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SUMMARY 

Alzheimer’s disease (AD) is the most common cause of dementia, occurs predominantly in those over 

the age of 65 and impacts many aspects of daily life (Mastroeni et al., 2011). A key pathological 

hallmark of AD pathogenesis is the accumulation of brain amyloid beta peptides which aggregate in 

plaque formations, and are accompanied by inflammation and focal demyelination (Galasko & 

Montine, 2010; Mitew et al., 2010). Alzheimer’s disease progression manifests as clinical symptoms 

including memory loss, social dysfunction, and alterations in executive function, following a loss of 

neurons and synapses in respective brain regions (Arnáiz & Almkvist, 2003; Bondi, Edmonds, & 

Salmon, 2017; Klimova, Maresova, Valis, Hort, & Kuca, 2015). While neuron loss and inflammation 

in Alzheimer’s disease has been extensively researched, there has been limited study on myelin 

changes. 

In the central nervous system, the oligodendrocytes are myelin-forming glial cells which mature from 

oligodendrocyte precursor cells (OPCs) by membrane and cytoskeletal alterations. They provide 

metabolic support for neurons and mediate continual remodelling of myelin sheaths, which occurs 

throughout life in response to learning (Funfschilling et al., 2012; Kaplan et al., 2001; Young et al., 

2013). Previous studies of Alzheimer’s disease, including animal models, show loss of myelin in the 

vicinity of amyloid plaques (Bartzokis, 2011; Dean  3rd et al., 2017; Mitew et al., 2010). Plaque 

forming amyloid beta peptides are generated from cleavage of the amyloid precursor protein (APP) by 

β-secretase and γ-secretase enzymes resulting in a number of peptides; however Aβ40 and Aβ42 are 

suggested to be key in AD progression, with Aβ42 being more hydrophobic and fibrillogenic and most 

commonly present within the amyloid plaques (Selkoe, 2001). Several mutations in the APP and γ-

secretase genes have been described in familial AD. These mutations result in increased amyloid levels 

in the brain and have been utilized in human studies and animal models to further our understanding 

of AD pathogenesis. However, there have been a limited number of studies investigating how 
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increased brain amyloid affects myelination in the brain, including generation of new oligodendrocyte 

lineage cells and maturation of OPCs. This thesis seeks to understand the role that increased levels of 

amyloid beta peptides have on the maturation of oligodendrocytes, and the capacity for myelination 

induced by learning a new task. Previous work in our laboratory has demonstrated demyelination in 

cortical layer V in mouse models and human cases of AD (Mitew et al., 2010). However, the cause 

and effect of amyloid on oligodendrocyte lineage cells cannot be directly studied in humans. Rodent 

models represent useful paradigms for investigating the effects of increased brain amyloid on specific 

cell types. Therefore, in this study, I first investigated myelin and oligodendrocyte lineage cells in a 

rat model of induced amyloidosis.  

For this study, I used the TgF344-AD rat model, which overexpresses human APP with the Swedish 

mutation (KM670/671NL; APPswe) as well as the human Presenilin-1 Δ exon 9 mutation (PS1ΔE9), 

both driven by the mouse prion promoter. Previous studies have demonstrated amyloid plaque 

formation in the hippocampus and cortex between 6 and 26 months of age and tau pathology at 16 

months in this model (Cohen et al., 2013). I first characterized alterations in the TgF344-AD rat model 

of amyloidosis, at 18-25 months of age when extensive amyloid plaques were present. I hypothesised 

that the presence of elevated Aβ would alter the myelination of axons in these animals. I quantitated 

the total oligodendrocyte numbers, in the cortex, hippocampus and corpus callosum of transgenic and 

wildtype (WT) animals using immunohistochemistry and examined the axons in the corpus callosum 

using electron microscopy. Analysis of changes to total oligodendrocyte numbers by two-tailed student 

t-test demonstrated significant (p<0.05) decreases in the cortex, alongside a significant increase in

proteolipid protein (PLP) expression in the corpus callosum of TgF344-AD rats. No differences in 

myelination of axons were present in the corpus callosum when comparing WT and TgF344-AD rats 

in this study. 
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To further understand the relationship between amyloid beta, oligodendrocytes, and myelination, I 

investigated the effect of amyloid beta on oligodendrocyte maturation. I hypothesised that extracellular 

amyloid beta peptides would alter health and maturation of OPCs. For this aim, I developed an in vitro 

cell culture model of OPC maturation. OPCs were derived from post-natal Sprague Dawley rat mixed 

glial cultures and oligodendrocyte were cultured in maturation media across a 5-day period. During 

this time, OPCs undergo extensive alterations to their morphology and expression of maturation stage 

specific markers. Previous studies have demonstrated that Aβ40 and Aβ42 are toxic to 

oligodendrocytes in vitro at high concentrations (10 to 20 µM) and generate an inflammatory response 

(Horiuchi et al., 2012; J. Xu et al., 2001). Therefore, I examined the effects of lower concentrations of 

Aβ40 and Aβ42 on cell health, and oligodendrocyte development through examining alterations in 

morphology and the expression of markers specific to OPC development. My study demonstrated that 

Aβ40 reduced the length and number of oligodendrocyte branches following a 24-hour exposure, 

however, upon removal of the amyloid, the cells rapidly recovered, suggesting an acute response to 

amyloid in maturing oligodendrocytes. Conversely, 24-hour exposure to amyloid peptides early in 

their development, increased the number of branches present by 5 days in vitro when the 

oligodendrocytes were more mature. These data suggest amyloid beta interactions may potentially 

modulate proliferation of oligodendrocyte processes, which result in alterations in the oligodendrocyte 

maturation process. 

Lastly, I examined the effect of brain amyloid beta peptides on the ability of rodents to learn a new 

task, which involves the proliferation of OPCs and the laying down of new myelin. I hypothesised that 

the presence of increased levels of amyloid beta peptides in the brain would affect maturation of 

oligodendrocyte lineage cells, impairing myelination and thus the ability to learn a new task. To test 

this, I used the APP/PS1swe mouse model. This model overexpresses APPswe and PS1ΔE9 and has been 

demonstrated to generate cortical amyloid plaque deposits from 4 months of age (Garcia-Alloza et al., 

2006) and cognitive alterations from 7 months (Serneels et al., 2009). For this study, I used the model 
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of amyloidosis at 3 months of age, which allowed me to examine the effect of high levels of amyloid 

in the brain in the absence of other pathological changes, such as amyloid plaques and dystrophic 

neurites. To examine how high brain amyloid affects the myelination process during learning, a skilled 

reaching task was used as a model (Bacmeister et al., 2020; Sampaio-Baptista et al., 2013). This 

involves a mouse learning to repeatedly reach for a chocolate pellet through a narrow slit in a barrier 

over a 10-day period. This task involves considerable motor skills while reinforcing associated motor 

learning pathways for the dominant paw, and has been shown to generate structural changes in white 

matter and a learning-related increase in myelination (Sampaio-Baptista et al., 2013). For this study, 

mice were treated with 5-ethynyl-2´-deoxyuridine (EdU) during the reaching task period, to distinguish 

newly mature oligodendrocytes from existing populations. No significant differences in total or newly 

dividing oligodendrocyte or OPCs were present in the cortex, hippocampus, or corpus callosum in 3-

month-old APP/PS1 following learning a skilled reaching task. In addition, no differences were present 

in myelin thickness in the corpus callosum of these animals compared to WT controls. In this study 

however, food deprivation, a method used to utilize food rewards to encourage behavioural testing 

participation, lead to a significant decrease in newly dividing oligodendrocytes in the corpus callosum 

and hippocampus in both WT and TgF344-AD rats, along with a decrease in cortical OPC numbers. 

In addition to examining alterations to myelination, I determined whether the learning task affected 

amyloid beta peptide production through examining levels in cerebrospinal fluid (CSF). CSF samples 

were analysed using the highly sensitive single molecule array (Simoa, Quanterix) system and 

demonstrated a significantly elevated level of CSF and serum Aβ levels in mice that did not perform 

the learning task and remained on a normal diet, compared to mice that were food deprived. 

In summary, my thesis has added to the limited data examining how amyloid affects myelination and 

oligodendrocyte. These results indicate that amyloid beta peptides affect the development of 

oligodendrocytes and the formation of myelin in rodent models of AD, which may have implications 

for myelin associated plasticity and suggests a mechanism for deficits in cognition and learning in AD. 
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1 LITERATURE REVIEW 

ALZHEIMER’S DISEASE 

Alzheimer’s disease (AD) is the most common form of dementia and neurodegenerative disease 

affecting people over the age of 65 (Mastroeni et al., 2011), with a financial burden on the Australian 

economy estimated to be $18 billion dollars by 2018, with a predicted total cost of dementia of $18.7 

billion by 2025 and more than $36.8 billion by 2056 (Brown, Hansnata, & La, 2017). The progression 

of disease is associated with spread of tau pathology linked to elevated levels of brain amyloid, leading 

to a loss of synapses, neuronal degeneration, and atrophy with additional white matter degeneration 

(DeTure & Dickson, 2019; Serrano-Pozo, Frosch, Masliah, & Hyman, 2011; Whitwell, 2010). 

Neuronal loss or dysfunction is thought to be the main cause of the clinical symptoms of AD, which 

involve a range of cognitive alterations, including dysfunction in memory and executive function (de 

la Torre, 2010; Strydom et al., Chan, King, Hassiotis, & Livingston, 2013; Zhu et al., 2010).  

The primary pathological hallmarks of AD include the accumulation of extracellular amyloid-beta 

(Aβ) into plaques (Thal, Capetillo-Zarate, Del Tredici, & Braak, 2006), presence of neurofibrillary 

tangles (NFTs), plaque associated dystrophic neurites, inflammation and oxidative damage, which 

likely induces neuronal loss (Drechsel, Estévez, Barbeito, & Beckman, 2012; Rohn, 2013). When frank 

dementia emerges, the brain affected by AD already has abundant plaques and NFTs consisting of 

hyper-phosphorylated tau protein aggregates (Drechsel et al., 2012; Rohn, 2013; von Bernhardi & 

Ramirez, 2001). These pathological hallmarks may be  linked to the loss of grey matter that occurs 

with disease progression (DeTure & Dickson, 2019; Serrano-Pozo et al., 2011). In this regard, the 

brain of people with AD have atrophy of the cortex, progressive loss of hippocampal and whole brain 

volume and expansion of the ventricles (Jack, Petersen, O’Brien, & Tangalos, 1992; Ledig et al., 2018; 

Migliaccio et al., 2015; Whitwell, 2010). These gross changes to the structure of the brain are linked 

to a reduced capacity of the formation of new memories following atrophy of the hippocampus and 
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temporal lobes and  a decline in executive function, mood and social interactions following frontal 

lobe atrophy, as just a few examples of the array of alterations that occur with AD progression (Atri, 

2019). In addition to these pathological hallmarks, AD also has genetic components where it is known 

as familial AD. Familial AD accounts for less than 1% of cases, where dominantly inherited familial 

AD (FAD) is caused by mutations to the amyloid precursor protein (APP) gene, presenilin-1 (PSEN1) 

or PS2 (Bekris, Yu, Bird, & Tsuang, 2010; Ikeuchi et al., 2008). FAD presents as early as 20 years of 

age, with an average age of 46.2 (Ryman et al., 2014), and is considered early onset AD (EOAD), 

defined as AD occurring before the age of 65, which usually has an atypical presentation and 

aggressive progression (Mendez, 2017). AD cases are more commonly sporadic and occur as late onset 

AD (LOAD). Although sporadic in nature, there are several genetic risk factors that confer a higher 

likelihood of developing AD. The most notable genetic risk factor for LOAD is in the apolipoprotein 

E gene (APOE), with individuals carrying a copy of the APOE4 allele polymorphism at highest risk of 

AD as well as conferring risk for vascular dementia and Lewy body dementia (Lane, Hardy, & Schott, 

2018; Verghese, Castellano, & Holtzman, 2011). 

Much of the previous work into the pathogenesis of AD has focused on neurons, as the degeneration 

of nerve cells and synapses underlies the observable clinical symptoms, however, research has 

indicated that central nervous system (CNS) glia potentially have an active role in several 

neurodegenerative diseases, including AD (Bachstetter et al., 2012; Garwood, Pooler, Atherton, 

Hanger, & Noble, 2011; Kamphuis, Orre, Kooijman, Dahmen, & Hol, 2012; Saitoh, Kang, Mallory, 

DeTeresa, & Masliah, 1997). Chronic inflammation and oxidative stress induced by activated glial 

cells are increasingly implicated in the pathogenesis of AD, suggesting that both microglia and 

astrocytes are involved in disease onset (Garwood et al., 2011; Meraz-Rios et al., 2013; Saitoh et al., 

1997; von Bernhardi & Ramirez, 2001).  
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Oligodendrocytes are a glial cell type, which produce myelin to insulate and allow for modulation of 

high velocity nerve conduction, as well as provide metabolic support to axons (Bradl & Lassmann, 

2010; Brown & Verden, 2017; Thomson et al., 2008), which is important for both learning and 

plasticity, and is the key focus of this study. Throughout development as well as into adulthood, 

oligodendrocyte precursor cells (OPCs) undergo continuous turnover and differentiation to mature, 

myelin forming oligodendrocytes in order to maintain support of myelinated axons, repair damaged 

myelinated axons and to myelinate new unmyelinated axons, in a process of adaptive myelination 

(Gibson et al., 2014; Ronzano, Thetiot, Lubetzki, & Desmazieres, 2020; Xiao et al., 2016) 

Changes to white matter myelin and oligodendrocyte lineage cells have been demonstrated to be 

present in human AD cases, (Behrendt et al., 2013; Erten-Lyons et al., 2013; Sjobeck, Haglund, & 

Englund, 2005). Although the overall number of oligodendrocyte lineage cells present in the sensory 

motor cortex of human AD cases was found to be lower than non-AD brains, Olig2 immunopositive 

oligodendrocyte lineage cells were found to be increased in the white matter of the mid frontal gyrus 

(Behrendt et al., 2013). Studies of myelin in the AD brain have shown a decrease in myelin density, 

measured by optical density to determine myelin attenuation in the frontoparietal lobe, alongside an 

increased number of white matter hyperintensities present, which has been correlated with cognitive 

decline (Erten-Lyons et al., 2013; Sjobeck et al., 2005). Similarly, alterations to oligodendrocytes, 

white matter changes and a decline in myelin content have been reported in rodent models of AD 

progression (Chacon-De-La-Rocha et al., 2020; Desai et al., 2009; Lee et al., 2020; Mitew et al., 2010; 

Vanzulli et al., 2020).  

 OLIGODENDROCYTE BIOLOGY 

Oligodendrocytes, a macroglial cell present in the CNS arise from complex and precisely timed 

processes such as proliferation, migration, differentiation and myelination to finally produce the 

myelin sheath, an insulating cover for axons, which allows for modulation of nerve signal conduction 
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speeds and metabolic support (Bradl & Lassmann, 2010; Deng & Poretz, 2003; Funfschilling et al., 

2012). The myelin sheath is essential for protection of the axon it wraps, as well as preventing the 

leakage of ions and maintaining the electrical potential of axons; a myelinated axon is much more 

efficient at transmitting signals compared to an unmyelinated axon (McNeal, 1976). Oligodendrocytes, 

in combination with astrocytes, have a tightly regulated role of providing metabolic support for 

neurons in the CNS, mediated by a lactate shuffle system (Camargo et al., 2017; Nave, Tzvetanova, & 

Schirmeier, 2017; Philips & Rothstein, 2017) As neurons have substantial energy requirements that go 

beyond what they are able to store/generate for themselves, they require surrounding cells in the CNS 

to meet such requirements, with astrocytes and oligodendrocytes being able to draw from blood 

glucose and intracellular glycogen stores to form lactate to fuel ATP synthesis in neurons (Kasischke, 

Vishwasrao, Fisher, Zipfel, & Webb, 2004; Lucy Liu, MacKenzie, Putluri, Maletić-Savatić, & Bellen, 

2017; Nave et al., 2017; Pellerin & Magistretti, 1994). This process is assisted by oligodendrocyte 

myelin sheaths, as neuronal mitochondrial distribution is modulated at the nodes of Ranvier, to allow 

continuous activity of Na+/K+ channels (Ohno et al., 2011). Oligodendrocytes have large intracellular 

iron stores, important for generation of myelin sheaths and essential for oxygen consumption and ATP 

production (Braughler, Duncan, & Chase, 1986; Connor & Menzies, 1996; Juurlink, 1997). Such iron 

stores and high energy requirements of oligodendrocytes in differentiation and myelin generation leave 

them vulnerable to oxidative stress and cell death can lead to further damage with release of 

intracellular iron stores to surrounding cells (Khattar et al., 2021; Möller et al., 2019), which occurs in 

neurodegenerative diseases, leading to further loss of neural plasticity and cognitive function.  

1.2.1 Production and maintenance of oligodendrocytes 

Myelin-forming oligodendrocytes go through a maturation and differentiation process and are derived 

from OPCs. The first OPCs originate from the medial ganglionic eminence and anterior 

entopeduncular area in the forebrain, which go on to populate embryonic telencephalon including the 
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cerebral cortex (Kessaris et al., 2006). These OPCs are joined by a second wave of OPCs derived from 

the lateral and/or caudal ganglionic eminences, and a third wave of OPCs from within the postnatal 

subventricular zone (Cai et al., 2005; Fogarty, Richardson, & Kessaris, 2005; Vallstedt, Klos, & 

Ericson, 2005). These multiple waves of OPC require migration over long distances to arrive at their 

destination, a process which is tightly controlled (Castro & Bribian, 2005; Fernando de Castro, Bribián, 

& Ortega, 2013). Growth factors such as fibroblast growth factor (FGF) and platelet-derived growth 

factor (PDGF; Redwine & Armstrong, 1998; Spassky et al., 2001) or hepatocyte growth factor (Ohya, 

Funakoshi, Kurosawa, & Nakamura, 2007; Yan & Rivkees, 2002), chemotrophic molecules including 

netrins and secreted semaphorins (Jarjour et al., 2003; Uschkureit et al., 2000) and chemokine CXCL1 

(Castro & Bribian, 2005) have been shown to be involved in the migration of OPCs.  

The exact mechanisms for each of these factors are not clearly understood, as the evidence for their 

involvement has come from a range of experimental models and culture systems. OPC migration also 

involves contact-mediated regulatory mechanisms, involving many different extracellular matrix 

proteins and surface molecules (Frost, Kiernan, Faissner, & ffrench-Constant, 1996; Kiernan, Gotz, 

Faissner, & ffrench-Constant, 1996; Wang, Rougon, & Kiss, 1994), N-cadherins (Milner et al., 1997; 

Niehaus et al., 1999; Prestoz et al., 2004; Schnadelbach et al., 2000; Tiwari-Woodruff et al., 2001) and 

possibly other molecules yet to be identified. Despite the precise mechanisms still being unclear, 

together the research conducted suggests a common theme of contact-based migration in extracellular 

matrices, axonal tracts and astrocytic surfaces for OPCs during development (Castro & Bribian, 2005).  

Once they have reached their destination, OPC populations persist into adulthood, while the majority 

will go on to form mature myelin-producing oligodendrocytes. These distinct pools of OPCs can be 

clearly identified by the relatively lower metabolic capacity compared to differentiating and maturing 

oligodendrocytes, as highlighted by research using 13C-labelled glucose, acetate and lactate, which 

demonstrated mitochondrial activity being important for OPC differentiation and heightened pentose 
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phosphate pathway activity in mature oligodendrocytes (Amaral, Hadera, Tavares, Kotter, & 

Sonnewald, 2016). This pool of OPCs are critical for continued generation of new oligodendrocytes, 

repairing damaged myelin and formation of new myelin (Fernandez-Castaneda & Gaultier, 2016). 

The process of differentiation for maturing oligodendrocytes requires alterations to the membrane via 

cytoskeletal manipulation of microtubules and actin filaments, requiring substantial energy stores to 

mediate these morphological changes (Brown & Verden, 2017; Lee & Hur, 2020).  

1.2.2 Oligodendrocyte differentiation and myelin formation 

The differentiation process of OPCs to generate mature oligodendrocytes and myelin formation is a 

spatially and temporally regulated process, with clear stage-specific markers expressed at key 

morphological points (Figure 1.1). In vitro studies have demonstrated that OPC proliferation can 

continue when cultured in defined medium alongside PDGF, without TH (thyroid hormone; 

triiodothyronine) being present (Barres, Lazar, & Raff, 1994), but will be driven to differentiation to 

form mature myelinating oligodendrocytes with TH present (Tang, Tokumoto, & Raff, 2000). It has 

been shown that primary cultures derived from immature tissue are able to undergo more divisions 

before differentiation than those derived from mature tissue, suggesting that OPCs have an intracellular 

timer to determine when differentiation must occur (Durand & Raff, 2000; Temple & Raff, 1986). 

However, in vivo studies have shown that a range of factors, such as growth factors, may regulate the 

differentiation fate of OPCs (Kang et al., 2010; Zerlin, Milosevic, & Goldman, 2004; Zhu et al., 2011). 

Unlike neuron progenitor cells, the OPCs present in adulthood contribute to 5% of all neural cells and 

are distributed uniformly throughout the brain in rodents and humans (Chang, Nishiyama, Peterson, 

Prineas, & Trapp, 2000; Dawson, Polito, Levine, & Reynolds, 2003; Pringle, Mudhar, Collarini, & 

Richardson, 1992).  

The persisting OPC population express the neural/glial antigen 2 (NG2) proteoglycan and PDGF-

receptor α (PDGFRα) (Di Bello, Dawson, Levine, & Reynolds, 1999; Keirstead, Levine, & Blakemore, 
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1998; Redwine & Armstrong, 1998; Sim, Zhao, Penderis, & Franklin, 2002) and these adult OPCs 

have also been named NG2-expressing OPCs (Franklin & Ffrench-Constant, 2008), synantocytes (Butt 

et al., 2005) or polydendrocytes (Nishiyama et al., 2009). Previous studies have suggested that they 

might be less restricted in terms of their differentiation potential, and also be able to give rise to not 

only oligodendrocytes, but also to neurons in the hippocampus (Belachew et al., 2003) or astrocytes 

(Alonso, 2005; Cassiani-Ingoni et al., 2006). However, this ‘stem cell’ pool of OPCs are mainly lineage 

restricted to generate oligodendrocytes in adulthood (Dimou et al., 2008). The presence of this pool is 

required to allow for continued adaptive myelination (Bechler, Swire, & ffrench-Constant, 2018). 

Recent research has also demonstrated that OPCs are heterogeneous (van Bruggen, Agirre, & Castelo-

Branco, 2017), by differences in activity and calcium  
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Figure 1.1 Schematic representation of the differentiation process for oligodendrocyte precursor cells 

(OPCs) maturing to myelin-forming oligodendrocytes (OL), highlighting oligodendrocyte lineage 

stage-specific markers during the differentiation process. Oligodendrocyte lineage cells express 

markers Olig1, Olig2 and Sox10 through their differentiation process, while oligodendrocyte precursor 

cells (OPCs) are characterized by PDGFR-α and NG2 expression. During maturation, pre-

oligodendrocytes (pre-OL), express CNPase during transition to mature myelin-forming 

oligodendrocytes (OL), characterized by expression of CNPase, PLP and MBP. OPC: oligodendrocyte 

precursor cell; OL: oligodendrocyte; PDGFR-α: platelet-derived growth factor receptor alpha; NG2: 

neuron-glia antigen 2; CNPase: 2’,3’-cyclic-nucleotide 3’-phosphodiesterase; PLP: proteolipid 

protein; MBP: myelin basic protein. Adapted from Kuhn et al. (2019).  
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signalling, generating OPCs with functionally diverse capacities to differentiate and form myelin 

(Hoche et al., 2019; Marisca et al., 2020). The process of myelin generation involves initially, the 

extension and contact of growth cone-like filipodia being driven by F-actin polymerization 

(Thomason, Escalante, Osterhout, & Fuss, 2020) and modulated by laminin-2 and merosin (Bechler, 

Byrne, & Ffrench-Constant, 2015; Eyermann, Czaplinski, & Colognato, 2012; Fox, Afshari, 

Alexander, Colello, & Fuss, 2006; Lafrenaye & Fuss, 2010; O’Meara, Cummings, Michalski, & 

Kothary, 2016), in an environment that includes both axonal signals that prevent and promote 

myelination. These preventative signals include: expression of polysialylated-neural cell adhesion 

molecule (PSA-NCAM) which is downregulated with onset of myelination (Decker & ffrench-

Constant, 2004; Fewou, Ramakrishnan, Büssow, Gieselmann, & Eckhardt, 2007); the signalling 

between Notch1 receptor and its ligand Jagged1 located on the surface of axons which may inhibit 

oligodendrocyte differentiation (Genoud et al., 2002; Hu et al., 2003; Wang et al., 1998; Watkins, 

Emery, Mulinyawe, & Barres, 2008); myelination and growth cone propagation following Lingo1 

associating with the Nogo receptor (Mi et al., 2005) and γ-secratase (Barres, 2008; Radtke & Raj, 

2003). In contrast, pro-myelination factors such as laminin-α2, produced by pre-myelinated axons, 

binds to β1 integrin receptors to promote process extension in oligodendrocytes (Hu, Deng, Wang, & 

Xu, 2009). This leads to dephosphorylation of Fyn tyrosine kinase, which may also occur by axonal 

L1 ligand binding to oligodendrocyte contactin (Laursen, Chan, & ffrench-Constant, 2009; Zoupi et 

al., 2018), or netrin-1 binding to deleted in colorectal carcinoma (DCC) (Rajasekharan et al., 2009). 

Following dephosphorylation of Fyn kinase, integrin-linked kinase (ILK) activation, α-parvin and 

particularly interesting new cysteine-histidine-rich protein (PINCH) initiate actin polymerization and 

process extension (Bauer, Richter-Landsberg, & Ffrench-Constant, 2009; Liang, Draghi, & Resh, 

2004). Neuronal activity in the form of action potentials can also mediate neuron-glial communication 

due to the release of ATP (Stevens & Fields, 2000) and adenosine (Kuperman, Volpert, & Okamoto, 

1964; Maire, Medilanski, & Straub, 1984). The release of ATP from axons indirectly acts on OPCs or 
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oligodendrocytes by triggering the release of leukemia inhibitory factor (LIF) from astrocytes and 

promotes myelination by mature oligodendrocytes (Ishibashi et al., 2006), while adenosine inhibits the 

proliferation of OPCs and stimulates the differentiation of oligodendrocytes to form myelin (Stevens, 

Porta, Haak, Gallo, & Fields, 2002). The formation of myelin sheaths by oligodendrocytes may occur 

in a single event, where they may ensheath multiple axons, rather than repeated formations for separate 

sheaths (Barres, 2008; Watkins et al., 2008) and intrinsic mechanisms will allow myelin generation up 

until a certain point of cell maturity, after which it no longer will be able to form myelin (Watkins et 

al., 2008) 

Oligodendrocytes generation of myelin is both intrinsic, responding to and myelinate surrounding 

axons with diameters above 0.2µm (Mitew et al., 2014; Simons & Trajkovic, 2006), and adaptive, 

where the sum of multiple external factors impact the generation of myelin (reviewed in Bechler, 

Swire, & ffrench-Constant, 2018). The general process of myelin formation follows the migration of 

OPCs from the subventricular zone into various regions of the brain and can be divided into a number 

of key events including; migration, extension of processes, adhesion to the axons and the initialization 

of myelin formation (Lu et al., 2000). Previous studies hypothesised that CNS myelination in normal 

development may be triggered by neuronal differentiation, rather than intrinsic timing in 

oligodendrocytes (Brinkmann et al., 2008). An essential signal for the onset of myelination seems to 

stem from neuronal electrical activity, as studies in optic nerves demonstrate reduced myelination in 

mice which have been reared in the dark (Gyllensten & Malmfors, 1963), or for the naturally blind 

cape-mole rats (Omlin, 1997). Conversely, increased neuronal firing due to α-scorpion toxin has been 

shown to enhance myelination (Demerens et al., 1996), and premature opening of the eye accelerates 

myelination in rabbit  optic nerves (Tauber, Waehneldt, & Neuhoff, 1980). During initial stages of 

myelination, OPCs increase the extension of their processes (or membranous extensions) and 

gradually, these processes will begin to form a spiral structure as they make contact with and wrap 

around the axon (Cai & Xiao, 2016). This spiral structure is led by an inner tongue, while the myelin 
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layers undergo compaction simultaneously, which involves the exclusion of cytoplasm and inter-layer 

adhesion of the myelin layers present (Snaidero & Simons, 2017).  

The process of myelination is a key contributor to brain plasticity, which may be modified by 

experience and environmental factors (Fields, 2008), and in humans is frequently demonstrated as an 

increase in white matter by magnetic resonance imaging following learning and training of certain 

tasks (Zatorre, Fields, & Johansen-Berg, 2012). This notion of plasticity has been observed in both 

children and adults performing visuomotor or language learning tasks (Bengtsson et al., 2005; Lee et 

al., 2010; Oztürk, Tasçioglu, Aktekin, Kurtoglu, & Erden, 2002; Schlegel, Rudelson, & Tse, 2012; 

Steele, Bailey, Zatorre, & Penhune, 2013). Similar plasticity induced myelin alterations were also 

demonstrated by histology and electron microscopy in the rodent CNS (McKenzie et al., 2014; 

Sampaio-Baptista et al., 2013; Simon, Götz, & Dimou, 2011; Xiao et al., 2016). Oligodendrocytes 

derived from the adulthood pool of OPCs present in the CNS are also continuously generating, 

replacing and repairing myelin, and were demonstrated to produce shorter but more abundant myelin 

sheaths compared to myelinating oligodendrocytes generated from early postnatal life (Young et al., 

2013).  

The exact mechanism of the plasticity process as well as the factors that regulate such processes are 

not currently known. Despite this, the dysfunction of such processes have been seen in 

neurodegenerative diseases such as Huntington’s (Teo et al., 2019, 2016) and motor neuron disease 

(Kang et al., 2013), but whether this process also contributes to the pathogenesis of AD, and whether 

the key pathological AD protein, Aβ has a role in regulating this process is currently not known. 

 AMYLOID PRECURSOR PROTEIN AND AMYLOID-BETA 

The amyloid precursor protein (APP) is a member of the family of type I membrane proteins, a highly 

conserved gene and protein through evolution, with analogues present in not only mammalian species, 

but also two homologues found in invertebrates (Daigle & Li, 1993; Martin-Morris & White, 1990). 
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Two mammalian homologous proteins have also been identified, APP like protein 1 (APPLP1) and 

the APP like protein 2 (APPLP2) (Slunt et al., 1994; Wasco et al., 1992). The human APP gene is 

located on the long arm of chromosome 21, containing 18 exons (Lamb et al., 1993; Yoshikai, Sasaki, 

Doh-ura, Furuya, & Sakaki, 1990). The mammalian APP family is ubiquitously expressed throughout 

the brain. APPLP1, similar to Drosophilia Appl expression, is restricted to neurons (Martin-Morris & 

White, 1990). APP and APPLP2 are also present in high levels throughout the brain but are also 

expressed ubiquitously outside of the brain. The main elements of these proteins that are highly 

conserved including the large extracellular N-terminus domain and the short cytoplasmic C-terminal 

domain (Dyrks et al., 1988; Kang et al., 1987). The APP sequence includes highly conserved motifs, 

including the E1 and E2 domains of the extracellular and intracellular regions (reviewed in Gralle & 

Ferreira, 2007). The E1 domain includes several subdomains, such as heparin-binding/growth-factor-

like domain (HFBD/GFLD), a zinc-binding domain (ZnBD) and a copper-binding-domain (CuBD). 

Between the E1 and E2, sits a Kunitz protease inhibitor domain (KPI) and glutamic acid-rich region 

(DE). The E2 domain is composed of another HFBD/GFLD region and random coil (RC) region. The 

cytoplasmic region of APP includes a YENPTY protein interaction motif that is conserved in all APP 

isoforms. A key difference between the various forms of APP is the presence or absence of a 

chondroitin sulfate glycosaminoglycan (CS GAG) attachment site and a KPI domain. Various isoforms 

of APP may be preferentially expressed depending on cell type, such as the 695-amino-acid long APP, 

which is primarily found in neuronal cells (Arai et al., 1991; Bayer, Cappai, Masters, Beyreuther, & 

Multhaup, 1999).  Research has shown that across a number of species, APP maintains its function, as 

seen by human APP mediating a partial rescue of the Drosophilia Appl null behavioural phenotype 

(Luo, Tully, & White, 1992), indicating the conserved motifs rather than the non-conserved Aβ 

sequence, are responsible for physiological functions in the APP family.  

While the physiological role of APP is not completely understood, studies have demonstrated potential 

roles in functionality at synapses, by regulating synaptic transmission, plasticity, and memory 
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formation (Terry et al., 1991). In addition, APP immunopositivity is present in human neuromuscular 

junctions (NMJs) (Askanas, Engel, & Alvarez, 1992), in conjunction with a lack of APP present in 

NMJs in a APP/APPLP2 double knockout mouse (Wang, Yang, Wang, & Zheng, 2007; Wang et al., 

2005). Furthermore, the Drosophila homologue APPL alters synaptic bouton numbers and structure 

in NMJs (Torroja, Packard, Gorczyca, White, & Budnik, 1999). APP and APPL also have a role in 

axonal transport, modulating interactions between kinesin and C-terminal intracellular domain (AICD) 

of APP, to mediate vesicle transport and synapse growth (Kamal, Almenar-Queralt, LeBlanc, Roberts, 

& Goldstein, 2001; Kamal, Stokin, Yang, Xia, & Goldstein, 2000). APP also has been suggested to 

have a role as a receptor, as neuronally secreted glycoprotein F-spondin can bind to the extracellular 

domain of APP and regulate Aβ production and downstream signalling (Ho & Sudhof, 2004). 

APP is involved in the secretory pathway of cells and undergoes a range of post-translational 

modifications. All three mammalian APP proteins, including APPL and APLP1, receives N- 

glycosylation (Daigle & Li, 1993; Eggert et al., 2004; Luo, Martin-Morris, & White, 1990; Sprecher 

et al., 1993). O-glycosylation has been shown to also occur in both APP and APPLP2 (Weidemann et 

al., 1989) and may also be sialylated (Lyckman, Confaloni, Thinakaran, Sisodia, & Moya, 1998) and 

CS GAG modified (Pangalos, Shioi, & Robakis, 1995; Thinakaran & Sisodia, 1994). N-glycosylation 

of APLP have been demonstrated to regulate neuronal differentiation factors (Yale et al., 2018). 

While the normal functions of APP and its fragments are still under investigation, the protein has 

received substantial interest from research groups due to the role that it plays in the context of 

neurodegeneration pathogenesis, particularly following enzymatic processing to generate Aβ peptides, 

which accumulate and form amyloid plaques, a key pathological hallmark of AD. Processing of APP  
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Figure 1.2 Amyloid precursor protein (APP) processing occurs by two sequential cleavage pathways. 

APP has a large N-terminal ectodomain and shorter C-terminus. Nonamyloidogenic processing of APP 

involves α-secretase and subsequent γ-secretase cleavage. Amyloidogenic processing involves BASE1 

followed by γ-secretase cleavage. Both processes generate soluble ectodomains (sAPPα and sAPPβ) 

and intracellular C-terminal fragments (AICD). The generation of Aβ peptides via the amyloidogenic 

pathway later oligomerize, form fibrils and accumulate to form amyloid plaques, a key pathological 

hallmark of Alzheimer’s disease. Adapted from Azria et al. (2017), created using BioRender.com. 
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follows two separate pathways, the nonamyloidogenic pathway and the amyloidogenic pathway that 

generates Aβ (Figure 1.2). The nonamyloidogenic pathway of APP processing by α-secretase, releases 

a large soluble ectodomain APP region, called sAPPα, that has been demonstrated to have an important 

role in neuronal plasticity and survival by protecting against excitotoxicity (Furukawa et al., 1996; 

Mattson, 1997) and is important during early CNS development for its role in proliferation of neuronal 

stem cells (Caillé et al., 2004; Ohsawa, Takamura, Morimoto, Ishiguro, & Kohsaka, 1999).  

Amyloidogenic processing of APP is mediated via cleavage by BACE1, a major β-secretase enzyme, 

which was demonstrated to be involved with APP metabolism following in vitro studies using 

synthetic APP (Cai et al., 2001). Following β-cleavage, the carboxyl terminal fragments (CTFs) of 

APP, specifically βCTF, remains in the membrane and is further cleaved by γ-secretase. This cleavage 

by γ-secretase can generate both Aβ40 and Aβ42, the most abundant and more amyloidogenic species, 

respectively (Thinakaran & Sisodia, 1994). The pathological impact of Aβ, which is a key component 

of plaques in AD brains, has been extensively researched. Of the two main toxic species produced 

Aβ40 and Aβ42, Aβ42 has been shown to be more hydrophobic and prone to form fibrils and makes 

up 10% of total Aβ peptides produced (Burdick et al., 1992).  

Neurotoxic effects of Aβ include synaptic dysfunction, formation of neurofibrillary tangles and 

subsequent neuronal loss, with further toxic effects impacting inflammation and leading to 

abnormalities in spatial memory tests, progressive memory impairment and disordered cognitive 

function (Selkoe, 2001; Shankar & Walsh, 2009). While extracellular Aβ leads to the formation of 

plaques in AD, intracellular Aβ is also reported to have a pathological impact on neurons (Gouras, 

Tampellini, Takahashi, & Capetillo-Zarate, 2010; Welikovitch et al., 2020). The presence of 

intraneuronal Aβ is observed early in progression, during mild cognitive impairment (MCI), prior to 

AD classification, in pathologically prone areas of the brain in AD, such as the entorhinal cortex, 

hippocampus and amygdala, and potentially linked to impairment of emotional responses (España et 
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al., 2010). Interestingly, low levels of extracellular Aβ40 and Aβ42 (100nM, for 24 hours) have 

demonstrated that a neuroprotective effect is possible (Quintela-López et al., 2019). Further studies 

using picomolar concentrations of Aβ have demonstrated the ability of Aβ to rescue neuronal death 

through altering neuronal excitability via potassium ion channels (Plant, Boyle, Smith, Peers, & 

Pearson, 2003; Plant et al., 2006) and also to enhance long-term potentiation, memory and 

neurotransmission in the hippocampus (Morley et al., 2010; Puzzo et al., 2008). Whether Aβ has a 

normal function in the brain is still contentious, whereas toxicity of these Aβ peptides has been well 

documented. Aβ peptides in AD progression go onto oligomerise and develop into fibrils which 

generate the toxic affect seen in AD, however these intermediate step Aβ40 oligomers are understood 

to have a degree of toxicity within AD progression (Iversen, Mortishire-Smith, Pollack, & Shearman, 

1995; Matsuzaki, 2011; Verma, Vats, & Taneja, 2015; Walsh, Klyubin, Fadeeva, Rowan, & Selkoe, 

2002). In contrast, there is evidence that positive effects of Aβ are possible, with increased 

oligodendrocyte morphological differentiation and cell survival shown in vitro (Quintela-López et al., 

2019) and increases to hippocampal myelin thickness and oligodendrogenesis in vivo (Ferreira et al., 

2020). 

While research on targeting Aβ to prevent downstream pathological alterations in the brain has done 

little to advance and improve outcomes for AD patients, further studies have suggested a range of 

normal functions of Aβ, including antimicrobial properties, protection against cancers, sealing leaks 

in the blood-brain barrier and may aid recovery from brain injuries (Brothers, Gosztyla, & Robinson, 

2018; Pearson & Peers, 2006). The effect of Aβ on glial cells, specifically oligodendrocytes and the 

myelin they produce, and how this could contribute to AD progression is a key focus of the thesis and 

will be explored further in the next section. 
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 DYSFUNCTION OF OLIGODENDROCYTES AND MYELIN IN ALZHEIMER’S DISEASE 

Previous research into the progression of AD has been primarily focused on changes to the grey matter, 

due to the distribution of pathology and associated global atrophy and degeneration, but more recent 

studies have sought to understand white matter degeneration and the dysfunction of the 

oligodendrocytes responsible for repairing and maintaining myelin to determine whether this could be 

a key factor in AD progression (Bartzokis, 2011; Desai, Guercio, Narrow, & Bowers, 2011; Matute, 

2010; Nasrabady, Rizvi, Goldman, & Brickman, 2018). The role of Aβ in AD pathogenesis may stem 

from a direct toxic effect of Aβ on cells present in the CNS (Agosta et al., 2014). 

Neuroimaging studies have demonstrated several alterations that occur in the progression of AD, while 

also being a technique to exclude other disease pathology that may lead additionally to cognitive 

decline. In addition to the well stated atrophy of grey matter in AD progression, there are also gross 

changes to white matter present in corpus callosum and frontal, temporal and parietal lobes of AD 

patients, where myelin and oligodendrocyte loss was present (Bozzali et al., 2002). Loss of myelin has 

been observed consistently in AD progression, with the later myelinated areas being the most 

vulnerable (Benitez et al., 2014; Gao et al., 2011; Reisberg et al., 1999). As the science behind complex 

neuroimaging and analysis has improved, so has the capacity to be able to find subtle changes that 

occur during AD progression. Neuroimaging studies have reinforced the critical role that alterations 

to myelin and oligodendrocytes in AD, as demonstrated by amyloid pathologies present in regions of 

reduced myelin density (Dean et al., 2017). A recent study has also demonstrated how myelin and 

oligodendrocyte loss can lead to a substantial release of iron stores, leading to further myelin 

breakdown and may be a key factor in early pathogenesis in AD (Khattar et al., 2021). Total amount 

of protein, lipids and cholesterol have also been found to be significantly reduced in the myelin of 

Alzheimer’s patients in comparison to control groups (Sjobeck et al., 2005; Soderberg, Edlund, 

Alafuzoff, Kristensson, & Dallner, 1992; Svennerholm & Gottfries, 1994; Wallin, Gottfries, Karlsson, 
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& Svennerholm, 1989; Yokoi, Nakano, & Suzuki, 1982), suggesting that myelin disruption may be a 

major lesion site in AD. Such focal loss of oligodendrocytes in grey matter of the cerebral cortex in 

both sporadic and preclinical AD cases was associated with Aβ plaque cores (Mitew et al., 2010). A 

decrease in oligodendrocyte nucleus diameter has also been demonstrated to be a key feature of AD 

progression (Gagyi et al., 2012). White matter hyperintensities (WMH) have been demonstrated to be 

a predictor of AD and rate of cognitive decline (Brickman, 2013; Brickman et al., 2012, 2015; Tosto, 

Zimmerman, Carmichael, & Brickman, 2014), have been suggested to be a greater contributor to 

neuropsychiatric symptoms in AD cases than focal grey matter atrophy (Misquitta, Dadar, Louis 

Collins, & Tartaglia, 2020) and have been shown to correlate with CSF levels of Aβ42 in AD cases 

and increasing CSF tau levels in patients with MCI (Lee et al., 2016; Tosto, Zimmerman, Hamilton, 

Carmichael, & Brickman, 2015), which are linked to vascular changes as blood-brain barrier 

alterations are considered secondary in areas with WHM (Wardlaw, Valdés Hernández, & Muñoz-

Maniega, 2015). In human AD cases, the presence of phosphorylated tau in grey matter has been 

associated with demyelination and white mater abnormalities in AD patients (McAleese et al., 2015, 

2017; Wang, Yu, Wei, Li, & Li, 2021).  

While significant alterations to white matter are present in AD cases, it is still unclear the impact that 

oligodendrocytes have during the progression of AD. A number of key pathological hallmarks have 

been extensively studied in neurons, such as the impact of NFTs and the presence of intraneuronal Aβ 

(Gouras et al., 2010; Welikovitch et al., 2020), but are yet to be further understood if equivalent 

pathological pathways exist within oligodendrocytes, or if pathological outcomes result from NFT and 

Aβ induced neuronal alterations. In rodent models of progressive AD pathology, oligodendrocyte 

numbers have been shown to be reduced in the cortex (Behrendt et al., 2013) and oligodendrocyte 

nuclear diameter reduced in parahippocampal white matter (Gagyi et al., 2012), alongside having been 

shown to have an increase in PDGFR-α OPCs and no change to myelinating oligodendrocytes in deep 

white matter (Simpson et al., 2007) in human post mortem tissue. In combination with these findings 
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from human AD cases,  early stages of AD in mouse models have found an increase in number of 

OPCs in APP/PS1 mice (Behrendt et al., 2013) and elevated numbers of mature non-myelinating 

oligodendrocytes in 3xTG-AD mice (Desai et al., 2010) and may suggest a disease phenotype for 

oligodendrocytes at early stages of AD. As described earlier, a decrease in hippocampal MBP staining 

and OPCs has been reported in 3xTg-AD mice (Vanzulli et al., 2020), and loss of hippocampal OPCs 

at 9 months in APP/PS1 mice (Chacon-De-La-Rocha et al., 2020). While there is currently no clear 

understanding of any pathological interactions between oligodendrocytes and phosphorylated tau or 

NFTs, it is understood that both share a common background of neuronal dysfunction, where neuronal 

dysfunction and NFTs both are in the presence of myelin and oligodendrocyte changes (Nasrabady et 

al., 2018).  

Some studies have proposed that myelin breakdown from impaired repair of OPCs might possibly be 

the initiating step in AD onset (Ihara et al., 2010; Roher et al., 2002; Sjobeck et al., 2005; Tian, Shi, 

Bailey, & Mann, 2004). In vitro findings also indicated a novel Aβ oligomer-mediated demyelination, 

which may be due to the impairment of myelin maintenance or remyelination by adult OPCs, leading 

to accumulation of pathology, damage of axons and resulting neural signal disruption (Horiuchi et al., 

2012). OPCs have been suggested to be impacted early in AD progression, following amyloid-plaque 

deposition due to the presence of myelin damage in animal AD models and human AD cases, without 

subsequent myelin repair (Behrendt et al., 2013). Oligodendrocytes, which during myelination, require 

substantial amounts of energy to allow for membrane manipulation, have also been shown to have 

lower levels of antioxidant agents compared to other glial cells (B. H. Juurlink, Thorburne, & Hertz, 

1998) and high stores of iron, leaving oligodendrocytes susceptible to oxidative stress damage. 

Oxidative stress has been indicated to increase with age, which can lead to cellular damage of 

oligodendrocytes (Bartzokis, Lu, & Mintz, 2007; Tse & Herrup, 2017). This stress and damage has 

been suggests to lead oligodendrocytes into a cycle of exacerbating AD pathology, as myelin 

breakdown and iron release promotes Aβ oligomerization in the parenchyma, and further oxidative 
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stress (Bartzokis et al., 2007; Tse & Herrup, 2017). In further support of loss of myelin as a driving 

factor in development of the clinical symptoms of dementia, in an in vivo AD model, Aβ toxicity 

causes myelin disruption correlated with the temporal and spatial development of cognitive 

dysfunction (Desai et al., 2011).  

Several animal models of AD have been critical in developing an understanding of the mechanisms 

underlying the generation of amyloid in AD and subsequent neurodegeneration and white matter 

changes (Table 1.1 and table 1.2). While several animal models of amyloidosis and AD progression 

express genes present in familial AD cases (reviewed in Götz, Bodea, & Goedert, 2018), demonstrating 

progressive formation of pathological hallmarks, memory and cognitive impairments, none of these 

models include the full array of pathological hallmarks that are present in human AD cases. An 

example of models include the APP/PS1 mouse, expressing the APPswe mutant and ΔE9 mutant of PS1 

(Jankowsky et al., 2001), or the 5xFAD strain, combining the APPswe mutation with the Florida 

(I716V) and London (V717I) mutations of APP, alongside M146L and L286V mutations to PS1 

(Oakley et al., 2006), to generate AD pathology and behavioural alterations. These models, however, 

lack tau pathology, typically present in human cases. Tau protein, a major microtubule associated 

protein found in neurons, is phosphorylated in normal function of stabilization of microtubule 

networks but is abnormally hyperphosphorylated in neuronal dysfunction and is associated with NFTs 

in AD progression (reviewed in Iqbal, Liu, Gong, & Grundke-Iqbal, 2010). Examining the TgF344-

AD rat, with the full suite of pathology it develops that parallels that of human AD cases (Cohen et al., 

2013), is important when examining oligodendrocyte and myelin alterations in AD progression to draw 

conclusions that would reflect that which would be occurring in AD patients. 
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Table 1.1 Current rodent models of Alzheimer’s disease progression and their pathological outcomes 

Animal model (Species)  

Background  

Mutation 

References  

Neuropathology  Glial 

pathology  

Oligodendrocyte 

changes 

Behavioural Changes  

5xFAD (Mouse) 

B6SJL; C57BL6  

APP, PSEN1 

(Chu et al., 2017; Oakley 

et al., 2006) 

  

Amyloid plaques 

developed from 

around 2 

months; amyloid 

plaques found in 

white and grey 

matter in spinal 

cord from 6 

months. 

No data on 

tangles. 

Microgliosis 

and 

astrogliosis 

observed  

from 3 

months.  

Aβ presence in 

spinal cord white 

matter from 8 

weeks.  

Progressive spinal 

cord myelin 

abnormalities from 

27 to 37 weeks. 

Myelin loss near 

amyloid plaques 

from 12 months 

compared to WT.  

Impaired spatial working 

memory from 3 to 6 

months.  

Sensorimotor deficits in 

balance-beam and string-

suspension test from 9 

months.  

APPswe/PSEN1 (A246E) 

(Mouse) 

C57/BL6  

APP KM670/671NL 

(Swedish) PSEN1 A246E  

(Borchelt et al., 1997; 

Filali, Lalonde, & Rivest, 

2009; Li Liu et al., 2002; 

Puoliväli et al., 2002) 

Amyloid plaques 

developed from 

9 months. 

Dystrophic 

neurites in 

cortex and 

hippocampus.  

Amyloid deposit 

increase from 10 

to 12 months. 

Gliosis from 

12 months in 

hippocampus 

and cortex.  

 

Poor nest building. 

Increase immobility time 

in forced swim task. No 

impairment in T-maze 

task. Age-associated 

impairment in acquisition 

and retention in Morris 

water maze. 

APPswe/PSEN1ΔE9 

(Mouse) 

C57/BL6  

APP KM670/671NL 

(Swedish) PSEN1 

deltaE9 

(Chacon-De-La-Rocha et 

al., 2020; Davis et al., 

2004; Miao et al., 2005; 

F. Xu et al., 2007) 

Cortical amyloid 

plaques from 4 

months, and 

from 6 months 

for hippocampal 

amyloid plaques.  

Astrogliosis 

from 4 months 

and 

microgliosis 

from 8 

months. 

Decreasing OPCs 

from 9 to 14 

months.  

Decreased 

myelination and 

number of 

immature 

oligodendrocytes 

from 14 months.  

OPCs morphology 

shrinks from 14 

months. 

Hyperactivity at 6 

months. Impaired 

learning and memory in 

Barnes maze task from 3, 

9 and 12 months. Deficits 

in Morris water maze 

observed from 6-10 

months of age. 
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Table 1.2 Current rodent models of Alzheimer’s disease progression and their pathological outcomes 

continued 

Animal model (Species) 

Background  

Mutation  

References 

 

Neuropathology  Glial pathology  Oligodendrocyte 

changes 

Behavioural Changes 

3xTg (Mouse)  

C7/BL6;129X1/Svj 

APP KM670/671NL 

(Swedish) 

MAPT P301L, PSEN1 

M146V 

(Desai et al., 2010; Oddo 

et al., 2003; Sterniczuk, 

Antle, Laferla, & Dyck, 

2010; Stover, Campbell, 

Van Winssen, & Brown, 

2015; Vanzulli et al., 

2020) 

Amyloid plaques 

and tangles, from 

6 months and tau 

pathology 

evident from 12 

months.  

GFAP and IBA1 

immunoreactive 

astrocyte and 

microglia from 

7 months.  

Changes in 

hippocampal 

myelin sheath 

integrity from 6 

months. Decline 

in OPC replication 

and increase 

myelin loss from 6 

months.  

Cognitive impairment 

from 4 months. Learning 

and memory deficits in 

Barnes maze from 6.5 

months.  

Tg-SwDI (Mouse) 

C57/BL6 

APP KM670/671NL 

(Swedish) 

Dutch E693Q, Iowa 

D694N 

(Davis et al., 2004, 2018; 

H. Lee et al., 2020b; 

Miao et al., 2005) 

  

Progressive 

increase of 

soluble Aβ40 

from 3 to 12 

months. 

Microvascular 

Aβ deposit in 

cortex, 

hippocampus, 

and thalamus 

from 3 months. 

Accumulation of 

microvascular 

cerebral amyloid 

angiopathy from 

3 months.   

Increased 

perivascular 

reactive 

astrocytes 

(GFAP+) and 

activated 

microglia 

(IBA+) from 12 

months. 

White matter loss 

observed in 

corpus callosum 

from 9 to 11 

months.  

 

Decrease return approach 

compared to wild type in 

novel object test present 

at 3 months and 12 

months.  

Tgf344-AD (Rat) 

Fischer 344 

APP-Swedish & PS1ΔE9 

(Cohen et al., 2013; 

Pentkowski et al., 2018; 

Saré et al., 2020) 

 

Age-dependent 

accumulation of 

amyloid plaques 

in hippocampus 

and cortex from 

6 to 26 months.  

Phospho-Tau 

pathology 

observed from 

16 months. 

Microgliosis 

and astrogliosis 

present from 6 

months. 

 

 

 Hyperactivity from 15 

months in open-field 

test. Impaired reversal 

learning in Morris water 

maze from 6 months and 

learning deficits in 

Barnes maze from 15 

months. Increase anxiety 

from 4 to 6 months in 

elevated plus-maze. 
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The underlying pathological mechanisms of Aβ are yet to be fully understood, however a direct toxic 

effect of Aβ has been suggested in context of AD pathogenesis (Agosta et al., 2014). Many studies 

have demonstrated that Aβ is toxic to oligodendrocytes via a number of different mechanisms, 

including oxidative stress and mitochondrial DNA damage with subsequent cellular death (Desai et 

al., 2011, 2010; Jantaratnotai, Ryu, Kim, & McLarnon, 2003; Lee et al., 2004; Xu et al., 2001). A PS1 

mutation has also been found to change Aβ-induced dysfunction in oligodendrocytes and myelin 

damage during the early stages of AD (Desai et al., 2011), which suggests that the PS1 mutation 

predisposes mouse OPCs to alterations in cell differentiation due to Aβ presence. PS1 was also shown 

to be involved in OPC function and myelin basic protein (MBP) distribution, which further exacerbated 

deterioration with Aβ exposure and was most pronounced at the core of Aβ plaques (Desai et al., 2011). 

Together these data suggests that the generation of Aβ into plaques in AD progression, leads to 

detrimental outcomes for surrounding oligodendrocytes and myelin sheaths. This leaves several 

questions to be answered, such as how oligodendrocyte and myelin turn-over is maintained normally 

and in early pre-plaque stages of Alzheimer’s disease, to understand the impact Aβ peptides may have 

on these key oligodendrocyte mechanisms. In recent years, it has become evident that the pathological 

changes in the brain in AD start years before any clinical manifestation. With this reason, the study of 

transgenic animal models can help further understanding of mechanisms which underlie this ‘pre-

clinical’ stage and facilitate identification and trial of new therapeutic targets. 
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 SUMMARY AND PROJECT AIMS 

Accumulating evidence suggests that oligodendrocytes and myelin may have a key role in the 

progression AD pathology, which is of particular interest in understanding changes in the brain in early 

stages of AD. As a pathological protein in AD, Aβ has been demonstrated to have impacts on the 

health of both neurons and surrounding glial cells in models of amyloidosis and plaque formation, 

while also showing a potential physiological role at low concentrations on both oligodendrocyte 

maturation and oligodendrogenesis in vitro.  

1.5.1 Hypothesis 

Amyloid beta has a direct effect on the health and function of oligodendrocytes in the brain.  

 

Aim 1 – To investigate the alterations to oligodendrocyte, including myelination, associated with 

pathological change in the TgF344-AD rat model of AD. 

Previous research into pathogenesis in AD has focused on neuronal and synaptic changes. The 

alterations to oligodendrocyte maturation processes and myelination changes are a field of research 

requiring further knowledge. A rodent model of AD, the TgF344-AD rat, were aged to 18 to 25 months 

in this study, a time when expression of extensive amyloid pathology and neurofibrillary tangle 

tauopathies are present in a similar manner to that found in human AD cases (Cohen et al., 2013). 

Oligodendrocytes were investigated in the cortical regions and in addition, differences in myelin and 

axons were investigated in the corpus callosum by electron microscopy and immunohistochemical 

labelling. Together, the goal of this aim was to provide an insight into whether i) increased amyloid, 

ii) amyloid plaques and iii) amyloid induced axon/tau alterations affect oligodendrocyte numbers and 

myelination in this rat AD model.  
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Aim 2 – To determine the effect of extracellular Aβ peptides on oligodendrocyte development 

and differentiation in vitro 

To understand the underlying effects of Aβ on individual cell types to elucidate potential mechanism 

of pathology, in vitro models are required. In this aim, I determined the effect of Aβ isoforms on 

oligodendrocyte survivability, metabolism, and morphology. Using a previously described technique 

(Fan et al., 2015), primary OPCs derived from neonatal wild type rats, were driven to maturation using 

specific cell culture media. In this culture model, the developing oligodendrocytes were exposed to a 

low concentration of Aβ40 and Aβ42, to understand the potential effect of Aβ peptides on the 

survivability and metabolism of oligodendrocytes in vitro. The changes of morphology in 

oligodendrocytes as they developed was also quantitated by tracing the cell processes to measure 

oligodendrocyte outgrowth and branching. The expression of stage-specific markers was also 

quantitatively examined to understand the potential role of different Aβ isoforms of the differentiation 

process of oligodendrocytes in vitro. 

Aim 3 – To investigate myelination alterations in APP/PS1 mice following a skilled motor task  

Myelination is a process that continues into adulthood; this process plays a major role in the plasticity 

that is associated with learning. While clear changes to white matter have been reported as a major 

pathological feature seen in AD, the plasticity response of myelination in AD is not fully understood. 

To better understand whether high levels of Aβ can affect myelin plasticity in response to learning, the 

APP/PS1 model of AD (Jankowsky et al., 2001),  which involves overexpression of mutant APP and 

presenilin which drives Aβ generation and progressive pathological hallmarks was used. This model 

was chosen as the development of pathology has been extensively characterized and experimental 

learning paradigms used in this aim have been previously established in our laboratory in mice and 

documented in the literature. In this aim, I chose to use 3 month old mice, where the development of 

plaques is absence, as plaque formation occurs form around 6 months of age (Yan et al., 2009). In this 
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aim, mice were taught a skilled reaching task that has been shown to generate an increase in white 

matter in previous studies (Farr & Whishaw, 2002; Keiner et al., 2017; Kleim, Barbay, & Nudo, 1998; 

Sampaio-Baptista et al., 2013). The ability to learn the task and changes to myelination were 

investigated and compared between APP/PS1 and WT. Changes to oligodendrocyte numbers and 

expression of stage-specific markers were also studied using immunohistochemistry, in combination 

with electron microscopy to examine myelin structures. Overall, the goal of this aim was to increase 

our understanding of the impact of increased levels of Aβ on oligodendrocyte and myelination 

alterations in response to learning a skilled reaching task within a model of early AD pathology.  
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2  METHODS 

 ANIMAL CONDITIONS AND CARE 

All animal experiments were performed in accordance with University of Tasmania Animal Ethics 

Committee (UTAS AEC) guidelines and in accordance with the Australian Code for the Care and Use 

of Animals for Scientific Purposes (NHMRC, 2013). The use of laboratory mice and rats was covered 

under UTAS AEC approvals A15794 and A16879 for rats and mice respectively, and A15121 and 

A17530 for neonatal rats. Animals were bred at the University of Tasmania’s Central Farm Facility 

and housed in cages under standard conditions (20°C, 12/12 hours light/dark cycle) with ad libitum 

access to food and water unless otherwise stated. Water, food, and bedding were changed weekly 

unless otherwise stated. Animals with dietary alterations were checked and weighed daily to ensure 

animal wellbeing. 

 ANIMAL PERFUSION AND TISSUE PROCESSING  

At the end of the experimental period, animals were anesthetized with isoflurane (5% in O2) and 

terminally anesthetized with sodium pentobarbital (110mg/kg, administered intraperitoneally) for rats 

and mice. Once surgical anaesthesia was established, animals were transcardially perfused with 4% 

paraformaldehyde (PFA) in 0.01M PBS for immunohistochemistry (IHC), or with 2%/2.5% 

PFA/Gluteraldehyde in 0.15M cacodylate buffer (CB) for transmission electron microscopy (TEM). 

Tissue was immediately dissected and post fixed in the same fixative for 24hrs at 4°C. Tissue was set 

in 2% agarose gel and was sectioned on a vibrating microtome (Leica VT1000) at 40μm thick sections 

and stored in 0.02% NaN3/PBS for IHC, or 80μm thick sections and stored in 0.15M CB for TEM.  
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 IMMUNOHISTOCHEMISTRY 

All incubations and washes for IHC were performed at room temperature on an orbital shaker, unless 

otherwise stated. Sections were incubated for 3 × 10 minutes in TBST (Tris-buffered saline + 0.25% 

Triton-X-100/0.1M TBS). Dako serum-free protein block was applied for 15 minutes and removed 

before incubating sections with primary antibodies (antibody details in Table 2.1) in TBST for 1 hour, 

then overnight at 4C on a shaker. The following day, sections were washed 3 × 10 minutes in TBST. 

Species and isotype specific secondary antibodies (antibody details in Table 2.1) in TBST were added 

for 2 hours, then washed for 3 × 10 minutes in TBST. To identify nuclei, tissue sections were incubated 

with the nuclear stain DAPI (1µg/mL, ThermoFisher Scientific, cat no. 62248), in TBS for 5 minutes 

and then washed once with TBS for 3 minutes. Sections were mounted on FLEX IHC microslides 

(Dako, cat no. K802021-2) and coverslipped with Fluorescence Mounting Medium (Dako, cat no. 

S302380-2). Slides were stored in a slide-box at 4C prior to imaging. Confocal images were taken on 

a spinning disk confocal Nikon TE-2000 inverted microscope with a Yokagawa CSU-22 confocal 

scanning unit and a Hamamatsu C9100-02 EMCCD camera with a 20× objective using Velocity 

(PerkinElmer) software for image capture. 
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 Table 2.1. Primary antibody information 

Name Immunogen Species Application Dilution Company Cat. No 

CNPase 2', 3'-cyclic nucleotide 3'-

phosphodiesterase, labels 

immature oligodendrocytes 

Rp ICC/IHC 

 

1:500 

 

Abcam Ab27695 

NG2 Neuron glia antigen-2, labels 

oligodendrocyte precursor cells 

Rp IHC/ICC 1:500 Millipore AB5320 

Olig2 Oligodendrocyte transcription 

factor 2, labels oligodendrocyte 

lineage cells 

Mm 

Rp 

IHC/ICC 

IHC/ICC 

1:500 

1:500 

Abcam 

Millipore 

Ab56643 

MABN50 

PLP Proteolipid protein, labels 

mature oligodendrocytes 

Rp IHC/ICC 

 

1:500 

 

Abcam Ab28486 

*Mm = mouse monoclonal (IgG unless specified), Rb = rabbit polyclonal 

Table 2.2. Secondary Antibody information 

Name Reactivity Species IcC / IHC dilution Supplier Cat. No 

Anti-mouse IgG Alexa 488 Goat 1:1000 Molecular Probes A-11034 

Anti-rabbit IgG Alexa 546 Goat 1:1000 Molecular Probes A-11035 

Anti-rabbit IgG Alexa 594 Goat 1:1000 Molecular Probes A-11037 

 

 TRANSMISSION ELECTRON MICROSCOPY 

Following perfusion and sectioning during initial EM processing, sections were further dissected with 

a scalpel under a dissection microscope (Zeiss Stemi 305) to collect small regions (approx. 2mm2) 

from the hippocampal, sensorimotor cortex and corpus callosum. Samples were stained with 1% OsO4 

in 0.065M CB (pH 7.4) and 1.5% K3[Fe(CN)6], at 4°C in the dark for 2 hours in glass vials. Following 
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staining, samples were washed for 5 minutes with ddH2O in triplicate. Samples were then transferred 

to a clean glass vial and stained with 1% uranyl acetate in EtOH overnight, then incubated for 1 hour 

at 50°C and rinsed with dH2O 5 × 3 minutes, dehydrated through a series of 50, 70, 80, 90, 100 and 

absolute percentages of ethanol for 5 minutes each. Propylene oxide (ProSciTech, cat no. C045) was 

then added to the samples for 5 minutes, then replaced with a 1:1 mixture of propylene oxide and resin 

overnight (resin compounds detailed in table 2.3). Samples were then placed into 100% resin with 

accelerator for 2 hours prior to transferring into silicon moulds to cure at 60°C for 48 hours. Resin 

blocks were sectioned on an ultramicrotome (Reichert Ultracut S, Leica), using a glass knife for initial 

block facing and a diamond knife (Histo DiATOME) to cut 70nm thin sections. Sections were mounted 

onto copper formvar film 150-mesh grids (ProSciTech, cat no. GSCU150-F-50) and stained with 4% 

uranyl acetate (Serva, cat no. 77870) in 50% EtOH for 30 minutes in the dark. Grids were serially 

rinsed with CO2 free H2O. Grids were then further stained with 3% lead citrate (Sigma, cat no. L-6258) 

for 5 minutes, in a glass Petri dish containing sodium hydroxide pellet (Supelco, cat no. 106498) for 

oxygen removal. Grids were rinsed serially with CO2 free H2O and allowed to dry. EM grids were 

imaged using a Hitachi HT700 TEM and images captured at x5000 and x80000 magnification at 80kV. 

Table 2.3. Materials for Transmission Electron Microscopy Resin 

Single Mix Contents Volume Company & cat no. 

Procure 812 20 mL ProSciTech, C045 

DDSA 16 mL ProSciTech, C044 

NMA 8 mL ProSciTech, C046 

BDMA 1.3mL ProSciTech, C054 
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2.4.1 Quantitation of axon diameter, myelin thickness and g-ratio 

Axons selected from the corpus callosum were determined by clear morphological landmarks of 

multiple large tracts of myelinated axons present in a large single area. Images were analysed using 

ImageJ software (version 1.52p) to determine axon diameter, myelin thickness and g-ratio. A total of 

100 myelinated axons were measured, per animal. Total diameter (Figure 2.1, white + black line) and 

axon diameter (Figure 2.1, white line) were measured, to determine myelin thickness (Figure 2.1, black 

line) as: 

𝑀𝑦𝑒𝑙𝑖𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝑡𝑜𝑡𝑎𝑙 𝑟𝑎𝑑𝑖𝑢𝑠 − 𝑎𝑥𝑜𝑛 𝑟𝑎𝑑𝑖𝑢𝑠  

The g-ratio, a common measure of myelination (Berthold, Nilsson, & Rydmark, 1983; Chomiak & Hu, 

2009), was determined by:             𝑔. 𝑟𝑎𝑡𝑖𝑜 =
𝑎𝑥𝑜𝑛 𝑟𝑎𝑑𝑖𝑢𝑠

𝑡𝑜𝑡𝑎𝑙 𝑟𝑎𝑑𝑖𝑢𝑠
 

Total myelinated axonal diameter, axonal diameter, myelin thickness and g-ratio were measured 

specifically in the corpus callosum. 

  STATISTICAL ANALYSIS 

All counts and analyses were made while blinded to genotype or behavioural groups. Numbers of 

repeats (n) and statistical analysis performed are detailed in each chapter, with a minimum of n=3 

biological replicates for quantitation (rats (Chapter 3), cultures (Chapter 4), mice (Chapter 5)). Data 

are presented mean ± standard error of the mean (SEM) and significance set at p<0.05, unless stated 

otherwise. Statistical analysis and graphs were prepared using GraphPad Prism (version 8.0.2), with 

graphs showing mean values with standard error of the mean error bars. 
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Figure 2.1. Example transmission electron micrographs, taken from WT mice, of a corpus callosum 

section highlighting by arrow indicating inlaid magnified image. White line indicating the axonal 

diameter and black line indicating myelin thickness (scale bars; 1um (x5000 magnification) and 100nm 

(x80000)).  
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3 ALTERATIONS TO OLIGODENDROCYTES AND MYELINATION IN 

TGF344-AD RATS 

 INTRODUCTION 

Studies in human brain tissue have suggested that oligodendrocytes are affected in brains of people 

with AD (Mitew et al., 2010; Nasrabady et al., 2018), however cause and effect of oligodendrocyte 

alterations relative to disease progression can be hard to elaborate in post mortem human tissue. 

Models of AD provide an opportunity to understand the relationship between different types of AD 

pathology, such as how increased production and deposition of Aβ peptides into plaques can drive 

other pathological features (Luth, Apelt, Ihunwo, Arendt, & Schliebs, 2003), including formation of 

neurofibrillary tangles, neuroinflammation and neuronal loss (Cline, Bicca, Viola, & Klein, 2018; 

Drechsel et al., 2012; Mitew et al., 2010; Rohn, 2013). Rodent models can also be used to understand 

whether alterations to oligodendrocyte lineage cells and myelin can be driven by the pathological 

changes in Alzheimer’s disease. 

There are several transgenic mouse models that overexpress human APP, with a mutation that results 

in the elevated generation of Aβ peptides and express a mutated Presenilin-1 (PS1) protein, the 

catalytic subunit of γ-secretase which cleaves APP and contributes to the elevated generation of Aβ 

peptides. These models demonstrate an array of behavioural changes and pathological hallmarks such 

as cortical plaques with synaptic loss and subsequent neuronal loss (Jacobsen et al., 2006; Spires et al., 

2005; Wirths & Bayer, 2010), however, the pathology in these mouse models is limited and does not 

drive tau pathology, which may be an important contributor to myelin loss. The role of tau has been 

well characterized previously in neurons, where it has been reported that the accumulation of tau 

impacted the neuronal function either through the toxic gain of function or a loss of normal function 

of stabilizing microtubules. The aggregation of phosphorylated tau leads to the formation of NFTs and 
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have not only been found in neurons, but also astrocytes and oligodendrocytes as well (Ballatore, Lee, 

& Trojanowski, 2007). Tau has been shown to be involved in the generation of myelin sheaths by 

mature oligodendrocytes, further indicated with malfunctions of tau leading to dysregulated myelin 

formation, however the mechanism in which tau pathology leads to oligodendrocyte dysfunction is 

currently unknown (Patrizia LoPresti, 2015). We have no intention to look at Tau in this model, we 

have decided to use this model that consist of both the accumulation of Aβ and tau tangles as we think 

that this is a more suitable model to study the interaction between oligodendrocytes and axons in a 

model that better captures the pathology of AD. It would be interesting to continue investigating the 

effect of tau pathology, however, due to time constraints within this project, we were unable to 

investigate the role of pathological tau on oligodendrocyte differentiation and maturation in this AD 

rat model. This would be a great future study to examine the impact of tau during AD progression and 

the alterations to oligodendrocytes that may result.  

In this study, I used the TgF344-AD rat model of AD because it has been shown to develop 

pathological changes that may more faithfully replicate some of the changes that occur in human AD. 

The transgenic rat model was developed by overexpression of the human Amyloid Precursor Protein 

with the Swedish mutation (APPswe) and ∆ exon 9 mutant human presenilin-1 (PS1∆E9), driven by the 

mouse prion promoter (Cohen et al., 2013). This model expresses a 2.6-fold higher level of human 

APPswe than endogenous rat APP and a 6.2-fold increased human PS1∆E9 protein abundance 

compared to endogenous rat N-terminal PS1 (Cohen et al., 2013). This combination of overexpressed 

mutant AD genes drives elevated generation of Aβ peptides, followed by accumulation and deposition 

of these peptides into plaques in the brain which can been seen from 16 months of age in these animals. 

Unlike mouse models, it has also been reported to develop tau pathology, such as neurofibrillary 

tangles (NFTs) (Cohen et al., 2013), which fill neuron cell bodies and are primarily made of 

hyperphosphorylated tau, similar to those seen in AD patient brains (DeTure & Dickson, 2019). Gold 

standard mouse models which express mutant APP and PSEN expression to model plaque pathology 
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lack tauopathies and broad neuronal loss (Metaxas et al., 2018; Rupp, Wegenast-Braun, Radde, 

Calhoun, & Jucker, 2011), but this rat model exhibits these pathologies and is thus probably more 

representative and translational to human AD progression. This model has also been shown to exhibit 

age-dependent deficits in open field activity and spatial learning and memory (Cohen et al., 2013), 

modelling similarities to clinical progression of AD in humans. 

In this study, I hypothesised that increased brain amyloid, would alter the maturation of brain 

oligodendrocytes and the myelination of axons in white matter tracts of the brain. I tested this 

hypothesis by examining transgenic and WT animals at 18-25 months of age, where pathological 

changes would be present using immunohistochemical and transmission electron microscopy. My aim 

was to further understand the changes to both the oligodendrocytes present and the myelin they form, 

in this model of AD. 
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 METHODS 

3.2.1 Animals  

Experiments were approved by the Animal Ethics Committee of the University of Tasmania (ethics 

number A15794). Adult male and female TgF344-AD rats and WT littermates at 18-25 months of age 

were used in this study. A total of 20 animals were used; numbers used for each analysis is detailed in 

Table 3.1. Rats were housed in two-level cages (Tecniplast, GR1800) in standard conditions (20°C, 

12/12 hours light/dark cycle) with food and water provided ad libitum prior to being used in the study. 

Rats were housed 2-3 per cage, with WT and transgenic rats housed together. Animals were originally 

planned to be collected at two timepoints, 15 and 24 months of age, however due to animal loss and 

several age-related conditions developing in this strain, which required animals to be culled, the 

timepoints were combined.  

Table 3.1 Number of animals used for this study, indicating number of male and female WT and 

TgF344-AD rats used, with numbers in brackets referring to months of age. 

Animals  WT 

Male (ages) 

 

Female (ages) 

TgF344-AD 

Male (ages) 

 

Female (ages) 

 

Immunohistochemistry 3 (17,19,20) 2 (15, 17) 4 (18,18,18,19) 1 (18)  

TEM 4 (23,24,26,26) 1 (19) 2 (22,23) 3 (19, 23, 25)   

 

3.2.2 Perfusion and tissue processing  

Perfusions were performed as detailed in Chapter 2.2. Tissue was immediately dissected and post fixed 

in the same fixative for 24hrs at 4°C. Tissue was set in 2% agarose gel and was sectioned on a vibrating 

microtome (Leica VT1000). For IHC studies, sections were 40μm thick and were stored in 0.02% 
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NaN3/PBS and for transmission electron microscopy studies, sections were 80μm thick and stored in 

0.15M CB. 

3.2.3 Immunohistochemistry 

Immunohistochemistry was performed as previously detailed in Chapter 2.3. 

3.2.4 Plaque load analysis 

Amyloid plaque visualization was performed using Amylo-Glo® (Biosensis, cat no, TR-300-AG) as 

per manufacturer protocols. Plaque load analysis, defined as the percentage of image area occupied by 

amyloid plaques, was performed on 40µm coronal brain sections following Amylo-Glo® staining. 

Sections were mounted onto glass slides and incubated with 70% ethanol for 5 minutes, were rinsed 

with distilled water for 2 minutes, incubated with stain in 0.9% saline, rinsed in 0.9% saline for 5 

minutes and rinsed briefly in dH2O. Whole sections were imaged using an Olympus VS120 

slidescanner, 20 × objective, using Olympus VS- ASW 2.9 software (Build 13753). Plaques were 

quantitated from two sections per animal, taken between bregma –2.50mm to –3.50mm in the 

neocortex, corpus callosum and hippocampus. Region masks were drawn in ImageJ software (example 

figure 3.1, version 1.52p), and quantitated using the ImageSURF segmenter (O’Mara et al., 2019) to 

minimise bias and false positive measurements. Pathology classifiers were generated for each genotype 

to accurately determine positive plaque area, while accounting for variations in background between 

genotypes. Plaque load was expressed as the percentage of positive Amylo-Glo® for the total area of 

each region. 

3.2.5 Transmission electron microscopy  

Transmission electron microscopy tissue was prepared, dissected, sectioned, stained, and imaged as 

previously described in Chapter 2.4. EM grids were imaged using a Hitachi HT700 Transmission 
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Electron Microscope and captured at ×5000 and ×80000 magnification at 80kV (example Figure 2.1). 

The researcher was blinded to the genotype for image capture and quantitation.  

3.2.6 Quantitation of axon diameter, myelin thickness and g-ratio 

Quantitation of axonal diameter, myelin thickness and g-ratio were performed, as previously described 

in Chapter 2.4.1. Quantitative measures were made in sagittal sections of the corpus callosum, between 

bregma -2.50mm to -3.50mm. 3 sections per grid, 3 grids per animal were imaged to enable 

quantitation of 100 axons per animal.  

3.2.7 Quantitation of oligodendrocyte lineage cells and myelin 

Immunolabelled cells with oligodendrocyte lineage marker (Olig2) were imaged from the neocortex, 

corpus callosum and hippocampus between bregma -2.50mm to -3.50mm. Four non overlapping 

regions of interest (ROIs) were selected per structure, across both hemispheres, within a single tissue 

section with each ROI having an area of 0.127 mm2 (Figure 3.2). Counts for Olig2 immunopositive 

cells were defined as Olig2 immunopositive staining co-labelled with immunopositive DAPI nuclear 

marker, per defined ROI. Each ROI was a Z stack of 10μm steps through each 40μm section. Olig2 

immunopositive cells were counted from a maximum projection of images taken through each Z stack, 

per ROI using ImageJ (version 1.52p).  

PLP thresholding was also performed on the corpus callosum, from four non overlapping ROIs 

selected across both hemispheres within a single tissue section, with each ROI having an area of 

0.127mm2 (Figure 3.2). Each ROI was a Z stack of 10μm steps through each 40μm section. Each ROI 

was processed using the maximum intensity present, and segmented using the ImageSURF segmenter 

(O’Mara et al., 2019). Confocal images were taken on a spinning disk confocal Nikon TE-2000 

inverted microscope with a Yokagawa CSU-22 confocal scanning unit and a Hamamatsu C9100-02 

EMCCD camera with a 20x objective, using Velocity (PerkinElmer) software for image capture. A 
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single male, 17-month-old WT animal for hippocampus Olig2 counts was excluded due to poor 

immunolabelling. 
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Figure 3.1. Methodological approach to plaque load analysis. A, with Amylo-Glo® labelling of 

coronal brain sections. B, Segmentation of positive plaques developed using FIJI ImageSURF plugin. 

C, application of ROI masks to determine % area coverage of plaque formations.  
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Figure 3.2 Methodological approach for immunohistochemistry analysis and region of interest (ROI) 

selection. Using a whole brain section labelled with DAPI nuclear staining as an example, four non 

overlapping ROIs were randomly selected within each structure (Cortex in red, corpus callosum in 

green and hippocampus in yellow), across both hemispheres, within a single tissue section. Each ROI 

area is 0.127mm2. (Scale bar = 300μm)  
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Figure 3.3 Methodological approach for quantitation of corpus callosum oligodendrocytes (A-C) and 

myelin (D/E) immunohistochemical images. A, nuclear marker DAPI. B, an oligodendrocyte lineage 

marker, Olig2. C, merged image highlighting the presence of co-labelled oligodendrocytes (arrows), 

which were used in quantitation of Olig2+ cells. Note the presence of non-Olig2+ cells (asterisk). D, 

4 ROIs of stitched lower magnification (10x) PLP area coverage of corpus callosum, with a single ROI 

highlighted. E, example of PLP immunopositive labelling used to generate F, segmented PLP 

immunopositive thresholding, to determine and quantitate the area of myelin presence (Scale bar = 

50µm).  
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3.2.8 Statistical analysis 

A p-value of less than 0.05 was considered significant for the following statistical analyses. Plaque 

load area was compared between WT and transgenic animals in the neocortex, corpus callosum and 

hippocampus and statistically analysed using a two-tailed Student t-test, with specific brain region area 

comparisons for transgenic animals performed using a two-way ANOVA with Bonferroni’s posthoc 

testing. Counts of Olig2 immunopositive cells were compared between WT and transgenic for the 

same regions and statistically analysed using a two-tailed student t-test. Measures of axonal diameter, 

myelin thickness and g-ratio for TEM data were compared between WT and transgenic for the corpus 

callosum and statistically analysed using a two-tailed Student t-test. Statistical analysis and graphs 

were prepared using GraphPad Prism (version 8.0.2), with graphs showing mean values with standard 

error of the mean error bars.  
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 RESULTS 

3.3.1 Quantitation of plaque load in TgF344-AD rats 

Areas quantitated in plaque load analysis were initially measured for area to examine any genotype 

impact on total area of either cortex, corpus callosum and hippocampus. There was no significant 

difference between brain region areas between WT and TG animals (Figure 3.4, B). In transgenic 

animals, plaque formation was found to occur evenly through the cortex and hippocampus, primarily 

in the dentate gyrus, with plaque diameters ranging between 15-70µm (example Figure 3.1). Corpus 

callosum plaque load was low in comparison to TgF344-AD cortex and hippocampus and was not 

significantly different (p>0.05) between TgF344-AD and WT animals (Figure 3.4, C). Both cortical 

and hippocampal plaque load was significantly higher (p<0.05) in TgF344-AD rats relative to WT 

animals, which had limited Amylo-Glo® staining, indicating an absence of plaques (Figure 3.4, C). 

3.3.2 Quantitation of oligodendrocyte lineage cells in aged TgF344-AD and WT rats 

Quantitation of Olig2 immunoreactive cells in the neocortex, the hippocampus, and the corpus 

callosum showed a significantly (p<0.05) lower number in the neocortex of TgF344-AD rats compared 

to WT controls, and no significant difference in the hippocampus or corpus callosum between WT and 

transgenic animals (Figure 3.5, B). Quantitation of PLP immunolabelling between WT and TgF344-

AD rats indicated a significantly greater area (p<0.05) in the corpus callosum of transgenic rats 

compared to WT animals (Figure 3.5, C). 

3.3.3 Quantitation of myelin alterations in the corpus callosum of aged TgF344-AD and WT 

rats 

These data indicate differences in the density of oligodendrocyte lineage cells present in the brain 

alongside plaque formation, specifically in neocortex of TgF344-AD rats compared to their WT 

littermates. I next examined whether these changes reflected alterations in the myelination of the axons  
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Figure 3.4 A. Micrographs of amyloid plaque present in the cortex, corpus callosum and hippocampus 

B. Analysis of total tissue area and C. plaque load of aged (15-24 months) TgF344-AD and WT rats 

in the cortex, corpus callosum and hippocampus (n=5 animals, [3 WT males, 2 WT females, 4 TG 

males, 1 TG female], per brain region and genotype, two-way ANOVA with Bonferroni’s posthoc 

testing for tissue area analysis and two-tailed student t-test for plaque load area comparisons, ** 

p<0.005, SEM bars. Scale bar = 100μm) 
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Figure 3.5. A. Immunohistochemical labelling of Olig2 present in cortex, corpus callosum and 

hippocampus for WT and TgF344-AD rats, used in quantification of Olig2 immunopositive cells per 

structure in Figure 3.5, B. Immunohistochemical labelling of PLP present in the corpus callosum of 

WT and TgF344-AD rats, used in segmentation and quantification of PLP immunopositive % area in 

the corpus callosum in Figure 3.5, B. B. Density of immunopositive Olig2 cells present in aged (15-

24 months) TgF344-AD and WT rats in the cortex, hippocampus and corpus callosum and C. % area 

of PLP+ immunolabelling in the corpus callosum. (n=5 animals per genotype [3 WT males, 2 WT 

females, 4 TG males, 1 TG female], mean value per animal from 4 random regions of interest within 

the brain region specified; two-tailed student t-test, *p<0.05, bars represent SEM. Scale bar =50 µm) 
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present in a major white matter tract, the corpus callosum. To examine myelination, transmission 

electron microscopy was performed on transverse sections of the corpus callosum at bregma -2.50mm 

to -3.50mm, measuring axon diameter and myelin thickness was measured in myelinated axons. From 

these measurements, the g-ratio was also determined. There was no significant difference for total 

diameter, axonal diameter, myelin thickness or g-ratio between wildtype and TgF344-AD rats (Figure 

3.6, C, D, E, F respectively). 
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Figure 3.6. Electron micrographs at x5000 magnification of corpus callosum myelinated axons from 

A, WT and B, TgF344-AD rats (Scale bar = 2μm). Quantitation of myelinated axon fibres present in 

the corpus callosum by C, total diameter of myelinated axon fibres, D, axon diameter E, myelin 

thickness and F, g-ratio of myelinated axons in the corpus callosum. (n = 5 animals per genotype [4 

WT males,1 WT females, 2 TG males, 3 TG female], 100 axons measured, with data indicating mean 

measure per animal, per animal from 3 sections per animal. Two-tailed student t-test, bars represent 

SEM) 
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 DISCUSSION 

The goal of this chapter was to determine alterations to the numbers of oligodendrocyte lineage cells 

present in specific brain regions, as well as the myelination of axons in a white matter tract, to better 

understand the cause and effect of oligodendrocyte and myelin changes in AD-like pathology in the 

TgF344-AD rat. This study demonstrated a reduction in the density of oligodendrocytes present in the 

cortical tissue of aged TgF344-AD rats.  

A key finding of this study was that in aged TgF344-AD rats, the number of immunopositive Olig2 

cells present in the neocortex was reduced relative to WT controls. A reduction in the number of Olig2 

immunopositive cells has previously been reported in cortical layers in human AD cases (Behrendt et 

al., 2013), while also the same study reported an increase in number of Olig2+ cells in the grey matter 

of 6 month of APP/PS1 mice. These findings, however, may be attributed to the relative timepoint of 

disease. This is supported by another study that also reported a decrease in Olig2+ cells in another 

rodent model of AD, the Tg2579 mouse, at 15-20 months of age, a timepoint at which numerous 

neocortical and hippocampus plaques are present (Uchidaet al., 2007). Recent research in 3xTg-AD 

mice also demonstrated a reduction in hippocampal NG2+ OPCs and MBP density present at 6-

months, alongside hypertrophy of oligodendrocytes present at 24 months, highlighting complex 

changes occurring in oligodendrocyte during AD progression (Vanzulli et al., 2020). This variation in 

pathological outcomes of oligodendrocytes across various ages and different models further highlights 

the requirement for thorough analysis across multiple brain regions and time points to be able to fully 

understand these pathological mechanisms. Additionally, previous studies have shown 

oligodendrocyte loss and demyelination has been reported near amyloid plaques in the APP/PS1 mouse 

model, as well as in human tissue (Mitew et al., 2010), suggesting that higher levels of amyloid are 

more toxic to oligodendrocytes.   
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The mechanism by which Aβ might be toxic to oligodendrocytes is not known, however plaque 

formation and the presence of elevated levels of Aβ have been suggested to induce oxidative stress in 

AD progression (Akterin et al., 2006; Camins, Pallas, & Silvestre, 2008). Oxidative stress has been 

indicated to impair differentiation of OPCs, demonstrated by decreased expression of differentiation-

promoting genes such as Shh, Sox10 and HDAC3 without cellular death (French, Reid, Mamontov, 

Simmons, & Grinspan, 2009). Additionally, earlier studies indicate that Aβ peptides has cytotoxic 

effects in vitro (J. Xu et al., 2001), which may occur by the apoptotic sphingomyelinase-ceramide 

cascade (Lee et al., 2004). As data in this study examines the whole population of oligodendrocytes, 

via Olig2 positive immunolabelling, observing changes in oligodendrocyte maturation stage-specific 

markers may help us further understand if oligodendrocytes are sensitive to alterations in AD 

pathological processes at different stages of their maturation process. 

Previous studies have demonstrated in mice that plaque formation occurs at different rates in different 

brain regions (Serrano-Pozo et al., 2011), resulting in areas with higher amyloid plaque burden than 

others, paralleling the progression of Alzheimer’s disease clinical symptoms. However, it is unclear 

how plaque load may directly relate to oligodendrocyte alterations.  In the current study, both elevated 

plaque load and a significant reduction in the number of Olig2 immunopositive oligodendrocytes were 

present in the neocortex of TgF344-AD rats, while the hippocampus, which had the highest level of 

plaque burden, did not have a significant reduction in number of Olig2 immunopositive cells. Such 

findings may suggest a specific vulnerability of oligodendrocytes in the cortex when in the presence 

of amyloid plaques, which is not reflected in the oligodendrocyte population present in the 

hippocampus. While there were no significant alterations to number of oligodendrocytes, thickness of 

myelin or g-ratio present in the corpus callosum, elevated PLP was present. This increase in PLP 

presence may be reflective of oligodendrocyte changes as a response to immune system activation 

during AD progression, without the presence of local amyloid plaques, as both microglia and 

astrocytes can modulate oligodendrocyte differentiation and myelination (Traiffort, Kassoussi, Zahaf, 
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& Laouarem, 2020). Research using TgF344-AD rats to understand synaptic alterations in early AD 

progression have also shown that compensatory increase in β-AR function during prodromal AD 

elevates plasticity and may preserve forms of learning and memory (Goodman, Langner, Jackson, 

Alex, & McMahon, 2020), though further research is required to understand how oligodendrocytes 

and myelin may also be altered through such mechanisms. 

There are contradictory findings in other rodent models regarding plaque formation and white matter 

myelin disruption. The TgF344-AD rat has been well characterized for the progressive plaque 

formation, NFT accumulation and subsequent cognitive alterations present at 24 months old, alongside 

intraneuronal accumulation of Aβ, tau hyperphosphorylation, neuroinflammation and neuronal loss 

present in the cingulate cortex and hippocampus (Cohen et al., 2013). Additionally, MRI has shown 

differences in brain connectivity and presence of cognitive impairment in 5 month old male TgF344-

AD rats (Muñoz-Moreno, Tudela, López-Gil, & Soria, 2018). It would be interesting to continue 

investigating the effect of tau pathology, however, due to time constraints within this project, we were 

unable to investigate the role of pathological tau on oligodendrocyte differentiation and maturation in 

this AD rat model. The data presented in this study highlights further studies examining the impact of 

tau, NFTs and their relationship alongside Aβ present in AD progression would be required and are 

important to further our understanding for the role oligodendrocytes and myelin may have in AD. 

Additionally, such studies are required to understand if pathological factors such as the presence of 

NFTs causing neuronal alterations and death indirectly impact on oligodendrocyte, or if more direct 

pathological mechanisms occur between NFTs and oligodendrocytes. 

An important consideration in understanding the impact on oligodendrocytes during AD progression 

in TgF344-AD rats, is differences that exist between human male and female AD cases, with females 

more impacted by and more likely to develop AD (Laws, Irvine, & Gale, 2018). In this study, males 

and females were not investigated independently or compared due to limitations to number of animals 
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available. Recent work with TgF344-AD rats have indicated early spatial memory impairment 

(Berkowitz, Harvey, Drake, Thompson, & Clark, 2018), in combination with hypoactivity present in 

female TgF344-AD rats at 6 and 12 months old during open field testing, but returned to similar 

activity response at 18 months seen in wildtype rats and hypoactivity was not present in males (Saré 

et al., 2020). The TgF344-AD rats used in this study came from an array of different numbers of males 

and females used across the different analysis performed, which may be confounding when drawing 

conclusions for the impact of oligodendrocytes and myelin when both males and females are 

considered together and not separated and compared. Follow up research to understand the impact on 

oligodendrocytes and myelin would include comparisons between males and females to best model 

AD progression. 

In humans, white matter network changes and a decrease in global efficiency are detectable in pre-

clinical AD, prior to clear pathological changes (Fischer et al., 2015). Furthermore, in a rodent model 

of Aβ induced demyelination via stereotaxic injection, and in human neuroimaging of preclinical AD, 

white matter alterations have similarly been observed prior to clinical symptoms (Fischer et al., 2015), 

highlighting the importance of understanding changes to oligodendrocytes and myelin in AD 

progression. Relative size of the corpus callosum has been extensively examined in this context, and 

decreases early on in human AD progression (Frederiksen et al., 2011; Thomann et al., 2006; Zhu et 

al., 2014), with clear corpus callosum, oligodendrocyte and myelin damage in a rodent model of Aβ 

demyelination by stereotaxic injection (Jantaratnotai et al., 2003). Myelin disruption has also been 

observed at edges of the corpus callosum, in 12 month old 5xFAD mice, without myelin sheath 

disruption in grey matter areas with higher plaque burden (Kaya et al., 2020). However, no significant 

differences in white matter were present in 11 to 17 month old 3xTg-AD mouse models, when 

compared to controls when measured by diffusion tensor magnetic resonance imaging, despite well-

developed plaques and neurofibrillary tangles (Kastyak-Ibrahim et al., 2013). Previous research 

theorizing an optimal g-ratio for myelinated axons within the CNS (~0.77) (Chomiak & Hu, 2009), is 
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also in line with findings of this study, which demonstrated similar g-ratios present in the TgF344-AD 

rats corpus callosum, suggesting that the corpus callosum myelinated axons may have some degree of 

protection in AD progression.  

The model used in this study, however, is different from mouse transgenic models due to the reported 

presence of tau pathology, which mirrors AD progression in human cases. As a key strength of this 

TgF344-AD rat model is the presence of progressive tauopathies, simila 

r to that found in human cases. As discussed previously, important future studies to closely examine 

the role hyperphosphorylated tau and NFTs would elucidate alterations occurring to oligodendrocytes 

and myelin during AD progression. While no increase in myelin thickness was present in the corpus 

callosum, PLP % area was found to increase in TgF344-AD rats, which highlights the need for further 

research into the potential role of NFT pathology either directly or indirectly through altered neurons, 

causing changes in the myelination of oligodendrocytes in such an area. This PLP area change in the 

corpus callosum could be similar to OPC hypertrophy reported in 24-month-old 3xTG-AD mice 

(Vanzulli et al., 2020), as increases to cell body size may be retained as they mature, at these later 

stages of AD, and present as a PLP % area increase. 

A limitation of the current study using TgF344-AD rats, was the development of co-morbidities at 

later stages of life, including peripheral tumour formation. Formation of tumours reduced the number 

of animals available due to humane culling before the intended timepoint, resulting in 18–25-month 

timepoints being combined for adequate numbers of biological replicates. The impact on gene 

expression and stress following formation of tumours is an important consideration for further studies. 

Investigation at earlier timepoints (6 and 12 months) prior to elevated plaque burden, may further our 

understanding of altered oligodendrocyte maturation and myelination in this model as a measure of 

changes present in early stages of AD. 
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In conclusion, results of this study demonstrate a reduction in Olig2+ oligodendrocytes present in the 

cortex of aged TgF344-AD rats, in the presence of amyloid plaques, while additionally demonstrating 

plaque presence did not decrease the number of oligodendrocytes present in the hippocampus. This 

study has highlighted that further research using the TgF344-AD rat is required to understand if sex-

dependent progression of AD is present and how this may impact oligodendrocytes and myelin. An 

important factor to consider for further research is the role of NFTs and plaques in AD progression 

within this AD model, and if neuronal-based NFT pathology is an indirect mechanisms to generate 

changes in oligodendrocytes and myelin, or if there is a more direct mechanisms that is yet to be 

understood. 
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4 AMYLOID-BETA INDUCED OLIGODENDROCYTE CHANGES IN VITRO 

 INTRODUCTION 

Chapter 3 has demonstrated that oligodendrocyte and myelin alterations occur within an aged model 

of amyloidosis and tauopathy. However, investigating the key biological effects of amyloid makes 

understanding subtle and potentially key initial changes to cellular processes difficult to elucidate. 

Specifically, from data presented in this thesis and previous studies, the alterations that occur in the 

context of oligodendrocytes and myelination in vivo suggests that in a model of amyloidosis, plaque 

formation may lead to detrimental outcomes for oligodendrocyte lineage cells, while areas absence of 

significant plaque load led to an increase in myelin presence. Understanding the direct effect of 

amyloid is difficult to do in vivo for specific cell types, however, in vitro models allow an opportunity 

to do this.  

To retain their neuroplastic characteristics and ability to form new myelin in adulthood, 

oligodendrocytes proliferate and differentiate from precursor cells (Franklin & Kotter, 2008; Kotter, 

Stadelmann, & Hartung, 2011; Potter, Rowitch, & Petryniak, 2011; Zawadzka & Franklin, 2007). 

Oligodendrocyte develop from OPCs through a process that involves substantial morphological 

manipulation via changes in cytoskeletal expression to allow myelin sheath formation (Dixit, Ross, 

Goldman, & Holzbaur, 2008; Klein et al., 2002; P LoPresti, Muma, & De Vries, 2001; Patrizia 

LoPresti, 2002; Seiberlich et al., 2015). As oligodendrocytes mature from OPCs, the cells increase in 

morphological complexity, indicating a more mature oligodendrocyte, with stages of maturity marked 

by specific protein expression (Dyer & Benjamins, 1988; Pfeiffer, Warrington, & Bansal, 1993), as 

indicated in maturation models demonstrating alterations to stage-specific marker expression and 

morphological complexity when oligodendrocytes go down differentiation pathways (Goldman & 

Kuypers, 2015). Like neurons, OPCs can be grown in vitro, where these morphological and 
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biochemical changes relating to growth and maturation are more readily tracked in a controlled 

environment, including the addition of Aβ peptides. 

There have been a limited number of studies examining the effects of Aβ on these developmental 

changes in cultured OPCs, however, previous studies have examined the effects of Aβ on neurons 

grown in culture. Alterations to calcium signalling (Supnet & Bezprozvanny, 2010), cytoskeletal 

organization (Lazarov et al., 2007; Stokin et al., 2005; Wirths, Weis, Szczygielski, Multhaup, & Bayer, 

2006)  and synaptic formations (Jacobsen et al., 2006; Spires et al., 2005) have been reported in 

neurons following Aβ exposure in vitro.  

In the brain, the generation of Aβ peptides occurs by proteolytic cleavage of the amyloid precursor 

protein (APP) with initial generation of soluble fragments, which may have normal physiological roles. 

It has been demonstrated that low levels (1-10nM) of monomeric forms of both the Aβ40 and Aβ42 

peptides can have trophic effects on neurons, while higher concentrations of Aβ (>20µM) generate 

neurotoxic effects such as glutamate uptake disruption, neuronal depression and synaptic loss (Bate & 

Williams, 2011; Li et al., 2009; Shankar et al., 2007). These neurotoxic effects are thought primarily 

to result from Aβ42 peptides forming toxic oligomers and fibrils, which occurs more readily with Aβ42 

peptides than Aβ40, and exerts pathological alterations (Kamenetz et al., 2003; Walsh, Lomakin, 

Benedek, Condron, & Teplow, 1997). Despite this, Aβ40 peptides are the most abundant form of Aβ 

present (~80-90%) in normal ageing (Bitan et al., 2003; Roberts et al., 2017) and a decrease in the 

Aβ42/ Aβ40 ratio was found to correlate with cortical plaque burden (Fandos et al., 2017).  In addition 

to altered relative levels of Aβ40 and Aβ42, total levels of Aβ peptides are altered in AD, with a study 

examining amyloid levels in the brain showing that in AD, Aβ levels averaged a total of 6.5 ± 5.0 mg, 

while in control brains, the average concentrations were 1.7 ± 2.3 mg (Roberts et al., 2017), which was 

primarily soluble Aβ peptides (2-5% insoluble plaques, Roberts et al., 2017). However, amyloid is not 

evenly spread through the brain in AD with highly concentrated amyloid peptides (along with other 
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aggregated proteins) present at the sites of plaques and surround regions (Esparza, Gangolli, Cairns, 

& Brody, 2018), likely leading to varying concentrations throughout the brain and resulting differential 

pathological effects on brain cells. It is possible that these different levels and types of Aβ in the brain 

have differential effects on OPCs and myelination.  

Although limited, there has been some previous research into the effects of Aβ on oligodendrocytes 

and this has demonstrated that Aβ40 and Aβ42 are toxic to oligodendrocytes in vitro at a high 

concentration (10 to 20 µM) and can result in an inflammatory response (Horiuchi et al., 2012; J.-T. 

Lee et al., 2004; J. Xu et al., 2001). In contrast, recent research has demonstrated that lower 

concentrations (1 to 5µM) of oligomeric Aβ42 may enhance maturation of optic nerve-derived 

oligodendrocytes and oligodendrocytes in cerebellar slice organotypic cultures following a 24 hour 

exposure (Quintela-López et al., 2019), though the impact of extracellular Aβ induced alteration to 

oligodendrocyte biology are still not fully understood.  

In this study, I investigated the impact of Aβ40 and Aβ42 on development and maturation of 

oligodendrocytes from primary cultured OPCs derived from neonatal rats. This was investigated 

through examining the morphological changes to OPCs as they develop complexity as well as changes 

in the expression of an oligodendrocyte maturation marker, PLP, in response to Aβ peptide exposure. 
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 METHODS 

4.2.1 Animals  

Animal use in this project was approved by the University of Tasmania animal ethics committee 

(A15121 and A17530) and in accordance with the University of Tasmania ethics guidelines.  

Oligodendrocytes were cultured from Sprague-Dawley rats aged P1-3, bred at the University of 

Tasmania Cambridge Farm Facility.   

4.2.2 Primary mixed glia cultures 

All tissue dissection was performed on a Stemi 1000 dissection microscope (Zeiss) in a laminar flow 

workstation. Stainless-steel instruments were autoclaved and sprayed with 70% ethanol prior to use. 

All tissue processing and subsequent maintenance of cultures was performed in a Purifier® Biological 

Safety Cabinet (Labconco) using aseptic techniques. T75 flasks (Corning, cat no. 3290) were coated 

with 10% poly-L-lysine (Sigma, cat no. P4707) in sterile 0.01M PBS for 24 hours at 37°C prior to use 

for primary mixed glial cultures.  

To obtain primary cultures of oligodendrocytes, mixed glial cultures (consisting of microglia, 

astrocytes and oligodendrocytes) were first prepared from dissociated whole cortex of neonatal rats as 

previously described (Chen et al., 2007). In brief, neonate (P1-3) Sprague-Dawley rat pups were 

decapitated, brains removed and placed in Dulbecco’s Modified Eagle Medium (DMEM, cat no. 

11995065, Gibco). Meninges were removed, and cortical tissue was obtained, placed in Hanks’ 

Balanced Salt Solution (HBSS), and mechanically triturated using a 1mL pipette tip, without trypsin. 

Tissue was centrifuged (Centurion scientific K3 series, Core Life Sciences, CA, USA) at 500 r.p.m. 

for 5 minutes to form the cell pellet, the supernatant was then removed, and the cell pellet resuspended 

in warm DMEM10S (10% Foetal Calf Serum (FCS), in DMEM). The resuspended cell pellet was then 

passed through a sterile 70μm pore size nylon cell strainer (Falcon, cat no. 352350) into a 50mL tube 
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and transferred to a T75 75cm2 tissue culture flasks, containing 8mL of DMEM10S. Flasks were 

incubated at 5% CO2 and 37°C overnight. The following day the culture media was replaced with fresh 

media to remove excess cells and debris to enhance cell viability. Subsequent media changes were 

performed every 3-4 days until cells reach confluence.  

4.2.3 Oligodendrocyte cultures 

4.2.3.1 Culture tray preparation  

For morphological and necrotic/apoptotic assay analysis, 22mm2 square coverslips (Menzel-Gläser, 

Germany) were etched by immersion in 4M nitric acid for 4 hours followed by a 30-minute rinse under 

running water. Coverslips were rinsed 3x 10 minutes in MilliQ® water. Coverslips were dried and 

autoclaved for use with cell culture. Imaging wells, consisting of a polydimethylsiloxane mould, were 

prepared firstly by a Pyroneg lab detergent scrub, a 10-minute MilliQ® water soak and a 10-minute 

100% ethanol soak. Imaging wells were allowed to dry prior to mounting to square coverslips. Imaging 

well mounted coverslips were placed in 6-well culture trays, and coverslips were coated with PLL 

substrate for 24 hours at 37°C. Substrate was removed and imaging wells allowed to dry prior to 

addition of cells.  

For immunocytochemistry, 13mm round (Menzel-Gläser, Germany) coverslips were prepared using 

the same protocol as described above. Coverslips were placed in 24 well culture trays and coated with 

10% PLL in sterile 0.01M PBS for 24 hours at 37°C.  

4.2.3.2 Preparation of subcultures 

Oligodendrocyte precursor cells were prepared from mixed glial cultures using the property of 

differential adhesion of cell types. Confluent mixed glial cells at 14 days in vitro (DIV) in T75 flasks, 

were shaken at 37°C in an incubated orbital shaker for 30 minutes at 200 r.p.m, with flask vent lids 

covered with parafilm, enhancing detachment by preventing gaseous exchange during orbital shaking. 
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Media from this first agitation, which contains primarily microglia and any cellular debris, was 

discarded, and replaced with fresh, warmed DMEM10S. Flasks were shaken for a further 3 hours at 

200 r.p.m and the media, which contains OPCs and some microglia, was collected. The media was 

transferred onto a non-treated cell culture grade petri dish and incubated for 30 minutes at 37°C and 

5% CO2. The petri dish was gently agitated every 15 minutes to prevent OPC attachment to the petri 

dish, while allowing microglia to adhere. This step further purifies the OPCs in the cell suspension. 

The media, containing primarily OPCs, was collected and spun at 500g for 5 minutes to pellet cells. 

The cell pellet was resuspended in warmed fresh DMEM10S media. Cell density was determined using 

a 0.4% Trypan Blue solution (Gibco) exclusion assay. OPCs were plated in warmed oligodendrocyte 

maturation media (adapted from Fan et al., 2015, detailed in Table 4.1) into either imaging wells with 

square glass coverslips in a 6-well culture tray (30,000 cells per well for morphological imaging), onto 

circular glass coverslips in 24-well culture trays (50,000 cells per well for immunocytochemistry), 

onto non-coated 24-well trays (50,000 cells per well for protein collection), or 10% PLL coated 48-

well trays (50,000 cells for well for alamarBlue cell viability assay). OPCs were grown in maturation 

media (detailed in Table 4.1) for one day prior to any treatment. Exposure to amyloid and subsequent 

sampling for further analysis is specified diagrammatically in Figure 4.1, A. Following amyloid 

exposure, media changes occurred every 2 days, at 3DIV and 5DIV, to maintain cell viability. 

4.2.4 Amyloid-beta application 

Ultra Pure, HFIP Aβ40 peptides (rPeptide, cat no.  A-1153-2), Aβ42 peptides (rPeptide, cat no. A-

11622-2) and scrambled Aβ42 (rPeptide, cat no. A-1004-2) were resuspended as per manufacturer’s 

protocols. In brief, peptides were resuspended in 1% NH4OH, at a concentration of 1mg/mL (approx. 

1μM stock solution) and sonicated for 1 minute. These were immediately aliquoted and stored at -

20°C until required for addition to cultures. One day after plating OPCs, cells were treated with either 

Aβ40 or Aβ42 amyloid peptide fragments at 1μM or 5µM. Treatments were applied for 24 hours to 
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examine the effects of amyloid peptides and in some experiments, was followed by a media change to 

determine if cells recovered following this exposure to amyloid. Vehicle controls of 5μM NH4OH and 

5μM scramble Aβ42 controls were also used and applied for 24 hours, followed by a media change. 

All measures in subsequent experiments demonstrated no significant differences between no treatment 

controls, vehicle, and scrambled peptide controls, so this data was combined.  

Table 4.1. Components of oligodendrocyte maturation media. 

Component Concentration Company, cat no. 

DMEM/F12 1:1 Gibco, 21331020 

Bovine Serum Albumin (BSA) 0.1% Sigma, A9418 

Putrescine  100uM Sigma, P5780 

Progesterone 20nM Sigma, P8783 

Insulin-Transferrin-Selenium Used at 1%, (in Earl’s 

Balanced Salt Solution) in 

culture media 

Gibco, 41400045 

Biotin 20nM Sigma, B4639 

Hydrocortisone 5nM Sigma, H0135 

Penicillin/Streptomycin/Amphotericin 1% Gibco, 15240062 

L-glutamine 2nM Sigma, G6392 

Cysteine 5ug/mL Sigma, C7352 

Thyroxine 20ng/mL Sigma, T1775 

Triiodothyronine 20ng/mL Sigma, T6397 
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4.2.5 Apoptotic/necrotic assay 

Cell death following amyloid exposure was assessed using an Apoptotic, Necrotic, and Healthy Cells 

Detection Kit (GeneCopoeia, cat no. A028), as per manufacturers protocols. In brief, Andy Fluor™ 

488 Annexin V was used to bind to surface phosphatidylserine (PS) to stain apoptotic cells and 

propidium iodide (PI) was used to identify cells with compromised membranes, which indicate 

necrotic cells, Hoechst 33324 was used to stain all cell nuclei. Healthy cells were determined to be 

Hoechst+ and Annexin V-/Propidium Iodide-, while unhealthy cells were Hoechst+ and either 

Annexin V+, Propidium Iodide+ or both. Cultures were imaged 24 hours after amyloid exposure at 

2DIV, and at 5DIV, 3 days following removal of amyloid. Images were taken using a Leica DM LB2 

microscope and DR-328G-CO2-SIL camera using NIS-Elements 4.12.05 64-bit software. For each 

treatment and timepoint, 3-4 randomised regions of interest, across 3 separate cultures, per treatment 

group, were collected while blinded to the treatment groups and used for cell counts analysis using 

CellCount plugin on ImageJ software (version 1.52p).  

4.2.6 AlamarBlue assay 

The effect of amyloid exposure on cell metabolism of oligodendrocytes was determined using the 

alamarBlue (ThermoFisher Scientific, cat no. DAL1025) cell viability assay. AlamarBlue assay 

measurements were performed at 1DIV prior to amyloid exposure, at 2DIV, immediately after amyloid 

had been removed and at 5DIV. 20μL of alamarBlue reagent was added to each culture well in a final 

volume of 200μL media (1:10 final concentration) and incubated at 37°C for 1 hour. Fluorescence was 

measured with 555nm excitation and 585nm emission with a 570nm cut off, with values recorded and 

analysed for fluorescence values. Each reading included plate blanks and no-cell wells that contained 

20μL alamarBlue reagent and 180μL oligodendrocyte maturation media. The experiment was 

performed in separate cultures (n=3), per treatment per timepoint.  

4.2.7 Oligodendrocyte morphology and trace analysis 
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Oligodendrocyte cultures were imaged daily, including prior to and 24 hours following addition of 

amyloid peptides in order to follow the morphological alterations that occurred during oligodendrocyte 

development and how this was altered by amyloid exposure. Images were acquired from random fields 

of view using an Olympus CKX31 microscope with Dino-Eye camera and DinoCapture 2.0 software. 

Images were collected from 5-7 randomised fields of view, with 20-30 cells counted, per treatment per 

day, for each of 5-8 cultures.  

For analysis, all cells present in images with morphology that could be clearly identified were 

quantitated (Figure 4.1, B1). Cells that had morphological profiles that were not phenotypical of 

oligodendrocytes were excluded (Figure 4.1, B2). Trace analysis was performed in a blinded manner 

on the images collected, where the treatment conditions were not disclosed until the tracing has been 

completed and all the data has been collected. Images were traced using NeuronJ plugin in ImageJ 

(v1.52p) for branch order number and length and cell body area (Figure 4.1, C1). The initial process 

leaving the cell body was classified as a primary process and each subsequent branch from that process 

increased in branch order rank (red process, Figure 4.1, C2). Maturing oligodendrocyte radius 

measures were taken from the centre of the cell body to the longest process of the same cell across 

multiple time points per treatment, across 3 cultures.  

4.2.8 Immunocytochemistry 

All incubations and washes for immunocytochemical labelling were performed at room temperature 

and on an orbital shaker, unless otherwise stated. Prior to fixation for immunocytochemistry, media 

was removed, and cells washed once with HBSS. Cells were fixed with 4% paraformaldehyde (PFA) 

in phosphate-buffered saline (PBS) for 30 minutes, followed by 10-minute washes with PBS 3 times. 

The cultures were then stored at 4°C (as required) in PBS + Sodium Azide (0.01%) prior to 

immunocytochemistry. Methanol antigen retrieval was performed as described in Chapter 2.4.2, for 

cells immunolabelled with the CNPase antibody. Fixed coverslips were washed and incubated with 
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primary antibody (detailed in Table 2.1) in antibody diluent (Tris-buffered saline and Triton-X, 

0.025% (TBS-T)) overnight at 4°C. Coverslips were washed with TBS-T in triplicate for 10 minutes 

on an orbital shaker and incubated in species and isotype specific secondary antibodies in diluent for 

2 hours. Coverslips were then washed prior to incubation for 5 minutes with nuclear stain DAPI 

(1µg/mL, ThermoFisher Scientific, cat no. 62248) in TBS (for cell nuclei visualization), washed again 

with TBS and mounted on glass microscopy slides in mounting media (Dako).  

4.2.9 Quantification of immunocytochemical imaging   

For immunocytochemistry quantitation, immunolabelled coverslips were imaged on a Leica DM LB2 

microscope and BR-328G-CO2-SIL camera on NIS-Elements 4.12.05 64-bit software. Images were 

collected (at 200x magnification) from 4 randomly selected fields of view per coverslip for two 

coverslips per culture, across 3 individual cultures, per treatment group. Quantitation of cell counts 

was performed while blinded to treatment groups. Cells counted were Olig2 immunopositive and 

respective stage-specific marker positive, to determine percentage of each stage-specific marker based 

on total oligodendrocytes present in vitro. 

4.2.10 Statistical Analysis 

All analyses were performed with the researcher blinded to treatment groups and p<0.05 was 

considered significant. Values in graphs are expressed as means and standard error of the mean. All 

statistical analysis was performed in GraphPad Prism 8.0.2. AlamarBlue fluorescence and 

apoptotic/necrotic cell counts were statistically tested using a two-way ANOVA, with Dunnett’s 

posthoc test for multiple comparisons. Counts of immunolabelled were statistically tested using a 

multi-variance one-way ANOVA. Morphological based data (branch order number and length, and 

cell body area) was statistically analysed using RStudio 1.2.5033 and tested using a type III two-way 

ANOVA with interacting variables measured with a one-way ANOVA and Tukey posthoc testing. 
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Figure 4.1. Experimental methodology. A. Outline and time course for in vitro experiments. B-C. 

Morphological analysis. B.1 shows oligodendrocytes included in the analysis with clearly defined 

processes and cell bodies and B.2 shows cells excluded from analysis due to overlapping nuclei or 

unclear morphological features (arrows). C. Example of oligodendrocytes (C.1) and its skeletonized 

morphological trace for quantitating branch order of oligodendrocytes (C.2), with processes coloured 

to indicate branch order, red: primary, blue: secondary, yellow: tertiary, orange; quaternary. (Scale bar 

= 30μm). 
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 RESULTS 

To further our understanding of how Aβ peptides affect oligodendrocytes in vitro, I selected 2 

concentrations (1μM and 5μM) of Aβ40 and Aβ42, which were lower than to what has been previously 

demonstrated to cause cytotoxic responses in vitro (Xu et al., 2001), and similar to that shown to 

possibly enhance oligodendrocyte maturation following oligomeric Aβ42 exposure (Quintela-López 

et al., 2019). 

4.3.1 Alterations in morphology of maturing oligodendrocytes following amyloid exposure 

My data indicated that exposure to Aβ peptides leads to an alteration in cell health and downstream 

cell death pathways in a proportion of oligodendrocytes. The effect of Aβ peptides was further 

investigated on OPC growth and development. Firstly, to establish the model prior to examining the 

effects of the Aβ peptides, I examined and quantitated the morphological changes occurring in control 

treated oligodendrocytes as they mature from OPCs in vitro. Morphological complexity was 

determined by tracing the OPC branches (Figure 4.2). Cell body area was also measured as an indicator 

for metabolic alterations (Savage et al., 2007).  

The parameters quantitated included the length of branches (characterized by branch order), number 

of branches, cell body area and total radius of the cell (Figure 4.2). My results demonstrated that there 

was a significant increase (p<0.05) in branch length for primary, secondary, and tertiary processes 

from 1DIV to 5DIV (Figure 4.2, A), while the number of branches was not significantly altered over 

this time (Figure 4.2, B). Similarly, while the cell body area was not altered over this time (Figure 4.2, 

C), there was a significant increase (p<0.05) in total radius for maturing OPCs over this period of time 

in vitro (Figure 4.2, D). 

After establishing parameters of growth and development in untreated cells, I next investigated the 

effect of Aβ peptides on cell viability in this in vitro model.  



Chapter 4 – Results 

  81  

 

 

 

 

 

  



Chapter 4 – Results 

  82  

 

 

 

 

 

 

 

Figure 4.2. Quantitation of changes to cultures OPC morphology over time. A. length of branches B. 

number of processes, C. cell body area and D. total radius of cells across duration of cultures (n=6 

individual cultures, per timepoint, using 10 random regions-of-interest each from 2 coverslips per 

culture. Two-way ANOVA with Tukey posthoc testing. * p<0.05, ** p<0.005, *** p<0.0005, **** 

p<0.0001, bars represent SEM). 
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4.3.2 Characterization of oligodendrocyte viability alterations following amyloid exposure 

Following initial characterization of normal oligodendrocyte maturation and differentiation in this in-

vitro model, Aβ was added to OPCs for 24 hours, 1 day after plating and was then removed. This 

allowed investigation of effects of Aβ on OPC maturation (at 2DIV) and whether any potential changes 

in maturation were ongoing (at 5DIV); for example, this could indicate whether cells were being driven 

down degeneration pathways, or whether recovery was possible. Apoptotic and necrotic labelling 

analysis and alamarBlue assay was performed, to examine the overall health of oligodendrocyte 

cultures in response to the treatment (Figure 4.3). Using the alamarBlue assay, I demonstrated that Aβ 

exposure caused a significant decrease (p<0.05) in cellular metabolism for all treatments at 2DIV 

relative to control (Figure 4.3, A). However, metabolic activity was not different from control values, 

24 hours after amyloid was removed (at 3DIV) and remained at levels that were not significantly 

different from controls by 5DIV. This data demonstrates that both Aβ40 and Aβ42 affects the 

metabolism of the OPCs, however the effects are reversible on removal of the Aβ peptides and there 

were no long-lasting effects, or a presence of a mixture of OPCs and mature oligodendrocytes, with 

higher metabolic rates, are present at 5DIV. 

Apoptotic (annexin V) and necrotic (propidium iodide) markers were investigated to determine 

whether Aβ caused apoptotic or necrotic cell death in developing oligodendrocytes in vitro. 24-hour 

exposure of 1μM Aβ40 lead to a significant decrease (p<0.05) in healthy cells (annexin V or propidium 

iodide positive), however at this timepoint other concentrations/peptides of Aβ did not significantly 

affect cell viability (Figure 4.3, B). Interestingly, at 5DIV, 3 days after the removal of Aβ, there was 

significant decreases (p<0.05) in the number of healthy cells present in cultures exposed to 5μM Aβ40 

and 5μM Aβ42 (Figure 4.3, B). This data suggests that Aβ40 peptides may lead to a more toxic 

response in oligodendrocyte cultures, particularly at lower concentrations. This data also indicated that 

exposure to Aβ can induce irreversible cellular changes that lead to downstream necrotic/apoptotic cell  
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Figure 4.3. Quantitation of metabolism and cell viability of maturing OPCs following exposure to Aβ 

peptides relative to control. A, indicated by fluorescent fold changes compared to control, in an 

alamarBlue assay (n=3 cultures per timepoint; samples collected in triplicate. Two-way ANOVA with 

Dunnett’s posthoc, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, SEM bars) and B, Percentage 

of OPCs in vitro 24 hours after Aβ exposure (2DIV) and at final timepoint (5DIV) relative to control. 

Healthy cells were defined as Hoechst immunopositive, without Annexin V or Propidium Iodide co-

labelling (n=3 cultures per treatment, 5 randomised regions of interest each. Two-way ANOVA with 

Dunnett’s posthoc. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, bars represent SEM). 

 

 

  



Chapter 4 – Results 

  86  

 

death processes in oligodendrocytes and removing the extracellular Aβ cannot reverse this process in 

a proportion of cells. 

Oligodendrocyte cultures were imaged immediately prior to amyloid exposure (1DIV) and then at 

2DIV, 3DIV and 5DIV (24 hours after Aβ exposure and 24 and 72 hours after removal of Aβ 

respectively). I compared these Aβ exposed oligodendrocytes to control oligodendrocytes, to 

understand alterations that follow Aβ exposure for maturing oligodendrocyte in vitro. OPCs treated 

with 1μM and 5μM Aβ40 demonstrated that the length of primary and secondary processes at 24 hours 

post Aβ exposure was significantly (p<0.05) lower when compared to the controls (Figure 4.5, A & 

B). Additionally, oligodendrocytes exposed to 1μM Aβ42, had significantly (p<0.05) shorter 

secondary processes relative to the controls at 2DIV (Figure 4.5, A & B). Following removal of the 

Aβ at 2DIV, there were no significant differences (p>0.05), across all treatments relative to the 

controls. However, at 5DIV, primary process lengths were significantly lower (p<0.05) for 5μM Aβ40 

and 1μM Aβ42 (Figure 4.5 B & C) relative to untreated cells at the same timepoint. From these findings 

we can conclude that both Aβ40 and Aβ42 can affect OPC process length 24 hours post exposure as 

well as having long term effects following the removal of the extracellular Aβ. 

The presence of shorter branch length relative to same day controls following Aβ treatment led me to 

question whether this was due to a reduction in growth of branches or to a shrinkage of branches. I 

therefore examined branch length of Aβ treated cells at 2DIV, 3DIV and 5DIV, relative to 1DIV. My 

data showed that relative to oligodendrocytes prior to amyloid exposure (1DIV), that Aβ40 1μM and 

5μM treated cells had significantly (p<0.05) smaller processes at 2DIV. However, at 3DIV and 5DIV, 

many processes were significantly (p<0.05) longer than 1DIV (Figure 4.6 A & B), suggesting a 

potential recovery. Conversely, 1μM and 5μM Aβ42 did not cause shortening of processes at 2DIV, 

and some processes were significantly (p<0.05) longer at 3DIV and 5DIV, relative to 1DIV controls 

(Figure 4.6 C & D).  
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Figure 4.4. Methodological analysis of oligodendrocyte morphological changes for analysis 

performed in Figure 4.5 and Figure 4.6. Skeletonised cells present at 1DIV, 2DIV, 3 DIV and 5DIV 

for control oligodendrocytes and treatment groups. Traces include cell body (orange), primary 

processes (red), secondary processes (blue), tertiary processes (yellow) and quaternary processes 

(green). (Scale bar = 15um) 
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Figure 4.5. Quantitation of differences in branch length for primary, secondary, tertiary, and 

quaternary branches of developing OPCs, following a 24-hour exposure of amyloid beta peptides, 

relative to same day control groups. Branch length changes for cells treated with A, Aβ40 1µM and B, 

Aβ40 5µM, and C, Aβ42 1µM and D, Aβ42 5µM (n=6 cultures, per timepoint, average of 65 cells 

counted per culture per timepoint. Graph shows mean difference in branch lengths relative to untreated 

controls at the same DIV. Two-way ANOVA with Tukey posthoc testing.  * p<0.05, ** p<0.005, *** 

p<0.0005, **** p<0.0001 comparted to untreated control at the same DIV, bars represent SEM).   
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Figure 4.6. Quantitation of increases/decreases in branch length of primary, secondary, tertiary, and 

quaternary branches of developing OPCs, relative to 1DIV, following a 24-hour exposure of Aβ40, at 

A. 1µM and B. 5µM and Aβ42 at C. 1µM and D. 5µM (n=6 cultures, per timepoint, average of 65 

cells counted per culture per timepoint. Graph shows mean difference in branch lengths relative to 

1DIV. Two-way ANOVA with Tukey posthoc testing. *p<0.05, ** p<0.005, *** p<0.0005, **** 

p<0.0001, compared to 1DIV, bars represent SEM). 
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Next, I examined the effect of Aβ peptide exposure on number of branches relative to the same day 

untreated cells. A significantly (p<0.05) higher number of secondary branching processes were present 

in oligodendrocytes, 24 hours after a 5μM Aβ40 peptide exposure (Figure 4.7, B). No significant 

alterations to number of branches were present at 3DIV (Figure 4.7), suggesting that oligodendrocyte 

branching had recovered from the initial amyloid exposure. At 5DIV, treatment with 1μM Aβ42 had 

led to a significantly (p<0.05) higher number of secondary and tertiary processes, while 5μM Aβ42 

had a significantly (p<0.05) higher number of primary, secondary, and tertiary branches at 5DIV 

relative to untreated cells at the same timepoint (Figure 4.7, C & D). Finally, I examined cell body area 

and radius of maturing oligodendrocytes following Aβ exposure. There was a significantly (p<0.05) 

lower cell body area following exposure to both 1 µM and 5 µM Aβ40 peptides (Figure 4.8, A), but 

not Aβ42 (Figure 4.8, B) at DIV2, following amyloid exposure, relative to untreated cells at the same 

timepoint. This cell body size difference was no longer present at 3DIV and 5DIV, indicating an acute 

response to Aβ40 exposure. There were also no significant alterations in the radius of maturing 

oligodendrocytes following amyloid exposure (Figure 4.8, C-E). 

4.3.3 Alterations in maturity markers for differentiating oligodendrocytes following amyloid 

exposure 

In addition to increase in morphological complexity in oligodendrocytes as they mature, another key 

change seen during this process is the altered expression of specific markers that indicate maturation 

stages. To further understand and compliment the observed morphological changes that occur during 

oligodendrocyte development following exposure to Aβ peptides, I measured changes in 

oligodendrocyte cell surface stage-specific markers by immunohistochemistry at 5DIV. Treatment 

with 1μM Aβ40 and 5μM Aβ42 lead to a significantly (p<0.05) higher number of oligodendrocytes 

immunopositive for PLP, a marker of maturity, at 5DIV (Figure 4.9, D), while 5μM Aβ40 led to  
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Figure 4.7. Quantitation of difference in the number of primary, secondary, tertiary, and quaternary 

branches of developing OPCs, relative to same day control groups, following a 24-hour exposure of 

Aβ40, at A. 1µM and B. 5µM and Aβ42 at C. 1µM and D. 5µM (n=6 cultures, per timepoint, average 

of 65 cells counted per culture per timepoint. Graph shows mean difference in branch lengths relative 

to untreated controls at the same DIV. Two-way ANOVA with Tukey posthoc testing. * p<0.05, ** 

p<0.005, *** p<0.0005, **** p<0.0001 compared to untreated control at the same DIV, bars represent 

SEM).  
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Figure 4.8. Quantitation of difference in cell body area (µm2) of developing OPCs compared same 

day controls at 2DIV, and 3DIV and 5DIV following A, Aβ40 and B, Aβ42 exposure, with total cell 

radius of maturing OPCs at C. 2DIV, D. 3DIV and E. 5DIV. (n=6 cultures, per timepoint, average of 

65 cells counted per culture per timepoint. Graph shows mean difference in branch lengths relative to 

untreated controls at the same DIV. Two-way ANOVA with Tukey posthoc testing. * p<0.05, **** 

p<0.0001, compared to untreated control at the same DIV. Bars represent SEM)  
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significantly (p<0.05) higher numbers of oligodendrocytes immunopositive for NG2, a marker of 

OPCs (Figure 4.9, D). 
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Figure 4.9. Immunohistochemical staining with DAPI in blue, oligodendrocyte linage marker Olig2 

in green and oligodendrocyte stage-specific markers for A, OPCs (NG2) B, immature 

oligodendrocytes (CNPase) and C, mature oligodendrocytes (PLP) in red. D, percentage of stage-

specific markers in vitro following Aβ exposure at 5DIV relative to control. (n=3 cultures, 4 

randomised regions-of-interest per culture, * p<0.05, ** p<0.01, bars represent SEM. Scale bar = 

15μm). 
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 DISCUSSION 

My work in this thesis (chapter 3) demonstrating that oligodendrocyte populations were altered in a 

rat model of amyloidosis and tauopathy, along with previous research demonstrating the effects of Aβ 

on glial cells (Allaman et al., 2010; Lee et al., 2004; Monnerie, Esquenazi, Shashidhara, & Le Roux, 

2005; Quintela-López et al., 2019; Weng et al., 2017), led me to hypothesize that Aβ peptides could 

have a direct impact on growth and maturation of OPCs. The presence of Aβ40 and Aβ42 in white 

matter for human AD cases has been demonstrated to accompany significant decreases in cholesterol 

and immature/mature stage-specific markers of maturing oligodendrocytes, suggesting that the 

progression of AD also includes differences in the ability of oligodendrocytes to be able to differentiate 

(Bischof et al., 2016; Roher et al., 2002). Therefore, a primary aim of this study was to directly 

investigate whether Aβ40 or Aβ42 affect the growth and maturation of oligodendrocytes using an in 

vitro rat model of OPC growth and maturation.  

In this study, I show that Aβ peptides demonstrated an acute pathological effect in oligodendrocytes 

following initial exposure, while other effects were present after the removal of Aβ peptides. Firstly, 

Aβ40 demonstrated the capacity to cause shorter primary and secondary processes after exposure to 

1µM and 5µM concentrations, in combination with smaller cell soma and whole cell area and 

continued to have shorter primary processes after exposure to 5uM of Aβ40 at 5DIV, expressing a 

pathological outcome of Aβ40-oligodendrocyte interactions. In contrast, it is observed that there is an 

increase in the proportion of both NG2 and PLP positive cells presence in culture treated with 1uM 

Aβ40. The increase in NG2 positive cells could suggest the higher number of progenitor cells present 

in the culture, hence a potential indication of an increase proliferation of the culture OPCs. In addition, 

the increased presence of the PLP positive cells is an indication of the OPCs that were being promoted 

to be differentiation into more mature PLP expressing oligodendrocytes in response to Ab40. Due to 

the variability in metabolic requirements of oligodendrocytes as they mature, the use of a proliferation 
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assay in conjunction with an assay measuring metabolic changes would assist in future studies, to help 

understand if proliferation or differentiation is being promoted within this in vitro model. 

These findings are similar to that seen previously, where Aβ oligomers have shown an increase in 

proliferation and differentiation in cerebellar organotypic slices (Quintela-López et al., 2019) and have 

also shown to have upregulated genes involved in myelin progression in early AD models, but later 

downregulated with higher Aβ accumulation (Chen et al., 2020). However, both Aβ40 and Aβ42 

species of Aβ peptides at both concentrations demonstrated an impact on metabolism by decreased 

alamarBlue fluorescence at 2DIV and both species at 5µM demonstrated a decrease in number of 

healthy cells present at 5DIV. Additionally, exposure to Aβ42 showed similar alterations to Aβ40 and 

shortening of primary and secondary processes, however, following removal of Aβ, there were 

increased number of branches at 5DIV, accompanied by an increase in PLP immunopositive cells. 

Together these results suggest that while Aβ40 may have an acute impact on health of 

oligodendrocytes, their metabolism, and processes, such an impact can be recovered from, while 

alterations following Aβ42 exposure may prove beneficial for oligodendrocyte in differentiation and 

maturation.  

This thesis demonstrated that oligodendrocytes have an acute response to the presence of Aβ peptides 

in vitro, by means of both metabolic alterations and presence of apoptotic/necrotic markers. In this 

study, both the alamarBlue assay (a metric for cellular metabolism in vitro) and cell body size (an 

indicator of cellular metabolic rate) were significantly lower at 2DIV following exposure to Aβ40 and 

Aβ42 at both 1uM and 5uM concentrations, while a reduction in cell body size followed Aβ40 

exposure and not Aβ42. A reduction in cell body size of OPCs has been previously reported in a recent 

study examining early indicators of AD progression, in the 3xTg-AD mice at 6 months of age (Vanzulli 

et al., 2020). Cell body size has been previously demonstrated to be a measure of cellular metabolism 

(Savage et al., 2007), further reinforcing the finding that Aβ peptides may alter the metabolism of 

maturing OPCs present in vitro. Vanzulli et al. (2020), also demonstrated that at 24-months of age, 
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OPCs present in the hippocampus that were in contact with plaques, along with astrocytes, had clear 

hypertrophy, with increases in cell volume, body surface, body volume and cell surface. Such a finding 

may indicate a degree of OPC resistance (previously suggested in (Horiuchi et al., 2012) alongside 

evidence of OPCs involvement in Aβ clearance. While hypertrophy was not seen in our culture model, 

to further understand this mechanism, culturing oligodendrocytes for a longer period, in conjunction 

with longer Aβ exposures, would allow us to determine if this uniquely an impact of Aβ directly with 

OPCs, or if these alterations occur when involved in a complex cellular system such as the central 

nervous system.  

Previous studies have also suggested Aβ induced oligodendrocyte cell death stems from the 

oligodendrocytes sensitivity to oxidative stress (Back, Gan, Li, Rosenberg, & Volpe, 1998) and 

subsequent activation of the neutral sphingomyelinase-ceramide pathway (Lee et al., 2004). 

Oligodendrocytes during maturation and myelination, undergo substantial cellular membrane 

alterations to generate myelin, requiring high rates of metabolism to consume oxygen and ATP, to 

support up to 100x the weight of its cell body (Bradl & Lassmann, 2010). This heightened metabolism 

generates damaging hydrogen peroxide and reactive oxygen species, leaving oligodendrocytes 

particularly vulnerable during this developmental stage. Additionally, oligodendrocytes have large 

intracellular iron stores, an important co-factor for the generation of myelin sheaths, which can further 

exacerbate pathological alterations by evoking free radical formation and lipid peroxidation (Braughler 

et al., 1986; Juurlink, 1997). The Aβ induced changes in metabolism could result in downstream effects 

on oligodendrocyte health or maturation. Due to their role in generating the myelin present in the CNS, 

oligodendrocytes are particularly vulnerable to energy deprivation, as they consume more lactate than 

neurons, utilizing lactate for the lipid synthesis needed for myelin formation (Sánchez-Abarca, 

Tabernero, & Medina, 2001). This array of metabolic alterations may be even worse in in vivo models, 

as studies have shown that aggregation of Aβ peptides internalized by supportive astrocytes has been 

previously reported to result in reduced viability of surrounding neurons in vitro (Allaman et al., 2010). 
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The changes in metabolism following application of Aβ peptides may be both concentration and 

peptide conformation dependent, as Aβ42 5µM which did result in a reduction in metabolism, did not 

have accompanying cell body area reductions, unlike maturing OPCs exposed to Aβ40, suggesting 

that there is not always a correlation between cell body area changes and metabolic changes. Although 

the altered metabolism of oligodendrocytes demonstrated in this chapter needs further investigation, 

altered metabolism could have a profound effect in AD. Metabolic alterations to oligodendrocytes may 

lead to reduced cell viability of neurons in AD progression, through lack of support and this may lead 

to negative feedback for oligodendrocyte survival, as oligodendrocytes rely on neuronal activity for 

myelination or continued myelin replacement/remodelling (Auer, Vagionitis, & Czopka, 2018; de 

Faria  Jr, Gonsalvez, Nicholson, & Xiao, 2019). OPCs specifically have a range of limiting metabolic 

mechanisms, rendering them particularly vulnerable. OPCs have been shown to have up to a fourfold 

lower activity of superoxide dismutase (SOD), important in the enzymatic conversion of O2- to H2O2, 

compared to mature oligodendrocytes (Butts, Houde, & Mehmet, 2008). Additionally, OPCs are 

vulnerable to glutathione depletion, a tripeptide that is required for correct function of glutathione 

peroxidases, that is responsible for reacting with O2- and hydroxyl radicals (Kim, Kim, Rhie, & Yoon, 

2015). This metabolic vulnerability of OPCs to oxidative stress is an important mechanism that may 

be a contributing factor to the acute adverse response demonstrated in this study following Aβ peptide 

exposure. Aβ peptides have been demonstrated to induce metabolic changes in other cell types in the 

CNS, such as astrocytes and neurons (Gouras, 2019; Kapogiannis & Mattson, 2011; Yan, Xiao, Chen, 

& Cai, 2013; Zulfiqar, Garg, & Nieweg, 2019). A decreased lactate content in the cerebral cortex 

correlated with AD progression, alongside evidence of mitochondrial failure and reduced glucose 

utilization, suggesting a key role of white matter alterations in the progression of AD, but is unknown 

if is directly associated with presence of Aβ itself (Furst et al., 2012; Lu et al., 2015; Mosconi, 2013; 

Rhein & Eckert, 2007; Rinholm et al., 2011).  
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This thesis demonstrated alterations to the morphology and maturation of developing oligodendrocytes 

exposed to Aβ peptides. Following exposure to Aβ peptides there was a rapid decrease in branch length 

for maturing oligodendrocytes across the different forms and concentrations, demonstrated more so in 

the Aβ40 species than Aβ42 in this study. This chapter showed that Aβ40 reduced branch length 24 

hours after exposure, although there is recovery following its removal.  

An interesting finding from this study was the prolonged effect of Aβ40 or Aβ42, where cells go 

through recovery and develop more complex morphology by increased branch length and total radius 

at 5DIV. However, this complexity was not associated with extensive increases in the number of higher 

order branches, suggesting that oligodendrocytes present in vitro at the beginning of the experiment 

are potentially more mature than initially planned, as indicated by analysis of oligodendrocyte 

development without Aβ exposure.  

Despite the limited development of the cells in the culture model, as oligodendrocytes present cannot 

go on to form compact myelin sheaths per normal in in vivo systems, the presence of Aβ peptides had 

significant effects on their morphology in development. It is unclear from the data whether the reduced 

branch length results from an actual shrinkage of the oligodendrocyte branches, or from cells with 

longer branches dying and only cells with shorter processes remaining. Such morphological alterations 

in oligodendrocytes could also occur by changes to the cytoskeleton, as Aβ has been demonstrated to 

cause cytoskeletal disruption in neurons in AD progression (Henriques, Vieira, Da Cruz e Silva, & Da 

Cruz e Silva, 2010). Recent studies have indicated however, that the presence of amyloid may have 

beneficial impacts, increasing the differentiation capacities of oligodendrocytes and 

oligodendrogenesis (Ferreira et al., 2020; Quintela-López et al., 2019). 

Previous studies have indicated that metabolic or cytoskeletal components may be a key initial site of 

Aβ induced pathology (Huan Cai et al., 2012; Vlassenko et al., 2018) and may affect cytoskeletal 

structure in neurons as Alzheimer’s disease progress (Bamburg & Bloom, 2009). Aβ is also able to 
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have a significant regulatory role in oligodendrocyte maturation in conjunction with neuronal Fyn 

kinase activity. Fyn kinase plays a key role in signalling between axons and oligodendrocytes to 

promote local translation of MBP (White et al., 2008), an essential protein in the initial lipid raft 

formation and later myelin sheaths and required for oligodendroglial membrane reorganization 

(Fitzner et al., 2006). Despite the reduced length of branches following Aβ40 exposure and reduction 

in number of healthy cells present at 2DIV and 5DIV, there is a suggested recovery following removal 

of Aβ peptides, indicated by the return of branch length that seen in the control cells, and increase in 

number of branches present at 5DIV.   

The effect of Aβ42 exposure in this study differed from Aβ40, resulting in increased branching of 

oligodendrocytes by 5DIV. Several physiological roles of the Aβ42 peptide have has demonstrated in 

previous studies to modulate proliferation and differentiation in a range of cell types. Firstly Aβ42, has 

been shown to promote gliogenesis in human neural stem cells (Bernabeu-Zornoza et al., 2019; Lee, 

Jung, Kim, & Park, 2013), which occurs via glycogen synthase kinase 3 beta (GSK3β) signalling. 

Similarly, a recent study, exposing oligodendrocyte in vitro to 1µM of Aβ42 oligomers, demonstrated 

an increase in morphological differentiation and maturation and 200nM of Aβ42 oligomers in 

cerebellar slices, promoted oligodendrocyte proliferation and differentiation (Quintela-López et al., 

2019). It was also demonstrated that Aβ42 induced differentiation occurred by the Fyn kinase 

signalling pathway as the effect of Aβ was prevented by blocking the Fyn kinase pathway, which 

ultimately prevented oligodendrocyte differentiation. In addition, Aβ42 oligomers were found to 

upregulate MBP expression in distal cell processes by increasing calmodulin-dependent protein kinase 

(CAMKII) activation and intracellular Ca2+ (Quintela-López et al., 2019; Waggener, Dupree, 

Elgersma, & Fuss, 2013).  This upregulation of MBP is a similar response seen in this study, with an 

increase of PLP immunopositive cells present following Aβ40 and Aβ42 exposure, with NG2 

immunopositive OPC numbers also increasing with Aβ40 exposure, supporting the rationale of Aβ 

having a role in promoting oligodendrocyte differentiation and proliferation.  
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Changes to cytoskeletal components required for membrane manipulation during oligodendrocyte 

maturation are not well understood in context to the role of Aβ and AD progression, but research 

understanding the changes to the cytoskeleton in neurons may suggest mechanisms that may also be 

present in oligodendrocytes. A single example would be alterations to p21-activated kinase (PAK), 

shown to be a key factor for OPC differentiation (Maglorius Renkilaraj et al., 2017),  is responsible 

for actin polymerization and formation of dendritic spines (Daniels, Hall, & Bokoch, 1998; Gorovoy 

et al., 2005), which has been shown to have decreased activity in a model of AD (Nguyen et al., 2008). 

Aβ has also been shown to cause alterations to cytoskeletal components in neurons, where Aβ mediated 

F-actin disassembly in synapses and correlated closely with memory deficits in AD progression 

(Kommaddi et al., 2018), and microtubule structures suggested to have a key role in AD progression, 

as enhancing microtubules stabilization rescued cognitive deficits in an amyloidogenic AD model 

(Fernandez-Valenzuela et al., 2020) 

In this chapter I initially chose to expose cells to Aβ40 and Aβ42 peptides at a concentration of 1µM 

and 5µM based on previous literature demonstrating clear pathological effects in oligodendrocytes in 

vitro to better understand the subtle changes that Aβ peptides cause in the early stages of AD 

progression. Research published during the duration of this study has also highlighted that oligomeric 

Aβ may prove beneficial to oligodendrocytes, enhancing their maturation and differentiation 

(Quintela-López et al., 2019). Although a strength of this study is the ability to directly examine the 

cell health effects of AD on oligodendrocytes, this is also a limiting factor as essentially the cells of 

the brain are interconnected, and the health of one affect another. An additional limitation is the range 

of variable species and conformations of Aβ may exert various pathological outcomes. The exact 

conformation of Aβ is hard to control when exposing maturing OPCs in vitro and is likely to change 

over time; however, it can be determined in media collected from these cells, by light scatter 

microscopy, to determine the aggregation state of the Aβ peptides present. From a range of studies 



Chapter 4 – Results 

  108  

 

already performed regarding the behaviours of Aβ peptides, we can infer that the monomeric peptides 

added to media in vitro would become oligomeric over time (Ashe, 2020; Podlisny et al., 1998).  

While this in-vitro model utilized postnatal rat OPCs and oligodendrocytes to understand the role of 

Aβ on differentiation and maturation, this is an important consideration when synthesizing a 

conclusion for disease progression. Previous studies have demonstrated that adult OPCs present 

heterogeneity in their functional capacity, that generate shorter myelin internodes compared to that at 

postnatal life (Young et al., 2013), and aged cortical OPC may have altered proliferation, 

differentiation and myelination capacities (Chen et al., 2018). A decrease in NG2+ OPCs and GPR17+ 

‘differentiation committed OPCs’ (COPs) are present in the aged brain as a result of reduced self-

renewal of OPCs and replenishment of reservoir GPR17+ COPs, which manifests as reduced myelin 

replacement through ageing (Rivera et al., 2021). Such clear differences in the functionality of OPCs 

between postnatal and later life is a limitation of using the culture model present in this study. 

In conclusion, the results presented here provide evidence that Aβ peptides not only have a clear initial 

cytotoxic impact on cell survival of maturing oligodendrocytes but have an array of subsequent 

recovery measures demonstrated by increases in oligodendrocyte process length and number. Work 

presented in this study supports the existing growing body of evidence to suggest a physiological role 

of specific Aβ species with specific concentrations promoting oligodendrocyte proliferation and 

differentiation. However, further research is required to determine if low levels of Aβ species 

demonstrate a normal function in this physiological role and if these findings in vitro hold within an 

in vivo model of AD progression, which will be addressed in the following chapter of results with the 

TgF344-AD rat model. 
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5 EFFECTS OF INCREASED BRAIN AMYLOID ON MOTOR SKILL 

LEARNING INDUCED MYELINATION IN THE APP/PS1 MOUSE 

 INTRODUCTION 

This thesis provides new evidence that Aβ influences the development and maturation of 

oligodendrocytes in both an in vivo TgF344-AD rat model and an in vitro model. Development and 

maturation of OPCs is needed during early development to form the white matter required, and the 

continual formation of new myelin and repair of damaged myelin is necessary during learning and 

ageing (Emery, 2010; Mitew et al., 2014; Williamson & Lyons, 2018), with changes in white matter 

observable after learning in humans (Zatorre et al., 2012). During adaptive myelination, 

oligodendrocytes are responsible for the generation of myelin, required during learning and memory 

formation, has been shown to be inhibited in the progression of AD (Bondi et al., 2017; Klimova et 

al., 2015). Previous studies in rodent models of AD have demonstrated that amyloid can affect 

learning; for example, animals infused with Aβ40 peptides demonstrated inhibited learning abilities 

compared to controls (Hashimoto, Hossain, Agdul, & Shido, 2005). However, studies have also 

demonstrated that there is a vast array of memory-based alterations that occur in human cases, it is 

unknown if early stages of AD progression is a problem of initial memory formation or rather a 

problem of memory retrieval (reviewed in Germano & Kinsella, 2005).  The contribution of amyloid 

induced alterations to OPC maturation and myelination to altered learning in AD is unclear.  

In this study, I hypothesised that increased brain amyloid levels would affect the development of OPCs 

and myelination in response to a skilled learning task. To test this, I used a transgenic AD mouse model 

of amyloidosis, expressing chimeric mouse/human with the Swedish mutation (K595N/M596L, 

APPswe) and mutant human presenilin 1 (PS1) on a C57BL/6 background [B6.Cg-Tg (APPswe, PS1dE9) 

85Dbo/J] (APP/PS1, Jankowsky et al., 2004). These mutations impact the enzymatic processing of 
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amyloid precursor protein (APP) to generate high levels of amyloid-beta (Aβ) peptides, with Aβ 

peptides of 42 amino acids, primarily being generated over Aβ40. I tested my hypothesis using 3 month 

old mice, as at this age, soluble and oligomeric amyloid levels are high in the brain, but it is prior to 

the formation of amyloid plaques, which is known to result in neuronal damage (Radde et al., 2006). 

To test the effect of altered amyloid levels on learning, I subjected transgenic and WT mice to a skilled 

reaching task paradigm, which involves learning careful and precise motor movements, and has 

previously been shown to reinforce motor pathways and increase myelination in mice (Bacmeister et 

al., 2020; Keiner et al., 2017; Sampaio-Baptista et al., 2013).  

Transmission electron microscopy and immunohistochemistry, in combination with EdU labelling of 

newly formed cells, were used to analyse how learning the new task altered numbers of 

oligodendrocytes and myelin in the brain. Alterations were examined in three brain regions; the 

sensorimotor cortex, a region previously shown to undergo alterations to numbers of newly 

differentiating oligodendrocytes following learning of skilled reaching in rodent models (Keiner et al., 

2017; Sampaio-Baptista et al., 2013),  the corpus callosum, a key white matter tract present in the brain 

shown to have an increase in newly dividing OPCs in response to performing motor tasks (McKenzie 

et al., 2014), and the hippocampus, a key region for memory formation and implicated in early plaque 

formation in the APP/PS1 model (Radde et al., 2006) and during early features of AD progression in 

humans (A. D. Smith, 2002). As neuronal activity can alter amyloid production, we also determined 

levels of Aβ40 and Aβ42 in the CSF using single molecule array (SIMOA) biochemical analysis.  
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 METHODS 

5.2.1 Animals  

Experiments were approved by the Animal Ethics Committee of the University of Tasmania (ethics 

number A16879). Male and female transgenic APP/PS1 and WT littermate mice at three months of 

age were used in this study. Animals (n = 105 in total - numbers used for each analysis detailed in 

Table 5.1), were housed in OptiMICE cages (Accela) under standard conditions (20°C, 12/12 hours 

light/dark cycle) with access to food and water ad libitum prior to being used in the study. Mice were 

housed in groups of 2-5 per cage, with APP/PS1 and WT animals housed together. Reaching and 

handling control experimental groups were caged together, and naïve control animals were housed 

separately.  
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Table 5.1. Number of animals used in this skilled reaching task cohort 

Animals WT 

Male 

 

Female 

APP/PS1 

Male 

 

Female 

 

Reaching 

Behaviour 

Immuno 

TEM 

SIMOA 

13 

13 

4 

2 

- 

9  

9 

1 

1 

- 

14 

14 

3 

1  

4 

6  

6 

2  

2 

3 

 

Handling 

Immuno 

TEM 

SIMOA 

5 

3 

2 

- 

3  

2 

1 

- 

3  

2 

1 

4 

5 

3 

2 

3 

 

Control 

Immuno 

TEM 

SIMOA 

5  

3 

2 

- 

3  

2 

1  

- 

4  

3 

1  

2 

4 

2 

2  

4 

 

Total 23 15 21 15 74 
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5.2.2 Genotyping 

Ear clippings removed from mice at weaning were incubated in 45uL of extraction solution (QUANTA 

Biosciences, cat no. 95091-025) for 30 minutes at 95°C to extract genomic DNA.  

Genotypes were determined by standard PCR, using the MyTaq™ Red Mix (Bioline, cat no. BIO-

25044) and primers (GeneWorks) for the PS1 transgene (Forward; 5’-AAT AGA GAA CGG CAG 

GAG CA-3’, Reverse; 5’-GCC ATG AGG GCA CTA ATC AT-3’) and Tcrd as an internal control 

(Forward; 5’-CAA ATG TTG CTT GTC TGG TG-3’, Reverse; 5’-GTC AGT CGA GTG CAC AGT 

TT-3’). PCR cycling was performed on a Bio-Rad T100™ Thermal Cycler gradient PCR machine, 

with a lid temperature of 105°C using the following cycles; 

94°C 3 minutes 

94°C 30 seconds 

61°C 1 minute                  35 cycles 

72°C 1 minute 

72°C 2 minutes 

12°C hold  

Resulting PCR products and a 100bp ladder (Hyperladder V, Bioline, cat no. BIO-33031) were 

electrophoresed on a 2% agarose gel (Bioline, cat no. BIO-41025) with 0.01% SYBR safe DNA gel 

stain (Invitrogen, cat no S33102) at 120V for 35 minutes. The subsequent bands at 608bp (PS1) and 

201bp (Tcrd) were visualised on an Amersham Imager 600 (GE) station. 
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5.2.3 Experimental Design 

Experimental design for skilled motor reaching was established using previous published paradigms 

(Chen, Gilmore, & Zuo, 2014; Sampaio-Baptista et al., 2013a). Experimental animals that underwent 

the skilled motor training are referred to as the reaching group. The reaching group underwent initial 

food deprivation prior to the shaping/training period, in which they were placed in the experimental 

apparatus (Figure 5.1, A) and their preferred hand for the reaching for a food pellet through a narrow 

slit was determined over 2 days. They then performed the reaching task for a further 10 days (Figure 

5.1, B). Full details of the task are provided below. In addition to the reaching group, two control 

groups were used. 

The first control group underwent all procedures that experimental group underwent, except that the 

pellets were placed in the box around them so that they did not need to learn the skilled motor task of 

reaching through the slit. These animals are referred to as handling control group. The second control 

group were naïve animals who were not exposed to the task, with no handling, no dietary alterations 

or procedures and remained in their housing.  

At 3 months of age, the reaching and handling control groups of animals were placed on a restricted 

diet prior to being included in the study to bring them to 90% initial body weight. This diet restriction 

is needed to encourage the animals to learn the task. The average weight of male/female animals prior 

to the diet restriction was 26.86 ± 0.44 / 21.55 ± 0.68 grams respectively and the average weight of 

male/female animals at the beginning of the shaping was 24.17 ± 0.49 / 19.40 ± 0.65 grams. One day 

prior to the training intervention, 0.2mg/kg 5-Ethynyl-2’-deoxyuridine (EdU, A10044, Invitrogen) was 

added to the drinking water. Weight monitoring was performed daily following the start of the diet 

until the end of each experiment. Pellets used in the skilled reaching task are 2.5mm circular 20mg 

chocolate flavoured pellets, containing grain, sugar, and binders (Bio-serv, F05301, Able Scientific 

distributed in Australia). 
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5.2.4 Skilled motor training 

Shaping period – Initially, experimental animals underwent 2 days of shaping, performed each 

morning. Animals were first habituated in the behaviour room for 30 minutes, with lights dimmed to 

~30 lux. Next, mice were placed individually in transparent Perspex test boxes (20 cm high, 15 cm 

deep, 8 cm wide, with a 10mm slit in the centre of the narrow front face, Figure 5.1, A). The boxes 

have open tops and bottoms, with two boxes side by side with an opaque barrier, so mice are unable 

to see each other (Figure 5.1, A). Mice were provided with ample pellets placed within 0.3cm from 

the front slit, on the food platform in front of the testing box. Handedness was determined during this 

period by 20 reaches with a singular paw in 20 minutes or less. 

Testing period – Testing period of 10 days used in this paradigm, based on previously established 

testing paradigms (Chen et al., 2014; Sampaio-Baptista et al., 2013). Once mice were familiar with 

reaching for the pellets, they began the testing period. Mice were placed in the box in an identical 

manner to shaping but were scored for the number of reaches they make through the slit to grab pellets, 

with each reach counted as successful (pellet is grasped and pulled into the testing box in a single 

motion) or missed/dropped. Boxes initially contained a few pellets on the floor of the box to 

acclimatize the mice to the pellets and to the box. On some occasions, mice tried to use their tongue to 

grab pellets, and in this instance, the pellets were moved slightly away from the test box, to encourage 

use of their paw. Mice were scored for 30 reaches or 20 minutes (whichever came first) and at the end 

of this time 2-3 pellets were given simultaneously to serve as a marker that the task was completed. If 

a mouse made 5 failed reaches in a row or failed to make any attempts in 5 minutes, a pellet was given 

as a reward to keep motivation levels up. After testing, the mouse was returned to its home cage. 

Testing was repeated daily for 10 days in total. 
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Figure 5.1. A. Mouse reaching task chamber, with food placed in front of the animal on a food 

platform, in a divot directly in front of the animal during initial shaping to determine dominant paw, 

and food pellets placed in a divot on the opposite side of the dominant paw during testing, to allow the 

animal to maximally reach out to receive the food pellet. B. Experimental outline of initial food 

deprivation, behavioural shaping period and testing period, indicating time of EdU administration via 

water, and final perfusion timepoint. F1-F2; Food deprivation period. S1-S2; Shaping period. T1-T10; 

Skilled reaching testing period. A, modified from Chen et al. 2014. 
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5.2.5 Perfusion, blood, and CSF collection  

Perfusion of animals was performed as previously described in Chapter 2.2 Tissue was immediately 

dissected and post fixed in the same fixative for 24hrs at 4°C. Tissue was set in 2% agarose gel and 

was sectioned on a Leica vibratome. For immunohistochemical studies sections were 40μm thick and 

were stored in 0.02% Sodium Azide/PBS and for transmission electron microscopy studies, sections 

were 80μm thick and stored in 0.15M CB. 

For cerebrospinal fluid collection, samples were collected following terminal anaesthesia, described 

in Chapter 2.2. Animals are placed in a stereotaxic instrument, with ear bars raised, so the head was 

tilted at a 135° angle with the body. The skin of the neck was shaved and swabbed with 70% ethanol, 

then under a dissection microscope, a coronal incision inferior to the occiput was made. An incision 

through the subcutaneous tissue and muscles (m. biventer cervicis and m. rectus capitis dorsalis major) 

was made, exposing the dura mater of the cisterna magna (Lim et al., 2018). A glass capillary, was 

penetrated into the cisterna magna space, allowing CSF to be drawn into the syringe. Borosilicate glass 

capillaries (1.5 OD x 0.86 ID x 100 L mm, Harvard Apparatus, cat no. 30-0057) were pulled using a 

Model P-1000 (Sutter Instruments) flaming/brown micropipette puller, with the following settings: 

Ramp: 491, Pull: 0, Lines 1 loop (4-5), Vel: 21, Time/Del: 1 and Pressure: 600. Glass capillaries tips 

were trimmed to increase gauge of capillary, and air was blown with a sterile bulb while in a Purifier® 

Biological Safety Cabinet (Labconco), to remove any glass particles forming within the capillary after 

trimming and to keep the capillary as sterile as possible. Capillaries were then stored in an airtight 

container prior to usage. The needle/capillary was carefully removed, and CSF injected into a tube, 

pulse-spun with a benchtop centrifuge and snap frozen in liquid nitrogen and stored at -80°C.  

Blood was collected transcardially using a 23G needle (Terumo, cat no. 0197) with a 1mL syringe 

(Livingstone, cat no. DS010MTL) prior to perfusion. Blood was allowed to clot for 5-10 minutes, then 
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spun at 10,000g for 15 minutes. Serum was collected and snap frozen in liquid nitrogen prior to -80°C 

storage. 

5.2.6 Immunohistochemistry 

Immunohistochemical labelling was performed as described in Chapter 2.3. To identify cells that had 

incorporated EdU, the Click-iT EdU Cell imaging kit (Invitrogen, C10640) was used as per 

manufacturer’s instructions. In brief, after incubation with secondary antibodies, sections were washed 

twice with PBS and then 0.5% triton x-100/PBS for 15 minutes each. Sections were then washed 

briefly with PBS and placed in EdU developing cocktail (detailed in Table 5.2) for 45 minutes in the 

dark at room temperature. Sections were washed with TBS for 5 minutes 3 times.  

Table 5.2. EdU developing cocktail  

 

 

 

 

 

 

5.2.7 Quantitation of oligodendrocytes and OPC numbers and myelin presence 

To quantitate number of oligodendrocytes and myelin present, 3 sections from bregma position -

1.58mm were consistently taken across all animals, immunolabelled and imaged as described in 

chapter 2.3. A total of 3 sections per animal and 4 ROIs per each section were selected from each 

structure (cortex, corpus callosum and hippocampus), with an ROI area of 0.127mm2. Each ROI was 

Component Volume 

MilliQ water 423µL 

10x reaction buffer 42µL 

Copper (II) sulfate 20µL 

Alexa Fluor Azide (647nm) 1.2µL 

10x reaction buffer additive 5µL 
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imaged as a Z-stack and analysis was performed on the maximum intensity projection of each ROI for 

quantitation (Olig2, NG2 and PLP). Positive oligodendrocytes were indicated by presence of 

immunopositive Olig2 labelling, co-labelled with the DAPI nuclear marker. Newly formed cell counts 

were performed in tissue section that were also stained for EdU, with new cells defined as those with 

colocalization between the oligodendrocyte lineage marker (Olig2), OPC marker (NG2) and positive 

EdU labelling.  

PLP thresholding was also performed on the corpus callosum, from four non overlapping ROIs 

selected across both hemispheres within a single tissue section, with each ROI having an area of 

0.127mm2, in a similar manner to that detailed previously in Chapter 3.2.6. Each ROI was a Z stack of 

10μm steps through each 40μm section. Each ROI was processed using the maximum intensity present, 

and segmented using the ImageSURF segmenter (O’Mara et al., 2019). Confocal images were taken 

on a spinning disk confocal Nikon TE-2000 inverted microscope with a Yokagawa CSU-22 confocal 

scanning unit and a Hamamatsu C9100-02 EMCCD camera with a 20x objective, using Velocity 

(PerkinElmer) software for image capture. 

5.2.8 Transmission electron Microscopy  

Transmission electron microscopy tissue was prepared, dissected, sectioned, stained, and imaged as 

previously described in Chapter 2.4. EM grids were imaged using a Hitachi HT700 Transmission 

Electron Microscope and images captured at x5000 and x80000 magnification at 80kV (example 

Figure 2.1). Samples imaged were blinded for behavioural groups and genotype. 

5.2.9 Quantitation of axon diameter, myelin thickness and g-ratio 

Quantitation of axonal diameter, myelin thickness and g-ratio were performed, as previously described 

in Chapter 2.4.1. Quantitative measures were taken from medial corpus callosum sections, for sections 

taken between bregma -1.655mm to -1.955mm.  
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5.2.10 Single Molecule Array (SIMOA)  

Amyloid beta 40, amyloid beta 42 and total tau levels in CSF and serum samples was measured using 

the Neurology 3-Plex A single molecule array assay (Simoa) from Quanterix (Cat no. 101995). 

Samples were run using a 2-step assay on a Simoa SR-X platform according to manufacturer’s 

protocols. Briefly, CSF and serum samples were thawed at room temperature for 1 hour and then 

centrifuged at 10000xg for 5 minutes, prior to loading onto the assay plate. CSF samples were diluted 

1/80 and serum samples 1/4. Calibrators and two quality control samples were run in duplicate on the 

assay plate and the CSF samples and serum samples run in single.  

5.2.11 Statistical analysis 

A p-value of 0.05 was considered significant for the following statistical analyses. Counts of 

oligodendrocyte lineage markers and OPC markers, with and without EdU colocalization were 

compared between WT and APP/PS1 mice from each behavioural group, in three different brain 

regions using a two-way ANOVA with Tukey posthoc testing. PLP area thresholding in the corpus 

callosum was compared between WT and APP/PS1 mice and statistically analysed using a two-way 

ANOVA with Tukey posthoc testing. Total diameter, axon diameter, myelin thickness and g-ratio 

values from the measured 100 axons per animal were compared using the mean value of the 100 axons 

counted and compared between WT and APP/PS1 mice from each behavioural group in the corpus 

callosum and statistically analysed using a two-way ANOVA with Tukey posthoc testing. Simoa data 

of CSF and serum Aβ concentrations were compared between each behavioural group for APP/PS1 

mice and statistical analysed using two-tailed unpaired student t-test. 

5.2.12 Behavioural analysis  

Behavioural statistical analysis was performed in collaboration with Wicking Dementia Research and 

Education Centre statistician, Aidan Bindoff. During behavioural testing, WT and APP/PS1 animals 
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performing the skilled pellet reaching task were scored to determine accuracy and speed during their 

testing. 

𝑨𝒄𝒄𝒖𝒓𝒂𝒄𝒚 =
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒔𝒖𝒄𝒄𝒆𝒔𝒔𝒇𝒖𝒍 𝒓𝒆𝒂𝒄𝒉𝒆𝒔

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒕𝒐𝒕𝒂𝒍 𝒓𝒆𝒂𝒄𝒉𝒆𝒔
 𝒙 𝟏𝟎𝟎  

𝑺𝒑𝒆𝒆𝒅 =
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒔𝒖𝒄𝒄𝒆𝒔𝒔𝒇𝒖𝒍 𝒓𝒆𝒂𝒄𝒉𝒆𝒔

𝑴𝒊𝒏𝒖𝒕𝒆𝒔 𝒕𝒂𝒌𝒆𝒏 𝒕𝒐 𝒑𝒆𝒓𝒇𝒐𝒓𝒎 𝒕𝒆𝒔𝒕
 

5.2.12.1 Accuracy 

The Von Bertanlanffy function to model rate of learning accuracy in the pellet reaching task was used, 

f(d)=β(1−e−ρ(d−d0)) 

where f(d) is accuracy on day d, β is the asymptotic limit, d0 is the day or origin (estimated from the 

data, as shaping time varied for animals), and ρ is the rate of improvement. Non-linear curves were 

fitted for each animal in a hierarchical Bayesian model assuming normally distributed residuals. 

Population level parameters were estimated assuming the random growth curves were normally 

distributed. The brms (Bürkner, 2018) and Stan (Carpenter et al., 2017) packages were used in RStudio 

(ver. 1.3.1073). Parameters were estimated using Hamiltonian Monte Carlo methods. The priors used 

in analysis were;  

𝜷 ~ 𝚪(𝟓𝟎, 𝟏) 

𝒍𝒐𝒈e𝝆 ∼ 𝑵(−𝟐, 𝟏) 

𝒅𝟎 ~ 𝚪(𝟐, 𝟏) 

Default (weakly informative) priors were specified for other model parameters. 
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Models were compared using leave-one-out cross validation, approximated via Pareto-smoothed 

importance sampling (PSIS-LOO) (Vehtari, Simpson, Gelman, Yao, & Gabry, 2015), to estimate the 

expected log predictive densities (ELPD). More than two standard errors of the difference in ELPD 

between two models was considered evidence of a significant difference, and the model with the 

highest ELPD was selected. Where two models had equivalent ELPD, the simplest model was selected 

under the principle of parsimony.  

5.2.12.2 Speed 

For pellet reaching speed, the R package glmmTMB (Brooks et al., 2017) was used to fit multilevel 

linear models, as inspection of model residuals did not suggest a non-linear model was necessary to 

estimate group differences. P-values were computed using type 3 sums of squares, and confidence 

intervals were computed using Wald estimates. 
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 RESULTS 

5.3.1 Behavioural alterations in APP/PS1 mice performing a skilled reaching task 

I first determined whether there were differences between the genotypes (APP/PS1, n= 20 or WT; 

n=22) in the ability to learn a skilled behavioural task. The percentage of successful reaches performed 

was measured and the time taken to complete 30 reaches or number of reaches in a total of 20 minutes, 

was recorded for each day. This data allowed me to determine both ‘accuracy’ and ‘speed’ as measures 

of performance and learning over the testing period and to compare these between APP/PS1 and WT 

animals performing the reaching task. The number of successful reaches out of total number of reaches 

performed, deemed accuracy, was statistically modelled (described in Chapter 5.2.12.1) and it was 

concluded that a non-linear growth curve model was significantly better than a linear model (Appendix 

8.3.1-8.3.4, model 2 (m2) had a higher expected log predicative density than model 3 (m3), by more 

than 2 times the standard error of the difference), but included a parameter which allowed the rate of 

growth (ρ) to vary by genotype, which did not improve the expected log predictive density (ELPD) of 

the model (Appendix 8.3.4). Following this, a model which adjusts for weight loss proportion was fit 

(m4) and demonstrated to be nonspecific (Appendix 8.3.5-8.3.6, suggesting that if weight loss does 

have an effect on the rate of growth (an indicator of animals learning over time), it may be a lagged 

effect (e.g., effect not seen for a day or two). As weight loss proportion may have no effect on 

behavioural outcomes, two models were fit, without genotype, one lagged by a day and one that is not 

lagged (m5). The model with the best ELPD, included weight loss proportion (wlp), but was not 

significantly different to the null model. Lagging the wlp did not improve the model, thus there was 

no evidence that wlp improves the accuracy of the model (Appendix 8.3.7-8.3.8). Statistical modelling 

concluded that there was no significant difference present between APP/PS1 and WT animals across 

the 10-day testing period for accuracy during the skilled reaching task (Figure 5.2). 
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Figure 5.2. Accuracy (% of successful reaches out of total reaches) of APP/PS1 and WT mice 

performing a skilled reaching task (APP/PS1, n=20 and WT, n=22. Individual estimated animal-level 

growth curves drawn per genotype, for WT (blue) and Tg (orange). Solid black line shows expected 

population-level growth curve, with 95% confidence interval shown with black dashed line. Modelled 

with Bayesian inference, approximated by PSIS-LOO and compared by ELPD for significance.).  
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Figure 5.3 Speed of successful reaches per minute for 3-month-old APP/PS1 and WT animals during 

a skilled reaching task (APP/PS1, n=20 and WT, n=22. Each data point is a single animal, at each day 

of the reaching task being performed.  Mean line with 95% CI ribbon for WT (blue) and Tg (orange). 

Modelled with Bayesian inference, approximated by PSIS-LOO and compared by ELPD for 

significance.). 
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The time spent to perform each successful reaching, deemed speed, was also quantitated and data was 

fit for a multilevel linear model as described in Chapter 5.2.11.2. Graphing (Figure 5.3) and statistical 

analysis demonstrated that there was a significant main effect of wlp and genotype (Appendix 8.3.9-

8.3.10), indicating that transgenic APP/PS1 mice perform the skilled reaching task faster (Table 5.3).  

Table 5.3 Statistical results from multilevel linear modelling, for speed of APP/PS1 and WT animals 

performing a skilled reaching task 

  Speed Speed 

Predictors Estimates CI p Estimates CI p 

(Intercept) 4.723 2.331 – 7.115 <0.001 4.673 2.294 – 7.052 <0.001 

wlp -3.903 -6.469 – -1.337 0.003 -3.676 -6.239 – -1.113 0.005 

Day 0.103 0.072 – 0.135 <0.001 0.075 0.032 – 0.118 0.001 

Genotype [tg] 0.797 0.424 – 1.169 <0.001 0.463 -0.042 – 0.968 0.072 

Day * Genotype [tg] 
   

0.061 -0.002 – 0.124 0.056 

Random Effects 

σ2 0.88 0.88 

τ00 0.28 ID 0.28 ID 

ICC 0.24 0.24 

N 41 ID 41 ID 

Observations 417 417 

Marginal R2 / Conditional R2 0.212 / 0.402 0.217 / 0.406 

 

Over the testing period there was an improvement in both the percentage of successful reaches and the 

time taken to perform the task, demonstrating that the mice were learning the task, further 

demonstrated by the statistical model of speed, where there was a significant effect of day, as the 

animals learn over the testing period. While the transgenic animals performed faster compared to WTs, 

they did not necessarily perform ‘better’ as indicated by the measures of accuracy being the same 

between groups, while also having difference in speed from day 1 also.  
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5.3.2 Alterations to total oligodendrocyte numbers in APP/PS1 and WT mice following a 

skilled reaching task 

The behavioural analysis demonstrated that both APP/PS1 and WT mice were able to learn the skilled 

reaching task, and that while there was a difference between genotypes for speed of performing the 

skilled motor task, there was no difference in rates of learning the task and each genotype has similar 

performance, indicated by accuracy. I next determined whether learning the skilled reaching task 

resulted in alterations to the number of oligodendrocyte lineage cells present in three brain regions, 

which contain key circuitry in plasticity alterations occurring in learning a new task; the sensorimotor 

cortex involved in motor control; the corpus callosum, a major white matter tract, allowing 

examination of myelination; and the hippocampus, involved in learning and memory and a key region 

affected in AD (DeTure & Dickson, 2019). 

Cell counts were performed (as described in Chapter 5.2.7) to determine the density of Olig2 

immunopositive cells in each region of interest. Analysis was performed to determine if there was an 

effect of the behavioural task (reaching or handling groups) or genotype for each of the brain regions, 

on the number of oligodendrocytes present. Following training, no significant difference (p>0.05) was 

present in the total number of Olig2+ cells when comparing behavioural group or genotype group, in 

the cortex, corpus callosum or hippocampus (Figure 5.4, B). Additionally, to determine the number of 

newly dividing oligodendrocyte lineage, labelling for Olig2 and EdU was performed. Analysis was 

performed to determine if an effect of the behavioural task (reaching or handling) or genotype, in the 

different brain regions, was present on the number of newly dividing oligodendrocytes. Following 

training, no significant difference (p>0.05) was observable for newly dividing cells when comparing 

either the behavioural groups or genotype, in the cortex, corpus callosum or hippocampus (Figure 5.4, 

B). 
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Figure 5.4 A. Immunohistochemical labelling of oligodendrocyte lineage cells with Olig2 (green) and 

EdU incorporated newly dividing oligodendrocytes (blue), used in the quantification of Olig2 and 

Olig2+EdU immunopositive cells, pre structure and group, in Figure 5.4 B & C. B. Quantitation of the 

total number of oligodendrocytes (Olig2) and newly dividing oligodendrocytes present (Olig2+EdU), 

WT and APP/PS1 mice at 3 months of age which performed the skilled reaching task (Reaching) or 

not (Handling). C. Quantitation of oligodendrocyte (Olig2) and newly dividing oligodendrocyte 

numbers present (Olig2+EdU) in WT and TG, APP/PS1 mice at 3 months of age, that were either 

handled without performing the skilled reaching task but also food restricted (Handling) and mice that 

were without handling or diet change (Control). (n = 5 animals, per genotype, per group, each with 4 

regions of interest counted. Two-way ANOVA, with Tukey posthoc testing. Graph of mean values and 

bars represent SEM. Scale bar = 20μm) 
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Together, this data suggests that alterations to the number of total oligodendrocytes or newly dividing 

oligodendrocytes are not present for 3-month-old WT or APP/PS1 mice that did or did not perform the 

skilled reaching task. 

The skilled reaching task involves food deprivation to reinforce a drive to perform the skilled reaching 

task, which could be a confounding factor in the alterations to oligodendrocytes. To further understand 

if food deprivation has any impact on oligodendrocyte numbers in this behavioural paradigm, handling 

groups which were food deprived, were compared to complete control animals, with no food 

deprivation, for total Olig2 immunopositive oligodendrocytes and newly dividing oligodendrocytes in 

the same brain regions as described above. No significant difference (p>0.05) in total oligodendrocyte 

numbers were present in the cortex, corpus callosum and hippocampus when comparing WT and Tg 

animals from either the handling, food deprived group, or the control, normal diet, group (Figure 5.4, 

C). Newly dividing oligodendrocytes present in the cortex were also not significantly different 

(p>0.05) for WT and Tg animals from either the handling, food deprived group, or the control, normal 

diet group. In the corpus callosum and hippocampus, the number of newly dividing oligodendrocytes 

present was significantly lower (p<0.05) for handling, food deprived WT and Tg animals when 

compared to control, normal diet WT and Tg animals (Figure 5.4, C). Together these results suggest 

that the performing a skilled reaching task and genotype did not alter the number of total or newly 

dividing oligodendrocytes, but dietary restriction does have a significant impact on the number of 

newly dividing oligodendrocytes in 3-month-old WT and APP/PS1 mice, specifically within the 

corpus callosum and hippocampus. 
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5.3.3 Alterations to oligodendrocyte precursor cells in APP/PS1 and WT mice following a 

skilled reaching task 

To further understand the underlying differences in the development of oligodendrocytes in these mice, 

I examined the numbers of oligodendrocytes immunopositive for the early OPC marker NG2, with and 

without EdU in the sensorimotor region of the cortex, the corpus callosum and in the hippocampus, in 

a similar manner as total oligodendrocyte numbers examined in Figure 5.4b, between WT and Tg 

APP/PS1 mice that either did or did not perform the skilled reaching task. No significant differences 

(p>0.05) in total number of NG2+ cells were present in the cortex and corpus callosum and across both 

the reaching and handling groups, or genotypes (Figure 5.5, B). There was, however, a significant 

interaction between genotype and group (p<0.05) was present when examining number of NG2+ cells 

in the hippocampus. Similarly, no significant differences in number of newly dividing NG2+ EdU+ 

cells were present in the cortex, corpus callosum and hippocampus when comparing reaching and 

handling groups, or genotype (Figure 5.5, B). Together this data suggests that performing the skilled 

reaching task and genotype did not impact the total number of OPCs or newly dividing OPCs present 

in the cortex, corpus callosum or hippocampus, in 3-month-old WT and Tg APP/PS1 mice. 

I also investigated the effect of food deprivation on NG2+ cells and newly dividing NG2+ EdU+ cells, 

by comparing handling group mice that did not perform the skilled reaching task, but were food 

deprived, to control group animals, that were not handled and did not have food restriction. There was 

a significantly (p<0.05) higher number of NG2+ cells present in control group WT and Tg animals on 

a normal diet when compared to WT and Tg animals did not learn the reaching task but were food 

deprived (Figure 5.5, C). Number of NG2+ cells present in the corpus callosum, or hippocampus were 

not found to be significantly different when comparing either handling or control group, or genotype 

(Figure 5.5, C). No significant difference was observed in number of NG2+ EdU+ cells present in the  
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Figure 5.5 Immunohistochemical labelling of oligodendrocyte precursor cells with NG2 (green) and 

EdU incorporated newly dividing oligodendrocytes (blue), used in the quantification of NG2 and 

NG2+EdU immunopositive cells, pre structure and group, in Figure 5.5 B & C. B. Quantitation of the 

density of total OPCs (NG2) and newly dividing OPCs (NG2+EdU) present in sensorimotor cortex, 

corpus callosum and hippocampus between handling and skilled reaching group. C. Quantitation of 

the density of total OPCs (NG2) and newly dividing OPCs (NG2+EdU) present in sensorimotor cortex, 

corpus callosum and hippocampus between mice that did not perform skilled reaching task but were 

food deprived (handling) and mice were not handled and were on normal diet (control). (n = 5 animals, 

per genotype, per group, each with 4 regions of interest counted. Two-way ANOVA with Tukey 

posthoc testing, * p<0.05. Graph of mean values and bars represent SEM. Scale bar = 20µm) 
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cortex or hippocampus when comparing either handling or control group, or genotype also (Figure 5.5, 

C).  

A significant interaction between handling and control groups and either genotype (p<0.05) was 

present when looking at number of NG2+ EdU+ cells present in the corpus callosum. Together this 

data suggests that; performing the skilled reaching task do not alter the number of total number of 

NG2+ or newly dividing NG2+ EdU+ cells present in either the cortex, corpus callosum or 

hippocampus, in 3-month-old WT and Tg APP/PS1 mice. Additionally, this data has shown that food 

deprivation led to a decrease in the total number of NG2+ cells present in the cortex specifically of 3-

month-old WT and Tg mice, without changes in the corpus callosum or hippocampus, with no 

difference in number of NG2+ EdU+ cells present in cortex, corpus callosum or hippocampus.  

5.3.4 Alterations to myelin proteolipid protein (PLP) expression in APP/PS1 and WT mice 

following a skilled reaching task 

I next examined the expression of myelin associated protein by immunohistochemistry to better 

understand the laying down of myelin in this learning paradigm and the effect brain amyloid has on 

this. The PLP immunopositive area was measured in the corpus callosum of APP/PS1 and WT mice 

from each behavioural group, using methods detailed in Chapter 5.2.7, to understand the changes that 

may occur in this white matter tract. 

When comparing APP/PS1 mice and WT littermates from reaching and handling groups, no significant 

differences in PLP% area were present across either group or genotype in the corpus callosum (Figure 

5.6b). To understand changes derived from dietary restriction, handling group animals that did not 

perform the skilled reaching task, with food deprivation, were compared to control animals that did 

not receive handling and were on a normal diet. Similarly, there were no significant differences in PLP 

% area present in the corpus callosum when comparing WT and Tg animals from these two groups 

(Figure 5.6, B). 
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5.3.5 Alterations to myelin thickness, axon diameter and g-ratio in APP/PS1 and WT mice 

following a skilled reaching task 

To further examine myelin changes in the corpus callosum, I performed electron microscopy analysis 

of transverse sections of the corpus callosum, allowing me to examine morphological features such as 

myelin thickness and the g-ratios of myelinated axons (Figure 5.7, A). There was no significant 

difference for total diameter when comparing WT and Tg animals from the reaching and handling 

groups (Figure 5.7, B). To further examine changes in fibre diameter, I examined both the axon 

diameter and myelin thickness and quantitated the g-ratio for myelinated axons in these animals. There 

was no significant difference in axonal diameter or myelin thickness across WT and Tg animals from 

either reaching or handling groups (Figure 5.7, B). These findings were similar in calculated g-ratio, 

which was not significantly difference when comparing WT and Tg animals cross the reaching and 

handling groups (Figure 5.7, B). Together this data suggests that performing the skilled reaching task 

does not alter the total diameter, axonal diameter, myelin thickness or g-ratio in 3-month-old WT and 

Tg APP/PS1 mice. 

To examine the effects of diet restriction of axon and myelin-based morphology, I additionally 

analysed and compared handling group animals that did not perform the reaching task but were food 

deprived, to control group animals that were not handled but were on a normal diet. No significant 

difference in total diameter of myelinated axons within the corpus callosum was present across WT 

and Tg animals from either handling or control group (Figure 5.7, C). Additionally, no significant 

difference in axonal diameter, myelin thickness or g-ratio was present across WT and Tg mice from 

either handling or control groups (Figure 5.7, C). Together this data suggest that food deprivation does 

not impact total diameter, axonal diameter, myelin thickness or g-ratio of myelinated axons present in 

the corpus callosum of 3-month-old WT and Tg APP/PS1 mice.  

 



Chapter 5 – Results 

  140  

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 – Results 

  141  

 

 

 

 

 

 

 

Figure 5.6 A. Immunohistochemical labelling of myelin presence by PLP (red) in the corpus callosum, 

used in the quantification of PLP % Area in Figure 5.8, B. B. Alterations to % of threshold PLP 

immunoreactivity in the corpus callosum of 3-month-old APP/PS1 and WT littermates from mice that 

did (Reaching) or did not (Handling) learn the skilled reaching task; and between mice who were food 

deprived (Handling) or on a normal diet (Control) (n = 5 animals, per genotype, per group, each with 

4 regions of interest counted. Two-way ANOVA with Tukey posthoc testing. Graph of mean values 

and bars represent SEM. Scale bar = 50µm) 
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Figure 5.7 A. Electron micrographs at x5000 magnification of corpus callosum myelinated axons from 

WT and TG mice across each group, used in the quantification of myelinated axons in Figure 5.7 B & 

C. B. Morphological analysis of myelination in the corpus callosum in 3-month-old APP/PS1 and WT 

littermates, comparing animals that performed the reaching task with food deprivation (reaching) or 

animals that did not perform the task, with food deprivation (handling). C. Morphological analysis of 

myelination in the corpus callosum in 3-month-old APP/PS1 and WT littermates between mice that 

did not perform skilled reaching task but were food deprived (handling) and mice were not handled 

and were on normal diet (control). (n = 3 animals, 100 axons measured per animal, data point indicates 

mean of data from 100 axons, per genotype, per group. Two-way ANOVA with Tukey posthoc testing. 

Bars represent SEM. Scale bar = 2µm) 
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5.3.6 Quantitation of CSF and blood Aβ levels  

Research has suggested that plasticity associated with learning can drive alterations in amyloid 

production. To further understand the underlying Aβ levels present in APP/PS1 animals performing 

the skilled reaching task, CSF and blood serum samples were analysed using a highly sensitive single 

molecule array (SIMOA). There were no significant differences present in CSF or for human Aβ40 or 

Aβ42 when comparing reaching and handling APP/PS1 animals (Figure 5.8, A).  

To understand any dietary restriction effect on levels of human Aβ40 or Aβ42 present in the CSF or 

blood serum, handling group animals on restricted diets were compared to complete control animals 

which did not have any dietary restrictions. There was an overall trend that control animals had higher 

levels across all measures, however there was significantly (p<0.05) higher levels of Aβ40 in the CSF 

and serum, and Aβ42 in the CSF for complete control APP/PS1 mice, compared to handling group 

APP/PS1 mice (Figure 5.8, B).   
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Table 5.4 Statistical result summary from unpaired two-tail student t-test, for SIMOA CSF and Serum 

Aβ40 and Aβ42 concentrations between APP/PS1 mice that performed the reaching task with food 

deprivation (Reaching) and APP/PS1 mice that did not perform the reaching task, with food 

deprivation (Handling). Handling group was also compared to APP/PS1 mice that did not perform 

the reaching task and were on a normal diet (control). 

 Reaching (Task + & Food dep) 

V 

Handling (Task - & Food dep) 

Handling (Task - & Food dep) 

V 

Control (Task - & Normal diet) 

CSF – Aβ40 NS Handling significantly lower 

(* p<0.05) 

CSF – Aβ42 NS Handling significantly lower 

(*** p<0.001) 

Serum – Aβ40 NS Handling significantly lower 

 (** p<0.01) 

Serum – Aβ42 NS NS 

 

Together this data (Table 5.4) indicates that the skilled reaching task did not generate alterations in 

levels of human Aβ40 or Aβ42 present in the CSF and blood serum for APP/PS1 mice, however dietary 

restriction may alter levels of Aβ40 and Aβ42 in the CSF and serum in APP/PS1 mice. 
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Figure 5.8 A. SIMOA quantitation of CSF and blood serum human Aβ40 and Aβ42 in Tg APP/PS1 

mice, comparing animals that performed the reaching task with food deprivation (reaching) or animals 

that did not perform the task, with food deprivation (handling). B. SIMOA quantitation of CSF and 

blood serum human Aβ40 and Aβ42 in Tg APP/PS1 mice, comparing mice that did not perform skilled 

reaching task but were food deprived (handling) and mice were not handled and were on normal diet 

(control). (CSF, Reaching n=5, Handling n=6., Control = 5. Serum, Reaching n=7, Handling n=7, 

Control n=3. Unpaired two-tailed student t-test. p<0.05, ** p<0.01. Graphs represent mean values, 

SEM bars). 
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 DISCUSSION 

 The primary aim of this study was to investigate if high brain Aβ alters the formation of myelin, or 

oligodendrocyte differentiation in response to plasticity changes resulting from learning a skilled 

reaching task. This skilled reaching task has been previously demonstrated to induce white matter 

changes, including changes in oligodendrocyte subtypes, as well as the production of myelin in several 

studies (Kleim et al., 1998; Sampaio-Baptista et al., 2013).  

This study demonstrated that while no clear behavioural or learning differences are present between 

APP/PS1 and WT controls, there are several biological changes occurring at the time these mice are 

performing this skilled reaching task.  

To understand how learning this skilled reaching task impacts oligodendrocytes, proliferation of 

oligodendrocytes and changes to white matter, I initially looked at total oligodendrocytes and newly 

dividing oligodendrocytes, specifically in the cortex, corpus callosum and hippocampus in WT and Tg 

APP/PS1 between reaching and handling groups.  Within this experimental paradigm, both the groups 

and genotypes, did not lead to any alterations in either total oligodendrocyte number, or newly dividing 

oligodendrocytes, in the cortex, corpus callosum or hippocampus. The generation of newly dividing 

oligodendrocytes during the learning of this skilled reaching task was also not significantly altered 

because of the task itself, as indicated by no difference between WT and Tg mice across the reaching 

and handling groups. In a similar manner, no significant changes to either total number of NG2+ or 

newly dividing NG2+ EdU+ OPCs occur across WT and Tg APP/PS1 mice from reaching and 

handling groups in the cortex, corpus callosum and hippocampus. Additionally, examining aspects of 

the white matter present in the corpus callosum of WT and Tg APP/PS1 mice, demonstrated that group 

and genotype did not have a difference in total diameter, axonal diameter, myelin thickness or g-ratio. 

Together with behavioural data, these findings suggest that behavioural and biological mechanisms of 

learning and presence of oligodendrocytes and myelin are not significantly different at this pre-plaque 
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3-month-old time point for APP/PS1. Interestingly, previous motor learning studies have indicated 

promotion of oligodendrocyte differentiation and proliferation is possible, with a complex wheel 

leading to higher number of EdU+ OPCs 2 days after running, proliferating pre-myelinating 

oligodendrocytes at day 6 and production of mature oligodendrocytes by day 11 (McKenzie et al., 

2014), which suggests that the paradigm to stimulate changes in oligodendrocytes used in this study 

may need to be more intensive (to make running on a complex wheel) or to occur over a long period, 

or repeated periods. One limitation present in this study, due to time constraints and differences in 

cohort/animal availability through this study, male and female animals were combined for analysis, as 

any sex-based comparisons would not be able to be adequately powered when statistically compared. 

For publication, analysis will be performed on all animals and tissue samples collected, to be able to 

adequately draw conclusions of sex-based differences within this study. 

The data presented in this study can also be used to understand the effect of Aβ on oligodendrocytes 

in a model of AD prior to plaque formation, by comparing APP/PS1 mice and WT mice from the 

handling group. Previous research into myelin and oligodendrocyte alterations in the APP/PS1 mouse 

model used in this study, have shown several age-dependent alterations. Dong and colleagues (2018) 

demonstrated that there was downregulations of MBP mRNA in APP/PS1 mice at 3 months of age 

(Dong et al., 2018). However, at 6 months of age, alterations were more pronounced, with a shrinkage 

in size of the corpus callosum and upregulation of NG2-immunoreactive cells, specifically in the 

temporal lobe, which was accompanied by altered performance in the Morris water maze (a measure 

of cognitive change). Wu and colleagues (2017) also demonstrated alterations to oligodendrocytes and 

myelin as early as 2 months of age in APP/PS1 mice (Wu et al., 2017), where both markers for OPCs 

and early oligodendrocytes (NG2 and CNPase respectively) were upregulated in the hippocampus of 

2 month old APP/PS1 mice. In this study however, for the 3-month-old WT and APP/PS1 mice, there 

were no significant differences in either total oligodendrocyte or OPC numbers, or newly dividing 

oligodendrocytes or OPCs across the cortex, corpus callosum and hippocampus. However, there may 
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be more nuanced alterations to the subpopulations of differentiating oligodendrocytes present in each 

of these regions, that have not been examined within this study and should be followed up with further 

research to understand the complete picture of the oligodendrocyte differentiation process in 3-month-

old APP/PS1 mice, with or without a skilled reaching task. In addition to changes in oligodendrocyte 

marker expression in APP/PS1 mice, differences in hippocampal myelin levels have been previously 

reported, with thicker myelin present at 2 months of age (Wu et al., 2017). In the current study, myelin 

thickness was only examined in the corpus callosum and did not demonstrate any significant difference 

in myelin thickness between APP/PS1 and WT animals. When concluding changes occurring in 

models of progressive AD pathology regarding early oligodendrocyte and myelin changes, it is 

important to highlight various ages at which many models are studied.  

Understanding the effects of elevated Aβ generation in the APP/PS1 animals on their capacity to learn 

and perform a skilled reaching task, is important to be able to understand the potential changes at a 

cellular level. Functionally, I showed that brain amyloid did not affect the rate of learning a new motor 

task in 3-month-old mice, as both genotypes demonstrated an increase in accuracy in performing the 

task over time, at the same rate. However, the APP/PS1 mice did perform the task significantly faster 

than WTs, which may indicate that these mice are ‘better’ at performing the task, but this was not an 

effect of learning and there were no significant differences in improvements to accuracy, which is a 

more valid indicator of learning. The finding that APP/PS1 mice performing the reaching task faster 

may be related to the reports of hyperactivity and hypermetabolism that is expressed in APP/PS1 mice 

(Morgan & Gordon, 2008; Vloeberghs et al., 2004). While there have been a number of studies 

demonstrating the progressive loss of motor function in AD cases (Buchman & Bennett, 2011; Tasaki 

et al., 2019), the capacity to actually learn these specific tasks remains unaltered (Eslinger & Damasio, 

1986; van Halteren-van Tilborg, Scherder, & Hulstijn, 2007). These findings may reflect the resilience 

of the motor system in early stages of AD, where implementation of training and practice of motor 

function skills suggest that these neural pathways remain unaffected and allow motor functions to be 
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performed (Dick et al., 1996; Smith et al., 2005), although the impact of Aβ on learning requires further 

research. In this study however, changes to oligodendrocyte populations and myelin were not present 

in APP/PS1 or WT mice that did or did not perform the skilled reaching task. Previous research has 

shown that motor learning in mice does stimulate oligodendrogenesis in the motor cortex with exercise 

(Xiao et al., 2016) in addition to research demonstrating that 10-12 week old Wistar rats 42 days after 

performing a reaching task do not have significantly higher cortical NG2+ cells, but do have a higher 

number of CNPase+ cells present in the sensorimotor cortex compared to rats who did not perform a 

reaching task (Keiner et al., 2017). In addition, elevated Aβ alone without a learning task, has 

demonstrated oligodendrogenesis promotion with amyloidosis rodent models in the hippocampus, 

entorhinal cortex and fimbria (Ferreira et al., 2020). Within our study however, no such changes were 

present, indicating that the skilled reaching task may need to be performed for either a longer period, 

or repeatedly, to generate expected changes to Olig2 counts, within the 3-month-old APP/PS1 and WT 

mice used in this study. However, the analysis used for examining the population of different stages 

of oligodendrocyte differentiation may have not been sensitive enough to demonstrate if promotion of 

oligodendrocytes differentiation was present. This could be further investigated by examining stage-

specific markers in multiple regions of the brain to elucidate if alterations do occur to specific 

oligodendrocyte populations within this skilled reaching task behavioural paradigm.  

An interesting finding in this study was the lack of changes occurring in axon calibre within the corpus 

callosum of mice performing the skilled reaching task. Neuronal activity has been previously 

demonstrated to both cause an increase in axonal calibre and thickening of myelin sheaths in a brain 

region specific manner (Costa, Pinto-Costa, Sousa, & Sousa, 2018; Liewald, Miller, Logothetis, 

Wagner, & Schüz, 2014; van Kerkoerle, Marik, Meyer zum Alten Borgloh, & Gilbert, 2018). As 

myelination changes follow alterations in axonal calibre from learning changes, it is possible that tissue 

collection following learning the skilled reaching task, occurred before the time frame required for 

myelin to go through restructuring following axonal calibre changes. As neuronal activity has been 
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demonstrated to have a modulating effect on the generation of Aβ peptides (Bero et al., 2011), it would 

be of interest to observe potential learning differences at older ages for these animals with elevated 

APP expression and Aβ plaque formation, as the animals present in this study are at an age prior to 

plaque formation. While the experimental paradigm of learning a skilled reaching task did not 

demonstrate a difference in myelination of white matter in WT or transgenic mice which was otherwise 

expected, this lack of difference between WT or transgenic mice may be a disease phenotype, at this 

3-month time point in APP/PS1 mice. This highlights the importance of subsequent testing using a 

skilled reaching task if such changes bear out with a higher pathological burden present in animal 

models of AD progression, or if later timepoints with otherwise expected myelin difference are present, 

are no longer present due to an underlying disease phenotype. 

An additional unexpected finding of this study was the impact dietary restriction can have on the 

number of newly dividing oligodendrocytes, specifically within the corpus callosum and hippocampus. 

When comparing animals that did not perform the skilled reaching task but did have food deprivation 

(handling), to mice that did not perform the skilled reaching task and had a normal diet (control), a 

reduction in newly dividing Olig2+ EdU+ oligodendrocytes was present in the corpus callosum and 

hippocampus. In addition, the total number of NG2+ OPCs present was lower in this handling group 

compared to the control group. The change in diet used in this study is comparable to intermittent 

fasting (IF, Pifferi et al., 2018), as animals were only able to have food for short times each day. 

Conversely, previous studies examining the impact of IF on progression of neurodegenerative diseases 

suggested that white matter may be preserved and age-dependent long-term memory deterioration can 

be prevented (Guo, Bakshi, & Lin, 2015), and alternate-daily fasting has been suggested to reduce the 

impact of Aβ and tau pathology on age-related deficits in cognitive function (Halagappa et al., 2007). 

This contrasts with the current study which indicated that amyloidosis in combination with IF leads to 

a decrease in total number of oligodendrocytes. The mechanism of this remains unknown, but could 

relate to alterations in energy availability, combined with elevated Aβ presence, resulting in 
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oligodendrocyte alterations. The generation of Aβ species in the APP/PS1 model of amyloidosis is 

also sensitive to dietary changes. Metabolism of lipids and glucose have key roles in pathogenesis of 

AD (Sato & Morishita, 2015; Zinser, Hartmann, & Grimm, 2007), reflected in the significantly lower 

levels of human Aβ40 and Aβ42 in CSF and serum, detected by SIMOA, for animals that underwent 

the dietary restriction in this study. These findings align with previous research, that demonstrated a 

decrease in total amount of Aβ in AD models on a calorie restricted diet (Halagappa et al., 2007; Patel 

et al., 2005; Wang et al., 2005). Further studies into understanding if energy availability drives 

alterations in oligodendrocytes following food deprivation, or if food deprivation leads to a significant 

reduction of Aβ present in APP/PS1 mice, is required to understand if alterations to oligodendrocytes 

and myelin occur through this Aβ reduction. 

This study has demonstrated that no clear alterations to the capacity of learning a motor task is present 

in early progression of AD in APP/PS1 mice, this is also mirrored by no significant differences in total 

oligodendrocyte and OPC numbers, or myelin alterations. With further study and modification of 

testing paradigms or using an AD model with more pathology present, may help understand the subtle 

alterations that occur in the oligodendrocyte populations and myelin they form in a region specific 

manner, and may even help us understand a normal physiological role of Aβ. Identification of 

pathways to target with therapeutics to maintain these normal physiological roles of Aβ to allow 

continued oligodendrocyte differentiation and oligodendrogenesis may allow for future therapies for 

addressing AD progression. 
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6 FINAL DISCUSSION 

The main aim of this thesis was to examine the potential effect of Aβ on the capacity of 

oligodendrocytes to differentiate and their ability to myelinate, using models of amyloidosis in vivo, 

APP/PS1 mice and TgF344-AD rats as well as an in vitro culture model. Previous research has 

focussed on understanding Aβ cytotoxicity and its role in AD progression, in both in vitro and in vivo 

models. In this study, I have examined how altered levels of brain Aβ affect oligodendrocytes and 

myelin and demonstrated that Aβ may pose both a toxic and physiological role in oligodendrocyte 

differentiation and myelination. In this study, I have investigated the changes to oligodendrocytes and 

myelin that occur in AD in the TgF344-AD rat model, demonstrating total oligodendrocyte numbers 

may change in the cortex, alongside an increase in an oligodendrocyte marker coverage in the corpus 

callosum. Following this, I have investigated the effect extracellular Aβ has on oligodendrocyte 

viability and morphology in an in vitro model of oligodendrocyte maturation, that demonstrated both 

cytotoxic and potentially beneficial roles of Aβ in metabolism and morphological complexity 

associated with differentiation. And lastly, in this thesis I have investigated changes to myelination 

and oligodendrocyte populations following learning a skilled reaching task using the APP/PS1 mouse 

model of AD. This thesis highlights the impact Aβ has on myelin and oligodendrocytes and how this 

may be a delicate balance between beneficial outcomes for oligodendrocytes and detrimental effects 

which may relate to higher levels of Aβ and plaque formation. 

A key finding of this thesis is that Aβ may have both a cytotoxic and physiological effect in the brain. 

Cytotoxic concentrations of Aβ has been well reported and has been proposed to have a key role in the 

progression of AD (Cai & Xiao, 2016; Nasrabady et al., 2018; Xu et al., 2001),while more recent 

studies investigating a potential physiological role of Aβ demonstrated lower levels of oligomeric Aβ 

can promote oligodendrocyte differentiation and maturation (Quintela-López et al., 2019) and myelin 

gene expression in early AD models (Chen et al., 2020) Using in vitro modelling, the impact of Aβ 
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species on the viability of oligodendrocytes, immediately after exposure to1µM and 5µM 

concentrations of both Aβ40 and Aβ42 species and demonstrated cytotoxic effects including decreased 

metabolism, process length and number at 24 hours after exposure. This in vitro model also 

demonstrated a decrease in healthy cells present at 5DIV following exposure to 1µM and 5µM Aβ40 

and 5µM Aβ42. In contrast to previous findings, in my in vitro model, following the removal of Aβ, 

there was subsequent recovery of the cells and an indication of a physiological role of Aβ was 

demonstrated, shown by an increase in number and length of processes for maturing oligodendrocytes, 

and an increase in number of NG2 immunopositive OPCs and PLP immunopositive mature 

oligodendrocytes. These findings support recent studies, examining the impact of Aβ on cerebellar 

organotypic cultures in vitro, which led to an increase in oligodendrocyte proliferation, differentiation 

and expression of mature markers (Quintela-López et al., 2019), while a model of amyloidosis and AD 

progression in vivo demonstrated an increase in oligodendrocyte differentiation and 

oligodendrogenesis (Ferreira et al., 2020). While there are advantages to using an in vitro system, to 

fully understand the role of Aβ on oligodendrocytes in isolation from other cell types, primary culture 

models present limitations when reproducing ageing-related diseases.  

To further our understanding of Aβ induced oligodendrocyte alterations, we need a model that can 

determine the influence of altered concentrations and isoforms of Aβ on oligodendrocytes and myelin, 

without the complication of the impact of Aβ on unhealthy neurons, that is otherwise a confounding 

problem for in vivo studies. To extend the key findings in Chapter 4, a co-culture model involving 

myelination of axons in combination with Aβ peptide exposure would enable further understanding of 

the mechanisms involved in axons and myelin alterations in AD and the relationship to Aβ. 

A challenge for an in vitro model using Aβ exposure is the inability to control Aβ conformations once 

it enters culture media and exerts its effect. While protocols used in this thesis generate monomeric 

forms of Aβ, oligomerization of Aβ is likely once it enters the culturing media. This is an important 



Chapter 6 – Discussion 

  157  

 

consideration as literature has shown that there is variability in the toxicity of Aβ species depending 

on its conformation and oligomerization state (Korn et al., 2018; Vadukul, Gbajumo, Marshall, & 

Serpell, 2017; Yankner & Lu, 2009). To account for this, analysis of Aβ exposed media at different 

timepoints to determine conformation present would aid in furthering our understanding of Aβ and its 

pathogenetic capacity.  

To fully determine the physiological role of Aβ as well as the cytotoxic role and subsequent 

implications in AD pathogenesis for oligodendrocytes, in vivo models were used in this study to 

investigate changes to oligodendrocyte differentiation and myelination capacities in the presence of 

high Aβ prior to plaque formation, as well as late-stage AD with clear pathological hallmarks present. 

The use of animal models has allowed significant progress into understanding the role of key 

pathological processes present in neurodegenerative diseases. In this study, expression of mutant 

human APP and PS1 generates models of amyloidosis in the APP/PS1 mouse and TgF344-AD rat, 

which were used to further understand oligodendrocyte and myelin changes in AD. From the data 

presented in this thesis, there were several differences in pathological outcomes between the two 

models, which may be attributed to both variations in age of each model, and the species the model is 

developed in. Rats have been demonstrated to be closer to humans in an evolutionary sense (Yang et 

al., 2004), suggesting that rats may be a better choice when serving as a translational model for disease 

progression in humans. A key difference between the APP/PS1 mouse and TgF344-AD rat models of 

amyloidosis, is the generation of progressive tau pathology that is present in the rat, but not the mouse. 

Dysfunction of tau and generation of NFTs have been demonstrated to occur in neurons with AD 

progression in a number of brain structures, with number of NFTs correlating with severity of clinical 

symptoms and amount of neuronal death (Brandt & Bakota, 2017; Dani, Pittella, Boehme, Hori, & 

Schneider, 1997; Lovell, Robertson, Buchholz, Xie, & Markesbery, 2002). While the presence of 

tauopathies was not analysed in the TgF344-AD rats, the dysfunction of tau and its role in microtubule 

stabilisation may be a key factor contributing to understand the relationship of tauopathies in AD 
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progression and their impact on oligodendrocytes, be it direct, or indirect, following changes in 

neurons caused by these NFTs (Costa et al., 2018).  

This thesis demonstrated that brain amyloid, including amyloid present in plaques can alter the number 

of oligodendrocytes in the brain. The TgF344-AD rat model demonstrated that there is a clear role of 

Aβ in modulation of total oligodendrocyte numbers, as old rats with plaque formation in the cortex 

had a reduction in total oligodendrocytes present. In brain areas of the TgF344-AD rats, where there 

was equivalent plaque load present, namely in the cortex and hippocampus, there was a clear reduction 

in total Olig2 immunopositive oligodendrocytes present in the cortex, as well as a trend in reduction 

of total oligodendrocytes in the hippocampus, although this was not significant. This trend being non-

significant may be a result of technical issues, meaning only a small number of animals were available 

for this study, where a larger cohort of animals with stronger statistical power may more definitively 

demonstrate whether there was a change in total oligodendrocytes in the hippocampus of TgF344-AD 

rats. Differences in total oligodendrocyte counts between the hippocampus and cortex may also be 

explained by the additional presence of NFTs, which may have an area-specific level of pathological 

influence, resulting in vulnerable oligodendrocytes within the cortex and not the hippocampus; in this 

regard, normal functioning tau and microtubules are required for oligodendrocyte differentiation and 

myelination (Brown & Verden, 2017). It would be of interest to follow on from the data presented in 

chapter 3, by examining the stage-specific markers for oligodendrocytes, which would allow us to 

determine if oligodendrocytes have any specific vulnerabilities to Aβ exposure in a stage-specific 

manner. It would additionally be of interest to further analyse the myelination of axons present within 

the cortex and hippocampus of the TgF344-AD rats using EM to determine if myelin present in these 

areas is altered in a similar manner to myelin present in the corpus callosum.  

In contrast to the study in the aged TgF344-AD rats, which examined the pathological outcomes for 

oligodendrocytes and white matter in the presence of substantial AD brain pathology, APP/PS1 mice 
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were used in this thesis to determine how increased brain amyloid alters the profile of oligodendrocytes 

and myelin, as well as plasticity changes, through performing a skilled reaching task. In 3-month-old 

pre-plaque APP/PS1 mice performing the skilled reaching task, this study found while APP/PS1 mice 

may be able to perform the task faster, they were not necessarily better than their WT littermates, with 

no significant difference between genotypes in their capacity to learn the task at this age. Within the 

context of AD, previous studies have shown that people with AD did not have differences in their 

capacity to learn new tasks (Eslinger & Damasio, 1986; van Halteren-van Tilborg et al., 2007). These 

APP/PS1 mice with elevated Aβ prior to plaque formation, following a skilled reaching task, 

demonstrated no alterations to total or newly dividing oligodendrocytes or OPCs in their brains, or 

significant alterations to myelin present in the corpus callosum. Active myelination has been 

previously shown as necessary for motor skill learn (McKenzie et al., 2014), so adjusting our 

experimental paradigm to include higher pathological burden in the AD model may allow us to better 

understand the role of oligodendrocytes and myelin during AD progression.  

A particularly surprising and unintended finding from the APP/PS1 mice study, was the profound 

impact of food deprivation, that is a challenge to address in this model of skilled reaching paradigm, 

as diet alterations are used to generate a motivational drive to encourage the animals to perform the 

task. Unexpectedly, dietary restriction alone causes some interesting alterations to total and newly 

dividing oligodendrocyte and OPC numbers, which would be of interest to follow up in future studies. 

Dietary restriction may reduce the availability of energy and metabolites required by oligodendrocytes 

to continue maturation and myelination (reviewed in Philips & Rothstein, 2017). In addition, this thesis 

suggests that dietary restriction may have substantial influences on the generation of Aβ in APP/PS1 

mice; in this regard, previous studies have shown that metabolism of lipids and glucose are key 

modulators of Aβ generation and downstream progression of AD pathology (Sato & Morishita, 2015; 

Zinser et al., 2007), which is clearly demonstrated in the control group without dietary restriction, 

showing significantly higher levels of Aβ40 and Aβ42 in the CSF and serum of APP/PS1 mice. 
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It would be of interest in a future study for data presented in Chapter 5, to include a later timepoint to 

understand changes to oligodendrocytes in an aged APP/PS1 AD model. This model would further our 

understanding of the pathological impact on oligodendrocytes and myelin when plaque formation was 

present and allow us to determine if increases to total oligodendrocytes, which are likely mature 

oligodendrocytes, following learning and a skilled reaching task, alongside changes to axonal calibre 

also occurs in an aged model of AD, further adding to findings in Chapter 3. 

 CONCLUSION 

Furthering our understanding of how oligodendrocytes contribute to the progression of AD may be an 

important steppingstone to allow the development of therapeutic strategies. Based on the data 

presented in this thesis and other current research in the field, it is reasonable to propose that the 

conformation and the concentration of Aβ is delicately balanced for the control of myelination. The 

homeostatic generation and dysfunction of Aβ clearance leading to Aβ plaques accumulation and 

associated pathological myelin damage, metabolic impacts and a decrease in cell survivability may 

contribute to the overall progression of AD. However, this research builds upon the notions of a 

physiological role of Aβ in the context of oligodendrocytes, which contributes to oligodendrocyte 

differentiation and oligodendrogenesis and the laying down of myelin.  

This thesis has laid down some groundwork for future studies to help to understand exactly what forms 

and concentrations of Aβ enhance the myelination process, and if there are selective vulnerabilities to 

specific Aβ conformations at various stages during oligodendrocyte maturation. Modulation of the 

maturation process and mitigation of cytotoxic, metabolic, or otherwise survivability of 

oligodendrocytes in the early stages of AD may prove to be a compelling target for therapeutic 

protection, to ensure long-term returns of myelin repair and healthy axons and neurons through the 

ageing process. Findings in this thesis suggest that motor or cognitive interventions may also aid in 

maintaining brain health in early AD cases to mitigate against the effects of pathology. Further studies 
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as described in this thesis may provide more insight as to whether Aβ alterations to oligodendrocyte 

differentiation, oligodendrogenesis and myelin formation are viable candidates for such interventions.  

 



Chapter 7 - References 

  162  

 

 

 

 

Chapter 7:  

References 

  



Chapter 7 - References 

  163  

 

7 REFERENCES 

Agosta, F., Dalla Libera, D., Spinelli, E. G., Finardi, A., Canu, E., Bergami, A., … Furlan, R. (2014). 

Myeloid microvesicles in cerebrospinal fluid are associated with myelin damage and neuronal 

loss in mild cognitive impairment and Alzheimer disease. Ann Neurol, 76(6), 813–825. 

https://doi.org/10.1002/ana.24235 

Akterin, S., Cowburn, R. F., Miranda-Vizuete, A., Jimenez, A., Bogdanovic, N., Winblad, B., & 

Cedazo-Minguez, A. (2006). Involvement of glutaredoxin-1 and thioredoxin-1 in beta-amyloid 

toxicity and Alzheimer’s disease. Cell Death Differ, 13(9), 1454–1465. 

https://doi.org/10.1038/sj.cdd.4401818 

Allaman, I., Gavillet, M., Bélanger, M., Laroche, T., Viertl, D., Lashuel, H. A., & Magistretti, P. J. 

(2010). Amyloid-β Aggregates Cause Alterations of Astrocytic Metabolic Phenotype: Impact on 

Neuronal Viability. The Journal of Neuroscience, 30(9), 3326 LP – 3338. 

https://doi.org/10.1523/JNEUROSCI.5098-09.2010 

Alonso, G. (2005). NG2 proteoglycan-expressing cells of the adult rat brain: possible involvement in 

the formation of glial scar astrocytes following stab wound. Glia, 49(3), 318–338. 

https://doi.org/10.1002/glia.20121 

Amaral, A. I., Hadera, M. G., Tavares, J. M., Kotter, M. R. N., & Sonnewald, U. (2016). 

Characterization of glucose-related metabolic pathways in differentiated rat  oligodendrocyte 

lineage cells. Glia, 64(1), 21–34. https://doi.org/10.1002/glia.22900 

Arai, H., Lee, V. M., Messinger, M. L., Greenberg, B. D., Lowery, D. E., & Trojanowski, J. Q. (1991). 

Expression patterns of beta-amyloid precursor protein (beta-APP) in neural and  nonneural human 

tissues from Alzheimer’s disease and control subjects. Annals of Neurology, 30(5), 686–693. 

https://doi.org/10.1002/ana.410300509 

Arnáiz, E., & Almkvist, O. (2003). Neuropsychological features of mild cognitive impairment and 

preclinical Alzheimer’s disease. Acta Neurologica Scandinavica, 107(s179), 34–41. 

https://doi.org/10.1034/j.1600-0404.107.s179.7.x 

Ashe, K. H. (2020). The biogenesis and biology of amyloid β oligomers in the brain. Alzheimer’s & 

Dementia, 16(11), 1561–1567. https://doi.org/https://doi.org/10.1002/alz.12084 

Askanas, V., Engel, W. K., & Alvarez, R. B. (1992). Strong immunoreactivity of β-amyloid precursor 

protein, including the β-amyloid protein sequence, at human neuromuscular junctions. 

Neuroscience Letters, 143(1), 96–100. https://doi.org/https://doi.org/10.1016/0304-

3940(92)90241-X 

Atri, A. (2019). The Alzheimer’s Disease Clinical Spectrum: Diagnosis and Management. The Medical 

Clinics of North America, 103(2), 263–293. https://doi.org/10.1016/j.mcna.2018.10.009 

Auer, F., Vagionitis, S., & Czopka, T. (2018). Evidence for Myelin Sheath Remodeling in the CNS 

Revealed by In Vivo Imaging. Current Biology, 28(4), 549-559.e3. 

https://doi.org/https://doi.org/10.1016/j.cub.2018.01.017 

Bachstetter, A. D., Norris, C. M., Sompol, P., Wilcock, D. M., Goulding, D., Neltner, J. H., … Van 

Eldik, L. J. (2012). Early stage drug treatment that normalizes proinflammatory cytokine 

production attenuates synaptic dysfunction in a mouse model that exhibits age-dependent 



Chapter 7 - References 

  164  

 

progression of Alzheimer’s disease-related pathology. J Neurosci, 32(30), 10201–10210. 

https://doi.org/10.1523/jneurosci.1496-12.2012 

Back, S. A., Gan, X., Li, Y., Rosenberg, P. A., & Volpe, J. J. (1998). Maturation-dependent 

vulnerability of oligodendrocytes to oxidative stress-induced  death caused by glutathione 

depletion. The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 

18(16), 6241–6253. https://doi.org/10.1523/JNEUROSCI.18-16-06241.1998 

Bacmeister, C. M., Barr, H. J., McClain, C. R., Thornton, M. A., Nettles, D., Welle, C. G., & Hughes, 

E. G. (2020). Motor learning promotes remyelination via new and surviving oligodendrocytes. 

Nature Neuroscience, 23(7), 819–831. https://doi.org/10.1038/s41593-020-0637-3 

Bamburg, J. R., & Bloom, G. S. (2009). Cytoskeletal pathologies of Alzheimer disease. Cell Motility 

and the Cytoskeleton, 66(8), 635–649. https://doi.org/10.1002/cm.20388 

Barres, B. A. (2008). The mystery and magic of glia: a perspective on their roles in health and disease. 

Neuron, 60(3), 430–440. https://doi.org/10.1016/j.neuron.2008.10.013 

Barres, B. A., Lazar, M. A., & Raff, M. C. (1994). A novel role for thyroid hormone, glucocorticoids 

and retinoic acid in timing  oligodendrocyte development. Development (Cambridge, England), 

120(5), 1097–1108. 

Bartzokis, G. (2011). Alzheimer’s disease as homeostatic responses to age-related myelin breakdown. 

Neurobiol Aging, 32(8), 1341–1371. https://doi.org/10.1016/j.neurobiolaging.2009.08.007 

Bartzokis, G., Lu, P. H., & Mintz, J. (2007). Human brain myelination and amyloid beta deposition in 

Alzheimer’s disease. Alzheimers Dement, 3(2), 122–125. 

https://doi.org/10.1016/j.jalz.2007.01.019 

Bate, C., & Williams, A. (2011). Amyloid-β-induced synapse damage is mediated via cross-linkage of 

cellular prion  proteins. The Journal of Biological Chemistry, 286(44), 37955–37963. 

https://doi.org/10.1074/jbc.M111.248724 

Bauer, N. G., Richter-Landsberg, C., & Ffrench-Constant, C. (2009). Role of the oligodendroglial 

cytoskeleton in differentiation and myelination. Glia, 57(16), 1691–1705. 

https://doi.org/10.1002/glia.20885 

Bayer, T. A., Cappai, R., Masters, C. L., Beyreuther, K., & Multhaup, G. (1999). It all sticks together-

-the APP-related family of proteins and Alzheimer’s disease. Molecular Psychiatry, 4(6), 524–

528. https://doi.org/10.1038/sj.mp.4000552 

Bechler, M. E., Byrne, L., & Ffrench-Constant, C. (2015). CNS Myelin Sheath Lengths Are an 

Intrinsic Property of Oligodendrocytes. Current Biology : CB, 25(18), 2411–2416. 

https://doi.org/10.1016/j.cub.2015.07.056 

Bechler, M. E., Swire, M., & ffrench-Constant, C. (2018). Intrinsic and adaptive myelination—A 

sequential mechanism for smart wiring in the brain. Developmental Neurobiology, 78(2), 68–79. 

https://doi.org/https://doi.org/10.1002/dneu.22518 

Behrendt, G., Baer, K., Buffo, A., Curtis, M. A., Faull, R. L., Rees, M. I., … Dimou, L. (2013). 

Dynamic changes in myelin aberrations and oligodendrocyte generation in chronic amyloidosis 

in mice and men. Glia, 61(2), 273–286. https://doi.org/10.1002/glia.22432 

Bekris, L. M., Yu, C.-E., Bird, T. D., & Tsuang, D. W. (2010). Genetics of Alzheimer disease. Journal 



Chapter 7 - References 

  165  

 

of Geriatric Psychiatry and Neurology, 23(4), 213–227. 

https://doi.org/10.1177/0891988710383571 

Belachew, S., Chittajallu, R., Aguirre, A. A., Yuan, X., Kirby, M., Anderson, S., & Gallo, V. (2003). 

Postnatal NG2 proteoglycan-expressing progenitor cells are intrinsically multipotent and generate 

functional neurons. J Cell Biol, 161(1), 169–186. https://doi.org/10.1083/jcb.200210110 

Bengtsson, S. L., Nagy, Z., Skare, S., Forsman, L., Forssberg, H., & Ullen, F. (2005). Extensive piano 

practicing has regionally specific effects on white matter development. Nat Neurosci, 8(9), 1148–

1150. https://doi.org/10.1038/nn1516 

Benitez, A., Fieremans, E., Jensen, J. H., Falangola, M. F., Tabesh, A., Ferris, S. H., & Helpern, J. A. 

(2014). White matter tract integrity metrics reflect the vulnerability of late-myelinating  tracts in 

Alzheimer’s disease. NeuroImage. Clinical, 4, 64–71. https://doi.org/10.1016/j.nicl.2013.11.001 

Berkowitz, L. E., Harvey, R. E., Drake, E., Thompson, S. M., & Clark, B. J. (2018). Progressive 

impairment of directional and spatially precise trajectories by TgF344-Alzheimer’s disease rats 

in the Morris Water Task. Scientific Reports, 8(1), 16153. https://doi.org/10.1038/s41598-018-

34368-w 

Bernabeu-Zornoza, A., Coronel, R., Palmer, C., Calero, M., Martínez-Serrano, A., Cano, E., … Liste, 

I. (2019). Aβ42 Peptide Promotes Proliferation and Gliogenesis in Human Neural Stem Cells. 

Molecular Neurobiology, 56(6), 4023–4036. https://doi.org/10.1007/s12035-018-1355-7 

Bero, A. W., Yan, P., Roh, J. H., Cirrito, J. R., Stewart, F. R., Raichle, M. E., … Holtzman, D. M. 

(2011). Neuronal activity regulates the regional vulnerability to amyloid-β deposition. Nature 

Neuroscience, 14(6), 750–756. https://doi.org/10.1038/nn.2801 

Berthold, C. H., Nilsson, I., & Rydmark, M. (1983). Axon diameter and myelin sheath thickness in 

nerve fibres of the ventral spinal root  of the seventh lumbar nerve of the adult and developing 

cat. Journal of Anatomy, 136(Pt 3), 483–508. 

Bischof, G. N., Jessen, F., Fliessbach, K., Dronse, J., Hammes, J., Neumaier, B., … Initiative,  the A. 

D. N. (2016). Impact of tau and amyloid burden on glucose metabolism in Alzheimer’s disease. 

Annals of Clinical and Translational Neurology, 3(12), 934–939. 

https://doi.org/10.1002/acn3.339 

Bitan, G., Kirkitadze, M. D., Lomakin, A., Vollers, S. S., Benedek, G. B., & Teplow, D. B. (2003). 

Amyloid beta -protein (Abeta) assembly: Abeta 40 and Abeta 42 oligomerize through  distinct 

pathways. Proceedings of the National Academy of Sciences of the United States of America, 

100(1), 330–335. https://doi.org/10.1073/pnas.222681699 

Bondi, M. W., Edmonds, E. C., & Salmon, D. P. (2017). Alzheimer’s Disease: Past, Present, and 

Future. Journal of the International Neuropsychological Society : JINS, 23(9–10), 818–831. 

https://doi.org/10.1017/S135561771700100X 

Borchelt, D. R., Ratovitski, T., van Lare, J., Lee, M. K., Gonzales, V., Jenkins, N. A., … Sisodia, S. 

S. (1997). Accelerated amyloid deposition in the brains of transgenic mice coexpressing mutant  

presenilin 1 and amyloid precursor proteins. Neuron, 19(4), 939–945. 

https://doi.org/10.1016/s0896-6273(00)80974-5 

Bozzali, M., Falini, A., Franceschi, M., Cercignani, M., Zuffi, M., Scotti, G., … Filippi, M. (2002). 

White matter damage in Alzheimer&#039;s disease assessed in vivo using diffusion tensor 



Chapter 7 - References 

  166  

 

magnetic resonance imaging. Journal of Neurology, Neurosurgery &amp;Amp; Psychiatry, 

72(6), 742 LP – 746. https://doi.org/10.1136/jnnp.72.6.742 

Bradl, M., & Lassmann, H. (2010). Oligodendrocytes: biology and pathology. Acta Neuropathol, 

119(1), 37–53. https://doi.org/10.1007/s00401-009-0601-5 

Brandt, R., & Bakota, L. (2017). Microtubule dynamics and the neurodegenerative triad of 

Alzheimer’s disease: The hidden connection. Journal of Neurochemistry, 143(4), 409–417. 

https://doi.org/https://doi.org/10.1111/jnc.14011 

Braughler, J. M., Duncan, L. A., & Chase, R. L. (1986). The involvement of iron in lipid peroxidation. 

Importance of ferric to ferrous  ratios in initiation. The Journal of Biological Chemistry, 261(22), 

10282–10289. 

Brickman, A. M. (2013). Contemplating Alzheimer’s Disease and the Contribution of White Matter 

Hyperintensities. Current Neurology and Neuroscience Reports, 13(12), 415. 

https://doi.org/10.1007/s11910-013-0415-7 

Brickman, A. M., Provenzano, F. A., Muraskin, J., Manly, J. J., Blum, S., Apa, Z., … Mayeux, R. 

(2012). Regional White Matter Hyperintensity Volume, Not Hippocampal Atrophy, Predicts 

Incident Alzheimer Disease in the Community. Archives of Neurology, 69(12), 1621–1627. 

https://doi.org/10.1001/archneurol.2012.1527 

Brickman, A. M., Zahodne, L. B., Guzman, V. A., Narkhede, A., Meier, I. B., Griffith, E. Y., … 

Mayeux, R. (2015). Reconsidering harbingers of dementia: progression of parietal lobe white 

matter  hyperintensities predicts Alzheimer’s disease incidence. Neurobiology of Aging, 36(1), 

27–32. https://doi.org/10.1016/j.neurobiolaging.2014.07.019 

Brinkmann, B. G., Agarwal, A., Sereda, M. W., Garratt, A. N., Muller, T., Wende, H., … Nave, K. A. 

(2008). Neuregulin-1/ErbB signaling serves distinct functions in myelination of the peripheral 

and central nervous system. Neuron, 59(4), 581–595. 

https://doi.org/10.1016/j.neuron.2008.06.028 

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C. W., Nielsen, A., … 

Bolker, B. M. (2017). glmmTMB balances speed and flexibility among packages for zero-inflated 

generalized linear mixed modeling. The R Journal, 9(2), 378–400. 

Brothers, H. M., Gosztyla, M. L., & Robinson, S. R. (2018). The Physiological Roles of Amyloid-β 

Peptide Hint at New Ways to Treat Alzheimer’s Disease. Frontiers in Aging Neuroscience, 10, 

118. https://doi.org/10.3389/fnagi.2018.00118 

Brown, L., Hansnata, E., & La, H. A. (2017). Economic Cost of Dementia in Australia 2016-2056: 

Report prepared for Alzheimer’s Australia. 

Brown, T. L., & Verden, D. R. (2017). Cytoskeletal Regulation of Oligodendrocyte Differentiation 

and Myelination. The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience, 37(33), 7797–7799. https://doi.org/10.1523/JNEUROSCI.1398-17.2017 

Buchman, A. S., & Bennett, D. A. (2011). Loss of motor function in preclinical Alzheimer’s disease. 

Expert Review of Neurotherapeutics, 11(5), 665–676. https://doi.org/10.1586/ern.11.57 

Burdick, D., Soreghan, B., Kwon, M., Kosmoski, J., Knauer, M., Henschen, A., … Glabe, C. (1992). 

Assembly and aggregation properties of synthetic Alzheimer’s A4/beta amyloid peptide  analogs. 



Chapter 7 - References 

  167  

 

The Journal of Biological Chemistry, 267(1), 546–554. 

Bürkner, P.-C. (2018). Advanced bayesian multilevel modeling with the R package brms. R J. 10, 395–

411. doi: 10.32614. RJ-2018-017. 

Butt, A. M., Hamilton, N., Hubbard, P., Pugh, M., & Ibrahim, M. (2005). Synantocytes: the fifth 

element. J Anat, 207(6), 695–706. https://doi.org/10.1111/j.1469-7580.2005.00458.x 

Butts, B. D., Houde, C., & Mehmet, H. (2008). Maturation-dependent sensitivity of oligodendrocyte 

lineage cells to apoptosis: implications for normal development and disease. Cell Death & 

Differentiation, 15(7), 1178–1186. https://doi.org/10.1038/cdd.2008.70 

Cai, H, Wang, Y., McCarthy, D., Wen, H., Borchelt, D. R., Price, D. L., & Wong, P. C. (2001). BACE1 

is the major beta-secretase for generation of Abeta peptides by neurons. Nature Neuroscience, 

4(3), 233–234. https://doi.org/10.1038/85064 

Cai, Huan, Cong, W., Ji, S., Rothman, S., Maudsley, S., & Martin, B. (2012). Metabolic dysfunction 

in Alzheimer’s disease and related neurodegenerative disorders. Current Alzheimer Research, 

9(1), 5–17. https://doi.org/10.2174/156720512799015064 

Cai, J., Qi, Y., Hu, X., Tan, M., Liu, Z., Zhang, J., … Qiu, M. (2005). Generation of oligodendrocyte 

precursor cells from mouse dorsal spinal cord independent of Nkx6 regulation and Shh signaling. 

Neuron, 45(1), 41–53. https://doi.org/10.1016/j.neuron.2004.12.028 

Cai, Z., & Xiao, M. (2016). Oligodendrocytes and Alzheimer’s disease. Int J Neurosci, 126(2), 97–

104. https://doi.org/10.3109/00207454.2015.1025778 

Caillé, I., Allinquant, B., Dupont, E., Bouillot, C., Langer, A., Müller, U., & Prochiantz, A. (2004). 

Soluble form of amyloid precursor protein regulates proliferation of progenitors in  the adult 

subventricular zone. Development (Cambridge, England), 131(9), 2173–2181. 

https://doi.org/10.1242/dev.01103 

Camargo, N., Goudriaan, A., van Deijk, A.-L. F., Otte, W. M., Brouwers, J. F., Lodder, H., … 

Verheijen, M. H. G. (2017). Oligodendroglial myelination requires astrocyte-derived lipids. 

PLOS Biology, 15(5), e1002605. Retrieved from https://doi.org/10.1371/journal.pbio.1002605 

Camins, A., Pallas, M., & Silvestre, J. S. (2008). Apoptotic mechanisms involved in neurodegenerative 

diseases: experimental and therapeutic approaches. Methods Find Exp Clin Pharmacol, 30(1), 

43–65. https://doi.org/10.1358/mf.2008.30.1.1090962 

Carpenter, B., Gelman, A., Hoffman, M. D., Lee, D., Goodrich, B., Betancourt, M., … Riddell, A. 

(2017). Stan: A probabilistic programming language. Journal of Statistical Software, 76(1). 

Cassiani-Ingoni, R., Coksaygan, T., Xue, H., Reichert-Scrivner, S. A., Wiendl, H., Rao, M. S., & 

Magnus, T. (2006). Cytoplasmic translocation of Olig2 in adult glial progenitors marks the 

generation of reactive astrocytes following autoimmune inflammation. Exp Neurol, 201(2), 349–

358. https://doi.org/10.1016/j.expneurol.2006.04.030 

Chacon-De-La-Rocha, I., Fryatt, G., Rivera, A., Verkhratsky, A., Raineteau, O., Gomez-Nicola, D., & 

Butt, A. M. (2020). Accelerated dystrophy and decay of oligodendrocyte precursor cells in the 

APP/PS1 model of Alzheimer’s-like pathology. BioRxiv, 2020.09.23.309666. 

https://doi.org/10.1101/2020.09.23.309666 

Chang, A., Nishiyama, A., Peterson, J., Prineas, J., & Trapp, B. D. (2000). NG2-positive 



Chapter 7 - References 

  168  

 

oligodendrocyte progenitor cells in adult human brain and multiple  sclerosis lesions. The Journal 

of Neuroscience : The Official Journal of the Society for Neuroscience, 20(17), 6404–6412. 

https://doi.org/10.1523/JNEUROSCI.20-17-06404.2000 

Chen, C.-C., Gilmore, A., & Zuo, Y. (2014). Study motor skill learning by single-pellet reaching tasks 

in mice. Journal of Visualized Experiments : JoVE, (85), 51238. https://doi.org/10.3791/51238 

Chen, T.-J., Kula, B., Nagy, B., Barzan, R., Gall, A., Ehrlich, I., & Kukley, M. (2018). In Vivo 

Regulation of Oligodendrocyte Precursor Cell Proliferation and  Differentiation by the AMPA-

Receptor Subunit GluA2. Cell Reports, 25(4), 852-861.e7. 

https://doi.org/10.1016/j.celrep.2018.09.066 

Chen, W.-T., Lu, A., Craessaerts, K., Pavie, B., Sala Frigerio, C., Corthout, N., … De Strooper, B. 

(2020). Spatial Transcriptomics and In Situ Sequencing to Study Alzheimer’s Disease. Cell, 

182(4), 976-991.e19. https://doi.org/https://doi.org/10.1016/j.cell.2020.06.038 

Chen, Y., Balasubramaniyan, V., Peng, J., Hurlock, E. C., Tallquist, M., Li, J., & Lu, Q. R. (2007). 

Isolation and culture of rat and mouse oligodendrocyte precursor cells. Nature Protocols, 2(5), 

1044–1051. https://doi.org/10.1038/nprot.2007.149 

Chomiak, T., & Hu, B. (2009). What is the optimal value of the g-ratio for myelinated fibers in the rat 

CNS? A theoretical approach. PloS One, 4(11), e7754–e7754. 

https://doi.org/10.1371/journal.pone.0007754 

Chu, T.-H., Cummins, K., Sparling, J. S., Tsutsui, S., Brideau, C., Nilsson, K. P. R., … Stys, P. K. 

(2017). Axonal and myelinic pathology in 5xFAD Alzheimer’s mouse spinal cord. PloS One, 

12(11), e0188218–e0188218. https://doi.org/10.1371/journal.pone.0188218 

Cline, E. N., Bicca, M. A., Viola, K. L., & Klein, W. L. (2018). The Amyloid-beta Oligomer 

Hypothesis: Beginning of the Third Decade. Journal of Alzheimer’s Disease : JAD, 64(s1), S567–

S610. https://doi.org/10.3233/JAD-179941 

Cohen, R. M., Rezai-Zadeh, K., Weitz, T. M., Rentsendorj, A., Gate, D., Spivak, I., … Town, T. 

(2013). A transgenic Alzheimer rat with plaques, tau pathology, behavioral impairment, 

oligomeric abeta, and frank neuronal loss. J Neurosci, 33(15), 6245–6256. 

https://doi.org/10.1523/jneurosci.3672-12.2013 

Connor, J. R., & Menzies, S. L. (1996). Relationship of iron to oligodendrocytes and myelination. 

Glia, 17(2), 83–93. https://doi.org/10.1002/(SICI)1098-1136(199606)17:2&lt;83::AID-

GLIA1&gt;3.0.CO;2-7 

Costa, A. R., Pinto-Costa, R., Sousa, S. C., & Sousa, M. M. (2018). The Regulation of Axon Diameter: 

From Axonal Circumferential Contractility to Activity-Dependent Axon Swelling   . Frontiers in 

Molecular Neuroscience  , Vol. 11, p. 319. Retrieved from 

https://www.frontiersin.org/article/10.3389/fnmol.2018.00319 

Daigle, I., & Li, C. (1993). apl-1, a Caenorhabditis elegans gene encoding a protein related to the 

human beta-amyloid protein precursor. Proc Natl Acad Sci U S A, 90(24), 12045–12049. 

Dani, S. U., Pittella, J. E., Boehme, A., Hori, A., & Schneider, B. (1997). Progressive formation of 

neuritic plaques and neurofibrillary tangles is exponentially related to age and neuronal size. A 

morphometric study of three geographically distinct series of aging people. Dement Geriatr Cogn 

Disord, 8(4), 217–227. 



Chapter 7 - References 

  169  

 

Daniels, R. H., Hall, P. S., & Bokoch, G. M. (1998). Membrane targeting of p21-activated kinase 1 

(PAK1) induces neurite outgrowth from  PC12 cells. The EMBO Journal, 17(3), 754–764. 

https://doi.org/10.1093/emboj/17.3.754 

Davis, J., Xu, F., Deane, R., Romanov, G., Previti, M. Lou, Zeigler, K., … Van Nostrand, W. E. (2004). 

Early-onset and robust cerebral microvascular accumulation of amyloid beta-protein  in 

transgenic mice expressing low levels of a vasculotropic Dutch/Iowa mutant form of amyloid 

beta-protein precursor. The Journal of Biological Chemistry, 279(19), 20296–20306. 

https://doi.org/10.1074/jbc.M312946200 

Davis, J., Xu, F., Hatfield, J., Lee, H., Hoos, M. D., Popescu, D., … Van Nostrand, W. E. (2018). A 

Novel Transgenic Rat Model of Robust Cerebral Microvascular Amyloid with Prominent 

Vasculopathy. The American Journal of Pathology, 188(12), 2877–2889. 

https://doi.org/10.1016/j.ajpath.2018.07.030 

Dawson, M. R. L., Polito, A., Levine, J. M., & Reynolds, R. (2003). NG2-expressing glial progenitor 

cells: an abundant and widespread population of  cycling cells in the adult rat CNS. Molecular 

and Cellular Neurosciences, 24(2), 476–488. https://doi.org/10.1016/s1044-7431(03)00210-0 

de Castro, F, & Bribian, A. (2005). The molecular orchestra of the migration of oligodendrocyte 

precursors during development. Brain Res Brain Res Rev, 49(2), 227–241. 

https://doi.org/10.1016/j.brainresrev.2004.12.034 

de Castro, Fernando, Bribián, A., & Ortega, M. C. (2013). Regulation of oligodendrocyte precursor 

migration during development, in adulthood  and in pathology. Cellular and Molecular Life 

Sciences : CMLS, 70(22), 4355–4368. https://doi.org/10.1007/s00018-013-1365-6 

de Faria  Jr, O., Gonsalvez, D. G., Nicholson, M., & Xiao, J. (2019). Activity-dependent central 

nervous system myelination throughout life. Journal of Neurochemistry, 148(4), 447–461. 

https://doi.org/10.1111/jnc.14592 

de la Torre, J. C. (2010). Alzheimer’s disease is incurable but preventable. J Alzheimers Dis, 20(3), 

861–870. https://doi.org/10.3233/jad-2010-091579 

Dean  3rd, D. C., Hurley, S. A., Kecskemeti, S. R., O’Grady, J. P., Canda, C., Davenport-Sis, N. J., … 

Bendlin, B. B. (2017). Association of Amyloid Pathology With Myelin Alteration in Preclinical 

Alzheimer Disease. JAMA Neurol, 74(1), 41–49. https://doi.org/10.1001/jamaneurol.2016.3232 

Dean, D. C. 3rd, Hurley, S. A., Kecskemeti, S. R., O’Grady, J. P., Canda, C., Davenport-Sis, N. J., … 

Bendlin, B. B. (2017). Association of Amyloid Pathology With Myelin Alteration in Preclinical 

Alzheimer  Disease. JAMA Neurology, 74(1), 41–49. 

https://doi.org/10.1001/jamaneurol.2016.3232 

Decker, L., & ffrench-Constant, C. (2004). Lipid rafts and integrin activation regulate oligodendrocyte 

survival. The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 

24(15), 3816–3825. https://doi.org/10.1523/JNEUROSCI.5725-03.2004 

Demerens, C., Stankoff, B., Logak, M., Anglade, P., Allinquant, B., Couraud, F., … Lubetzki, C. 

(1996). Induction of myelination in the central nervous system by electrical activity. Proc Natl 

Acad Sci U S A, 93(18), 9887–9892. Retrieved from 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC38524/ 

Deng, W., & Poretz, R. D. (2003). Oligodendroglia in developmental neurotoxicity. Neurotoxicology, 



Chapter 7 - References 

  170  

 

24(2), 161–178. https://doi.org/10.1016/s0161-813x(02)00196-1 

Desai, M. K., Guercio, B. J., Narrow, W. C., & Bowers, W. J. (2011). An Alzheimer’s disease-relevant 

presenilin-1 mutation augments amyloid-beta-induced oligodendrocyte dysfunction. Glia, 59(4), 

627–640. https://doi.org/10.1002/glia.21131 

Desai, M. K., Mastrangelo, M. A., Ryan, D. A., Sudol, K. L., Narrow, W. C., & Bowers, W. J. (2010). 

Early Oligodendrocyte/Myelin Pathology in Alzheimer’s Disease Mice Constitutes a Novel 

Therapeutic Target. Am J Pathol, 177(3), 1422–1435. 

https://doi.org/10.2353/ajpath.2010.100087 

Desai, M. K., Sudol, K. L., Janelsins, M. C., Mastrangelo, M. A., Frazer, M. E., & Bowers, W. J. 

(2009). Triple-transgenic Alzheimer’s disease mice exhibit region-specific abnormalities in brain 

myelination patterns prior to appearance of amyloid and tau pathology. Glia, 57(1), 54–65. 

https://doi.org/10.1002/glia.20734 

DeTure, M. A., & Dickson, D. W. (2019). The neuropathological diagnosis of Alzheimer’s disease. 

Molecular Neurodegeneration, 14(1), 32. https://doi.org/10.1186/s13024-019-0333-5 

Di Bello, I. C., Dawson, M. R., Levine, J. M., & Reynolds, R. (1999). Generation of oligodendroglial 

progenitors in acute inflammatory demyelinating lesions of the rat brain stem is associated with 

demyelination rather than inflammation. J Neurocytol, 28(4–5), 365–381. 

Dick, M. B., Shankle, R. W., Beth, R. E., Dick-Muehlke, C., Cotman, C. W., & Kean, M. L. (1996). 

Acquisition and long-term retention of a gross motor skill in Alzheimer’s disease  patients under 

constant and varied practice conditions. The Journals of Gerontology. Series B, Psychological 

Sciences and Social Sciences, 51(2), P103-11. https://doi.org/10.1093/geronb/51b.2.p103 

Dimou, L., Simon, C., Kirchhoff, F., Takebayashi, H., & Götz, M. (2008). Progeny of Olig2-

expressing progenitors in the gray and white matter of the adult  mouse cerebral cortex. The 

Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 28(41), 10434–

10442. https://doi.org/10.1523/JNEUROSCI.2831-08.2008 

Dixit, R., Ross, J. L., Goldman, Y. E., & Holzbaur, E. L. F. (2008). Differential regulation of dynein 

and kinesin motor proteins by tau. Science (New York, N.Y.), 319(5866), 1086–1089. 

https://doi.org/10.1126/science.1152993 

Dong, Y.-X., Zhang, H.-Y., Li, H.-Y., Liu, P.-H., Sui, Y., & Sun, X.-H. (2018). Association between 

Alzheimer’s disease pathogenesis and early demyelination and oligodendrocyte dysfunction. 

Neural Regeneration Research, 13(5), 908–914. https://doi.org/10.4103/1673-5374.232486 

Drechsel, D. A., Estévez, A. G., Barbeito, L., & Beckman, J. S. (2012). Nitric oxide-mediated oxidative 

damage and the progressive demise of motor neurons in ALS. Neurotoxicity Research, 22(4), 

251–264. https://doi.org/10.1007/s12640-012-9322-y 

Durand, B., & Raff, M. (2000). A cell-intrinsic timer that operates during oligodendrocyte 

development. BioEssays : News and Reviews in Molecular, Cellular and Developmental Biology, 

22(1), 64–71. https://doi.org/10.1002/(SICI)1521-1878(200001)22:1<64::AID-

BIES11>3.0.CO;2-Q 

Dyer, C. A., & Benjamins, J. A. (1988). Antibody to galactocerebroside alters organization of 

oligodendroglial membrane  sheets in culture. The Journal of Neuroscience : The Official Journal 

of the Society for Neuroscience, 8(11), 4307–4318. https://doi.org/10.1523/JNEUROSCI.08-11-



Chapter 7 - References 

  171  

 

04307.1988 

Dyrks, T., Weidemann, A., Multhaup, G., Salbaum, J. M., Lemaire, H. G., Kang, J., … Beyreuther, K. 

(1988). Identification, transmembrane orientation and biogenesis of the amyloid A4 precursor of 

Alzheimer’s disease. The EMBO Journal, 7(4), 949–957. Retrieved from 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC454420/ 

Eggert, S., Paliga, K., Soba, P., Evin, G., Masters, C. L., Weidemann, A., & Beyreuther, K. (2004). 

The Proteolytic Processing of the Amyloid Precursor Protein Gene Family Members APLP-1 and 

APLP-2 Involves α-, β-, γ-, and ϵ-Like Cleavages: MODULATION OF APLP-1 PROCESSING 

BY N-GLYCOSYLATION. Journal of Biological Chemistry, 279(18), 18146–18156. 

https://doi.org/10.1074/jbc.M311601200 

Emery, B. (2010). Regulation of Oligodendrocyte Differentiation and Myelination. Science, 

330(6005), 779 LP – 782. https://doi.org/10.1126/science.1190927 

Erten-Lyons, D., Woltjer, R., Kaye, J., Mattek, N., Dodge, H. H., Green, S., … Silbert, L. C. (2013). 

Neuropathologic basis of white matter hyperintensity accumulation with advanced age. 

Neurology, 81(11), 977–983. https://doi.org/10.1212/WNL.0b013e3182a43e45 

Eslinger, P. J., & Damasio, A. R. (1986). Preserved motor learning in Alzheimer’s disease: 

Implications for anatomy and behavior. Journal of Neuroscience, 6(10), 3006–3009. 

España, J., Giménez-Llort, L., Valero, J., Miñano, A., Rábano, A., Rodriguez-Alvarez, J., … Saura, 

C. A. (2010). Intraneuronal beta-amyloid accumulation in the amygdala enhances fear and anxiety 

in  Alzheimer’s disease transgenic mice. Biological Psychiatry, 67(6), 513–521. 

https://doi.org/10.1016/j.biopsych.2009.06.015 

Esparza, T. J., Gangolli, M., Cairns, N. J., & Brody, D. L. (2018). Soluble amyloid-beta buffering by 

plaques in Alzheimer disease dementia versus high-pathology controls. PLOS ONE, 13(7), 

e0200251. Retrieved from https://doi.org/10.1371/journal.pone.0200251 

Eyermann, C., Czaplinski, K., & Colognato, H. (2012). Dystroglycan promotes filopodial formation 

and process branching in differentiating  oligodendroglia. Journal of Neurochemistry, 120(6), 

928–947. https://doi.org/10.1111/j.1471-4159.2011.07600.x 

Fan, L., Bhatt, A., Tien, L., Zheng, B., Simpson, K. L., Lin, R. C. S., … Pang, Y. (2015). Exposure to 

serotonin adversely affects oligodendrocyte development and myelination in vitro. J Neurochem, 

133(4), 532–543. https://doi.org/10.1111/jnc.12988 

Fandos, N., Pérez-Grijalba, V., Pesini, P., Olmos, S., Bossa, M., Villemagne, V. L., … Group, A. R. 

(2017). Plasma amyloid β 42/40 ratios as biomarkers for amyloid β cerebral deposition in 

cognitively normal individuals. Alzheimer’s & Dementia (Amsterdam, Netherlands), 8, 179–187. 

https://doi.org/10.1016/j.dadm.2017.07.004 

Farr, T. D., & Whishaw, I. Q. (2002). Quantitative and qualitative impairments in skilled reaching in 

the mouse (Mus musculus) after a focal motor cortex stroke. Stroke, 33(7), 1869–1875. 

Fernandez-Castaneda, A., & Gaultier, A. (2016). Adult oligodendrocyte progenitor cells - Multifaceted 

regulators of the CNS in health and disease. Brain, Behavior, and Immunity, 57, 1–7. 

https://doi.org/10.1016/j.bbi.2016.01.005 

Fernandez-Valenzuela, J. J., Sanchez-Varo, R., Muñoz-Castro, C., De Castro, V., Sanchez-Mejias, E., 



Chapter 7 - References 

  172  

 

Navarro, V., … Gutierrez, A. (2020). Enhancing microtubule stabilization rescues cognitive 

deficits and ameliorates pathological phenotype in an amyloidogenic Alzheimer’s disease model. 

Scientific Reports, 10(1), 14776. https://doi.org/10.1038/s41598-020-71767-4 

Ferreira, S., Pitman, K. A., Wang, S., Summers, B. S., Bye, N., Young, K. M., & Cullen, C. L. (2020). 

Amyloidosis is associated with thicker myelin and increased oligodendrogenesis in the adult 

mouse brain. Journal of Neuroscience Research, 98(10), 1905–1932. 

https://doi.org/https://doi.org/10.1002/jnr.24672 

Fewou, S. N., Ramakrishnan, H., Büssow, H., Gieselmann, V., & Eckhardt, M. (2007). Down-

regulation of Polysialic Acid Is Required for Efficient Myelin Formation*. Journal of Biological 

Chemistry, 282(22), 16700–16711. https://doi.org/https://doi.org/10.1074/jbc.M610797200 

Fields, R. D. (2008). White matter in learning, cognition and psychiatric disorders. Trends Neurosci, 

31(7), 361–370. https://doi.org/10.1016/j.tins.2008.04.001 

Filali, M., Lalonde, R., & Rivest, S. (2009). Cognitive and non-cognitive behaviors in an APPswe/PS1 

bigenic model of Alzheimer’s  disease. Genes, Brain, and Behavior, 8(2), 143–148. 

https://doi.org/10.1111/j.1601-183X.2008.00453.x 

Fischer, F. U., Wolf, D., Scheurich, A., & Fellgiebel, A. (2015). Altered whole-brain white matter 

networks in preclinical Alzheimer’s disease. NeuroImage: Clinical, 8, 660–666. 

https://doi.org/https://doi.org/10.1016/j.nicl.2015.06.007 

Fitzner, D., Schneider, A., Kippert, A., Möbius, W., Willig, K. I., Hell, S. W., … Simons, M. (2006). 

Myelin basic protein-dependent plasma membrane reorganization in the formation of myelin. 

EMBO J, 25(21), 5037–5048. https://doi.org/10.1038/sj.emboj.7601376 

Fogarty, M., Richardson, W. D., & Kessaris, N. (2005). A subset of oligodendrocytes generated from 

radial glia in the dorsal spinal cord. Development, 132(8), 1951–1959. 

https://doi.org/10.1242/dev.01777 

Fox, M. A., Afshari, F. S., Alexander, J. K., Colello, R. J., & Fuss, B. (2006). Growth conelike 

sensorimotor structures are characteristic features of  postmigratory, premyelinating 

oligodendrocytes. Glia, 53(5), 563–566. https://doi.org/10.1002/glia.20293 

Franklin, R. J., & Ffrench-Constant, C. (2008). Remyelination in the CNS: from biology to therapy. 

Nat Rev Neurosci, 9(11), 839–855. https://doi.org/10.1038/nrn2480 

Franklin, R. J., & Kotter, M. R. (2008). The biology of CNS remyelination: the key to therapeutic 

advances. J Neurol, 255 Suppl, 19–25. https://doi.org/10.1007/s00415-008-1004-6 

Frederiksen, K. S., Garde, E., Skimminge, A., Ryberg, C., Rostrup, E., Baaré, W. F. C., … Waldemar, 

G. (2011). Corpus Callosum Atrophy in Patients with Mild Alzheimer’s Disease. 

Neurodegenerative Diseases, 8(6), 476–482. https://doi.org/10.1159/000327753 

French, H. M., Reid, M., Mamontov, P., Simmons, R. A., & Grinspan, J. B. (2009). Oxidative stress 

disrupts oligodendrocyte maturation. Journal of Neuroscience Research, 87(14), 3076–3087. 

https://doi.org/10.1002/jnr.22139 

Frost, E., Kiernan, B. W., Faissner, A., & ffrench-Constant, C. (1996). Regulation of oligodendrocyte 

precursor migration by extracellular matrix: evidence for substrate-specific inhibition of 

migration by tenascin-C. Dev Neurosci, 18(4), 266–273. 



Chapter 7 - References 

  173  

 

Funfschilling, U., Supplie, L. M., Mahad, D., Boretius, S., Saab, A. S., Edgar, J., … Nave, K.-A. 

(2012). Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity. Nature, 

485(7399), 517–521. 

https://doi.org/http://www.nature.com/nature/journal/v485/n7399/abs/nature11007.html#supple

mentary-information 

Furst, A. J., Rabinovici, G. D., Rostomian, A. H., Steed, T., Alkalay, A., Racine, C., … Jagust, W. J. 

(2012). Cognition, glucose metabolism and amyloid burden in Alzheimer’s disease. 

Neurobiology of Aging, 33(2), 215–225. 

https://doi.org/https://doi.org/10.1016/j.neurobiolaging.2010.03.011 

Furukawa, K., Sopher, B. L., Rydel, R. E., Begley, J. G., Pham, D. G., Martin, G. M., … Mattson, M. 

P. (1996). Increased activity-regulating and neuroprotective efficacy of  alpha-secretase-derived 

secreted amyloid precursor protein conferred by a C-terminal heparin-binding domain. Journal 

of Neurochemistry, 67(5), 1882–1896. https://doi.org/10.1046/j.1471-4159.1996.67051882.x 

Gagyi, E., Kormos, B., Castellanos, K. J., Valyi-Nagy, K., Korneff, D., LoPresti, P., … Valyi-Nagy, 

T. (2012). Decreased oligodendrocyte nuclear diameter in Alzheimer’s disease and Lewy body 

dementia. Brain Pathol, 22(6), 803–810. https://doi.org/10.1111/j.1750-3639.2012.00595.x 

Galasko, D., & Montine, T. J. (2010). Biomarkers of oxidative damage and inflammation in 

Alzheimer’s disease. Biomark Med, 4(1), 27–36. https://doi.org/10.2217/bmm.09.89 

Gao, J., Cheung, R. T.-F., Lee, T. M. C., Chu, L.-W., Chan, Y.-S., Mak, H. K.-F., … Cheung, C. 

(2011). Possible retrogenesis observed with fiber tracking: an anteroposterior pattern of  white 

matter disintegrity in normal aging and Alzheimer’s disease. Journal of Alzheimer’s Disease : 

JAD, 26(1), 47–58. https://doi.org/10.3233/JAD-2011-101788 

Garcia-Alloza, M., Robbins, E. M., Zhang-Nunes, S. X., Purcell, S. M., Betensky, R. A., Raju, S., … 

Frosch, M. P. (2006). Characterization of amyloid deposition in the APPswe/PS1dE9 mouse 

model of Alzheimer disease. Neurobiology of Disease, 24(3), 516–524. 

https://doi.org/https://doi.org/10.1016/j.nbd.2006.08.017 

Garwood, C. J., Pooler, A. M., Atherton, J., Hanger, D. P., & Noble, W. (2011). Astrocytes are 

important mediators of Abeta-induced neurotoxicity and tau phosphorylation in primary culture. 

Cell Death Dis, 2, e167. https://doi.org/10.1038/cddis.2011.50 

Genoud, S., Lappe-Siefke, C., Goebbels, S., Radtke, F., Aguet, M., Scherer, S. S., … Mantei, N. 

(2002). Notch1 control of oligodendrocyte differentiation in the spinal cord. J Cell Biol, 158(4), 

709–718. https://doi.org/10.1083/jcb.200202002 

Germano, C., & Kinsella, G. J. (2005). Working memory and learning in early Alzheimer’s disease. 

Neuropsychology Review, 15(1), 1–10. https://doi.org/10.1007/s11065-005-3583-7 

Gibson, E. M., Purger, D., Mount, C. W., Goldstein, A. K., Lin, G. L., Wood, L. S., … Monje, M. 

(2014). Neuronal activity promotes oligodendrogenesis and adaptive myelination in the  

mammalian brain. Science (New York, N.Y.), 344(6183), 1252304. 

https://doi.org/10.1126/science.1252304 

Goldman, S. A., & Kuypers, N. J. (2015). How to make an oligodendrocyte. Development (Cambridge, 

England), 142(23), 3983–3995. https://doi.org/10.1242/dev.126409 

Goodman, A. M., Langner, B. M., Jackson, N., Alex, C., & McMahon, L. L. (2020). Heightened β-



Chapter 7 - References 

  174  

 

adrenergic receptor function in the TgF344-AD rat model drives synaptic potentiation and 

supports learning and memory. BioRxiv, 2020.11.25.398198. 

https://doi.org/10.1101/2020.11.25.398198 

Gorovoy, M., Niu, J., Bernard, O., Profirovic, J., Minshall, R., Neamu, R., & Voyno-Yasenetskaya, T. 

(2005). LIM kinase 1 coordinates microtubule stability and actin polymerization in human  

endothelial cells. The Journal of Biological Chemistry, 280(28), 26533–26542. 

https://doi.org/10.1074/jbc.M502921200 

Götz, J., Bodea, L.-G., & Goedert, M. (2018). Rodent models for Alzheimer disease. Nature Reviews 

Neuroscience, 19(10), 583–598. https://doi.org/10.1038/s41583-018-0054-8 

Gouras, G. K. (2019). Aging, Metabolism, Synaptic Activity, and Aβ in Alzheimer’s Disease   . 

Frontiers in Aging Neuroscience  , Vol. 11, p. 185. Retrieved from 

https://www.frontiersin.org/article/10.3389/fnagi.2019.00185 

Gouras, G. K., Tampellini, D., Takahashi, R. H., & Capetillo-Zarate, E. (2010). Intraneuronal beta-

amyloid accumulation and synapse pathology in Alzheimer’s disease. Acta Neuropathologica, 

119(5), 523–541. https://doi.org/10.1007/s00401-010-0679-9 

Gralle, M., & Ferreira, S. T. (2007). Structure and functions of the human amyloid precursor protein: 

the whole is more than the sum of its parts. Progress in Neurobiology, 82(1), 11–32. 

Guo, J., Bakshi, V., & Lin, A.-L. (2015). Early Shifts of Brain Metabolism by Caloric Restriction 

Preserve White Matter Integrity and Long-Term Memory in Aging Mice. Frontiers in Aging 

Neuroscience, 7, 213. https://doi.org/10.3389/fnagi.2015.00213 

Gyllensten, L., & Malmfors, T. (1963). Myelinization of the optic nerve and its dependence on visual 

function--a quantitative investigation in mice. J Embryol Exp Morphol, 11, 255–266. 

Halagappa, V. K. M., Guo, Z., Pearson, M., Matsuoka, Y., Cutler, R. G., LaFerla, F. M., & Mattson, 

M. P. (2007). Intermittent fasting and caloric restriction ameliorate age-related behavioral deficits 

in the triple-transgenic mouse model of Alzheimer’s disease. Neurobiology of Disease, 26(1), 

212–220. https://doi.org/https://doi.org/10.1016/j.nbd.2006.12.019 

Hashimoto, M., Hossain, S., Agdul, H., & Shido, O. (2005). Docosahexaenoic acid-induced 

amelioration on impairment of memory learning in amyloid β-infused rats relates to the decreases 

of amyloid β and cholesterol levels in detergent-insoluble membrane fractions. Biochimica et 

Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids, 1738(1–3), 91–98. 

Henriques, A. G., Vieira, S. I., Da Cruz e Silva, E. F., & Da Cruz e Silva, O. A. B. (2010). Aβ promotes 

Alzheimer’s disease-like cytoskeleton abnormalities with consequences to APP processing in 

neurons. Journal of Neurochemistry, 113(3), 761–771. 

https://doi.org/https://doi.org/10.1111/j.1471-4159.2010.06643.x 

Ho, A., & Sudhof, T. C. (2004). Binding of F-spondin to amyloid-beta precursor protein: a candidate 

amyloid-beta precursor protein ligand that modulates amyloid-beta precursor protein cleavage. 

Proc Natl Acad Sci U S A, 101(8), 2548–2553. 

Hoche, T., Marisca, R., Agirre, E., Hoodless, L. J., Barkey, W., Auer, F., … Czopka, T. (2019). 

Functionally Distinct Subgroups of Oligodendrocyte Precursor Cells Integrate Neural Activity 

and Execute Myelin Formation. BioRxiv, 689505. https://doi.org/10.1101/689505 



Chapter 7 - References 

  175  

 

Horiuchi, M., Maezawa, I., Itoh, A., Wakayama, K., Jin, L. W., Itoh, T., & Decarli, C. (2012). Amyloid 

beta1-42 oligomer inhibits myelin sheet formation in vitro. Neurobiol Aging, 33(3), 499–509. 

https://doi.org/10.1016/j.neurobiolaging.2010.05.007 

Hu, J., Deng, L., Wang, X., & Xu, X.-M. (2009). Effects of extracellular matrix molecules on the 

growth properties of oligodendrocyte progenitor cells in vitro. Journal of Neuroscience Research, 

87(13), 2854–2862. https://doi.org/https://doi.org/10.1002/jnr.22111 

Hu, Q.-D., Ang, B.-T., Karsak, M., Hu, W.-P., Cui, X.-Y., Duka, T., … Xiao, Z.-C. (2003). 

F3/Contactin Acts as a Functional Ligand for Notch during Oligodendrocyte Maturation. Cell, 

115(2), 163–175. https://doi.org/https://doi.org/10.1016/S0092-8674(03)00810-9 

Ihara, M., Polvikoski, T. M., Hall, R., Slade, J. Y., Perry, R. H., Oakley, A. E., … Kalaria, R. N. 

(2010). Quantification of myelin loss in frontal lobe white matter in vascular dementia, 

Alzheimer’s disease, and dementia with Lewy bodies. Acta Neuropathol, 119(5), 579–589. 

https://doi.org/10.1007/s00401-009-0635-8 

Ikeuchi, T., Kaneko, H., Miyashita, A., Nozaki, H., Kasuga, K., Tsukie, T., … Nishizawa, M. (2008). 

Mutational analysis in early-onset familial dementia in the Japanese population. The  role of 

PSEN1 and MAPT R406W mutations. Dementia and Geriatric Cognitive Disorders, 26(1), 43–

49. https://doi.org/10.1159/000141483 

Iqbal, K., Liu, F., Gong, C.-X., & Grundke-Iqbal, I. (2010). Tau in Alzheimer disease and related 

tauopathies. Current Alzheimer Research, 7(8), 656–664. 

https://doi.org/10.2174/156720510793611592 

Ishibashi, T., Dakin, K. A., Stevens, B., Lee, P. R., Kozlov, S. V, Stewart, C. L., & Fields, R. D. (2006). 

Astrocytes promote myelination in response to electrical impulses. Neuron, 49(6), 823–832. 

https://doi.org/10.1016/j.neuron.2006.02.006 

Iversen, L. L., Mortishire-Smith, R. J., Pollack, S. J., & Shearman, M. S. (1995). The toxicity in vitro 

of β-amyloid protein. Biochemical Journal, 311(1), 1–16. https://doi.org/10.1042/bj3110001 

Jack, C. R. J., Petersen, R. C., O’Brien, P. C., & Tangalos, E. G. (1992). MR-based hippocampal 

volumetry in the diagnosis of Alzheimer’s disease. Neurology, 42(1), 183–188. 

https://doi.org/10.1212/wnl.42.1.183 

Jacobsen, J. S., Wu, C.-C., Redwine, J. M., Comery, T. A., Arias, R., Bowlby, M., … Bloom, F. E. 

(2006). Early-onset behavioral and synaptic deficits in a mouse model of Alzheimer’s disease. 

Proc Natl Acad Sci U S A, 103(13), 5161–5166. https://doi.org/10.1073/pnas.0600948103 

Jankowsky, J. L., Fadale, D. J., Anderson, J., Xu, G. M., Gonzales, V., Jenkins, N. A., … Borchelt, D. 

R. (2004). Mutant presenilins specifically elevate the levels of the 42 residue beta-amyloid  

peptide in vivo: evidence for augmentation of a 42-specific gamma secretase. Human Molecular 

Genetics, 13(2), 159–170. https://doi.org/10.1093/hmg/ddh019 

Jankowsky, J. L., Slunt, H. H., Ratovitski, T., Jenkins, N. A., Copeland, N. G., & Borchelt, D. R. 

(2001). Co-expression of multiple transgenes in mouse CNS: a comparison of strategies. 

Biomolecular Engineering, 17(6), 157–165. https://doi.org/http://dx.doi.org/10.1016/S1389-

0344(01)00067-3 

Jantaratnotai, N., Ryu, J. K., Kim, S. U., & McLarnon, J. G. (2003). Amyloid beta peptide-induced 

corpus callosum damage and glial activation in vivo. Neuroreport, 14(11), 1429–1433. 



Chapter 7 - References 

  176  

 

https://doi.org/10.1097/01.wnr.0000086097.47480.a0 

Jarjour, A. A., Manitt, C., Moore, S. W., Thompson, K. M., Yuh, S. J., & Kennedy, T. E. (2003). 

Netrin-1 is a chemorepellent for oligodendrocyte precursor cells in the embryonic spinal cord. J 

Neurosci, 23(9), 3735–3744. 

Juurlink, B. H. J. (1997). Response of Glial Cells to Ischemia: Roles of Reactive Oxygen Species and 

Glutathione. Neuroscience & Biobehavioral Reviews, 21(2), 151–166. 

https://doi.org/https://doi.org/10.1016/S0149-7634(96)00005-X 

Juurlink, B. H., Thorburne, S. K., & Hertz, L. (1998). Peroxide-scavenging deficit underlies 

oligodendrocyte susceptibility to oxidative  stress. Glia, 22(4), 371–378. 

https://doi.org/10.1002/(sici)1098-1136(199804)22:4<371::aid-glia6>3.0.co;2-6 

Kamal, A., Almenar-Queralt, A., LeBlanc, J. F., Roberts, E. A., & Goldstein, L. S. B. (2001). Kinesin-

mediated axonal transport of a membrane compartment containing β-secretase and presenilin-1 

requires APP. Nature, 414(6864), 643–648. https://doi.org/10.1038/414643a 

Kamal, A., Stokin, G. B., Yang, Z., Xia, C.-H., & Goldstein, L. S. B. (2000). Axonal Transport of 

Amyloid Precursor Protein Is Mediated by Direct Binding to the Kinesin Light Chain Subunit of 

Kinesin-I. Neuron, 28(2), 449–459. https://doi.org/https://doi.org/10.1016/S0896-

6273(00)00124-0 

Kamenetz, F., Tomita, T., Hsieh, H., Seabrook, G., Borchelt, D., Iwatsubo, T., … Malinow, R. (2003). 

APP processing and synaptic function. Neuron, 37(6), 925–937. https://doi.org/10.1016/s0896-

6273(03)00124-7 

Kamphuis, W., Orre, M., Kooijman, L., Dahmen, M., & Hol, E. M. (2012). Differential cell 

proliferation in the cortex of the APPswePS1dE9 Alzheimer’s disease mouse model. Glia, 60(4), 

615–629. https://doi.org/10.1002/glia.22295 

Kang, J., Lemaire, H. G., Unterbeck, A., Salbaum, J. M., Masters, C. L., Grzeschik, K. H., … Muller-

Hill, B. (1987). The precursor of Alzheimer’s disease amyloid A4 protein resembles a cell-surface 

receptor. Nature, 325(6106), 733–736. https://doi.org/10.1038/325733a0 

Kang, S. H., Fukaya, M., Yang, J. K., Rothstein, J. D., & Bergles, D. E. (2010). NG2+ CNS glial 

progenitors remain committed to the oligodendrocyte lineage in  postnatal life and following 

neurodegeneration. Neuron, 68(4), 668–681. https://doi.org/10.1016/j.neuron.2010.09.009 

Kang, S. H., Li, Y., Fukaya, M., Lorenzini, I., Cleveland, D. W., Ostrow, L. W., … Bergles, D. E. 

(2013). Degeneration and impaired regeneration of gray matter oligodendrocytes in amyotrophic 

lateral sclerosis. Nature Neuroscience, 16(5), 571–579. https://doi.org/10.1038/nn.3357 

Kaplan, M. R., Cho, M. H., Ullian, E. M., Isom, L. L., Levinson, S. R., & Barres, B. A. (2001). 

Differential control of clustering of the sodium channels Na(v)1.2 and Na(v)1.6 at developing 

CNS nodes of Ranvier. Neuron, 30(1), 105–119. 

Kapogiannis, D., & Mattson, M. P. (2011). Disrupted energy metabolism and neuronal circuit 

dysfunction in cognitive impairment  and Alzheimer’s disease. The Lancet. Neurology, 10(2), 

187–198. https://doi.org/10.1016/S1474-4422(10)70277-5 

Kasischke, K. A., Vishwasrao, H. D., Fisher, P. J., Zipfel, W. R., & Webb, W. W. (2004). Neural 

activity triggers neuronal oxidative metabolism followed by astrocytic  glycolysis. Science (New 



Chapter 7 - References 

  177  

 

York, N.Y.), 305(5680), 99–103. https://doi.org/10.1126/science.1096485 

Kastyak-Ibrahim, M. Z., Di Curzio, D. L., Buist, R., Herrera, S. L., Albensi, B. C., Del Bigio, M. R., 

& Martin, M. (2013). Neurofibrillary tangles and plaques are not accompanied by white matter 

pathology in aged triple transgenic-Alzheimer disease mice. Magnetic Resonance Imaging, 31(9), 

1515–1521. https://doi.org/https://doi.org/10.1016/j.mri.2013.06.013 

Kaya, I., Jennische, E., Lange, S., Tarik Baykal, A., Malmberg, P., & Fletcher, J. S. (2020). Brain 

region-specific amyloid plaque-associated myelin lipid loss, APOE deposition and disruption of 

the myelin sheath in familial Alzheimer’s disease mice. Journal of Neurochemistry, 154(1), 84–

98. https://doi.org/10.1111/jnc.14999 

Keiner, S., Niv, F., Neumann, S., Steinbach, T., Schmeer, C., Hornung, K., … Redecker, C. (2017). 

Effect of skilled reaching training and enriched environment on generation of oligodendrocytes 

in the adult sensorimotor cortex and corpus callosum. BMC Neurosci, 18(1), 31. 

https://doi.org/10.1186/s12868-017-0347-2 

Keirstead, H. S., Levine, J. M., & Blakemore, W. F. (1998). Response of the oligodendrocyte 

progenitor cell population (defined by NG2 labelling) to demyelination of the adult spinal cord. 

Glia, 22(2), 161–170. 

Kessaris, N., Fogarty, M., Iannarelli, P., Grist, M., Wegner, M., & Richardson, W. D. (2006). 

Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic 

lineage. Nat Neurosci, 9(2), 173–179. 

https://doi.org/http://www.nature.com/neuro/journal/v9/n2/suppinfo/nn1620_S1.html 

Khattar, N., Triebswetter, C., Kiely, M., Ferrucci, L., Resnick, S. M., Spencer, R. G., & Bouhrara, M. 

(2021). Investigation of the association between cerebral iron content and myelin content in 

normative aging using quantitative magnetic resonance neuroimaging. NeuroImage, 239, 118267. 

https://doi.org/https://doi.org/10.1016/j.neuroimage.2021.118267 

Kiernan, B. W., Gotz, B., Faissner, A., & ffrench-Constant, C. (1996). Tenascin-C inhibits 

oligodendrocyte precursor cell migration by both adhesion-dependent and adhesion-independent 

mechanisms. Mol Cell Neurosci, 7(4), 322–335. https://doi.org/10.1006/mcne.1996.0024 

Kim, G. H., Kim, J. E., Rhie, S. J., & Yoon, S. (2015). The Role of Oxidative Stress in 

Neurodegenerative Diseases. Experimental Neurobiology, 24(4), 325–340. 

https://doi.org/10.5607/en.2015.24.4.325 

Kleim, J. A., Barbay, S., & Nudo, R. J. (1998). Functional reorganization of the rat motor cortex 

following motor skill learning. J Neurophysiol, 80(6), 3321–3325. 

Klein, C., Kramer, E.-M., Cardine, A.-M., Schraven, B., Brandt, R., & Trotter, J. (2002). Process 

outgrowth of oligodendrocytes is promoted by interaction of fyn kinase with the cytoskeletal 

protein tau. The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 

22(3), 698–707. 

Klimova, B., Maresova, P., Valis, M., Hort, J., & Kuca, K. (2015). Alzheimer’s disease and language 

impairments: social intervention and medical  treatment. Clinical Interventions in Aging, 10, 

1401–1407. https://doi.org/10.2147/CIA.S89714 

Kommaddi, R. P., Das, D., Karunakaran, S., Nanguneri, S., Bapat, D., Ray, A., … Ravindranath, V. 

(2018). Aβ mediates F-actin disassembly in dendritic spines leading to cognitive deficits in 



Chapter 7 - References 

  178  

 

Alzheimer&#039;s disease. The Journal of Neuroscience, 38(5), 1085 LP – 1099. 

https://doi.org/10.1523/JNEUROSCI.2127-17.2017 

Korn, A., McLennan, S., Adler, J., Krueger, M., Surendran, D., Maiti, S., & Huster, D. (2018). 

Amyloid β (1–40) Toxicity Depends on the Molecular Contact between Phenylalanine 19 and 

Leucine 34. ACS Chemical Neuroscience, 9(4), 790–799. 

https://doi.org/10.1021/acschemneuro.7b00360 

Kotter, M. R., Stadelmann, C., & Hartung, H. P. (2011). Enhancing remyelination in disease--can we 

wrap it up? Brain, 134(Pt 7), 1882–1900. https://doi.org/10.1093/brain/awr014 

Kuperman, A. S., Volpert, W. A., & Okamoto, M. (1964). RELEASE OF ADENINE NUCLEOTIDE 

FROM NERVE AXONS. Nature, 204, 1000–1001. 

Lafrenaye, A. D., & Fuss, B. (2010). Focal adhesion kinase can play unique and opposing roles in 

regulating the  morphology of differentiating oligodendrocytes. Journal of Neurochemistry, 

115(1), 269–282. https://doi.org/10.1111/j.1471-4159.2010.06926.x 

Lamb, B. T., Sisodia, S. S., Lawler, A. M., Slunt, H. H., Kitt, C. A., Kearns, W. G., … Gearhart, J. D. 

(1993). Introduction and expression of the 400 kilobase amyloid precursor protein gene in 

transgenic mice [corrected]. Nat Genet, 5(1), 22–30. https://doi.org/10.1038/ng0993-22 

Lane, C. A., Hardy, J., & Schott, J. M. (2018). Alzheimer’s disease. European Journal of Neurology, 

25(1), 59–70. https://doi.org/10.1111/ene.13439 

Laursen, L. S., Chan, C. W., & ffrench-Constant, C. (2009). An Integrin–Contactin Complex Regulates 

CNS Myelination by Differential Fyn Phosphorylation. The Journal of Neuroscience, 29(29), 

9174 LP – 9185. https://doi.org/10.1523/JNEUROSCI.5942-08.2009 

Laws, K. R., Irvine, K., & Gale, T. M. (2018). Sex differences in Alzheimer’s disease. Current Opinion 

in Psychiatry, 31(2), 133–139. https://doi.org/10.1097/YCO.0000000000000401 

Lazarov, O., Morfini, G. A., Pigino, G., Gadadhar, A., Chen, X., Robinson, J., … Sisodia, S. S. (2007). 

Impairments in fast axonal transport and motor neuron deficits in transgenic mice expressing 

familial Alzheimer’s disease-linked mutant presenilin 1. J Neurosci, 27(26), 7011–7020. 

https://doi.org/10.1523/jneurosci.4272-06.2007 

Ledig, C., Schuh, A., Guerrero, R., Heckemann, R. A., & Rueckert, D. (2018). Structural brain imaging 

in Alzheimer’s disease and mild cognitive impairment: biomarker analysis and shared 

morphometry database. Scientific Reports, 8(1), 11258. https://doi.org/10.1038/s41598-018-

29295-9 

Lee, B., Park, J.-Y., Jung, W. H., Kim, H. S., Oh, J. S., Choi, C.-H., … Kwon, J. S. (2010). White 

matter neuroplastic changes in long-term trained players of the game of  “Baduk” (GO): a voxel-

based diffusion-tensor imaging study. NeuroImage, 52(1), 9–19. 

https://doi.org/10.1016/j.neuroimage.2010.04.014 

Lee, B. Y., & Hur, E.-M. (2020). A Role of Microtubules in Oligodendrocyte Differentiation. 

International Journal of Molecular Sciences, 21(3). https://doi.org/10.3390/ijms21031062 

Lee, H., Xu, F., Liu, X., Koundal, S., Zhu, X., Davis, J., … Benveniste, H. (2020a). Diffuse white 

matter loss in a transgenic rat model of cerebral amyloid angiopathy. Journal of Cerebral Blood 

Flow & Metabolism, 0271678X20944226. https://doi.org/10.1177/0271678X20944226 



Chapter 7 - References 

  179  

 

Lee, H., Xu, F., Liu, X., Koundal, S., Zhu, X., Davis, J., … Benveniste, H. (2020b). Diffuse white 

matter loss in a transgenic rat model of cerebral amyloid angiopathy. Journal of Cerebral Blood 

Flow & Metabolism, 0271678X20944226. https://doi.org/10.1177/0271678X20944226 

Lee, I.-S., Jung, K., Kim, I.-S., & Park, K. I. (2013). Amyloid-β oligomers regulate the properties of 

human neural stem cells through GSK-3β signaling. Experimental & Molecular Medicine, 45(11), 

e60–e60. https://doi.org/10.1038/emm.2013.125 

Lee, J.-T., Xu, J., Lee, J.-M., Ku, G., Han, X., Yang, D.-I., … Hsu, C. Y. (2004). Amyloid-beta peptide 

induces oligodendrocyte death by activating the neutral sphingomyelinase-ceramide pathway. 

The Journal of Cell Biology, 164(1), 123–131. https://doi.org/10.1083/jcb.200307017 

Lee, J. T., Xu, J., Lee, J. M., Ku, G., Han, X., Yang, D. I., … Hsu, C. Y. (2004). Amyloid-β peptide 

induces oligodendrocyte death by activating the neutral sphingomyelinase–ceramide pathway. J 

Cell Biol, 164(1), 123–131. https://doi.org/10.1083/jcb.200307017 

Lee, S., Viqar, F., Zimmerman, M. E., Narkhede, A., Tosto, G., Benzinger, T. L. S., … Brickman, A. 

M. (2016). White matter hyperintensities are a core feature of Alzheimer’s disease: Evidence  

from the dominantly inherited Alzheimer network. Annals of Neurology, 79(6), 929–939. 

https://doi.org/10.1002/ana.24647 

Li, S., Hong, S., Shepardson, N. E., Walsh, D. M., Shankar, G. M., & Selkoe, D. (2009). Soluble 

oligomers of amyloid Beta protein facilitate hippocampal long-term  depression by disrupting 

neuronal glutamate uptake. Neuron, 62(6), 788–801. 

https://doi.org/10.1016/j.neuron.2009.05.012 

Liang, X., Draghi, N. A., & Resh, M. D. (2004). Signaling from integrins to Fyn to Rho family 

GTPases regulates morphologic differentiation of oligodendrocytes. Journal of Neuroscience, 

24(32), 7140–7149. https://doi.org/10.1523/JNEUROSCI.5319-03.2004 

Liewald, D., Miller, R., Logothetis, N., Wagner, H.-J., & Schüz, A. (2014). Distribution of axon 

diameters in cortical white matter: an electron-microscopic study on three human brains and a 

macaque. Biological Cybernetics, 108(5), 541–557. https://doi.org/10.1007/s00422-014-0626-2 

Lim, N. K. H., Moestrup, V., Zhang, X., Wang, W. A., Møller, A., & Huang, F. De. (2018). An 

improved method for collection of cerebrospinal fluid from anesthetized mice. Journal of 

Visualized Experiments, 2018(133), e56774. https://doi.org/10.3791/56774 

Liu, Li, Ikonen, S., Heikkinen, T., Heikkilä, M., Puoliväli, J., van Groen, T., & Tanila, H. (2002). 

Effects of fimbria-fornix lesion and amyloid pathology on spatial learning and memory in 

transgenic APP+PS1 mice. Behavioural Brain Research, 134(1–2), 433–445. 

https://doi.org/10.1016/s0166-4328(02)00058-x 

Liu, Lucy, MacKenzie, K. R., Putluri, N., Maletić-Savatić, M., & Bellen, H. J. (2017). The Glia-

Neuron Lactate Shuttle and Elevated ROS Promote Lipid Synthesis in Neurons  and Lipid Droplet 

Accumulation in Glia via APOE/D. Cell Metabolism, 26(5), 719-737.e6. 

https://doi.org/10.1016/j.cmet.2017.08.024 

LoPresti, P, Muma, N. A., & De Vries, G. H. (2001). Neu differentiation factor regulates tau protein 

and mRNA in cultured neonatal oligodendrocytes. Glia, 35(2), 147–155. 

LoPresti, Patrizia. (2002). Regulation and differential expression of tau mRNA isoforms as 

oligodendrocytes mature in vivo: implications for myelination. Glia, 37(3), 250–257. 



Chapter 7 - References 

  180  

 

LoPresti, Patrizia. (2015). Inducible Expression of a Truncated Form of Tau in Oligodendrocytes 

Elicits Gait  Abnormalities and a Decrease in Myelin: Implications for Selective CNS 

Degenerative Diseases. Neurochemical Research, 40(11), 2188–2199. 

https://doi.org/10.1007/s11064-015-1707-x 

Lovell, M. A., Robertson, J. D., Buchholz, B. A., Xie, C., & Markesbery, W. R. (2002). Use of bomb 

pulse carbon-14 to age senile plaques and neurofibrillary tangles in Alzheimer’s disease. 

Neurobiol Aging, 23(2), 179–186. 

Lu, Q. R., Yuk, D., Alberta, J. A., Zhu, Z., Pawlitzky, I., Chan, J., … Rowitch, D. H. (2000). Sonic 

hedgehog--regulated oligodendrocyte lineage genes encoding bHLH proteins in the mammalian 

central nervous system. Neuron, 25(2), 317–329. 

Lu, W., Huang, J., Sun, S., Huang, S., Gan, S., Xu, J., … Jiang, X. (2015). Changes in lactate content 

and monocarboxylate transporter 2 expression in  Aβ₂₅₋₃₅-treated rat model of Alzheimer’s 

disease. Neurological Sciences : Official Journal of the Italian Neurological Society and of  the 

Italian Society of Clinical Neurophysiology, 36(6), 871–876. https://doi.org/10.1007/s10072-

015-2087-3 

Luo, L. Q., Martin-Morris, L. E., & White, K. (1990). Identification, secretion, and neural expression 

of APPL, a Drosophila protein similar to human amyloid protein precursor. J Neurosci, 10(12), 

3849–3861. 

Luo, L., Tully, T., & White, K. (1992). Human amyloid precursor protein ameliorates behavioral 

deficit of flies deleted for Appl gene. Neuron, 9(4), 595–605. 

Luth, H. J., Apelt, J., Ihunwo, A. O., Arendt, T., & Schliebs, R. (2003). Degeneration of beta-amyloid-

associated cholinergic structures in transgenic APP SW mice. Brain Res, 977(1), 16–22. 

Lyckman, A. W., Confaloni, A. M., Thinakaran, G., Sisodia, S. S., & Moya, K. L. (1998). Post-

translational Processing and Turnover Kinetics of Presynaptically Targeted Amyloid Precursor 

Superfamily Proteins in the Central Nervous System. Journal of Biological Chemistry, 273(18), 

11100–11106. https://doi.org/10.1074/jbc.273.18.11100 

Maglorius Renkilaraj, M. R. L., Baudouin, L., Wells, C. M., Doulazmi, M., Wehrlé, R., Cannaya, V., 

… Bouslama-Oueghlani, L. (2017). The intellectual disability protein PAK3 regulates 

oligodendrocyte precursor cell differentiation. Neurobiology of Disease, 98, 137–148. 

https://doi.org/https://doi.org/10.1016/j.nbd.2016.12.004 

Maire, J. C., Medilanski, J., & Straub, R. W. (1984). Release of adenosine, inosine and hypoxanthine 

from rabbit non-myelinated nerve fibres at rest and during activity. J Physiol, 357, 67–77. 

Marisca, R., Hoche, T., Agirre, E., Hoodless, L. J., Barkey, W., Auer, F., … Czopka, T. (2020). 

Functionally distinct subgroups of oligodendrocyte precursor cells integrate neural activity and 

execute myelin formation. Nature Neuroscience, 23(3), 363–374. 

https://doi.org/10.1038/s41593-019-0581-2 

Martin-Morris, L. E., & White, K. (1990). The Drosophila transcript encoded by the beta-amyloid 

protein precursor-like gene is restricted to the nervous system. Development, 110(1), 185–195. 

Mastroeni, D., Grover, A., Delvaux, E., Whiteside, C., Coleman, P. D., & Rogers, J. (2011). Epigenetic 

mechanisms in Alzheimer’s disease. Neurobiol Aging, 32(7), 1161–1180. 

https://doi.org/10.1016/j.neurobiolaging.2010.08.017 



Chapter 7 - References 

  181  

 

Matsuzaki, K. (2011). Formation of Toxic Amyloid Fibrils by Amyloid β-Protein on Ganglioside 

Clusters. International Journal of Alzheimer&#x2019;s Disease, 2011, 956104. 

https://doi.org/10.4061/2011/956104 

Mattson, M. P. (1997). Cellular actions of beta-amyloid precursor protein and its soluble and 

fibrillogenic  derivatives. Physiological Reviews, 77(4), 1081–1132. 

https://doi.org/10.1152/physrev.1997.77.4.1081 

Matute, C. (2010). Calcium dyshomeostasis in white matter pathology. Cell Calcium, 47(2), 150–157. 

https://doi.org/https://doi.org/10.1016/j.ceca.2009.12.004 

McAleese, K. E., Firbank, M., Dey, M., Colloby, S. J., Walker, L., Johnson, M., … Attems, J. (2015). 

Cortical tau load is associated with white matter hyperintensities. Acta Neuropathologica 

Communications, 3, 60. https://doi.org/10.1186/s40478-015-0240-0 

McAleese, K. E., Walker, L., Graham, S., Moya, E. L. J., Johnson, M., Erskine, D., … Attems, J. 

(2017). Parietal white matter lesions in Alzheimer’s disease are associated with cortical  

neurodegenerative pathology, but not with small vessel disease. Acta Neuropathologica, 134(3), 

459–473. https://doi.org/10.1007/s00401-017-1738-2 

McKenzie, I. A., Ohayon, D., Li, H., Paes de Faria, J., Emery, B., Tohyama, K., & Richardson, W. D. 

(2014). Motor skill learning requires active central myelination. Science, 346(6207), 318 LP – 

322. https://doi.org/10.1126/science.1254960 

McNeal, D. R. (1976). Analysis of a model for excitation of myelinated nerve. IEEE Transactions on 

Biomedical Engineering, (4), 329–337. 

Mendez, M. F. (2017). Early-Onset Alzheimer Disease. Neurologic Clinics, 35(2), 263–281. 

https://doi.org/10.1016/j.ncl.2017.01.005 

Meraz-Rios, M. A., Toral-Rios, D., Franco-Bocanegra, D., Villeda-Hernandez, J., & Campos-Pena, V. 

(2013). Inflammatory process in Alzheimer’s Disease. Front Integr Neurosci, 7, 59. 

https://doi.org/10.3389/fnint.2013.00059 

Metaxas, A., Thygesen, C., Kempf, S. J., Anzalone, M., Vaitheeswaran, R., Petersen, S., … Finsen, B. 

(2018). Tauopathy in the 

&lt;em&gt;APP&lt;/em&gt;&lt;sub&gt;swe&lt;/sub&gt;/&lt;em&gt;PS1&lt;/em&gt;&lt;sub&

gt;ΔE9&lt;/sub&gt; mouse model of familial Alzheimer’s disease. BioRxiv, 405647. 

https://doi.org/10.1101/405647 

Mi, S., Miller, R. H., Lee, X., Scott, M. L., Shulag-Morskaya, S., Shao, Z., … Pepinsky, R. B. (2005). 

LINGO-1 negatively regulates myelination by oligodendrocytes. Nature Neuroscience, 8(6), 

745–751. https://doi.org/10.1038/nn1460 

Miao, J., Xu, F., Davis, J., Otte-Höller, I., Verbeek, M. M., & Van Nostrand, W. E. (2005). Cerebral 

microvascular amyloid beta protein deposition induces vascular degeneration  and 

neuroinflammation in transgenic mice expressing human vasculotropic mutant amyloid beta 

precursor protein. The American Journal of Pathology, 167(2), 505–515. 

https://doi.org/10.1016/s0002-9440(10)62993-8 

Migliaccio, R., Agosta, F., Possin, K. L., Canu, E., Filippi, M., Rabinovici, G. D., … Gorno-Tempini, 

M. L. (2015). Mapping the Progression of Atrophy in Early- and Late-Onset Alzheimer’s Disease. 

Journal of Alzheimer’s Disease : JAD, 46(2), 351–364. https://doi.org/10.3233/JAD-142292 



Chapter 7 - References 

  182  

 

Milner, R., Frost, E., Nishimura, S., Delcommenne, M., Streuli, C., Pytela, R., & Ffrench-Constant, C. 

(1997). Expression of alpha vbeta3 and alpha vbeta8 integrins during oligodendrocyte precursor 

differentiation in the presence and absence of axons. Glia, 21(4), 350–360. 

Misquitta, K., Dadar, M., Louis Collins, D., & Tartaglia, M. C. (2020). White matter hyperintensities 

and neuropsychiatric symptoms in mild cognitive impairment and Alzheimer’s disease. 

NeuroImage: Clinical, 28, 102367. https://doi.org/https://doi.org/10.1016/j.nicl.2020.102367 

Mitew, S., Hay, C. M., Peckham, H., Xiao, J., Koenning, M., & Emery, B. (2014). Mechanisms 

regulating the development of oligodendrocytes and central nervous system myelin. 

Neuroscience, 276, 29–47. https://doi.org/10.1016/j.neuroscience.2013.11.029 

Mitew, S., Kirkcaldie, M. T., Halliday, G. M., Shepherd, C. E., Vickers, J. C., & Dickson, T. C. (2010). 

Focal demyelination in Alzheimer’s disease and transgenic mouse models. Acta Neuropathol, 

119(5), 567–577. https://doi.org/10.1007/s00401-010-0657-2 

Möller, H. E., Bossoni, L., Connor, J. R., Crichton, R. R., Does, M. D., Ward, R. J., … Ronen, I. 

(2019). Iron, Myelin, and the Brain: Neuroimaging Meets Neurobiology. Trends in 

Neurosciences, 42(6), 384–401. https://doi.org/10.1016/j.tins.2019.03.009 

Monnerie, H., Esquenazi, S., Shashidhara, S., & Le Roux, P. D. (2005). Beta-amyloid-induced reactive 

astrocytes display altered ability to support dendrite and axon growth from mouse cerebral 

cortical neurons in vitro. Neurological Research, 27(5), 525–532. 

https://doi.org/10.1179/016164105X40020 

Morgan, D., & Gordon, M. N. (2008). Amyloid, hyperactivity, and metabolism: theoretical comment 

on Vloeberghs et al. (2008). Behavioral Neuroscience, 122(3), 730–732. 

https://doi.org/10.1037/0735-7044.122.3.730 

Morley, J. E., Farr, S. A., Banks, W. A., Johnson, S. N., Yamada, K. A., & Xu, L. (2010). A 

physiological role for amyloid-beta protein:enhancement of learning and memory. Journal of 

Alzheimer’s Disease : JAD, 19(2), 441–449. https://doi.org/10.3233/JAD-2009-1230 

Mosconi, L. (2013). Glucose metabolism in normal aging and Alzheimer’s disease: Methodological 

and physiological considerations for PET studies. Clinical and Translational Imaging, 1(4), 

10.1007/s40336-013-0026-y. https://doi.org/10.1007/s40336-013-0026-y 

Muñoz-Moreno, E., Tudela, R., López-Gil, X., & Soria, G. (2018). Early brain connectivity alterations 

and cognitive impairment in a rat model of  Alzheimer’s disease. Alzheimer’s Research & 

Therapy, 10(1), 16. https://doi.org/10.1186/s13195-018-0346-2 

Nasrabady, S. E., Rizvi, B., Goldman, J. E., & Brickman, A. M. (2018). White matter changes in 

Alzheimer’s disease: a focus on myelin and oligodendrocytes. Acta Neuropathologica 

Communications, 6(1), 22. https://doi.org/10.1186/s40478-018-0515-3 

Nave, K.-A., Tzvetanova, I. D., & Schirmeier, S. (2017). Glial Cell Evolution: The Origins of a Lipid 

Store. Cell Metabolism, 26(5), 701–702. 

https://doi.org/https://doi.org/10.1016/j.cmet.2017.10.011 

Nguyen, T.-V. V, Galvan, V., Huang, W., Banwait, S., Tang, H., Zhang, J., & Bredesen, D. E. (2008). 

Signal transduction in Alzheimer disease: p21-activated kinase signaling requires  C-terminal 

cleavage of APP at Asp664. Journal of Neurochemistry, 104(4), 1065–1080. 

https://doi.org/10.1111/j.1471-4159.2007.05031.x 



Chapter 7 - References 

  183  

 

Niehaus, A., Stegmuller, J., Diers-Fenger, M., & Trotter, J. (1999). Cell-surface glycoprotein of 

oligodendrocyte progenitors involved in migration. J Neurosci, 19(12), 4948–4961. 

Nishiyama, A., Komitova, M., Suzuki, R., & Zhu, X. (2009). Polydendrocytes (NG2 cells): 

multifunctional cells with lineage plasticity. Nat Rev Neurosci, 10(1), 9–22. 

https://doi.org/http://www.nature.com/nrn/journal/v10/n1/suppinfo/nrn2495_S1.html 

O’Mara, A., Collins, J. M., King, A. E., Vickers, J. C., & Kirkcaldie, M. (2019). Accurate and 

Unbiased Quantitation of Amyloid-β Fluorescence Images Using ImageSURF. Current 

Alzheimer Research, Vol. 16, pp. 102–108. 

https://doi.org/http://dx.doi.org/10.2174/1567205016666181212152622 

O’Meara, R. W., Cummings, S. E., Michalski, J. P., & Kothary, R. (2016). A new in vitro mouse 

oligodendrocyte precursor cell migration assay reveals a role for integrin-linked kinase in cell 

motility. BMC Neurosci, 17(1), 7. https://doi.org/10.1186/s12868-016-0242-2 

Oakley, H., Cole, S. L., Logan, S., Maus, E., Shao, P., Craft, J., … Vassar, R. (2006). Intraneuronal 

beta-amyloid aggregates, neurodegeneration, and neuron loss in  transgenic mice with five 

familial Alzheimer’s disease mutations: potential factors in amyloid plaque formation. The 

Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 26(40), 10129–

10140. https://doi.org/10.1523/JNEUROSCI.1202-06.2006 

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed, R., … LaFerla, F. M. 

(2003). Triple-transgenic model of Alzheimer’s disease with plaques and tangles:  intracellular 

Abeta and synaptic dysfunction. Neuron, 39(3), 409–421. https://doi.org/10.1016/s0896-

6273(03)00434-3 

Ohno, N., Kidd, G. J., Mahad, D., Kiryu-Seo, S., Avishai, A., Komuro, H., & Trapp, B. D. (2011). 

Myelination and axonal electrical activity modulate the distribution and motility of  mitochondria 

at CNS nodes of Ranvier. The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience, 31(20), 7249–7258. https://doi.org/10.1523/JNEUROSCI.0095-11.2011 

Ohsawa, I., Takamura, C., Morimoto, T., Ishiguro, M., & Kohsaka, S. (1999). Amino-terminal region 

of secreted form of amyloid precursor protein stimulates  proliferation of neural stem cells. The 

European Journal of Neuroscience, 11(6), 1907–1913. https://doi.org/10.1046/j.1460-

9568.1999.00601.x 

Ohya, W., Funakoshi, H., Kurosawa, T., & Nakamura, T. (2007). Hepatocyte growth factor (HGF) 

promotes oligodendrocyte progenitor cell proliferation and inhibits its differentiation during 

postnatal development in the rat. Brain Res, 1147, 51–65. 

https://doi.org/10.1016/j.brainres.2007.02.045 

Omlin, F. X. (1997). Optic disc and optic nerve of the blind cape mole-rat (Georychus capensis): a 

proposed model for naturally occurring reactive gliosis. Brain Res Bull, 44(5), 627–632. 

Oztürk, A. H., Tasçioglu, B., Aktekin, M., Kurtoglu, Z., & Erden, I. (2002). Morphometric comparison 

of the human corpus callosum in professional musicians and  non-musicians by using in vivo 

magnetic resonance imaging. Journal of Neuroradiology = Journal de Neuroradiologie, 29(1), 

29–34. 

Pangalos, M. N., Shioi, J., & Robakis, N. K. (1995). Expression of the chondroitin sulfate 

proteoglycans of amyloid precursor (appican) and amyloid precursor-like protein 2. J Neurochem, 

65(2), 762–769. 



Chapter 7 - References 

  184  

 

Patel, N. V, Gordon, M. N., Connor, K. E., Good, R. A., Engelman, R. W., Mason, J., … Finch, C. E. 

(2005). Caloric restriction attenuates Abeta-deposition in Alzheimer transgenic models. 

Neurobiology of Aging, 26(7), 995–1000. https://doi.org/10.1016/j.neurobiolaging.2004.09.014 

Pearson, H. A., & Peers, C. (2006). Physiological roles for amyloid beta peptides. The Journal of 

Physiology, 575(Pt 1), 5–10. https://doi.org/10.1113/jphysiol.2006.111203 

Pellerin, L., & Magistretti, P. J. (1994). Glutamate uptake into astrocytes stimulates aerobic glycolysis: 

a mechanism coupling  neuronal activity to glucose utilization. Proceedings of the National 

Academy of Sciences of the United States of America, 91(22), 10625–10629. 

https://doi.org/10.1073/pnas.91.22.10625 

Pentkowski, N. S., Berkowitz, L. E., Thompson, S. M., Drake, E. N., Olguin, C. R., & Clark, B. J. 

(2018). Anxiety-like behavior as an early endophenotype in the TgF344-AD rat model of 

Alzheimer’s disease. Neurobiology of Aging, 61, 169–176. 

https://doi.org/10.1016/j.neurobiolaging.2017.09.024 

Pfeiffer, S. E., Warrington, A. E., & Bansal, R. (1993). The oligodendrocyte and its many cellular 

processes. Trends in Cell Biology, 3(6), 191–197. https://doi.org/10.1016/0962-8924(93)90213-

k 

Philips, T., & Rothstein, J. D. (2017). Oligodendroglia: metabolic supporters of neurons. The Journal 

of Clinical Investigation, 127(9), 3271–3280. https://doi.org/10.1172/JCI90610 

Pifferi, F., Terrien, J., Marchal, J., Dal-Pan, A., Djelti, F., Hardy, I., … Aujard, F. (2018). Caloric 

restriction increases lifespan but affects brain integrity in grey mouse lemur primates. 

Communications Biology, 1(1), 30. https://doi.org/10.1038/s42003-018-0024-8 

Plant, L. D., Boyle, J. P., Smith, I. F., Peers, C., & Pearson, H. A. (2003). The production of amyloid 

beta peptide is a critical requirement for the viability  of central neurons. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience, 23(13), 5531–5535. 

https://doi.org/10.1523/JNEUROSCI.23-13-05531.2003 

Plant, L. D., Webster, N. J., Boyle, J. P., Ramsden, M., Freir, D. B., Peers, C., & Pearson, H. A. (2006). 

Amyloid beta peptide as a physiological modulator of neuronal ’A’-type K+ current. 

Neurobiology of Aging, 27(11), 1673–1683. 

https://doi.org/10.1016/j.neurobiolaging.2005.09.038 

Podlisny, M. B., Walsh, D. M., Amarante, P., Ostaszewski, B. L., Stimson, E. R., Maggio, J. E., … 

Selkoe, D. J. (1998). Oligomerization of endogenous and synthetic amyloid beta-protein at 

nanomolar levels  in cell culture and stabilization of monomer by Congo red. Biochemistry, 

37(11), 3602–3611. https://doi.org/10.1021/bi972029u 

Potter, G. B., Rowitch, D. H., & Petryniak, M. A. (2011). Myelin restoration: progress and prospects 

for human cell replacement therapies. Arch Immunol Ther Exp (Warsz), 59(3), 179–193. 

https://doi.org/10.1007/s00005-011-0120-7 

Prestoz, L., Chatzopoulou, E., Lemkine, G., Spassky, N., Lebras, B., Kagawa, T., … Thomas, J. L. 

(2004). Control of axonophilic migration of oligodendrocyte precursor cells by Eph-ephrin 

interaction. Neuron Glia Biol, 1(1), 73–83. https://doi.org/doi:10.1017/S1740925X04000109 

Pringle, N. P., Mudhar, H. S., Collarini, E. J., & Richardson, W. D. (1992). PDGF receptors in the rat 

CNS: during late neurogenesis, PDGF alpha-receptor  expression appears to be restricted to glial 



Chapter 7 - References 

  185  

 

cells of the oligodendrocyte lineage. Development (Cambridge, England), 115(2), 535–551. 

Puoliväli, J., Wang, J., Heikkinen, T., Heikkilä, M., Tapiola, T., van Groen, T., & Tanila, H. (2002). 

Hippocampal A beta 42 levels correlate with spatial memory deficit in APP and PS1  double 

transgenic mice. Neurobiology of Disease, 9(3), 339–347. 

https://doi.org/10.1006/nbdi.2002.0481 

Puzzo, D., Privitera, L., Leznik, E., Fà, M., Staniszewski, A., Palmeri, A., & Arancio, O. (2008). 

Picomolar amyloid-beta positively modulates synaptic plasticity and memory in  hippocampus. 

The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 28(53), 

14537–14545. https://doi.org/10.1523/JNEUROSCI.2692-08.2008 

Quintela-López, T., Ortiz-Sanz, C., Serrano-Regal, M. P., Gaminde-Blasco, A., Valero, J., Baleriola, 

J., … Alberdi, E. (2019). Aβ oligomers promote oligodendrocyte differentiation and maturation 

via integrin β1 and Fyn kinase signaling. Cell Death & Disease, 10(6), 445. 

https://doi.org/10.1038/s41419-019-1636-8 

Radde, R., Bolmont, T., Kaeser, S. A., Coomaraswamy, J., Lindau, D., Stoltze, L., … Jucker, M. 

(2006). Abeta42-driven cerebral amyloidosis in transgenic mice reveals early and robust 

pathology. EMBO Rep, 7(9), 940–946. https://doi.org/10.1038/sj.embor.7400784 

Radtke, F., & Raj, K. (2003). The role of Notch in tumorigenesis: oncogene or tumour suppressor? 

Nat Rev Cancer, 3(10), 756–767. https://doi.org/10.1038/nrc1186 

Rajasekharan, S., Baker, K. A., Horn, K. E., Jarjour, A. A., Antel, J. P., & Kennedy, T. E. (2009). 

Netrin 1 and Dcc regulate oligodendrocyte process branching and membrane extension via Fyn 

and RhoA. Development, 136(3), 415 LP – 426. https://doi.org/10.1242/dev.018234 

Redwine, J. M., & Armstrong, R. C. (1998). In vivo proliferation of oligodendrocyte progenitors 

expressing PDGFalphaR during early remyelination. J Neurobiol, 37(3), 413–428. 

Reisberg, B., Franssen, E. H., Hasan, S. M., Monteiro, I., Boksay, I., Souren, L. E., … Kluger, A. 

(1999). Retrogenesis: clinical, physiologic, and pathologic mechanisms in brain aging,  

Alzheimer’s and other dementing processes. European Archives of Psychiatry and Clinical 

Neuroscience, 249 Suppl, 28–36. https://doi.org/10.1007/pl00014170 

Rhein, V., & Eckert, A. (2007). Effects of Alzheimer’s amyloid-beta and tau protein on mitochondrial 

function—role of glucose metabolism and insulin signalling. Archives of Physiology and 

Biochemistry, 113(3), 131–141. https://doi.org/10.1080/13813450701572288 

Rinholm, J. E., Hamilton, N. B., Kessaris, N., Richardson, W. D., Bergersen, L. H., & Attwell, D. 

(2011). Regulation of oligodendrocyte development and myelination by glucose and lactate. J 

Neurosci, 31(2), 538–548. https://doi.org/10.1523/jneurosci.3516-10.2011 

Rivera, A. D., Pieropan, F., Chacon-De-La-Rocha, I., Lecca, D., Abbracchio, M. P., Azim, K., & Butt, 

A. M. (2021). Functional genomic analyses highlight a shift in Gpr17-regulated cellular processes 

in oligodendrocyte progenitor cells and underlying myelin dysregulation in the aged mouse 

cerebrum. Aging Cell, 20(4), e13335. https://doi.org/https://doi.org/10.1111/acel.13335 

Roberts, B. R., Lind, M., Wagen, A. Z., Rembach, A., Frugier, T., Li, Q.-X., … Masters, C. L. (2017). 

Biochemically-defined pools of amyloid-β in sporadic Alzheimer’s disease: correlation with 

amyloid PET. Brain, 140(5), 1486–1498. https://doi.org/10.1093/brain/awx057 



Chapter 7 - References 

  186  

 

Roher, A. E., Weiss, N., Kokjohn, T. A., Kuo, Y. M., Kalback, W., Anthony, J., … Beach, T. (2002). 

Increased A beta peptides and reduced cholesterol and myelin proteins characterize white matter 

degeneration in Alzheimer’s disease. Biochemistry, 41(37), 11080–11090. 

Rohn, T. T. (2013). The Triggering Receptor Expressed on Myeloid Cells 2: &#x201c;TREM-

ming&#x201d; the Inflammatory Component Associated with Alzheimer’s Disease. Oxidative 

Medicine and Cellular Longevity, 2013, 8. https://doi.org/10.1155/2013/860959 

Ronzano, R., Thetiot, M., Lubetzki, C., & Desmazieres, A. (2020). Myelin Plasticity and Repair: 

Neuro-Glial Choir Sets the Tuning   . Frontiers in Cellular Neuroscience  , Vol. 14, p. 42. 

Retrieved from https://www.frontiersin.org/article/10.3389/fncel.2020.00042 

Rupp, N. J., Wegenast-Braun, B. M., Radde, R., Calhoun, M. E., & Jucker, M. (2011). Early onset 

amyloid lesions lead to severe neuritic abnormalities and local, but not  global neuron loss in 

APPPS1 transgenic mice. Neurobiology of Aging, 32(12), 2324.e1-6. 

https://doi.org/10.1016/j.neurobiolaging.2010.08.014 

Ryman, D. C., Acosta-Baena, N., Aisen, P. S., Bird, T., Danek, A., Fox, N. C., … Bateman, R. J. 

(2014). Symptom onset in autosomal dominant Alzheimer disease: a systematic review and  meta-

analysis. Neurology, 83(3), 253–260. https://doi.org/10.1212/WNL.0000000000000596 

Saitoh, T., Kang, D., Mallory, M., DeTeresa, R., & Masliah, E. (1997). Glial cells in Alzheimer’s 

disease: preferential effect of APOE risk on scattered microglia. Gerontology, 43(1–2), 109–118. 

Sampaio-Baptista, C., Khrapitchev, A. A., Foxley, S., Schlagheck, T., Scholz, J., Jbabdi, S., … 

Johansen-Berg, H. (2013). Motor Skill Learning Induces Changes in White Matter Microstructure 

and Myelination. J Neurosci, 33(50), 19499–19503. https://doi.org/10.1523/jneurosci.3048-

13.2013 

Sánchez-Abarca, L. I., Tabernero, A., & Medina, J. M. (2001). Oligodendrocytes use lactate as a source 

of energy and as a precursor of lipids. Glia, 36(3), 321–329. https://doi.org/10.1002/glia.1119 

Saré, R. M., Cooke, S. K., Krych, L., Zerfas, P. M., Cohen, R. M., & Smith, C. B. (2020). Behavioral 

Phenotype in the TgF344-AD Rat Model of Alzheimer’s Disease   . Frontiers in Neuroscience  , 

Vol. 14, p. 601. Retrieved from https://www.frontiersin.org/article/10.3389/fnins.2020.00601 

Sato, N., & Morishita, R. (2015). The roles of lipid and glucose metabolism in modulation of β-

amyloid, tau, and neurodegeneration in the pathogenesis of Alzheimer disease. Frontiers in Aging 

Neuroscience, 7, 199. https://doi.org/10.3389/fnagi.2015.00199 

Savage, V. M., Allen, A. P., Brown, J. H., Gillooly, J. F., Herman, A. B., Woodruff, W. H., & West, 

G. B. (2007). Scaling of number, size, and metabolic rate of cells with body size in mammals. 

Proceedings of the National Academy of Sciences of the United States of America, 104(11), 4718–

4723. https://doi.org/10.1073/pnas.0611235104 

Schlegel, A. A., Rudelson, J. J., & Tse, P. U. (2012). White matter structure changes as adults learn a 

second language. Journal of Cognitive Neuroscience, 24(8), 1664–1670. 

https://doi.org/10.1162/jocn_a_00240 

Schnadelbach, O., Blaschuk, O. W., Symonds, M., Gour, B. J., Doherty, P., & Fawcett, J. W. (2000). 

N-cadherin influences migration of oligodendrocytes on astrocyte monolayers. Mol Cell 

Neurosci, 15(3), 288–302. https://doi.org/10.1006/mcne.1999.0819 



Chapter 7 - References 

  187  

 

Seiberlich, V., Bauer, N. G., Schwarz, L., Ffrench-Constant, C., Goldbaum, O., & Richter-Landsberg, 

C. (2015). Downregulation of the microtubule associated protein tau impairs process outgrowth 

and myelin basic protein mRNA transport in oligodendrocytes. Glia, 63(9), 1621–1635. 

https://doi.org/10.1002/glia.22832 

Selkoe, D. J. (2001). Alzheimer’s disease: genes, proteins, and therapy. Physiol Rev, 81(2), 741–766. 

Serneels, L., Van Biervliet, J., Craessaerts, K., Dejaegere, T., Horré, K., Van Houtvin, T., … De 

Strooper, B. (2009). gamma-Secretase heterogeneity in the Aph1 subunit: relevance for 

Alzheimer’s  disease. Science (New York, N.Y.), 324(5927), 639–642. 

https://doi.org/10.1126/science.1171176 

Serrano-Pozo, A., Frosch, M. P., Masliah, E., & Hyman, B. T. (2011). Neuropathological Alterations 

in Alzheimer Disease. Cold Spring Harbor Perspectives in Medicine:, 1(1), a006189. 

https://doi.org/10.1101/cshperspect.a006189 

Shankar, G. M., Bloodgood, B. L., Townsend, M., Walsh, D. M., Selkoe, D. J., & Sabatini, B. L. 

(2007). Natural oligomers of the Alzheimer amyloid-beta protein induce reversible synapse  loss 

by modulating an NMDA-type glutamate receptor-dependent signaling pathway. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience, 27(11), 2866–2875. 

https://doi.org/10.1523/JNEUROSCI.4970-06.2007 

Shankar, G. M., & Walsh, D. M. (2009). Alzheimer’s disease: synaptic dysfunction and Abeta. 

Molecular Neurodegeneration, 4, 48. https://doi.org/10.1186/1750-1326-4-48 

Sim, F. J., Zhao, C., Penderis, J., & Franklin, R. J. (2002). The age-related decrease in CNS 

remyelination efficiency is attributable to an impairment of both oligodendrocyte progenitor 

recruitment and differentiation. J Neurosci, 22(7), 2451–2459. https://doi.org/20026217 

Simon, C., Götz, M., & Dimou, L. (2011). Progenitors in the adult cerebral cortex: cell cycle properties 

and regulation by  physiological stimuli and injury. Glia, 59(6), 869–881. 

https://doi.org/10.1002/glia.21156 

Simons, M., & Trajkovic, K. (2006). Neuron-glia communication in the control of oligodendrocyte 

function and myelin biogenesis. J Cell Sci, 119(Pt 21), 4381–4389. 

https://doi.org/10.1242/jcs.03242 

Simpson, J. E., Fernando, M. S., Clark, L., Ince, P. G., Matthews, F., Forster, G., … Group, M. R. C. 

C. F. and A. N. S. (2007). White matter lesions in an unselected cohort of the elderly: astrocytic, 

microglial and oligodendrocyte precursor cell responses. Neuropathology and Applied 

Neurobiology, 33(4), 410–419. https://doi.org/https://doi.org/10.1111/j.1365-2990.2007.00828.x 

Sjobeck, M., Haglund, M., & Englund, E. (2005). Decreasing myelin density reflected increasing white 

matter pathology in Alzheimer’s disease--a neuropathological study. Int J Geriatr Psychiatry, 

20(10), 919–926. https://doi.org/10.1002/gps.1384 

Slunt, H. H., Thinakaran, G., Von Koch, C., Lo, A. C., Tanzi, R. E., & Sisodia, S. S. (1994). Expression 

of a ubiquitous, cross-reactive homologue of the mouse beta-amyloid precursor protein (APP). J 

Biol Chem, 269(4), 2637–2644. 

Smith, A. D. (2002). Imaging the progression of Alzheimer pathology through the brain. Proceedings 

of the National Academy of Sciences of the United States of America, 99(7), 4135–4137. 

https://doi.org/10.1073/pnas.082107399 



Chapter 7 - References 

  188  

 

Smith, C. D., Walton, A., Loveland, A. D., Umberger, G. H., Kryscio, R. J., & Gash, D. M. (2005). 

Memories that last in old age: motor skill learning and memory preservation. Neurobiology of 

Aging, 26(6), 883–890. https://doi.org/https://doi.org/10.1016/j.neurobiolaging.2004.08.014 

Snaidero, N., & Simons, M. (2017). The logistics of myelin biogenesis in the central nervous system. 

Glia, 65(7), 1021–1031. https://doi.org/10.1002/glia.23116 

Soderberg, M., Edlund, C., Alafuzoff, I., Kristensson, K., & Dallner, G. (1992). Lipid composition in 

different regions of the brain in Alzheimer’s disease/senile dementia of Alzheimer’s type. J 

Neurochem, 59(5), 1646–1653. 

Spassky, N., Heydon, K., Mangatal, A., Jankovski, A., Olivier, C., Queraud-Lesaux, F., … Zalc, B. 

(2001). Sonic hedgehog-dependent emergence of oligodendrocytes in the telencephalon: 

evidence for a source of oligodendrocytes in the olfactory bulb that is independent of PDGFRα 

signaling. Development, 128(24), 4993–5004. Retrieved from 

http://dev.biologists.org/content/develop/128/24/4993.full.pdf 

Spires, T. L., Meyer-Luehmann, M., Stern, E. A., McLean, P. J., Skoch, J., Nguyen, P. T., … Hyman, 

B. T. (2005). Dendritic spine abnormalities in amyloid precursor protein transgenic mice 

demonstrated by gene transfer and intravital multiphoton microscopy. J Neurosci, 25(31), 7278–

7287. https://doi.org/10.1523/jneurosci.1879-05.2005 

Sprecher, C. A., Grant, F. J., Grimm, G., O’Hara, P. J., Norris, F., Norris, K., & Foster, D. C. (1993). 

Molecular cloning of the cDNA for a human amyloid precursor protein homolog: Evidence for a 

multigene family. Biochemistry, 32(17), 4481–4486. https://doi.org/10.1021/bi00068a002 

Steele, C. J., Bailey, J. A., Zatorre, R. J., & Penhune, V. B. (2013). Early musical training and white-

matter plasticity in the corpus callosum: evidence  for a sensitive period. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience, 33(3), 1282–1290. 

https://doi.org/10.1523/JNEUROSCI.3578-12.2013 

Sterniczuk, R., Antle, M. C., Laferla, F. M., & Dyck, R. H. (2010). Characterization of the 3xTg-AD 

mouse model of Alzheimer’s disease: part 2.  Behavioral and cognitive changes. Brain Research, 

1348, 149–155. https://doi.org/10.1016/j.brainres.2010.06.011 

Stevens, B., & Fields, R. D. (2000). Response of Schwann cells to action potentials in development. 

Science, 287(5461), 2267–2271. 

Stevens, B., Porta, S., Haak, L. L., Gallo, V., & Fields, R. D. (2002). Adenosine: a neuron-glial 

transmitter promoting myelination in the CNS in response to action potentials. Neuron, 36(5), 

855–868. 

Stokin, G. B., Lillo, C., Falzone, T. L., Brusch, R. G., Rockenstein, E., Mount, S. L., … Goldstein, L. 

S. B. (2005). Axonopathy and Transport Deficits Early in the Pathogenesis of Alzheimer&#039;s 

Disease. Science, 307(5713), 1282. Retrieved from 

http://science.sciencemag.org/content/307/5713/1282.abstract 

Stover, K. R., Campbell, M. A., Van Winssen, C. M., & Brown, R. E. (2015). Early detection of 

cognitive deficits in the 3xTg-AD mouse model of Alzheimer’s  disease. Behavioural Brain 

Research, 289, 29–38. https://doi.org/10.1016/j.bbr.2015.04.012 

Strydom, A., Chan, T., King, M., Hassiotis, A., & Livingston, G. (2013). Incidence of dementia in 

older adults with intellectual disabilities. Res Dev Disabil, 34(6), 1881–1885. 



Chapter 7 - References 

  189  

 

https://doi.org/10.1016/j.ridd.2013.02.021 

Supnet, C., & Bezprozvanny, I. (2010). Neuronal calcium signaling, mitochondrial dysfunction, and 

Alzheimer’s disease. J Alzheimers Dis, 20 Suppl 2, S487-98. https://doi.org/10.3233/jad-2010-

100306 

Svennerholm, L., & Gottfries, C. G. (1994). Membrane lipids, selectively diminished in Alzheimer 

brains, suggest synapse loss as a primary event in early-onset form (type I) and demyelination in 

late-onset form (type II). J Neurochem, 62(3), 1039–1047. 

Tang, D. G., Tokumoto, Y. M., & Raff, M. C. (2000). Long-term culture of purified postnatal 

oligodendrocyte precursor cells. Evidence  for an intrinsic maturation program that plays out over 

months. The Journal of Cell Biology, 148(5), 971–984. https://doi.org/10.1083/jcb.148.5.971 

Tasaki, S., Gaiteri, C., Petyuk, V. A., Blizinsky, K. D., De Jager, P. L., Buchman, A. S., & Bennett, 

D. A. (2019). Genetic risk for Alzheimer’s dementia predicts motor deficits through multi-omic 

systems in older adults. Translational Psychiatry, 9(1), 241. https://doi.org/10.1038/s41398-019-

0577-4 

Tauber, H., Waehneldt, T. V, & Neuhoff, V. (1980). Myelination in rabbit optic nerves is accelerated 

by artificial eye opening. Neurosci Lett, 16(3), 235–238. 

Temple, S., & Raff, M. C. (1986). Clonal analysis of oligodendrocyte development in culture: evidence 

for a  developmental clock that counts cell divisions. Cell, 44(5), 773–779. 

https://doi.org/10.1016/0092-8674(86)90843-3 

Teo, R. T. Y., Ferrari Bardile, C., Tay, Y. L., Yusof, N. A. B. M., Kreidy, C. A., Tan, L. J., & Pouladi, 

M. A. (2019). Impaired Remyelination in a Mouse Model of Huntington Disease. Molecular 

Neurobiology, 56(10), 6873–6882. https://doi.org/10.1007/s12035-019-1579-1 

Teo, R. T. Y., Hong, X., Yu-Taeger, L., Huang, Y., Tan, L. J., Xie, Y., … Pouladi, M. A. (2016). 

Structural and molecular myelination deficits occur prior to neuronal loss in the YAC128 and 

BACHD models of Huntington disease. Human Molecular Genetics, 25(13), 2621–2632. 

https://doi.org/10.1093/hmg/ddw122 

Terry, R. D., Masliah, E., Salmon, D. P., Butters, N., DeTeresa, R., Hill, R., … Katzman, R. (1991). 

Physical basis of cognitive alterations in alzheimer’s disease: Synapse loss is the major correlate 

of cognitive impairment. Annals of Neurology, 30(4), 572–580. 

https://doi.org/https://doi.org/10.1002/ana.410300410 

Thal, D. R., Capetillo-Zarate, E., Del Tredici, K., & Braak, H. (2006). The development of amyloid 

beta protein deposits in the aged brain. Science of Aging Knowledge Environment : SAGE KE, 

2006(6), re1. https://doi.org/10.1126/sageke.2006.6.re1 

Thinakaran, G., & Sisodia, S. S. (1994). Amyloid precursor-like protein 2 (APLP2) is modified by the 

addition of chondroitin sulfate glycosaminoglycan at a single site. J Biol Chem, 269(35), 22099–

22104. 

Thomann, P. A., Wüstenberg, T., Pantel, J., Essig, M., & Schröder, J. (2006). Structural Changes of 

the Corpus Callosum in Mild Cognitive Impairment and Alzheimer’s Disease. Dementia and 

Geriatric Cognitive Disorders, 21(4), 215–220. https://doi.org/10.1159/000090971 

Thomason, E. J., Escalante, M., Osterhout, D. J., & Fuss, B. (2020). The oligodendrocyte growth cone 



Chapter 7 - References 

  190  

 

and its actin cytoskeleton: A fundamental element  for progenitor cell migration and CNS 

myelination. Glia, 68(7), 1329–1346. https://doi.org/10.1002/glia.23735 

Thomson, C. E., McCulloch, M., Sorenson, A., Barnett, S. C., Seed, B. V, Griffiths, I. R., & 

McLaughlin, M. (2008). Myelinated, synapsing cultures of murine spinal cord – validation as an 

in vitro model of the central nervous system. Eur J Neurosci, 28(8), 1518–1535. 

https://doi.org/10.1111/j.1460-9568.2008.06415.x 

Tian, J., Shi, J., Bailey, K., & Mann, D. M. (2004). Relationships between arteriosclerosis, cerebral 

amyloid angiopathy and myelin loss from cerebral cortical white matter in Alzheimer’s disease. 

Neuropathol Appl Neurobiol, 30(1), 46–56. 

Tiwari-Woodruff, S. K., Buznikov, A. G., Vu, T. Q., Micevych, P. E., Chen, K., Kornblum, H. I., & 

Bronstein, J. M. (2001). OSP/claudin-11 forms a complex with a novel member of the tetraspanin 

super family and beta1 integrin and regulates proliferation and migration of oligodendrocytes. J 

Cell Biol, 153(2), 295–305. 

Torroja, L., Packard, M., Gorczyca, M., White, K., & Budnik, V. (1999). The Drosophila beta-amyloid 

precursor protein homolog promotes synapse  differentiation at the neuromuscular junction. The 

Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 19(18), 7793–

7803. https://doi.org/10.1523/JNEUROSCI.19-18-07793.1999 

Tosto, G., Zimmerman, M. E., Carmichael, O. T., & Brickman, A. M. (2014). Predicting aggressive 

decline in mild cognitive impairment: the importance of white  matter hyperintensities. JAMA 

Neurology, 71(7), 872–877. https://doi.org/10.1001/jamaneurol.2014.667 

Tosto, G., Zimmerman, M. E., Hamilton, J. L., Carmichael, O. T., & Brickman, A. M. (2015). The 

effect of white matter hyperintensities on neurodegeneration in mild cognitive  impairment. 

Alzheimer’s & Dementia : The Journal of the Alzheimer’s Association, 11(12), 1510–1519. 

https://doi.org/10.1016/j.jalz.2015.05.014 

Traiffort, E., Kassoussi, A., Zahaf, A., & Laouarem, Y. (2020). Astrocytes and Microglia as Major 

Players of Myelin Production in Normal and Pathological Conditions. Frontiers in Cellular 

Neuroscience, 14, 79. https://doi.org/10.3389/fncel.2020.00079 

Tse, K.-H., & Herrup, K. (2017). DNA damage in the oligodendrocyte lineage and its role in brain 

aging. Mechanisms of Ageing and Development, 161(Part A), 37–50. 

https://doi.org/https://doi.org/10.1016/j.mad.2016.05.006 

Uchida, Y., Nakano, S., Gomi, F., & Takahashi, H. (2007). Differential regulation of basic helix-loop-

helix factors Mash1 and Olig2 by  beta-amyloid accelerates both differentiation and death of 

cultured neural stem/progenitor cells. The Journal of Biological Chemistry, 282(27), 19700–

19709. https://doi.org/10.1074/jbc.M703099200 

Uschkureit, T., Sporkel, O., Stracke, J., Bussow, H., & Stoffel, W. (2000). Early onset of axonal 

degeneration in double (plp-/-mag-/-) and hypomyelinosis in triple (plp-/-mbp-/-mag-/-) mutant 

mice. J Neurosci, 20(14), 5225–5233. 

Vadukul, D. M., Gbajumo, O., Marshall, K. E., & Serpell, L. C. (2017). Amyloidogenicity and toxicity 

of the reverse and scrambled variants of amyloid-β 1-42. FEBS Letters, 591(5), 822–830. 

https://doi.org/https://doi.org/10.1002/1873-3468.12590 

Vallstedt, A., Klos, J. M., & Ericson, J. (2005). Multiple dorsoventral origins of oligodendrocyte 



Chapter 7 - References 

  191  

 

generation in the spinal cord and hindbrain. Neuron, 45(1), 55–67. 

https://doi.org/10.1016/j.neuron.2004.12.026 

van Bruggen, D., Agirre, E., & Castelo-Branco, G. (2017). Single-cell transcriptomic analysis of 

oligodendrocyte lineage cells. Current Opinion in Neurobiology, 47, 168–175. 

https://doi.org/https://doi.org/10.1016/j.conb.2017.10.005 

van Halteren-van Tilborg, I. A. D. A., Scherder, E. J. A., & Hulstijn, W. (2007). Motor-skill learning 

in Alzheimer’s disease: a review with an eye to the clinical practice. Neuropsychology Review, 

17(3), 203–212. https://doi.org/10.1007/s11065-007-9030-1 

van Kerkoerle, T., Marik, S. A., Meyer zum Alten Borgloh, S., & Gilbert, C. D. (2018). Axonal 

plasticity associated with perceptual learning in adult macaque primary visual cortex. 

Proceedings of the National Academy of Sciences, 115(41), 10464 LP – 10469. 

https://doi.org/10.1073/pnas.1812932115 

Vanzulli, I., Papanikolaou, M., De-La-Rocha, I. C., Pieropan, F., Rivera, A. D., Gomez-Nicola, D., … 

Butt, A. M. (2020). Disruption of oligodendrocyte progenitor cells is an early sign of pathology 

in the triple transgenic mouse model of Alzheimer’s disease. Neurobiology of Aging, 94, 130–

139. https://doi.org/https://doi.org/10.1016/j.neurobiolaging.2020.05.016 

Vehtari, A., Simpson, D., Gelman, A., Yao, Y., & Gabry, J. (2015). Pareto smoothed importance 

sampling. ArXiv Preprint ArXiv:1507.02646. 

Verghese, P. B., Castellano, J. M., & Holtzman, D. M. (2011). Apolipoprotein E in Alzheimer’s 

disease and other neurological disorders. The Lancet. Neurology, 10(3), 241–252. 

https://doi.org/10.1016/S1474-4422(10)70325-2 

Verma, M., Vats, A., & Taneja, V. (2015). Toxic species in amyloid disorders: Oligomers or mature 

fibrils. Annals of Indian Academy of Neurology, 18(2), 138–145. https://doi.org/10.4103/0972-

2327.144284 

Vlassenko, A. G., Gordon, B. A., Goyal, M. S., Su, Y., Blazey, T. M., Durbin, T. J., … Benzinger, T. 

L.-S. (2018). Aerobic glycolysis and tau deposition in preclinical Alzheimer’s disease. 

Neurobiology of Aging, 67, 95–98. https://doi.org/10.1016/j.neurobiolaging.2018.03.014 

Vloeberghs, E., Van Dam, D., Engelborghs, S., Nagels, G., Staufenbiel, M., & De Deyn, P. P. (2004). 

Altered circadian locomotor activity in APP23 mice: a model for BPSD disturbances. The 

European Journal of Neuroscience, 20(10), 2757–2766. https://doi.org/10.1111/j.1460-

9568.2004.03755.x 

von Bernhardi, R., & Ramirez, G. (2001). Microglia-astrocyte interaction in Alzheimer’s disease: 

friends or foes for the nervous system? Biol Res, 34(2), 123–128. 

Waggener, C. T., Dupree, J. L., Elgersma, Y., & Fuss, B. (2013). CaMKIIβ Regulates Oligodendrocyte 

Maturation and CNS Myelination. The Journal of Neuroscience, 33(25), 10453 LP – 10458. 

https://doi.org/10.1523/JNEUROSCI.5875-12.2013 

Wallin, A., Gottfries, C. G., Karlsson, I., & Svennerholm, L. (1989). Decreased myelin lipids in 

Alzheimer’s disease and vascular dementia. Acta Neurol Scand, 80(4), 319–323. 

Walsh, D. M., Klyubin, I., Fadeeva, J. V, Rowan, M. J., & Selkoe, D. J. (2002). Amyloid-β oligomers: 

their production, toxicity and therapeutic inhibition. Biochemical Society Transactions, 30(4), 



Chapter 7 - References 

  192  

 

552–557. https://doi.org/10.1042/bst0300552 

Walsh, D. M., Lomakin, A., Benedek, G. B., Condron, M. M., & Teplow, D. B. (1997). Amyloid beta-

protein fibrillogenesis. Detection of a protofibrillar intermediate. The Journal of Biological 

Chemistry, 272(35), 22364–22372. https://doi.org/10.1074/jbc.272.35.22364 

Wang, B., Yang, L., Wang, Z., & Zheng, H. (2007). Amyolid precursor protein mediates presynaptic 

localization and activity of the high-affinity choline transporter. Proceedings of the National 

Academy of Sciences, 104(35), 14140 LP – 14145. https://doi.org/10.1073/pnas.0704070104 

Wang, C., Rougon, G., & Kiss, J. Z. (1994). Requirement of polysialic acid for the migration of the 

O-2A glial progenitor cell from neurohypophyseal explants. J Neurosci, 14(7), 4446–4457. 

Wang, J., Ho, L., Qin, W., Rocher, A. B., Seror, I., Humala, N., … Pasinetti, G. M. (2005). Caloric 

restriction attenuates beta-amyloid neuropathology in a mouse model of  Alzheimer’s disease. 

FASEB Journal : Official Publication of the Federation of American Societies for  Experimental 

Biology, 19(6), 659–661. https://doi.org/10.1096/fj.04-3182fje 

Wang, M.-L., Yu, M.-M., Wei, X.-E., Li, W.-B., & Li, Y.-H. (2021). Association of enlarged 

perivascular spaces with Aβ and tau deposition in cognitively normal older population. 

Neurobiology of Aging, 100, 32–38. 

https://doi.org/https://doi.org/10.1016/j.neurobiolaging.2020.12.014 

Wang, P., Yang, G., Mosier, D. R., Chang, P., Zaidi, T., Gong, Y.-D., … Zheng, H. (2005). Defective 

Neuromuscular Synapses in Mice Lacking Amyloid Precursor Protein (APP) and APP-Like 

Protein 2. The Journal of Neuroscience, 25(5), 1219 LP – 1225. 

https://doi.org/10.1523/JNEUROSCI.4660-04.2005 

Wang, S., Sdrulla, A. D., diSibio, G., Bush, G., Nofziger, D., Hicks, C., … Barres, B. A. (1998). Notch 

Receptor Activation Inhibits Oligodendrocyte Differentiation. Neuron, 21(1), 63–75. 

https://doi.org/https://doi.org/10.1016/S0896-6273(00)80515-2 

Wardlaw, J. M., Valdés Hernández, M. C., & Muñoz-Maniega, S. (2015). What are white matter 

hyperintensities made of? Relevance to vascular cognitive impairment. Journal of the American 

Heart Association, 4(6), 1140. https://doi.org/10.1161/JAHA.114.001140 

Wasco, W., Bupp, K., Magendantz, M., Gusella, J. F., Tanzi, R. E., & Solomon, F. (1992). 

Identification of a mouse brain cDNA that encodes a protein related to the Alzheimer disease-

associated amyloid beta protein precursor. Proc Natl Acad Sci U S A, 89(22), 10758–10762. 

Watkins, T. A., Emery, B., Mulinyawe, S., & Barres, B. A. (2008). Distinct stages of myelination 

regulated by gamma-secretase and astrocytes in a rapidly myelinating CNS coculture system. 

Neuron, 60(4), 555–569. https://doi.org/10.1016/j.neuron.2008.09.011 

Weidemann, A., Konig, G., Bunke, D., Fischer, P., Salbaum, J. M., Masters, C. L., & Beyreuther, K. 

(1989). Identification, biogenesis, and localization of precursors of Alzheimer’s disease A4 

amyloid protein. Cell, 57(1), 115–126. 

Welikovitch, L. A., Do Carmo, S., Maglóczky, Z., Malcolm, J. C., Lőke, J., Klein, W. L., … Cuello, 

A. C. (2020). Early intraneuronal amyloid triggers neuron-derived inflammatory signaling in APP 

transgenic rats and human brain. Proceedings of the National Academy of Sciences, 117(12), 6844 

LP – 6854. https://doi.org/10.1073/pnas.1914593117 



Chapter 7 - References 

  193  

 

Weng, Q., Wang, J., Wang, J., Tan, B., Wang, J., Wang, H., … He, Q. (2017). Folate Metabolism 

Regulates Oligodendrocyte Survival and Differentiation by Modulating AMPKα Activity. 

Scientific Reports, 7(1), 1705. https://doi.org/10.1038/s41598-017-01732-1 
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8 APPENDICES 

 COMMON LABORATORY REAGENTS 

0.01M Phosphate Buffered Saline (PBS) – 1.0L 

850mL MilliQ® water 

100mL 90.0g/L Sodium chloride (NaCl; BDH, USA) 

40mL 28.0g/L Di-sodium hydrogen orthophosphate (Na2HPO; BDH, USA) 

10mL 31.2g/L Sodium di-hydrogen orthophosphate (NaH2PO4.2H2O; Ajax, Australia) 

4% Paraformaldehyde – 1.0L 

40g granulated paraformaldehyde (PFA) 

500mL MilliQ® water 

400mL 28.0g/L Na2HPO 

100mL 31.2g/L NaH2PO4.2H2O 

1.0M NaOH & 1.0M HCl to pH 

Heat MilliQ® to 80oC, add granulated PFA and 5 drops of NaOH. Stir until PFA dissolved, 

add NaH2PO4.H2O and Na2HPO. Filter and pH to 7.4. 

Tissue Storage Solution – 500mL 

500mL 0.01M PBS 

0.5g Sodium Azide 

0.02% Sodium Azide 

0.4M Cacodylate Buffer – 0.5L 

500mL MilliQ® water 

42.806g sodium cacodylate trihydrate 
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0.15M Cacodylate Buffer – 0.5L 

187.5mL 0.4M Cacodylate Buffer 

312.5mL MilliQ® water 

2% PFA /2.5% glutaraldehyde – 1.0L 

400mL MilliQ® water 

375mL 0.4M Cacodylate Buffer 

125mL 16% Formaldehyde 

50mL 50% glutaraldehyde (defrost at room temp for 1 hour prior to adding) 

40mL 0.2M HCl 

10mL 0.2M Calcium Chloride dihydrate 

 

 IMMUNOCYTOCHEMISTRY AND IMMUNOHISTOCHEMISTRY 

0.3% Triton-X-100 Diluent – 200mL 

200mL 0.1M PBS 

600µl Triton-X-100 diluent (Sigma, USA) 
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 SKILLED REACHING TASK BEHAVIOURAL ANALYSIS 

8.3.1 Modelling m1 for accuracy by genotype 

m1 <- brm( 

  bf(Accuracy ~ 0 + beta - beta*exp(-(exp(logRho))*(Day+Day0)), 

     nl = TRUE) + 

    lf(beta ~ 1 + (1|c|ID), 

       logRho ~ 1 + Genotype + (1|c|ID), 

       Day0 ~ 1 + (1|c|ID)), 

  data = d,  

  family = gaussian(), 

  prior = c(prior(gamma(50, 1), nlpar = 'beta', class = 'b'), 

            prior(normal(-2, 1), nlpar = 'logRho', class = 'b'), 

            prior(gamma(2, 1), nlpar = 'Day0', class = 'b')), 

  seed = 3, 

  iter = 4000, 

  warmup = 2000, 

  thin = 1, 

  refresh = 0, 

  chains = 3L, 

  cores = 3L, 

  control = list(adapt_delta = 0.95), 

  file = "m1") #  

 

#m1 <- add_criterion(m1, 'loo') 

 

8.3.2 Fit null (intercepts only) model 

m2 <- brm( 

  bf(Accuracy ~ 0 + beta - beta*exp(-(exp(logRho))*(Day+Day0)), 

     nl = TRUE) + 

    lf(beta ~ 1 + (1|c|ID), 

       logRho ~ 1 + (1|c|ID), 
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       Day0 ~ 1 + (1|c|ID)), 

  data = d,  

  family = gaussian(), 

  prior = c(prior(gamma(50, 1), nlpar = 'beta', class = 'b'), 

            prior(normal(-2, 1), nlpar = 'logRho', class = 'b'), 

            prior(gamma(2, 1), nlpar = 'Day0', class = 'b')), 

  seed = 3, 

  iter = 4000, 

  warmup = 2000, 

  thin = 1, 

  refresh = 0, 

  chains = 3L, 

  cores = 3L, 

  control = list(adapt_delta = 0.99), 

  file = "m2") #  

 

#m2 <- add_criterion(m2, 'loo') 

8.3.3 Fitting a linear Genotype + Day + Genotype x Day model 

m3 <- brm(bf(Accuracy ~ Genotype*Day + (1|ID)), 

             data = d, 

             family = gaussian(), 

             iter = 4000, 

             warmup = 2000, 

             thin = 1, 

             chains = 3L, 

             cores = 3L, 

             file = 'm3') 

#m3 <- add_criterion(m3, 'loo') 
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8.3.4 Comparisons of models by LOO-IC 

loo_compare(m1, m2, m3) 

##    elpd_diff se_diff 

## m2  0.0       0.0    

## m1 -0.3       0.6    

## m3 -9.6       4.2 

8.3.5 Model fit for adjustment by weight loss proportion  

m4 <- brm( 

  bf(Accuracy ~ 0 + beta - beta*exp(-(exp(logRho))*(Day+Day0)), 

     nl = TRUE) + 

    lf(beta ~ 1 + (1|c|ID), 

       logRho ~ 1 + wlp + Genotype + (1|c|ID), 

       Day0 ~ 1 + (1|c|ID)), 

  data = d,  

  family = gaussian(), 

  prior = c(prior(gamma(50, 1), nlpar = 'beta', class = 'b'), 

            prior(normal(-2, 1), nlpar = 'logRho', class = 'b'), 

            prior(gamma(2, 1), nlpar = 'Day0', class = 'b')), 

  seed = 3, 

  iter = 4000, 

  warmup = 2000, 

  thin = 1, 

  refresh = 0, 

  chains = 3L, 

  cores = 3L, 

  control = list(adapt_delta = 0.95), 

  file = "m4") #  

 

#m4 <- add_criterion(m4, 'loo') 
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8.3.6 Comparison of models inclusive of weight loss proportion  

loo_compare(m4, m1, m2)   

##    elpd_diff     se_diff       

## m2  0.000000e+00  0.000000e+00 

## m1 -3.000000e-01  6.000000e-01 

## m4 -2.775966e+37  2.775398e+37 

 

8.3.7 Determining lagged effect of weight loss proportion 

m5 <- brm( 

  bf(Accuracy ~ 0 + beta - beta*exp(-(exp(logRho))*(Day+Day0)), 

     nl = TRUE) + 

    lf(beta ~ 1 + (1|c|ID), 

       logRho ~ 1 + wlp + (1|c|ID), 

       Day0 ~ 1 + (1|c|ID)), 

  data = d,  

  family = gaussian(), 

  prior = c(prior(gamma(50, 1), nlpar = 'beta', class = 'b'), 

            prior(normal(-2, 1), nlpar = 'logRho', class = 'b'), 

            prior(gamma(2, 1), nlpar = 'Day0', class = 'b')), 

  seed = 3, 

  iter = 4000, 

  warmup = 2000, 

  thin = 1, 

  refresh = 0, 

  chains = 3L, 

  cores = 3L, 

  control = list(adapt_delta = 0.95), 

  file = "m5") #  

 

#m5 <- add_criterion(m5, 'loo') 

 

library(dplyr) 

d <- d %>%  
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  group_by(ID) %>% 

  arrange(ID, Day) %>%  

  mutate(lag_wlp = lag(wlp,1)) %>%  

  ungroup() 

d$lag_wlp[is.na(d$lag_wlp)] <- 1 

 

m6 <- brm( 

  bf(Accuracy ~ 0 + beta - beta*exp(-(exp(logRho))*(Day+Day0)), 

     nl = TRUE) + 

    lf(beta ~ 1 + (1|c|ID), 

       logRho ~ 1 + lag_wlp + (1|c|ID), 

       Day0 ~ 1 + (1|c|ID)), 

  data = d,  

  family = gaussian(), 

  prior = c(prior(gamma(50, 1), nlpar = 'beta', class = 'b'), 

            prior(normal(-2, 1), nlpar = 'logRho', class = 'b'), 

            prior(gamma(2, 1), nlpar = 'Day0', class = 'b')), 

  seed = 3, 

  iter = 4000, 

  warmup = 2000, 

  thin = 1, 

  refresh = 0, 

  chains = 3L, 

  cores = 3L, 

  control = list(adapt_delta = 0.95), 

  file = "m6") #  

 

#m6 <- add_criterion(m6, 'loo') 
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8.3.8 Comparisons of models for lagged effect of weight loss proportion  

loo_compare(m5, m6, m2)   

##    elpd_diff se_diff 

## m5  0.0       0.0    

## m6 -0.2      17.7    

## m2 -0.4       0.2 

 

8.3.9 Modelling speed alterations in skilled reaching task  

library(glmmTMB) 

 

m1 <- glmmTMB(Speed ~ wlp + Day*Genotype + (1|ID), data = d) 

car::Anova(m1, type = '3') 

## Analysis of Deviance Table (Type III Wald chisquare tests) 

##  

## Response: Speed 

##                Chisq Df Pr(>Chisq)     

## (Intercept)  14.8201  1  0.0001183 *** 

## wlp           7.9047  1  0.0049306 **  

## Day          11.5158  1  0.0006901 *** 

## Genotype      3.2304  1  0.0722815 .   

## Day:Genotype  3.6445  1  0.0562550 .   

## --- 

## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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8.3.10 Fit of multilevel linear models for speed in skilled reaching task 

m2 <- glmmTMB(Speed ~ wlp + Day + Genotype + (1|ID), data = d) 

sjPlot::tab_model(m2, m1, digits = 3) 

Speed Speed 

Predictors Estimates CI p Estimates CI p 

(Intercept) 4.723 2.331 – 7.115 <0.001 4.673 2.294 – 7.052 <0.001 

wlp -3.903 -6.469 – -1.337 0.003 -3.676 -6.239 – -1.113 0.005 

Day 0.103 0.072 – 0.135 <0.001 0.075 0.032 – 0.118 0.001 

Genotype [tg] 0.797 0.424 – 1.169 <0.001 0.463 -0.042 – 0.968 0.072 

Day * Genotype [tg] 0.061 -0.002 – 0.124 0.056 

Random Effects 

σ2 0.88 0.88 

τ00 0.28 ID 0.28 ID 

ICC 0.24 0.24 

N 41 ID 41 ID 

Observations 417 417 

Marginal R2 / Conditional R2 0.212 / 0.402 0.217 / 0.406 

Significant main effect of wlp and Genotype 

Plot trajectories over time (holding wlp constant at its mean) 


