
 

Propagation of Tau pathology in 

Alzheimer disease 

 

 

Dissertation 

zur 

Erlangung des Doktorgrades (Dr. rer. nat.) 

der 

Mathematisch-Naturwissenschaftlichen Fakultät 

der 

Rheinischen Friedrich-Wilhelms-Universität Bonn 

 

vorgelegt von 

 

 

Sara Ferreira Rodrigues 

Braga, Portugal 

 

 

Bonn 

2020 

  



 
 

ii 

  



 
 

iii 

Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen 

Fakultät der Rheinischen Friedrich-Wilhelms-Universität Bonn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Gutachter: Prof. Dr. Eckhard Mandelkow 

2. Gutachter: Prof. Dr. Walter Witke 

 

 

Tag der Promotion: 02.06.2020 

Erscheinungsjahr: 2020  



 
 

iv 

 

 

 

 

 

 

 

  



 
 

v 

 

 

 

 

 

 

 

To my parents and brother 

 

 

 

 

 

 

 

“Para ser grande, sê inteiro: nada 

Teu exagera ou exclui. 

Sê todo em cada coisa. Põe quanto és 

No mínimo que fazes. 

Assim em cada lago a lua toda 

Brilha, porque alta vive” 

Ricardo Reis  



 
 

vi 

  



 
 

vii 

Abbreviations 

ºC – degree Celsius 

µg – microgram 

µL – microliter 

µM – micromolar 

AD – Alzheimer disease 

AAV – adeno-associated virus 

Aβ – amyloid beta 

APP – amyloid precursor protein 

BBB – blood brain barrier 

BCA – bicinchoninic acid 

BSA – bovine serum albumin 

BW – body weight 

CA1 – cornu ammonis 1 

CA2 – cornu ammonis 2 

CA3 – cornu ammonis 3  

CAMKII – calmodulin kinase II 

Cdk5 – cyclin-dependent kinase 5 

DAB – 3,3'-Diaminobenzidine 

DG – dentate gyrus 

EC – entorhinal cortex 

FTD – frontotemporal dementia  

gcl – granule cell layer 

GFAP – glial fibrillary acidic protein 

GSK3β – glycogen synthetase kinase 

3β 

htau – human tau 

IF – immunofluorescence 

IHC – immunohistochemistry 

i.p. – intra-peritoneal 

KO – knockout 

LEC – medial entorhinal cortex 

MAP – microtubule associated protein 

ml – molecular layer 

mM – milimolar 

MAP – microtubule-associated protein 

MEC – medial entorhinal cortex 

MT – microtubule 

MWM – Morris water maze 

NFTs – neurofibrillary tangles  

Nop - Neuropsin 

NOR – novel object recognition 

OF – open field 

PaS – parasubiculum 

PBS – phosphate-buffered saline 



 
 

viii 

pcl – pyramidal cell layer 

PHF – paired helical filaments 

p. i. – post-injection 

PP – perforant pathway 

PrS – presubiculum 

PSD95 – post-synaptic density 95 

PSP – progressive supranuclear palsy 

pTau – Tau phosphorylation 

PVDF – polyvinylidenedifluoride 

RPM – rotations per minute 

RT – room temperature 

SDS – sodium dodecyl sulfate 

slm – stratum lacunosum moleculare 

so – stratum oriens 

sr – stratum radiatum 

TBS – tris-buffered saline 

tetO – tetracycline operator 

ThS – thioflavin S 

TKO – Tau-knouckout 

tTA – tetracycline transactivator 

WB – western blot 

WT – wild type 



 
 

ix 

Summary 

Clinical and experimental evidences suggest that the spreading of tau protein 

throughout the brain may underlie the stereotypical progression of pathology in the 

brains of Alzheimer disease (AD) patients and concomitant cognitive decline. Although 

previous studies showed that tau protein can be released and taken up by cells, 

several open questions regarding the spreading of tau pathology still exist. The nature 

of the tau species that are able to spread across cells is still unknown. Furthermore, it 

is still debatable if the tau species that propagate across cells are the species 

responsible for the pathological changes. Recently, the involvement of other processes 

in the pathological mechanisms of AD, like neuroinflammation, further contributed to 

this debate. Therefore, this doctoral thesis monitored the potential involvement of the 

aggregation propensity of tau on the spreading of the protein across cells, and in the 

extent of pathology developed. This was achieved by using transgenic mouse models 

expressing mutant human tau (htau) with a pro-aggregant (ΔK280) or anti-aggregant 

(ΔK280-2P) mutation, restricted to the entorhinal cortex (EC). This study showed that 

the propagation of tau is independent of the protein’s aggregation potential, as both 

pro- and anti-aggregant htau propagate from the EC to other brain regions. In contrary, 

markers of tau pathology (phosphorylation, pathological conformation) did not spread 

further than the EC axon terminals located in the middle molecular layer of the dentate 

gyrus (DG). We also observed marked astrogliosis in the hippocampal region of mice 

expressing pro-aggregant htau, suggesting that neuroinflammatory processes may 

precede the spreading of tau pathology from the EC to the hippocampus. 

Based on the principle that inhibiting tau aggregation may be a promising therapeutic 

target, we additionally tested the efficacy of BSc3094, a tau aggregation inhibitor, in 

reducing tau pathology using transgenic mice expressing mutant human P301L tau. 

BSc3094 reduced the levels of tau phosphorylation and insoluble tau, and improved 

cognition in some behavioral tasks as well.  

Altogether, these results provide novel evidence about the mechanisms underlying the 

propagation of tau pathology, and highlight BSc3094 as a promising compound for a 

future therapeutic approach for AD. 
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1. Introduction 

1.1. Alzheimer disease epidemiology  

According to worldwide demographic records, the number of elderly people has been 

rising substantially over the last century, due to an increase in life expectancy of the 

population (Alzheimer’s Association, 2017). Since the incidence of dementia rises with 

age, this demographic change is leading to an increase of dementia. The 2018 World 

Alzheimer Report presents dramatic numbers: every three seconds one person 

develops dementia worldwide, and there are about 50 million people in the world 

currently affected by the disease. This number is predicted to rise to about 152 million 

people by 2050 (Alzheimer’s Disease International, 2018).  

 The most common type of dementia is Alzheimer disease (AD), accounting for 2/3 of 

all dementia cases (Alzheimer’s Disease International, 2018). AD is a progressive age-

related neurodegenerative disorder characterized by impairments in memory, thinking 

and behavior. Symptoms usually develop slowly and aggravate over time, interfering 

with the person’s daily tasks (Holtzman et al., 2012). The high prevalence of the 

disease creates a massive strain on the health care systems and families’ budget. The 

current cost of the disease is about a trillion US dollars a year, which is forecast to 

double by 2030 (Alzheimer’s Disease International, 2018). This amount includes an 

estimated cost for “informal” caregivers, the people who suddenly find themselves 

acting as 24-hour nurses to family relatives. Worth mentioning, AD caregivers are often 

at an increased risk for significant health problems, experiencing depression, high 

levels of stress, sadness, anxiety, loneliness, and exhaustion (Heinrich et al., 2014; 

Mausbach et al., 2014).  

Considering this, many governments around the world have increased research and 

clinical efforts to find new preventive and therapeutic strategies for AD. 

1.2. Clinical symptoms and pathological mechanisms of 
Alzheimer disease 

AD is clinically characterized by a gradual and progressive impairment in cognitive 

functions. The outstanding clinical feature of AD patients is the impairment in short-

term memory, disabling the retention of new information (Thies & Bleiler, 2011). 
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Furthermore, there are also disturbances in executive functions involving judgment, 

planning or solving problems, difficulty completing familiar tasks, confusion with time 

or place, problems with words in speaking and writing, and changes in mood and 

personality (Alzheimer’s Association, 2019).  

Several brain changes occur in AD, but the two major histopathological hallmarks of 

the disease are the extracellular deposition of senile plaques containing amyloid-β 

(Aβ), and the hyperphosphorylation and aggregation of the protein tau inside neurons, 

leading to the formation of neurofibrillary tangles (NFTs) (figure 1).    

 

Figure 1 - Schematic representation of a healthy neuron (right) and an AD neuron (left) 
summarizing the typical cellular cascades affected in AD.  
In healthy neurons, APP is cleaved by α-secretase, preventing the production of neurotoxic Aβ. Tau 
protein binds and stabilizes microtubules. In contrast, AD neurons are characterized by the sequential 
cleavage of APP by β-secretase and γ-secretase, resulting in Aβ production and release into the 
extracellular space, where it eventually accumulates in senile amyloid plaques. Furthermore, 
hyperphosphorylated tau detaches from microtubules, leading to their disruption. The free, unbound 
tau accumulates and aggregates, leading to the formation of NFTs. (Image courtesy of the National 
Institute on Aging/National Institutes of Health; https://www.nia.nih.gov/alzheimers/alzheimers-
scientific-images-and-video). 

Studies have demonstrated that misprocessed amyloid precursor protein (APP) and 

Aβ trigger synaptic malfunction, neuronal atrophy and synaptic loss (Catania et al., 

2009; Almeida et al., 2005; Roselli et al., 2005). While still debated, it is suggested that 
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Aβ triggers abnormal tau hyperphosphorylation as well, leading to the formation of 

NFTs and neuronal loss in AD (Huang and Jiang, 2009). On the other hand, 

accumulating data suggests the involvement of tau in the detrimental effects of Aβ, as 

different in vitro and in vivo studies have provided compelling evidence that tau is 

necessary for Aβ-induced neurotoxicity, since the absence of tau blocked the 

neurotoxic effects of Aβ in tau-knockout (KO) mice (Rapoport et al., 2002; Roberson 

et al., 2007; Ittner et al., 2010; Zempel et al., 2013; Vossel et al., 2015). Furthermore, 

recent studies demonstrated that synaptic dysfunction/atrophy and memory loss are 

accompanied by synaptic accumulation of hyperphosphorylated tau (Hoover et al., 

2010; Kimura et al., 2010). Indeed, tau is present in synapses acting as a scaffold 

protein that interacts with different proteins/receptors to modulate synaptic signaling 

and mechanisms of synaptic plasticity (Ittner et al., 2010; Kimura et al., 2014). As an 

example, P. Verstreken and collaborators have identified Synaptogyrin-3 as binding 

partner of tau on synaptic vesicles, revealing a new presynapse-specific tau interactor, 

which may contribute to early synaptic dysfunction in neurodegenerative diseases 

associated with tau (McInnes et al., 2018). Indeed, reduction of Synaptogyrin-3 

prevents the association of presynaptic tau with vesicles, alleviating tau-induced 

defects in vesicle-mobility and restoring neurotransmitter release in fly and mouse 

models of tauopathy. In addition, while Aβ deposition does not correlate with the clinical 

progression of AD, the diffusion of NFTs, followed by neuronal and synaptic loss, 

matches the clinical progression of the disease (Braak & Braak, 1991; Murayama & 

Saito, 2004). Therefore, blocking tau aggregation and NFTs formation is considered a 

promising approach to prevent AD progression. Based on the above, the present thesis 

focuses on clarifying the role of tau protein in the mechanisms that precipitate AD 

pathology and its spreading throughout the brain, as well as on potential therapeutical 

strategies to halt the propagation of tau pathology. 

1.3. Tau protein 

1.3.1. Genomic structure and tau isoforms 

Tau protein (Uniprot P10636, human tau), originally discovery by M. Kirschner and 

colleagues (Weingarten et al., 1975) is predominantly expressed in the axons of 

mature and growing neurons (Götz et al., 2013), but is also present at lower levels in 

astrocytes and oligodendrocytes (Lopresti et al., 1995; Gorath et al., 2001). Tau protein 
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belongs to the family of microtubule-associated proteins (MAPs) (Dehmelt and 

Halpain, 2005). MAPs interact with heterodimers of α- and β-tubulin to assemble 

microtubules (MT) which, together with actin and intermediate filaments, establish and 

maintain the overall internal architecture of the cytoplasm, comprising a major 

determinant of overall cell shape (Goodson and Jonasson, 2018). 

The human tau (htau) gene is located on chromosome 17q21.1, and comprises at least 

sixteen exons resulting from alternative splicing (Neve et al., 1986; Himmler, 1989) 

(figure 2). The gene produces three transcripts of 2, 6 and 9 kb, which are differentially 

expressed in the nervous system depending on the stage of neuronal maturation and 

neuron type (Andreadis, 2005; Couchie et al., 1992; Yan Wang & Loomis, 1993). By 

alternative mRNA splicing of exons 2, 3 and 10, six tau isoforms are produced in the 

central nervous system (CNS), resulting in six different polypeptide chains with 

molecular weights between 35 and 70 KDa. The six tau isoforms differ in the presence 

or absence of one or two short inserts in the amino-terminal half (0N, 1N and 2N, 

respectively), and have either three or four MT-binding semi-conserved repeats (~31 

amino acid residues each) in the carboxy-terminal half (3R and 4R-tau), which form 

the MT-binding domain. The 4-repeat tau isoform (4R tau, with exon 10) shows higher 

affinity for MT than the 3R tau (without exon 10) isoform, and is therefore more efficient 

in promoting MT assembly (Goedert and Jakes, 1990; Goode and Feinstein, 1994). 

The expression of the different htau isoforms is developmentally regulated: in the adult 

human brain, six isoforms of tau are expressed, whereas in the fetal brain only the 

shortest tau is expressed. In the adult human brain, levels of 3R and 4R forms are 

roughly equal, but the 2N isoform is underrepresented compared with the others 

(Goedert and Jakes, 1990). Furthermore, the expression of tau in the human brain also 

shows considerable regional variation (Boutajangout et al., 2004; Trabzuni et al., 

2012), which may contribute to the differential vulnerability of distinct brain regions to 

tau pathology, as it will be discussed later in the present dissertation. In the C-terminal 

tail, residues 369-400 are weakly homologous to the MT-binding repeats and, 

therefore, some authors refer to this region as R’ (or fifth repeat) (Gustke et al., 1994). 
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Figure 2 - Genomic structure of the human MAPT gene and the splicing isoforms of tau in the 
human brain.  
The MAPT gene, which encodes htau, contains 16 exons. Exons 1, 4, 5, 7, 9, 11, 12 and 13 are 
constitutive (represented as grey boxes), while the others are subject to alternative splicing. A total of 
six mRNAs are generated by alternative splicing of exons 2, 3 and 10. These tau isoforms differ 
according to the presence of 0, 1 or 2 near-amino-terminal inserts (0N, 1N or 2N, respectively) and the 
presence of repeat R2, yielding 3 or 4 carboxy-terminal repeat domain tau species (3R or 4R, 
respectively). The residues 369-400 are weakly homologous to the repeats, and therefore named by 
some authors as R’ (or fifth repeat).  (Adapted from Wang & Mandelkow, 2016). 

Tau is a highly hydrophilic, natively unfolded protein which remains soluble even under 

high temperatures. Despite being overall a basic protein, the ~120 N-terminal residues 

are predominantly acidic, and the ~40-residue C-terminus is roughly neutral (Gustke 

et al., 1994). This asymmetry of charges is important for interactions with MT and other 

partners, for internal folding and for aggregation (Mandelkow and Mandelkow, 2012). 

Although tau is the main component of paired-helical filaments (PHFs) found in AD 

(Grundke-Iqbal et al., 1986) and other tauopathies, it has little tendency for aggregation 

due to its hydrophilicity and flexibility (Mukrasch et al., 2009). However, when tau binds 

to other interacting proteins and partners (such as MT), certain conformations may 

become stabilized, which promote physiological or pathological states (Grüning et al., 

2014; Kadavath et al., 2015). As an example, when tau protein is bound to MT, the 

amino acid residues critical for aggregation  are stabilized in an alternative 

conformation (hairpin) and are not readily available, preventing the aggregation of the 

protein (Kadavath et al., 2015). This suggests that stabilizing the MT-bound 

conformation of tau may be a potential therapeutic approach, by delaying tau 

aggregation (Ballatore et al., 2012). Furthermore, in solution, the tau molecule tends 

to spontaneously change its conformation and favor a paperclip-like structure. This 

may prevent the self-aggregation of tau protein by masking the regions crucial for this 

process, suggesting another possible therapeutic approach (Jeganathan et al., 2008; 

Mroczko et al., 2019). 
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1.3.2. Physiological functions  

By regulating dynamics of MT growth and shrinkage, tau plays an essential role in 

establishing neuronal cell polarity and axonal outgrowth during development, besides 

maintaining axonal morphology and axonal transport in mature cells (Shahani and 

Brandt, 2002). Tau may also regulate axonal transport indirectly: 1) by influencing the 

function of the motor proteins dynein and kinesin, which are responsible for 

transporting cargoes towards the cell body and the axon terminals, respectively 

(Stamer et al., 2002; Dixit et al., 2008); 2) by reducing the number of motors engaged 

with cargoes and thus interfere with axonal transport of cargoes (Vershinin et al., 

2007); 3) by competing with other cargoes for available kinesin and thereby affecting 

their axonal transport (Utton et al., 2005; Konzack et al., 2007); among others 

(Magnani et al., 2007; Kanaan et al., 2011). Tau also plays an essential role in axonal 

elongation and maturation, as tau knockdown in cultured rat neurons inhibits neurite 

formation (Caceres and Kosik, 1990), whereas tau overexpression promotes the 

formation of neurites even in non-neuronal cells (Knops et al., 1991). Tau-KO mice 

have also highly contributed to the discovery of novel functions of tau protein. Although 

it was initially observed that Tau-KO mice do not present any obvious phenotype, 

probably due to the compensatory increase in MAP1 levels in axons (Hirokawa et al., 

1996; Dawson et al., 2001), recent studies revealed pathological changes in this 

mouse line that also implicate tau in the regulation of neuronal activity (Roberson et 

al., 2007; Ittner et al., 2010; Leroy et al., 2012; Holth et al., 2013; Gheyara et al., 2014), 

neurogenesis (Fuster-Matanzo et al., 2009; Hong et al., 2010), iron export (Lei et al., 

2012) and long-term depression (LTD) (Ahmed et al., 2014; Kimura et al., 2014). 

1.3.3. Tau phosphorylation 

Tau protein can suffer several types of post-translational modifications (PTMs), 

including glycosylation, ubiquitination, glycation, acetylation and phosphorylation. 

PTMs influence the protein’s structure, functions and further cellular processing (Buée 

et al., 2000; Guo et al., 2017). Overall, phosphorylation has received most attention, 

since it is an early marker of tau pathology. It is believed that tau pathology arises, at 

least partially, from the impaired ability of hyperphosphorylated tau to bind MT, leading 

to the accumulation of tau and formation of fibrils, which are often accompanied by 
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neuronal degeneration and loss (Gong and Iqbal, 2008). As an example, tau 

phosphorylation at Ser262 strongly reduces binding of tau to MT (Biernat et al., 1993). 

Tau phosphorylation and dephosphorylation is a normal cellular event found in healthy 

cells, as a dynamic process essential for neurite outgrowth, axonal transport and MT 

assembly, stabilization and dynamics, meaning that it is not restricted to pathological 

states (Buée et al., 2000; Johnson and Stoothoff, 2004) (figure 3).  

Despite this, the phosphorylation of tau is exacerbated in several tauopathies, resulting 

in a highly reduced ability of the protein to efficiently bind MT, as compared to normal 

tau (Yoshida and Ihara, 1993; Hanger et al., 2002). Therefore, hyperphosphorylation 

of tau at certain sites is thought to exert a neurotoxic function by interfering with MT 

stability and assembly, compromising dendritic plasticity and axonal transport (Biernat 

et al., 1993; Salehi et al., 2003). These changes are thought to lead to the disruption 

of the neuronal cytoskeleton and polymerization of phosphorylated tau in NFTs (Gong, 

2000), which later cause neurodegeneration and cell death (figure 3).  

Besides the disruption of MT-binding, hyperphosphorylation of tau may induce 

pathology through additional mechanisms. First, hyperphosphorylation might lead to 

the missorting of tau from axons to the somatodendritic compartment, causing synaptic 

dysfunction (Hoover et al., 2010). Second, the phosphorylation of tau may alter its 

autophagic and proteasomal degradation (Chesser et al., 2013) and its truncation by 

proteases (García-Sierra et al., 2008; Flores-Rodríguez et al., 2015). Third, the 

phosphorylation of tau is often considered to enhance its aggregation propensity 

(Despres et al., 2017), although this is still under debate because phosphorylation at 

certain sites may protect against aggregation (Schneider et al., 1999). Finally, 

phosphorylation may change the association of tau protein with its interaction partners, 

interfering with axonal transport (Ittner et al., 2009).  
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Figure 3 - Dual role of tau phosphorylation in the cell. 
Appropriately coordinated tau phosphorylation is associated with physiological functions in the cell, 
playing a role in regulating neurite outgrowth, axonal transport and MT stability and dynamics. 
However, under pathological conditions (e.g. AD) there is an imbalance in the 
phosphorylation/dephosphorylation status of tau, which may cause the formation of NFTs, disrupt MT-
based processes and eventually lead to cell death. (Adapted from Johnson & Stoothoff, 2004). 

Importantly, the phosphorylation status of tau relies on the balance between protein 

kinases and phosphatases. Several kinases are known to phosphorylate tau, 

sometimes at multiple sites (Shahani and Brandt, 2002) (figure 4). Most kinases are 

either: 1) proline-directed kinases; e.g. glycogen synthetase kinase 3β (GSK3β), 

cyclin-dependent kinase 5 (cdk5), and the mitogen-activated protein kinase family or 

2) non-proline-directed kinases; e.g. protein kinase A, protein kinase C, calmodulin 

kinase II (CamKII) and microtubule-affinity-regulating kinase (Morishima-Kawashima 

et al., 1995). In the AD field, GSK3β and cdk5 have been receiving special attention, 

due to the capacity to phosphorylate tau at multiple sites, most of them common to 

both kinases (Shahani and Brandt, 2002). The two enzymes are highly expressed in 

the brain and the colocalization of one or both kinases with hyperphosphorylated tau 

and NFTs, along with evidences of their active forms in pre-tangle neurons, strongly 

implicates them in tau pathology (Lovestone and Reynolds, 1997). MARK kinases also 
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received special attention, due to the ability cmto phosphorylate tau at Ser262, which 

strongly promotes the detachment of tau from MT (Biernat et al., 1993; Drewes et al., 

1997). 

 

Figure 4 - Schematic representation of the residues in the longest tau isoform that can be 
phosphorylated and epitopes specific for major tau antibodies. 
The amino acids that are phosphorylated in the AD brain are represented in red, while green represents 
amino acids that can be phosphorylated both in AD and the normal brain. Amino acids phosphorylated 
only in the normal brain are highlighted in blue, while black refers to phosphorylation sites that were 
not characterized so far. Tau antibodies specific for phosphorylated-tau epitopes are given in purple, 
while pink denotes antibodies specific for non-phosphorylated tau epitopes. (Adapted from Šimić et al., 
2016). 

1.3.4. Sorting mechanisms of tau 

As previously mentioned, the subcellular distribution of tau is developmentally 

regulated (Drubin et al., 1984). Despite being evenly distributed in the cell body and 

neurites, when axons emerge and neurons are polarized, tau becomes enriched in the 

axons, with minor amounts found in dendrites and nuclei (Papasozomenos and Binder, 

1987; Sultan et al., 2011). The processes underlying the polarized distribution of tau in 

adult neurons remain poorly understood, and they may occur at the level of mRNA 

(Litman et al., 1993; Aronov et al., 2001; Morita and Sobuě, 2009) and/or protein (Kosik 
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et al., 1989; Hirokawa et al., 1996; Li et al., 2011). Notably, the sorting of tau seems to 

be isoform-dependent, as distinct tau isoforms are differentially distributed in the 

cellular compartments (Liu and Götz, 2013).  

In human AD brains, the missorting of tau into dendrites is part of the pathological 

cascade and represents one of the earliest signs of neurodegeneration. However, a 

small amount of tau actually physiologically distributes in dendrites and, although still 

controversial, in dendritic spines as well (Ittner et al., 2010). The physiological role of 

dendritic tau has not been well characterized, but seems to be involved in the 

regulation of synaptic plasticity (Frandemiche et al., 2014). Tau has also been detected 

in the nuclei of neurons and non-neuronal cells (Loomis et al., 1990; Sjöberg et al., 

2006), where it may play a role in preserving the integrity of genomic DNA and 

cytoplasmic/nuclear RNA (Sultan et al., 2011; Violet et al., 2014).  

How the different sorting mechanisms are involved in the missorting of tau remains 

unclear. Given the differential distribution of tau (and tau isoforms) in different cell 

compartments, it is likely that the protein serves different functions in different 

environments. The disturbance of the sorting of tau may thus induce toxic gain of 

function, contributing to neurodegeneration (Zempel et al., 2010, 2017; Zempel and 

Mandelkow, 2014; Wang and Mandelkow, 2016; Balaji et al., 2018). 

1.3.5. Pathological roles of tau protein 

In spite of intense investigations, the pathways of tau-mediated neurodegeneration 

remain unclear. Loss of function, toxic gain of function and mislocalization of tau have 

each been implicated in tau-mediated neurodegeneration.   

Several tau mutations have been identified within the intronic or exonic regions of the 

human MAPT gene, which are linked to different tauopathies, including frontotemporal 

dementia (FTD) with parkinsonism-17, corticobasal degeneration (CBD) and 

progressive supranuclear palsy (PSP) (Coppola et al., 2012; Kouri et al., 2014). Some 

of these mutations reduce the affinity of tau for MT or strengthen the β-structure (for 

instance, ΔK280 or P301L), accelerating tau aggregation both in vitro and in vivo (Hong 

et al., 1998; Barghorn et al., 2000; Crary et al., 2014), and contributing to pathology. 

PTMs also influence tau aggregation, as mentioned before. Phosphorylation has been 

assumed to drive tau aggregation, as aggregated tau in patients and transgenic mice 
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is hyperphosphorylated, and tau phosphorylation precedes aggregation (Braak, Braak, 

& Mandelkow, 1994). Although some phosphorylated tau species are prone to 

aggregation in the brain, it is not known whether other cofactors are involved in their 

aggregation. By contrast, phosphorylation at certain sites (e.g. in the repeat domain), 

protects against aggregation (Schneider et al., 1999). Furthermore, AD-like 

phosphorylation of tau, but not aggregation, is known to occur during anesthesia-

induced hypothermia and animal hibernation (Arendt et al., 2003; Planel et al., 2007), 

allowing us to speculate that tau phosphorylation alone might not be enough for 

aggregation, but probably unknown cofactors trigger tau aggregation in the AD brain, 

whereas phosphorylation may accelerate aggregation indirectly by detaching tau from 

the MT (Wang & Mandelkow, 2012).  

Mislocalization of tau is another key player in the pathological aspects of the protein, 

as one of the first and evident pathological abnormalities in AD is the increase in 

dendritic tau levels. The mislocalization of tau into postsynaptic spines might be driven 

by hyperphosphorylation, mutations and overexpression of tau, resulting in synaptic 

dysfunction (Hoover et al., 2010; Tai et al., 2014; Thies & Mandelkow, 2007). In 

cultured neurons, missorted dendritic tau mediates Aβ-induced toxicity by promoting 

the translocation of tubulin tyrosine ligase-like enzyme 6 (TTLL6) into dendrites, and 

the severing of MT by spastin (Zempel et al., 2013). Additionally, dendritic tau could 

serve as a protein scaffold to deliver the kinase Fyn to postsynaptic sites, where Fyn 

phosphorylates subunit 2 of the N-methyl-D-aspartate receptor (NMDAR), stabilizing 

the interaction of this receptor with postsynaptic density protein 95 (PSD95), 

potentiating glutamatergic signaling and thereby enhancing Aβ toxicity (Ittner et al., 

2010) (figure 5). 

In conclusion, the mechanisms underlying tau-mediated neurotoxicity have to date not 

been well elucidated. However, multiple therapeutic approaches have been proposed 

that target tau and tau function or dysfunction, based on the current understanding of 

these mechanisms, as it will be discussed later on the present dissertation. 

Nevertheless, one of the key aspects in designing therapeutical interventions targeting 

Tau protein is to understand which are exactly the toxic tau species, which is currently 

still under debate.  
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Figure 5 - Functions of tau protein. 
Normal tau has several physiological functions, playing an important role in stabilizing MT and 
regulating MT dynamics, as well as regulating axonal transport. A small amount of tau is also detected 
in the dendrites of healthy cells, where its function is unclear, and in the nucleus, where it may play a 
role in maintaining the integrity of genomic DNA. Under pathological conditions, tau detaches from MT, 
resulting in MT disassembly in the axons. Detached tau can mislocalize and induce synaptic 
dysfunction and synapse loss. As pathological tau does not enter the nucleus of the cell, this may 
cause DNA damage as well, due to the loss of the DNA-protective function of tau. Lastly, the formation 
of tau aggregates produces a deleterious effect on neuronal function. These tau aggregates can be 
transmitted from cell to cell, propagating the tau pathological cascade. Adapted from Wang & 
Mandelkow, 2016. 

1.3.6. Toxicity of different tau species 

Although several groups have studied the toxic properties of tau aggregates, recent 

evidences suggest that soluble or prefibrillar forms of aggregates, rather than higher 

aggregates or PHFs, are responsible for toxicity and cell death (Haass and Selkoe, 

2007; Kaniyappan et al., 2017). Supporting this is the fact that, in AD patients, neuron 

loss in some brain regions highly exceeds the number of NFTs, implying that the 

majority of neurons probably die without having developed NFTs (Gomez-Isla et al., 

1997). Furthermore, tangle-bearing neurons can survive and function normally for 

around 20 years (Morsch et al., 1999). Moreover, using transgenic mice expressing 

wild-type (WT) or mutant htau was also possible to demonstrate that synapse loss, 

impaired synaptic function and cognitive deficits occur before or without NFTs 

formation, suggesting that soluble tau species, rather than NFTs, are the culprit. 

Interestingly, switching off tau expression in transgenic mouse models expressing htau 

with the P301L mutation (rTg4510), or expressing full-length tau with the ΔK2810 
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mutation, improved memory impairment even though NFTs remained, clearly showing 

that tau aggregates are not sufficient for the cognitive effects and neurodegeneration 

typically observed in these models (SantaCruz et al., 2005; Sydow et al., 2011; Van 

der Jeugd et al., 2012). 

Based on these evidences, recent studies pointed tau oligomers as the toxic species, 

and it was indeed observed that the levels of SDS-stable tau oligomers are increased 

in AD and PSP brains (Kimura et al., 2007; Lasagna-Reeves et al., 2012; Maeda et al., 

2007; Takashima, 2015). Analyzing the temporal formation of tau fibrils in vitro 

demonstrated that there are distinct forms of tau assemblies that precede tau fibril 

formation and later NFTs (Takashima, 2015). In fact, monomeric tau molecules first 

bind to each other (probably involving disulfide bonds and other SDS-resistant 

interactions) to form tau oligomers that are sarkosyl-soluble (not detected by AFM). 

When forty tau oligomers bind together they form a β-sheet structure, which appears 

granular in shape and is sarkosyl-insoluble and detectable under AFM. These granular 

tau oligomers eventually accumulate to form tau fibrils (Maeda et al., 2007; Takashima, 

2015) (figure 6).  

In conclusion, exactly how tau aggregation exerts neurotoxicity remains currently 

unclear and, although the aggregation process seems to be neurotoxic, the possible 

contributions of monomeric, hyperphosphorylated, oligomeric or mutant tau to 

neurodegeneration may not be ruled out. 

1.4. Mouse models for the study of Alzheimer disease 

Due to the high prevalence of AD, and the expected large increase in the number of 

patients within the next years, new and improved animal models of the condition are 

crucial for understanding the pathophysiology of the disease and investigating potential 

therapeutics. Advances in genetic engineering have driven the generation of 

transgenic animals (Selkoe, 2006; Esquerda-Canals et al., 2017). Among vertebrates, 

mice are the major species for transgenic modeling due to their short lifespan, relatively 

low costs, and well-established procedures for genetic modification. Mutations in the 

MAPT gene are not found in AD, but tau mutations found in FTD promote its abnormal 

hyperphosphorylation and aggregation (Hong et al., 1998; Barghorn et al., 2000). 

Based on this, multiple transgenic mouse lines have been created for studying tau 

pathology in the context of AD that overexpress human 4R tau containing FTD 
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mutations. Of these, the rTg4510 and TauΔK280 models are particularly versatile 

because the expression of mutant htau, and thus the pathology, can be regulated 

(SantaCruz et al., 2005; Mocanu et al., 2008).  

 

Figure 6 - Formation of tau fibrils. 
Hyperphosphorylated tau protein detaches from MT and, due to its greater affinity to form tau-tau 
interactions, individual hyperphosphorylated tau molecules bind to each other forming oligomeric tau 
species (detergent-soluble and not detected by AFM). Hyperphosphorylated and oligomeric tau seem 
to be involved in synaptic loss. When the tau oligomer grows to about 40 molecules, it acquires a β-
sheet structure and becomes a granular tau oligomer (detergent-insoluble and visible under AFM). The 
presence of granular tau oligomers correlates with neuronal loss. Over time, the granular tau oligomers 
may fuse together and form tau fibrils, which ultimately result in NFTs. (Adapted from Takashima, 
2015). 

The rTg4510 mouse model expresses htau (0N4R) containing the P301L mutation, 

which corresponds to a proline-to-leucine substitution at codon 301 (Ramsden et al., 

2005; SantaCruz et al., 2005). The level of mutant htau expressed by rTg4510 mice is 

approximately 13 times the level of endogenous mouse tau, and these mice develop 

progressive age-related NFTs, neuronal loss, and behavioral deficits (Ramsden et al., 

2005). Pre-tangles are observed in rTg4510 mice around 2.5 months of age, while 

argyrophilic tangle-like inclusions can be detected in the cortex at 4 months and in 

hippocampus at 5.5 months. Loss of CA1 hippocampal neurons (~60%) is observed 

around 5.5 months, accompanied by a pronounced loss in brain weight. Furthermore, 

loss of dendritic spines is detected at 8-9 months. LTP at the Schaffer collateral-CA1 
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synapse is impaired at 4.5 months, and deficits in spatial memory, assessed with 

Morris Water Maze (MWM) test, start around 2.5 to 4 months. Until 6 months of age, 

no motor deficits are observed. Notably, transgene suppression with Doxycycline halts 

neuronal death and arrests or even reverses cognitive decline (Ramsden et al., 2005; 

SantaCruz et al., 2005; Spires et al., 2006; Blackmore et al., 2017). 

The TauΔK280 mouse model expresses full length (2N4R) htau containing the deletion 

mutation ΔK280, that results in tau protein lacking one lysine at the position 280 

(Barghorn et al., 2000; Eckermann et al., 2007). This mutation was shown to strongly 

promote tau aggregation in vitro (Barghorn et al., 2000). In vivo, TauΔK280 mice 

present extensive pre-tangle pathology, although mature tangles are rarely observed, 

due to the relatively low expression of htau in the brain (~ 1-3 times the level of 

endogenous mouse tau). Mislocalization of tau into the cell body and dendrites, 

conformational alterations consistent with aggregation, as well as 

hyperphosphorylation at a variety of epitopes are observed in TauΔK280 mice. 

Expression of the mutant tau does not cause evident neuronal loss in the brain, 

although the mice lose synapses in the hippocampus. LTP is severely impaired in the 

mossy fibers (Van der Jeugd et al., 2012). Behaviorally, TauΔK280 mice develop 

cognitive impairments at 16 months of age, specifically in spatial learning/memory, as 

well as contextual learning (Van der Jeugd et al., 2012). Remarkably, transgene 

suppression for six weeks reversed the pre-tangle pathology in these mice.  

These mouse models and others may help us gain valuable insight on the involvement 

of tau protein in AD-related changes, as well as understanding which tau species are 

responsible for toxicity and the downstream neurodegeneration. However, to fully 

understand the disease, it is also crucial to comprehend how tau pathology propagates 

throughout the brain and the mechanisms underlying the transfer of tau pathology 

across cells from the EC to the rest of the brain. 

1.5. Propagation of tau pathology in Alzheimer disease 

Because tau is a highly soluble protein and the initial aggregation phase is 

thermodynamically unfavorable, it is currently unclear how tau shifts from its dynamic 

physiological structure to a misfolded monomer prone to aggregation (Mirbaha et al., 

2018; Sharma et al., 2018; Vogels et al., 2019).  
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Besides causing intracellular toxicity, tau oligomers and fibrils can be secreted into the 

extracellular space and taken up by healthy neurons (Frost et al., 2009; Guo and Lee, 

2011; Kfoury et al., 2012). This process may be of critical importance as it is thought 

to underlie the progression of tau pathology throughout the brain. Indeed, during the 

clinical course of AD, filamentous tau inclusions appear sequentially throughout the 

brain following a stereotypical pattern, thereby providing the basis for disease staging. 

In AD, tau pathology is staged using the criteria defined by Braak and Braak (1991) 

(figure 7). Braak stages I and II correspond to the appearance of NFTs in the 

transentorhinal and entorhinal cortex (EC) and are not associated with clinical 

dementia. More pronounced involvement of both transentorhinal and entorhinal 

regions and formation of NFTs in the hippocampus are characteristics of stages III-IV. 

The degree of neuronal damage at stages III-IV may lead to the appearance of the first 

clinical symptoms (mild cognitive impairment). At the later stages of the disease (Braak 

stages V and VI) tau pathology has extensively reached the neocortex, and patients 

are severely demented, meeting the neuropathological criteria for the diagnosis of AD 

(Clavaguera et al., 2014).  

Pathological conformations of tau can interact with physiological endogenous tau, 

leading to aggregation and, ultimately, formation of highly structured insoluble fibrils, 

which deposit into the cell as NFTs. This process is referred to as templated misfolding, 

seeded nucleation, or simply seeding (Friedhoff et al., 1998).  

Using a variety of in vitro and in vivo approaches, it has been shown that tau pathology 

predominantly spreads along synaptic connections (de Calignon et al., 2012; Calafate 

et al., 2015). To support this, experimental evidences have shown that the inoculation 

of synthetic tau fibrils or tau aggregates isolated from brains of patients with AD or 

other tauopathies or from tau transgenic mice represents a trigger that causes 

progressive spreading of tau pathology from the injection site (or sites) to synaptically 

connected brain regions in htau transgenic mice, and even in WT mice (Clavaguera et 

al., 2009; Holmes and Diamond, 2014). Significant progress has been made recently 

in showing that this also occurs in the brain of Alzheimer patients: seed-competent tau 

is present in axons of white matter tracts and synaptosomes, and tau seeding occurs 

in synaptically connected areas before the occurrence of hyperphosphorylated tau in 

these regions (Furman et al., 2017; Kaufman et al., 2017, 2018; DeVos et al., 2018).  
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Figure 7 - Trans-synaptic propagation of tau pathology and Braak staging, illustrating the 
progression of tau pathology in AD. 
Toxic tau can be released from the presynaptic terminal in the form of free aggregates or contained 
within extracellular vesicles (such as exosomes) and be taken up by other cells. This process is 
believed to underlie the progression of tau pathology throughout the brain, as described in the Braak 
stages. (Adapted from Li & Gotz, 2017). 

Another hypothesis to explain the pattern of tau pathology propagation throughout the 

brain that Braak and Braak have described is related to selective neuronal vulnerability 

(Braak & Del Tredici, 2011; Demaegd, Schymkowitz, & Rousseau, 2018; Fu, Hardy, & 

Duff, 2018). Certain neurons may be vulnerable to the underlying pathogenic 

mechanisms of the disease than others (Jackson, 2014; Mattson and Magnus, 2014), 

perhaps due to their gene expression profiles. These vulnerable neurons may become 

dysfunctional and present structural abnormalities earlier than the others. Other factors 

that could explain the selective vulnerability of certain neurons are: poor myelination 

(Braak & Braak, 1996), high metabolic rates that lead to higher susceptibility to chronic 

oxidative stress (Yan et al., 2013), and vulnerability to toxins (Nave and Werner, 2014). 

However, the observation that tau protein and tau pathology can propagate to nearby 

cells/brain regions, but also to synaptically connected distant brain regions, 

strengthens the hypothesis that the hallmarks of tau pathology can be spread along 

anatomical connections (Hyman et al., 1984).  

Additionally, other processes distinct from the cell-to-cell transmission of tau 

transmission have also been proposed to underlie the progression of tau pathology 
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throughout the brain, such as the spreading of neuroinflammation via microglia, 

cytokine signaling, among others (Perea et al., 2018), or the spreading via neuronal 

activity of neurons (Wu et al., 2016). 

A highly debated theory over the last years is the prion-like spreading of tau pathology 

(figure 8). This theory states that the propagation could occur through a “prion-like” 

mechanism, by analogy with the progressive aggregation of prion protein (PrP) in prion 

diseases (Prusiner, 1998). Importantly, the prion theory requires the presence of the 

normal form of the protein (PrPC) in the recipient cell for the propagation of the disease, 

as the infectious form of the protein (PrPSc) binds to PrPC and catalyzes its conversion 

into PrPSc (Weissmann, 2004). Similarly, the prion-like theory for the propagation of 

tau pathology involves the transmission of aberrant tau seeds from a “donor cell” to a 

“recipient cell”, and recruitment of the healthy tau in the recipient cell to generate new 

seeds, which may then transfer to other cells and propagate the toxic cascade 

(Sanders et al., 2014; Mudher et al., 2017). However, contrarily to what happens with 

PrP, it has been demonstrated that mice lacking endogenous mouse tau present 

equivalent propagation of human P301L tau from the EC to the rest of the brain 

compared to mice with endogenous mouse tau, clearly showing that tau cannot be 

strictly classified as a prion protein (Wegmann et al., 2015).  

 

Figure 8 - Prion-like propagation of tau pathology. 
This theory is based on the assumption that there are two tau species: toxic tau and healthy tau. The 
toxic tau species can be transferred from donor to recipient cells, where it will co-assemble with the 
healthy tau species present in the postsynaptic terminal, which over time will become toxic and be able 
to transfer to other cells, propagating the toxic cascade. (Adapted from McHugh, Morozova & Colby, 
2015). 

Several mechanisms for the transfer of tau protein from one cell to the other have been 

identified, either within the same brain region or between different regions, including 
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exocytosis, formation of nanotubes, exosome release, mediated by microglia, and 

others (figure 9) (Wang & Mandelkow, 2016).  

Figure 9 - Mechanisms for tau 
transfer between cells. 
Within the same brain region the 
transfer of tau between cells may 
occur through exocytosis, which 
allows donor neurons to release tau 
seeds (mechanisms 1 and 3 from part 
a), or through the release of 
exosomes (mechanism 2, part a), 
which can fuse and deliver their 
contents into recipient neurons. 
Recipient neurons can internalize 
extracellular tau seeds through 
endocytosis (mechanism 1, part a) or 
by receptor-mediated endocytosis 
(mechanism 3, part a). The trans-
synaptic spreading of tau pathology 
from region a to a downstream region 
shown in part b may occur through 2 
different mechanisms: the 
degeneration of presynaptic neurons 
can cause the leakage of the 
presynaptic membrane, allowing 
presynaptic tau seeds to diffuse 
across the synaptic cleft (part b, top 
synapse); or tau seeds may be 
released from the presynaptic 
terminal via exocytosis (mechanism 1, 
part b) or exosomes (mechanism 2, 
part b) or synaptic vesicles (SVs) 
(mechanism 3, part b). Once released, 
tau seeds can be taken up by 
postsynaptic neurons and 
subsequently initiate tau aggregation. 
(Adapted from Wang & Mandelkow, 
2016). 

Experimentally, two main approaches have been used to study the propagation of tau 

pathology: the use of mouse models with a brain region-specific promoter for tau 

expression (de Calignon et al., 2012), or the in vivo localized stereotaxic injection of a 

tau inoculum (tau synthetic fibrils, AD patients/mouse models brain homogenates or 

AAV encoding mutant htau) (Ahmed et al., 2014; Iba et al., 2013; Wegmann et al., 

2015), followed by assessing the presence of tau pathology in adjacent tissues at later 

time points.  

To understand the propagation of tau pathology throughout the brain according to the 

observation of Braak & Braak (1991), and the evidences that tau pathology spreads 

along anatomical connections, it is important to study the EC and the neuronal 
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projections arising from this brain region. This may provide insights on the early stages 

of the development of AD, namely on the onset and progression of the disease from 

the EC (at Braak stage 1) to the rest of the brain (at subsequent Braak stages). 

1.6. The perforant pathway  

1.6.1. Entorhinal cortex  

In view of the strong implications of the human EC in a variety of brain diseases, 

including AD (Braak & Braak, 1991; Braak & Braak, 1992; Scharfman & Chao, 2013), 

understanding what renders the EC vulnerable and how the pathology is transmitted 

from this region to others is crucial. In AD, it has been proposed that the degeneration 

of EC neurons may be involved in the initiation of the disease, as it occurs at an early 

stage of disease progression. Thus, defining the characteristics that make the EC a 

particularly vulnerable region is important (Scharfman & Chao, 2013). 

The term “entorhinal cortex” (EC) (Brodman’s area 28) (Brodmann, 1909) is based on 

the fact that this brain region is partially enclosed by the rhinal (olfactory) sulcus (Witter 

et al, 2017). The EC is located in the medial temporal lobe in humans, participating in 

a widespread network involved in memory, navigation and the perception of time (Tsao 

et al., 2018). In rodents, the EC is located at the caudal end of the temporal lobe, 

adjacent to the hippocampus (Scharfman & Chao, 2013).  

Interest in the EC began in the beggining of the 20th century when Ramón y Cajal 

described a region of the posterior temporal cortex that was strongly associated to the 

hippocampus (Ramón y Cajal, 1902; Witter, Kleven, & Flatmoen, 2017; Witter et al., 

2017). The authors described fibers arising from the EC towards the dentate gyrus 

(DG) and hippocampus proper (Cornu Ammonis (CA)), which compose the perforant 

pathway (figure 10). This description was confirmed and extended by the studies of 

Lorente de Nó, 1934. Later developments of new silver impregnation techniques 

(Allen, 1948; Blackstad, 1956; Cragg, 1961), and later, electrophysiological studies 

demonstrated that axons of the perforant pathway constitute a powerful excitatory 

route to the hippocampus (Green and Adey, 1955; Andersen et al., 1966). Tracing 

studies performed in several species have confirmed that the EC projects through the 

perforant pathway to the DG and CA regions (Hoesen & Pandya, 1975; Witter & 

Amaral, 1991; Witter, Van Hoesen, & Amaral, 1989). This axonal projections 



 
 

23 

“perforate” the subiculum on their way to the hippocampus, hence the name “perforant 

pathway” (Ramón y Cajal, 1893; Scharfman & Chao, 2013).  

 

Figure 10 - The perforant pathway provides the major input to the hippocampus from the 
entorhinal cortex. 
Modified original drawing of Ramón y Cajal, 1911 and schematic diagram of the rodent hippocampal 
circuitry. Neurons from EC layer II (green) project directly to the two outer thirds of the molecular layer 
of the DG (blue) and stratum lacunosum moleculare (slm) of the CA3 (red) region of the hippocampus. 
Neurons from EC layer III (green) send direct projections to the slm of the CA1 region (orange). The 
DG granule cells project to the CA3 pyramidal neurons via the mossy fibers, while CA3 axons project 
through the Schaffer collaterals to CA1 pyramidal neurons, which finally project to the subiculum and 
deep lEC IV-VI layers. (Adapted from Saura et al., 2015). 

The EC has two major divisions: the medial EC (MEC), located next to the pre- and 

parasubiculum, and the lateral EC (LEC), adjacent to the neocortex (Scharfman & 

Chao, 2013) (figure 11A). LEC and MEC both project to the two outer thirds of the 

molecular layer of the DG. Furthermore, both also give rise to projections to CA3, CA1 

and to the subiculum. In CA3 and CA1, the entorhinal terminals are in the stratum 

lacunosum-moleculare, and in the subiculum the terminals are in the outer part of the 

molecular layer. The EC has five cell layers, in contrast to the six layers typically 

observed in the neocortex. There are three superficial layers (layer I, II, III), one cell-

free layer (lamina dissecans), and two deeper layers (V and VI) (figure 11B) 

(Scharfman & Chao, 2013; Scharfman, 2006; Witter et al, 1989). The entorhinal 

projection to the DG originates predominantly from neurons in layer II, and this 

projection is nearly entirely confined to the ipsilateral DG. Most of the cells in the EC 

region are glutamatergic neurons, including puramidal neurons (layers II, III, V and VI), 



 
 

24 

and stellate cells (layer II). Interneurons can be found in all layers, similar to neocortex 

(Scharfman & Chao, 2013; Witter et al., 1989).  

 

Figure 11 - Layers of the EC on the mouse brain. 
A. Horizontal sections of an adult wild-type mouse showing the main subregions of the EC (MEC, 
medial EC; LEC, lateral EC) and neighboring areas (ParaS, parasubiculum; PreS, presubiculum; Sub, 
subiculum). DG = dentate gyrus. B. The layers of the EC are shown. The arrows denote the pial surface 
(PIA) and white matter (WM). LD = lamina dissecans. (Adapted from Scharfman & Chao, 2013). 

1.6.2. Hippocampus 

One of the unique features of the hippocampal formation is that many of its connections 

are unidirectional. Since the EC provides most of the cortical information that the 

hippocampus needs to carry its function, and the DG is the main termination point of 

the projections from the EC, it is reasonable to consider the DG as the first step in the 

processing of information that ultimately leads to the production of episodic memories. 

Furthermore, the unique neuroanatomy of the DG suggests that it is involved in an 

information-processing task with the information that receives from the EC and 

ultimately conveys to the CA3 field of the hippocampus. 

The DG has three layers (figure 12), which are important to highlight when studying 

the spreading of tau protein or tau pathology from the EC to the DG along the perforant 

pathway (Amaral et al., 2007): 1) the molecular layer, a relatively cell-free layer that is 

mainly occupied by the dendrites of the dentate granule cells. Furthermore, perforant 

pathway axonal fibers, originating in the EC, are also located in this cell layer, as well 

as a sparse number of interneurons; 2) the granule cell layer, the principal cell layer, 

composed mostly by granule cell bodies. Few other neurons are also located at the 
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boundary between the granule cell layer and the polymorphic layer, like the dentate 

pyramidal basket cells; 3) the polymorphic cell layer (or hilus), which constitutes the 

third layer of the DG. A number of different cell types are located in this layer, but the 

most prominent ones are the mossy cells, which regulate the DG activity and function 

(Oh et al., 2019). The dendrites of mossy cells are mostly confined to the hilus, but 

some extend to the molecular layer of the DG. Besides receiving excitatory inputs from 

the DG granule cells, mossy cells also receive inhibitory inputs from local interneurons 

and excitatory “back” projections from the CA3 pyramidal cells (Swaminathan et al., 

2018). The mossy cell axon projection is complex: the axons ramify within the hilus 

and project to the inner molecular layer of both the ipsi- and contralateral DG (figure 

13). Taken together, these anatomical features suggest a strategic role for mossy cells 

in relaying information in the CA3-DG network.  

 

Figure 12 - Organization of the rodent dentate gyrus. 
A. illustration of the horizontal view from the hippocampus. B. the organization of the DG is illustrated, 
with a granule cell showing the positioning of the dendrites and the axon, which is designated a mossy 
fiber. The molecular layer is subdivided in three layers: the outer molecular layer (light red), the middle 
molecular layer (blue) and inner molecular layer (light brown). The granule cell layer (dark grey) is 
composed of densely packed granule cell bodies. Below there is a small subgranular zone (green) 
composed by neurons from the hilus and granule cell precursors. The hilus comprises the subgranular 
zone and a greater area that ends where the CA3 region begins (light grey). (Adapted from Scharfman 
& Myers, 2013). 

Considering that axons from EC neurons terminate in the two outer thirds of the 

molecular layer of the DG, the appearance of tau protein or tau pathology on this region 

cannot be defined as trans-synaptic spreading of tau, but simply transport along the 

axons of the perforant pathway until the axon terminal ends in the molecular layer. In 

this region, the synapses with the apical dendrites of granule cell layer will occur. 

Therefore, we can only consider trans-synaptic spreading of tau protein or tau 
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pathology when we observe their presence in the granule cell layer of the DG, or further 

connections.  

 

Figure 13 - The hippocampal mossy cell. 
The major cell types of the DG include the granule cells, GABAergic interneurons and mossy cells.  
Mossy cells are located in the hilus and have large dendrites, some of which extend into the molecular 
layer. The mossy cells relay information in the CA3-DG network, by receiving excitatory inputs from 
the DG granule cells, inhibitory inputs from local interneurons and excitatory “back” projections from 
the CA3 pyramidal cells. Mossy cell axons ramify within the hilus and project to the inner molecular 
layers of both the ipsi- and contralateral DG. (Adapted from Swaminathan et al., 2018). 

1.7. Neuroinflammation and AD - role of glial cells in the 
propagation of tau pathology 

Tau pathology has been associated with chronic neuroinflammatory processes, 

including reactive microglia, astrocytes, and increased levels of pro-inflammatory 

molecules like cytokines or complement proteins (Mcgeer et al., 1989; Gerhard et al., 

2004; Ishizawa et al., 2004; Ising et al., 2019; Vogels et al., 2019). Reactive microglia, 

reactive astrocytes, and inflammation-associated molecules are typically observed 

around NFTs in AD brains (Cras et al., 1991; DiPatre & Gelman, 1997; Grundke-Iqbal 

et al., 1990; Sheffield, Marquis, & Berman, 2000). Furthermore, it has been recently 

suggested that neuroinflammation may play a role on the spreading of tau pathology.  

The initial purpose of the neuroinflammatory state is to remove the cause (e.g. 

pathogens, protein aggregates, damaged cells) and return the tissue to homeostasis. 

However, it is not clear if neuroinflammation in tauopathies is mostly protective or 

damaging and how this depends on disease stage (Vogels et al., 2019).  
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Microglia are of particular interest as they are the main macrophages of the CNS and 

exciting recent research has shown novel roles for these immune cells in both health 

and disease. Particularly in AD, microglia seem to play a pivotal role in the initiation 

and progression of tau pathology and associated neurodegeneration (Maphis et al., 

2015; Hansen et al., 2018; Simon et al., 2019).  

It is currently unclear if altered microglial function is a cause, consequence, or 

contributor to tau pathology. Secreted factors from microglia may lead to the initiation 

of tau aggregation in neurons (Gorlovoy et al., 2009). Indeed, it has been shown that 

NLRP3 inflammasome assembly inside microglia upon activation leads to increased 

cleavage and activity of caspase-1, plus downstream Interleukin-1 (IL-1) release. IL-

1 contributes to the worsening of tau pathology via the regulation of tau kinases and 

phosphatases (Ising et al., 2019). Microglia may be also involved in tau-induced 

synapse loss and tau spreading, and play an important role in the mechanism of action 

of tau immunotherapy and other therapeutics aimed at treating tauopathies (Asai et al., 

2015; Funk et al., 2015; Hopp et al., 2018). However, the effects of tau pathology and 

microglial neuroinflammation are bidirectional. A variety of factors can potentially 

mediate tau-induced neuroinflammation (figure 14). The most obvious one is that tau 

aggregates directly activate microglia. Tau oligomers colocalize with microglia, 

astrocytes, and pro-inflammatory cytokines in the brains of tauopathy patients and 

transgenic mice (Nilson et al., 2017). It is possible that microglia first have the ability to 

phagocytose extracellular tau, but they are ultimately not able to keep up with 

degrading insoluble material around them. This leads them to become dystrophic and 

lose their normal homeostatic functions (Hopp et al., 2018; Streit et al., 2018). On the 

other hand, factors secreted from microglia can lead to abnormal patterns of PTMs and 

may therefore play a role in the initiation of tau aggregation (Gorlovoy et al., 2009), 

which will then in turn induce more inflammation, repeating the toxic cascade. Studies 

have shown that neuronal tau pathology leads to the accumulation of senescent 

microglia and astrocytes. Removal of these senescent cells from a mouse model of 

neuronal tauopathy led to decreased tau pathology and improved cognition (Bussian 

et al., 2018). The presence of dysfunctional glial cells can thus directly contribute to 

neuronal tau pathology. Knockout of tau also rescued inflammation-mediated 

neurodegeneration in mice lacking the Cx3cr1 receptor (Maphis et al., 2015), indicating 
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that endogenous tau may protect against inflammation and its downstream effects via 

a yet unknown mechanism.  

 

Figure 14 - Different cell types are involved in tau-induced neuroinflammation. 
Neurons with tau pathology can be live phagocytosed by microglia. Neuronal tau pathology also 
induces neuroinflammation by shedding myelin fragments, by inducing the secretion of stress factors, 
tau oligomers, or via other unknown pathways. Tau oligomers can damage the vasculature directly or 
indirectly via microglia-induced neuroinflammation or alterations of astrocytic functions at the 
vasculature. All these events can potentially exacerbate the neuroinflammatory state, which in turn can 
aggravate tau pathology via proinflammatory cytokines. Microglia can also induce a neurotoxic 
phenotype in astrocytes which directly leads to neurodegeneration. Astrocytes can also accumulate 
tau, which may lead to mild changes in the vasculature and possibly impact microglia and synaptic 
function. (Adapted from Vogels et al., 2019). 

Microglia may also play a critical role on the spreading of tau pathology (Asai et al., 

2015). Indeed, mice injected with AAV that led to the overexpression of mutated tau in 

the EC presented spreading of htau from the EC to the DG observed at 1 month post-

injection. Since neurons in the EC connect to neurons in the DG via the perforant 

pathway, this spreading was likely mediated through synaptic connections. However, 

depletion of microglia led to a reduction of htau detected in the DG. Knockout of 

TREM2 adapter protein DAP12 in a similar model also led to inhibition of synaptic tau 

spreading (Audrain et al., 2018). Although a portion of tau spreading might be mediated 

via neuron-to-neuron transfer or via glial cells such as astrocytes (Mudher et al., 2017; 

Martini-Stoica et al., 2018; Zanier et al., 2018), available evidence suggests that 
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microglia might play an important role in tau spreading as well. Indeed, it was recently 

demonstrated that microglia contribute to the spreading of tau via exosome secretion 

(Asai et al., 2015).  

With the currently knowledge on the biology of tau protein and all related pathways in 

AD, several therapeutic interventions may be underlined aiming to halt the progression 

of the disease throughout the brain and improve AD-related changes in behavior and 

cognition.  

1.8. Therapeutical interventions to halt the propagation of tau 
pathology 

Treating and preventing neurological disorders, specifically tauopathies, remains a 

challenge for several reasons. These include the lack of understanding of the aetiology 

and progression of the diseases in question, poor diagnosis at presymptomatic stages, 

lack of robust and sensitive biomarkers, short therapeutic windows and the 

inaccessibility of the degenerating brain tissue for drug delivery (Leinenga, Langton, 

Nisbet, & Götz, 2016; Li & Götz, 2017). 

Although the mechanisms underlying tau-mediated neurotoxicity in AD have to date 

not been well elucidated, multiple therapeutic approaches have been proposed that 

target tau function or dysfunction, based on the current understanding of these 

mechanisms (Wang & Mandelkow, 2016). Indeed, the anti-tau pipeline has been 

growing over the last years, partly fueled by the lack of success targeting Aβ.  

Several therapies that target tau, both directly and indirectly have been the focus of 

intense research activity over the past years (table 1). Important approaches that have 

been tested in preclinical and, eventually, clinical studies, involve: tau aggregation 

blockers (e.g. methylene blue, which was shown to induce autophagy and attenuate 

tauopathy in vitro and in vivo) (Clavaguera et al., 2014; Congdon et al., 2012; Fatouros 

et al., 2012; Hochgräfe et al., 2015; Lee, Brunden, Hutton, Trojanowski, 2011);  

reducing tau levels (e.g. siRNA or antisense oligonucleotides targeting tau) (DeVos et 

al., 2013; Lasagna-Reeves et al., 2016; Xu et al., 2014); vaccination (e.g. passive: 

antibodies PHF-1 or MC1; active: advacc1, a vaccine developed against the repeat 

domain of tau) (Boutajangout et al., 201AD; Chai et al., 2011; Kontsekova et al., 2014; 

Novak et al., 2017); targeting enzymes that regulate tau PTMs (e.g. ERK inhibitor, 
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HDAC6 inhibitor) (Le Corre et al., 2006; Ding et al., 2008; Kilgore et al., 2010; Tran et 

al., 2012); targeting autophagy (e.g. autophagy inducers) (Ozcelik et al., 2013; 

Frederick et al., 2015); MT-stabilizers (e.g. Paclitaxel, curcumin) (Zhang et al., 2005; 

Miyasaka et al., 2016); among others (figure 15).  

1.8.1. BSc3094 as a potential therapeutic agent for AD  

BSc3094 monohydrobromide (2-[4-(4-Nitrophenyl)-2-thiazolyl]hydrazide-1H-

benzimidazole-6-carboxylic acid monohydrobromide) is a phenylthiazolyl-hydrazide 

derivative (Pickhardt et al., 2007). BSc3094 has been used in tau protein research to 

study the processes underlying tau aggregation, due to its features as a potent inhibitor 

of tau aggregation and ability to dissolve tau preformed fibrils. Previous studies from 

our group have demonstrated a great efficacy for this compound to significantly reduce 

tau phosphorylation and aggregation, increasing at the same time cell viability and 

having no cytotoxic effects in an in vitro N2a cell model expressing pro-aggregant 

mutant htau (Pickhardt et al., 2015, 2017). Further studies from our group have shown 

that BSc3094 is also capable of inhibiting tau aggregation in a C. elegans model of 

tauopathy expressing pro-aggregant mutant htau (Fatouros et al., 2012). Recently, we 

also observed that BSc3094 reverses the pre-synaptic impairment in pro-aggregant 

tau transgenic organotypic hippocampal slices, by reversing the paired-pulse 

depression observed in non-treated pro-aggregant tau transgenic slices after applying 

a paired-pulse stimulus of the Schaffer collaterals (Dennissen et al., 2016). Taken 

together, these results strengthen the hypothesis that BSc3094, a powerful tau 

aggregation inhibitor, could be a potential therapeutical agent used to reverse tau 

pathology and, possibly, exert a beneficial effect in AD.  
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1.8.2. The blood-brain-barrier as an obstacle for drug delivery 

One of the major obstacles in the development of therapeutical agents for the CNS is 

that many agents do not cross the blood-brain-barrier (BBB, figure 16) sufficiently well 

to evaluate their effects on the brain without delivering them locally. The BBB 

represents a barrier between the brain’s blood vessels (capillaries) and the cells and 

other components of the brain tissue, providing a defense against disease-causing 

Table 1 - Examples of tau-based therapies under clinical development.  
(Adapted from Li & Gotz, 2017). 
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pathogens and toxins that may be present in our blood, being also involved in 

maintaining brain homeostasis. This is achieved by forming a tightly regulated 

neurovascular unit that includes endothelial cells, pericytes and astrocytic endfeet. In 

the capillaries that form the BBB, endothelial cells are placed extremely close to each 

other, forming so called tight-junctions (Abbott, Rönnbäck, & Hansson, 2006).  

 

Figure 15 - Potential therapeutic strategies to reduce tau aggregates. 
Different targets that interfere directly or indirectly with tau protein have been undergoing preclinical 
and clinical studies over the last years, including inhibitors of tau phosphorylation, inhibitors of tau 
proteolysis, promoters of Tau clearance, MT stabilizers, among others. (Adapted from Šimi´c et al., 
2016). 

A state-of-the-art technique for the local delivery of drugs into the brain of rodents is 

achieved with the use of Alzet osmotic pumps. This presents a major advantage by 

enabling the local infusion of drugs directly into the brain and at a constant rate, 

facilitating the generation of reliable data. The Alzet osmotic pumps, combined with a 

brain infusion kit, can directly target a specific brain region (e.g. the hippocampus) or 

the cerebral ventricles, which has the advantage of exposing a wide variety of brain 

regions to the drug via the cerebrospinal fluid that bathes the brain (DeVos and Miller, 

2013).  
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Figure 16 - Blood-brain-barrier. 
The BBB exists between the blood vessels and the cells and other components of the brain tissue   
providing defense against disease-causing pathogens and toxins present in our blood, and maintaining 
brain homeostasis. The BBB comprises a tightly regulated neurovascular unit including endothelial 
cells, pericytes and astrocytic endfeet. Tight-junctions are formed in the capillaries that form the BBB 
by placing endothelial cells extremely close to each other. (Adapted from Abbott, Rönnbäck, & 
Hansson, 2006). 

Little is known so far about the mechanisms underlying the onset and propagation of 

tau pathology in AD. Furthermore, very few drugs tested proved to have a beneficial 

effect in patients suffering from the disease, and they mostly target the level of 

neurotransmitters, not tau or A. Therefore, it is of major relevance to elucidate the 

open questions in the field, which includes questions related to the nature of the toxic 

tau species, the increased vulnerability of certain brain regions to the development of 

AD compared to others, the transfer of tau pathology from cell to cell, the role of 

inflammation, and others. This knowledge should help to design appropriate 

therapeutical strategies and possibly find an effective treatment for AD.  
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AIMS OF THE STUDY 
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2. Aims of the study  

As previously mentioned, despite years of intense research, little is known about the 

mechanisms underlying the spreading of tau pathology throughout the brain, and which 

are exactly the tau species responsible for the development of pathology and its 

propagation. Initially, it was thought that the aggregated tau species were responsible 

for toxicity and neurodegeneration. Furthermore, it was speculated that this may also 

be the tau species transferred between cells to propagate the pathology. However, 

recent evidences pointed out the intermediate tau oligomeric species as the culprit 

concerning neurodegeneration, specifically in synaptic and neuronal loss, but this is 

still under debate. Hence, using mice expressing pro- or anti-aggregant htau restricted 

to the EC, we aimed to understand the molecular mechanisms that trigger the onset of 

tau pathology, and how this pathological process spreads throughout the brain, 

specifically: 

▪ unraveling which tau species are responsible for the development of pathology;  

▪ determining if the tau species involved in the formation of pathology are also the 

ones involved in the propagation of the toxic cascade throughout the brain;  

▪ determining if the aggregation propensity of tau is a requisite for propagation, 

by comparing the behavior of pro- and anti-aggregant tau species (K280 and 

(K280-2P htau, respectively);  

▪ monitoring the role of other key factors on the propagation of tau pathology, 

including the presence/absence of endogenous mouse tau and 

neuroinflammatory processes.  

A further aim was to test a novel interventional therapeutic strategy to halt the 

propagation of tau pathology in a transgenic mouse model of the disease (rTg4510 

mice), by evaluating the potential beneficial effects of the compound phenyl-thiazolyl-

hydrazide derivative BSc3094, a potent tau aggregation inhibitor, in halting the 

propagation of tau pathology. 
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MATERIALS & METHODS 
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3. Materials and Methods 

3.1. Materials 

3.1.1. Primary antibodies 

Antibody Specificity Dilution Company/Ref 

K9JA Total Tau 
1:20 000 (WB) 

1:500 (IF) 
DAKO                            
A0024 

Tau Y9 Human Tau 1:100 (IF) 
Enzo Life Sciences                           
BML-TA3119-0100 

HT7 Human Tau 1:500 (IHC) 
Thermo Fisher Scientific 

MN1000 

AT8 Tau phos Ser202/Thr205 
1:1000 (WB) 

1:200 (IF) 
Thermo Fisher Scientific 

MN1020 

12E8 Tau phos Ser262/Ser356 
1:1000 (WB) 
1:100 (IHC)   

ELAN Pharmaceuticals     
860 

PHF-1 Tau phos Ser396/Ser404 
1:1000 (WB)  

1:100 (IF & IHC) 
Kind gift from               
Dr. P. Davies 

AT180 Tau phos Thr231/Ser235   1:100 (IHC) 
Thermo Fisher Scientific 

MN1040 

MC1 
Tau pathological 

conformation 
1:50 (IF & IHC) 

Kind gift from               
Dr. P. Davies 

Synaptophysin Pre-synaptic marker 1:5000 (WB) 
Sigma-Aldrich                         

S5768 

PSD95 
Post-synaptic density 

protein 95 
1:1000 (WB) 

Cell signaling                   
2507 

GFAP Glial fibrillary acidic protein 
1:2000 (WB)  

1:250 (IF) 
Sigma-Aldrich                         

G9269 

CD11b 
Cluster of differentiation 

molecule 11b 
(macrophages& microglia) 

1:1000 (WB) 
Abcam                      

ab75476 

Iba1 
Ionized calcium binding 

adaptor molecule 1 
(microglia & macrophages) 

1:100 (IF) 
WAKO                              

019-19-741 

GluR1 Anti-Glutamate receptor 1 1:1000 (WB) 
Merck                   

AB1504 

Actin 
Cytoskeletal protein; used 
as loading control for WB 

1:10 000 (WB) 
Sigma-Aldrich                    

A5441 
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3.1.2. Secondary antibodies 

Antibody Dilution Company/Ref 

α-mouse goat HRP 1:2000 (WB) 
DAKO 
P0447 

α-rabbit goat HRP 1:2000 (WB) 
DAKO 
P0448 

Donkey Cy3 α-mouse 1:500 (IF) 
Dianova 

715-165-151 

Donkey Alexa 647 α-mouse 1:500 (IF) 
Dianova 

715-605-151 

Goat Cy3 α-rabbit 1:500 (IF) 
Dianova 

111-165-144 

Donkey Alexa 647 α-rabbit 1:500 (IF) 
Dianova 

711-605-152 

3.1.3. Molecular weight markers 

Marker Company/Ref 

Protein magic marker  
Thermo Fisher Scientific  

LC5602 

Page ruler prestained protein ladder 
Thermo Fisher Scientific         

26616 

Smart Ladder 
Eurogentec                            

MW-1700-10 

3.1.4. Kits 

Kit Company/Ref 

Amersham ECL Prime Western Blotting 
Detection Reagent 

GE Healthcare Life Sciences 
RPN2236 

Bicinchoninic Acid Protein (BCA)  
Assay Kit 

Sigma-Aldrich                      
BCA-1 

VECTASTAIN® Elite® ABC HRP Kit 
(Peroxidase, Universal) 

Vector Laboratories             
PK-6200 

DAB Quanto Chromogen and Substrate 
Thermo Fisher Scientific     

TA-060-QHDX 
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3.1.5. Centrifuges 

Centrifuge Company 

Eppendorf centrifuge 5415 R  Eppendorf, Germany 

Ultracentrifuge Beckman CoulterTM 
OptimaTM MAX-E 

Beckman Coulter, Germany 

3.1.6. Microscopes 

Microscope Company 

Light microscope BX43 Olympus, Germany 

Confocal microscope FV1000 BX61  Olympus, Germany 

LSM800 confocal microscope Zeiss, Germany 

3.1.7. Surgery equipment 

Equipment Company 

Digital Mouse Stereotaxic Frame 
World Precision Instruments                    

(WPI), Germany 

10μl NanoFil Syringe 
World Precision Instruments                    

(WPI), Germany 

35 ga. blunt NanoFil needle  
World Precision Instruments                    

(WPI), Germany 

100 µL Alzet Osmotic Pumps (1004) Alzet, USA 

Alzet Brain Infusion Kit 3 Alzet, USA 

Hot bead sterilizer 18000-45 
Fine Science Tools  

(FST), Germany 

Micromotor High-Speed Drill  Stoelting, Germany  

UltraMicroPump (UMP3) with SYS-
Micro4 Controller 

World Precision Instruments                    
(WPI), Germany 

Stereotax Control Panel Leica BioSystems, Germany 

Inhalation Anesthesia System VetEquip, USA 
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3.1.8. Others 

Equipment Company 

Shaker DOS-10L NeoLab, Germany 

Analog tuberoller RS-TR05 
Phoenix Instrument, 

Germany 

SPR 80 L Flake ice maker Nord Cap, Germany 

Analytical Lab Scale Digital Balance BP310S 
Delta 

Sartorius, Germany 

PVDF membranes (0.45µm pore size) Millipore, Germany 

Well plates (12, 24 & 96) Corning, Germany 

Vortex-Genie 2 
Scientific Industries, 

USA 

Image Quant LAS 4000 mini 
GE Healthcare Life 
Sciences, Germany 

Bio-Rad Trans-Blot SD Semi-Dry Transfer Cell Bio-Rad, Germany 

EPS 600 Electrophoresis Power Supply, 120 V 
Pharmacia BioTech, 

USA 

British Standard Microscope Slides  
Thermo Fisher Scientific, 

Germany 

Superfrost Plus™ Adhesion Microscope Slides 
Thermo Fisher Scientific, 

Germany 

Fluoromount-G® mounting medium 
Southern Biotech, 

Germany 

Roti®-Histokitt mounting medium Carl Roth, Germany 

Shandon™ Cryomatrix™ embedding resin 
Thermo Fisher Scientific, 

Germany 

Cryostat Microm HM560 
MICROM International 

GmBH, Germany 

Microtome Slide 2003 
Pfm Medical AG, 

Germany 

Vibratome VT1200 Leica, Germany 

Safire microplate reader Tecan, Germany 
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3.2. Methods 

3.2.1. Animals 

To analyze the propagation of tau pathology transgenic mice expressing mutant pro- 

and anti-aggregant htau were used. The tTA-EC/K2 mouse line was generated by 

crossing the responder line of transgenic mice co-expressing the human full-length tau 

protein (hTau40; 2N4R) with the FTDP-17 mutation ΔK280 (deletion of lysine 280) 

(figure 17A) and the reporter firefly luciferase gene under the control of a bidirectional 

tetO-responsive CMV promoter, with the activator mouse line Neuropsin (Nop)-tTA, 

which expresses the tetracycline-controlled transactivator (tTa) exclusively in the 

entorhinal cortex (EC) layer II, as described before (Calignon et al., 2012; Dennissen 

et al., 2016; Eckermann et al., 2007; Yasuda & Mayford, 2006). This yielded a regional 

neuron-specific expression of mutant htau and luciferase, which are confined to the 

MEC. In parallel, another tau transgenic mouse (tTA-EC/K3) was generated with the 

same constructs as the tTA-EC/K2 mouse, but with two additional prolines in the 

hexapeptide motifs of the repeat domain of the tau protein (figure 17A), which serve 

as β-sheet breakers (htau ΔK280-PP) (Eckermann et al., 2007). The tTA-EC/K2 (htau 

ΔK280) and tTA-EC/K3 (htau ΔK280-PP) transgenic mice are named pro-aggregant 

and anti-aggregant tau transgenic mice, respectively. Before starting the experiments, 

we selected transgenic mice with comparable tau expression by in vivo 

bioluminescence imaging to reduce inter-individual variations (Van der Jeugd et al., 

2012). Wild-type (WT) C57BL-6J mice and mice lacking tau protein (B6.129X1-

Mapttm1Hnd/J (Mapt0/0); Tau-KO) (Dawson et al., 2001) were also used in the 

experiments. We analyzed gender-mixed animals. Transgenic mouse lines tTA-EC/K2 

and tTA-EC/K3 were identified by PCR using the following primer pairs: htau transgene 

(JB309/pBI5-BN): forward 5’-GAC CTT CCG CGA GAA CGC CAA A-3’; reverse 5’-

AAG AAC AAT CAA GGG TCC CCA-3’; neuropsin promoter (Nop-for/Nop-rev): 

forward 5’- ACC GAG AAG CAG TAC GAG A-3’; reverse 5’-ACT CGC ACT TCA GCT 

GCT T-3’. The following PCR programs were used: 
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Thermocyler Program K2 and K3 (for JB309/pBI5-BN primer): 

Step Temp. in °C Time in sec cycles 

Initial denaturation 95 300 1 

Denaturation 95 30  

Annealing 58 60 30 

Extension 72 30  

Final extension 72 300 1 

Hold 4 end - 
 

Thermocyler Program TTA (for Nop-for/Nop-rev primer): 

Step Temp. in °C Time in sec Cycles 

Initial denaturation 94 300 1 

Denaturation 94 30  

Annealing 55 30 35 

Extension 72 60  

Final extension 72 600 1 

Hold 4 End - 

 

To develop a therapeutical intervention to halt the propagation  

of tau pathology the rTg(tauP301L)4510 mouse model developed by K. Ashe and 

coworkers was used (Ramsden et al., 2005). Briefly, rTg4510 animals were produced 

by crossing the activator mouse line CamKII-tTA, with the responder 

tetO.MAPT*P301L mouse line (figure 17B). Mice having both CamKII-tTA and tau 

transgene expressed human mutant P301L tau (0N4R). Mice lacking the responder 

and the activator transgene were used as controls. Mice were screened by PCR using 

the following primer pairs: htau transgene (Tau mPrP_E2): forward 5’-TGA ACC ATT 

TCA ACC GAG CTG-3’; reverse: 5’-TAC GTC CCA GCG TGA TCT TC-3’; CamKII 

promoter (oIMR8746/oIMR8747): forward 5’-CGC TGT GGG GCA TTT TAC TTT AG-

3’; reverse: 5’-CAT GTC CAG ATC GAA ATC GTC-3’. The following PCR program was 

used: 

Thermocyler Program Phire 70 (for Tau mPrP_E2 & 
oIMR8746/oIMR8747primers): 

Step Temp. in °C Time in sec Cycles 

Initial denaturation 98 180 1 

Denaturation 98 5 
 

Annealing 70 5 30 

Extension 72 15  

Final extension 72 60 1 

Hold 4 End 1 
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Figure 17 - Tau transgene 
expression in the experimental 
mouse models. 
A. Bar diagrams illustrating the 
domains of full-length tau (2N4R, 
441 residues), with the 
hexapeptides responsible for 
aggregation highlighted in black. 
The pro-aggregant ΔK280 
mutation and the anti-aggregant 
proline mutations (I277P, I308P) 
are highlighted. B. The FTDP-17 
mutation P301L tau is highlighted, 
corresponding to the substitution 
of a proline for a lysine at amino 
acid 301, which strongly favors 
aggregation. Adapted from Sydow 
et al., 2011. 

 

 

 

 

3.2.2. Housing conditions 

All animals were housed and handled according to standards of the German Animal 

Welfare Act, under the approval LANUV: 84-02.04.2016-A278 (for the spreading of 

Tau pathology), and LANUV: 84-02.04.2017-A405 (for the implantation of Alzet 

osmotic pumps). Mice were housed in groups of 2–5 animals under standard 

conditions (23 °C, 40–50 % humidity, ad libitum access to food and water) with a 12 

hours light/dark cycle (with light on from 6 a.m. to 6 p.m.). After implantation of the 

Alzet osmotic pumps, rTg4510 mice were single housed to prevent damaging of the 

surgical wound. 

3.2.3. Fresh ex-vivo brain slices and measurement of luciferase 
bioluminescence 

Bioluminescence (BLI) can be used to characterize the spatial transgene expression 

pattern in detail in ex vivo brain slice preparations. Whole brain ex-vivo slices were 

prepared from 6 months old transgenic pro- and anti-aggregant mice to monitor 
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luciferase BLI (and consequently htau expression), using a protocol previously 

described (Humpel, 2018). Briefly, mice were anesthetized (Isofluran, Piramal Critical 

Care, Germany) and sacrificed by cervical dislocation, and the head was removed 

using a pair of large scissors. After dissecting the brain, 500 μm thick horizontal brain 

slices were prepared using a vibratome (Leica VT1200). Slices were immediately 

transferred onto membrane inserts in 6-well plates and kept alive in slice culture media 

containing 0.15 mg/mL D-luciferin, at 37°C, 5% CO2 incubator (three whole brain 

sections per membrane).  A subsequent BLI scan (Ivis Lumina II system; Caliper Life 

Science) exhibited the transgene expression pattern (Hochgräfe and Mandelkow, 

2013). 

3.2.4. In vivo bioluminescence of human tau expression 

In vivo BLI was performed using an Ivis Lumina II system (Caliper Life Science) (figure 

18A) according to a standardized protocol. The mice received, ten minutes before the 

imaging session, an intraperitoneal (i.p.) injection of 150 mg/kg of D-luciferin (Caliper 

Life Science) dissolved in sterile PBS. The heads of the mice were shaved to avoid 

optical attenuation of emitted photons. Mice were anesthetized with 2% isoflurane 

(Abbott) in a constant O2 flow, which was maintained throughout the whole imaging 

session. Mice were placed into the heated, light-tight imaging chamber and a sequence 

of 6 images, taken in intervals of 2 minutes starting at 10 minutes post i.p. injection, 

was recorded using a highly sensitive charged coupled device camera (figure 18B). 

The analysis of the recorded images was accomplished using Living Image 4.0 

software (Caliper Life Science). The BLI emission was normalized and the surface 

radiance was displayed in photons per second per square centimeter per steradian 

(photons/s/cm2/sr). For quantification of BLI signals, a region of interest (ROI) was 

defined to convert surface radiance (photons/s/cm2/sr) into total flux of the 

bioluminescent source (photons/s) (Hochgräfe and Mandelkow, 2013). 
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Figure 18 - In vivo bioluminescence imaging of luciferase activity in the mouse brain. 
A. IVIS Lumina II system (Caliper Life Science); B. Scheme representing the workflow of BLI in tau 
transgenic mice expressing htau and luciferase (L) under the control of a bidirectional promoter (yellow 
arrows). Expression is switched on when the transactivator (T) binds to the responsive promoter 
element (res). Expression of the transactivator is regulated by the neuropsin promoter, resulting in EC-
specific expression of luciferase and htau. After i.p. injection of 150 mg/kg D-luciferin, mice exhibit a 
brain-specific emission of photons, which is detected by a CCD camera system inside the BLI imaging 
chamber. Adapted from Hochgräfe & Mandelkow, 2013. 

3.2.5. Adeno-associated virus (AAV) 

Three distinct adeno-associated virus (AAV) constructs were used in the experiments: 

1) AAV encoding eGFP, the translation interrupting 2a peptide(Szymczak et al., 2004), 

and pro-aggregant full length mutant htau ΔK280 (AAV2/8-CBA-eGFP-2a-

htau40ΔK280 (named AAV-K2); titer = 9.71x1011 GC/ml); 2) AAV encoding eGFP, the 

translation interrupting 2a peptide, and anti-aggregant full length mutant htau ΔK280-

PP (AAV2/8-CBA-eGFP-2a-htau40ΔK280-PP (named AAV-K3); titer = 1.65x1012 

GC/ml); and 3) AAV encoding eGFP (AAV2/8.CBA.eGFP-2a WPRE.Bgh (named 

AAV-GFP)), titer 1.37x1013 GC/ml). All AAV constructs were produced at Gene 

Transfer Vector Core (GTVC), Schepens Eye Research Institute and Massachusetts 

Eye and Ear Infirmary, Harvard Medical School. The gene of interest is expressed 

under the control of CMV-IE promoter as a bicistronic construct together with the GFP 

protein. The self-cleaving 2A peptide sequence from Porcine Teschovirus-1 virus 

separates both sequences, ensuring the independent expression of GFP and the gene 

of interest. The AAV2/8-CBA-eGFP-2a virus is classified as a mixed serotype AAV2/8, 
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meaning that the standard plasmid used for the generation of the AAV containing the 

tau gene of interest has the ITRs from AAV2, but the capsid protein from serotype 8, 

which provides excellent targeting to neuronal cells while keeping the AAV in the lab 

safety level S1. The plasmid maps of the AAV used in the study are presented in the 

appendix section of the present thesis. 

3.2.6. AAV injections 

Intracerebral injections of AAV into the brain of anesthetized (Isoflurane, Piramal 

Critical Care, Germany) 5 month old tTA-EC/K2, tTA-EC/K3, WT and Tau-KO mice for 

unilateral expression of eGFP and mutant htau in the right EC were performed using 

classic stereotaxic procedures at the following coordinates: AP -4.7mm, ML +3.6mm 

(from Bregma), DV -3.0 (from dura mater/brain surface)). The contralateral (left) 

hemisphere was injected with PBS in the same brain coordinates as control. The 

standard injection procedure consisted in delivering 2 μL of AAV or PBS using a 10 μL 

glass syringe with a fixed needle (Hamilton). After reaching the injection coordinates, 

the needle was left in place for 2 minutes to allow the tissues to adapt. After injection 

at a rate of 0.2nL/min, the needle was left in place for an additional 5 minutes to prevent 

backflow of the injected solution.  

AAV-K2 was injected into tTA-EC/K2, WT and Tau-KO mice, while AAV-K3 was 

injected into tTA-EC/K3, WT and Tau-KO mice. A group of WT mice was injected with 

AAV-GFP. Mice were sacrificed by cervical dislocation at 3, 6, 12 and 18 months post-

injection (p. i.), and the brains were collected for paraffin or cryo free-floating 

sectioning, or western blot analysis. 

3.2.7. Determination of BSc3094 concentration in the brain 

To determine the ability of the drug of interest, BSc3094 (Pickhardt et al., 2007), to 

permeate the BBB, intravenous (i.v.) injections of BSc3094 (Sigma-Aldrich, 3 mg/kg in 

PEG400/water (60:40)) were performed in WT animals, and the concentration of the 

drug in the brain was estimated up to 24 hours post-dose. 
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3.2.8. Implantation of Alzet osmotic pumps 

Alzet osmotic pumps (model 1004; volume: 100µL; infusion rate: 0.11µL/h; duration: 

28 days) combined with the Alzet brain infusion kit 3 were implanted into anesthetized  

rTg4510 and control non-transgenic mice, as previously described (DeVos and Miller, 

2013).  

To determine the BSc3094 dose to be used in the therapeutical approach, a pilot study 

was performed. Alzet osmotic pumps containing vehicle (PEG400/water (60/40)) or 

three different concentrations of BSc3094 (0.075 mM, 0.150 mM and 1.5 mM) were 

implanted in 3 month old rTg4510 mice for direct infusion of the drug into the brain. 

The treatment lasted 28 days, after which the brain tissue was collected and total tau 

levels were analyzed by western blot in the sarkosyl-insoluble fraction, obtained from 

cortical extracts, to determine the most effective dose in reducing the levels of sarkosyl-

insoluble tau. 

 After determining the experimental dose, the final therapeutical approach started. 

Alzet osmotic pumps were filled with 100µL of BSc3094 (1.5mM in 60:40 

PEG400/ddH2O) or vehicle. The osmotic pump and brain infusion kit were assembled 

together by connecting a catheter to the flow modulator of the osmotic pump reservoir, 

which was then connected to a cannula to be implanted at the designated coordinates. 

Before implantation, the fully assembled osmotic pumps (figure 19A) were placed in 

sterile 50mL Falcon tubes filled with saline solution and placed in a clean 37ºC water 

bath during 40h for priming/activation. Afterwards, the osmotic pumps were implanted 

into 1.5-2 months old rTG4510 or non-transgenic control mice subcutaneously. Briefly, 

a subcutaneous pocket was formed using blunted scissors at the base of the neck 

towards the left hind limb where the osmotic pump reservoir was placed. Afterwards, 

the cannula was placed into the correct stereotaxic coordinates using a cannula driver 

(AP -0.5mm, ML +0.8mm, DV -2.5 from Bregma, figure 19B). A single drop of super 

glue was placed on the base of the cannula, and the thin metal catheter from the 

cannula was driven through the skull until the plastic cannula base reached the top of 

the skull. When the glue was completely dry the top of the cannula was clipped off and 

the wound was closed using surgical suture thread. Four weeks later the osmotic pump 

was replaced by making a 1.5 cm incision on mouse’s back, perpendicular to the 

pump/tubing junction, using forceps and scissors. The pump was carefully pulled out 

of the incision and the old pump was pulled off slowly from the flow modulator attached 
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to the tubing and cannula. The new pump (previously primed) was slid into the flow 

modulator and reinserted through the incision back into the subcutaneous pocket, and 

the skin was sutured. 

  

Figure 19 - Implantation of Alzet osmotic pumps for direct intraventricular drug delivery. 
A. Representation of the Alzet osmotic pump and brain infusion kit assembly (source: Alzet pump). B. 
Stereotaxic coordinates used for the placement of the cannula from the brain infusion kit, which is 
directed to the lateral ventricle, allowing the drug to reach the whole brain through the CSF flow 
(adapted from DeVos et al., 2013).  

3.2.9. Behavioral assessment 

Nesting test. To assess intrinsic nesting behavior, the mice were single-housed with 

one nestlet per cage (Deacon, 2012; Deacon, 2006), and monitored 2, 6 and 24 hours 

after the introduction of the new nestlet. The percentage of nesting was assessed at 

each time point (% 𝑛𝑒𝑠𝑡𝑖𝑛𝑔 = 100 − (
𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
) × 100), and nest-building scores 

defined based on the following criteria (figure 20):  

 

 

 
 
 
 
 
 
Figure 20 - Nesting test. 
Representation of different 
nesting scores, from the 
completely untouched nestlet 
(A; score 0), to the highest 
level of nestlet shredding with 
a perfect nest shape (D; 
score 7). Adapted from 
Deacon R., 2012. 
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➢ 0, nestlet untouched  

➢ 1, less than 10% of the nestlet was shredded 

➢ 2, 10-50% of the nestlet was shredded but there was no shape in the nest 

➢ 3, 10-50% of the nestlet was shredded and there was shape in the nest 

➢ 4, 50-90% of the nestlet was shredded but there was no shape in the nest 

➢ 5, 50-90% of the nestlet was shredded and there was shape in the nest 

➢ 6, >90% of the nest was shredded, but the nest was flat 

➢ 7, >90% of the nest was shredded, and the walls of thenest were at least as tall 

as the mouse on more than 50% of its sides. 

Burrowing test. Mice were single-housed and a plastic downpipe (68mm diameter; 

20cm long) with one open and one closed end was placed in the cage, as previously 

described (Deacon, 2012; Deacon, 2009). The tube was filled with 200g of the food 

pellets normally supplied as diet. Machine screws were used to elevate the open end 

of the tube 3 cm off the floor to prevent accidental displacement of the food pellets. 

The test started around 4pm, 2 hours before the dark period in the holding room. The 

final food pellets weight was measured next morning and the percentage of burrowing 

determined (% 𝑏𝑢𝑟𝑟𝑜𝑤𝑖𝑛𝑔 = 100 − (
𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
)  ×  100) (figure 21). 

 

 
 
 
Figure 21 - A mouse in a burrowing tube. 
The burrowing test is a sensitive method for detecting behavioral 
dysfunction in mice, as virtually all rodents display burrowing 
behavior. The protocol allows the quantitative measurement of 
burrowing in laboratory rodents, in an easy manner using an 
apparatus that can be placed in the home cage. The test is 
inexpensive to run and requires minimal experimenter training, 
still it is sensitive to a variety of treatments and/or cognitive 
deficits. Adapted from Deacon R., 2012. 

Open field (OF) test. Mice were placed in the center of a 50 x 50 cm arena divided 

into 20 x 20 cm center, a 5 cm wall zone and a 10 cm border zone and allowed to freely 

explore the arena for 10 min while being tracked by a video system (EthoVision XT, 

Noldus Information Technology). The distance moved and the time spent in the center 

zone were analyzed.  
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Novel object recognition (NOR) test. Mice were tested in a square open field arena 

(50 x 50 cm) (Panlab, Spain) located in a room with dim lighting, as previously 

described (Dennissen et al., 2016). Briefly, the mice were habituated to the open field 

arena in the absence of the objects for 10min/day over two days. During the training 

period, the mice were placed in the open field with two identical objects for 10min. The 

retention test was performed 24h after the training (long-term memory) by placing the 

mice back in the open field for 5 min, but changing one of the familiar objects for a 

novel one. To record and analyze behavior the EthoVision XT video tracking system 

was used (Noldus Information Technology). 

Y-maze test. The Y-maze behavioral test was used to assess hippocampal-dependent 

memory. The Y-maze used had the following dimensions: length 30 cm; width 6 cm; 

height 15 cm (Panlab, Spain). The test was divided in two parts, as described 

(Dennissen et al., 2016): the training session and the test session. During the training, 

one of the arms of the maze was closed (novel arm), and the mice were placed in the 

stem arm of the Y-maze (home arm), and allowed to explore this and the other 

available arm (old arm) for 10 min. After exploration, the mice were placed back in their 

home cage. Four hours later, the closed arm was opened, and the mice were placed 

in the stem arm of the Y-maze and allowed to freely explore all the arms for 5 min, to 

assess long-term memory. To record and analyze behavior the EthoVision XT video 

tracking system was used (Noldus Information Technology). 

Morris Water Maze (MWM) test. The MWM test was conducted to assess spatial 

working memory, as previously described (Sydow et al., 2011; Sydow et al., 2016). 

Briefly, the test was performed as follows:  

MWM pre-training: a 2 days pre-training protocol was conducted to familiarize 

the mice with swimming and climbing to a hidden platform (22ºC water temperature, 4 

trials/day, maximum trial duration 60sec, 20min inter-trial interval). The pre-training 

was performed in a laboratory sink, and not in the apparatus used for the MWM 

(circular pool, diameter of 150 cm), to avoid any interference with the MWM learning. 

The pre-training platform (10 cm diameter) was placed 1 cm below the water surface. 

MWM acquisition and probe trials: a 150 cm circular pool was filled with water 

opacified with nontoxic white paint (Biofa Primasol 3011, Germany) and kept at 22°C, 

as previously described (D’Hooge et al., 2005). In the middle of the target quadrant, a 
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15 cm round platform was hidden (1 cm beneath the water surface). The MWM room 

was equipped with visual cues to facilitate orientation. The pool was divided into four 

quadrants: target (T), right adjacent (R), opposite (O), and left adjacent (L). Each 

mouse performed 4 swimming trials per day (maximum duration 60 sec, 15-20 min 

inter-trial interval) for 5 consecutive days. Mice started the test from 4 symmetrical 

positions in a pseudo-randomized order across trials. When mice failed to find the 

submerged platform within 60 sec, they were guided to the platform, remaining there 

for 15 sec before returning to their cage. The escape latency, the distance traveled, 

and swimming speed were determined. On acquisition days 3, 4, 5, and 3 days after 

the end of the acquisition phase (day 8), a probe trial was conducted by removing the 

platform and recording the search pattern of the mice for 60s. The following learning 

trials 3–4 were carried out with the platform placed in the initial position on the target 

quadrant to avoid extinction. During acquisition and probe trials the EthoVision XT 

video tracking system was used (Noldus Information Technology). 

3.2.10. Histological analysis 

Immunohistochemistry was performed using paraffin brain sections. Briefly, mice were 

anesthetized (Isoflurane, Piramal Critical Care, Germany) and sacrificed by cervical 

dislocation. The brains were removed and fixed in histofix (Roth; 4 % PFA, pH 7.4 for 

24 h) and dehydrated with ethanol and chloroform, followed by embedding in paraffin. 

Horizontal 5 μm thick paraffin brain sections were cut on a microtome (Microtome Slide 

2003, Pfm Medical AG, Germany) and mounted onto superfrost plus adhesion 

microscope slides (Thermo Fisher Scientific). Sections were deparaffinized at 60ºC for 

10 min and rehydrated by incubation with decreasing xylene and ethanol solutions 

finishing in ddH2O. Next, antigen retrieval with citrate buffer at 80ºC for 30 min was 

performed, and sections were permeabilized with TBS-Triton X-100 0.1% 3x 10 min. 

Non-specific binding sites were blocked with 5% normal horse serum for 60 min at 

room temperature (RT) and slices were incubated with primary antibody in 1% blocking 

serum overnight at 4ºC. The following antibodies were used:  HT7 (1:1000, Thermo 

Fisher Scientific), TauY9 (1:2000, Enzo Life Sciences), 12E8 (pS262/pS356, 1:2000, 

ELAN Pharmaceuticals), AT180 (pThr231/pSer235, 1:500, Thermo Fisher Scientific), 

AT8 (pSer202/pThr205, 1:500, Thermo Fisher Scientific), PHF-1 (pS396/pS404, 1:50, 

kind gift from Dr. P. Davies, Albert Einstein College of Medicine, NY), Iba1 (1:1000, 

Wako), GFAP (1:2000, Sigma-Aldrich). On the second day, slides were washed 3x 10 
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min with TBS 0.1% Triton X-100 and incubated in biotinylated secondary antibody for 

60 min at RT. Slides were washed 3x 10 min in TBS 0.1% Triton X-100 and incubated 

with avidin-biotin-peroxidase complex (ABC) solution (Vectastain ABC kits, Vector 

Laboratories Inc.) in 10% blocking serum in TBS 0.1% Triton X-100 for 60 min at RT. 

Afterwards, sections were washed 3x 10 min in TBS 0.1% Triton X-100 and incubated 

in DAB solution (30 µL of DAB chromogen (reagent B) to 1 mL DAB substrate buffer 

(reagent A)) until staining was optimal as determined by light microscopic examination 

(reaction performed in the dark). The reaction was stopped in tap water and sections 

were dehydrated by incubation with increasing ethanol and xylene solutions and 

coverslips mounted with Roti®-Histokitt (Carl Roth, Germany).  

3.2.11.  Immunofluorescence   

Mice were anesthetized (Isoflurane, Piramal Critical Care, Germany) and sacrificed by 

cervical dislocation. The brains were drop-fixed in 4% histofix (Roth; 4 % PFA, pH 7.4) 

for 3 days, cryoprotected in 30% sucrose in PBS with 0.02% sodium azide, frozen 

embedded in Shandon™ Cryomatrix™ embedding resin (Thermo Fisher Scientific, 

Germany), cut into 40 µm-thick horizontal sections, placed on 96 well-plates (filled with 

0.02% sodium azide in 1X PBS solution) as free-floating sections and stored at 4ºC. 

Sections were washed with 1x PBS and incubated 2x 15 min in 50 mM ammonium 

chloride (NH4Cl) to quench the free aldehyde groups resultant from the formaldehyde 

fixation. Sections were permeabilized with 1x PBS 0.5% Triton X-100 (2x 10 min) and 

blocked in 1x PBS + 0.2% BSA + 0.5% Triton X-100 + 0.5% FBS for 1.5 hours, followed 

by incubation with primary antibody in blocking buffer for 3 overnights at 4ºC with gentle 

agitation. The following antibodies were used: Tau Y9 (1:100, Enzo Life Sciences), 

MC1 (1:50, kind gift from Dr. P. Davies), PHF-1 (1:100, kind gift from Dr. P. Davies), 

Iba1 (1:100, WAKO), AT8 (1:100, Thermo Fisher Scientific), GFAP (1:250, Sigma-

Aldrich), K9JA (1:500, DAKO). Afterwards, sections were washed 3x 10 min in 1x PBS 

and incubated with secondary antibodies overnight at 4ºC with gentle agitation. The 

following secondary antibodies were used: donkey Cy3 α-mouse (1:500), goat Cy3 α-

rabbit (1:500), donkey Alexa 647 α-mouse (1:500), Donkey Alexa 647 α-rabbit (1:500). 

All secondary antibodies are from Dianova. Sections were washed 3x 10 min in 1x 

PBS, incubated 5min with Hoescht solution (Thermo Fisher Scientific, Germany) 1:10 

000 in 1x PBS, washed 3x 10 min in 1x PBS and mounted onto glass slides using 

Fluoromount-G mounting medium (Southern Biotech, Germany) and coverslipped. 
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3.2.12. Microscopy 

The DAB stained brain sections were observed on a BX43 light microscope (Olympus, 

Hamburg, Germany).  

Brains sections used for immunofluorescence (AAV-injected) were visualized on an 

Olympus confocal microscope FV100 BX61 with a 10x, 20x, 40x and 60x objective, 

using lasers, beam splitters and filters according to the fluorophores. The laser power 

was used at 1.0% to avoid saturation of the dyes.  

The AAV-injected brain sections were also observed on a LSM800 confocal 

microscope (Zeiss, Germany), which enables the creation of tile scans at 20x 

magnification. Tile scanning is useful for imaging large fields at high resolution, 

allowing us to image the whole brain slice or a region of interest, as the EC and 

hippocampus. A Z-stack of the images was taken and merged using the “maximum 

intensity projection” option in the Zeiss ZEN microscope software (blue edition). 

3.2.13. Brain homogenization and protein quantification 

After sacrificing the mice by cervical dislocation, some brains were kept for molecular 

analysis. Brains were collected immediately, and the following regions were dissected 

from both hemispheres (AAV-injected and PBS-injected) and stored at -80ºC: EC, 

hippocampus and cortex, which was subdivided into 2 pieces, one for western blot and 

the other for sarkosyl extraction. Lysis buffer was added to each Eppendorf containing 

the dissected brain tissues (300 µL for the EC, 600 µL to the hippocampus and cortex) 

and samples were sonicated 5 seconds (amplitude 40%) followed by another 

sonication of 3 seconds. Afterwards samples were kept in ice for 30 min, centrifuged 

20 sec at 14 000 rpm (Eppendorf centrifuge 5415R) and the supernatant was collected. 

Protein concentration was estimated using 1 µL of the supernatant using a 

Bicinchoninic Acid Protein (BCA) assay kit (Sigma-Aldrich, Germany) and 40 µL 

Laemmli samples were prepared. 

3.2.14. Sarkosyl extraction 

A sarkosyl-insoluble tau fraction was isolated from brain tissue as previously described 

(Greenberg and Davies, 2006; Mocanu et al., 2008). Briefly, the brain tissue was 

weighed, homogenized in 3x volume of cold Buffer H (10mM Tris-HCl, 1mM EGTA, 
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0.8M NaCL, 10% sucrose, pH 7.4) and centrifuged at 26'000 rpm (Beckman CoulterTM 

Optima TM MAX-E) for 20 min at 4ºC. The supernatant was collected, and the resulting 

pellet was homogenized in buffer H and centrifuged at 26'000 rpm for 20 min at 4ºC. 

Both supernatants were combined, adjusted to 1% (w/v) N-lauroylsarcosine and 

incubated at 37ºC with shaking for 2h. After centrifugation at 61'000 rpm for 35 min at 

20ºC, the supernatant was collected (sarkosyl-soluble fraction) and the pellet was 

resuspended in 500 µL of 1x TBS and centrifuged again at 61'000 rpm for 35 min at 

20ºC, supernatant removed and pellet resuspended in 0.5 µL 1x TBS for each mg of 

original sample plus the same amount of 2x sample buffer and samples stored for SDS 

gel. Western blotting was used to analyze the supernatant (sarkosyl-soluble fraction) 

and the pellet (sarkosyl-insoluble fraction).  

3.2.15. Western blotting 

Homogenized brain tissues (EC, hippocampus and cortex), plus sarkosyl-soluble and 

-insoluble fractions were resolved in 10% SDS-PAGE gels, followed by semi-dry 

transfer to PVDF membranes. Primary antibody incubation was performed overnight 

at 4ºC in TBS-T (Tris-buffered saline, 0.1% Tween 20) plus 5% nonfat dry milk. The 

following primary antibodies were used: 12E8 (1:2000, ELAN Pharmaceuticals), PHF-

1 (1:1000, kind gift from Dr. P. Davies), K9JA (1:20 000, DAKO), CD11b (1:1000, 

Abcam), PSD95 (1:1000, Cell signaling), Synaptophysin (1:5000, Sigma-Aldrich), 

GFAP (1:2000, Sigma-Aldrich), CD68 (1:1000, Thermo Fisher Scientific), GluR1 

(1:1000, Merck).  After washing the membranes 3x in TBS-T, the membranes were 

incubated with secondary antibodies for 2h at RT (anti-mouse 1:2000,or anti-rabbit 

1:2000, DAKO). Antibody affinity was detected by chemiluminescence (Amersham 

ECL Prime Western Blotting Detection Reagent, GE Healthcare, Germany). Protein 

bands were visualized using Image Quant LAS 4000 mini (GE Healthcare Life 

Sciences, Germany), and band intensities were analyzed using Image Studio Lite 5.2 

software (LI-COR Biosciences). Actin (1:10 000, Sigma-Aldrich, Germany) was used 

as loading control.  

3.2.16. Statistical analysis 

For western blotting, the mean density and area of each band were measured using at 

least three independent experiments in Image Studio Lite 5.2 software (LI-COR 
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Biosciences, Germany). The statistical analysis was completed using Graph Pad 

(Prism) version 7.05 software. All values are given as mean ± SEM. To compare the 

experimental groups a one-way or two-way ANOVA was performed, with uncorrected 

Fisher’s LSD or Tukey’s post-hoc test for multiple comparisons to evaluate statistical 

significance. Differences were considered statistically significant when p < 0.05.  

For behavioral assessment, statistical comparisons between groups were 

accomplished by one-way or two-way ANOVA followed by post-hoc uncorrected 

Fisher’s LSD or Tukey’s multiple comparison tests. All data are presented as group 

mean values ± SEM. The accepted level of significance was p < 0.05. Statistical 

comparisons and graphs were performed using Graph Pad (Prism) version 7.05 

software. * p < 0.05, **  p < 0.01, ***  p < 0.001, ****  p < 0.0001.  
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4. Results 

4.1. Propagation of tau pathology in mice expressing tau 
under the neuropsin promoter 

In AD, the onset and propagation of tau pathology throughout the brain follows a very 

well defined and predictable pattern, described by the Braak stages (Braak and Braak, 

1991). Despite the scientific efforts over the last years to identify the mechanisms that 

underlie this pathological process, there are still several open questions in the field. In 

the present thesis, using well-characterized mouse models of AD, we aim to clarify the 

underpinnings of the onset and propagation of tau pathology. With this knowledge, we 

hope to develop promising therapeutic strategies, which may in the future have an 

impact in patients’ lives. 

4.1.1. Transgenic mice expressing pro- and anti-aggregant human 
tau under the neuropsin promoter 

The trans-synaptic spreading of tau pathology was analyzed using bigenic mouse 

models with tau expression restricted to the EC (termed “neuropsin mice” for short in 

this thesis). The mice express full length htau40-ΔK280 (pro-aggregant) or htau40-

ΔK280-2P (anti-aggregant) under the neuropsin promoter, restricting the expression to 

the EC (figure 22A). The region-specific expression of mutated htau mimics the initial 

steps of AD pathology, as described in the Braak stages. 

Expression of human tau ΔK280 and ΔK280-2P is restricted to the entorhinal 

cortex 

The restricted expression of both pro-aggregant (htau40-ΔK280) and anti-aggregant 

(htau40-ΔK280-2P) mutant tau can be monitored using different biochemical and 

imaging techniques. In this study, we combined a bidirectional promoter with the tau 

and firefly luciferase transgenes (Eckermann et al., 2007). Luciferase BLI was 

analyzed in fresh ex-vivo 500 µm thick brain slices (obtained at 6 months of age and 

kept alive in slice culture media containing 0.15 mg/ml D-luciferin). As shown in figure 

22B, slices from both pro- and anti-aggregant neuropsin mice presented strong 

luciferase signals in the entorhinal region, demonstrating that luciferase expression, 

and consequently htau, are restricted to the EC. Slices from WT mice did not present 

luciferase BLI activity and, therefore, no htau expression. To differentiate transgenic 
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from non-transgenic animals, luciferase BLI imaging in vivo was performed after i.p. 

injection of D-luciferin (150 mg/kg). Figure 22C demonstrates the presence of 

luciferase BLI signal in both pro- and anti-aggregant mice, reflecting positive htau 

expression, which is absent in WT mice. 

 

Figure 22 – Expression of mutant human tau-ΔK280 and tau-ΔK280-2P is restricted to the 
entorhinal cortex. 
A. tTA-EC transgenic mice express htau-ΔK280 or htau-ΔK280-2P under a tetO promoter and the tTA 
under the neuropsin promoter. B. BLI analysis of fresh ex vivo brain tissue to characterize the spatial 
distribution of tau transgene expression in 500 µm brain slices (obtained at 6 months of age and kept 
alive in slice culture media containing 0.15 mg/ml D-luciferin). Slices from pro- and anti-aggregant mice 
displayed BLI activity restricted to the EC, correlating with transgene expression. WT slices did not 
present luciferase BLI. C. Analysis of transgene expression in vivo after i.p. injection of D-luciferin (150 
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mg/kg) showed luciferase BLI in pro- and anti-aggregant neuropsin mice, but absence of luciferase 
activity (and consequently htau) in WT mice.  

Impact of human tau-ΔK280 and tau-ΔK280-2P expression on the body weight  

The body weight (BW) of the mice, an important biometrical parameter, was analyzed 

weekly. The BW provides information about the animals’ welfare, which could 

potentially influence the experimental results and the extent or course of tau pathology 

to be developed. We observed no significant differences in the BW of the three 

experimental groups at 5 months of age (figure 23A) and at 18 months of age (figure 

23B).   

 

Figure 23 - Body weight of gender-mixed WT, pro- and anti-aggregant tau transgenic mice. 
A. No significant differences were observed on the BW of WT, pro- and anti-aggregant mice at 5 
months of age (one-way ANOVA [F(2, 45) = 0.2334, p = 0.7928]). B. Likewise, at 18 months of age we 
observed no differences in the BW of the three experimental groups, suggesting that the expression 
of both pro-aggregant and anti-aggregant htau has no impact on the BW of the mice (one-way ANOVA 
[F(2, 40) = 0.9633, p = 0.3903]). All numerical data are shown as mean +/- SEM. 

4.1.2. Absence of trans-synaptic spreading in neuropsin pro- and 
anti-aggregant mice up to 24 months of age 

To investigate if tau aggregation is a pre-requisite for the propagation of tau pathology, 

and whether there is a difference in the spreading behavior of pro- and anti-aggregant 

tau species, we analyzed the expression of mutant htau in neuropsin mice over time. 

Since the hippocampus forms a unidirectional network with input from the EC, it is 

expected that, over time, tau propagates from the EC (where it is initially restricted) to 
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anatomically connected regions, including the DG, CA1 and CA3. To establish a 

temporal pattern for the propagation of tau protein and tau pathology, we performed 

IHC with an htau specific antibody (HT7) and observed the expression of mutated htau 

in pro- and anti-aggregant mice at different ages. We observed that mutant htau, either 

pro-aggregant (figure 24, middle panel) or anti-aggregant (figure 24, right panel), was 

expressed in the EC neurons up to the axon terminals in the middle molecular layer of 

the DG, via the perforant pathway, at 3, 6 and 12 months of age. No htau was detected 

in WT mice (figure 24, left panel). 

As the propagation of tau pathology in the brain is a slow process, and our mouse 

model expresses low levels of mutant htau, we hypothesized that perhaps the time 

windows previously analyzed were not enough for the trans-synaptic spreading of tau 

to occur. Therefore, we performed the htau specific staining in older animals, at 24 

months of age. Similar to the earlier time points, pro- and anti-aggregant htau was only 

expressed in the EC neurons traversing the perforant pathway (figure 25, middle and 

lower panel, respectively). We did not observe trans-synaptic propagation of htau 

protein to the next level of neurons at 24 months of age in pro- or anti-aggregant mice. 

This means that no htau+ cells were observed in the granule cell layer of the DG or 

pyramidal cell layer of CA1 or CA3.  

Since the level of mutant htau in the neuropsin mice used in the study is low compared 

to the endogenous mouse tau (approximately 20%; figure 26), we hypothesized that 

increasing the expression levels of mutant htau in the EC of the neuropsin mice would 

produce an accelerated model for the propagation of tau protein and tau pathology. 

This led to the second part of the study, where we performed stereotaxic injections of 

AAV in the neuropsin mice to increase the expression levels of mutant htau. 

Nonetheless, before performing the injections, we aimed to characterize tau pathology 

in the neuropsin non-injected mice. For this purpose, we analyzed the presence of tau 

phosphorylation and pathological conformation in the neuropsin mice. 
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Figure 24 - Expression of mutant human tau in the neuropsin mice at different ages. 
Staining with HT7 antibody, specific for htau, demonstrated that in both pro- and anti-aggregant mice 
the expression of mutated htau is located in the EC and perforant pathway up to the axon terminal 
ends in the middle molecular layer of DG. These observations were consistent at 3, 6 and 12 months 
of age. As observed in the left panel, htau was absent in non-transgenic WT mice. MEC – medial 
entorhinal cortex; PaS – parasubiculum; PrS – presubiculum. Scale bar: 200 µm (upper figures); 50 
µm (lower figures). 
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Figure 25 - Expression of mutant human tau in the neuropsin mice at 24 months of age. 
Staining with HT7, a specific htau antibody, showed that in both pro- and anti-aggregant mice (middle 
and lower panel, respectively) the expression of htau is restricted to the EC neurons and perforant 
pathway axons up to the middle molecular layer of the DG. No trans-synaptic spreading of tau protein 
to DG granule cells was observed, even at later stages (24 months), as we did not detect HT7+ cells 
in other brain regions distinct from the EC and perforant pathway. WT mice (upper panel) did not 
express htau. Scale bar: 200 µm (left figures); 50 µm (right figures). 
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Figure 26 - Total tau levels in the entorhinal cortex of neuropsin pro- and anti-aggregant mice. 
A. WB analysis with K9JA, an antibody for total tau, showed that 12 month old pro- and anti-aggregant 
mice express low levels of htau compared to the endogenous mouse tau. B. Quantification of the levels 
of endogenous mtau and htau in the neuropsin mice showed that htau levels correspond to 
approximately 20% the levels of mtau (p < 0.0001). All numerical data are shown as mean +/- SEM; 
**** p < 0.0001. 

4.1.3. Tau phosphorylation is increased in pro-aggregant mice 
compared to anti-aggregant mice 

Several tau phosphorylation sites have been implicated in AD pathological 

mechanisms (Neddens et al., 2018). Two different phosphorylation sites were 

analyzed in the neuropsin mice: tau phospho Ser262/Ser356 (targets of the kinase 

MARK; antibody 12E8) and tau phospho Thr231/Ser235 (targets of protein kinases 

GSK3 or cdk5; antibody AT180). WB analysis of the EC fractions of pro- and anti-

aggregant mice with the 12E8 antibody (figure 27) showed that anti-aggregant mice 

present lower phosphorylation of tau compared to pro-aggregant mice (approximately 

35-40% lower).  

 

Figure 27 - Phosphorylation of tau on the Ser262/Ser356 epitope is more pronounced in the pro-
aggregant mice compared to anti-aggregant mice.  
WB analysis of the EC fractions of 12 month-old mice revealed that the levels of 12E8, normalized to 
total mtau levels, are significantly reduced in the anti-aggregant (p = 0.0021) and WT mice (p < 0.0001) 
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compared to the pro-aggregant mice. All numerical data are shown as mean +/- SEM; * denotes the 
significance compared to 100% (phospho-tau levels in pro-aggregant mice). ** p < 0.01; **** p < 
0.0001. 

In agreement, staining with the 12E8 antibody showed that, although 12E8 positive 

cells were observed in the EC of both pro- and anti-aggregant mice at all time points, 

tau phosphorylation was less pronounced in the anti-aggregant mice (figure 28).  

 

Figure 28 - Tau phosphorylation at Ser262/Ser356 in pro-aggregant, anti-aggregant and wild-
type mice at different ages. 
Tau phosphorylation at Ser262/Ser356, detected with 12E8 antibody, was observed in the MEC of pro-
aggregant mice (middle panel) and anti-aggregant mice (right panel) at all time points analyzed (3, 6 
and 12 months). Tau phosphorylation at Ser262/Ser356 was more pronounced in the pro-aggregant 
mice compared to anti-aggregant mice. WT mice did not present any significant pathological 

phosphorylation of tau (left panel). Scale bar: 50 m. 
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Similarly, staining with AT180 antibody showed that both pro- and anti-aggregant mice 

present tau phosphorylation at Thr231/Ser235 epitope, but this is less pronounced in 

the animals expressing anti-aggregant htau (figure 29). WT mice present almost no 

tau phosphorylation on both epitopes (figures 28 and 29, right panel).   

 

Figure 29 - Tau phosphorylation at Thr231/Ser235 in pro-aggregant, anti-aggregant and wild-
type mice at different ages. 
Tau phosphorylation at Thr231/Ser235, detected with AT180 antibody, was observed in the MEC of 
pro-aggregant mice (middle panel) and anti-aggregant mice (right panel) at all time points analyzed (3, 
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6, 12 and 24 months). Tau phosphorylation at Ser262/Ser356 was more pronounced in the pro-
aggregant mice compared to anti-aggregant mice. WT mice did not present any significant pathological 

phosphorylation of tau in this brain region up to 24 months of age (left panel). Scale bar: 50 m. 

4.1.4. Only pro-aggregant mice present pathological conformation 
of tau, which is restricted to the EC 

Conformational alterations on tau protein occur early in AD and are involved in the 

pathological mechanisms underlying the disease (Grüning et al., 2014; Kadavath et 

al., 2015). MC1 and Alz50 are the only antibodies currently existing that target a 

disease-specific conformational modification of tau (Vitale et al., 2018). In this study 

we used the MC1 antibody to evaluate the presence of tau with pathological 

conformation in our experimental mouse models. Pathological conformation of tau was 

observed in pro-aggregant mice (figure 30, middle panel), but not in anti-aggregant 

mice (figure 30, right panel). Furthermore, the expression of tau with pathological 

conformation was restricted to the EC and perforant pathway, as no trans-synaptic 

spreading of tau with pathological conformation was observed. This correlated with the 

distribution of htau (detected with HT7 antibody) over time. The pattern of expression 

of tau with pathological conformation was similar between all points analyzed (3, 6 and 

12 months of age). WT non-transgenic mice did not present tau with pathological 

conformation (figure 30, left panel).  

As the formation and propagation of pathological tau species is a slow process 

occurring in the brain, we analyzed the expression of MC1 in the neuropsin mice at 24 

months of age to determine if pathological tau needs a longer time to propagate from 

the EC to another cell layer. However, we did not observe trans-synaptic spreading of 

pathological tau in the aged mice, as no MC1+ cells were observed in the granule cell 

layer of the DG or any other brain region outside the EC and perforant pathway (figure 

31). 
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Figure 30 - Expression of tau with pathological conformation over time. 
Pathological conformation of tau, detected by MC1 antibody, was observed in the EC and perforant 
pathway of pro-aggregant mice (middle panel), but absent in anti-aggregant mice (right panel) at all 
time points analyzed (3, 6 and 12 months of age). WT non-transgenic mice also did not express tau 
with pathological conformation at the time points analyzed (left panel). Scale bar: 200 µm (upper 
figures); 50 µm (lower figures). 
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Figure 31 - Expression of tau with pathological conformation in the neuropsin mice at 24 
months of age. 
Staining with MC1 antibody in brain slices from 24 month old mice showed that only pro-aggregant 
mice present tau with pathological conformation. Furthermore, MC1 expression was restricted to the 
EC and perforant pathway up to the axon terminal ends in the middle molecular layer of the DG (middle 
panel). These results are in agreement with the observations made at previous time points, confirming 
that tau pathology, even in aged mice, is restricted to the EC and perforant pathway and does not 
propagate to other cell layers. Anti-aggregant mice (lower panel), as well as WT non-transgenic mice 
(upper panel), did not express tau with pathological conformation. Scale bar: 200 µm (left figures); 50 
µm (right figures). 



 
 

75 

4.1.5. Inflammatory processes are not altered in pro- or anti-
aggregant mice compared to WT non-transgenic mice 

As tau pathology has been linked to chronic neuroinflammatory processes, and 

reactive microglia and astrocytes have been observed in tauopathies (Gerhard et al., 

2004; Ishizawa et al., 2004; Vogels et al., 2019), we analyzed the expression of 

inflammatory markers in the neuropsin mice over time. To monitor the expression of 

astrocytes in pro- and anti-aggregant mice we used an antibody specific for the glial 

fibrillary acidic protein (GFAP), an astrocyte-specific intermediate filament protein. As 

seen in figure 32, there were no significant alterations in GFAP expression in pro- and 

anti-aggregant mice compared to the WT control animals in the DG at 3 and 6 months 

of age. 

 

Figure 32 - No significant alterations in astrogliosis observed in the dentate gyrus of pro- and 
anti-aggregant mice compared to wild-type mice. 
Staining with GFAP antibody showed that pro-aggregant mice (middle panel) and anti-aggregant mice 
(right panel) present no differences in astrogliosis in the DG compared to WT mice (left panel) at 3 and 

6 months of age. Scale bar: 50 m.  

Considering its significant putative role in the onset and propagation of tau pathology, 

we also analyzed the expression of microglia in pro- and anti-aggregant mice. Using 

the Iba1 antibody, specific for the calcium binding adaptor molecule 1, we detected no 

differences in microglia levels in the DG of pro- and anti-aggregant mice compared to 
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the WT controls at 3 and 6 months of age (figure 33). To further confirm our results, 

and extend them to older age, we analyzed the expression of inflammatory markers at 

24 months of age in the EC and DG. Similar to the previous time points, no differences 

were observed in the expression of astrocytes or microglia in the DG of pro- and anti-

aggregant mice compared to the WT non-transgenic mice (figure 34A). As the EC is 

the primary region for the onset of tau pathology and considering the involvement of 

inflammatory markers on this process, especially microglia, we also monitored the 

expression of GFAP and Iba1 in the EC of 24 months old mice. No differences in the 

expression of astrocytes or microglia were detected in the EC region of WT, pro- and 

anti-aggregant mice (figure 34B). Altogether, these data showed that inflammatory 

processes present no alterations in the DG and EC of pro- or anti-aggregant mice. 

 

Figure 33 - No significant alterations in microglia expression observed in the dentate gyrus of 
pro- and anti-aggregant mice compared to wild-type mice. 
Staining with Iba1 antibody demonstrated that pro-aggregant mice (middle panel) and anti-aggregant 
mice (right panel) do not present significant alterations in the expression of microglia in the DG 

compared to WT mice (left panel) at 3 and 6 months of age. Scale bar: 50 m. 
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Figure 34 - No significant alterations in neuroinflammation markers in the DG and EC of 
neuropsin mice at 24 months of age. 
A. Astrogliosis (GFAP) and microglia (Iba1) were not significantly altered in the DG of pro-aggregant 
mice (middle panel) or anti-aggregant mice (right panel), compared to WT non-transgenic controls (left 
panel).  B. A similar pattern was observed in the EC, with no significant alterations in the GFAP or Iba1 
levels in pro-aggregant (middle panel) or anti-aggregant (right panel) mice, compared to controls (right 

panel). Scale bar: 50 m.  

4.2. Propagation of tau pathology in AAV-injected mice 

As no trans-synaptic propagation of tau protein and tau pathology was observed in the 

neuropsin mice expressing htau in the EC, we aimed to create an accelerated model 

for the spreading of tau. To achieve this, we injected neuropsin mice in the EC with 

AAV encoding the same tau mutants that these animals already expressed to increase 

the expression levels of htau. Therefore, we performed stereotaxic injections of AAV 

encoding pro-aggregant htau (pAAV-CBA-eGFP-2A-htau40-ΔK280; AAV-K2) or anti-
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aggregant htau (pAAV-CBA-eGFP-2A-htau40-ΔK280-2P; AAV-K3) into the EC of 5 

months old neuropsin mice (stereotaxic coordinates: AP = -4.7 mm, ML = ±3.6 mm, 

DV = -3.0 mm). The contralateral hemisphere was injected with PBS as control (figure 

35A). Furthermore, WT and tau-KO (TKO) mice were also injected with AAV encoding 

pro- and anti-aggregant htau. To monitor the propagation of GFP alone, a group of WT 

mice was injected with AAV-eGFP in the EC. Therefore, the project comprised the 

following 7 experimental groups (figure 35B): tTA-EC/K2 mice injected with AAV-K2; 

tTA-EC/K3 mice injected with AAV-K3, WT mice injected with AAV-K2, AAV-K3 or 

AAV-eGFP; TKO mice injected with AAV-K2 or AAV-K3. At 3 months of age the 

luciferase BLI was measured in the neuropsin mice, and stereotaxic injections were 

performed at 5 months of age. Sacrifice and tissue collection were performed at 4 

different time points p. i.: 3, 6, 12 and 18 months (figure 35C).  

 

Figure 35 - Experimental design of the project.  
A. Representation of the AAV and PBS injection sites in a mouse brain slice, with the description of 
the stereotaxic coordinates used (AP: -4.7 mm, ML: ±3.6 mm (from Bregma) and DV: -3.0 mm (from 
the dura mater)). B. tTA-EC/K2 mice were unilaterally injected with AAV-K2 and tTA-EC/K3 mice were 
injected with AAV-K3. WT and TKO mice were injected with AAV-K2 or AAV-K3, and a small group of 
WT mice was injected with AAV-GFP. The contralateral hemisphere of every animal was injected with 
PBS in the EC as control. C. Experimental design; BLI was measured at 3 months of age and 
stereotaxic injections performed at 5 months of age. Tissue collection was performed at three different 
time points: 3, 6, 12 and 18 months p. i.  (8, 11, 18 and 23 months of age, respectively). 

4.2.1. Body weight of all experimental groups 

We monitored the BW of the experimental animals weekly from the date of surgery 

until sacrifice, to obtain insight on the animals’ welfare. The BW at 5 months of age 
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(before AAV injection) was similar between all groups (figure 36). However, at 18 

months p. i.  the BW of WT animals injected with AAV-K2 (pro-aggregant htau) was 

lower than the BW of WT mice injected with AAV-K3 (anti-aggregant htau). Although 

not significant, the BW of pro-aggregant mice was also lower than the BW of anti-

aggregant mice. This suggests that pro-aggregant htau may play a detrimental effect 

in the mice. Furthermore, a significant difference between WT and TKO mice injected 

with AAV-K2 was observed, with the later presenting an increased BW compared to 

WT mice. This suggests that the absence of endogenous mouse tau may be protective 

against the detrimental effects of pro-aggregant mutant htau. In addition, in the TKO 

mice no differences were observed between the group injected with AAV-K2 and the 

group injected with AAV-K3. 

 

Figure 36 - Body weight in all experimental groups at 5 months of age (before AAV injection) 
and at 18 months post-injection. 
The six distinct experimental groups presented similar BW values at 5 months of age (before AAV 
injection), allowing us to exclude the possibility of initial differences that could impact the progression 
of pathology and/or BW over time. On the other hand, at 18 months p. i. the BW of WT mice injected 
with AAV-K2 was lower than the BW of WT mice injected with AAV-K3 (one-way ANOVA, p = 0.0157), 
suggesting a potential detrimental effect of pro-aggregant htau. A similar tendency was observed in 
pro- and anti-aggregant mice. Although not significant, pro-aggregant mice presented lower BW 
compared to anti-aggregant mice. On the other hand, TKO mice injected with AAV-K2 presented a 
higher BW compared to WT AAV-K2 (one-way ANOVA; p = 0.0040), suggesting that the absence of 
endogenous mouse tau may be protective against the deleterious effects of pro-aggregant htau. 
Injection of AAV-K2 or AAV-K3 in TKO mice did not affect the BW between both groups. All numerical 
data are shown as mean +/- SEM. * p < 0.05; ** p < 0.01. 

4.2.2. Tau protein can spread across cells independently of the 
aggregation propensity 

The pattern of expression of htau was analyzed in the brains of AAV-injected mice and 

compared to the levels of htau in the non-injected neuropsin pro- and anti-aggregant 
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mice. We expected that, by increasing the levels of mutant htau, we would be able to 

induce an accelerated model of the spreading of tau protein/pathology. The first step 

was to confirm that, in fact, the AAV injection increased the level of htau in the EC of 

the neuropsin mice, by comparing the level of htau between AAV-injected neuropsin 

mice with the contralateral hemisphere injected with PBS. Figure 37A shows that the 

AAV-injected hemisphere of both pro- or anti-aggregant mice presented a higher level 

of htau compared to the PBS-injected hemisphere of a neuropsin mouse at 3 months 

after injection. Quantification of the levels of htau and mtau (figure 37B) showed that 

in neuropsin (Nop) non-injected mice (or injected with PBS) the level of htau was 

approximately 20% the level of endogenous mtau, in agreement with the results shown 

before in figure 26. Injection of these mice with AAV (Nop + AAV) led to a significant 

increase in the levels of htau to approximately 65% the level of mtau. In WT mice 

injected with AAV the level of htau was approximately 40% the levels of endogenous 

mtau, a value lower than in the neuropsin-injected mice, as expected, because these 

mice already expressed htau under the neuropsin promoter. 

 

Figure 37 - Total tau levels in non-injected mice and mice injected with AAV-K2 and AAV-K3. 
A. At 3 months p. i., WB analysis of K9JA, an antibody specific for total tau, showed that both tTA-
EC/K2 and tTA-EC/K3 mice injected with AAV-K2 and AAV-K3, respectively, presented higher levels 
of htau compared to the PBS-injected tTA-EC/K2 mouse. B. Quantification of the levels of mtau and 
htau showed that neuropsin (Nop) mice without AAV injection (or injected with PBS) express 
approximately 20% of htau compared to the endogenous mtau, as previously described (p < 0.0001). 
Neuropsin mice injected with AAV (Nop + AAV) present higher levels of htau compared to the non-
injected neuropsin mice (approximately 65% the endogenous mtau; p < 0.05). The levels of htau in 
WT mice injected with AAV are approximately 40% of the endogenous mtau (p < 0.0001). One-way 
ANOVA with uncorrected Fisher’s LSD test for multiple comparison. All numerical data are shown as 
mean +/- SEM; * denotes the significance of the htau levels compared to the endogenous mtau; * p < 
0.05; **** p < 0.0001. 
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The next step was to observe if the increase in the levels of htau resulting from the 

AAV injection translates into an increase in the spreading of tau protein and/or tau 

pathology. Importantly, the AAV constructs used in this study also encode green 

fluorescent protein (GFP) to facilitate the visualization of transfected cells. Therefore, 

the cells initially transfected with AAV in the EC are htau+/GFP+, and named “donor 

cells”, as they express htau that may be transferred to other cells. Similarly to previous 

experimental settings (Wegmann et al., 2015), we analyzed the presence of 

htau+/GFP- cells, named tau “recipient cells”. These cells express htau but not GFP, 

meaning that they were not initially transfected with AAV (hence GFP-), but received 

the htau from the initial donor cells (hence htau+). In figure 38A, we observed tau 

“recipient cells” in the granule cell layer of the DG of 3 month old pro-aggregant mice 

(arrowheads). Similarly, in figure 38B, we also detected htau+/GFP- cells in the granule 

cell layer of the DG of 3 months old anti-aggregant mice (arrowheads). This indicates 

that tau protein spreads across cells independently of its aggregation potential, as we 

observed trans-synaptic spreading of both pro- and anti-aggregant htau. 

 

Figure 38 - Trans-synaptic spreading of tau protein in pro- and anti-aggregant neuropsin mice 
3 months after AAV injection. 
A. Using an htau specific antibody (Tau Y9) we observed cells in the DG of pro-aggregant mice injected 
with AAV-K2 that express htau, but no GFP (tau “recipient cells”) (arrowheads). B. Similarly, we 
observed tau “recipient cells” (htau+/GFP-) in anti-aggregant mice injected with AAV-K3, showing that 
the propagation of tau protein is independent of the protein’s aggregation potential. Arrowheads 
indicate tau recipient cells (htau+/GFP-), which received the htau from tau donor cells (htau+/GFP+) 
located in the EC region. Scale bar: 100 µm (overview figures); 20 µm (higher magnification figures).  

Afterwards, we analyzed the spreading of htau protein in the WT mice injected with 

AAV-K2 and AAV-K3. These animals, similar to the neuropsin mice, express pro- or 
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anti-aggregant htau in the EC region after injection. Nevertheless, the level of htau is 

approximately 25% lower than in the injected neuropsin mice (as shown in figure 37), 

because they lack the protein expressed via the neuropsin promoter. As observed 

previously in the neuropsin mice, we also detected htau+/GFP- cells in the granule cell 

layer of the DG in WT mice injected with AAV-K2 (figure 39A) and AAV-K3 (figure 39B). 

The same was observed in the CA1 and CA3 subregions of the hippocampus. This 

confirms that tau spreads across cells independently of its aggregation potential. Some 

of the htau+ cells observed were also GFP+ cells, for reasons to discuss later in the 

present dissertation.  

 

Figure 39 - Trans-synaptic spreading of tau protein in WT mice injected with AAV encoding pro- 
and anti-aggregant mutant human tau 3 months after AAV injection. 
A. Using an htau specific antibody (Tau Y9) we observed the presence of htau positive cells in the DG, 
CA3 and CA1 regions of WT mice injected with AAV-K2, as highlighted by the arrowheads. B. The 
same observation was made in WT AAV-K3 mice, with tau “recipient cells” detected in the DG, CA3 
and CA1 regions of the mice, suggesting once more that the propagation of tau protein is independent 
of the protein’s aggregation potential. Arrowheads indicate tau recipient cells (GFP- / htau+), which 
received htau from tau donor cells (GFP+ / htau+). Scale bar: 100 µm (overview figures); 20 µm (higher 
magnification figures). 
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To extend our findings and gain insights on the role of the endogenous mouse tau in 

the spreading of tau protein and tau pathology, we additionally injected TKO mice with 

AAV encoding pro- or anti-aggregant htau. Previous reports demonstrated that the 

absence of endogenous mouse tau does not interfere the propagation of tau protein, 

but reduces the extent of tau pathology and toxicity developed (Wegmann et al., 2015). 

In agreement with this, we observed that both TKO injected with AAV-K2 and AAV-K3 

presented tau “recipient cells” (htau+/GFP-) in the granule cell layer of the DG and CA3 

region (figure 40). Furthermore, both groups also presented htau+ cells in the CA1 

region, but these cells were GFP+, so we cannot define them as tau “recipient cells”, 

based on our initial definition. Different reasons may explain the observation of tau 

“donor cells” in this region, as it will be discussed later. 

 

Figure 40 - Trans-synaptic spreading of tau protein in TKO mice injected with AAV encoding 
pro- and anti-aggregant mutant human tau 3 months after AAV injection.  
A. TKO mice injected with AAV-K2 presented tau “donor cells” in the EC region that expressed both 
htau and GFP. In the hippocampus, these mice presented tau “recipient cells” (htau+/GFP-) in the DG 
and CA3 regions. Furthermore, htau+ cells were also detected in the CA1 region, but these cells were 
also GFP+. B. The EC of TKO AAV-K3 also displayed tau “donor cells” that express both GFP and 
htau. In the hippocampus, tau “recipient cells” were detected in the DG and CA3 regions, similarly to 
the previous group. Furthermore, htau+ cells were detected in the CA1, but these were also GFP+. 
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Arrowheads indicate tau recipient cells (GFP- / htau+), which received the htau from tau donor cells 
(GFP+ / htau+). Scale bar: 100 µm (overview figures); 20 µm (higher magnification figures). 

4.2.3. Is GFP also spreading across cells? 

We observed that, despite using the exact same coordinates and parameters for AAV 

injection (volume, injection rate, etc.) in all experimental animals, the pattern of htau 

and GFP expression may be different between the animals. Although EC cells were 

similarly transfected with AAV in nearly all animals, (as judged by the GFP+ cells), in 

some animals we observed trans-synaptic spreading of tau protein (as judged by tau 

“recipient cells” in the DG and other hippocampal regions), whereas in others we did 

not. Some animals actually presented a significant amount of htau+ cells in the EC and 

connected brain regions, but these cells were also GFP+, as observed in figure 41. 

These differences in the propagation of htau (and also GFP) may be related to the 

intrinsic differences between mice, different neuronal vulnerability, differential targeting 

of EC layers with the AAV injection, or other reasons, as it will be discussed later. 

Important to mention is the fact that these observations were random between the 

experimental groups, i. e., we cannot assign a specific observation (e.g. no trans-

synaptic spreading of tau protein) to a specific experimental group. 

 

Figure 41 - Expression of GFP and human tau (Tau Y9) in a WT mouse injected with AAV-K2 
(pro-aggregant htau) at 18 months post-injection. 
The expression of pro-aggregant htau, as well as of GFP, was observed in the EC (the injection site) 
but also in all the anatomically connected regions through the perforant pathway, namely the granule 
cell layer of the DG, the CA1 region and also CA3 region, although in a lesser extent.  Scale bar: 100 
µm. 
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4.2.4. Phosphorylation of tau is more pronounced in pro-aggregant 
mice 

The phosphorylation of tau at Ser396/Ser404 (an indicator of incipient degeneration), 

detected by the PHF-1 antibody, was analyzed in all experimental groups of AAV-

injected mice. In the EC region, similar to previous observation in non-injected 

neuropsin mice, the three pro-aggregant models (tTA-EC/K2, WT and TKO injected 

with AAV-K2) showed a more pronounced phosphorylation of tau compared to the 

respective anti-aggregant models. WB analysis of EC fractions from the mice with 

PHF-1 antibody, normalized to the total levels of tau, revealed that pro-aggregant mice 

express approximately 40% more tau phosphorylation on the Ser396/Ser404 epitope 

than anti-aggregant (figure 42A and B). WT mice injected with AAV-K2 also presented 

higher levels of phosphorylation at this epitope compared to WT mice injected with 

AAV-K3 (approximately 25% higher). Similarly, TKO mice injected with AAV-K3 

presented higher levels of phosphorylation than TKO mice injected with AAV-K3 

(approximately 45% higher). Staining with PHF-1 antibody (figure 42C) confirmed the 

WB results, as PHF-1 positive cells were detected in all experimental groups, but more 

prominent in the pro-aggregant models (tTA-EC/K2, WT AAV-K2 and TKO AAV-K2) 

compared to the anti-aggregant models (tTA-EC/K3, WT AAV-K3 and TKO AAV-K3).   

 

Figure 42 - Phosphorylation of tau at Ser396/Ser404, detected with PHF-1 antibody in the EC 
region of AAV-injected mice, 3 months after AAV injection. 
A. WB analysis of EC fractions from all experimental groups showed that tau phosphorylation is 
increased in the pro-aggregant models compared to the respective anti-aggregant models. One-way 
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ANOVA analysis of the means of each group showed statistically significant differences (p = 0.0064). 
Post-hoc analysis with uncorrected Fisher’s LSD test for multiple comparisons showed that pro-
aggregant mice (tTA-EC/K2 injected with AAV-K2) have significantly higher levels of PHF-1 compared 
to anti-aggregant mice (tTA-EC/K3 injected with AAV-K3), both at the htau level (p = 0.0182) and mtau 
level (p = 0.0032). WT mice injected with AAV-K2 also presented higher levels of PHF-1 compared to 
WT mice injected with AAV-K3 at the level of htau (not statistically significant; p = 0.0555) and at the 
level of mtau (p = 0.0079). TKO AAV-K2 mice also presented higher levels of PHF-1 compared to TKO 
AAV-K3 mice at the level of htau (p = 0.0410). TKO mice do not express endogenous mtau. All 
numerical data are shown as mean +/- SEM; * denotes the significance of PHF-1 levels of the pro-
aggregant group compared to the respective anti-aggregant group for each mouse background; * p < 
0.05; ** p < 0.01. B. Representative WB bands for PHF-1 antibody, K9JA (total tau) and actin obtained 
using the EC fractions from mice of all experimental groups, summarizing the results shown in A. C. 
Staining with PHF-1 antibody showed that, in the EC region, all experimental groups displayed PHF-
1+ cells, although phosphorylation of tau was more pronounced in the three pro-aggregant models 
(tTA-EC/K2, WT AAV-K2 and TKO AAV-K2) compared to the respective anti-aggregant model (tTA-
EC/K3, WT AAV-K3 and TKO AAV-K3). Scale bar: 20 µm. 

Concerning brain regions outside the EC, WT mice injected with AAV-K2 or AAV-K3 

additionally expressed PHF-1+ cells in the DG and CA3 regions, although in a lesser 

extent than in the EC. On the other hand, tTA-EC/K2 and tTA-EC/K3 mice did not 

express PHF-1+ cells in other brain region besides the EC. A similar observation was 

made in TKO mice injected with AAV-K2 and AAV-K3, which only expressed PHF-1 

cells in the EC and not in other brain regions (figure 43). 

 

Figure 43 - Phosphorylation of tau at Ser396/Ser404, detected with PHF-1 antibody, only 
propagates from the EC to other brain regions in WT mice. 
Staining with PHF-1 antibody in brain slices of mice 3 moths after AAV injection showed that WT mice, 
injected with AAV-K2 or AAV-K3, express PHF-1 positive cells in the DG and CA1 region of the 
hippocampus, which was not observed in the injected neuropsin and TKO mice. Scale bar: 20 µm. 
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4.2.5. Pathological conformation of tau observed in pro-aggregant 
mice, but restricted to the EC and perforant pathway 

Previously, in the non-injected neuropsin mice we observed that tau with pathological 

conformation (MC1) was exclusively expressed in pro-aggregant mice, and not 

propagating to further brain regions besides the EC and perforant pathway up to 24 

months of age. The same observation was made in the neuropsin injected mice at 18 

months p. i., as we can appreciate in figure 44. Tau with pathological conformation, 

detected with MC1 antibody, was only expressed in pro-aggregant mice, and restricted 

to the EC and perforant pathway until the middle molecular layer of the DG. No MC1+ 

cells were observed outside the mentioned regions, showing that pathological tau is 

not propagating to other regions of the brain in the tTA-EC/K2 and tTA-EC/K3 mice 

after AAV injection.  

 

Figure 44 - Expression of tau with pathological conformation (antibody MC1) in neuropsin mice 
18 months post-injection. 
A. In pro-aggregant mice, tau with pathological conformation (MC1) was present in the EC and 
perforant pathway axons towards the hippocampus, but not further than the middle molecular layer of 
the DG, where the axon terminals from the EC are located. Therefore, in the neuropsin pro-aggregant 
mice no trans-synaptic spreading of tau pathology was observed. B. Tau with pathological 
conformation was not detected in anti-aggregant mice. The granule cell layer (gcl) of the DG is 
underlined in white; ml = molecular layer. Scale bar: 50 µm. 

Next, we analyzed the distribution of the MC1 epitope at 18 months p. i.  in WT mice 

injected with AAV-K2 or AAV-K3. WT AAV-K2 mice presented MC1+ cells in the EC 

region, similar to the observations made in the tTA-EC/K2 injected mice (figure 45). 

Furthermore, MC1+ cells were also detected in the granule cell layer of the DG, 
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suggesting that tau with pathological conformation may be propagating in this 

experimental group. However, these MC1+ cells in the DG were also GFP+, which 

does not allow us to conclude whether there was in fact trans-synaptic spreading of 

tau with pathological conformation from the EC to the granule cell layer of the DG, or 

if the MC1+ cells observed had a different origin. These observations will be discussed 

in the next section of this thesis. On the other hand, WT mice injected with AAV-K3 did 

not present MC1+ cells. 

 

Figure 45 - Expression of tau with pathological conformation in WT mice injected with AAV-K2 
or AAV-K3 at 18 months post-injection. 
A. Tau with pathological conformation, detected with MC1 antibody, was present in the EC and axons 
of the perforant pathway in WT mice injected with AAV-K2. In addition, MC1+ cells were observed in 
the granule cell layer of the DG (arrowheads), but these cells were also GFP+, reason why, according 
to our definition, it may not be designated as trans-synaptic spreading of tau pathology. B. WT mice 
injected with AAV-K3 did not express MC1+ cells in the EC or hippocampus. The granule cell layer 
(gcl) of the DG is underlined in white; ml = molecular layer. Arrowheads denote MC1+ cells in the DG. 
Scale bar:  50 µm. 

Subsequently, we analyzed the expression of MC1 in TKO mice injected with AAV-K2 

or AAV-K3 which express mutant pro- and anti-aggregant htau but lack endogenous 

mouse tau. In agreement with the previous experimental groups, TKO mice injected 

with pro-aggregant tau (AAV-K2) expressed MC1+ cells in the EC region (figure 46A). 

MC1+ staining was also observed along the perforant pathway axons up to the terminal 

ends in the middle molecular layer, but no trans-synaptic spreading of tau with 

pathological conformation was observed. TKO AAV-K3 mice, expressing anti-
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aggregant htau, did not present MC1+ cells in the EC or other brain regions, in 

agreement with the previous anti-aggregant experimental groups (figure 46B).   

 

Figure 46 - Expression of tau with pathological conformation in TKO mice injected with AAV-
K2 or AAV-K3 at 18 months post-injection. 
A. Tau with pathological conformation, detected with MC1 antibody, was observed in the EC and axons 
of the perforant pathway until the terminal ends in the middle molecular layer in TKO mice injected with 
AAV-K2, but not in the granule cell layer of the DG (no trans-synaptic spreading). B. TKO mice injected 
with AAV-K3 did not present MC1+ cells in the EC or hippocampal region, although some GFP+ cells 
were observed in the granule cell layer of the DG. The granule cell layer (gcl) of the DG is underlined 
in white; ml = molecular layer. Scale bar:  50 µm. 

As a summary, although we observed that tau protein can propagate form the EC to 

connected brain regions (DG) independently of the protein’s aggregation potential, we 

observed no trans-synaptic spreading of markers of tau pathology (table 1). Tau 

phosphorylation was mostly confined to the EC region, where most of the htau is 

expressed, with the exception of WT AAV-K2 and WT AAV-K3 mice, where few PHF-

1+ cells were detected in the DG and CA1 region of the hippocampus. Regarding 

pathological conformation of tau, MC1+ cells were only observed in the EC region of 

the pro-aggregant experimental groups. This demonstrates that trans-synaptic 

spreading of markers of tau pathology did not take place in our models and when htau 

was present in the hippocampal region, this still did not acquire any pathological 

conformation. An exception was observed in WT AAV-K2 mice, where a sparse 

number of granule cells in the DG were MC1+, but as these cells were also GFP+, we 

cannot classify this phenomenon as trans-synaptic spreading of tau pathology, based 

on our definition previously stated (that cells should be GFP-).  
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Table 1 - Summary for all experimental groups regarding tau markers: human tau (Tau Y9), 
phosphorylated tau (PHF-1) and pathological conformation of tau (MC1). 

 

4.2.6. Pro-aggregant mice have increased astrogliosis, and this may 
precede the trans-synaptic spreading of tau pathology 

Considering the known functions of microglia and astrocytes in neurodegeneration, 

together with the potential involvement of neuroinflammation in the spreading of tau 

pathology, we analyzed the expression of key markers of inflammation in the injected 

neuropsin mice in both EC and hippocampal fractions. Regarding the expression of 

the microglial marker Iba1, no differences were observed between pro-aggregant mice 

(figure 47A) and anti-aggregant mice (figure 47B), neither between the EC and 

hippocampus. On the other hand, staining with GFAP antibody showed that anti-

aggregant mice (figure 47B), expressed lower levels of GFAP compared to pro-

aggregant mice (figure 47A). Furthermore, in pro-aggregant mice the expression of the 

astrocytic marker GFAP was higher in the hippocampal region compared to the EC 

region. The fact that, in pro-aggregant mice, the increased expression of GFAP is 

located in the hippocampal region suggests that astrogliosis may precede the 

propagation of tau pathology from the EC to the hippocampus, possibly through a 

signaling mechanism originating in the EC that triggers the astrogliosis in the 
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hippocampus, the next region to be affected by tau pathology according to the Braak 

stages. 

 

Figure 47 - Expression of GFAP and Iba1 in pro- and anti-aggregant neuropsin mice at 3 months 
post-injection. 
A. In tTA-EC/K2 pro-aggregant mice, the expression of GFAP was mostly restricted to the hippocampal 
region, as almost no GFAP+ cells were detected in the EC region. Concerning the Iba1 expression, no 
differences were observed between the EC and hippocampal region in the pro-aggregant mice. B. In 
the tTA-EC/K3 anti-aggregant mice, GFAP+ cells were detected in the hippocampal region, but at a 
lower level compared to the tTA-EC/K2 mice. Few GFAP+ cells were also detected in the EC region. 
Regarding Iba1 expression, no differences were observed in the tTA-EC/K3 mice between EC and 
hippocampal region, as well as no differences compared to Iba1 expression in pro-aggregant mice. 
Scale bar:  50 µm. 

WB analysis of EC fractions from pro- and anti-aggregant mice confirmed the results 

observed in the staining with Iba1 and GFAP. As shown in figure 48A, in the EC fraction 

the levels of CD11b, another microglial marker, were not different between pro- and 

anti-aggregant mice at all time points analyzed (3, 12 and 18 months p. i.). On the other 

hand, the levels of GFAP were significantly lower in anti-aggregant mice at 12 and 18 

months p. i.  compared to pro-aggregant mice. In the hippocampal fraction (figure 48B) 

no significant differences were observed in the levels of CD11b between pro- and anti-

aggregant mice. On the other hand, and in agreement with the observation of the 

GFAP staining from figure 47, anti-aggregant mice presented lower levels of GFAP at 

3 and 12 months p. i. compared to pro-aggregant mice, although not significant.  



 
 

92 

 

Figure 48 - Levels of inflammatory markers in neuropsin pro- and anti-aggregant mice over 
time. 
A. In the EC, no differences were observed in the microglial marker CD11b between pro- and anti-
aggregant mice at the time points analyzed (3, 12 and 18 months p. i.). Regarding the astrocytic marker 
GFAP, two-way ANOVA denoted an overall effect of the genotype [F(1, 30) = 8.793; p = 0.0059]. Post-
hoc analysis with uncorrected Fisher’s LSD test showed that, although no significant differences were 
observed between pro- and anti-aggregant mice at 3 months p. i., the level of GFAP increased in the 
pro-aggregant mice from 3 to 12 months p. i.    (p= 0.0227). Furthermore, at 12 and 18 months p. i., 
the levels of GFAP were significantly lower in the anti-aggregant mice compared to the pro-aggregant 
(p = 0.0157 and p = 0.0373, respectively). B. In the hippocampal fractions, no significant differences 
were observed on the levels of CD11b between both genotypes at the time points analyzed. Regarding 
GFAP, although not significant, anti-aggregant mice presented a tendency for lower levels of GFAP 
compared to pro-aggregant mice at 3 and 12 months p. i..  All numerical data are shown as mean +/- 
SEM; * denotes the effect of the genotype; # denotes the effect of time within the same genotype. *, # 
p < 0.05. 

We additionally monitored the presence of neuroinflammation markers in the WT and 

TKO mice injected with AAV to express both pro- or anti-aggregant mutant htau. 

Similar to the observations in the neuropsin mice, no differences were observed in the 

expression of Iba1 between WT mice injected with AAV-K2 (figure 49A) or injected with 

AAV-K3 (figure 49B) at 3 months p. i. On the other hand, the expression of GFAP was 

increased in the WT AAV-K2 mice (pro-aggregant) compared to the WT AAV-K3 mice 

(anti-aggregant), similar to the previous observations in the neuropsin mice. 

Furthermore, recapitulating the observations on neuropsin mice, the expression of 

GFAP was higher in the hippocampus compared to the EC, once more suggesting that 

astrogliosis may precede the propagation of markers of tau pathology from the EC to 

the hippocampus. 
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Figure 49 - Expression of GFAP and Iba1 in WT mice injected with AAV-K2 and AAV-K3 at 3 
months post-injection. 
A. In WT AAV-K2 mice, the expression of GFAP was predominantly observed in the hippocampal 
region, with only a sparse number of cells in the EC region. The expression of the microglial marker 
Iba1 was similar between both brain regions. B. In WT AAV-K3 mice, and similar to WT AAV-K2, the 
expression of GFAP is predominantly observed in the hippocampal region, with almost no GFAP+ cells 
observed in the EC. However, GFAP expression in WT AAV-K3 mice was lower compared to the WT 
AAV-K2 mice. Regarding Iba1, no differences were observed between EC and hippocampal region, 
and also in comparison to WT AAV-K2 mice. Scale bar:  50 µm. 

WB analysis of CD11b in the EC fraction confirmed the observation made in the 

staining with Iba1 at 3 months p. i., as no significant differences were detected between 

WT AAV-K2 and WT AAV-K3 (figure 50A). However, the levels of CD11b significantly 

increased over time in WT AAV-K2 mice, leading to significant differences between 

both groups. At 12 and 18 months p. i., WT AAV-K2 mice resented significantly higher 

levels of CD11b than WT AAV-K3 mice. Similarly, in the hippocampus, no differences 

were observed on the levels of CD11b between WT AAV-K2 and WT AAV-K3 mice at 

3 months p. i., but at 12 months p. i. WT AAV-K2 mice presented significantly higher 

levels of CD11b compared to WT AAV-K3 (figure 50B). Regarding the levels of GFAP, 

both in the EC (figure 50A) and hippocampal (figure 50B) fractions we observed that 

WT AAV-K3 mice presented lower levels of the astrocytic marker at all time points, 

although not significant, but in agreement with the observation in the staining from 

figure 49. 
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Figure 50 - Levels of inflammatory markers in WT mice injected with AAV-K2 and AAV-K3 over 
time. 
A. In the EC, two-way ANOVA demonstrated an overall effect of the genotype in the levels of CD11b 
[F(1, 72) = 10.09; p = 0.0022]. Although no significant differences were found between WT AAV-K2 
and WT AAV-K3 mice at 3 months p. i., post-hoc analysis with uncorrected Fisher’s LSD test showed 
that CD11b levels were higher in WT AAV-K2 mice at 12 and 18 months p. i. (p = 0.0086 and p = 
0.0484, respectively). Regarding astrogliosis, no significant differences were observed between both 
groups at any time point analyzed, although there was a tendency for lower GFAP levels in the WT 
AAV-K3 mice. B. In the hippocampal fractions, similar to the observations made in the EC region, the 
levels of CD11b were not different between WT AAV-K2 and WT AAV-K3 mice at 3 months p. i., also 
in agreement with the Iba1 staining. However, CD11b levels increased over time in the WT AAV-K2 
mice, being significantly higher at 12 months p. i. compared to 3 months (p = 0.0155). This increase 
was not observed in the WT AAV-K3 mice, therefore, WT AAV-K2 mice presented significantly higher 
levels of CD11b at 12 months p. i. compared to the other group (p = 0.0365) and at 18 months p. i., 
although not significant. Regarding the levels of GFAP, no significant differences were observed 
between both genotypes or over time, although there was a tendency for lower GFAP levels in WT 
AAV-K3 mice compared to WT AAV-K2. All numerical data are shown as mean +/- SEM; * denotes the 
effect of the genotype; # denotes the effect of time within the same genotype. *, # p < 0.05; ** p < 0.01. 

In TKO mice injected with AAV-K2 (figure 51A), similar to the previous groups, the 

GFAP expression was increased in the hippocampal region compared to the EC. On 

the other hand, no differences were observed between both brain regions regarding 

the expression of Iba1. In TKO AAV-K3 mice (figure 51B) the expression of GFAP was 

higher in the hippocampal region compared to the EC. Furthermore, in the TKO mice, 

the expression of GFAP was higher in the TKO AAV-K3 compared to the TKO AAV-

K2, contrary to the previous observations in neuropsin and WT mice, where the pro-

aggregant model always presented higher GFAP levels than the anti-aggregant.   
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Figure 51 - Expression of GFAP and Iba1 in TKO mice injected with AAV-K2 and AAV-K3 at 3 
months post-injection. 
A. In TKO AAV-K2 mice, the expression of GFAP was mostly observed in the hippocampal region, and 
very sparse in the EC. No differences were observed regarding the expression of Iba1 between these 
two brain regions. B. In TKO AAV-K3 mice, the expression of GFAP was also higher in the hippocampal 
region compared to the EC region, where a scarce number of GFAP+ cells was detected. GFAP 
expression was also higher in the hippocampus of TKO AAV-K3 mice compared to the hippocampus 
of TKO AAV-K2 mice. Regarding Iba1, no differences were observed between the EC and hippocampal 
region of TKO AAV-K3 mice, as well as in comparison with the expression levels of Iba1 in TKO AAV-
K2 mice. Scale bar:  50 µm. 

In agreement with the results obtained in the staining with Iba1, we observed no 

differences between TKO AAV-K2 and TKO AAV-K3 on the levels of CD11b in the EC 

fraction (figure 52A) and in the hippocampal fraction (figure 52B), at the 3 months time 

point. However, at 12 and 18 months p. i., TKO AAV-K3 mice presented lower levels 

of CD11b than TKO AAV-K2 mice in both brain regions. Regarding the levels of GFAP, 

no differences were observed in the expression of the astrocytic marker between TKO 

AAV-K2 and TKO AAV-K3 in the EC fraction. However, GFAP levels were highly 

increased in both groups at 18 months p. i. (figure 52A). Furthermore, and contrary to 

what the staining with GFAP indicated, significant differences were observed in the 

expression of GFAP in the hippocampal fraction of TKO AAV-K2 and TKO AAV-K3 at 

3 months p. i. or any other time point (figure 52B). However, the levels of GFAP, in this 

brain region, significantly increased over time for both experimental groups. 
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Figure 52 - Levels of inflammatory markers in TKO mice injected with AAV-K2 and AAV-K3 over 
time. 
A. In the EC, two-way ANOVA demonstrated an interaction between the genotype and time in the 
levels of CD11b [F(2, 30) = 7.024; p = 0.0031]. Post-hoc analysis with uncorrected Fisher’s LSD test 
showed that the levels of CD11b in TKO AAV-K2 mice significantly increased from 3 to 12 months p. 
i. (p = 0.0001), an effect that was not recapitulated in TKO AAV-K3 mice. Furthermore, when comparing 
the levels of CD11b in both groups, it was possible to observe that TKO AAV-K2 mice presented higher 
levels of the microglial marker at 12 and 18 months p. i. than TKO AAV-K3 mice (p < 0.0001 and p = 
0.0123). Regarding the levels of GFAP, two-way ANOVA showed an overall effect of time [F(2, 30) = 
34.25; p < 0.0001]. Post-hoc analysis with uncorrected Fisher’s LSD test showed that, although no 
significant differences were found between mice injected with AAV-K2 or AAV-K3, the levels of GFAP 
significantly increased in both groups at 18 months p. i. compared to the first time point (p = 0.0001 
and p < 0.0001, respectively), and compared to the 12 months p. i. (p < 0.0001 for both). B. In the 
hippocampus, analyzing the levels of CD11b with a two-way ANOVA denoted an overall effect of time 
[F(2, 30) = 21.60; p < 0.0001] and an overall effect of the genotype [F(1, 30) = 6.899; p = 0.0135]. 
Further post-hoc analysis with uncorrected Fisher’s LSD test showed that the levels of CD11b were 
significantly decreased in both TKO injected with AAV-K2 and AAV-K3 at 12 months p. i. (p = 0.0026 
and p < 0.0001, respectively), and at 18 months p. i. (p = 0.0353 and p < 0.0001, respectively). As 
observed, this decrease was more pronounced in the TKO AAV-K3 mice. Indeed, at 18 months p. i., a 
significant difference is observed between both groups, with TKO AAV-K3 mice presenting lower levels 
of CD11b compared to TKO AAV-K2 (p = 0.0065). Regarding GFAP, two-way ANOVA denoted an 
effect of time [F(2, 30) = 11.87; p = 0.0002], with GFAP levels increasing in both groups over time. 
Post-hoc analysis with uncorrected Fisher’s LSD test showed that, at 18 months p. i., the levels of 
GFAP were significantly higher compared to the 3 months p. i. time point in both TKO AAV-K2 and 
TKO AAV-K3 (p = 0.0007 and p = 0.0020, respectively). All numerical data are shown as mean +/- 
SEM; * denotes the effect of the genotype; # denotes the effect of time within the same genotype. *, # 
p < 0.05; **, ## p < 0.01; ### p < 0.001; ****, #### p < 0.0001. 

We also compared WT and TKO mice both injected with AAV-K2 to monitor the impact 

of the absence of endogenous mouse tau. In the EC fraction (figure 53A) we did not 

observe differences between both genotypes in terms of CD11b levels within the same 

time point. However, the levels of CD11b increased over time in the WT AAV-K2 mice, 

but not in the TKO AAV-K2 mice. Regarding the levels of GFAP in the EC fraction, no 
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significant differences were observed between both genotypes on the time points 

analyzed. However, the levels of GFAP significantly increased over time in TKO AAV-

K2 mice, but not in WT AAV-K2 mice. In the hippocampal fraction (figure 53B), no 

significant differences were observed between genotypes or over time on the levels of 

CD11b and GFAP. 

 

Figure 53 - Levels of inflammatory markers in WT and TKO mice injected with AAV-K2 over 
time. 
A. In the EC, the levels of CD11b increased in WT AAV-K2 mice at 12 months and 18 months p. i. 
compared to the first time point (p = 0.0475 and p = 0.0364, respectively). This increase was not 
observed in TKO AAV-K2 mice. However, no significant differences on the level of CD11b were 
detected between WT AAV-K2 and TKO AAV-K2 mice at all time points. Regarding the levels of GFAP, 
two-way ANOVA analysis denoted an overall effect of the genotype [F(1, 30) = 6.165; p = 0.0188]. 
Further post-hoc analysis with uncorrected Fisher’s LSD test showed that GFAP increased over time 
in TKO AAV-K2 mice, being significantly higher at 12 months (p = 0.0457) and 18 months p. i. (p = 
0.0143) compared to the initial time point. This significant increase in GFAP levels was not observed 
in TKO mice. B. In the hippocampal fraction, no significant differences were observed in the levels of 
CD11b and GFAP. All numerical data are shown as mean +/- SEM; # denotes the effect of time within 
the same genotype. # p < 0.05. 

A summary of the results of the distribution of markers for microglia and astroglia in all 

experimental groups, analyzed by IF and WB, is presented in table 2.  

Another parameter we analyzed concerns the levels of pre-synaptic (synaptophysin) 

and post-synaptic (PSD95) markers in our experimental groups. In the EC fraction of 

pro- and anti-aggregant mice (figure 54A), the levels of PSD95 were reduced in tTA-

EC/K2 mice at 18 months p. i., but not in tTA-EC/K3 mice. Furthermore, the levels of 

synaptophysin also decreased over time in the pro-aggregant mice, but not in the anti-

aggregant mice. Together, this suggests that pro-aggregant mice are more prone to 

synaptic deficits than anti-aggregant mice in the EC region. In the hippocampal fraction 
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(figure 54B) no significant differences were observed on the levels of synaptophysin 

over time or between pro- and anti-aggregant mice.  

Table 2 - Summary for all experimental groups regarding the expression of the 
neuroinflammatory markers Iba1/CD11b (for microglia) and GFAP (for astroglia) obtained by 
immunofluorescence or western blot in different brain regions and time points. 

 

 

Figure 54 - Levels of pre- and post-synaptic markers in neuropsin pro- and anti-aggregant mice 
over time. 
A. In the EC, two-way ANOVA analysis denoted an overall effect of time on the levels of PSD95 [F(2, 
47) = 3.607; p = 0.0349]. Further post-hoc analysis with uncorrected Fisher’s LSD test showed that, in 
tTA-EC/K2 mice, the levels of PSD95 decrease at 18 months p. i. compared to the 12 months time 
point (p = 0.0127), which was not observed in tTA-EC/K3 mice. Similarly, the levels of synaptophysin 
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decreased in tTA-EC/K2 mice over time [two-way ANOVA, F(2, 48) = 3.364; p = 0.0429]. Post-hoc 
analysis with uncorrected Fisher’s LSD test showed that the levels of synaptophysin were significantly 
lower at 18 months p. i. in the pro-aggregant mice compared to the initial time point (p = 0.0329). This 
decrease in synaptophysin over time was not observed in the anti-aggregant mice. B. In the 
hippocampal fraction, no significant differences were observed in the levels of PSD95 and 
synaptophysin. All numerical data are shown as mean +/- SEM; * denotes the effect of time. * p < 0.05. 

The expression of synaptic markers was also analyzed in EC and hippocampal 

fractions of WT mice injected with AAV-K2 and AAV-K3. In the EC fraction (figure 55A), 

the levels of PSD95 were significantly lower in WT AAV-K2 mice at 12 and 18 months 

p. i. compared to the 3 month time point, a decrease not observed in WT AAV-K3 mice. 

No differences were detected between the two groups or over time regarding the levels 

of synaptophysin. On the hippocampal fractions (figure 55B), the levels of PSD95 were 

also decreased in WT AAV-K2 mice at 12 months p. i. compared to the initial time 

point, a decrease not observed in WT AAV-K3 mice. Similar to the EC fractions, no 

differences were observed in the levels of synaptophysin in the hippocampus.  

 

Figure 55 - Levels of pre- and post-synaptic markers in WT mice injected with AAV-K2 and AAV-
K3 over time. 
A. In the EC, two-way ANOVA analysis denoted an overall effect of time on the levels of PSD95 [F(2, 
46) = 6.542; p = 0.0032]. Further post-hoc analysis with uncorrected Fisher’s LSD test showed that 
PSD95 levels decreased in WT AAV-K2 mice at 12 months p. i. (p = 0.0024) and 18 months p. i. (p = 
0.0487) compared to the initial time point, a decrease not observed in WT AAV-K3 mice. No significant 
differences were observed on the levels of synaptophysin. B. In the hippocampal fraction, two-way 
ANOVA analysis denoted an overall effect of time on the levels of PSD95 [F(2, 47) = 4.064; p = 0.0236]. 
Post-hoc analysis with uncorrected Fisher’s LSD test showed that PSD95 levels were decreased at 12 
months p. i. in WT AAV-K2 mice (p = 0.0294) compared to the 3 months time point, a decrease that 
was not recapitulated in WT AAV-K3 mice.  No significant differences were observed on the levels of 
synaptophysin. All numerical data are shown as mean +/- SEM; * denotes the effect of time within the 
same group. * p < 0.05; ** p < 0.01. 
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Similar to what was performed before, the levels of pre- and post-synaptic markers 

were also analyzed in TKO mice injected with AAV-K2 and AAV-K3. In the EC fractions 

(figure 56A), no significant differences were observed in the levels of PSD95. However, 

the levels of synaptophysin decreased over time in TKO AAV-K2 mice, but not in TKO 

AAV-K3 mice. Regarding the hippocampal fractions (figure 56B), the levels of PSD95 

significantly increased over time in TKO AAV-K2 mice, which was not recapitulated in 

TKO AAV-K3 mice. Contrarily, the levels of synaptophysin significantly increased over 

time in the TKO AAV-K3 mice, but not in the TKO AAV-K2 mice.  

 

Figure 56 - Levels of pre- and post-synaptic markers in TKO mice injected with AAV-K2 and 
AAV-K3 over time. 
A. In the EC fraction no significant differences were observed on the levels of PSD95 between TKO 
mice injected with AAV-K2 or AAV-K3. On the other hand, two-way ANOVA denoted an overall effect 
of time on the levels of synaptophysin [F(2, 30) = 4.628; p = 0.0177]. Further post-hoc analysis showed 
a significant decrease in the levels of synaptophysin in TKO AAV-K2 mice at 12 (p = 0.0412) and 18 
months p. i. (p = 0.0029), compared to the initial time point. B. In the hippocampal fraction, two-way 
ANOVA denoted an overall effect of time on the levels of PSD95 [F(2, 30) = 3.550; p = 0.0413]. Post-
hoc analysis with uncorrected Fisher’s LSD test showed that PSD95 levels increase over time in TKO 
AAV-K2 mice (p = 0.0358 at 18 months p. i.), which was not observed in TKO AAV-K3. Regarding the 
levels of synaptophysin, two-way ANOVA showed an overall effect of time [F(2, 30) = 7.872]. Further 
post-hoc analysis showed a significant increase on the levels of synaptophysin in TKO AAV-K3 mice 
at 12 (p = 0.0092) and 18 months p. i. (p = 0.0002), compared to the initial time point. All numerical 
data are shown as mean +/- SEM; * denotes the effect of time within the same group. * p < 0.05; ** p 
< 0.01; *** p < 0.001. 

To finalize, we also compared the levels of synaptic markers between WT and TKO 

mice both injected with AAV-K2 to express pro-aggregant htau. In the EC fractions 

(figure 57A), the levels of PSD95 significantly decreased in WT AAV-K2 mice at 18 

months p. i. compared to 3 months p. i., which was not observed in the TKO AAV-K2 
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mice. On the other hand, the levels of synaptophysin increased in TKO AAV-K2 mice 

at 12 months p. i. compared to 3 months p. i., which did not occur in the WT AAV-K2 

mice. In the hippocampal fraction (figure 57B), no significant differences were 

observed on the levels of PSD95 and synaptophysin over time or between genotypes.  

 

Figure 57 - Levels of pre- and post-synaptic markers in WT and TKO mice injected with AAV-K2 
over time. 
A. In the EC fraction, two-way ANOVA showed an overall effect of time on the levels of PSD95 [F(2, 
30) = 8.162; p = 0.0015]. Post-hoc analysis with uncorrected Fisher’s LSD test showed that the levels 
of PSD95 decreased at 18 months p. i. in WT AAV-K2 mice compared to 3 months p. i. (p = 0.0060), 
which was not detected in TKO AAV-K3 mice. The levels of synaptophysin increased at 12 months p. 
i. in TKO AAV-K2 mice (p = 0.0107), which was not observed in WT AAV-K2 mice. B. In the 
hippocampal fraction, no significant differences were observed on the levels of PSD95 and 
synaptophysin over time or between genotypes. All numerical data are shown as mean +/- SEM; * 
denotes the effect of time within the same group. * p < 0.05; ** p < 0.01. 

A summary of the results regarding the expression of synaptic markers in the pro- and 

anti-aggregant mouse models used in the study is given in table 3.  
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Table 3 - Summary of the expression of pre-synaptic (synaptophysin) and post-synaptic 
(PSD95) markers in the entorhinal cortex and hippocampus in all experimental groups. 

 

4.3. Therapeutic intervention to halt the propagation of tau 
pathology by a tau aggregation inhibitor 

Considering that both pro- and anti-aggregant tau can propagate along the perforant 

pathway from the EC to other brain regions of the brain, but only pro-aggregant tau 

induces pathological alterations in the mouse brain, we hypothesized that targeting tau 

aggregation may represent a potential therapeutic strategy for AD neurodegeneration.  

Indeed, a drug screening of ~200 000 compounds performed by our group (Pickhardt 

et al., 2005, 2007), showed that BSc3094, a potent inhibitor of tau aggregation, may 

have beneficial effects in in vitro and in vivo models of tauopathy. However, one of the 

challenges regarding the treatment of brain pathologies is the BBB, which represents 

an obstacle to compounds. Therefore, strategies to bypass the BBB are of major 

relevance for the treatment of CNS disorders.  Our drug of interest, BSc3094, is 

effective as an inhibitor of tau aggregation, but has poor BBB permeability. For this 

reason, we decided to administer the drug via Alzet osmotic pumps, which enabled the 

direct delivery of BSc3094 into the brain of transgenic mice, thus overcoming the BBB. 

The selection of the most appropriate mouse model was also a critical point on the 

experimental design. As BSc3094 is a potent inhibitor of tau aggregation, a mouse 

model with pronounced formation of NFTs at a young age was necessary. 
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Furthermore, as the Alzet pump model used was operational for 28 days, and could 

only be replaced once, this means that the treatment could last only 2 months. As we 

wanted to start the treatment at a preliminary stage when no aggregates would be 

present still in the mice, we needed a model that within the two months of treatment 

would develop NFTs and cognitive deficits. The transgenic mouse model rTg4510 

(Ramsden et al., 2005; SantaCruz et al., 2005), expressing human tau containing the 

P301L mutation, linked with familial FTD, was the most appropriate for this study. 

rTg4510 mice express high levels of mutant htau compared to the levels of 

endogenous mouse tau (approximately 13 times higher), and develop progressive age-

related NFTs, neuronal loss, and behavioral deficits, which start as early as 2.5 months 

of age. Therefore, we implanted the Alzet pumps to start the treatment at ~2 months 

of age (lasting until 4 months of age), in order to test BSc3094.  

4.3.1. BSc3094 has poor BBB permeability, but direct intraventricular 
administration reduces sarkosyl-insoluble tau in transgenic 
mice 

Administration of BSc3094 through i.v. injection (3mg/kg, in PEG400/ddH2O (60:40)) 

showed that the compound has poor BBB permeability, as the concentration reaching 

the brain was very low (approximately 70 ng/mL). Furthermore, the half-life of the drug 

in the brain corresponded to 0.8h (figure 58A), meaning that it is not suitable for a 

brain-related disease therapeutic approach. Nevertheless, taking into account the 

optimistic results obtained in our previous experiments (mentioned in the introduction 

of this thesis), we hypothesized that local delivery of BSc3094 into the brain could 

produce therapeutic effects. We used a novel state-of-the-art technology for targeted 

delivery to the CNS, which comprises the use of Alzet osmotic pumps combined with 

a brain infusion kit (figure 58B). This allowed us to directly infuse BSc3094, at a 

constant rate of 0.11µL/h over 28 days, into the lateral ventricles of the brain. With this, 

we expose a variety of brain regions to the drug via the cerebrospinal fluid that bathes 

the brain. The first step was to determine the appropriate coordinates for the 

implantation of the cannula in the lateral ventricle of 1.5-2 month old rTg4510 mice. 

This was made by testing different coordinates for placing the cannula and infusing the 

brain with a dye (bromophenol blue) followed by dissection and sectioning of the brain 

(figure 58C). After determining the appropriate coordinates (AP = -0.5 mm; ML = +0.8 

mm; DV = -2.5 mm), we tested three different doses of the tau aggregation inhibitor 
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and monitored the effect on the levels of sarkosyl-insoluble tau. The highest dose 

tested (1.5mM) led to a significant reduction (approximately 70%) in the levels of 

sarkosyl-insoluble tau in rTg4510 mice (figure 58D), giving us a good indication of the 

potential therapeutic effect of the drug in this transgenic mouse model of AD. 

 

Figure 58 - Intravenous administration of BSc3094 demonstrates poor blood-brain-barrier 
permeability, but direct intracerebral administration of the drug significantly reduces sarkosyl-
insoluble tau. 
A. I.v. administration of BSc3094 (3mg/kg in PEG400/water (60:40)) demonstrated poor BBB 
permeability, as the concentration of drug in the brain was very low compared to the initial administered 
drug concentration, and the half-life of the drug in the brain equaled 0.8h, meaning its potential 
therapeutic effect wears off in an extremely short period of time. B. Model of a fully assembled Alzet 
osmotic pump with brain infusion kit, which allows the intracerebral delivery of BSc3094 to a desired 
brain region. C. Sections of a mouse brain infused with bromophenol blue to determine the appropriate 
coordinates for the implantation of the cannula into the lateral ventricle. The lateral ventricles, as well 
as the fourth ventricle, were filled with the blue dye. D. Direct intraventricular administration of 3 
increasing doses of BSc3094 over 28 days into the brains of rTg4510 mice led to a significant reduction 
(approximately 70%) of sarkosyl-insoluble tau achieved with the 1.5 mM drug concentration (one-way 
ANOVA with uncorrected Fisher’s LSD post-hoc test; p < 0.0001). All numerical data are shown as 
mean +/- SEM; * denotes the significance compared to 100% (no drug). **** p < 0.0001. 

Based on these findings, we designed an experiment to test BSc3094 on a mouse 

model of tauopathy. rTg4510 mice expressing the P301L tau mutation were used in 

the study, as they recapitulate the tau pathology and pronounced neurodegeneration 

observed in human tauopathies. rTg4510 mice and littermate controls (figure 59A) 

were treated with BSc3094 (1.5mM in PEG400/ddH2O (60:40)) or vehicle 

(PEG400/ddH2O (60:40)) for 2 months. Briefly, Alzet osmotic pumps (containing drug 
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or vehicle) were implanted at 2 months of age. The treatment was performed over 28 

days, after which Alzet osmotic pumps were replaced by new ones to extend the 

treatment for further 28 days. One week after the pump was replaced, the behavioral 

assessment started, lasting until the end of the treatment, when mice were sacrificed 

at 4 months of age (figure 59B).  

 

Figure 59 - Experimental design for testing the putative therapeutic effect of BSc3094. 
A. Experimental groups used in the study. Double transgenic rTg4510 mice, expressing the htau P301L 
mutation, and littermate non-transgenic controls were treated with BSc3094 (1.5mM per day) or with 
the vehicle solution (PEG400/ddH2O (60:40)). B. Experimental timeline of the project. The Alzet osmotic 
pumps were implanted in control and transgenic animals at 2 months of age to begin the administration 
of BSc3094 or vehicle. After 28 days (3 months of age), the osmotic pumps were replaced by new 
ones to continue the treatments and, one week later, the behavioral assessment started, lasting until 
the end of the treatment (tissue collection at 4 months of age). 

4.3.2. rTg4510 mice have decreased brain and body weight 
compared to littermate controls, which is not reversed by 
BSc3094 treatment 

Previous results demonstrated that rTg4510 transgenic mice present lower total brain 

weight compared to littermate controls (Ramsden et al., 2005; SantaCruz et al., 2005), 

which was found to correlate with a concomitant lower body weight (Helboe et al., 

2017). Similar to previous reports, we observed a significant decrease in the total brain 

weight of rTg4510 mice compared to control mice (figure 60A). This effect was not 

reversed by treatment with BSc3094. Furthermore, the BW of transgenic animals was 

significantly lower than the BW of controls (figure 60B), an effect not reversed by 

treatment with BSc3094. 



 
 

106 

 

Figure 60 - Total brain and body weight in rTg4510 and control mice used in the study. 
A. Representation of the total brain weight (in mg) at the moment of sacrifice. A two-way ANOVA 
analysis showed an overall effect of the genotype [F(1, 46) = 112.8; p < 0.0001], with double transgenic 
rTg4510 mice presenting a lower brain weight compared to control mice. Further post-hoc analysis 
with Tukey’s multiple comparison test showed that vehicle-treated rTg4510 mice had significantly lower 
brain weight than vehicle-treated controls (p < 0.0001). Similarly, BSc3094-treated rTg4510 mice also 
presented lower brain weight than BSc3094-treated controls (p < 0.0001). There was no effect of the 
drug treatment. B. Representation of the BW over time, from the pump implantation until the sacrifice 
date, showed that double transgenic mice had a decreased BW compared to the control littermates 
[F(1, 472) = 69.92; p < 0.0001]. Similar to the brain weight, the drug treatment did not reverse the BW 
loss observed in the transgenic mice. All numerical data are shown as mean +/- SEM; * denotes the 
effect of the genotype; **** p < 0.0001. 

4.3.3. BSc3094 treatment does not reverse the impairments in 
burrowing and nest building in rTg4510 mice 

Despite not reversing the brain weight and BW loss in transgenic mice, we analyzed 

the effect of BSc3094 treatment in the behavior of the animals. Nest building and 

burrowing performance, assessed in the home cage, are tools for evaluating brain 

malfunction, as well as neurodegenerative diseases (Deacon, 2012). Reduction of 

these behaviors is an early sign of dysfunction and disease progression. Therefore, 

changes in nest building and burrowing performance provides a global idea of the 

mouse’s state and aids monitoring animal well-being. rTg4510 mice presented a 

significantly lower percentage of burrowing compared to control animals (figure 59A). 

Treatment with BSc3094 did not reverse the impairment in burrowing behavior. 

Similarly, in the nesting test we observed that rTg4510 mice present a significantly 

lower nesting scores at 2h and 6h after the introduction of the new nest compared to 

control mice (figure 61B), which was not reversed by treatment with BSc3094.  
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Figure 61 - Burrowing and nesting tests showed that BSc3094 does not rescue the behavioral 
deficits in rTg4510 mice. 
A. rTg4510 mice presented a significant reduction in the percentage of burrowing compared to control 
animals, an effect that was not reversed with Bsc3094 treatment. Two-way ANOVA revealed an overall 
effect of the genotype [F(1, 62) = 15.2; p = 0.0002]. Further post-hoc analysis with uncorrected Fisher’s 
LSD test showed that vehicle-treated rTg4510 mice presented lower percentage of burrowing 
compared to vehicle-treated controls (p = 0.0153). Similarly, BSc3094-treated transgenic mice also 
presented lower percentage of burrowing than BSc3094-treated controls (p = 0.0037). B. rTg4510 mice 
presented lower nesting scores at 2 and 6 hours after the introduction of the new nest, which was not 
reversed by BSc3094 treatment [overall effect of genotype, F(5, 191) = 41.53]. Vehicle-treated rTg4510 
presented lower nesting scores compared to vehicle-treated controls at 2h (p < 0.0001) and 6h (p < 
0.0001) after the introduction of the new nest. Similarly, BSc3094-treated mice presented lower nesting 
score compared to BSc3094-treated controls at 2h (p = 0.0002) and 6h (p < 0.0001) after introduction 
of the new nest. At 12 hours after the introduction of the new nest, rTg4510 perform as good as control 
animals, and BSc3094 treatment produces a reduction on the nesting score, although not significant. 
All numerical data are shown as mean +/- SEM; * denotes the effect of the genotype in vehicle-treated 
mice; $ denotes the effect of the genotype in BSc3094-treated mice. * p < 0.05; ** p < 0.01; ***, $$$ p 
< 0. 001; ****, $$$$ p < 0.0001. 

4.3.4. rTg4510 transgenic mice do not show motor impairment, but 
anxiety-like behavior in the open field 

Assessing motor impairment in experimental animals is important because this could 

affect the result of behavioral tests that rely on locomotor activity (e.g. MWM), simply 

because the mice cannot move as well as controls. The OF test was used to evaluate 

general locomotor activity levels, anxiety and willingness to explore in rodent models 

for scientific research (Seibenhener and Wooten, 2015). Mice display a natural 

aversion to bright open areas, but they have a drive to explore a perceived threatening 

stimulus. Increased levels of anxiety in the mice result in a lower distance traveled and 

a preference to stay near the walls of the OF arena instead of in the center. Our results 

showed that rTg4510 transgenic mice did not display locomotor impairments, as no 
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significant differences were found between control and transgenic mice in the distance 

traveled in the OF on both days of the test (figure 62A and B). On the other hand, 

analyzing the time spent in the center of the OF arena showed that vehicle-treated 

rTg4510 mice spent a significant lower percentage of time in the center of the arena 

compared to vehicle-treated controls on day 1 (figure 62C). Similarly, on day 2, vehicle-

treated rTg4510 mice presented a lower percentage of time spent in the center of the 

arena compared to vehicle-treated controls, confirming the anxiety-like behavior in 

transgenic mice (figure 62D). This phenotype was not observed in rTg4510 mice after 

treatment with BSc3094, showing that the drug produced a positive effect in anxiety-

like behavior. 

 

Figure 62 - No motor impairments observed in rTg4510 mice, but a slight increase in anxiety-
like behavior compared to control mice. 
rTg4510 mice presented similar distance covered values on days 1 (A) and 2 (B) of the OF test 
compared to control mice, showing that they did not have significant motor impairments that could 
affect the results of the behavioral assessment. On the other hand, an overall effect of the genotype 
was observed in the time spent in the center of the arena on day 1 (C) (two-way ANOVA, [F(1, 62) = 
7.745; p = 0.0071]). Uncorrected Fisher’s LSD post-hoc test revealed that vehicle-treated rTg4510 
mice presented lower percentage of time in the center of the arena compared to vehicle-treated 
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controls (p = 0.0306), which is an indicator of anxiety behavior. On day 2, a similar pattern was 
observed, with vehicle-treated rTg4510 mice presenting a lower percentage of time spent in the center 
of the arena (D) compared to vehicle-treated controls (p = 0.0330). This reduction in the time spent in 
the center of the arena was not observed in rTg4510 mice on days 1 and 2 after treatment with 
BSc3094, showing that the drug produced a positive effect in anxiety-like behavior. All numerical data 
are shown as mean +/- SEM; * denotes the effect of the genotype; * p < 0.05. 

4.3.5. BSc3094 treatment reverses the memory impairment in 
rTg4510 mice in the novel object recognition test, but not in the 
y-maze test 

To assess recognition memory in the experimental animals, the NOR test was 

performed. This test is based on the assumption that when animals are exposed to a 

familiar and a novel object, they typically spend more time exploring the novel rather 

than the familiar one, due to their natural propensity for novelty (Ennaceur, 2010). 

rTg4510 mice treated with vehicle spent a significantly lower percentage of time in the 

novel object during the NOR test (figure 63). This effect was reversed by treatment 

with the aggregation inhibitor, as BSc3094-treated rTg4510 mice spent a significantly 

higher percentage of time exploring the new object than vehicle-treated rTg4510 mice.  

 

Figure 63 - BSc3094 treatment reversed the memory deficits in rTg4510 mice in the novel object 
recognition test. 
A two-way ANOVA analysis followed by uncorrected Fisher’s LSD post-hoc test revealed that vehicle-
treated rTg4510 mice spent a lower percentage of time exploring the novel object in the NOR test 
compared to controls (p = 0.0291). This memory impairment was reversed by BSc3094 treatment, as 
drug-treated rTg4510 mice spent a significantly higher percentage of time exploring the novel object 
compared to vehicle-treated transgenic mice (p = 0.0171). All numerical data are shown as mean +/- 
SEM; * denotes the effect of the genotype; $ denotes the effect of BSc3094 treatment. *, $ p < 0.05.  

On the other hand, despite the positive results obtained in the NOR test, the drug failed 

to revert the memory impairment in the y-maze test. By analyzing the arm preference 
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in the y-maze test (figure 64), we observed that control mice, either treated with vehicle 

or BSc3094, presented a significantly lower preference for the old arm. Transgenic 

mice treated with vehicle did not show any preference for the old or new arm of the y-

maze, a sign of memory impairment. This was also observed in BSc3094-treated 

rTg4510, showing that the drug did not revert the memory impairments that rTg4510 

mice present in the y-maze test.  

 

Figure 64 - BSc3094 did not improve spatial reference memory in rTg4510 mice. 
Vehicle- and BSc3094-treated control mice presented a lower preference for the old arm in the y-maze 
test. A two-way ANOVA analysis revealed an interaction between genotype and treatment [F(3, 122) 
= 3.414; p = 0.0197]. Further post-hoc analysis with uncorrected Fisher’s LSD test showed a decreased 
preference for the old arm in vehicle-treated control mice (p = 0.024) and in BSc3094-treated control 
mice (p = 0.0112). In contrast, vehicle-treated rTg4510 mice showed no preference for the new or old 
arm, reflecting impaired spatial reference memory. These deficits in the transgenic mice were not 
reversed by BSc3094 treatment. All numerical data are shown as mean +/- SEM. * p < 0.05 when 
compared to new arm preference.  

4.3.6. BSc3094 improves long-term memory in the Morris Water Maze 
test 

Another behavioral test performed to evaluate the therapeutic effects of BSc3094 was 

the MWM test, which assesses spatial memory and learning. We observed that control 

mice presented a significantly lower latency to escape than transgenic mice throughout 

all days of learning (figure 65A). Indeed, vehicle-treated transgenic mice presented an 

increased latency to escape compared to vehicle-treated controls. A similar effect was 
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observed in BSc3094-treated rTg4510 in comparison to BSc3094-treated controls, 

with transgenic mice performing worse in the MWM, showing that BSc3094 treatment 

did not reverse the increased escape latency observed in transgenic mice during 

MWM. During the probe trials (figure 65B) control mice, either treated with vehicle or 

BSc3094, spent a significantly increased percentage of time in the target quadrant 

compared to transgenic mice, once more reflecting the impaired spatial memory in 

rTg4510 mice. This effect was not reversed by BSc3094 treatment in rTg4510 mice, 

as no significant differences were observed between vehicle-treated and rTg4510-

treated transgenic mice. On the other hand, analyzing the percentage of time in the 

target quadrant in the long-term probe trial (72 hours after the last training trial) (figure 

65C) showed that, although vehicle-treated rTg4510 mice spent a significantly lower 

percentage of time in the target quadrant compared to controls, this memory 

impairment was reversed by BSc3094 treatment.  

 

Figure 65 - BSc3094 treatment slightly improved long-term memory in the MWM test. 
A. Two-way ANOVA analysis revealed an overall effect of the genotype on the latency to escape in the 
MWM [F(3, 305) = 42.88]. Vehicle-treated rTg4510 mice presented a significantly increased latency to 
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escape in the MWM test compared to vehicle-treated controls (p < 0.0001). This memory deficit was 
not reversed by BSc3094 treatment, as drug-treated rTg4510 mice also presented an increased 
latency to escape compared to BSc3094-treated controls (p < 0.0001). B. By comparing the 
percentage of time of the animals in the target quadrant with the 25% chance of exploration we 
observed that transgenic mice spent a lower percentage of time in the target quadrant of the MWM in 
the 3 probe trials performed compared to control mice, and effect that was not reversed by treatment 
with BSc3094. C. A two-way ANOVA analysis of the percentage of time in the target quadrant in the 
long-term probe trial denoted an overall effect of the genotype [F(1, 62) = 5.309; p = 0.0246]. Further 
post-hoc analysis with uncorrected Fisher’s LSD test showed that vehicle-treated rTg4510 mice spent 
a significantly lower percentage of time in the target quadrant in the long-term probe trial compared to 
vehicle-treated controls (p = 0.0246), an effect that was partially reversed by BSc3094 treatment. All 
numerical data are shown as mean +/- SEM; * denotes the effect of the genotype; $ denotes the 
significance compared to 25% chance of exploration of the target quadrant. *, $ p < 0.05; $$ p < 0.01; 
$$$ p < 0.001; ****, $$$$ p < 0.0001. 

4.3.7. BSc3094 treatment reduces the level of phosphorylated tau 
species in rTg4510 mice 

Besides analyzing the potential therapeutic effect of BSc3094 by monitoring different 

behavioral tasks in the mice, including memory, we also assessed the effect of the 

drug in markers of tau pathology.  As expected, rTg4510 mice treated with vehicle 

presented significantly higher levels of phosphorylated tau at Ser262, detected with 

12E8 antibody, compared to control mice (figure 66A). Interestingly, BSc3094 

treatment was able to revert the increase in tau phosphorylation levels. A similar 

pattern was observed when analyzing the phosphorylation levels at another epitope, 

Ser396/Ser404 (detected by PHF-1 antibody). Vehicle-treated transgenic mice 

presented a significant increase in the phosphorylation levels at this epitope compared 

to control mice (figure 66B), which was reversed by treatment with BSc3094.  
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Figure 66 - Treatment with BSc3094 significantly reduced tau phosphorylation in rTg4510 mice. 
A. A two-way ANOVA analysis demonstrated an interaction between genotype and treatment on the 
levels of 12E8 [F(1, 22) = 4.32; p = 0.0495]. Further post-hoc analysis with uncorrected Fisher’s LSD 
test showed that rTg4510 mice presented an increase in the levels of 12E8 compared to control 
animals (p = 0.429), an effect that was reversed by BSc3094 treatment (p = 0.0160). B. An overall 
effect of the genotype was detected regarding the levels of PHF-1 [F(1, 22) = 14.58; p = 0.0009]. 
Uncorrected Fisher’s LSD post-hoc test showed that the phosphorylation at the epitope Ser396/ser404, 
detected with PHF-1 antibody, was increased in vehicle-treated rTg4510 compared to controls (p = 
0.0007). This effect was reversed by treatment with BSc3094 (p = 0.0452). All numerical data are 
shown as mean +/- SEM; * denotes the effect of the genotype; $ denotes the effect of BSc3094 
treatment. *, $ p < 0.05; *** p < 0. 001. 

4.3.8. BSc3094 treatment has no effect on the expression of 
glutamate receptor and synaptic markers 

We also analyzed the levels of GluR1 in the experimental animals (figure 67). 

Transgenic mice presented significantly lower levels of GluR1compared to control 

mice. BSc3094-treated rTg4510 mice also presented significantly lower levels of 

GluR1 compared to control mice, showing that the anti-aggregant drug did not revert 

the loss of GluR1 observed in rTg4510 mice.   
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Figure 67 - BSc3094 did not reverse the loss of glutamate receptor 1 in rTg4510 mice. 
A two-way ANOVA analysis denoted an overall effect of the genotype on the levels of GluR1 [F(1, 22) 
= 35.08; p < 0.0001]. Further uncorrected Fisher’s LSD post-hoc test showed that vehicle-treated 
rTg4510 mice presented significantly lower levels of GluR1 compared to vehicle-treated control mice 
(p = 0.0030), a decrease that was also observed in BSc3094-treated rTg4510 mice (p = 0.0039), 
demonstrating the inefficacy of the drug to reverse the loss of GluR1 observed in the transgenic mice. 
All numerical data are shown as mean +/- SEM; * denotes the effect of the genotype; ** p < 0.01. 

In addition, we analyzed the potential effect of BSc3094 in reversing the loss in pre- 

and post-synaptic markers typically observed in rTg4510 mice. Our results showed 

that rTg4510 mice have lower levels of PSD95 (figure 68A) and synaptophysin (figure 

68B), compared to control mice. Treatment with BSc3094 did not reverse the decrease 

in pre- and post-synaptic markers observed in the transgenic mice, as drug-treated 

rTg4510 mice presented lower levels of PSD95 and synaptophysin compared to 

control mice. 
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Figure 68 - BSc3094 treatment did not reverse the loss in the expression of synaptic markers 
in rTg4510 mice. 
A. Two-way ANOVA analysis showed an overall effect of the genotype [F(1, 22) = 8.982; p = 0.0066] 
on the levels of PSD95. Further uncorrected Fisher’s LSD post-hoc test indicated that vehicle-treated 
rTg4510 mice presented significantly lower levels of PSD95 compared to vehicle-treated control mice 
(p = 0.0456), a decrease that was also observed in BSc3094-treated rTg4510 mice (p = 0.0153), 
demonstrating that the drug treatment did not reverse the loss in the expression of PSD95. B. Analysis 
of synaptophysin expression with two-way ANOVA showed an overall effect of the genotype [F(1, 22) 
= 34.24; p < 0.0001]. Further post-hoc analysis with uncorrected Fisher’s LSD test showed that vehicle-
treated rTg4510 mice presented significantly lower levels of synaptophysin compared to control mice 
(p < 0.0001), an effect that was not reversed by BSc3094 treatment (p < 0.0001). All numerical data 
are shown as mean +/- SEM; * denotes the effect of the genotype; * p < 0.05; **** p < 0.0001.  
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5. Discussion  

Despite considerable progress in our understanding of the pathophysiology of 

neurodegenerative diseases, AD remains a complex and multifactorial disorder with 

undefined course(s). Over the last years, several theories arose to explain the onset 

and propagation of tau pathology throughout the brain. Still, studies using in vitro and 

in vivo models were not able to answer some of the fundamental questions in the field. 

Understanding the mechanisms underlying the initiation and progression of tau 

pathology, as well as the potential involvement of external factors, including 

neuroinflammation, is important towards the prevention and treatment of the disease.  

AD, the most common neurodegenerative disorder, is characterized by the 

intraneuronal aggregation of the MT-associated protein tau (Grundke-Iqbal et al., 

1986) and deposition of A plaques (Price et al., 1991). In contrast to AD, where 

mutations have not been found in the tau gene (MAPT), patients presenting FTD with 

parkinsonism associated with chromosome 17 (FTDP-17) exhibit tau mutations (Buée 

et al., 2000; Dujardin et al., 2014). These mutations have been used to develop animal 

models with tau aggregation to study the role of this protein in tauopathies (Duyckaerts 

et al., 2008; Götz and Ittner, 2008). However, the relevance of using these mutations 

for AD research is debatable, as mutated tau has different properties than WT tau (e.g. 

higher nucleation process). Furthermore, in FTDP-17 there is not a specific unique 

neuronal network affected by tau pathology, while certain sporadic tauopathies display 

hierarchical pathways of degeneration (Chang et al., 2008). An example is AD, where 

tau pathology follows a well-established pathway defined by the Braak stages, 

beginning in the EC, spreading to the hippocampal formation and eventually invading 

the entire cerebral cortex over time (Braak and Braak, 1991; Duyckaerts et al., 1997; 

Delacourte et al., 1999). Other tauopathies, like PSP or argyrophilic grain disease, also 

follow a specific hierarchical pathway of fibrillary degeneration (Verny et al., 1996; Saito 

et al., 2004). Despite its debatable relevance, tau mutations have been widely used for 

the development of cellular and animal models of AD. 

5.1. Propagation of tau pathology in mouse models of early 
Alzheimer disease  

To study the spreading of tau pathology throughout the brain, different models 

expressing mutant htau have been used over the last years. An important aspect to 
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consider while studying this mechanism is the fact that htau must be initially restricted 

to a brain region, and the spreading of the protein or pathology is studied from that 

region onwards. Mainly two strategies have been used so far: 1) transgenic mouse 

models with tau transgene expression under the regulation of the neuropsin promoter, 

which restricts the expression of mutant htau to the EC; 2) stereotaxic injections into a 

specific brain region of WT or transgenic mice with AAV encoding different tau mutants, 

PFFs, or brain homogenates from patients or mouse models of AD. Regarding the first 

example, the rTgTauEC mouse has been widely used as a model of early AD (de 

Calignon et al., 2012). These transgenic mice overexpress htau P301L restricted to 

EC layer II neurons, where tau pathology starts developing in transgene-expressing 

neurons. Over time, tau pathology propagates first to neighboring neurons in the EC 

region without transgene expression, and later to neurons in synaptically connected 

regions such as the DG, CA fields of the hippocampus, and cingulate cortex.  

5.1.1. Transgenic mice expressing pro- and anti-aggregant human 
tau under the neuropsin promoter as models of tau spreading 

Similarly, we used transgenic tTA-EC/K2 and tTA-EC/K3 mice, which express htau-

K280 (pro-aggregant) and htau-K280-2P (anti-aggregant), respectively, under the 

neuropsin promoter (restricted to the EC). Using a specific antibody for htau (HT7) and 

BLI measurements in ex vivo brain slices we confirmed the EC-restricted expression 

of both pro- and anti-aggregant htau in the neuropsin mice. Furthermore, our results 

partly recapitulated the findings of de Calignon et al., 2012, as we observed 

phosphorylated tau (12E8 and AT180 antibodies) and pathological conformation (MC1 

antibody) in the EC region of pro-aggregant mice at different ages. Anti-aggregant 

neuropsin mice did not present tau with pathological conformation, but presented tau 

phosphorylation in the EC, although in a lesser extent than pro-aggregant mice. 

Contrary to the findings of de Calignon et al., 2012, our animals did not express Gallyas 

or ThioS positive neurons in the EC (results not shown). In addition, mutant htau was 

present in the EC region and along the perforant pathway, but no trans-synaptic 

spreading of tau protein was observed in the neuropsin mice up to 24 months of age. 

We also did not observe propagation of the markers of tau pathology (phosphorylation 

and pathological conformation) from the EC to other brain regions, contrasting with the 

observations in rTgTauEC mice. Therefore, pro- and anti-aggregant htau, initially 

restricted to the EC, was transported along the EC axons via the perforant pathway up 
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to the axon terminals in the outer molecular layer of the DG, where the synapses 

between EC axon terminals and apical dendrites from DG granule cells occur, but did 

not move forward to the next cell layer (the granule cell layer of the DG).  

The expression of markers of astrogliosis (GFAP) and microgliosis (Iba1) in the EC 

and DG presented no differences between pro-aggregant, anti-aggregant and WT non-

transgenic mice up to 24 months of age. In contrary, de Calignon et al., 2012 observed 

a higher number of GFAP labeled astrocytes in the brains of rTgTauEC mice compared 

to controls and increased microglial activation at 24 months of age in the molecular 

layer of the DG. As the neuropsin mice and the rTgTauEC mice express similar levels 

of htau compared to the endogenous mtau (approximately 20%), the different 

experimental outcome cannot be explained by differences on the expression level of 

htau. However, the fact that the models contain two distinct tau mutations (htau-K280 

and htau-P301L) may contribute to the differences observed in the development of 

pathology and its propagation. Besides the differences in the mouse models, the use 

of different brain embedding methods, tissue preparation and staining protocols could 

also contribute to the differences. Specifically, we used 5 m-thick paraffin sections 

and performed IHC with DAB, while in the other study frozen 40 m-thick sections and 

IF were used.  

Despite the advantages of the neuropsin model, recently the robustness of the 

promoter has been questioned (Yetman et al., 2016). By performing a systematic 

analysis of Nop-tTA expression using a LacZ reporter, the authors confirmed that the 

highest density of tTA expression is observed in the EC and pre-/parasubiculum, but 

also revealed considerable expression in several other cortical areas. Indeed, 

expression was found to be robust in occipital, temporal and cortical areas, with weaker 

expression in several other brain regions. Contrary to these findings, we did not find 

htau positive cells outside the EC and perforant pathway in the neuropsin model up to 

24 months of age. The discrepancy between the results might be accounted for by 

several factors, including the use of different methods to check the specificity of Nop-

tTA expression. Most groups, including ours, rely on in situ hybridization, RT-PCR, or 

immunohistology to detect expression of the tet-responsive mRNA or protein of interest 

(Harris et al., 2010; de Calignon et al., 2012; Liu et al., 2012; Rowland et al., 2013), 

instead of checking the specificity of Nop-tTA expression using colorimetric or 

fluorescent responder lines. Furthermore, other factors may influence the expression 
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pattern of some promoters, including age (Long and Rossi, 2009), epigenetic 

modifications (Swain et al., 1987; Akitake et al., 2011), and the strain background on 

which the transgene is expressed (Opsahl et al., 2002; Robertson et al., 2002; Lehman 

et al., 2003; Han et al., 2012; Strong et al., 2012). 

5.1.2. Combining AAV-directed gene transfer with neuropsin mice to 
boost the propagation of tau pathology 

We assumed that the fact that we did not observe trans-synaptic spreading of tau 

protein and tau pathology in the tTA-EC/K2 and tTA-EC/K3 mouse models was related 

to the low expression of the mutant htau transgene. To create an accelerated model 

for the spreading of tau pathology, we combined the neuropsin mouse models with 

stereotaxic injections of AAV in the EC encoding the same tau mutants (K280 and 

K280-2P) that the mice already expressed. This led to a successful increase in the 

levels of htau compared to the PBS-injected hemisphere or non-injected mice. The 

AAVs used also encoded GFP besides htau-K280 or htau-K280-2P, and both 

sequences were separated by a 2A self-cleaving peptide, which ensures the 

independent expression of both proteins (GFP and htau). To monitor the spreading of 

htau protein, we considered the htau+/GFP- cells as htau “recipient cells”, which 

received htau from the “donor cells” that were initially transfected by the AAV and were, 

therefore, htau+/GFP+.  

Other authors injected K18 tau seeds in the hippocampal CA1 region of rTg4510 mice 

and analyzed the spreading of tau pathology from the injection site to interconnected 

areas (Peeraer et al., 2015). The K18 tau seeds are PFFs consisting of an aggregated 

synthetic htau fragment containing the MT-binding repeat domain with a P301L 

mutation (Barghorn et al., 2005). Similarly, other authors injected K18 tau seeds in 

PS19 transgenic mice expressing the P301S mutation (Iba et al., 2013). Both studies 

showed that intracerebral inoculation of rTg4510 or PS19 mice results in a rapid 

induction of NFT-like inclusions around the injection site, which can propagate from 

this region to anatomically connected brain areas distant from the injection site in a 

time-dependent manner.  

Despite the relevance of these approaches as models of fast spreading of tau 

pathology, several aspects should be considered. First, the injection of PFFs usually 

only produces an effect when injected into the brain of a transgenic mouse. Injection 
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of PFFs into the brain of control non-transgenic mice does not induce tau aggregation 

and propagation of tau pathology (Peeraer et al., 2015). Therefore, besides injecting a 

relatively high amount of synthetic tau fibrils, a background where high levels of mutant 

htau and tau pathology are present is also necessary for the effects observed. These 

conditions are more artificial than what happens in the brains of sporadic AD patients 

and, therefore, we believe that our model represents a more physiological condition. 

Furthermore, the fact that in our study htau was initially restricted to the EC mimics the 

initial stages of tau pathology in AD, while other authors performed injections in the 

hippocampus or cortex and studied the propagation of the pathology from these 

injection sites to interconnected regions. In addition, injection into a relatively small 

region like the CA1 may increase the possibility of errors during the injection procedure. 

These errors can be due to an incorrect injection site, but also because the volume to 

be injected may be greater than what the CA1 layer can accommodate, which would 

lead to part of the injected solution flowing to other regions. Besides this, the withdrawal 

of the stereotaxic syringe may cause backflow of the injected solution to other regions, 

giving a false positive for the spreading of tau pathology.  

Hence, small differences in experimental design might account for the conflicting 

results, but the observed differences are also likely to be related to genetic background 

differences in the mouse strains employed in these studies. Furthermore, mice may 

also recover differently, and distinct levels of inflammation may be induced during/after 

stereotaxic surgery, which can affect the course of tau pathology developed. As a 

conclusion, both neuropsin and injection models have pros and cons which we need 

to be aware of to be critical about the experimental results. 

5.1.3. The propagation of tau protein is independent of the 
aggregation potential 

In the neuropsin injected mice (tTA-EC/K2 and tTA-EC/K3), both pro-aggregant htau 

(K280) and anti-aggregant htau (K280-2P) propagated from the EC to other brain 

regions. This was confirmed by the presence of tau “recipient cells” (htau+/GFP-) in 

brain regions anatomically connected with the EC, like the granule cell layer of the DG. 

The fact that these cells express htau but not GFP means that they were not initially 

transfected with the AAV but received htau from a “donor cell”, located in the EC and 

initially transfected with the AAV. As both pro- and anti-aggregant htau can propagate 
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from the EC this demonstrates that the ability of tau protein to spread across cells is 

independent of the protein’s aggregation potential. Similarly, in WT and TKO mice 

injected with AAV-K2 (pro-aggregant htau) and AAV-K3 (anti-aggregant htau), tau 

“recipient cells” (htau+/GFP-) were observed in brain regions anatomically connected 

to the EC, including the granule cell layer of the DG, and pyramidal cells of CA1 and 

CA3. This confirms that pro- and anti-aggregant htau was able to spread from one cell 

layer to the next, meaning that the ability of tau protein to spread across cells is 

independent of its aggregation potential. Moreover, our observations also corroborate 

the idea that tau does not spread in a “prion-like” manner, as tau does not need to have 

a pathological conformation to be transferred from cell to cell, as it is necessary in the 

case of PrPSc. 

Although in several experimental animals we observed the propagation of htau alone, 

which easily allowed us to detect the trans-synaptic spreading of tau, we also observed 

the expression of GFP in several other brain regions rather than the EC in other 

animals. This adds a confounding parameter because if a cell outside the EC is htau+ 

we have to be careful when considering this as trans-synaptic spreading of tau protein 

if the cell is also GFP+. Our data suggests that GFP itself may also be able to spread 

independently from cell to cell, as the AAV constructs used contain the cleaving agent 

2A, which ensures the independent expression of GFP and the htau transgene. In fact, 

if the spreading of tau occurs via synaptic connections it is expected that GFP, if it can 

be released and taken up by cells, will most likely follow the same stereotypical pattern 

for propagation. We also cannot exclude that errors in the injection site/injection 

procedure may have occurred, leading to the presence of GFP+ cells where they were 

not expected, although this is unlikely. 

To further monitor the impact of the presence of pro- and anti-aggregant htau, the BW 

of the animals was monitored weekly from the date of stereotaxic surgery. At 5 months 

of age, before AAV injection, no differences were observed on the BW between groups. 

On the other hand, at 18 months p. i., the BW of WT AAV-K2 mice was significantly 

lower than the BW of WT AAV-K3 mice. A similar tendency was observed between the 

injected tTA-EC/K2 and tTA-EC/K3 mice, with the mice expressing pro-aggregant htau 

presenting a lower BW, although not significant. This suggests a potential deleterious 

effect of the expression of pro-aggregant mutant htau in tTA-EC/K2 and WT AAV-K2 

mice, due to the lower BW compared to the animals expressing anti-aggregant htau. 
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The BW of TKO AAV-K2 mice was significantly higher than the BW of WT AAV-K2 

mice, suggesting that the absence of endogenous mouse tau might protect against the 

BW loss caused by the expression of pro-aggregant htau. Other studies have shown 

that, although the absence of endogenous mouse tau does not prevent the spreading 

of mutant tau from the EC to the rest of the brain, it reduces the extent of pathology 

developed (Wegmann et al., 2015). The authors also revealed features of tau that differ 

from expectations based on the prion-like model of tau propagation and toxicity 

(previously described in this thesis). In particular, mutant htau, either in ECrTgTau mice 

or AAV-mediated P301L tau expression, could be released by donor neurons and 

taken up and be detected weeks to months later in recipient neurons, even if 

endogenous tau was missing. Therefore, aggregated tau remains for substantial 

periods of time in the recipient cells without a requirement for templated misfolding of 

endogenous tau to “maintain” the aggregate, as is necessary in case of PrP 

(Weissmann, 2004). However, the absence of endogenous mouse tau markedly 

reduced the extent of pathology in rTg4510 mice, showing that although the absence 

of endogenous mouse tau does not alter the propagation of tau protein, it reduces tau 

pathology. An explanation is that the conformational changes resulting from the co-

aggregation of endogenous mouse tau with human P301L tau may create toxic strains 

of tau aggregates (Sanders et al., 2014). 

5.1.4. Absence of trans-synaptic propagation of markers of tau 
pathology 

Although we observed that tau protein was able to spread from the EC to the next 

interconnected brain region in both pro- and anti-aggregant mouse models, we did not 

observe spreading of markers of tau pathology in our mouse models. Similar to the 

observations in neuropsin non-injected mice, we detected phosphorylated tau (with 

PHF-1 antibody, Ser396/Ser404) in the EC of the pro-aggregant models (tTA-EC/K2, 

WT AAV-K2 and TKO AAV-K2) and anti-aggregant models (tT-EC/K3, WT AAV-K3 

and TKO AAV-K3). Once more, the expression of phosphorylated tau was more 

prominent in the pro-aggregant models, as expected based on the previous evidences. 

Despite observing phosphorylated tau in the EC region of the mice, phosphorylated 

tau species were not observed in other brain regions but were confined to the injection 

site. An exception was observed in WT mice injected with AAV-K2 or AAV-K3, where 
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PHF-1+ cells were additionally detected in the granule cell layer of the DG and 

pyramidal cell layer of the CA1, although in a sparse number. 

On the other hand, staining with MC1 antibody, specific for pathological conformation 

of tau, showed that only pro-aggregant mouse models present tau with pathological 

conformation. This was restricted to EC neurons and perforant pathway up to the axon 

terminals in the outer molecular layer of the DG, not spreading to any further cell layer. 

Therefore, if there was htau in the DG or other brain region in these mice, it still did not 

acquire any pathological conformation/features. Thus, in our mouse models there is 

no propagation of tau pathology from the EC to other brain regions. Although 

pathological alterations in tau are observed in the EC, these remain confined to this 

area and do not propagate to the rest of the brain. Worth mentioning is that in WT AAV-

K2 and TKO AAV-K3 mice MC1+ cells were detected in the DG, but due to the fact of 

being also GFP+ we cannot consider this as spreading of pathology, based on our initial 

definition of spreading (cells must be GFP-).  

Our results diverge from other studies previously mentioned, where AT8+ neurons, as 

well as MC1+ and ThioS+ cells have been found in regions connected to the injection 

site (Iba et al., 2013; Peeraer et al., 2015). These differences may be related to the 

fact that our mutated htau is initially restricted in the EC, while on these studies PFFs 

were injected in the hippocampus or cortex from where tau pathology may spread more 

easily, although this hypothesis still needs to be tested. Also, the fact that we are using 

animals with different genetic background and different tau mutations, as well as the 

differences in the injected solutions (AAV vs. PFFs) may account for the discrepancies 

in the experimental outcome. Since we are using a pro-aggregant mutant form of tau, 

we hypothesize that the protein may aggregate readily on the injection site (EC) and is 

not so easily released and taken up by cells, preventing the pathology from 

propagating. Indeed, a recent study analyzed the impact of distinct tau isoforms or 

mutations on the process of tau aggregation and tau propagation (Dujardin et al., 

2018). In human neuropathological material MAPT mutations induce a faster protein 

misfolding compared to the non-mutated tau found in sporadic AD patients. 

Furthermore, in the rat brain, the species of tau has an impact in the propagation of 

markers of tau pathology like hyperphosphorylation and misfolding. In fact, the 

spreading rate of misfolded and hyperphosphorylated tau protein is different in the 

presence of a tau mutation or when the isoform composition is altered. In agreement, 
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a previous study using different immunological tools to follow phospho-tau species, 

showed that tau pathology generated using mutated htau remains near the injection 

site, whereas it spreads much further using WT htau, resembling the propagation of 

pathology happening in AD brains (Dujardin et al., 2014). These results clearly 

demonstrate the presence of specific folding properties of tau, related to the isoform 

composition or mutations present, that affect the behavior of pathological tau species. 

It is also important to highlight that the fact that tau aggregates are the toxic tau species 

responsible for the pathology is still debatable. Indeed, recent evidences have 

weakened this hypothesis and suggested that other factors, like neuroinflammation, 

may be the culprit for the pathology observed in the AD brain (Ishizawa et al., 2004; 

Ising et al., 2019; Vogels et al., 2019). 

5.2. Role of neuroinflammation in the onset and propagation of 

tau pathology 

Increasing evidences suggest that the pathological mechanisms in AD are not 

restricted to the neuronal compartment, but strongly interact with immunological 

mechanisms in the brain (Heneka et al., 2018). Indeed, neuroinflammation in AD is not 

a simple bystander activated by the appearance of senile plaques or NFTs, but actually 

contributes to the same extent or more to the pathogenesis as plaques and tangles 

themselves (Zhang et al., 2013; Heneka et al., 2018). This is emphasized by recent 

findings that genes for immune receptors, including TREM2 (Guerreiro et al., 2013) 

and CD33 (Bradshaw et al., 2013), are associated with AD. Activated microglia, 

astrocytes and increased levels of proinflammatory molecules are additional 

pathological hallmarks observed in the brain regions affected by tau pathology (Leyns 

and Holtzman, 2017). In recent years, there has been abundant research to 

understand the role of gliosis and neuroinflammation in neurodegenerative diseases, 

particularly AD. It has been shown that both microglia and astroglia contribute to the 

onset and propagation of tau pathology throughout the brain. As an example, the 

assembly of the NLRP3 inflammasome inside microglia upon activation leads to the 

downstream release of IL-1β, which regulates the activity of kinases and 

phosphatases, having a direct impact on the pathogenesis of tau protein and 

contributing to the worsening of tau pathology (Ising et al., 2019). Furthermore, 

microglia activation positively correlates with tau pathology, and microglia can spread 

tau via exosome secretion, contributing to the progression of the pathology (Asai et al., 
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2015; Wang et al., 2017). Indeed, the same study showed that depletion of microglia 

suppressed the propagation of tau, providing robust evidence for the involvement of 

microglia in the pathogenesis of AD. Furthermore, several transgenic mouse models 

of AD present astrocyte activation in the affected brain regions, frequently before the 

development of mature plaques and/or tangles. This suggests that astrocytosis is 

involved in AD pathogenesis, possibly preceding the development of tangles or 

plaques (Garwood et al., 2010, 2011). 

5.2.1. Neuroinflammation may precede the propagation of tau 
pathology 

Based on the hypothetical involvement of neuroinflammation in the onset and 

propagation of tau pathology, we analyzed the expression of markers for astrocytosis 

(GFAP) and microgliosis (Iba-1 or CD11b) both by immunofluorescence and WB. In 

tTA-EC/K2 mice, at 3 months p. i., staining for GFAP was more pronounced in the 

hippocampal region compared to the EC, although most of the htau and tau with 

pathological changes is located in the EC. This suggests that the activation of 

astrocytes in the hippocampus might precede the propagation of tau pathology form 

the EC to the hippocampus and be the result of a signaling mechanism arising in the 

EC that induces astrogliosis. In tTA-EC/K3 mice we did not observe differences in the 

expression of GFAP between the EC and hippocampus and, overall, the animals 

expressed lower levels of GFAP than the pro-aggregant mice. This difference was 

further confirmed by WB using the GFAP antibody, which showed that pro-aggregant 

mice express higher levels of astrogliosis compared to anti-aggregant mice at 12 and 

18 months after AAV injection. Regarding the expression of microglia, both 

immunofluorescence with Iba1 antibody and WB with CD11b antibody revealed no 

differences in the levels of microglia between the injected pro- and anti-aggregant mice 

at the time points analyzed.  

Similar to the findings in neuropsin-injected mice, in WT mice staining with GFAP 

antibody was more pronounced in the hippocampal region of WT AAV-K2 mice than in 

the EC region. In WT AAV-K3 mice we did not observe a differential expression of 

GFAP between the EC and the hippocampus, and again these animals had an overall 

lower expression of GFAP compared to WT AAV-K2 mice. This observation was further 

confirmed by WB analysis using the GFAP antibody, with WT AAV-K2 mice presenting 
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higher levels of GFAP compared to WT AAV-K3 mice in the EC and hippocampus at 

all time points analyzed, although not significant. Together with the results from the 

neuropsin injected mice, this shows that in mice expressing pro-aggregant htau there 

is increased astrogliosis in the hippocampal region compared to the anti-aggregant 

models, which is likely to be correlated with the pathological changes in tau observed 

in the EC of these mice. We hypothesize that the appearance of the first signs of 

pathology in the EC signals other brain regions, possibly through the release of 

proinflammatory cytokines. This would then lead to the initiation of inflammatory 

processes in those brain regions (like the hippocampus), starting the pathological 

cascade that will later contribute to neurodegeneration. In addition, 

immunofluorescence and WB analysis of microglia levels in WT mice showed that, at 

3 months after AAV injection, no significant differences exist between WT AAV-K2 and 

WT AAV-K3 mice. However, the levels of the microglial marker CD11b increased over 

time in the EC and hippocampus of WT AAV-K2 mice, which was not observed in the 

WT AAV-K3 mice. This increase in the levels of microglia is likely to be a response to 

the development of tau pathology in the EC region of these mice.  

Regarding the levels of microglia and astrogliosis in injected TKO mice a different 

tendency was observed. Staining with GFAP was still more prominent in the 

hippocampal region of TKO AAV-K2 mice compared to the EC region, in agreement 

with the previous mouse lines. However, the same was observed in TKO AAV-K3 mice. 

WB analysis with the GFAP antibody showed no differences between TKO AAV-K2 

and TKO AAV-K3 at the time points analyzed, but a similar increase in GFAP levels 

over time in the EC and hippocampal fractions of both experimental groups. Regarding 

the levels of microglia, WB with the CD11b antibody showed no significant differences 

at 3 months p. i. between TKO AAV-K2 and TKO AAV-K3 mice. However, at 12 and 

18 months p. i., TKO AAV-K2 mice present significantly higher levels of CD11b 

compared to TKO AAV-K3 mice, both in the EC and hippocampal fractions. This is 

likely to be a response to the development of pathological alterations in these animals, 

due to the expression of mutant pro-aggregant htau in the EC.  

Overall, the increase in the levels of GFAP in the pro-aggregant mouse models is likely 

to be a consequence of the expression of mutant htau that induces pathological 

alterations in the EC of these mice, which in turn activates neuroinflammatory 

pathways. However, based on the evidences implicating microglia in the pathogenesis 
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and spreading of tau, we expected to observe higher levels of microglia in the pro-

aggregant models too compared to the anti-aggregant mice. Furthermore, despite in 

neuropsin and WT mice we observed that GFAP levels were higher in the mice 

expressing pro-aggregant tau compared to the ones expressing anti-aggregant tau, a 

different pattern was observed in TKO mice. The fact that the same level of GFAP was 

observed in TKO AAV-K2 and TKO AAV-K3 mice may result from the absence of 

endogenous mouse tau. Indeed, when we compared WT AAV-K2 with TKO AAV-K2 

mice, we also observed that the levels of GFAP increase over time in the EC fraction 

of TKO mice, which was not observed in WT mice. This again reinforces that the 

absence of endogenous mouse tau may induce a higher activation of astrocytes. 

However, further studies are needed to shed light on the relation between astrogliosis 

and the different forms of tau. Other studies also analyzed the expression of 

inflammatory markers upon induction of tau pathology. Indeed, Peeraer et al., 2015, 

observed abundant astrogliosis and microgliosis after PFF injection, closely correlating 

with the induced tau pathology. Similarly, Ahmed et al., 2014 also identified a subtle 

increase in microgliosis in tau transgenic mice 2.5 months after infusion with P301S 

brain extracts. Despite no obvious nerve cell loss in this model, the increase in Iba1 

staining might be indicative of an early inflammatory response to neurodegeneration. 

Since neuroinflammation occurs before we see apparent cell loss in the model of 

Peeraer et al., 2015, the authors hypothesized that aggregated tau stresses the 

neurons triggering microglial and astroglial phagocytosis as an early inflammatory 

response in a pathogenic mechanism. 

Finally, we analyzed the levels of pre- and post-synaptic markers in all experimental 

groups over time. In the tTA-EC/k2 mice, the levels of PSD95 and synaptophysin 

decreased over time in the EC fraction, which was not observed in tTA-EC/K3 mice. 

This suggests the presence of synaptic deficits, likely as a result of the presence of 

pro-aggregant mutant htau which induces pathological changes in the EC of these 

mice. In WT mice we did not detect differences on the levels of synaptophysin at all 

time points analyzed. However, WT mice injected with AAV-K2 presented a significant 

decrease on the levels of PSD95 over time in the EC and hippocampal fractions, which 

was not observed in WT AAV-K3 mice and is once more likely to be a consequence of 

the expression of mutant pro-aggregant htau and concomitant pathological changes. 
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The analysis of pre- and post-synaptic markers in TKO originated conflicting results. In 

the EC fraction we observed a significant decrease over time in the levels of 

synaptophysin in TKO AAV-K2 mice, which was not observed in TKO AAV-K3 mice. 

However, in the hippocampal fraction the levels of synaptophysin remained unchanged 

in TKO AAV-K2 mice, but significantly increased over time in TKO AAV-K3 mice. 

Regarding the postsynaptic markers, we did not observe differences between TKO 

AAV-K2 and TKO AAV-K3 mice in the EC fraction, but the levels of PSD95 significantly 

increased over time in TKO AAV-K2 mice. Previous studies showed that knockout of 

tau protein leads to an upregulation of the tau homolog protein MAP1A and 

modification of the axon caliber to one typically found in dendrites (Harada et al., 1994). 

Furthermore, other authors have shown an age-dependent reduction of synaptophysin 

levels in TKO mice, along with a significant reduction of post-synaptic excitatory 

markers (NR2B, PSD95, Fyn, drebrin), especially in aged TKO mice (Ma et al., 2014), 

concomitant with deficits in the MWM test and loss of functional MAPS. Further studies 

have to be performed to understand the impact of the absence of endogenous mouse 

tau in the spreading of tau pathology and in its effect on the expression of synaptic 

markers. 

In summary, we observed that in the AAV-injected mouse models both pro- and anti-

aggregant htau propagate between cells from the EC to other regions. This shows that 

the aggregation propensity of tau does not interfere with its ability to spread across 

cells. However, only pro-aggregant tau induces pathological changes, and these 

remain mostly confined to the EC and perforant pathway. No trans-synaptic spreading 

of markers of tau pathology to the next layer of cells (DG) was observed, as these 

remained around the injection site. Furthermore, no differences were observed in the 

levels of microglia between pro- and anti-aggregant models, but astrogliosis was 

increased in the pro-aggregant models compared to the anti-aggregant. These 

evidences suggest that the activation of astrocytes in the hippocampal region may be 

an early event that precedes the propagation of tau pathology from the EC to the 

hippocampus. More studies are needed to shed light on the inflammatory mechanisms 

in the pathogenesis of AD, with potential implications for the development of novel 

therapeutic strategies. Furthermore, it is of major relevance to clearly distinguish 

between the spreading of tau protein across cells and the propagation of pathology 

throughout the brain (figure 69). 
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Figure 69 - Schematic representation of the spreading of tau protein and tau pathology. 
A. Healthy tau protein (in blue) can be transported along an axon up to the axon terminals of the 
neuron. This process of axonal transport is unrelated to the trans-synaptic spreading of the protein. 
The healthy tau in the axon terminals of a donor neuron may be released to the extracellular space via 
different mechanisms (e.g. exocytosis, exosome release), and be taken up by the next acceptor cell 
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(e.g. endocytosis, exosome uptake). This process of trans-synaptic spreading of tau protein does not 
involve spreading of pathology. Note that any event of exocytosis or endocytosis can transfer proteins 
across cell boundaries. B. Under certain conditions, tau (or some other factor X) may acquire toxic 
properties (e.g. misfolded tau, red). This pathological agent may also be transported along the axon, 
then released and taken up by other cells. In the acceptor neurons, the pathological tau (or agent) will 
produce a toxic effect and possibly convert the healthy tau into a misfolded toxic species to propagate 
the toxic cascade. Importantly, other players may also contribute to the spreading of pathology and 
their role cannot be ruled out (e.g. microglia releasing pro-inflammatory cytokines, etc.). In that case, 
misfolding of tau may be a hallmark rather than the cause of pathology. 

5.3. Therapeutic intervention to halt the propagation of tau 

pathology 

In light of the increased understanding of the physiological and pathological roles of 

tau, and advances in animal models of tauopathy, novel targets have been identified 

contributing to the development of new drug candidates. Several drug candidates 

targeting tau have so far progressed into clinical testing, including anti-tau vaccines 

and aggregation blockers. Other strategies have been developed that do not target tau 

directly, but targets involved in pathways with a putative role in tau-mediated toxicity, 

such as MT stabilizers and small molecules to block tau hyperphosphorylation and 

acetylation (Li and Götz, 2017).  

5.3.1. Tau aggregation inhibitors as therapeutical agents for AD and 
other tauopathies 

Although controversial, it is believed that tau-mediated neurodegeneration arises, at 

least partly, from the protein’s aggregation capacity. As a consequence, tau 

aggregation inhibitors became potential therapeutic agents for diseases 

encompassing tau pathology, including AD. Two major approaches have been 

followed for tau aggregation: 1) the search for inhibitors of kinases that phosphorylate 

tau, based on the assumption that phosphorylation promotes tau aggregation (Kosik 

and Shimura, 2005; Kelleher et al., 2007; Bulic et al., 2009); 2) the search for direct 

inhibitors of the tau aggregation process. Regarding the latter, methylene blue has 

been tested to reverse the proteolytic stability of protease-resistant tau filaments by 

blocking the tau-tau interaction thought the MT-binding domain (Wischik et al., 1996; 

Hochgräfe et al., 2015). Several studies explored the efficacy of methylene blue and, 

although the drug failed to inhibit tau-dependent toxicity in zebrafish (van Bebber et al., 

2010), the drug efficiently induced autophagy and attenuated tauopathy in vitro and in 

vivo (Congdon et al., 2012) and blocked tau aggregation in C. elegans (Fatouros et al., 

2012). Unfortunately, the drug did not show treatment benefit when tested at two doses 
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in phase III trials involving 891 participants with mild-to-moderate AD (Gauthier et al., 

2016), for reasons that remain unclear. 

Another potential inhibitor of tau aggregation is BSc3094. Since previous in vitro 

studies from our group showed positive results using this drug, we moved forward into 

testing BSc3094 in an in vivo model of tau pathology, the rTg4510 mouse line. First, 

we assessed the BBB permeability of BSc3094 through i. v. administration of the drug 

at a dose of 3 mg/kg. This resulted in a maximum concentration in the brain of around 

70 ng/ml, and the half-life of the drug was 0.8h, clearly showing that it does not 

efficiently cross the BBB. For this reason, we delivered the drug directly into the brains 

of rTg4510 and control littermate mice using Alzet osmotic pumps with brain infusion 

kit.  

5.3.2. BSc3094 as a promising therapeutical agent for tau-related 
neurodegeneration 

BSc3094 monohydrobromide (2-[4-(4-Nitrophenyl)-2-thiazolyl]hydrazide-1H-

benzimidazole-6-carboxylic acid monohydrobromide) is a phenylthiazolyl-hydrazide 

derivative (Pickhardt et al., 2007). BSc3094 has been used in tau protein research to 

study the processes underlying the aggregation of the protein, as it has the ability to 

inhibit tau aggregation and dissolve tau PFFs (Pickhardt et al., 2007). Previous studies 

from our group showed that this compound efficiently reduced tau phosphorylation and 

aggregation (>82%), increasing at the same time cell viability and having no cytotoxic 

effects in N2a cells expressing pro-aggregant mutant htau (Pickhardt et al., 2015, 

2017). Further studies showed that BSc3094 was capable of reducing the levels of 

insoluble tau and increase the locomotion speed in a C. elegans model of tauopathy 

expressing pro-aggregant mutant htau (Fatouros et al., 2012). Recently, BSc3094 

reversed the pre-synaptic impairment observed in organotypic hippocampal slices from 

pro-aggregant tau transgenic mice, by reversing the paired-pulse depression observed 

in non-treated pro-aggregant tau transgenic slices after applying a paired-pulse 

stimulus of the Schaffer collaterals (Dennissen et al., 2016). Taken together, these 

results strengthen the hypothesis that BSc3094, a tau aggregation inhibitor, could be 

a potential therapeutical agent used to reverse tau pathology and, possibly, exert a 

beneficial effect in AD.  
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A pilot study performed by us using three different test doses of BSc3094 administered 

via direct intraventricular infusion using Alzet osmotic pumps showed that the highest 

dose (1.5 mM) reduced the levels of sarkosyl-insoluble tau in rTg4510 mice, compared 

to non-treated rTg4510 mice. Therefore, we used this drug dosage for the final 

experimental design. As BSc3094 is an inhibitor of tau aggregation, it was important to 

select an appropriate mouse model to test this drug, with extensive NFT pathology at 

a young age, reason why we selected rTg4510 mice. These animals express the 

P301L tau mutation, and develop pretangles as early as 2.5 months of age, 

accompanied by impaired spatial memory (Ramsden et al., 2005; SantaCruz et al., 

2005). 

5.3.3. Treatment with BSc3094 failed to reverse the body and brain 
weight loss in rTg4510 mice 

The first outcome from the treatment, which was monitored weekly, was the BW of the 

mice. BSc3094 did not reverse the BW loss typically observed in this transgenic mouse 

line. Furthermore, at the day of sacrifice, the brain weight was measured. Again, 

BSc3094 failed to reverse the brain weight loss characteristic in rTg4510 mice. 

Previous studies showed that rTg4510 mice present a loss of 60% of CA1 neurons at 

5.5 months of age, which results in a significant loss in brain weight (Ramsden et al., 

2005; SantaCruz et al., 2005). A likely explanation is that pathological alterations that 

culminate in this extensive neuronal loss start very early in life, so that it reaches a 

massive reduction in CA1 cells at 5.5 months of age. Therefore, starting the treatment 

with BSc3094 at 2 months of age may have been too late to reverse or slow down the 

neuronal loss characteristic of rTg4510 mice, explaining why BSc3094-treated mice 

also presented a lower brain weight compared to control littermate mice.  

5.3.4. Treatment with BSc3094 significantly reduced the levels of 
phosphorylated and insoluble tau, and partially improved 
cognition 

Despite this, treatment with BSc3094 strongly reduced the levels of phosphorylated 

tau (detected with both 12E8 and PHF-1 antibodies), as well as the levels of sarkosyl-

insoluble tau, which is in agreement with previous in vitro studies from our group, plus 

an indicator that pathological hallmarks may be reduced upon BSc3094 treatment.  
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In terms of behavioral assessment, treatment with BSc3094 resulted in a reversal of 

anxiety-like behavior and improvement in certain cognitive tests. Initially, we analyzed 

locomotor activity in the OF test, to ensure that transgenic mice do not have motor 

impairments that could lead to differences in the behavioral performance. Although no 

significant motor impairment was found in rTg4510 mice, we observed an increase in 

anxiety-like behavior in vehicle-treated transgenic mice, shown by a reduction in the 

time the mice spent exploring the center of the arena. This phenotype was ameliorated 

in the BSc3094-treated rTg4510 mice, showing that the drug reduced anxiety-like 

behavior. Furthermore, BSc3094 treatment reversed the memory impairment in 

rTg4510 mice in the NOR test, based on the assumption that mice have an innate 

tendency for exploring a novel environment or object. Vehicle-treated rTg4510 mice 

spent a significantly lower percentage of time in the new object compared to control 

mice, showing that they cannot distinguish between the familiar and novel object. On 

the other hand, BSc3094-treated mice spent a significantly higher percentage of time 

in the new object compared to the vehicle-treated transgenic mice. Treatment with 

BSc3094 also improved long-term memory in the MWM maze, as vehicle-treated 

rTg4510 mice spent a significantly lower percentage of time in the target quadrant 

during the long-term probe trial (72h after the last training session) compared to control 

mice. This was partly reversed by treatment with BSc3094, although no beneficial 

effect was observed on the latency to escape from the water during the MWM learning 

days or during the other probe trials. Besides this, BSc3094 also failed to reverse the 

impairments in burrowing and nest building in rTg4510 mice. The treatment with the 

tau aggregation inhibitor also did not reverse memory deficits observed in the y-maze 

test, as well as the loss in synaptic markers GluR1, synaptophysin and PSD95 in 

rTg4510 mice. 

Several reasons may explain these conflicting results, including the fact that the 

different behavioral tasks performed to assess cognition in rTg4510 mice involve 

different types of memory that require distinct neuronal networks and brain regions for 

their storage and retrieval (Thompson and Kim, 1996; Ben-Yakov et al., 2015). 

Furthermore, the extent of tau pathology and the concentration of BSc3094 reaching 

each part of the mouse brain may be different, which could contribute to the 

differences. In addition, the implantation of Alzet osmotic pumps and brain infusion kit 

in young mice (2 months of age) is a delicate surgery, which may also contribute to an 

increased variability and the conflicting results. As already mentioned, rTg4510 mice 
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develop tangles and memory deficits at a very young age (2.5 months). The levels of 

mutant htau in this mouse model are also extremely high compared to the levels of 

endogenous mouse tau (approximately 13 times higher) (Ramsden et al., 2005; 

SantaCruz et al., 2005). Based on this, the window for a therapeutical intervention in 

rTg4510 mice is short. We started the treatment as early as possible, as we wanted to 

avoid the development of pathological changes in the brain that may be irreversible. 

However, we could not start before 2 months of age because, even using the smaller 

model of Alzet osmotic pumps, the animals needed to weight at least 20 grams to be 

able to cope with the subcutaneous implantation of the Alzet pump. This may have 

been a late start for the therapeutic intervention, which further contributes to the 

conflicting results. 

In a future approach, a different mouse model that develops tau aggregates and 

pathology at a later stage in life could be considered, as this would allow us to perform 

an earlier interventional approach. Furthermore, it would also facilitate the implantation 

of the Alzet osmotic pump, as the use of adult animals would prevent certain issues 

we experienced. Specifically, as the animals were relatively small at 2 months of age, 

we had problems during and after the implantation of the Alzet pump because the 

animals were too small and still growing. This led to the skin opening around the 

cannula, as it was stretched extensively, allowing the mice to remove the Alzet pump 

or to disconnect the catheter. Another possibility would be to make use of the 

regulatable expression of the transgene in the rTg4510 mice. Administration of 

Doxycycline, a tetracycline analog, would lead to the inactivation of the transgene 

expression, allowing the animals to grow without developing any pathological changes. 

This would allow us to perform the BSc3094 treatment later in life, very shortly after 

stopping the administration of Doxycycline, ensuring that the treatment starts early 

enough before any pathological changes occur. This would prevent the problems 

related to the surgery, as older mice could be used. 

Another important aspect to mention is the fact that, although BSc3094 treatment 

resulted in a strong reduction of tau phosphorylation and in the levels of sarkosyl-

insoluble tau, there was no robust improvement in terms of memory and cognition. This 

again suggests that tau aggregates may not be the toxic tau species, but intermediate 

forms of tau could be causing the pathology and neurodegeneration. Indeed, although 

inhibiting tau aggregation seems a valid therapeutical strategy for halting tau-mediated 



 
 

138 

neurodegeneration in AD, based on the premise that this protein has a crucial role in 

tauopathies and drives pathology, this assumption has been questioned over the last 

years. Currently, it is still unclear which form of tau is pathological and if tau aggregates 

are the toxic tau species or not. If tau aggregates are not deleterious, this means that 

tau aggregation inhibitors will produce little or no effect, or even be harmful as we may 

be reducing the tangle load but increasing the number of small oligomers, which are 

now proposed to be toxic (Cheng et al., 2007; Necula et al., 2007; Kaniyappan et al., 

2017). 

Due to the multifactorial nature of AD pathogenesis, which involves a host of 

environmental and genetic factors, it may be necessary to personalize the preventive 

or therapeutic approach and combine different strategies that target distinct hallmarks 

of the disease to achieve a therapeutic effect.  
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Conclusions 
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6. Conclusions 

Histopathological analysis of the brains of AD patients suggests a detrimental role for 

tau protein, especially in the form of NFTs, in the onset and progression of AD 

pathology. Recent experimental studies demonstrate that intermediate tau species and 

the activation of neuroinflammation may also contribute to the disease 

pathomechanisms. Yet, the mechanistic contribution of different tau species, 

astrocytes, microglia and pro-inflammatory molecules (including cytokines) remains 

unclear.  

The research presented here provides novel insights regarding the spreading of tau 

pathology, showing that: 

- The spreading of tau protein was independent of the aggregation propensity of 

tau; 

- Only pro-aggregant tau induced pathological alterations; 

- Markers of tau pathology did not propagate throughout the brain, but remained 

in the EC and perforant pathway up to the axon terminals in the molecular layer 

of the DG;   

- The expression of pro-aggregant htau induced an early activation of astrocytes 

in the hippocampal region that precedes the propagation of tau pathology from 

the EC to the hippocampus. 

The second part of our study, testing the potential therapeutic role of the tau 

aggregation inhibitor BSc3094, showed that:  

- BSc3094 decreased tau phosphorylation at 12E8 and PHF-1 epitopes; 

- BSc3094 reduced the levels of sarkosyl-insoluble tau;  

- BSc3094 improved cognitive performance in the NOR test and in the long-term 

probe trial in the MWM test, although it failed to reverse the deficits observed in 

the MWM learning phase, Y-maze, burrowing and nesting tests;  

- BSc3094 did not reverse the BW and brain weight loss characteristic of rTg4510 

mice.  

Overall, these studies add novel evidence to our understanding of the molecular 

pathways underlying the spreading of tau pathology, which correlates with cognitive 

decline, as described in the Braak stages (Braak and Braak, 1991). In addition, we also 
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proposed the use of the tau aggregation inhibitor BSc3094 as a potential therapeutic 

agent to halt the propagation of tau pathology, although we do not exclude the potential 

contribution of intermediate oligomeric tau species for the development and 

progression of pathology (Kaniyappan et al., 2017). 

While more studies are necessary, our findings highlight that tau alone is not sufficient 

for causing the extensive pathology typically observed in AD patients, and 

inflammatory pathways may be involved as well. This opens new roads to investigate 

inflammation as a novel therapeutical approach, not only for AD but for other 

tauopathies beyond AD. However, given the complex pathology of AD, it can be 

anticipated that combinatorial and individualized treatments should be explored, which 

could be designed for each patient. These strategies could target tau and Aβ, and also 

add agents to modulate inflammation, enhance synaptic activity and stimulate 

neurogenesis and neurite regrowth. Furthermore, improving methods for drug delivery 

into the brain, combined with the optimization of antibody formats and specificity, would 

also highly contribute to the success of future therapeutical interventions.  
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8. Appendix 

 

Suppl. fig.  1 - Plasmid maps of the adeno-associated virus used in the study. 
A. pAAV-CBA-eGFP-2A-hTau40 ΔK280, for the expression of pro-aggregant Tau (full length mutant 
human Tau with the ΔK280 mutation); B. pAAV-CBA-eGFP-2A-hTau40 ΔK280-2P for the expression 
of anti-aggregant Tau (full length mutant human Tau with the ΔK280 mutation and 2 prolines); C. pAAV-
CBA-eGFP-2A for the expression of GFP in the cells.  
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SDS gel composition 

Reagent Resolving 10% Resolving 17% Stacking 4% 

Acrylamide 40% 18mL 30mL 5.4mL 

1M Tris HCl pH 8.8 26 26 - 

0.25M Tris HCl pH 6.8 - - 27mL 

H2O + Bromophenol Blue - - 2mL 

MiliQ H2O 25mL 13mL 18.9 

SDS 10% 700µL 700µL 540µL 

TEMED 70µL 70µL 150µL 

APS 10% 700µL 700µL 200µL 

 

5x SDS sample buffer 

0.32 M Tris-HCl, pH 6.8; 10% SDS; 50% glycerol; 1.43 M β-Mercaptoethanol and 10% 

bromophenol blue 

1x SDS running buffer (5 liters) 

0.025 M Tris; 0.192 M glycine; 0.1% SDS; Adjust volume to 5 liters with ddH2O 

10x blotting buffer (2.5 liters) 

73.25 g glycine; 145.3 g Tris; 7.5 g SDS 

Adjust volume to 2.5 liters with ddH2O. 

1x blotting buffer (1 liter) 

80 mL 10x blotting buffer; 870 mL MiliQ H2O 50 mL MeOH   

10x TBS-T (2.5 liters) 

30.27 g Tris; 220 g NaCl 

Adjust pH to 7.5 and add 12.5 mL Tween 20. Fill up to 2.5 liters.  

2x lysis buffer (40 mL) 

50 mM Tris-Hcl pH 7.4;  10& glycerol; 1% NP40; 5 mM DTT;M 1 mM NaEGTA; 20 mM 

NaF; 1 mM Na3VO4 

Adjust to 40 mL with ddH2O. 
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Working lysis buffer (8 mL) 

4 mL 2x lysis stock; 150 mM NaCl; 1x complete mini 25x conc.; 5 mM CHAPS; 100 U 

Benzonase; 5 µM okadaic acid; 2 mM MiliQ H2O; 1 mM PMSF 

10x PBS (1 liter) 

80 g NaCl; 2 g KCl; 14.4 g Na2HPO4; 2.4 g KH2PO4 

Set pH to 7.4 and adjust volume to 1liter with ddH2O. 

10x TBS (1 liter) 

24 g Tris; 88 g NaCl 

Set pH to 7.4 and adjust volume to 1liter with ddH2O. 

 

 

Suppl. fig.  2 - Volume of luciferin to be injected in the mice before BLI measurement according 
to the body weight to achieve an injection concentration of 150 mg/kg. 
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Suppl. fig.  3 - Dosage of analgesia (Carprofen) to be administrated to the mice before surgery, 
according to the animal's body weight. 
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Suppl. fig.  4 - Score sheet for evaluating the mice after stereotaxic injection of AAV, as 
approved by the German authority for animal welfare LANUV under the animal application 
number 84-02.04.2016-A278. 
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Suppl. fig.  5 - Score sheet for evaluating the mice after implantation and replacement of Alzet 
osmotic pumps, as approved by the German authority for animal welfare LANUV under the 
animal application number 84-02.04.2017-A405.  
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