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Thesis Summary

Transgenic mouse models overexpressing Amyloid Precursor Protein (APP) have
been widely used to model the amyloid-b et a ( Ab) P& zIhe liCosgaged 6 f
(AD), but the overexpression of other APP fragments may result in artificial
phenotypes (Sasaguri et al., 2022). The AppN-GF mouse, a newer knock-in model
that expresses humanised mutant APP at endogenous levels, avoids such artefacts
(Saito et al., 2014). However, relatively little is known about how this more restricted
expression of mutant APP influences cognition and neural activity. This thesis
therefore aimed to characterise memory function (including episodic-like and spatial
working memory), and anxiety-like behaviour in AppNtGF mice across a range of
ages, while also examining neural activity using in vivo two-photon Calcium (Ca?*)
imaging and immediate early gene (c-fos) expression.

Behavioural deficits in AppNLGF mice were mild and predominantly emerged in the
oldest age group (22-23 months). At this age, AppNLGF mice exhibited intact object
novelty memory but were impaired in the object location and object-in-place spatial
memory tasks. AppNLGFs also exhibited impaired performance in the spontaneous
alternation spatial working memory task at 22-23 months. Moreover, AppNLGFs
exhibited increased thigmotaxis in the open field at 22-23 months, consistent with
anxiety-like behaviour. In contrast, consistent disinhibitory or anxiolytic-like behaviour
in the elevated plus maze was observed from as early as 4 months of age. Subtle
changes in neuronal activity were also observed: at 22-23 months, AppNLGFs
exhibited reduced stimulus-evoked Ca?* transients in the retrosplenial cortex (RSC),
a region involved in navigation and episodicme mor y t hat exhi bi ts
(Alexander et al., 2023; Buckner et al., 2005; Klunk et al., 2004). While c-fos
expression in the RSC remained preserved at 14-16 months, reduced basal levels
were observed in the hippocampus, a region critical for spatial and episodic memory
that also exhibits early A bpathology (Rao et al., 2022).

Together, these findings suggest that AppNLGF mice exhibit mostly mild, age-
dependent cognitive impairments and reduced neuronal activity. The modest
phenotype likely reflects the absence of overexpression-related artefacts and may
suggest a subtle effect of amyloid on synaptic dysfunction. Whilst these findings
support the relevance of AppNLGFs to early or preclinical AD, the subtlety of its
phenotype may limit its utility for evaluating the efficacy of therapeutic interventions.
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Chapter 1: General Introduction



1.1 Chapter Overview

This General Introduction chapter provides an overview of the background
supporting the use of the AppMéFmodel i n Al zhei mer 6s ItDi sease
begins with a general introduction to AD, outlining the prevalence, pathogenesis, and
progression of the disease. The alternative enzymatic processing of Amyloid

Precursor Protein (APP) will be described, alongside discussion of the role of APP in

physiology, the accumulation of amyloid beta (Ab) according to the Amyloid Cascade
Hypothesis, and how such pathology impacts neuronal function. As the AppNLGF

model is based oins Aibntprad chwod toigoyn wihl I f ocus p
briefly acknowledging limitations of the Amyloid Cascade Hypothesis and the

involvement of other pathological features such as tau hyperphosphorylation,

neuronal loss, and immune dysfunction. This chapter will also outline the

physiological role of calcium (Ca2¢) in neuronal function and how its intricate

signalling processes become disrupted in AD, providing a foundation for later

discussion in the thesis. Current and emerging therapeutic strategies for AD,

including recent anti-amyloid therapies, will be briefly introduced. Finally, the chapter

will then review the historical use of mouse models in AD research, beginning with

1t generation transgenic models and progressing to 2" generation knock-in models,

including the AppNtGF model. The pathological and behavioural profiles of transgenic

and AppNtGF models will be discussed, highlighting the limitations of transgenic

approaches that led to the development of 2" generation models.

1.2 Al zhei mer 6s Di sease

121l ntroducti on tDseasel zhei mer 6s

AD was first described by Alois Alzheimer in 1906 (Alzheimer et al., 1995; Ryan et

al., 2015). Alzheimer examined the brain of Auguste Deter, a 51-year-old woman

who died after experiencing rapid loss of memory, disorientation, and delusions. In

his paper titled An Unusual lliness of the Cerebral Cortex (translated from German),

Alzheimer described severe loss of cortical neurons along with substances that we

now recognise as neurofibrillary tangles (NFTs) and amyloid-b (Ab) plaques

(Alzheimer et al., 1995; Ryanetal.,,2015). The term O6Al zhei mer 6s Di
coinedfouryear s | ater in Emil Kraepelinds 1910 Ot
was declared as a specific clinical disease entity (Ryan et al., 2015).

Today it is universally accepted that AD is a progressive neurological disorder that
causes a variety of debilitating symptoms including memory loss, disorientation, and
agitation (Avila & Perry, 2021). AD is broadly categorised into sporadic AD (SAD)
and familial AD (FAD) (Ulaganathan & Pitchaimani, 2023). SAD, also referred to as
late onset AD (LOAD), accounts for around 95% of AD cases and is typically
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diagnosed after the age of 65 (Dorszewska et al., 2016). FAD, which accounts for
the remaining 5% of AD cases, typically presents with symptoms before the age of
60 (Bekris et al., 2010).

1.22Pr eval ence of Al zhei mer s Di s ec:

Over the last three decades, the prevalence of AD and other dementias has
increased by around 160% (Li et al., 2022). Interestingly, AD prevalence is
significantly higher among elderly women compared to elderly men, which may be
explained by the longer lifespan of females compared to males, as well as biological
and sociocultural differences between the sexes (Lopez-Lee et al., 2024; Mielke,
2018; Rahman et al., 2019; Rajan et al., 2021; Rosende-Roca et al., 2021). While
women are disproportionately affected, the overall number of people living with AD is
rising rapidly; in 2021, the number of people over the age of 65 with AD was 6.3
million, but this number is expected to reach 7.2 million by 2025 and 13.8 million by
2060 (Rajan et al., 2021). The rapid rise in AD cases can be attributed, at least in
part, to exponential population growth and increased life expectancy (Li et al., 2020).
Additionally, many people born during the post-Wor | d War |11 Ambmawby boon
reached the age of 65 or older, placing the largest population cohort in the age rage
at greatest risk of AD (Dhana et al., 2022; Guerreiro & Bras, 2015). However, the
increasing prevalence of lifestyle and environmental risk factors, such as obesity and
air pollution, may also be contributing to the growing incidence of AD (Flores-
Cordero et al., 2022; Killin et al., 2016).

AD imposes profound burdens on patients, caregivers, and the economy (Tahami
Monfared et al., 2022). For patients, the progressive cognitive decline leads to the
loss of independence, diminished income, institutionalisation, and a severely
compromised quality of life (Castro et al., 2010). Caregivers, who are often unpaid
family members, bear the emotional toll of witnessing this decline while often facing
financial stress, especially if institutionalisation is required (Lindeza et al., 2020;
Manzini & do Vale, 2020; Tahami Monfared et al., 2022). Furthermore, AD places a
heavy economic strain on the healthcare and social care systems, with the total
annual cost of dementia in the UK estimated to be around £34.7 billion (Edwards et
al., 2024). The rising prevalence of AD, along with the severity of its consequences
to the individual and society and the limited available treatment options, highlights
the urgent need for the development of effective therapies. This can only be
achieved by gaining a deeper understanding of the mechanisms of AD through
comprehensive animal model research.



1.2.3 Symptoms, Diagnosis , and Stagingof Al z hei mer 6s
Disease

For both SAD and FAD, the gold standard of diagnosis is the pathological
identification of key features in post-mortem brain tissue, including neuronal loss and
the presence of Ab p | a q WNETs (Aaila & Perry, 2021), the cardinal hallmarks
described more than a century ago by Alzheimer and Fisher (Alzheimer et al., 1995;
Goedert, 2009). However, in life, a probable AD diagnosis can be made via a
combinatonofappr oaches. These include evaluating
alongside reports of behavioural and cognitive changes from family members, and
cognitive assessments such as the Mini-Mental State Examination (MMSE) to
assess memory, orientation, language, and visuospatial skills, such as the ability to
draw a complex polygon (Barthélemy et al., 2024; Bomasang-Layno & Bronsther,
2021; Bouwman et al., 2022; Folstein et al., 1975). Structural imaging such as
magnetic resonance imaging (MRI) and computed tomography (CT) scans may be
performed to help confirm a diagnosis by ruling out other conditions such as tumours
or strokes, and by detecting brain atrophy (Chouliaras & O'Brien, 2023).
Furthermore, positron emission topography (PET) scans can be used to detect key
biomarkers of AD suchas Ab p | andWNETS, as well as to detect glucose
hypometabolism associated with the condition (Jack et al., 2018). However, although
PET scans are increasingly utilised to support a clinical AD diagnosis, they are not
yet routinely available on the NHS (Ou et al., 2019). Furthermore, lumbar punctures
may be offered to measure cerebrospinal fluid (CSF) levels of A band tau proteins
(Bouwman et al., 2022). However, growing research efforts are aimed at developing
less invasive diagnostic methods, including blood-based biomarkers (Bouwman et
al., 2022; Jack et al., 2018).

The Diagnostic and Statistical Manual of Mental Disorders (5th Edition; DSM-5)
serves as a useful framework for understanding and classifying neurocognitive
disorders such as AD. According to the DSM-5, a diagnosis of AD requires evidence
of impairment in learning and memory, along with deficits in at least one other
cognitive domain such as executive function, language, perceptual-motor, complex
attention, and social cognition (American Psychiatric Association, 2022). These
impairments must interfere with the activities of daily living (American Psychiatric
Association, 2022). Due to its progressive nature, AD symptoms range in extent and
severity, depending on the stage. Several staging systems have been developed to
categorise the progression of the disease, each with slight variations in the definition
of stages, but generally encompassing the presence of pathological hallmarks,
cognitive deficits, and behavioural abnormalities (Dubois et al., 2010; Jack et al.,
2018; Porsteinsson et al., 2021; Sabbagh et al., 2019). For example, the National
Institute on Aging and Alzheimer's Association (NIA-AA) created diagnostic
guidelines for two symptomatic stages of AD; mild cognitive impairment (MCI) and
dementia (Albert et al., 2011; McKhann et al., 2011). It was later recommended that
a third stage should be created to categorise individuals without overt symptoms,
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known as preclinical AD (Sperling et al., 2011). Preclinical AD is generally defined as
the early asymptomatic stage in which individuals are cognitively unimpaired but
show evidence of AD brain lesions such as Ab plagues, NFTs, and atrophy upon
postmortem examination (Dubois et al., 2010; Dubois et al., 2016). Preclinical AD
can last up to 20 years before eventually progressing to MCI (also known as
prodromal AD) (Mark & Brehmer, 2022). Around 20-30% of patients will progress
from preclinical AD to MCI (Cho et al., 2021; Vermunt et al., 2019). MCl is defined as
cognitive decline that is greater than expected for the individualé6 age but does not
dramatically interfere with day-to-day life (Gauthier et al., 2006). Whilst usually still
relatively independent, patients with MCI may present with memory and language
impairments, such as struggling to find the correct word in a conversation
(Porsteinsson et al., 2021). Patients may also become disorientated in familiar
surroundings and struggle to complete familiar tasks (Porsteinsson et al., 2021).

Approximately 30-70% of MCI patients will develop AD with dementia within four
years (Cho et al., 2021; Roberts et al., 2018; Ye et al., 2018). AD with dementia is
subdivided into progressively mild, moderate, and severe stages (Jack et al., 2018).
As AD progresses from mild to severe, patients experience increasingly severe
cognitive deficits (Jahn, 2013). Episodic memory deficits are an early hallmark, with
patients often being unable to recall a list of words (Tromp et al., 2015). They may
also experience mild problems with working memory and executive functions such
as planning, problem solving, and following multi-step instructions (Jahn, 2013;
Laczo et al., 2018; Perry & Hodges, 1999). In the moderate stage, memory systems
further deteriorate, with patients commonly experiencing time distortion and
forgetting specific personal events (El Haj & Kapogiannis, 2016). Visuospatial deficits
may become apparent, with patients experiencing difficulties recognising familiar
surroundings and perceiving spatial relationships between landmarks, often resulting
in them becoming lost in familiar places (Laczé et al., 2018). Speech and language
difficulties may also be observed, and impairment in executive function becomes
more pronounced, resulting in requiring assistance with daily activities (Klimova et
al., 2015). At the severe stage of AD, cognitive decline may become so profound that
patients no longer recognise their loved ones, speech may be completely lost, and
they become fully reliant on caregivers for all aspects of daily living (Klimova et al.,
2015; Werheid & Clare, 2007). As cognitive functions deteriorate, patients may
develop dysphagia, which often results in severe weight loss near the end of life
(Kalia, 2003). Dysphagia increases the risk of food or liquids entering the lungs,
resulting in aspiration pneumonia, the leading cause of death in AD (Kalia, 2003;
Manabe et al., 2015).

In addition to the cognitive deterioration of AD, there are also psychiatric and
behavioural changes, often referred to as neuropsychiatric symptoms (NPS) (Chen
et al., 2021a; Lyketsos et al., 2011; Lyketsos et al., 2002). As AD progresses, NPS
become more pronounced, and their presence is associated with faster cognitive
decline and earlier mortality (Chen et al., 2021a; Peters et al., 2015). In the mild



stage of AD, individuals may experience poor mental health characterised by
depression and anxiety (Pless et al., 2023). If the patient is aware of their own
decline in cognitive function, anxiety may be particularly heightened (Baillon et al.,
2019; Farina et al., 2023). The patient may exhibit subtle apathy, appearing to have
little motivation for activities they previously enjoyed, a symptom that is often
mistaken for depression (Pless et al., 2023). The patient may exhibit rapid mood
changes from depression to a state of mania, and appear irritable or frustrated
(Koenig et al., 2016). In the moderate stage of AD, the patient may also become
restless, agitated, and may exhibit impulsivity such inappropriate language or lack of
social conduct (Migliaccio et al., 2020). The patient may also experience
hallucinations, which often cause severe distress to individuals and caregivers (El
Haj et al., 2017; Kaufer et al., 1998; Rocca et al., 2010). In severe AD, patient may
also become physically and verbally aggressive towards others (Pless et al., 2023).

1.3 Pathological Features of Al zhei mer 6s Di sease

1.3.1 Amyloid Beta

In 1984, biochemists G| enner and Wong isolated AbD

from

in patients with AD (Glenner & Wong, 1984). Now known to be neurit.i

was identified as the main constituent of these extracellular deposits (Cras et al.,
1991). Subsequently, the APP gene was sequenced, confirming that Ab is by-
product of the processing of the APP molecule (Kang et al., 1987). The APP gene
was later mapped to chromosome 21 (Tanzi et al., 1987). Genetic analysis of a
family with AD (confirmed at most-mortem) revealed point mutations of the APP
gene (Goate et al., 1991).

APP is widely produced in the brain, including in neurons, blood cells, and astrocytes
(Hampel et al., 2021; Lee et al., 2008). The APP molecule spans the plasma
membrane; the Ab-coding domain is partially embedded in the membrane, the first
12-14 residues lie within the transmembrane domain, and the following residues
protrude outside the membrane (Kang et al., 1987). APP is enzymatically processed
via two main peethse@nsaamyt lmé d0d g e n i-secyetasen d
(amyloidogenic) pathways (Fig. 1.1) (Hampel et al., 2021). In the non-amyloidogenic

pat hwaecrdtase cleaves APP -@ddingadomai@,si due

releasing a large, soluble N terminal APP fragment (APPsU) (Ling et al., 2023; Zhang
et al., 2011). The remainder of the APP molecule, the C-terminal fragment (CTF-U),

i s c| e av esdcretage erizyme, canposed of presenilin-1 and presenilin-2
protein subunits, releasing a short peptide (p3) (Kepp et al., 2023; Ray et al., 2020).
The APP intracellular domain (AICD) is subsequently released into the cytoplasm of
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cleaving enzyme-1, BACE1) cleaves APP at a residue in the ectodomain upstream

of the Ab, again r el efeagmem (APRsb) (Hampgletals ol ubl e

7

A



2021). Subsequently, o-secretase cleaves the remaining C terminal fragment (CTF-

bp)at the cell membr ane, the terminus ,0f the

producingf r a g me nt s 40 orfA h2\that greAdleased into the extracellular
domain, while the remaining AICD is internalised (Hampel et al., 2021). During
physiological APP processing, AICD is transported to the nucleus where it serves as
a transcription factor, influencing the expression of genes relating to cell cycle
activation, apoptotic pathways, neurotransmission, and synaptic plasticity (Ng et al.,
2024). However, evidence suggests that elevated AICD levels in AD are associated

with the upregulation of pro-apoptotic

genes, Ca?* dysregulation, tau

hyperphosphorylation, and neuroinflammation, all of which contribute to
neurodegeneration (Ghosal et al., 2009; Ng et al., 2024).
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Figure 1.1: Non-amyloidogenic and Amyloidogenic Processing of A myloid Precursor Protein . Amyloid
Precursor Protein (APP) is enzymatically processed via two main pathways: the non-amyloidogenic pathway and
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The physiological function of APP and
suggesting that they may be neuroprotective at low levels (Masliah et al., 1992;
Morley et al., 2019; Soucek et al., 2003). One identified physiological role of A bis its
neurotrophic effect on immature hippocampal neurons in vitro (Yankner et al., 1990).
It was later reported that immunodepletion of A bor inhibition of b and o secretases
reduced cultured neuronal cell viability, which was rescued by the addition of
physiological concentrations of A fao (Plant et al., 2003). Highlighting the
physiological role of APP and A bin vivo, APP and BACE1 knockout mice showed
impaired hippocampal long-term potentiation (LTP; a synaptic model of memory) and
cognitive deficits (Dawson et al., 1999; Laird et al., 2005; Seabrook et al., 1999;
Wang et al., 2008). Moreover, intracerebral infusions of physiologically relevant
concentrations of monomeric and oligomeric A bhave been shown to enhance LTP
and improve spatial memory performance in rodents (Puzzo et al., 2008; Wu et al.,
1995).

ADb

INnAD,Ab abnormally aggregates in the brain

hippocampus (HPC) but also within the cerebrovasculature (Chen et al., 2017,
Viswanathan & Greenberg, 2011). The Ab monomers generated from the proteolytic
breakdown of APP associate into dimers and trimers, intermediate aggregate states
(Hampel et al., 2021). These small U-helical structures can aggregate to form much
larger oligomers that are susceptible to spreading throughout the brain (Hampel et
al., 2021). Ab further aggregates within the brain as insoluble protofibrils and fibrils
(Walsh et al., 1997). Ab2i s | es s s 0 hand thues mord likety toAobm
further aggregates (Chen et al., 2017; Snyder et al., 1994; Wang et al., 1999).
Protofibril and fibril structures are organised into b-sheets with a stable core (Chen et
al., 2017; Hashimoto et al., 2020) and subsequently assemble into plaques that form
the characteristic histological lesions first noted by Alzheimer in 1906 (Alzheimer et
al., 1995; Lu et al., 2013; Walsh et al., 1997). These extracellular A baggregates
have been shown to cause interference in neuronal networks, disrupting memory
encoding communications (Mokhtar et al., 2013; Shankar et al., 2008).

Amyloid in its aggregated plaque formation is detectable using in vivo PET imaging,
but soluble amyloid species evades detection as they do not bind to amyloid PET
ligands (Chapleau et al., 2022). Due to the challenges in distinguishing the direct
consequences of soluble amyloid from plaques in AD models, research has largely
focused on plaques as the primary pathogenic form of A b However, recent studies
have increasingly suggested that soluble amyloid is more neurotoxic and plays a
crucial role in driving early AD pathogenesis (Tolar et al., 2021; Viola & Klein, 2015).
For example, in cell culture, soluble A bhave been shown to induce synaptic
degeneration via NMDAR dysfunction, promote Ca?* dysregulation, tau
hyperphosphorylation, and induce neuronal death (Bode et al., 2017; De Felice et
al., 2007; Jin et al., 2011; Joshi et al., 2023; Lambert et al., 1998; Ono et al., 2009;
Shankar et al., 2007). Furthermore, in vivo infusion of oligomeric A bhas been shown
to trigger a range of pathological events including neuroinflammation, synaptic

hav
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plasticity dysfunction, and behavioural impairments (Forloni & Balducci, 2018;
Lourenco et al., 2013; Reed et al., 2011; Townsend et al., 2006). These key
pathological events in AD will be described below under The Amyloid Cascade
Hypothesis, with further detail regarding Ca?*-mediated toxicity and synaptic
dysfunction reserved for Chapter 4 of this thesis.

1.3.2 The Amyloid Cascade Hypothesis
1.3.2.1 AD Risk Factors and Initiating Events

The Amyloid Cascade Hypothesis was first described in the early 1990s by Hardy

and Higgins (Hardy & Higgins, 1992). ltwashy pot hesi sed that the de
peptides in the brain initiates a series of pathological events including immune

dysregulation, NFT accumulation, vascular damage, and neuronal loss, that

eventually result in the cognitive dysfunction observed in AD (Fig 1.2) (Hardy &

Higgins, 1992; Zhang et al., 2023b). The cause of aberrant accumt
not fully understood, however it is posited that it involves an imbalance between the
production and clearance of Ab from the brai
aggregation (Hampel et al., 2021). I n FAD, Ab accumulation is
with genetic sequencing studies identifying mutations in the APP, Presenilin 1

(PSENL1), and Presenilin 2 (PSEN2) genes in families with a history of FAD

(Dorszewska et al., 2016; Levy-Lahad et al., 1995; Rogaev et al., 1995; Sherrington

et al., 1995). These mutations are believed to disrupt the normal cleavage of APP,

resulting in excessive AD productionz partic
peptide (Borchelt et al., 1997; Duff et al., 1996; Hampel et al., 2021; Li et al., 2016;
Scheuneretal.,, 1996).l n SAD, Ab accumulation is believce

of proteostasis networks, cellular mechanisms that maintain the balance of
synthesis, folding, and degradation of proteins, resulting in insufficient clearance and
thus aggregation o f  (Wdmpel et al., 2021; Mawuenyega et al., 2010). SAD is not
strictly a genetic condition, with age being one of the primary risk factors; however,
age alone is not sufficient to cause AD (Nelson et al., 2011). SAD involves a
complex interplay between age and several environmental factors, including
diabetes, obesity, smoking, hypertension, and lack of cognitive engagement
(Baumgart et al., 2015). However, genetic predisposition likely plays a role in SAD,
with family history of the disease being another significant risk factor (Fratiglioni et
al., 1993; Green et al., 2002; Lautenschlager et al., 1996). Several studies including
genome wide association studies have identified the Apolipoprotein E (APOE)
allele, a variant of the APOEgene involved in Ab cl earance,
genetic risk factor for SAD (Allwright et al., 2023; Corder et al., 1993; Farrer et al.,
1997; Neuner et al., 2020; Rebeck et al., 1993). The presence of this allele
significantly accelerates AD progression, reducing the average age of onset by
around 10 years (Corder et al., 1993; Hunsberger et al., 2019).
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1.3.2.2 Altered lonic Homeostasis and the Calcium Hypothesis of AD

According to the Amyloid Cascade Hypothesis, Ab disrupts the balance of key ions,
including calcium (Ca?*) (Wang et al., 2025). Ca?* is a second messenger molecule
that is essential for neuronal functions such as neurotransmitter release, synaptic
plasticity, and apoptosis (Berridge et al., 2000). These functions depend on tightly
regulated spatiotemporal fluctuations of Ca2¢ concentrations, achieved through
mechanisms involving the endoplasmic reticulum (ER), plasma membrane channels
and transporters, and mitochondria (Cascella & Cecchi, 2021). The Calcium
Hypothesis of AD, which will be discussed in greater depth in Chapter 4 of this
thesis, proposes that dysregulation of physiological intracellular Ca2¢ signalling plays
a pivotal role in the development and progression of the disease (Joshi et al., 2023).
In AD, intracellular Ca2¢ signalling is disrupted through multiple mechanisms,
including by the presence of Ab (Joshi et al., 2023). Oligomeric Ab pr omot es
excessive Ca?* influx into neurons through N-methyl-D-aspartate receptors
(NMDARS), voltage-gated channels (VGCCs), and possibly through the formation of
membrane pores (Tong et al., 2018). This leads to the release of Ca?* from internal
stores of the neuron, including the ER, further exacerbating the Ca?* load of the cell
(Ferreiro et al., 2004; Supnet et al., 2006). Ab a | s o glutamata reuptake
following synaptic transmission, resulting in NMDAR overactivity and neuronal
excitotoxicity (Koffie et al., 2011; Li & Selkoe, 2020). Ab-induced remodelling of Caz¢
signalling pathways impairs mitochondrial function, triggering oxidative stress,
stimulating neuroinflammation, leading to neuronal death (Garcia-Casas et al., 2023;
Joshi et al., 2023). A wealth of in vivo infusion and in vitro neuronal culture studies
has shown that soluble amyloid species isolated from AD brains (at pathological
levels) impair hippocampal LTP, a process essential for synaptic strengthening and
memory formation, while promoting LTD, which weakens synaptic connections &
effects attributed to overactivation of NMDARs (Gulisano et al., 2018; Li et al., 2009;
Li et al., 2011; Li et al., 2018; Li & Selkoe, 2020; Puzzo et al., 2008; Shankar et al.,
2007; Shankar et al., 2008; Walsh et al., 2002). These mechanisms not only directly
contribute to cognitive decline, but also exacerbate bothAb and t au pat hol og
creating a vicious cycle of neurodegeneration (Wang et al., 2017).

1.3.2.3 Immune Dysregulation

In AD patients and many animal modelsof AD, ADb accumul thechromc | eads
overactivation of the brain's immune system, commonly recognised as a hallmark of

ADal ongsi de ADb pl((Kmheyetsal., 2008). SOWE af the most

compelling evidence linking neuroinflammation and AD is from mutations in

Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) and Complement

Receptor Type 1 (CR1) genes involved in immune regulation, which are associated

with an increased risk of SAD (Guerreiro et al., 2013; Jonsson et al., 2013; Zhu et

al., 2015).
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In the healthy brain environment, microglia, the resident immune cells, activate in
response to threats such as injury or disease (Kinney et al., 2018). Microglia also
play a crucial neuroprotective role by clearing proteins and cellular debris, including
A b through phagocytosis (Galloway et al., 2019). Microglia migrate to plaques, and
during A bclearance, release a number of pro-inflammatory cytokines such as
tumour necrosis factor alpha (TNF-U), interleukins suchasIL-1 b a n6d | L
complement component 1q, and reactive oxygen species (ROS) (Wang et al., 2015).
Prolonged microglial activation in AD driven by persistent A bdeposition results in
increased production of pro-inflammatory cytokines and ROS, which disrupt synaptic
function and stimulate neuronal apoptosis, contributing to neurodegeneration (Ji et
al., 2019; Wang et al., 2015). Additionally, sustained microglial activation diminishes
their ability to bind, engulf, and degrade A b thereby exacerbating its accumulation
(Krabbe et al., 2013; Michelucci et al., 2009). A baccumulation also activates
astrocytes, which are crucial for maintaining homeostasis in the central nervous
system (CNS) (Verkhratsky & Nedergaard, 2018). Sustained astrocyte activation
impairs their homeostatic function, resulting inefficient glutamate clearance and
excitotoxicity, blood-brain barrier (BBB) breakdown, and neuronal damage due to
impaired neurotrophic support (Rodriguez-Giraldo et al., 2022). Astrocyte
overactivation also results in sustained neuroinflammation through the release of
pro-inflammatory cytokines (Rodriguez-Giraldo et al., 2022). Furthermore, persistent
release of pro-inflammatory cytokines through chronically activated microglia and
astrocytes stimulates the amyloidogenic processing of APP through activating b-

s ecr et a ssecretase,desuting in further A bdeposition (Liao et al., 2004; Zhao
et al., 2011).

In addition to the cytotoxic positive feedback associated with A f the inflammatory
response observed in AD has been proposed as a potential link between A band
NFT development (Garwood et al., 2011; Kitazawa et al., 2004). Evidence
supporting this includes the administration of lipopolysaccharide, a known inducer of
neuroinflammation, significantly increased tau hyperphosphorylation in 3xTg-AD
mice, a transgenic model containing mutant APP, PSEN1, and Microtubule
Associated Protein Tau (MAPT) genes (Kitazawa et al., 2005). Similarly, the
application of A boligomers to a hippocampal culture significantly increased tau
phosphorylation (Ma et al., 2009).

1.3.2.4  Neurofibrillary Tangle Development

Tau is a soluble microtubule-associated protein, encoded by the MAPT gene, that is
essential for maintaining the stability of microtubules; key cytoskeletal structures that
support cell differentiation and growth (Barbier et al., 2019). Tau is dynamically
regulated by a number of post-translational modifications, including phosphorylation
and dephosphorylation, carried out by kinases and phosphatases, respectively
(Parra Bravo et al., 2024). In neurodegenerative diseases such as frontotemporal
dementia and AD, tau becomes hyperphosphorylated (Grundke-Igbal et al., 1986;
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Parra Bravo et al., 2024). In AD, the Amyloid Cascade Hypothesis postulates that
Ab, through its disruption of ionic homeostasis (Fig. 1.2), triggers changes in kinase
and phosphatase activity, including hyperactivation of kinases such as glycogen
synthase kinase-3 b a n d -depgndehtikinase 5, and reduced activity of
phosphatase such as protein phosphatase 2A, resulting in hyperphosphorylated tau
(Reddy, 2013; Wang et al., 2020). Hyperphosphorylated tau has a reduced affinity
for binding microtubules, thus it detaches (Sengupta et al., 1998).
Hyperphosphorylation of tau also disrupts its normal structure, causing it to misfold
(Mroczko et al., 2019). Misfolded tau proteins clump together into oligomers, that
aggregate into paired helical filaments and eventually NFTs, insoluble filamentous
tangles (Grundke-Igbal et al., 1986; Parra Bravo et al., 2024; Perl, 2010). In the AD,
these filaments accumulate intracellularly, particularly within neuronal cell bodies and
dystrophic neurites (Braak et al., 1986). NFTs contribute to neurodegeneration by
destabilising microtubules, which disrupts axonal transport of key molecules such as
neurotransmitters and cellular nutrients, hindering neuronal communication and
triggering cell death (Alonso et al., 1994; Li et al., 2007). NFTs also trigger a cascade
of neuroinflammation through microglia overactivation and induce neurotoxicity,
resulting in neuronal dysfunction and cell death (Chen & Yu, 2023; Parra Bravo et
al., 2024).
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1.3.2.5 Supporting Evidence and Counterarguments for the Amyloid
Cascade Hypothesis

Since identified by Alzheimer in 1906, A bplagues have consistently been observed
in post-mortem analysis of brain tissue from AD patients, indicating the role of A bas
a key pathological feature of AD (Alzheimer et al., 1995; Hong et al., 2023). Since
then, multiple lines of evidence have suggested that this characteristic accumulation
of Ab wusually occurs many ysgmaptoss, (peeddiogr e t he o
NFT development and synaptic loss (Hampel et al., 2021). As described earlier, the
Amyloid Hypothesis of AD suggests that the accumulationo f ADb i nisthehe br ai n
initiating event in the pathogenesis of AD, leading to a cascade of pathological
events including tau hyperphosphorylation, neuronal loss, and cognitive decline
(Dubois et al., 2014). Arguably, the most compelling argument for this hypothesis
stems from the fact that FAD mutations, most of which result in increased amyloid
aggregation, are associated with early onset AD (Hatami et al., 2017; Ricciarelli &
Fedele, 2017). Most FAD mutations are in close proximity to secretase sites and
thus affect the processing of APP (van der Kant & Goldstein, 2015). For example,
FAD mutations in APP, PSEN1, and PSEN2 alter the proteolytic cleavage of APP,
increasing the production of self-aggregating A @2 species (Borchelt et al., 1997;
Chen et al., 2014; De Jonghe et al., 2001; Suzuki et al., 1994). Furthermore, as
discussed earlier, the most significant genetic risk factor for developing SAD is the
presence of the APOE U 4ariant, which is associated with impaired A bclearance
and increased aggregation (Allwright et al., 2023). Conversely, the rare A673T APP
variant that reduces A bproduction appears to protect against AD development
(Baranello et al., 2015). Further genetic evidence supporting the central role of
amyloid in AD comes from individualswi t h  Dsyngrondeswho possess an extra
copy of chromosome 21 (which also carries the APP gene), leading to increased
amyloid production and early-onset dementia (Leverenz & Raskind, 1998; McCarron
et al., 2014; Wiseman et al., 2015).

However, there are several streams of evidence that are inconsistent with the idea of
amyloid as the root cause of AD. Arguably the strongest counterargument for the
central role of amyloid in AD is the fact that A bplaque burden does not consistently
correlate to neuronal loss or the severity of cognitive decline (Aizenstein et al.,
2008). In fact, individuals with substantial Ab burden do not always present with
cognitive symptoms of AD (Klunk, 2009; Villemagne et al., 2011). According to the
Amyloid Cascade theory, these individuals should have dementia, but they do not,
suggesting that amyloid accumulation may be a feature of healthy aging. The
duration for which Ab can persist in the brain with without causing cognitive decline
is unknown, however it is believed to be in the magnitude of years (Villemagne et al.,
2013). Naturally, this raises a question about the extent of the contribution of Ab to
the pathogenesis of AD. It could be argued that if it is possible to possess Ab
plaques without exhibiting dementia, then amyloid is insufficient to cause AD.
However, a | arge body of evidence suggests t
insoluble plaques, is more neurotoxic and correlates better with the severity of
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cognitive deficits (Bao et al., 2012; Tolar et al., 2021). This may explain why some

people with substantial plaque load are cognitively normal, with studies suggesting
that their oligomeric Ab levels are low in comparison to plaque load (Esparza et al.,
2013).

Nevertheless, NFTs and neuronal loss appear to exhibit a stronger correlation with
cognitive decline than amyloid plague volume (Giannakopoulos et al., 2003). As
such, there has been a lot of debate around the relative importance of amyloid and
tau in the pathogenesis of AD. According to the Amyloid Cascade Hypothesis, NFTs
are a downstream consequence of amyloid deposition (Kepp et al., 2023). A
common analogy for the relationship between the two pathologies describes A bas
the trigger that initiates the pathology, while tau acts as the bullet that inflicts the
damage (Bloom, 2014). Supporting this, studies show that neurons deficient in tau
ar e r esi sirndaedtoxitity suggbsting that amyloid is the initiating factor but
tau is required for its toxic effect (Rapoport et al., 2002). Furthermore, reducing the
number of tau alleles in the transgenic hAPPxTau and APP/PS1xTau mouse models
protectsagai nst me mor y -ddvenfneumtoxicsy, emphdsiziAgithe
critical role of tau in mediating neurodegeneration initiated by A b(Leroy et al., 2012;
Roberson et al., 2007). However, other studies have shown that tau pathology
precedes amyloid deposition (Braak et al., 2011; Price et al., 1991; Schonheit et al.,
2004). Furthermore, there is evidence that tau can induce neurodegeneration
independently o f . Pobexample, intracerebral injection of a viral vector to express
an isoform of Tau in the HPC of C57BL6/J mice induced cortical and hippocampal
cell death even in the absence of A b(Jaworski et al., 2009). This finding directly
challenges the notion that tau pathology is merely a downstream consequence of
amyloid aggregation, instead suggesting that tau may have a more primary role in
disease progression.

A further challenge to the Amyloid Cascade Hypothesis is that transgenic mice
exhibiting Ab overexpression as the sole disease model do not sufficiently mirror
every aspect of AD. For example, whilst transgenic modes overexpressing mutant
APP and/or PSEN1 capture some of the pathological and behavioural features of
AD, such as plaques, neuroinflammation, alterations in synaptic plasticity, and
memory impairment, there is no widespread neuron loss, and any
neurodegeneration by these models appears mild and rescuable (Wirths & Zampar,
2020; Zhong et al., 2024). Even refined 2"? generation mouse models with
endogenously expressed APP show early and substantial Ab deposits but exhibit
only modest behavioural deficits and no overt neurodegeneration, suggesting that
high levels of Ab alone do not trigger neurodegeneration in vivo (Sasaguri et al.,
2022). Furthermore, NFTs do not naturally emerge in amyloid-based mouse models
without specific genetic modifications to express tau proteins. This contradicts the
idea that tau is a downstream consequence of amyloid accumulation.
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The failure of mouse models to fully replicate AD pathology highlights the gaps in the
understanding of genetic factors and the complex mechanisms underlying the
pathogenesis of AD. For example, while most FAD mutations are known to result in
increased Ab deposition in the brain, this alone does not confirm Ab as the primary
driver of AD and it does not prove that Ab triggers other AD pathologies (Herrup,
2015). This limitation suggests that mouse models based solely on FAD mutations
do not accurately capture AD pathogenesis. Several pharmacological approaches
aimed at reducing Ab levels using antibody-based therapies have successfully
decreased amyloid burden and improved cognitive deficits in mouse models of Ab
pathology, prompting the launch of many clinical trials targeting Ab as a potential
treatment for AD (Yadollahikhales & Rojas, 2023; Zhang et al., 2023b). However,
many clinical trials targeting amyloid have failed, with few achieving Food and Drug
Administration (FDA) approval. As will be discussed in section 1.4 of this chapter,
anti-amyloid drugs that were granted FDA approval show only modest clinical
benefit. This suggests that research may have been over reliant on amyloid as the
central cause of AD, overlooking other potential causative factors. The complex
aetiology of AD likely involves multiple mechanisms, including inflammation, tau
pathology, and synaptic and biochemical alterations, which cannot be fully
encompassed by a single theory. For example, the early onset of AD in individuals
wi t h Dsyngrondesnay not be solely due to the extra copy of the APP gene on
chromosome 21, as this chromosome contains over 200 other genes, including
those required for Ca?* binding and ion channel formation (Kepp et al., 2023).
Therefor e, whnetessarity dispove the iavelvement of Ab in AD, it
suggests that there may be several contributing factors to AD pathogenesis, such as
Ca?* dysregulation, that should be directly addressed, as will be discussed later in
this thesis. Therefore, it is very possible that a unique combination of genetic and
environmental risk factors initiates an equally unique cocktail of biochemical
alterations in the human brain. With this idea, there may be a common path to AD
but multiple ways of accessing this path, with amyloid being a frequent but not
necessarily essential path.

Despite its limitations, the Amyloid Cascade Hypothesis remains a central framework
in the current understanding of AD pathogenesis, as it does appear to be linked to
several other hallmarks of the disease. However, there is a pressing need to better
understand how Ab influences <cogjsiuchason
Ca?* dysregulation, in more advanced and accurate mouse models of amyloid
pathology, as will be discussed later in this chapter.

1.3.3 Anatomical and Functional Changes

As discussed in the previous section, the key pathological hallmarks of AD, including
Ab plaques, NFTs, and neuroinflammation, contribute to cellular neurotoxicity
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(Hampel et al., 2021). On a broader scale, these factors have a substantial impact
on the brain and its function.

Throughout the progression of AD, plagues and NFTs follow distinct patterns of
deposition in the brain. Imaging studies evidence that Ab initially accumulates in
brain regions with high metabolic activity, such as the association cortex, then
spreads across the neocortex and continues to the allocortex, including the HPC and
entorhinal cortex (EC), before depositing in other subcortical regions such as the
basal ganglia, midbrain, and eventually the cerebellum (Hampel et al., 2021; Thal et
al., 2002; Avila-Villanueva et al., 2022). NFT deposition follows a different pattern,
originating in the transentorhinal region, before progressing to the EC, HPC, and
neocortex (Braak & Braak, 1991; Parra Bravo et al., 2024; Avila-Villanueva et al.,
2022). NFTs spread in a prion-like manner by imparting their misfolded state onto
soluble tau molecules, transmitting across synapses, and propagating the spread
(Mroczko et al., 2019; Parra Bravo et al., 2024).

As described earlier, pathological events in AD, includingAb and NFT accumul
Ca?* dysregulation, and chronic neuroinflammation, contribute to neurodegeneration
in AD (Hampel et al., 2021; Parra Bravo et al., 2024). This occurs through synaptic
degeneration, neuronal loss, and axonal damage due to myelin breakdown,
progressively disrupting large scale brain network connectivity and communication
(Goel et al., 2022; Huang et al., 2024). This progressive neuronal injury contributes
to the decline of cognitive function in AD (Goel et al., 2022; Griffiths & Grant, 2023).
Eventually, synaptic loss progresses to cerebral atrophy, which appears to follow a
similar pattern of progression to tau progression (Whitwell, 2010). These key
structural abnormalities correlate to functional impairments in AD. For example,
hippocampal volume loss correlates with severity of episodic memory impairments in
MCI and AD (McDonald et al., 2012; Sarazin et al., 2010). Furthermore, early
atrophy of the amygdala and EC are linked to anxiety in AD (Mah et al., 2015; Poulin
et al., 2011).

Neuronal loss in AD is closely linked to glucose hypometabolism, as detected by
fluorodeoxyglucose (FDG)-PET, an in vivo marker of synaptic activity (Chen et al.,
2021b; Strom et al., 2022). For example, medial temporal lobe atrophy is related to
hypometabolism of the RSC, one of the first areas to show metabolic changes in AD,
indicating reduced synaptic activity and neurodegeneration (Buckner et al., 2005;
Drzezga et al., 2011; Minoshima et al., 1997; Nestor et al., 2003; Strom et al., 2022;
Terstege et al., 2024). Neurotransmitter systems are also altered in AD. For
example, the loss of cholinergic neurons, decline in choline acetylase, and
subsequent reduction of acetylcholine (ACh) synthesis and release, is linked to
deficits in learning and memory (Yang et al., 2023). Furthermore, as eluded to
earlier, excessive activation of NMDARSs by enhanced glutamate release result in
increased levels of glutamate in the synapse, further enhancing Ca?* entry and
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contributing to neuronal death and cognitive decline (Liu et al., 2019). Moreover,
degeneration of dopaminergic and serotonergic neurons leads to the reduced levels
of dopamine and serotonin, respectively, affecting mood and motivation
(Vakalopoulos, 2017; Yamamoto & Hirano, 1985; Yang et al., 2023). Overall, these
key anatomical and functional changes contribute to the cognitive deficits and
neuropsychiatric dysfunction observed in AD.

1.4 Current and Developing TreatmentsforA | z hei me
Disease

Currently, treatments for AD focus on symptom management. For example,
acetylcholinesterase inhibitors (AChls) such as donepezil (AriceptE ), rivastigmine
(ExelonE ), and galantamine (Razadyne®) are used for mild to moderate AD
(Yiannopoulou & Papageorgiou, 2020). These drugs work by preventing the
breakdown of ACh, thus restoring synaptic communication and memory processes
(Singh et al., 2024). Memantine (Namenda®) is an NMDAR antagonist used for
moderate to severe AD and is thought to preserve neuronal function by selectively
blocking excessive glutamate activity, restoring Ca?* homeostasis and reducing
excitotoxicity (Plosker, 2015). Patients with moderate to severe AD may also be
offered a combination of memantine and donepezil (Yiannopoulou & Papageorgiou,
2020).

Drugs to manage NPS are often prescribed alongside drugs to improve cognitive
symptoms. For example, selective serotonin reuptake inhibitors (SSRIs) such as
sertraline are commonly prescribed for anxiety and/or depression in AD (Scuteri et
al., 2021). SSRIs work by inhibiting the reuptake of serotonin into presynaptic
neurons, thereby increasing its availability in synapses and enhancing its signalling,
which supports mood regulation (Hillhouse & Porter, 2015). Furthermore, short-term
anxiolytic drugs such as benzodiazepines (e.g. lorazepam) may be prescribed, and
act by rapidly enhancing the inhibitory effects of gamma-aminobutyric acid (GABA)
on GABA-A receptors, reducing neural hyperactivity and producing an anxiolytic
effect (Insel et al., 1984; Mendez, 2021). However, these are prescribed
conservatively as they may increase the risk of confusion, poor gait, and falls in AD
patients (Osman et al., 2022). In cases where anxiety is associated with agitation,
physical aggression, or psychosis, an atypical antipsychotic medication such as
risperidone may be prescribed, however, it carries an FDA black-box warning due to
the increased risk of stroke and mortality with its use in AD (Mendez, 2021; Scuteri
et al., 2021).

While these treatments may help alleviate symptoms and improve the quality of life
for some patients, they address downstream effects rather than the root pathological
causes, and thus they do not slow cognitive decline. Consequently, there is a need
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for new disease modifying therapies to prevent, slow, or reverse AD pathology.

Recently, several therapies have been developed to address the root cause of AD

pat hhogenesi s, particularly by targeting Ab a
very limited clinical success.

Recently, marketed as disease modifying therapies, aducanumab (Aduhelm®) and
lecanemab (Leqembi®) have received accelerated FDA approval (Vaz et al., 2022,
Vitek et al., 2023), and donanemab (KisunlaE ) has gained traditional FDA approval
for AD treatment (Mintun et al., 2021). These anti-amyloid antibodies promote plaque
clearance by binding aggregated amyloid, triggering microglial phagocytosis, direct
amyl oid hydrolysis, amapgerigheradsmk mechagsmAb ef f | ux
(Loeffler, 2023; Singh et al., 2024; Taguchi et al., 2008). Lecanemab and
donanemab are now licenced by the Medicines and Healthcare Products Regulatory
Agency (MHRA) in the UK as a treatment for early-stage AD, with aducanumab
currently under review. However, the National Institute for Health and Care
Excellence (NICE) have not recommended any of these drugs for use in the NHS
due to concerns over cost-effectiveness, limited clinical benefit, and safety risks.
Crucially, the major side effect associated with these antibodies is the development
of amyloid-related imaging abnormalities (ARIAS), which present as cerebral
oedemas or microhaemorrhages and can lead to serious complications, potentially
overshadowing any clinical benefit of the treatment (Honig et al., 2024; Salloway et
al., 2022).

Driven by the limitations of current therapies, new strategies are emerging.
Remternetug, a next-generation anti-amyloid treatment developed as a successor to
donanemab, targetsp y r o g | ut a(mlighlg stablérfeurotoxic variant) and is
currently in Phase Il clinical trials. Additionally, small molecule therapies, such as
buntanetap, are being explored for their BBB penetration and oral/intranasal
availability (Wu et al., 2023). Buntanetap blocks APP mRNA translation to prevent,
rather than clear, amyloid accumulation (Fang et al., 2023). However, whether these
new approaches will offer greater clinical benefit or reduce side effects like ARIAs
remains uncertain.

15 Model ling Al zhei mer ds Disease

1.5.1 1st Generation Models

The hope of identifying new disease modifying drugs for AD relies on the
development of robust animal models to provide a reliable basis for preclinical
testing. Since 1995, efforts have largely focused on developing transgenic mouse
models of AD through overexpression of well characterised genetic mutations
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associated with FAD. Transgenic models of AD typically exhibit modest to severe
behavioural deficits that often emerge before detectible plaque deposition, with
spatial working memory impairments generally preceding simple object recognition
deficits (Zhong et al., 2024).

One of the earliest of these first generation models is the PDAPP model (Games et
al., 1995). This model expresses human APP carrying the Indiana (V717F) FAD
mutation, with expression levels approximately 10-fold higher than endogenous
murine App (Games et al., 1995). Consequently, PDAPP mice develop amyloid
plaques from around 6-9 months of age (Games et al., 1995). This model also
exhibits evidence of enhanced astrocyte and microglia activation, early changes in
tau phosphorylation, and decreased synaptic density, but no overt neuron loss
(Games et al., 1995; Masliah et al., 2001). The PDAPP model exhibits functional
impairments across a broad array of cognitive tasks, including deficits in spatial
working memory assessed by the Radial Arm Maze (RAM) task at 3-4 months, and
impaired object recognition memory from 6 months of age (Dodart et al., 1999).
Another widely used transgenic model is the Tg2576, which expresses the Swedish
APP FAD mutation (KM670/671NL) (Hsiao et al., 1996). This mutation is located at
the BACE1 cleavage domain of the APP gene, enhancing APPc | eavage by
secretase and resulting in increased Ab production,par t i cul awadriant t he
(Hsiao et al., 1996). Tg2576 mice develop plaques at around 11-13 months and
increased microglial density and size associated with plaques (Frautschy et al.,
1998; Hsiao et al., 1996). Tg2576 animals also show earlier impairments prior to
plague formation such as dendritic spine loss at 4.5 months and LTP impairments at
5 months, but no evidence of NFTs or neuron loss (Irizarry et al., 1997; Jacobsen et
al., 2006; Lanz et al., 2003). Tg2576 mice develop deficits in spatial learning and
working memory at around 9-14 months of age (Deacon et al., 2008; Hsiao et al.,
1996; Kawarabayashi et al., 2001), with visuospatial deficits in object recognition
tasks appearing at around 14 months (Hale & Good, 2005).

Double and triple transgenic models of AD were developed in an attempt to better
capture the complex pathologies of AD, as well as to accelerate the onset of
pathology and cognitive deficits. The APP/PS1 model contains both the Swedish
mutant APP and a human PSEN1 gene containing the L166P mutation (Radde et al.,
2006). The APP/PS1 model develops plaques and activated microglia from as early
as 6 weeks of age, with dendritic spine loss occurring around 4 weeks after plaque
development (Bittner et al., 2012; Radde et al., 2006). There is also evidence of
impaired hippocampal LTP at 8 months and modest neuron loss at 17 months
(Gengler et al., 2010; Rupp et al., 2011). APP/PS1 mice also show phosphorylated
tau in neuritic processes, but no mature NFTs (Radde et al., 2006). Cognitive
impairments include spatial learning and memory in the Morris Water Maze (MWM)
task at 7 months and novel object recognition at 15 months of age (Radde et al.,
2006; Webster et al., 2013).
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The 5xFAD is a triple transgenic model that harbours three APP mutations (Swedish
(K670N/M671L), Florida (1716V), and London (V7171)) and two PSEN1 mutations
(M146L and L286V) (Oakley et al., 2006). This model exhibits plaque deposition and
gliosis from around 2 months of age (Oakley et al., 2006). There is also evidence of
LTP deterioration from 4 months of age, and cortical neuron loss from around 6
months of age (Eimer & Vassar, 2013; Oakley et al., 2006). The 5xFAD model
exhibits impaired alternation in the Y-maze spontaneous alternation task from 4
months of age, impaired spatial memory in the MWM task at 6 months, with object
recognition deficits occurring around the same age (Oakley et al., 2006; Padua et al.,
2024; Xiao et al., 2015). Importantly, however, NFTs do not develop in this model
(Oakley et al., 2006). The 3xTg-AD triple transgenic model was developed to capture
both amyloid and tau pathology by expressing the MAPT P301L mutation in addition
to the Swedish APP and M146V PSEN1 mutation (Oddo et al., 2003). These animals
exhibit reduced LTP by 4 months, plaque deposition from 6 months, and increased
microglia and astrocyte immunoreactivity from 7 months (Caruso et al., 2013;
Javonillo et al., 2021; Oddo et al., 2003). Spatial learning and memory deficits in the
MWM arise at around 4-6 months (Belfiore et al., 2019; Billings et al., 2005). Tau
pathology occurs at around 12 months, with extensive hyperphosphorylated tau
detected in the CAL, however, no neuron loss was observed (Oddo et al., 2003;
Zhong et al., 2024). Since the 3xTg-AD model, several tau-specific models such as
the PS19 and Tg4510 have been generated to isolate tau driven pathologies. These
mice exhibit early NFT formation, as well as rapid neuronal loss, and an age
dependent decline in spatial memory (Zhong et al., 2024). However, as will be
discussed in the General Discussion chapter, the accuracy of modelling human tau
pathology in rodents is questionable due to differences in splicing of the MAPT gene
and aggregation of tau filaments (Corsi et al., 2022; Hernandez et al., 2019).

Overall, transgenic models of AD have been valuable for investigating the
mechanisms and consequences of Ab accumulation, however, there are several key
criticisms regarding their suitability and accuracy. The primary critiques centre on the
overexpression of the relevant transgenes and the method used to drive their
overexpression. Transgenic models are often created by the insertion of a genetic
construct containing the gene(s) of interest into a mouse embryo or embryonic stem
cells. A DNA plasmid vector, a circular piece of extrachromosomal DNA, is often
used to carry the selected genes and integrate them randomly into the host DNA.
The plasmid constructs contain an artificial promotor, commonly the Thyl promotor,
that drives aberrant overexpression of the transgene in the host. For example, in the
Tg2576 model, APP harbouring the Swedish mutation is randomly inserted into the
mouse genome using a hamster prion cosmid vector, resulting in APP expression at
levels that are far beyond that observed in AD (Hsiao et al., 1996). There are several
issues with this method of developing animal models. For instance, random
integration of genetic constructs has been shown to destruct large portions of the
host 6 s g €Gamdcheetall, 20&9). Moreover, expression of the mutant APP
may not necessarily be specific to axons, as it has been shown to mislocalise to
soma and dendrites (Sasaguri et al., 2022). Furthermore, overexpression of APP in
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transgenic models results in an overexpression of the non-amyloid fragments
produced from the processing of APP, and the effects of which remain unclear. For
example, in the Tg2576 model, the Swedish mutation increases the production and
accumulationof CTF-b, gener ated from t hsecrataseeamd age of
Al CD, g e n e r-setratade cleavagen(Sasaguri et al., 2022). CTF-b have
been shown to induce neurotoxicity, leading to synaptic loss and memory
impairments in vivo (Kametani & Haga, 2015; Kaur et al., 2017; Kwart et al., 2019;
Lauritzen et al., 2012; Oster-Granite et al., 1996; Sasaguri et al., 2022). Additionally,
AICDs have demonstrated neurotoxic effects in vivo, while also transactivating
neprilysin gene promoters, which play a crucial role in driving A bdegradation (Kim et
al., 2003; Ohkawara et al., 2011; Pardossi-Piquard et al., 2005). Aberrant APP
overexpression is also linked to ER stress, and calpain activation resulting in
generation of p25, a contributor to tau phosphorylation and neuronal apoptosis
(Hashimoto et al., 2018; Lee et al., 2000).

Whilst aberrant transgene overexpression is convenient for studying Ab as it leads to
substantial plaque deposition and early cognitive impairments, the consequences of
its effects remain poorly understood, and likely introduce behavioural confounds that
standard control strains (e.g. C57BL6/J animals) cannot account for. It could
therefore be argued that the behavioural effects of APP overexpression may not
actually reflect the consequences of Ab accumulation. For example, transgenic
models often exhibit early behavioural changes that precede plaque deposition,
suggesting that these changes may be due to the accumulation of non-amyloid
products of APP processing (Zhong et al., 2024).

1.5.2 2nd Generation Models

Overall, aberrant APP overexpression and its associated artefacts present a problem

as i) it is not clear to what extent Ab is r
the presence of additional cellular artefacts and ii) it does not accurately mimic the

brain environment of an AD patient and so does not present a reliable basis for drug
development. This key limitation may offer an insight into why drug treatments tested

using these models often fail in clinical trials.

A 2" generation of mouse models were developed to overcome the shortcomings of
transgencmodel s by achi evi ngAPRPhvempredsionl(Saitpet wi t hou
al., 2014). Saito and colleagues from the RIKEN Brain Science Institute, Japan,

generated three strains of mice using a knock-in (KI) strategy to insert mutant APP

into the mouse genome. These models are the AppNt, AppNtF, and AppNLGF mice,

collectively referred to as APP-KI mice (Saito et al., 2014; Zhong et al., 2024). To

generate these lines, the C57BL6/J App sequence on chromosome 16 was isolated

and humanised by substituting three amino acid residues (G676R, F681Y, and

23



H684R) (Saito et al., 2014; Sasaguri et al., 2017). Subsequently, a series of FAD

mutations were introduced to the App sequence. For the AppN- model, the Swedish

ONLO ( KM6 70/ 67 1 Nncorponatedttoeekon ®6n whsch resi des at
secretase cleavage site andpoaendef@itroastalt he t ot
1992; Mullan et al., 1992). In addition to the Swedish mutation, the AppN-F model

was generated by also incorporatingt he Beyr eut her/ |l berjan 6FO6 (
which is located onexon17andi ncr eas es t A ho(lLmhtentbaleretal.,Ab

1999; Saito et al., 2014). To create the triple mutant AppN-¢Fmodel,the Ar ct i ¢ 6 GO
(E693G) mutation was also incorporated into exon 17, which promotes aggressive
aggregation of @iy 13)(Nilsberth et al.f 200f1;iOba, 2018sSaito

et al., 2014). This Kl technique results in mutant App that is under control of the

endogenous mouse promotor, resulting in App that is selectively expressed in axons

at a level that is not significantly different to that of C57BL6/J littermates (Saito et al.,

2014; Sasaguri et al., 2022).

As a result of the Swedish and Beyreuther/Iberian APP mutations, the AppNtF model
exhibits highoveral Ab producti on, with s8Ao, andplageeased r a
deposition occurring at around 6 months in the cortex and HPC (Saito et al., 2014).
There is also evidence of neuroinflammation in this model, occurring concurrently
with plaque formation, as indicated by inflammatory markers for microgliosis (Ibal)
and astrocytosis (GFAP) detected in the vicinity of plaques (Saito et al., 2014).
Furthermore, the AppNtF model also exhibits some evidence of synaptic loss, with a
reduced synaptophysin (pre-synaptic marker) and PSD-95 (post-synaptic marker)
observed around plaques from 9 months of age, suggesting a loss of both pre and
post synaptic terminals (Saito et al., 2014). AppNtF animals also exhibit impairments
in Y-maze spontaneous alternation task at 18 months (Saito et al., 2014).

The AppNtSF model, which is the focus of thisthesis, devel ops Ab pathol o
approximately three times faster than the AppNF model, with plaques starting to
develop at 2 months and reaching saturation by 7 months of age (Saito et al., 2014).
Notably, unlike AppNtF mice, AppNLGFs exhibit amyloid deposition in wider subcortical
regions in addition to the HPC (Saito et al., 2014). AppNLCFs also exhibit enhanced
microgliosis and astrocytosis, along with synaptic degeneration detectable in the
vicinity of plaques (Mehla et al., 2019; Saito et al., 2014). A recent study
demonstrated that AppNtGF animals exhibit high levels of both oligomeric A band
plaques, with astrocytic and microglial activation being more strongly associated with
oligomers than plaques (Tang et al., 2024). Additionally, they demonstrated an age-
dependent decline in neuronal and synaptic density markers (Tang et al., 2024).
AppNLGF mice also exhibit mitochondiral dysfunction characterised by ROS
overproduction, reduced adenosine triphosphate (ATP) production, and altered
mitochondiral morphology by 7 months (Wang et al., 2022). Alongside biochemical
alterations, AppNLGF mice display several behavioural impairments, which will be
explored in greater detail in Chapter 3 of this thesis. Notably, Saito et al. originally
reported impairments in Y-maze spontaneous alternation task at 6 months of age

24



(Saito et al., 2014). Finally, as will be discussed below, the AppNt- model is
considered a negative control for the AppNt and AppNLGF models, as it does not
develop plaques but accounts for the potential effects of genetic manipulation (Saito
et al., 2014).

Despite the key benefit of substantial amyloid deposition without the issues
associated with APP overexpression, there are several drawbacks to the APP-KI
models. However, the most salient drawback of APP-KI models is that despite
showing evidence of synaptic loss, they do not exhibit widespread neuron loss or
NFTs, key hallmarks of AD (Avila & Perry, 2021; Saito et al., 2014). This may explain
why, as will be discussed with reference to the AppNtGF model in the General
Discussion, they exhibit a lack of severe phenotypes. As a result, it is argued that the
APP-KI models should be considered models of pre-clinical AD, as they do not
replicate pathologies generally associated with late-stage disease (Saito et al., 2014;
Sasaguri et al., 2017). Furthermore, it is unknown whether these mutations interact
and if so, what the functional effect of this is. Another vital limitation of the AppNLF
and AppNLGF models is that, as with many transgenic models, they contain multiple
FAD mutations. FAD cases account for under 5% of all AD cases (Bekris et al.,
2010), raising questions about the relevance of these models to the broader AD
population. This concern is further compounded by the fact that the combination of
FAD mutations in the AppNtF and AppNtGF models do not occur naturally in AD, so it
may be argued that they are not representative of the disease.

Additional critiques for the APP-KI models arise from the products of mutant APP
they harbour. For example, the Swedish mutation in all three APP-KI models results
in the increased production of CTF-b compared to C57BL6/J littermates (Saito et al.,
2014). However, levels of CTF-b do not reach those observed in transgenic models
overexpressing APP with the Swedish mutation (Saito et al., 2014). Additionally,
there is a concurrent decrease in CTFZJ levels compared to C57BL6/Js, resulting in
the total CTF levels remaining comparable to C57BL6/Js (Saito et al., 2014).
Moreover, it was demonstrated that in the AppN- model, which carries only the
Swedish APP mutation, elevated CTF-b did not have an observable effect on
pathology or cognitive function (Masuda et al., 2016; Saito et al., 2014). However,
this model is often used as a negative control for the AppN-F and AppNLGF lines to
account for potential effects arising from changes in App processing due to the
Swedish mutation (Masuda et al., 2016; Saito et al., 2014).

A further limitation, specific to the AppN-GF model, is the inclusion of the Arctic
mutation. This mutation renders Ab highly prone to aggregation and resistant to
proteolytic degradation, rendering the model unsuitable for testing of amyloid
clearing immunotherapies, despite being regarded as a preclinical model (Nilsberth
et al., 2001; Sasaguri et al., 2022; Tsubuki et al., 2003). This limitation, along with
other key limitations of the AppN-GF model, will be discussed in greater depth in the
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General Discussion chapter of this thesis. Despite these limitations, the AppNtGF and
related models may still provide valuable insights into the effects of amyloid on
cognitive processes and other aspects of AD pathology.

App gene (Chr. 16)

y-cleavage site

ABso ABaz

B-cleavage site

G: Arctic mutation

NL: Swedish mutation F: Beyreuther/Iberian mutation

Figure 1.3: The AppN¢F Mouse Model of Amyloid Pathology . Diagram depicting the arrangement of mutations in
the AppN'‘® Appgene on Chromosome 16, highl i gh-f@ainngleavagesites. Theo s
alternative o-secretase cleavage sites are shown, where cleavage at 40 amino acids generates A fo, while

cl eavage at 42 ami n o4 fagmen Saito et al.u2014;sSasaguri et gh,e2022).b

1.6 Thesis Aims and Hypotheses

The AppNLSF mouse is a relatively new model amyloid pathology that circumvents the
issue of overexpression related artefacts that are associated with transgenic amyloid
models. Given the paucity of disease-modifying therapies for AD, especially in the
context of multiple failed or only modestly effective anti-amyloid treatments, it is
crucial that a reliable model is developed and thoroughly characterised. However,
relatively little is known about the cognitive phenotype of the AppNtGF model in
comparison to transgenic models. The aim of this thesis was therefore to investigate
the progression of deficits in memory and affective behaviour in the AppN-GF mouse
model. Memory performance, a central issue in AD, was assessed with a battery of
tests including the Object Novelty (ON), Object-in-Place (OiP), Object Location (OL),
and spontaneous alternation tasks, employed to interrogate several aspects of
memory including novelty recognition, spatial memory, and spatial working memory.
A less well understood aspect of AD, and consequently a less well characterised
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phenotype in AD mouse models, is anxiety-like behaviour. Chapter 3 of this thesis
therefore aimed to address this gap by assessing anxiety-like behaviours in the
AppNLGF mouse model using the Open Field (OF) and Elevated Plus Maze (EPM)
tests. To provide a comprehensive characterisation of the AppN-6F model and to
track potential behavioural changes with age, multiple age groups were assessed
across most behavioural tasks. Given the prominence of the Amyloid Cascade
theory, it was hypothesised that AppN-GF mice would exhibit progressive memory
deficits and heightened anxiety-like behaviour, consistent with the progressive
amyloid deposition observed in this model (Saito et al., 2014). However, it was
anticipated that deficits would appear less severe than transgenic models due to the
lack of overexpression-related artefacts (Saito et al., 2014; Sasaguri et al., 2022).

Beyond behavioural alterations, characterising changes in neuronal activity in the
AppNLGF model is essential to determine whether synaptic dysfunction may underlie
these potential changes. Chapter 4 of this thesis therefore aimed to characterise
neuronal activation in the AppNLGF model using two experimental approaches: in vivo
two-photon Ca?*imaging and c-fos expression analysis. The primary objective of the
two-photon imaging experiment was to capture Ca?* dynamics in the retrosplenial
cortex (RSC), a region implicated in early AD pathology (Buckner et al., 2005; Klunk
et al., 2004; Terstege et al., 2024), of awake AppNLGFs and C57BL6/J mice at 22-23
months of age. To enable detailed comparisons of RSC Ca?* dynamics at baseline
levels and during visual stimulation, a novel analysis protocol was developed, which
is outlined in this chapter. Given the pivotal role of Ca?* signalling in neuronal activity
and its dysfunction in AD, studying in vivo Ca?* dynamics in the AppNLGF offers
valuable insights into potential amyloid-mediated deficits in synaptic function and
neuronal excitability. Based on the Calcium Hypothesis of AD, which associates Ab
pathology with neuronal Ca?* overload (Cascella & Cecchi, 2021), it was
hypothesised that AppNLGFs at 22-23 months, with theoretically maximal plaque
burden, would exhibit significantly elevated RSC Ca?* levels compared to C57BL6/J
controls. Such an increase may suggest Ab-related disruptions in Ca?* signalling
pathways and reflect functional changes of the RSC that contributes to cognitive
decline, potentially correlating with pronounced behavioural deficits at this age.

Following unexpected failure of the two-photon imaging equipment, the aim of the c-
Fos experiment was to provide an additional insight into neuronal activity of the
AppNLGF model at mid-age (14-16 months). This experiment focused on the RSC to
parallel the intended Ca?* imaging experiment, while also examining the HPC as
another critical region implicated in AD pathogenesis (Rao et al., 2022). Given that c-
fos is closely associated with neuronal activity in conditions of learning (Minatohara
et al., 2015), it was hypothesised that following exposure to a novel object set, mid-
aged AppNLGF mice would exhibit altered patterns of c-fos expression, reflecting
compromised neuronal activity and suggesting underlying synaptic deficits that
contribute to cognitive impairments.
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Overall, this thesis aimed to provide a comprehensive behavioural characterisation
of the AppNLGF model of amyloid pathology, alongside a detailed analysis of baseline
and experience-induced neuronal activity. By establishing these key features, this
thesis provides valuable insights into phenotype of the AppN-GF model, inferring the
impact of amyloid on these critical functions. These findings inform the future
application of this model and may contribute to the development of therapeutic
strategies for AD.
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Chapter 2: General Methods
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2.1 Chapter Overview

For ease of reference, methodologies that are used in both experimental chapters in
this thesis are outlined in this General Methods chapter. This includes details of
animal husbandry, behavioural assessments and apparatus, and statistical
approaches. Although the majority of behavioural assessments were used
exclusively in Chapter 3, the c-Fos experiment in Chapter 4 also contained an object
recognition protocol, so all behavioural methodologies are presented in this General
Methods chapter for completeness. Moreover, the procedures for brain tissue
collection and immunohistochemistry (IHC) are described here, as they were utilised
for the representative amyloid stain described in Chapter 3 and the c-Fos stain in
Chapter 4. Specific experimental designs and corresponding analyses are described
in detail within the relevant chapters.

2.2 Breeding and Maintenance of the AppN-SF Colony

2.2.1 Husbandry

In accordance with Home Office guidelines, all animals were kept in holding rooms
with a 12-hour light/dark cycle (all experiments conducted in the light period, 08:00 1
20:00) and of stable temperature (21+2°C) and humidity (60+10%). All mice, with the
exception of surgical animals, were housed in standard cages (41 x 15 x 13cm).
Surgically prepared animals were kept in larger cages (41 x 24 x 13cm) to allow
more room for movement and thus reduce the risk of injury to the surgical site. Mice
were given ad libitum access to water and standard chow. All mice were provided
with environmental enrichment, such as cardboard tubes and chewsticks. Males and
females were housed separately, and wherever possible, in groups of up to five.
Occasional single housing was necessary in specific cases, such as when a retired
sire was not reintroduced to group housing to prevent fighting, and when there was
only one of a particular sex in a litter and they were weaned to a separate cage to
prevent sibling mating.

All experiments were conducted in accordance with the Animals in Scientific
Procedures Act (1986) and reviewed by Cardif
Review Body.

2.2.2 Animal Breeding and Acquisition

The 221 23-month-old AppNtSF and C57BL6/J groups (Table 2.1) were bred-in house
and obtained from stock animals bred by K Sedgwick (Cardiff University). These
animals were maintained until the suitable age and monitored closely for signs of
weight loss and health deterioration as per conditions of the Home Office licence.

30



To establish the 4-6-, 8-10-, 12-14- and 141 16-month-old groups (Table 2.1),
homozygous breeding pairs of AppNtGF mice, derived from the RIKEN Institute
colony (Japan), were obtained from the Taylor group at Cardiff University. With
permission from T Saido, colonies were produced from pairing these animals. Two
pairs of male and female C57BL6/Js were purchased from Charles River, UK, and
bred alongside the AppNLGF pairs to provide controls reared in-house. To maintain
AppNLGF and C57BL6/J colonies, progeny from the first original breeding pair were
crossed with progeny from the second original breeding pair. Back-crossing of the
AppNLGF colony was not required as the number of generations did not exceed 3
(Sasaguri et al., 2022). Pups were weaned at approximately 21 days, or when
deemed appropriate by the Named Animal Care and Welfare Officer. Ear notches
were taken at this stage for identification purposes. Due to the homozygous crosses,
no genotyping was performed. Animals were maintained until the appropriate age for
experiment and weighed weekly once they had reached 6 months of age.

Animals transferred from separate University facilities or obtained from Charles River
were all acclimatised to the holding room for one week before breeding or
experiments commenced.

Table 2.1: Experimental Animal Cohorts . The age (in months) and distribution of male and female
AppNLeF and age-matched C57BL6/Js for each cohort used in Open Field (OF), Object Location
(OL), Spontaneous Alternation (SA), Elevated Plus Maze (EPM), Object Novelty (ON), Object-in-
Place (OiP), c-Fos, and two-photon calcium (Ca?*) imaging experiments.

Cohort age (months) BL6 App Experiment
Males | Females | Males | Females
4-6 7 5 5 7 OF, OL, SA, EPM
8-10 6 6 6 6 OF, OL, SA, EPM
12-14 6 6 4 8 SA, EPM
14-16 10 10 10 10 OF, c-Fos
22-23 (cohort 1) 10 3 3 11 OF, ON, OiP, OL, SA, EPM
22-23 (cohort I1) 7 1 3 6 Two-photon Ca?* imaging

2.3 Behavioural Testing

2.3.1 Apparatus

OF, ON, OiP and OL experiments were conducted in a square arena elevated 50cm
from the floor (Fig. 2.1a). The arena comprised of a square sheet of MDF (60 x
60cm) with clear Perspex walls (40cm tall). The walls of the arena were internally
covered with white opaque film to around 60% of the wall height, ensuring that the
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mouse did not see reflections of itself in the plastic walls whilst allowing view of
extra-maze cues. The floor of the arena was painted in non-toxic grey paint and
covered lightly with standard husbandry bedding, providing a familiar environment to
allow for natural behaviour, as previously described (Vogel-Ciernia & Wood, 2014).
Between each animal, the bedding was changed and the arena thoroughly cleaned
with 70% Industrial Methylated Spirit (IMS) to mitigate the use of olfactory cues.

Spontaneous alternation testing was performed in a T-maze, consisting of three
arms meeting at a single junction, elevated 50cm from the floor (Fig. 2.1b). The
maze comprised of a MDF floor painted in grey non-toxic paint and clear Perspex
walls. Each arm of the maze was 25 x 10 x 25cm. EPM testing was performed in a
cross shaped maze, elevated 75cm from the ground floor (Fig. 2.1c). Two opposite
arms of the maze had opaque bl ack wall

two opposite arms hadclear2cm wal | s ( 6opend arms). Each

7cm wide. For the spontaneous alternation and EPM experiments, the mazes were
also thoroughly cleaned with 70% IMS between animals.

The OF, ON, OIiP, OL, and c-Fos experiments were performed in the same room and
the spontaneous alternation and EPM experiments were conducted in a different
room. Each room was equipped with distinctive extra-maze cues, including various
A4 prints on the walls featuring stripes and spots of differing size and colour
contrasts. All experiments were recorded on a USB camera (ELP Webcam 1080P,
Amazon.com), positioned near a ceiling light directly above the arena. Video clips
were then uploaded to analysis software EthoVision XT13 (Noldus, UK).

Figure 2.1: Behavioural Testing
Apparatus. a) Square arena for object
recognition and open field testing, b) T-
maze for spontaneous alternation
testing, c) the elevated plus maze.
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2.3.2 Objects

Objects were selected as previously validated stimuli from the Good laboratory.
Objects consisted of a range of different materials such as glass, wood, and plastic,
and were tall and heavy to avoid the animal climbing on and/or tipping the object
during the experiment. For example, full cosmetic bottles, glasses, and ornaments
were used (Fig. 2.2). Objects were modified to exhibit visually stimulating
characteristics such as stripes and spots with dark and light contrasting colours.
Objects were placed approximately 15cm away from the walls of the arena and
approximately 25cma p a r t .ety pf objeat sets and novel object locations were
used and counterbalanced to ensure that the animals were not exposed to the same
set of objects in more than one test, and that novel locations were not predictable.

deal

2.3.3 Procedure and Analysis

Figure 2.2: Example of Objects Used
for Object Recognition Testing.
Chosen objects were tall, heavy, and
had distinctive visual features such as
spots or stripes.

2.3.3.1 Open Field and Object Recognition Habituation

For ON, OiP, and OL testing, mice received 3 days of habituation to the arena. Day 1
consisted of 10 minutes of OF testing. OF testing was also utilised as habituation for
the c-Fos experiment described in Chapter 4.

During the OF test, the mouse was positioned in the centre of an empty square
arena and allowed to freely explore for 10 minutes. Each OF test was recorded via
overhead camera and videos were uploaded to EthoVision XT13. The time spent in
the inner zone (central 30 x 30cm) and outer zone (remaining outer perimeter of the
arena, Fig. 2.3) was calculated. An inner zone ratio (IZR) was then calculated, using
the below formula:

OW'YO QEXEQE £ €(Q 0 £ 00O T Q8 w
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Open Field

Figure 2.3: The Open Field Arena. a) The
animal was placed in the centre of an empty
square arena and allowed to freely explore for 10
minutes. b) Inner and outer zones were defined
using EthoVision XT13 for analysis.




Habituation for object recognition testing followed a protocol previously published by
the Good laboratory (Evans et al., 2019). As described above, day 1 of habituation
for object recognition tests consisted of OF testing. On days 2 and 3 of habituation,
animals were exposed to an array of objects in the OF arena. Objects were used as
part of the habituation protocol to minimise the likelihood that object interaction
during test trials was driven by the novelty of the presence of objects in the arena,
rather than by the specific manipulation of object novelty or the location of objects.
The number of objects used during habituation reflected the complexity of object
arrays used for the relevant test. For example, for ON and OIiP testing, which were
conducted on the same test days in a counterbalanced order, the animals were
exposed to sets of four objects on day 2 and 3 of habituation. For OL testing, which
was conducted separately, animals were exposed to two objects on these
habituation days. For each object recognition test, day 2 of habituation consisted of 3
X 5-minute trials with random objects and day 3 consisted of 3 x 5-minute trials of
new objects. No objects used for habituation were re-used for experiments.

2.3.3.2 Object Interaction

For ON, OiP and OL, object exploration was defined as previously described

(Ennaceur & Delacour, 1988; Evans et al., 2020). Exploration events occurred when

t he animal 6s head wa s apprexienatelyRcnt, éné shovMng ect , wi t
active investigation (such as sniffing). This did not include instances when the mouse

was near or in contact with the object but facing away from it. To avoid errors with

automated tracking (i.e., counting an animal as interacting with an object when it was

within 2cm but not actively investigating the object), object interaction for all object

recognition tests was manually scored using EthoVision XT13. To minimise potential
experimenter bias, manual scoring was performed blind to both the animal genotype

and the identity/location of the novel object. For instance, all animals were assigned

an identification code, and the gentoype of each animal was only decoded after

manual scoring was completed. Additionally, object sets and locations were

counterbal anced, with objects serving as bot
experiments conducted, and all available object positions in the arena used for novel

object locations where relevant. This design ensured that novel objects or locations

could not be inferred by the experimenter during manual scoring.

With the manually scored object exploration times, the Discrimination Ratio (DR) was
calculated as follows:

0'Y 0 "QIODN & 8 EQBBNQD D 00 QD) & &b &ML QQID O |

Regardless of the number of objects in the array, the ratio of novel to previously
explored objects was always 1:1, ensuring a 50% chance level for analysis.
Therefore, mean DRs significantly greater than 0.5 indicated preferential exploration
of novel objects.
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2.3.3.3 Object Novelty Testing

For ON testing, four random objects were placed in each corner of the arena (Fig.
2.4). Animals were placed in the centre of the arena using a cardboard tube. The
animal was then allowed to explore the arena for 10 minutes before it was returned
to its home cage for a further 10 minutes. This was repeated twice so the animal had
three sample trials, in accordance to the protocol previously used in the Good
laboratory (Evans et al., 2019). 10 minutes after the final sample trial, two of the
objects were replaced with two previously unseen 6 n o whkgetts) and the animal
was returned to the arena and allowed to explore for a further 10 minutes. Object
exploration time was manually scored and a DR was calculated, as described above.

10 minutes
—-

Figure 2.4: Schematic Diagrams of the Object Novelty Test. The left diagram depicts the
sample trial of objects. The animal explored this array of objects three times, with a 10-minute
rest in its home cage between each trial. Following the final 10-minute delay, two of the objects
were replaced by novel objects (circled in red) and the animal was returned to the arena for a
further 10 minutes, as shown in the diagram on the right.

2.3.3.4 Object -in-Place Testing

OIP testing used a new set of four objects in each corner of the arena (Fig. 2.5). The
animals received the same 3 x 10-minute sample trials as described above, however
after the final 10-minute delay, two objects were switched diagonally, and thus in
novel spatial locations. The animal was returned to the arena for a further 10
minutes. Object exploration time was manually scored, and the DR was
subsequently calculated.
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—

m G ¢

Figure 2.5: Schematic Diagrams of the Object -in-Place Test. The left diagram depicts the
sample trial of objects. The animal explored this array of objects three times, with a 10-minute rest
in its home cage between each trial. Following the final 10-minute delay, two diagonally positioned
objects were switched (circled in red) and the animal was returned to the arena for a further 10
minutes, as shown in the diagram on the right.

2.3.3.5 Object Location Testing

OL testing used a two-object array as shown in Fig. 2.6. The animal received 3 x 10-
minute sample trials with two objects in adjacent corners of the arena. After the final
10-minute delay, one of the objects was moved to a location previously unoccupied
and the animal was allowed to explore for a further 10 minutes. Object exploration
time was manually scored and a DR was calculated.

. . 10 minutes .

ﬁ

Figure 2.6: Schematic Diagrams of the Object Location Test. The left diagram depicts the
sample trial of objects. The animal explored this array of objects three times, with a 10-minute
rest in its home cage between each trial. Following the final 10-minute delay, one of the objects
was moved to a previously unoccupied location (circled in red) and the animal was returned to
the arena for a further 10 minutes, as shown in the diagram on the right.
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2.3.3.6 T-Maze Spontaneous Alternation

For spontaneous alternation testing, animals were placed in the central arm of the T-
maze (arm C, Fig. 2.7), facing the central junction, and allowed to freely explore the
maze for 10 minutes. The animal was then returned to its home cage.

: ; Figure 2.7: Schematic Diagram of the T -
Arm A Arm B Maze Spontaneous Alternation Test. The

| 5 animal was placed in the central arm of a T-
maze and allowed to freely explore for 10
minutes. The sequence of entry into each
arm was then manually scored. The dashed
i lines represent the boundaries used to

classify arm entries, and do not indicate
physical barriers.

The number of alternations during the spontaneous alternation task was manually
scored. To do this, each arm of the T-maze was figuratively labelled (Fig. 2.7). The
experimenter, blind to the animal genotype, recorded the sequence of arm entries
and the total number of arm entries made throughout the experiment. An arm entry
was defined as the animal moving all four paws past the threshold of the arm
junction. The number of alternations was subsequently calculated as follows:

pmoagr e
00t gl <g>- £ <
<« <o {grm- <> gv

An alternation was defined as three consecutive entries into different arms (Miedel et
al., 2017). In the below reproduced example (not actual data), each bracket indicates
where an alternation has occurred.

ABCBCABCBACAABBABCACAAB

IS
IS
| I

| S

To account for the three-arm structure of the T-maze, a chance level of 22% rather
than 50% was used for spontaneous alternation analysis (Holcomb et al., 1999; Wolf
et al., 2016). Percentage alternation significantly greater than 22% indicated a
preference to explore less recently visited arms of the maze.
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2.3.3.7 Elevated Plus Maze

For EPM testing, animals were placed in the central zone of a cross shaped maze

with two 6opendé and two O6cl oske@animathens, el ev a
explored the maze for 10 minutes. The number of entries and the total time spent in

each arm were automatically detected using manually defined zones in EthoVision

XT13 (Fig. 2.8).

Figure 2.8: The Elevated
Plus Maze. a) The animal

a was placed in the central
zone and allowed to freely
explore for 10 minutes. b)
EthoVision XT13 was used
to define the open and
closed arms of the maze for
analysis.
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An open arm ratio (OAR) was then calculated using the below equation:

Head dipping and stretching behaviours were manually scored for all EPM

experiments using EthoVision XT13. Head dipping was defined as the lowering of

the mousebds head over the edge of an open ar
exploration of the environment (Carola et al., 2002; Fernandes & File, 1996; Rodgers

& Cole, 1993; Walf & Frye, 2007; Wall & Messier, 2000). Stretching, also described

as stretch attend posture, was defined as the animal stretching its head and front

legs into an open arm, with its hind legs remaining in a closed arm or within the

central zone of the arena (Carola et al., 2002). This action has been associated with

risk assessment behaviour and may reflect enhanced anxiety-like state (Fernandes

& File, 1996; Rodgers & Cole, 1993; Walf & Frye, 2007; Wall & Messier, 2000).

2.3.3.8 Distance Travelled

For all behavioural tests in this thesis, the total distance travelled was recorded using
the automated animal tracking feature in EthoVision XT13. This measure of
locomotor activity was included to determine whether any differences in behaviour
(e.g., object exploration during object recognition tasks or percentage alternation
during the spontaneous alternation task) may be confounded by differences in total
path length.

2.4 Statistical Analysis

All statistical analysis was performed using SPSS and all graphs presented in this
thesis were created using GraphPad Prism. The statistical results of interest are
displayed on data graphs using asterisks (* = p < 0.05, ** = p < 0.01, *** = p <0.001,
**** = p < 0.0001) or ns to denote a non-significant effect.

Prior to analysis, all data was checked for the assumptions of parametric testing

using SPSS. Normality was assessed using the Shapiro-Wilk test; a p value of >

0.05 indicated a normal distribution and p value of < 0.05 indicated a non-normal
distribution. To test the homogeneity of wvar
performed; a p value of > 0.5 indicated equal variance within the dataset, whereas a

p value of < 0.05 indicated unequal variance.
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For data that met the above assumptions, parametric testing was performed. This
included unpaired T-tests, one-sample t-tests, two-way analysis of variance
(ANOVA), three-way ANOVA, or two-way mixed ANOVA, where appropriate. Where
datasets exhibited unequal variance or non-normal distribution, data was
transformed by logio or square root transformation. To determine which
transformation was required, the distribution of the data was visually inspected using
the histograms produced during SPSS analysis. Generally, logio transformation was
performed for severely skewed data, whereas square root transformation was
performed on moderately skewed data. For data that still did not exhibit normal
distribution or equal variance after transformation, alternative non-parametric tests
were performed. For example, in place of an unpaired T-test, a Mann-Whitney U test
was performed fornon-nor mal Iy di str i but etdstwhaperformacdhd a We
for data that exhibited unequal variance. Where a non-parametric alternative to a
two-way mixed ANOVA was required, a Friedman test followed by Mann-Whitney U
tests were performed and the alpha was adjusted by Bonferroni correction to control
for increased risk of type | error.

Following a significant interaction in an ANOVA (p < 0.05), simple main effects
analyses were conducted to assess the specific effect of one independent variable at
different levels of another. Bonferroni adjustments were applied to control for the
increased risk of type | error from multiple comparisons. If an interaction was not
significant, but a main effect (e.g., age), was significant, Bonferroni post hoc testing
was performed to establish the specific points at which significant differences
occurred.

2.5 Transcardial Perfusion and Brain Tissue Preparation

Mice were anaesthetised with approximately 0.05ml of sodium pentobarbital
(Euthetal or Dolethal) by intraperitoneal injection and placed in a cage with bedding
and a cardboard tube. Once mice showed lack of movement, they were checked for
the presence of pedal reflexes by firmly grasping the paws with metal forceps. Once
there was a clear absence of pedal reflex, the mouse was dissected to expose the
heart by making a transverse incision across the thorax-abdomen boundary, then
cutting through the diaphragm and ribcage. An incision was made into the right
atrium and a needle was positioned into the left ventricle, parallel to the midline of
the heart. Cold phosphate buffered saline (PBS) was flushed through the circulatory
system to remove the blood using a Watson Marlow SCIQ 323 peristaltic pump.
Once the fluid ran clear, 4% paraformaldehyde (PFA) was pumped through the body
until the tail curled and the body became stiffened. Following transcardial perfusion,
whole brains were removed from the animal and placed in 4% PFA for 24hrs. The
brains were then moved to a 30% sucrose solution where they remained until they
had sunk to the bottom of the container. Subsequently, the brains were embedded in
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OCT embedding medium and sliced coronally to approximately 30e M using a Leica
Jung SM1400 freezing microtome at approximately -40°C. The slices were stored in
cryoprotectant solution in 25-well plates at -20°C until ready for IHC.

2.6 Immunohistochemistry

To detect the presence of c-Fos or amyloid proteins, IHC was performed. Brain
tissue was harvested and prepared for IHC as described in the General Methods
chapter of this thesis. The brain slices containing the brain region of interest (ROI)
were placed in net-bottomed pots and inserted into a large 6-well plate, to enable
submersion of the brain slices in relevant solutions. Plates containing brain slices
were put on a rocking shaker at slow speed (1.5-2) for each wash or incubation for
even coating of the slices.

Following removal from cryoprotectant, 0.1M PBS was added to the 6-well plates
and the slices were washed six times for 10 minutes each, by removal of old solution
and replacement with fresh solution each time. The slices were then treated with a
guench solution (10% methanol, 10% hydrogen peroxide, and 80% dH20) for 5
minutes. The slices were then washed with PBS-T (PBS with 0.2% Triton-X-100)
four times for 10 minutes each. A blocking solution of 1% normal goat serum (NGS)
in PBS-T was then added and the slices incubated for 1 hour. Without washing, the
slices were transferred to the primary antibody solution. For the representative
amyloid stain, Amyloid-b D54D2 rabbit monoclonal antibody (Cell Signalling
Technology), designed to detect several isoforms of A b was diluted 1:500 in 1%
NGS in PBS-T. As this primary antibody was used in a pilot study aimed at
confrmingAb deposi ti onthestaidingpratbcol,dalyt Apph§- brains
were stained, and not those from C57BL/6J controls. Consequently, the specificity of
the Amyloid-b D54D2 antibody is not directly demonstrated in this thesis. However,
its specificity has been well established in previous studies, including one that
reported a progressive increase in plaque staining with age in both AppNtGF and
APP/PS1 mice, with no detectable staining in age-matched C57BL6/J controls
(Manocha et al., 2019).

For the c-Fos experiment, the primary antibody used was the c-Fos 9F6 rabbit
monoclonal antibody (Cell Signalling Technology), diluted 1:2500 in 1% NGS in
PBS-T. The slides were agitated for 10 minutes then stored at 4°C for 72hrs.
Following a series of four washes with PBS-T, the slides were incubated with the
secondary antibody (goat anti-rabbit from Abcam ABC kit) for 2 hours at room
temperature. The slices were washed and incubated with streptavidin peroxidase for
1 hour at room temperature then washed with PBS-T a further four times. The slices
were then incubated twice for 10 minutes with fresh tris buffer (pH 7.4), rinsing with
dH20 between each wash. A 3, 3'-diaminobenzidine (DAB) solution (DAB Substrate
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Kit, Vector | abs) was then made up per
were incubated with the DAB solution until they turned light brown, then the reaction
was stopped by washing them with cold PBS. The slices were stored in PBS at 4°C

for 24hrs.

The slices were then mounted onto microscope slides subbed with gelatine and left
to air dry at room temperature for 24hrs. The slices were then dehydrated by
submersion into increasing concentrations of IMS (70% A 95% A 100% | A 100% lI
A 100% IlI) for two minutes in each solution. The slides were then cleared in xylene
three times, for 10 minutes each. The slides were left to air dry at room temperature
for approximately 30 minutes before adding DPX mounting medium to adhere the
coverslips. The prepared slides were subsequently stored at 4°C until imaging.
Imaging was performed using a Leica DMRB brightfield microscope equipped with
an Olympus DP73 camera.
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Chapter 3: Behavioural
Characterisation of the  App N-“F Mouse
Model
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3.1 Chapter Overview

AD is characterised by progressive memory deterioration along with NPS such as
anxiety (Chen et al., 2021a; Kamatham et al., 2024). While transgenic mouse
models of amyloid pathology have provided valuable insight into the role of amyloid
in the cognitive and psychological alterations of AD, it remains unclear to what extent
behavioural phenotypes in these models are influenced by biochemical artefacts
associated with transgene overexpression. As a result, transgenic models are often
criticised for their limited capacity to reflect AD with suitable accuracy, a shortcoming
that may contribute to the limited success of amyloid-targeting therapies in clinical
trials. This chapter therefore aimed to characterise the cognitive and anxiety-like
phenotype of the AppN-GF model, which expresses humanised mutant App at
endogenous levels, thereby avoiding artefacts associated with transgenic
overexpression (Sasaguri et al., 2022). Behavioural characterisation of the AppNLGF
model is limited, particularly at advanced ages; therefore, memory and anxiety
processes were assessed across multiple age groups, including young (4-6 months),
mid aged (8-16 months), and old animals aged up to 23 months. To evaluate
different domains of memory in the AppN-GF model, ON, OiP, OL, and spontaneous
alternation tests were conducted. Notably, AppN-GF animals displayed intact novelty
recognition in the ON task at 22-23 months. However, spatial memory impairments
were observed in the OL test, and associative spatial memory deficits were detected
during the OIP task at the same age. Furthermore, while spontaneous alternation
performance was preserved at earlier ages, AppNLGFs exhibited significant deficits at
22-23 months.

Anxiety-like behaviour was assessed using the OF and EPM tests. In the OF test,
AppNLGF mice exhibited anxiogenic-like behaviour at 22-23 months, preferring to
remain in the perimeter of the testing arena. In contrast, in the EPM task, AppNLGFs
consistently demonstrated seemingly anxiolytic behaviour across all ages tested,
showing a strong preference for the open arms relative to controls. Additionally, they
displayed significantly more head-dip risk assessment behaviours, but fewer stretch-
attend postures compared to C57BL/6J mice, suggesting complex alterations in risk
assessment.
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3.2 Introduction

3.2.1 Behavioural Assessment of Memory

Memory is a complex cognitive function that involves the encoding, storage, and
retrieval of information (Tromp et al., 2015). The long-term memory system is divided
into implicit (non-declarative) memory, involving experience-based memories
retrieved without conscious awareness, and explicit (declarative) memory, which
involves the conscious recall of information (Squire, 1987). Declarative memory is
subdivided into semantic memory, relating to facts and knowledge, and episodic
memory, relating to specific events (Bouyeure & Noulhiane, 2020). In humans, the
term fepisodic memoryorefers to the conscious recollection of an experience with
relation to what happened, when it happened, and where it happened (Bouyeure &
Noulhiane, 2020). A decline in this form of memory is widely reported as an early
clinical symptom of AD (Backman et al., 2004; Dubois et al., 2007; Ringman, 2005;
Schwindt & Black, 2009).1 n rodents, tHa ktee rmm mbe yios o a&gi oft
describe behaviours that resemble human episodic memory. However, the term is
controversial as rodents cannot consciously or verbally recall a past event as
humans can. Nevertheless, experimental paradigms have been developed to model
certain aspects of episodic memory, providing a means to study the relevant memory
systems in rodents. Utilising the innate tendency of rodents to explore novelty in their
environment, Ennaceur and Delacour described object recognition protocols that
involve manipulations of an array of objects to stimulate novelty-driven behaviour
(Ennaceur & Delacour, 1988). Specifically, tasks such as the ON, OL, OiP, and
Temporal Order (TO) are commonly used object recognition protocols that assess
separate and combined aspects of episodic-like memory in rodents. Typically,
recognition testing begins with a series of sample trials, during which the animal is
exposed to a set of objects in an otherwise empty arena for each trial. Between and
following the sample trials, the animal is returned to its homecage for a defined
period. The time in which the animal spends in its home cage following the final
sample trial may be adjusted to manipulate retention time, and typically ranges from
5 minutes to 24 hours depending on the retention being tested. Following the final
delay period, the objects are manipulated, and the animal is returned to the arena. In
the ON test, a subset of the objects from the sample phase are replaced with entirely
new objects that the animal has not previously encountered. In the OL task, one
object is moved to a previously unoccupied location in the arena. In the OIP task, two
objects are diagonally swapped. In the TO task, one object from the second, more
recent sample trial and one object from the first, less recent sample trial are placed
in the arena.

Due to the innate preference of rodents to explore novel or less recently explored
objects, functioning episodic-like memory drives them to spend relatively more time
exploring the novel object in the ON task, the repositioned object in the OL task, the
switched object in the OIP task, and the less recently encountered object in the TO
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task (Ennaceur & Delacour, 1988). Preferential exploration of the novel object(s) in
the ON task reflects intact recognition memory, indicating that the animal can
distinguish between familiar and novel stimuli (Ennaceur & Delacour, 1988).
Impaired novelty detection is inferred by a lack of significant preference for the novel
object(s) (Ennaceur & Delacour, 1988). Reflecting this, patients with early AD often
exhibit difficulties discriminating similar but distinct objects or performing tasks that
require fine perceptual discrimination of objects (Bastin & Delhaye, 2023; Frick et al.,
2023). Rodent lesion studies have demonstrated that the perirhinal cortex (PRh)
plays a critical role in encoding and retaining object-specific information, making it
essential for novelty detection during ON testing (Bussey et al., 1999; Mumby &
Pinel, 1994; Norman & Eacott, 2004; Warburton & Brown, 2015). The PRh is
affected in early stages of AD progression (Braak & Braak, 1991, 1997).

Building upon simple novelty discrimination, the OL and OiP tasks both assess
spatial memory, but tap into distinct cognitive processes. The OL task evaluates the
ability to recall the location of objects within an environment, focusing exclusively on
spatial memory (Ennaceur et al., 1996; Vogel-Ciernia & Wood, 2014). The OIP task,
however, assesses associative memory by evaluating the ability to integrate
information about a specific object within its spatial context, requiring both spatial
memory and novelty recognition (Barker et al., 2007; Barker & Warburton, 2011).
Rodents with impaired spatial or associative memory systems will fail to show
significant preference for exploring the relocated objects in the OL and OiP spatial
tasks, respectively (Barker et al., 2007; Barker & Warburton, 2011). In AD, such
impairments commonly manifest as functional deficits such as spatial disorientation
and difficulties recalling the sequence of recent events (Tromp et al., 2015). Lesion
studies have demonstrated that the OL task is highly dependent upon the intact HPC
for spatial encoding, whereas the OIP task is dependent upon the functional
interaction between the medial prefrontal cortex (mPFC)-HPC-PRh network,
collectively supporting a complex integration between novelty and spatial encoding
(Barker & Warburton, 2011; Warburton & Brown, 2015). The TO task, which
assesses the ability to discriminate less recently presented objects from those
presented more recently, also depends on functional communications of the mPFC-
HPC-PRh circuit (Barker et al., 2007; Barker & Warburton, 2011; Fortin et al., 2002;
Mitchell & Laiacona, 1998). In AD, the HPC is patrticularly sensitveto Ab pl aque s,
NFTs, and neuron loss (Giannakopoulos et al., 2003; Jack et al., 2013; Mormino et
al., 2009). Furthermore, lesion studies have also implicated the RSC, also a
prominent site of AD pathology, ini whwh er e 06 a-wd e Bpssbde-tike
memory (Braak & Braak, 1991; Powell et al., 2017; Todd & Bucci, 2015; Vann &
Aggleton, 2002; Vann et al., 2009). The broader roles of the RSC will be discussed
in more detail in Chapter 4 of this thesis, however, in relation to episodic memory,
the RSC is believed to integrate sensory stimuli, orientations, spatial locations, and
sequences of events, enabling the creation of coherent episodic memories while
supporting error correction processes (Alexander et al., 2023).

a7



Mouse models of AD display inconsistent deficits in episodic-like memory. For
example, Tg2576 mice typically display intact ON and TO memory but impaired OiP
memory from 13-16 months (Evans et al., 2020; Evans et al., 2019; Good & Hale,
2007; Good, Hale, et al., 2007; Hale & Good, 2005; Hsiao et al., 1996). Similarly,
PDAPP mice retain ON memory but show OIP deficits from 14-16 months (Evans et
al., 2019). Contrastingly, 5xFAD and APP/PS1 mice exhibit ON and OL deficits
(Joyashiki et al., 2011; Webster et al., 2013; Zhang et al., 2023a). In AppNLGF mice,
several studies have reported ON deficits that generally appear around 9-12 months
(Auta et al., 2022; Degawa et al., 2021; Locci et al., 2021; Mehla et al., 2019). One
study suggests that deficits appear at 6 months (Pauls et al., 2021), however this is
contrasted by other studies that show intact novel object recognition at this age
(Mehla et al., 2019; Whyte et al., 2018). Interestingly, however, one study suggests it
is intact at both 6-9 and 12-14 months (Fig. 3.1) (Broadbelt et al., 2022). Whilst there
is limited object recognition data in AppN-GF mice, Broadbelt et al., (2022) also show
that OL memory is intact at 6-9 and 12-14 months (Fig. 3.1). However, a combined
fiwhat-where-whenotest and different object paired associative learning (dPAL) task
suggest temporal and contextual spatial memory deficits appear in AppNLGFs from 3-4
months of age (Saifullah et al., 2020; Tan et al., 2023).

A further memory system that is sensitive to AD pathology is working memory
(Baddeley et al., 1986; Baddeley et al., 1991; Becker, 1988). While episodic memory
is responsible for the long-term storage and retrieval of memories surrounding life
events, working memory involves short-term memory (Chai et al., 2018). Working
memory is a cognitive system that allows the brain to temporarily hold and
manipulate restricted amounts of information to make decisions and guide behaviour
(Chaietal.,2018).Baddel ey amodel définéssdvarad components of
human working memory: i) the central executive which controls attention, and guides
the phonological loop and visuospatial sketchpad, ii) the phonological loop, which
processes auditory information, iii) the visuospatial sketchpad, which processes
visual and spatial information and iv) the episodic buffer, which integrates
information across the systems and links information to long-term memory
(Baddeley, 2000; Baddeley & Hitch, 1974; Chai et al., 2018). In humans, spatial
working memory is crucial to navigate a new route in an unfamiliar environment, for
example (Chai et al., 2018). According to the Baddeley and Hitch model, the
visuospatial sketchpad allows for the visualisation street layouts, including the
relative position of landmarks and the path to the destination, the phonological loop
is utilised if given verbal directions, the central executive directs attention and
coordinates navigational decisions, and the episodic buffer integrates the various
forms of information and combines it with prior knowledge such as similar routes or
familiar landmarks to support navigation (Baddeley, 2000; Baddeley & Hitch, 1974;
Chaietal.,2018).Whi | st Baddel ey and Hitchdés model pr
framework for understanding different components of working memory, later work by
Olton, particularly through the use of the RAM, highlights how rodents manage and
manipulate spatial information in single trials using working memory (Olton et al.,
1978). The complexity of spatial working memory in rodents differs to that of humans
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as rodent working memory does not involve language or complex reasoning
(Stopford et al., 2012). However, similarly to humans, it is argued that rodents use
spatial working memory to remember locations andformadé cogni t i ther mapd of
surroundings that is continuously updated and used to guide exploratory behaviour
(Wang et al., 2020). The cognitive map enables rodents to employ distinct
navigational strategies. For example, in a process called allocentric navigation,
rodents encode the locations of landmarks in their surroundings relative to another,
allowing the animal to understand the layout of its environment independent of its
current position (Wang et al., 2020). In egocentric navigation, the rodent assesses
the position of landmarks in relation to its own body, enabling it to navigate through
its environment based on its position within that environment (Wang et al., 2020). A
further navigational strategy called path integration is also utilised in spatial working
memory as it allows updating of the current position in the environment relative to its
position of origin (Kozhevnikov & Puri, 2023). In the wild, functional spatial working
memory is necessary for survival as it allows rodents to adapt their behaviour to
different spatial contexts, allowing them to efficiently explore their surroundings to
gather resources and avoid predation (Ma et al., 2023).

In summary, spatial working memory is experimentally measured by the ability of
rodents to remember spatial information over a short period of time, which is typically
assessed by observing their navigation behaviour in various maze tasks. For
example, in the spontaneous alternation task, the animal is positionedina Y or T
shaped maze and allowed to freely explore for a short period of time (typically 5 or
10 minutes). With intact spatial working memory, rodents navigate the maze in a
pattern that avoids entering recently visited arms and favours entering the least
recently visited arm, reflecting the innate preference of rodents to efficiently explore
their surroundings (Deacon & Rawlins, 2006). In contrast to object recognition
testing, the information that guides rodent exploration in the spontaneous alternation
task is gathered and utilised within the task and is not recalled from previous sample
trials, enabling the animal to continuously update memory to make adaptive
decisions based on its surroundings (Collett & Graham, 2004). In the spontaneous
alternation test, significantly higher alternation compared to the chance entry of
maze arms is typically considered indicative of functional spatial working memory
(Lalonde, 2002). However, the selection of the least recently visited arm during the
spontaneous alternation task may not necessarily solelyr ef | ect t he ani mal s
of which arm they had previously entered. For example, behaviour during the
spontaneous alternation task may reflect motivation, attention, the potential effects of
self-generated olfactory cues, and responsiveness to different levels of brightness in
the maze, complicating the interpretation of spontaneous alternation as a measure of
spatial memory alone (Hughes, 2004). Therefore, while spontaneous alternation may
provide an insight into spatial working memory in rodents, there may be alternative
cognitive and behavioural influences. Other tests, such as the RAM and MWM are
also frequently used and may be combined to provide a more holistic assessment
spatial working memory in rodents. The RAM apparatus consists of eight arms
around a central platform, typically each containing a food reward (Olton et al.,
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1978). In contrast to the spontaneous alternation task, the RAM relies on training the
rodent to efficiently navigate the maze to collect all rewards and avoid re-visiting
arms which no longer contain any rewards (Penley et al., 2013). Therefore, a rodent
with impaired spatial working memory will show lower accuracy in the RAM test
compared to a rodent with intact spatial working memory (Olton et al., 1978). The
MWAM is a large body of water with a platform submerged just below the surface. The
aversive nature of water drives the rodent to find the platform in an attempt to
escape the maze. During the training phase, the animal is placed in the water at
different locations and must rely on spatial information to find the hidden platform.
During the test trial, the platform is removed and the time the animal spends in the
former location of the platform is recorded as a measure of spatial working memory.
With impaired spatial working memory, the rodent will typically show longer latency
to the target zone and decreased time in the target zone compared to an unimpaired
rodent (Morris, 1984).

The function of several brain regions is critical for processing and retaining
information during spatial working memory tasks. For example, place cells in the
HPC help form the cognitive map by firing when the animal occupies specific
locations (O'Keefe, 1976). This process supports the encoding, maintenance, and
updating of spatial information during navigation tasks (Moser et al., 2015; O'Keefe,
1976). MRI-based studies in AD patients have implicated the HPC along with the
medial temporal lobe in the episodic buffer component of working memory (Berlingeri
et al., 2008; Twick & Levy, 2021). Rodent lesion studies reinforce the importance of
the HPC in spatial working memory tasks as damage to this region impairs
performance in MWM, RAM, and T/Y-maze tasks (Bannerman et al., 1999; Dillon et
al., 2008; Dudchenko et al., 2000). Furthermore, the closely linked EC plays a pivotal
role in spatial working memory, consequently, lesions or inactivation of the EC also
commonly result in spatial working memory deficits (Coutureau & Di Scala, 2009).
The EC particularly contributes to spatial working memory through its grid, boarder,
and head direction cells (Moser et al., 2015). Grid cells are specialised neurons that
fire in a hexagonal grid-like pattern, creating an internal coordinate system that
contributes to path integration (Sanders et al., 2015). Border cells fire when the
animal approaches an environmental boundary, working to anchor the spatial map to
stable features in the environment (Solstad et al., 2008). Head direction cells, which
will be discussed in greater detail with reference to the RSC in Chapter 4, fire in
response to the animalds head direction, pr o
navigation (Weiss & Derdikman, 2018). The RSC has also been implicated in spatial
working memory, particularly in integrating allocentric and egocentric frames of
reference, enabling the flexible transition between these strategies (Vann et al.,
2009). This process is also supported by head direction cells and contributes to path
integration and adaptive navigation (Aggleton et al., 2021; Alexander & Nitz, 2015;
Stacho & Manahan-Vaughan, 2022; Vann et al., 2009; Weiss & Derdikman, 2018).
RSC lesion and inactivation studies reveal deficits in MWM, RAM, and T-maze tests
which require the use of spatial landmarks for orientation (Alexander et al., 2023;
Keene & Bucci, 2009; Nelson et al., 2015; Vann & Aggleton, 2004). It is suggested
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that the RSC integrates spatial cues and sensory stimuli to form a mental
representation of its location in an environment, which is continuously updated with
movement during spatial working memory tasks, allowing adjustment of navigation
based on environmental feedback (Alexander et al., 2023). However, there has been
ongoing debate about whether the role of the RSC in spatial working memory is
essential or auxiliary, given its functional overlap with the highly interconnected HPC
region (Mitchell et al., 2018). It has been suggested that the HPC and anterior
thalamic nuclei may compensate for loss of RSC function during spatial working
memory tasks (Nelson et al., 2015).

Lesion and inactivation studies also evidence the role of the PFC in spatial working
memory tasks (Dunnett et al., 1999; Funahashi, 2013; Sawaguchi & Iba, 2001; Yang
et al., 2014). Specifically, neuroimaging studies suggest the PFC contributes to
spatial working memory by integrating spatial information with sensory and motor
inputs to direct behaviour during a task (Funahashi, 2013). Electrophysiological
studies have demonstrated firing of the PFC during spatial working memory tasks
that persists during the delay period between tasks, suggesting a role in maintaining
spatial representations independently of immediate sensory input (Lim & Goldman,
2013; Wang, 1999; Yu et al., 2024). Furthermore, the PFC plays a pivotal role in
executive control during spatial working memory tasks, a function closely linked to
Baddel ey ds c¢ e oompoaeht (Feinaleashi) 2017y, k& achieves this by
suppressing irrelevant details to prioritise relevant information, facilitating adaptive
decision making and goal-directed navigation (Barbas & Zikopoulos, 2007).

Working memory, including spatial working memory, is frequently impaired in AD,
with deficits usually beginning in MCI and serving as early indicators of progression
to AD (Kirova et al., 2015). These deficits, alongside episodic memory impairments
discussed earlier, are reflected by pathological alterations in key areas such as the
HPC, EC, PFC, and RSC, which commonly exhibit plaques, NFTs, reduced
functional connectivity, atrophy, and/or hypometabolism (Berlingeri et al., 2008;
Berron et al., 2021; Braak & Braak, 1991; Strom et al., 2022). These impairments
commonly manifest in the inability of patients to temporarily hold and manipulate
information in order to follow multi-step instructions, or getting lost in familiar and
unfamiliar environments ( Perry & Hodges, 1999Speckdalyek & La
functional MRI (fMRI) studies reveal that even in the early stages of AD, patients
exhibit deficits in the ability to use path integration, and both allocentric and
egocentric navigational strategies during spatial navigation tests (Mokrisova et al.,
2016; VI | ek &Trdnsgenc mousednodeld gf AD also show early
impairments in spatial working memory, which often emerge prior to deficits in
associative learning, reference memory, and recognition memory (Webster et al.,
2014). For example, the Tg2576 model exhibits impaired alternation from 9-10
months of age (Hale & Good, 2005; Hsiao et al., 1996). Furthermore, the PDAPP
model exhibits RAM and MWM deficits from 3-4 months of age (Chen et al., 2000;
Dodart et al., 1999; Hartman et al., 2005). However, in the less characterised
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AppNLGF model, three studies suggest there is a deficit that emerges around 10-12
months (Auta et al., 2022; Degawa et al., 2021; Locci et al., 2021). Contrastingly,
initial findings by Saito and colleagues demonstrated alternation deficits at 6 months
of age (Fig. 3.1) (Saito et al., 2014). Other studies have reported intact spontaneous
alternation at 6-9 and 12-14 months (Broadbelt et al., 2022; Whyte et al., 2018).
AppNLGF performance in the MWM test appear equally varied, with some studies
reporting increased escape latency from 6-12 months (Locci et al., 2021; Mehla et
al., 2019; Wang et al., 2022), and other studies reporting no deficit during this age
range (Latif-Hernandez et al., 2019; Saifullah et al., 2020; Whyte et al., 2018) (Fig.
3.1). This suggests that any spatial working memory deficit in the AppN-GF model
may be subtle or not robust enough to replicate in different laboratory settings.

Behavioural test Reference Age (months)
1][2[3]4[5]6]7|8|9]10[11]12|13]14]|15]16]17|18]19] 20[21] 22| 23] 24
Whyte et al., 2018 Key
Mehla et al., 2019 [ | l 5 0. 0 s
Degawa et al., 2021 H
. Locci et al., 2021 " .

Object Novelty Pauls etal, 2021 . E No sig. diff vs control

Auta et al., 2022 [ |

Broadbelt et al., 2022
Kundu et al., 2022

Object Location Broadbelt et al., 2022
Saito etal,, 2014 [ |
Whyte et al., 2018

Degawa et al., 2021 -
-

Y/T Maze Spontaneous Alternation  |Locci etal., 2021 -
Auta et al., 2022

Broadbelt et al., 2022
Kundu et al., 2022

Whyte et al., 2018
Latif-Hernandez et al., 2019
Mehla et al., 2019

Saifullah et al., 2020

Locci et al., 2021

Wang et al., 2022

Morris Water Maze

Figure 3.1: Timeline of Cognitive Deficits in the AppN-°F Mouse Model. The behavioural phenotype of the
AppNeF model in a range of cognitive tasks including the Object Novelty (ON), Object Location (OL), Y or T-maze
spontaneous alternation, and Morris Water Maze (MWM). The colour code indicates a significant increase (green)
or decrease (red) from the control line (p < 0.05) or no significant difference from the control line (orange) (p > 0.05).
The control lines used are AppN- or C57BL6/J. For the ON and OL test, the measure used is discrimination
ratio/index or percentage of time interacting with novel object(s). For the spontaneous alternation test, the measure
is percentage spontaneous alternation. For MWM, the measure is escape latency.
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3.2.2 Behavioural Assessment of Anxiety

Other than the cognitive changes above, AD is also characterised by NPS (Pless et
al., 2023). In his original 1906 paper, Alzheimer described Auguste Deter as
exhibiting emotional disturbances and paranoia (Alzheimer et al., 1995; Maurer et
al., 1997). Today, it is well established that common NPS in AD include depression,
anxiety, aggression, agitation, apathy, and disinhibition, which are highly comorbid
and mutually reinforcing (Goodwin et al., 2023). It is estimated that up to 97% of AD
patients experience NPS at some stage of their iliness, substantially impacting the
pati ent s o ,inhoeasing the practical, émotioeal, and financial burden on
families and caregivers and accelerating the need for institutionalisation (Lyketsos et
al., 2011; Mendez, 2021, Steinberg et al., 2008). NPS symptoms frequently emerge
in the early stages of cognitive decline and are often regarded as prognostic and
diagnostic indicators for progression from MCI to AD (Diniz et al., 2013; Edwards et
al., 2009; Leoutsakos et al., 2015). Furthermore, NPS in AD are linked to increased
morbidity and mortality, with the severity of NPS corelated with the extent of
cognitive decline (Clement et al., 2020). Despite this, clinical research and
pharmaceutical development of NPS drugs remains scarce (Pless et al., 2023).

Much of the current literature surrounding NPS in AD focuses on depression and
apathy, the two most prevalent symptoms (Lyketsos et al., 2011). However, anxiety
is less well understood. Anxiety is the third most common NPS in AD, with up to 71%
of patients suffering from this symptom (Ferretti et al., 2001; Mendez, 2021; Teri et
al., 1999). In AD, anxiety often manifests as excessive worry and is linked to
avoidance behaviours, irritability, and agitation, and is often accompanied with sleep
disturbances (Baillon et al., 2019; Farina et al., 2023). Anxiety symptoms can appear
from early stages of the disease process and worsen throughout disease
progression, with symptoms often preceding or presenting alongside memory loss
during MCI (Donovan et al., 2018; Gallagher et al., 2011; Geda et al., 2008; Li & Li,
2018; Lyketsos et al., 2011; Mendez, 2021; Pietrzak et al., 2015). There is also
evidence that anxiety can preclude AD and promote progression of prodromal AD
and MCI to clinical AD (Li & Li, 2018; Mah et al., 2015; Mendez, 2021). Furthermore,
individuals who suffer from anxiety are at a significantly greater risk of developing AD
in their lifetimes, suggesting a complex and bidirectional relationship between NPS
and cognitive decline (Petkus et al., 2016). Reflecting this, current medications
aimed to treat cognitive symptoms of AD, such as memantine or AChls, occasionally
worsen or stimulate anxiety in AD patients (Mendez, 2021). Similarly, many current
pharmacological agents prescribed for NPS, such as SSRIs and short-term anxiolytic
drugs such as benzodiazepines, often fail to alleviate symptoms, pose substantial
side effects and risks, or even worsen cognitive decline (Koenig et al., 2016;
Mendez, 2021; Tampi et al., 2016). Treatment of anxiety in AD therefore typically
involves non-pharmacological interventions such as reducing known triggers,
maintaining a calm environment and steady routine, therapeutic activities such as art
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and music, along with conservative prescription of mediation (Cohen-Mansfield,
2001; Mendez, 2021).

Anxiety behaviours in humans and rodents are regulated by key brain areas,
including the amygdala, HPC, and PFC, which play crucial roles in processing fear,
stress, and anxiety responses, and are modulated by anxiolytic drugs such as SSRIs
and benzodiazepines (Bannerman et al., 2004; Cao et al., 2018; Dale et al., 2016;
Davis et al., 1994; Griessner et al., 2021; Hillhouse & Porter, 2015; Insel et al., 1984;
Kenwood et al., 2022; Shin & Liberzon, 2010; Tassone et al., 2024). As discussed
earlier in this thesis in relation to memory, the HPC and PFC are prominent sites of
AD pathology including amyloid plaques, tau tangles, and atrophy (Rao et al., 2022).
The amygdala is also a site of early AD pathology, with the severity of atrophy in this
area reported as comparable to that of the HPC in early disease stages (Braak &
Braak, 1991; Poulin et al., 2011; Stouffer et al., 2024). Similarly, anxiety is linked to
atrophy and hypometabolism of key areas such as the EC, and the presence of
NFTs (Hashimoto et al., 2006; Johansson et al., 2020; Mah et al., 2015; Ramakers
et al., 2013). However, despite evidence that other AD pathologies play a role in
anxiety in AD, several PET studies combined with MMSEs highlight the role of
amyloid in anxiety by evidencing that elevated neuronal amyloid is associated with
increased anxiety and predicts faster cognitive decline (Donovan et al., 2018;
Johansson et al., 2020; Pietrzak et al., 2015; Pietrzak et al., 2014). Furthermore, in
patients with MCI, anxiety is also associated with abnormal CSF levels of Aba2
(Ramakers et al., 2013).

Whilst there are some variations depending on the source, anxiety is broadly defined
in human psychology as a negative emotional state marked by excessive worry,
tension, and hypervigilance, often accompanied by physiological responses such as
elevated heart rate and blood pressure (American Psychiatric Association, 2013;
Kwak et al., 2017; Pentkowski et al., 2021). The psychological state of anxiety is
thought to be a pathological secondary response to another emotion such as fear, to
another unidentified stressor, or as an anticipatory response to a perceived
forthcoming threat, often interfering with daily life (McTeague & Lang, 2012). An
important issue in anxiety research is whether this complex emotional response can
be translated to rodent research without anthropomorphising the behaviour of these
animals. Interestingly, however, there are several key similarities between humans
and rodents that allow researchers to draw meaningful similarities between anxiety
states in both species. For example, the neuroanatomy, connectivity, and function of
the amygdala, a key brain structure involved in anxiety processing, is largely
conserved between primates and rodents (Belzung & Philippot, 2007). Furthermore,
physiological changes that occur with human anxiety, such as altered cardiovascular
and respiratory output, are also present in rodents (Lang et al., 2000). Behaviourally,
an anxiety-like state in rodents is expressed as defensive actions, including risk
assessment behaviours such as freezing or avoidance of potentially dangerous
areas, paralleling rumination and hypervigilance observed in human anxiety
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(Blanchard et al., 2011). It is argued that this is a primitive state in rodents that is
triggered by potential, perceived, and/or ambiguous threats to survival or wellbeing,
facilitatingt he Af i ght o r(Befzung &Rhitippot, 2OO7A. pndunreres,
however, whilst the primitive function of anxiety to detect and respond to danger is
likely still retained to some degree, it is more of a complex psychological state that is
shaped by higher cognitive processes such as self-awareness and abstract thinking
(Hohoff, 2009). In both humans and rodents, some degree of anxiety is considered
normal, however, elevated, persistent, and disproportionate anxiety responses are
indicative of a pathological state, as commonly observed in AD and mouse models of
AD (Mendez, 2021; Robinson et al., 2013). Therefore, whilst the complex emotional
anxiety response seen in humans may not be fully replicated in animal models, it is
possible to draw parallels between the two species.

Historically, dementia research has primarily focused on characterising and
manipulating the cognitive phenotypes of various animal models, with comparatively
less attention given to NPS such as anxiety in AD. However, various behavioural
tests have been developed to assess anxiety-like behaviour in rodents. Examples of
experiments commonly used to probe this behaviour in rodents include social
interaction tasks, which assess how anxiety modulates social behaviour, and the
marble burying task, which evaluates repetitive behaviours associated with anxiety
or stress (Lezak et al., 2017; Pentkowski et al., 2021). Other tests rely on the
aversive nature of the environment, incorporating mild stressors such as white light,
novel surroundings, and perceived vulnerability to predation (Crawley & Goodwin,
1980). For example, the light/dark box test assesses anxiety-like behaviour based on
the approach-avoidance conflict of entering aversive (light) zone of a divided box,
with anxiolytic compounds such as benzodiazepines increasing the time or entries
into the light zone (Bourin & Hascoét, 2003; Crawley, 1981). Variations of this
concept include the OF and EPM tasks, which will be the focus of this thesis. As
described in more detail in the General Methods section of this thesis, the OF test
consists of a square arena in which the animal freely ambulates for 10 minutes.
During video footage analysis, inner and outer zones of the arena are retrospectively
defined and the time the animal spends in each zone is quantified. The outer zone of
the OF arena is a darker, more sheltered environment in which rodents innately
explore more than the brighter, more exposed inner zone of the arena (La-Vu et al.,
2020). However, significantly reduced exploration of the inner zone compared to
control animals is indicative of an anxiogenic phenotype in rodents (Prut & Belzung,
2003). This behaviour coincides with thigmotactic behaviour, i.e., a preference to
explore the outer zone of the arena and avoid the centre, remaining close to the
walls where there is greater perceived shelter. Conversely, increased exploration of
the centre of the arena indicates anxiolytic behaviour (Prut & Belzung, 2003).
Pharmacological studies have validated the use of the OF test as a measure of
anxiety-like behaviour in rodents, demonstrating that anxiolytic drugs such as
diazepam and buspirone increase the time rodents spend exploring the centre of an
OF arena (Griebel & Holmes, 2013; Prut & Belzung, 2003).
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The concept of the EPM test is similar to that of the OF task. In the EPM task, the
animal freely explores a maze consisting of two arms with high dark walls (the closed
arms), and two arms with very short Perspex walls (the open arms). The animal can
freely choose between entering the more sheltered and thus perceived safer closed
arms, or the brighter, more exposed open arms. Rodents tend to prefer the closed
arms of the maze as they offer perceived protection from potential predation
(Dawson & Tricklebank, 1995). However, it is suggested that the EPM task creates
an approach avoidant conflict between their innate motivation to explore novel
environments and the aversive nature of the open arms, which is considered a mild
anxiogenic stimulus due to their innate fear of heights (Lister, 1990; Pellow et al.,
1985; Treit et al., 1993). Similarly to the OF test, increased exploration of the closed
arms relative to control animals is cited as indicative of anxiety-like behaviour
(Pellow et al., 1985). On the contrary, increased exploration of the open arms of the
EPM has been reported as anxiolytic behaviour (Pellow et al., 1985).
Pharmacological studies have evidenced that treatment of rodents with anxiolytic
drugs such as diazepam increase the number of open arm entries and the time
spent in the open arms of the EPM, indicating reduced anxiety (Handley & Mithani,
1984; Lister, 1987; Pellow et al., 1985). Conversely, anxiogenic drugs such as
picrotoxin reduce these measures, suggesting heightened anxiety (Handley &
Mithani, 1984, Lister, 1987; Pellow et al., 1985). In addition to arm preference, the
accuracy of the EPM in detecting anxiety-like behaviour can be enhanced by
incorporating ethological analyses of behaviours such as head dips and stretch
attend postures, which have also been pharmacologically validated as measures of
anxiety related behaviour (Carobrez & Bertoglio, 2005; Cole & Rodgers, 1994;
Rodgers, Perrault, Sanger, et al., 1997; Rodgers et al., 1994). A stretch attend
posture is defined as a stationary position in which the rodent uses its hindlegs to
stretch its body into an open arm, while the hindlegs remain in the closed arm (i.e.,
orientated towards an anxious stimulus) (Cole & Rodgers, 1994; Rodgers, 1999;
Rodgers, Perrault, Sanger, et al., 1997; Setem et al., 1999). Head dipping is defined
as the downward movement of the rodentsd hea
the EPM, towards the floor of the room (File & Wardill, 1975; Rodgers, Perrault,
Sanger, et al., 1997; Setem et al., 1999). Head dipping and stretch attends are
generally regarded as risk assessment behaviours that indicate increased anxiety
(Walf & Frye, 2007).

The OF and EPM tests were selected for this thesis as they provide a non-invasive
behavioural assessment that minimises stress to the animal as they do not require
forced aversion or deprivation, allowing the focus to be on natural avoidance
behaviours. Importantly, chronic stress can exacerbate amyloid production (Justice,
2018), so minimising experimental stress is particularly important in the context of
AD research. Furthermore, OF and EPM tests allow for easy measurement of
locomotion and exploratory behaviour. Locomotion, such as the total distance
travelled during testing, is an important factor to consider during NPS assessments
in rodents as it helps determine whether any differences in anxiety-like behaviour
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could be explained by differences that may affect movement, such as lethargy or
physical impairments that may not be obvious to the experimenter.

The manifestation of anxiety-like behaviour in mouse models of AD, as assessed
through OF and EPM testing, is complex. Studies report inconsistent and seemingly
contradictory phenotypes, both within individual models and across different models.
For example, in the Tg2576 model, some studies show increased exploration of
open arms in the EPM test from 7 months, indicating decreased anxiety-like
behaviour, but this appears to be somewhat confounded by hyperactivity (Gil-Bea et
al., 2007; Lalonde, 2002; Lalonde et al., 2003). However, other studies have
evidenced that this model spends more time head-dipping but less time in the stretch
attend posture compared to C57BL6/Js (Ognibene et al., 2005). Other studies have
noted increased anxiety-like behaviour during the OF test in the PDAPP transgenic
model (Beauquis et al., 2014). In the APP/PS1 model, however, there appears to be
no significant difference in behaviour during the OF and EPM tasks at ages ranging
from 7-24 months (Arendash et al., 2001; Webster et al., 2013). Similarly, there is a
lack of consensus regarding the OF phenotype of the AppNtGF model in the scientific
literature. On the one hand, several studies report no significant difference in the
time spent in the central zone between AppNtGFs and C57BL6/Js at ages ranging
from 6 to 10 months (Fig. 3.2) (Broadbelt et al., 2022; Kundu et al., 2022; Locci et al.,
2021; Maezono et al., 2020; Whyte et al., 2018). However, one study has reported a
significant increase in time spent in the central zone at 6 months, suggesting
anxiolytic behaviour at this age, however this was not replicated in 10-month-old
animals in this study (Latif-Hernandez et al., 2019). A recent study has also
observed an increase in exploration of the centre zone in AppNtéFs at 12 months
(Wang et al., 2022). Conversely, other studies have reported decreased exploration
of the OF central zone in AppNLCFs at 8 and 10 months, indicative of anxiogenic
behaviour (Locci et al., 2021; Pervolaraki et al., 2019). Similarly, two studies reported
reduced duration in the light compartment of the light-dark box at 10 and 12 months,
further supporting the presence of heightened anxiety-like behaviour in the AppNLGF
model (Auta et al., 2022; Locci et al., 2021).

The phenotype of AppNtGFs during EPM testing, however, is more consistent in the
literature. Several studies have shown that AppNLGFs exhibit a preference for the
open arms of the EPM, and sometimes even an aversion to the closed arms, at ages
ranging from 3 to 18 months of age (Fig. 3.2) (Degawa et al., 2021; Latif-Hernandez
et al., 2019; Pervolaraki et al., 2019; Sakakibara et al., 2018). The discrepancy
between anxiolytic and anxiogenic behaviour has been described as behavioural
disinhibition possibly caused by impairments in the PFC, affecting decision making,
which may be reflective of disinhibitory behaviour in AD patients such as impulsivity
and inappropriate social conduct (Chung & Cummings, 2000; Migliaccio et al., 2020;
Pervolaraki et al., 2019).
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Figure 3.2: Timeline of Affective Alterations in the AppN-°F Mouse Model . The behavioural phenotype of the
AppNteF model in a range of affective tests including the Open Field (OF), Elevated Plus Maze (EPM), and
Light/Dark Box (LDB). The colour code indicates a significant increase (green) or decrease (red) from the control
line (p < 0.05) or no significant difference from the control line (orange) (p > 0.05). The control lines used are AppNt
or C57BL6/J. For the OF test, the measure used is time spent in the inner zone or inner zone ratio. For EPM, the
measure is time in the open arms or number of open arm crossings. For LDB, the measure is time spent in the light
compartment.

3.3 Methods

3.3.1 Introduction

The Methods section of this chapter will summarise the methodologies that were
used in behavioural testing, including assessment of memory and anxiety-like
behaviour. As behavioural testing was also carried out for Chapter 4 of this thesis,
detailed experimental procedures for behavioural testing are reserved for the
General Methods chapter of this thesis.

3.3.2 Subjects

Animals were obtained, bred, and maintained as described in the General Methods
chapter of this thesis. The total number of animals included in each experimental
cohort is detailed in Table 2.1 in the General Methods chapter, and will be presented
in the figure legends for each graph in this chapter.

Briefly, AppNtGF and C57BL6/J control animals of a range of ages underwent
behavioural testing. The groups indicate different groups of animals and do not imply
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that the same group of animals were tested multiple times throughout their lives.
Most groups underwent multiple different behavioural tests within the timespan
indicated by the age bracket, but no behavioural test was performed more than once
on the same group. OiP and ON testing was performed on 221 23-month-old animals
only. OL testing was performed on 4-6-, 8-10-, and 22i 23-month animals. OF was
performed on 4-6-, 8-10-, 14-16-, and 22i 23-month animals. Spontaneous
alternation and EPM testing were performed on 4-6-, 8-10-, 12-14-, and 2271 23-
month animals.

For all experiments, a mixture of male and female animals was used. Where
possible, an approximately equal number of male and female animals were selected
for each experiment.

3.3.3 Behavioural Assessment

ON, OL, OiP, SA, and EPM tests were performed as described in the General
Methods section of this thesis. The experimental procedures, readouts, and analysis
of each test is explained in more detail within the General Methods chapter. Each
behavioural test was scored using EthoVision XT13, as described in the General
Methods chapter.

Memory assessment consisted of object recognition and spontaneous alternation
testing. Object recognition testing included ON, OiP, and OL tests, each selected to
interrogate a different aspect of recognition memory. Prior to object recognition
testing, all animals underwent a series of three habituation days. The first day
consisted of one session, conducted in an empty arena, which was utilised to assess
anxiety-like behaviour through OF testing. Subsequent habituation days consisted of
repeated exposure to relevant arrays of objects within the arena, as described in the
General Methods chapter. On the test day, the animals received three 10-minute
sample trials in which they were exposed to a further set of objects in the arena.
Each sample and test trial were 10 minutes in duration, and between each trial the
animal was returned to its homecage. For ON testing, one object from the arena
from was replaced by an object that had not been previously encountered, and the
animal was returned to the arena. During the OL test, one of two identical objects
was moved to a previously unoccupied location within the arena. OIP testing
combined assessments of spatial and novelty recognition by swapping two
diagonally positioned objectsi n t he arena. To eval utte
exploring the novel object(s) versus the familiar or unmoved object(s) in each object
recognition test, object exploration was manually scored, and a Discrimination Ratio
(DR) was calculated, as outlined in the General Methods chapter. Spatial working
memory was assessed using spontaneous alternation testing, during which the
animal freely explored a T-maze for 10 minutes. Its entry into each arm was
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recorded, and the percentage of arm alternations was calculated, as described in the
General Methods chapter.

To assess anxiety-like behaviour, OF and EPM testing was conducted. The OF test
consisted of an empty square arena in which the animal freely explored for 10
minutes. OF analysis was performed by tracking animal exploration around the
arena using EthoVision XT13. The time spent by the animal exploring the centre of
the arena was determined, followed by the calculation of the Inner Zone Ratio (IZR)
to evaluate the animal sd tendencasdescobe®nt er
in the General Methods chapter. For EPM testing, each animal freely explored the
maze for 10 minutes. Anxiety-like behaviour was assessed by automatically
determining the time each animal spends in the open and closed arms using
EthoVision XT13, and an OAR was subsequently calculated, as described in the
General Methods chapter. Additional measures included the number of entries into
the open and closed arms, as well as manually scored risk-assessment behaviours
such as head dipping and stretch attend postures.

For each behavioural test analysed with EthoVision XT13, the total distance moved
by the animal was calculated and has been presented alongside the behavioural
data in this chapter.

3.3.4 Statistical Analysis

To compare object recognition and spontaneous alternation data to a theoretical
chance level (0.5 for object recognition tests or 22% for spontaneous alternation),
one-sample T-tests were performed. To compare the means of two independent
groups in a parametric dataset, unpaired two-tailed T-tests were performed, or the
non-parametric alternative was used when necessary, as outlined in the General
Methods chapter. To analyse the effects of two independent variables on one
dependent variable, two-way ANOVAs were performed. Similarly, to analyse the
effects of three independent variables on one dependent variable, a three-way
ANOVA was performed. As also described in the General Methods chapter, simple
main effects analysis was performed when significant interactions were detected.
Bonferroni adjustment was applied to the simple main effects analysis to control for
the increased rate of type | error from multiple comparisons. Where there was a
significant main effect of age, but a non-significant interaction, Bonferroni post hoc
testing was used to perform pairwise comparisons between age groups whilst
controlling for increased type | error rate.
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3.4 Results

3.4.1 Representative Image of App N-6F Cortical Amyloid
Deposition at 23 Month s of Age

Although time constraints prevented a full quantitative analysis of amyloid deposition
across relevant brain regions and age groups, a pilot IHC stain was performed on
brain tissue from the 227 23-month AppNtGF animals used for behavioural testing.
Consistent with previous findings (e.g., Saito et al., 2014), substantial amyloid
accumulation was observed in the frontal cortex (Fig. 3.3), confirming the presence
of pathology in the oldest cohort assessed behaviourally. This corresponds to the
same age group examined for Ca2¢ imaging in Chapter 4 of this thesis.

Figure 3.3: Representative Image of Amyloid -
b Plagues in the App N-SF Frontal Cortex .
Image of cortical region from 227 23-month-old
AppNLeF mouse. Plagues shown by black arrows.
Immunohistochemistry was performed as
described in the General Methods chapter of this
thesis, using Amyloid-b D54D2 antibody (1:500
dilution) obtained from Cell Signalling
Technology.

3.4.2 Object Novelty Memory at 23 Months of Age
3.4.2.1 Object Contact Times

ON testing was conducted on animals at 227 23 months of age to evaluate their
ability to detect object novelty in advanced age. For the ON task, 12 C57BL6/Js and
11 AppNLGFs were used. Mice were exposed to four different objects for three 10-
minute sample trials. Following a 10-minute delay, two objects were replaced for
novel objects.

The mean total time the animals spent interacting with the novel and familiar objects
during the test phase were manually scored using EthoVision XT13. This data was
not normally distributed (Shapiro-Wilk test p < 0.05) and showed unequal variance
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( Levenepd.05), sosatsquare root transformation was applied prior to
analysis.

A two-way ANOVA was then performed to assess any significant difference in
contact times between C57BL6/J and AppNLCF animals. The test revealed a
significant main effect of genotype (F(1,42) =4.377, p = 0.043, dp? = 0.094), and
object type (F(1,42) = 117.639, p < 0.001, dp? = 0.737). The genotype*object type
interaction was also significant (F(1,42) = 4.321, p = 0.044, dp? = 0.093). Pairwise
comparisons indicated significant differences in contact times between novel and
familiar objects for both C57BL6/J and AppN-GF mice. C57BL6/J animals spent
significantly longer interacting with novel objects compared to familiar objects (Mean
Difference = 2.211, SE = 0.349, p < 0.001, 95% CI:[1.507, 2.914], Fig. 3.4). Similarly,
for AppNLGF animals, the duration of contact with the novel objects was significantly
higher than that with familiar objects (Mean Difference = 3.259, SE = 0.364, p <
0.001, 95% CI:[2.524, 3.994], Fig. 3.4). Further pairwise comparisons were
conducted to explore the effect of genotype on contact time with familiar and novel
objects. There was no significant difference in contact time with the familiar objects
between C57BL6/J and AppNLGF animals (Mean Difference = -0.003, SE = 0.357, p =
0.993, 95% CI:[-0.723, 0.716] Fig. 3.4). However, AppNLGF animals exhibited
significantly higher novel object contact times compared to C57BL6/J animals (Mean
Difference = 1.052, SE = 0.357, p = 0.005, 95% CI:[0.332, 1.771], Fig. 3.4).
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Figure 3.4: Object Contact Times During the O bject Novelty Test. The mean interaction times (in seconds)
with the novel and familiar objects during object novelty testing, conducted after a 10-minute delay, in animals
aged 22i 23 months. Raw (untransformed) data shown, with black bars representing the mean +/- standard
error of the mean. The results of simple main effects analysis from two-way ANOVA are shown (ns = non-
significant, ** = p < 0.01, *** = p < 0.001). The key indicates animal genotype and sex. C57BL6/J n = 12,
AppNLeF n = 11.



3.4.2.2 Discrimination Ratios

To account for individual differences in interaction time, total object contact times
during ON testing were converted into DRs, calculated as the time spent exploring
the novel object divided by the total time spent exploring all objects. Additionally, to
determine the potential presence of a novelty preference in the initial half of the test,
which may have diminished towards the end, EthoVision XT13 was used to
separately calculate object exploration times in the first (O 5-minutes, first test
phase) and second (5.01-10-minutes, second test phase) halves of the test, which
were subsequently converted into separate DRs. No violations of normality (Shapiro-

Wilk testp>0.05lorhomogeneity of varp>®%eere( Leveneods

observed.

To establish whether the mice preferentially explored the novel objects, and that
novel object interaction was not purely due to chance, one sample T-tests were
performed versus a chance probability of 0.5. If the animal spent significantly more
time exploring the novel object, the DR would be significantly above chance,
indicating that the innate preference for novelty is intact (Ennaceur & Delacour,
1988). One sample T-tests revealed that both C57BL6/Js and AppNLCFs discriminated
the novel objects significantly above chance for the entire trial (C57BL6/J: t(11) =
5.628, p = 0.0002, AppNtGF: t(10) = 12.680, p < 0.0001, Fig. 3.5). One sample T-tests
also revealed that both genotypes discriminated the novel objects significantly
versus chance, for both the first (C57BL6/J: t(11) = 5.334, p = 0.0002, AppNLGF: 1(10)
=14.290, p < 0.0001 Fig. 3.5) and second (C57BL6/J: t(11) = 4.174, p = 0.0016,
AppNLGF: £(10) = 6.043, p = 0.0001 Fig. 3.5) phases of the test.

An unpaired T-test was performed to compare the mean DRs between C57BL6/J
and AppNLGF mice throughout the entire ON test. The analysis revealed no significant
difference in DR between the genotypes (t(21) = 1.845, p = 0.0792, Fig. 3.5). To
examine the effect of genotype and test phase (07 5-minute vs 5.01-10 minute) on
DRs, a two-way ANOVA was conducted. The ANOVA revealed no significant main
effect of genotype on DR (F(1,42) = 2.439, p = 0.133, dp? = 0.053), indicating no
significant difference in DRs between C57BL6/J and AppNtGF mice. There was also
no significant main effect of test phase on DRs (F(1,42) = 0.701, p = 0.407, dp? =
0.016), suggesting that the DRs did not significantly differ between the first and
second halves of the test. Furthermore, the interaction between genotype and test
half was not significant (F(1,42) = 0.075, p = 0.786, dp? = 0.002), indicating that any
effect of genotype on the DR did not change as a function of test duration.
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Figure 3.5: Discrimination Ratios During the O bject Novelty Test. The mean Discrimination Ratios (DRS)
during Object Novelty testing, conducted after a 10-minute delay, in animals aged 221 23 months. Black bars
represent mean +/- standard error of the mean. Grey dashed line indicates chance (0.5). Asterisks indicate
results of one sample T-test (** = p < 0.01, *** = p < 0.001, *** = p < 0.0001). a) DRs calculated for the entire
10-minute test. Bracket indicates results of unpaired T-test (ns = non-significant). b) Separate DRs calculated
for the first and second phases of the test. Non-significant interactions in two-way ANOVA not shown. The key
indicates animal genotype and sex. C57BL6/J n = 12, AppN‘¢F n = 11.
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3.4.2.3 Distance Travelled

To determine whether any differences in object interaction could be accounted for by
differences in general locomotor activity, the mean total distance travelled was
automatically tracked using EthoVision XT13. This data was normally distributed
(Shapiro-Wilktestp> 0. 05) but exhibited unpgWwd.l
As transformation did not resolve the unequal variance, a We | ¢ htésswag
performed to compare the mean distance travelled during ON testing between both
genotypes. This test revealed no significant difference in the distance travelled
between C57BL6/Js and AppNLGFs during the entire testing period ((10.57) = 0.639,
p = 0.536, Fig. 3.6).
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Figure 3.6: Distance Travelled During the Object Novelty
Test. The mean distance travelled during the Object Novelty
task (in centimetres), in animals aged 22-23 months. Black bars
represent mean +/- standard error of the mean. Results of

We | ¢ Trtéss shown (ns = non-significant). The key indicates
animal sex. C57BL6/J n = 12, AppNteF n = 11.

3.4.3 Object -in-Place Memory at 23 Months of Age

3.4.3.1 Object Contact Times

OIiP testing was carried out to evaluatet h e a nabilityatd detéct object-place
associations at this advanced age. This test was performed on the same animals as
ON, and the order of the tests were counterbalanced (i.e., approximately half of the
cohort received ON testing first, and half received OIiP testing first). During OiP
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testing, the animals were exposed to three 10-minute sample trials with four different
objects. Following a final 10-minute delay, two objects were switched diagonally. To
investigate spatial novelty preference, the total time the animals spent interacting
with each object was manually scored using EthoVision XT13. This data exhibited

normal distribution (Shapiro-Wilk test p > 0.05) and equal variance ( Levenepds t est
0.05).

A two-way ANOVA was performed to examine the effect of genotype on object

contact times during the OiP test phase. The main effect of genotype was not
significant (F(1, 42) = idicaingtatthggewasnd. 651, dp
significant difference in object contact times between C57BL6/J and AppNLGF

animals. Similarly, the main effect of object type was not significant (F(1, 42) = 0.069,

p = 0. 795,) suggésting théde waOnd significant difference in contact

times between novel and familiar objects during OiP testing. Furthermore, the

interaction between genotype and object type was also non-significant (F(1, 42) =

0.616, p = 0. X%sudgesting thdt the=effe@t.ofloljett type on contact

time did not significantly differ between genotypes (Fig. 3.7).
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Figure 3.7: Object Contact Times During the Object -in-Place Test. The mean interaction
times (in seconds) with the novel and familiar objects during Object-in-Place testing, conducted
after a 10-minute delay, in animals aged 22i 23 months. Black bars represent mean +/- standard
error of the mean. The key indicates animal genotype and sex. C57BL6/J n = 12, AppNtSF n = 11.
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3.4.3.2 Discrimination Ratios

As with the ON test, DRs were calculated for the entire test, as well as separately for
the first and second phases. All data exhibited normal distribution (Shapiro-Wilk test
p > 0.05) and equal variance (Leveneds test

One sample T-tests were performed on DRs to determine whether novel object
exploration significantly differed to chance (0.5). If the animal spent significantly
more time investigating the novel object locations versus the probability of chance,
the DR would be significantly higher than 0.5, suggesting intact object-place
associative memory (Barker et al., 2007). The results of one sample T-tests showed
that for the entire test, neither C57BL6/Js or AppNLGFs were able to discriminate the
switched objects from the objects that had remained in the same position (C57BL6/J:
t(11) = 1.026, p = 0.327, AppNtCF: t(10) = 1.332, p = 0.212, Fig. 3.8). During the first
5 minutes of the trial, both C57BL6/J and AppNtGF animals were unable to
discriminate the switched objects from the ones in the same position (C57BL6/J:
t(11) = 1.264, p = 0.233, AppNLGF: t(10) = 0.832, p = 0.425, Fig. 3.8). Similarly,
neither genotypes could discriminate the switched objects in the final half of the trial
(C57BL6/J: t(11) = 0.462, p = 0.653, AppNLCF: t(10) = 1.111, p = 0.292, Fig. 3.8).

An unpaired T-test showed no significant difference in DRs between C57BL6/J and
AppNLGF animals for the entire OIP task (t(21) = 1.655, p = 0.113, Fig. 3.8). To
examine whether genotype and test phase influenced DRs, a two-way ANOVA was
performed on the DRs calculated separately for the first and second halves of the
test. The main effect of genotype was not statistically significant (F(1, 42) = 3.017, p
= 0.090, dsgupgesting Oo.olell significant difference in DRs between
C57BL6/J and AppNtGF mice. The main effect of test phase was not significant (F(1,

42) = 0.263, p =,slggedtihdlthat DRpdid net sighifican@lyadiffer
between the two halves of the test. The interaction effect between genotype and test
phasewas al so not significant (F(1,inddagny = 0. 00

that any effect of the test phase on DRs did not significantly differ between C57BL6/J
and AppNLGF animals during OIP testing.
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Figure 3.8: Discrimination Ratios During the Object  -in-Place Test. The mean Discrimination Ratios (DRs)
during Object-in-Place testing, conducted after a 10-minute delay, in animals aged 22i 23 months. Black bars
represent mean +/- standard error of the mean. Grey dashed line indicates chance (0.5). Non-significant (ns)
results of one sample T-test denoted above data points. a) DRs calculated for the entire 10-minute test. Bracket
indicates results of unpaired T-test. (b) Separate DRs calculated for the first and second phases of the test. The
key indicates animal genotype and sex. C57BL6/J n = 12, AppN-¢F n = 11.

3.4.3.3 Distance Travelled

As with ON testing, the mean total distance travelled during OiP testing was
determined using EthoVision XT13 tracking software. This data exhibited equal
variance ( LpzWEO5) lBuddid nat shewtnormal distribution (Shapiro-Wilk
test p < 0.05). As transformation did not resolve this, a Mann-Whitney U test was
performed to compare the mean distance travelled between C57BL6/J and AppN-GF
animals. The test revealed no significant differences between C57BL6/Js and
AppNLGFs during OIP testing (U = 38, z = -1.73, p = 0.0908, Fig. 3.9).
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Figure 3.9: Distance Travelled During the Object -in-Place Test. The
mean distance travelled during the Object-in-Place task, following a 10-
minute delay, in animals aged 22-23 months. Black bars represent mean
+/- standard error of the mean. Results of Mann-Whitney U test shown
(ns = non-significant). The key indicates animal sex. C57BL6/J n = 12,
AppNLeF n = 11.

3.4.4 Object Location Memory at 5, 9, and 23 Months of
Age

3.4.4.1 Object Contact Times

Since neither C57BL6/J or AppNLGF animals were able to discriminate novel objects
in the OIP task, the OL task was utilised as a simpler, more overt hippocampal-
dependent spatial task in these 221 23-month-old animals (Barker & Warburton,
2011). To detect the emergence of any deficits in OL testing, separate cohorts aged
4-6 and 8-10 months also underwent OL testing, with 12 animals in each group. As
with ON and OIP testing, the animals underwent three 10-minute sample trials, but
with two identical objects positioned in the arena. Ten minutes following the final
sample trial, one of the objects was moved to a previously unoccupied location within
the arena. The total time the animals spent interacting with each object during the
OL task was manually scored using EthoVision XT13. This data exhibited unequal
vari ance ( Lpx<w.85),anlsomeé graps were not normally distributed
(Shapiro-Wilk test p < 0.05), so a logio transformation was performed to remedy this.
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To examine the differences in contact times between C57BL6/J and AppNtGF
animals, a three-way ANOVA was performed. The main effect of object type (the
repositiovedmonvewde 66 anvas digaificant (F(1h 13@) & 20.477,
p <0.001, d p L36)=Agdalso had a significant main effect (F(2, 130) = 10.811, p
<0.001, d p Ll43)=However, the main effect of genotype was not significant
(F(1,130) =1.960, p = 0.164, d p3 0.015). The interaction between genotype and
object type was non-significant (F(1, 130) = 3.248, p=0.074, d p |24)=The® . 0O
interaction between genotype and age was also not significant (F(2,130) = 1.477,p =
0.232,d p3 0.022). Likewise, the interaction between object type and age was not
significant (F(2,130) = 0.803, p = 0.450, d p3 0.012). The three-way interaction
between object type, age, and genotype was also non-significant (F(2,130) = 0.177,
p = 0.838, d p3 0.003). Bonferroni post hoc tests revealed significant differences in
contact times between 221 23-month animals and 4-6 month animals (Mean
Difference = 0.212, SE = 0.047, p < 0.001, 95% CI:[0.0974, 0.327], Fig. 3.10), and
between 22-23 month and 8-10 month animals (Mean Difference = 0.1577, SE =
0.047, p = 0.004, 95% CI:[0.0409, 0.2705], Fig. 3.10).
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Figure 3.10: Object Contact Times During the Object Location Test. The mean interaction times
(in seconds) with the novel and familiar objects during Object Location testing, conducted after a 10-
minute delay, in animals aged 4-6, 8-10, and 22-23 months. The raw (untransformed) data is
presented with the black bars representing the mean +/- standard error of the mean. Results of
Bonferroni post hoc tests from two-way ANOVA are shown (** = p < 0.01, *** = p < 0.001). The key
indicates genotype and sex. Object position is denoted by symbol shape, where circular symbols
indicate the object in the familiar position and triangular symbols indicate the object in the novel
position. C57BL6/J: 4-6m/o n = 12, 8-10m/o n = 12, 22-23m/o n = 12. AppN-CF 4-6m/o n = 12, 8-10m/o
n=12,22-23m/on=11.
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3.4.4.2 Discrimination Ratios

DRs for the entire OL test were calculated using the object contact data, as
described earlier in this thesis. All data exhibited normal distribution (Shapiro-Wilk
test p > 0.05) and equal variance (Levenebos

One sample T-tests were performed to determine whether animals spent significantly
more time interacting with novel objects versus the probability of chance (0.5). The
tests revealed that, for the 4i 6-month animals, both C57BL6/Js and AppNLGFs
preferentially explored the object that had moved, significantly above chance
(C57BL6/J: t(11) = 4.320, p = 0.0014, AppNteF: t(11) = 2.215, p = 0.0488, Fig. 3.11).

In the 81 10-month-old group, C57BL6/Js still preferentially explored the moved

object (t(11) = 2.382, p = 0.0364, Fig. 3.11), however, at this age AppN-GFs could not
significantly discriminate the moved object vs the object in the same position (t(11 )=
1.491, p = 0.164, Fig. 3.11). At 22-23 months, C57BL6/Js were still able to
discriminate the moved objects (t(11) = 4.305, p = 0.0012, Fig. 3.11), but AppNLGFs

still could not (t(10) = 0.6022, p = 0.561, Fig. 3.11). A two-way ANOVA was

performed to compare the DRs of both genotypes at all ages. The ANOVA revealed

a significant main effect of genotype (F(1
main effect of age, however, was not significant (F(2, 65) =1.031,p=0. 362, dp]
0.031). The interaction between genotype and age was not significant (F(2, 65) =

0.218, p = 0.804, dpl] = 0.007).
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Figure 3.11: Discrimination Ratios During the Object Location Test. The mean Discrimination Ratios (DRS)
during Object Location testing, conducted after a 10-minute delay in animals aged 4-6, 8-10, and 22-23 months.
Black bars represent mean +/- standard error of the mean. Grey dashed line indicates chance (0.5). Results of
one sample T-test denoted above data points (ns = non-significant, * = p < 0.05, ** = p < 0.01). The key
indicates animal genotype and sex. C57BL6/J: 4-6m/o n = 12, 8-10m/o n = 12, 22-23m/o n = 12. AppNLCF 4-
6m/on=12,8-10m/on=12, 22-23m/on = 11.



3.4.4.3 Distance Travelled

EthoVision XT13 tracking software was also utilised to automatically record the
distance travelled for all animals during OL testing. This data had equal variance

( LeveneptD.05) mutwas not normally distributed (Shapiro-Wilk test p < 0.05),
so it underwent square root transformation.

A two-way ANOVA was performed to determine the effect of age and genotype on
the distance moved during OL testing. The analysis revealed a significant main effect
of age (F(2, 65) = 6.640, p =0.002, d p ] 0). ¥he Mainleffect of genotype,
however, was not significant (F(1, 65) =0.001,p=0.980, dp | O0=Thé® . 00
interaction between genotype and age was also not significant (F(2, 65) = 2.028, p =
0.140, d p ) 59)=Bortferr@ni post hoc test revealed significant differences in
distance travelled between 22-23 month and 47 6-month animals (Mean Difference =
-11.579, SE = 4.604, p = 0.043, 95% CI:[-22.893, -0.265], Fig. 3.12), and between
22-23 month and 8-10 month animals (Mean Difference = -16.655, SE = 4.604, p =
0.002, 95% CI:[-27.699, -5.341], Fig. 3.12).
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Figure 3.12: Distance Travelled During the Object Location Test. The mean distance travelled
during the Object Location task, following a 10-minute delay, in animals aged 4-6, 8-10, and 22-23
months. Raw (untransformed) data shown with black bars representing the mean +/- standard error
of the mean. Results of Bonferroni post hoc tests from two-way ANOVA are shown (* = p < 0.05, **
=p < 0.01). The key indicates animal genotype and sex. C57BL6/J: 4-6m/o n =12, 8-10m/on = 12,
22-23m/o n = 12. AppN-CF 4-6m/o n = 12, 8-10m/o n = 12, 22-23m/o n = 11.
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3.4.5 T-maze Spontaneous Alternation at5, 9, 13 and 23
Months of Age

3.45.1 Alternation

The 4-6-, 8-10-, and 221 23-month-old groups from object recognition testing, along
with an additional 1 C57BL6/J and 3 AppNtGF mice added to the 22i 23-month-old
group to improve statistical reliability, underwent the T-maze spontaneous alternation
task. Additionally, a 127 14-month-old group (consisting of 12 C57BL6/J and 12
AppNLGF mice) was included to provide an intermediate age point. During the test, the
mice were positioned in the central arm of a T-maze and allowed to freely explore for
10 minutes. The entries into each arm were scored and percentage alternation
calculated (percentage alternation = number of alternations/total number of arm
entries (-2)). The data exhibited normal distribution (Shapiro-Wilk test p > 0.05) and
equal variance (Leveneds test p > 0.05).

To establish whether mice preferentially entered arms of the maze that were least
recently visited, versus the chance of entering a random arm, one sample T-tests
were performed. Percentage alternation significantly above chance (22%) suggests
intact spatial alternation, consistent with functional spatial working memory (Holcomb
et al., 1999; Wolf et al., 2016). One sample T-tests revealed that, at all ages tested,
C57BL6/Js consistently chose alternative arms when navigating the maze (4-6
months: t(11) = 20.10, p < 0.0001, 8-10 months: t(11) = 27.53, p < 0.0001, 12-14
months: t(11) = 12.89, p < 0.0001, 22-23 months: t(12) = 11.88, p < 0.0001, Fig.
3.13). Similarly, AppNLGFs showed above chance alternation at all ages: (4-6 months:
t(11) = 31.66, p < 0.0001, 8-10 months: t(11) = 12.44, p < 0.0001, 12-14 months:
t(11) = 12.24, p < 0.0001, 22-23 months: t(13) = 8.652, p < 0.0001, Fig. 3.13).

To examine the effects of age, genotype, and the interaction of the two factors on
percentage alternation, a two-way ANOVA was performed. The main effect of age
was significant(F ( 3, 90) = 3. 912, )pThemaibefféclof, dp]
genotypewasalsosi gni ficant (F(1, 90) = 7.086,
Furthermore, the interaction between age and genotype was significant (F(3, 90) =
3.677, p = 0. 0Tosnyestigate|the ratue of th® thteraction, simple
main effects analysis was performed. At 4-6 months, there was no significant
difference between performance of C57BL6/J and AppNLeF animals (Mean Difference
=-0.810, SE =2.617, p = 0.758, 95% CI:[-6.009, 4.389], Fig. 3.13). Similarly, at 12-
14 months there was also no significant difference between percentage alternation
between both genotypes (Mean Difference =-0.251, SE = 2.617, p = 0.924, 95%
CI:[-5.450, 4.948], Fig. 3.13). At 8-10 months, there was a significant drop in
performance in AppNLGF animals compared to C57BL6/Js (Mean Difference = -5.308,
SE =2.617, p = 0.045, 95% CI:[-10.507, -0.110]), Fig. 3.13). At 22-23 months,
AppNLGFs animals exhibited a significant reduction in percentage alternation
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compared to their C57BL6/J counterparts (Mean Difference = -9.549, SE = 2.514, p
< 0.001, 95% CI:[-14.543, -4.554], Fig. 3.13).

Within-genotype simple main effects revealed no significant effect of age in

C57BL6/J mice (F(3,90)=165,p=0. 183, dp] = ,adgdifcanteffddto we v er
of age was found in AppNtGF mice (F(3, 90) =5.94, p<0. 0 0 p2,=0.865), indicating

that alternation performance varied across the different age groups. Pairwise

comparisons revealed a significant difference in 22i 23-month-old AppNLGFs

compared to each younger group: (41 6-month-old: Mean Difference =1 10.044, SE =

2.566, p < 0.001, 95% CI:[-16.966, -3.121], 8i 10-month-old: Mean Difference =

17.776, SE = 2.566, p = 0.019, 95% CI:[-14.698, -0.853],12i 14-month-old AppNLGFs

(Mean Difference = -7.644, SE = 2.566, p = 0.022, 95% CI:[-14.567, -0.722]). Every

other pairwise comparison was non-significant (p > 0.05).
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Figure 3.13: Percentage Alternation During the Spontaneous Alternation Test. The mean

percentage of alternation during the spontaneous alternation test, in animals aged 4-6, 8-10, 12-14,
and 22-23 months. Black bars represent the mean +/- standard error of the mean. Grey dashed line
indicates chance (22%). Results of simple main effects analysis from two-way ANOVA are shown
(ns = non-significant, * = p < 0.05, *** = p < 0.001). The key indicates animal genotype and sex.
C57BL6/J: 4-6m/on =12, 8-10m/o n =12, 12-14m/o n = 12, 22-23m/o n = 13. AppMN-CF 4-6m/o n =
12, 8-10m/on =12, 12-14m/o n= 12, 22-23m/o n = 14.
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3.45.2 Arm Entries

To assess whether changes in alternation performance could be attributed to
differences in exploration, the number of arm entries during the spontaneous
alternation task was recorded. This data was non-normally distributed but showed
equal variance, so a square root transformation was applied prior to analysis. A two-
way ANOVA revealed a significant main effect of genotype (F(1, 91) =4.60, p =

0. 035, dp. Jrhere wad aldb 4 Significant main effect of age (F(3, 91) = 3.84,

p = 0.012,). Hdowdver,the §enolyfie age interaction was not significant
F(3, 91) = 1.08, p.PesthocBaretrgni capdrisors stibwed 3 4
that 221 23-month-old mice made fewer arm visits than 41 6-month-old mice (Mean
Difference = - 0.72, SE = 0.266, p = 0.050, 95% CI:[-1.435, -0.001], Fig. 3.14).
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Figure 3.14: Total Arm Entries During the Spontaneous Alternation  Test. The total number of
arm entries of a T maze during the spontaneous alternation test, in animals aged 4-6, 8-10, 12-14,
and 22-23 months. Black bars represent the mean +/- standard error of the mean. Results of
Bonferroni post-hoc test shown (* = p < 0.05). The key indicates animal genotype and sex.
C57BL6/J: 4-6m/on =12, 8-10m/on =12, 12-14m/o n = 12, 22-23m/o n = 13. AppN-GF 4-6m/o n =
12,8-10m/on =12, 12-14m/o n= 12, 22-23m/o n = 14.
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3.4.5.3 Distance Travelled

As with object recognition testing, EthoVision XT13 automatically measured the total
distance travelled by animals during spontaneous alternation testing. This data had
unequal var i an cpe&0.05)andsemea@Es Wweee sdt normally
distributed (Shapiro-Wilk test p < 0.05), so a logio transformation was performed to
remedy this prior to analysis.

A two-way ANOVA was performed to assess the effects of age, genotype, and the
interaction of the two factors on distance moved during spontaneous alternation
testing. The analysis revealed that the main effect of genotype was not significant
(F(1,90) = 0.612, p = 0.436, d p3 0.007). However, the main effect of age was
significant (F(3,90) = 26.145, p < 0.001, d p3 0.466). The interaction between
genotype and age was also significant (F(3, 90) =5.020,p=0.003, dp] )= 0. 143
indicating that the effect of genotype on the distance moved varied across different
age groups. Simple main effects analysis revealed that, at 4-6, 8-10, and 12-14
months, there were no significant differences in distance moved between C57BL6/J
and AppNLGF animals (4-6 months: Mean Difference = 0.020, SE = 0.062, p = 0.751,
95% CI:[-0.103, 0.142], 8-10 months: Mean Difference = -0.024, SE = 0.062, p =
0.700, 95% CI:[-0.146, 0.099], 12-14 months: Mean Difference = -0.110, SE = 0.062,
p =0.079, 95% CI:[-0.232, 0.013], Fig. 3.15). However, at 22-23 months, C57BL6/J
animals travelled significantly further versus AppNLGF animals (Mean Difference =
0.209, SE =0.059, p <0.001, 95% CI:[0.092, 0.327], Fig. 3.15).

Within-genotype simple main effects revealed a significant effect of age on C57BL6/J

mice( F(3, 90) = 6.97, .farwiseCompadlisons redegal¢dthat 0. 18 9)
the youngest C57BL6/J group (4-6 months old) travelled significantly further than the

oldest C57BL6/J group (227 23-month-old) (Mean Difference = 0.268, SE = 0.061, p

< 0.001, 95% CI:[0.105, 0.432]). Within-genotype simple main effects also revealed a

significant effect of age on AppM-GF mice, F( 3, 90) = 24.19, p < 0.0
Pairwise comparisons revealed that 22-23-month-old AppNtGFs travelled significantly

less distance than each younger AppNLGF group (4-6 months: Mean Difference = -

0.458, SE = 0.061, p <0.001, 95% CI:[-0.621, -0.295], 8i 10-months: Mean

Difference = -0.378, SE = 0.061, p < 0.001, 95% CI:[-0.541, -0.215]), 12i 14-months:

Mean Difference = -0.398, SE = 0.061, p < 0.001, 95% CI:[-0.562, -0.235]). No other
comparisons were significant within the C57BL6/J or AppNLGF groups.
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Figure 3.15: Distance Travelled During the Spontaneous Alternation Test. The mean

distance travelled during the spontaneous alternation test, in animals aged 4-6, 8-10, 12-14, and
22-23 months. Raw (untransformed) data presented with black bars representing the mean +/-
the standard error of the mean. Results of simple main effects analysis from two-way ANOVA
are shown (ns = non-significant, *** = p < 0.001). The key depicts genotype and sex. C57BL6/J:
4-6m/on=12,8-10m/on =12, 12-14m/o n =12, 22-23m/o n = 13. AppN¢F 4-6m/o n = 12, 8-
10m/on =12, 12-14m/o n= 12, 22-23m/o n = 14.

3.4.6 Open Field at5, 9, 15 and 23 Months of Age

3.4.6.1 Inner Zone Ratio

OF testing was conducted on the 4-6-, 8-10-, and 227 23-month-old groups as part of
the habituation protocol for object recognition testing. An additional 147 16-month-old
group also underwent OF testing as part of the habituation protocol from the c-Fos
experiment presented in Chapter 4 of this thesis. Each group consisted of 12
C57BL6/Js and 12 AppNLGFs, For the 221 23-month group that received more than
one OF habituation session (as they experienced ON, OiP, and OL testing), the
ani mal exposufeitorthe OF was used for analysis.
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For each OF test, the mouse was placed in the centre of a square arena (see Fig.
2.1a in the General Methods chapter) and allowed to freely explore for 10 minutes
whilst recorded from above. EthoVision XT13 was then used to determine the time
the animal spent exploring the central zone of the arena, versus the perimeter (Fig.
2.3). An inner zone ratio (IZR) was then calculated (time spent in the inner zone of
arena/total time in the arena (s)). Exposure to an empty arena provides a valuable
method to examine anxiety-related behaviour, as significantly lower IZR is indicative
of an anxiogenic phenotype that overrides their natural exploratory behaviour (Prut &
Belzung, 2003; Seibenhener & Wooten, 2015). This dataset was not normally
distributed (Shapiro-Wilk test p < 0.05) and had unequal variance ( Lev e nepés t est
0.05), so it was transformed by logio transformation, which rendered the data
suitable for parametric analysis.

To examine the effect of genotype and age on IZR, a two-way ANOVA was
conducted. The ANOVA revealed a significant main effect of genotype (F(1, 88) =
4.247,p =0.042, d p3 0.046), and a significant main effect of age (F(3, 88) = 4.980,
p =0.003, d p3 0.145). The interaction between genotype and age was also
significant (F(3, 88) = 3.685, p = 0.015, d p3 0.112). To explore this interaction,
simple main effects analysis was performed. At 4-6, 8-10, and 14-16 months, there
were no significant differences in IZR between C57BL6/Js and AppNLCGFs (4-6
months: Mean Difference = 0.079, SE = 0.061, p = 0.200, 95% CI:[-0.043, 0.201], 8-
10 months: Mean Difference = 0.055, SE = 0.061, p = 0.372, 95% CI:[-0.067, 0.177],
14-16 months: Mean Difference = -0.084, SE = 0.061, p = 0.173, 95% CI:[-0.206,
0.038], Fig. 3.16). However, at 22-23 months, AppNLGFs displayed significantly lower
IZR than C57BL6/Js (Mean Difference = -0.203, SE = 0.061, p = 0.001, 95% CI:[-
0.324, -0.081], Fig. 3.16).

Within-genotype simple main effects revealed a non-significant effect of age on

cs57BL6/J mice (F(3, 88) = 2.39, p = 0.074, d
significant effect of age on AppMSFmi ce (F(3, 88) = 6.27, p < O
Pairwise comparisons revealed that 147 16-month AppNtGFs had significantly higher

IZR than 87 10-month AppNtGFs (Mean Difference = 0.195, SE = 0.061, p = 0.012,

95% CI: [0.030, 0.361]), 221 23-month AppN-GFs (Mean Difference = 0.211, SE =

0.061, p = 0.005, 95% CI: [0.046, 0.376]) and 41 6-month-olds (Mean Difference =

0.236, SE = 0.061, p = 0.001, 95% CI: [0.071, 0.401]). No other significant

comparisons were detected.
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Figure 3.16: Inner Zone Ratios During the Open Field Test. The mean Inner Zone Ratios
during the Open Field task, in animals aged 4-6, 8-10, 14-16, and 22-23 months. The raw
(untransformed) data is presented with black bars representing the mean +/- the standard error of
the mean (SEM). Results of simple main effects analysis from two-way ANOVA are shown (ns =
non-significant, *** = p < 0.001). The key indicates genotype and sex. Each age group consisted of
12 C57BL6/Js and 12 AppNLGFs,

3.4.6.2 Distance Travelled

As with object recognition testing, the distance travelled by each animal during OF
testing was recorded using EthoVision XT13, to determine whether any differences
in IZR could be accounted for by differences in locomotion. This data exhibited equal
vari ance ( Lpe\0.69 lmubwas notexarally distributed (Shapiro-Wilk test
p < 0.05), so logio transformation was applied prior to statistical analysis.

To determine the effect of age and genotype on distance travelled, a two-way
ANOVA was then performed. The test revealed no significant main effect of
genotype (F(1, 88) =1.484, p =0.226, d p3 0.017), however there was a significant
main effect of age (F(3, 88) = 10.988, p < 0.001, d p3 0.273). The interaction
between genotype and age was not significant (F(3, 88) = 1.806, p =0.152,d p3
0.058). Bonferroni post hoc tests showed significant differences between 22-23
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month animals and all three younger groups (4-6 month: (Mean Difference = -0.115,
SE =0.0347, p = 0.008, 95% CI:[-0.2083, -0.0212], 8-10 month: (Mean Difference = -
0.132, SE =0.0347, p = 0.002, 95% CI:[-0.225, -0.0384]), 14-16 month: (Mean
Difference = -0.195, SE = 0.0347, p < 0.001, 95% CI:[-0.288, -0.101], Fig. 3.17).
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Figure 3.17: Distance Travelled During the  Open Field Test. The mean distance travelled
during the Open Field test, in animals aged 4-6, 8-10, 14-16, and 22-23 months. Raw
(untransformed) data presented with black bars representing the mean +/- the standard error of
the mean. Results of Bonferroni post hoc tests from two-way ANOVA are shown (** = p < 0.01,
*** = p < 0.001). The key indicates genotype and sex. Each age group consisted of 12
C57BL6/Js and 12 AppNLGFs,
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3.4.7 Elevated Plus Maze at5, 9, 13, and 23 Months of Age
3.4.7.1 Open Arm Duration

EPM testing was carried out on the 4-6-, 8-10-, and 22-23-month-old animals that
underwent object recognition and spontaneous alternation testing, as well as the 12-
14 month group that also underwent spontaneous alternation testing. The 4-6, 8-10,
and 12-14 month groups each consisted of 12 C57BL6/J and 12 AppN-SF mice, while
the 22-23 month group included 13 C57BL6/J and 14 AppNtGF mice. For each group,
EPM testing was conducted at least two weeks after other behavioral tests. During
the EPM test, the animal was positioned in the central zone of a plus shaped maze,
elevated from the ground (see Fig. 2.1c in General Methods). Each animal was
allowed to freely explore the arena for 10 minutes whilst recorded from an overhead
camera. EthoVision XT13 was used to determine the duration each animal spent in
the open arms of the maze. This data exhibited normal distribution (Shapiro-Wilk test
p> 0.05) and equal vero0®.nce (Leveneods test

A two-way ANOVA was performed to examine the effect of genotype and age on
open arm time. This revealed a significant main effect of genotype (F(1, 91) =
162.989, p < 0.001, d p3 0.642), and age (F(3,91) =12.168,p<0.001,d p3
0.286), and the genotype*age interaction was also significant (F(3, 91) = 7.148, p <
0.001, d p3 0.191). Simple main effects analysis was performed to examine this
interaction. Pairwise comparisons revealed that, for each age group tested, AppN-GF
mice spent significantly more time in the open arms of the maze compared to age-
matched C57BL6/Js (4-6 months: Mean Difference = 81.227, SE = 18.760, p <
0.001, 95% CI:[43.962, 118.493], 8-10 months: Mean Difference = 107.581, SE =
18.760, p < 0.001, 95% CI:[70.316, 144.847], 12-14 months: Mean Difference =
191.166, SE = 18.760, p < 0.001, 95% CI:[153.901, 228.431], 22-23 months: Mean
Difference = 92.416, SE = 17.700, p < 0.001, 95% CI:[57.258, 127.574], Fig. 3.18).

Within-genotype simple main effects revealed a significant effect of age on C57BL6/J
mice (F(3,91)=6.354,p< 0. 001, d Pajrwise compaflisdn3 jevealed that
8-10-month-old C57BL6/Js spent significantly longer in the open arms compared to
every other group (4-6 months: (Mean Difference = 62.12, SE = 18.76, p = 0.008,
95% CI:[11.522, 112.721], 12-14 months (Mean Difference = 77.06, SE = 18.76, p <
0.001, 95% CI:[26.455, 127.655], 22-23 months: (Mean Difference = 50.637, SE =
18.34, p = 0.043, 95% CI:[1.020, 100.254]). Within-genotype simple main effects
also revealed a significant effect of age on AppNtGF mice (F(3, 91) = 13.025, p <

0. 001, d p Pairwise @ompBadisorns revealed that the 8-10- and 12-14-month
groups spent significantly longer in the open arms compared to the 4-6 month group
(8-10 months: Mean Difference = 88.48, SE = 18.76, p < 0.001, 95% CI:[37.876,
139.075], 12-14 months: (Mean Difference = 95.005, SE = 18.76, p < 0.001, 95%
Cl:[44.405, 145.605]). Both 4-6- and 8i 10-month-old AppNLGFs also spent
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significantly longer in the open arms compared to the 227 23-month group (4-6
months: Mean Difference = 65.802, SE = 18.08, p = 0.003, 95% CI:[-17.043,
114.561], 8-10 months: Mean Difference = 72.33, SE = 18.08, p < 0.001, 95%
Cl:[23.57, 121.090]). No other significant comparisons were observed.
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Figure 3.18: Open Arm Duration During the Elevated Plus Maze  Test. The mean
duration spent in the open arms of the Elevated Plus Maze (in seconds), in animals aged 4-
6, 8-10, 12-14, and 22-23 months. Black bars represent the mean +/- the standard error of
the mean (SEM). The results of simple main effects analysis from two-way ANOVA are
shown (*** = p < 0.001). The key indicates animal genotype and sex. C57BL6/Js: 4-6m/o n
=12,8-10m/on =12, 12-14m/o n = 12, 22-23m/o n = 13. AppNtGFs: 4-6m/o n = 12, 8-10m/o
n=12,12-14m/on =12, 22-23m/o n = 14.

3.4.7.2 Closed Arm Duration

EthoVision XT13 was also used to determine the duration each animal spent in the
closed arms of the EPM. This data also exhibited normal distribution (Shapiro-Wilk
testp> 0. 05) and equal ve>roi0gd.nce (Leveneds test
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A two-way ANOVA was performed to examine the effect of genotype and age on the
mean total time spent in the closed arms. This analysis also revealed significant
main effects of genotype (F(1, 91) = 111.965, p < 0.001, d p3 0.552), age (F(3, 91)
= 8.865, p <0.001, d p3 0.226), and a significant interaction between the two factors
(F(3,91) =5.950, p <0.001, d p30.164). Simple main effects analysis revealed
that, at all ages tested, AppNLGFs spent significantly less time in the closed arm
compared to age matched C57BL6/Js (4-6 months: Mean Difference = -91.070, SE =
19.726, p < 0.001, 95% CI:[-130.253, -51.887], 8-10 months: Mean Difference = -
64.952, SE = 19.726, p = 0.001, 95% CI:[-104.135, -25.768], 12-14 months: Mean
Difference = -172.962, SE = 19.726, p < 0.001, 95% CI:[-212.145, -133.779], 22-23
months: Mean Difference = -82.697, SE = 18.611, p < 0.001, 95% CI:[-119.665, -
45.730], Fig. 3.19).

Within-genotype simple main effects revealed a significant effect of age on C57BL6/J
mice (F(3, 91) = 9. 81 Pairwige compaisords Oetealeddhat|
8-10-month-old C57BL6/Js spent significantly less time in the closed arms compared
to each other C57BL6/J group tested (4-6 months: Mean Difference = -76.871, SE =
19.726, p = 0.001, 95% CI:[-130.075, -23.667], 12-14 months: Mean Difference = -
102.353, SE = 19.726, p < 0.001, 95% CI:[-155.557, -49.149], 22-23 months: Mean
Difference = -67.562, SE = 19.343, p = 0.004, 95% CI:[-119.733, -15.391]). Similarly,
within-genotype simple main effects revealed a significant effect of age on AppN-GF
mice (F(3, 91) = 5. 04 ®airwige compadisords@e8ealeddhat|
the 12-14 month AppNtGF group spent significantly less time in the closed arms
compared to the 4-6 month and 22-23 month AppNtGF groups (4-6 months: Mean
Difference = -56.410, SE = 19.726, p = 0.032, 95% CI:[-109.614, -3.206], 22-23
months: Mean Difference = -55.474, SE = 19.008, p = 0.027, 95% CI:[-106.742, -
4.205]). All other pairwise comparisons within each genotype were non-significant (p
> 0.05).
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Figure 3.19: Closed Arm Duration During the Elevated Plus Maze Test. The mean duration
spent in the closed arms of the Elevated Plus Maze (in seconds), in animals aged 4-6, 8-10,
12-14, and 22-23 months. Black bars represent the mean +/- the standard error of the mean
(SEM). The results of simple main effects analysis from two-way ANOVA are shown (*** = p <
0.001). The key indicates animal genotype and sex. C57BL6/Js: 4-6m/o n =12, 8-10m/o n =
12, 12-14m/o n = 12, 22-23m/o n = 13. AppNLeFs: 4-6m/o n =12, 8-10m/o n = 12, 12-14m/o n =
12, 22-23m/o n = 14.

3.4.7.3 Open Arm Ratio

An Open Arm Ratio (OAR) for each animal was then calculated by divding the total

time spent in open arm by the total time in the maze. Increased OAR is generally

described as an anxiolytic or disinhibitory phenotype (Chung & Cummings, 2000;

Lister, 1987; Pentkowski et al., 2021). OAR data exhibited normal distribution
(Shapiro-Wilktestp> 0. 05) and equal vmeroi0.nce (Levened

To examine the effect of genotype and age on OAR, a two-way ANOVA was
performed. This test showed significant main effects of genotype (F(1, 91) =
162.683, p < 0.001, d p3 0.641) and age (F(3, 91) =12.172, p <0.001, d p3 0.286).
The interaction between genotype and age was also significant (F(3, 91) =7.113, p <
0.001, d p3 0.190). To examine this interaction, simple main effects analysis was
performed. Pairwise comparisons showed that, at 4-6 months, AppN-GF mice
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exhibited significantly higher OAR compared to C57BL6/J controls (Mean Difference
=0.136, SE = 0.031, p < 0.001, 95% CI:[0.074, 0.198], Fig. 3.20). Similarly, AppN-GF
mice at 8-10 months had a significantly higher OAR than C57BL6/J mice (Mean
Difference = 0.179, SE = 0.031, p < 0.001, 95% CI:[0.117, 0.241], Fig. 3.20). At 12-
14 months, AppNtSF mice also exhibited significantly higher OAR than C57BL6/Js
(Mean Difference = 0.319, SE = 0.031, p < 0.001, 95% CI:[0.256, 0.381], Fig. 3.20).
At the maximum age tested, 22-23 months, AppNLGFs again showed significantly
higher OAR compared to C57BL6/Js (Mean Difference = 0.154, SE = 0.030, p <
0.001, 95% CI:[0.095, 0.213], Fig. 3.20).

Within-genotype simple main effects revealed a significant effect of age on C57BL6/J
mice (F(3,91)=6.352,p< 0. 001, d Pairwise compafisdn3 jevealed that
8-10-month-old C57BL6/Js exhibited significantly higher OAR than every other
C57BL6/J group (4-6 months: Mean Difference = 0.104, SE = 0.031, p = 0.008, 95%
Cl:[0.020, 0.188], 12-14 months: Mean Difference = 0.128, SE = 0.031, p < 0.001,
95% CI:[0.044, 0.213], 22-23 months: Mean Difference = 0.084, SE =0.031, p =
0.043, 95% CI:[0.002, 0.167]). Similarly, within-genotype simple main effects
revealed a significant effect of age on AppNtGF mice (F(3, 91) = 12.996, p < 0.001,
dp] = Bain8ige 6omparisons revealed that 8-10 month and 12-14-month-old
AppNLGFs exhibited significantly higher OAR than the 4-6 month AppNtGF group (8-10
months: Mean Difference = 0.148, SE = 0.031, p < 0.001, 95% CI:[0.063, 0.232], 12-
14 months: Mean Difference = 0.158, SE = 0.031, p < 0.001, 95% CI:[0.074, 0.243]).
The 8-10 and 12-14 month groups also exhibited significantly higher OAR than the
22-23 month group (8-10 months: Mean Difference = 0.110, SE = 0.030, p = 0.003,
95% CI:[0.028, 0.191], 12-14 months: Mean Difference = 0.121, SE = 0.030, p <
0.001, 95% CI:[0.039, 0.202]). No other significant comparisons were observed.
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Figure 3.20: Open Arm Ratios During the Elevated Plus Maze Test. The mean Open Arm
Ratios during the Elevated Plus Maze test, in animals aged 4-6, 8-10, 12-14, and 22-23 months.
Black bars represent the mean +/- the standard error of the mean. The results of simple main
effects analysis from two-way ANOVA are shown (*** = p < 0.001). The key indicates genotype
and sex. C57BL6/Js: 4-6m/on =12, 8-10m/on =12, 12-14m/on =12, 22-23m/o n = 13.
AppNLCeFs: 4-6m/o n =12, 8-10m/o n = 12, 12-14m/o n = 12, 22-23m/o n = 14.

3.4.7.4 Open Arm Entr ies

The number of times the animal entered the open arm during EPM testing was also
recorded as an additional measure of anxiety-like behaviour. This data exhibited
normal distribution (Shapiro-Wilktestp> 0. 05) and equal vmriance

0.05).

A two-way ANOVA was performed to examine the effect of age and genotype on the
number of open arm entries during EPM testing. The test revealed non-significant
main effects of age (F(3, 91) = 2.152, p = 0.099, d p3 0.066), and a significant main
effect of genotype (F(1, 91) = 94.021, p < 0.001, d p3 0.508). The age*genotype
interaction was also significant (F(3, 91) = 2.959, p = 0.036, d p3 0.089). Simple
main effects analysis showed that, at every age tested, AppN-GFs displayed
significantly more open arm entries during EPM testing compared to C57BL6/Js (4-6
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months: Mean Difference = 7.750, SE = 1.8801, p < 0.001, 95% CI:[4.015, 11.485],
8-10 months: Mean Difference = 8.083, SE = 1.8801, p < 0.001, 95% CI:[4.348,
11.818], 12-14 months: Mean Difference = 13.667, SE = 1.880, p < 0.001, 95%
Cl:[9.932, 17.402], 22-23 months: Mean Difference = 6.463, SE = 1.7741, p < 0.001,
95% CI:[2.938, 0.985], Fig. 3.21).

Although the two-way ANOVA did not reveal a significant main effect of age across
both genotypes, the significant interaction suggests that the effect of age on open
arm visits differed between genotypes. Within-genotype simple main effects revealed

no significant effect of age on C57BL6/Jmi ce ( F( 3, 91) = 1.600,

0.050). However, there was a significant effect of age on AppN-GF mice (F(3, 91) =
3.549, p = 0. 0RaBwise chmparisens r@veded Hhat mice at 12-14
months entered the open arms significantly more times than 22i 23-month AppN-GF
animals (Mean Difference = 5.083, SE = 1.812, p = 0.006, 95% CI:[1.484, 8.683]).
No other significant comparisons were observed.
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Figure 3.21: Open Arm Entries During the Elevated Plus Maze Test. = The mean number of
entries into the open arms during the Elevated Plus Maze test, in animals aged 4-6, 8-10, 12-

14, and 22-23 months. Black bars represent the mean +/- the standard error of the mean. The
results of simple main effects analysis from two-way ANOVA are shown (*** = p < 0.001). The
key indicates genotype and sex. C57BL6/Js: 4-6m/on =12, 8-10m/on =12, 12-14m/on = 12,
22-23m/o n = 13. AppNtGFs: 4-6m/o n =12, 8-10m/o n =12, 12-14m/o n = 12, 22-23m/o n = 14,
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3.4.75 Closed Arm Entr ies

The number of times the animal entered the closed arm during EPM testing was also
recorded. This data also exhibited normal distribution (Shapiro-Wilk test p > 0.05)
and equal variance ( L e v e n ep6-9.05).e s t

A two-way ANOVA was performed to determine the effect of genotype and age on
the number of closed arm visits during EPM testing. This analysis revealed
significant main effects of genotype (F(1, 91) = 4.433, p = 0.038, d p3 0.046). The
main effect of age was also significant (F(3, 91) = 4.210, p =0.08, d p3 0.122).
However, the interaction between the two factors was not significant (F(3, 91) =
0.437,p=0.727, d p3 0.014). Bonferroni post hoc testing revealed a significant
difference between the number of closed arm visits of animals at 4-6 months versus
12-14 months (Mean Difference = 4.667, SE = 1.615, p = 0.029, 95% CI:[0.310,
9.024], Fig. 3.22).

*
5047 —
1 e C57BL6/J
8 40- ? AppNLGF
5 e .
W 30+ ? % o % Male
£ : P
[~ =+ + o Female
%20—29- ’..5"?%%@ ,
@
(o] _ ]
o 10
0 | | | ] | | | |
S &2 2 2
S & & 3J
(8) o o) OQ
< & & &
v R,
% QY (c\y

Figure 3.22: Closed Arm Entries During the Elevated Plus Maze Test.  The mean number of
entries into the closed arms during the Elevated Plus Maze test, in animals aged 4-6, 8-10, 12-14,
and 22-23 months. Black bars represent the mean +/- the standard error of the mean. Significant
result of Bonferroni post hoc tests from two-way ANOVA is shown (* = p < 0.05). The key
indicates genotype and sex. C57BL6/Js: 4-6m/on =12, 8-10m/on =12, 12-14m/on =12, 22-
23m/o n = 13. AppNLeFs: 4-6m/o n = 12, 8-10m/o n = 12, 12-14m/o n = 12, 22-23m/o n = 14.
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3.4.7.6  Head Dipping

For each EPM test, the time the animal spent head dipping was manually scored

using EthoVision XT13. A Ohead di pb6 was defined as the
from an open arm of the maze, whilst its paws remained within the arm. Increased

duration of head dipping indicates increased risk assessment suggestive of

anxiogenic behaviour (File & Wardill, 1975; Rodgers, Perrault, Sanger, et al., 1997;

Setem et al., 1999; Walf & Frye, 2007). This data was not normally distributed
(Shapiro-Wilktestp< 0. 05) and had unequalp<0@)i ances (
Therefore, it underwent square root transformation prior to statistical analysis.

A two-way ANOVA was performed to assess the effect of genotype and age on the
time spent head dipping during EPM testing. The main effect of genotype was
significant (F(1, 91) = 25.600, p < 0.001, d p3 0.220). The main effect of age was
also significant (F(3, 91) = 10.354, p < 0.001, d p3 0.254). However, the interaction
between age and genotype was not significant (F(3, 91) = 2.382, p =0.075,d p3
0.073). Bonferroni post hoc tests revealed significant differences in head dipping
between 4-6- and 12-14-month animals (Mean Difference = 1.0065, SE = 0.351, p =
0.031, 95% CI:[0.0598, 1.953], Fig. 3.23), and between 8-10- and 12-14-month
animals (Mean Difference = 1.634, SE = 0.351, p < 0.001, 95% CI:[0.687, 2.5802],
Fig. 3.23). There were also significant differences between 4-6- and 22-23-month
animals (Mean Difference = 0.946, SE = 0.341, p = 0.040, 95% CI:[0.0260, 1.8661],
Fig.3.23), and 8-10- and 22-23-month animals (Mean Difference = 1.573, SE =
0.341, p <0.001, 95% CI:[0.6529, 2.4930], Fig. 3.23).
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Figure 3.23: Head Dipping During the Elevated Plus Maze Test. = The mean duration
spent head dipping during the Elevated Plus Maze test, in animals aged 4-6, 8-10, 12-14,
and 22-23 months. Raw (untransformed) data presented with black bars representing the
mean +/- the standard error of the mean. Results of Bonferroni post hoc tests from two-way
ANOVA are shown (* = p < 0.05, *** = p < 0.001). The key indicates genotype and sex.
C57BL6/Js: 4-6m/o n =12, 8-10m/o n = 12, 12-14m/o n = 12, 22-23m/o n = 13. AppNLCFs; 4-
6m/on=12,8-10m/on =12, 12-14m/o n = 12, 22-23m/o n = 14,

3.4.7.7 Stretch Attend Postures

In addition to head dips, the time the animal spent in the stretch attend posture (i.e.,
stretching into an open arm, with its hind legs remaining in a closed arm or within the
central junction of the maze) was also manually scored using EthoVision XT13. As
with head dipping, increased duration of stretching into open arms is cited as an
anxiogenic behavioural phenotype (Cole & Rodgers, 1994; Rodgers, 1999; Rodgers,
Perrault, Sanger, et al., 1997; Setem et al., 1999; Walf & Frye, 2007). This data
exhibited equal v apr>i0.85), out it Wad ntwnermaflydistribtiteds t
(Shapiro-Wilk test p < 0.05). It therefore underwent logio transformation prior to
analysis.
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A two-way ANOVA was performed to analyse the effect of age and genotype on the
stretch attend duration during EPM testing. The test revealed significant main effects
of age (F(3, 91) = 10.233, p < 0.001, d p3 0.252), and genotype (F(1, 91) = 17.971,
p <0.001, d p+# 0.165). The age*genotype interaction, however, was not significant
(F(3,91)=1.212, p = 0.310, d p3 0.038). Bonferroni post hoc tests revealed
significant differences between 4-6 and 12-14 months (Mean Difference = 0.193, SE
=0.054, p = 0.003, 95% CI:[0.0473, 0.3386], Fig. 3.24). There was also a significant
difference between 4-6 and 22-23 (Mean Difference = 0.282, SE = 0.525, p < 0.001,
95% CI:[0.1402, 0.4234], Fig. 3.24), and between 8-10- and 22-23-month animals
(Mean Difference = 0.1806, SE = 0.525, p = 0.005, 95% CI:[0.0390, 0.3222], Fig.
3.24).
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Figure 3.24: Stretching During the Elevated Plus Maze Test. The mean duration spent in the
stretch attend posture during the Elevated Plus Maze test, in animals aged 4-6, 8-10, 12-14, and
22-23 months. Raw (untransformed) data presented with black bars representing the mean +/-
the standard error of the mean. Results of Bonferroni post hoc tests from two-way ANOVA are
shown (** = p < 0.01, *** = p <0.001). The key indicates genotype and sex. C57BL6/Js: 4-6m/o
n=12,8-10m/on =12, 12-14m/o n =12, 22-23m/o n = 13 AppN-¢Fs: 4-6m/o n = 12, 8-10m/o n
=12, 12-14m/on = 12, 22-23m/o n = 14.
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3.4.7.8 Distance Travelled

During the EPM test, the total distance travelled by each animal was automatically
recorded using EthoVision XT13. Thi s dat aset exhibited uneqtl
test p < 0.05) and was not normally distributed (Shapiro-Wilk test p < 0.05), so it

underwent square root transformation prior to statistical analysis.

A two-way ANOVA was performed to investigate the effect of genotype and age on
the distance travelled during EPM testing. The main effect of genotype was not
significant (F(1, 91) = 0.17, p = 0.896, d p 3 0.000), but the main effect of age was
significant (F(3, 91) = 2.888, p = 0.040, d p3 0.087). The genotype*age interaction
was also significant (F(3, 91) = 3.327, p = 0.023, d p3 0.099). To investigate this
significant interaction, simple main effects analysis was performed. The analysis
revealed that at 4-6, 8-10, and 22-23 months, there was no significant difference in
the distance travelled between C57BL6/J and AppNLtCF animals (4-6 months: Mean
Difference = 4.461, SE = 3.984, p = 0.266, 95% CI:[-3.453, 12.375], 8-10 months:
Mean Difference = -3.611, SE = 3.984, p = 0.367, 95% CI:[-11.525, 4.303], 22-23
months: Mean Difference = 6.745, SE = 3.759, p = 0.076, 95% CI:[-0.722, 14.211],
Fig. 3.25). However, at 12-14 months, AppNtGF animals travelled significantly further
than C57BL6/J animals (Mean Difference = 8.625, SE = 3.984, p = 0.033, 95%
Cl:[0.711, 16.538], Fig. 3.25).

Within-genotype simple main effects revealed a non-significant effect of age on

cs57BL6/Jmi ce (F(3, 91) = 1. 82 #Howevyer,there@vash4 8, dp|
significant effect of age on AppN‘Fmi ce (F(3, 91) = 4.491, p =
Pairwise comparisons revealed that the 8-10- and 121 14-month-old AppNLGFs

travelled significantly further than 227 23-month AppNtGFs during EPM testing (8-10

months: Mean Difference = 12.499, SE = 3.839, p = 0.010, 95% CI:[-2.144, 22.854],

12-14 months: Mean Difference = 11.541, SE = 3.839, p = 0.021, 95% CI:[1.186,

21.896]). No other significant comparisons were observed.
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Figure 3.25: Distance Travelled During the Elevated Plus Maze Test. The mean distance
travelled during the Elevated Plus Maze test, in animals aged 4-6, 8-10, 12-14, and 22-23
months. Raw (untransformed) data presented with black bars representing the mean +/- the
standard error of the mean. Results of simple main effects analysis from two-way ANOVA are
shown (ns = non-significant, * = p < 0.05). The key indicates genotype and sex. C57BL6/Js: 4-
6m/on=12,8-10m/on =12, 12-14m/o n = 12, 22-23m/o n = 13. AppNtGFs: 4-6m/o n = 12, 8-
10m/on=12,12-14m/o n = 12, 22-23m/o n = 14.
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3.5 Discussion

3.5.1 Assessment of Memory
3.5.1.1 Overview

The experiments in this chapter aimed to provide a comprehensive assessment of
memory processes and anxiety-like behaviour in AppNtGF and C57BL6/J mice across
a developmental age range. Memory testing began with a series of object
recognition tests, consisting of the Object Novelty (ON), Object-in-Place (OiP), and
Object Location (OL) tasks. Together, these tests examinedt he fAwhat 6, and fAw
and associative aspects of object recognition memory, providing insights into the
impact of age and presumed progressive A bdeposition on the medial temporal lobe
and cortical regions of the brain that are critical for object memory (Barker &
Warburton, 2011). In addition to recognition memory, the spontaneous alternation
test was also carried out to assess spatial working memory, a process also strongly
dependent on hippocampal integrity (Deacon & Rawlins, 2006).

3.5.1.2 Object Novelty

Object recognition experiments begun with testing the most maximally aged animals
available (22-23 months). These animals underwent ON and OIP tests in a
counterbalanced order. When examining object interaction times during ON testing,
both C57BL6/J and AppNLGFs had a greater tendency to explore the novel objects
compared to the familiar objects. Unexpectedly, AppNLGFs showed significantly
greater contact with the novel object compared to C57BL6/Js. This could not be
accounted for by any overt locomotive differences between the genotypes as there
was no significant difference in the distance travelled between both genotypes during
ON testing. Therefore, it may be hypothesised that the increased exploration of the
novel objects by AppN-GF mice could be explained by mutant APP-induced enhanced
curiosity or novelty-seeking behaviour.

Whilst the contact time data provides an initial overview of exploratory behaviour
during the ON test, Discrimination Ratios (DRs) provide a measure of the relative
preference for the novel object whilst controlling for overall exploration levels.
Analysis of DRs revealed that both C57BL6/J and AppNLGF demonstrated a
significant preference for the novel objects, spending significantly more time
exploring them than would be expected by chance. Discrimination remained
significant even after applying the Bonferroni-adjusted threshold (adjusted U =
0.025). These findings indicate that both C57BL6/Js and AppNLGFs were able to
successfully discriminate the novel from the familiar objects. Importantly, there was
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no significant difference in discrimination performance between the two genotypes,
indicating that novelty recognition memory was preserved in the AppN-GF mice. To
assess whether there were any temporal changes in object discrimination that may
be explained by habituation or fatigue effects, overall DR data was divided into
separate DRs for the first and second halves of the test. Analysis of the split data
revealed that the DRs remained consistent across both genotypes throughout the
test, indicating that there was no significant decline in performance over time.
Furthermore, discrimination relative to chance remained significant for each
genotype during both halves of the test, even after applying the Bonferroni-adjusted
threshold (adjusted U = 0.0125), indicating
the session.

Overall, data from the ON experiment indicates that in aged AppN-GF mice, encoding
of object information and reaction to novelty is intact. Lesion studies, notably work by
Barker and Warburton, have implicated a network involving the PRh, HPC, and PFC
in tasks probing various aspects of object recognition memory (Barker et al., 2007,
Barker & Warburton, 2011; Warburton & Brown, 2015). Studies have suggested a
specific role of the PRh in the visual detection of novel objects from recently
observed stimuli in the ON task (Aggleton et al., 2010; Barker & Warburton, 2011;
Brown & Aggleton, 2001; Bussey et al., 1999; Ennaceur et al., 1996; Mumby & Pinel,
1994; Norman & Eacott, 2004). Whilst the results from this thesis do not directly
confirm the integrity of the PRh in the AppNtGF model, the findings suggest that this
region of the network, to the scope of the ON test, remains functionally intact,
despite reported Ab deposition in the AppNtGF PRh (Mehla et al., 2022). This initial
finding is important as it demonstrates that vision and novelty-induced exploratory
activity likely remain intact in these animals, even at the extremely advanced age of
22-23 months. Since the ON task assesses object recognition without requiring
spatial memory, intact performance in the task allows the dissociation of potential
deficits in spatial-based memory tasks, i.e., any potential deficits discovered during
the OIP task can be attributed to deficits in integrating object identity with spatial
information, rather than a failure to encode the object identity.

In object recognition tests, the delay period is important as it determines whether
short or long-term memory processes are engaged, which may be affected
differently in the AppNLSF model. Both short and long-term object familiarity memory
in the ON test requires intact AMPAR activity in the PRh (Winters & Bussey, 2005).
When retention delays exceed 1 hour, blocking NMDARs in the PRh, mPFC and
HPC has produced deficits in ON memory (Baker & Kim, 2002; Barker et al., 2006;
Warburton et al., 2013; Winters & Bussey, 2005). However, it has been reported that
some deficits observed after long retention intervals could reflect alterations in the
ani mal 6s drug state affecting retrieval or
encoding of long-term memory (Chan et al., 2019). Moreover, inactivation studies
have indicated a role of the anterior RSC and its interaction with the PRh, mPFC,
medial EC, and anteromedial thalamic nuclei in the long-term consolidation of novel
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object recognition memory (de Landeta et al., 2020; de Landeta et al., 2021). In
contrast, short-term familiarity discrimination appears dependent on kainite
receptors, another class of ionotropic glutamate receptors, as well as muscarinic and
nicotinic receptors in the PRh (Barker et al., 2006; Tinsley et al., 2011). In this thesis,
10-minute delay periods were used for all object recognition tasks, likely engaging
short-term memory processes. While AppNLGFs at 22-23 months exhibited intact ON
memory after a 10-minute delay, this approach potentially limited sensitivity to subtle
memory deficits which may have reflected Ab-mediated synaptic disruption in wider
circuits including the HPC and RSC. Thus, increasing the delay period could have
provided a more sensitive assay for detecting amyloid-related synaptic disruptions in
the AppNtGF model. However, the existing literature regarding AppN-GF ON
performancei s hi ghly variabl e and doaedslaydt necessa
dependent effect. For example, Whyte et al., (2018), Broadbelt et al., (2022), and
Kundu et al., (2022) report intact ON memory with a 24-hour delay in AppNLGFs from
6 months of age. In contrast, Mehla et al., (2019), Degawa et al., (2021), and Pauls
et al., (2021) report impairments with this retention delay in AppNLGFs ranging from 6
to 12 months old. Additionally, two other studies have reported ON deficits in
AppNLGFs at 10 or 12 months after a 1hr retention delay (Auta et al., 2022; Locci et
al., 2021). Likewise, some studies have reported intact novel object recognition
following delay periods ranging from 2 minutes to 24 hours in the PDAPP and
Tg2576 models tested up to 16 months (Evans et al., 2019; Good & Hale, 2007,
Hale & Good, 2005). Contrastingly, however, other studies have observed ON
deficits in the 5XxFAD and APP/PS1 transgenic AD models with delays of 30 minutes
to 1 hour (Joyashiki et al., 2011; Webster et al., 2013). These inconsistencies
suggest that factors beyond delay duration, such as strain differences, experimental
variability, habituation, and stress may impact ON performance.

Habituation, where present, varies drastically among the studies of AppN-GF ON
performance. For example, Izumi et al., (2018) and Degawa et al., (2021) do not
mention any habituation prior to ON testing. Auta et al., (2022) and Pauls et al.,
(2021) describe habituation as one previous exposure to the OF arena for 10 and 5
minutes, respectively. Habituation in the Locci et al., (2021) study consists of three
10-minute OF exposures, whereas the Broadbelt et al., (2022) and Mehla et al.,
(2019) studies use six 5-minute OF exposures. The experiment for this thesis
consisted of three consecutive habituation days consisting of one 10-minute OF
exposure on day 1 and three x 5-minute exposures to different arrays of objects in
the OF arena on days 2 and 3. Importantly, the studies mentioned above do not
include objects in the habituation protocols. It could be argued that extended
exposure to the testing arena and the presence of objects during habituation in this
thesis may have diminished neophobic behaviours, which may have otherwise
confounded novelty recognition. A further inconsistency between ON experiments
across different studies is the sample phase. The above studies use one 10-minute
trial period of the familiar objects before introduction of the novel object during the
test phase. For the experiment in this thesis, the animals received three sample trials
prior to the test trial. The ability to discriminate the novel object(s) during the test trial
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is known to be sensitive to exploration time during sampling (Antunes & Biala, 2012,
Ennaceur & Delacour, 1988). Thus, the ability of animals to discriminate in the
experiment of this thesis may reflect the overall increased available time or the
repeated opportunities to encode familiar objects during the sampling, compared to
other studies with single sample phases.

Overall, it could be concluded that AppNLGFs exhibit intact encoding and short-term
retention of novelty information at 22-23 months. However, in the context of
inconsistent phenotypes reported in the literature, future work should manipulate the
delay period to explore whether this is retained for longer periods of time.
Nevertheless, this is a novel phenotype that, at the time of writing, has not previously
been presented in AppNLGF animals, or any AD model of such an advanced age.
Younger cohorts were not assessed during this task, so tracking potential age-
related changes in ON performance was not possible. However, given that intact ON
processes were observed in AppNLGFs at 22-23 months, it can reasonably be inferred
that these processes are also intact in younger AppNLGFs,

3.5.1.3 Object-in-Place

OIP testing was also conducted in 221 23-month-old AppNLGFs and C57BL6/Js to
evaluate associative recognition memory, specifically their ability to integrate object
identity with spatial location. The OIP task is reliant on the functional interaction
between the mPFC-HPC-PRh circuit, as shown by bilateral lesion studies (Barker &
Warburton, 2011). Furthermore, electrophysiological and lesion studies have
evidenced EC involvement in OiP-like association tasks but not in OL and ON tasks
(Tsao et al., 2013; Wilson et al., 2013). Lesion studies have also implicated the RSC
in discriminating the switched objects during the OIiP task, suggesting a potential role
of the RSC in integrating information from distal and local cues during this task
(Vann & Aggleton, 2002).

Analysis of object contact times revealed no significant differences in exploration of
novel or switched objects between both genotypes. Furthermore, analysis of DRs
indicated that neither AppNLGFs or C57BL6/J controls were able to significantly
discriminate the switched objects from the stationary objects during the OiP task.
Unexpectedly, no significant difference in DRs between the two genotypes was
observed, despite the C57BL6/J group exhibiting a numerically higher mean DR.
Splitting the DR data into first and second halves also revealed no significant
differences in performance throughout the test, suggesting that neither genotype
exhibited an initial novelty preference that diminished with increased exposure to the
objects. There was also no significant difference in the distance travelled between
AppNLGF and C57BL6/J animals, despite the AppNLGF group possessing an outlier,
indicating that the similar levels of object exploration between genotypes was not
confounded by differences in locomotion.
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Given that the ON task demonstrated that the PRh is likely functionally intact in both
C57BL6/J and AppNLGFs at 22-23 months, deficits in the OiP task suggest there may
be involvement of a wider network including the mPFC, HPC, EC, and RSC (Barker
& Warburton, 2011; Good, Barnes, et al., 2007; Tsao et al., 2013; Vann & Aggleton,
2002; Warburton & Brown, 2015; Wilson et al., 2013). NMDA receptors in the HPC
have been shown to be essential for OiP associative memory, but not for ON
detection (Barker & Warburton, 2015). Moreover, in addition to activity in the PRh
required for ON memory, AMPARSs in the mPFC are essential for encoding and
retrieval of OIP memory (Barker & Warburton, 2008). Furthermore, the role of
concurrent glutamate transmission in the HPC and cortical regions appears to be
delay-dependent, with different network contributions required for short and long-
term memory (Barker & Warburton, 2015). For example, crossed unilateral infusion
studies suggest that short-term OiP memory depends on NMDAR activity in the
HPC-mPFC, as well as kainite receptor activity in the PRh (Barker & Warburton,
2008, 2015). Long-term OIP memory (> 1 hour retention delays), however, is also
dependent on NMDAR activity in the HPC-PRh regions (Barker & Warburton, 2015),
and RSC (McElroy et al., 2024). Early and widespread amyloid deposition evidenced
in key regions such as the PFC, HPC, and PRh in the AppN-GF model may indeed
underlie potential alterations in NMDAR activity and related signalling required for
OiP memory (Latif-Hernandez et al., 2020; Latif-Hernandez et al., 2019; Liu et al.,
2019; Mehla et al., 2019; Saito et al., 2014; Tang et al., 2024). Furthermore, there is
evidence of increased prefrontal-hippocampal connectivity prior to plaque deposition,
indicating an early compensatory response to
species in these critical regions involved in associative memory (Latif-Hernandez et
al., 2019).

Given the 10-minute retention delay used in this thesis, the task primarily engaged
short-term memory mechanisms, suggesting a dysfunction within specific short-term
memory networks. However, given the unexpected failure of C57BL6/J animals to
discriminate the switched object in the OIP task, it cannot be concluded that the
deficits observed in the AppN-SF model are entirely driven by Ab-related pathology.
At 22-23 months, this task was evidently too difficult for even C57BL6/J animals,
despite the relatively short retention delay. It could therefore be argued that these
associative spatial deficits may largely reflect natural age-related decline, which is
evident even in C57BL6/Js at such an advanced age, mirroring episodic memory
impairments observed in elderly individuals without AD (Dubois et al., 2007). A key
limitation of this study therefore is that no younger animals were tested, so there is
no indication to when these deficits emerge in both genotypes. At younger ages, it is
possible that C57BL6/J animals may still retain the ability to discriminate the
switched objects, whereas at the same age AppNLCFs may exhibit impairments, likely
reflecting Ab-mediated disruptions in the neural substrates of spatial processing
(Barker & Warburton, 2011). Therefore, future work should test AppN-GFs at a wide
range of ages to better assess the trajectory of cognitive decline and provide an
opportunity for pharmacological intervention at earlier ages. To date, no other
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studies have specifically examined OiP memory in AppN-GF mice, rendering it difficult
to pinpoint when these deficits may emerge. However, transgenic models such as
the PDAPP and Tg2576 generally exhibit impairments in OiP performance from
around 14 months of age, despite intact familiarity recognition in the ON task,
suggesting that impairments in the AppNtSFs may emerge later (Evans et al., 2019;
Good & Hale, 2007; Hale & Good, 2005).

3.5.1.4 Object Location

As neither C57BL6/Js or AppNLGFs could discriminate the switched objects in the OiP
task, the OL task was carried out. This task was simpler for the animals as it did not
incorporate memory for individual object-place associations; the OL task used a set
of identical objects in different locations within the arena, one of which was moved to
a novel location during the test trial. The task is also sensitive to hippocampal
lesions, hippocampal NMDAR function, and aging (Assini et al., 2009; Barker &
Warburton, 2011, 2015; Hunsaker et al., 2007; Mumby et al., 2002; Wimmer et al.,
2012; Yamada et al., 2017). There is also some evidence that object-location
association requires intact RSC function (Ennaceur et al., 1997; Parron & Save,
2004; Sheppard et al., 2024).

In this thesis, separate cohorts of animals aged 4-6, 8-10, and 22-23 months
underwent OL testing. Analysis of object contact times revealed that the object type
influenced contact times, with animals spending significantly more time exploring the
repositioned object compared with the object that remained stationary. Age also had
a significant impact on object exploration, with 22i 23-month-old animals spending
more time interacting with the objects compared to both younger groups. Genotype
did not significantly alter object contact time, indicating that the overall levels of
object interaction was comparable between C57BL6/Js and AppN-GFs. Analysis of
locomotor activity during OL testing indicated that aging influenced locomotion
regardless of genotype, with 227 23-month-old animals travelling a shorter total
distance compared to both younger groups. This suggests that the increase in object
contact times may be due to decreased mobility or reduced exploratory behaviour
with age, leading to longer periods of interaction with the objects.

Analysis of DRs revealed that, in contrast to the object contact time data, genotype,
but not age, significantly affected DRs during OL testing. Therefore, while overall
exploration times were comparable between genotypes and increased with age,
AppNLGFs were specifically impaired in their ability to preferentially explore the
repositioned object. At all ages tested, C57BL6/J animals consistently demonstrated
significant preference for the object in the novel location, whereas AppNLGFs
displayed a noticeable decline in discrimination with age. Specifically, AppN-GFs only
showed significant preference for the novel location at the youngest age tested, with
the two older groups performing similarly to chance, indicating a gradual loss of
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discrimination with age. To account for the increased risk of type | error associated
with conducting multiple one-sample T-tests, especially in this context where deficits
appear subtle and age-related changes are not clear cut, a Bonferroni correction was
applied (adjusted U= 0.008). With this more conservative threshold, 4i 6-month-old
C57BL6/Js retained significant discrimination, while AppNLGFs at this age did not. At
8-10 months, neither group showed significant discrimination, with the C57BL6/J
group falling below the adjusted threshold. However, at 22-23 months, while
AppNLGFs did not significantly discriminate the repositioned object, C57BL6/J
discrimination survived correction. Given that OL discrimination in AppNtGF mice
failed to survive Bonferroni correction at all ages, whereas C57BL6/Js retained
significance at 4-6 and 22-23 months, this strengthens the evidence of a spatial
deficit in AppNLGF mice. While C57BL6/J performance at 8-10 months dropped below
the adjusted threshold, the recovery at 22-23 months implies that this decline does
not necessarily reflect a memory deficit in these animals. Importantly, some of the
age-related reduction in discrimination observed in AppN-GFs may be associated with
the decrease in total distance travelled with age. However, as this decline in
locomotion occurred across both genotypes, the selective drop in DRs in AppNLGF
groups likely reflects a genuine impairment in spatial memory rather than a general
reduction in activity.

As noted earlier, there was no overall effect of genotype on object contact times,
further indicating that inherent differences in exploratory behaviour during the OL test
likely did not account for the impaired ability for AppNLGFs to discriminate the
repositioned object. Nevertheless, a key limitation of the OR experiments presented
in this thesis is that sample phase data were not analysed. Without confirmation that
animals engaged with all objects during the sample phases, and that there were no
group differences in sample phase exploration, it is difficult to interpret any observed
impairments. For instance, it is possible that the apparent deficits observed in the
AppNLGF group during the OL task reflect differences in initial object engagement
rather than genuine impairments in spatial memory. Similarly, in the OIP task, it is
unclear whether poor performance across both groups reflected a lack of
engagement at sample phase. However, no overall genotype differences were
observed in object contact times during both the OL and OIiP tests, and AppNLGFs
actually showed greater engagement with the novel object in the ON test phase,
indicating that they did not exhibit a pattern of reduced engagement. Consistent with
this, previous studies have reported comparable contact times across both sample
and test phases in C57BL6/Js and AppNLGFs (Broadbelt et al., 2022; Degawa et al.,
2021). Nevertheless, future studies should analyse sample-phase data to confirm
that recognition memory impairments are not confounded by initial differences in
object engagement.

The deficit in OL memory observed here appears to contrast with a recent study
showing intact OL discrimination in AppNtGF mice at 6-9 and 12-14 months of age
(Broadbelt et al., 2022). Moreover, 16-month-old Tg2576 mice also showed intact OL
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discrimination following a 2 minute delay (Good & Hale, 2007). This is an intriguing
contrast, especially considering the delay used in the Broadbelt paper was 6 hours,
and the experiment in this thesis used a 10-minute retention delay, suggesting that
incorporating a longer delay interval does not necessarily reveal a more pronounced
spatial deficit in AppNLGF mice. Therefore, it may be suggested that the deficit
observed here could be confounded by non-memory related factors, such as
reduced motivation or boredom during the task, which may also explain why
C57BL6/J performance appears to drop at 8-10 months. Mice displayed relatively
low object interaction times during the OL task compared to the ON and OiP tasks,
which may have contributed to lower discrimination. It is possible that the mice were
over-habituated to the environment, or that the objects selected for the OL
experiment were not sufficiently stimulating. It is argued that sufficient object
interaction is required to engage the HPC in object-based memory tasks (Cohen &
Stackman, 2015). Consequently, the lower contact times during the OL task in this
thesis may suggest that the results are not fully reflective of the integrity of the
AppNLGF HPC. However, these results may still point to a hippocampal deficit in these
animals, consistent with previous studies reporting substantial amyloid deposition in
the HPC from around 4 months of age (Latif-Hernandez et al., 2019; Mehla et al.,
2019; Saito et al., 2014; Tang et al., 2024). Additionally, these results may also
reflect the impact of amyloid deposition in the RSC, as previously reported in the
AppNLGF model at 12 months (Mehla et al., 2022). These deficits likely, at least in
part, also contribute to the observed OiP memory impairment (Barker & Warburton,
2011; Vann & Aggleton, 2002).

The overall spatial deficit observed here is unexpectedly mild. It has been suggested
that traditional experimental paradigms may not be sensitive enough to detect
deficits in models of early AD, which the AppNtGF model is said to reflect (Saifullah et
al., 2020; Saito et al., 2014). To address this, a recent study developed an integrated
A whwherewheno paradigm to assess the ability t
an inanimate object or a female mouse within a divided arena at specific times of the
day (Tan et al., 2023). Over two consecutive training days, the mice encountered a
novel object in the morning and a female mouse in the evening, within the same
chamber of the arena. The following day, the mice were placed in an empty arena
and exploration time and scent-marking analysis was used to test the ability to
associate the object and female mouse with their prior location in the morning and
evening. At 3-4 months, prior to reported overt plagque formation in this study,
AppNLGF mice failed to show an overall preference for exploring the target zone
associated with the object and female mouse, compared to the consistently empty
zone, i ndicati ng -vah edred d cdileimanuog (aw bt alt, 2023).
However, the same animals exhibited significantly more scent marking of the target
zone during the evening compared to the day, which suggests the memory of when
the female mouse was encountered, i.e. i whwht e n 6 mevasontast (Tan et al.,
2023). These findings suggest that tasks requiring greater cognitive demand and
flexibility may reveal subtle deficits in the AppN-GF model, potentially reflecting
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preclinical AD, in which patients may show occasional memory lapses before more
pronounced cognitive decline becomes evident (Rabin et al., 2017).

3.5.1.5 Spontaneous Alternation

Spatial working memory is an important day-to-day process that is affected in AD
(Lester et al., 2017). The spontaneous alternation task is widely used to evaluate
spatial working memory in rodents as it assesses their ability to retain and use
spatial information over a short period of time to guide navigation of a T or Y-maze
(Kim et al., 2023). This task relies on the innate preference of rodents to explore less
recently visited arms of the maze, providing an insight into their ability to update and
utilise spatial memory to alternate efficiently through different arms of the maze
(Deacon & Rawlins, 2006). As opposed to tasks such as the RAM and MWM, the
spontaneous alternation test does not require training, excessive handling, or
reinforcement, thereby minimizing the risk of inducing fear or stress that could
confound behaviour (Kim et al., 2023).

For this thesis, spontaneous alternation testing was performed on separate cohorts
of AppNLGFs and C57BL6/J controls aged 4-6, 8-10, 12-14, and 22-23 months. At all
ages tested, both C57BL6/J and AppNLGF animals exhibited significantly higher
spontaneous alternation versus chance (22%), all surviving Bonferroni adjustment
(adjusted U= 0.00625). At 4-6 and 12-14 months, there were no significant
differences in alternation patterns between the two genotypes. However, at 8-10 and
22-23 months, AppNLGF animals showed significantly reduced spontaneous
alternation compared to C57BL6/J animals. At 8-10 months, the difference was
modest (p = 0.045). However, at 22-23 months, there was stronger evidence of a
significant impairment in AppNLGF mice (p < 0.001). These data indicate that, at all
ages tested, both C57BL6/J and AppNLGF animals demonstrated a significant
preference for less recently visited arms during spontaneous alternation testing.
However, at 87 10 and especially at 22i 23 months, AppN-GF performance was
significantly reduced relative to controls, suggesting progressive deficits in spatial
working memory with advancing age. For C57BL6/J animals, percentage alternation
during the spontaneous alternation task appears stable across all ages tested.
However, 227 23-month-old AppNtGFs exhibited significantly reduced alternation
compared to every younger AppNLGF group tested. This suggests that AppNLGFs
exhibited an age-dependent decline in the ability to retain and utilise spatial
information in the spontaneous alternation task, which may indicate progressive
deterioration of spatial working memory processes, potentially driven by advancing
amyloid pathology and associated network dysfunction. Specifically, impairments in
the spontaneous alternation may reflect Ab-mediated disruptions in hippocampal
function HPC and associated NMDAR signalling, aligning with the deficits observed
in the hippocampal-dependent OL task (Lalonde, 2002; Walker & Gold, 1992; Zhou,
2015). Moreover, impaired alternation may be attributed to neurodegenerative
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changes in wider networks supporting spatial working memory, including the PFC
and EC (Coutureau & Di Scala, 2009; Dunnett et al., 1999; Lalonde, 2002).

In addition to alternation performance, the number of arm entries was analysed to
assess exploratory activity during the task. Across ages, AppN-GFs made significantly
more arm visits than C57BL/6Js. While this effect was modest (p = 0.035), it appears
in contrast to previous studies reporting no genotype differences in males (Degawa
et al., 2021) and reduced arm entries in female, but not male, AppNLGFs (Kundu et al.,
2022). These discrepancies likely reflect methodological and cohort differences. For
example, Degawa et al., (2021) tested 12-month-old males in a 7-minute Y-maze,
while Kundu et al., (2022) examined 4i 5-month-old animals in a 5-minute Y-maze
and observed effects only in females (Degawa et al., 2021; Kundu et al., 2022). In
contrast, the present study used a T-maze, included mixed-sex cohorts, and
assessed animals across a broader age range (41 23 months) with longer 10-minute
trials, all of which may have influenced exploratory activity. Such differences in maze
type, trial duration, sex, and age range may account for the contrasting findings in
exploratory behaviour during the task.

The overall difference in arm entries observed in this thesis complicates
interpretation of alternation scores, since the number and timing of arm entries
influence percentage alternation (Jaffard et al., 1981). Typically, a higher number of
arm entries would be expected to reflect hyperactivity (Miedel et al., 2017). However,
at 221 23 months, AppNtGFs travelled significantly less distance than C57BL/6Js while
still making more arm entries overall. This pattern suggests that AppNLGFs engaged in
shorter, more fragmented arm visits, whereas C57BL6/Js displayed more sustained
exploration across arms. Importantly, in the continuous-trial design used in this
thesis, the interval between arm choices could not be controlled, and longer delays
are known to reduce alternation (d'lsa et al., 2021; Dudchenko, 2001). Nonetheless,
the finding that AppNLGFs alternated significantly less than C57BL6/Js at 221 23
months, despite making more arm entries, supports the interpretation that their
deficit reflects a genuine impairment in spatial working memory rather than reduced
exploratory drive. Specifically, the higher number of arm entries in AppNLGFs suggests
that they did not generally experience prolonged inter-choice delays that could have
artificially depressed alternation scores. That said, age-related reductions in activity
were evident across genotypes: animals at 22-23 months made fewer arm entries
and travelled less than mice at 4-6 months. For C57BL6/J mice, distance travelled
declined between the youngest and oldest groups, while 22i 23-month-old AppNLGFs
travelled significantly less than all younger AppNtGF groups and age-matched
controls. Therefore, reduced activity in older AppNLGFs may have contributed to the
lower alternation performance, meaning the deficit cannot be attributed solely to
impaired spatial working memory. Future studies could address the methodological
complication of variable exploratory activity and inter-choice timing by equating the
number of arm entries and controlling delays between choices. This could be
achieved by restricting the task to a fixed number of trials and by implementing
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controlled inter-trial intervals, such as in a forced alternation design. This approach
would help disentangle memory performance from differences is locomotion and
exploratory strategy, providing a clearer and more direct assessment of spatial
working memory.

The locomotive deficit observed in 221 23-month-old AppNtGFs is unlikely to be
explained by hippocampal neurodegeneration. Rather, lesions of the CAl in
C57BL6/J animals have been shown to induce hyperactivity in the spontaneous
alternation task rather than the observed hypoactivity in this experiment (Dillon et al.,
2008). The exaggerated hypoactivity in AppNLGFs with age could potentially be
attributed to increased hesitancy during the task, reflecting PFC deficits that affect
decision-making (Lalonde, 2002). Alternatively, hypoactivity may be attributed to
heightened anxiety-like behaviour or neophobia in AppNLGFs at 22-23 months, which
may indicate deficits in other brain regions that regulate anxiety and stress
responses, such as the amygdala (Hohoff, 2009; Lalonde, 2002). Indeed, alternation
rates are known to decline in mice subjected to mild stress beforehand (Bats et al.,
2001), suggesting that reduced spontaneous alternation in 22i 23-month-old mice
may be in part driven by increased levels of stress or anxiety.

Despite some differences in locomotor activity or anxiety that may add a level of
confound to the comparison between genotypes, there was a clear difference in
alternation at the oldest age tested. The alternation impairment reported here is
consistent with previous observations in Tg2576 mice, but in the transgenic model it
manifested at an earlier age (9-14 months) (Deacon et al., 2008; Hsiao et al., 1996).
The earlier onset of spontaneous alternation deficits in this transgenic model could
be attributed to its more aggressive amyloid production and/or the overexpression of
toxic biproducts of APP processing, governed by the nature of its transgenic
expression of mutant APP (Sasaguri et al., 2022). In AppNLGF mice, intact alternation
has been reported in animals of 4-6, 6-9 and 12-14 months (Broadbelt et al., 2022;
Kundu et al., 2022; Whyte et al., 2018). Although these studies did not include
animals older than 14 months, they appear to align with the results of this thesis that
show predominantly intact alternation in the AppN-GFs model until the age of 22
months. Contrastingly, however, Saito et al., (2014) originally reported spontaneous
alternation deficits in AppN-GF mice as young as 6 months. Moreover, further studies
have shown deficits from 10-12 months (Auta et al., 2022; Degawa et al., 2021;
Locci et al., 2021). It has also been reported that alternation in the AppN-F model,
with one fewer mutation than the AppN-GF model, is intact at 9-12 months but
deficient at 18 months (Izumi et al., 2018; Saito et al., 2014). This observation is
intriguing, as behavioural deficits would typically be expected to emerge at a later
age in this model compared to AppN-GF animals due to the absence of the Arctic
mutation, which accelerates amyloid pathology (Saito et al., 2014). Similar to object
recognition testing, variations in the observed timeline of deficits during spontaneous
alternation testing may be at least partially explained by methodological differences
between research groups, such as the different durations of the test which may
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influencet he ani mal s & angagemerit guring the task, differ@nces in
handling which may i mpact the animal sdé stres
sizes which may affect statistical power to detect subtle deficits in alternation.

Overall, this data contributes to the characterisation of the spatial working memory of
AppNLGF animals. Despite the potential confounds of locomotive differences, it
demonstrates a possible Ab-mediated deficit in the short-term spatial memory of
AppNLGFs| Arguably, the most interesting finding from this experiment is that overt
deficits do not appear until the extremely advanced age of 22-23 months. Whilst
some other research groups have discovered spontaneous alternation deficits at
younger ages, the variation of phenotype, along with the advanced age of deficit
onset shown in this thesis, indicates a more subtle phenotype of spatial working
memory deficit compared other models of AD. Along with the results from OL and
OIP testing, these data indicate that the extent of spatial impairments in this model is
mild. However, as previously noted, it has been suggested that spontaneous
alternation should not be used as a solitary measure of memory, as it may also
reflect changes in motivation, attention, and sensory behaviour (Hughes, 2004). For
instance, reduced motivation or impaired attention could reduce alternation
independent of memory function, while sensor
ability to distinguish between maze arms, confounding interpretation of memory
performance (Hughes, 2004). Indeed, attention deficits have been reported in the
AppNLGF model before, reflected by increased response latencies and a high number
of missed trials during a serial reaction time task in which mice were trained to detect
and respond to a yellow LED light stimuli within a limited time window (Masuda et al.,
2016). Therefore, further research is required to determine whether any detectable
spatial working memory deficits are translatable to other tasks with more complex
requirements, such as the MWM and RAM tasks. To date, no studies have assessed
RAM performance in AppNtGF mice and data on MWM performance is extremely
variable. For example, three studies report intact escape latencies in AppNLGFs at
various age points between 3 and 12 months (Latif-Hernandez et al., 2019; Saifullah
et al., 2020; Whyte et al., 2018), whereas others have observed increased escape
latencies at multiple points within the same age range (Locci et al., 2021; Mehla et
al., 2019; Wang et al., 2022). This variability highlights the need for further research
to clarify the progression and severity of spatial working memory deficits in AppNLGF
mice.

The subtlety of behavioural deficits observed in the AppNtSF model, both in this
thesis and the wider scientific literature, suggests that cognitive decline in these mice
may be relatively mild or emerge mostly in later disease progression. However, a
recent study found that, despite showing no impairments in long- or short-term
memory in the SA, OL, and ON tasks, AppNtGF mice exhibited a specific impairment
in novelty-promoted memory, assessed by behavioural tagging and capture (BTC) at
6-9 months (Broadbelt et al., 2022). BTC is a mechanism by which novelty
introduced shortly before or after a learning event promotes memory persistence
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(Moncada et al., 2015). Strong stimulation during the exposure to novelty is believed
to induce the production of plasticity-related proteins (PRPs), which are captured by
synaptic tags induced by weak stimulation during the learning event, inducing lasting
changes in plasticity (Frey & Morris, 1997; Moncada et al., 2015; Moncada & Viola,
2007). This novelty-promoted memory is sensitive to age-dependent decline (Gros et
al., 2022; Gros & Wang, 2018). In the study by Broadbelt et al., (2022), BTC was
assessed using appetitive delayed matching-to-place (ADMP) task, in which rodents
encoded the specific locations of hidden food rewards and were tested on their
ability to recall the locations after a delay of 6 hours. In this task, rodents were
exposed to an arena containing two novel objects between the encoding and
retrieval trials. While C57BL6/J mice showed improved memory performance
following novelty exposure, evidence by increased correct digging, AppN-SF mice did
not benefit from novelty exposure and performed significantly worse than C57BL6/J
mice during the retrieval trial (Broadbelt et al., 2022). This deficit occurred despite
both genotypes exhibiting comparable learning during the encoding trial, as indicated
by the number of digging errors and latency to find the rewards (Broadbelt et al.,
2022). These findings suggest that, although AppNtGFs may maintain the ability to
form strong memories, as demonstrated by intact object-based memory performance
in this paper, they struggle to stabilise weak memories with novelty. This impairment
may r ef | e<anediaeddistuption&ib PRP synthesis and synaptic plasticity in
the AppNtGF model, which may impair consolidation of weak memories before overt
memory deficits become detectable in standard behavioural tests, such as those
used in this thesis. Specifically, the ADMP and object recognition tasks have been
shown to engage neuronal populations in the CA1 and CAS3 regions of the HPC,
areas known to exhibit disrupted glutamatergic transmission in the AppN-GF mouse
(Benitez et al., 2021; Gros et al., 2022). Therefore, these regions may represent key
sites of early A bmediated dysfunction in the model.

In line with this, although overt behavioural deficits are limited in the AppNLGF model,
there is evidence of early and progressive circuit-level dysfunction. For example, a
recent in vivo electrophysiological study reported mildly disrupted spatial coding of
the medial EC in 37 5-month-old AppNtGFs, including a reduction in the number of grid
cells and disrupted spatial tuning whilst foraging in an OF arena (Jun et al., 2020).
Remapping, the process by which neurons change their firing patterns in response to
environmental changes, was also impaired in this group during navigation of different
running tracks (Fyhn et al., 2007; Jun et al., 2020; Muller & Kubie, 1987). Notably, at
this age, CAL place cell activity was intact during foraging, and spatial memory
during a foot shock context discrimination task was also unimpaired (Jun et al.,
2020). However, by 7-13 months of age, spatial tuning and remapping in the medial
EC was severely impaired, and the population of grid cells were severely diminished
(Jun et al., 2020). This was accompanied by a reduction in the number of active
place cells in the CALl, less pronounced firing peaks, and severely diminished
remapping (Jun et al., 2020). Moreover, fast gamma oscillatory coupling between the
medial EC and CA1 was reduced, indicating disrupted communication needed for
encoding spatial information (Griffiths & Jensen, 2023; Jun et al., 2020). Slow
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gamma signalling between the CA3 and CA1, however, remained relatively intact,
suggesting that memory retrieval mechanisms may be preserved for longer than
encoding (Griffiths & Jensen, 2023; Jun et al., 2020). Behaviourally, mice at this age
were unable to discriminate the context associated with the aversive stimulus (Jun et
al., 2020). These findings suggest a progressive degeneration of the neural
substrates underlying spatial memory, beginning in the EC and extending to the HPC
with age. Notably, a reduction in the number of active CA1 place cells have also
been reported in AppNLGFs using chronic Ca?* imaging (Takamura et al., 2021),
reinforcing evidence of neural dysfunction in this model. However, these alterations
appear to contrast with broader behavioural data, including findings from this thesis
and the Broadbelt et al., (2022) study, which report intact spatial memory or mild
deficits that emerge later in life. This apparent discrepancy may reflect the presence
of compensatory mechanisms that maintain cognitive function despite the emerging
circuit abnormalities, thereby delaying or masking the emergence of overt and
consistent behavioural impairments.

Overall, as hypothesised, AppN-GF mice exhibited a subtle pattern of memory
impairments, indicating that while basic novelty recognition remained intact, memory
processes reliant on spatial and associative networks became compromised,
particularly by 227 23 months. However, the onset of pronounced impairments in
spatial working memory appeared later than anticipated. Further research is
necessary to pinpoint the precise timing of associative memory decline, to further
probe spatial working memory function, and to clarify the relationship between
progressive amyloid deposition and the emergence of cognitive deficits in the
AppNtGF model.

3.5.2 Assessment of Anxiety -Like Behaviours
3.5.2.1 Overview

Anxiety is an important and often overlooked NPS symptom of AD (Mendez, 2021).
PET imaging studies have evidenced a correlation between amyloid accumulation
and anxiety in AD, suggesting that amyloid may contribute to anxiety symptoms in
AD (Donovan et al., 2018; Johansson et al., 2020; Pietrzak et al., 2015; Pietrzak et
al., 2014). Relatively little is known about how anxiety-like phenotypes manifest in
mouse models of AD, particularly in the context of aging. The aim of these
experiments was therefore to assess the effect of aging on anxiety-like behaviour in
the AppNLGF model. The OF and EPM tests, two widely used behavioural assays,
were conducted in AppNLGF mice and age-matched C57BL6/J controls to evaluate
anxiety-like behaviour across a range of different ages.
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3.5.2.2 Open Field

OF testing was performed on AppNtGFs and age-matched C57BL6/J animals at 4-6,
8-10, 14-16, and 22-23 months old. During OF testing, the animal was allowed to
freely explore a square arena for 10 minutes, and the proportion of time spent in the
centre relative to the total time in the arena was calculated as the inner zone ratio
(IZR). At 22-23 months, AppNLGFs exhibited significantly lower IZR than C57BL6/J
controls, an effect not observed at younger ages. This suggests the emergence of an
anxiogenic phenotype in the AppNtGF model at this advanced age, characterised by
increased avoidance of the central, more exposed zone of the OF arena (Prut &
Belzung, 2003). In the C57BL6/J group, IZR was stable throughout all ages tested.
However, AppNLGFs exhibited a peak in IZR at 14-16 months that was significantly
higher than AppNtGFs all other age groups, despite not reaching significant difference
to C57BL6/Js at this age. This indicates that the anxiety phenotype within the
AppNLtGF model is changeable with time and not directly linear with age. Analysis of
locomotor activity indicated that age influenced the distance travelled during the OF
test, regardless of genotype. In the oldest age group (22-23 months), mice travelled
significantly less distance than each of the younger groups during OF testing. The
age-dependent locomotive deficit observed in this thesis has been reported before in
C57BL6/J mice throughout their lifespan (Dean et al., 1981; Shoji et al., 2016),
suggesting a natural decline in exploratory behaviour with age. Such decline may
have contributed to the reduced outer zone exploration observed in AppNtGF mice.
Importantly, diminished locomotion with age could confound interpretation of
performance during object recognition tasks, as reduced arena exploration with age
could lower overall object interaction and thus reduce the likelihood of novelty
preference. As discusses earlier, reduced locomotor activity with age was similarly
observed in the OL task. However, the OiP task was only conducted in the 221 23-
month group, preventing direct comparisons across ages. Therefore, potential age-
related locomotor impairments at 22-23 months may be considered a confounding
factor when interpreting the OIP results, particularly given that both C57BL6/J and
AppNLGF animals failed to discriminate the switched objects.

The scientific literature regarding AppNtSF performance during OF testing is mixed.
Recent studies reported no significant difference in the distance travelled and time in
the outer or central zones for AppNLGFs aged 4-9 months compared to C57BL6/Js
(Broadbelt et al., 2022; Kundu et al., 2022; Maezono et al., 2020). A similar study
also demonstrated no significant difference in the percentage of time spent in the
central zone of an OF arena at 6 months, despite AppNLCGFs at this age showing
reduced speed and increased grooming behaviour (Whyte et al., 2018). Consistent
with the findings from Whyte et al., (2018), Maezono et al., (2020), Kundu et al.,
(2022), and Broadbelt et al., (2022), the OF data in this thesis shows no significant
differences in anxiety-like behaviour between C57BL6/J and AppNLGFs at young age
points. However, these studies did not perform this experiment on animals older than
9 months. Notably, no significant differences in OF exploration have been reported in
the APP/PS1 transgenic model even at 24 months, suggesting that amyloid related
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anxiety-like behaviour may only emerge at much later stages of disease progression
(Webster et al., 2013). In contrast, however, an anxiolytic phenotype was reported in
the AppN-GF model at 6 months, with AppNtGFs spending more time in the centre of
the arena compared to AppNt controls, but no significant difference in the distance
travelled (Latif-Hernandez et al., 2019). This behaviour, however, was not replicated
in older age groups in this study, suggesting that this is not a stable phenotype.
Nevertheless, a separate study reported increased duration in central zone in 12-
month-old AppNtGFs compared to C57BL6/J controls (Wang et al., 2022). On the
other hand, an anxiogenic phenotype was reported in the AppN-GF model at 8 months
of age, with AppNLGFs spending significantly less time in the centre zone of the OF
arena compared to C57BL6/J controls, despite also exhibiting no difference in the
distance travelled during the experiment (Pervolaraki et al., 2019). However, this
study included the theoretical presence of
results when comparing to experiments that did not include this zone. Nevertheless,
this anxiogenic phenotype during the OF test has also been reported in separate
studies with AppNLGFs at 10 months and PDAPP model at 5 months (Beauquis et al.,
2014; Locci et al., 2021). Given the vast discrepancy in OF phenotypes in AppNLGF
animals, particularly the opposing reports of anxiogenic and anxiolytic behaviour in
the AppNLGF model, it could be argued that the effect of age-related pathology on
anxiety-like behaviour is not a stable effect across laboratories, but rather dependent
on a range of factors. The mixed findings could be explained by differences in
laboratory practices, handling, or data analysis. For example, the differing definitions
of the dimensions of the inner zone, the presence of a middle zone, and the use of
time rather than the ratio of time spent in the inner zone could have substantial
impact on data and thus difficulties comparing between findings from different
laboratories.

Overall, findings from this thesis indicate an anxiogenic phenotype in AppNtGF mice
that does not appear until the advanced age of 22-23 months. This data perhaps
adds more weight to the studies that have found no significant difference in
anxiogenic behaviour in younger AppN-GF mice. However, the discrepancies between
studies could suggest that the phenotype is not robust in this model of AD, or that
the phenotype is so subtle that it is sensitive to even minor variations to laboratory
practice.

3.5.2.3 Elevated Plus Maze

EPM testing was also employed as a behavioural tool to assess anxiety-like
behaviours in AppN-GF mice. EPM testing was performed on animals at 4-6, 8-10, 12-
14, and 22-23 months, at least two weeks following OF testing. During the test, the
animals were allowed to freely explore the EPM for 10 minutes and the total duration
each animal spent in the open and closed arms was recorded. Across all age
groups, AppNLGF mice consistently spent significantly more time in the open arms of
the maze compared to age-matched C57BL6/Js, with the largest mean difference
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observed between the 127 14-month-old groups. Within genotype comparisons
revealed that age also affected open arm duration, with age-related changes
following distinct patterns in C57BL6/J and AppN'GF animals. In C57BL6/J mice,
open arm duration peaked at 8-10 months, while in AppNLGFs this peak extended
between 4-6 and 12-14 months before declining at 22-23 months. Analysis of the
total time exploring the closed arms of the maze revealed an inverse pattern of
behaviour relative to the open arm analysis. At each age tested, AppN-CF animals
spent significantly less time in the closed arms of the EPM compared with C57BL6/J
animals, with the largest mean difference also appearing at 12-14 months. Within
genotype comparisons revealed age-related changes in closed arm duration that
mirrored changes observed in open arm duration. In C57BL6/J mice, closed arm
duration was at its lowest at 8-10 months, whereas in AppNLGF mice the lowest
closed arm duration was observed at 12-14 months. The ratio of time spent in the
open arms relative to the duration of the test (open arm ratio, OAR) revealed that
AppNLGF mice consistently spent a greater proportion of time in the open arms
compared to C57BL6/J controls. The higher OAR in AppNteF mice was significant
across all ages, with the largest mean difference observed between C57BL6/Js and
AppNLGFs at 12-14 months. Age-related fluctuations in OAR within each genotype
reflected changes observed in open arm duration; C57BL6/J mice exhibited a peak
in OAR at 8-10 months, while AppNLGFs showed a peak between 8-10 and 12-14
months.

To examine the patterns of locomotor activity during the EPM test, the number of
entries into the open and closed arms of the maze were analysed. At each age
tested, AppNLGF mice entered the open arms of the maze significantly more times
than C57BL6/J animals, with the greatest mean difference also appearing at 12-14
months. While overall the preference for entering the open arm of the EPM did not
significantly change as a function of age, the pattern differed between genotypes:
C57BL6/J mice showed stable open arm entries across age groups, whereas
AppNLGFs exhibited a significant reduction between 12-14 and 22-23 months.
Analysis of closed arm entries revealed that age and genotype had independent
effects on the propensity to enter the closed arms. AppN-GF mice overall made fewer
entries into the closed arms compared to C57BL6/J mice. However, regardless of
genotype, 4i 6-month mice entered the closed arms more frequently than 121 14-
month mice. Analysis of movement patterns during EPM testing revealed that the
distance travelled by C57BL6/J animals was stable throughout all ages tested,
whereas AppNLGFs exhibited a peak between 8-10 and 12-14 months. At 12-14
months, AppNLGFs travelled significantly further than age-matched C57BL6/Js. This
suggests that there was an age-related hyperactivity during the EPM test that was
elicited by the aversive nature of the maze.

In summary, the findings of this thesis demonstrate that AppN-GF mice consistently
visited the open arms more often and spent a greater proportion of their total
exploration time there compared to C57BL6/J controls. Conversely, AppN-GFs entered
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the closed arms of the EPM on fewer occasions than C57BL6/Js, and when they did
enter, they did not remain in those enclosed spaces for as long as C57BL6/Js.
These findings suggest that AppN-GF mice exhibited a reduced avoidance of the open
arms of the EPM test, which is commonly cited as indicative of lower levels of
anxiety (Pellow et al., 1985; Pentkowski et al., 2021). This seemingly anxiolytic
behaviour was most pronounced in AppNLGFs at 12-14 months, as reflected by the
largest mean differences in open arm duration, closed arm duration, open arm
entries, and OAR at this age. However, this peak coincides with the age at which
AppNLGFs travelled significantly further than C57BL6/Js, suggesting that increased
open arm exploration may have been influenced by hyperactivity in the AppN-GF
model. However, the lack of genotype-related differences in distance travelled at
other ages indicates that increased open arm exploration is not entirely accounted
for by heightened activity in the AppNtGF model.

The findings of this thesis are generally consistent with the existing literature on
AppNLGF performance in the EPM task. For example, Pervolaraki et al., (2019) also
observed both a significant increase in open arm duration and a decrease in closed
arm duration in 8-month-old AppNLGFs, A separate study also observed an increase in
open arm exploration in AppNLGFs at 12 months, although closed arm exploration was
not included for analysis (Degawa et al., 2021). Furthermore, Latif-Hernandez et al.,
(2019) quantified entries into open and closed arms during EPM testing using infra-
red (IR) beams. At 3 months of age, AppNLGFs exhibited a significant increase in open
arm crossings, however, there was no significant difference in closed arm crossings
(Latif-Hernandez et al., 2019). At 6 months, AppNLGFs exhibited significantly more
open arm crossings and fewer closed arm crossings (Latif-Hernandez et al., 2019).
However, at 10 months, the AppNLCGFs in this study exhibited no significant difference
in open arm crossings despite significant decrease in closed arm crossings (Latif-
Hernandez et al., 2019). The Latif-Hernandez study, despite some age-related
inconsistencies, indicates that AppNLGFs generally entered the open arms more and
the closed arms less than control animals, aligning with the findings of this thesis.
However, Latif-Hernandez et al., (2019) incorporated a 1-minute habituation period
prior to recording, which was not implemented for the experiment in this thesis.
Therefore, prior exposure to the maze may have influenced novelty-driven
exploration, potentially reducing initial exploratory behaviour in the EPM test and
contributing to the inconsistent pattern of increased open arm and decreased closed
arm crossings. Moreover, direct comparisons with this thesis are complicated by the
differences in control groups, as Latif Hernandez et al., used AppN- mice, which,
despite also lacking A bplaques, may exhibit distinct behavioural differences from
C57BL6/Js due to potential effects of the Swedish mutation and subsequently
elevated CTF-b levels (Saito et al., 2014).

A study by Sakakibara et al., (2018) also investigated open arm entries and the
duration of open arm exploration in AppNtGF mice during the EPM task. However, this
study employed a two-phase version of the task rather than the single-phase design
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utilised in the above studies and in this thesis. This study reported that 6i 9-month-
old AppNteFs spent significantly more time in the open arms of the maze compared to
AppNt controls, but not when compared to C57BL6/J controls, in the first trial
(Sakakibara et al., 2018). However, they did not observe a significant increase in
open arm entries in this cohort (Sakakibara et al., 2018). During the second trial, 6-9
month AppNtGFs spent significantly longer in the open arms compared to both control
groups and exhibited significantly more open arm entries compared to C57BL6/Js
but not AppNts (Sakakibara et al., 2018). At 15-18 months old, AppNtGFs exhibited
significantly increased open arm duration and visits compared to AppNts but not
C57BL6/Js during the first trial (Sakakibara et al., 2018). In the second trial,
however, there was an increase in open arm duration and open arm visits that was
significant against both control groups (Sakakibara et al., 2018). These findings
indicate an age-dependent anxiolytic-like behaviour in the AppNLGFs model, which
aligns with the findings presented in this thesis. However, the variability in significant
differences in open arm exploration may be attributed to differences in baseline
anxiety-like behaviour among control groups. Notably, AppNts exhibited reduced
open arm exploration at 15-18 months, suggesting variations in behaviour with age
that may influence the relative differences between groups (Sakakibara et al., 2018).
Moreover, variations in observed behaviour may be explained by the test/retest
protocol used in the Sakakibara experiment. Studies using the test/retest EPM
protocol have shown that anxiolytic drugs increase open arm exploration in naive
rodents, but not in rodents who have already explored the EPM in a previous test
(Bertoglio & Carobrez, 2002; Cruz-Morales et al., 2002; File, 1993; File et al., 1993,
Lister, 1987). This could be explained by locomotor habituation leading to reduced
exploration of the maze rather than specific changes in anxiety (Dawson et al.,
1994). Alternatively, it could reflect an experimentally induced sensitisation to anxiety
or fear due to memory of the aversive nature of the open arms, reducing the effect of
anxiolytic drugs (Bertoglio & Carobrez, 2002; Treit et al., 1993).

Naturally, however, the abolished response to anxiolytic drugs during EPM retest
calls into question the true nature of the specific behavioural processes being
assessed. It has been suggested that the response to the EPM shifts from
unconditioned fear/anxiety during initial exposure, to learnt avoidance of the open
arms in subsequent trials, which anxiolytic drugs may not counteract effectively
(Bertoglio & Carobrez, 2003; Carobrez & Bertoglio, 2005; File & Zangrossi, 1993).
This suggests that any seemingly anxiogenic response to the EPM during retest is
not necessarily fear related, but may be a lack of incentive or motivation to enter the
open arms of the maze once they have already realised the lack of food and shelter.
Therefore, if avoidance of open arms during EPM testing is not necessarily an
anxiogenic response, it could be questioned whether the preference of AppN-GFs for
open arms is truly an anxiolytic response. It could be argued that the behaviour of
AppNLGFs during the EPM task could initially be explained by reduced anxiety or
indeed reduced neophobia, but with increased exposure to the maze the response
could reflect an increased motivation to explore potentially dangerous areas of the
maze that is uninhibited by normal self-protective mechanisms. This disinhibitory
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shift could reflect impaired decision making process or heightened exploratory
tendencies (Gil-Bea et al., 2007). Therefore, the age-dependent variations observed
in the Sakakibara experiment, particularly the stronger anxiolytic-like response to the
second trial at 15-18 months, suggests that AppNtGFs exhibit progressive
disinhibition. This aligns with the idea that repeated testing can shift the nature of the
aversive response from unconditioned fear to learned avoidance, influencing how
different genotypes respond to the EPM. In the single trial used in this thesis,
AppNLGFs consistently entered the open arms significantly more times than
C57BL6/Js, suggesting not only a preference for exploring these zones, but also a
heightened motivation to repeatedly enter them, supporting a disinhibitory
phenotype. However, future work should develop on the work in this thesis by
performing a test/retest EPM protocol on AppNLGFs at a broad range of ages, which
could provide a deeper insight into the specific effects of aging on the underlying
psychological processes influencing their behaviour during this task.

The dichotomy between the seemingly early anxiolytic phenotype observed in the
EPM test and the late-emerging anxiogenic phenotype in the OF test is an intriguing,
though not an entirely novel finding. This phenomenon has also been reported in
Tg2576 mice, who exhibited increased thigmotaxis during OF testing yet a
heightened preference for open arms in the EPM (Lalonde et al., 2003). A similar
pattern has also been observed in AppNLGFs at 8 months of age (Pervolaraki et al.,
2019). The fact that this behavioural profile is present in both transgenic and
AppNLGFs suggests it is unlikely to be a result of overexpression-related artefacts, but
more likely reflects the impact of amyloid or other related pathologies such as
neuroinflammation. Supporting this, mouse models of traumatic brain injury also
exhibit increased open arm exploration in the EPM along with reactive gliosis
(Logsdon et al., 2017; Mannix et al., 2014; Mouzon et al., 2018). Notably, both
AppNLGFs and Tg2576 mice also exhibit neuroinflammation such as reactive gliosis
(Benzing et al., 1999; Saito et al., 2014), suggesting that neuroinflammatory
processes may contribute to the anxiolytic-like behaviour in the EPM test.

The opposing behaviours during OF and EPM testing reinforces the idea of
increased open arm exploration reflecting a disinhibitory phenotype rather than a
true anxiolytic response. This behaviour has previously been attributed to disruptions
in the mechanisms underlying decision making, suggesting that AppNLGFs fail to
inhibit the decision to enter the open, more dangerous arm of the maze during EPM
testing (Gil-Bea et al., 2007; Migliaccio et al., 2020; Pervolaraki et al., 2019).
Consistent with this idea, AppN-GF mice have previously demonstrated alterations in
glutamatergic gene expression and NMDA-dependent gamma oscillations in the
PFC, an area associated with risk assessment and decision making, potentially
explaining why AppNLGF animals decide to enter the open arms of the EPM more
than C57BL6/Js (Dias et al., 1996; Pervolaraki et al., 2019). Biochemical changes to
the PFC may reflect degeneration observed in early AD pathology (Jobson et al.,
2021). These alterations, however, were absent in the amygdala, an area of the
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brain involved in the mediation of fear and anxiety (Davis et al., 1994; Pervolaraki et
al., 2019). The lack of such changes in the amygdala supports the hypothesis that
the changes observed in these animals during EPM testing are not truly anxiolytic,
but a more complex behaviour such as disinhibition. However, it has been argued
that seemingly anxiolytic behaviour should co-occur with hyperactivity to conclude
the behaviour of disinhibition (Gil-Bea et al., 2007). This has previously been
observed in the Tg2576 model, who showed preference for the open arms alongside
hyperactivity during the EPM task (Gil-Bea et al., 2007; Lalonde, 2002; Lalonde et
al., 2003; Ognibene et al., 2005). In this thesis, overall levels of activity were largely
comparable between AppNtGF and C57BL6/J animals, with the exception of a
significant increase in the mean distance travelled by AppNLGFs at 12-14 months
compared to C57BL6/Js. Previous studies using the EPM test have also not reported
substantial hyperactivity in AppNLGF animals (Latif-Hernandez et al., 2019;
Pervolaraki et al., 2019; Sakakibara et al., 2018). Therefore, it could be suggested
that AppNLGF animals exhibit reduced anxiety with some disinhibitory tendencies.
Other distinct or complementary explanations may include heightened curiosity or
increased novelty-seeking behaviour, as suggested during the ON test in this thesis,
where AppNLGFs spent significantly more time exploring the novel object compared to
C57BL6/Js.

Additionally, the increased open arm exploration observed during EPM testing may
reflect diminished perception of threat or impaired ability to appropriately respond to
threat. Previous studies have reported deficits in trace and contextual fear
conditioning in AppNLGF mice, indicative of altered fear learning and memory
processes (Maezono et al., 2020; Mehla et al., 2022; Mehla et al., 2019). These
tasks rely heavily on hippocampal-dependent learning and memory, as well as
contributions from the amygdala and PFC (Sharma et al., 2018; Tovote et al., 2015).
It has been hypothesised that these neural networks control fear and anxiety-like
responses by constraining such behaviours to contexts or cues that are predictive of
aversive events (Bannerman et al., 2004; Mehla et al., 2022). Indeed, cytotoxic
lesions of the ventral HPC have produced anxiolytic-like behaviour in rats across
unconditioned tests of anxiety, including both the standard and modified versions of
the EPM test (Bertagna et al., 2021; Kjelstrup et al., 2002; McHugh et al., 2004).
Therefore, althoughthe EPMdoesnét involve an explicitly |
association, the increased open arm exploration in AppNLGFs may reflect a failure of
these systems to appropriately regulate avoidance of the aversive (open) arms,
which may typically prevent frequent re-entry into these arms in normal mice.
According to Gray and McNaughton's model, the HPC detects conflicts between
competing goals, such as the drive to explore open arms versus the fear of open
spaces (Fowles, 2024; Gray, 1982). It triggers the Behavioural Inhibition System, a
network including the septo-hippocampal system and amygdala, to temporarily
suppress behaviour and heighten attention to environmental stimuli in order to
resolve the conflict (Good & Bannerman, 2025; Gray, 1982). Thus, hippocampal
dysfunction, as suggested by increased open arm exploration in AppNLGFs, may
reflect impaired response to the conflicting environment and reduced behavioural
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inhibition under anxiety-provoking conditions. This interpretation is consistent with
the subtle deficits observed in hippocampal-dependent OL and spontaneous
alternation tasks in this thesis, suggesting that a broad hippocampal deficit that at
least partially underlies both cognitive and affective phenotypes observed in this
model.

In AD patients, disinhibition often manifests as impulsive or socially unacceptable
behaviour (Gil-Bea et al., 2007; Migliaccio et al., 2020; Rochat et al., 2013).
Likewise, the behaviour of AppNLGFs during EPM testing may reflect increased
impulsivity. Masuda et al., (2016) reported increased impulsivity in AppN-GF mice,
evidenced by an increased number of premature responses during a serial reaction
time task in which mice were trained to withhold nose-pokes into reward ports during
a delay period before responding to a stimulus to receive a reward (Masuda et al.,
2016). This suggests that deficits in inhibitory control in the AppNtGF model may
extend beyond increased open arm exploration observed in the EPM test.
Supporting this, AppNLGF mice exhibit alterations in dopaminergic, serotonergic, and
noradrenergic systems, dysfunctions of which have previously been linked to
impulsivity in both humans and animals (Dalley & Roiser, 2012; Economidou et al.,
2012). For example, AppNLSF animals at 10 months exhibited a reduction in
dopamine and serotonin in the CA1 region of the HPC compared to C57BL6/J
controls at the same age (Wang et al., 2018). Levels of these hormones were
increased by administration of SAK3, a T-type Ca?* channel enhancer, suggesting a
role of Ca?* dysregulation underlying these alterations (Wang et al., 2018).
Furthermore, AppNtGF mice exhibited reduced cholinergic and noradrenergic neurons
from 6 and 9 months, respectively (Mehla et al., 2019). Strikingly, a mouse model in
which serotonergic dysfunction was induced via localised inflammation to the raphe
nucleus also demonstrated increased open arm exploration in an EPM test
(Howerton et al., 2014). This suggests that in the AppN'GF model, amyloid may be
disrupting neuromodulatory pathways, potentially impairing threat detection and
resulting in heightened impulsivity or disinhibitory-like behaviour during the EPM test.

In this thesis, additional measures of anxiety-like behaviour were assessed during
the EPM test through the analysis of ethological behaviours, including the extending
of the head and neck over the edgteof the op
stretch attend p.dnsludingtresepehavioursan the Analyss of )
behaviour during the EPM task provides a more nuanced assessment of anxiety-like
behaviour, reflecting decision-making and risk-assessment behaviours that are less
affected by potential confounds of activity differences than measurements of open
and closed arm preference (Tucker & McCabe, 2021). Stretching and head dipping
have been described as risk assessment behaviours that are commonly associated
with enhanced anxiety during the EPM test (Cole & Rodgers, 1994; File & Wardill,
1975; Rodgers, 1999; Rodgers, Perrault, & Sanger, 1997; Setem et al., 1999; Walf &
Frye, 2007). During EPM testing, AppNtGFs spent significantly more time head
dipping but significantly less time in the stretch attend posture compared to
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C57BL6/J animals. Both behaviours were similarly affected by age in both C57BL6/J
and AppNLGF animals, with time spent in each position decreasing as the animals
aged. Interestingly, Tg2576 animals also exhibited an increase in head dipping but
decrease in stretch attend postures at 7-12 months compared to C57BL6/J controls
(Ognibene et al., 2005). Given that these behaviours are considered indicators of
risk assessment, the contrasting pattern of increased head dipping alongside
decreased stretch attend postures is particularly intriguing. It could therefore be
argued that these ethological behaviours capture distinct aspects of risk-assessment
that do not directly correlate with increased anxiety. For example, head dipping over
the open arms of the EPM may reflect exploratory curiosity whereas stretch attend
postures may be linked to caution and hesitation during exploration of the EPM
(Fernandez Espejo, 1997; Hoshino et al., 2004). Based on this distinction, AppN-GF
mice appeared to be more curious than C57BL6/J mice, further suggesting an
increased propensity for novelty, and less cautious than C57BL6/J mice, suggesting
they were less inhibited by potential threats. However, the observed increase in head
dipping behaviour in AppNLGF animals may be partially confounded by the increase in
duration spent in the open arms of the maze, naturally enabling more opportunity to
engage in head dipping over these open arms. Nevertheless, this pattern may still
support a disinhibitory phenotype, as greater open arm exploration itself may also
suggest a diminished ability to assess and appropriately respond to risk.

It may be argued that further experiments are required to better understand anxiety-
like behaviour in the AppNtGF model. The use of the OF and EPM tests have been
contested as unequivocal tests of anxiety due to their several pitfalls (Ennaceur &
Chazot, 2016). Importantly, the OF and EPM tests were validated as tests of anxiety
based on observations that treatment with benzodiazepines increased exploration of
the central zone or open arms of the maze (Griebel & Holmes, 2013; Handley &
Mithani, 1984; Lister, 1987; Pellow et al., 1985; Prut & Belzung, 2003). However,
Ennaceur and Chazot argue that this validation is flawed since it assumes that
behavioural changes induced by these drugs directly reflect reduced anxiety, but
they also have broader effects such as sedation, fear reduction, and memory
impairments, which can influence behaviour independent of anxiety (Ennaceur &
Chazot, 2016). Additionally, there is no direct evidence supporting the theory that
these tests present a conflict between the motivation to explore and the drive to
avoid perceived danger. Ennaceur and Chazot argue that these tests over-rely on
the natural preference of enclosed spaces, which does not necessarily indicate an
anxious state, but may just reflect the secure nature of these areas as preferable to
risk taking (Ennaceur & Chazot, 2016). In contrast, situations in which escape is not
possible may be more likely to induce a true anxiety-like response (Zvolensky et al.,
2000). Therefore, as an alternative or complementary approach, the 3D maze was
suggested (Ennaceur & Chazot, 2016). This maze is a modification of the RAM, with
8 open arms connected to a central platform by upward angled bridges (Mostafa et
al., 2002). The bridges limit visibility, offering a more ambiguous escape context. In
this test, a reduction in anxiety is indicated by an increase in bridge entries
(Ennaceur & Chazot, 2016). Therefore, performing this test in the AppN-GF mouse
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model may help clarify the true extent of anxiety-like behaviour independent of the
a n i maatusal@reference for enclosed spaces, and determine whether the
disinhibitory-like behaviour observed in the EPM test persists in a scenario where
shelter and escape options are less predictable.

To summarise, whilst the EPM results suggest early and consistent anxiolytic
behaviour, potentially reflecting disinhibitory tendencies, findings from OF testing
indicate that anxiety is likely present in the model, as hypothesised, but emerges

only at a very advanced age. This contrasts with the behaviour commonly observed

in AD patients, who often suffer with anxiety during MCI or early stages of AD,
whereas disinhibitory tendencies emerge in later stages of the disease (Lanct6t et

al., 2017). This challenges the validity of the AppN-GF model in accurately reflecting
AD processes; could the early symptom of anxiety in AD result from pathological
mechanisms that the AppN-GF model does not exhibit, such as neuron loss and tau
accumulation? This key limitation of the AppNLGF model will be explored in the
General Discussion of this thesis. Supporting this notion, transgenic mice expressing
mutant tau genes (e.g., rTg4510 and TAU58/2 mice) exhibit similar behavioural
patterns, with seemingly early anxiolytic behaviour in the EPM task but anxiogenic
behaviour in the OF task (Cook et al., 2014; Przybyla et al., 2016). Data from these
animals, which exhibit tau accumulationbutd o not devel op Ab pl aqgue:
the similar behavioural patterns observed in AppNt¢Fa ni mal s may not be Al
dependent or an exclusive effect of A Bpathology. This could explain why the
anxiolytic-like behaviour observed during the EPM test in this thesis does not worsen
significantly with age, despite theoretical progressive A Db d e pSarslarly, theo n .
subtlety of deficits observed in the OL test and the late onset of spontaneous
alternation deficits suggest that amyloid accumulation alone in insufficient to drive
widespread behavioural impairments. Cortical amyloid deposition was confirmed in
the 227 23-month-old AppNLCFs in this study (Fig. 3.3), and previous reports have
shown that such deposition begins at around 2 months and becomes saturated by 7
months (Saito et al., 2014). Therefore, the delayed onset of behavioural changes in
the AppN-GF model may instead reflect downstream factors such as
neuroinflammation, synaptic dysfunction, and network alterations that emerge with
age.
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Chapter 4. Neuronal Activity in the
App NtSF Mouse Model
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4.1 Chapter Overview

The t euromal activitydbdescribes chemical and electrical changes in the brain
that allow neurons to communicate and respond to stimuli. Neuronal Ca?* and c-Fos
are two integral components of neuronal activation that are commonly disrupted in
AD and mouse models of AD (Babaei et al., 2025; Corbett et al., 2017; Joshi et al.,
2023; Lu et al., 1998). This chapter will therefore exist as two subchapters to
address each measure of neuronal activity in the AppN-GF mouse model.

Firstly, this chapter will explore the role of Ca?* in physiological neuronal function
and examine its dysregulation in AD, as outlined by the Calcium Hypothesis of AD.
This hypothesis was first postulated by Khachaturian and colleagues in the 1980s,
after experiments from the Landfield group evidenced prolonged Ca?* currents in
hippocampal slices from aged rats (Khachaturian, 1987, 1989; Landfield, 1987;
Landfield & Pitler, 1984). Since then, disruption of neuronal Ca?* homeostasis has
been evidenced in normal aging and, to a more severe extent, in AD patients
(Bezprozvanny, 2009; Toescu & Verkhratsky, 2007). Over the recent decades,
accumulating evidence has linked Ca?* dyshomeostasis with AD pathogenesis, with
increased emphasis placed upon the theory as an enhancement of the Amyloid
Cascade Hypothesis (Joshi et al., 2023). However, very little is known about
neuronal Ca?* function in 2" generation AD models such as the AppN-GF model,
particularly in extrahippocampal regions such as the retrosplenial cortex (RSC).
Experiment 1 of this chapter therefore assessed the role of the RSC in normal brain
function and its disruption in AD. It details the process of in vivo two-photon imaging
with Ca?* indicators to capture Ca?* dynamics in the RSC of awake AppN-GF mice.
Additionally, it presents a novel data analysis protocol to examine resting and
stimulus-induced Ca?* activity in this model. This experiment focused on the 227 23-
month-old AppNtCGF group, as the strongest behavioural phenotype manifested at this
age (Chapter 3). Therefore, if A bdisrupts neuronal Ca?* signalling, alterations in
neuronal Ca?* dynamics in this experiment were expected in this experiment.
Indeed, AppNLGF animals at 22-23 months exhibited significantly reduced Ca?* levels
and altered Ca?* peaks in response to visual stimuli, despite exhibiting marginally
increased resting Ca?* levels compared to age-matched C57BL6/J controls.

Unfortunately, due to an unexpected failure of the two-photon imaging equipment,
subsequent younger groups of animals were not tested. Therefore, to provide an
alternative indirect assessment of Ca?*-related signalling, experience-induced c-fos
expression was assessed in mid-aged AppNLGFs, c-fos is an immediate early gene
(IEG) that is widely used as a marker of neuronal activity linked to synaptic plasticity
and learning (Lara Aparicio et al., 2022). Expression of c-fos is stimulated by
increases in intracellular Ca?* concentration ([Ca?*]i) during action potentials (Lara
Aparicio et al., 2022; Minatohara et al., 2015). c-fos expression is irregular in rodent
models of AD, with both increased and reduced expression observed (Chin et al.,
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2005; Espafia et al., 2010; L'Esperance et al., 2024; Palop et al., 2005; Palop et al.,
2003; Poirier et al., 2011; Tan et al., 2023). The variability appears to be linked to
levels of amyloid peptides present rather than the extent of plaque deposition (Palop
et al., 2005; Palop et al., 2003). A recent study has evidenced increased c-Fos levels
in the pre-plague AppNtGF CA1 following a test of episodic-like memory (Tan et al.,
2023). However, there remains very limited data regarding the integrity of c-fos
expression in the AppNLGF model. Experiment 2 of this chapter therefore assessed c-
fos expression in the AppN-GF model at 14-16 months, with focus on the RSC and
CAL. The results here indicated no significant changes in baseline and experience-
induced c-fos expression in the RSC of AppNLGF mice compared to C57BL6/J
controls. However, a reduction in overall c-fos expression in the HPC was observed,
indicating region-specific alterations in neuronal activity patterns in the AppNtGF
model.

4.2 Experiment 1: Calcium Imaging of the Retrosplenial
Cortex

4.2.1 Introduction

4.2.1.1 The Role of Calcium in Neuronal Physiology

Ca?* is a ubiquitous second messenger molecule and its signalling is involved in a
range of physiological pathways throughout the body, including cell proliferation,
differentiation, survival, and apoptosis (Berridge et al., 2000). In the brain, Ca?*
fluctuations control neurotransmitter release, synaptic plasticity, gene expression,
and other key neuronal functions (Berridge, 1998; Cascella & Cecchi, 2021; Lynch &
Seubert, 1989; Mattson et al., 2000).

At resting state, intracellular calcium concentration ([Ca?*]i) is maintained at
approximately 100nM, whereas the extracellular space has a substantially higher
concentration at around 1-2mM (Cascella & Cecchi, 2021). Upon neuronal
stimulation, [Ca?*]i can increase to around 1-3eM (Cascella & Cecchi, 2021). To
facilitate this change in concentration, Ca?* crosses the plasma membrane through a
range of Ca?* channels, receptors, pumps, and transporters such as VGCCs, store
operated Ca?* channels (SOCCs), NMDARs, U-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARS), transient receptor potential canonical
(TRPC), Na*/Ca?* exchangers (NCX), and plasma membrane ATPases (PMCA)
(Joshi et al., 2023). To aid cellular equilibrium, Ca?* can be sequestered by and
released from internal stores such as the ER via inositol 1,4,5-trisphosphate
receptors (IPsRs) or ryanodine receptors (RyRs) (Santulli et al., 2017). Fine
intracellular Ca?* homeostasis is also aided by sensors and buffers that detect and
stabilise changes in [Ca?*]i, along with NCX and PMCA, to restore physiological
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levels of Ca?* (Schwaller, 2010). In the cell, Ca?* employs several downstream
protein targets such as transcription factors, kinases, and phosphatases to carry out
key cellular functions (Brini et al., 2014, Cascella & Cecchi, 2021; Pchitskaya et al.,
2018).

Mitochondria are also essential for maintaining cellular Ca?* homeostasis by
regulating uptake and release mechanisms (Joshi et al., 2023). Following cell
stimulation, excess intracellular Ca?* is taken up by the mitochondria, primarily
through voltage dependent anion channels (VDAC) or mitochondrial Ca2* uniporters
(MCU) (Gincel et al., 2001; Kirichok et al., 2004). Uptake of Ca?* into the
mitochondrial matrix stimulates mitochondrial dehydrogenases to enhance hydrogen
extrusion, stimulating ATP production (Hajnéczky et al., 2006). However, with
increased Ca?* uptake, mitochondria initiate programmed cell death through opening
of the mitochondrial permeability transition pore (MPTP) (Basso et al., 2005;
Zoeteweij et al., 1992). This results in the release of pro-apoptotic factors such as
cytochrome c¢ from the mitochondrial intermembrane space to the cytoplasm,
triggering apoptosome formation, caspase activation, and eventually cell death (Tait
& Green, 2013). Physiologically, controlled cell death is essential for the generation
of functional neuronal circuitry during development, and throughout life it is critical for
removing damaged, infected, or old cells (Buss et al., 2006).

42111 Calcium and Synaptic Plasticity

In the brain, Ca?* signalling underpins the frameworks of LTP and LTD (Bliss &
Collingridge, 1993). LTP and LTD are two major forms of synaptic plasticity that
facilitate memory storage and formation (Bliss et al., 2014). The phenomena of LTP
and LTD have been extensively studied in CAl area of the HPC but are also applied
elsewhere in the brain. LTP and LTD are mediated by Ca?* signalling through
glutamate-gated NMDARs and AMPARSs, and both processes can occur in the same
synapse in response to different patterns and strengths of NMDAR and AMPAR
activation (Arias-Cavieres et al., 2018; Citri & Malenka, 2008; Del Prete et al., 2014,
Hunt & Castillo, 2012; Joshi et al., 2023; Malenka, 1994). NMDARs are formed by an
assembly of variable subunits (GIuN1, GIuN2A-D, GIuN3A-B) and are permeable to
sodium (Na*), potassium (K*), and Ca?* (Hansen et al., 2018). AMPARSs are
comprised of different combinations of subunits (GIuAl, GIuA2, GIuA3, and GluA4),
and only AMPARs lacking the GIuA2 subunit are permeable to Ca?* ions (Henley &
Wilkinson, 2013; Lee, 2006; Luscher & Malenka, 2012).

LTP and LTD are initiated by Ca?* pulses with specific location, duration, and
amplitudes for each function (Yang et al., 1999). Depending on the quantitative
characteristic of Ca?* signals, AMPARSs are either inserted or removed from the
synaptic membrane, triggering either LTP, or LTD, respectively (Bliss et al., 2014).
LTP is typically initiated by high-frequency stimulation that triggers the release of
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neurotransmitters, such as glutamate, into the synaptic cleft (Bliss & Collingridge,
1993). Subsequently, glutamate binds to and opens AMPARSs, through which Na*
enters the neuron, triggering depolarisation of the postsynaptic membrane (Luscher
& Malenka, 2012). Under resting conditions, NMDARs are blocked by Mg?*,
however, following sufficient membrane depolarisation, the Mg?* is removed from
NMDAR channels, allowing Ca?* entry into the cell (Park et al., 2014). Intracellular
Ca?* binds Ca?* sensor calmodulin (CaM), which then activates Ca?*/CaM-
dependent protein kinase Il (CaMKII) by disrupting the association between the
catalytic and inhibitory subunits (Lisman et al., 2002; Lisman et al., 2012). Activation
of CaMKII promotes the trafficking and insertion of AMPARSs into the synaptic
membrane, leading to strengthening of synaptic transmission by promoting the post-
synaptic response to glutamate (Citri & Malenka, 2008; Hidalgo & Arias-Cavieres,
2016; Joshi et al., 2023; Luscher & Malenka, 2012). In contrast, LTD is typically
induced by low-frequency synaptic stimulation, leading to prolonged moderate
intracellular Ca?* elevation in the postsynaptic neuron (Yang et al., 1999). This
moderate Ca?* influx leads to the preferential activation of phosphatases such as
calcineurin (CaN), which has a higher affinity for Ca?* than the Ca?*CaMKIl complex
(Joshi et al., 2023; Lee, 2006; Luscher & Malenka, 2012). CaN activation promotes
the dephosphorylation and endocytosis of membrane bound AMPARS, resulting in a
reduced postsynaptic response to glutamate and thus a reduced ability respond to
glutamate release (Citri & Malenka, 2008; Hidalgo & Arias-Cavieres, 2016; Lee,
2006; Lisman et al., 2012; Lischer & Malenka, 2012).

Over time, LTP and LTD can induce structural changes in synaptic connections
(Ramiro-Cortés et al., 2014). For instance, increased AMPAR expression
strengthens dendritic spines and reinforces certain synaptic connections, which is
key in the encoding and storage of memories (Matsuzaki et al., 2004; Park, 2018).
AMPAR internalisation in LTD, however, causes the shrinkage of dendritic spines,
which can lead to long-lasting reductions in the integrity of neuronal circuits (Hanley,
2008; Pikor et al., 2024; Shinoda et al., 2010). Physiologically, LTD weakens
redundant synaptic connections to support the flexible remodelling of memory
circuits (Chidambaram et al., 2019; Wiegert & Oertner, 2013). Therefore, a
homeostatic balance between LTP and LTD is required to support healthy memory
systems (Bliss et al., 2014).

4.2.1.2 The Calcium Hypothesisof A | zhei mer 6s Di sease

The Calcium Hypothesis of AD proposes that Ab-induced Ca?* dyshomeostasis

disrupts neuronal function via a series of mechanisms that will be discussed below

(Fig. 4.1) (Joshi et al., 2023). Supporting this theory, experiments conducted in

cultured neurons evidencedt hat ol i gomer i ¢ Abmedidted ®xicityl y c au
(Demuro et al., 2005). Furthermore, multiple lines of evidence suggest that the

progressive accumulation of Ab in AD similarly leads to toxic Ca?* overload

(Berridge, 2010; Bezprozvanny & Mattson, 2008; Kuchibhotla et al., 2008; Sanz-
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Blasco et al., 2008; Shirwany et al., 2007). Data from in vitro models and mouse
models of AD have evidenced that Ab-induced chronic Ca?* elevation in AD favours
LTD-promoting pathways, enhancing LTD and reducing LTP (Koffie et al., 2011; Li et
al., 2011; Liebscher et al., 2014; Shankar et al., 2008). There is limited data
regarding synaptic plasticity processes in the AppN-6F mouse model, however, it
appears to exhibit LTP impairment in the HPC at 6-8 months old (Latif-Hernandez et
al., 2020; Moriguchi et al., 2018), and at 3-4 months old in the PFC (Latif-Hernandez
et al., 2020). Although disruption of LTP and LTD has not been directly proven in AD
patients, studies in transgenic AD models suggest that impairment of synaptic
function is an early event in hippocampal-dependent memory disruption, preceding
plaque formation and neuronal cell death (Ferreira & Klein, 2011; Ferreira et al.,
2015; Koffie et al., 2011; Selkoe, 2002; Tanzi, 2005). Therefore, it is hypothesised
that enhancement of LTD results in the excessive weakening of synaptic
connections, which gradually disrupts neural connections involved in forming and
retaining memories, compromising the structural integrity of the brain and
contributing to cognitive decline (Pozueta et al., 2013).

As discussed above, dysregulation of synaptic plasticity processes in AD appears to
be mediated by neuronal Ca?* overload. This can occur through i) enhancing Ca?*
influx from the extracellular space and ii) stimulation of Ca?* release from internal
stores (Berridge, 2010; Laurén et al., 2009). One possible mechanism through which
Ab enhances Ca?* influx is through Ab itself forming Ca?* permeable pores in the
plasma membrane, allowing extracellular Ca?* to flood into the cell (Arispe et al.,
2007; Arispe et al., 1993). Interestingly, oligomeric forms of Ab share structural and
functional homology with pore-forming bacterial toxin proteins alpha-haemolysin and
perforin, corroborating theideaof Ab as a | i kel y pl astmaugime mbr an
which Ca?* passes (Yoshiike et al., 2007). Moreover, there is a linear correlation
between the amount of oligomeric Ab species bound to the neuronal cell membrane
and the rate of Ca?* influx, further suggesting a direct role of Ab in neuronal Ca?*
overload (Evangelisti et al., 2016). Additionally, there is evidence that following
progressive Ab accumulation in early AD pathogenesis, Ab oligomers directly bind
and modulate NMDARs, facilitating cellular Ca?* entry (De Felice et al., 2007;
Ferreira et al., 2012; Hardingham & Bading, 2010; Parameshwaran et al., 2008;

Texido et al., 2011; Zhang etal., 2016).1 t i s al s o oligomerseahdnce hat AD
cellular Ca?* entry by interacting with Ca?* impermeable AMPARS, rendering them
permeable to Ca?* and resulting in cytotoxic Ca?* overload (Zhaoetal.,2010) . AD

oligomers can also block physiological glutamate reuptake following synaptic
transmission, resulting in excessive glutamate accumulation, overactivation of other
localised NMDARs and AMPARs, and subsequent neuronal hyperactivity (Alberdi et
al., 2010; Busche et al., 2012; Busche et al., 2008; Harkany et al., 2000; Joshi et al.,
2023; Koffie et al., 2011; Li et al., 2011; Mattson et al., 1992; Parameshwaran et al.,
2008; Wang et al., 2017; Zott et al., 2019). In an excitotoxic cycle, NMDAR
overactivation stimulates amyloidogenic APP processing by inhibiting U-secretase
and enhancing b-secretase activity (Lesné et al., 2005). Enhanced [Ca?*]i also
induces the phosphorylation of APP and tau, triggering further plaque and tangle
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formation and subsequent neurodegeneration observed in AD (Berridge, 2010; Itkin
et al., 2011, Pierrot et al., 2004, Pierrot et al., 2006; Querfurth & Selkoe, 1994).

A further mechanism through which Ca?* enters the cell during AD pathogenesis
may be via cellular prion proteins (PrP¢) (Joshi et al., 2023). PrP°¢ are receptors

anchored to the outer surface of t(fPusoetel | ,

al., 2018). It is argued that, upon PrP¢ binding of Ab, a Fyn-mediated signalling
cascade disrupts Ca?* channels such as NMDARSs, altering membrane permeability
and eliciting Ca?* influx (Um et al., 2012; Zhang et al., 2019). However, evidence for
the role of PrP¢in AD pathogenesis remains controversial. Intracerebroventricular

administration of an antibody thatprebantads
LTP inhibition in W star rats administered

(Barry et al., 2011). Conversely, hippocampal slices from PrP¢- mice show LTP

depressionf ol | owi ng treat ment wi(Balducdé alp20®c ur sor

Kessels et al., 2010), suggesting PrP¢ may not be necessary to facilitate Ca?* entry
or that Ca?* entry alone is not necessary or sufficient to induce LTP depression.

In addition to enhanced neuronal Ca?* influx, there is also evidence that Ab
oligomers trigger Ca?* release from internal stores by interacting with IP3Rs and
RyRs on the ER (Ferreiro et al., 2004; Supnet et al., 2006). Furthermore, AICD, the
bi-product of amyloidogenic APP processing, is transcriptionally active and alters the
expression of RyRs and Ca?* buffer calbindin, enhancing Ca?* release from the ER
and dampening Ca?* sequestering pathways (Leissring et al., 2002; Smith et al.,
2005; Stutzmann et al., 2006). As mentioned with reference to cellular physiology,
enhanced mitochondrial Ca?* uptake triggers mPTP mediated cell death (Joshi et al.,
2023). In conditions of Ca?* overload associated with Ab, excessive Ca?* influx into
the mitochondria occurs both directly via the MCU and through Ab -mediated ER-
mitochondria coupling, facilitating direct Ca?* transfer (Calvo-Rodriguez et al., 2019;
Garcia-Casas et al., 2023). This results in aberrant mPTP opening, triggering
mitochondrial swelling (Joshi et al., 2023). This structural change of the mitochondria
compromises the integrity of the inner mitochondrial membrane and reduces the
efficiency of the associated electron transport chain (ETC), responsible for ATP
synthesis (Berridge, 2010; Spét et al., 2008; Wang et al., 2017). Furthermore, Ab
can directly bind complexes of the ETC, further disrupting ATP formation (Spuch et
al., 2012). Disruption of ATP synthesis mechanisms enhances the production of
ROS, such as hydrogen peroxide and hydroxyl radicals, as byproducts of cellular
metabolism (Joshi et al., 2023). Under physiological conditions, cellular antioxidant
systems neutralise ROS, however, excessive ROS formation overwhelm these
defences, leading to a state of oxidative stress in which DNA, proteins, and lipids are
damaged (Cheignon et al., 2018). ROS formation during Ab oligomerisation can also
depolarise the cell membrane and activate VGCCs, providing an additional route of
entry for Ca?* into the cytoplasm (Bezprozvanny & Mattson, 2008; Mark et al., 1997;
Nimmrich et al., 2008; Ueda et al., 1997). Overall, Ca?*-mediated mitochondrial
dysfunction results in a feedback loop that further worsens mitochondrial function,
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exacerbates oxidative stress, and triggers an inflammatory response (Yu & Luo,
2024). ER and mitochondrial stress induced by cellular Ca?* overload can induce cell
death pathways. For example, Ca?* imbalance of the ER can lead to the misfolding
of proteins, triggering the unfolded protein response, which activates pro-apoptotic
pathways (Ajoolabady et al., 2022). Furthermore, disruption of ATP production in the
mitochondria can lead to the release of pro-apoptotic factors such as cytochrome c,
which activates the caspase cascade and stimulates apoptosis (Joshi et al., 2023;
Pacher & Hajnoczky, 2001). Excessive caspase activation and apoptosome
formation depletes the cell of ATP, triggering necrotic cell death (Nicotera et al.,
1998). Moreover, conditions of enhanced [Ca?*]i can also lead to the activation of
Ca?*-dependent proteases which can inhibit transmembrane proteins such as
PMCA, leading to structural degradation of the cell and subsequent necrosis (Bano &
Ankarcrona, 2018). Excessive apoptosis and necrosis have been observed in AD,
underpinning the progressive neurodegeneration and characteristic cognitive decline
of the disease (Goel et al., 2022).
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Together with the disruption of synaptic plasticity discussed earlier, the Ca?*
hypothesis of AD argues that neuronal Ca?* remodelling leads to AD and cognitive
impairment (Joshi et al., 2023). This hypothesis may explain why AD is a progressive
di sease; the gr addsaptsnemgypscessesamd everitualk b
leads to cell death. This can also explain why memory loss symptoms often appear
before any evidence of cell death and could highlight a potential pharmacological
target to slow or stop the progression of AD.

The positive feedback mechanism between Ca?* and Ab presents the key question
of which process is the first to be dysregulated and thus which should be
preferentially targeted. Several lines of evidence from FAD mutations points towards
Ca?* as a proximal cause of AD. A paper from over 20 years ago shows that
individuals possessing PSEN mutations with FAD history show perturbation in IPs-
mediated Ca?* responses prior to clinical presentation of AD (Etcheberrigaray et al.,
1998), suggestingthatCa>*dy sr egul ati on could occur befor.
aggregation. Moreover, animal and cell studies of FAD mutations in PSEN1 and
PSEN2 show enhanced Ca?* release from the ER via suggested interaction of
presenilins with IP3sRs (Cai et al., 2006; Cheung et al., 2010; Green et al., 2008;
Mattson, 2010). PSEN1 and PSEN2 mutations may also enhance expression and
recruitment of RyRs, increasing RyR-mediated Ca?* release from the ER (Chan et
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al., 2000; Del Prete et al., 2014; Paula-Lima et al., 2011; Stutzmann et al., 2006).

Interestingly, pr eseni |l ins themselves can function as
permeable channels in the lipid bilayer of the ER responsible for facilitating passive

Ca?* movement from the ER (Joshi et al., 2023; Tu et al., 2006). Many PSEN

mutations present in FAD impair the function of this leak channel, leading to ER Ca?*
accumulation (Bezprozvanny & Mattson, 2008; Tu et al., 2006). Therefore, it could

be argued that Ca?* dysregulation may be the proximal cause of AD and as such

should be explored further and targeted by new experimental drugs.

42121 Neuronal Calcium Imaging of Mouse Models of AD

The effects of mutant APP on neuronal Ca?* dynamics in mouse models of AD
remain relatively unexplored. In particular, very little is known about neuronal Ca?*
dynamics of 2"d generation models such as the AppNLGF model, as most research to
date has concentrated on transgenic models of AD, leaving a gap in understanding
how Ca?* signalling pathways are influenced in newer models without
overexpression-related artefacts.

A study by Busche et al., (2008) performed in vivo two-photon imaging on 6-10-
month-old APP23xPS45 mice, a transgenic model that overexpress both APP and
mutant PSEN1 under the control of Thy-1 promoter. By simultaneously loading Ca?*
indicator Oregon Green 488 BAPTA-1 AM (OGB-1) and fluorescent Ab label
thioflavin S, an overall decrease in neuronal activity in 29% cortical neurons of layer
2/3 was observed, however, an increase in the frequency of Ca?* transients
exclusively in neurons within 60e m of plague borders was also present (Busche et
al., 2008). In the same year, Kuchibhotla et al., (2008) assessed cortical Ca?*
dynamics in 57 6-month-old Tg2576 and APP/PS1 mice using multiphoton imaging, a
related technique to two-photon imaging. With application of the genetically encoded
Ca?*indicator yellow cameleon 3.6 (YC3.6), hyperactive neurons in close proximity
to Ab plaques in both models were observed, corroborating previous findings
(Kuchibhotla et al., 2008). However, resting Ca?* levels in young Tg2576 and
APP/PS1 mice (with no cortical plaques) were unaffected compared to age-matched
non-transgenic controls (Kuchibhotla et al., 2008). Localised Ca?* hyperactivity in the
APP/PS1 model was later reproduced in a 2021 two-photon study, which showed
aberrantly high GCaMP6s expressionwi t hin 40em of ADb plaques i
cortices of 4-5-month-old animals (Korzhova et al., 2021). Kuchibhotla et al., (2014)
also assessed the effect of NFT pathology on Ca?* activity in the visual cortex. Two-
photon Ca?* imaging with YC3.6 Ca?* indicator was performed on 9-month-old
rTg4510 mice, a transgenic model that overexpresses a human mutant form of tau
(P301L) and shows NFT pathology by around 7 months old. Interestingly, no
significant differences in the resting Ca?* profile in the visual cortices of rTg4510 and
control mice were observed (Kuchibhotla et al., 2014).
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A subsequent study by Busche et al., (2012) performed two-photon imaging of the
HPC of 61 7-month-old APP23xPS45 mice. Interestingly, when assessing the
transients per minute of hippocampal neurons, an increase in hyperactive neurons in
animals that exhibited soluble Ab species (but no plaques) was observed (Busche et
al.,, 2012). Oraltr e at me n-secratase ihhibitor LY-411575 reduced soluble Ab
levels and rescued neuronal hyperactivity, suggesting that soluble Ab species rather
than plagues may underlie the local hyperactivity impairment observed in these
studies (Busche et al., 2012). Supporting this, direct hippocampal application of
soluble Ab species in C57BL6/J mice by micropipette increased neuronal
hyperactivity versus vehicle controls (Busche et al., 2012). A later two-photon Ca?*
imaging study used 3-month-old APPswe/PS1dE9 mice expressing GCaMP6s under
the Thy-1 promoter in a treadmill running experiment. When stationary, the mice
showed significantly reduced Ca?* activity in the motor cortex compared to non-AD
transgenic littermate controls (Bai et al., 2017). However, when running, the duration
and amplitude of neuronal Ca?* transients in APPswe/PS1dE9 mice was significantly
increased compared to control animals (Bai et al., 2017). APPswe/PS1dE9 mice at 3
months do not exhibit plaque formation (Garcia-Alloza et al., 2006), suggesting a role
of pre-aggregated Ab i n n e wWrdgsregulatiorCaad corroborating the results
from Busche et al. Testing this theory, a further study observed aberrant Ca?*
transients while running in C57BL6/J mice injected with soluble Ab42 (Bai et al.,
2017).

Research is increasingly utilising 2" generation AD models in transgenic crosses for
two-photon Ca?* imaging studies. Recently, AppN-GF mice were crossed with Thy1-
G-CaMP7-T2A-DsRed2 (WT-G-CaMP7) animals to make the AppNtGF /Thyl-G-
CaMP7-T2A-DsRed2*/ {AD-G-CaMP7) mouse, a genetic cross that facilitates
neuronal expression of fluorescent Ca?* indicator GCaMP7. Chronic two-photon Ca?*
imaging was performed on head fixed AD-G-CaMP7 animals positioned on a
treadmill. Imaging sessions began at 4 months of age and continued over a period of
9 months. Using a virtual reality behavioural paradigm, the animals were trained to
run only during certain locations in the virtual reality. Analysis of Ca?* transients in
the CAl region revealed an overall decrease in active neurons in AD-G-CaMP7 mice
compared to WT-G-CaMP7 mice (Takamura et al., 2021). Interestingly, however, in
corroboration with the above studies in transgenic mice, an increased number of
hyperactive neurons were observed near Ab aggregates in AD-G-CaMP7 mice with
increasing age (Takamura et al., 2021). A similar two-photon imaging study also
showed that Ab load is associated with increased neuronal Ca?* hyperactivity in
cortical regions of AppNLGF mice expressing GCaMP6s under Thy-1 (Doostdar et al.,
2021). Also supporting the findings of Takamura et al., (2021), a similar study
showed that 12-month-old AppNLéFxThy1-GCaMP6s*- (A-TG) mice exhibited a lower
average neuronal Ca?* amplitude of firing in the CA1 compared to control animals,
and this effect was more pronounced when the mice were running (Inayat et al.,
2023). Interestingly, however, A-TG mice exhibited a larger number of Ca?*
transients per minute compared to control mice (Inayat et al., 2023).

128



Overall, current research of the HPC and various cortical regions indicates that Ab
induces local neuronal Ca?*-induced hyperactivity in both transgenic animals and
AppNLGF animals harbouring transgenic Ca?* indicators. Given the question of how
accurately the transgenic brain environment mimics the AD state, it is important to
observe how neuronal Ca?* is affected in the AppN-GF model with no transgenic
expression. As described above, there are some suggestions that despite the
evidence of localised neuronal hyperactivity, overall Ca?* activity in the AppNLGF brain
is reduced compared to control animals (Inayat et al., 2023). However, so far this
has only been indicated in the CA1 region of the HPC, therefore research is required
to test this result in other areas of the brain that play key roles in AD, such as the
RSC.

4.2.1.3 The Retrosplenial Cortex

42.1.3.1 Anatomy and Functions of the Retrosplenial Cortex

The RSC comprises of cortical regions 29 and 30, as defined by Brodmann over 100
years ago (Brodmann, 1909). In humans and non-human primates, the RSC is a
central structure that wraps around the splenium of the corpus callosum and forms
part of the posterior cingulate cortex, along with areas 23 and 31 (Mitchell et al.,
2018; Vann et al., 2009). Rodents lack areas 23 and 31, and their RSC is positioned
towards the surface of the brain, occupying a proportionally larger area compared to
primates (Fig. 4.2) (Bermudez-Contreras et al., 2020; Martins et al., 2014; Milczarek
& Vann, 2020). Brodmann areas 29 and 30 are commonly described as the granular
and dysgranular RSC, respectively (Aggleton et al., 2021). The granular RSC is
located ventrally relative to the dysgranular RSC, and has a dense layer IV
containing granular cells (van Groen & Wyss, 1990; Vogt & Peters, 1981; Wyss &
Van Groen, 1992). The dysgranular RSC is positioned dorsally relative to the
granular RSC, and exhibits a wider but sparser layer IV (Sugar et al., 2011; van
Groen & Wyss, 1992a; Vogt & Peters, 1981; Wyss & Van Groen, 1992).

a Human b Mouse

Il Dysgranular (area 30)
[ Granular (area 29)

Figure 4.2: The Retrosplenial Cortex . Location of the dysgranular and granular retrosplenial cortex
within the a) human brain and b) rodent brain. Image adapted from Milczarek and Vann (2020).
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The granular and dysgranular RSC have distinct connectivity patterns that are
largely conserved among humans and rodents (Vann et al., 2009). The granular
RSC is strongly linked to the HPC and its associated network (Aggleton et al., 2021).
For example, it receives predominantly unidirectional input from the CA1 and forms
reciprocal links with the subiculum, presubiculum, postsubiculum, EC, and anterior
thalamic nuclei (Aggleton et al., 2012; Aggleton et al., 2021; Sugar et al., 2011; Vann
et al., 2009). The dysgranular RSC receives sparser hippocampal input and is more
strongly connected with visual areas 17 and 18b, with most interactions concentrated
in its caudal region (van Groen & Wyss, 1990, 1992a; Van Groen & Wyss, 2003;
Vogt & Miller, 1983). The granular and dysgranular RSC are also connected through
intrinsic reciprocal connections (Sugar et al., 2011). Although the precise role of the
RSC is yet to be fully understood, its anatomical connections along with evidence
from imaging, lesion, and IEG studies have indicated the RSC as a site of integration
of spatial memory and sensory information (Alexander et al., 2023).

In humans, fMRI studies revealed that activity in the RSC is modulated by a range of
tasks involving scene processing and spatial navigation, episodic memory, and
autobiographical memory retrieval (Awad et al., 2007; Epstein, 2008; Epstein et al.,
2007; Ferris et al., 2024; Maguire, 2001a, 2001b; Svoboda et al., 2006). The
functions of the RSC appear anatomically heterogeneous, with scene processing
and navigation primarily associated with the caudal RSC and episodic memory
linked to the rostral RSC (Chrastil, 2018). Patients with damage to the RSC have
exhibited varying degrees of amnesia, including reduced memory for episodic details
from stories, deficits in autobiographical memory, difficulties in recalling the
positional relationships between familiar landmarks and failure to navigate effectively
through familiar environments (Epstein, 2008; Maguire, 2001b; Takahashi et al.,
1997; Vann et al., 2009).

Along with regions such as the anterior thalamus, postsubiculum, EC, and HPC, the
RSC is part of a neural network known as the Head Direction System (Weiss &
Derdikman, 2018). A subset of neurons in the RSC fire maximally when the head is
orientated in a specific direction (Chen, Lin, Green, et al., 1994; Cho & Sharp, 2001;
Jacob et al., 2017). These cells use visual cues such as external landmarks to
provide an external anchoring reference, with both human neuroimaging and rodent
electrophysiological studies suggesting that they are most responsive to stable
landmarks rather than those that can shift position (Auger et al., 2012; Lozano et al.,
2017). This system is therefore believed to function as a neural compass by
encoding the direction of the an,contbuing
to the egocentric frame of reference (Butler et al., 2017; Taube, 2007). However, the
directional tuning of these cells in area 30 can be maintained in darkness, indicating
an internal representation of direction (Butler et al., 2017; Dudchenko et al., 2019;
Jacob et al., 2017). Furthermore, a subset of cells in the RSC, including head
direction cells, are modulated by running speed and angular head velocity (Chen,
Lin, Barnes, et al., 1994; Cho & Sharp, 2001; Keshavarzi et al., 2022; Lozano et al.,
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2017). This suggests that the RSC contributes to the continuous updating of
representations of self-position using self-movement cues, a process known as path
integration, a critical process in navigation (Etienne & Jeffery, 2004). The RSC also
appears to contribute to context discrimination, allowing the animal to distinguish
between novel and familiar environments (Walsh et al., 2022). Electrophysiological
recordings showed that exposure to environmental novelty elicits a significant
increase in the rate, -feequercyoscilatiesintherR&C dur at i o
(Walsh et al., 2022). This increased strength of b-frequency oscillations was
associated with transient increases in neuronal spikingand diU/ b  efrequency
coupling, suggesting that the RSC may both encode novel spatial information and
coordinate this signal with wider neural networks supporting spatial memory and
contextual representation (Walsh et al., 2022).

Lesions of the RSC reveal deficits in spatial navigation tasks that are most apparent
when intra- and extra-maze cues are placed in conflict. For example, RSC lesioned
rats show minimal deficits in standard T-maze forced alternation tasks, where they
are trained to choose the opposite arm to the arm visited in a previous sample trial
(Aggleton et al., 1995; Neave et al., 1994; Pothuizen et al., 2008). However, when
the maze is rotated, their performance is significantly impaired (Nelson et al., 2015).
Similarly, rotating the RAM also produces significant impairments in performance in
RSC lesioned rats (Pothuizen et al., 2008; Vann & Aggleton, 2004; Vann et al.,
2003). Furthermore, lesion or inactivation of the RSC results in deficits in RAM
navigation, foraging tasks, and T-maze alternation in the dark, where visual cues are
removed and path integration is required (Cooper et al., 2001; Cooper & Mizumori,
1999; Elduayen & Save, 2014; Pothuizen et al., 2008). Rodents have various
navigational strategies available when they are solving a maze (e.g. alternation with
use of extra-maze landmarks, intra-maze cues, heading direction, and patterns of
movement (Futter & Aggleton, 2006)), but when the spatial relationship between the
maze and the extra-maze landmarks change (e.g., maze rotation), or when a cue-
type is removed (e.g., removing visual cues by performing the task in the dark), RSC
lesioned rodents struggle to adapt. This supports the theory that the RSC plays a
critical role in transitioning egocentric (self-centred) with allocentric (world-centred)
frames of reference, to achieve efficient navigation through different strategies
(Chen, Lin, Green, et al., 1994; Miller et al., 2014; Vann et al., 2009).

Specific roles of the granular and dysgranular RSC have emerged from lesion and
IEG studies. For example, dysgranular RSC lesions impair the use of allocentric
cues, as shown by deficits in RAM performance following maze rotation (Vann &
Aggleton, 2005). Moreover, lesions of the granular RSC produce deficits in RAM
performance in both light and dark conditions that are comparable to complete RSC
lesions (Pothuizen et al., 2010). Furthermore, expression of IEGs c-fos and zif268
increases in the granular RSC during a RAM task in both light and dark conditions,
whereas their expression in the dysgranular RSC only increased in the light
(Pothuizen et al., 2009). Collectively, these findings suggest that the RSC plays a
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greater role using internal cues for navigation, whereas the dysgranular RSC is
primarily processes visual cues to guide behaviour, reflecting its connectivity to the
visual cortex (Aggleton et al., 2021).

Beyond its role in navigation, the RSC has also been implicated in mnemonic
processing, including the encoding and retrieval of episodic memories (Alexander et
al., 2023). For example, highlighting its role in processing the spatial properties of
the environment, lesions of the rodent RSC generally impair performance in spatial-
related tasks that test episodic-like memory such as the OiP (Vann & Aggleton,
2002) and OL tasks (Ennaceur et al., 1997; Parron & Save, 2004), however, one
recent study showed intact OL performance following RSC lesions (Hayashi et al.,
2020), but the lack of observed difference may speak to the extent and method of
lesions used. There is also evidence that RSC lesions impair object recency
discrimination in the TO task (Hayashi et al., 2020; Powell et al., 2017). However,
lesions of the RSC generally spare object identity memory in the ON task (Ennaceur
et al., 1997; Hayashi et al., 2020; Parron & Save, 2004; Vann & Aggleton, 2002).
Consistent with the findings from traditional object recognition task, a recent
touchscreen based dPAL study showed that lesions of the granular RSC impaired
the retrieval of previously learned and the learning of new object-location
associations (Sheppard et al., 2024). However, when tested with single-modality
tasks assessing either spatial working memory or visual discrimination, no
impairments were observed (Sheppard et al., 2024), suggesting that the granular
RSC is specifically involved in integrating object and spatial information.
Contrastingly, a recent study has implicated the anterior RSC in long-term
consolidation and retrieval of object identity information, as selective temporary
inactivation of this area shortly after the sample phase of the ON task (consolidation)
or before the test phase (retrieval), but not before the sample phase (acquisition),
impaired novel object recognition in the test phase (de Landeta et al., 2020).

Overall, anatomical, lesion, and activation studies support the role of the RSC as an
integrative hub, receiving sensory, spatial, and mnemonic information, and linking
internal representations with external environmental cues to support navigation,
memory, and cognitive flexibility (Alexander et al., 2023). However , i ts
limited to spatial memory, with lesions of the RSC associated with reduced freezing
during contextual fear conditioning and trace fear conditioning tasks and decreased
locomotion in the central zone of an OF, suggesting the RSC also plays a role in fear
learning and anxiety-related behaviour (Keene & Bucci, 2009; Kwapis et al., 2014;
Kwapis et al., 2015; Lukoyanov & Lukoyanova, 2006; Pan et al., 2022).
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4.2.1.3.2 Retrosplenial Cortex Dysfunctionin Al z hei mer dadNbuse e a s e
Modelsof Al zhei mer 6s Di sease

Dysfunction of the RSC has been observed in normal age-related memory
impairment and AD (Trask & Fournier, 2022). The RSC of patients with early AD
exhibits Ab accumulation, with plagques typically first emerging across the cortex,
including the posterior cingulate cortex (Buckner et al., 2005; Klunk et al., 2004).
Furthermore, several volumetric MRI studies have shown significant atrophy of these
areas in the early stages of AD, with some indications that the volume of this region
is a predictor for the conversion of MCI to AD (Choo et al., 2010; Chételat et al.,
2005; Frisoni et al., 2009; Pengas et al., 2010; Scahill et al., 2002; Tan et al., 2013).
Moreover, PET and fMRI studies have consistently shown acute glucose
hypometabolism in the RSC of patients with MCI and early AD, which appears to
precede atrophy (Buckner et al., 2005; Drzezga et al., 2011; Minoshima et al., 1997;
Mosconi et al., 2006; Nestor et al., 2003; Terstege et al., 2024). The temporal
relationship between amyloid deposition and metabolic changes is not fully
understood. However, there is evidence that amyloid pathology precedes
hypometabolism, with the latter following a similar pattern of regional expansion but
with a delay (Forster et al., 2012). Furthermore, resting state fMRI studies have
shown altered functional connectivity of the posterior cingulate cortex in AD, with
evidence suggesting it is initially increased in MCI and early stages of AD but
decreases with AD development (Bai et al., 2009; Gili et al., 2011; Shah et al., 2022;
Zhang et al., 2010). Interestingly, children with FAD mutations exhibit increased
functional connectivity of the posterior cingulate cortex with medial temporal regions
before cognitive symptoms are evident (Quiroz et al., 2015).

In mouse models of AD, substantial Ab deposition in the RSC has been observed by
several studies. For example, in the 5XFAD model of AD, Ab deposition is apparent
at 4 months, with the RSC being the most affected brain region by plaque (Kim et al.,
2020; Tsui et al., 2022). In the PDAPP mouse model, amyloid accumulation is
detectable in the RSC at around 6 months (Reilly et al., 2003), and at around 5
months in the Tg2576 model (Poirier et al., 2011). Interestingly, metabolic changes
of the RSC have also been observed in the Tg2576 mouse model, where increased
cytochrome oxidase activity is present before any evidence of plaque formation
(Poirier et al., 2011). Contrary to human studies, this is indicative of
hypermetabolism in the RSC. The Tg2576 mouse model, however, appears to lack
any RSC atrophy (Poirier et al., 2011; Ribé et al., 2005). In J20 mice, a transgenic
model that overexpresses human APP carrying FAD mutations, amyloid deposition
in the RSC was detected at 7 monthsandwasaccompani ed by-exagger a
frequency oscillations in the dysgranular RSC in response to both novel and familiar
environments, compared to C57BL6/J controls (Walsh et al., 2022). Additionally, the
J20 model exhibited alossofc o u p | i n g -buests ane BSC sffiking activity,
indicating a disruption in the neural encoding of environmental novelty within the
RSC and impairment in the formation of neuronal ensembles required for contextual
memory (Walsh et al., 2022). Such disruptions may underlie the spatial learning and
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memory impairments previously reported in the J20 model, as demonstrated in tasks
such as the MWM and RAM which depend on the accurate encoding and retrieval of
contextual and spatial information (Cheng et al., 2007; Wright et al., 2013).

Very little is known about the integrity of the RSC in 2"d generation mouse models of
AD including the AppNtSF model. Amyloid deposition in the RSC has been reported in
AppNLGF mice at 12 months (Mehla et al., 2022), however, it is likely to emerge
earlier, though this has yet to be demonstrated. AppNtF mice, which harbour the
Swedish and Beyreuther/Iberian mutation without the additional Arctic mutation
(Saito et al., 2014), exhibit increased functional connectivity in the cingulate cortex
prior to amyloid accumulation, as was observed in human AD (Shah et al., 2022).
Interestingly, these mice also exhibited increased Ca?* activity in cingulate neurons
alongside a concurrent decrease in astrocyte Ca?* activity (Shah et al., 2022).
Recovery of astrocyte Ca?* activity using designer receptors exclusively activated by
designer drugs (DREADDSs) mitigated neuronal hyperactivity and normalised
cingulate connectivity, suggesting a role of early immune changes driving functional
alterations in the RSC (Shah et al., 2022). Increased cortical and hippocampal
functional connectivity has also been reported in AppNLGF mice prior to plague
formation, suggesting that potential changes in RSC Ca?* activity may be similarly
linked to functional connectivity alterations driven by astrocyte dysfunction (Latif-
Hernandez et al., 2019).

4.2.2 Methods

4.2.2.1 Introduction

The Methods section of this chapter will introduce and describe the entire process of
two-photon Ca?* imaging, including the cranial window surgery, the presentation of
visual stimuli, fluorescence data acquisition, the data analysis pipeline, and statistical
analysis. For details of the data analysis codes designed for this thesis, please refer
to Appendices 1, 2, and 3.

4.2.2.2 Two-Photon Calcium Imaging

For many years, electrophysiological studies have been the gold standard for
recording neuronal activity. However, its invasive nature and limited capacity for the
number of cell recordings is a major limitation. Subsequently, imaging of Ca?*
transients as an indication of neuronal activity is a popular alternative. Two-photon
imaging is a widely used technique to record neuronal Ca?* activity in the intact
rodent brain. Ca?* imaging is based on the principle that intracellular Ca?* levels rise
upon firing of neuronal action potentials, so it is therefore used to indirectly assesses
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neuronal activity. This concept has been proven in studies that perform simultaneous
electrophysiological recordings during Ca?* imaging in single neurons, showing a
correlation of electrical firing and Ca?* transients (Wei et al., 2020).

Fluorescent molecules are utilised to visualise Ca?* pulses as they bind free Ca?*
ions during an action potential, causing a change in fluorescent intensity
(Grienberger et al., 2022). The introduction of fluorescent molecules in vivo can be
achieved through injection via micropipette into the ROI. Commonly used fluorescent
indicators include chemical indicators such as Fluo-4 (Gee et al., 2000). Although
chemical indicators offer the advantage of high Ca?* sensitivity, they are transient
and are degraded over time so are not suitable for long-term experiments. To
overcome this issue, genetically encoded Ca?* indicators such as GCaMP are
commonly preferred in two-photon imaging experiments. GCaMP is an adapted
version of the fluorophore green fluorescent protein (GFP) that also contains the
Ca?* sensor CaM and the peptide M13 from myosin light chain kinase (Nakai et al.,
2001). Upon the binding of Ca?* to CaM, GCaMP undergoes a conformational
change that enhances fluorescent intensity of the cell (Grienberger et al., 2022). To
improve the stability of the molecule and quality of the fluorescent signal, GCaMP
has undergone several redevelopments as denoted by a number, with CGaMP1
being the original proof-of-concept molecule and GCaMP8 is the most recent version
(Zhang et al., 2023c). GCaMP6 is commonly used in two-photon Ca?* imaging, and
is available in the fast (GCaMP6F), slow (GCaMP6S), or medium (GCaMP6M)
response versions that are suitable for various speeds of Ca?* transients. Whilst the
kinetics of GCaMP may be slightly slower than chemical indicators, it remains in the
brain for several weeks and thus is often the molecule of choice for laboratories
interested in learning and memory (Grienberger et al., 2022). It also offers high
spatial and temporal resolution of Ca?* signals, so it can detect in vivo Ca?*
transients with high accuracy (Grienberger et al., 2022; Zhang et al., 2023c). CGaMP
is often packaged in viral vectors that facilitate its integration into the rodent genome,
thus allowing for long-term expression without the need for repeated injections. To
visualise changes in fluorescent intensity within the intact rodent brain, it is typically
necessary to create a cranial window by removing a portion of the skull and securing
a glass disk in its place. This approach provides a clear optical pathway to the
underlying structures to facilitate high resolution imaging of cellular activity
(Grienberger et al., 2022).

Performing two-photon imaging requires a complex set-up comprising of highly
specialised equipment (Fig. 4.3). The basic layout of a two-photon microscope
includes a power modulation system such as a Pockels cell, a beam scanning
system, a laser as the source of excitation light, one or more photomultiplier tubes
(PMTSs) to detect the generated fluorescence, and an objective that is aligned with
the cranial window of the animal. During two-photon imaging, the laser beam emits
high intensities of pulsed light. Subsequently, two photons of IR light are
simultaneously absorbed by the fluorophore in the tissue, such as GCaMP. This
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causes excitation of the fluorophore, which subsequently emits fluorescence at a
higher energy level (in the visible light range). In two-photon imaging, the laser is
focused though a high numerical aperture objective lens, therefore the two photons
are present in a small, localised area, so only the focal point of the laser is excited
(Grienberger et al., 2022). This allows high resolution of deep tissues within the
brain, up to approximately 500-800s m, with minimal photodamage of the tissue (Wilt
et al., 2009). In contrast, conventional fluorescent microscopy uses one high-energy
photon in the ultra violet or visible light range, which does not penetrate tissue as
deeply as IR wavelengths, and excites fluorophores above and below the focal plane
(Wilt et al., 2009). The Pockels cell of the two-photon set-up allows precise
adjustment of excitation by modulating the intensity of the laser and thus limiting
damage to the underlying tissue. The beam scanning system moves the laser beam
across both the X and Y axes within the ROI, progressively building a complete
image of the entire region over the course of the imaging session. PMTs are used to
amplify the signal produced by the fluorophore, which is then digitised to form an
image. The image and associated data are subsequently processed and analysed to
guantify changes in fluorescence during the experiment.

As the two-photon setup is minimally invasive to the animal and there is lower risk of
tissue photodamage, it is often performed in awake animals. For such set-ups,
animals are often fixed to the microscope rig via a headpiece and positioned upon a
treadmill to allow naturalistic movement whilst minimising imaging artefacts from
motion. Assessing neuronal activity in awake animals, versus anaesthetised, offers
the benefit of capturing physiological neuronal activity that may be perturbed by the
effects of anaesthetic drugs (Berg-Johnsen & Langmoen, 1992). In two-photon Ca?*
imaging experiments with awake animals, visual, cognitive, or motor stimuli may be
presented to the animal to engage different areas of the brain. This allows real-time
recording of Ca?* transients in response to the presented stimuli. For the RSC, visual
stimuli such as drifting gratings (alternating light and dark moving bars) or changing
patterns can be presented on LCD computer screens to engage activity (Murakami
et al., 2015). This is based upon studies showing that the RSC is activated by
rectilinear shapes in the visual field as it is particularly sensitive to geometric
structures (Henderson et al., 2008; Nasr et al., 2014; Wolbers et al., 2011).
Furthermore, the RSC has been shown to modulate its activity based on specific
angles of stimuli in the visual field, i.e., it is selectively responsive to preferred
orientations of gratings (Powell et al., 2020). Therefore, to study the response of
RSC to gratings of varying orientations, the Sengpiel laboratory has developed an in
vivo two-photon Ca?* imaging protocol in which awake head-fixed mice are
positioned on a treadmill and presented with a series of visual stimuli. In advance of
imaging, the animals are prepared with a craniotomy, allowing infusion of GCaMP6F
into the RSC and insertion of a cranial window. In this thesis, a specifically designed
protocol looping periods of dark screen followed by visual stimuli of different
orientations was designed to study the baseline levels and stimulus-induced Ca?*
dynamics in the AppN-GF mouse model.
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PC monitor for visual stimulation

Objective

Headplate attachment area

Treadmill

Figure 4. 3: Two -photon Microscope Set-up. Image depicting some of the key components of the two-photon
imaging set-up in the Sengpiel laboratory, including the treadmill on which the animal is positioned, the rig on
which the animal& head is secured, the microscope objective, and the PC monitor positioned to the left of the
animal.

42221 Surgical Preparation

Animals were anaesthetised using 5% isoflurane in oxygen and a surgical plane of
anaesthesia was maintained at approximately 2% isoflurane throughout surgery. The
animal was secured to a stereotaxic head frame and administered with anti-
inflammatory drugs Rimadyl (5mg/kg, subcutaneous) and Baytril (0.15mg/kg,
intramuscular). Fur from the surgical zone was removed using scissors and hair
removal cream (Nair). Local anaesthetic (2% lidocaine) was then injected into the
scalp and the site was then cleaned with iodine solution. Using surgical scissors, a
portion of the scalp and periosteum was removed, exposing the skull. Using a biopsy
tool and a surgical drill, a 3mm craniotomy was formed approximately 2.5mm caudal
to bregma, positioned over the right hemisphere but incorporating the central sinus
for landmarking (Fig. 4.4a & 4.4c). A viral construct driving GCaMP6F expression
was then injected into the caudal dysgranular RSC. A custom-made head plate (Fig.
4.4b & 4.4c) with a glass window was then positioned over the craniotomy and
secured to the skull with surgical glue and dental cement. All surgical procedures
were carried out under aseptic conditions.
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Figure 4.4: Surgical Preparation and Imaging. a) The approximate craniotomy position, adapted from
(White et al., 2021). b) Diagram of head plate to be positioned over craniotomy. ¢) The imaging region of
interest; the caudal dysgranular RSC. d) in-vivo imaging set-up, showing the animal positioned on treadmill
under the microscope objective with the presentation of visual stimuli.
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42222 Imaging Apparatus and Visual Stimuli

Imaging was performed using a two-photon resonant scanning microscope
(Thorlabs, BScope) with a 16 x 0.8NA objective (Nikon). GcaMP6F was excited at
920nm using a Ti:sapphire laser (Coherent, Chameleon) with power set at
approximately -100mW. Visual stimuli were presented to the animal on two LCD
screens (26 x 47cm), positioned at right angles to another, to the front and left side
of the animal and 20cm away from the eye.

Based on previous work showing that the RSC is responsive to visual stimuli of large
drifting gratings at low spatial and temporal frequency, a visual stimuli protocol was
designed using MATLAB psychophysics toolbox (Murakami et al., 2015; Powell et
al., 2020). The stimuli consisted of circular drifting gratings of 40° diameter at a
spatial frequency of 0.08 and temporal frequency of 1Hz, at 100% contrast. 24 trials
were presented to the animal and were repeated 10 times in a random order. The
trials consisted of an equal mix of stimuli positions and orientations: positions were y
=10 and either x = 80 or x = 20 and orientations were 0, 45, 90, or 225° (referred to
as stimulus orientations 1-4) (Fig. 4.5). Each trial consisted of 2 seconds of stimulus
followed by a 6 second intertrial interval, where the screen was black, allowing
baseline Ca?* measurements for normalisation of stimulus induced Ca?* levels.

a Orientation & drifting direction b X Position

c Y Position

Figure 4.5: Orientation and Position of Visual Stimuli . a)

The orientation and drifting direction of circular drifting gratings. TH
The circular stimulus appears on screen at one of the

highlighted positions, and the black and white gratings move

within the circle, in the direction of the associated arrows. b) ™
Theposition of the stimulus al ¢
monitors, relative to two continuous PC monitors, positioned to

the front and left of the head-fixed animal on the treadmill. c) J1
The Y position of the stimulus, for both left and front-appearing

stimuli. Stimuli orientations and positions based on

supplementary data from Powell et al., (2020).
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4.2.2.2.3 Habituation and Imaging

For all experiments, the animal was positioned on a cylindrical treadmill and head
fixed to the microscope apparatus via a screw through their headplates, allowing the
head to stay in position whilst the animal was free to run (Fig. 4.4d & 4.5b).
Attachment of the animal sd headplate to the
lessen movement of the head and thus improve image quality. The option of
movement on the treadmill was designed as an attempt to reduce the stress and
anxiety for the animal and to reduce likelihood of the headplate detaching from the
head whilst screwed in place. A plastic cone was positioned on top of the headplate,
screwed in place, and filled with water, before the water immersion objective was
lowered in place. Prior to imaging, all animals were habituated to the apparatus until
they tolerated the procedure and did not attempt to escape the head fixed position.
Typically, this required two half-day sessions, where the animal was gradually
familiarised with the equipment then repeatedly fixed onto the head stage for brief
periods (< 5 minutes), followed by regular rests in its home cage. Adequate
habituation resulted in very minimal running on the treadmill during imaging.
Throughout habituation and imaging, the animal was monitored with a camera, and
imaging was ceased if the animal exhibited any signs of distress such as grimace,
vocalisation, or excessive movement. Typically, each animal received one imaging
session which lasted approximately 30 minutes.

4.2.2.3 Data Acquisition and Processing

Using the central sinus of the brain as a landmark, the caudal dysgranular RSC was
located and imaged at approximately 200-300um depth. Once the ROI was located,
the microscope was set to x2 zoom and a MATLAB code from the Sengpiel
laboratory (written by Dr A Ranson) was entered to trigger stimulus presentation and
fluorescence signal acquisition (Fig. 4.7, step 1).

After data acquisition, a series of MATLAB codes from the Sengpiel laboratory
(written by Dr A Ranson and Dr R Craddock) were employed to process fluorescent
data from each experiment. Firstly, stimulus metadata was rewritten into a useable
format and annotated with information such as the stimulus type, timeline data, and
wheel movement data (Fig. 4.7, step 2a). Responses of neurons in the RSC are
highly modulated by locomotion, regardless of the presence of visual stimuli (Powell
et al., 2020), sothecodebinneddat a i nto 6still & and O6moving
dat a f r o matdgdryewasdpsotessked, t6 confirm that any responses present
were a result of the visual stimuli rather than locomotion. Following this, the mean
image frame from each experiment was registered to Suite2P and ROIs, defined as
cell bodies or neurons, were automatically detected then manually verified
(Pachitariu et al., 2017) (Fig. 4.6 & 4.7, step 2b). For each experiment, approximately
50-100 ROiIs (referred to as cells) were analysed.

140



Figure 4.6: Regions of Interest in the Retrosplenial ~ Cortex. a) Representative image depicting the
mean image frame of the caudal dysgranular retrosplenial cortex from two-photon calcium imaging. b)
Neurons in focus were automatically detected by Suite2P, as shown by the highlighted regions
(Pachitariu et al., 2017). The automatically detected neurons were then manually verified.

Following semi-automatic anatomical detection of cells in the RSC, a further series of
MATLAB codes from the Sengpiel laboratory (Dr A Ranson and Dr R Craddock)
were employed to retrieve the fluorescent data from each frame per cell, collate it
into one dataset, calculate a mean change in fluorescence (g H across all 10 repeats
of each trial, and organised it into an Excel spreadsheet consisting of the timeline
and average o Fat each timepoint for each 24 trials per cell (Fig. 4.7, steps 2c-2e).
For each cell per animal, the code automatically generated a corresponding graph
showing the average op Fof each trial for the entire baseline and stimulus period.
These graphs were used to manually exclude any traces that may have been
misidentified as cells during image registration on Suite2P. For example, if the graph
was completely flat and did not show even subtle Ca?* fluctuations, this was
indicative of an imaging artefact (e.g. loose dental cement) rather than a cell, so it
was excluded from further analysis.

To analyse the Excel spreadsheets containing g Fvalues at each timestamp for all
24 trials, a series of Visual Basic for Applications (VBA) codes were generated for
this thesis using XLTools package in Excel. As there were a vast number of Excel
spreadsheets to analyse (1 spreadsheet per cell, 50-100 cells per animal, and 17
animals in total) the VBA codes were structured as loop macros, i.e., programmes of
instruction that use a loop structure to repeat calculations through a series of multiple
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Xls files. The initial loop macro (Appendix 1) was designed to calculate the mean
raw o Fof the entire 2s of baseline immediately prior to stimulus onset (Fig. 4.7, step
3). The mean o Fof the entire baseline period refers to an average of the 2s of
baseline across all 24 trials per cell. As repeats of stimuli were presented to the
animal on a loop (i.e. 6s of dark/baseline A 2s of stimulus A 6s of dark/baseline of
next trial, etc.), the 2s of baseline immediately prior to stimulus onset was chosen for
analysis (i.e. the latter part of the baseline), to reduce the chances of residual Ca?*
signal from the previous stimulus confounding baseline data (Craddock et al., 2023).
After the VBA code had looped through every cell for each animal, a total mean
baseline oo Ffor each animal was calculated. The mean raw g Ffor each animal was
then inputted into SPSS and the difference in mean baseline ¢p Fbetween C57BL6/J
and AppNLGF animals was analysed. For baseline gp Fanalysis, the raw data was
compared between C57BL6/J and AppNLGF animals because stimulus data was
normalised by the mean baseline i F(discussed below), so normalisation of the
baseline would not allow for accurate comparison between the two genotypes. As
discussed below, normalising data has key benefits, but for the purpose of
investigating broad overall differences in baseline Ca?*, rather than specific stimulus-
induced Ca?* fluctuations, it was decided that raw data analysis was preferable.

For analysis of overall stimulus response, a further VBA loop macro was created
(Fig. 4.7, step 4a). Overall stimulus response refers to the mean o Fof the total 2s of
stimulus across all 24 trials during the experiment. The VBA code was created to
calculate an average o Fat each timestamp, across all 24 trials, and normalise it by
dividing it by the total mean ¢ Fof the 2s of baseline immediately prior to stimulus
onset (Appendix 2). Normalisation was performed on stimulus-response data as it
sets the baseline to 1, so it is easy to interpret fold changes from baseline Ca?*
levels. Furthermore, it also reduces variability between different cells in an
experiment, and different experiments (i.e., different animals), by minimising the
impact of different levels of fluorescent dye loading, dye uptake, cell size, and other
factors that may lead to inherent fluorescent variability between cells. This ensures
consistency and ensures any changes in fluorescent response is due to
experimental parameters rather than inherent cell differences. The mean timestamp
data collected from step 4a was collated in a new dataset for each animal, and an
average o Fat each timestamp per animal was calculated (Fig. 4.7, step 5a). A mean
o F(+/- SEM) for each genotype was subsequently calculated. This data was used to
produce a graph to visualise the average response at each second of stimulus for
C57BL6/J and AppNLCF animals. To obtain a mean overall stimulus gp Ffor each
animal, from the mean timestamp dataset described above, a total mean g Ffor the
entire stimulus period for each animal was calculated (Fig. 4.7, step 5b). This data
was inputted into SPSS to compare the mean overall stimulus-induced o Fbetween
C57BL6/J and AppNLSF animals.

As the stimuli presented to the animal during the experiment consisted of different
stimuli orientations on the LCD screen, the VBA code from step 4a was amended to
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calculate an average normalised p Fat each stimulus timepoint for each individual
orientation (Fig. 4.7, step 4b). As the Excel spreadsheets generated in step 2e
contained 1 row of gp Fvalues per stimulus trial, and although the trials were
presented in a random order to the animal, the outputted spreadsheet was arranged
in the original order of the stimulus design, it was known which row corresponded to
which trial. Therefore, a VBA loop macro was designed to take an average o Fat
each stimulus timepoint for all trials presenting orientations 1, 2, 3, and 4 separately
(Appendix 3). For example, if rows 1-4 represented trials that presented stimulus
orientation 1 to the animal, the gp Fat each stimulus timepoint across these 4 trials
was averaged. For each orientation, the average o Fat each timestamp was
normalised by the total 2s of baseline o Fimmediately prior to stimulus, but only from
the relevant trials, rather than an average across all 24 trials. As described for the
overall stimulus data, the mean  Fat each timestamp across all cells was averaged,
then an average for each genotype at each orientation was calculated to visualise
the average timeline of response to each orientation of stimuli (Fig. 4.7, step 5a).
The mean overall response to each stimulus orientation for the entire stimulus period
was then calculated per animal, as described above (Fig. 4.7, step 5b).
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normalised mean dF values at each
timestamp for each individual stimulus

orientation
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Figure 4.7: Overview of the Calcium Imaging Data Analysis Pipeline.

Excel: Calculate the mean dF at
each timestamp for all animals

Excel: Calculate the mean
dF for the entire stimulus
period for each cell, then

calculate the mean
stimulus dF for each
animal

The blue sections (steps 1-2e) indicate

methods of analysis from the Sengpiel laboratory. The green sections (parts 3-5b) indicate custom-made codes
designed for this thesis. The pink section (step 6) indicates use of OriginLab technology for this thesis.

In addition to the levels of Ca?* fluorescence, the properties of Ca?* peaks during
visual stimulation were also analysed. For each cell, the total number of peaks,
maximum peak height, and mean area under the curve (AUC) during the stimulation
period was determined, then an average of each value was calculated for each
animal. These measures capture key aspects of Ca?* dynamics: the total number of
peaks reflects neuronal firing rates, the maximum peak height indicates the peak
intensity of neuronal activation, and the AUC captures both the magnitude and
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duration of Ca?* transients. These measures have previously been used in the
analysis of two-photon imaging data from mouse models of neurodegenerative
diseases (Overk et al., 2015; Reznichenko et al., 2012).

To perform peak analysis, the datasets containing the average g Fat each stimulus
timestamp per cell (generated from steps 4a and 4b, Fig. 4.7), were inputted into
OriginLab 2023 and semi-automatic peak detection was performed. To visualise
Ca?* peaks, a graph was plotted for one random cell, and using the peak integration
tool, the parameters for automatic peak detection were defined. This included setting
the baseline to 1 (as all data that underwent peak detection was normalised to 1),
detecting local maximum changes of 20% of the height of the baseline (i.e.,
identifying peaks as Ca?* fluctuations with at least 1 peak datapoint at a minimum of
1.2 a.u.), and filtering by positive peaks only (i.e., only those above baseline). The
6find peaksd6 tool automatically dedamsett ed t he
(Fig. 4.8), which was manually verified before saving the protocol.

The peak integration tool in OriginLab calculated peak area using the trapezoid rule.
This method approximates AUC by dividing each peak into small trapezoid segments
and calculating the area of each. The total area of each peak was calculated as:

Where yi and yi+1 are g Fvalues at consecutive timepoints x; and xi+1. The mean of
adjacent gp Fvalues was taken to provide an estimation of the area and the baseline
value of 1 is subtracted to ensure only signal above baseline is included in the peak
area.

The saved peak analysis protocol was then applied to the batch peak analysis tool in
OriginLab, which allowed for the simultaneous detection of peaks for every cell per
animal. This was performed for each dataset per animal (the overall mean o Fat
each timestamp, and the average  Fat each timestamp for each individual
orientation of stimulus). 10% of each dataset was manually checked for error prior to
recording data. Although rare, the most common error was misidentifying the
termination of a peak (i.e., when it had reached baseline or had finished decaying),
although any premature termination observed was only in the order of milliseconds.
For these datasets, peak identification was manually adjusted to include the entire
peak for analysis.
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Figure 4.8: Calcium Peak Analysis. Representative images showing calcium peak analysis in
OriginLab. a) Three distinct peaks detected, showing the maximum height of each peak and the baseline
(red line) set at 1. b) The peak areas are automatically calculated, as shown by the grey areas within the
yellow peak zones.



4.2.2.4  Statistical Analysis

As described in the General Methods chapter of this thesis, all datasets were

checked for the assumptions of parametric testing prior to statistical analysis. This
included the Shapiro-Wi | k test for normal distribution .
variance. Datasets that did not pass these tests (p < 0.05) underwent transformation

by square root or logio transformation, depending on the severity of skewness. For

datasets that still did not pass parametric assumptions after transformation,

alternative non-parametric testing was used. All datasets that underwent two-way

mi xed ANOVAs were checked for violations of
sphericity. All relevant datasets passed this test (p > 0.05).

For analysis of overall stimulus-induced Ca?* responses that are not separated by
orientation-specific response, C57BL6/J and AppN-GF means were compared using
unpaired T-tests for parametric data or Mann-Whitney U tests as a non-parametric
alternative. For data that was split by the Ca?* response to individual stimulus
orientations, i.e., there were within subject repeated measures (orientation), but also
between subject measures (orientation and genotype), two-way mixed ANOVAs
were performed for parametric data. For non-parametric data, as there is no direct
non-parametric alternative tothetwo-way mi xed ANOVA, a Frei dman
assess the main effect of orientation was performed, followed by separate Mann-
Whitney U tests to check for differences in each orientation response between
C57BL6/J and AppNtCF animals. As performing multiple Mann-Whitney U tests can
increase type | error rate, the alpha rate was adjusted by Bonferroni correction to
help control for this.

4.2.3 Results

4.2.3.1 Overall Calcium Dynamics of the R etrosplenial Cortex at 23 Months
of Age

To characterise RSC Ca?* dynamics in 221 23-month-old AppN-GF and C57BL6/J
animals, in-vivo two-photon imaging was performed on awake, head fixed mice. For
this experiment, 8 C57BL6/J and 9 AppNLSF animals were used. As described in the
Methods section of this chapter, a surgical craniotomy was created and the Ca?*-
sensitive dye GCaMP6F was injected into the caudal dysgranular RSC. During
imaging, the animal was positioned on a treadmill and exposed to visual stimuli, in
the form of circular drifting gratings, on LCD screens positioned to the left and front
of the treadmill. As described in the Methods section, each animal was presented
with 24 trials of stimuli. The trials consisted of different combinations of 4 different
spatial orientations and 2 different spatial positions of the stimulus. Each trial was
formed of 2 seconds of stimulus followed by 6 seconds of inter-trial-interval (i.e., the
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baseline,oridar ko peri ods) . Each trial weas$forrepeat
each trial was recorded for each timepoint per cell in the ROI.

42311 Baseline Calcium Fluorescence

To explore whether there were any differences in resting dysgranular RSC Ca?*

levels between C57BL6/J and AppNLGF animals, the mean fluorescence during the
inter-trial-interval period was calculated. This data was normally distributed (Shapiro-

Wilktestp> 0. 05) and exhibited epx®b).Amari ance (L
unpaired T-test revealed no significant difference in the average baseline pF

between C57BL6/J and AppNtGF animals (t(15) = 1.946, p = 0.0707, Fig. 4.9).
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Figure 4.9: Baseline Calcium Activity in the Retrosplenial
Cortex . The mean calcium fluorescence (dF) during baseline
periods between visual stimuli, in animals aged 22-23 months. Black
bars indicate the group mean +/- the standard error of the mean.
Results unpaired T-test shown (ns = non-significant). The key
indicates animal sex. C57BL6/Js: n = 8. AppNLGFs: n = 9,
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42312 Stimulus-Induced Calcium Fluorescence

To provide a visual representation of the average Ca?* response of each genotype,
the average normalised o F(gp FF) from all 24 trials at each experimental timepoint
was calculated (Fig. 4.10b). Subsequently, for each animal, the total average o FF
across all cells was calculated, followed by a total average for each genotype. This
data was not normally distributed (Shapiro-Wilk test p < 0.05) and exhibited unequal
vari ance ( Lpx<w.85). AdDtlsis wasenetremedied by transformation, a
Mann-Whitney U test was performed to compare the mean stimulus Ca?* response
between C57BL6/J and AppNLGF animals. This test revealed that AppNLGFs exhibited
a significantly lower average stimulus-induced Ca?* response compared to C57BL6/J
animals (U = 60, z = 2.309, p = 0.021, Fig. 4.10a).
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Figure 4.10: Mean Calcium Response to Visual Stimulation.  The mean change in calcium fluorescence during
visual stimulation, normalised by the mean baseline fluorescence (dF/F), in animals aged 22-23 months. a) Data
points depict the mean dF/F for the stimulus period of each animal, and the black bars indicate the group mean +/- the
standard error of the mean. Results from Mann-Whitney U test shown (* = p <0.05). The key indicates animal sex. b)
Data points indicate the mean dF/F at each time point across all animals, with bars representing the SEM. The key
indicates animal genotype. C57BL6/Js: n = 8. AppN-GFs: n = 9,
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4.2.3.1.3 Calcium Peak Analysis

To further examine the stimulus-induced Ca?* response of both genotypes, the
average o HF at each stimulus timepoint for each cell per animal was inputted into
OriginLab 2023, and peak analysis was semi-automatically conducted as described
in the Methods section of this chapter. For each cell per animal, total number of
peaks, average maximum peak height, and average peak area, were derived from
the average o FF data. Subsequently, the average of each measure was calculated
across all cells per animal.

The data for the mean number of peaks exhibited normal distribution (Shapiro-Wilk

testp> 0. 05) and equal v@Eroi0g.Mcuwpaifed Etest neds t est
revealed that AppN-GFs exhibited significantly fewer Ca?* peaks on average during

presentation of the visual stimuli (t(15) = 4.432, p = 0.0005, Fig. 4.11a). The data for

the mean maximum peak height was not normally distributed (Shapiro-Wilk test p <

0.05) and exhibited uneqpg@0s). Asthsiwvasnat e (Levene
remedied via transformation, a Mann-Whitney U test was performed to examine the

difference between the mean maximum Ca?* peak heights during visual stimulation

between C57BL6/J and AppNtGF animals. AppNLGFs exhibited significantly lower

maximum peak heights compared to C57BL6/Js (U = 61, z = 2.41, p = 0.0152, Fig.

4.11b). The data for the mean Ca?* peak area also did not meet the assumptions of

parametric testing, however it successfully underwent logio transformation prior to

analysis. An unpaired T-test revealed that AppNLGFs exhibited significantly lower

average peak areas compared to C57BL6/J counterparts (t(15) = 2.542, p = 0.0225,

Fig. 4.11c).
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Figure 4.11: Calcium Peak Analysis During Visual Stimulation . a) The mean number of calcium peaks, b) the mean
maximum peak height (arbitrary units), and c) the mean peak area (arbitrary units) during a protocol of visual stimulation.
Data points indicate the mean for each animal across all stimulus trials, with the black bars representing the group mean
+/- the standard error of the mean. Results of unpaired T-test or Mann-Whitney U test shown (* = p <0.05, *** =p <
0.001). The key indicates animal sex. C57BL6/Js: n = 8. AppN-CFs: n = 9.



4.2.3.2 Orientation -Specific Ca Icium Activity of the R etrosplenial Cortex at
23 Months of Age

42321 Stimulus-Induced Calcium Fluorescence

To determine the individual effects of the different orientations of visual stimuli
among the 24 trials, the mean o FF response to each specific stimulus orientation
was calculated, as described in the Methods section of this chapter. Mean o FF at
each stimulus timepoint for C57BL6/J and AppNtGF animals is depicted in Fig. 4.12.

a b
Orientation 1 Orientation 2
3 3
3 * 3
&2_ )l $ 32_
[ 3 ° ¢
& e 9 E i o o l ¢
- 2R L S S - 3 +—3—
g14 3 & S 4 ¥ = 5 ’ ’
[+}] Q
= s
0 1 1 1 1 0 1 I 1
2.0 2.5 3.0 3.5 4.0 2.0 25 3.0 35 4.0
Time (s) Time (s)

Figure 4.12: Mean Calcium Response to Visual Stimulation at Each Spatial
Orientation . The mean change in calcium fluorescence during visual stimulation,
normalised by the mean baseline fluorescence (dF/F), in animals aged 22-23 months.
Data points indicate the mean dF/F at each time point across all animals, for each
relevant stimulus orientation, with bars representing the standard error of the mean. The
key indicates animal genotype. C57BL6/Js: n = 8. AppNLGFs: n = 9,
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