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Abstract:  

Traumatic brain injury (TBI) is broadly acknowledged as a source of mortality and disability 

worldwide. It is one of the key risk factors resulting in neurodegeneration and the development 

of dementia. TBI has been shown to be associated with diseases such as chronic traumatic 

encephalopathy (CTE) and Alzheimer’s disease (AD). Both diseases are classified as tauopathies, 

characterized by a distinct accumulation of abnormally phosphorylated tau protein. In TBI and 

other tauopathies, the pathology in patients seems to progress to connected brain regions at later 

stages of the disease, mimicking the spreading mechanisms seen in prion diseases. These prion-

like characteristics, specifically the seeding and transmission of tau protein, in CTE and TBI 

have begun to be elucidated recently by a limited number of in vitro and in vivo studies. 

However, there is still a lack of information regarding the exact mechanisms of prion-like 

spreading of tau and the factors influencing it, especially how cells take up the tau seeds in TBI. 

Also, there is a lack of access to in vivo models to analyze prion-like mechanisms, especially 

ones which could also be used for high-throughput screening. Our aim is to understand the prion-

like mechanism of the pathology of tau protein spreading in TBI patients by establishing a novel 

TBI paradigm to use in a zebrafish larvae model, as well as engineering a novel tau protein 

biosensor in transparent zebrafish that can be used to report tau seeding and spreading in vivo. 

We successfully isolated a stable transgenic zebrafish line that expresses a tauopathy biosensor 

reporter protein and validated that our transgenic zebrafish can report various forms of tau seeds 

via intraventricular injections. The biosensor output reports tau aggregation as GFP+ve puncta. 

Then, we developed an elegantly simple system to induce traumatic brain injury to the tau 

biosensor larvae and validated the presence of various markers associated with traumatic brain 

injury including seizure, axonal damage, cell death, hemorrhage, and vasospasm. Additionally, 
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larvae subjected to the blast injury formed GFP+ve puncta, indicative of tau aggregation in their 

brains and spinal cord at various time points. Further, we uncovered a link between the presence 

of post-traumatic seizure (PTS) and increased formation of tau aggregates. We also evaluated the 

impact of seizure activity on tau protein pathology in our TBI model via the use of convulsant 

and anti-convulsant drugs. We found that both the anticonvulsant drug retigabine and the 

convulsant drug 4-AP inhibited tau protein accumulation in our TBI model. Lastly, the 

pharmacological inhibition of dynamin-dependent endocytosis significantly reduced tau protein 

aggregation in our TBI model, hence demonstrating the important role of dynamin in the uptake 

of tau seeds and spreading of tau protein in TBI. The engineering of our novel tau protein 

biosensor and establishment of the TBI model in larval zebrafish will not only uncover more 

information about the prion-like spreading of tau protein pathology in tauopathies and TBI, but 

will also provide a valuable model for drug screening and intervention. 
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1.1 Tau protein 

1.1.1 Introduction 

Tau pathology is one of the commonly seen proteinopathies in a subset of 

neurodegenerative disorders collectively called tauopathies. In tauopathies, the microtubule 

associated protein tau undergoes a plethora of changes at both the molecular and structural level 

leading to the production of toxic aggregates. These toxic aggregates, or oligomers, eventually 

develop into filaments that assemble into neurofibrillary or glial fibrillary tangles (Ferrer et al., 

2014; Kosik et al., 1986; Nizynski et al., 2017). Since the identification of abnormally 

phosphorylated tau as one of the primary constituents of the filaments of neurofibrillary tangles 

in Alzheimer’s disease (AD)  (Grundke-Iqbal et al., 1986; Kosik et al., 1986), substantial 

progress has been made in the understanding of the physiological and pathological roles of tau 

proteins. Despite all the advances, no effective treatments have yet been developed for all 

tauopathies. Additionally, many aspects of the physiological and pathological roles of tau protein 

are still not fully understood, especially regarding the increasing evidence that supports tau 

protein pathology can be spread between neurons (Holmes and Diamond, 2014). In this chapter, 

an overview will be provided of tau genes, protein, structure, expression and physiological 

functions as well as their role in disease. An emphasis will be placed on the understanding of the 

spreading of tau protein pathology in tauopathies in general and more specifically in traumatic 

brain injury (TBI) and chronic traumatic encephalopathy (CTE). 

 

1.1.2 Tauopathies 

The term “tauopathy” was first introduced in 1997 (Spillantini et al., 1997) and is often 

used to describe a heterogeneous group of incurable neurodegenerative diseases with diverse 
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clinical presentations, yet they share a common pathological hallmark, the progressive deposit of 

filamentous tau inclusions (Table 1.1). Tau aggregates vary in tauopathies in terms of their 

isoform composition (3R vs 4R isoforms) (more details about tau isoforms mentioned in section 

1.1.4), the affected cells where the aggregates are found (e.g. neurons or astrocytes) and their 

morphologies and ultrastructure (e.g. spherical Pick bodies vs. neuro-filamentous tangles in 

neurons; paired helical filaments vs. straight helical filaments) in addition to the regions they 

affect in the brain (Gotz et al., 2019). Most tauopathies are sporadic, but familial cases have also 

been identified (Bugiani et al., 1999; Hutton et al., 1998; Kovacs, 2017; Stanford et al., 2000).  

Tauopathies can be divided into either primary tauopathies, in which tau inclusions are the 

main pathological marker, or secondary tauopathies, in which other protein aggregates (such as 

Amyloid-beta (Ab) in AD) are also found (Table 1.1) (Irwin, 2016). Currently, some sporadic 

primary tauopathies comprising Pick’s disease (PiD), progressive supranuclear palsy (PSP), and 

Corticobasal degeneration (CBD), globular glial tauopathy (GGT), argyrophilic grain disease 

(AGD) are referred to as frontotemporal lobar degeneration-tau (FTLD-tau), based on the latest 

tauopathy classification scheme (Gotz et al., 2019). On the other hand, familial cases, in which a 

mutation in the MAPT gene was identified are classified as familial frontotemporal 

dementia with Parkinsonism linked to chromosome-17 (FTDP-17) (Foster et al., 1997; Ghetti et 

al., 2015; Gotz et al., 2019; Kovacs, 2017).  

Notably, a recent study by Forrest et al. (2018) suggests eliminating the use of the term 

FTDP-17  for familial cases with mutations in the MAPT gene, as mutations in another gene on 

the same chromosome were found to cause tau-negative FTD (Baker et al., 2006), as well as the 

identification of some mutations in MAPT that can cause the disease without Parkinsonism 

(Forrest et al., 2018). Besides, the analysis of the pathology showed no major differences 
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between those familial cases compared to the sporadic cases except age of onset, as genetic 

forms occurred earlier; hence, it was recommended to consider referring to these as familial 

forms of FTLD-tau (Forrest et al., 2018). Thus, practicing caution when using the term FTLD-17 

with familial cases associated with mutations in the MAPT gene is highly recommended.  

PiD is the least prevalent tauopathy among the FTLD-tau in which tau fibrils form round, 

interneuronal inclusions called Pick bodies that are composed only of 3R isoforms of tau and 

straight filaments (Gotz et al., 2019). In contrast, inclusions composed of 4R tau isoforms are 

commonly observed in the remaining FTLD-tau, including PSP, CBD, GGT, and AGD (Goedert 

et al., 2017a). In AD, tangle-only dementia (TD) and CTE, tangles are formed from both 3 and 

4R isoforms (Kovacs, 2017). Whether sporadic and familial cases share similar 

pathomechanisms has not been fully investigated.  
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Table 1 1: Pathological features of major tauopathies  

 

Table information obtained from (Gotz et al., 2019; McKee et al., 2018)  

 

 

 

Primary 
Tauopathies 

Isoforms 
composition 

Affected cell 
types 

Pathology 

 
Pick’s disease 

 
3R tau 

isoforms 

 
Neurons and glia 
 

Pick bodies, neuropil 
threads, Ramified 
astrocytes, and round 
aggregates 
 

 
Corticobasal 
degeneration 

 

 
4R tau 

isoforms 

 
Neurons and glia 
 

Ballooned neurons, 
pretangles, astrocytic 
plaques, coiled bodies, and 
neuritic threads 
 

 
Progressive 

supranuclear palsy 
 

 
4R tau 

isoforms 

 
Neurons and glia 
 

Neurofibrillary tangles, 
globose tangles, tufted 
astrocytes, coiled bodies 
 

 
Globular glial 

tauopathy 

 
4Rtau 

isoforms 

 
Neurons and glia 
 

Globose oligodendrocyte 
inclusions 
 

 
Argyrophilic grain 

disease 
 

 
4R tau 

isoforms 

 
Neurons and glia 
 

Argyrophilic grains, 
oligodendritic coiled bodies, 
neuronal pretangles 
 

Chronic traumatic 
encephalopathy  

 

3R + 4R  
tau isoforms 

Neurons and glia 
 

Neurofibrillary tangles, dot-
like or grain like neurites, 
astrocytic tangles 

Secondary 
Tauopathy 

Isoforms 
composition 

Affected cell 
types 

Pathology 

 
Alzheimer’s disease 

 
3R + 4R 

 tau isoforms 

 
Neurons  
 

Neurofibrillary tangles, 
neuropil threads 
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1.1.3 Genetics of Tau protein 

Understanding tau protein genetics can provide mechanistic insights of tau toxicity in 

inherited forms of tauopathy, which could influence the diagnosis and treatment of patients. 

Indeed, many genetic studies on the human tau gene, some of which are discussed below, have 

elucidated the consequence of genomic changes such as mutations and tau haplotypes on tau 

functions (Chen et al., 2017; Pittman et al., 2005; Rademakers et al., 2005). These studies 

established the association of tau dysfunction with neurodegeneration in tauopathies (Pittman et 

al., 2006). The human tau gene (MAPT) was identified by (Neve et al., 1986), who used cDNA 

clones for MAPT and mapped it to chromosome 17. The MAPT gene, located at chromosome 

17q21.31, comprises 16 exons, spanning ~150 kb. There are two main tau haplotypes, denoted 

as H1 and H2, occurring because of an ancient inversion of a 900 kb region in MAPT. Compared 

to the H2 haplotype, which is found almost exclusively in persons with European ancestry, the 

H1 haplotype is observed in more diverse ethnicity (Wolfe, 2012). There is no difference 

between H1 and H2 at the level of the amino acid sequence, but they do have a different set of 

single nucleotide polymorphisms (SNPs), and there is a 238 bp deletion in intron 9 in H2 (Baker 

et al., 1999).  

Genetic studies have highlighted the significance of haplotype-specific polymorphism in 

tauopathies, as the H1 haplotype has an association with increased risk of PSP and CBD, while 

H2 was strongly negatively associated with these (Baker et al., 1999; Houlden et al., 2001). 

Regarding the H2 haplotype, allele-specific gene expression analysis has shown a two-fold 

increase of MAPT transcripts with the  2N splice variant (splice variants and tau isoforms are 

explained in section 1.1.4, Figure 1.1 A) in the gray matter area, which may indicate that exon 3 

may contribute to protection against neurodegeneration (Caffrey et al., 2008). Because there are 
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no differences between the two haplotypes in terms of the protein sequences they are able to 

produce, it has been suggested that the pathogenic effects observed with particular haplotype 

may result from changes in splicing, transcription or post-translation modifications (Wolfe, 

2012). This is consistent with the observation that silent and intronic mutations can cause 

familial frontotemporal dementia (FTD) by shifting the alternative splicing of tau pre-mRNA 

(Jiang et al., 2000; Wolfe, 2009). 

MAPT mutations account for approximately 5% of familial frontotemporal dementia cases 

(Goedert et al., 2012). By 2016, around 59 pathogenic mutations had been identified that were 

linked to the development of familial frontotemporal dementia with Parkinsonism associated 

with chromosome 17 (FTDP-17) (Goedert et al., 2017a). Some mutations are associated with 

other tauopathies such as CBD (mutations found on exon 13) and PSP, but those are rare (Iyer et 

al., 2013; Kouri et al., 2014; Spillantini and Goedert, 2013). The mutations are either missense, 

deletion or silent in nature, affecting exons and intron regions mostly with the protein’s repeat 

domain region (Dubourg et al., 2011; Goedert et al., 2017a; Shaw-Smith et al., 2006). MAPT 

mutations can affect the binding functions of tau to microtubules, increase its propensity to be 

phosphorylated and aggregate, and/or alter the splicing of MAPT pre-mRNA leading to an 

imbalance in the ratio of tau isoforms (Goedert et al., 2012; Gotz et al., 2019). Additionally, 

mutations in exons 9–13 have been shown to increase mRNA splicing and associations with 

abundant tau inclusions in neuronal cells, while mutations in exon 1, 10, intron 9 and 10 have 

been linked to tau protein aggregation in both glial and neuronal cells (Ghetti et al., 2015). The 

fact that mutations in MAPT were linked to progressive neurodegenerative diseases could 

support the potential effect of tau dysfunction in neurodegeneration (Ke et al., 2012; Poorkaj et 

al., 1998). 
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1.1.4 Tau isoforms, expression and structure 

 
Tau isoforms 

Tau protein which is encoded by the MAPT gene is a microtubule associated protein 

(Neve et al., 1986). In adult human brain, there are six main isoforms of tau that are generated 

from alternative splicing of exon 2 (E2), E3, and E10 (Figure 1.1 A). The splicing of E2 and E3 

generates isoforms containing either zero, one, or two amino-terminal inserts of 29 amino acid 

residues known as 0N, 1N, and 2N, respectively. The six isoforms can be categorized based on 

the presence or absence of the second microtubule binding repeat domain, which is encoded by 

exon 10 into three (3R) or four repeats (4R) (Goedert et al., 1989; Neve et al., 1986). The 

expression of tau isoforms are developmentally regulated, with the ratio of the expression of 3R 

and 4R isoforms approximately equal in the human adult brain, while the 2N, 1N and 0N tau 

isoforms encompass ~9%, 54% and 37% of the total tau protein fraction respectively (Goedert 

and Jakes, 1990; Goedert et al., 1989). However, in the human fetus, the 3R isoform is 

predominantly expressed (Goedert and Jakes, 1990).  

In tauopathies, mis-regulation of tau alternative splicing and the imbalance in the 

expression of 3R vs 4R isoforms is of importance as it is linked with distinct diseases as 

mentioned previously (Kovacs, 2017).  
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Figure 1.1 

A. 
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Figure 1. 1: The human MAPT gene, tau isoforms in human brain, structure 

and mutations.  

 A) Schematic of The MAPT gene on chromosome 17q21.31 which compromises 16 exons 

(Neve et al., 1986). There are six main isoforms of tau that are generated from alternative 

splicing of E2, E3 and E10. The splicing of E2 and E3 generates isoforms containing either 0,1 

or 2 amino-terminal inserts of 29 amino acids known as 0N, 1N and 2N respectively. The 

presence or absence of the second repeat R2 domain which is encoded by exon 10 categorize the 

isoforms with 3R or 4R (Wang and Mandelkow, 2016). B) Tau major domains are divided into 

the projection domain and the assembly repeat domain in the carboxy-terminal sections 

separated by proline-rich region (Wang and Mandelkow, 2016). The projection domain 

comprised residues 1-197 and is not involved in microtubule (MT) binding. The proline-rich 

region subdivided into P1 and P2 separated by the chymotryptic cleavage site at residue 198 that 

divide the assembly and projection domain (Mukrasch et al., 2009; Mukrasch et al., 2007). The 

C-terminal assembly domain is important for MT binding and assembly. The assembly domain 

contains the MT binding repeat region followed by a flanking region that shows weak sequence 

similarity to the repeat domain (Mukrasch et al., 2007). The four repeats, around 30-31 residues 

each, are labeled R1-R4. Both P2 and the flanking regions contribute to MT assembly and 

binding. Major disease-associated missense mutations that alter the sequence are shown with 

arrows, and some well-known motifs that are hyper-phosphorylated in diseases and recognized 

by well-characterized tau phosphorylation antibodies are highlighted in pink. Figure 1.1B is a re-

creation version of Figure 2b from (Wang and Mandelkow, 2016) with additional details.   
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Expression 

Tau protein is expressed in various mammalian tissues like heart, kidney, and skeletal 

muscles (Uhlen et al., 2015; Wolfe, 2012)( https://www.proteinatlas.org). However, it is 

extremely enriched in the central nervous system (CNS), predominantly in neurons, but can also 

be found in glia at low amounts, and it can be released outside cells and found in extracellular 

fluid space such as in brain interstitial fluid (ISF) (LoPresti et al., 1995; Magnoni et al., 2012; 

Yamada et al., 2014). In mature neurons, tau protein is found primarily in axons, where it binds 

microtubules, but it can be found in small amounts in soma and dendrites (Dotti et al., 1987; 

Ittner et al., 2010; Kempf et al., 1996). However, in immature neurons tau is ubiquitously 

expressed equally in both neurites and the cell body (Sotiropoulos et al., 2017). In the brain, tau 

expression displays intriguing regional differences, with both mRNA and protein levels reaching 

two-fold higher levels in the neocortex compared to the white matter and cerebellum 

(Boutajangout et al., 2004; Trabzuni et al., 2012). The splicing of the MAPT gene has some 

regional variation as exemplified by the smallest isoform (0N3R), which has lower expression in 

the cerebellum compared to higher expression in the temporal cortex (Boutajangout et al., 2004). 

The differences in tau expression in various brain regions may contribute to deferential 

vulnerability of certain areas to tau pathology (Feany et al., 1996).  

 

Tau domains and Structure 

Normally folded tau is a highly water-soluble (hydrophilic) and overall basic protein 

(Wang and Mandelkow, 2016). Structural studies have revealed that tau protein is natively an 

unfolded protein with a small number of secondary and tertiary structure elements and little 

tendency to aggregate (Mukrasch et al., 2009). However, tau is a flexible protein that can form a 
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global conformation upon interactions with other proteins or microtubules (Avila et al., 2016). 

Indeed, data obtained from analysis of global folding of tau molecule in solution using electron 

paramagnetic resonance (EPR) and fluorescence resonance energy transfer (FRET) indicated 

that tau has a preference to change its conformation to “a paper clip–like” form in which the C-

terminal end folds over the repeat domain and approaches the N-terminal end (Jeganathan et al., 

2006).  

Tau protein comprises two main major domains based on its interactions with 

microtubules and its amino acid characteristics (details about tau structure outlined in the legend 

of Figure 1.1B). The C-terminal assembly domain and the N-terminal projection domain are 

separated by a Proline-rich region. The C-terminal assembly domain contains the repeat domain 

and flanking region and contributes to binding to the microtubules and tau protein aggregation. 

In contrast, the N-terminal domain, also termed the projection domain, projects away from the 

microtubule domains (Avila et al., 2016; Wang and Mandelkow, 2016), and is responsible for 

the interactions with plasma membrane (Buee et al., 2000).  

The middle region or the proline-rich domain consists of seven PXXP motifs that serve 

as binding sites for proline-directed kinases such as Fyn (Lee et al., 1998). Many of the motifs in 

the middle regions become hyper-phosphorylated in disease conditions and therefore can be 

recognized by various phosphorylation-dependent antibodies such as AT8 (Wang and 

Mandelkow, 2016). Phosphorylation of several sites in the Proline-rich domain have recently 

been found also to play a key role in the localization of tau protein in axons (Iwata et al., 2019).  

Interestingly, sequence comparison data of tau proteins from various species showed 

considerable sequence similarity in C-terminal domain especially the microtubule repeat region, 

but more variability in the N-terminal domain, isoforms and the alternative splicing (Chen et al., 
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2009; Himmler et al., 1989; Lee et al., 1988; Nelson et al., 1996; Olesen et al., 2002; Yoshida 

and Goedert, 2002). This suggests that some of the conserved residues are under relatively strict 

selection pressure and important for tau functions. 

 Compared to normally folded tau, phosphorylated tau (p-tau) found in tangles are 

extremely insoluble (Jeganathan et al., 2008; Kopeikina et al., 2012). The repeat domain of tau 

molecules forms the core when tau protein aggregates into paired helical filaments (PHFs) with 

both the N-terminal and C-terminal forming a “fuzzy coat” that surrounds the core of the 

filaments (Avila et al., 2016; Wischik et al., 1988). The core of PHFs consists of a β-sheet 

structure, which is characteristic of many amyloid-like structures (Wang and Mandelkow, 2016). 

The arrangements of these β-sheet structures in PHFs has not been fully explored, as imaging of 

the “fuzzy coat” is considered difficult due to its high flexibility. Thus, the fuzzy coat structure is 

mostly obscure, but it has been described as a two-layered ‘polyelectrolyte brush’, a structure 

that may be responsible for the stabilization of tau filaments (Wegmann et al., 2013). 

Interestingly, recent advances in analyzing the structure of tau filaments from AD and PiD using 

electron cryo-microscopy denoted the ability of tau protein to adopt distinct folds and disease-

specific conformation that may contribute to the neuropathological diversity observed in 

tauopathies (Falcon et al., 2018; Fitzpatrick et al., 2017). 
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1.1.5 What is known about Tau physiological functions? 

The perturbation of tau physiological functions in disease may also contribute to the 

pathogenesis of tauopathies (Lee and Leugers, 2012). Considering the increased interest in the 

development of therapeutic strategies aimed at either reducing tau mRNA levels or increasing 

the stabilization of microtubules, it is essential to have a deeper understanding of tau functions 

under physiological conditions and the role of loss of tau function on cognitive and 

neurodegeneration.   

 

Microtubule assembly 

Tau is a multifunctional protein that was known initially for its roles in microtubule 

assembly and polymerization (Cleveland et al., 1977). Microtubules (MTs) are essential 

structural elements in axons that play an central role in various important processes such as 

neurite growth, differentiation as well as axonal transport of motor proteins (Goodson and 

Jonasson, 2018). Tau interacts with the MTs through the repeat domain and flanking regions to 

regulate MT assembly, dynamic behaviors and spatial organization (Castellani and Perry, 2019; 

Hirokawa et al., 1988; Prezel et al., 2018; Samsonov et al., 2004). The process in which tau 

binds and promotes the polymerization of microtubules is a highly dynamic and implicates 

conformational changes within tau protein itself (Fischer et al., 2009; Melkova et al., 2019). The 

microtubule-related function of tau protein is tightly regulated by various factors including post-

translation modifications (PTMs), especially phosphorylation (Lindwall and Cole, 1984; 

Mandelkow et al., 1995; Ramkumar et al., 2018). However, the exact mechanism for MT 

assembly remains challenging to explore due to the disordered nature of tau and the highly 

dynamic process (Barbier et al., 2019). Besides regulating MT dynamics, tau protein also 
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regulates axonal transport by influencing the functions of motor proteins such as dynein and 

kinesin, which transport cargo towards the cell body and axons termini, respectively (Stamer et 

al., 2002). 

 

Microtubule stabilization 

One of the broadly accepted physiological functions of axonal tau protein with regard to 

microtubules is its ability to stabilize microtubules and stiffen them to support the long axons 

and drive neurite growth (Castellani and Perry, 2019; Kadavath et al., 2015; Wang and 

Mandelkow, 2016). Thus, mis-localization and loss of tau from axonal microtubules in disease is 

assumed to be responsible for microtubule destabilization, hence, many therapeutic approaches 

aim to develop microtubule-stabilizing therapies as treatments options for AD and other 

tauopathies (Baas and Qiang, 2019; Zhang et al., 2012). Despite the wide acceptance of tau’s 

stabilization functions, the mechanisms by which it stabilizes microtubule assembly has not been 

well investigated, which has raised skepticism and led to a re-evaluation its role as a genuine 

stabilizer (Baas and Qiang, 2019). Each microtubule is comprised of a stable and labile domain 

(Baas and Qiang, 2019).  

 A very recent work on the stabilization function of tau used cultured neurons to unravel 

interesting findings (Qiang et al., 2018). In the study, tau has been found to be enriched at the 

labile MT domain, contrary to the previous view of tau as a stabilizer. The data also suggested 

that tau aids in the assembly of the labile domain and making it achieve more length without 

being stabilized (Qiang et al., 2018). When tau was depleted experimentally from the cultured 

neurons, the labile domain mass decreased. However, the stability of the labile domain was not 

affected as the genuine stabilizer microtubule-associated protein 6 (MAP6) was found to bind to 
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the stable domain and promote microtubule growth and stabilize it. Only when the true stabilizer 

MAP6 was depleted did the labile domain become less stable (Qiang et al., 2018). This finding 

and others (Baas and Qiang, 2019) should be taken into consideration when it comes to 

investigating options of treatments that rely on the stabilization of microtubules in tauopathies.  

 

Synaptic functions and role in nucleus, and other functions of Tau  

Tau is found in various subcellular compartments other than axons such as the nucleus, 

dendrites and dendritic spines and the plasma membrane (Sotiropoulos et al., 2017). The 

localization of tau in other subcellular compartments indicates that it has other functions in 

addition to microtubules polymerization, such as signal transduction (Buee et al., 2000; Bukar 

Maina et al., 2016; Lee, 2005). The physiological phosphorylation of tau and its structure are 

imperative for regulating the subcellular localization of tau, which could trigger signaling 

cascades and have functional implications (Morris et al., 2015; Wang and Mandelkow, 2016). 

Aside from phosphorylation, other post-translational modifications such as O-glycosylation, 

SUMOylation, prolyl-isomerization, ubiquitination, nitration, truncation, and acetylation are 

shown to influence some functions of tau protein (Arnold et al., 1996; Cohen et al., 2011; Dorval 

and Fraser, 2006; Horiguchi et al., 2003; Mori et al., 1987; Nakamura et al., 2012; Wang and 

Mandelkow, 2016).  

Tau’s role in dendrites and synaptic functions have also been broadly investigated recently 

(Regan et al., 2017). Tau is found in both pre- and post-synaptic compartments in healthy 

neurons and found to also accumulate at synaptic sites in disease conditions, particularly AD, in 

its hyper-phosphorylated form (Fein et al., 2008; Tai et al., 2012). Several pieces of 

circumstantial evidence highlight that tau can regulate synaptic functions (Regan et al., 2017). 
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For instance, tau can modulate in a direct or indirect way the signaling of synaptic receptor such 

as muscarinic acetylcholine receptors (mAChRs) and N- methyl-d-aspartate receptors 

(NMDARs), which are known for their normal physiological roles in cognition and synapse 

function and excitotoxicity (Gomez-Ramos et al., 2009; Ittner et al., 2010). Various findings 

support the role of tau as an important regulator of synaptic plasticity (Regan et al., 2015; Regan 

et al., 2017). For instance, tau can be phosphorylated by glycogen synthase kinase–3β (GSK-

3β), an enzyme found in post-synaptic compartments that is involved in long-term synaptic 

plasticity (Goedert et al., 1997; Peineau et al., 2007). In addition, analyses of neuronal functions 

of the hippocampus (this area is employed considerably for studies on synaptic plasticity events) 

in MAPT knockout mice, showed deficits in synaptic plasticity particularly in long-term 

depression; this further supports the post-synaptic role of tau in synaptic plasticity (Kimura et al., 

2014). In dendritic spines, tau has been found to bind filamentous actin, supporting its role in 

cytoskeletal integrity (Matsuo et al., 1992; Moraga et al., 1993).  

Aside from synaptic functions, various evidence supports the presence of tau in the 

nucleus of both neuronal and non-neuronal cells (Bukar Maina et al., 2016). Although the full 

range of tau’s physiological functions in the nucleus remains to be elucidated, evidence suggests 

a role of nuclear tau in maintaining the stability of DNA, as well as cytoplasmic and nuclear 

RNAs (Rossi et al., 2013; Sotiropoulos et al., 2017). Also, new findings suggest a role for 

nuclear Tau in regulation of heterochromatin stability and ribosomal DNA (rDNA) transcription 

repression and nucleolar stress response (Maina et al., 2018b; Mansuroglu et al., 2016). Nuclear 

tau may also play a role in protein synthesis machinery (Maina et al., 2018a). There is still a lack 

of understanding of the full functions of nuclear tau, its post-translation modifications and the 

isoforms present within the nucleus (Bukar Maina et al., 2016).  
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In addition to the role of tau in neurons in the CNS, tau is found in the peripheral nervous 

system, where its physiological role has started to become understood only recently (Dugger et 

al., 2016). Tau was recently found to be expressed in the Schwann cells, in which is tau shown to 

modulate their proliferation and migration, especially after peripheral nerve injury (Yi et al., 

2019). In that study, the reduction of tau expression using MAPT siRNA in vivo as well as the 

use of MAPT knockout mice both showed reduced migration of Schwann cells post-injury, as 

well as impairment in myelin and lipid debris clearance (Yi et al., 2019). These interesting 

findings expand on the existing knowledge in understanding of the biological functions of tau 

protein. Our understanding of tau’s diverse functions is continuing to be refined and supports the 

argument that caution is warranted when considering therapeutics that are designed to reduce tau 

abundance. 

 

1.1.6 Physiological Tau phosphorylation and pathological hyper-phosphorylation 

The phosphorylation of tau protein is an important dynamic process in the brain that 

controls many of its biological functions such as axonal transport and organelle delivery to the 

somatodendritic compartment (Ebneth et al., 1998; LaPointe et al., 2009). The regulation of tau 

phosphorylation is tightly controlled and can developmentally vary, as fetal tau protein carries 

more phosphatase (seven per molecule) compared to adult tau (two per molecule) (Kanemaru et 

al., 1992). Tau has many phosphorylation sites, around 85 potential sites including 80 serine 

(Ser) or threonine (Thr), and 5 tyrosine (Tyr), in its longest isoform (2N4R), of which most are 

accessible because of its unfolded nature (Wang and Mandelkow, 2016; Wolfe, 2012). Among 

these, at least 45 sites have been examined experimentally (Hanger et al., 2009). However, the 

functions associated with many of the phosphorylation sites and their tendencies to be 
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phosphorylated in vivo and by which kinases is still unclear (Castellani and Perry, 2019; Wolfe, 

2012). Many phosphorylation sites are clustered in the flanking regions of tau (Figure 1.1B), 

while other are near or in the repeat region.  

Tau can be phosphorylated by various kinases including microtubule affinity regulating 

kinases (MARKs), which control the affinity of tau binding to the microtubule, glycogen 

synthase kinase 3b, Ca2+ or calmodulin-depedent protein kinase II (CaMKII) and cyclin AMP–

dependent protein kinase (PKA) (Hanger et al., 2009; Wagner et al., 1996; Yoshimura et al., 

2003). Tyrosine kinases such as FYN from the SRC family also can phosphorylate tau at tyr-18 

(Lee et al., 2004).  Tau can be de-phosphorylated by various phosphatases particularly PP2A, 

which accounts for ~70% of the phosphorylation activity of tau in the human brain; however, its 

activity is decreased in AD and TBI (Gong et al., 1993; Hanger et al., 2009; Yang et al., 2017). 

The regulation of phosphatase activity could result from post-translation modification of its 

catalytic domains or through increase or decrease of its endogenous inhibitor, denoting the 

complexity of tau phosphorylation (Chen et al., 2008).  

Abnormal phosphorylation of tau can contribute to pathogenesis of many 

neurodegenerative diseases. Abnormal phosphorylation of tau can be caused by an imbalance 

between phosphatase activity and kinases, which could be crucial to the formation of 

pathological aggregates (Alavi Naini and Soussi-Yanicostas, 2015). In tauopathies such as AD, 

tau becomes hyper-phosphorylated, which is considered a hallmark for tau aggregation in these 

diseases (Simic et al., 2016). In AD, around 39 potential phosphorylation residues are reported to 

be phosphorylated, with an increase of up to eight phosphates per molecule (Hanger et al., 2007; 

Kopke et al., 1993; Morishima-Kawashima et al., 1995). It is worth mentioning that when it 

comes to studies using brain tissue obtained by autopsy (post-mortem) showing an increase in 
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the total number of phosphorylation sites in AD and tauopathies compared to normal brain 

tissue, post-mortem processing or time intervals before such may lead to the de-phosphorylation 

of soluble tau, creating an artefact in which the true level of phosphorylation may be underrated 

(Gartner et al., 1998; Oka et al., 2011; Song et al., 1997; Wang and Mandelkow, 2016; Wang et 

al., 2015). Findings from biopsy-derived human tau and transgenic mice have shown that most 

of the phosphorylation sites in PHF also to be phosphorylated in normal brain (Matsuo et al., 

1994; Morris et al., 2015). These findings suggest that the increase in phosphorylation observed 

in disease state results from excess of phosphorylation of tau at certain sites rather than 

disorganized increase in the total number of the phosphorylation sites (Castellani and Perry, 

2019).  

Interestingly, the increase of tau phosphorylation may not always be pathological, as it has 

been observed in animals going through hibernation and anaesthesia-induced hypothermia, in 

which tau was phosphorylated in PHF-related epitopes (Arendt et al., 2003; Planel et al., 2007). 

The major differences, however, in such cases is that the hyper-phosphorylation did not lead to 

fibril formation and was reversible after arousal (Arendt et al., 2003). This hyper-

phosphorylation is likely caused by changes in phosphatase activity, as phosphatases have been 

shown to be impacted by temperature changes; particularly, hypothermia has been shown to 

inhibit phosphatases such as PP2A exponentially (Planel et al., 2004; Planel et al., 2007)  

 Various antibodies are available to use for p-tau analysis in vivo and in vitro that 

recognize selective epitopes with functional and pathological implications (Simic et al., 2016). 

For instance, AT8 is a widely-used antibody to identify tau phosphorylation at Ser 202, Thr 205, 

and Ser 208 and detect a wide range of tau aggregates including pre-tangles in brain autopsies 

(Bancher et al., 1989). Another antibody used is the monoclonal antibody AT100, which is less 
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sensitive than AT8 but highly specific for pathological aggregates and can identify 

phosphorylation at Thr 212 and Ser 214 (Allen et al., 2002). The sensitivity and specificity of an 

antibody should be considered carefully, as the appropriate phosphorylation sites may vary 

depending on the tauopathy studied (Castellani and Perry, 2019).  

 

1.1.7 Tau aggregation and toxic species  

As described earlier, the formation of tau inclusions and aggregates is characteristic of 

tauopathies. It is assumed that hyper-phosphorylation of tau can impact aggregation, as tau 

aggregates from tauopathy patients and transgenic animals display hyper-phosphorylation, which 

seemed to proceed tau aggregation and tau filament formation (Braak et al., 1994). Whether the 

hyper-phosphorylation of tau is the main driver to filament formation is still a matter of debate 

due partly to the heterogeneity and number of phosphorylation sites (Wang and Mandelkow, 

2016). The formation of tau aggregates is presumed to be a multi-step process in which post-

translation modifications, specifically hyper-phosphorylation, structural changes, and the 

detachment of tau from microtubules are part of the initial steps of this process (Gendron and 

Petrucelli, 2009; Kuret et al., 2005; Mandelkow and Mandelkow, 2012). In vitro studies have 

suggested that some cofactors can contribute to the formation of tau fibrils and filaments, such as 

heparin and nucleic acid, which have been shown to induce the dimerization of tau (Goedert et 

al., 1996; Kampers et al., 1996). In addition, some mutations such as P301L, which is associated 

with familial FTD, have been shown to accelerate tau aggregation in vitro and in vivo 

(Khlistunova et al., 2006). However, the mechanism resulting in filament formation in sporadic 

tauopathy patients remains unknown.  
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Tau aggregates can exert toxicity from gain of function, such as interfering with cell 

signaling pathways or other intercellular functions (Wang and Mandelkow, 2016). Although 

NFTs are the histopathological marker for many tauopathies, it is not understood whether 

filamentous tau assembly is accountable for cytotoxicity observed in these diseases or it is a 

productive response to cellular stress or the process of aging (Cowan and Mudher, 2013; Shafiei 

et al., 2017). Recent studies seem to support the latter, as NFTs not only can be detected in the 

brain of some aged people with no noticeable cognitive deficits, but also neurons with NFTs 

have been shown to be functionally intact in vivo (Kuchibhotla et al., 2014; Shafiei et al., 2017). 

Suppression of mutant tau in repressible transgenic mice that showed recovery of memory 

functions and decreased neuronal loss despite the continuation of NFT accumulation also 

highlights the fact that NFTs may not be sufficient to cause cognitive deficits and neuronal death 

(Santacruz et al., 2005).  

On the other hand, several pieces of evidence indicate that smaller and “pre-tangle” 

assemblies of tau aggregate, specifically oligomers, are the prime culprit behind toxicity (Berger 

et al., 2007; Cowan et al., 2010; Maeda et al., 2006; Wittmann et al., 2001; Yoshiyama et al., 

2007). When hyper-phosphorylated, tau becomes separated from microtubules and its affinity 

and binding to other tau monomers increase, leading to the formation of detergent-soluble 

oligomer aggregates that can potentiate neuronal damage and synaptic dysfunctions in 

tauopathies and traumatic brain injury (Gerson et al., 2016; Gerson et al., 2014; Hawkins et al., 

2013; Shafiei et al., 2017). When the length of oligomers grows, they start adapting a b-structure 

and become insoluble, eventually forming fibrils (Cowan and Mudher, 2013; Nizynski et al., 

2017; Ren and Sahara, 2013).  
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Many studies in animal models have highlighted the toxicity of tau oligomers (Berger et 

al., 2007; Spires et al., 2006; Yoshiyama et al., 2007). For instance, neuronal loss was observed 

before the formation of NFTs in Drosophila model of Tauopathy (Wittmann et al., 2001). 

Additionally, synaptic, cognitive and mitochondrial abnormalities was noted when oligomers 

rather than monomers of fibrils were injected in normal mice (Castillo-Carranza et al., 2014; 

Lasagna-Reeves et al., 2011). Beside those seen in AD and PSP patients, the onset of clinical 

symptoms was associated with the higher level of tau oligomers (Gerson et al., 2014; Lasagna-

Reeves et al., 2012b; Maeda et al., 2006; Patterson et al., 2011). Importantly, tau oligomers seem 

to induce the misfolding and propagation of endogenous tau when injected into mice, which is 

not observed with fibrils (Lasagna-Reeves et al., 2012a; Lasagna-Reeves et al., 2012b; Swanson 

et al., 2017; Wu et al., 2013). Although this evidence and more supports the toxic proprieties of 

Tau oligomers (Ward et al., 2012), their role in the neurodegeneration in tauopathies is still 

under debate. This is likely due to the lack of characterization of tau oligomers, as the assays 

used for oligomers preparation vary and thus may give contrasting findings, with oligomers 

inducing dramatic toxicity in one study compared to mild effects in another (Flach et al., 2012; 

Tepper et al., 2014; Tian et al., 2013).   

 

1.1.8 Toxicity from loss or reduction of tau functions  

In tauopathies, neurodegeneration and neuronal dysfunction can be attributed to 

pathological gain of function from tau aggregations and/or loss of physiological functions (Wang 

and Mandelkow, 2016). To understand the toxicity generated by loss or reduction of tau 

functions, if any, many tau knockout mice have been generated (Ke et al., 2012; Tan et al., 

2018). Interestingly, all the tau knockout mice presented no overt phenotype, which could be due 
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to partial compensation of some of tau’s physiological functions by other microtubule-associated 

proteins such as MAP1A (Harada et al., 1994). Indeed, the level of MAP1A increased in some of 

these knockout mice especially during birth, but dropped to normal levels during brain 

maturation in adult mice (Dawson et al., 2001). This fact supports that although microtubule 

associated proteins such as MAP1A may compensate the loss of tau during birth, tau is needed 

for neuronal and brain functions during brain maturation as well (Dawson et al., 2001; Harada et 

al., 1994; Ke et al., 2012). In agreement with this conclusion is the fact that tau knockout mice, 

although they seemed normal at birth, exhibited behavioral and cognitive impairments when as 

they aged (~12 months old) (Ke et al., 2012; Mori et al., 1987).  

As mentioned in a previous section, tau is involved in synaptic functions, LTD, and 

neuronal DNA homeostasis, and hence impairments of any of these processes due to loss of tau 

function may contribute to neurodegeneration (Wang and Mandelkow, 2016). In disease state, 

loss of functions may be attributed instead to tau aggregation, as hyperphosporylation of tau and 

the aggregation process may reduce the number of soluble tau, which may affect microtubule 

binding and assembly (Wang and Mandelkow, 2016). How much loss of function contributes to 

the neurodegeneration vs. the gain of functions toxicity associated with the formation of tau 

aggregates, especially oligomers, remains under study, but what is important is that both 

mechanisms contribute to pathogenesis in not only tauopathies but in other neurodegenerative 

diseases (Leighton and Allison, 2016; Medina et al., 2016). 

 

1.2 “Prion Like” proprieties of Tau  

In tauopathies like AD, the progressive accumulation of tau aggregates is observed in 

certain regions of the brain, in which the tau inclusions are found restricted to a small area (the 
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transentorhinal cortex for AD) during the early stages of the disease, but as the disease progress, 

the pathology seems to progress and affect other regions that are anatomically or synaptically 

connected (Braak and Braak, 1991; Goedert et al., 2017b). For a long time, cell-autonomous 

mechanisms and the concept of selective neuronal vulnerability were assumed to explain 

neurodegenerative diseases (Mattson and Magnus, 2006; Saxena and Caroni, 2011). The cell-

autonomous mechanisms suggest that the same events, such as protein aggregation, can occur in 

brain cells independently while the concept of neuronal variability imply that subpopulations of 

neurons, varying depending on the disease, are intrinsically more vulnerable and get affected 

earlier than other neurons, which may be due to their gene expression profile and the aging 

process (Mattson and Magnus, 2006).  

Although the cell-autonomous mechanisms may account for familial cases as the mutant 

proteins are broadly expressed, it is challenging to explain how these mechanisms could be 

involved in sporadic diseases. However, an alternative hypothesis, which has recently arisen, 

indicates that the first inclusions in a small number of cells which can act as a seed for 

aggregation and capable of being released and spread in non-cell autonomous mechanisms to 

other cells resulting in degeneration (Goedert et al., 2017b). This view not only provided an 

alternative explanation that fit sporadic diseases, but also it could work on familial cases and 

disease such as amyotrophic lateral sclerosis (ALS) or Huntington’s disease (Ilieva et al., 2009) 

(Cicchetti et al., 2014). Since the spreading of protein aggregates occur in a manner similar to 

those of infectious misfolded prion protein (PrPSc), the propagation and spreading of pathology is 

referred to as “prion-like” (Clavaguera et al., 2015). Interestingly, due to the large amount of 

studies that support the propagation and spreading proprieties of tau, the use of stronger terms 

such as “tau prions” has been noted (Johnson et al., 2017; Woerman et al., 2016). However, 
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since the term “prions” has been long used to describe “proteinaceous infectious particles” in 

which inter-individual transmissibility has been well-demonstrated (Prusiner, 1982), this does 

not fully apply to tau aggregates as no evidence states that tauopathies are infectious or can 

transfer between humans. Thus, the use of the terms “prion-like” or “prionoids” (Aguzzi, 2009) 

seems more appropriate.  

 

1.2.1 What is the concept of seeding, propagation and spreading of protein aggregates? 

Seeded aggregation, also called the nucleation-elongation mechanism, has long been 

studied in prion diseases as a feature and a cause for neurodegeneration (Scheckel and Aguzzi, 

2018). In prion diseases, the process of seeding or nucleation starts when the misfolded 

infectious prion protein replicate by interacting with the physiological form of prion protein 

(PrPC) and mediating its conformational change from its native endogenous confirmation into the 

pathological conformation (Jarrett and Lansbury, 1993; Prusiner, 1982; Scheckel and Aguzzi, 

2018). The misfolded form of the protein in this case is referred to as a “seed” due to its ability 

to induce (i.e. “seed”) aggregation (Falcon et al., 2015; Lewis and Dickson, 2016). How a sole 

protein can act similar to infectious agents and mediate the misfolding of natively folded protein 

is still not fully comprehended even in the prion field. When the template seeding or nucleation 

occurs in a cell, some seeds in the affected cells can escape and transfer to adjacent naïve cells or 

tissues by ill-defined mechanisms (Frost et al., 2009). The entire process from template seeding 

to transfer of the seeds between cells is termed “propagation” (Lewis and Dickson, 2016). 

Although seeding and propagation were long assumed to be exclusive properties of infectious 

prions, accumulating evidence in the past decade revealed that other proteins such as tau, Ab, 

and alpha synuclein (a-Syn), follow similar mechanisms of self-perpetuating, seeded 
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aggregation and cellular spreading in vitro and when introduced to animals in vivo (Polymenidou 

and Cleveland, 2012). Regarding tau, the “spreading” refers to the macro- or/and 

microenvironment of tau pathologically spreading from region to region, which could be 

mediated by interconnected axonal projections as suggested by Braak et al. (Braak and Del 

Tredici, 2011), or microglia (Asai et al., 2015), or cell-to-cell (transcellular) (Lewis and 

Dickson, 2016).  

 

1.2.2 What evidence support the seeding and spreading of Tau in vitro and in vivo ? 

The ability of tau seeds to initiate seeding and accelerate aggregation into filaments was 

first observed in vitro in 2009 and was achieved by the addition of external seeds of synthetic tau 

filaments (Frost et al., 2009). The study also demonstrated the capacity of tau aggregates to 

transfer or be transferred between co-culture cells. Around the same time, the prion-like 

mechanisms of tau were also reinforced in vivo following experimental approaches commonly 

used in the research of prion diseases (Clavaguera et al., 2009). In the prion field, spreading and 

transmissibility are usually studied in vivo via the introduction of tissue or extracts from affected 

animals to naïve ones (Prusiner, 1998). Accordingly, brain extract from a tauopathy mouse that 

expressed mutant P301S tau and showed features of disease including neurodegeneration and 

filament formation, was injected into the brains of mice expressing human wild-type tau but do 

not develop tau filaments or slow the rate neurodegeneration. Remarkably, the injections of the 

brain extract induced seeding of wild-type tau into filaments and spreading of pathology far from 

the injection site to other brain regions (Clavaguera et al., 2009).  

Afterward, various groups studied the prion-like propagation of tau using the same 

approach by inoculation of brain extract intracerebrally from brains of patients with AD or 
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tauopathies as well as synthetic tau filaments into both transgenic mice and wildtype mice and 

the results were similar, with tau aggregates regardless of the source inducing aggregation and 

spreading in most cases (Clavaguera et al., 2015; Goedert et al., 2017b; Guo et al., 2016). 

Transmission of tau in the CNS was also observed after peripheral injections of tau aggregates 

(Clavaguera et al., 2014). Recently, the source of tau seeds in those types of experiments has 

seemed to cause a bit of a debate with regard to which source of tau aggregates (recombinant tau 

fibrils, or fibrils from patients or transgenic mice in form of brain extract) may be more relevant 

to human tauopathies. This debate may be influenced by the revelation that the confirmations of 

PHFs from recombinant tau proteins that were different than the ones isolated from humans AD 

were also more capable of seeding recombinant tau to its confirmation (Morozova et al., 2013). 

While tau aggregates from human patients may have more relevance to human diseases, there is 

no doubt that the data obtained from recombinant tau fibrils, in addition to the data from 

injections of brain extract with tau fibrils, are still critical, as it further supports the notion that 

prion-like seeding and propagation is a protein-only phenomenon. 

Some studies employed different approaches to observe prion-like propagation such as 

expressing mutant tau in a confined area and then observing the spreading of the pathology (de 

Calignon et al., 2012; Harris et al., 2012; Liu et al., 2012). In de Calignon et al. (2012), a 

transgenic mice model engineered to have restricted expression of human P301L tau in the 

entorhinal cortex (EC) was found to develop tau pathology beyond the EC and spread to 

synaptically connected regions in which the transgene was not expressed, by seeding 

endogenous mouse tau protein (de Calignon et al., 2012). This was followed also by 

neurodegeneration and neuronal loss, suggesting the spreading precedes neurodegeneration and 

synaptic dysfunction. Interestingly, the spreading of tau did not only involve neurons but other 
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cells such as microglia, which were shown to participate in the spreading, as depleting microglia 

seemed to halt the spreading of tau in a tauopathy model (Asai et al., 2015).  

Despite the support of the evidence provided regarding the ability of tau to propagate in a 

prion-like manner, there is still lack of information about which tau species are involved in 

seeding and spreading of the pathology, especially when taking into consideration the role of 

oligomers vs fibrils. There is also a debate on the size and structures of tau aggregates that seed 

and are transmitted in tauopathies. According to Michel et al. (2014), monomeric tau can act as 

an efficient seed in vitro (Michel et al., 2014). However, considering what was mentioned earlier 

regarding the use of recombinant tau alone (which is the case in the mentioned study) and how 

relevant it is to tau from human brains, more work may be required to support this conclusion, 

including work addressing whether monomeric tau can efficiently seed aggregation in vivo as 

well. In contrast, Falcon et al. (2015) state that only competent tau species can seed aggregation, 

a characteristic that is absent from monomeric tau (Falcon et al., 2015). Mirbaha et al. (2015) 

proposed that trimer is the smallest size of tau aggregates that can induce seeding (Mirbaha et 

al., 2015). In the former study in cell culture, the group utilized both recombinant tau as well as 

tau fibrils isolated from AD and control brains, which contain no fibrils as a source for tau 

monomer. While all the previously mentioned studies provided valuable information regarding 

which tau species may be involved in prion-like propagation, further validation in vivo is 

essential.    

 

1.2.3 Can tau have strains?  

One of the characteristics for real prions (PrPSc) is the capability to propagate as distinct 

and stable “strains,” which refers to protein aggregates that have the same primary protein 
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sequence yet assume distinct conformations and can stably maintain their conformations when 

isolated from either cells or the host then reintroduced to naïve cells or organisms (Collinge and 

Clarke, 2007). In addition to conformational differences, prion strains have different biochemical 

proprieties, different morphology of protein aggregates, different effects on disease duration, 

trigger different pathology and clinical courses that affect distinct regions or specific tissues 

(Morales, 2017). Considering that tau inclusions formed in each tauopathy are morphologically 

and structurally distinct, prompts the hypothesis that similar to prions, different tau strains may 

exist that can induce distinct tauopathies. This notion initially was supported by observations 

from various in vitro and in vivo studies (Audouard et al., 2016; Clavaguera et al., 2013; Guo et 

al., 2016; Narasimhan et al., 2017; Sanders et al., 2014). In the earliest studies, brain 

homogenate from tauopathy patients (including PiD, AGD, PSP, and CBD) or intracerebral fluid 

was injected into mice expressing the longest isoform of human tau (2N4R) and resulted in the 

formation of inclusions that were reminiscent of what was observed in patients, with exception 

of PiD (Clavaguera et al., 2013). Indeed, the injections of CBD brain extract caused the 

formation of silver-positive inclusions similar to astrocytic plaques noted in CBD, while the 

aggregates from PSP injections were similar in morphology to tufted astrocytes (hallmark 

lesions of PSP) (Clavaguera et al., 2013; Goedert and Spillantini, 2017).  

Similar findings were observed when the homogenate from the tauopathies cases was 

injected into non-transgenic mice (Narasimhan et al., 2017). When the brain homogenate from 

injected mice that developed pathologies was re-introduced to naïve mice, similar pathologies 

were observed supporting the presence of tau strains (Goedert and Spillantini, 2017). To 

characterize tau strains better and provide further validation to the seeding and strain proprieties 

of tau, various groups developed tau reporter cell lines that express the core-repeat region of tau 
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encompassing pro-aggregation mutations fused to fluorescent reporter protein (Sanders et al., 

2014; Woerman et al., 2016). The first model, which was developed by Sanders et al. (2014), not 

only helped to detect the seeding activity of tau, in which tau seeds that transduced to the cells 

were able to seed the reporter protein and form GFP positive inclusions indicative of tau seeds, 

they showed two distinct tau strains. One of the tau strains was efficient in seeding the reporter 

into small internuclear aggregates while the other led to the formation of a large juxtanuclear 

inclusion (Sanders et al., 2014). When the tau strains from these cell lysate were introduced to 

animals they induced unique pathologies that were stable even after successive inoculation and 

formed inclusions when re-introduced to naïve cells that resembles the original inclusions 

(Sanders et al., 2014).  

Afterwards, similar in vitro models were used to isolate and characterized tau strains from 

various diseases (Kaufman et al., 2016; Woerman et al., 2016).  In vitro models have provided 

an important tool for understanding tau strains, as shown by the study by Kaufman et al. (2016) 

in which the model was used for the analysis of 18 tau strains isolated from patients. Their work 

revealed that strains can be distinguished based on their biological and biochemical proprieties, 

the brain region they affect, and the rate of the propagation of pathology, suggesting that tau 

strains alone may account for the diversity of human tauopathies (Kaufman et al., 2016). 

Moreover, structural analysis of tau filaments from AD and PiD via Cryo-EM also supports the 

presence of tau strains, as tau seemed to adapt distinct conformations in each of these diseases 

(Falcon et al., 2018; Fitzpatrick et al., 2017). Further characterization of tau strains may be 

needed, as various aspects of strain phenomena such as whether more than one strain can co-

exist, what factors may influence the dominance of one strain versus another, and do all strains 

share similar mechanisms of spreading or do they vary depending on the disease remains 
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unknown. Understanding more about tau strains may help in the improvement or development of 

diagnostic tools for early detection of toxic strains in living patients, which may lead to accurate 

diagnoses as well as therapeutic approaches.   

 

1.2.4 Mechanisms and factors underlying Tau transmissions remain mysterious 

 The exact mechanisms of how tau aggregates spread between neurons, or how other cells, 

oligodendrocytes, astrocytes, and microglia are involved in the spreading as well as what factors 

influence or impede prion-like propagation are still not fully investigated. Various mechanisms 

of transcellular spreading of tau have been proposed. The cell-to-cell transmission of tau can 

occur either transcellularly or by secretion and be released to the extracellular space followed by 

cellular uptake (Tardivel et al., 2016; Zhou et al., 2017) (Figure 2). However, most of the 

suggested mechanisms that will be mentioned below on tau transmission are supported largely 

by cell culture and remain to be examined/validated in vivo.  Studying the mechanisms of prion-

like spreading in vivo is essential for better understanding of this phenomena. In vivo models can 

help to validate some of the suggested in vitro mechanisms and address questions regarding the 

prion-like spreading of tau in the complex environment of the living brain. For example, can tau 

seeds spread via cerebral spinal fluid (CSF), blood, or immune cells such as microglia? How do 

factors like seizure, sleep/wake, neuronal activity, and the glymphatic system influence the 

prion-like spreading? 

 

How does tau spread intercellularly? 

 Tau can spread intercellularly via tunnelling nanotubes (TNT) (Tardivel et al., 2016). 

TNT are thin filamentous actin-containing extensions of the plasma membrane that connect 
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remote cells, have a diameter of 50–200 nm, and allow the intercellular transport of various 

cargo including proteins such as prion proteins from neuron to neuron (Gousset et al., 2009; 

Rustom et al., 2004). A study by Tardivel et al. (2016) showed that TNT may partly account for 

Tau spreading, since their data showed that both soluble and fibrillar tau transferred from 

neuronal cell to another through TNT (Tardivel et al., 2016). However, more information 

regarding the role of TNT in the spreading is required, such as the status of these tau fibrils 

transferred and whether they are free-form or in vesicles. Also, validation in vivo is needed, but 

considering how thin TNT are, it might make this challenging.  

 

How does tau get released to extracellular space during prion-like spreading? 

Tau can be released outside cells under physiological conditions without neuropathy and 

cell death (Chai et al., 2012; Karch et al., 2012). Work by Pooler et al. (Pooler et al., 2013) 

showed that physiological tau can be secreted into the media during neuronal stimulation. 

Monomeric tau was found in the brain interstitial fluid (ISF) in wild-type mice, supporting the 

release of tau under physiological conditions (Yamada et al., 2011). Additionally, tau was found 

in normal cerebral spinal fluid (CSF) and hyper-phosphorylated tau in the CSF of AD and TBI 

patients where its level was higher than normal (Buch et al., 1998; Rubenstein et al., 2015). It is 

reasonable to assume that the presence of tau externally in pathological conditions is one of the 

initial steps involved in the propagation of tau, especially if the tau secreted in pathological 

conditions is capable of seeding. While the exact mechanism of pathogenic tau release is 

unknown, data from in vitro studies supports the proposition that tau could be released 

extracellularly either in free form or via vesicular-mediated secretory pathways (Demaegd et al., 

2018).  
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Tau has been suggested to be released as free soluble forms, through either 

unconventional mechanisms including direct plasma membrane crossing dislocation and release 

by secretory lysosomes, or conventional mechanisms, in which the release occurs by 

incorporation of protein content in secretory vesicles that pass through the endoplasmic 

reticulum (ER) and Golgi apparatus then is released via SNARE-mediated exocytosis (Demaegd 

et al., 2018; Viotti, 2016). Evidence of SNARE-mediated exocytosis (the conventional 

mechanism) was demonstrated first and highlighted that the release of tau depends on the 

dynamics of Heat Shock cognate 70 (Hsc70) and DnaJ co-chaperone complex as overexpression 

of DnaJC5, a DnaJ well-known for its ability to stimulate exocytosis, induced the secretion of 

wild-type and mutant tau (Fontaine et al., 2016).  

The possibility of pathogenic tau being released via unconventional mechanisms was 

raised later after considering the fact that blocking the ER/Golgi-mediated secretory pathway did 

not block the physiological secretion of tau (Chai et al., 2012; Karch et al., 2012). Taking into 

consideration the role of the previously mentioned mechanisms of tau release in pathological 

conditions, it is tempting to think that pathogenic tau could employ the same mechanisms of 

physiological release of monomer tau to spread pathology. Indeed, a recent study by Merezhko 

et al. (2018) has shown that phosphorylated oligomeric forms of tau can be secreted via plasma 

membrane translocation, and this secretion is mediated by heparin sulfate proteoglycans 

(Merezhko et al., 2018). Interestingly, the tau species secreted via the unconventional 

mechanisms transcellularly spread to adjoining cells and seeded aggregation. Additionally, the 

hyper-phosphorylation of tau was shown to increase its secretion extracellularly via membrane 

translocation (Katsinelos et al., 2018). Tau can be released via endo-lysosomal pathways and 
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such secretion is mediated by Rab7, a GTPases that is involved in endosomes, autophagosomes, 

and lysosomes trafficking (Rodriguez et al., 2017).  

Recent evidence has emphasized the role of extracellular vesicles (EVs) in the transfer of 

pathogenic protein such as tau in diseases like AD (Perez et al., 2019; Polanco et al., 2016). 

There are two types of extracellular vesicles secreted by mammalian cells that are associated 

with tau: 1) exosomes which are small single membrane vesicles that are derived from 

multivesicular bodies with a diameter of 50–100 nm and 2) ectosomes or microvesicles that are 

shed from plasma membrane with a diameter of 100–1000 nm (Choi et al., 2013). Exosomes are 

an important elements of cell communication as they transfer molecules trans-synaptically and 

intercellularly (Fevrier and Raposo, 2004; Korkut et al., 2013). Phosphorylated tau was revealed 

to associate with exosomes in vitro in experiments that overexpress tau (Saman et al., 2012; 

Simon et al., 2012). Moreover, the analysis of exosomes isolated from CSF of Alzheimer’s 

patients contained tau protein (Saman et al., 2012). A recent study by Wang et al. (2017) 

provided evidence that Tau, whether phosphorylated, dephosphorylated, monomer or in 

oligomeric form, can be released extracellularly via exosomes by cultured neurons, N2a cells 

and in human brains in vivo (Wang et al., 2017). The role of microglia and exosomes in the 

transmission of tau was demonstrated in vivo, in which tau is phagocytosed by microglia and 

then released via exosomes (Asai et al., 2015). Pharmacological inhibition of exosome synthesis 

in microglia reduced tau propagation. These studies have supported the potential role of 

exosomes in transmission of tau. However, whether all tau species or strains spread through 

exosomes is still unknown.  

Unlike exosomes, there are a limited number of studies regarding the role of ectosomes 

in the propagation of tau. Dujardin et al. (2014) showed tau to be released in ectosomes under 
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physiological conditions and in the absence of cell damage (Dujardin et al., 2014a). Based on the 

in vitro and in vivo experiments in this study, tau seems to be predominantly secreted via 

ectosomes under normal conditions; however, during disease conditions, the accumulation of 

pathogenic tau may cause a shift towards secretion via exosomes or lysosomal pathways 

(Dujardin et al., 2014a). Whether pathogenic tau can be secreted via ectosomes in human CSF, 

and whether they are involved in the transmission of tau pathology with exosomes are still 

unanswered questions. 

 

What mechanisms underline the cell uptake of tau aggregates?  

When it comes to cellular uptake of tau, various mechanisms have been proposed, 

supported by a few, mostly in vitro studies (Demaegd et al., 2018). In general, once tau is 

released, it is assumed to enter the cell through the following: a) fluid-phase endocytosis, which 

is a bulk uptake of solutes and is a type of macropinocytosis; b) adsorptive endocytosis that 

occurs when molecules are binding and concentrating on the cell surface before being 

internalized; c) receptor-mediated endocytosis (also known as clathrin-mediated endocytosis); d) 

uptake of tau when it is in vesicles (Amyere et al., 2002; Demaegd et al., 2018). Tau aggregates 

were initially suggested to internalize into the cells via fluid-phase endocytosis 

(macropinocytosis), an active process of invagination of the plasma membrane that leads to 

internalization of extracellular fluid, as tau aggregate not the monomer was taken up and 

localized with dextran, a marker of fluid endocytosis (Frost et al., 2009; Santa-Maria et al., 2012; 

Wu et al., 2013). Interestingly, work by Holmes et al (2013) indicated that tau aggregates can 

trigger their internalization by binding to heparan sulfate proteoglycans (HSPGs) on the cell 
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surface. The blocking of heparin both in vitro using human embryonic kidney cells (HEK) and in 

vivo, a mechanism shown to be used by prion protein (Holmes et al., 2013).  

In contrast, a recent work by Evans et al. (2018) employing neurons derived from human 

iPSC, showed that both monomeric and aggregated tau can internalize into the neurons but they 

use different modes of endocytosis. Monomeric tau can be internalized efficiently by bulk 

endocytosis while tau aggregates utilized dynamin-dependent endocytosis, a GTPase involved in 

various fission events including clathrin-mediated endocytosis and synaptic vesicle endocytosis 

(Evans et al., 2018; Singh et al., 2017). The role of dynamin-dependent endocytosis was 

supported by the fact that inhibiting dynamin via the inhibitor dynasore significantly reduced tau 

aggregate entry by 95% compared to monomeric tau (Evans et al., 2018). While this finding is in 

agreement with the work done on TauP301L, in which inhibition of dynamin decreased tau 

propagation in neuron culture, it was opposite to the findings of Holmes et al., mentioned earlier 

in this section, in which the same inhibitor did not affect the uptake of tau fibrils (Calafate et al., 

2016; Holmes et al., 2013).  

There are various technical issues that may account for these contradictory results that 

include the cells and type of tau species used in each study. In the Holmes et al. (2013) study, 

human embryonic kidney cells (HEK) were used, which are non-neuronal cells and may function 

differently from human neuronal cells (Parton and Dotti, 1993). In addition, Holmes et al. (2013) 

also used Tau RD fibrils, composed of amino acids 243 to 375 only, while the other two studies 

used oligomeric forms of tau and low molecular weight aggregates (Calafate et al., 2016; Evans 

et al., 2018). Regardless of these inconsistent findings, there is little doubt that dynamin plays an 

important role in tau pathology; for example, the loss of Bin1, a negative regulator of dynamin, 

showed enhanced tau pathology (Calafate et al., 2016).  
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Regarding the uptake of vesicles, in normal conditions exosomes are shown to surf above 

filopodia before entering cells and being sorted into endosomal trafficking (Heusermann et al., 

2016). Whether exosomes carrying tau aggregates use the same uptake mechanism or not remain 

unknown. Further work employing fibrils or aggregates isolated from human samples may 

provide valuable insights towards mechanisms of cellular uptake. 

 

What are the role of trans-synaptic connections and neuronal activity in the spreading of tau? 

Early in vivo evidence of tau propagation, in which tau propagation affected areas that 

are anatomically connected, has supported the role of synaptic connectivity and activity in the 

spreading of tau seeds (de Calignon et al., 2012; Dujardin et al., 2014b; Liu et al., 2012). 

Synaptic connectivity appears to determine the pattern of spreading more than proximity 

(Ahmed et al., 2014; Calafate et al., 2015). The importance of synaptic connectivity was 

supported by the recent work of Wang et al. (2017). The study, which utilized microfluidic 

device to prevent all mechanisms of tau transfer except synaptic transmission, showed that 

depolarization of neurons stimulated the release of tau-containing exosomes and release 

depended on synaptic connectivity (Wang et al., 2017). Additionally, the presence of misfolded 

tau in both pre- and post-synaptic terminals in AD patients is consistent with the suggestions that 

tau can transfer over synapses and exerts a pathological role at synapses that may lead to 

neurodegeneration (Fein et al., 2008; Sokolow et al., 2015; Tai et al., 2012). Indeed, pathogenic 

tau was shown to be able to bind to synaptic vesicles and interfere with their functions leading to 

synaptic dysfunction (Zhou et al., 2017).  

Whether tau can utilize synaptic vesicles to get released and spread to other neurons 

during synapses or not is still unknown. However, the trans-synaptic spread of tau via synapses 
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seems to occur before synaptic loss and axonal terminal degeneration as indicated by human 

P30L tau (Pickett et al., 2017). The role of neuronal activity in the spreading of tau pathology 

was supported both in vivo and in vitro, in which stimulation of neuronal activity led to the 

release of tau extracellularly in vitro as well as enhanced the tau pathology in vivo (Pooler et al., 

2013; Wu et al., 2016). Further investigation of this factor may help in understanding the 

mechanisms underlining tau propagation in tauopathies and could inspire the development of 

new therapeutic approaches or diagnostic tools.  

  



 

40 
 

Figure 1.2 
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Figure 1. 2:  Schematic overview of the different spreading mechanisms of tau 

between two neurons. 

 Presynaptic: 1)	tunnelling nanotube, 2)	formation and budding off of ectosomes, 3)	fusion of 

multivesicular body (MVB) with plasma membrane, releasing exosomes, 4)	SNARE-based 

exocytosis, 5)	tau release through plasma-membrane translocation, 6)	presynaptic cytotoxic 

effects of tau: restriction of vesicle mobilisation, and 7)	axonal antero- and retrograde transport 

of tau. Postsynaptic: 8)	fluid-phase translocation, 9)	postsynaptic cytotoxic effects of tau through 

binding of NMDA receptors, 10)	clathrin-mediated endocytosis, 11)	HSPG-guided 

macropinocytosis, 12)	exosome uptake with filopodia and 13)	postsynaptic cytotoxic effects of 

tau through M1/M3 receptors, leading to calcium-ion influx.  

 

Figure adapted from (Demaegd et al., 2018). The source of this figure is available under the 

terms of the Creative Commons Attribution Non-Commercial No Derivatives License CC 

BY-NC-ND and permits non-commercial use, distribution and reproduction in any 

medium, without alteration  
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1.3 Prion-like properties of Tau seeds in TBI   

1.3.1 Overview of TBI 

Traumatic brain injury is one of the leading causes of mortality and disability with 

around 69 million individuals estimated to sustain TBI each year worldwide (Dewan et al., 2018; 

Masel and DeWitt, 2010). Additionally, it is a well-accepted risk factor for development of 

various neuropathological disorders, some of which are associated with dementia, including both 

AD and chronic traumatic encephalopathy (CTE) tauopathies, the latter of which is most 

commonly associated with repetitive mild traumatic brain injury and more frequent among 

athletes and military personal (Bieniek et al., 2020; Washington et al., 2016). Also, TBI is 

considered a risk factor for neurodegenerative diseases that are not typically linked to dementia, 

such as Parkinson Disease (PD) (Jafari et al., 2013). The risk of developing any of these diseases 

depends on multiple factors such as the severity of the injury, type of injury (e.g. concussive 

injury, skull fracture), the age of patient during the injury (e.g. increased risk with age) and 

genotype (e.g. APOE4 gene) (Dhandapani et al., 2012; Graves et al., 1990; Jordan et al., 1997; 

Mannix and Meehan, 2015; Plassman et al., 2000; Washington et al., 2016). The correlation 

between the TBI severity and increased risk of developing dementia has been supported by many 

retrospective and observational studies (Guo et al., 2000; Plassman et al., 2000; Schofield et al., 

1997). Current estimates suggest that at least 5-15% of dementia cases could be associated with 

TBI (Shively et al., 2012). Despite ample evidence supporting the link between TBI and the 

development of neurodegenerative diseases (primarily AD and CTE), the mechanisms by which 

head trauma induces neurodegeneration are still poorly understood. Additionally, the data 

supporting the aforementioned link come from retrospective studies, which are susceptible to 
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bias. Therefore, prospective studies may provide more reliable evidence of the risks associated 

with TBI and improve our understanding of the long-term effects of TBI.  

TBI is mostly caused by traumatic events such as blows to the head from falls, accidents, 

sport-related injury, or in some cases from domestic abuse (Corrigan et al., 2003; Fu et al., 2016; 

Jordan, 2013). It can also result from explosive blasts (Cernak and Noble-Haeusslein, 2010). The 

severity of the injury and diagnosis is usually determined by clinical observations, such as the 

occurrence of seizure, hemorrhage, and history such as duration of loss of consciousness and 

post-traumatic amnesia (Forde et al., 2014; McKee and Daneshvar, 2015). Based on these 

symptoms, and imaging of pathology, TBIs can be classified as mild, moderate or severe 

(McKee and Daneshvar, 2015). Mild TBIs (mTBIs), a term sometime associated with 

concussion, are among the most common type of injury observed (Blennow et al., 2012; Cruz-

Haces et al., 2017). TBI falls into two categories: acute brain injury and chronic brain injury. 

Acute brain injury comprises mTBI or concussions, including the short-term sequelae of these 

injuries, and catastrophic brain injuries that may result in death (Blennow et al., 2012). Chronic 

brain injury refers to late-term effects, including neurodegeneration and the development of 

chronic syndromes and diseases such as CTE (DeKosky et al., 2013). Of note, there are currently 

no therapies for the long-term effects of TBI. 

 

Types of brain damage caused by different traumatic insults  

TBI can cause a primary injury that directly results in damage to nervous tissues as well 

as perturbation of brain functions (McKee and Daneshvar, 2015). The primary injury is thought 

to occur either from the rapid acceleration and de-acceleration of linear forces on the head, direct 

blunt impact, or by forces (shockwaves) generated by blast wind associated with blast injury 
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(McKee and Daneshvar, 2015; Meaney and Smith, 2011). When head trauma occurs, the brain 

can sustain either focal or diffuse injury, depending on the type of impact (Hemphill et al., 

2015). Focal injuries are associated with severe direct impact generated from localized forces. 

They generally present with contusion and hemorrhage near the impact site caused by the impact 

of the brain against the skull. Diffuse injuries are caused by distributed forces associated with 

inertial impact (due to rapid acceleration and deceleration) or by increased pressure resulting 

from blast shockwaves. The distributed forces can produce shear force within the brain tissue, 

causing diffuse axonal injury, petechial hemorrhage in the white matter, and neuronal injury at 

various sites throughout the brain  (Shaw, 2002). While the lesions associated with focal injuries 

can be radiographically detected using computerized tomography (CT) or traditional magnetic 

resonance imaging (MRI), damage from diffuse injuries cannot be imaged using both technology 

(Borg et al., 2004; Hemphill et al., 2015). Interestingly, when focal lesions were detected, the 

pathology did not correlated with the clinical outcomes (Lee et al., 2008). The damage from 

diffuse injury does not require any fracture or crush injury to the brain surface to occur; thus, it 

is often seen even in patients with mTBI (Inglese et al., 2005). Currently, it is challenging to find 

a reliable diagnostic tool to detect this type of injury; hence, most diffuse pathology, such as 

swollen and damaged axons, is detected post-mortem (Strich, 1956).   

The primary insults caused by head trauma can lead to multiple biochemical, cellular and 

molecular alterations perturbing the CNS environments and resulting in a secondary injury that 

can take place days, weeks or years after TBI (Cruz-Haces et al., 2017). Major alterations 

include loss of ionic homeostasis combined with the release of excitatory neurotransmitters, 

vasculature abnormalities and disruption of the blood–brain barrier (BBB), neuroinflammation, 

and alterations affecting the cytoskeleton (Giza and Hovda, 2014; Salehi et al., 2017). The 
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involvement of tau pathology was included among the many hypotheses behind this ongoing 

injury in TBI (Cheng et al., 2014; Huber et al., 2013; Tran et al., 2011). 

 

1.3.2 Prion-like proprieties of tau in TBI and CTE 

Tau pathology is one of the neuropathological features found post-mortem in CTE and TBI 

patients (Blennow et al., 2012; McKee et al., 2018). In CTE, tau pathology can be observed as 

NTF, as clusters in the depth of cortical sulci, and as inclusions in astrocytes around blood 

vesicles (McKee et al., 2018). The mechanistic relationship between TBI and tauopathy-

associated neurodegeneration is poorly understood. However, in vivo experiments on mice have 

shown that tau phosphorylation increases after TBI events as early as one to six hours post-TBI 

events and depends on the severity of the brain trauma (Liliang et al., 2010). In 1973, Tau 

aggregates and filaments were first observed and reported in the post-mortem analysis of boxers’ 

brains (Corsellis et al., 1973), and since then the pathological association of tau deposits in CTE 

and after repetitive mTBI has started to become well characterized (McKee et al., 2016; McKee 

et al., 2013). However, new evidence from investigations of tau pathology in long term survivors 

of single moderate to severe TBI showed the presence of a wide and abundant distribution of 

NFTs with a similar distribution of tau aggregates with those associated with repetitive mTBI 

(Zanier et al., 2018). A similar recent study by Gorgoraptis et al. (2019) has shown using tau 

PET technology the presence of tau pathology in TBI patients years after being subjected to a 

single brain trauma and also revealed a correlation between tau pathology and long-term 

neuronal damage associated with TBI compared to healthy control (Gorgoraptis et al., 2019). 

These studies further supported a link between tauopathy-associated neurodegeneration and TBI 
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as well as challenging the contention that CTE and tauopathy neurodegeneration is solely 

associated with repetitive mTBI. 

Similar to other tauopathies, tau pathology in CTE seems to be confined in specific areas 

early in the disease progression as perivascular glia and neurons containing p-tau appear in the 

depth cortical sulci; the pathology spreads at later stages to cortical, medial temporal and 

subcortical grey matters (Geddes et al., 1999; McKee et al., 2016; McKee et al., 2015). Thus, it 

is reasonable to assume that tau species in TBI propagate in a prion-like manner. Indeed, a few 

recent studies have supported the capability of tau species formed after TBI and CTE to seed 

aggregation in vitro using tau reporter assays and transmit in prion-like manners in vivo 

(Woerman et al., 2016; Zanier et al., 2018). In vivo work by Gerson et al. (2016) showed that tau 

oligomers, isolated from rats subjected to two methods of TBI (blast-induced injury and fluid 

percussion injury) and injected into mice expressing hTau, induced seeding and aggregation in 

the injection site and other areas (Gerson et al., 2016). The study also showed that these tau 

species caused cognitive deficits and enhanced pathology, which not only supports the prion-like 

proprieties of tau species formed post-TBI but also their role in inducing toxicity (Gerson et al., 

2016).  

Other studies have shown the prion-like spreading of tau species after severe TBI, in both 

transgenic mice expressing P301S and wild-type human tau (Edwards et al., 2019; Zanier et al., 

2018). In the first study, P301S mice were subjected to moderate to severe TBI and showed an 

increase of tau aggregation, and acceleration of the pathology compared to sham mice post-

injury (Edwards et al., 2020). Further, the pathology spread to synaptically connected regions; 

the authors postulated that TBI could increase the risk of developing tauopathies through the 

induction of tau aggregation (Edwards et al., 2019). Zanier et al. (2018) found that a single 
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severe brain trauma can trigger a progressive and widespread tau pathology in humans and in 

mice; the introduction of brain homogenate from such mice to naïve mice induced similar 

pathology and was associated with synaptic loss and memory deficits (Zanier et al., 2018).  

Despite a myriad of evidence supporting the prion-like proprieties of tau seeds formed 

after TBI, the knowledge gaps that were reviewed above still exist. In particular, the factors and 

mechanisms governing the spreading of tau pathology in TBI are not yet understood. Many 

changes that occur in the brain after TBI may be involved in the development and spreading of 

tau pathology. These include changes in the glymphatic system, which has been shown to be 

important for the clearance of extracellular tau (Iliff et al., 2014; Sullan et al., 2018). The 

glymphatic system can be functionally impaired after TBI, with a 60% reduction in glymphatic 

pathway function after TBI reported in a recent study (Iliff et al., 2014).  

Given the prevalence of seizures and post-traumatic epilepsy in patients with blast-related 

TBI, the roles of neuronal excitability in the sequelae of TBI (including whether it is involved in 

tau pathology spreading or not) are also of interest (Kovacs et al., 2014). Post-traumatic seizures 

(PTS) and epilepsy (PTE) are among the major complications associated with TBI, particularly 

blast-related TBI, that lead to morbidity and mortality both during early stages and for several 

years after TBI (Asikainen et al., 1999; Rao and Parko, 2015). In a recent study in veterans, 57% 

of seizures observed were linked to TBI (Salinsky et al., 2015). Early post-traumatic seizures 

(occurring within the first week after the brain injury) are seen in the majority of cases of TBI 

(both adults and children), and their occurrence and frequency are associated with the severity of 

the injury (Asikainen et al., 1999; Temkin, 2003). Thus, prophylactic application of anti-

convulsants is used to prevent acute post-traumatic seizures after TBI (Schierhout and Roberts, 

1998). TBI can trigger various electrophysiological changes that can be detected by 
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electroencephalography (EEG) (Schmitt and Dichter, 2015). Some of the changes triggered by 

TBI at the cellular and the molecular levels, such as the disruption of microRNAs that promote 

the release of excitatory neurotransmitters (e.g., glutamate), could create microenvironments that 

are more favorable for developing seizures and epilepsy (Dorsett et al., 2017; Wang et al., 2014). 

Nonetheless, the exact mechanisms underlying the development of late PTS and PTE is poorly 

understood. Interestingly, tau phosphorylation and aggregation have been observed in patients 

with late-onset epilepsy several years post-injury (Zheng et al., 2014). Tau phosphorylation was 

also noted in animal models of chemically or electrically induced seizures (Crespo-Biel et al., 

2007; Liang et al., 2009; Tian et al., 2010). Although these studies support a link between 

seizures and tau aggregations, more information is needed in the context of TBI. Future studies 

elucidating the roles of PTS in the spreading of tau pathology may be especially enlightening. A 

deeper understanding of the mechanisms and factors underlying the spreading of tau species in 

TBI may lead to the development of therapeutic strategies that mitigate the long-term adverse 

effects of TBI. 

1.3.3 Can zebrafish provide a solution?  

When it comes to understanding the mechanisms underlying prion-like spreading, most of 

the suggested mechanisms mentioned earlier have been investigated using in vitro models 

(Demaegd et al., 2018). Despite the insights provided by such models, we still lack full 

understanding of the mechanisms that govern the prion-like spreading of tau pathology. Besides, 

studying these mechanisms in traumatic brain injury specifically could be achieve mainly 

through in vivo models. An in vivo model with an intact central nervous system (CNS) that will 

complement in vitro studies well is needed to explore the etiology of various tau strains, and to 

understand the route of spread, or tissue tropisms. Engineering such an in vivo model would be 
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beneficial not only for investigating tau strains and understanding the kinetics of spreading, it 

could also uncover targets for therapeutic intervention and be adapted for high-throughput drug 

screening. 

Zebrafish are becoming increasingly a popular animal model for studying 

neurodegenerative diseases (Newman et al., 2014) and can be promising models for studying 

tauopathies and prion-like mechanisms for the following reasons. The vertebrate zebrafish have 

an intact and vibrantly active CNS resembling that of mammals, and a thoroughly characterized 

genome amenable to genomic manipulation (Saleem and Kannan, 2018). They can produce a 

large number of embryos that are transparent and that develop quickly and externally (unlike 

mammals), making them accessible for interventions and daily monitoring. Furthermore, 

zebrafish can exhibit quantifiable neurobehavioral phenotypes (Saleem and Kannan, 2018). 

Additionally, zebrafish larvae are ideal for in vivo high-throughput screening, as they grow well 

in 96-well plates. 
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1.4 Thesis summary and hypotheses 

The overall goal of this thesis is to gain deeper understanding of the mechanisms of tau 

uptake and factors involved in the prion-like spreading of tau pathology in TBI. Towards this 

end, it introduces several new tools to support investigation of prion-like tauopathy in vivo. This 

thesis comprises three chapters and an Appendix. Chapter 2 addresses the following hypotheses: 

 

1) post-traumatic seizure activity  promotes tau aggregation. 

2) Blocking cellular uptake, particularly dynamin endocytosis, minimizes or halts the 

spreading of tau seeds following TBI. 

 

To test these hypotheses in Chapter 2, I engineered a novel tauopathy biosensor model 

using zebrafish that could detect and report tau seeds from various sources. I also invented the 

first TBI method suitable for larval zebrafish, which had been lacking. This TBI method was 

used on the tauopathy biosensor zebrafish larvae to study tau aggregation specifically in the 

context of TBI. I investigated the role of seizure and neural activity on tau aggregation and 

spreading in a TBI model using convulsant and anti-convulsant drugs. Subsequently, I examined 

the role of dynamin-dependent endocytosis in the uptake of tau seeds after TBI via specific 

dynamin inhibitors. Chapter 3 is a final discussion chapter that focuses on future directions. 

Appendix 1 describes my efforts in generating amyloid precursor protein (appb) mutant 

zebrafish using the CRISPR/Cas9 system. 
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2. Chapter 2: Unravel role of endocytosis Tau seeds in Traumatic 

Brain Injury using zebrafish model for blast injury 

 

 

 

 

 

 

As outlined by the preface, the entirety of chapter 2 (with some modifications) has been 
prepared for submission under the tittle 
 “Tauopathy progression following traumatic brain injury is impacted by neural activity 
and requires endocytic mechanisms” Authors: Hadeel Alyenbaawi, Richard Kanyo, Razieh 
Kamali, Michele G. DuVal, Holger Wille, Edward A. Burton, W. Ted Allison. 
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2.1 Summary: 

Traumatic brain injury (TBI) is a prominent risk factor leading to neurodegeneration and 

dementia, in particular chronic traumatic encephalopathy (CTE). TBI and CTE are tauopathies 

characterized by a distinct accumulation of hyperphosphorylated Tau. Similar to other 

tauopathies, pathology progresses to other brain regions in a prion-like manner. However, the 

mechanisms underlying the prion-like spreading and cell uptake of tau seeds in TBI is still not 

fully understood. Here, we test the in vivo roles of neuronal and seizure activity and dynamin-

dependent endocytosis in the spreading of tau seeds. We engineered a novel transparent Tau 

biosensor zebrafish that reliably reports accumulation of tau species following seeding by intra-

ventricular injections. Zebrafish larvae subjected to a novel pressure wave induced traumatic 

brain injury (PW-TBI) paradigm displayed various markers associated with blast traumatic brain 

injury, including cell death, hemorrhage, blood-flow impairments, post–traumatic seizures, and 

Tau inclusions. Interestingly, we found that reducing post-traumatic seizures in our TBI models 

using retigabin, an anti-convulsant drug, significantly reduced the abundance of Tau inclusions 

in our TBI models. We obtained similar findings with the treatment with 4-Aminopyridine, 

convulsant drug, and dynamin inhibitors. These data suggest a role for seizure activity and 

dynamin-dependent endocytosis in the prion-like seeding and spreading of Tauopathy following 

TBI. Moreover, the data highlight the utility of deploying in vivo Tau biosensor and TBI 

methods in larvae zebrafish, especially regarding drug screening and intervention. The models 

offer good potential to uncover information surrounding prion-like mechanisms of Tau 

pathology.  
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2.2 Introduction: 

Traumatic brain injury (TBI) is one of the leading causes of mortality and disability 

worldwide (Hay et al., 2016; Nguyen et al., 2016; Rimel et al., 1981). It is also a well-known 

risk factor associated with neurodegeneration and dementia, such as CTE, which is linked to 

repetitive mild TBI (Chauhan, 2014; Gardner and Yaffe, 2015; Uryu et al., 2007). TBI can result 

from direct physical insults, from rapid acceleration and deceleration of the brain, or from shock 

wave impacts such as those produced by explosive blasts (Cruz-Haces et al., 2017). Regardless, 

the neuropathology in TBI and CTE patients includes the wide distribution of 

hyperphosphorylated tau pathology, neuronal loss, axonal degeneration, and disruption of the 

blood-brain barrier (BBB)—especially after blast injury and neuro-inflammation (Hay et al., 

2016; Johnson et al., 2013; McKee et al., 2015; Ojo et al., 2016). The progressive deposition of 

hyperphosphorylated tau protein, a microtubule associate protein encoded by MAPT gene, in 

filamentous forms is a hallmark of a group of diseases collectively known as tauopathies (which 

both AD and CTE are part of). Each one of the tauopathies affect distinct regions and have 

unique clinical presentations (Kovacs, 2017; Orr et al., 2017). In CTE, hyperphosphorylated tau 

is accumulated in a cluster of perivascular neurons and glia in the depths of cortical sulci at 

earlier stages. Later, however, a wide spread of the tau pathology from these focal cortical 

deposits, spreading to the cortical and subcortical grey-matter areas is observed (Hay et al., 

2016; Johnson et al., 2012; McKee et al., 2015). This broad spreading of tau pathology in CTE 

cases has also been reported in long-term TBI survival from single trauma cases (Johnson et al., 

2012). A recent in vivo evidence from wild-type mice injected with brain homogenate from TBI 

mice that were subjected to severe TBI and presented with p-tau pathology similar to single 

severe TBI patients—developed a similar pathology that spread from injections sites to distant 
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regions. These patient observations alongside the evidence from in vivo works support the 

conclusion that tau species in TBI also act similarly to bona fide prions (Zanier et al., 2018).  

Recently, numerous studies have supported the self-propagation and prion-like spread of 

tau aggregates in tauopathies (mostly AD) and pointed to the key role these prion-like abilities 

might play in the progression of these devastating diseases (Iba et al., 2013; Iba et al., 2015; 

Mudher et al., 2017; Narasimhan et al., 2017; Sanders et al., 2014). Despite the importance of 

these findings, a critical knowledge gap exists regarding mechanisms of prion-like transmission 

or the spread of tau seeds in TBI. 

Studies on tau spreading (mostly performed in vitro) have recently suggested various 

mechanisms for the release and uptake of tau aggregates or seeds from one cell to adjusting 

cells, including tunnelling nanotubes and extracellular vesicles (EVs) such as exosomes and 

synaptic vesicles, as well as endocytosis as an uptake mechanism (Demaegd et al., 2018; Evans 

et al., 2018). In other tauopathies (AD), observations from patients and mice have highlighted 

the capacity of tau seeds to spread trans-synaptically (Goedert et al., 1989; Pickett et al., 2017). 

Moreover, it has been shown that neuronal activity serves an important role in the spread of tau 

pathology and general proteostasis (Pickett et al., 2017; Wu et al., 2016; Yamada et al., 2014). 

Indeed, the in vitro stimulation of neuronal activity increased the extracellular release of tau to 

media while enhancing tau pathology in Tg mice expressing a repressible form of human tau 

containing the P301L mutation that has been linked to familial frontotemporal dementia (Pickett 

et al., 2017; Wu et al., 2016; Yamada et al., 2014). However, whether similar mechanisms of tau 

release and spread occur in TBI cases remains unknown. 

An intriguing and poorly studied aspect of TBI is the mechanisms of post-traumatic 

seizures and their potential role in exasperating the spread of tau pathology. Seizures are one of 



 

55 
 

the key consequences of all types of TBI, and they have been more commonly reported in 

patients who suffered from blast injuries, though the prevalence remains undetermined (Lucke-

Wold et al., 2015; Salinsky et al., 2015). However, it is anticipated that over 50% of TBI patients 

with severe injuries will develop seizures and post-traumatic epilepsy (Kovacs et al., 2014). 

Studies of seizures in AD patients and animal models of AD have implicated a link between the 

occurrence of seizures and tau pathology (Sanchez et al., 2018; Yan et al., 2012). Whether the 

occurrence of seizures in TBI impacts the prion-like spread of tau pathology in TBI patients, or 

if reducing post –traumatic seizure can delay or minimize the progression of disease, has yet to 

be fully explored.  

Notably, a lack of information exists regarding how tau seeds are taken up by cells in vivo 

and the role of endocytosis in the prion-like spreading of tau seeds in TBI. This knowledge gap 

may be due to a lack of access to in vivo models that could complement in vitro models in which 

we can visualize and examine the progression and spread of tauopathy in living brains with an 

intact CNS. Additionally, a model is needed that is accessible to modulating and measuring 

neural activity associated with TBI. To address these issues, we engineered a tauopathy 

biosensor zebrafish that develops GFP+ puncta when tau aggregates in the brain and spinal cord 

area. Additionally, we introduce a novel and simple method to induce TBI in zebrafish larvae. 

Combining these, we report the occurrence of post-traumatic seizures and their positive 

correlation with tau pathology. Manipulating seizure activity impacted tau aggregation and 

revealed an in vivo role for endocytosis in the prion-like spread of tau seeds in TBI. Our results 

highlight the importance of dynamin-dependent endocytosis in the spread of tau seeds in our 

novel in vivo TBI model. 
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2.3 Methods: 

2.3.1 Animal Ethics and Zebrafish Husbandry 

Zebrafish were raised and maintained following protocols approved by the Animal Care 

and Use Committee: Biosciences at the University of Alberta, operating under the guidelines of 

the Canadian Council of Animal Care. The fish were raised and maintained within the 

University of Alberta fish facility under a 14/10 light/dark cycle at 28oC as previously described 

(Westerfield, 2000). 

 

2.3.2 Generating Transgenic Tauopathy Reporter Zebrafish 

To engineer the Tau4R-GFP reporter zebrafish, the human wild-type MAPT sequence of 

the four-microtubule binding repeat region (aa 244-372 of the full-length tau (2N4R)(NCBI 

NC_000017.11, protein id NP_005901) with a seven-amino acid C-terminal linker (RSIAGPA) 

was ordered as a gene block from IDT. The gene block was subcloned into a middle entry 

cloning vector (Multisite Gateway® technology, ThermoFisher) and recombination was carried 

out consistently according to the manufacturer’s instructions using the p5E- enolase2 and p3E-

GFP components of Tol2kit (Guo and Lee, 2011; Kwan et al., 2007) to generate the transgenic 

construct within a destination vector (pDestTol2CG2). The destination vector contained a 

reporter construct [encompassing EGFP driven by the cardiac myosin light chain (clmc) 

promoter that helps identify stable transgenic zebrafish]. The resulting plasmid 

pDestTol2CG2.eno2:Tau4R-GFP was delivered in an injection solution including 750ng/µl of 

the construct mixed with 250ng/µl Tol2 transposase mRNA, 1µl of 0.1M KCL, and 20% phenol 

red. The solution was injected into the single-cell embryos of Casper zebrafish line (transparent 

zebrafish line) (White et al., 2008). At two days post-fertilization (dpf), embryos were screened 
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for mosaic expression of the Tau4R-GFP fused protein using a Leica M165 FC dissecting 

microscope and raised to adulthood. F0 mosaic fish were outcrossed to wild-type Casper fish, 

and F1 embryos were identified by the abundant expression of Tau4R-GFP in the CNS and 

green heart marker. The stable transgenic line Tg[eno2:Tau4R-GFP] was assigned the allele 

number ua3171. 

An equivalent transgenic zebrafish biosensor was engineered to detect human SOD1 

aggregation. Subcloning from existing vectors (Pokrishevsky et al., 2018) produced 

pDestTol2CG2.eno2:SOD1-GFP and similar transgenesis methods engineered Tg[eno2:SOD1-

GFP] that was assigned allele number ua3181. 

 

2.3.3 Cell culture and Generation of Tauopathy Reporter Stable Cell Line 

To move the Tau4R-GFP reporter into a vector appropriate for cell culture, BamHI and 

Xhol nuclease restriction enzymes were employed to remove the Tau4R-GFP fragment from 

pDest tol2CG2.eno2.Tau4R-GFP.pA. The Tau4R-GFP fragment was subcloned into the 

pCDNA3.1 vector using a T4 DNA ligase enzyme. Sequencing of the cloned vector with the 

following reverse primer for GFP (TCTCGTTGGGGTCTTTGCTC) confirmed the proper 

orientation. Purification of the plasmid was conducted with the Qiagen purification kit. 

HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (GibcoTM, ThermoFisher) 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. All cells were 

maintained at 37°C in a humidified 5% CO2 incubator. For passaging cells, cells were washed 

with phosphate-buffered saline (PBS) before trypsinization with 0.05 Trypsin-EDTA (Sigma 

Aldrich, T4174). 
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HEK293T cells were plated at 1 x 106 cells/well in six-well plates. After 24 hours, cells 

were transfected with pCDNA3.1.Tau4R-GFP plasmid using lipofectamine 2000 reagents 

according to the manufacturer’s guidelines. Briefly, 4µg of pCDNA3.1.Tau4R-GFP was diluted 

in 250µl of Opti-MEM media (GibcoTM, ThermoFisher). After 24 h, the expression of the 

fluorescent reporter was confirmed through microscopic analysis. To establish a stable cell line, 

the transfected cells were replated at a 1:10 dilution. Stable cell lines were selected in DMEM 

media containing 1200µg/ml geneticin (GibcoTM, ThermoFisher). Expression of the fused 

fluorescent proteins in the stable cell lines was confirmed using fluorescent microscopy. 

Polyclonal cells and monoclonal cells were grown to confluency in 10-cm dishes, then stored in 

liquid nitrogen until use.    

 

2.3.4 Immunoblotting of Cell Lysate and Zebrafish Brain Lysate  

For cell lysate preparation, cells were washed with cold PBS, then collected and incubated 

with cold lysis buffer (150mM NaCl, 50mM Tris-HCl (pH 8), 1 mM EDTA and 1% Nonidet P-

40) and supplemented with protease inhibitor (Cocktail Set III; Millipore) for 10 mins on ice. 

Cells were lysated using a bio-vortexer homogenizer for 20 sec for two rounds. The lysate was 

centrifuged at 13000rpm for 10 mins at 4oC. The supernatant was collected, and the protein 

concentration was determined using the Qubit™ Protein Assay Kit (Invitrogen).  

For zebrafish brain lysate preparation, the brains of adult zebrafish were dissected. Brains 

were homogenized in cell lysis buffer (20mM HEPES, 0.2mM EDTA, 10mM NaCl, 1.5mM 

MgCl2, 20% glycerol, 0.1% Triton-X) with protease inhibitor and phospSTOP (Sigma-Aldrich) 

in the case of pt-40 Tg.  Brains were lysed using a bio-vortexer homogenizer and sonicated for 3 

sec for one round. Samples were centrifuged with the same sitting mentioned previously. The 
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concentration of samples was assessed in a Qubit® fluorometer (Invitrogen). Later, 30-40 g of 

the total protein was combined with 2X sample buffer (Sigma-Aldrich) and boiled for 10 mins 

before loading in 11% SDS-PAGE. Electrophoresis was performed using the Bio-Rad Power 

PAC system in running buffer (25 mM Tris base, 192 mM glycine and 0.1% SDS). The gel was 

transferred to a PVDF membrane using a wet transfer system. All membranes were blocked for 

one hour in protein-free blocking buffer PBS (ThermoFisher) or TBST with 5% milk and then 

incubated with primary antibody overnight at 4oC with gentle agitation. The primary antibodies 

used in this study include rabbit monoclonal GFP (abcam, EPR14104) at 1:3000 dilution, rabbit 

anti-β-actin (Sigma-Aldrich, A2066) at 1:10000. All membranes were washed three times with 

1X TBST before incubation with secondary antibody (goat-anti-mouse HRP or HRP-conjugated 

anti-rabbit at 1:5000 dilution (Jackson ImmunoResearch) for one hour at room temperature. The 

membranes were washed for the final time before visualization using Pierce® ECL Western 

Blotting Substrate (ThermoFisher) on a ChemiDoc (Biorad). For stripping and re-probing, the 

membranes were stripped using mild stripping buffer (199.8 M Glycine, 0.1% SDS and 1% 

Tween 20 with a pH of 2.2) before blocking them and repeating the methods described before. 

 

2.3.5 Immunohistochemistry 

Larvae subjected to traumatic brain injury were fixed 5 hours or 1 day post TBI for 

immunostaining of neurofilaments and Activated-Caspase3, respectively, in 4% 

paraformaldehyde overnight, and whole-mount immunocytochemistry was carried out as 

previously described (DuVal et al., 2014). Larvae were washed with 0.1 M PO4/5% sucrose 

three times before washing with 1% Tween/H2O (pH 7.4), and then −20°C acetone. Larvae were 

incubated in PBS3+ containing 10% normal goat serum (NGS) for one hour to reduce any non-
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specific antibody binding and then incubated with 2% normal goat serum/PBS3+ and a primary 

antibody. Primary antibodies used were polyclonal Anti-Active-Caspase-3 (BD Pharmingen, 

559569) and monoclonal NF160 (Sigma Aldrich, N2787) at 1:500 dilutions. Secondary 

antibodies and stains applied were Alexafluor 647 anti-rabbit at 1:200 dilution for Caspase 3 

staining (Invitrogen) and Alexafluor 647 anti-mouse at 1:500 for NF160, and counterstained for 

30 minutes with 4',6-diamidino-2-phenylindole (DAPI) (ThermoFisher). 

 

2.3.6 Preparations of Mouse Brain Homogenate (Crude and PTA Precipitated) 

Brains from TgTau +/P301L and Wild-type (the genetic background 129/SvEvTac) mice were 

provided by Dr. David Westaway and Dr. Nathalie Daude. Crude brain homogenate was 

prepared by homogenizing the brains to 10% (wt/vol) in calcium- and magnesium-free DPBS 

that included a protease inhibitor and phosSTOP, using a glass homogenizer and power gen 

homogenizer (Fisher Scientific). Samples were then centrifuged at 13000 rpm for 15 mins at 

4◦C. The clear supernatant was collected, aliquoted and stored in -80°C until use for 

experiments. 

The phosphotungstate anion (PTA)-precipitated brain homogenate was prepared as 

described (Woerman et al., 2016). Briefly, 10% (wt/vol) brain homogenate was prepared as 

reported previously and mixed with a final concentration of 2% sarkosyl (Sigma Aldrich) and 

0.5% benzonase (Sigma Aldrich, E1014), and then incubated at 37oC for two hours with 

constant agitation in an orbital shaker. Sodium PTA (Sigma Aldrich) was dissolved in ddH2O, 

and the pH was adjusted to 7.0 before it was added to the samples at a final concentration of 2% 

(vol/vol). The samples were then incubated overnight under the previous conditions. The next 

day, the samples were centrifuged at 16,000xg for 30 mins at room temperature. The supernatant 
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was discarded, while the resulting pellet was resuspended in 2% (vol/vol) PTA in ddH2O (pH 

7.0) and 2% sarkosyl in DPBS. The samples were next incubated for one hour before the second 

centrifugation, as aforementioned. At this point, the supernatant was removed and the pellet was 

re-suspended in DPBS. An aliquot of 5µl of PTA purified brain homogenate was employed for 

electron microscopy (EM) analysis to confirm the presence of fibrils in each sample. 

2.3.7 Tau Fibrillization and EM Analysis: 

Synthetic human WT tau protein full-length monomers were purchased as a lyophilized 

powder (rPeptide, T-1001-2) and resuspended in ddH2O at a concentration of 2mg/ml. The 

recombinant protein was fibrillized as described before (Guo and Lee, 2011). Recombinant tau 

was incubated with 40M low-molecular-weight heparin and 2mM DTT in 100 mM sodium 

acetate buffer (pH 7.0) at 37oC, thereafter being agitated for seven days. The fibrillization 

mixture was centrifuged at 50,000 x g for 30 mins, and the resulted pellet was resuspended in 

100 mM sodium acetate buffer (pH 7.0) without heparin or DTT. Successful fibrillization was 

verified by EM. 

Negative staining for EM analysis of fibrils was conducted as described elsewhere 

(Eskandari-Sedighi et al., 2017). Briefly, 400 mesh carbon-coated copper grids (Electron 

Microscopy Sciences) were glow-discharged for 40 sec aliquots before adding the sample. (5μL) 

of PTA-purified brain homogenates or synthetic tau fibrils, were applied on the top of the grid 

for 1 min. These grids were washed using 50μL each of 0.1M and 0.01M ammonium acetate and 

negatively stained with 2 × 50μL of filtered 2% uranyl acetate. After removing excess staining 

and drying, the grids were examined with a Tecnai G20 transmission electron microscope (FEI 

Company) with an acceleration voltage of 200 kV. Electron micrographs were recorded with an 

Eagle 4k × 4k CCD camera (FEI Company).  
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2.3.8 Liposome-Mediated Transduction of Brain Homogenate into Tauopathy Reporter 

Cells 

 Polyclonal Tau4R-GFP cells were plated at 2 x 105 per well in 24-well plates. The next 

day, 40μl of 10% clarified brain homogenate was combined with Opti-MEM to a final volume of 

50μl. Added was 48μl of Opti-MEM and 2μl of Lipofectamine-2000 (Invitrogen) to the previous 

Opti-MEM mixture to a total volume of 100μl. After 20 mins of incubation, the liposome 

mixture was added to the cells. Eighteen hours later, cells were washed with PBS, trypsinized, 

and re-plated on coated coverslips (ThermoFisher) for imaging and analysis. 

For PTA-precipitated brain homogenate, 1:10 dilution of precipitated fibrils was used for 

the transfection. 5μl of PTA-purified fibrils was diluted in 45μl Opti-MEM to a final volume of 

50μl. The previous Opti-MEM mixture was added to 47μl of Opti-MEM and 3μl of 

Lipofectamine-2000 and incubated in room temperature for 2 hours as described in (Woerman et 

al., 2016). The mixture was added to cells, washed after 18 hours and re-plated before analysis 

exactly as mentioned previously.   

 

2.3.9 Quantification of the Percentage of Cells with Positive Inclusions 

For imaging transfected cells, they were fixed using 2% PFA in PBS for 15 mins. Cells 

were washed twice with PBS then stained with DAPI (1:3000 from 1mg/ml stock) for six mins. 

The coverslips were mounted on Superfrost Plus slides (Fisher Scientific, catalog no. 12-550-15) 

with VECASHILD Antifade mounting media (VECTOR Laboratory). The edges of the 

coverslips were sealed with nail polisher and imaged using a Zeiss LSM 700 scanning confocal 

microscope featuring Zen 2010 software (Carl Zeiss, Oberkochen, Germany). For the 
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quantifications, a total of nine field images were taken, each with ~100 cells, were analyzed per 

conditions. DAPI-positive nuclei were utilized to determine the number of cells per field. The 

number of cells with inclusions (multiple nuclear inclusions or one cytoplasmic puncta) were 

counted and the percentage was calculated. Mean and standard error were determined and 

plotted. 

 

2.3.10 Brain Ventricle Injections into Tauopathy Reporter Larvae 

Injections were as described with few modifications (Gutzman and Sive, 2009). For the 

intraventricular brain injections, all embryos had their chorion removed at two dpf. Embryos 

were anesthetized with tricaine (%4) (MS-222, Sigma Aldrich). The embryos were placed in a 

1% agarose-coated dish with small holes. Under a stereomicroscope, the embryos were 

immobilized and oriented so that the brain ventricles were visible and accessible for injections. 

The injection was carried out via pulled capillary tubes mounted in a micromanipulator. The 

injection volume was calibrated to 5nL by injection into mineral oil first to assess volume, and 

measured with an ocular micrometer prior to injections. Thereafter, the needle containing the 

injection solutions was placed through the roof plate of the hindbrain and 5-10nl of either 10% 

clarified brain homogenate (non-Tg or Tg hTau) or synthetic tau fibrils mixed with 20% dextran 

Texas Red fluorescent dye (Invitrogen) were injected into the ventricles. For all the brain 

injection experiments, an uninjected control group and control group injected only with 20 % red 

dextran fluorescent dye in PBS were included. After the injections, embryos were screened using 

a Leica M165 FC dissecting microscope and appropriately injected larvae were gathered for 

further analysis. The injections were considered appropriate if they had (Figure 2.1) sharp edges 

and non-diffuse dye in the ventricle. Incorrect injections in which the needle was inserted too 
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deep in the brain ventricles resulting in the dye being visible outside the ventricle space and/or in 

the yolk were excluded from analysis. 
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Figure 2.1  

 

 

 

Figure 2. 1: Schematic showing the microinjections of brain homogenate into 

2dpf larvae. 

An example image of properly injected embryo with sharp edges and non-diffuse dye in the 

ventricle (area where the dye injected the dye is highlighted by white dotted line). Top image is 

lateral view; bottom image is dorsal view; anterior to the left.   
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2.3.11 Microscopy Analysis of GFP Positive Puncta in Tau Reporter Larvae 

For the microscopic analysis of GFP-positive inclusions, larvae that were either injected or 

treated with traumatic brain injury, along with the control groups were anesthetized via tricaine 

at one of the indicated time points (two, three, four, or five days post-injection (dpi) or –post 

traumatic brain injury (dpti) depending on the experiment). Images for GFP-positive puncta on 

the brain area or lateral line above the spinal cord were taken using a Leica M165 FC dissecting 

microscope and the number of GFP-positive puncta were manually counted.  

 

2.3.12 Pressure waves-Induced traumatic Brain Injury (PW-TBI) paradigm for Zebrafish 

Larvae 

To induce (PW-TBI), 10-12 unanesthetized three-dpf larvae were loaded into a 10ml 

syringe with 1ml of E3 media. The syringe was blocked using a valve to ensure no larvae or 

media left the syringe upon compression of the plunger. The syringe was held vertical using a 

metal tube holder at the bottom end of a 48” tube apparatus. At the other end of the tube (top), a 

defined weight (30 to 300g) was dropped manually. The tube diameter was matched to (slightly 

greater than) the weight’s diameter to enhance repeatability. This was done once or repeated 

three times with both 65 and 300g weights. Once larvae were subjected to the PW-traumatic bain 

injury, they were moved back to a petri dish with fresh media and larvae were used for further 

analysis.  
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2.3.13 Recording blood flow following TBI 

Abnormalities of blood flow and circulation resulted from TBI was detected 5 to 10 mins after 

larvae was subjected to TBI. The blood flow in the tail area of zebrafish larvae, that either 

subjected to TBI or uninjured control larvae, was recorded using Leica DM2500 LED optical 

microscope. 

 

2.3.14 Measuring the Seizure-like Phenotype in TBI Larvae 

The seizure-like behavior and activity of zebrafish larvae post traumatic brain injury 

experiment was quantified via behavioral tracking software as described in our recent 

publication (Leighton et al., 2018). Briefly, control 3dpf larvae or larvae subjected to traumatic 

brain injury using 65g weight, were placed individually in wells of 96-well plates. The 

locomotor and seizure activity were assessed 40 minutes after the traumatic brain injury through 

EthoVision® XT-11.5 software (Noldus, Wageningen, Netherlands).  

 

2.3.15 Engineering CaMPARI transgenic zebrafish for integrative calcium imaging 

The Tg[elavl3:CaMPARI (W391F+V398L)]ua3144 zebrafish line expressing the calcium 

sensor CaMPARI was generated using the Tol2 transgenesis system. We re-derived CaMPARI 

fish previously established due to a federal moratorium on importing zebrafish into Canada 

(Hanwell et al., 2016). The Tol2 vector, pDestTol2-elavl3:CaMPARI (W391F+V398L), was a 

gift from Eric Schreiter’s lab and was published in (Fosque et al., 2015). The Tol2 vector was 

injected in embryos at the 1-2 cell stage as previously described (Fisher et al., 2006). Transient 

larvae were identified through green fluorescent cells in the central nervous system and were 
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outcrossed to obtain a stable Tg[elavl3:CaMPARI (W391F+V398L)] ua3144 F1 line. The F1 

line was crossed into the transparent Casper background. 

 

2.3.16 Measuring neuronal activity during TBI using CaMPARI 

Bright green CaMPARI larvae were loaded into 20ml syringe containing 1ml E3 media 

(prepared as per Westerfield, 2007. but without ethylene blue) and were exposed to 405 nm LED 

array (Loctite), which illuminated the syringe entirely (Figure 2.9A). Larvae were exposed for 

10 sec at a distance of 7.5 cm while subjected to traumatic brain injury using the 300g weight as 

previously explained in TBI methods. The weight hit the plunger of the syringe one time only. 

Following photoconversion and TBI, larvae were anesthetized in 0.24 mg/mL tricaine (MS-222, 

Sigma Aldrich) and embedded in 2 % low-gelling agarose (A4018, Sigma Aldrich) for analysis 

under confocal microscopy. 

Maximum intensity projections were acquired from Z-stacks (8 µm steps) using a 20x/0.8 

Objective and a laser-point scanning confocal microscope (Zeiss 700). The hindbrain area was 

analyzed as it was the most responsive brain region to traumatic brain injury. To specifically 

isolate the brain regions and obtain data points, a 3D area was isolated by creating a surface with 

Imaris® 7.6 (Bitman, Zuerich) and the fluorescence mean of the green and red channels 

intensities were calculated. Data points were presented as a red/green ratio for each individual 

fish and interpreted as relative neural activity, which is defined as red photoconverted CaMPARI 

in ratio to green CAMPARI (Fosque et al., 2015).  
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2.3.17 Bath Application of Drugs   

For Proteasome inhibition experiments, tau biosensor larvae treated with 20 μM MG-132 

at 2dpf following injections with brain homogenate from Tg human Tau mice. Controls included 

untreated group that was not injected, untreated group that was injected group and uninjected 

control that was treated with the same does of MG-132. The treatment was left for 48 hours 

before changing the media and evaluating the percentage of larvae developing GFP+ puncta in 

the brain region.  

For 4-aminopyridine (4-AP), two doses of 4-AP (200, and 800μM) were added either six 

or 24 hours post traumatic brain injury. For Retigabine (RTG) treatment, 10μM was used to treat 

TBI larvae six hours post traumatic brain injury. The larvae were incubated with both 4-AP 

and/or RTG for 38 hours, then a fresh drug-free E3 media was added. The formation of GFP-

positive puncta was analyzed at four to five days post injury. Control groups consisted of larvae 

that were not treated with any drug nor subjected to traumatic brain injury, and a group of larvae 

that were subjected to traumatic brain injury but not treated with 4-AP or RTG. Control groups 

were compared to the group that was subjected to TBI and treated with the aforementioned doses 

of 4-AP or RTG, or with both drugs combined.  

Pyrimidyn-7™(P7), the dynamin inhibitor, was purchased at a 50mM concentration 

supplied in DMSO (Abcam). Larvae that were subjected to TBI were treated within six hours 

following the injury with 3μM of P7. The dose was chosen based on the previous use of the P7 

drug on zebrafish larvae (Verweij et al., 2019). The larvae were incubated with the drug for 20 

hours, after which they were transferred to a fresh plate with drug-free media. Dayngo 4a, 

another dynamin inhibitor (McCluskey et al., 2013), was purchased from (Abcam) and 4 μM of 

Danygo4a was used to treat larvae as previously explained with P7. The formation and 
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abundance of GFP-positive puncta was evaluated as previously described at four dpti. All the 

drugs experiments were done on larvae subjected to traumatic brain injury using either 65g or 

300g weight. 

 

2.3.18 Statistics 

All statistical analyses were performed using GraphPad Prism Software (Version 7, 

GraphPad, San Diego, CA). Unpaired t-test was used to compare between two groups. For 

comparison between three groups at three different time points or the same time point, 2-way 

and Ordinary One-Way ANOVA were used followed by post-hoc Mann-Witney U tests and 

Kruskal-Wallace multiple comparison tests.  

 

2.4 Results: 

2.4.1 Engineering and Validation of Tauopathy reporter lines 

 Previously engineered tools have enabled the assessment and quantification of tau 

inclusions in living cells (typically Human Embryonic Kidney cells), via measuring aggregation 

of fluorescent proteins fused to tau protein, providing sensitive detection of pathological tau 

species and strain variants (Kaufman et al., 2016; Sanders et al., 2014; Woerman et al., 2016). 

We reasoned that these biosensor tools would have good potential to reveal additional characters 

when expressed in vibrantly active neurons of the CNS, and that prion-like mechanisms of 

tauopathy spread (if any) are best modeled in an intact brain (e.g. vectored by blood and 

glymphatic circulation, ventricles, and immune systems). Therefore, we engineered a tauopathy 

biosensor transgenic zebrafish that expresses a fluorescent tau reporter protein. Our genetically 

encoded fluorescent reporter protein was composed of the sequence of the human tau core-repeat 
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region fused to GFP with a linker sequence and is referred to here as Tau4R-GFP (Figure 2.2A). 

Contrasting previous in vitro models, our biosensor did not feature any pro-aggregation 

mutations in tau; this was a deliberate design intended to minimize spontaneous aggregation 

events. The expression of the biosensor protein is under the control of the pan-neuronal promoter 

neuronal enolase 2 (eno2), which drives expression throughout the CNS (Figure 2.2A). We 

deployed the transgene in a transparent zebrafish line (‘Casper’ background (White et al., 2008)) 

to facilitate analysis beyond the early larval development stages (when pigmentation would 

otherwise begin). We isolated a stable transgenic (Tg) line that expresses the Tau4R-GFP 

biosensor reporter robustly and clearly in the CNS (Figure 2.2C), Tg[eno2:Tau4R-GFP], and 

assigned it allele number ua3171. 

Simultaneously, we expressed the same biosensor in vitro to validate the construct we 

deployed in vivo (Figure 2.2 A and B). Both in HEK293T cells and Tg zebrafish brains, 

immunoblotting using anti-GFP antibody detected our Tau-4R-GFP reporter protein at the 

expected size of ~45 KDa, similar to a SOD1:GFP biosensor protein of similar predicted size, 

and an appropriately larger size relative to GFP protein alone (Figure 2.2 B’ and C’).  

We assessed the capacity of our Tau4R-GFP biosensor to report the presence of tau 

pathology when tau-laden brain homogenates were transduced into cells. Brain homogenates 

from transgenic mice expressing mutant human tau (Tg human Tau p301L), were compared to non-

Tg mouse homogenates as a negative control. Congruent with findings obtained in other similar 

cell assays (Sanders et al., 2014), GFP+ inclusions were detected only when clarified brain 

homogenate full of pathogenic tau fibrils (from Tg human P301LTau mice) were transduced to 

biosensor cells (Figure 2.2 D). The in vitro assay detection rate was approximately 5% of cells 

having GFP+ inclusions in total with 2% of cells forming multiple nuclear inclusions and ~3% 
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forming one cytoplasmic puncta, whereas various negative controls consistently displayed 0% of 

cells with inclusions (Figure 2.3). To verify that tau aggregates in the clarified brain homogenate 

caused the GFP+ puncta, we purified tau aggregates through PTA precipitations (Woerman et 

al., 2016). Purified tau fibrils were characterized via EM analysis (Figure 2.2 E) and produced 

GFP+ aggregation (Figure 2.2 F), confirming the ability of our Tau4R-GFP chimeric protein to 

report tau aggregation.  
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Figure 2.2 
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Figure 2. 2 : Validating tauopathy fluorescent biosensor in vitro.  

Biosensor Tau4R-GFP was validated in vitro for its ability to detect tauopathy seeds (derived 

from Tg mouse brains) in vitro, and also expressed in zebrafish. (A) Schematic of Tau4R-GFP 

“Tau biosensor” that contains the four binding repeats (4R) region of wildtype human tau linked 

to green fluorescent reporter protein (GFP) and its expression in cells and CNS in zebrafish 

larvae. (B) HEK293T polyclonal cells stably expressing Tau4R-GFP reporter and (B’) 

immunoblot vs. GFP suggests the fusion protein is intact and appropriate size. (C) Transgenic 

zebrafish engineered to express Tau4R-GFP biosensor throughout neurons of the CNS. Wildtype 

GFP is also abundant in the heart, which serves as a marker of the transgene being present but is 

otherwise irrelevant to our analyses. (C’) Western Blot on zebrafish brain confirmed production 

of Tau4R-GFP at the expected size, similar to a SOD1-GFP biosensor and coordinately larger 

than GFP alone. (D) Tau4R-GFP biosensor cells display GFP+ inclusions only upon 

transduction of crude brain homogenate from Tg human Tau+/P301Lmouse, not from non-tg mouse. 

(E) PTA-purified brain homogenate assessed by EM confirms presence of fibrils (EM images 

obtained by RK). (F) Application of PTA-purified brain homogenate induced the formation of 

tau inclusions similar to clarified brain homogenate (scale bar 50µm).  
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Figure 2.3 

Figure 2. 3: Tau biosensor (Tau4R-GFP) expressed in vitro shows an increase 

in GFP+ puncta following application of pathological human tau. 

Quantification of cells with inclusions after transfection of mouse brain homogenate that is laden 

with human tau pathology showing detection rate of approximately 5% of cells having 

inclusions with 0% in various negative controls. Negative controls include transfection with 

wildtype mouse brain homogenate, transfection with PBS, or no transfection. For the 

quantification, the number of cells with inclusions and the number of total cells from 9 field 

images were counted. Bars represents mean of three independent experiments ± standard error.  
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2.4.2 Validation of the in vivo biosensor model through intra-ventricular brain injections 

of Tau fibrils 

Fluorescent tau biosensor proteins expressed in vitro have a strong track record of 

characterizing tau aggregates and revealing prion-like strain properties, whereas an in vivo 

model should additionally permit assessment of spreading of tau aggregation (and potential 

treatments) in the context of complex CNS neurophysiology and modelling neuropathology. To 

test if the Tau4R-GFP biosensor can report the in vivo progression of tauopathy, we emulated 

intracerebral injection methods that induce (prion-like) tau pathology in mice (Clavaguera et al., 

2013; Guo et al., 2016; Peeraer et al., 2015). We injected clarified brain homogenate laden with 

human tau fibrils, prepared as above from Tg mice, into the hindbrain ventricle of two dpf tau 

biosensor zebrafish (Figure 2.1). The injected larvae and control groups were monitored daily 

for up to four days post-injection (dpi). Tau biosensor larvae developed GFP+ puncta, which is 

reflective of tau aggregation in the brain (Figure 2.4A). These tau inclusions were prominent 

near the ventricle wall as well as in sensory neurons along the spinal cord, when injected with 

brain homogenate from human-tau transgenic mouse (Figure 2.4A). These puncta appeared to 

have either a lone dot-like shape or were similar to the multiple nuclear puncta detected in vitro, 

in which three to four small puncta are clustered together. Repeated assessment of the location of 

tau aggregates on the spinal cord of the same individuals over multiple days, using somite 

numbers as landmarks, indicated a movement of some of these puncta over time (Figure 2.5 A 

and B).  

Amongst larvae injected with human tau fibrils from Tg mouse brain homogenate, 35% of 

the fish developed puncta in the brain and 80% along the spinal cord (Figure 2.4 B and C). On 

the other hand, a lower proportion of tau biosensor larvae developed the inclusions post-injection 
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with the control brain homogenate from wild-type mice (Figure 2.4 B and C). Tau aggregates 

were detected on the spinal cord region as early as 2 dpi. Intriguingly, a small percentage of 

larvae developed sporadic GFP+ tau aggregates regardless of treatment. The abundance of the 

GFP+ spinal cord inclusions was progressive and significantly higher when pathogenic tau brain 

homogenate was injected compared to the non-injected control, p<0.0001 at 3 and 4 dpi, and 

other control groups, p<0.001 at 3 dpi and p<0.01 at 4 dpi (Figure 2.4 D). Few larvae in the 

control groups developed spontaneous inclusions but the number of the larvae and the 

abundance of those inclusions were minimal (Figure 2.4 D). Visualizing the data as distributions 

of larvae with particular abundances of GFP+ inclusions (Figure 2.4 E) highlights a trend where 

most larvae would not develop aggregates unless they were injected with brain homogenate full 

of pathogenic human tau species. In such a case, the biosensor larvae would develop an 

abundant number of aggregates. Overall, these data confirm the ability of our biosensor model to 

detect pathogenic tau species in vivo. 
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Figure 2.4 
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Figure 2. 4: Tau biosensor zebrafish detects disease associated human tau 

fibrils following intraventricular injection of brain homogenate.  

Brain homogenates were microinjected into the zebrafish hindbrain ventricle at two days post-

fertilization, and tau inclusions were analyzed at several time points. (A) Tau biosensor zebrafish 

larvae developed readily apparent GFP+ inclusions in the brain and spinal cord when injected 

with brain homogenate laden with human tau pathology (from Tg hTau+/p301L mouse; scale bar 

85µm). (B) Injection of brain homogenates carrying tau pathology (from Tg-hTau mouse) into 

hindbrain of Tau4R-GFP zebrafish induced GFP+ puncta in brains and (C) spinal cord at a 

significantly higher percentage compared to control groups. (D) Tau biosensor zebrafish injected 

with Tg Tau Brain homogenate developed significantly more aggregates on the spinal cord 

compared to uninjected control and other control groups, including compared to wildtype mouse 

brain homogenate (ns for p>0.05, * for p£0.05, ** for p£0.01, *** for p£0.001) (E) The 

distribution of larvae displaying various quantities of aggregates in the spinal cord was 

quantified. Error bars represent standard error of the mean, n= number of larvae assessed. 
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Figure 2.5 
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Figure 2. 5:  the movement of some of tau puncta overtime after injection of 

mouse brain homogenate that is laden with human tau pathological 

aggregates.  

(A)  Images of the brain area, after injection with Tg hTau+/p301L mouse brain homogenate, for the 

same zebrafish larvae over three consecutive days post injection (dpi) showing the movement of 

one puncta over time. (B) schematic illustrate a somite in zebrafish larvae. (C, C’ and C”) The 

location of tau aggregates on the spinal cord of the same individuals over multiple days, using 

somite numbers as landmarks, denote a movement of some of these puncta over time.  
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 Like other protein misfolding diseases, tauopathies reflect a proteostatic imbalance 

wherein the clearance of pathological tau species is insufficient relative to accumulation (Lim 

and Yue, 2015) (Chiti and Dobson, 2006). We reasoned that if the tau biosensor larvae are 

faithfully reflecting tau proteostasis concepts in vivo, then this could be revealed via inhibition of 

the proteasome. We treated larvae with the proteasome inhibitor MG-132 and observed an 

approximate expanding of spontaneous GFP+ inclusions (Figure 2.6 D). Following injection of 

mouse brain homogenate loaded with human tau fibrils, inhibiting the proteasome with MG-132 

substantially enhanced the percentage of larvae bearing Tau4R-GFP+ inclusions in the brain (to 

~70%, Figure 2.6 E), relative to equivalent larvae without MG-132 (~36%, Figure 2.6 E).    

It was striking that the zebrafish tau biosensor was robustly able to discriminate brain 

homogenates that were loaded with human tau aggregates from those that were not. However, 

we considered an alternative explanation for the data: the difference may not depend directly on 

human tau in the brain homogenate, but instead reflect other disease-associated-components of 

the degenerating Tg mouse brain. To verify that the formation of GFP+ puncta in zebrafish can 

report tau protein only, we fibrillized and delivered synthetic human tau protein (2N4R). After 

confirming the synthetic tau proteins were appropriately fibrillized via EM (Figure 2.6A), we 

delivered them by intraventricular injections as described above. Similar to previous data with 

brain homogenate, the larvae that were injected with synthetic tau fibrils developed inclusions 

proximal to the brain ventricles as well as along the spinal cord at 3-6 dpi. The abundance of tau 

aggregates along the spinal cord was significantly higher in larvae injected with the synthetic tau 

fibrils compared to larvae injected with tau monomers or to the non-injected group (p<0.05) 

(Figure 2.6 B). The distribution of larvae based on the number of tau aggregates they 

accumulated also supported these findings (Figure 2.6 C). In sum, the Tau4R biosensor deployed 
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in the CNS of larval zebrafish was able to report tau species, and further revealed the prion-like 

induction of tauopathy via protein-only seeding in vivo. 
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Figure 2.6  

 

Figure 2. 6:  Protein-only induction of puncta in in vivo tau biosensor. 

Injections of synthetic tau fibrils into Tau4R-GFP zebrafish induced GFP+ puncta in brains and 

spinal cord. (A) Synthetic tau proteins were fibrilized as confirmed via EM analysis. Tau fibrils 

were microinjected into the larval hindbrain at two days post-fertilization, and tau inclusions 

were analyzed at three days post injections. (B) Tau aggregates were only observed after 
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injection of tau fibrils, not monomers (*p<0.05). (C) Tau aggregates were presented as 

distribution of larvae that displayed various amounts of GFP+ puncta only after injection of tau 

fibrils. (D, E) Inhibiting the proteosome with MG132 enhanced the percentage of larvae bearing 

GFP+ inclusions in the brain following injection of tau-laden brain homogenate.  
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2.4.3 Introduction of a novel traumatic brain injury method for larval zebrafish 

We sought to deploy our tau biosensor as a detector of tauopathy following traumatic brain 

injury. Although a few methods have been reported to induce traumatic brain injury in adult 

zebrafish (Maheras et al., 2018; McCutcheon et al., 2017), no such methods were available to 

use on zebrafish larvae. Here we introduce a simple method to induce Pressure wave (PW) 

induced traumatic brain injury in zebrafish larvae. Measuring tauopathy in larvae offers 

substantial benefits regarding experimental throughput, economy, accessibility of drug and 

genetic interventions, as well as bioethics. 

We devised a traumatic brain injury paradigm by loading zebrafish larvae (in their typical 

growth media) into a syringe with a closed stopper, and applying a hit on the plunger to produce 

a pressure wave through the fish body akin to pressure or shock waves experienced during 

human blast injury (Nakagawa et al., 2011) (Figure 2.7A). To ensure repeatability, and to permit 

manipulation of injury intensity, a series of defined masses were dropped on the syringe plunger. 

To assess if our method faithfully induced traumatic brain injury that mimic injury produced by 

blast wave, we examined multiple markers known to be associated with blast traumatic brain 

injury, including cell death, small or large hemorrhage, blood flow abnormalities and axonal 

injury and tauopathy (Bir et al., 2012; Kovacs et al., 2014; Nakagawa et al., 2011). Additionally, 

we evaluated the occurrence of post-traumatic seizure activity and the increased in neuronal 

activity during the trauma.  

As disruption of neurofilament levels have been used as a marker for axonal damage in 

multiple neurodegenerative disease, including TBI (Khalil et al., 2018; Siedler et al., 2014), we 

determined the impact of TBI on neurofilaments distribution in zebrafish larvae via 

immunostaining using monoclonal NF160 antibody that can detect neurofilaments in zebrafish. 
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Interestingly, TBI caused a loss in the staining of neurofilaments and disruption in distributions, 

which are in agreement with immunostaining of neurofilaments in mouse models of TBI (Caner 

et al., 2004; Huh et al., 2002)(Figure 2.8).  

We then evaluated hemorrhage via the use of Tg[gata1a:DsRed] larvae that express red 

fluorescence in blood cells (Traver et al., 2003). Hemorrhage was observed in some larvae when 

a heavy weight (300g) was used to induce the traumatic brain injury (Figure 2.7B). Additionally, 

approximately half of the TBI larvae showed abnormalities in blood flow including a temporary 

reduction or complete absence of blood flow and circulations (video of control 1, 

https://drive.google.com/file/d/1hANQ6XEjQn9Nami6ttc7UtryHTbJRKO4/view?usp=sharing)(

video of TBI 2,  

https://drive.google.com/file/d/1x0m12ZX_nzwacLn_0UXs4_by2gt5_PSN/view?usp=sharing) 

in line with abnormalities detected in other TBI models (Bir et al., 2012).  

Subsequently, we assessed apoptosis in the TBI larvae, observing that our TBI method 

induced cell death in larvae as detected by staining for active-Caspase-3 (known also as 

Cleaved-Caspase-3) (Figure 2.7D). The number of activated-Caspase-3-positive cells was 

negligible in the control groups compared to a mean of 61.6 cells in TBI larvae (SEM ± 9.17, 

n=3) and 75 (SEM ± 4, n=2) in positive-control-larvae treated with CPT. These data all align 

well with existing animal models of TBI with respect to mimicking patient symptoms and 

support the effectiveness of our method in inducing traumatic injury in larval zebrafish.  
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Figure 2.7  
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Figure 2. 7: Larvae subjected to traumatic brain injury (TBI) exhibited 

various markers associated with traumatic blast injury.   

(A) Our TBI model for larval zebrafish. To induce blast injury, zebrafish larvae are loaded into a 

syringe with a stopper. A defined weight is dropped on the syringe plunger from a defined 

height, producing a pressure wave through the fish body akin to pressure waves experienced 

during human blast injury. (B) Hemorrhage after TBI was observed in some of the larvae fish 

using Tg[gata1a:DsRed] transgenic zebrafish that express DsRed in erythrocytes as indicated by 

white arrows. (C) Larvae subjected to the traumatic brain injury display a seizure-like movement 

that is detected using a tracking software system and significantly higher than the control group 

(***p<0.001). (D) Increased cell death in the brain of larvae subjected to TBI as indicated by 

immunostaining of activated Caspase-3 (magenta). 4dpf larvae exposed to topoisomerase 

inhibitor camptothecin (CPT, 3uM) which induce apoptosis, serves as a positive control. Nuclei 

were stained with DAPI in gray for reference. 
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Figure 2.8  
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Figure 2. 8 : Disruption of neurofilaments distribution after traumatic brain 

injury.  

Traumatic brain injury caused a loss of neurofilaments labeled neurons and disruption in their 

distribution after 5 hours of TBI compared to control larvae that was not subjected to TBI. TBI 

larvae with no primary antibody added was used as a negative control. Nuclei were stained with 

DAPI in gray for reference.  
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2.4.4 TBI treated larvae exhibited post-traumatic seizure-like behavior and increased 

neuronal activity during Trauma 

Post-traumatic seizures are one of the most frequent conditions associated with traumatic 

brain injuries and, despite being prevalent, remain poorly understood in TBI patients (Kovacs et 

al., 2014). Post-traumatic seizures were apparent in a subset (approximately 40%) of zebrafish 

larvae after they were subjected to TBI. We quantified seizure activity via behavioral tracking 

software (which we had previously optimized for quantifying seizures in larvae zebrafish 

(Leighton et al., 2018)) and determined that larvae subjected to the traumatic brain injuries 

exhibited seizure-like activity that was significantly higher than the control group (p<0.0007) 

(Figure 2.7 C) (TBI Larva with reduced blood flow and seizure, 

https://drive.google.com/file/d/1hZMuZ-4DrWL_V0GgSTgSzyH_rtT6dejJ/view?usp=sharing). 

Seizures are caused by abnormal and excessive neuronal excitability (Stafstrom and 

Carmant, 2015). To evaluate whether the occurrence of the seizure-like symptoms in our TBI 

model was caused by a sudden increase in the neuronal activity during the brain trauma, we 

utilized CaMPARI optogenetic measures. CaMPARI fluoresces green in baseline conditions, and 

permanently converts to red fluorescent emission if exposed to high calcium levels (i.e. neural 

activity) coincident with user-defined application of bright 405nm light. We subjected our 

Tg[elavl3:CaMPARI]ua3144 larvae to TBI, coincident with brief application of photoconverting 

light as described in (Figure 2.9 A). An increase in neuronal activity during TBI was evident, 

especially in the hindbrain region as indicated by enhanced red emission (Figure 2.9 B). 

CaMPARI allows robust quantification of neural activity expressed as a ratio of red:green 

fluorescent emission, and confirmed that neuronal excitability increases significantly in response 

to brain trauma (Figure 2.9 C and D). Notably, this combination of newly introduced methods of 
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traumatic brain injury being integrated with CaMPARI optogenetic methods offers the rare 

ability to assess neural activity on un-restrained (free-swimming) subjects during TBI. In sum, 

our data reveal a substantial burst of neural activity occurs during TBI, and that zebrafish larvae 

exposed to TBI exhibit a subsequent propensity for spontaneous seizures.  
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Figure 2.9  
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Figure 2. 9: Traumatic brain injury induces neural activity in CaMPARI 

zebrafish larvae.  

(A) Schematic of TBI using CaMPARI (Calcium Modulated Photoactivatable Ratiometric 

Integrator) to detect neuronal excitability. 3dpf CaMPARI larvae were freely swimming while 

subjected to TBI, coincident with exposure to 405nm photoconversion light. CaMPARI 

fluorescence permanently photoconverts from green to red only during neuronal activity (high 

[Ca2+]), and the ratio of red:green emission is stable and quantifiable via subsequent 

microscopy. (B) Increased neural activity during TBI is represented by increased red:green 

emission (red pseudocoloured to magenta) in the hindbrain of larvae (B”), compared to fish not 

receiving TBI (B’) or fish not exposed to photoconverting light (“no PC” in panel B). These 

representative maximum intensity projection images show dorsal view of zebrafish (anterior at 

top), including merged, or red or green channels alone. (C) Heatmaps encode the CaMPARI 

signal (higher neural activity = higher red:green = brighter colours), highlighting location of 
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increased neural activity during TBI relative to control larvae not receiving TBI. (D) CaMPARI 

output quantification in the hindbrain area reveals a significant increase in the neuronal 

excitability during TBI compared to control group not receiving TBI (*p<0.05). 
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2.4.5 Traumatic brain injury on Tau biosensor Tg zebrafish larvae inducing GFP+ 

puncta 

After validating that our TBI method was able to induce traumatic brain injury upon 

zebrafish larvae, we asked whether TBI can induce tau aggregates in our tau biosensor model. 

Initially, we evaluated if our TBI method would induce aggregation of fluorescent proteins in 

models expressing GFP alone or other biosensor proteins such as SOD1:GFP, as a negative 

control. In traumatic brain injury induced with both light and heavy weights, no GFP+ 

aggregates were detected in these controls (Figure 2.10 A-C). Similar results were obtained with 

pt-40 transgenic zebrafish that express GFP around the larva’s body (Figure 2.10 D) and other 

transgenic zebrafish express GFP in motor neurons (data not shown). Further, our Tau4R-GFP 

fish robustly express a typical GFP variant in the active heart muscle, and this GFP showed no 

sign of aggregation following TBI.  Remarkably, in these same individuals we detected Tau4R-

GFP biosensor GFP+ puncta in both brains and spinal cords following TBI (Figure 2.11 A-B). 

To determine if the severity of tauopathy varies coordinately with severity of the traumatic brain 

injury, we assessed the impact of varying masses. Although some variability is apparent, a dose-

response relationship is evident, such that the 65g, 100g and 300g weights induced more tau 

aggregates in our tau biosensor compared to the control and 30g weight (Figure 2.12 E). The 

heaviest weight (300g) induced significantly more tau aggregates versus the control group or the 

group with the 30g weight (p<0.01 and p<0.001, respectively). Therefore, we decided to use 

both the 300 and 65 g weight for the next experiments. We evaluated whether dropping the light 

weight once or multiple times would affect the number of tau aggregates on the spinal cord as 

well as dropping the weight once on three consecutive days, perhaps reminiscent of repeated 

sports injury. We observed a rise in the number tau aggregates when the weight was dropped 
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multiple times for one day or over three consecutive days, but this increase was not statistically 

significant (Figure 2.12 B-D).  

The GFP+ tau aggregates formed in the brain region following TBI tend to form fused shape 

similar to spontaneous aggregates (Figure 2.12 A). The aggregates on the spinal cord, however, 

had similar shape to aggregates detected post brain-injections, but with less brightness in some 

instances. Multi-day monitoring of individual larvae (Figure 2.13 and 2.14) revealed variation in 

forming tau aggregates among TBI larvae. We observed tau aggregate abundance over time 

following traumatic brain injury and found that the average tauopathy significantly increased 

compared to the control group (p<0.05 at 3 dpti and p<0.01 at 4 dpti (days post traumatic) 

(Figure 2.11 C- D). Analysis of distribution of larvae binned into the number of Tau4R-GFP+ 

puncta at 3 dpti showed that more larvae developed Tau4R-GFP+ puncta compared to the 

control group (Figure 2.11 E). Considering that many of the larvae subjected to TBI formed 

Tau4R-GFP+ puncta in the brain that had a fused pattern (Figure 2.12 A), we focused on tau 

aggregates that formed on the spinal cord as their abundance could be most efficiently quantified 

compared to aggregates that formed in the brain.  

As some of the TBI larvae exhibited seizure-like movements, while some did not seem to 

move abnormally following TBI, we sought to establish if the post-traumatic seizure activity 

impacted taupathy abundance in our model. Thus, we sorted the larvae subjected to TBI into 

groups containing larvae exhibiting the seizure-like behavior and those that displayed no 

movements. Larvae exhibiting seizure-like behavior developed abundant numbers of spinal cord 

aggregates in comparison to the other groups (Figure 2.11 F).  
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Figure 2.10  

Figure 2. 10: Traumatic brain injury did not induce GFP+ puncta in 

transgenic larvae zebrafish expressing SOD1:GFP or wildtype GFP.   

(A and B) SOD1:GFP larvae did not develop any GFP+ aggregates after TBI similar to control 

larvae (no TBI). Quantification of GFP+ puncta in the spinal cord of SOD1:GFP and Pt-40 

(express GFP) larvae shows majority of samples did not develop aggregates post traumatic brain 

injury.  
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Figure 2.11   
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Figure 2. 11: Traumatic brain injury induces tauopathy in larval zebrafish.  

(A) Tau4R-GFP biosensor GFP+ puncta are detected in the brain of tau biosensor zebrafish at 5 

days post traumatic brain injury (dpti). (B) Tau aggregates formed on the spinal cord as a result 

of TBI as shown by arrows. (C) Tauopathy significantly increases over time following brain 

traumatic injury compared to control group (No TBI) (*p<0.05 at 3dpti and **p<0.01 at 4dpti). 

(D) Quantification of the number of tau aggregates in spinal cord area shows a significant 

increase over time post brain blast injury compared to control group (*p<0.05 at 3dpti and 

4dpti). (E) Analysis of the number of larvae shows that more larvae would develop GFP+ puncta 

compared to control group. (F) Following TBI larvae displaying seizures tended to develop 

many more tau aggregates (***p<0.001). (G) Inhibiting post-traumatic seizure with anti-

convulsant RTG (10µM) significantly decreased the abundance of GFP+ puncta in the spinal 

cord (p<0.05).  
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Figure 2.12  
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Figure 2. 12: Consistent but modest insignificant increase in tau puncta is 

observed with an increasing number of successive brain injuries.  

Larvae were subjected for either single hit or 5 hits. The number of aggregates both in the brain 

and the spinal cord were quantified at 3 and 4 days post traumatic brain injury. (A) represent a 

mean of the number of aggregates in the brain for both conditions while (B) shows the number 

of the aggregates on the spinal cord as mean. (C) Analysis of the number of fish developing 

certain number of aggregates indicate that there is an increase in the number of fish developing 

more than 5 puncta after multiple hits compared to single hit group or control.  Statistical 

analysis shows no significance difference in both conditions. (D) performing TBI over three 

consecutive days slightly increased the number of tau puncta but the increase was not 

statistically significant. (E) Analysis of the impact of using varying masses in the TBI method on 

the formation of tau aggregate shows that 65g, 100g and 300g weights induced more tau 

aggregates in our tau biosensor compared to the control and 30g weight. Statistical analysis 

shows significance when the heaviest weight (300g) used compared the control group was not 

subjected to TBI or the group with the 30g weight (p<0.01 and p<0.001, respectively). 
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Figure 2.13  
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Figure 2. 13: Longitudinal analysis of individual fish after TBI shows various 

patterns of tau inclusion formation and clearance in their brains.   

(A) In the control group (no TBI) most larvae did not develop aggregates, while few either 

developed aggregates at later time point (3dpi), or developed aggregates that disappear later. (B) 

larvae subjected to TBI blast injury either developed aggregates at earlier time points and the 

number of this aggregates would increase gradually, remain the same or display a pattern similar 

to the control in which the aggregates number decrease at the next time point. 
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Figure 2.14  
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Figure 2. 14: Longitudinal analysis of individual fish after TBI shows various 

patterns of tau inclusion formation and clearance in their spinal cords.   

(A) Representative of the control group (no TBI) wherein some of the larvae did not develop 

aggregates, while few either developed aggregates at later time point (3dpi), or developed 

aggregates that disappear later. (B) shows the analysis of larvae subjected to blast injury in 

which the majority in contrast to the control groups developed aggregates at earlier time points 

and the number of this aggregates would increase gradually, remain the same or display a pattern 

similar to the control in which the aggregates number decrease at the next time point but then 

increase again. 
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2.4.6 Retigabine and 4-aminopyridine inhibited Tauopathy in a TBI model 

We were intrigued that both post-traumatic seizures and tau pathology are prevalent in some 

TBI patients, and that a causal link between disrupted neural activity and protein misfolding can 

be demonstrated in at least some neurodegenerative diseases (Kovacs et al., 2014; Sanchez et al., 

2018). To disentangle the role of seizure activity in terms of the formation of tau aggregates in 

our TBI models, we employed convulsant and anti-convulsant drugs to modulate in vivo neural 

activity. Each of these drugs is well-established to behave similarly in zebrafish as in mammals, 

though it is perhaps notable that our multi-day application here is longer than the acute 

applications typically considered (Ellis et al., 2012). Based on previous findings regarding the 

observed increase in tauopathy abundance in TBI larvae that exhibited seizure-like behavior, we 

hypothesized that decreasing this seizure-like activity will reduce tauopathy. Thus, we applied 

the anti-convulsant drug Retigabine (RTG), a neuronal potassium channel (KCNQ) opener, to 

test the impact of decreasing seizures on tau pathology. As expected, we observed a significant 

decrease in the abundance of tau (p<0.05) with many TBI larvae not developing any Tau4R-GFP 

aggregates (Figure 2.11 G). To increase seizure activity after TBI, we applied 4-aminopyridine 

(4-AP), a Kv channel blocker and convulsant drug. We predicted that raising the level of seizure 

activity would elevate tauopathy abundance in our TBI model. We found low doses of 4-AP 

sometimes met our prediction of increasing the number of aggregates, and though this result was 

variable between trials it encouraged us to explore further. Surprisingly, higher doses of 4-AP 

consistently inhibited formation of tau aggregates. Treating TBI larvae with 200 or 800µM of 4-

AP for prolonged period (38 hours, beginning 24 hours post TBI) significantly inhibited the 

abundance of Tau4R-GFP+ puncta in the TBI group (Figure 2.15 A-C). Analysis of the 

distribution of larvae linked to the number of tau aggregates supported this finding with no 
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zebrafish larvae developing aggregates in groups treated with 4-AP (Figure 2.15 D). It is worth 

noting that 4-AP is commonly used on zebrafish but rarely used for prolonged treatment. These 

results were different from our initial prediction as we were expecting to see more aggregates 

owing to increased seizure-activity evoked by 4-AP. To evaluate if the time at which treatments 

are administered plays a role in this unexpected result, we treated larvae with 200 µM 4-AP at 

earlier time points, specifically during traumatic brain injury and 1.5 hours later. We kept the 

duration of 4-AP treatment the same as previous experiments (38 hours). We found that 

administering 4-AP during different time windows relative to the traumatic brain injury did not 

measurably alter the inhibitory action of 4-AP on the abundance of tau aggregates (Figure 2.15 

E). A similar observation was made when the duration of the 4-AP treatment was reduced to 24 

hours (Figure 2.15 F).  

Next, we considered if this unexpected inhibition of tauopathy by high-dose 4-AP 

convulsant is a direct consequence of increased neural activity (e.g. perhaps via neural 

exhaustion). We found that larvae receiving TBI and 4-AP continued to exhibit a lack of tau 

aggregates when co-treated with anti-convulsant retigabine (p<0.0001) (Figure 2.15 G). This 

suggested that high doses of 4-AP block the formation of tau aggregates via a mechanism 

independent of its convulsant activity.  

  



 

112 
 

Figure 2.15  
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Figure 2. 15: Increase seizure activity using potent convulsant drugs (4-AP) 

significantly decreased the formation of tau aggregates.  

A) Larvae subjected to TBI and treated with 4-aminopyridine (4-AP) show no brain puncta. 4-

AP was added to the TBI larvae one day post traumatic brain injury (dpti) and left for 38 hours 

as displayed in timeline in (B). (B,C) 4-AP significantly reduced the abundance of GFP+ puncta 

in the brain and spinal cord compared to untreated TBI control (**p<0.009 at 3dpti and 

***p<0.0003 at 4dpti). (D)  All larvae treated with 4-AP did not develop any GFP+ puncta (# of 

aggregate is 0), displayed as distribution of larvae binned into the number of GFP+ puncta they 

exhibited. (E)  Adding drugs at different times post the traumatic brain injury had no effect on 

the inhibitory action of Tau aggregates evoked by 4-AP. (F) Reducing 4-AP treatments to 24 

hours have no impact on the inhibitory effect of 4AP on tauopathy.   
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2.4.7 Inhibition of dynamin-dependent endocytosis minimized Tau seeding following 

traumatic brain injury 

To resolve a mechanism whereby high doses of 4-AP reduced tau pathology, contrary to our 

predictions above regarding neural hyperactivity, we considered previous in vitro work that 

demonstrated high concentrations of 4-AP cause reduced endocytosis of synaptic vesicles 

(Cousin and Robinson, 2000). To examine if the inhibitory actions of 4-AP on the abundance of 

tau aggregates in our TBI model is caused by inhibition of endocytosis specifically, we treated 

our tau biosensor larvae post TBI with Pyrimidyn-7 (P7), a dynamin inhibitor that is known to 

block endocytosis (McGeachie et al., 2013), and analyzed the propagation of tau pathology by 

quantifying the number of tau inclusions. Owing to the potency of P7 and its impact on the 

survival of larvae, we treated the larvae with it for 24 hours at just 3 µM. Similar to the findings 

with 4-AP, P7 treatments significantly inhibited the formation of Tau4R-GFP+ puncta in TBI 

larvae (p<0.001) (Figure 2.16 A). We assessed further the role of endocytosis by employing 

another dynamin- inhibitor drug, Dango4a, that is less potent than p7 (McCluskey et al., 2013). 

We obtained similar results in which Dango-4a treatments significantly reduced tauopathy in our 

TBI model (Figure 2.16 B). To determine if these results are applicable to human tau, we 

induced traumatic brain injury on larvae expressing both human tau (2N4R) and our tau 

biosensor reporter and then treated both with either 4-AP or P7. With the exception of the 

untreated control, both groups treated with 4-AP or P7 exhibited a noticeable reduction in tau 

aggregate abundance. While the decrease in the case of p7 was not statistically significant, 

statistical analysis showed significance after 4-AP treatments (p<0.001) (Figure 2.16 C and D). 

These findings confirmed the ability of 4-AP and dynamin inhibitors of reducing human tau 

aggregates in our TBI larvae.  
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Figure 2.16 
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Figure 2. 16: Pharmacological targeted inhibition of endocytosis reduced 

tauopathy following TBI.  

(A) Blocking endocytosis with Pyrimidyn-7 (P7) treatments significantly inhibited the formation 

of Tau4R-GFP+ puncta following TBI (***p<0.001). (B) Dango4a treatment significantly 

reduced Tau aggregates in the spinal cord (***p<0.001) in a manner similar to P7. (C) 4AP 

treatment significantly inhibited the formation of Tau4R-GFP+ puncta in the spinal cord 

(***p<0.001) of Tau biosensor line that also express human Tau (2N4R) after traumatic brain 

injury compared to untreated TBI control group. (D) A notable reduction in Tau aggregates was 

observed in the same line after treatment with p7 drug. Statistical analysis shows no significance 

difference between groups  
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2.5 Discussion: 

Over the past decade, numerous studies in vitro and in vivo studies has supported the 

notion that tau proteins possess prion-like proprieties that permit them to seed conversion in 

those diseases and spread to synaptically connected regions in tauopathies such as AD and FTD 

(Ayers et al., 2018; de Calignon et al., 2012; Goedert et al., 2017a; Goedert et al., 2017b; Iba et 

al., 2015; Woerman et al., 2016). Various possible mechanisms for the transcellular transfer of 

tau seeds have been proposed including mechanisms of release such as exosomes, or 

mechanisms of cellular uptake of tau seeds such as endocytosis (Demaegd et al., 2018; Evans et 

al., 2018; Wang et al., 2017; Wu et al., 2013). Nonetheless, most of the suggested mechanisms 

were postulated based on  in vitro evidence as there is a lack of access to appropriate models that 

could assist in visualizing the prion-like spreading of tau aggregates. Many details regarding the 

mechanisms and factors involved in the propagation of tau seeds, such as whether one or more 

mechanisms take place in each tauopathy during the progression of the disease or if there are 

factors and mechanisms that are unique to each disease, have not been fully explored. 

Regarding TBI, a huge knowledge gap exists regarding how tau seeds are released and/or 

internalized between cells - indeed most of the prion-like properties of tau species in TBI were 

not assessed until very recently (Woerman et al., 2016; Zanier et al., 2018). Moreover, although 

there are various forms of TBI and all are considered risk factors for neurodegeneration, the 

focus in the literature has mostly been directed towards repetitive mild trauma as it is associated 

with the tauopathy, CTE. The recent revelation that TBI patients, whether they suffered from 

single or repetitive brain trauma, exhibited similar tau pathology to CTE (Washington et al., 

2016; Zanier et al., 2018) makes it intriguing. In our opinion, it would be wise to consider all 
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forms of TBI as tauopathies. Hence, studying prion-like transmission of tau pathology in the 

context of TBI is of no lesser importance than studying it in CTE or other tauopathies. 

 

2.5.1 Overview of major findings and significance 

In our study, efforts were directed to unraveling mechanistic information about factors 

involved in prion-like spreading. Specifically, we inspected the role of seizure activity and/or 

neuronal excitability as well as the role of dynamin-dependent endocytosis during the 

progression of tauopathy in TBI. We focused our attention on seizure activity in part because 

seizures frequently occur in TBI patients especially following blast traumatic injury (Englander 

et al., 2014; Kovacs et al., 2014). We hypothesized that neuronal excitability and seizure activity 

in TBI can play a role in accelerating the wide dissemination of tau pathology. As such, we 

undertook two new approaches to test this hypothesis. The first approach was to engineer a novel 

in vivo tau biosensor model in zebrafish that can visualize pathological tau spreading and 

accumulation within the intact CNS. The tau biosensor zebrafish express human tau4R-GFP 

reporter protein, and we confirmed its ability to detect tau seeds various sources both in vivo and 

in vitro, similar to previously engineered in vitro models (Kaufman et al., 2016; Sanders et al., 

2014). Our second approach was to introduce and optimize an elegantly simple technique to 

cause Pressure wave-induced TBI (PW-TBI), similar to human blast TBI, in zebrafish larvae. 

While the TBI paradigm we developed induces brain injury mimics the one caused by blast-

wave and likely would not be identical to other types of TBI, the development of tauopathy is 

observed in majority of TBI types (Wooten et al., 2019). Our interest in developing methods of 

inducing injury to larvae zebrafish vs. adults originated from the advantages that larvae zebrafish 

can provide, which include access to larger numbers of samples and the tractability of those 
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larvae for high-throughput in vivo screening for therapeutic agents (Saleem and Kannan, 2018). 

Larval zebrafish provide a large economic advantage compared to adults, with respect to cost per 

individual and space consumed in animal housing. Moreover, treating larval fish (that are 

accessible early in development due to external fertilization) can be viewed as an ethically 

favourable replacement (Russell and Burch, 1959) for performing TBI on rodents that typically 

are not accessible until postnatal stages development. Our data argue that our TBI methods are 

germane to clinical etiology, because (akin to existing animal models of TBI) we were able to 

confirm the presence of various markers associated with blast brain injury, such as cell death, 

axonal damage, blood flow abnormalities, hemorrhage and the occurrence of post-traumatic 

seizures. The simplicity of the TBI method we introduce makes its adoption very feasible for 

further work considering genetic and pharmacological study in these diverse and clinically 

important aspects of TBI.  

The post-traumatic seizures apparent in our TBI model led us to consider the neural events 

occurring during the TBI, and their potential bearing on the correlation between neural activity 

and tauopathy. Studies that investigate the impact of TBI on neuronal circuits, especially in vivo, 

have been inadequate, with most of the work examining the changes from a few hours to just 

several days after brain trauma (Bugay et al., 2019). This may be of importance when 

considering evaluating the reasons behind the developments of post-traumatic seizures and 

epilepsy. In a controlled cortical impact model of TBI, an initial decrease or loss in neuronal 

activity is recorded after injury before a rise in neuronal activity is noted (Ping and Jin, 2016) 

Whether the same takes place establishing the exact moment of impact and in different types of 

injuries, like blast TBI, remains unexamined. To address this, we performed TBI on zebrafish 

larvae expressing CaMPARI, an optogenetic reporter of neural activity. CaMPARI is 
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particularly ideal for this type of question, as its reportage of neural activity (a shift from green 

to red fluorescence) occurs only during user-defined times and that reportage is relatively 

permanent. This allowed us to quantify the CNS activity that had occurred during TBI, by 

characterizing the red: green ration of fluorescent emission after TBI was completed. This 

approach therefor allows relatively easy access to quantifying neural activity during injury in an 

unencumbered freely-swimming animal. Herein, we garnered major insights using our TBI 

method on CaMPARI, and we revealed for the first time a snapshot of neurons becoming active 

at the exact moment of impact of TBI. Unlike previous studies, our results showed an increase in 

neuronal excitability upon TBI, which may contribute to the frequency of post-traumatic 

seizures observed in our model, other blast TBI models and TBI patients (Bugay et al., 2019). 

We believe the capability of CaMPARI is unprecedented, and the platform established here has 

good potential to reveal what events occur during TBI that switch the neural circuitry into a 

hyperactive state. Regarding tauopathy, the CaMPARI quantification provided us important 

validation that neural activity was substantively impacted by TBI, supporting our rationale that 

convulsant and anti-convulsant drug treatments might modulate neural activity and thereby 

accelerate or decelerate tauopathy accumulation.   

As previously mentioned, we noted the occurrence of post-traumatic seizures in most of 

our TBI samples, which is in agreement with the prevalence of seizures in blast TBI patients and 

TBI models (Bugay et al., 2019; Kovacs et al., 2014). However, whether post-traumatic seizures 

contribute to prion-like spreading of tau pathology observed in TBI or not is unknown. Yet, 

many investigations have supported an association between tau pathology and seizures (Sanchez 

et al., 2018; Tai et al., 2016). Studies on epileptic human temporal structure revealed 

accumulation of tau aggregates (Sanchez et al., 2018). In 3XTg AD mice, induced chronic 
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epilepsy was associated with changes of inter-neuronal p-tau expression (Yan et al., 2012). 

Additionally, data obtained from post-mortem analysis of patient tissues with AD and drug 

resistance epilepsy uncovered a link between symptomatic seizures and increased Braak stages 

as well as accelerated tau accumulation (Thom et al., 2011). Interestingly, the presence of tau 

deposits in epileptic patients and the similarity of its pathology to CTE suggest a conceivable 

role for seizures influencing the progression of tau pathology in a similar manner to TBI 

(Puvenna et al., 2016). Indeed, our data here support the ability of seizure activity to enhance tau 

abundance in our TBI model. This finding is in line with observations in a patient with epilepsy 

and a history of head injury, in which progressive tau pathology was noted (Geddes et al., 1999; 

Thom et al., 2011). On the other hand, the aforementioned results also raise the possibility of 

benefits of reducing post-traumatic seizures on the progression of tauopathy. Certainly our 

findings do provide tentative support for the previous statement - reducing seizure activity after 

TBI in our model using anti-convulsant drugs significantly reduced tau abundance, providing 

further evidence of the relationship between seizures and tauopathy in TBI (Figure 2.11 G).  

Unexpectedly, our data demonstrated inducing seizures for a long period of time using 4-

AP convulsant drugs inhibited tauopathy in our model. 4-AP is a voltage-gated potassium 

channel blocker that enhances neuronal firing activity and has been used often on zebrafish for 

seizure studies (Kasatkina, 2016; Liu and Baraban, 2019; Lundh, 1978; Winter et al., 2017). Yet, 

4-AP is rarely administered for prolonged treatments such as those we deployed here, e.g. past 

studies rarely exceed 1hour of 4-AP (Winter et al., 2017). Thus, we considered that the 

prolonged stimulation with 4-AP in addition to the high dosages applied may have affected the 

dynamin-dependent endocytosis, in turn affecting the progression of tauopathy in our TBI 

model. Our proposition is reinforced by the fact that in vitro work has disclosed that higher 
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concentrations of 4-AP and prolonged stimulation is shown to associate with inhibition of 

dynamin, which is important for the endocytosis of synaptic vesicles at the nerve terminals 

(Cousin and Robinson, 2000). The inhibition of endocytosis observed in that study was 

independent of 4-AP-dependent seizure activity. We also confirmed this in our TBI model as 

blocking seizures induced by 4-AP did not affect the results and we still detected a significant 

decrease in tauopathy. As our data were obtained exclusively from prolonged 4-AP treatments, 

further work concentrating on comparing the effects of short durations of 4-AP treatments on 

tauopathy progression and the impact of administering 4-AP after formation of tau aggregates in 

TBI is valuable. 

 

We further emphasized the role of dynamin-dependent endocytosis in the prion-like 

progression of tau pathology in TBI with potent endocytosis inhibitors that target dynamin. 

Dynamin is a GTPase involved in two mechanisms of endocytosis that are important for synaptic 

vesicle transport (Singh et al., 2017). Empirical work on human stem cell-derived neurons has 

indicated that tau aggregates are internalized via dynamin-dependent endocytosis and that 

blocking other endocytosis pathways independent of dynamin, such as bulk endocytosis and 

macropincytosis, did not disrupt tau uptake (Evans et al., 2018). On the contrary, inhibiting 

dynamin significantly decreased the internalization of tau aggregates. Our results are in line with 

the previously mentioned findings that show tau progression in TBI models depends on 

dynamin-dependent endocytic pathways - blocking them with two different inhibitors 

dramatically lessened the abundance of tau seeds. Hence, our findings not only provide 

validation of in vitro works in vivo, but also provide valuable knowledge for understanding more 
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about mechanisms underlying prion-like spreading of tau seeds in TBI and CTE that could aid in 

developing therapeutic strategies. 

 

2.5.2 Limitations of the experimental approach 

Despite the sensitivity of our in vivo biosensor zebrafish in the detection of exogenous tau seeds, 

we observed the formation of spontaneous tau aggregates occasionally in certain fish part of our 

control groups. Fortunately, that number of fish and the abundance of tau seeds in those larvae 

was always below the threshold compared to treatments. These spontaneous aggregates could be 

based on genetic variations that have been documented in zebrafish (Balik-Meisner et al., 2018; 

Guryev et al., 2006). Although methods for selection and isolation of larvae with the least 

incidence of developing spontaneous aggregates were implemented in this study and considered 

for future work, analyzing those larvae could be of interest, especially for comprehending the 

impact of genetic variation on the development of tauopathy in our zebrafish model. It could also 

provide an avenue for studying spontaneous non-familial tauopathies. With regards to our PW-

TBI method, the simplicity of our methods renders them easier to adopt for other studies. 

However, further optimizations that aim towards increasing consistency and reducing variability 

among TBI samples are recommended and probably necessary for studies that seek to 

investigate small effect sizes.  

 

2.5.3 Conclusion 

We propose a role of seizures and dynamin-dependent endocytosis in the prion-like 

progression of tauopathy following TBI using novel in vivo models. Currently, no treatments are 

available applicable to all tauopathies. As such, developing new tools and models are required 
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for the mechanistic understanding of the pathogenesis of tauopathies, such as CTE and TBI. 

Specifically, creating in vivo models that can help elucidate the mechanisms underlying the 

prion-like spreading of tau pathologies are required as this information may establish important 

targets for therapeutic intervention. 
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3. Chapter 3: Conclusions and Future directions 

  



 

126 
 

Conclusions, implications and future directions  

3.1 Main conclusion 

In this thesis, the role of seizure and neural activity in the aggregation and spreading of tau 

pathology in TBI models was interrogated using two novel approaches: the engineering of a 

novel tauopathy biosensor model in zebrafish and the development of the first TBI method 

suitable for zebrafish larvae. In Chapter 2, we validated both models and established an essential 

role of both seizure and dynamin-dependent endocytosis in the prion-like propagation of tau in 

TBI. This was supported by the finding that blocking either one significantly minimized tau 

abundance in our TBI model. The findings not only provide new mechanistic insights into tau 

propagation in TBI, but also present more interesting questions that can act as a framework for 

future studies. The work presented in Chapter 2 indicates the advantages of the development of 

both zebrafish models as complements to the available in vitro models, as it enables further in-

depth study of pathology in a vibrant brain with proper cell–cell interactions in which the role of 

neural activity and seizure can be properly assessed. 

In this final chapter, I will address some technical limitations as well as some of the future 

applications of the tau biosensor and TBI models and some of the interesting hypotheses, 

questions, and aims that could be tested in future. 

 

3.2 Implications of tau biosensor model 

3.2.1 Analysis of tau strains using tau biosensor zebrafish models 

Chapter 1 reviews evidence supporting the existence of various tau strains (Narasimhan et 

al., 2017; Sanders et al., 2014). There is also the potential that multiple tau strains can exist in 

one patient (Morales et al., 2007; Schoch et al., 2006), but the factors that influence the 
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dominance of one strain vs. another remain unclear. The competition between strains is an 

interesting area that was recently investigated as one of the new therapeutic strategies for prion 

diseases (Asante et al., 2015). One study showed that the introduction of non-toxic or less toxic 

prion strain protected against the propagation of the toxic strain (Asante et al., 2015). This 

therapeutic approach may be a really promising application to the prion-like propagation of tau 

in tauopathies; however, it requires further examination in appropriate models. The tauopathy 

biosensor model can be implemented in such studies, as it allows the study of strain-specific 

pathology by investigating the rate of progression and cell type affected, and the morphology of 

tau seeds in vivo. Thus, it may provide further insight as to whether such approaches could be 

applicable to tauopathies. The model has potential for neurobehavioral measurements, hence 

providing further information on strain-specific defects, and could be adapted for compound 

screening that rescues the neurological phenotype induced by specific strains. 

Another interesting experimental approach in the prion field is the passaging of transmitted 

protein aggregates to a new host in order to prove the existence of specific strains. This 

experimental approach has been employed widely in the prion field ,but few studies have 

utilized this approach with tau (Sanders et al., 2014). It would be interesting to examine whether 

passaging the aggregated tau we observed in our tauopathy biosensor model after TBI and 

injections of brain homogenate to either naïve tauopathy biosensor zebrafish larvae and our 

tauopathy model will reveal more information regarding tau strains.   

 

3.2.2 The potential therapeutic of Anti-convulsant drugs for TBI 

Post-traumatic seizure (PTS), as discussed in Chapter 1 and 2, is one of the serious 

complications observed after TBI which can occur within the first week of the injury (Annegers 
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et al., 1998; Kovacs et al., 2014). Post-traumatic seizures that occur after brain injury could 

contribute to secondary damage by affecting the intracranial pressure (mostly increasing it) and 

causing excessive neurotransmitter release, which may further worsen existing damage (Vespa et 

al., 2007). Thus, early administration of an anti-convulsant after head injury is considered an 

important step for minimizing brain damage by preventing early seizures (Schierhout and 

Roberts, 1998). Aside from seizure, anti-convulsants have neuroprotective effects in some 

conditions, such as hypoxia, as seen by a reduction in neuronal damage in neonatal rats 

following hypoxia (Vartanian et al., 1996). Additionally, anti-convulsants seem to offer a 

promising potential therapeutic approach for some neurodegenerative diseases such as ALS as 

they can reduce abnormal neuronal excitability (Wainger et al., 2014; Welty et al., 1995). 

However, whether the use of anti-convulsants can affect tau spreading in TBI has not been fully 

addressed. Interestingly, our data suggest a promising potential for the use of the anti-convulsant 

RTG, used in some ALS studies (Wainger et al., 2014), in reducing tauopathy in TBI. This effect 

is likely due to inhibition of seizure, which is associated with more tau aggregation in our TBI 

model. However, further examination is needed to validate these findings and confirm the 

potential for the use of an anti-convulsant. This could include examining the time of drug 

administration (whether before or after Tau aggregation), assessing the duration of treatments 

(short-term vs long term) and lastly, examining the effects of other anti-convulsants to compare 

their efficiency in reducing tau aggregates.     

    

3.2.3 The role of pathological tau on vision 

An interesting observation when analyzing tau aggregation in the tau biosensor model is 

the presence of aggregates in the eye of some larvae (Figure 3.1). The accumulation of tau in the 
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retina and optic nerve have been indicated by some studies (Chiasseu et al., 2017; Chiasseu et 

al., 2016; Hart et al., 2016). Recent work has shown the accumulation of hyper-phosphorylated 

tau in the retina of AD mouse model (Chiasseu et al., 2017). This accumulation of tau in the 

retina precedes the behavioural defects and tau pathology in the brain. Additionally, tau 

alterations were detected in the retinal ganglion cells (RGC) and promoted early neuronal 

dysfunctions, suggesting a potential role of pathological tau in visual deficits in some AD 

patients(Chiasseu et al., 2017). Taking these findings into consideration, the larvae with tau 

aggregates in their eye may serve as a model to disentangle the impact of the accumulation of 

tau in the eye on the visual functions. Characterization of the tau pathological species in the eye 

may provide important information for the development of diagnostic tools for 

neurodegenerative disease such as AD (Hart et al., 2016; Wright et al., 2019). 

 

 

3.3 Possible limitations of using zebrafish larvae: 

As mentioned in Chapter 2, the use of larval zebrafish to model TBI and tauopathy spreading is 

favourable because larval zebrafish allow for large sample sizes and are an ethical replacement, 

as any procedures performed on zebrafish larvae before they are fully developed (5-6 days post-

fertilization [dpf]) do not require ethical approval (Geisler et al., 2017). However, there are 

several limitations associated with using zebrafish larvae compared to adult zebrafish when 

studying tauopathies. The first limitation is the short duration of analysis at the larval stage. For 

the experiments described in this thesis, most larvae were analyzed from 2 to 7 dpf, as they must 

be transferred to the nursery at 7 to 9 dpf and no further analysis is possible until they reach 

maturity and are released from the nursery at approximately 2 months of age. Another limitation 
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is that some phenotypes associated with later stages of the disease may not be apparent at the 

larval stage. This is an especially important point to raise because most tauopathies, including 

CTE and AD, are usually detected during adulthood, not during embryonic development. There 

are two ways to address this limitation. One approach is to subject larvae to TBI or to inject 

larvae with pathological tau fibrils, then examine phenotypes such as the spreading of tauopathy 

and behavioural deficits during adulthood. This approach may be valuable when studying the 

long-term effects of TBI or tauopathy on cognition. The second is to induce TBI or perform tau 

injections on adult zebrafish instead of larvae, then analyze the aforementioned phenotypes. 

Notably, despite the limitations of performing TBI and analyzing its effects on zebrafish larvae, 

this approach may be valuable in investigating the impact of TBI on fetuses during pregnancy or 

on children and determining how this type of injury may affect development and cognitive 

functions. 

 

3.4 Future directions 

3.4.1 Link between changes in neural activity after TBI and after tau aggregation 
 

Changes in neuronal excitability are often noted in neurodegenerative disease such as 

Alzheimer’s disease (AD), frontotemporal dementia (FTD), and amyotrophic lateral sclerosis 

(ALS) (Davis et al., 2014; Eisen et al., 1993; Garcia-Cabrero et al., 2013). These changes in 

neuronal excitability are also observed in a very recently developed animal model of TBI (Bugay 

et al., 2019). Such changes are often associated in some cases with neuronal dysfunction and 

degeneration (Siskova et al., 2014). However, how the changes contribute to the pathogenesis of 

TBI is not well understood. In Chapter 2, we were able to obtain a snapshot of the changes in 

neuronal activity that occur during brain trauma, which to our knowledge, have not been 
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documented before. The increased neuronal excitability we observed was in the hind brain area. 

Interestingly, tau 4R-GFP aggregates that formed in the brain were also observed by the 

ventricle wall in the same area. This observation sparks the question of whether the changes in 

neuronal excitability are behind the neuronal vulnerability of this region to tau aggregation. 

Additionally, are there various changes affecting neural excitability over the course of brain 

trauma (does neuronal excitability change after the trauma or after tau aggregation)? One way of 

answering the latter question is by out-crossing our CaMPARI fish with the tauopathy biosensor 

transgenic fish. Then, TBI is induced in the larvae fish with both reporters, and neuronal activity 

at various time points after the trauma, including before and after tau aggregation is detected, is 

analyzed. 

 

3.4.2 In vivo live imaging of tau spreading 

To understand more about the kinetics of tau pathology spread and to assess the validity of 

therapeutic strategies that may reduce or minimize tauopathy propagation, there is a need for 

models in which the rate and location of spreading in the living brain can be tracked over time. 

While various mouse models support prion-like transmission and tau seeding, assessing the 

kinetics in mice via live imaging techniques was quite a challenge, as mouse neural tissues are 

not visible, so the animals are often sacrificed at certain time points for analysis (Narasimhan et 

al., 2017; Wegmann et al., 2019). One of the advantages of engineering the tauopathy biosensor 

in zebrafish is the ability to perform live imaging without sacrificing animals. In Chapter 2, our 

data suggest the movement of tau aggregates over time. However, the kinetics of spreading was 

not assessed. Thus, performing live imaging after injecting tau seeds or inducing TBI would be 
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our next step, as this type of imaging could reveal more information regarding the kinetics of tau 

spreading in various conditions. 

 

 

3.4.3  In-depth characterization of tau pathology observed in tau biosensor model 

Identifying tau species observed after injections and in TBI models  

In our work, tau aggregation was shown in the form of green fluorescent protein (GFP)+ve 

puncta. However, it is unclear whether these puncta captured all tau aggregation events 

occurring in our models. Thus, there is a need for future work focusing on analyzing tau 

aggregates via various antibodies against tau [e.g., AT8 for phospo tau, or anti-pS396-tau 

antibody C10.2 (Rosenqvist et al., 2018), which targets tau competent seeds] to identify the 

types of tau seeds detected by our reporter in vivo post-injection. Moreover, observing phospho-

tau co-localized with the Tau4R-GFP aggregates would further validate that the GFP aggregates 

faithfully represent the pathobiological mechanisms occurring in human tauopathy.  

For TBI, a recent finding indicates that cis p-Tau, a precursor of tau pathology that appears 

before the development of tauopathy, is the early driver of neurodegeneration in TBI (Albayram 

et al., 2018; Kondo et al., 2015). Thus, it may be better to perform immunohistochemistry (IHC) 

using an anti-cis antibody instead of AT8 on TBI models to verify if cis-Tau is involved in tau 

aggregation in our model. 

Characterization of cells containing the aggregates 

 One important area of this in-depth investigation will include identification the type of 

cells in which tau aggregates are observed. Although we think that the aggregates observed 

along the spinal cord are in the sensory motor neurons, conformation of cell type is essential. 
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This could be done via immunohistochemistry (IHC) using an anti-zebrafish neuronal marker 

antibody or anti-NeuN antibody to label neurons and the anti-4C4 antibody that labels microglia 

and macrophages in zebrafish as referred to here (Steen et al., 1989). 

Investigating another possible in vivo route of Tau spreading 

As mentioned in Chapter 1, in vivo studies suggest the spreading of tau pathology to an 

adjacent area can occur trans-synaptically (Liu et al., 2012). Another alternative route could be 

spreading through microglia. Microglia are macrophages that play an important role in 

maintaining the homeostasis of the CNS by constantly surveying the microenvironment and 

responding to any injury or microbial infections by proliferating and exhibiting phagocytic 

activity that allow the phagocytosis of dying cell debris and protein aggregates (Kim and de 

Vellis, 2005). The role of microglia in Alzheimer’s disease (Ghoshal et al., 2001; Serrano-Pozo 

et al., 2011) and spreading of tau pathology has recently started to unravel (Asai et al., 2015). 

This recent work has shown that inhibiting microglia reduces the progression of tau pathology in 

Tg mice expressing human Tau P301L and tau was suggested to get released from microglia via 

exosomes (Asai et al., 2015). Whether microglia can facilitate tau propagation in TBI or not has 

not been investigated. One way to address this question is to ablate the microglia in our TBI 

model and monitor tau aggregation and spreading. There are two approaches to study the role of 

microglia in our TBI zebrafish model. The first approach is by out crossing our Tau biosensor to 

irf8−/− zebrafish mutant which lack microglia (Hamilton et al., 2016) and then subjecting the tau 

biosensor larva with the mutations to TBI. The second approach is treating larva subjected to 

TBI with the pharmacological inhibitor BLZ945 which inhibits the CSF-1 receptor (CSF-1R) on 

microglia resulting in microglia reduction (Hamilton et al., 2016). Subsequently, analysis of 

tauopathy progression and spreading will be performed.  
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3.4.4 Role of zebrafish Mapt (microtubule-associated protein tau) proteins in the 

efficiency of the tau biosensor 

It is worth considering that zebrafish have two paralogs of the MAPT gene (mapta and 

maptb) (Chen et al., 2009). Both genes share a sequence identity of 62% and 58%, respectively, 

with the human MAPT, particularly at the tubulin binding regions and C-terminal (Chen et al., 

2009). To date, little is known about zebrafish Mapt proteins. Particularly, the role of zebrafish 

mapt proteins on the efficiency of the tauopathy biosensor model we engineered is unknown, as 

is whether they are involved in (required for) tauopathy spread and propagation, or if they can 

interfere with some strains of human or mouse tau. To address these hypotheses, CRISPR/Cas9 

engineering of mapta and maptb knockout fish could be done. Once the mapta and/or maptb 

knockout fish is generated, it will be crossed to the tau biosensor reporter and used to assess the 

aggregation and spreading of tau introduced via brain injections. 
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Figure 3.1 

 

Figure 3. 1: The presence of aggregates in the eye of some larvae injected with 

mouse brain homogenate loaded with pathological human tau aggregates.  

Arrow points to Tau4R-GFP+ve puncta around pigmented eye. 
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Appendix 1: Towards engineering an AD model in zebrafish   
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A.1 Summary: 

Here, we aimed to engineer a new model of AD in zebrafish that would express human 

amyloid b fragment (Ab) to offer additional advantages over old models in mimicking the 

disease, simplifying analysis (particularly at the cellular level), and screening for potential 

therapeutic measures. Unfortunately, we were unable to create a humanized AD zebrafish model 

using CRISPR/Cas9 genome editing. However, we were able to successfully isolate three stable 

appb mutant fish that could help uncover new physiological roles of Ab. 

 

A.2 Introduction: 

Alzheimer’s disease (AD) is incurable and is most prevalent form of neurodegenerative 

dementia defined by progressive neuronal loss, which causes cognitive impairment, behavioural 

disturbance, and psychiatric symptoms (Adlard and Cummings, 2004). In addition to 

neurofibrillary tangles (NFTs), AD patients develop extracellular amyloid plaques, which 

primarily constitute amyloid b peptide (Ab) (Nicolas and Hassan, 2014; Perl, 2010). Ab is 

produced from the proteolysis of amyloid precursor protein (APP), a transmembrane 

glycoprotein (Kang et al., 1987) that tends to play roles in many biological processes, such as 

synaptogenesis (Wang et al., 2009). However, the full range of APP physiological functions has 

not been fully explored. Inherited APP gene mutations are associated with the familial form of 

AD (Bekris et al., 2010). Although the generation of several animal models has provided 

valuable information on the pathogenesis of AD, the actual trigger of neurodegeneration in AD 

remains unknown. Besides, the transgenic animals used in numerous AD models significantly 

overexpress mutant APP above physiological levels, which may create an artificial phenotype 

and undesirable results (Cuello, 2005; Esquerda-Canals et al., 2017; Nilsson et al., 2014). Thus, 
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there may be a need to re-evaluate and increase understanding of the pathogenesis of AD in new 

models (humanized models) that could provide more insights into the disease and be adapted 

easily for therapeutic screening. 

The zebrafish expresses two APP paralogs (appa and appb) that are quite conserved with 

the human APP, particularly the Ab sequence (Figure A.1) and the transmembrane domain 

(Musa et al., 2001). Our aim is to create zebrafish models of Aβ toxicity using CRISPR/Cas9. 

Our approach is to use CRISPR to humanize zebrafish appb, particularly Ab sequences, to 

produce Ab42. One of the advantages of using CRISPR technology is being able to obtain appb 

knockout fish for investigating the physiological functions of APP. In this regard, we will use 

appa homozygous knockout fish (appaua5005/ua5005) generated in our lab to reduce the complexity 

of the subsequent analysis. We successfully isolated two stable compound appa and appb 

knockout fish. However, we were unable to isolate any humanized zebrafish. 

 

A.3 Methods 

A.3.1 CRISPR mutagenesis: 

 To humanize zebrafish, various appb CRISPR targets were identified in the region of 

interest of the appb gene (exon 14 and 15) using Geneious software. Two CRISPR targets (listed 

in table A.1, Figure A.1) were chosen, and oligo-based generation was performed as described 

previously (Gagnon et al., 2014). Briefly, CRISPR targets, i.e., the site sequence without the 

PAM motif, SP6 promoter sequences, and a complementary region were ordered as 

oligonucleotides from (IDT). The oligos were annealed to a constant oligonucleotide encoding 

the reverse complement of the trans-activating cRNA (tracrRNA) tail. This was followed by 

DNA polymerization to fill gaps using T4 DNA polymerase (NBE). The fragments were used to 
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transcribed single guide RNAs (sgRNAs) using an mMachine SP6 kit. The transcribed sgRNAs 

were precipitated using ammonium acetate. Then, the concentration and quality of the 

transcribed sgRNAs was checked with the bioanalyzer according to the manufacturer’s protocol, 

aliquoted, and stored at -80°C until used. 

A homology repair template comprising a human Ab sequence encompassing both the 

Swedish and Indiana mutations: K595N, M596L, and V642F, was ordered as gBlock from IDT 

(Figure A.1). 

For delivery to the zebrafish, the sgRNAs were mixed with the commercially purchased 

Cas9 nuclease protein (NEB), incubated at 37°C for 5 minutes to assemble the CRISPR 

complex, and then injected into the zebrafish embryo at the one-cell stage. As a control for 

successful CRISPR cutting, sgRNAs that target tyrosinase (tyr) that would result in reduced 

pigmentation (as published in (Ota et al., 2014)) were included in the mix. At 48 hours post-

injection, 2dpf (2 days post-fertilization) zebrafish were screened for reduction in pigmentation 

from tyr CRISPR. Some of the injected animals were sacrificed for high-resolution melting 

(HRM) analysis as described previously (Fleisch et al., 2013) and sequencing. Subsequently, the 

most efficient CRISPR was chosen to be injected into one-cell embryos along with a homology-

directed repair template designed to humanize the target sequence. The injected fish were grown 

to adulthood to isolate the germline carrier of either humanized appb mutant zebrafish. 
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Table A 1: Sequences of appb gRNA target sites without the PAM sequence 

CRISPR targets Sequence 

 appb gRNA 1 GGAGGACATGGGCTCTAATA 

 appb gRNA GGGTGCGATCATTGGGCTGA 

Tyrosinase  GGTCCAGTCTGGCCCGGCGA 

 

Table A 2: PCR primers for HRM and appb genotyping. 

 primers for appb Sequence of primers 

Forward HRM primer for appb CRISPR #1  GTTGAATCAGATGTTCCTCGCGG 

Reverse HRM primer for appb CRISPR #1 CCCCACCATCAGCCCAATGATC 

Forward HRM primer for appb CRISPR #2 GCGGAGGACATGGGCTCTAATA 

Reverse HRM primer for appb CRISPR #2 TACGATGACAGTGGCGATGACC 

T7E1 and genotyping forward primer  GAACCTGTAGATGCCCGTCCA 

T7E1 and genotyping reverse primer CTCAATAACTCCATGATGAAT 

 

 

A.3.2 Genotyping using T7E1 assay 

The T7E1 assay was used for easy genotyping of mutant or humanized fish. The T7E1 

nuclease cuts heteroduplex DNA strands in which one DNA strand with CRISPR modifications 

(cuts or inserts) re-anneals to an unmodified DNA strand (Vouillot et al., 2015). The assay was 
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performed following the manufacturer’s protocol with a few modifications. Briefly, PCR 

primers (listed below in Table A.2) that amplify a 450-bp PCR product around the CRISPR 

targets were used. PCR products (10–15 µl) were denatured and re-annealed using the 

thermocycler at the following settings (denaturation at 95°C for 5 mins, re-annealing through 

temperature decrease at 2°C/second until 4°C). The reannealed primer was then mixed with 

T7E1 enzyme (NEB) and buffer and incubated at 37°C for 45–60 mins. Undigested PCR 

products were used as the negative control. 

 

A.4 results and discussion:    

appb CRISPR Induced Somatic and Germline Mutations in appb 

To ensure that our CRISPR was working before starting the genome editing process, we 

injected multiple sgRNAs with Cas9 protein into embryos and analyzed their cutting efficiency 

first. Among the sgRNAs injected, two appb sgRNAs (Table A.1) induce somatic mutations in 

appb (Figure A.3). To check for successful CRISPR, we also used a guide RNA (gRNA) 

targeting the tyr gene (published (Ota et al., 2014)), which is associated with the albino 

phenotype, and I detected significantly reduced pigmentation at 48 hours post-injection (2dpi) in 

some of the injected animals (Figure A.4). As these fish may have higher chances of appb 

CRISPR working in them as well, we grew them to adulthood and screened them for germline 

carriers. We identified three germline carriers using both sequencing and T7E1 assay (Figure 

A.5B, and A.6) and isolated three stable compound appa; appb knockout. appb mutants with 

assigned allele number ua5013 harbored an in-frame 12-bp deletion at a conserved region 

(Figure A.6) that we suspect is the region in which Ab interacts with receptors such as cellular 

prion protein (PrP). The second appb mutants with allele number ua5012 contained a 30-bp 
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insertion (Figure A.5). appb ua5016/+ mutants carry a frameshift mutation of 14-bp deletion 

(Figure A.7). The last two mutations introduce a stop codon. We had success generating 

heterozygous appb yet had difficulty obtaining a homozygous mutant. One possible reason is 

that complete loss of Ab is lethal or affects survival to adulthood. Thus, genotyping to identify 

homozygous larvae and analyzing them immediately rather than when they reach adulthood 

might be informative. Once some homozygous compound mutants are identified, 

immunoblotting and transcript analysis will be also performed to evaluate the effect of these 

mutations of protein production and processing. Another alternative plan is to examine the appb 

mutants on wildtype appa genetic background. Unfortunately, we did not identify any 

humanized zebrafish. This is probably due to the low frequency of the occurrence of the 

homology-directed repair mechanism after CRISPR cuts in comparison to the end-joining repair 

mechanism, which is error-prone and often results in deletions and insertions (Devkota, 2018; 

Hisano et al., 2015). These stable lines could provide valuable insights into the loss of functions 

of Ab in the context of AD pathogenesis. 
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Figure A. 1: Selected CRISPR targets of appb on exon 14 and 15. 

 

 

Figure A. 2: The design for the homolog recombination repair template. 
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 Figure A. 3: HRM melting profile and CRISPR induced mutations in appb of 
injected embryos. 

 

 

Figure A. 4: Disruption of tyrosinase  by CRISPR/Cas9 produces mosaic 
pigmentation phenotype 
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 Figure A. 5: A) appb insertion of 30bp in an embryo of F1 generation (allele 
number ua5012).  

Arrow points out to a stop codon introduced by the insertion of 30bp fragments). 
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 Figure A.5: B) T7EI genotyping for germline carrier of appb mutations.  

Arrow points to mutants.   

Figure A. 6: appb in-frame mutation in adult F1 generation (allele number 
ua5013). T7EI genotyping for appb mutant ua5013.  

Arrows points to mutant zebrafish. 
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Figure A. 7: appb Frame-shift mutations in an embryo of F1 generation (allele 
number ua5016).  

Arrow points out to a stop codon introduced by 14bp deletion. 

 

 

Ua5016 


