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NEUROTRAFFIC: ORIENTED NEURONAL NETWORKS FOR 

INVESTIGATING THE MECHANISMS OF TAU PROPAGATION 

Grace Isabella Hallinan 

 Neurofibrillary tangles (NFTs), a pathological hallmark of Alzheimer’s disease 

(AD), consist of insoluble aggregates of hyperphosphorylated tau protein. In AD, NFTs 

are seen to accumulate first in the entorhinal cortex, and with progression of AD they 

appear in neighbouring regions such as the hippocampus, followed by the neocortex in 

late stages. Examination of the neuroanatomical localisation of NFTs in AD brains 

suggests that the NFTs spread through the brain due to the propagation of pathogenic 

tau along anterograde connected brain circuits. 

 Pathogenic tau can spread between cells, and it can act as a prion-like seed, 

inducing misfolding of healthy tau. However, it is not yet known how tau spreads 

between neurons, or if the diseased cells need to die in order to propagate pathology. In 

this project, we recreated a minimalistic neuronal circuit, and established a robust and 

reproducible system through which tau propagation can be examined extensively in 

vitro. With this we show that pathogenic tau formed in a diseased donor neuron can 

both spread intracellularly, and trigger a prion-like misfolding of healthy tau in 

connected neurons, without the death of the do neurons. We determined that pathogenic 

tau is actively spread along intact neuronal circuits, with a preference for anterograde 

directionality. We also discovered tau aggregation-resistance in a neuronal 

subpopulation, and in an axonal subcompartment. 

 Our established method of interrogating the propagation of tau in disease can now 

be used for further studies to determine the specific molecular mechanisms at play. 
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1 Chapter One: Introduction 

1.1 Neurodegenerative diseases 

 Neurodegeneration is an umbrella term to describe a group of progressive diseases 

that result in the loss of function and subsequent death of neurons. Neurodegenerative 

diseases are incurable and often fatal diseases, which are characterised by degenerating 

cells in the central nervous system (CNS), for example in prion disease, Alzheimer’s 

disease (AD), Parkinson’s and Huntington’s diseases, or in the peripheral nervous 

system (PNS), such as Amyotrophic Lateral Sclerosis (ALS) and sensorimotor 

polyneuropathy. These diseases lead to cognitive problems (dementias) when affecting 

the CNS, and motor issues (ataxias) or sensory issues when affecting the PNS. 

Dementia is the term given to describe a set of symptoms that encompass a degenerating 

cognitive ability, with memory problems, difficulty with problem solving, and language 

issues. Dementias account for the greatest proportion of neurodegenerative diseases, 

with AD as the most common dementia (Bertram & Tanzi, 2005). 

 

1.1.1 Alzheimer’s disease 

AD is a progressive neurodegenerative disease which affects millions worldwide, 

including over 850,000 people in the UK (Alzheimer's Research UK, 2015). The disease 

progresses from short term memory deficits in the early stages, to long term memory 

loss, language difficulties and personality changes including aggression, and in the final 

stages results in death caused by loss of bodily functions (Förstl & Kurz, 1999). The 

onset of these clinical symptoms begins with the loss of functional synapses, which 

progresses to cell death and results in the gross atrophy of the brain regions associated 

with AD. AD can be classed as a protein misfolding disease, as the pathology of the 

disease is characterised by extracellular amyloid beta (Aβ) plaques and intracellular 

neurofibrillary tangles (NFTs); aggregations of misfolded proteins. Whilst these 

histological features have been well characterised, there is still debate as to what 

mechanism is causing the disease. 
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 The amyloid hypothesis 

The amyloid hypothesis of AD has dominated the field over the past 20 years. This 

theory posits that misprocessing of Amyloid Precursor Protein (APP) into Aβ peptides 

that aggregate into senile plaques underpins the disease pathology and leads to AD. APP 

is an integral membrane protein that has a role in regulating synapse function, and in 

regulating neural activity, plasticity and memory (Priller et al., 2006; Turner et al., 

2003). APP can be proteolytically processed by secretases in two ways; a physiological 

pathway and a pathogenic pathway, as outlined in Figure 1.1-1. The pathogenic 

pathway leads to the release of Aβ peptides, which oligomerise into amyloid plaques. 

These oligomers are thought to exert their toxicity through prion protein, PrPc, which 

functions as a receptor (Laurén et al., 2009), or through excitotoxic downstream effects 

of binding to glutamate NMDA receptors (Harkany et al., 2000).  

Several lines of evidence point to the amyloid cascade as a potential cause of AD. 

Firstly, the genetic causes of AD lie within APP and APP processing genes. The three 

known genetic risk factors for AD include mutations in APP, presence of the E4 allele 

of APOE (which codes for a protein involved in Aβ clearance) and mutations in PSEN 

(which codes for a protein of the gamma secretase complex). Other evidence is the high 

correlation between AD and Down’s syndrome. Down syndrome is caused by a trisomy 

of chromosome 21, on which the APP gene is located, and early onset of AD is seen in 

almost all people with Down’s syndrome (Lott & Head, 2001). In addition to this, Aβ is 

seen to be toxic to neurons both in vivo and in vitro (Hardy & Selkoe, 2002).  

However, approaches targeting the amyloid cascade have failed at clinical trials, due 

to adverse side effects and/or a lack of cognitive improvement. For example, 

Mempasin-2, a beta secretase inhibitor, failed due to its inability to cross the blood brain 

barrier (Panza et al., 2009) and Semagestat, a gamma secretase inhibitor, failed due to 

its side effects of skin cancer and infections (Doody et al., 2013). In addition to this, 

clearance of Aβ  plaques by immunisation was not shown to improve cognition or 

survival of AD patients (Holmes et al., 2008). Another striking piece of evidence that 

strays from this hypothesis is that the Aβ  plaque deposition does not correlate with 

severity or progression of AD (Arriagada et al., 1992; Bierer et al., 1995; Hyman et al., 

1993), leading researchers to examine new avenues for therapeutical interventions.  



Chapter 1 

4	

 
Figure 1.1-1 Processing pathways of APP.  

In the non-amyloidogenic processing pathway (left), APP, an ~86 kDa protein, is first 

cleaved by α secretase within the Aβ peptide of APP (dark blue). This generates the 

soluble extracellular sAPPα fragment, and the membrane-bound C-terminal fragment 

(CTFα). g secretase then cleaves the CTFα fragment - producing the P3 fragment, and 

leaving the APP intracellular domain (AICD). This pathway is thought to be 

protective, as it prevents the formation of Aβ. In the amyloidogenic pathway (right), 

APP is first cleaved by β secretase at the first residue of the Aβ peptide, generating 

the soluble sAPPβ fragment and CTFβ. g secretase then cleaves CTFβ at the last 

residue of the Aβ peptide, releasing the Aβ peptide. These Aβ peptides, which are 

between 36-43 amino acids long, are known to be sticky, and oligomerise when 

released into the extracellular space. Senile plaques, a hallmark of AD pathology, are 

formed by aggregation of Aβ proteins. 
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 The tau hypothesis 

In contrast to the amyloid hypothesis, it has been determined numerous times that 

both the amount and distribution of NFTs correlate with the severity and the duration of 

AD (Arriagada et al., 1992; Giannakopoulos et al., 2003; Gómez-Isla et al., 1997). The 

tau hypothesis of AD posits that excessive and abnormal phosphorylation of tau protein 

leads to the formation of NFTs, which cause cell death. Although NFTs were identified 

by Alois Alzheimer over a century ago, it was not until 1984 that Kosik et al. discovered 

that their major component was tau. Tau, a microtubule associated protein found 

predominantly in the axon, binds to and stabilises microtubules. It is an intrinsically 

disordered protein that adopts different conformations depending on its binding status 

(Jeganathan et al., 2008). It is said to be natively unfolded when interacting with its 

target – tubulin dimers, but becomes misfolded in AD (Weaver et al., 2000). Tau has 85 

putative phosphorylation sites (Hanger et al., 2009), and it exists at a dynamic 

equilibrium of phosphorylated and dephosphorylated, which allows dynamic 

microtubule stabilisation and destabilisation as required by a cell. However, in AD, this 

equilibrium becomes perturbed, and tau is shifted to a hyperphosphorylated state, and it 

undergoes a conformational change that renders it ‘misfolded’. 

Hyperphosphorylation of tau can affect the brain in three main ways. Firstly, as a 

loss of function of the healthy protein, whose role physiologically is to stabilise 

microtubules. Loss of tau function leads to destabilised microtubules and as such, 

disintegration of intracellular trafficking tracks. Secondly, with the pathological 

protein’s toxic gain of function (discussed in section 1.4.3) which leads to cell death, 

and thirdly with its ability to act in a prion-like manner (discussed in section 1.6) 

causing a cascade of misfolding throughout the brain. Combined, these pathways of the 

tau hypothesis of AD lead to aberrant signalling, loss of synapses and consequently cell 

death.  

NFTs are also found in other degenerative diseases such as frontotemporal 

dementia and supranuclear palsy, highlighting their relevance in brain proteinopathies. 

The tau hypothesis of AD is furthermore evidenced by an anatomical localisation of 

NFTs in regions of the brain known to lose their function with progression of the 

disease, such as the hippocampus. With progression of AD, there is a strong correlation 
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between the localisation of NFTs and clinical symptoms, with a pattern of spread so 

consistent that the appearance of NFTs in specific brain regions is incorporated into the 

criteria for staging AD (Braak & Braak 1991). 

 

 Links between the amyloid and tau hypotheses  

Although the proteins differ in their mechanism of toxicity, there is evidence to 

suggest interplay and synergy between the two. Firstly, Aβ is thought to drive tau 

hyperphosphorylation, as tau is hyperphosphorylated in response to the presence of Aβ 

oligomers, resulting in the subsequent formation of NFTs (Ferrari et al., 2003; Götz et 

al., 2004). Similarly, Geula et al. in 1998 showed that injection of Aβ plaques into the 

brains of Rhesus monkeys induced NFT formation.  

Secondly, tau has been shown to mediate Aβ toxicity, in that tau knockout mice 

are resistant to Aβ toxicity (Ittner et al., 2010; Rapoport et al., 2002; Roberson et al., 

2007). Although primarily an axonal protein, tau has been found to play a role in the 

dendritic spine, where it functions to recruit Src family kinase fyn into the spine (Ittner 

et al., 2010). Here, fyn helps to anchor NMDA receptor proteins into the postsynaptic 

density, and as previously mentioned Aβ can exert its toxicity through NMDA receptor-

mediated excitotoxicity. A recent study by Xia et al. in 2015 determined that 

phosphorylation of tau directed it to spines at a significantly increased rate, suggesting a 

mechanism by which hyperphosphorylation of tau could lead to increased Aβ toxicity. 

As such, it is important not to exclude either hypothesis as both present important 

pathological information of the disease and are thought to occur concurrently.  
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Figure 1.1-2 The role of tau in microtubule stabilisation and in disease. 

Physiologically, tau works to stabilise microtubules by binding to tubulin dimers (1). 

However, when pathologically hyperphosphorylated in AD, hyperphosphorylated tau 

cannot bind to tubulin (2), causing the microtubules to become destabilised and 

disintegrate (3). This causes the collapse of the microtubule system, resulting in axonal 

disintegration, transport deficits and eventually cell death. The unbound 

hyperphosphorylated tau proteins can aggregate together, first forming dimers, which 

then aggregate into oligomers, paired helical filaments (PHFs), and finally NFTs (4).  
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1.1.2 Frontotemporal dementia 

 Frontotemporal dementia (FTD) is a neurodegenerative brain disorder less 

common than AD, which is a result of degeneration in the frontal and temporal lobes of 

the brain. It is characterised by motor and cognitive problems and severe behavioural 

changes. The symptoms of FTD differ from AD in that FTD presents with these 

behaviour deficits initially, without overt memory loss. Due to the neuronal loss in the 

frontal and temporal lobes, common symptoms include disinhibition, apathy, 

compulsive behaviours, and a loss of semantic language comprehension. With 

progression of the disease, symptoms of motor disturbances, such as involuntary muscle 

movements and balance issues begin to appear. It tends to manifest at a younger age to 

AD, with most patients diagnosed between ages 45 and 65 (NHS, 2017). FTD is 

characterised into 3 subgroups: FTD-Tau, with tau-positive inclusions, FTD-TDP, with 

transactive response DNA-binding protein 43 (TDP-43) positive inclusions, and FTD-

FUS, with fused sarcoma (FUS) protein inclusions. Around 40% of FTD cases have tau 

inclusions, 50% contain TDP-43 inclusions and 10% contain FUS inclusions (Goedert 

et al., 2012). The pathophysiology of FTD-Tau is similar in parts to AD in that this form 

of FTD can be attributed to mutations in tau, therefore rendering this disease a 

tauopathy. This is discussed in depth in section 1.2.3.1. 
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1.2 MAPT and tau protein  

1.2.1 The structure and isoforms of tau  

Tau belongs to the microtubule-associated protein (MAP) family, and is coded for 

by the MAPT gene. There are 6 isoforms of tau that arise from alternative splicing of its 

pre-mRNA, ranging from 352 to 441 amino acids, with a molecular weight of between 

45 and 65 kDa. The isoforms differ regarding the presence of either 3 (3R) or 4 (4R) 

microtubule binding repeat regions in the C-terminus, resulting from the splicing in or 

out of exon 10, and the presence or absence of 1 or 2 inserts in the N-terminus, resulting 

from the splicing in or out of exons 2 or 3 (Figure 1.2-1)(for review, see Buée et al. 

2000). The nomenclature for tau isoforms is based on this differentiation, classifying 

them as 3R0/1/2N and 4R0/1/2N. The C-terminus of tau contains the microtubule 

binding domains, whereas the N-terminus contains the projection domain (Brandt et al., 

1995).  

In early development, only 3R0N tau is present, and this isoform has been dubbed 

‘foetal tau’ (Kosik et al., 1989). In the mature adult brain, all 6 isoforms are present, at a 

balanced ratio of 3R:4R isoforms (Goedert et al., 1989). However, in AD this balance is 

disturbed and there is an increase in 4R isoforms, altering the ratio of 4R:3R to 

approximately 2:1 (Ginsberg et al., 2006). Aggregates contain a mix of all tau isoforms, 

with more 4R tau found within aggregates than 3R, presumably due to the increased 

ratio of 4R tau within the AD brain (Hutton et al., 1998). The splice isoforms of tau and 

its amino acid sequence can be seen in Figure 1.2-1 and Figure 1.2-2 respectively.  

In a healthy brain, tau exists as a protein with primary structures, which can shift 

between a microtubule bound conformational state, and an unbound, soluble state. 

Soluble tau is functional, and dynamically changes between microtubule bound and 

unbound (Cleveland et al., 1977; Meraz-Ríos et al., 2010). However in AD, post-

translational modifications of tau, such as phosphorylation, give tau a gain of secondary 

structure, in that it converts tau from an intrinsically disordered protein, into a misfolded 

and insoluble conformation which is underpinned by a transition from random coil to β-

sheet conformation (von Bergen et al., 2005). The appearance of β-sheet structures 

within NFTs was discovered before tau was determined to be the main constituent of 
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NFTs (Kirschner et al., 1986) and it has since been determined through circular 

dichroism (Barghorn et al., 2000) and X-ray diffraction (Giannetti et al., 2000) that 

misfolded tau protein adopts a β-sheet conformation upon aggregation. 

 Tau solubility can be determined by extraction of tau from brain or culture 

samples, and examining its biochemical properties. Healthy unbound tau is soluble in 

buffers such as phosphate buffered saline (PBS), whereas the insoluble tau component 

of NFTs is determined as tau that is not soluble in detergents, such as sarkosyl detergent 

(Hirata-Fukae et al., 2009). 

 The 6 isoforms of human tau, and the amino acid sequence of full-length human 

tau can be seen in the following figures.  
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Figure 1.2-1 Splice isoforms of Tau 

Tau isoforms are characterised on their inclusion of 3 (3R, top 3 isoforms) or 4 (4R, bottom 3 isoforms) microtubule binding repeat 

domains, and on their inclusion of 0 (3R0N/4R0N), 1 (3R1N/4R1N) or 2 (3R3N/4R2N) N terminal inserts. 

P301L
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Figure 1.2-2 The amino acid sequence of 4R2N tau. 

Bold Underlined: 14 proline directed serine/threonine/tyrosine sites.  

P301: proline at position 301, involved in P301L mutation.  

VQIINK/VQIVYK: hexapeptide motifs that induce aggregation.  

Colours in the figure correspond to the coloured regions in Figure 1.2-1. 
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1.2.2 The structure and function of tau in healthy brains 

Tau has long been known to have a physiological role in promoting the assembly 

and stabilisation of microtubules (Cleveland et al., 1977). Microtubules are polymers of 

a and b tubulin, which work to maintain the structure of the cell by forming the 

cytoskeleton alongside microfilaments and intermediate filaments. Microtubules work 

as a transport platform for the intracellular transport of vesicles, organelles, and protein 

complexes by motor proteins (Vershinin et al., 2007). Tau stabilises microtubules by 

binding to tubulin dimers through its 3 or 4 microtubule binding repeats, which 

reinforces the microtubules’ structure. Kinases and phosphatases regulate tau’s 

phosphorylation state, which in turn regulates the stability of microtubules accordingly. 

When unphosphorylated or phosphorylated at low levels, tau binds and stabilises 

microtubules, and when phoshorylated at higher levels tau is unbound (Rodríguez-

Martín et al., 2013). This allows the polymerisation and depolymerisation of 

microtubules as required by the cell (Lindwall & Cole, 1984). Because tau is primarily 

an axonal protein, other MAPs such as MAP2 carry out a similar microtubule stabilising 

function in dendrites. These MAPs can also compensate for microtubule stabilisation in 

tau knock out mice, which have surprisingly few developmental abnormalities (Harada 

et al., 1994)(see section 1.8.2).  

Tau has also been shown to play a role in neuronal polarity, as when tau was 

knocked down with antisense oligonucleotides, it was seen that the cells failed to 

polarise and as such failed to elongate an axon, demonstrating a role for tau in axonal 

outgrowth (Caceres & Kosik, 1990). Alongside this, knocking down tau was seen to 

impair neuronal migration and arborisation in vivo (Sapir et al., 2012), showing a 

differential effect in knockout versus knock down models of tau. As well as binding to 

microtubules, tau has also been shown to anchor enzymes to microtubules, such as the 

phosphatases PP2A (Sontag et al., 1999) and PP1 (Liao et al., 1998). Although tau is 

primarily an axonal protein, it does exist at low levels in synaptic spines. As previously 

mentioned, tau functions in the dendritic spines to recruit the Src kinase protein fyn into 

the spines, where it can phosphorylate NMDA receptors (Ittner et al., 2010). As fyn is 

needed for synaptic plasticity (Grant et al., 1992) and tau is needed to recruit fyn to the 

dendritic spine, it is suggested that tau may also function in synaptic plasticity. In fact, 
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tau has been shown to be involved in the restructuring of spines, where it regulates 

morphological plasticity of hippocampal neurons in response to brain derived 

neurotrophic factor, through a suggested mechanism of the dynamic rearrangement of 

cytoskeletal proteins (Chen et al., 2012). 

In the developing neuron, tau becomes localised to axons as the neuron begins 

polarising (Kempf et al., 1996). Healthy neurons have a greater concentration of tau in 

their axons than in their somatodendritic compartment. This becomes inverted in AD 

(Buée et al., 2000) as tau redistributes itself, localising to the somatodendritic 

compartment from the axon (Götz et al., 1995a).  

 

1.2.3 The functions of tau in disease  

Although AD is a disease characterised by both Aβ and tau accumulation, there 

are some neurodegenerative diseases that are associated with the aggregation of 

hyperphosphorylated tau protein alone. AD itself can be classed as a tauopathy, and 

other diseases falling under this category that possess solely tau pathology are 

progressive supranuclear palsy (PSP),  FTD and Pick’s disease (PiD). These tauopathies 

are similar to AD, but differ in their location of tangle appearance; whereas in AD NFTs 

are primarily found in the hippocampal areas and cortex, NFTs are found in glial cells, 

the frontal and temporal lobes, and the neocortex in PSP, FTD and PiD, respectively. 

This exemplifies tau’s role for healthy brain function, and demonstrates that 

neurodegeneration can occur when it functions aberrantly. 

Within the study of tau, it is important to distinguish between tau movement, 

spread, seeding and propagation. Tau can move throughout a cell in a physiological 

manner, as discussed in section 1.5.1, but spread implies that tau is moving from within 

one cell into another. This encompasses tau transmission from one cell to the next, and 

the release and uptake of pathogenic tau. Seeding refers to the ability of misfolded tau to 

trigger the misfolding of naïve tau. ‘Propagation’ of tau does not simply refer to the 

spread or movement of tau between cells, but specifically applies to the ability of tau to 

act in a prion-like manner, and induce the templated misfolding of naïve tau into 
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misfolded tau. This naïve tau, which is now misfolded, can now also act as a seed, 

which results in a triggered cascade of misfolding, thus multiplying, or propagating, tau 

pathology throughout the cells. 

 

 Tau mutations in FTD-Tau 

As discussed in section 1.1.2, FTD is a rare progressive neurodegenerative 

disease, and FTD-Tau is a tauopathy. FTD-Tau is caused by mutations in the MAPT 

gene, of which 53 have been identified in FTD-Tau patients (Ghetti et al., 2015). The 

vast majority of FTD-related tau mutations are located within the microtubule binding 

repeat domains of tau (see Figure 1.2-3) and this results in the mutated tau’s reduced 

ability to promote microtubule assembly and stabilisation compared to control wild type 

tau (Hasegawa et al., 1998; Barghorn et al., 2000). The most common and well 

characterised of these mutations is a proline to leucine/serine missense mutation at 

codon 301 of tau (P301L/P301S). Studies have determined that P301L mutated tau has 

a significantly faster and more enhanced aggregation than wild type tau, due to the fact 

that the P301L mutation makes tau more susceptible to hyperphosphorylation and thus 

more prone to aggregation (von Bergen et al., 2001) and the increased ratio of 4R 

isoforms (Ginsberg et al., 2006). The P301L mutation is found within the second 

microtubule repeat domain of tau, which is coded for by exon 10, meaning it is only 

found within 4R isoforms (see Figure 1.2-1). The study by von Bergen elucidated that 

this was because replacing the proline residue with a leucine removes the negative 

constraint that proline has over the protein conformation in that specific region, 

allowing the leucine and its surrounding residues to form the β structure as seen in 

pathogenic tau.  

A study by Rizzu et al. in 2000 and another by Yen et al. in 1999 also showed that 

aggregates that contain tau with a P301L mutation were more resistant to degradation 

than other mixed tau isoform aggregates – further suggesting the adverse role of the 

P301L mutation in neurodegeneration. As such, the P301L or P301S mutations provide 

researchers with a well-characterised mutation for the study of tau pathology in 
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tauopathies, and this has therefore been implemented into disease modelling, as 

discussed later in section 1.8.1.   
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Figure 1.2-3 Tau mutations identified in FTD.  

Adapted from Ghetti et al., 2015. 
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1.3 Phosphorylation of tau 

Phosphorylation is an essential post-translational modification of tau. 

Physiological tau phosphorylation is a highly regulated process, governed by the actions 

of phosphorylating kinases and dephosphorylating phosphatases, which regulate 

microtubule stability as required by the cell. Regulation of tau’s phosphorylation state in 

turn regulates the stability of microtubules, because when unphosphorylated or 

phosphorylated at low levels, tau is binding and stabilising microtubules, and when 

phoshorylated at higher levels tau is unbound, thus leading to destabilisation of 

microtubules which are then free to polymerise/depolymerise (Rodríguez-Martín et al., 

2013). When this equilibrium is altered or damaged, tau becomes hyperphosphorylated, 

meaning it can no longer bind to or stabilise microtubules. The microtubule 

destabilisation and the consequential detrimental effects are thought to be the 

fundamental origin of tau pathology in AD (Martin et al., 2013b).  

Physiological phosphorylation can occur at the 85 sites shown in Figure 1.3-1 and 

hyperphosphorylation has been found in AD and PSP brains at 40 of these sites. 

(Morishima et al. 1995; Hanger et al. 2009). Kinases implicated in the phosphorylation 

of tau include extracellular regulated kinase 1 and 2 (ERK1/2), glycogen synthase 3 

(GSK3) and cyclin-dependent protein kinase 5 (Cdk5). These kinases are proline-

directed kinases, meaning they can phosphorylate a serine, threonine or tyrosine that is 

followed by a proline (Figure 1.8-1). 

As mentioned above, tau’s ability to regulate microtubule assembly and stability 

is controlled by its degree of phosphorylation. For example, in the foetal brain where 

there is an excess of tubulin for assembly into microtubules, tau is highly 

phosphorylated, and therefore unbound, in order to allow the growing microtubule 

network to polymerise and develop (Kanemaru et al., 1992). This hyperphosphorylation 

decreases with development due to the activation of phosphatases (Mawal-Dewan et al., 

1994). This developmental change is thought to be as a result of the increased 

requirement for plasticity during early development (Hanger et al., 2009).  

However in AD, the aforementioned equilibrium of phosphorylation and 

dephosphorylation of tau is perturbed, increasing the amount of phosphorylation 3-4 
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fold (Köpke et al., 1993), due either to the aberrant increased activity of kinases, or a 

decreased activity of phosphatases, for which there is evidence of both, as discussed 

later in sections 1.3.1 and 1.3.2.  

Hyperphosphorylation of tau is not solely a pathological occurrence. As 

previously mentioned, foetal tau is hyperphosphorylated in order to regulate the 

development of the growing microtubule network. Tau is also seen to be 

hyperphosphorylated transiently during animal hibernation (Su et al., 2008) and rapidly 

and dramatically during anaesthesia-induced hypothermia (Planel et al., 2007) which is 

rescued after return to euthermia. This suggests a regulatory mechanism of tau 

phosphorylation, and that the problematic hyperphosphorylation of tau in AD is 

abnormal because it does not reverse to physiological levels (Iqbal et al., 2010). 
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Figure 1.3-1 Phosphorylation sites of tau.  

Physiological phosphorylation sites (black) and pathological phosphorylation sites (red), 

which have been directly identified in AD (as described in Hanger et al., 2009).  
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1.3.1 Kinases involved in tau phosphorylation  

One of the kinases important for tau phosphorylation is Cdk5, which is involved 

in neuronal differentiation and axonal guidance during development (Kwon et al., 

1999), but can also play a detrimental role in degeneration as its activity can be linked 

to the hyperphosphorylation of tau in tauopathies. Cdk5 is known to phosphorylate tau 

in a physiological setting, but studies also exist demonstrating that Cdk5 can 

hyperphosphorylate tau at pathological phosphorylation sites both in vitro and in vivo 

(Alvarez et al., 2001; Baumann et al., 1993). Cdk5 is suggested to have a role in tangle 

formation, because its overexpression in vivo has been shown to induce NFT pathology 

(Noble et al., 2003).  

GSK3 is another kinase that plays a role in the phosphorylation of tau. This kinase 

has a variety of physiological roles such as the activation of glycogen metabolism, 

apoptosis and gene transcription (Hooper et al., 2008), and also in the physiological 

phosphorylation of tau. GSK3 expression is seen to be upregulated in the hippocampus 

(Blalock et al., 2004) and frontal cortex (Leroy et al., 2007) of AD brains, and a 

mutation in its gene has been found to be a risk factor for late-onset AD (Mateo et al., 

2006). This kinase is seen to hyperphosphorylate tau in disease both in vitro (Hanger et 

al., 1992) and in vivo, for example in GSK3β overexpressing transgenic mice who 

display a missorting of tau to the somatodendritic compartment and later neuronal cell 

death similar to that seen in AD (Lucas et al., 2001). Additional evidence supporting 

this kinase as a key player in disease is seen in that chronic treatment with lithium, a 

GSK3 inhibitor, reduces tau phosphorylation and aggregation in mice transgenic for 

mutated tau (JNPL3 mice, see section 1.8.1) showing the role of GSK3 in tau pathology 

(Noble et al., 2005). This was reiterated in another study which showed that lithium 

prevents the hyperphosphorylation of tau in double transgenic mice for GSK3 and tau - 

mice which usually exhibit pathologically phosphorylated tau and NFTs (Engel et al., 

2006). However, it cannot be said that lithium rescues tau functionality, as these studies 

did not comment on the resulting behaviour, memory or life expectancy of the 

transgenic mice that were administered lithium.  

Other kinases implicated in the hyperphosphorylation of tau include casein kinase 

1 (CK1), cyclic AMP-dependent protein kinase (PKA) and ERK1/2. CK1 levels are 
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increased in vivo in AD brains (Yasojima et al., 2000) and CK1 has been shown to 

hyperphosphorylate tau and disrupt its microtubule binding affinity in vitro (Li et al., 

2004). PKA has been identified as a modulator of GSK3 and Cdk5’s phosphorylation of 

tau, as it primes tau for the further phosphorylation by GSK3 and Cdk5 (Liu et al., 

2006). ERK1/2 is another kinase known to enhance tau hyperphosphorylation. A study 

by (Greenberg et al., 1994) showed that Aβ exposure on PC12 cells stimulated the 

ERK1/2 pathway, leading to the hyperphosphorylation of tau - providing another link 

between the amyloid and tau pathways.  

To conclude, there exists an abundance of evidence implicating various kinases in 

the pathogenic phosphorylation of tau, and evidence to suggest they are often acting in 

tandem (Martin et al., 2013a). The following table depicts the pathogenic 

phosphorylation sites in tau and the kinases that act upon them, as identified by Diane 

Hanger et al., 2009.. 
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Table 1.3-1. Phosphorylation sites of tau in control, foetal and AD brains. 
 

 

Residue number Alzheimer PHF-tau Control brain tau Foetal tau 
Y18 *     
S46   *   
S68 *     
T69 *     
T71 *     
S113 *     
T123 *     
S131     * 
T149 *     
T153 *     
T175 *     
T181 * * * 
S184 *     
S185 *     
S191 *     
Y197 *     
S198 * *   
S199 * * * 
S202 * *   
T205 * *   
S208 *     
S210 *   * 
T212 * *   
S214 *   * 
T217 * * * 
T231 * * * 
S235 * * * 
S237 *     
S238 *     
S258 *     
S262 *     
S289 *     
S356 *   * 
Y394 *     
S396 * * * 
S400 * * * 
T403 *   * 
S404 * * * 
S409 *     
S412 * *   
S413 * *   
T414 * *   
S416 * * * 
S422 *   * 
T427 *     
S433 *     
S435 *     
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1.3.2 Dephosphorylation of Tau 

Whilst much of the evidence points towards kinases as playing the most important 

role in tau pathology, the dysfunctional role of phosphatases in dephosphorylation 

cannot be ignored. As previously mentioned, in vivo there is a strictly regulated 

equilibrium of phosphorylation and dephosphorylation of tau, in order to modulate its 

binding to and thus stabilisation of microtubules, and its interactions with other 

proteins. This balancing act of kinases and phosphatases working in tandem becomes 

disturbed in AD – with a combination of defective phosphatase activity, or hyperactive 

kinase activity; a combined overall effect leading to hyperphosphorylated tau (Stoothoff 

& Johnson, 2005). 

It has been shown that in AD brains, levels of protein phosphatase 1 (PP1) and 2A 

(PP2A) are decreased (Gong et al., 1993; Gong et al., 1995), and furthering this, the two 

inhibitors of PP2A, I1
PP2A and I2

PP2A, are increased by 20% in AD (Tanimukai et al., 

2005). In vitro inhibition of PP2A caused abnormal phosphorylation of tau in rat brain 

slices, which resulted in microtubule destabilisation (Gong et al., 2000). In vivo 

inhibition of both PP1 and PP2A induced abnormal hyperphosphorylation in rat 

hippocampal neurons, which led to the rats’ reduced performance in the Morris water 

maze test – a widely used method in behavioural studies to analyse spatial learning and 

memory (Morris, 1984; Sun et al., 2003). Interestingly, this hyperphosphorylation is not 

just the result of a decreased phosphatase activity on tau – but a combination of this 

added to an increased activity of ERK1/2 (Pei et al., 2003). Adding to this, a decreased 

binding of PP2A to tau has been observed in the brains of patients suffering with FTD, 

again suggesting a disruption in the activity of phosphatases in the pathology of 

neurodegeneration (Goedert et al., 2000). 
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1.4 Tau Aggregates: Formation and Degradation  

1.4.1 The Formation of Tau Aggregates 

Misfolded tau aggregates from monomers into dimers, from dimers into small 

oligomers, then into PHFs, and from PHFs into NFTs (see Figure 1.4-2). Tau has been 

shown to adopt a ‘paperclip’ folding formation when interacting with microtubules, 

where its N and C termini fold over the microtubule binding repeat domains and 

approach each other (Jeganathan et al., 2008)(see Figure 1.4-1). When 

hyperphosphorylated, this paperclip conformation ‘opens up’, through the movement of 

the N terminus away from the C terminus. This misfolding appears to be reversible, as 

phosphorylation sites hidden by misfolding are re-exposed after disaggregation of tau 

(Li et al., 2002). Two hexapeptide motifs, from positions 275 to 280 (VQIINK) and 

from 306 to 311 (VQIVYK) (see Figure 1.2-2), are the minimum required motifs for tau 

protein aggregation (von Bergen et al., 2001). When tau is phosphorylated and thus 

‘opened up’, these motifs are exposed and are capable of forming β-sheet interactions 

with each other. Two phosphorylated tau monomers can bind in this manner, into a tau 

dimer. It is not yet known how exactly the tau dimers or larger oligomers are assembled, 

but evidence suggests both disulphide (Kim et al., 2001) and cysteine-independent 

(Sahara et al., 2007) bonds are present in the cross-linking tau of monomers. The tau 

dimer is an intermediate in the formation of NFTs, and has been demonstrated to have 

the ability to self-aggregate into higher number oligomers (Patterson et al., 2011; Sahara 

et al., 2007). As tau progresses through the aggregation process, it leaves its soluble 

state and the repeat domain adopts a β-structure. At this stage the tau becomes insoluble 

(Kopeikina et al., 2012).  

It is not yet determined which species of tau is released by diseased cells, or 

which species of tau is required for the seeded prion-like misfolding that occurs in tau 

propagation, and conflicting results currently exist. Evidence from Marc Diamond’s lab 

suggests that tau trimers are the minimum required species to seed propagation within a 

cell (Mirbaha et al., 2015), whereas another study claims that they achieve seeded 

aggregation from the addition of mutated tau monomers alone (Michel et al., 2014). It is 

important to note that many studies examining the minimum tau unit needed for seeded 

aggregation do so through the application of exogenous aggregates on top of cells in 

vitro, or through the injection of aggregates in vivo, and therefore do not address the 

question of which species of tau is formed and released by an affected cell to spread to 
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connected cells, or used as a seed to template misfolding and thus propagate tau 

pathology. It is theorised that different ‘strains’ of tau, potentially presenting different 

conformations, may be contributing to the differing pathophysiologies seen across the 

tauopathies (Kaufman et al., 2016).  
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Figure 1.4-1 Dimerisation of tau.  

Tau adopts a paperclip-like formation that opens up when phosphorylated. Two 

hexapeptide repeats from position 275 to 280 and from 306 to 311 (in green text) form a 

β-sheet interaction with each other, binding two tau monomers together. Adapted from 

Iqbal et al. 2009.  
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Figure 1.4-2 The aggregation process of tau.  

Tau exists at a dynamic equilibrium of bound to microtubules (1) and phosphorylated 

and unbound (2). When tau is hyperphosphorylated it can no longer bind tubulin dimers, 

and becomes misfolded (3), adopting a pathological conformation and an enhanced β-

pleated sheet structure. Misfolded tau monomers dimerise together into tau dimers (4), 

which aggregate and seed further tau into oligomers (5). Further assembly of oligomers 

together forms PHFs (6) that then accumulate into insoluble NFTs. 
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1.4.2 The degradation of tau aggregates 

There are two important pathways in the brain that work to degrade aggregated 

proteins such as tau and Aβ, and impairment of these pathways could play a role in the 

pathology of AD. These pathways have been implicated as possible therapeutic targets 

to increase the clearance of accumulated proteins.   

The first pathway is the ubiquitin-proteasome system (UPS), a cellular mechanism 

through which damaged or misfolded proteins are degraded and removed. Briefly, 

ubiquitination occurs through a cascade of enzymes, which work to target a protein for 

degradation by forming a bond between a lysine residue on the substrate protein and a 

ubiquitinated (Ub) protein. PolyUb proteins are then sent to the 26S proteasome where 

they are degraded. The levels of Ub are reported to be significantly increased in AD 

brains (Kudo et al., 1994) whereas the activity of the proteasome is decreased (Bence et 

al., 2001), and Ub has been seen to be present in PHFs and NFTs (Tabaton et al., 1991), 

showing a possible role for the UPS in tau clearance that becomes altered and defective 

in AD. 

A study by Cripps et al. in 2006 identified that all of the ubiquitination sites of tau 

are located in the microtubule binding domain, notably including the lysine residue at 

position 311, which lies within the VQIVYK hexapeptide motif that is essential for tau 

aggregation (discussed in section 1.4.1), suggesting a link between tau aggregation and 

tau degradation by ubiquitination. However, it has also been seen that tau is more 

monoubiquitinated than polyubiquitinated, a far weaker signal for degradation 

(Morishima-Kawashima et al., 1993) which may suggest why NFTs are not targeted 

enough for degradation to combat the excessive aggregation.  

The other pathway by which proteins are degraded is through the autophagy-

lysosome system. Briefly, an autophagosome (double-membraned organelle) forms 

around cytoplasmic substrates. This autophagosome fuses with a lysosome, and the 

contents of the autophagosome are then degraded by acidic lysosomal hydrolases.  

A study by Bi et al. in 1999 showed that inhibiting lysosomal proteases with 

chloroquine was sufficient to induce tau tangle formation in rat hippocampal slices, 

suggesting the importance of an intact lysosomal system in the degradation of misfolded 

tau aggregates. Adding to this, NFTs are found in the brains of patients with Niemann-

Pick-C disease, a metabolic disorder in which aggregated sphingomyelin in lysosomes 
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renders the lysosomes ineffective, reiterating the need for a working lysosomal system 

for prevention of tau aggregation. A different study by Krüger et al. in 2012 was 

important in elucidating the role of autophagy with regards to tau degradation. This 

study determined that phosphorylated tau cannot be degraded by the UPS, but can be 

degraded by autophagy. The same study saw through use of trehalose, an autophagy-

inducing disaccharide, that tau aggregation was suppressed by the increased autophagic 

activity. This study also determined that cytotoxicity was eliminated, demonstrating 

both an important role of autophagy in the prevention of aggregation and also the 

possible use of trehalose as a therapeutic. 

Overall, both the UPS and autophagy-lysosome system play vital roles in the 

regulation of protein clearance. These systems’ activities decrease with age (Vernace et 

al., 2007) in both healthy and AD brains, and studying them further could elucidate 

what, if any, differences there are between normal ageing brains and those inflicted with 

AD, to determine if dysfunction of the systems is playing a major role in the pathology 

of AD.  

 

1.4.3 Detrimental Effects of Tau Aggregates to the Cell 

 Damage Caused by Intracellular Pathogenic Tau 

There are several mechanisms by which hyperphosphorylated tau has a damaging 

effect in neurodegeneration: 

It is known that functional synapse loss is an early pathology in AD (Scheff et al., 

2006) and this synapse loss occurs prior to neuronal loss in AD patients (Davies et al., 

1987). A study in 2007 suggested that this was because of the missorting of tau from the 

axon to the somatodendritic compartment, as occurs in AD (Thies & Mandelkow, 

2007). This study showed that tau distribution in the somatodendritic region caused the 

disappearance of dendritic spines and the reduction in both pre- and postsynaptic 

markers, synaptophysin and AMPA receptors respectively. Adding to this, Yoshiyama 

et al. in 2007 found synapse loss caused by accumulated tau in the dendrites of neurons 

whose tau had become missorted, as in AD. 
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Hyperphosphorylated tau has been shown to disrupt motor protein function in 

affected cells. Kinesin and dynein are two families of proteins, that work to transport 

proteins, vesicles and organelles along microtubules in an anterograde and retrograde 

fashion, respectively. Both of these proteins have reduced concentrations in AD (Morel 

et al., 2012), and it has been found that hyperphosphorylated tau disrupts motor proteins 

by inhibiting their binding to microtubules, which results in defective axonal transport 

(Dixit et al., 2008)(see section 1.5).  

Tau can also interact with the actin cytoskeleton, where it can work as a cross-

linker between actin and microtubule networks. This interaction can in some cases 

become neurotoxic (Fulga et al., 2007) and tau can promote actin accumulation in vitro 

(He et al., 2009). Hirano bodies, which are intracellular aggregates of actin, are found in 

pyramidal cells of the hippocampus in AD brains (Mitake et al., 1997). A study by 

Galloway et al. in 1987 was the first to show the link between components of NFTs and 

Hirano bodies with their discovery that Hirano bodies contain tau. NFTs however, do 

not contain actin (Galloway et al. in 1987) but there is suggested to be an abnormal 

interaction of tau and actin in neurodegeneration, as Fulga et al. in 2007 found that by 

genetically overexpressing the levels of actin in Drosophila, tau-induced 

neurodegeneration could be dramatically increased. 

Intracellular tau aggregates can affect the cell by causing oxidative stress. A 

decreased expression of the antioxidants glutathione (Bains & Shaw, 1997) and 

superoxide dismutase (Melov et al., 2007), which are both markers for increased levels 

of oxidative stress, have been identified in the AD brain. A proteomics study by David 

et al. in 2005 showed that mice expressing human tau with a P301L mutation (discussed 

later in section 1.8.1) have free-radical damage and a pronounced increase in hydrogen 

peroxide (H2O2) levels, alongside downregulated levels of antioxidant enzymes, which 

work to reduce peroxides such as H2O2, further adding to the evidence for oxidative 

stress in tauopathies. In addition to this, NFTs can block the incoming transport of 

vesicles containing antioxidants rendering cells more susceptible to oxidative stress 

(Stamer et al., 2002).  

Finally, aggregated tau can detrimentally affect the positioning of mitochondria 

throughout the cell. A study by Kopeikina et al. in 2011 determined that tau aggregation 

causes deficits in the distribution of mitochondria throughout the cell, resulting in 
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depleted mitochondria in the soma, likely caused by tau-induced deficits in axonal 

transport.  

 

 Damage Caused by Pathogenic Extracellular Tau 

There is growing evidence to suggest a role for extracellular tau in the pathology of 

AD and other tauopathies. Extracellular tau in the AD brain is evidenced in increased 

cerebrospinal fluid (CSF) tau accumulations in patients with AD that were not observed 

in control patients (Hampel et al., 2010). This increase was also replicated in the CSF of 

mice expressing tau with a P301L mutation, which display an increase in extracellular 

tau levels (Barten et al., 2011). It was found that exogenously applying extracellular 

human recombinant tau onto an SH-SY5Y cell culture; a human neuroblastoma cell 

line, caused an increase in cell death as determined by a propidium iodide count of dead 

cells compared to controls (Gómez-Ramos et al., 2006). The same group in 2008 then 

determined that this effect on SH-SY5Y cells is because tau acts as an agonist to 

muscarinic M1 and M3 receptors, causing an intracellular release of calcium that 

resulted in cell death (Gómez-Ramos et al., 2008). Another study using a similar setup 

of recombinant tau on SH-SY5Y cells determined that trimers were the oligomerised 

unit responsible for the toxicity on the cells (Tian et al., 2013). With regards to in vivo, a 

study showed impaired memory and synaptic deficits after the injection of recombinant 

tau oligomers into wild type mouse brains (Lasagna-Reeves et al., 2011), and in a 

subsequent study the following year the same lab determined that human recombinant 

tau oligomers applied extracellularly onto hippocampal slices decreased long-term 

potentiation (Lasagna-Reeves et al., 2012). The aforementioned studies show a 

detrimental effect of adding exogenous tau onto cells, but the role of extracellular tau 

secreted from neurons in vivo has yet to be examined. Several other studies have been 

examining the role of extracellular tau in the propagation of pathology in a prion-like 

manner, which is discussed later in section 1.6. 
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1.5 The transport and trafficking of tau  

1.5.1 The Movement of Tau in Healthy Neurons 

In order to fulfil its role as a microtubule stabiliser, tau must first enter and move 

down an axon. In the foetal brain, tau has a ubiquitous distribution throughout the cell 

(Kosik et al., 1989), and with maturation this redistributes to a more polar distribution – 

with a proximal-distal spatial gradient (Kempf et al., 1996; Mandell & Banker, 1996). 

As such, tau that is generated within the cell body has a mechanism of transport to the 

axon, where it is more highly concentrated. Differing mechanisms could be in place to 

allow this transport of tau down the axon and its selective retention in this region, which 

are probably occurring in tandem with each other. 

Over longer distances, one mechanism of tau transport is motor-protein 

dependent. Active transport of tau throughout a cell can be achieved through its 

recruitment and binding to motor proteins. Studies by Utton et al. in 2002 and 2005 

have shown that tau is transported along axons at a rate compatible with slow axonal 

transport. The observed speed at which tau is transported varies between studies - 

between 0.2-0.4 mm/day is reported in retinal ganglion cells (Mercken et al., 1995; 

Tytell et al., 1984) 1.7-3 mm/day for sciatic nerve (Tashiro et al., 1996) and between 

0.77-0.91 mm/day in embryonic rat cortical neurons (Cuchillo-Ibanez et al., 2008; Utton 

et al., 2002). These rates are all in line with slow axonal transport (see Table 1.5-1), 

which is characterised as less than 8 mm/day, whereas fast axonal transport of for 

example, mitochondria or synaptic vesicles, is in the rate of 50-400 mm/day. The 2005 

study by Utton et al. found that whilst tau was moving at a rate of 31 mm/day between 

pauses, tau spends 73% of the time in a paused state. 

Over shorter distances, one mechanism of movement if tau is diffusion of tau 

along the microtubule. A study by Hinrichs et al. in 2012 was the first to show that, as 

well as the commonly accepted mechanism of transport of tau by motor proteins, tau is 

also transported via diffusion along microtubules. Through single-molecule total 

internal reflection fluorescence (TIRF) microscopy, they found that tau molecules can 

slide along microtubule lattices bidirectionally at a diffusion coefficient of up to 0.5 

µm2/s. This could be a mechanism employed by cells to transport tau to microtubules in 

need of stabilisation when motor protein function is hindered. 
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Another mode of tau transport is the co-transport of tau with microtubules. 

Studies have shown that there are short microtubules moving within axons (Ahmad et 

al., 1995; He et al. 2005), and that bound tau can ‘piggy-back’ on these microtubule 

segments and be transported with them (Scholz & Mandelkow, 2014). 

Finally, the last known mechanism of tau transport is the transport of tau mRNA 

into the axon, and the subsequent local synthesis of the protein. Evidence of this has 

been shown in primary neurons, where tau mRNA has been discovered in axonal RNA 

granules (Malmqvist et al., 2014). 

 

Table 1.5-1. Rates of axonal transport.  

Adapted from Stenoien & Brady 1999.  

 

 

1.5.2 The Movement of Tau in Degenerating Neurons  

The above mechanisms of tau transport are observed in healthy, intact axons that 

contain an uncompromised microtubule cytoskeleton. However, the 

hyperphosphorylation of tau in AD is majorly destructive to microtubules, as it results 

in their destabilisation. Impaired axonal transport systems are thought to be a pivotal 

pathological change in neurodegeneration (Millecamps & Julien, 2013). Axonal 

transport deficits are one of the early impairments in AD (Stokin et al., 2005), including 

deficits in the transports of growth factors (Schindowski et al., 2008), mitochondria 
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(Calkins et al., 2011) and other cargo such as organelles, proteins and RNAs (Liu et al., 

2012). 

With regards to the transport of tau protein itself, the phosphorylation state of 

tau is a factor that can affect its axonal transport. A study by Cuchillo-Ibanez et al. in 

2008 has shown that hyperphosphorylation of tau, as in AD, increases its overall 

transport rate within axons. Using green fluorescent protein (GFP) tagged pseudo-

hyperphosphorylated (PHP) tau plasmids (as discussed later in section 1.8.3) they 

showed that hyperphosphorylated tau is transported at a faster rate than that of wild type 

tau – at a rate of 1.9 mm/day compared to 0.9 mm/day respectively. 

Nonphosphorylatable tau mutants show a decreased transport compared to control (0.8 

mm/day), showing the importance of phosphorylation state in determining axonal 

transport rates of tau. They determined that this higher rate of axonal transport was due 

to an increased binding of tau to kinesin. Inhibiting GSK3 and thus reducing 

phosphorylation was shown to significantly decrease tau’s transport, and this tau was 

seen to have decreased binding with kinesin, overall showing that tau’s phosphorylation 

state can regulate its association with motor proteins and therefore, regulate its transport 

within the axon. 

The normal gradient of tau shows higher levels concentrated in the distal part of 

axons, and it is within this area that hyperphosphorylated tau is seen to appear first. A 

study by Konzack et al. in 2007 elaborated on this idea, showing that tau clusters began 

appearing at distal ends of the axon, suggesting an interplay between both the higher 

concentration of tau at distal axons, and also hyperphosphorylated tau’s interaction with 

kinesin and thus increased anterograde direction of transport (Cuchillo-Ibanez et al., 

2008). However, in AD this gradient becomes inverted, with a higher concentration of 

tau accumulating in the somatodendritic compartment. The evidence that shows 

hyperphosphorylated tau’s increased anterograde transport does not reconcile with this 

inverted gradient. To explain this, studies have shown the effects of tau on the inhibition 

of motor proteins. The Holzbaur lab showed that tau bound to microtubules has an 

inhibitory effect on kinesin. Physiologically, kinesin motor proteins anterogradely 

transport their cargo towards the synapse, and unbind at areas of high tau levels. Dynein 

is inhibited by tau ~6-fold less than kinesin (Dixit et al., 2008), so dynein can bind at the 

distal axon and retrogradely transport cargo to the somatodendritic area. When tau is 

hyperphosphorylated at the distal axon, it is unbound and can be transported only by 
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dynein towards to cell body, as kinesin can not bind at the distal axon due to the high 

levels of tau. With this increase in tau at the somatodendritic area, there is now an 

inhibitory effect on kinesin at this area, meaning that tau can no longer transported 

anterogradely, thus leading to an accummulation of tau within the somatodendritic 

region of the cell. Overall, this leads to an inverted gradient of tau within a degenerating 

neuron.  
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1.6 Prion Hypothesis 

 Prion diseases are a group of progressive, degenerative proteinopathies, 

characterised by a conformational protein change from a normally folded protein to a 

misfolded version. The key feature of defining a protein as ‘prion-like’ is its ability to 

transmit one of its structural conformations to other prion proteins, causing them to 

convert into a misfolded form, rendering it infectious (Prusiner, 1991). Although 

originally a term confined to purely prion protein PrP related diseases such as 

Creutzfeldt-Jakob disease and Gerstmann-Straussler-Scheinker syndrome, a prion-like 

spread of pathology is now hypothesised for many neurodegenerative diseases, such as 

AD, Parkinson’s disease, and ALS. 

In the case of tau in AD, tau can be considered prion-like in that it is 

transformed from its native ‘folded’ state to that of a ‘misfolded’ species; which can 

template folded tau to misfold (Morozova et al., 2013). A prion-like pathology of AD in 

regards to tau suggests that these misfolded conformations can spread between cells, 

acting as templates in driving healthy tau into the same misfolding. Interestingly, tau 

has been shown to be structurally similar to PrP in that it resembles PrP’s tertiary 

structure – a structure which balances itself between a normal conformation and one 

that is prone to self-aggregation (Hall, 2011). The physiological and pathological 

folding of tau protein can be seen in Figure 1.4-1. 

 Many studies have been carried out to examine the prion-like properties of tau. 

One such study by Clavaguera et al. in 2009 showed that injection of brain extracts 

containing tau aggregates from mutant P301S tau-expressing mice into the brain of mice 

expressing human wild-type tau (see section 1.8.1) induces the assembly of the wild-

type tau into aggregates. This study also reiterated that this seeding propagated along a 

synaptically connected pathway. Frost et al., also in 2009, showed that cultured murine 

neural progenitor C17 cells transfected with full-length tau do not form aggregates, but 

on addition of recombinant tau aggregates that are internalised, the full-length tau 

begins to aggregate, because of the seeding effect of the exogenous aggregates. This 

seeding pathology was then shown to transmit between co-cultured cells. Overall this 

study showed that tau could transmit its aggregated template from one cell to another – 

showing evidence for the propagation of aggregation from cell to cell. Furthering this, a 

study by Lasagna-Reeves et al. in 2012 has shown that in vivo, intracerebral injection of 
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tau oligomers derived from cortical neurons of AD brains can induce abnormal tau 

conformations in healthy hippocampal cells of wild-type mice. 

 To conclude, there is evidence to suggest that tau is a prion-like protein: that it 

exists in multiple conformations, of which a misfolded conformation is transmissible to 

folded protein, and it has the ability both seed and propagate misfolding in the brain, 

triggering the canonical cascade of misfolding as seen in prion diseases.  
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1.7 The spread and propagation of pathogenic tau protein 

1.7.1 The Spread of Tau Aggregates In Vivo  

Pathogenic tau appears to spread in a sequential fashion throughout the brain: a 

spatial propagation through synaptically connected brain regions. In early stages of AD, 

abnormal tau is seen to aggregate first in layer II of the entorhinal cortex (EC)(Braak & 

Braak, 1991). The EC’s major output is the perforant pathway - which 

monosynaptically connects it to hippocampal brain regions such as the dentate gyrus 

(DG), the CA3 and CA1 regions and the subiculum (see Figure 1.7-1). The EC is also 

connected trans-synaptically with the parahippocampal cortex and the perirhinal cortex, 

which both project to the neocortex (Witter et al., 2000). Later stage AD shows 

pathogenic tau accumulation spreading from the EC and concentrating in the 

hippocampal and then later neocortical regions (Braak & Braak 1991). This suggests 

that the spread of tau pathology is via its dissemination along synaptically connected 

circuits; specifically anterogradely connected circuits whilst within the hippocampal 

structures. Many studies have been undertaken in an attempt to elucidate the 

mechanisms by which tau spreads and propagates along these circuits.  

A major study by de Calignon et al. in 2012 selectively expressed human P301L 

mutated tau in layer II of the EC of transgenic mice. With this, they could monitor the 

spread of human tau through downstream connected circuits. Despite the use of regional 

and cellular restrictions of the transgene expression, they could still see a clear sequence 

of tau spread from the EC to the DG, the CA regions, and the cingulate cortex. No 

human tau mRNA was detected in any of these subsequent regions at any age in the 

mouse, showing that the tau identified there was not synthesised locally, but transported 

through existing networks. Also shown in this study was the colocalisation of 

endogenous mouse tau into NFTs with human mutated tauP301L, showing in vivo the 

ability of misfolded tau to template healthy tau into the pathological form. This study 

has had a high impact on subsequent research into tau propagation because it showed 

both the advancing progression of NFTs through connected brain regions and showed 

the seeding of endogenous tau in vivo by its mutated counterparts.  

Adding to this, Dr Karen Duff’s lab generated a transgenic mouse line which 

expresses human P301L mutated tau on the neuropsin promoter, and therefore is 

restricted to the EC. With this mouse, the lab found that tauopathy progressed through 
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brain circuits radiating from the EC, showing spread along anatomically connected 

circuits  (Liu et al., 2012).
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Figure 1.7-1 Schematic of a hippocampal circuit.  

The entorhinal cortex (EC) layer II connects via the perforant pathway (purple) to the 

cell bodies of the dentate gyrus. The axons of cells in the dentate gyrus connect to the 

cell bodies of the CA3 region via the mossy fibres (pink). CA3 neurons connect with 

CA1 neurons via the Schaffer Collaterals (yellow). These pathways show an 

anterograde circuit within the hippocampal structures. Image from Petrantonakis & 

Poirazi, 2014. 
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1.7.2 The release of tau by cells in vitro 

The cause of intracellular tau spread in AD was initially thought to be due to the 

release of NFTs from dying cells into extracellular space, from where they could have a 

toxic effect or spread to neighbouring cells (Gómez-Ramos et al., 2006). However, as 

tau is found in human cerebrospinal fluid in both healthy and AD affected individuals, it 

is thought that tau release is a physiological process. Indeed, it has been determined that 

physiological tau is released by neurons in response to neuronal stimulation (Pooler et 

al., 2013). 

The knowledge that tau aggregates are seen to spread through anatomically 

connected circuits is suggestive that aggregates are actively released from neurons at the 

synapse, as opposed to solely their release from disintegrated cells, and a recent study 

suggesting that this could be the case showed that tau spread can occur before synaptic 

degeneration (Pickett et al., 2017). However, it still has not been explicitly confirmed if 

tau spread is synaptic, and although multiple studies have been carried out to examine 

this release and interneuronal spread of tau, to date the exact mechanism of release is 

not fully understood.  

Two independent studies by Chai et al. and Karch et al. both in 2012 showed that 

tau is secreted constitutively from Human Embryonic Kidney (HEK) 293 cells at low 

levels. This tau was shown to be full length and vesicle independent, and was suggested 

to be released as part of an ‘unconventional secretion’ pathway. However, HEK cells, 

although human in origin, are kidney derived and therefore do not possess the synaptic 

specialisations that could be responsible in part for the spread of pathogenic tau, 

meaning this evidence may not be translatable to brain cells. 

Other studies have examined the release of tau in an exosome-associated manner, 

which is known to be a mechanism of release of other aggregated proteins such as Aβ 

and α-synuclein (Emmanouilidou et al., 2010; Fevrier et al., 2004; Rajendran et al., 

2006). Saman et al. in 2012 reported that tau protein is also secreted in exosomes (cell-

derived extracellular vesicles), which they determined in M1C cells; a human 

neuroblastoma derived immortal cell line. Some studies correlate with both of these 

mechanisms, acknowledging that tau can be both released freely and in microvesicles or 

exosomes by HEK293 cells and COS-7 cells; a cell line derived from monkey kidney 

fibroblasts (Simón et al. 2012a; Simón et al. 2012b). The difference in release 
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mechanism appears to be isoform specific – with 4R2N tau freely released, and 3R0N 

tau released in exosomes or microvesicles from both HEK and COS cell lines (Chai et 

al., 2012; Simón et al. 2012b). However, these results are not necessarily translatable to 

endogenous neuronal tau release, and therefore further studies on tau release need to be 

undertaken in neuronal cultures in order to develop a more specific understanding for 

the mechanism of release. 

As mentioned, the release of tau from neurons is an active physiological process, 

which becomes disrupted in AD. The previously discussed studies of tau spread were 

undertaken in cell lines that were altered via transfection resulting in an overexpression 

of tau protein, in a manner to mimic the conditions of AD, as opposed to in 

physiological conditions. To examine physiological tau release, a study by Pooler et al. 

in 2013 examined the release of tau under physiological concentrations and conditions, 

and found that tau is released in response to neuronal activity. To do this, her team 

stimulated primary neurons with potassium chloride or glutamate to activate AMPA 

receptors, and saw a release of tau that was not corresponding to cell death or changes 

within the cell. This suggests that there is a physiological role for the release of 

endogenous tau in healthy neurons, and this may be a process that becomes defective in 

AD.  

Finally, more recent studies have examined the potential mechanisms of spread of 

pathogenic tau between cells in vitro through studying neuronal cell cultures. A study 

by Tardivel et al. in 2016 found evidence that pathogenic tau was present within 

tunneling nanotubules (TNTs) connecting primary neurons together. TNTs are 

filamentous-actin containing membranous structures that bridge and connect 

neighbouring neurons. TNTs have also been shown as a means through which α-

synuclein seeds are transferred between cells in vitro (Abounit et al., 2016; Costanzo et 

al., 2013) showing a promising mechanism of protein aggregate spread.  

 

 

1.7.3 The uptake of tau in vivo 

When tau is released by the cell into the extracellular space, there must be a 

mechanism in place by which neighbouring cells can take up the tau, from where it can 
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spread and act as a template to other tau proteins, propagating its pathology. Although 

some studies have been undertaken in an attempt to elucidate this mechanism, the 

results have so far been inconclusive. Yeast models of prion propagation and α-

synuclein oligomers have shown aggregates to be internalised via the endosomal 

pathway, evoking the hypothesis that tau may also be received by cells in the same 

mechanism (Lee et al., 2008; Narayanan et al., 2003). A suggested mechanism of uptake 

is that of macropinocytosis, a mechanism of endocytosis that involves ruffling of the 

cell surface (Swanson & Watts, 1995). This is the reported pathway of internalisation in 

N2a cells; a mouse neuroblastoma derived cell line, for misfolded SOD1 aggregates in 

ALS (Münch et al., 2011), and a study by Holmes et al. in 2013 showed that tau was 

taken up in murine C17 neuronal progenitor cells by the formation of massive vesicles 

called macropinosomes. They found that this was dependent on the binding of tau to 

heparan sulfate proteoglycans (HSPGs). They also concluded that HSPGs were 

involved in the uptake of tau fibrils by cultured hippocampal cells, but the link between 

HSPGs and macropinocytosis that they propose in C17 cells is unlikely to be the case in 

primary neurons, which usually only undergo macropinocytosis during growth cone 

membrane recycling. Current research is continuing to look into the role of HSPGs and 

protein internalisation to determine if they are responsible for tau internalisation, and 

recently it was determined that internalisation of α-synuclein by HSPGs is indeed cell 

type specific (Ihse et al., 2017).   

A study by Frost et al. in 2009 showed that extracellular tau aggregates colocalise 

with dextran, a marker of fluid-phase endocytosis, in C17 cells, and they suggest that 

aggregates enter the cells through engulfment by the membrane in an endocytic 

pathway. A study by Wu et al. in 2013 also suggested that misfolded tau is internalised 

by bulk endocytosis within neurons, as tau was seen to colocalise with dextran and also 

with Rab5, a GTPase enriched on the surface of early endosomes. However this 

endocytosis usually only occurs in neurons in response to large pharmacological or 

electrical stimulation which may not be occurring at physiological conditions (Nguyen 

et al., 2014). If endocytosis is the mechanism of tau uptake, then the endocytosed tau 

needs a method of exiting endosomal vesicles to be present in the cytosol for it to act as 

a template for further misfolding, and this has not yet been demonstrated. However, 

both of these studies used extracellularly applied exogenous tau aggregates to 

investigate tau internalisation, and as such the results may differ from the mechanisms 

used by neurons in vivo. 
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A recent paper has determined the specific species of tau that is involved in 

neuronal uptake, and in propagation to connected cells. Takeda et al. in 2015 found that 

only high molecular weight tau species (>670 kDa) were readily endocytosed by 

primary cortical neurons, whereas low molecular weight species (50-150 kDa) were not. 

This study also determined that the phosphorylation state of the tau species correlates 

with its uptake, finding that dephosphorylation of tau reduced its uptake. However, this 

study did not look at the mechanisms involved in neuronal uptake or propagation. 

Furthering from this research, another study from the Takeda lab led by Nobuhara 

et al. in 2017 has shown that through the application of tau antibodies into the culture 

media of disease propagating cells, the percentage of internalised tau aggregates was 

significantly reduced. The researchers suggest that the antibodies used have some 

preventative mechanism in stopping exocytosed tau from binding with and being 

internalised by the postsynaptic cell’s membrane. From this, we could extrapolate that 

as the tau that is being internalised is accessible by the antibody, the tau is not exosome 

bound, giving weight to the theory that tau is released freely by a presynaptic cell.  

Although these studies offer some insight into the mechanism of tau 

internalisation, it is clear to see that the evidence collected to date is inconclusive – 

showing the need for further research into the elusive mechanisms of both tau aggregate 

internalisation and release. 
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1.8 Modelling Tauopathies in the Lab  

 In order to study tauopathies, a multitude of in vitro, cellular and whole animal 

models have been generated and characterised in an attempt to recapitulate disease 

pathology and progression. Each hold both advantages and disadvantages in their 

approach, and combined have elucidated many of the pathological aetiologies, 

mechanisms and disease progression of tau related neurodegenerative diseases. 

Discussed below are some of the major tauopathy models, and the contributions they 

have provided to the field of AD research. 

   

1.8.1 Transgenic mouse models 

Over the past 20 years, transgenic mice have been created and used as a model for 

studying tauopathies, including AD, in a lab setting. Firstly, wild type mice 

overexpressing human tau have been created to examine the effects of overexpressing 

tau within the mouse model. One model created in 1995 expresses human 4R2N tau 

under the human Thy-1 promoter (Götz et al., 1995b). These mice were found to have 

hyperphosphorylated tau present by 3 months, yet did not stain positive for NFTs 

(detectable through staining with Gallyas silver, Congo-red or Thioflavin-S) or exhibit 

any overt neurodegeneration. This was recapitulated in another wild type mouse model 

made in 1999, which expresses 3R0N tau under the HMGCR promoter (Brion et al., 

1999). Here, hyperphosphorylated tau was detected by 6 months of ages, but no NFTs 

were present nor any behavioural deficiencies. Finally, another wild type mouse model 

expressing all 6 human tau isoforms was created in 2000 under the tau promoter (Duff 

et al., 2000). Again, it was found that although there was a presence of 

hyperphosphorylated tau throughout the brain and spinal cord, there were no NFTs 

formed in either, nor subsequent neurodegeneration. Overall this suggests that 

overexpression of human tau with a mouse brain is sufficient to drive 

hyperphosphorylation, perhaps due to a disruption of the kinase:phosphatase 

equilibrium, but is not sufficient to drive AD-like neurodegeneration.  

In order to achieve recapitulation of neurodegenerative phenotypes, mutations in 

the tau gene were then incorporated into transgenic mouse models. One such transgenic 

mouse line, JNPL3, expresses human 4R0N tau with a P301L mutation under the mouse 

PrP promoter (Lewis et al., 2000). With these mice, NFT pathology was now observed 
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in an age-dependent manner, as well as neuronal loss, gliosis, and behavioural deficits 

beginning at 4.5 months of age. In agreement with this, another model expressing 

human 4R2N tau with a P301L mutation under the mouse Thy-1.2 promoter showed 

pathologic phosphorylation by 3 months and subsequent NFT formation by 8 months of 

age (Götz et al., 2001). As such, it exists that mice expressing a mutation relevant for 

the tauopathy FTD exhibit more relevant phenotypes for the study of AD.  

In addition to this, inducible mouse models for tauopathies were also created, 

allowing for the tau transgene to be turned on or off. One such mouse model, rTg4510, 

expresses inducible human 4R0N tau with the P301L mutation (Santacruz et al., 2005). 

To do this, they crossed mice transgenic for a responder transgene consisting of a 

tetracycline-operon-responsive element (TRE) upstream of human 4R0N tau with the 

P301L mutation, with mice transgenically expressing a tetracycline controlled 

transactivator (tTa) downstream of a calcium-calmodulin kinase II (CaMKII) promoter. 

Bigenic progeny then express inducible human P301L mutated tau, restricted to the 

forebrain, which can be suppressed with doxycycline. When the transgene is on, these 

mice develop overt neurodegeneration, with phosphorylated tau deposits by 2.5 months, 

NFT formation by 4 months in the cortex, and 5.5 months in the hippocampus, and 

neuronal loss and atrophy by 5 months. Importantly, these mice were used to determine 

that NFTs alone are not sufficient to cause cognitive decline or neuronal death. They 

determined that suppressing the transgene after the formation of NFTs effectively 

rescues both memory function, as determined by performance in a Morris water maze 

(Morris, 1984) and halts neuronal loss, despite NFT formation not being attenuated. 

This shows that there is a dissociation between the processes that form NFTs and the 

processes that lead to memory deficits, suggesting that smaller tau species, as opposed 

to NFTs, may be involved in the progression of memory and neuronal degeneration. 

One of the most important discoveries that has been found through the use of 

transgenic mouse models is the ability of tau to propagate throughout the brain, from the 

EC and through anatomically connected brain regions, which was discovered through 

the spatial restriction of human tau expression to the EC. This major study by de 

Calignon et al. in 2012 generated this mouse line by crossing rTg4510 mice, which as 

previously discussed express inducible human 4R0N tau with a P301L mutation 

downstream of a TRE, with mice expressing tTa on a neuropsin promoter, which 

restricts expression to cells in the EC (Yasuda & Mayford, 2006). They determined that 
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human mRNA was restricted to the EC, but after 12 months human tau protein could be 

seen in anatomically connected brain regions, such as the dentate gyrus and CA regions 

of the hippocampus. They also discovered that the human tau spreading from the EC 

was capable of seeding mouse tau into aggregates, and that the propagation of tau 

through the brains of these mice was accompanied with neurodegeneration. This model 

showed major features of tau pathology because they clearly demonstrate tau’s ability to 

travel through connected brain regions, and seed misfolding and aggregation of 

endogenous tau along its route.  

 Overall, the findings of studies undertaken with mice transgenic for human tau 

have exemplified that overexpression of tau protein leads to hyperphosphorylation, but 

mutations appear necessary to induce neurodegeneration and NFT formation. They have 

shown that tau can spread and propagate through a rodent brain, and also demonstrate 

that tau pathology alone is sufficient to drive neurodegeneration, without the need for 

APP pathology. However, it is observed that the additions of Aβ fibrils significantly 

accelerates degeneration (Gotz et al., 2001), showing that although tau transgenic mouse 

models are appropriate for studying tauopathy aetiology, they may not be appropriate 

for the study of AD specifically. 

 

1.8.2 Tau Knockout Mice  

As the importance of tau in stabilising microtubules is well understood, it is 

surprising that tau knockout mice do not present with any overt behavioural or physical 

abnormalities (Harada et al., 1994) . This study determined that MAP1A and MAP1B, 

other members of the MAP family, compensate for the lack of tau by taking over the 

role of microtubule stabilisation, as they found up to a 2-fold increase in MAP1A in the 

absence of tau in comparison to control mice. This increase appeared to be 

developmentally regulated, as in older knockout mice the levels of MAP1A appear to 

level with that of wild type littermates (Dawson et al., 2001). It was then found that 

knocking down both tau and MAP1B caused severe brain developmental abnormalities 

and was lethal within the first 4 weeks of life (Takei et al., 2000) showing the 

importance of compensatory MAPs and the synergistic nature of MAP1B and tau. Four 

independent tau knockout lines are now in existence, none of which display aberrant 
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behaviour or development (Morris et al., 2011) until an older age (12 months and up), 

when they develop motor deficits (Ikegami, 2000; Lei et al., 2012). 

Recently, tau knockout mice have been used to determine whether the spread of 

diseased tau alone is sufficient to cause degeneration. To do this, Wegmann et al. in 

2015 virally expressed human P301L mutated tau in the entorhinal cortex of tau knock 

out mice. They observed that although the tau tangles could still spread along connected 

brain circuits, there was a markedly reduced toxicity, showing the importance of 

endogenous tau in AD models. This exemplifies the detrimental effects caused by the 

loss of function of healthy tau. 

Despite a lack of overt phenotype in knockout mice, cultures from these mice can 

provide insight into the development process of neurons with regards tau. Dawson et al. 

in 2001 showed that these cultures have defective neurite extension as compared to 

control cells, and Qiang et al. 2006 found that the axons of tau knockout cells, although 

polarised, had stunted growth compared to control cells. The most significant finding 

that has been established through the use of tau knockout cells is the relationship 

between tau and Aβ. Rapoport et al. in 2002 showed that tau was essential for Aβ 

toxicity, as tau knockout neurons were resistant to the toxicity caused by Aβ exposure 

as seen in control cells. This finding was reiterated in vivo, when a group crossed a tau 

knockout line with APP mice; a mouse line that generates Aβ plaques (Roberson et al., 

2007). The tau deficiency rescued the premature mortality that occurs in APP mice, 

showing that tau is mediating the toxic effects of Aβ. The mechanism by which Aβ 

oligomers cause cell death is possibly through excitotoxicity – the overactivation of 

NMDA receptors causing damage and death. Without tau these mice had a significantly 

reduced susceptibility to excitotoxicity, possibly due to the lack of fyn recruitment into 

dendritic spines.  

  

1.8.3 Cell transfection with tau DNA plasmids 

Another useful method of studying tauopathies in the lab is through the use of 

DNA plasmids encoding for AD-related proteins. This method offers advantages of a 

controllable environment that can be investigated and manipulated easily, and 

investigation in both live and fixed conditions. Cell lines have been generated that 

transiently express mutated tau (Holmes et al., 2014; Knops et al., 1991; Vogelsberg-
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Ragaglia et al., 2000), which have lead to the characterisation of phosphorylated and 

aggregated tau in vitro. However many cell lines used in such investigations lack 

endogenous tau and therefore may be dissimilar in pathogenicity to neurons. Neuronal 

cell lines, such a SH-SY5Y cells can be differentiated into neuronal phenotypes, but still 

do not differentiate fully into neurons. These cells have also been transfected to express 

tau, and have facilitated studies on tau interactions with neurites (Ebneth et al., 1998). 

Finally, the use of primary cultures provides fully differentiated neurons, but also the 

disadvantage that these are difficult to transfect.  

An example of plasmids used to transfect primary neurons were developed by 

Karen Ashe’s lab (Hoover et al., 2010). Using full length tau as a template and mutating 

disease associated serine/threonine phosphorylation sites of tau to either glutamate or 

alanine, they created a tau construct that is pseudo-hyperphosphorylated, i.e. mimicking 

phosphorylation, or non-phosphorylatable, respectively. Mutating the serine or 

threonine residues to glutamate simulates permanent phosphorylation of these sites, as 

the glutamate mimics the presence of a phosphate group, essentially ‘pseudo-

phosphorylating’ tau at all of these sites. Each of the 14 sites that have been mutated 

(see Figure 1.8-1) are sites that have been shown to be phosphorylated in vitro and also 

shown to be present in PHFs (Anderton et al., 2001). Alternatively, mutating these sites 

to an alanine renders them non-phosphorylatable. The chemical structures for 

phosphoserine and phosphothreonine are shown in the following table. With these 

plasmids, it was discovered that pseudo-hyperphosphorylated tau is unable to bind to 

microtubules, and causes a synaptic dysfunction as shown by a decrease in miniature 

excitatory postsynaptic current amplitude (Hoover et al., 2010). 
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Figure 1.8-1 Proline directed phosphorylation sites of tau. 

Constructs have these sites mutated to either glutamate or alanine.  

 

 

 

   

        Phosphoserine Phosphothreonine Glutamate  

 

Table 1.8-1. Chemical structure of phosphoserine, phosphothreonine and glutamate. 

Glutamate’s negatively charged O group mimics the negatively charged phosphate 

group present in phosphorylated residues. 
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1.8.4 Human tau-expressing cells 

 One of the biggest disadvantages to using rodent models or cultures to mimic AD 

processes lies in the biological differences between humans and rodents, including the 

fact that AD and other related dementias are human specific diseases, rendering rodent 

models a second class alternative to human brains. For example, the aforementioned 

rodent models rely on an overexpression of target genes, unlike the normal gene 

expression levels in human patients. As such, a method of recapitulating AD pathology 

in the context of physiological human genetics, and in brain specific cell types, would 

be advantageous. In order to address this, scientists have begun looking into the 

potential of human derived inducible pluripotent stem cells (iPSCs) in researching 

neurodegeneration. Neuronally differentiated human iPSCs have been used to study the 

normal function of AD-related protein APP (Liao et al., 2016) and also the effects of Aβ 

aggregates on cortical differentiated iPSCs. However, these iPSCs have originated from 

healthy subjects, and in order to examine the pathological processing of AD proteins, 

investigative methods would still induce an overexpression paradigm similar to that 

seen in current rodent models.  

 To overcome this, an emerging field of differentiating AD patient-derived iPSCs 

into neuronal cultures is becoming an established method. With this, there is now scope 

to derive neuronal iPSCs from those afflicted with MAPT mutations, such as the 

P301L/S mutation found in FTD that results in the canonical tau misfolding of 

tauopathies. This provides genetically human neurons that are self-programmed to 

develop the disease pathology being studied. However an obstacle in using iPSCs for 

examination of tau pathology lies in the developmentally regulated differential splicing 

of tau isoforms (see section 1.2.1). This is currently being investigated in detail by long 

term culturing of human FTD patient derived iPSCs (Sposito et al., 2015); a research 

group who are currently culturing iPSCs for time periods of over a year in vitro and 

have established developmental isoform changes over time in the neurons. This is a 

promising avenue, which may lead to significant progress in human AD modelling and 

potential therapeutic breakthroughs.  

 To conclude, there are various methods of investigating tau pathology and 

propagation, each with merits and disadvantages. For the purpose of this project, it was 

decided to use primary mouse neurons with human tau expressed via transfection. We 

can take advantage of the low transfection rate of primary neurons, because it allows us 
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to investigate tau propagation on a single cell connectivity level. In order to develop a 

platform to facilitate this study, we avail of the use of microfluidic devices, as discussed 

in the following section. 
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1.9 Compartmentalised Platforms  

Neuronal networks are highly complex, interconnected and compartmentalised 

circuits, which are difficult to recreate in vitro. There are methods in place to study 

neuronal connections, such as dissociated cell cultures, animal models or brain slice 

examination, which are highly useful for examining the biology of neuronal cells in 

mass culture. There are also methods by which cultures can be grown to mimic the in 

vivo connectivity, such as 3D layered cultures, and microfluidic compartmentalised 

devices, which allow the user to analyse certain aspects of the cellular 

microenvironment found in vivo. For the purpose of this project, microfluidic devices 

offer an ideal platform with which to examine the molecular mechanisms at play in tau 

propagation. In previous research, the understanding of axonal properties was hindered 

by the inability to independently examine the axon in an isolated manner from its cell 

body and dendrites, due to the complex connectivity that occurs in mass cell culture. In 

order to restrain the growth of connections so that the axon can be studied 

independently from the rest of the cell, methods were needed to gain a controlled 

growth of the axon away from its cell body, in order for it to be observed and/or 

manipulated individually. The following platform developments have been adapted to 

address this problem. 

 

1.9.1 History and Development of Compartmentalised Platforms 

 Campenot Chambers 

In 1977, Robert Campenot was the first scientist to develop a method of 

compartmentalisation in cell culture. He partitioned a petri dish with a Teflon divider 

attached with a layer of silicone grease to fluidically isolate the compartments and to 

facilitate neurite outgrowth between compartments, whilst restricting the entry of cell 

bodies. Parallel scratches were indented into the plastic and collagen coating that 

covered the bottom of the petri dish, and the divider partitioned the base into three 

sections; tightly enough that the individual segments were fluidically isolated, but in a 

manner that axons were capable of penetrating the sealed barrier. The axons extended 

along the collagen paths following the scratches on the surface, providing a mechanism 

by which they were guided to grow parallel through the silicone grease, towards and 
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under the neighbouring compartments. This ‘Campenot chamber’ was an exciting 

development in the field, giving scientists a means of treating an axon in isolation to its 

cell body or vice versa (Campenot, 1977). 
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Figure 1.9-1 Campenot chamber.  

Cell bodies are placed into the middle chamber. Axons then project under the barriers 

into neighbouring compartments. From Zweifel et al., 2005.  
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 The groups using these chambers such as Campenot himself are interested in 

researching the peripheral nervous system, such as sympathetic neuronal cells, and in 

their experiments they employ the use of growth factors, which are present in the 

neighbouring chambers. Growth factors work here to attract the axon to grow into this 

segment, and it was found that axons do not tend to penetrate into a segment that lacks 

growth factors (Taylor et al., 2005). 

However, these and other similarly designed chambers are time consuming to 

make (Ivins et al., 1998) and central neurons do not project under the dividing barrier. 

Although these systems can be used for live cell imaging, it is not possible to use them 

with high resolution magnification, which requires a glass base for imaging. As such, 

different platforms were developed to address this and further the development of 

compartmentalised culture devices. 

 

 Microfabricated Devices 

In 2003, Anne Taylor and colleagues developed a compartmented cell culture 

device, combining soft lithography, microfabrication and microfluidic techniques. 

These devices are made of polydimethylsiloxane (PDMS), a silicone polymer 

previously used in the fabrication of medical devices (Morgan & Wilkie, 2014). The 

devices are cast on a two-level SU-8 photoresist master, resulting in a device consisting 

of two culture channels connected by 3 µm high x 10 µm wide microchannels through 

which neurites can grow, while the cell bodies are retained in the culture channels. With 

sufficiently long outgrowth microchannels (>450µm), the growth of dendrites from one 

channel to the next can be prevented, rendering only axons capable of projecting from 

one chamber to the connecting chamber. The two compartments can be fluidically 

isolated by establishing a volume difference between them – creating a hydrostatic 

pressure that counteracts diffusion through the microchannels. Neurons can be cultured 

in one side of the device, the somatodendritic compartment, and these neurons project 

their axon and its presynaptic terminals into the other side of the device, the axonal 

compartment. As the compartments can be fluidically isolated, either side of the device 

can be treated and studied independently, thereby enabling the study of a variety of 

molecular processes, for example both retrograde and anterograde trafficking, cell 

subcompartmental analysis, mRNA localisation. The devices can also be used to culture 
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multiple sets of cells in connected culture channels, allowing for a connected network to 

form between the neurons in vitro. 

There are ample benefits for fabricating cell culture microfluidic devices from 

PDMS. Firstly, polymerised PDMS is non-toxic to cells and is non-autofluorescent and 

optically transparent rendering it biocompatible for cell culture and imaging. Secondly, 

the soft lithography techniques with PDMS are easy to replicate, reproduce and create in 

batch. These attributes, combined with the cheap cost of PDMS, renders it an ideal 

substrate for cell biology research (Halldorsson et al., 2015). 
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Figure 1.9-2 Device as designed by Taylor et al., 2003.  

Cells can be inserted into the top cell culture channel. Microchannels are narrow enough 

to prevent entry of cell bodies, which are retained in the top channel. Neurites can grow 

into the microchannel grooves, but only axons can extend long enough (>450 µm) to 

project through the microchannels to the bottom channel. 

Microchannels

Inlet/port

Cell culture 
channel
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1.9.2 Modern Device Developments 

The device developed by Taylor’s lab is now manufactured by Xona and sold by 

Millipore, and offers a highly useful tool for research into axonal biology. Additionally, 

certain specifications and alternations of the device can be included in order to create a 

specified system through which to elucidate the complex interactions between 

components of the central nervous system. As previously mentioned, microfluidic 

devices can be used to create a connected network with multiple channels of cells, and 

in order to recapitulate the ordered anterograde directionality of the hippocampus (see 

previous Figure 1.7-1) it would be advantageous to construct a device that allowed for 

unidirectional growth of axons, meaning that there would not be a bidirectional 

connectivity between two subsets of neurons in connected channels. Peyrin et al. in 

2011 report to have achieved this through the creation of a microfluidic device with 

asymmetric, tapering microchannels that function to directionalise an axon’s growth. 

This is an important feature, as it allows axons projecting from one channel to connect 

to other cells in the connecting channel, and discourages the reverse connection from 

occurring. This group reports that they achieve a 97% unidirectional selectivity, and the 

result is an oriented cell culture with unidirectional axonal growth, which mirrors the 

ordered connections physiologically.   
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Figure 1.9-3 Axon ‘diodes’ for oriented connectivity, from Peyrin et al., 2011. 

Cells can be inserted into one chamber, and only axons can extend long enough to 

project through the microchannels to the connected chamber. Results obtained using this 

device show only 3% of axons can grow in the prohibitive direction.
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 Other groups have also set out to reconstruct a unidirectional neuronal growth 

through the manipulation of microchannel designs. Malishev et al. in 2015 implemented 

multiple asymmetric 'bottleneck' designs within connecting microchannels to discourage 

axonal growth in the undesired direction (see Figure 1.9-4). This utilises the 

fundamentals of probability in that the axon can be redirected along multiple different 

edges when growing in the undesired direction, and thus can be delayed or diverted to 

prevent projection through to the connected channel, and also the bottlenecking 

discourages an axon’s choice of entry point, as in Peyrin’s design. Another group, 

Renault et al. in 2016, designed a loopback microchannel structure (see Figure 1.9-5).  

This system attempts to repeatedly reroute axons back in the direction they entered, 

rendering the statistical likelihood of their exit in the undesired direction unlikely. This 

works on the basis that cultured neuronal axons tend to edge find and grow in a guided 

manner, and that an axon cannot bend beyond a critical angle (Renault et al., 2016). 

This means that in the permissive direction, there is discouragement for the axon to loop 

back on itself, increasing the likelihood of its projection in the desired direction (Figure 

1.9-5 A α). Both of these design incorporations highlight the many ways in which axon 

guidance can be manipulated in order to achieve a unidirectional culture.  

 Finally, another group designed a specialised microfluidic device to achieve the 

construction of a minimalistic neuronal network through the use of compartmentalised 

cell arraying techniques. This study by Dinh et al. published in 2013 reconfigures the 

system in such a way that cells can be guided into two linear arrays with interconnecting 

neurite outgrowth channels. This system works by employing differential fluidic 

resistance circuits to array single neurons into cell traps sitting on the entrance of 

microchannels, allowing a neuron to sit in place while its axon projects through the 

microchannel to the other chamber of the device. When a single neuron occupies a trap, 

it impedes the flow of following neurons, diverting them to adjacent traps until a linear 

array of neurons is achieved. This functionality of the device allows for a minimalistic 

approach to neuroscience research, avoiding the entanglement of neurites as seen in 

mass culture. Developments such as these are pivotal for the on-going complexity of 

research needed to elucidate the mechanisms at play in neuronal networks.  
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Figure 1.9-4  Microchannel design incorporating ‘bottleneck’ structures in the 

microchannels, from Malishev et al., 2015.  

Axons are statistically unlikely to grow through the central pathway, and will be 

redirected (b). The repeated structural design gives axons alternative directions for 

growth, attempting to discourage them from growing in the undesired direction.  

 

 
 

Figure 1.9-5 Microchannel design incorporating ‘loop back’ structures in the 

microchannels, from Renault et al., 2016.  

A and B depict the critical angle at which an axon cannot bend, explaining how the 

green axon in C, growing in the permissive direction, will continue its growth straight 

through the channel. This means only axons growing in the prohibitive direction (red) 

will loop back and be redirected. 
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1.9.3 Hybrid Customisation for Investigating Tau Propagation  

With regards to the specific research on the propagation of tau aggregates, 

microfluidic devices provide a viable platform with which to dissect the spread of 

protein in vitro. Previous studies using microfluidic devices have been undertaken to 

analyse the dissemination of pathological proteins and viruses such as the Parkinson’s 

disease associated protein α-synuclein (Freundt et al., 2012) and α-herpesviruses (Liu et 

al., 2008). A recent study has used Xona devices to study the uptake of exogenously 

applied tau by hippocampal and cortical cultured neurons (Wu et al., 2013). This study 

determined that exogenously applied tau aggregates could be taken up by the cells of the 

somatodendritic compartment via bulk endocytosis, and could be transported down the 

axon into the axonal compartment. Another recent study used custom microfluidic 

devices and determined that aggregates applied to the somatodendritic side could be 

spread and taken up by connected cells in the second channel (Takeda et al., 2015). 

Overall this evidence demonstrates the validity and potential of using microfluidic 

devices as a platform for studies protein propagation, and therefore we decided to adapt 

the current published device designs with custom additions to provide us with an 

optimal device through which we investigated the mechanisms of tau propagation. 
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1.10 Aims and hypothesis 

This project hypothesises that: 

- Tau pathology is spread along intact neuronal circuits in vitro. 

- Tau pathology progresses in a preferentially anterograde direction. 

 

The aims of this project are: 

- To create a custom microfluidic device in order to recreate a unidirectionally 

connected neuronal network. 

- To establish an in vitro system through which tau propagation between 

connected neurons can be investigated.  

- To determine if tau pathology has a directional bias of spread between connected 

neurons. 

- To analyse the health and functionality of neurons expressing tau pathology. 
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2 Chapter Two: Materials and Methods 

2.1 Materials 

For cell culture, all materials were obtained from Invitrogen (unless otherwise stated). 

For all other experiments, materials were obtained from Sigma (unless otherwise 

stated). 

 

2.1.1 Animals 

All experiments were carried out in accordance with the Animals (Scientific 

Procedures) Act 1986 set out by the home office. Female C57BL/6 mice were time-

mated, and the adult mouse was sacrificed at embryonic day 15 by CO2 and cervical 

dislocation, before the embryos were removed.  

 

2.1.2 Oligonucleotides 

Primers for amplification of mRFP insert (see section 2.3.1) were designed using 

Primer3web (version 4.0.0) and produced by Eurofins Genomics. The forward primer 

was designed to include a Cla1 site (see appendix B, supplementary figure 1)(blue text 

below) and a start codon (green text) before the RFP primer (red text). 

Forward:   5'-CATGATCGATATGGCCTCCTCCGAGGAC -3';  

The reverse primer was designed to contain a BamH1 site (blue text below) before the 

reverse primer for RFP (red text). 

Reverse: 5'-CATGGGATCCGGCGCCGGTGGAGTGGC-3'   
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2.1.3 DNA plasmids 

 

Table 2.1-1. List of DNA plasmids used.  

Name Backbone Resistance Encodes Source 

GFP pEGFP-C3 Kanamycin Green fluorescent 
protein 

Clontech 

RFP pRFP-N1 Kanamycin Red fluorescent 
protein 

Clontech 

GFP-
TauWT 

pRK5 Ampicillin 4R0N tau Addgene, 
Dr Karen 
Ashe lab 

GFP-
TauE14 

pRK5 Ampicillin 4R0N tau, with 14 
serine/threonine sites 
mutated to glutamate 
(see Figure 1.8-1) 

Addgene, 
Dr Karen 
Ashe lab 

GFP-
TauAP 

pRK5 Ampicillin 4R0N tau, with 14 
serine/threonine sites 
mutated to alanine 
(see Figure 1.8-1) 

Addgene, 
Dr Karen 
Ashe lab 

TrkB-
mRFP 

 

pDSRed Kanamycin TrkB receptor Professor 
Moses 
Chao lab 

APEX2-
GBP 

 

pCSDEST2 

 

Ampicillin APEX2-GBP (EM 
peroxidase marker 
fused to GFP-
targeting nanobody). 

Addgene, 
Dr Rob 
Parton lab  

R-GECO 

 

pcDNA3.1 

 

Ampicillin Red fluorescent 
genetically encoded 
Ca2+ indicator  

Addgene, 
Dr Robert 
Campbell 
lab 
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Table 2.1-2. Antibody information  
 

Antibody Source Species Dilution for 
immunocytochemistry 

Tau Dako Rabbit     1:2000 

MAP2 Abcam Chicken     1:50,000 

MC1 Davies Lab Mouse     1:300 

VGLUT1 Synaptic Systems Rabbit     1:1000 

Pan MAGUK NeuroMab Mouse     1:400 

βIII-tubulin E7 Developmental Studies 
Hybridoma Bank 

Mouse     1:1000 

Synapsin-1 Cell Signalling Rabbit     1:1000 
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2.2 Microfluidics 

2.2.1 Device Design 

Customised microfluidic devices were designed using Draftsight Software based on 

existing designs (Taylor et al., 2005; Peyrin et al., 2011, Malishev et al., 2015, Renault 

et al., 2016). The devices were designed to contain 2-4 channels of 2 cm length, 500 µm 

width and 50 µm height. For the diode devices, these larger channels connect to each 

other via asymmetrical microchannels of 900 µm length, 15 µm tapering to 3 µm width, 

and 3 µm height (Figure 2.2-2). For the arrow/heart/loopback or pretzel devices (Figure 

2.2-3 - Figure 2.2-6), 2 channels were connected by motifs of 900 µm length, 3 µm 

height and varying widths dependent on the design. These devices contained sets of 2 

control channels – a set of straight microchannels of 8 µm width, and a set of repeated 

oval motifs, to control for the larger area within the microchannels of the open shaped 

motifs.  

A photolithography mask containing the customised designs was produced by JD 

Photo-Tools (UK), from which a two-level SU-8 photoresist master containing the 

positive relief patterns was produced by Microsystem Technologies (Germany). 
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Figure 2.2-1 Photolithography (a-c) and soft lithography (d-f) techniques used for 

microfluidic device production.  

(a) SU-8 photoresist is spin-coated and prebaked on a silicon wafer. (b) UV light is 

exposed over a black transparent photomask (black) containing the device design, onto 

the SU-8. (c) Exposed SU-8 is then baked after exposure and developed to define 

channel patterns. (d) Polydimethylsiloxone (PDMS) solution is poured on the wafer and 

cured in an oven. (e) Cured PDMS is then peeled from the wafer. (f) The device is 

trimmed, punched and stored in 70% ethanol until use. Adapted from Shin et al., 2012. 
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2.2.2 Device fabrication 

Microfluidic devices are produced using PDMS (Sylgard 184, Dow Corning) with a 9:1 

ratio with curing agent. PDMS and curing agent is mixed manually with a spatula for 2 

minutes, after which the mixture is centrifuged at 700 rotations per minute (rpm) for 6 

minutes at room temperature to remove air bubbles. This mixture is poured over the 

master wafer and heated at 60 °C for one hour in an oven. This creates a negative relief 

replica of the devices. When the PDMS is set, the devices are peeled off the master 

wafer, and holes for cell insertion are punched with a 5 mm diameter biopsy punch 

(Miltex). Devices are stored in 70% ethanol until use.  

 

2.2.3 Device positive relief pattern reproduction  

In order to reproduce microfluidic devices at a faster rate, the positive relief pattern 

from the wafer was replicated into polyurethane moulds. To make these moulds, devices 

cast from the wafer were taped channel side facing upwards to the base of silicon cake 

trays, by securing them down with double sided tape. The trays were degassed in a 

vacuum for 10 minutes. Equal volumes of solution A and solution B EZ-Mix 40 Liquid 

Rubber (Smooth-On, Inc.) were combined and mixed vigorously for two minutes. The 

mix was then poured over the devices in the trays, and the trays were degassed in a 

vacuum for 15 minutes to remove any bubbles. After degassing, the trays were removed 

from the vacuum and left to set overnight at room temperature. When set, the original 

device was removed from the polyurethane, leaving in place a positive relief replica that 

can be reused for reproducing microfluidic devices with PDMS.  
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Figure 2.2-2 Dimensions of custom diode microfluidic device.  

Birds eye view of 4-channel diode device (A). Channels in which cells are cultured are 

500 µm wide and 2 cm long. Connecting microchannels are 900 µm long and taper from 

15 µm at the top to 3 µm at the bottom (see insert). Side view of device (B) Channel 

height is 50 µm, and microchannel height is 3 µm. This retains cell bodies in the large 

channels, and projections only in the microchannels. The 900 µm length of the 

microchannels allows only full projection of axons. 

 

A 

B 
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Figure 2.2-3 Loop back microfluidic device design. 

Cells growing in the prohibitive direction (top) can project through the control (C) and 

straight (0) microchannels, but can be rerouted back towards the direction of entry when 

growing through the loop back motifs (1-5), which are repeated 1-5 times as shown. The 

increasing numbers of repeats should decrease the statistical likelihood of an axon 

reaching the connecting channel. In the permissive direction (bottom) axons cannot 

reroute back on themselves through the loops due to the sharp angle that restricts the 

axon bending, as described in Renault et al., 2016 . This allows the axons growing in the 

permissive direction to project straight through to the next culture channels. Design 

adapted from Renault et al., 2016.  
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Figure 2.2-4 Arrow microfluidic device design. 

Cells growing in the prohibitive direction (left) can project through the control (C) and 

straight (0) microchannels, but are diverted when they reach the open area of the arrow 

design (1-5). Here, they can reroute back on themselves, or result in branching that 

delays the axon reaching the exit of the microchannel. Increasing numbers of repeats 

should decrease the statistical likelihood of an axon reaching the connecting channel. In 

the permissive direction (right) axons cannot curve around the arrow due to the 

restrictive angle, meaning they can project straight through to the connected channel. 

Design adapted from Malishev et al., 2015. 
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Figure 2.2-5 Pretzel microfluidic device design 

Cells growing in the prohibitive direction (left) can project through the control (C) and 

straight (0) microchannels, but can be rerouted back onto themselves with the repeating 

‘pretzel’ motifs (1-5). Each motif presents the axon with 3 choices of directional 

growth; 2 of which result in the axon back tracking on its path. Increasing numbers of 

repeats should decrease the chance of an axon reaching the connecting channel, as the 

likelihood of the axon selecting the central straight channel each time become 

statistically unlikely. In the permissive direction (right) axons cannot redirect through 

the pretzel shape due to the restrictive angle, meaning they can project straight through 

to the connected channel. 
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Figure 2.2-6 Heart microfluidic device design. 

Cells growing in the prohibitive direction (left) can project through the control (C) and 

straight (0) microchannels, but are rerouted back onto themselves with the repeating 

heart motifs (1-5). Increasing numbers of repeats should decrease the statistical 

likelihood of an axon reaching the connecting channel because the axon will either loop 

back on itself or aberrantly branch, thus delaying projection in the prohibited direction. 

In the permissive direction (right) axons cannot curve back on themselves through the 

heart due to the restrictive angle, meaning they can project straight through to the 

connected channel. 
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2.3 Molecular Cloning for the generation of RFP tagged tau 

constructs 

2.3.1 Amplification of RFP insert  

mRFP was amplified from an existing construct of TrkB-mRFP (from the Chao Lab, 

USA). The primers used are outlined in section 2.1.2. These primers were resuspended 

in sterile water, to achieve a concentration of 100 µM. A 10 µM working stock was 

made of these by diluting 1:10 in sterile water. The melting temperature of the primers 

was provided by Eurofins (72 °C). 

The PCR experiment was set up as follows: 

 

Table 2.3-1. PCR mastermix recipe 

Reagent Amount Final Concentration 

DNA 10 ng 0.2 ng/µl 

10 mM dNTPs (NEB) 1 µl 200 µM 

10 µM Forward Primer 1 µl  0.2 µM 

10 µM Reverse Primer 1 µl  0.2 µM 

Q5 Polymerase (NEB) 0.5 µl 0.02 units/µl 

5X Q5 buffer 10 µl 1X 

5X Q5 High GC Enhancer 10 µl 1X 

H2O to 50 µl  

 

This mixture was centrifuged at 13,000 rpm for 30 seconds, and then loaded into a 

thermocycler, which was set up to cycle at the following settings: 
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Table 2.3-2. PCR cycle setup 

Step Temperature Time 

Initial denaturing 98°C 30 seconds 

35 Cycles of:  

• Denaturing 

• Primer Annealing 

• Extension 

 

98°C 

55-71°C 

72°C 

 

10 seconds 

30 seconds 

30 seconds 

Final extension 72°C 120 seconds 

Hold 10°C ¥ 

 

PCR products were run on a 1% agarose gel by adding 1 g agarose into 100 ml sodium 

TAE buffer (pH 8.5, see appendix A for recipe) and melting in a microwave. 5 µl of 

10,000X Gel Red (Biotium) was added into the agarose and mixed by swirling. The 

agarose was then poured into an electrophoresis tray containing a comb and allowed to 

set. The comb was removed and TAE buffer poured over the gel and into the tank. 5 µl 

DNA ladder (exACTgene 1 kb ladder, Thermo Fisher) was loaded into the first lane and 

the PCR samples were loaded into the consecutive lanes in the gel, which was then run 

at 80 volts for 45 minutes. The gel was removed from the apparatus and imaged using 

GeneSnap software on a UV transilluminator. The resulting band was then cut out of the 

gel using a UV light and a clean scalpel into an Eppendorf tube. A gel and PCR cleanup 

kit (Macherey Nagle) was used according to manufacturer’s protocol to isolate the DNA 

from the gel. The resulting PCR product was then digested with restriction enzymes 

following the concentrations in Table 2.3-3. 

 



   Chapter 2 

79	

 
 
Figure 2.3-1 DNA bands from RFP PCR product.  

Annealing temperatures: lane 1: 55°; lane 2 55.4°; lane 3: 57.5°; lane 4: 59.2°; lane 5: 

61.4°; lane 6: 63.9°; lane 7: 66.1°; lane 8: 67.7°; lane 9: 65.9°; lane 10: 69.7°; 1ane 11: 

70°. Product should be 673 base pairs (bp), and it runs just under the 700 bp band on the 

gel. Samples 9 and 10 were excised for digestion and further insertion into backbone. 

 

2.3.2 Digestion of the pRK5-GFP-TauWT backbone 

The pRK5-EGFP-TauWT vector was digested using Cla1 and BamH1 enzymes (both 

Promega) in order to excise the GFP fragment (see appendix B, supplementary figure 

1). The digestion was set up as follows in an Eppendorf tube: 

 

Table 2.3-3. Restriction enzyme digestion mix 

Reagent Amount Final Concentration 

DNA (GFP-TauWT) 1 µg 0.05 µg/µl 

10X BSA 2 µl 0.2 µg/µl 

BamH1 0.5 µl 10 units/µl 

Cla1 0.5 µl 10 units/µl 

10X Buffer E 2 µl 1X 

H2O Up to 20 µl  

!
1   2   3   4   5    6   7   8   9  10 11

700 bp
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This mix was incubated in a water bath at 37 °C for one hour. The enzymes were then 

heat inactivated by incubating the tube at 65 °C for 15 minutes. The digested backbone 

was then treated with 1 unit/µl Thermosensitive Alkaline Phosphatase (TSAP, Promega) 

at 37 °C for 15 minutes to prevent reannealling of the backbone, and this was then heat 

inactivated at 74 °C for 15 minutes. The pRK5-TauWT product (6519 bp) was run on a 

1% agarose gel as in section 2.3.1. The pRK5-TauWT segment of the vector was 

visualised on a UV transilluminator, and removed from the gel using a scalpel as before. 

The DNA was isolated from the gel using the Gel and PCR cleanup kit according to 

manufacturer’s instructions.  

 

 
Figure 2.3-2 Restriction digest of pRK5-GFP-TauWT with Cla1, BamH1 and both Cla1 

and BamH1 together.  

Lane 1: pRK5-GFP-TauWT; lane 2: pRK5-GFP-TauWT digested with Cla1; lane 3: 

pRK5-GFP-TauWT digested with BamH1; lane 4: pRK5-GFP-TauWT digested with Cla1 

and BamH1. Lane 1 shows two bands; the lower band showing supercoiled DNA and 

the higher band showing linearised DNA. Cla1 and BamH1 only cut the vector once 

each, as seen by their individual application resulting in a linearised vector. When both 

are applied simultaneously as a double digestion (4), it is seen that a ~700 base pair 

insert is removed from the vector (red square). This is the GFP insert, which has been 

excised, leaving a linearised pRK5-TauWT backbone remaining (red oval). This segment 

!
8000 bp

 700 bp

1      2      3      4   
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indicated in the red oval was excised from the gel as described in section 2.3.1 for 

ligation with the mRFP insert. 

 

2.3.3 Ligation of the mRFP insert into the pRK5-TauWT backbone 

The mRFP insert was digested using the same protocol as above, and was ready for 

ligation after the hour-long digestion and cleanup with the gel and PCR cleanup kit. The 

mRFP insert was ligated into the backbone using a Quick Ligation kit (NEB) for 5 

minutes at room temperature using the following concentrations: 

 

Table 2.3-4. Ligation reaction mix 

Reagent Amount Final Concentration 

Vector backbone 50 ng 2.5 ng/µl 

mRFP insert 17.2 ng 3-fold molar excess to 
backbone 

H2O Up to 20 µl  

2X Buffer 10 µl 1X 

Ligase 1 µl 1 unit/µl 

 

The above reagents were added in an Eppendorf and incubated at room temperature for 

5 minutes only. After 5 minutes, the solution was stored at -20 °C until transformation. 

 

2.3.4 Agar plate preparation 

300 ml LB agar (see appendix A for recipe) was melted in a microwave. When cooled, 

ampicillin antibiotic was added to a final concentration of 100 µg/ml to the flask. The 
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agar mix was poured into petri dishes by a Bunsen flame and allowed to set. Plates were 

wrapped in parafilm and stored in the fridge (for a maximum of 2 weeks) until use.  

 

2.3.5 Bacterial transformation 

Competent DH5a E.coli cells were thawed on ice for 25 minutes. 50 µl of thawed cells 

were mixed by gentle pipetting with 50 ng of the ligation mix from section 2.3.3 into an 

Eppendorf tube. This mix was placed on ice for 30 minutes. After this, the cells were 

heat shocked at 42 °C for 30 seconds only. The tube was reincubated on ice for 2 

minutes, and then 150 µl SOC medium preheated to 37 °C was added to the tube. This 

was incubated at 37 °C for an hour to allow recovery. The transformed bacteria was 

then spread over the agar plates containing ampicillin as prepared in section 2.3.4, and 

incubated upside down overnight at 37 °C.  

 

2.3.6 Plasmid mini prep 

The morning following the protocol for transforming bacteria in section 2.3.5, colonies 

of bacteria were seen growing on the agar plates. 10 individual colonies were picked 

using a pipette tip, and each was added to a separate labelled Sterilin tube containing 3 

ml fresh LB broth (see appendix A for recipe) with 100 µg/ml ampicillin. This tube was 

shaken at 220 rpm for 6-8 hours at 37 °C, after which the broth appeared cloudy. The 

solution was then centrifuged at 6000 x g for 15 minutes at 4 °C to pellet the bacterial 

cells. This pellet was stored in the freezer until mini prep was performed. The mini prep 

was performed on all 10 individual samples using a Nucleospin Plasmid kit (Macherey 

Nagle) as per manufacturer’s instructions.  

 

2.3.7 Test digest of pRK5-RFP-TauWT 

To test if ligation of mRFP insert into pRK5-TauWT backbone was successful, a test 

digest was performed with the same restriction enzymes as were incorporated into the 

mRFP insert (Cla1 and BamH1). The reaction was performed on all 10 samples 

generated from the mini prep (section 2.3.6) and was setup as in Table 2.3-3. The 



   Chapter 2 

83	

resulting DNA was run on an agarose gel as before, and imaged using a UV 

transilluminator. Expected sizes are 683 base pairs for the mRFP insert, and 5806 base 

pairs for the remaining pRK5-TauWT. 

 

 

 

 

Figure 2.3-3 Test digest of pRK5-RFP-TauWT with Cla1 and BamH1 restriction 

enzymes.  

Bacterial colony numbers 1-10 across top. Colonies 3 and 10 contained no plasmid. The 

other 8 colonies appeared successful in ligation. Samples 4 and 9 were chosen for the 

maxi prep. 

 

In order to ensure insertion of the RFP fragment, as opposed to reinsertion of the 

excised GFP fragment, DNA obtained from the mini prep was screened in a dividing 

cell line (see section 2.4.3) by transfection (see section 2.5.1). Samples 4 and 9 showed 

a red fluorescent expression of microtubule localised protein, with no GFP expression, 

showing that the plasmids isolated were successful for the cloning in of an RFP 

fragment. As such, these samples were grown up in the maxi prep. 

 

   1    2    3    4     5    6    7    8     9   10 

6000 bp

 700 bp
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2.3.8 Plasmid maxi prep 

As mentioned in section 2.3.7, samples 4 and 9 of the 10 colonies picked from the 

transformation and grown up in the mini prep were selected for maxi prep. Briefly, 2 µl 

of the mini prep DNA solutions 4 and 9 were separately added into Sterilin tubes 

containing 3 ml LB broth and 100 µg/ml ampicillin. These tubes were shaken at 220 

rpm at 37 °C for 6 hours, until cloudy. 500 µl of this cloudy broth was then added to 

500 ml fresh LB broth containing 100 µg/ml ampicillin in a large conical flask 

stoppered with cotton wool. This flask was shaken overnight at 220 rpm at 37 °C. The 

following morning, the solution appeared cloudy, and the solution was centrifuged at 

6000 x g for 15 minutes at 4 °C to pellet the bacterial cells. The supernatant was 

discarded into bleach, and the remaining pellet was resuspended, lysed, washed and 

eluted with a QIAGEN maxi prep kit as per manufacturer’s instructions. The resulting 

DNA plasmid concentrations were determined by measuring absorbance on a 

Nanodrop. Ratios at 260/280 nm absorbance and 260/230 nm absorbance were taken to 

determine nucleic acid purity. 

The resulting DNA plasmids were sent to Eurofins Genomics for sequencing, and the 

obtained sequence matched the expected sequence, confirming successful cloning of the 

RFP fragment into the pRK5-TauWT backbone. Sequence information can be seen in 

appendix B. 

This protocol was repeated with the pRK5-GFP-TauE14 plasmid in order to generate 

pRK5-RFP-TauE14. 

 

2.4 Cell Culture Methods 

2.4.1 Glass preparation  

Before addition of cells, glass coverslips were cleaned and pre-treated with poly-D-

lysine (PDL, Sigma), a positively charged polymer that aids cell adhesion. To first clean 

the glass for cell culture, coverslips were placed in a plastic beaker containing 300 ml 

1M NaOH on a rocker for one hour. The NaOH was returned to its container and the 

glass was washed 5 times in water. The glass was then washed in 300 ml 1N HCl for 
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one hour and washed 5 times in water afterwards. The glass was then left overnight in 

70% ethanol, which was replaced with fresh 70% ethanol the following morning. Glass 

coverslips were then stored in this ethanol in a fireproof container until use. Before use, 

glass was removed from the ethanol and allowed to dry. When dry, the glass was 

covered with 1 ml of 0.1 mg/ml PDL solution in sterile water, and left to incubate at 

37 °C overnight. The following morning, the PDL was removed and the glass coverslips 

washed 3 times with sterile water.  

 

2.4.2 Device preparation for cell culture 

Premade devices were stored in 70% ethanol as per section 2.2.2. Before use, devices 

were air dried, and set down on PDL-coated glass coverslips (coated as per section 

2.4.1) using forceps. The device channels were flushed with 10 µl ethanol, then filled 

with 30 µl 0.1 mg/ml PDL per channel and incubated overnight at 37 °C. The following 

day, the PDL was washed out of the channels using Neurobasal media (NBM) 

supplemented with 2% B27 and 0.5 mM GlutaMAX (Gibco). This media was replaced 

with fresh supplemented NBM at two-hour intervals for 6 hours, and incubated 

overnight again at 37 °C with the final wash. The devices were then ready for insertion 

of cells. 

 

2.4.3 Immortal cell lines 

Chinese Hamster Ovary (CHO) cells were grown in T75 flasks in Dulbecco’s Eagle 

Modified Medium (DMEM, with GlutaMAX, 4.5 g/L glucose and pyruvate) 

supplemented with 10% foetal bovine serum (FBS). When cells had grown to 80% 

confluency, they were passaged and diluted into fresh T75 flasks. To do this, the 

medium was removed, and cells washed once with PBS. 0.25% Trypsin-EDTA was 

added to cover the cells in order to break down cell to flask adhesions. After incubation 

for 5 minutes at 37 °C, the trypsin was inactivated with fresh DMEM 10% FBS and 

detached cells were resuspended by pipetting up and down repeatedly with a 10 mL 

serological pipette. The resuspended cells were then diluted into fresh DMEM FBS in 
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T75 flask at a 1:10 ratio of cell suspension to medium. Cells were incubated at 37 °C 

and 5% CO2 until use. 

 

2.4.4 Primary cell culture 

All steps were performed in ice cold PBS. Embryos were obtained as outlined in section 

2.1.1. Brains were dissected out of the embryos, and the hippocampus and cortex 

isolated as described in Banker, 1998. Dissected structures were transferred to a tube of 

1 ml PBS and digested with 0.25% trypsin at 37 °C for 7 minutes. After digestion, the 

trypsin was deactivated with an equal volume of DMEM medium supplemented with 

10% foetal bovine serum (FBS) which has been pre-heated to 37 °C. As much of the 

solution as could be safely removed was extracted from the tube with a 1 ml pipette, and 

the brain regions left in the tube were resuspended in 1 ml supplemented NBM, by 

dissociating with a 1 ml pipette. The dissociated cells were filtered through a cell 

strainer with a 40 µm pore size (Fisher) into a 50 ml Falcon tube. Cell number was 

counted on a haemocytometer, and cells were diluted to a density of 150,000 cells/ml.  

For the microfluidic devices, after the cells had been counted, they were spun down at 

1700 rpm for 4 minutes, and the supernatant was removed. The pellet of cells was 

resuspended in a dilution of supplemented NBM such that there are 70,000 cells per 10 

µl solution. The overnight media treatment was removed from the devices, and 10 µl of 

cells (70,000 cells) were added to each channel. The devices were propped up at a 45-

degree angle to encourage the cells to settle close to the connecting microchannels. 

After the cells have settled, the ports of the microfluidic device were topped up with 

supplemented NBM. The microfluidic devices were subjected to a partial media change 

every 48 hours, by removing a small (~30 µl) volume of media from the ports on one 

side of the device, and adding a bubble of fresh media onto the ports of the other side of 

the device. This is to encourage flow of nutrients and removal of waste from the cells in 

the restricted spatial confinements of the microfluidic devices. 
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2.5 Cell transfection 

2.5.1 Day in vitro (DIV)1 transfection 

Cells were transfected at a 1:1 ratio of Lipofectamine 2000 and DNA plasmid (see 

Table 2.1-1). 1 µl Lipofectamine and 1 µg DNA were separately diluted in 150 µl 

Optimem medium for each well in a 12 well plate, or 1 µl Lipofectamine to 0.5 µg 

DNA for a microfluidic device. Lipofectamine and DNA solutions were combined and 

mixed by gentle bubbling. The mix was kept at room temperature for 20 minutes to 

form a lipoplex before adding to cells. For a 12 well plate, 300 µl medium was removed 

and replaced with 300 µl of the Optimem lipoplex mix. For the microfluidic devices, 50 

µl was removed from one port and replaced with 50 µl Optimem lipoplex mix. Cells 

were incubated at 37 °C for 40 minutes, after which the media was removed and 

replaced with 1 mL fresh supplemented NBM for the wells in the 12 well plates, or the 

media was removed and 100 µl supplemented NBM bubbled onto the ports of one side 

of the microfluidic device to allow flow to flush the lipofectamine mix out of the 

channels. 

 

2.6 Immunocytochemistry 

2.6.1 Mass cell culture  

Cells were cultured on glass coverslips in 12 well plates treated with PDL as described 

in sections 2.4.1 and 2.4.4. Cells were fixed at different DIV depending on the 

experiment. For immunocytochemistry, existing media was removed from the cells, and 

they were washed once in 500 µl PBS for each well for 5 minutes. The PBS was 

removed, and the cells were fixed in 500 µl 4% Paraformaldehyde in 1X PBS for 10-15 

minutes at RT. Autofluorescence and unreacted aldehydes were quenched by adding 

500 µl of 50 mM ammonium chloride in TBS for 5 minutes at RT. At this stage, cells 

were either mounted with Mowiol (see appendix A for recipe) for imaging of 

fluorescent transfected cells, or processed further for antibody staining. For the latter, 

cells were permeabilised in 500 µl 0.1% Triton-X100 in TBS for 5 minutes at RT. The 

cells were then blocked in 10% goat serum in TBS for 30 minutes at RT. For primary 
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antibody incubation, the coverslips were removed from the 12 well plate using forceps 

and placed cell side up on the plate lid, which was covered in hydrophobic parafilm. 

100 µl of a primary antibody solution (primary antibody diluted to the concentrations in 

Table 2.1-2, in 10% goat serum in TBS) was pipetted gently onto each glass coverslip. 

The glass coverslips were incubated in this antibody for 1 hour at room temperature or 

overnight at 4 °C. Next, the coverslips were placed back into a 12 well plate for 

washing, which was done three times with TBS for 5 minutes each wash. The coverslips 

were removed with forceps as before and placed on a parafilmed surface. 100 µl of 

secondary antibody solution (a secondary antibody AlexaFluor 488/555/647 diluted 

1:1000 in 10% goat serum in TBS) was pipetted onto the cells as before, and incubated 

at room temperature for 30 minutes, covered with tin foil to block out light. The cells 

were then washed three times as before, with the middle wash containing 1:3000 

Hoechst 33342 stain (Fisher) for staining nuclei. After the final wash, coverslips were 

dipped in sterile water to remove salt crystals from the TBS, and mounted on 

microscope slides containing a ~20 µl bubble of Mowiol. Mowiol was allowed to dry 

overnight before imaging. Fixed coverslips were stored in the dark at -20 °C. 

 

2.6.2 Cell culture within microfluidic devices  

Cells in devices were fixed for immunocytochemistry in a similar manner, with 5-10 

minute pauses between loading channels to ensure diffusion of solutions into 

microchannels. To fill microchannels, all media was removed from all ports, and 

solutions were added sequentially to connecting channels to encourage flow down 

microchannels by hydrostatic pressure differences. The final mounting step was not 

performed in the devices as they are already mounted on glass coverslips (see section 

2.4.4), so the channels were filled with TBS and imaged as so. 

 

2.6.3  Cells for electron microscopy  

Cells for transmission electron microscopy (TEM) preparations were cultured on glass 

as before. When ready for processing, they were fixed in room temperature 1.5% 

glutaraldehyde/2% paraformaldehyde in Neurobasal media containing 20 mM sodium 
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HEPES buffer (pH 7.4) for 20 minutes. The fixative was removed and cells were 

washed with 0.1 M sodium cacodylate buffer (pH 7.4). Cells were stained with DAB by 

incubation with 1 mg/ml DAB in 0.1 M sodium cacodylate buffer with 0.03% H2O2
. for 

30 minutes at room temperature. Cells were washed 3 times with 0.1 M sodium 

cacodylate buffer for 5 minutes each wash, and then stored in 0.1 M sodium cacodylate 

buffer in parafilmed plates in the fridge until embedding. 

Before embedding, cells were first stained with 1% osmium/1.5% potassium 

ferricyanide for one hour at room temperature in a fume hood. Cells were washed 3 

times for 5 minutes each wash in 0.1 M sodium cacodylate buffer. Next, cells were 

incubated in 1% tannic acid in 0.05 M sodium cacodylate buffer for 45 minutes at room 

temperature. Cells were washed twice in 0.1 M sodium cacodylate buffer, and once in 

distilled water. Cells were then dehydrated in 70% ethanol for 10 minutes, followed by 

90% ethanol for 10 minutes, at which stage the coverslips were transferred into glass 

vials, followed by absolute ethanol for 10 minutes. Cells were then incubated in a 50:50 

acetylnitrile:Taab resin mix for 1 hour at room temperature. Cells were then incubated 

for 4 hours in fresh Taab resin. Finally, coverslips were inverted onto capsules 

containing Taab resin, so that the cell side was facing into the resin. These capsules 

were placed in the oven for 20-24 hours at 60° C. 

The following day, the glass coverslips were removed from the resin by cracking them 

off after submersion in liquid nitrogen. The plastic capsule was cut away, leaving the 

resin embedded cells ready for sectioning. 

For sectioning, the resin block face was cut into a trapezium shape, and 80 nm thin 

ultrathin sections of the embedded cells were cut using a Reichert ultramicrotome OM 

u3 and glass knives. Sections were placed onto TEM grids using an eyelash brush, and 

then stained with 3% lead citrate for 5 minutes in the presence of NaOH pellets. Grids 

were washed in distilled water and left to dry until imaging. 
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2.7  Microscopy  

Fixed cell images for axonal length analysis were obtained on a Zeiss Axioplan 

Fluorescence Microscope using a HBO103 Mercury lamp for illumination, Micro-

manager software (Vale lab, USA), and images were taken with a Qimaging Retiga 

3000 monochrome CCD camera (Photometrics, UK). 20x/0.4NA and 40x/0.75NA Plan-

Neofluar objectives were used. Brightfield images of devices were obtained on an 

EVOS XL Core Imaging System (Thermo Fisher) a 20x air objective, LED illumination 

and a built in 3.1 megapixel camera. Fluorescent and differential interference contrast 

(DIC) images of cells in devices were obtained on a DeltaVision Elite system (GE Life 

Sciences) with an SSI 7-band LED for illumination, using SoftWoRks software (version 

6), and images were obtained with a monochrome sCMOS camera. 20x/0.75NA Super-

Plan APO and 60x/1.42NA Oil Plan APO objectives were used. Images were taken 

using FITC/TRITC/DAPI/CY5 filters. Confocal images were taken on a Leica SP8 

scanning confocal microscope using a PCO Edge 5.5 sCMOS camera. A 63x/1.30NA 

HC Pl Apo CS2 Glycerol immersion oil objective was used. Lasers used for 

illumination were continuous wave solid state lasers at 405 and 561 nm, and a 

continuous wave argon gas laser at 488 nm. Images were taken sequentially to eliminate 

any fluorophore crosstalk. The gain, offset, pinhole and laser intensity were set for each 

wavelength and kept constant for the same experiment. The data from multiple z-stacks 

were compressed into single images by obtaining the maximum projection of the stack 

and combining it into one image. 

 

2.7.1  Electron microscopy 

Images were taken on a Hitachi H7700 transmission electron microscope with a 40-100 

kV accelerating voltage. Images were taken between 1000x and 100,000x magnification 

with an 8 megapixel AMT XR81B peltier cooled CCD camera. 
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2.7.2 Calcium imaging 

For calcium imaging in live neurons, neurons were plated onto 35 mm glass bottom 

dishes (MatTek) at a density of 150,000 cells per dish. Cells were cotransfected on 

DIV1 with GFP-TauE14 and R-GECO. On DIV14, 50 mM HEPES added to the dish for 

pH buffering, and cells were imaged on the DeltaVision Elite. A reference DIC and 

FITC image was taken, and then movies were taken by capturing an image in TRITC 

every 5 seconds for 10 minutes.  Fields of view containing cell soma and surrounding 

dendrites of a transfected neuron were chosen. Images were taken with a 60x/1.42NA 

Oil Plan APO objective with using SoftWoRks software (version 6), using 0.08 second 

exposure with 5% light.  

 

2.7.3 Lysosome transport imaging 

For imaging of lysosome movement within cells, neurons were cultured at a 150,000 

cells/dish density in glass bottom dishes. Cells were transfected on DIV1 with either 

GFP-TauE14 or GFP-TauWT. On DIV14, cells were incubated with 25 nM LysoTracker 

Deep Red (Thermo Fisher) in supplemented NBM for 1 hour at 37 °C in a cell 

incubator. LysoTracker solution was then removed and replaced with prewarmed 

supplemented NBM containing 50 mM HEPES. Dishes were then imaged on the 

DeltaVision Elite microscope. Reference images were taken of transfected cells with a 

FITC filter, and then images of lysosomes were taken with a Cy5 filter. Images were 

taken every 5 seconds for 15 minutes. Fields of view containing either the soma and 

surrounding dendrites, or the distal axon of a transfected cell were chosen. Images were 

taken with a 60x/1.42NA Oil Plan APO objective with using SoftWoRks software 

(version 6), using a 0.08 second exposure with 5% light.  

 

2.8 Analysis 

2.8.1 Image analysis 

Images were stitched using Autostitch software (University of British Columbia). 

Images were analysed using ImageJ software (NIH), and its plugin NeuronJ (Erik 
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Meijering). Axonal length was defined as the longest axonal branch from the longest 

neurite. Distal axon was defined as the terminal 75 µm of the axon, and proximal axon 

was defined as the initial 75 µm of axon protruding from the cell body after the axon 

initial segment, which is determined as the initial 10-50 µm of axon connected to the 

cell body (Song et al., 2009). Plot profiles were generated using ImageJ by analysis of 

pixel intensity for the corresponding regions of axon. For colocalisation analysis, plot 

profiles were taken from the same line point in both channels and normalised.  

 

2.8.2 Data analysis 

Graphs for plot profiles were generated using Microsoft Excel for Mac 2011. All other 

graphs were generated using GraphPad Prism 6 (Ver 6.00m Graph Pad Software Inc.)  

Statistical analysis was also performed in GraphPad Prism. Aggregate analysis was 

performed using a custom script in MATLAB. Briefly, the script compares the plot 

profile values of axons from paired control experiments to test axons from treated 

experiments. It generates a baseline of each individual axon by subtracting the 10th 

percentile value from all values, and establishes that any point lying outside 5 times the 

mean of the deviation of all control axons from the experiment is a positive result, i.e. 

an aggregate containing point. The script then calculates how many of the experimental 

axons plot profile values are outside this range, and then calculates how many of these 

axons have >10% of their values as aggregated points, and denotes these to be axons 

positive for aggregation. The script can be seen in Figure 4.3-1. 

 

2.8.3 Axon directionality 

The desired direction of axon growth is referred to as ‘permissive’ and the undesired 

direction as ‘prohibitive’. In order to quantify the proportion of axons growing in each 

direction, neurons were grown in either the permissive channel or the prohibitive 

channel of devices for 14 days, at which point they were fixed and stained for β-III 

tubulin. For plot profiles, 500x25 pixel boxes were drawn horizontally across the 

device, encompassing 5 microchannels at one time, at a distance of 10 µm into the 

channel entrance or exit (see Figure 2.8-1). Plot profiles were generated of the 
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fluorescent peaks corresponding to tubulin staining of axons entering/exiting the 

analysed channels. Axonal transmission is determined by dividing the exit point 

fluorescence value by the entrance point fluorescence value. As such, values close to 1 

denote an axon has entered and exited the microchannel. Values close to zero denote 

either an axon has entered, but not exited, the microchannel, or no axon has entered the 

channel.  
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Figure 2.8-1 Schematic of axonal directionality analysis.  

Neurons (stars) were cultured in either the permissive (left) or prohibitive (right) side of 

a device. Cells were grown for 14 DIV, and fixed and stained for tubulin. Boxes of 

500x25 pixels were drawn around 5 microchannels at both the input (purple) and output 

(orange) ends of the microchannels. Plot profiles (below) were generated for the 

fluorescence values of these boxes, and peaks were obtained due to the presence of 

axon(s) within the microchannels. The values obtained for output were divided by the 

values obtained for input to calculate the axonal transmission rate.
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3 Chapter Three: Development of a Custom 

Microfluidic Device for Neuronal Orientation 

3.1 Introduction 

Neurons are complex and compartmentalised cells that form highly interconnected 

and branched networks with each other -  networks that are difficult to recreate in vitro. 

In order to probe deeper into neuronal molecular mechanisms, in vitro methods of 

primary cell culture are appropriate and convenient as they are easily manipulated to 

provide a more in depth molecular analysis of cellular biology.  Methods of 

investigating neuronal mechanisms, such as mass neuronal cultures, lose the ordered 

connectivity that occurs within the brain, for example in the tightly regulated circuits of 

the hippocampus (see Figure 1.7-1). Also in mass culture, neurons become highly 

branched, intertwined and connected, rendering the study of directionalised material 

transfer and synaptic connectivity difficult. Therefore, it is beneficial to use a platform 

that can array neurons into an ordered connectivity, and I achieved this using 

microfluidic devices.  

 

3.2 Validation of the use of microfluidic devices  

Firstly, I wanted to determine that microfluidic devices were a suitable platform 

with which to study tau propagation between neurons in vitro. To do this, I validated the 

ability of microfluidic devices to selectively isolate axonal terminals, the ability of 

connected neurons within microfluidic devices to form synapses, and the fluidic 

isolation capabilities of the devices.  
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3.2.1 Device dimensions are selective to axonal projections 

 In order to establish a system of studying neuronal material trafficking, it is 

beneficial to isolate the axon from the cell body and dendrites. This aids the study of 

protein propagation, as it provides us with a method of compartmentalising neurons and 

studying presynaptic or postsynaptic processes in isolation. Our devices were designed 

to contain 900 µm long microchannels connecting each of the cell culture channels 

(Taylor et al., 2005). To confirm that our system could preferentially isolate axons by 

discriminating against shorter dendritic lengths, a MAP2 and Tau stain was performed 

in the devices to stain for dendrites and axons, respectively (Figure 3.2-1).  

 Only axons are seen to project fully through the 900 µm long microchannels into 

the connected cell channel. Although dendrites can enter the microchannels, they are 

unable to grow to a sufficient length to exit. This evidence correlates with published 

data (Taylor et al., 2005). This is beneficial for our study of pathogenic tau propagation, 

as we hypothesise that pathogenic tau is spreading from presynaptic axonal sites, and 

also because hyperphosphorylation and aggregate formation is seen to appear in the 

distal axons of diseased cells (Konzack et al., 2007, and our observations in section 

4.3.3). Thus, this device provides us with a setup where distal sections of diseased axons 

can be positioned for interaction with healthy cells in order to study pathogenic 

propagation. 
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Figure 3.2-1 Microfluidic device dimensions allow only axons to project from one 

culture channel to another.  

Schematic of section where image was taken (A). Stains for axons (tau, red), dendrites 

(MAP2, green) and nuclei (DAPI, blue) of neurons at DIV14 in a diode device (B). 

Dashed lines indicate channel boundaries. Triangle structure for microchannel is 

shorthand for directionality, with the larger side indicating the permissive entrance and 

the smaller side indicating prohibitive entrance. Only axons can grow long enough to 

project fully through the microchannels, as depicted by the sole staining of tau in the 

connected channel. 
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3.2.2 Microfluidic devices can be fluidically isolated  

 One of the advantages of using microfluidic devices is the optional fluidic 

isolation that can be achieved through the use of hydrostatic pressure differences. By 

creating volume and therefore height differences between the channels, the resulting 

effect is a continuous convection that works as a pressure barrier. This allows 

application of a treatment to one channel of the device, and prevents its diffusion 

through the microchannels into a connected channel. To verify fluidic isolation between 

the channels in my device, I first loaded the device with media ensuring all channels 

were level with ~40 µl per channel. This was removed from the middle channel, and 

replaced with 10 µl fluorescein dye. Images were taken 4 hours after the addition of the 

dye, which is a time point longer than any required for the cells treatments of this 

project. 

 No fluorescein dye was seen to diffuse from its channel into a connected channel 

(Figure 3.2-2). The pressure difference from the media in the top and bottom channel 

towards the middle channel prevented the diffusion of the fluorescein either up the 

connecting microchannels to the top channel, or down the connecting microchannels to 

the bottom channel. This shows successful fluidic isolation of the channels through the 

manipulation of hydrostatic pressure. This is important, as it means any transfection or 

any treatment within solution in the devices will only be applied to cells in the chosen 

channel, and not have effects on connected channels via diffusion. 
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Figure 3.2-2 Fluidic isolation of device containing diodes. 

Schematic of area where images were taken (top). Outer two channels filled to the top 

with media (pink) and middle channel filled with 10 µl of 100 µm fluorescein (green). 

This fluidically isolates the middle channel. Image taken of middle channel and 

microchannels after 4 hours in brightfield and inverted (bottom left) and FITC (bottom 

right) channels. Inverted image of FITC channel shows fluorescein dye is retained in the 

middle channel and has not entered into the microchannels. 
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3.2.3 Synaptic specialisations are made between connected cells in devices 

 In order to investigate protein transfer between connected neurons in a 

microfluidic device, it must first be determined that synapses are forming between the 

neurons in two connected channels. To do this, I cultured neurons in two channels of the 

microfluidic device, and allowed them to grow for 14 DIV. This time point was selected 

as it is by that time mature synapses have formed in murine neuronal cultures in vitro 

(Ichikawa et al., 1993). Cells were fixed and stained for pre- and postsynaptic markers. 

Images were taken with a confocal microscope, and the maximal intensity from multiple 

z stacks combined into one picture. Colocalisation of pre- and postsynaptic specific 

proteins show synaptic specialisations have developed between cells cultured in two 

connecting channels of the microfluidic device. This correlates with the evidence as 

demonstrated in Taylor & Jeon, 2010.  
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Figure 3.2-3 Synapses form between connected cells in microfluidic devices.  

Schematic of area of device where images were taken (top). Staining for presynaptic 

(VGLUT1, green) and postsynaptic (MAGUK, red) markers (bottom) of neurons in a 

diode device at DIV14. Merge shows colocalisation between markers, showing synapse 

specialisation. White dashed lines indicate channel boundaries. Images were taken at the 

3 µm end of tapered diodes. 
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3.3 Custom device designs for neuronal orientation in vitro 

Current microfluidic devices provide ample benefits of compartmentalising 

cultured neurons, and the ability to coculture sets of neurons to recreate connectivity. 

Tau propagation appears to progress initially in an anterograde direction through the 

hippocampal specialisations. Therefore, it would be beneficial for the investigating of 

tau spread between multiple sets of connected neurons if a unidirectional, anterograde 

neuronal connectivity could be recreated in vitro.  

To do this, I designed new customised microfluidic devices combining existing 

patterns and new designs in order to create an optimal device that could be used for the 

investigation of unidirectional, anterograde spread of tau protein, from connected 

diseased to healthy neurons in vitro.  

 

3.3.1 Diode devices do not facilitate unidirectional axonal growth 

 A device design by Peyrin et al. in 2011 employed the use of diodes – asymmetric 

tapering microchannels – in order to orient neurons into a unidirectional connectivity. 

This is achieved as a smaller entrance (3 µm) in the prohibitive direction of growth 

discourages axonal growth in the undesired direction, whereas the larger entrance (15 

µm) permits growth in the desired direction. This study reports a 97% unidirectionality, 

with only 3% of axons growing through the prohibitive direction. We designed a 

microfluidic device based on the dimensions of this published design in an effort to 

recapitulate the unidirectional connectivity as reported by the study. We also included a 

custom addition in that we incorporated 4 connecting cell culture channels, as opposed 

to the 2 in the original design. The reason for this is that it allows us to create a 

multistep connected circuit, which could recapitulate the ordered axonal projections, 

which connect regions of the hippocampus. 
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Figure 3.3-1 Customised diode device design.  

Device contains 4 connected channels of the aforementioned dimensions (A). Close up 

image of asymmetric microchannels, starting at a width of 15 µm and tapering to 3 µm 

(B). A photograph of coloured dyes added to a device delineates the 4 different 

connected channels (C). Neurons cultured in one of the middle channels of a device at 

DIV10 (D). 3 µm end of diode and 15 µm entrance of diode can be seen (white and red 

arrows, respectively).  
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 In order to determine if the unidirectionality reported by Peyrin et al. could be 

achieved, I plated cells into the middle channel of a device containing diode 

microchannels, and allowed the cells to grow. At DIV14, I fixed the cells and stained 

them for tubulin. This experiment was done in collaboration with Prutha Patel who 

repeated the same experiments, and the data from both was pooled.  

 Peyrin’s study reached their conclusion of unidirectional projection by counting 

the number of individual axons exiting the diodes into a connecting channel. However, 

this method of quantification may not be optimal, as it is not possible within the 

resolution of light microscopy to conclusively determine how many axons are exiting 

the channels as the axons appear tangled, entwined and highly branched. For our 

analysis, we decided instead to count the percentage of cells entering and exiting the 

channels. We therefore quantified axonal projection rate, which is defined as the output 

(axons exiting channel) divided by the input (axons entering channel)(see section 2.8-3 

and Figure 2.8-1)  

 In contrast to the findings in the published study, we found that axons can grow in 

either direction through the diodes, both down the 15 µm entrance and up the 3 µm exit. 

The quantification of axonal projection rate also showed no significant difference (p = 

0.37) between permissive or prohibitive direction of growth, with rates of 0.95 ± 0.14 

and 0.9 ± 0.1 respectively. Thus, in our hands this design does not provide a directional 

bias. 
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Figure 3.3-2 Axons can project both directions through asymmetrical ‘diodes’.  

Schematic of cells growing in the permissive (left) or prohibitive (right) direction (A). 

Images of tubulin stained neurons at DIV14 within the devices show axons readily 

growing through channels in both directions (B). Quantification of axonal projection 

shows no significant difference between permissive or prohibitive directions (C). N = 3 

devices from separate preps. P = 0.37. Error bars = SEM. Results obtained in 

collaboration with Prutha Patel. 
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3.3.2 Designs based on rerouting or stalling axons facilitate unidirectional axonal 

growth  

 The results from this section were obtained in collaboration with Dr Paul 

Holloway; Paul designed and fabricated the devices with my neuroscientific input, I 

performed the cell culture experiments, and both carried out immunocytochemistry and 

analysis. 

Having been unable to replicate the results obtained by Peyrin et al. with tapering 

asymmetric diodes, we designed more devices, which incorporate new and existing 

designs. Four devices were created – ‘loop back’, ‘pretzel’, ‘heart’ and ‘arrow’ devices 

(see section 2.2.1). The premise behind these designs incorporations it to reroute or stall 

axonal projections growing in the prohibitive direction, whilst facilitating growth in the 

permissive direction. With this, we hypothesise a preferential growth in one direction, 

and thus the creation of a device with unidirectional neuronal directionalisation 

properties.  

 To determine if these designs could promote unidirectional axonal projection, we 

cultured neurons for 14 DIV in either the permissive or prohibitive direction of these 

devices. Cells were fixed and stained for tubulin. Axonal projection was determined as 

before and graphs can be seen from Figure 3.3-3 to Figure 3.3-6.  

 We determined that there is a correlation between the increased number of motifs 

and a decreased axonal projection in the prohibitive direction. Axonal projection was 

normal in the permissive direction, showing that the difference within the prohibitive 

direction is due to the designs discouraging the projecting of axons. Overall these results 

show that we can obtain a high level of oriented unidirectional axonal growth through 

the inclusion of repeating motifs that cause the axons to redirect, discouraging them 

from full projection through the microchannel.  
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Figure 3.3-3 Increasing number of loop back motifs leads to a decrease in axonal 

projection.  

In the prohibitive direction (A, B), there is a lower rate of axonal projection at DIV14 

compared to the control microchannels, which correlates with increasing number of 

loop back motif repeats (B). Repeating motifs compared to control, one-way ANOVA, 

** p<0.01, *** p<0.001, **** p<0.0001. Projection is not affected in the permissive 

direction (D-F). Repeating motifs compared to control, one-way ANOVA, p>0.66. All n 

= 3 devices from 3 preps, error bars = SD.  
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Figure 3.3-4 Increasing number of pretzel motifs leads to a decrease in axonal 

projection.  

In the prohibitive direction (A, B), there is a lower rate of axonal projection at DIV14 

that correlates with increasing number of repeats (C). Repeating motifs compared to 

control, one-way ANOVA, ** p<0.01, *** p<0.001. Projection is not affected in the 

permissive direction (D-F). Repeating motifs compared to control, one-way ANOVA, 

p>0.22. All n = 3 devices from 3 preps, error bars = SD.    
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Figure 3.3-5 Increasing number of heart motifs leads to a decrease in axonal projection.  

In the prohibitive direction (A, B), there is a lower rate of axonal projection at DIV14 

compared to the control microchannels, which correlates with increasing numbers of 

heart motif repeats (C). Repeating motifs compared to control, one-way ANOVA, * 

p<0.05, ** p<0.01. Projection is not affected in the permissive direction (D-F). 

Repeating motifs compared to control, one-way ANOVA, p>0.47. All n = 3 devices 

from 3 preps, error bars = SD.    
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Figure 3.3-6 Increasing number of arrow motifs leads to a decrease in axonal projection.  

In the prohibitive direction (A, B), there is a lower rate of axonal projection at DIV14 

compared to the control microchannels, which correlates with increasing number of 

arrow motif repeats s (C). Repeating motifs compared to control, one-way ANOVA, * 

p<0.05, ** p<0.01, *** p<0.001. Projection is not affected in the permissive direction 

(D-F). Repeating motifs compared to control, one-way ANOVA, p>0.81. All n = 3 

devices from 3 preps, error bars = SD.   
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Figure 3.3-7 Close-up images of directionality devices.  

Pseudo-coloured images of tubulin-stained axons at DIV14 growing in the prohibitive 

direction within the directionalised devices show axonal rerouting (loop-back and 

pretzel) and stalling with aberrant branching (heart and arrow). Colour map shows areas 

of increased fluorescence intensity mapped to a colour scale (right). 
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3.4 Conclusion 

In order to investigate a directionalised material transfer between neurons in vitro, 

it is necessary to use a platform that allows orientation of neuronal cells, which is lost in 

mass culture. Using microfluidic devices allows the segregation of the distal axons from 

cell bodies, creating compartmentalisation of cells. I was able to successfully arrange 

cells into an arrayed connection, with functional synaptic connectivity.  

With custom modifications, we were able to orient neurons to provide us with 

unidirectional axonal projections. We determined that through rerouting and/or stalling 

the axons growing in an undesired direction, we can decrease the number of axons 

projecting in this direction. Our adaptions and new designs are more deeply 

characterised than published structures, as we characterised the difference in repeating 

motifs, and compared multiple designs against each other, which has not yet been 

characterised. Thus, we developed a novel microfluidic device platform that provides us 

with a means to orient neuronal connections unidirectionally, therefore greatly aiding 

our study of directionalised material transfer between neurons in vitro. 
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4 Chapter Four: Establishing an In Vitro Model of 

Tauopathy 

4.1 Introduction 

 Tau protein has been long been studied in various systems including human post-

mortem tissue, mice and fly models, and cell culture, which combined have provided us 

with much of our fundamental knowledge on its role in health and disease. From the 

original discovery of NFTs in AD by Alois Alzheimer over 100 years ago (Alzheimer, 

1907), to the discovery of tau as their main component (Kosik et al., 1984) and the 

consequent extensive characterisation of its physiological and pathogenic properties, 

our knowledge within the field of tau has been rapidly expanding in recent years. 

However, many questions still remain unanswered, including the important question as 

to how tau can be transmitted from diseased to healthy brain regions. I decided to 

further probe how pathogenic tau can be spread in disease, through the use of an in vitro 

AD tauopathy model that can be manipulated and probed in detail. 

 To this end I expressed human tau DNA plasmids in primary murine hippocampal 

cultures that are cultured in customised microfluidic devices allowing for neuronal 

orientation. With this, I was equipped with a platform that allows the observation and 

manipulation of cultured cells at the resolution of single cell connectivity, and also with 

the ability to investigate subcellular, for example cell body and distal axon, 

compartmentalised differences.  

 Before addressing mechanistic questions, I first characterised the effects of 

expressing human tau DNA within murine hippocampal neurons in vitro, in order to 

examine their neuronal morphology and their ability to form tau aggregates, thus 

validate my in vitro system. 
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4.2 Human tau DNA constructs 

 For this project, I used human 4R0N tau plasmids, that express either full-length 

wild type tau (WT-tau), pseudo-hyperphosphorylated tau (PHP-tau) or non-

phosphorylatable tau (AP-tau)(Hoover et al., 2010). These tau constructs have shown 

that WT-tau binds to the microtubules of hippocampal neurons in vitro, whereas PHP-

tau is unbound and mislocalised into dendritic spines, resulting in synaptic deficits. AP-

tau is shown to prevent this mislocalisation of tau into the dendritic spines. The 

plasmids were originally tagged with GFP, and cloning was carried out to generate 

RFP-tagged plasmids (section 2.3). The choice of colour does not affect the properties 

of tau (Figure 4.2-13). Using these constructs as a model for tau pathology in AD, I 

wanted to further characterise the effect of their prolonged expression on cultured 

neurons, and also determine if PHP-tau would be a suitable tool for examining the 

formation, spread, and subsequent propagation of tau in an in vitro model of AD.  

 

4.2.1 PHP-tau does not affect axonal growth in vitro 

 It is known that the phosphorylation of tau is a physiological process, which in a 

healthy system exists at a dynamic equilibrium of phosphorylation and 

dephosphorylation. Hyperphosphorylation of tau leads to its detachment from 

microtubules and its subsequent aggregation into PHFs, then NFTs. Hoover et al. in 

2010 found that the expression of PHP-tau in DIV14 neurons lead to tau detachment 

from microtubules, and subsequent synaptic deficits 2 days later. In my model, I wanted 

to examine the effects of PHP-tau expression in vitro over longer periods, and I wanted 

know if there are any detrimental developmental effects of altering the phosphorylation 

state of tau. 

 To determine if the introduction of PHP-tau into a growing neuron would have 

detrimental effects on axonal polarisation or growth, PHP-tau was introduced into cells 

via transfection with GFP-TauE14, a tau plasmid where 14 serine/threonine sites known 

to be hyperphosphorylated in AD are mutated to glutamate, thus mimicking the 

hyperphosphorylation of these sites as seen in AD (see Figure 1.8-1). Transfection was 

performed at either DIV1 or DIV5. DIV5 was picked as a suitable time point as at this 
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stage, neurons will have polarised an axon, which occurs from DIV 2-4 in vitro (Dotti et 

al., 1988). Cells were fixed at DIV7, and the length of the longest axonal outgrowth was 

measured using NeuronJ neurite tracer and plotted into a graph (Figure 4.2-1).  
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Figure 4.2-1 PHP-tau expression does not detrimentally affect axonal growth.  

Average length of the longest axonal branch measured at DIV7 of GFP, GFP-TauWT 

and GFP-TauE14 expressing cells. Example inverted images of neurons transfected on 

DIV1 and fixed on DIV7 with their corresponding longest axonal branch measurement 

(A). Scale bars: 30 µm. Analysis (B). No significant difference is seen between the 

lengths of the longest axonal branches at DIV7 between GFP and WT-tau expressing 

cells (p=0.98) or between GFP and PHP-tau expressing cells (p=0.99) when transfected 

at DIV1. No significant difference is seen between the lengths of the longest axonal 

branches at DIV7 of PHP-tau expressing cells transfected at DIV1 and DIV5 (p=0.91). 

Two-way ANOVA, all n>20 individual neurons, from 4 separate experiments. Error 

bars = SEM. 
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 It was found that the expression of PHP-tau in developing neurons has no 

significant effect on the growth of an axon, because PHP-tau expressing axons develop 

to a similar extent as GFP expressing axons in the same time frame (Figure 4.2-1). I 

observed that the duration of expression did not interfere with axonal growth in GFP-

TauE14 expressing cells (p=0.91), with an average longest axonal branch length of 615.9 

± 213.5 µm when transfected at DIV1 and 658.9 ± 164.3 µm when transfected at DIV5. 

There was also no significant difference seen between the lengths of the longest axonal 

branches at DIV7 between GFP and WT-tau expressing cells (p=0.98) or between GFP 

and PHP-tau expressing cells (p=0.99) when transfected at DIV1. Therefore, GFP-

TauE14 expression does not affect axonal growth, so the construct can be used to 

examine the formation of tau aggregates. I also determined that GFP-TauWT expression 

in neurons does not affect axonal growth, confirming the use of WT-tau as a control for 

the overexpression of human tau. 

 

4.2.2 Tau phosphorylation is a necessary event for healthy axon growth 

Having found that mimicked hyperphosphorylation on tau has no effect on axonal 

growth in vitro, I next wanted to determine if there are any effects of prevented tau 

phosphorylation on axonal growth. Hoover et al. determined that non-phosphorylatable 

tau (AP-tau) remained bound to microtubules when transfected into hippocampal 

neurons at DIV14, so I sought to determine if there were any developmental differences 

between phosphorylatable and non-phosphorylatable tau expressing neurons, and thus 

to determine if AP-tau could be used as a control for PHP-tau. AP-tau has a mutation on 

the same 14 serine/threonine sites as PHP-tau, mutated to alanine as to prevent 

phosphorylation at these sites (Figure 1.8-1). To do this, cells were cotransfected on 

DIV1 with GFP-TauAP and soluble RFP, in order to visualise the entire axon 

independent of AP-tau localisation. As before, the cells were fixed on DIV7, and the 

longest axonal branch of transfected cells was measured and compared to time matched 

GFP controls.  

 I found that when non-phosphorylatable tau is expressed in a developing neuron, it 

localises along the full length of the axon, where it causes a significant impairment of 
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the growth of the axon (Figure 4.2-2Error! Reference source not found.). Whereas 

average lengths at DIV7 of the longest branch of axons of GFP and GFP-TauWT 

expressing cells were 568.5 ± 183.4 µm and 632.1 ± 218.4 µm respectively, the average 

length of the longest axonal branch of GFP-TauAP expressing cells was only 168.3 ± 

60.2 µm. This is a significant impairment (p<000.1) and demonstrates the vital role of 

phosphorylation in axonal development and growth.  
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Figure 4.2-2 GFP-TauAP expression from DIV1 significantly impairs axonal growth in 

developing neurons.  

Representative inverted images of a GFP expressing cell and a GFP-TauWT expressing 

cell at DIV7 (A, top) have longer axons than a GFP-TauAP expressing cell at the same 

time point (A, bottom left). GFP-TauAP expressing cell was cotransfected with soluble 

RFP (A, bottom right) showing that GFP-TauAP is localised along the full length of the 

transfected axon. Average length of the longest axonal branch measured at of GFP, 
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GFP-TauWT and GFP-TauAP expressing cells transfected at DIV1 and fixed and 

analysed at DIV7 (below). There is a significant decrease in axonal length of GFP-

TauAP expressing cells compared to controls. One-way ANOVA, p<0.0001, n>20 from 

3 different experiments. Error bars = SEM.  
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As a further control to ensure that the measured axons were from cells that had 

originally projected a growing axon before the introduction of GFP-TauAP, I performed 

another experiment in which neurons were transfected at DIV5, at which time the 

neuron’s axon would have already polarised. These cells were also fixed at DIV7, and 

the longest axonal branch was compared to a time matched GFP and GFP-TauWT 

control.  

 This experiment showed that an originally healthy cell, with an axon growing to 

corresponding lengths as a GFP time matched control, became compromised and did 

not grow to a greater length when tau phosphorylation was prevented by the introduced 

expression of GFP-TauAP (Figure 4.2-3). 

I observed that the expression of GFP-TauAP for 2 days in vitro appeared to halt 

any further growth of the axons, which reached an average longest length of 309.5 ± 

122.9 µm, in contrast to GFP or GFP-TauWT expressing cells, whose longest axonal 

branches grew to an average of 604.9 ±181.6 µm and 580.7 ± 193.4 µm respectively. 

The average length of the longest axonal branches of neurons transfected with GFP on 

DIV1 and fixed and measured at DIV5 is 332.5 ± 31.18 µm, which is similar to the 

average longest axonal branch length of GFP-TauAP expressing cells transfected on DIV 

and fixed on DIV5 (p=0.99). This suggests that the neurons measured were growing an 

axon to healthy lengths until the introduction of AP-tau, which prevented further growth 

of the axons. Overall this suggests that proline-directed phosphorylation of tau is 

essential to the initial and continuous growth of an axon. 

This evidence correlates with studies that have shown that AP-tau binds strongly 

to microtubules thus inhibiting their remodelling, causing microtubule bundling and 

also inhibiting axonal transport (Rodríguez-Martín et al., 2013). This mutation has also 

been found to cause fatality in 100% of affected Drosophila larvae (Talmat-Amar et al., 

2011). Overall this evidence shows that phosphorylation is a necessary event for healthy 

axon growth. Therefore, the non-phosphorylatable tau variant is not a suitable control 

for hyperphosphorylation, because of its clear impact on axonal morphology.  
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Figure 4.2-3 GFP-TauAP expression prevents further axonal growth in developing 

neurons.  

Example inverted images of neurons transfected on DIV5 and fixed on DIV7 with their 

corresponding longest axonal branch length (top). Scale bars: 30 µm. Cells were 

transfected at DIV5, and fixed at DIV7. Control DIV5 GFP axonal length obtained by 
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transfected at DIV1 with GFP and fixing at DIV5. There is a significant decrease in the 

length of the longest axonal branch of GFP-TauAP expressing cells after 2 days 

expression, compared to cells expressing GFP for the same time (p=0.002). There is no 

significant difference between the length of the longest axonal branches of cells 

transfected with GFP on DIV1 and fixed at DIV5, and cells transfected with GFP-TauAP 

at DIV1 and fixed at DIV5 (p=0.99). All n>20 individual neurons from 3 separate 

experiments. Error bars = SEM.  
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4.2.3 GFP-TauE14 expression in neurons leads to the formation of intracellular 

tau aggregates. 

 In order to determine if pseudo-hyperphosphorylation of tau would cause an 

aggregation of tau similar to that seen in AD, I expressed GFP-TauE14 in neurons, and 

then examined the distribution of tau at DIV10. As a control, I expressed full length 

WT-tau in neurons for the same duration. I hypothesised that WT-tau would not 

aggregate, whereas GFP-TauE14 would mirror the effects of tau aggregation in AD. I 

found that the expression of PHP-tau in neurons in vitro leads to the appearance of 

accumulations of fluorescent protein, occurring at intervals along lengths of the axon 

(Figure 4.2-4). These appear visually as regions of intense fluorescence. I assumed these 

accumulations represent areas of aggregated tau protein, which are more intensely 

fluorescent than an evenly distributed protein due to the presence of many accumulated 

fluorescent tau proteins stuck together. This suggests that the expressed GFP-TauE14 

proteins oligomerised together, forming aggregates.  

 To confirm if these observed accumulations were in fact tau aggregates caused by 

pseudo-hyperphosphorylation of tau, the same experiment was performed in tandem, 

using RFP-TauWT as a control. With WT-tau, I saw a smooth and even distribution 

(Figure 4.2-5) that contrasts with PHP-tau. From these, I concluded that aggregate 

formation is specific to the pseudo-hyperphosphorylation of tau, and determined that 

GFP-TauE14 and RFP-TauWT can be used as a model of aggregate formation and as a 

control, respectively. 
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Figure 4.2-4 Expression of GFP-TauE14 in hippocampal neurons leads to the appearance 

of visible aggregates.  

Example inverted image of a cell transfected with GFP-TauE14 at DIV1 and fixed at 

DIV10. Insert shows higher magnification region of the distal axon, with uneven, 

variable accumulations of fluorescent protein. Although tau is primarily an axonal 

protein, in this overexpression system it appears localised to microtubules throughout 

the entire cell. 
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Figure 4.2-5 RFP-TauWT is evenly distributed along a control axon of an expressing 

neuron.  

Example inverted image of 2 cells transfected with RFP-TauWT at DIV1 and fixed at 

DIV10. Insert shows higher magnification of the distal axon, with an even, smooth 

distribution of fluorescent tau protein.  
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4.2.4 Accumulations along GFP-TauE14 expressing axons are aggregates of 

misfolded tau 

 The expression of PHP-tau in hippocampal neurons in vitro leads to an uneven tau 

distribution, with a variation in fluorescence intensity along the axons of transfected 

cells. As these were not seen in WT-tau expressing neurons, it suggests that the 

accumulations in PHP-tau expressing neurons corresponded to aggregated tau. 

However, it could be possible that an area of higher fluorescence in a transfected cell is 

due to the membrane of said cell blebbing – a process of membrane buckling that occurs 

during apoptosis of a cell (Coleman et al., 2001). Therefore, it is necessary to 

distinguish the two, and to confirm that the events along the axons of PHP-tau 

expressing cells are indeed aggregates of tau. To do this, an antibody specific to 

misfolded tau was used. This antibody, MC1, recognises conformationally altered tau as 

seen in NFTs, but not wild type tau (Jicha et al., 1997). 

 Hippocampal neurons were transfected with GFP or GFP-TauE14 at DIV1, and 

on DIV10 they were fixed and immunocytochemical staining was performed with the 

MC1 antibody. I found that MC1 reactivity appeared only in the cultures of PHP-tau 

containing cells, and does not appear in GFP control cells, even when such cells exhibit 

blebbing morphology (Figure 4.2-6). Visually, these blebs can be distinguished from 

aggregates as they adopt a different structure – the latter adopting a structured clump of 

fluorescent protein, and the former a distorted, uneven bulging shape. The MC1 staining 

depicts conformationally altered tau to be present in punctate accumulations, as opposed 

to an even distribution throughout the axon, showing us the presence of aggregates of 

misfolded tau within an axon at this time-point. 

 Overall, this experiment confirms that the areas of greater fluorescent intensity 

within the GFP-TauE14 axons are in fact misfolded tau aggregates. The surrounding 

MC1 staining that is selectively observed in the GFP-TauE14 image suggests that tau 

propagation is occurring within my system, as I can see with the MC1 staining a 

reactivity delineating the surrounding untransfected axons, suggesting a misfolding of 

endogenous mouse tau; possibly due to tau propagation from GFP-TauE14 expressing 

neurons. In agreement with this, no endogenous mouse tau appears misfolded in the 

GFP expressing culture (Figure 4.2-6).
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Figure 4.2-6 Conformationally altered tau appears in GFP-TauE14 expressing cells only.  

Cells were transfected with either GFP or GFP-TauE14 on DIV1, and fixed and stained 

for MC1 on DIV10. Colour map shows areas of increased fluorescent intensity mapped 

to a colour scale (left). Misfolded tau is not present in GFP expressing cells, even when 

unhealthy and exhibiting blebs (asterisk). Aggregates appear as areas of increased 

intensity and contain misfolded tau as seen in MC1 staining. MC1 staining can be seen 

in surrounding untransfected neurites (red arrows). 
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4.2.5 Overexpression of WT-tau does not cause aggregation 

 As seen in Figure 4.2-6, misfolded tau appears in PHP-tau expressing neurons. 

Next, I wanted to determine if this is specific to the presence of PHP-tau and not WT-

tau. This is important, as overexpression of WT-tau, as in my model, may disrupt the 

kinase:phosphatase balance within the neurons, and result in tau aggregation. To do this, 

I transfected neurons at DIV1 with either GFP-TauE14, or RFP-TauWT. At DIV14, the 

cells were fixed and stained for conformationally altered tau with the MC1 antibody.  

 I found that MC1 reactivity appeared only in the cultures of PHP-tau containing 

cells, and no MC1 reactivity was seen in WT-tau cultures. This demonstrates that 

expression of WT-tau in primary neurons in vitro, although an overexpression of tau, 

does not induce tau misfolding. This further validates the use of RFP-TauWT as a control 

for PHP-tau. 
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Figure 4.2-7 Overexpression of WT-tau does not cause tau to misfold in primary 

neurons.  

Neurons were transfected on DIV1 and fixed and imaged at DIV14. No MC1 staining 

appears in RFP-TauWT expressing cultures, whereas MC1 reactivity and therefore 

misfolded tau is observed in GFP-TauE14 expressing neurons and their surroundings.  
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4.2.6 Ultrastructural analysis shows WT-tau bound to microtubules, and PHP-

tau aggregated in transfected axons 

 Tau exists in a dynamic state of bound to microtubules, or unbound and soluble. 

When hyperphosphorylated, tau can no longer bind to microtubules, leading to 

microtubule destabilisation and aggregation into insoluble NFTs. In order to investigate 

if PHP-tau was also unbound from microtubules and causing microtubule 

disintegration, I examined the ultrastructural localisation of PHP-tau and WT-tau within 

transfected hippocampal neurons. 

 Standard electron microscopy (EM) techniques for identifying a specific protein 

involve the use of primary and secondary antibodies targeting the antigen of choice. 

However, this method involves permeabilisation of membranes in order to reach 

intracellular antigens, which degrades the cellular ultrastructure, and within the 

dehydration and embedding process, some of the antigen can be lost, making detection 

of specific proteins difficult (Hamilton et al., 1992). To overcome these issues, the lab 

of Dr Alice Ting generated an EM genetic tag, ‘APEX’ (Martell et al., 2012). Ascorbate 

enhanced peroxidase (APEX) is a 28 kDa monomeric peroxidase that withstands 

dehydration and embedding, and is an enzyme which catalyses the conversion of 3,3’-

diaminobenzamidine (DAB) into an osmiophillic polymer. After staining the sample 

containing APEX with DAB and osmium tetroxide, an electron-dense precipitate is 

made, which is easily viewed under EM. Furthering this development the lab of Dr Rob 

Parton generated an EM tag of APEX bound to a GFP binding protein (GBP)(Ariotti et 

al., 2015). APEX-GBP can be cotransfected into cells, and the GBP will bind to any 

GFP tagged protein. Therefore, any GFP tagged protein, like in my case GFP tagged 

tau, now possesses the peroxidase that will render the protein detectible under EM.  

 To use this in my system I cotransfected neurons with APEX-GBP and either 

GFP-TauE14 or GFP-TauWT. At DIV14, I fixed the cells as per section 2.6.3. Firstly, to 

confirm that the addition of the APEX-GBP tag did not interfere with tau aggregation, I 

analysed the fluorescence distribution of tau within these cells. I found that the GFP-

TauE14 still aggregated readily with the addition of the APEX-GBP tag (appendix C, 

supplementary figure 2). The cells were stained with DAB, osmium tetroxide, 

potassium ferricyanide and tannic acid, embedded, and sectioned for imaging.  
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 I found that using this technique, I could locate DAB-positive tau protein within 

the axons of transfected cells (Figure 4.2-8). I observed that with WT-tau, the DAB-

positive tau protein was seen to align along microtubules, appearing to be bound to and 

stabilising them. This WT-tau has a smooth distribution along microtubules (Figure 

4.2-8A and B). In contrast to this, I saw that PHP-tau was aggregated into large clumps 

throughout transfected axons (Figure 4.2-8, C and D). Within this cell, microtubules 

cannot be seen, as they are presumably destabilised to the extent that the structures 

cannot be observed. 

 Overall, I observed the aggregating and microtubule stabilising phenotypes of 

PHP-tau and WT-tau respectively at an ultrastructural level, which confirmed the 

hypothesised properties of these tau proteins. This new technique of protein tagging for 

EM opens up a platform through which hard to detect proteins can now be more easily 

identified. This could be highly beneficial in investigating the localisation of tau protein 

in presynaptic and postsynaptic diseased cells.   
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Figure 4.2-8 Electron microscopy of GFP-TauWT and GFP-TauE14.  

WT-tau is evenly bound along microtubules (A) as depicted by the black, electron dense 

staining of GFP-TauWT + GBP-APEX. Higher magnification insert (B) shows structured 

microtubule network, on top of which WT-tau is bound. PHP-tau is aggregated into 

large clumps (C) as depicted by the black, electron dense staining of GFP-TauE14 + 

GBP-APEX. Different sizes tau aggregates are seen throughout the axon, with a higher 

magnification of some of the larger ones shown in (D). No structured microtubules can 

be seen in a GFP-TauWT + GBP-APEX expressing cell. All cells fixed at DIV14. 
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4.2.7 GFP-TauE14 expressing cells are incorporated into neuronal networks 

 In order to examine if GFP-TauE14 expression could prevent the incorporation of 

cells into a functional network, or if the aggregation of tau caused by PHP-tau 

expression would interfere with functional neuronal signalling, I analysed the presence 

of calcium signalling with GFP-TauE14 expressing neurons. To do this, I cotransfected 

neurons with GFP-TauE14 and R-GECO – a red fluorescent calcium indicator. Without 

stimulating the cell culture, I live imaged the transfected cells to see if they had 

spontaneous activity, as indicated by calcium activity. 

 I found that GFP-TauE14 expressing neurons retained calcium signalling abilities 

(Figure 4.2-9). I found that there were spontaneous spiking events in GFP-TauE14 

expressing cells (Figure 4.2-10), indicating that these cells are incorporated into the 

network of surrounding untransfected cells, and are actively functioning and signalling 

within this network.  

 This shows that the expression of PHP-tau within a developing neuron does not 

detrimentally affect the neurons, as they are still electrically excitable and 

spontaneously signalling within a network.
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Figure 4.2-9 Calcium signalling is present in GFP-TauE14 expressing hippocampal neurons. 

Neurons were cotransfected with GFP-TauE14 and R-GECO Ca2+ sensor. DIC image shows morphologically intact neuron, which is expressing 

GFP-TauE14. When the cell is at rest, R-GECO signal can be seen in the cell body. When the cell is actively firing, R-GECO signal can be seen 

flashing within the cell body and throughout the length of the transfected cell’s axon, showing an electrical competency of the neuron to fire in 

a network connectivity dependent manner. Images taken at DIV14.

DIC     GFP-TauE14             R-GECO                 R-GECO’

10 µm



   Chapter 4 

136	

 

 

Figure 4.2-10 Calcium signalling is present in GFP-TauE14 expressing cells.  

Neurons were cotransfected with GFP-TauE14 and R-GECO, and at DIV14 cells were 

imaged every 5 seconds for 10 minutes. Somal activity was measured where indicated 

by the red circle (A) and flashes of R-GECO Ca2+ fluorescence occur within the soma 

throughout the duration of imaging (B). Axonal activity was measured where indicated 

by the red line (C) and flashes of R-GECO Ca2+ fluorescence occur along the axon 

throughout the duration of imaging (D). 
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4.2.8 Quantification of variance in axonal fluorescence 

Through the expression of human tau in hippocampal neurons in vitro, I determined 

that PHP-tau forms uneven accumulations of tau along the axon, which corresponds to 

MC1 staining and therefore the presence of misfolded tau. As a means of quantifying 

these areas of aggregation, fluorescence distribution of tau in WT-tau and PHP-tau 

expressing cells was analysed in ImageJ through the generation of plot profiles. A plot 

profile is a 2D graph that displays fluorescence intensity along a selected line, and 

therefore can identify changes in distribution and areas of increased fluorescence that 

may not be picked up by eye. Corresponding fluorescence intensity values can be 

plotted, and/or analysed further for variance. To do this, neurons were transfected with 

either RFP-TauWT or GFP-TauE14 on DIV1, and fixed at DIV10. The distal 75 µm of the 

longest branch of transfected axons were imaged, and fluorescence values obtained 

using ImageJ. 

 I observed that the distribution of fluorescence intensity does not vary in control 

RFP-TauWT expressing axons (Figure 4.2-11). This is mirrored in GFP-TauWT 

expressing cells, as the choice of fluorescent tag does not affect the phenotype of WT-

tau (Figure 4.2-13). This can be seen by the low variance in fluorescence intensity 

values throughout the entire segment of axon, suggesting an even distribution of WT-

tau throughout the axon. I also observed that the fluorescent protein distribution of PHP-

tau in GFP-TauE14 expressing cells corresponds to a highly variable plot profile (Figure 

4.2-12), showing a quantifiable difference between WT and PHP-tau expressing cells. 

Quantifying the variance, it was seen that there was a significant increase in the 

variation of fluorescence distribution along the distal axons of GFP-TauE14 cells 

compared to GFP control and to GFP-TauWT (Figure 4.2-13). No difference was found 

between the fluorescence variance in RFP-TauWT expressing cells and GFP expressing 

cells, exemplifying RFP-TauWT expressing cells’ smooth ubiquitous fluorescent protein 

distribution. Overall this experiment shows that there is a quantifiable increase in 

fluorescence intensity at focal points along GFP- TauE14 axons that is due to the 

expression of PHP-tau.  
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Figure 4.2-11 RFP-TauWT expressing cells have a smooth, even fluorescent protein 

distribution.  

(A) Representative inverted image of an RFP-TauWT expressing axon that was analysed 

at DIV14. (B) Plot profile of this segment as generated by ImageJ. A line was drawn 

along the length of the axon, and fluorescence values were obtained and plotted as a line 

graph in Microsoft Excel. Fluorescence intensity has a low variability throughout 

segment. Scale bar: 5 µm. 
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Figure 4.2-12 GFP-TauE14 expressing cells have a variable fluorescent protein 

distribution.  

(A) Representative inverted image of a GFP-TauE14 expressing axon that was analysed 

at DIV14. (B) Plot profile of this segment as generated by ImageJ. Fluorescence 

intensity is seen to fluctuate greatly throughout segment. Spikes in fluorescent protein 

distribution as seen in the plot profile correspond to the occurrences of aggregated tau 

seen along the axon. Scale bar: 5 µm.  
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Figure 4.2-13 The coefficient of variation for fluorescence intensity is significantly 

increased only in GFP-TauE14 expressing distal axons.  

Neurons were transfected on DIV1 and fixed and analysed on DIV10. One-way 

ANOVA, p<0.0001. N>20 cells pooled from 3 experiments. Error bars = SEM.  
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4.3 An objective analysis of aggregation in vitro 

 Having determined that the fluorescence variance was increased in PHP-tau 

expressing cells, I next wanted to establish an unbiased, objective means of analysing 

tau aggregation in vitro. I also wanted to establish an unbiased means of classifying a 

cell as positive or negative for aggregation. To do this, the fluorescence intensity values 

for the plot profiles of the axons of transfected cells obtained from ImageJ were further 

analysed using a custom MATLAB script (Figure 4.3-1). MATLAB analyses the values 

as follows.  

 To correct for varying transfection and therefore fluorescence intensity levels 

between cells I chose the 10th percentile fluorescence value as baseline, and offset all 

fluorescence values to this value (Figure 4.3-1, script lines 1-2 and 14-15).  

 To assess normal/healthy fluorescence fluctuations, a selection of control axons 

from various DIV were randomly chosen (Figure 4.3-2, A) and zeroed to their 10th 

percentile fluorescence value (Figure 4.3-2, B), and the mean and standard deviation 

was calculated for the fluorescence values within each of these axons. Any axonal 

stretch with a maximum value lying outside the mean plus 5 times the standard 

deviations of these fluorescence values (500 arbitrary units)(Figure 4.3-2 B, grey box) 

were excluded from the set of control values, as these axons have less than 0.0001% 

chance of belonging to the population (Figure 4.3-1, script line 4). These axons were 

excluded from generating the control values, but included in the final analysis, allowing 

for a fairer representation of a control mean without excluding outliers from the final 

results.  

 The standard deviation was calculated for the fluorescence values of each 

remaining control axonal stretches, and the mean of these standard deviations was 

obtained (Figure 4.3-1, script lines 6 and 7). Any individual fluorescence value of RFP-

TauWT or GFP-TauE14 expressing cells lying 5 times outside the mean of the standard 

deviations of the corresponding control axons for that experiment was identified to be 

an aggregate-containing point, as these points have a less than 0.0001% chance of 

belonging to the normal distribution (Figure 4.3-1, script lines 8 and 16). The sum of the 

aggregate-containing points was calculated for RFP-TauWT (Figure 4.3-1, script line 9) 



   Chapter 4 

142	

and GFP-TauE14 (Figure 4.3-1, script line 17) axonal stretches, and from this the 

percentage of aggregate-containing values along an axonal stretch was calculated 

(Figure 4.3-1, script lines 11 and 19 respectively). Any axonal stretch that contains over 

10% of its fluorescence values, i.e. over 7.5 µm of the analysed length, as aggregate-

containing values is identified as a stretch positive for tau aggregation (Figure 4.3-3, 

green lines). This cut-off allows for axons containing occasional blebs to be discounted, 

and identification of only axons containing a distribution of aggregates. Finally, the 

percentage of cells positive for tau aggregation is calculated for RFP-TauWT (Figure 

4.3-1, script line 12) and GFP-TauE14 (Figure 4.3-1, script line 20).  
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Figure 4.3-1 Custom MATLAB script for analysing aggregation within axons of 

transfected cells in vitro.  

Fluorescence values are obtained from plot profile data from ImageJ. Controls are 

established as RFP-TauWT expressing distal axons with fluorescence values lying within 

a normal distribution. Any fluorescence value of RFP-TauWT or GFP-TauE14 expressing 

axons lying outside 5σ of the fluorescence values is identified as an aggregate-

containing point. An axon containing >10% of its length as aggregate containing points 

is identified as an aggregate-positive cell. 

 

 

 



   Chapter 4 

144	

 

 

Figure 4.3-2 Generation of control values for analysis comparison.  

Control plot profile fluorescence values are plotted (A) and offset to their 10th percentile 

value (B). Plots with values under 500 fluorescence units (B, within grey box) are used 

to generate the set of control values for comparison (C).
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Figure 4.3-3 Identification of aggregate positive points.  

Control axons from Figure 4.3-2 are plotted (red) and 5 times the mean of their standard 

deviations determined (grey box). Any value outside this is positive for an aggregate-

containing point. Blue lines show GFP-TauE14 expressing axons with fluorescence 

values below this threshold, and these are aggregate-negative axons. Green lines show 

GFP-TauE14 expressing axons with fluorescence values above this threshold, therefore 

containing aggregate-positive points. The red plot which contains points outside the 

threshold is an outlying RFP-TauWT axon, which can be attributed to blebbing. 
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4.3.1 The cumulative axonal length positive for aggregates increases over time in 

GFP-TauE14 cells in vitro. 

 Using the script outlined in Figure 4.3-1, I was able to determine the amount of 

fluorescence points, and therefore the length of an axon, which is positive for 

aggregation within an axonal stretch (Figure 4.3-4).  

 Firstly, using the fluorescence values of distal PHP-tau expressing axons, I 

determined that the length of each axon positive for aggregate-containing points 

increased over time in vitro. The fluorescence values for 75 µm stretches of distal GFP-

TauE14 expressing axons were obtained and compared against corresponding RFP-

TauWT expressing distal axons. I found that at earlier DIV, the proportion of 

fluorescence points within distal GFP-TauE14 expressing axons was at an average of 

13.43%, whereas by DIV18 this proportion had increased to an average of 40.4%. This 

data evidences that over time in vitro, the distal axons of GFP-TauE14 expressing 

neurons accumulate more tau aggregates, and thus more of their length is positive for 

tau aggregation. This finding is novel, as the proportion of a diseased axon containing 

tau aggregates has not yet been investigated in vitro or in vivo. The increasing 

proportion of axons positive for aggregation also shows that the inversion of the tau 

gradient from axonal to somatodendritic (Zempel & Mandelkow, 2014) is not occurring 

in my system at the time points examined. This suggests that my setup is examining tau 

pathology at an earlier stage to that of tau gradient inversion.  

 Interestingly, the analysis shows that by DIV18, there are still a proportion of 

axons with no tau aggregation along their length. This could suggest a differential 

subpopulation within the neuronal culture that are less susceptible to tau aggregation. 

This is discussed further in section 5.1.5. 
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Figure 4.3-4 Percentage of aggregate-containing points in individual GFP-TauE14 

expressing axons increases over time.  

Neurons were transfected at DIV1 and fixed at 2-day intervals from DIV8-18. 

Fluorescence values were analysed, and percentage of values positive for an aggregate-

containing point within an individual axon were plotted. Earlier DIV have a higher 

proportion of axons with 0% of their length positive for aggregate-containing points. As 

the DIV increases, so does the average percentage of aggregate-containing points per 

axon. Line = mean, each point represents an individual axon. N>20 axons per DIV. 

8 10 12 14 16 18
0

20

40

60

80

100

Day in vitro

%
 o

f a
xo

n 
co

nt
ai

ni
ng

 
ag

gr
eg

at
ed

 p
oi

nt
s

10% cutoff



   Chapter 4 

148	

4.3.2 The percentage of GFP-TauE14 expressing cells positive for tau aggregation 

increases over time in vitro. 

 After determining that the amount of tau aggregation increases within individual 

axons over time in vitro, I next wanted to use an objective means of classing neurons as 

aggregate positive versus aggregate negative cells. Using a cut-off of 10% of distal 

axonal length positive for aggregate containing points, I analysed the percentage of cells 

positive for aggregates over time in vitro.  

 I saw that there was an increase in the percentage of GFP-TauE14 expressing cells 

positive for tau aggregation over time in vitro (Figure 4.3-5). The rate of aggregation 

increases steadily and robustly over time, until it reaches a plateau at DIV18. 

Interestingly, I saw no further increase in the percentage of aggregate positive neurons 

between the time points of DIV18 – DIV24, where there appears to be a plateau of 76% 

of PHP-tau expressing neurons identified as positive for aggregates. In fact, the 

percentage of cells positive for aggregates never exceeds 86%. This can also be 

observed in Figure 4.3-4 where at the later time points, there are still a number of axons 

lying in the lower ranges with less than 10% of their length positive for aggregate-

containing points. This shows, for the first time, a population of hippocampal neurons 

that are not susceptible to the formation of tau aggregates. This is discussed further in 

section 4.2-4. 

 I also determined that there is no aggregation seen in RFP-TauWT expressing cells 

despite the fact that they overexpress tau. This shows that in my system, the 

overexpression of tau in insufficient to induce tau aggregation, similar to that observed 

in vivo (Brion et al., 1999; Duff et al., 2000; Götz et al., 1995b), and tau aggregate 

appearance is specific to pseudo-hyperphosphorylation of tau.  

 This is the first time a detailed characterisation of the progression of tau 

aggregation within primary neurons has been undertaken, and such characterisation 

provides a platform through which the time course for misfolding, aggregation and 

propagation in vitro can be thoroughly investigated.  
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Figure 4.3-5 Percentage of GFP-TauE14 cells positive for axonal tau aggregates 

increases over time in vitro.  

Neurons were transfected at DIV1 and fixed at the indicated DIV. Fluorescence values 

were analysed, and any axon containing >10% of its values as aggregate-containing 

points is classed as an axon positive for tau aggregation. Over time in vitro, only GFP-

TauE14 expressing axons become positive for tau aggregation, and the percentage of 

these positive for aggregation increases until DIV18, when the percentage of axons 

positive for aggregation plateaus. RFP-TauWT expressing axons are not positive for 

aggregation up to DIV24. N>15 cells from each experiment, 3 individual experiments.  

Two-way ANOVA, * p<0.05, ** p<0.001, **** p<0.0001. Error bars = SEM. 
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Table 4.3-1 Percentage of cells positive for distal axonal aggregation over time.  

Table corresponds to Figure 4.3-5. 

 

DIV GFP-TauE14 RFP-TauWT  

6 0 0 

8 18.93 ± 9.63 3.33 ± 5.77 

10 33.13 ± 4.47 0 

12 49.84 ± 6.9 0 

14 56.51 ± 7.69 0 

16 63.11 ± 6.16 0 

18 75.5 ± 6.36 0 

20 77.33 ± 10.26 0 

24 76.67 ± 11.02 0 

26       76.77 ± 6.2 0 

 

 With this analysis, I have characterised a time course of aggregate formation in 

neurons in vitro. Interestingly, I can see no further increase in the percentage of 

aggregate positive neurons between the time points of DIV18 – DIV24, where there 

appears to be a plateau of 76% of PHP-tau expressing neurons identified as positive for 

aggregates. In fact, the percentage of cells positive for aggregates never exceeds 86%. 

This can also be observed in Figure 4.3-4 where at the later time points, there are still a 

number of axons lying in the lower ranges with less than 10% of their length positive 
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for aggregate-containing points. This shows, for the first time, a population of neurons 

that are not susceptible to the formation of tau aggregates.  
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4.3.3 Aggregation is compartmentalised to the distal axon  

 As shown in Figure 4.2-4, aggregates are observed in the distal axons of PHP-tau 

expressing cells. In order to determine if this localisation was consistent and to examine 

if there was differential tau aggregation in the axonal subcompartments, I analysed the 

fluorescent protein distribution of the tau protein within the proximal region of the same 

axons, i.e. the first 75 µm of axon after the axonal initial segment from the cell body.  

 I found that the proximal axons of both WT-tau and PHP-tau expressing neurons 

had a smooth tau distribution (Figure 4.3-6 and Figure 4.3-7). This is interesting in the 

case of the GFP-TauE14 expressing cells, as these same cells were positive for 

aggregates in their distal axons. This suggests that there may be a selective vulnerability 

within the distal axons of affected cells. Subcompartmental axonal differences in tau 

aggregation have not yet been observed in vitro, and this is the first evidence to suggest 

a compartmentalised vulnerability within axonal segments. This is discussed further in 

section 5.1.4. 
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Figure 4.3-6 Tau aggregation appears only in the distal axons of GFP-TauE14 expressing 

cells.  

Example images of an RFP-TauWT expressing neuron (left, above) and higher 

magnifications of its proximal (red box, bottom left) and distal (red box, bottom right) 

axon. There is a smooth tau distribution along both the proximal and distal axon of this 

cell. Example image of a GFP-TauE14 expressing neuron (right, above) and higher 

magnifications of its proximal (green box, bottom left) and distal (green box, bottom 

right) axon. A variable, aggregated tau appearance is only seen in the distal axon of this 

cell, and not in its proximal axon. Both images taken at DIV14.  
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Figure 4.3-7 Only the distal axons of GFP-TauE14 expressing cells are positive for 

aggregated tau.  

Fluorescent values for proximal and distal axons of RFP-TauWT and GFP-TauE14 

expressing cells were obtained and analysed at DIV14. Neither proximal nor distal 

axons of RFP-TauWT expressing cells are positive for aggregation. Proximal axons of 

GFP-TauE14 expressing cells are also not positive for aggregation, despite aggregation 

occurring in their distal axons. One-Way ANOVA, each point = one experiment, 

n>20 axons per experiment, p<0.0001. Error bars = SEM.  
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4.4 Tau misfolding precedes the appearance of visual aggregation 

In the process of tau aggregation, hyperphosphorylated tau first detaches from 

the microtubules, from where it can bind to other hyperphosphorylated tau monomers. 

These dimers can oligomerise further, forming PHFs and NFTs. This suggests that the 

presence of conformationally altered tau appears before the appearance of NFTs, at 

earlier stages of tau pathology. To examine if the appearance of conformationally 

altered tau was an early occurrence in my PHP-tau expressing neurons, I transfected 

cells with GFP-TauWT or RFP-TauWT at DIV1, and fixed and stained them for MC1 at 

DIV5, which is at an earlier time-point to that at which I see aggregate positive cells in 

my analysis (Figure 4.3-5). 

I found MC1 antibody reactivity in neurons expressing PHP-tau at an early time 

point of 5 days in vitro. This staining was not observed in control RFP-TauWT cultures 

from the same experiment. This suggests that misfolding of tau is an event that occurs 

prior to the appearance of NFTs.  
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Figure 4.4-1 MC1 staining appears in the dendrites and axon of GFP-TauE14 cells at 

DIV5.  

Cells were transfected with GFP-TauE14 at DIV1 and fixed and stained with MC1 

antibody at DIV5. Scale bar = 20 µm. Other cells in view, as identified by the DAPI 

nuclei stain, are non-transfected cells.  
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Figure 4.4-2 No conformationally altered tau appears in RFP-TauWT control cells at 

DIV5.  

Cells were transfected with RFP-TauWT at DIV1 and fixed and stained with MC1 

antibody at DIV5. MC1 staining is not observed in RFP-TauWT cells, suggesting the 

absence of misfolded tau at DIV5 in control cultures. Scale bar = 20 µm. 

  

 

RFP-TauWT MC1

DAPI                                                             MERGE
 

20 µm



   Chapter 4 

158	

4.5 Conclusion  

 With my detailed characterisation of human tau DNA construct GFP-TauE14, I 

have established an assay of robustly and reproducibly generating tau aggregation 

pathology in vitro. I have extensively characterised the time course of aggregate 

formation within cultured primary hippocampal neurons, and have devised an unbiased, 

automated means of aggregate analysis. I have thus put into place the tools required for 

examining the formation and development of tau pathology in vitro. 

 Previous studies that have characterised tau aggregate formation in vitro have 

done so extensively in non-neuronal dividing cell lines (Frost et al., 2009; Kaufman et 

al., 2016; Kfoury et al., 2012; Sanders et al., 2014). These assays do not account for the 

cell-specific differences between a dividing cell line, and post-mitotic neurons, such as 

the synaptic specialisations that are specific to neurons only. In this regard, my method 

is novel in that it establishes a robust platform through which tau aggregates are formed 

within primary neurons in vitro, which has not yet been characterised. Other studies 

using primary neurons to monitor the spread of internalised tau (Takeda et al., 2015; Wu 

et al., 2013) or to investigate the propagation of tau (Calafate et al., 2015; Wu et al., 

2016) have required the use of external seeds of recombinant tau aggregates or brain 

homogenates, to trigger aggregation within the neurons. My method of expressing PHP-

tau within neurons eliminates the need for the addition of exogenous seeds to induce 

aggregation, and thus provides an in vitro system which generates tau pathology itself, 

and as a result can package, release, and internalise the self-made tau aggregates in a 

more physiologically relevant manner. Moreover, there is controversy over which 

species of tau is responsible for propagation (Michel et al., 2014; Mirbaha et al., 2015; 

Takeda et al., 2015). My system eliminates the need to choose a specific tau species to 

seed misfolding, as the cells generate their own pathogenic form of tau, which more 

physiologically reflects the prion-like disease mechanisms. 

 My characterisation of GFP-TauE14 expressing cells provides us with a neuron 

specific system which creates the template misfolded tau needed for propagation, thus 

providing us with pathogenic tau 'donor' cells. The RFP-TauWT expressing cells can 

then, in turn, act as 'acceptor' cells, in that alone they do not spontaneously form 

aggregates (figure 4.2-7 and Figure 4.3-5) but could provide the naïve tau protein for 
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templated seeding of disease. This allows us to not only analyse spread of PHP-tau from 

diseased donor neurons to surrounding cells, but also to analyse the propagation of tau 

by examining the subsequent templated misfolding of a fluorescent WT-tau (chapter 5).  

 I determined that there is a subcompartmental difference within neuronal axons in 

the proprensity for tau aggregation. I observed that even in cells positive for aggregation 

in the distal axon, no proximal axons contain aggregated tau. This is the first time, to 

my knowledge, that differing regions of an axon have been studied in isolation with 

regards to tau aggregation. This idea of a selective vulnerability of distal axons is 

discussed further in section 5.1.5. 

 To conclude, I have extensively characterised and established a system through 

which tau aggregates are formed in primary hippocampal in vitro, and this can be 

applied to a propagation system from donor diseased cells to healthy acceptor cells, in 

order to further investigate the mechanisms of tau propagation in vitro.
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5 Chapter Five: Tau Propagation between Connected 

Neurons in vitro 

5.1 Anterograde tau propagation  

5.1.1 Recreation of an anterograde disease circuit in vitro 

 Previous studies investigating the spread and/or propagation of tau in vitro have 

done so through the use of non-neuronal cell types, or through the addition of 

exogenous seeds. In order to more physiologically mirror in vitro the processes that are 

occurring in the brain, I set up a platform through which tau aggregate forming donor 

cells can connect to control acceptor cells, within which tau spread and propagation can 

be directly visualised. 

 With this, I first wanted to recapitulate the directionalised spread as seen in vivo, 

from the EC anterogradely through the hippocampus (Braak & Braak, 1991; 

de Calignon et al., 2012). To recreate an anterograde circuit in vitro, I cultured neurons 

within ‘diode’ microfluidic devices (chapter 3), which orients neurons into 

directionalised connections. I transfected the presynaptic channel of cells with GFP-

TauE14, and the connected postsynaptic channel with RFP-TauWT. The resulting setup is 

an oriented connection of presynaptic tau donor cells connecting to postsynaptic 

acceptor cells, where anterograde tau spread and propagation can be investigated 

(Figure 5.1-1).  

 In this setup, it can be seen that the distal axons of donor cells, which contain 

aggregates of GFP-TauE14, project through to the acceptor cell channel. These axonal 

branches are seen to overlap and interact with the dendrites and somata of acceptor 

cells. With this platform, I proceeded to analyse the subsequent spread and propagation 

of tau between connected neurons in vitro. 
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Figure 5.1-1 Platform for investigating anterograde tau propagation in vitro.  

Schematic of microfluidic device (A) with donor cells (green) connected to acceptor 

cells (red) in an anterograde direction. Cells expressing GFP-TauE14 and RFP-TauWT 

connect anterogradely in a microfluidic device (B). A GFP-TauE14 expressing cell has 

projected its axon through the microchannel to the connected channel. Dashed lines 

indicate channel and microchannel boundaries. Close up of acceptor channel (C), where 

axonal branches containing aggregates are overlapping with an RFP-TauWT cell’s 

dendrites. Images taken at DIV14. 
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5.1.2 Aggregated tau spreads and propagates anterogradely from donor distal 

axons to acceptor somata 

 With my setup of presynaptic PHP-tau expressing cells connected to postsynaptic 

WT-tau expressing acceptor cells, I first determined that aggregates of GFP-TauE14 

formed in the distal axons of donor cells can spread anterogradely to the cell bodies of 

acceptor cells (Figure 5.1-2). This is observed in that large GFP-TauE14 aggregates are 

found localised around the nucleus and within the cytosol of the soma of the acceptor 

cell. 

 I also determined that these donor aggregates can seed the misfolding of WT-tau. 

This is observed in both the ability of GFP-TauE14 to convert RFP-TauWT into a 

misfolded form and recruit it into its aggregates (Figure 5.1-3) and also the ability to 

trigger the misfolding of RFP-TauWT into aggregates of RFP-TauWT alone (Figure 

5.1-3). This demonstrates the ability of tau aggregates formed by a diseased cell to be 

released by the axon of this cell, and be taken up by the somatodendritic area of a 

connected cell. It also demonstrates the prion-like properties of PHP-tau, in its ability to 

template misfolding of WT-tau into aggregates. 

 The exact species of tau that triggers the misfolding of naïve tau in a prion-like 

manner is not currently known. However, it is thought that small oligomers, as opposed 

to larger aggregates, are responsible for template seeding (Kim et al., 2015; Mirbaha et 

al., 2015). As large aggregates of GFP-TauE14 can be seen within acceptor cell bodies, it 

suggests that there is a substantial spread of small oligomers of pathogenic tau from 

donor to acceptor cells. 
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Figure 5.1-2 Pathogenic tau spreads from a GFP-TauE14 expressing cell, and propagates 

aggregation in an RFP-TauWT expressing cell soma.  

Confocal image of an acceptor RFP-TauWT cell body, which was connected to the axon 

of a GFP-TauE14 expressing cell. Aggregates of GFP-TauE14 (green) can be seen within 

the cell body of the RFP-TauWT expressing cell (red), showing that the aggregates 

formed by a GFP-TauE14 have been spread and internalised by the RFP-TauWT cell. 

Aggregates of RFP-TauWT can also be seen within the soma, showing that there has 

been a seeded misfolding of WT-tau by PHP-tau within the acceptor cells. Images taken 

at DIV14. 
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Figure 5.1-3 Aggregates of RFP-TauWT and GFP-TauE14 colocalise in an acceptor cell’s 

soma.  

Dotted line shows area of cell soma across which the plot profile was generated (A). 

Plot profiles show a high variability in the fluorescence of GFP-TauE14 and RFP-TauWT 

(B). Peaks of both RFP-TauWT and GFP-TauE14 fluorescence overlap, showing a 

colocalisation of fluorescent proteins. Peaks of only RFP-TauWT fluorescence can also 

be seen (asterisks). Images taken at DIV14. 
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 In order to confirm that the misfolding and aggregation of WT-tau was specific to 

its connection and interaction with PHP-tau, RFP-TauWT expressing cells were grown in 

connection with GFP control expressing cells. The setup was established in the same 

manner as in Figure 5.1-1, with presynaptic GFP expressing cells connected to 

postsynaptic RFP-TauWT expressing acceptor cells. 

 As expected, no aggregation of RFP-TauWT was observed when cultured 

connected to GFP expressing neurons (Figure 5.1-4 and Figure 5.1-5). No GFP is seen 

to spread from GFP expressing axons to RFP-TauWT expressing somata, and no 

aggregation of RFP-TauWT is seen. This correlates with Figure 4.3-5, in that RFP-TauWT 

is shown to not spontaneously form tau aggregates. 

 This experiment shows that spread and propagation of tau is specific to the 

presence of PHP-tau in GFP-TauE14 expressing cells.  
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Figure 5.1-4 No aggregates form in RFP-TauWT expressing cell somata when cocultured 

with GFP expressing cells.  

Confocal image of an RFP-TauWT expressing acceptor cell after coculture in a 

microfluidic device with a GFP expressing cell. No GFP fluorescence is seen within the 

acceptor soma. RFP-TauWT retains a smooth distribution in the soma, showing that 

RFP-TauWT does not aggregate in coculture with GFP expressing cells. Images taken at 

DIV14. 
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Figure 5.1-5 No GFP fluorescence is found within RFP-TauWT expressing cells’ somata.  

Dotted line shows area of cell soma across which the plot profile was generated (A). 

Plot profiles show a low variable fluorescence of RFP-TauWT within the acceptor cell, 

and no fluorescence for GFP above background levels (B). Images taken at DIV14. 
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5.1.3 Tau pathology is propagated to distal axons of acceptor cells 

 Having determined that PHP-tau could spread from donor cells to acceptor cells, 

and induce a misfolding of WT-tau within the soma, I next sought to determine if this 

propagation proceeded to the axon of acceptor cells. I cultured connected neurons as in 

Figure 5.1-1, and analysed the distal axons of GFP-TauE14 and connected RFP-TauWT 

expressing cells as per the method outlined in section 4.3. 

 I found that like the distal axons of GFP-TauE14 expressing cells, the distal axons 

of connected RFP-TauWT expressing cells also adopted an aggregated tau phenotype 

(Figure 5.1-6). This shows that the GFP-TauE14 which spread from donor axon to 

acceptor soma has seeded the misfolding of WT-tau within the distal axon of acceptor 

cells.  

 No GFP-TauE14 was seen within RFP-TauWT expressing distal axons, suggesting 

that the misfolding within this region of acceptor cells is due to templated misfolding 

from the misfolded WT-tau which was seeded in the soma after transmission from 

donor to acceptor cell. This again shows the ability of PHP-tau to act in a prion-like 

manner, as it has transmitted a prion-like templating ability to naïve tau, which now can 

act as a seed itself. 

 To confirm that this aggregation was specific to connection with PHP-tau 

expressing cells, RFP-TauWT expressing cells were cultured to connect with presynaptic 

GFP control expressing cells. Here, no tau aggregation was seen in acceptor cells 

(Figure 5.1-7), demonstrating that WT-tau only aggregates when the cell has been 

connected to PHP-tau expressing donor cells.  
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Figure 5.1-6 Aggregated tau pathology propagates from the distal axons of GFP-TauE14 

expressing cells to distal axons of RFP-TauWT expressing cells.  

Experimental design (left) shows presynaptic donor GFP-TauE14 expressing cells 

connected anterogradely to RFP-TauWT expressing acceptor cells. Boxes indicate where 

imaging and analysis was performed. Aggregation appears in distal axons of acceptor 

cells as identified by MC1 staining. This mirrors the aggregation in the distal axons of 

donor cells. Images taken at DIV14. 
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Figure 5.1-7 RFP-TauWT does not aggregate when cocultured with GFP only expressing 

cells.  

Experimental design (left) shows GFP expressing cells connected anterogradely to RFP-

TauWT expressing acceptor cells. Boxes indicate where imaging and analysis was 

performed. No tau aggregation appears in distal axons of RFP-TauWT expressing cells 

when connected to GFP expressing cells, indicating coculture with GFP alone does not 

seed aggregation. Images taken at DIV14. 
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5.1.4 Tau aggregation is excluded from the proximal axons of acceptor cells 

 In characterising PHP-tau aggregation, I determined that the formation of 

aggregates within GFP-TauE14 expressing donor cells was compartmentalised to the 

distal axonal region of affected cells (Figure 4.3-7). To determine if this 

subcompartmentalisation occurred within acceptor cells, the proximal axons of RFP-

TauWT expressing acceptor cells were imaged and analysed for tau aggregation.  

 I found that no tau aggregation was seen within the proximal axons of acceptor 

cells after coculture with GFP-TauE14 expressing donor cells (Figure 5.1-8). This is 

intriguing, as visible aggregates are seen within the somata and distal axons of acceptor 

cells when connected to donor cells (Table 5.1-2). In order to reach the distal axon, tau 

seeds must first pass through the proximal axon before they can template the misfolding 

of distal axonal WT-tau. This implies that there is some protective mechanism within 

the proximal axons of RFP-TauWT expressing cells, which prevents or inhibits the 

seeding of tau in this region. This is the first time a subcompartmental difference in 

susceptibility to tau aggregation in vitro has been identified.  
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Figure 5.1-8 Proximal axons of donor and acceptor cells do not contain aggregated tau.  

Both GFP-TauE14
 and RFP-TauWT expressing proximal axons do not show staining for 

misfolded tau (MC1), and the tau remains smoothly distributed along the proximal 

axonal stretches. Images taken at DIV14. 
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Figure 5.1-9 Proximal axons of GFP and acceptor cells do not contain aggregated tau.  

Both GFP and RFP-TauWT expressing proximal axons do not show staining for 

misfolded tau (MC1), and the fluorescent protein remains smoothly distributed along 

the proximal axonal stretches. Images taken at DIV14. 
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Figure 5.1-10 RFP-TauWT only aggregates in distal axons, and only when cocultured 

with GFP-TauE14 expressing cells.  

Percentage of RFP-TauWT expressing acceptor cells positive for aggregation increases 

only in the presence of GFP-TauE14 expressing cells (p<0.0001). None of the proximal 

axons are positive for aggregation, including the proximal axons of acceptor cells after 

coculture with GFP-TauE14 donor cells (p<0.0001). Measurements made at DIV14, each 

point = one experiment, n>15 axons per experiment. 
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5.1.5 Tau aggregation increases in donor and acceptor distal axons over time 

 Having determined that tau propagates pathology from donor to acceptor distal 

axons of connected cells, I next sought to determine the time course through which this 

was occurring, and also determine the rate of aggregate formation and propagation 

within my in vitro setup. To do this, I cultured hippocampal neurons in microfluidic 

devices, and transfected the cells to express GFP-TauE14 presynaptically and RFP-TauWT 

postsynaptically as before. The cells were fixed over a time course of 8-26 DIV, and the 

distal axons of transfected cells imaged and analysed as per section 4.3. As a control, 

GFP expressing cells were cultured connecting anterogradely to RFP-TauWT cells. The 

percentage of aggregate positive cells was calculated over this time course (Figure 

5.1-11). 

 I determined that the increase in aggregate formation in donor cells was mirrored 

in acceptor cells after coculture with donor cells. Interestingly, the plateau seen in 

Figure 4.3-5 of donor cells positive for aggregation is seen again in RFP-TauWT 

expressing acceptor cells after coculture with GFP-TauE14 expressing cells. Both sets of 

cells only reach a maximum of 77 ± 6% of their population positive for aggregation. 

This shows that as well as a subpopulation of neurons expressing PHP-tau which does 

not aggregate, there is also a subpopulation of neurons to which tau does not seed and 

induce aggregation. 
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Figure 5.1-11 Percentage of cells positive for distal axon tau aggregation increases over 

time in donor and acceptor cells after coculture.  

Each point = 3 experiments, n>15 axons per experiment. Error bars = SEM.  
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Table 5.1-1 Percentage of distal axons positive for aggregation over time in vitro.  

 

 

DIV GFP-TauE14 RFP-TauWT cocultured 

with GFP-TauE14 

RFP-TauWT cocultured 

with GFP 

8 18.93 ± 9.63 0 3.33 ± 5.77 

10 33.13 ± 4.47 16.54 ± 5.71 0 

12 49.84 ± 6.9 29.28 ± 5.91 0 

14 56.51 ± 7.69 43.43 ± 3.64 0 

16 63.11 ± 6.16 46.33 ± 5.12 0 

18 75.5 ± 6.36 58.25 ± 3.18 0 

20 77.33 ± 10.26 70.17 ± 2.6 0 

24 76.67 ± 11.02 77.5 ± 7.78 0 

26 76.77 ± 6.2 76.95 ± 2.7 0 
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5.1.6 The percentage of acceptor somata containing aggregates increases over 

time in vitro 

 I next sought to quantify the percentage of cells containing aggregates within their 

soma. To do this, I cultured GFP-TauE14 expressing neurons to connect anterogradely to 

RFP-TauWT expressing neurons, as in Figure 5.1-1. I then quantified the number of 

somata positive for visual aggregates of GFP-TauE14 or RFP-TauWT over time in vitro 

and plotted these as percentages (Figure 5.1-12). 

 I found that the percentage of RFP-TauWT expressing cells containing visual 

aggregates of both RFP-TauWT and GFP-TauE14 increased over time in vitro. At DIV12, 

I observed that an average of over 20% of RFP-TauWT expressing neurons contain 

visual RFP-TauWT aggregates, but no visual GFP-TauE14 aggregates, demonstrating a 

significant difference between RFP-TauWT and GFP-TauE14 aggregation within acceptor 

cells at this time point (p<0.0001). This implies that a smaller GFP-TauE14 species is 

involved in the prion-like templating of tau misfolding, and suggests that a small 

amount of GFP-TauE14 seeds are sufficient to induce overt misfolding of naïve acceptor 

WT-tau. This is also evidenced by the fact that significantly more RFP-TauWT 

expressing neurons contain RFP-TauWT aggregates than GFP-TauE14 aggregates at all of 

the time points analysed (p<0.0001). 

 I also found that no RFP-TauWT aggregates were seen in GFP-TauE14 somata at 

any of the time points analysed. This suggests that at the DIV analysed, there has not 

been sufficient, if any, retrograde spread of seeded RFP-TauWT to GFP-TauE14 

expressing cells’ somata, showing that the propagation of tau is not bidirectional.  

 I observed the percentage of GFP-TauE14 expressing cells positive for GFP-TauE14 

aggregates within their somata increased over time, starting at DIV14. At DIV14, 6.4 ± 

5.53% of GFP-TauE14 expressing cells are positive for GFP-TauE14 aggregates. 

However, at DIV14, 56.51 ± 7.69 of GFP-TauE14 expressing cells are positive for GFP-

TauE14 aggregates within their distal axon. In fact, the percentage of GFP-TauE14 

expressing cells positive for aggregation in their distal axons is higher at all time points 

than the percentage of GFP-TauE14 positive for GFP-TauE14 aggregates in their soma. 

This shows that the distal axon is selectively vulnerable to tau aggregation, and shows a 

delay between distal and somal aggregation. It could suggest that pathogenic tau or 

aggregates which are first formed in the distal axon are retrogradely trafficked to the 

cell body where they form aggregates, or that a slower aggregating process of misfolded 
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tau within the cell body is occurring. Either way, the distal axon demonstrates a higher 

susceptibility to aggregation than the somatodendritic region. Also at DIV14, 43.43 ± 

3.64 of acceptor distal axons are positive for aggregation (Figure 5.1-11). This shows 

that the propagation from donor distal axons to acceptor distal axons is faster than the 

spread from donor distal axons to donor somata. This suggests mechanistically that the 

diseased cell preferentially releases pathogenic tau rather than mislocalises it towards 

the cell body. 

 I observed the same with acceptor RFP-TauWT expressing cells, in that at every 

time point measured the percentage of distal axons positive for aggregation was higher 

than the percentage of cell bodies positive for RFP-TauWT aggregates (Table 5.1-2). As 

with the observations of proximal axon resistance outlined in section 5.1.4, this is 

interesting because it shows that the distal axon of the acceptor cell is more susceptible 

to aggregation that the donor somata, despite the seeds passing through the soma first. 

This again shows a selective vulnerability of the distal axons of both donor and acceptor 

cells.  

  

 

 

 



Chapter 5 

180	

  

 

 

Figure 5.1-12 Quantification of cocultured neurons containing visual somal aggregates.  

The percentage of RFP-TauWT expressing cell somata containing either RFP-TauWT 

aggregates or GFP-TauE14 aggregates increases over time in vitro. The percentage of 

GFP-TauE14 expressing somata containing GFP-TauE14 aggregates increases over time 

in vitro, but at no DIV analysed do any GFP-TauE14 expressing cell somata contain 

aggregates of RFP-TauWT. Each point = 3 experiments, n>15 somata per experiment. 

Two-way ANOVA, p<0.0001. Error bars = SEM.  
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Table 5.1-2 Comparison of the percentages of RFP-TauWT acceptor cells with distal and 

somal aggregation  

 

DIV RFP-TauWT distal axons 

positive for aggregation 

RFP-TauWT somata with  

RFP-TauWT aggregates  

8 0 0 

10 16.54 ± 5.71 0 

12 29.28 ± 5.91 20.55 ± 4.19 

14 43.43 ± 3.64 26.85 ± 5.78 

16 46.33 ± 5.12 32.32 ± 4.63 

20 70.17 ± 2.6 39.74 ± 3.25 

24 77.5 ± 7.78 56.06 ± 6.94 

26 76.95 ± 2.7 57.87 ± 7.01  
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5.1.7 The rate of tau aggregation is consistent in donor and acceptor cells 

 My quantification shows that there is a steady increase in tau aggregation in GFP-

TauE14 expressing donor cells, and also in the aggregation of WT-tau in RFP-TauWT 

cells after seeding from donor cells. From these results, the rate of increase in 

aggregation in donor and acceptor cells can be calculated by plotting the line of best fit 

through the points of increasing aggregation, and extrapolating the slope of this line 

(Figure 5.1-13). 

 Using the slope of the lines, I determined that the rate of increase for aggregation 

in GFP-TauE14 expressing donor cells was 4.9% per day, and the rate of increase for 

aggregation in RFP-TauWT expressing cells was 4.9% per day. These rates are close in 

size and within error, showing that the rate of aggregation is consistent between those 

formed in donor cells, and those propagated in acceptor cells. 

 I also calculated the delay between the appearance of aggregates in donor cells, to 

the appearance of aggregates in acceptor cells. To do this, I used the equation of a line 

(Y=MX+B) where M is the slope, B is the Y intercept and X is the DIV. The slope and 

Y intercept were provided by GraphPad upon linear regression analysis of the values 

plotted.  

 

Donor: Acceptor: 

Y = 0 Y = 0 

0 = 4.888X - 12.84 0 = 4.907X - 31.06 

X = 12.84/4.888 X = 31.06/4.907 

X = 2.627 X = 6.329 

6.329 – 2.627 = 3.702 

 

This analysis shows that there is a ~3.7 day delay between aggregate appearance in 

donor distal axons, to aggregate appearance in acceptor distal axons. 
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Figure 5.1-13 The rate of tau aggregation is equal between donor and acceptor cells, 

with a 3.7 day delay from donor to acceptor.  

Lines of best fit were plotted to the time course graph along the points were aggregation 

was increasing. The slopes of 4.9 for donor and 4.9 for acceptor show similar rates of 

increase in aggregate formation between donor and acceptor cells.  
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5.1.8 Misfolded tau appears before visible aggregates in donor and acceptor cells 

 My readout of aggregate positive distal axons provides a time course through 

which the percentage of aggregated cells over time can be determined, and the rate of 

aggregate appearance defined. However, the readout of fluorescence values of 

transfected axons may only indicate aggregate-positive regions when larger aggregates, 

and therefore higher amounts of fluorescence, are accumulated. I determined that tau 

misfolding, as indicated by MC1 staining, is an earlier event than aggregation as 

detected by my means of analysis (section 4.4). Therefore, in order to determine at what 

point the tau within donor and acceptor cells became misfolded, I stained and quantified 

connected neurons for misfolded tau with the MC1 antibody at DIV14 and DIV16 

(Figure 5.1-14). 

 I found that the percentage of donor cells positive for misfolded tau was higher at 

both time points than the percentage of donor cells positive for aggregation. I also found 

this to be the case for RFP-TauWT acceptor cells, after coculture with donor cells. This 

shows again that misfolding of tau occurs before detectible aggregation through 

fluorescence distribution analysis. Calculating the slopes determines the increase in 

appearance of aggregate positive and misfolded tau positive cells per day. With this I 

determined that the rate of increase for aggregate appearance between DIV14-16 was 

~4.9% per day for donor and ~4.9% for acceptor cells, and the rate of increase for 

misfolded tau appearance was ~3.8% for donor and ~4.5% for acceptor cells. These 

rates are within error of each other, showing a similar increase per day in both the 

misfolding of tau and appearance of aggregates in both donor and acceptor cells, 

suggesting that both mechanisms occur at a similar rate in vitro. 

 I determined that the percentage of donor cells positive for aggregation mirrors 

the percentage of acceptor cells positive for misfolded tau at both DIV14 (56.52 ± 

7.69% versus 55.89 ± 5.55%) and DIV16 (63.2 ± 6.16% versus 64.99 ± 2.36%). This 

shows that there is little to no delay between the appearance of aggregates in the distal 

donor axons and the appearance of misfolded tau within the distal axons of acceptor 

cells. This suggests that a smaller, low molecular weight species of tau is responsible for 

tau pathology propagation. 
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Figure 5.1-14 Percentage of distal axons positive for misfolded tau is higher than cells 

positive for aggregation.  

Misfolded tau appears before aggregation in both donor and acceptor cells. The 

percentage of MC1 positive cells is within error of the percentage of aggregate positive 

donor cells at both time points, showing little to no delay between appearance of distal 

donor aggregates and acceptor distal misfolded tau. Each point = 3 experiments, n>20 

cells per experiment. Error bars = SEM. 
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5.1.9 Tau pathology propagates to a third subset of connected cells 

 When tau pathology propagates through the brain in disease, pathology is spread 

through numerous connections and brain regions. Therefore, I wanted to investigate if in 

vitro, the tau aggregates formed by donor GFP-TauE14 cells, which propagate pathology 

to connected RFP-TauWT cells, could transmit pathology to a further set of connected 

acceptor cells. To do this, 3 channels of cells were cultured within microfluidic devices, 

and transfected with donor GFP-TauE14 in the first channel, acceptor RFP-TauWT in the 

second channel, and acceptor GFP-TauWT in the third channel. After 14 DIV, cells were 

fixed, imaged and analysed for percentage of cells positive for distal aggregation.  

 I found that aggregates appear in the distal axons of GFP-TauWT acceptor cells 

within the third connected channel of microfluidic devices (Figure 5.1-15). The somata 

of these cells contained aggregates of RFP, suggesting that the acceptor RFP-TauWT has 

been templated by the donor GFP-TauE14 from the first channel, rendering it a 

propagative species (Figure 5.1-16). 
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Figure 5.1-15 Tau pathology propagates to cells in the third connected channel of the 

microfluidic device.  

Schematic shows microfluidic device setup, with donor GFP-TauE14 expressing cells in 

the top channel, acceptor RFP-TauWT expressing cells in the second channel, and 

acceptor GFP-TauWT expressing cells in the third channel (A). Analysis shows tau 

pathology propagates to the third connected channel. For acceptor in third channel, 

n=16 axons from 2 experiments. Error bars = SEM. 
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 Due to the technical limitations of low transfection rates within cultured neurons, 

leading to a low probability of achieving three sets of connected neurons, my data for 

connected cells within the third channel is limited. However, using the time delay 

between donor and acceptor aggregation determined in Figure 5.1-13, we can estimate 

the percentage of aggregations expected within neurons in the third channel.  

 If the delay of 3.7 days is consistent between second channel acceptor and third 

channel acceptor cells, at DIV14, this would yield 20.8% of cells positive for distal 

aggregation. My data for DIV14 shows that 21.4 ± 10% of cells in the third channel are 

positive for distal aggregation. Therefore, the calculated values sits within the predicted 

values for aggregation within the third channel, suggesting that the kinetics remain 

constant throughout the reconstructed circuit.
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Figure 5.1-16 RFP-TauWT aggregates are present in GFP-TauWT expressing neurons in 

the third channel of a microfluidic device.  

Schematic of cell setup (left). GFP-TauE14 expressing cells connect anterogradely to 

RFP-TauWT expressing cells. These RFP-TauWT expressing cells then connect 

anterogradely to GFP-TauWT expressing cells. Box indicates where image was taken. 

Within the soma of a GFP-TauWT expressing cell in the third connection, aggregates of 

RFP-TauWT can be seen, showing spread from the second to third set of acceptor cells. 

Images taken at DIV14. 
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5.1.10 Donor cells actively propagate tau pathology to acceptor cells 

 Previous evidence of tau spread in vivo has demonstrated that there is significant 

cell death within the EC and surrounding areas, from which NFTs appear to originate 

and begin their journey of propagation throughout the brain (Braak & Braak, 1991; 

de Calignon et al., 2012). It has been theorised that tau pathology is propagated through 

the death of tangle-containing neurons, at which point the pathogenic tau is released and 

can be internalised by surrounding cells. Indeed it has been shown that tau aggregates 

are toxic to cells in vitro (Gómez-Ramos et al., 2006; Tian et al., 2013) leading to 

apoptosis of NFT containing cells. In addition to this, an early pathology of AD is 

synaptic loss (Gómez-Isla et al., 1997; Terry et al., 1991), which suggests that the 

degeneration of synapses could lead to the spread of pathogenic tau throughout the 

brain. 

 My setup is advantageous in that it allows single-cell resolution of disease 

transmitting cells. Therefore, I can directly assess the health of a cell which has 

propagated tau pathology to other cells. In order to investigate if tau propagation in vitro 

required the death or degeneration of the donor cell, I examined the structure of the 

soma and nucleus of a neuron that had propagated pathology to a connected cell. 

 I found that there was no pyknosis within the donor cell, as would be indicated by 

a condensed nucleus (Burgoyne, 1999)(Figure 5.1-17). My donor cell exhibits a normal 

nuclear morphology, suggesting that this neuron is still alive and viable, and has not 

entered apoptosis. My donor cell also exhibits an intact membrane around the 

somatodendritic area, indicating that membrane blebbing is not occurring. Overall this 

indicates that the donor cell does not need to disintegrate in order to propagate 

pathology. This correlates to a recent finding in vivo that tau spread precedes synaptic 

degeneration (Pickett et al., 2017). 
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Figure 5.1-17 Donor cell does not need to bleb or die in order to propagate tau 

pathology to connected cells.  

Merged images of connected cells in a diode microfluidic device (A). GFP-TauE14 

expressing neuron (green) projects through the microchannels of microfluidic device 

and connects to an RFP-TauWT expressing neuron (red). Dashed lines indicate channel 

boundaries. Scale bar: 20 µm. Close-up of insert (B) shows the GFP-TauE14 expressing 

neuron’s soma and Hoechst stain (blue). Merged and DIC image (bottom right) show 

cell body is still alive. Images taken at DIV14. Scale bar: 10 µm

DAPIGFP-TauE14

MERGE DIC
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Figure 5.1-18 Schematic of anterograde tau propagation. 
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folding of wild type tau in the distal axon.
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the next set of connected neurons.
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oligomeric tau
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5.2 Retrograde tau propagation 

5.2.1 Recreation of a retrograde disease circuit in vitro 

 According to neuroanatomical analysis of NFT appearance in human AD brains, 

tau appears to spread along anterograde neuronal circuits (Braak & Braak, 1991). This 

is evidenced further in vivo, in that expressing mutant tau in the EC of transgenic mice 

leads to its dissemination along anterograde circuits through the hippocampus 

(de Calignon et al., 2012). Previous in vitro studies examining tau propagation have 

established neuronal setups into anterograde circuits, and have added exogenous seeds 

onto the somatodendritic region of presynaptic cells (Calafate et al., 2015; Takeda et al., 

2015; Wu et al., 2013). However, these studies did not question the directionality of tau 

spread. This is potentially due to the lack of neuronal orientation methods. As I have 

established a robust method for orienting neurons in vitro into directionalised 

connections, I therefore possess the tools to investigate retrograde protein trafficking. 

 To investigate if pathogenic tau could be spread and propagated retrogradely, I 

first established a retrogradely connected neuronal circuit. To do this, I arrayed neurons 

in a ‘diode’ microfluidic device, and transfected the neurons in the first channel with 

RFP-TauWT and GFP-TauE14 in the second channel (Figure 5.2-1). This creates a circuit 

where donor tau is expressed in the postsynaptic cell, and acceptor tau in the 

presynaptic cell. As before, the cells in the first channel projected their axons through 

the connecting microchannels, with distal regions entering the second cell culture 

channel. Therefore, this setup results in presynaptic axonal terminals of RFP-TauWT 

expressing cells that connect unidirectionally to the somatodendritic region of GFP-

TauE14 expressing cells. From here, I wanted to determine if pathogenic tau could be 

trafficked and/or propagated retrogradely.  
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Figure 5.2-1 Platform for investigating retrograde tau propagation in vitro.  

Schematic of microfluidic device (A) with donor cells (green) connected to acceptor 

cells (red) in an retrograde direction. Cells expressing RFP-TauWT and GFP-TauE14 

connect retrogradely in a diode microfluidic device (B). An RFP-TauWT expressing cell 

has projected its axon through the microchannel to the connected channel. Dashed lines 

indicate channel and microchannel boundaries. Close up of acceptor channel (C), where 

axons of an acceptor RFP-TauWT cells are overlapping and interacting with a GFP-

TauE14 cell’s dendrites. Images taken at DIV14. 

GFP-TauE14

RFP-TauWT

5 µm

A B

C
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5.2.2 Tau is not efficiently trafficked in a retrograde direction 

 With my setup as outlined in Figure 5.2-1, I could now analyse the presynaptic 

acceptor cell for the presence or absence of tau propagation. I determined that although 

aggregation was present in the distal axons of postsynaptic donor cells, it was rarely 

present in the distal axons of presynaptic acceptor cells (Figure 5.2-2). I found that the 

proximal axons of retrogradely connected acceptor cells were also free from tau 

aggregation, which is consistent with all other proximal axons analysed.  

 By analysing the fluorescence distribution of tau within the distal axons of 

acceptor cells, I determined that the percentage of cells positive for tau aggregation 

within their distal axon was significantly lower when cultured to connect retrogradely to 

donor cells, in comparison to when cultured to connect anterogradely to donor cells 

(Figure 5.2-3, p=0.011). I found that whilst 43.62 ± 2.59% of distal acceptor axons were 

positive for aggregation in the anterograde direction of propagation, only 10.83 ± 1.44% 

of distal acceptor axons were positive for aggregation in the retrograde direction of 

propagation. This demonstrates that neurons in vitro have a bias towards anterograde 

spread of pathogenic tau protein.  

 I also examined the somata of RFP-TauWT expressing acceptor cells after 

coculture with GFP-TauE14 expressing cells in the retrograde connection (Figure 5.2-4). 

I determined that of the 10.83 ± 1.44% cells positive for aggregation in their distal 

axons, 87.6% of these cells were positive for visual RFP-TauWT aggregates in their 

somata, whereas none were positive for GFP-TauE14 aggregates (Figure 5.2-4). This 

shows that when propagated to the distal axons of retrograde acceptor cells, tau 

pathology can retrogradely transport to the somata of the presynaptic cells. This also 

shows that GFP-TauE14 is not efficiently spread and trafficked retrogradely through 

connected neurons. 
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Figure 5.2-2 RFP-TauWT does not readily aggregate when cocultured in a retrograde 

connection with GFP-TauE14 expressing cells.  

Experimental design (left) shows GFP-TauE14 expressing donor cells connecting 

retrogradely to RFP-TauWT expressing acceptor cells. Boxes indicate where imaging 

and analysis was performed. Although tau aggregates readily in distal axons of 

postsynaptic donor cells, there is little aggregation in the distal axons, and no 

aggregation in the proximal axons, of presynaptic RFP-TauWT expressing cells. Images 

taken at DIV14. 

Proximal Distal

GFP-TauE14

RFP-TauWT

Proximal Distal

5  µm
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Figure 5.2-3 Tau propagates in a preferential anterograde direction.  

Despite no significant difference in the percentage of donor cells positive for 

aggregation in both anterograde and retrograde orientation (p=0.9945), there is a 

significant difference in the percentage of cells positive for aggregation in their distal 

axons between anterograde and retrograde orientations (p=0.011). No cells are positive 

for aggregation in their proximal axon. Analysis performed at DIV14. Each point = 1 

experiment, n>20 axons per experiment. One-way paired ANOVA, p=0.011. Error bars 

= SEM. 
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Figure 5.2-4 A minority of presynaptic RFP-TauWT expressing acceptor cells contain 

RFP-TauWT aggregates in their soma.  

Inverted images show a presynaptic RFP-TauWT expressing acceptor cell without (left) 

and with (right) RFP-TauWT aggregates present in the soma. Quantification shows that 

no presynaptic RFP-TauWT expressing acceptor cell contains visible GFP-TauE14 

aggregates, whereas an average of 8.05 ± 3.36% of presynaptic RFP-TauWT expressing 

acceptor cells contain RFP-TauWT aggregates. This equates to 87.5% of the 10.36% of 

acceptor cells positive for distal aggregation, also positive for somatic aggregation. 

Images and analysis performed at DIV14. 3 experiments, n>20 cells per experiment. 
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5.2.3 Retrograde transmission of tau is low despite high amounts of misfolded tau 

in postsynaptic cells 

 After observing that retrograde propagation was significantly less efficient than 

anterograde propagation, I wanted to determine if postsynaptic donor cells contained the 

pathogenic tau required for retrograde transmission within their presynaptic regions. To 

do this, I determined the percentage of postsynaptic donor somata positive for tau 

aggregates and misfolded tau. I found that despite a high percentage of the donor 

somata presenting with misfolded tau, the percentage of acceptor distal axons positive 

for tau aggregation or misfolded tau was still significantly lower (Figure 5.2-5, 

p<0.0001).  

 This data shows two interesting observations. Firstly, there is a significantly low 

amount of transmission of misfolded tau from postsynaptic somata to presynaptic 

axons. Secondly, the percentage of donor somata positive for misfolded tau is 

significantly higher than the percentage of donor cells with visible aggregates 

(p<0.0001). These points demonstrate that not only is there an intrinsic difference in the 

localisation of tau aggregation within a diseased cell, with high amounts of aggregation 

in their distal axon, and low amounts of aggregation despite high levels of misfolding in 

the somata, but there is also a differential mechanism of release that favours presynaptic 

over postsynaptic secretion. This data shows for the first time that a mechanistic 

difference exists between presynaptic and postsynaptic release of pathogenic tau, and 

provides the first evidence that there is an intrinsic directional bias in neurons for 

anterograde over retrograde spread of pathogenic tau. 
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Figure 5.2-5 Propagation from postsynaptic donor to presynaptic acceptor cells is low, 

despite the presence of misfolded tau in donor somata.  

There is a significantly lower percentage of MC1 positive distal acceptor axons than 

MC1 positive donor somata (p<0.0001) showing that despite the availability of 

pathogenic tau, it is not propagated efficiently at these regions. There is no significant 

difference between aggregate and MC1 positive distal acceptor axons (p = 0.1350) 

showing that with little aggregation seen in this region, there is also little presence of 

misfolded tau. There is a significant difference between the percentage of donor somata 

positive for visible aggregates and the percentage positive for misfolded tau (p<0.0001) 

suggesting that tau aggregates less readily at the soma of donor cells. Measurements 

made at DIV14, each point = one experiment, n>20 axons per experiment. Error bars = 

SEM. 
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Figure 5.2-6 Schematic of retrograde tau propagation. 
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5.3 Investigating the mechanisms of tau propagation 

 There is currently conflicting evidence as to mechanisms of release and uptake of 

tau protein in disease (see section 1.7). With my setup, I decided to probe two potential 

mechanisms of tau release – lysosomal secretion and synaptic release of pathogenic tau.  

 

5.3.1 Lysosomal secretion is unlikely the mechanism of tau release by neurons in 

vitro 

 Although the most commonly known role for lysosomes is enzymatic 

degradation, lysosomes also have a secretory role in exocytosis (Blott & Griffiths, 

2002). Recent evidence suggests that lysosomal secretion is increased in an activity 

dependent manner (Padamsey et al., 2017), and also that tau secretion is increased in an 

activity dependent manner (Pooler et al., 2013; Wu et al., 2016). Adding to this, it has 

been found that mutant Huntingtin protein is secreted by lysosomes in mouse 

neuroblastoma cells (Trajkovic et al., 2017). With this information, I decided to 

examine if tau was released via lysosomal secretion. To do this, I transfected neurons on 

DIV1 with either GFP-TauWT or GFP-TauE14. On DIV14, I stained the neurons with 

LysoTracker Deep Red (Thermo Fisher) and imaged the lysosomes within transfected 

neurons. 

 I found that there was a significant reduction in the number of lysosomes present 

within the distal axons of PHP-tau expressing cells (Figure 5.3-1). Within the distal 

axons of GFP-TauE14 expressing cells, there were often zero lysosomes present. This is 

unsurprising, as lysosomes are bidirectionally trafficked by motor proteins (Brown et 

al., 2005; Tan et al., 2011) and axonal transport networks are disintegrated in 

pathogenic tau expressing systems (Morfini et al., 2009). As such, the likelihood that 

pathogenic tau is secreted via lysosomes at the distal axon is low.  
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Figure 5.3-1 The number of lysosomes is significantly decreased in GFP-TauE14 

expressing distal axons.  

LysoTracker shows visible lysosomes along the length of GFP-TauWT expressing axons 

(A), but none along GFP-TauE14 expressing axons, at DIV14 (B). Quantification shows 

a significant decrease in number of lysosomes in GFP-TauE14 versus GFP-TauWT 

expressing distal axons. Each point = one experiment, n>10 axons per experiment. 

Paired t-test, p = 0.0015, error bars = SEM. 
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5.3.2 Synapsin-1 colocalisation with tau aggregates in vitro 

 It is thought that tau secretion is occurring at presynaptic terminals. This has been 

shown with tau localisation to synapses in human post-mortem brain (Sokolow et al., 

2015; Tai et al., 2014), Drosophila models (L. Zhou et al., 2017) and mouse models 

(Pickett et al., 2017). To determine if PHP-tau aggregates were present in presynaptic 

terminals, neurons expressing GFP-TauE14 were stained for synapsin-1 at DIV14. 

 I found that some of the fluorescence of GFP-TauE14 was overlapping with 

synapsin-1 fluorescence (Figure 5.3-2). This suggests that some PHP-tau aggregates 

were colocalised with synapsin-1 and thus, localised in presynaptic terminals. This 

evidence correlates with the aforementioned human, Drosophila and mouse data. This 

data could also correlate with evidence suggesting that tau is released from synapses in 

an activity dependent manner (Pooler et al., 2013; Wu et al., 2016). 
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Figure 5.3-2 Colocalisation of tau aggregates with synapsin-1.  

GFP-TauE14 expressing neurons were stained with synapsin-1 antibody at DIV14. 

Images (A) show some aggregates colocalise with synapsin-1. Analysis of the 

fluorescence profiles of both proteins (B) show some overlapping peaks (asterisks), and 

also peaks in both channels that do not overlap. 

0 10 20 30
0

500

1000

1500

2000

2500

Length ( m)

G
re

y 
Va

lu
e

Synapsin
GFP-TauE14

GFP-TauE14 Synapsin Merge

5 µm

*

*

*
*

A

B



Chapter 5 

206	

5.4 Conclusion  

5.4.1 Anterograde propagation of tau in vitro 

 I have determined through extensive characterisation of GFP-TauE14 and RFP-

TauWT expressing cells, the time course through which tau aggregates are formed, 

spread and propagated between connected neurons in vitro. The microfluidic device 

platform allows for the arraying of neurons with oriented, unidirectional connectivity. 

Thus this allowed me to culture neurons to connect with one another in an anterograde 

direction. This facilitated the direct investigation of anterograde trafficking of tau 

protein. 

 With this setup, I determined that there is a robust and steady rate of increase in 

the appearance of tau aggregates within distal axons; a rate that is consistent between 

donor and acceptor aggregate formation. Through the rates I could calculate a ~3.7 day 

delay between donor and acceptor aggregation. This suggests that after spread and 

propagation from a donor to acceptor cell, the kinetics of tau aggregation remain 

constant.  

 I determined that the proximal region of both donor and acceptor cells remains 

resistant to tau aggregation. This is interesting in that tau seeds are passed through the 

proximal axons before they can trigger the seeded misfolding of tau in the distal axon. 

This seemingly protective property within the proximal axon warrants further 

investigation, as it could provide evidence of mechanisms of resistance to tau 

aggregation.  

 My analysis of the appearance of misfolded tau and aggregation provides 

evidence towards the kinetics and timing of misfolding of tau to aggregation of tau 

within the donor cells. It also shows the kinetics of misfolding and aggregation of tau 

within an acceptor cell after the release and uptake from a connected donor cell. From 

the time course, we can see that there is little to no delay between aggregation in the 

distal axons of donor cells to the appearance of misfolded tau in the acceptor distal 

axons. This shows that although there is a delay between the appearance of misfolded 

tau and detection of aggregates with my analysis, the fluorescence analysis is a faithful 

readout as the rate of aggregation mirrors the rate of misfolded tau appearance.  
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 Overall, I have shown the ability to generate tau aggregates within a donor 

neuron, which can be released, uptaken, and disseminated through subsequent 

connected neurons. This method more faithfully recapitulates the spread and 

propagation of pathogenic tau, as the diseased tau species was generated and released by 

the donor cell itself, with the need for neither application of exogenous seeds, nor the 

need to choose the seeding species of tau. Thus, my experiments show the ability of 

neuron-generated pathogenic tau to robustly and reproducibly spread and propagate 

pathology between connected neurons in an anterograde direction in vitro. 

 

5.4.2 Retrograde propagation of tau in vitro 

 My microfluidic device setup allows the orientation of neurons so that differential 

directionality of protein spread can be analysed. I determined that aggregates are first 

formed in the distal axons of donor cells, from where either tau aggregates, or misfolded 

tau seeds, can transport retrogradely up the axon towards the cell body. Here, somatic 

tau is misfolded, but does not readily form visible aggregates. As before, the proximal 

axon remains unaffected. I determined that whilst some tau can spread from 

postsynaptic donor somatodendritic regions, the efficiency is low and results in only a 

small percentage of cells positive for aggregation or misfolded tau in the distal axons of 

presynaptic acceptor cells. In the cells that are positive for distal tau aggregation, this 

tau pathology is then spread towards the presynaptic acceptor soma, where it causes 

accumulation of tau in the somata. However, the percentage of cells positive for tau 

aggregation in their distal axon or soma is low when these acceptor cells are connected 

retrogradely to donor cells. This evidence shows that whilst retrograde propagation can 

happen, it occurs at a very low rate in vitro. 

 My results have determined that there is a significant difference between the 

anterograde propagation of tau from presynaptic donor to postsynaptic acceptor cells, 

and the retrograde propagation of tau from postsynaptic donor to presynaptic acceptor 

cells. This evidence shows in vitro a bias towards anterograde spread of pseudo-

hyperphosphorylated tau protein, which mirrors the directionality of disease spread as 

seen throughout the early stages of AD. 
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 My data suggests that there is a differential vulnerability within neurons to the 

aggregation of tau protein. I found that proximal axonal tau remains unaggregated, 

regardless of whether the cell is a donor or acceptor cell, or whether it is cultured in an 

anterograde or retrograde disease circuit. This suggests a potential protective 

mechanism of proximal axons, or a selective vulnerability of distal axons. The 

localisation of tau aggregates also shows a subcompartmentalisation of tau aggregation. 

Despite high amounts of misfolded tau in donor somata, there are only high amounts of 

tau aggregation in the distal axon. This again shows the vulnerability of the distal axon 

to tau aggregation.  

 Overall, my setup has provided new evidence to suggest that there is an intrinsic 

bias towards anterograde spread and subsequent propagation of pathogenic tau protein 

in diseased circuits. This is the first time that in vitro evidence has been provided that 

mirrors the in vivo progression of AD, and could provide mechanistic evidence towards 

this bias in directionalised tau dissemination. 

 

5.4.3 Mechanisms of tau propagation 

 It is still to be determined what exact mechanisms are involved in presynaptic tau 

secretion, or postsynaptic tau internalisation. Here, I have established a platform 

through which tau propagation can be investigated and manipulated in vitro, at single 

cell resolution. With this, I have determined that lysosomal secretion is unlikely to be 

involved in tau secretion, whereas synaptic release is a promising route for further 

investigation. 
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6 Chapter 6: Discussion 

6.1 New tools for investigating tau propagation in vitro 

 With the data obtained in this project, a new platform for the investigation of tau 

propagation has been generated. This has been created through the characterisation of 

PHP-tau expressing cells as a donor cell system, the establishing of an oriented neuronal 

network, and the characterisation of the time course of tau propagation between 

connected neurons in vitro. 

 

6.1.1 Characterisation of PHP-tau and its propagation 

 Out of the various methods of investigating tau pathology in AD, we chose to use 

pseudo-hyperphosphorylated tau (PHP-tau) as a model of pathogenic tau, because we 

wanted to recapitulate the hyperphosphorylation of tau in AD. Previous investigations 

into the pseudo-hyperphosphorylation of tau protein have shown that PHP-tau mimics 

the properties of hyperphosphorylated tau. Such studies have identified that PHP-tau 

causes microtubule destabilisation (Fath et al., 2002; Eidenmüller et al., 2000), 

conformational changes to a misfolded structure (Eidenmüller et al., 2000; Rankin et al., 

2005), mislocalisation to spines with consequent reduction in mEPSCs (Hoover et al., 

2010) and becomes sarkosyl insoluble (Eidenmüller et al., 2000), therefore 

recapitulating the properties of tau hyperphosphorylation. Until now, it had not yet been 

determined if PHP-tau also possessed the ability to spread from one cell to another, or if 

PHP-tau could act as a prion-like seed and induce the misfolding of naïve tau. My 

results correlate with published findings, in that I observed misfolding of PHP-tau 

(Figure 4.2-6) and microtubule destabilisation (Figure 4.2-8). In addition to published 

findings, I determined that PHP-tau is released by expressing neurons, and taken up by 

surrounding neurons. I demonstrated that PHP-tau propagates a misfolded conformation 

to both human WT-tau, and also to endogenous mouse tau, therefore showing its 

seeding capabilities (Figure 5.1-2). My data adds further validation to the use of pseudo-

hyperphosphorylation as a tool to mimic the pathogenicity of tau in human AD brains.  
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 An advantage of using transfection of PHP-tau into neurons is that it allows the 

diseased neuron to generate its own misfolded tau, and subsequently package, degrade 

or release this tau as would happen physiologically within the brain. Unlike other 

studies using a similar setup (Nobuhara et al., 2017; Takeda et al., 2015; Wu et al., 

2016), my platform does not require the addition of seeds in order to trigger misfolding 

in my donor cell. This removes the need to select the specific conformation required for 

seeding, over which there is current controversy (Michel et al., 2014; Mirbaha et al., 

2015). This potentially recapitulates disease progression more faithfully to in vivo where 

an initially affected cell is not seeded, but develops pathogenic tau itself due to 

hyperphosphorylation. In addition to this, it is thought that the initial species of tau 

added to a culture will propagate its distinct form to naïve tau protein (Sanders et al., 

2014b). This means that in other systems, the propagative species will retain the 

conformational form of the tau added exogenously, whereas in my system the 

subsequent propagative species will mirror the donor cell-generated seed. Again, this 

may more closely reflect AD pathology in vivo.  

 The disadvantage to using a system of DNA transfection is that it relies on an 

overexpression of human tau. Overexpression models have the drawback that increasing 

levels of tau protein above physiological may not faithfully mirror disease pathogenicity 

and distribution. I have controlled for this, in that my ‘healthy’ comparison for my 

disease model is an overexpression of WT-tau. I saw that WT-tau binds to and stabilises 

microtubules, and does not spontaneously form aggregates. My results mirror the data 

of transgenic mouse models overexpressing WT-tau (Brion et al., 1999; Duff et al., 

2000). Therefore, the use of overexpressed tau protein can be justified, and any results 

stemming from such models could be carried out in other disease models for 

comparison.  

 When controlling for the pseudo-hyperphosphorylated proline-directed 

serine/threonine sites in PHP-tau models, an opposing model with non-phosphorylatable 

serine/threonine sites are often used (Hoover et al., 2010; Kimura et al., 2016; 

Rodríguez-Martín et al., 2016; Xia et al., 2015). These studies have observed that tau 

with serine/threonine mutations to alanine, AP-tau, has increased binding to 

microtubules, and therefore opposite effects to PHP-tau. When I introduced AP-tau into 

developing neurons in vitro I found that there was a severe effect on the growth of the 
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expressing axon. Tau binding and unbinding from microtubules is a healthy process, 

which facilitates microtubule polymerisation (Lindwall & Cole, 1984). A potential 

reason for why my AP-tau expressing neurons had significantly stunted axonal growth 

is that because the AP-tau is bound to microtubules, and cannot be phosphorylated at 

proline direction serine/threonine sites, it cannot unbind in the physiological manner 

that occurs in healthy cultures to allow microtubule polymerisation. Stabilising 

microtubules with peptides (Quraishe et al., 2016) and taxol drugs (Zhang et al., 2005) 

have shown a rescue of tau phenotypes in vivo. However, a dynamic microtubule 

network is vital for the microtubule restructuring that occurs in branching, plasticity and 

also in regenerating axons (Penazzi et al., 2016). My data demonstrates that the 

complete prevention of proline-directed phosphorylation of tau would not be a suitable 

preventative of aggregate formation in AD, because physiological phosphorylation at 

these sites is clearly vital for initial axonal growth and physiological microtubule 

dynamics, especially in a degenerative context where axonal regeneration is a key 

feature for neuronal survival.  

 The platform established with this project facilitates further investigation into the 

mechanisms of tau propagation. Because myself and others have shown that PHP-tau 

faithfully mimics in vitro the pathology of hyperphosphorylation in vivo, it suggests that 

any discoveries obtained using PHP-tau could be then translated to in vivo AD models. 

Overall, my characterisation of WT-tau, PHP-tau and AP-tau have demonstrated the 

benefits of using PHP-tau and WT-tau to recreate a disease circuit, through which tau 

propagation can be investigated in vitro. 

 

6.1.2 Development of an oriented neuronal device 

 Existing microfluidic devices provide a viable platform with which to study 

neuronal connectivity in vitro. From their development, such devices have been used to 

investigate axonal injury (Taylor et al., 2005), synaptic activity (Robertson et al., 2014) 

and tau spread in disease (Calafate et al., 2015; Wu et al., 2013, 2016). Such studies of 

tau propagation between neurons in microfluidic devices have lead to exciting findings, 

for example the enhanced tau propagation through synaptically connected circuits 

(Calafate et al., 2015) and the ability of internalised tau to be trafficked and released by 
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connected neurons (Wu et al., 2013). The above results were facilitated by the ability of 

microfluidic devices to isolate axon terminals from cell bodies. In order to further the 

development of microfluidic devices, and to add a new aspect to the field of neuronal 

networks in vitro, we developed novel designs that allow us to array neurons into 

oriented, unidirectional connections.  

 Previous devices designs helped to recreate the ordered and structured 

connectivity that is observed in the brain, but were unable to orient growing neurons 

into unidirectional projections. With our device designs, we were able to significantly 

bias the direction of growth of an axon, and thus recreate connections of unidirectional 

axonal projections. We did this through the use of open, angled structures, which caused 

rerouting, stalling of axonal growth, or axonal pruning and rebranching, to the extent 

that we could discourage axons from fully projecting in an undesired direction, without 

affecting axons projecting in the permissive direction. This is achieved by the 

exploitation of axonal path-finding abilities. For example, in spinal cord damage, axon 

regeneration can be hindered by a mechanical blocking by scar tissue (Shibuya et al., 

2009). By manipulating axonal pathfinding to our advantage, we were able to create a 

directionalised platform that recapitulates the ordered connectivity of brain regions such 

as the hippocampus.  

 Devices such as ours that provide a unidirectional orientation of synaptic 

connections could have many potential advantageous uses for the wider scientific field. 

Unidirectional inputs from different cell types could be investigated, for example the 

corticostriatal circuits affected in Huntington’s disease (Miller & Bezprozvanny, 2010) 

could be studied in vitro in our system. Tauopathies have similar aetiologies in that they 

are characterised by tau accumulations, however there are stark differences between the 

brain regions affected, and the resulting clinical symptoms. For example, the difference 

in localisation of NFTs between AD and FTD results in an entirely different clinical 

presentation, with memory loss in AD but a lack of inhibition and motor deficits in FTD 

(NHS Choices, 2017). The unidirectional microfluidic devices allow the investigation of 

directionalised protein spread through different regions, and therefore other brain 

circuits could be reconstructed in order to dissect out the varying mechanisms between 

the diseases. Our microfluidic device platform allows multiple subsets of cells to grow 

connected to one another, and as such they are ready for use for the investigation of 
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trans-neuronal spread of any diseased protein. In fact, the hippocampal circuit could be 

even more physiologically reconstructed in vitro through the culturing of the different 

hippocampal subregions in separate cell culture channels. The spread of pathogenic tau 

protein from dentate gyrus cells, through CA region cells, and to cortical cells could be 

established and investigated, thus replicating the anterograde spread through anatomical 

projections in AD. As well as tau, α-synuclein in Parkinson’s disease, mutant 

Huntingtin protein in Huntington’s disease and PrPSc in prion disease all appear to 

spread from cell to cell, and as such could be investigated within our minimalistic 

platform.  

 Overall, we have established an innovative microfluidic platform that allows the 

recreation of accessible minimal neuronal circuits in vitro, and facilitates the 

reconstruction of ordered, directionalised neuronal connectivity. Through investigating 

such setup, we have developed a detailed characterisation of the time course of the 

progression of tau pathology from misfolding, formation of tau aggregates, spread, 

uptake, and propagation of pathology, which could help elucidate the molecular 

mechanisms at play in disease spread.  

 

6.1.3 Novel tagging and staining technique for the identification of tau through 

electron microscopy 

 As well as establishing an in vitro method of tau pathology generation and 

propagation, this project also employed the use of existing tools to create a novel 

method of detecting tau through EM. The dehydration and embedding processes 

required for EM sample preparation can result in the loss of antigenicity of tau, and the 

use of membrane permeabilising detergents can result in the disintegration of 

membranous ultrastructures. As such, targeting tau protein with standard EM techniques 

was not trivial. Using methods of protein tagging as established by the Ling and Parton 

labs (Ariotti et al., 2015; Lam et al., 2014; Martell et al., 2012), I was able to tag the 

human tau in my system with a peroxidase tag, so that it could be visualised with heavy 

metal staining under EM. With this I found that WT-tau is bound evenly along 

microtubules, whereas PHP-tau forms obvious aggregates of different sizes along PHP-

tau expressing axons. My results demonstrate only a small aspect of what could be 
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elucidated using this EM technique. Without permeabilisation of membranes, it could 

now be determined if pathogenic tau is present within membrane bound structures at a 

presynaptic site – suggesting that that is packaged in some way for release – or if 

pathogenic tau is present within a membrane structure at the postsynapse – which could 

suggest it is endocytosed by acceptor cells into vesicles. Such data could provide clear 

evidence as to the mechanisms of tau transmission between cells, and therefore this 

method provides the ability to address a variety of answerable questions. 

  

6.2 Identification of an intrinsic ability to resist tau aggregation  

6.2.1 A resistant cell population 

 Through my extensive characterisation of tau aggregate formation within neurons 

in vitro, I identified that there is a population of both donor and acceptor cells within 

cultures that are resistant to tau aggregation. From DIV18 in donor cells, and DIV24 in 

acceptor cells, the percentage of both donor and acceptor cells positive for aggregation 

plateaus at 77 ± 6%. Therefore, there is a 23 ± 6% population of neurons that remain 

free from tau aggregation and therefore appear aggregate resistant. In vivo observations 

have shown that the striatum, a brain region consisting of 95% GABAergic inhibitory 

neurons (Yager et al., 2015) is relatively spared of tau pathology throughout AD (Braak 

& Braak, 1990). I therefore questioned if the resistant subpopulation within my 

hippocampal cultures were inhibitory neurons. I determined that within my cultures, the 

percentage of inhibitory neurons is 20 ± 5% (appendix C, supplementary figure 3), 

which correlates with published data of between 11-30% (Soriano et al., 2008). 

Therefore, the proportion of inhibitory cells within my culture lies within the range of 

the aggregate-resistant population. As such, we could infer that the proportion of 

aggregation-resistant neurons within my culture might be GABAergic inhibitory 

neurons. Interestingly, I could not detect endogenous tau protein within inhibitory 

hippocampal neurons in vitro (appendix C, supplementary figure 4). This could suggest 

a mechanism through which inhibitory neurons, with low/no expression of endogenous 

tau protein, are selectively resistant to tau aggregation and propagation, but not to other 

disease pathologies. Although unaffected by NFTs, the striatum is seen to contain 
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amyloid beta deposits in AD (Braak & Braak, 1990), and is also seen to be greatly 

affected in other neurodegenerative diseases such as Huntington’s disease (Walker, 

2007). 

 The concept of a subpopulation of resistant neurons is not unique to AD. ALS is 

characterised by degeneration of the somatic motor neurons, but for unknown reasons 

the oculomotor neurons are found to be resistant (Comley et al., 2015; DePaul, Abbs et 

al., 1988). Adding to this, fast-fatiguable motorneurons are affected at ALS onset, 

whereas slow motorneurons are resistant to degeneration (Pun et al., 2006). This 

exemplifies another neurodegenerative disease in which a subpopulation of neurons 

within the circuit are seen to be resistant to degeneration and thus possessing properties 

that protect them from deteriorating. 

 

6.2.2 A subcompartmental resistance   

 As well as identifying a population of neurons in vitro that appear resistant to tau 

pathology, I also identified a subcompartmentalisation within individual neurons that 

possess resistance to tau pathology. The axon is a highly functionally 

compartmentalised area within a neuron. The first 10-50 µm of axon protruding from 

the cell body is the axon initial segment (AIS), which has a specialised function of 

initiating action potentials (Kole & Stuart, 2012). Here, there is a higher density of 

voltage-gated ion channels compared to elsewhere in the neuron, and the clustering of 

sodium voltage-gated channels is essential for the initiation of an axon potential (Zhou 

et al., 1998). The AIS is made up of an assembly of ankyrin-spectrin scaffolding 

complexes which allow it to work as a diffusion barrier and intracellular filter (Leterrier 

& Dargent, 2014). Within the following 75 µm of axon (the proximal axon) of my 

transfected cells, I could not observe misfolding of tau, or aggregation of tau. This was 

true in the case of donor and acceptor neurons. In our lab, we are currently determining 

for how long this stretch of tau aggregate-resistance is retained through the proximal to 

medial regions of transfected axons. 

 The distal regions of axons are specialised in that this is the axonal region where 

presynaptic terminals are formed. As well as in the en-passant synapses localised along 
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the length of the axon, synaptic vesicles are localised at axon terminals, and the function 

of these terminals is neurotransmitter signalling (Reichardt & Kelly, 1983). My 

experiments determined that tau aggregation is initiated specifically in the distal region 

of affected axons, which correlates with published evidence (Konzack et al., 2007). This 

finding is unsurprising, due to the enrichment of tau within this area (Kempf et al., 

1996; Mandell & Banker, 1996). However despite the presence of tau aggregates in the 

distal axons, and subsequently in the cell bodies, the proximal regions of diseased axons 

still remain free from misfolded tau and overt tau aggregation. This is the case in both 

donor cells, which form aggregates in their distal axon and can retrogradely traffic 

pathogenic tau to their soma, and in acceptor cells, who contain somal and distal axonal 

aggregates after anterograde tau propagation from donor cells. This is surprising, as 

with this anterograde propagation of tau pathology, tau seeds are seen to pass through 

the proximal region on their journey of prion-like misfolding. Therefore, the seeds that 

are internalised at postsynaptic sites are passing through the entirety of the neuron, 

whilst only having an effect in the distal axon. This demonstrates that axonal 

subcompartments, which are totally compartmentally specialised in their functions, also 

possess subcompartmentalised susceptibility to tau aggregation. Somehow, this either 

promotes aggregation in the distal axonal, or selectively protects the proximal regions. 

Our lab is currently undertaking experiments to dissect out the molecular mechanisms 

responsible for the different environments of the proximal and distal axons, which cause 

this resistance and vulnerability respectively. 

 

6.3 Investigating the mechanisms of tau propagation 

 A diagram of potential mechanisms of propagation can be seen in Figure 6.3-1. 

There is currently conflicting evidence as to mechanisms of release and uptake of tau 

protein in disease. Some evidence points towards exosomal release of tau, where tau is 

secreted within membrane bound vesicles, which fuse with postsynaptic membranes and 

release tau into acceptor cells (Saman et al., 2012; Simón, García-García, Gómez-

Ramos, et al., 2012; Wang et al., 2017). Evidence also exists on the contrary, suggesting 

that tau is released freely and is found extracellularly to be vesicle independent (Chai et 
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al., 2012; Karch et al., 2012). The majority of this evidence arises from non-neuronal 

cell lines, and therefore warrants further investigation in neurons or in vivo. 

 With regards to internalisation of pathogenic tau by donor cells, again conflicting 

evidence exists, with macropinocytosis identified in neuroblastoma cells (B. B. Holmes 

et al., 2013) and endocytosis identified in HEK293 and neuronal cells (Frost et al., 

2009; Wu et al., 2013). Other studies have identified tunnelling nanotubes (TNTs) as 

key players in tau movement from cell to cell, after exogenously added labelled fibrils 

were seen to traffic through TNTs from cell to cell (Tardivel et al., 2016). However, 

these studies have examined the internalisation of exogenously added pathogenic tau, 

and as such may not represent the mechanisms used by neurons in vivo.  

 No conclusive evidence has been determined for the secretion or internalisation 

methods used for tau in connected neurons. Studies have found that internalised tau 

aggregates can travel bidirectionally, and traverse synaptic connections to connected 

neurons (Takeda et al., 2015; Wu et al., 2016). However, neurons in culture are capable 

of internalising exogenously added material, such as synthetic particles or debris 

(Bowen et al., 2007), which suggests that neurons are also capable of internalising 

exogenously added tau aggregates. Therefore, the mechanism through which 

internalised tau aggregates are transported and released after exogenous addition may 

not reflect the mechanism through which pathogenic tau generated by a cell is trafficked 

and released in vivo. As such, the system of expressing pathogenic tau within cells via 

transfected expression may more physiologically mirror the processes that are 

happening in diseased cells in vivo.  

 Despite attempts at live imaging, I could not visualise the transport or release of 

aggregated tau within my system. My system shows a robust and reproducible 

propagation of tau, therefore the inability to see movement or transfer of large 

aggregates suggests that these are not the propagative species. It is thought that the 

propagative species of tau is not the large aggregates, but a small species, potentially 

even dimer or trimer size (D. Kim et al., 2015; Mirbaha et al., 2015). Therefore in my 

system, the propagative species is probably also a low molecular weight tau, which is 

too small to be detectable by fluorescence within the acceptor cell. This then suggests 

that within published studies, the visualised transport of tau after exogenous addition is 

examining a much larger species of tau, which is of a big enough size to be detectible 
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through fluorescence. A small, low molecular species of tau as the propagative species 

would correlate with published data (Michel et al., 2014; Mirbaha et al., 2015; 

Narayanan et al., 2003) and could suggest that the tau oligomers added to cultured cells 

for the visualisation of trafficking (Calafate et al., 2015; Takeda et al., 2015; Wu et al., 

2013) are of too high molecular weight to be the species relevant for early tau pathology 

propagation.   

 Working with transfected primary neurons in vitro can be low throughput, due to 

their low transfection rate. However, I used this potential drawback to my advantage, in 

that it enabled me to investigate the spread of pathogenic tau between just two 

connected cells in vitro, and thus the propagation from one diseased cell to one 

connected healthy cell. The minimalistic aspect of this means that the health of the 

donor cell can be directly visualised, and through this I determined that ability of donor 

neurons to actively propagate tau pathology without needing to die. This shows that my 

system of tau propagation is examining the earlier stages of disease, before overt 

neurodegeneration, and links with in vivo evidence suggesting that tau propagation is an 

earlier event than synaptic degeneration (Pickett et al., 2017). My data also adds further 

evidence to the hypothesis that trans-synaptic tau spread is an active process (Pooler et 

al., 2013; Wu et al., 2016). This information can now be used to further investigate how 

a neuron can propagate pathology, and to determine if this is a process that could be 

inhibited, or even prevented, in an attempt to slow the progression of disease along a 

diseased circuit. In AD, severe cell death and atrophy of affected brain regions is seen 

with the progression of disease. Knowing that initially affected brain cells are viable, 

active cells, suggests that such cells could be recovered into healthy, non-disease 

propagating cells, which could have massive implications for disease therapeutics and 

prognosis. From single cells in vitro to diseased cells in an aging brain is a large leap – 

but evidence showing that tau propagation occurs before synaptic degeneration or cell 

death could demonstrate a mechanism that could be exploited in future therapeutic 

investigations. 
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Figure 6.3-1 Potential mechanisms of trans-synaptic tau transmission.  

At presynaptic terminals, tau could be either free within the cytosol (A) or packaged 

into a vesicle (B) for secretion. In the case of A, tau could be shuttled from cell to cell 

via tunnelling nanotubes (1), and be transmitted freely into the postsynaptic cytosol (C). 

Or, tau could exit in a membrane bud (2), after which is would be enclosed in an 

extracellular vesicle (3). An exosome can fuse with the postsynaptic membrane, and 

release tau freely into the postsynaptic cytosol (C). If tau is packaged before secretion 

(B), the tau-containing vesicle can fuse with the presynaptic membrane, releasing tau 

unbound and free into the extracellular space (4). This free tau would then be 

internalised in an endocytic pathway (5). This would lead to tau present within an 

endosome within the postsynaptic cell (D), from which it would need to exit in order to 

interact with cytosolic acceptor tau. 
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6.3.1 Tau propagates in a preferentially anterograde direction 

 Within the brain, staging of AD has shown that NFT pathology appears to 

progress along connected brain circuits (Braak & Braak, 1991). Neuroanatomical 

investigation of the dissemination of tau pathology shows that it advances along 

anterogradely connected neuronal circuits, from the entorhinal cortex, to the dentate 

gyrus, and through the CA regions of the hippocampus in humans (Braak & Braak, 

1991) and mouse models (de Calignon et al., 2012). Other recent in vivo mouse models 

also indicated a spread of tau along anterograde circuits from the site of tau fibril 

injection in the locus coeruleus, with some retrograde spread also (Ahmed et al., 2014; 

Iba et al., 2015). With this, it has been demonstrated that whilst pathogenic tau travels 

along anterograde circuits, the possibility that pathogenic tau could travel along 

retrograde circuits has not been excluded. Adding to this, an in vitro study has shown 

that internalised tau aggregates are retrogradely transported from axonal terminals 

towards the cell body (Wu et al., 2013). This study did not look if this retrogradely 

trafficked pathogenic tau could in turn be propagated retrogradely, by its release at 

postsynaptic, somatodendritic sites, perhaps due to a lack of a neuronal orientation 

setup. As such, further investigations into retrograde tau propagation are warranted.  

 With our development of a unidirectional neuronal setup, I was for the first time 

capable of reconstructing an oriented neuronal setup for the examination of 

directionalised tau propagation. With this, I investigated the potential ability of tau to 

retrogradely propagate from a postsynaptic diseased to a presynaptic healthy cell. I 

found that only a minority of neurons connecting retrogradely to donor cells were 

positive for tau aggregation, therefore determining that propagation of tau is 

significantly less efficient in a retrograde direction compared to propagation in an 

anterograde direction.  

 Wu et al., 2013 determined that tau aggregates added to axonal terminals could be 

internalised, and trafficked retrogradely towards the soma. I found that of the cells that 

did receive seeds from postsynaptic donor cells, there was tau aggregation found within 

their somata. This evidence correlates with Wu et al.’s findings, and could suggest that 

internalised material accumulates at the soma for degradation by lysosomes, which are 

more abundant in the soma (Tai & Schuman, 2008). It is also suggested that 
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exogenously added materials such as synthetic particles accumulate in the soma (Dr 

Katrin Deinhardt, unpublished observations), further evidencing the fact that 

internalised material, including tau aggregates, could be retrogradely trafficked to the 

soma for degradation, and hence are present in the somata within both my and Wu et 

al.’s experiments. This shows that although tau aggregates can be trafficked 

retrogradely, and a minority can propagate retrogradely, there is a major bias towards an 

anterograde direction of spread both in vivo and now as shown by my data, in vitro. 

 In the broader sense of this information, determining that neurons have a bias 

towards one direction of pathogenic tau spread could suggest mechanistic reasons as to 

why AD progresses along its set path. We still do not know why the hippocampus 

appears so vulnerable in disease, or why tau pathology begins within the EC, but 

furthering our understanding of the molecular mechanisms through which tau 

propagation is occurring could advance this knowledge to a more conclusive story. 

 

6.3.2 Tau secretion may be synaptically driven 

 One of the advantages of the use of 900 µm long microchannels within the 

microfluidic device setup, is that it renders only axons, and therefore presynaptic 

terminals, capable of projecting through to connected cell channels (Taylor et al., 2005). 

With this, I have determined that the anterograde propagation of tau from donor to 

acceptor cells is through the dissemination of tau from distal axons, through connected 

acceptor cells. I have set up my devices so that material cannot transfer by diffusion 

through the microchannels, meaning that any material transfer that is occurring is 

happening intracellularly. I found that pathogenic tau formed in the distal axons of 

donor cells was capable of release, uptake by the somatodendritic regions of acceptor 

cells, and subsequent propagation through connected cells. As only the distal axons of 

my donor cells are reaching the somatodendritic compartment of acceptor cells, it 

suggests that the pathogenic tau is spreading from presynaptic to postsynaptic sites of 

connected neurons. With this in mind, I tested if pathogenic tau was localised at 

presynaptic sites, through analysing its colocalisation with synapsin-1. I found that 

some of the pathogenic tau was indeed localised at presynaptic sites, which correlates to 

published data (Pickett et al., 2017; Tai et al., 2014). In addition to this, it has been 
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determined that tau release is enhanced in an activity dependent manner, in vitro (Pooler 

et al., 2013) and in vivo (Yamada et al., 2014). The in vitro study also showed that 

inhibiting neuronal activity decreased the amount of tau secreted by the cells, 

concluding that neuronal activity plays a role in tau release by neurons. In AD, there is 

seen to be a hyperexcitability of cells, suggesting that neuronal activity and tau spread 

may be related (Busche et al., 2008; Hall et al., 2015; Minkeviciene et al., 2009). My 

data showing the localisation of pathogenic tau within presynaptic sites suggests that it 

could be primed here for release and is therefore secreted in response to neuronal 

activity, which would correlate with the aforementioned in vitro and in vivo findings. 

Overall this is suggesting that tau propagation is trans-synaptic, from presynaptic donor 

to postsynaptic acceptor cells. 
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6.4 Future perspectives 

6.4.1 What is the contribution of a glial population to the time course of tau 

propagation in vitro? 

 Throughout my experiments, hippocampal neurons from E15 mouse embryos 

were used for cultures within the microfluidic devices. With this, I observed a strikingly 

robust and efficient propagation of tau from donor to acceptor neurons. However, this 

system uses only neurons, as at this embryonic stage glial cells are not yet present, with 

astrocytes developing after E16, and oligodendrocytes developing postnatally (Qian et 

al., 2000). The lack of a glial population could be a reason why the spread of pathogenic 

tau is so efficient, as there is no clearance system from glial cells present. Indeed, tau 

immunoreactivity has been observed within glial cells in post-mortem brains from 

patients of various tauopathies, including AD (Dickson et al., 2011). It would therefore 

be interesting to see if the rate of aggregate formation or propagation were altered in the 

presence of a glial population. To do this, tripartite synapses could be reconstructed in 

the microfluidic device chamber, or glial conditioned medium could be added to the 

neurons. This would allow determination of the contribution that a glial population 

would have on tau propagation in vitro.  

 

6.4.2 Is tau secreted in free or vesicle bound form, and can we inhibit spread?  

 For tau to propagate between intact cells, it suggests there is a mechanism for tau 

to cross two membranes – the presynaptic membrane, and the postsynaptic membrane. 

It is not yet known if tau is within membrane bound vesicles such as exosomes, or if tau 

is released freely, and internalised within membrane bound vesicles (see Figure 6.3-1). 

With the method of tagging tau for EM established within this project, the presynaptic 

and postsynaptic localisation of tau could be determined ultrastructurally. I determined 

that the addition of APEX-GBP to GFP-TauE14 expressing cells does not affect tau’s 

ability to propagate to neighbouring neurons (appendix C, supplementary figure 2) As 

such, this setup can be used for investigating the mechanisms of tau propagation. 

Observing a membrane encasing tau at the presynapse could indicate tau is packaged 

before release, or a lack of membrane could indicate tau is secreted freely. In turn, 
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observing postsynaptic tau as within a membrane bound vesicle could suggest free tau 

was internalised into a vesicle, such as through clathrin-mediated endocytosis. EM 

experiments using the protocol outlined in this project are currently undergoing by our 

lab, to determine if we can observe said structures and from this, infer information 

regarding the mechanisms of tau propagation. 

 As well as this, the microfluidic devices offer a method of inhibiting release 

and/or uptake. A study published this year determined that antibodies targeting released 

tau could reduce the amount internalised by acceptor cells (Nobuhara et al., 2017). With 

this, they determined that the exogenous tau fibrils were being released as free 

aggregates by the neuron to which they were added. This experiment could be repeated 

in our system, to determine if there is also a decrease in endogenously generated 

pathogenic tau uptake after secretion from donor cells. This could confirm whether the 

tau secreted by the donor cells is free, and therefore removed by the tau antibodies, or 

membrane-bound, and therefore not reached and affected by tau antibodies.  

 As such, with the setup established in this project, the form of tau that is released 

and therefore uptaken by cultured neurons could be established, further adding to the 

knowledge of the mechanisms of tau propagation.  

 

6.4.3 Is there a differential mechanism/time course to other forms of pathogenic 

tau? 

 In AD, tau pathology is seen to start within the EC, and progress through the 

hippocampus and on to the cortex in late stages (Braak & Braak, 1991). However, in 

FTD, tau pathology appears as similar insoluble NFTs, but they are found distributed in 

the frontal and temporal lobes – different regions to AD-related NFTs (Dickson et al., 

2011). It is not yet understood why the hyperphosphorylated and misfolded tau of AD 

progresses through different brain regions to the mutated, hyperphosphorylated and 

misfolded tau of FTD. With the microfluidic device setup established by this project, 

disease models for AD and FTD could be cultured in parallel, to determine if there are 

directionality or propagation rates of AD versus FTD-related tau. For example, GFP-

TauP301L (Hoover et al., 2010) or GFP-TauE14 expressing neurons could be cultured in 
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the middle channel of a device, to connect both anterogradely and retrogradely to RFP-

TauWT expressing cells. The resulting tau propagation could therefore be analysed in 

both anterograde and retrograde directions, and information from this experiment could 

show if TauP301L, an FTD-related tau, propagates in a similar manner to PHP-tau. 

Adding to this, the aforementioned EM studies could be carried out on tauP301L 

expressing cells, and thus any mechanistic differences between the two disease-related 

taus determined.  
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Appendices 

Appendix A 

 

List of buffer recipes: 

 

• 50X TAE 

Ingredient Amount Final Concentration 

Tris Base 242 g  

Glacial Acetic Acid 57.1 ml 2 M 

EDTA 37.2 g  0.05 M 

Water To 1 L  

Adjust to pH 8.3   

 

• 10X TBS 

Ingredient Amount Final Concentration 

Tris Base 24.22 g 100 mM 

NaCl 163.6 g 1.4 M 

H2O Up to 2 l  
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• PBS 

Ingredient Amount Final Concentration 

NaCl 8 g  

KCl 0.2 g  

Na2HPO4 1.44 g   

KH2PO4 0.24 g  

H2O Up to 1 l  

 

 

• LB broth 

Ingredient Amount Final Concentration 

NaCl 5 g 1% 

Tryptone 5 g 1% 

Yeast extract 2.5 g 0.5% 

H2O Up to 500 ml  

 

 

• LB agar 

Ingredient Amount Final Concentration 

LB broth 500 ml  

Agar 7.5 g 1.5% 
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• Mowiol 

Ingredient Amount Final Concentration 

Mowiol 4-88 2.4 g  

Glycerol 6 mL  

H2O 6 mL  

0.2 M Tris-Cl pH 8.5 12 mL 0.1 M 
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Appendix B 

RFP-Tau Sequence 

Forward: Sequence obtained with forward primer CMV forward: 

CGCAAATGGGCGGTAGGCGTG (shown in results as ‘forward’) and a custom 

reverse primer: GGGCGGGGTTTTTGCTGGAA (shown in results as _R_Reverse), 

which anneal into vector at the indicated positions in supplementary figure 1. 

Overlapping sequences are indicated with asterisks. 

 

Supplementary figure 1. Sequencing primer positions for pRK5-RFP-Tau. 

The pRK5-RFP-Tau construct was sent to Eurofins Genomics (UK) and the following 

sequence was obtained, and aligned with the true RFP-Tau sequence using MAFFT 

software. CLUSTAL format alignment by MAFFT (v7.245)    
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Forward        ------------------------------------------------------------ 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        CGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAA                                                                                

Forward        ----------------------------------------------------------AG 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        CTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAG                                                                                

Forward        AGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTTTGACCTCCA 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        AGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTTTGACCTCCA                                                                                

Forward        TAGAAGACACCGGGACCGATCCAGCCTCCGCGGCCGGGAACGGTGCATTGGAACGCGGAT 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        TAGAAGACACCGGGACCGATCCAGCCTCCGCGGCCGGGAACGGTGCATTGGAACGCGGAT                                                                                

Forward        TCCCCGTGCCAAGAGTGACGTAAGTACCGCCTATAGAGTCTATAGGCCCACCCCCTTGGC 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        TCCCCGTGCCAAGAGTGACGTAAGTACCGCCTATAGAGTCTATAGGCCCACCCCCTTGGC                                                                                

Forward        TTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAG 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        TTCGTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACGATTTAG                                                                                

Forward        GTGACACTATAGAATAACATCCACTTTGCCTTTCTCTCCACAGGTGTCCACTCCCAGGTC 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        GTGACACTATAGAATAACATCCACTTTGCCTTTCTCTCCACAGGTGTCCACTCCCAGGTC                                                                                

Forward        CAACTGCACCTCGGTTCTATCGATATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATG 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        CAACTGCACCTCGGTTCTATCGATATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATG                                                                                

Forward        CGCTTCAAGGTGCGCATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAG 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        CGCTTCAAGGTGCGCATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAG                                                                                

Forward        GGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGCGGC 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        GGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGCGGC                                                                                

Forward        CCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCCAGTACGGCTCCAAGGCCTAC 
_R_Reverse     --------------------CATCCTGTCCCCTCAGTTCCAGTACGGCTCCAAGGCCTAC 
RFP-TAU        CCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCCAGTACGGCTCCAAGGCCTAC                                     
                              ****************************************   

Forward        GTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAG 
_R_Reverse     GTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAG 
RFP-TAU        GTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAG                  
           *********************************************************** 

Forward        TGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCC 
_R_Reverse     TGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCC 
RFP-TAU        TGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCC                 
           ************************************************************ 
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Forward        CTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGAC 
_R_Reverse     CTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGAC 
RFP-TAU        CTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGAC                 
           ************************************************************  

Forward        GGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCACCGAGCGGATGTACCCC 
_R_Reverse     GGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCACCGAGCGGATGTACCCC 
RFP-TAU        GGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCACCGAGCGGATGTACCCC                 
           ************************************************************  

Forward        GAGGACGGCGCCCTGAAGGGCGAGATCAAGATGAGGCTGAAGCTGAAGGACGGCGGCCAC 
_R_Reverse     GAGGACGGCGCCCTGAAGGGCGAGATCAAGATGAGGCTGAAGCTGAAGGACGGCGGCCAC 
RFP-TAU        GAGGACGGCGCCCTGAAGGGCGAGATCAAGATGAGGCTGAAGCTGAAGGACGGCGGCCAC                 
           ************************************************************ 

Forward        TACGACGCCGAGGTCAAGACCACCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCC 
_R_Reverse     TACGACGCCGAGGTCAAGACCACCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCC 
RFP-TAU        TACGACGCCGAGGTCAAGACCACCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCC                 
           ************************************************************   

Forward        TACAAGACCGACATCAAGCTGGACATCACCT----------------------------- 
_R_Reverse     TACAAGACCGACATCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAA 
RFP-TAU        TACAAGACCGACATCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAA                 
           *******************************                                

Forward        ------------------------------------------------------------ 
_R_Reverse     CAGTACGAGCGCGCCGAGGGCCGCCACTCCACCGGCGCCGGATCCGCTGAGCCCCGCCAG 
RFP-TAU        CAGTACGAGCGCGCCGAGGGCCGCCACTCCACCGGCGCCGGATCCGCTGAGCCCCGCCAG                                                                                

Forward        ------------------------------------------------------------ 
_R_Reverse     GAGTTCGAAGTGATGGAAGATCACGCTGGGACGTACGGGTTGGGGGACAGGAAAGATCAG 
RFP-TAU        GAGTTCGAAGTGATGGAAGATCACGCTGGGACGTACGGGTTGGGGGACAGGAAAGATCAG                                                                                

Forward        ------------------------------------------------------------ 
_R_Reverse     GGGGGCTACACCATGCACCAAGACCAAGAGGGTGACACGGACGCTGGCCTGAAAGCTGAA 
RFP-TAU        GGGGGCTACACCATGCACCAAGACCAAGAGGGTGACACGGACGCTGGCCTGAAAGCTGAA                                                                                

Forward        ------------------------------------------------------------ 
_R_Reverse     GAAGCAGGCATTGGAGACACCCCCAGCCTGGAAGACGAAGCTGCTGGTCACGTGACCCAA 
RFP-TAU        GAAGCAGGCATTGGAGACACCCCCAGCCTGGAAGACGAAGCTGCTGGTCACGTGACCCAA                                                                                

Forward        ------------------------------------------------------------ 
_R_Reverse     GCTCGCATGGTCAGTAAAAGCAAAGACGGGACTGGAAGCGATGACAAAAAAGCCAAGGGG 
RFP-TAU        GCTCGCATGGTCAGTAAAAGCAAAGACGGGACTGGAAGCGATGACAAAAAAGCCAAGGGG                                                                                

Forward        ------------------------------------------------------------ 
_R_Reverse     GCTGATGGTAAAACGAAGATCGCCACACCGCGGGGAGCAGCCCCTCCAGGCCAGAAG--- 
RFP-TAU        GCTGATGGTAAAACGAAGATCGCCACACCGCGGGGAGCAGCCCCTCCAGGCCAGAAGGGC                                                                                

Forward        ------------------------------------------------------------ 
_R_Reverse     ------------------------------------------------------------ 
RFP-TAU        CAGGCCAACGCCACCAGGATTCCAGCAAAAACCCCGCCCGCTCCAAAGACACCACCCAGC                                                                                
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 Appendix C 

 

 

 

Supplementary figure 2. The addition of APEX-GBP tag does not prevent tau 

aggregation or propagation. APEX-GBP is cotransfected with GFP-TauE14, and despite 

addition of the extra tag, GFP-TauE14 still readily aggregates (left, inverted). In a 

coculture, RFP-TauWT acceptor cells also begin to aggregate (middle, inverted), 

demonstrating that the APEX-GBP tag does not prevent tau propagation from donor to 

acceptor cells. 

  
  

GFP-TauE14 + APEX-GBP RFP-TauWT Merge
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Supplementary figure 3. Quantification of inhibitory neurons within hippocampal 

cultures. Two example images showing GAD65 inhibitory neurons (white arrows) 

among a population of excitatory neurons. Representative images show how an average 

of 20 ± 5% GAD65 positive cells in culture was determined.  

20 µm
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Supplementary figure 4. Tau is not detectible in inhibitory neurons. Hippocampal 

neurons were fixed and stained at DIV18. Tau (green) is present in axons of excitatory 

neurons, but not in axons of inhibitory neurons, as depicted by GAD65 staining (red). 
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