tau ortholog, ptl-1, was
chosen because this would presumably be an important gene known to interact with Af. It
is possible that tau facilitates the pathogenic effects of AB in AD. Although the ptl-1 null
strain shows neuronal deficits such as reduced sensitivity to sensory stimuli, the
development of abnormal structures called neuronal blebbing with age, ptl-1 is not
essential for the worms (Chew et al., 2013; Gordon et al., 2008). Tau can contribute to the
pathogenesis of the disease either by gain- or loss- of function effects. To study in vivo
effects of tau associated with gain of function, C. elegans strains described previously
express both tau and AP in the nervous system (Fang et al., 2019). The C. elegans strain
described here is the first strain showing the in vivo effects of AP associated with tau loss
of function. Expressing the A in a ptl-1 null mutant background showed reduction in
longevity, drastically reduced brood size, and impaired motility in solid and liquid media.
Future work can involve expressing the human tau at a range of levels in a ptl-1 null

background along with AP also being expressed at a range of levels, to determine which

190



Chapter Six

is the “upstream driver’ and which is the ‘downstream potentiator’. In addition, there is a
possibility of creating worm/human chimeras of the tau gene given that there are two
distinct domains in PTL-1: one that is conserved (MT binding) but also one that is
divergent. This work also highlights that differences in genetic background can play an

important role in the development of AD.

6.5 Conclusions and future prospects

The body of work presented in this thesis demonstrates the feasibility of C. elegans as an
in vivo model to investigate different facets of AD. AP expression in the C. elegans
nervous system gives rise to a complex pleiotropy of effects on C. elegans biology,
including reproduction, motility, sensory processes, and all these processes have been
affected to a lesser or greater extent. Neuronal health is an aspect of overall physiological
health and thus it is not surprising that neurodegenerative conditions will have pleiotropic
phenotypes that are not mediated directly by neurons. The challenge is to uncover the
biology that links them. For instance, neuronal dysfunction affects fecundity or lifespan,
which are two of the most fundamental fitness parameters. There undoubtedly is a link,
and the data shown here support the existence of that link, but do not shed light on the
nature of the link. Therefore, the next step would be to determine the event that is
triggered by neuronal A expression that ultimately leads to those pleiotropic phenotypes,
and how that shared trigger or initiation event is an Ap-related function and to determine
the phenotype specific downstream events that lead to specific behavioural deficits. The
statistical testing has clearly shown that there is an earlier onset of age-related decline in
phenotypes in the AB expressing strains. However, it is difficult to analyse rate of disease
progression in these strains as the data acquired do not allow distinction between the rates
of age-related decline. Overall, all the strains show age-related decline regardless of
genotype, particularly between Day 8 and Day 12. Therefore, the utility of these models is
to investigate the mechanism of disease onset by determining how AR initiates neuronal
decline. This will also aid in understanding disease progression, identifying the
determinants that may be common between initiation and progression of the disease,
which may ultimately allow the identification of a phenotype that is predictive of a

therapeutic outcome in humans.
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The C. elegans model described here has a fair chance of making relevant progress in AD

research. In support of this idea, the critical next steps are outlined below.

1.

AP expression has been validated at transcript level in these strains. Hence the
next step would be to perform proteomic analysis to determine if the Ap peptide
being expressed is processed correctly.

Measure the extent of neurodegeneration in these transgenic strains. C. elegans is
optically transparent and crossing the AB-expressing strains with GFP and other
reporter strains would reveal where neurodegeneration occurs. Previous studies
have shown age-associated neurodegeneration in a C. elegans AD model by co-
expressing AP and GFP in the glutamatergic neurons. Of those, five distinct
neurons present in the tail were shown to degenerate with age in response to the
expression of AP (Serrano-Saiz et al., 2013). This will make it possible to look at
early events in the disease — such as initiation and progression — rather than
directly looking the end point, neuronal death. In addition, optogenetic methods
such as calcium imaging of neurons can be used to test if the neurons function
normally. Functional reporter studies are more likely to identify early events that
lead to dysfunction prior to cell death.

Another sign of age-related decline is mitochondrial dysfunction. Therefore, the
next step would be to assess the mitochondrial function in these strains by
measuring mitochondrial respiration using Seahorse respirometers. Earlier work
suggests that AP contributes to mitochondrial dysfunction by causing impairment
of the electron transport chain complexes and elevation of reactive oxygen species
(Moreira et al., 2010; Ng et al., 2014).

Initiate genetic screens to identify novel interactors that suppress the Ap-
associated phenotype. Cohen et. al used the muscle expressing A model to
investigate the roles of two important modulators of C. elegans lifespan, the
insulin growth factor 1 like signalling (ILLS) pathway and heat shock factor
(HSF) in A toxicity. When daf-2 was mutated in the AB-expressing strain, it not
only caused an increase in the lifespan but also attenuated the paralysis phenotype
suggesting molecular links between aging and Ap toxicity (Cohen et al., 2006).
Employ these strains in high-throughput drug screens. Other C. elegans
neurodegeneration models have been used to test drug efficacy. For instance, the

effects of the Gingko biloba extract on AP toxicity was tested in a neuronal A
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model (Wu et al., 2006). When treated with PBT-2, a drug assumed to act on Af
via modulating its metal ion binding interactions, the muscle Ap-expressing strain
showed significant and robust reduction in the AB-induced paralysis phenotype

(McColl et al., 2012).

In summary, this new C. elegans toolkit developed here will aid in identifying the

cellular and molecular mechanisms of disease pathogenesis and drive future

pharmaceutical interventions.
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Supplementary Information

growth medium
(NGM)

Supplementary tables
Supplementary Table 1: List of common reagents used in the study

Name Composition

LB media Add 10 g Bacto-tryptone, 5 g yeast extract and 5 g NaCl in 1
litre of distilled water. Sterilize by autoclaving.

LB agar Add 10 g Bacto-tryptone, 5 g yeast extract and 5 g NaCl, 15 g
agar and 1 ml 1M NaOH in 1 litre of distilled water. Sterilize
by autoclaving.

LB glycerol LB media + 30% Glycerol. Sterilize by autoclaving.

Ligation reaction | 2X Rapid ligation buffer, 1 ul T4 DNA ligase, add the vector

(Promega) and insert to make up the volume of the reaction mix to 10 ul.
(Insert: Vector ratio was adjusted to 3:1). Ligation mix was
incubated at 25 °C for 30 min. Transformation of E.coli
competent cells Top10 was carried out with 1-2 ul of the
ligation mix using standard protocols.

Nematode Add 3 g NaCl, 2.5 g peptone and 17g agar in 975 ml water.

Sterilize by autoclaving. Allow the media to cool to 55 °C,
then sterilely add 1 ml cholesterol (5 mg/ml), 1 ml 1M
MgSOs, 1 ml 1M CaClzand 25 ml 1M Potassium phosphate
buffer pH 6.0. Pour media into plates.

M9 buffer 22 mM KH2POy4, 42 mM NazHPO4, 86 mM NaCl and1 mM
MgSOs. Sterilize by autoclaving.

S buffer 6.5 MM K2HPO4, 43.5 mM KH2PO4, 100 mM NaCl . Sterilize
by autoclaving

S basal 5.85 g NaCl, 1 g K> HPO4, 6 g KH2PO4, 1 ml cholesterol (5

mg/ml in ethanol), H>O to 1 litre. Sterilize by autoclaving.

Worm Freezing
media

S buffer + 30% glycerol. Sterilize by autoclaving.

Single worm lysis
buffer

985 pl direct PCR lysis reagent (mouse tail) from Viagen
Biotech and 15 ul Proteinase K (20 mg/ml) from Roche
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Supplementary Table 2: List of Primers used in the study

Gene name Forward Primer | Reverse Primer (5’- | Amplicon size
(3°-3) 3’) (bp)

rgef-1 promoter GAATCTGCAGC | TAATCCCGGGCG | 2670
GAGTCAACTGA | TCGTCGTCGTCG
AATCCG ATGC

rgef-1 promoter GGAGAGAAAGA | GGTCTCGAGTGT | 1010

internal primers GGACACAAATA | ATATGATCTT
AG

snb-1 promoter GGCGTCTAGAA | ATTTCCCGGGGA | 2023
AATATTAATTTA | TGTCGTCAAGAT
GTGATGTCAA GGTCTTA

Y45F10D.4 CGAGAACCCGC | CGGTTGCCAGGG | 191
GAAATGTCGGA | AAGATGAGGC

cdc-42 CTGCTGGACAG | CTCGGACATTCT | 111
GAAGATTACG CGAATGAAG

Amyloid 42 AGAATTCCGAC | CACCATGAGTCC | 108
ATGACTCAGG AATGATTGC

M13 Reverse N/A GCGGATAACAAT | N/A

Primer TTCACACAGG

unc-54 3°’UTR_seq | N/A TAGAAGTCAGAG | Sequencing

GCACGG primer

PTL-1_mutant TTTTCCGGAGGT | GGCAAATTGTGA | 464

(Gordon et al., TGCAGTAGAAC | TCCAGTGATGG

2008)

PTL-1 WT TTTTCCGGAGGT | GCGTTGAGACGA | 735

(Gordon et al., TGCAGTAGAAC | GGGAGTAG

2008)
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Supplementary Table 3: Details of expression plasmids used in this study

Expression Vector Promoter Insert Clones confirmed by
plasmid backbone
Promoter less | Ap1-42 v" Restriction digestion
pAB42 pPD49.26 v PCR
v Sequencing
rgef-1 AP1-42 v Restriction digestion
PEXAB42 pAB42 (pan- v PCR
neuronal) v Sequencing
rgef-1 GFP v' Restriction digestion
PEXGFP pPD95.77 | (pan- v PCR
neuronal) v’ Sequencing
rgef-1 AP4-42 v" Restriction digestion
PEXAB442 pPD49.26 | (pan- v PCR
neuronal) v Sequencing
pSNB1 pPD49.26 | snb-1 NA v' Restriction digestion
(pan- v' PCR
neuronal) v’ Sequencing
pSNB1GFP pPD95.77 | snb-1 GFP v' Restriction digestion
(pan- v PCR
neuronal) v Sequencing
pSNB1AB42 | pAB42 snb-1 AP1-42 v' Restriction digestion
(pan- v' PCR
neuronal) v’ Sequencing
pSNB1AB442 | pSNB1 snb-1 AP4-42 v' Restriction digestion
(pan- v' PCR
neuronal) v’ Sequencing
pMouseAB pSNB1 snb-1 R5G,Y10F | v' Restriction digestion
(pan- ,H13R v PCR
neuronal) APB1-42 v Sequencing
pAB42G37L | pSNB1 snb-1 G37L v" Restriction digestion
(pan- AB1-42 v' PCR
neuronal) v’ Sequencing
pGMC104 NA NA Ap4-42 From Gawain
pGMC107 NA NA G37L From Gawain
AB1-42
pGMC110 NA NA R5G,Y10F | From Gawain
,H13R
AB1-42
pCL354 pPD49.26 | unc-54 (body | Ap1-42 N/A
wall muscle)
pAV1944 pPD49.26 | myo2 mCherry N/A
(pharyngeal
muscles)
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Supplementary Table 4: Details of transgenic C. elegans strains generated in this

study
Strain Conc. of expression Conc. of pAV1944/ Conc. of genomic
name plasmid (ng/ul) pAV119 (ng/ul) DNA (ng/ul)
GMC205 | NA 2.5 50
WG643 pSNB1AB42 - 25 2.5 50
WG663 pEXAB42 — 25 2.5 50
WG709 pEXAB442 — 10 2.5 100
WGT724 pMouseAB42 -25 2.5 50
WG657 pAP42G37L — 25 2.5 50
WG731 NA 2.5 50
WG625 pPEXGFP - 50 NA 50
WG700 pSNB1GFP — 50 NA 50

Supplementary Table 5: List of transgenic C. elegans strains used in the study

Strain name Genotype

GMC205 Pmyo-2::mCherry

WG731 Pmyo-2::mCherry

WG643 Psnb-1.::huAf1-42 + Pmyo-2::mCherry

WG663 Prgef-1.::huAp1-42 + Pmyo-2::mCherry

WG709 Prgef-1:huAdf4-42 + Pmyo-2::mCherry

WGT724 Psnb-1.:mouseAf1-42 + Pmyo-2::mCherry

WG657 Psnb-1::huAp1-42G37L+ Pmyo-2:GFP

WG664 [Proef-1::hudp1-42 + Pmyo-2::mCherry] +
[Psnb-1::huAdp1-42G37L + Pmyo-2:GFP]

WG666 [Psnb-1::huAdpi-42 + Pmyo-2::mCherry] +
[Psnb-1::huAdp1-42G37L + Pmyo-2:GFP]

WG673 Psnb-1.:huApf1-42 + Pmyo-2::mCherry; ptl-1

GMC296 Punc-54:huAf1-42 + Pmyo-2::mCherry

GRU101 gnalsl ( Pmyo-2::YFP)

GRU102 gnals2 (Pmyo-2::YFP + Punc-119::huAp1-42)
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Supplementary information for Chapter 2

Supplementary Figure 2.1: Fluorescence images of the GFP expressing transgenic
C. elegans strain generated in this study.

A) AB-expressing transgenic strain expressing mCherry in the pharyngeal muscles (as indicated
by the arrow). Scale bar = 100 um. B) Transgenic strain WG700 expressing GFP driven by pan-
neuronal snb-1 promoter. GFP expression is evident in head and tail neuron regions. The GFP
expression on the body of the worm indicates network of the nerves running along the length of
the nervous system. Scale bar = 50 um.
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Supplementary Figure 2.2: Quantitative PCR to generate a standard curve for
reference gene Y45F10D.4 using C. elegans genomic DNA as template.

A) Amplification curves obtained using 2-fold serial dilutions of the template DNA. B) Melt
curve analysis. C) Melt peak profile showing a single peak for all the reactions indicating absence
of non-specific amplification. D). Standard curve generated showing reaction efficiency E of
101.4%.
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Supplementary Figure 2.3: Quantitative PCR to generate a standard curve for
Amyloid B1-42 using plasmid DNA as template.

A) Amplification curves obtained using 2-fold serial dilutions of the template DNA. B) Melt
curve analysis. C) Melt peak profile shows a single peak for all reactions indicating absence of
non-specific amplification. D) Standard curve generated showing the reaction efficiency E of
95.8%.
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Supplementary Figure 2.4: RT-qPCR to generate a standard curve for Amyloidf1-
42 using GMC296 cDNA as template.

A) Amplification curves obtained using 10-fold serial dilutions of the template DNA. B) Melt
curve analysis. C) Melt peak profile shows one single peak for all the reactions indicating absence
of non-specific amplification. D). Standard curve generated showing the reaction efficiency E of
81.2%.
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Supplementary Figure 2.5: RT-gPCR to generate a standard curve for Y45F10D.4
using GMC296 cDNA as template.

A). Amplification curves obtained using 10-fold serial dilutions of the template DNA. B) Melt
curve analysis. C) Melt peak profile shows one single peak for all the reactions indicating absence
of non-specific amplification. D). Standard curve generated showing the reaction efficiency E of
102.9%.
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Supplementary Figure 2.6: RT-gPCR to generate a standard curve for cdc-42 using
GMC296 cDNA as template.

A). Amplification curves obtained using 10-fold serial dilutions of the template DNA. B) Melt
curve analysis. C) Melt peak profile shows one single peak for all the reactions indicating absence
of non-specific amplification. D). Standard curve generated showing the reaction efficiency E of
100.2%.
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Supplementary Figure 2.7: Survival curves for the remained biological replicates.
A) Survival curve for Lifespan assay for second biological replicate (n=120 worms/replicate). B)
Survival curve for Lifespan assay for third biological replicate (n=120 worms/replicate). N2, wild
type Bristol strain; WG731 [Pmyo-2::mCherry];WG643 [Pmyo-2::mCherry + Psnb-1::huAp1-
42].
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Supplementary Figure 2.8: Cumulative hazard plot derived using maximum

likelihood estimate.

The Gompertz rate coefficient (G) and initial mortality rate (A) were estimated from the shape
and rate of the curve respectively. The mortality rate doublind time (MRDT) was calculated using

the G values.

205



Supplementary Information

A 2504 » Day4
g 200 Day 8
g . ns 1S . Day12
31504 ° .

Boldn: ]
£ 100+ g &
C 4 == [ S
3 50 [ ! '£'|
= 4
Ik |
0 1 1 1
¥ c;\'b\ c?&b
& &

B 1000 ns
S
2 800- ns
z ‘bl ¢ = B NS =
{w)] |
£ 600~ 7]
®
§ 400+
5 200-

@
=
0 I 1 I
g 5 R
& <«
C 30q
ns
g L ]
2 20- ¢
° ° . ® ns
3 ¢ % © NS
S 10-
£ ™ —- g =
=] x|
» *
Y il
0 1 I 1
i 0*\"’\ 06""5
N N

Supplementary Figure 2.9: Measurement of motility parameters of transgenic

C. elegans strains on solid media.

A) Mean wavelength. ) B) Mean amplitude. C)Head bends/30s. All data analysed by two-way
ANOVA followed by post hoc Tukey multiple comparisons test. Significance values represent
pairwise comparison between transgenic control WG731 and AB-expressing strain WG643 (n=3,
5-15 worms/replicate). ns not significant, *p < 0.05, **p < 0.01,***p < 0.001. N2, wild type
Bristol strain; WG731 [Pmyo-2::mCherry]; WG643 [Pmyo-2::mCherry + Psnb-1.::huAdf1-42].
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Supplementary Figure 2.10: Correlation heat map of WG731 motility parameters on
solid media.

A) Day 4. B) Day 8. C) Day 12. Anything that is crossed out indicates non-significant
correlations. WG731 [Pmyo2::mCherry].
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Supplementary Figure 2.11: Correlation heat map of WG643 motility parameters on

solid media.
A) Day 4. B) Day 8. C) Day 12. Anything that is crossed out indicates non-significant
correlations. WG643 [Pmyo-2::mCherry + Psnb-/::hudf1-42]
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Supplementary Figure 2.12: Age-related changes in motility of transgenic C. elegans
strains in liquid media.

A) Brush stroke (Body area/s). B) Dynamic amplitude (curvature range / um). C) Mean waves D)
Curling (um), (n=2, 5-15 worms/replicate). All data analysed by two-way ANOVA followed by
post hoc Tukey multiple comparisons test. Significance values represent pairwise comparison
between transgenic control WG731 and AB-expressing strain WG643 at each timepoint. ns not
significant, *p < 0.05, **p < 0.01,***p < 0.001, N2, wild type Bristol strain ; WG731 [Pmyo-
2::mCherry]; WG643 [Pmyo-2::mCherry + Psnb-1::huAp1-42].
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Supplementary Figure 2.13: Percentage motility of the worms on chemotaxis plates
calculated as %oworms moved from the origin after 1 hour of the chemotaxis assay.
A) Diacetyl. B) Benzaldehyde. An unpaired t test was used to determine significance in
movement between transgenic control strain WG731 and A expressing strain WG643,
***pP<(0.001. N2, wild type Bristol strain, WG731 [Pmyo-2::mCherry];WG643 [Pmyo-
2::mCherry + Psnb-1::huAp1-42].
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Supplementary Figure 2.14: Age-related enhanced slowing response of Ap
expressing strain.

A) Day 4. B) Day 8. C) Day 12. (n = 2, 5-15 worms/replicate). An unpaired t test was performed
to test for significance in slowing response, ns not significant, *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. N2, wild type Bristol strain;WG731 [Pmyo-2::mCherry];WG643 [Pmyo-
2::mCherry + Psnb-/::huAdp1-42], MT7988 [bas-1 (ad446) 111] (Loer & Kenyon, 1993), CB1141
[cat-4 (e1141) V] (Sulston, Dew, & Brenner, 1975).
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Supplementary Figure 3.1: Confirmation of transgene expression clones and
fluorescence images of the pan-neuronal GFP expressing transgenic C. elegans
strains

(A, B) Restriction enzyme digestion of pAB42rgef-1 and pPD95.77rgef-1 clones using Pst | and
Xho | shows release of partial rgef-1 fragment at expected size of 1560 bp. Xho | has an internal
site in the rgef-1 promoter fragment and therefore cuts within the fragment. C) Transgenic strain
WG625 expressing GFP throughout the nervous system driven by rgef-1 promoter. GFP
expression is evident in head and nerve ring (H & NR), Dorsal and Ventral nerve cord (NC) and
Tail neurons (T). The GFP expressing spots on the body of the worm indicate cell bodies. Scale
bar =100 um.
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Supplementary Figure 3.2: Survival curves for the remaining biological replicates.
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Supplementary Figure 3.3: Percentage mobility of the C. elegans strains on
chemotaxis plates.

Mobility of the all the worm strains on standard chemotaxis plates measured by calculating the %
of worms moved away from the origin after 1 hour. A) % mobility on Diacetyl chemotaxis plates
of young (day 4) and middle-aged (day 8) worms. B) % mobility on Benzaldehyde chemotaxis
plates of young (day 4) and middle-aged (day 8) worms.
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Supplementary Figure 3.4: Measurement of motility parameters of the transgenic
C. elegans strains on solid media.

A) Mean wavelength. B) Mean amplitude. C) Head bends/30s. All data analysed using two way
ANOVA followed by post hoc Tukey multiple comparisons test (n = 3, 5-15 worms/replicate) *p
< 0.05, ****p < 0.0001,
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Supplementary Figure 3.5: Measurement of motility parameters of the transgenic
C. elegans strains in liquid media

A) Dynamic amplitude (curvature range(/um) B) Curling (um), C) Brush stroke (body
area/s) All data analysed using two way ANOVA followed by post hoc Tukey multiple

comparisons test (n = 2, 5-1

5 worms/replicate)****p < 0.0001
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Supplementary Figure 3.6: Enhanced slowing responses of pan-neuronal Ap

expressing strains.
A) Day 4. B) Day 8. C) Day 12. An unpaired t test was performed to test for significance

in slowing response (n=2,5-15 worms/replicate), ns ‘not significant’ *p < 0.05 **p < 0.01,
***p < 0.001.
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Supplementary Figure 4.1: Comparison of Ap expression levels in the pan-neuronal
AP strains.

RT-gPCR showing the relative expression of the A transgene normalized to reference genes cdc-
42 and Y45F10D.4, WG731 [Pmyo-2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-1.:hudp1-
42], WG663 [Pmyo2:mCherry + Prgef-1.:hudf1-42], WG709 [Pmyo-2::mCherry + Prgef-
1:huAp4-42]; WGT724 [Pmyo-2::mCherry + Psnb-1:mouseAf1-42].
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Supplementary Figure 4.2: Survival curves for the remaining biological replicates.
WG731 [Pmyo-2::mCherry],WG643 [Pmyo-2::mCherry + Psnb-1::hudp1-42], WG663
[Pmyo2::mCherry + Prgef-1::huAg1-42], WG709 [Pmyo-2::mCherry + Prgef-1:hudf4-42];
WG724 [Pmyo-2::mCherry + Psnb-1:mouseAf1-42], WG657 [Pmyo2::GFP +Psnb-1.:huAp1-
42G37L], WG664 [Pmyo2::mCherry + Prgef-1.:hudp1-42; Pmyo2::GFP +Psnb-1::hudp1-
42G37L], WG666 [Pmyo2::mCherry + Psnb-1::hudf1-42; Pmyo2::GFP +Psnb-/::huApi-
42G37L].
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Supplementary Figure 4.3: Measurement of motility parameters of transgenic

C. elegans strains on solid media.

A) Mean wavelength.) B) Mean amplitude. C) Head bends/30s. All data were analysed using two
way ANOVA followed by post hoc Tukey multiple comparisons test, (n=3, 5-15
worms/replicate). The strains WG666 and WG724 were compared to the WG643 strain whereas
the strains WG709 and WG664 were compared to the WG663 strain *p < 0.05, WG731 [Pmyo-
2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-1::hudp1-42], WG663 [Pmyo2:mCherry +
Prgef-1.::huAf1-42], WG709 [Pmyo-2::mCherry + Prgef-1:hudf4-42]; WG724 [Pmyo-
2::mCherry + Psnb-1:mouseAf1-42], WG657 [Pmyo2:GFP +Psnb-1.:hudf1-42G37L], WG664
[Pmyo2:mCherry + Prgef-1.:huAp1-42; Pmyo2:GFP +Psnb-1::hudp1-42G37L], WG666
[Pmyo2:mCherry + Psnb-17::hudp1-42; Pmyo2:GFP +Psnb-1::huAp1-42G37L],
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Supplementary Figure 4.4: Age-related changes in motility of transgenic C. elegans
strains in liquid media.

A) Brush stroke (Body area/s). B) Dynamic amplitude (curvature range / um). C) Mean waves. D)
Curling (um). All data were analysed using two-way ANOVA followed by post hoc Tukey
multiple comparisons test, (n=2,5-15 worms/replicate). The strains WG666 and WG724 were
compared to the WG643 strain whereas the strains WG709 and WG664 were compared to the
WG663 strain ***p < 0.0001, WG731 [Pmyo-2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-
1::huAp1-42], WG663 [Pmyo2::mCherry + Prgef-1::hudf1-42], WG709 [Pmyo-2::mCherry +
Prgef-1:huAp4-42]; WGT724 [Pmyo-2::mCherry + Psnb-1:mouseAf1-42], WG657 [Pmyo2::GFP
+Psnb-1::hudp1-42G37L], WG664 [Pmyo2::mCherry + Prgef-1::hudf1-42; Pmyo2::GFP
+Psnb-1::hudp1-42G37L], WG666 [Pmyo2::mCherry + Psnb-1.:hudf1-42; Pmyo2::GFP
+Psnb-17::huAp1-42G37L]
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Supplementary Figure 4.5: Percentage mobility of transgenic C. elegans strains on
chemotaxis plates

Mobility of all the worm strains on standard chemotaxis plates measured by calculating the % of
worms that moved away from the origin after 1 h A) % mobility on diacetyl chemotaxis plates of
young (day 4) and middle-aged (day 8). B) % mobility on benzaldehyde chemotaxis plates of
young (day 4) and middle-aged (day 8) worms. The strain WG724 was compared to the WG643
strain whereas the strain WG709 was compared to the WG663 strain. An unpaired t test was used
to test for significance in motility between strain at each timepoint, ns not significant, *p < 0.05,
**p < 0.01, ***p < 0.001. WG731 [Pmyo-2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-
1::huAp1-42], WG663 [Pmyo2::mCherry + Prgef-1.:hudp1-42], WG709 [Pmyo-2::mCherry +
Prgef-1::huAdp4-42]; WG724 [Pmyo-2::mCherry + Psnb-1::mouseAf1-42], WG657
[Pmyo2::GFP +Psnb-1::huAp1-42G37L].
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Supplementary Figure 4.6: Pan-neuronal Ap expressing strains show diminised
enhanced slowing response..

A) Day 4. B) Day 8. C) Day 12. An unpaired t test was performed to test for significance in
slowing response (n=2,5-15 worms/replicate), ns not significant, **p < 0.01,***p < 0.001,
WG731 [Pmyo-2::mCherry], WG643 [Pmyo-2::mCherry + Psnb-17::huAp1-42], WG663
[Pmyo2::mCherry + Prgef-1::hudp1-42], WG709 [Pmyo-2::mCherry + Prgef-1::huAdf4-42];
WG724 [Pmyo-2::mCherry + Psnb-1::mouseAf1-42], WG657 [Pmyo2::GFP +Psnb-1::huApi-
42G37L], WG664 [Pmyo2::mCherry + Prgef-1.::huAdp1-42; Pmyo2::GFP +Psnb-1::huApi-
42G37L], WG666 [Pmyo2::mCherry + Psnb-1::huApf1-42; Pmyo2::GFP +Psnb-1::huAdp1-
42G37L], MT7988 [bas-1 (ad446) 111] (Loer and Kenyon, 1993), CB1141 [cat-4 (e1141) V]
(Sulston et al., 1975), MT8943 [bas-1(ad446) I11; cat-4 (e1141) V].
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Supplementary Figure 5.1: Competitive PCR strategy for screening ptl-1 mutants

A) Gradient PCR using wild type DNA as template. B) Gradient PCR using ptl-1 mutant APD004
DNA as template. C) PCR screening for homozygous ptl-1 mutant F3s. D) Schematic illustration

of competitive PCR strategy. Red arrow indicates mutant PCR product and green arrow indicates

wild type PCR product.
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Supplementary Figure 5.2: Survival curves for the remaining biological replicates
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Supplementary Figure 5.3: Percentage mobility of the C. elegans strains on
chemotaxis plates

Mobility of the all the worm strains on standard chemotaxis plates measured by calculating the %
of worms moved away from the origin after 1 hour. A) % mobility on Diacetyl chemotaxis plates
of young (day 4) and middle-aged (day 8). B) worms. % mobility on Benzaldehyde chemotaxis
plates of young (day 4) and middle-aged (day 8) worms.
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Supplementary Figure 5.4: Measurement of motility parameters of the C. elegans

strains on solid media

A) Mean wavelength B) Mean amplitude C) Head bends/30s. All data were analysed using two
way ANOVA followed by Tukey multiple comparisons test, (n=3,5-15 worms/replicate, **p <
0.01
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Supplementary Figure 5.5: Measurement of motility parameters of the C. elegans
strains in liquid media

A) Brush stroke (Body area/s) B) Dynamic amplitude (curvature range (/um) C) Mean waves D)
Curling (um). All data was analysed using two way ANOVA followed by post hoc Tukey
multiple comparisons test (n=2, 5-15 worms/replicate) *p < 0.05,***p < 0.001,
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Supplementary Figure 5.6: Enhanced slowing response assays.
A) Day 4 B) Day 8 C) Day 12. An unpaired t test was used to determine significant
differences in slowing responses (n=2, 5-15 worms/replicate), ns not significant, *p <

0.05, **p < 0.01,***p < 0.001
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