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Abstract 

Neuronal dendritic and synaptic degeneration are early markers of neurodegeneration 

occurring in the brain of Alzheimer’s disease (AD). AD is the most common type of 

dementia characterised by the accumulation of extracellular amyloid plaques and 

neurofibrillary tangles, accompanied by neuroinflammation leading to 

neurodegeneration. AD diagnosis is often complex, expensive and/ or invasive, and only 

detect late stages of pathological changes. The retina, an extension of the central nervous 

system (CNS), develops AD-like pathology and may reflect ongoing pathological 

changes in the AD brain. Retinal ganglion cells (RGCs), the output neurons of the retina, 

are vulnerable to degeneration and may offer as a potential target for detecting and 

monitoring AD pathology. However, it is unclear whether RGC degeneration is a 

consistent feature in the AD retina.  

This thesis utilises DiOlistic labelling to investigate RGC dendritic pruning and 

hippocampal dendritic spine loss in the AD mouse models and assesses the impact of 

immune system modulation via deficiency of the complement system, elevated systemic 

inflammation (bacterial and viral) and dietary modulation (high fat diet and probiotics). 

All AD mouse models (Tg2576, 3xTg-AD and APPN-G-F) displayed excessive RGC 

dendritic pruning that occurred contemporaneously with dendritic spine loss in the 

hippocampus. In the 3xTg-AD model, deficiency in the complement system offered 

neuroprotection against both RGC dendritic and hippocampal synaptic pruning whilst 

elevated systemic inflammation (bacterial and viral) and high fat dietary modulation 

exacerbated neurodegeneration. Probiotic dietary supplementation was also associated 

with synaptic protection in the hippocampus.  

Overall, this thesis demonstrates that excessive RGC dendritic pruning is a common 

feature in the retina of AD mouse models and occurs at the time of ongoing synaptic loss 

in the hippocampus. These findings support the prospective use of retinal analysis to 

monitor AD progression and severity, providing an accessible measure that reflects 

pathology within the brain.  
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Chapter 1. Introduction 

1.1 Alzheimer’s disease 

1.1.1 Overview  

Dementia covers a broad classification of progressive neurological conditions, including 

Alzheimer’s disease (AD), vascular dementia, frontotemporal dementia, Parkinson’s 

disease and motor neuron disease (Elahi and Miller, 2017). The incidence of dementia is 

around 850,000 people in the UK, representing 1 in every 14 of the population over the 

age of 65 and at the current rate of prevalence will affect 1.5 million people in the UK by 

2040 (statistics from Alzheimer’s Research UK; http://www.alzheimersresearchuk.org/). 

Dementia represents a major economic, social and health burden of the 21st century 

affecting roughly 50 million individuals worldwide (Prince et al., 2013; Prince et al., 

2016). The discrimination of normal age-related cognitive decline and dementia requires 

in depth cognitive assessments alongside clinical examinations to rule out other 

conditions (Frisoni et al., 2010). Some diagnostic criteria include medial temporal lobe 

atrophy, abnormal cerebrospinal fluid (CSF) inflammation, and altered glucose 

metabolism in the brain detected by positron emission tomography (PET) scans (Dubois 

et al., 2007). Diagnosis typically comprises clinical evidence supporting cognitive 

deterioration, including memory loss, learning, language and motor deficits which are 

indicative of neuronal damage (Deture and Dickson, 2019). AD is by far the most 

common classification of dementia and is neuropathologically characterised by the 

presence of amyloid plaques and neurofibrillary tau tangles, accompanied by substantial 

neuronal loss (Serrano-Pozo et al., 2011; LaFerla and Green, 2012; Scheltens et al., 

2016).  

AD clinical disease progresses with time and is accompanied by the progression of 

underlying neuropathology (Dubois et al., 2016). Age is the strongest risk factor for AD 

and therefore, in an ageing population, the disease is becoming more prominent (Niccoli 

and Partridge, 2012). Prior to cognitive decline the AD is associated with several decades 

of asymptomatic preclinical progression (Driscoll and Troncoso, 2011). During these 

stages, amyloid plaques and synaptic loss develop whilst, at a slower rate, tau pathology 
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occurs later in the disease (Spires-Jones and Hyman, 2014). With time, the condition 

develops to an extent where certain individuals will have early stages of cognitive deficits, 

referred to as mild cognitive impairment (MCI), of which some will convert to dementia 

(Langa and Levine, 2014). At this stage, amyloid plaques, tau pathology and synaptic loss 

become more abundant and associate with prominent brain atrophy (neuron loss) in the 

most vulnerable brain regions (Galasko et al., 2019). Following this, the disease 

progresses with increasing cognitive decline to probable AD, accompanied by loss of 

synapses and neurons across considerable areas of the brain (Mukhin et al., 2017).  In 

vivo monitoring by imaging of vulnerable brain regions such as the hippocampus can 

provide evidence suggestive of AD (Johnson et al., 2012); however, a definitive diagnosis 

requires neuropathological evidence (Leuzy et al., 2018).  

There are many subtypes of AD differing in age of disease onset, severity and progression 

(Olsen and Singhrao, 2020). Familial AD (FAD), representing fewer than 1% of the total 

AD cases, is caused by mutations in specific genes, notably the amyloid precursor protein 

(APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2) genes (Bekris et al., 2010). Some 

individuals, approximately 5% of all AD cases, are recognised with early-onset AD 

(EOAD). In some individuals, approximately 5% of all AD cases, the disease occurs 

before the age of 65 and develops aggressive pathology; this is termed early-onset AD 

(EOAD) and carries a strong genetic component (Mendez, 2017). Late-onset AD (LOAD) 

is the most frequent classification; LOAD is considered sporadic, despite the 

identification of numerous genetic risk factors. Polymorphisms in the gene encoding 

apolipoprotein E (APOE) raise the risk of LOAD. The APOE4 polymorphisms is 

associated with increased disease risk and more severe disease; polymorphisms in this 

gene are also risk factors for other  dementias (Bekris et al., 2010; Safieh et al., 2019; 

Neuner et al., 2020). Genome-wide association studies (GWAS) have also identified 

further LOAD risk factors, including variants in TREM2, ADAM10, PLD3, CLU, CR1 

and PICALM, with polymorphisms found that affect APP and tau directly as well as 

altering the immune response (Harold et al., 2009; Kim et al., 2009; Guerreiro et al., 

2013; Jonsson et al., 2013).    
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1.1.2 Amyloid, tau and microglia  

Amyloid 

Amyloid plaques occur across the AD brain and contain extracellular accumulations of 

insoluble aggregates of Aβ peptides, Aβ40 and Aβ42, the latter being the primary 

component (Gu and Guo, 2013). Pathological Aβ peptides form as a consequence of 

abnormal APP processing by β-and γ-secretases and changes to the modulation of 

production/clearance pathways. Aggregation of Aβ peptides generates Aβ fibrils which 

establish amyloid plaques; the relevance of these to disease forms the basis of the amyloid 

hypothesis in AD (Hardy and Higgins, 1992). Figure 1.1 provides a summary of APP 

processing. For a detailed review of amyloid, Thal et al. provides several fundamental 

phenomena regarding amyloid, different plaque classifications and deposition in the AD 

(Thal et al., 2006).  

 

Figure 1.1 Overview of APP processing via nonamyloidogenic and amyloidogenic pathway. The 

nonamyloidogenic pathway (A), of which the majority of APP is processed, is catalysed by α-secretase for the 

formation of two fragments, an intracellular α-carboxyterminal fragment (α-CTF) and an extracellular secreted APP 

(APPsα). The cleavage site of APP by α-secretase is within the Aβ sequence and prevents Aβ peptide production. γ-

secretase subsequently cleaves α-CTF generating a short fragment called P3 and the amino-terminal APP intracellular 

domain (AICD). In the amyloidogenic pathway (B), APP is cleaved by β-secretase releasing APPsβ and the longer C-

terminal fragment β-CTF. β-CTF fragment is cleaved by γ-secretase leading to the generation of AICD and Aβ peptides 

outside of the cell. An increased accumulation of toxic Aβ (Aβ 1-42), leads to the formation of Aβ oligomers which 

aggregate and overwhelm clearance and degradation processes triggering the formation of extracellular amyloid 

plaques.             

 

Diffuse amyloid plaques occur in synaptically dense regions and weakly associate with 

glial activation and common amyloid stains. In contrast, dense-core senile amyloid 

plaques are tightly packed and strongly related to glial activation, contain higher amounts 

of Aβ filaments and stain with common amyloid markers (Serrano-Pozo et al., 2011). 

Amyloid plaques also associate with tau pathology and synaptic markers, termed  neuritic 
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plaques (Yasuhara et al., 1994). In vivo techniques such as magnetic resonance imaging 

(MRI) have capabilities to detect the burden of amyloid deposition, although more likely 

to be detected once the disease has progressed (Nakada et al., 2008). Growing evidence 

has supported the role for detecting blood-based biomarkers in AD. Measurement of 

Aβ42, t-tau and p-tau are increased in AD and MCI, whereas factors including DYRK1A, 

BDNF and folic acid are reduced (Altuna-Azkargorta and Mendioroz-Iriarte, 2020). 

Additional biomarkers such as IL-10 and IL-12/23p40 have confirmed possibilities in 

detecting and predicting the abundance of amyloid in AD cases (Pedrini et al., 2017).  

Besides amyloid deposition in plaques, Aβ peptides, primarily Aβ40, are also found in 

the cerebral blood vessels, termed cerebral amyloid angiopathy (CAA), in over 85% of 

cases (Bales et al., 2016). Deposition of amyloid in the cerebrovascular system is a 

common finding in the elderly and was only recently linked with AD, although it may 

also be clinically distinct (Charidimou et al., 2017). Interventions involving immunisation 

with amyloid peptides have successfully reduced the burden of amyloid plaques in 

patients; however, these led to an increase in CAA which impaired blood flow, increased 

inflammation and led to ischemic lesions and haemorrhages in severe cases (Boche et al., 

2010).   

Tau 

In addition to amyloid plaques, neurofibrillary tangles (NFTs) occur in the AD brain. 

NFTs contain abnormally folded hyperphosphorylated tau protein filaments in neurons. 

These result in tau unable to bind and stabilise axon microtubules (Binder et al., 2005). 

During early stages of tau pathology, ‘pretangles’, hyperphosphorylated tau occurs in the 

neuron cell body and dendrites (Tatsumi et al., 2014). Pretangles can mature and 

aggregate into filaments which displace cellular components giving neurons a ‘flame-

shaped’ morphology. Mature tangles can trigger neuronal cell death, leading to 

extracellular insoluble tau filaments forming ‘ghost tangles’ (Deture and Dickson, 2019). 

Tau pathology also associates with microglial activation and can spread across the brain, 

formulating the tau-seeding hypothesis (Braak and Tredici, 2018; Perea et al., 2018). The 

burden of NFTs is a better correlate of neuronal loss, disease severity and cognitive 

decline in AD than amyloid plaques, (Nelson et al., 2012). There are also tau related 

polymorphisms in the MAPT tau gene, which feature in AD and in other 

neurodegenerative diseases (Iqbal et al., 2010).  
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Microglia 

Microglia cells, the phagocytes of the brain, survey and maintain homeostasis. Microglial 

activation has a crucial role in the pathologies of neurodegenerative diseases including 

AD (Galloway et al., 2019). In response to Aβ fibrils, microglia shift to proinflammatory 

phenotypes, surround plaques and locally trigger excessive synaptic pruning and 

neurodegeneration (Hemonnot et al., 2019). There are several microglial genetic risk 

factors identified in AD associated with TREM2, ABI3 and PLCG2; these alter microglial 

activation state and phagocytosis (Guerreiro et al., 2013; Neuner et al., 2020). Astrocytes, 

another type of glial cell, provide neuronal support by supplying nutrients and 

maintaining homeostasis (Siracusa et al., 2019). In AD, astrocytes become reactive and 

respond to the proinflammatory environment and damaged neurons. Reactive astrocytes 

are neurotoxic and localise to amyloid plaques, particularly in the later stages of the 

disease (Matias et al., 2019). 

 

1.1.3 Hippocampus and synapses  

Neurodegeneration, specifically synaptic loss, is the best correlator to cognitive 

impairment in AD (Scheff et al., 2014). Amyloid and tau pathology may drive synaptic 

loss; however, synaptic remodelling is one of the first features of the disease. Neuronal 

and synaptic pruning occurs across the AD brain, particularly associated with the key 

neuropathological hallmarks of AD, for example localised around amyloid plaques, 

although it is most extensive in the hippocampus which is particularly affected in the early 

stages of the disease (O’Shea et al., 2016).     

Hippocampal Architecture 

The hippocampus is essential for learning, emotions and the formation and storage of 

memories (Tyng et al., 2017). Neurodegeneration occurring in the hippocampus is a 

feature in many neurological diseases and also with normal ageing (O’Shea et al., 2016). 

The hippocampus is a dense neuron region that contains the dentate gyrus and 

hippocampal subfields (CA1-4) and connects to many areas of the brain such as the cortex 

(Dekeyzer et al., 2017). The dentate gyrus acts as a pre-processor for incoming excitatory 

inputs from the cortex. CA4 region is considered part of the dentate gyrus and receive 
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inputs from the dentate gyrus. CA3 regions is contain pyramidal neurons that revive 

inputs from the dentate gyrus and the entorhinal cortex. CA2 region is a small section 

located between the CA3 and CA1 subfields, although is often ignored due to the small 

size. Finally, the CA1 region contains pyramidal neurons and are the major output neuron 

of the hippocampus.      

A major signalling pathway of the hippocampus is the perforant pathway from the 

entorhinal cortex. Axons arrive from the entorhinal cortex (layer III neurons) and directly 

synapse onto CA1 neurons, the output of the hippocampus. Alternatively, signal 

transmission can flow through the trisynaptic pathway where axons arrive from the 

entorhinal cortex (layer II neurons) and sequentially synapse through the hippocampus 

and out through the subiculum. There are many other reported hippocampal circuitries 

that are essential for transmission (Basu and Siegelbaum, 2015). These signalling 

pathways, both excitatory and inhibitory, degenerate in AD with the fewer dendritic 

spines (post-synaptic sites), dendritic retraction and neuronal loss (Strange et al., 2014). 

Figure 1.2 provides an illustration of a mouse hippocampal slice indicating the CA1 

neurons and dendritic spines.   

Dendrites 

Neurons have an intricate dendritic arbour which ensures efficient signal propagation. 

The morphology of the dendritic field is highly dynamic, with neurons structurally 

distinguishable between different regions in the CNS (Goaillard et al., 2020). Dendrites 

are cellular protrusions that increase a neuron’s surface area to cover considerable 

distances and enable greater capacity to respond to changes. Dendrites contain cellular 

components including Golgi, endoplasmic reticulum, mitochondria and a supportive 

cytoskeletal structure (Silver, 2010; Emoto, 2011; Arikkath, 2012). This 

compartmentalisation allows for localised protein synthesis and highly dynamic 

mitochondrial movement, which is particularly present during synaptogenesis (formation 

of synapses) (Ostroff et al., 2002). Neurons can therefore respond to subtle changes 

through the elaborate dendritic arbour, and converts analogue signals to an effective 

digital action potential (Šišková et al., 2014). The loss of dendrites (dendritic pruning/ 

dendropathy) is a characteristic feature of neurodegeneration and in addition with 

synaptic loss is an early indication of neuron damage.  
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Synapses 

Synapses communicating through pre- and post-synaptic sites and are the contact points 

for signal transmission between neurons. On the arrival of an action potential, stored 

neurotransmitters in the pre-synaptic terminal are released into the synaptic cleft, 

triggered by diffusion of Ca2+ into the presynapse neuron. Neurotransmitters bind to 

receptors on the post-synaptic neuron and based on the neurotransmitter will trigger an 

excitatory or inhibitory response. Disruption of generation, storage, release, recycling 

and, receptor binding of neurotransmitters the underlying cause  many neurological 

diseases (Kavalali, 2015). Synapses that are used are appropriately strengthened and, 

continuous bursts of electrical stimuli, increase the synaptic response, necessary for the 

formation of memories, in a process termed long-term potentiation (LTP) (Kumar, 2011). 

Dendritic spines and morphology 

Dendritic spines are the sites for postsynaptic terminals of excitatory glutamatergic 

synapses; they are small protrusions from the dendritic shaft and the primary location for 

memory and synaptic plasticity (Sambasivarao, 2001; Berry and Nedivi, 2017). The 

dendritic spines are tightly regulated both in distribution and morphology along the 

dendrites. Since dendritic inputs pool to control the generation of action potentials, spines 

have a crucial effect on the computational characteristics of the neuron (Sambasivarao, 

2001). Neuronal activity dictates the morphologies of dendritic spines and synapse 

functionality. Mushroom spines, responsible for long-lasting synaptic transmission, have 

a distinctive enlarged synaptic head, dense in AMPA receptors, corresponding to synaptic 

strength and memory retention (Kennedy, 2016). 

In comparison, ‘thin spines’, which lack the enlarged spine head, but have long necks, are 

highly dynamic, responsible for the formation of new synapses and reflect synaptic 

plasticity (Bourne and Harris, 2008; Gipson and Olive, 2017). Stimulation and increased 

activity of thin spines triggers structural plasticity increasing GluR1 (glutamate receptor) 

insertion, PSD (postsynaptic density) expansion and increased AMPA receptor density, 

maturing the synapse (Ehlers et al., 2007). Dendritic spines are vulnerable to pruning, 

with mushroom and thin spine loss associated with learning and memory deficits (Xu et 

al., 2018). Small stubby spines lack the distinctive spine neck and spine head; these 

represent immature synapses and have the capacity, based on activity, to develop into 
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mature synapses (Gipson and Olive, 2017). In AD mouse models it is becoming 

increasingly evident that the loss of dendritic spines is a key pathological feature of the 

disease (Dorostkar et al., 2015). In AD mouse models, the reduction in dendritic spine 

coverage is associated with the observed memory deficits, although studies report 

potential beneficial therapeutics that restore hippocampal synapses (Ricobaraza et al., 

2012). Figure 1.2 provides an illustration of the different dendritic spine morphologies.     

 

Figure 1.2 Schematic of a mouse hippocampus slice highlighting the CA1 region, dendritic spines, and spine 

morphologies. Abbreviations: DG, dentate gyrus. Figure created with BioRender.  
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1.1.4 AD mouse models  

Rodent models present an ideal opportunity to study aspects of diseases in a living 

organism. These are under controlled environments and allow for the determination of 

possible mechanistic changes contributing to pathology. Many mouse models recapitulate 

aspects of AD pathology, and none are perfect models; in this thesis I analysed, two 

transgenic models (Tg2576 and 3xTg-AD) and one knock-in model (APPNL-G-F). 

Overexpression AD mouse models  

Tg2576 (strain: B6;SJL-Tg(APPSWE)2576Kha) AD mice are one of the oldest and best-

characterised amyloid-related AD mouse models (Hsiao et al., 1996a). Tg2576 mice 

neuronally express the mutant form of human APP (isoform 695) containing the Swedish 

mutation (K670N and M671L) under the control of the hamster prion protein promoter 

(PrP) which dictates that it is expressed widely in the nervous system. Mutations increase 

the level of mutant APP, develop amyloid plaques, and are associated neuroinflammation 

which correlate with behavioural deficits (Hsiao et al., 1996a; Hsiao et al., 1996b). By 

the age of six months, mice develop deficits in spatial memory. By the age 14 months, 

Tg2576 mice show impairments in working memory and contextual fear conditioning 

(Jacobsen et al., 2006). Amyloid plaques are numerous by 12 months in the cortex and 

hippocampus. Tg2576 mice also display dysfunction in synaptic plasticity, with 

hippocampal dendritic spine loss by 6 months (Irizarry et al., 1997; Chapman et al., 1999; 

Lanz et al., 2003). Despite the abundant burden of amyloid, Tg2576 mice do not show 

neurofibrillary tangles and neuronal loss, therefore are expected to reflect only early 

stages of the human disease. Figure 1.3 provides an illustration of the disease hallmark 

time points.   

The 3xTg-AD model expresses three AD familial mutations, APP Swedish, MAPT 

P301L and PSEN M146V under the control of the mouse Thy1.2 promoter (Oddo et al., 

2003). These mutations trigger age-dependent degeneration confined to the CNS. 

Amyloid plaques develop from 6 months and become more numerous in the cortex and 

hippocampus by 12 months. 3xTg-AD mice also develop intraneuronal amyloid which 

correlates with cognitive decline (Oddo et al., 2003; Billings et al., 2005). Besides 

amyloid pathology, 3xTg-AD mice develop tau associated pathology in the hippocampus. 

This is however a feature in older mice, similar to the human disease. Pathological 
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changes from the age of 6 months also correlate with deficits in learning and memory 

dysfunction (Stover et al., 2015). In the advanced disease, ages over 12 months, 3xTg-

AD mice are impaired in spatial learning acquisition and deficits in short-term and 

working memory (Blázquez et al., 2014). Different lines of 3xTg-AD mice, however, 

known to display considerable variations in pathology with females displaying more 

consistent pathology, 3xTg-AD mice are also shown to have pathological drift shifting 

the onset of the disease later by several months (Carroll et al., 2010; Blázquez et al., 

2014). Figure 1.4 provides an illustration of the disease hallmark time points. 

Knock-in AD mouse models   

Many transgenic AD mouse models overexpress mutant APP, which recapitulate amyloid 

deposition and the associated cognitive deficits. However, overexpression in transgenic 

AD models can lead to artificial phenotypes, therefore knock-in approaches are now 

widely adopted and are regarded to better reflect the human disease (Jankowsky and 

Zheng, 2017; Sasaguri et al., 2017). APPNL-G-F mice express APP in the relevant cell types 

and locations. This model features three familial AD mutations, Swedish (NL), Iberian 

(G) and Artic (F) mutations, resulting in increased amyloid production, Aβ42/Aβ40 ratio 

and amyloid aggregation respectively (Saito et al., 2014; Nilsson et al., 2014). These 

increase the level of pathogenic Aβ while expressing APP at wildtype levels. APPNL-G-F 

mice exhibit more severe pathology than other models, with amyloid plaques depositing 

in the subcortical and cortical regions from two months, reaching saturation by seven 

months. As with other models, amyloid plaques associate with local synaptic loss and 

neuroinflammation, correlating with age-dependent behavioural and cognitive deficits 

(Saito et al., 2014; Masuda et al., 2016). The APPNL-G-F model display age-dependent 

memory impairment which is first detected at 6 months which worsens with greater 

impairments at 12 months based on Morris water maze, object recognition and fear 

condition tests (Sakakibara et al., 2018; Mehla et al., 2019). APPNL-G-F mice are also 

found to display decreased levels of brain antioxidants, which increase inflammatory 

cytokines (Izumi et al., 2020). APPNL-G-F mice only reflect the amyloid component of AD 

and do not express tau pathology and neuronal loss. APPNL-G-F mice are therefore likely 

to reflect the preclinical stages of the disease (Sasaguri et al., 2017). Figure 1.5 provides 

an illustration of the disease hallmark time points.     
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Figure 1.3 Tg2576 phenotypic characterisation. Synapse and cognitive impairment occur from around 6 months of 

age. Gliosis is detected from 10 months. Amyloid plaques are prominent by 12 months of age. Illustration created in 

BioRender.  

 

 

Figure 1.4 3xTg-AD phenotypic characterisation. Synapse and cognitive impairment occur from around 6 months 

of age. Gliosis is detected from 7-8 months. Amyloid plaques are prominent by 12 months of age with tau tangles later 

in disease around 15 months. Illustration created in BioRender.   

 

 

Figure 1.5 APPNL-G-F phenotypic characterisation. Amyloid plaques deposit at 2-3 months with associated gliosis. 

Synapse and cognitive impairment occur by 6 months. Cortex and hippocampus fully saturated by around 7 months. 

Illustration created in BioRender.      
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1.2 The retina 

1.2.1 Retina structure  

The vertebrate retina is a developmental outgrowth of the embryonic diencephalon, and 

shares many similar features with the brain. The retina is the only part of the CNS that is 

not protected by bone. The main role of the retina is to convert light signals into neuronal 

impulses, which are transmitted to the brain for visual perception. The retina consists of 

three cellular layers, the outer nuclear layer (ONL), inner nuclear layer (INL) and 

ganglion cell layer (GCL). These are contacted by two synaptic layers the outer plexiform 

layer (OPL) and inner plexiform layer (IPL). Figure 1.6 illustrates the retinal layers.  

1.2.2 Retina cell types and phagocytosis  

The ONL contains the light-sensitive photoreceptors, rods and cones, which correspond 

to sensing sim light and colour vision respectively. Photoreceptors depolarise by light 

absorption and initiate phototransduction. The OPL provides dense synaptic connections 

that link the ONL and the INL. Within the INL, bipolar, horizontal and amacrine cells 

support the signalling processing. The GCL is the location of the retinal ganglion cells 

(RGCs) which receive inputs from the IPL, the region in which RGCs project their 

dendrites. RGCs project axons in the nerve fibre layer (NFL), which bundle together 

through the optic nerve head (ONH) to the brain (Masland, 2012; Hoon et al., 2014). 

Therefore, the retina is physically connected to the brain via the optic nerve.  

As in the brain, the retina contains of glial cells providing neuronal support and 

homeostasis. The retina has three types of glia, Müller cells, microglia and astrocytes. 

Müller cells are large retina spanning glia which protect against glutamate toxicity. Müller 

cells and microglia cross-talk during the process of phagocytosis. Müller cells are known 

to phagocytose cell debris; however the primary phagocytes in the retina are activated 

microglial cells which provide similar functions those occurring in the brain during 

development, homeostasis and pathological conditions (Vecino et al., 2016). During 

development, microglia are found to phagocytose and eliminate RGCs that are tagged 

with complement proteins (Zhang et al., 2019). In experimental axotomy with retrograde 

fluorescent dye labelling, microglia are found to contain RGC debris, likely of that linked 
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to pruning of vulnerable neurons (Thanos et al., 1994). Similar to the brain, the retina is 

an area of high metabolic activity and is vulnerable to damage.  

  

 

Figure 1.6 Schematic of the retina structure, highlighting the different retinal layers, neurons and glia. Created 

with BioRender.  
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1.2.3 Retinal ganglion cells 

RGCs extend their dendrites into the IPL where they receive inputs. RGCs have 

distinctive dendritic architecture and are morphologically complex (Sanes and Masland, 

2015). There are over 30 different functional types of RGCs in the mouse retina based on 

light responses and anatomical criteria (Baden et al., 2016). Unlike neurons in the brain, 

synaptic input in the retina is situated directly on the dendritic shaft. Therefore, the 

function of an RGC is reliant on the coverage of the dendritic field. Dendritic lamination 

into the IPL also subtypes RGCs into those which respond to light (ON-centre) or to the 

absence of light (OFF-centre) (Bodnarenko and Chalupa, 1993; Wyk et al., 2009). ON-

centre RGCs ramify in sublamina b of the IPL synapsing (glutaminergic) with bipolar 

cells to form the light-sensitive pathway. Whereas OFF-centre RGCs project dendrites 

into the sublamina a of the IPL and synapse with amacrine cells (GABAergic) to form 

the dark sensitive pathway. The higher energy requirement of ON-centre RGCs marks 

these cells as more sensitive to degeneration (Sanes and Masland, 2015).  

RGCs are susceptible to degeneration as they have a high energy demand, have long 

intraocular unmyelinated axon and a complex dendritic field. Neurodegenerative diseases 

that affect the retina, such as glaucoma, report RGC and axonal loss, changes that animal 

models also recapitulate (Buckingham et al., 2008). RGC dendritic atrophy is 

unsurprising as dendrites reflect the majority of an RGC surface area and contain cellular 

components such as mitochondria essential for synapses (Ito and Di Polo, 2017). RGC 

excessive dendritic atrophy is an often-reported feature of many experimental glaucoma 

models, mainly triggered by an elevation of intraocular pressure, and of 

neurodegeneration in general. The process of RGC dendritic loss is both supported 

intrinsically driven events such as mitochondrial dysfunction and degeneration of axons, 

however dendritic loss is also supported by extrinsic factors such as elevated levels of 

retinal complement activation and microglial activation (Williams et al., 2012; Williams 

et al., 2016; Zhang et al., 2019). These RGC dendritic changes reflect early stages of 

neurodegeneration, which appear before axon and neuron loss and highlight a reduction 

in the synaptic connectivity (Williams et al., 2010; Williams, Thirgood, et al., 2013). 

Figure 1.7 provides an illustration of RGC dendritic pruning, where the complex dendritic 

field is substantially reduced.  
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Figure 1.7 Illustration of RGC dendritic pruning. Left: representation of a healthy RGC with a complex dendritic 

field. Right: representation of an RGC that has undergone substantial dendritic pruning and is characterised by a loss 

of dendritic complexity. Axon indicated by faded blue line. Created with BioRender.  
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1.2.4 Retinal changes in AD  

Background 

AD diagnosis is difficult and requires expensive techniques, some of which are invasive. 

Standard methods include magnetic resonance imaging (MRI), positron emission 

tomography (PET) and analysis of cerebrospinal fluid to support cognitive assessments 

(Johnson et al., 2012). Diagnosis typically takes place during the early stages of cognitive 

deterioration, which illustrate the initial clinical manifestations of the disease. However, 

at this stage, underlying pathology is already well advanced and on a downward 

trajectory. Therefore, there is an urgent need for a convenient technique that allows for 

population screening and the earlier detection of underlying pathology (Fiandaca et al., 

2014). Retinal changes could provide a surrogate marker, indicating and reflecting 

ongoing pathology in the CNS (London et al., 2013). It is estimated that over 120,000 

individuals in the UK display sight loss and also have dementia (statistics from Royal 

National Institute of Blind People; https://www.rnib.org.uk/). The retina is an extension 

of the CNS that has the advantage of easy non-invasive imaging at subcellular resolutions, 

and shares many similarities with the brain. Therefore, detection of retinal changes in the 

eyes of AD cases could offer potential avenues for monitoring the disease (Liao et al., 

2018).       

Visual discrepancies are a feature in some AD cases with dysfunction noted in visual 

acuity, colour discrimination, contrast sensitivity and visual field loss, to name only a few 

(Javaid et al., 2016). Post mortem analysis of retinas in human AD cases indicate 

damaged optic nerve head, neuronal loss and thinning of the retinal layers, along with 

other changes (Hinton et al., 1986; Javaid et al., 2016). Retinal function is also reduced, 

with decreased amplitudes on pattern electroretinogram (PERG) recordings in AD 

individuals, suggesting abnormal RGCs (Katz et al., 1989; Krasodomska et al., 2010). 

These retinal changes are not exclusive to AD and seen in other eye conditions and 

dementia. However, they could provide some useful targets. Visual dysfunction in AD, 

and other dementias, are challenging to identify and interpret from psychophysical 

experiments alone. These are due to confounding obstacles related to poor execution of 

tasks because of cognition rather than visual changes. Diagnosis of AD using the retina 

is likely to require structural techniques such as optical coherence tomography (OCT) and 
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measurement of electrophysiological parameters. OCT imaging provides an accessible 

non-invasive technology that is low cost and ideal for population screening (Doustar et 

al., 2017). Recently, changes to light scattering parameters, a sign of degeneration, has 

been observed in the AD retina and in mouse models (More et al., 2019; Song et al., 

2020). In some instances, mouse models, such as the 3xTg-AD model, report thinning of 

the retinal layers and nerve fibre layer (Song et al., 2020). Despite several promising 

studies identifying AD retinal pathology, others are unable to detect such findings (Ho et 

al., 2014; Williams et al., 2017). These differences potentially arise from a lack of retina-

brain comparisons within the same report, relatively low sample sizes and including AD 

subtypes or models that are not appropriate. 

Retina AD Pathology 

As in the brain, amyloid plaques and NFTs are a feature in the AD retina, although not 

always a consistent observation. The first description of amyloid plaques in the human 

AD retina occurred only one decade ago. Although plaques are smaller in size than the 

brain, similar morphologies are observed (Koronyo-Hamaoui et al., 2011). These plaques 

were more prominent in the peripheral regions of the retina, notably in the superior and 

inferior quadrants (Koronyo et al., 2017). Importantly, the observed retinal amyloid 

plaques correlate with the abundance of plaques in the brain, particularly in the primary 

visual cortex and entorhinal cortex (Koronyo et al., 2017; Schultz et al., 2020). 

Measurement of Aβ40 and Aβ42 in both the retina and hippocampus of AD individuals 

also correlate with the ApoE ε4 carriers (Schultz et al., 2020). Of note, Aβ 

immunoreactivity is detected in the sub-retinal pigment epithelium (RPE), and toxic 

amyloid oligomers in drusen deposits of in age-related macular degeneration (AMD) (Isas 

et al., 2010). Amyloid plaques occur across the retina with higher depositions in the INL, 

NFL and GCL and are identified both in post-mortem and in vivo studies, the latter 

benefiting from fluorescent amyloid binding compounds such as curcumin (Koronyo et 

al., 2017; den Haan et al., 2018). Hyperspectral in vivo imaging of the AD retina also 

detects amyloid in the absence of fluorescence tagging. This method collects a series of 

images from various wavelengths of light that are stacked and combined. These provide 

spatial information and a reflectance spectrum related to the abundance and burden of 

amyloid deposition (More and Vince, 2015; Hadoux et al., 2019). However, such imaging 

is technically challenging and hence under-used.  
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Abnormal tau, another key neuropathological hallmark of AD, is detected in the retinal 

layers mainly in the IPL, OPL and INL and is weakly observed in the GCL, NFL and 

photoreceptors (Loffler et al., 1995; Leger et al., 2011). In the AD retina, 

hyperphosphorylated tau is also described in post mortem tissue (Schön et al., 2012). The 

presence of hyperphosphorylated tau is known to drive the formation of fibrillar tau 

inclusions and neurofibrillary tangles leading to neuronal dysfunction. However, only one 

study has identified NFT-like structures using Gallyas silver stain in the post mortem AD 

retina (Koronyo et al., 2017).  

Similarly, to the brain, the AD retina also demonstrates markers of retinal 

neuroinflammation with astrocyte and microglial activation localised around the plaques. 

These associate with an upregulation of IL-1β, complement component 3 (C3) and 

TREM2 (Grimaldi et al., 2019). Neurodegeneration is also a feature, with some post-

mortem studies pinpointing decreased RGCs which coincide with axonal degeneration 

and thinning of the RNFL (Hart et al., 2016). In vivo OCT imaging in AD individuals 

report degeneration across the retina, which correlate with cognitive impairment (Iseri et 

al., 2006). RGC degeneration, specifically melanopsin-containing RGCs (mRGCs), 

which drive circadian photoentrainment, are significantly degenerated in the AD retina 

with dendritic and cell loss linked to the sites of amyloid plaque deposition (La Morgia 

et al., 2016). Additionally, the AD retina also displays thinning of vessels and reduced 

blood flow indicative of vasculature changes (Frost et al., 2013).  

1.2.5 Retinal AD pathology in rodent models  

Reports on retinal pathology in rodent models of AD have been inconsistent. 

Nevertheless, some reports suggest the mouse retina is affected in various AD models. In 

AD model mice, the retina displays an upregulation of APP, intracellular amyloid in 

RGCs and an age-associated amyloid plaque deposition across the retinal layers with the 

degree of  pathology dependant on the animal model (Ning et al., 2008). However, the 

expression of Aβ42 in the retina is substantially lower than in the brain (Dutescu et al., 

2009). This is possibly a consequence of reduced retinal expression of BACE1, which is 

essential in the generation of the APP proteolytic products (Li et al., 2016). Although the 

relative abundance of Aβ42 peptides in the retina varies between the different transgenic 

AD models (Alexandrova et al., 2011). Some studies also identify in vivo amyloid 
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signatures (hyperspectral imaging and amyloid tagging) in the mouse retina, supporting 

simultaneous plaque deposition with the brain (More and Vince, 2015). However, others 

fail to find amyloid pathology in the retinas of mouse AD models (Joly et al., 2017).      

Other classical AD neuropathology such as NFTs are less reported in AD models, mainly 

because of the absence of tau pathology in the commonly used amyloid models. However, 

hyperphosphorylated tau is a feature in the 3xTg-AD model, including in RGCs and 

increases with age (Chiasseu et al., 2017). In tauopathy models (P301S), 

hyperphosphorylated tau is found to accumulate in the nerve fibre layer  which aggregate 

to form inclusions in RGCs (Gasparini et al., 2011). Similar to functional changes in the 

human AD retina, retinal physiology in AD mouse models also supports decreased signal 

amplitudes reflective of RGC activity in ERG and PERG studies (Gao et al., 2015). A 

recent study analysed the retina of APPNL-G-F mice and report the presence of soluble Aβ 

that with age develops into more mature plaques (Vandenabeele et al., 2020). This study 

also reports changes to electrophysiological recordings in the absence deficits in the 

visual performance and identified that hyperspectral imaging was a quantitative measure 

of retinal amyloid (Vandenabeele et al., 2020).  Once again, these findings are 

inconsistent and highly reliant on age and model. Microglial activation is also a feature 

in the mouse AD model retina, with some studies indicating increased microglial density 

in the vicinity of plaques and tau pathology, morphological alterations and the expression 

of proinflammatory cytokines (Chen et al., 2016). Again, these findings are not consistent 

across studies (Dutescu et al., 2009; Chidlow et al., 2017). 

Evidence of RGC degeneration in mouse AD retina 

The mouse AD retina also displays evidence supporting neurodegeneration. RGCs and 

cell density in the GCL are reduced in some studies, although more frequently, changes 

in the retinal thickness are detected in the RNFL, GCL and IPL (Chiquita, Campos, et al., 

2019). RGC loss is not an expected feature in the models given the lack of neuronal loss 

in the brains of AD models. Retinal neurons in AD mice also display evidence of 

apoptotic markers such as active caspase-3 and TUNEL-positive cells, as well as 

decreased choline acetyltransferase, axonal swelling and decreased axonal density in the 

optic nerves (Perez et al., 2009; Parnell et al., 2012; Eimer and Vassar, 2013; Gupta et 

al., 2016). RGCs are one of the most damage-susceptible neurons in the CNS and are 

vulnerable to dendritic pruning which is an early feature of neurodegeneration. To date, 
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only one other study, the foundation of this thesis, provides evidence of RGC excessive 

dendritic pruning in the Tg2576 AD mouse model in the absence of RGC loss (Williams, 

Thirgood, et al., 2013). It is therefore likely that measuring the burden of RGC dendritic 

complexity could provide a compelling measure of neurodegeneration in the retina of AD 

models. 
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1.3 The complement system in AD  

1.3.1 Pathways, regulation, and disease 

The immune response to invading pathogens and debris relies on an efficient complement 

system, a pathway that consists of circulating in the plasma and are expressed on cells. 

The complement system has the capacity for self-destruction. Both plasma and 

membrane-bound inhibitory proteins tightly regulate the complement system and 

maintain low-level activation to enable a rapid response. Three enzymatic cascades, 

classical, lectin and alternative pathways all converge on the terminal pathway 

contributing to opsonisation of targets and formation of the membrane attack complex 

(MAC) to trigger lysis on target cells  (Morgan, 2003; Ricklin et al., 2010). Figure 1.8 

provides an overview of the different complement pathways involved in the innate 

immune response. Complement dysregulation leading to uncontrolled activation triggers 

tissue damage and is a feature of many inflammatory diseases, including joint, vascular 

and renal diseases (Morgan, 2003; Sarma and Ward, 2011; Xu and Chen, 2016). More 

recently, the role of complement in neurodevelopment and neurodegenerative diseases 

has become more transparent, including in the role of excessive microglial engulfment of 

synapses in AD (Stevens et al., 2007).  



Chapter 1  22 

 

 

Figure 1.8 The role of the complement system in the innate immune response. The complement system is an 

integral part of the innate immune system and is comprised of three pathways, the classical, lectin and alternative 

pathways. The alternative pathway functions through a self-amplification loop through spontaneous C3 hydrolysis.  

These pathways converge onto C3, the most abundant serum complement component, releasing the anaphylatoxin C3a 

and C3b which has the capacity to opsonise target cells for phagocytosis. The C5 convertase binds plasma C5 which is 

cleaved into the anaphylatoxin C5a, and C5b. C5b feeds into the terminal pathway for the formation of the membrane 

attack complex (MAC) which triggers cell lysis. Created with BioRender.  
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1.3.2 Classical, lectin and alternative pathway 

The classical complement pathway is initiated by the binding of C1q globular heads in 

the C1 complex (C1q, C1r and C1s) to the Fc region of IgM or aggregated IgG antibodies, 

or directly on invading pathogens expressing activators such as bacterial 

lipopolysaccharides and nucleic acids. Binding triggers conformation changes, in the 

presence of Ca2+, which activate C1s to cleave plasma C4, a large protein encoded by two 

genes (C4A and C4B). C4 contains three disulphide-bound chains (α, β, and γ) and 

cleavage of C4 triggers the release of C4a and exposure of a previously buried thioester 

group on C4b which bind and locks onto target surfaces. The thioester in C4b is 

susceptible to inactivation by hydrolysis therefore restricting C4b deposition to the 

vicinity of the C1 complex. Bound C4b acts as a receptor for the plasma protein C2 which, 

in the presence of Mg2+, is cleaved by C1s into C2a and C2b. C2a binds C4b forming the 

next enzyme in the pathway, C4b2a, the C3 convertase. C4b2a complex noncovalently 

binds C3, the most abundant serum complement component, and C2a in the complex 

mediates the cleavage of C3 into C3a and C3b; the latter binds C4b2a forming the 

C4b2a3b enzyme, C5 convertase. C5 convertase binds plasma C5, which is cleaved into 

C5a and C5b, the latter initiating the terminal pathway through binding C6 and the other 

terminal components. Both C3a and C5a fragments are anaphylatoxins, potent pro-

inflammatory molecules that trigger an inflammatory response.     

The lectin pathway is an antibody independent activation process that is activated by 

bacteria and microorganisms. The lectin pathway shares similarities to the classical 

pathway. Mannan-binding lectin (MBL), a serum lectin structurally similar to C1q, whilst 

MBL-associated serine protease (MASP) are functionally comparable to C1r and C1s. 

These form the MBL-MASP complex which activates C4, analogous to the C1 complex.  

The alternative pathway differs from the classical and lectin pathways in that it rapidly 

activates on foreign surfaces in the absence of antibodies. Activation occurs 

spontaneously from low-level tick over. Plasma C3 is hydrolysed into C3(H2O); this has 

similar activities to C3b, and binds factor B (fB) in the presence of Mg2+. Factor D (fD) 

a plasma serine protease, cleaves fB to form Bb and generate the fluid phase C3 

convertase C3(H2O)Bb. Properdin stabilises the C3 convertase and extends the lifetime 
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of the enzyme; enabling C3b molecules to bind onto foreign cells to form the C5 

convertase, acting as a receptor for C5.   

All these pathways converge on the terminal pathway. C5b fragments bound to C3b in 

the C5 convertase bind another plasma protein, C6, triggering stabilisation and binding 

of C7, causing the release of the complex to the fluid phase. The C5b67 complex binds 

membranes through a hydrophobic site; subsequent binding of C8 and multiple C9 

molecules leads to the formation of MAC and the lysis of the target cell.                    

1.3.3 Complement regulation, dysregulation and deficiencies 

The complement system is under tight regulation by many plasma and membrane-bound 

regulatory proteins acting across the pathways and preventing unnecessary activation and 

inflammation (Rodriguez de Cordoba et al., 2012). Initiation of the classical pathway is 

controlled by the C1 inhibitor (C1inh), which binds to the C1 complex, removes C1r and 

C1s preventing cascade initiation. The fluid phase regulators Factor I (fI) and Factor H 

(fH) inactivate and break up the convertase enzymes in both the classical and alternative 

pathways. On cell surfaces, decay-accelerating factor (DAF; CD55) speeds up the decay 

of the convertases and membrane cofactor protein (MCP), acts as a cofactor for fI to bind 

and irreversibly inactivate the convertases. Complement receptor 1 (CR1) also uses fI to 

trigger the dissociation and decay of the convertases. In the alternative pathway, 

properdin stabilises the C3 convertase, preventing spontaneous decay and the effects of 

fH, DAF and CR1. The terminal pathway is controlled by fluid-phase factors such as 

vitronectin and clusterin with the lytic MAC complex controlled by CD59 on the 

membrane which blocks the incorporation of C9 into the forming MAC 

Dysregulation of the complement system is a feature in many autoimmune diseases. 

Deficiencies in C1, C4 and C2 associate with increased susceptibility to immune complex 

diseases such as systemic lupus erythematosus (SLE) (Leffler et al., 2014). Deficiency of 

C3, the central component of the complement system, or secondary C3 deficiencies as a 

consequence of fI and fH deficiency, causing insufficient opsonisation of bacterial 

pathogens, increasing the risk of reoccurring infections (Heesterbeek et al., 2018). 

Terminal pathway deficiencies associate with an increase in susceptibility to Neisseria 

infection (Lewis and Ram, 2014).         
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1.4 Synaptic pruning in AD  

1.4.1 Synapses 

Background 

Synapses are the connection point for neuron communication and are critical for signal 

transmission across the CNS. Neuronal loss is a prominent feature of neurodegenerative 

diseases, especially in the later stages of disease; however, the loss of synapses is one of 

the earliest detectable pathological changes (Scheff et al., 2014). Synapses are susceptible 

to excessive pruning and this is a significant component in the pathology of AD. Indeed, 

synaptic loss is the best correlator with AD progression and severity. Reduced synaptic 

density is associated with amyloid deposition and occurs several years before the classical 

neuropathological hallmarks (Colom-Cadena et al., 2020). Synaptic plasticity provides 

resilience against cognitive deterioration and is a potential target for the modulation of 

neurodegeneration (Boros et al., 2017). In AD mouse models, synaptic and dendritic 

markers, although are reduced with ageing, in some regions these markers increase in the 

brain, through to be a compensatory mechanism to synaptic deficit and an attempt to 

repair itself (Baazaoui et al., 2017). Figure 1.9 provides an illustration of excessive 

synapse elimination, indicated through the loss of dendritic spines and activation of glia.  

Synaptic loss in AD 

The loss of synapses associates with activation of the immune system and specifically the 

complement system and is a prominent feature in the pathology of AD (Morgan, 2018). 

Biomarker studies reinforce the role of the complement system in the AD brain, supported 

by immunohistochemistry evidence for deposition of C1q, C3, C4 and TCC (terminal 

pathway marker) around areas of pathology such as amyloid plaques (Eikelenboom and 

Veerhuis, 1996; Hakobyan et al., 2016). GWAS studies also support the role of 

complement in AD; recent genetic hits include genes encoding complement proteins 

clusterin (CLU) and CR1 (Cr1) (Harold et al., 2009). Microglial activation in the AD 

brain is important for the clearance of amyloid plaques. Microglia express complement 

receptor 3 (CR3) which is necessary for the removal of soluble Aβ. Several studies note 

that the absence of CR3, or blockage with small molecules such as Leukadherin 1, 

increases Aβ degradation, reducing the burden amyloid deposition (Czirr et al., 2017). 
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Most of the supporting evidence of complement associating with AD pathology are from 

post-mortem studies that reflect end-stage disease. Therefore, to explore the roles of 

complement in early stages of the disease, AD animal models are necessary.          

Synaptic loss in AD mouse models 

Animal models of AD recapitulate features of the pathology, including synaptic loss (Sri 

et al., 2019). In Tg2576 AD mice show age associated reductions in dendritic sine density 

on CA1 neurons in the hippocampus and occur prior to the amyloid plaque deposition 

(Lanz et al., 2003; Spires et al., 2005). Similar observations are reported in the 3xTg-AD 

mouse model with a reduction in dendritic spine coverage (Bittner et al., 2010). Spine 

loss is also a feature in the amyloid knock-in models with a reduction in spine density and 

impaired synaptic function reported in the hippocampus (Zhang et al., 2015). Dendritic 

spines, in AD mouse models, are also found to reduce in times of short term stress, 

highlighting the vulnerability of these structures (Baglietto-Vargas et al., 2016).  

1.4.2 Phagocytosis and link to synaptic elimination   

Phagocytosis, a process undertaken by specialised cells (macrophages, neutrophils, 

monocytes, dendritic cells and osteoclasts), is responsible for the removal of 

microorganisms and other targets as part of the innate and adaptive immune response. 

Phagocytosis is separated into (i) the detection of the target, (ii) internalisation of the 

target, (iii) phagosome maturation and digestion. Particles are internalised into the 

phagosome, which then fuse with lysosomes and trigger the cargo to be degraded (Uribe-

Querol and Rosales, 2020). Receptors mediate the recognition of target particles by 

phagocytes and subsequently initiate signalling pathways that trigger phagocytosis 

(Freeman and Grinstein, 2014). Non-opsonic receptors directly identify distinct 

molecular patterns on the particle including C-type lectins, lectin-like recognition 

molecules and scavenger receptors. Opsonic receptors detect host-derived proteins that 

label target particles destined for phagocytosis and include antibodies, fibronectin, 

complement, lactaderin and mannose-binding lectin. Phagocytic receptors initiate 

signalling pathways to remodel actin cytoskeleton and membranes, creating the 

phagosome for internalisation of the target particle (Freeman and Grinstein, 2014). 

Complement receptors, CR1-CR4 bind deposited complement molecules that decorate 
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target cells. CR3 (CD11b/CD18) is the most efficient phagocytic complement receptor 

and binds iC3b on the target destined for phagocytosis (Helmy et al., 2006).  

Microglia, the brain’s professional phagocytes, are crucial for the clearance of apoptotic/ 

necrotic cells and actively remove proteins, including amyloid. During development of 

the CNS, neuronal circuits are remodelled through the engulfment of synapses and axons 

through proposed ‘eat-me’ tagged targets (Schafer et al., 2012). Microglial activation is 

one of the key makers of neuroinflammation in the CNS. Whilst post-mortem evidence 

is indicative in highlighting the accumulation/ increased localisation around areas of 

pathology and altered microglial morphologies, the extent of microglial activation relies 

on more sensitive cell-based assays. Microglial cell lines, stem cell-derived microglia and 

primary microglial cultures in the literature are pivotal in the attempts to decipher the 

underlying mechanistic changes particularly related to phagocytosis (Galloway et al., 

2019). Assays such as flow cytometry, time-lapse microscopy for phagocytosis assays 

and the expression of phagocytic markers are some of the most useful techniques that 

have enabled the identification of microglia activation to be crucial in the modulation of 

synaptic networks.  

Synaptic tagging 

In the developing CNS, phagocytosis is essential for the refinement of the neuronal 

networks whereby unwanted synapses are removed in course to aid in learning and 

memory (Schafer et al., 2012). Microglia make physical contact with synapses, likely 

based on neuronal activity which reflect ‘find me’ signals directing phagocytosis to the 

relevant targets (Pocock and Kettenmann, 2007). In mice lacking the ADP receptor 

P2Y12 or CX3CR1, the development of the visual cortex and hippocampal synaptic 

networks are severely impaired (Sipe et al., 2016). The visual system provides an 

opportunity to assess synaptic pruning during the development of the CNS. Decreasing 

neuronal activity within the visual system (by visual deprivation), has aided the 

understanding of the ‘find me’ targets based on decreased neuronal activity (Schafer et 

al., 2012). Recognition and microglial engulfment of synapses is reportedly linked to the 

activation of the complement system, primarily components of the classical complement 

pathway. C1q and C3 are found to tag synapses destined for phagocytosis, and likely 

through complement receptor 3 (CR3), are crucial for proper network refinement (Stevens 

et al., 2007; Schafer et al., 2012; Shi et al., 2015). Live- cell imaging has supported the 
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concept of microglial-synaptic contacts, however it is unclear whether the entire synapse 

in phagocytosed or, as current evidence indicates, just presynaptic elements (Weinhard et 

al., 2018).  

Recent GWAS studies have pinpointed a number of microglial/phagocytic genes 

implicated in AD such as APOE, CLU, INPP5D, CD33, PLCG2, SPI1, and FCER1G. 

Additionally, several GWAS genes such as GPC2, TREML2, SYK, GRN, SLC2A5, 

SAMSN1, PYDC1, HEXB, RRBP1, LYN, and BLNK, are below genome-wide 

significance threshold become upregulated when exposed to Aβ (Sierksma et al., 2020). 

TREM2, necessary for the expression of the scavenger receptor CD36 and required for 

phagocytosis, when absent leads to a reduction in microglial Aβ phagocytosis and a 

reduced apoptotic uptake capacity (Kim et al., 2017). TREM2, along with APOE4 (APOE 

is a ligand for TREM2), are two of the most significant genetic risk factors in AD with 

their functional activity linked to microglia. The genetic risk of AD functionally translates 

into different microglial pathway responses which indicates the role of genetic factors 

downstream of amyloid. Therefore genetic findings, along with the post-mortem studies, 

further emphasise the key role of microglia in driving the underlying AD pathology. 

Microglial-mediated synaptic engulfment in AD and link to the complement system  

Microglia in areas of the brain such as the cortex and hippocampus localise around 

plaques and trigger microglial-synaptic engulfment; phagocytic vesicles contain synaptic 

markers such as PSD95 and synaptophysin. Importantly, complement is a prominent 

feature in the process of microglial-synaptic elimination (Hong et al., 2016; Shi et al., 

2017). C1q labels synapses destined for removal both pathologically in AD and 

developmentally in the CNS. In development, complement plays roles in the remodelling 

of neuronal circuits essential for proper formation and maturation, as exemplified in the 

pruning of synapses in the retinogeniculate system (Stevens et al., 2007).    

The role of complement in AD models is supported through back-crossing to complement 

deficiencies and analysing the effects on the development of pathology. Deficiency of 

C1q in the Tg2576 AD model reduces the burden of synaptic loss and glial activation; 

however, the abundance of amyloid remained unchanged (Fonseca et al., 2004). C1q 

blocking antibodies also inhibited microglial activation and protection against synaptic 

elimination (Dejanovic et al., 2018). Deficiency of C3 in APP/PS1 mice improved 
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cognitive function and reduced microglial activation and dysfunctional neurons near 

amyloid plaques (Shi et al., 2017). However, in the J20 model, deficiency of C3 increased 

the burden of amyloid pathology (Maier et al., 2008).  

These studies indicate that C3, or subsequent downstream complement activation 

fragments, may have both damaging and protective roles in AD pathology. Increased C3a 

signalling, in response to amyloid plaques was shown to activate NfkB and disrupt 

neuronal morphology and function; blockage of C3aR restores these neuronal changes 

and rescue cognitive deficits in AD models (Lian et al., 2015). Microglia phagocytic 

signalling in an activity-dependent manner involving CR3 and C3b/iC3b, is important for 

the postnatal development and remodelling of synapses in the retinogeniculate system 

(Schafer et al., 2012). Fibrinogen, an blood based coagulation protein that binds to CR3 

is found to induce microglial activation leading to excessive spine elimination in 

transgenic AD mouse models (Merlini et al., 2019). Although not in an AD model, 

blockage of the complement system, targeted at C1q, also protects against microglial 

pruning of retinal ganglion cell dendrites in chronic models of glaucoma (Williams et al., 

2016). In the developing retina similar finding have also been reported with complement 

also involved in the targeting of newly born retinal ganglion cells which are eliminated 

though microglial phagocytosis. Despite all these studies, the exact mechanisms of 

synaptic remodelling in development and in disease remain unclear. 
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Figure 1.9 Schematic of excessive synapse elimination. Left: In healthy neurons, dendrites are decorated with 

dendritic spines, the site of the postsynaptic region. Spines are vary in morphology, some display larger spine heads, 

reflecting stronger synaptic regions highlighting more stable and functionally relevant synapses. Microglia and 

astrocytes in the ‘healthy’ brain display morphology typical of surveying homeostatic glial cells. Right: In contrast, in 

conditions of neurodegeneration, neurons are substantially pruned for the dendritic spines. Microglia and astrocytes are 

activated and display proinflammatory phenotypes. Created with BioRender.  

 

1.5 Systemic inflammation  

Inflammation is crucial for the response to cellular damage. Acute inflammatory events 

aim to restore homeostasis and trigger an appropriate inflammatory response. However, 

with ageing and in certain diseases, infections become more common and lead to chronic 

bouts of dysregulated inflammation (Chovatiya and Medzhitov, 2014). Neuropathology 

underpinning dementia associates with co-morbidities, often linked to chronic 

inflammation (Cunningham and Hennessy, 2015). 

Neuroinflammation associates with glial cell activation, an elevation of proinflammatory 

cytokines such as IL-1β, IL-6 and TNF-α, and complement activation; together these lead 

to disruption of homeostasis in the CNS. Chronic inflammation both in periphery and in 

the brain which persists over long periods correlates with increased neurodegeneration by 

impairing protein clearance, increasing accumulation of APP and triggering of synaptic 
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elimination (Cunningham and Hennessy, 2015). Therefore, the role of chronic 

inflammation in the periphery to influence in the development of neurodegeneration and 

cognitive impairment needs addressing. Elevated levels of proinflammatory markers have 

been reported in the plasma of AD individuals, even before the onset of AD symptoms 

(Walker et al., 2017; Keenan A. Walker et al., 2019).  

Infections 

Bacterial and viral infections in the periphery influence the CNS and are associated with 

enhanced cognitive impairments in AD (Giridharan et al., 2019). Although the blood-

brain barrier (and blood-retina barrier) protect the CNS by blocking the entry of large 

pathogens, inflammation in the periphery can lead to CNS effects, including the triggering 

of inflammation within the CNS. Although the exact mechanisms are unclear. In cases 

where barriers are disrupted, leukocytes and peripheral immune cells infiltrate into the 

CNS (Varatharaj and Galea, 2017). Therefore, uncontrolled chronic inflammation in the 

periphery associates with neuroinflammation and detrimental effects in 

neurodegenerative diseases.    

Bacterial infections contribute to the burden of neurodegeneration, and in the case of 

sepsis can trigger delirium and cognitive impairment (van Gool et al., 2010). Animal 

models can recapitulate and mimic bacterial infections, commonly through the use of 

Gram-negative bacterial endotoxin, lipopolysaccharide (LPS). LPS triggers systemic 

inflammation which induces neuroinflammation, likely through microglial priming, and 

associates with chronic neurodegeneration and cognitive impairment (Qin et al., 2007; 

Brown, 2019). Gram-negative infections are associated with the progression of AD and 

contribute to amyloid deposition. Recently, chronic infections driven through periodontal 

disease have been linked to low-grade systemic inflammation and increased risk of AD 

(Olsen and Singhrao, 2015). AD models administered with LPS showed increased 

activity of amyloid secretase, intraneuronal APP deposits, amyloid deposition and tau 

pathology (Sheng et al., 2003; Kitazawa et al., 2005; Lee et al., 2008). In models 

involving chronic LPS exposure, inflammatory microglial phenotypes induced and 

maintained the upregulation of complement components such as C3 and complement 

receptors like CD11b which when ligated triggers microglial production of neurotoxic 

reactive oxygen species and neurodegeneration (Qin et al., 2013; Bodea et al., 2014). In 

support of the roles of complement, deficiency of C3 protected against the LPS-driven 
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inflammation (Bodea et al., 2014). In a recent study, a single dose of LPS 

intraperitoneally injected in a mouse model of tauopathy (P301S) caused acute motor 

deficits and contributed to the acceleration of disease, including increased tau pathology 

(Torvell et al., 2019). Peripheral LPS challenge is found to trigger microglial 

hyperactivity and age-associated microglial priming which induces exaggerated 

neuroinflammation (Henry et al., 2009).    

Viral infections, notably herpes simplex virus (HSV), through reactivation of latent 

infection associate with brain regions affected in the early stages of AD (Mangold and 

Szpara, 2019). Antibodies against viruses such as HSV are present in 80% of the 

population and  asymptomatic latent reactivation is common (Sochocka et al., 2017). In 

compromised individuals, such as those suffering from AD, viral reactivation triggers 

cascades of intracellular changes that associate with neurodegeneration. Viral DNA are 

also observed in senile plaques. The identification of viral DNA in the brain is more 

frequent in elderly individuals, thought to be due to compromised brain barriers and 

impaired immune responses (Wozniak et al., 2009). Other viruses such as 

Cytomegalovirus (CMV) and Hepatitis C virus (HCV) can also infect neurons and enter 

latency. CMV seropositivity is associated with an increased risk of AD and cognitive 

impairment (Chiu et al., 2014; Barnes et al., 2015). In animal models, viral infections 

increase the inflammatory response, triggering increases in IL-1β and type I interferon, 

which exacerbate pathology in AD mice (Krstic and Knuesel, 2013). 

Other sources of inflammation 

Although infections are one of the factors that can lead to peripheral inflammation, diet 

also impacts and can cause increasing proinflammatory markers. Obesity and a high-fat 

diet both associate with peripheral inflammation and the triggering of neuroinflammation 

accompanied by reduced neurotrophic agents such as BDNF, excessive synaptic pruning 

and cognitive deficits (Knight et al., 2014; Miller and Spencer, 2014). Recently, changes 

associated with the gut-brain axis leading to dysbiosis were also linked to cognitive 

impairments (Ma et al., 2019). In a healthy gut, the microbiome is essential in maintaining 

homeostasis and provides a protective barrier (Belkaid and Hand, 2014). Bacteria such as 

Bifidobacteria and Lactobacillus are beneficial to the host and are the main bacterial 

strains used in probiotic supplements (Fijan, 2014). The composition of the gut 

microbiome has a key role in modulating circulating inflammation (Grigg and 
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Sonnenberg, 2017). Lactobacillus probiotics have been successful in rescuing behaviours 

and neuroinflammation in mouse models (Lebovitz et al., 2019). In situations of gut 

dysbiosis, induced either through diet, antibiotics or stress, changes to the microbiome 

can trigger long-term sustained chronic levels of proinflammatory cytokines which 

associates with dysfunction synaptic plasticity and impact on the progression of 

neurological diseases including AD (Saiyasit et al., 2020). It is possible that modulation 

of the gut microbiome, potentially through probiotics, might offer a therapeutic option to 

decrease circulating peripheral inflammation with beneficial effects on AD pathology and 

disease progression. 
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1.6 Aims and hypothesis  

This thesis explores changes in RGC dendritic structure and CA1 hippocampal dendritic 

spine density in mouse models related to AD. The work primarily utilises the DiOlistic 

neuron labelling technique accompanied by the reconstruction of individual RGC 

dendrites and of dendritic spines. These provide sensitive indicators of early stages of 

neurodegeneration in the retina and brain. In addition to AD mouse models, this thesis 

also explores the impact on RGCs and hippocampal spines of deficiencies in the 

complement system, inflammatory challenges, diet and probiotics.   

The work in this thesis tests the hypotheses that RGC dendritic pruning is a robust readout 

to reflect changes in synaptic density in the hippocampus in mouse models of AD, 

complement deficiency, peripheral inflammation and dietary interventions.   

This thesis focuses on five key aims presented as separate experimental chapters.  

1. To assess whether RGC dendritic pruning is a consistent feature of AD mouse 

models (Tg2576, 3xTg-AD and APPNL-G-F).  

2. To determine the extent of synaptic loss (dendritic spines) on CA1 neurons in the 

hippocampus in AD mouse models (Tg2576, 3xTg-AD and APPNL-G-F). 

3. To establish whether complement deficiency impacts the fate of RGC dendrites 

and CA1 hippocampal dendritic spines.   

4. To gauge whether systemic inflammation (bacterial and viral infections) triggers 

an exacerbation of RGC dendritic pruning and CA1 hippocampal spine loss in 

wildtype and AD mice (3xTg-AD).  

5. To evaluate whether probiotic dietary supplementation offers neuronal protection 

against RGC dendritic pruning and CA1 hippocampal spine loss in AD mice 

(3xTg-AD).  
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Chapter 2. Methods 

2.1 Animals 

The use of animals was crucial for the acquisition of data and the completion of this thesis. 

Where possible, both the eyes and brain were analysed from individual animals to limit 

the number used in experiments. In all instances, the health and wellbeing of all animals 

were the priority. All protocols were conducted under the ethical guidelines at Cardiff 

University under the following project licences: PPL 30/3313, PPL 30/3038, PPL 

30/3120, PF4167C0A, and P0EA855DA.  

All animals in this study were group-housed where possible in standard environmentally 

enriched cages in a 12-hour light-dark cycle. Mice used for the analysis of the impact of 

viral infection and probiotic supplementation were housed pathogen-free in scantainer 

ventilated cages. All animals had unlimited access to standard chow food or high-fat diet 

as appropriate and water. All animals were frequently health checked; where necessary, 

additional health checks were included such as the monitoring of ageing and expected 

adverse effects of administered agents. In all instances, experiments required the use of 

fresh tissue samples, rather than fixed. Therefore, animals were transferred from the 

housing facility to the specific experimental rooms. All animals were health checked 

before transfer and moved under regulations in place at Cardiff University. This thesis 

analysed the following models: Tg2576 (gifted by Professor Mark Good), 3xTg-AD (The 

Jackson Laboratory), APPNL-G-F (RIKEN, Japan), 3xTg-AD C3-/- (crossed in house by Dr 

Tim Hughes), 3xTg-AD C6-/- (crossed in house by Dr Tim Hughes), C1q-/- (gifted by 

Professor Marina Botto through a collaboration with Professor B. Paul Morgan), C3-/- 

(gifted by Professor Mike Carroll through a collaboration with Professor B. Paul 

Morgan), C3aR-/- (gifted by Professor Craig Gerard through a collaboration with 

Professor B. Paul Morgan), TREM2-/- (gifted by Professor Peter St. George Hyslop 

through a collaboration with Professor B. Paul Morgan) and C57BL/6 (in house colony). 

Table 1 provides further details on the animal models.   
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Table 1 Further details on the animal models used in this thesis. 

Mouse 

Model 

Genetic 

Background 

Number of 

backcrosses 

Breeding 

regimes  

Genotyping 

methods 
Primer sequences Catalogue number 

Original 

paper 

Tg2576 Mixed - Heterozygous 
Ear biopsy- 

PCR 

1502: GTGGATAACCCCTCCCCCAGCC TAGACCA 

1503B: CTGACCACTCGACCAGGTTCTGGGT  

1501: AGCGGCCAAAGCCTGGAGGGTGGAACA 

(Hall et al., 2016) 

In house colony 

(Hsiao et 

al., 

1996a) 

3xTg Mixed - Homozygous 
Ear biopsy- 

PCR 

https://www.jax.org/Protocol?stockNumber=004807&protocolID=6115 

https://www.jax.org/Protocol?stockNumber=004807&protocolID=23370 

Combined with test breeding to generate the complement crosses (c3 and 

C6) 

https://www.jax.org/Protocol?stockNumber=004807&protocolID=35216 

34830-JAX 
(Oddo et 

al., 2003) 

APP 

NLGF 
B6/J - Homozygous 

Ear biopsy- 

PCR 

Exon 16 WT: ATCTCGGAAGTGAAGATG 

WT: TGTAGATGAGAACTTAAC 

Exon 16 Mut: ATCTCGGAAGTGAATCTA 

Lox P: CGTATAATGTATGCTATACGAAG 

RBRC06344  

RIKEN, Japan 

(Saito et 

al., 2014) 

WT B6/J - - - - In house colony - 

3xTg 

C3 -/- 
Mixed 

Single 

Backcross 
Homozygous 

Ear biopsy- 

PCR 
See above for 3xTG combined with C3 pcr below In house colony - 

3xTg 

C6-/- 
Mixed 

Single 

backcross 
Homozygous 

Ear biopsy- 

PCR 
See above for 3xTG combined with C6 SNP pcr assay (Thermo) In house colony - 

C1q-/- B6/J - Homozygous 
Ear biopsy- 

PCR 

mC1qA/5’: GGGGCCTGTGATCCAGACAG 

mC1qIN/2- : TAACCATTGCCTCCAGGATGG 

Neo3: GGGGATCGGCAATAAAAAGAC 

 

Professor Marina 

Botto through a 

collaboration with 

Professor B. Paul 

Morgan 

(Cook et 

al., 2002) 

C3-/- B6/J - Homozygous 
Ear biopsy- 

PCR 

Common oIMR1325: ATCTTGAGTGCACCAAGCC  

Wild type oIMR1326: GGTTGCAGCAGTCTATGAAGG  

Mutant oIMR7415: GCCAGAGGCCACTTGTGTAG  

Professor Mike 

Carroll through a 

collaboration with 

Professor B. Paul 

Morgan 

Jackson Laboratory 

B6;129S4-

C3tm1Crr/J Stock 

No: 003641 

(Cook et 

al., 2002) 

 

C3aR-

/- 
B6/J - Homozygous 

Ear biopsy- 

PCR 

Forward: GCTTCCTGGTGCCGTTTTTC 

Reverse: GTTTTGTTCCGAGACTTGGTGAA 

Professor Craig 

Gerard through a 

collaboration with 

Professor B. Paul 

Morgan 

Jackson Laboratory 

C.129S4-

C3ar1tm1Cge/JStock 

No: 005712 

(Humbles 

et al., 

2000) 

 

Trem2-

/- 
B6/J - Homozygous 

Ear biopsy- 

PCR 

Forward: CAGTGTCAGAGTCTCCGAGG 

Reverse: CACAGGATGAAACCTGCCTGG 

Gifted by Professor 

Peter St. George 

Hyslop through a 

collaboration with 

Professor B. Paul 

Morgan 

- 
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2.2 DiOlistic Labelling 

Morphological labelling of neurons typically relies on the expression of fluorescent 

markers. However, these techniques are problematic when assessing degenerating tissue. 

Therefore, this thesis primarily used DiOlistic labelling, a method that relies on 

membrane dye diffusion. DiOlistic labelling is a robust technique for evaluating neuronal 

morphology in the retina and brain (Gan et al., 2000; Kima et al., 2007; Staffend and 

Meisel, 2011; Cheng et al., 2014). The technique requires expert and speedy dissection 

of fresh tissue samples to minimise the impact of tissue damage and degeneration. In 

brief, tungsten particles coated with lipophilic dyes are pressure-blasted onto retinal 

explants and hippocampal slices. Dyes diffuse in membranes and reveal randomly 

labelled RGCs and hippocampal neurons capable of identifying structural morphology. 

Labelled neurons are confocally imaged and reconstructed for quantitative analysis. 

These provide a sensitive readout for dendritic arborisation and dendritic spine coverage 

in the retina and hippocampus respectively. Figure 2.1 provides an overview of the 

DiOlistic experimental setup.  

 

Figure 2.1 Overview of DiOlistic labelling. (A) Animals are transferred to the dissection lab following the necessary 

health checks. (B) Mice are killed by cervical dislocation with the eyes enucleated with the retinas dissected and flat 

mounted, ganglion cell layer up. (C) The hippocampus is then isolated from the mouse brain and sliced on a McIlwain 

tissue chopper. (D) Both retinal explants and hippocampal slices are subjected to DiOlistic labelling with tungsten 

coated with lipophilic dyes. (E) After dyes diffuse along the neuronal membranes, both RGCs and hippocampal 

dendritic spines are visualised and confocally imaged. Illustration created in BioRender.  
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2.2.1 Retina and hippocampus dissection 

Mice were killed by cervical dislocation followed by the removal of the eyes and brains 

into chilled (4oC) in HBSS (Hank’s balanced salt solution; ThermoFisher) dissection 

medium. For isolation of the retina, eyes were needle punctured at the limbus to enable 

the removal of the cornea, lens, sclera and vitreous with the retina orientated GCL up. For 

isolation of the hippocampus, brains were sagittally cut and the hippocampus removed. 

A McIlwain tissue chopper, set at 200 µm, sliced the hippocampus into consistent slices, 

approximately 10-15 per hippocampal hemisphere. Tissue for storage was fixed in 4% 

paraformaldehyde (PFA; Sigma). Retinal explants and hippocampal slices were 

transferred to separate histology slides, positioned centrally and allocated for DiOlistic 

labelling. Optimum dye diffusion required fresh tissue samples; therefore, dissection time 

was critical. The total time from tissue removal to DiOlistic labelling was less than 10 

minutes per animal. Figure 2.2 provides a summary of the dissection.            

 

Figure 2.2 Overview of tissue dissection. The total time from eye and brain dissection to the DiOlistic labelling station 

per mouse was no greater than 10 minutes. Created with BioRender.    
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2.2.2 DiOlistic Preparation 

DiOlistic labelling relies on the preparation of tungsten particles coated in fluorescent 

lipophilic dyes, with the relative amount of label determining, in part, the extent of 

neuronal labelling. Typically, 2 mg of 1,1’-Dioctadecyl-3,3,3’,3’-

Tetramethylindocarbocyanine Perchlorate (DiI, Life Technologies) and 4 mg of 

3,3’Dioctadecloxacarbocyanine Perchlorate (DiO, Life Technologies) were separately 

dissolved in 200 µl of methylene chloride (Sigma) and applied dropwise to a glass slide 

covered in an even distribution of 40 mg of 1.7 µm diameter tungsten particles (BioRad). 

Methylene chloride evaporated enabling the drying of the dyes onto the tungsten particles. 

To ensure efficient multicolour labelling, dye-coated particles were mixed after drying. 

Coated tungsten particles were then funnelled into 30 cm of Ethylene tetrafluoroethylene 

(ETFE) tubing (BioRad) ensuring an even distribution in the tubing. Dye covered ETFE 

‘bullets’ were cut at 1.2 cm and stored in the dark at room temperature until use. 

Typically, the creation of the ‘bullets’ was ad hoc; however, excess was stored and used 

for up to two months.                 

2.2.3 DiOlistic labelling 

DiOlistic ‘bullets’ were loaded into the Helios gene gun (BioRad) and primed at 100 psi. 

Histology slides containing the retinal explants and hippocampal slices were placed 

beneath the gene gun. DiOlistic bullets were fired at a pressure of 100-120 psi for retinal 

explants and 80-100 psi for hippocampal slices through a BD falcon cell culture insert 

with a pore size of 3 µm (BD Biosciences) to minimise dye aggregation. These pressures 

provided the optimal degree of labelling; heavier coated bullets and/or higher pressure 

resulted in over-labelling of the tissue, while lightly coated bullets and/or low pressure 

resulted in under labelling. It was noted that hippocampal slices required a lower pressure 

in comparison to retinal explants. The distance between the tissue samples and the gene 

gun, including the cell culture insert was approximatley 10 cm. Post-labelling, tissue 

samples were transferred on the histology slides to 10 cm culture dishes and submerged 

in Neurobasal-A medium (Life Technologies). Care was taken to prevent flipping of the 

tissue, especially hippocampal slices, as it was not possible to image flipped tissue slices. 

Dyes were allowed to diffuse along randomly labelled neurons in the tissue by incubating 

at 37oC with 5% CO2 for 25 minutes. Labelling was checked briefly under a standard 
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fluorescence microscope (Zeiss) to ensure sufficient labelling. Tissues were fixed in 4% 

PFA for at least 30 minutes, under-fixation was associated with dye leakage whereas over 

fixation did not impede dye imaging once labelled. Both retinal explants and hippocampal 

slices were nuclear stained with Hoechst 33342 (1:1000, ThermoFisher) for 10 minutes 

and coverslipped using the FluorSave (MilliporeSigma) mounting agent. Slides were 

stored in the dark at 4oC to prevent further dye quenching and confocally imaged the next 

day for optimal acquisition of morphology.    

2.2.4 Confocal Imaging 

All images in this thesis were collected using a Leica SP8 lightning confocal microscope. 

Imaging setups consisted of three channels, Hoechst, DiO and DiI at the necessary 

wavelengths. Figure 2.3 provides the spectral wavelengths for the imaging Hoechst, DiI 

and DiO fluorescence. 

It was optimal to collect RGC images before dendritic spines due to the vulnerability of 

RGC staining to increased dye leakage. Each retina was screened and marked for RGCs 

on the LASX software, typically marking 8-10 cells per retina. Due to the variation in the 

labelling, some retinas yielded higher cell densities whereas others revealed fewer cells. 

Neuronal morphology and the relative position in the retina i.e. in the GCL, a typical 

dendritic field and a clear axon projecting towards the optic nerve head, differentiated 

RGCs from other cell types. Overlapping dendritic fields that prevented single-cell 

delineation were excluded from imaging. RGC dendritic fields were collected using the 

HC PL APO CS2 20x/0.75 dry objective under the resonant imaging set up with a scan 

speed of 8,000 Hz. Photomultiplier tube (PMT) detector collected Hoechst 33342 and 

DiO fluorescence signal with gains set at 550 and laser intensity up to 30%, dependent 

on the signal intensity. A HyD detector collected DiI fluorescence signal with gain set at 

10 (minimal) and laser intensity up to 1%. All RGC images were 1024 x 1024 with a 

pixel size of 0.455 µm and a z-axis interval of 1 µm. Line averaging improved signal to 

noise and was typically at 2-4. Each image, including the full dendritic field depth into 

the IPL, required typically 30 seconds of acquisition. A balance between resolution and 

scan time required compromise as typically, image acquisition for both retinas from a 

mouse took 30 minutes. Therefore, a cohort of 10 animals required ~5 hours of confocal 

time for RGC analysis alone. 
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Following imaging of RGCs, hippocampal slices were imaged for CA1 hippocampal 

spines of apical dendrites. Each mouse generated up to 15 hippocampal slices, from each 

of which typically 8 neurons were imaged. Hippocampal slices were more susceptible to 

over labelling; therefore, it was beneficial to under label during the DiOlistic labelling. 

Dendritic spines were imaged on CA1 apical dendrites and selected based on the clear 

identification of dendritic segments originating from CA1 neurons and minimal 

overlapping of other neurons. DiI labelling was analysed at the necessary wavelengths 

using the HC PL APO CS2 63x/1.40 oil objective in the resonant imaging set up with a 

scan speed of 8,000 Hz. A HyD detector collected DiI fluorescence signal with gain set 

at 10 (minimal) and laser intensity up to 1%. All spines images were 1024 x 1024 with a 

pixel size of 0.144 µm and a z-axis interval of 0.184 µm. Line averaging improved signal 

to noise and typically set at 2-4. All spine images were lightning deconvolved using 

default settings to enhance the distinction of spine morphologies. Typically, image 

scanning for a single dendritic segment took 1 minute of acquisition, with a balance 

achieved for resolution and scan speed. A total image session for all stages per mouse 

totalled 20 minutes, which corresponded in a cohort of 10 animals to 3.5 hours of spine 

confocal imaging.           

 

Figure 2.3 DiOlistic fluorescent wavelengths for confocal imaging. Dashed line corresponds to excitation, solid line 

corresponds to emission spectrum. From left to right: Hoechst 33342, DiO and DiI. Created with ThermoFisher 

Fluorescence SpectraViewer.    
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2.3 RGC dendritic reconstruction and data acquisition  

2.3.1 Dendritic reconstruction 

RGC dendritic morphology across the different subtypes is reflected by the diversity of 

the dendritic arborisation (Figure 2.4). Therefore, it is important to sample a wide range 

of RGCs from each group in order to account for the variation in complexity. 

Measurement of the dendritic arborisation is a reliable measure for early stages of 

neurodegeneration, with typically a reduction in complexity indicative of pathological 

conditions. Dendritic reconstruction is achievable in many programs; however, these 

often rely on individual bias, compression of images into 2D or loss of hierarchical 

dendrite branching and require a lot of time. ImageJ, routinely used with tracing plugins 

takes around 20 minutes of manual tracing per cell, which translates to many days of 

continued tracing for entire groups. Newer, more advanced technologies are available, 

including Imaris (Bitplane) featuring FilamentTracer, which rapidly delivers dendrite 

reconstructions and improved data output compared to other commonly used alternatives. 

RGC dendritic fields were reconstructed using an optimised protocol within Imaris 

(v9.3.1, Bitplane) (Figure 2.5). Raw confocal images were imported into Imaris and 

converted to the native Imaris file format (Figure 2.5A). The channel of interest, i.e. the 

DiI or DiO labelled channel, was selected (Figure 2.5B) and a ‘region of interest’ (ROI) 

was positioned around the dendritic field (Figure 2.5C). Absence of an ROI prompted 

tracing of the entire image regardless of adjacent cells. Based on the relative thresholding, 

Imaris determined the cell body and a starting point for dendritic tracing (Figure 2.5D). 

In the calculations, ‘seed points’ are positioned on potential dendrites (Figure 2.5E). It 

was advantageous to remove the seed points near the cell body approximately 10-30 µm 

radius to improve tracing capability proximal to the cell. Using measures such as dendrite 

diameter, Imaris calculates the relative thickness of the dendrites to determine dendritic 

hierarchy and branching patterns (Figure 2.5F). These stages ultimately lead to the 

dendrite tracing of an individual RGC (Figure 2.5G), with the data exported for analysis. 

In all stages, default and relative automatic thresholding offered the best tracing 

capability. However, in weakly labelled images or overlapping of adjacent cells, manual 

adjustments were required. For a ‘clean’ image, in absence of dye debris and adjacent 
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overlapping cells, tracing an entire dendritic field required 2 minutes, 10-fold quicker 

than manual techniques.   

 

 

Figure 2.4 RGC dendritic morphology is highly variable and is detected through the DiOlistic labelling process. 

Arrows indicate RGC axon. Scale bar 50 µm    
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Figure 2.5 Reconstruction of RGC dendritic complexity using Imaris Filament Tracer module. (A) Raw confocal 

RGC images are imported into Imaris. (B) Channel of interest is selected, in this example the red channel. (C) A region 

of interest is positioned around the dendritic field. If the region was not specified Imaris would attempt to trace the 

entire image. (D) Imaris calculates the cell body based on thresholding. (E) Dendrites are detected and labelled with 

‘seed points’ to indicate areas used in the calculation of dendritic branching. (F) In the calculation of the dendritic 

branching, Imaris calculates relative diameters of dendrites. (G) This process results in the 3D reconstruction of the 

dendritic arborisation of an individual RGC. Scale bar 50 µm for A-D and F-G, scale bar 15 µm in E. 
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2.3.2 Sholl analysis and associated parameters 

Dendritic arborisation is generally assessed by Sholl analysis (Sholl, 1953), an 

appropriate technique for demonstrating the morphology of neurons both in the retina and 

brain (Figure 2.6). A shift in the Sholl profile indicates changes in the overall dendritic 

architecture. Imaris automatically determines the Sholl analysis for each reconstruction 

created with FilamentTracer and expresses the morphology in 3D; information usually 

lost in other programs.    

Sholl analysis is a measure of dendritic complexity as a function of distance from the cell 

body. A Sholl curve is generated by quantification of the number of dendrites that 

intersect set interval concentric rings (10 µm for RGCs) (Figure 2.6A). An RGC with 

more dendrites, larger and more complex dendritic field is mirrored by an increase in the 

number of Sholl intersections. Typical wildtype RGC from an adult mouse exhibits a peak 

Sholl curve at around 60 µm from the cell body with around 20 intersections. Until the 

peak, the dendrites typically correspond to primary-quaternary branches. The Sholl curve 

then steadily declines after the peak. A shift in the Sholl profile shows alterations to the 

dendritic arborisation, often corresponding to dendritic pruning (Figure 2.6B). In models 

of neurodegeneration, dendritic complexity is decreased, which is reflected by a smaller 

peak of the Sholl curve and fewer total number of intersections for the entire Sholl curve. 

Dendritic loss generally appears in distal dendrites around and after the peak, whilst 

maintaining the number of proximal dendrites.  

Besides the Sholl curve, other parameters provide further details on the extent of dendritic 

arborisation. The area under the Sholl curve (AUC) is a measure of overall dendritic 

complexity. AUC takes into account the total number of Sholl intersections and is an 

effective representation of overall variations in the Sholl curve. In models of excessive 

dendritic pruning, AUC is reduced. The maximum number of Sholl intersections/ peak of 

the Sholl, provide a reflection on the point of the highest complexity. In models of 

substantial dendritic loss, it reduces the peak of the Sholl curve. Another method useful 

in assessing dendritic complexity is the overall length of all the reconstructed dendrites, 

in models of dendritic loss, this measure is reduced. 
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Figure 2.6 Sholl analysis of RGC dendritic arborisation. (A) Typical example of an RGC that have been imaged 

following DiOlistic labelling to revel the dendritic arborisation. In the process of preforming the Sholl analysis, Imaris 

calculates the number of dendrites in 3D on the original confocal raw image and records the number of dendrites that 

intersect concentric circles at set intervals, 10 µm for RGCs. Scale bar 100 µm (B) Typical example Sholl profile 

representing the number of intersections at the set intervals from the cell body. Adult wildtype mice (blue line), on 

average, display RGCs with highest complexity (peak of the Sholl curve) at around 60 µm from the cell body and 

around 20 intersections. After the peak of the curve, the number of intersections gradually decrease further away from 

the cell body. Dendritic loss (red line), even in cases of subtle pruning, is detected by a shift in the Sholl curve with 

fewer intersections compared to the wildtype levels. In RGCs with substantial dendritic loss, the peak of the Sholl curve 

is typically reduced to around 10-15 followed by fewer intersections after the peak.   
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2.3.3 Receptive field classification  

As previously discussed, RGCs extend their dendrites into the IPL; those terminating in 

sublamina b close to the GCL are termed ON-centre, whereas dendrites terminating in 

sublamina a are termed OFF-centre. In contrast, RGCs with dendrites laminating in both 

layers are termed ON-OFF centre (Wyk et al., 2009; Williams et al., 2010; Baden et al., 

2016). The prevalence of ON and OFF RGCs are comparable, whereas ON-OFF RGCs 

are less frequent. This thesis only analysed ON and OFF RGCs. An RGC is categorised 

as ON centre when the dendrites start in close proximity to the cell body often within a 

few micrometres in the dendritic field (Figure 2.7A). In contrast, OFF-centre RGCs 

laminate further away and are distinguishable with a substantial gap (10-20 µm) between 

the end of the cell body and the start of dendritic branching (Figure 2.7B). It is 

occasionally challenging to establish dendritic depth due to retinal folds occurring during 

dissection or compression of the retinal explant. 

 

Figure 2.7 RGC receptive field classification. (A) Typical example of an RGC that is classified as ON-centre. 

Dendrites project in the sublamina b of the IPL and occur close to the cell body. (B) Typical example of a RGC 

classified as OFF-centre. Dendrites project into the sublamina b of the IPL with a distinctive gap between the cell body 

and the start of dendritic lamination. Scale bar 100 µm. Abbreviations: IPL, inner plexiform layer.    
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2.3.4 Nuclei counts in the ganglion cell layer  

In models of retinal degeneration, the loss of nuclei in the GCL (reduced RGCs) is 

described. Although in models of AD, cell loss is not an expected feature, this thesis 

quantified the number of nuclei in the GCL using Hoechst 33342 labelling on the 

DiOlistic images. In Imaris, nuclei were enumerated using the Spots function to obtain an 

average GCL nuclei count per animal. In all conditions the parameters were kept 

consistent and based on relative automatic thresholding in Imaris.    
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2.4 Dendritic spine reconstruction and data acquisition  

2.4.1 Dendritic spine reconstruction 

Quantification of dendritic spines provides the number of postsynaptic sites on dendrites. 

Many approaches to quantify dendritic spines rely on manual counting, which is time-

consuming and involves considerable human judgment. Imaris, using the FilamentTracer 

module, evaluates the density of dendritic spines and runs an inbuilt MATLAB Spine 

Classifier extension to determine spine morphology (Figure 2.8) (Basu et al., 2018; M et 

al., 2018).  

Raw, lightning deconvolved dendritic spine images were imported into Imaris with 

several ROI positioned along dendritic segments typically stretching 30 µm (Figure 2.8A-

B). Imaris determines potential starting points to establish the base dendrite by relative 

thresholding (Figure 2.8C). At this stage, several possible starting positions are proposed 

with the desired option manually selected. In comparison to RGCs which are decorated 

with ‘seed points’ along the dendrites, the base dendrites for spine analysis are manually 

controlled with seed points located at the end of the segment (highlighted by the arrows) 

(Figure 2.8D). Imaris determines the relative diameters and traces the base dendrite 

(Figure 2.8E-F), and automatically positions spine seed points decorating the traced 

dendrite (Figure 2.8G). Imaris calculates the relative diameters and sizes of the dendritic 

spines from the positioned spine seed points, (Figure 2.8H), and reconstructs dendritic 

spines (Figure 2.8I). Spine seed points with spine heads greater than 0.45 µm provided 

the optimum determination of dendritic spines. For all data, spine density is displayed per 

10 µm of dendrite.                  

2.4.2 Dendritic spine classification 

Following the reconstruction of all the dendritic spines on the traced dendritic segment, 

spines were morphologically classified Using the Spine Classifier MATLAB extension 

based on parameters associated to size of spine heads and spine necks (Figure 2.8J). 

Several rounds of optimisation were performed that matched manual recording. Stubby 

spines were best classified when spine length was less than 0.8 µm, and mushroom spines 

when the length of the spine was less than 3 µm, and the spine head was larger than the 
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spine neck. Any spines that were greater than 3 µm were classified as filopodia, these 

were very infrequent. The remaining spines, featuring a long spine neck and a relatively 

small spine head were classified as thin spines. All criteria were consistent throughout the 

analysis for all groups. An overview of the various spine types is represented in Figure 

2.9.      

 

Figure 2.8 Reconstruction of hippocampal dendritic spines using Imaris Filament Tracer module and Spine 

Classifier. (A) Raw confocal hippocampal dendritic image imported into Imaris, image is magnified on a dendritic 

segment for reconstruction. (B) A region of interest is positioned around the dendritic segment. If the region was not 

specified Imaris would attempt to trace the entire image. (C) Imaris calculates starting points. (D) A single starting 

point is selected and ‘seed points’ are positioned on the dendritic segment, indicated by the arrows. (E) Imaris 

determines the diameter of the dendrites used for tracing. (F) The dendrite is traced. (G) ‘Seed points’ are positions on 

regions Imaris calculates are related to dendritic spine protrusions. Note in the determination of spine coverage seed 

points at a distance away from the traced dendrite are temporary calculations used to determine the position of dendritic 

spines. (H) Imaris determines the relative sizes and diameters of the dendritic spines, crucial for spine classification. 

(I) Traced dendritic segment with the associated dendritic spine coverage. (J) Dendritic spines are classified using the 

MATLAB Spine Classifier extension into stubby (red), mushroom (green) and thin (blue) spines. Scale bar 5 µm. 
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Figure 2.9 Representation of dendritic spine morphologies. Dendritic spines are morphologically classified based 

on spine head and neck. Stubby (white arrows) spines are identified by short protrusions from the dendritic shaft that 

do not have a distinctive spine neck. Mushroom (yellow arrows) spines have a distinctive enlarged spine head and a 

thin spine neck. Thin (blue arrows) spines are long and thin, lacking the enlarged spine head. Scale bar 5 µm. 

2.5 Immunofluorescence  

There are only a few antibodies that reliably identify RGCs, in preparation of this thesis 

several antibodies were assessed; however, only RBPMS (RNA-binding protein with 

multiple splicing, NBP2-20112, Novus, dilution of 1:1000), which exclusively identified 

RGCs was included.  

Eyes allocated for immunofluorescence were fixed overnight in 4% PFA followed by 

30% sucrose and cryopreserved in Optimal Cutting Tissue solution. Frozen tissue blocks 

were sectioned at 15 µm using a cryostat and stored at -80oC. For immunofluorescence 

staining, sections were defrosted and hydrated in 0.1% Triton in PBS. Sections were 

subjected to heat-induced antigen retrieval (Sodium Citrate Buffer (10mM Sodium 

Citrate, 0.05% Tween 20, pH 6.0)) for optimal staining. Sections were blocked in 5% 

normal serum for 30 minutes, followed by overnight primary antibody incubation. 

Sections were washed in PBS, and detection of primary antibody binding was achieved 

with fluorescent conjugated secondary antibodies (Alexa Fluor Plus). Sections were 
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washed in PBS and nuclei stained with Hoechst 33342 followed by mounting in 

FluorSave. Sections were stored at 4oC in the dark and confocally imaged within one 

week. RBPMS staining was imaged using the Leica SP8 confocal using similar 

parameters to those applied for imaging of DiOlistic labelling of RGCs.    

2.6 Statistical analysis 

All data was collected using Imaris v 9.3 (Bitplane, Zurich, Switzerland) with statistical 

analyses performed using GraphPad Prism 8. Data sets were checked for normality with 

two group analyses, normally distributed data were analysed using unpaired t-test, and 

non-normally distributed data were analysed using the non-parametric Mann-Whitney-U 

test. For Sholl analysis, the number of intersections were compared at each interval using 

the non-parametric Mann-Whitney-U test. For three or more group analyses, data sets 

were analysed using one-way ANOVA and/or Kruskal–Wallis test. To test for statistical 

difference between groups (e.g. the effect of genotype and gender), two-way ANOVA 

was used with Tukey’s post hoc test. All Sholl analysis are displayed as mean values ± 

standard error of the mean (SEM). For all other data, unless stated, data is displayed as 

mean values ± standard deviation of the mean (SD). Significance is denoted as * = p 

<0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. 

  



Chapter 3  53 

 

Chapter 3. Retinal ganglion cell dendritic pruning in 

mouse models of Alzheimer’s disease 

3.1 Introduction  

Alzheimer’s disease (AD) pathology is characterised by extracellular amyloid plaques 

and neurofibrillary tangles accompanied by neuroinflammation and synaptic loss that 

ultimately result in severe brain atrophy and cognitive deficits (Hardy and Higgins, 1992; 

Querfurth and Laferla, 2010; Serrano-Pozo et al., 2011; De Strooper and Karran, 2016). 

Synaptic loss, rather than amyloid and tau, are the stronger correlators with AD severity. 

Synaptic changes are detectable even in the early stages of neurodegeneration, and are a 

potential therapeutic target (Tampellini, 2015; De Strooper and Karran, 2016). The 

detection of neurodegeneration, before cell loss, is challenging from human studies and 

relies on observations from animal models that recapitulate features of the disease.   

Others have described visual impairment as an early symptom in some individuals 

diagnosed with neurodegenerative disease, including AD (Lemos et al., 2012; Graewe et 

al., 2013). Visual deficits such as reduced acuity, field defects, changes in contrast 

sensitivity, impaired object recognition, altered face perception and delayed visual 

processing are found (Marquié et al., 2019). While of importance, these observations have 

not pinpointed specific locations in the visual pathway that consistently account for a 

reduction in visual performance. The retina has been suggested as an avenue for in vivo 

detection and monitoring of the CNS, since the retina is an extension of the brain and 

accessible for imaging (Ran et al., 2009; London et al., 2013; Mahajan and Votruba, 

2017). AD retinal pathology mirrors that identified in the brain, including neuronal cell 

loss, wherein retinal ganglion cells (RGCs) are vulnerable (Chiquita, Rodrigues-Neves, 

et al., 2019). However, loss of RGCs, thinning of the retinal nerve fibre layer and other 

features related to AD pathology have not been a consistent finding and when described 

have not correlated with pathological CNS changes (Ho et al., 2014; Williams et al., 

2017).  

RGCs are particularly susceptible to degeneration because of their intraocular 

unmyelinated axons, high energy demand and complex dendritic arbours. RGC dendritic 
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morphology associates with neuronal function, whereby dendritic atrophy correlates with 

visual decline. RGC dendritic pruning is characterised by the loss of dendritic complexity 

and is a feature in retinal neurodegeneration models (Williams, Howell, et al., 2013; 

Williams et al., 2016). The underlying mechanism of dendritic loss is uncertain; however, 

it is a crucial feature in the early stages of neurodegeneration. RGC dendritic loss has 

been reported in one AD mouse model (Tg2576) (Williams, Thirgood, et al., 2013). 

However, it is not yet clear whether these findings are reproducible across other AD 

mouse models and, if so, whether they correspond with degenerative events in the CNS.  

To address these issues, in this chapter, I characterised the RGC dendritic morphology in 

overexpressing (Tg2576, 3xTg-AD) and knock-in (APPNL-G-F) AD mouse models. RGCs 

were morphologically assessed using DiOlistic labelling which is an approach that is not 

contingent on cell health (Schlamp et al., 2001; Huang et al., 2006; Williams, Howell, et 

al., 2013). I also assessed whether the RGC receptive field, age and gender associate with 

RGC dendritic complexity. This chapter provides consistent evidence that RGC 

degeneration exists in both overexpressing and knock-in AD models, and reinforces the 

possibilities of exploiting the retina to observe early stages of neurodegeneration in AD.   
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3.2 Experimental Setup  

In this chapter I assessed the dendritic arborisation of RGCs in the Tg2576, 3xTg-AD and 

APPNL-G-F mouse models of AD in comparison to wildtype mice. Chapter 2 provides a 

detailed description of the protocols used to assess RGC dendritic complexity. Figure 3.1 

presents an overview of the methods used in this chapter for the assessment of RGC 

dendritic complexity in the AD models by DiOlistic labelling.  

Previously, only the Tg2576 strain had been assessed and compared to wildtypes, 

displayed increased RGC dendritic pruning in the retina of 14-month-old mice (Williams, 

Thirgood, et al., 2013). I re-evaluated the Tg2576 AD model for RGC dendritic loss at 

12 and 15 months. Due to animal availability, only male mice were included. In order to 

determine whether RGC dendritic pruning is common in AD mouse models, two 

additional well characterised models were analysed. The 3xTg-AD model has 

demonstrated retinal pathology in other studies; however the impact on RGC dendritic 

complexity is uncertain (Grimaldi et al., 2018; Salobrar-García et al., 2020). In this 

chapter I assessed 3xTg-AD mice at ages 3, 6, 9, 12 and 15 months and both and female 

mice. A third AD model was included as others report that transgenic models may exhibit 

potential artefacts that cause retinal pathology (Saito et al., 2014; Jankowsky and Zheng, 

2017; Sasaguri et al., 2017). I assessed the APPNL-G-F knock-in model at 7 and 12 months 

for both genders. These AD models were compared to wildtype mice from both genders 

at 12 months, which depict typical RGC dendritic complexities. Additional littermate 

wildtypes were included when analysing the Tg2576 cohort; these littermate wildtypes 

are the same control line used in the original report (Williams, Thirgood, et al., 2013), 

whereas all other wildtypes are C57BL/6J.    
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Figure 3.1 Experimental overview for Chapter 3 addressing RGC dendritic arborisation in AD mouse models. 

(A) Main objective for Chapters 3. (B) The different animal models used in this chapter. (C) Details on the animal 

models including the ages analysed and genders available. (D) Total number of mice analysed that were subjected to 

DiOlistic labelling. (E) All groups in Chapter 3 were analysed for RGC dendrites and hippocampal dendritic spine 

coverage. Illustration created in BioRender.   
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3.3 Results 

3.3.1 Tg2576  

3.3.1.1 Preservation of RGC density in the Tg2576 retina  

The first series of analyses tested whether the retina in the Tg2576 AD mouse model 

showed global loss of RGCs using the antibody RBPMS (RNA-binding protein with 

multiple splicing) on retinal sections (Figure 3.2A-B). There were no changes in the 

number of RBPMS-positive RGCs in the GCL in Tg2576 retinas compared to wildtype 

at 12-months (Figure 3.2C). Further analysis to determine the proportion of RBPMS-

positive cells relative to the number of nuclei in the GCL, confirmed that the densities of 

RGCs were also proportionate to wildtype (~ 40%; Figure 3.2D). These initial data 

demonstrate that RGC loss, indicative of neurodegeneration, is not a feature in the retinas 

of Tg2576 mice at 12 months.  

3.3.1.2 RGC dendritic pruning in Tg2576 mice  

Despite the absence of RGC loss in the retina of Tg2576 mice, I further explored whether 

RGCs retained their dendritic complexity. To assess RGC dendritic morphology, 

individual RGCs were reconstructed from DiOlistically labelled cells in wildtype and 

Tg2576 mice at 12 months (representative examples, Figure 3.3A-B). As expected, RGCs 

from wildtype mice were morphologically complex and highly variable in their dendritic 

field, representing a typical RGC dendritic arborisation pattern (Figure 3.3A). In contrast, 

in the Tg2576 retina, RGCs showed an obvious reduction in the dendritic complexity, 

apparent even before quantitative analyses (Figure 3.3B). Measurement of the dendritic 

structure of RGCs based on Sholl analysis revealed significant dendritic pruning in the 

Tg2576 mice (up to 100 µm, p < 0.05; Figure 3.3C). The dendrites proximal to the cell 

body (primary and secondary dendrites) were unaffected. However, significantly fewer 

tertiary and quaternary dendrites were detected in RGCs from Tg2576 mice (Figure 

3.3D). Morphological parameters including the area under the Sholl curve (AUC, Figure 

3.3E), the peak of the Sholl intersections (Figure 3.3F), and the total length of all 

measured dendrites (Figure 3.3G) all showed significant reductions. As noted above, 

these dendritic differences occurred in the absence of cell loss in the GCL based on 
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Hoechst labelling (Figure 3.3H). These results show that excessive RGC dendritic 

pruning is a feature in the retina of 12-month-old Tg2576 mice.  

3.3.1.3 ON-centre restricted RGC dendritic pruning in Tg2576 retina.  

To test whether RGC dendritic pruning occurred in both ON and OFF-centre RGCs, data 

were divided based on the dendritic sublamina projection into the IPL (Figure 3.4A). ON-

centre RGCs were classified when dendrites terminated in sublamina b nearest to the 

GCL. In contrast, OFF-centre RGCs were classified when dendrites terminated in 

sublaminar a, deeper in the IPL. Analysis of RCGs in Tg2576 mice showed that dendritic 

pruning was restricted to ON-centre classification RGCs, with significant dendritic loss 

affecting the majority of the dendritic field (up to 110 µm, p < 0.05; Figure 3.4B-F). 

Conversely, dendritic complexity in OFF-centre RGCs in Tg2576 mice was comparable 

to wildtype (Figure 3.4B-F). These observations demonstrate that RGC dendritic pruning 

in the Tg2576 mice is restricted to ON-centre specific cells, potentially due to the higher 

energy demand required for this subtype to function (Williams et al., 2010).    

3.3.1.4 RGC dendritic pruning is not exacerbated with further aging in 

the Tg2576 mice.  

I further considered whether RGC dendritic pruning progressively deteriorated in the 

Tg2576 mice at 15 months. RGCs did not exhibit any further dendritic loss between 12 

and 15 months. Sholl analysis suggested that dendritic complexity was increased in the 

RGCs from 15-month mice at distal dendrites (between 110 and 140 µm, p < 0.05; Figure 

3.5A). However, when analysing the number of proximal dendrites, the Sholl AUC, the 

peak of the Sholl intersections and the total dendritic length all showed no significant 

differences were noted (Figure 3.5B-E). The number of nuclei in the GCL was likewise 

unaffected with ageing (Figure 3.5F). RGCs were split based on their ON-/OFF- centred 

classification. For either subgroup, there was no significant difference in Sholl curves or 

derived parameters in the 15-month Tg2576 mice compared to 12-months (Figure 3.6A-

D). These data imply that RGC dendritic pruning does not progressively decline between 

the ages of 12 and 15 months in Tg2576 mice.      
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3.3.1.5 Figures 

 

Figure 3.2 RGC loss is not a feature in the Tg2576 retina. (A-B) RBPMS (red) immunofluorescence labelling for 

RGCs and Hoechst nuclei stain (blue) from WT and Tg2576 retina cryosections. Scale bar 50 µm. (C) Number of 

RBPMS-positive cells per mm of GCL. (D) Proportion of RBPMS-positive cells relative to the number of Hoechst 

nuclei in the GCL. WT: n = 5 mice and Tg2576: n = 8 mice. All male mice aged twelve months. Two group 

comparisons, Mann-Whitney U test: (C) p = 0.2844, (D) p = 0.7242. Data points represent individual mice and error 

bars correspond to SD. Abbreviations: WT, wildtype; RBPMS, RNA-binding protein with multiple splicing; GCL, 

ganglion cell layer.        
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Figure 3.3 RGC dendritic atrophy in Tg2576 mice. (A-B) DiOlistic labelled RGCs with corresponding Imaris 

dendritic reconstructions from WT and Tg2576 mice aged at twelve months. Arrows indicate RGC axon. Scale bar: 

100 µm. (C) Sholl analysis of reconstructed RGCs. Line represents mean of group at each interval, shaded error zones 

± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (D) Number of dendrites at each 

branching level proximal to the cell body. (E) Area under the Sholl curve. (F) Maximum number of Sholl intersections. 

(G) Total length of all dendrites. (H) Number of nuclei in the GCL. Column plot (D): bars represent mean from 

individual cells and error bars correspond to SD. Column Scatterplots (E-G): bars represent mean, data represent 

individual cells and error bars correspond to SD. Column Scatterplots (H): bar represent mean of group from at least 

three images per mouse, data points represent the mean and error bars represent SD. WT: n = 72 cells (7 mice) and 

Tg2576: n = 58 cells (8 mice). Two group comparisons, Mann-Whitney U test: * = p <0.05, ** = p <0.01, *** = p 

<0.001, **** = p <0.0001. Abbreviations: WT, wildtype; AUC, area under the Sholl curve; GCL, ganglion cell layer.               
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Figure 3.4 ON-centre RGC vulnerability in Tg2576 mice. (A) Representative examples and Imaris reconstructions 

of ON- and OFF-centre RGCs from WT and Tg2576 mice. Arrows indicate RGC axon. Scale bar: 100 µm. (B-E) Sholl 

analysis of ON-centre and OFF-centre RGCs. Line represents mean of group at each interval, shaded error zones ± 

SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (F) Area under the Sholl curve.  Two-

way ANOVA was used to determine interaction between two factors (genotype and RGC classification) and Tukey’s 

post hoc test to determine statistical significance. Column Scatterplot (F): data represent individual cells and error bars 

correspond to SD. WT ON-centred: n = 43 cells (7 mice), WT OFF-centred: n = 31 cells (7 mice), Tg2576 ON-centred: 

n = 65 cells (8 mice) and Tg2576 OFF-centred: n = 43 cells (8 mice). All male mice aged twelve months. * = p <0.05, 

** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; AUC, area under the Sholl curve; ON, 

ON-centre RGCs; OFF, OFF-centre RGCs.  

 



Chapter 3  62 

 

 

Figure 3.5 Stable RGC dendritic complexity with further ageing in Tg2576 mice. (A) Sholl analysis of Imaris 

reconstructed RGCs from Tg2576 mice aged twelve and fifteen months. Line represents mean of group at each interval, 

shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (B) Number of 

dendrites at each branching level proximal to cell body. (C) Area under the Sholl curve. (D) Maximum number of Sholl 

intersections. (E) Total length of all dendrites. (F) Number of nuclei in the GCL. Column Scatterplots (B-E): data 

represent individual cells and error bars correspond to SD. Column Scatterplot (F): data represent individual mice and 

error bars correspond to SD. Tg2576 12M: n = 58 cells (8 mice) and Tg2576 15M: n = 50 cells (7 mice), Tg2576 12M 

ON-centred: n = 30 cells (8 mice), Tg2576 12M OFF-centred: n = 28 cells (8 mice), Tg2576 15M ON-centred: n = 35 

cells (7 mice) and Tg2576 15M OFF-centred: n = 15 cells (7 mice). All male mice aged either twelve or fifteen months 

old. Two group comparisons, Mann-Whitney U test. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. 

Abbreviations: WT, wildtype; AUC, area under the Sholl curve; ON, ON-centred RGCs; OFF, OFF-centred RGCs, 

12M, twelve-months; 15M, fifteen-months; GCL, ganglion cell layer.  
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Figure 3.6 Stable RGC dendritic complexity based on receptive field classification with further ageing in Tg2576 

mice. (A-C) Sholl analysis of Imaris reconstructed RGCs from Tg2576 mice aged twelve and fifteen months based on 

ON- and OFF-centre classification. Line represents mean of group at each interval, shaded error zones ± SEM. Two-

tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (D) Area under the Sholl curve. Two-way ANOVA 

with Tukey multiple comparisons test. Column Scatterplot (D): data represent individual cells and error bars correspond 

to SD. Tg2576 12M ON-centre: n = 30 cells (8 mice), Tg2576 12M OFF-centre: n = 28 cells (8 mice), Tg2576 15M 

ON-centre: n = 35 cells (7 mice) and Tg2576 15M OFF-centre: n = 15 cells (7 mice). All male mice aged either twelve 

or fifteen months. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; AUC, 

area under the Sholl curve; ON, ON-centre RGCs; OFF, OFF-centre RGCs, 12M, twelve-months; 15M, fifteen-months. 
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3.3.2 3xTg-AD 

3.3.2.1 RGC dendritic pruning in 3xTg-AD mice. 

To establish whether RGC dendritic pruning is a feature across AD mouse models, I 

investigated the 3xTg-AD model. Dendritic morphology of RGCs was analysed from 

3xTg-AD retinas from both male and female mice at 12 months and compared to 

wildtype. Excessive dendritic pruning was confirmed in the RGCs of 3xTg-AD mice 

(Figure 3.7A-B) with significantly fewer dendrites reflecting the majority of the Sholl 

curve (up to 180 µm, p < 0.05; Figure 3.7C). Not only distal but also proximal dendrites, 

covering primary and secondary dendrites, were decreased in the RGCs from 3xTg-AD 

mice (Figure 3.7D). The analysis confirmed reductions in the Sholl AUC (Figure 3.7E), 

the peak of the Sholl curve (Figure 3.7F) and the total dendritic length (Figure 3.7G). 

These differences to the RGC dendritic complexity occurred in the absence of cell loss in 

the GCL based on Hoechst (Figure 3.7H). These results provide the first evidence of RGC 

dendritic pruning in the 3xTg-AD mouse model. 

3.3.2.2 Male 3xTg-AD mice show greater RGC dendritic pruning.  

Separating the 3xTg-AD mice into males and females, enabled the quantification of 

changes in both genders. Male 3xTg-AD mice displayed prominent RGC dendritic 

pruning compared to male wildtypes. However, female 3xTg-AD mice only showed 

modest dendritic pruning (Figure 3.8A). In both genders, the number of primary dendrites 

was unaffected. However, males displayed significantly greater dendritic loss from the 

secondary dendritic level, which deteriorated further with distance from the cell body. 

Female 3xTg-AD mice showed small but significant reductions in tertiary and quaternary 

dendrites (Figure 3.8B). Both male and female 3xTg-AD mice revealed a reduction (37% 

p < 0.0001 and 17% p = 0.0248, respectively) in the Sholl AUC compared to sex-matched 

wildtype mice, with the former marking more significant reductions (Figure 3.8C). In line 

with the reduced Sholl AUC, the peak number of intersections was lowest in male 3xTg-

AD mice (Figure 3.8D). Determining the total length of all the dendrites confirmed that 

dendritic pruning was more prominent in male 3xTg-AD mice (Figure 3.8E). These 

differences occurred irrespective of nuclei changes in the GCL (Figure 3.8F). These 



Chapter 3  65 

 

results provide evidence that RGC dendritic pruning, in this 3xTg-ADcohort, is more 

prominent in male mice. 

3.3.2.3 ON-centre RGCs show consistent dendritic pruning in both male 

and female 3xTg-AD mice.  

To analyse whether RGC dendritic pruning occurred in both ON and OFF-centre RGCs, 

data was split based on the dendritic sublamina projection into the IPL. Representative 

examples with dendritic tracings are shown in Figure 3.9. ON-centre RGCs were 

classified when dendrites restricted to sublamina b nearest to the GCL. In contrast, OFF-

centre RGCs were classified when dendrites projected further into the IPL. ON-centre 

classified RGC dendritic pruning was found in both male and female 3xTg-AD mice; 

more marked in males (47% p < 0.001 and 27% p = 0.0024, respectively; Figure 3.10). 

Female 3xTg-AD mice displayed an ‘intermediate’ profile sitting between male 3xTg-

AD and wildtype (Figure 3.10A-B). Conversely, in OFF-centre classified RGCs, 

dendritic pruning was only found in male 3xTg-AD mice (reduction of 27%, p = 0.0060); 

in females these were comparable to wildtype and did not reveal any dendritic changes 

(Figure 3.10C-D). These results demonstrate that ON-centre RGCs in the 3xTg-AD retina 

show consistent excessive dendritic pruning in both male and female mice. In contrast, 

OFF-centre RGC degeneration is only observed in male 3xTg-AD mice.  

3.3.2.4 Age influences 3xTg-AD RGC dendritic pruning 

I further tested whether ageing impacted RGC dendritic pruning in the 3xTg-AD mice. 

Male 3xTg-AD mice were assessed at 3, 6, 9, 12 and 15-months. RGC dendritic 

complexity in 3 and 6 month 3xTg-AD mice was comparable to wildtype. RGC dendritic 

pruning increased stepwise from 6 to 9 to 12 months, then plateaued between 12 and 15 

months (Figure 3.11A). For all age groups, the number of proximal dendrites remained 

constant with dendritic pruning detected at the tertiary dendritic level (Figure 3.11B). 

Quantification of the related parameters confirmed a stepwise age-dependent dendritic 

pruning in the Sholl AUC, the peak number of Sholl intersections and the total dendritic 

length (Figure 3.11C-E). These results demonstrate that age increases the burden of RGC 

dendritic loss in 3xTg-AD mice.   
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3.3.2.5 Figures 

 

Figure 3.7 RGC dendritic atrophy in 3xTg-AD mice. (A-B) DiOlistic labelled RGCs from WT and 3xTg-AD mice 

at twelve months. Arrows indicate RGC axon. Scale bar 100 µm. (C) Sholl analysis of reconstructed RGCs. Line 

represents mean of group at each interval, shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval 

distance, * = p < 0.05. (D) Number of dendrites at each branching level proximal to cell body. (E) Area under the Sholl 

curve. (F) Maximum number of Sholl intersections. (G) Total length of all dendrites. (H) Number of nuclei in the GCL. 

Column scatterplots (D-G): data points represent individual cells and error bars correspond to SD. Column scatterplots 

(H): data represent individual mice and error bars correspond to SD. WT: n = 114 cells (10 mice, 5 male/5 female) and 

3xTg-AD: n = 144 cells (12 mice, 6 male/6 female). Two group comparisons were made using the Mann-Whitney U 

test. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; AUC, area under the 

Sholl curve; GCL, ganglion cell layer.  

 



Chapter 3  67 

 

 

Figure 3.8 Greater RGC dendritic pruning in male 3xTg-AD mice. (A) Sholl analysis of Imaris reconstructed RGCs 

from WT and 3xTg-AD retinal explants separated based on gender. Line represents mean of group at each interval, 

shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (B) Number of 

dendrites at each branching level proximal to cell body. (C) Area under the Sholl curve. (D) Maximum number of Sholl 

intersections. (E) Total length of all dendrites. (F) Number of nuclei in the GCL. Column Scatterplots (B): bars 

represent mean from individual cells and error bars correspond to SD. Column Scatterplots (C-E): data represent 

individual cells and error bars correspond to SD. Column Scatter plot (F): data represent individual mice and error bars 

correspond to SD. WT-M: n = 64 cells (5 mice), WT-F: n = 50 cells (5 mice), 3xTg-AD M: n = 69 cells (6 mice) and 

3xTg-AD-F: n = 75 cells (6 mice). All mice aged twelve months. Two-way ANOVA was used to determine interaction 

between two factors (genotype and gender) and Tukey’s post hoc test to determine statistical significance. * = p <0.05, 

** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; M, male; F, female; AUC, area under 

the Sholl curve; GCL, ganglion cell layer.  
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Figure 3.9 RGCs based on receptive field and gender classification in wildtype and 3xTg-AD mice. All mice aged 

at twelve months old. Arrows indicate RGC axon. Scale bar: 100 µm. WT, wildtype.  
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Figure 3.10 ON- and OFF-centre RGCs are affected in male 3xTg-AD mice whilst only ON-centre RGCs are 

impaired in female 3xTg-AD mice. (A) Sholl analysis of reconstructed ON-centred RGCs. Line represents mean of 

group at each interval, shaded error zones represent ± SEM. Two-tailed Mann-Whitney U test at each interval distance, 

* = p < 0.05. (B) Area under the Sholl curve for ON-centred RGCs. (C) Sholl analysis of Imaris reconstructed OFF-

centred RGCs. Line represents mean of group at each interval, shaded error zones represent ± SEM. Two-tailed Mann-

Whitney U test at each interval distance, * = p < 0.05. (D) Area under the Sholl curve for OFF-centred RGCs. Column 

Scatterplots (B, D): data represent individual cells and error bars correspond to SD. WT-M ON-centre: n = 31 cells/ 5 

mice, WT-M OFF-centre: n = 33 cells/ 5 mice, WT-F ON-centre: n = 25 cells/ 5 mice, WT-F OFF-centre: n = 25 cells/ 

5 mice, 3xTg-AD-M ON-centre: n = 28 cells/ 6 mice, 3xTg-AD-M OFF-centre: n = 41 cells/ 6 mice, 3xTg-AD-F ON-

centre: n = 41 cells/ 6 mice and 3xTg-AD-F OFF-centre: n = 34 cells/ 6 mice. All mice aged at twelve months old. 

Two-way ANOVA was used to determine interaction between two factors (genotype and gender) and Tukey’s post hoc 

test to determine statistical significance. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: 

WT, wildtype; M, male; F, female; AUC, area under the Sholl curve; ON, ON-centre RGCs; OFF, OFF-centre RGCs.   
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Figure 3.11 Progressive RGC dendritic pruning with age in 3xTg-AD mice. (A) Sholl analysis of reconstructed 

RGCs from 3xTg-AD male mice at the ages of 3, 6, 9, 12 and 15 months. Line represents mean of group at each interval, 

shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (B) Number of 

dendrites at each branching level proximal to cell body. (C) Area under the Sholl curve. (D) Maximum number of Sholl 

intersections. (E) Total length of all dendrites. Column Scatterplots: data represent individual cells and error bars 

correspond to SD. 3xTg-AD 3M: n = 55 cells (4 mice), 3xTg-AD 6M: n = 99 cells (9 mice), 3xTg-AD 9M: n = 93 cells 

(6 mice), 3xTg-AD 12M: n = 69 cells (6 mice) and 3xTg-AD 15M: n = 86 cells (7 mice). Three or more groups were 

compared by nonparametric one-way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons 

post-test. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: 3M, three months; 6M, six 

months; 9M, nine months; 12M, twelve months; 15M, fifteen months; AUC, area under the Sholl curve.        
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3.3.3 APPNL-G-F 

3.3.3.1 APPNL-G-F mice exhibit RGC dendritic atrophy 

The data presented in the previous sections provide evidence for excessive RGC dendritic 

pruning in AD transgenic overexpression models. I further explored whether RGC 

dendritic complexity was altered in the knock-in APPNL-G-F AD model (Figure 3.12A-B). 

RGCs were morphologically quantified from APPNL-G-F mice at 7 and 12 months. 

Excessive RGC dendritic pruning was observed in both 7 and 12 month APP NL-G-F mice, 

with the latter demonstrating greater dendritic loss (Figure 3.12C). Proximal dendrites, 

from the secondary branching level, were significantly decreased (p < 0.05) in the 12-

month APPNL-G-F mice compared to wildtype. No statistical differences were found 

between the two APPNL-G-F ages up to the tertiary dendrites. However, at the quaternary 

dendritic level, pruning was significantly greater in the 12-month APPNL-G-F mice 

compared to 7-months (16% p < 0.01; Figure 3.12D). These differences in RGC dendritic 

complexity also coincided with reductions in the Sholl AUC (Figure 3.12E), the peak of 

the Sholl intersections (Figure 3.12F) and the total dendritic length (Figure 3.12G). These 

results describe the first evidence of excessive RGC dendritic pruning in a knock-in AD 

model, the only report in APPNL-G-F mice. 

3.3.3.2 APPNL-G-F RGC degeneration is not dependant on gender 

I further studied whether there was a gender difference for RGC dendritic pruning in the 

APPNL-G-F mice. Although male APPNL-G-F RGCs showed significantly greater dendritic 

pruning in proximal dendrites (between 20 and 50 µm, p < 0.05) when compared to 

female mice (Figure 3.13A). Despite this, the number of primary to quaternary dendrites 

was not different between the genders (Figure 3.13B). No statistical differences were 

found in the Sholl AUC (Figure 3.13C) or the total dendritic length (Figure 3.13E). 

However, males demonstrated significantly fewer intersections at the peak of the Sholl 

curve (reduction of 15% p = 0.0442; Figure 3.13D). These results suggest that excessive 

RGC dendritic pruning occurs in both male and female APPNL-G-F mice at twelve months, 

although pruning is worse in males.            
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3.3.3.3 Classification of RGC based on sublamina projections reflects 

dendritic structure in APPNL-G-F mice.  

To assess whether excessive RGC dendritic pruning occurred in both ON and OFF-centre 

RGCs (Figure 3.14A-B), data were split based on the dendritic sublamina projection into 

the IPL. ON-centre RGCs were classified with dendrites confined to the sublamina 

nearest to the GCL. In contrast, OFF-centre RGCs were classified when dendrites 

extended further in the IPL. ON-centre RGCs from both male and female APPNL-G-F mice 

showed similar excessive dendritic pruning (38% p < 0.0001 and 45% p < 0.0001, 

respectively; Figure 3.15A-B). Conversely, OFF-centre RGC dendritic pruning more 

evident in males than females (50% p < 0.0001 and 34% p = 0.0035, respectively; Figure 

3.15C-D). Both male and female APPNL-G-F mice displayed reduced Sholl curves and 

Sholl AUC compared to their respective wildtypes. These results indicate that dendritic 

loss is not restricted to a single RGC receptive field classification type in APPNL-G-F mice.  

  



Chapter 3  73 

 

3.3.3.4 Figures 

 

Figure 3.12 RGC dendritic atrophy in APPNL-G-F mice. (A-B) DiOlistic labelled RGCs from WT and APPNL-G-F mice 

from mice aged 12 months. Arrows indicate RGC axon. Scale bar: 100 µm. (C) Sholl analysis of reconstructed RGCs 

from WT, APPNL-G-F at 7 months and 12 months. Line represents mean of group at each interval, shaded error zones ± 

SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (D) Number of dendrites at each 

branching level proximal to cell body. (E) Area under the Sholl curve. (F) Maximum number of Sholl intersections. 

(G) Total length of all dendrites. Column Scatterplots: data represent individual cells and error bars correspond to SD. 

WT: n = 114 cells (10 mice, 5 male/5 female), APPNL-G-F 7M: n = 94 cells (7 mice, 4 male/3 female) and APPNL-G-F 

12M: n = 80 cells (6 mice, 3 male/3 female). Two group comparisons were made using the Mann Whitney U test. * = 

p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; M, male; F, female; AUC, 

area under the Sholl curve; 7M, seven months; 12M, twelve months. 
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Figure 3.13 Minimal effect of gender on RGCs in APPNL-G-F mice. (A) Sholl analysis of reconstructed RGCs from 

APPNL-G-F at twelve months separated into males and females. Line represents mean of group at each interval, shaded 

error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (B) Number of dendrites 

at each branching level proximal to cell body. (C) Area under the Sholl curve. (D) Maximum number of Sholl 

intersections. (E) Total length of all dendrites. Column Scatterplots: data represent individual cells and error bars 

correspond to SD. Male APPNL-G-F at 12 months: n = 45 cells (3 mice) and female APPNL-G-F at 12 months: n = 35 cells 

(3 mice). All mice aged at twelve months. Two group comparisons were made using the Mann-Whitney U test. * = p 

<0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: M, males; F, females; AUC, area under the 

Sholl curve.   
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Figure 3.14 RGCs based on receptive field and gender classification in wildtype and APPNL-G-F mice. All mice 

aged at twelve months old. Arrows indicate RGC axon. Scale bar: 100 µm. WT, wildtype. 
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Figure 3.15 RGC receptive field classification in APPNL-G-F mice. (A) Sholl analysis of reconstructed ON-centre 

RGCs. Line represents mean of group at each interval, shaded error zones ± SEM. Two-tailed Mann-Whitney U test at 

each interval distance, * = p < 0.05. (B) Area under the Sholl curve for ON-centre RGCs. (C) Sholl analysis of 

reconstructed OFF-centre RGCs. Line represents mean of group at each interval, shaded error zones ± SEM. Two-

tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (D) Area under the Sholl curve for OFF-centred 

RGCs. Column Scatterplots (B, D): data represent individual cells and error bars correspond to SD. WT-M ON-centre: 

n = 31 cells, WT-M OFF-centre: n = 33 cells, WT-F ON-centre: n = 25 cells, WT-F OFF-centre: n = 25 cells, APPNL-

G-F-M ON-centre: n = 22 cells, APPNL-G-F-M OFF-centre: n = 23 cells, APPNL-G-F-F ON-centre: n = 16 cells and APPNL-

G-F-F OFF-centre: n = 18 cells. All mice aged at twelve months old. Two-way ANOVA was used to determine 

interaction between two factors (genotype and gender) and Tukey’s post hoc test to determine statistical significance.  

* = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; ON, ON-centre RGCs; 

OFF, OFF-centre RGCs; AUC, area under the Sholl curve; M, males; F, females.  
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3.4 Discussion 

RGCs are the exclusive output neurons of the retina and are vulnerable to degeneration 

across various pathologies, including AD (Blanks et al., 1989; Blanks et al., 1996; 

Williams, Thirgood, et al., 2013). In this chapter, I demonstrate that excessive RGC 

dendritic pruning is a consistent feature in the retina of AD mouse models. Using both 

amyloid overexpressing (Tg2576, 3xTg-AD) and APP knock-in (APPNL-G-F) AD models, 

I show that RGCs display substantial excessive dendritic pruning at the age of 12-months 

in all models. Additionally, the extent of RGC dendritic pruning was associated with age, 

gender, and receptive field classification in the models. This chapter reinforces the 

prospective value of retinal analysis as an indicator of neurodegeneration associated with 

pathology in AD.   

The Tg2576 AD mouse model has previously been noted to display retinal pathology and 

specifically increased RGC dendritic pruning (Williams, Thirgood, et al., 2013); I was 

able to replicate these initial results and found that excessive RGC dendritic loss was 

present at 12-months, two months earlier than previously described (14-months). In 

agreement with the first study, dendritic atrophy and cell loss in the GCL were not major 

factors in the model. It is therefore likely that changes at a dendritic level reflect the early 

stages of detectable neurodegeneration.  

To further expand on the published work (Williams, Thirgood, et al., 2013), RGCs were 

divided into ON- and OFF- centre subtypes based on the sublamina dendritic projections 

into the inner plexiform layer. ON- centre RGCs respond to light stimuli, whereas OFF-

centre RGCs respond to dark stimuli. In the Tg2576 AD model, RGC dendritic pruning 

was more pronounced in ON- centre subtypes, not previously described for the Tg2576 

mouse model. ON-centre specific degeneration is a reported feature in other RGC 

degeneration models, and is likely due to the higher energy demand and number of 

excitatory glutamatergic synapses for this subtype (Williams et al., 2010). ON-centre 

RGCs laminate in sublamina b of the IPL, which using in vivo scans such as OCT can be 

delineated from the rest of the IPL. Therefore, monitoring sublamina b of the IPL, could 

provide a more sensitive marker of RGC changes in the AD retina. However, in other eye 

diseases that feature an increase intraocular pressure OFF-RGCs are more vulnerable 

(Della Santinaa and Ou, 2017).    
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To determine whether excessive RGC dendritic pruning is a robust retinal finding in 

mouse AD models, I next analysed the 3xTg-AD model. This model is well characterised 

and over expresses transgenes to develop both amyloid and tau pathology (Oddo et al., 

2003). Previously, the retinas of 3xTg-AD mice have been shown to display amyloid 

plaques and neuroinflammation (Grimaldi et al., 2018). The retinas of 3xTg-AD mice are 

known to display prominent glial activation, particularly in aged mice (Edwards et al., 

2014; Salobrar-García et al., 2020). For the first time, I here report that excessive RGC 

dendritic pruning is also a feature in the retina of aged 3xTg-AD mice. Similar to the 

Tg2576 retina, RGC dendritic loss was more pronounced in ON- centre subtypes, 

reinforcing the potential for monitoring sublamina b of the IPL. The 3xTg-AD model has 

exhibited variation between males and females, with the latter displaying more consistent 

brain pathology (Carroll et al., 2010; Belfiore et al., 2019). In contrast to these reports, 

overall, in 3xTg-AD mice, RGC dendritic loss was more prominent in males. However, 

on closer inspection of the RGC receptive field data, dendritic loss in ON-centre RGCs 

was similar between males and females. These discrepancies highlight the importance of 

analysing both genders in transgenic AD mouse models.  

To date, AD models have addressed pathology using transgenic overexpression. 

However, the possibility remains that some reported features may be a confounding effect 

of overexpression and not reflective of the human disease (Chintapaludi et al., 2020). 

Knock-in approaches have enabled the development of models that likely better reflect 

the human disease; APPNL-G-F mice are a promising amyloidosis model (Saito et al., 

2014). In line with the findings in Tg2576 and 3xTg-AD models, I here demonstrate that 

excessive RGC dendritic pruning occurs at 12-months in APPNL-G-F mice. The extent of 

dendritic loss was consistent between males and females. In contrast to the transgenic 

models, the burden of dendritic atrophy was similar for ON- and OFF- centre subtypes. 

These are the first reported data demonstrating RGC dendritic pruning in the retina of 

APPNL-G-F mice and provide further evidence supporting the contention that RGC changes 

are a consistent feature in AD mouse models.  

AD mouse models develop age-associated pathology and cognitive deficits that reflect to 

some degree those seen in the human disease; RGC changes were also age-dependent in 

the three models. In 3xTg-AD mice between the ages of 3- and 6-months, RGC dendritic 

complexity was comparable to typical wildtype levels; however, at 9-months excess 
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dendritic loss was detected, which worsened at 12 months and plateaued between 12 and 

15 months. Similar age effects were observed in Tg2576, again plateauing after 12 

months. The time points at which excessive dendritic loss occurred in the 3xTg-AD and 

Tg2576 AD mouse models coincide with the reported timing of cognitive impairments 

and pathology in the brain (Jacobsen et al., 2006). The Tg2576 and 3xTg-AD models 

have similar timelines for the development of the disease; however, APPNL-G-F mice 

develop pathology much earlier with amyloid plaques featuring from 2 months, reaching 

saturation at 7 months (Saito et al., 2014). In the APPNL-G-F model, excessive RGC 

dendritic pruning was detected earlier (7 months) than in the other two models. These 

observations suggest that the time course of excessive RGC degeneration reflects that of 

amyloid pathology and is a consistent feature of AD mouse models.  

The underlying mechanisms that trigger to the observed RGC dendritic degeneration in 

the mouse AD retina are unclear, although, the consistent occurrence of toxic amyloid 

expression across the three AD models tested potentially highlights its role in driving 

these events. The relative abundance of amyloid in the retina is known to be far lower 

than the brain, therefore RGC dendritic loss is unlikely to occur due to the presence of 

retinal amyloid plaque deposition (Alexandrova et al., 2011). The APPNL-G-F model mice, 

a model with severe brain amyloid saturation, only displays detectable retinal amyloid 

plaques in the very old mice (around 18 months) (Vandenabeele et al., 2020). Although 

the exact function of amyloid is unclear, recent findings highlight the role in synaptic 

function (Kent et al., 2020). As retinal ganglion cells are one of the most energy 

demanding and vulnerable neuronal subpopulation in the CNS (Yu et al., 2013), and there 

is evidence of ON-centre specific RGC vulnerability (Williams et al., 2010), it remains 

plausible that the expression of toxic amyloid in the retina can drive synaptic/dendritic 

loss in the AD retina.  

Nevertheless, it must not be excluded that retrograde signal transmissions along RGC 

axons results in RGC degeneration due to the substantial pathology occurring across the 

brain. RGCs, are susceptible to pathology outside of the retina as their axons terminate in 

the brain. Due to the high abundance of amyloid plaque pathology and activate status of 

neuroinflammation activity in the brains of the AD models, the lack of amyloid plaques 

in the retina and the timeline of retinal degeneration (RGC dendritic loss occurring after 

synaptic loss in the hippocampus), may indicate that the retina pathology is, at least in 
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part, a consequence of the pathology in the brain. Despite this, the detection of retinal 

changes may reflect ongoing pathology in the brain.       

This chapter provides valuable guidance for future translation to the human disease and 

further studies in AD models. Other have demonstrated the impairment of the visual 

system in AD transgenic mice that in some cases occurs before neuronal dysfunction in 

the brain (Criscuolo et al., 2018). In vivo imaging, using broad-spectrum light sources 

such as optical coherence tomography (OCT), has the capacity to detect changes in the 

optical scattering of the retina (Song et al., 2020). Changes to RGC dendritic arborisation 

can alter the optical scattering characteristics in the IPL, reflective of degeneration (Jáñez-

Escalada et al., 2019; Liu et al., 2019; Nunes et al., 2019). Therefore, in vivo imaging to 

assess the status of RGC dendrites may provide a potential insight into the burden of RGC 

degeneration in the AD retina.  

It is currently unclear whether the burden of RGC changes are reflective of the pathology 

in the brain; this is a critical question that needs to be addressed. In the next Chapter, I 

will address this question by measuring synaptic densities (dendritic spines) in the three 

AD models.   
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Chapter 4. Hippocampal dendritic spine loss in mouse 

models of Alzheimer’s disease. 

4.1 Introduction  

Neuronal loss in the AD brain is a feature of late disease and is accompanied by amyloid 

and tau pathology. In the AD brain, the burden of neuronal loss influences the status of 

cognitive function. During the asymptomatic stages of the disease, which can last several 

decades, excessive synaptic pruning is detected in areas of the brain susceptible to 

pathology long before other neuropathological hallmarks (Driscoll and Troncoso, 2011). 

Indeed, quantification of synaptic loss, rather than neuronal loss, best correlates with the 

burden of cognitive impairment and disease severity (Spires-Jones and Hyman, 2014). 

Therefore, it is necessary to obtain a better understanding of synaptic changes related to 

AD pathology in models and man.    

The hippocampus is crucial for the development and storage of memories, learning and 

emotions; however, it is also the region of the brain that is most susceptible to AD 

pathology (Van Strien et al., 2009; Mu and Gage, 2011). In severe AD cases, the 

hippocampal pathology can be detected on a macroscopic level with extensive atrophy 

reflective of neuronal loss (Henneman et al., 2009). Similar to other affected brain 

regions, the hippocampus features the characteristic neuropathological hallmarks of AD. 

In early stages of neurodegeneration, while the neuronal cell body remains intact, the cells 

display dendritic retraction and excessive pruning of synapses. In the hippocampus the 

CA1 neuronal subfield, the output neurons of the hippocampus, is particularly affected 

by degeneration, demonstrated in numerous human and animal AD studies (Jaworski et 

al., 2011; Li et al., 2020). Animal models have enabled more detailed analysis; indeed, 

transgenic AD models reveal dendritic and synaptic pruning in the hippocampus in the 

vicinity of amyloid plaques associated with microglia-mediated synaptic engulfment 

(Price et al., 2014; Spires-Jones and Hyman, 2014; Shi et al., 2017).         

Synapses are the contact sites for communication between neurons and are continuously 

refined based on neuronal activity. Synapses comprise pre- and post-synaptic terminals. 

On excitatory neurons, post-synaptic sites are structured as dendritic spines, small 
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protrusions from the dendritic shaft. Synapses are highly dynamic with the relative size 

of the postsynaptic density related to the capacity of memory storage (Chklovskii, 2004). 

The loss of synapses is a frequent observation in AD mouse models, especially in the 

hippocampus and other areas of pathology. Dendritic spines are classified based on 

morphology which gives an indication of their functional roles. Larger, mushroom-

shaped spines are important for the development of stable, long-term memory storage and 

are capable of generating the largest excitatory response. Long and thin spines reflect 

extremely plastic synapses capable of forming mature stable synapses. It is believed that 

thin spines denote synaptic resilience and the capacity to adjust to neuronal activity 

(Boros et al., 2017). Small and stubby spines reflect immature synapses that have the 

potential to develop into more robust synapses. The loss of mushroom and thin spines is 

a feature of AD mouse models, likely due to amyloid altering F-actin cytoskeletal proteins 

that regulate the postsynaptic site (Lanz et al., 2003; Zhang et al., 2015).      

In this chapter, I characterise CA1 hippocampal dendritic spine density and morphology 

in overexpressing (Tg2576, 3xTg-AD) and knock-in (APPNL-G-F) AD mouse models. The 

findings in the chapter provide further evidence for synaptic pruning in the hippocampus 

of AD mouse models which occur alongside the previous reported evidence of excessive 

RGC dendritic pruning.   
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4.2 Experimental Setup  

In this chapter I assessed the density and morphology of CA1 hippocampal dendritic 

spines in the Tg2576, 3xTg-AD and APPNL-G-F mouse models of AD. See Chapter 2 for 

a detailed description of the protocols used to assess dendritic spine coverage and 

morphological classification. Figure 4.1 presents an overview of the methods used in this 

chapter for the assessment of CA1 dendritic spine coverage in AD models by DiOlistic 

labelling.  

Dendritic spines were analysed in Tg2576, 3xTg-AD and APPNL-G-F mice, the same 

cohorts used in Chapter 3 for assessing RGC dendrites. For the Tg2576 model, male mice 

were analysed at 12 and 15 months. For the 3xTg-AD model, dendritic spines were 

analysed at 3, 6, 9, 12 and 15 months, key time-points in the disease progression. Where 

possible, both male and female 3xTg-AD mice were analysed. APPNL-G-F mice were 

analysed at 7 and 12 months for both genders. All models were compared to wildtype 

mice at 12 months, however, additional littermate wildtypes were included when 

assessing the Tg2576 cohort.  

   

 

Figure 4.1 Experimental overview for Chapter 4 addressing CA1 hippocampal dendritic spine coverage in AD 

mouse models. (A) Main objectives for Chapter 4. (B) The different animal models used in these chapters. (C) More 

details on the animal models including ages analysed and genders available. (D) Number of total mice analysed that 

were subjected to DiOlistic labelling. (E) All groups in Chapter 4 were analysed for hippocampal dendritic spine 

coverage. Illustration created in BioRender,   
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4.3 Results  

4.3.1 Tg2576  

4.3.1.1 Dendritic spine loss in the hippocampus of Tg2576 AD mice 

First, I assessed the Tg2576 AD model for the dendritic spine density on CA1 

hippocampal neurons. DiOlistic labelled dendritic segments from wildtype and Tg2576 

mice were reconstructed and quantified for dendritic spines (Figure 4.2A-C). Comparing 

all the segments revealed a significant reduction (13%, p = 0.0012) in the spine density 

of Tg2576 mice compared to wildtype at 12 months (Figure 4.2D). Ageing the Tg2576 

model to 15 months, revealed age-associated progressive spine loss (further 17% 

reduction vs 12 months, p = 0.0018; Figure 4.2D). Classification of spines into their 

respective morphological groups showed that thin spines were the most affected spine 

type (Figure 4.2E-G). Significant mushroom spine loss was also evident in the Tg2576 

mice at 15 months, while stubby spines remained constant between groups. Separating 

the dendritic segments by mouse further reinforced the observed loss of dendritic spines 

(Figure 4.2H-K). These results demonstrate that CA1 neurons in the hippocampus of 

Tg2576 mice display progressive dendritic spine loss.  

4.3.2 3xTg-AD  

4.3.2.1 Dendritic spine loss in the hippocampus of 3xTg-AD mice  

Next, the 3xTg-AD model was assessed for dendritic spine density of hippocampal CA1 

neurons (representative examples, Figure 4.3A-B). There was significant reduction in the 

spine density in 3xTg-AD mice compared to wildtype at 12 months (23%, p < 0.0001; 

Figure 4.3C). For the different spine types (Figure 4.3D-F), stubby and thin spines were 

the most affected in the 3xTg-AD mice. In contrast, the number of mushroom spines were 

not different between the groups. Separating the dendritic segments by mouse further 

reinforced the observed loss of dendritic spines (Figure 4.3G-J). These findings 

demonstrate that the hippocampus in 3xTg-AD mice displays dendritic spine loss.  
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4.3.2.2 Female 3xTg-AD mice show greater spine loss  

The data from 3xTg-AD mice were divided based on gender. Both male and female 3xTg-

AD mice exhibited significantly reduced spine densities compared to respective gender-

matched wildtypes. However, female 3xTg-AD mice were significantly worse than male 

3xTg-AD mice (reduction of 14% in female 3xTg-AD mice, p = 0.0014; Figure 4.4A). 

Classification of the dendritic spines into their respective morphological groups (Figure 

4.4B-D) revealed that loss of thin spines was predominant for both males and females. 

Mushroom spines were significantly lower in number in female 3xTg-AD mice compared 

to males. In contrast, stubby spines were reduced in male 3xTg-AD mice due to higher 

baseline densities in wildtype males. Separating the dendritic segments by mouse further 

reinforced the observed loss of dendritic spines (Figure 4.4E-H). These results indicate 

that hippocampal dendritic spine loss occurs in both genders in the 3xTg-AD model, with 

females the most affected.   

4.3.2.3 Dendritic spine loss occurs in older 3xTg-AD mice  

The data above show that 3xTg-AD mice at 12 months display dendritic spine loss on 

CA1 neurons; to learn more about the time-course of spine loss, 3xTg-AD were assessed 

across various ages. Quantifying synapse number across all the dendritic segments 

collected from 3xTg-AD mice at 3, 6, 9, 12 and 15 months demonstrated progressive 

spine loss (Figure 4.5A). Up to 6 months of age, 3xTg-AD mice did not exhibit any 

overall spine loss when compared to wildtype aged 12 months; at 9 months, significant 

spine loss was found. Morphological classification showed that both mushroom and thin 

spines were the most affected in the 3xTg-AD mice at different ages, while stubby spines 

remained constant (Figure 4.5B-D). Separating the dendritic segments by mouse further 

reinforced the observed loss of dendritic spines (Figure 4.5E-H). These results show that 

dendritic spine loss occurs in the 3xTg-AD model and increase with age. 

 



Chapter 4  86 

 

4.3.3 APP NL-G-F 

4.3.3.1 Dendritic spine loss in the hippocampus of APPNL-G-F mice.  

APPNL-G-F AD model mice displayed CA1 hippocampal dendritic spine loss at 12 months 

compared to wildtypes at the same age (representative examples, Figure 4.6A-B). 

Dendrites from all the segments analysed displayed a marked and significant reduction 

(17%, p < 0.0001) in spine density of APPNL-G-F mice compared to wildtype at 12 months 

(Figure 4.6C). Classification into their respective spine morphological groups (Figure 

4.6D-F) demonstrated that only thin spines were altered in the APPNL-G-F mice compared 

to wildtype. Both mushroom and stubby spines were comparable to wildtype. Separating 

the dendritic segments by mouse further reinforced the observed loss of dendritic spines 

(Figure 4.6G-J). These results demonstrate that APPNL-G-F mice at 12 months display 

significant hippocampal dendritic spine loss. 

4.3.3.2 Dendritic spines in APPNL-G-F mice are affected equally in males 

and females at 12 months. 

The APPNL-G-F dataset was separated by gender to determine whether there was a 

difference between males and females. This analysis demonstrated that there were no 

differences between male and female APPNL-G-F mice; both genders showed significantly 

reduced dendritic spine density indicating overall spine loss compared to gender-matched 

wildtypes (15% for males p = 0.0034 and 20% for females p = 0.0012; Figure 4.7A-H). 

Spine classification demonstrated that thin spines were decreased in both genders 

compared to wildtype; stubby spines were reduced in males but not females, while 

mushroom spines were not different between groups. These data demonstrate that CA1 

hippocampal neuron dendritic spine densities are reduced in male and female APPNL-G-F 

mice.        

4.3.3.3 APPNL-G-F dendritic spine loss occurs by 7 months 

Next, I assessed whether spine loss occurred at an earlier age in the APPNL-G-F AD model. 

APPNL-G-F mice were analysed at 7 and 12-month-old. Overall spine density was 

significantly decreased in the 7-month APPNL-G-F mice compared to at 12 months (7% 
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reduction p = 0.0393; Figure 4.8A). Morphological classification revealed that only thin 

spines were reduced in the 7 month APPNL-G-F mice; the numbers of stubby and mushroom 

spines were comparable between the two groups (Figure 4.8B-D). Separating the 

dendritic segments by mouse further reinforced the observed loss of dendritic spines 

(Figure 4.8E-H). These observations demonstrate significant CA1 hippocampal neuron 

dendritic spine loss in 7-month-old APPNL-G-F mice compared to 12 months.  

4.3.3.4 Dendritic spines in APPNL-G-F mice are affected equally in males 

and females at 7 months. 

The results prompted the question whether APPNL-G-F spine loss displayed any gender 

disparities. Reconstructed spines were grouped based on gender for both the 7 and 12-

month APPNL-G-F dataset. Analysis of dendritic spine density from all segments showed a 

significant reduction in overall spine density between male APPNL-G-F mice at 7 and 12 

months (Figure 4.9A). Classification by spine type revealed that thin spines were 

decreased with age in males with stubby and mushroom spines unchanged (Figure 4.9B-

D). Separating the dendritic segments by mouse did not display any significant changes 

between the groups (Figure 4.9E-H). These results indicate that gender does not influence 

CA1 dendritic spine density in the APPNL-G-F model. 

4.3.4 Comparison between CA1 spines and RGC dendrites 

In light of these data highlighting CA1 spine loss in the same AD mouse models in which 

I had earlier demonstrated RGC dendrite loss, I explored whether these two events 

correlated in the same mice. Correlations analyses were performed on the average AUC 

of the Sholl profiles of the RGCs compared with the overall spine density in each of the 

three AD mouse models and wildtype mice at twelve months. These revealed weak 

correlation between the overall dendritic spine density and RGC complexity, which was 

only significant in the APPNL-G-F model (r = 0.615, p = 0.028) (Figure 4.10A). 

Interestingly, the density of thin spines better correlated with RGC dendritic complexity 

in all three models, most notably in 3xTg-AD (r = 0.696, p = 0.005) and APPNL-G-F mice 

(r = 0.670, p = 0.015) (Figure 4.10B). These data demonstrate that the reduction in CA1 

hippocampal spine density correlated with the dendritic complexity of RGCs in all three 

AD models.   
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4.3.5 Figures 

 

Figure 4.2 CA1 dendritic spine loss in Tg2576 AD mice. (A-C) DiOlistic labelled CA1 apical dendrites from WT 

aged at twelve months and Tg2576 mice aged at twelve and fifteen months. Arrows indicate spine morphology: stubby 

(white arrows), mushroom (yellow arrows), thin (blue arrows). Scale bar 5 µm. (D-G) Spine densities across all 

dendritic segments and (H-K) spine densities across all individual mice for overall, stubby, mushroom and thin groups. 

WT: n = 71 dendrites (5 mice), Tg2576 twelve-months old: n = 85 dendrites (8 mice) and Tg2576 fifteen-months old: 

n = 61 dendrites (5 mice). All mice were male with spine densities collected from an average of 30 µm dendritic 

segments. Column Scatterplots (D-G): data represent individual dendritic segments and error bars correspond to SD. 

Column Scatterplots (H-K): data represent the mean spine density from individual mice and error bars correspond to 

SD. Two group comparisons were made using the Mann-Whitney U test or unpaired T-test based on normality testing. 

* = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; 12M, twelve-months old; 

15M, fifteen-months old.      
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Figure 4.3 CA1 dendritic spine loss in 3xTg-AD mice. (A-B) DiOlistic labelled CA1 apical dendrites from WT and 

3xTg-AD mice aged at twelve months. Arrows indicate spine morphology: stubby (white arrows), mushroom (yellow 

arrows), thin (blue arrows). Scale bar 5 µm. (C-F) Spine densities across all dendritic segments and (G-J) spine 

densities across all individual mice for overall, stubby, mushroom and thin groups. WT: n = 106 dendrites (7 mice, 4 

males/3 females), 3xTg-AD: n = 223 dendrites (14 mice, 6 males/8 females). Spine densities collected from an average 

of 30 µm dendritic segments. Column Scatterplots (D-G): data represent individual dendritic segments and error bars 

correspond to SD. Column Scatterplots (H-K): data represent the mean spine density from individual mice and error 

bars correspond to SD. Two group comparisons were made using the Mann-Whitney U test. * = p <0.05, ** = p <0.01, 

*** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype.   
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Figure 4.4 Greater spine loss in female 3xTg-AD mice. (A-D) Spine densities across all dendritic segments and (E-

H) spine densities across all individual mice for overall, stubby, mushroom and thin groups. WT M: n = 71 dendrites 

(4 mice), WT F: n = 35 dendrites (3 mice), 3xTg-AD M: n = 112 dendrites (6 mice), 3xTg-AD F: n = 111 dendrites (8 

mice). Spine densities collected from an average of 30 µm dendritic segments. Column Scatterplots (A-D): bars, mean 

of group; data represent individual dendritic segments and error bars correspond to SD. Column Scatterplots (E-H): 

data represent the mean spine density from individual mice and error bars correspond to SD. Two-way ANOVA was 

used to determine interaction between two factors (genotype and gender) and Tukey’s post hoc test to determine 

statistical significance. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype.      
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Figure 4.5 Progressive spine loss in 3xTg-AD mice. (A-D) Spine densities across all dendritic segments and (E-H) 

spine densities across all individual mice for overall, stubby, mushroom and thin groups. WT 12M: n = 71 dendrites (4 

mice), 3xTg-AD 3M: n = 56 dendrites (3 mice), 3xTg-AD 6M: n = 71 dendrites (5 mice), 3xTg-AD 9M: n = 81 

dendrites (6 mice), 3xTg-AD 12M: n = 112 dendrites (6 mice), 3xTg-AD 15M: n = 100 dendrites (7 mice). Spine 

densities collected from an average of 30 µm dendritic segments. Column Scatterplots (A-D): bars, mean of group; 

data represent individual dendritic segments and error bars correspond to SD. Column Scatterplots (E-H): bars, mean 

of group; data represent the mean spine density from individual mice and error bars correspond to SD. Multiple groups 

were compared by nonparametric one-way analysis of variance (Kruskal– Wallis test) using Dunn multiple 

comparisons post-test. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype.      
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Figure 4.6 CA1 dendritic spine loss in 3xTg-AD mice. (A-B) DiOlistic labelled CA1 apical dendrites from WT and 

APPNL-G-F mice aged at twelve. Arrows indicate spine morphology: stubby (white arrows), mushroom (yellow arrows), 

thin (blue arrows). Scale bar 5 µm. (C-F) Spine densities across all dendritic segments and (G-J) spine densities across 

all individual mice for overall, stubby, mushroom and thin groups. WT: n = 106 dendrites (7 mice, 4 males/3 females), 

APPNL-G-F: n = 130 dendrites (6 mice, 3 males/3 females. Spine densities collected from an average of 30 µm dendritic 

segments. Column Scatterplots (C-F): data represent individual dendritic segments and error bars correspond to SD. 

Column Scatterplots (G-J): data represent the mean spine density from individual mice and error bars correspond to 

SD. Two group comparisons were made using the Mann-Whitney U test. * = p <0.05, ** = p <0.01, *** = p <0.001, 

**** = p <0.0001. Abbreviations: WT, wildtype. 
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Figure 4.7 Gender effect on spine density in APPNL-G-F mice. (A-D) Spine densities across all dendritic segments 

and (E-H) spine densities across all individual mice for overall, stubby, mushroom and thin groups. WT 12M M: n = 

71 dendrites (4 mice), WT 12M F: n = 35 dendrites (3 mice), APPNL-G-F 12M M: n = 72 dendrites (3 mice), APPNL-G-F 

12M F: n = 58 dendrites (3 mice). Spine densities collected from an average of 30 µm dendritic segments. Column 

Scatterplots (A-D): data represent individual dendritic segments and error bars correspond to SD. Column Scatterplots 

(E-H): data represent the mean spine density from individual mice and error bars correspond to SD. Two-way ANOVA 

was used to determine interaction between two factors (genotype and gender) and Tukey’s post hoc test to determine 

statistical significance. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: M, males; F, 

females; 12M, twelve months. WT, wildtype.        

  

 



Chapter 4  94 

 

 

Figure 4.8 APPNL-G-F CA1 dendritic spines at 7 months. (A-D) Spine densities across all dendritic segments and (E-

H) spine densities across all individual mice for overall, stubby, mushroom and thin groups. WT: n = 106 dendrites (7 

mice, 4 males/3 females), APPNL-G-F 12M: n = 130 dendrites (6 mice, 3 males/3 females), APPNL-G-F 7M: n = 122 

dendrites (7 mice, 4 males/3 females). Spine densities collected from an average of 30 µm dendritic segments. Column 

Scatterplots (A-D): data represent individual dendritic segments and error bars correspond to SD. Column Scatterplots 

(E-H): data represent the mean spine density from individual mice and error bars correspond to SD. Two group 

comparisons were made using the Mann-Whitney U test or unpaired t-test based on normality testing. * = p <0.05, ** 

= p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype. 
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Figure 4.9 Influence of gender on CA1 spines in APPNL-G-F mice. (A-D) Spine densities across all dendritic segments 

and (E-H) spine densities across all individual mice for overall, stubby, mushroom and thin groups. APPNL-G-F 7M M: 

n = 59 dendrites (4 mice), APPNL-G-F 7M F: n = 63 dendrites (3 mice), APPNL-G-F 12M M: n = 72 dendrites (3 mice), 

APPNL-G-F 12M F: n = 58 dendrites (3 mice). Spine densities collected from an average of 30 µm dendritic segments. 

Column Scatterplots (A-D): data represent individual dendritic segments and error bars correspond to SD. Column 

Scatterplots (E-H): bars, mean of group; data represent the mean spine density from individual mice and error bars 

correspond to SD. Two-way ANOVA was used to determine interaction between two factors (genotype and gender) 

and Tukey’s post hoc test to determine statistical significance. * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p 

<0.0001. Abbreviations: M, males; F, females; 7M, seven months; 12M, twelve months.       
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Figure 4.10 CA1 dendritic spines correlate with RGC complexity in Tg2576, 3xTg-AD an APPNL-G-F. Spearman 

r correlations. All mice twelve months. WT n = 7 mice, Tg2576 n = 8 mice, 3xTg-AD n = 8 mice, APPNL-G-F n = 6 mice. 

Abbreviations: WT, wildtype; AUC, Area under the Sholl curve.   
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4.4 Discussion 

Neurodegeneration is a prominent feature in the AD brain and the extent of synaptic loss 

corresponds to the progression and severity of the disease (Colom-Cadena et al., 2020). 

Dendritic spines are the sites of excitatory glutamatergic synaptic contacts and plasticity 

for memory function; reduced spine density is therefore a measure of synaptic loss in the 

AD brain. In this chapter, I demonstrate that CA1 hippocampal neurons demonstrate 

excessive pruning of dendritic spines in AD mouse models. Using the Tg2576, 3xTg-AD 

and APPNL-G-F AD models, I observed significant age-associated dendritic spine loss, 

mainly corresponding to reduced thin spine density. In all three AD models, dendritic 

spine loss in comparison to wildtypes, with spine loss in the 3xTg-AD and APPNL-G-F mice 

correlating with the extent of loss of RGC dendritic complexity shown in earlier Chapters. 

This chapter reinforces the importance of dendritic spine loss and the susceptibility to 

excessive pruning in the hippocampus of AD mouse models and shows that these are 

mirrored by RGC dendritic loss in the same models.   

The hippocampus is vulnerable to degeneration in age-related cognitive decline and in 

neurodegenerative diseases, including AD (O’Shea et al., 2016). Previously, others 

reported that hippocampal pathology is common and coincides with age-dependent 

synaptic loss in the Tg2576 AD model (Lanz et al., 2003; Spires et al., 2005; Bittner et 

al., 2010). The extent of dendritic spine coverage on CA1 neurons was closely associated 

with amyloid plaque deposition (Spires et al., 2005). In agreement with these studies, I 

report that dendritic spine density is reduced on CA1 neurons in the hippocampus at 12 

months in the Tg2756 AD model, and to a greater extent at 15 months. Spine loss in the 

Tg2576 model occurs at the time of onset of memory and learning impairments (Jacobsen 

et al., 2006). Besides the overall reduction in dendritic spine density in the hippocampus, 

thin spines were identified as the major subtype most affected in Tg2576 AD mice, 

present at 12 and 15 months. Mushroom spine loss was significant only in the 15-month-

old Tg2576 mice. These data overlap with reported behavioural and cognitive changes in 

the Tg2576 AD mice, with the loss of thin spines during initial stages of the disease and 

mushroom spines later in the disease at a time of substantial memory impairment (Evans 

et al., 2020).  
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In the 3xTg-AD mouse model, others have reported similar cognitive deficits that 

coincide with synaptic loss in the brain (Belfiore et al., 2019). In agreement with findings 

in the Tg2576 model, 3xTg-AD mice also displayed a reduction in the dendritic spine 

coverage on CA1 neurons in the hippocampus. In the 3xTg-AD model, mice displayed 

reduced spine densities from after 6 months and spine loss increased with age and 

prominent at 12 months. These observations were congruent with the expected timeline 

for pathology in the 3xTg-AD model (Oddo et al., 2003). Detection of dendritic spine 

loss in the 3xTg-AD model is consistent with reports that pathology in these mice is most 

severe in the hippocampus (Mastrangelo and Bowers, 2008). Mendel et al also report that 

the 3xTg-AD model displays spine loss and a reduction in the hippocampal dendritic 

branching (Mendell et al., 2020).  

Others have reported a gender discrepancy in the 3xTg-AD mice, whereby females 

develop more consistent and severe pathology (Carroll et al., 2010). My findings support 

these studies; female 3xTg-AD mice exhibited greater spine loss indicative of 

neurodegeneration compared to age-matched males. Female 3xTg-AD mice showed 

greater loss of mushroom spines, predictive of greater cognitive deficits than in males. 

The detection of dendritic spine loss after 6 months concurs with similar reports that 

demonstrate detectable cognitive deficits at this stage (Stover et al., 2015). 

As discussed earlier, transgenic models overexpressing amyloid may display artificial 

phenotypes. Therefore, knock-in approaches such as APPNL-G-F mice may better reflect 

the human disease (Saito et al., 2014). In this chapter, I demonstrate that excessive 

dendritic spine loss occurs in the hippocampus of APPNL-G-F mice; compared to the 

transgenic models, spine loss was detected earlier in APPNL-G-F mice, significantly 

reduced at the age of 7 months. These differences are congruent with pathology in the 

model; amyloid plaques are present in the brains of APPNL-G-F mice earlier than the other 

models, reaching saturation by 7 months (Jankowsky and Zheng, 2017). At 3-4 months 

APPNL-G-F mice begin synaptic impairment in the cortex, this worsens 6-8 months and 

extended to the hippocampus, with primarily impairment of postsynaptic sites (Latif-

Hernandez et al., 2020). APPNL-G-F mice are reported to display subtle changes to 

behaviour, which may be reflected by these synaptic changes, occurring before amyloid 

deposition (Latif-Hernandez et al., 2019). Similar to findings in the Tg2576 and 3xTg-

AD models, thin spines were the most affected spine subtype in the APPNL-G-F mice. This 
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is in contrast to some studies on the APPNL-G-F mouse line which reported  the loss of 

mushroom spines (Zhang et al., 2015). Dendritic spine loss in the hippocampus, 

especially loss of thin spines, is reported to coincide with onset of deficits in spatial 

learning and memory during normal ageing (Xu et al., 2018). Thin spines are responsible 

for the formation of new synapses in an activity-dependent manner and are highly 

dynamic. Therefore, it is reasonable to propose that the loss of thin spines highlight the 

earliest and detectable synaptic modification in the AD mouse hippocampus, that is 

followed by the loss of more established mushroom spines as the disease develops.  

Gender discrepancy in the APPNL-G-F model was less apparent than in the 3xTg-AD 

model; no significant gender differences in synaptic loss were seen in the model. This is 

in agreement with the current literature (Saito et al., 2014), although as this is a novel AD 

model it remains possible that gender variation may arise. Collectively, the identification 

of early dendritic spine loss in the APPNL-G-F model, provides further evidence supporting 

the role of amyloid in the early stages of neurodegeneration.  

Although there are numerous reports of retinal changes in AD models (Grimaldi et al., 

2018; Salobrar-García et al., 2020), to date, few have compared retinal changes with 

pathology in the brain in the same mice. The lack of this comparison has created 

inconsistencies in addressing the importance of retinal changes in AD models. In this 

chapter I was able to demonstrate excessive synaptic elimination in the hippocampus in 

AD mice and show that thin spine density correlated in the 3xTg-AD and APPNL-G-F mice 

with reductions in RGC dendritic complexity. Linking retinal and brain changes will be 

crucial to further the aim of using the retina to aid in the diagnosis and monitoring of 

disease severity and progression in AD.     

To conclude, I demonstrate that excessive loss of CA1 hippocampal dendritic spines, 

primarily thin spines, is a consistent feature in AD mouse models in an age-dependent 

process. A reduction in spine coverage coincided with reduced RGC dendritic complexity 

in the same mice. These findings provide supporting evidence for ongoing synaptic 

changes in the mouse AD brain which are mirrored by degeneration in the retina.  
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Chapter 5. The role of complement in modulating retinal 

ganglion cell dendritic complexity and CA1 dendritic spines 

in wildtype and 3xTg-AD mice.  

5.1 Introduction  

The complement system has a central role in the immune response to protect against 

infection and injury. In brief, activation of complement can arise through the classical, 

lectin and alternative pathways, triggering the generation of anaphylatoxins, opsonisation 

of target surfaces and the formation of the lytic membrane attack complex (Morgan, 

2003). Dysregulation of the complement system leads to uncontrolled activation and is a 

feature of many inflammatory conditions, including neurodegenerative diseases. 

During development, components of the classical complement pathway, particularly C1q, 

localise at synapses triggering microglial-mediated synaptic elimination, essential for the 

network refinement (Stevens et al., 2007). Complement activation is tightly regulated to 

ensure normal pruning of synapses in the CNS. However, dysregulation and excessive 

complement activation leads to excessive synaptic elimination which is a core feature in 

AD. As discussed earlier, synaptic loss in AD is the strongest correlator to disease severity 

and progression. It is currently uncertain why and how particular synapses are tagged and 

eliminated. Therapeutic interventions will likely target neurodegeneration at the earliest 

possibly opportunity; synaptic loss is a key pathological event in the early stages of the 

disease.      

In AD, synapse loss occurs in the early stages of the disease, potentially during the several 

years of asymptomatic progression before the appearance of classical hallmark 

pathologies. Amyloid plaques are deposited across the AD brain and are associated with 

glial activation producing several complement components (C1q, ‘activated’ C3, and C4) 

(Fonseca et al., 2011). Amyloid beta peptides have the capacity to upregulate the 

production of complement proteins such as C3, recruiting and triggering further glial 

activation. Through iC3b and the receptor CR3, amyloid plaques are cleared by microglia. 

In AD mouse models deficient in C3, microglial activation is reduced and leads to 

synaptic protection which improves cognition (Shi et al., 2015). Currently, synaptic 
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elimination has only focused on complement components upstream of C3, therefore the 

role of the terminal pathways in the modulation of synapses is unclear. Evidence of 

terminal complement activation is observed in the AD brain, primarily though 

immunohistochemistry evidence (Hakobyan et al., 2016). Collectively, it is becoming 

increasingly clear that complement has a role in contributing to and exacerbating disease 

severity in AD.   

In the developing retina, the complement system is necessary for appropriate RGC 

function. C1q is found to tag RGC synaptic terminals in the lateral geniculate nucleus 

(dLGN) where RGC axons terminate (Stevens et al., 2007). In models of glaucoma, in 

which RGC dendritic complexity is degenerated, inhibition or deficiency of C1q, the 

initiator of the classical complement cascade, reduces the extent of RGC dendritic loss 

offering neuronal protection (Williams et al., 2016). These studies have empathised the 

role of complement across the CNS highlighting the critical importance during normal 

development and in models of neurodegeneration.     

In this chapter, I describe the impact of various complement deficiencies on RGC 

dendritic complexity and CA1 hippocampal dendritic spines. Additionally, in the 3xTg-

AD model I assessed whether therapeutically inhibiting C5 or deficiency of C3 and C6 

offered neuroprotection. The findings in this chapter provide further insights into the role 

of complement in refining neuronal networks across the CNS. 
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5.2 Experimental Setup 

This chapter assesses the role of the complement system on modulating RGC dendritic 

complexity and CA1 hippocampal dendritic spines. The data is separated into three 

sections, the effect of complement deficiency in adult mice, the impact of C3 and C6 

deficiency in the 3xTg-AD model and C5 antibody inhibition (mAb BB5.1) in 3xTg-AD 

mice. Figure 5.1 summarises the experimental plan. Chapter 2 provides a detailed 

description of the protocols used to assess RGC dendritic complexity and spine densities.  

The first section assessed complement related deficiencies C1q-/-, C3-/-, C3aR-/-, and 

TREM2-/- in wildtype mice. C1q-/- mice are deficient in the C1q protein, the initiator of 

the classical complement cascade. C3-/- mice are deficient in C3 protein, the central 

component of the complement system. C3aR-/- mice are deficient in the receptor for C3a. 

TREM2-/- mice are deficient in a receptor important in binding complement regulators. 

All models were aged over 3 months and maintained on homozygous lines after several 

generations. Previously, others report synaptic modulation in the brain of these models 

during development, it is uncertain whether these are present during adulthood (Ma et al., 

2013; Lian et al., 2015; Filipello et al., 2018).  

The second section expands on the data generated from Chapter 3 and Chapter 4 in 3xTg-

AD model. In the earlier chapters, 3xTg-AD mice displayed excessive RGC dendritic 

pruning and CA1 hippocampal spine loss. The importance of the complement system in 

modulating synaptic elimination, both during development and related to pathological 

changes, is now clear; complement  tags synapses for elimination through microglial 

engulfment of synaptic elements (Stevens et al., 2007). These studies have primarily 

focused on the classical complement system and upstream complement components. 

Recently, deficiency of C3 was shown to protect against cognitive decline in AD mice 

and opened the door to the potential role of downstream complement components in 

modulating the process of neurodegeneration (Shi et al., 2017). In this section, I assessed 

whether C3 deficiency could offer protection against 3xTg-AD driven hippocampal CA1 

spine density and RGC dendritic degeneration. Although modulation around C3, the 

central complement component is of therapeutic interest, it remains plausible that 

terminal complement activation (possibly sub-lytic activation) could have a role in 

synaptic elimination. I therefore assessed whether C6 deficiency could offer protection 
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against 3xTg-AD driven hippocampal and RGC degeneration. Due to animal availably, 

only male mice at 12 months old were analysed.  

The last section, in a collaboration with Dr Johnathan Winter, Dr Alison Costigan, 

Professor B. Paul Morgan and Dr Tim Hughes as part of a GlaxoSmithKline (GSK) 

funded project, C5 was therapeutically inhibited with the mAb BB5.1 (Frei et al., 1987), 

in 3xTg-AD female mice. Antibody preparation, administration, animal housing, health 

checks and other experimental readouts were performed by Dr Tim Hughes, Dr Alison 

Costigan and Dr Johnathan Winter. This thesis only investigated the impact of C5 

inhibition on CA1 dendritic spines in 3xTg-AD mice. BB5.1, or isotype control, was 

administered twice weekly (0.5mg/animal/dose) via intraperitoneal injections to trigger 

sustained C5 inhibition between the ages of 6 and 12 months. BB5.1 biweekly dosage 

administration was necessary based on haemolytic assays (performed by Dr Winter) 

which supported this schedule for consistent and sustained blockage of systemic levels of 

C5 in the circulation of 3xTg-AD mice. BB5.1 and isotype control were grown and 

purified in house with functionality verified through in vitro haemolysis assays 

demonstrating inhibition of C5 with BB5.1.  

 

Figure 5.1 Experimental overview of Chapter 5 addressing the impact of the complement system on RGC 

dendritic complexity and CA1 hippocampal dendritic spine coverage. (A) Main objectives for Chapters 5. (B) The 

different animal models used. (C) More details on the animal models including ages and genders. (D) Number of total 

mice analysed that were subjected to DiOlistic labelling. (E) All groups were analysed for RGC dendrites and CA1 

hippocampal dendritic spins, except for C5 inhibition which only assessed spine densities. Illustration created in 

BioRender.   
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5.3 Results 

5.3.1 C1q-/-, C3-/-, C3aR-/- and TREM2-/- mice 

In the retina, RGCs were labelled with DiI and DiO in C1q-/-, C3-/-, C3aR-/- and 

TREM2-/- adult mice. C1q-/- mice were comparable to wildtype up to the peak of the 

Sholl curve. However, significantly fewer distal dendrites were present and corresponded 

to a reduced Sholl AUC (between 80 and 150 µm, p < 0.05; Figure 5.2A-E). In C3-/- 

mice, RGC complexity was consistently reduced although not significantly lower than 

wildtypes. The cumulative decrease in C3-/- RGC complexity subsequently resulted in a 

significant reduction in the Sholl AUC (11%, p = 0.0372) and total dendritic length (13%, 

p = 0.0117), whilst retaining the peak of the Sholl curve (Figure 5.3A-E). In C3aR-/- 

mice, RGC dendritic complexity was significantly larger than wildtypes. The increased 

dendritic coverage was localised around the mid-branches (between 40 and 100 µm, p < 

0.05), which corresponded to a significantly greater Sholl AUC, higher peak of the Sholl 

curve and greater total dendritic length (Figure 5.4A-E). Finally, TREM2-/- mice 

displayed RGCs comparable to wildtypes based on the Sholl curve and related parameters 

(Figure 5.5A-E). Collectively these data highlight that deficiencies in certain components 

of the complement system can influence RGC dendritic complexity in adult mice. 

Next, I assessed in the same mice, CA1 dendritic spines in C1q-/-, C3-/-, C3aR-/- and 

TREM2-/- mice (Figure 5.6A-E). C1q-/- mice demonstrated significantly greater spine 

densities (8%, p = 0.0375) compared to wildtype. Based on spine subtype classification 

the increase was accounted for by mushroom spines alone, whilst the number of stubby 

and thin spines were comparable to wildtype. Conversely, C3-/- mice displayed an overall 

significant reduction in dendritic spines (18%, p = 0.0065), which corresponded to fewer 

stubby and thin spines compared to wildtype. In C3aR-/- and TREM2-/- mice the density 

of spines remained constant and did not reveal any significant differences compared to 

wildtype. These findings demonstrate and emphasise that certain components related to 

the complement system have the capacity to modulate synaptic densities in the 

hippocampus of adult mice.   
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5.3.2 3xTg-AD C3-/- and 3xTg-AD C6-/- mice 

Previous data in Chapter 3 demonstrated that RGC dendritic complexity is reduced in the 

retina of aged 3xTg-AD mice. In this chapter RGCs were morphologically assessed in 

twelve month 3xTg-AD mice deficient in C3 or C6 of the complement system (Figure 

5.7). RGCs in the baseline 3xTg-AD model displayed excessive dendritic pruning with a 

reduced Sholl curve that represented the entire dendritic field in comparison to wildtypes. 

Excessive RGC dendritic pruning in the 3xTg-AD mice occurred from the tertiary 

dendritic level and corresponded to significant reductions in the Sholl AUC, the peak 

number of Sholl intersections and the total length of all the dendrites. These findings 

reinforce earlier data, supporting the observation of RGC dendritic loss in 3xTg-AD mice.   

In 3xTg-AD mice deficient in C3, RGC dendrites were protected compared to 3xTg-AD 

mice (Figure 5.7). The Sholl curve was comparable to 3xTg-AD mice up to 60 µm 

however after this point, 3xTg-AD mice deficient in C3 had a significantly higher Sholl 

curve (p < 0.05), indicating an increased dendritic coverage. Compared to 3xTg-AD, 

RGCs in the 3xTg-AD C3-/- mice had significantly increased Sholl AUC, maximum 

number of Sholl intersections and total dendritic length. Despite the greater dendritic 

complexity in RGCs in 3xTg-AD C3-/- mice, the dendritic field and Sholl curve did not 

entirely match wildtype mice. Suggesting only a partial protection against excessive RGC 

dendritic pruning in 3xTg-AD mice deficient in C3.   

Similar effects were seen in 3xTg-AD mice deficient in C6, with significantly higher 

Sholl curve compared to 3xTg-AD mice (Figure 5.7). Dendritic coverage was comparable 

to 3xTg-AD mice proximal to the cell body; however, dendritic complexity increased for 

the remaining Sholl curve (between 70 and 160 µm, p < 0.05). These changes coincided 

with significant increases in the Sholl AUC, the maximum number of Sholl intersections 

and the total dendritic length. Despite the increased RGCs dendritic complexity in 3xTg-

AD C6-/- mice, the Sholl curve did not entirely match wildtypes. Therefore, similar to 

3xTg-AD C3-/-, C6 deficiency only partially protected against excessive RGC dendritic 

pruning. Comparing RGCs between both lines of complement deficient 3xTg-AD mice 

showed that dendritic preservation was consistent. Despite the significantly improved 

dendritic morphologies, neither C3 nor C6 deficiencies provided total protection against 

excessive dendritic pruning.   
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Next, I assessed the dendritic spines on CA1 neurons in the same 3xTg-AD mice deficient 

in C3 or C6-/- (Figure 5.8A-I). Spine loss was clear in the 3xTg-AD mice as described 

earlier in Chapter 4, which primarily corresponded with fewer stubby and thin spines 

whilst the mushroom spines remained similar to wildtype. 3xTg-AD C3-/- mice displayed 

a slight but non significant increase in dendritic spines compared to 3xTg-AD mice. 

Conversely, 3xTg-AD C6-/- mice showed notable and significant increase (16%, p = 

0.0003) in spine densities compared to 3xTg-AD mice. The spine coverage in the 3xTg-

AD C6-/- were comparable to typical wildtype levels. On closer inspection of the different 

spine types, the extent of thin spine loss in 3xTg-AD mice was prevented in the 3xTg-

AD C6-/-. However, the number of stubby and mushroom spines remained constant. 

Together, these results demonstrate that deficiency in C6, rather than C3, provides 

protection against CA1 hippocampal synaptic pruning in the 3xTg-AD model.           

5.3.3 3xTg-AD C5 antibody therapeutic inhibition with BB5.1 

Twelve-month female 3xTg-AD mice treated with the C5-blocking mAb BB5.1, or 

isotype control, for 6 months between 6 and 12 months were assessed for CA1 dendritic 

spine density (Figure 5.9A-I). Isotype control-treated 3xTg-AD mice displayed 

prominent dendritic spine loss which corresponded to fewer thin spines in comparison to 

wildtype. These reduced spine densities were similar to the observed 3xTg-AD mice in 

Chapter 4. In 3xTg-AD mice treated with BB5.1 mAb between the ages of 6 and 12 

months, dendritic spine coverage was significantly improved compared to isotype 

control-treated (19%, p < 0.0001).  The spine density in BB5.1 treated 3xTg-AD mice 

was typical of the densities expected from wildtype mice. Spine subtype classification 

revealed significantly greater mushroom (33%, p < 0.0001) and thin spines (27%, p = 

0.0001) whilst the number of stubby spines were unchanged compared to isotype control 

3xTg-AD mice. These data demonstrate that inhibiting C5 in 3xTg-AD mice has the 

capacity to prevent CA1 dendritic spine loss in the hippocampus, providing support for 

inhibition of downstream components of the complement system to impact pathological 

synaptic pruning.  
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5.3.4 Figures  

 

Figure 5.2 RGC dendritic complexity in C1q-/- mice. (A) DiOlistic labelled RGCs from WT and C1q-/- mice and 

corresponding dendritic reconstructions. Arrows indicate RGC axon. Scale bar 100 µm. (B) Sholl analysis of 

reconstructed RGCs.  Line represents mean of group at each interval, shaded error zones ± SEM. Two-tailed Mann-

Whitney U test at each interval distance, * = p < 0.05. (C) Area under the Sholl curve. (D) Peak number of Sholl 

intersections. (E) Total dendritic length. Column Scatterplots: data represent individual cells and error bars correspond 

to SD. WT: n = 114 cells (10 mice, 5 male/5 female) and C1q-/-: n = 98 cells (9 female mice). All mice adults older 

than three months. Two group comparisons were made using the Mann-Whitney U test comparing deficient mice to 

wildtype, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; AUC, area under 

the Sholl curve.  
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Figure 5.3 RGC dendritic complexity in C3-/- mice. (A) DiOlistic labelled RGCs from WT and C3-/- mice and 

corresponding dendritic reconstructions. Arrows indicate RGC axon. Scale bar 100 µm. (B) Sholl analysis of 

reconstructed RGCs.  Line represents mean of group at each interval, shaded error zones ± SEM. Two-tailed Mann-

Whitney U test at each interval distance, * = p < 0.05. (C) Area under the Sholl curve. (D) Peak number of Sholl 

intersections. (E) Total dendritic length. Column Scatterplots: data represent individual cells and error bars correspond 

to SD. WT: n = 114 cells (10 mice, 5 male/5 female) and C3-/-: n = 38 cells (6 male mice). All mice adults older than 

three months. Two group comparisons were made using the Mann-Whitney U test comparing deficient mice to 

wildtype, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; AUC, area under 

the Sholl curve. 

 

 



Chapter 5  109 

 

 

Figure 5.4 RGC dendritic complexity in C3aR-/- mice. (A) DiOlistic labelled RGCs from WT and C3aR-/- mice and 

corresponding dendritic reconstructions. Arrows indicate RGC axon. Scale bar 100 µm. (B) Sholl analysis of 

reconstructed RGCs.  Line represents mean of group at each interval, shaded error zones ± SEM. Two-tailed Mann-

Whitney U test at each interval distance, * = p < 0.05. (C) Area under the Sholl curve. (D) Peak number of Sholl 

intersections. (E) Total dendritic length. Column Scatterplots: data represent individual cells and error bars correspond 

to SD. WT: n = 114 cells (10 mice, 5 male/5 female) and C3aR-/-: n = 93 cells (8 mice, 3 male/5 female). All mice 

adults older than three months. Two group comparisons were made using the Mann-Whitney U test comparing deficient 

mice to wildtype, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; AUC, 

area under the Sholl curve. 
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Figure 5.5 RGC dendritic complexity in TREM2-/- mice. (A) DiOlistic labelled RGCs from WT and TREM2-/- mice 

and corresponding dendritic reconstructions. Arrows indicate RGC axon. Scale bar 100 µm. (B) Sholl analysis of 

reconstructed RGCs.  Line represents mean of group at each interval, shaded error zones ± SEM. Two-tailed Mann-

Whitney U test at each interval distance, * = p < 0.05. (C) Area under the Sholl curve. (D) Peak number of Sholl 

intersections. (E) Total dendritic length. Column Scatterplots: data represent individual cells and error bars correspond 

to SD. WT: n = 114 cells (10 mice, 5 male/5 female) and TREM2-/-: n = 54 cells (7 mice, 4 male/3 female). All mice 

adults older than three months. Two group comparisons were made using the Mann-Whitney U test comparing deficient 

mice to wildtype, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. Abbreviations: WT, wildtype; AUC, 

area under the Sholl curve. 
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Figure 5.6 CA1 dendritic spines in C1q-/-, C3-/-, C3aR-/- and TREM2-/- mice. (A-D) Representative confocal 

images of CA1 dendritic segments from WT, C1q-/-, C3-/-, C3aR-/- and TREM2-/-. Arrows indicate spine morphology: 

stubby (white arrows), mushroom (yellow arrows), thin (blue arrows). Scale bar 5 µm. Spine densities were analysed 

from dendritic segments of at least 30 µm. (E-H) Spine densities across all dendritic segments for overall, stubby, 

mushroom and thin groups. Column Scatterplot (C-F): data points represent individual cells and error bars correspond 

to SD. WT: n = 106 dendrites (7 mice, 4 male 3 female), C1q-/-: n = 33 dendrites (5 mice, 5 female), C3-/-: n = 22 

dendrites (3 mice, 3 male), C3aR-/-: n = 28 dendrites (3 mice, 3 male) and TREM2-/-: n = 50 dendrites (7 mice, 4 male 

3 female). Two-tailed Mann-Whitney U test comparing deficient mice to wildtype, * = p <0.05, ** = p <0.01, *** = p 

<0.001, **** = p <0.0001. All mice adults older than three months. Abbreviations: WT, wildtype.  
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Figure 5.7 Complement C3 and C6 offers protection from RGC dendritic loss in 3xTg-AD mice. (A) 

Representative RGC examples from wildtype 3xTg-AD, 3xTg-AD C3-/- and 3xTg-AD C6-/-. (B-F) Sholl analysis of 

all reconstructed RGCs. Line represents mean of group at each interval, shaded error zones represent ± SEM. Two-

tailed Mann-Whitney U test at each interval distance, * = p < 0.05, (G) Number of dendrites at each branching level 

proximal to the cell body. Error bars correspond to SD. (H) Area under the Sholl curve. (I) Maximum number of Sholl 

intersections. (J) Total length of all dendrites. Column Plots (G): bars represent mean from individual cells and error 

bars correspond to SD. Column Scatterplots (H-J): data points represent individual cells and error bars correspond to 

SD. WT: n = 64 cells (5 mice), 3xTg-AD: n = 69 cells (6 mice), 3xTg-AD C3-/-: n = 92 cells (5 mice) and 3xTg-AD 

C6-/-: n = 94 cells (6 mice). Four groups were compared by nonparametric one-way analysis of variance (Kruskal– 

Wallis test) using Dunn multiple comparisons post-test, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. 

All male mice aged twelve months. Abbreviations: WT, wildtype; AUC, area under the Sholl curve. 
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Figure 5.8 Complement C6 rather than C3 offers protection from hippocampal CA1 dendritic spine loss in 3xTg-

AD mice. (A-D) Representative confocal images of DiI labelled dendritic segments of CA1 segments from WT, 3xTg-

AD, 3xTg-AD C3-/- and 3xTg-AD C6-/-. Arrows indicate spine morphology: stubby (white arrows), mushroom (yellow 

arrows), thin (blue arrows). Spine densities collected from an average of 30 µm dendritic segments. Scale bar 5 µm. 

(C-F) Spine densities across all dendritic segments and (G-J) spine densities across all individual mice for overall, 

stubby, mushroom and thin groups. Column Scatterplot (C-F): data represent individual cells and error bars correspond 

to SD. Column Scatterplots (G-J): bars, mean of group; data represent the mean spine density from individual mice and 

error bars correspond to SD. WT: n = 71 dendrites (4 mice), 3xTg-AD: n = 112 dendrites (6 mice), 3xTg-AD C3-/-: n 

= 70 dendrites (5 mice) and 3xTg-AD C6-/-: n = 86 dendrites (6 mice). Multiple groups were compared by nonparametric 

one-way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = p <0.05, ** = p 

<0.01, *** = p <0.001, **** = p <0.0001. All male mice aged twelve months. Abbreviations: WT, wildtype. 
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Figure 5.9 mAb inhibition of C5 protects CA1 dendritic spines in 3xTg-AD mice. (A) Representative confocal 

images of DiOlistic labelled CA1 dendritic segments from 3xTg-AD isotype control and 3xTg-AD treated with BB5.1 

mAb between ages of 6-12 months. Arrows indicate spine morphology: stubby (white arrows), mushroom (yellow 

arrows), thin (blue arrows). Spine densities were analysed from dendritic segments of at least 30 µm. Scale bar 5 µm. 

(B-E) Spine densities across all dendritic segments and (F-I) spine densities across all individual mice for overall, 

stubby, mushroom and thin groups. Column Scatterplot (B-E): data represent individual cells and error bars correspond 

to SD. Column Scatterplots (F-I): bars, mean of group; data represent the mean spine density from individual mice and 

error bars correspond to SD. 3xTg-AD: n = 199 dendrites (12 mice) and 3xTg-AD treated with BB5.1 between ages of 

6-12 months: n = 82 dendrites (6 mice). Two-tailed Mann-Whitney U test comparing deficient mice to wildtype, * = p 

<0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All female mice aged twelve months. Dashed line corresponds 

to reference spine density from wildtype mice aged at 12 months. Abbreviations: WT, wildtype. 
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5.4 Discussion 

Complement activation is associated with amyloid plaques and microglial activation in 

the AD brain. Components of the complement system have been reported to have key 

roles in the pruning of dendrites and synapses/ spines in AD mouse models (Veerhuis et 

al., 2011; Hong et al., 2016). In this chapter, I demonstrate that modulation of the 

complement system influences RGC dendritic complexity and CA1 hippocampal 

dendritic spines in wildtype and in 3xTg-AD mice. Using two models featuring 

complement deficiencies, I observed partial protection against RGC dendritic complexity 

in 3xTg-AD mice deficient in C3 or C6; C6 deficiency also protected against CA1 

hippocampal dendritic spine loss. Inhibition of C5 with the BB5.1 mAb also protected 

CA1 dendritic spines in 3xTg-AD mice. In wildtype mice, deficiencies of C1q and C3 

resulted in a decrease in RGC dendritic complexity, whereas, a deficiency of C3aR 

resulted in a marked enlargement of RGC dendritic coverage. In relation to CA1 dendritic 

spine densities, deficiency of C1q resulted in an increased spine density, whereas, a 

deficiency of C3 resulted in a decrease. This chapter reinforces the role of the complement 

system in the modulation and refinement of dendritic and synaptic neuronal networks.                  

Complement-mediated synaptic pruning is a feature in the developing CNS and in ageing 

in AD mouse models which is thought to arise based on neuronal activity. Synaptic loss 

correlated with the deposition of amyloid in the brain, the status of neuroinflammation 

and the burden of cognitive decline (Schafer et al., 2012; Shi et al., 2017). Current 

evidence supports upstream complement components such as C1q, the initiator of the 

classical complement cascade, and C3, the central component of the complement system, 

in the recruitment and activation of microglia, and the tagging and elimination of synapses 

(Stevens et al., 2007). In Chapter 3, I reported that the retina of 3xTg-AD mice displays 

excessive RGC dendritic pruning in age-dependent process. In this chapter, I demonstrate 

that dendritic complexity is rescued, although not completely to wildtype levels, in 3xTg-

AD mice deficient in C3. These findings are in agreement with other studies that 

demonstrate a role for C3 deficiency to protect against neurodegeneration (Perez-Alcazar 

et al., 2014; Shi et al., 2015). These findings suggest that C3 has an important role in the 

refinement of RGC dendritic complexity, and in the absence of C3, provides protection 

in mouse models of AD. In the brain, C3 deficiency has previously been found to protect 
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synapses in AD models (Shi et al., 2017). In Tg2576 mice, C3 and C4 deposition is found 

to increase with age and localise on amyloid plaques (Zhou et al., 2008). However, in 

contrast to these studies, I observed that a deficiency of C3 did not prevent dendritic spine 

loss in the hippocampus of 3xTg-AD mice.  

It is uncertain whether downstream components of C3 in the complement system play a 

role in the pruning of synapses. The terminal pathway of the complement system leads to 

the formation of the membrane attack complex (MAC) which can trigger cell lysis. I 

observed that a deficiency of C6, a component required for the formation of MAC, 

rescued RGC dendritic complexity in 3xTg-AD mice, similar to a deficiency of C3. In 

contrast to C3, where CA1 spine density was not protected, the absence of C6 also 

prevented CA1 hippocampal dendritic spine loss in 3xTg-AD mice. These findings 

demonstrating that C6, part of the complement terminal pathway, is involved in neuronal 

refinement, suggests further complement therapeutic targets.     

Complement therapeutics targeting neurodegeneration has supported the role of 

complement-mediated dendritic and synaptic pruning. Inhibition of C1q protects against 

excessive RGC dendritic atrophy in glaucoma models (Williams et al., 2016). Whereas, 

in a tauopathy models (P301S), inhibition of C1q prevents microglial-engulfment of 

synapses and rescues synaptic function (Dejanovic et al., 2018). Activation of C5 of the 

complement system triggers the release of the pro-inflammatory anaphylatoxin C5a 

fragment, which recruits and activates microglia, triggering the initiation of the terminal 

pathway. C5 has therefore been highlighted for its potential role for an anti-complement 

drugs (Zelek et al., 2019). In 3xTg-AD model between the ages of 6 and 12 months, I 

observed that therapeutically inhibiting C5 (BB5.1 mAb) protected against CA1 

hippocampal dendritic spine loss. These findings are in agreement with similar studies 

that report block C5a receptor, or receptor knockout mice, preserved synapses, reduced 

neuroinflammation and improves cognition (Fonseca et al., 2009; Hernandez et al., 2017; 

Panayiotou et al., 2019). Collectively, these support the role of modulating the 

complement system to reduce C5 activation as a potential therapeutic target against 

synaptic elimination in AD mouse models. 

With the current data it is unclear whether these improvements in CA1 hippocampal 

synaptic density are a consequence of local blockage of C5 within the CNS. Only a very 

small percentage (possibly less than 0.1%) of antibody drug treatments given systemically 
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have the capacity to pass the blood brain barrier, it is uncertain whether significant levels 

of BB5.1 entered the brain of the mice analysed. At this stage in the disease progression 

of the 3xTg-AD mice, it is unlikely that the blood brain barrier would be significantly 

disrupted, although this may be the case later in the disease (Chiquita, Ribeiro, et al., 

2019). Administered BB5.1 may therefore act systemically, lowering/blocking the levels 

of C5 in circulation with the observed changes in the brain a beneficial outcome. In the 

current study it was not possible to locally administer BB5.1 to the brain (or retina), 

however, such studies could provide more relevant information regarding direct effects 

of the antibody treatments on the CNS.  

In development of the CNS, complement is known to have crucial roles in refining 

neuronal networks. However, it is unclear whether complement is involved during 

adulthood. In the development of the olfactory bulb circuitry in postnatal mice, deficiency 

of C1q and C3 lead to the improper refinement of the retinogeniculate system (Stevens et 

al., 2007; Lehmann et al., 2018). In adult mice deficient in C1q, I observed a reduction 

in RGC dendritic complexity compared to mice wildtypes. A decrease in complexity was 

unexpected due to previous reports supporting the impact of C1q deficiency leading to 

under-pruned dendritic fields (Zhang et al., 2019). These observations do however 

support the role of C1q in influencing RGC dendritic structure. In the cortex, C1q 

deficiency associates with a failure to prune synapses and leads to an increase in dendritic 

complexity (Ma et al., 2013). In contrast, in mice deficient in C3aR the receptor for the 

C3a anaphylatoxin fragment, RGCs were underpruned and displayed enlarged dendritic 

fields indicating a role for the C3a-C3aR axis in neuronal refinement. In tauopathy 

models, absence of C3aR is also found to reduce tau pathology and decrease 

neuroinflammation and synaptic elimination (Litvinchuk et al., 2018). These 

discrepancies between the different complement models may arise due to potential 

compensatory mechanisms involved in RGC synaptic connections (Tripodi et al., 2008).  

In the hippocampus, a deficiency of C1q resulted in increased dendritic spine coverage, 

reinforcing the role of C1q in complement-mediated synaptic pruning (Ma et al., 2013). 

C1q is found to accumulate in postsynaptic densities and is linked to microglial 

engulfment of synapses, decreasing synaptic density (Dejanovic et al., 2018). Despite 

C1q being associated with synaptic loss, C1q also has protective role in the CNS by 

enhancing the clearance of apoptotic neurons (Fraser et al., 2010; Györffy et al., 2018). 
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In C3-/- and C3aR-/- mice the density of CA1 dendritic spines were similar to wildtype 

mice, in contrast with others that report blocking this part of the complement system 

conferred neuronal protection  (Lian et al., 2015). In mice lacking TREM2, the receptor 

involved in binding to complement regulators, others have demonstrated abnormal 

dendritic spine elimination in development (Filipello et al., 2018). However, in adult 

mice, there was no evidence that deficiency of TREM2 altered the coverage of CA1 

dendritic spines. Collectively, these findings highlight that different components of the 

complement system are involved in synaptic elimination and that some components have 

more central roles.  

To conclude, in this chapter I demonstrate that the complement system influences RGC 

dendritic complexity and CA1 hippocampal dendritic spines in wildtype and AD model 

mice. These findings demonstrate that downstream components of C3 are involved in 

refining neuronal networks.  
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Chapter 6. The impact of bacterial and viral infections on 

retinal ganglion cells and CA1 hippocampal dendritic spines 

in wildtype and 3xTg-AD mice. 

6.1 Introduction  

In the previous chapters, I presented evidence supporting excessive RGC dendritic 

pruning and CA1 synaptic loss in 3xTg-AD mice. I also identified that deficiencies in the 

complement system, an important component of the innate immune system, conferred 

neuronal protection. Peripheral inflammation, outside of the CNS, is thought to contribute 

to the burden of neurodegeneration and associates with cognitive deficits in AD (Brown, 

2019; Giridharan et al., 2019). In this chapter, I explored the impact on RGC dendrites 

and CA1 hippocampal dendritic spines by initiating systemic inflammation, here 

mimicked bacterial and viral infections, in wildtype and 3xTg-AD mice. 

AD pathology is closely linked to neuroinflammation, particularly in the early stages of 

the disease whereby, activation of microglia triggers excessive elimination of synapses 

prior to the observation of substantial neuronal loss. Chronic inflammation in the CNS of 

AD individuals associates with microglial activation and leads to a worse disease 

prognosis (Keenan A Walker et al., 2019). In the AD brain, inflammation occurs in 

response to amyloid, however infectious agents, outside of the CNS, can influence and 

trigger alterations in the brain. In compromised individuals, those most at risk of 

neurodegenerative diseases, additional co-morbidities may contribute to an increased 

burden and accelerated pathology (Mawanda and Wallace, 2013; Sochocka et al., 2017). 

Persistent inflammation in the periphery throughout life is a known contributor to the 

status of neuroinflammation, correlating with an increased synapse elimination and 

neuronal dysfunction (Sheppard et al., 2019).  Similar to that observed in human studies, 

animal models often describe similar effects in response to infectious agents in driving 

neuropathology (Brown, 2019).  

In vivo models that investigate systemic inflammation mimic bacterial infections by the 

administration of the potent gram-negative bacterial endotoxin lipopolysaccharide (LPS). 

Low concentrations of LPS, less than 1 mg/kg, are commonly used to initiate an 
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inflammatory response without triggering sepsis, although more commonly, 

concentrations of 500 µg/kg better mimic chronic levels of inflammation. The lower 

dosages enable assessment of the impact of chronic inflammation several weeks post-

infection, rather than changes occurring during the acute phases (Torvell et al., 2019).    

LPS-driven peripheral inflammation triggers neuroinflammation in the CNS, with  in vivo 

models frequently reporting microglial activation and an increased production of pro-

inflammatory cytokines (Chugh et al., 2013). Chronic neuroinflammation, in response to 

LPS, associates with priming of the immune response leading to excessive microglial-

mediated synaptic pruning which correlates with an increase in cognitive deficits in 

wildtype and disease models (Moraes et al., 2015; Sheppard et al., 2019). In the AD 

models, LPS also modulates the classical hallmarks of AD pathology altering the burden 

of amyloid plaques and neurofibrillary tangles (Kitazawa et al., 2005). The effect of LPS 

on the retina is less described, although there are many similarities with the observed 

findings occurring in the brain. LPS administration into postnatal mice has recently 

demonstrated substantial remodeling of RGC dendritic complexity (Gao et al., 2018). 

Other infectious agents such as viruses also trigger peripheral inflammation, although are 

less described, have suggested a role for viral-driven peripheral inflammation to 

exacerbate CNS pathology. Notably, herpes simplex virus (HSV), Cytomegalovirus 

(CMV) and Hepatitis C virus (HCV) reactivate during latent infection and are observed 

in the AD brain. Viral infections in AD models trigger intraneuronal disruption, with viral 

products detected in amyloid plaques and their presence correlating with the extent of 

cognitive impairment  (Chiu et al., 2014; Barnes et al., 2015; Mangold and Szpara, 2019).  

In this chapter, I assessed the impact of systemic inflammation mimicked by bacterial 

products and viral infections on RGC dendritic complexity and CA1 hippocampal 

dendritic spines in wildtype and 3xTg-AD mice. Bacterial infection was mimicked by i.p. 

injection of LPS (500 µg/kg) as either a single or triple insult in 6-month-old mice and 

analysed one month post initial injection. Viral infection was initiated by i.p. injection of 

MCMV (murine cytomegalovirus) (5 × 104 pfu) in 2-month-old mice and analysed at 9 

months. The data in this chapter provides further insights into the role of systemic 

inflammation in driving CNS neurodegeneration.    
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6.2 Experimental Setup 

This chapter assesses the impact of systemic inflammation triggered by mimicking 

bacterial and viral infection on RGC dendrites and CA1 dendritic spines in wildtype and 

3xTg-AD mice. Figure 6.1 presents an overview of the methods used in this chapter with 

Chapter 2 providing a detailed description on the protocols used to assess RGC dendritic 

complexity and CA1 dendritic spines.       

Bacterial infection was mimicked in female wildtype and 3xTg-AD mice at 6 months by 

i.p. injection with the endotoxin, lipopolysaccharide (LPS, Sigma Aldrich product code: 

L2880), either as a single dose (1xLPS) or once a week for three weeks (3xLPS) and 

compared to saline injections. All mice were analysed one month post initial injection. 

LPS was dissolved in 0.9% NaCl, yielding a 5 mg/ml LPS stock solution. On the day of 

injection, the LPS stock solution was diluted in 0.9% NaCl to a working concentration of 

100 µg/ml and i.p. injected at 0.5µg of LPS per gram of body weight, or the equivalent 

volume of saline. Typically, a 30 g mouse required a volume of 150 µl of either saline or 

LPS working concentration. The dosage of LPS sufficiently induces an immune response 

without inducing sepsis and is used in other AD related studies (Torvell et al., 2019). 

Following all injections, animals were health checked to assess any adverse effects and 

frequently weighed. Typically, LPS triggered 10-20% weight loss up to 48 hours post-

injection. In the 3xLPS groups, LPS was injected once a week for three weeks, ensuring 

a recovery period whereby the observed LPS induced weight loss was either stable or 

recovered to baseline.     

Viral infections were initiated using MCMV in female wildtype and 3xTg-AD mice. 

MCMV was prepared by sorbital gradient purification as described previously (Stacey et 

al., 2014) with 3 × 104 pfu i.p. injected into mice as a single injection at 2 months. Virally 

infected mice were housed in pathogen-free scantainer ventilated cages and analysed at 9 

months of age. MCMV preparation, MCMV administration, animal housing, health 

checks and other experimental readouts were performed by Dr Mathew Clement. The 

work presented in this thesis only investigated the impact of MCMV on RGC dendrites 

and CA1 hippocampal dendritic spines.  
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Figure 6.1 Experimental overview for Chapter 6 addressing the impact of systemic inflammation triggered by 

bacterial (LPS) and viral (MCMV) infection on RGC dendritic arborisation and CA1 hippocampal dendritic 

spines. (A) Main objectives for Chapter 6. (B) The different animal models used. (C) More details on the animal 

model’s age, gender and time course. (D) Number of mice analysed that were subjected to DiOlistic labelling. (E) All 

groups in Chapter 6 were analysed for RGC dendrites and CA1 hippocampal dendritic spine coverage. Illustration 

created in BioRender.   
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6.3 Results  

6.3.1 Systemic LPS  

6.3.1.1 Weight Monitoring 

To determine the impact of LPS on RGCs and CA1 hippocampal spines, firstly, evidence 

of inflammation was required. Weight monitoring is a useful method to monitor the health 

of mice following injection of LPS (Figure 6.2).  

In wildtype mice (Figure 6.2A), the initial injection of saline resulted in slight weight loss 

that peaked at 24 hrs post-injection, with mice returning to baseline weight in the 

subsequent days. The second saline injection triggered a further slight loss of weight 

peaking at 24 hrs post-injection. Wildtype mice subsequently gained weight above the 

initial baseline between the second and third saline injections. In line with the previous 

injections, the final saline injection also triggered weight loss which peaked at 24 hrs post 

injection followed by weight gain in subsequent days. Wildtype mice injected with a 

single insult of LPS (1xLPS), displayed weight loss that peaked at 24 hrs post-injection. 

In comparison to the baseline weight, 1xLPS triggered a reduction of approximately 10%, 

however weights returned to baseline within a week. For wildtype mice injected with 

three insults of LPS (3xLPS), mice displayed a similar initial response to the 1xLPS 

wildtype mice with weight returning to baseline before further injections. The second and 

final LPS injections showed similar trends following injections. The 3xLPS wildtype 

mice subsequently returned to baseline before culling and were comparable to the saline 

group upon final weighing.  

In 3xTg-AD mice (Figure 6.2B), an initial injection of saline resulted in slight weight loss 

that peaked at 48 hrs post-injection and did not return to baseline, instead remained stable. 

The second saline injection in 3xTg-AD mice did not display any weight loss and gained 

weight after 24 hrs, which decreased to the constant level before the third injection. The 

final saline injection in 3xTg-AD mice also did not trigger weight loss, with mice gaining 

weight and returning to and above the initial baseline. For 3xTg-AD mice injected with a 

single dose of LPS (1xLPS), mice displayed weight loss that peaked at 24 hours post-

injection. 3xTg-AD 1xLPS mice displayed gradual weight gain, however, did not return 
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to baseline within a week post-injection. For 3xTg-AD mice injected with three doses of 

LPS (3xLPS), mice exhibited an initial weight loss that peaked at 48 hrs post injection 

and remained stable until the second injection. The second round of LPS triggered further 

weight loss, that peaked at 48 hrs post-injection with subsequent weight gain. The final 

LPS insult in 3xTg-AD mice inflicted similar weight loss at 24 hrs post-injection which 

was accompanied by a gradual return to baseline weight. These observations identifying 

fluctuations in weight following LPS injections indicates the successful administration of 

LPS in triggering systemic inflammation in both wildtype and 3xTg-AD mice.       

6.3.1.2 Wildtype 

To study the effect of mimicked bacterial infection in the retina of wildtype mice at 6 

months, RGC dendritic morphology was quantified from saline, single (1xLPS) and triple 

LPS insults (3xLPS) (Figure 6.3A). Wildtype mice injected with saline revealed a Sholl 

profile and associated parameters typical of previous descriptions reported in Chapter 3. 

The insult of a single or triple doses of LPS resulted in a minimal changes to RGC 

dendritic complexity in wildtype mice (Figure 6.3B-D). A reduced LPS associated Sholl 

profile was only detected in wildtype 3xLPS group with a lowered peak of the Sholl curve 

compared to saline (between 40 and 80 µm, p < 0.05) and 1xLPS (at 70 µm, p < 0.05) 

groups. However, these changes were subtle and did not reflect any differences in the 

Sholl AUC, the maximum number of intersections or in the overall total length of the 

dendrites (Figure 6.3E-G). These data demonstrate that in wildtype mice at 6 months, a 

single or repeated insult of LPS throughout a month time course has a minimal effect on 

the dendritic complexity of RGCs.   

As reported in Chapter 3, classification of RGC receptive field highlighted possible 

susceptibility of ON-centre RGCs. These observations were similar in 1xLPS wildtype 

mice with ON-centre RGCs displaying a reduced Sholl profile with fewer distal dendrites 

(between 90 and 120 µm, p < 0.05; Figure 6.4A). Additionally, ON-centre RGCs in 

3xLPS wildtype mice also displayed similar distal dendritic loss (fewer intersections at 

40 and 80 to 120 µm, p < 0.05); although, there were no differences between the two LPS 

groups (Figure 6.4B-C). Quantification of the Sholl AUC supported these findings; 

though, statistical significance was not reached when comparing all the groups (Figure 

6.4D). Dendritic changes in OFF-centre RGCs, in line with previous data in earlier 
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chapters, was less pronounced in wildtype mice (Figure 6.4E-G). Wildtype LPS groups 

for OFF-centre RGCs did not demonstrate any overall differences in the Sholl curve. 

However, in the 3xLPS wildtype mice, OFF-centre RGCs possibly indicated a reduced 

Sholl curve at the point of highest complexity, compared to 1xLPS OFF-centre RGCs, 

although no statistical significance was obtained. These observations were highlighted by 

similarities with the Sholl AUC (Figure 6.4H). These findings suggest that LPS may 

affect ON-centre RGCs more than OFF-centre RGCs in wildtype mice.      

In the same LPS treated wildtype mice, the impact on CA1 hippocampal dendritic spine 

density and morphology was also assessed (Figure 6.5A-E). Wildtype mice injected with 

saline revealed spine densities typical to expected normal levels. In contrast, wildtype 

mice injected with LPS revealed that 1xLPS showed an overall trend for fewer total spines 

with reduced number of stubby spines, whilst retaining mushroom and thin spines. 

However, such spine loss was not observed in the wildtype mice injected with 3xLPS and 

resulted in minimal effects on dendritic spine density. These differences highlight 

conflicting results for the impact of LPS on dendritic spines in wildtype mice. Previous 

data in earlier chapters indicated that the number of thin spines was a good indication of 

spine loss and was the most affected spine subtype. In the LPS treated wildtype mice, 

only a reduction in the number of stubby spines was observed in the 1xLPS group (225, 

p = 0.0009). This may be attributed to the limited number of mice analysed, although it 

is likely that in wildtype mice there is a minimal effect of LPS in modulating CA1 

hippocampal dendritic spines.     
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6.3.1.3 3xTg-AD 

To investigate the effect of LPS-mimicked bacterial infection in the retina of 3xTg-AD 

mice at 6 months, RGCs were morphologically quantified for their dendritic fields from 

saline, single (1xLPS) and triple LPS (3xLPS) insults (Figure 6.6A). 3xTg-AD mice 

injected with saline revealed a Sholl profile that was marginally decreased compared with 

wildtype mice (data comparison not shown). However, 3xTg-AD mice administered with 

either 1xLPS and 3xLPS resulting in minimal to no impact on the RGC dendritic 

complexity (Figure 6.6B-D). No significant changes were observed in 3xTg-AD LPS 

groups for the Sholl analysis or related parameters (Figure 6.6E-G). Therefore, these data 

indicate that at 6 months, for the one-month time course assessed, 3xTg-AD mice insulted 

with LPS either as a single or repeated injection do not develop exacerbated RGC 

dendritic pruning. 

Classification of RGCs based on their receptive field, i.e ON and OFF centre, revealed 

subtle shifts within the groups. ON-centre RGCs from 3xTg-AD mice demonstrated that 

1xLPS 3xTg-AD mice had slightly increased proximal dendritic coverage compared to 

saline (at 10, 20 and 40 µm p <0.05) and 3xLPS (between 10 and 50 µm, p < 0.05) groups 

(Figure 6.7A-C). Although, no statistical differences were detected in the Sholl AUC 

(Figure 6.7D). In agreement with earlier data, changes to OFF-centre RGCs were less 

pronounced with no differences between the groups based on the Sholl curves and Sholl 

AUC (Figure 6.7E-H). These findings suggest that LPS in 3xTg-AD mice, during the 

one-month time course, does not impact RGC dendritic complexity. 

In the same 3xTg-AD mice assessed for RGC dendritic complexity, CA1 hippocampal 

dendritic spines were analysed (representative examples, Figure 6.8A). 3xTg-AD mice 

injected with saline revealed spine densities typical of 3xTg-AD mice at this age with 

signs of early spine loss compared to wildtype mice, data comparison not shown. 3xTg-

AD mice injected with a single incidence of LPS (1xLPS) were unaffected with no signs 

of overall or subtype spine loss. However, 3xLPS resulted in an overall significant 

reduction in spine density compared to 3xTg-AD injected with saline (14%, p < 0.0001)  

or 1xLPS groups (21%, p = 0.0144) (Figure 6.8B). Spine classification revealed only thin 

spines were significantly reduced in 3xTg-AD mice inflicted with 3xLPS compared to 

saline (16%, p = 0.0086) and 1xLPS (36%, p = 0.0006) (Figure 6.8C-E). These 
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observations are in agreement with previous chapters and demonstrate that repeated LPS 

insults exacerbates spine loss in 3xTg-AD mice.   
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6.3.1.4 Figures 

 

Figure 6.2 LPS triggers weight loss in wildtype and 3xTg-AD mice. (A) Body weight monitoring of wildtype mice 

compared to baseline (before injection) for saline, single (1xLPS) or repeated (3xLPS) insults of LPS. (B) Body weight 

monitoring of 3xTg-AD mice compared to baseline for saline, single (1xLPS) or repeated (3xLPS) insults of LPS. 

Injected days, indicated on each graph, correspond to day 0, 7 and 14 with 1x LPS only receiving day 0 injection. Mice 

were analysed in the 4th week post initial injection. All mice were female and aged 6 months at initial injection. 

Abbreviation: WT, wildtype; LPS, Lipopolysaccharide; 1xLPS, single LPS injection; 3xLPS, 3 LPS injections.  
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Figure 6.3 RGC dendritic complexity in LPS insulted wildtype mice. (A) Representative RGC examples from 

wildtype mice injected with either saline, 1 or 3 insults of LPS with the corresponding dendritic reconstructions. Arrows 

indicate RGC axon. Scale bar 100µm (B-D) Sholl analysis of RGCs. Line represents mean of group at each interval, 

shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (E) Area under 

Sholl curve. (F) Maximum number of Sholl intersections. (G) Total length of all dendrites. Column Scatterplots: data 

represent individual cells and error bars correspond to SD. Saline: n = 58 cells (6 mice), 1xLPS: n = 45 cells (3 mice) 

and 3xLPS: n = 59 cells (3 mice). (E-G) Three groups were compared by nonparametric one-way analysis of variance 

(Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = 

p <0.0001. All female mice aged at 6 months at initial injection and analysed at 7 months. Abbreviations: WT, wildtype; 

AUC, area under the Sholl curve; 1xLPS, single LPS injection; 3xLPS, 3 LPS injections.  
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Figure 6.4 ON-centre vulnerability in LPS insulted wildtype mice. (A-C) Sholl analysis of ON-centre RGCs from 

wildtype mice subjected to saline, 1xLPS or 3xLPS injections. Line represents mean of group at each interval, shaded 

error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (D) Area under Sholl 

curve for ON-centre RGCs. (E-G) Sholl analysis for OFF-centre RGCs from wildtype mice subjected to saline, 1xLPS 

or 3xLPS injections. Line represents mean of group at each interval, shaded error zones ± SEM. (H) Area under the 

Sholl curve for OFF-centre RGCs. Column Scatterplots (D, H): data represent individual cells and error bars correspond 

to SD. ON-Centre- Saline: n = 16 cells (6 mice), 1xLPS: n = 11 cells (3 mice) and 3xLPS: n = 23 cells (3 mice). OFF-

Centre- Saline: n = 42 cells (6 mice), 1xLPS: n = 34 cells (3 mice) and 3xLPS: n = 36 cells (3 mice). All female mice 

aged at 6 at initial injection and analysed at 7 months. Abbreviations: WT, wildtype; AUC, area under the Sholl curve; 

1xLPS, single LPS injection; 3xLPS, 3 LPS injections.     
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Figure 6.5 CA1 dendritic spine density in LPS insulted wildtype mice. (A) Representative confocal images of DiI 

labelled CA1 dendritic segments from WT, 1xLPS and 3xLPS. Arrows indicate spine morphology: stubby (white 

arrows), mushroom (yellow arrows), thin (blue arrows). Scale bar 5 µm. Spine densities were analysed from dendritic 

segments of at least 30 µm. (B-E) Spine densities across all dendritic segments for overall, stubby, mushroom and thin 

groups. Column Scatterplot: data represent individual cells and error bars correspond to SD. Saline: n = 47 dendrites 

(5 mice), 1xLPS: n = 23 dendrites (3 mice) and 3xLPS: n = 48 dendrites (3 mice). Three groups were compared by 

nonparametric one-way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = p 

<0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All female mice aged at 6 at initial injection and analysed at 7 

months.  Abbreviations: WT, wildtype; 1xLPS, single LPS injection; 3xLPS, 3 LPS injections.  
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Figure 6.6 RGC dendritic complexity in LPS insulted 3xTg-AD mice. (A) Representative RGC examples from 

wildtype mice injected with either saline, 1 or 3 insults of LPS with the corresponding dendritic reconstructions. Arrows 

indicate RGC axon. Scale bar: 100 µm. (B-D) Sholl analysis of RGCs. Line represents mean of group at each interval, 

shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (E) Area under 

Sholl curve. (F) Maximum number of Sholl intersections. (G) Total length of all dendrites. Column Scatterplots: data 

represent individual cells and error bars correspond to SD. Saline: n = 81 cells (5 mice), 1xLPS: n = 43 cells (4 mice) 

and 3xLPS: n = 54 cells (3 mice). (E-G) Three groups were compared by nonparametric one-way analysis of variance 

(Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = 

p <0.0001. All female mice aged at 6 at initial injection and analysed at 7 months. Abbreviations: AUC, area under the 

Sholl curve; 1xLPS, single LPS injection; 3xLPS, 3 LPS injections.  
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Figure 6.7 RGC receptive field classification in LPS insulted 3xTg-AD mice. (A-C) Sholl analysis of ON-centre 

RGCs from 3xTg-AD mice subjected to saline, 1xLPS or 3xLPS injections. Line represents mean of group at each 

interval, shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (D) Area 

under Sholl curve for ON-centre RGCs. (E-G) Sholl analysis for OFF-centre RGCs from 3xTg-AD mice subjected to 

saline, 1xLPS or 3xLPS injections. Line represents mean of group at each interval, shaded error zones ± SEM. (H) 

Area under the Sholl curve for OFF-centre RGCs. Column Scatterplots: data represent individual cells and error bars 

correspond to SD. ON-Centre- Saline: n = 37 cells (5 mice), 1xLPS: n = 23 cells (4 mice) and 3xLPS: n = 25 cells (3 

mice). OFF-Centre- Saline: n = 44 cells (5 mice), 1xLPS: n = 20 cells (4 mice) and 3xLPS: n = 29 cells (3 mice). All 

female mice aged at 6 at initial injection and analysed at 7 months. Abbreviations: AUC, area under the Sholl curve; 

1xLPS, single LPS injection; 3xLPS, 3 LPS injections.     
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Figure 6.8 Repeated LPS insults triggers CA1 dendritic spine loss in 3xTg-AD mice. (A) Representative confocal 

images of DiI labelled CA1 dendritic segments from 3xTg-AD, 1xLPS and 3xLPS. Arrows indicate spine morphology: 

stubby (white arrows), mushroom (yellow arrows), thin (blue arrows). Scale bar 5 µm. Spine densities were analysed 

from dendritic segments of at least 30 µm. (B-E) Spine densities across all dendritic segments for overall, stubby, 

mushroom and thin groups. Column Scatterplot: data represent individual cells and error bars correspond to SD. Saline: 

n = 68 dendrites (5 mice), 1xLPS: n = 36 dendrites (3 mice) and 3xLPS: n = 54 dendrites (3 mice). Three groups were 

compared by nonparametric one-way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons 

post-test, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All female mice aged at 6-7 months. 

Abbreviations: 1xLPS, single LPS injection; 3xLPS, 3 LPS injections. 
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6.3.2 MCMV  

6.3.2.1 Wildtype  

To assess the impact of MCMV infection on RGC dendritic complexity, wildtype mice 

were assessed at 9 months. Wildtype mice injected with saline revealed a Sholl profile 

and accompanying parameters typical of previous wildtype descriptions. In contrast, 

wildtype mice infected with MCMV had a minimal effect on RGC dendritic complexity 

(representative examples, Figure 6.9A). Although not attaining statistical significance, 

the Sholl curve was reduced between 100 and 150 µm in the MCMV infected wildtype 

mice (Figure 6.9B). No statistical differences were identified in the Sholl AUC, the 

maximum number of intersections or in the overall total length of the dendrites (Figure 

6.9C-E). It was not feasible based on the number of RGCs collected to separate the data 

based on receptive field classification. These data demonstrate that wildtype mice 

infected with MCMV does not trigger excessive pruning of RGC dendrites.    

In the same wildtype mice, hippocampal CA1 dendritic spines were also analysed to 

assess the impact of MCMV infection (representative examples, Figure 6.10A). Wildtype 

mice injected with saline revealed spine densities both overall and classified based on 

subtype typical of normal levels previously described in earlier chapters. In the wildtype 

mice infected with MCMV, no effects were observed on the total spine density, nor in the 

spine subtypes (Figure 6.10B-I). These data demonstrate that MCMV infection in 

wildtype mice does not trigger dendritic spine loss on CA1 hippocampal neurons.     
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6.3.2.2 3xTg-AD  

To assess the impact of MCMV infection on RGC dendritic complexity, 3xTg-AD mice 

were assessed at 9 months (representative examples, Figure 6.11A). 3xTg-AD mice 

injected with saline revealed a Sholl profile that was typical of 3xTg-AD mice at this age 

point, with modest reductions in dendritic complexity compared to wildtypes (data 

comparison not shown). In 3xTg-AD mice infected with MCMV, there was a consistent, 

but subtle, decrease in RGC dendritic complexity (p < 0.05 only at 40 and 50 µm) (Figure 

6.11B). These changes were supported by significantly reduced Sholl AUC (16%, p < 

0.0423) and decreased maximum number of intersections (13%, p = 0.0223) (Figure 

6.11C-D). However, the total number length of all the dendrites was reduced in MCMV 

infected 3xTg-AD mice, although the changes were not significant (Figure 6.11E). 

Similar to the wildtype mice, it was not feasible based on the number of RGCs collected 

to separate the data based on receptive field classification. These data demonstrate that at 

9 months, 3xTg-AD mice infected with MCMV trigger excessive RGC dendritic pruning.    

In the same mice, hippocampal CA1 dendritic spines were also analysed in the 3xTg-AD 

model (representative examples, Figure 6.12A). 3xTg-AD mice injected with saline 

revealed spine densities typical of 3xTg-AD mice at this age, similar to previously 

reported findings in Chapter 4, with spine density reduced compared to wildtypes. In 

3xTg-AD mice infected with MCMV there was a significant decrease in the overall spine 

density (14%, p = 0.0058), with a decrease in all spine subtypes, although alone these 

subtypes did not attain statistical significance (Figure 6.12B-I). These data demonstrate 

that MCMV infection in 3xTg-AD mice exacerbates hippocampal CA1 dendritic spine 

density. 
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6.3.2.3 Figures 

 

Figure 6.9 RGC dendritic complexity in MCMV infected wildtype mice. (A) Representative RGC examples from 

wildtype mice injected with either saline or MCMV with the corresponding dendritic reconstructions. Arrows indicate 

RGC axon. Scale bar: 100 µm. (B) Sholl analysis of RGCs. Line represents mean of group at each interval, shaded 

error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (C) Area under Sholl 

curve. (D) Maximum number of Sholl intersections. (E) Total length of all dendrites. Column Scatterplots: data 

represent individual cells and error bars correspond to SD. WT saline: n = 35 cells (4 mice), WT MCMV: n = 31 cells 

(4 mice). (C-E) Two group comparisons were made using the Mann-Whitney U test., * = p <0.05, ** = p <0.01, *** = 

p <0.001, **** = p <0.0001. All female mice aged at 9 months. Abbreviations: WT, wildtype; AUC, area under the 

Sholl curve. 
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Figure 6.10 CA1 dendritic spines in MCMV infected wildtype mice. (A) Representative confocal images of DiI 

labelled CA1 dendritic segments from wildtype mice treated with saline or MCMV. Arrows indicate spine morphology: 

stubby (white arrows), mushroom (yellow arrows), thin (blue arrows). Scale bar 5 µm. Spine densities collected from 

an average of 30 µm dendritic segments. (B-E) Spine densities across all dendritic segments and (F-I) spine densities 

across all individual mice for overall, stubby, mushroom and thin groups. Column Scatterplot (B-E): data represent 

individual cells and error bars correspond to SD. Column Scatterplots (F-I): bars, mean of group; data represent the 

mean spine density from individual mice and error bars correspond to SD. WT saline: n = 38 dendrites (4 mice) and 

WT MCMV: n = 44 dendrites (4 mice). Two group comparisons were made using the Mann-Whitney U test., * = p 

<0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All female mice aged at 9 months. Abbreviations: WT, 

wildtype. 
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Figure 6.11 RGC dendritic complexity in MCMV infected 3xTg-AD mice. (A) Representative RGC examples from 

3xTg-AD mice injected with either saline or MCMV with the corresponding dendritic reconstructions. Arrows indicate 

RGC axon. Scale bar: 100 µm. (B) Sholl analysis of RGCs. Line represents mean of group at each interval, shaded 

error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p < 0.05. (C) Area under Sholl 

curve. (D) Maximum number of Sholl intersections. (E) Total length of all dendrites. Column Scatterplots (C-E): data 

represent individual cells and error bars correspond to SD. 3xTg-AD saline: n = 47 cells (6 mice) and 3xTg-AD MCMV: 

n = 46 cells (6 mice). (C-E) Two group comparisons were made using the Mann-Whitney U test., * = p <0.05, ** = p 

<0.01, *** = p <0.001, **** = p <0.0001. All female mice aged at 9 months. Abbreviations: AUC, area under the Sholl 

curve. 

 

 



Chapter 6  140 

 

 

Figure 6.12 CA1 dendritic spines in MCMV infected 3xTg-AD mice. (A) Representative confocal images of DiI 

labelled CA1 dendritic segments from 3xTg-AD mice treated with saline or MCMV. Arrows indicate spine 

morphology: stubby (white arrows), mushroom (yellow arrows), thin (blue arrows). Scale bar 5 µm. Spine densities 

collected from an average of 30 µm dendritic segments. (B-E) Spine densities across all dendritic segments and (F-I) 

spine densities across all individual mice for overall, stubby, mushroom and thin groups. Column Scatterplot (B-E): 

data represent individual cells and error bars correspond to SD. Column Scatterplots (F-I): bars, mean of group; data 

represent the mean spine density from individual mice and error bars correspond to SD. 3xTg-AD PBS: n = 70 dendrites 

(6 mice) and 3xTg-AD CMV: n = 82 dendrites (6 mice). Two group comparisons were made using the Mann-Whitney 

U test., * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All female mice aged at 9 months. 
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6.4 Discussion 

Inflammation is necessary to efficiently respond to damage and invading pathogens; 

however, chronic sustained inflammation associates with many diseases. The 

neuroinflammatory component of AD, including microglial activation, is closely linked 

to the development of pathology and cognitive deficits (Cunningham and Hennessy, 

2015). Peripheral inflammation, outside of the CNS, can be chronic and affect the extent 

of neuroinflammation in AD associating with a worse prognosis (Brown, 2019). 

However, it is uncertain to what extent peripheral inflammation is a factor in driving 

neurodegeneration in AD. This chapter assessed the impact of systemic inflammation 

triggered by mimicked bacterial (LPS) and viral (MCMV) infections in wildtype and 

3xTg-AD mice and determined the impact on RGC dendritic complexity and CA1 

hippocampal dendritic spines. Peripheral inflammation driven by these infectious agents 

had the capacity to influence subtle changes to RGC dendritic complexity and CA1 

hippocampal dendritic spines in AD mice. These findings are in support with the current 

understandings that inflammation outside of the CNS can contribute to the burden of 

neurodegeneration.  

While infections alone may not cause AD pathology, their presence is increasingly 

associated with neuroinflammation, exacerbated disease severity and progression of the 

disease. Systemic inflammation can trigger cognitive dysfunction and lead to long-term 

cognitive impairment (Giridharan et al., 2019). In the blood circulation of AD individuals 

it is common to detect proinflammatory markers, therefore demonstrating its potential 

significance and role in contributing to AD pathology (Zetterberg and Burnham, 2019). 

In AD mouse models, whereby bacterial infections are commonly mimicked through the 

administration of LPS, mice display an increased amyloid deposition in the brain, 

particularly in the hippocampus and cortex (Lee et al., 2008). In models featuring LPS-

driven inflammation, LPS triggers microglial activation and promotes the clearance of 

diffuse amyloid, whilst in models harvesting tau mutations, LPS exacerbates tau 

pathology (DiCarlo et al., 2001; Herber et al., 2004; Kitazawa et al., 2005; Herber et al., 

2007; Lee et al., 2010; Sy et al., 2011).  

As previously discussed, synaptic loss correlates with AD severity and progression. LPS-

driven inflammation alters synaptic plasticity, triggers excessive synaptic pruning, 
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remodels neuronal networks and is linked to the observed cognitive impairments 

(Commins et al., 2001; Kondo et al., 2011). These LPS-related changes are found to have 

long-lasting effects on synaptic networks, and are detected from a single LPS exposure 

(Kondo et al., 2011). Although the underlying mechanisms are unclear, these changes are 

linked to IL-1β associated microglial activation and dysfunctional mitochondria, 

corresponding to the associated cognitive deficits (Moraes et al., 2015; He et al., 2019; 

Sheppard et al., 2019; Zhao et al., 2019).  

In this chapter, wildtype and 3xTg-AD mice were treated with LPS, mimicking bacterial 

infections. Wildtype mice demonstrated exacerbated RGC dendritic pruning when 

subjected to multiple doses of LPS rather than a single dose. These suggest that in the 

absence of disease, RGCs are potentially vulnerable to repeated and sustained systemic 

inflammation. In previous chapters, classification of RGC’s based on the dendritic 

lamination highlighted potential susceptibility of ON-centre classified RGCs rather than 

OFF-centre RGCs. These findings were also observed in the wildtype mice challenged 

with LPS. A recent study also reports excessive RGC dendritic pruning in response to 

LPS, although these observations were obtained from postnatal mice, suggesting the role 

of peripheral inflammation to influence RGC dendritic architecture (Gao et al., 2018). In 

the 3xTg-AD model, LPS driven RGC dendritic pruning was less apparent. At the age 

point analysed, 6-7 months, 3xTg-AD mice display RGC dendritic profiles similar to 

wildtypes. In contrast, RGCs in the 3xTg-AD model did not display exacerbated dendritic 

pruning as a result of a single or multiple LPS dose. As reported in Chapter 3, excessive 

RGC dendritic pruning in the 3xTg-AD model is more prominent around the ages of 12 

months. Despite the absence of exacerbated RGC pruning in the 3xTg-AD mice in 

response to LPS, it may remain possible for these early markers of neurodegeneration to 

become apparent later in the disease when pathology has advanced.  

In earlier chapters I demonstrated that dendritic spines decorating CA1 hippocampal 

neurons are vulnerable to excessive pruning in AD mouse models, especially in older 

mice with a more advanced pathology. In the same LPS insulted mice assessed for RGC 

dendritic complexity, CA1 dendritic spine densities were quantified at 6-7 months. In 

wildtypes, the impact of LPS on CA1 hippocampal dendritic spine densities demonstrated 

mixed results. A single LPS insult in wildtype mice, rather than repeated doses, triggered 

overall dendritic spine loss, however on closer inspection of the spine subtypes, only 
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immature stubby spines were reduced. In the control wildtype mice injected with saline 

in revealed spine densities that were typical of previously discussed wildtype mice. These 

observations are in contrast to previous data that pinpointed the vulnerability of thin 

spines (Chugh et al., 2013). These findings suggest that LPS driven inflammation in 

wildtype mice may trigger hippocampal dendritic spine alterations, however changes are 

subtle and absent in mice repeatedly exposed to LPS.  

Administration of LPS in AD mouse models associate with accelerated pathology and 

further cognitive function. In 3xTg-AD mice at 6-7 months, the onset of detectable 

pathological changes, a single insult of LPS did not affect spine coverage; however, 

multiple LPS doses triggered CA1 hippocampal dendritic spine loss. The sustained 

elevation of systemic inflammation, which may arise from the multiple doses of LPS, 

corresponded to a reduction in thin spines. These observed decrease of dendritic spines, 

particularly of thin spines are in agreement with previous data in earlier chapters and data 

of others reporting a reduction in dendritic spines in the brain due to LPS-driven 

inflammation (Sheppard et al., 2019). The changes in response to repeated systemic LPS 

injections has previously been reported an increase in microglial activation, classical 

complement activation and induction of neuronal loss, with a single dose unable to trigger 

such effects (Bodea et al., 2014). Synapse loss as a result of LPS triggers microglial 

activation and initiates microglial-mediated synaptic engulfment. Both single and 

multiple LPS insults remodel synaptic networks, alter learning capacity, and triggers 

depression-like behaviour in mice (Sparkman et al., 2005; Zhang et al., 2014). In sepsis 

models, which feature higher concentrations of LPS, LPS elicits synaptic disruption and 

is associated with a marked increased production of proinflammatory cytokines (Moraes 

et al., 2015; Lin et al., 2019). Collectively, these findings demonstrate that peripheral 

inflammation caused by mimicking bacterial infection, has the capacity to influence the 

burden of synaptic loss in the brain of AD mouse models.   

Viral infections are another source of potential triggers of systemic inflammation and 

similarly impact neuroinflammation in the CNS. Reactivation of latent viral infections 

triggers priming and activation of microglia, and in AD, viral seropositivity associates 

with an increased risk of a more severe pathology and cognitive deficits (Chiu et al., 2014; 

Barnes et al., 2015). To explore the role of viral infection on the RGC dendrites and 

hippocampal dendritic spines, both wildtype and 3xTg-AD mice were infected with 



Chapter 6  144 

 

MCMV (5 × 104 pfu). In wildtypes virally infected, the effect on RGC dendritic 

complexity was unaltered. In contrast, 3xTg-AD mice demonstrated subtle but a 

significant and consistent reduction in dendritic complexity. These findings demonstrate 

that viral infections have the capacity to exacerbate neurodegeneration in the retina of 

3xTg-AD mice. In the same MCMV infected mice, CA1 hippocampal dendritic spines 

were analysed. In wildtype mice, viral infection did not alter CA1 spine density and 

therefore mice displayed similar spine densities to saline and typical wildtype mice. In 

contrast, virally infected 3xTg-AD mice triggered a reduction in the number of dendritic 

spines. Although, it was unclear whether a particular spine subtype was driving this spine 

loss. Similar observation of synaptic loss in response to viral infections has previously 

been reported in wildtype mice (Sobue et al., 2018). Therefore, the data in this chapter 

provides initial evidence supporting the role and impact of viral infections in triggering 

excessive synaptic loss in the hippocampus of AD mouse models.   

To conclude, I demonstrate that systemic inflammation mimicked by bacterial and viral 

infections, can contribute to excessive RGC dendritic pruning and CA1 dendritic spine 

loss. Although changes were subtle and did not extensively remodel neurons, the 

observed impacts reinforce the role of peripheral inflammation influencing the burden of 

neurodegeneration in the CNS.   

 

 

 

 

 



Chapter 7  145 

 

Chapter 7. The impact of probiotic supplementation on 

retinal ganglion cells and CA1 hippocampal dendritic spines 

in the 3xTg-AD model.    

7.1 Introduction  

In the preceding chapters, I reported that RGC dendritic complexity, and hippocampal 

CA1 dendritic spines are vulnerable to excessive pruning in AD mouse models. These 

were affected by changes to the innate immune system whereby deficiencies of the 

complement system offered neuronal protection, in contrast, infectious agents triggered 

exacerbated pruning. These findings demonstrated that inflammation in the periphery has 

a crucial role in modulating, at least in part, the status of neurodegeneration in both the 

retina and hippocampus of AD mouse models. An alternative source of peripheral 

inflammation, which can be chronic and sustained for long periods, relates to changes in 

the gut microbiome. Dysbiosis, is an increasingly reported feature in neurological and 

neurodevelopmental disorders, although the exact mechanisms are unclear (Grigg and 

Sonnenberg, 2017). Therapeutically altering the composition of the microbiome, 

particularly during early stages of diseases, may offer an opportunity to modulate the 

status of dysbiosis in order to reduce the status of circulating inflammation, a contributing 

factor in neurodegenerative diseases (Westfall et al., 2017).  

A healthy gut is typically stable however is closely influenced by a person’s diet, 

particularly a diet high in fat, infections throughout life, and ageing to name a few. 

Although the exact mechanisms are unknown, the gut microbiome can affect cognitive 

function. Dysregulation of the gut microbiome is linked to several neurological disorders, 

including depression, stress and autism (O’Hagan et al., 2017). Dysbiosis has also been 

found as an emerging comorbidity in neurodegenerative diseases, including AD (Sy et 

al., 2011). Dysbiosis can lead to chronic increases in peripheral inflammation that is 

sustained for many years (Saiyasit et al., 2020). As discussed earlier, peripheral 

inflammation is an associating factor on the burden of neuroinflammation and correlates 

with AD pathology. Therefore, modulation of the gut microbiome is a realistic and 
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attractive therapeutic strategy against the inflammatory component of AD (Li et al., 

2019).   

Probiotics, such as Bifidobacterium and Lactobacillus, are regarded as beneficial bacteria 

that have the ability to modulate the gut microbiome and restore homeostasis. Recently, 

probiotics have demonstrated positive effects in the brain including against depression 

and neurodegenerative diseases (Roy Sarkar and Banerjee, 2019). In vitro and in vivo 

studies have highlighted the roles of probiotics for modulation of the immune system, 

anti-apoptotic properties, protects against oxidative damage, and improves cognitive 

function (Nimgampalle and Yellamma, 2017). AD models and human AD studies have 

recently demonstrated that probiotic supplementation decreases the abundance of 

amyloid pathology, reduces oxidative stress and reduces inflammatory markers (Akbari 

et al., 2016; Abraham et al., 2019). However, it remains unclear to what extent probiotics 

modulate synaptic plasticity.  

In this chapter, in collaboration with Cultech Ltd, I assessed the impact of probiotic 

dietary supplementation on RGC dendritic complexity and hippocampal CA1 dendritic 

spines in 3xTg-AD mice on a normal chow diet and a high-fat diet.  
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7.2 Experimental Setup 

This chapter assessed the potential of probiotic dietary supplementation to provide 

neuroprotection against excessive RGC dendritic pruning and hippocampal CA1 spine 

loss in the 3xTg-AD model. Two probiotic consortia, Lab4b and Lab4p were analysed in 

3xTg-AD mice on a normal chow and a high-fat diet. Lab4b comprises of Lactobacillus 

salivarius CUL61, Lactobacillus paracasei CUL21, Bifidobacterium animalis subsp. 

lactis CUL34 and Bifidobacterium bifidum CUL20, whereas Lab4p comprises 

Lactobacillus acidophilus CUL60 and CUL21, Bifidobacterium bifidum CUL20, 

Bifidobacterium animalis subsp. lactis CUL34 and Lactobacilus plantarum CUL66. 

Figure 7.1 provides an overview of the experimental setup.     

Mice were assessed on a normal chow diet at 9 and 12 months. Both probiotic groups 

consisted of 3-month probiotic supplementation before analysis, i.e. 6-9 and 9-12 months, 

respectively. The second section in this chapter assessed the potential of probiotic 

supplementation in 3xTg-AD mice on a high-fat diet (21% (w/w) pork lard supplemented 

with 0.15% (w/w) cholesterol (Special Diets Services, Witham, U.K; product code: 

821424)). The high fat diet and probiotic supplementation were administered for three 

months prior to analysis at 6 months, i.e. 3-6 months. All probiotic supplements consisted 

of 5 × 108 cfu/mouse/day, with mice fed 10 g/cage/day (44.50 kcal/cage/day). All mice 

in this chapter were male, and for all groups, both RGCs and hippocampal CA1 dendritic 

spines were assessed from the same animals. Access to wildtype mice was unavailable 

for all groups in this chapter, therefore the data only represents changes in respect to the 

3xTg-AD model. Administration of probiotics, dietary changes, health checks and other 

data collections were performed by Dr Tim Hughes and Dr Tom Davies (Cultech Ltd). 

This thesis only investigated the impact of probiotics on RGC dendritic complexity and 

CA1 spine densities.    
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Figure 7.1 Experimental overview for Chapter 7 addressing the impact of probiotics in 3xTg-AD mice on a chow 

and a high fat diet for RGC dendritic complexity and CA1 hippocampal dendritic spine coverage. (A) Main 

objectives for Chapters 7. (B) The different animal models used in this chapter. (C) More details on the animal models 

including ages analysed and genders available. (D) Number of total mice analysed that were subjected to DiOlistic 

labelling. (E) All groups in Chapter 7 were analysed for RGC dendrites and hippocampal dendritic spine coverage. 

Illustration created in BioRender.  
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7.3 Results 

7.3.1 Chow Diet  

In 3xTg-AD mice on a normal chow diet without probiotic supplements, RGC dendritic 

complexity based on the Sholl profile and associated parameters, displayed minimal 

dendritic loss at 9 months, expected at this time point of the disease. Supplementation of 

Lab4b and Lab4p probiotics in 3xTg-AD mice analysed at 9 months showed no beneficial 

effects on RGC dendritic complexity (Figure 7.2A-I). As RGC dendritic loss is more 

apparent in 3xTg-AD mice at 12 months, probiotics were assessed in mice given 3 months 

of supplements between 9 and 12 months. Similarly, at 12 months neither Lab4b or Lab4p 

offered any beneficial effects on RGC dendritic complexity in 3xTg-AD mice based on 

Sholl analysis and the associated parameters (Figure 7.3A-I). These suggest that probiotic 

dietary supplementation, at the time points analysed, does not offer protection against 

excessive RGC dendritic pruning in the 3xTg-AD model.  

In the same mice analysed at 9 and 12 months, CA1 hippocampal dendritic spine density 

and spine subtypes were collected. 3xTg-AD mice on a normal diet at 9 months without 

any probiotics display overall dendritic spine loss compared to typical wildtype densities. 

These correspond primarily to the loss of thin spines which agrees with previous data in 

earlier chapters. Both Lab4b and Lab4p probiotic supplementation in 3xTg-AD mice 

analysed at 9 months prevented CA1 dendritic spine loss (increase of 21% and 27% p < 

0.0001, respectively), maintaining similar densities expected from wildtype mice (Figure 

7.4A-I). In both probiotic groups, the densities of mushroom and thin spines were 

increased. Importantly, the number of thin spines was increased compared to the baseline 

3xTg-AD mice however did not reach the density expected at from wildtypes. The 

number of mushroom spines were elevated above typical wildtype levels. In contrast, 

3xTg-AD mice at 12 months, where the disease is more advanced, the beneficial effects 

of the two probiotics were less pronounced (Lab4b: 14% p = 0.0669, Lab4p: 28% p = 

0.0122) (Figure 7.5A-I). These demonstrate that probiotics dietary supplementation in the 

3xTg-AD model has beneficial effects on CA1 hippocampal dendritic spines, although 

only in the early stages of the disease.      
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7.3.2 HFD Diet  

Following the promising findings for probiotics in 3xTg-AD mice on a normal diet, mice 

were fed a high fat diet and assessed for RGC dendritic complexity and CA1 hippocampal 

spines. A high fat diet is known to accelerate disease onset and pathology in AD mice 

(Knight et al., 2014). 3xTg-AD mice were analysed at 6 months with 3 months prior 

dietary change and probiotic supplementation.  

In the retina, 3xTg-AD mice at 6 months old on a high fat diet without probiotic 

supplementation displayed excessive dendritic loss compared to 3xTg-AD mice on a 

normal chow diet, which at this age is comparable to wildtype (representative examples, 

Figure 7.6A). Reductions were observed in the Sholl analysis (between 70 and 110 µm p 

< 0.05), AUC and the peak of the Sholl curve (Figure 7.6B-I). However similar to the 

data on 3xTg-AD mice on a normal diet, neither probiotics offered any protection against 

excessive RGC dendritic pruning the high-fat diet 3xTg-AD mice (Figure 7.6B-I). These 

findings further suggest that probiotic supplementation does not offer protection from 

excessive RGC dendritic pruning in the 3xTg-AD retina.  

In the same high-fat diet 3xTg-AD mice, CA1 hippocampal dendritic spines were 

analysed for the overall density and subtype classification (Figure 7.7A-I). The high-fat 

diet resulted in significant overall spine loss compared to 3xTg-AD mice on a normal 

chow diet (24% p < 0.0001), which at this age is comparable to wildtype. Based on spine 

morphology the high-fat diet triggered a decrease in the number of stubby and thin spines, 

the latter, in agreement with earlier chapters highlighting the vulnerability of this spine 

type. Both probiotics, Lab4b and Lab4p, offered protection against spine loss in the 3xTg-

AD mice on a high-fat diet (Lab4b: 20% p = 0.0116; Lab4p: 29% p < 0.0001). In both 

instances the observed thin spine loss was comparable to 3xTg-AD mice on a normal 

chow diet which is similar to wildtype densities (Figure 7.7). These demonstrate that in 

3xTg-AD mice on a high-fat diet, CA1 hippocampal dendritic spine loss is exacerbated, 

however, probiotic supplementation offers protection against these changes.     
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7.3.3 Figures 

 

Figure 7.2 Probiotic supplementation in 3xTg-AD mice: RGC dendrites at 9 months. (A) Representative RGC 

examples from 3xTg-AD mice on a chow diet with Lab4b or Lab4p probiotics and corresponding dendritic 

reconstructions. Arrows indicate RGC axon. Scale bar: 100 µm. (B-E) Sholl analysis of RGCs. Line represents mean 

of group at each interval, shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p 

< 0.05. (F) Number of dendrites at each branching level proximal to the cell body. Error bars correspond to SD. (G) 

Area under Sholl curve. (H) Maximum number of Sholl intersections. (I) Total length of all dendrites. Column 

Scatterplots: data represent individual cells and error bars correspond to SD. Chow: n = 80 cells (6 mice), 3xTg-AD 

Lab4b: n = 42 cells (3 mice) and Chow Lab4p: n = 67 cells (3 mice). (F-I) Three groups were compared by 

nonparametric one-way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = p 

<0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All male mice aged at 9 months. Abbreviations: AUC, area 

under the Sholl curve.  
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Figure 7.3 Probiotic supplementation in 3xTg-AD mice: RGC dendrites at 12 months. (A) Representative RGC 

examples from 3xTg-AD mice on a chow diet with Lab4b or Lab4p probiotics with the corresponding dendritic 

reconstructions. Arrows indicate RGC axon. Scale bar: 100 µm. (B-E) Sholl analysis of RGCs. Line represents mean 

of group at each interval, shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each interval distance, * = p 

< 0.05. (F) Number of dendrites at each branching level proximal to the cell body. Error bars correspond to SD. (G) 

Area under Sholl curve. (H) Maximum number of Sholl intersections. (I) Total length of all dendrites. Column 

Scatterplots: data represent individual cells and error bars correspond to SD. Chow: n = 35 cells (3 mice), 3xTg-AD 

Lab4b: n = 35 cells (3 mice) and Chow Lab4p: n = 34 cells (3 mice). (F-I) Three groups were compared by 

nonparametric one-way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = p 

<0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All male mice aged at 9 months. Abbreviations: AUC, area 

under the Sholl curve. 
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Figure 7.4 Probiotic supplementation in 3xTg-AD mice: CA1 hippocampal dendritic spines at 9 months. (A) 

Representative confocal images of DiI labelled CA1 dendritic segments from 3xTg-AD mice treated with Lab4b and 

Lab4p. Arrows correspond to example spine types: stubby (white arrows), mushroom (yellow arrows), thin (blue 

arrows). Scale bar 5 µm. (B-E) Spine densities across all dendritic segments and (F-I) spine densities across all 

individual mice for overall, stubby, mushroom and thin groups. Column Scatterplot (B-E): data represent individual 

cells and error bars correspond to SD. Column Scatterplots (F-I): bars, mean of group; data represent the mean spine 

density from individual mice and error bars correspond to SD. Chow: n = 81 dendrites (3 mice), Chow Lab4b: n = 87 

dendrites (3 mice) and Chow Lab4p: n = 62 dendrites (3 mice). Three groups were compared by nonparametric one-

way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = p <0.05, ** = p <0.01, 

*** = p <0.001, **** = p <0.0001. All male mice aged 9 months. Dashed line corresponds to reference spine density 

from wildtype mice aged at 12 months. Abbreviations: WT, wildtype. 
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Figure 7.5 Probiotic supplementation in 3xTg-AD mice: CA1 hippocampal dendritic spines at 12 months. (A) 

Representative confocal images of DiI labelled CA1 dendritic segments from 3xTg-AD mice treated with Lab4b and 

Lab4p. Arrows correspond to example spine types: stubby (white arrows), mushroom (yellow arrows), thin (blue 

arrows). Scale bar 5 µm. (B-E) Spine densities across all dendritic segments and (F-I) spine densities across all 

individual mice for overall, stubby, mushroom and thin groups. Column Scatterplot (B-E): data represent individual 

cells and error bars correspond to SD. Column Scatterplots (F-I): bars, mean of group; data represent the mean spine 

density from individual mice and error bars correspond to SD. Chow: n = 67 dendrites (3 mice), Chow Lab4b: n = 52 

dendrites (3 mice) and Chow Lab4p: n = 49 dendrites (3 mice). Three groups were compared by nonparametric one-

way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = p <0.05, ** = p <0.01, 

*** = p <0.001, **** = p <0.0001. All male mice aged 12 months. Dashed line corresponds to reference spine density 

from wildtype mice aged at 12 months. Abbreviations: WT, wildtype. 
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Figure 7.6 Probiotic supplementation in 3xTg-AD mice on a high-fat diet: RGC dendrites at 6 months. (A) 

Representative RGC examples from 3xTg-AD mice on a high-fat diet with Lab4b or Lab4p probiotics with the 

corresponding dendritic reconstructions. Arrows indicate RGC axon. Scale bar: 100 µm. (B-E) Sholl analysis of RGCs. 

Line represents mean of group at each interval, shaded error zones ± SEM. Two-tailed Mann-Whitney U test at each 

interval distance, * = p < 0.05. (F) Number of dendrites at each branching level proximal to the cell body. Error bars 

correspond to SD. (G) Area under Sholl curve. (H) Maximum number of Sholl intersections. (I) Total length of all 

dendrites. Column Scatterplots: data represent individual cells and error bars correspond to SD. Chow: n = 99 cells (9 

mice), HFD: n = 60 cells (5 mice), HFD Lab4b: n = 53 cells (4 mice) and HFD Lab4p: n = 30 cells (4 mice). (F-I) 

Three groups were compared by nonparametric one-way analysis of variance (Kruskal– Wallis test) using Dunn 

multiple comparisons post-test, * = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All male mice aged at 9 

months. Abbreviations: AUC, area under the Sholl curve; HFD, high-fat diet.  
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Figure 7.7 Probiotic supplementation in 3xTg-AD mice on a high-fat diet: CA1 hippocampal dendritic spines at 

6 months. (A) Representative confocal images of DiI labelled CA1 dendritic segments from 3xTg-AD mice treated 

with Lab4b and Lab4p. Arrows correspond to example spine types: stubby (white arrows), mushroom (yellow arrows), 

thin (blue arrows). Scale bar 5 µm. (B-E) Spine densities across all dendritic segments and (F-I) spine densities across 

all individual mice for overall, stubby, mushroom and thin groups. Column Scatterplot (B-E): data represent individual 

cells and error bars correspond to SD. Column Scatterplots (F-I): bars, mean of group; data represent the mean spine 

density from individual mice and error bars correspond to SD. Chow: n = 77 dendrites (5 mice), HFD: n = 87 dendrites 

(5 mice), HFD Lab4b: n = 58 dendrites (4 mice) and HFD Lab4p: n = 43 dendrites (4 mice). Groups were compared 

by nonparametric one-way analysis of variance (Kruskal– Wallis test) using Dunn multiple comparisons post-test, * = 

p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001. All male mice aged 6 months. Dashed line corresponds to 

reference spine density from wildtype mice aged at 6 months. Abbreviations: WT, wildtype; HFD, high-fat diet. 
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7.4 Discussion 

The cognitive deficits observed in AD mouse models are driven, at least in part, by 

neuroinflammation which is influenced by circulating inflammation (Cunningham and 

Hennessy, 2015). Infections are a major source of systemic inflammation, however, there 

are additional routes that can lead to inflammatory events such as changes to the gut 

microbiome (Westfall et al., 2017). Dysbiosis, changes to the gut microbiome from 

homeostasis, can trigger sustained and chronic systemic inflammation, which in 

neurodegenerative diseases such as AD is linked to worse severity and accelerated 

progression. Therefore, modulation of the gut microbiome in AD is a realistic therapeutic 

option to reduce the burden of circulating inflammation (Ni et al., 2019). This chapter 

explored the impact of probiotic dietary supplementation in the 3xTg-AD model on a 

normal chow and on a high-fat diet against excessive RGC dendritic pruning and 

hippocampal CA1 dendritic spine loss. I demonstrate that diet high in fat is capable of 

exacerbating RGC dendritic pruning and CA1 spine loss and report that probiotics are 

neuroprotective against spine loss; however, were unable to prevent the excessive RGC 

dendritic pruning in the 3xTg-AD model.  

Recent studies have demonstrated beneficial effects of probiotics in amyloid AD models 

to have the capacity to modulate dysbiosis, reduce peripheral inflammation, decrease 

serum cholesterol, lower inflammatory markers and overall improve cognitive function 

(Rezaeiasl et al., 2019; Mehrabadi and Sadr, 2020). Modulation of the microbiome, 

through antibiotics, in transgenic AD models has demonstrated reductions in amyloid 

pathology and microglial activation (Dodiya et al., 2019). Such changes also correlate 

with decreases in hippocampal neurogenesis and memory function (Möhle et al., 2016). 

When assessing the impact of probiotics, others report that ability to suppress amyloid 

induced hippocampal inflammation and reverse the deficits triggered by the bacterial 

dysbiosis (Kobayashi et al., 2017; Lee et al., 2019). In AD models, probiotics are found 

to attenuate oxidative stress and peripheral inflammation, improve senescence, reduce the 

pathological burden related to synaptic loss and provide improvements to cognition 

(Bonfili et al., 2017; Bonfili et al., 2018; Ni et al., 2019; Wang et al., 2020). In LPS-

induced inflammation, probiotics have demonstrated that ability to lower the status of 

pro-inflammatory cytokines whilst increasing the expression of neurotrophic factors 
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(Mohammadi et al., 2019). In the retina, although less described, probiotics also prevent 

chronic inflammation and reduce age-associated RGC loss (Morita et al., 2018).  

The probiotic consortia assessed in this thesis have previously been demonstrated to offer 

beneficial effects in the brain with roles in  neuroprotection and to improving cognitive 

function (Michael et al., 2019). I demonstrate that probiotic supplementation, specifically 

the consortia of Lab4b and Lab4p, offer neuroprotective roles during the early stages of 

against hippocampal CA1 dendritic spine loss in the 3xTg-AD model. This supports and 

indicate the potential benefit of targeting the disease before the onset of pathology. Such 

findings are in agreement with others that report synaptic improvements in other AD 

models (Rezaeiasl et al., 2019). However, in more severe amyloid AD models with more 

advanced pathology, such as the APPNL-G-F model, probiotics decrease peripheral 

inflammation whilst unable to decrease the burden of amyloid pathology and 

neuroinflammation (Kaur et al., 2020).  

Neurodegenerative diseases are increasingly found to present as a multifactorial disease, 

that is influenced by many factors that can lead to accelerated disease onset and increased 

pathological burden. In transgenic AD models, simply alternating feeding regimens is 

found to exacerbate neuropathology, with every-other-day feeding triggering 

inflammation and neuronal deficits in the 5XFAD mouse model (Lazic et al., 2020). Diet, 

especially high in fat, shifts pathology onset to occur several months sooner than expected 

timelines, increases neuroinflammation and worsens the trajectory of the disease 

(Westfall et al., 2017). In diabetes induced 3xTg-AD mice, modulation of the diet results 

in an increased amyloid deposition in the subiculum and hippocampal regions without 

further cognitive deficits (Hayashi-Park et al., 2017). In studies using the 3xTg-AD model 

and APP knock-in mice, a diet high in fat diet causes memory impairments and deficits 

in hippocampal LTP, which are independent of both amyloid and tau pathology (Knight 

et al., 2014; Salas et al., 2018).   

A diet high in fat elevates the status of systemic inflammation. I found that RGC dendritic 

complexity and hippocampal CA1 dendritic spines were vulnerable to excessive pruning 

in the 3xTg-AD model. These observations agree with the findings in the preceding 

chapters that demonstrated the role of peripheral inflammation in influencing the status 

of early stage neurodegeneration in the retina and hippocampus of AD mouse models. In 

the 3xTg-AD mice on a high fat diet, I observed that probiotic supplementation prevented 
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hippocampal CA1 dendritic spine loss and maintained densities similar to wildtype mice 

on a normal chow diet, effectively preventing neurodegeneration. Two other AD studies 

also report the role of a high-fat diet in exacerbating synaptic degeneration and report 

accelerated onset of pathology, increased microglial activation, and further cognitive 

impairments. However, these changes occurred irrespective to the core AD 

neuropathology load (Knight et al., 2014; Salas et al., 2018).  

Despite the encouraging outcomes indicating the potential neuroprotection against CA1 

synaptic loss, beneficial effects were absent when assessing RGC dendritic complexity in 

the same mice. 3xTg-AD mice on a normal chow and on a high-fat diet both demonstrated 

RGC dendritic pruning; however, neither probiotic supplementation prevented or reduced 

the extent of dendritic loss. Suggesting that simply modifying the gut microbiome through 

probiotics may not provide a viable option to prevent RGC degeneration. The absence of 

probiotic RGC dendritic protection may empathise the less neuronal plasticity in the 

retina, compared with neurons in the brain. Therefore, protecting RGCs against 

degeneration may require a more direct route of potential therapeutics rather than just 

modifying the status of systemic inflammation. This chapter did however present with 

some noticeable limitations. It was not feasible to assess the impact of probiotic 

supplementation and a high-fat diet in wildtype mice. Therefore, all the observed effects 

are unlikely to be AD specific. Additionally, probiotic treatment may have provided 

further indications of neuroprotection if the treatment windows were tested for longer 

than 3 months.   

To conclude, I demonstrate that in 3xTg-AD mice on a normal chow diet or a hight fat 

diet, probiotic dietary supplementation protected against CA1 dendritic spine loss, 

although could not protect against excessive RGC dendritic pruning. 3xTg-AD mice on 

a high-fat diet were also found to display exacerbated RGC dendritic pruning and 

hippocampal CA1 dendritic spine loss. These suggest that probiotics may have a 

beneficial impact in reducing the extent of neurodegeneration in the hippocampus of AD 

mouse models.  
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Chapter 8. Discussion 

Dendritic and synaptic loss are among the earliest detectable events in the progressive 

stages of neurodegeneration. While the AD brain, specifically regions including the 

hippocampus and cortex, are the primary sites for detecting and monitoring pathology, 

other parts of the CNS, including the retina demonstrate key hallmark pathology (Hart et 

al., 2016; Lim et al., 2016). Imaging innovations in AD mouse models, and in the human 

disease, have recently offered the prospect of non-invasive monitoring of pathological 

changes through the retina (Chidlow et al., 2017). However, there are inconsistent reports 

documenting retinal pathology and an urgent need to better characterise the pathological 

events particularly in AD models. A better understanding of retinal neurodegeneration 

may deliver as a potential biomarker for AD severity and progression. The principle aim 

of this study was to assess whether excessive RGC dendritic pruning is a robust readout 

that reflects synaptic density in the hippocampus in mouse models of AD, and to explore 

the impact of complement deficiency, peripheral inflammation and probiotic 

interventions. 

Several AD mouse models successfully recapitulate aspects of human AD pathology in 

the brain. Amyloid plaques, neurofibrillary tangles and synaptic loss are some of the most 

commonly reported changes in AD models; however, the extent and severity of these 

depend on the model in question. Recently, prominent retinal pathology has been reported 

in AD mouse models. Studies published by the research group led by Koronyo-Hamaoui 

have provided several fundamental observations that support the detection of retinal 

pathology, particularly in AD mouse models (Koronyo-Hamaoui et al., 2011; Koronyo et 

al., 2012). Amyloid plaques were found in the retinal layers and in some instances were 

detectable earlier than plaques occurring in the brain. Increased retinal amyloid deposition 

was also associated with the development of the disease and could be noninvasively 

detected through curcumin labelling. Recently, the same group has also reported an 

increase in vascular amyloidosis and pericyte loss in the human AD retina, implying a 

compromised blood-retina barrier (Shi et al., 2020).  

Despite these promising observations, these findings are not always recapitulated, and 

therefore, there is a search for a more robust marker of AD-related retinal pathology. 

Monitoring neurodegeneration during the early stages of the disease, prior to neuron loss, 

has pinpointed dendritic and synaptic loss to be the strongest link to disease progression 
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and severity. In the retina, there are many different neuronal populations that are 

susceptible to neurodegeneration, with RGCs a specific target in a number of retinal 

diseases. In other retinal degeneration models that feature RGC degeneration, RGCs 

display a marked reduction in the dendritic arborisation prior to cell loss. The reduction 

in RGC dendritic complexity also correlates with the severity of the disease, with models 

of glaucoma highlighting the vulnerability of these neurons (Williams, Howell, et al., 

2013). In AD, degeneration of RGC’s is a feature of the post mortem AD retina (Blanks 

et al., 1989), although the extent of RGC degeneration in AD models is unclear. In 2013, 

Williams et al, reported for the first time, that in the Tg2576 AD mouse model, a model 

that addresses the amyloid component of AD, there was a marked reduction in RGC 

dendritic complexity that was similar to other studied retinal degeneration models 

(Williams, Thirgood, et al., 2013). Since this study, although referenced many times, no 

other group has recapitulated or expanded on these observations.  

In Chapter 3, I replicated the previously reported reduction of RGC dendritic complexity 

in 12-month Tg2576 AD mice. In addition, the excessive RGC dendritic pruning was also 

a prominent feature in the retina of 3xTg-AD and APPNL-G-F mice. In the three AD models 

analysed, ON-centre specific RGC degeneration was a consistent feature, whereas only 

APPNL-G-F mice has significant OFF-centre RGC degeneration. The burden of dendritic 

loss progressively worsened with age, and in the 3xTg-AD model there was a clear greater 

overall excessive pruning in male mice. Gender variations are known to occur in the 

3xTg-AD model; however, these studies relate to pathology in the brain where females 

display more consistent phenotypes (Belfiore et al., 2019). It is unclear why the gender 

effects are opposite (worse in males) for RGC degeneration in this model; this requires 

further analysis. In Chapter 4, I demonstrated that RGC changes in the 3xTg-AD and 

APPNL-G-F models correlated with ongoing synaptic loss in the hippocampus as 

demonstrated by fewer CA1 dendritic spines, particularly thin subtype classification.  

The identification of excessive RGC dendritic loss in the different AD models, implies 

that RGC dendritic degeneration is a robust feature in the retina of AD mice. The 

inclusion of the APPNL-G-F model removes the underlying confounding factor of 

overexpression present in other AD models. Overexpression of AD transgenes may cause 

with artefactual phenotypes; retinal pathology has previously been attributed to these 

(Chintapaludi et al., 2020). Thus, the data provided in this thesis give supporting evidence 
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to reinforce the potential of analysing the retina to monitor neurodegeneration, 

particularly during the early stages, in AD mouse models. 

This thesis demonstrates morphological differences between the RGC dendritic 

complexity within the AD mouse models compared to wildtype; however it is unclear 

what is driving this retinal phenotype. It is likely that the expression of retinal toxic 

amyloid peptides, which may aggregate into plaque structures later in disease, is one 

driver of early neurodegeneration (Vandenabeele et al., 2020). Although not assessed, it 

is also plausible that RGC dendritic loss may, at least in part, be driven by retrograde 

signals due to the far higher abundance of amyloid pathology elsewhere in the CNS. 

Placing the observed RGC changes on the expected disease progression timelines for the 

AD models, it is likely that retinal pathology may occur at a slower rate and following 

synaptic loss in the brain.          

RGC dendritic loss may be attributed to intrinsic degeneration, rather than extrinsic 

pruning. Glaucoma models, which feature RGC dendritic loss, support both scenarios 

(Risner et al., 2018). Energy metabolism disruption may be a driver for dendritic loss by 

decreasing mitochondrial membrane potentials, resulting in mitochondrial depolarisation 

and an energy deficit that is normally required to produce the dendritic growth cone. 

Consequently triggering reduced synaptic activity, mitochondrial reshuffling towards the 

cell body from the dendrites and dendritic (Beckers and Moons, 2019). Despite this, 

extrinsic factors also drive RGC dendritic loss. Inhibition, or deficiency, of C1q a key 

component identified in microglial-mediated synaptic engulfment, prevents RGC 

dendritic loss in models of glaucoma (Williams et al., 2016; Zhang et al., 2019). 

Therefore, acting similarly to the processes of active pruning of synapses and dendrites 

elsewhere in the CNS.  

Improving understandings of the mechanisms underlying the early stages of 

neurodegeneration is gaining increasing interest as a way to identify potential targets to 

combat neurodegenerative diseases. The complement system, an integral part of the 

innate immune system is involved in the removal of debris and pathogens; however, it is 

also critical in the process of refining neuronal networks (Veerhuis et al., 2011; Hong et 

al., 2016). Studies led by Stevens et al in recent years has eloquently demonstrated the 

role of complement mediated synaptic pruning during neuronal development and in AD 

models (Stevens et al., 2007; Schafer et al., 2012). The absence of C1q, the initiator of 
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the classical complement cascade, or C3, the central converging molecule, in AD models 

caused synaptic and neuronal protection, associated with improved cognitive function, 

irrespective of impact on the hallmark amyloid pathology (Perez-Alcazar et al., 2014; Shi 

et al., 2015; Shi et al., 2017). Inhibition, or deletion of components of the complement 

system has previously been shown to confer protection against excessive RGC dendritic 

pruning in models of glaucoma (Williams et al., 2016).  

In Chapter 5, I demonstrated that complement has a key role in the elimination of 

synapses and pruning of dendrites in the hippocampus and retina respectively. In the 

3xTg-AD model, deficiency of either C3 or C6 significantly reduced the degree of 

excessive RGC dendritic pruning, although levels of pruning were still increased 

compared to wildtypes. In contrast, only C6 deficiency conferred protection against 

hippocampal CA1 dendritic spine loss in the 3xTg-AD model. Therapeutic blockade of 

C5 in 3xTg-AD mice also protected dendritic spines. These observations demonstrate 

new roles of the complement system, in particular the downstream components that 

assemble the MAC, in the refinement and modulation of neuronal networks.  

AD neuropathology is closely associated with neuroinflammation; however, roles of 

peripheral inflammation in driving events in the CNS are increasingly reported. Chronic 

inflammation in the periphery may be sustained for many years and may contribute to the 

development of neurodegenerative diseases (Cunningham and Hennessy, 2015). There 

are several sources of inflammatory triggers that associate with AD and pose as potential 

target to reduce the burden of neuropathology, particularly during the early stages of the 

disease. In studies that use systemic LPS dosing to mimic bacterial infection, amyloid 

deposition and tau pathology increased, microglia were activated, synapses were 

excessively pruned and mice displayed more severe cognitive impairments (DiCarlo et 

al., 2001; Herber et al., 2004; Kitazawa et al., 2005; Herber et al., 2007; Lee et al., 2010; 

Sy et al., 2011; Torvell et al., 2019). Although less well documented, viral infections also 

contribute to the status of microglial activation and associate with worse cognitive deficits 

in AD (Westman et al., 2014; Garré et al., 2017). Recent studies in AD models and 

wildtype mice have shown that a diet high in fat can drive neuroinflammation, synaptic 

loss and cognitive impairments (Salas et al., 2018; Lazic et al., 2020). Dysbiosis, is 

another factor that can trigger chronic levels of circulating inflammation and is linked to 

several neurological disorders (Roy Sarkar and Banerjee, 2019). Recently, microbiome 
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modulators (antibiotics and probiotics) have been shown to reduce the extent of 

neuroinflammation, amyloid deposition, oxidative damage, neurodegeneration and 

cognitive impairments in AD mouse models (Akbari et al., 2016; Nimgampalle and 

Yellamma, 2017; Abraham et al., 2019).    

In Chapter 6 and Chapter 7, I have provided evidence linking infectious/inflammatory 

agents with excessive RGC dendritic pruning and hippocampal spine loss. LPS 

administration was associated with excessive RGC dendritic pruning and CA1 dendritic 

spine loss in 3xTg-AD mice. In MCMV virally infected 3xTg-AD mice, similar effects 

were observed with infected mice displaying increased loss of both RGC dendrites and 

CA1 spines compared to non-infected controls. In 3xTg-AD mice, simply modifying the 

diet to increase fat content was associated with increased loss of RGC dendrites and CA1 

spines. Notably, treatment with probiotics reduced hippocampal CA1 dendritic spine loss 

in 3xTg-AD mice either on a high fat or normal chow diet. These positive effects were 

limited to the hippocampus and were not reflected in altered RGC dendritic pruning. 

Although the exact mechanisms linking peripheral inflammation, neuroinflammation and 

other changes occurring in the CNS remain unclear, modulation of systemic 

inflammation, particularly during the early stages of the disease, may be a tractable and 

realistic therapeutic target in AD. 

This thesis proposes several new insights into the potential mechanisms of 

neurodegeneration in AD mouse models by modulating the status of circulating systemic 

inflammation through inflammatory triggers and ant-inflammatory applications 

(probiotics), deficiencies/ blockage of the complement system and their potential 

relevance to the human disease. RGC dendritic loss was a robust and consistent feature 

in the retina of AD mice, although the exact mechanisms are unclear; detection of similar 

events in vivo in humans may be of clinical significance, aiding diagnosis and monitoring 

of AD. The identified changes, loss of RGC dendritic complexity, can be observed by 

optical imaging of the IPL, the layer into which RGCs project their dendrites. A few 

earlier studies have described IPL changes in AD models (Song et al., 2020); however, 

the identification here of consistent ON-centre RGC degeneration (dendrites in sublamina 

b of the IPL) should enable better optimisation of optical imaging studies in order to detect 

changes in vivo in patients. Although ongoing excessive RGC dendritic pruning in the 

retina of AD mice is a common finding across AD models, it is unclear what is driving 
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dendritic loss; the demonstration here of a role for complement raises the prospect of 

using therapeutics that target the complement system and the status of systemic 

inflammation in protecting RGCs as well as neurons in the brain.  

I propose that further studies should now be undertaken to determine the potential 

translational capability of these robust RGC dendritic degeneration observed in AD 

model mice. It would be beneficial to explore, various retinal in vivo imaging techniques, 

to assess, at ‘high resolution’, texture changes of the IPL rather than gross thickness 

measurements currently employed to the human AD retina. Additionally, it will be 

important to determine the underlying mechanisms involved in driving these 

neurodegenerative events. The data presented in this thesis, and published literature, 

implicate the involvement of the complement system and circulating inflammation in 

exacerbating synaptic plasticity and pruning (Hong et al., 2016; Williams et al., 2016; 

Shi et al., 2017). It will be important to determine whether these factors have direct effects 

within the CNS, or if simply modifying the levels of peripheral inflammation may be 

sufficient to modify pathology during the early stages of the disease in AD models.    

In conclusion, I have shown that excessive RGC dendritic pruning is a robust feature in 

the retinas of overexpressing and knock-in AD mouse models, and that RGC dendritic 

loss mirrors synaptic loss in the hippocampus of AD models. I have also shown that these 

are impacted by manipulating the complement system using knockouts or blocking 

antibodies, by systemic inflammation, by diet modification and by probiotics to modulate 

the gut microbiome. The identification of excessive RGC dendritic pruning in the retina 

of knock-in APPNL-G-F mice, currently the best available amyloidosis model for the human 

disease because it lacks overexpression artefacts, supports the relevance of the findings 

and enhances the potential for translation. Although there are obvious limitations in 

extrapolating observations from mouse models to the human disease, these findings may, 

at least in part, reflect changes that occur in the human AD retina. This thesis therefore 

supports the prospective monitoring of RGCs and the potential of clinical imaging 

strategies to non-invasively detect early stages of neurodegeneration that may mirror 

ongoing synaptic degeneration elsewhere in the CNS.  
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