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Abstract 

 
The progression of potential Alzheimer’s disease (AD) treatments to the clinic may be hindered by 

the pre-clinical screening approach used to access plaque-modifying effects in vivo. Specifically, 

these approaches generally lack real-time assessment across deep brain regions due to a lack of 

technology permitting this, leaving vital information overlooked. We investigate whether using fibre 

photometry with a tapered optical fibre allows in vivo real-time, depth-resolved monitoring of 

plaques in freely behaving AD mouse models. Thereby, allowing investigation of plaque 

modifications caused by potential AD treatments. 

 

First, to confirm feasibility of this approach, we labelled plaques using a peripherally administered 

blood-brain-barrier-permeable plaque marker, Methoxy-x04, and performed fibre photometry with 

a conventional flat fibre across brain regions of 5xFAD mice. We confirmed significant correlation 

between in vivo photometry and post-mortem histological plaque signals, indicating that fibre 

photometry is a feasible approach to assess plaque pathology.  

 

Then, we adopted tapered fibres to realise real-time, depth-resolved photometry in freely behaving 

5xFAD mice. We observed a steady increase of in vivo fluorescence from 30-minutes after 

Methoxy-x04 injection, and consistently increased fluorescence when redosing Methoxy-x04 at 

24-h intervals, showing greater fluorescence at regions with high plaque load.  

 

Next, to examine the efficacy of a non-invasive treatment approach, mice were exposed to 1-hour 

of 40-Hz sensory stimulation while monitoring plaque pathology. Electrophysiological signals show 

increased 40-Hz power in cortical and hippocampal regions, in a stimulus-dependent manner. 

However, 40-Hz treatment resulted in no significant change in plaque pathology detected by 

tapered fibre photometry or histology.  

 

Overall, for the first time, we have shown real-time, depth-resolved assessment of AD plaque 

pathology in freely behaving mice. While further study is required to confirm the effect of 40-Hz 

treatment, this novel approach can accelerate prospective treatments to the clinic and be an 

integral tool for investigating the multifactorial complexity of AD. 
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1. Introduction  

 

The prevalence of AD is continuously increasing with limited therapeutic strategies reaching the 

clinic. While a major contributor to this is the complex multi-factorial pathogenesis of AD, we 

consider the possibility that potential treatments are not reaching clinical testing due to a lack of 

data collection at pre-clinical stages. For example, many possible therapies are tested in AD animal 

models to identify if they can beneficially modify plaque pathology, as amyloid plaques are one of 

the major hallmarks of AD (Alzheimer, 1907, Glenner and Wong, 1984b, Masters et al., 1985). 

However, the real-time effects of these therapies in deeper brain regions generally go overlooked 

due to the lack of technology permitting real-time, depth-resolved plaque assessment. Therefore, 

our major hypothesis is that establishment of a novel protocol that allows monitoring of plaques in 

vivo, in real-time, across deeper brain regions and in freely behaving mouse models will enhance 

understanding of the potential plaque modifying effects of new treatments, thereby supporting the 

progression to a clinical setting. To do so, we aimed to develop a novel approach that uses a 

blood-brain-barrier (BBB) permeable drug, Methoxy-x04 (Klunk et al., 2002), and a fibre 

photometry system. To our knowledge, this is the first laboratory-based approach allowing real-

time, freely behaving plaque assessment in deep brain regions. 

 

Therefore, throughout this chapter, I will explore the key topics of this thesis. Firstly, I will provide 

an overview of AD in section 1.1, including the disease definition (section 1.1.1), risk factors of 

the disease (section 1.1.1.2.1) and some important contributors of the disease pathogenesis 

including molecular and neuronal pathologies (section 1.1.2). This leads us into the discussion of 

the currently available and future treatments of AD (section 1.2), emphasising that treatment 

options targeting neuronal aberrations to correct molecular pathologies must be considered. 

Lastly, an overview of the approaches currently used for monitoring plaque pathology and the 

animal models used is included to help readers appreciate the requirement for a novel approach 

(section 1.3). Lastly, we will discuss the major hypotheses, aims and objectives of this project 

(section 1.4). 

 

1.1 Dementia & AD 

 

Dementia is a wide-spread neurodegenerative syndrome that is associated with a progressive 

decline in brain functionality. This is an umbrella term for several neurodegenerative diseases, with 

AD being the most prominent form affecting staggering numbers of the population (Figure 1.1A). 

With the population ageing due to developments in the clinical field, it leaves elderly-prone 

diseases like dementia, increasing in prevalence. As expected, this results in tremendous 
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socioeconomic impacts on families and health care systems around the world. Thus, it is a primary 

focus of clinicians and researchers to help move this field forward.  

 

1.1.1 Disease definition  

 

1.1.1.1 Disease discovery 

 

Dementia occurred for many years before it was clinically recognised as a medical term in 1797 

by Philippe Pinel (Yang et al., 2016). Then, in 1906, by investigating the brain sample of his patient 

exhibiting symptoms of short-term amnesia, memory loss, disorientation, and dysphasia, the first 

case of AD was identified by Alois Alzheimer (Alzheimer, 1907). He identified pathological changes 

in the brain within the cerebral cortex, vital for memory, language, judgement and thinking, with 

generation of both intra- and extra-cellular molecular pathologies and a pronounced 

neuroinflammatory state. However, the term ‘Alzheimer’s disease’ came later when Emil Kraepelin, 

Alzheimer’s collaborator, described this case in his book in 1910 (Hippius and Neundorfer, 2003, 

Yang et al., 2016). Throughout his life, Alzheimer published four other cases before his death in 

1915 (Hippius and Neundorfer, 2003). Since then, the diagnosis and consequential prevalence of 

the disease has increased to devasting effects (Figure 1.1B). 

 

1.1.1.2 Epidemiology 

 

As mentioned, AD is the most common form of dementia accounting for approximately 60% of all 

cases (around 500,000 people in the UK) (Figure 1.1A) (Alzheimer’s Research UK). With the 

prevalence of AD on the rise, it is expected that more than 1.1-million people will have dementia 

by 2030, increasing to more than 1.6-million by 2050 (Figure 1.1B) (Alzheimer’s Research UK). 

The risk of developing AD can be exacerbated through a number of modifiable and non-modifiable 

risk factors. 
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Figure 1.1. Currently available statistics for dementia and AD in the UK. (A) Pie chart of 

types of dementia that exist and their prevalence. (B) Projected increase in the number of people 

living with dementia over the next decades. Adapted from Alzheimer’s Research UK, accessed 

2 June 2023. 

 

1.1.1.2.1 Risk factors of AD 

 

There are several factors that can influence the incidence of AD (Livingston et al., 2020), which 

can be grouped into modifiable and non-modifiable risk factors (Jeremic et al., 2021, Reitz et al., 

2011). Modifiable risk factors include diet, educational level, social interaction, comorbidities, and 

physical exercise.  Non-modifiable risk factors include genetics, age, and sex. 

 

1.1.1.2.1.1 Modifiable risk factors  

 

Diets are a major modifiable risk factor, with some studies reporting that a Mediterranean diet and 

diets with a high intake of vitamin E and C can reduce the risk of AD (Engelhart et al., 2002, Feart 

et al., 2009, Masaki et al., 2000, Morris et al., 2002, Scarmeas et al., 2006a, Scarmeas et al., 

2006b). This may be because of antioxidant effects which can diminish neurotoxic processes that 

occur throughout AD. Also, studies illustrate that those with a higher education may have a greater 
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cognitive reserve which may work to protect the brain from AD (Carlson et al., 2008, Fratiglioni 

and Wang, 2007).  

 

Lifestyle factors and comorbidities can play a major role in the development of AD, such as 

diabetes, smoking, hypertension, obesity, and cardiovascular disease (Reitz et al., 2011). For 

example, they can alter physiological brain function through BBB dysfunction, oxidative stress, 

neuroinflammation and hyperinsulinemia, which can exacerbate development of molecular 

pathologies involved in AD (Reitz et al., 2011). For example, Type 2 diabetes increases the risk of 

AD by 50% (Leibson et al., 1997, Luchsinger et al., 2001, Ott et al., 1999, Reitz et al., 2011) as 

insulin and amyloid-β (Aβ) compete for use of the insulin degrading enzyme, which results in 

accumulation of Aβ within the brain (Craft, 2007). Also, there is increased formation of advanced 

glycosylation end products (AGEs) which increase neuronal damage upon action on their 

receptors (Yamagishi et al., 2005, Yan et al., 1996). With increasing obesity within the UK and US, 

the risk of cardiovascular disease, Type II diabetes and AD is at a high.  

 

While physical activity has been shown to have beneficial effects on the risk of AD, by improving 

vascular health (Abbott et al., 2004, Colcombe and Kramer, 2003, Dishman et al., 2006), certain 

sports – American football, rugby, and football – can cause traumatic brain injury which increases 

the risk of dementia (Mackay et al., 2019, Mez et al., 2017, Russell et al., 2022, Russell et al., 

2019, Stewart et al., 2023). Accordingly, several preventable health and lifestyle campaigns have 

been suggested. 

 

1.1.1.2.1.2 Non-modifiable risk factors 

 

1.1.1.2.1.2.1 Genetics  

 

Over the years, many genetic influences on AD have been revealed, with it being considered a 

dichotomous disease with two genetical forms: familial AD (FAD) and sporadic AD (SAD) (Tanzi, 

2012). FAD is the less dominant form within the population as it holds a highly genetic background 

which commonly results in early onset of AD (< 65-years old) (Tanzi, 2012). Alternatively, SAD has 

a late-onset (> 65-years old) and can occur due to a combination of different genetic and 

environmental risk factors. Interestingly, the genetic factors contributing to these disease types 

have strong associations with different hallmarks of AD pathology: plaques, neurofibrillary tangles 

and microglia (Tanzi, 2012).  
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1.1.1.2.1.2.1.1 FAD 

 

FAD is a rare form characterised by mendelian inheritance, most commonly in an autosomal-

dominant manner. The main genes involved are the amyloid precursor protein (APP), presenilin-1 

(PSEN1) and presenilin-2 (PSEN2) (Hardy and Higgins, 1992, Hutton et al., 1998, Murphy and 

LeVine, 2010, Tanzi, 2012). APP is the precursor for production of A peptide – the integral 

component of plaques – and PSEN1 and PSEN2 are subunits of the 𝛾-secretase enzyme used for 

synthesis of A. Therefore, mutations in these genes can contribute to abnormal regulation of the 

amyloidogenic pathway (see section 1.1.2.1.1.1).  

 

After isolation and mapping of APP to chromosome 21 (Glenner and Wong, 1984b, Kang et al., 

1987), experiments were completed to determine the genetic linkage of FAD to genetic markers 

on chromosome 21, in the vicinity of APP. The first pathogenetic mutation in APP for Dutch 

hereditary cerebral haemorrhage with amyloidosis was shown by Frangionne and colleagues after 

sequencing exons 16 and 17 (Levy et al., 1990). Then, by resequencing these same APP exons, 

Goate and colleagues in 1991, revealed the first APP mutation with a link to AD: an amino acid 

substitution (V717I) called the London mutation (Goate et al., 1991). Soon after, several FAD 

mutations were found in PSEN1 and PSEN2 (Levy-Lahad et al., 1995, Sherrington et al., 1995). 

APP mutations tend to be clustered in regions of the gene which result in enhanced cleavage of 

APP and production of long fibrillogenic forms of A. Also, PSEN mutations involve a loss-of-

function of 𝛾-secretase, impairing the cleavage of APP. Ultimately this causes increased abnormal 

A generation.  

 

1.1.1.2.1.2.1.2 SAD 

 

SAD, also commonly termed late-onset AD (>60 years of age), has no consistent cause of 

generation but several genetic and environmental risk factors that have been identified (Tanzi, 

2012). Due to the complex background, it was a common problem identifying genetic risk factors 

contributing to SAD. However, use of genome-wide association studies (GWAS) – a genetic study 

where numerous single nucleotide polymorphisms can be tested for their genetic association with 

disease risk – has meant many risk factors continue to be discovered. Some of these include 

apolipoprotein E (APOE) e4, complement receptor 1 (CR1), clusterin (CLU) and 

phosphatidylinositol-binding clatherin assembly protein (PICALM) (Bertram and Tanzi, 2009). 

Alternatively, environmental factors that can simultaneously contribute to AD pathology include 

age, family history, co-morbidities, and lifestyle habits. 

 

The most common and well-known risk factor of SAD is APOE 4 (Corder et al., 1993, Musiek and 

Holtzman, 2015, Strittmatter et al., 1993). APOE is on chromosome 19q13, and has three major 
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alleles (2, 3 and 4) (Tanzi, 2012). The occurrence of these alleles depends on the different pairs 

of polymorphisms resulting in a switch of amino acids found at residues 112 and 158. For instance, 

allele 2 will occur with amino acid combinations Cys112/Cys158, 3 with Cys112/Arg158 and 4 

with Arg112/Arg158 (Liu et al., 2013, Tanzi, 2012). Each of these alleles have varying degrees 

and alternative roles of influence on AD pathology. APOE 2 has been suggested to have 

protective effects against the development of AD. Whereas, APOE 4 increases the risk of AD by 

4-fold with one copy and >10-fold with two copies (Corder et al., 1993, Strittmatter et al., 1993). In 

any case, APOE generates apolipoprotein which is a glycoprotein consisting of 299 amino acids 

(Holtzman et al., 2012). It can be found throughout the central nervous system (CNS) due to 

production by immune cells, with release occurring due to these cells responding to foreign insults 

within the brain (Holtzman et al., 2012). Its homeostatic functions involve the control of lipid 

concentration within the CNS, by binding and transporting cholesterol and triglycerides through 

lymphatic and circulatory systems. Therefore, in AD, due to A’s nature, APOE can bind and 

transport it around the brain and therefore, regulate its metabolism and clearance. Thus, when 

altered, APOE can increase the A42/40 ratio and its deposition within the brain.  

 

While most high-risk genetic factors show an effect on the deposition of A, recent evidence has 

shown risk factors contributing to an enhanced neuroinflammatory state, which has been 

reinforced due to numerous GWAS studies (Hickman et al., 2018). Interestingly, these genetic risk 

factors commonly involve the immune checkpoints used to gate-keep the homeostatic functions of 

microglia, such as triggering receptor expressed on myeloid cells 2 (Trem2) (Carmona et al., 2018, 

Guerreiro et al., 2013, Jiang et al., 2013, Ulrich and Holtzman, 2016). Trem2 encodes a single 

pass type I membrane protein which is a lipoprotein sensor that works to regulate microgliosis 

(Bouchon et al., 2000, Schmid et al., 2002, Ulrich and Holtzman, 2016, Ulrich et al., 2017). This 

protein forms a receptor-signalling complex with a tyrosine kinase binding protein (TYROBP) which 

works to control the phagocytic ability of microglia and the pro-inflammatory response that occurs 

upon activation (Guerreiro et al., 2013, Hickman et al., 2018). Many different variants of Trem2 

that are associated with AD have been discovered. Specifically, a missense mutation resulting in 

a rare variant of Trem2 can increase the risk of neurodegeneration and AD by causing a loss of 

regulation over microglia-mediated functions (Ulrich and Holtzman, 2016, Yeh et al., 2017).  

 

As discussed, GWAS has aided the discovery of numerous risk genes involved in SAD. While this 

can recognise genes with a high associative risk to AD development, it is important to note that 

many of these genes have very low degrees of risk. For example, CLU, CR1 and PICALM, 

discovered in 2009 by GWAS, show an allelic ratio of ~1.15 which means an increased or 

decreased risk of 1.15 compared to 4 or 15 for APOE (Tanzi, 2012). 
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1.1.1.2.1.2.2 Age  

 

Age is the biggest risk factor for development of dementia, with the risk rising from 1 in 14 over the 

age of 65, to 1 in 6 over the age of 80 (Alzheimer’s Research UK), as the prevalence increases 

exponentially between 65 and 85 years (Jeremic et al., 2021). Additionally, as life expectancy 

continues to rise, this increases the number of people susceptible to AD. This risk is thought to be 

contributed to by age-related changes in the brain which can result in atrophy, upregulation of the 

inflammatory profile, vascular damage, mitochondrial dysfunction, and oxidative stress (Finger et 

al., 2022). This in turn, can work to generate and increase the pathological state of AD including 

molecular pathologies and neuronal death. 

 

1.1.1.2.1.2.3 Sex  

 

Sex differences are also a major contributor to the risk of developing AD (Alzheimer’s Research 

UK). This is evident worldwide, but in the UK in 2020, 65% of people with dementia were women, 

with ~46,000 women dying of dementia compared to ~24,000 men (Alzheimer’s Research UK). 

While women have a higher average life expectancy than men which can contribute to age-related 

risk factors, biological and lifestyle factors are also involved. For instance, research has shown 

that hormonal changes throughout a women’s life, such as menopause, can increase the risk of 

dementia due to the reduction of cognitive-protective hormone oestrogen (Rahman et al., 2019). 

Also, genetic studies have identified sex differences in neuroinflammatory pathways, synaptic 

function, and apoptosis (Guo et al., 2022, Lee et al., 2020). However, the reason for sex differences 

remains largely unclear, with this being greatly under researched. Nonetheless, some clinical 

studies completed using non-steroidal anti-inflammatory drugs (NSAIDs) and hormone 

replacement therapies in women show a reduction in the risk of developing AD (Deardorff and 

Grossberg, 2017, Zhang et al., 2018a, Zhou et al., 2020). 

 

1.1.1.3 Clinical manifestations and diagnosis  

 

AD is a proteinopathic neurodegenerative disorder characterised by a progressive decline in 

cognition and a change in behaviours. While the neuropathology of AD arises over 10-20 years 

before clinical symptoms, termed preclinical AD, diagnosis generally occurs when patients begin 

to present with a deterioration in higher cognitive functions such as judgement and language, 

personality changes and behavioural symptoms (Alzheimer’s Association Report, 2023). 

Specifically, AD will progress in different stages starting with preclinical AD, to mild cognitive 

impairment (MCI), through mild, moderate, and severe stages, before a state of vegetation is 

reached (Figure 1.2) (Alzheimer’s Association Report, 2023). As briefly mentioned, throughout 

preclinical stages, there will be no apparent cognitive deficits while exhibiting an accumulation of 
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neuropathology hallmarks, such as amyloid plaques, neurofibrillary tangles and resulting 

neuroinflammation which can activate several neurotoxic pathways that can contribute to 

neurodegeneration, as discussed below. As this neurodegeneration progresses, MCI may ensue, 

most commonly recognised through presentation of short-term memory loss, as well as apathy, 

depression, anxiety, irritability, sleep disturbance and agitation. The disease will continue to 

progress, and the cognitive deficits escalate. For example, in mild and moderate stages of AD, 

patients may exhibit symptoms of delusion, eating disturbance, depression, mood changes, 

changes in thinking, unconscious behaviour and speech, as well as trouble with new information, 

with patients in severe stages of AD suffering from severe memory loss, hallucination and 

disorientation (Alzheimer’s Association Report, 2023). While the time each patient will spend in 

each stage of AD differs, this progress has a mean duration of ~8.5 years, meaning patients have 

a low life expectancy after diagnosis (Alzheimer’s Association Report, 2023). Therefore, it has 

been widely considered that mechanistically, these neuropathological hallmarks of AD are 

contributing to this progressive loss of cognitive function over-time. Consequently, there is an 

importance of early detection, diagnosis, and intervention to help the treatment of AD. 

 

Progression in diagnosing AD has been made over the years, as before 1980, people were 

diagnosed with AD if other possible causes of cognitive decline had been excluded (Reitz et al., 

2011). However, now in many countries there is a strict criterion that must be met. This includes 

completion of neuropsychological tests, positron emission tomography (PET) and magnetic 

resonance imaging (MRI) scans, and symptoms relating to a loss of daily functions (Reitz et al., 

2011). Unfortunately, this still leads to a lack of patients being diagnosed, with an estimated 67% 

diagnostic success in 2018 in Scotland (Alzheimer’s Research UK), due to difficulty diagnosing in 

early stages, slow progression and limited public awareness of AD hallmarks. For this reason, 

researchers have been investigating the possibility of a screening diagnostic test available for 

preclinical stages (Figure 1.2). For example, this would be based on either cerebrospinal fluid 

(CSF) (Hansson et al., 2007, Hoglund et al., 2008, Schmand et al., 2010), plasma (Lopez et al., 

2008, Lui et al., 2010, van Oijen et al., 2006), PET (Engler et al., 2006, Klunk et al., 2004, Silverman 

et al., 2001), and MRI (Rombouts et al., 2000, Teipel et al., 2003) biomarkers so therapeutic 

interventions can be administered to slow or prevent the progression of this disease (Reitz et al., 

2011). Current and future diagnosis approaches are most commonly centred around the 

identification of common hallmarks of AD pathogenesis. 
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Figure 1.2. Stages of AD. The length of each stage varies per individual depending on factors 

such as age, genetic and sex. Adapted from Alzheimer’s Association Report, 2023. 

 

1.1.2 Disease pathogenesis  

 

AD has a complex multi-factorial pathogenesis which has previously been explained by a single 

progenitor when researchers developed certain hypotheses. For example, as AD is generally 

manifested in brain areas with a cholinergic neuron prominence such as the hippocampus, 

neocortex, and amygdala (Musiek and Holtzman, 2015), Francis and colleagues developed the 

‘cholinergic hypothesis’ which suggests that the loss of cholinergic signalling results in AD (Francis 

et al., 1999). However, as AD progresses to moderate and severe states it spreads throughout the 

brain affecting the cerebral cortex and hippocampus (Musiek and Holtzman, 2015). This is 

characterised by various complex molecular and cellular modifications such as a build-up of protein 

aggregates, like Aβ plaques. Consequently, Hardy and Higgins gave rise to the ‘amyloid 

hypothesis’, suggesting that the accumulation of Aβ plaques throughout the brain results in AD 

(Hardy and Higgins, 1992). However, since then, many other contributing factors have been found 

to be major players and these hypotheses are debated. Therefore, AD pathogenesis is largely 

characterised by molecular pathologies, neuroinflammation and alterations in neuronal signalling. 

 

1.1.2.1 Molecular hallmarks  

 

The most widely accepted hallmarks of AD are molecular pathologies which include extracellular 

Aβ plaques (Figure 1.3) and intracellular neurofibrillary tangles (Figure 1.6). These were first 

found in 1906 by Alois Alzheimer (Alzheimer, 1907), before Kidd and Terry further characterised 

these pathologies using electron microscopy (Kidd, 1963, Terry, 1963). Since then, Aβ plaques 

and neurofibrillary tangles have dominated AD research.  

 

As mentioned, back in the 1990s, Hardy and Higgins suggested the amyloid hypothesis: "amyloid-

 protein is the causative agent in AD pathology and neurofibrillary tangles, cell loss, vascular 

damage and dementia follow as a direct result of this deposition” (Hardy and Higgins, 1992). They 

developed this hypothesis based on the findings of biochemistry, neuropathology and genetic 

studies which generated a compelling idea that these neuro-pathologies occur because of the 
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imbalance of A production and clearance (Hardy and Selkoe, 2002, Hardy and Higgins, 1992, 

Musiek and Holtzman, 2015, Tanzi and Bertram, 2005). For many years the amyloid hypothesis 

was understood and believed by many (Musiek and Holtzman, 2015). While genetic data may 

support this hypothesis, with common FAD mutations being in A-producing proteins (Hardy and 

Higgins, 1992, Hutton et al., 1998), there has been recent critique of the hypothesis as SAD forms 

are less genetically pronounced (Musiek and Holtzman, 2015). Additionally, studies on Aβ plaque 

and neurofibrillary tangles progression in AD brains show that A pathology begins in cortical 

regions and spreads inwards (Figure 1.3D), whereas neurofibrillary tangles show the opposite 

(Figure 1.6B). Therefore, it is now more widely believed that A is necessary, but not sufficient, to 

cause AD (Herrup, 2015, Musiek and Holtzman, 2015). In any case, both Aβ plaques and 

neurofibrillary tangles have been found to contribute to an increased neurodegenerative state due 

to them initiating different neurological processes that contribute to neuronal loss.  

 

1.1.2.1.1 Aβ plaques  

 

1.1.2.1.1.1 Aβ plaque formation 

 

Aβ plaques are extracellular pathologies that have dominated AD research since they were first 

discovered by Alzheimer (Alzheimer, 1907, Glenner, 1988, Glenner and Wong, 1984a, Glenner 

and Wong, 1984b). They are now a common biomarker used for diagnosis in human studies, and 

experimental assessment in preclinical animal studies. Plaques are formed through a small 

molecule called A, which is enzymatically cleaved from its precursor protein; APP (Glenner and 

Wong, 1984b). This enzyme is a glycoprotein that was first discovered and sequenced by isolating 

and purifying the protein from meningeal blood vessels of AD and down-syndrome patients 

(Glenner and Wong, 1984a, Glenner and Wong, 1984b, Hardy and Selkoe, 2002, Masters et al., 

1985). It consists of a single membrane-spanning domain with a large extracellular glycosylated 

N-terminus and short cytoplasmic C-terminus, and ranges from 695-770 residues with the APP695 

form most abundant within neurons (Figure 1.3A) (Chen et al., 2017, Goedert, 1987, Hardy, 1997, 

Kang et al., 1987, LeBlanc et al., 1991, Tanzi et al., 1987, Vannostrand, 1994).  

 

1.1.2.1.1.1.1 Monomer 

 

Development of pathogenic A depends on the enzymatic pathway taken by APP: amyloidogenic 

pathway (pathogenic) or non-amyloidogenic (non-pathogenic) (Chen et al., 2017, Hampel et al., 

2021, Mills and Reiner, 1999). Both pathways involve A, APP and a range of proteolytic secretase 

enzymes that cleave APP into A fragments (Chen et al., 2017, Gandy, 2005, Hampel et al., 2021, 

Mills and Reiner, 1999). In the non-amyloidogenic pathway, APP is cleaved by ⍺-secretase at a 
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cleavage site situated within the Aβ fragment (Anderson et al., 1991, Esch et al., 1990, Wang et 

al., 1991) to release soluble APP⍺ (sAPP⍺) from a membrane-bound 83-amino-acid C-terminal 

APP fragment (C83) (Figure 1.3A) (Chen et al., 2017, Hampel et al., 2021, Mills and Reiner, 1999, 

Weidemann et al., 1989). Whereas, in the amyloidogenic pathway, APP is cleaved by -secretase 

at the N-terminus of the A domain to release C99 (a membrane-bound fragment) and an 

ectodomain APPs (Citron et al., 1995, Paganetti et al., 1996, Seubert et al., 1993). Then, 𝛾-

secretase cleaves C99 to generate A  (Anderson et al., 1992, Chen et al., 2017, Hampel et al., 

2021, Mills and Reiner, 1999) (Figures 1.3A-B). Interestingly, the generation of Aβ is controlled 

through neuron activity, with action of acetylcholine on muscarinic receptors resulting in increased 

⍺-secretase activity, promoting the protective pathway (Haass et al., 1995). 

 

Glenner and Wong first discovered the primary amino acid sequence of the Aβ peptide monomer 

back in 1984 (Glenner and Wong, 1984b). It was found that it can vary from 38-43 amino acids in 

length due to the imprecise cleavage by 𝛾-secretase (Mills and Reiner, 1999). The most abundant 

fragment is A40 (~80-90%), with longer fragments that have 42 amino acids (A42) being less 

prevalent (~5-10%) (Haass et al., 1992, Seubert et al., 1992). Structural studies have shown that 

Aβ40 has an alpha-helix structure between residues 15 and 36, a kink at 25-27 and unstructured 

peptide from residues 1 to 14 (Coles et al., 1998). Whereas Aβ42 has a beta-hairpin structure at 

residues 31-41 which limits the flexibility of the C-terminus (Sgourakis et al., 2007). Therefore, the 

C-terminus is hydrophobic and promotes formation of beta-sheets (Yang and Teplow, 2008). 

Consequently, it is these longer forms of Aβ that are pathogenic due to their hydrophobic nature 

that promotes aggregation (Chen et al., 2017, Hampel et al., 2021, Mills and Reiner, 1999). This 

aggregation process involves progression from a monomer to a dimer, oligomer, fibril, and plaque, 

with many intermediate products (Chen et al., 2017, Gandy, 2005, Hampel et al., 2021) (Figure 

1.3C). It occurs through primary and secondary nucleation (Cohen et al., 2013, Hampel et al., 

2021, Matsumura et al., 2011). Primary nucleation involves the aggregation of two or more Aβ 

monomers through a fibril-independent pathway. Secondary nucleation involves the aggregation 

of Aβ monomers on fibrils in a fibril-dependent mechanism. These pathways are not stable and 

will continue to undergo cycles of dissociation and reassociation at varied timescales due to 

changes in pH and lipid content (Brannstrom et al., 2014, Carulla et al., 2005, Cohen et al., 2013, 

Gruning et al., 2013, Michaels et al., 2020, Sanchez et al., 2011). However, Aβ42 is less likely to 

undergo dissociation due to its aggregative nature (Sanchez et al., 2011).  

 

For many years it was thought that fibrils were the contributor to neurotoxicity seen throughout AD, 

but it has become clear that different stages of this aggregative cycle can provide different effects, 

some more toxic than others. In fact, in physiological conditions, Aβ monomers are involved in 

several processes such as intracellular signalling and synaptic functionality, shown to inhibit 

synaptic excitotoxicity (Kamenetz et al., 2003, Koo et al., 1993, Whitson et al., 1989) and some 
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evidence of protection against infection (Bourgade et al., 2016, Eimer et al., 2018). However, in 

pathological conditions where the production and clearance are unregulated, there will be 

aggregation of Aβ monomers into neurotoxic assemblies (Chen et al., 2017, Hampel et al., 2021).  

 

1.1.2.1.1.1.2 Oligomer 

 

Aβ monomers of varied length can form low-molecular weight oligomers such as dimers, trimers, 

tetramers and pentamers to midrange molecular weight oligomers such as hexamers, nonamers 

and dodecamers (Chen et al., 2017, Fandrich, 2012, Hampel et al., 2021, Huang and Liu, 2020). 

Therefore, Aβ oligomers are often varied in their size and confirmation (Fandrich, 2012, Huang 

and Liu, 2020) (Figure 1.3C). While the structure of oligomers is not widely known, its insoluble 

form appears to have a high beta-sheet presence organised in a parallel or anti-parallel structure 

(Ahmed et al., 2010, Chen et al., 2017, Hampel et al., 2021, Yu et al., 2009), stabilised with 

hydrogen bonds (Kheterpal et al., 2003). Whereas its soluble form has no alpha-helical or beta-

sheet structures (Zhang et al., 2000).  

 

These soluble constructs can spread throughout the brain. Consequently, in high concentrations 

within the brain, they are now known as the most toxic form of Aβ, with the ‘amyloid hypothesis’ 

being adapted for the ‘amyloid oligomer hypothesis’ (Hardy and Selkoe, 2002, Huang and Liu, 

2020). Specifically, it has been shown that soluble Aβ oligomers can act on various cell surface 

receptors – acetylcholine (Wang et al., 2000), glutamate (Abd-Elrahman et al., 2020, Haas et al., 

2014, Hu et al., 2014, Um et al., 2013), β2-adrenergic (β2AR) (Wang et al., 2010), p75 neurotrophin 

(Kuner et al., 1998, Yaar et al., 1997) and prion (Kessels et al., 2010, Lauren et al., 2009) – which 

disrupt calcium signalling, ultimately causing mitochondrial dysfunction, increased oxidative stress, 

hyperphosphorylation of tau, synaptic dysfunction, neuronal loss, and further aggregation of Aβ 

(Chen et al., 2017, Hampel et al., 2021, Huang and Liu, 2020) (Figure 1.5). Otherwise, oligomers 

in their insoluble form will progress for aggregation into fibrils. 

 

1.1.2.1.1.1.3 Protofibril 

 

Several intermediate products can be formed throughout this aggregation process including 

protofibrils which are large soluble fragments which vary in size (Fandrich, 2012, Hampel et al., 

2021, Nichols et al., 2002, Walsh et al., 1997) (Figure 1.3C). They are elongated compared to 

oligomers, but thinner and shorter than mature fibrils, containing beta-sheets (Fandrich, 2012, 

Nichols et al., 2002). Like other soluble Aβ aggregates, protofibrils are neurotoxic, causing 

inhibition of synaptic plasticity, increased neuroinflammation through accumulation within 

astrocytes and microglia, and neurodegeneration (Gouwens et al., 2018, Gouwens et al., 2016, 

Hampel et al., 2021, Hartley et al., 1999, Lasagna-Reeves and Kayed, 2011).  
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1.1.2.1.1.1.4 Fibril 

 

Then, in a concentration-dependent manner, Aβ assemblies will aggregate into Aβ fibrils (Chen et 

al., 2017, Fandrich, 2012, Hampel et al., 2021) (Figure 1.3C). Their formation involves Aβ peptides 

assembling into beta-sheets, arranged in a parallel nature, with hydrogen bonds for stabilisation. 

Then, beta-strands will be formed either parallel or anti-parallel to the elongating fibril, depending 

on the amino acid contacts and intermolecular interactions (Antzutkin et al., 2000, Balbach et al., 

2002, Benzinger et al., 1998, Benzinger et al., 2000, Chen et al., 2017, Eanes and Glenner, 1968, 

Fandrich, 2012, Hampel et al., 2021, Lu et al., 2013, Paravastu et al., 2008). These are insoluble 

peptides which are hydrophobic, causing aggregation into plaques. Additionally, as Aβ42 has two 

extra residues, this creates a more hydrophobic, pathogenic form that accelerates aggregation 

(Chen et al., 2017).  

 

While oligomers appear to have the most neurotoxic profile, Aβ fibrils are co-localised with 

disrupted neurites, regions of decreased spine density, neuronal loss, neuroinflammation and 

neurodegeneration (Geula et al., 1998, Hampel et al., 2021, Knowles et al., 1999, Meyer-

Luehmann et al., 2008, Petkova et al., 2005).  

 

1.1.2.1.1.1.5 Plaque 

 

Eventually, due to their hydrophobic nature, these Aβ fibrils aggregate together to form insoluble 

Aβ plaques (Figure 1.3C). These can exist in many forms, with the most common being diffuse 

and dense core plaques (DeTure and Dickson, 2019). Diffuse plaques do not have an 

accumulation of glial cells surrounding them. Alternatively, dense core plaques have a compact 

dense core of Aβ fibrils, which can be surrounded by neuritic elements, such as glial cells, synapse 

loss and tauopathy, termed neuritic plaques (DeTure and Dickson, 2019).  
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Figure 1.3. Aβ is generated through an amyloidogenic pathway, before aggregating into 

amyloid plaques. (A) Diagram of the non-amyloidogenic and amyloidogenic pathway for 

cleavage of APP. Aβ fragments are formed through the amyloidogenic pathway. (B) Primary 

amino acid sequence of Aβ42. (C) Aggregation of the Aβ peptide into various structures. (D) 

Spread of Aβ pathology. Darker colours indicate continuous accumulation of Aβ. A, C and D are 

adapted from Hampel et al., 2021 and B is adapted from Chen et al., 2017.  
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1.1.2.1.1.2 Aβ homeostasis 

 

Aβ homeostasis involves a cycle of production, aggregation, transport, degradation, and 

clearance. Consequently, there are several processes to regulate this which can go awry 

throughout the progression of AD.  

 

1.1.2.1.1.2.1 Aβ transport 

 

Several experiments using intracerebral injections of Aβ-rich brain extracts illustrate that the 

transport of Aβ pathology involves prion-like seeding, where Aβ assemblies will spread throughout 

the brain, promoting aggregation (Eisele et al., 2009, Kane et al., 2000, Katzmarski et al., 2020, 

Meyer-Luehmann et al., 2006). These Aβ seeds spread through neuronal transport passing from 

axonally connected brain regions (d'Errico and Meyer-Luehmann, 2020, Domert et al., 2014, 

Ronnback et al., 2012, Walker et al., 2002). They will be collected into intraluminal vesicles, fuse 

with the plasma membrane before being released into the extracellular space as exosomes 

(Rajendran et al., 2006, Sharples et al., 2008). Another possibility is cell-to-cell transport, which 

some believe due to findings of the presence of Aβ within neurons. However, to date, no groups 

have reported the active transport of Aβ along neurons or implicated glial cells in the spread of Aβ 

(d'Errico and Meyer-Luehmann, 2020). Although, due to the presence of Aβ within plasma and 

CSF (Mehta et al., 2000), it has been widely accepted that Aβ can spread through the vascular 

system. For example, Aβ is transported across the BBB through receptors for advanced glycation 

end-products (RAGE) (blood to brain) and low-density lipoprotein receptor-related protein 1 (LRP1) 

(brain to blood) receptors (Deane et al., 2009, Deane et al., 2003, Deane et al., 2004, Donahue et 

al., 2006, Fuentealba et al., 2010, Ma et al., 2022, Sagare et al., 2007, Selkoe, 2001, Shibata et 

al., 2000, Yamada et al., 2008) (Figure 1.4). In addition, the APOE protein, a known risk factor of 

SAD, is secreted into the interstitial fluid (ISF) by glial cells, before interacting with Aβ and 

influencing its clearance into cells for degradation via the endocytic low-density lipoprotein (LDL) 

receptor family (Chen et al., 2017, Kim et al., 2009). Several other proteins – like apolipoprotein J 

(ApoJ) and ⍺2-macroglobulin – and spreading mechanisms have been found to transport and 

spread Aβ pathology throughout the brain (Narita et al., 1997, Zlokovic et al., 2005).  

 

1.1.2.1.1.2.2 Aβ degradation and clearance 

 

As well as the spread throughout the brain, A pathology can become pathological when there is 

an imbalance between metabolism and clearance. It can be cleared through several mechanisms 

including ISF drainage, proteolytic degradation, cell-mediated clearance, active transport, 

glymphatic transport regulated by sleep (Xie et al., 2013), and deposition into insoluble aggregates 

(Yoon and Jo, 2012) (Figure 1.4). Firstly, the ISF drainage pathway involves the diffusion of Aβ 
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from the ISF to CSF through bulk flow before it undergoes drainage into the blood through the 

perivascular arterial spaces in the brain (Yoon and Jo, 2012) (Figure 1.4). Secondly, it can be 

degraded by amyloid degrading enzymes (ADE) – neprilysin, endothelin-converting enzymes, 

plasmin, insulin-degrading enzyme, matrix metalloproteases 2 and 9 and cathepsin D (Backstrom 

et al., 1996, Chen et al., 2017, Duckworth et al., 1998, Eckman et al., 2006, Eckman et al., 2001, 

Edbauer et al., 2002, Farris et al., 2003, Kurochkin and Goto, 1994, Leissring et al., 2003, 

McDermott and Gibson, 1996, Pardossi-Piquard et al., 2005, Shirotani et al., 2001, Tucker et al., 

2000, Yoon and Jo, 2012) – with remnants being trafficked out of the brain either by bulk flow or 

direct trafficking into peripheral circulation (Bouchon et al., 2000, Karran et al., 2011, Yoon and Jo, 

2012) (Figure 1.4). Secondly, microglia immune cells can contribute towards clearance by 

phagocytosis and astrocytes are involved in the internalisation of Aβ, through scavenger receptors, 

for degradation (Bard et al., 2000, Frautschy et al., 1998, Schenk et al., 1999, Wyss-Coray et al., 

2003, Yoon and Jo, 2012). Thirdly, there is transport across the BBB into the blood for clearance 

of Aβ, controlled by LRP1 receptors (Deane et al., 2004, Donahue et al., 2006, Fuentealba et al., 

2010, Sagare et al., 2007, Shibata et al., 2000, Yamada et al., 2008, Yoon and Jo, 2012) (Figure 

1.4). However, degradation and clearance becomes dysfunctional as the disease progresses, 

resulting in the accumulation within the CNS and the subsequent pathological processes that this 

entails (Malm et al., 2015).  

 

 

 

 

Figure 1.4. Aβ homeostasis. Diagram illustrates anabolism and catabolism approaches for Aβ. 

APP: amyloid precursor protein; BBB: blood-brain-barrier; LRP: lipoprotein receptor-related 

protein; RAGE: receptors for advanced glycation end-products; ADE: amyloid degrading 

enzymes; ISF: interstitial fluid; CSF: cerebrospinal fluid. Adapted from Yoon and Jo, 2012. 
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1.1.2.1.1.3 Aβ spread in AD 

 

Accumulation of these Aβ pathogenic assemblies will result in the spread across the brain 

throughout AD progression. Interestingly, a 5-phase hierarchical spread of Aβ in AD patients was 

identified (Figure 1.3D) (Thal et al., 2002). Firstly, Aβ deposits are formed within the neocortex, 

before spreading to allocortical regions in phase 2 and midbrain regions including the diencephalic 

nuclei, striatum, and basal forebrain in phase 3 (Thal et al., 2002). In phase 4 and 5, Aβ pathology 

reaches the brain stem and cerebellum, respectively (Thal et al., 2002). Throughout this process, 

the deposition in all brain regions continues to increase, resulting in greater Aβ pathology from 

outward to inward brain regions (Thal et al., 2002). However, many researchers continue to believe 

that plaque pathology follows a spread that has no spatiotemporal pattern, with variation between 

individuals. This is because this study was completed on a small sample of 47 individuals, showing 

single time points, thereby not accounting for individual variability. Also, this trend of spread varies 

from that described by Braak and Braak (Braak and Braak, 1997) which again emphasises the 

debatable nature of Aβ pathology spread throughout AD progression. 

 

1.1.2.1.1.4 Pathological effects of plaques 

 

The accumulation of A in the brain can induce several neurotoxic processes (Figure 1.5) (Chen 

et al., 2017, Hampel et al., 2021, Huang and Liu, 2020). It has become evident that Aβ oligomers 

are the most neurotoxic assemblies, as their soluble morphology allows them to bind to molecules 

within the extracellular space (Chen et al., 2017, Hampel et al., 2021, Huang and Liu, 2020). For 

example, Aβ oligomers can bind to molecular receptors which include glial cells, lipids, 

proteoglycans, and protein receptors such as p75 neurotrophin receptor (Kuner et al., 1998, Yaar 

et al., 1997), LRP1 (Deane et al., 2004, Donahue et al., 2006, Sagare et al., 2007, Shibata et al., 

2000), cellular prion protein (PrP) (Kessels et al., 2010, Lauren et al., 2009), metabotropic 

glutamate receptors (Abd-Elrahman et al., 2020, Haas et al., 2014, Hu et al., 2014, Um et al., 

2013), alpha subunit containing nicotinic acetylcholine receptor (⍺7nAChR) (Wang et al., 2000), 

N-methyl-D-asartic acid (NMDA) receptor (Texido et al., 2011), β2-AR (Wang et al., 2010), 

erythropoietin-producing hepatoma cell line receptor and paired immunoglobin-like receptor B 

(PirB) (Figure 1.5). Each of these interactions can result in various alterations in physiological 

signalling pathways, with the consensus being that activation of these pathways can increase 

neurotoxicity through phosphorylation of tau, oxidative stress, neuroinflammation and 

neurodegeneration (Chen et al., 2017, Hampel et al., 2021, Huang and Liu, 2020). 
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1.1.2.1.1.4.1 Glutamate and other receptors  

 

Aβ oligomers can interact with both α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) and NMDA glutamate receptors, causing an increase in excitatory neuronal activity 

(Figure 1.5). More specifically, Aβ binds to and activates the NMDA receptor, near the GluN2B 

subunits, at the neuronal surface (Costa et al., 2012, De Felice et al., 2007). It is thought that there 

is a concentration-dependent role in AD, with low concentrations of A promoting excitatory activity 

and high concentrations supressing activity from synapses (Palop et al., 2007, Palop and Mucke, 

2016).  

 

With low concentrations of Aβ, excessive activation of NMDA receptors prevents the generation of 

new synapses and promotes neuronal death (Alberdi et al., 2010, De Felice et al., 2007, Ronicke 

et al., 2011, Shankar et al., 2007). Additionally, this can result in increased oxidative stress which 

will eventually damage molecular components such as lipids, proteins, and deoxyribonucleic acid 

(DNA) (Revett et al., 2013). Also, glutamate-mediated excitation can promote further A 

accumulation via proteolysis of APP (Bordji et al., 2010, Lesne et al., 2005). In addition, these 

excitotoxic tendencies can be exacerbated by tauopathy through its interaction with Fyn kinase, 

which interacts with the postsynaptic density protein 95 (PSD95). Next, this will form a complex 

with the NMDA receptor, activated by Aβ, to cause excitotoxicity (De Felice et al., 2007, Ittner et 

al., 2010, Roberson et al., 2011, Tezuka et al., 1999, Zhang et al., 2021). These effects can also 

occur indirectly as Aβ can activate presynaptic acetylcholine receptors, increasing intracellular 

calcium concentrations and glutamate release (Palop et al., 2007, Palop and Mucke, 2016).  

 

However, when at higher Aβ concentrations, A can depress synaptic activity by supressing 

synaptic strength. This can be via internalisation of glutamate receptors, downregulation of 

voltage-gated sodium channels and loss of dendritic spines (Palop et al., 2007, Palop and Mucke, 

2016). This contributes to a loss of synaptic inhibition which can promote neuronal hyperactivity in 

brain regions associated with learning and memory.  

 

When bound to AMPA receptors, it can result in the reduction of AMPA receptor expression 

through an increase in degradation and ubiquitination (Zhang et al., 2018b). This can also be 

indirectly through increased tau hyperphosphorylation which diminishes AMPA signalling (Miller et 

al., 2014). However, Aβ oligomers can also bind to and activate metabotropic glutamate receptors, 

such as group 1 metabotropic glutamate receptor 5 (mGluR5), and contribute to an increase of Aβ 

(Kim et al., 2010), disruption of physiological calcium signalling and synaptic plasticity (Chen et al., 

2017).  
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Additionally, Aβ oligomers can act on ⍺7nAChR and cause endocytosis of NMDA receptors 

(Nagele et al., 2002, Snyder et al., 2005), increase Aβ-induced tau phosphorylation through 

extracellular signal-regulated kinase and Jun N-terminal kinase pathways (Wang et al., 2003) and 

exacerbate neurodegeneration (Figure 1.5). When binding to β2ARs, this increases calcium 

signalling and resulting hyperactivity (Wang et al., 2013, Wang et al., 2010), while promoting 

tauopathy (Wang et al., 2013).  

 

1.1.2.1.1.4.2 Tauopathy  

 

For many years it has been debated whether Aβ has a role in exacerbating tauopathy as Aβ 

pathology begins several years before the development of neurofibrillary tangles. However, it has 

now been shown that Aβ can increase tau phosphorylation and aggregation (Zhang et al., 2021). 

Particularly, Aβ can bind to α2-ARs and activate glycogen synthase kinase-3 β (GSK3β) and 

cyclin-dependent kinase 5 (CDK-5); kinases which promote tau hyperphosphorylation (Hernandez 

et al., 2009, Terwel et al., 2008, Zempel et al., 2010, Zhang et al., 2020). Also, GSK3β and CDK-

5 mediated activation can promote the aggregation of tau monomers into oligomers (Zhang et al., 

2021). In addition, Aβ can activate caspase-3 which produces a cleaved tau protein which has 

high aggregation properties (Gamblin et al., 2003, Zhang et al., 2021). Additionally, through action 

on the cellular prion protein receptor, Aβ will activate Fyn kinase which will increase protein tyrosine 

kinase 2-related phosphorylation of tau, enhancing tauopathy (Chen et al., 2013a, De Mario et al., 

2015, Li and Gotz, 2018, Um et al., 2012, Zhang et al., 2021).  

 

1.1.2.1.1.4.3 Oxidative stress and mitochondrial dysfunction  

 

When considering the effect of Aβ on oxidative stress, the interaction with various receptors can 

increase the production of free radicals through various pathways (Chen et al., 2017, Hampel et 

al., 2021, Huang and Liu, 2020, Zhang et al., 2021). For example, Aβ can bind to and activate p75 

neurotrophin receptor which will activate its death domain and caspases which promote generation 

of reactive oxygen species (ROS) (Hashimoto et al., 2004, Perini et al., 2002). Due to their toxic 

nature, these ROS can damage neuronal membranes and the functionality of vital proteins, instead 

generating toxic products which can enhance the effect (Chen et al., 2017, Ma et al., 2022). 

Therefore, this puts cells under stress and results in neuronal death. 

 

Another mechanism that results in extreme neurotoxicity and neuronal death is Aβs contribution 

to mitochondrial dysfunction (Figure 1.5). Firstly, the precursor protein, APP, can interact with the 

mitochondrial membrane and block translocation, resulting in mitochondrial dysfunction 

(Anandatheerthavarada et al., 2003, Devi et al., 2006). Alternatively, Aβ can activate cell death 

pathways through activation of mitochondrial fission proteins, and/or proapoptotic factors like 
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alcohol dehydrogenase and cyclophilin D (Barsoum et al., 2006, Lustbader et al., 2004). The lack 

of adenosine triphosphate (ATP) generation and loss of mitochondrial function can cause DNA 

damage and neuronal death (Huang and Liu, 2020, Zhang et al., 2021). 

 

1.1.2.1.1.4.4 Neuroinflammation 

 

Another major contribution to AD pathology is neuroinflammation, which Aβ has been shown to 

exacerbate to harmful effects (Chen et al., 2017, Hampel et al., 2021, Heneka et al., 2015a, 

Heppner et al., 2015, Huang and Liu, 2020, Zhang et al., 2021) (Figure 1.5). The contribution of 

neuroinflammation can be mediated through action on glial cell surfaces. For example, there are 

numerous receptors on the microglial membrane that can bind to Aβ resulting in a 

neuroinflammatory response which can contribute to neuronal death and exacerbate both plaque 

and tangle pathologies (Clayton et al., 2017, Heneka et al., 2015a, Heneka et al., 2015b, Hickman 

et al., 2018, Malm et al., 2015, McGeer and McGeer, 1995, Sarlus and Heneka, 2017). This is 

described in section 1.1.2.2.1 and 1.1.2.2.2 for microglia and astrocytes, respectively. 
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Figure 1.5. Pathological effects of Aβ. Aβ oligomers can act on various cell surface receptors 

and cause tau hyperphosphorylation, generation of ROS, mitochondrial dysfunction, and an 

enhanced inflammatory response. NMDAR: N-methyl-D-aspartic acid receptor; RAGE: 

receptors for advanced glycation end-products; PirB: paired immunoglobulin-like receptor B; 

LRP: lipoprotein receptor-related protein; PrP: prion protein; mGluR5: metabotropic glutamate 

receptor 5; ⍺7nAChR: alpha subunit containing nicotinic acetylcholine receptor; EphB2: 

erythropoietin-producing hepatoma cell like receptor; SCARA: scavenger receptor A-1. Adapted 

from Chen et al., 2017. 

 

Overall, Aβ plaques are a major contributor to the development and progression of AD 

pathogenesis, promoting several other pathologies, including neurofibrillary tangles. 

 

1.1.2.1.2 Neurofibrillary Tangles 

 

1.1.2.1.2.1 Neurofibrillary tangle formation 

 

Neurofibrillary tangles are generated through hyper-phosphorylation of a microtubule stabilisation 

protein called tau (Ballatore et al., 2007, Buee et al., 2000) (Figure 1.6A). The N-terminal of tau is 

a projection domain involved in interacting with other cytoskeletal elements or proteins to induce 

signal transduction pathways (Buee et al., 2000). The C-terminal is a microtubule binding domain, 
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involved in microtubule polymerisation and stabilisation, by binding to functional proteins such as 

kinases/phosphatases (Buee et al., 2000). Thus, tau’s primary function is the induction and up-

keep of tubule formation, by development of double rings around the microtubule proteins 

(Weingarten et al., 1975). 

 

Under physiological conditions, tau is a highly regulated protein that’s phosphorylated state is 

under equilibrium. Tau has several phosphorylation sites along its structure, with the longest form 

having 79 Serine or Threonine phosphorylation sites, which suggests that the primary source of 

phosphorylation is a proline directed Ser/Thr kinase (Buee et al., 2000). As mentioned, most 

kinases involved are a member of the proline-directed protein kinase (PDPK) family (Buee et al., 

2000, Drewes et al., 1992, Vulliet et al., 1992), with tau having 14 sites for PDPK phosphorylation 

due to recognition of the consensus sequence: -X-(Ser/Thr)-Pro-X- (Hall et al., 1990, Vulliet et al., 

1992). Examples are mitogen active protein kinase (MAPK) (Drewes et al., 1992) and GSK3 

(Hanger et al., 1992). However, there are many other phosphorylation sites that are non-Ser/Thr 

(Buee et al., 2000). Tau proteins can also be dephosphorylated by several endogenous 

phosphatases (Ballatore et al., 2007, Buee et al., 2000, Garver et al., 1994). However, in AD, a 

downregulation of phosphatases has been noted (Matsuo et al., 1994). This can result in a 

kinase/phosphatase imbalance which favours kinase activity and phosphorylation of tau. When 

this hyper-phosphorylated state has been reached, tau loses affinity, breaks away and dissociates 

from the microtubules to aggregate together and form paired helical filaments which aggregate 

into neurofibrillary tangles (Hardy and Higgins, 1992, Kidd, 1963) (Figure 1.6A). 
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Figure 1.6. Formation of neurofibrillary tangles in AD. (A) Formation of neurofibrillary tangles. 

Adapted from Jie et al., 2021. (B) Spread of neurofibrillary tangle pathology based on Braak stages, 

where darker colours show greater tangle density. Amyg = Amygdala; EC = Entorhinal cortex; CA1 

= Cornus ammonis 1 hippocampal subfield; Cg = Cingulate cortex; Prec = Precuneus; 4 = Primary 

motor cortex; 3-1-2 = Primary sensory cortex; 17 = Primary visual cortex; 18 = Associative visual 

cortex. Adapted from Serrano-Pozo et al., 2011.  

 

1.1.2.1.2.2 Tauopathy transport 

 

As neurofibrillary tangles are intracellular, pathological tau can redistribute from one neuron to 

another, spreading tauopathy across the brain (d'Errico and Meyer-Luehmann, 2020). This trans-

synaptic spreading approach is termed a prion-like model, due to similarity of mechanisms in prion 

diseases (Jucker and Walker, 2013, Liu et al., 2012), and involves pathological tau that works to 
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transform physiological tau to pathogenic (Clavaguera et al., 2009, Guo et al., 2016). This theory 

has been illustrated in several in vitro and in vivo studies whereby injection of tau aggregates can 

promote the spread of tau across cells and brain regions (Ahmed et al., 2014, Clavaguera et al., 

2013, Clavaguera et al., 2009, Guo et al., 2016, Lasagna-Reeves et al., 2012). For this process, 

pathological tau must undergo intracellular transmission, involving the secretion and up-take from 

neighbouring neurons (d'Errico and Meyer-Luehmann, 2020).  

 

This secretion can occur through 3 possible mechanisms (d'Errico and Meyer-Luehmann, 2020). 

First, tau will be packaged into microvesicles, internalised by exosomes, before the fusion of the 

vesicle with the plasma membrane (Fontaine et al., 2016, Lachenal et al., 2011, Pooler et al., 2013, 

Saman et al., 2012, Simon et al., 2012, Yamada et al., 2014). Secondly, in its soluble 

hyperphosphorylated form, tau will translocate across the plasma membrane (Plouffe et al., 2012, 

Pooler et al., 2012). While the direct mechanism is unclear, there can be formation of pore-like 

channel structures on the plasma membrane where tau secretion can occur (Lasagna-Reeves et 

al., 2014, Merezhko et al., 2018, Patel et al., 2015). Lastly, groups have illustrated the secretion of 

tau to neighbouring cells through filamentous actin-containing channels, termed nanotubes, which 

allow tau to be transported without secretion into the extracellular space (Abounit et al., 2016, 

Tardivel et al., 2016).  

 

Once within the extracellular space, the pathogenic tau can be internalised by neighbouring 

neurons through different methods: receptor-mediated endocytosis, bulk-endocytosis and actin-

dependent micropinocytosis (d'Errico and Meyer-Luehmann, 2020). Interestingly, tau seeding is 

not limited to these approaches, and in fact contributions from glial cells – astrocytes, 

oligodendrocytes, and microglia – have roles in tau spread (Asai et al., 2015, Maphis et al., 2015, 

Martini-Stoica et al., 2018, Narasimhan et al., 2017, Perea et al., 2019).  

 

1.1.2.1.2.3 Tauopathy spread in AD 

 

As described in section 1.1.2.1.1.3, the spread of Aβ pathologies throughout the AD brain has 

been characterised (Thal et al., 2002). However, this came years after the staging of tauopathy 

throughout AD as in 1991, Braak staging was implemented as it has a predictable spatiotemporal 

pattern (Figure 1.6B) (Braak et al., 2006, Braak and Braak, 1991). This was first completed using 

100-μm sections from autopsy samples and allowed characterisation of six stages classified under 

three units: I-II, III-IV, and V-VI. Stages I-II represent identifiable tauopathy in the transentorhinal 

and entorhinal cortex (Braak et al., 2006, Braak and Braak, 1991). In stages III-IV, tauopathy 

spreads into the hippocampus, limbic allocortex and neocortex (Figure 1.6B). Lastly, in stages V-

VI, tauopathy spreads into secondary and primary fields (Figure 1.6B) (Braak et al., 2006, Braak 
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and Braak, 1991). Therefore, Aβ pathology and tauopathy spread through the brain in opposite 

directions, with tauopathy spreading inward to outward.  

 

1.1.2.1.2.4 Pathological effects of tauopathy 

 

Upon hyperphosphorylation of tau and formation of neurofibrillary tangles, this leaves the 

microtubules without sufficient stabilisation, resulting in the breakdown of microtubule structure 

and a disruption in axonal transport (Ballatore et al., 2007, Buee et al., 2000, Lindwall and Cole, 

1984). This occurs due to large aggregates of neurofibrillary tangles causing a physical obstacle 

within the axons, preventing transport of vesicles and cargo. While contributing to this microtubule 

disengagement, aggregated neurofibrillary tangles can also sequester remaining functioning tau, 

resulting in a progressing loss of normal function (Ballatore et al., 2007) (Figure 1.7). Therefore, 

the combination of loss of normal microtubule-stabilising tau and the gain of pathological 

hyperphosphorylated tau, have a role in exacerbating neurodegeneration in an AD brain (Ballatore 

et al., 2007).  

 

Studies have also shown that phosphorylated tau can contribute to mitochondria dysfunction, 

further Aβ formation and disruption of calcium signalling through phosphorylation of Fyn kinase 

which forms a complex with PSD95, N-methyl D-aspartate receptor subtype 2B and the NMDA 

receptor, causing pathological effects including synaptic disruption, mitochondrial dysfunction, and 

neuronal death (Figure 1.7) (Ittner et al., 2010, Roberson et al., 2007, Tezuka et al., 1999, Zhang 

et al., 2021). Also, in the case of both plaques and neurofibrillary tangles, there appears to be a 

relationship with neuroinflammation throughout AD which exacerbates the molecular pathology 

within the brain (Zhang et al., 2021) (Figure 1.7). 
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Figure 1.7. Pathological effects of neurofibrillary tangles and Aβ. Adapted from Zhang et 

al., 2021. 

 

1.1.2.2 Innate neuroinflammatory response  

 

Over the years, neuroinflammation has become increasingly considered to contribute to AD 

pathology (Heppner et al., 2015). Despite Alzheimer identifying glial cells to be clustered around 

plaques, neuroinflammation remained a controversial topic due to microglia being commonly 

known to be protective immune cells. Now, AD is known to have crucial influence from the immune 

system on disease pathogenesis, with microglia and astrocytes known to interact with plaque and 

tangle molecular pathology.  

 

1.1.2.2.1 Microglia  

 

1.1.2.2.1.1 Microglia in a healthy brain 

 

Microglia are a resident phagocyte in the CNS that shares many properties with peripheral 

macrophages and monocytes. As the resident phagocyte of the CNS, microglia’s main role is to 

be protective, by scanning the brain for insults and restoring the brain back to a healthy state 

(Heppner et al., 2015, Hickman et al., 2018, Malm et al., 2015).  

 

Microglia have a specific morphology and chemical state that changes depending on its response 

to the surrounding environment. This process is termed reactive gliosis which is induced by both 

chemical and morphological changes (Itagaki et al., 1989, Van Eldik et al., 2016). To simplify, there 

tends to be two well-established states: resting and activated. In resting state, microglia have long 
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processes that extend from the small cell body (Heppner et al., 2015, Hickman et al., 2018, Malm 

et al., 2015). These processes continuously scan the environment by extending and retracting. 

Upon activation, the cell body enlarges, and the processes become ramified (Malm et al., 2015, 

Van Eldik et al., 2016). These ramified processes now become directed towards the foreign body. 

This migration is thought to be dependent on ATP and activation of purinergic receptors (P2YRs) 

(Davalos et al., 2005, Malm et al., 2015). Upon migration to the toxic insults sensed by these 

processes, microglia initiate an inflammatory response (Hickman et al., 2018, Malm et al., 2015, 

Sarlus and Heneka, 2017). Therefore, there is increased production and release of inflammatory 

mediators such as cytokines, chemokines, proteases, and acute phase reactants. These work to 

recruit neighbouring microglia to aid in the protective response (Hickman et al., 2018, Malm et al., 

2015, McGeer and McGeer, 1995, Sarlus and Heneka, 2017). 

 

1.1.2.2.1.2 Microglia in an AD brain 

 

Interestingly, due to the high association of microglia and plaques in the brains of AD patients, it 

was initially believed by Glenner in 1979, that microglia have a causative role in the generation of 

AD by contributing to A production (Glenner, 1979, Mrak, 2012). However, with time, this theory 

was abandoned as evidence by Griffin and colleagues in 1989 showed microglia to primarily have 

an immunological function, due to high interleukin-1 (IL-1) expression (Griffin et al., 1989). 

However, it has now been shown that IL-1 can regulate APP synthesis, leaving the possibility for 

IL-1 expressing microglia to influence A plaque formation (Mrak, 2012).  

 

Microglia have several cell surface receptors, commonly termed pattern recognition receptors, 

that’s main function is to recognise pathological insults. For example, many of these receptor 

complexes can recognise oligomer and fibrillar forms of A: toll-like (TLR2, TLR4, TLR6 TLR9 and 

their co-receptor CD14), complement (CD36, CD14, CD47), scavenger (SR-A1, B2), 

immunoglobin, major histocompatibility class I and class II glycoproteins and leucocyte common 

antigens (Clayton et al., 2017, Heneka et al., 2015a, Heneka et al., 2015b, Hickman et al., 2018, 

Malm et al., 2015, McGeer and McGeer, 1995, Sarlus and Heneka, 2017). Upon binding, this 

induces an activated state, and the expression of these receptors are upregulated and 

inflammatory mediators like cluster of differentiation 36 (CD36), IL-1, tumour necrosis factor alpha 

(TNF⍺), and interleukin-6 (IL-6) are released. This occurs due to activation of down-stream 

signalling cascades which can promote NFB-dependent transcription of genes such as those 

expressing markers for cytokines, ROS, phagocytosis (Malm et al., 2015). These inflammatory 

mediators will work to promote microglia recruitment and phagocytosis to remove pathogenic A 

(Hickman et al., 2018, Malm et al., 2015). This is the protective function of microglia that uses its 

phagocytic functions to internalise and degrade A for clearance from the CNS (Bard et al., 2000, 

Schenk et al., 1999) (Figure 1.8). This extracellular degradation is aided by A degrading enzymes 
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like neprilysin and insulin-degrading enzyme (Heneka et al., 2015a, Karran et al., 2011, Malm et 

al., 2015). Once degraded, clearance can be completed via a selection of pathways: phagocytosis, 

autophagy, and pinocytosis (Karran et al., 2011, Malm et al., 2015). Then, in cases where plaques 

have already been formed, to prevent further aggregation of A and growth of plaques, microglia 

accumulate around them to form a protective barrier (Condello et al., 2015, Kayed et al., 2004).  

 

In AD, microglia eventually reach a chronically activated state where previously beneficial functions 

become detrimental and can result in neuronal injury and death. This can happen through a series 

of direct and indirect methods (Hickman et al., 2018, Malm et al., 2015) (Figure 1.8). For example, 

microglia can directly cause neuronal damage by undergoing respiratory burst, where in attempt 

to kill foreign insults it generates and stores large quantities of superoxide anions (Clayton et al., 

2017, Hickman et al., 2018, McGeer and McGeer, 1995). These free radicals will migrate toward 

the insult upon membrane invagination during phagocytosis (McGeer and McGeer, 1995). If this 

primary method fails, external contact is made, meaning that surrounding healthy tissue can be 

affected. Additionally, several pro-inflammatory mediators released from the microglia may alter 

neuronal function and survival. For example, microglia can produce ROS and reactive nitrogen 

species, activate the nucleotide-binding domain, leucine-rich–containing family, pyrin domain–

containing-3 (NLRP3) inflammasome and several cytokines that can all contribute to a self-

harming effect that worsens the disease state (Hickman et al., 2018) (Figure 1.8). Upon activation, 

the NLRP3 inflammasome will release apoptosis-associated speck-like protein containing a C-

terminal caspase recruitment domain (ASC) specks, which can be released from microglia via 

exocytosis and can contribute to further Aβ aggregation (Venegas et al., 2017) (Figure 1.8). 

Additionally, upon interaction with A, microglia can be overwhelmed, and their phagocytic abilities 

can be altered. For example, there is also down-regulation of expression of A-receptors and A-

degrading enzymes and an upregulation of β-site amyloid precursor protein cleaving enzyme 

(BACE) (Heneka et al., 2015a, Hickman et al., 2018, Malm et al., 2015) (Figure 1.8). This will 

result in continued accumulation of A with no functionality to slow-down AD progression and the 

resulting neuronal death that occurs.  
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Figure 1.8. Interaction between microglia and Aβ and the resulting pathological effects. 

Adapted from Leng & Edison, 2021.  

 

As well as being involved in plaque pathology, microglia can influence the spread of tauopathy in 

AD brains and tau can induce microglial activation (Morales et al., 2013, Wes et al., 2014). 

Consequently, a relationship exists between the distribution of microglia and neurofibrillary tangles 

(Mrak, 2012). In the initial protective phase of microglial function, microglia work to clear 

hyperphosphorylated tau from the brain (Bolos et al., 2016). However, when chronically activated 

and the phagocytising functions are awry, pro-inflammatory cytokines released from microglia can 

promote kinase activity and therefore, tau phosphorylation. For example, IL-1-expressing microglia 

have been found to increase the activity of tau kinases, particularly p38 MAPK (Li et al., 2003). 

This would suggest that microglia can increase the imbalance in kinase/phosphatase activity which 

promotes hyperphosphorylation of tau. In addition, microglia spread tau through phagocytosis and 

exosome secretion, contributing to disease progression (Asai et al., 2015, Wang et al., 2022). 

 

When considering the relationships between plaques, neurofibrillary tangles and microglia, studies 

have found that both Aβ and microglia together can contribute to enhanced tauopathy (Felsky et 

al., 2019), whereas microglia and tauopathy may work together in a protective manner by 

promoting phagocytosis of Aβ from the brain (Chen et al., 2016). These conflicting contributions 

are thought to be due to the microglial TREM2-TYROBP pathway as this has been shown to 
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interact with both Aβ and tau, with studies indicating a large overlap of Aβ/tau-TREM2-TYROBP 

pathways and therefore, indicate the role of microglia as a mediator. Further studies have 

exemplified the role of this microglial TREM2-TYROBP network (Bolos et al., 2017, Lee et al., 

2014b, Sekiya et al., 2018, Takahashi et al., 2017). In fact, contributors to this pathway, such as 

microglial CX3C motif chemokine receptor 1 (CX3CR1), have reduced activation throughout AD 

due to the loss of noradrenergic signalling acting via β2Ars and thereby contribute to neuronal 

death and Aβ pathology (Gonzalez-Prieto et al., 2021, Le et al., 2023). This emphasises the role 

of neuronal activity in both molecular and inflammatory pathogenesis. 

 

1.1.2.2.2 Astrocytes 

 

1.1.2.2.2.1 Astrocytes in a healthy brain  

 

Like microglia, astrocytes are an abundant glial cell that forms a tiled organisation within the CNS. 

These were intensely studied by the group of Cajal who was the first to hypothesise that astrocytes 

can interact with neurons, other glial cells, and blood vessels (Garcia-Marin et al., 2007, Navarrete 

and Araque, 2014). This hypothesis was later proven by electron microscopy which illustrated 

interactions between astrocytic processes and neurons (Sofroniew and Vinters, 2010). Therefore, 

they have numerous complex functions as well as working to respond to foreign insults within the 

CNS (Khakh and Sofroniew, 2015, Sofroniew, 2020, Sofroniew and Vinters, 2010). 

 

Over-time, several types of astrocytes were identified and characterised, including protoplasmic 

and fibrous astrocytes (Andriezen, 1893, Cajal, 1913). Protoplasmic astrocytes, most prominent in 

the grey matter (Raff, 1983), are star-shaped structures with protruding processes (Navarrete and 

Araque, 2014). These processes can interact with both neurons and blood vessels, by forming a 

specialised structure at the end of the process termed ‘end-feet’ (Allen and Eroglu, 2017, Khakh 

and Sofroniew, 2015). Whereas fibrous astrocytes, most prominent in the white matter (Raff, 

1983), are elongated and are usually situated along myelinated axons, proximal to 

oligodendrocytes (Allen and Eroglu, 2017, Ben Haim and Rowitch, 2017). Both types of astrocytes 

contact blood vessels, astrocytes, and neurons through differing approaches. For example, 

protoplasmic astrocytes form a sheath around synapses and fibrous astrocytes interact with the 

nodes of Ranvier (Allen, 2014, Sofroniew and Vinters, 2010).  

 

Astrocytes contribute to communication through gliotransmission. While astrocytes are not 

electrically excitable, they can increase the intracellular calcium concentrations when 

communicating to neurons, blood vessels or other glial cells (Charles et al., 1991, Oliveira and 

Araque, 2022, Volterra and Meldolesi, 2005) (Figure 1.9). This enhanced calcium concentration 

can push for release of neurotransmitters and neuromodulators to aid communication (Angulo et 
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al., 2008, Bezzi et al., 1998, Bezzi et al., 2004, de Ceglia et al., 2023, Fellin et al., 2004, Jourdain 

et al., 2007). Upon release of neuromodulators, astrocytes can contribute to synaptic pruning by 

guiding migrating axons. In addition, they assist in the termination of neuronal signalling through 

the uptake of neurotransmitters from the synaptic cleft through transporters expressed on the 

astrocyte cell surface. Also, astrocytes can control blood flow through the release of mediators, 

such as prostaglandins and nitric oxide, that have a role in vascular dilation (Fellin and Carmignoto, 

2004, Iadecola and Nedergaard, 2007, Mulligan and MacVicar, 2004, Takano et al., 2006) and are 

involved in direct nutrient-waste exchange for neurons based on their activity (Abbott et al., 2006, 

Foo et al., 2011, Simard and Nedergaard, 2004) (Figure 1.9).  

 

However, the main role of astrocytes is its immune function, where in response to a foreign body 

within the brain, they initiate reactive astrogliosis resulting in molecular, cellular, and functional 

changes (Das et al., 2020, Escartin et al., 2021, Pekny and Nilsson, 2005) (Figure 1.9). 

Astrogliosis works to limit the area of damage, while promoting recovery of neuronal functionality 

by releasing inflammatory modulators such as cytokines, chemokines, growth factors and 

gliotransmitters (Li et al., 2019, Monterey et al., 2021) (Figure 1.9). Back in 2017, Liddelow and 

Barres identified that in their activated form, astrocytes can adopt different inflammatory states 

based on the gene expression profiles: neurotoxic A1 and neuroprotective A2 (Liddelow et al., 

2017). Neuroprotective A2 astrocytes protect the environment by promoting clearance, BBB repair, 

neuronal growth, and synaptic restoration. Whereas neurotoxic A1 astrocytes can result in 

neurodegeneration. Astrocytes acquire their pro-inflammatory phenotype through a microglial-

astrocyte connection and paracrine signalling. Specifically, release of TNF-⍺, IL-1⍺ and 

complement component 1q (C1q) activates the astrocytes (Liddelow et al., 2017, Sofroniew, 2020, 

Wu et al., 2019), through the nuclear factor kappa B (NF-kβ) signalling pathway causing an 

upregulation of pro-inflammatory genes (Heneka et al., 2010) (Figure 1.9). However, there are 

several different approaches for astrocytic activation (Lawrence et al., 2023). 
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Figure 1.9. Astrocytic functions in healthy (left) and AD brain (right). Left side of astrocyte 

illustrates functions in a healthy brain. Right side of astrocyte illustrates a reactive astrocyte 

throughout AD. Orange boxes show astrocytes function in a healthy brain. Green box shows 

activating factors from microglia. Red boxes show the intracellular and secreted molecules. 

Black box shows activated signalling pathways. K+: potassium; AQP4: aquaporin-4; Kir4.1: 

inwardly rectifying K+ channel subunit 4.1; APP: amyloid-beta precursor protein; BACE1: β-site 

APP-cleaving enzyme 1; FFA: free fatty acid; GFAP: glial fibrillary acidic protein; YKL-40: 

chitinase-3 protein like-1; S100B: S100 calcium-binding protein B; MAOB: monoamine-oxidase-

b; GLAST: glutamate aspartate transporter; GLT-1: glutamate transporter 1; Ca2+: calcium; NF-

κB: nuclear factor- kappa B; Stat3: signal transducer and activator of transcription 3; AGEs: 

advance glycation end-products; RAGE: Receptor for advanced glycation end products; TGF-β: 

transforming growth factor beta; GABA: gamma-aminobutyric acid; IL: interleukin; TNF-α: tumor 

necrosis factor alpha; C1q: complement component 1q. Adapted from Monterey et al., 2021. 

 

1.1.2.2.2.2 Astrocytes in an AD brain 

 

Alzheimer identified the up-regulation of astrocytes surrounding AD molecular pathology 

(Alzheimer, 1907), with them commonly appearing co-localised to Aβ plaques and neurofibrillary 

tangles (Nagele et al., 2003, Nagele et al., 2004, Olabarria et al., 2010). Like microglia, it is thought 

that astrocytes functionality changes throughout the progression of AD pathogenesis (Verkhratsky 

et al., 2010). Within early stages of the disease, atrophy of astrocytes contributes to reduced 
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synaptic activity, affects the control of ions and neurotransmitters, and alters metabolic support, 

thereby contributing to abnormalities in synaptic function (Figure 1.9). However, at this stage, 

astrocytes remain in protective form with upregulation of genes involved in protein degradation and 

antioxidant defence and therefore can regulate the phagocytosis and degradation of Aβ (DeWitt et 

al., 1998, Liu et al., 2017, Montoliu-Gaya et al., 2017, Wyss-Coray et al., 2003, Yin et al., 2006). 

Whereas in late stages of the disease, there is enhanced astrogliosis through microglial activation 

and by the action of Aβ on astrocytic cell surface receptors (DeWitt et al., 1998) like P2Y1 

(Delekate et al., 2014), nicotinic, glutamate metabotropic, and RAGEs which activates cellular 

signalling through AGE-RAGE, NF-kB, phosphoinositide 3-kinase/protein kinase B (P13K-Akt) 

pathways and result in changes in intracellular calcium concentrations (Abramov et al., 2003, 

Abramov et al., 2004), enhanced astrogliosis state, oxidative stress, and neuronal death 

(Rodriguez-Giraldo et al., 2022) (Figure 1.9). Therefore, enhanced activation eventually turns 

astrocytes into a pathogenic enhancer, with astrocytes beginning to express BACE1 (Hartlage-

Rubsamen et al., 2003, Heneka et al., 2005, Leuba et al., 2005, Rossner et al., 2001, Rossner et 

al., 2005) and increase APP production (Martins et al., 2001), resulting in increased production of 

Aβ (Figure 1.9). Finally, studies have shown that astrocytic dysregulation of glutamate and GABA 

transport and release can accelerate AD pathogenesis (Jacob et al., 2007, Jo et al., 2014, Matos 

et al., 2008). This leaves astrocytes contributing to and associated with various AD pathogenic 

signs such as molecular pathologies, neuroinflammation, oxidative stress, hyperactivity, and 

excitotoxicity (Figure 1.9).  

 

Also, recent studies have shown tauopathy within astrocytes, with a correlation existing between 

astrocytes with tauopathy and neurodegeneration (Amro et al., 2021). In addition, there is 

upregulation of genes that promote the spread of tauopathy through the exosomal-dependent 

pathway, and through other astrocyte transport mechanisms such as astrocytic nanotubules (Amro 

et al., 2021) (Figure 1.9). This has shown to result in irregular intracellular calcium signalling, 

unregulated gliotransmission, dysfunctional ATP control and disrupted synaptic activity (Piacentini 

et al., 2017). Therefore, astrocytes are a key player in the spread of AD pathogenesis illustrating 

that astrocytes loss of control of neuronal activity is detrimental.  

 

1.1.2.3 Neuronal oscillations  

 

Several aspects of the neuronal capabilities of the AD brain are influenced, with a well-known 

hallmark of AD being the reduction in acetylcholine signalling (Francis et al., 1999). However 

neuronal oscillations are now known to be altered throughout various brain disorders.  
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1.1.2.3.1 Brain oscillations  

 

Neuronal oscillations represent fluctuations of neuronal populations across brain regions, 

responding to a certain cognitive or physiological state (Buzsaki and Draguhn, 2004, Buzsaki et 

al., 2013, Harris and Thiele, 2011). Such neuronal populations generate brain oscillations which 

are dominant at different frequency bands (Buzsaki and Draguhn, 2004, Buzsaki et al., 2013, 

Harris and Thiele, 2011). The mean frequencies are categorised based on their power spectral 

analysis, as the power density of the electroencephalogram (EEG) is inversely proportional to 

frequency within the mammalian cortex (Buzsaki and Draguhn, 2004, Freeman et al., 2000). 

Accordingly, using scalp EEG, the first brain oscillation was identified by Hans Berger where he 

found an 8-12-Hz rhythm that he classed as alpha waves (Berger, 1929). Since then, a range of 

brain oscillations have been identified with varied frequency bands and proposed functionality 

(Figure 1.10A). Oscillations with a smaller frequency are thought to be involved across large 

neuronal space, whereas higher frequency oscillations are more localised (Buzsaki and Draguhn, 

2004, Csicsvari et al., 2003, Steriade, 2001). In addition, these brain states will show behavioural 

tendencies that will range from active to non-active (Harris and Thiele, 2011). During active states, 

neuronal activity is desynchronised, fluctuating at high frequencies and small amplitudes. 

Whereas, during non-active states, neuronal activity is synchronised, fluctuating at slow 

frequencies and high amplitudes. This allows several oscillatory activities to occur in parallel, 

across multiple temporal and spatial scales (Buzsaki and Draguhn, 2004, Buzsaki et al., 2013, 

Harris and Thiele, 2011).  

 

Due to this contribution to brain-wide activity, alterations in brain oscillations have been shown in 

various brain disorders. Specifically, in AD, gamma oscillations can be disrupted which has 

prompted recent advances studying modification of them as a therapeutic strategy (Adaikkan et 

al., 2019, Iaccarino et al., 2016, Martorell et al., 2019). While other oscillations, such as slow 

oscillations, can be effected throughout AD (Byron et al., 2021), I will primarily focus on gamma 

oscillations. 
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Figure 1.10. Brain oscillations. (A) Neural oscillations and their frequency bands. (B) 

Mechanisms of generation of gamma oscillations. Top, Interneuron gamma (ING) mechanism. 

Middle, Pyramidal-interneuron network gamma (PING) mechanism. Bottom, Inherited gamma 

oscillations from upstream areas. Adapted from Byron et al., 2021. 

 

1.1.2.3.1.1 Gamma oscillations  

 

1.1.2.3.1.1.1 Background 

 

Gamma oscillations were first identified and described in 1938 by Jasper and Andrews to be 

gamma waves at 35-45-Hz (Jasper, 1939). Other terms were used before gamma oscillations 

became the popular term after numerous papers by Freeman and colleagues (Bressler and 

Freeman, 1980, Freeman, 1975). They are fast, appear locally and have been shown to be 

involved in cognitive functions like attention (Fries, 2015, Jensen et al., 2007), memory encoding 

(Jensen et al., 2007, Osipova et al., 2006b), object and face recognition (Singer and Gray, 1995) 

and working memory (Howard et al., 2003). Additionally, they have been found to be present 

across many brain regions including the neocortex, entorhinal cortex (Charpak et al., 1995, 

Chrobak and Buzsaki, 1998, Nakazono et al., 2017), amygdala (Bauer et al., 2007), hippocampus 

(Buzsaki et al., 1983, Harris et al., 2003, Wang and Buzsaki, 1996), striatum (Cohen et al., 2009, 

Popescu et al., 2009), olfactory bulb (Beshel et al., 2007, Eeckman and Freeman, 1990), basal 

forebrain (Nair et al., 2018, Yague et al., 2017), and thalamus (Minlebaev et al., 2011).  
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It was found that gamma oscillations are most prominent in superficial cortical layers and the 

dentate gyrus within the cortex and hippocampus, respectively (Buffalo et al., 2011, Buzsaki et al., 

1983, Chrobak and Buzsaki, 1998, Quilichini et al., 2010). While considering the commonality 

between these regions, the requirement of inhibitory interneurons was revealed. This was shown 

to involve perisomatic inhibition involving fast-spiking interneurons, first shown when recording 

local field potential in the hippocampus of rats (Buzsaki et al., 1983). Now it is known that the most 

prominent source of perisomatic inhibition is parvalbumin (PV) GABAergic neurons. However, 

there are other interneuron types expressing a PV, somatostatin (SST) or cholecystokinin (CCK) 

marker thought to be involved in generation of gamma oscillations such as chandelier cells, O-LM 

interneurons, basket cells and Martinotti cells (Buzsaki and Wang, 2012). In addition, while greatly 

unresearched, recent findings also illustrate the role of non-neuronal cells, such as glial cells, in 

the generation of gamma oscillations as blocking vesicle release from astrocytes prevented 

generation of gamma at the 30-50-Hz range in mice (Lee et al., 2014a, Makovkin et al., 2022). 

 

1.1.2.3.1.1.2 Generation of gamma oscillations 

 

To begin to understand the generation of gamma oscillations, many studies were completed in 

cortical circuits using computational models (Buzsaki and Wang, 2012, Lytton and Sejnowski, 

1991, Tiesinga and Sejnowski, 2009, Traub et al., 1996b, Wang and Buzsaki, 1996, Whittington 

et al., 2000), brain slice experiments (Traub et al., 1996a, Whittington et al., 1995) and in vivo 

optogenetic experiments (Cardin et al., 2009, Sohal et al., 2009). The widely accepted mechanism 

comes from computational models which suggest three main mechanisms: the interneuron gamma 

(ING) mechanism, the pyramidal-interneuron gamma (PING) mechanism or inheriting gamma 

oscillations from upstream brain regions (Figure 1.10B) (Byron et al., 2021, Jefferys et al., 1996, 

Tiesinga and Sejnowski, 2009). These have also been explained in other papers as the inhibitory-

inhibitory (I-I) and excitatory-inhibitory (E-I) models (Buzsaki and Wang, 2012). For both 

approaches, they involve consistent synaptic activity that enhances synaptic plasticity through 

long-term potentiation (LTP) and therefore, has several protective and beneficial functions which 

are vital for cognitive processes such as memory formation (Guan et al., 2022, Park et al., 2020). 

This further emphasises how the dysfunction of gamma oscillations through synaptic degeneration 

or dysfunction may contribute to cognitive deficits. 

 

1.1.2.3.1.1.2.1 ING mechanism 

 

Firstly, in the ING mechanism, otherwise known as I-I model, there is mutual inhibition between 

two inhibitory interneurons, through γ-aminobutyric acid type A receptor (GABAAR)-mediated 

inhibition, resulting in strong inhibitory feedback that eventually generates gamma oscillations 
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(Figure 1.10B) (Buzsaki and Wang, 2012, Byron et al., 2021, Traub et al., 1996a, Wang and 

Buzsaki, 1996, Whittington et al., 1995). They can be generated either in a high-firing, low noise 

condition or irregular, noisy firing condition (Buzsaki and Wang, 2012). For the low noise condition, 

the inhibitory neurons will fire with sharp synchrony. Whereas, in the noisy condition, the presence 

of recurrent synaptic interactions will overcome this asynchronous environment, allowing the 

generation of synchronous gamma oscillations (Ardid et al., 2010, Brunel and Wang, 2003, Geisler 

et al., 2005, Wang and Buzsaki, 1996). Importantly, for both conditions, synchrony will only occur 

once a pool of interneurons and their partner neurons have synchronous discharges and 

generation of inhibitory postsynaptic potentials (IPSPs), respectively, due to GABAAR 

hyperpolarisation controlling the duration and resulting frequency of the oscillation (Buzsaki and 

Wang, 2012, Wang and Buzsaki, 1996, Whittington et al., 1995). 

 

Studies supporting this mechanism include optogenetic experiments which show that optically 

activating cortical PV-positive GABAergic neurons, but not other interneuron subtypes, could 

generate gamma oscillations (Cardin et al., 2009, Sohal et al., 2009). In addition, in vitro 

experiments show that activating metabotropic glutamate receptors result in mutual inhibition 

between interneurons and generation of a gamma oscillation (Whittington et al., 1995). 

 

1.1.2.3.1.1.2.2 PING mechanism  

 

Secondly, the PING mechanism, otherwise known as the E-I model, involves inhibitory 

interneurons and excitatory pyramidal cells (Figure 1.10B). It is thought that the interaction 

between the quick AMPAR-mediated excitation and slow GABAAR-mediated feedback inhibition 

works to generate gamma oscillations when a strong cyclic behaviour continues (Buzsaki and 

Wang, 2012, Byron et al., 2021, Tiesinga and Sejnowski, 2009). For example, axon conduction 

and synaptic delays result in a ~5-ms phase shift between the interneuron and pyramidal spikes. 

These shifts determine the frequency of neuronal firing and therefore, the gamma oscillation 

(Buzsaki and Wang, 2012, Freeman, 1975).  

 

Studies supporting this mechanism of gamma oscillation include both in vitro and in vivo studies 

(Buzsaki and Draguhn, 2004, Csicsvari et al., 2003, Hasenstaub et al., 2005, Mann et al., 2005, 

Tiesinga and Sejnowski, 2009). In fact, studies manipulating the connection between the 

interneuron and pyramidal cells by knocking down AMPARs reduces the amplitude of gamma 

oscillations (Fuchs et al., 2007). Additionally, the PING mechanism can work appropriately without 

presence of the ING mechanism, where removal of I-I connections in mice did not affect gamma 

power within the CA1 (Wulff et al., 2009).  
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1.1.2.3.1.1.2.3 Inheritance mechanism 

 

For the final approach, the generation of gamma oscillations overcomes the normally local 

contribution and instead is inherited from upstream brain regions (Figure 1.10B) (Buzsaki and 

Wang, 2012, Byron et al., 2021). In this case, it is thought that phase-phase or phase-amplitude 

coupling can occur to result in modulation and spread of a certain rhythm (Buzsaki and Wang, 

2012). For phase-phase coupling, the faster oscillation couples the several phases of a slower 

rhythm, resulting in phase locking (Buzsaki and Wang, 2012). For phase-amplitude coupling, the 

amplitude of the faster oscillation is modulated by the phase of a slower rhythm (Buzsaki and 

Wang, 2012). Therefore, the downstream network can respond to the rhythmic activity of upstream 

brain regions. 

 

However, these three approaches are not always fully elucidated by in vivo experimental data, 

commonly resulting in an unclear conclusion on the general mechanism. For example, some brain 

regions known to generate gamma oscillations – basal ganglia and ventral tegmental area – are 

unlikely to be due to the PING as they lack these vital connections (Berke et al., 2004, Brown et 

al., 2002, Fujisawa and Buzsaki, 2011, Tort et al., 2008). On another note, the ING mechanism is 

thought to occur at least partially because of the excitatory drive within nearby pyramidal cells, 

thereby effecting the intensity of the mutual inhibitory tone (Buzsaki and Wang, 2012). These 

findings may support a mutual effect of all three mechanisms across the brain for generation of 

gamma oscillations. Thus, more studies must be completed to fully understand the generation and 

spread of gamma oscillations within the brain, healthy or diseased.  

 

1.1.2.3.1.1.3 Gamma oscillations in AD brain  

 

As gamma oscillations have been shown to be generated across many regions over the brain and 

be involved in vital cognitive processes such as attention and memory, it is not surprising that 

alterations in normal gamma oscillatory function have been found across several 

neurodegenerative diseases, one of these being AD (Mably and Colgin, 2018). Several studies 

have been completed to understand these alterations, in both humans with AD and AD mouse 

models. 

 

1.1.2.3.1.1.3.1 Humans 

 

In humans, several studies have illustrated the decline in LTP within the cortex, with a reported 

dysfunction of PV interneurons within the parietal cortex. However, human studies investigating 

the change of gamma oscillations using EEG or magnetoencephalography have conflicting 

findings, with some illustrating a reduction in gamma power within the cortex (Basar et al., 2016, 
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Ribary et al., 1991, Stam et al., 2002), while others show an increase in gamma power (Basar et 

al., 2017, Osipova et al., 2006a, Rossini et al., 2006, van Deursen et al., 2011, van Deursen et al., 

2008, Wang et al., 2017). For example, an EEG study completed on 15 AD patients shows an 

increased gamma band power, when in resting state, listening to music or stories and under visual 

stimulation, compared to controls (van Deursen et al., 2008). This finding was replicated, albeit in 

different experimental conditions, in another 15 AD patients which showed a significantly increased 

40-Hz steady state response compared to controls (van Deursen et al., 2011). Also, studies 

illustrate an enhanced gamma coherence in AD patients compared to controls across cortical 

regions (Basar et al., 2017, Rossini et al., 2006).  

 

Some researchers believe these conflicting results may be due to experimental differences such 

as the assessment of gamma oscillations between varied control groups (MCI patients or healthy 

subjects), at different stages of AD and under different states: resting state or during sensory 

stimulation (Byron et al., 2021). Alternatively, a recent paper suggests that these discrepancies 

may be due to limitations of EEG recordings (Casula et al., 2022). Instead, they illustrate a novel 

approach involving the combination of EEG and transcranial magnetic stimulation (TMS), termed 

TMS-EEG. Here, they show a significant reduction in gamma oscillations within the frontal lobe 

compared to controls, as well as a greater impairment of LTP-like plasticity as seen in previous 

studies (Casula et al., 2022). They believe change in gamma power may be detectable with this 

approach, but not EEG alone.  

 

On another note, this discrepancy may be explained by changes in gamma oscillatory activity 

across AD progression through compensatory mechanisms (Gaubert et al., 2019). For instance, a 

study completed on >300 pre-AD individuals aged 70-85 illustrated presence of an inverted U-

shape relationship between Aβ depositions and gamma band power (Gaubert et al., 2019). This 

suggests that the gamma oscillatory power throughout AD depends on the extent of Aβ pathology. 

Specifically, in intermediate stages of Aβ deposition, gamma power increases, suggesting a 

compensatory mechanism (Gaubert et al., 2019). However, with increasing Aβ load, gamma power 

begins to decline, suggesting a contribution to a breakdown of neuronal circuits, with alterations in 

LTP and synaptic plasticity, involved in generation of gamma oscillations (Gaubert et al., 2019, 

Jones et al., 2016, Lim et al., 2014, Mormino et al., 2011). It is hypothesised that these alterations 

occur due to Aβ oligomers interfering with the PING mechanism of gamma generation (Lei et al., 

2016), thereby suggesting the recovery of these abnormalities by modulating inhibitory GABAergic 

activity (Li and Selkoe, 2020, Manippa et al., 2022). These findings (Gaubert et al., 2019) may 

provide some explanation to the conflicting findings discussed above (Basar et al., 2016, Basar et 

al., 2017, Osipova et al., 2006a, Ribary et al., 1991, Rossini et al., 2006, Stam et al., 2002, van 

Deursen et al., 2011, van Deursen et al., 2008, Wang et al., 2017), but an importance in large 

studies with appropriate experimental parameters are required.  
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1.1.2.3.1.1.3.2 Mice 

 

Table 1.1. Changes in gamma (𝛾) oscillations in AD mouse models. Adapted from Byron et 

al., 2021. 

 

Despite conflicting results at the human level, a consistent interruption in gamma oscillations has 

been reported across various AD mouse models, including APP-PS1 (Klein et al., 2016), J20 

(Martinez-Losa et al., 2018, Verret et al., 2012), 5xFAD (Iaccarino et al., 2016), CRND8 (Goutagny 

et al., 2013, Hamm et al., 2017), APOE4 (Gillespie et al., 2016, Jones et al., 2016) and tau models 

(Richetin et al., 2020) (Table 1.1). Both ex-vivo slice experiments and in vivo electrophysiological 

recordings have illustrated that AD mouse models have a reduced gamma band power. In fact, 

some studies have shown that this decline in gamma power occurs in pre-clinical stages, before 

Aβ plaque deposition and cognitive decline (Etter et al., 2019, Iaccarino et al., 2016). Also, studies 

that have shown alterations in activity of fast-spiking inhibitory neurons involved in gamma 

oscillation generation, including PV-positive, SST-positive, and CCK-positive GABAergic neurons, 

across the hippocampus and prefrontal cortex (Fu et al., 2019, Martinez-Losa et al., 2018, Shi et 

al., 2020, Verret et al., 2012). This is thought to be due to these neurons being vulnerable to soluble 

or fibril Aβ and tauopathy (Bero et al., 2011, Fu et al., 2019, Walsh and Selkoe, 2004). However, 

no inverted U-shape relationship between Aβ deposition and gamma power has been identified in 

mouse studies despite studies investigating the change in gamma power across age. This may be 

due to difficulties mirroring disease progression in current animal models, which emphasises the 

importance for longitudinal experiments in late-onset AD mouse models for identifying if this trend 

is evolutionary conserved.  

 

These effects on normal gamma oscillations have been shown to result in aberrant gamma 

oscillatory activity and cognitive dysfunction, thereby contributing to the AD pathogenic 

presentation (Goutagny et al., 2013, Mably and Colgin, 2018, Mably et al., 2017). Specifically, this 

degeneration in GABAergic neuron and synaptic functionality has shown to contribute to cognitive 

deficits and a loss of LTP within the hippocampus that is vital for long-term memory formation, 

Mouse Model
Age 

(months)
Sex Preparation

Frequency 

Band (Hz)
Changes in γ Oscillations Reference

APP-PS1 4-5 NA Entorhinal cortical slices 20-60
Reduced γ frequency in LEC

No effect in MEC
Klein et al., 2016

4-7 M/F 20-80 Reduced γ power Verret et al., 2013

7-8 M/F 30-90 Reduced γ power  Martinez-Losa et al., 2018

5xFAD 3 M in vivo LFP in CA1 20-50 Reduced γ power during SWRs Iaccarino et al., 2016

1 NA Hippocampal slices

θ: 3-12

low γ: 25-85

high γ: 120-250

No change in γ power

Disrupted θ-γ coupling
Goutagny et al., 2013

1 M in vivo hippocampal LFP
low γ: 25-45

high γ: 60-100
Reduced γ power Hamm et al., 2017

5-8, 9-11, 13-17 F in vivo hippocampal LFP 30-50 Reduced γ power Jones et al., 2020

4-5 F in vivo hippocampal LFP 30-50 Reduced γ power during SWRs Gillespie et al., 2016

3R tau 

overexpression
7 M Hippocampal slices 50-90 Reduced γ power and peak frequency Richetin et al., 2020

TgCRND8

APOE4

J20 in vivo cortical EEG
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thereby reflecting the memory interruptions seen in human symptoms (Guan et al., 2022, Park et 

al., 2020, Verret et al., 2012). This shows that gamma oscillations are an important target for AD 

treatment. In fact, previous studies have illustrated that restoring PV-positive interneurons in hAPP 

mice had beneficial effects on gamma oscillations and cognitive function (Verret et al., 2012), that 

optogenetic activation of PV and SST neurons could restore gamma oscillatory functions such as 

theta-nested gamma oscillation-induced spike-timing dependent LTP (Park et al., 2020), and that 

optogenetically activating PV neurons in 5xFAD mice improved memory retrieval (Park et al., 

2024). Therefore, these improvements in cognitive function, related to human spatial memory and 

memory retrieval deficits, illustrated that restoring gamma oscillations throughout AD has potential 

beneficial effects. This resulted in research groups identifying respective therapeutic strategies. 

However, these optogenetic routes may be complicated when transferring to the clinic resulting in 

several research groups investigating the possibility of inducing gamma oscillations with sensory 

stimulation for AD treatment (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 2019). 

However, a comprehensive analysis on electrophysiological biomarkers throughout AD is vital and 

will aid discovery of therapeutic strategies. This is vital due to the lack of beneficial therapeutics 

available for AD. 

 

1.2  Treatment of AD 

 

Pharmaceutical intervention of AD has been at a halt for years, leaving AD patients with limited 

treatment options (Figure 1.11). Currently, there are few pharmaceutical options and instead of 

being preventative, they are targeted toward symptomatic therapy. This means that drugs aim to 

relieve symptoms to enhance the patient’s quality of life, while providing some relief for the 

caregiver.  

 

Currently, there are only two classes of drugs approved for treatment of AD in the UK: 

acetylcholinesterase inhibitors (donepezil, rivastigmine and galantamine) and NMDA antagonists 

(memantine) (Briggs et al., 2016, Weller and Budson, 2018). Patients are put on these drugs 

depending on their stage of dementia, with cholinesterase inhibitors used in mild-moderate AD 

and NMDA antagonists used for severe AD (Figure 1.12). The main target of these drugs is 

cholinergic neuronal loss, based on the cholinergic hypothesis established in 1976 by Davis and 

Maloney (Davies and Maloney, 1976, Francis et al., 1999). However, after many years of clinical 

studies for anti-amyloid therapies – drugs that aim to remove A from the brain in attempt to restore 

cognitive function – two monoclonal anti-A antibodies, called aducanumab and lecanemab, were 

approved for use in the US for treatment after diagnosis (Figure 1.12B) (Sevigny et al., 2016, Sims 

et al., 2023, van Dyck et al., 2023). It is widely considered that the success of these drugs is limited 

as they are administered only throughout clinical stages of AD progression, where potentially too 

much neuronal damage has occurred for restoration (Figure 1.12A). Consequently, many future 
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interventions are targeted at the pre-clinical AD for prevention and delay of AD progression (Figure 

1.12). 

 

Figure 1.11. Number of FDA approved AD treatments over past decades. Adapted from 

Cummings et al., 2021. 

 

 

Figure 1.12. Therapies and the stage of disease they target. (A) Pathological changes with AD 

progression. (B) Future and current interventions at each stage of disease. Adapted from Jeremic 

et al., 2021. 
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1.2.1 Traditional treatments 

 

1.2.1.1 Acetylcholinesterase inhibitors  

 

Acetylcholinesterase inhibitors work to promote acetylcholine signalling by increasing the 

extracellular acetylcholine levels for action on receptors (Briggs et al., 2016, Chu, 2012, Mendiola-

Precoma et al., 2016). Acetylcholinesterase is an enzyme involved in the chemical breakdown of 

acetylcholine. Thus, by chemically binding to this enzyme, it prevents interaction with acetylcholine 

and its resulting degradation. This causes a build-up of acetylcholine within the extracellular fluid 

that can act on the receptors and promote cholinergic signalling.  

 

The first generation of acetylcholinesterase inhibitors, which included tacrine, was stopped due to 

an undesirable side effect of liver toxicity (Chu, 2012). However, the second generation included 

donepezil, rivastigmine and galantamine which are still in use today. Several clinical studies have 

shown these drugs to have therapeutic benefit by delaying disease progression. For example, it 

was shown that they can significantly delay cognitive decline and the onset of behavioural 

symptoms by 6-12-months, with assessment using the Alzheimer’s Disease Assessment Scale-

Cognitive subscale (ADAS-Cog) score showing improvements of 3-4-points (Chu, 2012, Hampel 

et al., 2018). Also, findings show donepezil to increase cerebral blood flow, reduce cortical thinning, 

reduce hippocampal and basal forebrain atrophy, and maintain current cognition and behavioural 

aspects (Hampel et al., 2018). Interestingly, despite these three drugs having differing chemical 

structure, most studies suggest there is no substantial differences in the therapeutic benefit. 

However, a short-term (12-week) study shows donepezil to have slight improvements over 

galantamine (Chu, 2012, Hampel et al., 2018). Side effects from these therapeutics are generally 

mild but have been shown to be dose-related which may become an issue as patients can show 

treatment-resistance. For example, only 60% of AD patients show a therapeutic response to these 

drugs, which leaves a large percentage of patients with no therapeutic relief (Chu, 2012). 

 

1.2.1.2 NMDA receptor antagonist 

 

Memantine is an NMDA receptor antagonist. NMDA receptors are highly distributed in pyramidal 

cells within the cortex and hippocampus and are activated by glutamate to cause LTP involved in 

learning and memory (Chu, 2012). Throughout AD there can be excessive NMDA receptor 

activation where glutamate can cause excitotoxic stress. Memantine works by non-competitively 

binding to the active side of the NMDA receptor and blocking glutamate (Chu, 2012). By doing so, 

this prevents over-activation of the receptor and reduces the occurrence of glutamate-induced 

excitotoxicity. Interestingly, it is also thought to reduce hyper-phosphorylation of tau by down-

regulating the activity of tau kinase, GSK-3β. Clinical trials show this to be an effective method of 
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treatment, with significant improvements in cognition and behaviour in moderate-severe patients 

only. While these improvements are significant, they are small which is why they are commonly 

combined with acetylcholinesterase inhibitors for severe patients.  

 

1.2.2 New treatments  

 

Over several decades the main focus for new treatments has been targeting molecular pathologies 

to rectify circuit dysfunctions, such as abnormal neuronal oscillations and hyperactivity (Figure 

1.13). However, little effort has been put into targeting the disease from the opposite approach; 

attempting to rectify circuit dysfunctions to reduce molecular, synaptic, and cellular pathologies 

and resulting cognitive decline (Figure 1.13). This is because it is known that molecular pathology 

alters synaptic activity, but recent findings have shown that modulating synaptic activity can also 

alter levels of Aβ (Bero et al., 2011, Cirrito et al., 2005, Rodriguez et al., 2020, Yamamoto et al., 

2015, Yuan and Grutzendler, 2016). This forms a hypothesis that targeting neuronal aberrations 

may help ameliorate molecular and cellular pathologies within AD.  

 

 

Figure 1.13. Potential directions of treatments for AD. 

 

1.2.2.1 Molecular to Neuronal 

 

The prominent focus of researchers has and currently remains the treatment of molecular, 

synaptic, and cellular abnormalities in the hope that they will resolve neuronal circuit dysfunction 

and cognitive decline. This has been across several scales, with the biggest drive surrounding 

production of anti-amyloid therapies targeting the AD hallmark, Aβ plaques (Figure 1.14). 

Therefore, in this section, I will explain the progress in development of anti-amyloid therapies 

(section 1.2.2.1.1) and other targets (section 1.2.2.1.2). 
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1.2.2.1.1 Anti-amyloid therapies  

 

In 2021, excitement came to the field when the US Food and Drug Administration (FDA) approved 

a new drug for AD treatment on their accelerated approval pathway, under the condition that a 9-

year post-approval trial is completed. This means they have concluded that it may provide some 

meaningful therapeutic benefit, making it the first approved therapy that treats the underlying 

biology of AD. Aducanumab is a monoclonal antibody that works to sequester A fibrils from the 

brain (Budd Haeberlein et al., 2022, Schneider, 2020, Sevigny et al., 2016) (Figure 1.14). It is 

administered intravenously (i.v.) via a 45–60-minute infusion every 4-weeks, at hospital.  

 

However, this approval was controversial resulting in three members of the FDA advisory 

committee resigning (Mahase, 2021) and rejection of approval from the European Medicines 

Agency (EMA). This is because only one subset of participants showed a slight cognitive benefit, 

with severe adverse effects such as oedema and microhaemorrhages being evident in some 

participants (Budd Haeberlein et al., 2022). Additionally, since this study was completed in those 

living with early AD, there is no efficacy or safety data regarding treatment initiation at other disease 

stages. Therefore, due to the unclear link between the reduction in A from the brain and the 

benefits to an AD patient’s life, the conflicting data, lacking evidence surrounding drug safety and 

overall, inability to show any strong data for the effectiveness of the drug, the EMA have currently 

rejected approval of aducanumab.  

 

Nonetheless, there are many other anti-amyloid therapies currently undergoing clinical trials with 

another being approved by the FDA early 2023. Lecanemab is another monoclonal antibody that 

works to clear A from the brain and has undergone testing in a clinical study with ~1800 

participants that have early-stage AD (Swanson et al., 2021, van Dyck et al., 2023). Treatment 

involves an i.v. infusion of either lecanemab or placebo every two weeks for the duration of the 

trial. In Phase III, lecanemab has shown decreased A within the brain and a 0.45-point 

improvement in cognitive score after 18-months of treatment – close to the clinical improvement 

range of 0.5-2 points (van Dyck et al., 2023). However, it is important to note that some adverse 

effects are seen in ~20% of participants such as brain oedema or bleeding, but this was less than 

3% within the treatment group compared to 40% within phase III for aducanumab (Budd Haeberlein 

et al., 2022, van Dyck et al., 2023).  

 

However, there are several different therapeutic opportunities when it comes to tackling the 

formation and aggregation of Aβ and several therapies have been developed and are undergoing 

testing at different stages, with some reaching phase II and III (Figure 1.14). This includes drugs 

which are targeting the amyloidogenic pathway directly, such as β-secretase inhibitors, ⍺-
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secretase activators, and 𝛾-secretase inhibitors/modulators. Alternatively, therapeutics can target 

different stages of the aggregation pathway, working as anti-aggregation agents (Figure 1.14). 

 

Despite numerous therapeutic agents being tested, the majority have not been approved. This 

may be due to the loss of action of β- and 𝛾-secretase causing loss of the physiological, 

neuroprotective functions of Aβ monomers. In addition, these studies are mostly completed at 

clinical AD stages where existing pathology may be irreversible, illustrating the desirability for a 

pre-clinical treatment. Lastly, there are many other neuropathic factors in AD so reducing Aβ 

pathology may not be sufficient, illustrating the attractiveness of combination treatment when such 

therapeutics are available. 

 

 

Figure 1.14. Current drugs undergoing testing in clinical trials targeted at Aβ. Adapted 

from Jeremic et al., 2021. 

 

1.2.2.1.2 Other targets   

 

As expected, there has been investigation into the therapeutics that target tauopathy, including 

immunotherapy (Selkoe, 2021). Also, senolytic therapy has proved beneficial, with an ongoing 

clinical trial (Gonzales et al., 2023). 
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Alternatively, there are other therapeutics that have been considered and are commonly 

prescribed to AD patients. For example, oxidative stress can contribute to AD pathology and 

therefore, antioxidants – vitamin supplementation – have been heavily considered as a therapeutic 

strategy. Specifically, administration of selegiline and alpha-tocopherol (vitamin E) show slight 

therapeutic benefits in moderate-severe patients (Chu, 2012). Additionally, once AD progresses, 

behavioural and psychotic problems can occur. Thus, antipsychotics are often prescribed. The 

double-edged sword with this type of treatment is that it can often result in severe extrapyramidal 

impairment and sedation, where falls and a highly sedated state can be challenging for caregivers 

(Chu, 2012).  

 

1.2.2.2 Neuromodulation 

 

With the molecular to neuronal route proving challenging, with limited success over several 

decades, researchers began to consider the treatment of circuit dysfunctions, with the idea that 

this would resolve molecular, synaptic, and cellular abnormalities and cognitive decline (Figure 

1.13). This involved an approach called “neuromodulation” (Krames, 2018). Neuromodulation 

involves the manipulation of neuronal activity to promote or reinstate normal neuronal functionality 

and its use has been tested and implemented in several brain disorders (Krames, 2018). In terms 

of AD, reinstating normal neuronal health in attempt to improve cognitive function has been tested 

in several clinical trials (Chang et al., 2018, Polania et al., 2018). More recently, targeting gamma 

oscillations with neuromodulation appeared to be a desirable approach (Adaikkan et al., 2019, 

Bobola et al., 2020, Cimenser et al., 2021, Da et al., 2024, He et al., 2021, Iaccarino et al., 2016, 

Martorell et al., 2019). Therefore, this approach was investigated using invasive approaches, with 

promising results prompting researchers to find a suitable way to transfer this treatment to the 

clinic.  

 

1.2.2.2.1 Targeting neuronal activity  

 

Neuromodulation has been a therapeutic approach that has been approved for other 

neurodegenerative diseases, such as Parkinson’s disease, but not AD, despite numerous pre-

clinical and clinical trials over several decades (Chang et al., 2018, Polania et al., 2018, Sanches 

et al., 2020). The consensus was that there is a correlation between neuronal and synaptic health 

and cognitive abilities, and therefore by restoring neuronal health, cognitive decline may be halted. 

Therefore, several invasive and non-invasive approaches have been tested for their capabilities in 

enhancing neuronal activity and reducing cognitive decline (Chang et al., 2018, Polania et al., 

2018, Sanches et al., 2020). 
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1.2.2.2.1.1 Invasive  

 

Deep brain stimulation (DBS), where electrodes are chronically implanted into the human brain for 

delivery of electronic pulses, was first tested for AD in 1984, but no improvements in cognition was 

evident (Turnbull et al., 1985). However, in 2020, a clinical trial using DBS in the 

fornix/hypothalamus reached phase II (Lozano et al., 2016) after reductions in cognitive decline 

and increased hippocampal volume were found in phase I (Hamani et al., 2008, Laxton et al., 2010, 

Sankar et al., 2015). Yet, in phase II, they found that patients aged <65 years cognition worsened, 

while those aged >65 years had slight improvements, which resulted in termination of the trial 

(Lozano et al., 2016). In addition, vagus nerve stimulation involved implantation of electrodes into 

the vagus nerve with electronical stimulation (Chang et al., 2018). This has shown some 

improvement in cognitive abilities as rated by the cognitive score tests, Mini-Mental State 

Examination (MMSE) and ADAS-Cog (Sjogren et al., 2002). However, none of these approaches 

have been approved and this invasive approach is not desirable as it may introduce other 

complications.  

 

1.2.2.2.1.2 Non-invasive 

 

Merton and Morton first illustrated an approach for non-invasive brain stimulation, involving no 

opening of the skull, where electrical currents supplied over the human scalp resulted in activation 

of cortical regions (Merton and Morton, 1980). While this original approach did not remain due to 

side effects, it resulted in the development of other transcranial brain stimulation methods like 

TMS, transcranial direct current stimulation (tDCS) and transcranial alternating current stimulation 

(tACS) (Chang et al., 2018, Polania et al., 2018, Sanches et al., 2020). TMS is an approach 

developed by Anthony Barker in the mid-80s that works by delivering a rapidly alternating current 

through a coiled wire which is placed above the human scalp (Barker et al., 1985). Altering the 

stimulation pattern of TMS, alters the effects on neuronal activity (Chang et al., 2018, Sanches et 

al., 2020). This was tested for its effects on cognition by many groups (Sanches et al., 2020), with 

Zhao and colleagues showing that 30 sessions of 20-Hz for 6-weeks provided an improvement in 

cognitive scores (Zhao et al., 2017). Alternatively, tDCS works by delivering current through 

electrodes which are placed on the scalp surface, with the electrical current passing through and 

penetrating the skull (Chang et al., 2018, Nitsche and Paulus, 2000, Nitsche et al., 2005, Radman 

et al., 2009, Rahman et al., 2013, Sanches et al., 2020). This can modulate the neuronal activity 

by altering the membrane polarisation and potentials through anodal and cathodal electrodes. This 

anodal electrode shifts the resting potential towards its firing potential, while cathodal stimulation 

hyperpolarises surrounding neurons (Chang et al., 2018, Nitsche and Paulus, 2000, Nitsche et al., 

2005, Radman et al., 2009, Rahman et al., 2013, Sanches et al., 2020). This approach has shown 

an improvement in cognitive tests after treatment for 10 days in AD patients (Khedr et al., 2014). 
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Also, tACS works by delivering an oscillating current at a certain frequency, working to entrain and 

synchronise brain networks (Kanai et al., 2008, Marshall et al., 2006, Reinhart and Nguyen, 2019, 

Sanches et al., 2020). While studies completed on healthy subjects show capabilities of improving 

specific cognitive functions, studies in AD patients are limited (Antonenko et al., 2016, Chang et 

al., 2018). Again, as with invasive approaches, no non-invasive approaches have been approved 

for use for treatment of AD despite some studies showing promising effects on cognition.  

 

Overall, it remains largely unclear how such approaches can exhibit their effects on cognition, but 

it is suggested that this prolonged and enhanced neuronal activity will promote synaptic plasticity 

through LTP and long-term depression (Polania et al., 2018). However, by looking at all studies, 

there is variabilities across findings, which may partly be due to trials using a diverse range of 

stimulation parameters, treatment groups, small sample sizes and differing reporting methods 

which can increase the variability and hinder the accurate estimation of the treatment efficacy 

(Button et al., 2013, Open Science Collaboration, 2015, Polania et al., 2018). Therefore, to 

overcome such limitations, a specific set of guidelines for testing must be implemented and 

followed (Polania et al., 2018), with perhaps a specific neuronal target, such as gamma oscillations 

(Buzsaki and Draguhn, 2004, Buzsaki and Wang, 2012, Byron et al., 2021).  

 

1.2.2.2.2 Targeting gamma oscillations  

 

As described above, alterations in gamma oscillations occurs throughout AD. Thereby, 

researchers considered the possibility of using neuromodulation to restore gamma oscillatory 

function, with potential therapeutic benefits for AD pathology (Adaikkan et al., 2019, Iaccarino et 

al., 2016, Martorell et al., 2019, Park et al., 2021, Yao et al., 2020). Accordingly, invasive, and non-

invasive approaches for enhancing gamma oscillations and the subsequent effects on AD 

pathology were tested (Table 1.2). 
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Table 1.2. Modulation of AD phenotypes from invasive and non-invasive neuromodulation. 

Adapted from Byron et al., 2021. 

  

 

1.2.2.2.2.1 Invasive 

 

Interestingly, within a landmark study, Iaccarino and colleagues illustrated that invasively 

stimulating fast-spiking PV-interneurons at 40-Hz in the CA1, using optogenetics, resulted in 

electrophysiological and molecular alterations (Table 1.2) (Iaccarino et al., 2016). Increases in LFP 

gamma power at 40-Hz was evident, with reductions in Aβ (by ~50%) and increased microglial 

activation in the hippocampus (Iaccarino et al., 2016). The proposed mechanism of action was that 

the enhanced microglial phagocytic phenotype would increase clearance of Aβ from the brain 

(Iaccarino et al., 2016). Later, another group found that optogenetic activation of the medial septum 
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at 40-Hz improved spatial memory (Table 1.2) (Etter et al., 2019). However, Wilson and colleagues 

optogenetically activated PV+ neurons within the basal forebrain in the attempt to entrain gamma 

oscillations indirectly through projection of basal forebrain PV neurons to cortical GABAergic 

neurons (Table 1.2) (Wilson et al., 2020). However, this resulted in an increased Aβ plaque 

pathology across brain regions, which suggests the effect on molecular and cellular pathology is 

specific to the gamma oscillation induction mechanism (Wilson et al., 2020). As optogenetic 

stimulation is currently not transferable to human studies, non-invasive approaches to stimulate 

neurons at 40-Hz were investigated (Table 1.2) (Adaikkan et al., 2019, Iaccarino et al., 2016, 

Martorell et al., 2019, Soula et al., 2023). 

 

1.2.2.2.2.2 Non-invasive 

 

To modify gamma oscillations, several non-invasive approaches were suggested and studied such 

as tACS, sensory stimulus, temporal interference, and ultrasound stimulation (Adaikkan and Tsai, 

2020). For example, previous human studies have shown success in modulating gamma activity 

using tACS (Benussi et al., 2021, He et al., 2021, Sprugnoli et al., 2021). Also, a study by Bobola 

and colleagues illustrate that transcranial focused ultrasound at 40-Hz, targeting the hippocampus, 

for 1-h per day for 5-days, caused an increase in microglia and co-localisation of microglia and Aβ, 

suggesting an enhanced protective microglial state (Table 1.2) (Bobola et al., 2020). However, 

sensory stimulation has recently been illustrated to have beneficial effects for treating AD 

(Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 2019, Park et al., 2021, Soula et al., 

2023, Yao et al., 2020). 

 

1.2.2.2.2.2.1 Gamma ENtrainment Using Sensory stimulus 

(GENUS) 

 

Several decades ago, an approach for non-invasive sensory stimulation using a light flicker was 

implemented at 40-Hz in cats, where they illustrated that neurons were entrained in the visual 

cortex (Rager and Singer, 1998), which was then replicated in awake human subjects (Herrmann, 

2001, Jones et al., 2019, Pastor et al., 2003). After studies exemplified the benefits of restoring 

gamma oscillatory activity in AD mouse models through improvements in both spatial memory and 

memory retrieval, this justified targeting gamma oscillations for identifying a potential AD treatment 

(Park et al., 2024, Park et al., 2020, Verret et al., 2012). This led to further studies using visual and 

auditory stimulation in humans and mice where they see evoked gamma oscillations not only in 

sensory cortices, but spread across forebrain regions or CA1 and prefrontal cortex (PFC) 

(Lustenberger et al., 2018, Martorell et al., 2019, Pastor et al., 2002). Since then, animal studies 

have shown success of using non-invasive sensory stimulus to entrain gamma oscillations and 

reduce AD pathology, in a method they call GENUS (Adaikkan et al., 2019, Iaccarino et al., 2016, 
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Martorell et al., 2019, Park et al., 2021, Soula et al., 2023, Yao et al., 2020) (Table 1.2), with 

several human studies now being completed.  

 

1.2.2.2.2.2.1.1 In vivo studies 

 

Excitingly, using GENUS, provisional data in rodents shows a reduced A load, tau 

phosphorylation, upregulation of cytoprotective proteins, reduced DNA damage, reduced neuronal 

and synaptic loss and improved cognitive function across various AD mouse models (5xFAD, 

APP/PS1, P301S, CK-p25)  (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 2019, 

Park et al., 2021, Soula et al., 2023, Yao et al., 2020) (Table 1.2).  

 

This began when a pioneering study completed by Iaccarino and colleagues illustrated that non-

invasive visual light flicker stimulation could reduce Aβ levels within the visual cortex and 

hippocampus by 50% and resulted in an enhanced phagocytic microglia phenotype in 5xFAD mice, 

with a reduction of phosphorylated tau in TauP301S mice (Iaccarino et al., 2016). Interestingly, 

with acute stimulation (1-h), the reduced soluble Aβ levels began to recover within 12-24-hours 

(Iaccarino et al., 2016). Consequently, studies implemented a chronic stimulation protocol for 1-h 

daily for 7 days, where the protective effects reducing Aβ production was enhanced, reducing 

plaque load and area in the visual cortex but not somatosensory cortex or hippocampal regions 

(Table 1.2) (Iaccarino et al., 2016). Beyond this, Adaikkan and colleagues adopted this approach 

and reported an improved cognition in AD mouse models (Table 1.2) (Adaikkan et al., 2019).  

Overall, these effects were specific to 40-Hz, but it remained to be determined if alterations in 

pathology can be seen within the hippocampus (Adaikkan et al., 2019, Iaccarino et al., 2016). 

 

While visual stimulation resulted in changes within the visual cortex, an approach that could be 

spread across several sensory areas and potentially having an effect beyond these regions was 

desirable.  Therefore, Tsai and colleagues investigated the effect of auditory stimulus alone and in 

combination with visual stimulation (audio-visual) (Table 1.2) (Martorell et al., 2019). For auditory 

stimulation alone, they show entrainment of gamma in the auditory cortex and hippocampus, a 

reduced Aβ load in the auditory cortex and hippocampus, improvement in behavioural tasks testing 

contextual and spatial memory, an increase in the vascular association with Aβ, vascular dilation 

that reduces tau phosphorylation and seeding and upregulation of the microglial and astrocytic 

response (Martorell et al., 2019). Then, for the first time, they illustrated that audio-visual 

stimulation at 40-Hz could entrain the firing rate in the CA1 and medial PFC, demonstrating the 

spread beyond sensory cortices (Martorell et al., 2019). Additionally, audio-visual stimulus resulted 

in the generation of an activated clustering phenotype of microglia across the auditory cortex, 

hippocampus, and prefrontal cortex  (Martorell et al., 2019). This was able to reduce the Aβ load 

within the medial PFC, while auditory or visual stimulation alone could not.  
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Also, other groups have illustrated the beneficial effects of GENUS on the circadian circuit and 

learning and memory (Yao et al., 2020). Furthermore, Tsai and collaborators have now also 

illustrated that sensory tactile stimulation, through vibrations of the cage, can increase neuronal 

activity and reduce tauopathy and neuronal loss in P301S and CK-p25 mice (Suk et al., 2023).  

 

However, more recently, a study has reported that both acute and chronic visual stimulation does 

not cause the same reduction in Aβ pathology or enhanced phagocytic microglial phenotype 

across ages and genotypes of animal models (Table 1.2) (Soula et al., 2023). This may arise due 

to the heterogeneity of Aβ pathology across mice which would make histology or ELISA an 

unreliable measure of the end-point effects of GENUS (Soula et al., 2023). Also, differences in 

sample preparation from original studies may result in some variability (Iaccarino et al., 2016, 

Martorell et al., 2019, Soula et al., 2023). Overall, this emphasises the need for GENUS to undergo 

further testing to determine the real-time effects on AD pathology. Despite this, several human 

studies were initiated. 

 

1.2.2.2.2.2.1.2 Human studies  

 

The first trial was completed by Ismail and colleagues in 2018, where 10-days of 40-Hz light for 2-

h per day was completed in 6 patients (either AD or MCI) but reported no significant decrease of 

Aβ across tested brain regions (Ismail et al., 2018). Consequently, for future studies the duration 

of treatment was increased. Following studies were completed by Tsai and colleagues using 

combined audio-visual stimulation for 1-h/day at 40-Hz for either 4 or 8-weeks on 10 patients that 

had MCI (He et al., 2021). They found that neuronal activity was entrained at 40-Hz during 

stimulation sessions with improved functional connectivity in the default mode network (DMN) after 

8-weeks but no significant changes in Aβ pathology, tauopathy or immune profiles (He et al., 2021). 

Next, an investigation of the effects of audio-visual stimulation in patients with mild to moderate 

AD, using 1-h stimulation per day for 6-months with eyes closed was completed (Cimenser et al., 

2021). This illustrated an improved circadian rhythmicity and cognition appeared to remain stable 

throughout the trial, while control groups seen a decline in cognitive scores (Cimenser et al., 2021). 

Another study show that 3-months audio-visual stimulation entrained gamma oscillations across 

multiple brain regions, including cortical and deeper regions such as the hippocampus and 

amygdala, resulting in a decreased ventricular enlargement, improved circadian rhythmicity, 

improved functional connectivity of the DMN, reduced hippocampal atrophy and improvements in 

face-name association delayed recall tests (Chan et al., 2022, Da et al., 2024). While no significant 

changes were noted in the cognitive score tests, improvements in the behavioural tests are known 

to be a sensitive marker for amyloid-related memory impairments (Chan et al., 2022, Da et al., 
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2024). Also, there are many other preliminary studies using GENUS being completed showing 

promising findings (Boasso, 2021, Hempel, 2021, McNett et al., 2023, Suk, 2020, Williams, 2021).  

 

Overall, some studies do not find any significant differences in cognitive score after months of 

treatment (Chan et al., 2021a, He et al., 2021), whereas others show a maintenance or slight 

improvement (Cimenser et al., 2021). Also, no studies have reported alterations in molecular and 

cellular pathologies (Chan et al., 2022, Cimenser et al., 2021, Da et al., 2024, He et al., 2021).  

However, a large clinical trial testing sensory stimulation therapy for 1-h audio-visual treatment per 

day for up to 1-year, in several hundred mild-to-moderate AD patients is now underway (Cognito 

Therapeutics Inc, 2023). Another positive note is that studies have shown a strong adherence to 

treatment with rare and mild adverse side effects after completion of 1-hour of daily treatment of 

sensory stimulus in mild AD patients for several months (Chan et al., 2021a, Cimenser et al., 2021, 

He et al., 2021). Some side effects noted were worsening of hearing loss, mild dizziness, and 

headaches, but it is unconfirmed if this is due the light flicker.  

 

1.2.2.2.2.2.1.3 Mechanism of action 

 

Since the landmark study, work has been completed to determine the mechanism of action of 

GENUS (Garza et al., 2020, Prichard et al., 2023) (Figure 1.15). As evidenced by the upregulated 

morphological, gene and protein expression of microglia following GENUS, this implies an 

important role for glial cells (Garza et al., 2020, Iaccarino et al., 2016, Martorell et al., 2019). As 

glial cells may be involved in the generation of gamma oscillations, researchers have generated 

possible ways GENUS can recruit glial cells to entrain gamma oscillations (Adaikkan and Tsai, 

2020, Guan et al., 2022). First, glial cells could use their ion buffering functions to regulate the ionic 

flow across cortical layers (Adaikkan et al., 2019, Adaikkan and Tsai, 2020, Martorell et al., 2019), 

working to entrain gamma, or are involved in a secondary-mediated response through the action 

on noradrenaline pathways (Adaikkan and Tsai, 2020, Liu et al., 2019). Secondly, due to the role 

of GABAergic receptor signalling in gamma oscillation generation, it was suggested that 

GABAergic neurons were involved in this effect, where administration of a GABA antagonist in fact 

attenuated the neuronal and microglial effects (Iaccarino et al., 2016).  

 

However, the main consensus is that GENUS promotes an enhanced uptake of Aβ and reduced 

tau phosphorylation through the upregulated phagocytic microglia phenotype (Adaikkan et al., 

2019, Iaccarino et al., 2016, Martorell et al., 2019) (Figure 1.15). Studies revealed that 40-Hz 

GENUS treatment can introduce a neuroinflammatory profile by increasing expression of cytokines 

through the NF-kB and MAPK pathways (Garza et al., 2020). For example, this study illustrates an 

increased phosphorylation of cascade proteins after several minutes of 40-Hz flicker, resulting in 

stimulation of the NF-𝜅B pathway in the mouse visual cortex, enhanced MAPK pathway signalling 
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after 15-minutes and a resulting increased expression of cytokines that are involved in microglial 

recruitment, neurotrophic properties, and synaptic plasticity (Garza et al., 2020). This suggests 

that microglia are activated, cluster around the plaques and promote phagocytosis and clearance 

of them from the brain (Garza et al., 2020, Martorell et al., 2019). In addition, the vascular-dilation 

response illustrates that there will be a promotion of clearance of Aβ through amyloid transvascular 

transport (Adaikkan and Tsai, 2020, Martorell et al., 2019). This had been shown in human studies 

where gamma stimulation resulted in vascular dilation and cerebral blood perfusion (Chan et al., 

2021b, Sprugnoli et al., 2021) (Figure 1.15). Consequently, reduction of Aβ plaques and 

neurofibrillary tangles would contribute to a better neuronal health in terms of synaptic function, 

neuronal firing, anatomical structure, and vascular health (Adaikkan and Tsai, 2020, Guan et al., 

2022, Manippa et al., 2022). Restoring such mechanisms can then work to improve cognitive 

function (Figure 1.15). 

 

 

Figure 1.15. Potential mechanism of action of GENUS. Red lines show a direct effect. Red 

dashed and black line show an indirect effect with neuropathological cascade. Black line show 

effect of a neuropathological cascade. Adapted from Manippa et al., 2022. 

 

Overall, GENUS has been shown to have some beneficial effects at modulating AD pathology 

across several cells and brain regions, but further investigation must be completed to fully 

understand and clarify the mechanisms of action. 
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1.2.2.2.2.2.1.4 Pros and cons 

 

Due to such promising findings, neuromodulation of gamma oscillations through this non-invasive 

sensory stimulation has gained a lot of attention. Benefits of this approach include its simple, low 

cost and easy implementation (Attokaren et al., 2023). As AD is a financial burden for both patients 

and countries, this would be an attractive approach. In fact, some of the pioneering authors have 

worked to establish a flexible, user-friendly device for GENUS treatment which is undergoing 

clinical testing (Abbott et al., 2006, Attokaren et al., 2023, Chan et al., 2021a, Cimenser et al., 

2021, Da et al., 2024, He et al., 2021). Additionally, tissue damage seen with other 

neuromodulation approaches will not occur. Limitations with this approach are the lack of cell-type 

specificity seen with optogenetic stimulation. Also, the effects across disease stage, sex-

differences and if beneficial effects are evolutionally conserved remain unclear. In addition, brain-

wide effects, the complete mechanism of action, side effects, and why conflicting findings may 

occur is not fully elucidated. Also, it remains unclear if AD patients do exhibit a decline in gamma 

power throughout disease progression. Lastly, the mechanisms of the stimulation and the effect of 

enhanced microglial activation has not been studied, specifically over long-term periods 

(McDermott et al., 2018).  

 

It is due to these conflicting results and variation in trial parameters that a greater pool of 

knowledge surrounding optimal GENUS parameters is required. For this, further animal studies 

must be completed to reach a confident conclusion on how GENUS can affect AD pathology 

(Carstensen, 2023). However, a main challenge in collecting this information is that real-time 

assessment of AD pathology in deep brain regions in a laboratory setting is limited. This means a 

full understanding of the potential beneficial or detrimental effects of such interventions remain 

unknown. However, if implementable, manipulating such neuronal oscillations appears to be a 

promising therapeutic strategy in the treatment of neurodegenerative disease like AD. 

 

1.3  Assessment of plaque pathology 

 

Appropriate methods to monitor plaque pathology in animal models are vital for monitoring success 

of treatments and to establish new interventions. Over the years there has been a focus on 

improving plaque detection methods for rodent use. These include but are not limited to, structural 

and functional imaging (Chen et al., 2018, Dong et al., 2010, Yang, 2021, Klunk et al., 2004, 

Silverman et al., 2001, Small et al., 2008, Sundaram et al., 2014, Zhang et al., 2004), post-mortem 

histological assessment and probes which can bind to and label A, in vivo (Chen et al., 2018, 

Dong et al., 2010, Yang, 2021, Klunk et al., 2002, Klunk et al., 2004, Skovronsky et al., 2000, 

Sundaram et al., 2014). Most have been tested in a laboratory setting using AD mouse models, 

and here we will begin by discussing the pros and cons of these techniques (section 1.3.2), 
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followed by an explanation of our proposed approach that we believe will allow real-time plaque 

assessment, in vivo (section 1.3.2.5). However, another major factor for assessing the state of 

plaque pathology and the changes throughout the progression is the choice of AD mouse model. 

Therefore, we will begin by explaining the possible options, while explaining pros and cons with 

each model (section 1.3.1). 

 

1.3.1 AD mouse models  

 

While the choice of an animal model can be conflicting, mouse models are powerful for research 

to understand pathogenic mechanisms of diseases and identify and test therapeutic options. For 

this, it is important to choose an animal model that is suitable for the type of experiment being 

completed. Over the years, several types of AD animal model have been used, including rodents 

(Hock and Lamb, 2001, McKean et al., 2021, Sanchez-Varo et al., 2022, Sasaguri et al., 2017, 

Spires and Hyman, 2005, Watamura et al., 2022a, Yokoyama et al., 2022), non-human primates 

(Bons et al., 1994, Braidy et al., 2015, Chambers et al., 2010, Giannakopoulos et al., 1997, Heuer 

et al., 2012, Perez et al., 2013, Perez et al., 2016, Picq et al., 2012, Rosen et al., 2008, Walker et 

al., 1987, Walker et al., 1990), dogs (Schmidt et al., 2015, Schutt et al., 2016, Smolek et al., 2016), 

drosophila (Fernandez-Funez et al., 2015), zebrafish (Paquet et al., 2009) and C. Elegans 

(Alexander et al., 2014). However, the most frequently used is mouse models as mice have a 

short- lifespan, rapid reproduction, and are easily maintained within a lab environment. As wildtype 

mice don’t develop AD pathology with age, genetic engineering has generated mouse models that 

harbour common AD genetic mutations, promoting the generation of AD pathology (Hock and 

Lamb, 2001, McKean et al., 2021, Sanchez-Varo et al., 2022, Sasaguri et al., 2017, Spires and 

Hyman, 2005, Watamura et al., 2022a, Yokoyama et al., 2022).  

 

However, by considering the clinical manifestations of human patients described in section 

1.1.1.3, it is important to understand the translational relevance of the phenotype mouse models 

exhibit. Particularly, as discussed below, mouse models of AD often illustrate a build-up of amyloid 

plaque pathology in early stages of their life, reflecting the preclinical AD stages within AD patients. 

Commonly, as mice age and the pathological hallmarks have progressed, cognitive impairments 

generally become pronounced, often shown through deficits in memory tasks such as spatial 

learning and recognition memory. However, these findings are not always consistent, with some 

studies showing a decline in memory deficits before pathological hallmarks, or not at all. For 

example, mouse models can show cognitive deficits before or at the same time as amyloid 

deposition, which illustrates one of the limitations of genetically engineering disease. 

 

Thus, the main focus in the generation of AD mouse models became ensuring formation of 

molecular pathology, such as the deposition of Aβ. Therefore, advances in genetic manipulation 
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techniques aided the development of AD models which include APP-based models (Table 1.3), 

seeding models and knock-out/in lines. However, there has been a focus on generation of mouse 

models harbouring over-expression of tau such as 3xTgAD (Oddo et al., 2003), Tau P301S 

(Yoshiyama et al., 2007) and rTg4510 mice (Santacruz et al., 2005). Additionally, some 

researchers have been driving the generation of late-onset AD mouse models for better 

representation of the disease progression (Oblak et al., 2020). Accordingly, mice used can either 

be heterozygous or homozygous, meaning that they will express either one or two of the mutated 

alleles, respectively, with homozygous mouse models thought to exert a greater genetic dosage 

of the mutations causing an enhanced phenotype. Therefore, this is another vital parameter when 

choosing the AD mouse model used.  

 

1.3.1.1 APP-based models 

 

Table 1.3. Summary of some APP-based AD mouse models and their phenotype. Adapted 

from Yokoyama et al., 2022.  

 

The first generation of amyloidogenic mice were established in the 1990s after advances in 

genetical engineering and identification of prominent FAD mutations (Games et al., 1995). These 

were transgenic mice, formed through transgenesis, harbouring FAD mutations, driven by various 

promoters: platelet-derived growth factor-β (PDGF-β), PrP and Thy-1. These mutations worked to 

result in the overexpression of APP, causing an increase in Aβ production, aggregation and 

resulting cognitive decline (Table 1.3) (Chishti et al., 2001, Games et al., 1995, Hsiao et al., 1996, 

Mucke et al., 2000, Sturchler-Pierrat et al., 1997). However, they failed to generate tauopathy and 
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neurodegeneration, so researchers investigated the potential of monogenic models containing 

mutations in PSEN1/2 as an alternative (De Strooper et al., 1998). However, these models failed 

to result in Aβ deposition, clarifying that APP is essential for Aβ deposition in mice (De Strooper et 

al., 1998). Finally, this led to the generation of double transgenic mice, that co-express mutations 

in both APP and PSEN1/2, to result in a more comprehensive AD phenotype. Studies have shown 

that co-expression of FAD mutations can have additive effects when generating the AD phenotype, 

causing enhanced Aβ42 formation (Borchelt et al., 1997, Borchelt et al., 1996, Casas et al., 2004, 

Citron et al., 1997, Holcomb et al., 1998, Oakley et al., 2006, Radde et al., 2006, Schmitz et al., 

2004). This resulted in the generation of the most commonly used mouse models: APP/PS1 

(Radde et al., 2006) and 5xFAD (Oakley et al., 2006, Oblak et al., 2021). These have aggressive 

pathogenesis and presence of neurodegeneration compared to single APP-based models, but still 

don’t contain tauopathy, leaving a major pathway of AD pathology unaccounted for (Table 1.3).  

There have been several attempts to replicate a tauopathy AD phenotype (Bolmont et al., 2007, 

Lewis et al., 2001), with Oddo and colleagues generating a triple transgenic mouse model, 3xTg-

AD, which overexpress APP (Swedish mutation) and TauP301I transgenes on a PSEN1 (M146V) 

knock-in background, resulting in formation of Aβ deposits, tauopathy, gliosis, synaptic damage, 

and memory deficits (Oddo et al., 2003). However, a major limitation of this is that the mutation 

used to affect the tau protein is based on the MAPT gene, where currently no known mutations 

are known to cause AD.  

 

APP-based models are the most widely used approach, but they do have limitations. For example, 

the level of APP expression is not authentic, and while it leads to the generation of the AD 

phenotype, it will result in off target effects due to the enhanced production of APP and APP 

fragments (Chang and Suh, 2005, Chiba et al., 2014, Gunawardena and Goldstein, 2001, Nhan et 

al., 2015). For example, several APP-related fragments have roles in several neuronal functions 

like spatial memory, calcium homeostasis and transcription (Chang and Suh, 2005, Kerridge et al., 

2015, Nicolas and Hassan, 2014) and therefore, overexpression can potentially result in memory 

impairments that is not easily distinguished from the AD phenotype, which may explain the 

cognitive decline seen before Aβ pathology in some mouse models (Hsiao et al., 1996, Mucke et 

al., 2000). Additionally, while the pathogenesis for cases of FAD and SAD are similar, use of these 

models which are based on FAD mutations leads to a bias for FAD pathogenesis. However, there 

are now research groups working on identifying appropriate risk genes from GWAS studies to 

generate a new group of AD mouse models that have a phenotype that better represents SAD.  
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1.3.1.1.1 Examples  

 

1.3.1.1.1.1 PDAPP Mice 

 

The first generation of AD mouse models with an accumulation of Aβ pathology throughout the 

brain was PDAPP mice, back in 1995 (Table 1.3) (Games et al., 1995). These were generated by 

genetically expressing the human APP gene that contained the Indiana mutation (V717F), driven 

by the PDGF-β promoter. Post-mortem studies found that Aβ deposition began from 6-months 

within the cerebral cortex, generating both dense and diffuse plaque pathology by 8-months in the 

entorhinal cortex, cingulate cortex, and hippocampus, and progressed with enhanced gliosis, with 

age (Games et al., 1995). In addition, at 8-months, synaptic disorders are developed, showing a 

reduction in synaptic and dendritic densities within the hippocampus (Games et al., 1995). These 

pathological processes can be linked with the preclinical stage of AD which illustrates a progressive 

accumulation of neuropathological proteins and their resulting neurotoxic effects. However, by 18-

months, the Aβ load was greater than end-stage human AD, with no signs of tauopathy or 

neurodegeneration. In addition, memory tests showed that a cognitive decline was evident before 

the generation of plaques, at 3-months, continuing to decline with age (Dodart et al., 1999, 

Hartman et al., 2005). This can conflict with the temporal progression of human symptoms, where 

cognitive decline occurs only after a large duration of molecular pathology. While this illustrates 

strong molecular, inflammatory, synaptic, and cognitive pathology resonating with AD, the late 

generation of plaques is a challenge when completing short-term laboratory studies.  

 

1.3.1.1.1.2 Tg2576 Mice  

 

A widely used AD mouse model is Tg2576, which contains mutations in human APP (Swedish 

mutation: KM670/671NL) under the hamster prion promoter (Table 1.3) (Hsiao et al., 1996). 

Plaque pathology and gliosis occurs from 10-months and progresses with age (Frautschy et al., 

1998, Hsiao et al., 1996). Memory function, such as spatial alternation and reference learning show 

impairments at 10-months (Hsiao et al., 1996), despite no neuronal loss being detected (Irizarry et 

al., 1997). 

 

1.3.1.1.1.3 J20 Mice  

 

Another commonly used mouse model, J20, overexpress human APP as a result of two FAD 

mutations expressed under the PDGF-β promoter (Swedish: KM670/671NL and Indiana: V717F) 

(Table 1.3) (Mucke et al., 2000). Post-mortem analysis shows formation of diffuse Aβ plaques from 

5-6-months, with high hippocampal Aβ load from 8-10-months (Mucke et al., 2000). Accordingly, 

an enhanced neuroinflammatory profile with increased gliosis is seen within the hippocampus from 
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6-9-months, with progressive neuronal loss from 3-months (Wright et al., 2013). Again, cognitive 

deficits appear before these pathological features, with spatial deficits 4-months (Cheng et al., 

2007, Wright et al., 2013). 

 

 

1.3.1.1.1.4 APP/PS1 Mice  

 

APP/PS1 are one of the most commonly used mouse models that is based off the co-injection of 

two vectors that contain the APP Swedish mutation (KM670/671NL) and the PSEN1 gene without 

exon 9 (dE9) (Table 1.3) (Radde et al., 2006). Fibrillar and neuritic plaques accumulate from 6-

months and continue to spread across cortical and hippocampal regions with age (Radde et al., 

2006), in parallel with gliosis (Kamphuis et al., 2012). Importantly, this animal model shows an 

increase in molecular pathologies associated with behavioural impairments, with declines in 

working and spatial memory occurring from 5-6-months and continuing with age up to 15-months 

(Radde et al., 2006, Serneels et al., 2009).  

 

1.3.1.1.1.5 5xFAD Mice 

 

Previous studies suggested that incorporating several FAD mutations that increase Aβ production 

would work in an additive manner when creating the AD phenotype (Borchelt et al., 1997, Borchelt 

et al., 1996, Casas et al., 2004, Citron et al., 1997, Holcomb et al., 1998, Radde et al., 2006, 

Schmitz et al., 2004). Therefore, to create an AD mouse model with an aggressive phenotype, 

researchers developed 5xFAD mice which are co-transgenic with a total of five FAD mutations that 

are expressed in APP (Swedish: K670N/M671L; Florida: I716V; London: V717I) and PSEN1 

(M146L and L286V) (Table 1.3) (Oakley et al., 2006, Oblak et al., 2021). This was completed by 

site-directed mutagenesis of the FAD mutations into APP and PS1 complementary DNA, before 

subcloning them onto the Thy-1 promoter (Oakley et al., 2006). Once created, these transgenes 

were microinjected into the pronuclei of single cell embryos, where the Thy-1 promoter would drive 

the expression within the brain.  

 

Studies found that 5xFAD mice have rapid formation of Aβ depositions, aggregating into fibrillar 

and neuritic plaques from 2-months and increasing in an age-dependent manner (Oakley et al., 

2006, Oblak et al., 2021). With this, gliosis rapidly increases. For both Aβ deposits and gliosis, 

accumulation begins within deeper cortical layers and the subiculum (SUB) before spreading to 

superficial cortical layers, hippocampus, thalamic regions, brainstem, and olfactory bulb, but not 

cerebellum (Oakley et al., 2006, Oblak et al., 2021). Studies found that synaptic degeneration 

occurs from 4-months, with neuronal loss occurring across multiple brain regions from around 6-

months, occurring in areas with large Aβ accumulation (Eimer and Vassar, 2013, Oakley et al., 
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2006). Interestingly, at 6-months there was a reduction in the number of cholinergic neurons in the 

basal forebrain (Devi and Ohno, 2010), and 30% less PV+ inhibitory interneurons at 12-months 

(Flanigan et al., 2014). They found that this particularly large loss of pyramidal neurons in cortical 

layer 5, was associated with formation of intraneuronal Aβ which aggregated with a similar spatial 

pattern (Crowe and Ellis-Davies, 2013). Memory impairments have been shown from 6-months for 

spatial and associative memory (Flanigan et al., 2014, O'Leary et al., 2020, O'Leary et al., 2018, 

Xiao et al., 2015), with some deficits seen as early as 4-5-months (Devi and Ohno, 2010, Oakley 

et al., 2006). Additionally, it has been shown that 5xFAD mice show a tendency of hyperactivity 

which may make them an undesirable choice when analysing cognitive behaviour (Oblak et al., 

2021). It is important to note that despite this aggressive phenotype, 5xFAD mice fail to exhibit 

signs of tauopathy (Oakley et al., 2006). However, various phospho-tau epitopes remain to be 

tested. In addition, studies show sex-specific differences in the pathogenesis of 5xFAD mice, with 

females showing a more aggressive phenotype (O'Leary et al., 2018, Oakley et al., 2006, Oblak 

et al., 2021). For example, while Aβ pathology in males appears to plateau around ~10-months, 

females continue to progress up to 14-months (Bhattacharya et al., 2014), with previous studies 

investigating transcriptome analysis of sex-differences in 5xFAD mouse models.  

 

Therefore, 5xFAD mice are a desirable choice due to their rapid and aggressive phenotype, 

showing plaque pathology from 2-months and neurodegeneration across various cell types and 

brain regions (Devi and Ohno, 2010, Eimer and Vassar, 2013, Flanigan et al., 2014, Oakley et al., 

2006, Oblak et al., 2021). In addition, they show neuronal loss in inhibitory interneurons and 

pyramidal cells which are likely to be involved in generation of gamma oscillations (Flanigan et al., 

2014), perhaps contributing to another aspect of AD pathology. Plus, the 5xFAD mouse model is 

appropriate for the study of sex-differences (O'Leary et al., 2018, Oakley et al., 2006, Oblak et al., 

2021). Therefore, this animal model can provide a greater insight into AD pathology than others, 

even though there are no human cases of AD that have been shown to have multiple FAD 

mutations.  

 

1.3.1.2 Knock-in (KI) models 

 

In attempt to overcome limitations of APP overexpression artifacts, a second generation of mouse 

models were formed (Sasaguri et al., 2017, Watamura et al., 2022a). This was an APP KI approach 

which worked to result in the same overproduction of Aβ, without causing the overexpression of 

APP. For this, single APP-KI mouse models contained humanised Aβ – created by changing three 

amino acids that are different between mouse and humans (G676R, F681Y, H684R) – which 

contained FAD mutations in APP (Swedish and Beyreuthr/Iberian) (Saito et al., 2014). This 

APPNL-F animal model showed increased Aβ generation, with limited changes in APP expression, 

while allowing formation of Aβ deposits across brain regions and gliosis from 6-months (Saito et 
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al., 2014). In addition, studies noted changes in synaptic health (Saito et al., 2014), with cognitive 

decline seen at 18-months (Masuda et al., 2016, Saito et al., 2014). To generate more aggressive 

forms, other mutations have been introduced (Cheng et al., 2007, Flood et al., 2002, Li et al., 

2014). While this approach overcomes the drawbacks of overexpression of APP, these mouse 

models still do not present with tauopathy and may represent ‘preclinical AD’ (Sasaguri et al., 

2017). Also, other researchers have worked on the generation of knock-out (KO)/KI lines as a 

model of late-onset AD: hAβ-KI, tau-KI and APOE4-KI (IU/JAX/UCI MODEL-AD Consortium, 

2023). While these mouse models are hypothesised to better reflect the human symptoms of AD 

along with the delayed progression of cognitive symptoms, these approaches are not well 

established compared to some APP-based models. 

 

Then, other mouse models were developed as the location of the APP Swedish mutation can affect 

the processing of APP which will interfere with the testing of new therapeutics that target cleavage 

of APP, such as β-secretase inhibitors. Therefore, these have the same phenotype as previous 

generations, without the overexpression of APP and the Swedish mutation. For example, Sato and 

colleagues generated APPNL-F/PSENP117L mice (Sato et al., 2021). Also, researchers created 

a line of single APP-KI mice using the Artic and Beyreuther/Iberian mutations, generating the 

APPG-F model which reported Aβ pathology, gliosis, and synaptic damage, with no 

overexpression of C-terminal fragment-β (Watamura et al., 2022b). 

 

Overall, due to all mouse models having different mutations, promoters, and background strains, 

standardisation and interpretation across studies is a challenge. Therefore, in the future, it is vital 

for a standardised way of choosing a mouse model and analysing and comparing findings across 

studies to be formed.  

 

1.3.1.3 AD mouse model for this project – 5xFAD 

 

However, when it came to deciding an appropriate mouse model for this project, many 

considerations were made. As the main goal is to identify and track Aβ pathology, deciding on an 

animal model that has an aggressive Aβ load was essential for system establishment. Additionally, 

as we were not investigating the detailed pathological contributions of Aβ, we do not require the 

native expression pattern that would be preserved with KI models. In addition, we do not require 

the presence of tauopathy. Therefore, it was clear that an APP-based model would be applicable, 

and use of a KI/KO model would not be required. Also, we wish to identify strong Aβ plaque signals 

as quick as possible to help establish a robust system. This clarifies the need for APP-based 

models that show rapid formation of plaques. Consequently, 5xFAD mice are the best choice for 

this project as compared to other APP-based mouse models, this genotype exhibits a much faster 

and enhanced aggregation of Aβ pathology which will allow detection by an appropriate monitoring 
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approach (Oakley et al., 2006, Oblak et al., 2021). Lastly, we considered whether to use either 

heterozygous or homozygous 5xFAD mice. Despite detailed characterisation showing the 

aggressive phenotype of heterozygous 5xFAD mice (Oakley et al., 2006, Oblak et al., 2021), 

another group detail the enhanced phenotype with homozygous 5xFAD mice, specifically 

behavioural deficits, perhaps due to the enhanced molecular pathology (Richard et al., 2015). As 

we are not testing any behavioural parameters and heterozygous have an already aggressive 

phenotype without the risk of added physiological abnormalities that may occur in homozygous 

models, we opted for use of heterozygous 5xFAD mice. 

 

1.3.2 Monitoring approaches 

 

There are several existing methods used for monitoring plaque pathology in AD mouse models. 

Here, I will describe and critically analyse their use (Table 1.4). Lastly, I will explain the gap for a 

real-time, in vivo, depth-resolved monitoring approach in freely behaving conditions, by introducing 

the novel method established throughout this project. 
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Table 1.4. Strengths and limitations of different approaches to monitor plaque pathology in AD mouse models. 

Method Temporal Resolution Spatial Resolution Penetration depth Invasiveness Strengths Limitations

Histology Low High Low

Easy

Economical

Reliable 

Single read-out

Labour-intenstive

Sections damaged/lost

Lack of 3D distribution

Microdialysis Low (h) Low Medium Repeat measure

Tissue inflammation

Depletion surrounding probe 

Low temporal resolution

Multiphoton imaging Medium (s) Very high (~1 μm)
2PM: ~500 μm

3PM: ~1300 μm
High

Longitudinal measurements

Minimal bleaching

Good image resolution

Commonly requires head-fixation & 

anaesthesia

Thinning of skull increases inflammation

Low depth penetration 

CT Medium (s) High (1 mm) Low

Low cost

High availability

3D analysis

Low image resolution

Low temporal resolution

MRI Medium (s) High (3-6 mm) Low

High resolution

Moderate cost

Probes are stable

Longitudinal monitoring

3D analysis

Low image resolution

Low temporal resolution

PET Medium (s) High (5 mm) Low

Available probes

Longitudinal monitoring

3D analysis

Expensive

Low availability

Probes unstable 

Varied results across models

Fibre photometry High (ms) Low Medium

Simple 

Low cost

Freely behaving measurements

Scalable & reconfigurable

Multi-region imaging

Tissue inflammation

Low spatial resolution
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1.3.2.1 Histological assessment 

 

The most common method for plaque assessment in animal models is post-mortem histological 

analysis (Table 1.4). This involves the removal and fixation of brain tissue before staining with a 

plaque antibody or stain. This can be combined with various types of microscopies (e.g., 

epifluorescence, confocal and light-sheet) to allow for imaging of plaque-stained brain sections. 

While this provides an easy, economical, and reliable read-out of plaque pathology, limitations 

exist. Firstly, this is a single read-out, meaning that there is no way to monitor the progression up 

to and after the stage of assessment. Additionally, the processing protocol is labour-intensive and 

time-consuming, can cause sections to become damaged or deformed, and commonly limits the 

ability to provide an explanation of the 3D plaque distribution. As these limitations exist, much effort 

has been put into improving other techniques.  

 

1.3.2.2 Microdialysis  

 

An in vivo approach that allows repeat measures of plaque pathology over several days is 

microdialysis (Table 1.4). This is a method commonly used for sampling of neurotransmitters, 

neuropeptides, hormones, and more recently A within the brain ISF (Cirrito et al., 2003, Yuede et 

al., 2016). As soluble A is released by neurons into the brain ISF, the ISF concentration provides 

a measure of A metabolism and degradation. This technique involves chronic implantation of a 

microdialysis probe that is composed of a tubular dialysis membrane, lacking A. When perfused 

it allows transport of ISF A across this semi-permeable membrane for sample analysis, using a 

range of analytical techniques (Cirrito et al., 2003). Therefore, this provides a precise measure of 

A over several time points. However, the microdialysis probe will result in tissue injury, meaning 

that long-term implantations will result in neuroinflammation surrounding the probe. Due to the 

correlations seen with microglia and plaque pathology in AD, this may influence the plaque 

measurement. Additionally, due to depletion surrounding the probe after sample collection, the 

level of A within this area is artificially changed. This results in a low temporal resolution with 

sample collection every 2-hours (Cirrito et al., 2003), preventing a real-time measurement.  

 

In attempt to improve the temporal resolution, the same group developed a microimmunoelectrode 

coated in A antibodies for rapid detection of changes in ISF A (every 60-seconds over several 

hours) (Yuede et al., 2016). This used amperometry – an electrochemical technique that quantifies 

oxidation of the tyrosine residue at position 10 on human A. Here, the measure of current is 

directly proportional to the number of tyrosine residues, and hence A present. While they were 

able to detect oxidation of A with 60-second resolution and limited damage to the brain tissue 
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due to the 5-μm electrode diameter, a loss in sensitivity of the microimmunoelectrode was found 

after 2-hours use in vivo (Yuede et al., 2016). Additionally, it is only able to detect human A, 

limiting studies to mouse models that produce the human form of A. Therefore, while this 

technique shows promise, there is still room for improvement in terms of long-term, real-time 

plaque measure with a strong temporal resolution.  

 

1.3.2.3 Structural and functional imaging  

 

1.3.2.3.1 Multiphoton imaging 

 

Due to the nature of the brain, with several biomolecules causing light scattering in tissues which 

can alter the collection of signals, access to monitor plaques within the brain can be difficult. This 

can result in invasive protocols that involve a BBB-permeable plaque marker, cranial windows, and 

multiphoton microscopy (Table 1.4). While this is an invasive approach, multiphoton imaging has 

a high resolution (~1-m) which allows for focused images of plaque lesions (Delatour et al., 2010, 

Dong et al., 2010). Then, by using vascular landmarks, the same plaques can be tracked over 

repeat measurements. For example, several longitudinal studies can be completed over weeks 

and months which monitor the effects of treatments on plaque pathology (Hefendehl et al., 2011). 

Additionally, repeat measurements can continue without excessive photobleaching or tissue 

damage due to the pulsed laser excitation multiphoton microscopy uses (Dong et al., 2010). 

However, this invasive process usually requires animals to be head-fixed or anaesthetised which 

can alter the morphology of plaques (Dong et al., 2009, Eckenhoff et al., 2004, Jiang and Jiang, 

2015, Liang et al., 2020, Xie et al., 2008, Xie et al., 2006, Xu et al., 2011).  Also, while the cranial 

window allows for repeat measurements, the thinning of the skull can have effects on glial 

activation and neuronal death. As neuroinflammation has been shown to influence plaque 

pathology (Heppner et al., 2015), this may influence the plaque read-out. Another limitation could 

be the slow scanning acquisition that generally exists with multiphoton imaging. However, studies 

have worked to successfully reduce this (Botcherby et al., 2012). Lastly, multiphoton microscopy 

cannot penetrate deeper than cortical layers, meaning there are many vital regions involved in AD 

pathology not being monitored. To surpass the challenges of deeper imaging, endoscopes can be 

used but this can result in substantial damage that can hinder normal brain function. Alternatively, 

structural imaging can be implemented which can allow 3D scans of plaque pathology (Delatour 

et al., 2010, Silverman et al., 2001, Small et al., 2008, Zhang et al., 2004). 
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1.3.2.3.2 Computerized tomography (CT) and MRI scans 

 

Structural imaging includes CT and MRI and has been used to monitor plaque pathology in clinical 

and laboratory settings (Delatour et al., 2010, Dudeffant et al., 2017, Small et al., 2008, Zhang et 

al., 2004) (Table 1.4). CT can identify lesions as it has a high resolution (~1-mm) and due to its 

low cost and high availability, it is commonly used. Additionally, MRI has been successfully 

established in anaesthetised AD animal models. Identification of plaques using this method can 

be enhanced through peripheral administration of amyloid-binding probes. Therefore, there are 

several benefits of MRI: high spatial resolution, moderate cost, use of probes that can be stored 

long-term and avoidance of danger from radiation. Additionally, this set-up can allow repeat 

measures over an animal’s lifetime. When comparing with histology, MRI allows 3D analysis of the 

brain, providing information on plaque pathology free of deformation and time-consuming factors. 

However, when comparing to both histology and multiphoton microscopy, image resolution is lower 

with the inability to obtain any cellular information due to the limited availability of imaging 

contrasts. This means some plaques may go undetected, making the detection sensitivity lower 

than other methods.  

 

1.3.2.3.3 PET scans 

 

An exciting moment in the field was the development of PET and AD-related tracers as this tackled 

both resolution and repeat measures (Delatour et al., 2010, Klunk et al., 2004, Silverman et al., 

2001, Small et al., 2008, Sundaram et al., 2014) (Table 1.4). Since the first discovery, many plaque 

tracers have been developed to monitor the concentration of these deposits in vivo. Additionally, 

tracers are now available and being tested for microglia, tau, and several neurotransmitters 

(dopamine, choline, and serotonin (5-HT)). The most established plaque tracer is Pittsburgh 

Compound-B (PiB) which was synthesised from its derivative, Thioflavin-T (Klunk et al., 2004). 

This involves the rodent receiving an i.v. injection of a radioactive tracer that in the brain undergoes 

biochemical changes. While PET scans are expected to lead clinical diagnosis in humans over the 

next decades, the expensive nature remains a severe limitation when it comes to setting up for 

use in rodents. Scanners and tracers are high in cost and PET tracers have low availability, 

meaning this is not an accessible way to monitor plaques in a laboratory setting. This is 

exaggerated by the tracer’s short half-life and storage complications. Other disadvantages include 

the varied results seen across animal models of AD (Delatour et al., 2010). While in human studies, 

plaque measurements seem consistent and reliable, PiB binding to plaques has been found to be 

reduced in rhesus macaques, chimpanzees, and squirrel monkeys despite their high plaque load, 

or show no change between mouse models and controls (Delatour et al., 2010).  
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1.3.2.3.4 3-dimensional whole brain scans 

 

Recently, a research group had some success in implementing an optical molecular-imaging 

approach that permitted 3D mapping of A across the whole mouse brain, with a resolution of 150-

μm (Ni et al., 2022). This involved i.v. injection of an infrared A tracer, a laser with wavelength 

tunability, allowing excitation of the whole brain at various wavelengths, while collecting signals 

with a custom-made spherical matrix array transducer that had ultrasound detection. While this 

granted repeat measures over one month, experiments were completed in a lightly anaesthetised, 

head-fixed condition which can alter normal plaque activity (Dong et al., 2009, Eckenhoff et al., 

2004, Jiang and Jiang, 2015, Liang et al., 2020, Xie et al., 2008, Xie et al., 2006, Xu et al., 2011).  

 

1.3.2.4 Amyloid probes 

  

Following on from PET and amyloid-binding tracers, many A markers that can pass the BBB have 

been generated (Chen et al., 2018, Dong et al., 2010, Yang, 2021, Klunk et al., 2002, Klunk et al., 

2004, Skovronsky et al., 2000, Sundaram et al., 2014). One group proved that both ingestion and 

intravascular injection of curcumin can stain plaques in the retina for retinal imaging (Koronyo-

Hamaoui et al., 2011). Additionally, another group took inspiration from Methoxy-x04 (Klunk et al., 

2002), discussed in section 1.3.2.5.1, by modifying existing A-plaque markers to create a BBB 

permeable marker with high affinity for A. In this case, they modified Thioflavin-T by the addition 

of benzothiazoles to create what they term benzothiazole amyloid binding agents (Klunk et al., 

2004). They found that these molecules were able to bind to A fibrils with nanomolar affinity to 

allow PET imaging. Another is a radioligand probe called [(trans,trans)-1-bromo-2,5-bis-(3-

hydroxycarbonyl-4-hydroxy)styrylbenzene] (BSB) which when injected via intrahippocampal or 

intravascular injections in anaesthetised mice show strong affinity to A peptides post-mortem 

(Skovronsky et al., 2000). Interestingly, another way to combat in vivo plaque monitoring is by 

using AkaLumine, a new substrate for luciferase which is sequestered by A to release 

AkaLumine. This will create bioluminescence which can be used as an indirect measure of plaque 

load (Yang, 2021). This group were able to show successful detection of plaques and deep tissue 

penetration. This method will provide a good signal to noise ratio and may be a strong alternative 

to other BBB permeable dyes currently on the market. Another large focus has been the 

development of near-infrared probes for detection of plaques in vivo. For example, CRANAD-3 is 

a dye that has longer excitation/emission spectra, facilitating imaging in deeper cortical layers, 

without major influence of autofluorescence (AF), as well as providing staining of plaques (Chen 

et al., 2018). Previous molecules have shown strong fluorescence properties but are designed for 

use with macroscopic near-infrared fluorescence imaging, meaning spatial resolution is limited 

(Chen et al., 2018). Overall, development of a BBB permeable dyes is beneficial for repeat, in vivo 
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measurements. Using a dye that has strong affinity for A and can be administered to animal 

models peripherally will allow for establishment of procedures that can monitor plaques in real-

time.  

 

1.3.2.5 Our hypothesised method for real-time plaque assessment 

 

Overall, these current approaches have been well-established in monitoring plaque pathology in 

vivo. For example, post-mortem approaches like histology and ELISA can provide reliable outputs 

but are limited to a single measure. This illustrates the benefit of structural and functional imaging, 

but these have low spatial resolution. This is overcome with multi-photon microscopy, while also 

providing the functionality of real-time monitoring. However, this is limited to only several 

micrometres below the brain surface, thereby preventing monitoring across multiple brain regions. 

Also, due to the microscope weight, this is usually in a head-fixed condition, under light 

anaesthesia. Therefore, there is currently no well-established method that allows real-time plaque 

monitoring across multiple brain regions, in a freely behaving condition. Accordingly, when using 

these approaches to monitor disease progression under a novel therapeutic, vital information on 

potential plaque modifications go overlooked. 

 

On that note, we suggest that combination of a BBB permeable dye, Methoxy-x04 (Klunk et al., 

2002), and fibre photometry (Adelsberger et al., 2005, Simpson et al., 2023), will allow real-time 

plaque assessment in deep brain regions of freely behaving mice. Methoxy-x04 was produced with 

the aim of developing a new amyloid-binding marker that has a small molecular weight and 

lipophilic nature that allows it to pass the BBB and mark A plaques (Klunk et al., 2002). Use of 

this has been confirmed both in vitro and in vivo, with histological staining and 2-photon imaging, 

respectively (Condello et al., 2011, Crowe and Ellis-Davies, 2013, Hefendehl et al., 2016, 

Hefendehl et al., 2011, Jung et al., 2015, Klunk et al., 2002, Liu et al., 2010, Meyer-Luehmann et 

al., 2008). Specifically, signals have been shown using 2-photon imaging after peripheral 

(intraperitoneal (i.p.) and i.v.) administration but has been restricted to cortical surfaces (Condello 

et al., 2011, Crowe and Ellis-Davies, 2013, Hefendehl et al., 2011, Klunk et al., 2002, Liu et al., 

2010, Meyer-Luehmann et al., 2008). While the Methoxy-x04-stained plaques have been 

monitored in cortical regions, it is vital to have information on plaque pathology in deeper brain 

regions. To allow this, a different optical technique which can provide access to deep brain regions 

is required. 

 

Consequently, we combine the use of Methoxy-x04 with fibre photometry (Adelsberger et al., 2005, 

Byron and Sakata, 2024, Simpson et al., 2023). Fibre photometry is an optical method which 

involves implanting an optic fibre into the brain of an animal model and illuminating and collecting 

emitted fluorescence. This technique can tackle many hurdles that occur with previously discussed 
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methods: real-time measurement with rapid temporal resolution, access to deeper brain regions, 

compatibility with awake and freely behaving animals and feasible set-up in a lab with opportunities 

for scaling-up (Byron and Sakata, 2024, Simpson et al., 2023). While these benefits come at a 

cost of lower spatial resolution and a risk of neuroinflammation around the fibre implant, 

combination of fibre photometry with Methoxy-x04 gives an opportunity to monitor plaque 

pathology in multiple brain regions (Pisanello et al., 2017, Pisanello et al., 2014, Pisano et al., 

2019), surpassing the cortical regions, in awake and freely behaving mice. There is also 

opportunity to reduce the risk of neuroinflammation around the fibre implant with less invasive 

tapered fibres (TFs) (Pisanello et al., 2017, Pisanello et al., 2014, Pisano et al., 2019). Additionally, 

this can be used as a closed-loop system to monitor any benefits and adjust protocols to enhance 

beneficial disease-modifying effects. Therefore, if we can successfully implement this procedure, 

it will provide more knowledge about how plaque pathology responds to potential intervention 

strategies. 

 

1.3.2.5.1 Methoxy-x04 

 

Over many years, research groups have worked to develop plaque indicators that can be applied 

in vivo. For this, they must pass specific protocol including peripheral administration, BBB-

permeability, and selectivity.  The group of Klunk found success, generating several markers, with 

the most attractive option called Methoxy-x04 (Klunk et al., 2002). In their landmark study they 

illustrate the capabilities for both in vitro and in vivo use, proving its BBB-permeability and 

peripheral administration (Klunk et al., 2002). Therefore, in this section, I will discuss the 

development of Methoxy-x04 (section 1.3.2.5.1.1), its use in vitro and in vivo (section 1.3.2.5.1.2) 

and its pros and cons (section 1.3.2.5.1.3). 

 

1.3.2.5.1.1 Development  

 

For many years, a plaque marker known as Congo Red was used (Howie and Brewer, 2009). 

Structural experiments discovered that its binding site was beta-sheet structures existing on Aβ 

fibrils and protofibrils (Carter and Chou, 1998, Klunk et al., 1994, Klunk et al., 1989, Maezawa et 

al., 2008, Wu et al., 2007). More specifically, Congo Reds prominent binding pattern was parallel 

to the fibrils, but anti-parallel to the beta sheets (Klunk et al., 1994, Klunk et al., 1989), requiring a 

minimum of 5 Aβ monomers (Klunk et al., 1994), while occasionally binding in the opposite 

orientation (Carter and Chou, 1998, Reinke and Gestwicki, 2011). Then, hydrogen bonds form 

between positively charged amino acid residues on beta-sheets and negatively charged sulfonate 

groups on Congo Red (Carter and Chou, 1998, Klunk et al., 1994, Klunk et al., 1989). Congo Red 

was vital for understanding more about Aβ structure, but the selectivity was poor, and their 
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hydrophilic charge – due to presence of nitrogen double bonds and sulfonic acid groups – meant 

it was incapable of passing the BBB (Maezawa et al., 2008).  

 

Therefore, Congo Red was used to generate a plaque marker suitable for in vivo use by reducing 

the molecular weight and increasing the lipophilicity. This generated Chyrsamine-G, Methoxy-x34, 

and Methoxy-x04 (Figure 1.16A) (Klunk et al., 2002, Klunk et al., 1995, Styren et al., 2000). Firstly, 

acidic naphthalenesulfonic acid groups were removed and replaced with less acidic and more 

lipophilic salicylic groups, resulting in the formation of Chrysamine-G (Klunk et al., 1995). This dye 

was less acidic with a lipophilicity 100x greater than Congo Red (Klunk et al., 1995). However, it 

had poor optical properties. Then, by completing the same acidic group changes, as well as 

replacement of nitrogen double bonds with carbon double bonds, Methoxy-x34 was developed 

(Styren et al., 2000). This reduced the molecular weight, improved the fluorescent properties, but 

reduced lipophilic properties, which limited entry into the brain (Styren et al., 2000). Finally, Klunk 

and colleagues removed carboxylic groups, leaving only the weakly acidic phenols which 

generated Methoxy-x04 (Klunk et al., 2002). This reduced the molecular weight, improved the 

lipophilicity and was shown to label fibrillar Aβ, but not any deposit that doesn’t contain beta-

pleated sheets (Klunk et al., 2002). In fact, based on binding studies, it was found that these 

analogues remained with the same binding sites (Crystal et al., 2003). A consideration was how 

this binding site may affect the growth of plaques, with it thought that binding should not affect the 

fibril growth, but when this binding site becomes saturated, markers may start to bind at the face 

of the growing fibril, eventually disrupting monomer aggregation and elongation (Reinke and 

Gestwicki, 2011). 

 

1.3.2.5.1.2 Previous use  

 

Due to the limitations with other monitoring approaches, as discussed in section 1.3.2, research 

groups began to investigate use of Methoxy-x04 as a plaque marker in combination with 

multiphoton imaging. Firstly, in the landmark study, Klunk and colleagues determined its BBB-

permeability properties and ability to be administered peripherally by testing the properties after 

both i.p. and i.v. injection (Klunk et al., 2002). Using two-photon microscopy (2PM), they identified 

a strong fluorescence staining of an Aβ plaque, 1-h after i.v. injection in an anaesthetised AD 

mouse model, with comparable staining as the conventional Thioflavin-S (TS) dye, applied 

topically to the brain surface (Figure 1.16B) (Klunk et al., 2002). In addition, they illustrate that 24-

h after i.p. injection, strong plaque signals can be detected using 2PM (Klunk et al., 2002). This 

prompted the use of Methoxy-x04 across several in vitro and in vivo studies (Condello et al., 2011, 

Crowe and Ellis-Davies, 2013, Hefendehl et al., 2016, Hefendehl et al., 2011, Jung et al., 2015, 

Klunk et al., 2002, Liu et al., 2010, Meyer-Luehmann et al., 2008), illustrating the capabilities of 

Methoxy-x04 and 2PM for longitudinal monitoring of plaque pathology (Condello et al., 2011, 



 74 

Hefendehl et al., 2011, Meyer-Luehmann et al., 2008). While studies show that re-dosing Methoxy-

x04 across several weeks to monitor the progression of plaque growth is feasible (Figure 1.16C) 

(Condello et al., 2011, Hefendehl et al., 2011, Meyer-Luehmann et al., 2008), other studies 

illustrate that Methoxy-x04 was able to remain stably bound to plaques for at least 90-days, 

showing no change in fluorescence intensity or size, suggesting that once bound, Methoxy-x04 

does not dissociate, clear, or lose fluorescence (Liu et al., 2010, Meyer-Luehmann et al., 2008). 

 

 

Figure 1.16. Methoxy-x04 structure and confirmation in vivo. (A) Generation of Methoxy-

x04 from its derivatives. (B) Example of Methoxy-x04 staining following 1-h after i.v. injection in 

an anaesthetised 7-month-old PS1/APP transgenic mouse (left) and topical administration of TS 

(right). (C) Longitudinal in vivo imaging of the same region of interest, staining plaques with 

Methoxy-x04 (green) and blood vessels stained with Texan red dextran (red). A and B are 

adapted from Klunk et al., 2002. C is adapted from Hefendehl et al., 2011. 

 

1.3.2.5.1.3 Pros and cons 

 

Across various studies, Methoxy-x04 has proved to be a desirable option for in vivo plaque 

detection. It shows good BBB permeability (Klunk et al., 2002), it can be administered by both i.p. 

and i.v. routes, it remains stably bound for several months (Meyer-Luehmann et al., 2008) and it 
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is comparable to previous, well-established plaque markers such as TS (Klunk et al., 2002). As 

well as this, it is one of the only available plaque markers that is feasible for use in vivo.  

 

However, the excitation/emission spectra overlaps with various other optical sensors, which limits 

possibilities for future all-optical experiments. Additionally, its spectra are susceptible to tissue AF. 

For example, low wavelengths within the brain can result in high scattering and absorption from 

biological tissue. On another note, Methoxy-x04 binds specifically to beta-sheets, rather than Aβ, 

which means that there can be some off-target fluorescence. However, as the 5xFAD mouse 

model used throughout this study does not show tauopathy (Oakley et al., 2006, Oblak et al., 

2021), this may not be a major consideration. Additionally, there is a lack of knowledge surrounding 

the binding and bleaching characteristics of Methoxy-x04 which can make understanding of 

longitudinal re-dosing paradigms challenging. For example, while studies have suggested that 

derivatives of Congo Red, such as Methoxy-x04, should have similar binding sites (Crystal et al., 

2003), it remains unclear if the binding of Methoxy-x04 is reversible, changes conformation upon 

photobleaching or what its potential clearance mechanisms from the brain may be. Despite Klunk 

and colleagues investigating the clearance of radioactive Methoxy-x04 from non-plaque brains 

(Klunk et al., 2002), little is understood about the relationship between the binding of Methoxy-x04 

to the amyloid fibrils and how its binding properties reflect the fluorescent signal. Considering these 

limitations, Methoxy-x04 remains the optimal plaque marker available for in vivo optical imaging.  

 

1.3.2.5.2 Fibre photometry  

 

To detect changes of Methoxy-x04 within the brain, an optical approach that will allow for collection 

of fluorescent signals from deep brain regions is required. Fibre photometry is an optical method 

that collects fluorescence signals using an implantable optic fibre (Byron and Sakata, 2024, 

Simpson et al., 2023) (Table 1.4). Commonly used for monitoring real-time, neuronal population 

activity in freely behaving animals, we suggest scaling up this approach for molecular pathologies, 

such as Aβ plaques.  

 

1.3.2.5.2.1 Background 

 

Despite fibre photometry being used for other fields, it was not translated for use in neuroscience 

until 2005 (Adelsberger et al., 2005). Here, Adelsberger stained the neocortex through multi-cell 

bolus loading of the fluorescent calcium indicator, Oregon green 488 BAPTA-1, to identify 

spontaneous calcium transients of neurons (Adelsberger et al., 2005). Despite this ground-

breaking implementation, its use did not begin to spike until the mid-2010s, where it has now 

became widely adopted for use in characterising neuronal activity (Figure 1.17). This was greatly 

attributed to the rapid development of novel genetically encoded calcium sensors. For example, 
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both genetically encoded calcium indicators (GECIs) and genetically encoded voltage indicators 

(GEVIs) can be genetically expressed in mouse models, allowing monitoring of calcium activity 

due to the fluorescence emitted from these indicators. In addition, fibre photometry has been 

implemented in use for optogenetic experiments and to monitor calcium signals from glial cells. 

Despite this massive growth in applications, to our knowledge, fibre photometry has not been 

applied for assessment of molecular pathologies, such as Aβ plaques. 

 

 

 

Figure 1.17. Publication hits for fibre photometry. Total number of hits from PubMed, Web 

of Science, and Google Scholar when searching either “fiber photometry” or “fibre photometry” 

across all available years. Adapted from Byron & Sakata, 2024  

 

1.3.2.5.2.2 Principles of fibre photometry 

 

Across all applications, the general principle of fibre photometry remains the same (Figure 1.18A) 

(Byron and Sakata, 2024, Simpson et al., 2023). Using an optical implant (Figure 1.18B) and 

fluorescent indicator (Figure 1.18C), light at an excitation wavelength specific to the indicator will 

pass through the implant to the brain tissue. Accordingly, the fluorescent indicator will become 

excited and give off fluorescence which passes back through the implant and emission light is 

collected by a photodetector. For each experimental protocol, each system will be modified 

appropriately, for appropriate excitation LED/Lasers, emission filters and other optical elements. 

However, a large benefit of fibre photometry is the simple, low-cost, reconfigurability and scalability 

of its system (Byron and Sakata, 2024, Simpson et al., 2023).  

 

1.3.2.5.2.2.1 Implant 

 

As shown in Figure 1.18B, different optical implants can be chosen. The most common and well-

established option is the flat cleaved fibre (FF), which is flat across the implantable surface over a 

chosen diameter, most commonly either 200 or 400-μm (Figure 1.18B). This is commercially 
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available and easily custom-made, with them being relatively low cost and providing reliable light 

output. However, their flat surface can introduce difficulties with implantation, resulting in a 

dimpling effect due to a conflicting force from the fibre and brain tissue. With this and the thick 

diameter, this can result in substantial tissue damage and resulting neuroinflammation and cell 

death. Lastly, light can only propagate from this flat cleaved region of the FF, which reduces spatial 

resolution and leaves only one depth monitored. Some studies have been completed in attempt to 

characterise the spatial properties of such light profiles (Cui et al., 2013, Gonzalez et al., 2016, 

Kupferschmidt et al., 2017, Natsubori et al., 2017, Pisanello et al., 2019, Tecuapetla et al., 2014), 

but overall, it is lacking.  

 

Therefore, a focus into increasing the depth of tissue being monitored arose, with the group of 

Massimo De Vittorio developing state-of-the-art TFs that are mechanically pulled to extend the 

optic fibre, allowing light propagation and light collection across 1.8-mm (Pisanello et al., 2017, 

Pisanello et al., 2014, Pisano et al., 2019) (Figure 1.18B). This created a sharp fibre tip reaching 

only several nanometres in diameter (Pisanello et al., 2014). Therefore, this approach overcomes 

limitations in implantation, invasiveness, neuroinflammation and spatial resolution (Byron and 

Sakata, 2024, Simpson et al., 2023). First evidence of in vivo detection was by identifying changes 

in dopamine transients within the striatum, while freely behaving mice were performing a 

behavioural task (Pisano et al., 2019). To do so, they characterised the light profiles from the TFs, 

and emphasised the capability of engineering the light propagation from the TF (Pisano et al., 

2019). Overall, for real-time, depth-resolved measurements, TFs are the optimal choice. However, 

for use in vivo, further characterisation would be required. 

 

1.3.2.5.2.2.2 Indicator 

 

To complete fibre photometry, an appropriate fluorescent indicator must be used (Byron and 

Sakata, 2024, Simpson et al., 2023). Over recent years, a wide range of fluorescent indicators for 

fibre photometry have been developed, with the most used being a group of GECIs called GCaMPs 

(Figure 1.18C) (Abdelfattah et al., 2022, Wu et al., 2022b). The first GCaMP was developed by 

Nakai and colleagues in 2001, where they reported the use of this calcium sensor in HEK-293 cells 

(Nakai et al., 2001). Since then, this family of sensors has continued to grow with use in vivo, 

development of red sensors and sensors with a greater sensitivity and varied kinetics (Figure 

1.18C) (Akerboom et al., 2012, Chen et al., 2013b, Dana et al., 2016, Dana et al., 2019, Tallini et 

al., 2006, Tian et al., 2009, Zhang et al., 2023). This has allowed investigation into many aspects 

of neuroscience, including population neuronal activity in healthy and diseased brains (Abdelfattah 

et al., 2022). While these are the most widely used due to their superior brightness and signal-to-

noise ratio, there are GEVIs (Abdelfattah et al., 2022), as well as indicators for a wide range of 

other neuronal components such as dopamine, 5-HT, nicotine, noradrenaline, acetylcholine, ATP 
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etc. (Abdelfattah et al., 2022, Berg et al., 2009, Jing et al., 2020, Jing et al., 2018, Kagiampaki et 

al., 2023, Lobas et al., 2019, Marvin et al., 2019, Patriarchi et al., 2018, Patriarchi et al., 2020, 

Shivange et al., 2019, Sun et al., 2018, Tantama et al., 2013, Unger et al., 2020). However, an 

indicator for molecular pathologies is lacking and instead involve peripheral administration and the 

requirement of BBB-permeability. 

 

The main considerations when choosing an indicator is biocompatibility, a high signal to noise 

ratio, photostability, an appropriate excitation/emission spectra and kinetics (Wu et al., 2022b). 

Another major consideration is how the indicator will be expressed, with common options being 

transgenesis, viral gene delivery, in utero electroporation and multicell bolus loading (Luo et al., 

2008, Luo et al., 2018, Simpson et al., 2023). Each of these options comes with their own strengths 

and limitations and therefore, it is important to consider the optimal approach for a given 

experiment (Luo et al., 2008, Luo et al., 2018). Firstly, transgenesis involves the generation of 

animal models that will genetically express the fluorescent indicator in an appropriate cell line (Luo 

et al., 2008, Luo et al., 2018). Other possibilities are through KI or KO models to allow expression 

of a transgene in a specific cell or under a certain condition (Luo et al., 2008, Luo et al., 2018). A 

benefit of this approach is that there is brain-wide expression of the indicator that appears to remain 

stable over several generations. However, this approach has shown to have variations of 

expression across the brain, which may interfere with region- or pathway-specific experiments. In 

order to achieve such direct expression in a region and cell-specific manner, many researchers 

opt for a viral gene delivery approach as this can provide specificity to the location, cellular subtype 

(including neurons and glial cells (Lee et al., 2008, Okada et al., 2022)), cellular localisation, and 

synaptic direction (Luo et al., 2008, Luo et al., 2018). This approach involves virally packing the 

fluorescent indicator with a cell-specific promoter and virally injecting into the desired brain region. 

After several weeks of incubation, this provides adequate viral expression.  
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Figure 1.18. General principle of fibre photometry. (A) General set-up of fibre photometry. 

Used set-ups will contain other optical elements. (B) Example of light profile of a flat (left) and 

tapered (right) fibre that can be implanted into the mouse brain. (C) Example of the function of 

GCaMP indicators commonly used for fibre photometry measurements. Adapted from Byron 

and Sakata (2024). 

 

1.3.2.5.2.3 Pros and cons 

 

Fibre photometry can provide cell-type and region-specific monitoring, across deep brain regions, 

in real-time due to quick system control (Byron and Sakata, 2024, Simpson et al., 2023). 

Additionally, due to the optic implant being lightweight, fibre photometry recordings can be 

completed in a freely behaving condition. It has rapid temporal resolution, on a millisecond scale, 

but does lack spatial resolution (Table 1.4). However, with implementation of TFs, this helps boost 

the depth-resolution of fibre photometry, allowing multi-site recordings (Pisanello et al., 2017, 

Pisanello et al., 2014, Pisano et al., 2019). While some neuroinflammation can be expected due 

to the implantation of a foreign object into the brain, this should be to a lower extent, as shown by 

a reduced microglia and astrocyte aggregation around TF implants compared to FF implants 

(Pisanello et al., 2017) (Table 1.4). Lastly, compared to all other approaches, this is a reasonably 

low-cost option that can be set-up in a laboratory environment, scalable and easily reconfigured. 
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1.3.2.5.3 Considerations for implementing this approach 

  

When developing a novel approach, it is vital to consider contributing factors that may limit the 

design for completing recordings and analysis. We believe we must consider the possibility of AF, 

movement artefacts in freely behaving recordings, light propagation from the TFs and analysis 

approaches. 

 

1.3.2.5.3.1 AF 

 

A major influence may be the contribution of AF, which can originate from two sources: brain tissue 

or fibre photometry system (Bianco et al., 2021, Byron and Sakata, 2024, Formozov et al., 2023, 

Schlegel et al., 2018, Simpson et al., 2023). For example, the excitation/emission spectra of 

Methoxy-x04 are short which has previously been shown to increase the light scattering and 

absorption within the brain (Jun et al., 2017). In addition, there are several brain depositions that 

can contribute to AF that exist at this wavelength. An example is lipofuscin which is an ageing-

pigment that form depositions of incomplete lysosomal degradation as a result of damaged 

mitochondria (Gray and Woulfe, 2005). They have been shown to emit strong AF, particularly at 

lower wavelengths with a peak around 650-nm, but with a broad emission bandwidth of 200-nm, 

thereby overlapping with all detection channels and Methoxy-x04 spectra (Eichhoff et al., 2008, 

Kwan et al., 2009). Also, throughout recordings this tissue AF can decrease overtime due to 

photobleaching (Byron and Sakata, 2024, Simpson et al., 2023). Accordingly, implementing 

approaches to account for such noise is essential. A well-established approach of doing so would 

be estimating the time-course of photobleaching by fitting a curve to the signal and correcting 

accordingly (Simpson et al., 2023). 

 

Alternatively, AF can also occur from the fibre photometry system, specifically the optic fibres and 

patch cable (Bianco et al., 2021, Byron and Sakata, 2024, Formozov et al., 2023, Schlegel et al., 

2018, Simpson et al., 2023). As light passes through the patch cable, light is internally reflected 

due to differences in the optic fibre glass and polymer reflective index. Therefore, some of the 

light’s energy will be released into the patch cable cladding at each reflection. Within this polymer 

cladding, an unknown component can transform this energy and generate fluorescence, which has 

been shown to vary in intensity and can recover over-time. While this may not influence 

experiments where rapid temporal resolution is desired as a ΔF/F can be calculated, monitoring 

fluorescence over longer times can be problematic and will require a high signal-to-noise ratio and 

baseline adjustment (Byron and Sakata, 2024, Simpson et al., 2023). Currently, there is no solid 

solution to this difficulty, but low-AF patch cables are available, and leaving the light source on for 

several hours to bleach the internal AF before each recording is essential (Byron and Sakata, 
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2024, Simpson et al., 2023). In addition, studies have illustrated that TFs provide a greater AF that 

FFs, which must be considered (Bianco et al., 2021). Accordingly, to account for both tissue and 

system AF, we implemented an analytical approach described in sections 1.3.2.5.3.4 and 

4.2.1.5.2. 

 

1.3.2.5.3.2 Movement artefacts 

 

While completing freely behaving recordings, moving artifacts can be introduced that can interfere 

with signal collection (Byron and Sakata, 2024, Simpson et al., 2023). This arises due to 

displacement between the brain tissue and optic fibre and movements of the patch cable. This 

artifact is usually corrected using signals from an isosbestic channel that shows signals 

independent of the indicator (Byron and Sakata, 2024, Kim et al., 2016, Patel et al., 2020, Simpson 

et al., 2023). However, as the temporal resolution and sampling interval required for tracking 

plaque pathology will be low, this will reduce the influence of moving artefacts. 

 

1.3.2.5.3.3 TF light propagation 

 

While FFs have a consistent light profile, TFs now propagate light along 2-mm, and this can vary 

in strength (Pisano et al., 2019). For example, the light output of the TF starts to decline as it 

reaches further away from the TF tip. This would mean that signals collected would not be 

representative of the pathological state, as regions will not be excited at consistent levels. The 

previous group illustrate how light can be engineered to modify the light propagation along the TF. 

Accordingly, in this study we adopted two light protocols for equalising light power or power density 

along the TF (Pisano et al., 2019). This will overcome limitations surrounding the light output from 

the TF, while providing evidence for the optimal approach for collecting TF signals. 

 

1.3.2.5.3.4 Analytical approaches 

 

In addition, as recordings will be completed across several days and across several mice, an 

appropriate analytic approach is required. Therefore, there may be variation in Methoxy-x04 

concentration, age of mice, plaque load, light excitation, and level of AF. The most common and 

well-established approach for accounting for such variations would be normalising the data by 

converting signals into units of ΔF/F (the change in fluorescence divided by the baseline) (Simpson 

et al., 2023). While this is appropriate for multi-photon microscopy, use for fibre photometry may 

be challenging due to the presence of AF which may alter the baseline signal (Simpson et al., 

2023). Accordingly, for this approach we considered a baseline signal to be a recording where no 

Methoxy-x04 was present. Then, we created two possible analytical approaches to characterise 

the optimal way to assess TF signals. The first was to calculate the ΔF/F from the baseline signal. 
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The second was to account for the changes in AF throughout each recording based of the baseline 

recording. This would involve fitting a model to baseline data which would represent the AF 

contributions from brain tissue and the fibre photometry system, for removal from each recording.  

 

1.4  Hypotheses and Specific Aims 

 

Overall, as AD is a wide-spread disorder that continues to have limited available therapies, it is 

important that an appropriate method for monitoring the success of possible treatment options is 

available. Due to the vital role of plaque pathology in AD pathogenesis, this is an appropriate 

molecular target to track the progression of AD. However, as described above, existing methods 

for in vivo plaque assessment come with limitations including real-time feedback and deep brain 

access, limiting the collection of information.  

 

Thus, real-time assessment of AD pathology, in vivo, would be advantageous. This may accelerate 

the development of AD interventions by providing real-time feedback of any beneficial disease-

modifying effects. The real-time capabilities are important because it allows us to track the optimal 

treatment duration for potential therapies, as well as allowing longitudinal feedback across varied 

durations of time. Therefore, in this study we hypothesise that combination of the BBB-permeable 

drug, Methoxy-x04 (Klunk et al., 2002), and fibre photometry (Byron and Sakata, 2024, Simpson 

et al., 2023) will develop a novel approach for real-time assessment of AD pathology in deep brain 

regions, in vivo. Accordingly, this study was divided into 3 sub-projects with appropriate 

hypotheses and aims (Figure 1.19A): 

1. Firstly, in Chapter 3, we hypothesise that combination of Methoxy-x04 and conventional 

FF photometry will allow detection of plaques, in vivo. To this end, we aimed to confirm 

that this novel approach of Methoxy-x04 and fibre photometry is feasible to monitor plaque 

pathology by identifying if there is a positive correlation between photometry and histology 

plaque signals.  

2. Secondly, in Chapter 4, we hypothesise that TF photometry will allow in vivo, real-time, 

depth-resolved plaque detection. Thus, we aim to establish a novel protocol for real-time, 

in vivo plaque assessment across depth by determining optimal light protocols and 

analytical approaches when using TFs.  

3. Thirdly, in Chapter 5, we hypothesise that our novel approach will allow monitoring of 

plaque modifications caused by GENUS. Accordingly, we aimed to expose mice to GENUS 

and monitor changes in AD pathology by determining the effects on neuronal activity and 

plaque pathology in AD mouse models. 
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Figure 1.19. Hypotheses, aims and objectives of the project and the tools used. (A) Project 

hypotheses & aims. (B) Main tools used throughout the project. V: visual; A: auditory; AV: audio-

visual; NS: no stimulation. 

 

To this end, we will establish a fibre photometry system that can detect fluorescence from Methoxy-

x04-stained plaques in 5xFAD mice. Once established, we will use this novel approach to monitor 

changes in plaque pathology when mice undergo GENUS treatment.  

 

The justification of mouse model, plaque marker, fibre photometry and treatment have been 

thoroughly described in section 1.3.1.3, 1.3.2.5.1, 1.3.2.5.2 and 1.2.2.2.2.2.1, respectively 

(Figure 1.19B). In summary, 5xFAD mouse models are used due to their rapid and aggressive Aβ 

pathogenic phenotype which will aid the establishment of this novel protocol (Oakley et al., 2006, 

Oblak et al., 2021). In addition, they have been well characterised which will aid understanding of 

our findings. Next, Methoxy-x04 was chosen as the fluorescent indicator as it has previously had 

success when peripherally administered to pass the BBB and stain Aβ (Condello et al., 2011, 

Crowe and Ellis-Davies, 2013, Hefendehl et al., 2016, Hefendehl et al., 2011, Jung et al., 2015, 

Klunk et al., 2002, Liu et al., 2010, Meyer-Luehmann et al., 2008). In addition, there are minimal 

alternatives in amyloid-binding dyes that pass the BBB for in vivo work. Then, fibre photometry 

was chosen as this provides this approach with a real-time, depth-resolved capability, as well as 

permitting multi-site recordings in freely behaving animals (Byron and Sakata, 2024, Simpson et 

al., 2023). This overcomes limitations with temporal resolution, invasiveness, inflammation, and 
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depth-resolution seen with alternative optical approaches. Lastly, mice will undergo GENUS 

treatment as it is a novel approach working to combat the circuit dysfunctions that exist throughout 

AD (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 2019, Soula et al., 2023). In 

addition, it is an attractive, non-invasive treatment approach that has recently shown conflicting 

findings which need investigated.  

 

Additionally, we had a variation of target implant sites. For depth profile experiments, we targeted 

brain regions that would have a variation of plaque dense and plaque sparse regions from the 

brain surface to deeper regions because we wanted to illustrate the ability of our novel approach 

to monitor changes in fluorescence signals based on the plaque load. Accordingly, we investigated 

sites that would pass the medial septum, thalamus, and subiculum as these are largely populated 

with plaques in 5xFAD mice. After, our main target was the subiculum due to this being an area in 

the 5xFAD mouse brain that is densely populated with plaques, allowing us to identify the strongest 

signal possible. Also, with use of TFs, this would span through the subiculum and visual cortex, 

allowing us to monitor changes in the related sensory cortex when investigating the effects of 

GENUS. 

 

Overall, by establishing this protocol we expect to show for the first time, a novel approach 

involving the combination of Methoxy-x04 and fibre photometry, that allows in vivo, real-time, 

depth-resolved assessment of plaque pathology in freely behaving AD mouse models. 

Accordingly, we expect to allow monitoring of plaque pathology when exposed to GENUS in real-

time. 
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2. Methodology Overview 

 

Due to the wide range of methods throughout this project, this chapter provides an overview of all 

methodology before directing the reader to appropriate sections within each subsequent chapter 

for a detailed description of appropriate methodology. First, it will provide a description of 

methodology that is used across all chapters. This includes an overview of the BBB-permeable 

plaque marker, Methoxy-x04 (section 2.1.1), a description of the animals used (section 2.1.2), 

and the analytical approach used to align histological images to the Allen brain atlas (section 

2.1.3) (Figure 2.1). Secondly, this chapter will provide a roadmap of the appropriate methodology 

for each chapter, directing the reader to the relevant section (Figure 2.1).  

 

For reference, Chapter 3 shows confirmation of the novel approach to monitor plaque pathology 

FF photometry (section 2.2). Chapter 4 shows real-time, depth-resolved plaque detection 

(section 2.3). Chapter 5 shows monitoring of plaque pathology in response to GENUS (section 

2.4) (Figure 2.1). 

 

Figures created for this thesis were created using Adobe Illustrator, BioRender and Microsoft 

PowerPoint. 
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Figure 2.1. Roadmap of all methodology sections throughout this thesis. Chapter 2 

includes general methodology used for all sub-projects. Chapter 3, 4 and 5 have their own 

methodology section. 
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2.1 General Methodology  

 

2.1.1 Methoxy-x04 

 

2.1.1.1 Properties of Methoxy-x04 

 

Methoxy-x04 is a BBB-permeable plaque marker, that has been successfully implemented in vitro 

and in vivo (Condello et al., 2011, Hefendehl et al., 2016, Hefendehl et al., 2011, Jung et al., 2015).  

Methoxy-x04 (1,4-bis(4’-hydroxystyryl)-2-methoxybenzene) has a molecular weight of 344, a pKa 

of 10.82 + 0.07 and a logPoct of 2.6, thereby promoting BBB-permeability and a good binding affinity 

for beta-sheets (Ki = 26.8-nM) (Figure 2.2). Methoxy-x04s peak excitation is ~380-nm, and peak 

emission is ~450-nm. 

 

 

2.1.1.2 Methoxy-x04 Concentrations 

 

A stock solution of Methoxy-x04 (4920, Tocris) was made by diluting Methoxy-x04 to 5-mg/ml using 

a sterile solution of 10% dimethyl sulfoxide (DMSO)/45% propylene glycol/45% phosphate 

buffered saline (PBS). To ensure Methoxy-x04 was diluted in this solution, it was gently heated on 

a magnetic stirrer (US152, Stuart) for several days. After, this was aliquoted and stored at -20C. 

For in vitro measurements, a range of Methoxy-x04 concentrations were used (0.005, 0.01, 0.05, 

0.1, and 0.5-mM). All solutions of Methoxy-x04 were made by diluting in 10% DMSO/45% 

propylene glycol/45% PBS. For in vivo recordings, a dose of 10-mg/kg was administered with a 

drug concentration of 5 mg/ml in 10% DMSO/45% propylene glycol/45% PBS via i.p. injection, as 

this was the most commonly used combination, as seen in the landmark study (Klunk et al., 2002). 

When administered, the desired volume was topped up to 0.3-ml with sterile saline to facilitate 

injection.  

 

 

 

Figure 2.2. Chemical properties of Methoxy-x04 and its derivatives.  
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2.1.2 Animals 

 

Experiments were performed in accordance with the UK Animals (Scientific Procedures) Act of 

1986 Home Office regulations and approved by the Home Office (PP068894). Mice were housed 

with sex-matched littermates on a 12-hour/12-hour light/dark cycle, with access to food and water 

ad libitum. If a same-sex littermate was unavailable, mice were housed alone or with a BALB/c 

mouse. All experiments were performed during the light period.  

 

Male and female 5xFAD+/- (AD+) and 5xFAD-/- (AD-) (on a >F10 C57BL/6 background) congenic 

mouse models (JAX006554, The Jackson Laboratory) (Oakley et al., 2006, Oblak et al., 2021) at 

ages 3-12 months, depending on experimental protocol, were used throughout this study. To 

ensure the genetic background, mice were ear-tagged, and tissue was genotyped using real-time 

polymerase chain reaction (by Transnetyx). A total of 83 mice were used throughout the whole 

project, with exact sample numbers for each experiment shown in Figure 2.3 and discussed within 

the methodology section of each chapter (Figure 2.1). Randomisation and exclusion protocols are 

discussed in each chapter (Figure 2.1). 7 mixed genotype mice were used for training and 

optimisation of experimental procedures. This includes cadavers and retired breeders that were 

used for gaining experience completing terminal and recovery surgical procedures. 
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Figure 2.3. Flow chart illustrating the genotype and number of animals used throughout 

the whole project and the chapters these were used for. The sample numbers for each type 

of experiment are shown with the number of each genotype used. For training, mice of mixed 

genotype were used and are grouped together for simplicity. The chapter each group of mice 

were used for is shown. 

 

2.1.3 Histological Assessment  

 

All histological images were aligned to the mouse Allen Mouse Brain Common Coordinate 

Framework. For this, images underwent a post-processing pipeline that involved image stitching, 

alignment to the Allen brain atlas, automated plaque detection, manual fibre track detection and 

photometry Vs histology correlative assessment (Figure 2.4A). This was allowed due to custom 

MATLAB code and a MATLAB-based software called AMaSiNe (Song et al., 2020). An in-depth 

discussion of this can be found here: https://github.com/vsnnlab/AMSiNe. AMaSiNe was chosen 

after comparing with other tools such as SHARP-Track (Shamash et al., 2018), as it was an 

automated approach for aligning histological images which had a built-in tool for automatic plaque 

detection. Therefore, this removes bias from manual alignment and plaque detection that exists 

with other approaches. 

 

This protocol was mainly consistent for the FF and TF experiments, excluding the fibre track 

detection and photometry Vs histology correlation assessment. Thus, these specific protocols for 

https://github.com/vsnnlab/AMSiNe
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FF or TF experiments will be described in Chapter 3, section 3.2.3.2 or Chapter 4, section 

4.2.3.2, respectively (Figure 2.1).  

 

 

Figure 2.4. Process for histological quantification of Methoxy-x04 stained plaques along the 

fibre implant site. (A) Flow chart of the image analysis process. (B) Image stitching of all original 

images (left) to the final stitched image (right). Scale bar: 2-mm. (C) The first and final stitched 

image (shown with red border) are anchor images used for atlas alignment. Anchor images are 

used to determine several alignment parameters before all image slices are reconstructed onto 

the atlas. Figure adapted from Song et al., 2020. (D) Top, Automated plaque detection on an 

aligned brain slice. Bottom, Detected plaques on all aligned brain slices, visualised on a whole 

brain. (E, F) Examples are taken from a FF experiment. Please note that this varied for TF 

photometry. (E) Top, Manual fibre track detection on an aligned brain slice. Bottom, Detected fibre 
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track on all aligned brain slices, visualised on a whole brain.  (F) Approach for photometry Vs 

histology correlative assessment. Plaques within 200-μm of the manually annotated fibre track 

(red), on the contralateral hemisphere are quantified. All plaques are shown as black dots. 

Quantified plaques are shown within a blue circle. Histology and photometry signals from the brain 

surface to 4000-μm are compared, as shown in bar graphs (left), before correlative assessment 

(bottom). 

 

2.1.3.1 Stitching 

 

Post-processing was completed through a custom MATLAB code that allowed automated image 

stitching. 1920x1200-pixel images went through a compression process by re-sizing the images 

to 960x600-pixels. This was completed either before or after stitching, depending on stitching 

accuracy. By going through each image, landmark features were detected (MATLAB function: 

detect SURF features) before finding any matching features between adjacent images (MATLAB 

function: extract Features). Once found, the shift of each feature from one image to the next is 

calculated and used to stitch all images together (Figure 2.4B). Lastly, all images underwent 

transfer to 8-bit, contrast adjustment and application of their pseudo-colour using Fiji ImageJ 

(version 2.0.0-rc-69/1.52s).  

 

2.1.3.2 Atlas Alignment 

 

After brain sections from an implant site have been appropriately stitched and contrast adjusted 

using Fiji ImageJ (version 2.0.0-rc-69/1.52s), AMaSiNe is used to align each section to the Allen 

brain atlas (Figure 2.4C). This involves numerous stages: parameter setting, pre-processing, 

angle searching and image warping.  

 

For alignment, pre-processed images were binarized so that only the brain slice remains. Then, 

anchor images – the first and last imaged section – are selected and the sampling interval between 

each section (section thickness) is used (Figure 2.4C). The software runs through numerous 

computational processes to identify the positions of the anchor images on the Allen brain atlas, 

subsequently allowing identification of the non-anchor images by determining equal distances 

between the two anchor images.  

 

2.1.3.3 Plaque Detection 

 

AMaSiNe was used to label plaques on each hemisphere throughout the aligned histological brain 

images (Figure 2.4D). AMaSiNe acquires the anterior-posterior (AP), medio-lateral (ML) and 

dorso-ventral (DV) coordinates of each plaque, which is reconstructed using the alignment 
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information previously acquired as described in section 2.1.3.2, to assign each plaque to the 

appropriate brain region. Using said coordinates, each plaque is then assigned to an appropriate 

hemisphere, with ML coordinates >0 being the left hemisphere and those <=0 being the right 

hemisphere. This provides a list of all brain regions, with a list of coordinates for each identified 

plaque within each brain region, for each hemisphere (Figure 2.4D). Only plaques with a radius 

between 11-20-μm, with a fluorescent threshold compared to the background fluorescence >0.07 

were quantified. These parameters were chosen as they provided optimal plaque detection with 

minimal false positives or negatives. However, these values were occasionally adjusted per 

implant site, to allow for optimal plaque detection. This was visually examined by the experimenter.  

 

2.1.3.4 Fibre track detection 

 

Following plaque quantification, the fibre track on the aligned sections was manually labelled using 

an AmaSiNe built-in graphical user face (Figure 2.4E). This allows manual annotation on each 

aligned image, where the fibre track was marked. Using the aligned images, the AP, ML and DV 

coordinates of the manually labelled fibre track are identified. The exact labelling approach varies 

for FF and TF experiments so see Chapter 3, section 3.2.3.2.1 or Chapter 4, section 4.2.3.2.1, 

respectively (Figure 2.1).  

 

2.1.3.5 Photometry Vs histology correlative assessment 

 

Lastly, in attempt to mirror the plaque signals collected from photometry experiments, plaques that 

fall within a certain radius of the fibre track coordinates were quantified (Figure 2.4F). From here 

we can determine the quantified plaques at increasing depths along the fibre and compare to 

photometry data (Figure 2.4F). For FF or TF-relevant protocols, please refer to Chapter 3, section 

3.2.3.2.2 or Chapter 4, section 4.2.3.2.2, respectively (Figure 2.1).  

 

2.2 Chapter 3 Methodology  

 

Chapter 3 illustrates the proof-of-concept study completed to determine if the proposed novel 

approach was a feasible method for monitoring plaque pathology. This involved experiments under 

terminal anaesthetic using a FF photometry system, before taking histological images for analysis. 

Appropriate methodology is described in detail in Chapter 3 and a roadmap is shown in Figure 

2.5.  
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Figure 2.5. Roadmap of chapter 3 methodology. Protocols regarding the FF photometry 

system are explained within section 3.2.1. In vivo experimental procedures completed using 

the FF photometry system are described in section 3.2.2. Data processing and analysis is 

explained in section 3.2.3. 

 

2.2.1 FF photometry systems  

 

Initial experiments for a proof-of-concept study used FF photometry which is described in detail in 

the methodology section within Chapter 3, section 3.2.1. This section describes the original 

system structure (section 3.2.1.1), system reconfiguration (section 3.2.1.2), system maintenance 

(section 3.2.1.3) and system calibrations (section 3.2.1.4) (Figure 2.5). 

 

2.2.2 In vivo experiments 

 

Mice underwent terminal anaesthetic, and several craniotomies were completed for a FF 

photometry recording. After, histological plaque pathology was quantified to confirm success of 

this novel approach. These experiments are described in detail in Chapter 3, section 3.2.2. This 

section describes the animals used (section 3.2.2.1), in vivo recordings (section 3.2.2.2) and 

histological assessment (section 3.2.2.3) (Figure 2.5). 

 

2.2.3 Data processing & analysis  

 

Approaches for processing and analysing photometry and histology data for chapter 3 experiments 

are described in Chapter 3, section 3.2.3. This describes photometry analysis (section 3.2.3.1), 

histological analysis (section 3.2.3.2), exclusion criteria (section 3.2.3.3) and statistical analysis 

(section 3.2.3.4) (Figure 2.5). 
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2.3 Chapter 4 Methodology  

 

Chapter 4 illustrates real-time, depth-resolved capabilities of this novel approach by completing 

recordings on freely behaving mice. This was possible with use of TF photometry. Appropriate 

methodology is described in detail in Chapter 4 and a roadmap is shown in Figure 2.6.  

 

 

Figure 2.6. Roadmap of chapter 4 methodology. Protocols regarding the TF system are 

explained within section 4.2.1. In vivo experimental procedures completed using the TF system 

are described in section 4.2.2. Data processing and analysis for TF data is explained in section 

4.2.3. 

 

2.3.1 TF system 

 
Once this novel method was proved feasible for monitoring plaques, long-term chronic recordings 

in awake, freely behaving mice were completed to investigate the possibility of detecting small 

changes in plaque pathology. These experiments were completed using TF photometry, which is 

described in detail in Chapter 4, section 4.2.1. This section describes TF manufacture (section 

4.2.1.1), TF system set-up (section 4.2.1.2), TF system maintenance (section 4.2.1.3) and TF 

characterisation (section 4.2.1.4) (Figure 2.6). 

 

2.3.2 In vivo experiments  

 

In vivo recordings were completed using the TF photometry system to detect plaques in a real-

time, depth-resolved manner in freely behaving mice. Appropriate procedures are explained in 

detail in Chapter 4, section 4.2.2. This includes a description of animals used (section 4.2.2.1), 

acute recordings (section 4.2.2.2), chronic recordings (section 4.2.2.3) and histological 

assessment (section 4.2.2.4) (Figure 2.6). 
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2.3.3 Data processing & analysis   

 

Approaches for processing and analysing photometry and histology data for Chapter 4 

experiments are described in Chapter 4, section 4.2.3. This describes photometry analysis 

(section 4.2.3.1), histological analysis (section 4.2.3.2) and statistical analysis (section 4.2.3.3) 

(Figure 2.6). 

 

2.4 Chapter 5 Methodology  

 

Chapter 5 illustrates the capability of this novel approach to monitor plaque pathology while mice 

undergo a potential AD treatment. The chosen treatment was GENUS; a non-invasive sensory 

stimulus approach, previously been shown to reduce plaque pathology. Appropriate methodology 

is described in detail in Chapter 5 and a roadmap for Chapter 5 methodology is shown in Figure 

2.7.  

 

  

Figure 2.7. Roadmap of chapter 5 methodology. Animal information is covered in section 5.2.1. 

Electrophysiology procedures are described in section 5.2.2. GENUS & TF photometry 

procedures are described in section 5.2.3. 

 

2.4.1 Treated Animals 

 

Mice were used either for electrophysiology or GENUS & TF photometry experiments. For both, 

they were placed in a GENUS treatment chamber. These details are described in detail in Chapter 

5, section 5.2.1. Animals used are described in section 5.2.1.1 and the treatment chamber and 

set-up are described in section 5.2.1.2 and section 5.2.1.3, respectively (Figure 2.7). 
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2.4.2 Electrophysiology  

 
As the potential AD intervention aimed to modify plaque pathology by increasing gamma power in 

the brain, we completed electrophysiology recordings while mice were exposed to GENUS 

treatment. These experiments are described in Chapter 5, section 5.2.2. This includes a 

description of the electrophysiology surgery (section 5.2.2.1), recording (section 5.2.2.2), data 

analysis (section 5.2.2.3) and statistics (section 5.2.2.4) (Figure 2.7). 

 

2.4.3 GENUS & TF Photometry  

 

Plaque pathology was monitored using our TF photometry system while mice underwent GENUS 

treatment. These procedures are described in Chapter 5, section 5.2.3. This includes a 

description of the recording (section 5.2.3.1), data analysis (section 5.2.3.2) and statistics 

(section 5.2.3.3) (Figure 2.7).  
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3. Real-time, in vivo plaque assessment at depth 

 

3.1  Introduction  

 

3.1.1 Background 

 

As discussed in Chapter 1, plaques are a major hallmark of AD pathology, receiving much 

attention due to the ‘amyloid hypothesis’ suggesting its involvement in the progression of AD 

pathogenesis (Chen et al., 2017, Francis et al., 1999, Hampel et al., 2021). This resulted in 

detection and targeting of plaques being investigated for potential diagnosis and treatment 

possibilities. For example, recently FDA-approved amyloid sequestering antibody drugs, such as 

aducanumab (Budd Haeberlein et al., 2022, Schneider, 2020, Sevigny et al., 2016) and lecanemab 

(Swanson et al., 2021, van Dyck et al., 2023), target and bind to plaques for clearance from the 

CNS . 

 

For such clinical studies to occur, many preclinical animal laboratory studies are completed using 

new treatments to screen for potential beneficial effects. To do so, the effect of the treatment on 

modifying plaque pathology is monitored. Approaches commonly used to do so include histology, 

PET scan, microdialysis (Cirrito et al., 2003, Yuede et al., 2016), and multiphoton imaging 

(Hefendehl et al., 2011, Klunk et al., 2002, Meyer-Luehmann et al., 2008). As previously 

mentioned, existing approaches have a variety of limitations that involve access to deeper brain 

regions, real-time feedback, and longitudinal recording in freely behaving conditions. Therefore, it 

can be considered that vital information regarding the effects of the tested interventions may be 

missed, resulting in a loss of information that could prove beneficial for the field. Consequently, we 

suggest that there is a requirement for a novel approach for plaque assessment that allows real-

time, in vivo plaque assessment at depth.  

 

3.1.2 Hypotheses and aims  

 

Therefore, we hypothesise that combination of Methoxy-x04 and fibre photometry will allow 

detection of plaques, in vivo. To test this hypothesis, we aimed to confirm this novel approach is 

feasible to monitor plaque pathology.  For this, we determined if there is a positive correlation 

between photometry and histology plaque signals. Histology signals were chosen as a comparison 

as this is a well-established method of plaque quantification. 
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3.1.3 Overview  

 

Within this chapter, I will begin by describing the process taken to establish a successful novel 

approach for real-time assessment. This includes a description of the original FF photometry set-

up, required system modifications and experimental procedures completed (section 3.2). Then, 

we show the inability to achieve strong Methoxy-x04 plaque signals in vivo with the original FF 

photometry system in section 3.3.1. Next, we illustrate that with appropriate system modifications, 

Methoxy-x04 plaque signals are detected (section 3.3.2) and the FF photometry signals are 

positively correlated with histological signals, a well-established method for plaque assessment 

(section 3.3.3). However, we were unable to acquire real-time Methoxy-x04 signals using FFs 

(section 3.3.4). Finally, we provide an overview of our findings and discuss their implications and 

potential limitations (section 3.4). In all, we believe this illustrates the first use of fibre photometry 

to monitor plaque pathology, allowing collection of plaque signals at depth. 

 

3.2  Methods  

 

This section provides a description of the methodology used for confirmation of this novel approach 

(Figure 3.2.1). Firstly, an overview of the fibre photometry system used for FF experiments is 

described, with an overview of the appropriate maintenance and calibration protocols (section 

3.2.1). Next, we introduce in vivo protocols with an overview of the animals used for these 

experiments, followed by a description in vivo recordings and histological assessment (section 

3.2.2). Lastly, data processing and analysis for photometry and histology is included, as well as 

the appropriate exclusion criteria and statistical analysis completed (section 3.2.3). All protocols 

completed across various sub-projects, such as Methoxy-x04 properties, animals and histological 

processing are discussed in Chapter 2 in sections 2.1.1, 2.1.2 and 2.1.3, respectively. 
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Figure 3.2.1. Roadmap of chapter 3 methodology. Protocols regarding the FF photometry 

system are explained within section 3.2.1. In vivo experimental procedures completed using the 

FF photometry system are described in section 3.2.2. Data processing and analysis is explained 

in section 3.2.3. 

 

3.2.1 FF photometry systems  

 

The FF photometry system was previously built and characterized by Dr Niall McAlinden and Dr 

Amisha Patel (Patel et al., 2020) (Figure 3.2.2). The original FF photometry set-up excited 

Methoxy-x04 with 405-nm light, a control measure at 470-nm light, with emission light collected at 

525-nm (Figure 3.2.3A). Experiments showed that Methoxy-x04 was detected in vitro, but not in 

vivo, resulting in a reconfigured system being used: excitation at 405-nm, with collection of emitted 

light at 440 and 550-nm (Figures 3.2.3B & Figure 3.2.4). 

 

 

Figure 3.2.2. Original FF photometry system set-up. (A) Schematic of the system configuration. 

Created with BioRender.com. (B) Image of the system. Adapted from Patel et al., 2020 (Patel et 

al., 2020). 
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Figure 3.2.3. Methoxy-x04 spectra with optical system parameters for the original and 

reconfigured system. Excitation/emission spectrum of Methoxy-x04 with wavelengths used for 

excitation and emission in the original system (A) and reconfigured system (B) shown. Thin 

dashed lines represent LED excitation. Thick dashed lines represent emission filters. 

Wavelengths are colour coded. 

 

3.2.1.1 Original System Structure 

 

The FF photometry system consists of two light pathways: illumination and detection (Figure 

3.2.2). The illumination pathway has 2 LEDs – 405 (M405L3, Thorlabs) and 470-nm (M470L3, 

Thorlabs) – controlled by two LED drivers (LEDD1B, Thorlabs), that project light through the 

system. Light from each LED was collimated using an aspheric lens (f = 20-mm, numerical aperture 

(NA) = 0.54) (AL2520M-A, Thorlabs) before being filtered using bandpass filters (FB405-10 and 

FB470-10, Thorlabs). 405 and 470-nm light paths merge onto a 425-nm long-pass dichroic mirror 

to combine both beams (DMLP425R, Thorlabs). Then, after reflecting off a 498-nm long-pass 

dichroic mirror (MD498, Thorlabs), light was directed towards the fibre launch system (KT110/M, 

Thorlabs) where appropriate light-path alignment and an aspheric lens (f = 20-mm, NA = 0.54) 

(AL2520M-A, Thorlabs) coupled the light into a low AF multimode patch cable (MAF3L1, Thorlabs). 

This cable was connected to an implantable FF (CFM52L10, Thorlabs), via a mating sleeve 

(ADAF1-5, Thorlabs). Finally, light output from the FF tip allows excitation of fluorophores (Figure 

3.2.2).  

 

The detection pathway collects light from the FF and delivers it to a photodetector (NewFocus 

2151, Newport) for measurement. After travelling back along the cable to the fibre launch system, 

light is collimated by the same aspheric lens used in the illumination pathway. Light passes through 

the 498-nm long-pass dichroic mirror (MD498, Thorlabs) and is directed toward the photodetector 

using a broadband mirror (BB1-E02, Thorlabs), before passing through a 525-nm emission filter 

(MF525-39-GFP, Thorlabs) to exclude excitation light. Finally, light is focused onto the 
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photodetector using an aspheric lens (Figure 3.2.2). Signals collected at the photodetector were 

then digitized to analogue signals using a NIDAQ device (NI USB-6211, National Instruments). 

 

The system components were controlled by the NIDAQ device and custom LABVIEW code (written 

by Dr Shuzo Sakata). All components are mounted to an optical breadboard using cage rods, post 

holders and optical mounts to create a stable structure for all optical elements (ER2-P4, ER2.5-

P4, ER1-P4, UPH50/M and TRM0/M-P5, Thorlabs). All filters, aspheric lenses and mirrors were 

stabilised in filter holders (C4W, B4C/M and FFM1, Thorlabs), lens tubes (SM103-P5, Thorlabs), 

cage plates (CP08/M, Thorlabs) and mirror mounts (KCB1C/M, Thorlabs) (Figure 3.2.2B). All 

components – patch cable, FF, and mating sleeve – had a 2.5-mm setting for ferrules. The patch 

cable and FF parameters chosen were 400-μm, 0.50˚ low AF patch cable (MAF3L1, Thorlabs) and 

a 200-μm, 0.50˚ FF (CFM52L10, Thorlabs). An in-depth description of the construction of this 

system is provided by Patel and colleagues (Patel et al., 2020). 

 

3.2.1.2 System Reconfiguration 

 

A system reconfiguration involved 405-nm excitation and emission collection at 440 and 550-nm 

(Figure 3.2.4A). This should provide a strong Methoxy-x04 signal at 440-nm, while tissue AF can 

be detected at 550-nm (Figure 3.2.3B). This system reconfiguration was designed by Dr Niall 

McAlinden and Nicole Byron and was completed by Nicole Byron. 

 

Before system reconfiguration occurred, the light output was measured, and system calibration 

was completed for reference. Firstly, 425-nm and 498-nm long-pass dichroic mirrors were 

swapped to modify the system for one LED excitation path only (Figure 3.2.4B). Secondly, two 

detection pathways were established by replacement of the 525-nm emission filter (MF525-39 – 

GFP, Thorlabs) with a 440 or 550-nm emission filter (FB440-10 and FB550-10, Thorlabs) held in 

a drop-in filter holder (DCP1, Thorlabs) (Figure 3.2.4C). For this, the detector, lens tube and lens 

were removed to allow removal of the 525-nm filter. Then, the detector, lens tube and lens were 

replaced, and the new filters were attached to the cage mount before the lens using the drop-in 

filter holder. Once these amendments were made, the system was realigned by small alterations 

of the mirrors (Figure 3.2.4C) to enhance light output and intensity of fluorescence recorded on 

the photodetector. Only once the system was providing light outputs and fluorescent read-outs as 

before, the system reconfiguration was complete. 
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Figure 3.2.4. Reconfigured FF photometry system set-up. (A) Schematic of the system 

configuration. Created with BioRender.com. (B) Schematic showing the system changes 

completed throughout step 1 of this reconfiguration, involving swapping dichroic mirrors. Red 

arrows show the swap of mirrors and points used for realignment. The green arrow shows the light 

flow desired after the mirror swap. (C) Schematic showing the system changes completed 

throughout step 2 of this reconfiguration, involving changing the detection pathway. Red arrows 

show region of changes. Green arrows show regions used for realignment. Adapted from Patel et 

al., 2020 (Patel et al., 2020). 

 

3.2.1.3 System Maintenance 

 

The FF photometry system was regularly monitored to ensure light output from the FF and 

fluorescent output was consistent. This involved several procedures: measuring light output from 

the patch cable and FF tip, photobleaching of the patch cable and system calibrations with 

Methoxy-x04 (4920, Tocris) (Figure 3.2.5). Firstly, to ensure the light path was appropriately 

aligned and remained constant, the light output at the end of the patch cable (MAF3L1, Thorlabs) 

and FF tip (CFM52L10, Thorlabs) was consistently measured with a light sensor (PM100A and 
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S120C, Thorlabs). This allowed calculation of the coupling efficiency of the system with the FF as 

follows: 

coupling efficiency (%) = 
𝑃𝑃

𝑃𝑜
 𝑥 100, 

where Pp and Po represent the light output at the end of patch cable (MAF3L1, Thorlabs) and FF 

(CFM52L10, Thorlabs), respectively. If misaligned, this would be measured while altering the angle 

of the mirrors (Figure 3.2.4C) until light output was optimal. Secondly, in vitro calibrations with 

Methoxy-x04 (4920, Tocris) were completed to ensure the fluorescent output remained consistent. 

This experimental procedure is described in section 3.2.1.4.1. Thirdly, as patch cable AF can 

interfere with signal collection, photobleaching of the patch cable (MAF3L1, Thorlabs) was 

completed by leaving the LED (M405L3 and M470L3, Thorlabs) on continuously at full power to 

cause a decay of AF within the fibre and cladding. This involved an initial bleaching session lasting 

>8-hours, followed by a 1-hour top-up before each use. Fluorescence was measured at the 

photodetector (NewFocus 2151, Newport) at a sampling frequency of 1000-Hz, controlled by the 

NIDAQ device (NI USB-6211, National Instruments) and custom LABVIEW code. All 

measurements were completed in the dark. 

 

 

Figure 3.2.5. Fibre photometry system maintenance experiments. Schematic showing the 

experimental set-up for system maintenance experiments completed. Created with 

BioRender.com. 

 

3.2.1.4 System calibrations  

 

After all system calibrations, the FF (CFM52L10, Thorlabs) was submerged in enzyme remover 

(Superdrug) for several minutes, followed by several minutes in distilled water and finished by a 

few dips in propranol for sterilisation. All measurements were completed in dark conditions. 

 

 



 104 

3.2.1.4.1 System Calibration  

 

The system was characterised with a range of Methoxy-x04 concentrations (0.005, 0.01, 0.05, 

0.01 and 0.1-mM) (4920, Tocris). A FF (CFM52L10, Thorlabs) was submerged into each 

concentration – from lowest to highest – and underwent an illumination protocol. This illumination 

protocol was 10-ms ON, 5-ms OFF (10 repetitions) separated by a 10-ms baseline, across several 

powers. This protocol ran through the LED(s) (M405L3 and M470L3, Thorlabs), collecting data at 

the photodetector(s) (NewFocus 2151, Newport) at 5000-Hz, controlled by the NIDAQ device (NI 

USB-6211, National Instruments) and custom LABVIEW code.  

 

3.2.1.4.2 System Sensitivity  

 

System sensitivity was established by determining the lowest Methoxy-x04 (4920, Tocris) 

concentration the system can detect. A FF (CFM52L10, Thorlabs) was submerged into a solution 

of 10% DMSO/45% propylene glycol/45% PBS. After 10 or 30-minutes of baseline recording, 

Methoxy-x04 (0.01-mM) was added every 2-minutes to increase the concentration in 5-nM steps 

until 300-nM or 100-nM, for the original and reconfigured system respectively. To aid diffusion, the 

solution is in a 24-well plate with a magnetic bar, situated on a stirrer (US152, Stuart). The 

illumination protocol was reduced to prevent photobleaching: 10-ms ON, 5-ms OFF (5 repetitions) 

separated by a 5-ms baseline, across several powers, with a sampling interval of 5-s. In parallel, 

fluorescence was collected at the detector (NewFocus 2151, Newport) at 5000-Hz, controlled by 

the NIDAQ device (NI USB-6211, National Instruments) and custom LABVIEW code. 
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3.2.2    In vivo experimental procedures  

 

3.2.2.1 Animals 

 

Table 3.2.1. Animals used for all FF photometry experiments. The final column represents 

the type of FF photometry experiment that was completed. DP: depth profile. APK: acute 

pharmacokinetic. 

 

 

Detailed animal information was described in Chapter 2, section 2.1.2. For FF photometry 

experiments, 6-9-month-old male and female 5xFAD+ and 5xFAD- mice were used (Table 3.2.1) 

(JAX006554, The Jackson Laboratory). A total of 30 mice were used for all FF photometry 

experiments (Figure 3.2.6). A total of 24 mice were used for all depth profile experiments, with 6 

being used with the original FF photometry system and 18 being used for protocol confirmation 
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with the reconfigured FF photometry system. Six mice were used for acute pharmacokinetic 

experiments. Both depth profile and acute pharmacokinetic experiments involved surgery and FF 

photometry recordings under terminal anaesthetic before brain tissue was recovered for post-

mortem analysis.  

 

 

Figure 3.2.6. Flow chart illustrating the genotype and number of animals used for all FF 

photometry experiments. The sample numbers for each type of experiment are shown with 

the number of each genotype and sex used. Not all mice included here made it through the 

exclusion criteria. Tables and figures refer the reader to further animal breakdown. 

 

3.2.2.2 In vivo recordings 

 

Before any in vivo measurement, the FF would be submerged in propranol for sterilisation. After 

all in vivo measurements, the FF was cleaned by being submerged in enzyme remover (049008, 

Superdrug) for several hours, followed by several minutes in distilled water and finished by a few 

dips in propranol for sterilisation. All in vivo measurements were completed in dark conditions. 

 

3.2.2.2.1 Terminal anaesthesia and craniotomies  

 

For all FF photometry experiments, 5xFAD+ and 5xFAD- littermates underwent terminal 

anaesthesia and craniotomies (Figure 3.2.7). On the day of recording, mice underwent terminal 
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anaesthetic (20% urethane). Before surgery, 60% of the urethane dose (1.5 g/kg) was given 

through a series of 4-injections spaced 15-minutes apart. Post-surgery the remainder of the 

urethane dose was administered, if required. Throughout surgery, the anaesthetic plane was 

enhanced by placing the mouse in an anaesthetic chamber where isoflurane (Covetrus) was 

maintained between 5% and 0.8 L/min air flow until the mouse is fully immobile, before being 

reduced to 3% and 0.8 L/min air flow. Once under, the head was shaved, and the mouse was 

placed on an incisor breather for administration of isoflurane (Covetrus) and oxygen via a nose 

cone. Anaesthetic (isoflurane) was maintained between 1.5% and 1% and 0.8 L/min air flow. Eyes 

were protected by application of eye gel (Lacri-lube, Hylonight or Viscotears, Bausch&Lomb) and 

the mouse was maintained at 37C by being placed on a heat mat (ATC 100, World Precision 

Instruments), under a surgical light (KL 1500, Lambda Photometrics) (Figure 3.2.7). Breathing and 

pinch reflexes were monitored throughout the surgery and levels of anaesthetic were adjusted 

accordingly. 

 

The mouse was stabilized by ear-bars attached to a stereotaxic frame (KOPF Instruments). Then, 

the surgical area was cleaned using cotton buds (Johnson’s) with ethanol (70%) and betadine 

(Alkaloid). Using a scalpel (847-7584, RS Components), an incision along the midline was made 

that was expanded with surgical scissors to create a 2-mm wide circle around the midline, exposing 

bregma and lambda. To remove the periosteal membrane, hydrogen peroxide (3%) was applied 

to the skull surface and debris was removed with a cotton bud (Johnson’s) and scissors. Next, 

skull alignment between bregma and lambda was set between 0-50-m, before marking the 

craniotomy sites, under a stereomicroscope (SZ51, Olympus) using a glass pipette (504949, World 

Precision Instruments) made with a pipette puller (PC-10, Narishige), held by the stereotaxic frame 

manipulator (KOPF Instruments). For depth profile experiments completed on the original system 

configuration, there were two craniotomy sites for Site 1 (AP: +0.30-mm, ML: 0.25-mm), and Site 

2 (AP: -3.27-mm, ML: 1.75-mm). For depth profile experiments completed on the reconfigured 

system craniotomy sites were modified for Site 1 (AP: +0.49-mm, ML: 0.25-mm), Site 2 (AP: -1.79-

mm, ML: 1.50-mm), and Site 3 (AP: -3.30-mm, AP: 2.80-mm) (Figure 3.2.9B). For acute 

pharmacokinetic experiments, a craniotomy was completed above the SUB: (AP: -3.80-mm, ML: 

3.30-mm, DV: 2.50-mm) (Figure 3.2.10B). These craniotomies were completed using a surgical 

drill (Volvere Vmas drill, NSK) and a duratomy was performed using craniotomy scissors to aid 

insertion of FFs. Lastly, to protect brain tissue, KwikSil (World Precision Instruments) was applied 

over the craniotomy sites and removed before recordings.  

 

For depth profile and acute pharmacokinetic experiments completed using the original system 

configuration, recordings were completed while the mouse remained on the stereotaxic frame 

(KOPF Instruments) used for craniotomies (Figure 3.2.7) with a low maintenance of isoflurane 

(Covetrus), if required. Whereas, for depth profile experiments completed on the reconfigured 
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system, the mouse was taken off anaesthetic (isoflurane), removed from the stereotaxic frame 

(KOPF Instruments) and placed in its home-cage for transfer to another recording set-up (Figure 

3.2.8). Here, the mouse was placed on a heat mat maintained at 37˚C (Harvard apparatus), 

stabilized by ear-bars attached to a stereotaxic frame (Thorlabs and Narishige), under a surgical 

light (PL2000, Photonic) before skull alignment between bregma and lambda was set to 0-50 m 

using a glass pipette (504949, World Precision Instruments).  

 

 

Figure 3.2.7. Set-up for the craniotomy surgery. 
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Figure 3.2.8. Recording rig set-up. 

 

3.2.2.2.2 Depth profile recordings  

 

Depth profile recordings were completed as a proof-of-concept investigation to illustrate that we 

could acquire photometry signals that are well correlated with histological quantification across the 

DV axis of the Methoxy-x04 stained brain. 24-hours before recording, mice were injected (i.p.) with 

10-mg/kg of Methoxy-x04 (5-mg/ml) (Figure 3.2.9A) (4920, Tocris). This was completed 24-hours 

before as this was consistent with previous studies and the landmark Methoxy-x04 paper (Klunk 

et al., 2002). After craniotomies under terminal anaesthesia were completed, mice underwent a 

recording protocol for depth profile experiments.  

 

A 10-mm long FF (200-m core diameter, 0.50˚ NA) (CFM52L10, Thorlabs) was used. Using the 

stereotaxic frame (Thorlabs and Narishige), the fibre was positioned directly above the target site 

(Figure 3.2.9B) before lowering to the brain surface. A measurement was taken at 0-m before 

beginning to lower the fibre in 100-m steps, with recordings occurring at each depth (Figure 

3.2.9A). The final depth was 4000-m, before slowly removing the FF from the brain. This was 

completed for all craniotomy sites. Once the recording was complete, the mouse was removed 

from the stereotaxic frame (Thorlabs and Narishige) and placed in home cage (on a heat mat), 

before removal of brain tissue (see section 3.2.2.3.1).  

 

This illumination protocol was 10-ms ON, 5-ms OFF (10 repetitions) separated by a 10-ms 

baseline, for several powers. For the original system, powers ranged from 0.1 to 5-V. For the 

reconfigured system, powers ranged from 0.1 to 1-mW/mm2. The voltage required for each desired 

irradiance was calculated by creating a linear regression model using the light output from the FF, 

measured using the light sensor (PM100A and S120C, Thorlabs) as described in section 3.2.1.3. 

This protocol ran through both LEDs (M405L3 and M470L3, Thorlabs), depending on the system 

configuration, collecting data at the photodetector (NewFocus 2151, Newport) at 5000-Hz, 
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controlled by the NIDAQ device (NI USB-6211, National Instruments) and custom LABVIEW code. 

For depth profile measurements completed on the reconfigured system, the 440 and 550-nm filter 

(FB440-10 and FB550-10, Thorlabs) was manually swapped, using the drop-in filter holders 

(DCP1, Thorlabs), between each illumination protocol to get a measurement at each wavelength, 

at each depth. Digitised data was stored for off-line analysis. A custom MATLAB code was used 

to extract signals and detect events from the data files as described in section 3.2.3.1.  

 

 

 

Figure 3.2.9. Experimental design for depth profile measurements. (A) Schematic showing 

the experimental set-up. Created with BioRender.com. (B) Craniotomy (grey) and target 

implantation site (black) coordinates, for Site 1 (top), Site 2 (middle) and Site 3 (bottom), used 

in depth profile measurements with the reconfigured system. Diagram not to scale. 
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3.2.2.2.3 Acute pharmacokinetic recording  

  

An acute pharmacokinetic recording was completed to identify if we could monitor small changes 

in Methoxy-x04 concentration over-time on a single day, replicating what we could potentially see 

once administering a plaque-modifying therapeutic, while also gaining information about the rate 

of entry of Methoxy-x04 to the brain. A 10-mm long FF (200 m core diameter, 0.50˚ NA) 

(CFM52L10, Thorlabs) was used. Using the stereotaxic frame (KOPF Instruments), the fibre 

(CFM52L10, Thorlabs) was positioned directly above the target site (Figure 3.2.10B) before 

lowering to the brain surface. Depth profile measurements, as described in section 3.2.2.3.2, were 

completed to determine if the target site was reached by detecting an increase in fluorescence 

indicative of a plaque dense region. Once the target was reached, the recording began. The 

recording protocol involved a 30-minute baseline recording before injection (i.p.) of 10-mg/kg of 

Methoxy-x04 (5-mg/ml) (4920, Tocris). Then, the pharmacokinetic profile of Methoxy-x04 was 

recorded for as long as the mouse remained stable under urethane (Figure 3.2.10A). Once the 

recording was complete, the mouse was taken off anaesthetic (isoflurane), removed from the 

stereotaxic frame (KOPF Instruments), and placed in home cage (on a heat mat), before removal 

of brain tissue (see section 3.2.2.3.1).  

 

This illumination protocol was 10-ms ON, 5-ms OFF (5 repetitions) separated by a 5-ms baseline, 

with a 30-second sampling interval. This protocol ran through several irradiances of the 405-nm 

LED (M405L3, Thorlabs), collecting data at the photodetector (NewFocus 2151, Newport) at 5000-

Hz, controlled by the NIDAQ device (NI USB-6211, National Instruments) and custom LABVIEW 

code. Specifically, powers ranged from 1 to 5-V or from 0.1 to 1-mW/mm2. As it was completed on 

the reconfigured system, the acute pharmacokinetic recording was measured with the 440-nm filter 

only (FB440-10, Thorlabs). Digitised data was stored for off-line analysis. A custom MATLAB code 

was used to extract signals and detect events from the data files as described in section 3.2.3.1.  
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Figure 3.2.10. Experimental design for acute pharmacokinetic experiments. (A) Schematic 

showing the experimental set-up. Mice underwent terminal anaesthetic before implanting a FF 

at increasing depths in the brain to detect the target site. Pharmacokinetic recordings were 

completed, with Methoxy-x04 (10-mg/kg) being injected i.p. after a 30-minute baseline. Lastly, 

histological sections were used to assess the implant site. Created with BioRender.com. (B) 

Craniotomy (grey) and target implantation site (black) coordinates, for the SUB. Diagram not to 

scale. 
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3.2.2.3 Histological assessment 

 

3.2.2.3.1 Tissue Removal  

 

Immediately after in vivo recordings, mice were injected (i.p.) with lidocaine (2%)/naropin (7.5-

mg/ml solution, Aspen) and pentobarbital (200-mg/ml solution, Vetoquinol) before transcardial 

infusion with PBS (0.1-M) (20-mL) and then immediately after, 4% paraformaldehyde (PFA) (20-

mL). Brain tissue was removed and post-fixated in 4% PFA (10-mL) overnight at 4C. Next, fixed 

brain tissue was submerged in 30% sucrose/0.1-M PBS for several days. Once sunk, processed 

brain tissue was sectioned into 100-m slices using a microtome (SM2010R, Leica). Dry ice 

allowed OCT (OCT Embedding Matrix, CellPath) to attach the brain tissue onto the microtome 

stage for sectioning. Each section was immediately placed into a 24-well plate filled with PBS + 

0.02% sodium azide and stored at 4C until histological processing. 

 

3.2.2.3.2 Histology 

 

Table 3.2.2. Histological protocol for FF experiments. Headings show the target of the stain 

with colours representing the colour channel it was imaged in. 

 

 

As all mice will have been injected with Methoxy-x04 within the recording protocols, all their 

histological sections will contain Methoxy-x04 plaque signals. For depth profile measurements 

completed on the original system configuration and acute pharmacokinetic measurements, free-

floating sections were also stained with plaque-marker, TS (T1892, Sigma-Aldrich), and nissl 

marker, Neurotrace-red (NT-r) (Fisher), for analysis of the plaque pathology and fibre track, 

respectively (Table 3.2.2). Free-floating sections containing the fibre implant targets and 500-m 

adjacent sections were stained. These sections were floating within a 24-well plate for washing (3 

x 10-minutes in PBST (0.3% Triton X in PBS)) before a 15-minute incubation at room temperature 

in TS (0.01%, plaque marker; T1892, Sigma-Aldrich) and NT-r (0.1%, nissl marker; Fisher) on an 

orbital shaker (Mini Orbital Shaker SSM1, Stuart) (dark conditions). After, sections were washed 

(3 x 5-minutes in PBS) before rinsing in Gelatin solution (0.5%) and mounting onto glass slides. 



 114 

Whereas, for brain tissue from depth profile experiments completed on the reconfigured system, 

free-floating sections underwent washing (3 x 5-minutes in PBS) before rinsing in Gelatin solution 

(0.5%) and mounting onto glass slides (Table 3.2.2). Slides air-dried overnight before being sealed 

with cover slips using fluoromount solution (Invitrogen, ThermoFisher Scientific Fluoromount G). 

These staining protocols were different because at first, we wanted to confirm the Methoxy-x04 

labelling with a back-up plaque stain and use a Nissl stain to help identify brain architecture. 

However, we found that this was not necessary and therefore, continued with Methoxy-x04 only. 

 

3.2.2.3.3 Imaging 

 

All images were taken using an upright Nikon Eclipse E600 epifluorescent microscope 

(TheMicroscopeCompany, UK) and an ORCA-spark Digital CMOS camera (C11440-36U, 

Hamamatsu). For acute pharmacokinetic and depth profile experiments using the original system 

configuration, 960x600 pixel images were taken using Strathclyde electrophysiology software 

(WinFluor 3.7.3) with an exposure time of 1000-ms, at 4x magnification. All other images were 

taken using a custom LABVIEW code. These were 1920x1200-pixel images taken with an 

exposure time of 500-ms, at 4x magnification.  

 

Brain regions implanted with the FF were identified. Once identified, the whole brain section was 

imaged for post-mortem analysis. It is vital to image any sections that include part of the fibre track 

and some sections anterior and posterior to the implant site for analysis. 

 

3.2.3 Data processing and analysis  

 

3.2.3.1 Photometry analysis 

 

3.2.3.1.1 Pre-processing 

 

Digitised data was stored for off-line analysis by a custom MATLAB code. Firstly, data was offset 

to allow the minimal signal in LED OFF periods to be 0 by adding the mean of the signals from the 

first 5-ms of each channel. Then, events were detected by extracting signals greater than 0.05-V 

in the LED sync channels, as this illustrated LED ON periods. From this, event times are extracted 

and used to extract data from the photodetector channel(s) for signal processing. Then, data from 

the signal channel(s) is extracted from time sample 3-ms to 9-ms for each repetition, for all 

detected events. A median, mean, and standard error of mean (SEM) is calculated from these 

repetitions, providing the final output for each event. An event is classed as a time where the LED 

is turned on, at a single irradiance of one wavelength. 
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3.2.3.1.2 Data processing  

 

3.2.3.1.2.1  In vitro experiments 

 

For system calibration measurements (section 3.2.1.4.1) as shown in Figures 3.3.1B and 3.3.4B, 

the mean and SEM of fluorescence at each concentration and irradiance was determined across 

experimental repetitions and compared. 

 

For system sensitivity measurements (section 3.2.1.4.2) as shown in Figures 3.3.1C and 3.3.4C, 

the median fluorescent signal across time, at one concentration was calculated. This allowed 

determination of the mean sensitivity threshold; the lowest concentration of Methoxy-x04 where 

an increase in fluorescence was seen.  

 

3.2.3.1.2.2  In vivo experiments 

 

Initially, to determine if the system was detecting Methoxy-x04-stained plaques from depth profile 

experiments (section 3.2.2.2.2), exemplar and summary data was analysed. For the original 

system, data excited at both 405 and 470-nm (Excitation) was used. For the reconfigured system, 

data collected at both 440 and 550-nm (Emission) was used. For both the original and reconfigured 

system, only the highest illumination power was used: 5-V and 1-mW/mm2 respectively. For 

exemplar data, as shown in Figures 3.3.3D-E and 3.3.6D-F, the change in fluorescence was 

calculated by baseline normalisation that involves scaling the mean raw fluorescence to the mean 

raw fluorescence from 0-500-μm, using the formula: 

𝑑𝐹 =
𝐹 − 𝑚𝑒𝑎𝑛(𝐹𝐷0−500)

𝑚𝑒𝑎𝑛(𝐹𝐷0−500)
 

where dF is the change in fluorescence, F is the raw fluorescence at each depth and FD0-500 is the 

raw fluorescence from 0-500-μm. This was completed to identify changes from the baseline signal 

at the brain surface. For summary analysis, as shown in Figures 3.3.6G-I, the mean and SEM of 

the scaled fluorescence (as above) was calculated across recordings. Additionally, to acquire a 

smoothed profile, the moving median over 500-μm was calculated.  

 

For FF photometry and histology correlation analysis (section 3.2.3.2.2), as shown in Figure 3.3.7, 

only data collected at 440-nm and excited at 1-mW/mm2 was used. Then, then change in 

fluorescence was calculated by minimum-based normalisation that involves scaling the mean raw 

fluorescence at each depth to the minimum raw fluorescence across depths, using the formula: 

𝑑𝐹 =
𝐹 − 𝐹𝑚𝑖𝑛

𝐹𝑚𝑖𝑛 
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where dF is the change in fluorescence, F is the raw fluorescence at each depth and Fmin is the 

minimum fluorescence across all measured depths. This was completed for good interpretation of 

values from 0-1 and to aid identification of small changes in fluorescence change. Then, the scaled 

depth profile was compared to the histological depth profile using a correlative assessment 

described in section 3.2.3.2.2. 

 

For acute pharmacokinetic analysis (section 3.2.2.2.3) as shown in Figure 3.3.9, only data 

collected at 440 nm and excited at 5-V was used. The z-scored fluorescence change was 

calculated overtime, using the formula:  

𝑑𝐹 =
𝐹 − 𝑚𝑒𝑎𝑛(𝐹0)

𝑠𝑡𝑑(𝐹0)
 

where dF is the z-scored fluorescence, F is the raw fluorescence at each time point and F0 is the 

baseline fluorescence across the 30-minute baseline recording before injection. This was chosen 

to determine if fluorescence values were increased compared to baseline. Then, the mean z-

scored fluorescence signal was determined across 5-minute time-bins. 

 

3.2.3.2 Histological Analysis  

 

Protocols for histological assessment including image stitching, atlas alignment and plaque 

detection are described in detail in section 2.1.3. After plaque detection, there was manual fibre 

track detection and photometry vs histology correlative assessment to allow direct comparison of 

the photometry data to quantified histological plaques.  

 

3.2.3.2.1 Fibre track detection 

 

Following plaque quantification, the fibre track on the aligned sections was manually labelled using 

an AMaSiNe built-in graphical user face (Figure 3.2.11A). This allows manual annotation on each 

aligned image, where the fibre track was marked from the brain surface to fibre tip. Using the 

aligned images, the AP, ML and DV coordinates of the manually labelled track were identified. 

However, in order to acquire coordinates for a single fibre track across sections, with coordinates 

sampled at the sampling resolution of the FF photometry measurements, further analysis was 

required. Thus, two major parameters are determined: the depth alignment scaling factor and the 

sampling depths. To determine the depth alignment scaling factor, the estimated length of the fibre 

track, as determined by the manual labelling on histological sections, was divided by the actual 

length, as determined by depth reached during the in vivo experiment (4000-μm). The sampling 

depths were determined by calculating equal intervals of the recording resolution (100-μm) 

multiplied by the scaling factor, from the most dorsal to the most ventral annotated coordinate. 

Next, using the AP, ML, DV coordinates and sampling depths, the coordinates for the full fibre 
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track are estimated using a two-step regression model. Lastly, using the list of all brain regions, 

provided by the Allen Institute, the coordinates allow identification of brain regions the fibre track 

passes.  

 

3.2.3.2.2 Photometry vs histology correlative assessment 

 

Plaques that fall within a 200-μm radius of the fibre track coordinates, on the contralateral 

hemisphere, were quantified (Figure 3.2.11B). Setting the contralateral hemisphere is vital to 

avoid tissue damage from the implant interfering with accurate quantification, thereby taking the 

assumption that plaque pathology is consistent across hemispheres. Also, 200-μm was chosen 

based off previous studies that have estimated that the light cone for FFs is less than several 

hundred micrometres (Pisanello et al., 2019). 

 

To determine if the histological quantification of Methoxy-x04 stained plaques was correlated to 

photometry data, Pearson’s correlation coefficient was used. Photometry data normalised as 

described in section 3.2.3.1.2, was used. Histological data was the quantified plaque pathology 

along the fibre track. In 5xFAD- mice, where noise was quantified as a plaque, signals were 

removed manually by setting the value to 0. In cases where no plaque pathology was quantified, 

addition of MATLAB-generated random noise in values <0.00001 was added to histological 

quantification.  Next, the correlation between photometry and histological signals was determined 

using Pearson’s correlation coefficient. For summary analysis, the mean and SEM of correlation 

coefficients was calculated for each recording site and across all sites. 

 

 

Figure 3.2.11. Process for histological quantification of Methoxy-x04 stained plaques along 

the fibre implant site. (A) Top, Manual fibre track detection on an aligned brain slice. Bottom, 

Detected fibre track on all aligned brain slices, visualised on a whole brain.  (B) Approach for 

photometry Vs histology correlative assessment. Plaques within 200-μm of the manually annotated 
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fibre track (red), on the contralateral hemisphere are quantified. All plaques are shown as black 

dots. Quantified plaques are shown within a blue circle. Histology and photometry signals from the 

brain surface to 4000-μm are compared, as shown in bar graphs (left), before correlative 

assessment (bottom). 

 

3.2.3.3 Exclusion criteria  

 

 

Table 3.2.3. Animal experimental details for depth profile experiments completed on the 

original FF photometry system. 

 



 119 

 

For original FF photometry system depth profile experiments, all data was used as histological 

correlation analysis was not completed (Table 3.2.3). For depth profile experiments completed on 

the reconfigured FF photometry system, recordings used for FF photometry comparisons and 

histology correlation analysis are shown in Table 3.2.4.  

 

 

 

Table 3.2.4.  Animal experimental details for depth profile experiments completed on the 

reconfigured FF photometry system. Clarification on data that was used for FP or HC analysis 

is included. FP is for fibre photometry data. HC is for histology correlation data. Y is for yes. N 

is for no. 
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For depth profile experiments on the reconfigured photometry system, only data that passed the 

exclusion criteria was used. FF photometry recordings were only used if the target depth of 4000-

μm was reached. For histology correlation analysis, data was excluded on two grounds: estimated 

track depth and image quality. By plotting the estimated track depth, calculated from the 

histological track detection described in section 3.2.3.2.1, any that were greater or lower than a 

standard deviation of 1.5 away from the group mean estimated track depth were excluded. Aligned 

images after histological image alignment were scored by an experimenter on various aspects of 

alignment and image quality from 0-5 (5 being perfect). These included the quality of alignment of 

images to the Allen brain atlas, the quality of images (damaged or missing), if the full fibre track 

was shown across images and if the fibre track was warped due to the alignment process. Then, 

the mean image quality score was calculated and recordings that had a score that was 1.5 

standard deviations lower than the mean were excluded. Table 3.2.5 shows recordings that were 

excluded with reasons, with total sample numbers at each stage shown in Figure 3.2.12. 

Table 3.2.5. Excluded recordings and reasons for exclusion.  FP is for fibre photometry 

data. HC is for histology correlation data. Urethane means the mouse was unstable under 

urethane anaesthetic and died before the recording was complete. Set-up faults included fibre 

breakage or other equipment failures. 

 



 121 

Figure 3.2.12. Sample number for each recording site for FF photometry and histology 

correlation analysis of depth profile experiments using the reconfigured FF photometry 

system. For detailed information on age and sex of animals used go to Figure 3.3.5. While this 

shows the sample number for animals used, each animal may have several recordings per site. 

 

3.2.3.4 Statistics  

 

All statistical analysis was completed on MATLAB. To compare summary depth profiles for 

5xFAD+ and 5xFAD- groups, a two-way ANOVA was completed comparing genotypes and depths, 

with post-hoc multi-comparison tests. For correlative analysis, Pearson’s correlation coefficient 

was completed, determining the r- and p-value. Summary correlation coefficients were compared 

using two-sample t-tests. Data is shown as mean ± SEM. Significance was set as α = 0.05. p < 

0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant.  

 

3.3  Results 

 

We worked to illustrate that this novel approach was a feasible way to monitor plaque pathology 

across depth, in vivo. Therefore, we completed FF photometry recordings in 5xFAD+ and 5xFAD- 

mice, injected with Methoxy-x04, under terminal anaesthetic and monitored the fluorescence at 

increasing depths for comparison to histological plaque load. First, we illustrate that the original 

system set-up did not provide strong in vivo signals, despite in vitro calibration studies suggesting 

good sensitivity (section 3.3.1). Accordingly, a system reconfiguration was completed and 

provided a boost of in vitro and in vivo signals, allowing detection of plaque signals across depth, 
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in vivo (section 3.3.2). To determine the feasibility, we assess the correlation between these 

photometry signals and histological plaque load (section 3.3.3). Finally, as the system appeared 

to be feasible for plaque assessment, we attempted to monitor the acute pharmacokinetic profile 

of Methoxy-x04 in 5xFAD mice, under terminal anaesthetic (section 3.3.4).  

 

3.3.1 Original sub-optimal FF photometry system set-up does not detect 

strong Methoxy-x04 signals in vivo, despite in vitro calibrations showing 

promising system sensitivity  

 

To confirm our novel approach for real-time monitoring of plaque pathology, using Methoxy-x04 

and fibre photometry, we wanted to illustrate the ability to extract Methoxy-x04 signals from 

photometry that were consistent with what would be seen in a well-established method, such as 

histological assessment. For this, we require an optical system that can detect Methoxy-x04 

signals in vivo. Thus, we work to establish a FF photometry system that can excite and collect 

emitted light from Methoxy-x04 stained plaques. To do so, we begin by completing in vitro 

measurements using concentrations of Methoxy-x04 to determine a suitable excitation and 

emission FF photometry set-up. Once an appropriate system calibration was complete, in vivo 

measurements of plaque pathology were done. Therefore, this section describes data from 

characterisation of and initial in vivo experiments using the original FF photometry system. 

 

3.3.1.1 In vitro experiments show reasonable Methoxy-x04 system 

sensitivity 

 

Several in vitro measurements were completed to determine if the system set-up was appropriate 

for Methoxy-x04 detection. With future experiments requiring strong sensitivity to track changes in 

plaque load, a system that can detect small changes in fluorescent output is vital. Thus, we started 

by determining if this original FF photometry set-up can provide positive signals. Additionally, we 

wanted to determine if Methoxy-x04 fluorescence is insensitive to 470-nm excitation so this 

wavelength could be used as a control measure.  

 

A FF was placed in Eppendorf’s with increasing concentration of Methoxy-x04 and the fluorescent 

output was measured using an illumination protocol that ran through several irradiances and two 

wavelengths (Figure 3.3.1A). Data shows that 405-nm excitation provides an amplified 

fluorescence output with increasing concentration and irradiance (Figure 3.3.1B). Whereas 

fluorescence output remains at the baseline when excited with 470-nm.  
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Next, system sensitivity to Methoxy-x04 was determined by increasing the concentration of 

Methoxy-x04 in 5-nM steps (Figure 3.3.1A). Figure 3.3.1C shows that at 50-nM, there is an 

increase in fluorescence output at all irradiances, that continues to increase with increasing 

concentration.  

 

Overall, we have found that the current system set-up is appropriate for Methoxy-x04 in vitro 

detection. It was shown that 405-nm excitation provided strong Methoxy-x04 signals, with the 

system detecting a rise in fluorescence output at as low as 50-nM of Methoxy-x04. Therefore, this 

system was taken forward for in vivo measurements. 

 

Figure 3.3.1. Original FF photometry system set-up shows Methoxy-x04 detection at 405-

nm, with a minimum Methoxy-x04 detection at 50-nM. (A) Schematic illustrating two 

experimental set-ups to determine the system sensitivity for Methoxy-x04. Calibration 

experiments tested the fluorescent output when Methoxy-x04 was excited (Ex) at 405-nm and 

470-nm, and emission (Em) collected at 525-nm, using a range of Methoxy-x04 concentrations. 

These wavelengths represent the dual-excitation original photometry system. Sensitivity 

experiments determined the lowest concentration of Methoxy-x04 the system can detect by 

monitoring the fluorescent output at increasing concentrations of Methoxy-x04, in 5-nM steps. 

Created with BioRender.com. (B) Fluorescent output from calibration studies at 405-nm (left) 

and 470-nm (right) excitation. (C) Fluorescent output from sensitivity studies at increasing 
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concentrations, across increasing irradiances. Colours from blue to yellow represent increasing 

concentration.  

 

3.3.1.2 In vivo experiments show difficulty achieving Methoxy-x04 signals  

 

After in vitro system calibration suggested that the original system set-up was appropriate for in 

vivo measurement, we completed in vivo depth profile measurements for confirmation of this novel 

approach. Here, we wanted to determine if photometry signals excited at 405-nm were stronger in 

5xFAD+ mice and illustrated a fluorescent profile that was comparable to plaque load in histological 

assessment.  

 

This involved injection of Methoxy-x04 (10-mg/kg) 24-hours before completing a terminal depth 

profile procedure where the FF was implanted into different implant sites in 5xFAD+ or 5xFAD- 

mice brain (Figures 3.3.2 and 3.3.3). Site 1 and site 2 were chosen due to the variation in signal 

intensity across the 4000-μm, ranging from plaque-sparse to plaque-dense regions (Figure 

3.3.3B). For example, site 1 should enter the medial septum and site 2 should pass the SUB which 

are dense with plaque pathology. In attempt to confirm the success of this protocol, histological 

sections from these implant sites were prepared to show the Methoxy-x04 signals surrounding the 

implant site, where a comparable signal profile should be seen. 

 

3.3.1.2.1 Datasets and mice  

 

In total, 6 mixed-sex mice were used for depth profile experiments completed using the original FF 

photometry system (Figure 3.3.2A). These mice either underwent monitoring at site 2 or both site 

1 and 2 (Figure 3.3.2A). Mice were aged between 5.5 and 8.5 months old (Figure 3.3.2B). 

 

Due to the quick assessment that the original system confirmation was not suitable to achieve 

strong Methoxy-x04 signals (Figure 3.3.3), experiments were stopped before using more animals.  
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Figure 3.3.2. Sex, age, and genotype information for animals used for depth profile 

recordings at site 1 or 2 using the original FF photometry system. (A) Sample numbers for 

each site across sex and genotype. (B) Age of animals for each site across sex and genotype. 

 

3.3.1.2.2 Depth profile experiments show lack of Methoxy-x04 

detection, in vivo 

 

Figures 3.3.3A-C shows the experimental design where the fibre was lowered into a mouse either 

at site 1 or site 2, that had been injected with Methoxy-x04 24-hours before. Depth profiles at 405-

nm showed a slight increase in fluorescence at regions of high plaque load in 5xFAD+ recordings 

(Figures 3.3.3D-E). For example, at site 1 in the 5xFAD+ mouse, there was a slight increase in 

fluorescence from ~2000-3000-μm, which corresponds to a region of plaques as shown in the 

histological images (Figure 3.3.3D). Additionally, there is an increase in fluorescence at ~1000-

1500-μm in the 5xFAD+ mouse at site 2, with histological images showing a region of high plaque 

load (Figure 3.3.3E). However, similar profiles were seen for 5xFAD- recordings, where no 

plaques were seen (Figures 3.3.3D-E). Additionally, fluorescence increases at similar depths at 

470-nm, which is out of the excitation range of Methoxy-04. This suggests that the signal to noise 

ratio for Methoxy-x04 signals may not be strong enough when using the original FF photometry 

system, with anatomical structures and AF within the brain potentially being responsible for these 

fluorescent profiles.  

 

Overall, due to the lack of strongly convincing Methoxy-x04 plaque detection, the original system 

set-up was deemed not optimal for in vivo measurements. While in vitro experiments suggested 

that the sensitivity was appropriate, it became clear that brain AF would be an important factor to 

consider when completing in vivo measures. Thus, a system reconfiguration was required.  
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Figure 3.3.3. Depth profile experiments with the original system show lack of Methoxy-

x04 signals. (A) Schematic of experimental set-up. Methoxy-x04 is injected 24-hours before 

terminal depth profile procedure. Created with BioRender.com. (B) Brain atlas showing the 

implant site for site 1 (left) and site 2 (right) from the Allen Mouse Brain Atlas, mouse.brain-

map.org. (C) Number of depth profiles recorded from each implant site in 5xFAD+ or 5xFAD- 

mice. (D, E) Top, Histological images of the implant site for site 1 (D) and site 2 (E). White arrows 

show the track. Scale: 2-mm. Bottom, Normalised depth profile from 0 to 4000-μm in 5xFAD+ 

(blue) and 5xFAD- (green) mice, at excitation (Ex) wavelengths of 405-nm and 470-nm. 

Normalised values were calculated using a baseline normalisation approach detecting the 

change in fluorescence from the mean signal from 0-500-μm. Pale coloured line shows the 

filtered moving median fluorescence across 500-μm. 
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3.3.2 System reconfiguration allows strong Methoxy-x04 detection  

 

After in vivo experiments with the original system set-up illustrated that a system reconfiguration 

was required, emission filters were changed in attempt to boost system sensitivity. An emission 

filter to collect strong Methoxy-x04 signals was chosen, and another to collect brain AF. To confirm 

this, in vitro experiments were repeated (Figure 3.3.4), followed by in vivo depth profile 

experiments (Figure 3.3.6 & 3.3.7).  

 

3.3.2.1 In vitro experiments show improved Methoxy-x04 detection using 

the reconfigured system set-up 

 

Several in vitro measurements were completed to determine if the reconfigured system set-up was 

better for Methoxy-x04 detection. We wanted to see if there was an improvement in system 

sensitivity, with limited Methoxy-x04 signals at 550-nm. 

 

A FF was placed in Eppendorf’s with increasing concentration of Methoxy-x04 and the fluorescent 

output was measured using an illumination protocol that ran through several irradiances (Figure 

3.3.4A). As with the original system set-up, data shows that there is an increasing fluorescence 

output with increasing concentration and irradiance at 440-nm (Figure 3.3.4B). Whereas 

fluorescence output remains at baseline when collected at 550-nm. However, there is a noticeable 

decrease in fluorescent output compared to the original set-up. This can be explained by a 

reduction in unspecific wavelengths being collected, decreasing the baseline fluorescence.  

 

Next, the reconfigured systems sensitivity to Methoxy-x04 was determined by increasing the 

concentration of Methoxy-x04 in 5-nM steps (Figure 3.3.4A). Figure 3.3.4C shows that at 5-nM, 

there is an increase in fluorescence output at all irradiances, continuing to increase with increasing 

concentration. This illustrates that the reconfigured system has greater sensitivity, able to detect 

Methoxy-x04 signals in the 5-nM range, without being greatly influenced by the bleaching of system 

AF. 

 

Overall, calibration and sensitivity experiments on the reconfigured system have shown great 

improvements in system sensitivity, showing a boost from 50-nM to 5-nM. This came in 

combination with a reduction of baseline fluorescence noise of the system. Therefore, we believe 

the system reconfiguration will provide the boost in signal intensity, with a reduction in AF, that is 

required for in vivo measurements. 
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Figure 3.3.4. Reconfigured FF photometry system set-up shows Methoxy-x04 detection 

at 440-nm, with a minimum Methoxy-x04 detection at 5-nM. (A) Schematic illustrating two 

experimental set-ups to determine the system sensitivity for Methoxy-x04. Calibration 

experiments tested the fluorescent output when Methoxy-x04 was excited (Ex) with 405-nm and 

emission (Em) collected at 440-nm and 550-nm, using a range of Methoxy-x04 concentrations. 

These wavelengths represent the new dual-detection reconfigured photometry system. 

Sensitivity experiments determined the lowest concentration of Methoxy-x04 the system can 

detect by monitoring the fluorescent output at increasing concentrations of Methoxy-x04, in 5-

nM steps. Sensitivity experiments completed on the reconfigured system went up to 100 nM as 

experiments on the original system show that this range was acceptable to identify the system 

sensitivity. Created with BioRender.com. (B) Fluorescent output from calibration studies at 440-

nm (left) and 550-nm (right) emission. (C) Fluorescent output from sensitivity studies at 

increasing concentrations, across increasing irradiances. Colours from dark to light blue 

represent increasing concentration. 
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3.3.2.2 In vivo experiments show detection of Methoxy-x04 signals using 

the reconfigured system set-up 

 

3.3.2.2.1 Datasets and mice  

 

Following appropriate exclusion criteria, Figures 3.3.5A&C shows the number of mice used across 

each site, genotype, and sex for FF photometry recordings (Figure 3.3.5A) and histology 

correlation analysis (Figure 3.3.5C). Mice were used either for site 3 only recordings or site 1, 2 

and 3 recordings. Mice were mixed sex, but according to availability there was a higher proportion 

of 5xFAD+ male mice used over 5xFAD+ female mice (Figures 3.3.5A&C). For 5xFAD- mice, the 

male and female split was more proportionate (Figures 3.3.5A&C). Sex differences were not 

considered for the following analysis due to small sample numbers for some groups.  

 

For both FF photometry recordings (Figure 3.3.5B) and histology correlation analysis (Figure 

3.3.5D) the age of mice ranged from 6.8-8.6 months. 5xFAD+ mice at this age have a high plaque 

load across several brain regions. 
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 Figure 3.3.5. Sex, age, and genotype information for animals used for depth profile 

recordings at site 1, 2 or 3 using the reconfigured FF photometry system. (A, C) Sample 

numbers for each site across sex and genotype for fibre photometry (A) and histology correlation 

(C) analysis. (B, D) Age of animals for each site across sex and genotype for fibre photometry 

(B) and histology correlation (D) analysis. Colour coding is the same as in A and C. 

 

3.3.2.2.2 Depth profile experiments show Methoxy-x04-stained 

plaque signals in vivo 

 

Following recharacterization of the optimised FF photometry system, we repeated in vivo depth 

profile measurements for confirmation of this novel approach. Again, we wanted to ensure that 

photometry signals at 440-nm were stronger in 5xFAD+ mice, showing a fluorescent profile 

comparable to histological images. 24-hours after injection of Methoxy-x04 (10-mg/kg) a terminal 

depth profile procedure where the FF was implanted into three different implant sites in 5xFAD+ 

or 5xFAD- mice brain was completed. Then, post-mortem histological images were prepared to 

show the Methoxy-x04 signals surrounding the implant site (Figures 3.3.6A-C). Again, sites 1, 2 

and 3 were chosen due to the variation in signal intensity across the 4000-μm. For example, site 
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1 should enter the medial septum, site 2 will pass hippocampal and thalamic regions and site 3 

should pass the SUB which is dense with plaque pathology. 

 

Firstly, exemplar depth profiles are shown comparing fluorescence depth profiles for 5xFAD+ mice 

and 5xFAD- mice, at both 440-nm and 550-nm (Figures 3.3.6D-F). At site 1, a rise in fluorescence 

is not as evident in 5xFAD+ mice, with little change between profiles at 440-nm and 550-nm 

(Figure 3.3.6D). We believe that due to the anatomical structure of this brain region, where the 

fibre likely passes through the ventricle to re-enter at regions of the medial septum, the fibre has 

not reached its target and instead may be pressed against the tissue surface which would increase 

AF recorded. This hypothesis was further exemplified when the fibre tracks rarely appeared to 

reach 4000-μm on histological images at this site. 

 

However, at both site 2 and 3 there is greater fluorescence change in 5xFAD+ mice, compared to 

5xFAD- mice, at 440-nm that appears to reflect the plaque load seen in histological images. 

Specifically, at site 2 at 440-nm, in the 5xFAD+ mice, there is a sharp rise in photometry 

fluorescence at ~800-1400-μm which is comparable to a dense plaque region at the 

cortex/hippocampal border seen in histological images (Figure 3.3.6E). Additionally, when 

entering the thalamic regions at ~2000-μm onwards, there is a steady rise in photometry 

fluorescence that is mirrored by an increasing plaque load in histological images (Figure 3.3.6E). 

In the 5xFAD+ mice at site 3, at 440-nm, there is a rise in fluorescence between 600-1700-μm 

where it is passing the highly plaque dense SUB, seen in histological images (Figure 3.3.6F). Also, 

for both site 2 and 3, a similar but less pronounced profile is seen at 550-nm. However, across site 

1, 2 and 3, the fluorescent profile for 5xFAD- mice have no increases in fluorescence and remains 

flat at both 440-nm and 550-nm (Figures 3.3.6D-F).  

 

Again, summary plots show potentially unrepresentative profiles for site 1 as there was no 

pronounced increase in fluorescence in 5xFAD+ mice compared to 5xFAD- mice across depth. 

This was illustrated by no significant differences in fluorescence at 440-nm and 550-nm across 

depth (F(40) = 0.7147, p = 0.8991, and F(40) = 0.9830, p = 0.5057, respectively, two-way ANOVA) 

(Figure 3.3.6G). However, a significantly increased fluorescence was found for 5xFAD- mice 

compared to 5xFAD+ mice (F(1) = 15.3810, p = 0.0001, two-way ANOVA) at 440-nm, which was 

not seen at 550-nm (F(1) = 0.0290, p = 0.8649, two-way ANOVA). Despite this, no significant 

differences were found with post-hoc multi-comparison tests (p > 0.47 for all). 

 

Site 2 maintains the varied increased fluorescence intensity across depth in 5xFAD+ mice, 

showing increased fluorescence at hippocampal and thalamic regions compared to 5xFAD- mice 

(Figure 3.3.6H). Therefore, at 440-nm and 550-nm, significant increases in fluorescence were 

found in 5xFAD+ mice compared to 5xFAD- mice (F(1) = 22.1547, p < 0.0001 and F(1) = 42.9148, 
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p < 0.0001, respectively, two-way ANOVA) and across depth (F(40) = 2.3382, p < 0.0001 and 

F(40) = 4.6437, p < 0.0001, respectively, two-way ANOVA).  

 

Site 3 shows a higher fluorescence at varied intensities across depth for 5xFAD+ mice, compared 

to 5xFAD- mice at 440-nm, and to a lesser extend 550-nm (Figure 3.3.6I). This is shown by 

significant differences between 5xFAD+ and 5xFAD- mice at 440-nm and 550-nm (F(1) = 79.1328, 

p < 0.0001 and F(1) = 84.4641, p < 0.0001, respectively, two-way ANOVA), but not across depth 

(F(40) = 0.7554, p = 0.8630 and F(40) = 0.9697, p = 0.5260, respectively, two-way ANOVA). This 

occurs because 550-nm is towards the tail end of the Methoxy-x04 emission spectra and now is 

collecting small plaque signals. 

 

Overall, it appears that the system reconfiguration has increased Methoxy-x04 sensitivity and 

reduced AF collection enough to allow collection of Methoxy-x04 plaque signals from site 2 and 3, 

with trouble collecting consistent signals from site 1 due to the risk of hitting the ventricle. Thus, 

for the first time, depending on the site of implantation we show a detected change in fluorescence 

with depth, that appears reflective of plaque pathology, using FF photometry. This is seen despite 

the pooling of all data, which includes small variations in mouse age and therefore, plaque 

pathology, as well as implant sites that can account for the variation in fluorescence levels across 

recordings. 
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Figure 3.3.6. Depth profile experiments with the reconfigured system show positive 

Methoxy-x04 signals. (A) Schematic of experimental set-up. Methoxy-x04 is injected 24-hours 

before terminal depth profile procedure. Created with BioRender.com. (B) Brain atlas showing 

the implant site for site 1 (left), site 2 (middle) and site 3 (right) from the Allen Mouse Brain Atlas, 

mouse.brain-map.org. (C) Number of mice where FF photometry analysis was completed from 

each implant site in 5xFAD+ or 5xFAD- mice. Occasionally, some mice had more than one 

analysis completed for one site. (D, E, F) Top, Histological images of the implant site for site 1 

(D), site 2 (E) and site 3 (F). White arrows show the track. Scale: 1-mm. Bottom, Normalised 

depth profile from 0 to 4000-μm in 5xFAD+ (blue) and 5xFAD- (green) mice with emission (Em) 

collection at 440-nm and 550-nm. (G, H, I) Summary normalised depth profile from 0 to 4000-

μm in 5xFAD+ (blue) and 5xFAD- (green) mice with emission collection at 440-nm and 550-nm 

at site 1 (G), site 2 (H) and site 3 (I).  Normalised values were calculated using a baseline 

normalisation approach detecting the change in fluorescence from the mean signal from 0-500-

μm. Pale coloured line shows the filtered moving median fluorescence across 500-μm. Mean ± 
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SEM. A two-way ANOVA with post-hoc multi-comparison tests were completed comparing the 

example and summary normalised fluorescence of 5xFAD+ and 5xFAD- mice across depth at 

each emission and implant site. Annotations illustrate the significance across depth and 

genotype. P-values: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), not significant 

(ns). Site 1 and 2: n = 4 recordings in 4 5xFAD+ and 5xFAD- mice. Site 3: n = 7 recordings in 5 

5xFAD+ mice and n = 8 recordings in 6 5xFAD- mice. 

 

3.3.3 Photometry and histological Methoxy-x04 signals are positively 

correlated in 5xFAD+ mice models, across multiple implant sites 

 

Since we show the reconfigured FF photometry system detected in vivo Methoxy-x04 plaque 

signals that appeared reflective of histological images, we wanted to directly compare in vivo 

photometry plaque signals to quantified histological plaque load as this is a well-established 

method for assessing plaque pathology.  Therefore, we complete correlation analysis of 

photometry and histological signals for confirmation of this novel approach (Figure 3.3.7A). This 

involved aligning histological images showing the fibre track to the Allen brain atlas for sites 1, 2 

and 3 (Figure 3.3.7B), manually marking the fibre track, and quantifying the plaques within 200-

μm. Thus, creating a histological depth profile for comparison with the photometry depth profile. 

From there, it was determined if there was correlation between photometry and histological signals. 

If positively correlated, it would suggest that this novel approach is comparable to well-established 

histological quantification for plaque detection. The sample number of mice that had histology 

correlation analysis is shown in Figure 3.3.7C. 

 

Figures 3.3.7D-L shows the photometry and histological depth profiles and correlative 

comparison. A positive correlation between photometry and histological Methoxy-x04 signals is 

shown across all 5xFAD+ implant sites, where photometry signals are nicely aligned with the 

quantified plaque pathology values (Figures 3.3.7 D, G, J). However, when comparing 5xFAD- 

photometry and histological signals, across all brain regions there is no histological plaque 

detection and thus, the low photometry signal is not correlated with histological signals in 5xFAD- 

mice models (Figures 3.3.7 E, H, K). 

 

Therefore, when comparing the summary correlation coefficient for 5xFAD+ and 5xFAD- mice at 

each site, there was a significantly higher correlation coefficient in 5xFAD+ mouse models for site 

2 (p = 0.0009, two-sample t-test) (Figure 3.3.7I) and site 3 (p = 0.0017, two-sample t-test) (Figure 

3.3.7L), but not at site 1 (p = 0.5283, two-sample t-test) (Figure 3.3.7F) likely due to the errors 

discussed above. For example, in some recordings at site 1 we can acquire good correlation 

between photometry and histological signals, while in other recordings we do not. The reason for 

this is because when the FF passes directly through the medial septum to reach the target depth 
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we can achieve our desired profile. However, others have been slightly off target and have passed 

through the ventricle where it cannot re-enter the brain tissue due to the flat-cleaved fibre. Also, 

we note that for site 2 and 3 we do not have a perfect positive correlation, with some recordings at 

site 3 showing particularly weak positive correlation. We suggest this is due to the requirement of 

quantifying plaque pathology on the contralateral hemisphere, potentially losing hemisphere 

specific trends in plaque load.  
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Overall, the positive correlation between photometry and histological Methoxy-x04 signals 

suggests that this novel approach is a feasible method to monitor plaque pathology, depending on 

the brain region implanted with the FF. More specifically, it illustrates that by implanting the FF into 

a brain of a mouse previously injected with Methoxy-x04, you can achieve a reliable measure of 

plaque pathology, that is comparable to histological quantification across various brain regions, 

with care required in regions like site 1 where passing of ventricles may contribute to inaccurate 

depth resolution. Additionally, we show that certain brain regions show a stronger positive 

correlation than others, potentially due to our post-mortem assessment approach requiring 

quantification from the contralateral hemisphere. 

 

 

 

 

Figure 3.3.7. Photometry and histological Methoxy-x04 signals are positively correlated 

in 5xFAD+ mouse models. (A) Schematic of experimental set-up. Methoxy-x04 is injected 24-

hours before terminal depth profile procedure. After, mice brains undergo histological processing 

to quantify plaques surrounding the fibre track. Created with BioRender.com. (B) Brain atlas 

showing the implant site for site 1 (left), site 2 (middle) and site 3 (right) from the Allen Mouse 

Brain Atlas, mouse.brain-map.org. (C) Number of mice where histological correlation analysis 

was completed from each implant site in 5xFAD+ or 5xFAD- mice. Occasionally, some mice had 

more than one analysis completed for one site. (D, G, J) Depth profile of photometry (dark blue) 

and histological (light blue) Methoxy-x04 signals, correlative analysis, and histological image of 

the fibre track across site 1 (D), site 2 (G) and site 3 (J) in 5xFAD+ mice. (E, H, K) Depth profile 

of photometry (dark green) and histological (light green) Methoxy-x04 signals, correlative 

analysis, and histological image of the fibre track across site 1 (E), site 2 (H) and site 3 (K) in 

5xFAD- mice. Photometry signals were normalised using a minimum-based normalisation 

approach detecting the change in fluorescence from the minimum signal. Dark lines represent 

the filtered moving median fluorescence across 500-μm. Pearson’s correlation coefficient is 

calculated with r- and p-values shown. White arrows on histological image illustrate the fibre 

track. Scale: 1-mm. (F, I, L) Summary mean Pearson’s correlation coefficient for 5xFAD+ and 

5xFAD- mice across all implants at site 1 (F), site 2 (I) and site 3 (L). Mean ± SEM.  Two-sample 

t-tests were completed comparing the mean correlation coefficient of 5xFAD+ and 5xFAD- mice 

at each site. P-values: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), not significant 

(ns). Site 1: n = 2 recordings in 2 5xFAD+ and 5xFAD- mice. Site 2: 4 or 3 recordings in 4 or 3 

5xFAD+ and 5xFAD- mice, respectively. Site 3: 7 recordings in 5 5xFAD+ mice and 6 recordings 

in 5 5xFAD- mice. 
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3.3.4 Difficulties exist acquiring real-time Methoxy-x04 signals using 

FFs    

 

The main goal of developing this novel approach is to monitor plaque load in response to 

pharmaceutical or non-pharmaceutical interventions. Therefore, it is vital that the protocol and 

photometry system is appropriate for long-term monitoring. The first step in determining if this was 

true was completing an acute experiment to determine the pharmacokinetic profile of Methoxy-x04 

(Figure 3.3.8). While confirming if the system was sensitive enough to illustrate small changes in 

fluorescence when the Methoxy-04 is entering the brain, it will also illustrate the time-profile of 

Methoxy-x04.  

 

Mice underwent a terminal procedure, where a FF was implanted into the SUB before a photometry 

recording. There was a 30-minute baseline recording, before injection of 10-mg/kg Methoxy-x04 

i.p. Then, the change in fluorescence was tracked over several hours to determine if there was an 

increase due to Methoxy-x04 (Figure 3.3.8A). 

 

Results show that no rise in fluorescence was identified after injection of Methoxy-04 (Figure 

3.3.8B). Instead, the fluorescence continued to decline, as seen within the 30-minute baseline 

recording. However, the histological image shows that the fibre was not implanted into a plaque 

dense region; rather slightly off-target (Figure 3.3.8C), which was consistent for all other acute 

pharmacokinetic recordings that were completed where no real-time signal was detected (Figure 

3.3.8C). This is seen here as unlike depth profile experiments where we were manipulating the DV 

coordinate with each measure, here we track the same brain region across time meaning that we 

are limited to a single DV coordinate. With FFs cone of light collecting signals from a region of only 

several hundred micrometres, there is a greater likelihood that small errors in depth can result in 

a missed target. 

 

Overall, the inability to achieve a reliable, consistent, and strong increase in fluorescence following 

Methoxy-x04 injection suggests that a change in experimental protocol may be desired. 

Specifically, the nature of FF’s ability to damage tissue and have a limited volume of tissue 

illuminated means collecting these signals will be challenging.  
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Figure 3.3.8. Difficulties acquiring appropriate depth of FFs for monitoring the acute 

pharmacokinetic profile of Methoxy-x04. (A) Schematic of experimental paradigm. Methoxy-

x04 is injected (i.p.) after 30-minutes baseline recording and the fluorescence is monitored for 

several hours. Data on graph is hypothesised. Created with BioRender.com. (B) Example image 

of the fluorescent change following Methoxy-x04 injection at 30-minutes, when excited (Ex) with 

5-V 405-nm light with emitted (Em) light collected at 440-nm. Red dashed line shows the time 

of Methoxy-x04 injection. Data was z-scored against the 30-minute baseline. Data is from the 

image with the black dashed line surrounding it. (C) Histological images showing the fibre track 

and atlas images showing the implant (red) and target site (green). Atlas images are from the 

Allen Mouse Brain Atlas, mouse.brain-map.org. Histology scale: 1-mm. 
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3.4  Discussion  

 

3.4.1   Discussion of findings 

 

3.4.1.1 Main findings 

 

While plaques have been a constant hallmark of AD, methods for in vivo analysis remain limited 

and challenging. This means that real-time assessment of plaque pathology in vivo remains 

underexplored, leaving any beneficial effects from possible interventions potentially undetected. 

With the importance of this in mind, we aimed to establish a novel method for monitoring plaque 

pathology in real-time, using a combination of a BBB-permeable drug, Methoxy-x04 (Klunk et al., 

2002), and fibre photometry (Byron and Sakata, 2024, Simpson et al., 2023). To show the success 

of this proposed protocol, we designed a FF photometry system that monitors Methoxy-x04 

fluorescence and recorded Methoxy-x04-stained plaques in vivo. Initial results showed that the 

system configuration can detect Methoxy-x04 fluorescence in vitro: 405 nm excitation provided 

strong Methoxy-x04 signals, with the system showing sensitivity in the nanomolar range (Figure 

3.3.1). However, in vivo depth profile experiments showed that brain AF seems to interfere with 

Methoxy-x04 signals (Figure 3.3.3). Therefore, a system reconfiguration was completed in attempt 

to improve system sensitivity and Methoxy-x04 detection. Following this, results show the 

reconfigured system to have increased sensitivity, allowing detection of Methoxy-x04 signals in 

vivo and therefore, confirmation of our novel approach (Figures 3.3.4 & 3.3.6).  The approach was 

further confirmed through histological correlation analysis (Figures 3.3.7). However, attempts to 

monitor the pharmacokinetics of Methoxy-x04, in vivo, proved challenging (Figure 3.3.8). 

Therefore, a protocol improvement to increase the volume of tissue being recorded is desired. 

 

3.4.1.2 Original system configuration was not appropriate for in vivo 

measurement 

 

 

We wished to establish a system that was able to detect Methoxy-x04 with high sensitivity. Data 

showed that the existing configuration was suitable for Methoxy-x04 detection, with 405-nm of light 

successfully exciting Methoxy-x04 fluorophores, whilst 470-nm of light did not produce Methoxy-

x04 signals, consistent with previous 2PM studies (Condello et al., 2011, Hefendehl et al., 2011, 

Klunk et al., 2002, Meyer-Luehmann et al., 2008) (Figure 3.3.1B). This occurs due to the general 

principle of fluorescence, where excitation within a range of wavelengths specific to the fluorophore 

causes an energy shift, where energy is emitted as light (Morrison, 2008). It is important that the 

excitation and emission parameters of the fluorophore are met by the system as it will promote the 
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intensity of fluorescence emitted (Wu et al., 2022b). However, the original system was set-up to 

collect signals at a sub-optimal setting of 525-nm.  

 

Consequently, in vivo measurements showed comparable profiles across both genotypes of mice 

and wavelengths of light (Figure 3.3.3). This suggested that no Methoxy-x04 was being detected 

and perhaps AF could be deteriorating pure signal collection. This is consistent with several papers 

that illustrate the influence of AF in fibre photometry for collecting a strong in vivo signal (Bianco 

et al., 2021, Formozov et al., 2023, Schlegel et al., 2018, Simpson et al., 2023). Particularly, 

biomolecules within the brain have varying excitation/emission spectra’s which make it difficult to 

obtain a signal that is not disrupted by AF. Most biomolecules responsible for AF emit in blue and 

green wavelengths, such as lipofuscin, making our need to excite at 405-nm for Methoxy-x04 result 

in high risk of AF (Eichhoff et al., 2008, Gray and Woulfe, 2005, Kwan et al., 2009). As Methoxy-

x04 has a blue-shifted emission spectra, it is possible that anatomical structures and biomolecule 

AF have masked Methoxy-x04 signals (Figure 3.3.3). This theory can be backed as plaques are 

successfully stained when analysing histological sections post-surgery.  Therefore, we determined 

that a FF photometry system modification is required. 

 

3.4.1.3 Reconfigured system configuration was appropriate for in vivo 

measurement 

 

Therefore, a FF photometry system modification to boost Methoxy-x04 detection was completed. 

This involved generating a dual-detection pathway for collection at 440-nm and 550-nm for 

Methoxy-x04 and AF, respectively. As expected, changing the emission filters to match Methoxy-

x04s emission spectra provided a boost in system sensitivity (Figure 3.3.4), suggesting stronger 

signal collection, consistent with the principles of fluorescence and Methoxy-x04s spectra (Chen 

et al., 2018, Morrison, 2008). 

 

When comparing the fluorescent profile of 5xFAD+ and 5xFAD- mouse models, we show a 

significant rise in fluorescence in 5xFAD+ mice at 440-nm (Figure 3.3.6). However, this was also 

noted at 550-nm in some cases, which must be due to 550-nm being towards the tail of Methoxy-

x04s emission spectra as shown by Chen and colleagues (Chen et al., 2018). Therefore, we cannot 

use 550-nm as a Methoxy-x04-devoid control. Additionally, depth profiles were not as expected 

for the majority of site 1 experiments, which we believe must be due to the anatomical structure at 

this implant site. Difficulties with the FF re-entering the brain tissue after the ventricle may result in 

large increases in tissue AF and prevent adequate recording of plaque pathology and accurate 

depth resolution. However, for all sites combined, site 2 and 3, fluorescence profiles are greater in 

5xFAD+ mouse models, with a positive correlation between photometry and histological plaque 

signals (Figures 3.3.7). This suggests that our novel approach for monitoring plaque pathology 
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provides a fluorescence read-out that is comparable with histology – a well-established method for 

plaque assessment – albeit depending on the brain region implanted. Therefore, for the first time, 

we show detection of plaque pathology using FF photometry. 

 

3.4.1.4 Monitoring plaque pathology over-time proves challenging  

 

After confirmation of the novel approach to be a feasible method to monitor plaque pathology, we 

wanted to begin characterising the system and Methoxy-x04 for chronic recordings. To do so, we 

investigated the pharmacokinetic profile of Methoxy-x04 over several hours to determine if the 

system was sensitive enough to detect small changes in fluorescence over-time. Results showed 

a decline in fluorescence after injection (Figure 3.3.8), which was replicated across experiments, 

suggesting that Methoxy-x04 signals have not been detected. In fact, as a decline in fluorescence 

was seen pre- and post-Methoxy-x04 injection, this suggests that there may be bleaching of either 

or both the FF photometry system and brain tissue fluorescence, commonly noted within FF 

photometry recordings (Byron and Sakata, 2024, Simpson et al., 2023). This would not have been 

seen in depth profile experiments as we do not repeat sample, reducing the bleaching of tissue. 

This can be indicative of the light power being too high, causing bleaching at a rate greater than 

Methoxy-x04 signal increase, or due to the fibre being off-target, missing collection of Methoxy-

x04 signals and instead bleaching surrounding AF. Accordingly, histological analysis suggested 

reaching the target area for plaque monitoring was challenging, with FFs resulting in large tissue 

damage, consistent with other implant studies (Benveniste and Diemer, 1987, Jaquins-Gerstl and 

Michael, 2009, Kahan et al., 2021, Kozai et al., 2015, Kozai et al., 2012, Sych et al., 2019, 

Woodroofe et al., 1991). Therefore, we suggest that use of FFs may be limiting the collection of 

plaque signals over-time due to limiting the recording to one site, unlike depth profile experiments 

where we continuously manipulated the depth of the fibre. This would not be suitable for our end-

goal experiments where freely behaving, longitudinal experiments are desired. We believe having 

the possibility to increase the volume of tissue being illuminated will enhance the success of this 

novel approach. 

 

3.4.2 Limitations  

 

While we confirmed that this approach is feasible for monitoring plaque pathology, there are 

several limitations with the equipment and analysis that should be noted. 

 

3.4.2.1 System limitations  

 

Firstly, all experiments were completed with mice under terminal anaesthetic. While this was 

unavoidable for this confirmation protocol, it has been shown across various studies that 
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anaesthesia can affect plaque pathology (Dong et al., 2009, Eckenhoff et al., 2004, Jiang and 

Jiang, 2015, Liang et al., 2020, Xie et al., 2008, Xie et al., 2006, Xu et al., 2011). However, as the 

mouse remained under anaesthesia while the brain was removed for histological analysis, plaques 

should remain in the same anaesthetic state for both photometry and histological measurement. 

Additionally, studies suggest that urethane is a good candidate for recordings under anaesthesia 

as it has minimal effect on altering the neuronal state compared to other anaesthetics (Shumkova 

et al., 2021).  

 

Secondly, while FFs are a conventional, well-established approach for fibre photometry recordings 

within the brain, it has several limitations that can affect data collection. When inserting the FF into 

the brain, it is common to get some resistance from the tissue, interfering with the desired 

implantation. This can result in large tissue damage which will interfere with collection of an 

accurate plaque measurement, while also contributing to tissue inflammation (Benveniste and 

Diemer, 1987, Jaquins-Gerstl and Michael, 2009, Kahan et al., 2021, Kozai et al., 2015, Kozai et 

al., 2012, Sych et al., 2019, Woodroofe et al., 1991). Additionally, the inability to smoothly pass 

through brain tissue can affect accurate depth resolution being achieved. While we troubleshooted 

this by completing a durotomy to ease insertion, this was not perfect. Another limitation with 

conventional FFs is that you have only a limited volume of tissue that will be illuminated, limiting 

the region of collection (Cui et al., 2013, Gonzalez et al., 2016, Kupferschmidt et al., 2017, 

Natsubori et al., 2017, Pisanello et al., 2019, Tecuapetla et al., 2014), and increasing the risk of 

missing the target region. Introducing newly developed TFs from Pisanello and colleagues will 

allow all limitations to be minimised (Pisanello et al., 2017, Pisanello et al., 2014, Pisano et al., 

2019). 

 

3.4.2.2 Analysis limitations   

 

To confirm that this approach is feasible, we aimed to correlate photometry signals with histological 

quantification along the fibre track. Due to tissue damage along the track site, we opted to quantify 

on the contralateral hemisphere. For this, we hypothesised that plaque pathology is consistent 

across hemispheres. However, we now know that cross-hemisphere plaque pathology can have 

some variations, shown by a detailed 3D analysis completed by the group of Buzsaki (Soula et al., 

2023). Therefore, we must consider that some plaque quantifications are not a full representative 

of the photometry measure, which may contribute to some R-value outliers.  

 

Additionally, throughout histological processing, it is common for some sections to be lost or 

damaged. This prevents histological quantification and thus, correlation assessment. Additionally, 

when aligning to the Allen brain atlas, either of these limitations can contribute to inaccurate 

alignment or warping of the histological section. In more detail, the alignment software will stretch 
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the section to fit the appropriate atlas section. Thereby, the wrong plaques and brain region can 

be quantified, interfering with accurate plaque quantification. This hereby illustrates the importance 

of our novel approach being a feasible route for monitoring plaque pathology.  

 

3.4.3 Future work  

 

To achieve real-time feedback, in freely behaving mice, we believe we will need to optimise this 

approach. As discussed, for collection of Methoxy-x04 signals over-time, FFs have some 

limitations. Over recent years, a new TF has been introduced by the labs of De Vittorio and 

Pisanello (Pisanello et al., 2017, Pisanello et al., 2014, Pisano et al., 2019). These are optic fibres 

that have been mechanically pulled at the tip, resulting in a long sharp active region. Additionally, 

there is increased functionality of illumination, having the ability to release and collect light over 

1.8-mm. While allowing to record from 1.8-mm of brain tissue at the same time, it reduces the risk 

of missing your target and tissue inflammation. We hypothesise that designing and implementing 

a TF system will allow depth-resolved monitoring of plaque pathology, in freely behaving mouse 

models. We believe this enhancement will move the project forward in the desired direction. 

 

3.4.4 Conclusions 

 

Overall, for the first time, we illustrate that our novel approach combining Methoxy-x04 and fibre 

photometry for monitoring plaque pathology is feasible, thereby allowing monitoring of plaque 

pathology across depth, depending on the brain region implanted. However, to acquire real-time 

plaque monitoring we need to overcome implantation difficulties that occur when using FFs and 

we believe that by implementing the use of TFs, we can achieve in vivo real-time, depth-resolved 

plaque monitoring in freely behaving conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 145 

4. Depth-resolved optical interrogation of plaque pathology, in 

real-time, in freely behaving mice 

 

4.1 Introduction  

 

4.1.1 Background 
 

As previously discussed in Chapter 1, real-time feedback in deep regions of the mouse brain often 

go missed when monitoring plaque pathology in response to therapeutics. As deeper brain regions, 

such as the hippocampus, are vital for memory formation and processing, it would be beneficial to 

investigate the effects in these brain regions when investigating a memory disorder such as AD. 

With confirmation that a combined approach of Methoxy-x04 and fibre photometry is a feasible 

method for monitoring plaques, it is desirable to modify this approach to allow for long-term 

monitoring of plaque pathology across depth. Implanting optic fibres allows access to deep brain 

regions. However, it has no depth resolution, only illuminating at one depth. TFs are a less invasive 

optic fibre that allows depth resolution by having an illumination and collection pattern over 1.8-

mm (Pisanello et al., 2017, Pisano et al., 2019). By implanting these, we can monitor 1.8-mm of 

brain tissue at one time, over-time. However, as they are newly established several aspects of 

their use for monitoring real-time fluorescent biological signals remain to be investigated.  

 

4.1.2 Aims and hypotheses 

 

Over this chapter, we had two major hypotheses. First, we hypothesised that use of TFs will allow 

real-time, depth-resolved plaque assessment over-time. Secondly, we hypothesised that 

manipulating the light propagation along the TF and testing different analytical approaches will 

realise a stronger, reliable Methoxy-x04 signal. To test these hypotheses, we aimed to design and 

implement protocols that allow TFs to dissect plaque pathology across depth. Then, using these 

protocols to determine if this approach can detect changes in Methoxy-x04 signals in a depth and 

time-resolved manner. 

 

4.1.3 Overview  

 

Within this chapter, I will begin by describing the methodology of the system establishment and 

experiments completed to attain the following results (section 4.2). Then, I will show the 

pharmacokinetic profile of Methoxy-x04 and the subsequent re-dosing protocol, shown with a 

variation of light protocols and analytical approaches (section 4.3.3). After, we attempt to correlate 
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TF photometry plaque signals with histologically quantified plaque signals (section 4.3.4). Lastly, 

we discuss the implication of these findings, as well as limitations and potential future studies 

(section 4.4).  

 

4.2 Methods  

 

This section provides a detailed description of the TF photometry-specific methodology used 

throughout this project (Figure 4.2.1). Firstly, a description of the fibre photometry system used 

for TF experiments is provided, with an overview of system design and maintenance procedures 

explained in multiple sub-sections within section 4.2.1. Next, all in vivo experimental procedures 

completed with the TF system are introduced, including animals used (section 4.2.2.1), recording 

protocols (sections 4.2.2.2 and 4.2.2.3) and histological assessment (section 4.2.2.4). Lastly, 

data processing and analytical approaches are described in section 4.2.3. All protocols completed 

across various sub-projects, such as Methoxy-x04 properties, animals and image data analysis 

are discussed in Chapter 2 in sections 2.1.1, 2.1.2 and 2.1.3.  

 

 

Figure 4.2.1. Roadmap of chapter 4 methodology. Protocols regarding the TF system are 

explained within section 4.2.1. In vivo experimental procedures completed using the TF system 

are described in section 4.2.2. Data processing and analysis for TF data is explained in section 

4.2.3. 

 

4.2.1 TF photometry system  

 

FFs are well-established and allow for interrogation of several biological signals within the brain. 

However, FFs can result in significant tissue damage, and have a small spatial resolution. Recent 

developments have resulted in the manufacture of TFs which have a greater region of collection 

and are less invasive (Pisanello et al., 2017, Pisano et al., 2019). Therefore, we wanted to 

implement this approach for monitoring plaque pathology, in real-time. Therefore, a TF photometry 

system was designed and manufactured by Dr Niall McAllinden and collaborators at Istituto Italiano 
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di Tecnologia and OptogeniX S.r.l. Once set-up, the system underwent various maintenance 

protocols and calibration experiments before in vivo use. 

 

4.2.1.1 TF manufacture 

 

Multimode TFs were designed and created by the group of Massimo De Vittorio and are now 

commercially sold (OptogeniX). Custom TFs (200-μm core, 0.39˚ NA) with a 1.8-mm active region 

– where light can be released and collected – and 5-mm total length were used. These are 

developed through a heat and pull process which involves melting of the fibre core and cladding 

and pulling of the optic fibre to a sharp tip (Figure 4.2.2). This leaves a TF with a core of 200-μm 

that tapers gradually to reach ~500-nm, with a small taper angle that determines the active region. 

Details on the manufacture process have been described before (Pisanello et al., 2017). This 

design provides several benefits over FFs (Figure 4.2.2). 

 

 

Figure 4.2.2. Benefits of TFs. (A) Schematic illustrating the differences in structure of the TF, 

with a list of benefits. Created with BioRender.com. (B) Images of the light profile in fluorescein 

solution when using a flat (left) or tapered (right) fibre. For the TF, at 0V galvo voltage the light 

has minimal internal reflection and will propagate out of the tip of the TF (left). At 5V galvo 

voltage, the light has greater internal reflection within the TF and propagates at the top of the 

tapered shaft. Scale: 500-μm.  

 

4.2.1.2 TF photometry system set-up  

 

The TF photometry system has a similar set-up to the FF photometry system, with the main 

differences including the use of a laser rather than LED, introduction of a galvo mirror (see section 

4.2.1.2.1) and three separate detection pathways rather than two (405, 440 and 550-nm). A laser 

is required for this system to provide a coherent light beam and fast initialisation times. A galvo 
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mirror is required to modulate the angle light enters the TF to control where it is propagated from 

the TF (see section 4.2.1.2.1 for a detailed description). 

 

The TF photometry system has three light pathways: illumination (405-nm), illumination detection 

(405-nm) and signal detection (440 and 550-nm) (Figures 4.2.3-4). Throughout the project, the 

original laser (MDL-III-405-50-mW, CI90055, CNI lasers) deteriorated, and a new laser (Cobolt 06-

01 Series, Hubner Photonics), based on a heat-sink (HS-03, Hubner Photonics) was implemented. 

When this occurred laser light was reflected of a glass slide and focussed onto a new photodetector 

(PDA25K-EC, Thorlabs) to monitor laser stability (Figures 4.2.3A-B). The laser light passes 

through a neutral density filter (optical density: 0.4, Thorlabs), held by a mount (LMR 1/M, 

Thorlabs), and through a combination of mirrors (DMSP490R, Thorlabs). Then, light passed an 

aspheric lens (AC254-050-A-ML) (50-mm focal length doublet, 25.4-mm diameter) which focused 

light onto a galvo mirror (GVS001, Thorlabs) (see section 4.2.1.2.1). Light output was then 

collimated from the galvo mirror using an aspheric lens (AC254-050-A-ML, Thorlabs) (50-mm focal 

length doublet, 25.4-mm diameter). Now, light passes through a 425-nm short-pass dichroic mirror 

and was directed towards the fibre launch system, where appropriate light-path alignment and an 

aspheric lens (AC254-030-A-ML, Thorlabs) (30-mm focal length doublet, 25.4-mm diameter) 

coupled the light into a custom-made multimode patch cable (length: 0.7-m, fibre core: 200-μm, 

NA: 0.39˚) (custom or FT200EMT-CUSTOM, Thorlabs). This cable was connected to an 

implantable TF (OptogeniX) via a mating sleeve (ADAL1-5, Thorlabs). Now, light output from the 

TF allows excitation of fluorophores.  

 

The signal detection pathway collects light from the TF and passes it back to the fibre launch 

system for delivery to the photodetectors (NewFocus 2151, Newport) for measurement (Figures 

4.2.3-4). After travelling back along the patch cable (custom or FT200EMT-CUSTOM, Thorlabs), 

the light beam is collimated by the same aspheric lens used in the illumination pathway. Light is 

reflected off the 425-nm short-pass dichroic mirror (DMSP425T, Thorlabs) and is directed toward 

the appropriate photodetector using a 525-nm short-pass dichroic mirror (Thorlabs). Light below 

525-nm passes, before reaching a 440-nm emission filter (FB440-10, Thorlabs), where remaining 

light is focussed onto the photodetector by an aspheric lens (AC254-030-A-ML, Thorlabs) (30-mm 

focal length doublet, 25.4-mm diameter) for measurement. Light above 525-nm reflects, before 

passing a 550-nm emission filter (FB550-10, Thorlabs), where remaining light is focussed onto the 

photodetector by an aspheric lens (AC254-030-A-ML, Thorlabs) (30-mm focal length doublet, 25.4-

mm diameter) for measurement. Signals collected at the photodetector were then digitized to 

analogue signals using a NIDAQ device (NI USB-6343, National Instruments). 

 

The system components were controlled by the NIDAQ device and custom LABVIEW code (written 

by Dr Shuzo Sakata, Dr Niall McAlinden and Nicole Byron). The whole system is enclosed in a 
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safety box (XE25C7/M, Thorlabs) (Figure 4.2.4A), only removed if total system realignment or 

redesign was required, with optical components secured by mirror mounts (KM100 and CF088/3, 

Thorlabs), filter mounts (FFM1, Thorlabs), lens mount (CXY1, Thorlabs), lens tube end caps 

(SM1CP2, Thorlabs) and cage cubes and plates (C4W, CP12 and CMI-DCH/M Thorlabs) (Figure 

4.2.4B). All components – patch cable (custom or FT200EMT-CUSTOM, Thorlabs), TF 

(OptogeniX), and mating sleeve (ADAL1-5, Thorlabs) – had a 1.25-mm setting for ferrules. The 

patch cable and TF core diameter and NA was 200-μm and 0.39˚, respectively.  

 

Figure 4.2.3. Diagram of the TF set-up. (A) First system set-up where there was a dual-laser 

pathway, with no photodetector to monitor laser stability. (B) Second system set-up where the 

single-laser was placed on a heat-sink and light was reflected and monitored by a photodetector 

to monitor laser stability. Insets represent the galvo mirror which is described in detail in section 

4.2.1.2.1. Created with BioRender.com. 

 



 150 

 

Figure 4.2.4. Images of the TF photometry system. (A) TF system with the safety enclosure 

closed. Light from inside the safety enclosure is coupled into the external patch cable. Detection 

photodetectors are outside of the safety enclosure. All power supplies and the NIDAQ are 

outside of the safety enclosure. (B) Inside the safety enclosure. Purple arrows illustrate the 

illumination light path which travels to the patch cable outside of the safety enclosure. Blue 

arrows illustrate the detection light path which travels to the photodetectors outside of the safety 

enclosure. 

 

4.2.1.2.1 Galvo Mirror 

 

To achieve depth-resolution, different light patterns must be propagated from the TF. Therefore, 

light propagation into the TF must be finely controlled. The way to do so involves the use of an 

electronically controlled motorised optical mirror – galvo mirror (GVS001, Thorlabs) (Figure 4.2.5). 

The system used is a single axis motorised system consisting of a motor and mirror assembly, an 

optical mount, an electronic driver card and a heat sink. The motorised component is termed a 

galvanometer and will rotate the motor when current is applied. When aligned within an optical 

system, light beams will deflect off the mirror over the angular range of the galvanometer. We 

control this motorised component by supplying different input voltages, through the power supply 

(GPS011, Thorlabs). Application of the input voltage moves the mirror at an angle, resulting in the 

laser beam shifting from the centre of the mirror. Therefore, higher input voltages will move the 

mirror at the greater angle, resulting in a greater deflection of laser light (Figure 4.2.5). 

 

The angle of reflected light will alter the angle light will couple into the TF. This light will internally 

reflect within the TF, resulting in differing angles of light propagation along the fibre shaft (Figure 

4.2.5i). For example, when voltage is low, internal reflectance will be minimal resulting in light 

propagating out regions at the TF tip. Whereas higher input voltages result in greater angular 

reflections, greater internal reflectance, and light propagation out higher regions along the TF shaft. 
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As this occurs, the light profile from the TF will form uniform rings of laser light that can be seen by 

pointing the TF towards white paper (Figure 4.2.5ii). 

 

 

Figure 4.2.5. Functionality of the galvo mirror for controlling light propagation through 

the TF. Top right, Diagram of the galvo mirror with the electrical motor, adapted from the 

Thorlabs manual (GVS001). The electrical motor is driven at varying voltages to move in 

different directions. Inset shows the corresponding equipment in a diagram. Top left, Diagram 

illustrating the light propagation through the TF using the galvo mirror. When the motor is driven 

at 0-V, the mirror remains in original condition allowing light propagation straight through the 

fibre, with light propagating from the fibre tip. When the motor is driven at increasing voltages, 

the mirror changes its angle, altering the angle the light enters the TF. Therefore, light will reflect 

within the TF and propagate at increasing depths away from the fibre tip. Therefore, a depth-

resolved light propagation along a TF can be achieved. This shows the i) light propagation 

through the TF and the ii) resulting light profile from the TF when shown against white paper. 

 

4.2.1.3 System maintenance  

 

Before each recording, the system must undergo regular maintenance to ensure that it is 

functioning appropriately and to ensure consistency. To do so, several parameters were 

consistently monitored, and a variation of protocols were undertaken. 
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4.2.1.3.1 Alignment 

 

Light must be appropriately aligned onto the laser detection photodetector, the fibre launch system, 

and the signal photodetectors. Before each recording, a regular alignment check was completed 

(Figure 4.2.6). This involved measuring the light output at the end of the patch cable (custom or 

FT200EMT-CUSTOM, Thorlabs), at increasing galvo voltage (GV), when the laser was at 1-V, 

using a light sensor (PM100A and S120C, Thorlabs). Additionally, appearance of appropriate galvo 

rings was checked. These should increase in size with GV, while maintaining a uniform light 

distribution (Figure 4.2.6A).  

 

If the light output was not consistent or galvo rings were disrupted, 5 steps of increasing 

complication would be completed (Figure 4.2.6B). Firstly, all NIDAQ connections (NI USB-6343, 

National Instruments) and battery levels were checked. Secondly, laser stability was checked 

using the photodetector (PDA25K-EC, Thorlabs). Consistent laser intensity at 1-V was ~2.4-V on 

the photodetector. Thirdly, patch cable ferrules were cleaned using propanol (FCS3, Thorlabs) and 

lint-free tissues (LFW90, Thorlabs). Next, manual alignment of the fibre launch system using 

screws to change the x-, y- and z- axis was completed to modify the output of the laser into the 

patch cable, optimising light power across each GV. The final and most severe step was a full 

system clean and re-alignment. This involved removing the safety enclosure (XE25C7/M, 

Thorlabs) and completing a deep clean of optical components and modifying component angles 

until the beam path was optimal. Throughout all steps, the user would be wearing laser safety 

goggles (LG3B, Thorlabs), room lights were on, and the room would be off access to non-laser 

users. 
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Figure 4.2.6. TF system alignment protocols. (A) Ring structure expected from the end of the 

patch cable when pointed at white paper, across galvo voltages (GVs), when the system was 

appropriately aligned. (B) Image of the TF photometry system with numbers corresponding to 

the different steps of realignment. (1) NIDAQ connections and battery levels; (2) Laser stability; 

(3) Patch cable maintenance; (4) External alignment; (5) Internal alignment and system clean. 

 

4.2.1.3.2 Light power  

 

Firstly, before and throughout recordings, the fluorescence measured at the 405-nm detector 

(PDA25K-EC, Thorlabs) was monitored to determine if the laser was supplying a consistent power 

at the same driving voltage.  

 

Secondly, light output at the end of the patch cable was measured before each recording, using a 

light sensor (PM100A and S120C, Thorlabs). If major variations in power and alignment were seen, 

several steps were taken to repair this (section 4.2.1.3.1). However, if small day-to-day variations 

occurred, we completed a re-calibration of the system. This involved measuring the light power at 

the end of the patch cable, using the light sensor (PM100A and S120C, Thorlabs), across several 

laser voltages (from 0.6-0.7-V, consistent with the voltage level used for in vivo recordings) and 
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across several GVs (0-4-V). Accordingly, the laser was driven at the first voltage and the GV was 

increased when the measurement was taken. Once the final GV measurement had been taken, 

the laser was driven at the next voltage and the GV was reset. This was repeated across all laser 

voltages. We monitored this by controlling the NIDAQ (NI USB-6343, National Instruments) using 

a custom LABVIEW code, which calculated a linear regression model for each GV, using the light 

power measurements. From here, we acquired a y-intercept and slope for each GV. These 

parameters were used for all TF photometry measurements as a reflection of the laser power state 

and used to determine the driving voltages required to achieve the desired light power for 

recordings (see section 4.2.1.4.3). 

 

4.2.1.3.3 Bleaching  

 

Bleaching of the system involved stabilising the patch cable ferrule using a cannula holder 

(FCM13/M, Thorlabs) and helping hand. Next, the laser (MDL-III-405-50-mW, CI90055, CNI lasers 

or Cobolt 06-01 Series, Hubner Photonics) was left on continuously at full power. This involved an 

initial bleaching session lasting >8-hours. After this, a bleaching protocol was followed before each 

recording.  

 

Over time, this protocol progressed. Firstly, full power of the 405-nm laser, at 0-V galvo (GVS001, 

Thorlabs) was applied for 30- or 60-minutes. Accordingly, the laser and galvo are continuously 

driven at the chosen voltages. Secondly, full power of the 405-nm laser, sweeping across all GVs 

was applied for 30-minutes. Accordingly, after 10-seconds baseline, the laser was continuously 

driven at the chosen voltage: either 4-V or 1-V depending on laser used (Figure 4.2.3). In parallel, 

the light is swept along all GVs using the galvo mirror driven at -1-V to 5-V at 1-Hz. Thirdly, light 

was swept across all GVs until a bleach threshold had been reached. Accordingly, once the 440-

nm photodetector fluorescence is less than a chosen voltage, the laser and GVs will return to 0-V. 

The bleach threshold was determined by calculating the moving median of recorded 440-nm 

fluorescence over-time. When fluorescence at 440-nm reached a plateau, this value would be 

taken as the bleaching threshold. This value changed occasionally depending on laser strength 

and system alignment. Across all protocols, fluorescence was continuously recorded across all 

implemented photodetectors (405, 440 and 550-nm) at 1000-Hz, with analogue signals being 

digitised for analysis. The system was controlled by the NIDAQ (NI USB-6343, National 

Instruments) using a custom LABVIEW code. 

 

4.2.1.3.4 AF recovery 

 

First, the TF (OptogeniX) was attached to the patch cable ferrule via a mating sleeve (ADAL1-5, 

Thorlabs) and stabilised using a cannula holder (FCM13/M, Thorlabs) and a helping hand. Then, 
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AF of the system was tested by running a dual bleaching and AF recovery experiment involving a 

30-minutes bleaching protocol before a 12-h AF recovery experiment. As above, the bleaching 

protocol was 10-seconds baseline, followed by continuously driving the laser (MDL-III-405-50-mW, 

CI90055, CNI lasers) at the chosen voltage for 30-minutes. In parallel, the light is swept along the 

TF using the galvo mirror (GVS001, Thorlabs) driven at -1-V to 5-V at 1-Hz. Immediately after this 

30-minute bleaching session, the AF recovery was tested. This began with a 30-second sampling 

interval before running through the illumination protocol. This was 405-nm laser excitation for 10-

ms ON, 5-ms OFF, for the chosen power: 140-μW as this was the highest in vivo experiment light 

power used. In parallel, the light is swept along the TF using the galvo mirror driven at -1-V to 4.5-

V over the 10-ms laser ON period, remaining at 0-V during the 5-ms OFF period. This was 

completed only once. Once complete, this whole protocol was repeated after the sampling interval: 

30 seconds. Throughout the whole protocol the emission at 440 and 550-nm was collected at 

5000-Hz. Signals were not collected at 405-nm as these recordings were completed before the 

system change. The system was controlled by the NIDAQ (NI USB-6343, National Instruments) 

using a custom LABVIEW code. 

  

4.2.1.4 Fibre characterisation and illumination 

 

Before use of any TF (OptogeniX), they had to be fully characterised. This involved determining 

their coupling efficiency and establishing two light protocols that modify the light profile across the 

active region of the TF (Figure 4.2.7A).  

 

4.2.1.4.1 Coupling efficiency 

 

Each fibre would be tested to determine its coupling efficiency; the percentage of light from the 

system being coupled with the TF. Light at the end of the patch cable (custom or FT200EMT-

CUSTOM, Thorlabs) while a TF (OptogeniX) was and was not attached, via a mating sleeve 

(ADAL1-5, Thorlabs), was measured across several powers and GVs (GVS001, Thorlabs), as 

described in section 4.2.1.3.2. From this, the coupling efficiency was calculated across all GVs 

using the following calculation: 

coupling efficiency (%) = Pp/PTF x 100,  

where Pp and PTF represent the light output at the end of patch cable and TF, respectively. If the 

coupling efficiency was less than 40%, the TF was not used. These values were used for all 

recordings to determine the driving voltages required to achieve the desired light power for 

recordings (see section 4.2.1.4.3).  
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4.2.1.4.2 Light protocols  

 

To modify the light profile along the TF, in vitro and image-based light protocols were implemented. 

As described in section 1.3.2.5.3.3, the light profile will vary across the active region of each TF 

due to alignment limits. This commonly presents as a decline in light output with increasing GVs. 

Consequently, for an equal measure along the TF for comparable depth-resolution, protocols must 

be implemented to modulate the light power along the TF. Firstly, we equalise the light power along 

the TF (Figure 4.2.7B). Secondly, we equalise the power density along the TF (Figure 4.2.7C). 

For comparison, all recordings were also completed with the original light protocol where light was 

not modulated, and the TFs natural propagation pattern was used. 

 

4.2.1.4.2.1 In vitro  

 

An in vitro light protocol was established to equalise light power along the TF (Figure 4.2.7B). To 

do so, a TF was placed in uniform Methoxy-x04 concentration and underwent an illumination 

protocol. Fluorescence at each depth was used to calculate the required power for uniform 

fluorescence measurements.   

 

A TF (OptogeniX), connected to the TF photometry system via a mating sleeve (ADAL1-5, 

Thorlabs), was placed into a uniform concentration of 0.1 mM Methoxy-x04 (prepared as described 

in section 2.1.1.2) (4920, Tocris) and underwent an illumination protocol. This was 405-nm laser 

(MDL-III-405-50-mW, CI90055, CNI lasers or Cobolt 06-01 Series, Hubner Photonics) excitation 

for 10-ms ON, 5-ms OFF, for each power: 60 and 80-μW. In parallel, the light is swept along the 

TF using the galvo mirror (GVS001, Thorlabs) driven at -1-V to 5-V over the 10-ms laser ON period, 

remaining at 0-V during the 5-ms OFF. These processes were repeated 5 times separated by a 5-

ms baseline. Throughout the whole illumination protocol, signals were collected at the 

implemented photodetectors (405, 440 and 550-nm) (PDA25K-EC, Thorlabs and NewFocus 2151, 

Newport) at 5000-Hz, controlled by the NIDAQ (NI USB-6343, National Instruments) using a 

custom LABVIEW code. Online analysis was completed using a custom MATLAB code to calculate 

a galvo-power ratio. Here, the mean signal was transformed to a relative required power using the 

formula shown in Figure 4.2.7B. The desired GVs (-1 to 4.5-V with a 0.1-V resolution) were 

matched with the subsequent relative required power and saved within a .mat file for use in future 

recordings.  

 

4.2.1.4.2.2 Image 

 

An image-based light protocol was established to equalise the power density – light power per unit 

volume of brain tissue – along the TF (Figure 4.2.7C). This was completed as the light distribution 
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varies along the TF, with higher GVs having a cone of light that can cover larger volumes of tissue. 

However, as light power decreases at these GVs, the power density is not equalised along the 

depth measured.  

 

A TF (OptogeniX), connected to the TF photometry system via a mating sleeve (ADAL1-5, 

Thorlabs), was lowered into a cuvette filled with a uniform concentration of fluorescein (FITC) (0.1-

M) and underwent an illumination protocol (Figure 4.2.7C). This illumination protocol involved 

continuous 405-nm excitation at a chosen voltage: optimal range was usually ~1.8-V on the old 

laser and between 0.635 and 0.654-V on the new laser (MDL-III-405-50-mW, CI90055, CNI lasers 

or Cobolt 06-01 Series, Hubner Photonics). In parallel, light was swept along the TF from 4.5-V 

galvo to -4.5-V galvo (GVS001, Thorlabs) at a resolution of 0.1-V. Throughout this, images of the 

light profile were captured at an interval of 0.5-seconds to visualise the FITC fluorescence 

surrounding the TF. Images of the TF within the cuvette were taken before illumination, in light 

conditions, to visualise the tapered structure for analysis. Additionally, images of a scale bar 

calibration slide showing 1 mm was taken at the same magnification to allow calculation of the 

scale. This equipment was controlled by the NIDAQ (NI USB-6343, National Instruments) using a 

custom LABVIEW code. For analysis, scale information was determined by measuring the pixel to 

micrometre ratio using the scale bar image. After converting images (to .jpg) and creating a video 

of the emission profile by combining image frames, the active region of the TF was labelled and 

visually inspected. Next, pixel intensities along the line marking the active region were calculated 

across adjacent frames. Using this, power densities were calculated by determining the power 

across a defined area around the active region of the TF, using calculations and custom codes 

depending on the taper angle, provided by our collaborators. Then, the power density ratio and 

relative required power per GV was calculated to determine a galvo-power ratio, using the formula 

shown in Figure 4.2.7C. The desired GVs (-1 to 4.5-V with a 0.1-V resolution) were matched with 

the subsequent relative required power and saved within a .mat file for use in future recordings.  
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Figure 4.2.7. Rationale and protocol to establish different light protocols. (A) Schematic of 

the rationale of desired outcomes from light protocols. The original light protocol has unequal 

light power along the TF. The distribution of light is also greater at the base of the TF. The in 

vitro light protocol aimed to achieve equal light power along the TF for equal Methoxy-x04 

excitation. The image light protocol aimed to achieve equal power density along the TF for equal 

brain volume excitation. Scale shows the range of light power. (B) Protocol for establishing an 

in vitro light protocol. (C) Protocol for establishing an image light protocol.  

 

4.2.1.4.3 Calibration  

 

Lastly, the TF underwent calibration protocols to illustrate the success of its characterisation. The 

TF (OptogeniX) was lowered into a Methoxy-x04 concentration (0.1-mM) (4920, Tocris) and 

underwent an illumination protocol. The illumination protocol involved excitation at 405-nm, across 

various power intensities (20, 40, 60, 80, 100, 120 and 140-μW), for original, in vitro, and image-
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based light protocols. Parameters determined for a GV of 3-V were used as a reference for slope, 

intercept and coupling efficiency, acquired as described in section 4.2.1.3.2, due to them 

consistently providing the most accurate power estimations.  

 

Laser voltages for the original light protocol were calculated using a calculation as shown in Figure 

4.2.8. Original light protocol involves no modulation of power across GVs, meaning the same 

voltage will be applied across all GVs. Laser voltages for in vitro and image light protocols for each 

GV were calculated using previously determined Galvo-Power ratios (as described in section 

4.2.1.4.2) and a custom MATLAB and LABVIEW code. For this, the Galvo-Power ratio is 

resampled to reflect the galvo sampling rate used for in vivo recordings (50 measures from -1 to 

4.5-V; resolution of 0.1-V). Then, for each desired power, the required power is calculated using 

the ratio as shown in Figure 4.2.9.  

 

Using the calculated voltages for each desired power and light protocol (original, in vitro and 

image), the illumination protocol began with the first light protocol (in vitro). This was excitation of 

the 405-nm laser (MDL-III-405-50-mW, CI90055, CNI lasers or Cobolt 06-01 Series, Hubner 

Photonics) for 10-ms ON, 5-ms OFF, for each power. In parallel, the light is swept along the TF 

using the galvo mirror (GVS001, Thorlabs) driven at -1 V to 4.5-V over the 10-ms laser ON period, 

remaining at 0-V during the 5-ms OFF. These processes were repeated 5 times separated by a 5-

ms baseline. After the last 5-ms baseline, the illumination protocol restarted for the second light 

protocol (image). After the last 5-ms baseline in this iteration, the illumination protocol restarted for 

the third light protocol (original). Throughout the whole protocol, fluorescence was recorded at 

implemented photodetectors (405, 440 and 550-nm) (PDA25K-EC, Thorlabs and NewFocus 2151, 

Newport) at 5000-Hz. Additionally, sync channels of the 405-nm laser and galvo mirror were 

monitored for post-processing. This equipment was controlled by the NIDAQ (NI USB-6343, 

National Instruments) using a custom LABVIEW code. This LABVIEW VI generated a .dat file for 

each photometry measure.  
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Figure 4.2.8. Calculating the required voltages for the original light protocol. (A) Formula 

for each desired power for the original light protocol. The required voltage will be supplied for all 

GVs. This is calculated automatically using custom MATLAB and LABVIEW code. The coupling 

efficiency, intercept and slope are determined as described in section 4.2.1.3.2. (B) Schematic 

illustrating how the y-intercept and slope is determined. The light power is measured at 

increasing laser voltages as described in section 4.2.1.3.2. 

 

 

 

Figure 4.2.9. Calculating the required voltage for in vitro and image light protocols. (A) 

Formula for each desired power for in vitro and image light protocols. The required voltage will 

be varied across sampled GVs for each desired power and light protocol. This is calculated 

automatically using custom MATLAB and LABVIEW code. The galvo-power ratios are 

determined as described in section 4.2.1.4.2. The coupling efficiency, intercept and slope are 



 161 

determined as described in section 4.2.1.3.2. (B) Schematic illustrating how the y-intercept and 

slope is determined. The light power is measured at increasing laser voltages as described in 

section 4.2.1.3.2. 

 

4.2.2 In vivo experimental procedures 

 

Before any in vivo measurement, the TF would be characterised as described above and 

submerged in propranol a few times for sterilisation. All in vivo measurements were completed in 

dark conditions. 

 

4.2.2.1 Animals 

 

Detailed animal information can be found in Chapter 2, section 2.1.2. For TF experiments, male 

and female 5xFAD+ (Alzheimer’s positive) and 5xFAD- (Alzheimer’s negative, C57BL/6 

littermates) mice were used (JAX006554, The Jackson Laboratory). A total of 46 mice were used 

for all TF photometry experiments (Figure 4.2.10 & Table 4.2.1). 14 of these were used for acute 

experiments, including 4 for depth profile experiments and 10 for acute pharmacokinetic. 27 mice 

were used for chronic experiments (Table 4.2.1). Out of all 27 chronically implanted mice, 25 were 

used for pharmacokinetic experiments, and out of these 25, 14 mice were used for re-dose 

experiments and 12 were used for GENUS treatment experiments (detailed information 

provided in Chapter 5) (Table 4.2.1). 5 mice were used for other purposes, where brain samples 

were taken for use for an additional project with collaborators (Table 4.2.1). 

 

All acute experiments were completed under terminal anaesthetic before immediate removal of 

brain tissue for post-mortem analysis. Both chronic pharmacokinetic and re-dose experiments 

involved surgery and freely behaving TF photometry recordings within a chamber before brain 

tissue was recovered for post-mortem analysis.  
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Figure 4.2.10. Flow chart illustrating the number of animals used per recording. Yellow 

represents acute experiments; blue represents chronic experiments and green represents other 

use. Sex sample numbers are shown. Figure and table numbers show summary plots of 

animals. M+, 5xFAD+ male. F+, 5xFAD+ female. M-, 5xFAD- male. F-, 5xFAD- female. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2.1. Fate of all animals used for TF photometry experiments. DP, depth profile. APK, 

acute pharmacokinetic. PK, pharmacokinetic. RD, re-dose. GENUS, gamma entrainment using 

sensory stimulus. Yellow represents acute experiments; blue represents chronic experiments and 

green represents other use. Reason if none describes why no recordings were completed on the 

mouse. Age at time of experiment can be found in the specific experimental parameters table: 

Table 4.2.2 (APK), Table 4.2.3 (PK), Table 4.2.4 (RD) and Table 5.2.2 (GENUS). 
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4.2.2.2 Acute recordings  

 

Before any in vivo measurement, the TF would be submerged in propanol a few times for 

sterilisation. After all in vivo measurements, the TF went through a cleaning protocol that involved 

being submerged in enzyme remover (Superdrug) for several hours, followed by several minutes 

in distilled water and finished by a few dips in propanol for sterilisation. All in vivo measurements 

were completed in dark conditions. 

 

4.2.2.2.1 Terminal anaesthesia and craniotomies  
 

For all acute TF photometry experiments, 5xFAD+ and 5xFAD- littermates underwent terminal 

anaesthesia and craniotomies as described in section 3.2.2.2.1. For acute pharmacokinetic 

experiments, a craniotomy was completed above the SUB: (AP: -3.80 mm, ML: 3.30 mm, DV: 2.50 

mm) (Figure 4.2.11). This craniotomy site was chosen as, if implanted correctly, should be 

submerged within a largely plaque-dense region to minimise error. 

 

Figure 4.2.11. Implant site for TF acute pharmacokinetic experiments. Craniotomy (grey) 

and target implantation site (black) coordinates, for the SUB. Diagram not to scale. 
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4.2.2.2.2 Acute pharmacokinetic recording  

 

Table 4.2.2. Summary of acute pharmacokinetic recording parameters. Age is the age at 

time of recordings. Laser type represents the first or second laser used. Laser stability shows 

presence of the photodector monitoring laser signals. Bleaching protocol was ‘unknown’ if the 

exact parameters used for bleaching (GV and duration) is unclear, due to the exact parameters 

being unnoted. Reasons for exclusion are explained. 

 

 

Acute pharmacokinetic measurements were mainly completed as described in section 3.2.2.2.3, 

with some varied parameters (Table 4.2.2). The mouse was transferred to the recording 

stereotaxic frame (KOPF Instruments) as described in section 3.2.2.2.1. A 5-mm long TF (1.8-

mm active region, 200-m core diameter, 0.39˚ NA) (OptogeniX) was used. Using a stereotaxic 

frame (KOPF Instruments) and a cannula holder (FCM13/M, Thorlabs), the fibre was positioned 

directly above the target site before lowering to the target depth.  

 

After completing the appropriate recording preparation such as TF characterisation (section 

4.2.1.4) and TF system maintenance (section 4.2.1.3), recordings were completed (Figure 

4.2.12A). This recording started with the length of the chosen sampling interval (Table 4.2.2) 

(Figure 4.2.12B). Then, the excitation of the 405-nm laser (MDL-III-405-50-mW, CI90055, CNI 

lasers) was activated. This was for 10-ms ON, 5-ms OFF, for each power. Powers were as shown 

in Table 4.2.2. Appropriate laser voltages were determined as described in section 4.2.1.4.3 and 

shown in Figure 4.2.8. For acute pharmacokinetic recordings, only the original light protocol was 

used. In parallel, the light is swept along the TF using the galvo mirror (GVS001, Thorlabs) driven 

at -1-V to 4.5-V over the 10-ms laser ON period, remaining at 0-V during the 5-ms OFF. These 

processes were repeated 5 times separated by a 5-ms baseline. Once complete, this whole 

protocol was repeated after the chosen sampling interval; as shown in Table 4.2.2. Throughout 

the whole protocol the emission at 440 and 550-nm was collected at 5000-Hz. Signals were not 

collected at 405-nm as these recordings were completed before the system change. Additionally, 

sync channels of the 405-nm laser and galvo mirror were monitored for post-processing. This 

equipment was controlled by the NIDAQ (NI USB-6343, National Instruments) using a custom 
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LABVIEW code. This LABVIEW VI generated a .dat file for each photometry measure and a .txt 

file containing the time of each measure. 

Figure 4.2.12. Experimental protocol for acute experiments. (A) Flow chart of the 

experimental procedures. (B) Optical protocol for acute experiments. Excitation was completed 

with a 405-nm laser. The laser went through several powers for 10-ms ON, 5-ms OFF, repeated 

5 times separated with a 5-ms baseline. In parallel, the light is swept along the TF using the 

galvo mirror from -1-V to 4.5-V over the 10-ms laser ON period, remaining at 0-V during the 5-

ms OFF, repeated 5 times. This laser excitation and light sweep was repeated at a chosen 

sampling interval. Throughout this, emission at 440 and 550-nm is continuously measured at 

5000-Hz. Appropriate parameters are shown in Table 4.2.2. 

 

4.2.2.3 Chronic recordings 

 

4.2.2.3.1 Fibre implant head-cap surgery  
 

5xFAD+ and 5xFAD- littermates underwent fibre implant head-cap surgery from 3-7 months 

(Figures 4.2.13 & 4.2.14). If possible, mice housed together underwent surgery on the same day. 

For two days before surgery mice were placed in a large cage and accustomed to baby food (Cow 

and Gate).  

 

On the day of recording, various preparation was completed. Anaesthetic’s, fluovac (Harvard 

apparatus) and analgesics were prepared. Both the surgical environment and equipment were 

aseptically prepared using an autoclave (Tuttnauer). The TF (OptogeniX) being implanted was 

mounted in the stereotaxic holder (FCM13/M, Thorlabs) and was appropriately sterilised using 

propanol.  
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Once completed, mice were placed in an anaesthetic chamber where isoflurane (Covetrus) was 

maintained at 5% and 0.8 L/min air flow until the mouse is fully immobile, before being reduced to 

3% and 0.8 L/min air flow. Once under, the head was shaved, and the mouse was placed on an 

incisor breather for administration of isoflurane and oxygen via a nose cone. Anaesthetic 

(isoflurane) (Covetrus) was maintained between 1.5% and 1% and 0.8 L/min air flow. Eyes were 

protected by application of eye gel (Lacri-lube, Hylonight or Viscotears, Bausch&Lomb) and the 

mouse was maintained at 37C by being placed on a heat mat (ATC 100, World Precision 

Instruments), under a surgical light (KL 1500, Photometrics). Breathing and pinch reflexes were 

monitored throughout the surgery and levels of anaesthetic were adjusted accordingly. Once on 

the anaesthetic breather, the surgical area and the rump was cleaned using cotton buds 

(Johnson’s) with ethanol (70%). Next, Naroprin (local anaesthetic, 8-mg/kg; 7.5-mg/ml solution, 

Aspen) was administered subcutaneously (s.c.) to the surgical area. Vetergesic (analgesic, 0.1-

mg/kg, 0.01% diluted in injecting saline; 0.3-mg/ml solution, Ceva), Rimadyl (non-steroidal anti-

inflammatory drug, 20-mg/kg, 0.01% diluted in injecting saline; 50-mg/ml solution, Zoetis) and 0.3-

ml of saline (FKE1323, Baxter) was administered (s.c.) to the rump. Then, the mouse was 

stabilized by ear-bars attached to a stereotaxic frame (Model 963, KOPF Instruments) (Figure 

4.2.13).  

 

Now, I prepared myself aseptically and wore sterile gloves (Gammex latex gloves, Ansell). Once 

prepared, betadine (Alkaloid) was applied to the skull using a cotton bud (Johnson’s). Next, using 

a scalpel (847-7584, RS Components), an incision along the midline was made that was expanded 

with surgical scissors to create a 2-mm wide circle around the midline, exposing bregma and 

lambda. To remove the periosteal membrane, hydrogen peroxide (3%) was applied to the skull 

surface and debris was removed with a cotton bud and scissors. Next, skull alignment between 

bregma and lambda was set between 0-50-m, before marking the fibre implant site, under a 

stereomicroscope (SZ51, Olympus), using a glass pipette (504949, World Precision Instruments) 

made with a pipette puller (PC-10, Narishige), secured with the stereotaxic frame (Model 963, 

KOPF Instruments). Fibre implant sites were optimised overtime. These included a target of the 

SUB and were either site 1 (AP: -3.50-mm, ML: 2.25-mm, DV: 2.50-mm), site 2 (AP: -3.50-mm, 

ML: 2.25-mm, DV: 2.00-mm), and site 3 (AP: -3.60-mm, ML: 2.80-mm, DV: 2.00-mm) (Figures 

4.2.14B-C). Next, using surgical callipers, sites of skull screws were marked (AP: +1.50-mm, ML: 

1:00-mm (both hemispheres); AP: -1.00-mm, ML: 4.00-mm (right hemisphere); AP: -3.00-mm, ML: 

4.00-mm (left hemisphere); AP: -2.00-mm (from lambda), ML: 2.00-mm (left hemisphere) (Figure 

4.2.14A). These burr holes were completed using a surgical drill (Volvere Vmas drill, NSK) and a 

duratomy was performed over the fibre implant site, using craniotomy scissors, to aid insertion of 

TFs. Next, skull screws (418-7123, RS Components) were inserted into each site. Then, the 

stereotaxic holder and cannula holder (FCM13/M, Thorlabs) with the TF (OptogeniX) was mounted 
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onto the stereotaxic frame. The fibre was slowly lowered to the brain surface, before slowly 

descending to the target depth. Once reached, a small volume of Kwik Kast (KWIK-CAST, World 

Precision Instruments) was applied to cover the remaining exposed brain tissue surrounding the 

TF, using a toothpick. Now, various layers of superglue (918-6872, RS-Pro) and dental cement 

(Simplex rapid liquid and powder mixed, Kemdent) were applied to regions surrounding the TF. 

Once secure, the stereotaxic mount was removed from the TF, allowing dental cement to be 

generously applied across the skull and skin edges. Lastly, a small straw was cemented to the 

back of the headcap for head-fixation and a protective cap (CAPL, Thorlabs) was placed onto the 

TF ferrule.  

 

Once dental cement was dry, the mouse was removed from anaesthesia, eye gel was removed 

from eyes using a KimWipe (122-3088, RS Components) and the mouse was returned to home 

cage, placed on a heat-mat. The mouse was left on the heat-mat to recover for a couple of hours, 

until behaving normally. On the day after surgery, Rimadyl (non-steroidal anti-inflammatory drug, 

20-mg/kg, 0.01% diluted in injecting saline) was administered. Before, immediately after and for 

several days following surgery, weight, behaviour, and appearance was closely monitored. If 

anything was concerning, appropriate precautions were taken. 
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Figure 4.2.13. Image of the chronic surgery set-up.  
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Figure 4.2.14. Implants for the head-cap surgery. (A) Schematic showing implants of the skull 

screws and TF. Created with BioRender.com. (B) Exact coordinates for the TF implant across 

different sites (in mm). Coordinates are from bregma. (C) Brain atlas sections labelled with the 

target TF implant. TF not to exact scale. Images from the Allen Mouse Brain Atlas, mouse.brain-

map.org. 
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4.2.2.3.2 Pharmacokinetic  

 

Table 4.2.3. Summary of pharmacokinetic recording parameters. Age is the age on day 0 

of the recordings. Target site represents the TF implant coordinates site (Figure 4.2.14). Rec  

shows the recording number. Bleaching protocol progressed over-time, with 3.5-V occassionally 

being used due to the deterioration in laser power at high outputs. Laser type represents the 

first or second laser used. Laser stability shows presence of the photodector monitoring laser 

signals. Reasons recordings were excluded for 4-day summary analysis are shown as explained 

in section 4.2.3.1.4. 
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Before each recording, the appropriate alignment and bleaching maintenance protocols were 

completed. Additionally, the chamber was cleaned with disinfectant and 70% ethanol. All 

recordings were completed in dark conditions, with only a red bulbed light.  

 

Using the cannula holder (FCM13/M, Thorlabs), helping hand and haemostat, the mating sleeve 

(ADAL1-5, Thorlabs) was attached to the patch cable ferrule. Mice were head-fixed using the straw 

on their head-cap, for removal of the protective cap (CAPL, Thorlabs) and attachment of the patch 

cable to the implanted TF (OptogeniX) (Figure 4.2.15A). Occasionally, mice were not head-fixed, 

and the patch cable was attached while the mouse was scruffed. Then, mice were placed within a 

rectangular recording chamber (46.5 x 21.5-cm) with a white paper sheet stuck to it, that contained 

bedding, sunflower seeds, and chow (Figure 4.2.15B). Once the recording was complete, the 

mouse was scruffed and head-fixed, to remove the patch cable and attach the protective cap 

(CAPL, Thorlabs), before being returned to their home-cage.  

 

Investigation of the pharmacokinetic profile of Methoxy-x04 occurred over several days. Figure 

4.2.15C illustrates the recording protocol, where day 0 provides a baseline measurement with no 

Methoxy-x04, for 5-hours. On day 1, after a 30-minute baseline measurement, 10-mg/kg (5-mg/ml) 

of Methoxy-x04 (4920, Tocris) is administered (i.p.) and the change in fluorescence is monitored 

for a further 4.5-hours. On days 2 and 3, the fluorescence is monitored for 2-hours.  

 

After completing the appropriate recording preparation such as TF characterisation (section 

4.2.1.4) and TF system maintenance (section 4.3.1.3) (Figure 4.2.16A), the illumination protocol 

shown in Figure 4.2.16B was completed. Recordings began with the length of the chosen 

sampling interval (Table 4.2.3) before running through the illumination protocol for the first light 

protocol (in vitro). Here, the excitation of the 405-nm laser (MDL-III-405-50-mW, CI90055, CNI 

lasers or Cobolt 06-01 Series, Hubner Photonics) was activated across each power: as shown in 

Table 4.2.3. This was for 10-ms ON, 5-ms OFF, for each power. Appropriate laser voltages were 

determined as described in section 4.2.1.4.3 and shown in Figures 4.2.8 and 4.2.9. In parallel, 

the light is swept along the TF using the galvo mirror (GVS001, Thorlabs) driven at -1-V to 4.5-V 

over the 10-ms laser ON period, remaining at 0-V during the 5-ms OFF. This protocol was repeated 

a chosen number of times (Table 4.2.3) separated by a 5-ms baseline. After the last 5-ms baseline, 

the illumination protocol restarted for the second light protocol (image). After the last 5-ms baseline 

in this iteration, the illumination protocol restarted for the third light protocol (original). Once 

complete, this whole process was repeated after the chosen sampling interval (Table 4.2.3). 

Throughout the whole process the emission at 440 and 550-nm was collected at 5000-Hz. For 

some recordings, emission was also collected at 405-nm at 5000-Hz (Table 4.2.3). Additionally, 

sync channels of the 405-nm laser and galvo mirror were monitored for post-processing. All 
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procedures were controlled by a LABVIEW programme through a NIDAQ (USB-6343, National 

Instruments). This LABVIEW VI generated a .dat file for each photometry measure and a .txt file 

containing the time of each measure. 

 

4.2.2.3.3 Re-dose  

 

Table 4.2.4. Summary of re-dose recording parameters. Age is the age on day 0 of the 

recordings. Target site represents the TF implant coordinates site (Figure 4.2.14). Rec  shows 

the recording number. Laser type represents the first or second laser used. Laser stability shows 

presence of the photodector monitoring laser signals. Reasons recordings were excluded for 4-

day summary analysis are shown, as explained in section 4.2.3.1.4. 

 

 

The experiment was set-up as described in section 4.2.2.3.2. Investigation of the Methoxy-x04 re-

dose protocol occurred over several days. Figure 4.2.15D illustrates the recording protocol, where 

day 0 provides a baseline measurement with no Methoxy-x04, for 2-hours. Immediately after this 

recording, 10-mg/kg (5-mg/ml) of Methoxy-x04 (4920, Tocris) was administered (i.p.). Then, 

fluorescence was monitored 24-hours later for 2-hours, with an injection of 10-mg/kg (5-mg/ml) of 

Methoxy-x04 (4920, Tocris) (i.p.) immediately after. After, this was repeated for two more days. 

Variation in recording parameters can be found in Table 4.2.4. 

 

The illumination protocol was as described in section 4.2.2.3.3 and shown in Figure 4.2.16B, with 

differences in recording parameters shown in Table 4.2.4. 
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Figure 4.2.15. Experimental paradigm for chronic TF experiments. (A) Image of tethered 

mouse. (B) Recording chamber. (C) Recording schedule for pharmacokinetic recordings. 

Methoxy-x04 was injected on day 1 after 30-minutes. (D) Recording schedule for re-dose 

recordings. Methoxy-x04 was injected at the end of the recording on day 0, 1 and 2. Created 

with BioRender.com. 
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Figure 4.2.16. Experimental protocol for chronic experiments. (A) Flow chart of the 

experimental procedures. (B) Optical protocol for chronic experiments. Excitation was 

completed with a 405-nm laser. The laser went through several powers for 10-ms ON, 5-ms 

OFF, repeated a chosen number of times separated with a 5-ms baseline. In parallel, the light 

is swept along the TF using the galvo mirror from -1-V to 4.5-V over the 10-ms laser ON period, 

remaining at 0-V during the 5-ms OFF, repeated a chosen number of times. This is completed 

for 3 light protocols in the following order: in vitro, image and original. This laser excitation and 

light sweep was repeated at a chosen sampling interval. Throughout this, emission at 405, 440 

and 550-nm is continuously measured at 5000-Hz. Appropriate parameters are shown for 

chronic pharmacokinetic and re-dose experiments in Table 4.2.3 and Table 4.2.4, respectively. 

 

4.2.2.4 Histological Assessment  

 

4.2.2.4.1 Tissue Removal 

 

After all in vivo recordings had been completed, mice were humanly culled by anaesthetic 

overdose and perfusion. Mice were injected (i.p.) with lidocaine (2%)/naropin (7.5-mg/ml solution, 

Aspen) and pentobarbital (200-mg/ml solution, Vetoquinol) before transcardial infusion with PBS 

(0.1-M) and 4% PFA. Brain tissue was removed and post-fixated in 4% PFA overnight at 4C. 

Next, fixed brain tissue was submerged in 30% sucrose/0.1-M PBS for several days. Once sunk, 

processed brain tissue was sectioned into 50-m slices using a microtome (SM2010R, Leica). Dry 

ice allowed OCT (OCT Embedding Matrix, CellPath) to attach the brain tissue onto the microtome 

stage for sectioning. Each section was immediately placed into a 24-well plate filled with PBS + 

0.02% sodium azide and stored at 4C until histological processing. 
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4.2.2.4.2 Histology 

 

 

For chronic fibre implant experiments, free-floating sections were histochemically stained with 

plaque-marker, TS, and microglial marker, Ionized calcium binding adaptor molecule 1 (Iba1), for 

analysis of plaque pathology and fibre track, respectively (Table 4.2.5). As mice were injected with 

Methoxy-x04 throughout recording paradigms before perfusion, sections were also monitored for 

Methoxy-x04 (plaque) staining. Free-floating sections containing the fibre implant targets and 500-

m adjacent sections were stained. First, these sections were floating within a 24-well plate for 

washing before a 1-hour blocking incubation (10% normal goat serum solution (NGSS) (G9023; 

Sigma-Aldrich) in PBST). After, sections were incubated with the Iba1 primary antibody overnight 

at 4˚C (1:1000 diluted in 3% NGSS in PBST; ab178846; Abcam). The next day, sections were 

washed before undergoing a 2-hour secondary antibody incubation with the Alexa Fluor 594 anti-

rabbit IgG secondary antibody solution (1:1000 diluted in 3% NGSS in PBST; A-11005, 

ThermoFisher) (dark conditions). Next, sections were washed before a 15-minute incubation at 

room temperature in TS (0.01% in PBS, T1892, Sigma-Aldrich) (dark conditions). After, sections 

were washed before rinsing in Gelatin solution (0.5%) and mounting onto glass slides. Whereas, 

for brain tissue from acute pharmacokinetic experiments, free-floating sections underwent washing 

before rinsing in Gelatin solution (0.5%) and mounting onto glass slides (Table 4.2.5). Slides air-

dried overnight before being sealed with cover slips using fluoromount solution (Invitrogen, 

ThermoFisher Scientific Fluoromount G).  

 

Washes throughout this experiment involved incubating the sections in the 24-well plates for 3 x 

5-minutes in PBS (0.1-M), on the orbital shaker (Mini Orbital Shaker SSM1; Stuart); this shaker 

was used for all incubations, apart from primary antibody. 

 

 

Table 4.2.5. Histological staining channels. Colour channels for each stain for chronic TF 

experiments. 
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4.2.2.4.3 Imaging and Assessment  

 

All images were taken using an upright Nikon Eclipse E600 epifluorescent microscope 

(TheMicroscopeCompany, UK) and an ORCA-spark Digital CMOS camera (C11440-36U, 

Hamamatsu). 1920x1200-pixel images were taken using a custom LABVIEW code, with an 

exposure time of 700-ms, at 4x magnification. Images were taken in three wavelength channels 

for detection of blue (Methoxy-x04), green (TS), and red (Iba1) signals (Table 4.2.5). 

 

Brain regions implanted with the TF were identified. Once identified, the whole brain section was 

imaged for post-mortem analysis. It is vital to image any sections that include part of the fibre track 

and some sections anterior and posterior to the implant site for analysis.  

 

4.2.3 Data processing and analysis 

 

4.2.3.1 Photometry analysis  

 

4.2.3.1.1 Pre-processing 

 

Digitised data and recorded time points were stored for off-line analysis by a custom MATLAB 

code. Once the .dat file was open, data across all recorded channels were adjusted with addition 

of their channel baseline. Next, events were detected by extracting sync pulses greater than 0.5-

V (for acute pharmacokinetic and laser 2) or 1-V (for laser 1), to identify laser ON periods. An event 

was classed as when the laser is on, at a single power. From this, event times were extracted and 

used with the number of sweep points across the TF – calculated by determining the frequency of 

sweeps per second – to extract data from the galvo and photodetector channels for signal 

processing. For this, a complimentary empty 10 data points are added to each pulse due to 

initialisation delays of the galvo mirror. Data was stored in a matrix for final processing.  

 

Occasionally computer lagging resulted in incomplete data acquisition, identifiable by an abnormal 

file size. Therefore, files that were 5% of the standard deviation away from the median file size, 

were removed and time indexes were stored. If any files were removed, the index of the excluded 

file was used to interpolate data at relevant time points. Interpolated data was entered into the final 

matrix. Occasionally the connection between the system and mouse was disrupted. This was 

detected by determining if signal was less than 95% of the global median signal. If detected, data 

was interpolated at the relevant time point and entered into the final matrix. The final matrix, power, 

galvo, and times information were saved into a mat file for further analysis. 
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For chronic recordings, completed over several days, a custom MATLAB code ran through each 

day to create these output mat files. Then, raw data across all days was combined into one mat 

file.  

 

4.2.3.1.2 Data processing  

 

To establish an optimal method for analysing TF data, several approaches were tested. This 

included conventional raw fluorescent signals – with matrixes extracted as described in section 

4.2.3.1.1. Also, by using these raw signals, data was either normalised to (Norm) or modelled 

against (Model) day 0 signals (Figure 4.2.17). Norm was chosen to show the change in signal 

intensity from when no Methoxy-x04 was present. Model was chosen as AF was a contributor that 

reduced the signal to noise ratio. Therefore, removing this component will potentially leave a purer 

Methoxy-x04 signal. 

 

For Norm, raw data mat files from each day of the recording are used (Figure 4.2.17B). First, using 

day 0 data, the moving median fluorescence over 50-minutes was calculated across all time points 

at each GV, power, emission, and light protocol (Figure 4.2.17Bi). Next, the median fluorescence 

across all time points is determined (F0) and is saved in a mat file (Figure 4.2.17Bii). Next, by 

running through each mat file across days, the moving median fluorescence over 50-minutes of 

the data across all time points at each GV, power, emission, and light protocol is determined. Then, 

the data is normalised using F0 to calculate the relative change of fluorescence with the following 

equation:  

𝑅𝐶(𝑔, 𝑒, 𝑝|𝑙) =
(𝐹 − 𝐹0)

𝐹0
 

where RC is relative change, g is galvo trial, e is emission, p is power, l is light protocol, F is 

fluorescence and F0 is day 0 baseline fluorescence. Here, relative change depends on galvo trial, 

emission, and power conditionally on light protocol. Then, data matrices across all days were 

combined into one mat file. 

 

For Model, raw data mat files from each day of the recording are used. First, day 0 data is used to 

generate a model reflective of the AF of the TF, patch cable and brain tissue which could be 

removed to realise Methoxy-x04 signals (Figure 4.2.17C). To increase the number of k-folds within 

the model, to mitigate overfitting for parameter estimation, fluorescence and time data were 

subsampled, creating two-folds. Each data set was assigned to be either test or train for each fold. 

A linear polynomial curve was fitted to the subsequent train data at each GV, emission, power, 

and light protocol. Then, the two folds were combined by calculating the mean model coefficients. 

Additionally, the goodness of fit was examined using train models and test data, allowing 
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calculation of the r-squared (R2), adjusted r-squared and root mean squared error (RMSE) (Figure 

4.2.17Cii).  

 

The final model was used to extract modelled AF across each day of the recording (Figure 

4.2.17Ci). By running through each mat file of raw data across days, the appropriate model 

coefficients, data, and times for each GV, power, emission, and light protocol are extracted. Then, 

the predicted AF component is calculated by the following equation:  

𝐴𝐹𝑝 = (𝑎 × 𝑡) + 𝑏, 

where AF is autofluorescence, p is predicted, t is time and a and b are the model coefficients. Once 

calculated, the data and time for each GV, power, emission, and light protocol are extracted and 

the predicted autofluorescence is removed as shown in the following equation: 

𝐹𝑚 = 𝐹 − 𝐴𝐹𝑝, 

where F is fluorescence, m is modelled and Afp is predicted autofluorescence (Figure 4.2.17Ciii). 

Then, matrices across all days were combined into one mat file. 
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Figure 4.2.17. Analytical approaches for chronic TF recordings. (A) The three analytical 

approaches used were raw, normalised to day 0 (Norm) and modelled to day 0 (Model). (B) 

Norm involved using day 0 as the baseline signal as there was no Methoxy-x04 present (i), 

before calculating the normalised fluorescence (ii). (C) (i) Schematic illustrating the steps of 

establishing a model that predicts the AF component of TF recordings. Using the day 0 

recording, data undergoes a 2-fold model creation to estimate the AF in the TF, patch cable and 

brain tissue as a function of time. This can be subtracted from signals to realise a pure Methoxy-

x04 signal. (ii) Example of the model creation and evaluation. Left, Fluorescence (F) across time 

and depth for actual data and data predicted using the model. Right, Goodness of fit parameters. 

(iii) Example of extracting Methoxy-x04 signals using the model using day 1 pharmacokinetic 

data. After subtraction of the estimated day 0 component, Methoxy-x04 signals are left. 
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4.2.3.1.3 Data analysis  
 

4.2.3.1.3.1  Acute and system characterisation analysis 

 

For acute pharmacokinetic and AF recovery recordings, described in sections 4.2.2.2.2 and 

4.2.1.3.4, respectively and shown in Figure 4.3.2, data at 120-μW and 440-nm was used, with 

galvo measures below 0-V removed. 120-μW was used as this was the highest power used, 

providing strong Methoxy-x04 signals, across all recordings. 440-nm was used as this was the 

Methoxy-x04 sensitive detection channel. Example recordings were chosen to show the 

fluorescence profile across several hours. Plots show the median raw fluorescence. To identify the 

galvo-dependent fluorescent changes, baseline fluorescence was determined by taking an 

average of data points acquired at 30-minutes across each chosen GV (0, 1, 2, 3 and 4-V). The 

change in fluorescence was determined by subtracting this from the fluorescence at 210-minutes 

across each chosen GV. 

 

To show changes in the light output from the end of the patch cable and TF, as described in 

section 4.2.1.3.2 and shown in Figure 4.3.2, the light output readings for the example recordings 

were taken and plotted across increasing GV. Dashed lines were applied to illustrate the power if 

it was equalised across all GVs. 

 

4.2.3.1.3.2  Chronic analysis  

 

For all chronic recordings, as described in section 4.2.2.3 and shown in Figures 4.3.4-18, data at 

120-μW at 440-nm was used, with galvo measures below 0-V removed. 120-μW was used as this 

was the highest power used, providing strong Methoxy-x04 signals, across all recordings. 440-nm 

was used as this was the Methoxy-x04 sensitive detection channel. Galvo measures below 0-V 

were removed because they will reflect the measures above 0-V. Example recordings are chosen 

to show the fluorescence profile across days. For this, heatmaps of each day for raw, Norm and 

Model data were used where the colour range was determined by calculating the minimum and 

maximum fluorescence across all data points across each day in the recording for the specific 

analytical approach.  

 

For summary analysis, data was extracted at chosen time points of interest. For pharmacokinetic 

recordings, time points of 0 and 60-minutes were taken across days 0, 2 and 3, with time points of 

0, 30, 60, 90, 120, 150, 180 and 210-minutes taken on day 1. For re-dose recordings, time points 

of 0 and 60-minutes were taken across days 0, 1, 2 and 3. If data was missing at a time-point for 

a recording, data was not a number (NaN). Data was extracted at chosen GVs: 0, 1, 2, 3 and 4-V. 
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Data was presented in boxplots to illustrate the distribution across recordings. Traces of the profile 

for each recording were presented on the same plots. 5xFAD+ and 5xFAD- data was shown in 

galvo-related shades of blue and green respectively, with darker colours representing lower GVs. 

 

4.2.3.1.4 Exclusion criteria 

 

For final analysis, chronic TF data must pass the exclusion criteria. Here, if the power was not 

calculated appropriately or the appropriate bleaching protocol was not followed, the full recording 

was excluded. Also, for recordings where the first laser showed some deterioration throughout 

were excluded. Lastly, to avoid exclusion, the recording must include day 0 and day 1 data at a 

minimum. Reasons for exclusions for chronic pharmacokinetic and re-dose experiments are shown 

in Table 4.2.3 and Table 4.2.4, respectively. 

 

4.2.3.2 Image Analysis  

 

Image analysis was consistent with previously described methods in Chapter 2, section 2.1.3, 

bar detection of the fibre track and correlative assessment.  

 

4.2.3.2.1 Fibre track detection 

 

To identify the TF track, there was various manual steps (Figure 4.2.18A). Firstly, the fibre track 

and TF tip was identified using Iba1 signals on histological images (Figure 4.2.18B). From the TF 

tip, 1.62-mm (the estimated active region of the TF) was measured to identify the full TF active 

region. The full active region of the TF is 1.8-mm, representing up to 5-V galvo, but as we only 

record up to 4.5-V galvo throughout in vivo experiments, we scaled the active region of the TF 

appropriately. Then, the fibre track on the Methoxy-x04-stained aligned sections was manually 

labelled using an AmaSiNe built-in graphical user face (Figure 4.2.18C). This allows manual 

annotation on each aligned image, along the TF active region. Using the aligned images, the AP, 

ML and DV coordinates of the manually labelled TF track are identified.  

 

While this provided scattered coordinates across sections, in order to estimate the fibre track 

coordinates across sections and at a sampling interval that mirrored the TF photometry 

experiments, further analysis was required. First, two major parameters are determined: the depth 

alignment scaling factor and the sampling depths. To determine the depth alignment scaling factor, 

the estimated length of the TF active region, as determined by the manual labelling on histological 

sections, was divided by the actual length (1.62-mm) (Figure 4.2.18D). To determine the sampling 

depths, equal sampling intervals at the TF resolution (the distance between each measure) was 

calculated (Figure 4.2.18E). The  TF resolution was the length of the active region divided by the 
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number of measures minus 1, multiplied by the scaling factor. The sampling depths were 

determined by calculating equal sampling intervals of the TF resolution from the most dorsal to the 

most ventral annotated coordinate (Figure 4.2.18E). Then, using the AP, ML, DV coordinates and 

sampling depths, the coordinates for the full fibre track are estimated using a two-step regression 

model. Lastly, using the list of all brain regions, provided from the Allen Institute, the coordinates 

allow identification of brain regions the fibre track passes.  

 

Figure 4.2.18. Process for TF fibre track detection. (A) Steps of fibre track detection. (B) Identify 

TF track and tip using histological images showing Methoxy-x04 (left) and Iba1 (right) signals. Iba1 

signals allow identification of the TF track due to accumulation of microglia. By using the scale, 

1.62-mm was marked from the TF tip, representing the active region of the TF from 0-4.5-V galvo, 

as this is what was used for in vivo experiments. Scale: 1-mm. (C) Manual annotation of the TF 

track on aligned histological images. Red dots show the annotated TF active region. Blue shows 
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the aligned atlas to the respective histological section. (D) Calculation to determine the alignment 

scaling factor. The estimated active region of the TF was determined by subtracting the most 

ventral coordinate, from the most dorsal. This accounts for differences in depth from in vivo to 

histology. (E) Calculation to determine the sampling depths. TF resolution was calculated by 

dividing the TF active region by the number of measures. The number of measures was as used 

for in vivo experiments, with 41 measures from 0-4.5-V galvo. Sampling depths were calculated 

from the most dorsal coordinate to the most ventral coordinate at TF resolution intervals. 

 

4.2.3.2.2 Photometry Vs histology correlative assessment 

 

Table 4.2.6. Summary of histological correlation analysis parameters. Reasons mice were 

excluded are explained. Exclusion criteria is described in sections 4.2.3.1.4 and 4.2.3.2.3. 

 

 

Lastly, in attempt to mirror the plaque signals collected from photometry experiments, plaques that 

fall within a 200-μm radius of the fibre track coordinates, on the same implant site on the 

contralateral hemisphere, were quantified. Setting the contralateral hemisphere is vital to avoid 

tissue damage from the implant interfering with accurate quantification. This approach assumes 
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plaque pathology is consistent across hemispheres. Again, the TF track resolution was determined 

for each galvo measure. From here we can determine the quantified plaques at increasing depths 

along the fibre and compare to photometry data. 

 

To determine if the histological quantification of Methoxy-x04 stained plaques was correlated to 

photometry data, photometry data from the last pharmacokinetic recording was used (Table 4.2.3 

and Table 4.3.6). Here, data at 120-μW and 440-nm on day 1 of the recording was used. The 

median signal for raw, Norm and model data between 120- and 180-minutes was calculated, 

omitting NaN values where data was missing. Histological data was the quantified plaque 

pathology along the fibre track. In 5xFAD- mice, where noise was quantified as a plaque, signals 

were removed manually by setting the value to 0. In cases where no plaque pathology was 

quantified, addition of MATLAB-generated random noise in values <0.00001 was added to 

histological quantification. Next, the correlation between photometry and histological signals was 

determined using Pearson’s correlation coefficient. For summary analysis, the mean and SEM of 

correlation coefficients were calculated for each recording site and across all sites. Lastly, the 

correlation coefficients for 5xFAD+ mice were compared across analytical approaches to 

determine the optimal approach. 

 

4.2.3.2.3 Exclusion Criteria 

 

For TF histology correlation analysis, only data that passed the exclusion criteria was used. Fibre 

photometry recordings were only used if they were not previously excluded, as explained in 

section 4.2.3.1.4. For histology data, it was excluded on two grounds: estimated track depth and 

image quality. By plotting the estimated track depth, calculated from the histological track detection 

described in section 4.2.3.2.1, any that were greater or lower than a standard deviation of 1.5 

away from the group mean were excluded. Aligned images after histological image alignment were 

scored by an experimenter on various aspects of alignment and image quality from 0-5 (5 being 

perfect). These included the quality of alignment of images to the Allen brain atlas, the quality of 

images (damaged or missing), if the full fibre track was shown across images and if the fibre track 

was warped due to the alignment process. Then, the mean image quality score was calculated 

and recordings that had a score that was 1.5 standard deviations lower than the mean were 

excluded. Table 4.2.6 shows recordings that were excluded with reasons. Detailed reasons for 

exclusion of photometry recordings are shown in Table 4.2.3. 

 

4.2.3.3 Statistics 

 

All statistical analysis was completed on MATLAB. Significance was set as α = 0.05, with p-values 

coded as follows: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant.  
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One-sample Kolmogorov–Smirnov tests were completed to check the normality of data. 

Pharmacokinetic and re-dose experiments distribution was shown using boxplots and were 

statistically tested using the non-parametric Kruskal-Wallis test. If p < 0.05, post-hoc multi-

comparisons with Bonferroni corrections were completed. For correlative analysis, Pearson’s 

correlation coefficient calculated the r- and p-value. Summary correlation data was shown as mean 

± SEM, and two-sample t-tests were completed on appropriate data sets.  

 

4.3  Results  

 

Here, we aim to use state-of-the-art TF photometry to realise in vivo, depth-resolved, real-time 

plaque monitoring in the freely behaving condition. First, we began with acute recordings under 

terminal conditions to try monitor real-time plaque signals, following injection of Methoxy-x04. After 

this, we use knowledge gained to optimise procedures for freely behaving recordings and 

completed pharmacokinetic and re-dose recordings to identify optimal light protocols and analytical 

approaches for TF recordings, while examining the properties of Methoxy-x04 over-time. Finally, 

we determine if TF photometry measures are positively correlated to histological quantification, as 

seen with FF photometry.  

 

4.3.1 Datasets and mice  

 

Figure 4.3.1 shows animal information for TF experiments following exclusions (described in 

sections 4.2.2.2.2, 4.2.2.3.2, 4.2.2.3.3 and 4.2.3.2.2, respectively). More 5xFAD- mice were used 

for acute pharmacokinetic recordings than 5xFAD+ mice as we were trying to determine the cause 

of AF (Figures 4.3.1A&C). Mice used for acute pharmacokinetic recordings were aged between 

6-8-months (Figure 4.3.1B).  

 

Most chronic pharmacokinetic recordings were completed at TF implant site 2 and 3 (Figure 

4.3.1D) where the tip of the TF should be within the SUB up to the superficial layers of the visual 

cortex. Pharmacokinetic recordings were completed on a large age range of mice from 3-12-

months (Figure 4.3.1E). Re-dose experiments were completed on mixed-sex, -genotype, and -

implant sites (Figure 4.3.1D), with an age range from 5-11-months (Figure 4.3.1H). The total 

number of recordings for both 5xFAD+ and 5xFAD- mice were higher than the total number of mice 

for both pharmacokinetic and re-dose experiments as some mice were recorded from several times 

(Figure 4.3.1F & Figure 4.3.1I). 
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Following exclusion analysis, 18 mice were used for histology correlation analysis: 11 5xFAD+ and 

7 5xFAD- (Figure 4.3.1L). These were varied across implant site, sex, and age (Figure 4.3.1J-K). 

 

Figure 4.3.1. Sex, age, and genotype information for recordings completed and animals 

used for acute and chronic TF experiments. Number of recordings and age of animals at 

each recording across sex and genotype for acute pharmacokinetic (A,B), chronic 

pharmacokinetic (D,E), chronic re-dose (G,H) and histology correlation analysis (J,K). Total 

sample number for mice or recordings for acute pharmacokinetic (C), chronic pharmacokinetic 

(D), chronic re-dose (I) and histology correlation analysis (L). Some mice were recorded from 
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several times. Histology correlation age is at time of perfusion. Each site number shows the TF 

implant coordinate site (Figure 4.2.14). 

 

4.3.2 AF and TF light properties are important considerations for in vivo 

recordings 

 

To validate the detection of real-time, depth-resolved Methoxy-x04 signals and enhance 

understanding of the in vivo signals attainable using TFs, we conducted acute pharmacokinetic 

experiments (Figure 4.3.2A). Subsequently, we recognized that AF and characteristics of TF light 

propagation may influence signal collection. To investigate this, we also conducted in vitro AF 

characterisations (Figures 4.3.2A&D). 

 

In vivo recordings involved the administration of Methoxy-x04 (10-mg/kg) after 0.5-hours of 

baseline recording, under terminal anaesthesia (Figure 4.3.2A). Preliminary observations in a 

5xFAD+ mouse model revealed a gradual increase in fluorescence post-Methoxy-x04 injection, 

across all depths of the TF at varying intensities (Figure 4.3.2B). Specifically, there was a more 

pronounced change in fluorescence at 3 and 4-V galvo. While this implied Methoxy-x04 signals 

may be detected, replicating experiments in a 5xFAD- mouse model, where no plaque pathology 

occurs, showed a similar fluorescence profile post-Methoxy-x04 injection (Figure 4.3.2C). This 

suggests something other than Methoxy-x04 may be contributing to this signal, such as AF. For 

example, AF of the photometry system can regenerate over-time, potentially influencing all 

recordings. 

 

To confirm this and gain further insight into what influence TF photometry may have on chronic 

experiments, we assessed the AF recovery following a bleaching protocol (Figure 4.3.2A). This 

was done without the use of animals, where a TF attached to the system was stabilised in the air. 

Also, this protocol was designed to mirror the methodology used in acute pharmacokinetic 

experiments. Figure 4.3.2D illustrates that AF began to rise within 30-minutes from the end of the 

bleaching process, coinciding with the injection time in in vivo experiments. Additionally, this 

increased fluorescence was greater at higher GVs. 

 

Also, we examined the light output of the patch cable with and without the TF attached on the day 

of both 5xFAD+ and 5xFAD- acute pharmacokinetic recordings. This was done without the use of 

animals, where a TF attached to the system was stabilised in the air. It was shown that for the 

patch cable and TFs used for both 5xFAD+ and 5xFAD- recordings, a reduction in light output was 

noted with increasing GV (Figure 4.3.2E). This suggests that as light passes to higher regions on 

the TF, the coupling of light from the system begins to decrease due to alignment limits. 
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Consequently, light power along the TF will be varied, meaning that brain tissue would not be 

recorded at uniform light intensity across depth. 

 

In summary, while an increase in fluorescence was seen across both genotypes, it appears to be 

influenced by the recovery of AF and light power. In all, there is a clear necessity for additional 

protocols for TF in vivo recordings to ensure consistent excitation, signal collection, and extraction 

of true Methoxy-x04 signals. 

 

 

Figure 4.3.2. Acute pharmacokinetic recordings may be influenced by AF and ununiform 

light propagation from TFs. (A) Schematic illustrating the in vivo and in vitro procedures 

completed. For in vivo acute pharmacokinetic experiments, fluorescence was recorded from a TF 

implanted in a 5xFAD+ or 5xFAD- mouse, with Methoxy-x04 (10-mg/kg) being injected after a 0.5-

h baseline. In vitro AF characterisation involved bleaching the system while the TF was not 

implanted, before monitoring AF recovery. Characterisation suggested the bleaching process was 

exponential, whereas the recovery was near-linear. (B, C) Left, Fluorescence across depth (GV), 
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over time in 5xFAD+ (B) and 5xFAD- (C) mice. White dashed line illustrates the injection time. 

Colour map shows the fluorescence (F) range. Right, Change of fluorescence at 3.5-h compared 

to 0.5-h. (D) AF recovery across depth, over time. Colour map shows the AF range. (E) Light output 

at increasing GVs on the day of the 5xFAD+ (B) and 5xFAD- (C) recording. Dashed lines show the 

power at 0-V galvo. 

 

4.3.3 Real-time, depth-resolved Methoxy-x04 signals intensified with 

adopted light protocols and analytical approaches 

 

For chronic recordings, a TF was chronically implanted in the brain. The target was to have the tip 

of the TF hitting the plaque-dense SUB, with the shaft reaching up through the visual cortex layers. 

Three implant coordinates were used with adjustments made to improve targeting (Figure 4.2.14).  

 

After all appropriate recordings were completed, brains were taken for post-mortem histological 

assessment. Figure 4.3.3 shows Methoxy-x04 stained brain sections illustrating the fibre track for 

all 5xFAD+ and 5xFAD- mice. Across several mice, the implant was slightly medial and posterior 

of the target, with only ~50% of implants reaching the post-subiculum (POST), with none hitting 

the SUB (Figure 4.3.3C). However, most implants passed visual cortical regions. All site 3 implants 

appear to have some of the TF passing a plaque dense hippocampal region in 5xFAD+ mice 

(Figure 4.3.3A), with 5xFAD- implants occurring in similar regions (Figure 4.3.3B). While site 1 

and 2 do not necessarily pass a region as plaque dense as site 3 implants, they do have 

surrounding plaque pathology that is greater at deeper regions of the TF. Overall, many recordings 

appear to have hit the approximate target for chronic recordings. 
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Figure 4.3.3. Histological analysis of the location of TF implants. (A, B) Methoxy-x04-stained 

histological coronal sections from 5xFAD+ (A) and 5xFAD- (B) mice. White triangles show the 

location of the fibre track. Numbers on the top right indicate the type of implant coordinates (Figure 

4.2.14). Scale: 1-mm. (C) Quantification of brain regions the implants passed according to 

histological brain atlas alignment data, described in section 4.2.3.2.1.  
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4.3.3.1 Methoxy-x04 was detected within 30-minutes of injection across 

depth, in 5xFAD+ mice 

 

Discovering that light propagation from the TF provides varied signal intensities resulted in the 

implementation of light protocols that manipulate the light power along the TF. These protocols 

were termed original (no modifications), in vitro (equalised light power) and image (equalised 

power density). Also, to account for AF, data was normalised to the baseline signal (Norm) or 

extracted from modelled AF (Model) and compared to raw data. As well as this, additional protocols 

were implemented to minimise AF such as a shorter patch cable and rigorous photobleaching 

before each recording, as discussed in section 4.2.1.3.3.  

 

Using these light protocols and analytical approaches, in vivo pharmacokinetic recordings were 

completed to determine if in vivo Methoxy-x04 signals can be detected in freely behaving animals, 

across depth and what combination of light protocol and analytical approach provides optimal 

signals. Mice chronically implanted with a TF underwent a 5-hour baseline recording (Day 0). On 

day 1, Methoxy-x04 (10-mg/kg) was injected at 0.5-h (Figure 4.3.4A). In 5xFAD+ mice, a steady 

rise in fluorescence was expected, with stronger signal intensities at deeper regions where plaque 

pathology is dense (Figure 4.3.3). Whereas in 5xFAD- mice, no change was expected.  

 

Figure 4.3.4 shows the pharmacokinetic profile in 5xFAD+ mice for the original light protocol. Here, 

the declining fluorescence over day 0 is seen for raw and Norm data (Figure 4.3.4B). On day 1 

we see a rise in fluorescence following Methoxy-x04 injection within 30-60-minutes, with Norm 

data illustrating a quicker incline, followed by a decline over days 2 and 3 (Figure 4.3.4B). Notably, 

original light protocol has no clear alterations of signal intensity across GVs, with signals 

reasonably constant across depth (Figure 4.3.4B). 

 

Summary raw data show no trends of increased fluorescence post-injection across all GVs, with 

no significant differences overtime (0-V, H(13) = 6.1698, p = 0.9398; 1-V, H(13) = 4.315, p = 

0.9874; 2-V, H(13) = 2.146, p = 0.9997; 3-V, H(13) = 2.445, p = 0.9993; 4-V, H(13) = 3.1210, p = 

0.9975, Kruskal-Wallis test) (Figure 4.3.4C).  

 

Additionally, while individual traces illustrate many recordings having an increase in fluorescence 

post-injection, summary Norm plots do not show a pronounced increase on day 1 across GVs, 

despite small trends seen at 0-2-V galvo (Figure 4.3.4D). Statistical tests show significance for 

Norm data at 4-V (H(13) = 25.2268, p = 0.0215, Kruskal-Wallis test), but not others (0-V, H(13) = 

11.4546, p = 0.5728; 1-V, H(13) = 12.4758, p = 0.4891; 2-V, H(13) = 14.2600, p = 0.3558; 3-V, 

H(13) = 20.2660, p = 0.0888, Kruskal-Wallis test), with post-hoc tests showing no significant 

differences between groups (Table 4.3.1).  
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Also, summary model data show significance at 1-V (H(13) = 22.3747, p = 0.0498, Kruskal-Wallis 

test), 2-V (H(13) = 22.8073, p = 0.0440, Kruskal-Wallis test), 3-V (H(13) = 26.9004, p = 0.0128, 

Kruskal-Wallis test) and 4-V (H(13) = 22.9134, p = 0.0427, Kruskal-Wallis test) but not 0-V (H(13) 

= 17.9431, p = 0.1597, Kruskal-Wallis test) (Figure 4.3.4E). However, post-hoc tests show no 

significant differences between groups (Table 4.3.1).  

 

Therefore, without modulating the light propagation from the TF, depth resolution and a prominent 

increase post-injection remains to be fully elucidated. Therefore, alternatives were explored. 

 

Table 4.3.1. Statistical summary for 5xFAD+ pharmacokinetic experiments completed with 

the original light protocol. Kruskal-Wallis tests were completed across time points for each GV, 

supplying a group comparison significance. If the Kruskal-Wallis test provided a p-value <0.05, 

post-hoc tests with Bonferroni correction were completed. Day 0 time points are compared with all 

other time points. Comparisons not shown in the table were non-significant. D0, D1, D2 and D3 

represents day 0, 1, 2 and 3, respectively. **** p < 0.001, *** p < 0.005, ** p < 0.01, * p < 0.05, ns 

not significant.  
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Figure 4.3.4. Pharmacokinetic profile of Methoxy-x04 in a 5xFAD+ mouse using the original 

light protocol, analysed with different approaches. (A) Top left, Recording paradigm. Methoxy-

x04 was injected at 0.5-h on day 1 of the 4-day recording schedule. Each dash on the recording 

days represents 1-h. Top right, Table highlighting the light protocol: original. Bottom, Schematic of 

the TF showing that higher GVs represent superficial regions, whereas lower GVs represent 

deeper brain regions. Colour coding is consistent with the colour coding of the summary plots. (B) 

Example heatmaps of the fluorescence across depth and time, over the 4-day pharmacokinetic 

recording in a 5xFAD+ mouse. Each vertical row represents a different data analytical approach: 

raw, normalised to day 0 (Norm) and modelled to day 0 (Model). White dashed line represents the 

time of Methoxy-x04 injection. Colour map represents the fluorescence range. Scale: 2-h. Example 

plots come from FAD45, pharmacokinetic recording 6. (C, D, E) Summary plots of the 

pharmacokinetic profile of Methoxy-x04 across time and depth, for raw (C), Norm (D) and Model 

(E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey line illustrates 

the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-Wallis test, 

followed by multi-comparison tests with Bonferroni correction if p < 0.05. n = 19 recordings in 13 

5xFAD+ mice. 

 

Then, the in vitro-based light protocol was explored, as this involved equal light power along the 

TF which should provide a more reliable excitatory profile of Methoxy-x04 across depth. Figure 

4.3.5 shows the pharmacokinetic profile of Methoxy-x04 for 5xFAD+ mice with the in vitro-based 

light protocol. Example plots show that raw data on day 0 has a greater fluorescence at higher GV, 

which declines across the 5-hour recording (Figure 4.3.5B). On day 1, a rise in fluorescence 

occurs from ~60-minutes across the full depth of the TF. However, while Norm data has a 

fluorescence decline across day 0, the rise in fluorescence post-injection is clear within 30-minutes 

showing variations of signal strength across GV (Figure 4.3.5B). This depth-resolved rise within 

30-minutes was consistent with Model data, however the decline across day 0 was not seen 

(Figure 4.3.5B). Across all analytical approaches, but more notably seen with Norm data, on day 

2, fluorescence is maintained in a depth-resolved manner (Figure 4.3.5B). However, throughout 

days 2 and 3, fluorescence begins to decline back to a pre-injection level.  

 

Summary plots for AF-contaminated raw data did not show any significant changes over time 

across GVs (0-V galvo, H(13) = 4.9171, p = 0.9770; 1-V galvo, H(13) = 4.3745, p = 0.9865; 2-V 

galvo, H(13) = 3.1108, p = 0.9975; 3-V galvo, H(13) = 2.8165, p = 0.9985; 4-V galvo, H(13) = 

3.5289, p = 0.9952, Kruskal-Wallis test) (Figure 4.3.5C) (Table 4.3.2).  

 

However, Norm data show some variations across depth, with a trend of increasing fluorescence 

on day 1 from 30-minutes across all GV, with a more pronounced change in median fluorescence 

across time seen at 0 and 1-V galvo (median fluorescence at 0-V galvo: -0.049-V, 0.048-V, 0.065-
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V, 0.071-V, 0.089-V, 0.115-V and 0.108-V, at 30, 60, 90, 120, 150, 180 and 210-minutes, 

respectively) compared to 4-V galvo (median fluorescence at 4-V galvo: -0.0507-V, -0.008-V, -

0.007-V, -0.019-V, -0.036-V, -0.006-V and -0.017-V, at 30, 60, 90, 120, 150, 180 and 210-minutes, 

respectively) (Figure 4.3.5D). However, statistical significance was only seen across time at 3-V 

(H(13) = 25.2481, p = 0.0214, Kruskal-Wallis test) and 4-V galvo (H(13 = 27.1491, p = 0.0119, 

Kruskal-Wallis test), and not at 0-V (H(13) = 13.9795, p = 0.3753, Kruskal-Wallis test), 1-V (H(13) 

= 13.4799, p = 0.4115, Kruskal-Wallis test) and 2-V (H(13) = 14.7816, p = 0.3212, Kruskal-Wallis 

test). Post-hoc statistical tests illustrate that there is a statistically significant difference between 

60-minutes on day 0 and both time points on day 3 at 4-V galvo (p = 0.028 and p = 0.021, 

respectively, post-hoc Bonferroni tests) (Table 4.3.2). This is representative of the decline in 

fluorescence seen across all GV on days 2 and 3 (median fluorescence: 0-V galvo, 0.163-V to -

0.040-V; 1-V galvo, 0.074-V to -0.019-V; 2-V galvo, -0.001-V to -0.078-V; 3-V galvo, -0.039-V to -

0.092-V; 4-V galvo, -0.056-V to -0.099-V for day 2 0-minutes and day 3 60-minutes, respectively) 

(Figure 4.3.5D). 

 

Whereas in Model data, an increase in fluorescence on day 1 was seen across all GV, with an 

increase occurring within the first 30-minutes post-injection (Figure 4.3.5E). However, the median 

change in fluorescence was within a very small range and remained more pronounced at 0-V galvo 

(median fluorescence at 0-V galvo: -0.012-V, -0.005-V, 0.001-V, 0.007-V, 0.007-V, 0.016-V and 

0.014-V, at 30, 60, 90, 120, 150, 180 and 210-minutes, respectively) compared to 4-V galvo 

(median fluorescence at 4-V galvo: -0.009-V, -0.002-V, -0.002-V, 0-V, 0.002-V, 0-V and 0.003-V, 

at 30, 60, 90, 120, 150, 180 and 210-minutes, respectively). Additionally, a decline in fluorescence 

over days 2 and 3 are seen (median fluorescence: 0-V galvo, 0.014-V to 0-V; 1-V galvo, 0.002-V 

to -0.006-V; 2-V galvo, -0.005-V to –0.008-V; 3-V galvo, -0.007-V to -0.012-V; 4-V galvo, -0.007-V 

to -0.011-V for day 2 0-minutes and day 3 60-minutes, respectively) (Figure 4.3.5E). Despite these 

trends, statistical tests show no significant difference across depth (0-V galvo, H(13) = 19.4220, p 

= 0.1106; 1-V galvo, H(13) = 21.1609, p = 0.0698; 2-V galvo, H(13) = 20.3020, p = 0.0879; 3-V 

galvo, H(13) = 21.6422, p = 0.0612; 4-V galvo, H(13) = 22.1106, p = 0.0537, Kruskal-Wallis test) 

(Table 4.3.2). 
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Table 4.3.2. Statistical summary for 5xFAD+ pharmacokinetic experiments completed 

with the in vitro light protocol. Kruskal-Wallis tests were completed across time points for 

each GV, supplying a group comparison significance. If the Kruskal-Wallis test provided a p-

value <0.05, post-hoc tests with Bonferroni correction were completed. Day 0 time points are 

compared with all other time points. Comparisons not shown in the table were non-significant. 

D0, D1, D2 and D3 represents day 0, 1, 2 and 3, respectively. Arrows indicate the direction of 

change. **** p < 0.001, *** p < 0.005, ** p < 0.01, * p < 0.05, ns not significant.  
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Figure 4.3.5. Pharmacokinetic profile of Methoxy-x04 in a 5xFAD+ mouse using an in vitro-

based light protocol, analysed with different approaches. (A) Top left, Recording paradigm. 

Methoxy-x04 was injected at 0.5-h on day 1 of the 4-day recording schedule. Each dash on the 

recording days represents 1-h. Top right, Table highlighting the light protocol: in vitro. Bottom, 

Schematic of the TF showing that higher GVs represent superficial regions, whereas GVs voltages 

represent deeper brain regions. Colour coding is consistent with the colour coding of the summary 

plots. (B) Example heatmaps of the fluorescence across depth and time, over the 4-day 

pharmacokinetic recording in a 5xFAD+ mouse. Each vertical row represents a different data 

analytical approach: raw, normalised to day 0 (Norm) and modelled to day 0 (Model). White dashed 

line represents the time of Methoxy-x04 injection. Colour map represents the fluorescence range. 

Scale: 2-h. Example plots come from FAD45, pharmacokinetic recording 6. (C, D, E) Summary 

plots of the pharmacokinetic profile of Methoxy-x04 across time and depth, for raw (C), Norm (D), 

and Model (E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey 

line illustrates the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-

Wallis test, followed by multi-comparison tests with Bonferroni correction if p < 0.05, with p-values 

shown: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant. n = 19 

recordings in 13 5xFAD+ mice. 

 

Next, the in image-based light protocol was explored, as this involved equal power density along 

the TF which should provide an equal excitation of brain volume across depth. Figure 4.3.6 shows 

the pharmacokinetic profile of Methoxy-x04 collected using the image-based light protocol. 

Example plots show a saturated fluorescent signal on day 0 (Figure 4.3.6B). Therefore, no change 

in fluorescence intensity is noted after Methoxy-x04 injection from raw data. However, Norm and 

Model data continue to show a rise in fluorescence within ~30-60-minutes, with increased change 

in fluorescence at lower GVs (Figure 4.3.6B). However, unlike data collected using the in vitro 

light protocol (Figure 4.3.6), a decline in fluorescence is not evident on day 2 and 3 (Figure 

4.3.6B).  

 

Summary raw data illustrate little change in fluorescence from baseline, with no significant changes 

detected over time (0-V galvo, H(13) = 6.2299, p = 0.9374; 1-V galvo, H(13) = 3.1184, p = 0.9975; 

2-V galvo, H(13) = 1.7013, p = 0.999; 3-V galvo, H(13) = 2.2068, p = 0.9996; 4-V galvo, H(13) = 

3.3249, p = 0.9965, Kruskal-Wallis test) (Figure 4.3.6C) (Table 4.3.3).  

 

Norm data demonstrates a trend of increased fluorescence across depths. However, comparing 

medians show minimal change across time (Figure 4.3.6D). Nonetheless, a decline in 

fluorescence was evident across days 2 and 3. Overall, Norm data have significant differences at 

3-V (H(13) = 23.1471, p= 0.0399, Kruskal-Wallis test) and 4-V (H(13) = 24.2791, p=0.0287, 

Kruskal-Wallis test) but not at 0-V (H(13) = 20.8804, p = 0.0753, Kruskal-Wallis test), 1-V (H(13) = 
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15.0689, p = 0.3031, Kruskal-Wallis test) and 3-V (H(13) = 14.6242, p = 0.3314, Kruskal-Wallis 

test).  Post-hoc tests found a significant decrease in fluorescence between 60-minutes on day 0 

and day 3 at 4-V galvo (Table 4.3.3).  

 

Model data show trends for increased fluorescence across all GVs, with a stronger tendency from 

0-2-V. Additionally, fluorescence appears to begin to decline from day 2, reaching pre-injection 

levels by day 3 (Figure 4.3.6E). While Model data show significant differences across time at 0-V 

galvo (H(13) = 27.4096, p = 0.0109), but not at others (1-V galvo, H(13) = 14.0384, p = 0.3711; 2-

V galvo, H(13) = 18.6726, p = 0.1336; 3-V galvo, H(13) = 18.7071, p = 0.1325; 4-V galvo, H(13) = 

18.3807, p = 0.1436, Kruskal-Wallis test), post-hoc tests found no significant differences between 

groups at 0-V galvo (Table 4.3.3) (Figure 4.3.6E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 201 

Table 4.3.3. Statistical summary for 5xFAD+ pharmacokinetic experiments completed with 

the image light protocol. Kruskal-Wallis tests were completed across time points for each GV, 

supplying a group comparison significance. If the Kruskal-Wallis test provided a p-value <0.05, 

post-hoc tests with Bonferroni correction were completed. Day 0 time points are compared with all 

other time points. Comparisons not shown in the table were non-significant. D0, D1, D2 and D3 

represents day 0, 1, 2 and 3, respectively. Arrows indicate the direction of change. **** p < 0.001, 

*** p < 0.005, ** p < 0.01, * p < 0.05, ns not significant.  
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 Figure 4.3.6. Pharmacokinetic profile of Methoxy-x04 in a 5xFAD+ mouse using an image-

based light protocol, analysed with different approaches. (A) Top left, Recording paradigm. 

Methoxy-x04 was injected at 0.5-h on day 1 of the 4-day recording schedule. Each dash on the 

recording days represents 1-h. Top right, Table highlighting the light protocol: image. Bottom, 

Schematic of the TF showing that higher GVs represent superficial regions, whereas lower GVs 

represent deeper brain regions. Colour coding is consistent with the colour coding of the summary 

plots. (B) Example heatmaps of the fluorescence across depth and time, over the 4-day 

pharmacokinetic recording in a 5xFAD+ mouse. Each vertical row represents a different data 

analytical approach: raw, normalised to day 0 (Norm) and modelled to day 0 (Model). White dashed 

line represents the time of Methoxy-x04 injection. Colour map represents the fluorescence range. 

Scale: 2-h. Example plots come from FAD45, pharmacokinetic recording 6. (C, D, E) Summary 

plots of the pharmacokinetic profile of Methoxy-x04 across time and depth, for raw (C), Norm (D), 

and Model (E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey 

line illustrates the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-

Wallis test, followed by multi-comparison tests with Bonferroni correction if p < 0.05, with p-values 

shown: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant. n = 19 recordings 

in 13 5xFAD+ mice. 
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Table 4.3.4. Statistical summary for 5xFAD+ pharmacokinetic experiments. Kruskal-Wallis 

tests were completed across time points for each GV, supplying a group comparison significance. 

If the Kruskal-Wallis test provided a p-value <0.05, post-hoc tests with Bonferroni correction were 

completed. Day 0 time points are compared with all other time points. Comparisons not shown in 

the table were non-significant. D0, D1, D2 and D3 represents day 0, 1, 2 and 3, respectively. 

Arrows indicate the direction of change. **** p < 0.001, *** p < 0.005, ** p < 0.01, * p < 0.05, ns not 

significant.  

 

 

Overall, this novel approach provides evidence for TF photometry allowing real-time, depth-

resolved plaque detection in freely behaving mice illustrated by a slight increase in fluorescence 

across GVs, in a depth-resolved manner. Firstly, the original light protocol and raw data had poor 

performance at extracting pure Methoxy-x04 signals across depth. Alternatively, a combination of 

the in vitro light protocol and Norm analytical approach appeared to provide the greatest and 

fastest signal increase with depth-resolved capabilities. Model data show trends of increasing 

fluorescence across day 1, but the fluorescence range is low. Additionally, this approach was able 

to detect Methoxy-x04 within the brain at ~30-minutes when using the Norm and in vitro 

approaches, with the fluorescence continuing to increase over several hours, before declining on 

following days. This trend was seen in the other protocols but at a slower and less pronounced 

profile. Despite this, no significant increases across time were noted (Table 4.3.4). In all, this data 

suggests this may be a potential approach for monitoring plaque pathology in real-time, across 

depth, in freely behaving mice, illustrating trends of increased fluorescence following Methoxy-x04 

injection to 5xFAD+ mice only. However, this finding may be improved by aligning all TF recordings 

to enhance the depth-resolved fluorescent increases.”
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4.3.3.2 Methoxy-x04 was not detected across depth, in 5xFAD- mice 

 
While this novel approach has shown increases in fluorescence post-injection in a depth-resolved 

manner in 5xFAD+ mice, it is vital to confirm this change is from increases in Methoxy-x04 

concentration, rather than other contributing factors such as AF. Therefore, pharmacokinetic 

recordings were completed in 5xFAD- mice (Figure 4.3.7A). 

 

Figure 4.3.7 shows the pharmacokinetic profile of Methoxy-x04 for 5xFAD- mice for the original 

light protocol. Example plots show no change in fluorescence across days, or analytical 

approaches (Figure 4.3.7B). Summary data shows no changes in fluorescence across days with 

no significant differences found with raw data (0-V, H(13) = 3.5105, p = 0.9954; 1-V, H(13) = 

2.8441, p = 0.9984; 2-V,  H(13) = 2.2329, p = 0.9995; 3-V, H(13) = 1.4018, p = 0.9999; 4-V, H(13) 

= 1.2432, p = 0.9999, Kruskal-Wallis test) (Figure 4.3.7C), Norm data (0-V, H(13) = 10.1611, p = 

0.6807; 1-V, H(13) = 9.5677, p = 0.7288; 2-V, H(13) = 12.2664, p = 0.5059; 3-V, H(13) = 5.3217, 

p = 0.9674; 4-V, H(13) = 5.0705, p = 0.9736, Kruskal-Wallis test) (Figure 4.3.7D) or Model data 

(0-V, H(13) = 10.4995, p = 0.6527; 1-V, H(13) = 7.6951, p = 0.8629; 2-V, H(13) = 11.1870, p = 

0.5952; 3-V, H(13) = 5.0333, p = 0.9745; 4-V, H(13) = 4.6047, p = 0.9829, Kruskal-Wallis test) 

(Figure 4.3.7E). 
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Figure 4.3.7. Pharmacokinetic profile of Methoxy-x04 in a 5xFAD- mouse using the original 

light protocol, analysed with different approaches. (A) Top left, Recording paradigm. Methoxy-

x04 was injected at 0.5-h on day 1 of the 4-day recording schedule. Each dash on the recording 

days represents 1-h. Top right, Table highlighting the light protocol: original. Bottom, Schematic of 

the TF showing that higher GVs represent superficial regions, whereas lower GVs represent 

deeper brain regions. Colour coding is consistent with the colour coding of the summary plots. (B) 

Example heatmaps of the fluorescence across depth and time, over the 4-day pharmacokinetic 

recording in a 5xFAD- mouse. Each vertical row represents a different data analytical approach: 

raw, normalised to day 0 (Norm) and modelled to day 0 (Model). White dashed line represents the 

time of Methoxy-x04 injection. Colour map represents the fluorescence range. Scale: 2-h. Example 

plots come from FAD64, pharmacokinetic recording 1. (C, D, E) Summary plots of the 

pharmacokinetic profile of Methoxy-x04 across time and depth, for raw (C), Norm (D) and Model 

(E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey line illustrates 

the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-Wallis test, 

followed by multi-comparison tests with Bonferroni correction if p < 0.05. n = 9 recordings in 8 

5xFAD- mice. 

 

Figure 4.3.8 shows the pharmacokinetic profile for 5xFAD- mice with an in vitro-based light 

protocol. Across all data analytical approaches, no change in fluorescence is seen across the 

recording paradigm, with no response following the injection of Methoxy-x04 (Figure 4.3.8B). 

Additionally, the declining fluorescence previously seen on day 0 (Figure 4.3.5) is no longer seen, 

suggesting bleaching of plaque AF could occur (Figure 4.3.8B).  

 

Summary data shows that while there may have been slight variations of fluorescence in some 

recordings across different days, most likely contributed to by system alterations, there was 

consistently no change in fluorescence on day 1 following injection, with no decline in fluorescence 

seen in following days (Figures 4.3.8C-E). Statistical tests show no significant differences over 

time for raw data (0-V, H(13) = 3.6606, p = 0.9943; 1-V, H(13) = 2.9883, p = 0.9980; 2-V, H(13) = 

1.7462,  p = 0.9999; 3-V, H(13) = 1.7789, p = 0.9999; 4-V, H(13) = 2.9530, p = 0.9981, Kruskal-

Wallis test) (Figure 4.3.8C), Norm data (0-V, H(13) = 10.2375, p = 0.6744; 1-V, H(13) = 9.8207, p 

= 0.7085; 2-V, H(13) = 6.1786, p = 0.9394; 3-V, H(13) = 5.5847, p = 0.9600; 4-V, H(13) = 5.0300, 

p = 0.9745, Kruskal-Wallis test) (Figure 4.3.8D) and Model data (0-V, p = 0.993; 1-V, p = 0.994; 

2-V, 0.991; 3-V, p = 0.971; 4-V, p = 0.873, Kruskal-Wallis test) (Figure 4.3.8E). 
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Figure 4.3.8. Pharmacokinetic profile of Methoxy-x04 in a 5xFAD- mouse using an in vitro-

based light protocol, analysed with different approaches. (A) Top left, Recording paradigm. 

Methoxy-x04 was injected at 0.5-h on day 1 of the 4-day recording schedule. Each dash on the 

recording days represents 1-h. Top right, Table highlighting the light protocol: in vitro. Bottom, 

Schematic of the TF showing that higher GVs represent superficial regions, whereas lower GVs 

represent deeper brain regions. Colour coding is consistent with the colour coding of the summary 

plots. (B) Example heatmaps of the fluorescence across depth and time, over the 4-day 

pharmacokinetic recording in a 5xFAD- mouse. Each vertical row represents a different data 

analytical approach: raw, normalised to day 0 (Norm) and modelled to day 0 (Model). White dashed 

line represents the time of Methoxy-x04 injection. Colour map represents the fluorescence range. 

Scale: 2-h. Example plots come from FAD64, pharmacokinetic recording 1. (C, D, E) Summary 

plots of the pharmacokinetic profile of Methoxy-x04 across time and depth, for raw (C), Norm (D), 

and Model (E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey 

line illustrates the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-

Wallis test, followed by multi-comparison tests with Bonferroni correction if p < 0.05. n = 9 

recordings in 8 5xFAD- mice.  

 

Figure 4.3.9 shows the pharmacokinetic profile of Methoxy-x04 for 5xFAD- mice for image-based 

light protocols. Again, example plots show no change in fluorescence across days, or analytical 

approaches (Figure 4.3.9B). Summary data shows no changes in fluorescence across days with 

no significant differences found with raw data (0-V, H(13) = 2.0361, p = 0.9997; 1-V, H(13) = 

2.6694, p = 0.9989; 2-V, H(13) = 1.5901, p = 0.9999; 3-V, H(13) = 1.1117, p = 1; 4-V, H(13) = 

0.7666, p = 1, Kruskal-Wallis test) (Figure 4.3.9C), Norm data (0-V, H(13) = 8.5970, p = 0.8027; 

1-V, H(13) = 13.0535, p = 0.4437; 2-V, H(13) = 8.4276, p = 0.8147; 3-V, H(13) = 8.9922, p = 

0.7735; 4-V, H(13) = 3.7958, p = 0.9932, Kruskal-Wallis test) (Figure 4.3.9D) or Model data (0-V, 

H(13) = 8.0389, p = 0.8411; 1-V, H(13) = 5.8506, p = 0.9514; 2-V, H(13) = 3.6277, p = 0.9945; 3-

V, H(13) = 2.7944, p = 0.9986; 4-V, H(13) = 2.4562, p = 0.9993, Kruskal-Wallis test) (Figure 

4.3.9E).
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These findings illustrate that when no plaque pathology is present within the mouse brain, injecting 

Methoxy-x04 will not result in an increase in fluorescence. Thereby, this suggests that the small 

signal changes detected in deeper brain regions in 5xFAD+ mice may be due to Methoxy-x04 

binding to plaques. Therefore, this provides evidence towards the confirmation that this approach 

can detect plaque signals across depth, in freely behaving mice, that would be solidified with an 

analytical approach that aligns fibre implants to acquire potentially stronger depth-resolved 

fluorescent signals.

 Figure 4.3.9. Pharmacokinetic profile of Methoxy-x04 in a 5xFAD- mouse using an image-

based light protocol, analysed with different approaches. (A) Top left, Recording paradigm. 

Methoxy-x04 was injected at 0.5-h on day 1 of the 4-day recording schedule. Each dash on the 

recording days represents 1-h. Top right, Table highlighting the light protocol: image. Bottom, 

Schematic of the TF showing that higher GVs represent superficial regions, whereas lower GVs 

represent deeper brain regions. Colour coding is consistent with the colour coding of the summary 

plots. (B) Example heatmaps of the fluorescence across depth and time, over the 4-day 

pharmacokinetic recording in a 5xFAD- mouse. Each vertical row represents a different data analytical 

approach: raw, normalised to day 0 (Norm) and modelled to day 0 (Model). White dashed line 

represents the time of Methoxy-x04 injection. Colour map represents the fluorescence range. Scale: 

2-h. Example plots come from FAD64, pharmacokinetic recording 1. (C, D, E) Summary plots of the 

pharmacokinetic profile of Methoxy-x04 across time and depth, for raw (C), Norm (D), and Model (E) 

data. Plot colours get darker as the recording region on the TF gets deeper. Grey line illustrates the 

time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-Wallis test, followed 

by multi-comparison tests with Bonferroni correction if p < 0.05.  n = 9 recordings in 8 5xFAD- mice.    
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4.3.3.3 Re-dosing Methoxy-x04 each day allows increased levels of 

fluorescence over several days in 5xFAD+ mice 

 

Pharmacokinetic recordings illustrated that Methoxy-x04 was detected in 5xFAD+ mice but not 

5xFAD- mice, showing that we can detect real-time, depth-resolved plaque signals. Additionally, 

findings pointed towards a combined approach of in vitro light protocol and Norm data analysis for 

optimal signal detection. Now, we wished to determine what re-dose strategy would allow for a 

consistent and stable fluorescence over days, while continuing to determine the optimal light 

protocol and analytical approach. Therefore, mice chronically implanted with a TF underwent a 4-

day recording protocol which consisted of a 2-hour baseline, followed by injection of Methoxy-x04, 

repeated each day (Figure 4.3.10A). Previous studies re-dose Methoxy-x04 24-hours before each 

imaging session (Crowe and Ellis-Davies, 2013, Hefendehl et al., 2011); therefore, we expect to 

see a consistent level of fluorescence that remains stable for the recording duration. 

 

As with pharmacokinetic recordings, we firstly determined if an increase in fluorescence was 

detected following Methoxy-x04 re-dosing, using the original light protocol in 5xFAD+ mice (Figure 

4.3.10).  Example heat plots show that the signal intensity greatly increases on days 1, 2 and 3 

compared to day 0, across depths for all analytical approaches (Figure 4.3.10B). For Norm data, 

a depth-resolved signal can be seen with a greater signal intensity at deeper regions, whereas raw 

data shows similar signal intensity across depth (Figure 4.2.10B). Additionally, some fluctuations 

in fluorescence are illustrated across days, while fluorescence remains relatively stable across 

each 2-hour recording.  

 

Raw summary data has modest signal change following injection, with no statistical differences 

across all GVs (0-V, H(7) = 6.3875, p = 0.4953; 1-V, H(7) = 7.5889, p = 0.3702; 2-V, H(7) = 7.008, 

p = 0.4281; 3-V, H(7) = 2.4209, p = 0.9329; 4-V, H(7) = 2.1835, p = 0.9490, Kruskal-Wallis test) 

(Figure 4.3.10C) (Table 4.3.5).  

 

However, Norm data shows a trend for increased fluorescence on days 1, 2 and 3 compared to 

day 0, which is shown to be more prominent at 0-2-V galvo, emphasised with significant differences 

shown at 0-V (H(7) = 23.5304, p = 0.0014, Kruskal-Wallis test), 1-V (H(7) = 30.2374, p = 0.0001, 

Kruskal-Wallis test) and 2-V (H(7) = 22.1545, p = 0.0024, Kruskal-Wallis test) but not 3-V (H(7) = 

12.2962, p = 0.0940, Kruskal-Wallis test) and 4-V (H(7) = 7.7684, p = 0.3535, Kruskal-Wallis test) 

(Figure 4.3.10D). Post-hoc tests show significant increases from day 0 (Table 4.3.5).  

 

Additionally, Model data has increased fluorescence in a depth resolved manner, showing 

statistical significance at 1-V (H(7) = 21.0699, p = 0.0037, Kruskal-Wallis test) and 2-V (H(7) = 

22.5141, p = 0.0021, Kruskal-Wallis test) but not others (0-V galvo, H(7) = 12.4282, p = 0.0873; 3-
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V galvo, H(7) = 13.2274, p = 0.0668; 4-V galvo, H(7) = 10.1227, p = 0.1817, Kruskal-Wallis test) 

(Figure 4.3.10E). Post-hoc tests show significant increases from day 0 (Table 4.3.5). 

 

Table 4.3.5. Statistical summary for 5xFAD+ re-dose experiments completed with the 

original light protocol. Kruskal-Wallis tests were completed across time points for each GV, 

supplying a group comparison significance. If the Kruskal-Wallis test provided a p-value <0.05, 

post-hoc tests with Bonferroni correction were completed. Day 0 time points are compared with all 

other time points. D0, D1, D2 and D3 represents day 0, 1, 2 and 3, respectively. Arrows indicate 

the direction of change. **** p < 0.001, *** p < 0.005, ** p < 0.01, * p < 0.05, ns not significant.  
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Figure 4.3.10. Fluorescence profile while re-dosing Methoxy-x04 in a 5xFAD+ mouse using 

the original light protocol, analysed with different approaches. (A) Top left, Recording 

paradigm. Methoxy-x04 was injected at the end of recording on days 0, 1 and 2 and recorded for 

2-h across days 0, 1, 2 and 3. Each dash on the recording days represents 1-h. Top right, Table 

highlighting the light protocol: original. Bottom, Schematic of the TF showing that higher GVs 

represent superficial regions, whereas lower GVs represent deeper brain regions. Colour coding 

is consistent with the colour coding of the summary plots. (B) Example heatmaps of the 

fluorescence across depth and time, over the 4-day re-dose recording in a 5xFAD+ mouse. Each 

vertical row represents a different data analytical approach: raw, normalised to day 0 (Norm) and 

modelled to day 0 (Model). Syringes represent the time of Methoxy-x04 injection. Colour map 

represents the fluorescence range. Scale: 1-h. Example plots come from FAD68. (C, D, E) 

Summary plots of the re-dose profile of Methoxy-x04 across time and depth, for raw (C), Norm (D) 

and Model (E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey 

line illustrates the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-

Wallis test, followed by multi-comparison tests with Bonferroni correction if p < 0.05, with p-values 

shown: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant. n = 11 

recordings in 7 5xFAD+ mice. 

 

Figure 4.3.11 shows the re-dose fluorescence profile in a 5xFAD+ mouse model using the in vitro-

based light protocol.  Example heat maps show that the signal intensity greatly increases on days 

1, 2 and 3 compared to day 0, across depths, for all analytical approaches (Figure 4.3.11B). For 

all approaches, a depth-resolved signal intensity can be seen with a greater signal intensity at 

deeper regions (Figure 4.3.11B).  Additionally, fluorescence remains stable across each 2-hour 

recording. 

 

Summary raw data shows a slight increased median fluorescence on day 1-3 compared to day 0, 

specifically at 1-3-V galvo (Figure 4.3.11C). This fluorescence remains relatively stable throughout 

each recording. However, statistical tests show no significant difference overtime (0-V, H(7) = 

4.5510, p = 0.7146; 1-V, H(7) = 7.9223, p = 0.3395; 2-V, H(7) = 2.7765, p = 0.9049; 3-V, H(7) = 

2.9293, p = 0.8915; 4-V, H(7) = 3.4837, p = 0.8370, Kruskal-Wallis test) (Table 4.3.6).   

 

Whereas summary Norm data shows a large increase in median fluorescence from day 1, with a 

prominent increase at 0 and 1-V galvo, with smaller trends towards superficial layers (Figure 

4.3.11D). At 0 and 1-V galvo there are some small variations in median across days, with a trend 

for a slight decrease in fluorescence at 60-minutes compared to 0-minutes on days 1-3 (median 

fluorescence at 0-V galvo: day 1, 0.217-V and 0.266-V; day 2, 0.563-V and 0.445-V; day 3, 0.439-

V and 0.354-V for 0- and 60-minutes, respectively, compared to 0-V at day 0, 60-minutes) (median 

fluorescence at 1-V galvo: day 1, 0.176-V and 0.249-V; day 2, 0.493-V and 0.337-V; day 3, 0.427-
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V and 0.2814-V for 0- and 60-minutes, respectively, compared to -0.005-V at day 0, 60-minutes) 

(Figure 4.3.11D). Norm data shows significant difference across all GVs (0-V, H(7) = 27.9370, p 

= 0.0002; 1-V, H(7) = 28.1533, p = 0.0002; 2-V, H(7) = 15.9786, p = 0.0253; 3-V, H(7) = 15.7525, 

p = 0.0275, Kruskal-Wallis test), bar 4-V (H(7) = 12.5443, p = 0.0840, Kruskal-Wallis test) (Figure 

4.3.11D). Post-hoc tests show significant increases from day 0 to day 1, 2 and 3 (Table 4.3.6). 

 

Accordingly, Model data illustrates an increase in fluorescence on day 1-3 compared to day 0 

across all GVs with a greater increase from 0-2-V galvo (Figure 4.3.11E). Statistical tests show 

significant differences for modelled data overtime at 0-V (H(7) = 20.9744, p = 0.0038, Kruskal-

Wallis test), 1-V (H(7) = 23.8552, p = 0.0012, Kruskal-Wallis test), 3-V (H(7) = 14.7661, p = 0.0391, 

Kruskal-Wallis test), but not 2-V (H(7) = 11.2491, p = 0.1281, Kruskal-Wallis test) and 4-V (H(7) = 

11.4546, p = 0.1200, Kruskal-Wallis test) (Figure 4.3.11E).  At 0-V and 3-V no significant 

differences between groups are found (Table 4.3.6). At 1-V galvo, significant increases from day 

0 were found (Table 4.3.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 217 

Table 4.3.6. Statistical summary for 5xFAD+ re-dose experiments completed with the in 

vitro light protocol. Kruskal-Wallis tests were completed across time points for each GV, 

supplying a group comparison significance. If the Kruskal-Wallis test provided a p-value <0.05, 

post-hoc tests with Bonferroni correction were completed. D0, D1, D2 and D3 represents day 0, 

1, 2 and 3, respectively. Arrows indicate the direction of change. **** p < 0.001, *** p < 0.005, ** 

p < 0.01, * p < 0.05, ns not significant.  
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Figure 4.3.11. Fluorescence profile while re-dosing Methoxy-x04 in a 5xFAD+ mouse using 

an in vitro-based light protocol, analysed with different approaches. (A) Top left, Recording 

paradigm. Methoxy-x04 was injected at the end of recording on days 0, 1 and 2 and recorded for 

2-h across days 0, 1, 2 and 3. Each dash on the recording days represents 1-h. Top right, Table 

highlighting the light protocol: in vitro. Bottom, Schematic of the TF showing that higher GVs 

represent superficial regions, whereas lower GVs represent deeper brain regions. Colour coding 

is consistent with the colour coding of the summary plots. (B) Example heatmaps of the 

fluorescence across depth and time, over the 4-day re-dose recording in a 5xFAD+ mouse. Each 

vertical row represents a different data analytical approach: raw, normalised to day 0 (Norm) and 

modelled to day 0 (Model). Syringes represent the time of Methoxy-x04 injection. Colour map 

represents the fluorescence range. Scale: 1-h. Example plots come from FAD68. (C, D, E) 

Summary plots of the re-dose profile of Methoxy-x04 across time and depth, for raw (C), Norm (D), 

and Model (E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey 

line illustrates the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-

Wallis test, followed by multi-comparison tests with Bonferroni correction if p < 0.05, with p-values 

shown: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant. n = 11 

recordings in 7 5xFAD+ mice. 

 

Figure 4.3.12 shows the re-dose fluorescence profile in a 5xFAD+ mouse model for the image-

based light protocol.  Example heat plots show that the signal intensity greatly increases on days 

1, 2 and 3 compared to day 0, for all analytical approaches. However, fluorescence is stronger in 

Norm and Model plots, with fluorescence depth-resolution clear only for Norm data (Figure 

4.3.12B). While there are some differences in fluorescence levels across days, fluorescence 

appears stable throughout each recording (Figure 4.3.12B). 

 

Summary raw data illustrates no change in fluorescence following injection, across all days, with 

statistical tests finding no significant differences in fluorescence overtime (0-V, H(7) = 4.8426, 

0.6792, p = 0.6792; 1-V, H(7) = 4.0065, p = 0.7790; 2-V, H(7) = 1.1437, p = 0.9922; 3-V, H(7) = 

1.6255, p = 0.9776; 4-V, H(7) = 2.0458, p = 0.9573, Kruskal-Wallis test) (Figure 4.3.12C) (Table 

4.3.7).   

 

Whereas summary Norm data shows a large increase in median fluorescence from day 1, with 

increases across all GVs (Figure 4.3.12D). There are some small variations in median across 

days, with a trend for decreased fluorescence at 60-minutes compared to 0-minutes on days 1-3 

(median fluorescence at 0-V galvo: day 1, 0.407-V and 0.195-V; day 2, 0.139-V and 0.239-V; day 

3, 0.583-V and 0.357-V for 0- and 60-minutes, respectively, compared to 0.02-V at day 0, 60-

minutes) (median fluorescence at 1-V galvo: day 1, 0.466-V and 0.230-V; day 2, 0.471-V and 

0.140-V; day 3, 0.394-V and 0.320-V for 0- and 60-minutes, respectively, compared to 0.003-V at 
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day 0, 60-minutes) (Figure 4.3.12D). Norm data shows significant difference at 0-V (H(7) = 

22.1886, p = 0.0024) and 1-V (H(7) = 23.5160, p = 0.0014, Kruskal-Wallis test), but not others (2-

V, H(7) = 12.4819, p = 0.0858; 3-V, H(7) = 8.6541, p = 0.2785; 4-V, H(7) = 11.2290, p = 0.1289, 

Kruskal-Wallis test) (Figure 4.3.12D). Post-hoc tests show significant increases from day 0 and to 

1, 2 and 3 (Table 4.3.7). 

 

Despite summary Model data showing stable fluorescence across recordings and days, little 

change in fluorescence from baseline following Methoxy-x04 injection across days is recorded 

(Figure 4.3.12E). However, statistical tests on modelled data shows significant difference across 

time at 1-V (H(7) = 15.2699, p = 0.0327, Kruskal-Wallis test), but not others (0-V, H(7) = 13.5611, 

p = 0.0596; 2-V, H(7) = 11.2804, p = 0.1268; 3-V, H(7) = 12.3789, p = 0.0888; 4-V, H(7) = 11.9138, 

p = 0.1034, Kruskal-Wallis test) (Figure 4.3.12E). However, post-hoc tests found no statistical 

significance between groups (Table 4.3.7). 
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Table 4.3.7. Statistical summary for 5xFAD+ re-dose experiments completed with the image 

light protocol. Kruskal-Wallis tests were completed across time points for each GV, supplying a 

group comparison significance. If the Kruskal-Wallis test provided a p-value <0.05, post-hoc tests 

with Bonferroni correction were completed. D0, D1, D2 and D3 represents day 0, 1, 2 and 3, 

respectively. Arrows indicate the direction of change. **** p < 0.001, *** p < 0.005, ** p < 0.01, * p 

< 0.05, ns not significant.  
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Figure 4.3.12. Fluorescence profile while re-dosing Methoxy-x04 in a 5xFAD+ mouse using 

an image-based light protocol, analysed with different approaches. (A) Top left, Recording 

paradigm. Methoxy-x04 was injected at the end of recording on days 0, 1 and 2 and recorded for 

2-h across days 0, 1, 2 and 3. Each dash on the recording days represents 1-h. Top right, Table 

highlighting the light protocol: image. Bottom, Schematic of the TF showing that higher GVs 

represent superficial regions, whereas lower GVs represent deeper brain regions. Colour coding 

is consistent with the colour coding of the summary plots. (B) Example heatmaps of the 

fluorescence across depth and time, over the 4-day re-dose recording in a 5xFAD+ mouse. Each 

vertical row represents a different data analytical approach: raw, normalised to day 0 (Norm) and 

modelled to day 0 (Model). Syringes represent the time of Methoxy-x04 injection. Colour map 

represents the fluorescence range. Scale: 1-h. Example plots come from FAD68. (C, D, E) 

Summary plots of the re-dose profile of Methoxy-x04 across time and depth, for raw (C), Norm 

(D), and Model (E) data. Plot colours get darker as the recording region on the TF gets deeper. 

Grey line illustrates the time of Methoxy-x04 injection. Data was statistically compared using a 

Kruskal-Wallis test, followed by multi-comparison tests with Bonferroni correction if p < 0.05, with 

p-values shown: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant.  n = 

11 recordings in 7 5xFAD+ mice. 
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Table 4.3.8. Statistical summary for 5xFAD+ re-dose experiments. Kruskal-Wallis tests were 

completed across time points for each GV, supplying a group comparison significance. If the 

Kruskal-Wallis test provided a p-value <0.05, post-hoc tests with Bonferroni correction were 

completed. Day 0 time points are compared with all other time points. D0, D1, D2 and D3 

represents day 0, 1, 2 and 3, respectively. Arrows indicate the direction of change. **** p < 0.001, 

*** p < 0.005, ** p < 0.01, * p < 0.05, ns not significant.  

 

 

Overall, we were able to detect an increase in fluorescence in 5xFAD+ mice that was maintained 

over several days following repeat dose of Methoxy-x04 at 24-hour intervals. Again, the 

combination of in vitro light protocol and Norm analytical approach appears to provide optimal 

signal detection, with significant increases in fluorescence detected across days 1-3 compared to 

day 0 at 0-V and 1-V galvo (Table 4.3.8). This depth resolution was maintained with Norm data 

across in vitro, image and original light protocols. However, while we note an increased 

fluorescence across days compared to baseline with no Methoxy-x04, we must consider other 



 225 

possibilities that could be contributing to the small declines in fluorescence across days, such as 

the long-term binding and bleaching characteristics of Methoxy-x04.  

 

4.3.3.4 Re-dosing Methoxy-x04 each day does not increase fluorescence 

over several days in 5xFAD- mice 

 

Now it is vital to confirm this change in fluorescence is occurring due to changes in Methoxy-x04 

concentration. Therefore, re-dose recordings were completed in 5xFAD- mice (Figure 4.3.13A). 

 

Figure 4.3.13 shows the re-dose fluorescence profile in a 5xFAD- mouse model for the original 

light protocol.  Example heat plots show no change following any Methoxy-x04 injection, across all 

three analytical approaches (Figure 4.3.13B).  

 

Individual recording traces illustrate a stable fluorescence across days, with no increases following 

each injection (Figures 4.3.13C-E). Summary statistics show no significant difference over time 

for raw data (0-V, H(7) = 1.1971, p = 0.9910; 1-V, H(7) = 0.6234, p = 0.9989; 2-V, H(7) = 1.0390, 

p = 0.9942; 3-V, H(7) = 2.0020, p = 0.9597; 4-V, H(7) = 1.7298, p = 0.9733, Kruskal-Wallis test) 

(Figure 4.3.13C), Norm data (0-V, H(7) = 5.5083, p = 0.5982; 1-V, H(7) = 7.7502, p = 0.3551; 2-

V, H(7) = 3.3249, p = 0.8534; 3-V, H(7) = 3.9512, p = 0.7854; 4-V, H(7) = 6.9571, p = 0.4334, 

Kruskal-Wallis test) (Figure 4.3.13D) or Model data (0-V galvo, H(7) = 6.9278, p = 0.4364; 1-V 

galvo, H(7) = 2.3239, p = 0.9398; 2-V galvo, H(7) = 3.2634, p = 0.8596; 3-V galvo, H(7) = 4.1941, 

p = 0.7572; 4-V galvo, H(7) = 6.8254, p = 0.4473, Kruskal-Wallis test) (Figure 4.3.13E). 
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Figure 4.3.13. Fluorescence profile while re-dosing Methoxy-x04 in a 5xFAD- mouse using 

the original light protocol, analysed with different approaches. (A) Top left, Recording 

paradigm. Methoxy-x04 was injected at the end of recording on days 0, 1 and 2 and recorded for 

2-h across days 0, 1, 2 and 3. Each dash on the recording days represents 1-h. Top right, Table 

highlighting the light protocol: original. Bottom, Schematic of the TF showing that higher GVs 

represent superficial regions, whereas lower GVs represent deeper brain regions. Colour coding 

is consistent with the colour coding of the summary plots. (B) Example heatmaps of the 

fluorescence across depth and time, over the 4-day re-dose recording in a 5xFAD- mouse. Each 

vertical row represents a different data analytical approach: raw, normalised to day 0 (Norm) and 

modelled to day 0 (Model). Syringes represent the time of Methoxy-x04 injection. Colour map 

represents the fluorescence range. Scale: 1-h. Example plots come from FAD69. (C, D, E) 

Summary plots of the re-dose profile of Methoxy-x04 across time and depth, for raw (C), Norm (D) 

and Model (E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey 

line illustrates the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-

Wallis test, followed by multi-comparison tests with Bonferroni correction if p < 0.05. n = 5 

recordings in 4 5xFAD- mice.  

 

Figure 4.3.14 shows the re-dose fluorescence profile in a 5xFAD- mouse model for the in vitro-

based light protocol.  Example heat plots show that the signal intensity remains largely consistent 

across days, with no change following any Methoxy-x04 injection, across all three analytical 

approaches (Figure 4.3.14B).  

 

Across all three analytical approaches, individual recording traces illustrate a trend of no change 

of fluorescence across days, and across depth (Figures 4.3.14C-E). Statistical tests show no 

significant difference over time for raw (0-V, H(7) = 1.7971, p = 0.9702; 1-V, H(7) = 1.3668, p = 

0.9866; 2-V, H(7) = 1.7824, p = 0.9709; 3-V, H(7) = 1.6712, p = 0.9758; 4-V, H(7) = 1.3990, p = 

0.9856, Kruskal-Wallis test) (Figure 4.3.14C), Norm (0-V, H(7) = 6.0439, p = 0.5346; 1-V, H(7) = 

5.0868, p = 0.6494; 2-V, H(7) = 3.4068, p = 0.8450; 3-V, H(7) = 6.6380, p = 0.4675; 4-V, H(7) = 

11.3502, p = 0.1241, Kruskal-Wallis test) (Figure 4.3.14D) and Model data (0-V, H(7) = 9.5590, p 

= 0.2150; 1-V, H(7) = 3.2429, p = 0.8617; 2-V, H(7) = 3.4420, p = 0.8413; 3-V, H(7) = 8.4702, p = 

0.2930; 4-V, H(7) = 11.4878, p = 0.1187, Kruskal-Wallis test) (Figure 4.3.14E). 
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Figure 4.3.14. Fluorescence profile while re-dosing Methoxy-x04 in a 5xFAD- mouse using 

an in vitro-based light protocol, analysed with different approaches. (A) Top left, Recording 

paradigm. Methoxy-x04 was injected at the end of recording on days 0, 1 and 2 and recorded for 

2-h across days 0, 1, 2 and 3. Each dash on the recording days represents 1-h. Top right, Table 

highlighting the light protocol: in vitro. Bottom, Schematic of the TF showing that higher GVs 

represent superficial regions, whereas lower GVs represent deeper brain regions. Colour coding 

is consistent with the colour coding of the summary plots. (B) Example heatmaps of the 

fluorescence across depth and time, over the 4-day re-dose recording in a 5xFAD- mouse. Each 

vertical row represents a different data analytical approach: raw, normalised to day 0 (Norm) and 

modelled to day 0 (Model). Syringes represent the time of Methoxy-x04 injection. Colour map 

represents the fluorescence range. Scale: 1-h. Example plots come from FAD69. (C, D, E) 

Summary plots of the re-dose profile of Methoxy-x04 across time and depth, for raw (C), Norm (D), 

and Model (E) data. Plot colours get darker as the recording region on the TF gets deeper. Grey 

line illustrates the time of Methoxy-x04 injection. Data was statistically compared using a Kruskal-

Wallis test, followed by multi-comparison tests with Bonferroni correction if p < 0.05. n = 5 

recordings in 4 5xFAD- mice.   

 

Figure 4.3.15 shows the re-dose fluorescence profile in a 5xFAD- mouse model for the image-

based light protocol.  Example heat plots show that the signal intensity remains largely consistent 

across days, with no change following any Methoxy-x04 injection, across all three analytical 

approaches (Figure 4.3.15B).  

 

Summary data show no increase in fluorescence across time, GVs and analytical approaches 

(Figures 4.3.15C-E). In fact, there is a slight decreasing trend of fluorescence at higher GVs, seen 

in both Norm and Model data (Figure 4.3.15D & Figure 4.3.15E). Statistical tests show no 

significant difference in raw data over time (0-V, H(7) = 1.7971, p = 0.9702; 1-V, H(7) = 2.8654, p 

= 0.8972; 2-V, H(7) = 0.84, p = 0.9970; 3-V, H(7) = 0.6615, p = 0.9986; 4-V, H(7) = 1.4634, p = 

0.9835, Kruskal-Wallis test) (Figure 4.3.15C) (Table 4.3.9). However, Norm data shows 

significance at 1-V (H(7) = 15.2693, p = 0.0327, Kruskal-Wallis test) and 4-V (H(7) = 19.0683, p = 

0.0080, Kruskal-Wallis test), but not others (0-V, H(7) = 11.5990, p = 0.1145; 2-V, H(7) = 5.8566, 

p = 0.5566; 3-V, H(7) = 9.6937, p = 0.2066, Kruskal-Wallis test) (Figure 4.3.15D). Post-hoc tests 

on Norm data show no statistical differences between groups at 1-V galvo (Table 4.3.9). At 4-V 

galvo, significant decreases from day 0 to day 3 are reported (Table 4.3.9). Also, Model data shows 

significance at 4-V (H(7) = 18.4712, p = 0.0100) but not others (0-V, H(7) = 5.7190, p = 0.5729; 1-

V, H(7) = 11.2361, p = 0.1286; 2-V, H(7) = 10.039, p = 0.1864; 3-V, H(7) = 6.3834, p = 0.4958, 

Kruskal-Wallis test) (Figure 4.3.15E). At 4-V galvo, significant decreases from day 0 to day 3 are 

reported (Table 4.3.9). 
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Table 4.3.9. Statistical summary for 5xFAD- re-dose experiments, with the image light 

protocol. Kruskal-Wallis tests were completed across time points for each GV, supplying a group 

comparison significance. If the Kruskal-Wallis test provided a p-value <0.05, post-hoc tests with 

Bonferroni correction were completed. D0, D1, D2 and D3 represents day 0, 1, 2 and 3, 

respectively. Arrows indicate the direction of change. **** p < 0.001, *** p < 0.005, ** p < 0.01, * p 

< 0.05, ns not significant.  
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Overall, we found that following repeat dosing of Methoxy-x04, an  increased fluorescence was 

seen in 5xFAD+ mice, but not 5xFAD- mice. Injection 24-h before each recording allowed levels 

of fluorescence to remain relatively consistent, greater than at baseline with no Methoxy-x04. 

Additionally, across analytical approaches, the combination of in vitro light protocol and Norm data 

appears to show the most prominent fluorescence profile, proving to be an optimal approach for 

analysing TF data. 

 

4.3.4 TF light profile may influence appropriate correlation analysis 

 

Now we have confirmed plaque pathology can be monitored in freely behaving AD mouse models, 

in a real-time and depth-resolved manner, we wished to confirm that TF photometry data is 

representative of the plaque pathology present within the brain. To do so, histological sections 

from each mouse were prepared and histological quantification of plaques surrounding the TF on 

the contralateral hemisphere, as described in section 4.2.3.2.2, was completed. For comparison, 

the median fluorescence across hours 2-3 on day 1 of the last pharmacokinetic recording was 

taken across depth (Figure 4.3.16A). Photometry signals from each light protocol and analytical 

approach were then compared with histological quantification to determine if a positive correlation 

between photometry and histological signals exists (Figure 4.3.16A). Since Norm data, with an in 

Figure 4.3.15. Fluorescence profile while re-dosing Methoxy-x04 in a 5xFAD- mouse using 

an in image-based light protocol, analysed with different approaches. (A) Top left, 

Recording paradigm. Methoxy-x04 was injected at the end of recording on days 0, 1 and 2 and 

recorded for 2-h across days 0, 1, 2 and 3. Each dash on the recording days represents 1-h. 

Top right, Table highlighting the light protocol: image. Bottom, Schematic of the TF showing that 

higher GVs represent superficial regions, whereas lower GVs represent deeper brain regions. 

Colour coding is consistent with the colour coding of the summary plots. (B) Example heatmaps 

of the fluorescence across depth and time, over the 4-day re-dose recording in a 5xFAD- mouse. 

Each vertical row represents a different data analytical approach: raw, normalised to day 0 

(Norm) and modelled to day 0 (Model). Syringes represent the time of Methoxy-x04 injection. 

Colour map represents the fluorescence range. Scale: 1 h. Example plots come from FAD69. 

(C, D, E) Summary plots of the re-dose profile of Methoxy-x04 across time and depth, for raw 

(C), Norm (D), and Model (E) data. Plot colours get darker as the recording region on the TF 

gets deeper. Grey line illustrates the time of Methoxy-x04 injection. Data was statistically 

compared using a Kruskal-Wallis test, followed by multi-comparison tests with Bonferroni 

correction if p < 0.05, with p-values shown: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 

0.05 (*), ns not significant.  n = 5 recordings in 4 5xFAD- mice. 
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vitro light protocol appeared to provide optimal photometry signals, we hypothesised that this data 

would be the most strongly correlated with histological data.  

 

Figure 4.3.16 shows histological correlation analysis for photometry data using the original light 

protocol. Histological images illustrate show the distribution of Methoxy-x04 stained plaques in the 

example 5xFAD+ and 5xFAD- mice (Figure 4.3.16C). In the 5xFAD+ mouse, plaque load 

surrounding the TF increases from superficial to deeper cortical layers. Then, plaque load 

decreases at the white matter, before reaching the plaque-dense SUB (Figure 4.3.16C). While the 

TF passes through similar brain regions in the 5xFAD- mouse, there are no visible plaques (Figure 

4.3.16C). Histological quantification mirrors this: plaque number increases as it passes from the 

superficial cortical areas, deeper cortical layers, and hippocampus, with a dip ~2-V galvo, matching 

white matter (Figures 4.3.16D, G, J). 

 

For original photometry, the raw signal is largely consistent across depths, showing no peaks in 

fluorescence at regions which show high plaque load, resulting in a negative correlation with 

histological plaque number (r = -0.26, p = 0.1002, Pearson’s correlation coefficient) (Figure 

4.3.16D). Norm data shows variations of fluorescence along the depth of the TF, with increased 

signal intensity at 0-1-V galvo, corresponding with the large plaque load in the SUB. However, 

while a slight trend may be visible, distinctive changes between fluorescence of cortical layers is 

not prominent (Figure 4.3.16G). Additionally, the depth resolution appears to have a shift, but 

despite this, there is a positive corelation between Norm data and histological plaque number (r = 

0.32, p = 0.0416, Pearson’s correlation coefficient). Also, Model photometry data illustrates a 

similar depth profile as the histological quantification, resulting in a positive correlation (r = 0.24, p 

= 0.1380, Pearson’s correlation coefficient) (Figure 4.3.16J). 

 

Again, 5xFAD- photometry data shows a weaker fluorescence across all analytical approaches, 

with no clear fluorescence profile seen (Figures 4.3.16E, H, K). With no plaque pathology 

quantified in histological sections, no correlation was seen when comparing histological 

quantification with raw data (r = 0.07, p = 0.6594, Pearson’s correlation coefficient) (Figure 

4.3.16E), Norm data (r = 0.12, p = 0.4472, Pearson’s correlation coefficient) (Figure 4.3.16H) and 

Model data (r = 0.09, p = 0.5951, Pearson’s correlation coefficient) (Figure 4.3.16K).  

 

Summary data for raw data shows mostly negative correlation coefficients for 5xFAD+ mice 

(Figure 4.3.16F). However, inconsistent coefficients result in no significant differences between 

5xFAD+ and 5xFAD- mice for raw (p = 0.0902, two-sample t-test) (Figure 4.3.16F), Norm (p = 

0.6481, two-sample t-test) (Figure 4.3.16I) and Model data (p = 0.9032, two-sample t-test) (Figure 

4.3.16L). 
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Figure 4.3.16. Histological correlation analysis of TF photometry data using original light 

imaging. (A) Schematic of data collection. Median fluorescence from 2-3-h on day 1 of the last 

pharmacokinetic recording completed on each mouse was used and compared to histological 

plaque quantification using correlation analysis. (B) Light protocol being used: original. TF diagram 

shows a key for galvo depth. (C) Histological images of the example 5xFAD+ and 5xFAD- mice 

used in the following plots. White triangle shows the TF track. Scale: 1-mm. (D, G, J) Left, Depth 

profile of photometry (left) and histology (right) data. Right, Correlation analysis comparing 

histology and photometry raw (D), Norm (G) and Model (J) data for a 5xFAD+ mouse model. (E, 

H, K) Shows the same as D, G and J but for 5xFAD- mice. Bold lines show filtered data, calculating 

the moving median across depths. Each dot on the scatter plot represents a single depth. Black 

line shows a linear trend line. R- and p-values are shown on the plot. (F, I, L) Summary correlation 

coefficient analysis for raw (F), Norm (I) and Model (L) photometry data. Each data point represents 

a mouse. Summary data was statistically compared using two-sample t-test and p-values are 

shown: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant. 5xFAD+ mice: 

n = 11; 5xFAD- mice: n = 7. 

 

Figure 4.3.17 shows histological correlation analysis for photometry data using an in vitro-based 

light protocol. 5xFAD+ and 5xFAD- examples are the same as Figure 4.3.16. 

 

5xFAD+ raw photometry data shows increased fluorescence at 0 and 1-V galvo, resulting in a 

strong positive correlation between raw and histological data (r = 0.74, p = < 0.0001, Pearson’s 

correlation coefficient) (Figure 4.3.17D). Notably, the varied intensity across depth seen in 

histology, is not reflected in raw data signals. Instead, a consistent level of fluorescence is seen 

from 2-4-V galvo (Figure 4.3.17D). Alternatively, this trend is better represented by Norm data 

where increases and decreases in fluorescence occur in a similar pattern as histological data 

(Figure 4.3.17G). While this trend appears to give a better representation of the spatial pattern of 

plaques within the brain, the depth resolution appears to be inconsistent with histological data, 

resulting in a lower, albeit positively correlation between Norm and histology data (r = 0.13, p = 

0.4146, Pearson’s correlation coefficient) (Figure 4.3.17G). A similar pattern is seen with Model 

data (r = 0.34, p = 0.0280, Pearson’s correlation coefficient) (Figure 4.3.17J). 

 

5xFAD- photometry data shows a weaker fluorescence across all analytical approaches, with no 

clear fluorescence profile seen (Figures 4.3.17E, H, K). With no plaque pathology quantified in 

histological sections, no correlation was seen when comparing histological quantification with raw 

(r = 0.02, p = 0.9179, Pearson’s correlation coefficient) (Figure 4.3.17E), Norm (r = -0.05, p = 

0.7790, Pearson’s correlation coefficient) (Figure 4.3.17H) and Model data (r = -0.02, p = 0.9190, 

Pearson’s correlation coefficient) (Figure 4.3.17K).  
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While a positive correlation is seen in this 5xFAD+ example, summary data shows that this was 

not consistent across all mice (Figures 4.3.17F, I, L). While some show a positive correlation, 

others show no or negative correlation, resulting in no significant difference between 5xFAD+ and 

5xFAD- mice for raw (p = 0.2974, two-sample t-test) (Figure 4.3.17F), Norm (p = 0.9649, two-

sample t-test) (Figure 4.3.17I) but a significantly increased coefficient for 5xFAD+ mice compared 

to 5xFAD- mice for Model data (p = 0.0127, two sample t-test) (Figure 4.3.17L). 
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Figure 4.3.17. Histological correlation analysis of TF photometry data using in vitro-based 

light imaging. (A) Schematic of data collection. Median fluorescence from 2-3-h on day 1 of the 

last pharmacokinetic recording completed on each mouse was used and compared to histological 

plaque quantification using correlation analysis. (B) Light protocol being used: in vitro. TF diagram 

shows a key for galvo depth. (C) Histological images of the example 5xFAD+ and 5xFAD- mice 

used in the following plots. White triangle shows the TF track. Scale: 1-mm. (D, G, J) Left, Depth 

profile of photometry (left) and histology (right) data. Right, Correlation analysis comparing 

histology and photometry raw (D), Norm (G) and Model (J) data for a 5xFAD+ mouse model. (E, 

H, K) Shows the same as D, G and J but for 5xFAD- mice. Bold lines show filtered data, calculating 

the moving median across depths. Each dot on the scatter plot represents a single depth. Black 

line shows a linear trend line. R- and p-values are shown on the plot. (F, I, L) Summary correlation 

coefficient analysis for raw (F), Norm (I) and Model (L) photometry data. Each data point represents 

a mouse. Summary data was statistically compared using a two-sample t-test and p-values are 

shown. p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant. 5xFAD+ mice: 

n = 11; 5xFAD- mice: n = 7. 
 

 

Figure 4.3.18 shows histological correlation analysis for photometry data using an image-based 

light protocol. 5xFAD+ and 5xFAD- examples are the same as Figure 4.3.16. 

 

For image-based photometry, the raw signal is highly fluorescent at higher GVs, decreasing at 

deeper brain regions. This is strongly negatively correlated with the histological quantification (r = 

-0.88, p < 0.0001, Pearson’s correlation coefficient) (Figure 4.3.18D). Alternatively, Norm data 

continues to show a photometry trend that is representative of the histological profile, despite 

irregular depth comparisons, resulting in a positive correlation (r = 0.55, p = 0.0002, Pearson’s 

correlation coefficient) (Figure 4.3.18G). Whereas Model data does not show maximum 

fluorescence at deeper brain regions, resulting in a negative correlation (r = -0.12, p = 0.4675, 

Pearson’s correlation coefficient) (Figure 4.3.18J).  

 

Again, 5xFAD- photometry data shows a weaker fluorescence across all analytical approaches, 

with no clear fluorescence profile seen (Figures 4.3.18E, H, K). With no plaque pathology 

quantified in histological sections, no correlation was seen when comparing histological 

quantification with raw (r = 0.01, p = 0.9715, Pearson’s correlation coefficient) (Figure 4.3.18E), 

Norm (r = -0.22, p = 0.1638, Pearson’s correlation coefficient) (Figure 4.3.18H) and Model data (r 

= -0.08, p = 0.6167, Pearson’s correlation coefficient) (Figure 4.3.18K).  

 

Summary data for raw data shows mostly negative correlation coefficients for 5xFAD+ mice 

resulting in a significantly smaller correlation coefficient in 5xFAD+ mice, compared to 5xFAD- 

mice (p = 0.0139, two-sample t-test) (Figure 4.3.18F). Also, a significantly greater correlation 
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coefficient for 5xFAD+ mice compared to 5xFAD-, was reported for Norm data (p = 0.0208, two-

sample t-test). However, no significant differences between 5xFAD+ and 5xFAD- mice was seen 

for Model data (p = 0.8868, two-sample t-test) (Figure 4.3.18L).
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Figure 4.3.18. Histological correlation analysis of TF photometry data using image-based 

light imaging. (A) Schematic of data collection. Median fluorescence from 2-3-h on day 1 of the 

last pharmacokinetic recording completed on each mouse was used and compared to histological 

plaque quantification using correlation analysis. (B) Light protocol being used: image. TF diagram 

shows a key for galvo depth. (C) Histological images of the example 5xFAD+ and 5xFAD- mice 

used in the following plots. White triangle shows the TF track. Scale: 1-mm. (D, G, J) Left, Depth 

profile of photometry (left) and histology (right) data. Right, Correlation analysis comparing 

histology and photometry raw (D), Norm (G) and Model (J) data for a 5xFAD+ mouse model. (E, 

H, K) Shows the same as D, G and J but for 5xFAD- mice. Bold lines show filtered data, calculating 

the moving median across depths. Each dot on the scatter plot represents a single depth. Black 

line shows a linear trend line. R- and p-values are shown on the plot. (F, I, L) Summary correlation 

coefficient analysis for raw (F), Norm (I) and Model (L) photometry data. Each data point represents 

a mouse. Summary data was statistically compared using a two-sample t-test and p-values are 

shown. p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant. 5xFAD+ mice: 

n = 11; 5xFAD- mice: n = 7. 

 

We directly compared the correlation coefficients for each light protocol and analytical approach 

(Figure 4.3.19). For 5xFAD+ mice, raw analytical approach consistently resulted in a negative 

correlation with histological plaque number across all analytical approaches (Figures 4.3.19A-C). 

The correlation coefficient was slightly positively correlated for Norm and Model data when using 

the in vitro and image light protocols (Figures 4.3.19B-C).  

 

Statistical tests show no significant difference of correlation coefficients across analytical 

approaches for the in vitro light protocol (F(2) = 2.2438, p = 0.1236, one-way ANOVA), but does 

for image (F(2) = 9.5621, p = 0.0001, one-way AVOVA) and original (F(2) = 5.1192, p = 0.0122, 

one-way ANOVA) light protocols (Figures 4.3.19A & C). Specifically, post-hoc tests show a 

significant increase in correlation coefficients for Norm (p = 0.0009 and p = 0.0409, post-hoc 

comparison with Bonferroni correction) and Model (p = 0.0063 and p = 0.0208, post-hoc Bonferroni 

tests) approaches compared to raw data for the image and original light protocols, respectively 

(Figures 4.3.19A & C).  

 

For 5xFAD- mice, the mean correlation coefficient was mostly centred around 0, suggesting no 

correlation between histology and each photometry analytical approach (Figures 4.3.19D-F). 

Specifically, the correlation coefficient was not significantly different across analytical approaches 

for image (F(2) = 3.1150, p = 0.0689, one-way ANOVA) (Figure 4.3.19F) and original (F(2) = 

3.1123, p = 0.0690, one-way ANOVA) light protocols (Figure 4.3.19D). A significant difference of 

the correlation coefficients across analytical approaches was reported for the in vitro light protocol 
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(F(2) = 3.8098, p = 0.0411, one-way ANOVA), but no post-hoc significance was found (p > 0.0559 

for all, post-hoc Bonferroni tests) (Figure 4.3.19E). 

 

Figure 4.3.19. Correlation coefficient across light protocols and analytical approaches for 

5xFAD+ and 5xFAD-. (A-C) Correlation coefficients for 5xFAD+ mice for in vitro (A), image (B) 

and original (C) light protocols. (D-F) Correlation coefficients for 5xFAD- mice for in vitro (D), 

image (E) and original (F) light protocols. One-way ANOVA was completed with post-hoc 

Bonferroni tests. P-value for one-way ANOVA is shown on the bottom left corner. P-values for 

post-hoc tests are shown. p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not 

significant. 5xFAD+ mice: n = 11; 5xFAD- mice: n = 7. 

 

Overall, confirming TF photometry signals are representative of plaque load with the brain, proves 

challenging. Some example data show strong positive correlation, particularly with Norm and 

Model data. Contractively, original light protocol and raw data are unable to provide appropriate 

depth resolution reflective of the pathological state within the brain. Therefore, this leaves us 

currently unable to confirm the photometry signals are reflective of the plaque load. However, this 

approach for analysing the correlation of photometry and histology data has limitations and 

therefore, a novel method may help clarify this further, which we discuss in section 4.4.2.2. 
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4.4  Discussion  

 

4.4.1 Discussion of findings 

 

4.4.1.1 Main findings 

 

As previously discussed, monitoring plaques in vivo, across depth and in freely behaving AD 

mouse models has not been established. While we showed that our novel approach combining 

Methoxy-x04 and conventional fibre photometry was a feasible method of monitoring plaque 

pathology (Chapter 3), this was yet to be successfully implemented in a chronic, freely behaving 

condition. Therefore, by overcoming depth-resolved limitations of conventional FFs, we 

hypothesised that implementation of state-of-the-art TFs will allow real-time, depth-resolved 

plaque assessment, in freely behaving animals. To do so, we aimed to identify optimal 

experimental and analytical conditions for TF photometry, while using said approaches to monitor 

Methoxy-x04 plaque signals.  

 

Acute pharmacokinetic recordings illustrated that AF and TF light propagation can highly influence 

recorded photometry signals (Figure 4.3.2), emphasising the requirement of appropriate protocols 

for TFs measurements. Therefore, light protocols and analytical approaches were adopted and 

tested. Firstly, we examined the pharmacokinetic profile of Methoxy-x04 over several days, which 

illustrated a small and non-significant, depth-resolved increase in fluorescence within 30-minutes 

of Methoxy-x04 injection, with a decline seen across days (Figures 4.3.4-6). Secondly, we 

investigated the fluorescence upon re-dose of Methoxy-x04 and found that injecting every 24-h 

allows maintained depth-resolved increased fluorescence compared to pre-injection (Figures 

4.3.10-12). For both pharmacokinetic (Figures 4.3.7-9) and re-dose experiments (Figures 4.3.13-

15), the effect was specific to 5xFAD+ mice, with 5xFAD- mice showing no significant change in 

fluorescence post-injection. However, while attempting to correlate TF photometry data with 

histological plaque load, inconsistencies were noted across all light protocols and analytical 

approaches (Figures 4.3.16-19). Notably, the in vitro-based light protocol and Norm analytical 

approach proved to provide convincing detection of plaque pathology for both pharmacokinetic 

(Figures 4.3.4-6) and re-dose (Figures 4.3.10-12) experiments. Overall, while we require an 

improved approach for histology correlation analysis, TF photometry appears to provide an 

increased fluorescent signal that can potentially be reflective of  the plaque pathology across depth, 

in freely behaving mouse models. 
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4.4.1.2 System AF and light configuration are vital contributors to signal 

collection 

 

We wished to complete acute pharmacokinetic recordings on mice under terminal anaesthetic 

using TFs to examine if a change in fluorescence could be recorded after injection of Methoxy-x04 

(Figure 4.3.2). In doing so, we seen a large increase in fluorescence, at varying degrees along the 

depth of the TF, in both 5xFAD+ and 5xFAD- mice, with the greatest signal increase occurring at 

higher GVs (Figures 4.3.2B-C). As histology confirmed 5xFAD- mice had no plaques, other 

contributing factors were investigated. We discovered an increase in system AF at a similar time 

resolution as the rise seen in acute pharmacokinetic experiments (Figure 4.3.2D). Additionally, 

light power from the TFs declines with increasing GVs (Figure 4.3.2E). Therefore, we believed 

these two factors are likely to be contributing in vivo fluorescent profiles. 

 

The substrates and epoxy within the internal cladding of the patch cable will generate substantial 

AF, which likely contributed to increases in acute pharmacokinetic recordings (Figure 4.3.2). In 

addition, the short (405-nm) excitation wavelength increases absorption of light by substances 

within the patch cable, resulting in AF emitted within the range of emission collection. This 

coincides with previous studies that illustrate the influence of AF on fibre photometry signal 

collection (Bianco et al., 2021, Formozov et al., 2023, Schlegel et al., 2018, Simpson et al., 2023). 

Therefore, when considering the depth-resolved AF, it is possible that higher GVs have larger AF 

due to the angle of light being greater, resulting in greater interaction with the fibre patch cable. As 

well as this, TFs have been shown to have greater AF than FFs because of the cladding used for 

manufacture (Bianco et al., 2021).  

 

Notably, while no major studies report the regeneration of AF from a patch cable, suppliers such 

as Thorlabs have shown the recovery of fluorescence over-time 

(https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=12516), with other low-AF patch 

cable users suggesting that recovery is slow, occurring over days (Tang et al., 2022). Conflictingly, 

we illustrate a recovery of AF at a much faster scale, with an increase within 30-minutes post-

bleaching. This suggests that this AF recovery may occur quicker due to an accumulation of AF 

from many sources: short excitation wavelength, brain tissue, patch cable and TF. This multi-

factorial AF influence has been carefully considered before (Formozov et al., 2023). 

 

As well as this, recent work has reported that different anatomical structures within brain regions 

can alter the volume of signal collection due to heterogenous optical properties which reflect and 

distort light propagation (Montinaro et al., 2021). Importantly, they mention the influence of AD 

plaque pathology, with the plaque’s ability to modify light propagation due to their different 

refractive index and other light properties (Montinaro et al., 2021). In all, AF is an important 

https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=12516
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parameter to control tightly, and use of established light protocols and analytical approaches are 

vital for reliable Methoxy-x04 signal detection.  

 

4.4.1.3 In vitro-based light protocol and Norm analysis approach proves 

optimal for analysing biological TF recordings 

 

4.4.1.3.1 Methoxy-x04 pharmacokinetic profile can be seen within 30-

minutes, with varied intensities across depth  

 

To prove we could detect plaque signals in real-time, across depth in freely behaving mice, we 

monitored the pharmacokinetic profile of Methoxy-x04 in 5xFAD+ and 5xFAD- mice (Figures 

4.3.4-9). Across all light protocols and analytical approaches, an increase in fluorescence was 

recorded across depth following Methoxy-x04 injection in 5xFAD+ mice, to varying degrees 

(Figures 4.3.4-6). For example, results showed that a change in fluorescence was most prominent 

with a combination of in vitro and Norm approaches, showing a rise in fluorescence within 30-

minutes, compared to 60-minutes with raw data (Figure 4.3.5). This suggests that accounting for 

the average baseline signal allows identification of small changes in Methoxy-x04 concentration. 

Also, the consistent increase in fluorescence in 5xFAD+ mice suggests that Methoxy-x04 has good 

affinity for plaques, with unbound Methoxy-x04 clearing from the brain quickly, consistent with 

previous studies (Bacskai et al., 2003, Klunk et al., 2002) . This is further confirmed with no 

fluorescence change detected post-injection in 5xFAD- mice (Figures 4.3.7-9). The lack of 

fluorescence increase seen in 5xFAD- mice is consistent with previous findings that state that in 

plaque-free brains, amyloid-binding dyes, such as PiB, have quick clearance from the brain 

(Bacskai et al., 2003). While the chemical nature of Methoxy-x04 differs from PiB, using i.v. 

injection of a radio-labelled Methoxy-x04 ligand to estimate brain entry in rats shows an injected 

dose in the brain of 81% at 20-minutes, falling to 50% within 30-minutes, with an estimated t1/2 of 

~45-minutes (Klunk et al., 2002). These findings represent the rapid clearance of Methoxy-x04 

from non-plaque samples and suggests that Methoxy-x04 is rapidly cleared before a substantial 

level can accumulate and be detected by the photometry system.  

 

Whereas, in 5xFAD+ mice, findings suggest that Methoxy-x04 reaches the bloodstream and 

passes the BBB rapidly, allowing almost instant binding to plaques. Despite the system detecting 

fluorescence within 30-minutes, it is possible that this represents an accumulation of bound 

Methoxy-x04 above the sensitivity threshold of the TF photometry system, where below this went 

undetected. In any case, this fluorescence continues to increase over several hours, reaching 

maximal fluorescence within 4-h (Figures 4.3.4-6). However, previous findings show that after i.p. 

administration of Methoxy-x04, dim fluorescence is first detected at 2-h post-injection, with an 
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increase over 72-hours, and maximal fluorescence at 48-hours (Condello et al., 2011). Others 

show detection of Methoxy-x04 post-mortem, 3-h post injection (Friesen et al., 2022), while the 

landmark study states that optimal 2PM imaging conditions occur 24-h post i.p. injection, due to 

the reduction of background fluorescence (Klunk et al., 2002). However, i.p. administration of 

various other drugs or indicators illustrates detection within the brain from ~30-minutes, with 

maximal concentrations varying from ~1-8-h (Al Shoyaib et al., 2019, Chauhan and Chauhan, 

2015, Griffiths et al., 2019, Hunter and Holscher, 2012, Jiang et al., 2016). Therefore, these 

findings suggest that the TF photometry system is very sensitive, allowing detection of very small 

changes in Methoxy-x04 concentration within 30-minutes, that were only seen as dim fluorescence 

with 2PM after 2-h (Condello et al., 2011). In addition, the maximal fluorescence being reached 

within 4-h suggests that the illumination protocol and intense sampling, compared to other 

approaches, results in a trade-off between Methoxy-x04 bleaching and Methoxy-x04 fluorescence. 

We believe this diminished maximal response must be due to bleaching as previous studies show 

that Methoxy-x04 is a stable plaque-binding dye, remaining bound to the plaque for at least 90-

days, with maintained fluorescence (Condello et al., 2011, Liu et al., 2010). This finding is backed 

as we found no significant differences in fluorescence from 5-h on day 1 to the first measure of 

day 2, suggesting that the level of Methoxy-x04 within the brain remains consistent when no light 

is applied.  Additionally, the decline in fluorescence seen on days 2 and 3 suggest that Methoxy-

x04 is starting to bleach. Therefore, bleaching of Methoxy-x04 is an important factor for longitudinal 

recordings. To counteract this decline, a lower laser power, reduced sampling interval or shorter 

recording time may be used. 

 

An important aspect of these findings is the capability of this approach to detect depth-resolved 

signals. We see a greater increase in fluorescence levels at lower GVs, which were consistent with 

plaque pathology. Whereas, at higher GVs where a lower signal change was detected, plaque 

pathology was sparse. Interestingly, we seen a significant decline in fluorescence from the 

baseline recording at day 3 at these plaque-sparse, low signal change, high GVs. Therefore, this 

decline in fluorescence below baseline signals suggests that when no plaques and Methoxy-x04 

surround the TF, the illumination protocols can contribute to bleaching of surrounding anatomical 

structures, resulting in a decline in AF below baseline.  Additionally, this may be shown when 

across in vitro light protocols, a decline in fluorescence was seen across depth on day 0 for raw 

and Norm data analytical approaches (Figure 4.3.5B). Furthermore, this decline was not seen in 

Model Day 0 data (Figure 4.3.5B), where AF has been extracted. While this confirms the Model 

analytical approach is successful in removing AF components from data, long-term recordings can 

contribute to bleaching of internal brain anatomy which is an important consideration when 

completing longitudinal recordings. 
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In summary, using in vitro and Norm data, we seen a depth-resolved increase in fluorescence, 

with a trend for increased fluorescence at deeper GVs and lower changes at superficial brain 

regions, corresponding to the plaque density surrounding the TF implants (Figure 4.4.1A). As 

confirmed with our histological sections (Figure 4.2.3) and the landmark study on 5xFAD mouse 

models (Oakley et al., 2006), plaque pathology is low within superficial cortical regions, increasing 

in deeper cortical layers with a highly populated plaque load within the SUB. Therefore, we believe 

that this novel approach has the capabilities to  detect varied signal intensities across depth of the 

brain, reflective of the pathological state.  

 

However, we note the lack of statistical significance and believe that pooling of TF data together 

may contribute to this small fluorescent increase as a result of small variations in TF implant site. 

Accordingly, we believe that establishing an approach for aligning TF implant depths may allow 

stronger detection of Methoxy-x04. Despite this, using this approach and current analytical 

methods, we see trends for Methoxy-x04 reaching a maximum fluorescence within 4-h, which 

appears to return to near-baseline levels after 48-hours, thought to be due to bleaching of Methoxy-

x04 (Figure 4.4.1B). While we were unable to confirm that bleaching of Methoxy-x04 had occurred, 

previous studies show that the binding properties of Methoxy-x04 remain largely stable up to 90 

days (Condello et al., 2011, Liu et al., 2010) and thus, suggests that it is likely that bleaching is 

occurring rather than Methoxy-x04 becoming dissociated and clearing from the brain. However, 

we must consider other possibilities for only small increases in fluorescence occurring upon 

Methoxy-x04 injection. Specifically, if a Methoxy-x04 injection had previously been completed, this 

may contribute to the signal on the following recordings. For example, if Methoxy-x04 binds 

irreversibly, yet is susceptible to bleaching, we remain unclear on how this may affect further 

binding of Methoxy-x04 and the acquired signal. Overall, it is imperative that further research is 

completed on the long-term binding and bleaching characteristics of Methoxy-04. 

 

Figure 4.4.1. Suggested pharmacokinetic profile of Methoxy-x04 based on acquired data. 

(A) Schematic illustrating an estimate of the plaque load and fluorescence level along the TF. 

(B) Schematic showing a summary of the pharmacokinetic findings. Not to scale. 
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4.4.1.3.2 Redosing Methoxy-x04 at 24-h intervals allows increased fluorescence 

for longitudinal recording 

 

After proving we could detect plaques in real-time, we wanted to establish a suitable re-dosing 

protocol for longitudinal recordings (Figures 4.3.10-15). Therefore, we monitored the fluorescence 

signal across depth, after injecting Methoxy-x04 at 24-h intervals, consistent with previous studies 

(Crowe and Ellis-Davies, 2013, Hefendehl et al., 2011). In vitro and Norm data show a significant 

increase in fluorescence from baseline at days 1, 2 and 3 at low GVs, consistent with the plaque 

load. Whereas signals from other approaches were less pronounced. No significant differences 

across days 1, 2 and 3 were found, implying that fluorescence levels are maintained at a near-

consistent level with this re-dosing paradigm, consistent with other studies that use this re-dosing 

paradigm. Consequently, once plaque pathology aggregation reaches a plateau (Bhattacharya et 

al., 2014), Methoxy-x04 binding sites may be minimised. Also, without the 4.5-h recording following 

Methoxy-x04 injection, a greater maximal fluorescence should be achieved which may be 

representative of the stronger significant difference seen compared to pharmacokinetic recordings. 

 

In summary, using in vitro and Norm data, we seen a depth-resolved increase in fluorescence that 

was maintained over several days with repeat injection of Methoxy-x04, corresponding to the 

plaque density surrounding the TF implants (Figure 4.4.2A). Fluorescence measurements suggest 

a small decline throughout each 2-hour recording that was boosted to a near-consistent level 

following Methoxy-x04 injection (Figure 4.4.2B). Therefore, injecting Methoxy-x04 at 24-h intervals 

may be a reasonable re-dose approach for longitudinal recordings. However, it is important to note 

that we have not confirmed that the decline seen across days is due to bleaching. Additionally, 

there is a lack of knowledge surrounding the binding and bleaching properties of Methoxy-x04. 

Therefore, another potential possibility for the slight decline in fluorescence could be that repeat 

dosing of Methoxy-x04 is occupying all binding sites, with an irreversible binding property 

preventing further signal illumination. Alternatively, consistent illumination could cause bleaching 

but not dissociation of Methoxy-x04, blocking binding sites for the re-dosed molecule. Lastly, 

Methoxy-x04 may bind differently to different sized plaques. Overall, while we are able to detect 

depth-resolved changes in fluorescence that appear reflective of the plaque load within the brain, 

it is vital to uncover more information on the binding and bleaching characteristics of Methoxy-x04 

to implement a reliable re-dosing protocol. 
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Figure 4.4.2. Suggested re-dose profile of Methoxy-x04 based on acquired data. (A) 

Schematic illustrating an estimate of the plaque load and fluorescence level along the TF. (B) 

Schematic showing a summary of the re-dose findings. Not to scale. 

 

4.4.1.4 Correlating TF photometry data to histology proves challenging 

 

After identifying optimal protocols for acquiring and analysing TF photometry data, while detecting 

plaque signals, we wished to confirm TF data was reflective of plaque pathology within the brain 

regions recorded (Figures 4.3.16-19). Across all light protocols and analytical approaches, the in 

vitro with Norm or Model methods showed similar patterns of fluorescence across depth to 

histological quantification. However, the fluorescence and histological profiles were shifted across 

depths, resulting in correlation analysis being poor (Figures 4.3.16-19). Instead of implying that 

photometry data is not reflective of plaque pathology, we believe these inconsistences are largely 

contributed to by the correlation approach. For example, the photometry data and histological 

quantification may be irreflective of the final recording state (see section 4.4.2.2). Therefore, by 

optimising this analytical process, we believe strong positive correlations of in vitro, Norm data with 

histological quantification will be shown.  

 

4.4.2 Limitations  

 

While we confirmed that this novel approach is feasible for monitoring plaque pathology, there are 

several limitations with the equipment and analysis that should be noted. 

 

4.4.2.1 System limitations  

 

Firstly, the TF system included a laser for 405-nm illumination, which proved to greatly influence 

system stability as they require appropriate cooling and stabilisation tools. For example, within 

several months, the original laser started to rapidly decline in power. After implementation of the 

new laser, with appropriate cooling conditions, we continued to see both low (minutes-days) and 

high (milliseconds) frequency instability. Therefore, each recording point had instable laser power, 
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as well as alterations seen across recordings. In attempt to counteract and monitor this, the laser 

was left on for 30-minutes before recordings, a photodetector was introduced to monitor the output 

of the laser and the number of repetitions of illumination protocol was increased to calculate a 

better median signal. Potentially, this high frequency instability is due to the way the laser is driven. 

Currently, the laser is driven by the NIDAQ, which may introduce instability across the voltage 

supply. Therefore, introducing a voltage modulator may decouple noise from the NIDAQ from noise 

within the laser. To minimise low frequency noise a feedback loop, could be implemented, done 

by Pisano and colleagues (Pisano et al., 2019), where the laser power is adjusted in real-time to 

keep laser output stable.  

 

As well as the optical components functionality, their general AF proved a vital obstacle for TF 

recordings. The time resolution of our expected Methoxy-x04 signals matched the AF recovery, 

introducing difficulties determining the difference between Methoxy-x04 signals and AF (Figure 

4.3.2). The main source of AF recovery was the patch cable as light propagates at several angles 

along the cable which illuminates the internal cladding (Figure 4.2.5), resulting in AF. Due to light 

at high GVs reflecting along the patch cable more often, AF was increased. To minimise this, a 

bleaching protocol was implemented, the length of patch cable was reduced to minimise internal 

reflectance, and baseline day 0 recordings were completed.  

 

Finally, despite TFs being less invasive than conventional FFs (Pisanello et al., 2017, Pisano et 

al., 2019), implanting any foreign object into the brain will result in neuroinflammation. Hence, 

microglia will aggregate around the TF. Microglia and plaques are highly correlated, with microglia 

being involved in plaque clearance and once overwhelmed, further aggregation of plaques 

(Heneka et al., 2015a, Hickman et al., 2018, Malm et al., 2015, Mrak, 2012). Therefore, our plaque 

pathology measure may be influenced by the inflammatory condition surrounding the TF. Post-

mortem histology illustrates the aggregation of microglia, but it is unclear if plaque pathology is 

increased around the TF. Notably, off-target TF implants have microglia accumulation around the 

fibre track, with minimal plaque pathology, which may suggest that microglia recruitment did not 

greatly influence plaque pathology at the TF track. In all, this is an important consideration when 

completing longitudinal recordings. 

 

4.4.2.2 Analysis limitations   

 

While a benefit of TFs is their minimally invasive tip (Pisanello et al., 2017, Pisano et al., 2019), 

this made identifying the TF track on histological images challenging. For acute experiments, we 

failed to identify the fibre track despite using thinner histological sections (50-μm) and imaging at 

X10 magnification. However, for chronic implants, counter-staining histological sections with a 

microglial marker allowed identification of the fibre track due to neuroinflammation surrounding the 
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implant. While this illustrated the fibre tip, we had to estimate the active region of the track using 

scale bars, with manual marking onto the aligned section. This may introduce some error when 

identifying the fibre track. These limitations coincide with limitations previously discussed with the 

alignment approach, where section warping can contribute to inaccurate fibre track estimation (see 

section 3.4.2.2). 

 

While we aimed to target the TF across the same regions in every mouse, some implants were 

slightly off-target (Figure 4.3.3). Therefore, some TFs pass different brain regions, resulting in 

varied plaque density across TF depth across mice. For example, while most of the TF implants 

have greatest plaque density at lower GVs, a small minority do not replicate this trend (Figure 

4.3.3). Currently, data is analysed by combining all recordings, without considering these 

alignment differences. Therefore, a reduction in depth-resolution fluorescence may occur, resulting 

in false-negatives. For example, while pharmacokinetic (Figures 4.3.4-6) and re-dose (Figures 

4.3.10-12) experiments show a trend of increased signal intensity at deeper regions, the lack of 

strong significance across appropriate time-points may be contributed to by this analytical 

approach.  

 

On another note, AF proved to be a major influence on signal collection. Therefore, we 

implemented a modelling approach to extract pure Methoxy-x04 signals by estimating the AF 

throughout each recording (Figure 4.2.17). This model assumed that the day 0 recording provides 

an estimate of AF from the brain tissue, patch cable and TF, with some unknown noise, not 

accounting for day-to-day changes. Additionally, the requirement of using the appropriate day 0 

recording limits the quantity of training data for the model. While we sub-sampled this data to 

increase the number of training iterations, more training data is optimal to achieve a better model 

fit.  

 

Finally, correlating with histological signals is vital for full confirmation of this approach. However, 

our histology correlation analysis showed poor correlation between photometry and histological 

data (Figures 4.3.16-19). We believe this is highly contributed by the plaque and histological data 

used for analysis. Firstly, photometry data was quantified from the last pharmacokinetic recording 

completed on each mouse. However, most mice were kept for several weeks after their last 

pharmacokinetic recording. Thereby, this may not be reflective of the final plaque state. However, 

the final recording for each mouse varied meaning taking data from another recording would not 

be reflective across all mice. Secondly, light distributes from the TF in a downwards and vertical 

manner, with higher GVs providing a cone of light that passes over the TF shaft (Figure 4.2.2). 

With this approach, plaques are quantified from a uniform 5x106-μm3 cylinder (radius: 200-μm, 

height: 40.5-μm) at each depth. Therefore, some plaques may not be quantified that were likely to 

have been recorded by photometry. Accordingly, an approach to counteract these limitations could 
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be by calculating the volume of the light cone for each TF and quantifying plaques within this 

region.  

 

4.4.3 Future work  

 

Overall, this approach appears to be an exciting step towards real-time, depth-resolved plaque 

monitoring in freely behaving animals. Using this will help interrogate many aspects of AD. 

Particularly, we believe this will allow assessment of potential AD treatments, encouraging the 

progression of treatments to a clinical setting. For example, the use of non-invasive 40-Hz sensory 

stimulation, known as GENUS, has gained traction with evidence pointing towards potential 

plaque-modifying effects (Iaccarino et al., 2016, Martorell et al., 2019). However, a recent study 

contradicts these findings (Soula et al., 2023), which may be contributed to by the lack of 

technology for monitoring the effect on plaque pathology in real-time, across depth. Therefore, we 

believe that investigating novel treatments like GENUS, will help uncover potential plaque-

modifying effects in regions and at time-points that have previously been missed. Consequently, 

this helps establish a closed-loop treatment paradigm where once an effective approach has been 

identified, optimal parameters can be tested to result in optimal disease treatment. 

 

4.4.4 Summary 

 

In conclusion, we have illustrated for the first time that TFs can allow real-time, depth-resolved 

plaque monitoring in freely behaving mice. We were able to optimise TF signal collection by 

identifying optimal light protocol and analytical approaches: in vitro and Norm. By doing so, we 

detected real-time, depth resolved Methoxy-x04 signals which uncovered important information 

about Methoxy-x04 for use in longitudinal recordings. This is the first technology with these 

capabilities, which will ultimately help gain knowledge about disease pathogenesis and treatment 

success on a greater scale. However, we note that further characterisation on the binding and 

bleaching properties of Methoxy-x04 is required, with optimisation of the correlation to histological 

plaque load to confidently conclude the signals are due to plaque pathology. 
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5. Investigation of the plaque modifying effects of GENUS on 

5xFAD+ mice in real-time, across depth 

 

5.1 Introduction  

 

5.1.1 Background 
 

We have confirmed, for the first time, that TF photometry and Methoxy-x04 can monitor plaques 

in freely behaving 5xFAD mouse models in a real-time, depth-resolved manner. Now, we wish to 

apply this approach to track plaque pathology while mice are exposed to a potential AD treatment. 

GENUS is a non-invasive sensory stimulation approach that has previously been shown to have 

beneficial effects at reducing plaque pathology (Adaikkan et al., 2019, Iaccarino et al., 2016, 

Martorell et al., 2019, Yao et al., 2020). However, recent studies contradict this finding (Soula et 

al., 2023), perhaps due to limitations with post-mortem plaque assessment or their singular 

sensory stimulus approach. Therefore, further study must be completed to understand the real-

time effects of both singular and combined sensory stimulus treatments. 

 

5.1.2 Aims and hypotheses 

 

Within this chapter, we hypothesised that our novel approach allows monitoring of plaque 

pathology modifications caused by GENUS treatment. To test this hypothesis, we aimed to expose 

AD models to various forms of GENUS treatment to monitor changes in electrophysiological and 

plaque pathology. For this, we confirmed the enhanced power of gamma oscillations by monitoring 

electrophysiological signals in response to GENUS. Then, we investigated if plaque pathology 

modifications were detected using both TF photometry and histological quantification. Throughout, 

we investigated the potential for combined sensory treatment to have stronger effects than a 

singular sensory treatment. 

 

5.1.3 Overview  

 

Within this chapter, I will begin by discussing the methodology of the experiments completed to 

attain the following results (section 5.2). Then, we report increased gamma power detected from 

electrophysiological signals (section 5.3.2). Once confirmed, we investigated the potential 

changes in plaque pathology throughout each treatment using our novel TF photometry and 

Methoxy-x04 approach (section 5.3.3). To confirm the findings from photometry recordings, 

histological analysis was completed to determine the differences of plaque load in 5xFAD mice 
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that underwent GENUS or not (section 5.3.4). Finally, we discuss the implication of these findings, 

limitations of this study and future directions for this treatment and monitoring approach (section 

5.4).  

 

5.2 Methods  

 

This section provides a detailed description of the GENUS treatment and TF photometry 

recordings completed to test for potential disease-modifying effects (Figure 5.2.1). Firstly, I 

introduce animals used, the chamber they were situated in for GENUS and the GENUS system 

set-up (section 5.2.1). Then, electrophysiological recordings are introduced, with information on 

the surgery (section 5.2.2.1), recording (section 5.2.2.2), data analysis (section 5.2.2.3) and 

completed statistics (section 5.2.2.4). Lastly, GENUS and TF photometry experiments are 

described, specifically the recording (section 5.2.3.1), data analysis (section 5.2.3.2) and 

statistics (section 5.2.3.3). All protocols completed across various sub-projects, such as Methoxy-

x04 properties, animals and histological processing are discussed in Chapter 2, sections 2.1.1, 

2.1.2 and 2.1.3, respectively. Information on the TF system and subsequent data analysis is 

discussed in Chapter 4, sections 4.2.1 and 4.2.3, respectively.  

 

 

Figure 5.2.1. Roadmap of chapter 5 methodology. Animal information is covered in section 

5.2.1. Electrophysiology procedures are described in section 5.2.2. GENUS & TF photometry 

procedures are described in section 5.2.3. 

 

5.2.1    Treated Animals 

 

Mice used for GENUS experiments had been previously used for chronic recordings described in 

Chapter 4, section 4.2.2.3 and shown in Figure 4.2.10 and Table 4.2.1. As before, all in vivo 

measurements were completed in dark conditions. 
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Mice were aged between 4-6-months consistent with previous GENUS studies which show a 

significant decline in plaque pathology (Iaccarino et al., 2016, Martorell et al., 2019). 

 

As previous studies have illustrated that a chronic treatment paradigm of GENUS for 1-h per day 

for 7-days appears to have a more aggressive effect at modifying plaque pathology, we initially 

had planned to use our novel approach to investigate the real-time effects of this chronic treatment. 

However, time constraints meant that was not possible. Additionally, as discussed in Chapter 4, 

we require a deeper insight into the signals achieved following chronic re-dosing of Methoxy-x04. 

Therefore, we opted for an acute treatment paradigm of GENUS for 1-h on 1-day, which previously 

has been shown to reduce soluble Aβ levels (Iaccarino et al., 2016), with more recent findings 

illustrating a reduction of plaque size with combined audio-visual treatment (Murdock et al., 2024). 

 

5.2.1.1 Animals 

 

Detailed animal information can be found in Chapter 2, section 2.1.2. Mice used for GENUS 

experiments were previously used for other chronic experiments, with detailed information on the 

fate of each mouse shown in detail in Table 4.2.1. A total of 12 mice underwent GENUS treatment 

& TF photometry recordings (Table 4.2.1 & Figure 4.2.10 & Figure 5.2.2). Out of the 12 mice, 6 

were 5xFAD+ and 5xFAD-, with all 5xFAD+ mice going through all treatments. GENUS treatment 

for 5xFAD+ mice was either visual (V), auditory (A), audio-visual (AV) or no stimulation (NS), while 

5xFAD- mice underwent AV stimulation only (Figure 5.2.2). GENUS experiments involved fibre 

photometry recordings within a chamber before brain tissue was recovered for post-mortem 

analysis. 

 

Additionally, six mice were used for electrophysiology recordings: 3 5xFAD+ and 3 5xFAD- (Figure 

5.2.2 & Table 5.2.1). These were different mice compared to any fibre photometry experimental 

mice and had cortical EEG and hippocampal (HIP) bipolar electrodes implanted to monitor 

neuronal signals (see section 5.2.2). 
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Figure 5.2.2. Flow chart illustrating the number of animals used per recording. Sex sample 

numbers are shown. Figure and table numbers show summary plots of animals. M+, 5xFAD+ 

male. F+, 5xFAD+ female. M-, 5xFAD- male. F-, 5xFAD- female. 

 

5.2.1.2 GENUS treatment chamber 

 

Mice were placed in a transparent recording chamber (30 x 14-cm), with all walls lined with black 

tape (727-1300, RS Components). This had a white LED strip (WOWLED) covered with several 

layers of tracing paper (to reduce and spread the light intensity) along the transparent floor, 

providing a visual intensity ranging from 280-450-lux, when driven at 5-V (described in section 

5.2.1.3), confirmed with a light meter (Urceri). An electrostatic speaker (ES1, Tucker-Davis 

Technologies) was situated on the centre of the long chamber wall, 20-cm from the chamber floor 

and produced broadband noise at 70-dB SPL, by providing variable voltage signals to the speaker 

at 0.77-V root-mean-squared (RMS) (as described in section 5.2.1.3).  

 

5.2.1.3 GENUS treatment set-up 

 

GENUS treatment was either V stimulation with light flicker generated by LEDs (WOWLED), A 

stimulation generated by a speaker (ES1, Tucker-Davis Technologies) or AV stimulation with both 

LED and speaker activation in parallel. Both A and V stimulation was delivered with a pulse 

frequency of 40-Hz with a 50% duty cycle (10-kHz). For AV stimulation, both LEDs and speakers 
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were driven as described in parallel. A stimulation of 40-Hz at these intensities was chosen 

consistent with previous studies that show a frequency-specific reduction in plaque pathology at 

40-Hz (Iaccarino et al., 2016, Martorell et al., 2019). 

 

For light flicker generation, an LED strip was used (WOWLED). This was controlled by an NIDAQ 

(USB-6343, National Instruments), breadboard, power supply and electrical components (Figure 

5.2.3A). This was completed as the NIDAQ alone cannot provide enough current to the LEDs for 

sufficient brightness. First, a 5-V power supply (RS components) was attached to the breadboard. 

However, this power supply was tightly controlled using a MOSFET driver (BSS-138, RS 

Components), a gate resistor (1-kOhm, RS Components) and pull-down resistor (10-kOhm, RS 

Components). Specifically, the gate resistor is situated between the NIDAQ output and MOSFET, 

and prevents overcurrent from the NIDAQ, which can damage the NIDAQ or MOSFET (Figure 

5.2.3A). 1-kOhm was chosen to reduce the current to a safe range of a few milliamps. The pull-

down resistor works as the switch to the MOSFET, where when the NIDAQ is connected, the 

MOSFET is on and allows current flow, turning the LEDs ON (Figure 5.2.3B). However, if the 

NIDAQ is not connected, the MOSFET remains off and prevents current flow, with LEDs remaining 

OFF (Figure 5.2.3C). 10-kOhm was chosen as it is sufficiently higher than the 1-kOhm gate 

resistor, so when the NIDAQ pin is powered, there will be sufficient voltage at the MOSFET gate 

pin and the MOSFET will switch on. If the pull-down resistor value is not high enough, it's possible 

when the NIDAQ pin is powered the MOSFET will remain off as there is insufficient voltage at the 

MOSFET gate (MOSFET requires that a threshold voltage is reached at the gate before switching 

on). Square wave pulses were created for LED stimulation at 5 V, providing a visual intensity 

ranging from 280-450-lux, confirmed with a light meter (Urceri). The light was controlled through 

NI-DAQ (USB-6343, National Instruments), using a LABVIEW program (2022 version, National 

Instruments).  
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Figure 5.2.3. LED strip set-up. (A) Electrical breadboard set-up. NIDAQ connections release 

the resistor gate on the MOSFET to turn it on, allowing the release of 5-V power supply to turn 

on the LED strip. (B) For LEDs on, the NIDAQ connection acts as the key to unlock the gate on 
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the MOSFET. Therefore, it will allow the 5-V power supply to provide current to the LED strip. 

(C) For LEDS off, there is no NIDAQ connection so the MOSFET remains locked, and the 5-V 

power supply will not reach the LED strip. Black and red lines show wired connections on the 

breadboard. Arrows illustrate the direction of power flow through the breadboard. 

 

For sound generation, the speaker was calibrated before recordings were completed using a 

microphone and speaker. The microphone (PS9200KIT-1/4, ACO Pacific Inc) was placed the 

same distance as the speaker to the recording chamber floor (20-cm). Then, broadband noise and 

pure tones were played at varying intensities (decibel sound pressure level (dB SPL)), driven at 1-

V. The sound (broadband white noise) was generated by NIDAQ (USB-6343, National 

Instruments) and amplified (System 3 ED1, Tucker-Davis Technologies) before being transmitted 

to the speaker (ES1, Tucker-Davis Technologies), controlled using a LABVIEW program (2022 

version, National Instruments). The sound was recorded by a microphone (PS9200KIT-1/4, ACO 

Pacific Inc), before being amplified (System 3 MA3, Tucker-Davis Technologies) and recorded by 

NIDAQ (USB-6343, National Instruments), controlled using a LABVIEW program (2022 version, 

National Instruments). This allows estimation of the V-dB SPL relationship, producing a list of 

voltages that represent the root-mean-squared (RMS) of a broadband noise, that would produce 

each sound intensity. Accordingly, this information was used to determine the driving voltage of 

the speaker. To produce broadband noise at 70-dB, we found that we needed to provide variable 

voltage signals to a speaker at 0.77-V RMS. Therefore, during A stimulation, sound (broadband 

white noise) was generated by NIDAQ (USB-6343, National Instruments) and amplified (System 3 

ED1, Tucker-Davis Technologies) before being transmitted to the speaker (ES1, Tucker-Davis 

Technologies), controlled using a LABVIEW program (2022 version, National Instruments). 

 

5.2.2 Electrophysiology 

 

Electrophysiology recordings were completed to confirm our set-up was causing an increase in 

gamma power throughout GENUS treatment. For this, we used mice also being used for a sleep 

project being completed by Paulina Schnur, where a cortical EEG was placed above the prefrontal 

cortex and a bipolar electrode within the CA1. Therefore, these brain regions were different from 

those targeted with the TF. However, as this implant can provide a general overview of the 

oscillatory state within the prefrontal cortex and hippocampus, this allows us to compare to 

previous papers which show that when there are changes in gamma power in these areas, there 

appears to be a consistent increase in the appropriate sensory cortex (Adaikkan et al., 2019, 

Iaccarino et al., 2016, Martorell et al., 2019, Soula et al., 2023). Therefore, this suggests that if the 

oscillation is seen in the prefrontal cortex and hippocampus, it should be present at our TF target, 

the visual cortex and subiculum. 
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5.2.2.1 Electrophysiology head-cap surgery  

 

For electrophysiological recordings, a head-cap surgery was completed for implantation of a 

bipolar electrode into the HIP, plus attachment of 2 cortical EEGs, 2 electromyography (EMG) 

connections and grounding wires (Figure 5.2.4). This was to allow for monitoring of neuronal 

signals across the prefrontal cortex and hippocampal regions. Electrophysiological head-cap 

surgeries were completed by Paulina Schnur, with electrophysiological recordings completed by 

Paulina Schnur and Nicole Byron. 

 

5.2.2.1.1 Connector fabrication 

 

A connector was custom-made to allow for 2 EEG, 2 EMG and two grounding connections on the 

brain surface using three 2-row connectors (SDL-112-T-12, Semtec) (Figure 5.2.4C). First, two 

copper wires (⌀ 0.2-mm diameter, 357-918, RS-Pro) were prepared for cortical EEG (length: 1.5-

cm) and for grounding (length: 1.5 & 1-cm) by stripping them of their insulation at either end over 

0.3-cm. One ground wire was being used, with one prepared as a back-up in case of a faulty 

connection. Next, two wires were prepared for EMG connections (2840/7, Alpha Wire) (length: 1.5-

cm), before stripping them of their insulation at either end over 0.3-cm. Once completed, each wire 

was connected to one connector pin by soldering. Then, all connections and wires were insulated 

using dental cement (Simplex rapid liquid and powder mixed, Kemdent) (Figure 5.2.4C). Electrical 

connections from the stripped end of the wire to the connector were checked using a voltmeter. 

 

5.2.2.1.2 Electrode fabrication 

  

A bipolar electrode involves monitoring signals from two wires, where one is slightly shorter than 

the other (Figure 5.2.4C). Stainless steel wires (0.1-mm diameter, FE205850/2, Goodfellow) were 

prepared by cutting them to 1.5-cm and stripping them of their insulation by 0.3-cm on one end. 

The stripped ends were wrapped around one pin of two 1-row connectors (SS-132-T-2-N, Semtec) 

before being covered with silver conductive paint (186-3593, RS-Pro) and secured with dental 

cement (Simplex rapid liquid and powder mixed, Kemdent) once dry. Next, the steel wires were 

superglued (918-6872, RS-Pro) together in a twisted conformation, leaving the tips free. At this 

point, one wire was trimmed to create a 0.1-cm offset (Figure 5.2.4C). After completion, 

impedance was measured and if within the 100-200-kOhm range, they were deemed appropriate 

for use. 
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5.2.2.1.3 Surgery 

 

5xFAD+ and 5xFAD- littermates underwent electrophysiology head-cap surgery from 3-4 months. 

Mice housed together underwent surgery on the same day. After surgery, mice were housed alone. 

On the day before surgery, the surgeon’s gowns, and tools, including the electrodes and EEG/EMG 

being implanted were autoclaved. On the day of surgery, surgical procedures were completed 

mostly as described in Chapter 4, section 4.2.2.3.1, bar described below.  

 

Skull alignment between bregma and lambda was set <100 m, before marking the bipolar 

electrode implant site, under a stereomicroscope (SZ51, Olympus). This was CA1 (AP: -2.00-mm, 

ML: 1.50-mm, DV: -1.50-mm) (Figures 5.2.4A-B). Next, using surgical callipers, sites of skull 

screws were marked, and burr holes were completed using a surgical drill (Volvere Vmas drill, 

NSK). Two skull screws (418-7123, RS Components) were implanted above the prefrontal cortex 

on each hemisphere, for cortical EEG (AP: +1.50-mm, ML: 1:00-mm) (Figures 5.2.4A-B). Two 

skull screws were implanted above the cerebellum on each hemisphere, as a ground (AP: -2.00-

mm, ML: 2.00-mm) (Figures 5.2.4A-B). The appropriate cortical EEG and ground wires from the 

connector were now wrapped around the cortical skull screws. At this point, connections were 

confirmed using a voltmeter. Then, the two EMG wires are implanted into the neck muscle. 

Following this, the stereotaxic holder with the bipolar electrode was mounted onto the stereotaxic 

frame (KOPF Instruments). The bipolar electrode was slowly lowered to the brain surface, before 

slowly descending to the target depth. Once reached, a small volume of Kwik-Sil (World Precision 

Instruments) was applied to cover the remaining exposed brain tissue using a toothpick.  
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Figure 5.2.4. Implants for the head-cap surgery. (A) Schematic showing implants of the EEG, 

EMG, ground, and bipolar electrodes (HIP). (B) Exact coordinates for the implants in millimetres. 

B is from bregma, and L is from lambda. (C) Image of the bipolar electrode (HIP) (Scale: 0.5-

cm) and EEG/EMG connector (Scale: 1-cm). 

 

5.2.2.2 Electrophysiological recording 

 

Table 5.2.1. Animals used for electrophysiological recordings. 

 

 

Mixed-sex mice aged from 4-6-months were used for electrophysiological recordings (Table 5.2.1). 

Before recordings, the mouse’s head-cap was connected to a male 18-pin nano dual row connector 

(Omnetics), which is connected to a head-stage amplifier (HST/32V-G20, Plexon). Wires on this 

connector that matched appropriate channels on the head-stage amplifier were soldered to 2-row 

pin connectors and insulated with dental cement. A Plexon head-stage cable (ultra-fine 36 gauge, 

Plexon) connects the head-stage amplifier to a preamplifier (PBX3, Plexon), powered by power 
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supply (P38-5X, Polytron Devices). The amplified (1000 times) signals were relayed via a BNC 

interface board (BNC-16B, Plexon) and digitized using a NIDAQ device (USB-6211, National 

Instruments). Electrophysiological signals were recorded across 8 channels (2 EEG, 2 EMG, 2 

HIP, A stimulation sync (speaker) and V stimulation sync (LEDs)) at 1-kHz, using the NIDAQ 

device (USB-6211, National Instruments), controlled by a LABVIEW program (2022 version, 

National Instruments). For appropriate shielding of the GENUS stimulation, the recording chamber, 

was placed within a grounded faraday cage (75 x 75 x 75-cm, metal mesh) (Figure 5.2.5A). 

Additionally, mice were placed in an internal chamber (10 x 10 x 30-cm), surrounded in copper 

mesh, which was grounded (Figure 5.2.5A). As an extra precaution real-time power density 

spectrum analysis was completed to ensure no noise was being detected across all recording 

channels. 

 

Once the electrophysiology recording has begun, the GENUS stimulus protocol was started 

(Figure 5.2.5B). This ran through A, V and AV stimulus in a randomised order, generated by the 

LABVIEW code. LEDs (WOWLED) and the speaker (ES1, Tucker-Davis Technologies) were 

driven at 5-V and 0.77-V respectively, providing 280-450-lux and 70-dB SPL as in GENUS 

treatment recordings. This was maintained by removing some layers of tracing paper from the top 

of the LED strip to boost light intensity and placing the electrostatic speaker within the internal 

chamber. Stimulus was delivered with a pulse frequency of 40-Hz, and a 50% duty cycle (10-kHz). 

Each block included A, V and A+V stimulation with a 30-second baseline, 60-seconds GENUS 

stimulus for 5 repetitions (Figure 5.2.5B). Once complete, the electrophysiology recording was 

stopped, and mice were removed from the chamber and returned to their home cage. Stimulus 

information was saved in an ASCII format as an .ord file containing a list of the block number, in 

block stimulation number and stimulation type. Electrophysiological data was saved in a 16-bit 

binary format as a .dat file. Both are used for off-line analysis and data was analysed as described 

in section 5.2.2.3.  

 

 

Figure 5.2.5. Electrophysiology recording paradigm. (A) Recording chamber. The GENUS 

treatment chamber was placed within a large external faraday cage. Mice were placed inside 
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the GENUS treatment chamber within an internal faraday cage. (B) GENUS stimulation 

paradigm throughout electrophysiological recordings.  

 

5.2.2.3 Data analysis 

 

5.2.2.3.1 Pre-Processing 

 

The recording .dat file was processed using a custom MATLAB code. Firstly, the .dat file was 

opened, converted to int16 and the appropriate channels were extracted: two EEGs, two EMGs, 

hippocampal bipolar electrode and sync channels for the speaker and LED. Next, stimulation ON 

periods were detected when the difference between sync channels was greater than or equal to 

0.5-V, as the driving voltage for both was above this threshold. These stimulation ON indexes were 

added to a matrix containing the stimulation information, extracted from the .ord file. Next, by 

determining the index on the matrix for each trial number and stimulation approach, signals were 

extracted from the appropriate channel from a time window of -5 to 65-seconds and sampling rate 

of 1000-Hz. Then, to combine data across all trials to enhance the effects seen, the mean data 

across trials was calculated before saving the final data matrix. Baseline data was the 

electrophysiological data from the appropriate channel from the start of recording until the data 

point before the first stimulation ON period. Lastly, data was combined into a matrix for all 

recordings.  

 

5.2.2.3.2 Data analysis 

 

Firstly, we wanted to determine the PSD change throughout each GENUS treatment. Accordingly, 

power spectral analysis was completed on all V, A and AV data, to determine any changes in the 

power of 40-Hz frequency bands, as shown in Figures 5.3.2C-D. First, for each mouse, power 

spectral analysis was completed to determine the baseline power spectral density (PSD) across a 

global frequency: 1-100-Hz. Then, the same was completed to determine the change in target 

frequency using a frequency range of 35-45-Hz. Then, we normalised the PSD with the following 

z-scored approach to account for variations in signal baseline: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑃𝑆𝐷 =
𝑃𝑆𝐷𝑇𝑎𝑟𝑔𝑒𝑡 − 𝑚𝑒𝑎𝑛(𝑃𝑆𝐷𝐺𝑙𝑜𝑏𝑎𝑙)

𝑠𝑡𝑑(𝑃𝑆𝐷𝐺𝑙𝑜𝑏𝑎𝑙)
 

This allowed detection of small changes in neuronal activity from the baseline signal. After, the 

mean and SEM of normalised PSD across all mice was calculated. 

 

Secondly, we examined the change in PSD across several frequencies for each treatment. 

Accordingly, power spectral analysis was completed on all V, A, AV, and baseline data, to 

determine any changes in power of frequency bands, as shown in Figures 5.3.2E-J. First, for each 
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mouse, power spectral analysis was completed to determine the baseline PSD across a global 

frequency: 1-100-Hz. Then, the same was completed to determine the change in frequency using 

a frequency range of 10-60-Hz. Then, we normalised the PSD with the equation shown above to 

account for variations in signal baseline. After, the mean and SEM of normalised PSD across all 

mice, or 5xFAD+ mice and 5xFAD- mice separately, was calculated.  

 

Thirdly, we wished to quantify the differences in 40-Hz power across GENUS treatments, for all 

mice, or 5xFAD+ mice and 5xFAD- mice separately, as shown in Figures 5.3.2E-J. Therefore, for 

each mouse, power spectral analysis was completed to determine the baseline PSD across a 

global frequency: 1-100-Hz. Then, the same was completed to determine the change in target 

frequency using a more specific frequency range of 39.9-40.1-Hz. Then, we normalised the PSD 

with the z-scored calculation shown above. After, the mean and SEM of normalised PSD across 

all mice, or 5xFAD+ mice and 5xFAD- mice separately, was calculated.  

 

5.2.2.4  Statistics 

 

All statistical analysis was completed on MATLAB. Significance was set as α = 0.05, with p-values 

coded as follows: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant.  

 

Shapiro–Wilk tests was completed on 40-Hz PSD data to check the normality and therefore, was 

statistically tested using the One-Way ANOVA test. If p < 0.05, post-hoc multi-comparisons with 

Bonferroni corrections were completed.  
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5.2.3 GENUS Treatment & TF Photometry 

5.2.3.1 GENUS recording 

 

Table 5.2.2. GENUS treatment parameters. Target site is the TF implant coordinates. Number 

of recordings for each treatment are shown for auditory (A), visual (V), combined (AV) and no 

stimulation (NS), arranged in their completed order. The last treatment completed for histological 

comparison is shown under histology group. Parameters that varied across recordings are 

noted. Power is the desired laser power. Repetitions is the number of illumination protocols 

completed per measure. Day 0 recording was a baseline recording with no Methoxy-x04. Y is 

yes and N is no. Post-baseline duration is the length of recording after GENUS treatment. 

 



 267 

 

After a pharmacokinetic protocol (described in Chapter 4, section 4.2.2.3.2) has been completed, 

mice were used for GENUS experiments (Table 4.2.1). Treatments included V, A, AV, or NS. 4-6-

month-old 5xFAD+ mice (JAX006554, The Jackson Laboratory) were exposed to all treatments in 

a randomised order and 5xFAD- mice were exposed to AV stimulation (Figure 5.2.6C & Table 

5.2.2). Recordings were blindly randomised by creating a recording schedule before any 

experiments began. Mice went through all stimulus options over several weeks, being immediately 

culled after the last session. The last session for 5xFAD- mice was AV and for 5xFAD+ mice was 

either AV or NS for histological comparison (described in section 5.2.3.2.3) (Table 5.2.2). 

 

On day 0, injection of 10-mg/kg of Methoxy-x04 (i.p.) (4920, Tocris) 24-hours before the recording 

protocol was completed (Figure 5.2.6A). For 4 mice (Table 5.2.2) this injection was completed 

after a 2-hour TF photometry recording as a baseline with no Methoxy-x04 (Day 0). On day 1, 

baseline fibre photometry signals are recorded for 2-hours (Figure 5.2.6A). Immediately after this 

recording, 10-mg/kg of Methoxy-x04 is injected (i.p.) before returning mice to their home cage. On 

day 2, the recording was completed throughout a treatment session. A treatment session involved 

a continuous TF photometry recording for a 30-minute pre-baseline, 60-minutes of treatment, with 

either 60- or 90-minutes of post-baseline (Table 5.2.2) (Figure 5.2.6B).  

 

Before each recording, the appropriate alignment and bleaching maintenance protocols were 

completed (see Chapter 4, section 4.2.1.3). Additionally, the chamber was cleaned before and 

after each recording with disinfectant and 70% ethanol. Then, using the cannula holder (FCM13/M, 

Thorlabs), helping hand and haemostat, the mating sleeve (ADAL1-5, Thorlabs) was attached to 

the patch cable ferrule. Mice were head-fixed using the straw on their head-cap, for removal of the 

protective cap and attachment of the patch cable to the implanted TF. Then, mice were placed 

within the treatment recording chamber. Once the recording was complete, mice were scruffed 

and head-fixed, to remove the patch cable and attach the protective cap, before being returned to 

their home-cage. All recordings were completed in the dark, with only a red bulbed light. 

Throughout the recording, video monitoring via a webcam (Nulaxy), placed directly above the 

recording chamber was achieved. Using a custom LABVIEW code, a timelapse video was 

generated for each hour at 10 frames per second.  

 

For baseline recordings, Day 0 (if completed) (Table 5.2.2) and Day 1 illumination protocols were 

as described in Chapter 4, section 4.2.2.3.2 and shown in Figures 4.2.16B and 5.2.2D using the 

baseline LABVIEW VI. For Day 2 (the day of GENUS treatment) the illumination protocol during 

the pre- and post-baseline measurements (Table 5.2.2) were as described in Chapter 4, section 

4.2.2.3.2 and shown in Figures 4.2.16B and 5.5.2D using the baseline LABVIEW VI. However, 

for Day 2, the illumination protocol during the GENUS treatment was different (Figure 5.2.2E). 
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Immediately after the pre-baseline measurement where the maximum duration of 30-minutes had 

been reached, the code automatically swapped to the treatment LABVIEW VI which starts the 

combined GENUS treatment and fibre photometry measure. Specifically, the treatment block 

involved activation of the chosen treatment approaches equipment (LEDs and/or speaker) as 

described in section 5.2.1.3 for 300-seconds (Figure 5.2.6E). Immediately after this 300-second 

treatment block, a TF photometry measure was taken which was the same illumination protocol as 

described in Chapter 4, section 4.2.2.3.2 and shown in Figure 5.2.6E but for only one sampling 

iteration. After completion of this illumination protocol, the next treatment block begins, and this 

was repeated for 12 blocks. After the 12-block treatment series, the code automatically swaps 

back to the baseline LABVIEW VI, for post-baseline measurement, completed for either 30- or 60-

minutes (Table 5.2.2) (Figure 5.2.6E). The sampling interval for all of these recordings was 300-

seconds. The baseline LABVIEW VI generated a .dat file for each photometry measure, with a text 

file containing time stamps of data collection. The combined treatment and photometry VI, 

LABVIEW generated a .dat file for each photometry measure, with a corresponding text file of the 

time stamp for each consecutive measure. Data was stored for offline analysis as described in 

section 5.2.3.2. Variation in recording parameters can be found in Table 5.2.2. 
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Figure 5.2.6. GENUS recording paradigm. (A) GENUS recording schedule. (B) Recording 

chamber and timings. (C) Treatment groups. Colours represent graph colours. Created on 

BioRender.com. (D) Illumination protocol for baseline recordings completed on day 0, day 1 and 

day 2’s pre- and post-baseline measurement. (E) Recording and illumination protocol for 

treatment recordings completed on day 2. After a 30-minute pre-baseline recording, 12-
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treatment blocks separated by a photometry measure was completed, followed by a 30- or 60-

minute post-baseline recording. 

 

5.2.3.2 Data analysis 

 

5.2.3.2.1 Photometry analysis  

 

Photometry data was processed as described in Chapter 4, section 4.2.3.1.1 and 4.2.3.1.2. For 

analytical approaches, data was normalised and modelled to the day 1 recording, not day 0. 

 

For analysis, data at 120-μW and 440-nm was used, with galvo measures below 0-V removed. 

Additionally, as a result of Chapter 4 findings, only in vitro and Norm data was presented. For 

summary analysis, data was extracted at time points of interest. Time points of 0, 15, 30, 45, 60, 

75, 90, 105, 120, 135 and 150-minutes were taken from day 2. If data was missing at a time-point 

for a recording, data was NaN. Data was extracted at chosen GVs: 0, 1, 2, 3 and 4-V. Data was 

presented in boxplots to illustrate the distribution across recordings. Traces of the profile for each 

recording were presented on the same plots. A y-line at the value of the first fluorescence measure 

was plotted to show the change from baseline which was the fluorescence value at 0-minutes on 

day 2.  

 

5.2.3.2.2 Histology correlation analysis 

 

Image analysis was consistent with previously described methods in Chapter 2, section 2.1.3.  

Detection of the fibre track and correlative assessment was as described in Chapter 4, section 

4.2.3.2. This data is shown in Chapter 5, section 4.3.4. 

 

5.2.3.2.3 Histological Quantification  

 

The treatment and fibre photometry paradigm for 5xFAD+ mice would end with exposure to either 

AV or NS to allow comparison of the difference of histological plaque load when mice had been 

exposed to GENUS treatment or not (Figure 5.2.7 & Table 5.2.2). Therefore, only 3 5xFAD+ mice 

were histologically analysed for either the AV or NS group as we completed GENUS treatment 

experiments on a total of 6 mice. Otherwise, 5xFAD- mice would complete only AV (Figure 5.2.7). 

After the last treatment session, mice were immediately culled by anaesthetic overdose and 

perfusion as described in Chapter 4, section 4.2.2.4, and underwent histological processing as 

described in section 5.2.3.2.2 before histological quantification.  
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Histologically quantified plaque density using AMaSiNe was unable to be attained per brain region 

as we cannot estimate the volume of each brain region we have on our processed sections. 

Therefore, all quantification was completed using Fiji ImageJ. Two whole brain sections with the 

TF track were chosen for quantification for each mouse. Accordingly, the scale was set to 

micrometres and a region of interest (ROI) for each chosen brain region was made and the ROI 

area was determined using Fiji ImageJ’s, ‘Analyze > Measure’ function. These were for the POST, 

pre-subiculum (PreS), SUB, lateral visual cortex (VISl), and primary visual cortex (VISp).  Then, a 

threshold was set consistently across images before using the ‘Analyze particles’ function where 

we determined the plaque number for each ROI; excluding plaques < 10-μm. Lastly, the plaque 

density was determined by dividing the plaque number by ROI area. Data was presented on 

boxplots, with individual data points and mouse sex shown. 

 

 

Figure 5.2.7. GENUS histology groups. 5xFAD+ mice underwent either AV or NS for their last 

recording before immediate perfusion. This decision was blindly randomised by creating the 

recording schedule before experiments were completed. 

 

5.2.3.3 Statistics 

 

All statistical analysis was completed on MATLAB. Significance was set as α = 0.05, with p-values 

coded as follows: p < 0.001 (****), p < 0.005 (***), p < 0.01 (**), p < 0.05 (*), ns not significant.  

 

Shapiro–Wilk tests were completed to check the normality of data. Photometry and histological 

quantification distribution was shown using boxplots. Photometry data was statistically tested using 

the non-parametric Kruskal-Wallis test. Histology quantification data was statistically tested using 
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the non-parametric Wilcoxon signed rank test. If p < 0.05, post-hoc multi-comparisons with 

Bonferroni corrections were completed.  

 

5.3 Results 

 

Therefore, we aim to use state-of-the-art TF photometry to allow in vivo, depth-resolved, real-time 

plaque monitoring in the freely behaving condition whilst mice undergo GENUS treatment. First, 

we began by confirming that GENUS treatment can enhance gamma power across three treatment 

approaches: V, A and AV sensory stimulus (Figure 5.3.2). After this, we monitored plaque 

pathology before, during and after GENUS treatment using TF photometry (Figure 5.3.3). Lastly, 

we confirmed findings by quantifying the histological plaque density across appropriate brain 

regions (Figure 5.3.4).  

 

5.3.1 Datasets and mice  

 

Figure 5.3.1 shows animal information for TF GENUS experiments. Electrophysiological 

recordings were completed on an equal number of 5xFAD+ and 5xFAD- mice, aged from 4.5-5.5-

months (Figures 5.3.1A-C). GENUS & photometry recordings were completed on mice aged from 

4.5-6-months, with 6 mice used for each treatment group (Figures 5.3.1D-F). For histology 

quantification, 3 5xFAD+ mice had either AV or NS as their last treatment as described in section 

5.2.3.2.3 (Figures 5.3.1G-I).  
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5.3.2 GENUS stimulus increases 40-Hz gamma power 

 

To confirm if 40-Hz sensory stimulation can increase the power of gamma oscillations, we 

monitored electrophysiological signals from the prefrontal cortex (Cortical) and CA1 (hippocampal) 

by using implanted EEG screws and a bipolar electrode (Figure 5.3.2A). Mice were placed within 

the recording chamber and two faraday cages to remove electrical noise caused by 40-Hz 

stimulation (Figure 5.3.2A), before being exposed to all treatment options (Figure 5.3.2B). As 

seen in previous studies, we expected to see an increase in gamma power at the 40-Hz frequency 

Figure 5.3.1. Sex, age, and genotype information for recordings completed and animals 

used for electrophysiological, GENUS & photometry and histology quantification 

analysis. Number of recordings and age of animals at each recording across sex and genotype 

for electrophysiology (A,B), GENUS & photometry (D,E) and histology quantification (G,H). Total 

sample number for mice or recordings for electrophysiology (C), GENUS & photometry (D) and 

histology quantification (I). Some mice were recorded from several times. V: visual; A: auditory; 

AV: auditory & visual; NS: no stimulus; +: 5xFAD+; -: 5xFAD-. 
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band, with a stronger response at cortical regions. Additionally, we examined if a combined 

stimulus approach could enhance this effect. Therefore, power spectral density analysis was 

completed.  

 

Cortical electrophysiological signals show an increased power at 40-Hz for the duration of the 

treatment stimulus, with no increased power seen pre- or post-stimulus (Figure 5.3.2C). This trend 

is seen in hippocampal electrophysiological signals at a reduced intensity (Figure 5.3.2D). 

Notably, the increased gamma power intensity varies across stimulus duration for both cortical and 

hippocampal signals (Figures 5.3.2C-D). 

 

Interestingly, 40-Hz gamma power is increased during GENUS treatment, with NS resulting in no 

change in power at 40-Hz (Figures 5.3.2C-J). Statistical tests on cortical electrophysiological 

signals show significant differences in 40-Hz power across treatment groups for all mice (F(3) = 

8.6362, p = 0.0007, One-Way ANOVA) (Figure 5.3.2E) and 5xFAD+ (F(3) = 10.7097, p = 0.0036, 

One-Way ANOVA) (Figure 5.3.2G), but not 5xFAD- (F(3) = 3.5213, p = 0.0686, One-Way ANOVA) 

(Figure 5.3.2I). Notably, differences from post-hoc tests show a significant increase in 40-Hz 

gamma power for V (p = 0.0383 and p = 0.0242, post-hoc Bonferroni tests) and AV (p = 0.0004 

and p = 0.0040, post-hoc Bonferroni tests) treatment, compared to NS for all mice and 5xFAD+ 

mice, respectively (Figures 5.3.2E & G). However, no statistical differences between treatment 

groups were noted (Table 5.3.1).  

 

Statistical tests on hippocampal electrophysiological signals show significant differences in 40-Hz 

power across treatment groups for all mice (F(3) = 3.7965, p = 0.0264, One-Way ANOVA) (Figure 

5.3.2F), with post-hoc tests showing a significant increase in 40-Hz power for AV treatment 

compared to NS (p = 0.0205, post-hoc Bonferroni tests). Again, no statistical differences were 

found between treatment groups (Table 5.3.1). However, no significance was found between 

treatment groups for 5xFAD+ (F(3) = 3.6137, p = 0.0649, One-Way ANOVA) (Figure 5.3.2H) and 

5xFAD- mice (F(3) = 1.4261, p = 0.3051, One-Way ANOVA) (Figure 5.3.2J).  
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Table 5.3.1. Statistical summary for GENUS electrophysiology studies, comparing the 

effect of each GENUS treatment for cortical and hippocampal signals. If the One-Way 

ANOVA test provided a p-value <0.05, post-hoc tests with Bonferroni correction were 

completed. Arrows indicate the direction of change. **** p < 0.001, *** p < 0.005, ** p < 0.01, * 

p < 0.05, ns not significant.  
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Figure 5.3.2. Cortical and hippocampal electrophysiological signals increase power at 40-

Hz when 5xFAD+ and 5xFAD- mice undergo GENUS treatment. (A) Schematic showing the 

cortical and hippocampal implants in 5xFAD+/- mouse models. Recordings were completed in two 

faraday cages to remove electrical noise. (B) Recording stimulus paradigm. NS data is baseline 

data before any stimulation. Treatment data is averaged across 5 trials. (C,D) Heat-map showing 

z-scored PSD during each GENUS treatment for cortical (C) and hippocampal (D) regions. White 

dashed lines indicate the start and end of treatment. Scale: 20-seconds. (E,G,I) Left, Cortical PSD 

(z-scored) for all treatment groups. Right, Change in 40-Hz power from baseline for all treatment 

groups for all mice (E), 5xFAD+ (G) and 5xFAD- (I). (F,H,J) As in E, G, and I but for hippocampal 

signals. PSD was z-scored to the global PSD (1-100-Hz) for each mouse. Data is shown as Mean 

± SEM. 40-Hz Power data was statistically compared using a One-Way ANOVA, followed by multi-

comparison tests with Bonferroni correction if p < 0.05. p < 0.001 (****), p < 0.005 (***), p < 0.01 

(**), p < 0.05 (*), ns not significant. If comparison is not shown, it was ns. 5xFAD+/- mice: n = 3. 

 
Overall, 40-Hz GENUS increases gamma power in cortical and hippocampal regions at 40-Hz, 

with stronger increases seen within the cortical regions,   
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5.3.3 No significant modifications in 5xFAD+ plaque pathology in response 

to GENUS treatment were identified with our novel approach  

 

To identify if GENUS treatment can modify plaque load in 5xFAD+ mouse models, we monitored 

Methoxy-x04 signals using our TF photometry system, while exposing mice to various GENUS 

treatments (Figure 5.3.3). Based off previous studies, a decline in plaque pathology was seen 

after only 1-hour of GENUS treatment, with samples taken 1-hour post-GENUS treatment. 

Therefore, mice underwent 1-hour of GENUS treatment, with a 1-hour post-baseline to identify any 

changes in plaque pathology during and after (Figure 5.3.3A). Accordingly, we expected to see a 

decline in Methoxy-x04 signals during and after GENUS treatment, with a greater reduction seen 

when undergoing AV treatment. In addition, as TFs were implanted through the visual cortex and 

SUB, we expected to see a greater decline at higher GVs, corresponding to the visual cortex. To 

illustrate this, Norm data from the in vitro light protocol was shown (Figure 5.3.3A). 

 

Across all treatments, while an increase or decline in fluorescence, at varied depths, from Day 1 

was seen, no substantial modifications in signal intensity were seen during or post-GENUS 

(Figures 5.3.3B-F). However, a trend of increased fluorescence is seen at higher GVs post-V 

treatment (Figure 5.3.3B), with some declines in fluorescence seen in control groups, perhaps 

representing bleaching of AF (Figures 5.3.3E-F).  

 

Summary plots show for V treatment, fluorescence changes from baseline are minimal across 0-

2-V galvo (Figure 5.3.3G). However, for 3 and 4-V galvo, a small tendency of increased 

fluorescence is shown across time. This increase appears to begin at the time of treatment and 

continues to increase for the duration of the recording. However, individual recording traces 

illustrate that this trend is not consistent across mice, with some showing a decline over time or no 

change from baseline (Figure 5.3.3G), suggesting the trend may be contributed to by the varied 

post-baseline durations. Interestingly, this increasing trend is replicated at 3 and 4-V galvo for A 

treatment, with minimal changes at other GVs (Figure 5.3.3H). Additionally, no fluorescence 

change from baseline is seen for AV treatment across GVs (Figure 5.3.3I). Therefore, no 

statistically significant differences in fluorescence over time was found across all GVs for V (0-V, 

H(10) = 2.8074, p = 0.9856; 1-V, H(10) = 4.9291, p = 0.8959; 2-V, H(10) = 1.8208, p = 0.9975; 3-

V, H(10) = 3.6968, p = 0.9600; 4-V, H(10) = 5.007, p = 0.8907) (Figure 5.3.3G), A (0-V, H(10) = 

0.5733, p = 1; 1-V, H(10) = 1.1719, p = 0.9996; 2-V, H(10) = 1.4566, p = 0.9991; 3-V, H(10) = 

5.1590, p = 0.8803; 4-V, H(10) = 7.6123, p = 0.6666, Kruskal-Wallis test) (Figure 5.3.3H) or AV 

treatment (0-V, H(10) = 0.2088, p = 1; 1-V, H(10) = 0.7502, p = 1; 2-V, H(10) = 1.9478, p = 0.9967; 

3-V, H(10) = 0.5816, p = 1; 4-V, H(10) = 0.2773, p = 1, Kruskal-Wallis test) (Figure 5.3.3I).  
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Also, statistical tests show no significant difference in fluorescence after NS in a 5xFAD+ mouse 

across all GVs (0-V, H(10) = 6.6596, p = 0.7571; 1-V, H(10) = 7.0759, p = 0.7183; 2V, H(10) = 

10.1527, p = 0.4272; 3-V, H(10) = 6.0121, p = 0.8142; 4-V, H(10) = 3.2011, p = 0.9763, Kruskal-

Wallis test) (Figure 5.3.3J) or AV in a 5xFAD- mouse model across all GVs (0-V, H(10) = 3.3310, 

p = 0.9725; 1-V, H(10) = 2.8280, p = 0.9852; 2-V, H(10) = 0.8864, p = 0.9999; 3-V, H(10) = 1.4645, 

p = 0.9990; 4-V, H(10) = 1.1832, p = 0.9996, Kruskal-Wallis test ) (Figure 5.3.3K). However, a 

trend for decreased fluorescence is seen across all depths, specifically 0 and 1-V galvo (Figures 

5.3.3J-K). Whereas, this decline is not seen for V, A, AV treatment groups (Figures G-I). 
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Figure 5.3.3. Changes in 5xFAD+ plaque pathology when undergoing GENUS treatment. (A) 

Left, Recording paradigm. Methoxy-x04 was injected 24-h before a 2-h baseline recording on day 

1. After, Methoxy-x04 was injected before a combined GENUS and photometry recording on day 

2.  Each dash on the recording days represents 1-h. Middle, A 2.5-h recording was completed, 

with 1-h of treatment after the initial 30-min baseline. Right, Table highlighting the light protocol 

and analytical approach shown: in vitro and Norm. (B-F) Example plots of the change of 

fluorescence over time when 5xFAD+ mice were exposed to visual (V) (B), auditory (A) (C), 

combined audio-visual (AV) (D) stimulation or no stimulation (NS) (E), and when 5xFAD- mice 

were exposed to AV (F). White dashed lines show the start and end of GENUS treatment. Scale: 

0.5-h. V, A, AV, and NS data is from FAD72. AV- data is from FAD64. (G-K) Summary plots of 

Methoxy-x04 fluorescence across time and depth, when exposed to V (G), A (H), AV (I) or NS (J) 

in a 5xFAD+ mouse model. Data from 5xFAD- mice exposed to AV- is shown (K). Plot colours get 

darker as the recording region on the TF gets deeper. Shaded area represents the duration of 

GENUS treatment. Data was statistically compared using a Kruskal-Wallis test, followed by multi-

comparison tests with Bonferroni correction if p < 0.05. As a note, some timepoints are missing at 

the end due to different post-baseline periods of recordings. V, A, NS: n = 6 5xFAD+ mice; AV: n 

=.8 recordings from 6 5xFAD+ mice; AV-: n = 7 recordings from 6 5xFAD- mice. 

 

Overall, no significant changes in Methoxy-x04 signal were detected in response to any GENUS 

treatment. However, at this stage it remains unclear whether this is due to the system sensitivity 

being unable to detect such minuscule changes or due to GENUS treatment not substantially 

reducing plaque pathology. Therefore, histological quantification on treated mice is required to 

determine if a change in plaque pathology is seen with a well-established plaque assessment 

approach. 

 

5.3.4 No change in histologically quantified plaque density following AV 

GENUS treatment  

 

Previous studies used histological quantification of plaque pathology as a measure of GENUS 

success in modifying plaque load. Therefore, to confirm photometry data was reflective of the 

plaque pathology, plaque density was quantified from post-mortem histological sections (Figure 

5.3.4). To do so, mice underwent either AV or NS as their last treatment before being immediately 

culled. This meant the histological sections were reflective of the plaque load, 1-h post-GENUS 

treatment.  

 

Histological images show the quantified brain regions (Figure 5.3.4A). In this example, a reduced 

plaque load can be seen after AV, rather than NS. For example, there is a trend for reduced plaque 

density after AV in VISl, VISp, SUB and POST areas (Figure 5.3.4A). However, statistical tests 
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show no significant difference between AV and NS histologically quantified plaque density for the 

POST (p = 0.2188, Wilcoxon signed rank test), PreS (p = 0.4375, Wilcoxon signed rank test), SUB 

(p = 0.6875, Wilcoxon signed rank test), VISl (p = 1, Wilcoxon signed rank test) and VISp (p = 1, 

Wilcoxon signed rank test) (Figure 5.3.4B).  
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Figure 5.3.4. Plaque density across visual and hippocampal brain regions following either 

AV or NS GENUS treatment. (A) Histological images showing example sections from a mouse 

that underwent either AV (top) or NS (bottom) treatment. White dashed shapes illustrate the 

regions quantified. Zoomed images of the regions of interest are shown. Scale: 1-mm. (B) 
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Plaque density in visual and hippocampal regions. Data points show the density for each mouse. 

Crosses are female and circles are male. POST: post-subiculum, PreS: pre-subiculum, SUB: 

subiculum, VISl: lateral visual cortex, VISp: primary visual cortex. Histologically quantified 

plaque density was statistically compared using the Wilcoxon signed rank test and corrected for 

multi-comparisons. AV and NS: n = 6 measurements from 3 5xFAD+ mice. 

 

5.4 Discussion  

 

5.4.1 Discussion of findings 

 

5.4.1.1 Main findings 

 
As previously discussed, GENUS treatment has proved to reduce AD pathology, and even improve 

cognitive function (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 2019, Yao et al., 

2020). However, conflicting findings have arisen which may be contributed to by a lack of real-

time, depth-resolved feedback (Soula et al., 2023). Therefore, with use of our real-time, depth-

resolved plaque assessment, in freely behaving animals, we aimed to identify if GENUS treatment 

can modify electrophysiological and plaque pathology in 5xFAD mice.  

 

Electrophysiological recordings illustrated an increase in gamma power at 40-Hz (Figure 5.3.2). 

Photometry measurements during GENUS show no significant differences in plaque pathology for 

all treatment groups, with little change from baseline across GVs (Figure 5.3.3). Notably, some 

trends for an increase in fluorescence was seen at higher GVs across V, A and AV treatment 

groups, with a decline at lower GVs for AV- and NS treatment groups (Figure 5.3.3). In parallel 

with photometry analysis, histological quantification shows no significant changes in plaque density 

following AV treatment, across brain regions (Figure 5.3.4). Overall, while the set-up shows that 

we were able to monitor fluorescent signals while exposing freely behaving mice to a treatment, it 

remains to be confirmed if this novel approach could detect small changes in Methoxy-x04 

concentration, representative of a plaque modifying effect of the treatment. Additionally, as 

previous studies have shown that GENUS may or may not modify plaque pathology, applying an 

alternative therapy already confirmed to reduce plaque pathology may aid the confirmation of this 

approach. Thus, a larger study with greater sample numbers and using the chronic treatment 

paradigm may help confirm the success of this treatment and the capabilities of this novel protocol 

for monitoring changes in real-time.  
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5.4.1.2 GENUS treatment enhances 40-Hz gamma power  

 

To determine if our set-up for non-invasive GENUS treatment was able to induce changes in 

electrophysiological cortical and hippocampal signals at the gamma frequency, we recorded 

electrophysiological signals from 5xFAD mice undergoing treatment (Figure 5.3.2). Across all 

GENUS treatments – V, A & AV – an increase in 40-Hz gamma power was evident, with a stronger 

effect in the PFC. Whereas no change was seen for NS. While there was a trend for an increased 

40-Hz gamma band in a treatment-dependent manner, as AV presented with a stronger effect, no 

statistical differences were found between treatment groups to confirm this. This could be 

contributed to by this mouse models genetic background having age-related hearing loss which 

prevents a greater power being reached, seen with no significant increases in 40-Hz gamma band 

power during A stimulation. In addition, we seen enhanced 40-Hz gamma power in the 

hippocampus, at a weaker strength, likely due to the neuronal activity having to pass through 

various brain regions and pathways causing filtering of the signal. These findings are consistent 

with previous studies that show that GENUS treatment can increase neuronal activity at 40-Hz 

within the appropriate sensory cortex (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 

2019), and even increase c-Fos immunostaining after V treatment in various cortical and 

hippocampal regions (Adaikkan et al., 2019). However, our findings of increased 40-Hz gamma 

power within the hippocampus conflict with previous studies which show V stimulation does not 

enhance gamma power at 40-Hz within the hippocampus (Soula et al., 2023). Notably, despite 

Soula and colleagues describing no narrow-band local field potential response in these regions, 

they do observe a fraction of neurons phase-entrained to the 40-Hz stimulation in both the 

hippocampus and entorhinal cortex (Soula et al., 2023). Also, this paper did not test the effects of 

A or AV treatment, which have shown increased 40-Hz gamma power in the prefrontal cortex and 

hippocampus, consistent with our findings (Martorell et al., 2019).  

 

Overall, using the 5xFAD mouse model at 4-6-months, we provide further evidence for increased 

gamma power due to GENUS. However, we note that these electrophysiological implants were in 

different brain regions to our TF implant. Also, monitoring only the LFP does not allow us to infer 

a strong understanding of the entrainment of gamma within these regions. Therefore, while this 

provides evidence for some increased power of gamma oscillations within cortical and 

hippocampal regions, it would be beneficial to complete single-unit electrophysiological recordings 

to investigate spike information across various brain regions throughout GENUS treatment. In 

addition, as we are monitoring the neuronal signals in the PFC and CA1, investigating the change 

at the sensory cortices is desirable. In summary, non-invasive GENUS treatment likely increases 

40-Hz gamma power in cortical and hippocampal regions.  
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5.4.1.3 No modifications in plaque pathology were detected using this 

novel approach following GENUS treatment 

 

To monitor the real-time, depth-resolved effects of GENUS treatment on plaque pathology in freely 

behaving 5xFAD mice, we used our novel approach while exposing mice to various types of 

GENUS treatment. Mice underwent either V, A, AV, or NS treatment, while Methoxy-x04 signals 

were recording for 0.5-h pre, 1-h during and 1-h post treatment. This was based on previous 

findings that show that non-invasive sensory stimulus at 40-Hz can have pronounced effects on 

reducing AD pathology (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 2019, Yao et 

al., 2020). However, despite seeing that GENUS treatment enhanced gamma power (Figure 

5.3.2), we found no significant difference in plaque load across all treatment options (Figure 5.3.3). 

While this is conflicting with previous studies that show a decrease in soluble Aβ40/42 after acute V 

treatment (Iaccarino et al., 2016), a decrease in insoluble Aβ40/42 and plaque number was found 

only after a chronic treatment paradigm (Iaccarino et al., 2016, Martorell et al., 2019). Therefore, 

as we are quantifying Aβ fibrils, a largely insoluble form, a direct comparison with these acute 

findings may be misleading. Instead, a recent paper by Soula and colleagues complete an in vivo 

pre- and post-measure after acute V stimulus, using Methoxy-x04 and 2PM, and found no 

significant differences in plaque area, consistent with our findings (Soula et al., 2023). Overall, this 

suggests that this acute treatment paradigm may not provide a substantial change in plaque load 

that would be detectable using this monitoring approach. Instead, using a chronic treatment 

paradigm, like previously completed (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 

2019, Yao et al., 2020), may illustrate the potential of this novel approach and treatment. However, 

it is important to note that at this point we cannot confirm that the lack of change in fluorescence 

over-time is due to GENUS not having an effect or due to the system being unable to track such 

small changes in plaque pathology. Accordingly, we believe further optimisation of this novel 

approach and a better understanding of the bleaching and binding properties of Methoxy-x04 may 

allow for stronger conclusions to be drawn on the effect of GENUS. 

 

5.4.1.4 Histology shows no change in plaque density following AV 

GENUS treatment  

 

To confirm findings from TF photometry recordings, histological analysis of the plaque density was 

completed across visual cortical and hippocampal brain regions (Figure 5.3.4). This presented the 

novel approach and GENUS treatment with four potential options:  

1. Both photometry and histological data show decreased plaque pathology proving success 

of novel approach and treatment. 
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2. Photometry but not histological data show decreased plaque pathology, proving success 

of the treatment and novel approach emphasising its real-time benefits, but with no 

histological confirmation as a control. 

3. Histological but not photometry data show decreased plaque pathology, showing success 

of the treatment, but not the novel approach. 

4. Neither photometry nor histological data show decreased plaque pathology showing 

success of neither.  

Therefore, brains were taken from mice that had either underwent AV or NS treatment, and aligned 

histological sections were analysed. Overall, no significant differences in plaque density was seen 

across brain regions, consistent with Soula and colleagues when investigating V treatment (Figure 

5.3.4) (Soula et al., 2023). However, they discuss the possibility of such changes being contributed 

to by changes in plaque pathology across each mouse. Consequently, these experiments must be 

replicated with a greater sample number to fully conclude the success of this novel approach and 

GENUS treatment. 

 

5.4.2 Limitations  

 

One major limitation of this study was the low sample number. For example, for photometry and 

histology experiments, the sample number was 6 and 3 per group, respectively. Therefore, small 

modifications may go undetected. According to a recent pre-print investigating the appropriate 

sample numbers required to see a substantially significant difference in plaque number within the 

visual cortical and hippocampal regions following acute GENUS exposure, a sample number of 

176 and 344 is required, respectively (Carstensen, 2023). This was despite the landmark paper 

showing significant differences in relative Aβ1-40 and Aβ1-42 in the visual cortex of 6, 3-month 5xFAD 

mice following 1-h 40-Hz visual stimulation (Iaccarino et al., 2016). However, completing an ELISA 

can be more sensitive that quantifying plaque density. Overall, to confirm a solid conclusion on the 

effects of acute GENUS on plaque pathology within the visual cortex and SUB, these experiments 

must be replicated. This limitation is also transferable to the electrophysiological studies. With a 

sample number of 3 for 5xFAD+ and 5xFAD- mice, treatment-specific differences remain unclear. 

 

As described, previous studies that show successful results of GENUS are completed in young 

mouse models, with changes seen from 3-6-month-old 5xFAD mice across both acute and chronic 

treatment paradigms (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et al., 2019). Our mice 

were on a C57 background which have previously been shown to have progressive hearing loss 

from ~4-months due to a mutation in the cdh23 gene (Frisina et al., 2011, Noben-Trauth et al., 

2003) Consequently, we tested 4-6-month-old mice, with an A intensity of 70-dB, as mice at 6-

months had been shown to have a sound intensity of ~35-dB SPL (Lyngholm and Sakata, 2019). 

As a result of the progressive hearing loss, mice may have differing effects to A treatment 
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depending on their hearing abilities. Therefore, completing these experiments on a crossbreed of 

C57 x CBA, which has been shown to prevent progressive hearing loss (Frisina et al., 2011, 

Lyngholm and Sakata, 2019) or using <4-month-old 5xFAD mice may minimise this risk. Although, 

it is important to note that variable genetic background can also introduce variable AD phenotypes 

(Neuner et al., 2019). However, another limitation with this age group is that plaque density is low, 

meaning that Methoxy-x04 signals are reduced. As well as this, depending on the surrounding 

tissue of the TF implant, plaque pathology may be very sparse, making it difficult to detect 

fluorescence or any fluorescence changes within that window. Consequently, while changes in 

plaque pathology may occur, this may be missed due to the signal intensity. 

 

Finally, another limitation of this experiment was the acute treatment paradigm. While previous 

studies show a pronounced change in AD pathology after only acute treatment, they illustrate a 

greater and prolonged effect following chronic GENUS exposure (Adaikkan et al., 2019, Iaccarino 

et al., 2016, Martorell et al., 2019, Yao et al., 2020). As our novel approach will be collecting very 

low changes in signal intensity due to the reduced surrounding plaques at this younger age group, 

changes in plaque pathology may go undetected with this acute paradigm. Additionally, it is 

noteworthy that with a sample size of 8, the original paper seen a significant decrease in plaque 

number and size in the visual cortex after 40-Hz V stimulus for 1-h over 7-days in 6-month-old 

5xFAD mice (Iaccarino et al., 2016), with other papers again illustrating the capabilities of reducing 

plaque number with chronic exposure (Martorell et al., 2019). This suggests that our novel 

approach may be unable to detect changes in plaque pathology as chronic exposure is required 

to significantly reduce plaque load, with acute exposure modifying the soluble Aβ fragments. 

Therefore, by completing chronic GENUS treatment, a pronounced change in plaque pathology 

may be notable. 

 

5.4.3 Future work  

 

To fully understand the effects of GENUS treatment on plaque pathology, an extensive study must 

be completed. This includes larger sample numbers, an optimal age group and varied parameters. 

With the real-time capabilities of this approach, a closed-loop system can be implemented to 

identify treatment parameters that result in enhanced beneficial effect. Consequently, this can be 

transferable to other potential treatment options. For example, therapeutic agents that work to 

reduce the plaque load may have a stronger effect than GENUS, making it easier to detect and 

confirm the success of this approach. 
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5.4.4 Summary 

 

Overall, we illustrate in practice how this novel approach can be adopted for monitoring plaque 

pathology while exposing mice to a potential AD treatment, but at this moment cannot confirm the 

capability of detecting plaque modifying effects. While electrophysiological signals illustrate that 

this treatment successfully increased gamma power, we failed to detect significant changes in 

plaque pathology across both photometry and histological approaches. This implies a requirement 

for further study to gain solid conclusions on the real-time effects of GENUS on plaque pathology, 

as well as confirming the sensitivity of our novel approach for such experiments. In all, this provides 

a first step in implementing TF photometry technology for assessment of novel AD treatments. 
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6. General discussion and conclusions 

 

6.1  Summary of findings 

 

Overall, the aim of this project was to establish a novel technology for monitoring plaque pathology 

in real-time, in deep brain regions and in freely behaving AD mouse models. This involved the 

combination of the peripherally administrated BBB-permeable plaque marker, Methoxy-x04, and 

TF photometry. Then, this approach was used to assess the real-time, depth-resolved effects of a 

potential AD treatment. To do so, this involved three main steps: 

1. Confirmation of this novel approach to monitor plaque pathology using FF photometry 

(Chapter 3) 

2. Real-time, depth-resolved plaque detection using TF photometry in freely behaving 

conditions (Chapter 4) 

3. Monitoring plaque pathology in response to GENUS (Chapter 5) 

Therefore, step 1 involved correlation analysis of FF photometry and histological plaque signals 

across various brain regions (Figure 3.3.7). Once shown to be feasible, TF photometry was 

implemented and investigated to achieve plaque monitoring in a real-time, depth-resolved manner. 

This helped establish appropriate protocols and analytical approaches for realising optimal TF 

photometry signals. Consequently, Methoxy-x04 properties were investigated – pharmacokinetic 

and re-dosing strategies (Figures 4.3.4-15). Finally, this approach was applied to test the real-

time plaque modifying effects of GENUS treatment (Figure 5.3.3). Therefore, this study shows, for 

the first time, successful implementation of Methoxy-x04 and fibre photometry for real-time, depth-

resolved plaque monitoring in freely behaving 5xFAD mice, while providing insights into the effects 

of GENUS treatment. However, we must note that further characterisation of the binding and 

bleaching characteristics of Methoxy-x04 is required to back this finding. Although all findings have 

been greatly discussed in each subsequent chapter, a summary of the main findings are described 

below. 

 

Within Chapter 3, Methoxy-x04 signals were strongly detected at 440-nm in 5xFAD+, but not 

5xFAD-, mice across various brain regions. Therefore, photometry and histological plaque signals 

were strongly positively correlated across brain regions, confirming the feasibility of this novel 

approach for monitoring plaque pathology (Figure 3.3.7). However, real-time detection of 

Methoxy-x04 signals was challenging using FF photometry, with the pharmacokinetic profile in 

terminally anaesthetised mice going undetected (Figure 3.3.9). 

 

Next, in Chapter 4, AF and light configuration proved to be vital contributors to signal collection 

(Figure 4.3.2), as previously found (Bianco et al., 2021, Formozov et al., 2023, Schlegel et al., 
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2018, Simpson et al., 2023). Therefore, various light protocols and analytical approaches to 

counteract this were implemented. Following in vivo recordings using these approaches, the in 

vitro light protocol and Norm analytical approach provided optimal signal collection (Figures 4.3.4-

15). Then, using TF photometry in 5xFAD+ mice, Methoxy-x04 was detected within 30-minutes of 

injection, reached maximum fluorescence within 4-h, and returned to near-baseline levels after 48-

h (Figures 4.3.4-6), thought to be due to bleaching of Methoxy-x04 as previous studies illustrate 

the stability of Methoxy-x04 binding (Condello et al., 2011, Liu et al., 2010). Whereas, in 5xFAD- 

mice, no change in fluorescence was detected (Figures 4.3.7-9), consistent with previous findings 

that illustrate rapid clearance from non-plaque brains (Bacskai et al., 2003, Klunk et al., 2002). 

Additionally, re-dosing Methoxy-x04 at 24-h intervals provided an increased fluorescence from 

baseline that was maintained following daily injection (Figures 4.3.10-12), consistent with previous 

Methoxy-x04 re-dosing protocols (Crowe and Ellis-Davies, 2013, Hefendehl et al., 2011). Again, 

no change in fluorescence was detected in 5xFAD- mice (Figures 4.3.13-15). The depth-resolved 

capabilities of the TF photometry are shown for both pharmacokinetic and re-dose recordings 

(Figures 4.3.3-18). For example, greater signal intensities were evident at regions where a greater 

plaque load surrounded the appropriate region of the TF, therefore suggesting that the varied 

signal intensities are reflective of the pathological state within the brain. However, attempts to 

correlate TF photometry and histological plaque signals were inconsistent (Figures 4.3.16-19). 

Therefore, to fully understand and confirm that the increases in fluorescence seen were Methoxy-

x04, further research must be completed to understand the binding and bleaching properties of 

Methoxy-x04. Additionally, work must be done to optimise the correlation analytical approach as it 

is vital to confirm that these TF photometry signals are reflective of the plaque load. 

 

Lastly, in Chapter 5, non-invasive GENUS treatment resulted in increased 40-Hz gamma band 

power, consistent with previous studies (Adaikkan et al., 2019, Iaccarino et al., 2016, Martorell et 

al., 2019). In addition, this enhanced 40-Hz power was seen in both cortical and hippocampal 

regions, consistent with the original study completed with A and AV stimulation (Martorell et al., 

2019)  but conflicting with some conclusions drawn from silicon probe recordings investigating the 

firing patterns of neurons across many cortical and hippocampal brain regions (Soula et al., 2023). 

No significant changes in plaque pathology were detected in real-time, using TF photometry, even 

at 1-h post-treatment (Figure 5.3.3), which is not consistent with previous findings (Iaccarino et 

al., 2016, Murdock et al., 2024). Coinciding with no detected changes in Methoxy-x04 signals 

monitored by TF photometry, no significant changes in histological plaque density were found 

(Figure 5.3.4). Consequently, with low sample size, further studies are required before drawing 

any major conclusions.  

 

Overall, for the first time, we have illustrated the capabilities of a novel technology allowing real-

time, depth-resolved plaque detection in freely behaving AD mice. Consequently, this illustrated 
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how this approach could be implemented for optical interrogation of plaque pathology while mice 

undergo exposure to a potential AD therapeutic. However, further work is required to characterise 

the binding and bleaching properties of Methoxy-x04 before this can be fully understood. 

Therefore, once completed, this should provide the field with a novel tool for preclinical screening 

of possible treatment options for a well-rounded image of the effects on plaque pathology.  

 

6.2  Limitations 

 

One of the main limitations of this project, and novel approach, is the depth coverage and spatial 

resolution of TFs. As we have covered, TFs are the current state-of-the-art implantable optical tool 

due to their outstanding depth-resolved capacity (Pisanello et al., 2017, Pisano et al., 2019). 

However, currently the length of the active region is limited to 1.8-mm from -5 to 5V galvo, allowing 

50 measures (~36-μm resolution) along the TF. While this number of measures could be 

increased, the length of the TF is a major limitation. While 1.8-mm is much greater than achievable 

with FFs, the mouse brain reaches ~6-mm in depth, leaving many brain regions unresolved. Work 

has shown that increasing the NA and decreasing the taper angle can increase the collection 

length to a maximum of 2-mm (Pisanello et al., 2017). Thus, a longer TF could be developed for 

light collection only and implanted in parallel with a μLED array for light illumination (Scharf et al., 

2016). Also, the NA results in an illumination cone which will lose resolution if the number of 

measures increases. 

 

In addition, Methoxy-x04 is the most commonly used fluorescent plaque marker that can be 

peripherally administered and pass the BBB (Klunk et al., 2002). With proof in vitro and in vivo, it 

was an undeniable choice. However, this did not come without challenges. Methoxy-x04 is largely 

insoluble in pre-injectable solution, effecting the maximum concentration achievable. In addition, it 

is susceptible to photobleaching, with rapid declines occurring within seconds. Both these factors 

meant that signal intensity was reduced, potentially contributing to low fluorescence seen across 

some recordings (Figures 4.3.4-15). As well as this, Methoxy-x04 does not bind specifically to 

plaques, preventing the targeting of specific plaque stages, with the clearance of Methoxy-x04 

from the brain remaining largely unclear (Klunk et al., 2002). Finally, Methoxy-x04 is a blue-shifted 

dye which means the signal will be largely susceptible to AF. In all, development of novel plaque-

binding dyes is desirable, but in the meantime, use of a higher dose of Methoxy-x04 and a less 

intense illumination protocol would minimise bleaching of the boosted Methoxy-x04 signal. 

 

In the future, taking into consideration such methodological hurdles, we believe we can acquire 

stronger, stable signals at a greater intensity over a larger depth. 
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6.3  Future directions  

 

While we previously discussed the potential of this novel approach for testing other AD treatments 

and aiding the progression to a clinical status, this approach can be adaptable for many aspects 

of AD pathogenesis, as well as other neurodegenerative disorders. For example, this can be used 

across many scales of disease: molecular, neurotransmitter, neuroinflammation and neuronal. In 

addition, as disease pathogenesis spreads brain-wide, having an approach to monitor this is vital 

going forward. As all these directions are protocol based, this will provide several opportunities for 

many research questions to be broached. We believe that application of such measures will allow 

interrogation of the disease to uncover potential targets and decipher the effects of new 

therapeutics.   

 

Firstly, the field would benefit from development of new molecular tools to monitor AD pathology: 

plaques, neurofibrillary tangles, or other neurodegenerative molecular hallmarks. Methoxy-x04 is 

mostly incompatible for combination with many other optical sensors currently established due to 

their overlapping emission spectra (Akerboom et al., 2012, Chen et al., 2013b, Dana et al., 2019, 

Jing et al., 2020, Nakai et al., 2001, Patriarchi et al., 2018, Zhang et al., 2023). Therefore, we 

suggest establishment of a novel plaque marker with red-shifted spectra will open possibility for 

many all-optical experiments. In addition, development of BBB-permeable dyes for other molecular 

hallmarks will allow investigation of several aspects of disease pathogenesis in unison or the study 

of other neurodegenerative diseases.  

 

Secondly, using this approach for combinational measurement of molecular, inflammatory, and 

neuronal markers is desirable. For example, adopting an all-optical approach by expressing tools 

for sensing neurotransmitters (Abdelfattah et al., 2022) in mice injected with Methoxy-x04, both 

molecular and neurotransmitter pathogenesis can be monitored. In addition, neuroinflammation 

greatly contributes to AD pathogenesis, as well as being linked to the progression of molecular 

pathologies (Heneka et al., 2015a, Hickman et al., 2018, Malm et al., 2015, Mrak, 2012). Therefore, 

using optical tools targeted at microglia (Gu et al., 2023),  astrocytes or oligodendrocytes, we can 

interrogate AD pathogenesis on another scale.  

 

On another note, a multi-modal approach, combining this with electrophysiology, optogenetics, 

chemogenetics or pharmacological intervention will be invaluable. Firstly, fibre photometry has 

numerous benefits, but its low temporal resolution to collect neuronal information when using 

genetically modified calcium sensors is a drawback that emphasises the need for combination with 

electrophysiology. Some groups have shown success combining fibre photometry and 

electrophysiology by creating an ‘optrode’ (optical fibre and wire electrode) (Legaria et al., 2022, 

Patel et al., 2020). However, a new development that may progress this novel approach is the 
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addition of microelectrodes along the shaft of the TF, thereby allowing depth-resolved photometry 

and electrophysiological measurements (Spagnolo et al., 2022). Secondly, the group of John 

Rogers has developed a multi-modal device that allows optical stimulation and micro-fluidic 

delivery of therapeutics (Wu et al., 2022a). By building on this device though the addition sensing 

capabilities, this will allow region-specific pharmacological and optical intervention. In addition, this 

opens the possibility for simultaneous monitoring and manipulation of neuronal or non-neuronal 

activity. Accordingly, like previous studies that show manipulating neuronal activity can alter Aβ 

pathology (Bero et al., 2011, Cirrito et al., 2005, Rodriguez et al., 2020, Yamamoto et al., 2015, 

Yuan and Grutzendler, 2016), using optogenetics or chemogenetics to manipulate specific 

neuronal activity, such as astrocytic calcium signalling, may help further understand its role in Aβ 

pathogenesis. Not only would these devices benefit further investigation of the real-time, depth-

resolved neuronal and pathological effects of GENUS treatment, it advances technology available 

for neuroscience research. 

 

Finally, while this novel approach provides real-time, depth-resolution in a manner that has 

previously been unachievable, this is at only one implant site. As disease progresses across 

several brain regions, affecting brain-wide neurotransmitter pathways and the neuroinflammatory 

state, a measure of pathology brain-wide is vital. Many groups have worked to develop large 

implantable fibre bundles, and adopting new implants and optical devices, showing potential to 

acquire volumetric signals across the brain (Adelsberger et al., 2014, Guo et al., 2015, Guo et al., 

2023, Kim et al., 2016, Sych et al., 2019). Alternatively, creating a multi-shank TF to allow for signal 

collection across both depth and width would be beneficial. While requirement of an intricate optical 

system would be required, this would provide an abundance of information. 

 

6.4  Final conclusions  

 

In all, for the first time, we illustrate real-time, depth-resolved plaque monitoring in freely behaving 

AD mouse models. Using Methoxy-x04 and fibre photometry we optically interrogated the 

Methoxy-x04 pharmacokinetic profile and established an appropriate re-dosing strategy. Finally, 

we illustrate the capability of using this novel approach for investigating the plaque modifying 

effects of novel treatments by monitoring plaque pathology in mice under GENUS treatment. While 

no plaque modifications were detected, with a greater sample size, other treatments, and 

characterisation of Methoxy-x04s binding and bleaching properties, a pronounced signal change 

should be achievable. Overall, our work establishing this novel approach will aid the testing of 

possible AD treatments, with the potential to be adapted for other aspects of disease pathogenesis. 
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