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Abstract 

The epigenome dynamically regulates chromatin structure to control cellular function and 

homeostasis in a highly specific fashion and mediates the complex interaction between the 

DNA and our environment. Epigenetic mechanisms such as DNA methylation and post-

translational histone modifications contribute to the maintenance of cellular structure, identity, 

and plasticity in a cell type specific manner. Despite the key role epigenetics has in the 

regulation of the genome, there have been relatively few studies that have characterised the 

epigenome in neurons, neither in the healthy aging brain nor in neurodegenerative disease. 

Alzheimer’s disease (AD) is a terminal progressive neurodegenerative disorder. While familial 

mutations account for approximately 10% of cases, the cause of 90% of AD cases is unknown. 

In the absence of highly penetrant risk alleles, epigenetics is well poised to contribute to the 

pathogenesis and progression of AD, but this role is yet to be fully explored. The research in 

this thesis has characterised DNA methylation in post-mortem human AD brains in a cell type 

specific manner, and is the first to characterise key histone modifications in neurons across a 

time-course of healthy aging, and across a time-course in a model of AD.  

Firstly, global DNA methylation (5mC) and hydroxymethylation (5hmC) levels were assessed 

in neuronal and glial cell types in the inferior temporal gyrus of human AD cases and age-

matched controls. Neurofilament (NF)-labelled pyramidal neurons, known to be vulnerable to 

AD pathology were deficient in extranuclear 5mC in AD cases compared to controls. This work 

also demonstrated that fewer astrocytes exhibited nuclear 5mC and 5hmC marks in AD cases 

compared to controls. However, there were no alterations in global levels of 5mC and 5hmC 

in disease-resistant calretinin-interneurons or microglia in AD. Furthermore, no alteration in 

the density of 5mC or 5hmC labelled nuclei was detected in near-plaque versus plaque-free 

regions in late-AD cases. 5mC and 5hmC were present in a high proportion of neurofibrillary 

tangles, suggesting no loss of DNA methylation marks in tangle bearing neurons. This 

demonstrated that global epigenetic dysregulation may be occurring in astrocytes and NF-

positive pyramidal neurons in AD.  

Histone modifications aid in the regulation and compaction of DNA into chromatin. The 

second part of this PhD study was the first to characterise H3K27ac and H3K4me3 markers of 

active enhancer and promoter elements, using chromatin immunoprecipitation and next-

generation sequencing (ChIP-seq) in neurons from the forebrain of C57/BL6 mice at 3, 6, 12, 

and 24 months of age (n=5 per genotype). H3K27ac marking was enriched in young neurons 
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at 3 months of age and old neurons at 24 months of age at a range of genomic regulatory regions 

including promoters proximal to transcriptional start sites, CpG islands around transcriptional 

start sites, enhancers distal to transcriptional start sites, and at known cortical super enhancers. 

H3K4me3 was also enriched at promoters in neurons at 3, 12, and 24 months of age, and at 

enhancers at 3 months of age. Gene ontology analysis predicted that H3K27ac and H3K4me3 

aid in the regulation of neuronal processes including synaptic plasticity, ion channel binding, 

transporter activity, calcium channel activity and cellular metabolic processes. These data also 

point towards a partial recapitulation of a juvenile-like epigenetic state in late aging and 

demonstrate the dynamic nature of the histone landscape in neurons in the aging brain. 

APP/PS1 AD mice closely recapitulate the pathology present in human early-AD cases, 

including beta-amyloid plaque deposition, neuritic dystrophy and plaque-associated synapse 

loss. APP/PS1 mice allow for the examination of the earliest pre-pathology epigenetic changes 

that occur in AD, as well as measurement across a time course of disease progression. The third 

part of this PhD thesis used neuronal nuclei from the forebrain of APP/PS1 mice and age-

matched wild-type control mice (n=5 per genotype) at 3, 6 and 12 months of age that were 

subject to ChIP-seq using antibodies detecting H3K27ac and H3K4me3. These data identified 

enrichment of H3K27ac marking at the transcriptional start site and at cortical super enhancers, 

but depletion from enhancers, in neurons prior to pathology onset in APP/PS1 mice. H3K4me3 

marking was also enriched at the transcriptional start site in neurons prior to pathology onset, 

and in pathology rich cases in APP/PS1 mice. Gene ontology analysis predicted that key 

neuronal specific pathways were disrupted early in AD. These included pathways involved in 

synaptic plasticity, membrane depolarisation and protein localisation, as well as pathways 

involved in cellular maintenance. Both H3K27ac and H3K4me3 marking evolved over time in 

APP/PS1 neurons. In addition, these data point towards a partial recapitulation of a juvenile-

like epigenetic state epigenome in pathology rich neurons, with numerous H3K27ac and 

H3K4me3 marked sites shared between 3 and 12 months of age and the results have also 

identified several novel genes and pathways yet to be investigated in AD. 

In summary, the data presented here show the complex nature of the neuronal epigenome and 

its dynamic response to neuropathology. The neuronal epigenome undergoes dramatic change 

in early adulthood and undergoes a partial recapitulation of a juvenile-like epigenetic state in 

late aging. The epigenome undergoes cell-type specific global loss of DNA methylation, 

occurring in both NF+ pyramidal neurons and astrocytes in AD. Furthermore, the neuronal 

epigenome is dysregulated prior to pathology onset in AD mice, and major restructuring of the 
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histone landscape occurs with dense AD pathology. Taken together, the data presented within 

this thesis demonstrate the evolution of the neuronal epigenome in aging, and dysregulation of 

both DNA methylation and histone modifications in AD.  
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Introduction 

1.1 Dementia and Alzheimer’s disease 

Dementia is a syndrome that covers a range of neurological disorders, including frontotemporal 

lobar dementia, dementia with Lewy bodies and Alzheimer’s disease. These disorders manifest 

as progressive cognitive decline and memory loss. Since its discovery by Alois Alzheimer in 

1906, Alzheimer’s disease (AD) has been identified as the most common form of dementia, 

accounting for more than 70% of all dementias, with an estimated 46.8 million people living 

with dementia globally (Alzheimer's Disease International, 2015). Alzheimer’s disease is a 

terminal, progressive, neurodegenerative disorder, that represents a large financial and 

socioeconomic burden, with dementia expenditure in Australia increasing to an estimated 

$14.67 billion per annum in 2017 (Brown, Hansnata, & La, 2017).   

Although AD develops and progresses differently in each person living with dementia, there 

are general similarities that can be used for diagnosis of the disease. Common clinical 

symptoms for AD include cognitive impairment, memory loss, changes to emotion, and 

changes in sensory perception (Förstl & Kurz, 1999), each reflecting underlying pathological 

changes in the brain. The pathological hallmarks of AD include extracellular beta-amyloid 

plaques (Aβ), intraneuronal neurofibrillary tangles (NFTs) of microtubule associated protein 

tau, aberrant neuronal processes of neurofilaments, scaffolding or signalling proteins termed 

dystrophic neurites (DNs), and neuropil threads (NTs), which are aggregates of tau and 

ubiquitin (Braak & Braak, 1991; G. Perry et al., 1991) (Figure 1.1). Widespread cortical 

atrophy, neuronal and synaptic loss are also observed in late-stage AD cases (Braak & Braak, 

1991; Brun & Englund, 1981; P. R. Hof, Cox, & Morrison, 1990; L. F. Lue, Brachova, Civin, 

& Rogers, 1996; Mitew, Kirkcaldie, Dickson, & Vickers, 2013b; Terry et al., 1991). There are 

a number of familial, dominantly inherited genetic alleles that contribute to the early onset of 

AD (EOAD), which leads to clinical symptoms prior to 65 years of age and a more aggressive 

phenotype when compared with late-onset AD (LOAD) (Chartier-Harlin et al., 1991; van Duijn 

et al., 1994). The key pathological features of AD consist of accumulations of abnormal 

insoluble protein aggregates within the brain, however, the driving mechanisms for disease 

onset and progression remains elusive.   
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Figure 1.1: Common Alzheimer’s disease pathology 

Schematic of the pathology characteristic of AD. Extracellular Aβ plaques (orange), 

intracellular NFTs (green) in excitatory neurons (blue). Tau and ubiquitin pathology 

accumulate in the extracellular space as dystrophic neurites (green around plaques) proximal 

to Aβ plaques, and neuropil threads. Insoluble NFT pathology persists as ghost tangles (green, 

hollow) after the neuron has deteriorated, some of which are engulfed by astrocytes. Images 

depicting neurofibrillary tangles (left, green), Aβ plaques (middle, red), and dystrophic neurites 

surrounding Aβ plaques (right, green). 
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1.2 Beta amyloid production, processing & the ‘amyloid cascade hypothesis’ 

The major constituent of the insoluble protein aggregates in AD is from the amyloid beta (Aβ) 

protein. Aβ is formed as a product from the processing and cleavage of the amyloid precursor 

protein (APP), which is a membrane bound protein with roles in neuronal survival, neurite 

outgrowth and in signal transduction (review: (Dawkins & Small, 2014)). Proteolytic cleavage 

of APP is accomplished by two pathways: APP is cleaved by α-secretase and γ-secretase 

complexes, generating sAPPα and P3 fragment. Amyloid precursor protein can also be cleaved 

by β-secretase (BACE) in the extracellular domain (n terminus) generating sAPPβ (Vassar et 

al., 1999). The sAPPβ fragment is then cleaved by the γ-secretase complex to generate Aβ 1-

40 and 1-42, which are prone to aggregation and lead to the formation of plaques (review: 

(Rajendran & Annaert, 2012; Thinakaran & Koo, 2008)). Early onset AD (EOAD) is associated 

with mutations in the presenilin protein genes (PS1, PS2) and APP genes; highly penetrant 

autosomal dominant mutations which lead to increased generation of Aβ 1-40 and 1-42 and 

contribute to plaque accumulation in AD (review:(Czech, Tremp, & Pradier, 2000)). These 

mutations form the basis of many in vivo models of AD (De Strooper et al., 1998; Scheuner et 

al., 1996). Increased Aβ 1-40 and 1-42 also lead to a rise of soluble, oligomeric Aβ within the 

brain (James P. Cleary et al., 2004; C. A. McLean et al., 1999). Studies have implicated 

oligomeric Aβ to cause much of the toxicity and synaptic loss seen in AD, rather than fibrillar 

plaques (James P Cleary et al., 2005; Koffie et al., 2009a; C. A. McLean et al., 1999). 

Dystrophic neurites (DN) are another common pathology formed from inclusions of 

neurofilament processes, APP, ubiquitin, and tau, and can aggregate to form neuritic plaques 

(Tracey C. Dickson, King, McCormack, & Vickers, 1999; Mitew et al., 2013b; J. C. Vickers 

et al., 1996; Adele Woodhouse, James C. Vickers, Paul A. Adlard, & Tracey C. Dickson, 2009).  

The ‘amyloid cascade hypothesis’ posits that the accumulation of Aβ acts as the driving 

mechanism for AD onset and progression, likely through an imbalance between Aβ production 

and clearance, with intracellular changes in tau, neuronal loss and vascular damage occurring 

as a secondary consequence (J. A. Hardy & Higgins, 1992). The clearest evidence in support 

of the amyloid cascade hypothesis is that genetic mutations in genes associated with EOAD 

are all involved in APP processing, including APP (Citron et al., 1992; Goate et al., 1991), 

S182/PS1 (Sherrington et al., 1995), PS2 (Levy-Lahad et al., 1995), and the ApoE ε4 mutation 

(Strittmatter et al., 1993), all of which have been established as autosomal dominant risk factors 

for AD (review: (Czech et al., 2000)). Indeed, some studies have identified stronger 

correlations between Aβ peptides (including soluble Aβ40,42) cognitive decline, and synaptic 
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alterations, rather than Aβ deposits (L.-F. Lue et al., 1999; Näslund, Haroutunian, Mohs, & et 

al., 2000) (review:(Selkoe, 2008)). While it has also been shown that mutations in APP are 

protective against AD (Jonsson et al., 2012). Neuritic plaque load has also been shown to be 

associated with the severity of cognitive impairments in AD (Cummings & Cotman, 1995). 

Strong support for the amyloid cascade hypothesis is also present within Down syndrome. The 

genetic basis of Down syndrome is trisomy of chromosome 21, which is the chromosome 

containing the APP gene (Kang et al., 1987; St George-Hyslop et al., 1987). Subsequent over-

expression of proteins on chromosome 21 results in accumulation of Aβ pathology consistent 

between AD and Down syndrome (Masters et al., 1985). While the Aβ hypothesis provides a 

strong framework for the onset and progression of AD there are several concerns worth noting, 

including that Aβ deposits do not correlate with the rate of cognitive decline (Berg, McKeel, 

Jr, Miller, & et al., 1998). Amyloid beta plaques have also been observed in patients with no 

cognitive impairment (Crystal et al., 1988), though this may be due to individuals having a 

higher cognitive reserve (review: (J. Hardy, 2002)). In the absence of Aβ driving disease 

pathogenesis, studies have developed an alternative hypothesis of tau driving AD based 

neurodegeneration. 

 

1.3 Tau hypothesis and Neurofibrillary Tangles 

The tau hypothesis stipulates that mutations altering the composition or function of tau lead to 

abnormal phosphorylation of the protein. The key component of the NFT aggregates observed 

in AD is paired helical filaments of hyperphosphorylated tau, usually present in the soma of 

some subsets of excitatory neurons (Grundke-Iqbal et al., 1986). The protein accumulation and 

cellular dysfunction leads to the development of Aβ plaques as a downstream consequence. 

Tau is a microtubule-associated protein that is well established in the development and stability 

of microtubules (Cleveland, Hwo, & Kirschner, 1977; Weingarten, Lockwood, Hwo, & 

Kirschner, 1975). The microtubule-associated protein tau (MAPT) gene is alternatively spliced 

to form tissue and cell-type specific isoforms (Goedert, Spillantini, Jakes, Rutherford, & 

Crowther, 1989). Studies have identified loss of tau to increase Aβ autophagy and deposition 

in vivo (Lonskaya, Hebron, Chen, Schachter, & Moussa, 2014). While other studies have 

shown a reduction in tau improves cognitive outcome in APP expressing mice with a Aβ 

burden, and reduces excitotoxicity in those models (Roberson et al., 2007). Studies have shown 

tau accumulation and NFTs to correlate with progressive cognitive decline in AD (Arriagada, 
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Growdon, Hedley-Whyte, & Hyman, 1992; Berg et al., 1998; M. E. Murray et al., 2015). 

Recently, positron-emission tomography imaging of tau in human temporal lobe correlated 

with cognitive decline and AD severity (Brier et al., 2016).  

Tau-mediated neurodegeneration in AD has been hypothesised to occur because of either a 

toxic gain-of-function, or because of a loss of normal function of the tau protein, leading to cell 

loss and subsequent clinical symptoms. Hyperphosphorylation of tau leads to tau aggregating 

in the form of NFTs. Neurofibrillary tangles prevent the normal transport of vesicles, leading 

to a toxic loss of function and detachment of tau molecules from microtubules. This causes an 

overall compromise of normal axonal transport (review:(Ballatore, Lee, & Trojanowski, 

2007)). Despite progress in detection of AD and longitudinal studies of disease progression, 

correlations between amyloidosis, tauopathies and AD clinical symptoms are contradictory and 

the underlying cascade of events that leads to AD onset and subsequent neurodegeneration 

remain unknown (Berg et al., 1998). 

 

1.4 Neuropathological stages of Alzheimer’s disease  

Extracellular Aβ plaques and intraneuronal NFTs accumulate throughout AD progression and 

can be characterised into several stages (Braak & Braak, 1991). The most widely accepted 

classification has been produced by Braak & Braak (1991), who characterised plaque and NFT 

formation in post-mortem AD tissue (Braak & Braak, 1991). Braak & Braak (1991) detected 

inter-individual differences in plaque formation and distribution that were highly variable, but 

could be characterised into three stages as follows: In the first stage (A) low density Aβ deposits 

are present in basal areas of the frontal, temporal and occipital cortices, with some deposition 

in the presubiculum and entorhinal cortex, however no Aβ deposits are present in the 

hippocampus. In stage (B), there is an increased density of Aβ in the neocortex, with mild 

deposition in the hippocampal formation and relatively little involvement of the of primary 

sensory and motor cortex. Aβ deposition accumulates in cortical layers V and VI of in the basal 

parts of the frontal, temporal and occipital cortical regions, while layers II/III contain fewer 

plaques than V and VI but feature more densely packed cores. In the final, and most severe 

stage (C) neocortical areas exhibit dense packed Aβ with moderate amyloid deposition of 

primary neocortical areas, that are mainly localised in layer II, III and V (Braak & Braak, 1991). 

Another major study has utilised positron-emission tomography to confirm amyloid deposition 

through AD progression in living participants, confirming Aβ progression to start in the 
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temporobasal cortices, then spreading through association areas of the neocortex, and finally 

through primary sensory, motor cortex and medial temporal lobe and striatum (Grothe et al., 

2017). The hippocampus contains limited amyloid pathology early in disease (stage A), but has 

limited Aβ accumulations by stage B, and is fully involved by stage C. Striatum and other 

subcortical structures gradually accumulate Aβ pathology, however substantia nigra and pars 

compacta rarely show Aβ deposits. 

Braak & Braak (1991) were also able to produce a pathological classification of AD based on 

intracellular NFT pathology, and six stages were established for classification: Stage I: Very 

few NFTs are detected in cortical areas, with only limited accumulations in excitatory 

projection neurons in regions between the entorhinal cortex and the temporal cortex (termed 

‘trans-entorhinal cortex’) (Braak & Braak, 1985, 1991). Stage II: The trans-entorhinal cortex 

exhibits numerous NFTs. NFTs begin to accumulate in the CA1 hippocampal sub-region. Stage 

III: NFTs progress through the entorhinal cortex, with numerous dendrites containing NTs. 

Few NFTs are present in the basal frontal, temporal and occipital cortex in layers II/III and V. 

Ghost NFTs are present in the trans-entorhinal region. Stage IV: NFTs are widely dispersed 

throughout the CA1 region of the hippocampus, while still only having mild isocortical 

involvement. Stage V: Ghost tangles can be found in pre-α projection neurons, and numerous 

NFTs are seen in all regions of the hippocampus. In stage V, the occipital and temporal 

neocortex is affected by NFT pathology, however there is resistance in the occipital and 

temporal neocortices, Stage VI: In stage VI, NFTs are more pronounced, wide accumulations 

of ghost tangles are present within the entorhinal pre-α subregion. Ghost NFTs may also be 

degraded and glial populations are present at the site of debris. The CA1 region of hippocampus 

has severe loss of neuronal cells, and vast NT presence. The major distinguishing feature of 

stage VI is that isocortical regions are severely affected with dense NT formations, ghost 

tangles and glial formations (Braak & Braak, 1991). 

Another method for staging AD was established in 1989 which included psychological 

assessment from mild cognitive impairment (MCI) through to post-mortem analysis. The 

Consortium to Establish a Registry for Alzheimer’s disease (CERAD) includes a battery of 17 

clinical and neuropsychological assessments including the Mini-Mental State Examination, 

measurements of episodic memory, and immediate and delayed recall for assessment of 

clinically diagnosed AD, often followed by post-mortem analysis of plaque load and tangle 

pathology (Moms et al., 1989). 
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The use of pathological and clinical staging allows for measurement of disease progression, 

allowing for study of the healthy, preclinical, MCI, and late-stage AD. However, as the first 

pathological changes in AD can occur up to 17 years prior to clinical symptoms, it is difficult 

to identify mechanistic changes occurring during the onset and early progression of AD 

(Rodriguez-Vieitez et al., 2016).  

 

1.5 Transgenic models of Alzheimer’s disease 

Despite current research with post-mortem human tissue, it is not possible to detect the first 

changes associated with disease onset and there is difficulty identifying changes that occur in 

the earliest stages of AD progression using post-mortem human tissue. Thus, several key 

murine models have been developed to investigate the onset and mechanisms of early AD 

pathology progression. These transgenic AD models are based on human familial AD 

mutations in App, Ps1/Ps2 and Mapt, some of which are detailed below:  

 Tg2576 – The Tg2576 is an over-expression of the Swedish mutation KM670/671 

familial APP gene (APPswe) (Lys670-Met, Met671-Leu), driven by a hamster prion protein 

promoter (hPRP) vector, with expression present throughout the CNS (Hsiao et al., 1996). This 

model expresses APP with 5-fold increase compared to endogenous mouse APP, and a 14-fold 

increase Aβ 1-40/1-42, has behavioural deficits in spatial learning and working memory by 9-

10 months, and plaque deposition at 11 months of age. (Elder, Gama Sosa, & De Gasperi, 2010; 

Hsiao et al., 1996). There is no tau pathology or overt neuronal loss present in this model, 

though synaptic deficits have been noted  

 APP22/23 – This mouse model is based on over-expression of mutant human APPswe 

leading to Aβ deposition in the neocortex by 6 months of age (Sturchler-Pierrat et al., 1997). 

Key differences between APP22/23 and the Tg2576 is the promoter used for driving over-

expression, with APP22/23 utilising the Thy1 promoter to drive over-expression, which is a 

neuronal house-keeping gene. This model exhibited cognitive impairment in spatial memory 

from 3 months of age (P. H. Kelly et al., 2003; Van Dam et al., 2003), with neuronal loss 

reported in adult mice from 12 months of age (Calhoun et al., 1998).  

 APP/PS1 – This model is based on the C57/BL6 background harbouring familial AD 

mutations: human APPswe (KM670/671NL or K595N/M596L APP695swe mutations 

depending on strain) and PS1 (L166P/dE9) under the Thy1 or mouse Pnrp promoter 
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(Jankowsky et al., 2004; Spanopoulou, Giguere, & Grosveld, 1991). Plaque deposition begins 

from 6 months of age, with dense plaque deposition by 12 months of age (Garcia-Alloza et al., 

2006; Jankowsky et al., 2004)). Global neuronal loss is not observed, with only limited 

neuronal loss occurring at 8 months of age (Radde et al., 2006). Studies have reported cognitive 

deficits in spatial awareness and memory with the Morris water maze by 6 months (Gallagher, 

Minogue, & Lynch, 2013; Serneels et al., 2009). Studies have shown increased levels of tau in 

the CSF of APP/PS1 mice, and tau labelled neuritic accumulations, but no NFT accumulation 

(Maia et al., 2013; Radde et al., 2006). Synaptic loss occurs for Vglut-1, VGAT, and GAD65 

immunopositive boutons in 12-month APP/PS1 mice, closely recapitulating human disease 

(Mitew, Kirkcaldie, Dickson, & Vickers, 2013a). Synaptic loss has also been reported to occur 

in dendritic spines with proximity to Aβ plaques at 3 months of age from in vivo live imaging 

(Bittner et al., 2012). 

5xFAD – A subsequent model has been developed based around the APPswe 

KM670/671NL and Ps1 (M146L), but also incorporating 3 more familial AD mutations: App 

I716V, App V717I and PS1 L286V. This model has a more aggressive pathogenic phenotype, 

with interneuronal accumulations of Aβ observed by 1.5 months of age, and plaque deposition 

detected by 2 months of age (Oakley et al., 2006). This model also features synaptic loss and 

neuronal loss by 6 months, however no NFT formation occurs in this model (Oakley et al., 

2006). 

 HTau – Murine models have been developed of human tau accumulation, featuring 

multiple isoforms of non-mutated human tau. Key pathology includes age dependent 

accumulation tau, resulting in the redistribution and hyperphosphorylation of tau in cell bodies 

and dendrites of the hippocampus and cortex (Andorfer et al., 2003; Maeda et al., 2016). 

Intraneuronal accumulations of hyperphosphorylated tau were present between 3-5 months of 

age, particularly in the hippocampus, with NFT formation evident by 15 months of age 

(Andorfer et al., 2003). Spatial learning and memory deficits were observed at 12 months of 

age, measured by novel object recognition, and Morris water maze (Polydoro, Acker, Duff, 

Castillo, & Davies, 2009). 

Tau P301S – This model develops NFT-like pathology due to the expression of a 

transgene of mutant human tau, driven by a mouse prion protein promoter (Allen et al., 2002; 

Yoshiyama et al., 2007). NFTs were reported in hippocampus, neocortex and entorhinal cortex 

at 4 months of age, and synaptic loss and gliosis have been observed in the hippocampus by 3 
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months. Cortical atrophy (loss of up to 25%) and hippocampal atrophy of (loss of 45%) has 

been observed at 12 months of age, with neuronal loss starting at 3 months of age (Hampton et 

al., 2010; Yoshiyama et al., 2007).  

Knock in AD mice (AppNL and AppNLF, AppNLGF) –  More recently, genetic knock-in AD 

mice have been established in an attempt to minimise the artefact generation that feature in 

genetic over-expression models, that often result in disruption of endogenous gene expression, 

and over-express other APP products as well as Aβ (Saito, Matsuba, Yamazaki, Hashimoto, & 

Saido, 2016). Knock in AD mouse models expressed mutant human App (Swedish KM670/671 

in AppNL, and Swedish KM670/671 with beyreuther/Iberian mutations I716F in AppNLF), which 

increase both the expression of Aβ and increase the proportion of Aβ1-42 in comparison to Aβ1-

40 (Takashi Saito et al., 2014). The AppNLF model generated Aβ plaques in the cortex by 6 

months that also exhibited immunoreactivity for activated astrocytes and microglia (Takashi 

Saito et al., 2014). AppNLF mice also exhibited memory loss at 18 months. AppNLGF mice 

exhibited Aβ plaque accumulation at 2 months of age, and greater microglial and astrocyte 

activity (Takashi Saito et al., 2014).  

Triple transgenic models have also been developed to provide more comprehensive disease 

modelling, recapitulating Aβ deposition and tau accumulation together. These models allow 

for the investigation of the complex interactions between amyloid and tau neuropathology and 

subsequent degeneration.  

 3xTG – This overexpression model features three key human familial AD mutations, 

including the APPswe KM670 Swedish, MAPT P0311, and the PS1 M146V, driven by Thy1.2 

promoter (Oddo et al., 2003). It is one of the most widely studied triple transgenic models, 

featuring Aβ plaque and NFT pathology. Intracellular accumulations of tau have been reported 

by 3-4 months within the neocortex and hippocampus, that were often accompanied by synaptic 

loss, Aβ deposition by 6 months of age, and NFT pathology was present in the hippocampus 

by 12 months (Oddo et al., 2003). Cognitive deficits in long term retention occurred by 4 

months (Billings, Oddo, Green, McGaugh, & LaFerla, 2005), while spatial learning and 

working memory deficits were observed at 7 months of age (Oddo et al., 2003). 

Animal models of AD have been very successful in identifying the key impacts of disease 

pathology in the cortex. Studies have been able to identify the impact of amyloid and tau 

deposition on the surrounding neuropil and study potential therapeutic targets in a model of the 

disease (B. Zhang et al., 2012). Many of the AD mouse models closely recapitulate the 
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pathologies seen in human AD, including neuronal and plaque associated DN pathology of 

post-mortem human preclinical AD (A. Woodhouse, J. C. Vickers, P. A. Adlard, & T. C. 

Dickson, 2009), and synaptic loss similar to human AD (Mitew et al., 2013a). The use of these 

models allows for examination of the earliest physiological changes as a result of Aβ or tau 

deposition in the cortex. The initial effects of AD pathology are currently impossible to study 

in post-mortem human tissue, as it is not possible to identify the earliest stages of AD, where 

cortical changes are occurring more than 17 years prior to the onset of clinical symptoms 

(Rodriguez-Vieitez et al., 2016). 

Despite the success of the transgenic mouse models of AD there are some limitations that need 

to be considered when using them for research. Limitations of these models include the 

dependency on over-expression of familial AD associated mutations, which can generate 

phenotypes unrelated to the disease, and due to the lifespan of rodents, these are not models of 

the time-frame of human AD. Many of the transgenic models do not feature all pathologies of 

human AD, including substantial neuronal loss (Irizarry, McNamara, Fedorchak, Hsiao, & 

Hyman, 1997; Irizarry, Soriano, et al., 1997), and only few models exhibit NFT like pathology 

(Elder et al., 2010).  

 

1.6 Cell type specific vulnerability in Alzheimer’s disease 

The brain consists of a wide range of cell types, each with specialised functions to allow for 

normal homeostasis and proper function. Pioneering work by Santiago Ramón y Cajal (1852-

1934) provided the framework for modern neuroscience, illustrating the anatomical landscape 

of the brain. Cajal (1909) utilised the Golgi staining method to present the first histological 

images of the brain, illustrating that the brain is made up of individual neurons, rather than a 

global network as hypothesised in the reticular theory (Cajal, 1909) (review: (de Castro, López-

Mascaraque, & De Carlos, 2007; López-Muñoz, Boya, & Alamo, 2006)). Broadly, these cells 

can be split into two main classes: neurons – classically thought of as the functional cells of 

the brain; and glial cells – the supporting cells in the brain. There are a range of neuronal 

subtypes including excitatory neurons and interneurons. Excitatory neurons generate a positive 

charge in response to stimuli, generating an action potential to transmit to post-synaptic 

neurons. Interneurons can be both excitatory or inhibitory, maintaining or limiting the 

excitatory state of surrounding neurons within the network (Figure 1.2). 
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Figure 1.2: Cell types of the brain 

Schematic showing pyramidal neurons (green), interneurons (red), oligodendrocytes (yellow), 

microglia (purple), and astrocytes (blue) in the brain. Pyramidal neurons have been shown to 

be selectively vulnerable to AD pathology, whereas interneurons have been shown to be 

resistant to AD pathology. Microglia and astrocytes respond to AD pathology and promote the 

phagocytosis of AB. Each of these cells will have a different epigenetic and transcriptional 

profile.  
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A vast network of glial cells support and maintain homeostasis within the brain. Microglia act 

as resident macrophages and are the main immune cell type in the brain. Microglia feature 

highly ramified, motile processes that survey the local environment for CNS damage, 

dynamically interacting with neurons and astrocytes. Microglia clear metabolic and cellular 

debris from the surrounding extracellular space, and can mobilise to initiate a localised pro-

inflammatory state in response to homeostatic imbalance and injury, promoting phagocytosis 

and apoptotic pathways (Khandelwal, Herman, & Moussa, 2011; Nimmerjahn, Kirchhoff, & 

Helmchen, 2005). Astrocytes are star-like glial cells identified by Cajal (1909) that also play a 

role in maintenance of homeostasis in the brain alongside microglia (Cajal, 1909). Astrocytes 

maintain and remove cellular and synaptic debris and they also have functional roles in synaptic 

plasticity and neuronal activity (Araque, Parpura, Sanzgiri, & Haydon, 1999) (review:(Perea, 

Navarrete, & Araque, 2009)). Astrocytes are capable of long range Ca2+ signalling from 

mechanical stimulation and in response to synaptic transmission (Araque et al., 1999; Charles, 

Merrill, Dirksen, & Sanderson, 1991). 

Neuronal cells exhibit differential vulnerability to AD pathology. Analysis of neuronal cell loss 

and synaptic loss in AD brains has shown a subset of pyramidal neurons containing 

neurofilament-triplet proteins (NF+) to be selectively vulnerable to AD pathology. 

Neurofilament positive pyramidal neurons residing in cortical layers II/III and V in the 

prefrontal and temporal cortex, and in the CA1 and CA3 regions of the hippocampus, have all 

been shown to be vulnerable to AD pathology (P. R. Hof et al., 1990; Patrick R. Hof & 

Morrison, 1990; Koffie et al., 2009b; Thangavel, Sahu, Van Hoesen, & Zaheer, 2009; J. C. 

Vickers et al., 1994). Neurofilaments are the structural and functional unit of the neuronal 

cytoskeleton that assist in maintaining the morphology of neurons. Combinations of 

neurofilament light, medium and heavy heteropolymers form elastic cores to assist normal 

cellular function including axonal transport and synaptic plasticity (reviews: (M. K. Lee & 

Cleveland, 1996; J. C. Vickers, Kirkcaldie, Phipps, & King, 2016)). Dysregulation of the 

neuronal cytoskeleton is frequently seen in neurodegenerative diseases, including AD, 

Parkinson’s disease, and Lewy body dementia. It has been suggested that NF+ pyramidal 

neurons may be particularly susceptible to AD pathology due alterations in calcium buffering, 

long range projections, metabolic stress, and to the loss or hyperphosphorylation of cytoskeletal 

proteins such as tau to be key to the cell-type specific vulnerability (P. R. Hof et al., 1990; 

Patrick R. Hof & Morrison, 1990; Morrison et al., 1987; Parodi et al., 2010; Thangavel et al., 

2009).  
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In contrast, studies have indicated that a subset of calcium binding protein (CBP) interneurons 

expressing calretinin are resistant to excitotoxicity and to AD pathology (Fonseca & Soriano, 

1995; P. R. Hof, Nimchinsky, Celio, Bouras, & Morrison, 1993; Lukas & Jones, 1994; 

Sampson, Morrison, & Vickers, 1997). While, other research has shown parvalbumin and 

calretinin interneuron loss in the hippocampus of knock-in APP/PS1 mouse models and the 

dentate gyrus of post-mortem human AD cases (Takahashi et al., 2010). Interneurons 

expressing gamma-aminobutyric acid (GABA) are also implicated in the hippocampus of 

Tg2576 mice (review: (Y. Li et al., 2016)). Calretinin immunopositive interneurons show lower 

dystrophic neurite accumulation than neurofilament positive neurons in plaque dense regions 

in transgenic AD mice, and in post-mortem inferior temporal gyrus of AD cases (Mitew et al., 

2013b). Indeed, Mitew et al., (2013) determined that NF+ DN pathology, but not calretinin 

associated DNs, correlated with Aβ load, and plaque size in post-mortem human tissue and in 

APP/PS1 or Tg2576 mice (Mitew et al., 2013b). It has been suggested that interneurons have 

an enhanced ability to process calcium, and are resistant to oxidative damage (Pike & Cotman, 

1995). It is also possible that calretinin interneurons are resistant to physical damage from Aβ 

plaques, or feature a strengthened ability for structural and functional remodelling in 

comparison to NF+ pyramidal neurons (Blizzard et al., 2011; Mitew et al., 2013b ). 

Neuroinflammation is also a commonly accepted hallmark of AD, however it is not known 

whether the neuroinflammation is acting as a protective mechanism, or is detrimental to 

neurodegeneration (L. F. Lue et al., 1996) (review: (Mosher & Wyss-Coray, 2014)). In AD, 

microglia undergo phenotypic changes to become amoeboid, and have been identified 

surrounding dense-core Aβ plaques, from early stages of AD pathogenesis (Bornemann et al., 

2001; Itagaki, McGeer, Akiyama, Zhu, & Selkoe, 1989; Sasaki, Yamaguchi, Ogawa, Sugihara, 

& Nakazato, 1997). Surface receptors including TLRs, and a range of immune related genes 

including Cd36, Cd47, Clu, Cr1, Cxcr2, Tgf-β, Trem2 and Mcp-1 are expressed in microglia 

surrounding Aβ plaques, however, the pathway for microglial activation is unknown 

(Bamberger, Harris, McDonald, Husemann, & Landreth, 2003; Karch & Goate, 2015; Reed-

Geaghan, Savage, Hise, & Landreth, 2009). Recently, studies utilising single-cell 

transcriptomics have identified sub-populations of microglia that reacted to AD pathology, via 

TREM2 dependent and independent pathways (Keren-Shaul et al., 2017). Activated astrocytes 

have also been shown to surround Aβ plaques alongside microglial activation, and bind and 

degrade Aβ and dysfunctional synaptic dystrophies (T. Wyss-Coray et al., 2003). 
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It has been recently hypothesised that astrocytic dysfunction leads to the accumulation of 

dystrophic neurites and presynaptic protein aggregations in vivo (Gomez-Arboledas et al., 

2018). 

 

1.7 Genetics, Environment and Alzheimer’s disease 

Individual risk for sporadic AD is determined by both genetic and environmental factors; it is 

a multifactorial disease. There are multiple physiologic and molecular pathways altered during 

the progression of AD. The ApoE ε4 allele has been implicated in AD, attributable for up to 

60% of late-onset AD cases, making it the strongest genetic risk factor for late onset AD 

(Ashford, 2004; Strittmatter et al., 1993). Apolipoprotein E ε4 is known to regulate lipid 

transport and is primarily produced in the liver, however its role in the brain is less well 

understood. Studies have shown that carriers of the ApoE ε4 allele have more abundant Aβ 

plaques than non-carriers (Kok et al., 2009). It has been hypothesised that the ApoE protein 

has roles in APP membrane insertion, processing and Aβ clearance (Corder et al., 1993; Tokuda 

et al., 2000), and the ε2 allele has been shown to be protective against AD (Tokuda et al., 2000). 

APOE ε4 has also been shown to downregulate cleavage and secretion of a key neurotrophin 

in the brain; brain derived neurotrophic factor (BDNF) in vitro, while ApoE ε2 and ε3 increased 

BDNF secretion (Sen, Nelson, & Alkon, 2017). In the healthy brain, BDNF has been implicated 

in long-term potentiation (LTP), synaptogenesis, and memory formation (review:(Bramham & 

Messaoudi, 2005)), and BDNF mRNA is downregulated in transgenic models of AD (Peng et 

al., 2009), and in post-mortem AD (Phillips et al., 1991). Other risk alleles have been 

implicated in late-onset AD including Clu, Picalm, Bin1, Cr1, Abca7 and Cd33, but have a low 

prevalence in AD (Bamberger et al., 2003; Hu et al., 2011; Karch & Goate, 2015; Lambert et 

al., 2009; Reed-Geaghan et al., 2009). Many of the alleles implicated in AD are associated with 

endocytosis of synaptic vesicles (review: (Ridge, Ebbert, & Kauwe, 2013)). Despite numerous 

genetic risk factors for AD, their penetrance and prevalence do not account for the total number 

of AD cases seen today, which implicates other external risk factors in the development of AD.  

Environmental factors have also been implicated as a key contributor for AD development and 

may account for the cause of late-onset AD. Some examples of environmental risk factors for 

developing sporadic AD include cardiovascular health, diet, obesity and diabetes, traumatic 

brain injury, trace metal levels and heavy metal exposure, vitamin B, and education 

level/cognitive reserve.   
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Cardiovascular health – Cardiovascular health has been implicated in AD. Studies have 

shown regular physical activity (exercise equal to or greater than walking more than three times 

a week) to reduce the risk of AD in people aged 65 and older (Laurin, Verreault, Lindsay, 

MacPherson, & Rockwood, 2001). Subsequently, studies have correlated obesity and diabetes 

(type II) with altered risk of AD (W. L. Xu et al., 2011); being underweight, or overweight 

between the ages of 30-45 led to increased risk of AD in one study (Beydoun et al., 2008), 

however other studies have shown higher body-mass-index to correlate with lower risk of AD 

(Atti et al., 2008).  

Diet – Lifestyle factors like diet have been shown to impact AD. A Mediterranean 

influenced diet has been associated with reduced risk of AD, as opposed to western style diets 

(M. C. Morris et al., 2015; Scarmeas, Stern, Tang, Mayeux, & Luchsinger, 2006). Excessive 

consumption of alcohol has been linked with increased risk of dementia, potentially due to 

neurotoxic effects in later life, but moderate consumption of alcohol is thought to be protective 

against dementia (Anttila et al., 2004). 

Traumatic Brain Injury – Epidemiological studies and meta-analysis have identified a 

history of head injury to increase the risk for Alzheimer’s disease (Fleminger, Oliver, 

Lovestone, Rabe-Hesketh, & Giora, 2003; Mortimer et al., 1991). Head injury occurring in 

later life, or more severe head injury with periods of loss of consciousness or memory loss have 

been shown to also increase risk for AD. Some studies have implicated repeat head injury with 

more severe or earlier onset of AD (Plassman et al., 2000). 

Metal Homeostasis – An imbalance in metal homeostasis is seen in AD, potentially due 

to changes in redox-activity leading to cytotoxicity. A concentration of trace metals, including 

zinc, copper, and iron has been identified in the core of Aβ plaques, and surrounding neuropil 

of the amygdala (Lovell, Robertson, Teesdale, Campbell, & Markesbery, 1998). In particular, 

zinc and iron is highly concentrated in the core of plaques and surrounding neuropil (Connor, 

Menzies, St Martin, & Mufson, 1992; Lovell et al., 1998), and a disruption in iron homeostasis 

has been observed in post-mortem AD cases (Connor, Snyder, Beard, Fine, & Mufson, 1992). 

Studies have identified significantly decreased levels of DNMT1 and MeCP2, and significantly 

increased Ser 396, 235 phosphorylated tau mRNA and protein in C57/BL6 mice exposed to 

environmental lead (Bihaqi, Bahmani, Adem, & Zawia, 2014; Eid, Bihaqi, Renehan, & Zawia, 

2016). It has been suggested that an imbalance in environmental exposure to trace metals can 

increase the risk for AD, though the mechanism is poorly understood, but might indicate a role 
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of oxidative stress in AD pathogenesis (review: (George Perry, Cash, Srinivas, & Smith, 2002; 

Peters, Connor, & Meadowcroft, 2015)).  

Vitamin B – Vitamin B deficiency is thought to alter Aβ production, with longitudinal 

studies showing that folate deficiency increases the risk of AD (Ho et al., 2003; H. X. Wang et 

al., 2001). Vitamin b deficiency has also led to changes in PS1, BACE and APP gene 

expression (Andrea Fuso et al., 2008).  

Education/cognitive reserve – Education level and occupation, or social/leisure 

activities that promote neuronal activity and consolidate cortical connections are thought to 

delay the onset of AD (Brayne et al., 2010; Karp et al., 2009; Stern et al., 1994). There is often 

a discrepancy between observed neuropathology and functional deficits seen in AD, which is 

thought to be due to a cognitive reserve generated from occupational and educational level 

(Barulli & Stern, 2013). Genetics may also influence the base level of cognitive reserve (Ward 

et al., 2017).  

In the absence of genetic mutations, epigenetic factors may link environmental risk in the onset 

and development of AD. 

 

Epigenetics 

1.8 Regulation of transcription 

Described by Waddington in 1942, the term epigenetics was defined as a change in phenotype 

without change in genotype (Waddington, 1942a, 1942b). There have been numerous studies 

of the role of epigenetics, chromatin structure and gene regulation since 1942 through to today 

(Britten & Davidson, 1969; Kornberg, 1974) (review: (Allis & Jenuwein, 2016)). Epigenetics 

has since been refined to describe changes to the DNA environment, or changes to 

transcription, without directly altering the DNA sequence. Regulation of the DNA by 

epigenetic modifications such as DNA methylation and histone modifications allows for 

complex interaction between the environment and the DNA by regulating chromatin structure 

(review: (Allis & Jenuwein, 2016)). Appropriate packaging of the DNA in the nucleus is 

essential for proper gene expression. DNA is packaged with equal mass of proteins (histones) 

into chromatin (Kornberg, 1974). Repeating units of DNA and histones (~146bp DNA wrapped 

1.65 times around a histone octamer) form nucleosome subunits (Carter, 1978; Kornberg, 
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1974), which interact with linker DNA to form euchromatin or heterochromatin (Figure 1.3) 

(Carter, 1978; Luger, Mader, Richmond, Sargent, & Richmond, 1997; McGhee & Felsenfeld, 

1980; Mirsky & Silverman, 1972; Olins & Olins, 1974; Waddington, 1942a). Epigenetic 

modifications such as histone modifications and DNA methylation allows for the modification 

of chromatin structure by altering nucleosome positioning and their affinity to compact, thus 

increasing or decreasing accessibility to the DNA (Figure 1.3). The presence of densely packed 

nucleosome subunits and heterochromatin limits the binding of transcriptional machinery to 

promoter sequences and the initiation of transcription at the transcriptional start sites (TSS). 

This occurs in a highly regulated, cell-type specific and gene specific fashion. Thus, epigenetic 

processes allow cells to be genetically homogeneous, but structurally and functionally 

heterogeneous (Ryan Lister et al., 2013; Maruyama et al., 2011; Mo et al., 2015; Stedman & 

Stedman, 1950) (review: (Rudolf Jaenisch & Adrian Bird, 2003)).  

The two most commonly studied epigenetic modifications are DNA methylation (Bird, 

Taggart, Frommer, Miller, & Macleod, 1985; Holliday & Pugh, 1975; Hotchkiss, 1948; Razin 

& Riggs, 1980), and post-translational histone modifications (Vincent G. Allfrey & Mirsky, 

1964; Britten & Davidson, 1969; N. D. Heintzman et al., 2009; Nathaniel D. Heintzman et al., 

2007; S. A. Morris et al., 2007; Stedman & Stedman, 1950) (Figure 1.3). Epigenetic 

modifications alter the accessibility for determining whether regions of chromatin will 

generally be active (euchromatin) or repressed (heterochromatin) (Heitz, 1928). Epigenetic 

control of cis-regulatory elements including promoters and enhancers also alter the chromatin 

accessibility for transcriptional machinery to bind and initiate gene transcription (Banerji, 

Olson, & Schaffner, 1983; Banerji, Rusconi, & Schaffner, 1981) (review: (Andersson, 2015)). 

Next-generation sequencing technologies, the ability to sequence rare populations of cells, and 

even single-cell analysis has improved our understanding of the complexity of epigenetic 

regulation within cell types and between individual cells (Ryan Lister et al., 2013; R. Lister et 

al., 2009; Luo et al., 2017; Meissner et al., 2008; Mo et al., 2015). Epigenetic processes are 

now being implicated in neurodegenerative diseases as potential mechanisms for disease onset 

and progression. 

 

1.9 DNA Methylation 

DNA methylation is the most widely studied epigenetic modification. Chemical modifications 

to DNA were hypothesised by Avery & McCarty (1944), and Hotchkiss (1948) (Avery, 
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Macleod, & McCarty, 1944; Hotchkiss, 1948). The role of DNA methylation in gene regulation 

and differentiation was hypothesised independently by Holliday, and Riggs in 1975, with the 

discovery of its roles in repression and subsequently the identification of cytosine-guanine 

dinucleotide (CpG islands) and shores occurring shortly after (Bird et al., 1985; Holliday & 

Pugh, 1975; P. A. Jones & Taylor, 1980; Razin & Riggs, 1980). In mammalian species, DNA 

methylation involves the addition of methyl groups at CpG sites (5-methylcytosine – 5mC), by 

DNA methyltransferases (DNMTs) (L. Chen et al., 1991; Klimasauskas, Kumar, Roberts, & 

Cheng, 1994; Okano, Bell, Haber, & Li, 1999). These CpG sites are often found in clusters, 

called CpG islands (typically unmethylated), and the distribution of methylation across CpG 

islands can regulate transcription. However, methylation can also accumulate in non-CpG sites 

(Guo et al., 2013; Ryan Lister et al., 2013; Ramsahoye et al., 2000). Methylation of CpG islands 

at TSS is generally associated with repression and subsequent gene silencing, by preventing 

transcription factor access to DNA (Antequera, Boyes, & Bird, 1990; Watt & Molloy, 1988). 

Thus, heavily methylated CpG islands often co-localise with heterochromatin and are 

inhibitory to transcription (Choy et al., 2010; Razin & Riggs, 1980)(review: (J. Y. Lee & Lee, 

2012; Suzuki & Bird, 2008)). CpG islands are often present at promoter regions (with as many 

as 50-60% of promoters contain CpG islands), but can also be observed within gene bodies and 

in intergenic regions resulting different (often permissive) transcriptional profiles (Ioshikhes 

& Zhang, 2000; Jjingo, Conley, Yi, Lunyak, & Jordan, 2012). However distal regulatory 

elements are generally less methylated than promoters, and are CpG poor regions (~30% of 

distal elements are methylated) (Stadler et al., 2011). Interestingly, DNA methylation has also 

been identified to occur at non-CpG dinucleotides (CC, CA, CT), which accounts for up to 

approximately 0.02% of all methylated cytosines, and was first described in the plant genome 

(Lindroth et al., 2001) with DNMT3A/B both involved in the maintenance of non-CpG sites 

(reviews: (R. Jaenisch & A. Bird, 2003; Peter A. Jones, 2012; Peter A. Jones & Liang, 2009)). 

However non-CpG methylation may regulate neuronal differentiation and function (Ryan 

Lister et al., 2013). It should be noted that association of DNA methylation and silencing is not 

always absolute. A recent study has shown that DNA methylation may not be enough to silence 

gene promoter elements in human MCF7 cells (Ford et al., 2017). 

Conversely, the removal of 5mC allows for permissive, or stimulated gene expression, and can 

be achieved through passive or active mechanisms. Passive demethylation occurs through 

depletion during replication, with DNMTs withholding methylation on selected bases.  A key 

pathway of active demethylation involves ten-eleven-translocase proteins (TET) (Ito et al., 
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2010; Tahiliani et al., 2009). In mammalian species, TET proteins catalyse the conversion of 

5mC to 5-hydroxymethylcytosine (5hmC), which is a marker of active demethylation and is 

associated with gene transcription (Ito et al., 2010; Tahiliani et al., 2009). Proteins can bind to 

methylated genomic regions and regulate transcription. Methyl-CpG-binding proteins (MeCP) 

bind to 5mC and particularly 5hmC, and can act to enhance or repress transcription (Lewis et 

al., 1992; Mellen, Ayata, Dewell, Kriaucionis, & Heintz, 2012). Methyl-CpG-binding proteins 

are involved in many different aspects of gene regulation. They can facilitate interaction 

between DNA methylation and other chromatin modifiers, and are also involved in processing 

mRNA, alternative splicing, x-inactivation, gene imprinting, and limits 5hmC labelling within 

gene bodies (Cheng et al., 2017; X. Nan et al., 1998). Interestingly, methyl-CpG-binding 

proteins are highly expressed in the brain and regulate neuronal chromatin structure (Skene et 

al., 2010).   

The function of DNA methylation requires understanding of the distribution of DNA 

methylation across the genome: the sum of methylated regions across promoter, enhancer and 

gene bodies, and unmethylated regions, or CpG shores. Recent advances in bisulphite treatment 

of DNA and next-generation sequencing (whole genome bisulphite sequencing; WGBS) has 

allowed for single base resolution of 5mC across the genome (R. Lister et al., 2009). 

Techniques have also advanced to include nucleosome positioning with simultaneous 

methylation sequencing of the same strand of DNA. Nucleosome occupancy with next 

generation sequencing (NOMe-seq) allows for simultaneous measurement of methylation and 

nucleosome positioning and has been adapted for single cell analysis (T. K. Kelly et al., 2012; 

Phillippa C. Taberlay, Statham, Kelly, Clark, & Jones, 2014, Pott, et al., 2017). Utilising these 

advances in technology, sequencing of cell populations and single cells has been accomplished, 

showing that DNA methylation is both tissue and cell-type specific (R. Lister et al., 2009; Luo 

et al., 2017; Mendizabal & Yi, 2016; Mo et al., 2015). 

 

1.10 Histone modifications 

Post-translational modifications to the histone N-terminus tail domain were first described by 

Allfrey et al., (1964), and it was hypothesised that acetylation and methylation play a role in 

the regulation of RNA synthesis (V. G. Allfrey, Faulkner, & Mirsky, 1964). It is now known 

that a core octamer of histone proteins (two copies each of H2A, H2B, H3, and H4) forms 

nucleosomes, which act as the dynamic building blocks of chromatin (Luger et al., 1997), while 
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histone H1 binds to the outside of the histone octamer aiding in structural stabilisation (Finch 

& Klug, 1976; Thoma & Koller, 1977) (Figure 1.3). The modifications on the tail domains of 

the histone proteins can alter charge, binding affinity and facilitate chromatin restructuring 

through interaction with other nucleosomes, and the recruitment of chromatin remodelling 

enzymes resulting in changes to gene expression (Hong, Schroth, Matthews, Yau, & Bradbury, 

1993). Post-translational histone modifications are now documented to include methylation, 

acetylation, phosphorylation and ubiquitination, where methylation and acetylation have been 

most widely studied; however, there are more than 100 possible known histone modifications 

that can modify chromatin structure on lysine and arginine residues (M. Tan et al., 2011). 

Histone modification nomenclature is denoted by histone number, followed by residue and 

modification; for example, histone 3 lysine 9 can be acetylated (H3K9ac), or methylated 

H3K9me3. These modifications do not occur in isolation, with combinations of histone 

modifications working together to adapt nucleosome structure and regulate gene expression. 

Histone modifications alter the access for transcriptional machinery to regulatory elements 

such as the TSS, promoters and enhancer elements. A histone code hypothesis has been 

postulated, in which the combination of post-translational histone modifications and overall 

profile of the nucleosome structure lead to diverse biological outcomes (Dion, Altschuler, Wu, 

& Rando, 2005; Jenuwein & Allis, 2001) (reviews: (Bannister & Kouzarides, 2011; 

Kouzarides, 2007; Zentner & Henikoff, 2013)). 

Histone modifications are actively catalysed by a suite of enzymes including histone 

methyltransferases and acetyltransferases and can be actively removed with demethylases and 

deacetylases. The first histone lysine methyltransferases (HKMT) to be discovered were the 

SUV39H1 and SUV39H2 complexes, responsible for methylation of lysine residues on histone 

H3 (Aagaard et al., 1999; O'Carroll et al., 2000). In 1996, Brownwell and colleagues identified 

the functional role for histone acetyltransferases (HATs) and histone deacetylases (HDACs), 

which act as a switch for transcriptional regulation (Brownell et al., 1996). There is now a wide 

range of known methyltransferases/demethylases and acetylases/deacetylases, each modifying 

specific histone modification substrates (Allis et al., 2007). One of the many effects of 

modifying histones is to allow for nucleosome remodelling and alternative splicing. 

Transcriptional activity is dependent on nucleosome positioning, which changes through active 

(ATP-dependent) pathways. The SWI/SNF nucleosome remodelling complex was found to 

regulate chromatin structure, and subsequently transcription, in 1992 (Hirschhorn, Brown, 

Clark, & Winston, 1992). The SWI/SNF complex removes histones from DNA by nucleosome 
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disassembly, or by transferring histone octamers to another position on the DNA (Hirschhorn 

et al., 1992; Whitehouse et al., 1999).  

Single nucleosome resolution mapping of histone methylation and acetylation was first 

accomplished with chromatin immunoprecipitation on microarrays (ChIP-chip), giving the first 

analysis of histone distribution across the genome (C. L. Liu et al., 2005). However, advances 

in the use of next-generation technology for chromatin immunoprecipitation and next-

generation sequencing (ChIP-seq) has allowed for modification specific analysis at a high 

resolution across the genome (Johnson, Mortazavi, Myers, & Wold, 2007; Robertson et al., 

2007; Schmid & Bucher, 2007). Limitations of ChIP-seq protocols include the large sample 

size required and antibody quality limitations. Adaptations to the ChIP-seq protocol have 

allowed for higher resolution mapping, indexing and multiplexing of rare samples and low cell 

number (van Galen et al. 2015), and protocols have been developed for single cell ChIP-seq 

experiments to reveal cellular heterogeneity for the epigenome (Rotem et al., 2015). High 

sensitivity and specificity antibodies to transcription factors and histone modifications have 

improved the quality and resolution of ChIP-seq experiments (Kidder, Hu, & Zhao, 2011). 

Histone acetylation:  

Histone acetylation was first described by Allfrey and colleagues in 1964 (V. G. Allfrey et al., 

1964; Vincent G. Allfrey & Mirsky, 1964). Histones have a positive ionic charge, which is 

weakened through the addition of acetyl groups, subsequently reduces the attraction between 

histones and DNA, and increasing access for transcription factors to bind to DNA open reading 

frame (Hong et al., 1993). This function plays a vital role in the maintenance of DNA integrity, 

with early studies finding loss of histone H4, or replacement of the lysine residue leading to 

cell cycle defects in G2 and M phase (Megee, Morgan, & Smith, 1995). Acetyl groups are 

added to histone tails by HATs, a class of enzymes that catalyse the transfer of acetyl groups 

from acetyl-CoA to lysine on the N-terminus of histone proteins (Belikoff, Wong, & Alberts, 

1980; Kleff, Andrulis, Anderson, & Sternglanz, 1995) (review: (Zentner & Henikoff, 2013)). 

Histone deacetylases transfer acetyl groups from acetylated histone proteins to coenzyme-A 

(CoA), producing a more condensed chromatin state (Taunton, Hassig, & Schreiber, 1996).  

Histone acetylation is generally associated with active chromatin and is permissive to gene 

expression.  H3K9ac is highly correlated with active promoters, and is often found around TSS, 

and may recruit elongation complexes for transcription (Gates et al., 2017). While H3K27ac is 

a modification that marks active from poised enhancers, is also present around transcriptional 



43 
 

start sites of active genes and may have a role in the elongation of transcription (Creyghton et 

al., 2010a). Morris and colleagues (2007) determined H3K36ac to be located at the promoters 

of RNA polymerase II (RNA pol II) transcribed genes (S. A. Morris et al., 2007). To further 

illustrate the regulatory control histone modifications have on gene expression, Shogren-Knaak 

et al., (2006) showed that H3K16ac inhibited the compaction of chromatin fibres, 

demonstrating the control that histone modifications have over higher order chromatin structure 

and subsequent gene expression (Shogren-Knaak et al., 2006b). Distal regulatory elements also 

aid in the regulation of transcription. Broad regions involved in the trans-regulation of genes 

are usually identified by enrichment of H3K27ac, and have been defined as putative super 

enhancers (Khan & Zhang, 2016; Pott & Lieb, 2014). Super enhancers are genomic regulatory 

regions that are responsible for cellular identity  (Hnisz et al., 2013; Whyte et al., 2013). Only 

a small percentage of super enhancers have been identified through initiatives like the Super 

Enhancer Database (Khan & Zhang, 2016), however the functional role of many super 

enhancer regions remains to be elucidated. 

 

Histone methylation:  

Histone methylation can occur to both lysine and arginine residues of the N-terminus residues. 

Histone methyltransferase enzymes can recognise and bind lysine and arginine residues and 

catalyse the addition of one, two or three (mono-, di- or tri-) methyl groups to the N-terminus 

tail of histone residues. Unlike histone acetylation, the addition of methyl groups does not alter 

the charge of the histone DNA complex in the nucleosome. H3K4me1 marking at the TSS has 

been shown to be associated with the promoters of actively transcribed genes (Barski et al., 

2007; B. E. Bernstein et al., 2005; Nathaniel D. Heintzman et al., 2007). While H3K4me1 

marking present outside of promoter regions is associated with functional enhancers (Nathaniel 

D. Heintzman et al., 2007). Histone 3 lysine 4 methylation can also act as an initiator for 

downstream histone acetylation (Z. Wang et al., 2009). One of the most comprehensively 

studied histone methylation marks is histone 3 lysine 4 tri-methyl (H3K4me3), which has been 

shown to mark transcriptional start sites of active genes (B. E. Bernstein et al., 2005; Nathaniel 

D. Heintzman et al., 2007; Santos-Rosa et al., 2002). Studies have also identified interactions 

between demethylation complexes and H3K4me3, where they couple (including both chromo- 

and bromo- domains) to the N-terminus of tri-methylated histones and initiate chromatin 

remodelling (Huang, Fang, Bedford, Zhang, & Xu, 2006; Wysocka et al., 2006). H3K27me3 

is a marker of repressive chromatin and inactive gene promoters (Barski et al., 2007; P. C. 
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Taberlay et al., 2011; Young et al., 2011). Polycomb repressive complex 2, containing EZH2 

add methyl groups to histone residues such as H3K27 (Cao et al., 2002; Ferrari et al., 2014). 

The co-localisation of H3K4me3 and H3K27me3 marking indicate bivalent chromatin domains 

(Azuara et al., 2006; B. E. Bernstein et al., 2006). This has been implicated in higher global 

chromatin structure by facilitating interactions with chromatin and transcription factors, and by 

interacting with chromatin assembly and remodelling complexes to regulate chromatin 

compaction (Shogren-Knaak et al., 2006a; Blosser, 2009 #973; Zhou & Grummt, 2005). 

Histone modifications both influence and are influenced by the histone modification signature 

of neighbouring nucleosomes and protein complexes that are recruited to DNA (Fischle et al., 

2005)(reviews: (Kouzarides, 2007). 

 

Histone and DNA methylation interactions:  

To aid appropriate gene transcription, regions of the genome are partitioned into accessible 

euchromatin and dense compact heterochromatin. A growing body of evidence supports cross 

talk between DNA methylation and histone modifications (Hisashi Tamaru & Selker, 2001; H. 

Tamaru et al., 2003). Mutations in genes encoding histone methyltransferases have been 

associated with reduced DNA methylation (Hisashi Tamaru & Selker, 2001; H. Tamaru et al., 

2003), and subsequent studies have identified DNMT domains and co-binding proteins 

(SIN3A, UHRF1, MeCP2) that bind to histone modifications (Dhayalan et al., 2010; Q. Zhao 

et al., 2016). Functional mapping of DNA methylation and histone modifications has identified 

prerequisites for the establishment of DNA methylation. The addition of H3K9me1 by 

Suv39hp1 is required to recruit Dnmt3b for subsequent DNA methylation in mammalian 

species (Lehnertz et al., 2003). Another key example of the interactions occurring between 

histone modifications and DNA methylation is during differentiation when de-novo 

methylation is happening within the embryo. Histone methylation on lysine 4 such as 

H3K4me1/2/3 act as mediators for the establishment of de-novo methylation in the embryo 

during development, preventing DNA methyltransferase 3L (DNMT3L) from binding and 

recruiting DNMT3A and DNMT3b (Jia, Jurkowska, Zhang, Jeltsch, & Cheng, 2007; Ooi et al., 

2007).  

DNA methylation silences transcription by changing nucleosome structure and subsequent 

formation of heterochromatin. In 1998, two studies identified a role for methyl CpG-binding 

protein 2 (MeCP2) in the regulation of chromatin structure through interactions with DNA 
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methylation and histone modifications (P. L. Jones et al., 1998; Xinsheng Nan et al., 1998). 

These studies showed that the MeCP2 complex recruited the HDAC/SIN3A co-repressors to 

remove histone acetylation and lead to transcriptional silencing and heterochromatin formation 

(P. L. Jones et al., 1998; Xinsheng Nan et al., 1998). SIN3A acts as a scaffolding protein for 

HDACs and other transcriptional regulators to bind target promotors (Yi Zhang, Iratni, 

Erdjument-Bromage, Tempst, & Reinberg, 1997). Recruitment of HDAC/SIN3A complex by 

MeCP2 was specific to methylated DNA located in a nucleosome, rather than CpG or site 

specific recruitment (Fuks et al., 2003; P. L. Jones et al., 1998). It has also been shown that 

MeCP2 can drive methylation of H3K9, regulate learning and memory formation, and is 

associated with Rett syndrome and other neurological disorders (Ambigapathy, Zheng, & 

Keifer, 2015; Amir et al., 1999; Fuks et al., 2003). These examples demonstrate the complexity 

and interaction between DNA methylation and histone modifications, establishing the need to 

integrate the research on each form of epigenetic modification (reviews: (Cedar & Bergman, 

2009; Du, Johnson, Jacobsen, & Patel, 2015)). 
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Figure 1.3: Regulation of chromatin structure through epigenetic modifications 

Dynamic regulation of the genome through epigenetic mechanisms including DNA 

methylation (5mC: red – repressive; 5hmC: green – permissive), post-translational histone 

modifications (eg:H3K4me3 - active, H3K27ac – permissive; H3K27me3 – repressive), and 

subsequent changes to nucleosome positioning. Each of these result in changes to chromatin 

structure and access for transcriptional machinery to promoters and initiate transcription.  
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Epigenetics in the brain 

1.11 Dynamic epigenetic regulation in the brain 

The study of epigenetics in the brain has recently expanded, demonstrating epigenetic 

regulation plays key roles in neural development, the formation of memory, synaptic plasticity, 

axonal pathfinding, aging and AD (Ambigapathy et al., 2015; Calfa et al., 2012; Fischer, 

Sananbenesi, Wang, Dobbin, & Tsai, 2007a; Ryan Lister et al., 2013; Mo et al., 2015). 

Understanding the role of epigenetic regulation in the healthy developing and aging brain is 

essential to understand how disease will dysregulate the system.    

 

The epigenome is highly specific in neurons of the developing brain 

Distinct sub-types of excitatory and inhibitory neurons communicate in intricate networks to 

govern higher thought processes, emotion and behaviour. Neuronal diversity is associated with 

differences in synaptic plasticity, electrophysiological properties, and morphology. This is 

accomplished partially through epigenetic regulation of gene expression in stem-cells as they 

differentiate into neurons (Ryan Lister et al., 2013). Neural progenitor cells (NPCs) generate 

terminally differentiated cells in a distinct order, with key signalling pathways activated during 

gestation and post-birth to promote neural development; for example, platelet derived growth 

factor and Wnt signalling drive neural differentiation in the mammalian cortex (Erlandsson, 

Enarsson, & Forsberg-Nilsson, 2001; Y. Hirabayashi et al., 2004) (reviews: (Yusuke 

Hirabayashi & Gotoh, 2005; Molyneaux, Arlotta, Menezes, & Macklis, 2007)). Neural 

progenitor cells also give rise to oligodendrocytes and astrocytes through activation of 

alternative signalling pathways (including the STAT3/JAK cascades for intracellular 

signalling) (Magistri et al., 2016; Raff, Miller, & Noble, 1983; Yanagisawa et al., 2000). 

Studies have shown that histone modifications (H3K9me3) and DNA methylation are involved 

in the regulation of cellular differentiation from neural progenitor cells into astrocytes and 

neurons (Singh, Shiue, Schomberg, & Zhou, 2009; Takizawa et al., 2001; S.-L. Tan et al., 

2012). For example, Kraus, et al., (2016) measured core epigenetic modifiers of DNA 

methylation (including Dnmt1, Dnmt3a, Dnmt3b, Tet1, Tet2, Tet3, and Apobec1-3) across an 

early life time-course in the frontal cortex and cerebellum of C57/BL6 mice, ranging from 

postnatal day 0, 7, 15, 30 to 120, utilising immunohistochemistry (T. F. J. Kraus et al., 2016). 

This study observed the percentage of 5hmC positive cells in the frontal cortex to significantly 
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increase through post-natal development to adulthood, however 5mC remained consistent with 

age (T. F. J. Kraus et al., 2016). Similar to other studies, methylation was more abundant in 

neuronal cells compared to non-neuronal cells of the brain (T. F. Kraus, Guibourt, & 

Kretzschmar, 2015; T. F. J. Kraus et al., 2016; Ryan Lister et al., 2013; Wagner et al., 2015). 

The cellular outcomes of neural progenitor cells are associated with diverse epigenetic 

landscapes, which are established early in development (Ryan Lister et al., 2013; Mo et al., 

2015).  

Initial difficulties in the isolation of neuronal nuclei have limited cell-type specific epigenetic 

analysis in the brain. Jiang and colleagues (2008) developed new methods utilising the FOX-3 

transcription factor (NeuN - (Kee K. Kim, Robert S. Adelstein, & Sachiyo Kawamoto, 2009; 

R. J. Mullen, C. R. Buck, & A. M. Smith, 1992)), which is present in the vast majority of 

neuronal nuclei, to assess the default epigenetic landscape for mammalian neuronal cells with 

flow cytometry (Jiang, Matevossian, Huang, Straubhaar, & Akbarian, 2008). Neuronal nuclei 

isolated with this technique were shown to maintain nucleosomes and chromatin structure 

compared to unsorted nuclei, making the method of isolation ideal for epigenetic based NGS 

protocols (Jiang et al., 2008). More recently, Lister et al., (2013) isolated neuronal and glial 

cell populations from mouse and human frontal cortex at four time-points representing 

embryonic, juvenile, adolescent and adult ages, and performed whole genome bisulphite 

sequencing (WGBS) and ChIP-seq. This study found that non-CG specific methylation 

accumulated throughout the genome in neurons across age, but not in glial populations across 

life (Ryan Lister et al., 2013). Key timepoints for non-CG methylation occurred alongside 

synaptogenesis and synaptic pruning in a highly conserved fashion between mouse and human 

brain (Ryan Lister et al., 2013).  

 

The epigenome defines cell-type specificity 

To date there is no standard ‘reference epigenome’, as epigenetics regulates gene transcription 

in a cell type specific manner; however, consortiums are working to establish a framework and 

database of the epigenome (The, 2012). Recent studies have concentrated on identifying 

distinct epigenetic patterns of neuronal sub-types (Alexey Kozlenkov et al., 2016; Mo et al., 

2015). To address the lack of cell-type specific maps of the neuronal epigenome, a seminal 

study by Mo et al., (2015) isolated and separated Camk2a fast acting excitatory neurons, 

parvalbumin interneurons, and vasoactive-intestinal peptide expressing interneurons from the 
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neocortex of transgenic mice, and performed WGBS, ChIP-seq, ATAC-seq (measuring 

chromatin accessibility), and RNA-seq on the isolated populations (Mo et al., 2015). This study 

demonstrated that DNA methylation, in particular non-CpG methylation to be highly specific 

to particular neuronal subtypes, with almost half of all differentially methylated regions were 

hypomethylated in excitatory neurons, and cell-type specific transcription factors and promoter 

regions contained low levels of methylation (Mo et al., 2015) Only 13.4% of ATAC-seq peaks 

shared across parvalbumin, Camk2a and VIP neurons (Mo et al., 2015).  

The advent of single-cell sequencing has demonstrated that the epigenome and transcriptome 

are highly cell-type specific (Buenrostro et al., 2015; Clark et al., 2017; Farlik et al., 2015; 

Islam et al., 2014; Pott, 2017; Smallwood et al., 2014). Single-cell RNA-seq experiments and 

unsupervised clustering based on sequence similarity (t-distributed stochastic neighbour 

embedding) have allowed for the molecular identification of seven distinct sub-types of 

pyramidal neurons and glial cells within the somatosensory cortex and hippocampus of mouse, 

with layer 5 pyramidal neurons clustering into two distinct sub-types (Zeisel et al., 2015). The 

application of single-cell WGBS in the brain has also resulted in the identification of new 

neuronal cell-types. Luo, et al., (2017) utilised single-cell WGBS in 8-week mouse and human 

(25 years) frontal cortex to sequence over 6000 methylomes from single cells (Luo et al., 2017). 

By utilising t-SNE based clustering analysis, Luo identified novel parvalbumin expressing 

inhibitory neuron and layer 6 excitatory neuron subtypes; and showed inhibitory neurons have 

conserved regulatory regions across species in comparison to excitatory neurons (Luo et al., 

2017). A key difficulty with single-cell WGBS is achieving high coverage and sequencing 

depth from a single cell. The single-cell WGBS study from Luo et al., (2017) achieved 5% 

coverage of the reference genome from a single cell, with approximately 1.55 million mapped 

reads per cell (Luo et al., 2017). This is further supported by mRNA profiling of 

excitatory/inhibitory neuronal subtypes and glial populations in the CNS, showing significant 

translational diversity between neuronal sub-types (Doyle et al., 2008).  

Several studies have also highlighted the importance for brain region specific analysis when 

studying epigenetics (Davies et al., 2012; Rizzardi et al., 2017). Techniques such as MeDIP-

seq and HumanMethylation450K arrays in human brain have shown region specific differences 

in methylation between the visual cortex, entorhinal cortex, superior temporal cortex, 

cerebellum, pons and blood (Davies et al., 2012; Hernandez et al., 2011). One study has 

demonstrated that the methylation status of the frontal and temporal cortex to be similar, but 

both dissimilar to cerebellum when measured with HumanMethylation 27 arrays (Hernandez 
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et al., 2011). Whereas studies in post-mortem schizophrenic brain have shown region and loci 

specific differences of methylation in dorsolateral prefrontal cortex and hippocampus (Alelú-

Paz et al., 2016; Viana et al., 2016). Differentially hydroxymethylated regions also exist 

between hippocampus and cerebellum in murine models (Szulwach et al., 2011). However, all 

studies of 5hmC to date have discovered region specific differences in mixed cell populations 

and haven’t investigated cell-type specific epigenetic landscapes. 

 

Epigenetics, memory and synaptic plasticity 

Synaptogenesis, long-term potentiation and long-term depression are essential for learning and 

memory. Synapses form between neurons allowing for communication throughout the brain. 

The formation, maintenance, extinction and dynamic regulation of synapses (synaptic 

plasticity) occurs throughout life. These processes require changes to gene expression and 

appropriate regulation of chromatin structure to assist in the formation of memories (Dickey et 

al., 2003). Initial studies of the epigenetic regulation of memory formation demonstrated 

chromatin-level regulation of learning and memory in a learned taste aversion paradigm 

(Swank & Sweatt, 2001). Swank, et al., (2001) showed that mitogen-activated protein kinase 

activity regulated histone acetyltransferases in the insular cortex during long-term memory 

formation (Swank & Sweatt, 2001).  

To date, numerous studies have reported changes in the epigenetic states of specific signalling 

pathways or genes associated with learning and memory. Methylation maintenance molecules 

are essential for synaptic plasticity, learning and memory (Feng et al., 2010b; Levenson et al., 

2006). Studies have demonstrated that experience dependent plasticity in the brain correlates 

with a changing methylation landscape around genes involved in synaptic plasticity (Leighton 

et al., 2018; X. Li et al., 2014; Widagdo et al., 2016). For example, neuronal activity has been 

shown to alter genome-wide expression of epigenetic regulators for DNA maintenance and 

repair in vitro (for example the Ing1 pathway) (Leighton et al., 2018). While other studies have 

shown upregulation of transcriptional regulators Egr1 and Fos mRNA in the ventral tegmental 

area in vivo after auditory associated reward learning, associated with decreased promoter 

methylation of Egr1, but increased gene body methylation for Egr1 and Fos (Day et al., 2013). 

Other transcriptional regulators such as Tet3, which mediates the deposition of 5hmC, has been 

shown to accumulate around genes associated with synaptic plasticity in the prefrontal cortex 

and hippocampus during learning and behavioural adaptation (X. Li et al., 2014; Widagdo et 
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al., 2016). DNA methyltransferases have also been implicated in the regulation of synaptic 

plasticity. Conditional knockdown of Dnmt1 and Dnmt3a postnatally in post-mitotic neurons 

have led to long term deficits in LTP and long-term depression (LTD), hippocampal atrophy, 

and cognitive dysfunction (Feng et al., 2010b). In vitro studies have shown the Gadd45 gene 

to rapidly demethylate in response to synchronised therapeutic stimulus or in response to 

exercise based neuronal stimulation (Guo et al., 2011; Ma et al., 2009). Similarly, studies have 

also shown histone modifications to be important for memory consolidation and retention in 

mice (Pavlopoulos et al., 2013; Peleg et al., 2010). Much of the research into synaptic plasticity 

and epigenetics has centred around brain derived neurotrophic factor (BDNF). BDNF is a key 

gene in the regulation of synaptic plasticity and has been implicated in memory formation. 

Neuronal depolarisation has been shown to reduce CpG methylation around the Bdnf gene 

promoter in vitro, regulated by a complex of MeCP2/HDAC/SIN3a (Martinowich et al., 2003). 

While histone acetylation at Bdnf gene promoters in the mouse prefrontal cortex is associated 

with consolidation of long-term memory (Bredy et al., 2007; Lubin, Roth, & Sweatt, 2008). In 

summary, epigenetic regulation of memory formation and retention, and underlying changes 

to synaptic plasticity correlate with changes to the epigenome.   
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1.12 Epigenetics in the aging brain 

Aging is widely accepted as the leading risk factor associated with AD (review: (Ghosh, 

Agarwal, & Haggerty, 2011; Yankner, 2000)); however, AD is not a normal part of cognitive 

aging. Epigenetics has an established role in synaptic plasticity, long term potentiation and 

depression, and memory formation; however, there have been few studies of the epigenome in 

the aging brain. The transcriptional profile of genes involved in synaptic plasticity and memory 

formation are altered in the aging brain, which occur alongside significant DNA damage in 

promoter regions in neural and glial cells (Tao Lu et al., 2004; Soreq et al., 2017). Epigenetic 

changes may be the cause of underlying cognitive impairment occurring in the aging brain.  

 

DNA methylation in the aging brain 

Cortical aging has been associated with a variety of methylation states. Genome-wide studies 

have illustrated a complex landscape of both accumulation of DNA methylation in the aging 

brain (Ryan Lister et al., 2013; Yu et al., 2012), hypomethylation in the aging brain 

(Christensen et al., 2009; Penner et al., 2011), while other studies have shown both hyper- and 

hypomethylation in the aging brain (Bakulski et al., 2012). An epigenome wide association 

study utilising HumanMethylation27 Beadchip arrays identified 2,227 genes differentially 

methylated with aging in the mid-frontal gyrus of the post-mortem human prefrontal cortex, 

with ~50% of sites hypermethylated and ~50% of sites hypomethylated with increasing age 

(Bakulski et al., 2012). Other genome-wide array based studies have identified correlations 

between aging and increased methylation at CpG islands in the frontal and temporal cortex 

noting that dramatic changes to methylation occur early in life and are stabilised through aging 

(Hernandez et al., 2011; Numata et al., 2012). Non-CpG methylation also accumulates in 

neurons throughout later life (Ryan Lister et al., 2013; Szulwach et al., 2011). Interestingly, 

cortical CpG methylation has been shown to predominantly accumulate throughout life, in 

genomic regions separate from non-CpG methylation (Ryan Lister et al., 2013; Yu et al., 2012). 

While non-CpG methylation also accumulates in the cortex throughout later life (Ryan Lister 

et al., 2013; Szulwach et al., 2011). Studies using bead based arrays have observed age related 

hypomethylation for CpGs around Igf2, Hdac5, Ercc1 and Myod1 loci; specifically and an age 

related decrease in Arc promoter methylation in the CA1 region of the hippocampus, and 

increased Arc promoter methylation in the dentate gyrus of aged (24+ months) rats (Christensen 

et al., 2009; Penner et al., 2011). Studies in murine models have shown accumulation of 5hmC 
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in neuronal cells during development that is conserved through aging in cerebellum and 

hippocampus, while others have shown an increase of 5hmC in dopaminergic neurons in the 

aging substantia nigra (H. Chen, Dzitoyeva, & Manev, 2012; Fasolino, Liu, Wang, & Zhou, 

2017).The different results reported by these studies may be due to different sampling and 

molecular techniques, brain regions examined and cellular heterogeneity within the samples 

analysed (Davies et al., 2012; Ryan Lister et al., 2013; Mo et al., 2015). 

While there have been some genome-wide DNA methylation studies in the aging brain, many 

studies have focused on candidate pathways or genes of interest in the aging brain. For instance, 

quantitative PCR-based studies of DNA methylation across age in neuronal nuclei from the 

anterior and lateral temporal lobe from human cases have shown increased DNA methylation 

in promoter CpG islands of PGR, SYK and HOXA1 genes, but decreased methylation in S100A2 

with age (Siegmund et al., 2007). The study also found 8 loci in whole brain homogenate to 

have increased methylation with aging, including GABRA2, GAD1, HOXA1, NEUROD1, 

NEUROD2, PGR, STK11, and SYK (Siegmund et al., 2007). Another study of post-mortem 

human parietal cortex reported that CpGs of the Tau promoter were hypomethylated with 

increasing age (Tohgi et al., 1999). However, mass spectrometry analysis of DNA methylation 

binding sites in the post-mortem human prefrontal cortex have shown no significant aging 

related changes in promoter CpG sites for APP, NCSTN, BACE, SIN3A and DNMT1, but 

detected a negative drift in promoter methylation for APOE and PS1 with increasing age (S.-

C. Wang, Oelze, & Schumacher, 2008).  

 

Histone modifications in the aging brain 

There have been few studies of histone modifications in the aging brain. Much of the literature 

is not in agreement regarding the role of histone modifications in the aging brain. Likely, a 

complex combination of enrichment and depletion of histone modifications occurs through 

aging (Benito et al., 2015; Cheung et al., 2010; Nativio et al., 2018; Peleg et al., 2010; 

Rodrigues, Souza, Ghiraldini, Mello, & Moraes, 2014). Indeed, one study has identified histone 

modifications to be dynamic in the developing brain, but stabilise through aging (Shulha, 

Cheung, Guo, Akbarian, & Weng, 2013). Animal models allow for the study of a time-course 

of histone modification changes in aging in a controlled environment that is difficult to mirror 

with post-mortem human tissue. Cognitive aging results in a global loss of H3K9me3 and gain 

in H3K9ac in the cortex of Balb/c mice, indicative of increased euchromatin and transcriptional 
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activity with aging (Rodrigues et al., 2014). Depletion of H3K9 methylation has been 

correlated with the decreased expression of BDNF from aged hippocampal and cortical 

neuronal cultures (Walker, LaFerla, Oddo, & Brewer, 2013). While other studies have shown 

no difference in H3K9ac, H3K14ac, H4K5ac, H4K8ac, and H4K16ac in 16 month old 

hippocampal neurons from the C57/BL6 mice compared to 3 month old littermates, there was 

an age associated depletion of H4K12ac (localises to promoters/intron-exon boundaries and 

correlates with gene expression in neurons (Benito et al., 2015)), which suggests a reduction in 

transcription and subsequent loss of memory consolidation in aged animals (Peleg et al., 2010). 

When measured with ChIP-seq, H4K12ac was depleted from 20 month old CA1 hippocampal 

neurons compared to 3 month old counterparts in a murine model (Benito et al., 2015). 

H4K12ac depletion in aged neurons was associated with dysregulation of RNA metabolic 

process, splicing, apoptosis and autophagic cell death when measured with RNA-seq (Benito 

et al., 2015). 

There have been few studies of the aging brain in post-mortem human tissue. These studies 

have identified a complex pattern of enrichment and depletion in the aging brain. A ChIP-seq 

study of neurons (NeuN+ FACS) in the human prefrontal cortex in 11 samples from 0.5-14 and 

68-69 years investigated H3K4me3 alterations with age (Cheung et al., 2010). Analysis of 3 

samples less than 1 year old with 3 samples greater than 60 years of age showed 589 sites of 

enrichment present in infant, but not aged samples, and 101 peaks were unique to the aged 

samples (Cheung et al., 2010). In accordance with previous literature, another genome-wide 

study in post-mortem prefrontal cortex has identified rapid developmental changes to 

H3K4me3 at 1157 loci in neurons at sites pertaining to neuronal development, synaptogenesis, 

and intracellular signalling, but few changes to adult or aging neurons (Shulha et al., 2013). A 

recent study highlighted the importance for genome wide histone modification analysis in the 

aging brain. Nativio et al. (2018) performed ChIP-seq for H4K16ac (associated with promoter 

activation) in young and aged temporal lobe with mixed neuron and glial cell populations. The 

study utilised ChIP-seq and identified an increase in H4K16ac in aged individuals compared 

to younger cognitively healthy controls (Nativio et al., 2018). Gene ontology analysis showed 

that the top genes associated with aging were within pathways associated with respiration 

processing, insulin stimulus and the inflammatory response (Nativio et al., 2018). Alongside 

studies characterising histone modifications in the aging brain, others have trialled histone 

deacetylase inhibitors (HDACi) as a potential treatment to improve memory performance in 
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the aging brain (Dagnas, Guillou, Prévôt, & Mons, 2013; Pavlopoulos et al., 2013; Peleg et al., 

2010; Walker et al., 2013).  

 

Epigenetics in Alzheimer’s disease 

A wide range of evidence exists to support the notion of epigenetic dysregulation in AD. 

Recently studies have identified epigenetic alterations present in post-mortem AD cases and in 

AD mouse models, which provide support for epigenetic dysregulation in AD, however it is 

not known whether epigenetic dysregulation causes AD, or is a downstream consequence of 

the disease. Indeed, seminal studies of epigenetics in AD identified changes to DNA 

methylation that occur in tandem with neuritic plaque load and Braak staging, occurring at 

some of the earliest detectable stages of the disease (P. L. De Jager et al., 2014; Lunnon et al., 

2014). 

Several methods have been utilised for assessing epigenetic modifications in AD. Many studies 

have investigated global levels of DNA methylation and histone modifications with 

immunohistochemistry or various blotting techniques to determine total protein or methylation 

levels (A. I. Bernstein et al., 2016; Bradley-Whitman & Lovell, 2013; Coppieters et al., 2013; 

Lashley et al., 2014; D. Mastroeni et al., 2015; D. Mastroeni et al., 2010; Narayan, Lill, Faull, 

Curtis, & Dragunow, 2015). Others have used next generation sequencing to identify changes 

at a base-pair resolution, through genome-wide association studies, WGBS, or ChIP-seq 

(Benito et al., 2015; P. L. De Jager et al., 2014; Gjoneska et al., 2015; Lunnon et al., 2014). 

Coordinated changes in DNA methylation and histone modifications may explain the 

dysfunction seen in AD. 

 

1.13 DNA methylation in Alzheimer’s disease 

DNA methylation is the most widely studied epigenetic modification in AD. Global DNA 

methylation is altered through the progression of AD, however the results of current research 

have not been in agreeance as to the nature of change occurring in AD (Table 1.1). Some studies 

have shown global hypermethylation (Bradley-Whitman & Lovell, 2013; Coppieters et al., 

2013; Lardenoije et al., 2018), while others have reported global hypomethylation in AD 

(Chouliaras et al., 2013; A. Fuso, Seminara, Cavallaro, D'Anselmi, & Scarpa, 2005; D. 
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Mastroeni et al., 2010; S.-C. Wang et al., 2008; West, Lee, & Maroun, 1995) (Table 1.1). 

Indeed, other studies have not found any change to global DNA methylation in AD (Lashley 

et al., 2014).  For example, immunohistochemistry and dot-blot based analysis have detected 

an increase in global 5mC, 5hmC and TET1 intensity in the middle-frontal gyrus, middle-

temporal gyrus and hippocampus of late-onset AD cases compared to age-matched controls 

(Bradley-Whitman & Lovell, 2013; Coppieters et al., 2013). While a study of the post-mortem 

human hippocampus with immunohistochemistry presented a decrease of 5mC in CA1 and 

CA3 hippocampal subregions and a decrease of 5hmC in the dentate gyrus and CA3 region of 

the hippocampus in AD cases (Chouliaras et al., 2013). However, other research has shown no 

change in 5mC and 5hmC in the entorhinal cortex of post-mortem AD brains when measured 

with immunohistochemistry and ELISA (Lashley et al., 2014). DNA methylation has also been 

identified in the cytoplasm of AD middle frontal gyrus and middle temporal gyrus, but has not 

been quantified (Coppieters et al., 2013; D. Mastroeni et al., 2015).  
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Table 1.1: DNA methylation alterations in Alzheimer’s disease 
Author 
(year) Methodology Tissue source Key findings 

Bradley-
Whitman, et 
al., (2013) 

Immunohistochemi
stry and western 

blot 

Human 
hippocampus/ 

parahippocampal 
gyrus, cerebellum 

Increased levels of TET1, 5mC and 5hmC in the hippocampus of preclincal and late stage 
AD compared to control cases 

Chouliaras, 
et al., (2013) 

Immunohistochemi
stry  

Human 
hippocampus 

Decreased 5mC in glia but not neurons in hippocampal CA3, decreased 5mC intensity in 
neurons and glia in hippocampal CA1 in AD vs control. 5hmC decreased in neurons and glia 

in dentate gyrus, and in glia of CA3, but not CA1 in AD vs control cases.  
Coppieters, 

et al., (2013) 
Immunohistochemi

stry  
Human MFG and 

MTG 
No difference in 5mC or 5hmC immunolabelling in neurons, astrocytes or microglia in the 

MFG or MTG between AD and control cases 
Lashley, et 
al., (2014) 

Immunohistochemi
stry and ELISA 

Human 
entorhinal cortex 

No difference in 5mC or 5hmC immunolabelling in neurons in entorhinal cortex of control 
and AD cases, confirmed with ELISA 

Mastroeni, 
et al., (2010) 

Immunohistochemi
stry Human EC Decrease in 5mC labelled neurons in the EC of AD cases compared to controls 

Sanchez-
Mut, et al., 

(2013) 

Illumina VeraCode 
CG DNA 

methylation 

Homogenised 
human FC & 
Mouse brains 

DNA hypermethylation associated silencing of 3 target genes: TBXA2R, SORBS3 and 
SPTBN4 in AD compared to control 

Siegmund, 
et al., (2007) 

5' methylation 
status of 50 genes 

of CNS growth and 
development 

Human TC S100A2 hypomethylated in AD, SORBS3 hypermethylated in AD 

Bernstein, et 
al., (2016) 

MeDIP, RNA-seq 
(analysis only) 

Human PFC, 
Drosophila 

5hmC differentially methylated in PFC of AD cases. 5431 sites hyper-hydroxymethylated, 
2170 hypo-hydroxymethylated, genes identified to be differentially hydroxymethylated in 

post-mortem AD were confirmed in fly model 

Rao, et al 
(2012) 

Methylation CpG 
qPCR, RNA qPCR Human FC 

Both hypermethylation and hypomethylation in AD cases compared to control and 
preclinical. Hypermethylation of Bdnf and Nf-κβ gene promoter, hypomethylation of Cox-2 

gene promoter, but no other changes to methylation in sites investigated. 

Bakulski, et 
al., (2012) 

HumanMethylation
27, RNAseq Human FC 

Hypomethylation of TMEM59, PS1 and PS2, transcriptional changes in TMEM59, and no 
differences for APOE, BACE1, BDNF, BIN1, PICALM and TOMM40 in AD samples. No 

global difference in DNA methylation between AD samples and controls 
De Jager, et 
al., (2014) 

HumanMethylation
450K Human PFC Correlation between DNA methylation and neuritic plaque load. Changes occur early in AD 

progression 

Gasparoni, 
et al., (2018) 

HumanMethylation 
450k 

FC and TC (bulk), 
occipital cortex 
(FACS NeuN) 

Braak staging associated DMRs in neurons and glia in AD, including HOXA3, APP and 
ADAM17 

Lunnon, et 
al., (2014) 

HumanMethylation
450K 

Human entorhinal 
cortex, PFC, STG 

ANK1 hypermethylation correlates with Braak staging and neuritic plaque load in EC, STG 
and PFC, but not in cerebellum  

Chibnik, et 
al., (2015) 

HumanMethylation
450K  

Human dorsolateral 
PFC 

CpG hypermethylation was associated with neuritic plaque load in AD (including including 
Bin1, Clu, ABCA7, Ms4a6a, and Apoe). Hypermethylated SNP risk loci correlated with 

increased neuritic plaque load in AD 

Smith, et al., 
(2016) 

HumanMethylation
450K, 

Pyrosequencing 
Human STG Trem2 promoter methylation increased in 3 separate cohorts of AD, and correlated with 

Braak staging 

Sanchez-
Mut, et al 

(2014) 

Genome wide DNA 
methylation study 

Human 
hippocampus 

DUSP22, CLDN15, QSCN6 enriched in AD hippocampus compared to control.  Linear 
correlation between DNA methylation of Dusp22 and plaque load 

Sanchez-
mut, et al., 

(2016) 

Bisulphite 
sequencing genome 

wide 

Human dorsolateral 
PFC 

DNA methylation changes are common across neurodegenerative disease including AD, 
Parkinson’s disease, FTD, and Lewy body dementia. Neurodegenerative diseases have shared 

sites that are  hypo- and hypermethylated 
    

Tohgi, et al., 
(1999)  

Bisulfite 
sequencing, PCR 
and sequencing 

Human cerebral 
cortex 

Age associated global hypomethylation, but transcription factor binding site (SP1) specific 
hypermethylation in AD vs control cases 

West, et al., 
(1995) Southern blot Human cortex APP gene hypomethylated in AD cortex, but not age matched controls 

Zhao, et al., 
(2017) 

Genome wide 
5hmC sequencing 

Human dorsolateral 
PFC  

 Differentially hydroxymethylated regions to correlate with neuritic plaques. Differentially 
methylated regions associated with cellular and synaptic activity 

203 hyper-5mC, 118 hypo-5mC 

Zilller, et 
al., (2013) 

Genome-wide 
bisulfite sequencing  

Various human 
tissue including 

AD cortex  

12408 differentially methylated AD CpGs overlapped with developmental methylation 
landscape 

FC – frontal cortex, TC – temporal cortex, PFC – prefrontal cortex, MFG – middle frontal 

gyrus, MTG – middle temporal gyrus, STG – superior temporal gyrus, EC – entorhinal cortex 
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With the advent of next generation sequencing, it is now possible to measure CpG site specific 

changes in DNA methylation with arrays or at a genome-wide level. However, many previous 

genome-wide association studies (450k/HumanMethylation) and whole-genome bisulphite 

sequencing studies have presented contradictory results. Some studies have shown a mix of 

hypomethylation and hypermethylation in AD compared to control cases (Bakulski et al., 2012; 

Rao, Keleshian, Klein, & Rapoport, 2012; Sanchez-Mut et al., 2016), while others have 

detected predominately hypomethylation (Watson et al., 2016), and others have reported 

hypermethylation in the AD brain (Chibnik et al., 2015; P. L. De Jager et al., 2014; Lunnon et 

al., 2014; Siegmund et al., 2007; M. J. Ziller et al., 2013). Bakulski, et al. (2012) performed 

genome wide DNA methylation analysis of a heterogenous cell population from human frontal 

cortex using the HumanMethylation27 array. This study identified 948 CpGs to be 

differentially methylated in late-onset AD, including hypomethylation of TMEM59, PS1 and 

PS2 with associated transcriptional changes in TMEM59, but no differences in methylation or 

transcriptomics for APOE, BACE, BDNF, BIN1, PICALM and TOMM40 in AD samples 

(Bakulski et al., 2012). The difference in global coverage of DNA methylation between late-

onset AD cases and cognitively normal controls was within 2.9% of each other, regions of 

chromosome 3 were hypomethylated, and chromosome 10 and 17 were hypermethylated in 

AD compared to control (Bakulski et al., 2012). Lunnon, et al., (2014) utilised 

HumanMethylation450 array and bisulphite pyrosequencing in the post-mortem entorhinal 

cortex, superior temporal gyrus, and prefrontal cortex of AD cases and age-matched controls 

to identify AD associated differentially methylated loci. This study identified hypermethylation 

of ANK1, PCBD1, SLC15A4, SIRT6, MEST, MLST8, ZNF512, and TMX4 in AD cases (Lunnon 

et al., 2014). Early research using WGBS in the frontal cortex of two severe AD cases reported 

that more than 60% of known ENCODE transcription factor binding sites showed high levels 

of methylation in the AD cases compare to age-matched controls (M. J. Ziller et al., 2013). In 

particular, AD samples had DMRs within regions of non-conserved genomic regions as well 

as intergenic regions compared to controls (M. J. Ziller et al., 2013). More recently, genome-

wide analysis of hypermethylated CpG regions identified correlations of H3K4me3 and 

H3K27me3 marked promoters with known AD loci including CLU, DIP2C, FRMD4A, HLA-

DRB1, HLA-DQB1, CTNNA2, and KLK7 (Watson et al., 2016).  A recent study has highlighted 

the importance of cell sorting to identify AD related changes in DNA methylation in neurons. 

Gasparoni and colleagues sorted human neuronal and glial nuclei from the occipital cortex and 

assessed DNA methylation alterations in AD using the HumanMethylation 450k array 

(Gasparoni et al., 2018). This study demonstrated that isolated neurons and glia were 
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hypomethylated (60% of differentially methylated CpGs) in AD cases compared to controls 

(Gasparoni et al., 2018). Interestingly, neurons and glia had different methylation profiles that 

dynamically progressed with increasing Braak stage of AD cases (Gasparoni et al., 2018). Gene 

ontology analysis demonstrated that differential methylation was occurring at pathways for 

neurological processes including synaptic transmission, neurotransmitter levels and neuron 

projection morphogenesis (Gasparoni et al., 2018). The changes to DNA methylation in AD 

may also be shared across other dementias, with one study utilising WGBS to identify a core 

set of genes being differentially methylated across AD, Parkinson’s disease, and Lewy body 

dementia (Sanchez-Mut et al., 2016).  

DNA hydroxymethylation has also been implicated in AD, however techniques have only 

recently been developed to measure it at a genome-wide level. There have been two studies 

that have performed genome-wide sequencing of 5hmC in post-mortem human AD brain (A. 

I. Bernstein et al., 2016; J. Zhao et al., 2017). Bernstein, et al., (2016) identified a range of 

5hmC DMRs to be enriched at intergenic regions of the prefrontal cortex of 10 post-mortem 

AD samples, with a mix of both hypo-hydroxymethylation and hyper-hydroxymethylation (A. 

I. Bernstein et al., 2016). Gene ontology analysis demonstrated significant enrichment in 

pathways of cell polarity, synaptic activity and cellular maintenance, and differentially 

hydroxymethylated regions included AD associated single nucleotide polymorphisms such as 

ANK1, MAPK1, BIN1 and CAMK1D (A. I. Bernstein et al., 2016). This study tested gene loci 

from the findings of the human data to follow up in Drosophila, showing the genes associated 

with 5hmC DMRs to alter tau-associated neurotoxicity (A. I. Bernstein et al., 2016). 

Additionally, genome wide analysis of 5hmC in the post-mortem human dorsolateral prefrontal 

cortex has shown global enrichment in exons, introns, TSS and promoter regions but global 

loss at intergenic regions of AD cases (J. Zhao et al., 2017).  

Some studies have concentrated on characterising DNA methylation in brain specific or disease 

specific loci, predominantly at genes involved in memory formation and familial AD risk loci. 

These studies show gene specific hypermethylation of genes associated with synaptic plasticity 

(Rao et al., 2012), and generally hypomethylation at AD risk loci (S.-C. Wang et al., 2008; 

West et al., 1995). An early study of DNA methylation in AD showed the APP locus to be 

hypomethylated in in the AD brain with Southern blot (West et al., 1995). Mass spectrometry 

analysis of DNA methylation binding sites in the human prefrontal cortex detected a loss in 

promoter methylation for APOE and PS1 in AD samples (S.-C. Wang et al., 2008). Gene and 

transcript specific analysis of Bdnf, Creb, Synaptophysin, Cox-2 and Nf-κβ through qPCR 
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analysis showed hypermethylation of CpGs in the BDNF and NF-κβ gene promoters, and 

hypomethylation of CpGs in the COX-2 gene promoter in frontal cortex of post-mortem AD 

cases (Rao et al., 2012). Moreover, a study of DNA methylation of 50 genes related to CNS 

growth and development of the anterior temporal cortex (including a subset analysis of 

neuronal nuclei for 10 genes) has identified hypomethylation of S100a2 and increased 

methylation of Sorbs3 in AD (Siegmund et al., 2007). 

Among the most convincing evidence for epigenetics being critical to the progression of AD 

lies in the correlations between epigenetic data and AD pathology. Multiple studies have 

correlated loss of DNA methylation with Braak staging or neuritic plaque load, while others 

have reported positive correlations between DNA methylation and increased pathology load. 

The different cortical regions, fixation strategy, and methods of analysis may have led to 

inconsistent results between studies (Table 1.1). For instance, Coppieters et al., (2013), 

reported positive correlations between Aβ, tau and ubiquitin (dystrophic neurite) loads and both 

5mC and 5hmC intensity in AD. However, Chouliaras, et al., (2013) described negative 

correlations between global 5mC and 5hmC levels and Aβ plaque load in the hippocampus, but 

did not observe any correlation with NFT load (Chouliaras et al., 2013). Recently, a study in 

the 3xTG and APP/PS1 mice and primate models of AD, and observed negative correlations 

between global levels of 5mC, 5hmC and DNMT3A and plaque load in dentate gyrus and CA3 

region of the hippocampus in APP/PS1 and 3xTg AD models (Lardenoije et al., 2018). One 

seminal study correlated DNA methylation with pathological staging in AD (P. L. De Jager et 

al., 2014). De Jager, et al., (2014) performed DNA methylation analysis of a large suite of 

samples from the prefrontal cortex of two major post-mortem studies (totalling over: 2700 

samples), and a replicate study of 117 individuals. This study used 

InfiniumHumanMethylation450 array to show that DNA methylation at a set of genes, 

including Bin1, Abca7, Ank1, Cdh23, Dip2a, Rhbdf2, Rpl13, and Serpinf1/2, correlated with 

neuritic plaque load; and that DNA methylation alterations were present early in AD 

progression (P. L. De Jager et al., 2014). A follow up study using HumanMethylation 450k 

arrays confirmed that hypermethylation of a range of CpGs including BIN1, CLU, ABCA7, 

MS4A6A, and APOE correlated with increased neuritic plaque load in human AD prefrontal 

cortex (Chibnik et al., 2015). Other studies have shown linear correlations between DNA 

methylation of the DUSP22, ANK1 and TREM2 genes and neuritic plaque load, and Braak 

staging in the superior temporal gyrus (Lunnon et al., 2014; Sanchez-Mut et al., 2014; Smith 

et al., 2016). Differential hydroxymethylation correlated with neuritic plaque load in the human 
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dorsolateral prefrontal cortex at genomic sites associated with cellular and synaptic activity 

(including DUSP22, SYN2, ATXN1, and APC2) (J. Zhao et al., 2017). Furthermore, four 

differentially hyroxymethylated sites, ABAT, CAMK1D, HTRA3, and LRRN1, also correlated 

with NFTs, in the human dorsolateral prefrontal cortex (J. Zhao et al., 2017). Interestingly, data 

suggests that the correlations between DNA methylation at certain sites and pathology load 

may also be cell type specific. Recent research indicates that different loci exhibited DNA 

methylation that changed in tandem with Braak staging in neurons (e.g. HOXA3, APP and 

ADAM17) compared to glia (ANK1) in the human occipital cortex (Gasparoni et al., 2018). 

 

1.14 Histone modifications in Alzheimer’s disease 

Histone acetylation and methylation are dysregulated in AD, however there have been few 

studies to that performed genome-wide analysis of histone modifications to ascertain the 

molecular underpinnings of AD (Benito et al., 2015; Gjoneska et al., 2015; A. Kozlenkov et 

al., 2014).  

Studies of global histone modifications utilising immunohistochemistry or blotting are not in 

agreeance, demonstrating either enrichment or depletion of various histone modifications in 

AD (Table 1.2) (Francis et al., 2009; D. Mastroeni et al., 2015; Narayan et al., 2015). Francis, 

et al., (2009) demonstrated that APP/PS1 mice performed worse in fear conditioning than WT 

controls, and identified that after fear conditioning there is a global loss of histone H4 in the 

hippocampus of 3-4-month-old APP/PS1 mice compared to WT control mice (Francis et al., 

2009). In contrast, total H3, H4, H3ac and H4ac are enriched in neurons of the middle-temporal 

gyrus of post-mortem AD brains, and correlate GFAP, tau and Aβ load (Narayan et al., 2015). 

Mastroeni, et al., (2015) performed immunohistochemical analysis of H3K4me3 marking. This 

study observed that intracellular changes in H3K4me3 to occurred early in AD progression by 

correlating with Braak staging, and showed a shift in the intracellular location of H3K4me3 

from the nucleus to the soma of neurons (D. Mastroeni et al., 2015).  

Alongside changes to histone modifications, research has also illustrated that HDACs are 

enriched as a result of AD pathogenesis in vivo (Table 1.2) (Govindarajan et al., 2013; Graff et 

al., 2012). In particular, HDAC2 was increased in neurons of the CA1 hippocampus in an AD-

like mouse model (Graff et al., 2012). Furthermore 8-month transgenic APP/PS1-21 mice 

recover cognitive deficits to wild-type levels after knocking out HDAC6 (Govindarajan et al., 
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2013). Another study has identified AD risk loci, including ApoE €4, to induce nuclear 

translocation of HDACs in the hippocampus of C57/BL6 mice resulting in a reduction of 

BDNF expression. However, mice exposed to ApoE €3 increased histone acetylation within 

the nucleus and upregulated BDNF (Sen, Nelson, & Alkon, 2015). Subsequently, a number of 

studies have investigated the use of HDACi in AD to improve behavioral outcomes in animal 

models of the disease (Francis et al., 2009; Govindarajan et al., 2013; Kilgore et al., 2009; 

Vecsey et al., 2007). Histone deacetylase inhibitors have been shown to increase learning and 

memory performance in a contextual fear paradigm using 6-month APP/PS1 transgenic mice 

(Kilgore et al., 2009). Additionally, treatment with HDACi prior to a fear conditioning 

paradigm restored histone H4 in the APP/PS1 mice, rescued behavioral performance and 

improved long-term potentiation in hippocampal slice recordings (Francis et al., 2009).  

There have been five studies investigating histone modifications in AD at a genome-wide scale 

(Table 1.2) (Benito et al., 2015; Gjoneska et al., 2015; Klein et al., 2019; Marzi et al., 2018; 

Nativio et al., 2018). The limited literature that is available regarding histone modifications in 

AD points towards depletion of certain histone modifications at putative enhancers and 

promoters associated with synaptic plasticity along with enrichment at immune response genes 

(Gjoneska et al., 2015), and genome-wide depletion of H4K16ac and H4K12ac (both indicative 

of transcriptional activity) at transcriptional start sites (TSS) (Benito et al., 2015; Nativio et al., 

2018). An early ChIP-seq study by Gjoneska, et al., (2015) was a significant advance for the 

field at the time, performing ChIP-seq and RNA-seq of hippocampal homogenate in CK-p25 

inducible neurodegeneration mouse model measuring H3K4me1, H3K4me3, H3K9me3, 

H3K27me3, H3K27ac, H3K36me3 and H4K20me1 (Gjoneska et al., 2015). The CKp25 mouse 

model accumulates plaques rapidly with dense accumulation 6 weeks after induction of p25. 

There was widespread downregulation of genes involved in synaptic plasticity by 6 weeks post 

p25 induction, and widespread enrichment of H3K4me1 and H3K27ac at both promoters and 

enhancers for genes associated with immune activity and stimuli response, that was present at 

pre-symptomatic timepoints (2 weeks post-induction of p25) (Gjoneska et al., 2015). 

Interestingly, Gjoneska noted only a small number of peaks were present for polycomb-

repressed regions labelled by H3K27me3 (Gjoneska et al., 2015). A seminal study by Benito 

and colleagues (2015) used a combination of FACS and ChIP-seq in 3-month and 20-month 

APP/PS1-21 mice to analyse histone modifications in neurons from the hippocampus. The 

authors report that Aβ plaque accumulation resulted in both depletion of H4K12ac and 

transcriptional loss of genes associated with synaptic plasticity (Benito et al., 2015). This loss 
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of synaptic plasticity associated transcripts occurred in conjunction with impaired synaptic 

function, inflammation, and behavioral deficits in APP/PS1 mice (Benito et al., 2015). Histone 

deacetylase inhibitor (SAHA) administration was able to alleviate behavioral deficits and 

reduce inflammation and partially restore H4K12ac marking in neurons but not glia (Benito et 

al., 2015). However, SAHA did not reduce plaque load in 20-month-old APP/PS1 mice (Benito 

et al., 2015). Nativio, et al., (2018) has demonstrated genome-wide depletion of H4K16ac from 

the post-mortem human lateral temporal lobe compared to age-matched controls (Nativio et 

al., 2018). This study also characterized age associated epigenetic changes as well as disease 

related changes and correlated H4K16ac marking with pathology load, leading to the 

identification of three separate classes of change in H4K16ac marking; age-regulated, age-

dysregulated and age-independent changes, many of which overlapped AD-associated 

quantitative trait loci curated from previous genome-wide association studies, with 143 age-

regulated, 231 age-dysregulated and 220 disease specific overlaps (Nativio et al., 2018). A 

recent genome-wide study of H3K27ac (active enhancers; indicative of activation) identified 

4162 sites of differential enrichment between post-mortem entorhinal cortex from AD cases 

and age-matched control cases (Marzi et al., 2018). H3K27ac was increased in promoter and 

enhancer regions of genes associated with AD, including Mapt, App, Ps1, and Ps2 (Marzi et 

al., 2018). In accordance with other recent literature, genome-wide analysis of H3K9ac 

(indicative of activation) with ChIP-seq in the prefrontal cortex of post-mortem AD cases have 

shown that tau, but not Aβ correlates with altered H3K9ac profile at promoters and enhancers 

(Klein et al., 2019). This study detected 5990 differentially H3K9ac marked sites leading to 

transcriptional changes in AD measured by RNA-seq (Klein et al., 2019). While the knowledge 

of the histone modifications in AD is expanding, further research is required to generate 

comprehensive multilayered epigenetic maps, particularly in specific cell types in AD.  
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Table 1.2: Histone modifications, HAT and HDAC in Alzheimer’s disease 
Author 
(year) Methodology Tissue source Key findings 

Benito, et al., 
(2015) 

FACS/ChIP-seq 

RNA-seq 

Hippocampal 
neurons APP/PS1-

21 mice 

Loss of H4K12ac in neurons of hippocampus. Associated with impaired 
synaptic function, increased inflammation  

Francis, et al., 
(2009) 

Western blotting, patch 
clamp 

APP/PS1 mouse 
hippocampus 

Global loss of histone H4 in APP/PS1 mice. HDACi improved histone 
acetylation and improved behavioural deficits and long-term potentiation 

Gjoneska, et 
al., (2015) ChIP-seq/RNA-seq CKp25 mouse 

hippocampus 

Changes to histone landscape at promoters and enhancers. Increased 
transcription of genes associated with immune response, decreased 

expression genes associated with synaptic plasticity.  

Govindarajan, 
et al., (2013) 

qPCR, immunoblot, 
immunohistochemistry  

APP/PS1-21 with 
HDAC6 KO 
Hippocampal 

culture  

HDAC6 KO restores behavioural deficits in APP/PS1-21 mice 

Graff, et al., 
(2012) 

Immunohistochemistry, 
Western blot 

CKp25 mouse CA1 
hippocampus  HDAC2 increased in neuronal nuclei of CA1 hippocampus of AD mice 

Hendrickx, et 
al., (2014) ChIP-qPCR, qRT-PCR, 

APP mice prefrontal 
cortex and 

hippocampus 

APP+ mice have decreased histone H4, APP- mice showed increased 
H4K5ac and H4K12ac at the same promoters. APP- mice have reduced 

capability to learn, and associated hypoacetylation 

Klein, et al., 
(2019) ChIP-seq, RNA-seq Human prefrontal 

cortex 
Tau, but not Aβ, correlates with altered H3K9ac profile and leads to 

transcriptional  

Koldamova, 
et al., (2014) ChIP-seq APP23 mouse 

pooled forebrain 

EGR1 correlates with histone methylation and acetylation. Total levels of 
EGR1 were reduced in APP23 mice when compared to WT controls. 

Depletion in AD risk loci: Picalm, Ps2, App 

Marzi, et al., 
(2018) ChIP-seq Human entorhinal 

cortex 

4162 H3K27ac marked sites differentially enriched in AD: 35% were 
enriched for H3K27ac marking, while 65% were depleted for H3K27ac 

marking. H3K27ac associated with Aβ and tau pathology. 

Mastroeni, et 
al., (2015) 

Immunohistochemistry, 
Western blot 

Human middle 
temporal gyrus, 
hippocampus, 

midbrain 

H3K4me3 labelling moves from nucleus to cytoplasm in – correlates with 
Braak staging 

Narayan, et 
al., (2015) Immunohistochemistry Human inferior 

temporal gyrus 

Correlations between total histone H3, total histone H4, H3ac and H4ac 
with GFAP, tau and Aβ load, hyperacetylation of neurons labelled with 

NeuN 

Nativio et al., 
(2018) ChIP-seq Human lateral 

temporal lobe 
AD associated loss of H4K16ac, associated with dysregulation of REST, 

programmed cell death and immune response. i 
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1.15 Limitations and challenges of current epigenetic approaches  

There are many challenges to address with the current techniques available to analyse 

epigenetic alterations in AD. There is a lack of cell type, brain region, or cortical layer specific 

quantitative analysis in immunohistochemical studies within the literature (Bradley-Whitman 

& Lovell, 2013; Chouliaras et al., 2013; Coppieters et al., 2013; D. Mastroeni et al., 2010). 

Meanwhile, there have been few true genome-wide studies of epigenetic alterations in AD 

(Sanchez-Mut et al., 2016; J. Zhao et al., 2017; Michael J Ziller et al., 2013; M. J. Ziller et al., 

2013). Most DNA methylation studies have performed HumanMethylation 450K or similar 

arrays (Bakulski et al., 2012; Chibnik et al., 2015; P. L. De Jager et al., 2014; Gasparoni et al., 

2018; Lunnon et al., 2014) that are not genome-wide but provide a reference of candidate loci 

across the genome and as a result do not assess many CpG sites and intergenic regions. WGBS 

addresses this by analyzing at base pair resolution throughout the entire genome, however, 

there have been few studies to date to incorporate WGBS into their experiments (Sanchez-Mut 

et al., 2016; J. Zhao et al., 2017; M. J. Ziller et al., 2013). While new research is incorporating 

a range of single-cell RNA-seq, ChIP-seq and WGBS technologies to show ever increasing 

complexity of the epigenetic landscape, as illustrated by DeJager and colleagues’ (2018) 

landmark multi-omics map of the frontal cortex in the aging and AD brain (Philip L. De Jager 

et al., 2018). However, there are still many factors that need to be taken into consideration 

when performing these experiments including sequencing depth and analytical methods. Many 

genomic regions are still difficult to sequence with current technology producing artifacts in 

output and therefore, are excluded from many analyses (Consortium, 2012). There are few 

bioinformatics based pipelines for addressing biological replicates (A. T. L. Lun & Smyth, 

2016; M. D. Robinson, McCarthy, & Smyth, 2010), and there are few standardized procedures 

that recognize inter-individual variation between samples (Landt et al., 2012). There are also 

impeding issues in cost for genome-wide next-generation sequencing in large experiments.  

Advances in cell sorting, multiplexed ChIP-seq, and single-cell WGBS have provided new 

resolution at a cell-type specific and genome-wide level (Luo et al., 2017), and studies are now 

using such methodologies to characterize the aging and AD brain (Nativio et al., 2018). The 

vast majority of studies investigating epigenetic changes in AD have used whole brain 

homogenate (Bakulski et al., 2012; P. L. De Jager et al., 2014; Gjoneska et al., 2015; 

Koldamova et al., 2014; Lunnon et al., 2014; Marzi et al., 2018; Nativio et al., 2018; Sanchez-

Mut et al., 2014; Sanchez-Mut et al., 2016; Siegmund et al., 2007; J. Zhao et al., 2017; M. J. 

Ziller et al., 2013), including a mixture of neuronal and glial cell types. Two studies have 
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performed next-generation sequencing in neurons and glia (Benito et al., 2015; Gasparoni et 

al., 2018), potentially masking neuron specific changes to the epigenome. Indeed, the isolation 

of neurons demonstrated differential methylation between neurons and glia with increasing 

Braak stage in the occipital cortex (Gasparoni et al., 2018), while neurons were selectively 

depleted for H4K12ac marking with increasing age and in AD (Benito et al., 2015). Histone 

deacetylase inhibitors were able to selectively reinstate H4K12ac marking in neurons. These 

two studies highlight the importance of generating cell type specific epigenetic data to 

understand how AD impacts vulnerable or disease resistant cell types.  

Many questions remain unanswered in the burgeoning field of epigenetics and Alzheimer’s 

disease. Studies have shown that the epigenome is both region and cell-type specific (Luo et 

al., 2017), however it is not known whether different cortical regions exhibit differential DNA 

methylation or histone modification patterns in AD. Although initial studies have shown that 

neurons and glia exhibit different epigenetic landscapes in AD (Benito et al., 2015; Gasparoni 

et al., 2018), there have been no studies of the epigenome in neuronal sub-types that are 

vulnerable or resistant to AD pathology. Finally, despite the correlations with Braak or neuritic 

plaque load, it is still unknown whether epigenetic alterations in AD are an early consequence 

or are causal for disease pathogenesis (review: (Lord & Cruchaga, 2014b)). 
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Aims & Hypothesis 

Alzheimer’s disease is a terminal condition and affects the lives of more than 26 million people 

globally and is estimated to impact more than 100 million people by 2050 (Brookmeyer, 

Johnson, Ziegler-Graham, & Arrighi, 2007). Despite current research, there is little 

understanding of the onset and progression of sporadic AD, which account for ~90% of all AD 

cases. Known familial gene loci, including PS1, PS2, APOE, and APP, are involved in familial 

AD onset and progression. In the absence of highly penetrant risk alleles, epigenetic alterations 

are well poised to contribute to the pathogenesis and progression of AD, but this role is yet to 

be fully explored. Despite the key role epigenetics has in the regulation of the genome, there 

have been relatively few studies that have characterised the epigenome of neurons, neither in 

the healthy aging brain nor in neurodegenerative diseases. With this in mind, there is a need to 

incorporate a range of techniques to characterise epigenetic alterations in AD including 

quantitative immunohistochemistry at a cell-type specific and layer specific level and genome-

wide next-generation sequencing.  

 

Hypothesis 

The hypothesis for this PhD study is that the epigenome will be cell-type specific, and the 

neuronal epigenome will evolve with age and be dysregulated in AD. 

The research in this thesis will characterise DNA methylation in post-mortem human AD brains 

in a cell type specific manner, and will characterise key histone modifications in neurons across 

a time-course of healthy aging, and in a model of AD with the following three aims:  
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Aim 1: Characterise DNA methylation of specific cell types in Alzheimer’s 

disease  

Assess global alterations in common DNA methylation marks in specific cell types in post-

mortem human control, early-sporadic AD, and late-sporadic AD cases using 

immunohistochemistry. Studies have implicated DNA methylation alterations through the 

progression of AD, however few have performed quantitative analysis in a cell-type specific 

manner, or quantified changes in tandem with AD pathology. With this in mind, the aim of this 

study was to investigate global alterations in DNA methylation (5mC) and DNA 

hydroxymethylation (5hmC) in different neuronal and glial cell types including neurofilament-

labelled pyramidal neurons, calretinin positive interneurons, microglia and astrocytes using 

immunohistochemistry in post-mortem human tissue in early-sporadic AD (Braak stages I-III) 

and late-sporadic AD (Braak stages IV-VI) cases compared to age matched controls. This study 

also investigated whether the cells adjacent to Aβ plaques or tangle-bearing neurons were more 

susceptible to global alterations in DNA methylation. Immunohistochemistry is the only 

technique available to date that can determine global DNA methylation changes in specific 

sub-types of neurons and glia in the human brain, including changes in cells relative to AD 

pathology. 
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Aim 2: Charting histone modifications in neurons across aging 

Generate temporal maps of histone modifications in aging neurons using ChIP-seq. 

Aging is widely accepted as the greatest risk factor for AD, however, there have been few 

studies to characterise histone modifications in neurons in the aging brain. Hence, this study 

characterised histone modifications in neurons from 3- , 6- , 12- , and 24-month old C57/BL6 

mice using chromatin immunoprecipitation and next generation sequencing (ChIP-seq). These 

timepoints corresponded to juvenile, young, adult and old mice and enabled the assessment of 

the alterations in neuronal histone modifications to occur as the result of healthy aging. 

Neuronal nuclei were purified by fluorescence activated cell sorting with NeuN from the 

forebrain of C57/BL6 mice. The histone modifications examined included those that 

commonly mark enhancers (H3K27Ac) and promoters (H3K4me3). The ChIP-seq technique 

allowed for the generation of temporal maps of active and repressive epigenetic marks and 

whether alterations exist at gene regulatory regions (gene promoters/enhancers) in early life 

and how histone modifications evolve throughout aging.  
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Aim 3: Identifying histone modification alterations in neurons in 

Alzheimer’s disease mice 

Generate temporal maps of histone modifications in neurons in a mouse model of AD using 

ChIP-seq. There have been four studies to date investigating histone modifications at base-pair 

resolution in AD, with most performing ChIP-seq on a single histone modification, and few 

have characterised histone modifications in specific cell-types. Hence, this study characterised 

histone modifications in neurons from 3- , 6- , and 12-month old APP/PS1 mice and age-

matched wild-type control mice using Chromatin Immunoprecipitation and next generation 

sequencing (ChIP-seq). These timepoints corresponded to pre-pathology, pathology onset and 

dense-pathology time points in the APP/PS1 model and enabled the assessment of the earliest 

neuronal histone modification alterations to occur in this mouse model of amyloidosis. 

Neuronal nuclei were isolated by cell sorting with NeuN from the forebrain of APP/PS1 and 

wild type mice. This study generated temporal maps of histone modifications that commonly 

mark enhancers (H3K27ac) and promoters (H3K4me3) across a time-course of amyloidosis in 

neurons.  
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Chapter 2: Methods 
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2.1 Human brain tissue sources and processing  

Human post-mortem tissue was sourced from the Victorian Brain Bank Network (Melbourne, 

Victoria, Australia), and the South Australian Brain Bank (Adelaide, South Australia, 

Australia). Informed consent for the collection of tissue was obtained prior to death and 

institutional approval for the use in research was granted by the University of Tasmania’s 

Human Research Ethics Committee, consistent with the Declaration of Helsinki (Tracey C. 

Dickson et al., 1999). Permission for brain autopsy and use for research was obtained by the 

original tissue sources. Tissue blocks of the inferior temporal gyrus were immersion fixed in 

10% formalin, or perfusion fixed in picric acid and 4% paraformaldehyde. Tissue was stored 

in 0.01 PBS with 0.01% sodium azide (Table 2.1).  

Human cases included the inferior temporal gyrus (ITG) of 5 control (mean age, age range; 

mean PMI, PMI range: 74.2±4.0 years, 58-84 years; 44.4±6.0 hours, 27-57 hours), 5 early-AD 

(80.6±2.8 years, 74-91 years; 49.2±5.2 hours, 32-68 hour) and 6-8 late-AD cases (76.5±2.7 

years, 60-91 years; 30.2±6.0 hours, 5-65 hours; Table 2.1). Late-AD cases conformed to 

CERAD criteria (Murayama & Saito, 2004), and exhibited Braak stage IV-VI pathology (Braak 

& Braak, 1991). Control cases exhibited no AD pathology. Early-AD cases did not conform to 

CERAD criteria and were representative of Braak stage III pathology (Braak & Braak, 1991). 

There was no significant difference in the age or PMI of control, early-AD and late-AD cases.  

 

2.2 Tissue sectioning 

Blocks of human ITG were incubated in an 18% sucrose solution overnight, followed by a 30% 

sucrose solution (Appendix 1) overnight. Tissue was then submerged and frozen in Tissue-Tek 

Optimum Cutting Temperature (O.C.T) compound (VWR, Radnor, Pennsylvania, USA), and 

sections were cut coronally at 40µm on the Leica CM 1850 cryostat (Leica Microsystems, 

Wetzlar, Germany). Tissue sections were stored in 0.1% 0.01 PBS-azide tissue storage solution 

(Appendix 1). 
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Table 2.1: Human brain cases used for immunohistochemistry and analysis 

SABB – South Australian Brain Bank; VBBN – Victorian Brain Bank Network; MI – 

myocardial infarction; PE - pulmonary embolism; DVT – deep vein thrombosis; COAD – 

chronic obstructive airways disease 

  

Type Source Fixative Cause of 
Death 

PMI 
(hrs) Sex Age 

Plaque 
Load 

(% 
Area) 

NFT 
Density 

(/mm2) 

AD VBBN Formalin mesothelio
ma 64 F 91 4.83 52.0 

AD VBBN Formalin COAD 65 M 60 9.95 21.3 
AD VBBN Formalin Respiratory 31 M 67 10.48 35.1 
AD VBBN Formalin Respiratory 24 M 79 2.75 19.7 
AD VBBN Formalin Cardiac 24 M 81 4.50 20.2 

AD SABB PFA & 
picric acid AD 13 F 71 6.10 24.5 

AD SABB PFA & 
picric acid AD 26 F 76 9.40 44.2 

AD SAAB PFA & 
picric acid AD 5 F 83 4.05 56.7 

AD SABB PFA & 
picric acid 

Heart 
failure 17 F 84 7.58 32.0 

AD SABB PFA & 
picric acid Pneumonia 34 M 73 7.10 61.5 

Early 
AD VBBN Formalin Cardiac 32 M 74 0.35 - 

Early 
AD VBBN Formalin Cardiac 68 M 74 3.98 - 

Early 
AD VBBN Formalin Renal 

failure 48 M 91 0.05 - 

Early 
AD VBBN Formalin Cardiac 50 M 82 1.68 - 

Early 
AD VBBN Formalin MI 49 M 82 1.30 - 

Control VBBN Formalin Asthma 30 F 58 - - 
Control VBBN Formalin PE, DVT 27 F 73 - - 
Control VBBN Formalin Cardiac 54 M 77 - - 
Control VBBN Formalin Respiratory 57 M 79 - - 
Control VBBN Formalin- MI 55 M 84 - - 
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2.3 Immunohistochemistry 

Immunohistochemistry was performed to assess astrocytes, microglia, calretinin-positive 

interneurons, NF-positive pyramidal neurons, NFTs, Aβ plaques, 5mC and 5hmC marks (Table 

2.2).  Optimal concentrations were determined for each primary antibody, with positive control 

single-immunolabelling experiments performed for each antibody. Negative control 

experiments were performed, in which the primary antibody was omitted eliminating all 

immunosignal. The specificity of the rabbit polyclonal anti-5hmC antibody was verified with 

a mouse monoclonal 5hmC antibody (GTX629765, GenTex/Sapphire Bioscience, Michigan 

USA) which demonstrated analogous extranuclear immunofluorescence signal (Appendix 2:  

Supplementary Figure 1)  

Tissue sections were incubated in 3% horse serum in 0.01M PBS for 60 minutes at room 

temperature, washed 3X in 0.01M PBS and incubated in primary antibodies (Table 2.2) diluted 

in 0.01M PBS-X (Appendix 1) for 24 hours at room temperature. Following 3X washes in 

0.01M PBS, tissue sections were incubated with AlexaFluor488 and AlexaFluor594 (1:1000; 

Invitrogen/Life technologies, Carlsbad, CA) secondary antibodies diluted in 0.01M PBS-X for 

two hours at room temperature. Sections were washed 3X in 0.01M PBS and were mounted, 

dried, and coverslipped with DAKO fluorescent mounting medium (DAKO, USA). 90% 

formic acid was used as antigen retrieval for immunolabelling Aβ plaques (Tracey C. Dickson 

et al., 1999), while thioflavin-S staining (Sigma-Aldrich, Missouri, USA) was used to stain 

fibrillar plaques in conjunction with 5mC/5hmC and GFAP immunolabelling (T. C. Dickson 

& Vickers, 2001). The fluorescent signal was amplified via biotin/streptavidin 

immunofluorescence for the mouse anti-IBA1 antibody: immunolabelling was performed as 

detailed above, but following primary antibody incubation tissue sections were incubated in 

goat anti-mouse/rabbit biotinylated secondary antibodies (1:200, 5mg/mL; DAKO) in 0.01M 

PBS-X for two hours at room temperature, washed 3X in 0.01M PBS and incubated in 

Streptavidin AlexaFluor488 (1:500) diluted in 0.01M PBS for two hours at room temperature. 

Antibodies penetrated the entire depth of tissue sections, both with and without formic acid 

antigen retrieval; clear double immunolabelling with optimal intensity was present at a depth 

of 12.8-18.4µm in formic acid treated tissue sections and at a depth of 12.4-17.7µm in non-

formic acid treated tissue sections.  
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Table 2.2: Antibodies 

A summary of the primary antibodies utilised within this study:  

Name Epitope Manufacturer Catalogue 
number Host species Concentration 

5hmC 5-hydroxy-
methylcytosine 

Active Motif 
(Carlsbad, 
CA, USA) 

39769 Rabbit 
polyclonal 1:2000 

5hmC 5-hydroxy-
methylcytosine 

GenTex/Sapphire 
Bioscience GTX629765 Mouse 

monoclonal 1:2000 

5mC Modified base 5-
methylcytidine 

Active Motif 
(Carlsbad, 
CA, USA) 

39649 Mouse 
monoclonal 1:500 

Anti-human 
tau 

Recombinant 
human tau C-
terminal (AA243-
AA441) 

Dako 
(Glostrup, Denmark) A 0024 Rabbit 

polyclonal 1:4000 

AT8 PHF-tau 
(Ser202/Thr205)A 

Thermo Scientific 
(Waltham, MA, 
USA) 

MN1020 Mouse 
monoclonal 1:1000 

Calretinin Human calretinin-
22k 

Swant (Marley, 
Switzerland) 6B3/010399 Mouse 

monoclonal 1:500 

Calretinin Recombinant rat 
calretinin 

Millipore 
(Massachusetts, 
USA) 

AB5054 Rabbit 
monoclonal 1:500 

Ferritin Ferritin 21kD/19kD 
(human spleen) 

Abcam (Cambridge, 
MA,  
USA) 

Ab7332 Rabbit 
polyclonal 1:1000 

GFAP GFAP isolated from 
cow spinal cord 

Dako 
(Glostrup, Denmark) Z 0334 

Rabbit 
polyclonal 
 

1:3000 

GFAP Clone 4A11 BD Bioscience 556327 Mouse IgG2b 1:500 

IBA1 NP_001614, 
NP_116573 

Abcam (Cambridge, 
MA,  
USA) 

Ab5076 Goat 
polyclonal 1:250 

NFL Purified porcine 
NF-L 

Millipore 
(Massachusetts, 
USA) 

AB9568 Rabbit 
polyclonal 1:250 

Pan-beta 
amyloid Aβ 1-40 (aa15-30) 

Invitrogen Molecular 
Probes (Carlsbad, 
CA) 

44-136 Rabbit 
polyclonal 1:1000 

6E10 Purified anti-β-
amyloid, 1-16 

Covance Antibody 
(Dedham, MA, 
USA) 

SIG-39320 Mouse 
monoclonal 1:1000 

SMI32 NFM and NFH- 
dephosphorylated 

Covance Antibody 
(Dedham, MA, 
USA) 

SMI-32R-500 Mouse 
monoclonal 1:500 

NeuN (A60) Anti Neuronal 
nuclei (A60) 

Millipore 
(Massachusetts, 
USA) 

MAB377 Mouse 
monoclonal 1:1000 

H3K4me3 Histone 3 lysine 4 
tri-methyl 

Active Motif 
(Carlsbad, 
CA, USA) 

39159 Rabbit 
polyclonal 

2µg/ml (2µl per 
sample) 

H3K27Ac Histone 3 lysine  27 
acetyl 

Active Motif 
(Carlsbad, 
CA, USA) 

39133 Rabbit 
polyclonal 

2µg/ml (2µl per 
sample) 

H3K27me3 Histone 3 lysine 27 
tri-methyl 

Millipore 
(Massachusetts, 
USA) 

07-449 Rabbit 
polyclonal 

2µg/ml (2µl per 
sample) 
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2.4 Autofluorescence quenching 

Autofluorescence quenching was used to remove lipofuscin autofluorescence and lower 

background autofluorescence to enhance clarity for analysis. Free floating or mounted sections 

were incubated in potassium permanganate solution (Appendix 1) for 20 minutes at room 

temperature on an orbital shaker, before being washed twice in 0.01M PBS for two minutes at 

room temperature. Samples were then incubated in a solution containing potassium 

metabisulphite and oxalic acid (Appendix 1) for approximately two minutes to clear the 

potassium permanganate from the region of interest. Samples were then washed three times in 

0.01M PBS for ten minutes at room temperature on the orbital shaker. 

 

2.5 Microscopy 

Cell counts were performed on a Leica DM LB2 fluorescent microscope (Leica microsystems, 

Wetzlar, Germany) for NF-positive pyramidal neurons and NFTs. For astrocytes, microglia 

and calretinin-labelled interneurons cell counts were performed on images of whole tissue 

sections collected on Perkin Elmer’s Ultraview VoX spinning disk confocal microscope 

(Nikon Ti Eclipse microscope (Minato, Tokyo, Japan), Yokogawa Electric Corporation CSU-

X1 spinning disk confocal scanner (Musashino, Tokyo, Japan) and Volocity software 6.3 

(Perkin Elmer, Massachusetts, USA). All image acquisition and cell counts were performed 

blinded to case type. 

 

2.6 Immunohistochemistry image analysis 

Cell counts were performed systematically by starting at the edge of tissue section in the 

appropriate layer of the ITG at a Z plane (between 12.4-18.4µm depth) in the tissue 

corresponding to clear double-immunolabelling, and counting the first 50 cells encountered on 

that Z plane in the correct cortical layer. Cells were defined as having extranuclear labelling if 

any labelling for 5mC or 5hmC was observed in the cytoplasm of the cell outside of the nucleus.  

Neurofilament positive pyramidal neurons: 50 NF-positive pyramidal neurons in layers 2/3 and 

layer 5 were counted with 5mC/5hmC co-localisation recorded, in each control (n=5), early-

AD (n=5) and late-AD (n=8; n= 6, respectively) case.  
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Interneurons: Whole tissue sections were imaged. 50 calretinin-positive neurons were counted 

in layers 2/3; 25 calretinin-positive neurons were counted in layer 4 (due to the limited number 

of calretinin-positive cells in layer 4) with 5mC/5hmC labelling recorded in each control (n=5), 

early-AD (n=5) and late-AD (n=8) case.  

Microglia: Whole tissue sections were imaged. 50 microglia were counted in layers 2/3 and in 

layer 4 with 5mC/5hmC co-localization noted in each control (n=5), early-AD (n=5) and late-

AD (n=7) case.   

Astrocytes: Whole tissue sections were imaged. 50 astrocytes were counted across cortical 

layers 2-6 with 5mC/5hmC co-localization noted in each control (n=5), early-AD (n=5) and 

late-AD (n=8) case.  

NFTs: 50 NFTs in layers 2/3 and layer 5 were counted with 5mC/5hmC co-localisation 

recorded in early- and late-AD cases (n=7 and 6, respectively).  

Aβ plaques and 5mC/5hmC nuclei: 10 plaques were imaged in layer 2/3 of late-AD cases (n=8) 

and 10 plaque-free zones were imaged in layer 2/3 of control (n=5) and late-AD cases (n=8). 

Images were obtained systematically, by starting at the edge of the tissue section and taking 

images of the first 10 isolated plaques or plaque free zones encountered in layer 2/3. 5mC and 

5hmC labelled nuclei were counted in near-plaque donut shaped region of interest (ROI) that 

was 150% of the plaque diameter (Chapter 3 - Figure 6; (Mitew et al., 2013b). The average 

area of the near-plaque ROI was used to define equivalent plaque-free ROI ((Fernandez-

Martos, King, Atkinson, Woodhouse, & Vickers; Mitew et al., 2013b).  

Aβ plaque load: This analysis was performed as previously (Woodhouse et al., 2009); briefly 

four systematically selected 1200μm wide strips of the ITG from the pia to the white matter 

were imaged for each early-AD and late-AD case, and the percentage area occupied by Aβ 

plaques was then calculated (Image J, version 1.39p).  

NFT density: This analysis was performed as previously (Woodhouse et al., 2009); briefly one 

systematically selected 1200μm wide strip of the ITG from the pia to the white matter was 

imaged for each late-AD case, the number of NFTs in the sampled area was counted and the 

NFT density calculated (Image J, version 1.39p). Representative images for figures were taken 

with a Perkin Elmer’s Ultraview VoX spinning disk confocal microscope. 
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2.7 Immunohistochemistry Statistical Analysis 

Image data was analysed in SigmaPlot (Version 12.0, Systat Software Inc.) with one-way 

ANOVAs; different post-hoc tests were performed depending on the distribution and normality 

of the data including: Kruskal-wallis one-way ANOVA on ranks and Holm-sidak one-way 

ANOVA. Statistical significance was defined as p<0.05. All data is presented as the mean with 

the standard error of the mean.  

 

2.8 Mouse tissue source and processing  

All animal procedures were undertaken with ethical approval from the Animal Ethics 

Committee of the University of Tasmania (A12780/A15120) and all experiments abided by the 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (Council, 

2013). The AD mouse model used for this study was the APPSWE/PSENdE9 (APP/PS1) 

(B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax; stock number: 34832-JAX). APP/PS1 mice 

and age matched wild-type control littermates were aged to 3 months (pre-pathology), 6 months 

(pathology onset), and 12 months (advanced pathology), with n = 5 biological replicates per 

genotype, per time-point. An additional cohort of 5 wild-type mice were aged to 24 months. 

Animals were housed in standard conditions (12hr day/night cycle, housing temperature of 

20oC, ad-libatum access to food). Mice were sacrificed with an intraperitoneal injection of 

Lethobarb (pentobarbitol) at 110mg/kg body weight. Animals were tested for pain response 

before undergoing cardiac perfusion with 0.01M PBS (Appendix 1). The forebrain was then 

rapidly dissected and snap frozen in liquid nitrogen after perfusion ready for downstream 

processing.  

 

2.9 Genotyping 

Genotyping was performed as previously described (Collins, King, Woodhouse, Kirkcaldie, & 

Vickers, 2015). Tail clippings were taken from mice at weaning for initial genotyping, and at 

perfusion for replicate genotyping of all animals. Tails were incubated in 45µL of extraction 

solution (95091-025, QUANTA Biosciences, Beverly, Massachusetts, USA) for 30 minutes at 

95°C to extract genomic DNA. Genotypes were identified by PCR using MyTaq Red Mix 

(BIO-25044, Bioline, London, UK) and primers (GeneWorks, Thebarton, South Australia, 
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Australia) to amplify PS1 and an internal control gene (IL-2) as per the manufacturer’s 

protocol. PCR products were electrophoresed against Hyperladder V 100bp ladder (BIO-

33031, Bioline, London, UK)  on a 2% agarose gel (BIO-41025, Bioline, London, UK) 

containing 0.0001% SYBR safe DNA gel stain (S33102, Invitrogen, Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) at 110V for 4five minutes and imaged using the Amersham 

Imager 600 (GE Healthcare Life Sciences, South Logan, Utah, USA) image station. 

 

2.10 Isolation of neuronal nuclei 

Squares (2cm2) of cheesecloth (9338918004577, Ogilvies Designs, Belmont, Western 

Australia, Australia) were pre-soaked in nuclei extraction buffer (NEB) (Appendix 1) and 

placed in 15ml falcon tubes (Thermo Fisher Scientific, Waltham, MA, USA) until required. 

Fresh-frozen mouse forebrains were sectioned along the midline, and half of the forebrain was 

immersed in 4.8mL of freshly prepared NEB, while the other half of the forebrain was frozen 

for future analysis. The forebrain was then homogenised on ice using a dounce tissue 

homogeniser (357544, Wheaton, Millville, New Jersey, USA) for one minute with a loose-

fitting pestle with 0.114mm clearance. Homogenised tissue was then filtered through four 

layers of cheesecloth, followed by 70µm and 40µm Falcon cell strainers (Thermo Fisher 

Scientific, Waltham, MA, USA) on ice. Homogenate was then centrifuged at 500g for  minutes 

at 4oC and the supernatant was then discarded. The nuclei pellet was resuspended in 5mL of 

0.22µm filtered 0.01M PBS, centrifuged at 500g for five minutes at 4oC, and the pellet 

resuspended in 500µL 0.01M PBS for downstream processing. 10µL of each sample was 

diluted 1:5 in 0.01M PBS, then diluted 1:1 with trypan blue (15250061, Thermo Fisher 

Scientific, Waltham, MA, USA). Haemocytometer counts were performed to calculate the 

number of nuclei per sample and to ensure a consistent number of nuclei were being isolated 

between samples.  

 

2.11 Neuronal nuclei immunolabelling 

To provide secondary antibody only control solutions for downstream nuclei sorting, 50µL of 

each nuclei sample was incubated with Alexafluor 647 at 1:2000 (A31571, Invitrogen/Life 

technologies, Carlsbad, CA, USA), 10µL of blocking solution containing 0.5% BSA (B4287-

25G, Sigma-Aldrich, St Louis, Missouri, USA), 10% normal goat serum (G9023-10, Sigma-
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Aldrich, St Louis, Missouri, USA), and 35µL 0.01M PBS, for a total of 100µL on a slow rotator 

in the dark for 40 minutes at 4oC. DAPI working stock (10µL; Appendix 1) was added to the 

secondary antibody solution for the last five minutes of the incubation. For primary samples, 

mouse anti-NeuN antibody (A60) (MAB377, Merk Millipore, Billerica, Massachusetts, USA) 

at 1:1000 (Table 2.2) was conjugated with donkey anti-mouse AlexaFluor 647 secondary 

antibody at 1:2000 (1:10 stock was prepared previously for accurate pipetting) (A31571, 

Invitrogen/Life technologies, Carlsbad, CA, USA), 100µL 0.5% BSA (B4287-25G, Sigma-

Aldrich, St Louis, Missouri, USA) and 10% normal goat serum (G9023-10, Sigma-Aldrich, St 

Louis, Missouri, USA), and 394µL 0.01M PBS for a total of 500µL. Primary antibody solutions 

were incubated for five minutes at room temperature on an orbital shaker in the dark. 50µL 

0.01M PBS was added to the remaining nuclei, then combined with the preconjugated 

block/NeuN/AlexaFluor 647 solution for a total volume of 1000uL and incubated for 40 

minutes at 4oC on a slow rotator in the dark. After 40 minutes, the nuclei solution was 

centrifuged at 500g for five minutes at 4oC, the supernatant was discarded and the sample was 

then resuspended in 1000µL ice cold 0.01M PBS for further experimentation. 

 

2.12 Fluorescence activated cell sorting 

Fluorescence activated cell sorting (FACS) was performed on a BD Biosciences FACSAria III 

(Becton Dickinson Biosciences, Franklin Lakes, NJ, USA). Falcon tubes (15mL; Thermo 

Fisher Scientific, Waltham, MA, USA) were coated with a small amount of foetal calf serum 

(SH30084.02, Hyclone, GE Healthcare Life Sciences, South Logan, Utah, USA) prior to use. 

DAPI and secondary antibody only negative control samples were used to identify nuclei on 

fluorescence and forward/side scatter plots to eliminate cellular debris, and to set a threshold 

for background secondary antibody fluorescence for each sample (Figure 2.1a,c). Doublet 

discrimination was set (Figure 2.1b). NeuN labelled samples were then sorted with the 

established gates (Figure 2.1c-f). Sample purity was determined by re-running a small amount 

of sorted sample through the FACS. Sorted samples all exhibited >97% purity from their 

respective gates. NeuN+ and NeuN- samples were collected, fixed in 1% methanol-free 

formaldehyde (28906, Pierce, Thermo Fisher Scientific, Waltham, MA, USA) for 1five 

minutes at room temperature then quenched with 0.125M glycine (G8898, Sigma-Aldrich, 

Missouri, USA) for five minutes at room temperature, prior to freezing at -80oC for 

downstream processing. Parameters for FACS were extensively optimised, including testing: 
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multiple nozzle sizes (70µM, 100µM, 130µM), sheath pressures, primary and secondary 

antibody concentrations, secondary fluorophores (AlexaFluor 488, 546, 594, 647), nuclei 

solution concentration, forward/side-scatter gating strategies, blocking solutions, and testing 

jet-in-air and cuvette-based flow cytometers. To assess whether NeuN expression alters across 

aging, the number of NeuN+ nuclei from the FACS results was analysed, showing that there 

was no significant difference in the number of neuronal nuclei collected between time-points 

for WT mice (3 months old: 2.75x106 ± 0.15 nuclei, 6 months old: 2.59x106 ± 0.13 nuclei, 12 

months old mean: 2.51x106 ± 0.04 nuclei, 24 months old: 2.149x106 ± 0.18; all mean±SEM) 

(One way ANOVA, p=>0.05, Tukey's multiple comparisons test). To confirm the differences 

between whole forebrain homogenate samples (n=3 per genotype, 12 months of age) and 

NeuN+ nuclei purified from the forebrain (n = 2 per genotype, 12 months of age).  ChIP-qPCR 

was performed for H3K4me3, H3K27me3 and H3K27ac at known enhancers for AD risk factor 

genes and compared in wildtype and APP/PS1 mice demonstrating distinct differences between 

whole forebrain homogenate and isolated neuronal nuclei (Figure 2.2).   
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Figure 2.1: Gating strategy for isolation of neuronal nuclei 

(a) DAPI labelled nuclei and, (b) doublet discrimination used to determine pure, single nuclei 

sub-population on (c) forward scatter (linear) and side scatter (log). (d) Forward scatter and 

side scatter gate for DAPI + nuclei were used to gate out debris. (e, f) Gating strategy applied 

to NeuN labelled sample to reduce the amount of debris collected in sorted samples and NeuN 

fluorescence determined from secondary only gate. (f) The distance between NeuN negative 

and positive gates was placed to maintain purity of the sorted populations. 
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Figure 2.2: Difference in histone marking between whole brain homogenate and purified 

neuronal nuclei in wild-type mice and APP/PS1 mice.  

Differential enrichment was detected for H3K4me3 (top), H3K27me3 (middle) and H3K27ac 

(bottom) between chromatin from whole forebrain (left) and neuronal nuclei purified from 

forebrain (right) in both wildtype (black/blue) and transgenic AD (pink/red) mice. Data = % 

total input. Bar, mean ± SEM, n=3 whole brain, n = 2 for neuronal nuclei purified from 

forebrain  
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2.13 Sonication 

Sorted neuronal nuclei (NeuN+) were pelleted in at 52000g, 4oC for 25 minutes using the 

Sorvall WX Ultra 90 ulracentrifuge and TH-641 swinging bucket rotor (54295, Thermo Fisher 

Scientific, Waltham, MA, USA). Nuclei pellets were resuspended in 300µL of SDS lysis buffer 

(Appendix 1) and transferred to 1.5ml Bioruptor+ TPX microtubes (C30010010-300, 

Diagenode, Seraing, Belgium) for sonication. Sonication was optimised to obtain DNA 

fragments between 200-500bp length. Sonication was performed on a Bioruptor Plus next-gen 

ultrasonicator (Diagenode, Seraing, Belgium) under the following conditions: 10 cycles of 30s 

on/30s off, repeated 5 times, replacing ice-water every 10 cycles. Fragment size was confirmed 

using a sample of purified DNA electrophoresed on a 2% agarose gel and additionally tested 

on a Agilent 4200 tape-station (Agilent Technologies, California, USA). After sonication, 

samples of 500,000 nuclei were aliquoted for chromatin immunoprecipitation (ChIP) 

experiments.  

 

2.14 DNA purification 

DNA samples were purified using the following protocol modified from (Sambrook & Russell, 

2006). Samples (300µL in 0.01M PBS) were incubated with 1µL Proteinase K (50µg/mL 

(MPRK092, Epicentre, Middleton, Wisconsin, USA) per 200,000 nuclei at 65oC overnight. 

Equal volume of phenol:chloroform solution (P0269-100M, Sigma-Aldrich, Missouri, USA) 

was added to each sample and vortexed for one minute until an emulsion formed. Samples 

were then centrifuged at 6,000g for five minutes at room temperature. The aqueous layer was 

collected and combined with 2.5 volumes of ethanol (E7023-1L, Sigma-Aldrich, Missouri, 

USA). Sodium chloride (NaCl) was added to 0.3M final concentration in the sample solution. 

Samples were precipitated overnight at -20oC. Samples were then centrifuged at 16,000g for 

30 minutes to pellet purified DNA. The supernatant was discarded, the pellet was washed in 

70% ethanol and centrifuged at 16,000g for five minutes. The pellet was then dried at room 

temperature five minutes to remove residual ethanol. Samples were then resuspended in 20µL 

filtered TE buffer (Appendix 1) or sterile water.  
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2.15 Chromatin immunoprecipitation 

Chromatin immunoprecipitation (ChIP) was performed as previously described (Oakford et al., 

2010; P. C. Taberlay et al., 2011; Phillippa C. Taberlay et al., 2014) with minor modifications. 

Briefly, samples containing approximately 500,000 nuclei were adjusted to 1mL with IP 

dilution buffer (Appendix 1), mixed gently by pipetting and 1% of the total sample was 

removed for total input control samples (TI) and frozen at -20oC. Antibodies utilised for ChIP-

seq experiments included: anti-H3K4me3 (39160; Active Motif, Carlsbad, CA, USA), anti-

H3K27me3 (07-449; Millipore Massachusetts, USA) and anti-H3K27ac (39134; Active Motif, 

Carlsbad, CA, USA). All antibodies have been previously validated for specificity and use in 

ChIP assays. All samples (n = 35) were processed in parallel for each ChIP antibody to 

eliminate batch effects. Samples were incubated with primary antibodies overnight at 4oC with 

rotation with a concentration of 2µg or 2µL of antibody per sample. Samples were then 

incubated with 20µL ChIP grade magnetic A/G beads (26162, Pierce, Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) for two hours at 4oC with rotation. Samples were 

then placed on a MagnaRack (CS15000; Invitrogen/Life technologies, Carlsbad, CA, USA) for 

one minute and supernatant was removed. Samples were washed in 1mL low salt wash buffer 

(Appendix 1) for three minutes at room temperature. After incubation samples were placed on 

a magnetic rack for one minute, and supernatant was removed and discarded. This process was 

repeated for one high salt buffer wash, one LiCl buffer wash, and two TE buffer washes 

(Appendix 1). After the final TE buffer wash, samples were incubated for 1five minutes at 

room temperature in 50µL of freshly prepared ChIP elution buffer (Appendix 1). The 

supernatant was collected and the elution step was repeated with an additional 50µL ChIP 

elution buffer for a total volume of 100µL. Chromatin samples and TI control samples were 

then incubated with 4µL 5M NaCl and 1.5µL (50µg/mL) Proteinase K (MPRK092, Epicentre, 

Middleton, Wisconsin, USA) overnight at 65oC to reverse crosslinks. RNase A (1µL of 

10mg/mL; EN0531, Thermo Fisher Scientific, Waltham, Massachusetts, USA) was then added 

to each sample and incubated for 1 hour at 37oC. ChIP samples and TI control samples were 

further purified using the Chromatin IP DNA Purification Kit (58002, Active Motif, Carlsbad, 

California, USA) according to the manufacturer’s instructions, and eluted in 50µL of elution 

buffer. ChIP experiments were performed for 500,000 nuclei for H3K4me3, H3K27ac, and in 

technical duplicate for H3K27me3. H3K27me3 ChIPs were pooled prior to library preparation 

for a total of approximately 1000000 nuclei.  
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Next-generation sequencing 

 

2.16 Library preparation 

Libraries were prepared using the Nugen Ovation Ultralow V2 (0347 V2 1-96/0344 V2 1-16, 

Redwood City, CA, USA) library preparation kits as per the manufacturer’s protocol with 

minor modification. Cycling conditions for PCR amplification were optimised using EvaGreen 

dye 20X (31000-T, Biotium, Fremont, CA, USA), with H3K27ac samples amplified for 17 

cycles, H3K4me3, H3K27me3 and total input control samples amplified for 18 cycles. 

 

2.17 Sequencing 

Libraries were subjected to quality control and normalisation with the Agilent 4200 tape-station 

system and D1000 tapes (Agilent, Santa Clara, CA, USA), and qPCR analysis performed at 

Australian Genomics Research Facility. Illumina flow-cell adaptors were added prior to 

sequencing (Illumina, San Diego, CA, USA). An equal amount of DNA was added from each 

sample to normalise all samples across the flow lanes. Samples were sequenced on the Illumina 

Hi-Seq 2500 Next-Generation-Sequencer (Illumina, San Diego, CA, USA) using 50bp single-

end sequencing parameters. Primary image analysis was performed in real time by HiSeq 

Control Software v2.2.68 and Real Time Analysis v 1.18.66.3. The Illumina bcf2fastq 

2.20.0.422 pipeline was used to generate FASTQ files for downstream analysis. Prior to 

sequencing, all samples from H3K27ac and H3K4me3 were pooled to minimise batch effects 

and all sequenced equally across 7 lanes. Mean sequencing depth for these samples was 

29,235,684 single-end reads with a range of 14,772,920 – 52,363,200 single-end reads (Table 

2.3). H3K27me3 samples were similarly pooled to minimise lane effects, then sequenced over 

7 lanes. Mean sequencing depth for H3K27me3 was 54,193,632 single-end reads with a range 

of 39,039,879 – 65,999,514 single-end reads (Table 2.3). An input control was sequenced from 

one sample of each time-point and genotype. The input control samples were and sequenced 

across one lane, with mean sequencing depth of 37,412,073 single-end reads and a range of 

35,141,517 – 41,405,294 single-end reads.  
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Table 2.3: ChIP-seq sequencing depth 

A summary table of the sequencing depth for each histone modification used in this study: 

Samples Minimum read depth Maximum read depth Mean read depth 

H3K27ac 9,576,466 24,491,555 16,223,033 

H3K27me3 26,531,221 45,023,509 34,992,581 

H3K4me3 9,670,943 23,040,946 13,921,824 
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Bioinformatic analysis 

The bioinformatic analysis included in the results chapter of this thesis required extensive 

optimisation. Included below is the final parameters used for each part of the analysis. 

 

2.18 Sample pre-processing 

FASTQ files generated from Illumina HiSeq 2500 were imported onto the Nectar research 

cloud for all processing running Ubuntu 16.0.4.3 LTS Xenial Server Edition. Raw reads were 

checked for quality control with FASTQC version 0.11.7 and MultiQC (Andrews, 2010; Ewels, 

Magnusson, Lundin, & Kaller, 2016). Illumina flow-cell adaptors were trimmed from all 

sequences using the Trim Galore wrapper version 0.4.3 for Cutadapt (version 1.15) (Martin, 

2011). Nugen Ovation Ultralow v2 adaptors were trimmed from individual samples with 

Cutadapt (Martin, 2011) prior to sequence alignment. Any samples not meeting quality control 

standards were removed from further analysis.  

 

2.19 Sequence alignment 

Bowtie2 is a highly efficient hardware accelerated alignment tool frequently utilised in read 

mapping for ChIP-seq experiments (Langmead & Salzberg, 2012). ChIP-seq samples were 

aligned with Bowtie2 version 2.3.4 Linux distribution (accessed 30/1/2018). Samples were 

mapped to Mus musculus reference genome mm10 (accessed 08/12/2017 at UCSC 

http://hgdownload.cse.ucsc.edu/downloads.html#mouse) using default parameters (Waterston 

et al., 2002). The mean percentage of aligned reads was 95.63%, with a minimum of 87.41%. 

Samples containing more than 9.5 million uniquely aligned reads were utilised for downstream 

analysis. After mapping, samples were converted to BAM file format and indexed with 

SAMtools version 1.7, then visualised with Integrated Genomics Viewer (IGV) version 2.4.8 

(H. Li et al., 2009). Further quality control was performed with deepTools multibamSummary 

and plotPCA version 3.0, and bigwig files were generated with bamCompare for visualisation 

on IGV (Diaz, Nellore, & Song, 2012; Ramírez et al., 2016). Total input control samples were 

merged using SAMtools merge, then sorted and indexed prior to peak calling.  

http://hgdownload.cse.ucsc.edu/downloads.html#mouse
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2.20 Pseudoreplicate generation  

Two pseudoreplicates were generated for each time-point and genotype (Gjoneska et al., 2015; 

Landt et al., 2012) prior to performing differential enrichment analysis. Biological replicates 

were merged into a single file using samtools merge, read with samtools view, shuffled and 

separated into files containing equivalent numbers of randomly distributed reads, then sorted 

with samtools sort utilising the following code (based off ENCODE IDR analysis): 

samtools merge -u -@62 
/NGS_Data/Andrew/Pseudoreplicate_BAM/H3K27me3_inter
mediate/H3K27me3_WT3_merged.bam *WT3*.bam  

for file in *.bam ; do 

echo ""$file" "is being processed..."" 

samtools view -H $(Akiyama et al.) > 
${file}_header.sam  

nlines=$(samtools view -@62 ${file} | wc -l) 
#identify the number of reads in a bam file 

echo "total number of reads:" 

echo "$nlines"  

nlines=$(( (nlines + 1) / 2 )) 

samtools view -@62 ${file} | shuf - | split -d -l 
${nlines} - 
"/NGS_Data/Andrew/Pseudoreplicate_BAM/H3K27ac_inter
mediate/test/${file}_pseudo.sam" 

done 

 

2.21 Peak Calling 

Peaks were called for H3K4me3 and H3K27ac against a merged input control utilising MACS2 

with a Q value cut-off of 0.05 (Yong Zhang et al., 2008). H3K27me3 peaks were also called 

with MACS2, with –broad option enabled to composite broad genomic regions into wider 

peaks and analysed with both Q value cut off of 0.05, and also a relaxed Q value cut-off of 0.01 

as described in (Gjoneska et al., 2015). ENCODE blacklisted regions for mm10 (downloaded: 

24/2/2018) were noted and removed from downstream analysis.  
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2.22 Differential enrichment analysis with CSAW 

Differential enrichment analysis was performed within R using the ChIP-seq Analysis with 

Windows (csaw) package (A. T. L. Lun & Smyth, 2016). Briefly, mapped reads from 

pseudoreplicate samples were imported into csaw as bam files, setting the fragment size to 

250bp as identified from sonication and tape-station quality control. The ENCODE mm10 

blacklist file was imported and reads were filtered from blacklisted regions (Consortium, 

2012). Reads were then counted into bins of 2000bp, then log count-per-million reads were 

filtered by an average of log2(3) for H3K4me3, log2(4) for H3K27ac, and log2(2) for 

H3K27me3 to remove low abundance regions of non-specific binding. The background 

filtering was optimised for each histone modification to ensure removal of the bulk of 

background reads, subsequently increasing detection power and reducing multiple testing bias. 

Filtered reads were then binned into 10kb bins, and used for removal of library composition 

bias, and trended biases based on the scaling normalisation strategy of trimmed mean of M 

values (TMM) from EdgeR (A. T. L. Lun & Smyth, 2016; M. D. Robinson et al., 2010; Mark 

D. Robinson & Oshlack, 2010). Differential enrichment analysis was then performed with a 

quasi-likelihood framework and negative binomial modelling from the EdgeR package (M. D. 

Robinson et al., 2010). Trends in read variance were estimated from the total read number with 

negative binomial dispersions from all 10kb binned reads. Read counts were then fitted to a 

generalised linear model that accounted for the negative binomial dispersions, quasi-likelihood 

dispersions, and effective (log) library size. The variance within samples was reduced to the 

previously determined dispersion test using an empirical Bayes strategy, and P-values were 

then assigned to each bin using a quasi-likelihood F-test (A. T. L. Lun & Smyth, 2016; M. D. 

Robinson et al., 2010; Mark D. Robinson & Oshlack, 2010). Binned reads were then clustered 

into 2000bp tolerance regions for H3K4me3 and H3K27ac, or 6000bp tolerance regions for 

H3K27me3, and false discovery rate error control was established with Benjamini Hochberg 

correction for multiple testing (Benjamini & Hochberg, 1995). Gene annotation was then 

established for each region based on intron/exon and promoter data from the 

TxDb.Mmusculus.UCSC.mm10.KownGene library, where promoters were defined as 3000bp 

upstream + 1000bp downstream of a transcriptional start site, and annotated regions within 

5000bp the TSS were also reported. Differentially enriched sites were saved as .bed files with 

rtracklayer for downstream analysis (Lawrence, Gentleman, & Carey, 2009). Tables were 

generated for all data, also including logCPM and logFC as identified from ‘getBestTest’ for 

the top enriched window from each tolerance clustered region for descriptive plotting and 
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downstream analysis. For scripts on csaw see the following link: 

https://github.com/ajphipps/EpiAD/blob/master/csaw_example_script.rd     

 

2.23 Gene ontology analysis  

BED files of significantly differentially enriched sites generated from differential enrichment 

analyses were uploaded to the Genomic Regions Enrichment of Annotations Tool (GREAT), 

by Stanford University (C. Y. McLean et al., 2010). Samples were compared against ‘whole 

genome background’ using the UCSC mm10 genome assembly. Genomic regions were 

associated with ‘basal+extension’ (5000bp upstream and 1000bp downstream, with max 

extension of 1000kb), included curated regulatory domains, and samples that covered a large 

proportion of the genome were corrected with the ‘significant by region-based binomial’ option 

when prompted. All raw GO data, and the top 20 terms ranked by ‘observed hypergeometric 

hits’ from each GO analysis was downloaded from GREAT as .tsv files and imported into R 

studio for visualisation with ggplot2.  

 

2.24 Putative enhancer track generation 

H3K27ac pseudoreplicate files previously generated (Section 2.20) were subjected to peak 

calling with MACS2 as specified in (Section 2.21). All H3K27ac peak bed files (from both 

genotypes and time points) were concatenated to generate a single track with all potential 

HK27ac binding sites from neuronal nuclei. The track was sorted by chromosome and start 

position, and overlapping sites were merged with BEDTools 2.25 (Quinlan, 2014). The UCSC 

mm10 KnownGene track was downloaded from the UCSC table browser (downloaded 

20/7/2018), and start locations for both strands were padded with ±2000bp from the TSS using 

the following script:  

awk '($6 == "+") { print $0 }' input bed12file.bed | 
awk 'BEGIN{ OFS="\t" }($2 > 2000){ print $1, ($2 - 
2000), ($2 + 2000), $4, $5, $6, $7, $8, $9, $10, $11, 
$12}' > UCSCKnowngene.tss.for.padded2kb.bed 

awk '($6 == "-") { print $0 }' 
mm10_knowngene_edited.bed | awk 'BEGIN{ OFS="\t" }($3 > 
2000){ print $1, ($3 - 2000), ($3 + 2000), $4, $5, $6,  
$7, $8, $9, $10, $11, $12}' > 
UCSCKnowngene.tss.rev.padded2kb.bed 

https://github.com/ajphipps/EpiAD/blob/master/csaw_example_script.rd
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cat UCSCKnowngene.tss.for.padded.bed 
UCSCKnowngene.tss.rev.padded.bed > 
UCSCKnowngene_5kb_padded12.bed 

bedtools sort -i UCSCKnowngene_5kb_padded12.bed > 
UCSCKnowngene_5kb_padded.sorted12.bed 

bedtools merge -i UCSCKnowngene_5kb_padded.sorted12.bed 
> UCSCKnowngene_5kb_final_merged_sorted.bed 

bedtools subtract -a 
K27ac_allmerge_peaks_summits.sorted.merged.bed -b 
UCSCKnowngene_5kb_final_merged_sorted.bed > 
K27ac_knowngene_NeuN_putative_enhancer_track.bed 

 

The forward and reverse padded KnownGene bed files were then concatenated, sorted by 

chromosome and start position, then merged with BEDTools 2.25. The resulting padded 

KnownGene bed file was used with BEDTools to subtract the TSS ±2000bp from the H3K27ac 

merged bam file, leaving only H3K27ac binding sites that were outside of the TSS ±2000bp 

window, resulting in 73,610 putative enhancer binding sites. These sites were saved as a bed 

file and used for mean signal plots and heatmap generation.  

 

2.25 Percentage breadth of genomic coverage 

The percentage genomic coverage at 5× sequencing depth was determined from the .bam files 

with Samtools mpileup, then converted to a percentage of the mm10 genomic coverage 

(calculated from bowtie2-inspect-s and counted with unix wc), which was then calculated in 

Microsoft Excel.  

for file in *.bam 
samtools mpileup ${file} | awk -v X="${5}" '$4>=5' | wc 
-l > K27ac_breadth.txt 
done 
 
#total number of reads in reference genome 
 
bowtie2-inspect-s /NGS_Data/Andrew/mm10/mm10btref | awk 
'-F "\t" BEGIN{L=0}; {L=L+$2}; END{print L}' 
 
#calculate total number of characters in the mm10 bt2 
reference that are titles 
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bowtie2-inspect-s -n /NGS_Data/Andrew/mm10/mm10btref | 
wc -m  
 
#912 characters to subtract from reference genome 
output - base 2776387315 subtract 912 = final size 
2776386403 
 

The genomic coverage was then plotted as histograms in GraphPad prism 6. 

 

2.26 CpG island analysis 

Tracks for CpG islands in mm10 were downloaded from the UCSC table browser. This data 

was subset against UCSC KnownGene TSS for mm10 with BEDTools 2.25 to be able to 

identify TSS that contained CpG islands. H3K4me3 and H3K27ac marking was then mapped 

against these tracks as heatmaps.  

 

2.27 Plot generation 

Heatmaps and mean profile data intersecting histone modifications with UCSC KnownGene 

TSS and putative enhancer tracks were generated with deepTools (version 3.0) computeMatrix, 

plotProfile, and plotHeatmap (Ramírez et al., 2016), or Seqplots v1.12.1 (Stempor & Ahringer, 

2016). Combined profile plots for APP/PS1 and WT control mice samples were generated with 

Seqplots v1.12.1 (Stempor & Ahringer, 2016). Representative genomic regions of interest of 

pseudoreplicates were exported from IGV (H. Li et al., 2009) and with edited with Adobe 

Illustrator. Volcano plots were generated with ggplot2 utilising the logFC from ‘getBestTest’ 

generated in csaw (2.23).  

 

2.28 Venn diagram analysis 

To determine whether sites of differential H3K27ac and H3K4me3 enrichment were shared 

between time-points, venn diagrams were generated with BEDTools 2.25 multi-intersect and 

gplots in the R studio environment (Quinlan, 2014). BED files generated from pairwise 

differential enrichment analysis were analysed with bedtools:  
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bedtools multiinter -header -i 

H3K4me3_3FC_AD3_DBsites.bed H3K4me3_3FC_AD6_DBsites.bed 

H3K4me3_3FC_AD12_DBsites.bed -names K4me3_AD3 K4me3_AD6 

K4me3_AD12 > K4me3_intersect.txt 

The output of the mutli-intersect analysis was then imported into Rstudio and venn diagrams 

were generated as follows:  

K27ac_intersect <- 

read_delim("D:/Dropbox/Dropbox/Documents/2018/ChIP-

seq/Intersect_bedfiles/K27ac_intersect.txt","\t", 

escape_double = FALSE, trim_ws = TRUE) 

View(K27ac_intersect) 

K27ac_sub <- data.frame(K27ac_intersect$K27ac_AD3, 

K27ac_intersect$K27ac_AD6, K27ac_intersect$K27ac_AD12) 

colnames(K27ac_sub) <- c("3m APP/PS1 DB sites", "6m 

APP/PS1 DB sites", "12m APP/PS1 DB sites") 

venn(K27ac_sub) 

To identify whether H3K4me3 or H3K27ac marked sites that were shared across time-points 

were consistently enriched or depleted, differential enrichment data was subset into 

significantly enriched or significantly depleted, then analysed pairwise with bedtools 

BEDTools 2.25 intersect (Quinlan, 2014). 

 

2.29 RNA-seq overlap analysis 

RNA-seq data was obtained from (Mathys et al., 2019). All neuronal RNA-seq data (excitatory 

and inhibitory neurons) was compiled and filtered for unique genes to be comparable with the 

NeuN+ ChIP-seq enrichments. Human gene symbols were converted to mouse symbols with 

the MGI database. Genes enriched for H3K27ac and H3K4me3 were also filtered for unique 

sites. An overlap analysis was performed in R based on gene symbols as follows:  

library(csaw) 
library(TxDb.Mmusculus.UCSC.mm10.knowngene) 
library(EdgeR) 
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library(splitstackshape) 
library(dplyr) 
library(tidyverse) 
library(GenomicRanges) 
 
 
#import dataset 
library(readr) 
H3K4me3_12m_AD12_allresults <- 
read_csv("F:/Dropbox/Documents/2019/Projects/ChIP-
seq_2019/ANZ_masons_ChIP-
seq_data/H3K4me3/H3K4me3_AD/H3K4me3_12m_AD12_allresults_copy.csv") 
View(H3K4me3_12m_AD12_allresults_copy) 
 
#split the overlaps column 
# find commas positioned after + or - and replace with a space 
H3K4me3_12m_AD12_allresults$overlap <- gsub("([+-]),", "\\1 ", 
H3K4me3_12m_AD12_allresults$overlap)  
# count number of regions per observation 
H3K4me3_12m_AD12_allresults$n_regions <- 
ifelse(!is.na(H3K4me3_12m_AD12_allresults$overlap), 
str_count(H3K4me3_12m_AD12_allresults$overlap,' ') + 1,NA)  
#find the maximum amount of regions found in an observation 
max_regions <- max(H3K4me3_12m_AD12_allresults$n_regions, na.rm = TRUE)  
#partition into multiple coloumns 
H3K4me3_12m_AD12_allresults <- H3K4me3_12m_AD12_allresults %>% 
separate(col = overlap, into = paste0('overlap', 1:max_regions), sep = ' 
', remove = FALSE)  
H3K4me3_12m_AD12_allresults$overlap1 <- 
ifelse(H3K4me3_12m_AD12_allresults$overlap1=="", NA, 
H3K4me3_12m_AD12_allresults$overlap1) 
 
#load comparison gene data into R 
library(readxl) 
sig_Mathys_all_neuron_no_path_vs_path <- 
read_excel("Mathys_data/no_path_vs_path/sig.Mathys_all_neuron_no.path_vs_p
ath_gene_names_MGI.xlsx") 
View(sig_Mathys_all_neuron_no_path_vs_path) 
 
#subset both datasets by significance 
unique.mathys_nopath_path <- 
unique(sig_Mathys_all_neuron_no_path_vs_path$Symbol) 
H3K4me3_AD12_sig <- subset(H3K4me3_12m_AD12_allresults, FDR <=0.05) 
d <- H3K4me3_AD12_sig 
 
#isolate gene names without the pipes and tidy  
d[, 14:38] <- apply(d[, 14:38], 2, function(x) stringr::str_extract(x, 
"[^|]*")) 
 
#convert long form columns into short form rows 
k <- reshape2::melt(d[, c(1, 13:38)], id.vars = c("X1", "overlap")) %>%  
  mutate(genes = value) %>% 
  select(-c(variable, value)) %>% 
  na.omit() %>% 
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  left_join(select(d, -starts_with("overlap")), by = "X1") %>% 
  arrange(X1) 
 
#make the mouse genes lowercase 
mouse_genes <- (unique(k$genes)) 
 
#find the overlapping genes in mouse and human datasets 
keep <- mouse_genes[mouse_genes %in% unique.mathys_nopath_path] 
 
#join the human and mouse data together into a single datatable 
j <- left_join(k, sig_Mathys_all_neuron_no_path_vs_path , by = c("genes" = 
"Symbol")) 
 
write.csv(j, file = "H3K4me3_AD12_overlap_nopath_vs_path.csv") 
 

Example scripts utilised in this thesis can be viewed on github:  

https://github.com/ajphipps/EpiAD 

  

https://github.com/ajphipps/EpiAD
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Chapter 3: Neurofilament-labelled pyramidal neurons and 

astrocytes are deficient in DNA methylation marks in 

Alzheimer's disease 
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3.1 Introduction 

Despite increasing research efforts, the underlying cause of sporadic AD remains unknown. In 

the absence of genetic aberrations, it is possible that epigenetic alterations may contribute to 

the multiple pathological pathways implicated in the onset and progression of AD (Coppieters 

et al., 2013; Diego Mastroeni, McKee, Grover, Rogers, & Coleman, 2009; Siegmund et al., 

2007). The epigenome encompasses a variety of components that act in concert, such as DNA 

methylation and post-translational histone modifications (Christensen et al., 2009; Narayan et 

al., 2015). The epigenetic machinery exerts exquisite control over gene regulation programs 

and allows for all cell types to be genetically homogenous, while structurally and functionally 

heterogeneous. Importantly, the epigenome also provides a link between environmental factors 

and sporadic AD risk (D. Mastroeni et al., 2010).  

A number of studies have investigated changes in DNA methylation marks 5mC (usually 

associated with gene silencing) and 5hmC (associated with active de-methylation and increased 

gene expression) throughout the progression of AD at specific genes or genome-wide using 

whole brain homogenate (A. I. Bernstein et al., 2016; Chouliaras et al., 2013; P. L. De Jager et 

al., 2014; Lunnon et al., 2014). The location of 5mC/5hmC methylation marks on the genome 

has differential effects on transcription, and the outcome further depends on interplay with 

other epigenetic modifications such as the presence or absence of particular histone marks 

(Cedar & Bergman, 2009; Narayan et al., 2015). The majority of studies investigating DNA 

methylation in AD have shown that AD is associated with global DNA hypermethylation 

relative to control cases (Bradley-Whitman & Lovell, 2013; P. L. De Jager et al., 2014; 

Sanchez-Mut et al., 2013; Siegmund et al., 2007), while some studies have detected DNA 

hypomethylation (West et al., 1995). Other studies report that DNA hypo- and hyper-

methylation can co-occur in AD brain but at different loci (Bakulski et al., 2012). Two 

independent studies recently reported similar sets of differentially methylated regions that 

changed in tandem with neuritic plaque load or Braak staging, clearly showing that epigenetic 

alterations occur early in AD (P. L. De Jager et al., 2014; Lunnon et al., 2014). However, the 

cell types in which these alterations occur remain to be determined.  

There is increasing interest in cell type specific alterations in DNA methylation in AD. This is 

due to the cell-type specific vulnerability that exists in different subsets of neuronal cells. For 

example, neurons that contain the neurofilament (NF) ‘triplet’ proteins in layers 2/3 and 5 of 

the cortex are selectively vulnerable to NFT pathology (Patrick R. Hof & Morrison, 1990; 
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Thangavel et al., 2009; J. C. Vickers et al., 1994). Whereas, a subset of calretinin-positive 

interneurons are resistant to AD pathology (P. R. Hof et al., 1993; Mitew et al., 2013b). Seminal 

studies have characterized the epigenome of different neuronal populations, identifying 

different DNA methylation patterns between neurons and non-neuronal cells in the CNS 

(Coppieters et al., 2013; Ryan Lister et al., 2013; Mo et al., 2015). Cell type specific alterations 

in DNA methylation have also been implicated in the progression of AD (Coppieters et al., 

2013; D. Mastroeni et al., 2010), however few studies have quantitated cell type specific 

changes in DNA methylation (Chouliaras et al., 2013; Gasparoni et al., 2018). Additionally, no 

study to date has determined whether the cells adjacent to Aβ plaques or tangle-bearing neurons 

are more susceptible to epigenetic alterations.  

There is emerging evidence of a role for epigenetic aberrations in the pathophysiology of AD. 

There is, however, little information regarding cell type specific epigenetic alterations in the 

brain, or whether there is any direct association between epigenetic modifications and AD 

pathology. This study characterises 5mC and 5hmC methylation in subsets of cortical neurons 

with differential vulnerability to degeneration in AD, including NF-positive pyramidal neurons 

and calretinin-labelled interneurons, as well as in microglia and astrocytes. This study has also 

examined DNA methylation changes in close proximity to Aβ plaques, as well as in NFT-

bearing neurons.  
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3.2 Results 

3.2.1 Less extranuclear 5mC labelling in pyramidal neurons in cortical layer 

5 of late-AD cases 

Initially, 5mC and 5hmC was examined in NF-rich pyramidal neurons that are vulnerable to 

AD pathology. The majority of NF-positive pyramidal neurons co-localised with nuclear 5mC 

(Figure 3.1a-c) and 5hmC (Figure 3.1d-f) immunolabelling, and, in a subset of NF-rich 

pyramidal neurons, this labelling extended into the cell body and proximal processes. There 

was no significant difference in the percentage of NF-rich pyramidal neurons that co-localised 

with nuclear 5mC labelling in layers 2/3 or 5 across control (mean±SE; 98.4± 0.7%; 94.8± 

2.1%), early-AD (99.6± 0.4%, 93.6± 1.4%) and late-AD cases (97.3± 0.9%, 98.5± 0.6%; Figure 

3.1j,k). Similarly, there was no significant difference in the percentage of NF-labelled 

pyramidal neurons in layers 2/3 or 5 with nuclear 5hmC labelling between control (100.0 ± 

0.0%, 98.0± 1.0%), early-AD (98.0± 0.8%, 98.0± 1.0%) and late-AD (96.8± 1.7%, 97.0± 1.2%) 

cases (Figure 1j,k). Interestingly, significantly less NF-positive pyramidal neurons contained 

extranuclear 5mC labelling in layer 5 in late-AD cases (14.8± 1.3%) compared to control and 

early-AD cases (28.8± 3.0%, 31.2± 4.1%, respectively; Kurskal-Wallis one way ANOVA on 

ranks; p=<0.05; Figure 3.1k). There was no significant difference in the proportion of NF-

positive pyramidal neurons in layer 2/3 with extranuclear 5mC across control (33.6± 7.1%), 

early AD (36.8± 4.3%) and AD cases (26± 3.2%; Figure 3.1j). There was no significant 

difference in extranuclear labelling in layer 2/3 or layer 5 for 5hmC between control (78± 2.3%; 

58.8± 8.3), preclinical (65.6± 7.5%; 55.6± 13.7%), and AD (57.2± 4.0%; 45.3± 11.4%; Figure 

3.1j,k) case types.  
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The samples required to power this investigation could not be predicted a priori, thus, for the 

value of change detectable for each of the datasets within Chapter 3 refer to Table 3.1. To 

ensure that variations in PMIs and age had not impacted this study, linear regression analysis 

was performed on all datasets. There were no correlations between the data presented and PMI 

or age with the exception of: a negative correlation between the percentage of microglia with 

nuclear 5hmC and age in layer 2/3 (but not in layer 4), and a positive correlation between the 

proportion of pyramidal neurons with nuclear 5mC and extranuclear 5mC and PMI in layer 2/3 

(see Appendix 2: Supplementary Figure 2). In addition, no gender effects were present in cell 

type specific datasets.  

Table 3.1: Power Calculations 

Dataset 
Change detected with 90% 

power* 
% NF pyramidal neurons with 5hmC L2/3 6.8% 
% NF pyramidal neurons with 5hmC L5 5.9% 
% NF pyramidal neurons with 5mC L2/3 4.4% 
% NF pyramidal neurons with 5mC L5 9.6% 
% Calretinin interneurons with 5hmC L2/3 19.9% 
% Calretinin interneurons with 5hmC L4 21.3% 
% Calretinin interneurons with 5mC L2/3 28.6% 
% Calretinin interneurons with 5mC L4 24.3% 
% Microglia with 5hmC L2/3 31.7% 
% Microglia with 5hmC L4 30.9% 
% Microglia with 5mC L2/3 29.7% 
% Microglia with 5mC L4 17.7% 
% Astrocytes 5hmC 23.6% 
% Astrocytes 5mC 25.5% 
Density 5hmC nuclei (near plaque vs plaque 
free) 0.0019 nuclei/μm2 
Density 5mC nuclei (near plaque vs plaque free) 0.0015 nuclei/μm2 

 

* The maximum change detectable for each dataset with 90% power (Graphpad Statmate 2). 
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Figure 3.1: A significantly lower proportion of NF-rich pyramidal neurons co-localised 

with 5mC in cortical layer 5 of late-AD cases 

(a-f, green) The majority of NF labelled pyramidal neurons in layer 2/3 of the ITG exhibited 

nuclear (a-c, red) 5mC and (d-f, red) 5hmC labelling (arrows) in (a,d) control, (b,e) early-AD 

and, (c,f) late-AD cases. (g-i) High magnification representative images show the co-

localisation of (g) 5hmC, (h) NF positive pyramidal neurons and, (i) merge in a control case.  

(j) histogram showing the percentage of NF-positive pyramidal neurons in Layers 2/3 of the 

ITG that co-localised with nuclear/extranuclear 5mC or 5hmC in control (white), early AD 

(grey) and late AD (black) cases. (k) histogram of the percentage of NF-positive pyramidal 

neurons in Layers 5 of the ITG that co-localised with 5mC or 5hmC in (white) control, (grey) 

early AD and (black) AD cases. Bar graphs represent the mean value for each case type; error 

bars represent the SEM. Scale bars: (a-f) 34μm; (g-i) 20μm. 
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3.2.2 No difference in the percentage of calretinin-labelled interneurons co-

localised with 5hmC/5mC between case types 

Next, 5mC and 5hmC immunolabelling was assessed in calretinin-labelled interneurons that 

are resistant to AD pathology. There was no significant difference in the proportion of 

calretinin-positive interneurons co-localised with nuclear 5mC immunoreactivity within 

pathology-rich cortical layers 2/3 or in relatively pathology-poor layer 4 between control 

(mean±SE: layer 2/3: 76.0± 4.7%; layer 4: 70.4± 5.6%), early-AD (67.2± 3.4%; 72.8± 3.5%) 

and late-AD case types (70.0± 5.8%; 77.1± 2.1%; Figure 3.2j,k). There was also no significant 

difference in the percentage of calretinin-positive interneurons in layers 2/3 or 4 with nuclear 

5hmC labelling between control (77.2 ± 1.9%; 70.4± 1.4%), early-AD (80.4± 5.0%; 77.6± 

5.6%) and late-AD (85.3± 2.7%; 82.0± 3.4%, respectively) cases (Figure 3.2j,k). A small 

number of calretinin-labelled interneurons contained extranuclear 5mC labelling, with no 

significant difference in layer 2/3 or layer 4 between control (5.6± 1.5%; 10.4± 2.9%), early-

AD (6.4± 1.0%; 13.6± 2.4%) or late-AD (4.6± 1.3%; 10.9± 1.9%) case types (Figure 3.2j,k). 

There was also no significant difference in extranuclear 5hmC labelling (Figure 3.2j,k) in 

cortical layers 2/3 and layer 4 across control (4.8± 1.7%; 8.8± 2.9%), early-AD (9.6± 1.9%; 

7.2± 1.6%) and late-AD cases (7.3± 1.9%; 6.0± 2.3%; Figure 3.2j,k).  

Comparison of calretinin-positive interneurons between pathology-rich layer 2/3 and 

pathology-poor layer 4 showed no significant difference in nuclear or extranuclear 5mC 

labelling between the layers. Interestingly, there was a significantly higher percentage of 

calretinin immunopositive interneurons with nuclear 5hmC in control, early AD and AD cases 

in layers 2/3 compared to layer 4 (one way ANOVA; all p=<0.001), but no significant 

difference in the percentage of calretinin positive neurons that had extranuclear 5hmC 

immunoreactivity in cortical layers 2/3 compared to layer 4 any of the case types. Comparative 

analysis identified inherent differences in 5mC and 5hmC marks between NF-positive neurons 

and calretinin-labelled interneurons. In layer 2/3 a significantly higher percentage of NF-

positive pyramidal neurons exhibited nuclear 5mC in control cases compared to calretinin-

positive interneurons in layer 2/3 (Mann-Whitney Rank Sum T-test; p=<0.05). Additionally, a 

significantly higher proportion of NF-positive pyramidal neurons contained nuclear 5hmC 

compared to calretinin-positive interneurons in layer 2/3 of control cases (T-test; p = <0.001). 
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Figure 3.2: No significant difference in calretinin-labelled interneurons co-localised with 

5mC or 5hmC through the progression of AD 

(a-f, i, green) Calretinin labelled interneurons in layer 2/3 of the ITG exhibited nuclear (a-c, 

red) 5mC and (d-f, i, red) 5hmC labelling (arrows) in (a,d) control, (b,e) early AD and, (c,f) 

late AD cases. (g-i) High magnification representative images of (g) 5hmC, (h) calretinin and, 

(i) merge in an early-AD case. (j) Bar graph showing the percentage of calretinin-labelled 

interneurons in layers 2/3 of the ITG that co-localised with nuclear/extranuclear 5mC or 5hmC 

in (white) control, early AD (grey) and late AD (black) cases. (k) Bar graph of the percentage 

of calretinin-labelled interneurons in layers 4 of the ITG that co-localised with 5mC or 5hmC 

in (white) control, (grey) early AD and, (black) AD cases. Bar graphs represent the mean value 

for each case type; error bars represent the SEM. Scale bars: (a-f) 34μm; (g-i) 20μm. 
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The percentage of NF-rich pyramidal neurons with extranuclear 5mC in layer 2/3 was 

significantly greater than that of calretinin-positive interneurons in control cases (Mann-

Whitney Rank Sum T-test; p=<0.05), while the proportion of NF-positive pyramidal neurons 

co-localised with extranuclear 5hmC in layer 2/3 was also significantly higher than that of 

calretinin-positive interneurons in control cases (Mann-Whitney Rank Sum T-test; p = <0.05).  

 

3.2.3 No difference in the percentage of microglia that co-localised with 5mC 

and 5hmC between case types 

There was no significant difference in the percentage of microglia that contained nuclear 5mC 

in layers 2/3 or layer 4 across control (layer2/3: 77.6± 2.9%; layer4: 75.2± 3.2%), early-AD 

(78.4± 5.2%; 72.8± 3.42%) and late-AD cases (74.6± 5.8%; 66.9± 3.2%, respectively, Figure 

3.3j,k). There was also no significant difference in nuclear 5hmC in microglia in layer 2/3 or 

layer 4 in control (77.2± 6.8%; 76.4± 4.7%), early-AD (68.0± 5.2%; 65.6± 6.2%) and late-AD 

cases (72.0± 4.6%; 70.6± 6.8%; Figure 3.3j,k). There was limited extranuclear 5mC/5hmC 

labelling observed in microglia (Figure 3.3g-i). There was no significant difference in the 

proportion of microglia that contained extranuclear 5mC labelling across control (13.2± 2.6%; 

9.2± 1.6%), early-AD (12.8 ± 2.5%;9.2± 0.9%), and late-AD (18.0± 2.3%;13.7± 2.1%; Figure 

3.3j,k) case types, as well as extranuclear 5hmC in layer 2/3 or layer 4 across control (12.8± 

3.1%; 11.6± 2.1%), early-AD (19.6± 3.6%; 15.6± 4.1%) and late-AD cases (17.4± 4.0%; 15.1± 

3.0%, Figure 3.3j,k). A comparison of microglia between pathology-rich layers 2/3 and 

pathology-poor layer 4 showed that there was no significant difference in the percentage of 

microglia co-localised with nuclear or extranuclear 5mC or 5hmC between the layers in 

control, early-AD and late-AD case types.  
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Figure 3.3: No significant difference in microglia co-localised with 5mC or 5hmC through 

the progression of AD  

(a-f, i, green) Microglia in layer 2/3 of the ITG exhibited (a-c, i, red) nuclear 5mC and (d-f, 

red) 5hmC labelling (arrows) in (a, d) control, early (b, e) AD and, (c,f) late AD cases. (g) High 

magnification representative images of 5mC, (h) ferritin labelled microglia and (i) merge in a 

control case. (j) Bar graph showing the percentage of  microglia in layers 2/3 of the ITG that 

co-localised with nuclear/extranuclear 5mC or 5hmC in (white) control, (grey) early AD  and 

(black) late AD cases. (k) Bar graph of the percentage of microglia in layer 4 of the ITG that 

co-localised with 5mC or 5hmC in (white) control, (grey) early AD and, (black) AD cases. Bar 

graphs represent the mean value for each case type; error bars represent the SEM. Scale bars: 

(a-f) 35μm; (g-i) 20μm. 
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3.2.4 Less nuclear 5mC and 5hmC in astrocytes in late-AD cases compared 

to control and early-AD cases 

A significantly lower percentage of astrocytes exhibited co-localisation with nuclear 5mC in 

late-AD cases (64.5± 3.9%) when compared to control cases (83.2± 5.4%, Holm Sidak one 

way ANOVA; p=<0.05; Figure 3.4), however there was no significant difference between the 

proportion of astrocytes with nuclear 5mC in early-AD cases (72.8± 4.3%) and late-AD or 

control case types. Similarly, a significantly lower proportion of astrocytes contained nuclear 

5hmC in late-AD (67.5± 5.0%) cases compared to control cases (85.2± 0.9%; Kruskal-Wallis 

one way ANOVA on ranks; p=<0.05; Figure 3.4j,k), and again there was no difference in the 

proportion of astrocyte with nuclear 5hmC between early-AD (74.4± 1.8%) and the other case 

types. There was no significant difference in extranuclear 5mC or 5hmC labelling between 

control (14.8± 4.5%; 17.6± 2.2%), early-AD (14.0± 2.5%; 15.2± 3.8%) and late-AD (7.3± 

1.2%; 22.0± 5.1%, respectively; Figure 3.4j,k) case types. Qualitative analysis of astrocytes 

showed no robust differences in 5mC or 5hmC labelling of astrocytes located in close 

proximity to Aβ plaques.  

 

3.2.5 A high proportion of NFT’s co-localised with 5mC and 5hmC 

Analysis of NFTs with 5mC/5hmC in late-AD cases showed a high proportion of NFTs co-

localised with 5mC and 5hmC in cortical layers 2/3 and layer 5 (Figure 3.5). There was no 

significant difference in the percentage of NFTs that contained nuclear 5mC between layers 

2/3 and layer 5 (76.3± 7.6%; 66.9± 8.5%), and no difference in extranuclear 5mC labelling 

between layers 2/3 and layer 5 (8.9± 2.2%, 8.6± 1.96%; Figure 3.5). In comparison, a 

significantly higher proportion of NFTs co-localised with nuclear 5hmC in layer 2/3 compared 

to layer 5 (99.3% ± 0.38, 92.8% ± 1.37, respectively; one way ANOVA; p = <0.05), but there 

was no significant difference in NFTs with extranuclear 5hmC in layer 2/3 when compared to 

layer 5 (22.6% ± 7.68, 22.8% ± 9.82; Figure 3.5c). The NFT density was also determined for 

each late-AD case (Table 1). There were no correlations detected between the NFT density and 

the proportion of specific cell types (NF-labelled pyramidal neurons, calretinin-labelled 

interneurons, microglia or astrocytes) positive for nuclear or extranuclear 5mC or 5hmC. 
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Figure 3.4: A significantly lower proportion of astrocytes co-localised with 5mC and 

5hmC in late-AD cases compared to control 

(a-f, i, green) Astrocytes in layer 2/3 of the ITG exhibited nuclear (a-c, i, red) 5mC and (d-f, 

red) 5hmC labelling (arrows) in (a,d) control, (b,e) early AD and (c,f) late AD cases. High 

magnification representative images of (g) 5mC, (h) GFAP positive astrocytes and (i) merge 

in a control case. (j) Bar graph showing the percentage of astrocytes in layers 1-6 of the ITG 

that co-localised with nuclear/extranuclear 5mC in (white) control, (grey) early AD and, 

(black) late AD cases. (k) Bar graph of the percentage of astrocytes in layers 1-6 of the ITG 

that co-localised with 5hmC in (white) control, (grey) early AD and, (black) late-AD cases. 

Bar graphs represent the mean value for each case type; error bars represent the SEM. Scale 

bars: (a-f) 35μm; (g-i) 20μm. 
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Figure 3.5: No significant difference in NFTs co-localised with 5mC or 5hmC through the 

progression of AD 

A high proportion of NFTs co-localised with 5mC and 5hmC. (a,b, green) NFTs in layer 2/3 

and layer 5 of the ITG exhibited nuclear/extranuclear (a) 5mC, and (b) 5hmC in late AD cases. 

Bar graph showing the percentage of NFTs with nuclear/extranuclear 5mC and 5hmC in (black) 

layer 2/3 and (grey) layer 5 in late AD cases. Bar graphs represent the mean value for each case 

type; error bars represent the SEM. Scale bars: (a,b) 35μm. 
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3.2.6 No difference in the density of 5mC and 5hmC positive nuclei in near-

plaque and plaque-free regions of interest in late-AD cases 

To determine if the density of 5mC and 5hmC labelled nuclei was altered near Aβ plaques in 

layer 2/3, the density 5mC and 5hmC labelled nuclei in near-plaque regions of interest (ROI) 

in late-AD cases, as well as in equivalent plaque-free ROI in late-AD and control cases was 

quantitated (Figure 3.6). There was no significant difference in the density of 5hmC positive 

nuclei in near-plaque ROI in late-AD cases (0.003555±0.000354 cells/µm2) compared to 

plaque-free ROI in late-AD cases (0.003516±0.000390 cells/µm2) and control cases 

(0.002405± 0.000195 cells/µm2). Similarly, no significant difference was detected between the 

density of 5mC labelled nuclei in near-plaque ROI (0.003812±0.000267 cells/µm2) and plaque-

free ROI (0.003769±0.000314 cells/µm2) in late-AD cases. However, plaque-free ROI in 

control cases exhibited a lower density of 5mC positive nuclei (0.002305±0.000166 cells/µm2) 

compared to near-plaque and plaque-free ROI in late-AD cases (One way ANOVA;Holm-

Sidak method, p= 0.007). The Aβ plaque load was determined for each AD case (Table 3.1). 

There were no correlations between the Aβ plaque load and the proportion of specific cell types 

(NF-labelled pyramidal neurons, calretinin-labelled interneurons, microglia or astrocytes) 

positive for nuclear or extranuclear 5mC or 5hmC. 
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Figure 3.6: No difference in the density of 5mC and 5hmC positive nuclei in near-plaque 

and plaque-free regions of interest in late-AD cases 

Example images of (red) 5mC labelled nuclei in layer 2/3 of a plaque-free (a) control ROI, (b) 

plaque-free ROI in a late-AD case and (c, green) a near-plaque ROI in a late-AD case.  

Representative images showing (a-f, red) 5mC and (g-i, red) 5hmC labelled nuclei in (e-f, h-i) 

near-plaque (green) ROI in (d-i) late-AD cases. (j) Bar graph of the density of 5mC labelled 

nuclei in plaque-free ROI in control cases compared to plaque-free ROI and near-plaque ROI 

in late-AD cases. (k) Bar graph of the density of 5hmC labelled nuclei in plaque-free ROI in 

control cases compared to plaque-free ROI and near-plaque ROI in late-AD cases. Bar graphs 

represent the mean value for each ROI type; error bars represent the SEM. Scale bar: 20μm.  
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3.3 Discussion 

Given the small proportion of sporadic AD cases that have identifiable genetic risk factors, the 

pathogenesis of sporadic AD remains unknown. Epigenetics provides a potential link between 

environmental and pathological exposures and gene expression; thus, understanding epigenetic 

alterations in AD may help to elucidate mechanisms of pathogenesis and disease progression. 

Previous studies have detected correlations between AD pathology and DNA methylation in 

all cell types/whole brain homogenate, however the nature of the change in DNA methylation 

from many of these investigations is inconsistent (Bradley-Whitman & Lovell, 2013; 

Chouliaras et al., 2013; Coppieters et al., 2013; P. L. De Jager et al., 2014; Lunnon et al., 2014; 

D. Mastroeni et al., 2010; Sanchez-Mut et al., 2013; Siegmund et al., 2007).  

This study investigated global levels of 5mC and 5hmC methylation in NF-positive pyramidal 

neurons, calretinin-labelled interneurons, microglia, astrocytes and methylation marks 

associated with disease pathology. There was no significant difference in the global levels of 

nuclear 5mC or 5hmC in NF-positive pyramidal neurons, calretinin-positive interneurons and 

microglia across disease progression, and no significant differences in extranuclear 5mC or 

5hmC in calretinin-positive interneurons, microglia (Table 3.2). A significantly lower 

percentage of astrocytes exhibited nuclear 5mC or 5hmC in late-AD cases compared to 

controls. Interestingly, there were significantly less NF-pyramidal neurons with extranuclear 

5mC in layer 5 of late-AD cases compared to control and early-AD cases. Finally, a high 

proportion of NFTs contained nuclear 5mC and 5hmC, while no specific association was 

observed between 5mC- and 5hmC-positive nuclei and Aβ plaques. 

Table 3.2: Change in labelling of late-AD cases compared to controls 

      Nuclear Labelling Extranuclear Labelling 

Cell type 5mC 5hmC 5mC 5hmC 

NF-positive pyramidal neurons   ↓  
Calretinin-positive interneurons     

Microglia     
Astrocytes ↓ ↓   

Legend:  - no change between control and late-AD case types, ↓ - significant decreased  
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This study was conducted using all cases available that were of sufficient quality and quantity 

(12 tissue sections spanning 1.0-1.5cm of the ITG). A common caveat of working with post-

mortem human tissue is its limited availability due to its precious nature, thus, the number of 

cases of each case type examined is one of the limitations of the current study. The value of 

change detectable for each of the datasets presented in this study has been reported in Table 

3.1. The current study was able to detect a change of 4.4% for NF pyramidal neurons co-

localised with nuclear 5mC in layers 2/3, and of 31.7% of microglia containing nuclear 5hmC 

in layers 2/3 with 90% power. The number of cases analysed in this study is consistent with 

the current literature (Ahmadian et al., 2015; J. Liu & Jia, 2014; D. Mastroeni et al., 2015).  

A number of epigenome-wide association studies have identified changes at a gene specific 

level, however, they have not taken into account artefacts caused by cell type specific 

differences in DNA methylation and as a result have reported wide variation in DNA 

methylation profiles (Bakulski et al., 2012; Bradley-Whitman & Lovell, 2013; Sanchez-Mut et 

al., 2013; Siegmund et al., 2007). More recently, two studies reported that DNA methylation 

alterations correlated with pathology load in AD, and differential CpG methylation occurred 

early in AD progression (P. L. De Jager et al., 2014; Lunnon et al., 2014), however both studies 

used whole brain homogenate, thus identifying the cell types in which these DNA methylation 

changes occur is crucial for understanding the pathological processes in AD (Lord & Cruchaga, 

2014a). Cell type specific resolution for DNA methylation alterations is critical as cell type 

specific differences in DNA methylation between NF-, calretinin- and parvalbumin-positive 

neuronal populations were observed in mouse brain (Mo et al., 2015).  Gasparoni and 

colleagues (2018) have also identified differences in DNA methylation between neurons and 

glia in the occipital lobe of AD cases after isolation with FACS. Although the study 

demonstrated that both neurons and glia were hypomethylated in AD, they had different 

methylation profiles that dynamically progressed with increasing Braak stage of AD cases 

(Gasparoni et al., 2018).  

A number of studies have investigated changes in DNA methylation in neurons using 

immunohistochemistry. Coppieters et al. (2013) identified increased 5mC and 5hmC 

immunoreactivity in nuclei from the human medial frontal gyrus (MFG) and the medial 

temporal gyrus (MTG) with intensity based analysis (Coppieters et al., 2013). Chouliaras et al. 

(2013) also observed a global decrease in 5mC and 5hmC in neurons and glia in the 

hippocampus of AD cases compared to age matched controls (Chouliaras et al., 2013). Sub-

region analysis of the hippocampus showed decreased 5mC in neurons of CA1, but not CA3 
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or dentate gyrus, and also a decrease in 5hmC in neurons in the dentate gyrus, but not in CA1 

or CA3 (Chouliaras et al., 2013). In contrast this study did not detect a difference in nuclear 

5mC or 5hmC localization in either NF-positive pyramidal neurons or in calretinin labelled 

interneurons in the ITG across disease progression. Similar to the current study, no significant 

difference in 5mC and 5hmC in neuronal nuclei of the entorhinal cortex was detected in AD 

cases compared to controls (Lashley et al., 2014). The differences between studies may be due 

to different methods of analysis (cell counts, immunofluorescence intensity analysis), different 

regions studied, and different cell populations being analysed. Differential DNA methylation 

patterns exist in different brain regions in the normal and disease brain (Sanchez-Mut et al., 

2013), while distinct DNA methylation profiles also characterise different neuronal 

subpopulations (Mo et al., 2015). The data presented in this study also show inherent 

differences in DNA methylation patterns between distinct neuronal subtypes in the ITG. For 

example, >95% of NF-rich pyramidal neurons in control cases exhibit nuclear 5mC/5hmC 

labelling, while significantly less (~76%) calretinin-positive interneurons co-localised with 

5mC/5hmC nuclei. However, it is important to note that although global measurements of DNA 

methylation can provide an indication of overall changes occurring in the AD brain, DNA 

methylation can finely control gene expression at a gene specific level. Recently, studies have 

demonstrated cell-type specific DNA methylation profiles in mouse and human cortex using 

genome wide approaches (Luo et al., 2017). Luo and colleagues (2017) characterised 

methylation profiles using single-cell DNA methylation sequencing, identifying 21 different 

excitatory and inhibitory neuronal sub-populations based on methylation status in the human 

frontal cortex (Luo et al., 2017). In contrast to the current study, Luo et al.,(2017) showed that 

interneuron populations were generally enriched to a greater level than NF+ excitatory neurons. 

Immunohistochemistry has a detection limit and can not detect gene or base specific differences 

in methylation status. It is also important to note that bisulphite sequencing cannot differentiate 

between 5mC and 5hmC, which may explain some of the differences between the two studies 

(Luo et al., 2017). Interestingly, both Luo, et al., (2017) and the current study showed layer 

specific differences in DNA methylation in excitatory and inhibitory neurons, however it 

should be noted that there were many gene specific differences in DNA methylation based on 

cortical layer and neuronal cell-type in Luo’s study.  Despite the differences in studies, the use 

of single cell sequencing can allow for visualization and analysis of methylation states at a 

gene specific level, which should be expanded upon in future studies. This PhD study also 

detected significant differences in the same neuronal subtype between cortical layers, with a 

significantly higher percentage of calretinin-positive interneurons co-localised with nuclear 
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5hmC in layers 2/3 compared to layer 4 in control cases. These inherent differences in DNA 

methylation marks between neuronal cell types is likely related to the diverse functions of 

different neuronal populations. Pyramidal neurons and interneurons play different roles in 

learning and memory (A. J. Murray et al., 2011), which cause DNA methylation changes in 

neurons (Day et al., 2013; Feng et al., 2010a; Levenson et al., 2006), thus it is likely that 

differential levels of epigenetic plasticity exist in neuronal sub-populations (Mo et al., 2015). 

Interestingly, a similar percentage of calretinin-labelled interneurons, astrocytes and microglia 

had nuclear 5mC and 5hmC (70%-80% of the population). In contrast, extranuclear 5mC and 

5hmC were also observed in all cell types at varying levels. A higher proportion of NF-positive 

neurons contained extranuclear 5mC and 5hmC than calretinin-positive interneurons in the 

control cases in layer 2/3. Coppieters et al. (2013) also described extranuclear 5mC and 5hmC 

labelling in the processes of cells in the MFG and MTG of control and late AD cases 

(Coppieters et al., 2013). 5mC and 5hmC labelling has been detected in RNA and 

mitochondrial DNA and studies have characterised methylation of RNA as a novel mechanism 

of translational modification (Bradley-Whitman & Lovell, 2013; J. Liu & Jia, 2014; Squires et 

al., 2012). This study has shown a significant reduction in the percentage of NF-rich pyramidal 

neurons with extranuclear 5mC in layer 5 in late-AD cases compared to early-AD and control 

cases (Table 2), which may indicate altered RNA methylation in this vulnerable subset of 

neurons in AD. 

This study detected a significantly lower percentage of astrocytes with nuclear 5mC and 5hmC 

in late-AD cases compared to controls, but no significant differences in 5mC or 5hmC labelling 

in microglia across case types (Table 2). Previous studies reported that astrocytes and microglia 

had weak 5mC and 5hmC labelling compared to neurons in the MTG and MFG (Coppieters et 

al., 2013), and that 5mC and 5hmC were decreased in glial cells in hippocampal subregions of 

AD cases compared to controls (Chouliaras et al., 2013). Astrocytes become activated and 

respond to the presence of Aβ plaques in AD (Itagaki et al., 1989), thus, it is perhaps not 

surprising that the epigenetic profile of astrocytes differs between control and AD cases. 

Studies have identified a core set of genes to be up-regulated in reactive astrocytes, however 

there are a range of different genes that are up-regulated depending on disease state (Zamanian 

et al., 2012). There were no robust differences in 5mC or 5hmC labelling of astrocytes located 

in close proximity to Aβ plaques in the current study, suggesting an alteration in the state of 

the epigenome of astrocytes throughout the cortex. The differences in astrocyte 5mC and 5hmC 

labelling was interesting to detect in this PhD study. However, immunohistochemistry has an 

inherent detection limit which is a caveat of the technique. The findings of the current study 
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could be further characterized and expanded upon with genome-wide approaches such as single 

cell sequencing. Such approaches would allow for analysis of redistribution of DNA 

methylation at a base specific level in control, early AD, and late stage AD cases rather than 

global presence or absence as found in the current study.  

Several studies have reported significant positive correlations between 5mC and 5hmC levels 

and AD pathology load globally (Coppieters et al., 2013; P. L. De Jager et al., 2014; Lunnon 

et al., 2014), while other studies have reported negative or no correlations between 5mC and 

5hmC levels and pathology load (Bradley-Whitman & Lovell, 2013; Chouliaras et al., 2013). 

There were no correlations between plaque load or NFT density and the proportion of specific 

cell types (NF-labelled pyramidal neurons, calretinin-labelled interneurons, microglia or 

astrocytes) that were positive for nuclear or extranuclear5mC or 5hmC.  In addition, there was 

no alteration in the density of 5mC or 5hmC labelled nuclei in near-plaque versus plaque-free 

ROI in late-AD cases. This study has also observed a high proportion (>97%) of NF-positive 

pyramidal neurons with 5mC compared to the proportion of NFTs with nuclear 5mC (~75%) 

in AD cases. NFTs form in NF-rich pyramidal neurons, however, the NFT population measured 

in our study contained both intracellular NFTs and extracellular ‘ghost’ tangles that correspond 

to the death of some neurons. As extracellular NFTs in the ITG accounted for 27% of all NFTs, 

(James C. Vickers, Tan, & Dickson, 2003), this suggests that there is little or no loss of nuclear 

5mC or 5hmC in tangle bearing neurons.  

This study clearly demonstrates that there are cell type specific differences in DNA 

methylation, and highlights the importance of cell type specific analysis to better understand 

the DNA methylation profiles of neural and glial cell types in both the healthy brain and disease 

states. The data presented in this study indicate that epigenetic alterations occur in NF-positive 

pyramidal neurons and astrocytes in late-AD cases, and such epigenetic changes may play a 

role in AD progression. To develop a complete picture of the epigenetic changes and their role 

in AD both DNA methylation and histone modifications will need to be examined in different 

cell types across disease progression, including time-points prior to and during disease onset.  
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Chapter 4: Alteration of the neuronal epigenome in the 

aging brain 
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4.1 Introduction 

Aging is the leading risk factor for development of AD, however there have been few studies 

to characterise histone modifications within the healthy aging brain (Chapter 1.12). This is 

particularly important as epigenetic regulation is a dynamic process in the brain, with roles in 

neuronal development, maintenance, memory formation and consolidation, synaptic 

maintenance, and long-term potentiation, many of which are disrupted in AD (Feng et al., 

2010b; Levenson et al., 2006; Lubin et al., 2008).   

There have been few studies to characterise global levels of histone modifications within the 

aging brain (Peleg et al., 2010; Rodrigues et al., 2014; Walker et al., 2013). The most widely 

studied histone modification has been H3K9 methylation and acetylation. Of the few studies 

to measure global histone modifications, the data suggest that different cell-types and cortical 

regions exhibit different global levels for histone modifications such as H3K9ac and H3K9 

methylation (Rodrigues et al., 2014; Walker et al., 2013). Rodrigues and colleagues (2014) 

showed enrichment of H3K9ac marking in the aged mouse cortex, but depletion of H3K9me3, 

indicative of increased chromatin accessibility and transcriptional activity when measured with 

Western blot and immunocytochemistry (Rodrigues et al., 2014). While an in vitro study 

identified no change in total H3 acetylation, but depletion of H4 acetylation and H3K9 

methylation in aging hippocampal and cortical neurons across a time-course from 2-21 months 

of age (Walker et al., 2013). Interestingly, depletion of H3K9ac marking correlated with 

decreased expression of BDNF in cultured neurons (Walker et al., 2013). However, another 

study demonstrated that there was no global change in H3K9ac, H3K14ac, H4K5ac, H4K8ac, 

H4K12ac and H4K16ac in 16 month old hippocampal neurons from the C57/BL6 mice, 

compared to 3 month controls when measured with immunoblot (Peleg et al., 2010).  

Although global measurements of histone modifications can provide an indication of overall 

changes occurring within the aging brain, epigenetic regulation of the genome is finely 

controlled at specific promoters and enhancers to regulate gene expression. To date, there have 

been 4 studies that have characterised histone modifications in the aging brain at a genome-

wide level (Benito et al., 2015; Cheung et al., 2010; Nativio et al., 2018; Shulha et al., 2013). 

These studies have identified a redistribution of histone acetylation with increasing age. For 

example, Nativio, et al., (2018) performed ChIP-seq for H4K16ac in post-mortem human 

lateral temporal lobe from cases in the ‘young’ (mean age 52) and ‘old’ (mean age 68) cohorts. 

Nativio and colleagues identified an enrichment of H4K16ac genome-wide, with 127000 peaks 
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unique to old cases compared to 50000 peaks unique to young cases, and ~156000 peaks shared 

by young and old cases (Nativio et al., 2018). Gene ontology analysis further elucidated that 

the top aging associated genes were annotated to pathways involving respiration processing, 

insulin stimulus and inflammatory response (Nativio et al., 2018). Interestingly, the study also 

identified a linear correlation between aging and neurodegenerative disease, implicating a 

component of normal aging in disease (Nativio et al., 2018).  

To date, only 3 studies have utilised FACS to isolate neuronal nuclei from the cortex to identify 

neuron specific changes to histone modifications in the aging brain (Benito et al., 2015; Cheung 

et al., 2010; Shulha et al., 2013). A ChIP-seq study of neurons in the post-mortem human 

prefrontal cortex from 0.5-69 years demonstrated an age associated depletion of H3K4me3 

(Cheung et al., 2010). Analysis of developmental (<1 year old) and aged (>60 years of age) 

neuronal samples showed 589 significant H3K4me3 peaks enriched in the developmental 

neurons, but not aged neurons, while 101 peaks were enriched in the aged neurons (Cheung et 

al., 2010). The study demonstrated that enrichment of H3K4me3 in all samples was specific to 

key neuronal pathways involving neurogenesis, neurite development, and synaptic 

transmission, however there were no significant gene ontology terms identified from the 101 

peaks specific to aged neurons (Cheung et al., 2010). In accordance with Cheung, another 

genome-wide study in neurons from the prefrontal cortex has identified rapidly occurring 

developmental changes to H3K4me3 at 1157 loci in neurons at sites pertaining to neuronal 

development, synaptogenesis, and intracellular signalling, but few changes to H3K4me3 

marking in adult or aging neurons (Shulha et al., 2013). Finally, Benito and colleagues (2015) 

identified genome-wide depletion of H4K12ac in neurons from the hippocampus of C57/BL6 

mice at 20 months of age compared to 3 months of age, at sites involved in RNA modifications, 

metabolic processes, apoptosis, and RNA localisation (Benito et al., 2015). Interestingly, 

H4K12ac depletion with age was specific to neuronal cells, and reversed by administration of 

a HDACi (Benito et al., 2015). The studies to date have demonstrated both enrichment and 

depletion of histone modifications associated with transcription in the aging brain.  

The current study sought to characterise the histone landscape of neurons within healthy aging 

brain in a time-course by utilising chromatin immunoprecipitation and next-generation 

sequencing (ChIP-seq) of H3K27ac and H3K4me3 from the forebrain of C57/BL6 mice at 3, 

6, 12, and 24 months of age. These data present the first comprehensive genome-wide 

characterisation of both H3K27ac and H3K4me3 in neurons of the aging brain.  
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4.2 Results 

4.2.1 Histone acetylation changes in neurons during development and aging  

The epigenome is regulated through a wide range of epigenetic modifiers. Here, H3K27ac; a 

key marker of active promoters and active enhancers, was characterised in forebrain neurons 

from C57/BL6 animals at 3 months of age, 6 months of age, 12 months of age, and 24 months 

of age.  

An assessment of the total genomic coverage can provide an indication of the changes to 

H3K27ac marking in aging neurons at a global level. Here, an analysis of the total genomic 

coverage was performed of neurons from mice at 3, 6, 12, and 24 months of age by determining 

the percentage of the genome that contained greater than 5× depth for H3K27ac. At 3 months 

of age, H3K27ac marking was present in approximately 2.23% of the neuronal genome, 

similarly 6 month old neurons exhibited approximately 2.46% genome coverage for H3K27ac 

(Figure 4.1a). By 12 months of age, neurons were depleted for H3K27ac compared to the 

previous time-points (12 months: 1.86% genome coverage; Figure 4.1a). Strikingly, 24 month 

old neurons sustained a ~50% increase in H3K27ac marking compared to the earlier time-

points (24 months: 3.70%; Figure 4.1a).  

Next, a pairwise analysis of differential enrichment for H3K27ac was performed genome-wide 

across 3, 6, 12, and 24 month old neurons. This analysis demonstrated an evolution of H3K27ac 

marking in aging neurons (Figure 4.1b-d). Initially, there were 11901 sites significantly 

enriched for H3K27ac in 3 month old neurons compared to 6 months old neurons, and 122 sites 

that were depleted in 3 month old neurons compared to 6 month old neurons (Benjamini 

Hochberg FDR adjusted p-value <0.05; Figure 4.1b). There were 1230 differentially enriched 

and 103 depleted H3K27ac marked sites in neurons at 12 months of age compared to those at 

6 months of age (Benjamini Hochberg FDR adjusted p-value <0.05; Figure 4.1c). Interestingly, 

11823 sites were enriched for H3K27ac in 24 month old neurons compared to those at 12 

months of age, and 155 sites were depleted for H3K27ac marking in 24 month old neurons 

compared to 12 months of age (BH FDR adjusted p-value <0.05; Figure 4.1d). Differential 

enrichment for H3K27ac peaked in 3 month, and 24 month old neurons (Figure 4.1b-d). The 

top ranked differentially enriched sites from the neuronal aging time-course were visualised 

with IGV, showing multiple genomic regions that were differentially enriched for H3K27ac.  
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Figure 4.1: H3K27ac is enriched during development and in aging neurons 

(a) Percentage 5× genomic coverage of H3K27ac in 3 month (light blue), 6 month (blue), 12 

month (dark blue), and 24 month old (dark grey) neurons from C57/BL6 mice. (b-d) Volcano 

plots show the logFC and FDR adjusted P-value of H3K27ac marking through a time-course 

of aging in neurons. (b) LogFC and FDR adjusted P-value of 3 month versus 6 month old 

neurons, (c) 6 month versus 12 month old neurons and, (d) 12 month versus 24 month old 

neurons; positive logFC (light green) represents enrichment in the older time-point of pairwise 

comparison, and negative logFC (dark green) depletion from the older time-point of the 

pairwise comparison (i.e. enrichment in the younger time-point). (e-g) Representative tracks 

visualised in IGV showing the top-ranked sites of enrichment in pseudoreplicates between (e) 

3 (light blue) and 6 (blue) month old neurons at an enhancer across the Eml6 gene; (f) 6 (blue) 

and 12 (dark blue) month old neurons at the Vav3 enhancer and; (g) 12 (dark blue) versus 24 

(dark grey) month old neurons at the Osbp2 enhancer. (h-j) Histograms showing the logFC of 

the best window within the normalised region of H3K27ac marking in neurons from the 

pairwise differential enrichment analysis at (h) Eml6, (i) Vav3 and, (j) Osbp2 enhancers.  
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For example, an enhancer for Eml6 encoding Echinoderm Microtubule Associated Protein Like 

6, was enriched in 3 month old neurons compared to neurons in 6 month old mice. Eml6 is a 

member of a protein family reported to stabilise microtubules in the mammalian brain 

(Houtman, Rutteman, De Zeeuw, & French, 2007). Interestingly, Vav3; Vav Guanine 

Nucleotide Exchange Factor 3, a protein involved in actin cytoskeletal rearrangements and 

axon guidance, (Sauzeau et al., 2010) was depleted in 6 month old neurons compared to those 

at 12 months of age. Vav3 has also been implicated in neurological disorders such as 

schizophrenia (Aleksic et al., 2013). Similarly, H3K27ac was enriched at a putative enhancer 

for Osbp2; Oxysterol Binding Protein 2 in 24 month old neurons compared neurons at 12 

months of age. Oxysterol binding proteins are known to regulate lipid and cholesterol 

metabolism and are thought to interact with intermediate filaments (C. Wang, JeBailey, & 

Ridgway, 2002),. To further illustrate the dynamic nature of H3K27ac marking in aging 

neurons, the LogFC of Eml6, Vav3, and Osbp2 were plotted as histograms across the aging 

time-course, demonstrating the dynamic nature of H3K27ac marking over time (Figure 4.1e-

j). 

Taken together, these data demonstrate a global enrichment of H3K27ac marking in aging 

neurons, and differential enrichment of H3K27ac marking in 3 and 24 month old neurons, 

while there was little change in neuronal H3K27ac marking between 6 and 12 months of age.   

 

4.2.2 H3K27ac is enriched at TSS in neurons during development and late 

aging 

H3K27ac marking is generally present at active enhancers, and to a lesser degree at the TSS of 

active genes (Creyghton et al., 2010b; Rada-Iglesias et al., 2011). Initially, the average 

distribution of H3K27ac marking was plotted around a 2kb region upstream and downstream 

of TSS. Here it was identified that H3K27ac marking was enriched in neurons around the TSS 

particularly during development and late aging (Figure 4.2a). The marking exhibited a bimodal 

distribution, with the greatest signal identified at the +1 nucleosome sitting immediately 3’- to 

the TSS (Figure 4.2a). The average H3K27ac marking was approximately 2-fold greater in 3 

month old neurons compared to 6 month old neurons (3 month max: 2.04, 6 month max: 1.13, 

respectively; Figure 4.2a). At 12 months of age, H3K27ac marking was slightly enriched in 

neurons at the TSS compared to 6 month old neurons (12 month max: 1.34; Figure 4.2a). 
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Interestingly, in 24 month old neurons, H3K27ac marking was approximately 2-fold greater 

than 12 month old neurons (24 month max: 2.90; Figure 4.2a).   

Next, heatmaps of H3K27ac marking were plotted against UCSC KnownGene TSS. This 

analysis showed that approximately 33% of TSS contained H3K27ac marking in neurons at 3 

months of age. The magnitude and distribution of H3K27ac marking was depleted in neurons 

by 6 months of age, then increased at 12 months of age. By 24 months of age, the proportion 

of TSS and magnitude of H3K27ac marking in neurons was enriched to a greater level than in 

3 month old neurons (Figure 4.2b).  

CpG islands are key regulatory regions of the genome, predominantly found at the TSS, and 

are key sites for DNA methylation to regulate transcription (review: (Deaton & Bird, 2011)).  

To further elucidate the distribution of H3K27ac marking at TSS and to identify if the changes 

seen at the TSS were predominantly found at CpG islands, the data was subset into CpG islands 

containing TSS and non-CpG island TSS. Interestingly, approximately 40% of all TSS 

contained CpG islands. At 3 months of age H3K27ac marking covered approximately 2/3 of 

all CpG islands containing TSS in neurons (Figure 4.2c). By 6 months of age, the proportion 

of H3K27ac marked CpG island TSS and the magnitude of H3K27ac marking were depleted 

in neurons (Figure 4.2c). While at 12 months of age, the proportion of CpG islands containing 

TSS marked with H3K27ac in neurons increased to a similar number as observed in 3 month 

old neurons, however the magnitude of H3K27ac marking was still lower than in 3 month old 

neurons (Figure 4.2c). Interestingly, 24 month old neurons were enriched in both the proportion 

of CpG island containing TSS marked and the magnitude of H3K27ac marking to a level 

greater than in 3 month old neurons. Moreover, the distribution of H3K27ac marking shifted 

slightly downstream of the TSS in 24 month old neurons compared to neurons at all the other 

ages examined (Figure 4.2c). In contrast to CpG island containing TSS, non-CpG island 

containing TSS exhibited a lower proportion and magnitude of H3K27ac enrichment in 

neurons (Figure 4.2d). At 3 months of age, approximately 1/5 of non-CpG island TSS contained 

H3K27ac marking in neurons (Figure 4.2d). However, by 6 months of age, the proportion of 

non-CpG island TSS enriched for H3K27ac and the magnitude of enrichment were depleted in 

neurons (Figure 4.2d). At 12 months of age, there was a slight increase in the proportion and 

magnitude of H3K27ac marking at non-CpG island TSS compared to 6 months of age, which 

was then further increased in 24 month old neurons, back to the levels seen in 3 month old 

neurons (Figure 4.2d).   
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Figure 4.2: H3K27ac is enriched at the TSS in neurons during development and late aging 

(a) Average enrichment plots for H3K27ac within a 2kb window of TSS for the UCSC 

KnownGene track in neurons at 3 (light blue), 6 (blue), 12 (dark blue) and 24 months of age 

(dark grey). (b) Heatmaps of H3K27ac marking at TSS for UCSC KnownGene sorted by 

strongest (blue) to weakest (red) signal in neurons from 3, 6, 12 and 24 months of age. (c) 

Heatmaps of H3K27ac marking at CpG island containing TSS from the UCSC mm10 CpG 

island track sorted by strongest (blue) to weakest (red) signal in neurons from 3, 6, 12 and 24 

month old C57/BL6 mice. (d) Heatmaps of H3K27ac marking at non-CpG containing TSS 

from the UCSC mm10 KnownGene track sorted by strongest (blue) to weakest (red) signal in 

neurons from 3, 6, 12 and 24 month old C57/BL6 mice.   
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Taken together, these data demonstrate that H3K27ac marking is enriched at TSS in 3 and 24 

month old neurons and H3K27ac marking is depleted from adult neurons at 6 and 12 months 

of age. TSS are enriched for H3K27ac marking in 24 month old neurons, to levels similar to 

those observed at 3 months of age. The majority of differential H3K27ac marking in neurons 

across aging is occurring at CpG island containing TSS.  

 

4.2.3 H3K27ac marking is enriched at putative enhancers and cortical super 

enhancers in development and late aging 

There are a range of transcriptional elements that are responsible for appropriate cellular 

identity and function. Enhancers are key distal regulatory elements that allow for appropriate 

cellular identity and function. To identify epigenetic modifications occurring at enhancers 

specifically, a track of all H3K27ac marking outside of a 2kb window of UCSC KnownGene 

TSS was generated and used to map ‘putative enhancers’. Herein, ‘putative enhancers’ as 

defined above will be referred to as enhancers.  

The average distribution of H3K27ac at enhancers was measured by visualising the mean 

abundance of reads around a 2kb window of the enhancer mid-point. Initially, H3K27ac 

marking at enhancers were collated and mapped. 3 month old neurons were highly enriched 

for H3K27ac marking (3 month max: 37.98; Figure 4.3a), which was similar at 6 months of 

age (6 month max: 31.32; Figure 4.3a). Interestingly, at 12 months of age, the magnitude of 

marking for H3K27ac at enhancers was increased in neurons (12 month max: 45.60; Figure 

4.3a). Interestingly, the magnitude of enhancer H3K27ac marking was depleted in 24 month 

old neurons (24 month max: 30.56; Figure 4.3a). The average enrichment of enhancers was 

highly dynamic throughout the aging time-course.  

Next, H3K27ac marking was mapped against enhancers by visualising the data with heatmaps. 

Enhancers were highly enriched in neurons at 3 months of age, with the vast majority of 

enhancers containing H3K27ac marking at the mid-point of the 2kb window (Figure 4.3b). By 

6 months of age, only a small proportion of enhancers in neurons were highly enriched for 

H3K27ac marking, however the mid-point of all enhancers showed weak marking for H3K27ac 

(Figure 4.3b). Enhancers were slightly enriched in the magnitude of H3K27ac marking in 

neurons at 12 months of age compared to 6 months of age (Figure 4.3b), and by 24 months of 

age, the proportion and magnitude of H3K27ac marking at enhancers were further enriched. 
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Interestingly, at 24 months of age, H3K27ac marking was widely distributed across the 2kb 

window in a small subset of enriched enhancers in neurons (Figure 4.3b). 

Super-enhancers are recently discovered regulatory regions responsible for cell-type specific 

gene expression that aid in the determination of cellular identity ((Hnisz et al., 2013; Whyte et 

al., 2013); Chapter 1.10). A cortical super-enhancer track was obtained from dbSUPER; a 

database of known super-enhancers, to map changes in H3K27ac enrichment around known 

cortical super-enhancers (Khan & Zhang, 2016). The majority of known cortical super-

enhancers were enriched for H3K27ac marking, with approximately 25% of all super enhancers 

highly enriched for H3K27ac marking in neurons at 3 months of age (Figure 4.3c). However, 

in 6 month old neurons, the magnitude and proportion H3K27ac marking at super enhancers 

was lower than in 3 month old neurons (Figure 4.3c). At 12 months of age, neurons showed 

slight enrichment for H3K27ac at super-enhancers compared to the 6 month time-point (Figure 

4.3c). Interestingly, the magnitude and proportion of H3K27ac enrichment at super-enhancers 

increased in 24 month old neurons to levels seen at 3 months of age (Figure 4.3c).  This was 

further illustrated with example tracks of H3K27ac marking at the top ranked sites enriched for 

H3K27ac overlapping cortical super-enhancers.  

Next, an overlap analysis for differentially enriched H3K27ac sites (from Figure 4.1a) was 

performed with the cortical super-enhancer track. There were 1165 differentially marked 

H3K27ac sites that were enriched in 3 month versus 6 month old neurons that overlapped 

cortical super-enhancers. However, there were only 5 differentially marked H3K27ac sites that 

intersected cortical super-enhancers that were enriched in 6 month old versus 3 month old 

neurons. The top ranked H3K27ac marked site from 3 month old versus 6 month old neurons 

was at the super-enhancer overlapping the Bsn gene (Figure 4.3d). While 277 differentially 

enriched H3K27ac sites were overlapping super-enhancers in 12 month old neurons, with the 

top ranked H3K27ac site was at the super-enhancer at the Celf2 gene (Figure 4.3e). There were 

9 H3K27ac marked sites that were overlapping super-enhancers in 6 month old neurons 

compared to 12 months of age. Interestingly, there were 1028 H3K27ac differentially marked 

sites enriched in 24 month old neurons compared to 12 month old neurons that were also sites 

for known cortical super-enhancers, as well as 16 sites of H3K27ac enrichment in 12 month 

old versus 24 month old neurons. The top ranked H3K27ac marked site was overlapping a 

super-enhancer at the Tbr1 gene (Figure 4.3f).  
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Figure 4.3: H3K27ac is enriched at enhancers and super-enhancers in neurons in 

development and aging 

(a) Average enrichment plots for H3K27ac within a 2kb window of putative enhancers in 

neurons at 3 (light blue), 6 (blue), 12 (dark blue) and 24 (dark grey) months of age. (b) 

Heatmaps for H3K27ac marking at putative enhancers sorted by strongest (blue) to weakest 

(red) signal in 3, 6, 12 and 24 month old neurons from the forebrain of C57/BL6 animals. (c) 

Heatmaps for H3K27ac marking against the Super-Enhancer Database (dbSUPER) track were 

sorted by strongest (blue) to weakest (red) signal in neurons at 3, 6, 12 and 24 months of age. 

(d-f) Representative tracks visualised using the IGV browser are shown. H3K27ac signal 

overlap was evident in neurons at super-enhancers overlapping the top ranked differentially 

enriched sites including between pseudoreplicates at; (d) 3 and 6 months of age at the Bsn loci, 

(e) 6 and 12 months of age at the Celf2 loci and (f) 12 and 24 months of age at the Tbr1 loci.  
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Taken together, these data demonstrate that H3K27ac marking is dynamically regulating 

enhancers and super-enhancers throughout the genome in aging neurons. There is enrichment 

of H3K27ac at both enhancers and super enhancers in neurons at 3 months of age, which is 

then depleted at 6 and 12 months of age, before becoming enriched in 24 month old neurons. 

 

4.2.4 H3K27ac marking of the epigenome annotates to synaptic pathways in 

aging 

Next, the underlying molecular and biological pathways associated with the differential 

enrichment of H3K27ac in neurons was assessed with gene ontology using the Genomic 

Regions Enrichment of Annotations Tool (GREAT) (C. Y. McLean et al., 2010). H3K27ac 

marking was dynamically enriched in a range of molecular and biological processes. For 

example, H3K27ac marked sites that were differentially enriched in neurons between 3 and 6 

months of age were annotated to ‘GO molecular functions’ such as ‘calmodulin binding’, 

‘divalent inorganic cation transmembrane transporter activity’, ‘calcium channel activity’ and 

‘actin filament binding’, while annotation to ‘GO biological process’ identified pathways such 

as ‘regulation of synaptic transmission’, ‘metal ion transport’, ‘calcium ion transport’ and 

‘learning’ (Figure 4.4a,d). H3K27ac marked sites that were differentially enriched between 6 

and 12 month old neurons were annotated to ‘GO molecular functions’ including ‘protein N-

terminus binding’, ‘ankyrin binding’ and ‘voltage-gated sodium channel activity’. H3K27ac 

marked sites were also annotated to ‘GO biological processes’ of ‘synapse organisation’, 

‘regulation of synaptic plasticity’, and ‘protein localisation to membrane’ (Figure 4.4b,e). 

Between 12 and 24 months of age, H3K27ac marking in neurons was annotated to ‘GO 

molecular functions’ including ‘actin filament binding’, ‘unfolded protein binding’, ‘SNARE 

binding’ and ‘polyubiquitin binding’, and annotations to ‘GO biological processes’ included 

‘regulation of RNA splicing’, ‘maintenance of protein location in cell’, ‘regulation of receptor 

activity’ and ‘execution phase of apoptosis’ (Figure 4.4c,f).  

Together these data identified a transition from synaptic and ion transport pathways in juvenile 

neurons, while cortical aging led to enrichment in pathways for the maintenance of cellular 

function and cellular senescence such as RNA splicing, protein localisation and apoptosis. 
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Figure 4.4: H3K27ac alterations in neurons annotate to pathways involving synaptic 

plasticity and RNA modifications in the aging brain 

(a-f) The top 10 gene ontology annotations, ranked by hypergeometric observed gene hits for 

sites of significant (FDR adjusted P value <0.05) H3K27ac differential enrichment in neurons 

at (a,d) 3 versus 6 months of age (b,e), 6 versus 12 months of age and (c,f) 12 versus 24 months 

of age. Gene ontology analysis predicts annotated pathways in (a, b, c) molecular function and, 

(d, e, f) biological processes. All GO terms reported = FDR adjusted P value <0.05 
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4.2.5 H3K27ac marking is evolving in neurons, and demonstrate a partial 

recapitulation of development in neurons from the aging brain  

To determine whether enrichment of H3K27ac occurred at similar or different loci in aging 

neurons an intersection analysis of bed files containing all sites of significant differential 

enrichment at each time-point was performed. 

Initially, there were 10209 differentially enriched H3K27ac sites specific to the 3 month old 

versus 6 month old neuron comparison, with only 112 sites were shared with the analysis 

performed on 6 versus 12 month old neurons (Figure 4.5a). Strikingly, there were 7203 sites 

(>33% of the sites) of H3K27ac differential binding that were shared between young (3 versus 

6 months) and old (12 versus 24 months) neurons (Figure 4.5a). There was also a group of 

1225 differentially enriched H3K27ac sites in neurons that were present in all pairwise 

timepoint comparisons (Figure 4.5a). The majority of H3K27ac differentially marked sites 

between the 6 versus 12 month old neurons were shared with the other time-points, with only 

75 sites of differential H3K27ac marking specific to this pairwise comparison. The majority 

(12747) of H3K27ac differentially marked sites in neurons from the 12 versus 24 month old 

comparison were specific to that time-point (Figure 4.5a).  

Next, gene ontology analysis was performed for the sites identified in the intersection analysis 

to assess the biological pathways in neurons that were common across time-points or specific 

to certain ages. Sites of differential H3K27ac marking specific to 3 versus 6 month old neurons 

were annotated to ‘GO biological processes’ including ‘ion transmembrane transport’, 

‘regulation of neurological system process’, ‘regulation of transmission of nerve impulse’ and 

‘divalent metal ion transport’ (Figure 4.5c). Interestingly, differentially H3K27ac marked sites 

shared between the 3 versus 6 month old neurons and 12 versus 24 month old neurons were 

annotated to ‘GO biological processes’ including the ‘regulation of synaptic plasticity’, 

‘regulation of transporter activity’, ‘regulation of phosphatase activity’, and ‘regulation of 

dendrite development’ (Figure 4.5d). Sites that were unique to the 12 versus 24 month time-

point were annotated to pathways involving the ‘regulation of mRNA processing’, ‘regulation 

of ARF protein signal transduction’, ‘execution phase of apoptosis’, ‘vacuolar transport’, and 

‘oxidative phosphorylation’ among others (Figure 4.5e).  
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Figure 4.5: Evolution of differential H3K27ac marking and partial recapitulation of a 

juvenile-like epigenetic state in aging neurons  

(a) Venn diagram plotting the overlap in sites that were differentially enriched in neurons from 

the 3 months versus 6 months, 6 months versus 12 months and 12 months versus 24 months 

old pairwise comparisons. (b) Functional annotations for ‘GO biological process’ for the 1225 

sites that were differentially enriched in neurons at all time points, (c) the 10209 H3K27ac sites 

unique to the 3 versus 6 months of age differential enrichment analysis, (d) the 7203 sites 

shared between the 3 versus 6 months of age and 12 versus 24 months of age pairwise 

comparison and, (e) the 12747 H3K27ac marked sites unique to 12 versus 24 month old 

comparison. There were no pathways enriched for H3K27ac marking between 3 versus 6 

month old neurons and 6 versus 12 month old neurons, unique to 6 versus 12 month old 

neurons, or shared between 6 versus 12 month old neurons and 12 versus 24 month old neurons. 
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While the differentially H3K27ac marked sites that were common across all ages were 

annotated to pathways such as ‘regulation of synaptic transmission’, ‘regulation of metal ion 

transport’, ‘synapse organisation’, ‘regulation of synaptic plasticity’, ‘protein localisation to 

membrane’, and ‘neurotransmitter transport’ (Figure 4.5b). There were no pathways that were 

annotated for H3K27ac marking between 3 versus 6 month old and 6 versus 12 month old, 

unique to 6 versus 12 month old, or shared between 6 versus 12 month old and 12 versus 24 

month old pairwise comparisons, which all had less than 200 differentially marked sites. 

To determine whether sites of differential H3K27ac enrichment that were shared across time-

points in neurons exhibited a consistent pattern of depletion or enrichment over time; 

differential enrichment data from csaw was separated into enriched or depleted at each time-

point and the data was analysed with BEDTools intersect to determine the number and direction 

of H3K27ac marked sites over time. When the enrichment or depletion of H3K27ac marking 

at sites was analysed for neurons across 3, 6 and 12 months of age the vast majority (92%) of 

sites were enriched for H3K27ac at 3 and 12 months of age compared the 6 month time-point. 

Furthermore, when the enrichment or depletion of H3K27ac was assessed in neurons across 6, 

12 and 24 months of age most (87%) sites exhibited a progressive increase in the enrichment 

of H3K27ac across 6-24 months of age. Interestingly, there was a small proportion of H3K27ac 

marked sites (7.5%) that demonstrated enrichment in neurons at 12 months of age compared to 

at 6 and 24 months of age.  

Taken together these analyses indicate that the majority of sites that are dynamically marked 

for H3K27ac in neurons across aging exhibit enrichment of H3K27ac at 3 months of age, 

depletion of H3K27ac at 6 months of age followed by a progressive enrichment of H3K27ac 

between 6 and 24 months of age.  

 

4.2.6 H3K4me3 marking is enriched in neurons in the developing and aged 

brain of C57/BL6 mice 

One key histone modification that increases transcription factors accessibility to chromatin and 

subsequent gene expression is H3K4me3. H3K4me3 marking predominantly located at the 

promoter elements of active genes (B. E. Bernstein et al., 2005; Nathaniel D. Heintzman et al., 

2007; Rada-Iglesias et al., 2011).  H3K4me3 was sequenced genome wide in neurons from 

C57/BL6 mice to identify differential enrichment across a time-course of brain aging 
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incorporating 4 time-points: 3 months of age,6 months of age, 12 months of age, and 24 months 

of age. 

Initially, the total genomic coverage of H3K4me3 marking was measured by quantitating the 

percentage of the genome that contained more than 5× reads. This analysis gave an indication 

of gross changes occurring in the aging brain. Initially, in 3 month old neurons H3K4me3 

marking was present in approximately 2.94% of the genome (Figure 4.6a). While in 6 month 

old neurons H3K4me3 marking was depleted covering only 1.85% of the genome (Figure 

4.6a). H3K4me3 marking then remained relatively stable in 12 month old and 24 month old 

neurons with a total genomic coverage of 1.92% and1.77%, respectively (Figure 4.6a). Neurons 

initially had enrichment for H3K4me3, which then depleted in young adult neurons and was 

stable through aging (Figure 4.6a).  

Next, differential enrichment analysis of H3K4me3 was performed genome-wide. There was 

an evolution of H3K4me3 marking over time in aging neurons (Figure 4.6b-d). Initially, there 

were 23258 sites that were enriched in 3 month old neurons compared to 6 month old neurons, 

while only 623 H34me3 marked sites were enriched in 6 month neurons (Figure 4.6b). There 

were 16018 H3K4me3 marked sites that were enriched in 12 month old neurons compared to 

those at 6 months of age, with 406 sites were enriched in 6 month old neurons compared to 12 

month old neurons (Figure 4.6c). When comparing 12 and 24 month old neurons, there were 

15271 H3K4me3 marked sites significantly enriched in 24 month old neurons compared to 12 

months of age, while 1341 sites were enriched in 12 month old neurons compared to 24 months 

of age (Figure 4.6d). To further elucidate the change in H3K4me3 marking, the top ranked 

differentially enriched H3K4me3 marked sites were visualised with IGV (Figure 4.6e-g). For 

example, the promoter of the Grin1 gene was enriched in 3 month old neurons compared to 

neurons that were 6 months of age. Grin1 encodes the Glutamate Ionotropic Receptor NMDA 

Type 1 Subunit, which is an essential subunit of N-methyl-D-aspartate receptors, and important 

for normal brain function ((W. Chen et al., 2017) Figure 4.6e). The top differentially enriched 

site between 6 and 12 months old neurons was at the promoter for the Brsk1gene, which 

encodes the Brain-Specific Serine/Threonine Kinase 1 protein, which regulates the polarisation 

of neurons ((Sample, Ramamurthy, Gorshkov, Ronnett, & Zhang, 2015); Figure 4.6f). 
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Figure 4.6: H3K4me3 is enriched in neurons of the developing and aging brain 

(a) Percentage 5× genomic coverage of H3K4me3 in neurons of 3 (light blue), 6 (blue), 12 

(dark blue) and 24 (dark grey) months of age from C57/BL6 mice. (b-d) Volcano plots show 

the logFC and FDR adjusted P-value of H3K4me3 marking through a time-course of aging in 

neurons. (b) LogFC and FDR adjusted P-value of 3 month versus 6 month old neurons, (c) 6 

month versus 12 month old neurons and (d) 12 month versus 24 month old neurons. Positive 

logFC (light green) represents enrichment in the older time-point of pairwise comparison, and 

negative logFC (dark green) depletion from the older time-point of the pairwise comparison 

(enrichment in the younger time-point). (e-g) Representative tracks visualised in IGV showing 

the top-ranked sites of enrichment in neuronal pseudoreplicates between: (e) 3 (light blue) and 

6 (blue) months of age at the promoter of the Grin1 gene; (f) 6 (blue) and 12 (dark blue) months 

of age at the Brsk1 promoter and (g) 12 (dark blue) versus 24 (dark grey) months of age at the 

Actn4 promoter. (h-j) Histograms showing the logFC of the best window within the normalised 

region of H3K4me3 marking in neurons from the pairwise differential enrichment analysis at 

(h) Grin1, (i) Brsk1 and, (j) Actn4 promoters.  
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Similarly, the top differentially enriched site between 12 and 24 month old neurons was at the 

promoter for Actn4, which encodes the Actinin Alpha 4 protein, a member of the spectrin 

family of cytoskeletal proteins, which has been shown to influence spine morphology 

((Kalinowska et al., 2015) Figure 4.6g). To illustrate the dynamic nature of H3K4me3 marking 

at specific loci in neurons over time, the logFC from the differentially enriched sites was plotted 

as a histogram across the aging time-course (Figure 4.6h-j).   

 

4.2.7 H3K4me3 marking at promoters in neurons is enriched at 3 months, 

depleted at 6 months, and re-established with age 

H3K4me3 marking is predominantly found at the TSS and promoter of active genes in 

mammalian species (B. E. Bernstein et al., 2005; Nathaniel D. Heintzman et al., 2007; Rada-

Iglesias et al., 2011). To identify if the differential enrichment of H3K4me3 marking was 

occurring at promoters, H3K4me3 was plotted against tracks for UCSC KnownGene TSS and 

then further subset into CpG island containing TSS and non-CpG island containing TSS. The 

mean abundance of reads was mapped within a 2kb window either side of TSS (Figure 4.7a). 

H3K4me3 marking was enriched at the +1 and -1 nucleosomes proximal and distal to the TSS 

in neurons. Quantitation of the mean enrichment plots showed that H3K4me3 marking was 

strongest at the TSS in 3 months old neurons (3 month max: 7.12; Figure 4.7a), while at 6 

months of age neurons the TSS were depleted for H3K4me3 marking (6 month max: 3.24; 

Figure 4.7a). At 12 months of age the mean abundance of H3K4me3 marking at the TSS in 

neurons increased (12 month max: 5.17; Figure 4.7a), before plateauing at the TSS of 24 month 

old neurons (24 month max: 5.17; Figure 4.7a). To further assess the change in H3K4me3 over 

time, heatmaps were generated against UCSC KnownGene TSS. At 3 months of age, 

H3K4me3 marking was present at approximately 50% of TSS in neurons (Figure 4.7b), 

however by 6 months of age the proportion of TSS marked by H3K4me3 slightly decreased, 

and the magnitude of H3K4me3 marking was depleted from the TSS of neurons (Figure 4.7b). 

At 12 months of age, the proportion of H3K4me3 marked TSS remained constant in neurons, 

however, there was an increase in the magnitude of H3K4me3 marking.  

The proportion of TSS enriched for H3K4me3 and the magnitude of the H3K4me3 marking 

remained consistent in 24 month old neurons (Figure 4.7b). Further analysis indicated that the 

majority of H3K4me3 marking was present at CpG island containing TSS (Figure 4c,d). 

Approximately 4/5 of CpG island containing TSS were enriched for H3K4me3 marking in 3 



139 
 

month old neurons (Figure 4.7c). At 6 months of age, the proportion of CpG island containing 

TSS marked with H3K4me3 in neurons was slightly lower than at 3 months of age, hand the 

magnitude of marking H3K4me3 was also depleted (Figure 4.7c). In 12 and 24 month old 

neurons, the proportion (~80%) of CpG island containing TSS enriched for H3K4me3 

remained relatively stable, with a sustained increase in the magnitude of H3K4me3 marking 

compared to 6 month old neurons. Interestingly, at 24 months of age, the distribution of 

H3K4me3 marking around CpG island containing TSS changed, with a loss of marking 

upstream of the TSS (Figure 4.7c). In comparison, H3K4me3 marking at non-CpG containing 

TSS in neurons was more stable. At 3 months of age, approximately 20% of non-CpG 

containing TSS in neurons were enriched for H3K4me3 marking. However, in 6 month old 

neurons the magnitude of H3K4me3 marking at non-CpG TSS was depleted, and the 

proportion of non-CpG island containing TSS marked with H3K4me3 was slightly reduced 

(Figure 4.7d). H3K4me3 marking remained relatively constant in non-CpG TSS in 12 month 

old neurons compared to 6 month old neurons (Figure 4.7d). Finally, at 24 months of age, the 

magnitude of H3K4me3 marking at non-CpG TSS in neurons increased (Figure 4.7d).   

H3K4me3 is highly enriched at TSS in 3 month old neurons, while 6 month old neurons exhibit 

a lower magnitude of H3K4me3 marking at a similar proportion TSS. H3K4me3 enrichment 

at TSS in neurons was then partially re-established at the 12 and 24 month old time-points, 

however the magnitude of H3K4me3 enrichment did not reach the levels observed in 3 month 

old neurons. Taken together, these data demonstrate that H3K4me3 marking at TSS is dynamic 

in the aging brain, and primarily occurring at CpG island containing TSS.  
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Figure 4.7: H3K4me3 is enriched in promoters in neurons during development and aging 

(a) Average enrichment plots for H3K4me3 within a 2kb window of TSS for the UCSC 

KnownGene track in neurons of 3 (light blue), 6 (blue), 12 (dark blue) and 24 (dark grey) 

months of age. (b) Heatmaps of H3K4me3 marking at TSS for UCSC KnownGene sorted by 

strongest (blue) to weakest (red) signal in neurons from 3, 6, 12 and 24 months old mice. (c) 

Heatmaps of H3K4me3 marking at CpG island containing TSS from the UCSC mm10 CpG 

island track sorted by strongest (blue) to weakest (red) signal in neurons from 3, 6, 12 and 24 

month old C57/BL6 mice. (d) Heatmaps of H3K4me3 marking at non-CpG containing TSS 

from the UCSC mm10 KnownGene track sorted by strongest (blue) to weakest (red) signal in 

neurons from 3, 6, 12 and 24 month old mice.   
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4.2.8 Enhancers exhibit minimal H3K4me3 enrichment in neurons across 

ages 

In the normal mammalian genome H3K4me3 is generally not found at active enhancer 

elements (Local et al., 2018; Outchkourov et al., 2013; Rada-Iglesias et al., 2011). To determine 

if there was any alteration in the distribution of H3K4me3 marking at enhancers in aging 

neurons, average H3K4me3 marking was mapped at a 2kb region around the mid-point of 

enhancer elements marked by H3K27ac.   

First, the mean abundance of H3K4me3 marking was visualised at enhancers in neurons. There 

was some H3K4me3 enrichment at putative enhancers in neurons, which did not alter 

dramatically in 3, 6, 12 or 24 month old neurons (max:  56.33, 54.42, 63.43, 72.40, respectively; 

Figure 4.8a). Next, H3K4me3 marking was mapped against the enhancer track and visualised 

with heatmaps around a 2kb window of the mid-point of enhancers. H3K4me3 marking was 

highly enriched at a small proportion of putative enhancers in neurons. In neurons at all ages, 

the majority of enhancers displayed slight enrichment for H3K4me3 marking at the mid-point 

of enhancers, while in the small proportion of enhancers that were highly enriched for 

H3K4me3 marking, H3K4me3 was distributed across the 2kb window upstream and 

downstream of the mid-point of enhancers (Figure 4.8b). In 6 month old neurons, there was a 

slight decrease to the proportion of enhancers that were highly enriched for H3K4me3 marking 

(Figure 4.8b).  

Together these data show that the majority of enhancers have minimal H3K4me3 marking, 

however, a small subset of putative enhancers are highly enriched for H3K4me3 marking in 

the aging brain.   
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Figure 4.8 Enhancers in neurons exhibit minimal H3K4me3 marking across aging  

(a) Average enrichment plots for H3K4me3 within a 2kb window of putative enhancers at 3 

months (light blue), 6 months (blue), 12 months (dark blue) and 24 months (dark grey) of age. 

(b) Heatmaps for H3K27ac marking at putative enhancers sorted by strongest (blue) to weakest 

(red) signal in 3, 6, 12 and 24 month old neurons from the forebrain of C57/BL6 animals.  
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4.2.9 H3K4me3 is annotated to pathways involving cellular function, 

maintenance, and post-translational modifications in aging neurons 

To identify the underlying pathways of differential H3K4me3 marking, gene ontology analysis 

of bed files containing all sites of significant differential enrichment from each pairwise 

comparison was performed.  

Initially, H3K4me3 marking analysis was performed against ‘GO molecular function’. 

Between 3 and 6 month old neurons, H3K4me3 marking was annotated to pathways including 

‘unfolded protein binding’, ‘rRNA binding’, ‘endonuclease activity with RNA or DNA 

producing 5’- posphomonoesters’, and ‘translation regulator activity’ (Figure 4.9a). While 

between 6 and 12 month old neurons, differential sites of H3K4me3 enrichment were annotated 

to terms including ‘ribonucleoprotein complex binding’, ‘tRNA, rRNA and snRNA binding’, 

and ‘translation elongation factor and translation regulator activity’ (Figure 4.9c). Between 12 

and 24 month old neurons, annotations to ‘GO molecular function’ were similar to the previous 

ages, with pathways including ‘unfolded protein binding’, ‘rRNA and snRNA binding’, 

‘intramolecular transferase activity’ and ‘gamma-tubulin binding’ (Figure 4.9e). Next, 

H3K4me3 marking from neurons of the aging brain were annotated to ‘GO biological process’. 

Between 3 and 6 month old neuronsH3K4me3 marking was annotated to terms including 

‘spindle assembly’, ‘GPI anchor metabolic process’, ‘antigen processing & presentation of 

peptide antigen via MHC class I’ and ‘tRNA modification’ (Figure 4.9b).  While in neurons 

between 6 and 12 months of age, H3K4me3 marking was annotated to pathways including the 

‘GPI anchor metabolic process’, ‘regulation of gene silencing’, ‘tRNA modification’, 

‘oxidative phosphorylation’ and ‘chaperone-mediated protein folding’ (Figure 4.9d). Between 

12 and 24 months of age, H3K4me3 marking in neurons was annotated to ‘GO biological 

processes’ including ‘macroautophagy’, ‘glutathione metabolic process’, ‘tRNA modification’, 

and ‘autophagic vacuole assembly’ and gene silencing pathways (Figure 4.9f).  

Together these data demonstrate that H3K4me3 marking is altered over time in pathways that 

are involved in the maintenance of core molecular functions and post-transcriptional 

modifications.  
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Figure 4.9 In neurons differential H3K4me3 marking across aging occurs at promoters 

responsible for core molecular and post-transcriptional functions 

(a-f) The top 10 gene ontology annotations, ranked by hypergeometric observed gene hits for 

sites of significant H3K27ac differential enrichment at (a,b) 3 versus 6 months, (c,d) 6 versus 

12 months and, (e,f) 12 versus 24 months of age. Gene ontology analysis predicts annotated 

pathways in (a, c, e) molecular function and, (b, d, f) biological processes.  
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4.2.10 Sites of H3K4me3 enrichment are shared between the developing and 

aging brain 

An intersection analysis of bed files containing all sites of significant differential enrichment 

across the time-course of differential H3K4me3 marking was performed to determine whether 

enrichment of H3K4me3 occurred at similar or different loci over time.  

Initially, 24739 H3K4me3 marked sites were differentially enriched specifically in the 3 month 

versus 6 month old neuron comparison, while there were only 2683 H3K4me3 differentially 

marked sites specific to the comparison between 6 month and 12 month old neurons (Figure 

4.10a). Moreover, 11273 differentially H3K4me3 marked sites were enriched in neurons only 

between 12 and 24 months of age. Strikingly, there were 20370 H3K4me3 marked sites that 

were differentially enriched in neurons in both the 3 versus 6 month old comparison and the 

12 versus 24 month old comparison (Figure 4.10a). In contrast, only 3492 differentially 

enriched H3K4me3 sites shared between neurons in the pairwise analyses of 3 versus 6 months 

of age, and the 6 versus 12 month time-points (Figure 4.10a). Likewise, only 1037 of the 

H3K4me3 differentially enriched sites in neurons between 6 and 12 months of age were shared 

with those detected between 12 and 24 months of age (Figure 4.10a). Finally, there were 10777 

sites of differential H3K4me3 enrichment detected across all time-points examine (Figure 

4.10a).  

Next, gene ontology analysis was performed for differential H3K4me3 marking that were 

shared between developing and aging neurons. H3K4me3 marked sites were annotated to ‘GO 

biological process’. Sites that were differentially enriched for H3K4me3 specifically in neurons 

between 3 month and 6 months of age were annotated to ‘protein folding’, ‘spindle 

organisation’, ‘nuclear export’, ‘spindle assembly’, and ‘protein peptidyl-prolyl isomerisation’ 

(Figure 4.10c). Differentially enriched H3K4me3 sites in neurons specific to the 6 versus 12 

months of age comparison but were annotated to pathways such as ‘cardiac cell development’, 

‘regulation of myotube differentiation’, and ‘nephron morphogenesis’ (Figure 4.10d). Sites that 

were differentially enriched for H3K4me3 in neurons specifically between 12 and 24 months 

of age were annotated to pathways including ‘actin filament bundle assembly’, ‘GPI anchor 

metabolic process’, ‘release of cytochrome c from mitochondria’, and ‘posttranscriptional gene 

silencing by RNA’ (Figure 4.10e). Interestingly, sites of differential H3K4me3 marking in 

neurons that were shared between 3 versus 6 months of age, and the 12 versus 24 month time-

points were annotated to biological processes including ‘protein folding’, ‘tRNA processing’, 
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‘maintenance of protein location in cell’ and ‘nuclear export’. H3K4me3 differentially marked 

sites in neurons that were shared by all time-points were also annotated to biological processes 

including ‘protein folding’, ‘tRNA processing’, ‘nuclear export’, and ‘nucleotide-excision 

repair’ (Figure 4.10f). There was no annotation of any ontologies of ‘GO biological processes’ 

when the differentially marked H3K4me3 sites in neurons were compared between the 3 versus 

6 month of age and the 6 versus 12 months of age data, nor for the comparison of the 6 versus 

12 month of age and the 12 versus 24 months of age data. 

When the enrichment or depletion of H3K4me3 marking at sites was assessed for neurons 

across 3, 6 and 12 months of age almost all (99%) of the sites were enriched for H3K4me3 at 

3 and 12 months of age compared the 6 month time-point. Moreover, when the enrichment or 

depletion of H3K4me3 was assessed in neurons across 6, 12 and 24 months of age the vast 

majority (87%) of sites demonstrated a progressive increase in the enrichment of H3K4me3 

across 6-24 months of age. It should be noted that there was as small subset of sites (7.7%) that 

showed enrichment in neurons at 12 months of age compared to the 6 and 24 month time-

points. Overall, these data reveal that the majority of sites that exhibit alterations in H3K4me3 

marking in neurons across the aging time course follow a similar pattern of H3K4me3 

enrichment: enrichment of H3K4me3 at 3 months of age, depletion of H3K4me3 at 6 months 

of age followed by a progressive enrichment in H3K4me3 between 6 and 24 months of age. 

This is strikingly similar to the overall pattern of H3K37ac dynamic enrichment observed at 

sites across neuronal aging.  
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Figure 4.10 Sites of H3K4me3 enrichment are shared between the developing and aging 

neurons 

(a) Venn diagram plotting the overlap in sites that were differentially enriched for H3K4me3 

in neurons from the 3, 6, 12 and 24 month old pairwise comparisons. (b) Functional annotations 

for ‘GO biological process’ for the 10777 sites that were differentially enriched for H3K4me3 

in neurons at all time points, (c) the 24739 sites unique to the 3 versus 6 months of age 

H3K4me3 differential enrichment analysis, (d) the 2683 sites unique to neurons in the 6  versus 

12 month old comparison, (e) the 11273 H3K4me3 differentially marked sites unique to 12 

versus 24 month comparison and, (f) the 20370 sites of differential H3K4me3 enrichment 

shared in neurons between the 3 versus 6 month and the 12 versus 24 month time-points. 
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4.3 Discussion 

The epigenome is integral to the regulation of transcription in the developing and aging brain. 

Studies have demonstrated the epigenome is vital for learning and memory, executive function, 

synaptic plasticity, and motor function (Feng et al., 2010b; Leighton et al., 2018; Levenson et 

al., 2006; X. Li et al., 2014; Swank & Sweatt, 2001; Widagdo et al., 2016). However, there 

have been few studies to characterise the histone landscape in the aging brain.  

This study has characterised both H3K27ac and H3K4me3 marking in neurons from the 

forebrain of C57/BL6 mice at 3, 6, 12, and 24 months of age. Interestingly, H3K27ac and 

H3K4me3 marking was enriched at promoters and enhancers in neurons from juvenile and 

aging mice. Furthermore, H3K4me3 and H3K27ac marking was predominantly enriched in 

neurons at TSS that contained CpG islands in the juvenile and aging brain. H3K4me3 marking 

was enriched in aging neurons for pathways involving lipid transport, RNA modifications, 

apoptotic signalling, centrosome cycling, oxidative phosphorylation and protein export. While 

H3K27ac marking was enriched in pathways pertaining to synaptic plasticity, ion transport, 

dephosphorylation, protein localisation, membrane depolarisation, dendrite development, 

apoptosis and oxidative phosphorylation in aging neurons. Strikingly, this study observed a 

partial recapitulation of a juvenile-like epigenetic state in aged neurons. These data demonstrate 

a complex and dynamic pattern of H3K27ac and H3K4me3 marking in neurons throughout 

life.  

 

H3K4me3 and H3K27ac are enriched in juvenile neurons in a critical period of neuronal 

plasticity as the nervous system is established 

Neurons between 3 and 6 months of age represent the transition from juvenile to young adult 

mice (Fu, Rusznak, Herculano-Houzel, Watson, & Paxinos, 2013) (review: (Semple, 

Blomgren, Gimlin, Ferriero, & Noble-Haeusslein, 2013)). Strikingly, the epigenome was 

highly dynamic in neurons between 3 and 6 months of age. H3K27ac and H3K4me3 marking 

was enriched at the TSS, and H3K27ac marking was enriched at enhancers in neurons at 3 

months of age but were depleted from neurons by 6 months of age. H3K27ac and H3K4me3 

markings are generally indicative of increased transcriptional activity (Creyghton et al., 2010b; 

Santos-Rosa et al., 2002; Z. Wang et al., 2008; Wysocka et al., 2006), and enrichment of these 

marks may reflect a critical time of neuronal plasticity during the transition from juvenile to 
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young adult mice (Handley et al., 2017).The current dogma of cortical aging suggests that 

neuronal connections are established in mice by 3 months of age (review: (Semple et al., 

2013)). Although epigenetic modifications such as DNA methylation are highly dynamic 

during development, such marks have previously been shown to stabilise in mice by 3 months 

of age (Ryan Lister et al., 2013). However, emerging evidence shows the cortex to still be 

undergoing developmental changes at 3 months of age. Widespread synaptic pruning has been 

reported in layer V pyramidal neurons in the cortex of Thy1-YFP (C57/BL6) mice at 3 months 

of age (Handley et al., 2017). Studies have also shown adult levels of neurotransmitters and 

synaptic density stabilise after 3 months of age in mice (Fu et al., 2013). Myelination and total 

brain volume also dramatically increase in mice up to 3 months of age (Fu et al., 2013). 

Moreover, the emergence of adult behavioural tendencies such as reduced risk taking and 

increased parental tendencies occurs after 3 months of age (Fu et al., 2013) (review: (Semple 

et al., 2013)). Enrichment for H3K27ac and H3K4me3 marking in neurons between 3 and 6 

months of age may also reflect the developmental plasticity critical to establishing stable gene 

expression profiles in neurons for later life (reviews: (Hochberg et al., 2011; Murgatroyd & 

Spengler, 2011)). (Fu et al., 2013; Hochberg et al., 2011). 

Gene ontology analysis further illustrated that developmental and neuronal specific pathways 

were differentially enriched in neurons between 3 and 6 months of age. For example, H3K27ac 

marking was enriched in pathways for synaptic transmission, ion transport, learning, and 

dephosphorylation in neurons between 3 and 6 months of age. While H3K4me3 marking was 

annotated to pathways involved in spindle assembly, lipid transport, RNA modifications, 

apoptotic signalling, and protein trafficking in neurons between 3 and 6 months of age. 

Synaptic plasticity is critical for learning, memory and the establishment of executive function 

in the adolescent brain (review: (Selemon, 2013)). Synaptic pruning events have been observed 

in studies of non-human primate, where enrichment of cortical synapses occurs until 2 years of 

age and then declines from adolescence until adulthood (Bourgeois, Goldman-Rakic, & Rakic, 

1994; Zecevic, Bourgeois, & Rakic, 1989). Alongside synaptic pruning, apoptotic signalling 

may be activated in the juvenile nervous system for neuronal remodelling and die-back as 

functional pathways are established in neurons (review: (Yaron & Schuldiner, 2016)). 

Neuronal die-back may be triggered through NMDA receptor hypersensitivity (Ikonomidou et 

al., 1999) (review: (Kuan, Roth, Flavell, & Rakic, 2000)). NMDA receptors are critical to 

activity dependent synaptic plasticity and have been shown to activate pathways leading to the 

reduction of plasticity during neuronal maturation in-vitro (Sala, Rudolph-Correia, & Sheng, 
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2000). Indeed, previous evidence also suggests that H3K4me3 marking is developmentally 

enriched at promoters in neurons from post-mortem human prefrontal cortex and the frontal 

pole at many developmental pathways, but is stabilised as the nervous system matures (Cheung 

et al., 2010; Shulha et al., 2013). Previous literature has also demonstrated widespread 

transcriptional activity during development that stabilised later in life in the human prefrontal 

cortex (Colantuoni et al., 2011). Therefore, enrichment of H3K27ac and H3K4me3 marking at 

promoters and enhancers may reflect the activation of pathways essential to shaping gene 

transcription for the establishment of the neuronal network at 3 months of age, while loss of 

H3K27ac and H3K4me3 marking in neurons at 6 months of age could reflect the stabilisation 

of neuronal networks in young adult mice.  

 

The neuronal epigenome dynamically regulates core molecular functions and is enriched for 

H3K4me3 and H3K27ac in pathways to combat oxidative stress and promote experience 

dependent plasticity in the adult brain 

The mammalian cortex undergoes prolonged maturation throughout life, which is associated 

with underlying transcriptional change (Colantuoni et al., 2011). The data presented in this 

study indicate that H3K4me3 marking was enriched in 12 month old neurons compared to 6 

months of age, however there was little difference in H3K27ac marking between neurons from 

6 and 12 months of age. H3K4me3 marking was enriched at the TSS in 12 month old versus 6 

month old neurons; predominantly at TSS that contained CpG islands. However, there were 

only 1333 differentially enriched sites in neurons for H3K27ac marking between 6 and 12 

months of age. Gene ontology analysis further illustrated the pathways changing in aging 

neurons between 6 and 12 months of age. Differential enrichment for H3K4me3 was annotated 

to pathways that centred around core molecular processes for cell survival including regulation 

of oxidative phosphorylation, gene silencing, anterograde transport and chaperone-mediated 

protein folding. Many of these pathways have been previously identified to alter with brain 

aging. For example, research has demonstrated an age associated impairment of oxidative 

phosphorylation in synaptic mitochondrial fractions from ~3 month and 18 month old mice 

(Ferrándiz et al., 1994). Post-mitotic neuronal cells are particularly vulnerable to the effects of 

oxidative stress, and express anti-oxidant genes to compensate for oxidative stress (Miquel, 

Economos, Fleming, & Johnson, 1980; X. Wang et al., 2005). It has also been suggested that 

different neuronal sub-types are selectively vulnerable to the effects of oxidative stress, and 
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that the vulnerability may be due to damage or loss of mitochondria from reactive oxygen 

species (Mattiasson, Friberg, Hansson, Elmer, & Wieloch, 2003; X. Wang et al., 2005) (review: 

(Xinkun Wang & Michaelis, 2010)). Axonal transport also declines in the aging brain (Milde, 

Adalbert, Elaman, & Coleman, 2015; Takihara et al., 2015). Research has shown the duration 

and distance of mitochondrial transport to decrease in retinal ganglion cells in 12-13 month old 

mice, and again in 23-25 month old mice compared to 2 months of age (Takihara et al., 2015). 

Studies have also shown a decline in heat shock protein activity in response to misfolded 

proteins in the aging brain (Hsu, Murphy, & Kenyon, 2003). Heat shock proteins act as 

molecular chaperones to repair or remove dysfunctional proteins by refolding or degrading 

them (review: (Calderwood, Murshid, & Prince, 2009)). H3K4me3 marking may be enriched 

in these pathways to compensate for molecular degradation occurring in neurons from the aging 

brain.  

Although H3K27ac marking was differentially enriched at a small number of sites, differential 

marking was annotated to pathways for the regulation of synaptic transmission and plasticity, 

ion and neurotransmitter transport, membrane depolarisation and dendrite development. These 

pathways may be activated to support experience-dependent plasticity and adaptive 

remodelling in the adult brain (Trachtenberg et al., 2002). The pathways identified in the 

current study could also be linked to the homeostasis of intrinsic excitability, necessary to 

ensure network stability as mice learn and accumulate memories over time (review: 

(Turrigiano, 2011)). Indeed, multiple studies have shown that structural plasticity is ongoing 

in the adult brain of mammals (Bergami et al., 2015; T. Xu et al., 2009) (review: (Holtmaat & 

Svoboda, 2009)). For example, motor-based learning tasks cause rapid growth of dendritic 

spines of the motor cortex and repeat training caused stabilisation of spines in adult mice (T. 

Xu et al., 2009). Mice also exhibit a range of behavioural changes between 6 and 12 months of 

age as they mature, including decreased motor function, startle response and spatial/fear 

contextual memory, and enrichment of H3K27ac marking in neuronal specific pathways may 

reflect such behavioural changes in the adult brain (Shoji, Takao, Hattori, & Miyakawa, 2016). 

In the current study H3K4me3 marking was annotated to core molecular pathways necessary 

for the function of all cell types, whereas H3K27ac marking was mostly annotated to neuron 

specific pathways. The widespread enrichment for H3K4me3, but not H3K27ac marking in 12 

month old neurons compared to those 6 months of age was unexpected, and likely reflects the 

activation of transcriptional pathways for cellular maintenance in aging neurons, however 

further research is required to confirm this hypothesis. Strikingly, pathways related to oxidative 
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stress and DNA damage were enriched for H3K4me3 in 12 month old neurons. The subtle 

enrichment of H3K27ac marking in 12 month old neurons compared to 6 month old neurons 

may reflect ongoing experience-dependent plasticity and the accumulation of memories in the 

adult brain. 

 

H3K27ac and H3K4me3 marking is enriched in aged neurons in response to the accumulation 

of reactive oxygen species and age associated cognitive decline 

Aging is commonly associated with cognitive decline, cortical atrophy, and a loss of motor 

functions (Kalpouzos, Persson, & Nyberg, 2012; Marchand et al., 2011). In the current study, 

H3K27ac and H3K4me3 marking were compared between 12 and 24 month old neurons from 

C57/BL6 mice; characterising the differences in the neuronal epigenome between adult and 

aged neurons. Differential enrichment analysis demonstrated that both H3K27ac and 

H3K4me3 marking were enriched in neurons from 24 month compared to 12 month old mice. 

Interestingly, H3K27ac marking was enriched at the TSS in 24 month old neurons, particularly 

at TSS that contained CpG islands. H3K27ac marking was also enriched at enhancers in 

neurons from 24 months of age compared to 12 months of age. While H3K4me3 marking was 

relatively stable at TSS, there was a small redistribution of H3K4me3 marking downstream of 

the TSS in 24 month old neurons compared to 12 months of age. Enrichment for H3K27ac and 

H3K4me3 marking in 24 month old neurons may reflect transcriptional changes occurring as 

a result of age associated cognitive decline. Interestingly, differential H3K27ac marking was 

annotated to pathways involved in the maintenance of protein location, regulation of apoptosis, 

oxidative phosphorylation, RNA processing, and synaptic plasticity. While differential 

H3K4me3 marking was enriched in pathways for autophagy, RNA modification and RNA 

mediated gene silencing, and oxidative phosphorylation. Many of the differentially enriched 

pathways between 12 and 24 month old neurons have been previously implicated in aging 

research. For example, oxidative stress has been implicated as a central cause for cognitive 

decline in the aging brain by multiple mechanisms including: causing synaptic function decline 

(Serrano & Klann, 2004), selectively damaging the promoters of genes associated with synaptic 

function and vesicular transport (T. Lu et al., 2004), and causing epigenetic dysfunction and 

gene silencing (Gu, Sun, Li, Wu, & Li, 2013) (review: (Bishop, Lu, & Yankner, 2010)). RNA 

processing, modification and RNA mediated gene silencing have all been implicated in the 

aging brain. Age associated changes to aspects of RNA processing such as RNA splicing occurs 
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in healthy aging, and is dysregulated in some neurodegenerative diseases (T. Raj et al., 2018) 

(review: (Tollervey et al., 2011)). MicroRNA based gene silencing is critical to many cell 

regulatory functions including cognition, inflammation, lipid metabolism, mitochondrial 

function, and are differentially expressed in the cortex and hippocampus of the aging brain 

(Danka Mohammed, Park, Nam, & Kim, 2017). There is a range of literature suggesting that 

apoptotic pathways are dysfunctional in neurodegenerative disease (review: (Moh et al., 

2011)), and apoptosis may also have a role in cellular senescence in the aging brain (Anglade, 

Vyas, Hirsch, & Agid, 1997) (review: (Caballero & Coto-Montes, 2012)). Previous research 

has demonstrated that genes associated with synaptic function, vesicular transport and 

mitochondrial activity decline in the human frontal cortex after 40 years of age (T. Lu et al., 

2004). Moreover, as previously discussed, genes involved in oxidative stress are highly 

enriched in the aging non-human primate and human prefrontal cortex (Fraser, Khaitovich, 

Plotkin, Pääbo, & Eisen, 2005; T. Lu et al., 2004). Autophagy was also differentially marked 

by H3K4me3 in 12 versus 24 month old neurons. Autophagic pathways, encompassing the 

recognition, transport and processing of lysosomes for degeneration are generally considered 

to be neuroprotective in the aging brain (Decressac et al., 2013). However, functional decline 

of autophagic pathways has been observed in the aging brain (Lipinski et al., 2010) (review: 

(Martinez-Lopez, Athonvarangkul, & Singh, 2015)). Indeed, studies have observed an age 

associated decline in transcription for key regulators of autophagy, including type III 

phosphoinositide 3-kinase in human cortex (Lipinski et al., 2010; Loerch et al., 2008).  

A wide range of mechanisms associated with synaptic plasticity have been shown to decline in 

the aging brain, including: long-term potentiation, long-term depression and alteration of 

neurotransmitter receptor expression and trafficking (Henley & Wilkinson, 2013) (reviews: 

(Bergado & Almaguer, 2002; Burke & Barnes, 2006)). These age-related changes at the 

cellular level are thought to underlie age-associated cognitive decline (review: (Bergado & 

Almaguer, 2002; Burke & Barnes, 2006)). For example, previous literature suggests that aging 

is associated with a reduction in executive function and localised neuronal activity in the aging 

human prefrontal cortex (Cabeza, 2002), and key proteins for structural remodelling, including 

debrin, GAP-43, β3-tubulin and synaptophysin decline in the axons and dendrites of aging 

neurons (Hatanpää, Rapoport, Brady, Isaacs, & Shirao, 1999). Enrichment of H3K27ac and 

H3K4me3 marking in aging neurons may be to assist in the maintenance of synaptic 

connections, but also to ensure appropriate signalling for cellular senescence (Chinta et al., 

2015), autophagic and apoptotic pathways (review: (Caballero & Coto-Montes, 2012)). Indeed, 
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studies have also hypothesised a link between autophagic pathways aiding in the regulation of 

synaptic remodelling (Liang, 2019). 

Together these data indicate that H3K27ac and H3K4me3 are enriched in neurons late in aging 

as a compensatory mechanism for the neuronal changes that underlie age associated cognitive 

decline, and likely also to try to maintain core metabolic cellular function in the presence of 

factors such as oxidative stress and protein misfolding that increase with age.  

 

A partial recapitulation of a juvenile-like epigenetic state occurs in aged neurons 

A comparison of differential enrichment of H3K27ac and H3K4me3 marking across an aging 

time-course of 3, 6, 12 and 24 months old neurons demonstrated a large number of sites to be 

shared between juvenile and aged neurons. Surprisingly, the majority of differentially enriched 

H3K4me3 sites (20370) marked sites and a large proportion of H3K27ac marked sites (7203) 

were shared in neurons between juvenile and aged mice. This posed the question of whether 

the majority of the differentially enriched H3K27ac and H3K4me3 marked sites shared 

between juvenile and aged neurons were consistently enriched in aged and juvenile neurons, 

representing a recapitulation of a juvenile-like epigenetic state in aged neurons, or whether 

there was age associated depletion of sites that were previously enriched in juvenile neurons. 

Almost all (99%) H3K4me3 differentially marked sites shared between juvenile and aged 

neurons were consistently enriched in juvenile and aged neurons, similarly 92% of shared 

H3K27ac differentially marked sites were consistently enriched in aged and juvenile neurons. 

These data suggest that there is a partial recapitulation of a juvenile-like histone landscape in 

the aging brain, possibly as a compensatory mechanism to the effects of oxidative stress and 

age associated cognitive decline. The concept of aging associated recapitulation of a juvenile-

like epigenetic state has been proposed in previous literature (Douaud et al., 2014; Oh et al., 

2016). Studies have shown that the epigenome is divergent throughout life (Cheung et al., 

2010), but cortical aging leads to a convergence of inter-individual DNA methylation states, 

suggesting cell de-differentiation in the aging human frontal cortex (Oh et al., 2016). While a 

recent structural magnetic resonance imaging study has suggested that the grey matter structure 

of the aging brain mirrors a developmental state (Douaud et al., 2014).  

H3K27ac marking between juvenile and aged neurons was annotated to similar pathways when 

compared to the time-point specific analysis (3 versus 6 month old neurons and 12 versus 24 

month old neurons); however, specific pathways including the regulation of dendrite 
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development, cerebellum development and phosphatase activity were among the top 10 

pathways shared between juvenile and aged neurons. Genes that were identified from the gene 

ontology analysis for dendrite development and cerebellum development included Cdk5, 

Camk1/2, Ache, Shank1/3, Grin1, Efna1/3, and Ngef. For example, the Ngef gene encodes a 

guanine nucleotide exchange factor that is highly expressed in the developing mouse brain and 

is thought to contribute to dendritic spine development (Yoshizawa et al., 2003) (review: 

(Tolias, Duman, & Um, 2011)). While Efna1 and Efna3 encode ephrin tyrosine kinase genes 

which are crucial for cell migration, axon guidance signalling and cellular adhesion in 

development (review: (Palmer & Klein, 2003)). Early literature suggested that neuronal aging 

encompasses a combination of both neuronal loss and dendritic growth of the surviving neurons 

to maintain neuronal networks (S. Buell & Coleman, 1979; S. J. Buell & Coleman, 1981). More 

recently, studies have shown that neurite outgrowth increases in some aged neurons from C. 

elegans, often associated with a decrease in synaptic vesicle density (Toth et al., 2012). 

Interestingly, H3K4me3 marked sites that were shared between juvenile and aged neurons were 

annotated to pathways including protein folding, maintenance of protein location, nucleotide 

excision repair, and RNA export from nucleus, all of which are necessary for appropriate 

cellular function across life. Brain development and aging require large amounts of energy, to 

establish the nervous system during development, and maintain the nervous system during 

cellular senescence and cognitive decline. As previously discussed, oxidative stress contributes 

to age related cognitive decline. Oxidative stress is also responsible for some aspects of DNA 

damage in aging neurons (review: (Cooke, Evans, Dizdaroglu, & Lunec, 2003)). Both 

development and aging lead to accumulation of reactive oxygen species and activation of 

pathways of compensation (Driver, Kodavanti, & Mundy, 2000).  Some studies have suggested 

that age related decline in DNA repair pathways may be influenced by changes to the 

epigenome (Langie et al., 2017). Alongside DNA damage, oxidative stress can also damage 

proteins and inhibit normal protein folding, leading to activation of protein refolding and 

chaperone pathways to repair or degrade misfolded proteins (review: (Kikis, Gidalevitz, & 

Morimoto, 2010)). Neuronal development and aging require high levels of energy for neuronal 

activity; in juvenile mice for synaptic development, neurite extension and synaptic pruning 

(Handley et al., 2017) (review: (Selemon, 2013)), and for appropriate regulation of dendritic 

regression and dendrite spine loss in aging (review: (Dickstein, Weaver, Luebke, & Hof, 

2013)), which may account for some of the similarity juvenile and aged neurons. It is also 

possible that developmental pathways are reactivated in aged neurons to combat dendritic loss 

in aging (Toth et al., 2012). The recapitulation of a juvenile-like epigenetic state in aging 
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neurons may be to promote developmental pathways to combat the cellular mechanisms of age 

associated cognitive decline. 

 

Histone modifications are enriched in development and aging neurons and regulate diverse 

pathways for synaptic and core molecular functions throughout life 

This study characterised both H3K27ac and H3K4me3 in neurons across a time-course of the 

aging brain. H3K4me3 and H3K27ac marking are generally associated with active promoters 

and enhancers respectively, both of which are key regulatory regions for cellular identity and 

transcription (Creyghton et al., 2010b; Santos-Rosa et al., 2002; Z. Wang et al., 2008; Wysocka 

et al., 2006). Histone modifications have previously been characterised in post-mortem human 

aging brain and rodent brain (Benito et al., 2015; Cheung et al., 2010; Shulha et al., 2013). 

Although there were differences in methodology, sample source and bioinformatic analysis, 

there are points of agreeance between the current study and others in the literature.  

Nativio and colleagues (2018) previously identified an evolution of H4K16ac marking in the 

post-mortem lateral temporal lobe of the aging brain. H4K16ac marking was enriched at 

promoters and enhancers of actively transcribed genes and presented with a bimodal 

distribution at promoters. The study demonstrated age associated enrichment of H4K16ac 

marking between adult (~52 years old) and old (~68 years old) human lateral temporal lobe 

(Nativio et al., 2018). There were ~50000 peaks unique to the adult time-point, compared to 

127000 peaks that were unique to the aged brain (~68 years old), and ~156000 peaks shared 

between the two age groups (Nativio et al., 2018). The current study also observed age 

associated enrichment in H3K27ac and H3K4me3 marking in 24 month old neurons compared 

to 12 month old neurons. Nativio, et al., (2018) observed that H4K16ac marking was enriched 

predominantly around TSS in old cases, however there was little change in H4K16ac marking 

distal to the TSS (Nativio et al., 2018). Similarly, the current study observed less H3K4me3 

(associated with active promoters) marking at the TSS of young adult neurons at 6 months of 

age than in neurons at 12 and 24 months of age. However, the current study also observed 

H3K27ac marking (also associated with transcriptionally active promoters and enhancers) 

enriched at TSS, enhancers and super enhancers in aged 24 month old neurons compared to 

adult neurons at 6 and 12 months of age. Many of the pathways that were annotated for 

H4K16ac marking in the previous literature were also annotated for H3K27ac or H3K4me3 

marking in the current study. For example, both studies identified several similar pathways to 
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be enriched for histone marking including synaptic, cytoskeletal, autophagic and apoptosis 

related pathways (Nativio et al., 2018). Pathways that were inconsistent for histone marking 

between the two studies included many pathways for molecular function such as RNA 

signalling, oxidative phosphorylation, and gene silencing, in comparison with leukocyte, 

hydrolase, hypoxia and RAS signal transduction pathways (Nativio et al., 2018). Overall, both 

studies demonstrated enrichment of histone modifications associated with active transcription 

in the aging brain, however variances in gene ontology annotations may be due to the inherent 

differences between post-mortem human lateral temporal lobe in comparison to the mouse 

forebrain, or indeed the use of brain homogenate in comparison with isolated neuronal nuclei 

for ChIP-seq. It is also possible that H3K27ac, H3K4me3 and H4K16ac are marking diverse 

subsets of TSS and enhancers, resulting in different pathways being enriched between the two 

studies.   

To date there have been three studies that have utilised FACS to isolate neuronal nuclei for 

ChIP-seq in the aging brain (Benito et al., 2015; Cheung et al., 2010; Shulha et al., 2013). 

Isolation of neuronal nuclei has allowed for an accurate characterisation of the neuronal 

epigenome and further insight to the dynamic histone landscape in the aging brain. Benito, et 

al., (2015) performed ChIP-seq for H4K12ac marking from neurons of the CA1 hippocampus 

of C57/BL6 mice at 3 and 20 months of age. H4K12ac marking was present at the TSS of 

transcriptionally active genes and correlated with gene transcription (Benito et al., 2015; 

Lopez-Atalaya, Ito, Valor, Benito, & Barco, 2013). The study demonstrated an age associated 

depletion in H4K12ac marking at the TSS in neurons, which was not observed in glial 

populations (Benito et al., 2015). In contrast, the current study identified enrichment of 

H3K27ac and H3K4me3 marking in the aging brain. The current study observed enrichment 

of H3K27ac marking at TSS and enhancers and H3K4me3 marking at TSS in 3 month old 

neurons, that was depleted throughout adulthood at 6 and 12 months of age, then re-established 

in 24 month old neurons. It may be possible that the enrichment for H3K27ac and H3K4me3 

marking between 12 and 24 month old neurons in the current study occurs after 20 months of 

age and is missed in Benito and colleagues (2015) dataset, however it may also be possible that 

H3K27ac, H3K4me3 and H4K12ac are marking different subsets of TSS. Benito, et al., (2015) 

performed RNA-seq of the CA1 hippocampus alongside their ChIP-seq analysis and identified 

age associated enrichment in pathways relating to inflammatory responses, but depletion in 

pathways linked to core metabolic processes such as gene expression, RNA splicing and 

apoptosis. Similar to Benito, et al., (2015), the current study identified RNA splicing, and 
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apoptosis to be differentially enriched in aging neurons. However, the current study also 

identified synaptic pathways, lipid transport, oxidative phosphorylation and gene silencing to 

be enriched for H3K27ac or H3K4me3 marking in the aging brain.  

Two studies have isolated neurons and performed ChIP-seq for H3K4me3 in human prefrontal 

cortex identifying developmental enrichment and age associated decline in H3K4me3 marking 

(Cheung et al., 2010; Shulha et al., 2013). Cheung, et al., (2010) demonstrated enrichment of 

H3K4me3 marking in the cortex of young brains (0-1 year old, n=3), but depletion of 

H3K4me3 marking in neurons from aged cases (65-69 years of age, n=3). Shulha, et al., (2013) 

also performed ChIP-seq for H3K4me3 in young (prenatal, n=3) and aged (1-81 years old, 

n=25) in neurons from the human rostral prefrontal cortex. The study showed a mix of 

enrichment and depletion in prenatal development and early childhood that stabilised in 

neurons in later life (Shulha et al., 2013). In contrast, the current study showed H3K4me3 and 

H3K27ac marking was enriched in neurons at 3 months of age, but also enriched in neurons 

from the aging brain. The mice utilised in the current study between 3-6 month old are generally 

considered to be equivalent to humans between 18-30 years of age, while 18-24 month old 

mice are more similar to humans between 50-70 years of age (Fox et al., 2006; Semple et al., 

2013). In contrast to the data from Cheung (2010) and Shulha (2013), the current study 

identified H3K4me3 and H3K27ac marking to be enriched in juvenile mice, and interestingly 

also enriched in 12 and 24 month old mice for H3K4me3 marking, and 24 month old mice for 

H3K27ac marking. Due to the young age of cases from Cheung (2010) and Shulha (2013), 

much of the gene ontology and pathways identified in the study were annotated to sites for 

neurogenesis, neurite development, neuron development, synaptic plasticity and the regulation 

of cell differentiation (Cheung et al., 2010; Shulha et al., 2013). The youngest time-point 

measured in the current study did not capture the early developmental epigenome, however 

H3K4me3 and H3K27ac marking was annotated to similar pathways for synaptic plasticity and 

transmission, but also pathways for molecular function such as lipid and ion transport, RNA 

processing, and oxidative phosphorylation. Differences between the current study and previous 

literature may also be due to inherent differences that may exist in H3K4me3 marking between 

aging rodent and human neurons, brain area sampled, sample size or bioinformatic methods 

for analysis (peak calling versus differential enrichment analysis with csaw). It is also possible 

that the differences may due to the wide inter-individual variation in the epigenome that can be 

seen in post-mortem human tissue (Cheung et al., 2010), where it is necessary to identify 

confounding factors due to physical health, cognitive reserve, and age.  
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Despite the strengths of the current study, there are a few caveats to consider when interpreting 

the results. The NeuN antibody, first discovered in 1992, labels neuronal nuclei expressing the 

transcription factor FOX-3, which is present in the vast majority of neuronal nuclei in 

vertebrates (K. K. Kim, R. S. Adelstein, & S. Kawamoto, 2009; Richard J Mullen, Charles R 

Buck, & Alan M Smith, 1992). Current research into the NeuN/FOX-3 antibody shows that it 

labels the vast majority of neuronal nuclei from adult mammalian brain, first detectable during 

development after neurons withdraw from the cell-cycle (Richard J Mullen et al., 1992). 

However, there has not been extensive research into differential expression of NeuN during 

aging. Although the FACS data from the current study showed no significant differences in the 

number of NeuN+ nuclei between 3, 6, 12 and 24 months of age, it is possible that the 

distribution of NeuN changes throughout aging in the mammalian brain and this is an important 

avenue for future characterisation. Independent techniques such as immunohistochemistry and 

single-cell sequencing could be utilised for verification of the findings from the current study. 

Indeed, recent research into H3K4me3 and H3K27ac marking in the aging brain suggest that 

there are global changes in the distribution of H3K4me3 and H3K27me3 marking in NF-

positive pyramidal neurons and calretinin-positive interneurons throughout aging (Dyer, 

Phipps, Mitew, Taberlay, & Woodhouse, 2019). Dyer et al., (2019) demonstrated an age 

associated loss in H3K27ac marking in NF+ pyramidal neurons between 3 and 6 months of age 

when measured with immunohistochemistry, and an age associated enrichment in H3K27ac 

between 6 and 12 months of age. The study also identified H3K27me3 marking to significantly 

increase in calretinin labelled interneurons between 3 and 12 months of age  (Dyer et al., 2019). 

This PhD study also identified enrichment for H3K27ac marking at 3 months of age compared 

to 6 months, however little change between 6 and 12 months for H3K27ac marking. However, 

this study showed that the genomic coverage of H3K27ac to remain relatively constant until 

24 months of age. Another caveat to consider in the current study is the use of pseudo-replicates 

for bioinformatic analysis. Despite many different bioinformatics pipelines being tested and 

optimised for the analysis in this study, current pipelines are not well suited for the 

heterogenous samples seen in the mammalian brain. Although the current study performed the 

analysis similarly to previously published studies (Benito et al., 2015; Gjoneska et al., 2015; 

Nativio et al., 2018), future research could develop despoke bioinformatic pipelines to analyse 

the biological replicates and inter-individual differences to determine whether histone 

enrichment across the genome becomes more or less divergent with aging. Despite the use of 

pseudoreplicates, it is still possible that technical differences may have influenced the data, 

including potential inefficiencies between ChIPs at different time-points. Inefficiencies in ChIP 
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experiments may have influenced the results, and explain some of the differences between the 

ages identified in the current study, however all ChIP experiments and library preparation was 

performed in a single batch to minimise any technical differences. These imitations should also 

be minimized due to the use of 5 biological replicates for each genotype and timepoint to 

generate the pseudoreplicates in the current study.  

  

Conclusion 

In summary, this study identified enrichment of H3K27ac and H3K4me3 marking in juvenile 

and aged neurons compared to adult neurons. This data provides the first comprehensive 

characterisation of H3K27ac and H3K4me3 at promoters, enhancers and super-enhancers 

across a time-course of aging in neurons. Strikingly, H3K27ac and H3K4me3 dynamically 

regulate neuronal processes including synaptic plasticity, ion channel binding, transporter 

activity, calcium channel activity and cellular metabolic processes across life. These data also 

point towards a partial recapitulation of a juvenile-like epigenetic state in aging neurons, which 

may be necessary for the maintenance of neuronal structure and function in healthy aging.  
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Chapter 5: Alteration of the neuronal epigenome occurs 

prior to pathology onset and is altered throughout 

Alzheimer’s disease progression 
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5.1 Introduction 

The epigenome is dysregulated in AD, correlating with increasing Braak stage and neuritic 

plaque load (Chapter 1.13-1.14;(P. L. De Jager et al., 2014; Lunnon et al., 2014)). Despite 

increasing research effort in this space, there have been few studies that have investigated 

histone modifications in AD (Benito et al., 2015; Gjoneska et al., 2015; Klein et al., 2019; 

Marzi et al., 2018; D. Mastroeni et al., 2013; Nativio et al., 2018), and importantly, there has 

been no investigation of the core ENCODE histone modifications in neurons in AD. 

The limited literature that is available regarding histone modifications in AD points towards 

depletion of certain histone modifications at putative enhancers and promoters associated with 

synaptic plasticity along with enrichment at immune response genes (Gjoneska et al., 2015), 

and genome-wide depletion of histone 4 lysine 16 acetylation (H4K16ac) and histone 4 lysine 

12 acetylation (H4K12ac) at transcriptional start sites (TSS) (Benito et al., 2015; Nativio et al., 

2018). There have only been five studies that performed ChIP-seq in post-mortem human or 

mouse brain, and one study that examined histone modifications with immunohistochemistry 

(Benito et al., 2015; Gjoneska et al., 2015; Klein et al., 2019; Marzi et al., 2018; D. Mastroeni 

et al., 2013; Nativio et al., 2018). An earlier study by Gjoneska and colleagues (2015) was a 

significant advance in the field at the time, in that they performed genome-wide RNA-seq and 

ChIP-seq for H3K4me1, H3K4me3, H3K27ac, H3K27me3, H3K36me3, and H4K20me1 

attempting to dissect coordinate changes in the transcriptome and histone modification 

landscape in the CK-p25 inducible neurodegeneration mouse model. This study compared 

wildtype and transgenic animals at a single 3 month old time point, after either two weeks or 

six weeks induction of Cdk5 (Gjoneska et al., 2015). The results from this study demonstrated 

a depletion of histone modifications associated with promoter and enhancer activity with genes 

involved in synaptic plasticity and the immune response and increased immune-cell-specific 

signalling pathways. ChromHMM identified enhancers were found to be upregulated at known 

AD-associated loci including Picalm, Bin1, Inpp5d, Celf1 and Ptk2b  in the CK-p25 mouse 

model (Gjoneska et al., 2015). However, the use of whole brain homogenate and the CK-p25 

model, which is associated with a range of neurodegenerative diseases, means that it is difficult 

to establish the histone modification alterations that are directly related to AD pathology, or 

identify changes that are occurring in specific cell types (Cruz, Tseng, Goldman, Shih, & Tsai, 

2003). Histone modification changes may also be due to metabolic load or the rapid pathology 

accumulation in this model. More recently, a study by Nativio et al. (2018) showed that 
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H4K16ac was enriched and accumulates with increasing age in the healthy brain, however 

interestingly, H4K16ac was depleted in the lateral-temporal-lobe in post-mortem human AD 

cases compared to controls (Nativio et al., 2018). Gene ontology analysis demonstrated that 

H4K16ac depletion occurred in pathways relating to myeloid differentiation, cell death, and 

Wnt/Ras signalling (Nativio et al., 2018). Correlating these finding with accumulating AD 

pathology led to the identification of three separate classes of change in H4K16ac marking; 

age-regulated, age-dysregulated and age-independent changes (Nativio et al., 2018). This study 

also found H4K16ac dysregulation at AD-associated quantitative trait loci curated from 

previous genome-wide association studies, finding 143 age-regulated, 231 age-dysregulated 

and 220 disease specific overlaps (Nativio et al., 2018). Another recent genome-wide study of 

H3K27ac identified 4162 sites of differential enrichment between post-mortem entorhinal 

cortex from AD cases and matched control cases (Marzi et al., 2018). This study identified 

differentially enriched sites associated with Aβ and tau pathology (APP, PS1, PS2, MAPT), 

and ontology analysis showed lipoprotein-particle binding, apolipoprotein binding, response to 

hypoxia and Aβ metabolic process to be differentially enriched for H3K27ac (Marzi et al., 

2018). In accordance with other recent literature, genome-wide analysis of H3K9ac using 

ChIP-seq in the prefrontal cortex of post-mortem AD cases has shown that tau, but not Aβ 

correlates with altered H3K9ac profile (affecting 5990 H3K9ac marked sites) at promoters and 

enhancers, leading to transcriptional changes in AD as measured by RNA-seq (Klein et al., 

2019). These data also complement an analysis of global histone modifications in post-mortem 

human brain; immunohistochemistry and Western blot demonstrate global loss of nuclear 

H3K4me3, and cytoplasmic accumulation of H3K4me3 in neurons of the hippocampus and 

middle-temporal gyrus that correlated with early markers of tau pathology and Braak staging 

in AD (D. Mastroeni et al., 2015).  

The studies reported above utilised whole brain homogenate containing a mixture of cells. The 

inherent definition of the epigenome means that it is regulated in a cell type specific manner; 

however, there has been only one study that has performed ChIP-seq in neurons in AD (Benito 

et al., 2015) and no comprehensive studies across a time-course of pathology accumulation in 

an AD model. Benito, et al., (2015) performed RNA-seq, and ChIP-seq for H4K12ac in neurons 

from the CA1 hippocampal subregion and dentate gyrus in 3 month and 20 month old 

APP/PS1-21 mice (Benito et al., 2015). These data revealed a genome-wide loss of H4K12ac 

in neurons, with dysregulation of H4K12ac leading to altered epigenetic signatures at 

regulatory elements of genes associated with synaptic plasticity and subsequent changes in 
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gene expression in neurons. These alterations occurred concomitant with enrichment of 

H4K12ac in pathways associated with an immune response in non-neuronal cells (Benito et 

al., 2015). Interestingly, administration of HDACi (SAHA) restored cognitive performance, 

stabilised H4K12ac and reduced the inflammatory response in the model (Benito et al., 2015).  

This PhD study is the first to perform a time-course experiment examining H3K4me3 and 

H3K27ac alterations in neurons from APP/PS1 transgenic AD mice compared to WT control 

mice at 3, 6, and 12 months of age, representing pre-pathology, pathology onset, and pathology 

rich time-points in this AD model.  

 

5.2 Results 

5.2.1 Histone acetylation is enriched in neurons early in the APP/PS1 mouse 

model of AD 

Histone modifications contribute to the compaction of DNA into chromatin and the access of 

transcriptional machinery to chromatin. These sites of regulation can be at promoters near TSS, 

or at distal regulatory elements. Currently, it is accepted that H3K27ac marks active enhancers 

(>2kB distal to TSS) and promoters (Rada-Iglesias et al., 2011). Core ENCODE histone 

modifications have not been characterised in neurons in AD. Here, H3K27ac was analysed in 

neurons genome-wide with ChIP-seq in the APP/PS1 mouse model of AD at 3 months of age 

representing pre-pathology, 6 months of age representing pathology onset, and 12 months of 

age, which is a pathology rich time-point in APP/PS1 mice.  

An assessment of total genomic coverage can provide an indication of histone modification 

changes occurring in neurons in APP/PS1 neurons and WT control neurons on a global scale. 

At 3 months of age, APP/PS1 neurons exhibited greater total genomic coverage for H3K27ac 

marking than WT control neurons (APP/PS1 5.94% versus WT 2.23%; Figure 5.1a); however, 

by 6 months of age, H3K27ac covered a smaller percentage of the genome in APP/PS1 neurons 

compared to WT control neurons (APP/PS1 1.38% versus WT 2.46%; Figure 5.1b). At 12 

months of age, H3K27ac exhibited greater genomic coverage in APP/PS1 neurons compared 

to WT control neurons (APP/PS1 2.72% versus WT 1.86%; Figure 5.1c). Over time, WT 

control neurons sustained a relatively consistent level of H3K27ac. By contrast, APP/PS1 

neurons were dynamic across time (Figure 5.1a-c). 
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Figure 5.1: Global dysregulation of H3K27ac in neurons prior to pathology onset in 

APP/PS1 mice 

ChIP-seq was performed for 5 biological replicates for H3K27ac per genotype, then merged 

into pseudoreplicate tracks for analysis. (a-c) Percentage of 5× genomic coverage of H3K27ac 

in neurons from APP/PS1 (red) and WT control (blue) mice at (a) 3 months, (b) 6 months and 

(c), and 12 months of age. (d-f) Volcano plots show the logFC and FDR adjusted P-value of 

APP/PS1 compared to WT control neurons; positive logFC (light green) and negative logFC 

(dark green) for all differentially enriched windows of H3K27ac marking at (d) 3 months, (e) 

6 months and (f) 12 months of age. (g-i) Representative tracks of pseudoreplicates visualised 

in IGV showing the top-ranked sites of enrichment between APP/PS1 (red) and WT control 

mice (blue). (g) The Selt promoter at 3 months of age, (h) the Kbtbd11 promoter 6 months of 

age and (i) the Brsk1 promoter at 12 months of age. (j-l) Histograms showing the logFC of the 

best window within the normalised region of H3K27ac marking in APP/PS1 neurons compared 

to WT control mice at 3 months (black), 6 months (light grey) and 12 months (dark grey) of 

age for (j) the Selt promoter, (k), the Brsk1 promoter and (l) the Kbtbd11 promoter. 
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Next, differential enrichment of H3K27ac was assessed genome-wide in neurons from 

APP/PS1 and WT control mice. There was an evolution of H3K27ac marking in neurons 

between WT and APP/PS1 mice across disease progression (Figure 5.1d-f). There were 35745, 

7049, and 2076 H3K27ac marked sites significantly enriched in 3, 6, and 12 month old 

APP/PS1 neurons compared to WT control neurons, respectively (Figure 5.1d-f; Benjamini 

Hochberg FDR adjusted p-value <0.05). Whereas, there were 9547, 98, and 74 differentially 

enriched H3K27ac sites depleted in APP/PS1 neurons at 3, 6, and 12 months of age, 

respectively (Figure 5.1d-f; Benjamini Hochberg FDR adjusted p-value <0.05). There was a 

progressive decline in the total number of H3K27ac differentially enriched sites across disease 

progression in APP/PS1 neurons (Figure 5.1d-f). Visualisation of H3K27ac marked sites in 

IGV showed multiple regions of differential enrichment in APP/PS1 neurons compared to WT 

control neurons. For example, the promoter of the Selt gene on chromosome 3 was 

differentially enriched for H3K27ac at 3 months of age; this gene encodes selenoprotein T, 

which is known to protect against oxidative stress in dopaminergic neurons in 

neurodegenerative disease (Figure 5.1g; (Boukhzar et al., 2016)). Similarly, in 6 month old 

neurons, the Kbtbd11 promoter on chromosome 8, encoding the Kelch Repeat and BTB domain 

containing 11 protein, was enriched for H3K27ac in neurons from APP/PS1 neurons compared 

to WT control neurons (Figure 5.1h), and at 12 months of age, Brsk1, encoding the 

Serine/theonine-protein kinase 1 transmembrane protein was enriched for H3K27ac in 

APP/PS1 neurons compared to WT control neurons (Figure 5.1i). Histograms of H3K27ac 

enrichment at the promoters of Selt, Kbtbd11, and Brsk1 at 3, 6 and 12 months demonstrated 

dynamic enrichment at these sites through pathology accumulation in APP/PS1 neurons 

compared to WT control neurons (Figure 5.1j-l).  

 

5.2.2 H3K27ac is enriched at TSS in neurons prior to pathology onset in the 

APP/PS1 mice 

H3K27ac can be present at both promoters and enhancers and is indicative of gene regulatory 

element activity (Creyghton et al., 2010b; Rada-Iglesias et al., 2011). First, the average 

distribution of H3K27ac was examined by visualising the mean abundance of reads around a 

2kb region upstream and downstream of the TSS. Here, H3K27ac marking displayed a bimodal 

distribution and the mean enrichment was higher in APP/PS1 neurons compared to WT control 

neurons at 3, 6, and 12 months of age.  
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Figure 5.2: H3K27ac enrichment occurs at transcriptional start sites in neurons from 

APP/PS1 mice prior to pathology onset 

(a-c) Average enrichment plots for H3K27ac within a 2kb window of TSS of the UCSC 

KnownGene track in APP/PS1 (red) and WT control neurons (blue) at (a) 3 months of age, (b) 

6 months of age and (c) 12 months of age. (d-f) Heatmaps of H3K27ac marking for UCSC 

KnownGene sorted by strongest (blue) to weakest (red) signal in WT (left) and APP/PS1 

neurons (right) at (d) 3 months, (e) 6 months and (f) 12 months of age. (g-i) Heatmaps of 

H3K27ac marking at CpG islands from the UCSC mm10 CpG island track sorted by strongest 

(blue) to weakest (red) signal in WT (left) and APP/PS1 neurons (right) at (g) 3 months of age, 

(h) 6 months of age, and (i) 12 months of age. (j-l) Heatmaps of H3K27ac marking at non-CpG 

containing TSS from the UCSC mm10 KnownGene track sorted by strongest (blue) to weakest 

(red) signal in WT (left) and APP/PS1 (right) at (j) 3 months of age, (k) 6 months of age, and 

(i) 12 months of age. 
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The difference in signal between genotypes was greatest over the highly positioned -1 

nucleosome that sits immediately 5’- to the TSS in mammalian cells (Figure 5.2a-f). 

Quantitation of the mean enrichment plots (Figure 5.2a-c) showed that H3K27ac enrichment 

at the TSS in APP/PS1 neurons was highest at 3 months, approximately 2-fold increase 

compared to WT neurons (APP/PS1 max: 4.25; WT max: 2.04; Figure 5.2a). Whereas the mean 

H3K27ac signal at the TSS was increased approximately 0.5-fold in APP/PS1 neurons 

compared to WT control neurons at 6 months of age (APP/PS1 max: 1.62; WT max: 1.13; 

Figure 5.2b), and normalised by 12 months of age (APP/PS1 max: 1.59; WT max: 1.34, 

respectively; Figure 5.2c).  

Next, H3K27ac marking was visualised with heatmaps against the UCSC KnownGene track, 

to determine the distribution of H3K27ac at a 2kb window around TSS. At 3 months of age 

H3K27ac was enriched at a greater magnitude at TSS and in a larger proportion of TSS in 

APP/PS1 neurons (approximately 50% of TSS were enriched for H3K27ac) compared to WT 

control neurons (approximately 30% of TSS were enriched for H3K27ac; Figure 5.2d). At 6 

months of age, there was a dramatic loss of enrichment and altered distribution of H3K27ac 

from both APP/PS1 and WT neurons compared to 3 months of age. However, 6 month old 

APP/PS1 neurons were marginally enriched for H3K27ac, and marking was present at a greater 

number of TSS compared to WT control neurons (Figure 5.2e). Interestingly, at 12 months of 

age there was little change in the proportion of TSS or magnitude of H3K27ac marking in 

APP/PS1 neurons compared to WT control neurons.  

CpG islands are predominantly found at TSS and are key sites for the regulation of DNA 

methylation and transcription (review: (Deaton & Bird, 2011)). To identify whether the 

enrichment seen at all TSS was predominantly at TSS containing CpG islands, H3K27ac 

marking was generated against heatmaps for TSS that contained CpG islands, and TSS that did 

not contain CpG islands (Figure 5.2g-l). At 3 months of age, the proportion of TSS and 

magnitude of H3K27ac marking at TSS that contained CpG islands were enriched in APP/PS1 

neurons compared to WT control neurons, with marking present at approximately 80% of all 

CpG island TSS (Figure 5.2g). At 6 months of age, the magnitude and proportion of TSS that 

contained CpG islands were also enriched for H3K27ac in APP/PS1 neurons, however the 

overall magnitude of enrichment was reduced when compared to 3 months of age (Figure 5.2h). 

At 12 months of age, H3K27ac marking at TSS that contained CpG islands was similar between 

APP/PS1 neurons and WT neurons (Figure 5.2i). In comparison to CpG islands, non-CpG 

island TSS exhibited less H3K27ac marking (Figure 5.2j-l). At 3 months of age, there was a 
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minor enrichment in the proportion of TSS and magnitude of H3K27ac at non-CpG island TSS 

in APP/PS1 neurons compared to WT control neurons (Figure 5.2j), however at 6 and 12 

months of age, non-CpG island TSS exhibited minimal H3K27ac enrichment in both WT and 

APP/PS1 neurons (Figure 5.2k,l).  

Together, these results show that H3K27ac marking is enriched at TSS, and is present at a 

greater number of TSS in APP/PS1 neurons compared to WT control neurons prior to 

pathology onset at 3 months of age. The enrichment of H3K27ac at TSS in APP/PS1 neurons 

is then depleted at pathology onset at 6 months of age, and there is minimal difference between 

APP/PS1 neurons and WT control neurons in pathology rich animals at 12 months of age. TSS 

that contain CpG islands are enriched for H3K27ac in APP/PS1 neurons prior to pathology 

onset, and at pathology onset, however by 12 months of age there is minimal difference in 

H3K27ac marking at TSS that contain CpG islands when comparing APP/PS1 neurons and 

WT control neurons. 

 

5.2.3 H3K27ac is reduced at enhancers genome-wide, but enriched at the 

majority of cortical super-enhancers in neurons prior to pathology onset in 

APP/PS1 mice 

Similar to Chapter 4, to identify epigenetic modifications occurring at enhancers specifically, 

a track of all H3K27ac marking outside of a 2kb window of UCSC KnownGene TSS was 

generated and used to map ‘putative enhancers’. Herein, ‘putative enhancers’ as defined above 

will be referred to as enhancers.  

Initially the average proportion of enhancers that contained H3K27ac marking was measured 

with by visualising the mean abundance of reads around a 2kb region upstream and 

downstream of enhancer elements. At 3 months of age, average H3K27ac marking was 

depleted at enhancers in neurons from APP/PS1 animals (max: 26.96) compared to WT control 

neurons (max: 37.98) (Figure 5.3a). The mean enrichment for H3K27ac marking at enhancers 

increased in APP/PS1 neurons compared to WT control neurons at 6 months (APP/PS1 max: 

38.17; WT max: 31.32; Figure 5.3b) but was less at 12 months of age compared to WT control 

neurons (APP/PS1 max: 43.86; WT max: 45.60; Figure 5.3c). Interestingly, the average 

H3K27ac enrichment at enhancers gradually increased across the time-course in neurons from 

APP/PS1 animals up to 12 months of age; however, neurons from WT animals exhibited stable 
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H3K27ac marking at enhancers at 3 and 6 months of age, followed by enrichment at 12 months 

of age compared to 3 and 6 month time-points.  

Next, H3K27ac was visualised with heatmaps within a 2kb window of enhancers to determine 

the magnitude and proportion of enhancers containing H3K27ac marking. At 3 months of age 

H3K27ac marking and magnitude was depleted at enhancers in APP/PS1 neurons compared to 

WT control neurons, while the proportion of enhancers containing H3K27ac marking remained 

constant with the vast majority of enhancers showing H3K27ac marking in APP/PS1 and WT 

neurons (Figure 5.3d). At 6 months of age, both the magnitude and proportion of enhancers 

containing H3K27ac marking was depleted from enhancers in both APP/PS1 and WT neurons 

compared to 3 months of age. Interestingly, H3K27ac was enriched to a greater magnitude in 

APP/PS1 neurons at 6 months of age compared to WT control neurons, however the 

distribution of H3K27ac marking remained the same between APP/PS1 neurons and WT 

control neurons. Whereas at 12 months of age, there was a slight increase in the magnitude and 

no difference in the distribution of H3K27ac marking between APP/PS1 neurons and WT 

neurons (Figure 5.3f). Visualisation of differential enrichment of H3K27ac marking at 

enhancers demonstrated multiple regions of enrichment in APP/PS1 neurons compared to WT 

control neurons (Figure 5.3g-i). 

Super-enhancers are genomic regions responsible for the majority of cell-type specific gene 

expression and allow for appropriate cellular identity ((Hnisz et al., 2013; Whyte et al., 

2013);chapter 1.10). A cortical super-enhancer track was obtained from dbSUPER, a database 

of known super-enhancers to map changes in H3K27ac enrichment around known cortical 

super-enhancers (Khan & Zhang, 2016). Interestingly, H3K27ac enrichment was identified at 

the majority of cortical super-enhancers in neurons from 3, 6, and 12 month old APP/PS1 

neurons in comparison to WT controls (Figure 5.4a-f). Heatmaps for known cortical super-

enhancers showed enrichment in the magnitude and proportion of enhancers containing 

H3K27ac marking in APP/PS1 compared to WT neurons at 3 months of age (Figure 5.4a). 

Enrichment for H3K27ac at cortical super-enhancers was also present in 6 month old APP/PS1 

neurons compared to WT control neurons (Figure 5.4b). Interestingly, there was an overall 

depletion of H3K27ac marking at super-enhancers at 6 months of age compared to the 3 month 

time-point (Figure 5.4a,b). At 12 months of age, there was slight enrichment of the proportion 

and magnitude of H3K27ac marking at cortical super-enhancers in APP/PS1 neurons compared 

to WT control neurons (Figure 5.4c). At 3 months of age there were 1389 sites of differential 

H3K27ac enrichment that overlapped cortical super-enhancers; 871 sites were enriched, and 
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488 super-enhancers were depleted for H3K27ac in APP/PS1 compared to WT control neurons. 

For example, at 3 months of age, H3K27ac was enriched in APP/PS1 neurons at the super-

enhancer overlapping the Cpeb2 gene (2.23 logFC versus WT control neurons; Figure 5.4d). 

At 6 months of age, there were 697 super-enhancers enriched and 7 super-enhancer sites 

depleted of H3K27ac in APP/PS1 neurons versus WT control neurons, with the highest 

enrichment of H3K27ac in APP/PS1 neurons observed at the super-enhancer overlapping the 

Arhgef10 and Kbtbd11 genes (3.51 logFC; Figure 5.4e). Whereas at 12 months, there were only 

276 super-enhancer sites enriched for H3K27ac, and 10 sites depleted, in APP/PS1 neurons 

compared to WT neurons, with the top site of enrichment overlapping the Sept8 gene (1.91 

logFC; Figure 5.4f).  

Taken together, the proportion of enhancers and super-enhancers containing H3K27ac marking 

illustrates an inverse pattern in APP/PS1 neurons compared to WT control neurons. Prior to 

pathology onset there is an overall loss of H3K27ac marking at enhancers, but interestingly, 

enrichment of H3K27ac in cortical super-enhancers in APP/PS1 compared to WT neurons. 

However, by 12 months of age there was minimal change in H3K27ac at both enhancers and 

cortical super-enhancers between APP/PS1 and WT neurons.  
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Figure 5.3: H3K27ac is depleted from putative enhancers in APP/PS1 neurons prior to 

pathology onset 

(a-c) Average enrichment plots for H3K27ac within a 2kb window of putative enhancers in 

APP/PS1 (red) or WT control neurons (blue) at (a) 3 months, (b) 6 months and (c) 12 months. 

(d-f) Heatmaps for H3K27ac signal at enhancers sorted by strongest (blue) to weakest (red) 

signal in WT (left) and APP/PS1 (right) at (d) 3 months, (e) 6 months and (f) 12 months of age. 

(g-i) Representative tracks of pseudoreplicates visualised in IGV showing example enhancer 

sites of enrichment between APP/PS1 (red) and WT control mice (blue). (g) The Tbr1 enhancer 

at 3 months of age, (h) the Map7d1 enhancer at 6 months of age and (i) the Arhgef25 enhancer 

at 12 months of age. 
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Figure 5.4: A subset of cortical super-enhancers are enriched for H3K27ac in APP/PS1 

neurons at 3 months 

Heatmaps for the Super-Enhancer Database (dbSUPER) track were sorted by strongest (blue) 

to weakest (red) signal in WT (left) and APP/PS1 (right) mice at (a) 3 months, (b) 6 months 

and (c) 12 months of age. Representative tracks visualised using the IGV browser are shown. 

H3K27ac signal overlap was evident between APP/PS1 neurons (red) and WT control mice 

(blue) at super enhancers overlapping the top ranked differentially enriched sites including (d) 

Cpeb2, (e), Arhgef10 and (f) Sept8 loci.  
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5.2.4 H3K27ac marking of the epigenome changes in neurons at sites 

associated with synaptic plasticity and post-translational modification 

pathways 

Next, the molecular pathways and biological processes associated with differential enrichment 

of H3K27ac in neurons from APP/PS1 and WT mice was assessed using the Genomic Regions 

Enrichment of Annotations Tool (GREAT) (C. Y. McLean et al., 2010).  

This analysis revealed that several key cellular networks were disrupted in APP/PS1 neurons 

compared to WT neurons. At 3 months of age, this encompassed annotations of differential 

H3K27ac enrichment to ‘GO molecular functions’ such as ‘SNARE binding’, ‘syntaxin 

binding’, ‘polyubiquitin binding’, and ‘cholesterol binding’ (Figure 5.5a), and annotations to 

‘GO biological processes’ including ‘regulation of synaptic plasticity’, ‘regulation of mRNA 

processing’ and ‘learning’ (Figure 5.5d). These terms were mostly associated with neuronal 

specific functions and core cellular processes. At 6 months of age, differential H3K27ac 

marking in APP/PS1 neurons were annotated to ‘GO molecular function’ pathways for ‘ion 

channel binding’, ‘glutamate receptor binding’, and ‘death domain protein binding’ (Figure 

5.5b). While H3K27ac marking for ‘GO biological processes’ was annotated to ‘regulation of 

synaptic plasticity’, ‘regulation of protein complex disassembly’, ‘regulation of mRNA 

processing’ and ‘regulation of RNA splicing’ (Figure 5.5e). At 12 months of age, ‘GO 

molecular function’ terms from differential H3K27ac enrichment in APP/PS1 neurons included 

terms such as ‘glutamate receptor binding’, ‘clathrin binding’, ‘spectrin binding’ and ‘ion 

channel binding’, while differential H3K27ac annotations for ‘GO biological processes’ 

encompassed the ‘maintenance of protein location’ as well as developmental pathways such as 

the ‘regulation of dendrite development’. As an interesting proof of principal, gene ontology 

analysis was able to predict mouse phenotypes from differential H3K27ac enrichment that 

included well known characteristics of the APP/PS1 mouse model such as abnormal object 

recognition memory, abnormal dendritic spine and cell morphology, axonal transport, 

abnormal NMDA and AMPA mediated synaptic currents and synaptic plasticity (Figure 5.5g). 

Taken together, these analyses illustrated changes in H3K27ac marking at gene loci involved 

in synaptic plasticity, core cellular processes and post-translational modifications, while 

pathology burden led to altered H3K27ac marking in pathways involved in protein location 

and axonal development, possibly as a result of diminished synaptic plasticity seen in the 

APP/PS1 mouse model (Figure 5.5a-f).   
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Figure 5.5: H3K27ac alterations affects synaptic plasticity and post-translational 

modification regulatory pathways in neurons in APP/PS1 neurons 

(a-i) The top 10 gene ontology annotations, ranked by hypergeometric observed gene hits for 

sites of significant H3K27ac differential enrichment in neurons from APP/PS1 and WT control 

neurons at (a, d, g) 3 months (pre-pathology), (b, e, h) 6 months (pathology onset), and (c, f, i) 

12 month (pathology rich) time-points. Gene ontology analysis predicts dysregulated pathways 

in (a, b, c) molecular function, (d, e, f) biological processes and, (g, h, i) mouse phenotype. 

Pathways involved in synaptic function are highlighted in red, developmental GO terms are 

highlighted in blue.   
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5.2.5 H3K27ac reprogramming occurs early and changes over time in 

APP/PS1 neurons 

To determine whether the sites of differential H3K27ac enrichment between APP/PS1 and WT 

neurons occurred at similar or different loci at each time-point, an intersection analysis of bed 

files containing all sites of significant differential enrichment at each time-point was 

performed.  

By identifying overlaps between differentially enriched sites in APP/PS1 versus WT neurons 

from the 3, 6 and 12 month time-points (5.2.1), a change of H3K27ac marking in neurons was 

observed across pathology accumulation in APP/PS1 mice (Figure 5.6). There were 50440 

H3K27ac sites of differential enrichment specific to 3 month old APP/PS1 neurons, while 2404 

sites were unique to 6 month old, and 39 sites unique to 12 month old APP/PS1 neurons (Figure 

5.6a). Interestingly, the majority of H3K27ac differentially enriched sites at the 6 and 12 month 

old time-points overlapped with those found in 3 month old neurons (5852 and 3530 sites, 

respectively; Figure 5.6a). These overlaps also included 1176 H3K27ac sites that were 

consistently differentially enriched across all timepoints examined (Figure 5.6a).  

To determine the functional pathways that shared differential H3K27ac marking over time in 

APP/PS1 neurons, functional annotation with GREAT ‘GO biological process’ was performed 

(Figure 5.6b-f). Sites of differential enrichment that were consistently altered across all time-

points were annotated to pathways including ‘regulation of dephosphorylation’, ‘protein 

acetylation’, ‘regulation of phosphatase activity’ and ‘regulation of RNA splicing’ (Figure 

5.6b). Differentially enriched sites unique to 3 month old APP/PS1 neurons were annotated to 

‘GO biological process’ pathways involved in ‘calcium ion transmembrane transport’, 

‘regulation of synaptic plasticity’, ‘membrane depolarisation’, ‘regulation of mRNA 

processing’ and ‘regulation of receptor activity’ (Figure 5.6c), while sites that were shared 

between 3 month and 6 month old neurons included ‘regulation of protein complex 

disassembly’, ‘regulation of ARF signal transduction’, ‘protein stabilisation’ and ‘regulation 

of RNA splicing’ (Figure 5.6d). Interestingly, differentially enriched sites in APP/PS1 and WT 

neurons that were common to both 3 and 12 month old timepoints included functional 

annotations for ‘protein localisation to membrane’, ‘regulation of synaptic plasticity’, 

‘regulation of dephosphorylation’, ‘calcium ion transmembrane transport’, and ‘regulation of 

dendrite development’ (Figure 5.6e). Functional annotation of sites unique to 6 month old 

APP/PS1 neurons revealed terms including the ‘negative regulation of cell projection 
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organisation’, and ‘protein deubiquitination’ (Figure 5.6f). There were no annotations for 

comparisons between 6 and 12 month old neurons, or specific to 12 month old neurons. 

Differentially enriched pathways unique to 3 and 12 month old neurons were mostly shared 

with their relative time-point specific analysis, however pathways unique to 6 months of age 

were novel compared to the time-point specific analysis. 

Next, analysis was performed to determine whether sites of differential H3K27ac marking 

shared enrichment or depletion between timepoints. Differential enrichment data from csaw 

was separated into subsets of H3K27ac sites that were enriched or depleted in APP/PS1 

compared to WT neurons, then analysed with BEDTools intersect to determine the number and 

direction of overlapping differentially H3K27ac marked sites. Comparisons between 3 and 6 

months of age showed that 75% of shared differentially marked H3K27ac sites were enriched 

in APP/PS1 neurons compared to wild-type neurons at both time-points, while less than 1% of 

differentially marked H3K27ac sites were depleted in APP/PS1 neurons at both time-points. 

24% of differentially marked H3K27ac sites were depleted in neurons at 3 months of age, but 

enriched at 6 months of age; and less than 1% differentially marked H3K27ac sites were 

enriched at 3 months of age and depleted at 6 months of age in APP/PS1 neurons. Comparisons 

between 6 months of age and 12 months of age showed that 95% of differentially marked 

H3K27ac sites were enriched in neurons at both time-points, while only less than 1% of 

differentially marked H3K27ac sites were depleted at both time-points, or depleted in 6 month 

old neurons and enriched in 12 month old neurons, but 3.7% of differentially marked H3K27ac 

sites were enriched in 6 month old neurons and depleted in 12 month old neurons.  Interestingly 

when comparing 3 months of age with 12 months of age, 70% of shared H3K27ac marked sites 

were consistently enriched in neurons at both time-points, while 2% of differentially marked 

H3K27ac sites were consistently depleted in neurons at both time-points. 27% differentially 

marked H3K27ac sites were depleted in neurons at 3 months of age, but enriched at 12 months 

of age in APP/PS1 neurons, and 2% of differentially marked H3K27ac sites were enriched in 

3 month old neurons, but depleted in 12 month old neurons (Table 5.1). 
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Figure 5.6: Alteration of H3K27ac marking in neurons across pathology accumulation in 

APP/PS1 neurons  

(a) Venn diagram plotting the overlap in sites that were differentially enriched in APP/PS1 

versus WT neurons from 3 month, 6 month, and 12 month old pairwise comparisons. (b) 

Functional annotations for biological process for the 1176 sites that were differentially enriched 

at all time-points, (c) the 50440 sites unique to the 3 month differential enrichment analysis, 

(d) sites shared between 3 and 6 month time-points and (e) 3 and 12 months of age. (f) 

Functional annotation of biological processes from the 2404 sites unique to 6 months of age.  
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Table 5.1: H3K27ac marking is consistently enriched in pre-pathology and pathology rich 

neurons 

 Consistently Enriched Depleted 
 Enriched Depleted depleted enriched 

3 vs 6 month 3826 (75%) 20 (<1%) 31 (<1%) 1238 (24%) 

6 vs 12 month 1129 (94.9%) 9 (<1%) 45 (3.7%) 7 (<1%) 

3 vs 12 month 1501 (69.6%) 35 (1.6%) 37 (1.7%) 582 (27%) 
 

Taken together, these data demonstrate a complex pattern of H3K27ac marking across the time-

course of pathology accumulation. H3K27ac marking was highly specific at individual time-

points with over 50000 sites unique to neurons from 3 month old APP/PS1 mice. Interestingly, 

over 75% of differentially enriched H3K27ac sites were consistently enriched throughout 

pathology accumulation. These data demonstrate a partial recapitulation of a juvenile histone 

landscape in 12 month old APP/PS1 neurons.  

 

5.2.6 Differential enrichment of H3K4me3 marking prior to pathology onset, 

and with increasing age in APP/PS1 neurons  

Histone modifications contribute to the compaction of DNA into chromatin and the access of 

transcriptional machinery to chromatin. These sites of regulation can be at promoters near TSS, 

or at distal regulatory elements. Currently, it is accepted that H3K27ac marks active enhancers 

(>2kB distal to TSS) and promoters, and H3K4me3 is consistently indicative of active 

promoters (Rada-Iglesias et al., 2011). Here, H3K4me3 was analysed genome-wide with ChIP-

seq in neurons from APP/PS1 and WT mice at 3 months of age (pre-pathology), 6 months of 

age (pathology onset), and 12 months of age (pathology rich). 

Total genomic coverage assessments were performed to provide an indication of H3K4me3 

changes in APP/PS1 and WT neurons at a global scale. At 3 months of age, APP/PS1 neurons 

exhibited reduced genomic coverage of H3K4me3 compared to WT control neurons (APP/PS1 

mean: 1.98% versus WT mean: 2.94%; Figure 5.7a). However, by 6 months of age, H3K4me3 

marking increased in APP/PS1 neurons compared to WT control neurons (APP/PS1 mean: 

2.51% versus WT mean: 1.85%; Figure 5.7b), and by 12 months of age, the difference in total 

genomic coverage between APP/PS1 and WT control neurons further increased (APP/PS1 

mean: 2.71% versus WT mean: 1.91%; Figure 5.7c). WT control neurons were initially 
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enriched for H3K4me3 at 3 months of age, but marking was depleted at 6 months of age which 

was sustained until 12 months of age. Whereas APP/PS1 neurons gradually gained H3K4me3 

marking over time (Figure 5.7a-c).  

Next, differential enrichment of H3K4me3 was assessed genome-wide in neurons from 

APP/PS1 and WT control mice. There was a change in H3K4me3 marking in APP/PS1 neurons 

compared to WT control neurons across disease progression (Figure 5.7d-f). A total of 20368 

H3K4me3 sites were enriched and 3198 sites depleted in APP/PS1 neurons compared to WT 

control neurons at 3 months of age (Benjamini Hochberg FDR adjusted p-value <0.05; Figure 

5.7d). However, by 6 months of age, there were 1,171 sites enriched for H3K4me3, and 1323 

sites that were H3K4me3 depleted in APP/PS1 compared to WT neurons (Benjamini Hochberg 

FDR adjusted p-value <0.05; Figure 5.7e). Interestingly at 12 months of age, there were 26,616 

H3K4me3 marked sites differentially enriched, and 6545 sites depleted in APP/PS1 versus WT 

neurons at 12 months of age (Benjamini Hochberg FDR adjusted p-value <0.05; Figure 5.7f). 

There was widespread enrichment of H3K4me3 marking prior to pathology onset in neurons 

from APP/PS1 mice. While there was a decline in the total number of H3K4me3 marked sites 

at pathology onset, that was reversed by 12 months of age, where plaque pathology is 

widespread in the APP/PS1 mouse model. This contrasted with the reported genomic coverage 

of H3K4me3 in APP/PS1 neurons between 3 and 6 months of age (Figure 5.7a-f).  

Visualisation of H3K4me3 marked sites in IGV showed that the majority of H3K4me3 signal 

was located around the transcriptional start sites (Figure 5.7g-i). For example, the top 

differentially enriched site for H3K4me3 in 3 month old neurons was at the promoter for the 

Ncdn gene encoding Neurochondrin; this protein has known roles in neurite outgrowth and 

CaMKII phosphorylation ((Dateki et al., 2005); Figure 5.7g). At 6 months of age Csgalnact2 

was depleted in APP/PS1 neurons compared to WT control neurons. Csgalnact2a encodes the 

Chondroitin Sulfate N-Acetylgalactosaminyltransferase 2 protein, which is involved in 

chondroitin sulfate synthesis, which in turn is a component of brain extracellular matrix 

((Kwok, Warren, & Fawcett, 2012);Figure 5.7h). Interestingly, the Mark4 gene promoter was 

enriched in 12 month old APP/PS1 neurons compared to WT control neurons. Mark4 encodes 

the Microtubule Affinity Regulating Kinase 4 protein, which is known to phosphorylate 

Microtubule-Associated Protein Tau (MAPT), and is associated with early MAPT 

phosphorylation in AD ((G. J. Gu et al., 2013; Lund et al., 2014);Figure 5.7i).  
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Figure 5.7: H3K4me3 is dysregulated prior to pathology onset, and with increasing age 

in APP/PS1 neurons  

(a-c) Percentage 5× genomic coverage of H3K4me3 in neurons from APP/PS1 (red) and WT 

control mice (blue) at (a) 3 months, (b) 6 months and, (c) 12 months of age. (d-f) Volcano plots 

show the logFC and FDR adjusted P-value of APP/PS1 neurons compared to WT control 

neurons; positive logFC (light green), and negative logFC (dark green) for all differentially 

enriched windows of H3K4me3 marking at (d) 3 months, (e) 6 months and (f) 12 months of 

age. (g-i) Representative tracks visualised in IGV showing the top-ranked sites of enrichment 

between pseudoreplicates of APP/PS1 (red) and WT control neurons (blue). (g) The Ncdn 

promoter at 3 months of age, (h) the Csgalnact2a promoter at 6 months of age and, (i) the 

Mark4 promoter at 12 months of age. Histograms showing the logFC of the best window within 

the normalised region of H3K4me3 marking in APP/PS1 neurons compared to WT controls at 

3 months (black), 6 months (light grey) and 12 months (dark grey) for (j) the Ncdn promoter, 

(k) the Csgalnact2a promoter and (l), the Mark4 promoter. 
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Histograms of H3K4me3 enrichment at the promoters of Ncdn, Csgalnact2a, and Mark4 

demonstrated dynamic enrichment at these sites throughout pathology accumulation in 

APP/PS1 neurons compared to WT control neurons (Figure 5.7j-l) 

Taken together, these data demonstrate a dynamic pattern of differential enrichment in 

APP/PS1 compared to WT neurons across a time-course of Aβ pathology accumulation (Figure 

5.7j-l).  

 

5.2.7 H3K4me3 is enriched at TSS at pre-pathology and pathology-rich time-

points in APP/PS1 neurons 

H3K4me3 is present at promoter elements of active genes (B. E. Bernstein et al., 2005; 

Nathaniel D. Heintzman et al., 2007; Rada-Iglesias et al., 2011). Initially, the mean distribution 

of H3K4me3 was examined by visualising the mean abundance of reads around a 2kb region 

upstream and downstream of the TSS. Here, similar to H3K27ac, H3K4me3 presented with a 

bimodal distribution around the TSS of UCSC KnownGenes (Figure 5.8a-f). The average 

enrichment for H3K4me3 was greatest over the -1 nucleosome 5’- to the TSS, and H3K4me3 

marking extended 1kb into gene bodies (Figure 5.8a-c). Quantitation of the average enrichment 

plots showed that H3K4me3 enrichment was highest at 3 months in APP/PS1 neurons with an 

approximately 1.6-fold increase in signal compared to WT controls (APP/PS1 max: 11.02, WT 

max: 7.12; Figure 5.8a). Whereas at 6 months of age, H3K4me3 marking was depleted 

compared to 3 month old neurons, and H3K4me3 marking was lower in APP/PS1 neurons 

compared to WT neurons (APP/PS1 max: 2.97, WT max: 3.24; Figure 5.8b). Interestingly, by 

12 months of age, APP/PS1 neurons were enriched ~1.6-fold for H3K4me3 at the TSS 

compared to WT neurons (APP/PS1 max: 8.11, WT max: 5.17; Figure 5.8c).  

Next, H3K4me3 marking was visualised with heatmaps around a 2kb region from TSS of the 

UCSC KnownGene track. H3K4me3 marking was prominent around the TSS of approximately 

half of all sites identified by the UCSC KnownGene track. H3K4me3 marking was present up 

to 1kb upstream of the TSS and to 2kb downstream (Figure 5.8d-f). At 3 months of age 

H3K4me3 marking exhibited an increase in magnitude with similar proportion of TSS in 

APP/PS1 compared to WT neurons (Figure 5.8d). However, at 6 months of age, H3K4me3 

marking covered a similar proportion of TSS, but the magnitude was depleted in APP/PS1 

compared to WT neurons (Figure 5.8e). By 12 months of age, the magnitude and distribution 
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of H3K4me3 marking was increased in APP/PS1 neurons compared to WT control neurons, 

similar to the 3 month time-point (Figure 5.8f).  

Similar to the analysis performed for H3K27ac enrichment at TSS, H3K4me3 was mapped to 

CpG island containing TSS, and non-CpG island containing TSS to identify if there was a 

difference in H3K4me3 marking at these two types of TSS in the APP/PS1 mouse model of 

AD (Figure 5.8g-l). At 3 months of age, the distribution and magnitude H3K4me3 marking 

were enriched to a small degree in APP/PS1 neurons compared to WT controls, with marking 

present at approximately 75% of all CpG islands (Figure 5.8g). At 6 months of age, the 

magnitude and distribution H3K4me3 marking was similar between APP/PS1 and WT 

neurons, but interestingly, the overall magnitude of H3K4me3 marking was lower than in 3 

month old neurons (Figure 5.8h). At 12 months of age, the magnitude of H3K4me3 marking at 

CpG islands was enriched in APP/PS1 neurons compared to WT neurons (Figure 5.8i). In 

comparison, H3K4me3 marking at non-CpG island TSS covered approximately 20% of non-

CpG island TSS (Figure 5.8j-l). At 3 months of age, there was no difference in the distribution 

and magnitude of H3K4me3 at non-CpG island TSS in APP/PS1versus control neurons (Figure 

5.8j), which was maintained at 6 months of age (Figure 5.8k). At 12 months of age both the 

magnitude and distribution of H3K4me3 marking was slightly enriched in APP/PS1 compared 

to WT neurons (Figure 5.8l).  

Together, these results show that although there is little difference in the proportion of TSS 

containing H3K4me3 over time in APP/PS1 neurons, the marking is present in neurons at a 

greater magnitude in APP/PS1 neurons prior to pathology onset and in pathology rich neurons 

compared to WT control neurons. The majority of the differences in H3K4me3 marking are 

driven by differential enrichment found at TSS containing CpG islands. These data demonstrate 

the dynamic nature of H3K4me3 marking around TSS in APP/PS1 neurons through pathology 

onset and accumulation.  
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Figure 5.8: H3K4me3 is enriched at TSS at pre-pathology and pathology-rich timepoints 

in APP/PS1 neurons 

(a-c) Average enrichment plots for H3K4me3 within a 2kb window of TSS for the UCSC 

KnownGene track in APP/PS1 neurons (red) compared to WT control neurons (blue) at (a) 3 

months, (b) 6 months and (c), 12 months of age. Heatmaps of H3K4me3 marking at TSS for 

UCSC KnownGene sorted by strongest (blue) to weakest (red) signal in WT control neurons 

(left) and APP/PS1 neurons (right) at (d) 3 months, (e) 6 months and, (f) 12 months of age.  

Heatmaps of H3K4me3 marking at CpG islands from the UCSC mm10 CpG island track sorted 

by strongest (blue) to weakest (red) signal in WT (left) and APP/PS1 neurons (right) at (g) 3 

months of age, (h) 6 months of age, and (i) 12 months of age. (j-l) Heatmaps of H3K4me3 

marking at non-CpG containing TSS from the UCSC mm10 KnownGene track sorted by 

strongest (blue) to weakest (red) signal in WT (left) and APP/PS1 (right) at (j) 3 months of age, 

(k) 6 months of age, and (i) 12 months of age.   
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5.2.8 H3K4me3 is not dysregulated at enhancers in APP/PS1 neurons 

In the normal mammalian genome, H3K4me3 is generally not found at active enhancer 

elements (Local et al., 2018; Outchkourov et al., 2013; Rada-Iglesias et al., 2011). To determine 

if there was an aberrant change in the distribution of H3K4me3 marking from promoters to 

enhancers in APP/PS1 neurons, average H3K4me3 marking was mapped at a 2kb region 

around all enhancer elements marked by H3K27ac. 

Initially, the average signal for H3K4me3 showed a single peak of enrichment just downstream 

of the mid-point of enhancers that was consistent between APP/PS1 and wild type neurons 

(Figure 5.9a-c). At 3 months, there was ~0.84-fold enrichment of H3K4me3 at enhancers in 

APP/PS1 neurons compared to WT controls (APP/PS1 max: 67.05, WT max: 56.33; Figure 

5.9a). While at 6 months of age, APP/PS1 and WT neurons had similar levels of H3K4me3 

marking at enhancers (APP/PS1 max: 55.46, WT max: 54.42; Figure 5.9c). At 12 months of 

age, APP/PS1 neurons were ~0.81-fold depleted for H3K4me3 at enhancers compared to WT 

neurons (APP/PS1 max: 51.27, WT max: 63.43; Figure 5.9c).  

Next, H3K4me3 was mapped against enhancers and visualised with heatmaps within a 2kb 

window of the mid-point of enhancers. The magnitude of H3K4me3 marking was highly 

enriched at a small proportion of enhancers in both APP/PS1 neurons and WT neurons at all 

time-points (Figure 5.9d-f). The magnitude of H3K4me3 enrichment at enhancers was also 

similar between APP/PS1 and WT neurons at 3, 6 and 12 months of age (Figure 5.9d-f). 

Taken together, these data demonstrate that H3K4me3 marking is not dysregulated at 

enhancers in APP/PS1 neurons, and there is a small subset of enhancers highly enriched for 

H3K4me3 in both APP/PS1 and WT control neurons across all time-points.  
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Figure 5.9: H3K4me3 marking is not dysregulated at enhancers in APP/PS1 neurons 

(a-c) Average enrichment plots for H3K4me3 within a 2kb window of putative enhancers in 

APP/PS1 (red) or WT (blue) at (a) 3 months, (b) 6 months and (c), 12 months of age. Heatmaps 

for H3K4me3 signal in putative enhancers sorted by strongest to weakest signal in WT control 

neurons (left) and APP/PS1 neurons (right) at (d) 3 months, (e) 6 months and, (f) 12 months of 

age.   
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5.2.9 H3K4me3 marking is enriched at sites associated with core molecular 

processes in APP/PS1 neurons 

Gene ontology allows for the prediction of molecular pathways changing as a result of altered 

transcriptional regulation. Here, the ‘GO molecular function’ and the ‘GO biological process’ 

were assessed for the sites of differential H3K4me3 enrichment in APP/PS1 neurons and WT 

control neurons at 3, 6, and 12 months of age using GREAT as previously described (Chapter 

2.23).  

Gene ontology analysis demonstrated that differential enrichment of H3K4me3 in APP/PS1 

neurons was annotated to pathways pertaining to core metabolic processes such as RNA 

modifications and post-translational modifications (Figure 5.10a-e). For example, at 3 months 

of age, ‘GO molecular function’ annotation of H3K4me3 differential enrichment was annotated 

to molecular pathways for ‘unfolded protein binding’, ‘rRNA binding’ and ‘RNA polymerase 

II carboy-terminal domain kinase activity’ among others, and interestingly, ‘histone 

methyltransferase activity (H3K4 specific)’ was also annotated (Figure 5.10a). Whereas at 12 

months of age, the top pathways identified by ‘GO molecular function’ also included ‘RNA 

polymerase II carboxy-terminal domain kinase activity’, ‘mannosyltransferase activity’ and 

‘glutathione peroxidase activity’, but also included ‘TBP-class protein binding’, and ‘protein 

transmembrane transporter activity’ (Figure 5.10b). Analysis of ‘GO biological process’ for 

differentially enriched H3K4me3 sites in 3 month old APP/PS1 neurons identified processes 

including ‘GPI anchor metabolic process’, ‘regulation of gene silencing’, ‘tRNA modification’ 

and interestingly, ‘mRNA stabilisation’ and ‘regulation of protein dephosphorylation’ (Figure 

5.10c). Meanwhile at 12 months of age, pathways identified by ‘GO biological process’ 

included ‘antigen processing and presentation of exogenous peptide antigen’, ‘de novo post-

translational protein folding’ and ‘protein refolding’ (Figure 5.10d). At 6 months of age, gene 

ontology analysis could not be performed due to the small number of differentially enriched 

sites, however a summary of the top sites of differential enrichment demonstrated overlap with 

genes involved in protein modification, ion channel maintenance, and core cell regulatory 

pathways (Figure 5.10e). 
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Figure 5.10: H3K4me3 marking occurs at promoters responsible for core molecular and 

post-transcriptional modification pathways 

(a-e) The top 10 gene ontology predictions ranked by hypergeometric observed gene hits for 

sites of significant H3K4me3 differential enrichment in neurons from APP/PS1 and WT 

control neurons at (a,c) 3 months (pre-pathology) and, (b,d) 12 month (pathology rich) time-

points. Gene ontology annotates differentially enriched H3K4me3 sites in APP/PS1 neurons 

compared to WT control neurons to (a,b) molecular function and, (c,d) biological processes. 

(e) The top 10 differentially enriched sites between APP/PS1 and WT neurons at 6 months of 

age and Entrez gene summary ranked by FDR.   
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5.2.10 H3K4me3 differential enrichment peaks at pre-pathology and 

pathology rich time-points in APP/PS1 neurons 

A comparison of sites that were differentially enriched for H3K4me3 between APP/PS1 and 

WT neurons at 3, 6, and 12 months of age was performed to determine if there are sites that 

overlap. This analysis demonstrated altered H3K4me3 binding through pathology onset and 

progression in APP/PS1 neurons. Initially, there were 35864 sites of H3K4me3 differential 

enrichment specific to 3 month old APP/PS1 neurons, while 572 sites were unique to 6 month 

old, and 19207 sites unique to 12 month old APP/PS1 neurons (Figure 5.11a). Interestingly, 

the majority of H3K4me3 differentially marked sites at 12 months of age overlapped with those 

at 3 months of age (16890 sites; Figure 5.11a), while there were 1833 sites that were 

differentially enriched at all time-points in APP/PS1 neurons compared to WT neurons (Figure 

5.11a).  

Gene ontology analysis was performed for all overlapping H3K4me3 marked sites. Gene 

ontology analysis for ‘GO biological process’ identified H3K4me3 marked sites unique to 3 

months of age were annotated to pathways such as ‘unfolded protein binding’, ‘nuclear export’ 

and ‘spindle assembly’ (Figure 5.11b). Whereas H3K4me3 marked sites unique to 12 months 

of age were annotated to pathways involved in ‘chemosensory behaviour’, ‘regulation of B cell 

receptor signalling pathway’ and ‘mitochondrial calcium ion homeostasis’. H3K4me3 marked 

sites shared between 3 and 12 months of age were annotated to biological processes including 

‘protein folding’, ‘porphyrin-containing compound metabolic process’, ‘macroautophagy’, and 

interestingly ‘tRNA modification’ and the ‘regulation of gene silencing’ (Figure 5.11c). There 

were no pathways annotated for H3K4me3 marking from the remaining overlap comparisons 

between 3 and 6 months, 6 and 12 months, and shared between all time-points. Next, an 

assessment of the overlapping H3K4me3 differentially enriched sites was performed to 

determine whether the shared sites were indicating a recapitulation of the juvenile epigenome 

or dysregulation at sites from the juvenile epigenome. H3K4me3 differential enrichment data 

was subset into enrichment or depletion and an overlap analysis was performed with 

BEDTools. At 3 months of age, 35% of H3K4me3 differentially marked sites that were also 

enriched in 6 month old APP/PS1 neurons compared to wild-type neurons, and less than 1% 

of shared sites were depleted in both 3 month and 6 month old APP/PS1 neurons.  
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Figure 5.11: H3K4me3 differential enrichment peaks at pre-pathology and pathology-

rich time-points in APP/PS1 neurons 

(a) Venn diagram plotting the overlap for differentially enriched H3K4me3 sites in APP/PS1 

versus WT neurons from 3, 6, and 12 months of age. (b) Functional annotations for ‘GO 

biological process’ for the 35864 sites unique to 3 months differential enrichment analysis, (c) 

the 19207 sites unique to 12 month differential binding analysis and, (d) sites shared between 

3 and 12 month months of age.  
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Approximately 62% of differentially marked H3K4me3 sites shared between 3 and 6 months 

of age were enriched in 3 month old APP/PS1 neurons compared to wild-type neurons, but 

depleted in 6 month old APP/PS1 neurons. 28% of H3K4me3 differentially marked sites were 

enriched in both 6 month, and 12 month old APP/PS1 neurons. While ~10% of H3K4me3 

differentially marked sites were enriched at 6 months of age but depleted at 12 months of age, 

and 60% of H3K4me3 differentially marked sites were depleted at 6 months of age but enriched 

at 12 months of age in APP/PS1 neurons. There were far more sites overlapping between 3 

months of age and 12 months of age: ~90% H3K4me3 differentially marked sites were enriched 

in both 3 month and 12 months old APP/PS1 neurons (including sites identified to be shared 

between all time-points), while only 1.4% of sites were depleted at both time-points in 

APP/PS1 neurons.  

Table 5.2: H3K4me3 marking is consistently enriched in pre-pathology and pathology 

rich neurons 

 Consistently Enriched Depleted 
 Enriched Depleted depleted enriched 

3 vs 6 month 693 (35.4%)  7 (<1%) 1220 (62.4%) 36 (1.8%) 

6 vs 12 month 567 (28.6%) 15 (<1%) 206 (10.4%) 1195 (60.3%) 

3 vs 12 month 14104 (89.5%) 222 (1.4%) 1220 (7.7%) 205 (1.3%) 
 

Taken together, these data demonstrate that H3K4me3 enrichment peaked in neurons prior to 

pathology onset and in pathology rich neurons. H3K4me3 marking was highly specific at 3 and 

12 months of age, although more than 15000 sites were shared between 3 and 12 month old 

neurons, of which the vast majority were consistently enriched in both time points. These data 

demonstrate a partial recapitulation of a juvenile histone landscape in 12 month old APP/PS1 

neurons. 
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5.2.11 H3K27ac and H3K4me3 are enriched in known AD risk variants  

Previous studies have shown that histone modifications are dysregulated at known AD risk loci 

in mouse models and post-mortem human entorhinal cortex from AD cases (Gjoneska et al., 

2015; Marzi et al., 2018). To determine whether H3K27ac or H3K4me3 marking was 

dysregulated at sites of known AD risk variants, differentially enriched H3K27ac and 

H3K4me3 marked sites from APP/PS1 neurons were annotated to known AD risk variants 

(Giri, Zhang, & Lü, 2016). H3K4me3 and H3K27ac marking were enriched at 22 AD risk 

variant loci in neurons from APP/PS1 mice, including well-established loci from previous 

genome-wide association studies; Bin1, Clu and Picalm (Table 5.3) (Harold et al., 2009; 

Seshadri et al., 2010). Risk loci including Clu, Cr1, Bin1, Cd2ap, Picalm, Mef2c, Cass4, 

Zcwpw1, Celf1, Fermt2, Slc24a4, Pld3, Unc5c, Akap9, Adam10 were enriched for H3K27ac 

marking in APP/PS1 neurons at 3 months of age (Table 5.3). While Clu, Sorl1, Cr1, Bin1, 

Cd2ap, Picalm, Epha1, Inpp5d, Ptk2b, Zcwpw1, Celf1, Fermt2, Slc24a4, Pld3, Unc5c, Akap9 

and Adam10 were enriched for H3K4me3 marking in 3 month old APP/PS1 neurons. 

Interestingly Clu, Sorl1, Bin1, Cd2ap, Mef2c, Ptk2b, Celf1, Fermt2, Scl24a4, and Unc5c were 

enriched for H3K27ac marking in 6 month old APP/PS1 neurons, while Sorl1 was the only risk 

loci that was enriched for H3K4me3 marking in APP/PS1 neurons at 6 months of age. At 12 

months of age, H3K27ac marking was enriched in neurons at Bin1, Cd2ap, Picalm, Ptk2b, 

Celf1, and Unc5c loci. While Bin1, Cd2ap, Picalm, Mef2c, Ptk2b, Zcwpw1, Celf1, Fermt2, 

Slc24a4, Pld3 and Unc5c were enriched for H3K4me3 marking in 12 month old APP/PS1 

neurons. 7 of the 22 annotated AD risk alleles were depleted for H3K4me3 or H3K27ac 

marking in APP/PS1 neurons. At 3 months of age, Mef2c was depleted for H3K4me3 marking, 

while Sorl1, Inpp5d, and Ptk2b were depleted for H3K27ac marking in APP/PS1 neurons. At 

6 months of age, H3K4me3 marking was depleted from Picalm, Celf1, and Pld3 risk loci in 

APP/PS1 neurons, and no risk loci were depleted for H3K27ac marking, similar to 12 months 

of age, where no AD risk loci were depleted for H3K4me3 or H3K27ac marking in APP/PS1 

neurons.  

In summary, known AD risk loci are dysregulated in neurons from APP/PS1 mice, including 

well established risk loci from genome-wide association studies such as Clu, Picalm and Bin1. 

The majority of AD risk loci were significantly enriched for H3K27ac and H3K4me3 marking 

in APP/PS1 neurons, while few risk loci were depleted for H3K27ac and H3K4me3 marking 

in APP/PS1 neurons. Surprisingly, AD risk loci were enriched for H3K27ac and H3K4me3 

prior to pathology onset.  
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Table 5.3: H3K4me3 and H3K27ac are differentially enriched at AD risk loci 
Gene Function H3K4me3 

3 month 
H3K4me3 
6 month 

H3K4me3 
12 month 

H3K27ac 
3 month 

H3K27ac 
6 month 

H3K27ac 
12 month 

Clu Synapse turnover, 
chaperone protein 

Enriched - Enriched Enriched Enriched - 

Abca7 Phagocytosis, lipid 
homeostasis 

- - Enriched - - - 

Sorl1 Endocytosis, receptor for 
APOE, processing of 
APP 

Enriched Enriched Enriched Depleted Enriched - 

Cr1 Amyloid β clearance, 
complement activation 

Enriched - Enriched Enriched - - 

Ms4a Signal transduction, 
immune function 

- - Enriched - - - 

Bin1 Synaptic vesicle, APP 
trafficking, cytoskeletal 
dynamics 

Enriched - Enriched Enriched Enriched Enriched 

Cd2ap Receptor-mediated 
endocytosis,cytoskeletal 
dynamics 

Enriched - Enriched Enriched Enriched Enriched 

Picalm Clathrin-mediated 
endocytosis 

Enriched Depleted Enriched Enriched - Enriched 

Epha1 Synaptic development, 
immune function, neural 
development 

Enriched - - - - - 

Inpp5d Cytokine signaling, 
immune function 

Enriched - - Depleted - - 

Mef2c Myogenesis, synapse 
formation 

Depleted - Enriched Enriched Enriched - 

Cass4 Cell migration, cell 
adhesion 

- - - Enriched - - 

Ptk2b Calcium homeostasis, 
MAP kinase signalling 

Enriched - Enriched Depleted Enriched Enriched 

Zcwpw1 Epigenetic regulation, 
neural development 

Enriched - Enriched Enriched - - 

Celf1 mRNA editing, pre-
mRNA splicing 

Enriched Depleted Enriched Enriched Enriched Enriched 

Fermt2 Cell–cell adhesion, 
angiogenesis 

Enriched - Enriched Enriched Enriched - 

Slc24a4 Cell signalling, neural 
development 

Enriched - Enriched Enriched Enriched - 

Pld3 Signal transduction, 
epigenetic modification 

Enriched Depleted Enriched Enriched - - 

Unc5c Neural development Enriched - Enriched Enriched Enriched Enriched 

Akap9 Signal transduction Enriched - Enriched Enriched - - 

Adam10 Hippocampal 
neurogenesis, cell 
adhesion 

Enriched - Enriched Enriched - - 
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5.2.12 H3K27ac and H3K4me3 enriched sites are transcribed in human AD 

cases 

Recently, studies have utilised single cell sequencing techniques to show differential 

expression of RNA transcripts in numerous cell-types between age matched controls and AD 

cases, demonstrating cell-type specific transcriptional dysregulation in AD (Mathys et al., 

2019). To validate the data in the current study, a comparison between the neuronal 

transcriptomic data from Mathys, et al., (2019) and the genes that were differentially enriched 

for H3K27ac and H3K4me3 marking in 12 month APP/PS1 neurons was performed. 5802 of 

the 6550 genes that were differentially expressed (88%) in human neurons between control and 

AD cases identified by Mathys, et al., (2019) were identified as having differential enrichment 

of H3K4me3 between wild-type and APP/PS1 neurons (Figure 5.12a). Furthermore 5793 of 

the 6557 (88.3%) genes that were differentially expressed in neurons between human control 

and early AD cases (Mathys et al., 2019) were differentially enriched for H3K4me3 marking 

between wild-type and APP/PS1 neurons (Figure 5.12b). However, 872 of 6550 genes (13.3%) 

that were differentially expressed between neurons from control versus AD cases were 

identified as having differential enrichment for H3K27ac marking in APP/PS1 neurons versus 

wild-type neurons (Figure 5.12c). Finally, 876 of 6557 genes (13.3%) that were differentially 

expressed between neurons from human control versus early AD cases also exhibited 

differential enrichment for H3K27ac marking in wild-type neurons versus APP/PS1 neurons 

(Figure 5.12d). Of note, as the number of genes that were differentially enriched for H3K4me3 

and H3K27ac marking between wild-type and APP/PS1 neurons in this study were 15228 and 

1854, respectively, this represents ~38% and ~47% overlap of the mouse data with 

differentially expressed genes between human control and AD neurons.  

Taken together, these data validate the differential enrichment from H3K4me3 and H3K27ac 

ChIP-seq experiments and demonstrate that H3K4me3 and H3K27ac marking from APP/PS1 

neurons can somewhat predict changes in gene expression in human neurons in AD. 

Furthermore, these data suggest that the changes in chromatin structure identified in the current 

study do not always lead to a change in transcription and warrant further investigation.  
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Figure 5.12: Genes differentially enriched for H3K27ac and H3K4me3 marking are also 

differentially expressed in human AD 

(a) Venn diagram plotting the overlap of genes differentially enriched for H3K4me3 marking 

in 12 month old wild-type versus APP/PS1 neurons (blue) compared to differentially expressed 

genes in neurons from human control versus AD cases (purple). (b) Venn diagram plotting the 

overlap for genes with differential H3K4me3 marking in 12 month old wild-type versus 

APP/PS1 neurons (blue) compared to differentially expressed genes from human control 

neurons versus those in early-AD cases (purple). (c) Venn diagram plotting the overlap of genes 

differentially enriched for H3K27ac marking in neurons from 12 month old wild-type versus 

APP/PS1 mice (blue) compared to differentially expressed genes in human neurons in aged 

controls versus AD cases (purple). (d) Venn diagram plotting the overlap for genes 

differentially enriched for H3K27ac in 12 month old wild-type neurons versus APP/PS1 

neurons (blue) compared to differentially expressed genes from human neurons in controls 

versus early-AD cases (purple).   
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5.3 Discussion 

This study was the first to characterise both H3K27ac and H3K4me3 marking in neurons from 

APP/PS1 transgenic AD mice and WT control mice at 3, 6, and 12 months of age, representing 

pre-pathology, pathology onset, and pathology rich time-points in this amyloidosis model 

(Garcia-Alloza et al., 2006; Jankowsky et al., 2004). These data demonstrated widespread 

enrichment for H3K4me3 marking prior to pathology onset and in pathology rich cases in 

APP/PS1 neurons, while the majority of differential H3K27ac marking in APP/PS1 neurons 

occurred prior to or at pathology onset with few changes in pathology rich cases compared to 

WT control neurons. Furthermore, gene ontology analysis showed epigenetic dysregulation to 

be occurring at the promoters for key neuronal pathways implicated in the regulation of 

synaptic plasticity, as well as core molecular pathways for post-transcriptional modifications 

in APP/PS1 neurons compared to WT control neurons. Strikingly, a partial recapitulation of 

the juvenile epigenome was observed in APP/PS1 neurons in pathology rich cases.  

 

Soluble Aβ may contribute to dysregulation of the neuronal epigenetic landscape pre-

pathology in APP/PS1 mice 

APP/PS1 mice at 3 months of age represents a pre-pathology time-point (Garcia-Alloza et al., 

2006; Jankowsky et al., 2004). Surprisingly, the epigenome was highly dynamic in neurons 

from 3 month old APP/PS1 mice compared to WT control mice. Widespread enrichment of 

H3K27ac and H3K4me3 marking was observed across the genome in APP/PS1 neurons 

compared to WT control neurons. The enrichment of H3K27ac and H3K4me3 marking is 

generally associated with increased transcriptional activity (Creyghton et al., 2010b; Santos-

Rosa et al., 2002; Z. Wang et al., 2008; Wysocka et al., 2006). Differential H3K4me3 marking 

was concentrated at the TSS of 3 month old APP/PS1 neurons, and specifically at CpG island 

containing TSS, and was not abnormally located at enhancer elements. Alongside enrichment 

at promoters at 3 months of age, H3K27ac marking was also depleted from enhancers, and 

interestingly, enriched at known cortical super enhancers in neurons from APP/PS1 mice. 

Super enhancers are large clusters of transcriptional enhancers that drive expression of genes 

that regulate cellular identity, maintain pluripotent state, and control differentiation from 

pluripotent stem-cells to terminally differentiated cell-types (Hnisz et al., 2013; Whyte et al., 

2013). There have been 389 cortical super enhancers identified to date that regulate cell-type 

specific gene expression in the cortex (Khan & Zhang, 2016). The redistribution of neuronal 
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H3K27ac marking in APP/PS1 mice from enhancers to super-enhancers in the current study 

may indicate a loss of normal neuronal gene function. This was further illustrated by 

differential H3K27ac marking in neurons from APP/PS1 mice being annotated to pathways for 

the regulation of synaptic plasticity, membrane depolarisation, neurotransmitter secretion and 

calcium ion transmembrane transport at 3 months of age. Dysregulation of super-enhancers has 

also been previously identified in Huntington’s disease, altering genes involved in neuronal 

identity (Achour et al., 2015; Le Gras et al., 2017), and a single study has identified a range of 

AD associated single nucleotide polymorphisms to overlap known super-enhancers, including 

super enhancers for BIN1, which was identified to be differentially enriched for histone 

marking in the current study and has been previously implicated in AD (Chapuis et al., 2013; 

Hnisz et al., 2013). However, as super-enhancers have only recently been discovered this is the 

first study of the epigenetic regulation around super-enhancers in AD to date.  

Strikingly, there was widespread disruption of histone marking in neurons from APP/PS1 mice 

at 3 months of age. APP/PS1 mice harbour familial AD transgenes that are over-expressed 

from birth (Garcia-Alloza et al., 2006). Although Aβ plaque accumulation does not occur until 

approximately 6 months of age in APP/PS1 mice, soluble oligomeric Aβ can be detected as 

early as 1-2 months of age (Garcia-Alloza et al., 2006; Trinchese et al., 2004). Previous 

literature has demonstrated soluble oligomeric Aβ to be neurotoxic in mouse brain slice 

cultures at nanomolar doses, disrupt cognitive function and learned behaviour, and disrupt 

long-term potentiation in mice and rat hippocampal slices (James P. Cleary et al., 2004; Koffie 

et al., 2009a; Mota, Ferreira, Pereira, Oliveira, & Rego, 2012; Walsh et al., 2002; H. W. Wang 

et al., 2002) (review:(John Hardy & Selkoe, 2002)). Thus, the altered distribution of H3K27ac 

and H3K4me3 in APP/PS1 neurons at 3 months of age is likely due, at least in part, to the 

accumulation of soluble Aβ. This current study (including data in Chapter 4 and Chapter 5) has 

demonstrated that the epigenome is highly dynamic in neurons at 3 months of age. Thus, an 

alternate, but not mutually exclusive hypothesis is that the accumulation of soluble Aβ may 

have disrupted the maturation of the neuronal epigenome at 3 months of age. This is also 

supported by emerging literature that has shown that pyramidal neurons in the cortex are still 

undergoing synaptic pruning at 3 months of age (Handley et al., 2017). It is likely that some of 

the differences between 3 and 6 month old neurons represent an age of transition between 

juvenile and young adult mice. Total brain volume dramatically increases up to 3 months of 

age, though myelination is still occurring between 3 and 6 months of age (Fu et al., 2013). 

Adult levels of neurotransmitters and synaptic density stabilise after 3 months of age in mice, 
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which is associated with the emergence of adult behavioural tendencies such as reduced risk 

taking and increased parental tendencies (Fu et al., 2013) (review: (Semple et al., 2013). 

Differential enrichment of H3K27ac in 3 month old APP/PS1 neurons was annotated to 

pathways involved in synaptic plasticity, calcium ion transport, membrane depolarisation, and 

mRNA processing. These findings are supported by previous AD literature. Alterations to 

synaptic transmission have been observed in APP/PS1 mice prior to pathology onset (Trinchese 

et al., 2004; Unger et al., 2016). Interestingly, exposure of soluble oligomeric Aβ also impaired 

long-term potentiation in hippocampal slices of 2-3 month old C57/BL6 mice (Puzzo et al., 

2005; Shankar et al., 2008). Intracellular calcium homeostasis and calcium signalling have also 

been implicated in AD (reviews: (Demuro, Parker, & Stutzmann, 2010; Magi et al., 2016)). In 

line with the gene ontology data presented in the current study, it has been previously suggested 

that Aβ oligomers can form calcium-permeable channels in membranes that reduce synaptic 

plasticity and cause cytotoxicity in APPswe, and 3xTg mouse models of AD (Arispe, Pollard, 

& Rojas, 1993; Lopez et al., 2008). However, previous literature has also reported that 3 month 

old APP/PS1 mice do not show elevated calcium levels (Kuchibhotla et al., 2008). Taken 

together, these data indicate that soluble Aβ may be causing disruption to the neuronal 

epigenome prior to pathology onset in neurons from APP/PS1 mice.  

Interestingly, gene ontology analysis of differential H3K4me3 marking indicated that pathways 

associated with RNA modification and stabilisation, gene silencing, protein localisation, and 

dephosphorylation were disrupted in 3 month old APP/PS1 neurons. Many of these pathways 

identified in the current study have been implicated in the AD literature. Indeed, some aspects 

of RNA processing, such as RNA splicing are dysregulated in AD, with accumulation of 

unspliced RNA products accumulating in the post-mortem human frontal cortex (Bing Bai et 

al., 2013). Hyperphosphorylation is widely implicated in AD literature. For example, paired 

helical filaments of hyperphosphorylated tau is a pathological hallmark of AD, resulting in 

disruption to microtubules and altered cytoskeletal integrity (Arriagada et al., 1992; Berg et al., 

1998; M. E. Murray et al., 2015). While NFTs are not observed in APP/PS1 mice, neuritic 

processes containing hyperphosphorylated tau have been reported in 8 month old APP/PS1 

mice (Maia et al., 2013; Radde et al., 2006). It is possible that soluble Aβ dysregulates common 

phosphorylation pathways, resulting in altered histone phosphorylation and epigenetic 

regulation of the transcriptome, or alternatively acetylation and aceylation of proteins is 

disrupted in AD (reviews: (Banerjee & Chakravarti, 2011; Rossetto, Avvakumov, & Côté, 

2012)). Gene ontology data for differential H3K4me3 marking in 3 month old APP/PS1 
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neurons also identified gene silencing pathways as disrupted in AD. The genes associated with 

this term included Tet1, Sirt1, Cdk2, Apobec1, Sin3a, Phf2/8, Tnrc6c and the Hist1h family, 

many of which are involved in epigenetic regulation of transcription. Interestingly, epigenetic 

silencing of pathways involved in Aβ production have been implicated as an intervention to 

slow amyloid deposition (Scarpa, Fuso, D'Anselmi, & Cavallaro, 2003). It is possible that gene 

silencing pathways are altered in 3 month old APP/PS1 neurons, potentially to compensate for 

the overexpression of familial AD transgenes from birth in APP/PS1 mice. Alternatively, it is 

also possible that the change in histone marking that was observed in 3 month old neurons is a 

consequence of other epigenetic and chromatin changes that were not examined in the current 

study.  

 

Pathology onset is associated with enrichment of H3K27ac marking in APP/PS1 neurons at 

enhancers and neuronal super-enhancers, potentially to promote neuronal function 

6 month old APP/PS1 mice exhibit the appearance of Aβ plaque pathology, and represent 

pathology onset in this amyloidosis model (Garcia-Alloza et al., 2006; Jankowsky et al., 2004). 

Differential enrichment analysis showed that H3K27ac marked sites were enriched in APP/PS1 

neurons compared to WT control neurons at 6 months of age, however there was minimal 

change in H3K4me3 marking in 6 month old APP/PS1 neurons. At 6 months of age H3K27ac 

marking was slightly enriched at TSS in APP/PS1 neurons compared to WT controls, while 

there was no change in H3K4me3 enrichment at TSS in APP/PS1 neurons. Interestingly, at 6 

months of age H3K27ac marking was enriched at enhancers and super-enhancers in APP/PS1 

neurons compared to WT control neurons. Enrichment of H3K27ac at TSS, enhancers, and 

super enhancers in APP/PS1 neurons at 6 months of age may be due to the activation of 

neuronal specific functions, potentially as a compensatory mechanism to Aβ plaque 

accumulation (Hnisz et al., 2013; Whyte et al., 2013). The enrichment of H3K27ac marking in 

pathways from neuronal specific functions at 6 months of age could be associated with Aβ 

plaque deposition and the associated disruption to the neuropil, including plaque-associated 

synapse loss and dystrophic neurites (Garcia-Alloza et al., 2006; Jankowsky et al., 2004; Mitew 

et al., 2013a, 2013b). Furthermore, soluble Aβ would still be present in the brain at 6 months 

of age leading to disruption to neuronal connections. For instance, dendritic spine loss is known 

to begin in the presence of soluble Aβ prior to plaque formation, and dendritic spines loss 

persists in pathology rich APP/PS1 brains (Bittner et al., 2012).  
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Differential H3K27ac marking in 6 month old APP/PS1 neurons was enriched at sites 

pertaining to synaptic plasticity, protein depolymerisation, RNA processing and the regulation 

of protein complex disassembly. As previously discussed, deficits in synaptic plasticity have 

been identified in APP/PS1 mice as early as 3 months of age, and have been shown to increase 

with Aβ plaque deposition (Trinchese et al., 2004; Unger et al., 2016). While studies of synaptic 

deficits in human AD have also observed cholinergic dysfunction to occur in early-AD and be 

proportional to Aβ plaque load (Potter et al., 2011). Furthermore, Aβ induced protein 

depolymerisation has been previously shown to occur in hippocampal cultures, causing DNA 

fragmentation and microtubule deregulation, possibly due to disruption of NMDA receptor 

function (Mota et al., 2012). It may also be possible that hyperphosphorylation of tau leads to 

depolymerisation of microtubules, or alternatively that microtubules depolymerise leading to 

excess tau in the soma of neurons that may be prone to hyperphosphorylation and aggregation 

(reviews: (Brandt & Bakota, 2017; Jean & Baas, 2013)). In the current study, RNA processing 

was annotated to genes including Ago2, Ahcyl1, Btg2, Celf3/4/6, Cnot1/7, and Cpeb3 which 

regulate RNA splicing, RNA mediated gene silencing and mRNA deadenylation. Intracellular 

inclusions of RNA splicing products have been described in AD brains, accumulating in some 

cases around intracellular tau tangles (B. Bai et al., 2013). Moreover, aberrant pre-mRNA 

splicing is dysregulated in the dorsolateral prefrontal cortex of AD brains (Towfique Raj et al., 

2018) (review: (Koch, 2018)). 

Although gene ontology analysis was not possible for H3K4me3 marking at 6 months of age 

due to the low number of differentially marked sites, individual sites of H3K4me3 enrichment 

were at genes related to intracellular trafficking, ion channel maintenance, synaptic plasticity, 

and cell survival and DNA repair, which align with the previous literature (Mota et al., 2012; 

Potter et al., 2011). Literature suggests that impairment of axonal retrograde transporters 

contributes to aberrant Aβ production and clearance, possibly due to accumulation of axonal 

lysosomes (Gowrishankar et al., 2015). Moreover, a range of studies have implicated 

hyperphosphorylation of tau in AD to cause impairment of axonal transport, leading to the 

decay of synapses and subsequent neurodegeneration (review: (Mandelkow, Thies, Konzack, 

& Mandelkow, 2009)). Post-mitotic neuronal cells are particularly vulnerable to the effects of 

oxidative stress in the aging brain, which is further exacerbated in AD (Miquel et al., 1980; X. 

Wang et al., 2005) (review: (Xinkun Wang & Michaelis, 2010)). The accumulation of reactive 

oxygen species has been linked with subsequent DNA damage in AD and is suggested to be 

one of the earliest detectable events in AD (review: (Coppede & Migliore, 2009)). Recent 
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studies have suggested that the DNA damage response is compromised in the AD brain 

(review: (Wezyk & Zekanowski, 2018). Furthermore, core proteins in the DNA damage 

response such as BRCA1 are depleted from the AD brain, inhibiting DNA repair pathways and 

leading to downstream neuronal dysfunction and cell death (Suberbielle et al., 2015). 

Interestingly, ion channel maintenance was among the pathways enriched for H3K4me3 

marking. Appropriate maintenance of synaptic ion channels is essential to proper synaptic 

transmission and plasticity. Dysfunction of NMDA channels have been shown to disrupt cell 

membrane potential and lead to cell death in AD (review: (Yan Zhang, Li, Feng, & Wu, 2016)). 

Post-synaptic AMPA receptor function is also reduced in hippocampal neurons of APP/PS1 

mice (Chang et al., 2006). Alongside AMPA and NMDA receptors, a range of other ion 

channels contribute to neuronal excitability, including voltage-gated ion channels, many of 

which have been reported in AD literature (Boda, Hoxha, Pini, Montarolo, & Tempia, 2012; 

Poulopoulou et al., 2010) (review: (Cochran, Hall, & Roberson, 2014)).  

It is likely that a combination of both soluble Aβ accumulation and Aβ plaque deposition and 

its sequelae contribute to the disruption of the neuronal epigenome at pathology onset in 

APP/PS1 mice.   

 

Aβ plaque accumulation is associated with H3K4me3 enrichment that promotes inflammatory, 

protein refolding, and developmental pathways in neurons from pathology rich APP/PS1 mice 

Aβ plaque pathology is considered one of the key pathological hallmarks of AD (review: (John 

Hardy & Selkoe, 2002)). 12 month old APP/PS1 mice exhibit extensive Aβ plaque deposition 

and recapitulate the Aβ plaque-associated neuronal pathology in human early sporadic AD 

cases (Garcia-Alloza et al., 2006; Jankowsky et al., 2004; Mitew et al., 2013a, 2013b; A. 

Woodhouse et al., 2009). The data presented in this study demonstrated enrichment of 

H3K4me3 marking, but minimal enrichment of H3K27ac marking in neurons from APP/PS1 

mice at 12 months of age. H3K4me3 marking was enriched predominantly around TSS that 

contained CpG islands in APP/PS1 neurons compared to WT control neurons, but not in 

enhancers. Whereas there was slight enrichment for H3K27ac at the TSS, but no change at 

enhancers in 12 month old APP/PS1 neurons compared to WT control neurons. The enrichment 

of H3K4me3 in pathology rich neurons may act as a compensatory mechanism to Aβ plaque 

formation, soluble Aβ and synaptic loss, or as a downstream consequence of Aβ accumulation.  
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Gene ontology analysis further illustrated the effects of differential H3K4me3 marking from 

APP/PS1 neurons at 12 months of age, which were annotated to pathways including immune 

response, protein refolding, and antigen processing and presentation. There is strong evidence 

to suggest that misfolded Aβ intermediates, such as Aβ fibrils, act as precursors to core Aβ 

plaque pathology (review: (Fink, 1998)). Indeed, there are a number of pathways for correcting 

misfolded proteins with chaperones to destabilise abnormal conformations or promote 

refolding through heat shock protein complexes that are activated in AD (review: (Hartl, 

Bracher, & Hayer-Hartl, 2011; Koren et al., 2009)). H3K4me3 may be enriched to increase the 

activation of protein folding complexes in response to severe Aβ pathology in 12 month old 

APP/PS1 brains. Activation of the innate immune system and inflammation are other hallmarks 

of AD and have been widely implicated to be a driving force in the neurodegeneration seen in 

the disease (review: (Tony Wyss-Coray, 2006)). In particular, activated microglia and reactive 

astrocytes are observed around Aβ plaques (Ansoleaga et al., 2015; Itagaki et al., 1989). 

Widespread activation of microglia occurs in AD, and microglia can internalise and degrade 

Aβ (review: (C. Y. D. Lee & Landreth, 2010)). Studies have shown that the immune response 

increases between 6 and 12 months of age in APP/PS1 mice (Ansoleaga et al., 2015). Several 

immune response risk alleles have also been implicated in AD pathogenesis and progression 

(Giri et al., 2016). However, it was surprising that the current study identified immune response 

and antigen processing and response pathways to be differentially enriched for H3K4me3 

marking in neurons from 12 month old APP/PS1 mice. It may be possible that neurons are also 

activating immune response pathways to further illicit an immune response as a result of Aβ 

accumulation in the pathology rich brain (Peltier, Simms, Farmer, & Miller, 2010) (review: 

(Veiga-Fernandes & Artis, 2018)).   

Interestingly, there was minimal change to H3K27ac marking in neurons from 12 month old 

APP/PS1 mice. There was a total of 2150 differentially enriched H3K27ac marked sites in 

APP/PS1 neurons at 12 months of age. There was also little difference in H3K27ac marking 

between APP/PS1 neurons and WT control neurons at 12 months of age at enhancers and super-

enhancers. Interestingly, the number of differentially enriched H3K27ac marked sites 

decreased in neurons across the time-course of Aβ accumulation. Meanwhile, gene ontology 

terms annotated by differential H3K27ac marking in 12 month old APP/PS1 neurons included 

pathways involved in synaptic plasticity, protein localisation, dephosphorylation, dendrite 

development, maintenance of location, and cerebellum development. Literature has suggested 

that dendritic sprouting occurs in AD (Masliah et al., 1991). Growth associated protein 43 
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(GAP-43) is critical to dendritic growth in developing neurons, and is associated with 

regenerating dendrites (review: (Benowitz & Routtenberg, 1997)). Interestingly, GAP-43 is 

present in coiled fibres in dystrophic neurites, pathology may be involved in synaptic pathology 

in AD cortex (Masliah et al., 1991). While studies have shown a reduction of GAP-43 in the 

frontal cortex, CA1 and CA4 regions of the hippocampus (Ansoleaga et al., 2015). 

Furthermore, the use of HDAC inhibitors to increase histone acetylation has resulted in 

increased dendritic sprouting and synaptogenesis in pathology rich CK-p25 mice (Fischer, 

Sananbenesi, Wang, Dobbin, & Tsai, 2007b) (review:(Arendt, 2009)).  

The dense pathology burden seen in 12 month old APP/PS1 animals may cause enrichment for 

neuronal H3K4me3 marking at the TSS for metabolic processes such as protein refolding, and 

immune system responses, possibly to compensate for Aβ aggregation and its sequelae. 

However it is important to note that disruption of the epigenome may also contribute to the 

pathology onset and progression seen in AD.  

 

A partial recapitulation of a juvenile-like epigenetic signature occurs in neurons from 

pathology rich APP/PS1 mice 

By comparing differential enrichment of H3K27ac and H3K4me3 marking across 3, 6, and 12 

months of age, this study observed sites that were shared across the time-course of Aβ 

pathology accumulation. Unexpectedly, the majority of differentially enriched H3K27ac and 

H3K4me3 marked sites in APP/PS1 neurons at 3 and 12 months of age were shared between 

these time-points. This posed the question of whether the shared differentially enriched sites 

were consistently enriched, demonstrating a recapitulation of a juvenile-like epigenetic state, 

or whether dysregulation in neurons from pathology rich APP/PS1 neurons was occurring at 

previously enriched sites of H3K27ac and H3K4me3 marking from juvenile mice. Strikingly, 

the majority of enriched H3K27ac marked sites (69.6%) and the vast majority of differentially 

enriched H3K4me3 marked sites (89.5%) that were shared between 3 and 12 month old 

APP/PS1 neurons were consistently enriched at both time-points. These data indicate that 

APP/PS1 neurons from a pathology rich environment partially recapitulate a juvenile-like 

histone landscape. Differentially enriched H3K27ac marked sites shared between 3 and 12 

month old APP/PS1 neurons were annotated to pathways including protein localisation, 

synaptic plasticity, calcium ion transport, and dendrite development. Similar pathways were 

identified in the gene ontology analysis of all H3K27ac differentially enriched sites in APP/PS1 
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neurons when the 3 and 12 month old time points were analysed individually. Whereas 

differentially enriched H3K4me3 marked sites that were shared between APP/PS1 neurons 

from 3 and 12 months of age were mostly from pathways implicated in protein folding (review: 

(Soto & Pritzkow, 2018)), glycosylphosphatidylinositol (GPI) anchoring and autophagic 

pathways (review: (Uddin et al., 2018)). GPI anchoring and lipid based transport has been 

previously implicated in APP processing in-vitro, and is thought to be involved in APP and Aβ 

trafficking and key to the regulation of Aβ processing (Cordy, Hussain, Dingwall, Hooper, & 

Turner, 2003) (review:(Cordy, Hooper, & Turner, 2006)).  

Interestingly, previous literature has also identified a recapitulation of juvenile pathways in 

AD. Several regulators for initiating and arresting the cell cycle have been implicated in AD, 

suggesting that reactivation of the cell cycle may occur in terminally differentiated neurons in 

the AD brain. For example, P16, CDK4, and hyperphosphorylated retinoblastoma protein, 

which are all key proteins in the regulation of cell cycle are disrupted in pyramidal neurons 

from human AD hippocampus and in the 3xTg mouse model of AD (Hradek et al., 2015; 

McShea, Harris, Webster, Wahl, & Smith, 1997). It is possible that reactivation of these 

pathways inhibits normal neuronal function and apoptotic pathways in impaired neurons, 

exacerbating AD progression (review: (Moh et al., 2011)). Studies have also shown that 

markers of synaptic and dendritic growth are upregulated as a result of Aβ pathology in CK-

p25 mice and neurons from post-mortem AD hippocampus (Fischer et al., 2007b; McKee, 

Kowall, & Kosik, 1989). Growth associated proteins have also been identified to be 

upregulated in the AD brain and CSF of AD patients as a result of Aβ and tau accumulation 

(Masliah et al., 1991; Sandelius et al., 2019).  

Together these data demonstrate a partial recapitulation of a juvenile-like epigenome in 

neurons from pathology rich APP/PS1 mice. The disruption to the normal epigenome may be 

driving mechanism, or occur as a downstream consequence of Aβ accumulation, or indeed may 

act as a compensatory mechanism against pathology accumulation. 

 

Enrichment of H3K27ac and H3K4me3 at known AD risk variants in neurons from APP/PS1 

mice 

Genome-wide association studies have established a number of gene variants to be associated 

with AD (Harold et al., 2009; Seshadri et al., 2010). A wide array of research has identified 

that these AD risk loci have roles in synaptic plasticity, protein trafficking, cytoskeletal 
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dynamics, immune function and other neuronal processes (review: (Giri et al., 2016)). The 

current study demonstrated H3K27ac and H3K4me3 marking was differentially enriched in 

APP/PS1 neurons at 22 known AD risk loci, including Clu, Abca7, Sorl1, Cr1, Ms4a, Bin1, 

Cd2ap, Picalm, Epha1, Inpp5d, Mef2c, Cass4, Ptk2b, Zcwpw1, Celf1, Fermt2, Slc24a4, Pld3, 

Unc5c, Akap9, and Adam10. Unexpectedly, the majority of the identified AD risk variants were 

enriched for H3K27ac and H3K4me3 marking in APP/PS1 neurons prior to pathology onset, 

however there were few AD risk loci that were differentially enriched for H3K27ac and 

H3K4me3 marking at pathology onset in 6 month old neurons. Several AD risk variants have 

been differentially enriched for histone modifications in AD. Gjoneska and colleagues (2015) 

also observed differential enrichment of histone modifications at the Abca1, Slc39a13, Picalm, 

Bin1, Inpp5d, and Rrbp1 AD risk loci in the CK-p25 mouse model of neurodegeneration. While 

Marzi, et al., (2018) determined that APOE, CR1, APP, PS1, PS2 and MAPT to be differentially 

enriched for H3K27ac marking in the post-mortem human entorhinal cortex from AD cases. 

Indeed, CpG islands within AD risk variants including ANK1, BIN1, RHBDF2, ABCA7 have 

also been shown to be hypermethylated in AD, implicating epigenome wide alterations to AD 

risk alleles in the disease (P. L. De Jager et al., 2014; Lunnon et al., 2014). From the data 

presented here and previous literature, it is plausible that early- and late onset AD share similar 

pathogenic pathways, of which many are impacted by epigenetic dysregulation.   

 

Genome-wide analysis of isolated neuronal nuclei demonstrate a distinct pattern of histone 

modification marking in AD  

This was the first study to characterise both H3K4me3 and H3K27ac in neurons across a time-

course of amyloidosis. H3K4me3 and H3K27ac are generally associated with active promoters 

and enhancers respectively (Creyghton et al., 2010b; Santos-Rosa et al., 2002; Z. Wang et al., 

2008; Wysocka et al., 2006). There have been 5 studies to date that have performed ChIP-seq 

in human AD cases or animal models of AD (Benito et al., 2015; Gjoneska et al., 2015; Klein 

et al., 2019; Marzi et al., 2018; Nativio et al., 2018). Despite the differences in methodology, 

tissue source and bioinformatic analyses performed, there are several points of agreeance 

between this study and others in the literature.  

Nativio et al. (2018) measured H4K16ac marking in the lateral temporal lobe genome-wide in 

young control cases, age matched control cases and AD subjects. H4K16ac marking is 

generally enriched at promoters and enhancers of actively transcribed genes, and displayed a 
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bimodal distribution at the TSS and a single peak at intergenic regions (including enhancers) 

(Nativio et al., 2018; Rai et al., 2014; Taylor, Eskeland, Hekimoglu-Balkan, Pradeepa, & 

Bickmore, 2013). Interestingly, Nativio, et al., (2018) identified depletion of H4K16ac marking 

in the lateral temporal lobe of AD cases, which was concentrated around the TSS. However, 

Nativio et al. (2018) showed no significant depletion from enhancers in AD cases. In contrast, 

the current study identified a slight enrichment of H3K27ac marking and widespread 

enrichment of H3K4me3 marking at promoters in neurons, but little change at enhancers in 

neurons from pathology rich APP/PS1 mice. The current study also observed that neurons from 

APP/PS1 mice were enriched for H3K4me3 and H3K27ac marking prior to pathology onset, 

with the magnitude of differential enrichment for H3K27ac marking decreased over the time-

course of amyloidosis. In comparison, Nativio et al. (2018) identified age associated 

enrichment of H4K16ac marking, but depletion of H4K16 marking in AD cases (Nativio et al., 

2018). GO analysis of H4K16ac marking demonstrated that pathways involved in myeloid 

differentiation, cell death, Wnt signalling, and Ras signal transduction were disrupted in the 

lateral temporal lobe of AD cases. Whereas the current study identified pathways associated 

with protein folding, GPI lipid processing and RNA modifications to be enriched for H3K4me3 

marking in 12 month old APP/PS1 neurons; and synaptic plasticity, ion transport, dendrite 

development, and protein dephosphorylation to be enriched for H3K27ac in neurons from 12 

month old APP/PS1 mice.  

Another recent study has performed genome-wide assessment of H3K27ac marking in post-

mortem entorhinal cortex from AD cases and age matched control cases (Marzi et al., 2018). 

Marzi and colleagues (2018) identified 4162 differentially enriched H3K27ac marked sites in 

AD cases, of which 35% were enriched for H3K27ac marking, while 65% were depleted for 

H3K27ac marking, however there was no report on the global levels of H3K27ac marking at 

promoters or enhancers in the AD cases (Marzi et al., 2018). In contrast, the current study found 

the vast majority of H3K27ac marking was enriched in APP/PS1 neurons, however H3K27ac 

marking peaked prior to pathology onset, with only 2076 significantly enriched H3K27ac 

marked sites in pathology rich neurons from APP/PS1 mice. Interestingly, Marzi et al. (2018) 

observed that H3K27ac differentially marked sites were associated with pathways for 

lipoprotein-particle binding, apolipoprotein binding, response to hypoxia, cardiac muscle cell 

development, GABA-receptor activity, synaptic plasticity, and Aβ metabolic process (Marzi et 

al., 2018). Several of these gene ontology terms were also present in the current study, 

including lipoprotein-particle binding, synaptic plasticity, and receptor activity. Interestingly, 
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another recently published study performed genome-wide assessment of H3K9ac marking in 

the post-mortem human AD prefrontal cortex has identified that tau, but not Aβ correlated with 

an altered H3K9ac marking in AD, and that tau regulates aspects of chromosomal and nuclear 

structure (Klein et al., 2019). H3K9ac is a marker of transcriptionally active chromatin and is 

often present around active transcriptional start sites (~41%) and enhancer elements (~27%), 

marking bivalently around the TSS (Klein et al., 2019). Enrichment of H3K9ac marking 

correlated with tau pathology at 5990 out of 26384 identified peaks, and interestingly, 

chromatin restructuring occurred prior to tangle formation when measured in a tau transgenic 

mouse model (Klein et al., 2019). Early enrichment of H3K9ac marking aligns with the 

findings of the current study, where H3K4me3 and H3K27ac were highly enriched in APP/PS1 

neurons prior to the onset of pathology. It is possible that epigenetic dysregulation is one of the 

earliest changes in the pathogenesis of AD and occurs prior to both Aβ and tau pathology.  

Differences between the previous literature and the current study could be due to the use of the 

APP/PS1 mouse model of amyloidosis, compared to the use of post-mortem human lateral 

temporal lobe, entorhinal cortex, and prefrontal cortex from AD cases, or different mouse 

models of neurodegeneration (Klein et al., 2019; Marzi et al., 2018; Nativio et al., 2018). 

Differences may also be due to different histone modifications measured (Klein et al., 2019; 

Nativio et al., 2018). Additionally, different populations of cells were measured between the 

studies, as the previous literature performed genome-wide ChIP-seq analysis on neurons and 

glia, whereas the current study used purified neurons across a time-course of amyloidosis from 

the forebrain of APP/PS1 mice (Klein et al., 2019; Marzi et al., 2018; Nativio et al., 2018). 

There have been two studies of histone modifications in mouse models of AD. Gjoneska and 

colleagues (2015) provided one of the most comprehensive studies of histone modifications at 

two time-points in the CK-p25 mouse model of neurodegeneration; 2 weeks and 6 weeks post-

induction of p25, representing low pathology, and pathology rich cases respectively. Gjoneska 

et al. (2015) performed ChIP-seq on several histone modifications including H3K4me1, 

H3K4me3, H3K27ac, H3K27me3, H3K36me3, and H4K20me1, alongside RNA-seq for 

transcriptomic analysis, then used ChromHMM to build a chromatin state model for active 

promoter and enhancer regions (Gjoneska et al., 2015). Gjoneska et al. (2015) identified 

chromatin states analogous with depletion of promoters and enhancers at genes associated with 

synaptic plasticity, but enrichment of promoters and enhancers associated with an immune 

response. Interestingly, the study found far fewer differentially enriched peaks compared to the 

current study: 3667 enriched and 5056 depleted for H3K4me3 marking, and 2456 enriched and 
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2154 depleted for H3K27ac marking, however, it may be due to differences in analysis 

(Gjoneska et al., 2015). Interestingly, gene ontology analysis revealed pathways such as 

immune system response, cell cycle, cell adhesion, establishment of location, neuron projection 

development, learning and memory, neurogenesis, which were orthologous with gene 

expression data from post-mortem human hippocampal grey matter (Gjoneska et al., 2015). 

Many of the gene ontology pathways identified in Gjoneska et al. (2015) were similar to the 

pathways identified by gene ontology analysis in the current study, which included protein 

folding, GPI lipid processing and RNA modifications, synaptic plasticity, ion transport, 

dendrite development, and protein dephosphorylation (Gjoneska et al., 2015). As CK-p25 mice 

are an inducible model that rapidly accumulate plaque pathology, widespread enrichment of 

immune responses is likely a consequence of the model, and differences between the two 

models may account for the disparity in the number of sites of enrichment of histone marks 

detected between the two studies, however differences may also be due the selective isolation 

of neuronal nuclei from the forebrain of APP/PS1 neurons in the current study (Gjoneska et 

al., 2015).  

Benito et al. (2015) also performed genome-wide assessment of histone modifications in a 

mouse model of AD. To date it is the only study to isolate neuronal nuclei from the brain for 

genome-wide ChiP-seq analysis, characterising H4K12ac marking in neurons from the 

hippocampus and dentate gyrus 10 month old APP/PS1-21 AD mice (Benito et al., 2015). 

H4K12ac is a histone modification that generally correlates with gene expression, is a marker 

of active chromatin, and presents with a bimodal distribution across the TSS (Benito et al., 

2015; Lopez-Atalaya et al., 2013). H4K12ac marking was depleted from the TSS in neurons 

and glia from AD mice (Benito et al., 2015). In contrast, the current study found enrichment of 

H3K27ac and H3K4me3 at the TSS in neurons from pathology rich APP/PS1 mice, however 

enrichment of H3K27ac decreased across disease progression in APP/PS1 neurons. H3K4me3 

marking was also enriched in APP/PS1 neurons prior to pathology onset. Gene ontology 

analysis demonstrated that H4K12ac marking was depleted from pathways involved in protein 

localisation in the cell and synaptic organisation and transmission, and enriched in pathways 

associated with cytotoxicity, cell death, and inflammation (Benito et al., 2015). Many of the 

pathways implicated in Benito, et al., (2015) were similar to the pathways enriched for 

H3K27ac marking in neurons from APP/PS1 mice, including synaptic plasticity, inflammation, 

and apoptosis. Strikingly, HDAC inhibitors were able to restore neuronal H4K12ac marking in 

APP/PS1-21 mice to WT control levels. The differences between the current study and 
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previously published literature may be due to the pathology levels seen in the mouse models, 

or indeed different time-points analysed (Gjoneska et al., 2015). In the current study, isolating 

neuronal nuclei has allowed for accurate determination of the effects of Aβ accumulation on 

the neuronal epigenome, however future research needs to incorporate cell-type specific 

characterisation of the neuronal and glial epigenome in aging and AD (Mo et al., 2015).  

Similar to the findings from Chapter 4, some caveats should be considered when interpreting 

the results of this study. NeuN labels neuronal nuclei and encodes for the transcription factor 

FOX-3, which is present in the vast majority of neuronal nuclei in vertebrates, with the 

exception of cerebellar Purkinje cells, olfactory bulb mitral cells, and retinal photoreceptor 

cells (K. K. Kim et al., 2009; Richard J Mullen et al., 1992). Current research shows that NeuN 

labels the vast majority of neuronal nuclei from adult mammalian brain, first detectable during 

development after neurons withdraw from the cell-cycle (Richard J Mullen et al., 1992). 

However, it is possible that the distribution of NeuN changes throughout aging and AD in the 

mammalian brain, which maintains to be an important avenue for future characterisation. 

Future research could incorporate independent techniques such as immunohistochemistry and 

single-cell sequencing to confirm the findings from the current study, and further examine 

inter-individual differences in H3K4me3 and H3K27ac marking in AD. Despite the advantages 

of using APP/PS1 neurons, the use of pseudoreplicates in the current study is another limitation 

to consider. The established bioinformatics pipelines are not well suited for the heterogenous 

samples seen in the mammalian brain. As such, the current study performed the analysis 

similarly to previously published studies by merging biological replicates together (Benito et 

al., 2015; Gjoneska et al., 2015; Nativio et al., 2018). Future research could further expand and 

utilise the biological replicates to identify inter-individual differences and perform more 

rigorous statistical analysis to further elucidate the mechanisms of epigenetic dysregulation in 

AD. 

As a validation of the findings of the current study, an overlap analysis between genes enriched 

for H3K27ac and H3K4me3 marking between wild-type and APP/PS1 neurons, and neuronal 

RNA-seq data from human AD cases generated by Mathys and colleagues (2019) was 

performed. This analysis showed that approximately 88% of the genes that were differentially 

expressed in neurons from human control versus AD cases were differentially enriched for 

H3K4me3 between wild-type and APP/PS1 neurons. While approximately 47% of H3K27ac 

differentially marked sites between wild-type and APP/PS1 neurons were also differentially 

expressed between neurons from human control versus AD cases. Interestingly, this 
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demonstrated that APP/PS1 neurons reflect many of the changes occurring in neurons in human 

AD cases. Although post-mortem human tissue is a valuable resource, the inherent variability 

of NGS data may limit the analysis of such data. An advantage of using APP/PS1 mice in the 

current study is that the mice used are an inbred strain enabling the detection of differential 

enrichment with low background noise, which may contribute to the large number of sites 

identified in the current study compared to the number of differentially expressed genes 

detectable in the human neuron transcriptomic data (which would have heterogenous genetics). 

 

Conclusions 

In summary, this study is the first to characterise H3K4me3 and H3K27ac in neurons across a 

time-course of amyloidosis. Unexpectedly, this study demonstrated substantial enrichment for 

H3K27ac and H3K4me3 marking in neurons prior to pathology onset in APP/PS1 mice at 

promoters and TSS, in pathways involved in synaptic plasticity, ion channel maintenance, lipid 

transport and RNA modifications. This study has also identified widespread depletion of 

H3K27ac marking at enhancers and enrichment in cortical super enhancers in neurons prior to 

pathology onset in APP/PS1 mice. A major restructuring of the neuronal histone landscape 

occurred with dense Aβ pathology, with widespread enrichment for H3K4me3 marking, but 

minimal change in H3K27ac in 12 month old APP/PS1 neurons. Differential enrichment of 

histone marking in 12 month old APP/PS1 neurons was annotated to pathways involved in 

dephosphorylation, synaptic plasticity, maintenance of location and other juvenile pathways. 

Strikingly, this study has also demonstrated a partial recapitulation of a juvenile-like 

epigenome at pathology-rich time-points. Characterising the neuronal epigenome is pivotal to 

understanding key changes in the pathogenesis and progression of AD.  
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Alzheimer’s disease is the most common form of dementia and is a terminal, progressive, 

neurodegenerative disorder. Pathological hallmarks of AD include extracellular Aβ plaques, 

intraneuronal NFTs of tau protein, dystrophic neurites, and neuropil threads (Braak & Braak, 

1991; G. Perry et al., 1991). The cause of 90% of AD cases is unknown, and in the absence of 

highly penetrant risk alleles, changes to the regulatory elements controlling transcription could 

contribute to the pathogenesis and progression of AD. The number of published papers 

characterising the epigenome in AD is growing rapidly and most have identified epigenetic 

dysregulation present in human AD cases and in AD mouse models, which provide support for 

the notion of epigenetic dysregulation occurring in AD. However, it is not known whether 

epigenetic dysregulation is critical to the onset of AD, contributes to disease progression or 

acts as a downstream consequence of the disease (Benito et al., 2015; P. L. De Jager et al., 

2014; Gasparoni et al., 2018; Lunnon et al., 2014). Seminal studies have demonstrated 

dysregulation of DNA methylation to occur at the earliest detectable stages of AD in human 

tissue (P. L. De Jager et al., 2014; Lunnon et al., 2014). Considering the key role of neurons in 

both AD and age-related cognitive decline there have been relatively few studies that have 

characterised the epigenome in neurons, neither in the healthy aging brain nor in AD (Benito 

et al., 2015; Cheung et al., 2010; Gasparoni et al., 2018; Shulha et al., 2013). To address this 

gap in knowledge, this thesis sought to characterise the neuronal epigenome in aging and AD, 

both globally and at a genome-wide level across a time-course of healthy aging and 

pathological progression.  

Characterisation of DNA methylation was performed at a global level in a cell-type specific 

manner in human inferior temporal gyrus from early-AD, late-AD, and age matched control 

cases. Previous analyses of global DNA methylation in AD was contentious, showing global 

hypermethylation (Bradley-Whitman & Lovell, 2013; Coppieters et al., 2013; Lardenoije et al., 

2018), global hypomethylation (Chouliaras et al., 2013; A. Fuso et al., 2005; D. Mastroeni et 

al., 2010; S.-C. Wang et al., 2008; West et al., 1995), or no change to global DNA methylation 

in AD (Lashley et al., 2014). Much of the previous literature performed qualitative analysis in 

all cell-types or in neurons and glia and few studies have examined epigenetic alterations in 

NFT-bearing neurons or in cells adjacent to Aβ plaques. To address these gaps in the literature 

and determine whether global dysregulation of the epigenome was occurring in NF-positive 

pyramidal neurons, calretinin-labelled interneurons, astrocytes and microglia in AD, this study 

quantitatively measured 5mC and 5hmC in human control, early-AD, and late-AD cases. This 

study demonstrated that astrocytes were deficient in nuclear 5mC and 5hmC in AD cases, and 
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a lower proportion of NF-positive pyramidal neurons displayed extranuclear 5mC in AD cases 

compared to controls. However, no global differences in 5mC or 5hnC were detected in 

calretinin-labelled interneurons and microglia in AD. Interestingly, there was also no robust 

alterations in 5mC and 5hmC in cells adjacent to Aβ plaques, nor any detectable change in 

5mC or 5hmC in tangle-bearing neurons. These data demonstrated global dysregulation DNA 

methylation marks to occur in a cell-type specific manner in AD. 

Although global measurements of the epigenome can provide an indication of overall changes 

occurring in the brain, epigenetic regulation of the genome is finely controlled at promoters 

and enhancers to regulate gene expression with exquisite precision. While DNA methylation 

alters the accessibility for transcription factors to bind to DNA and initiate transcription, other 

regulatory elements act in consort to alter accessibility to chromatin, including histone 

modifications (review: (Bannister & Kouzarides, 2011)). After identifying changes occurring 

to the epigenome at a global level in the AD brain, this study sought to characterise key histone 

modifications in neurons across a time-course of the aging and AD brain. By utilising a mouse 

model of AD it was possible to observe the earliest changes occurring to the epigenome in 

neurons due to the accumulation of Aβ (Garcia-Alloza et al., 2006; Jankowsky et al., 2004). 

Specifically, this enabled analysis of pre-pathology and pathology-onset time points, both of 

which are extremely difficult to assess in human AD cases. 

To date, three studies have investigated histone modifications in neurons from the aging brain 

(Benito et al., 2015; Cheung et al., 2010; Shulha et al., 2013). One study has reported a loss of 

H4K12ac in neurons of the aging brain (Benito et al., 2015). However, the two other studies 

have reported developmental enrichment of H3K4me3 in neurons, that stabilise in the aging 

brain (Cheung et al., 2010; Shulha et al., 2013). To further expand the literature of histone 

modifications in the aging brain, this thesis characterised H3K27ac and H3K4me3 marking in 

neurons from the forebrain of C57/BL6 mice at 3, 6, 12, and 24 months of age (Chapter 4). The 

data from this study demonstrated a redistribution H3K4me3 and H3K27ac marking across the 

neuronal epigenome in juvenile, adult and aging brain. Interestingly, H3K27ac and H3K4me3 

marking was enriched at promoters and enhancers in neurons from juvenile (3 month old) and 

aging (24 months old) mice in comparison to neurons from adult mice (6 and 12 months of 

age). H3K27ac and H3K4me3 marking was predominant in many synaptic and core molecular 

processes across life (Table 6.1). However, ontologies that were unique to juvenile neurons 

included developmental processes such as the centrosome cycle and spindle assembly. 

Ontologies that were unique to adult neurons included axonal transport, protein folding and 
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membrane depolarisation pathways (Table 6.1). Furthermore, pathways that were unique to 

aging neurons included a range of cellular functions such as apoptotic and autophagic 

pathways, receptor regulation pathways, and RNA processing pathways (Table 6.1). 

Table 6.1: Pathways of H3K27ac and H3K4me3 enrichment in aging neurons 
Shared across life Unique to 

juvenile 
neurons 

Unique to adult 
neurons 

Unique to aging neurons 

Antigen processing 
 

Centrosome cycle 
 

Anterograde axon 
transport 

 

Apoptosis 

Apoptosis 
 

Spindle assembly 
 

Chaperone mediated 
protein folding 

 

Autophagy 
 

Gene silencing 
 

 Dendrite development 
 

Regulation of receptor activity 
 

GPI anchor metabolic/biosynthetic 
process 

 

 Membrane 
depolarisation 

 

RNA processing 
 

Ion transport 
 

   

Mitotic spindle organisation 
 

   

Oxidative phosphorylation 
 

   

Protein localisation 
 

   

Synaptic pathways 
 

   

tRNA modifications 
 

   

 
This study observed a partial recapitulation of a juvenile-like epigenetic state in aged neurons. 

The differences in histone marking observed throughout the aging time-course demonstrated 

the dynamic nature of the epigenome in neurons throughout life. 

As the epigenome is dynamic throughout life, it is possible that dysregulation of the epigenome 

contributes to the pathogenesis and progression of AD, or is a sequela of AD pathology. There 

have been five studies to date to investigate histone modifications in AD in a genome-wide 

manner (Benito et al., 2015; Gjoneska et al., 2015; Klein et al., 2019; Marzi et al., 2018; Nativio 

et al., 2018); however, only one study has isolated neuronal nuclei for its analysis, 

demonstrating genome wide loss of H4K12ac in neurons from APP/PS1-21 mice (Benito et 

al., 2015). To characterise the disruption of the neuronal epigenome occurring in AD, ChIP-

seq was performed for H3K4me3 and H3K27ac marking on neuronal nuclei from 3, 6 and 12 

month old wild-type and APP/PS1 mice, representing pre-pathology, pathology onset and 

pathology rich time-points in this amyloidosis model (Garcia-Alloza et al., 2006; Jankowsky 

et al., 2004) (Chapter 5). Interestingly, widespread differential enrichment of H3K27ac and 

H3K4me3 marking occurred in neurons from APP/PS1 mice across the amyloidosis time-
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course. H3K4me3 marking was enriched at the TSS in APP/PS1 neurons pre-pathology 

compared to WT controls, however there was little difference in H3K4me3 marking between 

genotypes at pathology onset. By 12 months of age H3K4me3 marking was enriched again in 

12 month old APP/PS1 neurons compared to WT control neurons. Whereas, H3K27ac marking 

was enriched at the TSS in APP/PS1 neurons prior to pathology onset, but depleted from 

enhancers. H3K27ac marking was enriched in APP/PS1 neurons at super-enhancers at 3 and 6 

months of age, then proceeded to normalise to WT control levels in 12 month old APP/PS1 

neurons. Differential enrichment for H3K27ac and H3K4me3 marking was annotated to a wide 

range of neuronal specific pathways and core metabolic pathways in APP/PS1 neurons that 

were shared across pre-pathology, pathology onset and pathology rich time-points (Table 6.2). 

However, there were a range of core molecular pathways that were differentially enriched in 

APP/PS1 neurons prior to pathology onset, such as lipid and ion transport and pathways 

involved in gene silencing. Furthermore, pathways unique to APP/PS1 neurons at pathology 

onset included cell survival pathways and protein depolymerisation and disassembly pathways. 

Furthermore, H3K27ac and H3K4me3 were enriched in APP/PS1 neurons from the pathology 

rich time-point in developmental pathways, and core molecular processes such as protein 

modification and protein refolding pathways, as well as dendrite and cerebellum development. 

Strikingly, when comparing differential enrichment from APP/PS1 neurons across 3, 6, and 12 

months of age, a partial recapitulation of the epigenome from pre-pathology neurons was 

observed in pathology rich APP/PS1 neurons.  
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Table 6.2: Pathways enriched for H3K27ac and H3K4me3 marking in APP/PS1 neurons 
Shared across APP/PS1 time-

course 

Unique to pre-

pathology 

Unique to 

pathology onset 

Unique to pathology rich 

Antigen processing Gene silencing Protein complex 

disassembly 

Cerebellum development 

ARF protein signal transduction GPI anchor process Protein 

depolymerisation 

Dendrite development 

Maintenance of protein location Ion transport Apoptosis Mitochondrial fission 

Membrane depolarisation Neuromuscular 

process controlling 

balance 

DNA repair/cell 

survival  

Negative regulation of 

megakaryocyte differentiation 

RNA processing Neurotransmitter 

secretion 

 Non-ribosomal peptide 

biosynthetic process 

Synaptic plasticity Protein 

dephosphorylation 

 Protein acylation 

   Protein acetylation 

   Protein folding 

   Type 1 interferon production 

  

After characterising histone modifications in aging and AD neurons, some interesting points 

of comparison can be raised between the two studies. In both the aging and AD data generated 

in this thesis, there were distinct patterns of histone marking that were observed over the time-

course. In the healthy aging brain, H3K27ac and H3K4me3 marking were enriched in juvenile 

neurons, depleted in young adult, then re-established with age. Similarly, in APP/PS1 neurons 

H3K4me3 marking was enriched in comparison to wild-type neurons at 3 months of age, with 

minimal difference at pathology onset, before being enriched in 12 month old APP/PS1 

neurons compared to WT control neurons. In contrast, H3K27ac marking was differentially 

enriched in APP/PS1 neurons prior to pathology onset and was enriched in enhancers and 

super-enhancers in 6 month old APP/PS1 neurons compared to WT control neurons. However, 

differences in H3K27ac marking between APP/PS1 and WT control neurons stabilised in 12 

month old neurons. Furthermore, it appeared as though amyloidosis caused a disruption to age 

associated enrichment of H3K27ac and H3K4me3 marking at specific regulatory elements.  

This PhD thesis detailed differences in H3K4me3 and H3K27ac marking in a pairwise fashion 

in APP/PS1 and WT control neurons across a time-course of healthy aging and Aβ pathology 

accumulation. Despite there being significant differences between the APP/PS1 and WT 

neurons at each time-point (discussed in Chapter 5 and above), H3K27ac and H3K4me3 

marking in APP/PS1 neurons followed a similar pattern of enrichment when compared to WT 
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neurons across the time-course of healthy aging, with the clear exception of H3K27ac marking 

at super-enhancers in APP/PS1 neurons. For example, when H3K27ac marking at the TSS and 

enhancers in aging neurons were examined across time, H3K27ac marking was enriched (“up”) 

at 3 months of age, before being depleted at 6 months of age (“down”), then stabilised at 12 

months of age (“same”; Figure 5.2). Likewise, the pattern of H3K4me3 marking over time was 

enriched at 3 months of age (“up”), depleted at 6 months of age (“down”), and enriched again 

at 12 months of age (“up”; Figure 5.7) for both APP/PS1 and WT neurons. There was one clear 

exception where the pattern of H3K27ac marking across the time-points differed between wild-

type and APP/PS1 neurons. H3K27ac marking at super-enhancers in APP/PS1 neurons was 

enriched in WT control neurons at 3 months of age (“up”), then was depleted at 6 months of 

age (“down”), before being re-established at 12 months of age (“up”). In contrast, H3K27ac 

marking was enriched in APP/PS1 neurons at 3 months of age (“up”), before being reduced at 

6 months of age (“down”), then further depleted at 12 months of age (“down”) (Figure 5.4; 

Appendix 2: Supplementary Figure 3). The differential enrichment of super-enhancers was 

unexpected, as all other patterns of enrichment followed similar trends in marking in both the 

amyloidosis and aging time-course. The depletion of H3K27ac at super-enhancers in APP/PS1 

neurons implies that there is a continuous loss of super-enhancer activity with the accumulation 

of Aβ pathology, and possible dysregulation of neuronal identity in AD in comparison to 

neurons from the healthy aging brain (Hnisz et al., 2013). 

Next, this PhD thesis sought to determine whether the alterations in histone landscape occurred 

in pathways that are altered across the course of healthy aging brain that become dysregulated 

in AD, and/or whether epigenetic dysregulation was occurring in pathways in AD mice that 

were not usually altered in healthy aging. Gene ontology annotations of differential H3K4me3 

and H3K27ac marking in neurons were compared between the aging and AD datasets and GO 

terms were categorised into: 1) Shared: pathways that were altered in the course of healthy 

aging and were dysregulated in AD; 2) AD specific: pathways that were present only in AD 

gene ontology analysis; 3) Aging specific: pathways that were altered across healthy aging and 

remain unperturbed in AD (Table 6.3). In the ‘Shared’ category H3K27ac and H3K4me3 

differential marking was annotated to many pathways related to synaptic plasticity, neuronal 

activity, RNA processing and protein folding and localisation (Table 6.3). Gene ontology 

pathways that were in the ‘AD specific’ category included protein modification and processing 

and neurotransmitter pathways that were differentially enriched for H3K27ac marking and 

transcriptional and inflammatory-related pathways were specifically enriched for H3K4me3 
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marking (Table 6.3). In the unperturbed aging category H3K27ac and H3K4me3 differential 

marking was present in apoptotic, oxidative phosphorylation, autophagic, axon transport and 

oxidative phosphorylation pathways (Table 6.3). Although many of the enriched pathways 

observed in this PhD thesis were annotated to specific categories of ‘Shared’, ‘Aging specific’ 

and ‘AD specific’, the ontologies presented were not an exhaustive list, with only the top ten 

pathways being compared between the groups. However, there was a similar distribution of 

pathways enriched for H3K27ac and H3K4me3 marking across all three categories. Previous 

research has also identified ‘Shared’, ‘AD specific’ and ‘Aging specific’ pathways to be 

enriched for H4K16ac marking in human AD (Nativio et al., 2018). Nativio, et al., (2018) and 

this PhD thesis identified many similar “Shared” pathways for histone modifications including 

protein phosphorylation, synaptic pathways, and neuron development pathways (Nativio et al., 

2018). There were some “Aging specific” pathways shared between the two studies, which 

included apoptosis, autophagy and hypoxia (which may be related to oxidative phosphorylation 

from the current study), however the current study was also enriched for many core molecular 

pathways that were not observed in previous studies (Nativio et al., 2018). “AD specific” 

pathways shared between the two studies included metabolic processes, however there were 

many pathways that were independent between the two studies such as hormone stimulus, 

neuron projection and signal transduction pathways (Nativio et al., 2018). The differences 

between the two studies may be due to the use of human brain homogenate compared to isolated 

neuronal nuclei in the current study, and also may due to differences as a result of tau related 

pathology present in human AD that does not occur in APP/PS1 mice.  It has been suggested 

that AD results in dysregulation of chromatin restructuring that occurs as a part of normal 

healthy aging (Nativio et al., 2018). Indeed, some age-associated epigenetic modifications that 

are normally protective against disease may become dysregulated, leading to AD pathogenesis 

(Nativio et al., 2018).  
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Table 6.3: Many pathways of H3K27ac and H3K4me3 marking are shared between aging 

and AD 
H3K27ac marking H3K4me3 marking 

Shared AD specific Aging 

specific 

Shared AD specific Aging specific 

ARF protein signal 

transduction 

Cerebellum 

development 

Apoptosis Antigen processing Mitochondrial fission Autophagy 

Dephosphorylation Neuromuscular 

process 

controlling 

balance 

Oxidative 

phosphorylation 

Apoptotic 

signalling 

Negative regulation of 

megakaryocyte 

differentiation  

Axon transport 

Ion transport Neurotransmitter 

secretion 

 GPI anchor 

metabolic/biosynth

etic process 

Non-ribosomal peptide 

biosynthetic process 

Centrosome cycle 

Learning Protein complex 

disassembly 

 Protein folding 

(chaperone 

mediated)  

Protein 

dephosphorylation  

Glutathione metabolic 

process 

Membrane 

depolarisation 

Protein 

depolymerisation 

 Protein localisation 

(export from 

nucleus) 

Protoporphyrinogen 

metabolic process 

Mitotic spindle 

organisation 

Protein localisation Protein acylation 

& acetylation 

 Regulation of gene 

silencing 

Transcription from RNA 

Pol III promoter 

Oxidative 

phosphorylation 

Regulation of 

dendrite 

development 

  RNA 

modifications and 

processing 

Type 1 interferon 

production 

Tetrapyrrole 

biosynthetic process 

Regulation of 

synaptic 

plasticity/synaptic 

transmission 

  Synaptic plasticity   

RNA processing and 

modifications 

     

 

This thesis also observed a partial recapitulation of a juvenile-like state in aging neurons, and 

a partial recapitulation the pre-pathology epigenome in aged APP/PS1 neurons. In healthy 

aging more than 28% of H3K27ac and H3K4me3 differentially marked sites were shared 

between juvenile and aged neurons. When the direction of change of these shared sites was 

analysed, more than 87% of H3K4me3 and H3K27ac marked sites were consistently enriched 

in juvenile and aged neurons. Similarly approximately 23% of differentially H3K4me3 marked 

sites were shared between 3 and 12 month old APP/PS1 neurons, and more than 89% of the 

shared sites were consistently enriched in both time-points. In contrast, approximately 65% 

H3K27ac marked sites from 12 month old APP/PS1 neurons were shared with the 3 month old 

pre-pathology time-point, and approximately 70% of the shared sites were consistently 
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enriched at pre-pathology and pathology rich time-points. Due to the pairwise analysis 

performed for the aging data across the time-course (for example: 3 month time-point versus 6 

month time-point) in comparison to time-point specific analysis in APP/PS1 neurons (for 

example: 3 month WT versus 3 month APP/PS1), this thesis has demonstrated that there are 

two independent pathways of recapitulation of juvenile-like epigenetic state in neurons; 1) A 

partial recapitulation of the juvenile-like H3K27ac and H3K4me3 landscape in aging neurons 

from the healthy brain; and 2) a partial  recapitulation of  the pre-pathology H3K4me3 neuronal 

signature in APP/PS1 neurons from the pathology rich environment. The data presented in this 

thesis support previous studies that have identified a partial recapitulation of the developmental 

DNA methylation profiles in the aging nervous system, and a recapitulation of the 

developmental cortical landscape in the aging brain when measured via structural magnetic 

resonance imaging (Douaud et al., 2014; Oh et al., 2016).  

 

6.1 Strengths, limitations and future directions 

There are several strengths and limitations to consider when interpreting the data from this 

thesis, and to take into consideration for future studies. This thesis was the first to characterise 

H3K27ac and H3K4me3 in neurons across a time-course of healthy aging and AD, and also 

quantitated cell-type specific differences in DNA methylation in AD.  

The use of global measurements of DNA methylation and hydroxymethylation via 

immunohistochemistry allowed the current study to measure these marks in post-mortem 

human AD tissue in a cell-type specific manner, to analyse intracellular localization and to 

assess 5mC and 5hmC alterations in cells that contained or were adjacent to AD pathology. 

Currently, analysing neuronal and glial subtypes, intracellular localization, and spatial 

relationships between DNA methylation changes and AD pathology are not feasible with 

molecular techniques, including next-generation sequencing. While global measurements 

allow for cell-type specific and spatial analysis of the epigenome, they do not provide base-

pair specific resolution of DNA methylation. The findings of the current study, alongside 

previous literature, provide compelling evidence supporting cell-type specific changes to DNA 

methylation in AD. However, genome-wide and cell-type specific analyses of DNA 

methylation and histone modifications in the same samples need to be performed to provide a 

comprehensive characterisation of the epigenome in AD. Recently, studies have isolated 

neuronal and glial nuclei in AD and demonstrated differential DNA methylation signatures 
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between neurons and glia in human AD (Gasparoni et al., 2018). A logical step for future 

research would be to develop protocols for the isolation of neuronal and glial subtypes for 

genome-wide analysis, however, it is currently difficult to identify markers of the nuclei from 

these cellular sub-types. An alternative strategy would be to use single-cell sequencing and a 

bioinformatics approach to cluster similar cell-types, however, such methodologies still yield 

low sequencing depth which may mask key aspects of differential methylation in AD (Luo et 

al., 2017). 

To date, there have only been three previous studies of histone modifications in neurons in 

aging and AD (Benito et al., 2015; Cheung et al., 2010; Shulha et al., 2013). The isolation of 

neuronal nuclei for genome-wide analysis of H3K27ac and H3K4me3 marking was a major 

strength of the current study in comparison to using whole brain homogenate. It is important 

to note that the NeuN antibody (transcription factor FOX-3) labels a wide range of neuronal 

sub-types, but does not mark some subsets of neurons including Purkinje cells, Golgi cells and 

gamma motor neurons (Kee K. Kim et al., 2009; R. J. Mullen et al., 1992). Moreover, NeuN is 

not specific to excitatory or inhibitory neurons, which are known to have different epigenetic 

profiles (Luo et al., 2017; Mo et al., 2015), and different vulnerability to degeneration and death 

in AD (P. R. Hof et al., 1990; Patrick R. Hof & Morrison, 1990; Koffie et al., 2009b; Mitew et 

al., 2013b; Sampson et al., 1997; Thangavel et al., 2009; J. C. Vickers et al., 1994). Recent 

studies have demonstrated that 70-85% of neurons in the cortex are excitatory (Lake et al., 

2016; Mo et al., 2015). Thus, the data presented in the current study is an approximation of the 

histone landscape of the vast majority of neurons, however, only four different histone 

modifications have been measured genome-wide in neurons in aging or AD, out of a wide 

range of regulatory elements that act collectively to regulate transcription (review: (M. Tan et 

al., 2011)). The data generated in this thesis will be a valuable resource for future research, and 

in conjunction with future studies of DNA methylation and nucleosome occupancy, histone 

modifications and RNA-seq can contribute to characterising the complete epigenetic signature 

of neurons in the aging and AD brain. Due to the limited number of histone modifications 

measured in the current study, it was not possible to confirm the putative enhancers that were 

identified from H3K27ac marking. It is common to identify putative enhancers by annotating 

H3K27ac marking outside (>2kB distal) of promoter regions, however, such a definition is 

limited for the accurate identification of either poised or active distal regulatory elements. 

Future studies should incorporate ChIP-seq for H3K4me1 marking to more accurately identify 

enhancers defined by H3K27ac marking, and/or incorporate functional testing of putative 
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enhancer regions with Hi-C and reporter assays (Jin et al., 2013; Mifsud et al., 2015). 

Moreover, utilising multiple histone modifications and other epigenetic readouts will allow for 

the creation of regulatory maps of the genome with software such as ChromHMM (Ernst & 

Kellis, 2017).  

Another consideration when interpreting the data from this thesis is the use of the APP/PS1 

mouse model of amyloidosis. Mice do not naturally develop AD related pathology. The 

APP/PS1 mice utilised in this thesis over-express familial AD mutations of human APPswe 

(KM670/671NL) and PS1 (dE9) mutations under the Pnrp promoter (Jankowsky et al., 2004; 

Spanopoulou et al., 1991). These mice accumulate Aβ associated pathology, with plaque 

accumulation beginning at 6 months, dense plaque pathology by 12 months of age, and Aβ 

plaque-associated neuronal pathology similar to human early-AD cases (Garcia-Alloza et al., 

2006; Jankowsky et al., 2004; Mitew et al., 2013a, 2013b; A. Woodhouse et al., 2009). 

APP/PS1 mice also have behavioural deficits in cognitive awareness and memory by 6 months 

of age (Gallagher et al., 2013; Serneels et al., 2009). However, these mice do not exhibit all 

aspects of human AD pathology, with no overt neuronal loss or NFT accumulation (Garcia-

Alloza et al., 2006; Jankowsky et al., 2004). It is highly likely that NFT associated pathology 

would impact the epigenome in AD, which is not assessed in the current study. Recent studies 

have suggested that NFT pathology is the major contributing factor to epigenetic dysregulation 

in human AD (Klein et al., 2019), however, by using the APP/PS1 mouse model this thesis has 

clearly demonstrated that Aβ pathology also contributes to epigenetic dysregulation seen in 

AD in the absence of NFT pathology. It is also possible that metabolic stress would impact the 

epigenome in APP/PS1 mice, which over-express the familial AD mutations from birth. It 

would be difficult to isolate the impact of APP or the PS1 transgenes, or indeed the impact of 

Aβ accumulation without the associated metabolic load from over-expression (Sasaguri et al., 

2017). Several new models of AD have been designed to account for the limitations of the 

APP/PS1 and other over-expression models. Knock-in models that express mutant human APP 

at the mouse App locus, recapitulate some aspects of AD pathology without the phenotypes of 

over-expression, which would be useful to incorporate into future studies of AD pathogenesis 

and progression (T. Saito et al., 2014) (review: (Sasaguri et al., 2017)). Despite the many 

advances in new model organisms it is difficult to generate models that fully recapitulate 

human AD. Future studies could incorporate Tau or APP/Tau transgenic models to investigate 

the effects of NFT pathology on the epigenome, and should also consider isolating neuronal 

nuclei from human tissue for genome-wide analysis of histone modifications in AD. 



223 
 

A range of different types of bioinformatic analyses have been performed for ChIP-seq in the 

AD literature. Many bioinformatic workflows for ChIP-seq analysis have focussed around the 

use of highly similar technical replicates, or samples with low variability such as those seen in 

cell lines. Biologically variable in vivo datasets with large sample size are difficult to analyse 

as there are limited tools that can accommodate for highly variable datasets (A. T. L. Lun & 

Smyth, 2016; M. D. Robinson et al., 2010). For example, social hierarchy and other 

environmental stimuli could all cause variation to the epigenome. Current ENCODE guidelines 

suggest peak-calling for the analysis of histone modifications in ChIP-seq, however many peak 

calling tools have statistical limitations as a result of the modelling, resulting in the loss of type-

1 error control (Consortium, 2012; A. T. Lun & Smyth, 2014). To account for inter-individual 

differences and minimise technical error, the .bam files from biological replicates were merged 

into a single file, then reads were randomly shuffled and split into technical replicates for 

processing with window based differential enrichment analysis with csaw and EdgeR, which 

are more statistically rigorous than peak calling methods (A. T. Lun & Smyth, 2014; A. T. L. 

Lun & Smyth, 2016). However, as a result of the bioinformatics approach utilised in the current 

study and others in the field (Benito et al., 2015; Gjoneska et al., 2015; Nativio et al., 2018), it 

was not possible to investigate the potential inter-individual variability of the epigenome in 

aging or AD. New bioinformatics pipelines are needed to account for variability in biological 

data present both in the current study and others in the field. Characterising the inter-induvial 

variability in the neuronal epigenome would be fascinating to address in future studies after 

new bioinformatics pipelines are generated.  

There are still many aspects of the epigenome that could be characterised with the data 

generated from this study, and indeed many questions to address in future studies. One 

interesting aspect of these data was that H3K27ac and H3K4me3 marked categorically 

different TSS, with H3K27ac marking pathways generally involved in neuronal function, while 

H3K4me3 marked pathways that generally were integral to core cellular function. Future work 

could perform peak calling for the H3K4me3 and H3K27ac data and determine whether these 

two histone modifications mark distinct subsets of TSS in neurons. Furthermore, the current 

study isolated neuronal nuclei for ChIP-seq and demonstrated a range of differential 

enrichment patterns in neurons of the aging and AD brain. However, literature suggests that 

glial cells may contribute to the pathology progression in AD (Benito et al., 2015; Gasparoni 

et al., 2018; Gjoneska et al., 2015) (review: (C. Y. D. Lee & Landreth, 2010)). Indeed, recent 

studies have demonstrated differential DNA methylation patterns exist between neurons and 
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glia in human aging and AD (Gasparoni et al., 2018), and ChIP-seq analysis in neurons and 

glia identified differential H4K12ac marking in glia, which were enriched at pathways for 

immune and inflammatory responses in CK-p25 mice (Benito et al., 2015). Glial nuclei were 

isolated from each sample via FACS and collected in the current study, but it was outside of 

the scope of the current project to perform ChIP-seq on these glial samples. Future work should 

incorporate ChIP-seq and analysis of glia to compare with the neuronal epigenome. Ideally, 

future studies will also incorporate post-mortem human tissue, and characterise multiple 

aspects of the epigenome from the same samples with experiments such as nucleosome 

occupancy and DNA methylation sequencing, RNA-seq, ChIP-seq and Hi-C to generate a 

complete reference for the neuronal and glial epigenome in the aging and AD brain. This PhD 

thesis has demonstrated that epigenetic dysregulation is likely occurring in the earliest stages 

of AD which cannot be captured in studies of human AD. It has also demonstrated the dynamic 

nature of the epigenome in aging, and of the impact of Aβ accumulation on the epigenome in 

an AD model. The data generated in this study will be a useful resource for comparison with 

human AD cases in future studies. 

 

6.2 Conclusions 

In summary this PhD thesis has substantially contributed to the field of neuroepigenetics in 

aging and AD. The key contributions of this study are:  

- There was a global loss of DNA methylation in neurofilament-positive pyramidal 

neurons and astrocytes in sporadic human AD. 

- The neuronal epigenome was dynamic throughout life, with widespread changes in 

differential enrichment for H3K27ac and H3K4me3 marking with the greatest changes 

occurring in 3 month old and 24 month old neurons. Strikingly, there was a partial 

recapitulation of a juvenile-like epigenetic state in aging neurons.  

- There was an increase in H3K27ac and H3K4me3 marking at promoters prior to 

pathology onset in APP/PS1 neurons. 

- Enhancers and super-enhancers were differentially enriched for H3K27ac marking in 

APP/PS1 neurons between 3 and 6 months of age.  

- Unlike TSS and enhancers, super-enhancers followed a different pattern of enrichment 

in neurons over the time-course of amyloidosis. 
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- H3K27ac marking was mostly annotated to neuron specific pathways, while H3K4me3 

marking was annotated to core metabolic and cellular functions in aging and AD. There 

was a partial recapitulation of a pre-pathology like state of H3K4me3 and H3K27ac 

marking in APP/PS1 neurons from pathology rich brains.  

An improved understanding of the neuronal epigenome is crucial to understanding the 

pathogenesis and progression of AD, however, without understanding the nature of the 

neuronal epigenome in the aging brain it will not be possible to identify the dysregulation 

occurring in AD. This PhD thesis has substantially contributed to the growing knowledge of 

the neuronal epigenome in both aging and AD, by characterising H3K27ac and H3K4me3 

marking in neurons across a time-course of healthy aging and AD in a mouse model, and 

identifying cell-type specific differences in DNA methylation in post-mortem human AD. This 

PhD thesis demonstrated that the epigenome is dynamic throughout life, and partially 

recapitulates a juvenile-like epigenetic state in aged neurons. Strikingly, this thesis has also 

observed wide-spread enrichment for H3K27ac and H3K4me3 in APP/PS1 neurons prior to 

pathology onset and at pathology rich time-points, in pathways critical for neuronal function 

and cellular senescence, and revealed that APP/PS1 neurons from pathology rich time-points 

partially recapitulated a juvenile-like epigenetic state. The data presented in this study is an 

important step towards developing a complete reference epigenome for neurons in aging and 

AD. This thesis has provided insight into the epigenetic dysregulation occurring in neurons in 

a milieu of amyloidosis. A better understanding of the dynamic epigenetic landscape in neurons 

will add to our accumulated knowledge of the molecular pathways involved in AD 

pathogenesis and progression, and likely contribute to the identification of novel therapeutic 

targets in the future. 
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Appendix 1  

General solutions 

Stock solutions 

90.0g sodium chloride (NaCl) (BDH, USA) was dissolved in 1L milliQ water 

28.0g di-sodium hydrogen orthophosphate (Na2HPO) (BDH, USA) was dissolved in 

1L milliQ water 

31.2g sodium di-hydrogen orthophosphate (NaH2PO4.2H2O) (Ajax, Australia) was 

dissolved in 1L milliQ water. 

Stock solutions were prepared by dissolving reagents in one litre of milliQ water using 

a magnetic stirrer. All stock solutions were stored at RT. 

 

0.01 M Phosphate buffered saline (PBS): 

10mL NaH2PO4.2H2O stock solution  

40mL Na2HPO stock solution  

100mL NaCl stock solution  

850mL milliQ water  

0.01M PBS solution was mixed briefly then stored at RT.  

 

For molecular and flow cytometry-based experiments, fresh 0.01M PBS was sterilised 

with 0.22um filters and stored at 4oC. 
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Immunohistochemistry solutions 

PBS-X  

600μL Triton-X-100 (0.3%) (Sigma-Aldrich, Missouri, USA) was dissolved in 

199.4mL 0.01M PBS. 

Solutions were dissolved together with a magnetic stirrer then stored at 4oC.  

 

0.01M Citrate Buffer 

2.94g trisodium citrate (Sigma-Aldrich, Missouri, USA) was dissolved in 800mL 

MilliQ water  

Solutions were dissolved and adjusted to pH 6 with 0.1M citric acid, then made up to 

1L with MilliQ water. 

 

18.0% Sucrose Solution 

180g sucrose (Sigma-Aldrich, Missouri, USA) was dissolved in 1L 0.01M PBS-0.01% 

Sodium azide (Sigma) 

18% sucrose solution was stored at 4oC. 

 

30.0% Sucrose Solution 

300g sucrose (Sigma-Aldrich, Missouri, USA) was dissolved in 1L 0.01M PBS with 

0.01% Sodium azide (Sigma-Aldrich, Missouri, USA)  

30% sucrose solution was stored at 4oC. 

 

Tissue Storage Solution 

0.1% sodium azide (Sigma-Aldrich, Missouri, USA)  

500mL 0.01M PBS 

0.5g sodium azide was dissolved in 500mL 0.01M PBS 

Tissue storage solution was stored at 4oC 

 

4% paraformaldehyde (PFA) 

40g granulated paraformaldehyde (PFA) 

500mL MilliQ® water 

400mL 28.0g/L Na2HPO 

100mL 31.2g/L NaH2PO4.2H2O 
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1.0M NaOH & 1.0M HCl to pH 

MilliQ water was heated to 80oC, then granulated PFA was added with 5 drops of 

NaOH with heat until dissolved. NaH2PO4.H2O and Na2HPO was added then filtered 

and pH to 7.4. Stored at -20oC 

 

Nuclei extraction solutions 

All stock solutions are kept at 4oC unless otherwise stated. 

Stock solutions 

1M glycine 25mL  

1.8765g glycine (Sigma-Aldrich, Missouri, USA) was dissolved in 25mL MilliQ water. 

 

0.5M EDTA pH8 10mL 

1.461g EDTA (Sigma-Aldrich, Missouri, USA) was dissolved in 8mL MilliQ water, 

then pH adjusted to 8.0 with sodium hydroxide then made up to 10mL with MilliQ 

water. 

 

100mM Mg(Ac).4H2O 10mL 

0.2145g Mg(Ac).4H2O (Sigma-Aldrich, Missouri, USA) was dissolved in 10mL MilliQ 

water. 

 

1M Tris-HCl pH8 10mL 

1.576g Tris HCl (Sigma-Aldrich, Missouri, USA) was dissolved in 8mL MilliQ water, 

then pH adjusted to 8.0 with sodium hydroxide and made to 10mL with MilliQ water. 

 

100mM PMSF 10mL 

0.1742g PMSF (Sigma-Aldrich, Missouri, USA) was dissolved in 10mL 2-Propanol, 

then aliquoted into 100μL and frozen at -80oC. 
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10% Triton-X100 

1000μL Triton-X100 (Sigma-Aldrich, Missouri, USA) was dissolved in 10mL MilliQ 

water. 

1M CaCl2 10mL 

1.1098g CaCl2 (Sigma-Aldrich, Missouri, USA) was dissolved in 10mL MilliQ water. 

 

Nuclei Extraction Buffer (NEB): 

Nuclei extraction buffer was made fresh for each experiment performed. Approximately 5mL 

was required per sample, however a minimum 10mL was made up to ensure accuracy of 

measurements. 

Appendix table 1: Nuclei extraction buffer solution 

Total 10mL volume Final conc 

Sucrose 1.095g 0.32M 

1M CaCl 50uL 5mM 

100mM Mg(Ac).4H2O 300uL 3mM 

0.5M EDTA pH8 2uL 0.1mM 

1M Tris-HCl pH8 100uL 10mM 

Roche mini protease inhibitor 1 tablet per 10mL 
 

100mM PMSF 10uL 0.1mM 

Trion-X100 (if Immunostaining) 100uL 0.10% 

MilliQ make up to 10mL 
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Chromatin Immunoprecipitation buffers 

Stock solutions were made up and stored at room temperature apart from Low Salt, High Salt 

LiCl and TE buffers.  

Appendix table 2: Chromatin immunoprecipitation buffers 

Stock Solutions 

Final Concentration 

IP dilution Low Salt High Salt LiCl TE 
SDS Lysis 

Buffer 

Elution 

Buffer 

0.5M EDTA, pH8.0   1.2mM 2mM 2mM 1mM 1mM 10mM - 

10% SDS 0.01% 0.1% 0.1% - - 1% 1% 

10% Triton-X-100  1% 1% 1% - - - - 

1M Tris-HCl pH8.1   16.7mM 20mM 20mM 10mM 10mM 50mM - 

5M NaCl  167mM 150mM 500mM - - - - 

5M LiCl - - - 250mM - - - 

10% IgePal  - - - 1% - - - 

10% Sodium 

Deoxycholate  
- - - 1% - - - 

1M Sodium 

bicarbonate1 
- - - - - - 100mM 

 

Stock Solutions 

Volumes for 50mL stocks 

IP dilution 

50mL 

Low Salt 

50mL 

High Salt 

50mL 

LiCl 

50mL 

TE 

50mL 

1SDS lysis 

buffer 

10mL 

2Elution 

Buffer 

3mL 

0.5M EDTA, pH8.0   120µl 200µl 200µl 100µl 100µl 200µl - 

10% SDS 50µl 500µl 500µl - - 1000µl 300µl 

10% Triton-X-100  5000µl 5000µl 5000µl - - - - 

1M Tris-HCl pH8.1   835µl 1000µl 1000µl 500µl 500µl 500µl - 

5M NaCl  1670µl 1500µl 5000µl - - - - 

5M LiCl - - - 2500µl - - - 

10% IgePal  - - - 5000µl - - - 

10% Sodium 

deoxycholate  

- 
- - 5000µl - - - 

1M Sodium 

bicarbonate2 

- 
- -  - - 300µl 

dH2O 41907.5µl 41800µl 38300µl 36900µl 49400µl 8300µl 2400µl 
1To be made fresh each time  
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Appendix 2  
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Appendix 2: Supplementary Figure 1: Polyclonal 5hmC antibody versus mouse 

monoclonal 5hmC antibody labelling 

Representative flattened image stacks of rabbit polyclonal 5hmC (A), and mouse monoclonal 

5hmC (B), demonstrating analogous extranuclear immunoreactivity (C) in human post-mortem 

AD tissue. Scale bar: 20μm 
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Appendix 2: Supplementary Figure 2: Correlations detected between cell-type specific 

DNA methylation data and PMI or Age 

Scatter plot of the percentage NF-positive pyramidal neurons with nuclear 5mC in layer 2/3 

versus PMI (A). Scatter plot of the percentage NF-positive pyramidal neurons with 

extranuclear 5mC in layer 2/3 versus PMI (B). Scatter plot of the percentage microglia with 

nuclear 5hmC in layer 2/3 versus Age (C). Filled circles represent control cases, open circles 

represent Early-AD cases, and filled triangles represent Late-AD cases. Lines represent linear 

regression of plot.   
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Appendix 2: Supplementary Figure 3: Dysregulation of H3K27ac marking at enhancers 

and super-enhancers in APP/PS1 neurons 

(a-c) Heatmaps for H3K27ac signal at enhancers sorted by strongest (blue) to weakest (red) 

signal in WT (left) and APP/PS1 (right) at (a) 3 months, (b) 6 months and (c) 12 months of 

age. (d-f) Heatmaps for the Super-Enhancer Database (dbSUPER) track were sorted by 

strongest (blue) to weakest (red) signal in WT (left) and APP/PS1 (right) mice at (d) 3 months, 

(e) 6 months and (f) 12 months of age. 
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