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Abstract 

Tauopathies are a family of neurodegenerative disorders in which highly phosphorylated and 

aggregated tau proteins are deposited as neurofibrillary pathology. Primary tauopathies, in 

which tau forms the dominant pathology, include progressive supranuclear palsy (PSP) and 

Pick’s disease (PiD). Alzheimer’s disease (AD), the most common cause of dementia, is 

considered a secondary tauopathy since -amyloid peptides are deposited in plaques 

alongside tau deposits in the form of neurofibrillary tangles. Tauopathies are a 

heterogeneous group of disorders with variations in the brain regions affected, the isoform 

and structure of the deposited tau, and the type of neural cells that tau is deposited, all of 

which combine to influencing clinical outcomes.  

Preliminary data from this laboratory, that is extended in this thesis, showed that there is 

some regional specificity in the deposition of tau isolated from postmortem tauopathy brain, 

following its peripheral administration to mice expressing wild-type human tau in the absence 

of mouse tau (htau mice). This suggested that there may be regional vulnerability to different 

species of tau.  In addition, a close association of astrocytes with large tau deposits was 

noted. This suggested that astrocytes respond to tau and may contribute to tau spread. 

Indeed, recent work has shown that astrocytes can internalise different forms of recombinant 

and brain-derived tau. 

To investigate this further, a human induced pluripotent stem cell (iPSC)-astrocyte model 

was established and characterised in comparison to induced neural precursor cell-

astrocytes (iNPC-astrocytes). iPSC-astrocytes, more so than iNPC-astrocytes, showed the 

progressive appearance of mature astrocyte gene expression and morphological changes. 

iPSC-astrocytes were therefore selected for further investigation. Treating iPSC-astrocyte 

with tau aggregates isolated from postmortem AD brain showed that astrocytes efficiently 

internalise human tau, clearing these aggregates slowly over time. Moreover, internalised 

tau aggregates appeared to localise with high levels of GFAP and S100B, two astrocytic 

molecules that have previously been associated with progression of tauopathy pathology. 

There were variations in the rate of tau uptake and clearance that are likely related to 

molecular properties of the human tau, with some further indications of varied seeding ability 

of endogenous astrocytic tau. Astrocytes showed varied changed in gene expression in 

response to tau uptake including in genes implicated in astrocyte reactivity, protein 
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degradation and clearance. However, when astrocyte conditioned medium from astrocytes 

exposed to tau aggregates was collected and applied to iPSC-neurons, there were no overt 

changes in neuron health.   

Together, these data demonstrate that astrocytes respond to the presence of tau 

aggregates in their local environment. This data adds to a growing body of evidence that 

astrocytes may contribute to tau spread by internalising tau aggregates from extracellular 

spaces or tau that is contained within apoptotic cells. It is not clear whether this is a protective 

response or if the astrocytes may release seed-competent tau species into media to facilitate 

its spread. Several signalling pathways were identified for further investigation to determine 

the precise mechanisms involved in this function of astrocytes, and it will be of interest to 

determine how the scale of these changes relates to molecular characteristics of different 

tau species. 
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1 Introduction 

1.1 Introduction to tauopathies 

Tauopathies comprise a group of neurodegenerative diseases characterised by the 

progressive accumulation of hyperphosphorylated tau aggregates in the brain. Although they 

share a common tau pathology, tauopathies can be distinguished based on unique patterns 

of tau deposition, including variations in the isoforms and conformational structures of the 

aggregated tau species that spread across connected brain regions, resulting in distinct 

clinical manifestations. Moreover, cellular involvement with tau pathology, including that of 

astrocytes, can help to distinguish and confirm diagnosis post-mortem (Kovacs, 2015). This 

will be elaborated in subsequent sections and is summarised in Table 1.1. 

1.1.1 Primary Tauopathies 

Primary tauopathies are named because tau aggregates are the predominant pathological 

hallmark. They are often collectively referred to as a subset of frontotemporal lobar dementia 

(FTLD) syndromes - frontotemporal lobar dementia tau (FTLD-tau) - due to their overlap with 

FTLD pathology and clinical manifestations (Kovacs, 2015). However, FTLD-tau are united 

by the involvement of abnormal forms of tau, and within this grouping are distinct FTLD-tau 

phenotypes which are recognised based on characteristics of the tau aggregates, cell type 

involvement, and the compartmentalisation of tau in astrocytes (Kovacs, 2015, 2020). These 

can further be distinguished by the predominant tau isoforms that aggregate. Tau is 

alternatively spliced (Section 1.2.1 and Figure 1.4a) giving rise to tau isoforms containing 

either 3 or 4 microtubule-binding repeats referred to as 3R or 4R tau. Tauopathies can be 

classified by which of these tau isoforms predominate in pathological tau deposits. (See 

Table 1.1 for an overview of the clinical manifestations of tauopathies along with their genetic 

causes and affected brain regions.) The differences in the conformational folds of tau fibrils 

are discussed in section 1.3.3. Of particular interest to this thesis are the primary tauopathies 

corticobasal degeneration (CBD), progressive supranuclear palsy (PSP) and Pick’s disease 

(PiD), along with the secondary tauopathy Alzheimer’s disease (AD). 
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1.1.1.1 Corticobasal degeneration 

CBD is a rare, progressive neurodegenerative disorder that is characterised by neuronal and 

glial tau pathology in both white and grey matter in corticostriatal areas, and neuronal loss 

in focal cortical regions and in the substantia nigra (Dickson et al., 2002). It can present with 

highly varying clinical features but is commonly characterised by corticobasal syndrome, 

which was first described by Rebeiz et al. (1968). This group of features includes asymmetric 

progressive rigidity and apraxia, sometimes with limb dystonia and myoclonus (muscle 

jerking). While CBD is commonly referred to as a movement disorder, it often presents with 

cognitive deficits that are now considered part of its clinical manifestation. This includes 

behavioural variant frontotemporal dementia (bvFTD) that comprises personality changes, 

perseveration, disinhibition, executive dysfunction, obsessive compulsive behaviours and 

impaired insight (Neary et al., 1998).  

CBD clinically overlaps with PSP, and also varies in its presentation, so post-mortem 

neuropathological analysis is essential for accurate diagnosis. This is often validated by tau-

positive neuropil threads in grey and white matter of the cortex, basal ganglia, diencephalon 

and rostral brainstem (Dickson et al., 2002). CBD is characterised by the presence of 4 

repeat (4R) tau-rich astrocytic plaques in distal end processes in most (Forrest et al., 2019) 

but not all (Ling et al., 2020) cases. By SDS-PAGE, tau aggregates isolated from CBD brain 

contain a unique 37 kDa truncated tau fragment (Arai et al., 2001). A distinct tau filament 

fold for CBD was described in 2020 (Zhang et al., 2020) that is made of 4R tau filaments and 

is separate from other tauopathy folds, including that of PSP (Shi et al., 2021). Astrocytic 

pathology also plays a key role in distinguishing CBD from PSP (Komori et al., 1998). 

1.1.1.2 Progressive supranuclear palsy 

PSP is another rare 4R tauopathy that is often mistakenly diagnosed as CBD. Clinically, it 

can also present with corticobasal syndrome (CBS) symptoms, but this is most often 

associated with rare subvariants (Oide et al., 2002; Tsuboi et al., 2005). PSP is typically 

characterised by Richardson syndrome early after onset, which can also occur in CBD cases 

but generally at later stages of disease (Williams et al., 2005, 2008).  Richardson syndrome 

is a group of clinical features that includes postural instability with falls, as well as vertical 

supranuclear palsy, dysphagia, dysarthria and cognitive disturbances related to frontal 



Introduction 

20 

cortex (Steele et al., 1964). Myoclonus and apraxia, symptoms common in CBD (Armstrong 

et al., 2013), are absent from PSP.  

Atrophy and neuronal loss are common in PSP in the globus pallidus, subthalammic nucleus 

and substantia nigra, and also the striatum and thalamus. Areas of the brainstem are often 

affected that cover various nuclei, and cholinergic neurons in this region also appear to be 

particularly vulnerable (Warren et al., 2005). The cerebellar dentate gyrus is also often 

affected (Steele et al., 1964). The cerebral cortex and limbic lobe are often spared, at least 

until late-stage disease (Kouri et al., 2011). 

Neurofibrillary tangles of 4R tau are found in the basal ganglia, diencephalon, brainstem and 

spinal cord (Dickson et al., 2007), and are at highest levels in the frontal, parietal and motor 

cortices (Kovacs et al., 2020). See Figure 1.2a for a detailed overview of tau pathology in 

PSP. Tufted astrocytes are the main pathological hallmark of PSP (Nishimura et al., 1992). 

These are observed in most PSP cases, including subvariants (Shiga et al., 2015; Kovacs et 

al., 2020). This astroglial tau pathology predominates in cortical areas and the striatum, with 

noted difference in subtypes in the thalamus, subthalamus and susbtantia nigra regions 

(Kovacs et al., 2020). Oligodendrocytes are also affected in PSP and this tau pathology is 

observed in subcortical nuclei (Kovacs et al., 2020).  

Neuronal loss correlates with tau accumulation where there are areas of neuronal tau 

pathology such as subcortical and brainstem regions – but areas of high astroglial tau 

pathology such as the cortex do not necessarily translate to neuronal loss (Kovacs et al., 

2020).  

While PSP and CBD are mainly sporadic, although autosomal dominant PSP has been 

studied in at least 19 families of which some carry MAPT mutations(Fujioka et al., 2014). 

Genetic risk for both PSP and CBD is also associated with single nucleotide polymorphisms 

in the H1 haplotype of the MAPT locus (Höglinger et al., 2011; Kouri et al., 2015). 

1.1.1.3 Pick’s disease 

PiD is a rare neurodegenerative disease and was named after a physician that recorded 

extensive atrophy to the frontotemporal lobe of a patient with progressive language and 

behavioural disturbances (Pick, 1892). The modern description now includes the dominance 
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of round neuronal tau inclusions (Pick bodies) that contain predominantly 3R tau (Dickson, 

2001). Clinically, those affected show behavioural changes and impairment of executive 

functions – known as bivariant (bv) FTD (Rascovsky et al., 2011). Also, language issues such 

as aphasia are common (Gorno-Tempini et al., 2011), together with some movement 

impairment (Irwin et al., 2016a). 

The proposed spread of tau pathology in PiD begins from the frontotemporal neocortex and 

limbic areas, gradually affecting subcortical regions including the brainstem, the motor 

cortex and eventually the visual cortex in some cases (Irwin et al., 2016a) (Figure 1.2b). The 

cellular pathology observed in affected areas includes a total loss of large pyramidal neurons, 

and the Pick bodies are present in middle and lower cortical layers. Pick bodies dominate 

the limbic and paralimbic cortices and ventral temporal lobe, where cell loss is also greatest 

(Dickson, 2001). Ramified astrocytic tau inclusions are often found in PiD cases, although 

these are not often described as a diagnostic criterion, as with PSP and CBD. Astrocytes 

with this tau pathology are often seen in the midfrontal- and orbitofrontal cortex (Irwin et al., 

2016a). 

A unique PiD tau filament fold of 3R tau has recently been defined (Falcon et al., 2018). 

There has, however, been noted instances of 4R tau aggregates in PiD (Zhukareva et al., 

2002), particularly in Pick bodies, and 4R tau astrocytic inclusions have also been observed 

(Irwin et al., 2016a). In a specific familial case, 4R tau in Pick bodies were observed but in 

the absence of 4R tau glial inclusions (Hogg et al., 2003). In most sporadic cases, however, 

astrocyte tau inclusions are 3R tau positive (Irwin et al., 2016a).  

1.1.2 Alzheimer’s disease 

AD is the most common cause of dementia. Dementia due to AD has been proposed to 

contribute to between 60 and 90% of all dementia cases (Prince et al., 2016). Global 

dementia cases are predicted to reach 113 million worldwide by 2050, more than double the 

prevalence today (Nichols et al., 2022). 

Due to the presence of extracellular amyloid-beta (Aβ) plaques that accumulate alongside 

tau deposits, Alzheimer’s disease (AD) is referred to as a secondary tauopathy.  
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1.1.2.1 Genetics of AD 

1.1.2.1.1 Early onset (familial) AD 

Early onset AD (EOAD) affects those younger than 65 years of age and is caused by rare 

genetic mutations and only accounts for approximately 2% of total AD cases (Ott et al., 

1995; Guerreiro et al., 2012). The discovery of the genes conferring this risk has led to a 

greater understanding of mechanisms driving AD. The genetic mutations that cause EOAD 

occur in the APP and PSEN1/2 genes, encoding proteins related to Aβ production and 

deposition (Thambisetty et al., 2013).  

The APP gene is located on chromosome 21q21 and encodes the type 1 transmembrane 

amyloid precursor protein (APP). APP is proteolytically cleaved by α- and -secretases, 

leading to non-amyloidogenic fragments, or by β- and γ-secretases leading to the production 

of varying lengths of Aβ peptides which can be deposited as extracellular amyloid fibrils 

(Thinakaran and Koo, 2008). Over 30 dominant mutations in the APP gene are known to 

cause EOAD, accounting for about 14% of these cases, while two recessive mutations in 

APP have also been reported to cause EOAD (reviewed in (Guerreiro et al., 2012)).  

Most mutations in APP are within the binding domains of secretases, for example the 

Swedish mutation (KM670/67NL) alters β-secretase cleavage efficiency (Mullan et al., 

1992).  Some mutations can also duplicate APP and the surrounding sequence (Guerreiro 

et al., 2012). Moreover, individuals with Down syndrome who have trisomy of chromosome 

21 have an 80% risk of developing AD by the age of 65, showing that there is a gene dosage 

effect (McCarron et al., 2017).  

EOAD is also caused by mutations in PSEN1 and PSEN2, which encode proteins that are 

key components of the γ-secretase complex (Bergmans and de Strooper, 2010). More than 

170 mutations in PSEN1 have been shown to cause EOAD, whereas AD-causing mutations 

in PSEN2 are much rarer (Raux et al., 2005). While these mutations act in a dominant 

fashion, the result is normally a loss of function that may not increase overall Aβ production, 

but instead alter the ratio of toxic and highly amyloidogenic Aβ42 peptides relative to Aβ40 

species (Bergmans and de Strooper, 2010). 

1.1.2.1.2 Late onset (sporadic) AD. 
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Many genetic risk factors for sporadic AD have been identified, particularly from genome-

wide association studies (GWAS) (Escott-Price and Hardy, 2022). In general, confirmed risk 

genes fall into one of three categories: lipid signalling, immune response, and endosomal 

trafficking, the latter including those implicated in synaptic function and apoptosis (Khani et 

al., 2022). Common single nucleotide variation in apolipoprotein E (APOE) are amongst the 

most recognised and significant risk factors for AD. ApoE exists as three isoforms, E2, E3 

and E4, with E3 being the most common in the population. ApoE4 dose dependently 

increases and E2 decreases the risk of developing AD (Slooter et al., 1998). Other genetic 

risk factors, such as TREM2, which influences microglial function and is associated with 

innate immunity functions, have more recently been identified (Bellenguez et al., 2017). 

Variants of the endosomal trafficking gene SORL1 are verified to increase sporadic AD risk, 

with some variants on par with APOE ε4 penetrance (Small et al., 2017). Overall, however, 

it seems that genetic contribution is, thus far, only a modest contributor to overall risk of 

developing AD (Knopman et al., 2021).   

It is worth noting that although tau deposits invariably develop in AD, mutations in the MAPT 

gene are not often sufficient to induce AD pathology, unlike in some other tauopathies (Table 

1.1).  

1.1.2.2 Neuropathology of AD 

Neuropathological evaluation is required to accurately diagnose clinically suspected AD, 

because symptoms can overlap with other types of dementias (see Table 1.1). While 

macroscopic alterations to the brain are clear, including cortical atrophy in limbic lobe 

structures (Perl, 2010), this is not specific to AD. Therefore, microscopic analysis of Aβ and 

tau pathology is required for an accurate diagnosis. This microscopic pathology emerges 

long before clinical symptoms manifest (Aisen et al., 2017), highlighting the need for a 

combination of tools for accurate diagnosis at a disease stage when interventions are likely 

to be most effective. 

The generation of Aβ plaques is synonymous with AD, having been originally described in 

1907 by Alois Alzheimer (Stelzmann et al., 1995). The abnormal processing of APP creates 

small Aβ40 and Aβ42 peptides that fold into beta-pleated sheets which readily form fibrils, 

with A42 being the most fibrillogenic (O’Brien and Wong, 2011). These fibrils are deposited 

as extracellular plaques, which are most commonly described as being either diffuse or 
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having a dense core (neuritic), and which are readily distinguished using congophilic dyes, 

or more accurately by anti-Aβ peptide antibodies (Figure 1.1a-b).  

A plaques appear in a stereotypical regional pattern as disease progresses, and attempts 

were made by Heiko and Eva Braak to stage this process (Braak and Braak, 1997). This was 

then refined by more sensitive staining for Aβ plaques and divided in to five phases (Thal et 

al., 2002). Phase 1 involves the neocortex, moving into the allocortex in phase 2, the striatum 

and other subcortical nuclei in phase 3, and some Aβ deposits in the brainstem in phase 4 

and further into the cerebellum in phase 5. Aβ deposition in the temporal lobe is common in 

phases 1-4.  

 

Figure 1.1   Hallmark plaque and tau neurofibrillary tangle pathology in AD. 

Immunohistochemistry of human AD brain sections labelled with antibodies against Aβ and 

showing (A) diffuse and (B) dense core/neuritic Aβ plaques. (C-D) show neurofibrillary pathology 

with intracellular pre-tangles of misfolded tau (arrow heads), which can mature to dense 

neurofibrillary tangles containing bundles of cross-linked tau filaments in the soma, axon and 

dendrites (arrows). Black scale bar = 40 µm. Figure adapted from Fig. 2 and Fig. 4 of Deture and 

Dickson (2019).   
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A definitive AD diagnosis also requires the detection of neurofibrillary tau. Neurofibrillary 

tangles (NFTs) are intracellular bundles of highly phosphorylated and aggregated tau fibrils 

organised as paired helical filaments (PHFs) or straight filaments (SF) (Crowther, 1991a), 

which share the same protofilament seed competent core (Fitzpatrick et al., 2017). These 

can be observed in neuronal soma as well as axon and dendrites, known as neuropil threads. 

A pre-tangle stage can be observed in which misfolded tau that has not yet aggregated 

accumulates (Deture and Dickson, 2019) (Figure 1.1c-d). The morphology of neurofibrillary 

tangles can vary, and this is generally related to the cell type affected (Perl, 2010). Once a 

neuron dies under the burden of the aggregated tau, they give rise to “ghost tangles” in 

which the tau pathology remains in the absence of a discernible cell (Deture and Dickson, 

2019). The remaining insoluble tau filaments can interact with extracellular proteins including 

Aβ and neighbouring glial cells.  

Like Aβ, tau follows a spatial and temporal pattern of tau deposition. This is known as Braak 

staging (Braak and Braak, 1991), with refinements (Braak et al., 2011) (Figure 1.2c). 

Essentially, in early stage 1 neurofibrillary tangle deposition is first observed in the entorhinal 

cortex, particularly affecting pyramidal cells, spreading to the anterodorsal nucleus of the 

thalamus in stage 2. There is minimal involvement of the hippocampus or isocortex at this 

stage but the CA1 region of the hippocampus, pyramidal neurons of the subiculum and basal 

forebrain harbour pathology in Stage 3. In Stage 4, more NFT deposition is seen in CA1 but 

also CA4, and further the amygdala and some of the putamen and accumbens nucleus are 

affected. In these stages 3 and 4, previous affected areas show more dense pathology. In 

Stage 5, most of the hippocampus is affected, as well as broad areas of the isocortex. Finally, 

at Stage 6 all previously affected areas show dense tau burden, with some pathology also 

observed in the primary motor and sensory cortices, and greater areas of the thalamus, 

hypothalamus and substantia nigra. It is worth noting that the updated analysis by Heiko 

Braak and colleagues suggests that tau pathology in sporadic AD cases may begin earlier, 

possibly in the lower brainstem (Braak et al., 2011).  

Interestingly, a more recent study in large cohorts suggest this may be more complex, with 

four dominant spread patterns discovered in AD cases that depend on factors such as age 

and APOE genotype (Vogel et al., 2021). Further investigation is required to determine the 

other cellular and molecular factors that determine tau spread patterning in AD.  
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Interestingly, the deposition of neurofibrillary tangles correlates strongly with clinical 

progression of the disease, but neuronal loss continues to increase after the number of 

neurofibrillary tangles has plateaued (Gómez-Isla et al., 1997). This is in contrast to Aβ 

burden, which does not appear to correlate well with clinical outcome (Giannakopoulos et 

al., 2003)(Hanseeuw et al., 2019). In fact, synapse loss, which precedes neuronal loss 

(Scheff et al., 2006), is the best correlate of cognitive decline (Forner et al., 2017).  

Neuropathological studies have also observed a correlation between AD pathology and the 

presence of activated microglia and astrocytes. Both cluster in the vicinity of Aβ plaques 

(Itagaki et al., 1989), with activated microglia and astrocytes are observed in these regions 

[(Heneka et al., 2015) (Fig. 2b, d)]. Not only this, but the presence of reactive astrocytes 

positively correlates with neurofibrillary tangle burden and disease progression (Serrano-

Pozo et al., 2011b). Microglia activation may happen early in disease, whereas astrocyte 

reactivity may occur during later stages, indicating a dynamic and evolving contribution to 

disease progression that may correlate with Aβ and tau burden (Vehmas et al., 2003) 

1.1.2.3 Amyloid cascade hypothesis 

Neuronal and synaptic loss, and therefore clinical symptoms, are best correlated with the 

accumulation of modified forms of tau protein (Serrano-Pozo et al., 2011a), including 

phosphorylated tau oligomers (Perez-Nievas et al., 2013). The mechanisms connecting the 

accumulation of Aβ plaques and tau tangles are not well understood. As AD-causing 

mutations affect A production and Aβ deposition can precede the appearance of tau 

tangles, it was proposed that Aβ was upstream of tau changes in AD by (Hardy and Higgins, 

1992) in the ‘amyloid cascade hypothesis’. Essentially, it was hypothesized that increased 

A production led to changes in glial activation and tau modifications that cause neuronal 

cell death. While the hypothesis has undergone many revisions over the years, including by 

its authors (Selkoe and Hardy, 2016), it is considered by some to have hindered research 

into other areas and even to be responsible for failed clinical trials. Recent efforts are now 

focussed on investigation of newly discovered risk genes and environmental triggers (Frisoni 

et al., 2022). Whether initiated independently or as part of a cascade, the two pathological 

systems associated with these proteins still interact at different levels in the brain. For 

example, there is evidence of converging pathogenic mechanisms at the synapse that 

involve both Aβ and tau (Spires-Jones and Hyman, 2014). Overall, it seems clear that the 
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downstream repercussions of both Aβ and tau accumulation cannot act in isolation. The 

complexity of interactions between these pathogenic mechanisms still needs refining. 

 

Figure 1.2 Tau pathology spread in tauopathy brains. 

Figures illustrate the spatial-temporal distribution of aggregated tau in the three main tauopathies 

studied in this thesis. lighter colour = later involvement, shown in medial and lateral views.  (a) Tau 

progression in PSP has seven stages. Stage 0/I, pallido‑luyso‑nigral axis shows tau burden. Stage 

II/III, tau invades basal ganglia, dentate nucleus and pedunculopontine nucleus. Stage IV/V, tau 

reaches frontoparietal and temporal lobes. Stage VI/VII, occipital cortices, substantia nigra, 

subthalamic nucleus and globus pallidus are involved. (b) Tau progression in PiD has four stages. 

Stage I, tau is deposited in the angular gyrus, limbic and frontotemporal regions. Stage II/III 

involves white matter tracts, subcortical structures (thalamus, striatum), 

serotonergic/noradrenergic brainstem nuclei, primary motor cortex and pre‑cerebellar nuclei. 

Stage IV, tau enters visual cortex and cerebellar. (c) Tau progression in AD has six stages. Stage 

I/II, tau is deposited in transentorhinal area. Stage III/IV, severe involvement of entorhinal, 

hippocampus and limbic areas. Stage V/VI, tau pathology emerges in primary and secondary 

neocortex. Below in purple is Braak staging, darker colour = higher density of tau pathology. Amyg 

= Amygdala; EC = Entorhinal cortex; CA1 = Cornus ammonis 1 hippocampal subfield; Cg = 

Cingulate cortex; Prec = Precuneus; 4 = Primary motor cortex; 3-1-2 = Primary sensory cortex; 

17 = Primary visual cortex; 18 =Associative visual cortex. Figures adapted from   Serrano-Pozo et 

al. (2011a); Zhang et al. (2022)
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Table 1.1 Summary of key characteristics of primary tauopathies  

The main clinical manifestations, genetic causes, tau aggregate isoform composition and affected brain regions in major tauopathies.  

PiD, Pick’s disease; PSP, progressive supranuclear palsy; CBD, corticobasal degeneration; AGD, argyrophilic grain disease; GGT, globular glial tauopathy; 

ARTAG, age-related tau astrogliopathy; AD, Alzheimer’s disease; PART, primary age-related tauopathy; CTE, ftld; 3R, 3-repeat tau; 4R, 4-repeat tau. 

Disease PiD PSP CBD AGD GGT ARTAG AD PART CTE 

Common 

clinical 

symptoms 

Aphasia, several 

behavioural 

changes 

including and 

personality 

changes, 

cognitive 

changes at later 

stages of disease. 

Balance and motor 

deficits, dysphagia 

and aphagia. 

Motor problems 

(often one-sided), 

aphagia, 

dysphagia. 

Amnestic mild 

cognitive 

impairment 

often 

accompanied 

by 

neuropsychiat

ric symptoms. 

Behavioural 

changes, 

mood swings, 

short-term 

memory loss. 

Often no cognitive 

impairment or 

dementia related 

symptoms. Focal 

pathology may 

correlate with 

specific deficits, 

especially in the 

presence of co-

pathology.  

Dementia; 

progressive 

episodic memory 

deficits; 

navigational and 

multi-tasking 

difficulties; 

diverse 

behavioural and 

personality 

changes. 

Associated 

with cognitive 

impairment 

and mild AD-

like 

symptoms.  

Behavioural 

changes, mood 

swings, short-term 

memory loss. 

MAPT 

cause/risk 

Mostly sporadic; 

MAPT mutations 

(exon 9, 10, 11, 

12, 13 and intron 

9, 10). 

Mostly sporadic,  

H1/H1c MAPT 

haplotype increases 

risk; 

MAPT mutations 

(exon 1, 10, and 

intron 10); 

Mostly sporadic; 

H1 MAPT 

haplotype 

increases risk;  

MAPT mutations 

(exon 10, 13 & 

intron 10); 

H1 MAPT 

haplotype 

may increase 

risk; 

MAPT 

mutations 

(exon 10) 

H1 MAPT 

haplotype;  

MAPT 

mutations 

(exons 1, 10, 

11, intron 10). 

Depending  on 
sub-type and 
classification 

Mostly sporadic; 

APP, PSEN1, 

PSEN2; 

No MAPT 

mutations 

Depending on 
sub-type and 
classification 

Unknown (external 

causes) 

Tau inclusion 

isoforms 

3R 4R 4R 4R 4R 4R 3R & 4R 3R & 4R 3R & 4R 
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Affected brain 

regions  

 

Frontal and 

temporal 

cortices. 

Precentral cortex, 

subcortex (globus 

pallidus, substantia 

nigra, pontine 

nuclei, subthalamic 

nuclei). 

Frontal and 

temporal 

cortices. 

Medial 

temporal lobe. 

Frontal, 

precentral 

and/or 

temporal 

cortices. 

Grey and/or white 

matter, 

perivascular, 

subpial, 

subependymal. 

Entorhinal cortex 

and 

hippocampus, 

spreading to 

most regions 

except the 

cerebellum. 

Entorhinal 

cortex, 

hippocampus. 

Begins focally at 

depths of cerebral 

sulci, spreads 

widely to frontal 

temporal lobes. 

References (Forrest et al., 

2018, 2019); 

(Dickson, 2001; 

Dickson et al., 

2011; Josephs et 

al., 2011; Ferrer 

et al., 2014). 

(Forrest et al., 

2018, 2019); 

(Cairns et al., 2007; 

Kovacs and Budka, 

2010). 

(Forrest et al., 

2018, 2019); 

(Dickson et al., 

2011; Ling et al., 

2016). 

(Forrest et al., 

2018, 2019); 

(Botez et al., 

1999; Saito et 

al., 2004). 

(Forrest et al., 

2018, 2019); 

(Ahmed et al., 

2013). 

(Forrest et al., 

2018, 2019); 

(Kovacs et al., 

2016; Kovacs, 

2018). 

(Guerreiro et al., 

2012); (Braak 

and Braak, 1991; 

Braak et al., 

2011). 

(Forrest et al., 

2018, 2019); 

(Crary et al., 

2014; Jellinger 

et al., 2015). 

(Forrest et al., 

2018, 2019); (Stein 

et al., 2014; McKee 

et al., 2015, 2016). 
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1.2 Tau 

Tau is a microtubule associated protein, present in high amounts in the axons of neurons 

(Aronov et al., 2001), but that is also present in dendrites, both pre- and post-synaptic 

compartments (Ittner et al., 2010; Frandemiche et al., 2014) and within the nucleus (Loomis 

et al., 1990). Glial cells, including astrocytes, also express tau in humans, albeit at lower 

levels than neurons (Zhang et al., 2014; Darmanis et al., 2015; Seiberlich et al., 2015; 

McKenzie et al., 2018).  

1.2.1 The MAPT gene and tau spicing 

Tau is encoded by the MAPT gene on chromosome 17q21. It comprises 16 exons, with 

exons 0 and 14 not being translated. Exons 4A, 6 and 8 are expressed only in the peripheral 

nervous system (Wang and Mandelkow, 2016). In the brain, the remaining exons (2, 3 and 

10) undergo alternative splicing to generate six isoforms defined by the number of amino-

terminal domains (N), encoded by exons 2 and 3, and by the number of carboxyl-terminal 

repeat domains (R), encoded by exon 10. This generates tau isoforms that are known as 0N, 

1N or 2N if they have 0, 1 or 2 N inserts respectively, and 3R or 4R depending on whether 

exon 10 is included (Figure 1.4a).  

Tau splicing is regulated by developmental stage and tissue type, which determines isoform 

expression that is highly variable (Andreadis, 2005). The 2N isoforms are relatively 

underrepresented in the human CNS, comprising just 9% of tau isoforms compared to 37% 

and 54% of 0N and 1N isoforms respectively (Goedert and Jakes, 1990), but are prevalent 

in skeletal muscle (Wei and Andreadis, 1998). Generally, 3R and 4R isoforms are equally 

present in the human cortex (Goedert and Jakes, 1990), but their ratio varies according to 

brain and cell type (Goedert et al., 1989b), and this variation may play a role in region and 

cell type vulnerability to tau spread. Interestingly, the ratio of tau isoforms varies between 

species. For example, 3R tau is underrepresented in mice to the extent that it is only 

transiently expressed early in mouse development (Kosik et al., 1989; Llorens-Martin et al., 

2012). 
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1.2.2 Functions of tau 

Tau was originally identified as being crucial for microtubule stabilisation (Weingarten et al., 

1975). It is therefore key for reorganisation of the cytoskeleton and without such can lead to 

neuronal death (Feinstein and Wilson, 2005).  Tau is now noted to play a role in other 

important physiological functions (Figure 1.3) such as axonal transport by competing with 

motor proteins kinesin and dynein for microtubule binding, altering protein transport speed 

along microtubules (Dixit et al., 2008). It can also reduce the number of motors that interact 

with cargoes, inhibiting their transport in axons (Stamer et al., 2002), as well as by acting as 

cargo itself (Konzack et al., 2007), Utton et al. 2005). However, axonal transport in mice is 

unaffected by tau deletion or overexpression, suggesting there may be compensatory 

mechanisms in place in vivo (Yuan et al., 2008).  

 

Figure 1.3  Functions of tau in neurons of the CNS.  

In physiological environments, tau is mainly located in axons and plays an important role in 

stabilising microtubules and regulating axon transport, protecting DNA and RNA in the nucleus, 

and potentially having a physiological role in synaptic compartments. Figure adapted from Fig.3 

of Wang and Mandelkow (2016). 
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Tau is also implicated in the formation of axons, where tau knockdown had been shown to 

inhibit neurite outgrowth in vitro (Yuan et al., 2008), and overexpression can induce long 

cellular processes even in non-neuronal cells (Knops et al., 1991). Tau is present in dendrites 

in physiological conditions, and synaptic activity has been shown to allow the trafficking of 

endogenous tau to excitatory post-synaptic compartments (Frandemiche et al., 2014). It is 

now postulated that tau may have a physiological role at the synapse (Robbins et al., 2021).  

Tau is also found in the nucleus, and there is evidence it may be important for both DNA and 

RNA protection (Sultan et al., 2011; Violet et al., 2014). Other tau functions, such as 

regulating neuronal activity (DeVos et al., 2013), have been inferred by disease mouse 

models or tau knockdown models, but whether these translate into physiological functions 

remains unclear (Wang and Mandelkow, 2016). Tau knockout mouse models show no overt 

phenotype except altered microtubule organisation, which may be as a result of 

compensation by MAP1A (Harada et al., 1994). 

 



Introduction 

33 

 

Figure 1.4 Tau isoforms, protein domains and folding dynamics.  

(a) The human MAPT gene encodes 6 tau isoforms that are translated from 16 exons. Those 

indicated in dark grey are not translated as either part of the 5’ untranslated region (exon 0), or 

only in the peripheral nervous system (exons 4a; 6; 8). Exons 2, 3 and 10 are alternatively spliced 

in the CNS to determine the 6 tau isoforms.  The translated tau protein can be divided into an N 

terminal region (N), proline rich domain (PRD, microtubule binding domain (MTBD) and C-

terminus (C). (b) Functionally, the microtubule assembly domain contains the MTBD and C 

domains and this binds to and stabilises microtubules. This region contains PHF6 and PHF6* that 

are implicated in aggregation. The projection domain projects away from the microtubules. The 

proline rich area in between contains many Thr-Pro and Ser-Pro motifs that are targets of many 

kinases, and hence this region becomes hyperphosphorylated in AD and other tauopathies. Many 

well characterised phosphorylation dependent antibodies associated with tau aggregation, such 

as AT8, target this region. Many mutations in tau are around the repeat domains (R1-4) (exons 

9-12). (c) Tau monomers in solution do not have a stable conformation but can form transient 

paperclip like structures (left) which may protect from aggregation. Tau binds microtubules with 

the microtubule assembly domain section (right), while the projection domain extends away.   
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1.2.3 Tau protein structure 

The tau protein is a polyelectrolyte – containing both negatively charged and positively 

charged domains, as well as being hydrophilic and thus very water soluble (Wang and 

Mandelkow, 2016; Zeng et al., 2021). This allows it to bind multiple targets and have various 

functions as described in the previous section. It has four distinct domains (Figure 1.4b), a 

proline rich domain (PRD) and a microtubule binding domain (MTBD) flanked by N and C 

terminal domains. 

The N-terminal residues (1-150) of tau are key for its subcellular localisation (Paholikova et 

al., 2015), and for interactions with plasma membranes (Pooler et al., 2013). The PRD has 

seven Pro-X-Pro (PXXP) motifs which easily bind to Src homology-3 (SH3)-containing 

proteins, including protein kinases such as Fyn (Usardi et al., 2011). In this domain tau also 

binds protein encoded by the AD risk factor gene BIN1 at its SH3 domain at proline-216 

(Glennon et al., 2020), as well as a diverse array of proteins that likely have roles in tau 

signalling functions (Guo et al., 2017).  

As the name suggests, the MTBD of tau is key for its role in stabilising microtubules 

(Weingarten et al., 1975), mediated by sequences in the domains themselves (Sillen et al., 

2007) as well as the sequences that separate these domains (Mukrasch et al., 2007b), which 

likely accounts for varying tau isoform affinities for microtubules. Moreover, the MTBD of tau 

can also interact with actin in parallel with microtubules (Elie et al., 2015), allowing for a 

bridge and possible coordination between cytoskeletal components.  

The C-terminal domain may be key for maintaining a physiological conformation of tau, 

whereas mutations in this area exert conformational effects, and therefore alter access of 

kinases and phosphatases to phosphorylation sites (Connell et al., 2001).  

Tau isoforms, and therefore monomer length, depend on alternative splicing of N-terminal 

repeats and MTBDs. Early experiments have suggested that tau monomers do not have a 

well-defined three-dimensional shape (Zeng et al., 2021). However, motifs within tau can 

increase propensity to take on secondary structures (Mukrasch et al., 2007a), that may be 

transient or residual. The PHF6 and PHF6* motifs (highlighted on Figure 1.4b), for example, 

readily adopt β-sheet strands, with implications for tau aggregation (von Bergen et al., 2000) 

(Section 1.3.3). Even so, tau can still form electrostatic interactions between domains, with 



Introduction 

35 

fluorescence resonance energy transfer (FRET) techniques revealing these between the C-

terminal domain and both MTBD and N domains, allowing tau, at least transiently, to adopt 

a compact paperclip like structure in solution (Jeganathan et al., 2006) (Figure 1.4c).  

The tau protein can also be divided into two major domains based on its microtubule function: 

The microtubule assembly domain at the C-terminal end, and the N-terminal projection 

domain (Figure 1.4b). The assembly domain is neutral and therefore able to bind 

microtubules (Lee et al., 1989). The projection domain is acidic, projects away from the 

microtubules and is important for microtubule spacing in dendrites and axons (Chen et al., 

1992). In between is a proline rich region which is targeted by many proline-directed kinases 

such as GSK (Glycogen synthase kinase) 3β and CDK5, both of which are implicated in the 

development of tau pathology (Pei et al., 1997; Cruz et al., 2003), and able to phosphorylate 

multiple sites in tau (Guo et al., 2017).  

1.3 Tau in disease 

1.3.1 MAPT mutations and polymorphisms 

The first mutation identified in MAPT by Hutton et al. (1998) demonstrated that mutations in 

tau cause forms of dementia. Since then, sixty-five MAPT mutations have been discovered, 

including those that affect the splicing of exon 10, potentially disrupting the balance of 3R 

and 4R isoforms and thus increasing the propensity of tau to aggregate (Goedert et al., 

2021). 

Risk of tauopathies is also conferred by MAPT haplotypes, in which a 900 kb inversion (H1) 

or noninversion (H2) (Stefansson et al., 2005) of part of the MAPT sequence can influence 

disease risk. H1 inheritance has been identified as a risk factor for PSP, Parkinson’s disease 

(PD), CBD and amyotrophic lateral sclerosis (ALS) (Baker et al., 1999; Di Maria et al., 2000; 

Zappia et al., 2003; Ma et al., 2018). It does not change risk for PiD (Morris et al., 2002), 

highlighting differences in disease mechanisms between tauopathies. The H2 haplotype is 

associated with higher expression of exon 3-containing tau isoforms (coding for N-terminal 

insert) in grey matter (Caffrey et al., 2008), suggesting that inclusion of the second N-

terminal insert may confer the protection against disease observed in H2 haplotype carriers. 

Indeed, tau isoforms that contain the translated exon 3 have shown reduced aggregation 

kinetics in vitro (Zhong et al., 2012).  
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As mentioned previously, mutations in MAPT that cause familial forms of FTLD-Tau, either 

alter tau splicing or increase its propensity for aggregation. Many disease-causing mutations 

are clustered around exons 9-12 that encode the microtubule bring repeats R1-4, including 

intronic mutations around exon 10, and a small number in exon 13 (Goedert et al., 2021). 

These mutations affect the splicing of tau, altering 3R:4R ratios.  These may also impact tau 

aggregation, since 4R tau is kinetically favourable for aggregation in vitro (Zhong et al., 

2012).  

While many mutations in and around exon 10 impact splicing, some can also affect tau at 

the protein level, such as P301L, P301S and P301T mutations that have been key for 

generating mouse models of tauopathies (Ramsden et al., 2005). There have been some 

suggestions for how these mutations might increase tau aggregation. Wild-type tau is 

proposed to aggregate less efficiently because the PHF6 motif is shielded by adjacent 

regions (Mirbaha et al., 2018), and indeed the P301L mutation was shown to disrupt this 

shielding (Chen et al., 2019), inducing a seed competent form of tau monomer that may 

explain the aggregation propensity of this type of tau. Tau with mutations in this region also 

have reduced affinity for microtubules (Barghorn et al., 2000), increasing tau monomer 

availability for aggregation. These mechanisms may explain how some primary tauopathies 

can develop, but they do not account for the mechanisms underlying tau aggregation in 

sporadic tauopathies, especially in AD for which no MAPT mutations are associated. 

1.3.2 Post-translation modifications of tau 

The specific mechanism by which tau monomers form ordered tau filaments in tauopathies 

is not completely understood. However, multiple drivers of tau aggregation have been 

identified that alone or in combination may contribute to these pathogenic conformations. 

This may be explained, at least in part, by the fact that tau undergoes multiple 

posttranslational modifications (PTMs) including phosphorylation, acetylation, glycosylation, 

glycation, deamidation, isomerisation, nitration, methylation, ubiquitination, sumoylation and 

truncation (Wang and Mandelkow, 2016; Goedert et al., 2021). Some of these, such as N-

glycosylation, may suppress tau dephosphorylation, and may help to maintain and stabilise 

PHF structure (Wang et al., 1996).  Acetylation has been shown to reduce degradation of 

phosphorylated tau in a tauopathy mouse model (Min et al., 2010), and acetylation at K280 

impacts the functions of tau in microtubule assembly and enhances aggregation in vitro (Haj-
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Yahya and Lashuel, 2018). These various posttranslational modifications, alone or in 

combination, may drive tau aggregation during disease. 

The most well characterised modification of tau is phosphorylation. Tau has over 85 potential 

sites for phosphorylation in its longest 2N4R isoform (Hanger et al., 2009). Tau 

phosphorylation is not only a feature of disease, but is crucial for its function, with 

phosphorylation sites in the MTBDs (Drewes et al., 1995) and PRD (Biernat and Mandelkow, 

1999) altering binding to microtubules as well as neuronal membranes (Pooler et al., 2012). 

In line with this, tau is phosphorylated throughout development, with evidence of tau 

phosphorylation in human fetal brain tissue that may even result in the formation of non-toxic 

aggregates, likely owing to the fact the phosphorylation pattern was observed to differ from 

that found in AD brain (Hefti et al., 2019). After birth, tau phosphorylation is reduced (Yu et 

al., 2009), and phosphorylation changes have also been linked to other physiological 

processes in mammals such as hibernation (Su et al., 2008). 

Hyperphosphorylation of tau is invariably observed in AD, is seen to precede aggregation, 

and has therefore long been considered a causative mechanism (Kim et al., 1988). Up to 50 

tau sites are known to be phosphorylated in AD (Hanger et al., 2007; Giacomini et al. 2018). 

17 Thr-Pro or Ser-Pro motifs are hyperphosphorylated in tauopathies, and many disease-

associated antibodies including AT8 target these motifs (Figure 1.4b) (Gandhi et al., 2015). 

Because phosphorylation is important for the normal physiological function of tau, such as 

binding to microtubules, changes can have downstream consequences for both aggregation 

and normal cellular function (discussed in Section 1.3.6). 

In PSP and CBD, differences in tau phosphorylation compared to AD have been noted, 

where prepared tau fibrils from postmortem brain less readily react with phosphorylated tau 

antibodies and may indicate a comparatively reduced level of phosphorylation (Wray et al., 

2008). Recently, tau phosphorylated at serine 208 was seen to strongly associate with 

neurofibrillary tangles in AD but not as clearly with tau aggregates in tufted astrocytes of PSP 

or astrocytic plaques in CBD (Xia et al., 2020). While phosphorylation profiles may vary, PSP 

tau is still labelled by common AD phospho-tau antibodies, and these label aggregates 

across different tauopathy brain (Xia et al., 2021). 

There are also differences in post-translational modifications of pathogenic tau among cases 

within the same tauopathy. An analysis of an AD cohort found greatly variable 
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phosphorylation of soluble, oligomeric and seed competent tau, and found that 

phosphorylation of tau at specific sites correlated with higher tau seeding activity in vitro as 

well as worse clinical outcomes (Dujardin 2020). A study of a larger cohort (Wesseling et al., 

2020) found that phosphorylation at specific sites correlated with soluble tau low molecular 

weight species, whereas oligomeric high molecular weight tau showed 20 distinguishing 

phospho-sites as well as acetylation and ubiquitination sites in the MTBDs, the latter two of 

which were unique to seed competent tau. They also showed that C-terminal cleavage is 

common in aggregated tau. Further, they notice that the proline rich region of insoluble tau 

aggregates accumulated more phosphorylation as a function of tau fibril size, whereas at the 

microtubule binding domain tau is acetylated and ubiquitinated and these features positively 

correlated with fibril size. The result is an increased negative charge in the proline rich region 

and decreased positive charge in MTBD, which would increase the ability of tau to misfold 

and aggregate. Interestingly, another study comparing PTMs in CBD and AD tau saw that 

there were both overlap and distinct PTM profiles (Arakhamia et al., 2020).   

In addition, liquid-liquid phase separation (LLPS), a process by which membrane-less 

organelles form, is now thought to be important in protein aggregation in some 

neurodegenerative diseases and is especially linked to C9orf72-linked amyotrophic lateral 

sclerosis (ALS) and frontotemporal dementia (FTD) (Solomon et al., 2021). For full length 

tau, even without a low-complexity domain which is a key mediator of interactions for LLPS, 

phase separation has been observed via electrostatic interactions and hydrophobic 

interactions (Boyko et al., 2019; Lin et al., 2020). Although the body of evidence suggests 

this mechanism is certainly not necessary for tau aggregation, it may influence or work in 

parallel to enhance overall tau fibril formation (Goedert et al., 2021). 

1.3.3 Tauopathy filament structures 

In Alzheimer’s disease, it has long been observed that tau inclusions are formed of paired 

helical filaments (PHF) as well as straight filaments (SF) (Terry, 1963; Yagishita et al., 1981), 

that were suspected to contain an ordered core (Crowther, 1991b). For other tauopathies 

for which MAPT mutations are implicated, initial evidence suggested the molecular structure 

of tau fibrils differs from AD (Crowther and Goedert, 2000).  Advances in electron 

microscopy (EM), through the advent of Cryo-EM, have allowed for the structure of tau 

filaments from post-mortem tissue to be resolved at incredibly high resolution. This work has 

since been able to confirm that PHF and SF are indeed structural variants as once proposed 
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(Crowther, 1991b), both sharing identical protofilament cores comprising residues 306 - 378 

(Fitzpatrick et al., 2017).  Further, this group has now been able to distinguish distinct folds 

in different tauopathies that match remarkably well with confirmed diagnosis (Shi et al., 

2021).  

Other tauopathies present distinct tau fibril folds (Figure 1.4). Some, such as AD and primary 

age-related tauopathy (PART) share a common tau fold that contain R3 and R4 MTBDs, and 

thus are composed of both 3R and 4R tau. Pick’s disease fold contains R1 MTBD, and not 

R3, hence its association with 3R tau.  Other tauopathies are composed of just 4R tau 

filaments with the R3 MTBD. Some, such as globular glial tauopathy (GGT), show evidence 

of more than one fold that may distinguish previously unknown subtypes (Shi et al., 2021). 

These researchers also found a PSP case that displayed a different tau fold (named GGT-

PSP-Tau (GPT) fold – see Figure 1.5) from both typical and atypical PSP, potentially 

representing a new subtype they termed ‘limbic-predominant neuronal inclusion body 4R 

tauopathy’ (LNT), because of its distinct 4R tau pathology in those regions. It remains to be 

seen if other LNT cases exist, but this demonstrates the ability of structural techniques to 

distinguish between pathologies, and this work provides strong evidence that tau filament 

structures are a strong determinant of disease type.  

This high resolution of protein structure has now afforded insight into how the tau protein is 

able to fold into various core structures to form different filament structures. There are two 

hexapeptide motifs (PHF6 and PHF6*) at the beginning of the R2 and R3 regions of tau that 

have a propensity to form β-sheets and were once proposed as key for the assembly of tau 

into ordered filaments (Von Bergen et al., 2000). Indeed, at least one of these appears in the 

folded cores of all tau filaments identified to date (Shi et al., 2021). 4R tau contains two of 

these motifs, and 3R tau just one, and this may go some way to explain the propensity of 4R 

tau to aggregate (Zhong et al., 2012).   
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Figure 1.5  Tau protein filament classification.  

Structural representation of core tau folds in tauopathies, grouped by the tau isoform (3R or 4R) 

included in the filament. Thick arrows represent the β-sheet strands, coloured to indicate the 

microtubule binding repeat (R1-4) from which they are derived. The part of the tau protein involved 

in each fold is indicated (top left of each section), with the light grey section representing the C-

terminal domain. Black dots represent unknown (non-tau) internal densities found in some folds. 

Structural representations and classifications were adapted from Shi et al. (2021).The fold for the 

newly discovered PSP variant (LNT) was dubbed the ‘GPT’ fold by Shi and colleagues for its 

similarity to both PSP and GGT folds.  

AD, Alzheimer’s disease; FBD, Familial British Disease; FDD, Familial Danish Disease; PART, 

primary age-related tauopathy; CTE, chronic traumatic encephalopathy; PiD, Pick’s disease; 

CBD, corticobasal degeneration; AGD, argyrophilic grain disease; ARTAG, age-related tau 

astrogliopathy; PSP, progressive supranuclear palsy; GGT, globular glial tauopathy; LNT limbic-

predominant neuronal inclusion body 4R tauopathy.  
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1.3.4 Tau release and spread 

It has long been observed that tau aggregates deposit in a predictable spatiotemporal 

pattern throughout tauopathy brain (Braak et al., 2011) that correlate well with clinical 

manifestations (Brier et al., 2016). The mechanisms of tau spread are still being elucidated, 

but there is clear evidence of a prion like mechanism of tau spread, where tau aggregates 

are released from a donor neuron and these can act as seeds to propagate tau monomers 

that can be internalised by or otherwise influence recipient cells (Jucker and Walker, 2018). 

Several mechanisms have been proposed to regulate these two phases of tau spread– 

release and uptake. 

1.3.4.1 Tau release 

While pathogenic tau fibrils may be transferred between neurons via tunnelling nanotubes 

that can link neurons (Tardivel et al., 2016), there is also a body of evidence demonstrating 

the existence of extracellular tau. Early studies have shown that endogenous tau can be 

released from neurons in healthy physiological conditions, using a rat cell culture model 

(Pooler et al., 2013) that built on previous evidence of tau molecules released into 

extracellular spaces in vitro (Karch et al., 2013) and in vivo (Yamada et al., 2011). C-

terminally truncated tau fragments have also been measured in the media of human and 

rodent cultured neurons (Kanmert et al., 2015), as well as AD patient derived neurons (Bright 

et al., 2015).  

Extracellular tau can also be associated with extracellular vesicles such as exosomes (Pooler 

et al., 2013; Kanmert et al., 2015) and these can be longer fragments that are seed 

competent (Guix et al., 2018), as well as being highly phosphorylated (Saman et al., 2012), 

but seed incompetent tau species have also been observed in vesicles (Fontaine et al., 

2016). This highlights the lack of consistency in knowledge of this mechanism. Exosomes 

are implicated as mechanisms of tau spread, especially since transgenic mouse models have 

shown that highly phosphorylated tau released in exosomes can seed tau aggregation 

(Polanco et al., 2016), and further that inhibiting exosome production can halt tau spread in 

(Asai et al., 2015). However, Chai et al. (2012) showed that full length tau can be released 

at low levels by a mechanism that cannot be blocked by inhibitors of conventional secretory 
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pathways, and more recently others showed that phosphorylated oligomeric tau can cluster 

at membranes and be released through the plasma membrane in a process mediated by 

heparan sulphate proteoglycans (Merezhko et al., 2018), indicating other potential 

mechanisms of release for tau.  

Tau release is also linked to synaptic activity. Tau release is enhanced by stimulated neuronal 

activity in vitro (Pooler et al., 2013; Wang et al., 2017), and in vivo (Yamada et al., 2014). 

Furthermore, optogenetic and chemical stimulation of transgenic mouse neurons enhanced 

tau spread from donor neurons, causing increased tau pathology in connected neurons in 

vivo (Wu et al., 2016). Similar optogenetic and chemical stimulation of neuronal activity in 

drosophila showed that phosphorylated human tau is preferentially released compared to 

relatively unphosphorylated tau species (Ismael et al., 2021). Similarly, in organotypic brain 

slice cultures, tau release under basal conditions was increased in slices prepared from 

3xTg-AD mice, however stimulation with KCl induced further tau release from wild-type but 

not transgenic slices (Croft et al., 2017). These data indicate that different species of tau 

may be released by different mechanisms. 

1.3.4.2 Tau uptake 

Evidence indicates that cells, including neurons, readily internalise aggregated tau seeds. 

HEK293T cells were shown to internalise and allow seeding of different conformations of 

aggregated tau that enter through macropinocytosis (Falcon et al., 2015).  Tau uptake may 

be mediated by a group of proteoglycans known as heparan sulfate proteoglycans (HSPGs) 

that are well conserved and expressed on the surface of neurons as well as other cell types 

of the brain (Turnbull et al., 2001; Sarrazin et al., 2011). These can interact with protein 

aggregates including recombinant tau fibrils on the surface of primary neurons, mediating 

their uptake in a process also indicated to be by macropinocytosis (Holmes et al., 2013). 

Furthermore, tau internalisation in human iPSC-derived neurons was seen to be regulated 

by 6-0 sulfation patterns on HSPGs (Rauch et al., 2018), presenting a potential mechanism 

for cell specific vulnerability to tau uptake. This may be mediated by the cell surface receptor 

low-density lipoprotein LRP1, which has been found to interact with HSPGs to mediate Aβ 

clearance in AD (Kanekiyo and Bu, 2014; Liu et al., 2017), at least in astrocytes. Knockdown 

of LRP1 was shown to block the uptake of both monomeric and oligomeric tau, as well as 

sonicated tau fibrils, in human neuroglioma cells (Rauch et al., 2020).  
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1.3.5 Models of tau spread and propagation 

There is a body of evidence from in vivo models to show that tau spreads and propagates in 

a prion-like way. The first evidence for this was obtained from a transgenic mouse model 

expressing mutant human (P301L) FTLD-causing tau, expression of which was restricted to 

layer II neurons in the entorhinal cortex. Tau aggregated in these cells and was subsequently 

found to spread trans-synaptically via the perforant pathway to non-mutant tau expressing 

cells in the hippocampus and other connected regions as the mice aged (de Calignon et al., 

2012; Liu et al., 2012). 

Tau inclusions with specific filament structure may determine neuronal vulnerabilities and 

impact tau spread and resulting pathology (Clavaguera et al., 2013). In a mouse model that 

expresses human wild-type 3R and 4R tau isoforms in appropriate ratios, He and colleagues 

recapitulated the same disease associated cell type pathology when mice were injected with 

human tau extracts directly into the brain. This gave rise to the development of tufted 

astrocytes in PSP tau-injected mice, and astroglial plaques in CBD tau-injected mice (He et 

al., 2020), suggesting that the pathological conformation of tau is a key driver of transmission 

in the brain. In non-transgenic mice, injection into the brain of AD patient tau showed 

spatiotemporal spread and seeding of wildtype mouse tau (Guo et al., 2016). In a follow up 

model, PSP and CBD patient derived tau was also found to be competent at seeding and 

spreading through anatomically connected brain regions, although the extent of this spread 

and its ultimate clearance was found to vary depending on the tauopathy strain injected 

(Narasimhan et al., 2017). The varying association of tau pathology with astrocytes in 

different tauopathies shows that their selective vulnerability to certain tau species may play 

a role in the propensity of tau to spread, as well as the downstream toxic effects that are 

associated with impaired astrocytic function (Section 1.5.2).  

1.3.6 Mechanisms of tau toxicity 

As abnormal tau exists in multiple states in tauopathy brain, defining which are the toxic tau 

species has proved difficult. It seems likely there are various tau species that can cause a 

multitude of toxic cellular impacts. While tau fibrils deposit around the brain, there is evidence 
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that soluble tau aggregates, not large fibrils, are toxic species that display seeding and cross-

seeding behaviour (Ghag et al., 2018). 

There are multiple ways in which tau can influence cell health. The tau posttranslational 

modifications associated with tauopathies can impair its normal function (see section 1.2.2), 

for example by inducing detachment from microtubules. This impacts all microtubule 

associated functions, including cytoskeletal organisation and axon outgrowth, as well as 

allowing more tau monomers available for aggregation. Other physiological tau functions 

may be altered, including the protection of DNA & RNA in the nucleus (Violet et al., 2014), 

long-term depression mechanisms (Kimura et al., 2013) and iron transport (Lei et al., 2012). 

Hyperphosphorylation can also cause tau missorting from axons to dendrites, spines and 

postsynaptic terminals, potentially causing synaptic dysfunction (Thies and Mandelkow, 

2007) and loss of spines (Hoover et al., 2010). Indeed, evidence suggests that pathogenic 

tau may be central to the synaptic loss that is observed in AD and other tauopathies 

[reviewed in (Wu et al., 2021)]. First, mislocalised tau may rest in the presynaptic terminals 

and cause a reduction in normal synaptic vesicle release, leading to a reduction in the 

number of synapses in vivo (Decker et al., 2015), and this mislocalisation is observed in both 

pre- and post- synapses in AD post-mortem tissue (Tai et al., 2014). In a fly model, the N-

terminus of tau has been shown to bind the pre-synaptic vesicle protein synpatogyrin-3 and 

cause stabilisation of vesicles, reducing their motility and altering neurotransmission 

(McInnes et al., 2018). This finding was also observed in the pre-synapse of PS19 mice that 

express mutant human P301S tau, where memory defects could be partially rescued by 

reducing synpatogyrin-3 expression (Largo-Barrientos et al., 2021).  

In the post-synaptic compartment, tau acts a scaffold for the Src kinase Fyn, which 

phosphorylates the NR2B subunit of NMDA receptors, and this can help bind post-synaptic 

density protein 95 (PSD95), strengthening glutamatergic signalling and enhancing Aβ 

toxicity (Ittner et al., 2010). Tau has also shown to promote the interaction between the 

GluA2 subunit of AMPA receptors and PICK1 (protein interacting with C kinase 1), 

supporting the critical role of tau in regulating AMPAR endocytosis and hippocampal long-

term depression (LTD), seen in vitro (Yagishita et al., 2015). Tau has also been noted as key 

for formation of dendritic spines since tau mutations can alter plasticity of cortical dendritic 

spines in transgenic mice (Hoffmann et al., 2014).  
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Figure 1.6  Pathogenic tau and its toxic effects on neurons in disease. 

Extensive modifications of tau in disease may lead to microtubule disassembly in axons. Mis-

localised tau may induce presynaptic dysfunction, leading to synapse loss, and be released and 

lead to aggregation and seeding as well as disruption at the post synapse. Pathological tau may 

not be able to enter the nucleus, negating its protective function. Tau may also have a role in 

strengthening Aβ toxicity by working as a protein scaffold for FYN, which phosphorylates the 

NR2B subunit of NMDA receptors and stabilises their interaction with PSD95. Figure adapted 

from Wang and Mandelkow (2016).  

In addition, soluble phosphorylated tau species in mouse models has been shown to drive 

mislocalisation of Nup98, a key component of the nuclear pore complex (Eftekharzadeh et 

al., 2018), disrupting nucleocytoplasmic transport.  Furthermore, this study noted Nup98 as 

a facilitator of tau aggregation in vitro.  

Impaired protein degradation pathways are also implicated in the accumulation of tau 

aggregates. However, evidence also suggests that pathogenic tau may itself impair 

autophagy-lysosome pathways, amplifying protein degradation impairments to also influence 

Aβ clearance in AD, as well as general protein clearance pathways crucial for healthy brain 

function (Wang and Mandelkow, 2012).  
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1.3.7 Mechanisms of tau clearance 

The CNS clears unwanted parenchymal proteins via a glymphatic system that carries 

cerebrospinal fluid (CSF), as well as vascular pathways through the blood brain barrier (BBB) 

(Kaur et al., 2021). Dysfunction of the glymphatic system has been linked to AD and other 

neurodegenerative disorders, traumatic brain injury and stroke (Jessen 2015). In AD, 

extracellular Aβ undergoes removal via the BBB, interstitial bulk flow (ISF), and then CSF 

absorption into corresponding systems (reviewed in Tarasoff-Conway et al., 2015). The 

glymphatic system is indicated to have a large role in A clearance; in a mouse model of AD, 

soluble Aβ was found to be transported along this route, a process that was impaired by 

deletion of the astrocyte water channel aquaporin-4 (AQP4) (IIiff et al., 2012) (see 1.4.2). 

Clearance of extracellular tau may also occur via the glymphatic system, where a novel 

AQP4 inhibitor was seen to impair CSF-ISF exchange and tau protein clearance in a 

tauopathy mouse model (Harrison et al., 2020). Reduced glymphatic clearance of tau may 

therefore potentiate tauopathy disease progression by exacerbating the presence of 

abnormal, aggregation prone tau that can be internalised and spread by neurons. 

At a cellular level, mammalian cells clear proteins by two major pathways – the autophagy-

lysosome pathway (ALP), and the ubiquitin-proteasome system (UPS). These have both 

been implicated in the degradation of aberrant tau to varying degrees (Ihara et al., 2012; 

Wang and Mandelkow, 2012). 

The proteasomal pathway is key for degradation of short-lived misfolded proteins (Wong and 

Cuervo, 2010), and the canonical pathway involves covalent tagging of a substrate with 

ubiquitin molecules, then degradation by the 26S proteasome, releasing reusable ubiquitin 

(Shang and Taylor, 2011), and this is an ATP and ubiquitin dependent process. Other 

proteasomes such as 20S may be able to digest proteins without ATP or ubiquitin (Jariel-

Encontre et al., 2008). Alterations to tau may change their ability to be digested by the 

proteasome, with phosphorylation of tau by the kinase CaMKII recently being shown to impair 

proteasomal degradation of tau (Ukmar-Godec et al., 2020). If digested, this cleavage of tau 

by proteasomes may result in seed competent fragments which help to drive aggregation 

(Wang and Mandelkow, 2012). 

Ubiquitination, particularly within the MTBD, has been detected in isolated insoluble tau fibrils 

from AD brain (Morishima-Kawashima et al., 1993), as well as soluble misfolded tau (Cripps 
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et al., 2006). While polyubiquitin chains are a signal for proteasomal degradation (Thrower 

et al., 2000), most insoluble tau observed in AD brain was only monoubiquitinated 

(Morishima-Kawashima et al., 1993), which is not normally a sufficient signal for proteasomal 

degradation (Pickart, 2001). Interestingly, the immune system and ubiquitin system can 

interact, and in neurodegeneration an immunoproteasome may be induced that is thought 

to contributes to neuroinflammation (Limanaqi et al., 2020). 

The autophagy-lysosomal system of degradation is more complex. At its core, it is a process 

of delivering unwanted cellular material to lysosomes for degradation and recycling, 

providing energy and new substrates for synthesis of required molecules. This can be from 

within cells – autophagosomes, or endocytosis that involves direct processing of substances 

detected outside of the cell. It involves three separate mechanisms for delivering substrates 

to lysosomes depending on the size and longevity of these proteins in the cell (Finkbeiner, 

2020). Since tau is long lived in cells it would likely be degraded by macroautophagy, and 

indeed altered tau has been seen to colocalise with lysosomes in post-mortem AD tissue 

(Ikeda et al., 1998). Inducible cell models have shown that the autophagy-lysosome system 

is involved in the degradation of soluble and insoluble altered tau (Wang and Mandelkow, 

2012), and this is likely the method of degradation where tau phosphorylated at KXGS motifs 

cannot be degraded by the UPS (Dickey et al., 2007). There is further evidence for 

autophagy being the main degradation pathway of altered tau (Jiang and Bhaskar, 2020), 

including observations that reducing autophagy can lead to tau aggregation, as was seen in 

a transgenic mouse model overexpressing human tau (Hamano et al., 2008), as well as there 

being evidence for this in primary neurons (Krüger et al., 2012)  

If these protein degradation pathways systems are impaired either by genetic predisposition, 

or by pathogenic tau itself, this could result in an accumulation of phosphorylated tau and 

amplification of aggregates. Since astrocytes form such a large part of the glymphatic system 

for CNS waste removal (Jessen et al., 2015), any impact to their function during disease 

(see section 1.5.1) could further reduce the removal of these seed competent pathogenic 

tau species from the brain, following their processing.   



Introduction 

48 

1.4 Astrocytes 

Astrocytes were so named after their observed stellate morphology, first described as the 

glue (‘glia’) that surround neurons by Rudolf Virchow in 1846.  Now, it is confirmed that 

astrocytes are one of the most abundant cell types in the CNS (Miller, 2018), critical for 

normal brain function. Developmentally, they derive from the same lineage as neurons, 

differentiating from a common pool of neural progenitor cells (NPCs) (Molofsky and Deneen, 

2015).  They are specified by a myriad of internal and external factors and continue to 

migrate and proliferate postnatally during development (Freeman, 2010; Molofsky and 

Deneen, 2015). The result is a heterogenous population of cells with various functions that 

are crucial for a healthy central nervous system (CNS). Astrocyte function has been greatly 

elucidated in recent decades (Figure 1.7), overriding the original belief that these were 

passive cells surrounding the neuronal architecture. This is described in section 1.4.2. 

1.4.1 Heterogeneity of astrocytes 

Astrocytes have long been broadly categorised by their positions in the cortex and 

morphologies: interlaminar, protoplasmic, varicose projections and fibrous astroglia (Vasile 

et al., 2017). Protoplasmic astrocytes are the most abundant type in the human brain, the 

most complex (covering up to millions of synapses), and the largest. However, there is strong 

evidence of heterogenous subpopulations of astrocytes within these morphological 

subcategories, likely defined by a combination of environmental and pre-coded 

developmental cues (Freeman, 2010; Miller, 2018; Khakh and Deneen, 2019). 

More recently, the advent of single cell sequencing and spatial transcriptomic methods in in 

vivo models has provided evidence that subpopulations of astrocytes exist within the brain. 

Large-area analysis of the cerebral cortex of rodents revealed three major identities of 

astrocytes based on their gene expression profile that formed a gradient across layers of the 

cortex, separate from neuronal layering (Bayraktar et al., 2020). This patterning altered 

slightly with development into adulthood and was similar in human cortex analysis. An 

unbiased single cell RNA sequencing approach of mouse cortex and hippocampus revealed 

five major subtypes of astrocytes that were validated by study of their distinct morphologies 

and spatial positioning (Batiuk et al., 2020). Common markers used to identify astrocytes in 

IHC and transcriptome analysis are highlighted in Table 2. 
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Improved measures of astrocyte function may also help to elucidate further subtypes, and it 

likely follows that different astrocyte populations offer a spectrum of responses during 

disease (see section 1.5.1). For example, recently it was observed that specific subtypes of 

astrocytes exist in a preclinical model of multiple sclerosis, with an unsupervised approach 

revealing decreased expression of nuclear factor erythroid 2–related factor 2 (Nrf2) as well 

as increasing MAF BZIP Transcription Factor G (Mafg), which normally acts to repress 

inflammation (Wheeler et al., 2020). Lysosomal-associated membrane protein 1 (LAMP1) 

and tumour necrosis factor-related apoptosis-inducing ligand (TRAIL)-positive astrocytes 

were identified to limit inflammation in the CNS of mice by inducing T cell apoptosis, and their 

prevalence was dictated by links to the gut microbiome (Sanmarco et al., 2021). Their ability 

to alter neuroinflammation in response to environmental cues means they likely play a role in 

neurodegenerative diseases, as discussed below in Section 1.5.1. Alterations in astrocytes 

leading to their description as being “reactive” are highly heterogenous (Escartin et al., 2021) 

and this is discussed further below.   

Table 1.2     Common markers used to identify astrocytes in the CNS.  

Overview of common astrocyte genes, their functions and known expression profile that have 

been identified in the human brain.  

Marker Function & expression References 

Glial fibrillary 

acidic protein 

(GFAP) 

Type III intermediate filament, predominantly 

expressed by astrocytes, important for 

cytoskeletal function and astrocyte response to 

injury. Implicated in reactivity changes in 

neurodegeneration. Regional brain differences in 

levels of astrocytic GFAP have been observed.  

Nawashiro et al., 1996; 

Hol & Pekny, 2015; 

Lundgaard et al., 

2014; Olabarria and 

Goldman, 2017.  

Vimentin Type III intermediate filament, also important for 

astrocyte cellular function and injury response. 

Shows differential expression patterns in 

comparison to high GFAP positive astrocytes that 

may correspond to functional and regional 

subtypes.  

O’Leary et al., 2020;  
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S100B Calcium binding protein expressed highly by 

astrocytes that is dynamically regulated and 

variably expressed depending on environmental 

factors, including disease.  

Donato et al 2009; 

Ludwin et al 1976; 

Moreira 2021 

Aquaporin-4 

(AQP4) 

Water channel highly expressed at the end-feet of 

astrocyte processes. Key for functioning of the 

glymphatic waste system of the brain, and for 

CSF-ISF exchange. Impairment of AQP4 is 

associated with greater accumulation of toxic 

protein aggregates in mouse models.   

Xu et al., 2015; 

Harrison et al., 2020; 

Amiry-Moghaddam et 

al., 2004; Tarasoff-

Conway et al., 2015 

Excitatory 

amino acid 

transporter 

(EAAT) 1 & 2 

Glutamate transporters, highly expressed by 

astrocytes and key for glutamate homeostasis in 

the brain. Both are developmentally regulated, 

and expression is altered during reactive states in 

disease and control brain.  

 

Danbolt, 2001; 

Danbolt et al. 1997; 

Muñoz‑Castro et al. 

2022;  

Aldehyde 

Dehydrogenase 

1 Family 

Member L1 

(ALDH1L1) 

Folate metabolic enzyme that is mainly expressed 

by astrocytes in the CNS. Cited as a pan-

astrocyte marker with little variability during 

reactive disease induced states.  

Yang et al. 2011; 

Cahoy et al. 2008 

 

1.4.2 Astrocyte functions 

Astrocyte metabolic support for neurons comes in the form of neurotransmitter recycling, 

producing energy substrates and regulating cholesterol levels (Parpura et al., 1994). 

Astrocytes also uptake glucose, a key energy source for the brain, as seen in positron 

emission tomography (PET) studies in rats (Zimmer et al., 2017). Glucose can also be 

sequestered in the endoplasmic reticulum of fetal human astrocytes (Müller et al., 2018). 

Astrocytes are thought to provide energy to neurons in the form of a lactate shuffle, where 

stored glucose is converted to lactate for use in neurons (Newington et al., 2013; Magistretti 
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and Allaman, 2018), and evidence of this transfer via a lactate gradient has been shown in 

vivo (Mächler et al., 2016). 

Astrocytes can also provide cholesterol to neurons, a molecule essential for basic neuronal 

functions and this occurs via APOE lipoproteins (Allaman et al., 2011; Pfrieger and Ungerer, 

2011). In this way, astrocytes also interact with microglia, a cell type which also relies on 

cholesterol for normal physiological function (Bohlen et al., 2017). A mouse model showed 

the BBB could be negatively impacted by the expression of APOE4 only, which is a major 

genetic risk factor for AD (Guerreiro et al., 2012; Serrano-Pozo et al., 2021), and this could 

be counteracted by the expression of APOE3 (Bell et al., 2012). 

Astrocytes also play a key role in the vasculature of the brain, where astrocytic end feet make 

direct contact with blood vessels to help coordinate synaptic activity with blood flow 

(Iadecola and Nedergaard, 2007; Attwell et al., 2010). Furthermore, astrocytes are involved 

in regulating the BBB via an upregulation of water channel aquaporin 4 (AQP4) and other 

transporters and factors released at the neurovascular unit (Lécuyer et al., 2016). AQP4 

expressing astrocytes are also essential to the functioning of the glymphatic system – a CNS 

specific waste clearance system that promotes efficient removal of soluble proteins (Jessen 

et al., 2015). Astrocytes can induce anti-inflammatory signalling by the release of sonic 

hedgehog (Shh), promoting the maintenance of the BBB (Alvarez 2011).  
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Figure 1.7  Astrocyte functions in the CNS. 

Illustration of key astrocyte functions. Astrocytes provide energy support for neurons through 

lactate after recycling glucose. They associate with neuronal synapses to precisely regulate 

synaptic transmission, as well as metabolise neurotransmitters and reuptake and release 

glutamate. Further, they couple synaptic activity with blood flow and regulate the BBB. They also 

have the ability to degrade cell components and large proteins, along with microglia.   

To regulate neuronal synapses, astrocytes can connect to thousands of neurons. Human 

astrocytes are superior in this ability, with a protoplasmic astrocyte connecting to an 

estimated 2 million synapses, compared to 90,000 for that of rodent astrocytes (Oberheim 

et al., 2006). Each neuronal synapse can be modulated, achieved by various cell surface 

receptors that can sense changes in neuronal activity and modulate neuronal activity by 

releasing gliotransmitters and gliomodulators (Choi et al., 2014). The multitude of different 

gliotransmitters that astrocytes can release allow them to control individual synaptic inputs, 

at both pre and post synaptic levels (Perea et al., 2009). And they can influence other cell 

types such as microglia to coordinate responses during disease (Vainchtein and Molofsky, 

2020). Astrocytes, through their high expression of glutamate transporters, regulate 

availability of glutamate at the synaptic cleft via regulated uptake and release of glutamate 

into synaptic spaces (Parpura et al., 1994).  This is related to the degree of astrocyte 

coverage around these neurons, and a lack of coverage can increase extracellular 

glutamate, affecting activation of presynaptic metabolic glutamate receptors and 
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downstream neurotransmitter release, as seen in rats (Oliet et al., 2001). Further, astrocytes 

express K+ channels to help clear K+ ions from the extracellular space around neurons, 

another route for modulation of membrane potential and excitability of neurons (Lee et al., 

2022), and downregulation of K+ channels can lead to neuronal hyperexcitability – linked to 

neuronal dysfunction in Huntington’s disease (Tong et al., 2014) and Parkinson’s disease 

(Chen et al., 2021).  

Astrocytes also create a complex calcium signalling network (Bindocci et al., 2017; Santello 

et al., 2019), which has been shown to be rapid enough to respond alongside neuronal 

activity changes in mice (Stobart et al., 2018). Astrocytes can mediate neuronal signalling in 

nearby and far neurons by coordinating calcium signalling and the regulation of glutamate 

(Mahmoud et al., 2019). The nuances of calcium signalling in astrocytes and how it may be 

impacted during disease processes is still being elucidated, with improved experimental 

techniques now helping to better interrogate this cell-cell communication (Semyanov et al., 

2020).  

1.5 Astrocytes in neurodegeneration 

1.5.1 Defining astrocyte reactivity 

Astrocyte reactivity is a broad term encompassing many of the changes that astrocytes 

undergo during diseases of the CNS. It describes an astrocytic response to the pathological 

environment that arises during neurodegenerative disease, or those caused by insult or 

injury, such as stroke or chronic traumatic encephalitis (CTE). Several terms have been used 

over the decades to refer to this astrocytic response. A recent consensus paper suggests 

‘reactive astrogliosis’ or ‘astrocyte reactivity’ as being broadly acceptable terms for denoting 

the astrocyte response to pathology, whereby astrocytes have altered gene expression, 

morphologies, metabolic, biochemical, and physiological functions (Escartin et al., 2021). 

For clarity, ‘astrocyte reactivity’ is the term used in this thesis.  

1.5.1.1 Observations from neuropathology 

Astrocytes in post-mortem studies are often classified as ‘reactive’ by their expression of 

high levels of GFAP, as well as their morphology and/or proximity to neuronal pathology or 

abnormal protein aggregates such as NFT or Aβ plaques (Serrano-Pozo et al., 2011b). The 
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number of reactive astrocytes in the vicinity of Aβ plaques in AD increases with age (Vehmas 

et al., 2003). Furthermore, GFAP-positive astrocytes have also been observed around 

neurofibrillary tangles (Ikeda et al., 1992; Serrano-Pozo et al., 2011b). Increased GFAP 

expression in astrocytes is thought to define a hypertrophic response (Vijayan et al., 1991), 

with large increases in the number and length of GFAP positive processes, (Sofroniew and 

Vinters, 2010). A spatial study determined that although reactive main processes are thicker, 

they do not occupy more space than their non-reactive counterparts, nor extend out of their 

original domains (Wilhelmsson et al., 2006).  

It is worth noting, however, that a conclusive marker of astrocyte reactivity has not been 

determined, and GFAP expression is not consistent across all astrocyte subtypes (Sofroniew 

and Vinters, 2010), suggesting that using it as a marker for reactivity in post-mortem studies 

may skew astrocyte analysis in favour of a specific subtype. Therefore, more advanced 

techniques have sought to define astrocyte reactivity based on gene expression (Liddelow 

et al., 2017), functional and behavioural changes.  

1.5.2 Alterations of astrocyte function 

While astrocytes are crucial for normal glutamate function in the brain (see section 1.4.2), 

alteration to this process can cause excessive glutamate levels and induce excitotoxicity in 

neurons (Hynd et al., 2004). A deficiency in glutamate transport is associated with AD 

(Masliah et al., 1996), and more recent evidence has shown a direct link between EAAT2 

knockdown in AD transgenic mice and exacerbated cognitive decline (Mookherjee et al., 

2011), which can be rescued when EAAT2 function is restored (Takahashi et al., 2015). 

Furthermore, astrocytes derived from AD patients showed decreased glutamate uptake 

along with reduced expression of glutamate transporters EAAT1 and EAAT2 (Liang et al., 

2002). A more recent paper showed direct evidence in vivo of EAAT2 downregulation in 

reactive astrocytes that aligned with impaired glutamate uptake and neuronal dysfunction in 

the proximity of Aβ plaques in a transgenic AD mouse model (Hefendehl et al., 2016). EAAT2 

expression can be upregulated by an antibiotic, beta-lactam ceftriaxone, and this offers 

neuroprotection when given to mouse models of ischaemic injury or motor neuron disease, 

highlighting the contribution of glutamate dysregulation to the progression of 

neurodegeneration (Rothstein et al., 2005).  
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Calcium signalling is an important part of astrocyte function and regulation of neuronal 

activity (Volterra et al., 2014).  When dysregulated in astrocytes, this may play a role in 

functional astrocyte changes, and Aβ has been shown to enhance calcium signalling in vitro 

(Abramov et al., 2003; Lee et al., 2014), as well as near Aβ plaques in AD mouse models 

(Kuchibhotla et al., 2009), potentially by the upregulation of P2Y1 receptors (Delekate et al., 

2014). Enhanced Ca+ waves in astrocytes can also increase the release of glutamate, ATP 

and GABA, therefore having downstream impacts on multiple astrocyte functions including 

glutamate homeostasis (Lee et al., 2022). Reactive astrocytes may play a role in GABA-

mediated memory loss (Jo et al., 2014). Further, the adenosine receptor A2A was found to 

be increased in the astrocytes of AD brain, and suppression of A2A in an APP-based AD 

mouse model rescued memory deficits in aged mice (Orr et al., 2015), suggesting not only 

key role of astrocytes in memory regulation, but that their alteration during AD contribute to 

neurodegeneration.   

Using advanced transcriptome techniques in an amyloid based model of AD, researchers 

identified a subpopulation of disease-associated astrocytes that appeared early and 

increased with disease progression (Habib et al., 2020). This population was associated with 

Aβ plaques and may represent a dynamic population that is protective in the first response 

but becomes detrimental upon chronic exposure to a diseased brain environment by the 

adoption of inflammatory and neurotoxic phenotypes. A similar population appeared in older 

mice and aging human brains, suggesting shared genetic and environmental factors play a 

role in generating this subtype of astrocytes. 

Tau may have a differing impact on astrocytes. In a tau-based mouse models of 

neurodegeneration, α2-Na+/K+ adenosine triphosphatase (α2-NKA), seen to be upregulated 

in post-mortem brain, was increased in mouse models and its inhibition or knockdown 

suppressed neuroinflammation and the accumulation of tau pathology (Mann et al., 2022). 

A broader investigation into astrocyte reactivity induced by tau or Aβ pathology in mouse 

models showed a spectrum of upregulated risk factor genes and distinct reaction profiles 

when comparing the two models (Jiwaji et al., 2022). In the tauopathy model they saw 

upregulation of a subset of previously reported AD related genes that differed from those 

altered in APP mice, indicating a difference in astrocytic response to pathological tau 

compared to that of Aβ. This work suggests that abnormal protein accumulation in 

neurodegeneration does not have a common effect on astrocyte reactivity and function, but 
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rather is specific to the protein accumulations to which astrocytes are exposed. Given the 

differences in astrocytic tau pathology observed in different tauopathies (Table 1.3), it could 

be speculated that these differential responses could be extrapolated to the different tau 

filament structures observed in distinct tauopathies (Section 1.3.3).   

Astrocytes may also play a role in coordinating defences against the toxic proteins that 

accumulate in dementias. In a mouse model, astrocytes release IL3 that activates microglia, 

priming them to clear amyloid plaques (McAlpine et al., 2021). The complement system, 

important in innate immune defence (Ricklin et al., 2016), also plays a role in astrocyte-

microglia communication, where acute C3 release from astrocytes can activate microglia via 

C3aR to induce microglial phagocytosis (Lian et al., 2016). 

1.5.3 Astrocyte contribution to tau spread 

Because astrocyte have been shown to harbour tau inclusions in tauopathies, and as they 

are connected to neurons synaptically, it follows that they are well positioned to contribute 

to the spread of tau pathology. Indeed, early evidence of prion-like spread of tau between 

neurons in mouse models noted the presence of PHF1-positive human tau in GFAP-positive 

astrocytes in the dentate gyrus of mice following the spread of human tau from its site of 

restricted expression in the entorhinal cortex (de Calignon et al., 2012).  

1.5.3.1 Astrocyte internalization of tau aggregates 

As discussed previously, astrocytes not only surround extracellular NFT ‘ghost’ tangles 

(Perez-Nievas and Serrano-Pozo, 2018), but also harbour tau inclusions in AD and other 

tauopathies, indicating they can internalize these aggregates. This process may be mediated 

by mechanisms of endocytosis.  

Broadly speaking, endocytosis is a distinct process of cells taking up macromolecules and 

particles through their outer phospholipid bilayer (Cooper, 2000). There are specific types 

of endocytosis related to the mechanisms and size of the particles that are internalised. 

Pinocytosis allows for uptake of smaller, marcomolecules and is often receptor mediated 

process. Phagocytosis is a specialised form of endocytosis for the engulfment of large 

particles that includes cells and cellular debris. Emerging evidence shows that astrocytes 

can internalize cells and large proteins by phagocytic mechanisms (Konishi et al., 2022), in 
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addition to receptor mediated uptake of smaller molecules. For example, astrocytes also 

express several heparan sulphate proteoglycans (HSPGs) that may mediate this process 

(Turnbull et al., 2001). Primary astrocytes exogenously expressing transcription factor EB 

(TFEB), a master regulator of lysosomal biogenesis, can internalise tau fibrils in a HSPG-

dependent manner (Martini-Stoica et al., 2018). Smaller tau proteins can, however, be 

internalised independent of HSPGs (Perea et al., 2019). HSPGs can also vary the length of 

their glycosaminoglycan chains and sulfation patterns, and because this can vary between 

astrocytes and neurons (Tselnicker et al., 2014), it may provide a potential mechanism for 

selective uptake of different tau fibrils and cell type vulnerability.   

HSPGs have previously been observed to facilitate Aβ uptake and degradation in astrocytes 

by interacting with LRP1, a low-density lipoprotein receptor (LDLR) (Kanekiyo and Bu, 2014; 

Liu et al., 2017). Knockdown of LRP1 in neuronal cells blocked uptake of both monomeric 

and oligomeric tau, while partially inhibiting uptake of sonicated tau fibrils (Rauch et al., 

2020). Whether or not LRP1 impacts the uptake of tau in astrocytes remains to be seen.  

1.5.3.2 Can astrocytes contribute to tau spread? 

Human astrocytes express low levels of tau (Kahlson and Colodner, 2015; Perea et al., 

2019), raising the question of whether this tau can be recruited after internalization of seed 

competent tau fibrils. If the intracellular tau is degraded by lysosomes, as has been shown 

previously in vitro for preformed tau fibrils (Martini-Stoica et al., 2018), then this may not be 

the case. However, the ability of astrocytes to degrade different forms of pathogenic tau has 

not been investigated extensively. 

Astrocytes may indirectly contribute to the spread of tau pathology by a dysregulation of their 

functions related to the BBB and glymphatic clearance system. AQP4, as previously 

mentioned, is expressed by astrocyte endfeet and is essential for these systems in the CNS 

(Benarroch, 2007), and has a demonstrated important in Aβ clearance (Iliff et al., 2012), as 

well as in ameliorating neurofibrillary tau pathology in a mouse model of CTE (Iliff et al., 2014).  

The transmission of pathogenic tau from astrocyte to neurons, and indeed between 

astrocytes, requires further study. Furthermore, how the range of pathogenic tau species 

may cause varying responses remains a key area of investigation. This is important not only 
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in understanding the complete mechanism of tau spread throughout tauopathy brain but 

may also uncover new routes of therapeutic intervention.  
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 Table 1.3 Overview of astrocyte associated tau pathology in tauopathies. 

The common descriptors of tau pathology in astrocytes that have been observed in postmortem human brain, including details of the subcellular localisation 

of tau inclusions in affected astrocytes. 

 

Disease PiD PSP CBD AGD GGT ARTAG AD PART CTE 

Hallmark 

astrocytic tau 

pathology 

Ramified  

 

 

Tufted Astrocytic 

plaques 

Thorn-shaped 

& granular 

fuzzy/bush-

like 

Globular 

inclusions 

Thorn-

shaped & 

granular 

fuzzy 

None None Astrocytic 

tangles and 

some thorn-

shaped 

astrocytes. 

Cellular 

localisation of 

astrocytic tau 

inclusions 

Asymmetric 

3R 

(predominant) 

or 4R tau 

inclusions in 

cell bodies & 

proximal 

processes. 

Symmetric 4R 

tau inclusions in 

proximal 

processes. 

4R tau in 

distal 

processes 

and end feet; 

thread-like 

processes are 

also common. 

4R tau 

inclusions and 

diffuse 

staining in cell 

bodies & 

proximal-

distal 

processes. 

4R globular 

tau in cell 

bodies & 

proximal 

processes.  

4R tau 

inclusions 

and diffuse 

staining in 

cell bodies 

& proximal 

processes. 

n/a n/a Irregular p-tau 

lesions (around 

small vessels). 
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1.6 Aims & Objectives 

It is evident that astrocytes play a role in tauopathy progression. Yet, it is not known how 

they contribute to tau spread, the key process underlying the spread of pathology in the 

brain. This project specifically aims to elucidate how astrocytes respond to different tau 

species, their readiness to internalise tau fibrils and their capacity to degrade these 

aggregates, how this impacts their function and interactions with neurons. The hypothesis 

underlying this work is that astrocytes internalise human tau, with differing responses to 

different forms of tau in distinct tauopathies. 

The thesis has the following main aims: 

1. To determine the association of astrocytes with tau pathology in a mouse model of 

tau spread. 

2. To establish a human astrocyte culture model with which to study human tau 

internalisation by astrocytes. 

3. To examine the impact of tau uptake on astrocyte morphology and function. 

4. To determine the impact of astrocytic tau uptake on astrocyte support for neurons. 
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2 Materials & Methods 

All reagents were purchased  from  ThermoScientific, UK  or  Sigma-Aldrich  Company  Ltd., 

Dorset, UK unless otherwise stated.  Stock solutions and buffers were prepared using 

ultrapure H2O from an  Elga  Maxima  Purification  System  (Veolia  Water  Ltd.,  London, 

UK). 

2.1 Postmortem human brain 

Post-mortem human brain samples were obtained from the London Neurodegenerative 

Diseases Brain Bank/Brains for Dementia Research at King’s College London.  All human 

issue collection and processing were carried out under the regulations and licensing of the 

Human Tissue Authority, and in accordance with the UK Human Tissue Act, 2004. 

Table 2.1 Post-mortem brain sample details. 

Sex, age at death (years), post-mortem delay (PMD) (hours), brain region used and pathological 

diagnosis of human brain samples. All samples are from temporal cortex except *PiD which was 

obtained from premotor cortex. 

Diagnosis  Sex  
Age 

(years)  

PMD 

(h)  
Case notes  

Cases from which aggregated tau was isolated for injection into mice 

CTRL  F  92  17  Non diseased, Braak I  

CTRL  F  55  12  Non-diseased, Braak I  

CTRL  M  83  24  Non-diseased, Braak I  

AD  F  94  29  Braak VI, ApoE 3/4  

AD  F  84  <24  Braak V, ApoE 4/4  

AD  F  97  12  Braak V, ApoE 3/4  

AD  F  69  16  Braak VI, Apo E3/4  

AD  F  84  36  Braak V/VI, ApoE 4/4  

AD  F  82  32  Braak VI, ApoE 3/4  

PSP  M  71  16  PSP 

*PiD M  61  73  PiD, Extensive glial pathology  

Cases used to isolate tau aggregates for astrocyte treatment 
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2.1.1 Preparation of human brain homogenates 

Frozen control and tauopathy human brain was prepared as described in (Clavaguera et al., 

2014).  Briefly, tissue was homogenised at 200 mg/mL in sterile phosphate buffered saline 

(PBS: 140 mM NaCl, 2.68 mM KCl, 12.54 mM Na2HPO4, 1.98 mM KH2PO4 in ultrapure H2O, 

adjusted to pH 7.4) with a Tissue Master 125 handheld homogeniser (Omni International, 

Kennesaw, GA, USA) and briefly sonicated (Output 3, 10 seconds on a Sonics Vibra Cells 

(Jencons PLC, East Grinstead, UK)) before centrifugation at 3,000 x g (av) for 10 minutes 

at 4oC with an Eppendorf 5415R desktop centrifuge (Eppendorf, Hamburg, Germany).  The 

supernatant was collected and sterilised by passing through a 0.2 µm sterile filter (Corning 

Inc., Corning, NY, USA).  0.5-1 mL aliquots of each sample were stored at -80oC until 

CTRL 1 M 77 11 Non-diseased 

CTRL 2 M 86 6 Non-diseased 

CTRL 3 F 55 12 
Minimal tau pathology consistent with HP-

tau stage 

AD 1 M 88 46 AD, Braak VI 

AD 2 M 81 74 AD, Braak VI 

AD 3 M 72 5 
AD, Braak VI with marked amyloid 

angiopathy 

AD 4 F 97 12 AD, Braak V 

AD5 F 87 48 
AD. Braak VI with moderate amyloid 

angiopathy 

AD 6 F 74 19 

AD, Braak VI with moderate amyloid 

angiopathy Type 1, moderate 

cerebrovascular disease 

PSP 1 F 84 9 PSP 

PSP 2 M 65 16.5 PSP 

PSP 3 F 75 48 PSP 

PiD 1 F 93 17.5 
PiD (temporal lobe type), vascular 

dementia and AD ageing changes 

PiD 2 F 67 38.5 PiD 

PiD 3 M 66 17 PiD 
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required.  Characterisation and quantification of tau was achieved by SDS-PAGE and 

western blotting.  Briefly, known amounts of recombinant tau ladder (Covance Inc, Princeton, 

USA) representing tau standards were loaded into gels alongside known volumes of human 

brain samples diluted 1:1 in 2X sample buffer (National Diagnostics, Hull, UK).  Following 

SDS-PAGE and immunoblotting, the intensity of tau signal in the recombinant tau ladder was 

quantified and used to create a standard curve correlating amount of tau, in ng, with band 

intensity.  Using the formula x=y-c/m where x=amount of tau, y=intensity, c=y-intercept and 

m=gradient, the amount of tau in the entire lane for each human brain sample in ng/µL was 

estimated.  

2.1.2 Isolation of sarkosyl insoluble tau 

Sarkosyl was used to extract insoluble tau from postmortem human brain using a method 

adapted from that of Greenberg & Davies (1990). Briefly, samples were weighed and 

homogenised at 100 mg/mL in homogenisation buffer composed of Tris-Buffered Saline 

(TBS: 50 mM Tris-HCl, 150 mM NaCl in ultrapure H2O, adjusted to pH 7.4) containing 2 mM 

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 10% (w/v) 

sucrose, and Protease Inhibitor Cocktail ‘Complete Mini EDTA-free’ and PhosSTOP tablets 

(1 tablet per 10 mL solution) (Roche; Basal, Switzerland). Tissue was homogenised using a 

handheld tissue master 125-watt lab homogenizer (Omni International; Kennesaw, GA, USA) 

until smooth in consistency. Samples were centrifuged at 20,000 x g at 4oC for 20 min. Part 

of the resulting supernatant was collected as the low-speed supernatant (LSS). The 

remainder was used for sarkosyl extraction: sarkosyl (Sigma-Aldrich, St. Louis, MO, USA) 

was added to a total of 1% (v/v) in the LSS and samples were nutated on a shaker at RT for 

30 min. Samples were then centrifuged at high speed (100,000 x g) using Beckman Coulter 

Optima MAX-XP Ultracentrifuge (Beckman Coulter; CA, USA) with TLA-55 rota at 18oC for 

1 hr. The high-speed supernatant was collected, and the resulting sarkosyl-insoluble (SI) 

pellet was washed in homogenisation buffer containing 1% sarkosyl. The pellet was re-spun 

at 100,000 x g and all remaining supernatant carefully removed. The resulting SI pellet was 

resuspended in sterile-filtered Dulbecco’s PBS (Thermo Fisher Scientific, MA, USA) at 100 

µL per 1000 µL of initial low-speed supernatant used for sarkosyl extraction. The 

resuspended pellet was sonicated using a Bandelin Sonopuls HD 2070 (BANDELIN 

electronic GmbH & Co, Berlin, Germany) for 3 x pulses set at 10% power. The resulting 

solution could be used directly for tau spiking experiments or mixed with 2 x sample buffer 
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(National Diagnostics, Hull, UK) for western blotting after measuring concentration against 

known rTau standards (see section 2.1.1). Samples were not re-sonicated following freeze-

thawing between experiments.  

 

2.2 Mice 

All animal work was conducted in accordance with the UK Animals (Scientific Procedures) 

Act 1986 and the European Directive 2010/63/EU under UK Home Office Personal and 

Project Licenses and with agreement from the King’s College London (Denmark Hill) Animal 

Welfare and Ethical Review Board (AWERB). Animal work was conducted by a previous PhD 

student, Matthew Wade who held a personal licence and all work was conducted under, and 

in accordance with, the project licence held by Professor Wendy Noble. Samples generated 

from this work were used in this thesis. 

Human tau (htau) mice were purchased from The Jackson Laboratory, Bar Harbor, ME, USA 

and bred in-house.  Htau mice were generated by mating 8c mice which express the entire 

human tau gene under the control of the human MAPT promoter (Duff et al., 2000) with tau 

knockout (KO) mice generated by targeted disruption of the Mapt gene by insertion of 

enhanced green fluorescent protein into Mapt exon 1 (Tucker et al., 2001).  Htau mice are 

hemizygous for the full-length human tau gene and express all six tau isoforms of human tau 

in the absence of endogenous tau.  WT mice of an identical background strain (C57Bl/6J) 

were used as controls.  

2.2.1 Injection of mice with tau extracts from postmortem human brain 

Male and female wild-type and htau mice of 2.5-3.5 months of age were intraperitoneally 

injected with control or tauopathy brain extracts totalling 2-3 µg tau using a Myinjector Insulin 

U-1000 27-gauge needle (Terumo, Tokyo, Japan).  The injected material was thawed and 

warmed to body temperature before injection. Mice received two injections of 100l, one 

week apart, according to methods described by (Clavaguera et al., 2014).  Initial 

quantification of tau content in samples was performed to establish that the total amount of 

injected tau protein would be 2g. However, subsequent reanalysis established that extracts 

from control, PSP and PiD extracts were more concentrated than first established, and that 
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3g tau proteins were injected.   Additional controls included untreated age-matched htau 

and WT mice, some of which were littermates of those treated.  Mice were closely monitored 

for changes in weight and health following injection. Mice were aged to 18 months before 

being killed by cervical dislocation prior to tissue collection.   

2.2.2 Collection of mouse brain tissue 

Mice were killed by cervical dislocation.  The brain was removed and one hemisphere was 

separated into cortex, hippocampus and remaining brain, all of which were snap-frozen on 

dry-ice.  The other hemisphere was drop-fixed in fixation solution (16 % (w/v) 

paraformaldehyde (Alfa Aesar, Haverhill, MA, USA) diluted 1:3 in PBS to give a 4 % (v/v) 

working solution), for 24 hours at ambient temperature, followed by an additional 24 hours 

in 2 % fixation agent (16 % (w/v) paraformaldehyde (Alfa Aesar, Haverhill, MA, USA) diluted 

1:7 in PBS) at ambient temperature.  Following fixation, the fixation reagent was removed by 

washing in three changes of PBS for 30 minutes each at ambient temperature, and the brains 

were stored long-term in cryoprotectant solution (30 % (v/v) ethylene glycol (Santa Cruz 

Biotechnolgies Inc., San Diego, CA, USA), 15 % (w/v) sucrose, 0.05 % (w/v) NaN3 in TBS) 

at 4 oC.  The fixed brain hemispheres were sectioned on a Microm 430 freezing-stage 

microtome (Microm International, Walldorf, Germany) as 40 µm coronal sections which were 

stored long-term in cryoprotectant solution [30 % (v/v) ethylene glycol (Santa Cruz 

Biotechnolgies Inc., San Diego, CA, USA), 15 % (w/v) sucrose, 0.05 % (w/v) NaN3 In TBS] 

at 4oC.   

2.2.3 Preparation of mouse brain lysates and isolation of sarkosyl-insoluble tau 

Mouse brain was homogenised as described in Section 2.1.2. The sarkosyl-insoluble pellet 

was resuspended in a volume of 2X sample buffer (National Diagnostics, Hull, UK) equal to 

a tenth of the volume subject to ultracentrifugation.  Samples were stored at -20 oC until 

required. 
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2.3 Cell Culture 

All media reagents and consumables used in cell culture were manufactured and supplied 

by Thermo Fisher Scientific™ (MA, USA) under the Gibco™ brand. All cell culture plates used 

were Nunc™ branded, manufactured and supplied by Thermo Fisher Scientific™. 

2.3.1 iPSC maintenance 

The iPSC line used in this study (CTR_M3_36S) was received as a donation from Prof. 

Deepak Srivastava at KCL, previously generated from hair-root derived keratinocytes of a 

healthy control male, as described in (Cocks et al., 2014). Consent for storage of tissue and 

iPSCs and explicit consent for use in subsequent research was obtained by the original lab, 

following the guidelines of the UK Human Tissue Act 2004. Specific Research Ethics 

Committee approval is not a legal requirement for generating iPSCs from human donor 

tissue. .   

iPSCs were maintained in StemFlex™ medium at approximately 0.25 mL/cm2 and incubated 

in hypoxic conditions (37oC; 5% O2; 5% CO2). Nunc plates were pre-coated with LDEV-Free 

Reduced Growth Factor Basement Membrane Matrix (Geltrex™) at 1:100 in Dulbecco's 

Modified Eagle Medium (DMEM)/F12 medium at approximately 0.125 mL/cm2. Plates were 

incubated at 37oC for 1 hr and Geltrex™ solution was aspirated before use. To maintain 

healthy cultures, cells were passaged at 80-95% confluency. Media was aspirated and cells 

were washed with Hank’s balanced salt solution (HBSS, no Calcium/Magnesium) and then 

covered with Versene™ solution at 0.5 mL/cm2 for 5 minutes at 37oC. Cells were then 

dislodged using a 5 mL serological pipette, and cell solution moved to a centrifuge tube of 

prewarmed (37oC) DMEM/F-12 medium at twice the volume of Versene™ solution used. 

Cells were then centrifuged at room temperature (RT) for 3 min at 190 x g. Excess solution 

was aspirated and cell pellets were gently resuspended in StemFlex™ medium with added 

RevitaCell™ supplement (1:100) to aid cell survival. Cells were replated at between 1:2 and 

1:4 ratio. After 24 hours, cell media was changed for fresh StemFlex™ medium, and medium 

was then changed every 48 hours until cells were confluent and required further passaging.  
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2.3.2 Differentiation of iPSCs into Neural Progenitor Cells (NPCs) 

NPCs were induced from iPSCs using the Gibco™ PSC Neural Induction Medium system. 

iPSCs were grown in GeltrexTM coated 6-well Nunc™ plates as detailed in 2.3.1. After iPSCs 

reached 15-25% confluency (day 1), media was aspirated and replaced with 2.5 mL/well of 

pre-warmed Neural Induction Medium (NI medium) composed of Neurobasal Medium and 

Neural Induction Supplement (1:50), and cells were moved to a non-hypoxic incubator 

(37oC; 20% O2; 5% CO2). 

Cells were maintained in NI medium for 7 days: On day 3 media was changed for fresh NI 

medium at 2.5 mL/well. On day 5, media was changed at double the volume to 5 mL/well. 

On day 7 media was changed, at which point cells were reaching confluency and were ready 

for passaging from day 8 onwards.  

Cells were passaged by aspirating medium and dissociating cells with room temperature 

StemPro™ Accutase™ solution, added at 0.125 mL/cm2 for 5 minutes at 37oC. Cells were 

then gently dislodged using a p1000 pipette, and the resulting cell solution was moved to a 

centrifuge tube containing prewarmed (37oC) DMEM/F-12 medium at twice the volume of 

Accutase™ solution used. Cells were pelleted by centrifugation at 190 x g for 2 min, and then 

resuspended gently in Neural Expansion Medium (NE medium) composed of equal ratios of 

Neurobasal® Medium and Advanced™ DMEM⁄F-12 medium with Neural Induction 

Supplement (1:50). Upon passaging, RevitaCell™ supplement was added to media (1:100) 

to aid cell survival. Cells were replated at an expanded 1:3 ratio onto GeltrexTM coated 6-well 

Nunc™ plates (plates coated as described in Section 2.3.1). Media was exchanged with 

fresh NE media the day after plating and then every 48 hours until NPCs were confluent for 

the next passage. NPCs were passaged 4 times at which point they were used for future 

differentiation or cryopreserved for future use (see Section 2.3.6 for cryopreservation 

method). 

2.3.3 Differentiation of NPCs into astrocytes 

NPCs were plated at low density onto GeltrexTM coated (detailed in 2.3.1) 6-well Nunc™ 

plates at 15,000 cells/cm2 in NE media with added RevitaCell™ supplement (1:100). After 

24 hours, media was replaced with Astrocyte Medium (ScienCell, CA, USA) at 2 mL/well 

(day 1). Astrocyte Medium is composed of basal medium, fetal bovine serum (FBS) (1:50) 
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and astrocyte growth supplement (1:100). Media was again replaced after a further 24 

hours, and then every 48 hours at 2.5 mL/well. After approximately 6 days as cells began to 

reach confluency (90%+) they were passaged at the same density, using the same method 

as described in 2.3.2 but with the appropriate Astrocyte Medium. From day 30, fetal bovine 

serum was removed from the Astrocyte Medium. At this point, cells could be passaged at a 

1:3 ratio approximately once per week. Cells were grown in this way and expanded up to 

day 120. Day 60 cells were cryopreserved (see 2.3.6) for future assays.  

2.3.4 Differentiation of NPCs into neurons 

Nunc™ Cell-Culture treated plates (6-well or 96-well Black/Clear Bottom) were coated with 

Gibco™ Poly-D-Lysine solution at 140 µL/cm2. Plates were left at RT for 1 hr, and then 

washed with sterile ultrapure H2O at 4x the volume of poly-d-lysine used. Wells were 

aspirated and left to evaporate at RT for 1 hr. Cells were then coated with Laminin from 

Engelbreth-Holm-Swarm murine sarcoma basement membrane (Sigma-Aldrich, MO, USA) 

using a 10 µg/µL solution made up in ice cold DMEM/F-12 medium and plated at 112 µL/cm2. 

Plates were incubated at 37oC for a minimum of 1 hr to overnight. Laminin solution was 

aspirated prior to neuron plating.  

For terminal plating of NPCs into neurons, cells were counted and plated at low density as a 

single cell suspension (17,000 cells/cm2). Cells were plated in Neurobasal™ Plus Medium 

that is composed of a base Neurobasal™ Plus Medium with B-27 Plus supplement (1:50) 

and GlutaMAX™ Supplement (1:100). Additional RevitaCell™ supplement (1:100) was 

added to aid cell survival during plating. To aid differentiation, the γ-secretase inhibitor DAPT 

(Sigma-Aldrich, MO, USA) was added at 10 µM along with 200 µM L-ascorbic acid (Sigma-

Aldrich, MO, USA). CultureOne™ Supplement was also added (1:100) to reduce unwanted 

neural progenitor proliferation. Cells were kept in this media for 7 days, and media was 

changed with 70% aspiration to prevent neuron exposure to air. Media was changed at 100 

µL/well volumes for 96-well plates, and 2 mL/well for 6-well plates. Media was changed on 

day 2, 4 and 6. After 7 days, DAPT and L-ascorbic acid were removed from the media. To 

maintain neurons, media was changed every 72 hours. 
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2.3.5 Plating of differentiated astrocytes for tau spiking assays 

Cryopreserved day 60 astrocytes were thawed as described in Section 2.3.7. Astrocytes 

were thawed onto GeltrexTM coated 6-well Nunc™ plates as detailed in 2.3.1, or onto Nunc™ 

Cell-Culture treated 96 well black optical bottom plates coated with Gibco™ Poly-D-Lysine 

solution at 140 µL/cm2 (as described in 2.3.4), and then coated with 50 µL GeltrexTM as 

described in 2.3.1.  Astrocytes were counted using a haematocytometer and plated at 

15,000 cells/cm2 in astrocyte media. For experiments lasting in excess of 7 days, cells were 

plated at 7,500 cells/cm2 and treated with 5 µM 1-β-D-Arabinofuranosylcytosine (AraC) 

(Sigma-Aldrich, MO, USA) for 24 hrs to reduce proliferation. 24 hrs after plating, cells were 

ready for experiments.   

2.3.6 Cryopreservation of cells 

The cryopreservation of all cell types used during this project was performed in the same 

way. Once cells reached 80-100% confluency, media was aspirated and the cells were 

dissociated by adding room temperature StemPro™ Accutase™ (or Versene™ in the case of 

iPSCs) solution at 0.125 mL/cm2 and incubating for 5 minutes at 37oC. Cells were then gently 

dislodged using a p1000 pipette, and the resulting cell solution was moved to a centrifuge 

tube containing prewarmed (37oC) DMEM/F-12 medium at twice the volume of Accutase™ 

solution used. Cells were spun down at 190 x g for 2 min. The resulting pellet was 

resuspended in the maintenance medium for the appropriate cell type made up with 10% 

dimethyl sulfoxide (Sigma-Aldrich, MO, USA). Cells were thoroughly resuspended at 

approximately 1 mL per well of 6-well plate (scaled up or down accordingly). The resulting 

cell suspension was instantly transferred into cryovials at 1 mL per vial. Vials were quickly 

moved to Corning™ CoolCell™ LX Cell Freezing Vial Containers (Corning, NY, USA) and 

then to -80oC freezers. After a minimum of 24 hours and maximum of 7 days, vials were 

transferred to liquid nitrogen storage containers for long term storage at approximately -

170oC.  

2.3.7  Plating of cryopreserved cells 

All cell types were thawed in the same way. Cell vials were retrieved and stored on dry ice 

prior to use. Vials were then thawed quickly in a Lab Armor Bead heat bath at 37oC. The cell 

suspension was moved into a 15 mL centrifuge tube and pre-warmed (37oC) DMEM/F-12 
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medium was added dropwise to at least twice the volume of the cell suspension. The 

resulting cell suspension was pelleted by centrifugation at 190 x g for 2 min in benchtop 

centrifuge. The media supernatant was aspirated, and the resulting pellet was resuspended 

in the appropriate media with added RevitaCell™ supplement (1:100) to aid cell survival.  

2.4 Internalisation of human tau by iPSC-astrocytes  

2.4.1 Quantification of human brain-derived tau 

The concentration of tau in sarkosyl-insoluble pellets was calculated by blotting for total tau 

(Dako Tau antibody) after SDS-PAGE separation of proteins against known concentrations 

of recombinant human tau (Human Tau Protein Ladder, 6 isoforms; Sigma-Aldrich, MO, 

USA; Cat# T7951) as described in Section 2.1.1.  

2.4.2 Tau treatment in iPSC-astrocytes 

Sarkosyl-insoluble tau that had previously been sonicated in sterile PBS (section 2.1.2) was 

added to Astrocyte Medium (ScienCell, CA, USA; Cat# 1801) at a tau concentration of 0.1 

ng/µL (or median equivalent volume in control derived samples). This concentration was 

chosen as sufficient tau to measure uptake in majority of cells without excess, after pilot 

experiments (data not shown) with varying concentrations were tested, based on 

(unpublished) recommendations from other lab groups.  Tau-containing medium was added 

to day 60 iPSC-astrocytes at 80 µL/well for 96-well plates, 600 µL/well for 12-well plates or 

1200 µL/well for 6-well plates or. Cells had been plated at 5,000, 90,000 or 180,000 

cells/well respectively the previous day from cryopreserved stocks, plates were coated with 

Geltrex™ as described previously, as well as Poly-D-lysine for optical 96-well plates. 

Astrocytes were incubated in tau-containing medium for 1, 3, 5 or 7 days for 7-day time 

course experiments, and all astrocytes were fixed at end timepoint in ice cold methanol for 

5 min at -20oC.  

For examination of tau degradation after 7 days, day-60 iPSC astrocytes were plated at 

2,500 cells/well in Nunc™ 96-well optical pates and treated with AraC for 24 hours to reduce 

excessive proliferation over time. After, tau-containing media was added at 80 µL/well for 7 

days. 7-day time point was fixed in 70 µL/well of ice-cold methanol for 5 min at 20oC. For 

later timepoints, media were aspirated, cells washed in Astrocyte medium, and then replaced 
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with fresh Astrocyte medium at 80 µL/well. 200uL of sterile water was added to surrounding 

empty wells in order to reduce evaporation over time. For day 14 astrocyte plates cells were 

fixed as detailed above. Other day 21 timepoint astrocytes were washed and replaced with 

fresh astrocyte media as above and fixed at day 21 in methanol as detailed above. Astrocytes 

were immunolabelled as per section 2.5.3. 

2.4.3 Astrocyte conditioned media 

Day-60 iPSC astrocytes were plated in Geltrex™ coated 12-well plates at 90,000 cells/well 

and the next day were treated with tau-containing astrocyte media, as detailed in 2.4.2, for 

5 days. Cells were then washed in Astrocyte media to remove residual tau, remaining media 

was aspirated and replaced with Neurobasal™ Plus Medium at 600 µL/well. After 3 days 

media was collected and added to pre-plated day 7 neurons in Nunc™ optical 96-well plates 

(as detailed in 2.3.4) at 80 µL/well for 3 days. At this point, cells were fixed in ice-cold 

methanol for 5 min at -20oC as describe previously, using 80% partial media changes to be 

careful not to expose neurites to air. Neurons were immunolabelled as per section 2.5.3. 

2.5 Immunostaining 

2.5.1 Immunohistochemistry of human tissue  

Formalin-Fixed Paraffin-Embedded brain (7 µm) sections were prepared by technicians at 

the London Neurodegenerative Diseases Brain Bank. To remove paraffin, slides were rested 

on heat blocks set to 95oC for 30 sec. They were then submerged in pure xylene for 2 x 5 

min, followed by 2 x 5 min in 100% ethanol. They were then washed for 5 min in ultrapure 

H2O.  

A common antigen retrieval step was used for all antibodies in this project. Slides were 

submerged in sodium citrate solution (10 mM trisodium citrate dehydrate (VWR, Radnor, PA, 

USA), 0.05 % (v/v) Tween-20 in ultrapure H2O, pH 6.0) in a covered microwaveable 

container and microwaved at full power for 6 min. After cooling, slides were microwaved 

twice at low power for 5 min. Slides were then washed twice by submerging in TBS for 5 min.  

Blocking of non-specific binding was achieved by adding 100-400 µL (depending on size of 

the section) of blocking solution composed of TBS with 10% v/v normal goat Serum (NGS, 

Sigma-Aldrich, MO, USA; Cat# G9023), and was incubated for 1 hr at RT. Where possible, 
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a hydrophobic circle was drawn on the slide around the tissue to allow for easy application 

of solutions. The blocking solution was gently tapped off and replaced with primary antibody 

made up in blocking solution (See Table 2.2). Slides were incubated with primary antibodies 

in humidified chambers at 4oC overnight. The next day, the primary antibody solution was 

removed and slides washed twice in TBS for 5 min. Appropriate secondary antibodies (see  

Table 2.3) prepared in blocking solution were added to sections and incubated in a 

humidified chamber at RT for 1 hr while protecting from light.  

To reduce autofluorescence slides were washed twice in TBS and incubated with sudan 

black solution for 10 min. Sudan black solution was prepared by mixing 300 mg Sudan Black 

B high purity stain (Thermo Fisher Scientific™; MA, USA) in 100 mL 70% ethanol and filtering 

twice to remove impurities. Slides were washed twice for 10 min in TBS. Nuclei were stained 

by incubating with Hoescht 3342 (Thermo Fisher Scientific™; MA, USA) diluted 1:1000 in 

TBS for 10 min. Slides were washed in TBS prior to coverslipping with ProLong™ Gold 

Antifade Mountant (Thermo Fisher Scientific™; MA, USA). 

2.5.2 Immunohistochemistry of free-floating mouse brain sections.  

Free floating brain sections were washed in PBS and TBS for 5 min to remove 

cryoprotectant. Slices were then permeabilised in 0.25% (v/v) triton-x-100 in 1 X TBS (TBS-

T) for 30 min at RT. Non-specific antibody binding was blocked by incubating sections in 5% 

(v/v) NGS in TBS-T for 1 hour at RT. Primary antibodies were prepared in 1% blocking 

solution and added to sections for overnight incubation in a high humidity chamber at 4oC. 

Sections were washed with TBS on a gentle rocker for 30 min (x3) and then incubated with 

secondary antibodies diluted in 1% NGS in TBS-T for 2 hours at RT. Following washing, 

sections were mounted onto Superfrost Ultra Plus slides using Flouromount-G™ with DAPI 

(Thermo Fisher Scientific; MA, USA). 

In order to reduce further non-specific binding, mouse sections treated with mouse derived 

antibodies were incubated with M.O.M.® (Mouse on Mouse) Blocking Reagent for 2 hours 

according to the manufacturer’s instructions (Vector Laboratories, CA, USA), utilising 

approximately 3- 4 drops of M.O.M reagent in 2.5 mL of 1 X TBS. 
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2.5.3 Immunocytochemistry 

Cells grown on Nunc™ Cell-Culture treated plates were fixed by removing 70% of remaining 

media, replacing with ice-cold pure methanol and incubating at -20oC for 5 min. Wells were 

then washed twice with double the amount of Dulbecco’s PBS containing calcium and 

magnesium (DPBS w/ Ca2+/Mg+) (Thermo Fisher Scientific; MA, USA). Care was taken not 

to expose cells to air. Plates were stored at 4oC until ready for use. 

Non-specific antibody binding was blocked by incubating wells with blocking solution 

containing 5% v/v NGS (Sigma-Aldrich, MO, USA) in DPBS w/ Ca2+/Mg+ for 1 hr at RT at 50 

µL per well of a 96-well plate. Blocking solution was then removed and primary antibodies 

diluted in blocking solution were added at 50 µL per well of a 96-well plate. See Table 2.2 for 

list of antibodies and appropriate dilutions. Cells were incubated in primary antibody solution 

overnight on a gentle rocker at 4oC. Primary solution was removed, wells were washed twice 

in DPBS w/ Ca2+/Mg+, and secondary antibodies made up in blocking solution were added 

for 1 hr at RT (see Error! Reference source not found.). Wells were then washed twice in 

DPBS w/ Ca2+/Mg+ and counterstained with Hoescht 33352 (Thermo Fisher Scientific™; MA, 

USA) diluted 1:1000 in DPBS w/ Ca2+/Mg+ for 10 min at RT. Cells were washed a final two 

times and stored in DPBS w/ Ca2+/Mg+ at 4oC until ready for imaging.  

2.5.4 Image acquisition 

Imaging was performed at the Wohl Cellular Imaging Centre at King’s College London, 

Denmark Hill campus. 

Images of plate grown cell cultures were captured on a confocal Opera Phenix high content 

screening system (Perkin Elmer; MA, USA) using a 20X dry lens and covering up to 25 fields 

per well. Images were taken after laser excitation of Alexa Fluor® (Thermo Fisher Scientific; 

MA, USA) fluorophores using a laser at wavelengths of 385 nm, 488 nm, 561 nm or 640 nm. 

Images were taken and analysed using Harmony High-Content imaging and analysis 

software.  

All images of plate grown astrocytes were imaged as a Z-stack over 10 heights 1.0 µm apart 

in order to determine tau contained within cells. The 20X air lens had a NA of 0.4, and set to 

‘Binning 1’ this gives an effective Z resolution of 6.4 µm for 488 channel (GFAP) and 8.1 µm 

for 647 channel (AT8). This appeared sufficient to judge that tau was indeed internalised 
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within the astrocyte and not bound to the membrane. Internalisation has also been confirmed 

by pilot data that utilised 40X lens (Data not shown), with a Z resolution of 2.8-3.3µm, and 

demonstrated clear AT8 positive signal within the cell volume of approximately 15 µm.  

For analysis, a maximum projection image of collapsed Z-stack was used. All plates used 

Hoescht 33342 to detect nuclei, and GFAP immunolabelling to detect astrocytes (see 2.7 

for antibody list). GFAP was chosen as a general astrocyte marker as it was seen to label all 

iPSC-astrocytes in culture (data not shown) and its expression is relatively uniform across 

cell body compared to ALDH1L1 and S100B, enabling the best cell detection with Harmony 

software. A third channel was utilised for phospho-tau AT8 immunolabelling, in order to 

visualise tau aggregates and distinguish between the endogenous astrocytic tau. In some 

experiments, a fourth channel was used to measure S100B immunolabelling and measure 

endogenous astrocyte changes and association with internalised tau aggregates.  Channels 

were imaged sequentially to avoid bleed-through. 

Images of slide mounted sections were captured on either the Inverted Nikon Ti-E Live Cell 

3 Camera Microscope (Nikon; Tokyo, Japan), or the Upright Confocal Nikon A1RHD2 

microscope, at 20X or 40X magnification using a dry lens. Nikon Elements software was 

used to process and export the images. See 2.7 section for antibodies used. Fluorescent 

channels were imaged sequentially to avoid bleedthrough. 

2.5.4.1 Astrocyte analysis from mouse tissue using ImageJ 

Fiji ImageJ software (Schindelin et al., 2012) was used to trace the astrocytes after images 

were obtained from slide mounted brain sections as detailed above. Astrocyte tracing was 

completed by using the Simple Neurite Tracer located in the included Neuroanatomy Plugin.  

2.5.4.2 Image pipeline analysis of iPSC-astrocytes on Harmony software 

For astrocyte tau uptake imaging analysis, cells were identified by ‘Find Nuclei’ function using 

nuclear staining (Hoechst 33342). Intensity and morphology properties of nuclei were 

calculated, and ‘Select Population’ function was trained using the ‘Linear Classifier’ method 

to separate small, round, high intensity nuclei as ‘Dying cells’ (Kerr, 1971; Kerr et al., 1972)  

and large, dull less round nuclei as ‘Healthy cells’, in order to avoid detection of apoptotic 

nuclei and false detection of cells. The outline of astrocytes were identified by 
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immunofluorescence of GFAP labelling (see section 2.7 for antibodies used for ICC) and 

through the ‘Find Cytoplasm’ function of Harmony analysis pipeline of nuclei detected as 

‘Healthy cells’.  

For internalised tau detection, AT8 intensity (maximum, average) was detected within the 

outlines of GFAP positive astrocytes using the ‘Calculate intensity properties’ function. ‘Find 

Spots’ was also used to detect larger aggregates relative to background, and from this 

volume and intensity properties of these aggregates could be calculated, including intensity 

of GFAP and S100B channels.  

Astrocytes were distinguished into ‘High AT8’ and ‘Low AT8’ by a ‘Select Population’ function 

and trained by ‘Linear Classification’ method that took into account detected AT8 spot 

properties, the relative number of spots per area of cells, and AT8 intensity properties of cells 

as a whole. These populations could then be used for separate analysis of GFAP and S100B 

intensity properties.  

‘Calculate Morphology Properties’ function was used to calculate size and roundness of 

detected astrocytes in determined cell populations. 

2.6 SDS-PAGE and Western blotting 

2.6.1 Protein assays 

The protein concentration of samples from human post-mortem tissue, organotypic brain 

slices or cell lysate was measured using the BCA Protein Assay Kit [Pierce, USA) according 

to the manufacturer’s instructions. A BSA standard consisting of eight known protein 

concentrations was freshly prepared in the corresponding homogenisation/lysis buffer at 

concentrations ranging from 0-2 mg/mL. In brief, duplicate samples were appropriately 

diluted (typically 1/5 for human samples and 2/5 for cell lysates) in lysis buffer directly into a 

96-well plate. Reagent A was mixed with reagent B at a ratio of 70:6. 100 μL of the solution 

were added into each well and the plate was covered with aluminium foil. Samples were 

incubated at 37 ºC for 30 min. The absorbance was then measured at 592 nm using a 

microplate reader (Clariostar, BMG Labtech) and values were extrapolated from the 

standard curve generated using the MARS analysis software (BMG Labtech) to determine 

protein concentration in mg/mL.  
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Tissue homogenates were diluted in the corresponding homogenisation buffer to ensure an 

equal protein concentration across different samples. For immunoblotting, approximately 18 

μg of human homogenates or samples of mouse brain were loaded per well. 

 

2.6.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

western blotting 

Unless otherwise stated, all western blotting reagents and equipment were manufactured 

and provided by Thermo Fisher Scientific (MA, USA) under the Invitrogen™ brand.  

Samples were prepared in 2 X Sample Buffer or NuPage sample buffer and reducing agent. 

Samples were heated at 95oC on a heating block for 5 min to denature proteins and samples 

were loaded into NuPAGE™ Bis-Tris 4-12% precast gels in the XCell SureLock™ Mini-Cell 

system and run with MOPS-SDS (1X) or MES-SDS (1X) running buffer. Gels were run at a 

constant 120V voltage until bands reached bottom of the gel. A protein ladder (3 µL) 

Precision Plus Protein™ WesternC™ Blotting Standards (Bio-Rad; CA, USA) was added to 

the first well.  

Gels were moved to an XCell II™ Blot Module for transfer in transfer buffer (2 mM Tris-Base, 

192 mM glycine, 20 % methanol) onto an Amersham™ Protran® 0.45 µm nitrocellulose 

membrane (Cytiva; Amersham, UK) at constant 0.3 A for 1 hr while keeping the module cold.  

Non-specific antibody binding on membranes was blocked by incubation with Intercept® 

(TBS) Blocking Buffer (LI-COR Biosciences; NE, USA) for 1 hr at RT. Membranes were 

incubated with primary antibodies (Table 2.2) diluted in Intercept® (TBS) Blocking Buffer 

with 0.1% (v/v) Tween® 20 (Sigma-Aldrich, MO, USA) overnight at 4oC. Membranes were 

washed three times for 5 min each on a shaker in TBS with 0.1% Tween® 20 (TBS-T). 

Secondary antibodies (Table 2.3) were diluted 1:5000 in Intercept® (TBS) Blocking Buffer 

with 0.1% (v/v) Tween® 20 and incubated with membrane for 1 hr at RT. Membranes were 

washed thrice on a shaker for 5 min in TBS-T and a final time in TBS only (to remove 

detergent that may cause autofluorescence). Membranes were imaged using the Odyssey 

CLx Imager (LI-COR Biosciences; NE, USA). A semi-quantitative analysis of band 

densitometry was performed manually by selecting each detected lane. Background 
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readings for each sample were subtracted automatically using Image Studio Lite (LI-COR 

Biosciences; NE, USA). 

2.7 Antibodies used in this thesis 

Table 2.2 Primary antibodies. 

Primary antibodies detailed with their clonality (polyclonal/monoclonal), target protein, host 

species, manufacturer/catalogue number and the typical dilution used for immunofluorescence of 

plated cells (ICC) or slide mounted tissue (IHC) or SDS-PAGE western blotting (WB).  

Antibody  Target Host Clonality Manufact. 

(cat#) 

Dilution used 

ICC IHC WB 

GFAP Glial 

fibrillary 

acidic 

protein 

Rb Poly Agilent 

Dako; CA, 

USA 

(Z0334) 

1:500 1:500 1:1000 

GFAP Glial 

fibrillary 

acidic 

protein 

Ch Poly Thermo 

Fisher 

Scientific™; 

MA, USA; 

(PA1-

10004) 

1:500 1:500 1:1000 

S100β S100 

calcium 

binding 

protein B 

Rb Poly Proteintech 

Group; IL, 

USA; 

(15146-1-

AP) 

1:500 1:500 - 

ALDH1L1 aldehyde 

dehydrog

enase 1 

family, 

member 

L1 

Rb Poly Proteintech 

Group; IL, 

USA; 

(17390-1-

AP) 

1:500 - 1:1000 

Tau Tau 

protein 

(all 

isoforms) 

Rb Poly Agilent 

Dako; CA, 

USA 

(A0024) 

1:500 1:500 1:2000 

AT8 Phospho-

Tau 

(Ser202, 

Thr205) 

Ms Mono Thermo 

Fisher 

Scientific™; 

MA, USA; 

(MN1020) 

1:300 1:300 1:1000 

PHF1 Phospho-

tau 

Ms Mono Peter 

Davies; 

1:300 1:500 1:1000 
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(Ser396, 

Ser404) 

Feinstein 

Institute 

Medical 

Research 

(NY, USA) 

MC1 Tau 

(conform

ation 

depende

nt) 

Ms Mono Peter 

Davies; 

Feinstein 

Institute 

Medical 

Research 

(NY, USA) 

1:300 1:300 - 

T22 Specific-

ally  reco-

gnises  

tau 

oligomers   

and   

fibrils   

but not 

mono-

meric 

tau. 

Rb Poly Merck 

Millipore, 

Billerica MA, 

USA 

(ABN454) 

 

 1:250  

RD3 3R Tau 

(amino 

acids 209 

–224) 

Ms Mono Merck 

Millipore, 

Billerica MA, 

USA(05-

803) 

  1:500 

LAMP1 lysosoma

l-

associate

d 

membran

e protein 

1 

 

Rb Poly Proteintech 

Group; IL, 

USA; 

(21997-1-

AP) 

1:500 - - 

GLAST 

(EAAT1) 

solute 

carrier 

family 1 

(glial high 

affinity 

glutamat

e 

transport

er), 

member 

3 

Rb Poly Proteintech 

Group; IL, 

USA; 

(20785-1-

AP) 

1:500 - - 

EAAT2 solute 

carrier 

Rb Poly Proteintech 

Group; IL, 

1:500 - - 
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family 1 

(glial high 

affinity 

glutamat

e 

transport

er), 

member 

2 

USA; 

(20785-1-

AP) 

β-actin beta-

actin 

(amino 

acids 1- 

100) 

Ms Mono Abcam Plc., 

Cambridge, 

UK 

(ab8226) 

 

  1:5000 

GAPDH Mouse,   

rat   and   

human 

glycerald

ehyde 3-

phosphat

e  

dehydrog

enase 

(GAPDH) 

 

Ms Mono Santa Cruz 

Biotechnolo

gies   Inc., 

Santa Cruz, 

CA, USA 

(sc-32233) 

 

  1:1000 

 

2.7.1 Secondary antibodies  

Table 2.3  Secondary antibodies. 

Secondary antibodies detailed with their clonality (polyclonal/monoclonal), target species 

immunogen, host species, manufacturer/catalogue number and the dilution used for 

immunofluorescence of plated cells (ICC) or slide mounted tissue (IHC) or SDS-PAGE western 

blotting (WB).  

Antibody  Target Host Clonality Manufact. 

(cat#) 

dilution used 

ICC IHC WB 

Goat 

anti-

Mouse, 

Mouse 

IgG 

Goat Poly Thermo 

Fisher 

Scientific™; 

1:500 1:500 - 
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Alexa 

Fluor 680 

MA, USA; 

(A-21057) 

Goat 

anti-

Rabbit, 

Alexa 

Fluor 568 

Rabbit 

IgG 

Goat Poly Thermo 

Fisher 

Scientific™; 

MA, USA; 

(A-11011) 

1:500 1:500 - 

Goat 

anti-

Rabbit, 

Alexa 

Fluor 488 

Rabbit 

IgG 

Goat Poly Thermo 

Fisher 

Scientific™; 

MA, USA; 

(A-11034) 

1:500 1:500 - 

Goat 

anti-

Chicken, 

Alexa 

Fluor 568 

Chicken 

IgY 

Goat Poly Thermo 

Fisher 

Scientific™; 

MA, USA; 

(A-11041) 

1:500 1:500 - 

IRDye® 

680RD 

Goat 

anti-

Mouse 

Mouse 

IgG 

Goat Poly LI-COR 

Biosciences; 

NE, USA; 

(926-68070) 

- - 1:5000 

IRDye® 

800CW 

Goat 

anti-

Rabbit 

Rabbit 

IgG 

Goat Poly LI-COR 

Biosciences; 

NE, USA; 

(926-32211) 

- - 1:5000 

IRDye® 

680RD 

Rabbit 

IgG 

Donkey Poly LI-COR 

Biosciences; 

- - 1:5000 
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Donkey 

anti-

Rabbit 

NE, USA; 

(926-68073) 

IRDye® 

800CW 

Donkey 

anti-Goat 

Goat IgG Donkey Poly LI-COR 

Biosciences; 

NE, USA; 

(926-32214) 

- - 1:5000 

2.8 Gene expression analysis 

All reagents used for the following methods, unless otherwise stated, were made and 

supplied by Thermo Fisher Scientific™ (MA, USA) under the Invitrogen™ brand. All 

consumables and reagents used were molecular grade and certified nuclease and 

RNAase/DNAase free.  

2.8.1 Cell lysis 

Cells were quickly washed in pre-warmed DMEM/F-12 to remove cellular debris. Cells were 

then lysed with TRIzol™ Reagent (cat# 15596026) at approximately 0.4 mL reagent per 1 x 

105 cells, which equates to approximately 0.5 mL reagent per confluent well of a 6-well plate. 

After 30 sec, the solution was pipetted up and down to homogenise cells. Lysates were 

collected in 1.5 mL microcentrifuge tubes and stored at -80oC. 

2.8.2 RNA extraction of cell lysates 

Cell lysates were transferred (maximum 1.4 mL, minimum 0.3 mL) to a Phasemaker™ Tube 

(cat# A33248) which had been pre-spun at 1000 x g for 60 seconds.  To this, 100 µL of 1-

Bromo-3-chloropropane (BCP) was added (Sigma-Aldrich; MO, USA) per 1 mL of lysate 

(minimum 100 µL BCP). Tubes were shaken vigorously by hand for 10 sec, and incubated 

at room temperature (RT) for 5 min. Tubes were then centrifuged in a cooled (4oC) benchtop 

centrifuge at 16,000 x g for 10 min.  The top clear aqueous layer was then transferred to a 

1.5 mL microcentrifuge tube. To help visualise the RNA pellet, 1 µL of RNA grade glycogen 

was added. To this, RT isopropanol was added at 500 µL per 1 mL of original lysate used. 

Tubes were vortexed and RNA allowed to precipitate for 60 min at RT. The tubes were then 
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centrifuged at 16,000 x g for 15 min at 4oC. Supernatants were discarded and the white RNA 

pellets washed twice with 80% (v/v) ethanol in nuclease free water.  After the final wash, the 

supernatant was carefully removed, and the tubes left open on a 40oC heating block for 5 

min to allow for any remaining ethanol to evaporate.  To the pellet, 21.5 µL of nuclease free 

water was added.  Tubes were spun down and placed on a heating block at 50oC for 5 min 

to aid solubilising of RNA.  Samples was stored at -80oC. The RNA concentration and purity 

of the resulting samples was determined using the NanoDrop™ One/OneC Microvolume UV-

Vis Spectrophotometer. Pure RNA has an absorbance ratio of A280/A260 of 2.0 

approximately, whereas the A260/A230 ratio should be above 2.0 [T042-Technical Bulletin, 

Thermo Scientific].  

 

2.8.3 Reverse transcription 

Purified RNA was reverse transcribed into complementary DNA (cDNA) using Maxima H 

Minus First Strand cDNA Synthesis kits with dsDNase (cat# K1681) using between 1 and 5 

µg of RNA. The protocol was carried out as per manufacturer instructions, without the use 

of random hexamer primers. Briefly, RNA normalised to 1 µg that had previously been 

quantified on the NanoDrop™ One was incubated with DNAase to remove any residual 

genomic DNA, and then mixed with oligo(dT)18, 10 mM dNTP Mix and nuclease free water 

and incubated as per manufacturer instructions to generate cDNA, which was then diluted 

5-fold in nuclease free water and stored at -20oC until required. In subsequent qPCRs, 2 µL 

or 1 µL was used per reaction in 96-well or 384-well plates respectively.   

2.8.4 Primers for RT-qPCR 

The following primers were designed to cover the majority of isoforms of each gene of interest 

as determined using the USSC Genome Browser Gateway (Kent et al., 2002) with the 2013 

Human genome assembly. Primers were ordered from Integrated DNA Technologies (IA, 

USA) as purified 25 nmole DNA Oligo powder which were then hydrated to 100 µM using 

nuclease-free water. Primers were stored at -20oC for long term storage (+6 month) or at 

4oC for short term use. Primers were diluted to 5 µM for use in subsequent qPCR reactions.  

Table 2.4  Primer sequences. 

Forward and reverse primer sequences for each gene used in qPCR.  
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Gene Forward (5’ – 3’) Reverse (5’ – 3’)  

0N MAPT GCTGGCCTGAAAGCTGAAG ATCGCTTCCAGTCCCGTCT 

1N MAPT CAACAGCGGAAGCTGAAGAA GTGACCAGCAGCTTCGTCTT 

2N MAPT ACTCCAACAGCGGAAGATGT GTGACCAGCAGCTTCGTCTT 

3R MAPT AGGCGGGAAGGTGCAAATA GCCACCTCCTGGTTTATGATG 

4R MAPT CGGGAAGGTGCAGATAATTAA TATTTGCACACTGCCGCCT 

ALDH1L1 CCAAAGTCCTGGAGGTTGAA TAACTCCAGGCCATCACACA 

Β-ACTIN TCGTGCGTGACATTAAGGAG AGGAAGGAAGGCTGGAAGAG 

 C3 AAAAGGGGCGCAACAAGTTC GATGCCTTCCGGGTTCTCAA 

CRYAB GCCTGGAGAAGGACAGGTT ATGTTTTCCATGCACCTCAA 

EAAT1 TCAAGTTCTGCCACCCTACC AATGAAAATGGCAGCCAAAG 

EAAT2 TCAGTCAATGTTGTGGGTGA GTTGCTTTCCCTGTGGTTCT 

GAPDH AGCCTCAAGATCATCAGCAA CTGTGGTCATGAGTCCTTCC 

GFAP GAGTCCCTGGAGAGGCAGAT GTAGGTGGCGATCTCGATGT 

IL3 GACAAGCTGGGTTAACTGCTC GTCTTCCCCATTGAGGTTGT 

LCN2 CTCCACCTCAGACCTGATCC TGGTGGCATACATCTTTTGC 

LRP1 CTTGCATCAGCCCACACC GCCAGCCCTTTGAGATACAG 

MAP2AB AAACTGCTCTTCCGCTCAGACACC GTTCACTTGGGCAGGTCTCCACAA 

MAPT GTCGAAGATTGGGTCCCT GACACCACTGGCGACTTGTA 
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NRF2 GCGACGGAAAGAGTATGAGC GTTGGCAGATCCACTGGTTT 

OCT4 TTGGGCTCGAGAAGGATGTG GTGAAGTGAGGGCTCCCATA 

PAX6 GCCAGAGCCAGCATGCAGAACA CCTGCAGAATTCGGGAAATGTCG 

S100β AAAGAGCAGGAGGTTGTGGA CGTGGCAGGCAGTAGTAACC 

SOX9 AGGTGCTCAAAGGCTACGAC GCTTCTCGCTCTCGTTCAGA  

SERPIN3A CGTGGTGGAGCTGAAGTACA GCCCAGCTGGAGAAGTATGT 

STAT3 GGCATTCGGGAAGTATTGTCG GGTAGGCGCCTCAGTCGTATC 

TFEB CCAGAAGCGAGAGCTCACAGAT TGTGATTGTCTTTCTTCTGCCG 

TUJ1 CCCGTTATCCCAGCTCCAATATGCT ATGGCTTGACGTGCGTACTTCTCC 

 

2.8.5 RT-qPCR 

Real time quantitative polymerase chain reaction (RT-qPCR) experiments were performed 

using PowerUp™ SYBR™ Green Master Mix on the QuantStudio™ 7 Flex Real-Time PCR 

System. For 96-well PCR plates, each reaction consisted of 10 µL master mix, 2 µL of 5 µM 

primers (forward and reverse primers combine) and 2 µL of cDNA product, normalised 

previously by equal RNA concentration used in the RT step. 8 µL of nuclease free water was 

added for a total 20 µL reaction volume. For 384-well PCR plates, quantities were halved for 

a total of 10 µL reaction volume. 

Analysis of gene expression was performed using the comparative CT method relative to a 

control sample, using the equation of 2ΔΔCT = [(CT gene of interest – Ct internal controls) 

sample A – (Ct gene of interest – Ct internal control) sample B] with average of two internal 

control genes β-ACTIN and GAPDH. The fluorescence threshold was set automatically by 

the proprietary QuantStudio™ Real-Time PCR Software v1.7.1, utilising a ‘baseline threshold 

algorithm’ that subtracts a baseline component and sets a threshold in the exponential region 

of the Amplification Plot. No template controls (NTC) were used to check for contamination 



Materials & Methods 

85 

or primer-dimer amplification and ‘Undetermined’ Ct values were confirmed in NTCs before 

proceeding with analysis of sample data. Any undetermined Ct values in sample data 

therefore indicated no detectable gene expression. Gene expression was measured relative 

to a control sample (iPSC or untreated astrocytes or human postmortem brain) that showed 

some detectable expression (a valid Ct value). The melt curve was used to confirm only one 

product was created during the PCR run.  

Run method was as follows: 

Hold stage: 50oC for 2 min (1.6oC/s). 95oC for 2 min (1.6oC/s). PCR Stage (40 cycles): 95oC 

for 15 sec, 60oC for 15 sec, 72oC for 1 min (1.6oC/s). Melt Curve Stage: 95oC for 15 sec 

(1.6oC/s), 60oC for 1 min (1.6oC/s), 95oC for 15 sec (0.15oC/s).  

 

2.9 Data analysis and statistics 

All data in this thesis was statistically analysed using GraphPad Prism 9.0 software (La Jolla, 

USA). To detect differences between three or more groups according to the sample 

distribution, either non-parametric Kruskal-Wallis H test with Dunn’s post-hoc analysis or 

one-way analysis of variance (ANOVA) with Holm-Šidák’s test for multiple comparisons was 

used. These tests were chosen to maximise power without the need to generate confidence 

intervals in the case of the Holm-Šidák’s test. An unpaired student’s t-test or Welch’s t-test 

was used to evaluate differences between two groups under the assumption of equal or 

unequal variances, respectively. For analysis of data with more than one independent 

variable, analysis was performed by two-way ANOVA with post-hoc Holm-Šidák’s test for 

multiple comparisons. All data in this thesis were presented as mean ± standard error of the 

mean (SEM), unless replicates were not available for a given data point. The number of 

biological independent experiments (n) can be found in the figure legends. For iPSC-

astrocyte experiments, n refers to separate experiments performed on independently 

differentiated astrocytes from one control iPSC line.  Results were considered statistically 

significant when p-value <0.05. Asterisks indicate the degree of statistical differences as 

follows: *p<0.05, **p< 0.01, ***p< 0.001, ****p<0.0001. 
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3 Astrocyte association with pathological tau seeds in vivo 

3.1 Introduction 

The tau that is deposited in tauopathies has unique filament structures (Shi et al., 2021) that 

may determine spreading patterns during disease because of cell- and region- specific 

vulnerability to different types of tau (Jucker and Walker, 2018) (see section 1.3.4). It is 

therefore important to study the pattern and cell-type localisation of pathogenic tau 

aggregates to develop an understanding of the causes of this regional vulnerability to tau in 

different diseases. For this purpose, this lab developed a new mouse model of tau spread 

utilising htau mice. Htau mice express the entire wild-type human tau gene in the absence 

of endogenous mouse tau (Andorfer et al., 2003). Alternative splicing leads to the expression 

of both 3R and 4R isoforms, in contrast to adult wild-type mice that have predominantly 4R 

tau and very little 3R tau expression (McMillan et al., 2008), and this is important when 

studying tau seeding since tau may need a similar substrate to seed further aggregation 

(Goedert et al., 2017). Htau mice show the progressive accumulation of 

hyperphosphorylated tau with age, followed by the deposition of aggregated tau inclusions 

in somato-dendritic regions of neurons (Andorfer et al., 2003, 2005). This correlates with 

increased tau associated protein kinases (Kelleher et al., 2007). Htau mice also exhibit 

evidence of synaptic dysfunction by 12 months of age that is also age-dependent, and is 

related to deficits in object recognition and spatial memory (Polydoro et al., 2009). A robust 

impact on food-borrowing behaviour in these mice has also been observed (Geiszler et al., 

2016).  

To examine regional vulnerability to tau, htau and wild-type mice of an identical genetic 

background were intraperitoneally injected with tau extracts isolated from postmortem 

tauopathy (AD, PiD, PSP) and non-diseased control brain. These tauopathies were selected 

since they display different characteristics. Pathological deposits of tau are first observed in 

the transentorhinal cortex in AD, then later in the medial and basal temporal lobes, 

neocortical regions and later the sensory and motor cortex (Braak et al., 2006). In Pick’s 

disease, tau pathology also begins in the entorhinal cortex and particularly the dentate gyrus 

as well as neocortical regions, spreading to subcortical regions and brainstem nuclei, and 

the primary motor cortex and nuclei of the medulla, while severe cases can also show tau 
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pathology in the visual cortex and sometimes in the cerebellar granular layer and white 

matter of the brainstem (Irwin et al., 2016a). For most PSP cases, tau pathology is first 

observed in the subthalamus, substantia nigra and globus pallidus, propagating to 

neocortical and midbrain areas, well as cerebellum, and cortical regions are affected late in 

disease (Kovacs et al., 2020). Interestingly, tau pathology in astrocytes is prominent in PSP 

in the form of tufted astrocytes, often preceding neuronal tau pathology in some brain 

regions, and this disease shows mainly 4R tau inclusions (Kovacs, 2020). Astrocyte 

involvement in PiD is also common, with astrocytic plaques a defining feature of disease, and 

in this case it is predominantly 3R tau that is deposited. Glial tau pathology in AD is not a 

common pathological feature, although tau accumulations in hilar astrocytes has been 

reported in the dentate gyrus (Richetin et al., 2020b). The unique spreading patterns and 

cytopathology in these tauopathies prompted this exploration of regional susceptibility to 

different pathological tau deposits in mice, and study of astrocyte association with the 

pathological tau deposits. 

The rationale for the approach used for this work was based on previous publications 

showing that intraperitoneal injection of tau aggregates isolated from mice expressing 

mutant human P301S tau, into mice expressing wild type human tau, resulted in the 

deposition of tau aggregates in the brain (Clavaguera et al., 2013).  Moreover, others 

showed that similar experiments with A resulted in brain A deposition that was attributed 

to A entering the bloodstream and crossing into the brain through the (leaky) blood-brain-

barrier (Eisele et al., 2010). This suggested that tau entry into the brain via a similar random 

route might allow investigation of specific regional vulnerabilities to tau aggregates isolated 

from different tauopathies. Interestingly, preliminary data suggested that tau burden is 

increased in the cerebellum/brainstem when tau from PiD and PSP, but not AD, brain was 

injected compared to untreated mice or those injected with control human brain extracts. In 

the cortex, mice injected with AD, PiD and PSP extracts showed increased presence of tau 

aggregates compared to controls, whereas no overt changes were noted in the 

hippocampus. This therefore suggests regional vulnerability to different forms of tau.  

The samples collected from this study were further analysed to examine the association of 

astrocytes with tau deposition resulting from the spread of pathogenic tau seeds from the 

periphery into the CNS.  Previously, direct brain injection of post-mortem brain tissue from 

PSP and CBD cases was found to induce astrocyte tau inclusions in non-transgenic mice, in 
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contrast to AD case derived tau (Narasimhan et al., 2017). Interestingly, a follow up study 

demonstrated that glial tau pathology spread through connected oligodendrocytes, but not 

astrocytes, in a neuronal tau knockout model (Narasimhan et al., 2020). This suggests that 

astrocyte tau pathology (Narasimhan et al., 2017) is due to astrocyte uptake of neuronal tau 

aggregates. Another human tau expressing mouse model also showed PSP and CBD 

induced tau pathology within astrocytes following seeding of human tauopathy strains, but 

again this did not result when AD brain tau was directly injected into the brain (He et al., 

2020). The propagation in all these models was induced by intracerebral injections, which 

pre-determines the initial site of tau deposition and the origin of spread. In contrast, the model 

analysed in this chapter will allow for analysis of tau spread induced by indirect entry, which 

is predicted to allow random tau entry via a leaky blood-brain-barrier, with vulnerable 

neurons accumulating tau deposits.  

The overarching aims of this chapter were to: 

- Characterise the human brain tissues from which tau extracts were obtained by 

western blot.  

- Investigate the brain regions in which tau deposits accumulate by western blot and  

immunohistochemistry.  

- Examine features of the astrocyte response to tau pathology, including 

measurements of cell numbers, morphology, and markers of astrocyte reactivity.  

3.2 Methods 

All methods are described fully in Chapter 2.  

Briefly, 3-4-month-old mixed gender htau or WT mice received injections of tauopathy human 

brain extract into the intraperitoneal cavity (see Figure 3.1 for overview).  Treatment 

protocols were based on those previously published by Clavaguera et al. (2013).  WT treated 

mice, mice injected with control human brain extracts, and untreated mice were used as 

controls.  The tauopathy brain extracts were prepared from a single PSP case, expected to 

have a relative abundance of 4R tau aggregates, a single PiD case, where 3R tau aggregates 

are abundant, and AD, where approximately equal proportions of 3R and 4R tau are 

expected (see 1.3.3 for details). Mice were aged until they were 18 months old and 
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sacrificed.   The brain was bisected with half being drop-fixed in 4 % (v/v) paraformaldehyde, 

prior to sectioning for immunohistochemistry (2.5.2). Sections were labelled with antibodies 

against tau and astrocytes, as indicated below, and imaged using a Nikon A1R confocal 

microscope (2.5.4). Images were exported and astrocytes analysed using the Fiji plugin for 

ImageJ (2.5.4.1). The other hemibrain was snap frozen for biochemical assessment following 

crude dissection into brainstem/cerebellum, hippocampus, and cortex. Tissue samples were 

processed to isolate sarkosyl-insoluble tau (2.1.2), a process that yields a low-speed 

supernatant (LSS, total), sarkosyl-soluble high-speed supernatant (HSS) and sarkosyl-

insoluble (SI) pellets that contain aggregated tau (Noble et al., 2003). These were used for 

western blotting. 

 

Figure 3.1  Schematic overview of workflow. 

Schematic showing the experimental design. Tau extracted from the temporal cortex of tauopathy 

(AD, PiD or PSP) and control human post-mortem brain was homogenised in PBS, sterile filtered, 

normalised for total tau content, and then injected interperitoneally into wild-type or hTau mice at 

3-4 months of age. Mice were aged until 18-months and brains taken for biochemical and 

immunohistochemical (IHC) analysis, focusing on 3 regions - cortex, hippocampus, and the 

brainstem/cerebellum.   

 

3.3 Results 

3.3.1 Characterisation of human tauopathy cases used for injection 

Although some initial characterisation of the human brain samples used in this study had 

previously been conducted, it was important to further examine their main features prior to 

the rest of the investigations conducted in this chapter. This may allow characteristics of the 

postmortem tau extracts to be linked with changes induced in mouse brain. 
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Therefore, the human tauopathy samples were examined by western blot and IHC. Prior to 

western blotting, samples were processed using standard methods to isolate sarkosyl-

insoluble tau (2.1.2). This method, first described by Greenberg and Davies (1991), isolates 

tau aggregates on the basis of its insolubility in the detergent sarkosyl. Others have shown 

that tau isolated in this fraction is filamentous and labels by immuno-gold EM with antibodies 

against phosphorylated tau (Noble et al., 2003). The protocol involves homogenising tissue 

at 100mg/ml and first isolates a low-speed supernatant (LSS), to which sarkosyl is added, 

and following ultracentrifugation a sarkosyl-soluble and sarkosyl-insoluble pellet (SI) are 

collected. The proportion of insoluble tau fraction is calculated relative to the amount of tau 

in the LSS fraction for each sample.  Here, samples from the LSS and SI were examined by 

western blot using antibodies against total tau (DAKO), tau phosphorylated at Ser396/404 

(PHF1) and an antibody specific to 3R tau isoforms (Figure 3.2b). An antibody against A 

(6E10) was also used to confirm A enrichment in AD, but not PSP, PiD or control cases. -

actin was used as a loading control. 

Western blotting with an antibody that detects total (phosphorylated and non-

phosphorylated) tau (DAKO) showed several bands of tau between approximately 46-

68kDa, as expected (Kelleher et al., 2007). These correspond to individual tau isoforms that 

are differentially phosphorylated or otherwise modified (Guo et al., 2017). All tauopathy 

samples demonstrated strong bands in both LSS and SI fractions, with tau in the SI fractions 

indicating the presence of aggregated sarkosyl-insoluble tau. High molecular weight bands 

in this fraction are indicative of tau that is extensively modified and/or aggregated. Sarkosyl-

insoluble tau from the AD case showed three strong bands of approximately 60-68kDa, 

which has been previously reported (Sergeant et al., 2005). In contrast, sarkosyl-insoluble 

tau from the PiD and PSP cases showed relatively lower proportions of sarkosyl-insoluble 

tau, with more motile, lower kDa, bands. When an antibody that specifically detects tau 

phosphorylated at Ser396/404 (PHF1), an epitope known to be highly phosphorylated in AD 

(Hanger et al., 2007) was used, the SI in all tauopathy cases was found to be enriched in 

phosphorylated tau relative to the LSS. No PHF1+ve tau was detected in samples from the 

control case. -actin showed that the concentration of protein in LSS from all samples was 

approximately equivalent. An antibody against 3R tau was also used since the relative 

abundance of tau isoforms differs between tauopathies, with AD and PiD tau neuropathology 

involving 3R tau, unlike PSP (Reid et al., 2020). Immunolabelling with the 3R tau antibody 
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gave signals for all samples in the low-speed supernatant, as expected. 3R tau was also 

found to be enriched in the SI fraction from AD and PiD, but not PSP. This is in-keeping with 

knowledge that tau filaments in AD contain both 3R and 4R forms of tau (Goedert et al., 

1989a) that PiD aggregates are predominantly 3R tau (Dickson, 2001; Kovacs et al., 2017), 

and that 4R tau accumulates in PSP (Dickson et al., 2007; Kovacs et al., 2020). Finally, A 

was only detected in the LSS and SI of AD samples, as expected.  

In the human tauopathy and control brain sections analysed, tau pathology and associated 

astrocytes were briefly characterised (Figure 3.2b). In control non-diseased brain, GFAP 

positive astrocytes were observed in the absence of clear AT8 positive tau aggregates. For 

AD, GFAP positive astrocytes were seen along with AT8 positive structures resembling 

neurites or NFTs, and some astrocytes were observed in the presence of these tau 

aggregates, suggesting that astrocytes might respond to tau. In PiD sections, rounded AT8 

positive structures are observed, which resemble the rounded ‘ballooned’ neuronal bodies 

(Pick bodies) that are a hallmark of PiD pathology in the cortex (Dickson, 2001). Astrocytes 

appear ramified, as is often described in PiD (Irwin et al., 2016a), and some show co- or 

close- localisation to AT8. In PSP, GFAP positive astrocytes localised in the proximity of AT8 

positive structures, and there were clear examples of GFAP- and AT8- positive tufted 

astrocytes, which are a characteristic feature of PSP (Nishimura et al., 1992; Dickson et al., 

2007). 

3.3.2 Characterisation of tau aggregate burden in mice peripherally injected with 

tauopathy brain extracts 

Tau aggregates in AD, PSP and PiD arise and spread from distinct brain regions, as 

described in the introduction to this chapter (3.1). To determine if peripheral injection of 

tauopathy extracts into mice recapitulates this regional deposition, the LSS and SI fractions 

from the cortex, brainstem + cerebellum and hippocampus of peripherally injected wild-type 

and htau mice were analysed. 

Running htau samples by western blot (Figure 3.3a) revealed, as expected, that total tau 

was present in the LSS of all brain regions for all treatment conditions. PHF1 tau was also 

present in the LSS of all mice including untreated, and this is expected since mice are known 

to accumulate phosphorylated tau by 9 months of age (Andorfer et al., 2003). For all brain 

regions, the amount of total and PHF1+ve tau in the SI fraction appeared to be at higher 
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levels in control brain extract- and tauopathy brain extract- injected mice compared to 

untreated mice. In the brainstem/cerebellum, SI tau appeared strongest in the PiD and PSP 

injected mice. This is contrast to the hippocampus of PiD and PSP extract injected mice, 

where SI PHF1 +ve tau appeared at lower levels than was observed in mice injected with AD 

or control brain extracts. β-actin was present as expected in all LSS fractions, and at lower 

levels in the SI fraction. 
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Figure 3.2  Characterisation of human brain tissue used to isolate brain extracts for injection 

into mice  

 (a) Western blots of the low-speed supernatant (LSS) and sarkosyl insoluble (SI) fraction from 

human post-mortem control (Ctr), AD, PiD and PSP brain probed with antibodies against total tau 

(DAKO), phosphorylated tau (Ser396/Ser404) detected by the PHF1 antibody, 3-repeat (3R) tau 

detected with the RD3 antibody and Aβ (6E10). -actin was used as a loading control. kDa 

markers are indicated. (b) Representative immunohistochemistry of brain sections from the same 

cases immunolabelled with the AT8 antibody against phosphorylated tau (Ser202/Thr202) and 

the astrocyte marker GFAP. Images show merge plus counterstain with DAPI. White arrows 

indicate examples of astrocyte association with AT8 in AD and PiD and a tufted astrocyte in PSP.  

White scale bar is 100 m. n=1. 
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To quantify the amount of aggregated tau in each sample, the amount of total tau in the SI 

fraction was quantified relative to the amount of total tau detected in the LSS of the same 

sample (Figure 3.3b), as previously described (Noble et al., 2003; Kurbatskaya et al., 2016). 

Data are shown relative to values for control human brain extract-injected samples. In the 

cortex, the quantified data shows that there are higher levels of aggregated tau relative to 

total tau for all mice injected with tauopathy brain extracts relative to control brain injected 

mice, which showed similar levels to untreated mice. A Kruskal Wallis one-way ANOVA 

analysis indicated that tauopathy injection significantly altered the presence of aggregate tau 

(H(4) = 16.19, p = 0.003), and Dunn’s pairwise comparison revealed significant increase 

following injection of htau mice with AD and PSP extracts, relative to control brain injections 

(p = 0.017 and 0.036 respectively). In the brainstem and cerebellum, a significant increase 

in aggregated tau was observed in mice injected with PiD and PSP extracts relative to 

control. Again, Kruskal-Wallis one way ANOVA analysis revealed that aggregated tau 

present in the brainstem + cerebellum was significantly increased following injection of htau 

mice (H(4) = 19.11, p = 0.0007), and Dunn’s pairwise comparison indicated this was 

significant in PiD and PSP injected mice (p = 0.037 and 0.028 respectively). While mice 

injected with AD and control extracts showed higher aggregate levels than untreated mice, 

this was not statistically significant. These data indicate that PiD and PSP tau preferentially 

stimulated tau accumulation in the brainstem/cerebellum. In the hippocampus, while there 

was a small increase in aggregated tau in all tauopathy brain extract injected mice, this was 

not significant for any tauopathy type and was highest for mice injected with control extracts, 

indicating that tau pathology does not accumulate in the hippocampus in this model, at least 

not to an extent that it can be detected by these methods. 
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Figure 3.3  Htau mice show regional accumulation of aggregated tau following peripheral 

injection with tauopathy brain extracts.  

Representative western blots of low-speed supernatants (LSS) and the sarkosyl insoluble (SI) 

pellet from the cortex, brainstem+cerebellum and hippocampus of htau mice intraperitoneally 

injected at 3-4 months of age with extracts from control (Ctr), AD, PiD or PSP postmortem brain 

or left untreated (Utr) and aged to 18 months (a). Samples were immunoblotted with antibodies 

against total tau (Dako) and tau phosphorylated at Ser396/Ser404 (PHF1). -actin was used as 

a loading control. kDa markers are indicated. Bar charts show (b) the amount of tau in the sarkosyl 

insoluble fraction relative to tau amounts in the LSS for each sample as a measure of tau 

aggregation, (c) the amount of total tau in the LSS relative to -actin as a measure of total tau 

amounts in each sample, and (d) the levels of phosphorylated (PHF1) relative to total tau in the 

same sample to determine relative tau phosphorylation. Tau bands running between 35kDa and 

75kDa were included in quantification. Data is shown as percentage change from control brain 

extract-injected mice. Data is mean +/- SEM. N= 4 (UT), 5 (Ctrl), 6 (AD), 3 (PiD), 4 (PSP). Data 

were analysed using non-parametric Kruskal Wallis ANOVA with Dunn’s multiple comparison to 

the control-injected group. *p<0.05. 
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The amount of total tau within the LSS was also determined relative to -actin within the 

same sample (Figure 3.3c). This allowed evaluation of changes in overall tau levels following 

peripheral injection of tauopathy brain extracts. In the cortex, while there appeared to be a 

slight increase in total tau in AD and PSP extract- injected mice, this was variable and was 

not significantly altered when a one-way ANOVA was conducted. Similarly in the 

brainstem/cerebellum there was a negligible increase in tau following tauopathy brain extract 

injection. In the hippocampus, tau levels in PiD extract injected mice appeared slightly 

reduced while those injected with PSP extracts showed an increase, however again these 

changes were not significant. This data suggests that overall levels of tau are not altered 

following peripheral injection of mice with tauopathy or control brain extracts. 

To determine if the phosphorylation of tau is altered, blots were probed with an antibody 

against tau phosphorylated at Ser396/404 (PHF1). Tau phosphorylation at this site is known 

to increase in htau mice with age (Kelleher et al., 2007). In the cortex, when the amount of 

PHF1+ve tau was normalised to total tau amounts in the LSS, Kruskis-Wallis one-way 

ANOVA indicated that tauopathy injection significantly altered the presence of PHF1+ve tau 

(H(4) = 15.23, p = 0.0043), and Dunn’s pairwise comparison revealed a significant increase 

following injection of htau mice with AD and PSP extracts, relative to control brain injected 

mice (p = 0.0122 and 0.0459 respectively). PiD extract injected mice also showed a higher 

average amount of PHF1 tau, but this was not significantly different from controls, likely owing 

to higher levels of variation in the small number of samples. In the brainstem and cerebellum, 

there were no changes in PHF1 levels in PiD or PSP extract injected mice, as might have 

been expected since there was an increase in sarkosyl-insoluble tau in these samples. Levels 

of PHF1 in mice injected with control brain extracts in this region were similar to those in 

untreated mice, while tauopathy extract injected mice showed more variation, although 

without significant changes relative to controls. In the hippocampus, the average amount of 

PHF1 tau was higher in control and tauopathy extract injected mice. However, large SEM 

indicates that these levels were variable, and again one-way ANOVA showed no significant 

changes in PHF1 tau in the hippocampus after tauopathy injection. 

Overall, these results indicate that aggregated tau accumulates in the CNS of htau mice 

following peripheral injection of tauopathy brain extract. Regional variation was apparent, 
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with the brainstem/cerebellum showing selective accumulation of tau aggregates following 

PiD and PSP extract, but not AD extract injection, and this is in keeping with pathological 

analysis showing that the brainstem and cerebellum are particularly vulnerable in PSP 

(Kovacs et al., 2020) and can even be affected in late stage PiD (Irwin et al., 2016a), whereas 

for AD this is often spared (Braak et al., 2011).  The apparent alteration in tau aggregation 

in the brainstem/cerebellum of PSP and PiD injected mice appears in the absence of 

increases in tau phosphorylated at Ser396/404. The results further indicate that the cortex 

shows accumulation of tau aggregates following peripheral injection with all tauopathy brain 

extracts (AD, PiD and PSP), particularly for AD and PSP, and this correlated with increased 

tau phosphorylation at Ser396/Ser404, suggesting this may have been a mechanism for tau 

aggregation considering that PHF1 tau is associated with paired helical filaments (Otvos et 

al., 1994). Areas of the cortex are affected in postmortem tissue of all tauopathies examined 

here (Kovacs et al., 2020). The hippocampus appeared largely unaffected by tauopathy 

brain extracts, even though this is an area particularly affected in AD (Braak et al., 2011) 

and sometimes in PSP and PiD (Irwin et al., 2016a; Kovacs et al., 2020).  

To determine if endogenous mouse tau is readily recruited by human tau seeds, wild-type 

mice were injected in parallel with htau mice and samples from these mice were analysed as 

described above (Figure 3.4).  

Samples of LSS and SI from each brain region of wt mice were characterised by western 

blot (Figure 3.4a). As expected, there were no discernible tau bands in the SI fraction of any 

brain region, although a low intensity smear was apparent in some cases. In the LSS, total 

tau amounts were consistent between untreated mice and those injected with human brain 

extracts. Tau phosphorylated at S396/404 was observed at low levels in all brain regions, in 

keeping with previous findings from aged wt-mice, at least in the hippocampus (Torres et al., 

2021). There were no differences in tau phosphorylation between groups. 

Again, the results were quantified and are presented relative to control injected mice. The 

ratio of total tau to actin was measured to detect any changes in total tau levels after human 

brain extract injection (Figure 3.4b). In the cortex, mice injected with PSP and PiD extracts 

showed a somewhat reduced tau level, but this was not significantly lower than levels in 

control brain extract injected mice. In the brainstem + cerebellum, and hippocampus, tau 

levels were unchanged between groups. The ratio of phosphorylated (PHF1+ve) tau to total 
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tau in the LSS was measured for each brain region (Figure 3.4c). Overall, the relative 

abundance of PHF1 tau was unchanged between groups for all brain regions. A small 

decrease in PHF1 levels were observed in the cortex of mice injected with PSP extracts, but 

one-way ANOVA indicated that there was no significant effect of treatment. This data 

indicates that peripheral injection of tauopathy brain extract were not sufficient to induce 

increased tau phosphorylation in wt mice, at least not at the single time point examined here.  

 

 

Figure 3.4  Wt mice show no changes in tau following injection with tauopathy brain extracts. 

Representative western blots of low-speed supernatants (LSS) or sarkosyl-insoluble tau (SI) from 

three brain regions (cortex; brainstem+cerebellum; hippocampus) of wild-type mice injected with 

AD, PiD, PSP and control human brain extracts or left untreated (a). Blots were immunoblotted 

with an antibody against total tau (Dako) and phospho-tau (Ser396/Ser404) (PHF1). Bar charts 

show the amount of (b) total tau in the LSS relative to β-actin and (c) the ratio of PHF1 tau to total 

tau. Tau bands running between 35kDa and 75kDa were included in quantification. Data in graphs 

is normalised to show percentage change from control brain extract- injected mice. Data is mean 

± SEM. N= 3 (UT), 3 (Ctrl), 4 (AD), 3 (PiD), 3 (PSP). Data were analysed using non-parametric 

Kruskal Wallis ANOVA with multiple comparisons to the control-injected group. *p<0.05. 
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Overall, these results demonstrate that peripheral injections of human tau extracted from 

tauopathy brain can cause increases in tau aggregation and tau phosphorylation in the brain 

of aged mice that express human tau, but not in mice only expressing mouse tau (wt mice).  

Moreover, there appeared to be some brain region specificity that was dependent on the 

tauopathy type from which the brain extract was derived. The mechanism behind these 

regional differences was not the focus of this project but are worthy of further exploration. 

Regardless, this data shows characterisation of a unique in vivo model with which to 

investigate the association of astrocytes with different types of tau pathology in affected brain 

regions.  

3.3.3 Investigating the association of astrocytes with tau aggregates 

Astrocyte reactivity (often referred to as [reactive] astrogliosis) is common in mouse models 

of tauopathy (Zamanian et al., 2012; Sidoryk-Węgrzynowicz and Struzyńska, 2019; Spanos 

and Liddelow, 2020; Jiwaji et al., 2022) and in postmortem tauopathy brain (Osborn et al., 

2016; Garwood et al., 2017). These observations are substantiated by a growing body of 

evidence suggesting that altered astrocyte responses in tauopathies contribute to disease 

progression (Kovacs, 2020; Reid et al., 2020). This laboratory has previously shown a 

reactive astrocyte response in htau mice (Garwood et al., 2011) and this has also been 

observed in other tauopathy mouse models in which mutant human FTD-causing tau is 

expressed (Schindowski et al., 2006). To investigate if indicators of astrocyte reactivity are 

associated with the deposition of tau aggregates, hemi brains were drop fixed in 4 % (v/v) 

paraformaldehyde and sectioned in the coronal plane at 40m. These were used to examine 

a) the regional deposition of modified tau, and b) glial fibrillary acidic protein (GFAP) as a 

marker of (reactive) astrocytes, by immunofluorescent labelling. Sections were selected that 

contained the cortex, brainstem and cerebellum, and hippocampus and these were matched 

across animals. Misfolded tau was labelled with the MC1 antibody that recognises a 

discontinuous epitope of residues 7-9, 313-322 amino acids, according to 2N4R tau 

numbering (Jicha et al., 1997). This allows detection of a conformational change in tau that 

is thought to precede tangle formation (Weaver et al., 2000). Sections were also labelled 

with the T22 antibody that specifically recognises oligomeric tau but not monomeric or 

filamentous tau (Lasagna‑Reeves et al., 2012). 
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MC1-positive tau inclusions were observed in the majority of htau mice injected with 

tauopathy brain extracts tauopathy (Figure 3.5). Labelling in the hippocampus also revealed 

large numbers of GFAP positive astrocytes in both untreated, and all control extract-injected 

and tauopathy extract-injected mice, indicating a high presence of astrocytes in this region 

and in keeping with reports that astrocytes are present at high density in the mouse 

hippocampus (Keller et al., 2018). MC1 staining was relatively sparse in this region, although 

some neuritic and spheroid-like MC1 positive structures were present in sections from mice 

injected with PiD, PSP and AD brain extracts. These were less common in control brain 

extract-injected and untreated mice. GFAP+ve astrocyte processes were often seen to 

associate with these MC1-positive structures. T22 labelling for oligomeric tau indicated some 

granular structures that were sporadic and present in all treatment conditions, but 

predominantly in mice injected with AD and PiD extracts.  

In the cortex, GFAP positive astrocytes were less abundant than in the hippocampus, in 

keeping with published cell densities in this region (Keller 2018). In AD and PID extract 

injected mice, relatively more GFAP +ve cells were often observed and these appeared more 

fibrous than in the PSP injected mice, which may indicate an increased GFAP response and 

cytoskeletal rearrangement in response to these sources of tau. More MC1-positive tau 

structures were observed in the cortex relative to the hippocampus, and these were present 

in all groups. A selected high magnification image (Figure 3.6) in the cortex of PSP-extract 

injected mice shows one area where GFAP positive astrocytes surround MC1-positive 

spheroid-like structures. This close proximity may indicate an astrocytic response to the 

accumulation of these pre-fibrillar tau structures. Co-localisation with astrocytes was difficult 

to interpret. T22 labelling in this region revealed similar granular structures as found in the 

hippocampus, but with the addition of spheroid-like structures that may overlap with neuronal 

cell bodies. The appearance of these structures appeared lower in untreated mice compared 

to those injected with tauopathy brain extracts. GFAP +ve cells were observed in the 

presence of T22 labelled structures, but co-localisation was not common. Control injected 

cortical sections were not available for T22 analysis, and due to time limitations, it was not 

possible to include this data here.  

Immunolabelling of the cerebellum revealed high levels of GFAP-positive astrocytes in all 

treatment groups, with no obvious differences in morphology between untreated mice and 

those injected with tauopathy brain extracts. This is in keeping with high astrocyte marker 
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expression being previously reported, particularly on the outer layers of the folding cerebellar 

structure (Luo et al., 2018). Rounded MC1 speheroid-like structures were observed in all 

treatment groups including the untreated group, however they appeared more abundant in 

tauopathy extract injected mice, especially in the mice injected with PSP extracts. Astrocytes 

could be seen localised near some MC1+ve structures, as shown in a higher magnification 

image from the cerebellum of a mouse injected with PiD extract (Figure 3.6). However, 

astrocytes were not always found localised around MC1+ve structures. 
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Figure 3.5  Representative immunofluorescent labelling of GFAP-positive astrocytes and 

misfolded or oligomeric tau in htau mice injected with tauopathy brain extracts relative to controls. 

Sections containing the hippocampus, cortex or cerebellum from htau mice that were injected 

with control or tauopathy brain extracts or left untreated were immunolabelled with antibodies 

against (GFAP) and either tau in an abnormal conformation (MC1) or oligomeric tau (T22). White 

arrow heads indicate examples of astrocyte association with abnormal tau. Nuclei were stained 

with DAPI merged images are shown. White scale bars: 100 µm.  

 

Again, T22 was observed in spheroid-like structures that may overlap with neuronal cell 

bodies. As highlighted in Figure 3.6, GFAP positive astrocytic processes can be seen to 

envelop some of these T22 positive tau structures. The T22 labelling in the cerebellum did 

not reveal the same granular structures as were observed in other brain regions but did 

reveal T22-positive GFAP-negative cell bodies that ran along the perimeter of cerebellum. 

As highlighted in Figure 3.6, GFAP-positive astrocytic processes can be seen to envelop 

some of T22 positive tau structures in PSP extract injected mice, where particularly high 

levels of T22 positive cells which may indicate accelerated tau pathology.  

 

Figure 3.6  Selected high-magnification immunofluorescent labelling of GFAP-positive 

astrocytes and misfolded or oligomeric tau in htau mice injected with tauopathy 

brain extracts. 

Sections containing the cortex (a, c), cerebellum (b, f), hippocampus (d), or brainstem (e) from 

htau mice injected with tauopathy brain extracts and immunolabelled with antibodies against 

(GFAP) and either tau in an abnormal conformation (MC1) or oligomeric tau (T22). Nuclei were 

stained with DAPI (blue). Merged images are shown. Selected areas of astrocyte association with 

tau pathology are represented here. White scale bars: 100 µm. 
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Others have reported that tau aggregates can accumulate in the brains of wild-type mice 

following injection into the brain of tauopathy brain extract, and this recreates classic glial 

pathology (Guo et al., 2016; Narasimhan et al., 2017). To investigate how this compares 

with peripheral injection in wild-type mice, sections were examined by IHC ( 

 

 

Figure 3.7) as described above for htau mice. Immunofluorescence labelling revealed similar 

abundance of GFAP +ve astrocytes in the hippocampus as was observed in htau mice, which 

is expected in this region that has been reported to have higher ratio of astrocytes to neurons 

compared to the cortex (Keller et al., 2018).  Similar to the htau mice, there were minimal 

MC1 positive structures, indicating that the hippocampus is not affected by tauopathy brain 

extract injection into the periphery, as previously indicated by lack of increased tau 

aggregation in this region (section 3.3.2). T22 labelling again showed granular structures, 

as with htau mice, that may indicate areas of pre-tangles or extracellular tau oligomers. While 

astrocytes overlap in these areas and may be responding to the tau oligomers, it is difficult 

to interpret a direct response to abnormal tau in this region due to the high numbers of 

astrocytes in the hippocampus.  

In the cortex of wild-type injected mice, GFAP positive cells are observed in all treatment 

conditions, as with htau mice. Similarly, some MC1 positive structures can be observed, with 

both spheroid-like structures that may represent tau accumulation within axons, and long 

thin structures that could localise with neurites but may also represent blood vessel walls 

labelling, as has been seen previously with MC1 labelling in mouse tissue (Bennett et al., 

2018). Astrocyte processes may converge around these areas in some cases suggesting 

that some of the longer MC1 processes may indeed be blood vessels. As some MC1 positive 

structures are present in untreated wildtype mice, questions remain as to whether wild-type 

mouse tau begins a process of misfolding with age. Considering that PHF1 tau associated 

with paired helical filaments has been observed in the hippocampus of aged mice (Torres et 

al., 2021), it is possible that tau begins to misfold even in wild-type mice with age. 

Interestingly, MC1 labelling appeared stronger in the cortex of wt mice following injection 

with PiD and PSP extracts, suggesting that tauopathy injections may increase misfolded tau 

in the cortex of these mice, although western blotting did not show any changes in tau 
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phosphorylation in these animals. T22 labelling revealed similar granular structures as 

observed in htau mice and this was lowest in mice injected with PSP and control brain 

extracts, which was also the case in htau mice.  
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Figure 3.7  Representative immunofluorescent labelling of GFAP-positive astrocytes and 

misfolded or oligomeric tau in wild-type mice injected with tauopathy brain extracts relative to 

controls. 

Sections containing the hippocampus, cortex or cerebellum from wild-type mice injected with 

control or tauopathy brain extracts or left untreated were immunolabelled with antibodies against 

astrocytes (GFAP) and either tau in an abnormal conformation (MC1) or oligomeric tau (T22). 

Nuclei were stained with DAPI merged images are shown. White arrow heads indicate examples 

of astrocyte association with abnormal tau. White scale bars: 100 µm. 
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In the cerebellum, the abundance of GFAP positive cells was similar to those observed in 

htau, and were as expected in this region (Keller et al., 2018; Luo et al., 2018). MC1 labelling 

was rare, however some T22 labelling was observed particularly in the neuronal bodies also 

observed to be immunoreactive in htau mice, but not to the same intensity.  

Overall, these images demonstrate evidence of some astrocyte association with pathological 

tau aggregates, perhaps indicating their ability to respond to the presence of abnormal tau. 

Therefore, astrocytes were examined more closely for changes that may indicate a reactive 

state.   

3.3.4 Changes to astrocytes after tauopathy injections 

The data presented above suggests astrocytes may respond to the deposition of abnormal 

tau. Indeed, astrocytes are observed to undergo changes during tauopathy progression 

(Kovacs, 2020; Reid et al., 2020), including adopting a reactive astrocyte response 

(Garwood et al., 2017; Escartin et al., 2021) and they may also proliferate in response to 

changes in the local brain environment (Yong et al., 1991). 

To examine the abundance of astrocytes, cortical lysates from treated and control htau and 

wild-type mice were used to assess changes in astrocyte proteins (Figure 3.8). An antibody 

against Aldehyde Dehydrogenase 1 Family Member L1 (ALDH1L1) was used, which is a 

folate metabolic enzyme (Krupenko, 2009) that has been noted as a pan-astrocyte marker 

in the mammalian CNS (Yang et al., 2011) that labels more astrocytes than are detected 

with antibodies against GFAP (Cahoy et al., 2008). Immunoblotting for the ALDH1L1 

antibody revealed bands at approximately 99kDa, corresponding to the predicted molecular 

weight of this protein. The faint band below may represent a lower molecular weight isoform 

of ALDH1L1. The levels of ALDH1L1 appeared to be quite variable between and within 

groups. Total intensity of ALDH1L1 band was quantified relative to levels of GAPDH as a 

housekeeping protein, within the same sample. While the average of ALDH1L1 levels were 

lower in tauopathy extract injected mice compared to control extract injected, for both wt 

and htau mice, the results were variable and there were no significant differences between 

groups. This data indicates that there are likely no changes in astrocyte numbers in the 

cortex in response to human tau extracts. ALDH1L1 levels appeared to be comparatively 

higher in htau relative to wild-type mouse samples, although these were run on separate 

blots and could not be properly compared. It should be noted that for wild-types, only two 
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samples from each group were included due to lack of available samples, and so formal 

statistical analysis could not be performed. 

 

Figure 3.8  Levels of ALDH1L1 in htau and wild-type mice injected with tauopathy or control 

brain extracts. 

The low-speed supernatant (LSS) from mouse cortex was immunoblotted with an antibody against 

the pan-astrocyte marker ALDH1L1. The prominent band was quantified at around 99 kDa for 

quantification of (a) htau and (b) wt mice that had been peripherally injected with brain extract 

from Alzheimer’s disease (AD), Pick’s disease (PiD) or progressive supranuclear palsy (PSP) 

compared to non-diseased control (Ctr) brain or left untreated (Utr). Data is presented as mean 

± SEM. N= 3-5 (Htau), N=2 (WT). Wild-type untreated mice samples were unavailable for analysis. 

Because increased GFAP expression is often associated with astrocyte reactivity 

(Middeldorp and Hol, 2011; Brenner, 2014; Garwood et al., 2017), and is not a pan- 

astrocyte marker as with ALDH1L1 (Yang et al., 2011), the relative expression of GFAP was 

determined relative to that of ALDH1L1 to determine if there are changes in astrocyte 

reactivity.  Again, lysates from the cortex were examined by western blot GFAP was 

quantified by bands between 45-50 kDa which represent multiple isoforms of GFAPIn htau 

mice, there was considerable variation within the control extract and untreated groups, and 

tauopathy extract injected mice did not show any significant changes in proportion of GFAP 

relative to ALDH1L1. In wt mice, limited samples were available, and those analysed 

indicated a decrease in the relative abundance of GFAP expression after tauopathy brain 
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extract injections compared to control. However, it was difficult to draw firm conclusions from 

this limited data set.  

 

Figure 3.9 Relative expression of GFAP in htau and wild-type mice injected with tauopathy or 

control brain extracts. 

The low-speed supernatant (LSS) of mouse cortex was immunoblotted with antibodies against 

reactive (GFAP) and total astrocytes (ALDH1L1). All isoform bands were quantified for GFAP 

between 45-50 kDa, where as the prominent higher band for ALDH1L1 was quantified at around 

99 kDa. Samples were analysed for (a) htau and (b) wt mice that had been peripherally injected 

with brain extract from Alzheimer’s disease (AD), Pick’s disease (PiD) or progressive supranuclear 

palsy (PSP) compared to non-diseased control (Ctr) brain extract or left untreated (Utr). Data is 

presented as mean ± SEM for n=3-5 (htau) and n=2 (wild-type) mice. Wild-type untreated samples 

were unavailable for analysis. 

The number of GFAP-positive cells in immunolabelled htau and wt sections containing 

cortical and hippocampal brain regions was next determined (Figure 3.10). GFAP-positive 

cells were detected and counted utilising the Fiji Image J plug in (method 2.5.4.1), and the 

density of GFAP-positive astrocytes was determined as number of cells per mm3. In the 

hippocampus, higher astrocyte numbers were observed in untreated htau mice compared 

to untreated wt mice. This was also replicated in the cortex, although a two-way ANOVA with 

multiple comparisons did not reveal any significant differences between region or genotype 

(or an interaction). This apparent increase in astrocyte numbers in untreated htau mice 

compared to wt mice was also indicated by stronger ALDH1L1 banding in cortical lysates, 

as mentioned previously (Figure 3.8), although a direct western blot comparison between 
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untreated htau and wild-type mice was not performed. Nonetheless, this suggests that the 

expression of human tau may increase the number of reactive astrocytes present in tau 

transgenic mouse brain compared to wt mice as previously demonstrated by others 

(Garwood et al., 2011).  

 

Figure 3.10  Numbers of GFAP+ve cells in htau and wild-type mice injected with control and 

tauopathy brain extracts.  

GFAP positive cells were counted in (a) the hippocampus or (b) combined ventral, medial and 

dorsal areas of the cortex in hemi-brains from htau and wt mice peripherally injected with brain 

extract from Alzheimer’s disease (AD), Pick’s disease (PiD) or progressive supranuclear palsy 

(PSP) compared to non-diseased control (Ctr) brain extracts or left untreated (Utr). Data is 

presented as mean ± SEM.  N=2 except for n=1 for ctr extract-injected htau mouse).   

In the cortex of wt mice, astrocyte numbers were increased on average in groups injected 

with human brain extracts, and were highest for those injected with PSP and AD extracts 

(Figure 3.10b). Apart from these two treatment conditions, there were no apparent 

differences in the number of astrocytes between wt and htau mice between groups in either 

the cortex or hippocampus. This may suggest that astrocyte numbers are not significantly 

altered by tauopathy brain extract injections, and that possible variability between the 

selected sections is responsible for variations in data.  

These results indicate that there may be a difference in astrocyte numbers between wt and 

htau mice in the regions examined. The reduction in astrocyte numbers in the cortex of htau 

mice after control or tauopathy brain extract injection indicates that astrocytes may be 

negatively regulated or even become atrophic and die in response to human brain injections. 

However, only limited conclusions can be drawn from this small dataset. In wt mice, this 

trend is reversed, with an average increase in astrocyte numbers following injection with 

human brain extracts. This may indicate that wt mice respond to human extracts by 
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increasing astrocyte proliferation. For htau mice, it may be that higher levels of tau pathology 

in this region (as confirmed in section 3.3.2) causes a reduction in astrocyte numbers in mice 

at this age point.  

Finally, functional changes in astrocytes are sometimes associated with changes to their 

morphology, including increased number of processes and branching that has been 

described as ramification (Schiweck et al., 2018). Therefore, astrocytes were examined for 

morphological changes indicative of this transition to a reactive state. Astrocytes were 

analysed by utilising a basic neurite tracker in the Fiji plug in for ImageJ (Schindelin et al., 

2012) to count processes and their features. GFAP positive astrocytes with high numbers of 

processes (≥6), dubbed ‘ramified’, were counted as a percentage of the total number of 

astrocytes detected in the cortex and hippocampus (Figure 3.11a).  

In the hippocampus, the number of astrocytes classified as ‘ramified’ were similar between 

untreated htau and wt mice, suggesting that this astrocyte morphological type is not altered 

in this region by human tau expression. The numbers of ramified astrocytes varied depending 

on the source of the brain extract injected.  In htau and wt mice, injection with control brain 

extracts appeared to reduce the numbers of ramified astrocytes, whereas in animals injected 

with PSP extracts there was an apparent increase in ramified astrocyte numbers compared 

to mice injected with control extracts. In mice htau mice injected with AD extracts, there 

appeared to be higher number of ‘ramified’ astrocytes, whereas numbers in wt mice 

remained similar to untreated or control extract injected htau mice. Mice injected with PiD 

extracts showed no changes across groups in the number of ramified astrocytes. These 

trends were replicated when analysing the average number of processes per astrocyte 

(Figure 3.11b). Two-way ANOVA revealed no significant impact of injection type or genotype 

on either the percentage of ramified cells or the average number of processes, and there 

was no genotype x treatment interaction. This is perhaps expected, considering that 

tauopathy brain extract injection into htau or wt mice did not affect tau aggregation or 

phosphorylation in the hippocampal region (see section 3.3.2). 
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Figure 3.11  Assessing astrocyte morphology in htau and wild-type mice following injection 

with control or tauopathy brain extracts.  

GFAP positive cells were counted in the hippocampus and cortex in GFAP-immunolabelled 

sections from htau and wt mice peripherally injected with brain extract from Alzheimer’s disease 

(AD), Pick’s disease (PiD) or progressive supranuclear palsy (PSP) compared to non-diseased 

control (Ctr) brain extracts or left untreated (Utr). (a)  Analysis of astrocyte “skeleton” was used 

to categorise astrocytes as ramified or non-ramified based on their number of processes. (b)  This 

data was quantified and is shown expressed as a percentage of total number of astrocytes 

analysed in that region. (c) Average number of processes per astrocyte was determined based 

on this analysis. Data is mean+/-SEM. N=3. 

In the cortex there was a clearer distinction between the percentage of ‘ramified’ astrocytes 

in htau and wt mice, with untreated wt mice showing 13.3 % ± 8.15 of ramified astrocytes, 

compared to 34.5 % ± 0.12 in htau mice. This indicates that expression of human tau alone 

is sufficient to increase the number of astrocyte processes in the cortex. This likely reflects 

hypertrophied astrocytes that have previously been described in tau transgenic mouse brain 

(Garwood et al., 2011). A similar difference was observed in mice injected with control brain 
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extracts. For htau mice injected with tauopathy brain extracts, the percentage of ‘ramified’ 

astrocytes did not appear to increase following tauopathy brain extract injection compared 

to control extract injected or untreated mice. In wt mice, only injection with PSP and AD 

extracts appeared to increase the number of astrocytes, while the results were highly 

variable between groups. Indeed, a two-way ANOVA showed no significant impact of 

injection type or mouse genotype on the percentage of ‘ramified’ astrocytes in either the 

hippocampus or the cortex, and there was no interaction between parameters. Analysis of 

the average number of processes (Figure 3.11b) did, however, reveal a stronger disparity 

between htau and wt mice in all treatment conditions. However, there was not a clear 

increase in number of processes in tauopathy extract injected mice compared to control 

extract injected mice. A two-way ANOVA analysis found that mouse genotype had a 

statistically significant impact on the average number of astrocyte processes in the cortex (p 

= 0.0009), however pairwise comparison did not indicate statistical differences due to 

specific brain extract injections.  

These results indicate that astrocytes are altered in htau mice relative to wt mice. There is 

evidence of increased overall astrocyte numbers, as well as increased number of astrocyte 

processes in htau mice, especially in the cortex. This was also observed in untreated mice, 

so was not as a result of injection with human brain extracts. Overall, these data show that 

astrocytes appear to respond to chronic exposure to a tauopathy brain environment, but that 

human tauopathy brain extracts were not sufficient to exacerbate these changes.  

3.4 Discussion 

This chapter aimed to investigate the association of astrocytes with tau pathology in a novel 

mouse model of tau spread. This model used a transgenic mouse expressing the entire wild-

type tau gene on a mouse tau knockout background (htau line, Andorfer et al., 2003) to 

investigate selective regional vulnerability of the mouse CNS to different forms of tau. Htau 

mice were chosen for this purpose, since unlike most mouse lines which only express 4R 

forms of mouse, wild-type or mutant human tau (Noble et al., 2010), htau mice show 

developmental regulation of tau splicing and express all six isoforms of human tau in the adult 

CNS. This is critical since it is believed that tau efficiently seeds physiological forms of only 

similar forms of tau (Jucker and Walker, 2018). Intraperitoneal injection was selected since 

to understand selective vulnerability, it is critical that the origin of tau spread was not pre-
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determined by injection site. It was therefore important that the spread of tau pathology was 

carefully characterised in order to properly delineate any alterations in astrocyte pathology 

and association with tau pathology that might be observed.  

3.4.1 Human tauopathy brain extracts can induce the deposition of tau aggregates in 

specific regions of htau mouse brain  

Biochemical analysis determined that peripherally injection of human brain extracts from 

tauopathy cases was able to induce increased deposition of pathological forms of tau in 

some areas of mouse brain, and this was somewhat related to the source of tau that was 

injected and that suggested regional vulnerability to different tau species (3.3.2). For 

example, it was found that tau from PiD and PSP brain, but not AD brain, induced increased 

tau pathology in the brainstem/cerebellum of htau mice relative to mice injected with control 

human brain extracts and untreated mice. In PSP, the brainstem and cerebellum are some 

of the most affected brain regions that show significant accumulation of pathological tau 

species (Kovacs, 2020), suggesting that these areas are particularly vulnerable to tau 

species isolated from PSP in preference to AD brain, or that they are less efficient in 

degrading and clearing tau deposits.  However, in PiD this area of the brain is not commonly 

associated with tau pathology (Dickson, 2001), although there are some reports that it is 

affected at later stages of disease (Irwin et al., 2016a). In humans, the cerebellum expresses 

lower levels of foetal tau isoforms (0N3R), and lower levels of tau overall compared to other 

brain regions (Trabzuni et al., 2012). However, a recent analysis suggests that total levels of 

tau expression (and α-synuclein expression) are poorly correlated with vulnerability to these 

protein aggregates (Praschberger et al., 2022).  It is unknown if this translates into mice, but 

it is interesting that this region was vulnerable to PSP tau, in which 4R forms of tau 

accumulate. Why PiD tau showed a similar pattern of deposition is somewhat puzzling, 

however, biochemical analysis of tau from the cases used for mouse injections showed 

similarities in the profile of tau from PSP and PiD brain, without the clear distinction between 

4R and 3R tau, respectively, that would be expected. Indeed, the banding profile of the PiD 

and PSP cases were virtually indistinguishable. Analysis of the human samples used to inject 

mice indicated that 3R tau was present in the sarkosyl insoluble fraction of AD brain, but 

much less so in tau extracted from the PSP cases, which was unexpected. Still, although 3R 

tau is the predominant isoform of tau deposited in PiD disease fold (Reid et al., 2020), it does 

not prohibit 4R tau being incorporated in aggregates, and PiD cases are also highly variable 
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and may also contain converging tau aggregate pathologies (Dickson, 2001; Irwin et al., 

2016b).  

The heterogeneity of astrocytes in the mouse brain, as has been demonstrated in recent 

studies (Bayraktar et al., 2020; Batiuk et al., 2020), also may play a role in how different 

brain regions respond to increased tau seeds that have entered after tauopathy injections. 

Batiuk et al found distinct populations of astrocytes in the mouse cortex and hippocampus, 

with unique gene expression and morphologies, likely leading to functional difference and 

which may provide evidence of differential astrocyte subtype response, and which ultimately 

impacts tau spread in this model.    

Tau shows considerable molecular heterogeneity between and within disease states, and it 

has been suggested that there are different “strains” of human tau that can have different 

biological outcomes (Kaufman et al., 2016). For example, some strains of “atypical” PiD tau 

show similar biochemical and functional properties to PSP tau, and this may explain the 

similarity in regional vulnerability between these two disease states of tau, in this chapter.  

It is important to consider the route of tau entry in this model. Intraperitoneal injections avoid 

the direct exposure of one area of the brain to exogenous tau seeds as if often the case in 

tau spread mouse models, and allows exploration of vulnerability of different brain regions. 

There was confidence that this approach would be successful since others had previously 

shown that CNS tau aggregation occurred following intraperitoneal injection of tau isolated 

in the same way from mice expressing mutant forms of human tau into mice expressing wild-

type human tau (Clavaguera et al., 2013).  However, this means that the route of entry of 

endogenous tau seeds is not well defined. One possible route is a leaky blood-brain barrier, 

where previous work by others showed that intraperitoneal injection of beta-amyloid species 

into mice resulted in tau spread into the brain via the bloodstream in a random pattern as a 

result of blood-brain barrier (BBB) permeability (Eisele et al., 2010). A previous study 

demonstrated that mutant human tau expressed in mice was able to induce BBB damage, 

a phenotype that could be reversed by repressing tau expression utilising the tetracycline 

induction of this model (Blair et al., 2015). A more recent study found that 

Lipopolysaccharide (LPS), an inflammation inducer that is found to be elevated in the 

hippocampus of AD patients (Zhao et al., 2017), could cause BBB integrity to be weakened 

and mediate the spread of injected human mutant P301L tau from the mouse medial 
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entorhinal cortex (Liu et al., 2020). This provides evidence that other molecules alongside 

tau that may be present in the LSS fraction injected could compromise the blood brain 

barrier, providing a pathway for the entry of specific tauopathy aggregate strains that are 

present in the injected homogenate. However, while there is a lack of study on how the innate 

pathology of htau mice causes disruption of the BBB over time, it is difficult to estimate the 

contribution of this or undetermined factors from the tauopathy injections that may be 

causing BBB dysfunction. Still, it appears plausible that this is a route of entry for the injected 

seed-competent tau species.  

While the lack of 3R tau in wt mice may also prevent tau seeding occurring in these mice, 

differences in the ability of tau to spread from the periphery into the CNS between transgenic 

and wt models is also worth considering and may be worth determining for future studies. 

Indeed, if there are any inherent differences in BBB integrity between 4-month-old wt and 

htau mice at the timepoint of injection in these experiments, this may contribute to the lack 

of increased tau burden observed in the brains of wt mice by 18 months.  

In addition to tau being able to enter the brain via the blood-brain barrier, it is possible that 

enteric nervous system (ENS) neurons in the gut may be able to uptake and spread tau 

seeds. Indeed, tau expression in myenteric plexus neurons in the ENS has been described 

(Lionnet et al., 2018; Prigent et al., 2020). This may also be an explanation for why this region 

shows significant tau accumulation following peripheral injection, at least for PSP and PiD 

tau, since projections from the enteric nervous system converge on the brain stem via the 

vagus nerve and spinal cord (Furness, 2012). However, the absence of tau modifications or 

aggregation in tau from the ENS of PSP cases may argue against this route (Lionnet et al., 

2018). While it is possible that pathogenic tau seeds injected into the peritoneal cavity can 

seed neuronal tau through neuronal connections in the enteric nervous system, and/or enter 

through the blood brain barrier or lymphatic system into the brain, this may reduce the 

amount of human derived pathological tau seeds that mouse brains are directly exposed to. 

Whichever is the route of entry, this may also create a new where some brain regions are 

preferentially exposed to tau seeds depending on their route of entry into the CNS.  

The fraction used to inject mice is not enriched for tau aggregates, and so it is also feasible 

that a myriad of other factors from the tauopathy homogenate could induce a pro-

inflammatory environment which speeds up the tau aggregation that naturally occurs in htau 
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mice (Andorfer et al., 2003). As mentioned above, LPS can induce BBB dysfunction (Liu et 

al. 2020), and this may be present in the brain homogenate from AD cases as it has been 

seen in AD patients (Zhao et al. 2017).  It is known that astrocytes can release cytokines in 

response to a pro-inflammatory environment, communicating with other cell types such as 

microglia (Vainchtein and Molofsky, 2020) that may alter the ability of htau mice to tackle the 

tau pathology that develops with age. If such factors are present in the tauopathy brain lysate 

injected into mice, they may not only affect BBB integrity, but may be able to trigger such 

responses in the mouse brain.  Further, this could have consequences for mechanisms such 

as kinase activity, which when altered could lead to an increase in tau pathology as has been 

noted previously in htau mice (Kelleher et al., 2007).  

Therefore, although injected tauopathy extract can increase tau burden in the cortex and 

brainstem/cerebellum of htau mice in this model, peripheral injection may reduce the amount 

of tauopathy specific conformations of tau that can spread when compared to intracranial 

injections, and this may affect the appearance of astrocyte pathology.   

3.4.2 Mouse astrocytes show muted response to peripherally injected tauopathy extract 

but may be altered by the presence of genetically expressed human tau.  

Regardless of the pathways that lead to increased tau aggregation, this model provided a 

unique and interesting tool with which to examine the association of astrocytes with tau 

pathology, and to begin to explore whether there are differing astrocyte responses to 

different forms of tau. Brain sections were examined for the presence and extent of GFAP 

positive astrocytes in relation to tau deposits. Immunolabelling with antibodies against 

misfolded tau (MC1) and oligomeric tau (T22). In some areas GFAP positive astrocytes were 

seen to surround tau deposits. While there was only rare evidence of astrocytic tau inclusions 

as is common, at least in PSP (Kovacs et al., 2020) the IHC data suggested that astrocytes 

are physically responding to tau pathology, and that their motility towards neurons 

harbouring tau inclusions might suggest their involvement in tau uptake and spread or 

clearance.  

Astrocyte abundance was found to increase in htau mice compared to wt mice, along with 

the number of astrocytic processes, and this may indicate a global astrocyte change that is 

associated with the expression of human tau in this model and the resulting tau pathology. 

The observed lack of consistent increase in astrocyte numbers after tauopathy brain extract 
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injection is in line with a previous report that did not determine an increase in proliferation in 

hippocampal astrocytes in post-mortem AD hippocampus  (Marlatt et al., 2014), or cortex 

(Pelvig et al., 2003). It may be that proliferation occurs sporadically depending on disease 

state and other molecular and cellular factors. How astrocyte proliferation differs in other 

tauopathies is yet to be explored.   

Astrocytes were examined for disease associated changes in terms of their morphology and 

protein expression of reactivity markers by IHC and western blot. This did not reveal any 

significant reactivity changes in astrocytes from mice injected with tauopathy brain extracts 

compared to those injected with control brain extracts or untreated mice. While there may 

have been some variation between morphological types of astrocytes between untreated, 

control brain extract and tauopathy brain extract injected mice, it was difficult to make a firm 

conclusion since the sample size used for this analysis was limited. Because tufted 

astrocytes containing  tau inclusions formed primarily of 4R Tau are a hallmark of PSP 

(Dickson et al., 2007; Kovacs et al., 2020), especially in the cortex which was shown to 

accumulate tau pathology in experimental htau mice, and ramified astrocytes are often seen 

in Pick’s disease (Dickson, 2001), recapitulation of such astrocyte morphological features 

might be expected in this model, as has been observed in previous studies in mice 

(Clavaguera et al., 2013; He et al., 2020). However, these studies differ from the work 

presented here since tauopathy extracts were injected directly into the brain, and the pattern 

of spread and neurons first affected were pre-determined. In contrast, the intraperitoneal 

injection approach used in this thesis could potentially be a limiting factor for the spread of 

tau, as discussed above.  

It is also worth considering that only a single time point after intraperitoneal tau extract 

injections were examined in this work and it is possible that tau had accumulated in other 

regions prior to the regional pattern determined in this work. If this was the case, it would 

suggest that tau is efficiently cleared from resilient brain regions and accumulates, in a tau 

species specific manner, only in vulnerable brain regions. This would suggest that there are 

regional differences in the ability of neurons to degrade specific species of tau. There is 

evidence to support this notion. Evidence from postmortem AD brain shows that tau 

clearance pathways, including the ubiquitin proteasome system and macroautophagy are 

likely defective (Nixon and Yang, 2011). Moreover, experimental evidence shows that 

disease-associated forms of tau directly affect these clearance pathways (Piras et al., 2016). 
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Of direct relevance to this work, recent studies have shown that there is defective tau 

clearance in two models of tau spread (Blaudin de Thé et al., 2021) that was indicated by 

colocalization of misfolded tau with p62, a cargo protein which binds to autophagy substrates 

and that should be degraded with them. That p62 associated with tau deposits is evidence 

that autophagy is disrupted upon the accumulation of pathological tau in circuits involved in 

tau spread.   

3.4.3 Limitations of htau mouse experiments  

While the peripheral injections of this model sought to remove the clear bias of injection into 

a specific brain region, it also makes it difficult to track the spread of tau as there are multiple 

entry points (as discussed above). This is coupled with the fact that the injected brain 

extracts were not labelled, and it was impossible to distinguish human tau from extracts from 

the human tau expressed by htau mice. If tau injected tau was tagged, this would aid this 

distinction, however this would likely require a recombinant tau aggregate which are different 

to the unique tau confirmations that are found in tauopathy brain (Shi et al., 2021).  

The results in this chapter represent changes observed 14 months after injection into 4-

month-old mice. This may lead to over generalised conclusions on the spread of tau from 

the periphery and ignores how other brain regions may have been affected at earlier time 

points. Indeed, it would be interesting to observe monthly changes to determine how the 

initial injection altered tau accumulation and astrocyte response, and how this might change 

the regional accumulation of tau pathology in htau or wt mice with age.  

Additionally, the assessment of other pathological criteria are missing from this model. While 

it is known that htau mice show behavioural and cognitive changes by 12 months (Polydoro 

et al., 2009; Geiszler et al., 2016), these were not examined in this study. Of particular 

interest would have been to determine if motor deficits resulted from PSP (and indeed the 

AD) extract injected mice, where the cerebellum/brainstem was most affected. For PSP at 

least, this is a common clinical criterion (Dickson et al., 2007). Furthermore, this analysis 

could have been performed without the need to sacrifice further mice. Neuronal health was 

also not measured in this mouse model. Synaptic function is impaired in htau mice with age 

(Polydoro et al., 2009), and so alterations after tauopathy injection would have been 

interesting to examine.  
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Finally, inherent issues exist with utilising mouse antibodies to label proteins in mice, where 

mouse secondary antibodies can bind to endogenous mouse immunoglobins. While care 

was taken to reduce this in IHC, including utilising a mouse background reduction kit (2.5.2), 

it may not have eliminated all background labelling. Indeed, some of the staining observed 

in wild-type mice may be indicative of blood vessel staining, although this may be genuine 

pathology (Bennett et al., 2018). MC1 has been observed to exhibit non-specific binding in 

mouse samples, at least in western blotting despite it not being recommended for use in 

western blotting since this disrupts the discontinuous epitope detected by this antibody 

(Petry et al., 2014), but this may not necessarily translate to IHC. PHF1 does, however, show 

incredibly high specificity (Petry et al., 2014; Li and Cho, 2020). 

3.4.4 Conclusions 

The results in this chapter demonstrate a varied astrocytic response to increased tau burden 

in htau mice injected with tauopathy brain extracts. While astrocytes can be seen to localise 

near abnormal tau, and thus are in a physiological position to respond to the tau, they do not 

demonstrate markers of reactivity that might draw parallels with the well-established reactive 

phenotype of astrocytes in tauopathy brain. Mouse astrocytes differ from human astrocytes, 

including in their size and number of processes, therefore they may be less adapted to the 

task of internalising and spreading tau from and to connected neurons. To examine astrocyte 

capacity for pathogenic tau uptake, it is important to isolate these factors in a new model. 

Thus, in the next Chapter, a human cultured astrocyte model is established for exploration 

of the astrocyte response to tau aggregates isolated from post-mortem human AD brain.  
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4 Establishing and characterising human astrocyte cultures 

4.1 Introduction 

Human astrocytes differ from their non-primate mammalian counterparts. Although their 

basic functions are the same (Section 1.4.2), they are more complex in several aspects. 

First, adult human (and non-human primate) astrocytes are larger, with a threefold increase 

in diameter and tenfold more processes compared to rodent astrocytes (Oberheim et al., 

2006). Humans also have distinct mature astrocyte subtypes that are not found in rodents 

in the form of layer 1 interlaminar and layer 5-6 polarised astrocytes (Oberheim et al., 2006). 

More recently, the true heterogeneity of mammalian astrocytes is beginning to be elucidated 

(Miller, 2018; Batiuk et al., 2020; Bayraktar et al., 2020) (section 1.4.1), including 

discoveries about the unique neural stem cell niche from which astrocytes subtypes are 

derived (Allen et al., 2022). It is reasonable to suggest that astrocyte subtypes specific to 

humans may also exist that are not found in rodents. Functionally, human astrocytes are 

better able to mediate calcium signals, and their engraftment into mice can improve long-

term potentiation and memory (Han et al., 2013). Human astrocytes may thus play a more 

complex role in disease progression than it is possible to study using rodent models. Indeed, 

a heterogenous response of astrocytes to disease is also being revealed (Barbar et al., 2020; 

Wheeler et al., 2020; Sanmarco et al., 2021) (Sections 1.5). It is therefore advantageous to 

utilise human cells to develop an astrocyte model in order to investigate their ability to 

internalise pathological tau aggregates.  

Culturing primary astrocytes from human brain has obvious complications. Successful 

methods have been developed to culture human neural cells from tissue biopsies removed 

during neurosurgery (Spaethling et al., 2017). However, this is challenging and efforts in our 

laboratory to culture astrocytes from brain cancer resections ran into problems when the 

cultures became over-ran with presumed cancer cells. Other methods involve isolating and 

culturing astrocytes from post-mortem tissue collected soon after death, and others have 

shown that this is feasible (Re et al., 2014), and is without the risk of culturing mutated cells 

from cancerous biopsy tissue. However, this was again attempted in our laboratory and 

ultimately the postmortem interval in the UK is too long (generally 12 hours plus) to yield 

viable cells.  
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Induced pluripotent stem cells (iPSCs) provide a potentially limitless source of human stem 

cells with minimal ethical consideration in comparison to embryonic derived stem cells. A 

specific combination of transcription factors, often referred to as the ‘Yamanaka’ factors after 

one of the scientists that discovered them (Takahashi and Yamanaka, 2006), allows 

reprogramming of human somatic cells into a naïve pluripotent state (Antosiewicz-Bourget 

et al., 2007), from which they can be differentiated into nearly any cell type of the body.   

Differentiating specific neural cell types from iPSCs requires an understanding of the 

complex developmental signalling pathways of the mammalian nervous system. Attempts to 

induce such changes require exogenous signals in the form of small molecules and 

transcription factors in order to push cells down a specific fate. Successful protocols to 

differentiate iPSCs into neural cell types have been established that mimic developmental 

pathways, inhibiting SMAD signalling pathways (Chambers et al., 2009a) and cells can be 

induced to further differentiate into functional neurons that display cortical markers (Shi et 

al., 2012a).  

Historically, differentiating astrocytes from a neural intermediate has been a convoluted 

processes with a resulting astrocyte population that is heterogenous in nature (Krencik et 

al., 2011; Shaltouki et al., 2013). However, more recent efforts have successfully streamlined 

the differentiation process and created a 30-day protocol for differentiating iPSCs into 

functional astrocytes from iPSCs, with the differentiated astrocytes recapitulating functional 

and transcriptional characteristics of human foetal astrocytes (TCW et al., 2017). These 

iPSC-astrocytes are immunoreactive with traditional astrocyte markers ALDH1L1 (Cahoy et 

al., 2008), glutamate transporters EAAT1 and EAAT2 (Rothstein et al., 1994), as well as 

vimentin (Schnitzer et al., 1981). Gene expression analysis using qPCR confirmed the 

expression of GFAP and S100B (Ludwin et al., 1976), AQP4 (Hubbard et al., 2015), and 

APOE (Boyles et al., 1985). Variations in lineage marker expression observed in these 

hiPSC, as well as in human primary foetal astrocytes, are thought to demonstrate intercell 

variability, and/or differences in regional patterning (TCW et al., 2017). The authors also 

demonstrated a similar transcriptional pattern to human foetal astrocytes through RNA-

sequencing, and the gene expression profile correlated well with foetal human cortical brain 

tissue data from the Allen BrainSpan Atlas of the Developing Human Brain. A cell-type 

specific cluster analysis showed that the iPSC-astrocytes more particularly resemble 

hippocampal or cortical astrocytes, rather than other cell types of the developing human 
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brain. Their analysis also pointed at a quiescent, rather than reactive, set of astrocytes, when 

compared to an RNA-seq data set from murine astrocytes exposed to ‘proinflammatory’ or’ 

immunoregulatory’ conditions (Zamanian et al., 2012). 

An alternative method is the differentiation of induced NPCs into astrocytes. The preparation 

of induced-NPC derived astrocytes (iNPC-As) includes a rapid induction of donor fibroblasts 

into neural progenitor cells, using the ‘Yamanaka’ factors for induction to NPCs, followed by 

culture in media that preferentially supports astrocytes in order to induce astrocyte 

differentiation from donor fibroblasts (Gatto et al., 2020). This rapid induction protocol allows 

astrocytes to retain some of the cell ageing characteristics of the donor fibroblasts (Gatto et 

al., 2020). RNA-seq data suggests that these cells closely resemble adult human astrocytes 

in their overall transcriptome that correlates with the age of the donor (Gatto et al., 2020), 

however specific astrocytic genes were not analysed in this work.     

The aim of this chapter is to optimise the protocol established in TCW et al. (2017) to 

generate consistent pools of astrocytes for experimentation. It was also important to 

characterise astrocytes beyond the 30-day differentiation timepoint established in this paper 

to examine relevant changes in gene expression and cell morphology with increasing 

differentiation time. Comparisons were also made with iNPC-astrocytes, as a model with an 

aged cell phenotype. Throughout these experiments, iPSC-astrocytes cells were tested for 

their viability after cryopreservation to enable viable stores of cells to be utilised for future 

chapters of this PhD thesis.  

4.2 Methods 

Methods are fully described in Section 2.1.2. Briefly, a previously published protocol (TCW 

et al., 2017) was used as a starting point for differentiating astrocytes from human iPSCs. A 

control human iPSC line from a neurotypical male (CTR_M3_36S), which had previously 

been characterised for pluripotency potential and ability to differentiate into neuronal 

lineages (Cocks et al., 2014) (Robbins et al., 2018), was used for this work. 
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Figure 4.1  Summary of the astrocyte differentiation protocol.  

iPSCs were plated in Neural Induction Medium (Gibco), passaged at confluency for 2 weeks to 

generate neural progenitor cells. These are plated as a single cell suspension in Astrocyte Medium 

(ScienCell), passaging before cells reach confluency as required. After 30 days, FBS was 

removed from the medium. At day 60, cells were cryopreserved for future use NPCs and day 30 

astrocytes can also be cryopreserved for expansion of stocks at later time points. Samples were 

taken at various timepoints (red dots) for characterisation. 

Neural progenitor cells (NPCs) were first generated from iPSCs using a commercially 

available kit (Gibco™ PSC Neural Induction Medium, Thermo Fisher Scientific™ (MA, USA) 

(cat# A1647801) (Yan et al., 2013) that contains bovine serum albumin (BSA), small 

molecules and products inhibiting GSK and Transforming growth factor β (TGFβ) pathways 

(manufacturer communication). The induction process results in a homogeneous pool of 

‘primitive’ neural progenitor cells (Figure 4.6a) that retain inducible positional cues from brain 

development, allowing derivation into region specific neuronal subtypes. For example, GABA 

neurons from forebrain, dopaminergic neurons from midbrain, and motor neurons from 

hindbrain have been differentiated from this pool of cells (Yan et al., 2013). These NPCs 

have further been seen to differentiate into different cell types of the CNS (Martín-Maestro et 

al., 2019; Liang et al., 2020). 

NPCs were then plated at low density in a single cell suspension to promote glial 

differentiation (Section 2.3.3) in a commercially available medium designed to support 

human astrocytes (ScienCell, CA, USA; Cat# 1801). This media does not contain any small 

molecules to modify cell signalling pathways. 
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Cells were cultured until 80% confluent and passaged at a 15,000 cells/cm2 until day 30. 

After which, FBS was removed from the media (Figure 4.1). Cells continued to be passaged 

when they reached approximately 90% confluency. Cell lysates for RNA, protein analysis or 

cells fixed for ICC were collected at 30-day intervals. Cell batches were frozen, stored in 

liquid nitrogen vessels (-170oC), and periodically tested for viability following 

cryopreservation. NPC stocks were cryopreserved for generation of new astrocyte batches 

and future neurons, and astrocyte stocks were cryostored for future use at 30-day intervals, 

up to day 60, after which cryo-viability began to decline.  

4.3 Results 

4.3.1 Characterisation of astrocyte identity by gene and protein expression  

Astrocytes are crucial for normal brain development (Clarke and Barres, 2013) and 

functioning of the CNS (see section 1.4.2). As they mature, they alter their expression of 

several genes, many of which are critical for key physiological functions in the CNS (Molofsky 

and Deneen, 2015). Therefore, it was important to characterise iPSC-astrocyte gene and 

protein expression throughout the differentiation protocol to ascertain an appropriate 

astrocyte timepoint from which to perform experiments.  

Astrocytes in the adult human brain have a number of unique physiological functions (Section 

1.4.2) and specific genes are used to identify astrocytes including GFAP and S100B (Ludwin 

et al., 1976), ALDH1L1 (Cahoy et al., 2008) and the glutamate transporters EAAT1 and 

EAAT2 (Rothstein et al., 1994), amongst others. RNA was collected at different timepoints 

from iPSC stage to iPSC-astrocyte (Figure 4.1), namely iPSC stage, NPC stage, early 

astrocyte differentiation (day 1 in astrocyte media), day 30, the timepoint characterised in 

TCW et al. (2016), and at 30-day intervals up to day 120. The expression of key astrocyte 

genes was examined using qPCR. Samples were normalised for RNA concentration, and 

then reverse transcribed to generate cDNA to be used for qPCR (Figure 4.3). Gene 

expression for each sample was normalised to two housekeeping genes βACTIN and 

GAPDH and calculated relative to expression in iPSC using the comparative CT method 

(2.8.5). No template controls determined background expression and confirmed expression 

in cell samples (see Methods 2.8.5). The log values of these data were calculated and 
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analysed for statistical differences. The levels of some proteins encoded by these genes 

were validated by immunocytochemistry (Figure 4.4 & Figure 4.5). 

It was important to first determine that iPSCs and NPCs lose their pluripotent and progenitor 

phenotype once they differentiate into astrocytes (Figure 4.2).  

Oct4 is a transcription factor required to maintain the self-renewal capacity and pluripotency 

potential of embryonic stem cells (Nichols et al., 1998; Loh et al., 2006), and is one of the 

Yamanaka factors used to induce pluripotency of iPSCs (Takahashi and Yamanaka, 2006). 

Oct4 levels were therefore examined (Figure 4.2a). As expected, OCT4 expression was 

dramatically reduced at all time points measured relative to iPSC, indicating an instant loss 

of pluripotency as cells are pushed into an ectodermal cell fate. Gene expression was > 

1000-fold lower than measured in iPSCs in all samples measured, and this low level of 

expression was maintained with further time in culture. A one-way ANOVA indicated that 

differentiation significantly affected OCT4 expression (F (2.530, 8.010) = 242.9, p<0.0001), 

and Sidak’s post-hoc multiple comparison test for multiple pairwise comparisons to (1) iPSC 

and (2) NPC stages revealed that OCT4 expression was highly significantly reduced at all 

timepoints relative to iPSC, while there was no significant difference between NPC and 

subsequent differentiation timepoints. This indicates that OCT4 expression was robustly 

downregulated as cells are differentiated, as expected (Kehler et al., 2004; Wu and Schöler, 

2014).  

Pax6 is a transcription factor important for progenitor identity, cell cycle and fate in the 

developing mammalian brain (Ericson et al., 1997; Estivill-Torrus et al., 2002). PAX6 

expression was increased in NPC and iPSC-astrocytes relative to iPSC but showed a general 

decrease in expression in iPSC-astrocytes with increased differentiation time (Figure 4.2b). 

Expression peaked at NPC stage with 961.1 ± 49.5 – fold change increase in expression 

relative to iPSC, as is expected considering that PAX6 expression is strongly correlated with 

neural progenitor cell identity (Ericson et al., 1997; Estivill-Torrus et al., 2002; Cvekl and 

Callaerts, 2017). A one-way ANOVA showed a significant impact of differentiation on PAX6 

expression (F (1.351, 4.503) = 93.19, p<0.003), and Sidak’s multiple comparisons showed 

that expression was significantly higher in iPSC-astrocytes relative to iPSCs. Comparison 

relative to NPC showed that PAX6 expression after 1 day of astrocyte differentiation was 

significantly decreased, as well as at day 90. While the overall trend was of decreasing PAX6 
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expression after differentiation into astrocytes, there still appeared to be high levels of 

expression of PAX6 during astrocyte differentiation,  suggesting that PAX6 still plays a role 

in astrocyte identity. Indeed, PAX6 has been observed to continue being expressed in some 

populations of GFAP positive astrocyte-like cells of the rat dentate gyrus (Nacher et al., 

2005), as well as GFAP positive radial glial like cells in the subgranular zone (Maekawa et 

al., 2005). It seems that Pax6 is highly dynamic and multifunctional in regulating proliferation 

and differentiation of astrocytes (Osumi et al., 2008), and this is reflected in changes 

observed here.  

 

Figure 4.2  Decreased progenitor and increased neural precursor gene expression after iPSC 

differentiation into astrocytes. 

Gene expression of the pluripotency marker OCT4 significantly decreased after differentiation into 

NPCs and iPSC-astrocytes (a). Neural progenitor identity (PAX6) (b) significantly increased at 

NPC stage and thereafter decreased during iPSC-astrocyte differentiation. mRNA gene 

expression (2^-ΔΔCt) data relative to iPSCs was transformed to log10 for analysis/graphing and 

presented as mean ± SEM, using one-way ANOVA with repeated measures and Holm-Šidák’s 

pairwise multiple comparisons to iPSC and NPC, denoted by (1) and (2) respectively (* p < 0.05, 

**  p < 0.01, ***  p < 0.001, ****  p < 0.001). n = 3-6 separate astrocyte differentiations from a 

common iPSC line. 

Astrocytes are developmentally regulated by the transcription factor Sox9 (Kang et al., 

2012), and overexpression of this transcription factor has been shown to aid the induction 

of astrocyte differentiation from rodent somatic cells (Caiazzo et al., 2015) and is sufficient 

on its own to induce conversion to an astrocyte fate in human cells (Neyrinck et al., 2021). 

It was therefore of interest to examine SOX9 expression during astrocyte differentiation from 

iPSC. 
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SOX9 expression was increased at all timepoints relative to iPSC, and all iPSC-astrocytes 

showed higher levels relative to NPC (Figure 4.3a). A one-way ANOVA revealed that 

increasing differentiation time had a significant effect on gene expression (F (1.328, 4.428) 

= 19.68, p=0.0077). Šidák’s multiple comparisons test revealed that SOX9 was significantly 

higher in day 60 and day 120 astrocytes. Astrocyte expression was not significantly higher 

than NPCs. SOX9 expression peaked at day 60, perhaps indicating high levels of activity in 

the developmental signalling pathways that the transcription factor Sox9 interacts with at this 

time (Kang et al., 2012). High levels of SOX9 expression at NPC stage are expected, as this 

transcription factor is necessary and sufficient to induce and maintain adult neural stem cells 

(Scott et al., 2010). SOX9 expression is also expected to be increased by notch signalling 

during astrocyte differentiation, as this has been observed as a crucial lineage determination 

step for glial cell induction (Martini et al., 2013). Higher variability in the data with increasing 

differentiation time may indicate there is variation in the level of SOX9 expressed by individual 

astrocytes, and this may be representative of changes in developmental cues with time. 

Expression appears much higher from differentiation day 60 onwards, perhaps indicating 

upregulation of Sox9 related pathways for determining glial lineage, although this is difficult 

to interpret owing to the large effects that Sox9 has on downstream lineage pathways (Jo et 

al., 2014a).  

Aldehyde dehydrogenase 1 family member L1 (ALDH1L1) is a gene that encodes the protein 

10-formyltetrahydrofolate dehydrogenase – a folate metabolic enzyme that irreversibly 

converts 10-formyltetrahydrofolate to tetrahydrofolate and CO2 (Krupenko, 2009). Although 

expressed in various mammalian tissues (Krupenko and Oleinik, 2002), it has been 

described as a pan-astrocyte marker in the mammalian CNS (Yang et al., 2011), able to 

label more astrocytes than GFAP since GFAP levels may only be detectable in “reactive” 

astrocytes (Cahoy et al., 2008), although this may differ in vitro. Therefore, ALDH1L1 

expression was assessed during astrocyte differentiation (Figure 4.3b). Expression of 

ALDH1L1 at NPC stage was relatively indistinguishable from that of iPSCs, appeared 

reduced one day after the differentiation protocol started, and only showed an increase in 

expression from day 30. A one-way ANOVA showed a significant impact of differentiation 

time on ALDH1L1 expression (F (1.256, 4.185) = 30.32, p=0.041). Interestingly the data 

shows that ALDH1L1 expression was reduced at day 1 of differentiation relative to iPSC, 

although not significantly. This reduction may be expected, as although ALDH1L1 is 
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expressed by postnatal neural stem cells (Foo and Dougherty, 2013), it is also expressed by 

iPSCs, and can show reduction in expression during early stages of astrocyte differentiation 

(Szabo et al., 2021). Indeed, the data in Figure 4.3b show that at day 60 after differentiation 

do astrocytes show a significant increase in ALDH1L1 expression relative to iPSCs. This 

increase appeared to be maintained although the data were variable, and results were not 

significant at later time point. Overall, there is a trend of increasing ALDH1L1 expression with 

extended astrocyte differentiation time. Large variability at day 90 and other time points may 

indicate some inconsistencies in ALDH1L1 expression at this timepoint, and increasing the 

sample size may have provided more consistent data.  
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Figure 4.3  Increased expression of key astrocyte markers during iPSC differentiation into 

astrocytes. 

Bar charts show common genes expressed by astrocytes. (a) SOX9, (b) ALDH1L1, (c) GFAP, 

and (d) S100B are significantly increased relative to iPSC at longer differentiation times. 

Expression of the glutamate transporters (e) EAAT1 and (f)  EAAT2 increase after differentiation 

relative to iPSCs. n = 3-6 separate astrocyte differentiations from a common iPSC line. Data is 

presented as mean fold change of gene expression (2^-ΔΔCt)  relative to iPSC (value 0). Data is 

transformed to log10 for analysis/graphing and presented as mean ± SEM, using one-way ANOVA 

with repeated measures and Holm-Šidák’s pairwise multiple comparisons to iPSC and NPC, 

denoted by (1) and (2) respectively (* p < 0.05, **  p < 0.01, ***  p < 0.001, ****  p < 0.001). n = 

3-6 separate astrocyte differentiations from a common iPSC line. 

  

GFAP is an intermediate filament that may have been crucial in evolution of the CNS, where 

it coincided with the emergence of different glial cells in primitive fish (Apple, 2013). 

Intermediate filaments have several roles as key components of the cytoskeleton, including 

structural support, acting as a scaffold for organelles and other proteins, and 

mechanosensing changes in the environment (Lowery et al., 2015). GFAP knockout mice 

are viable show alterations in hippocampal and cerebellar physiology, including altered long-

term potentiation, suggesting that GFAP is key for these complex neurological processes 

(Mccall et al., 1996; Shibuki et al., 1996). Moreover, GFAP null mice do not recover from 

head injury as readily as wild-type mice, indicating the importance of GFAP in the astrocyte 

response to injury (Nawashiro et al., 1998). GFAP is expressed exclusively in the CNS and 

PNS (Uhlén et al., 2015) and is primarily associated with astrocytes (Hol and Pekny, 2015), 

although it is expressed in progenitor like cells including radial glia that can differentiate into 

neurons as well as astrocytes (Levitt and Rakic, 1980), and neural progenitors of the adult 

mouse forebrain (Garcia et al., 2004). There are regional differences in astrocyte GFAP 

expression, and it is widely accepted that white matter astrocytes have higher levels of GFAP 

than grey (Lundgaard et al., 2014; Olabarria and Goldman, 2017). As at least 6 major 

isoforms of GFAP are now known to be expressed in the CNS, with GFAPα being the 

predominant isoform in astrocytes (Messing and Brenner, 2020), although GFAPδ 

expression has also been noted in developing as well as adult mouse astrocytes (Mamber 

et al, 2012). Isoforms can also be generated by alternative splicing, uncommon in other 

intermediate filaments (Hol and Pekny, 2015). To avoid isoform bias when analysing GFAP 

expression here, qPCR was performed using a set of primers that were designed to span all 

isoforms (Table 2.4).  
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The gene expression data analysed here shows that GFAP expression in iPSC-astrocytes 

was increased relative to iPSCs at all differentiation time points (Figure 4.3c). This appeared 

highest at longer astrocyte differentiation time points when compared to NPC, particularly 

from day 30. A one-way ANOVA confirmed that time of differentiation had a significant impact 

on GFAP expression (F (1.364, 5.910) = 156.4, p<0.0001), and Šidák’s multiple 

comparisons tests showed that GFAP expression was significantly increased in all iPSC-

astrocytes compared to iPSCs. GFAP expression in NPC and astrocytes differentiated for 1 

day only is expected since GFAP is known to be expressed in neural progenitor cells (Garcia 

et al. 2004). GFAP expression is expected to be higher as astrocytes age, considering 

observations in vivo (Hol and Pekny, 2015; Vasile et al., 2017), although how this is mirrored 

in in vitro conditions is yet to be determined, as it is possible that culture conditions can affect 

cytoskeletal behaviour (Barooji et al., 2021). 

S100β encodes one member of the S100 family of proteins that can bind calcium and help 

regulate various cell functions, both intra- and extra- cellularly (Donato et al., 2009). Although 

S100β  expression is not unique to astrocytes, being expressed in a variety of cells not just 

in the CNS  (Donato et al., 2009), including oligodendrocytes (Hachem et al., 2005), retina 

cells (Rambotti et al., 1999) and muscle cells (Arcuri et al., 2002), it has still been historically 

used as an astrocyte marker in the brain (Ludwin et al., 1976), and its levels are correlated 

with the maturation of astrocytes from neural stem cells in the mouse CNS (Raponi et al., 

2007). Therefore, its expression was examined during differentiation of iPSC-derived 

astrocytes (Figure 4.3d).   

S100B levels did not appear largely altered between iPSC and NPC, and this is in line with 

GFAP-expressing neural progenitor cells of the subventricular zone that were observed not 

to express S100B (Raponi et al., 2007). Expression was much higher at the start of astrocyte 

differentiation, and this level of expression was largely maintained through each subsequent 

astrocyte differentiation timepoint. Expression was observed to be highest at day 30 and 60 

of astrocyte differentiation. A one-way ANOVA confirmed that differentiation time had a 

significant impact on S100B expression (F (1.891, 8.196) = 15.67, p=0.0017), and pairwise 

multiple comparisons demonstrated a significant increase in S100B expression in all iPSC-

astrocytes up to day 60 relative to iPSCs, which were most significant at day 30 and 60. 

Variations in S100B expression at different astrocyte timepoints may be down to 

environmental cues, as S100B expression can be easily altered by environment (Donato et 
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al., 2009). More experimental repeats at higher time points may prove significant for 

astrocytes of this differentiation age. Overall, however, these data demonstrate a 

consistently elevated S100B expression as iPSCs differentiate into astrocytes.  

The uptake of glutamate is fundamental to the role of astrocytes in the CNS, being crucial 

for glutamate homeostasis at synaptic junctions (Mahmoud et al., 2019). Excitatory amino 

acid transporters (EAATs) are sodium-dependent transporters responsible for the majority 

of extracellular glutamate uptake (Rose et al., 2018), predominantly through EAAT1 and 

EAAT2 (known as GLAST and GLT-1 respectively in rodents) (Lehre and Danbolt, 1998; 

Eulenburg and Gomeza, 2010), which are the main glutamate transporters expressed by 

mammalian astrocytes (Danbolt, 2001). EAAT1/GLAST was observed to be expressed by 

radial glia and immature astrocytes in the developing mouse forebrain and cerebellum 

postnatally (Shibata et al., 1997), while also predominantly being expressed by mature 

astrocytes in the CNS (Schmitt et al., 1997; Lehre and Danbolt, 1998). Some expression, 

although relatively reduced, has been observed in microglia and oligodendrocytes in primary 

rodent cultures (Kondo et al., 1995). EAAT2/GLT-1 is less expressed during early 

development (Furuta et al., 1997; Ullensvang et al., 1997; Schreiner et al., 2014), but is 

highly expressed by mature astrocytes in the CNS (Rothstein et al., 1994). It was therefore 

important to examine the expression profile of these two transporters during astrocyte 

differentiation from iPSCs since these are linked with key astrocyte functions. 

EAAT1 expression was elevated at all differentiation timepoints relative to iPSC expression 

(Figure 4.3e). This appeared highest at NPC and day 120. A one-way ANOVA analysis 

confirmed that length of differentiation significantly affected EAAT1 expression (F (1.471, 

4.905) = 14.98, p=0.0097), and pairwise comparison revealed that all iPSC-astrocytes 

(except day 30) showed significantly higher EAAT1 expression compared to iPSC. High 

expression levels of EAAT1 at NPC stage might be expected considering that EAAT1/GLAST 

is expressed in immature GFAP expressing radial glia cells in the developing mouse spinal 

cord (Shibata et al., 1997) and ependymal neural cells of rat brain (Schmitt et al., 1997). In 

the developing mouse hippocampus, EAAT1 expression in GFAP positive cells increases 

after birth (Schreiner et al., 2014), and high expression at day 120 may indicate that further 

increases in expression might be expected had astrocytes been differentiated for longer. 

Overall, these results demonstrate a high expression of EAAT1 with astrocyte differentiation.   
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Expression of EAAT2 was lower in comparison, although a similar pattern of expression was 

observed, with highest levels of EAAT2 being observed in NPC and astrocytes differentiated 

for 120 days (Figure 4.3e). A one-way ANOVA indicated that length of differentiation time 

significantly alters EAAT2 expression (F (1.944, 6.480) = 6.863, p=0.0255), although 

pairwise comparisons revealed this was significantly increased at NPC and day 1. The data 

indicates increased expression at all astrocyte stages, peaking at day 120, however this was 

not significant, perhaps due to variability in repeats at each time point. High expression is 

expected as astrocytes mature with time, and in vivo, higher levels of EAAT2 expression 

correlate with later developmental stages as observed previously in rat brain (Rothstein et 

al., 1994), and further in mice brain where expression has been seen to peak around 20-25 

days postnatally (P20-25) (Schreiner et al., 2014). This contrasts with EAAT1 that peaked in 

astrocytes around P3-5 in this study. With highest EAAT2 levels observed at day 120 

astrocytes here, this may indicate that astrocytes are relatively immature and will continue 

to express higher levels of EAAT2 if differentiated for longer. 

Immunocytochemical labelling of ALDH1L1 protein in iPSC-astrocytes differentiated for 1, 

30 and 60 days (Figure 4.4) demonstrated the presence of ALDH1L1 protein at all stages, 

including in astrocytes differentiated for only 1 day, indicating that this protein is also 

expressed to a lesser extent in progenitor and stem cell like cells, in agreement with the 

results from qPCR. ALDH1L1 showed a predominantly cytoplasmic localisation and was 

abundant in branches in astrocytes differentiated for 60 days, as described by others in 

mouse cortical cells (Yang et al., 2011). Overall, these data are in broad agreement with 

previous reports (Szabo et al., 2021.; Foo and Dougherty, 2013; Molofsky et al., 2013). 

Immunocytochemical labelling of GFAP proteins using a polyclonal antibody that is not 

specific to any one isoform (Agilent Dako; CA, USA (Cat# Z0334)) demonstrated relatively 

high expression of GFAP from Day 1 after differentiation from NPC to Day 60 post-

differentiation (Figure 4.4), as confirmed by gene expression data. In day 60 astrocytes, 

GFAP showed high cytoplasmic expression that tended to decrease with distance from the 

nucleus but was also visible in astrocyte processes. While expression of GFAP was relatively 

consistent, rare cells did express dramatically higher GFAP expression, and this may be 

representative of astrocyte subtypes within these cultures (Figure 4.4). As GFAP expression 

is altered in response to environmental cues (Messing and Brenner, 2020), resulting in 

variable GFAP expression within localised populations of astrocytes in vivo (Oberheim et al., 
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2006), it may be expected that there is astrocyte heterogeneity in cultures. Nonetheless, 

GFAP appeared to highlight all cells in culture, and thus this antibody was used as a general 

astrocyte marker for subsequent experiments (Figure 4.5, Figure 4.4 and Figure 4.6).  

Immunocytochemical analysis of astrocytes differentiated for 1, 30 and 60 days confirmed 

EAAT2 protein expression (Figure 4.5). EAAT2 was localised to the cell soma with patches 

of high expression across cells, and higher expression was particularly apparent in astrocytic 

processes by 60 days of astrocyte differentiation (Figure 4.5, bottom panel). This is in line 

with previous EAAT2 analysis in mouse astrocytes of the hippocampus, where 

immunoreactivity did not cover whole cell soma and discrete clusters of expression was 

observed in perivascular endfeet (Schreiner et al., 2014). Indeed, time in culture after 

passaging and the number of astrocytic processes put out by astrocytes may strongly 

influence EAAT2 expression.  
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Figure 4.4  Immunocytochemistry of ALDH1L1 and GFAP during astrocyte differentiation. 

Representative images of ALDH1L1 labelling (green) in astrocytes differentiated for 1, 30 and 60 

days. Astrocytes expressed ALDH1L1 at all time points. An antibody against GFAP was also used 

to label astrocytes (yellow). Higher magnification images shown for day 60. Nuclei were labelled 

with Hoechst 33342. White scale bar = 100 µm. N=3. 
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Figure 4.5  Expression of EAAT2 during astrocyte differentiation from iPSC. 

Representative images of iPSC-derived astrocytes immunolabelled with an antibody against 

EAAT2 (green) at different timepoints of differentiation from iPSC. Cells were also immunolabelled 

using an antibody against GFAP (yellow). Nuclei are stained with Hoechst 33342. Astrocytic 

processes, as highlighted in the bottom panel (magnified from white boxes above), show relatively 

high levels of EAAT2 protein. White scale bar = 100 µm. N=3. 
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As a whole, with increasing astrocyte differentiation time, these data demonstrate an 

increase in the expression levels of genes found in mature astrocytes, as well as a relative 

decrease in markers or pluripotency and precursor states which appear broadly in line with 

changes expected during development. 

4.3.2 Astrocyte morphological changes with time in culture 

Astrocyte morphology is observed to change during development (Freeman, 2010). 

Postnatally, they initially extend long filopodial processes that can overlap with nearby 

astrocytes (Bushong et al., 2004). With time, their processes are refined to occupy unique 

spatial domains and their processes are closely associated with synapses (Bushong et al., 

2004). They have also been seen to increase in size during this post-natal period (Nixdorf-

Bergweiler and Albrecht, 1994). 

While different astrocyte morphologies exist in the iPSC-derived astrocytes that have been 

established (Figure 4.4 & Figure 4.5), which may represent heterogeneity within the same 

population, general trends can be captured by high-throughput image analysis. To this 

purpose, cell size and cell roundness were analysed in NPCs and astrocytes differentiated 

for 1- 60 days. Cells were immunolabelled with an antibody against GFAP and nuclei were 

stained with Hoechst 33342. The Perkin Elmer Opera Phenix imaging system was used to 

capture images.  Cell detection and analyses of characteristics was performed using 

Harmony software. Cell sphericity was measured as an average of cells per well, with 1 

representing a perfect circle. Neural progenitors are typically small and round (Figure 4.6a), 

and thus demonstrated the highest cell roundness (Figure 4.6c). With longer times of 

astrocyte differentiation, there was a consistent decrease in cell roundness, likely attributed 

to an increase in the number of astrocytes putting out projections. Interestingly, the average 

cell size of astrocytes also increased with differentiation time (Figure 4.6d). While cells 

differentiated for more than 60 days were not included in this analysis, a representative 

phase contrast image of day 120 astrocytes demonstrates the further increase in size that 

may occur in some astrocytes, along with increased number of processes.  
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Figure 4.6  Changes to astrocyte morphology with differentiation time. 

(a) Captured images from NPCs and astrocytes differentiated for 1, 30, and 60 days and 

immunolabelled with an antibody against GFAP were analysed for morphological changes using 

Harmony software. Nuclei were stained with Hoechst 33342 (blue). White scale bar is 100µm. (b) 

Phase contrast images of astrocytes in culture demonstrate changes in cell size and complexity 

with time in culture (white scale bar = 400 µm). Cells were analysed in 3D using Z-stacks of GFAP 

immunostaining for both (c) cell roundness (scale 0-1 with 1 being a perfect circle) and (d) cell 

volume (m3) Data is mean ± SEM. n = 3-6 separate astrocyte differentiations from a common 

iPSC line. 
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4.3.3 MAPT expression in hiPSC-derived astrocytes 

Although tau is primarily expressed by neurons (Binder, 1985), in humans it is now known to 

be expressed at lower levels in glial cells, including astrocytes (Zhang et al., 2014; Darmanis 

et al., 2015; Seiberlich et al., 2015; McKenzie et al., 2018), and to a greater extent than 

found in rodent astrocytes (Zamanian et al., 2012).  

The expression of tau in astrocytes has implications for the spread of pathogenic tau in the 

brain, where current understanding implies that endogenous tau molecules in astrocytes 

have the potential to be seeded by tau filaments (Jucker and Walker, 2018; Vogels et al., 

2019). Therefore, astrocytes were examined for MAPT expression by qPCR (Figure 4.8) and 

immunocytochemistry (Figure 4.7). Since the isoforms of tau expressed may also be 

important for the ability of tau to be seeded (Clavaguera et al., 2013), previously published 

primer sequences (Table 2.4) (Spicakova et al., 2010) were used to detect the N-terminal 

inserts and microtubule binding domains that together comprise the six major isoforms of 

tau in the adult human CNS (Figure 1.4). Gene expression was calculated relative to a 

positive control which was RNA isolated from post-mortem human adult temporal cortex 

(Figure 4.8). Note that due to sample availability and time constraints, data was not available 

for NPC or day 120 astrocytes as with previous qPCR characterisation. 

To first look at presence and/or cell distribution of tau, cells were immunolabelled with a 

polyclonal tau antibody that is not isoform specific (Figure 4.7). Interestingly at NPC stage, 

tau highlighted long processes that were not apparent following labelling of cells with GFAP 

antibodies or phase contrast imaging, and this was the predominant tau protein expression, 

with lower levels observed in cell soma. At day 1 of differentiation reduced numbers of these 

processes were observed, which likely reflects that cells are plated at lower density in 

astrocyte media. With longer times of differentiation into astrocytes, tau is observed in the 

cell soma of astrocytes with some showing high expression in processes by 30 days post-

differentiation. Tau expression was quite high in perinuclear regions and was more diffuse in 

other regions of the cytoplasm, and by 60 days of differentiation tau was less obvious in 

astrocyte processes. Expression of tau in astrocyte and neural progenitor cells has not 

previously been well characterised, but high levels of tau expression in NPC processes and 

immature (day 1) astrocyte processes are in line with evidence that tau is important in neurite 

outgrowth (Knops et al., 1991; Yuan et al., 2008). It is likely that these do not represent 
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neurons since the selection medium used does not support neuronal differentiation. 

Moreover, cells co-labelled with GFAP. 

 

Figure 4.7  Expression of tau protein with differentiation of astrocytes from iPSC. 

A non-isoform specific antibody for tau protein (Agilent Dako; CA, USA (Cat# Z0334) was used 

to look at tau protein levels (green) in NPCs and astrocytes differentiated for 1, 30, and 60 days. 

GFAP was used to label all astrocytes (yellow) and nuclei were stained with Hoechst 33342 (blue). 

White scale bar = 100 µm. n=3. 

The mRNA expression of MAPT in astrocytes was then examined to validate ICC data. MAPT 

was expressed at all astrocyte differentiation timepoints, correlating with ICC data, but as 

expected, expression of all tau isoforms and overall MAPT expression was drastically lower 

relative to measurements from a reference human brain sample (Figure 4.8a). MAPT 

expression was relatively higher in astrocytes differentiated for 1, 30 and 60 days. However, 

levels returned to similar levels as in iPSC by 90 days of differentiation. A one-way ANOVA 

was performed and showed that length of differentiation had a significant effect on MAPT 
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expression (p<0.0001). Pairwise comparisons to day 1 iPSC-astrocytes using Šidák’s 

multiple comparison tests showed that MAPT expression was significantly reduced in iPSC-

astrocytes by 90 days of differentiation compared to 1 day. This indicates there may be an 

initial increase in MAPT expression as astrocytes differentiate which is then reduced as 

astrocytes mature. MAPT is known to undergo developmental regulation generally 

throughout the CNS (Kosik et al., 1989; Hefti et al., 2018), so it follows that astrocyte 

expression of tau may also be regulated, although this is an area that requires more 

research.
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Figure 4.8  MAPT isoform expression changes with astrocyte differentiation. 

The expression of (a) all MAPT isoforms as well as individual tau domains (b) 0N, (c) 1N, (d) 2N, 

(e) 3R and (f) 4R were assessed by RT-qPCR. 0N expression, for example, indicates the presence 

of 0N3R and/or 0N4R tau isoforms, and likewise for other tau isoform primers (1N = 1N3R / 1N4R; 

2N = 2N4R / 2N4R; 3R = 1N3R / 2N3R / 0N3R; 4R = 0N4R / 1N4R / 2N4R).   Data presented as 

mean fold change in gene mRNA expression (2^-ΔΔCt) relative to mRNA from human control 

temporal cortex of post-mortem brain (normalised value 0). Data is transformed to log10 for 

analysis and presented as mean ± SEM, using one-way ANOVA with Šidák’s pairwise multiple 

comparisons to day 1 astrocytes. *  p ≤ 0.05, **  p ≤ 0.01, ***  p ≤ 0.001. n = 3 separate astrocyte 

differentiations from a common iPSC line for day 1 – 90  astrocytes, n = 1 for iPSC and the human 

brain sample used for comparison. 

Specific primers were used in order to determine relative expression of tau isoforms. Primers 

that are specific for 0N tau isoforms were used to determine the relative expression of tau 

isoforms with no N terminal domains (Figure 4.8b). All differentiation timepoints expressed 

some level of 0N, indicating expression of this isoform even if it was highly lowered compared 

to human brain RNA. Expression of this isoform appeared relatively highest at day 1 of 

astrocyte differentiation, with one ANOVA showing significant decreases with longer times 

of differentiation. Pairwise Šidák’s multiple comparisons analysis showed significant 

differences in 0N MAPT expression between astrocytes differentiated for 30, 60 and 90 days 

relative to astrocytes differentiated for 1 day. To determine if this expression correlates with 

3R or 4R tau isoforms, primers specific for those isoforms (Figure 4.8e & Figure 4.8f) were 

examined. No expression of 4R tau at iPSC stage was detected, but there were low levels of 

3R tau, indicating that iPSCs express only 0N3R tau at low levels. This may be expected 

considering that 0N3R tau isoforms are associated with early stages in development 

(Goedert et al., 1989; Kosik et al., 1989), and it is feasible that low-level 0N3R expression 

may occur in pluripotent stem cells which are readily induced into ectoderm lineage (Yan et 

al., 2013), but how much mRNA is translated into tau protein in these cells is unknown.  

For day 1 astrocytes, 3R expression was the highest in comparison to other differentiation 

time points, indicating that again 0N3R is expressed. This was also the case for astrocytes 

differentiated for 30 and 60 days. At day 90 of differentiation, 3R tau expression was 

significantly lower than observed at day 1, indicating a reduction in 0N3R tau by this time 

point that may correlate with a maturity in astrocytes, as 0N3R tau isoforms are the 

predominant isoform at foetal stages of development (Kosik et al., 1989; Hefti et al., 2018). 

This reduction in 0N3R tau with differentiation time also appears to broadly correlate with an 

increase in 4R tau expression (Figure 4.8f), as day 60 and 90 astrocytes show relatively 

higher levels of 4R tau which is significantly higher at day 60 relative to day 1. This indicates 
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that 0N4R tau isoforms are expressed in astrocytes as they differentiate and may be a sign 

of MAPT developmental regulation as astrocytes mature.  

1N tau expression (Figure 4.8c) was not detected in iPSCs but was again expressed at low 

levels at day 1 of astrocyte differentiation. This appeared to increase significantly to its 

highest relative level at day 30 of astrocyte differentiation, reducing to a stable level at day 

60 and 90. This indicates that 1N3R isoforms are also expressed as astrocytes develop, and 

this may be a transient expression at this 30-day timepoint as it appears to decrease at 

subsequent timepoints. 1N4R isoforms may also be expressed at some astrocyte 

differentiation time points, with highest levels being detected at differentiation day 60 and 

90, as indicated by both 1N and 4R tau expression (Figure 4.8f).  

2N tau isoforms were not detected prior to day 30 of astrocyte differentiation (Figure 4.8d), 

and this is expected considering 2N4R, the longest tau isoform, is associated with adult brain 

tissue (Hefti et al., 2018), being rarely detected before P0 in mice (Liu and Götz, 2013). The 

presence of 2N tau indicates that full length 2N4R tau, as well as 2N3R tau, can be expressed 

in these astrocytes as they differentiate past day 30. Differentiation day 60 astrocytes appear 

to show highest expression of 2N tau, although this is not significantly different from day 30 

when tested for pairwise comparisons after one-way ANOVA was found to show a significant 

effect of differentiation time on 2N expression (p=0.0044).  

Overall, these data represent a change in the pattern of tau isoform expression with 

differentiation from iPSC to day 90 astrocytes. Limited tau isoforms and higher levels of foetal 

associated tau (0N3R) at early differentiation stages appears to reduce as astrocytes age, 

and by day 90, 1N, 2N, 4R and smaller amounts of 3R tau were observed, and this likely 

represents an increase in the number of tau isoforms expressed by these cells, with 1N4R 

and 2N4R tau likely the most highly expressed. Thus, astrocytes appear to show 

developmental regulation of tau isoform expression as previously reported for iPSC-derived 

neurons (Sposito et al., 2015). However, while it could take several months or even years 

(Sposito et al., 2015) for 4R forms of tau to be expressed by control iPSC-neurons, 4R tau 

was observed in iPSC-astrocytes at detectable levels after 60 days. In future studies it will 

be important to confirm that these data correspond to protein levels by western blotting. 

On the basis of all characterisation experiments, it was decided that day 60 astrocytes 

represent the most robust and time-efficient timepoint for future use. 
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4.3.4 Comparing iPSC-astrocytes to human induced NPC derived (iNPC) astrocytes  

The establishment of iPSCs from human somatic cells places them in a developmentally and 

epigenetically naïve state (Patterson et al., 2011),  also resetting their age associated 

changes (Miller et al., 2013). As tauopathies are neurodegenerative diseases primarily 

associated with age, this begs the questions as to whether an ageing phenotype is required 

to model and investigate neurodegenerative changes including the uptake and spread of 

tau. Thus, an alternative astrocyte model, in which some molecular aging-like changes are 

retained, was considered. These cells were first compared to iPSC-derived astrocytes.  

Previously, a method was established for the rapid induction of donor fibroblasts into neural 

progenitor cells (dubbed iNPCs) and 7-day differentiation into astrocyte-like cells (iNPC-

Astrocytes) (Gatto et al., 2020). Interestingly, astrocytes derived from the fibroblasts of aged 

donors retained many of the aged cell associated characteristics compared to those derived 

from young donors, including nucleocytoplasmic shuttling differences, altered oxidative 

stress response, and overall transcriptional differences, as well as a reduced ability to 

support neurons in co-culture after pro-inflammatory stimuli (Gatto et al., 2020).  

In collaboration with Professor Laura Ferraiuolo at the Sheffield Institute for Translational 

Neuroscience, some iNPC-astrocyte lines were investigated.  These cells were 

characterised and compared to iPSC-derived astrocytes. First, the expression of key genes, 

as described above for iPSC-astrocytes, were investigated in two iNPC-astrocyte cell lines 

(155v2 and CS14) that were derived from healthy control adult donors. These were 

compared with iPSC-astrocytes differentiated for 60 days (Figure 4.9a).  
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Figure 4.9  Comparison of iNPC-astrocytes and iPSC-astrocytes. 

Two iNPC-Astrocyte cell lines were analysed for gene expression of key astrocyte markers 

compared to their expression in iPSC-astrocytes that were differentiated for 60 days (a)Stem cell 

and neural progenitor markers OCT4 and PAX6 were also examined (b) Example of iNPC-

Astrocytes in culture immunolabelled with an antibody against GFAP (green), (c) Gene expression 

data is presented as fold change relative to iPSC and presented on a logarithmic scale, ± SEM 

where possible. N=3 for iPSC-astrocytes, n=1 for each iNPC-Astrocyte cell lines. n.e = no 

detectable expression.  

In both iNPC-Astrocyte cell lines, SOX9 expression was higher relative to iPSC stage and 

comparatively similar to iPSC-derived astrocytes (Figure 4.9a), suggesting that these cells 

are also undergoing Sox9 related transcriptional changes as would be expected as this 

reflects developmental pathways related to astrocyte development (Kang et al., 2012), but 

this could also be latent expression from neural progenitor cell induction, as Sox9 can induce 

and maintain neural stem cells (Scott et al., 2010).  
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EAAT1 expression was either lower (CS14) than iPSC stage or not detectable (155v2) in 

iNPC-Astrocyte lines, in contrast with iPSC-derived astrocyte EAAT1 expression. EAAT2 

expression, however, was relatively increased in both iNPC-Ast cell lines in line with iPSC-

astrocytes. While EAAT2 is associated with astrocytes (Rothstein et al., 1994), it is also 

expressed in neural stem cells (Furuta et al., 1997; Ullensvang et al., 1997; Schreiner et al., 

2014), and therefore does not automatically confer astrocyte phenotype. Other key 

astrocyte markers were also examined.  

S100B expression was inconsistent between iNPC-Ast lines, reduced in CS14 while similar 

to iPSC stage in 155v2. ALDH1L1 was not detectable in either iNPC-astrocyte lines. As this 

marker is often used as pan-astrocyte protein and is widely associated with astrocytes, the 

lack of detectable expression is difficult to interpret. Some level of expression of ALDH1L1 

has been detected at NPC stage of iPSC differentiation into astrocytes (Figure 4.3b), albeit 

lower than iPSC, this indicates that cells are retaining neural progenitor like phenotype.  

The presence of GFAP was demonstrated by immunocytochemistry (Figure 4.9c) while 

GFAP gene expression data was not available. Its presence is not necessarily indicative of 

an astrocyte phenotype, however, this GFAP antibody has been shown to label iPSC derived 

astrocytes at all stages of iPSC-astrocyte differentiation, including NPC (Figure 4.4).  

Surprisingly, iNPC-Astrocytes retain a considerable level of OCT4 expression (Figure 4.9c), 

with an 8.4-fold and 29.8-fold increase in expression relative to iPSC stage in 155v2 and 

CS14 lines, respectively. This is in stark contrast to the marked reduction in OCT4 observed 

when astrocyte differentiation is initiated, and as would be expected when cells differentiate. 

This may indicate residual OCT4 expression due to the use of retroviral induction of OCT4 

in fibroblasts used to generate cell lines (Meyer et al., 2014), where retroviruses are known 

to integrate into the host genome and cause residual expression issues after reprogramming 

(Hu, 2014). Conversely, the iPSC line used in this project utilised Sendai viral vectors for 

reprogramming that do not require genome integration and are rapidly cleared after 

transduction (Beers et al., 2015).  

PAX6 expression is increased relative to iPSC stage at 6.2-fold and 3.1-fold increase relative 

to iPSC but was comparatively lower than iPSC-astrocytes differentiated for 60 days, which 

had an average PAX6 expression 80-fold higher relative to iPSC stage. This suggests that 
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iNPC-Ast may be undergoing different developmental regulatory processes that may 

distinguish them from iPSC derived astrocytes.  

Overall, these results demonstrate an expression pattern of astrocyte related genes that is 

not consistent with iPSC-derived astrocytes. The lack of ALDH1L1 expression, very low 

EAAT1 expression and relatively low and inconsistent S100B expression, suggest these cells 

are developmentally immature, even though they have been shown to retain aging-like 

features (Gatto et al., 2020). Further differences in SOX9 and PAX6 expression suggest 

different regulatory processes that may be responsible for these differences in astrocyte 

marker expression. Further, unwanted OCT4 expression may be contributing to downstream 

signalling processes. 

This analysis suggests that while iNPC-astrocytes might be a useful tool in that they may 

allow investigation in an aged cellular environment, the evidence here suggest they are 

immature astrocytes in comparison to iPSC-derived astrocytes, which is a major 

disadvantage for study of pathogenic tau uptake. Therefore, these cell lines were not 

routinely used in future experiments.   

4.4 Discussion 

4.4.1 Summary of results in this Chapter 

These results confirm that astrocytes can be differentiated from human iPSC as described 

in TCW et al. (2017). Interestingly, these results demonstrate that with increased time in 

culture, these iPSC-derived astrocytes further mature and show increases in astrocytic gene 

expression (Figure 4.3) and morphological changes akin to astrocyte maturity (Figure 4.6). 

The main findings were as follows: 

• iPSC-derived astrocytes express appropriate genes that are indicative of an 

astrocyte phenotype. 

• iPSC-derived astrocytes display increased expression of appropriate astrocyte 

associated markers with longer differentiation time, while losing their pluripotency 

and reducing progenitor related gene expression. 
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• iPSC derived astrocytes display morphological changes with age, including changes 

in size and process number, as a further indicator of astrocyte maturity with time in 

culture.  

• iPSC-derived astrocytes express MAPT and show regulated splicing of MAPT 

isoforms as they differentiate, that are associated with a maturing developmental 

stage. 

• iPSC-derived astrocytes show more faithful astrocyte gene expression in comparison 

to iNPC-astrocytes. 

 

4.4.2 Characterisation & heterogeneity of iPSC-astrocytes 

GFAP (Levitt & Pasko 1980), S100B (Ludwin et al., 1976) and ALDH1L1 (Cahoy et al., 

2008), which encode three common proteins used for marking astrocytes in brain tissue, 

were examined during this characterisation. There appeared to be a general trend of 

increasing astrocyte related gene expression with differentiation time up to day 120 

analysed, although this was not a linear relationship. Astrocyte samples were not collected 

at all timepoints for every differentiation repeat, and so less data was available for day 90 

and 120 astrocytes, and this may go some way to explaining the differences in significance 

at these timepoints when analysing gene expression relative to iPSC. It may be that 

increasing data at these timepoints would give greater insight into the variability and 

consistency at later astrocyte differentiation stages.   

ALDH1L1 expression was highest relative to iPSC from day 60 of astrocyte differentiation 

onwards, peaking at day 120. The upregulation of ALDH1L1 has been seen to correspond 

to the reduced proliferative potential of these cells in the developing CNS (Anthony and 

Heintz, 2007), although postnatal ALDH1L1 heterogeneity of expression has been observed 

in astrocytes depending on CNS region they are derived, including a potential parallel 

upregulation of expression with EAAT2 in some cells (Yang et al., 2011). Indeed, this may 

be the case with day 120 astrocytes which also showed highest EAAT2 expression. Thus, 

even though ALDH1L1 expression was highest at the longest astrocyte differentiation time 

point analysed, a consistent increase in ALDH1L1 may not be expected. It would be 

interesting to observe if ALDH1L1 expression stabilises at high levels with further time in 

culture, or if it is altered further.   



Establishing and characterising human astrocyte cultures 

149 

For S100B, expression did not increase after day 60. However, S100B expression has been 

noted to be strongly impacted by environmental factors (Donato et al., 2009), with complex 

environmentally influenced transcriptional regulation evident where cell types such as 

cultured microglia can express S100B in the right context (Ellis et al., 2007). This may explain 

why even though S100B expression generally increased after astrocyte differentiation, the 

variability between repeats at each time point was high.  

Glutamate transporters EAAT1 and EAAT2 were increased in astrocytes relative to iPSC at 

all time points studied but did not exhibit the general trend of increasing expression with 

astrocyte differentiation time as with astrocyte markers discussed above. It is also worth 

noting that the expression of EAAT2 was more variable. This is in line with reports in 

developing rodent brains that showed variations in EAAT1 and EAAT2 homologue (GLAST 

and GLT-1) expression in the developing brain (Schreiner et al., 2014). Researchers noted 

that EAAT1 steadily increased during the first 2 weeks of postnatal development, but that 

the peak of EAAT2 expression was delayed by 10 days. The data presented in this thesis 

somewhat agrees with these findings, since at the latest timepoint studied (day 120) iPSC-

astrocytes showed a significant increase in EAAT2 expression relative to that measured in 

day 60 astrocytes. Schreiner et al. (2014) also noted a heterogeneous pattern of EAAT2 

expression in astrocytes, depending on where cells were located in the hippocampus. They 

also noted particular EAAT2 expression patterns at the end feet of astrocytes, which may be 

analogous to the expression of EAAT2 in astrocytic processes that was observed here 

(Figure 4.5). As EAAT2 has also previously been seen to correlate with synaptic activity 

(Swanson et al., 1997), the variation observed in these cultures is not unexpected.  EAAT1 

expression, on the other hand appears to be fairly constant in the CNS (Mahmoud et al., 

2019), and the EAAT1 expression shown in this chapter reflected this, where differences 

between time points were less pronounced than with EAAT2 expression.  

If developmental cues are in effect, it is possible that with further time in culture, astrocytes 

may show higher and more stable EAAT2 expression. It is also worth noting that time after 

passaging – how long have astrocytes have been attached to the plate before sample 

collection – may also play a role in EAAT2 expression, since its regulation may be modulated 

by connections with other astrocytes in culture. This was not always accounted for when 

planning sample collection at each timepoint. Astrocytes maintained for 120 days, for 
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example, often had longer in culture after passaging due to their decreased proliferation and 

reduced requirement for frequent passaging.  

At each time point, a range of astrocyte morphologies were observed, as has recently been 

reported by others using the same protocol (Barbar et al., 2020). This paper identified CD49f 

as a useful marker of functional and reactive astrocytes, and the authors noted that these 

cells displayed heterogeneity of astrocyte morphology that is consistent with morphologies 

observed in the iPSC-derived astrocytes here.  This may indicate that subtypes of astrocytes 

exist within the same culture that may show variations in gene expression levels. Indeed, 

while trends observed in this chapter point to overall maturation of astrocyte phenotype with 

age, it is important to remember that gene expression analysis are performed on whole 

populations of astrocytes. Some variability between replicates could potentially be related to 

this heterogeneity in the cell populations. This may be the case for the variability in SOX9 

expression observed here. Sox9 is considered to be a master transcription factor regulator 

of astrogliogenesis important for both induction of astrocyte differentiation (Caiazzo et al., 

2015; Neyrinck et al., 2021), but that also remains upregulated with its cofactor nuclear 

factor-I A (NFIA) to coregulate a subset of genes during the differentiation of astrocytes 

(Kang et al., 2012). It is possible that levels of Sox9 expression that may vary between cells 

(for unknown environmental reason in culture) could alter cell phenotypes and also 

morphology of these astrocytes, and the variation in SOX9 expression seen here may be 

evidence of intercellular variability within cultures and at different timepoints. In a recent fate-

mapping study of astrocyte diversity in mouse cortical development (Allen et al., 2022), the 

authors found variable expression of Sox9, among other astrocyte markers, in 

morphologically defined astrocyte subtypes using Patch-seq, further pointing to molecularly 

defined astrocyte subtypes that can develop from the same niche. It is yet to be determined 

if this is replicated through differentiation in vitro, but variations in morphology as well as in 

global gene expression observed in the iPSC-astrocyte cultures in this chapter suggest that 

subtypes may develop.  

Overall, expression of GFAP, S100B, ALDH1L1, SOX9 were significantly increased at day 

60 astrocytes relative to iPSC and NPC, and this was also higher than was measured 

following 30 days of differentiation. This data justified the decision to culture astrocytes for 

longer periods of time than was reported in the original protocol (TCW et al., 2017). Day 120 

astrocytes, although they demonstrated the highest levels of mature astrocyte gene 
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expression and morphology, were not practical to use in experimental assays. When 

deciding on a timepoint to utilise for future experimental assays, it was important to balance 

indicators of astrocyte maturity with the practicality of cell culture work. Therefore, day 60 

astrocytes were chosen on the basis of their high maturity and relative ease of storage and 

use in culture. 

4.4.3 Tau expression in astrocytes 

The results in this chapter demonstrate that MAPT is expressed by human iPSC-derived 

astrocytes. Interestingly, the MAPT isoform profile was observed to shift from primarily being 

the foetal 0N3R isoform of tau at 1 day after differentiation, to expression of 1N, 2N and 4R 

isoforms from day 30 onwards, indicating a switch to more mature isoform expression with 

increasing times of astrocyte culture and development. It is interesting that 4R and full-length 

tau were upregulated in the astrocytes used in this project, which is not common in control 

iPSC-derived neurons, which have previously seen to only express 0N3R tau for the first 100 

days in culture (Sposito et al., 2015). It is curious to note that iPSC lines derived from FTD 

patients with 10 + 16 mutations in MAPT could also express 0N4R tau early on, highlighting 

developmental regulation can be overwritten by disease associated mutations. In a more 

recent study, researchers demonstrated that elevated 4R tau persisted in astrocytes derived 

from iPSC patients with a similar MAPT 10+16 intronic mutation, and that this expression 

became deviated from neurons derived from the same cell line, indicating differential MAPT 

regulatory mechanisms in astrocytes compared to neurons (Setó-Salvia et al., 2022). The 

authors analysed astrocytes at 140 and 300 days in vitro (DIV), with tau protein levels being 

detected at this later timepoint. It is unclear whether RNA or protein was absent at earlier 

timepoints, or these data were not reported. The authors utilised a different differentiation 

protocol compared to the one in this project (Andrea 2013), and this may represent a less 

efficient astrocyte differentiation process, as was the justification for utilising the efficient 

protocol as thoroughly tested in TCW et al. (2016). A more thorough analysis of MAPT 

isoform expression and protein expression with extended cultures would be interesting.  

4.4.4 Comparison of iPSC-astrocytes and iNPC-astrocytes 

iNPC-Astrocytes were found not to share a similar expression profile of astrocytic genes to 

iPSC-derived astrocytes. The lack of ALDH1L1 expression is surprising considering low 

levels of expression were detected in iPSCs. It is possible that the cell type from which iNPC-
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Astrocytes are derived played a role. The human protein atlas indicates that skin derived 

fibroblasts express low levels of ALDH1L1 (0.9 nTPM (transcripts per million)), or none at all 

depending on the fibroblast cluster that was defined in this analysis (for comparison, the 

value for astrocytes was 92.7 nTPM) (Karlsson et al., 2021a). Therefore, perhaps fibroblasts 

used to derive iNPC-astrocytes did not contain residual expression of this protein and that 

the rapid differentiation protocol used was not sufficient to induce this.  

Still, iNPC-astrocytes do express comparable levels of the gene encoding the Sox9 

transcription factor, so it seems likely that these cells are undergoing some transcriptional 

changes related to neural stem cells or indeed astrocytes. It may be that these cells, taken 

approximately 12 days after iNPC induction into astrocytes, were at too early stage in this 

protocol to induce expression of ALDH1l1, along with EAAT1. EAAT2 expression was 

relatively similar to day 60 iPSC-derived astrocytes, and this may be due to environmental 

reasons in culture, as discussed previously. Indeed, the morphology of iNPC-Astrocytes 

(Figure 4.9c) appeared more similar to early (day 1) iPSC-astrocytes (Figure 4.4), indicating 

that they may be more neural progenitor like in their phenotype. NPC expression of EAAT2 

was higher than observed in most iPSC-astrocytes (Figure 4.3f), and this may correlate with 

levels of expression in iNPC-Astrocytes. 

Interestingly, for iNPC-astrocytes, high levels of mRNA expression of the pluripotency 

transcription factor Oct4 are present, even at levels exceeding that of the iPSC line used to 

generate astrocytes in this chapter. This suggests there is some residual expression of one 

of the ‘Yamanaka’ factors that were used to rapidly induce fibroblasts into neural progenitors. 

This may be explained by the authors use of retroviral vectors, as described in (Meyer et al., 

2014), to transduce these cultured fibroblasts. Retroviruses integrate into the host genome 

and are known to cause residual expression issues after reprogramming (Hu, 2014), among 

other issues, and this may also be responsible for unidentified downstream transcriptional 

issues as cells differentiate. In contrast, the iPSC line used in this chapter utilised a Sendai 

virus transduction protocol for reprogramming that does not require host genome integration 

and is cleared rapidly. This ensures that the cell lines differentiated from the iPSCs used in 

this study can be induced with small molecules without complication of pluripotency related 

gene expression interfering with signalling pathways.  
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Overall, the data here point to incomplete differentiation of iNPC-astrocytes towards an 

astrocyte phenotype. This may be in part down to the choice of vector for transduction 

creating unwanted transcription factor expression, altering signalling pathways. It may also 

be a product of the rapid nature of this protocol, preventing full astrocyte differentiation from 

occurring. While an ageing cell phenotype would have been beneficial for assays in this 

study, the astrocyte phenotype was not comparable to iPSC derived astrocytes and would 

have therefore made direct experimental comparisons difficult.  

4.4.5 Culturing & cryopreserving iPSC-astrocytes 

The viability of cells during cryopreservation was qualitatively tested every 30 days. For iPSC, 

NPC, day 30 and day 60 astrocytes, it was determined that cells can be cryopreserved 

(Section 2.3.6) and revived (Section 2.3.7) with high levels of cell survival. Cells that were 

differentiated for 90 days showed reduced cell survival after passaging, and this translated 

into reduced viability when they were revived after cryopreservation. This worsened when 

cells were maintained for 120 days, and passaging at even low ratios (1:1) still resulted in 

minimal cell survival (qualitative observations).  This could be down to a number of factors. 

An increase in the number of processes and the observed reduction in the proliferative 

capacity of astrocytes meant that cells may not be robust enough to survive passaging or 

freeze/thawing procedures. Indeed, astrocytic processes may be more sensitive to 

environmental changes, inducing apoptosis more readily than astrocytes in the population 

that still retain some proliferative ability. Future experiments may more rigorously test how 

time in culture, between passages and overall differentiation time of these astrocytes affects 

their viability. Moreover, how astrocyte-like morphology changes with these parameters may 

impact this. Therefore, it is important to maintain consistency in culture times and astrocyte 

age when performing experimental assays in future chapters.  

4.4.6 Limitations and future work 

The GFAP expression determined in this chapter covered all isoforms to avoid bias, as noted 

previously. However, this may not have taken into consideration the fact that astrocytes 

express specific isoforms of GFAP (Mamber et al., 2012; Messing and Brenner, 2020), and 

therefore the analysis may be skewed towards isoforms expressed by neural stem cells, for 

example. While the developmental regulation of GFAP isoform expression in astrocytes is 

still unclear (Messing and Brenner, 2020), it would be of interest to test for changes to 
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specific astrocyte associated isoforms with increasing astrocyte differentiation time to 

determine if these are upregulated.  

While it was interesting to observe changes in MAPT and related isoform gene expression, 

time was not available to determine if this correlated with detectable protein expression of 

tau and/or its specific isoforms. Previous work has shown that tau protein expression was 

detectable at later timepoints than MAPT mRNA expression in iPSC derived astrocytes 

(Setó-Salvia et al., 2022), indicating that longer culture times may be needed to examine 

protein expression, and particularly to distinguish between isoforms. Further, differences in 

alternative splicing of tau mRNA in astrocytes compared to neurons are unknown and may 

also play a role in protein levels.  

The range of astrocyte morphologies observed in culture are reminiscent of similar 

morphologies highlighted by previous published work utilising the same protocol (Barbar et 

al., 2020), but also indicate that heterogeneity may exist within cultures that could have 

downstream impact on assays developed in later chapters. It would be interesting to examine 

this in more detail, specifically how differences in gene expression may manifest in astrocytes 

of different morphologies. Single cell RNA sequencing would allow unbiased examination of 

this, and especially if stratified cell types could be correlated with the results of tau-based 

assays developed in subsequent chapters.  

While the iPSC line used here has been extensively characterised and used in multiple 

studies (Cocks et al., 2014; Robbins et al., 2018), ideally this astrocyte protocol would be 

taken through at least three control iPSC lines to determine that astrocyte characterisation 

is consistent between cell lines. However, with this protocol having been replicated with 

multiple lines in the original study (TCW et al., 2016), this suggests that the extended 

protocol developed here would fare well across multiple iPSC lines. Utilising mutant iPSC 

lines from patients with MAPT mutations, for example, might be interesting to explore 

especially in regard to MAPT isoform expression.  

4.4.7 Conclusions 

Overall, the results in this chapter present a protocol for generating human astrocytes that 

can be grown for extended periods in culture, stored cryogenically, and demonstrate a 

robust astrocyte phenotype with respect to gene and protein expression, while also 
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demonstrating morphological changes consistent with astrocyte development. Astrocytes 

differentiated for 60 days were cryopreserved and thawed for the development of tau uptake 

and astrocyte reactivity assays that are described in future chapters.  
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5 Internalisation of post-mortem human brain derived tau 

aggregates by iPSC-derived astrocytes 

5.1 Introduction 

Evidence from post-mortem tauopathy tissue indicates that astrocytes associate with 

aggregated tau to a varying extent, depending on the disease (Kovacs, 2020; Reid et al., 

2020). As summarised in Table 1.3, in some tauopathies, modified forms of tau are deposited 

within astrocytes, and all tauopathies show indications of astrocyte reactivity. This, coupled 

with our current understanding of different tau fibril structures (Shi et al., 2021) and tau 

spreading patterns (Vogels et al., 2019) in tauopathies, suggests that conformational 

differences in tau aggregates, or specific tau modifications (Dujardin et al., 2020) may 

influence the readiness of astrocytes to internalise and/or degrade and extrude tau. It is now 

known that the conformational structure of induced recombinant tau is not equivalent to that 

of human derived tau aggregates (Zhang et al., 2019), and therefore it is important to study 

tau seeding and spread in model systems using physiological forms of human tau 

aggregates.  

Early evidence of trans-synaptic tau spread in a mouse model in which FTD-causing mutant 

(P301L) human tau was selectively expressed in layer 2 neurons in the medial entorhinal 

cortex (de Calignon et al., 2012; Liu et al., 2012) also implicated astrocytes. PHF1-

immunoreactive tau was detected in GFAP+ve astrocytes that do not express human tau in 

this model, following tau spread from the entorhinal cortex to the hippocampus of aged mice 

(de Calignon et al., 2012). Indeed, it has now been observed that astrocytes have the ability 

to phagocytose large proteins (Söllvander et al., 2016). The mechanisms by which tau 

uptake is mediated are still being investigated. Heparin sulfate proteoglycans expressed by 

astrocytes among other cell types of the brain (Turnbull et al., 2001; Sarrazin et al., 2011) 

may mediate the update of specific tau species, similar to the mechanisms by which they 

facilitate the uptake of infectious prion proteins (Schonberger et al., 2003; Horonchik et al., 

2005). More recently, alterations in HSPGs with respect to glycosaminoglycan chain length 

and sulfation patterns have been observed to regulate tau uptake in HEK293T cells, as well 

as in iPSC-derived neurons and mouse brain slice cultures (Rauch et al., 2018; Stopschinski 

et al., 2018). Interestingly, astrocytes have been found to internalise tau monomers in a 
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HSPG-independent manner (Perea et al., 2019), whereas tau fibrils were taken up in a 

HSPG-dependent manner by primary astrocytes (Martini-Stoica et al., 2018). Moreover, in 

primary astrocytes, blocking HSPGs with heparin did not prevent uptake of recombinant tau 

fibrils. Instead, the authors discovered an integrin αV/β1 receptor that mediates tau uptake, 

activating integrin signalling and downstream pro-inflammatory pathways (Wang and Ye, 

2021). 

Other cell surface receptors expressed by astrocytes are also implicated in tau uptake. LDL 

receptor related protein 1 (LRP1), a member of the low-density lipoprotein receptor family, 

can facilitate Aβ uptake and degradation in astrocytes (Kanekiyo and Bu, 2014; Liu et al., 

2017). Knocking down LRP1 was found to impede uptake of monomeric and oligomeric tau, 

but only partially inhibited the uptake of sonicated tau fibrils, strongly suggesting that there 

are selective mechanisms governing the astrocytic internalisation of physiological and 

disease-associated forms of tau uptake (Rauch et al., 2020). Section 1.5.3.1 summarises 

potential methods of tau internalisation. 

Previous characterisation of the human iPSC-derived astrocytes used in this project 

demonstrated the phagocytic capacity of these cells, in a manner that was equivalent to 

primary human foetal astrocytes and microglia (TCW et al., 2017). These astrocytes were 

also able to enhance the phagocytic capacity of microglia in a co-culture environment (TCW 

et al., 2017), indicating their capacity to release cytokines for crosstalk with microglia, as is 

known to occur in health and disease (Skripuletz et al., 2013; Liddelow et al., 2020).  

Astrocytes are able to degrade large proteins through common autophagy and protein 

degradation pathways (Section 1.3.7). Evidence of autophagic clearance by astrocytes in 

neurodegeneration is apparent in mouse models of Alexander disease, where abnormal 

GFAP accumulates within cells. Autophagy mediated clearance of Aβ aggregates has also 

been demonstrated in astrocytes from mice, where APOE determined Aβ clearance 

efficiency (Simonovitch et al., 2016). Furthermore, TDP43 aggregates were found to be 

cleared more rapidly when iPSC-derived astrocytes were treated with autophagy-inducing 

small molecules (Barmada et al., 2014).  

Therefore, the capacity of astrocytes to uptake and degrade is tau likely has important 

implications for tau spread. This chapter aimed to investigate the efficiency and timeframes 
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by which iPSC-astrocytes internalise and/or clear tau extracted from different post-mortem 

human tauopathy brains. 

5.2 Methods 

All results and samples used are fully detailed in Chapter 2. Key methods for post-mortem 

sample preparation and cell culture assays used in this chapter are summarised below. 

Frozen post-mortem tissue blocks were obtained from the London Neurodegenerative 

Diseases Brain Bank (King’s College London). Cases were selected that had a diagnosis of 

tauopathy (AD, PiD and PSP) with extensive tau pathology, together with tissue from age-

matched controls with no neurodegenerative disorders.  

Protocols for extractions are detailed in Methods Section 2.1.2. Briefly, homogenised brain 

was centrifuged at 4oC at 20, 000 x g and the resultant low-speed supernatant (LSS) 

collected. This contains both sarkosyl-soluble and -insoluble tau. The LSS was incubated 

with 1% sarkosyl for 1 hr and then centrifuged at high speed (100, 000 x g) for 1 hr. The 

resulting high-speed supernatant was collected, and the sarkosyl-insoluble (SI) pellet was 

washed and collected. This contains tau aggregates.  

Low-speed supernatants were sonicated at 10% power for 3 pulses using a Bandelin 

Sonopuls HD 2070 (BANDELIN electronic GmbH & Co, Berlin, Germany) for 3 x pulses set 

at 10% power, sterile filtered using Millex-GS Syringe Filter Unit (Merck Group, Darmstadt, 

Germany) with 0.22 µm pore size. This mimics the preparation of samples that were used to 

inject htau and WT mice (Chapter 3).  The SI fraction was resuspended in sterile-filtered PBS 

(Thermo Fisher Scientific™, MA, USA) at 100 µL per 1000 µL of initial LSS used for 

homogenisation, and these were also sonicated in PBS as above. Samples were examined 

by SDS-PAGE against recombinant human tau (rTau) standards of known concentrations. 

Blots were probed with an antibody against total tau. A standard curve was generated using 

the signal intensity of the recombinant tau. The concentration of tau in each sample was 

determined by plotting the intensity of total tau signals for each sample against a line of best 

fit for rTau standards. Samples of LSS were normalised to 0.025 ng/µl tau in Astrocyte 

medium. For the SI fraction, tau content in AD samples was diluted to 0.1 ng/µl tau 

concentration in Astrocyte media. There is very little (if any) sarkosyl-insoluble tau in control 

https://www.google.com/search?sxsrf=ALiCzsY_bXZXk-aW7QEZaRugbZSJJVYPvA:1658333468440&q=Darmstadt&stick=H4sIAAAAAAAAAOPgE-LUz9U3MEorzzFT4gAxU4qMDbW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOV0Si3KLSxJTSnawMu5iZ-JgAABrUvF0VwAAAA&sa=X&ved=2ahUKEwjrvbjK7Yf5AhXOgVwKHYhbCIMQmxMoAXoECHYQAw
https://www.google.com/search?sxsrf=ALiCzsY_bXZXk-aW7QEZaRugbZSJJVYPvA:1658333468440&q=Darmstadt&stick=H4sIAAAAAAAAAOPgE-LUz9U3MEorzzFT4gAxU4qMDbW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOV0Si3KLSxJTSnawMu5iZ-JgAABrUvF0VwAAAA&sa=X&ved=2ahUKEwjrvbjK7Yf5AhXOgVwKHYhbCIMQmxMoAXoECHYQAw
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samples and therefore the sarkosyl-insoluble samples from control cases were diluted to the 

median dilution value used for AD cases.  

For tau spiking assays (see section 2.4), astrocytes were plated from cryo-preserved day 60 

stocks at approximately 5,000 cells/well for 96 well or 180,000 cells/well for 6 well plates. 

For assays longer than 7 days, cells were plated at half density to avoid overcrowding as a 

result of proliferation over time. Cells were cultured for 1 day to acclimatise before tau spiking 

into culture medium, Astrocyte Medium (ScienCell, CA, USA) was removed and replaced 

with Astrocyte Medium premixed with appropriate concentration of extracted tau solution. 

Cells were fixed in ice cold methanol for 5 min at -20oC before ICC, or lysed in TRIzol™ 

Reagent (Thermo Fisher Scientific™, MA, USA) for future RNA extraction.  

5.3 Results 

5.3.1 Characterisation of human samples used for tau spiking into astrocyte cultures 

To provide a general characterisation of the samples being used in spiking experiments, the 

low speed supernatant (LSS), which contain all forms of tau (monomers and abnormally 

aggregated/phosphorylated tau), high speed supernatant (containing sarkosyl-soluble tau) 

and sarkosyl-insoluble (SI) pellets containing tau aggregates from control, AD, PiD and PSP 

temporal cortex were separated by SDS-PAGE and immunoblotted using antibodies against 

total tau (Agilent Dako; CA, USA; cat# A0024) and tau phosphorylated at Ser396/404 

(PHF1, Peter Davies, Feinstein Institute of Medical Research, NY, USA) (Table 2.2).  

All cases showed a cluster of tau bands from approximately 46-64 kDa in the LSS fraction 

as expected (Atherton et al., 2014), although the levels of tau detected varied between cases 

and diseases, with two of the three PiD cases showing low overall levels of total tau. There 

were no immediately apparent differences in banding pattern between diseases with the total 

tau antibody. This might have been expected since both 3R and 4R tau accumulates in AD, 

whereas 4R tau is predominantly deposited in PSP and 3R tau in PiD (Guo et al., 2017). 

However, AD cases demonstrate a hallmark smear that is indicative of high levels of post-

translational modifications to tau (Kurbatskaya et al., 2016). This was more apparent when 

blots were probed with an antibody against tau phosphorylated at Ser396/404 (PHF1). None 

of the control samples showed reactivity against the PHF1 antibody, and the levels of 
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phosphorylated tau also appeared lower in 2 out of 3 PiD cases and all PSP cases. However, 

differences in the banding pattern were apparent, with PSP cases showing PHF1 

immunoreactive bands of approximately 60-64kDa that were present in the AD samples, but 

less apparent in PiD cases. Similarly, the PiD cases showed bands of approximately 50kDa 

that were also in AD, but absent from PSP. These might be indicative of phosphorylated 4R 

and 3R tau in PSP and PiD, respectively. 

  

Figure 5.1 Characterisation of sarkosyl-soluble and insoluble tau in temporal cortex samples 

from human postmortem control and tauopathy brain. 

Post-mortem temporal cortex from control (Ctr), AD, PSP and PiD brain was fractionated using a 

protocol that yields a low speed supernatant (LSS) containing sarkosyl-soluble and insoluble tau, 

a high speed supernatant (HSS) containing only sarkosyl-soluble tau and a sarkosyl insoluble 

pellet (SIP)   containing tau aggregates (Greenberg and Davies, 1990). Samples from each 

fractionation step were immunoblotted using antibodies against total tau and tau phosphorylated 

at Ser396/Ser404 (PHF1). N=3 ctrl, AD, PSP, PiD. Molecular weight markers are indicated on the 

right of each blot, and protein ladder on the left of total tau blots. 
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The high-speed supernatant (HSS) demonstrated similar levels and banding patterns of total 

and PHF1-immunoractive tau as was found in the LSS from the same sample. Particularly 

when blotted with the PHF1 antibody, a smear of tau was apparent for AD, PSP and PiD 

suggesting that there are multiple forms of modified and phosphorylated tau in this fraction 

of tauopathy brain samples.   

There was a marked difference in the amount of sarkosyl-insoluble (aggregated) tau between 

cases (Figure 5.1, bottom row). A high intensity smear was apparent for two out of three AD 

cases when blots were probed with antibodies against total tau and PHF1. The other AD 

case showed dramatically lower amounts of sarkosyl-insoluble tau, although some was 

present in this lane at high contrast levels (not shown). Aggregated tau was not detected in 

control, PiD or PSP cases, although the smearing apparent with the PHF1 antibody in the 

HSS fraction, and that sarkosyl-insoluble tau can be isolated from PSP and PiD, suggests 

that there is aggregated tau in these samples, but at levels below the threshold of detection. 

This highlights the variability within and between tauopathies. However, these data suggest 

that, at least for the cases used here, that the inherent solubility of tau aggregates derived 

from PiD and PSP cases is different, as suggested by others (Wray et al., 2008) and that 

considerable amounts of tissue would be required to isolate sufficient sarkosyl-insoluble tau 

aggregates from some cases to ensure that equivalent levels of aggregated tau were used 

to spike astrocyte cultures.  

To start with, since the LSS fraction is equivalent to the tau extracts used to inject wild-type 

and htau mice (Chapter 3), samples of this fraction were used to spike the culture medium 

of iPSC- astrocyte cultures that were established and characterised as described in Chapter 

4. 

5.3.2 Preliminary tau spiking experiments 

To determine if tau is internalised by astrocytes, as suggested by the results in Chapter 3, 

the low-speed supernatant of each control or tauopathy case was normalised for tau content 

(Methods Section 2.4.1) and added to iPSC-astrocyte culture medium. Pre-plated 60-day 

old iPSC-astrocytes had their culture media replaced with astrocyte medium spiked with LSS 

samples from control, AD, PiD and PSP cases (3 separate cases of each). Astrocytes were 

returned to the incubator for 48 hours, after which time, cells were fixed in methanol and 

immunolabelled with antibodies against GFAP to reveal astrocytes and AT8 which detects 
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tau phosphorylated at Ser202/Thr205. PHF1 was found not to be as robust for 

immunostaining, and AT8 worked poorly on western blots, so it was not possible to use the 

same phospho-tau antibodies for both ICC and WB as was desired. Nevertheless, both AT8 

and PHF1 detect tau that is abnormally phosphorylated in AD (Hanger et al., 2009).  Plates 

were imaged using an Opera Phenix plate reader (Perkin-Elmer, MA, USA). Images were 

analysed using Harmony software to detect cell nuclei by Hoechst staining, and GFAP 

labelling to identify astrocyte cell outline, and within each cell outline measurements of AT8 

intensity were taken.  

 



Internalisation of post-mortem human brain derived tau aggregates by iPSC-derived astrocytes 

163 

 

Figure 5.2    Astrocytes spiked with soluble and insoluble tau (LSS fraction) of human control 

and tauopathy brain show decreased viability and minimal tau uptake. 

Characteristics of 60-day iPSC-astrocyte cultures following 48-hour treatment with 0.025 ng/µl 

tau from control (ctr), AD, PiD or PSP brain lysates relative to cells left untreated (utr). (a) Analysis 

of Hoechst 33342 stained nuclei revealed a higher proportion of dying cells in iPSC-astrocyte 

cultures spiked with 0.025 ng/µl tau control or tauopathy LSS compared to untreated cells. (b)  A 

representative image of iPSC-astrocytes treated with the LSS from one PSP case compared to 

untreated astrocytes demonstrates the impact of LSS spiking on cell viability. Red arrows indicate 

bright condensed nuclei representing dead or dying cells. Red arrow with * indicates a dead cell 

likely engulfed by another astrocyte. (c) Measurement of AT8 intensity per remaining cell indicates 

some uptake of p-tau by astrocytes, as assessed using maximum or average AT8 intensity inside 

cells as a readout. Distinct accumulations of tau aggregates were not readily distinguishable in 

the images. N=3 for ctr, AD, PiD, PSP. N=1 for Utr. Data plotted is mean ± SEM of 3 biological 

replicates. Scale bar = 100 µm. 

After treatment with LSS, regardless of whether this was from control or tauopathy samples, 

astrocytes appeared sparser compared to untreated wells (Figure 5.2b). Therefore, an 

analysis pipeline was created to quantify the proportion of dead or dying cells in each well. 

This was based on the appearance of nuclear staining in these wells. During apoptosis, 

‘apoptotic bodies’ are formed that involve the condensation of nucleus and cytoplasm (Kerr, 

1971; Kerr et al., 1972) and can contain primarily condensed nuclear chromatin without 

many cytoplasmic elements. In such cases, the nucleus, as labelled by Hoescht 33342 
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(Thermo Fisher Scientific™; MA, USA), which fluoresces only when bound to adenine-

thymine regions of DNA, condenses, and becomes brighter. This is in contrast to the larger, 

duller nuclei of healthy cells. A linear classification system that utilises the pre-calculated 

size, intensity and roundness of Hoechst-stained nuclei was trained by machine learning to 

split cells into ‘healthy’ and ‘dead or dying cells’ (methods section 2.5.4.2). The resulting data 

indicated that the cells treated with LSS of either control or tauopathy cases, showed 

reduced cell viability compared to untreated cells (Figure 5.2a). The average number of 

dying cells in untreated cultures was 21.11 ± 0.9 % whereas the same measure in astrocyte 

cultures spiked with tauopathy or control brain LSS were all higher, ranging from 30.5 ± 4.8 

% to 63.1 ± 6.2%. This indicates that factors present within the brain sample, and/or factors 

involved in the process of extraction, are harmful to iPSC-astrocytes in culture, regardless of 

any pathological tau species present.  

AT8 positive fragments or fibril like structures were not clearly visible in the astrocyte 

cultures. Instead, the average AT8 intensity and the maximum AT8 intensity present within 

GFAP positive astrocytes were determined as indicators of the uptake of pathological tau 

species (Figure 5.2c). Interestingly, there was some evidence of tau uptake in these 

astrocytes after treatment with LSS from tauopathy brain. In cells spiked with LSS from two 

of three control cases, there were no increases above baseline (untreated), with the third 

demonstrating a small increase in average and maximum AT8 intensity per cell. In contrast, 

when cultures were spiked with LSS from each of the tauopathy cases, a higher average and 

maximum intensity of AT8 immunoreactivity was observed per cell. However, the data was 

very variable, even for the two technical replicates assessed for each case. Moreover, there 

was no clear association between cases with higher levels of PHF1 or sarkosyl-insoluble tau 

on either cell viability or the intensity of AT8 within astrocytes.  Nevertheless, these data 

suggest that phosphorylated tau species isolated from post-mortem tauopathy brain can be 

internalised by iPSC-astrocytes.  

However, it is likely that the concentration of these tau species is not high enough to 

determine a significant and consistent uptake in tau. Furthermore, based on the results in 

Figure 5.2a, it is likely that increasing the amount of LSS used would result in higher cell 

death, and inevitable difficulty in analysing tau uptake and its impact on astrocytes. Although 

these experiments were designed to supplement the data shown in Chapter 3, using tau 

extracts that were prepared in the same way, this proved technically challenging. Therefore, 
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the sarkosyl insoluble fraction was used in subsequent experiments as a source of high 

concentrations of disease associated tau aggregates for interrogating tau uptake and 

downstream astrocyte responses.  

5.3.3 Characterisation of further AD cases for tau extraction 

Since the AD cases showed the most consistent isolation of tau aggregates, it was decided 

to focus on AD brain-derived tau for subsequent experiments. Tau shows considerable 

molecular heterogeneity between AD cases, and certain post-translational modifications 

have been found to correlate with enhanced seeding activity and more severe clinical 

outcomes (Dujardin et al., 2020). It was therefore of interest to examine any differences in 

the uptake of aggregated tau isolated from distinct AD cases. 

Brain samples from the temporal cortex of six late Braak stage AD cases were processed 

using the method detailed in Section 2.1.2. The sarkosyl-insoluble fraction was characterised 

by western blotting using an antibody against total tau (Table 2.2). Recombinant human tau 

of known concentration was used to generate a standard curve and determine the 

concentration of tau aggregates within each sample. The recombinant human tau ladder 

showed six clear bands, representing the six isoforms of human tau expressed in the adult 

human CNS. In contrast, aggregated tau from AD brain presented as three main bands. 

These are the same isoforms, but that have been differentially modified such that they co-

migrate on SDS-PAGE (Hanger et al., 1991). A number of higher molecular weight species 

that likely represent modified tau oligomers, and lower kDa bands representing cleaved tau 

fragments, were also observed. This data showed that aggregated tau could be isolated from 

each of these cases using sarkosyl. The abundance of aggregates relative to tissue weight 

varied between samples, but tau aggregate concentration was normalised prior to tau 

spiking experiments as described above.    
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Figure 5.3  Sarkosyl-insoluble tau from AD cases used for tau spiking assays relative to 

control brain samples and human recombinant tau ladder. 

The sonicated sarkosyl-insoluble pellet (SIP) extracted from 6 AD and 3 control brain samples 

were processed by SDS-PAGE and immunoblotted using an antibody against total tau. A 

recombinant human tau ladder, containing six isoforms of human tau, was diluted in sample buffer 

and loaded at known concentrations of 6.0, 2.7 and 1.3 ng/µL, next to sample buffer only 

representing 0 ng/µL tau. The intensity of tau immunoreactivity of the standards was used to 

generate a standard curve from which the amount of tau in each tauopathy sample was 

calculated.  

Formaldehyde-fixed paraffin-embedded sections of temporal cortex from the same cases 

were also immunohistochemically labelled using antibodies against AT8 and GFAP (Figure 

5.4 & Figure 5.5). In control cases, no prominent AT8 staining was observed (Figure 5.4). In 

contrast, in all AD cases, some AT8 immunoreactivity was apparent, although the extent of 

AT8 immunoreactivity varied between cases (Figure 5.5). Some mature NFT structures were 

apparent, for example in AD3 (marked by filled arrowhead), with this and surrounding larger 

tau fibrils perhaps being examples of ‘ghost’ tangles. Here, clear astrocyte association is 

observed with these phospho-tau structures, which astrocytes are known to associate with 

(Perez-Nievas and Serrano-Pozo, 2018). In other cases, smaller AT8 positive tau fibrils are 

clearly visible and these are likely associated with neuronal cell bodies or neurite processes 

(marked by arrowhead), as are typically described in AD (Wharton et al., 2016). This is 

indicative of variation in the extent of tau pathology that is typically observed between human 

cases with the same diagnosis and similar Braak staging (Lowe et al., 2018; Singleton et al., 

2021; Vogel et al., 2021). All cases used here were Braak stage VI with the exception of AD 
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4 which was Braak stage V.  In addition to the clear association of GFAP positive astrocytes 

with large areas of AT8 positive tau fibrils, there is also sometimes overlap with AT8 

pathology (both marked by asterisks), which may indicate tau internalisation by these 

astrocytes.  

There is no clear correlation between the size and quantity of AT8 tau aggregates and the 

level of tau in the SI fraction of the corresponding AD samples (Figure 5.3). While it may be 

expected that samples with higher concentration of SI tau correlate with high AT8 tau in 

sample sections, as both are from the temporal cortex, conclusions are difficult to draw 

considering the small sample sizes used. Ideally, extensive analysis of multiple sections from 

these cases, including for sarkosyl extraction, would be required to investigate any 

correlation between these parameters.     
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Figure 5.4  IHC of control brain sections shows minimal AT8 immunoreactivity.  

Representative brain sections from the temporal cortex of control post-mortem brain were 

immunostained with an antibody against GFAP to label astrocytes (green) and tau phosphorylated 

at Ser202/Thr205 (AT8, red). Hoechst 33342 was used to stain nuclei (blue). None or minimal 

AT8 positive structures were observed. N=3. 
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Figure 5.5  IHC of AD brain sections showing AT8 immunoreactivity. 

Representative brain sections from the temporal cortex of AD post-mortem brain were 

immunostained with antibodies against GFAP to label astrocytes (green) and tau phosphorylated 

at Ser202/Thr205 (AT8, red). Hoechst 33342 was used to stain nuclei (blue). Examples of mature 

NFT marked with filled arrowhead, open arrowhead indicates examples of neuropil threads and 

smaller less  ‘mature’ aggregates, and asterisks indicate examples of astrocyte association or 

overlap with aggregated tau structures. Scale bar = 100 µm. n=6. 

Overall, the characterisation of AD cases here demonstrates classic tau pathology, and 

consequently the cases were considered suitable for aggregated tau is suitable for 

subsequent tau uptake experiments in iPSC-astrocytes.   

5.3.4 Astrocyte internalisation of aggregated tau from AD cases 

Having successfully isolated aggregated tau from AD brain, the next step was to determine 

if astrocytes internalise human AD brain-derived sarkosyl-insoluble tau aggregates. 60-day 

old, cryopreserved iPSC-astrocytes were plated at 5,000 cells/well in 96-well optical plates, 

and after one day astrocyte culture medium was removed and replaced with astrocyte media 

containing sarkosyl insoluble aggregated tau derived from these six AD cases at equivalent 

concentrations, as well as equivalent volume of the sarkosyl insoluble fraction from three 

control cases. Astrocytes were exposed to tau from these different AD and control cases for 

different lengths of time to determine the rate of tau internalisation (Fig. 5.9A). Exposure was 

for 1, 3, 5 or 7 days without media changes, after which cells were fixed at the same end 

point. Following fixation of cells with methanol, astrocytes were visualised after ICC using an 

antibody against GFAP, as the characterisation performed in Chapter 2 revealed that GFAP 

was expressed consistently by all astrocytes. Confocal images were taken on a high 

throughput imaging system (Opera Phenix; Perkin Elmer, MA, USA) as a Z-stack to ensure 

that labelled tau aggregates were within the cytosol and not membrane bound. Tau 

aggregates were immunolabelled with the AT8 antibody as this antibody was found to label 

tau aggregates previously (Figure 5.5).  

For these experiments, maximum AT8 intensity per cell was measured since tau uptake 

should sufficiently increase the AT8 intensity from background levels. This was quantified as 

average per cell in each well.  Average AT8 cell intensity was also measured, and while it 

mirrored maximum AT8 intensity, the disparity was less pronounced, likely due to the size of 

the cell compared to the size of the tau aggregate internalised. Therefore, maximum AT8 

intensity was considered a better output for indication of tau uptake. These experiments were 
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repeated in astrocytes that had previously been characterised after 3-6 independent 

differentiations from a three separate pools of NPC generated from one iPSC control line. As 

detailed in Chapter 3, astrocyte changes were relatively consistent across independent 

differentiation into astrocytes. In the tau uptake experiments described here, there were 2 

technical replicates (individual wells). Data is presented as fold change of AT8 maximum 

intensity relative to untreated cells, in order to account for natural variability of 

immunolabelling intensities between experimental repeats.  
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Figure 5.6  AT8 intensity within astrocytes increases with time following exposure to AD brain-

derived tau aggregates for up to 7 days.   

60-day iPSC-astrocytes were exposed to 0.1 ng/µL of human AD brain derived tau aggregates or 

equivalent volumes of control samples. Some astrocytes were left untreated. (a) Schematic 

overview of the experimental design. (b) The maximum AT8 intensity per cell was measured and 

the average value for each well was normalised to the same measure in untreated astrocytes. The 

graph shows relative fold changes for all cases 1-, 3-, 5- or 7-post exposure. (c) Representative 

images of tau aggregate uptake depicted by AT8 immunolabeling (red) in astrocytes labelled with 

GFAP (grey). A two-way ANOVA showed treatment and time effects, but no interaction of 

treatment and time. Holm-Šidák’s multiple comparisons test for pairwise differences was 

performed relative to untreated cells at each treatment length. Data is mean ± SEM (internal white 

error bars). N=4 (independent astrocyte differentiations, performed in duplicate. * p < 0.05, ** p 

< 0.01 

A low intensity signal for AT8 was measured in untreated iPSC-astrocytes that was 

consistent between timepoints (Figure 5.9B). Although human astrocytes express small 
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amounts of endogenous tau (Zhang et al., 2014; Karlsson et al., 2021b), as shown in Section 

4.3.3 for iPSC-astrocytes, this is unlikely to be AT8 positive, and so this signal is presumed 

to represent background levels of fluorescence. Astrocytes exposed to all control samples 

showed slightly elevated AT8 signal relative to untreated cells from 1 day after exposure, 

that increased slightly with increasing incubation time. While tau aggregates were not 

detected in these samples by western blot, it is possible that small amounts of tau aggregates 

were present but below the level of detection. Indeed, tau is known to aggregate in aged 

brain (Wharton et al., 2016).  

In astrocytes exposed to aggregated tau from postmortem AD brain, each case showed 

higher average AT8 intensity per cell relative to cells exposed to control samples and those 

left untreated, following 1-day of exposure. For cells treated with the majority of tau extracts 

(AD 1, 2, 3, 4, 6), the average maximum AT8 intensity per cell further increased with 

extended incubation time, with 7-day exposure resulting in the maximum levels of AT8 

intensity inside cells, indicating that astrocytes appear to either internalise tau in a slow time 

frame, or that the internalised tau aggregates are seeding endogenous tau within astrocytes. 

AD 5 showed a slightly different pattern, with increased tau intensity observed at 3 days 

relative to one day, but then AT8 levels appeared to plateau from 3-7 days post-exposure. 

The reason for this different profile is not clear since this case appeared similar to the others 

when analysed by western blot and ICC.  

A two-way ANOVA was performed on the data set depicted in Figure 5.6b, to analyse the 

effect of case and length of treatment on tau uptake, as indicated by the average maximum 

AT8 intensity per astrocyte. This revealed that there was not a statistically significant 

interaction between the effects of case and length of treatment (F (27, 120) = 0.284, p = 

0.999). Simple main effects analysis showed that both time (p = 0.0111) and case 

(p<0.0001) had a significant effect on maximum AT8 intensity. Afterwards, Holm-Šidák’s 

multiple comparisons test was performed to indicate significant changes relative to untreated 

astrocytes. For nearly all AD cases (except AD 5), there was a significant increase in the 

average AT8 maximum per astrocyte when compared to untreated. Control cases did not 

show a significant increase relative to untreated controls. AD 3 also showed significantly 

increased AT8 additionally at days 3 and 5, indicating that tau uptake of this tau is either 

more efficient, or that endogenous tau is efficiently recruited by AD 3 tau seeds once 

internalised. The maximum AT8 signals after 1 day of treatment with AD 3 treatment was 
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high but not as high as AD 4, for example, which in turn did not show the same level of AT8 

intensity at longer treatment time. This indicates further that AD 3 tau may have inherent 

properties that allow for more efficient uptake and/or endogenous tau seeding. It is 

interesting to note that the corresponding brain section analysed by IHC for AD 3 (Figure 

5.5) tau showed the highest levels of mature tau fibrils and astrocyte association. This may 

be further evidence that the pathogenic tau species here have properties that make them 

better to be seeded and potentially spread tau, although this would require a more thorough 

examination of molecular heterogeneity of the tau species involved. Furthermore, cells 

treated with AD 5 showed an increase in AT8 that was not significant at day 7, and did not 

increase with length or time. This could indicate the properties of tau from this AD case 

prohibit tau uptake in astrocytes, or are less able to seed endogenous tau in astrocytes, or 

were quickly degraded by astrocytes once internalised. IHC analysis of this sample did show 

some tau pathology near astrocytes (Figure 5.5), but it appeared less abundant in 

comparison to other AD cases.  

Together, these data show that astrocytes can internalise tau aggregates that are isolated 

from postmortem human AD brain. The intensity of AT8 labelling within astrocytes generally 

increased with longer periods of exposure, although some case specific variability is 

indicated in the data. Astrocytes also have the ability to degrade proteins and peptides, 

including A (Ries and Sastre, 2016; Yamamoto et al., 2018) as well as dead or damaged 

nearby synapses and cells (Wakida et al., 2018; Sanchez-Mico et al., 2020), and the 

astrocytes in these studies showed pH changes that indicate lysosomal degradation of 

cellular debris. A key question thus remans – how do astrocytes process these tau 

aggregates after tau uptake? To begin to answer this question, it was first important to 

determine if astrocytes show clearance of tau aggregates over time. To this end, a longer-

term assay was developed to look at the abundance of internalised tau over longer periods 

of time.  

5.3.5 Astrocyte retention of internalised tau aggregates with extended time in culture.  

As summarised in Figure 5.7a, three separate 96-well plates of 60-day iPSC-astrocytes had 

their astrocyte culture medium removed and replaced with astrocyte medium containing 

aggregated tau from AD brain and equivalent control volumes, while some were left 

untreated, as per the experiment described above. After 7 days of exposure, one plate was 
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fixed while others were washed to remove residual tau and replaced with fresh tau-free 

astrocyte medium. These plates were maintained for an additional 7 or 14 days prior to 

fixation. This allowed retention of internalised tau within astrocytes to be examined in an 

environment when there is no extracellular tau to be internalised. Cells were fixed, 

immunolabelled and imaged, and the images analysed as described above. 

 

 

Figure 5.7 Alterations in AT8 intensity within human astrocytes following exposure to AD brain tau 

aggregates for up to 21 days.   

Schematic overview of the experimental design shown in (a): three sets of 60-day iPSC-astrocytes 

were exposed to 0.1 ng/µL of human AD brain derived tau aggregates or equivalent volumes of 

control samples. Some astrocytes were left untreated. After 7 days, one set of astrocytes were 

fixed, tau-containing medium was removed from the other cells, and this was replaced with fresh 

astrocyte medium. These cells were fixed at either day 14 or 21 with no further media changes. 

(b) Graph displays the average of the maximum intensity of AT8 labelling per cell in each well, 

relative to untreated cells. Astrocytes showed greatest AT8 immunoreactivity 7 days following tau 

aggregate exposure.  A two-way ANOVA was performed confirming statistical significance of time 

and case on AT8 intensity, and pairwise comparisons were performed by Holm-Šidák’s’ multiple 

comparisons test relative to day 7 in each treatment condition. Data is mean ± SEM. N=4 

(independent differentiations), each of which was performed in duplicate. * p < 0.05. ** p < 0.01. 

*** p < 0.001, **** p < 0.0001.  
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Similar to the data presented in Figure 5.6, a low intensity signal for maximum AT8 intensity 

was detected in untreated iPSC-astrocytes that was consistent between timepoints (Figure 

5.7b), representing background fluorescence. Values were normalised to this and are shown 

as fold change from untreated. Astrocytes exposed to all control samples again showed 

small increases in AT8 immunoreactivity relative to untreated astrocytes that were not largely 

altered with increasing incubation time.  

Astrocytes exposed to AD tau aggregates all showed higher AT8 immunoreactivity than cells 

exposed to control brain samples or those that were untreated. The intensity of AT8 intensity 

in astrocytes exposed to AD brain tau aggregates peaked in astrocytes exposed to tau for 7 

days (Figure 5.7b). A two-way ANOVA was performed on this dataset, to analyse the effect 

of case and time on tau uptake, as indicated by the average maximum AT8 intensity per 

astrocyte. This revealed that there was a statistically significant interaction between the 

effects of case and time (F (18, 90) = 1.872, p = 0.0284). Simple main effects analysis 

showed that both time (p<0.0001) and case (p<0.0001) had a significant effect on maximum 

AT8 intensity.  

Following removal of the aggregated tau containing medium and further incubation of the 

astrocytes for 7 days, there was a decrease in maximum AT8 immunoreactivity in all 

astrocytes exposed to AD brain tau. In astrocytes that were cultured in tau-free medium for 

14 days after original 7-day tau medium exposure (day 21), two main patterns of changes in 

AT8 immunoreactivity relative to the 14-day timepoint were observed. In astrocytes exposed 

to tau from AD cases 3, 5 and 6, the intensity of intracellular AT8 labelling remained relatively 

stable compared to the 14-day time point. In contrast, astrocytes exposed to tau aggregates 

from AD cases 1, 2 and 4 demonstrated an increase in maximum astrocyte AT8 levels at 

day 21 compared to day 14. A post-hoc Holm-Šidák’s multiple comparisons test was 

performed to highlight significant changes in AT8 intensity for each case with time, relative 

to day 7. AD 1 showed significant decrease in AT8 intensity at day 14 only, but at day 21 

there appeared to be a large enough recovery to remove this significant decrease. AD 4 

showed the highest reduction in AT8 intensity with time at both day 14 and 21. This may 

indicate AD4 tau is less able to seed endogenous iPSC-astrocyte tau once internalised, 

and/or that astrocytes are more efficient at degrading these specific tau species. Indeed, 

these results overall indicate that while internalised tau appears to be reduced once 

internalised in all AD cases, variations in the subsequent reduction or recovery indicates that 
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specific properties of these aggregates may confer how astrocytes process tau and their 

seeding potential. Variation between AD cases in the post-translational modification and 

seeding potential of tau as has been indicated previously by post-mortem studies and in vitro 

(Wesseling et al., 2020; Kamath et al., 2021). This is further corroborated by the statistical 

interaction between the effect of time and case on astrocyte internalisation of tau, which 

suggests that these variables are affected by one another. It is worth noting that the average 

number of cells was not altered between time points (data not shown), suggesting that these 

changes were not due to cell death or proliferation changes with increasing time in culture.  

Overall, this data suggests that the rate of tau uptake and/or clearance is dependent on 

characteristics of the tau extracted from each case. To determine if the changes in AT8 

intensity over time equated to a reduction or increase in the size of tau aggregates within 

astrocytes, images from these astrocytes were analysed using a spot detection protocol that 

detects high AT8 intensity regions relative to background and calculates them as spot 

regions. The properties of these spots can be analysed, allowing the average volume of AT8 

puncta to be measured and compared across time points (Figure 5.8). 

A low level of AT8 spot volume was detected in untreated astrocytes that remained 

consistent across timepoints, indicating the level of background detected in this analysis. 

Control treated astrocytes also showed a low volume of AT8 spots that was only marginally 

higher than untreated and in keeping with a slight increase in AT8 intensity observed in data 

analysed previously (Figure 5.6 & Figure 5.7), again suggesting some level of AT8-positive 

tau present in control samples that might be expected where some tau aggregation is known 

to occur in non-diseased brains (Wharton et al., 2016). In contrast, AD treated astrocytes 

demonstrated the highest levels of total spot area after 7-day treatment, which again 

decreased following removal of tau treatment media as previously described with AT8 

intensity. A two-way ANOVA was also performed on this dataset, to analyse the effect of 

case and time on total AT8 spot area within cells. This revealed that there was a statistically 

significant interaction between the effects of case and time (F (18, 90) = 3.10, p = 0.0002). 

Simple main effects analysis showed that both time (p<0.0001) and case (p<0.0001) had a 

significant effect on total AT8 spot area.  
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Figure 5.8  Aggregate area is decreased following 7-day tau treatment.  

Tau retention assay data shown in Fig. 5.7 was analysed for area of internalised tau aggregates 

at each timepoint for AD treated and control treated as well as untreated day-60 iPSC-astrocytes. 

Detected AT8 positive spot regions in astrocytes was reduced at day 14 and day 21 after initial 

7-day AD tau treatment. A two-way ANOVA was performed confirming statistical significance of 

time and case on AT8 intensity, and pairwise comparisons were performed by Holm-Šidák’s’ 

multiple comparisons test relative to day 7 in each treatment condition. Data is mean ± SEM. N=4 

(independent differentiations), each of which was performed in duplicate. ** p < 0.01. *** p < 

0.001, **** p < 0.0001. 

Similar to AT8 intensity measurements, all AD treated astrocytes saw a large reduction in 

total spot area after tau treatment removal at day 14. A post-hoc Holm-Šidák’s multiple 

comparisons test was performed to highlight significant changes in AT8 spot area for each 

case over time, as was done previously for AT8 intensity. Here, results showed a significant 

reduction in spot area at day 14 in astrocytes treated with AD 1, AD 2 and AD 4. This was 

not apparent in AT8 intensity measurements with AD 2, and a greater decrease was 

apparent in AD 1 and 4. This suggests that the maximum AT8 intensity is indicative of a 

decrease in the volume of AT8 positive tau aggregates, but the reduction in aggregate area 

is more significant than first indicated by AT8 maximum intensity changes. It seems likely 

that maximum AT8 intensity is a better indication of the density of tau fibrils, which would 

likely cause a higher AT8 immunofluorescence.  
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For astrocytes that were kept a further 7 days in tau-free astrocyte media until day 21, the 

spot area appeared relatively stable in most cases and remained significantly decreased for 

AD 1, AD 2 and AD 4, as for day 14.  AD 1 and AD 4 again showed a recovery of AT8 spot 

volume, and in AD 4 this meant that spot area at day 21 was not as significantly decreased 

compared to day 14, relative to day 7. This suggests that some level of tau seeding may 

occur in this case.  

However, for AD 1 a large recovery of AT8 aggregate volume from day 14 to 21 was not 

observed as with measurements for AT8 intensity.   Variability at these time points suggest 

that tau aggregate size at day 21 was not largely increased. It may be the case that density 

of AT8 positive tau aggregates are increased at day 21 in AD1 treated astrocytes, as 

indicated by AT8 max intensity data (Figure 5.7), but that the total volume of these fibrils has 

not increased to a detectable change. AD 4 treated on the other hand did show an increase 

at day 21 relative to day 14 that may indicate an increase in the size of tau aggregates and 

a propensity for rapid tau seeding of this case derived AD tau, as indicated by AT8 intensity 

data. While AD2 AT8 intensity was increased at day 21 relative to day 14, this was not the 

case with total spot area, and remained fairly stable. AD 3, 5 and 6 followed a similar pattern 

to their respective AT8 max intensity values.  

This data provides more evidence that there may be two patterns of tau retention after 

uptake depending on the AD case form which tau was derived. While it seems that astrocytes 

are able to reduce the intensity and volume of tau aggregates they internalise from all cases, 

they do not appear to be able to completely remove tau to within control or untreated levels 

within the time frame examined. This suggests that there may be tau aggregates that are not 

degradable by astrocytes, or that astrocytes require extended periods to achieve this. 

Further, the recovery in tau volume and intensity indicated in AD1 and AD4 treated 

astrocytes may indicate tau seeding of endogenous astrocytic tau is masking or overcoming 

removal of tau aggregates, and that seeding may preferentially or more efficiently occur with 

specific AD tau species, as has been seen with post-mortem AD tau fibrils seeded with 

recombinant tau monomers in vitro (Kamath et al., 2021).  
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5.4 Discussion 

5.4.1 Summary of results 

This chapter investigated the uptake of pathological forms of human brain tau by human 

iPSC-derived astrocytes. The main findings are that: 

• hiPSC-astrocytes efficiently internalise human tau aggregates 

• There is variation in the rate of internalisation and clearance of tau isolated from 

different AD cases 

• Internalised human tau may be able to seed further aggregation. 

• There are different patterns in tau clearance/seeding rates that may reflect 

molecular heterogeneity in brain tau, but this is yet to be determined. 

5.4.2 Isolation of aggregated tau from different tauopathies 

Isolation of tau aggregates from different tauopathies demonstrated that there may be 

intrinsic differences in tau aggregates from different tauopathies that alters their solubility in 

sarkosyl and therefore their ability to be isolated using the method used here. The protocol 

used was optimised to extract tau aggregates from AD tissue (Greenberg and Davies, 1990) 

and it was expected to be efficient in extracting pathogenic tau from other tauopathies. 

Indeed, the results shown in Chapter 3 indicated that sarkosyl-insoluble tau aggregates can 

be isolated from PSP and PiD brain as well as AD brain, however the cases used in this 

Chapter did not yield much, if any, insoluble tau. Tau fibrils from PiD and PSP have a core 

comprised of 3R or 4R tau, respectively (Figure 1.5) (Shi et al., 2021) and the fold itself is 

different from that in AD and this may confer differences in solubility. A major structural 

difference in these folds is the outward exposure of microtubule binding domain R3 in AD 

and PiD folds, which is conversely shielded in PSP fold to form the central layer (Shi et al., 

2021). This may alter the overall charge and hydrophobicity of tau, and ultimately its solubility 

in sarkosyl. Indeed, in their paper, Shi et al. (2021) describe an alternative process for 

isolating PSP and AGD tau fibrils which differs from the extraction protocol used to extract 

aggregates from PiD and AD brain.  Optimisation of tau extraction for multiple tauopathies 

was, however, beyond the scope and time limitations of this project.  
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5.4.3 Rates of astrocyte uptake of AD tau and implications for tau uptake mechanisms 

The intensity of tau aggregates increased with time of exposure, up to 7 days tested, 

suggesting that this is not a rapid process of internalisation. The exact process of 

internalisation was not tested in this chapter, but potential mechanisms are described in 

Section 1.5.3.1. The data in this chapter that indicate slow uptake are in line with previous 

studies that observed astrocyte phagocytosis is a slow process (Lööv et al., 2015), and less 

efficient than that of microglia (Magnus et al., 2002; Konishi et al., 2022). Lööv et al. (2015) 

previously found that while engulfed material by macrophages converged with lysosomes 

within 5 hr, astrocyte engulfed cellular material did not fuse with lysosomes until after 3 days, 

and it took up to 2 weeks for astrocytes to degrade the ingested dead cells (Lööv et al., 

2015).  While it is not clear whether or not tau is internalised by phagocytosis and/or by other 

receptor mediated endocytosis mechanisms suggested by others (Holmes et al., 2013; 

Rauch et al., 2018), it is worth considering that the process of phagocytosis involves several 

steps, including detection of the particle for digestion. Astrocyte phagocytosis ability has 

been emphasised in the uptake and clearance of Aβ (Wyss-Coray et al., 2003; Basak et al., 

2012; Li et al., 2014), and so it is reasonable to assume similar processes may be involved 

in the astrocyte uptake of large tau fibrils. It has also been shown that astrocytes can 

phagocytose apoptotic cells (Wakida et al., 2018). In the experiments shown in this chapter, 

apoptotic cells were identified and were present in all treatment conditions. This offers 

another indirect route of pathogenic tau internalisation if the apoptotic cell had already 

internalised tau aggregates. Further, other studies have shown that astrocytes are able to 

engulf neuronal synapses (Lee et al., 2020), which can harbour pathological tau species 

(Robbins et al., 2021), presenting further mechanisms by which astrocytes can internalise 

pathological tau.  

This selectivity of astrocytes for digestion targets is not well understood, but the evidence in 

this chapter demonstrates that astrocytes do not actively prevent the uptake of AD tau, as 

all six AD derived tau samples were readily internalised by these astrocytes. This is 

interesting because pathogenic tau inclusions are not often seen in AD post-mortem tissue 

and are more commonly associated with other tauopathies (Kovacs, 2020; Reid et al., 2020), 

as well as other neurodegenerative diseases such as ALS (Velebit et al., 2020) and 

Parkinson’s disease (Tsunemi et al., 2020) . However, evidence of astrocytic tau inclusions 

in AD is now emerging, with post-mortem tissues showing 3R tau inclusions in hilar 
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astrocytes of the dentate gyrus, which altered astrocyte mitochondrial dynamics and 

synaptic function when modelled in mice (Richetin et al., 2020b). Whether this tau was 

internalised and/or accumulated from aggregation of endogenous astrocytic tau, is yet to be 

determined. However, the evidence in this project confirms in principle the ability of human 

astrocytes to internalise AD tau aggregates.  

5.4.4 Astrocyte ability to degrade tau 

A longer-term assay was utilised in this chapter to probe if and how long astrocytes take to 

degrade internalised tau after an initial 7-day treatment period.  The data here indicates that 

astrocytes begin a process of degradation during this timeframe that starts to reduce 

astrocytic tau aggregates towards baseline levels. Potential mechanisms of tau clearance 

are explored in Chapter 1 (Section 1.3.7), and further explored in Chapter 6. While 

proteasomal pathways may play a role, specific phosphorylation of tau has shown to impair 

this mechanism of degradation in a non-cellular in vitro model (Ukmar-Godec et al., 2020). 

Likely is the involvement of the autophagosome-lysosomal system of degradation, which is 

known to be involved in the degradation of soluble and insoluble altered tau (Wang and 

Mandelkow, 2012), and indeed there is post-mortem evidence of altered tau interacting with 

lysosomes in AD tissue (Ikeda et al., 1998). Exploring the specific mechanisms of 

degradation of tau aggregates in astrocytes is an interesting area of future exploration.  

AT8 spot area detection indicated that the size of tau aggregates in astrocytes was reduced 

extensively during the first 7 days post tau exposure, whereas a further 7 days was not able 

to reduce the remaining volume of aggregates.  This may be in line with normal astrocytic 

degradation and clearance processes that have been shown to be slower than microglia 

clearance mechanisms (Magnus et al., 2002), and also in studies that have shown that 

astrocytes store ingested cellular material rather than degrading it completely (Lööv et al., 

2012). It remains to be seen if astrocytes are able to clear all ingested tau at longer time 

frames.  

If some AD tau aggregates are internalised as phagosomes and undergo a process of 

maturation and degradation, they must also be resolved. Phagocyte resolution has not been 

studied extensively, and the processes of reabsorbing into the cell are not well understood 

(Levin et al., 2016). It is possible that if the tau aggregates are not able to be degraded 

completely by the hydrolases and acidic environment of the phagolysosome (Levin et al., 
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2016), then it is likely that aggregated tau will remain in the cytosol of astrocytes as the 

phagosome membrane and other digestible components are recycled phagolysosome 

(Levin et al., 2016; Kishore et al., 2020). This may be what is observed in the astrocytes that 

retain tau aggregates two weeks following exposure. While the reduction in AT8+ve tau 

aggregates after tau is removed from culture medium was observed to occur across a 2-

week period, there is still evidence that astrocytes harbour tau inclusions which indicates 

that it is difficult for astrocytes to completely process the ingested material. If astrocytes are 

unable to degrade tau completely, then it is possible that tau may interfere with the 

phagosome resolution process that is crucial for regeneration of lysosomes and subsequent 

degradative capacity of astrocytes (Lancaster et al., 2021).   

5.4.5 Evidence for internalised AD tau to seed astrocytic tau 

Astrocytes exposed to tau from some, but not all of the AD cases showed an increase in 

internalised tau 2 weeks following tau removal that was greater than observed only one week 

after tau was removed from media.  This may indicate the ability of internalised tau to seed 

the endogenous tau that is known to be expressed in these astrocytes from characterisation 

data in Chapter 4. There is evidence for this in primary mouse neurons, where AD derived 

tau fibrils were able to recruit endogenous mouse tau into these aggregates (Guo et al., 

2016), as well as a tau biosensor cell system that saw AD brain lysate induce recombinant 

tau aggregation as well as seed mutant human tau in a transgenic mouse model (Kaufman 

et al., 2017). While this has not been explored in astrocytes, the data here suggests that in 

some AD cases, seeding process may be possible in astrocytes. Specific tau seeding assays 

are required to determine if endogenous astrocytic tau can easily be incorporated into the 

internalised tau aggregates. 

5.4.6 Variations in AD tau uptake/clearance  

The data here shows that when exposed to tau derived from all AD cases, astrocytes show 

a similar pattern of slow, increasing tau uptake over a 7-day time course, and reduction in 

tau in the 7 days following the removal of treatment followed by either a plateau or increase. 

There was also variability in the amount of tau internalised between astrocytes exposed to 

tau from different AD cases, as indicated by spot size and AT8 maximum data. For some 

cases, such as AD3, this is consistent with the tissue samples of the AD cases examined in 

Figure 5.5, where high tau pathology near astrocytes observed in AD 3 brain sections may 
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correlate with the high tau internalisation and low reduction in AT8 intensity or AT8 aggregate 

volume seen long term compared to other AD tau used. In cases such as AD5 and 6, 

measures of tau uptake were lower overall, and this may correlate with low AT8 seen in these 

sections. However, correlations that can be made with single brain sections are limited 

considering that tau pathology may vary considerably, even within brain regions such as the 

temporal cortex here that are broadly affected by tau pathology.  The amount of tau 

aggregates used for spiking were normalised, so these differences are likely not a result of 

differences in tau concentration. Rather, it is possible that variability between the specific 

properties or modifications to tau in each AD case resulted in different rates of internalisation, 

degradation, and possibly seeding. Indeed, this variation in the properties of tau derived from 

different AD cases has previously been observed experimentally, where the seeding 

competence of patient derived tau aggregates varied and correlated with biochemical 

differences observed between different AD tau species (Kamath et al., 2021), and this 

molecular diversity of tau can also contribute to clinical heterogeneity in AD patients 

(Dujardin et al., 2018), highlighting the differences this can make on cell toxicity. The authors 

of this study went on to demonstrate tau seeding of isolated high molecular weight tau 

species could be correlated with specific tau phosphorylation sites (Dujardin et al. 2020). 

How this may impact the uptake of tau in astrocytes is yet to be determined but remains an 

interesting topic for future investigation.  

5.4.7 Limitations and future work 

The initial aim of this work was to determine if the same type of tau extracts isolated from 

tauopathy brain that showed peripheral transmission in htau mice (Chapter 3) were 

internalised by human astrocytes.  Although no obvious tau fibrils were observed, exposure 

of cells to these extracts gave some evidence that tau is being internalised by some of the 

cells. However, it also demonstrated a toxic effect as indicated by the number of altered 

nuclei that are reminiscent of cells that have undergone apoptosis. This highlights the 

difficulty in using a general tissue homogenate that is not enriched for tau, as it likely contains 

various cytomodulating factors that have an apparent toxic effect on cells and that are 

difficult to control. Therefore, this strategy was not pursued and instead this work focussed 

on tau aggregates. 
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AT8 was utilised as a phospho-tau antibody that labels aggregated tau fibrils (Li et al., 2020; 

Gandhi et al., 2015), in order to distinguish between the endogenous tau expressed by the 

astrocytes. An image Z-stack was acquired and 3D reconstruction of astrocytes by GFAP 

immunolabelling to measure internal AT8 (see section 2.5.4 for microscopy details). The final 

resolution appeared sufficient to distinguish between internal and membrane bound AT8 

positive tau aggregates. However, reducing the numerical aperture (NA) by utilising a 20X 

water lens instead of the 20X air lens, or a higher objective such as 40X, would have provided 

significantly higher resolution. This may have allowed for more certainty when analysing 

internalised tau proteins in the Opera Phenix high throughput system.  Nonetheless, previous 

pilot data had been conducted (data not shown) at higher magnification, and thus higher 

resolution, that demonstrated clear internalisation of aggregated tau proteins when utilising 

the same antibody labelling. Furthermore, the gradual increase in AT8 volume and intensity 

within astrocytes over a 7-day time course (Fig. 5.6), and subsequent decrease in AT8 levels 

after removal of tau (Fig. 5.7) may be in line with slow phagocytic tau internalisation process 

of large proteins (Wakida et al., 2018; Paul et al., 2013). While care could be taken in future 

experiments to maximise the NA and subsequent resolution along of the image, without 

compromising analysis pipelines, as well as exploring the stripping of surface bound tau 

aggregates, it seems likely based on the discussion points above that tau aggregates were 

indeed internalised by astrocytes in these experiments.  

While rates and ability of tau internalisation was explored, the next step is clearly to 

investigate specifically how different mechanisms contribute to tau uptake. HSPGs, for 

example, that have been routinely implicated in tau uptake in neurons (Holmes et al., 2013; 

Rauch et al., 2018; Yamada and Hamaguchi, 2018) could investigated by blocking this 

pathway through specific HSPG inhibitors or competitive binding partners, to elucidate its 

impact on tau uptake.  

A key area of interest would also be the differences in tau derived from other tauopathies, 

such as PSP and PiD that were explored in Chapter 3. Evidence suggests astrocytes have 

a different relationship with pathological tau species in these tauopathies (Kovacs, 2020; 

Reid et al., 2020), and therefore repeating these experiments in this tau, once properly 

isolated, would be interesting to observe as this could be explain differences in tau uptake 

and rates of degradation that the assays developed in this chapter explore.   
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5.4.8 Conclusions 

The data presented in this chapter confirm that human iPSC-astrocytes can internalise AD 

brain derived tau aggregates, and that degradation of these internalised proteins is apparent 

given enough time in culture. Key questions remain as to the cellular impact that this tau 

internalisation has on astrocyte structure and behaviour, and whether this may be 

detrimental to the cells they interact with in normal brain physiology. This will be explored in 

the next chapter.   
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6 Human astrocyte response to AD derived tau uptake 

6.1 Introduction 

While results from the previous chapter confirm the ability of iPSC-astrocytes to internalise 

tau aggregates, how they process the tau and the impact of tau internalisation on astrocyte 

function is yet to be determined. This chapter therefore aims to investigate how astrocytes 

respond to tau once internalised.  

Astrocyte reactivity, as described in detail in Section 1.5.1, is a common phenotypic change 

in astrocytes in response to environmental changes in neurodegenerative diseases. There 

are myriad factors that have the potential to contribute to astrocytes acquiring this ‘reactive’ 

state. The intermediate filament GFAP is often correlated with astrocytes being in a reactive 

state, in part because high GFAP-positive astrocytes are often observed around 

neurofibrillary tangles (Ikeda et al., 1992; Serrano-Pozo et al., 2011b), and this is thought to 

define a hypertrophic response (Vijayan et al., 1991) correlated with an increase in the 

number of GFAP positive processes (Sofroniew and Vinters, 2010). S100B, another protein 

associated with astrocytes, has recently been associated with suppressing aggregation of 

both Aβ (Cristóvão et al., 2018) and of tau (Moreira et al., 2021). As both of these are highly 

expressed in the human iPSC-astrocytes characterised in Chapter 3, their expression and 

association with tau was examined here. 

Various pathways are also involved in astrocyte reactivity. The JAK-STAT3 pathway has 

emerged as a central regulator of astrocyte reactivity and while multiple pathways govern 

this signalling, STAT3 is common to many of them  (Ceyzériat et al., 2016). GFAP is also 

known to be a target gene of STAT3 (Herrmann et al., 2008; Wanner et al., 2013; Levine et 

al., 2016), and STAT3 is also linked to the complement cascade which plays a large role in 

regulating proinflammatory pathways and regulating innate immunity (Ricklin et al., 2016), 

especially through the C3 molecule which is upregulated in AD brain and may play a negative 

role in neurodegeneration, where its deficiency could mitigate neuronal loss in mutant tau 

mice as well as amyloid transgenic mouse models  (Wu et al., 2019). Other genes that are 

commonly associated with reactive astrocytes, such as SERPINA3 – a peptidase inhibitor 

linked to inflammation (Vanni et al., 2017), and LCN2, a lipophilic protein that can induce 

neuronal cell death (Bi et al., 2013) were examined. Both proteins are secreted by astrocytes 



Human astrocyte response to AD derived tau uptake 

188 

and are markers of astrocyte reactivity (Zamanian et al., 2012). Conversely some genes 

such as NRF2 have been associated with a cryoprotective state in disease models, where 

astrocyte specific expression reduces Aβ deposition and phospho-tau accumulation in 

mutant tau and APP/PS1 knockin transgenic models (Jiwaji et al., 2022) 

Astrocytic degradation of tau is also one of the key questions stemming from the clearance 

of internalised AD tau that was observed in Chapter 5. As discussed in the previous chapter 

and Introduction Section 1.3.7, the autophagosome-lysosomal degradation pathways are a 

likely route for tau degradation as they are have previously been implicated in clearance of 

Aβ in primary mouse astrocytes (Simonovitch et al., 2016), and TDP43 clearance in iPSC 

derived astrocytes is accelerated when autophagy is increased with small molecules. 

Lysosome formation is also important for the degradation of particles internalised by 

astrocytes (Lööv et al., 2015), and therefore it is worth investigating TFEB which a master 

regulator of lysosomal biogenesis (Sardiello et al., 2009; Settembre et al., 2011), as an 

indicator of upregulation in this process. Uptake mechanisms of tau into astrocytes are also 

important to investigate, and as such LRP1, a receptor associated with the selective uptake 

of tau in human neuroglioma cells (Rauch et al., 2020), that is observed to mediate astrocytic 

clearance of Aβ in primary astrocytes, is also worth investigating.  

Investigating these factors after AD tau uptake and clearance in human iPSC-astrocytes will 

give some indication as to the impact that pathogenic tau uptake can have on astrocyte 

reactivity, their ability to support neurons, and indications of how astrocytes process tau.  

 

6.2 Results 

6.2.1 Alterations in GFAP after tau uptake 

Increased levels of GFAP has been correlated with AD pathology (Middeldorp and Hol, 2011; 

Hol and Pekny, 2015). Therefore, changes in overall GFAP protein expression in human 

iPSC-astrocytes was examined in 60-day iPSC-astrocytes exposed to 0.1 ng/µL tau 

aggregates from AD brain or equivalent control brain extracts for 1, 3, 5 or 7 days, relative 

to untreated human iPSC-derived astrocytes (Figure 6.1). iPSC-astrocytes were 

immunolabelled with antibodies against GFAP and phospho-tau (AT8, Ser202/Thr205) 
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(Figure 6.1a). Harmony software was used to determine the average and maximum GFAP 

intensity per cell (Figure 6.1b, c). This initial analysis was conducted independently of 

whether or not the astrocytes showed tau aggregate internalisation. A two-way ANOVA was 

performed to measure the effect of length of treatment and case (AD or control) on average 

GFAP intensity per astrocyte. The results indicated that there was not a significant interaction 

between the effects of case and treatment length on average GFAP intensity in cells (F (27, 

120) = 0.231, p > 0.999). A simple main effects analysis showed that both case (p = 0.036) 

and treatment length (p = 0.009) did have a significant effect on average GFAP intensity in 

cells. A post-hoc Holm-Šidák’s test for multiple comparisons did not find any significant 

changes relative to untreated cells. Interestingly, astrocytes treated for 7 days showed the 

lowest levels of GFAP compared to shorter treatment lengths. This was true also in 

astrocytes exposed to (aged) control brain extracts, suggesting that it is likely exposure to 

some age-related factor present in both control and AD extracts that is inducing changes in 

GFAP. While not being significant different from controls, there was a trend towards 

increased average GFAP intensity in astrocytes exposed to tau aggregates from AD cases 

3 and 4 relative to untreated cells.  

Maximum GFAP intensity per cell was also analysed in order to determine if astrocytes 

displayed areas of higher GFAP expression that did not impact average GFAP expression 

across the cell (Figure 6.1c). As before, a two-way ANOVA was performed to measure the 

effect of length of treatment and case (AD or control) on maximum GFAP intensity per 

astrocyte. The results indicated that there was not a significant interaction between the 

effects of case and treatment length on average GFAP intensity in cells (F (27, 120) = 0.183, 

p > 0.999). A simple main effects analysis showed that both case (p = 0.273) and treatment 

length (p = 0.214) did not have a significant effect on maximum GFAP intensity in cells. A 

post-hoc Holm-Šidák’s test for multiple comparisons did not find any significant changes 

relative to untreated cells. Similar to average GFAP intensity measurements, astrocytes 

exposed to tau aggregates from AD case 4 also demonstrated the highest maximum GFAP 

levels, although this was not a significant difference when compared to either untreated or 

control brain extract-treated astrocytes. However, the GFAP maximum appeared to vary less 

between cases and length of treatment, only increasing 1.32-fold from the mean in AD 4, 

compared to 1.54-fold increase in average GFAP in the same condition. This perhaps 
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suggests that changes to astrocyte GFAP intensity occurs largely to the astrocyte as a 

whole, and peak intensity of GFAP within astrocytes does not vary as much.  
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Figure 6.1 Global GFAP intensity does not significantly change after exposure to AD brain 

tau. 

Representative images of day 60 iPSC-astrocytes exposed for 7 days to 0.1 ng/µL tau aggregates 

isolated from AD brain, control brain extracts or left untreated (a). Astrocytes were 

immunolabelled with antibodies against GFAP (yellow) and phospho-tau (AT8, Ser202/Thr205, 

red). Hoechst 33342 was used to label nuclei. Scale bar is 100uM.  Images were analysed using 

Harmony software. Bar charts show (b) Average GFAP intensity per cell 1, 3, 5 and 7 days post-

exposure. Tau exposure did not significantly alter average GFAP levels per cell. Similarly, (c) 

measurement of maximum GFAP intensity per cell was not significantly affected by exposure to 

AD brain-derived tau. (d) qPCR of day 60 astrocytes exposed to AD brain tau, control brain 

extracts or left untreated for 7 days showed that while global GFAP expression appeared generally 

increased following AD tau exposure, these changes were variable and were not significantly 

different from control extract-treated or untreated cells. Data shown is mean ± SEM of three-five 

independent astrocyte differentiation experiments each performed in duplicate (N = 3 for gene 

expression data, n = 5 for immunofluorescence data). 

 

Global expression of the GFAP gene was also investigated in 60-day iPSC-astrocytes after 

7-day exposure to 0.1 ng/uL AD derived tau aggregates or an equivalent volume of control 

samples, relative to untreated cells (Figure 6.1d). Expression was normalised to GAPDH and 

βACTIN housekeeping genes and calculated as gene expression fold change values relative 

to untreated astrocytes. While the mean GFAP expression for astrocytes treated with all AD 

tau aggregates was increased above that detected in astrocytes exposed to control brain 

extracts, relative to untreated, the variability of response was high, as indicated by large error 

bars depicting the SEM. Indeed, a one-way ANOVA of statistical analysis on the effect of AD 

brain tau exposure on GFAP expression revealed no significant impact (p = 0.49), nor were 

there any pairwise differences between untreated and AD tau treated or control treated 

samples. Moreover, the highest GFAP expression in AD 6 does not correlate with the highest 

GFAP protein expression observed in fixed astrocyte cultures, indicating that the variability 

of cultures as a whole do not allow any specific alterations in GFAP gene or protein 

expression to be observed when data is analysed in this way.  

Next, data from the long-term tau retention assay developed in Chapter 5 was used to look 

at GFAP changes following removal of tau treatment. Three sets of 60-day iPSC-astrocytes 

were exposed to 0.1 ng/µL of human AD brain derived tau aggregates or equivalent volumes 

of control samples, while some astrocytes were left untreated. After 7 days, treatment was 

removed, and cells cultured up to either the 14-day or 21-day timepoint, after which they 

were fixed and immunolabelled for GFAP and AT8. Intensity values of GFAP were measured 

per well and graphed by case treatment (Figure 6.2). The data indicated variability in the 
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average GFAP intensity following exposure to AD brain tau that is not altered compared to 

control brain extract-exposed or untreated astrocytes. A two-way ANOVA was performed to 

measure the effect of timepoint and case (AD or control) on average GFAP intensity per 

astrocyte. The results indicated that there was not a significant interaction between the 

effects of timepoint case on average GFAP intensity in cells (F (18, 90) = 0.2856, p = 0.998). 

A simple main effects analysis showed that both case (p = 0.976) and treatment length (p = 

0.672) did not have a significant effect on average GFAP intensity in cells. A post-hoc Holm-

Šidák’s test for multiple comparisons did not find any significant changes relative to day 7 

timepoints. 
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Figure 6.2  GFAP intensity in astrocytes following 7-day tau treatment.  

Three sets of 60-day iPSC-astrocytes were exposed to 0.1 ng/µL of human AD brain derived tau 

aggregates or equivalent volumes of control samples. Some astrocytes were left untreated. After 

7 days, treatment was removed, and cells cultured for further 7 or 14 days. Graph displays the 

(a) average or (b) the maximum intensity of GFAP labelling per cell in each well, relative to 

untreated cells. Results were variable and no significant changes were observed following a two-

way ANOVA and post-hoc pairwise comparisons performed by Holm-Šidák’s’ multiple 

comparisons test relative to day 7 in each treatment condition. Data is mean ± SEM. N=4 

(independent differentiations), each of which was performed in duplicate.  

Similar findings were observed when maximum GFAP intensity was measured (Figure 6.2b), 

although interestingly this data suggested that GFAP might be elevated in response to both 

control brain extracts and AD tau, again suggesting that some factor from aged brain may 

induce changes in GFAP levels. Statistical analysis as above using a two-way ANOVA to 

measure the effect of timepoint and case (AD or control) on maximum GFAP intensity per 

astrocyte. The results indicated that there was not a significant interaction between the 

effects of timepoint case on average GFAP intensity in cells (F (18, 90) = 0.1363, p>0.999). 
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A simple main effects analysis showed that both case (p = 0.4259) and treatment length (p 

= 0.1707) did not have a significant effect on average GFAP intensity in cells. A post-hoc 

Holm-Šidák’s test for multiple comparisons did not find any significant changes relative to 

day 7 timepoints. 

Overall, these data show no global changes in GFAP intensity following tau exposure. 

However, these data did not take into account the presence of tau aggregates. This 

prompted a more specific investigation into changes in astrocytes following exposure to tau. 

Specifically, how differential uptake of tau may alter GFAP expression, a result that may be 

masked when analysing global changes in astrocyte cultures. 

Observations from imaging astrocyte cultures after immunostaining with a GFAP antibody 

suggested that not all astrocytes internalise tau aggregates, and those that do show variation 

in the extent of internalisation (Figure 6.3a). Therefore, in additional analysis, astrocytes were 

grouped according to their relative AT8 intensity as a marker of the extent of tau 

internalisation. The 7-day treatment timepoint was chosen for this analysis since this was the 

timescale observed as allowing high levels of tau internalisation in Chapter 5. A linear 

classification system was used to train the imaging software to categorise each astrocyte as 

‘high-AT8’ or ‘low-AT8’ based on previously calculated parameters of average/maximum 

AT8 intensity and detection of aggregates (spot detection based on AT8 immunostaining) 

(Methods 2.5.4.2). The two groups could then be compared within each treatment condition 

to determine whether tau uptake has a direct impact on GFAP expression.  

The results indicate that both average and maximum GFAP levels are higher in high-AT8 

astrocytes compared to low-AT8 astrocytes (Figure 6.3). The disparity between the two is 

larger for maximum AT8 intensity, indicating there are small areas of high-AT8 intensity within 

astrocytes that have internalised tau aggregates.  

A two-way ANOVA was performed to measure the effect of AT8 level (high v low) and case 

(AD or control) on average GFAP intensity per astrocyte (Figure 6.3b). The results indicated 

that there was not a significant interaction between the effects of AT8 level and case on 

average GFAP intensity in cells (F (5, 36) = 1.063, p = 0.3970). A simple main effects analysis 

showed that AD case had a significant effect on average GFAP intensity (p = 0.045), showing 

that each AD case may differentially affect average GFAP intensity, as was previously 

indicated by data in Figure 6.1b.  The same analysis also showed that cell AT8 level 
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significantly impacted average GFAP intensity in cells (p = 0.048). However, post-hoc Holm-

Šidák’s test for multiple comparisons did not find any significant pairwise differences between 

high and low AT8 cells for each AD case. 

A further two-way ANOVA was performed on the data in (Figure 6.3b), to measure the effect 

of AT8 level (high v low) and case (AD or control) on maximum GFAP intensity per astrocyte 

(Figure 6.3c). The results indicated that there was not a significant interaction between the 

effects of AT8 level and case on average GFAP intensity in cells (F (5, 48) = 0.2799, p = 

0.922). A simple main effects analysis showed that AD case had no significant effect on 

maximum GFAP intensity (p = 0.651), showing that it is common to exposure of astrocytes 

to tau extracts from all AD cases, while AT8 level did have a significant effect on maximum 

GFAP intensity in cells (p < 0.0001). A post-hoc Holm-Šidák’s test for multiple comparisons 

found a significant pairwise differences between high and low AT8 cells for AD 6 treated cells 

only.   
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Figure 6.3  Maximum GFAP intensity is significantly increased in astrocytes with high AT8 

internalisation.   

Representative image of astrocytes immunolabelled (GFAP – yellow) and grouped as ‘high’ or 

‘low’ AT8 depending on AT8 intensity and spot detection inside astrocytes. Red outline = low AT8, 

green outline = high AT8. Scale bar =100 µm. The average GFAP intensity was significantly altered 

by AD, but there was no difference in high vs low AT8 cells (b), however, there is a significant 

difference in maximum GFAP between these two groups, however there was no significant impact 

of AD case on maximum GFAP levels. Data is mean ± SEM. N=5 (independent differentiations), 

each of which was performed in duplicate. 

 

These results suggest that the uptake of AT8 positive aggregates causes the accumulation 

of dense localised areas of GFAP expression that is not present in astrocytes that have not 

internalised similar levels of AT8 positive tau aggregates. Closer observations of 

immunostaining after Z-stack analysis suggest that high GFAP levels may localise in 

astrocytes at focal spots of tau aggregate internalisation. To quantify this, AT8 positive spots 

(Figure 6.4a) were analysed to detect the intensity of co-occuring GFAP and these data were 

compared to the average of the same measurements for all cells in that treatment condition, 
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relative to untreated astrocytes at each timepoint (Figure 6.4b). The results show that GFAP 

expression associated with AT8 spots is significantly higher than that the average GFAP 

value for all astrocytes exposed to AD case derived tau. In these AD treated astrocytes, 

GFAP intensity at points of tau aggregate internalisation was between 3.2 ± 0.71 (AD 6) and 

4.19 ± 1.19 (AD 2) fold higher relative to untreated astrocytes, while the average values for 

all AD treated astrocytes were no higher than 1.11 ± 0.12 (AD 6) fold higher than untreated 

astrocytes.  

A two-way ANOVA was performed to measure the effect of cell region (spot vs whole cell) 

and case (AD or control) on average GFAP (Figure 6.4b). The results indicated that there 

was not a significant interaction between the effects of AT8 level and case on average GFAP 

intensity in cells (F (5, 48) = 0.1508, p = 0.979). A simple main effects analysis showed that 

AD case had no significant effect on average GFAP intensity (p = 0.9899), showing that 

uptake of tau from each AD case has a similar effect on GFAP changes near internalised 

aggregates.  A simple main effects analysis showed that measured cell region significantly 

altered average GFAP intensity (p < 0.0001), indicating alterations in GFAP expression are 

localised around internalised tau, as indicated by observations of immunolabelling. Indeed, 

post-hoc Holm-Šidák’s test for multiple comparisons found a significant pairwise difference 

in GFAP intensity between these cell regions for all AD case treatments.  
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Figure 6.4 GFAP intensity is higher around internalised tau aggregates   

Day-60 iPSC-Astrocytes treated for 7 days with AD-derived tau aggregates were analysed for 

GFAP intensity in whole cells compared to near internalised aggregates. (a) shows representative 

image of astrocytes immunolabelled (GFAP – yellow) and AT8 positive (red) spot detection inside 

astrocytes, white outline indicates cells and coloured outline of detected internalised AT8 spots. 

Scale bar =100 µm. Graph (b) shows the average GFAP intensity was not significantly altered by 

AD, but there was a difference in GFAP intensity at AT8 spots vs cells as a whole, and pairwise 

difference between these regions in each AD case treatment. Data is mean ± SEM. N=5 

(independent differentiations), each of which was performed in duplicate. 

 

These parameters were also investigated 7 or 14 days after the removal of a 7-day exposure 

to tau in day-60 astrocyte, as described previously in this chapter for Figure 6.2. The results 

here demonstrate that, with time, the intensity of GFAP at sites of dense tau aggregates 

decreases. Figure 6.5 shows that while GFAP intensity across whole astrocytes remains 

fairly consistent with time, GFAP intensity at the sites of AT8 aggregates is always increased 

relative to average GFAP intensity across the cell, peaking at the 7-day time point, and 

decreasing following the removal of tau for 7 (14 day time point) or 14 days (21 day 
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timepoint). This was a consistent finding regardless of the AD case from which the tau 

aggregates were obtained, although there was some variability between treatments.  

A two-way ANOVA was performed on this data to measure the effect of timepoint and case 

on average GFAP intensity at detected AT8 positive tau aggregates within astrocytes. The 

results indicated that there was not a significant interaction between the effects of timepoint 

and AD case on average GFAP intensity at internalised tau aggregates (F (10, 60) = 0.365, 

p = 0.957). A simple main effects analysis showed that differing AD cases had no significant 

effect on average GFAP intensity at aggregates (F (5, 60) = 0.571, p = 0.722), showing tau 

aggregates derived from each AD case has a similar effect on localised GFAP intensity once 

internalised. A main effects analysis did show that timepoint had a significant impact on 

average GFAP intensity at internalised aggregates (F (2, 60) = 6.622, p = 0.0025), indicating 

that the increases in GFAP intensity at aggregates observed after tau uptake here, and 

described in Figure 6.4, does not remain consistent after tau treatment is removed. Indeed, 

a post-hoc Holm-Šidák’s test for multiple comparisons found significant decreases in GFAP 

intensity at internalised aggregates with time after treatment for cells treated with tau from 

AD 2, AD 3 and AD 5. This suggests there may be some variation in how long internalised 

tau aggregates are able to induce GFAP changes, which may relate to features of the AD 

tau aggregates themselves.   

These results further indicate that levels of GFAP around dense focal tau aggregates is 

somewhat transient. In some cases, such as when astrocytes were exposed to tau from AD 

cases 2 and 3, the decrease following tau removal at day 7 appeared to be dramatic and 

rapid. For others, a slower reduction in GFAP intensity in association with tau aggregates, 

was step-wise through subsequent timepoints. This indicates that astrocytes appear to 

respond differently to tau derived from different cases, perhaps due to some molecular 

characteristic of the tau aggregates. This might, for example, include differences in tau 

phosphorylation or seeding ability, characteristics related to AD progression (Dujardin et al., 

2020). 
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Figure 6.5  GFAP intensity around tau aggregates decreases after removal of tau from media.    

Day-60 iPSC-astrocytes were treated for 7 days with AD case derived tau, equivalent control 

sample or left untreated. Treatment was removed and cells were fixed at day 14 or 21. Cells were 

detected by GFAP immunolabelling and tau aggregates by high intensity AT8 spot detection. (a) 

Graph shows the quantification of average GFAP intensity in AD treated astrocytes in regions of 

dense tau aggregates against GFAP intensity across the whole astrocyte, shown as fold change 

from untreated astrocytes. Average GFAP intensity at regions of dense tau aggregates is higher 

relative to the cell average, peaks at 7 days and decreases after tau removal for 7 days (14 day 

time point) and 14 days (21 day timepoint). A two-way ANOVA was performed confirming a 

statistical significance of timepoint on GFAP intensity, and posthoc pairwise comparison using 

Holm Šidák’s test showed GFAP decrease at AT8 spot regions was significant in some AD cases. 

*  p < 0.05. Error bars are ± SEM of n = 4 (7 day) or 3 (14,21 days) independent differentiations, 

performed in duplicate. 
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6.2.2 Changes in S100B expression after tau uptake 

S100B is a calcium binding protein that is highly expressed in astrocytes (Raponi et al., 

2007), although it is not exclusively astrocytic and not all astrocytes express S100B (Donato 

et al., 2009). S100B was recently shown to strongly localise with tau proteins in 

neuroblastoma cells, an interaction that was enhanced by addition of calcium, and that could 

protect against tau aggregation and seeding in a heparin fibrillation assay in vitro (Moreira et 

al., 2021). The iPSC-derived astrocytes used here express S100B (Figure 4.3), therefore it 

was of interest to examine the expression and interaction of S100B with internalised tau 

aggregates in iPSC-astrocytes. In addition, S100B together with GFAP were examined in 

paraffin-embedded sections from the postmortem AD brain tissues used to extract tau for 

this work.   

Immunohistochemistry was performed using antibodies against AT8, GFAP and S100B on 

sections of temporal cortex from AD cases 1-6 (Figure 6.6) and control human tissue (Figure 

6.7). In areas where AT8 immunoreactivity was apparent, there were commonly GFAP 

positive astrocytes that also show significant levels of S100B labelling (marked by closed 

arrowhead).  Not all GFAP positive astrocytes near AT8 structures expressed S100B at high 

levels (examples marked by open arrowhead), and this did not appear related to the levels 

of GFAP expression in these cells. For example, in AD 3 tissue sections, only 2 of the 3 

astrocytes surrounding the AT8 positive tau structures in the highlighted area of the image 

appear to express high levels of S100B. In AD postmortem tissue, S100B had been seen to 

be elevated primarily in the hippocampus and temporal lobe, and this was localised primarily 

in astrocytes that surround neuritic plaques (van Eldik and Griffin, 1994; Sheng et al., 1994). 

This upregulation suggests that S100B can be transiently upregulated in astrocytes in 

disease environments, but the specific mechanism and dynamics of S100B upregulation in 

astrocytes of AD has not been thoroughly investigated.     

While the majority of S10OB positive cells observed in control brain also express GFAP, 

some (examples marked with pink asterisk), express little to no GFAP. This may be an 

astrocyte with very little detectable GFAP, but maybe other glial cells, since S100B is also 

expressed in myelinating oligodendrocytes in mouse brain (Du et al 2021). 

Brain slices from healthy control human tissue were also examined, showing some high 

intensity S100B and GFAP positive astrocytes, as well as GFAP positive astrocytes with 
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relatively little S100B expression. This suggests that there are subsets of astrocytes with 

higher S100B, or that S100B expression in astrocytes is transient and reactive to the 

environment. No observable tau aggregates were observed in these control sections 

examined, and while astrocytes with differing levels of high S100B were also observed, this 

indicates that the variation in S100B expression in astrocytes seen in AD brain is not 

necessarily induced by the presence tau aggregates or other pathological features of AD.  
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Figure 6.6 AD post-mortem tissue shows S100B and GFAP expression in astrocytes proximal 

to AT8 positive aggregates. 

Representative brain sections from the temporal cortex of AD post-mortem tissue were 

immunolabelled with antibodies against GFAP (green), S100B  (white)  and tau phosphorylated 

at Ser202/Thr205 (AT8, red). Hoechst 33342 was used to stain nuclei (blue). Astrocytes in the 

vicinity of tau deposits were generally positive for both astrocytes markers (white filled arrowhead), 

though this was variable and high GFAP astrocytes with low or no S100B expression were also 

visible near aggregates (white open arrow heads). High intensity S100B+ve cells with no GFAP 

expression were also present that may be oligodendrocytes (pink asterisk). White bar scale = 100 

µm.  

 

 

 

 

Figure 6.7  Control post-mortem tissue shows some S100B expression in GFAP+ve 

astrocytes. 

Representative brain sections from the temporal cortex of control post-mortem tissue were 

immunolabelled with antibodies against GFAP (green), S100B (white) and tau phosphorylated at 

Ser202/Thr205 (AT8, red). Hoechst 33342 was used to stain nuclei (blue). No AT8 aggregates 

were detected. S100B and GFAP co-localised in several, but not all astrocytes. Some high 

intensity S100B+ve cells with no GFAP expression were also present that may be 

oligodendrocytes (pink asterisk). White bar scale = 100 µm.  

Next, global changes in S100B expression in iPSC derived astrocytes was examined after 

7-day exposure to 0.1 ng/µL of tau aggregates from AD cases 1-6 or control brain extracts 
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relative to untreated cells (Figure 6.8). The 7-day treatment was chosen for examination as 

it represents the timepoint at which the highest amount of tau uptake was observed in the 

previous chapter.  Cells were immunolabelled with antibodies against GFAP, S100B and 

AT8, and imaged using an Opera Phenix high throughput imaging system (Perkin Elmer, MA, 

USA). Observations of S100B immunolabelling (Figure 6.8a) revealed that cells express 

S100B in a non-uniform way throughout their cell bodies as shown previously by others 

(Raponi et al., 2007; Hagmeyer et al., 2019). Therefore, GFAP immunoreactivity was used 

to select astrocytes as before, and the average S100B expression in these cells was 

examined. Figure 6.8b and c show that exposure of astrocytes to tau aggregates from AD 

cases does not increase astrocytic S100B expression, as both average and maximum 

S100B levels appeared unchanged relative to control brain extract-exposed and untreated 

cells. While cells exposed to tau from AD cases 3 and 4 have, on average, higher amounts 

of S100B, this was not a significant increase compared to control or untreated astrocytes 

when analysed by a one-way ANOVA. Indeed, the statistical analysis of this data indicated 

that case treatment did not to have a significant impact on average (p = 0.788) or maximum 

(p = 0.474) S100B intensity, with a post hoc Holm-Šidák’s multiple comparison test showing 

no pairwise differences relative to control or untreated astrocytes.   

The expression of S100B mRNA was also examined by qPCR (Figure 6.8c). Expression was 

normalised to GAPDH and βACTIN housekeeping genes and calculated as gene expression 

fold change values relative to untreated astrocytes. The data showed no significant changes 

in cells exposed to aged control human brain extracts relative to untreated cells. Cells 

exposed to tau aggregates extracted from four of the six AD cases (1, 3, 5 and 6) showed 

an increase in S100B gene expression, while cells exposed to tau from AD cases 2 and 4 

showed a decrease in expression relative to control and untreated conditions. A one-way 

ANOVA performed on this gene expression data revealed there was a significant impact of 

treatment on S100B gene expression (p = 0.040), however the posthoc Holm-Šidák’s test 

for multiple comparisons did not reveal any pairwise differences when S100B expression in 

AD treated astrocytes was compared to untreated or control treated astrocytes. While the 

gene expression changes are not reflected in S100B protein expression indicated by 

immunolabelling (Figure 6.8b, c), it may be that S100B can be sequestered by tau 

aggregates as is indicated by previous studies (Moreira et al., 2021), which would not 

necessarily correlate with changes in S100B mRNA levels.  
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Figure 6.8  Global S100B intensity does not significantly change after exposure of iPSC-

astrocytes to tau aggregates from postmortem AD brain. 

Representative images of day 60 iPSC-astrocytes exposed for7 days to 0.1 ng/µL tau aggregates 

isolated from AD brain, control brain extracts or left untreated (a). Astrocytes were 

immunolabelled with antibodies against S100B (green), GFAP (yellow) and phospho-tau (AT8, 

Ser202/Thr205, red). Hoechst was used to label nuclei. Scale bar = 100 µm.  Images were 

analysed using Harmony software. Bar charts show (b) average and (c) maximum S100B intensity 

is increased after treatment but not significantly altered after AD tau treatment compared to 

untreated or equivalent control treatment. RT-qPCR revealed global S100B gene expression is 

inconsistent in AD cases compared to control or untreated and S100B expression is significantly 

altered by case treatment (d). Data analysed by a one-way ANOVA with Holm-Šidák’s posthoc 

test for multiple comparisons to control and untreated. Error bars are ± SEM of n = 3 (d) or n = 4 

(b/c) independent astrocyte differentiations performed in duplicate. 

 

Changes to S100B expression were examined 7 and 14 days after initial 7-day tau exposure 

at 14 and 21 day timepoints, as described above for GFAP (Section 6.2.1).  At the 7-day 

timepoint, the data was similar to that presented in Figure 6.8 in that astrocytes exposed to 
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control brain or AD brain tau extracts showed some elevations in S100B relative to untreated 

cells. For average S100B intensity (Figure 6.9a), astrocytes treated with control brain 

showed a small increase in S100B expression for Ctr1 and Ctr 2 at the 14-day timepoint, 

while expression remained stable in Ctr 3. After a further 7 days at the 21-day timepoint, this 

expression appeared to decrease slightly or remain stable in control treated astrocytes.  

 

Figure 6.9  S100B expression changes with time after tau treatment. 

Three sets of 60-day iPSC-astrocytes were exposed to 0.1 ng/µL of human AD brain derived tau 

aggregates or equivalent volumes of control samples. Some astrocytes were left untreated. After 

7 days, treatment was removed, and cells cultured for further 7 or 14 days. Graph displays the 

average (a) or the maximum (b) intensity of S100B labelling per cell in each well, relative to 

untreated cells. Results indicated that time had a significant impact on maximum S100B 

intensities, and this appeared variable depending on case treatments. Statistical analysis 

performed by a two-way ANOVA and post-hoc pairwise comparisons by Holm-Šidák’s’ multiple 

comparisons test relative to day 7 in each treatment condition revealed. Data is mean ± SEM. N 

= 3 (independent differentiations), each of which was performed in duplicate.  

For astrocytes exposed to tau from AD brain, two patterns emerged with time. A step-wise 

increase in average S100B expression in cells was observed in cells treated with AD 1, 2 
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and 3, with expression peaking at day 21, whereas in cells treated with AD 4 and 6, 

expression peaked at day 14 and then decreased. S100B expression in AD 5 treated cells 

remained fairly stable throughout timepoints analysed, showing the least increase relative to 

untreated or control astrocytes.  To analyse significance in these changes, a two-way 

ANOVA was performed to measure the effect of timepoint and case (AD or control) on 

average S100B intensity per astrocyte. The results indicated that there was not a significant 

interaction between the effects of timepoint and case on average S100B intensity in cells (F 

(18, 70) = 0.397, p = 0.984). A simple main effects analysis showed that both case (p = 

0.1122) and timepoint (p = 0.064) did not have a significant effect on average S100B 

intensity in cells. A post-hoc Holm-Šidák’s test for multiple comparisons did not find any 

significant pairwise changes relative to day 7 timepoints. 

For maximum S100B (Figure 6.9b), however, intensity appeared to peak at day 21 in all case 

treated astrocytes, with the exception of Ctr 3. In most cases, the highest level of S100B 

expression was found at day 21, 14 days following the removal of tau aggregates. However, 

for cells exposed to tau from AD cases 4 and 6, S100B expression was elevated at 14 days 

relative to 7 days, and then reduced slightly between 14 days and 21 days. This appeared 

to increase in a different pattern to average S100B intensity, where all AD treated cases 

except for AD 6 decreased or remained constant in their S100B expression at day 14 relative 

to day 7. A two-way ANOVA was performed as above to measure the effect of timepoint and 

case treatment on maximum S100B intensity per astrocyte. The results indicated that there 

was not a significant interaction between the effects of timepoint and case on average S100B 

intensity in cells (F (18, 70) = 0.3062, p = 0.997). A simple main effects analysis showed that 

timepoint did have a significant impact on maximum S100B intensity (p = 0.018). A simple 

main effects analysis to look at the effect of case treatment showed that while this did not 

significantly affect maximum S100B intensity, it was approaching significance (p = 0.0521). 

A post-hoc Holm-Šidák’s test for multiple comparisons did not find any significant pairwise 

changes relative to day 7 timepoints. 

Taken together, these results indicate that there are dynamic changes in S100B intensity 

over time. As changes were also observed in control brain treated astrocytes, it is not clear 

these are linked to the presence of tau aggregates.  However, patterns of changes in S100B 

did appear to vary between control and AD treated cases, suggesting that there may be 
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some differences not picked up in this analysis of global S100B expression changes within 

cultures. 

To investigate this further, astrocytes were grouped into high-AT8 and low-AT8 groups, 

depending on their burden of internalised tau aggregates (as described in Section 6.2.1). 

S100B intensity was analysed in both groups in cells that were exposed to human tau for 7 

days (Figure 6.µ). The results show that average S100B intensity was higher in high-AT8 

astrocytes compared to low-AT8 astrocytes, relative to untreated cells. A two-way ANOVA 

was performed on the data in (Figure 6.µa), to measure the effect of AT8 level (high v low) 

and AD case on average S100B intensity per astrocyte. The results indicated that there was 

not a significant interaction between the effects of AT8 level and case on average S100B 

intensity in cells (F (5, 36) = 0.211, p = 0.956)., A simple main effects analysis showed that 

AT8 level did have a significant effect on average S100B intensity in cells (p = 0.044). AD 

case had no significant effect on average S100B intensity (p = 0.4196), showing that it is 

common to exposure of astrocytes to tau extracts from all AD cases. A post-hoc Holm-

Šidák’s test for multiple comparisons found no significant pairwise differences between high 

and low AT8 cells for any AD case treatment, however.   

The maximum S100B levels (Figure 6.µb) indicated a larger difference between high AT8 

and low AT8 cells. In the same way a two-way ANOVA was performed on this data to 

measure the effect of AT8 level (high v low) and AD case on maximum S100B intensity per 

astrocyte. The results indicated that there was not a significant interaction between the 

effects of AT8 level and case on maximum S100B intensity in cells (F (5, 36) = 0.4740, p = 

0.793). A simple main effects analysis showed that AT8 level did have a significant effect on 

average S100B intensity in cells (p = 0.00005) which was more significant than for average 

S100B, indicating there are areas of high intensity within astrocytes that have internalised 

AD tau. AD case had no significant effect on maximum S100B intensity (p = 0.4196), 

showing that it is common to exposure of astrocytes to tau extracts from all AD cases. A 

post-hoc Holm-Šidák’s test for multiple comparisons found no significant pairwise differences 

between high and low AT8 cells for any AD case treatment, however.   
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Figure 6.µ  Maximum S100B intensity is significantly increased in astrocytes with high AT8 

internalisation.   

Following 7-day tau treatment, cells were grouped into ‘low’ and ‘high’ AT8 astrocytes depending 

on the amount of internalised tau, as described previously. Graphs show both the average (a) and 

maximum (b) S100B intensity is increased in high AT8 cells compared to low AT8 cells, relative 

to untreated cells. A two-way ANOVA was performed confirming significant effect of AT8 

internalisation on S100B expression, although a post hoc pairwise comparison using Holm-

Šidák’s multiple comparisons test showed no pairwise significant differences. Error bars are mean 

± SEM of n = 4 independent differentiations (performed in duplicate). 

These results indicate that tau internalisation is having an impact on S100B levels specifically 

in cells that have internalised and accumulated AT8 positive tau, similar to previous findings 

with GFAP. Interestingly, immunolabelling of astrocytes treated with tau extracted from AD 

brain revealed high levels of S100B that localise around AT8 positive aggregates (Figure 

6.10a) that was confirmed by performing a 3D Z-stack analysis of this data. 

To further investigate and quantify these data, S100B fluorescence intensity was measured 

at sites of dense AT8 labelling, detected as described above for GFAP. S100B intensity was 

measured at AT8 positive spots inside astrocytes and compared to the S100B intensity of 

whole cells, relative to untreated astrocytes. The results demonstrate that S100B intensity is 

highest in association with AT8-positive aggregates when compared to average S100B 

levels across the whole cell (Figure 6.10b). The fold change in S100B intensity near 

internalise aggregates relative to untreated cells ranged from 6.81 ± 1.79 (AD case 3) to 

3.45 ± 0.21 (AD 1) relative untreated cells. Whereas the average fold change in S100B 

intensity of whole cells after astrocytes were exposed to tau was no more than 1.45 ± 0.22 

(AD 4) relative to untreated cells. This indicates that, as with GFAP, S100B can localise to 

internalised tau aggregates at high density. A two-way ANOVA was performed to measure 
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the effect of cell region (spot vs whole cells) and AD case treatment on average S100B 

intensity. The results indicated no interaction between these two independent variables on 

S100B intensity (F (5, 36) = 1.87, p = 0.1244). A simple main effects analysis indicated that 

cell region did have a significant effect on S100B intensity (p<0.0001), but that AD case did 

not (p = 0.061). Although the latter was approaching significance, and the extent of S100B 

did appear to vary between AD cases, it still appeared that S100B accumulates and is 

sequestered by AT8 positive aggregates regardless of which case the tau was derived from.  

 

Figure 6.10  S100B intensity is elevated proximal to tau aggregates in iPSC-astrocytes 

exposed to AD brain derived tau.  

Day-60 iPSC-Astrocytes treated for 7 days with AD-derived tau aggregates were analysed for 

GFAP intensity in whole cells compared to near internalised aggregates. (a) shows representative 

image of astrocytes immunolabelled (S100B – green) and high p-tau at ser202/thr205 (AT8 – red) 

spot regions which are detected by Harmony software and analysed for S100B intensity. Scale 

bar =100 µm. Graph (b) shows the average S100B intensity of whole cells was not significantly 

altered by AD, but there was a significant difference in S100B intensity at AT8 spots vs cells as a 

whole, and significant pairwise difference between these regions in each AD case treatment. 

Statistics were a two-way ANOVA and post-hoc pairwise comparisons performed by Holm-

Šidák’s’ pairwise multiple comparisons test. Data is mean ± SEM. N=4 (independent 

differentiations), each of which was performed in duplicate. *  p ≤ 0.05, **  p ≤ 0.01, ***  p ≤ 0.001, 

****  p ≤ 0.0001.  
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As performed for GFAP, S100B levels proximal to tau aggregates were then examined after 

the 7-day tau treatment was removed for a further 7 days (14 day time point) or 14 days (21 

day timepoint) (Figure 6.11). The results indicate that there are only subtle changes in global 

S100B expression in astrocytes over time, as previously determined (Figure 6.9), whereas 

the changes in S100B intensity in the proximity of AT8 aggregates are much more 

pronounced. At these regions, average S100B intensity was shown to peak at 7 days for 

astrocytes exposed to all sources of AD brain tau. By day 21, S100B expression near 

aggregates had dropped in all cases relative to day 7. For cases AD 2, 3, 4 and 5 this 

appeared to be a stepwise decrease, while for cells treated with AD 1 and 6 there was no 

decrease in S100B levels near internalised aggregates at day 14, indicating these 

aggregates are able to sequester S100B for longer, the reasons for this are unknown. At day 

21, only S100B levels around cells with AD2 derived tau aggregates was decreased to within 

whole cell averages, whereas for other cases the average S100B intensity remained higher 

near remaining internalised aggregates compared to whole cell average, indicating that tau 

aggregates sequester S100B and this is relatively stable. To confirm statistical differences, 

a two-way ANOVA was performed to measure the effect of timepoint and AD case on S100B 

intensity near AT8 spots. There was no interaction between these variables (F (10, 42) = 

1.48, p = 0.180). A simple main effects analysis indicated that timepoint had a significant 

effect on S100B intensity at AT8 aggregates (p < 0.0001), whereas AD case did not (p = 

0.804), suggesting that the decrease in S100B around aggregates over time is common to 

all AD derived tau tested here.  

Taken together, these results indicate that the increase in S100B intensity around AT8 

aggregates is transient and returns to a baseline range by day 21, regardless of the disparity 

between AD cases at day 7. This suggests that S100B is responding to tau internalisation, 

rather than any seeding of further tau aggregates within astrocytes. 
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Figure 6.11  S100B intensity at tau aggregates decreases after tau removal from media 

Day-60 iPSC-astrocytes were treated for 7 days with AD case derived tau, equivalent control 

sample or left untreated. Treatment was removed and cells were fixed at day 14 or 21. Cells were 

detected by GFAP immunolabelling and tau aggregates by high intensity AT8 spot detection, and 

levels of S100B immunofluorescence was measured. Graph shows the quantification of average 

S100B intensity in AD treated astrocytes in regions of dense tau aggregates against S100B 

intensity across the whole astrocyte, shown as fold change from untreated astrocytes. Average 

S100B intensity at regions of dense tau aggregates is higher relative to the cell average, peaks at 

7 days and decreases after tau removal for 7 days (14 day time point) and 14 days (21 day 

timepoint), with variations in the relative rates of decrease between AD cases. A two-way ANOVA 

was performed confirming a statistical significance of timepoint on S100B intensity, and posthoc 

pairwise comparison using Holm Šidák’s test showed S100B decrease at AT8 spot regions was 

significant in some AD cases. *  p < 0.05, ** p < 0.01. Error bars are mean ± SEM of n = 4 (7 day) 

or 3 (14,21 days) independent differentiations, performed in duplicate. 
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6.2.3 Analysing astrocyte health and indicators of reactivity following tau uptake 

Astrocytes undergo morphological changes in response to environmental changes in the 

brain, including in disease environments (Li et al., 2019), and in response to CNS injury 

(Brenner, 2014). The morphological changes are largely driven by changes in their 

cytoskeleton (Wilhelmsson et al., 2006). Since alterations in the cytoskeletal protein GFAP 

were apparent in response to AD brain tau, changes in cell morphology were examined after 

tau treatment. Cell roundness was determined in GFAP labelled astrocytes as an indicator 

of a change in morphology. A lower roundness score is indicative of astrocytes that have a 

large number of processes, whereas higher roundness scores indicate astrocytes which 

have retracted their processes in response to environmental cues or because of cell damage 

(Middeldorp and Hol, 2011; Schiweck et al., 2018). Astrocytes were immunolabelled with 

GFAP and imaged as a Z-stack to allow for 3D analysis of cells using Harmony software 

(Methods 2.5.4.2). Cell roundness was found not to be impacted by exposure to AD brain-

derived tau aggregates when measured relative to untreated cells (Figure 6.12a) and did not 

show differences relative to control treated astrocytes. A one-way ANOVA confirmed that 

case treatment (control or AD) did not have a significant effect on cell roundness (p = 0.694), 

and no pair wise differences were observed when Holm-Šidák’s test for multiple comparisons 

was performed relative to control or untreated. When cells treated with AD tau were grouped 

according to their levels of tau uptake and AT8 intensity, as in previous sections, again there 

appeared to be no large difference in cell roundness between astrocytes containing high or 

low levels of AT8 positive tau aggregates (Figure 6.12b).  To analyse significance, a two-way 

ANOVA was performed to look at the effect of tau uptake (high v low AT8 cells) and AD case 

treatment on cell roundness. No significant interaction was detected between these two 

variables and their effect on cell roundness (F (5, 47) = 0.4451, p = 0.815). A simple main 

effects analysis showed no significant impact of tau uptake on cell roundness (p = 0.079), 

and no significant effect of AD case on cell roundness (0.100). A post hoc Holm-Šidák’s test 

for multiple comparisons between high and low AT8 cells indicated no significant pairwise 

differences. This indicates that tau uptake is not causing morphological changes in these 

cells. While astrocyte morphological changes are a hallmark of PSP and common in other 

tauopathies (Reid et al., 2020), in vivo they form part of a wider connectome with neurons 

and other glial cell types in a 3D plane, and thus comparisons between morphology changes 
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in 2D culture are limited. It may also be that the proinflammatory environment in tauopathy 

brain has large impact on astrocyte morphology. 

 

 

Figure 6.12  Astrocyte morphology is not significantly changed by tau uptake. 

Day 60 iPSC astrocytes were treated with 0.1 ng/µL AD derived tau, control equivalent or left 

untreated for 7 days. Cells were fixed, immunolabelled for GFAP, imaged by Z-stack and 3D 

morphology of cells was measured using Harmony software. The roundness of cells was taken as 

an indicator of process branching and morphology change, and data is presented as fold change 

relative to untreated. Graphs show (a), cell roundness was not altered by AD tau uptake relative 

to untreated cells or controls. When dividing cells into low or high AT8 internalisation (b), cells 

from both groups were not significantly changes relative to untreated (and therefore controls). A 

one-way ANOVA was performed on (a) and a two-way ANOVA on (b) and no significant effect of 

case or AT8 intensity was found to alter cell roundness relative to untreated astrocytes. Error bars 

are ± SEM of n = 5 independent astrocyte differentiations (performed in duplicate).  

Nuclei properties were utilised in the previous chapter (Section 5.3.2) to indicate cell death 

in response to brain derived LSS treatment, because apoptosis can be indicated by the 

shape and intensity of nuclei staining (Kerr, 1971; Kerr et al., 1972). Therefore, astrocyte 

cultures were also examined for changes in cell death after exposure to brain derived AD or 

control SI tau to determine if there was a negative impact of this treatment on cell health. As 

described previously, nuclei were determined to be healthy or dying by their shape, size and 

intensity of Hoescht 33342 staining (Figure 6.13a).  

In astrocytes exposed to aged control brain extract or AD brain tau for 7 days, the average 

percentage of dying cells in culture appeared reduced compared to untreated cells (Figure 

6.13b). However, this was variable, and a one-way ANOVA demonstrated that there was no 

overall significant impact of treatment on the % of dying cells, although the p value was 

approaching significance (p=0.0603). A post-hoc multiple comparison Dunnett’s test 
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indicated that exposure to tau from AD case 1 actually decreased the proportion of dying 

cells in culture compared to untreated cells to 0.68 ± 0.11 fold change from untreated. 

However, this was not significantly lower than control treated astrocytes, indicating that there 

is a common factor in insoluble samples extracted from postmortem brain tissue that may 

reduce cell death, regardless of the presence of AD tau. This also confirms that the brain 

extracts from AD and control cases are not having a negative impact on the number of 

healthy cells in culture, and in particular do not appear to be causing apoptosis. 

Interestingly, further analysis of the same cell death parameters following the removal of tau 

for 7 and 14 days suggested no adverse effect of brain extract exposure on the proportion 

of dying astrocytes in culture (Figure 6.13c). For all control brain extract treated astrocytes, 

the percentage of dying cells was similar to that for untreated astrocytes by day 21, 

suggesting that any protective effect of exposure was transient. For AD tau exposed cells, 

this was also the case when tau was isolated from AD cases 3 and 5. For cells treated with 

AD cases 1, 2, 4 and 6, the percentage of dying cells remained lower than untreated at day 

21. This indicates that tau uptake from AD cases has a variable effect on cell health that can 

change over time. A two-way ANOVA was performed to look at the effect of case treatment 

(AD v Control) and timepoint on cell death. There was no reported interaction between these 

variables and the impact on cell death (F (18, 100) = 1.42, p = 0.137). A simple main effects 

analysis did find a significant effect of case treatment on % dying cells (p = 0.0065), but the 

effect of timepoint was not significant (0 = 0.1941), suggesting that there may be differential 

impacts of AD or control case treatment on % dying cells observed, but this is not likely to 

change over time. A post-hoc Holm-Šidák’s test for multiple comparisons did not find any 

significant pairwise differences when AD cases were tested relative to control or untreated, 

nor at later timepoints relative to 7-day timepoint for each case treatment. 
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Figure 6.13  Cell death was not altered by tau uptake. 

After tau treatment assays, cells were fixed and immunolabeled for GFAP and nuclei stained with 

Hoechst 33342. Using Harmony software, nuclei properties including intensity and morphology 

were used to select bright, small nuclei that were assumed to be apoptotic. (a). Cells were 

grouped as ‘healthy’ (green) or ‘dying’ (red) based on this analysis and only healthy cells have 

been used to detect astrocytes in previous assays This gives a measure of the number of 

apoptotic nuclei in culture relative to healthy nuclei, and this was calculated as the % of dying 

cells in culture. After 7-day tau treatment, the graph in (b) shows the relative proportion of dying 

cells was not increased by control or AD case treated cells compared to untreated, while some 

cases the percentage of dying cells was decreased. (c) Cell death was not increased after tau 

treatment removal in case treated cells relative to untreated, but this varied between case. A one-

way ANOVA (b) and a two-way ANOVA (c) was performed on this data with Holm-Šidák’s test for 

multiple comparisons, indicating no difference in case treatment on dying cells in (a), but that case 

significantly altered the % dying cells in (c), however no pairwise differences were found. Error 

bars are ± SEM of n=4-5 independent astrocyte differentiations (performed in duplicate). 

6.2.4 Astrocyte gene expression changes after tau uptake 

Specific changes in astrocyte gene expression have been associated with a reactive 

astrocyte state (Escartin et al., 2021). These include genes related to the innate immune 

response of cells such as the complement cascade, a process by which astrocytes can 

interact with microglia (Lian et al., 2016; Vainchtein et al., 2021), and related signalling 
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pathways (Ceyzériat et al., 2016). As well as secretion of other molecules such as serpina3 

and lcn2 (Bi et al., 2013) that can have direct impact on other cell types. Expression of 

specific pathways related to tau uptake and astrocyte processing of tau may also be 

upregulated. Therefore, the expression levels of a targeted panel of genes previously 

implicated in astrocyte response in AD were investigated to give insight into astrocyte state 

after exposure to tau aggregates from post-mortem AD brain and controls. After treatment 

for 7-days RNA was extracted and RT-qPCR performed. Gene expression was normalised 

to BACTIN and GAPDH endogenous controls, then calculated as relative fold change from 

untreated by (-2^ΔΔCt).  

C3 and the C3 receptor C3aR are components of the complement cascade, a system crucial 

for innate immunity and defence (Ricklin et al., 2016). C3 is a marker of “A1” astrocytes 

(Liddelow et al., 2017) and astrocytes release C3 in AD models (Lian et al., 2015). C3aR is 

activated in AD and tauopathy conditions (Litvinchuk et al., 2018). Therefore, the expression 

of these two genes was investigated by RT-qPCR (Figure 6.14a). The results showed some 

elevation of C3 in astrocytes exposed to tau from only 3 of 6 AD cases (3, 4 and 5). 

Astrocytes exposed to tau from the other three AD cases (AD cases 1,2 AND 6) showed 

similar levels of C3 as those exposed to control brain extracts and untreated cells.  A one-

way ANOVA showed that there are no significant differences between treated, control and 

untreated astrocytes (p = 0.609). Similarly, C3AR changes in astrocytes exposed to control 

extracts or AD brain tau relative to untreated cells were variable, with increases observed 

following exposure to control brain extract 3 and tau aggregates from AD case 4. There were 

no significant differences between groups (p = 0.340).  

Additional markers of astrocyte reactivity were next investigated. Serpina3 is a secreted 

peptidase inhibitor that is induced by inflammation and nerve injury (Vicuña et al., 2015). 

Serpina3 was identified as a pan-reactive astrocyte marker (Swartzlander et al., 2018) and 

it is upregulated in prion diseases and AD (Vanni et al., 2017). LCN2 is an astrocyte secreted 

lipophilic protein that can induce neuronal cell death (Bi et al., 2013) and is implicated in 

synaptotoxicity in response to oxysterols in cell models of AD (Staurenghi et al., 2020). Both 

are considered markers of reactive astrocytes (Zamanian et al., 2012). Therefore, their 

expression was examined in astrocytes following 7-day exposure to AD brain tau or control 

brain extracts, by RT-qPCR (Figure 6.14b). The results were again quite variable and 

appeared highly dependent on the source of human brain material used. For example, 
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exposure of astrocytes to extracts from control brain 3, but not control brain 1 or 2, caused 

some increases in SERPINA3 expression. Similarly, exposure of astrocytes to tau aggregates 

from AD case 1 resulted in a large increase in SERPINA3 expression relative to untreated 

astrocytes (5.61 ± 1.1 fold change), but the same was not true when tau from the other AD 

cases was used. One-way ANOVA showed no significant effect of treatment on SERPINA3 

expression (p = 0.0619), however a post-hoc analysis for multiple comparisons by Dunnett’s 

test showed a significant reduction in SERPINA3 levels from untreated cells to those exposed 

to tau from AD case 1 (p=0.0215).  

LCN2 expression was not detected in untreated cells, therefore data is presented as CT 

value relative to endogenous controls (Delta CT). Expression of LCN2 was found to be low 

in all groups and levels were undetectable in some replicates. There was no clear effect of 

exposure to AD brain tau on LCN2 levels. Together these data suggest that there may be 

some changes in astrocyte reactivity but only in response to specific species of tau and/or 

other components of postmortem brain extracts. There were certainly not clear overarching 

reactive changes in AD versus control groups. 
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Figure 6.14  Inflammation and astrocyte reactivity related gene expression after tau 

 treatment. 

Day-60 iPSC-astrocytes were treated with 0.1 ng/ µL tau from AD brain extract as well as 

equivalent control brain samples and some were left untreated. After 7 days cells were lysed and 

extracted for RNA to perform RT-qPCR and measure gene expression of astrocyte reactivity 

related genes. Graphs in (a) show expression of C3 and C3aR, genes associated with the 

complement cascade. Expression was highly variable and not statistically different from untreated 

astrocytes. (b) Gene expression of genes associated with reactive astrocytes, SERPIN3A and 

LCN2, were also examined. Only treatment with AD 1 derived tau led to a significant increase in 

SERPIN3A expression. LCN2 expression was not detected in untreated astrocytes and thus 

depicted as Delta CT, and expression was low or undetected for all case treated astrocytes and 

did not appear significantly altered by AD case relative to control. Data shown is mean ± SEM of 

n=3-5 from independent astrocyte differentiations. A one-way ANOVA was performed on this data 

with Dunnett’s test for multiple comparisons. *  p < 0.05. 

 

Next, other processing and uptake pathways that have been implicated in astrocyte 

responses to tau were examined. TFEB is a master regulator of lysosomal biogenesis 

(Sardiello et al., 2009; Settembre et al., 2011), that has been shown to contribute to 

astrocyte uptake of extracellular tau species (Martini-Stoica et al. 2018). LRP1 was also 

implicated in tau uptake in a neuroglioma cell line (Rauch et al 2020). Therefore, changes in 
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these genes were next investigated (Figure 6.15a). Again, the data were variable. When 

astrocytes were exposed to control brain extracts, for two out of three cases (1 and 2), TFEB 

expression appeared increased, while it was slightly reduced for the third (Ctrl 3). Similarly, 

when astrocytes were exposed to tau aggregates from five out of six AD cases (1,2,4,5,6), 

TFEB expression was reduced on average, while exposure to tau from AD case 3 led to an 

increase in TFEB expression. A one-way ANOVA confirmed no significant impact of AD tau 

exposure or control extract exposure on TFEB expression (p = 0.784). LRP1 expression 

showed a similar variable expression pattern relative to untreated cells, and again, a one-

way ANOVA showed no significant impact of treatment on LRP1 expression (p = 0.910).  



Human astrocyte response to AD derived tau uptake 

223 

  

Figure 6.15  Gene expression of astrocyte genes associated with tau uptake, processing and 

reactivity.  

Day-60 iPSC-astrocytes were treated with 0.1 ng/ µL tau from AD brain extract as well as 

equivalent control brain samples and some were left untreated. After 7 days cells were lysed and 

extracted for RNA to perform RT-qPCR and expression of genes analysed to give insight into tau 

uptake and processing and reactivity related signalling pathways. (a) Expression of lysosome and 

tau uptake associated genes TFEB and LRP1 were examined 7-day tau treatment (b) STAT3, a 

signalling molecule associated with reactivity related call signalling pathways, was further 

examined and (c) NRF2 associated with reactivity was also examined after tau uptake. No 

significant changes were observed in the data analysed. Data shown as mean ± SEM of n=3-5 

from independent astrocyte differentiations. A one-way ANOVA was performed on this data with 

Dunnett’s test for multiple comparisons.  

STAT3 is a transcription factor that forms part of the JAK-STAT3 signalling pathway, which 

is strongly implicated in astrocyte reactivity downstream of cytokine receptor activation 

(Levine et al., 2016) and is a direct target of C3-C3aR signalling (Litvinchuk et al., 2018). Its 

expression was therefore examined after tau uptake (Figure 6.15b). While astrocytes 

exposed to two out of three control brain extracts (1 and 2) showed higher expression of 

STAT3 after treatment, this was not found after exposure to control brain extract 3. There 

were no obvious changes in STAT3 levels following exposure to AD brain tau. A one-way 

ANOVA confirmed no significant impact of treatment on STAT3 gene expression (p = 0.081).  
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Next, quantification of levels of the transcription factor NRF2, a master regulator of 

detoxification, antioxidant and proteostasis genes (Pajares et al. 2017, Kobayahi et al 2016, 

Tebey et al 2015) were carried out. NRF2 expression is induced as a cytoprotective 

mechanism after exposure to Aβ or tau pathology (Jiwaji et al., 2022). NRF2 levels were 

somewhat increased following exposure of astrocytes to both control brain extracts and AD 

brain tau, but these changes were not significantly different compared to untreated (Figure 

6.15c).  

Taken together these data suggest that there may be subtle changes in gene expression in 

astrocytes that internalise tau aggregates and/or that are exposed to AD brain extracts. 

However, these were not as marked as was anticipated at the outset of these experiments. 

Had time allowed it would have been interesting to follow up on some of the changes 

observed to determine what factors are linked with specific gene expression changes. 

 

6.2.5 Neuronal response to astrocyte conditioned media after astrocyte exposure to tau 

Despite having not observed any marked changes in a small number of indicators of 

astrocyte health and reactivity, it was important to determine if changes in astrocytes upon 

tau uptake may change their ability to support neurons. This is important since alterations in 

astrocytes in AD are closely linked with synaptic degeneration and neuron death (Liddelow 

et al., 2017; Perez-Nievas et al., 2021; Staurenghi et al., 2021). To investigate how the 

uptake of tau by astrocytes may impact their support for neurons in culture, astrocyte 

conditioned media was collected from control brain extract or AD brain tau exposed 

astrocytes, and this was applied to cultured iPSC-neurons. This would allow analysis of the 

effects of any factors released by astrocytes following pathological tau exposure on neuronal 

health.  

6.2.5.1 Characterisation of neurons 

Neurons were derived from a common pool of neural progenitors after exposure to DAPT 

(Section 2.3.4, (Shi et al., 2012a, 2012b)). An overview of the protocol timeline is shown 

below (Figure 6.17) together with representative phase contrast images of neurons. Neurons 

were used at an immature state due to time restrictions caused by the COVID pandemic.  
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Figure 6.16  Differentiation of NPCs into neurons. 

(a) Overview of the timeline of neuron differentiation from NPCs. NPCs were plated at low density 

for 7 days in B27 Plus media with added DAPT and AA2P to promote neuronal differentiation, and 

Culture One supplement to reduce unwanted glial cells, and cells were then maintained in B27 

Plus media with Culture One supplement only. (b)  Representative phase contrast images of NPCs 

and neurons at Days 1, 7 and 16 of differentiation showing increased neurite outgrowth with 

increasing time after differentiation. White scale bar = 400µm. n=3. 
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Figure 6.17  iPSC-derived neurons express neuronal markers and MAPT. 

iPSC-derived neurons differentiated for 16 days from NPC were immunolabelled (a) with 

antibodies against the neuronal markers β-III-tubulin (green) and MAP2 (yellow). Hoechst 33342 

was used to label nuclei. N=1. Scale bar = 100 µm (b) mRNA expression of total MAPT and MAPT 

containing domains that are alternatively spliced to generate the six main tau isoforms (0N, 1N, 

2N, 3R and 4R) were measured in Day 20 iPSC-neurons, Day 60 iPSC-astrocytes and iPSCs by 

qPCR. mRNA was also measured in a sample of postmortem human temporal cortex (T.Cx) as a 

positive control. Expression is shown as fold change to human temporal cortex RNA in (b). n=1 

for iPSC-neurons, iPSCs and PM human tissue and n=3 (±SEM) for iPSC astrocytes. 

Neurons were first characterised for their expression of the neuronal markers βIII-tubulin and 

MAP2, and their gene expression of total MAPT and domains of tau that are alternatively 

spliced to give rise to the six main tau isoforms expressed in the adult CNS (0N, 1N, 2N, 3R, 

4R) (Figure 6.17). The latter is important since tau splicing is developmentally regulated, with 

0N3R forms of tau expressed during embryonic development, and all six isoforms, and 

predominantly 0N4R tau expressed in adult human brain (Guo et al., 2017). iPSC neurons 

typically show an immature MAPT expression pattern unless aged for substantial periods of 

time in culture (Sposito et al., 2015).  
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Immunocytochemistry (Figure 6.17a) of neurons at day 10 post NPC induction shows that 

cells express βIII-tubulin in the cell body and in projected neurites. MAP2, associated with 

more mature neurons, is also expressed in cell bodies as well as in proximal neurites that 

extend from neuronal cell bodies. This is in agreement with previous reports (Dehmelt and 

Halpain, 2004).  

MAP2AB is an isoform of MAP2 that is particularly expressed by neurons (Przyborski and 

Cambray-Deakin, 1995; Dehmelt and Halpain, 2004), and this was confirmed to be 

expressed in 20 day iPSC-neurons by RT-qPCR. The results in Figure 6.17b are shown 

relative to RNA extracted from post-mortem brain tissue of a control patient, utilised as a 

positive control. Astrocytes and iPSCs were found to express only trace levels of all neuronal 

genes, as expected. In contrast, iPSC-neurons express all domains of MAPT, suggesting 

that all tau isoforms are expressed, at varying levels, and much more highly (479-fold higher) 

than was found in astrocytes. The high expression of the 0N and 3R domains indicate that 

the majority of tau isoform expression is the embryonic 0N3R tau isoform, as expected 

(Sposito et al., 2015). While 4R and 1N tau isoform expression was found to be relatively 

higher than that in iPSC-astrocytes, it is still dramatically lower than in adult human brain 

tissue, further indicating the immaturity of tau expression at this early timepoint of neuronal 

differentiation. Unfortunately, in these experiments the primers against 2N tau were 

unsuccessful and therefore the absence of 2N data is a result of a technical fault rather than 

an absence of 2N tau expression. As iPSC astrocytes were seen to express 2N isoforms at 

low levels in characterisation experiments of Chapter 4 (section 4.3.3), it would be expected 

that neurons may also express low levels of 2N. Whether mRNA expression of MAPT 

isoforms translates to protein expression in these neurons is yet to be determined.  

6.2.5.2 Neurons are not adversely affected by conditioned media from astrocytes 

exposed to human AD brain tau aggregates 

Neurons were treated as shown in protocol outline of Figure 6.18a. Briefly, astrocyte 

conditioned media (ACM) was derived from astrocytes that had been exposed to 0.1 ng/µL 

of tau aggregates from AD cases for 5 days, or to control brain extracts for the same period 

of time. Treatment was removed from astrocytes and replaced with neuronal media. After a 

further 3 days, media was taken as ACM from case treated as well as from untreated 

astrocytes. ACM was used to treat neurons for 3 days. Neurons treated with ACM derived 
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from control extract or AD tau treated astrocytes were compared to those from neurons 

treated with ACM from untreated astrocytes (astrocytes treated with base neuronal media 

only). After treatment, neurons were immunolabelled with an antibody against III-tubulin to 

detect neurites and stained with Hoechst 33342 to detect nuclei (Figure 6.18b).  

 

Figure 6.18 Overview of experimental design to examine the effect of astrocyte 

 conditioned medium on neuron health.  

To generate astrocyte conditioned media (ACM), day-60 iPSC-astrocytes were treated with 

0.1ng/uL AD brain tau extract or control equivalent, or left untreated, for 5 days before removing 

and changing to neuronal media for 3 days. This ACM was then used to treat neurons for 3 days 

after they underwent a 7-day differentiation protocol from NPCs. (a) Schematic overview is shown. 

(b) Cells were immunolabelled with an antibody against beta-III-tubulin and nuclei were stained 

with Hoechst 33342. Imaged cells were analysed using Harmony neurite analysis software to 

determine measurements of neurite health. A representative image of immunostaining and 

Harmony software neurite detection is shown in Scale bar = 100 µm. 

The morphology of neuronal nuclei were first assessed to gauge cell health in response to 

ACM.  Additional indicators of neuron health were determined using Harmony neurite 

analysis software. These measurements included maximum neurite length, the number of 

neurite segments and the number of neurite nodes, as indicators of neuron complexity. In 

addition, cells were examined for the presence of AT8 in the cell body or neurites to 

determine if any pathogenic tau that may have been released by astrocytes, has been 

internalised by neurons.   

When the proportion of condensed and fragmented nuclei were quantified as a proportion of 

total nuclei in the well, the proportion of “unhealthy” nuclei was determined to be 

approximately equivalent across treatment conditions, with no obvious differences between 

groups (Figure 6.19a).  Neurons exposed to ACM from cells treated with tau from AD case 

6 showed the highest proportion of unhealthy nuclei at 14.64 ± 1.12 %, compared to 
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untreated (11.4 ± 0.98 %) and this was not a significant difference. A one-way ANOVA 

showed no significant impact of ACM treatment on the percentage of dying neurons 

irrespective of treatment group, and similarly a post-hoc Dunnett’s test showed no pairwise 

differences between untreated neurons and other treatment conditions.  

Neurons were then analysed for changes to characteristics of their neurites after ACM 

treatment as indicators of neuronal complexity. Similar measurements were previously used 

to show that ACM collected from A-stimulated astrocytes is detrimental to neuron health 

(Perez-Nievas et al., 2021). Relative to the untreated vehicle control, there were apparent 

increases in maximum neurite length following exposure to ACM from both control and more 

so from AD tau exposed astrocytes (Figure 6.19b). However, the results were variable, and 

a one-way ANOVA indicated no significant impact of ACM treatment type on maximum 

neurite length, A Dunnett’s multiple comparisons test revealed no pairwise differences. A 

similar pattern was observed when the number of neurite segments and number of neurite 

nodes were quantified (Figure 6.19c,d). These results indicate that ACM from astrocytes 

stimulated with AD brain tau are not altered in a way that they fail to support neuron health. 

In fact, the opposite may be true, and astrocytes may release factors upon exposure to brain 

extracts that help promote neurite outgrowth and maturation of iPSC-neurons.   
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Figure 6.19  Neuron health and neurite complexity changes after ACM treatment. 

7-day iPSC-neurons were treated with ACM for 3 days from astrocytes that had been treated with 

AD derived tau or equivalent control samples or left untreated. Cells were immunolabeled for 

β3tubulin, MAP2, AT8 and nuclei stained with Hoechst. Neurites were detected and analysed by 

Harmony software. (a) No increase in detected dying nuclei observed after ACM treatment, (b) 

Maximum neurite length is increased in neurons treated with ACM from AD treated astrocytes 

relative to vehicle untreated but is not significant and is highly variable, as are indicators of (c) 

neurite complexity such as the number of neurite segments and (d)  the number of neurite nodes. 

Data shown as mean ± SEM of n=3 independent repeats. A one-way ANOVA was performed on 

each data set, with Dunnett’s test for multiple comparisons, with no significant difference between 

groups.  

Finally, AT8 intensity inside neurons were examined to determine if astrocytes release 

phosphorylated tau into media after tau treatment, that can then be internalised by neurons. 

Neurons were immunolabelled with the AT8 antibody and the average and maximum AT8 

levels in cell bodies were determined relative to untreated cells. No significant differences in 

AT8 intensity were observed between groups (Figure 6.20a). A one-way ANOVA performed 

confirmed that ACM treatment did not significantly alter neuronal maximum or average AT8 

intensity, nor were any pairwise differences revealed by post-hoc analysis. This was also the 

case when AT8 intensity was measured in neurites (Figure 6.20b). These results suggest 
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that either astrocytes do not release seed-competent tau into culture medium, or if they do 

that it is not internalised by neurons, at least not within the 3-day time examined here.  

 

Figure 6.20  AT8 intensity in neurons after ACM treatment. 

7-day iPSC-neurons were treated with ACM for 3 days from astrocytes that had been treated with 

AD derived tau or equivalent control samples or left untreated. No increase in detected dying 

nuclei after ACM treatment. Cells were immunolabeled for β3tubulin, MAP2, AT8 and nuclei 

stained with Hoechst. (a) The average and maximum AT8 intensity at neuronal cell bodies is 

altered by ACM treatment although this is highly variable and not significant and (b) there is no 

AT8 difference in neurites. Data shown is mean ± SEM of n=3 independent repeats, relative to 

vehicle untreated astrocytes. A one-way ANOVA was performed on each data set, with Dunnett’s 

test for multiple comparisons.  

6.3 Discussion 

This chapter investigated the astrocytic response to the internalisation of AD derived tau 

aggregates. The main findings were: 

- GFAP expression is not clearly altered by AD derived tau uptake but changes are 

localised around internalised around tau aggregates. 

- S100B shows a similar pattern of associating with internalised tau aggregates. 
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- Astrocytes do not appear adversely affected by this tau uptake. 

- Gene expression changes indicate muted and variable response in reactivity or 

cellular processing related genes. 

- Astrocytes treated with brain extract may release factors that are beneficial to neurite 

outgrowth.  

6.3.1 The GFAP response to internalised tau aggregates 

The results presented in this chapter show that while there were few global alterations in 

GFAP levels following exposure of iPSC-astrocytes to AD brain-derived tau. Although 

intensity of GFAP immunolabelling and gene expression were generally higher for AD tau 

exposed astrocyte cultures, they were variable and overall were not significantly altered. 

There were, however, clear focal changes in GFAP at sites of AT8-positive tau accumulation. 

This is supported by the fact that astrocytes with high AT8 levels show higher GFAP intensity 

when measured by immunofluorescence. Furthermore, high levels of GFAP intensity in 

association with intra-astrocytic AT8 aggregates suggest that this is a cytoskeletal response 

to the internalisation of pathological aggregates. Whether this is a specific response to the 

uptake of tau aggregates or is common to the internalisation of any protein aggregate, is yet 

to be determined. Specific isoforms of GFAP, namely delta, have previously been shown to 

be particularly prone to aggregation (Nielsen and Jørgensen, 2004; Perng et al., 2008), and 

thus it may be that GFAP is sequestered and co-aggregates with pathological tau. 

Alternatively, binding between tau and GFAP may result in high local concentrations of GFAP 

that self-aggregate. While general increases in GFAP expression are associated with CNS 

injury and neurodegeneration (Brenner, 2014; Hol and Pekny, 2015; Messing and Brenner, 

2020), astrocytes in these conditions are exposed to a disease or injury milieu that would 

comprise multiple signalling pathways and input from multiple cell types that could induce 

GFAP changes. The data in this chapter indicates that focal GFAP increases appear specific 

to a cytoskeletal response to internalised tau aggregates in the absence of a cell-wide 

response to pathological tau.  

How astrocytic GFAP responds to the internalisation of large proteins has not been studied. 

It was implied in the discussion of the previous chapter that the rate of uptake of large tau 

aggregates may be in line with phagocytic mechanisms of internalisation. Whether 

phagocytosis contributes to the uptake of tau in astrocytes remains to be established, but it 
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is worth considering the implications for how GFAP may become involved with internalised 

tau aggregates. The general phagocytic process of a cell involves the remodelling of the 

actin cytoskeleton (Underhill and Goodridge, 2012), and so it is plausible that GFAP is 

altered during this process, as intermediate filaments can be connected to actin via plectins 

(Wiche, 1998), and can react in response to mechanical stress (Flitney et al., 2009), which 

may be induced by the engulfment of large tau aggregates or apoptotic cells.  One study in 

which astrocyte primary cultures were prepared from GFAP and vimentin null mice described 

an increase in the motility of endosome/lysosomes (Potokar et al., 2010), and the authors 

postulate that upregulation of GFAP in disease states such as AD may deregulate vesicle 

trafficking in astrocytes. It would be interesting to explore how the association of GFAP with 

internalised tau aggregates might impact on cell degradation methods.  

Another possibility is that any undigested tau aggregates that reside within the cytosol of 

astrocytes are able to attract the binding of GFAP molecules. Interestingly, the data here 

shows that the amount of GFAP around internalised tau aggregates reduces with time, 

suggesting that the focal GFAP accumulation is a transient process. In vivo half-life of GFAP 

has been observed to be approximately 28 days in mouse models (Price et al., 2010; Moody 

et al., 2017), so reduction in GFAP around tau aggregates within the 21 day period tested 

may indicate active degradation and removal of these excess proteins is occurring, and 

indeed mouse models have shown that  GFAP is cleared by autophagy pathways (Tang et 

al., 2008). It is worth noting that extracellular GFAP was observed in some astrocyte cultures 

that had been exposed to AD tau, suggesting that there is a mechanism for GFAP 

excretion/GFAP/AT8 tau co-aggregates from these astrocytes. The mechanism underlying 

this extrusion is not understood, but could be worth investigating, considering that serum 

GFAP and tau are being suggested as a prognostic for neurological diseases, including AD 

(Heimfarth et al., 2022; Pilotto et al., 2022) 

 

6.3.2 S100B association with internalised tau aggregates  

As with GFAP, S100B was found to be upregulated in areas of the cell that harbour AT8 

positive tau aggregates. This is in line with previous studies which showed that tau can 

interact directly with S100B in vitro (Baudier and Cole, 1988). While more recently, S100B 

has not only been demonstrated to act as a suppressor of amyloid-β aggregation (Cristóvão 
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et al., 2018), but it has also shown to interact with tau in a cellular model, where S100B 

binding to tau was found to prevent aggregation of full-length tau and pro-aggregatory tau 

fragments (Moreira et al., 2021). This indicates that the S100B localising near tau 

aggregates seen in this chapter may be a protective response of the cell, acting to protect 

from subsequent aggregation of the endogenous astrocytic tau. The data here shows that 

S100B expression around aggregates is reduced 2 weeks after tau treatment is removed, 

and therefore this appears to be a transient association. Because the level of S100B 

reduction varies between AD cases, this may indicate a differential S100B response 

depending on undefined molecular features of the AD patient derived tau aggregates.   

6.3.3 The response of astrocytes to AD tau uptake was variable and did not indicate a 

strong reactive response 

These data show that astrocytes undergo changes in response to their internalisation of tau. 

It was speculated that this may be associated with changes in astrocyte function since 

previous reports have shown that astrocyte reactivity is a common feature of 

neurodegeneration (Garwood et al., 2011, 2017; Acosta et al., 2017), even if the exact 

specification of a reactive astrocyte has not been well defined (Escartin et al., 2021). 

Therefore, changes in cell health and in the expression of astrocyte reactivity markers was 

investigate. The data shown here suggests that, at least at the concentration times and 

exposure periods studied here, tau aggregates are not sufficient to induce a robust reactive 

phenotype in iPSC-derived astrocytes. Cell death was also not significantly altered by tau 

uptake, and morphological changes to astrocytes were not observed. Indeed, in the panel 

of genes chosen to assay for reactivity changes, no consistent changes were observed. 

However, some specific changes were observed in response to the exposure of astrocytes 

to tau from specific AD cases or from specific controls. 

This is apart from an upregulation of Serpina3 transcription factor mRNA expression in 

astrocytes treated with tau isolated from AD case 1. Indeed, a recent study demonstrated 

the striking upregulation of this transcription factor in prion disease patients and moderately 

in AD patients (Vanni et al., 2017), suggesting a pathway where Serpina3 is increased in 

neurodegeneration. The results of AD 1 treated astrocytes indicate that there may be a 

specific molecular phenotype of aggregated tau that can trigger this SERPINA3 upregulation 
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in astrocytes. It would be interesting to explore the upstream tau related pathways that play 

a role in this upregulation in future experiments.  

Besides Serpina3, other reactive markers were not upregulated in astrocyte cultures after 

AD tau uptake. Overall, uptake of tau did not appear to induce a consistent reactive response 

in these astrocytes, at least in the 7-day timescale tested here. This is perhaps not 

unexpected, as astrocytes are unlikely to instantly become ‘reactive’ in response to a 

relatively acute pathogenic tau treatment that contrasts with the long term pro-inflammatory 

environment that is present within AD brain. Furthermore, the absence of other cell types, 

particularly microglia that are intimately linked to astrocytes in their response to disease 

environments (Vainchtein and Molofsky, 2020), may preclude or reduce the type of response 

expected in astrocytes. Astrocyte response to tau is likely not a simple negative ‘reactive’ 

phenotype, as suggested by others (Chun and Lee, 2018), but may ameliorate the initial 

progression of tau spread by ingesting and removing pathogenic tau that would otherwise 

damage the neuronal circuits.  

6.3.4 How does tau uptake in astrocytes affect neurons? 

The astrocyte conditioned media assays on iPSC-derived neurons indicated that astrocytes 

do not release any factors or tau fragments after tau uptake that may have a detrimental 

impact on neuronal health. This is expected considering there is little evidence in this chapter 

that astrocytes take on a reactive phenotype, and therefore it is unlikely that cells release 

any commonly associated pro-inflammatory cytokines, chemokines or other factors that can 

affect neighbouring cells, such as IL3 (McAlpine et al., 2021) or IL6 (Zamanian et al., 2012). 

Indeed, mRNA expression for these cytokines was tested in astrocytes after tau treatment 

but was not high enough to be detected (data not shown).  

Interestingly, the promotion of neurite outgrowth and complexity indicated by ACM from AD 

tau treated astrocytes could be linked to S100B. As S100B is secreted by astrocytes 

(Gerlach et al., 2006), increased levels around AT8 aggregates could lead to increased 

secretion in these astrocytes. It has previously been seen that low levels of S100B can 

actually promote neurogenesis and outgrowth (Bhattacharyya et al., 1992; Marshak et al., 

1992), stimulate glial cell proliferation in rat astrocytes (Selinfreund et al., 1991), as well as 

being associated with pathogenic mechanisms of AD (Mrak and Griffin, 2001). It may 
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therefore be of interest to measure S100B excretion in these astrocytes after AD tau uptake 

and how this could impact other cells in culture. 

6.3.5 Limitations and future directions 

No AT8 was observed in neurons, suggesting that astrocytes do not release sufficient tau 

into the media that is detectable by AT8 antibody. It is also possible that astrocytes do not 

release tau within the 3 days used to condition media after tau uptake, considering that tau 

was still found in astrocytes 2 weeks after internalisation in the previous chapter. However, 

a better mode of interrogation for astrocytes spread to tau would be co-culture experiments 

with neurons, that might allow synaptic spread of tau to be observed.  

As discussed in the previous chapter and described in method section 2.5.4, a Z-stack of 

images was used to determine that tau was internalised within cells, rather than membrane 

bound. Again, this was used to determine that high levels of GFAP and S100B were localised 

around these internalised tau aggregates. While the resolution appeared sufficient to 

determine this, higher magnification images may be useful in future work to determine at 

higher resolution the proximity of AT8 positive tau with the observed high abundance of 

S100B or GFAP molecules.  

While the gene expression data was designed to give a broad indication of astrocyte 

changes, it was very limited in the size of the gene panel. Non-biased RNA-sequencing of 

astrocyte gene expression changes would allow a deeper investigation into how astrocytes 

respond to tau uptake, as well as allowing any astrocyte subtypes and differential responses 

to be measured.  

While RNAseq of cell cultures may give more insight into astrocyte response, not all 

astrocytes internalise tau equally. Therefore, techniques such as laser capture 

microdissection (Civita et al., 2019) could be employed to take specific astrocytes and 

examine their genetic changes with single-cell RNA seq.  

6.3.6 Conclusions 

In summary, the results in this chapter demonstrate a focal response of GFAP and S100B to 

tau internalisation in astrocytes. These are two proteins that are highly expressed within 

astrocytes and their changes are often linked to pathological processes in AD and other 
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neurodegenerative diseases. Furthermore, this did not appear to correlate with reactivity 

related changes in astrocytes, indicating that astrocyte uptake of tau aggregates may not be 

detrimental to astrocytes, at least in the early stages of disease. The implications of these 

results and their relationship to results from previous chapters in this thesis will be explored 

in more detail in the following discussion chapter.  
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7 Discussion 

While there has been a strong focus on the spread of pathogenic tau around neuronal 

circuits, this project sought to better understand the relationship between astrocytes and tau 

spread, for which less is understood. Astrocytes are an abundant cell type of the brain that 

are diverse in their function and contribution to brain health. With their intimate connections 

to neurons, they are exposed to pathogenic tau in several ways. A reactive astrocyte 

phenotype is a hallmark of neurodegenerative disease (Garwood et al., 2017; Escartin et al., 

2021), and in some tauopathy cases astrocytes often harbour pathogenic tau inclusions 

(Kovacs, 2020; Reid et al., 2020). This indicates a clear role association of astrocytes with 

neurodegenerative processes and the potential for astrocytes to contribute to tau spread. 

Therefore, the ability of astrocytes to internalise pathogenic tau aggregates was a key 

question in this project. This then prompted further questions into how astrocytes internalise 

tau, and how this might induce changes in their function and ability to support neurons.  

To investigate these questions, two separate models were utilised. The first results (Chapter 

3) built on a previously established in vivo model of tau spread in mice to investigate astrocyte 

association with tau pathology. From these initial observations, a human in vitro model of 

astrocytes was developed in Chapter 4 to further probe the astrocyte interaction with post-

mortem brain derived AD tau aggregates (Chapters 5 and 6). (Results from Chapters 5 and 

6 are summarised in Figure 7.7.1 and Table 7.1). 

The main findings of this thesis were: 

• Astrocytes in a htau mouse model of tau spread show some association with tau deposits 

in the brain that arise from the peripheral injection of pathological tau from different 

tauopathies in different brain regions, but these showed no overt evidence of tau uptake 

or a reactive phenotype at the single time point examined. 

• Human astrocytes generated from iPSCs increase their mature astrocyte phenotype 

over extended culture times and express MAPT isoforms. They are a suitable model to 

study astrocytic tau uptake in vitro. 

• Human iPSC-derived astrocytes readily internalise tau aggregates derived from human 

postmortem brain and appear begin a process of degradation within 7 days of tau 
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internalisation. The rate of internalisation and clearance was different depending on the 

AD case from which tau aggregates were isolated.  

• Endogenous GFAP and S100B strongly associate with internalised AD-brain derived tau 

aggregates in iPSC-astrocytes, however there was no clear evidence of a resulting 

reactive phenotype. 

 

 

Figure legend on next page… 
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Figure 7.7.1  Graphical summary of iPSC-astrocyte response to tau uptake, highlighting 

unresolved questions. 

Graphical representation of astrocyte interaction with tau as determined by results in this thesis. 

(a) After 7-day exposure to tau aggregates, day 60 iPSC-astrocytes showing a mature astrocyte 

phenotype (Chapter 4) were found to readily internalise AD brain derived sarkosyl-insoluble tau 

aggregates (Chapter 5). The exact mechanism of tau uptake remains undetermined, but a 

combination of phagocytosis and receptor mediated showed that astrocytes appear to degrade 

or otherwise clear tau since the tau aggregates progressively decreased in size and the 

fluorescence intensity of AT8 labelling was reduced (Chapter 5). The exact contribution of 

degradation pathways including the autophagy-lysosomal pathway (ALP) or the ubiquitin-

proteasome system (UPS) in tau clearance remains to be established. (c) S100B and GFAP 

molecules were found to localise around internalised tau aggregates (Chapter 6), and these 

persisted as the size and intensity of tau aggregates decreased. How this affects the ability of 

astrocytes to process remaining tau aggregates or the implications for tau seeding are interesting 

points for future investigation. (d) The tau aggregates derived from some (but not all) AD cases 

showed a relative increase in size and immunofluorescence intensity following the removal of tau 

from media. This may indicate seeding of endogenous astrocytic tau since astrocytes were found 

to express multiple MAPT isoforms (Chapter 3). (e) Finally, no clear evidence of a reactive 

phenotype in AD tau treated astrocytes was found (Chapter 6), and medium from astrocytes 

exposed to AD tau caused no detrimental effects on neurons. Interestingly, a common theme was 

that astrocytes showed different responses to tau isolated from different AD cases. This may 

indicate consequences of molecular characteristics of tau on and retention. Longer term 

experiments and broader interrogation of genetic and functional changes may unearth changes 

to astrocytes after pathogenic tau uptake.  

 

 

7.1 The role of astrocytes in tau spread 

Although the majority of research has focused on tau spread via synaptically connected 

neurons, evidence of astrocyte uptake of tau has also emerged in published studies. Tau 

aggregate spread along anatomically connected circuits was beautifully demonstrated in two 

mouse models in which mutant human P301L tau expression was restricted to layer II 

neurons in the entorhinal cortex. Tau aggregates were observed to form in these neurons, 

and with aging  tau was found to spread trans-synaptically to the dentate gyrus and seed 

further tau aggregation (De Calignon et al., 2012; Liu et al., 2012). Notably, De Calignon et 

al (2012) observed GFAP-labelled astrocytes in the dentate gyrus that contained PHF1-

positive aggregates. These astrocytes express only trace levels of tau, suggesting that the 

astrocytes have internalised tau. Interestingly, Hillar astrocytes in the dentate gyrus were 

recently shown to contain tau aggregates in AD (Richetin et al., 2020), suggesting that this 

may be a common event in tauopathies. This is in contrast to the mouse model analysed in 

Chapter 3 of this thesis. While some association with tau pathology was observed, there was 
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no clear colocalization of pathological tau and astrocytes that might indicate astrocytic tau 

uptake. The differences between these models may explain these discrepancies.  While 

there was increased tau burden in the htau model examined, the exact mechanism of this 

increase can only be inferred considering only one timepoint was examined in this model. 

Moreover, since tau was peripherally injected, the exact entry point for tau seeds from 

tauopathy brain extract is not clear, and if tau enters through a leaky blood brain barrier (Ryu 

and McLarnon, 2009), this may lead to multiple entry points. Therefore, tracking spread of 

tau through brain circuits becomes difficult.  It is not clear if pathological tau was actively 

spreading through anatomically connected neuronal circuits, or if excess tau burden was 

triggered in specific vulnerable regions after the injection of tauopathy brain extract. 

Furthermore, while MC1 positive structures were observed, evidence of larger tau 

aggregates was sparse. It appeared likely that the MC1 labelling was localised predominantly 

to neuronal cell bodies. A lack of neuritic MC1 staining may indicate that tau may not be 

spread trans-synaptically, reducing the points at which astrocytes can uptake tau. Moreover, 

clear extracellular tau aggregates were not observed that might parallel the ‘ghost tangles’ 

often observed in AD cases ((Probst et al., 1982; Perez-Nievas and Serrano-Pozo, 2018), a 

source by which astrocytes could directly internalise exogenous tau aggregates. These 

factors may have worked in combination to reduce the exposure of astrocytes to aggregated 

tau in this mouse model.  It is also important to consider that the timepoint at which mouse 

brains were analysed may represent a late-stage of disease, and that evidence of tau spread 

has been missed. Rather, the tau aggregates apparent may be as a consequence of reduced 

degradation capacity of specific neuronal subsets as suggested by others (Fu et al., 2018; 

Blaudin de Thé et al., 2021; Schaler et al., 2021). Nevertheless, this model showed that 

there may be selective regional vulnerability to different forms of tau, an interesting area that 

it was not possible to study in previously published models that relied upon regionally 

targeted expression or induction of pathological tau. 

It seems likely that mouse astrocytes are capable of internalising tau in vivo and recent 

studies have demonstrated this more clearly. Another human tau expressing mouse model 

showed that astrocytes harbour tau inclusions and display relevant astrocyte tau pathology 

such as tufted astrocytes (PSP) and astrocytic plaques (CBD) when brains were directly 

injected with specific tauopathy brain derived extracts (He et al., 2020). This direct brain 

injection of human tau expressing mice allowed tracking of tau spread and consistent 



Discussion 

242 

exposure of astrocytes in injected regions to high levels of pathological tau.  Another study 

observed some uptake of AT8 positive tau in astrocytes after initiation of mutant tau 

propagation from the entorhinal cortex (Asai et al., 2015). This model utilised rapid tau 

propagation in C57BL/6 mice induced by an adenoviral vector expressing P301L mutant tau 

under the control of a neuronal specific promoter. This was likely able to produce higher 

levels of tau pathology compared to that induced by peripheral injection of tauopathy brain 

extract that was indicated in the mouse model examined in Chapter 3. Others have also 

shown uptake of preformed tau fibrils in primary astrocytes (Martini-Stoica et al., 2018).  

In a previous mouse model of tau spread, tau strains inoculated from multiple seeding 

sources, including AD, CBD and CTE  post mortem tissue, as well as recombinant tau cell 

lines, were utilised to look at the ability of different tau strains to alter tau pathology in vivo 

(Kaufman et al., 2016). After injection into transgenic mice expressing the PS19 tau 

mutation, mice developed unique regional vulnerability dependent on tau strain, as well as 

cell type vulnerability that included CBD and PSP like astrocyte pathology. This indicates that 

it would be possible to seed this type of astrocyte pathology in mouse astrocytes. However, 

the expression of mutant tau in the mouse model explored in Kaufman et al. (2016) may 

have increased the exposure of astrocytes to tau aggregates compared to the htau model 

examined in Chapter 3. Furthermore, the tau strains developed that induced the astrocyte 

pathology described by Kaufman et al. (2016) were not those derived from CBD brain, but 

rather were recombinant fibrils. While this still provides evidence that astrocytes can react 

differently to specific tau strains in mice, it does not prove a direct link between the properties 

of CBD derived tau and astrocyte seeding ability, at least in this mutant mouse models used 

in the described study.  Therefore, the human iPSC-astrocyte model developed in this project 

provided a model in which to further study tau uptake by human astrocytes.  

The uptake of AD derived tau aggregates in astrocytes was confirmed in Chapter 5 by 

experiments using human iPSC-derived astrocytes that were established in Chapter 4. This 

is important because so far, direct evidence of tau uptake by human astrocytes is lacking in 

vitro. The AD-derived tau from all postmortem cases was readily internalised by these 

astrocytes, however, key questions remain as to the mechanism of this uptake (Figure 

7.7.1a). While tau monomers have been observed to be taken up by specific mechanisms 

including those mediated by HSPGs (Perea et al., 2019), uptake of larger tau aggregates is 

not as well studied. In primary mouse astrocytes, Martini-Stoica et al. (2018) indicated that 
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uptake of preformed tau fibrils was reduced by competitive action of heparin which disrupted 

tau binding to HSPGs, which have previously been shown to mediate protein aggregate 

internalisation in neurons (Holmes et al., 2013). This implicates macropinocytosis as a route 

for tau aggregate internalisation by astrocytes in disease. Interestingly, Holmes et al. (2013) 

showed that tau enters neural precursor cells in a fluid-phase endocytosis process  that does 

not require clathrin- or caveolin- mediated endocytosis (Holmes et al., 2013). Asai et al. 

(2018) showed that mouse microglia efficiently phagocytose tau aggregates in vivo and in 

vitro, and in these experiments, astrocytes were also observed to phagocytose tau, although 

significantly less than microglia, and this process that was inhibited by the introduction of 

cytochalasin D, which disrupts phagocytosis. The discrepancy between astrocytes and 

microglia in phagocytosis efficiency has been noted previously (Magnus 2002, Loov 2015, 

Konishi 2022). Indeed, microglia may be responsible for the majority of protein aggregate 

clearance in neurodegeneration since they appear better tuned for this process. 

Nonetheless, astrocytes are present in far larger numbers than microglia, and this does not 

discount the ability of a large number of astrocytes to phagocytose small amounts of 

aggregates each and it appears this has been overlooked in the past (Konishi et al., 2022).  

The results in Chapter 5 may indicate phagocytosis as a means of uptake of large tau 

aggregates by astrocytes, since the uptake process continued across 7 days and was 

relatively slow. It would be interesting to compare this timeframe to that of human microglia. 

This speed of uptake, along with the size of some of the observed internalised aggregates 

that were beyond the 0.5 µm (some large internalised aggregates were over 10 µm length), 

which is indicated as a threshold for phagocytic uptake (Paul et al., 2013), further indicate 

that phagocytosis may be responsible for at least some of the tau uptake observed. If this is 

the case, specific selection of tau for uptake may not be necessary, as non-selective 

phagocytic uptake of latex beads in primary astrocytes has previously been observed in vitro 

(Martini-Stoica et al., 2018). However, the size of the particles may change the selectivity of 

tau uptake, as is evident in a study that showed that low-molecular weight tau aggregates 

and short fibrils are readily internalised into neurons by bulk endocytosis, whereas 

monomers, long fibrils and long filaments are not (Wu et al., 2013). Indeed, Martini-Stoica et 

al. (2018) noted that uptake of preformed tau fibrils could be reduced by competitive binding 

of heparin to HSPG, indicating that macropinocytosis plays a role in tau fibril uptake in 

astrocytes. This suggests size and conformation of tau are also important for uptake. For 
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astrocytes that are likely to have a better ability to phagocytose particles than neurons 

(Konishi et al., 2022), there may be further routes for tau uptake that are not dependent on 

specific HSPG or other specific mechanisms.  

The uniformity in size of tau fibrils extracted from AD brain used in this study was difficult to 

regulate, especially with unpredictability introduced when the sarkosyl insoluble pellets were 

sonicated. While ICC indicated that large tau fibrils were present in the human brain samples 

and in iPSC-astrocytes, it is certain that smaller tau aggregates are also present in the 

samples used for spiking, and these different tau species may be internalised by different 

mechanisms. If tau aggregates were conjugated with fluorescent tags, live cell imaging could 

be used to determines if different size of tau aggregates are internalised at different rates. 

However, some fluorescent tags will significantly increase the size of the aggregates and 

have been shown to alter the biological properties of tau (Li et al., 2011) and so these data 

would have to be interpreted with caution. Further, selective inhibition of different endocytic 

processes, such as using cytochalasin D to inhibit phagocytosis, or treatment with heparin 

to block HSPG attachment and inhibit macropinocytosis, could further elucidate 

mechanisms of tau uptake by astrocytes. Overall, the process of uptake requires further 

study, but it appears likely that the different tau species (monomers, oligomers and larger 

aggregates) may be internalised into astrocytes by different mechanisms.  
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Table 7.1  Summary of changes to iPSC-astrocytes after treatment with AD derived tau or equivalent control brain extracts. 

Day 60 iPSC-astrocytes were treated for 7 days with 0.1 ng / µL of sarkosyl-insoluble tau extracted from six AD cases or equivalent extracts from three 

control brains and compared to untreated astrocytes. In additional experiments, tau was removed from media after 7 days, and tau retention by astrocytes 

was measured at day 14 and 21. The table here summarises data from Chapters 5 and 6 for each case relative to untreated to compare responses to 

different sources of tau. Green upward and red downward arrows indicate increase and decrease from untreated, respectively. Results that were 

approximately in line with controls are indicated by a horizontal yellow bar.  Blue bar chart symbols indicate the relative intensity of S100B and GFAP at 

sites of internalised tau aggregates between different AD cases. Horizontal green bars indicate the relative rate of tau internalisation between astrocytes 

exposed to tau aggregates from different AD cases. Yellow highlights indicate significant changes, whereas red highlights indicate data that showed 

significant variability. ACM = astrocyte conditioned media. 

 

Data is summarised from the following thesis sections: ‘Tau aggregate uptake (7 day treatment)’ and ‘Rate of uptake’ data from Section 5.3.4. ‘Astrocyte 

tau aggregates (aggs) after treatment’ data at day 14 and 21 is from Section 5.3.5. ‘GFAP cell average (ICC)’ and ‘GFAP global expression (mRNA)’ and 

‘GFAP at tau aggregates (aggs)’ is from Section 6.2.1. ‘S100B cell average (ICC)’ and ‘S100B global expression (mRNA)’ and ‘S100B at tau aggregates 

(aggs)’ data is from Section 6.2.2. ‘% dying cells change’ and ‘cell morphology change’ data is from Section 6.2.3. All ‘Gene expression changes after 7-

day treatment’ data is from Section 6.2.4. All ‘ACM effect in neurons’ data is from Section 6.2.5. 
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The next question is how astrocytes process and clear tau once internalised (Figure 7.7.1b). 

It is possible that the lack of tau inclusions observed in astrocytes of the htau mouse model 

in Chapter 3 is partly down to efficient processing of tau by these astrocytes. Martini-Stoica 

(2018) and colleagues showed that TFEB, a transcription factor considered as a master 

regulator of lysosome genesis, is upregulated and correlates with higher Braak staging in AD 

brain and was also found at higher levels in the brains of cases diagnosed with 

frontotemporal dementia (FTD). Furthermore, in vitro they showed that up-regulating TFEB 

expression caused enhanced uptake of preformed tau fibrils by primary mouse astrocytes. 

TFEB expression in iPSC-astrocytes was examined after 7-day exposure to tau aggregates 

from AD brain (Chapter 6), but changes were variable between repeats and no clear 

changes emerged. In order to further investigate astrocyte processing of tau, future 

experiments could interrogate multiple aspects of the autophagy lysosome pathway (ALP) 

and ubiquitin proteasome system (UPS). Interestingly, Asai et al. (2015) found that while 

there was an abundance of ubiquitinated tau in the cell lysates of primary mouse microglia 

that had internalised mutant tau aggregates, there was relatively little ubiquitinated tau in 

lysates from astrocytes, indicating that the UPS is likely not a primary mechanism for tau 

degradation in astrocytes. Large insoluble tau aggregates that are absorbed by iPSC-

astrocytes may not be efficiently degraded by the UPS, as has been shown with large 

insoluble TDP-43 aggregates in human neuroblastoma and embryonic kidney cells (Scotter 

et al., 2014). In fact, large protein aggregates from neurodegenerative diseases can inhibit 

the proteasome (Thibaudeau et al., 2018). Interestingly, proteasome dysfunction in AD brain 

appears to directly correlate with the burden of tau PHFs that specifically co-precipitate with 

proteasomes (Keck et al., 2003). In the data presented in this thesis, tau aggregate size and 

intensity of AT8 staining decreased substantially in iPSC-astrocytes 7 days after the removal 

of tau from the media, indicating that astrocytes can degrade tau to some extent. Future 

experiments are needed confirm the contribution of specific degradation and clearance 

pathways,  however there is substantial evidence that  ALP is the primary (but not exclusive) 

route of degrading phosphorylated tau (Rodríguez-Martín et al., 2013), and while this may 

not be true for all tau species, as discussed above, ALP may be a major contributor to the 

astrocyte degradation of pathological tau.   

For astrocytes to contribute to tau spread, they would need to be able release tau in a form 

that can be taken up by other cell types and seed endogenous tau in those cells. While Asai 
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et al. (2015) provided evidence that microglia exocytose internalised tau, no tau was 

detected in exosomes from astrocytes in this work. This is contrast with a recent paper which 

showed that primary human astrocytes release phosphorylated tau into media in association 

with exosomes, and that this process was enhanced upon exposure of the cells to Aβ25-35 

(Chiarini et al., 2017). Observations here in iPSC-astrocytes exposed to AD tau extracts 

indicated that some extracellular tau colocalises with GFAP (data not shown). This may 

indicate that tau aggregate fragments are exocytosed into the media, or that GFAP released 

by degenerating astrocytes attaches to extracellular tau that could be bound to tissue culture 

plates. Considering that the data in Chapter 6 shows that GFAP strongly associates with 

internalised tau aggregates, it appears possible that tau was co-released with GFAP, and 

this requires further exploration.  

Once tau aggregates are internalised, further questions arise as to the potential for seeding 

of endogenous astrocytic tau, since it was shown in Chapter 4 that iPSC-astrocytes express 

all MAPT isoforms. In a tau aggregate clearance system developed in human embryonic 

kidney cells, preformed tau fibrils were shown to be internalised and efficiently cleared in the 

absence of soluble tau and this occurred, at least in part, by the ALP system (Guo et al., 

2016). Upon inducible expression of soluble mutant tau in these cells, the authors 

demonstrated that the introduction of even small amounts of exogenous tau led to a rapid 

recovery of tau pathology within cells due to residual tau aggregates that were not cleared. 

This is interesting because the data in Chapter 5 of this thesis indicated potential signs of 

further tau aggregation, based on intensity and size measurements, two weeks after tau was 

removed from culture medium, for at least two of the groups exposed to AD-derived tau. 

Since none of the astrocytes had completely cleared the internalised tau within this two-week 

timeframe, this may indicate the potential for tau seeding in astrocytes. This may be reflective 

of disease mechanisms that were recently published, which show that tau spread occurs 

only in the earliest stages of disease, and that this is followed by replication of small numbers 

of tau seeds (Meisl et al., 2021). 

Overall, this project indicates that while astrocytes may begin to clear internalised tau 

aggregates, seeding activity may also occur simultaneously. This is an important 

consideration when studying the dynamics of tau spread, where the balance between 

uptake, degradation and seeding are important to consider. 
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7.2 Molecular heterogeneity of tau 

Differences observed in the rate of uptake of AD tau and its degradation over time by 

astrocytes may be related to molecular heterogeneity of AD tau derived from different 

postmortem cases. Emerging evidence has revealed patterns of tau pathology in AD, 

showing that this is not as consistent as once suggested by Braak staging (Braak et al., 

2011), with four distinct patterns emerging in a large cohort of 1,612 cases, two of which 

were atypical variations of known spreading patterns and that also showed clinical 

heterogeneity (Vogel et al., 2021).  This may be caused by variations in the post-translational 

modifications of tau, which also differ considerably between cases. A recent study used tau 

derived from post-mortem brain tissue from 32 non-familial AD cases to study molecular 

properties and seeding potential of tau. Interestingly, they discovered large heterogeneity 

among the tau samples examined, with specific phosphorylation sites that correlated with 

higher or lower tau seeding rates in vitro, and which also correlated with spreading patterns 

and clinical severity (Dujardin et al., 2020). This study indicated the broad variations of tau 

modifications that may drastically effect tau spread in AD, and it is possible that these 

features could impact the ability of astrocytes to uptake, process and seed pathological 

forms of tau. A more thorough examination of the modifications and other biophysical 

properties of tau species in the AD sarkosyl insoluble fractions used in this project would 

help to uncover any correlations between properties of tau and the parameters examined, 

and it would be interesting to note if specific modifications could induce astrocyte changes 

that might differ from other cell types of the brain.  

Further analysis of the aggregation kinetics of these AD samples from the aforementioned 

study found that the morphology of the tau seed (the size and circularity) impacted the 

growth phase in a cell-based biosensor tau seeding assay (Kamath et al., 2021). For the tau 

extracts used in this thesis, the size of aggregates was not determined pre-treatment, and 

sonication may have altered some of the preformed shapes of these aggregates. 

Examination of the morphological properties of sarkosyl-insoluble tau species isolated from 

each AD case, as well any abnormal tau species isolated from control brain, would further 

help to correlate results in this thesis with tau properties. Table 7.1 compares the data 

obtained using AD brain-derived tau that is presented in Chapters 5 and 6. While some 

parameters, such as tau seeding and internalisation rate, were quite consistent between 
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cases, there was considerable variation between samples for other parameters, however 

there were no definitive patterns that allow further conclusions to be made.  

While rates of tau internalisation and degradation from separate AD cases were explored, 

there may be merit in combining the data of separate AD and control cases in order to 

increase analysis power. Indeed, this may be more pertinent in this thesis considering the 

work did not take into account the molecular properties of tau derived from each AD case, 

which are yet to be determined. Still, the differences observed in astrocyte response may 

warrant the further exploration of each case individually.  

7.3 Astrocyte reactivity and function in tauopathies 

Because astrocyte reactivity correlates with disease progression in tauopathies and other 

neurodegenerative diseases including AD (Vehmas et al., 2003; Serrano-Pozo et al., 2011; 

Escartin et al., 2021), evidence of a ‘reactive’ astrocyte phenotype following the 

internalisation of AD tau was expected. However, the evidence in Chapter 6 indicates that 

the short-term internalisation of aggregated AD derived tau was not sufficient to induce a 

robust reactive phenotype.  

The process of astrocyte transformation into a reactive state is not instantaneous and likely 

follows an accumulation of changes that eventually induces a reactive phenotype. Indeed, a 

spectrum of reactive phenotypes may exist in the brain depending on the environmental and 

cell signalling cues in the local environment of astrocytes (Jiwaji and Hardingham, 2022). 

New evidence has demonstrated the heterogeneity of astrocyte subtypes in the non-

diseased brain (Miller, 2018; Batiuk et al., 2020); and how these different subtypes respond 

to the pathogenic environment of the neurodegenerative brain is yet to be determined, but it 

is logical to suggest that astrocyte subtype differences may play a role in the regional 

vulnerability that is observed in different tauopathies. A recent study in transgenic mouse 

models showed that astrocytes develop both neuroprotective responses to tau pathology in 

addition to deleterious responses that are characterised by neuroinflammatory pathway 

upregulation, amongst others. At the core of this wide ranging genetic response was NRF2, 

a master regulator of protective downstream pathways (Jiwaji et al., 2022). Experiments 

from Chapter 6 showed that NRF2 was not consistently upregulated in iPSC astrocytes 

following their exposure to and internalisation of AD tau aggregates. Only one reactivity 
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related gene, SERPINA3, was significantly upregulated following exposure to tau from one 

AD case. This may indicate specific properties of abnormal tau from this AD case that are 

sufficient to induce a SerpinA3 response, indicating that in some instances tau uptake can 

induce reactive changes in astrocytes. However, with the breadth of genotypic changes 

associated with reactive astrocytes, unbiased RNA transcriptomics would be a crucial tool 

to employ in the future to more thoroughly analyse the spectrum of astrocyte responses 

resulting from the internalisation of AD tau aggregates by human iPSC-astrocytes.  

The tau pathology observed in the htau mouse model examined in Chapter 3 also did not 

show robust evidence of astrocyte reactivity, over and above the astrogliosis noted in this 

model relative to wild-type mice (Garwood et al., 2010). This included in the regions that 

appeared most vulnerable to different forms of tau. This might be since the burden of tau 

aggregates was not significantly elevated above those already present, or because the 

astrocytes are already reactive and further changes were not sufficiently large to be 

detected. He et al. (2020) showed tau in astrocytic inclusions but no evidence of a reactive 

astrocytic response, as quantified by the number of GFAP positive astrocytes in the 

hippocampus (near the injection site) compared to controls. This means that the astrocytic 

plaques in astrocytes in CBD injected mice were not caused by their activation, nor did they 

lead to a reactive ‘high GFAP’ response, but simply exemplified a selective uptake and 

retention of CBD tau strains, as might be expected for tau isolated from brain that has 

common astrocyte tau inclusions (Dickson et al., 2002).  Indeed, astrocytes may be resilient 

to the early effects of tau uptake, equivalent to early stages of disease, rather acting to clear 

tau and other aberrant proteins as others have suggested (Tsunemi et al., 2020; Jiwaji and 

Hardingham, 2022). Indeed, the HEK cells used in Guo et al. (2016) were able to hold tau 

fibrils over extended time periods without a large impact on the ALP or UPS system, or on 

astrocyte health. This may be similar to iPSC-astrocytes used here, and it would be 

interesting to determine if residual tau aggregates in iPSC-astrocytes cause long-term 

damage to astrocyte degradation processes, astrocyte function or health. In AD brain, 

neurons containing tau fibrils develop autophagic vacuoles (Nixon et al., 2005), indicating 

they are more vulnerable to this type of damage than astrocytes. However, with sufficient 

time, it is possible that a build-up of resistant tau fragments may disrupt the degradation 

machinery in astrocytes, with downstream consequences that could transform astrocytes 

into a reactive phenotype that could exacerbate tau pathology.  
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7.4 Astrocyte-neuron interactions in tauopathies 

While astrocytes are crucial for normal function of neurons (Section 1.4.2), it therefore 

follows that their deleterious alteration in tauopathy brain could exacerbate disease 

pathology. In a primary mouse model of AD, it has been reported that the presence of 

astrocytes can exacerbate Aβ induced neurotoxicity, as well as being crucial for Aβ induced 

tau phosphorylation in primary neurons (Garwood et al., 2011; Perez-Nievas et al., 2021). 

This indicates that a neuroinflammatory environment induced by toxic Aβ oligomers are 

sufficient to induce astrocyte changes that are detrimental to nearby neurons. The authors 

of these and other studies  (Ahmed et al., 2010) used oligomeric Aβ1-42, or A oligomers 

secreted by neurons from APP over-expressing mice, which  are widely considered to be 

more toxic than Aβ fibrils themselves. This may also be the case with tau, where is has also 

been suggested that oligomeric mutant tau is more toxic than mature tau fibrils (Ghag et al., 

2018). However, this study also showed that sonication of tau fibrils created soluble toxic 

oligomers, and so this reiterates the need to fully characterise the properties of the AD 

derived tau species used to treat iPSC-astrocytes in this project. The apparent positive effect 

of ACM on neurite growth observed in Chapter 6 is likely further evidence that astrocytes 

had not entered into a reactive state that resulted in the secretion of proinflammatory 

cytokines or reactive oxidative species such as NO into the media, that might ameliorate 

neurite outgrowth (Linnerbauer et al., 2020). Furthermore, there was no clear evidence of 

AT8 positive tau being released into the media of astrocytes and being internalised by these 

neurons. Longer term experiments and direct analysis of tau in the media of pre-treated 

astrocyte cultures would help to elucidate how astrocytes release tau and if this is in a form 

that can be internalised by neurons.  

Astrocytes are also critical for synapse function (Lee et al., 2020). In neurodegenerative 

diseases, functional changes in astrocytes contribute to synaptic dysfunction (Henstridge et 

al., 2019). By phagocytosing neuronal synapses that contain pathogenic tau fibrils, 

astrocytes may be helping to clear pathogenic tau. However, if the degradation pathways 

start to become disrupted by the build-up of tau that is resilient to clearance, then this 

process may be impaired and lead to a dysregulation of synaptic pruning, the accumulation 

of extracellular seed competent tau species that can be spread between neurons, and this 

may be one route by which astrocytes contribute to the spread of tau in disease.  
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7.5 Future work 

In addition to the continuation of some experiments suggested in this discussion, a key 

progression of the assays developed in this project is needed to compare the internalisation 

of tau aggregates derived from different tauopathies. While the difficulties in isolating tau 

aggregates from PSP and PiD prevented these sources of tau being investigated in the iPSC-

astrocyte model (highlighting their inherent structural differences and solubility properties), 

the work in this thesis has provided a strong foundation for comparing the uptake and 

retention of pathological tau from different tauopathies in human astrocyte cultures. 

Certainly, recent studies that have revealed the structural conformation of PSP tau filaments 

(Shi et al., 2021) and have used different protocols for tau aggregate extraction compared 

to the isolation of AD tau aggregates (Fitzpatrick et al., 2017). This provides a starting point 

for optimising the extraction of aggregates from PSP and other tauopathies tau. Furthermore, 

selecting brain regions that show the highest burden of tau pathology will facilitate this work. 

Kaufman et al. (2017) found that seed competent tau can be extracted from fixed human 

tissue, which gives the potential for tau pathology to be thoroughly examined by IHC prior to 

case selection.  

Broader, unbiased approaches for analysing changes to astrocytes after tau uptake will also 

be beneficial. Single cell RNA sequencing (scRNAseq) provides a tool to interrogate changes 

in gene expression in astrocytes. Further, these changes could be mapped over long-term 

exposure to tau aggregates, as well as being used to compare differences in astrocyte gene 

expression after the uptake of different tauopathy strains. Longer term cultures may also 

allow any reactive phenotype of astrocytes and their impact on neurons to investigated in a 

co-culture environment. Furthermore, the addition of toxic Aβ oligomers along with AD tau 

aggregates may also help to understand the interplay between these two pathogenic 

proteins that drive reactivity changes in astrocytes in AD. Another approach for the mouse 

model would be to combine spatial transcriptomics with in situ sequencing, as has been 

elegantly used to study gene expression changes in specific cell types around plaques in a 

mutant human APP over-expressing mouse line (Chen et al., 2020). 

The ability of internalised tau aggregates to recruit endogenous tau is certainly worth 

exploring, as this has large implications for how tau spreads in neurodegeneration. If the 

brain derived tau aggregates used here could be covalently bonded to a fluorescent tag, or 
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if endogenous tau expression in astrocytes could be modified to include a fluorescence 

reporter, then this would allow a tau seeding assay to be developing in iPSC astrocytes, 

similar to others have produced in HEK cells (Kamath et al., 2021) 

Another key area of exploration is the ability of astrocytes to spread tau to different cell types. 

This would be best explored in a co-culture environment. The co-culture of untreated 

neurons with astrocyte pre-exposed to tau aggregates would allow the spread of pathogenic 

tau to neurons to be visualised, especially if they are able to form synaptic connections with 

sufficient time in culture, as has previously been shown in optimisation of cellular models 

(Aebersold et al., 2018). 

7.6 Summary and conclusions 

Astrocytes are a relatively overlooked cell type when studying the spread of pathological 

forms of tau in disease. This project has given insight into their ability to respond to 

pathological tau in vivo and internalise AD derived tau aggregates in vitro, which appear 

relatively stable within astrocytes for weeks. Moreover, this project has elucidated aspects 

of the GFAP and S100B response to internalised tau aggregates, the dysregulation of both 

being strongly associated with the progression of AD and other tauopathies. Finally, this work 

has shown that short-term tau internalisation by astrocytes may not be sufficient to induce a 

reactive response in these astrocytes. These results, along with the human iPSC-astrocyte 

cell model optimised in this thesis, provide a solid foundation with which to interrogate many 

remaining questions including specific mechanisms involved in tau uptake, processing, and 

release/spread to other cells, and the complex interactions between them. These questions 

may be crucial in fully understanding the ability of pathological tau to spread throughout 

tauopathy brain, and the selective vulnerability of different neural cells or brain regions to tau 

species.  
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