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Alzheimer’s disease (AD), the most common cause of dementia worldwide, is 

characterized by gradual loss of cognition, especially memory, and behavioral and 

neuropsychiatric impairments. Neuropathological features of AD include amyloid-β 

(Aβ)-containing plaques, neurofibrillary tangles (NFT) composed of 

hyperphosphorylated tau protein, neuronal loss, neuroinflammation and autophagic 

dysfunction, among others. In contrast to late-onset AD, most familial AD (FAD) cases 

are caused by dominantly inherited mutations in the Presenilin (PS/PSEN: PS1 and 

PS2) genes, the catalytic subunit of γ-secretase complex that is responsible for Aβ 

generation. Notably, mutations in PS1 are also linked to frontotemporal dementia (FTD) 

characterized by cerebral accumulation of aggregated phosphorylated tau but not 

amyloid plaques. Although the mechanisms by which PS mutations affect Aβ are well 

defined, the precise role of PS/γ-secretase on tau pathology independently of Aβ 

during neurodegeneration is largely unclear. The hypothesis of this doctoral thesis is 

that loss of PS function caused by dementia-linked mutations contributes to tau 

hyperphosphorylation, aggregation and/or spreading by affecting specific signaling and 

autophagy pathways. The objective of this study was to investigate the role of PS on 

tau pathology during synaptic dysfunction and neurodegeneration, and the 

mechanisms involved. To address this objective, I performed biochemical and 

structural protein analyses, including synchrotron infrared microspectroscopy, 

histological and behavioral approaches in novel neuronal-specific PS1 and double PS 

(PS1/PS2) conditional knockout (cKO) mice expressing either endogenous tau or 

overexpressing the FTD-linked (P301S) mutant human tau (Tau) gene. Our results 

show that loss of PS function results in age-dependent tau phosphorylation in the 

cortex and the hippocampus of PS cDKO mice associated with increased activation of 

p25/Cdk5, PKA/AMPK and Akt. As a result of neuronal PS inactivation, pathological 

phosphorylated tau accumulates in excitatory neurons, astrocytes, microglia, and 

oligodendrocytes. Interestingly, genetic inactivation of PS in human tau transgenic mice 

results in accelerated and enhanced tau phosphorylation and aggregation in memory 

and emotional neuronal circuits linked to AD pathology, including the entorhinal and 

restrosplenial cortices, hippocampus and amygdala, a phenotype associated to 

exacerbated memory and learning impairments. Biochemical analyses of purified 

synaptosomes from human AD and mouse transgenic brains also revealed abnormal 

synaptic accumulation of tau and decreased synaptic proteins and synaptonuclear 

factors (e.g., CRTC1) suggesting pre- and post-synaptic mechanisms impaired in brain 

of AD and AD mouse models. Remarkably, loss of PS function causes abnormally 

aggregated neurofilament protein together with increased aggregated and oligomeric 

β-sheet protein structures in PS1 cKO;Tau and PS cDKO;Tau mice. At the molecular 

level, I found that PS is required for correct mTOR activity and autophagic flux, 

maintaining autophagosome-lysosome fusion and tau degradation. Conversely, genetic 

inactivation of PS1 or both PS genes in human tau transgenic mice increases 

autophagic markers (LC3-II/I, p62…) and impairs and enhances phosphorylated and 

aggregated tau in autophagosomes. Taken together these results provide further 

evidence that partial loss of PS function leads to increased hyperphosphorylated and 

aggregated tau, inflammatory responses, and neurodegeneration, and that synapse 

dysfunction and memory deficits caused by PS inactivation suggest mediated by 

synaptic tau. Our findings could indicate that tau phosphorylation and aggregation are 

key pathological processes that may underlie neurodegeneration caused by familial 

AD-linked PS mutations.  



 



IV. Introduction 
  



  



IV - Introduction 

27 
 

1. Dementia disorders  

1.1. Alzheimer’s disease  

1.1.1. Epidemiology 

Alzheimer’s disease (AD) is the main cause of dementia worldwide, accounting for 60- 

80% of all cases. The World Alzheimer’s Report 2009 estimated that 36 million people 

had dementia in 2010 worldwide, a number that will double every 20 years, reaching 66 

million people by 2030 and 115 million by 2050. In the most recent study, The World 

Alzheimer’s Report 2015, the estimation was that 46.8 million people worldwide are 

living with dementia reaching 74.7 million and 131.5 by 2030 and 2050, respectively, 

being 12-13% higher than the estimated 2009 report. The overall incidence of dementia 

is almost 10 million per year, diagnosing a new case every 3.2 seconds. The estimation 

of the global economic cost of dementia reached 818 billion US dollars, increasing the 

importance of the research for its prevention and treatment (World Alzheimer’s Report, 

2009, 2015).  

In the USA, AD affects 5.8 million people and by 2050 the expectation is to reach 13.8 

million. AD cases increase intensely with age. A study using the latest data from the 

2019 US Census and the Chicago Health and Aging Project (CHAP) showed that in 

2011 the incidence in people of 65-74 years was 0.4%, in people with 75-84 was 3.2% 

and in 85 and older was 7.6% (Rajan et al., 2019). Importantly, AD affects differentially 

women and men. Almost 2/3 of cases of AD are women in the US, probably due to 

women have a longer life than men and age is the greatest risk factor for AD. However, 

there are some differences in the risk of dementia also depending on genetics, 

geographic region and/or even educational level (due to lower educational attainment 

in women in the 20th century) (Hebert et al., 2013).  

AD is driven by a complex interplay between genetic and environmental factors. The 

main risk factor of AD is age, and indeed, most people with AD are 65 years or older, 

excluding familial AD cases (FAD). There are also genetic risk factors being 

apolipoprotein-e (APOE-ε2/ε3/ε4) isoform the most well studied. The presence of an 

allele of the ε3 isoform increases the risk of developing AD one’s compared to ε2, and 

ε4 allele increases the risk of the ε3 allele. People with the two ε4 alleles show between 

8 and 12 times more risk of having AD than those with two copies of ε3 (Holtzman et 

al., 2012; Loy et al., 2014). Furthermore, up to 60 environmental AD risk factors have 

been identified (Killin et al., 2016). These non-genetic factors include healthy food 

habits, exposition to toxics or infectious agents, physical exercise, traumatic brain 
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injury, mitochondrial dysfunction, immune system, vascular disease, smoking or 

education (Armstrong, 2019). 

1.1.2. Clinical characteristics 

AD is a progressive neurodegenerative disorder comprising three different phases: 

preclinical, mild cognitive impairment (MCI) and dementia. The duration of these 

phases varies between patients and is also affected by many factors such as age, 

genetics, gender, etc. (Vermunt et al., 2019). Symptoms of each stage are summarized 

in figure 1.  

Figure 1. Classification of AD clinical progression and symptomatology: preclinical AD, 

MCI and mild, moderate and severe dementia (Modified from Alzheimer’s Dementia, 2020). 

The main signs of AD are: 

- Lack of memory that interferes daily routine: forget names or places. 

- Difficulties doing familiar tasks. 

- Time and/or place confusion. 

- Visual and spatial relationships problems. 

- Communication complications. 

- Misplacing and losing things. 

- Decrease in the capacity of making decisions. 

- Behavioral changes like confusion, depression, anxiety, irritability and/or 

upset. 
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1.1.3. Familial AD 

AD is classified as either late-onset, being sporadic and in people over the age of 65 

years, and early-onset, known as familial AD (FAD) caused by genetic inheritance, 

usually in people affected under 65 years of age. FAD cases represent less than 1-5% 

of all AD cases and are caused by dominantly inherited mutations in the amyloid-β (Aβ) 

precursor protein (APP), presenilin 1 (PSEN1/PS1) and presenilin 2 (PSEN2/PS2) 

genes (Hutton and Hardy, 1997). 

APP mutations were originally found in large families with early-onset AD (45-65 years) 

(Goate et al., 1991). These mutations are located close or flanking the sequence of Aβ 

peptide affecting APP processing to generate more Aβ or more pathogenic Aβ42 (43). 

The vast majority of the mutations of FAD cases are in PSEN1 gene causing the 

earliest and most aggressive pathology (28-60 years) (Cruts et al., 1996). Mutations in 

PSEN2 cause FAD in older (35-82 years) and more variable onset-age than PSEN1 

mutations (Levy-Lahad et al., 1995). In FAD-linked PSEN cases, there is an alteration 

of γ-secretase activity affecting APP processing and generation of Aβ leading to 

accelerated and/or increased Aβ accumulation and phosphorylation and aggregation of 

the microtubule-associated protein tau (MAPT/tau). Interestingly, this later pathological 

marker is also present in PSEN1 mutations in families with clinical symptoms of 

frontotemporal dementia (FTD), atypical dementia with FTD phenotype and dementia 

with Lewy Bodies (Hutton, 2004) causing severe neurodegeneration and dementia in 

the absence of Aβ pathology. Therefore, mutations on PSEN genes accelerate the AD 

onset-age and cause an earlier and more severe neurodegeneration (Saura, 2010). In 

support of PS involvement in tau pathology and neurodegeneration independently of 

Aβ, genetic inactivation of both PS (PS1/PS2) in the postnatal mouse brain of PS 

conditional double knockout (PS cDKO) mice leads to an age-dependent increase in 

phosphorylated tau protein, neurodegeneration and memory impairments (Saura, 

2004). 

1.1.4. Neuropathology: Aβ and tau 

The brain of AD patients is characterized by progressive atrophy of cortical and 

subcortical structures, as well as two major pathological hallmarks: extracellular 

accumulation of Aβ in plaques and intracellular neurofibrillary tangles (NFT) composed 

of aberrantly hyperphosphorylated tau protein (Gorevic et al., 1986; Grundke-Iqbal et 

al., 1986a; Grundke-Iqbal et al., 1986b, Fig. 2). AD neuropathology also includes 

synapse loss, astrogliosis, microgliosis, vascular disease, neuronal death, oxidative 

stress, and loss of white matter between others. 



IV - Introduction 

30 
 

Figure 2. Anatomical structure and neuronal pathology in AD brain. AD brain is 

characterized by cortical and hippocampal shrinkage and ventricles enlargement. 

Pathologically, there is an accumulation of extracellular Aβ plaques (red) and intracellular 

accumulation of neurofibrillary tangles of tau protein (brown, Gomez et al., 2020). 

Amyloid plaques are mainly composed of abnormally folded Aβ peptides. Aβ42 is the 

most abundant form because of its insolubility and fibrillization tendency. According to 

the amyloid hypothesis, cerebral Aβ accumulation is the primary cause of AD and the 

rest of the pathology results from an imbalance between production and clearance of 

Aβ (Hardy and Selkoe, 2002). However, amyloid accumulation does not always 

correlate with the severity or the progression of the disease. In fact, it can be found 

even in healthy people without dementia symptoms (Hardy and Selkoe, 2002; Price 

and Morris, 1999; Rodrigue et al., 2012). Furthermore, there is a high number of clinical 

trials using monoclonal antibodies against Aβ that have shown decrease of amyloid 

accumulation but have failed suggesting that Aβ is useful for AD diagnosis, but it is not 

sufficient for AD dementia. 

On the other hand, NFT consist of paired helical filaments (PHF) formed by 

hyperphosphorylated tau protein. Usually, tau pathology affects memory-related neural 

circuits, starting in the entorhinal cortex, spreading first to the hippocampus and then to 

associative and limbic cortical regions (Fig. 3). Tau pathology correlates with the 

clinical symptoms and the severity of the disease but also with neuronal and synapse 
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loss (Serrano-Pozo et al., 2011; de Calignon et al., 2012). Tau pathology has allowed 

the classification of AD in six different pathological stages: Braak I to VI (Braak and 

Braak, 1991; Braak et al., 2006). Interestingly, tau mutations alone do not cause AD, 

but they lead to tau accumulation causing a diversity of dementias within the 

frontotemporal dementia spectrum (Lashley et al., 2015). 

 

Figure 3. Progression of tau and Aβ pathologies in AD. Spatiotemporal patterns of tau (top, 

red) and Aβ (bottom, blue) pathologies in AD using positron emission tomography (PET). Tau 

pathology starts in the entorhinal cortex and spreads to, first, the hippocampus and limbic 

areas, then to neocortical areas. In contrast, Aβ pathology emerges in neocortex and 

propagates to allocortex (van der Kant et al., 2020). 

Recent studies show that tau and Aβ induce protein conformational changes as occurs 

in prion diseases and they may be trans-synaptically transferred between neurons 

(Jucker and Walker, 2013). Thus, numerous studies have focused on Aβ and tau 

propagation in the last decade. They show that exogenous Aβ/tau can induce 

endogenous Aβ/tau pathology and propagation in vitro and in vivo (Eisele et al., 2009; 

Narasimhan et al., 2017; Reilly et al., 2017). Furthermore, there are different tau 

species and different secretion mechanisms involved (Pérez et al., 2018) (see below). 

Recent reports suggest that the immune system could link Aβ and tau pathologies. 

Neuroinflammation precedes and increases during AD clinical decline, microglial 

markers colocalize with AD aggregates and recent identified AD-risks genes are 

involved in the immune system (Hollingworth et al., 2011; Calsolaro and Edison, 2016). 

AD brain shows increased inflammatory factors such as IL-1β, IL-6, TNF-α or 

complement receptors (Ng et al., 2018) and the inhibition of complement receptors 

reduces microglial overactivation leading to neuronal protection and rescuing tau 

pathology and dysfunctional phagocytosis (Rogers et al., 2006; Crehan et al., 2013; 

Litvinchuk et al., 2018). Furthermore, Aβ and tau aggregates are eliminated by 
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autophagy and phagocyte by microglia (Fu et al., 2014). All this data hints the 

importance of the connection between neuroimmune system and Aβ/tau pathologies. 

1.1.5. Therapeutic treatments 

At present, no effective therapeutic treatments block or reverse the pathology and 

clinical progression of AD. The use of acetylcholinesterase inhibitors is the main 

symptomatic treatment with proved short beneficial effects in mild and moderate stages 

(Birks, 2006). Memantine, an antagonist of N‐methyl‐d‐aspartate receptor and 

dopamine agonist, decreases glutamate excitatory neurotoxicity having a small but 

beneficial effect on cognition and behavioral decline. Combined treatment did not show 

strong cognition enhancement but there was an improvement in the behavioral 

symptoms (Schmidt et al., 2015). 

Despite the depression and anxious symptoms of AD, drugs targeting these signs can 

result detrimental causing more confusion. They are only used in specific situations 

with severe psychosis (The Lancet Neurology, 2009). Non-pharmacological treatments 

such as physical exercise or music therapy have proved some beneficial effects 

(Livingston et al., 2014). 

Novel treatment strategies are focused on two different time-points: disease-prevention 

or disease-modifying. For disease-prevention approaches is important to develop 

methods that allow us to identify individuals with AD risk before symptoms onset. The 

development of non-invasive and well predictive biomarkers is essential. For disease-

modifying treatment, different treatment targets, including Aβ, tau or 

neuroinflammation, have been developed. Thus, there are some approaches in 

preclinical phase based on amyloid and/or tau clearance using monoclonal antibodies 

or preventing the generation of the pathological forms (Lane et al., 2018; Weller and 

Budson, 2018).  

1.2. Frontotemporal dementia 

1.2.1. Epidemiology 

Frontotemporal dementia (FTD), also named Pick’s disease and Frontotemporal lobar 

dementia (FLD), is a term that includes a set of neurodegenerative disorders 

comprising the second cause of early-onset dementia (under 65 years) and the third 

one for all groups of age, after AD and dementia with Lewy bodies (Vieira et al., 2013). 

FTD represents 3-26% of dementia cases in people under 65 years old. The 10% of 

the people with FTD is under 45 years, 60% between 45 and 64 years and 30% above 

64 years (Knopman and Roberts, 2011; Lambert et al., 2014). FTD has an estimated 
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incidence between 1.61 and 4.1 cases per 100000 people every year (Coyle-Gilchrist 

et al., 2016; Knopman and Roberts, 2011). Unlike AD, FTD seems to affect equally 

men and women and is frequently underdiagnosed because of the deficient recognition 

and the similarity to a variety of psychiatric disorders (Lanata & Miller, 2016). 

1.2.2. Clinical characteristics 

FTD is a heterogeneous disease classified into three clinical variants: 1) Behavioral-

variant FTD (BV-FTD) characterized by early behavioral deficits, 2) non-fluent variant 

primary progressive aphasia (NFV-PPA) associated with progressive deficits in talking 

and grammar communication skills, and 3) semantic-variant primary progressive 

aphasia (SV-PPA) consisting of progressive shortage of semantic knowledge and 

naming. There is also a fourth category, called logopenic variant of primary progressive 

aphasia (LV-PPA), characterized by fluent simple sequences but frequent pauses to 

find words (Gorno-Tempini et al., 2011). At the beginning, the degeneration is focal and 

different for each type, but with time, it becomes more diffuse and can spread affecting 

large brain regions. With progression, symptoms can converge, and patients develop 

global cognitive and motor deficits. In advanced stages, FTD patients have problems 

moving, eating, and swallowing. Death is usually caused by pneumonia or other 

secondary infection 8 years after the symptom onset. The criteria for clinical diagnosis 

of FTD is summarize in table 1. Of note, there are also related FTD diseases like FTD 

with motor neuron disease, FTD with Parkinsonism, progressive supranuclear palsy 

(PSP) and corticobasal degeneration (CBD). 

Table 1. Criteria for the diagnosis of the three main FTD variants (Adapted from Bang et al., 

2015). 
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1.2.3. Pathology 

FTD is a progressive syndrome characterized by neuronal degeneration, inflammation, 

and microvascular changes particularly in frontal and anterior temporal lobe and 

anterior cingulate and insular cortex. Von Economo neurons and fork cells are the 

responsible of the initial generation. FTD is neuropathologically subdivided depending 

on the abnormal accumulation of different proteins: MAPT/tau, TAR DNA-binding 

protein (TDP-43), fused-in-sarcoma (FUS) and in a lesser extent ubiquitin-only or p62 

only (Mackenzie et al., 2010). Frontotemporal lobar degeneration-tau (FTD-tau) 

represent between 36% and 50% of all cases of FTD (Baborie et al., 2011). There are 

three different FTD-tau syndromes: (1) Pick’s disease: characterized by the presence 

of Pick bodies and neurodegeneration in frontal, temporal and cingulate gyri. (2) CBD: 

characterized by the accumulation of pre-tangles, neuritic threads, ballooned neurons, 

astrocytic plaques and oligodendroglial coiled bodies mainly localized in dorsal 

prefrontal cortex, supplemental motor area, peri-Rolandic cortex and subcortical nuclei. 

(3) PSP: characterized by neuronal granular inclusions, tufted astrocytes, and globose 

tangles and atrophy of the frontal convexity globus pallidus, subthalamic nucleus and 

brainstem nuclei (Dickson et al., 2011). 

1.2.4. Genetics 

Around 40% of FTD patients have dementia family history. Only 10% of cases are due 

to autosomal dominant heritance in C9orf72, MAPT and progranulin (GRN) genes, 

representing the 60% of all familial cases (Rohrer et al., 2009). The prevalence of the 

mutations in each gene depends on world-region. C9orf72 mutations are more frequent 

in northern Europe and Scandinavia, and they are involved in the dysregulation of the 

endosomal trafficking, impaired transcription processing and protein toxicity. Mutations 

in MAPT gene are more common in Northwest Europe and USA and they cause 

alteration of microtubule stabilization and increasing tau aggregation. GRN mutations 

are mainly present in southern Europe and they affect neurotrophic function and the 

degradation mediated by lysosome and causing inflammation (Bang et al., 2015).  

1.2.5. Therapeutic treatments 

Current pharmacological treatments do not slow or halt FTD progression. Selective 

serotonin reuptake inhibitors are used for the treatment of impulsivity, eating changes, 

agitation, and aggressiveness (Lebert et al., 2004). Behavioral anomalies are treated 

with low doses of antipsychotics. Furthermore, physical, behavioral, and environmental 

practices contribute to improve cognitive function (Merrilees, 2007; Cheng et al., 2014). 
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In contrast to AD, cholinesterase inhibitors and memantine have not shown beneficial 

effects on FTD patients (Mendez et al., 2007; Boxer et al., 2013a). 

Progress in the knowledge of the neuropathology of FTD has allowed to identify new 

potential targets for disease-modifying treatments. In fact, there are some ongoing 

clinical trials based on blockage of tau aggregation, stabilization and spreading or tau 

elimination. For example, methylene blue and tau vaccines have been used to inhibit 

tau aggregation (Wischik et al., 2014). Moreover, antisense oligonucleotides targeting 

the toxic gain function of progranulin are used for GRN and C9orf72 FTD cases (Boxer 

et al., 2013b; Boxer et al., 2013c; Lagier-Tourenne et al., 2013). 
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2. Presenilin/γ-secretase 

Presenilins (PS: PSEN1 and 2) are the catalytic subunits of the γ-secretase complex, 

an aspartyl protease implicated in the intramembranous cleavage of transmembrane 

type I proteins (De Strooper, 2010, De Strooper and Annaert, 2010). The γ-secretase 

complex, formed by nicastrin (Nct), anterior pharynx-defective-1 (Aph-1) and presenilin 

enhancer-2 (Pen-2), is involved in the processing of more than 90 substrates and 

reaching up to 149 substrates to date, including APP, Notch and cadherins (LLeó and 

Saura, 2011; Güner and Lichtenthaler, 2020). Notably, PS generate the Aβ peptides 

after APP processing by β-secretase (amyloidogenic pathway). By contrast, α-

secretase cleaves APP in the middle of the Aβ sequence, preventing Aβ generation 

(non-amyloidogenic pathway; Hutton and Hardy, 1997). Briefly, APP processing by the 

amyloidogenic pathway consists of a first cleavage mediated by β-secretase that 

generates a soluble APP ectodomain (APPsβ) and a carboxy-terminal fragment (CTF) 

anchored to the membrane (β-stub). Then, the APP CTF is proteolyzed by PS/γ-

secretase releasing an intracellular domain fragment (ICD) and the Aβ peptide (Fig. 4). 

Interestingly, substrate processing mediated by PS/γ-secretase is affected by different 

molecular mechanisms such as calcium influx or ligand binding, whereas sex 

differences in γ-secretase activity were reported in aged mouse brains (Mumm et al., 

2000; Litterst et al., 2007; Placanica et al., 2009). 

Figure 4. APP processing by β- and γ-secretases leads to Aβ generation. 



IV - Introduction 

37 
 

2.1. PS/γ-secretase biology 

γ-secretase is a hetero-tetrameric protein complex formed by PS, the proteolytically 

active subunit, and three non-proteolytic subunits Nct, Aph-1 and Pen-2. Aph-1 is 

encoded by two homologous genes in humans (Aph-1a and Aph-1b) and an additional 

homologous gene in rodents (Aph-1c). Aph-1 seems to be implicated in the assembly 

of the complex and in the substrate interaction. Pen-2 is essential for PS 

endoproteolytic activation and complex stability (Ahn et al., 2010). All the subunits have 

multiple transmembrane domains, except for Nct, that is connected to a large 

extracellular domain giving an essential structure to the complex that helps the 

substrate specificity (Fig. 5). The combination of different subunits makes possible the 

formation of homologous complexes differing in its expression levels and subcellular 

localization (Güner and Lichtenthaler, 2020). The absence of one subunit causes the 

rapid degradation or the retention of the other substrates in the endoplasmic reticulum 

(Escamilla-Ayala et al., 2020). 

 

Figure 5. γ-secretase complex. γ-secretase complex is formed by 4 subunits: the proteolytic 

subunit PS1 and PS2, and the non-proteolytic subunits Pen-2, Aph-1 and Nct. Asterisks 

correspond to the catalytic aspartic acid residues (Güner and Lichtenthaler, 2020). 

PS1 and PS2 proteins are encoded by PSEN1 and PSEN2 localized in chromosomes 

14 and 1, respectively (De Strooper et al., 2012). In the adult brain, PS are highly 

expressed in hippocampal and entorhinal cortex neurons but also in interneurons and 

motoneurons. Although PS mRNAs are present at low levels in glial cells in basal 

conditions, the expression is upregulated in some pathological conditions, such as AD 

(Saura, 2010). 

PS are hypothesized to contain 9 transmembrane domains with the N-terminus 

localized in the cytosol and the C-terminus in the lumen. The catalytic site of PS is 

thought to rely on the hydrophobic domains six and seven that contain two key 

aspartate residues (Asp) at positions 257 and 385 (Fig. 6) (Wolfe et al., 1999; Laudon 

et al., 2005). PS are first generated as a precursor of 50 kDa that are 
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endoproteolytically cleaved to become active (Thinakaran et al. 1996). This processing 

occurs in the cytoplasmatic loop, generating an N-terminal fragment (NTF) of 27-28 

kDa and a CTF of 17-18 kDa (Saura et al., 1999). Finally, PS proteins are modified 

post-translationally through phosphorylation, ubiquitination, or caspase cleavage, 

modulating their function (Duggan and McCarthy, 2016).  

 

 

Figure 6. PS1 topological structure. Human PS1 structure showing catalytic active Asp (red) 

and FAD-associated mutations (blue) (Zhang et al., 2013). 

2.2. Physiological and pathological functions of PS/γ-secretase: APP 

processing  

PS are ubiquitous proteins with important biological functions during development and 

adulthood. PS1 plays an essential role during brain development as PS1 deficiency 

during embryogenesis results in axial skeleton defects, brain hemorrhages, ventricle 

atrophy, impaired neurogenesis and neuronal loss, triggering premature death (Shen et 

al., 1997). In the adult brain, PS function is necessary for synaptic plasticity, learning 

and memory and neuronal survival (Saura et al., 2004). PS/γ-secretase participates in 

important biological functions including regulation of cell differentiation, neurite 

outgrowth, cell adhesion, protein trafficking, calcium homeostasis or β-catenin signaling 

(Czech et al., 2000). Some of these functions could involve the processing of one or 

more of the 140 known PS/γ-secretase substrates and the function of ICDs, generated 

after PS/γ-secretase cleavage, which translocate to the nucleus regulating gene 

expression (Lleó and Saura, 2011; Güner and Lichtenthaler, 2020). Interestingly, APP 

was the first PS/γ-secretase substrate identified. PS/γ-secretase APP processing leads 
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to the generation of Aβ of different length. Mostly of the Aβ generated has 40 amino 

acids, but there is a more pathogenic form with 42 residues (Aβ42) characterized by 

higher aggregation tendency (Scheuner et al. 1996). FAD-PS mutations and 

low/moderate doses of pharmacological γ-secretase inhibitors increase the production 

of the pathogenic Aβ42 and the levels of phosphorylated tau enhancing the important 

role of PS/γ-secretase on Aβ and tau pathologies (Shen and Kelleher, 2007; 

Beglopoulos et al., 2004; Saura et al., 2004; Zhang et al., 2010). However, despite the 

well described role of PS in APP processing and Aβ generation, the molecular 

mechanisms linking PS and tau pathology remains largely unclear. 

2.3. Loss of PS function in neurodegeneration 

Mutations in PS1 or PS2 cause the majority of FAD and some of FTD cases. Mutations 

in PS affect PS/γ-secretase activity leading to altered APP processing and Aβ42/Aβ40 

levels (De Strooper, 2007). Furthermore, PS mutations anticipate the age of AD-onset 

and cause earlier and more severe neurodegeneration (Saura, 2010). In addition, FTD-

linked PS1 mutations cause severe dementia and neurodegeneration characterized by 

accumulation of tau in the absence of Aβ pathology. Taken together, it is possible that 

PS mutations may cause tau pathology and neurodegeneration independently of Aβ 

pathology. 

To overcome the lethality of PS1 null mice, Saura et al. used the Cre-loxP system 

under de CamKIIα promoter to generate brain-specific PS1/2 conditional double 

knockout (cDKO) mice (Saura et al., 2004). In PS cDKO mice, genetic inactivation of 

PS1 in the adult brain is restricted temporally and spatially, starting at postnatal day 18 

in excitatory glutamatergic neurons of the forebrain (Yu et al., 2001). PS deficiency in 

PS cDKO mice leads to age-dependent synaptic dysfunction, learning and memory 

deficits and neurodegeneration (Saura et al., 2004). At 6 months of age PS cDKO mice 

develop cortical atrophy, microgliosis and astrogliosis and tau hyperphosphorylation 

(Beglopoulos et al., 2004; Saura et al., 2004). At the age of 9 months, the pathology is 

more severe and neurodegeneration is more apparent. Neuronal PS deficiency alters 

the cAMP response element-binding protein (CREB)-regulated transcription coactivator 

1/ (CRTC1/CREB) signaling pathway contributing to memory loss in PS cDKO mice 

(Parra-Damas et al., 2017). Of note, Aβ pathology has also shown to dysregulated 

CRTC1/CREB transcriptional pathway during aging (Parra-Damas et al., 2014). All this 

data demonstrates that loss of PS function causes tau pathology, but the molecular 

mechanisms linking PS and tau pathology are largely unknown. 
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3. Microtubule associated tau protein (MAPT/tau) 

3.1. MAPT/tau gene and protein 

MAPT gene, located in chromosome 17, encodes the microtubule-associated protein 

tau. Tau gene contains 16 exons that suffers complex and regulated alternative splicing 

resulting in several mRNA species. Exons 1, 4, 5, 7, 11, 12 and 13 are constitutive and 

exons 0, 4a, 6, 8 and 14 are not transcribed in the human brain. There are six different 

tau isoforms in the adult human brain depending on the presence of exons 2, 3 and/or 

10 (Alavi and Soussi-Yanicostas, 2015) (Fig. 7). They differ in the N-terminal sequence 

because of the addition of 29 amino acids (1N) or repetitions (2N = 58 amino acids) 

encoded by exons 2 and 3. The sequence encoded by exon 3 is only present with exon 

2 sequence. 2N isoform has a low expression in human brain. Tau sequence also 

contains a microtubule binding region (MTBR) repeated (R) three times (3R: R1, R3, 

R4) or four times (4R: R1-R4). Exon 10 is the responsible of the insertion of the MTBR 

R2 forming the 4R isoform. Although both isoforms are expressed in a similar 

proportion, they have a specific cellular localization in the human brain. Thus, granular 

neurons of the dentate gyrus only express 3R isoform mRNA (Jadhav et al., 2019). 

Furthermore, isoform expression is not conserved as adult mouse brain only express 

4R isoform switched from 3R between postnatal day 8 and 18 (Tuerde et al., 2018). 

Interestingly, tauopathies can be distinguished by 3R/4R tau ratio. For example, AD is 

characterized by a mix of 3R and 4R isoforms with NFT, while Pick’s disease or CBD 

are characterized by specific 3R and 4R tau accumulation, respectively. 
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Figure 7. Scheme of tau isoforms expressed in the human brain. Non-coding sequences 

are represented in light blue and constitutive exons in green. The variable exons that determine 

the N- terminal sequence are in yellow (N1) and blue (N2) and the variable exon that determine 

the 3R/4R isoform is in red (R2). The length of each isoform depends on the number of amino 

acids (aa). 

MAPT gene is characterized by two haplotypes due to the inversion (H1) or non-

inversion (H2) of a 900 kb sequence. H1 haplotype is a risk factor for Parkinson’s 

disease, PSP, CBD, and amyotrophic lateral sclerosis but not for Pick’s disease 

(Stenfansson et al., 2005). 

Tau protein was discovered in 1975 as a monomer with intrinsically disordered 

structure. After a correct assembly structure, filaments are formed. Tauopathies are 

characterized by neuronal progression of tau pathology from the axon to the soma and 

dendrites (Bancher et al., 1987; Hoover et al., 2010). Accumulation of tau in glial cells 

occurs in some neurodegenerative diseases, but the types and the percentage of glial 

cells with tau pathology are variable. However, the pathological role of this glial tau 

pathology is still unexplored (Kahlson and Colodner, 2016). 

Tau protein can suffer from several post-translational modifications such as 

phosphorylation, acetylation, glycation, methylation, nitration, sumoylation, 

ubiquitination, isomerization, O-Glc-NAcylation and truncation (Goedert et al., 2017). 

Phosphorylation is implicated in the regulation of tau binding to microtubules. Abnormal 

or hyper-phosphorylated tau causes its self-aggregation constituting a pathological 

hallmark of numerous neurodegenerative diseases (Iqbal et al., 2016). Tau acetylation 

in lysine residues affects its assembly and phosphorylation. Depending on the 
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acetylated residue, the effects may vary and can increase or decrease both tau 

phosphorylation and aggregation (Cohem et al., 2011; Cook et al., 2014). Finally, tau 

protein can be found in many intracellular compartments but also in the interstitial and 

the cerebrospinal fluid, what makes tau an actual biomarker of tauopathies as AD. 

3.2. Mutations of MAPT in tauopathies 

MAPT mutations are associated with several neurodegenerative diseases, particularly 

within the FTD spectrum disorders, including FTD with parkisionism-17, CBD and PSP 

(Ballatore et al., 2007). There are 27 different tauopathies described to date (Ling, 

2018). In familial FTD with parkisionism-17 cases have been found 60 different 

mutations in MAPT, usually within exons 9-12, that affect either protein levels or the 

alternative splicing of mRNA tau (Hasegawa et al., 1998; Hutton et al., 1998). FTD-

linked MAPT mutations increase tau phosphorylation, aggregation and pathogenic 

effects leading to neurodegeneration. Particularly, P301S mutation on exon 10 results 

in overexpression of 4R tau and increased tau phosphorylation and aggregation 

causing early-onset FTD with parkinsonism (Yasuda et al., 2005). Heterozygous 

overexpression of the human tau isoform (1N4R) harboring the P301S FTD-linked 

mutation causes progressive accumulation of phosphorylated tau in the hippocampus, 

amygdala, entorhinal cortex, and spinal cord of P301S (PS19) transgenic mice at 6 

months (Yoshiyama et al., 2007). The expression of the human protein is under the 

mouse prion promoter (MoPrP) and is 5-fold times higher than the expression of the 

endogenous tau (Borchelt et al., 1996). P301S tau mice is characterized by an age-

dependent neurodegeneration with ventricle enlargement and cortical and hippocampal 

atrophy starting at 9 months. Interestingly, synaptic impairment, microgliosis and 

astrogliosis are found in these mice at 3 months before tau pathology (Yoshiyama et 

al., 2007). Behavioral abnormalities such as clasping and limb retraction in hang tail 

test can be found followed by loss of strength in the limbs and ending with paralysis 

and hunched-back posture by 9 months. Life expectancy is around 12 months, 

although the median was around 9 months (Yoshiyama et al., 2007). Remarkably, 

sexual dimorphism in behavior, neuropathology and inflammatory molecules are 

evident in tau P301S transgenic mice (Sun et al., 2020). In addition, microglia 

transcriptional responses to tau or amyloid pathologies differ between male and 

females, and microglial miRNAs affects differentially to tau pathology in male and 

females (Sala Frigerio et al., 2019; Kodama et al., 2020). 
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3.3. Biological function of tau  

Tau is a highly dynamic protein presenting multiple structural conformations that are 

involved in a diverse range of cellular functions. Tau is expressed in the central and 

peripheral nervous system, especially in neurons and glial cells (Weingarten et al., 

1975). In the human brain, tau is expressed mainly in axons but also, in a much lesser 

extent, in somatodendritic compartments such as plasmatic membrane, nucleus, 

dendrites and mitochondria (Li et al., 2016). The classical function of tau is the 

assembly and the stabilization of microtubules in axons by binding to α- and β-tubulin 

heterodimers. However, tau also participates in the regulation of axonal transport 

influencing the function of dynein and kinesin (Stamer et al., 2002). The physiological 

presence and function of tau in dendrites is still under debate. It has been proposed 

that tau is implicated in synapse regulation and reduction of tau leads to loss of 

synapses (Frandemiche et al., 2014). Tau also participate in cellular signaling, so it can 

be phosphorylated in 85 sites acting as a signaling buffer (Chen et al., 2012). 

Furthermore, tau plays a protective role on DNA and RNA damage caused by reactive 

oxygen species and denaturation induced by heat stress (Violet et al., 2014). Tau is 

also a scaffolding protein for phosphotransferases involved on neuron activity, synaptic 

plasticity, and actin bundling (Wang and Mandelkow, 2016). Finally, tau is required for 

iron export, hippocampal long-term depression and neurogenesis in the adult 

hippocampus (Hong et al., 2010; Lei et al., 2012; Kimura et al., 2013). 

3.4. Tau kinases and phosphatases 

Tau is phosphorylated in multiple Ser/Thr and Tyr residues in physiological and 

pathological conditions. Tau kinases are divided in three groups: 1) Proline-directed 

serine/threonine-protein kinases such as cyclin-dependent kinase-5 (Cdk5), glycogen 

synthase kinase 3β (GSK3β) and mitogen-activated protein kinases (MAPKs); 2) Non-

proline-directed serine/threonine-protein kinases like tau-tubulin kinase 1/2 (TTBK1/2) 

and protein kinase B/Akt, and 3) Protein kinases specific for tyrosine residues as Fyn, 

Syk and Src (Martin et al., 2011). Here, I will focus on tau phosphorylation by GSK3β, 

Cdk5, and Akt kinases. GSK3β can phosphorylate tau in more than 40 residues. In AD, 

GSK3β activity contributes to tau hyperphosphorylation and aggregation and it 

colocalizes and correlates with NFT (Hanger et al., 1992; Leroy et al., 2002). GSK3β 

overexpression causes increased phosphorylated tau, neurodegeneration and spatial 

learning deficits (Hernández et al., 2002). In contrast, GSK3β inhibition reduces tau 

pathology and neurodegeneration (Caccamo et al., 2007; Serenó et al., 2009) and 

regulates tau splicing increasing tau mRNA with exon 10 (Hernández et al., 2004). 
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Notably, clinical trials targeting GSK3β in AD patients have shown no positive effects 

(Noble et al., 2013). On the other hand, Cdk5 activity is associated with tau 

hyperphosphorylation. Aberrant hyperactivation of Cdk5 through overexpression of its 

coactivator p25, causes progressive tau pathology and neurodegeneration (Cruz et al., 

2003; Noble et al., 2013). Furthermore, some reports have confirmed the direct 

phosphorylation of tau by Akt in two different residues: Thr212 and Ser214. Due to the 

role of Akt in the anti-apoptotic signaling PI3K/Akt, this may have important effects on 

neurodegeneration (Ksiezak-Reding et al., 2003; Kyoung Pyo et al., 2004). 

Tau is mainly dephosphorylated by protein phosphatase 2A (PP2A). In AD brain, PP2A 

activity is decreased by 50% (Liu et al., 2005), although PP2A upregulation can also 

cause the abnormal accumulation of tau in the brain (Planel et al., 2001). This result 

shows that both, hyperphosphorylation or excessive dephosphorylation of tau are 

detrimental. PP2A has been related to GSK3β, Akt and mTOR suggesting that 

dysregulation of this pathway can contribute to tau pathology (Cross et al., 1995; 

Meske et al., 2008; Yao et al., 2011). 

3.5. Cellular elimination of tau: proteasome and autophagy 

A cellular mechanism that can lead to tau accumulation is the failure of its elimination. 

Tau is degraded by different intracellular mechanisms, including proteasome or 

autophagy and extracellularly by proteases, blood brain barrier or glymphatic system. 

Intracellular tau clearance is mainly mediated by the ubiquitin-proteasome system 

(UPS) and autophagy-lysosome pathway (Boland et al., 2018). The UPS, which 

controls the quality of the proteins removing abnormal or damage proteins, is 

implicated in the selective elimination of unfolded and soluble tau in an ubiquitin-

independent manner (David et al., 2002). Different ubiquitination sites have been 

identified on soluble and insoluble tau suggesting clearance of this tau forms by UPS 

(Lee et al., 2013). Furthermore, tauopathy models and AD patients have shown 

decreased proteasome activity (Keller et al., 2000; Myeku et al., 2016). Aggregated tau 

binds to and affects the proteasome, but it is not proved if UPS alteration precedes or 

is induced by aggregated tau (Keck et al., 2003).  

Pathological tau is mainly cleared by autophagy. There are three different types of 

autophagy: microautophagy, chaperone-mediated autophagy and macroautophagy. 

Here, I will focus on macroautophagy that I will refer as autophagy. Autophagy is a self-

degradative process of long-lived proteins and organelles delivered from vacuoles, 

called autophagosomes, to lysosomes. Briefly, autophagy begins with the formation 

and elongation of a structure with double membrane called phagophore that ends 



IV - Introduction 

45 
 

closing around cargos and forming the autophagosome. After its maturation, 

autophagosomes fuse with lysosomes forming autolysosomes. Otherwise, 

autophagosome can fuse previously with endosomes constituting an amphisome that 

also ends fusing with lysosome. The purpose of this degradation is to provide recycled 

components or energy to the cell. Although is elevated in glial cells, autophagy is 

constitutively active in neurons and its components are found in the soma, axons, 

dendrites, pre- and post-synaptic terminals (Kulkarni and Maday, 2018). Remarkably, 

the expression of autophagy induction proteins, such as Beclin-1, ATG5 and ATG7, are 

reduced during aging and in neurodegenerative diseases, including AD, suggesting a 

close relation between altered autophagy and neurodegeneration (Lipinski et al., 2010). 

In vitro studies have shown the involvement of autophagy in tau clearance. 

Pharmacological inhibition of the autophagosome-lysosome fusion in hippocampal 

slices with chloroquine results in elevated total and phosphorylated tau levels 

(Bendiske and Bahr, 2003). Autophagy stimulation by mTOR inhibition through nutrient 

deprivation or rapamycin treatment causes the reduction of tau inclusions in SH-SY5Y 

cells and fibroblasts expressing mutant tau (Wong et al., 2008). N2A cells 

overexpressing tau with a FTD mutation treated with trehalose, an mTOR-independent 

activator of autophagy, results in reduction of aggregated, soluble, and insoluble tau. 

Primary rat neurons treated with proteasomal inhibitors unexpectedly result in reduced 

tau levels due to an upregulation of autophagy (Krüger et al., 2012). In vivo activation 

of autophagy with methylene blue or trehalose treatments causes the reduction of 

phosphorylated and insoluble tau in P301L and P301S transgenic mice, respectively 

(Congdon et al., 2012; Schaeffer and Goedert, 2012). Importantly, pathological tau 

colocalizes with autophagic markers in the frontal cortex of AD patients harboring FAD-

linked APP mutants or suffering PSP and CBD (Piras et al., 2016). 

The mechanisms of autophagy-mediated tau elimination are largely unclear. However, 

recent studies have revealed that autophagy receptors are involved in the selective 

autophagy elimination of tau. Remarkably, p62 seems to bind to tau aggregates 

colocalizing with NDP52 autophagy receptor (Falcon et al., 2018). Furthermore, BAG3 

is a contributor of phosphorylated tau clearance by autophagy, especially in dendrites 

and post-synaptic terminal of inhibitory neurons. This aspect may be implicated in the 

cell-specific accumulation of tau pathology in excitatory neurons in AD or FTD (Fu et 

al., 2019). Finally, phosphatidylinositol-binding clathrin assembly protein 

(PICALM/CALM), a recent reported genetic risk factor for AD, regulates endocytosis, 

different steps of autophagy and tau specific clearance supporting an important role of 

autophagy in tau specific elimination in AD (Moreau et al., 2014). 
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In summary, autophagy mediates elimination of pathological tau, and deregulated 

autophagy, characterized by accumulation of autophagosomes and lysosomes, seems 

to play a pivotal role in the initiation and/or progression of neurodegeneration in AD and 

FTD (Nixon and Cataldo, 2006; Ghavami et al., 2014). 

3.6. Tau secretion and propagation  

Tauopathies are characterized by progressive spreading of tau pathology through 

affected brain regions. AD neuropathology is classified in six Braak stages (I-VI) 

depending on tau accumulation in affected brain regions. At early stages, AD patients 

show tau accumulation in the entorhinal cortex (EC) and then the lesion reaches the 

hippocampus. Finally, tau pathology extends to other cortical regions such as motor, 

associative and sensory regions and affecting frontal, temporal and parietal lobes 

(Braak and Braak, 1991; Braak et al., 2006). The mechanisms of tau spreading in the 

brain are still under investigation and it is not clear whether tau propagates from one to 

other brain regions or tau pathology is developed independently in each region.  

There is compelling evidence of tau propagation through secretion and synaptic 

mechanisms. In vitro and in vivo studies have revealed that tau propagation appears to 

be most likely from the secretion (free molecules, exosomes…) by a presynaptic or 

donor cell and the uptake by a postsynaptic or recipient cell, resulting in generation of 

new abnormal tau (Frost et al., 2009; Yamada et al., 2011). The lack of secretory signal 

sequence in tau suggests that tau is released by unconventional secretion pathways 

(Nickel and Rabouille, 2009). Some studies suggest that extracellular tau is mostly free 

and that phosphorylated tau can cross the plasma membrane through type I 

unconventional protein secretion mechanism or through chaperone-mediated release 

(Fontaine et al., 2016; Katsinelos et al., 2018). The presence of pathological tau in pre- 

and post-synaptic terminals supports the trans-synaptic spreading of tau. Aggregated 

tau can travel along axons and dendrites in an antero- and retrograde manner, 

affecting monomeric tau in a similar manner than prions (Calafe et al., 2015). 

Furthermore, injected- aggregated tau propagate to synaptically connected areas 

affecting neurons and oligodendrocytes in a time-dependent manner (Clavaguera et 

al., 2009; Lasagna-Reeves et al., 2012; Clavaguera et al., 2014). The fact that mice 

expressing human tau specifically in the EC show both human and endogenous tau 

aggregates in the hippocampus supports tau trans-synaptic propagation (de Calignon 

et al., 2012). 

Extracellular vesicles containing tau were recently suggested as a compensatory 

mechanism for tau clearance. Microvesicles, also called ectosomes, and exosomes are 
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the two types of extracellular vesicles containing tau. These vesicles share most of the 

markers making difficult its differentiation, but they have a slightly different origin. Both 

types of vesicles are present in all cells of the central nervous system and they are 

increased in tauopathies, supporting the role of microvesicles in tau propagation 

(Rajendran et al., 2006). Microvesicles secretion is stimulated by intracellular levels of 

calcium, inflammatory molecules, and oxidative stress in neurodegenerative diseases 

(Piccin et al., 2007). In vitro and in vivo studies of a rat model of tauopathy showed the 

presence of tau in microvesicles in extracellular space (Dujardin et al., 2014). On the 

other hand, exosomes are smaller vesicles usually with higher levels of lipid raft 

elements (Record et al., 2014). Phosphorylated and unbound tau are associated to 

vesicles, especially in intracellular compartments with disordered microtubules, and 

colocalize with lipid-raft associated tyrosine kinase, fyn, identified in exosomes (Lee et 

al., 2012). Additionally, tau is found in isolated exosomes in cerebrospinal fluid (CSF) 

and blood of AD patients and AD mice models (Barten et al., 2011; Saman et al., 2012; 

Fiandaca et al., 2015). Interestingly, the injection of exosomes isolated form tau 

transgenic mice or the injection of microglia-derived exosomes results in tau 

phosphorylation, aggregation and propagation (Asai et al., 2015; Baker et al., 2016). 

These results indicate the involvement of extracellular vesicles on pathological tau 

propagation, not only in neurons, but also in microglia supporting the role of the 

immune system in tau pathology. 

Intracellular tubular connections are bridges connecting remote cells formed by actin-

based transient cytoplasmic extensions (Rustom et al., 2004). Recent studies have 

shown that tau are specific markers of these channels and that tau species can 

stimulate their formation enabling tau transference in pathological situations 

contributing to tau propagation (Tardivel et al., 2016). Tau secretion is also regulated 

by several cellular processes such as starvation, lysosomal dysfunction or neuronal 

stimulation (Pooler et al., 2013; Mohamed et al., 2014). MAPT mutations can affect the 

form and the rate of tau release (Nacharaju et al., 1999). Interestingly, injection of 

aggregated tau in transgenic mice containing β-amyloid plaques causes tau seeding, 

which suggests that Aβ can increases tau pathology in AD (He et al., 2018). 

Tau species involved in tau spreading are under debate. Soluble monomers, large 

fibrils, full-length or truncated tau forms are detected in the extracellular fluid (Chai et 

al., 2012; Kfoury et al., 2012; Meredith et al., 2013; Takeda et al., 2015). However, 

CSF of control and AD patients show N-terminal tau fragments but not C-terminal 

fragment or full-length tau protein (Meredith et al., 2013). 
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Recent evidence indicates cellular internalization of tau after addition of tau to the cell 

media or the injection of tau into the brain causing tau pathology and neuronal death 

(Diaz-Hernandez et al., 2010; Lasagna-Reeves et al., 2012). Surprisingly, 

intraperitoneally injections of tau aggregates cause cerebral tau pathology in tau 

transgenic mice (Clavaguera et al., 2014b). Furthermore, several reports show 

endocytosis of tau by either macropinocytosis or clathrin-mediated mechanisms 

(Michel et al., 2014), and tau aggregates are uptaked into cells through heparin sulfate 

(Holmes et al., 2013). Interestingly, not only neurons but microglia have also shown to 

internalize tau (Bolós et al., 2016). 

In summary, different tau species and secretion/internalization mechanisms are 

implicated in the spreading of tau in physiological and pathological conditions. 

Clarifying these mechanisms are important for targeting tau propagation (tau 

secretion/uptake) as novel therapeutic strategy for tauopathies, including AD (Fig. 8). 

 

Figure 8. Mechanisms of cell-to-cell tau protein transfer. (1) Unconventional secretion of tau 

protein directly through plasmatic membrane. Tau secretion by ectosomes (2) and exosomes 

(3). After release, both share uptake mechanisms. (4) Tau transfer through intracellular tubular 

connections. MVB: multivesicular bodies (Brunello et al., 2020). 
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3.7. Therapeutic strategies for tauopathies 

Current strategies therapies for tauopathies are based on modifying or reducing tau 

expression, alternative splicing, post-translational modifications (phosphorylation, 

acetylation, aggregation…) and metabolism.  

The reduction of tau expression via tau silencing with antisense oligonucleotides, 

siRNA or microRNAs results in reduced tau pathology, improvement of behavior and 

electrophysiological properties in AD mouse models (Roberson et al., 2007; DeVos et 

al., 2017). For FTD cases caused by mutations on exon 10 of MAPT gene, 

experimental therapies are focused on the modification of the alternative splicing 

through the inclusion or exclusion of the exon 10. The correction of mis-splicing or 

splicing reduction represents a novel therapy strategy for specific tauopathies 

characterized by abnormal tau RNA processing (Kalbfuss et al., 2001; Avale et al., 

2013). 

Acetylation and phosphorylation are the main post-translational tau modifications 

associated to NFT in AD patients. Acetylation of phosphorylated tau reduces tau 

degradation resulting in increased tau aggregation and accumulation (Min et al., 2010). 

Reduction of tau phosphorylation with GSK3β inhibitors such as lithium chloride has 

shown promising results in mice (Forlenza et al., 2011; Ahmed et al., 2015), but it 

showed no benefits on AD patients (Hampel et al., 2009; Hampel et al., 2015). Our own 

results revealed that sodium selenate treatment increases the activity of PP2A 

reducing tau pathology and memory impairments in mice (Corcoran et al., 2010; Van 

der Jeugd et al., 2018). Furthermore, fyn inhibitor and a selective inhibitor of O-

GlcNAcase that prevents tau phosphorylation are currently on clinical trials with 

promising results in mice (Selnick et al., 2019; Wang et al., 2020). 

Some drugs have been used to promote tau proteolysis or degradation. Trehalose or 

pharmacological farnesyltransferase inhibition reduce tau pathology in mice through 

the activation of lysosomal tau degradation (Schaeffer et al., 2012; Hernandez et al., 

2019). Methylthioninium and derivates reduce tau aggregation and pathology in vitro 

and in transgenic mice. Clinical trial on mild to moderate AD patients showed some 

benefits but there was no improvement in patients co-treated with cholinesterase 

inhibitor and/or memantine and further studies are necessary (Wischik et al., 2015; 

Gauthier et al., 2016; Wilcock et al. 2018). Active and passive immunization focused on 

reducing tau propagation have shown to reduce tau uptake and seeding in vitro and tau 

pathology in transgenic mice (Yanamadra et al., 2013; Castillo-Carranza et al., 2014; 

Nobuhara et al., 2017). Currently, active and passive tau immunization targeting 
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different residues and forms of tau are ongoing on clinical trial for mild to moderate AD 

(Theunis et al., 2013; Kontsekova et al., 2014; Courade et al., 2018; Albert et al., 

2019). 

To sum up, tau has been proposed as a therapeutic target for the treatment of 

tauopathies and several approaches targeting tau pathology are currently ongoing in 

clinical trials. A better understanding of the mechanisms regulating tau 

phosphorylation, aggregation, degradation and secretion will help to investigate its role 

in physiological and pathological conditions. 



V. Hypothesis 
 

The hypothesis of this doctoral thesis is that loss of PS function in neurons 

contributes to tau hyperphosphorylation, aggregation and/or spreading. 

 

 

 

VI. Objectives 
 

The objectives of this doctoral thesis are the following: 

1. To investigate the role of PS on tau phosphorylation, aggregation and 

transmission 

2. To study the molecular and cellular mechanisms regulated by PS in tau 

pathology in tauopathy mouse models 

3. To examine the effects of tau in synapse pathology 
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1. Mouse models 

PS cDKO mice (C57BL/6/129 background) lacking expression of both PS (PS1 and 

PS2) genes in forebrain glutamatergic neurons were previously described (Saura et al., 

2004). Briefly, Littermate control (PS1 f/f; PS2+/+ or PS1 f/f; PS2+/-; f:floxed), PS1 cKO 

(PS1 f/f; CamKIIα-Cre) and PS cDKO (PS1 f/f; PS2-/-; CaMKIIα-Cre) mice were 

obtained by crossing floxed PS1/PS2-/- (PS1 f/f; PS2-/-) or PS2+/- (PS1 f/f; PS2+/-) males 

to heterozygous PS1 cKO; PS2+/- females (PS1 f/f; PS2+/-; CaMKIIα-Cre, Steiner et al., 

1999; Yu et al., 2001). To investigate the role of PS in human tau pathology we 

generated novel non-transgenic control (PS1 f/f; Tau-), tau (PS1 f/f; Tau+), PS1 

cKO;Tau (PS1 f/f; CamKIIα-Cre; Tau+) and PS cKO;Tau (PS1 f/f; PS2-/-; CamKIIα-Cre; 

Tau+) mice by crossing PS1 cKO or PS cDKO with Tau P301S Tg (PS19) mice (JAX 

#008169; C57BL/6). Tau P301S mice expressing the FTDP-17-linked P301S MAPT 

gene under the neuron-specific prion protein promoter (MoPrP) show behavior 

alterations and phosphorylated tau and NFT pathologies at 5-8 months (Yoshiyama et 

al., 2007). Mice were maintained at the Animal Core facility of the Universitat 

Autònoma de Barcelona, on a 12h-light/dark cycle with ad libitum food and water. All 

experimental procedures were conducted according to the Animal and Human Ethical 

Committee of the Universitat Autònoma de Barcelona (CEEAH 2896) and Generalitat 

de Catalunya (DMAH 8787) following the experimental European Union guidelines and 

regulations (2010/63/EU). 

2. Mouse genotyping 

DNA extraction was performed digesting approximately 2 mm of the mouse tail in 

50mM NaOH during 30 min at 95ºC. Purified DNA was amplified by Polymerase Chain 

Reaction (PCR) using 2 µl of DNA sample, 2.5 µl of 10X PCR buffer (Biotools), 0.5 µl 

dNTP (10mM; Biotools), 0.5 µl MgCl2 (50 mM; Biotools), 0.2 µl Taq DNA polymerase (5 

U/ml; Biotools), forward and reverse primers (0.5 µM; Life Technologies). We checked 

the PS1, Cre, PS2 and Mapt genes. All the primer sequences used for PCR are in 

table 2.  
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Gene Primer Sequence (5’-3’) PCR conditions 

PS1 

P139 GGTTTCCCTCCATCTTGGTTG 94°C, 4 min 

94°C, 1 min 

60°C, 1 min    40 cycles 

72°C, 1 min 

72°C, 7 min 

P140 TCAACTCCTCCAGAGTCAGG 

P158 TGCCCCCTCTCCATTTTCTC 

Cre 
P156 GCCTGCATTACCGGTCGATGCAACGA 

P157 GTGGCAGATGGCGCGGCAACACCATT 

PS2 

P162 CATCTACACGCCCTTCACGG 
94°C, 4 min 

94°C, 1 min 

65°C, 1 min    35 cycles 

72°C, 1 min 

72°C, 7 min 

P163 CACACAGAGAGGCTCAAGATC 

P164 AAGGGCCAGCTCATTCCTCC 

Mapt 

P16134 GGCATCTCAGCAATGTCTCC 

94°C, 4 min 

94°C, 1 min 

65°C, 1 min    35 cycles 

72°C, 1 min 

72°C, 7 min 

P12473 GGTATTAGCCTATGGGGGACAC 

OIMR 

8744 
CAAATGTTGCTTGTCTGGTG 

OIMR 

8745 
GTCAGTCGAGTGCACAGTTT 

Table 2. Primer sequences and conditions used for mouse genotyping. 

3. Behavioral tests 

3.1. Tail suspension test 

To evaluate significant motor deficits, we measured clasping scores suspending the 

mouse from the tail for 5 min. Measures of movement of hind/forelimbs and clasping 

behavior are measured according to the severity of the hindlimb clasping on a scale 

from 0 to 4 (0 = no clasping; 1-4: clasping of one-four toes). 

3.2. Contextual fear conditioning (CFC) 

Mice handled for three days (3 min/day) were placed in a conditioning chamber (15.9 x 

14 x 12.7 cm; Med Associates, St. Albans, Vermont) for 3 min, foot-shocked (1s/1mA) 

and retained in the chamber for 2 min (immediate freezing, España et al., 2010). Fear 

memory was tested as freezing behavior, defined as a complete cessation of all 



VII - Materials and Methods 

57 
 

movement except for respiration, in the same conditioning chamber for 4 min 24 h after 

training using Video Freeze Software (Med Associates). 

3.3. Cued fear conditioning (CuedFC) 

Animals were positioned in the same chamber as CFC with white light during 3 min to 

measure the neophobia. After that, the animals were exposed to a sound stimulus 

(conditioned stimulus: CS) of 2800 Hz and 80 dB for 30 seconds. The last 2 seconds of 

the CS were accompanied by an electric shock of 0.8 mA (unconditioned stimulus: 

US). The immobilization response was measured during the consecutive 2 min after de 

shock as the immediate freezing. 24h after, the animals were introduced in a modified 

chamber with dark light to avoid the visual recognition during 2 min. Then, the CS were 

presented during 3 min without electric shock. The immobilization response (freezing) 

before the CS (pre-CS) and during the CS were recorded using the same software as 

the CFC. 

3.4. Novel Object Recognition (NOR) 

Mice were placed in a square apparatus for 1 min for context habituation. Then, during 

the training phase, mice were exposed to two identical objects during 5 min. To study 

short-term memory, 2 hours after, on the test phase, one object were replaced for a 

different object and mice were exposed for 5 min. Finally, to analyze long-term 

memory, 24 h after training phase, mice were exposed to the first object and a new one 

during 5 min. We analyzed the preference for both objects and the number and latency 

of rearing in each phase. 

3.5. Morris water maze (MWM) 

Mice were put in a circular pool with 90 cm of diameter with water (22ºC). White paint 

was used to make the water opaque. Four visible cued were place in the cardinal 

points for be used for the mice to locate the hidden platform (6,5 cm). The pool was 

virtually divided in 4 zones: target quadrant where the platform was located (TQ), 

opposite quadrant (OQ) and adjacent quadrants (LQ and RQ). The experiment was 

divided in three phases: easy task, learning and memory probe. In the easy task, a flag 

was anchored in the platform to facilitate its localization and this phase consists in 6 

trials for each animal using different entrance in each trial. The learning phase consist 

in 3 trials of 2 consecutive test during the next 5 days. The protocol was the same as 

easy task phase but without the flag and varying the order of the entrances. If the 

mouse were able to reach the platform, it was picked after 10 seconds. If the mice were 

not able to find the platform after 60 seconds, the mice were guided to the platform and 
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placed there for 10 seconds. To analyze the learning, the latency (s) was measured in 

each probe of each day. The memory probe consists in a single trial of 60 seconds with 

the removal of the platform. The hippocampal dependent memory was measured 

according to the time spent in, number of crossings and latency to the target quadrant 

and the number of crossings of the area where the platform was during the learning 

phase. All the sessions were recorded using the any-maze behavioral tracking 

software. 

4. Tissue processing 

4.1. Biochemical analysis 

For biochemistry experiments by western blotting, animals were euthanized by cervical 

dislocation and brains were dissected in order to obtain the cortex and the 

hippocampus. Then, a total tau extraction protocol was used (Planel et al., 2001). 

Cortex and hippocampus were dissected and individually homogenized in 100 µl of O+ 

buffer for 1 mg of weight and boiled immediately in boiling water during 5 min, to isolate 

proteins resistant to heat, including tau (Petry et al., 2014). Samples were sonicated for 

15 seconds and centrifuged for 15 min at 14,000 rpm and 4ºC. Then, we took the 

supernatant and we used a quantitative protein assay kit (Invitrogen) to measure the 

protein concentration in each sample. 

4.2. Histological analysis 

For histological analysis by immunohistochemistry, mice were killed using CO2 and 

perfused intracardially with 4% of paraformaldehyde (PFA) in Tris-HCl buffer saline 

(TBS) pH 7.4 at room temperature (RT). Brains were removed and immerse in 10% 

PFA for 2 h at RT and then rinsed in TBS before dehydration in a graded series of 

ethanol followed by xylene. Then the tissue was embedded in paraffin, sectioned at 10 

µm and mounted on glass slides. Sections from all the mice groups of each age were 

mounted on the same slide in order to assure maximum homogeneity during 

immunostaining procedure. 

4.3. Synchrotron analysis 

For synchrotron based-μFTIR analysis, animals were euthanized and perfused with TB 

and 4% PFA. Brains were extracted and postfixed during 2 h at RT in 4% PFA and 

cryoprotected with 30% sucrose solution in 0,1 M TB for 48 h at 4ºC and, finally, frozen 

in ice-cold methylbutane (320404, Sigma-Aldrich) and stored at -80ºC. Series of 

coronal parallel sections (8-µm-thick) between bregma 0.86 mm and bregma -1.22 mm 

coordinates were cut on a cryostat (CM3050S Leica) and mounted onto polished 
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barium fluoride (BaF2) optical windows (BAFP16-1, Crystran, U.K). BaF2 windows 

containing brain sections were stored at room temperature (RT) in vacuum chamber 

and protected from light. 

5. Gallyas staining 

To detect the neurofibrillary tangles (NFT) composed of aggregated and 

phosphorylated tau, we used the simplification of the modified Gallyas staining, a 

silver-staining method useful for histological detection of pathological accumulation in 

the central nervous system (Kuninaka et al., 2015). More concretely, the Gallyas 

method is an impregnation technique of silver with high sensitivity for argyrophilic 

structure like NFT.  Sections were deparaffinized in xylene followed by a rehydration in 

a graded series of ethanol (2x3 min in xylene, 2x3 min in 100%, 3 min in 95%, 3 min in 

70%, 3 min in 50% ethanol) and 3 min in H2Od. Then, the slides were submerged in 

potassium permanganate 0.3% (Sigma 223468) during 10 min followed by 2 rinses in 

H2Od of 3 min. After that, samples were treated during 1 min in oxalic acid 1% (Sigma 

75688) and washed for 5 min in H2Od. After 1 min of alkaline silver iodide treatment, 

sections were washed 3 times with acetic acid 0.5% during 1 min each. Then, slides 

were submerged in developer solution, prepared immediately before its use, during 6-7 

min depends on temperature and reaction time. This solution is composed by solution 

A (1000 ml: 2 g silver nitrate, 2 g ammonium nitrate, 10 g tungstosilicic acid and 5.1 ml 

of paraformaldehyde 35% in H2Od) and solution B (50 g of anhydrous sodium 

carbonate (Sigma 223484) in 1000 ml H2Od). Again, samples were washed 3 times in 

acetic acid 1% during 1 min. Then, gold chloride 0.5% (Sigma 254169) was used 

during 5 min and washed with H2Od during 1 min. We used an incubation of 3 min in 

nuclear fast red 0.1% as a counterstain to stain the nucleus without interfering the NFT. 

Finally, slides were dehydrate using the same graded series of ethanol in the opposite 

way and in xylene and mounted with DPX Mountant for histology (SIGMA 06522). 

6. Purification and injection of tau extracts 

Parietal cortex (7 g) of two pathologically confirmed sporadic AD cases (two females, 

80 and 89 years old) were homogenized in 10 volumes of cold H buffer (10mM Tris, 

1mM EGTA, 0.8 M NaCl and 10% sucrose at pH 7.4) and then purified by 

ultracentrifugation as described (Greenberg and Davies, 1990). After collecting the 

extracts from the 35% sucrose layer and 35-50% of interface, the purified material was 

centrifuged at 55,000 rpm for 1h in a Sorvall S55A rotor. The pellet containing PHFs 

was resuspended in 100-200 μl of PBS and stored at -80°C. PHFs extracts (10 μl) 

were resolved in SDS-PAGE and analyzed by Western blotting with monoclonal PHF-1 



VII - Materials and Methods 

60 
 

antibody (Ser396/Ser404). Tau extract samples were also characterized by 

transmission electron microscopy by using the air-dried negative staining method. 

Briefly, 8 μl of the mixture were placed on carbon-coated copper grids and incubated at 

room temperature for 1 min. Samples were stained negatively with uranyl acetate (2%) 

for 1 min. Images were obtained with a JEOL JEM-1400 80KV microscope. Purified tau 

extracts (3μl; 10μg/μl; 0.5μl/min) or vehicle were injected unilaterally stereotaxically into 

the hippocampus of mice anesthetized with isoflurane. The injection coordinates were 

(in mm) according to Paxinos and Franklin’s brain atlas: anterior 0.2 caudal to bregma; 

0.18 lateral to bregma; depth 0.18 ventral to dural surface. Mice were analyzed 3 

months post-injection (n = 4-8 mice/genotype). 

7. In vitro experiments 

7.1. HEK293T 

Human embryonic kidney cell 293, expressing the SV40 T-antigen to promote the 

replication of the transfected plasmids, were used for the lentiviral particle generation.  

HEK293T cells were maintained in DMEM supplemented with 10% fetal bovine serum 

(FBS; Invitrogen-Gibco 10106-169) and penicillin/streptomycin (5000 U/ml, Life 

Technologies 15070-063) at 37ºC in a humidified 5% CO2 incubator. Cells were 

washed with pre-warmed phosphate buffe saline (PBS), treated with 0.25% trypsin- 

ethylenediamine tetraacetic (EDTA) and incubated for 3 min at 37ºC. Then. Cells were 

centrifuged at 1000 rpm during 5 min and seeded at the required cell density.  

7.2. Lentiviral generation 

HEK293T cells were transfected using the Calphos Mammalian Transfection Kit 

(Clontech). Briefly, 30 µg of plasmid containing the sequence of interest (ΔCre and 

Cre), 15 µg of plasmid containing the viral genes of packaging (psPAX2) and 10 µg of 

a plasmid with viral genes of envelope sequence (pM2D.G) were mixed with 250 mM 

CaCl2. Then, DNA solution was added to 1.5 ml of HBS buffer, softly mixed and 

incubated for 20 min at room temperature. Medium of cells were replaced by OptiMEM 

(Invitrogen, 31985-062) supplemented with 25 µM chloroquine. After the 20 min, 1 ml 

of the transfection mix was added to the cells and incubated for 7-8 h at 37ºC in 5% 

CO2. 24, 36 and 48h after, the culture medium was recollected and centrifuged at 

100000 x g at 4ºC during 2h. Pellet, containing the lentiviral particles, was resuspended 

in 10 µl of PBS in agitation at 4ºC overnight. Lentiviral particles were aliquot and stored 

at -80ºC.   
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Taking advantage of the GFP-expressing cassette present in the ΔCre and Cre 

lentiviral plasmid, lentiviral particles generated were tittered by flow cytometry. 

HEK293T cells were cultured in 24-well plates at 1500 cells/cm2 density and 24h later, 

transduced with a range dilution of lentiviral particles (2 µl, 1 µL, 0.5 µl, 0.25 µl, 0.125 

µl, 0.0625 µl and 0.03125 µl). Cells were maintained for 48h at 37ºC in 5% CO2.  Cells 

were washed twice with PBS, trypsinized, recollected and centrifuged at 10000 rpm 

during 3 min. The pellet containing the cells were washed twice with PBS and the GFP 

fluorescence of 10000 cells was measured in a flow cytometer (Cytomics FC 500, 

Beckman Coulter). The final titer (infective particles/ml) was calculated according to the 

formula: 

 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐺𝐹𝑃 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 𝑥 1000 𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑚𝑜𝑚𝑒𝑛𝑡 

𝑉𝑖𝑟𝑎𝑙 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑥 100
 

7.3. Primary neuronal cultures 

6-wells plates were treated with 50 µg/ml poly-D-lysine incubated at 37ºC for 3-24h and 

washed twice with PBS.  

Brains from mouse embryos (E15.5), obtained from PS1 f/f; PS2+/-; Tau+ and PS1 f/f; 

PS2-/- crossing, were dissected in PBS supplemented with 0.6% glucose and cortices 

of each embryo were transferred separately to a 2 ml of solution 1 (Krebs buffer [120 

mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 25 mM NaHCO3 14.3 mM glucose] with 0.3% 

bovine serum albumin and 0.03% Mg2SO4) and centrifuged at 300 x g during 1 min. 

The pellet was incubated at 37ºC during 10 min in 2 ml solution 2 (solution 1 

supplemented with 0.0025% trypsin) and solution 3 (solution 1 supplemented with 

0.0056% trypsin inhibitor, 0.008% DNase and 0.03% Mg2SO4) was added to stop the 

trypsin reaction by centrifugation at 300 x g for 1 min. Then, pellet was resuspended in 

solution 4 (84% solution 1 and 16% solution 3), disrupted using a Pasteur pipette and 

filtered with a nylon mesh of 40 µm pore size. Finally, solution 5 (solution 1 

supplemented with 0.03% Mg2SO4 and 0.0014% CaCl2) was added to cell suspension 

and centrifuged for 5 min at 250 x g. Cell pellet was resuspended in supplemented 

DMEM medium and cells were stained with trypan blue and counted in a Neubauer 

chamber. Neurons were cultured at 75000 cells/cm2 density in supplemented DMEM 

containing 5% FBS and penicillin/streptomycin in poly-D-lysine coated dishes for 2-3h 

and then in Neurobasal medium containing B27 supplement and glutamine (Life 

Technologies). The genotype of each embryo was determined by PCR (Section 2 of 

Materials and methods) For PS1 inactivation, half of the conditioned medium was kept 

and neurons (4 days in vitro, DIV) were transduced with lentiviral Cre-deficient or Cre-

recombinase vectors overnight as described (1-2 transducing units/cell) (Watanabe et 
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al., 2009). Next day, the medium was replaced by the kept conditioned medium plus 

fresh neurobasal medium. Culture medium was changed at 8 DIV and 11 DIV neurons 

were lysed with cold RIPA-DOC (50 mM Tris-hydrochloride, pH 7.4, 150 mM sodium 

chloride, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 2.5 mM EDTA, 1 mM 

Na3VO4, 25 mM sodium fluoride). Then, samples were sonicated and centrifuged for 

20 min at 20.000 x g at 4ºC. 

8. In vitro treatments 

For neuronal stimulation, proteasome inhibition and modulation of autophagy and 

protein exocytosis, after 2 hours in fresh media, 10-11 DIV cortical neurons were 

treated with chloroquine (30 µM) during 24h, nutrient deprivation in DMEM free glucose 

for 30 min to 24h and/or MG132 (1 µM) for 24h. After the treatment, neurons were 

lysed as describe above. 

9. Biochemical analysis 

For biochemical analysis, half cortex and hippocampi were lysed in cold-lysis buffer 

(62.5 mM Tris-hydrochloride, pH 6.8, 10% glycerol, 5% β-mercaptoethanol, 2.3% 

sodium dodecyl sulfate [SDS], 5 mM NaF, 100 µM Na3VO4, 1 mM EDTA, 1mM 

ethylene glycol tetraacetic acid) containing protease and phosphatase inhibitors 

(Roche España, Barcelona, Spain) and boiled at 100°C (Planel et al., 2001). Protein 

content was quantified with the BCA protein assay kit (Thermo Fisher Scientific), 

resolved on SDS-polyacrylamide gel electrophoresis and detected by Western blotting 

with the antibodies listed on table 3. Bands detected with secondary antibodies coupled 

to peroxidase (Bio-Rad) and enhanced chemiluminescent reagent were captured in 

ChemiDoc MP System (Bio-Rad) and quantified in a linear range using the ImageLab 

5.2.1 software (Bio-Rad). 

Antibody Specificity Source 
Cat 

number 
Host Dilution 

β-actin β-actin Sigma-Aldrich A5441 Mouse 1:60000 

Akt Protein kinase B Santa Cruz Sc-1618 Goat 1:1000 

p-Akt 
Phosphorylated 

Thr 308 Akt 
CellSignaling #4056 Rabbit 1:1000 

p-Akt 
Phosphorylated 

Ser473 Akt 
CellSignaling #9271 Rabbit 1:1000 

AMPK 

Total AMP-

activated protein 

kinase 

CellSignaling #2532 Rabbit 1:1000 



VII - Materials and Methods 

63 
 

p-AMPK 
Phosphorylated 

Thr172 AMPK 
CellSignaling #2531 Rabbit 1:1000 

AT8 

Phosphorylated 

Ser202/Thr 205 

tau 

LifeTechnologies 
BR-

00390206 
Mouse 1:200 

Cdk5 Total Cdk5 Santa Cruz Sc-6247 Mouse 1:300 

CP13 
Phosphorylated 

Ser202 tau 
P. Davies - Mouse 1:250 

CRTC1 

CREB-regulated 

transcription 

factor 1 

Millipore ABE1952 Rabbit 1:2000 

D1M9X Total tau CellSignaling #46687 Rabbit 1:1000 

Doublecortin Doublecortin ABCAM #AB18723 Rabbit 1:1000 

Erk 
Total p44/42 

MAPK 
CellSignaling #9102 Rabbit 1:2000 

p-Erk 

Phosphorylated 

Thr202/Tyr204 

p44/p42 MAPK 

CellSignaling #9101S Rabbit 1:1000 

GAPDH 

Glyceraldehyde-

3-phosphate 

dehydrogenase 

LifeTechnologies AM4300 Mouse 1:100000 

GFAP 
Glial fibrillary acid 

protein 
Dako Z0334 Rabbit 1:5000 

GSK3β Total GSK3β BD Biosciences #610202 Mouse 1:2500 

p-GSK3β 
Phosphorylated 

Ser9 GSK3β 
CellSignaling #9336 Rabbit 1:1000 

Iba1 

Ionized calcium 

binding adaptor 

molecule 1 

Wako 019-19741 Rabbit 1:1000 

Lamin-β1 Lamin-β1 Zymed 33-2000 Mouse 1:1000 

LC3B 

Microtubule-

associated 

proteins 1A/1B 

light chain 3 

Abcam #AB48394 Rabbit 1:1000 

MC1 
Conformational 

tau (aa 312-322) 
P. Davies - Mouse 1:250 

mTOR 
Mammalian target 

of rapamycin 
CellSignaling #2972 Rabbit 1:1000 

p-mTOR 
Phosphorylated 

Ser2448 mTOR 
CellSignaling #2971 Rabbit 1:1000 
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NFκB 
Nuclear factor 

Kappa B 
Santa Cruz Sc-372 Rabbit 1:500 

NF-L 
Neurofilament 

light chain 
Millipore #AB9586 Rabbit 1:1000 

p35 p35/p25 Santa Cruz Sc-820 Rabbit 1:500 

p70S6K 
Ribosomal protein 

S6 kinase 
CellSignaling #9202 Rabbit 1:1000 

p-p70S6K 
Phosphorylated 

Thr389 p70S6K 
CellSignaling #9205 Rabbit 1:1000 

PG5 
Phosphorylated 

Ser409 tau 
P. Davies - Mouse 1:250 

PHF-1 
Phosphorylated 

Ser396/404 tau 
P. Davies - Mouse 1:250 

p-PRAS40 
Phosphorylated 

Thr246 PRAS40 
CellSignaling #2997 Rabbit 1:1000 

PS1-CTF 

(loop) 

C-terminal 

fragment- 

Presenilin 1 

Chemicon MAB5232 Rabbit 1:500 

PS1-NTF 

N-terminal 

fragment- 

Presenilin 1  

Calbiochem 529591 Rabbit 1:10000 

PSD95 
Postsynaptic 

density protein 95 
BD Biosciences 610496 Mouse 1:2500 

SMI312 

Neurofilament 

heavy and 

medium chain 

Biolegend #837904 Mouse 1:500 

Synaptophysin Synaptophysin Sigma-Aldrich S5768 Mouse 1:100000 

Syntaxin 1 Syntaxin 1 Santa Cruz Sc-12736 Mouse 1:1000 

Tau17025 Total tau V. Lee - Rabbit 1:5000 

TG5 Total tau P. Davies - Mouse 1:500 

β-tubulin β-tubulin Sigma-Aldrich T7816 Mouse 1:20000 

VGLUT1 

Vesicular 

glutamate 

transporter 1 

Synaptic Systems 135302 Rabbit 1:1000 

Table 3. List of antibodies used for Western blotting. 
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10. Synchrotron based-μFTIR analysis 

10.1. Acquisition of the data 

Fourier transform infrared microspectroscopy (μFTIR) coupled to synchrotron radiation 

(SR) was performed at the beamline MIRAS at ALBA’s synchrotron (Catalonia, Spain). 

A Hyperion 3000 microscope equipped with a 36x magnification objective and couple 

to a Vertex 70 spectrometer (Bruker) was used. The measuring range was 600-4000 

cm-1 wavenumber, and the spectra collection was carried out in transmission mode at 

4 cm-1 resolution, 10 μm x 10 μm aperture dimensions and 128 scans. Zero filling was 

performed with fast Fourier transform (FFT), so that, in the final spectra, there was one 

point every 2 cm-1. Background spectra were collected from a clean area of each BaF2 

window every 7,5 min. A mercury cadmium telluride (MCT) detector was used, and 

both the microscope and spectrometer were continuously purged with liquid nitrogen. 

For each animal, a minimum of 100 spectra with a step size of 30 μm x 30 μm were 

acquired in the granular layer and the hilus of the hippocampus, medial corpus 

callosum and in the retrosplenial cortex area. A total of 4 animals by group was used 

for this experimental procedure. All the spectra were obtained by means of Opus 7.5 

software (Bruker). 

10.2. Synchrotron based-μFTIR spectra analysis 

The spectra obtained from the tissue samples were firstly visualized in Opus 7.5 

software (Bruker) and those exhibiting a low signal to noise ratio were eliminated. For 

data processing, The Unscrambler X software (CAMO Software, Oslo, Norway) was 

used. Second derivative of the spectra was calculated using a Savitsky-Golay 

algorithm with an eleven-point smoothing filter and a polynomial order of 5 to eliminate 

the baseline contribution and enhance narrow bands. The spectroscopic infrared (IR) 

peaks at different wavenumbers are well stablished to correspond with biomolecules 

and functional organic groups (Fig. 9). In this study, we focused the analysis on the 

determination of the amount of lipid respect to the total amount of protein in the tissue 

using the ratios for Amide I/CH2 (A1635+1656/A2921). Second, the lipid oxidation was 

determined by calculating the increase of the carbonyl group (C=O) using the ratio 

A1741/A2921 and the increase of the unsaturated olefinic group (C=CH) calculating the 

ratio A3014/A2921. Third, the α- and β- secondary structures of proteins determined by 

A1656/A1635+1656 and A1635/A1635+1656, respectively. Forth, the unordered structures 

determined by A1644/A1635+1656, proteins with intermolecular β-sheet and antiparallel β-

sheet structures determined by A1625/A1635+1656 and A1695/A1635+1656, respectively (Rice-

Evans, 1994; Benseny-Cases et al., 2018; Sanchez-Molina et al., 2020). 
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Figure 9. Representative infrared biochemical profile of biological tissue. Peaks represent 

chemical functional groups of lipids, proteins, nucleic acids and carbohydrates (Baker et al., 

2014). 

11. Immunohistochemistry (Immunofluorescence and DAB staining) 

Mice were perfused transcardially with TBS and 4% phosphate-buffered 

paraformaldehyde. After 2h immersion in 4% PFA and 2 washes with TBS, brains were 

embedded in paraffin. Sagittal brain sections (5-10 μm) cut in the microtome were 

deparaffinized in xylene, rehydrated and microwave heated for 10 min in citrate buffer 

(10 mM, pH=6.0). Sections were incubated overnight at 4ºC with primary antibody 

listed on table 4. Immunofluorescence slides were incubated with AlexaFluor-

488/594/658-conjugated goat IgGs (1:400) during 90 min followed by 30 min Hoechst 

(1:10,000; Thermo Fisher Scientific) incubation. For DAB staining, sections were 

incubated with a biotin conjugated anti-mouse and anti-rabbit secondary antibody 

(1:200, Vector laboratories) during 30 min at RT. Slides were incubated with ABC kit 

(Vector laboratories) during 30 min at RT. Then, slides were incubated with DAB 

peroxidase substrate kit (Vector laboratories) during a specific time according to the 

primary antibody. Slides were immersed in Harris Hematoxylin (Sigma) to stain cell 

nuclei and dehydrated in a graded series of ethanol and xylene. Finally, sections were 

coverslipped using Fluoroprep mounting media for immunofluorescence (BioMérieux) 

or DPX Mountant for histology (Sigma). Confocal images (40x; zoom 1 or 2) were 

obtained with a Zeiss Axio Examiner D1 LSM700 laser scanning microscope (Carl 
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Zeiss Microcopy, Jena, Germany) and immunoperoxidase staining images were 

captured using a Nikon Eclipse 80i microscope. All images were analyzed with ImageJ 

software. 

Antibody Specificity Source Cat number Host Dilution 

CP13 
Phosphorylated 

Ser202 tau 
P. Davies - Mouse 1:50 

GFAP 
Glial fibrillary 

acid protein 
Dako Z0334 Rabbit 1:500 

Iba1 

Ionized calcium 

binding adaptor 

molecule 1 

Wako 019-19741 Rabbit 1:500 

MC1 
Conformational 

tau (aa 312-322) 
P. Davies - Mouse 1:50 

NeuN 
Neuronal 

marker 
Chemicon #ABN78 Rabbit 1:1000 

NF-L 
Neurofilament 

light chain 
Millipore #9586 Rabbit 1:800 

Olig2 

Oligodendrocyte 

transcription 

factor 2 

Millipore #AB9610 Rabbit 1:500 

PG5 
Phosphorylated 

Ser409 tau 
P. Davies - Mouse 1:100 

PHF-1 
Phosphorylated 

Ser396/404 tau 
P. Davies - Mouse 1:200 

SMI312 

Neurofilament 

heavy and 

medium chain 

Biolegend #837904 Mouse 1:500 

Table 4. Primary antibodies used for immunohistochemistry.   

12. Nuclear and synaptosome purification 

Two hippocampi were lysate in 4 ml of ice-cold solution A (5mM HEPES pH 7.4, 0.32M 

sucrose, 1mM NAHCO5, 1mM MgCl2, 0.5mM CaCl2) on ice. 50 µl were kept as the 

lysate fraction. Then, lysate sample were centrifuged in 15 ml falcon tubes at 1400g for 

10 min (3600rpm, Eppendorf 5810R centrifuge). Supernatant was kept and pellet was 

resuspended and homogenized with 2 ml of solution A. After that, samples were 

centrifuged at 710g for 10 min (1900rpm, Eppendorf 5417R). Supernatant was kept 

and combined with the previous one for synaptosomal purification while, pellet was 

resuspended with 400 µl of NHB (250mM sucrose, 10mM TEA, 10nM acetic acid, 1mM 

MgCl2, 0.5mM ZnCl2) and homogenized. 1.45 ml of 2.2M sucrose were added to the 
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sample and homogenized. Sucrose gradient was prepared at the moment. From 

bottom to top: 2ml 2.2M sucrose, 2ml 2M sucrose, 2 ml 1.8M sucrose, 2 ml sample and 

2 ml 1.4 sucrose. Samples were centrifuged at 75000g (30000rpm) in SW41 rotor for 

35 min at 4ºC. Nuclear pellet was resuspended in 75 µl of lysis buffer (150mM NaCl, 

25mM Tris HCl, 1% NP40, 10% glycerol). Combined supernatant (6 ml) was 

centrifuged at 13800 g for 10 min (14000rpm, Beckman Coulter) in 70Ti rotor. Pellet 

was resuspended and homogenized in 3 ml of solution B (6mM Tris HCl pH 8.0, 0.32M 

sucrose, 1mM NAHCO3). Samples were added to a sucrose gradient prepared at the 

moment (from bottom to top: 1.2M sucrose, 1M sucrose, 0.85M sucrose, 2,5 ml 

sample) and centrifuged at 82500 g for 2h at 4ºC (26000rpm, Beckman Coulter) 

SW41Ti rotor. The synaptosome fraction (1 ml) was taken form interface between 1M 

and 1.2M sucrose gradients. 200 µl of synaptosomal fraction was kept. 0.5 ml of 

solution C was added to the rest of the sample (12mM Tris HCl pH 8, 1% triton X-100) 

and samples were incubated on ice for 15 min. Then, samples were centrifuged at 

32800g for 60 min at 4ºC (21000rpm, Sorvall M120SE mini-ultracentrifuge). The 

supernatant was kept as the presynaptic fraction and the pellet was resuspended in 75 

µl of solution D (40mM Tris HCl pH 8, 1% NP40) and kept as the postsynaptic fraction. 

All the buffers contained protease and phosphatase inhibitors (Roche), Na3VO4 and 

NaF. Sucrose gradients were prepared in gradient buffer (10mM TEA, 10mM acetic 

acid, 1mM MgCl2, pH 7.4). 

13. Statistical analysis 

Statistical analysis of behavioral, biochemical and pathological studies was performed 

using one or two-way ANOVA followed by Sidak’s for same age comparison or Tukey’s 

post hoc test for multiple comparisons and unpaired student’s t-test was used when 

only a specific age was analyzed when the standard deviation was equal between 

groups. When standard deviation was significantly different between groups, the 

statistical analysis was performed using Brown-Forsythe and Welch’s ANOVA test 

followed by Dunnett T3 post hoc tests. Values represent mean ± s.e.m. All the 

statistical analysis was carried out using Prism software (GraphPad, La Jolla, CA). 

Differences with P < 0.05 were considered significant. 
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1. Loss of PS function causes age-dependent neurodegeneration and 

behavioral abnormalities 

Previous studies have revealed that loss of neuronal PS function in mice caused 

progressive brain atrophy as assayed by Nissl staining (Saura et al., 2004). To confirm 

the effects of PS deficiency on brain degeneration we examined the brain, cortex and 

hippocampus of wild-type (WT) and PS cDKO mice at 2, 6, 9 and 12 months of age. 

We found an age-dependent decreased in total weight of brain (genotype effect: P < 

0.0001, age effect: P < 0.01, genotype x age interaction effect: P < 0.0001), cortex 

(genotype effect: P < 0.0001, age effect: P = 0.055) and hippocampus (genotype effect: 

P < 0.001) of PS cDKO mice starting at 6 months of age (Figs. 10A,B). Brain 

degeneration is not present from the birth as there are no significant differences at 2 

months. We performed a tail suspension test to analyze the clasping finding significant 

motor deficits in PS cDKO mice at 9 months of age. Furthermore, PS cDKO mice 

develop abnormal body posture at late stages (Fig. 10C). These results remark the 

importance of PS function in neuronal survival in the adult mouse brain. 

Figure 10. Analysis of brain degeneration and behavior in PS cDKO mice. (A) Age-

dependent decrease in brain (left), cortex (middle) and hippocampus (right) weight in PS cDKO 

mice. (B) Brain atrophy in PS cDKO mice. (C) Motor and postural alterations in PS cDKO mice 

(left). Tail suspension test (right) shows severe clasping behavior in PS cDKO mice starting at 9 

months of age. Values represent mean ± s.e.m. (n = 4-30 mice/group). Statistical analysis was 

determined by two-way ANOVA followed by Sidak’s post hoc tests. *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001. 
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2. Age-dependent tau phosphorylation in the cortex and hippocampus 

of PS cDKO mice 

To investigate whether neurodegeneration was accompanied by tau pathology in PS 

cDKO mice, we analyzed levels of phosphorylated tau in the cortex and hippocampus 

of WT and PS cDKO mice at 6, 9 and 12 months of age. We performed Western blot 

analyses using specific anti-total and phosphorylated (p) tau antibodies and found a 

significant age-dependent increase in pSer202 (CP13, genotype effect: P < 0.01), 

pSer202/pThr205 (AT8, genotype effect: P < 0.01, age effect: P < 0.05) and 

pSer396/404 (PHF-1, genotype effect: P < 0.05) but no changes in total tau levels 

(Tau17025) in the cortex of PS cDKO mice. However, low migrating 

hyperphosphorylated band was significantly increased in PS cDKO mice at 12 months 

suggesting increased hyperphosphorylation (Fig. 11). In the hippocampus, pSer202 

(CP13) and pSer202/pThr205 (AT8) tau levels tend to increase at 12 months and 

pSer396/404 (PHF-1) were significantly increased in PS cDKO mice (genotype effect: 

P < 0.05) without changes in total tau levels (Tau17025). 

Figure 11. Biochemical analysis of total and phosphorylated tau in the cortex and 

hippocampus of PS cDKO mice. Western blot images (top) and quantitative analysis (bottom) 

of phosphorylated tau (CP13, AT8 and PHF-1) and total tau (tau 17025) in cortex (left) and 

hippocampus (right) of WT and PS cDKO mice. Values represent mean fold ± s.e.m. (n = 4 

mice/group). Phosphorylated tau levels were normalized to total tau levels and total tau to 

GAPDH. Statistical analysis was determined by two-way ANOVA followed by Sidak’s post hoc 

tests. *P < 0.05. 
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To confirm this result, we performed histological analysis of 12 month-old WT and PS 

cDKO mice using CP13 and PHF1 antibodies. Increased number of tau-positive cells 

and total phosphorylated tau staining was found in the retrosplenial (RSC) and 

entorhinal cortex (EC), corpus callosum (CC) and CA1, CA3 and dentate gyrus (DG) 

regions of PS cDKO hippocampus (P< 0.05; Fig. 12). These results suggest that loss 

of PS function in neurons results in tau pathology and brain degeneration. 

3. Partial loss of PS does not affect tau phosphorylation 

To examine whether tau pathology was dependent on presenilin gene dose, we 

performed biochemical analysis of cortical and hippocampal lysates of 9 month-old WT, 

PS2-/-, PS1 cKO and PS cDKO mice. We found increased phosphorylated tau levels in 

the cortex of PS cDKO but not in PS2-/- or PS1 cKO mice. In the hippocampus, we 

found increased phosphorylated tau at Ser202 (CP13), Ser202/Thr205 (AT8) and 

Ser396/404 (PHF-1, genotype effect: P < 0.05) and no changes in total tau in PS cDKO 

mice but not PS2-/- or PS1 cKO mice (Fig. 13). This result suggests that lack of a single 

PS gene does not significantly affect total or phosphorylated mouse tau in the cortex 

and hippocampus of adult mice (Fig. 13). 
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Figure 12. Histological analysis of phosphorylated tau in 12 month-old PS cDKO mice. 

(A) Representative images of immunohistological analysis of phosphorylated Ser202 (CP13, 

left) and Ser396/404 (PHF-1, right) tau in 12 months-old control (WT) and PS cDKO mice. Scale 

bar: 100 µm. (B) Quantitative analysis of total intensity and number of positive cells of CP13 

(left) and PHF-1 (right) immunohistochemistry. Values represent mean ± s.e.m. (n = 3 

slices/mice, 3-6 mice/group). Statistical analysis was determined by unpaired student’s t-test. *P 

< 0.05, **P < 0.01, ***P < 0.001. 
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Figure 13. Biochemical analysis of phosphorylated tau in PS2-/-, PS1 cKO and PS cDKO 

mice. Lysates of cortex (A) and hippocampus (B) of WT, PS2-/-, PS1 cKO and PS cDKO mice 

at 9 months were analyzed by Western blotting using anti-phosphorylated tau (CP13, AT8, 

PHF-1) and total tau (Tau17025) antibodies. Quantitative analysis of phosphorylated tau in 

cortex (C) and hippocampus (D). Phosphorylated tau levels were normalized to total tau. Values 

represent mean fold ± s.e.m. (n = 4 mice/group). Statistical analysis was determined by one-

way ANOVA followed by Tukey’s post hoc tests. *P < 0.05. 

4. Neuronal PS deficiency causes accumulation of phosphorylated tau 

in neurons and glial cells 

To study the specific cell types affected by tau pathology, we performed double 

immunostaining with CP13 antibody and cell specific markers. We used NeuN as 

marker of neurons, Iba-1 as a microglial marker, Olig2 as an oligodendrocyte marker 

and GFAP as an astrocyte marker. Confocal imaging analyses of immunofluorescence 

images revealed colocalization of phosphorylated tau (CP13) with neuronal (NeuN), 

microglial (Iba1), oligodendroglial (Olig2) and astroglial markers (GFAP). 

Phosphorylated tau was accumulated in ≈60-70% of neurons, ≈40% of 

oligodendrocytes, ≈15% of microglia and ≈6-8% of astrocytes in PS cDKO mice (Fig. 

14). These results demonstrate that loss of neuronal PS leads to phosphorylated tau 

accumulation in neurons and glial cells.  
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Figure 14. Accumulation of phosphorylated tau in neurons and glial cells in PS cDKO 

mice. Top and middle: Representative immunohistofluorescence images showing the presence 

of phosphorylated tau (CP13: pSer202, red) in hippocampal neurons (NeuN, green), microglia 

(Iba1, green), oligodendrocytes (Olig2, green; corpus callosum) and astrocytes (GFAP) in PS 

cDKO mice at 12 months. Scale bar: 10 µm. Bottom: Quantification of percentage of cells per 

section containing phosphorylated tau (n = 3 mice, n = 5 sections/mouse). 

5. P301S tau transgenic mice show increased total and 

phosphorylated tau in the cortex and hippocampus 

To investigate how PS/γ-secretase contributes to human tau pathology we next 

characterized tau P301S transgenic (PS19; Tau Tg) mice that overexpress the human 

tau protein under the prion protein promoter (MoPrP, Yoshiyama et al., 2007). We 

performed biochemical analysis in the cortex and the hippocampus of WT and Tau 

transgenic mice at 2 months of age using specific phosphorylated and total tau 

antibodies. Levels of total tau (TG5; 2.5-fold, P < 0.001) and phosphorylated tau at 

Ser202 (CP13, P < 0.01), Ser396/404 (PHF-1, P < 0.001) and Ser202/Thr205 (AT8) (2-

fold) were significantly increased in the cortex of Tau transgenic mice. In the 

hippocampus, total tau (2.5-fold, P < 0.001) and phosphorylated tau by CP13 (5-fold, P 

< 0.001), PHF1 (1.5-fold, P < 0.05) and AT8 (7-fold, P < 0.01) were significantly 

increased (Fig. 15). 
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6. Loss of PS function exacerbates tau phosphorylation and 

aggregation in hTau transgenic mice 

We next examined the effect of PS on human tau pathology by crossing PS1 cKO and 

PS cDKO mice with tau P301S transgenic mice to obtain WT, PS1 cKO, PS cDKO, 

Tau, PS1 cKO;Tau and PS cDKO;Tau littermates. Interestingly, we found an increase 

of phosphorylated tau in 6 month-old PS1 cKO;Tau and PS cDKO;Tau  mice compared 

to tau transgenic group in both cortex (CP13: tau effect: P < 0.0001, PS effect: P < 

0.05; AT8: tau effect: P < 0.001, PS effect: P < 0.05; PHF-1: tau effect: P < 0.01, PS 

effect: P < 0.01) and hippocampus (CP13: tau effect: P < 0.0001, PS effect P < 0.01, 

tau x PS interaction effect: P < 0.01; AT8: tau effect: P < 0.0001, PS effect: P < 0.01, 

tau x PS interaction effect: P < 0.01; PHF-1: tau effect: P < 0.0001). By contrast, total 

tau levels (TG5) were similarly increased (≈10-fold) in all tau transgenic groups 

independently of PS expression (Fig. 16). This result was confirmed by 

immunohistochemistry. There was no positive phosphorylated tau antibody (CP13) in 

the control mice. Tau and PS1 cKO;Tau mice show positive staining in neuronal 

projections of the hilus. PS1 cKO;Tau and PS cDKO;Tau mice present positive somatic 

staining in the hippocampus (CA3, DG) and in the cortex (RSC) suggesting anticipated 

tau pathology (Zempel and Mandelkow, 2014). Furthermore, amygdala images also 

showed somatic staining in Tau and, especially, PS1 cKO;Tau and PS cDKO;Tau 

mice. CP13 staining revealed an increase of pSer202 tau in the hippocampus (CA3, 

genotype effect: P < 0.05; DG, genotype effect: P < 0.01; CA1, genotype effect: P < 

0.05 data not shown), cortex (RSC, genotype effect: P < 0.01; EC, genotype effect: P < 

0.05 data not shown) and amygdala (genotype effect: P < 0.01) of PS1 cKO;Tau and 

PS cDKO;Tau mice (Fig. 17). 
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Figure 15. Increased phosphorylated and total tau in P301S tau transgenic mice. Cortical 

(left) and hippocampal (right) lysates of control (WT) and P301S tau transgenic mice (tau) of 2 

months were analyzed by Western blotting. (Top) Images of phosphorylated (CP13, PHF-1, 

AT8) and total tau (TG5) in the cortex (left) and hippocampus (right) are shown. (Bottom) 

Quantitative analysis of phosphorylated and total tau levels in the cortex (left) and hippocampus 

(right) of 2 month-old WT and Tau mice. Values represent mean fold ± s.e.m. (n = 4-5 

mice/group). Phosphorylated and total protein levels were normalized to GAPDH levels. 

Statistical analysis was determined by unpaired student’s t-test. *P < 0.05, **P < 0.01, ***P < 

0.0001. 
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Figure 16. Increased phosphorylated tau in human tau Tg mice lacking PS. (Top) Western 

blot images of phosphorylated (CP13, PHF1, AT8) and total tau (TG5) in the cortex (left) and 

hippocampus (right) of non-transgenic mice (Tau-): control (WT), PS1 cKO and PS cDKO, tau; 

and tau transgenic mice (Tau+): control (WT), PS1 cKO;Tau and PS cDKO;Tau of 6 months. 

(Bottom) Quantitative analysis of phosphorylated and total tau levels in the cortex (left) and 

hippocampus (right). Phosphorylated and total protein levels were normalized to GAPDH levels. 

Values represent mean fold ± s.e.m. (n = 4 mice/group). Statistical analysis was determined by 

two-way ANOVA followed by Tukey’s post hoc tests. *P < 0.05, **P < 0.01, ***P < 0.001. 

 



VIII - Results 

81 
 

Figure 17. Increased pSer202 tau in PS1 cKO;Tau and PS cDKO;Tau mice. (Left) 

Representative immunohistochemical images of phosphorylated tau (pSer202, CP13) in 6 

month-old non- and tau transgenic mice. Scale bar: 100 µm. (Right) Quantitative analysis of 

number of CP13 positive cells. Values represent mean ± s.e.m. (n = 3 slices per mice, 4-5 

mice/group). Statistical analysis was determined by two-way ANOVA followed by Tukey’s post 

hoc tests. *P < 0.05, **P < 0.01. 

Interestingly, PG5 antibody, which recognizes protein kinase A (PKA)-dependent tau 

phosphorylation at Ser409 present in PHFs (Vingtdeux et al 2011), detected a low-

migrating prominent band significantly increased in the hippocampus of PS cDKO;Tau 

mice (tau effect: P < 0.001, PS effect: P < 0.0001, tau x PS interaction effect: P < 0.01) 

(Fig. 18). Indeed, immunohistochemical analyses showed significant increase of PG5-

positive cells in the CA1 (genotype effect: P < 0.05), CA3 (genotype effect: P < 0.01) 

and DG (genotype effect: P < 0.01) of the hippocampus, in the RSC (genotype effect: P 

< 0.05) and EC (genotype effect: P < 0.0001) and in the amygdala (genotype effect: P 

< 0.0001) in PS1 cKO;Tau and PS cDKO;Tau mice  (Fig. 19). 
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Figure 18. PS deficiency increases pSer409 and aggregated (MC1) tau in tau transgenic 

mice. Hippocampal lysates of non-transgenic mice (Tau-): control (WT), PS1 cKO and PS 

cDKO, tau; and tau transgenic mice (Tau+): Tau, PS1 cKO;Tau and PS cDKO;Tau of 6 months. 

Western blot images of pSer409 (PG5) and aggregated tau (MC1) in the hippocampus (top). 

Quantitative analysis of phosphorylated and aggregated tau levels in hippocampal lysates 

(bottom). Values represent mean fold ± s.e.m. (n = 4 mice/group). Protein levels were 

normalized to GAPDH levels. Statistical analysis was determined by one- or two-way ANOVA 

followed by Tukey’s post hoc tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 19. Loss of PS function increases pathological pSer404 tau in human tau Tg mice. 

Representative immunohistochemical images of pSer409 (PG5) tau in 6 months-old non- and 

tau transgenic mice. Scale bar: 100 µm (left). Quantitative analysis of number of PG5 positive 

cells in RSC, EC and amygdala of control (WT), Tau, PS1 cKO;Tau and PS cDKO;Tau mice 

(right). Values represent mean PG5+ cells/section ± s.e.m. (n = 3 slices per mice, 4 

mice/group). Statistical analysis was determined by one-way ANOVA followed by Tukey’s post 

hoc tests. *P < 0.05, ***P < 0.001.  

To investigate the role of PS on tau aggregation, we next used MC1, a specific 

antibody against conformational pathological tau (aa 312-322). Biochemical analysis of 

cortex (data not shown) and hippocampus showed a significant increase of aggregated 

tau in PS1 cKO;Tau and PS cDKO;Tau mice compared to tau mice (genotype effect: P 

< 0.0001; Fig. 18). Immunohistochemical analysis showed that PS deficiency 

significantly enhanced aggregated tau in neurons of different brain regions including 

CA3 (genotype effect: P < 0.001), DG (genotype effect: P < 0.05, data not shown), 

RSC (genotype effect: P < 0.01, data not shown), EC (genotype effect: P < 0.0001) and 

amygdala (genotype effect: P < 0.0001, Fig. 20). Indeed, both biochemical and 

immunohistochemical analyses revealed that MC1 staining was dependent on PS 
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dosage as revealed by statistical differences on MC1 staining between PS1 cKO;Tau 

and PS cDKO;Tau mice in CA3 (P <0.05), RSC (P < 0.05), EC (P < 0.001) and 

amygdala (P < 0.01). 

Figure 20. PS deficiency increases tau aggregation in tau transgenic mice. Representative 

immunohistochemical images of aggregated tau (MC1) in 6 month-old non- and tau transgenic 

mice. Scale bar: 100 µm (left). Quantitative analysis of number of MC1 positive cells per section 

in CA3, EC and amygdala of control (WT), Tau, PS1 cKO;Tau and PS cDKO;Tau mice (right). 

Values represent mean MC1 positive cells/section ± s.e.m. (n = 3 slices per mice, 4 

mice/group). Statistical analysis was determined by one-way ANOVA followed by Tukey’s post 

hoc tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

To confirm the above results, we next performed Gallyas staining that detects 

neurofibrillary tangles in AD brain (Kuninaka et al., 2015). Histological analysis showed 

absence of staining in non-transgenic and Tau mice. By contrast, Gallyas staining 

revealed increased conformational aggregated tau in CA3 (genotype effect: P < 0.05), 

EC (genotype effect: P < 0.01) and amygdala (genotype effect: P < 0.05) of both PS1 

cKO;Tau and PS cDKO;Tau mice at 6 months (Fig. 21). These results indicate that 

partial and total loss of PS leads to pathological tau aggregation. 
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Figure 21. Gallyas staining reveals aggregated tau in tau mice lacking PS1 and both PS. 

Representative images (left) and quantitative analysis (right) of Gallyas stained sections in 6 

month-old control (WT), tau, PS1 cKO;Tau and PS cDKO;Tau transgenic mice. Scale bar: 100 

µm. Values represent mean of Gallyas-positive cells/section ± s.e.m. (n = 3 slices per mice, 4 

mice/group). Statistical analysis was determined by one-way ANOVA followed by Tukey’s post 

hoc tests. *P < 0.05. 

7. Synchrotron based-μFTIR analysis shows increased protein 

aggregation pattern in PS cDKO mice 

To analyze the aggregated protein pattern of tau in depth and the biochemical changes 

caused by loss of PS function, we performed synchrotron-based Fourier transform 

infrared microspectroscopy (µFTIR) analysis in histological slices of 6 month-old WT, 

Tau, PS1 cKO;Tau and PS cDKO;Tau mice. First, we focused on the granular layer of 

CA3 and the hilus of the hippocampus. Unexpectedly, similar biochemical profiles in 

the lipid oxidation (C=O and C=CH), protein/lipid ratio and physiological protein 

structures (α-helix and β-sheet) were found among groups in each area, except for a 

tendency to decrease in lipid oxidation levels (C=O/CH2 and C=CH/CH2) and to 

increase in antiparallel β-sheet structures in the granular layer of PS cDKO;Tau mice 

(Fig. 22). 
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Figure 22. Brain regional differences in protein profiles measured by synchrotron-µFTIR. 

Synchrotron-based µFTIR analysis of the hippocampal CA3 granular layer and hilus of WT, 

Tau, PS1 cKO;Tau and PS cDKO;Tau mice at 6 months of age. Lipid oxidation was measured 

by C=O/CH2 (A1741/A2921) and C=CH/CH2 (A3014/A2921) ratios. Protein levels (Amide I, A1656+1635), 

lipids levels (CH2, A2921), α-helix proteins (A1656), β-sheet proteins (A1635), unordered structures 

(A1444), intermolecular β-sheet (A1625) and antiparallel β-sheet (A1695) were also analyzed. Values 

represent the minimum, the maximum and the median of the mean of 100-200 spectrums/mice 

and 4-5 mice/group. Statistical analysis was determined by one-way ANOVA followed by 

Sidak’s post hoc tests. 

To examine differential effects of PS on secondary protein structures in gray and white 

matters, we next performed in situ synchrotron infrared radiation analysis in brain 

sections of WT and PS cDKO;Tau mice RSC and the corpus callosum, respectively. 

Representative infrared spectra in the RSC and the CC of WT and PS cDKO;Tau mice 

is shown in Figure 23A. We found that, despite the different biochemical profile of the 

two studied brain regions such as increased lipid oxidation, protein/lipid ratio and β-

sheet/α-helix structure proteins in the RSC compared to the CC (area effect: P < 

0.0001), there were no major changes among genotypes (P > 0.05). However, we 

found increased intermolecular (genotype effect: P < 0.05, area effect: P < 0.0001) and 

antiparallel (genotype effect: P < 0.0001, area effect: P < 0.0001, genotype x area 

interaction effect: P < 0.0001) β-sheet structures in PS cDKO;Tau mice in the CC but 

not in RSC (Fig. 23B). 
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Figure 23. Increased pathological protein structures in corpus callosum of PS cDKO;Tau 

mice. Synchrotron-based µFTIR analysis of the retrosplenial cortex (RSC) and corpus callosum 

(CC) of WT and PS cDKO;Tau mice at 6 months. (A) Representative infrared spectra average 

of WT and PS cKO;Tau mice in the RSC and the CC indicating the main wavelength 

absorptions peaks with their corresponding chemical functional groups. a.u.: arbitrary units. (B) 

Lipid oxidation was measured by C=O/CH2 (A1741/A2921) and C=CH/CH2 (A3014/A2921) ratios. 

Protein levels (Amide I, A1656+1635), lipids levels (CH2, A2921), α-helix proteins (A1656), β-sheet 

proteins (A1635), unordered structures (A1444), intermolecular β-sheet (A1625) and antiparallel β-

sheet (A1695) proteins were also analyzed. Values represent the minimum, the maximum and the 

median of the mean of 100-200 spectrums/mice and 4 mice/group. Statistical analysis was 

determined by one-way ANOVA followed by Sidak’s post hoc tests. *P < 0.05, ****P < 0.0001. 
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In agreement to these pathological protein structures, MC1 immunohistological 

analysis of consecutive brain sections used for the synchrotron study revealed 

increased aggregated tau in PS1 cKO;Tau and PS cDKO;Tau mice in the hippocampus 

(Fig. 24A), cortex (Fig. 24B) and corpus callosum (Fig. 24C). 

Figure 24. Increased aggregated tau in CA3, RSC and CC of PS-deficient tau mice. (A) 

Representative immunohistochemical images of aggregated tau (MC1) in 6 month-old WT, tau, 

PS1 cKO;Tau and PS cDKO;Tau mice. Scale bar: 100 µm. (B-C) Representative heat maps of 

the β-intermolecular/Amide I structure (left) and MC1 immunostaining images (right) in the 

retrosplenial cortex (RSC, B) and corpus callosum (CC, C). Scale bar: 25 µm. 

8. Loss of PS function triggers increased astrocytic and microglial 

markers in cortex and hippocampus 

To study the effects of loss of PS function on brain inflammation, I next performed 

biochemical analysis of GFAP (astrocyte) and Iba1 (microglia) in cortical and 

hippocampal lysates of WT and PS cDKO mice at 6, 9 and 12 months (Fig. 25). 

Quantification and statistical analyses revealed a genotype effect in GFP and Iba1 

levels in the hippocampus (P < 0.05) and cortex (P < 0.01) in PS cDKO mice compared 

to WT mice (Fig. 25). 
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Figure 25. Increased neuroinflammatory levels in PS cDKO mice. Western blot images (top) 

and quantitative analysis (bottom) of astrocytic (GFAP) and microglia (Iba1) markers in cortical 

(left) and hippocampal (right) lysates of WT and PS cDKO mice at 6, 9 and 12 months of age. 

Protein levels were normalized to GAPDH. Values represent mean fold ± s.e.m. (n = 4 

mice/group). Statistical analysis was determined by two-way ANOVA followed by Sidak’s post 

hoc tests. *P < 0.05. 

To examine whether inflammatory responses are dependent on PS dosage, I next 

analyzed GFP and Iba1 levels in the hippocampus of 9 month-old WT, PS2-/-, PS1 cKO 

and PS cDKO mice (Fig. 26). Quantitative and statistical analyses revealed a genotype 

effect in GFAP (P < 0.05) and Iba1 (P < 0.01) levels with significant changes only in PS 

cDKO mice (Fig. 26).  
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Figure 26. Partial loss of PS function does not affect brain inflammation. Western blot 

images (top) and quantitative analysis (bottom) of astrocytic (GFAP) and microglia (Iba1) 

markers in the hippocampus of WT, PS2-/-, PS1 cKO and PS cDKO mice at 9 months of age. 

Protein levels were normalized to GAPDH. Values represent mean fold ± s.e.m. (n = 4 

mice/group). Statistical analysis was determined by two-way ANOVA followed by Tukey’s post 

hoc tests. *P < 0.05, **P < 0.01. 

Similarly, quantification of GFAP levels in tau transgenic mice revealed a main PS 

effect (P < 0.0001) in the cortex and main effect of tau and PS (P < 0.0001) and tau x 

PS interaction effect (P < 0.01) in the hippocampus. Post-hoc analyses revealed 

significant increase of GFAP levels in Tau Tg mice lacking PS1 and both PS in the 

hippocampus (Fig. 27). 
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Figure 27. PS deficiency increases GFAP levels in tau Tg mice. Western blot images (top) 

and quantification (bottom) of astrocytic marker (GFAP) in the cortex (left) and the hippocampus 

(right) of non-transgenic mice (Tau-): control (WT), PS1 cKO and PS cDKO and tau transgenic 

mice (Tau+): Tau, PS1 cKO;Tau and PS cDKO;Tau at 6 months of age. GFAP levels were 

normalized to GAPDH levels. Values represent mean fold ± s.e.m. (n = 4 mice/group). 

Statistical analysis was determined by two-way ANOVA followed by Tukey’s post hoc tests. *P < 

0.05, **P < 0.01, ***P < 0.001. 

9. Absence of PS increases the aggregation pattern of neurofilament 

PS1 regulates the assembly of neurofilaments (NF) and PSEN1 mutations cause 

cytoskeleton alterations characterized by tau-positive NFTs labeled with the SMI312, 

an antibody specific for phosphorylated axonal NF, including NF medium (NF-M) and 

high (NF-H) chains forms and phosphorylated tau proteins (Dowjat et al., 2001; 

Woodhouse et al., 2009). Interestingly, neurofilament light chain (NF-L) could be a 

promising neurodegeneration biomarker for pre-symptomatic AD patients that predicts 

clinical progression (Mattsson et al., 2017). To examine whether neuronal PS could 

regulate NF dynamics, I next performed immunohistochemical analysis using SMI312 

and NF-L antibodies in 6 month-old mice. Notably, imaging analysis of SMI312 staining 

showed enhanced NF staining in CA3 hippocampal projections in PS cDKO, tau and 

PS1 cKO;Tau mice and clear somatic staining in PS cDKO;Tau mice, a pattern not 

observed in WT and tau transgenic mice (Fig. 28A). NF-L staining revealed abnormal-

NF accumulation in the neuronal soma in EC of PS cDKO, PS1 cKO;Tau and PS 

cDKO;Tau mice (Fig. 28B). Western blot analysis revealed that PS deficiency cause a 

decrease in the levels of NF-L (PS effect: P < 0.05) and a tendency to decrease in NF-

H levels in the hippocampus of PS1 cKO;Tau and PS cDKO;Tau mice. Interestingly, in 

these two mice groups we found a non-reported band (≈70kDA) that was highly 

increased (tau effect: P < 0.0001, PS effect: P < 0.001, tau x PS interaction effect: P < 

0.001) and may be related to the histological aggregated pattern (Fig. 28C). 
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Figure 28. PS deficiency causes abnormal NF staining and levels. (A) Representative 
SMI312 immunohistological images of the basolateral amygdala of 6 month-old WT, PS1 cKO, 
PS cDKO, Tau, PS1 cKO;Tau and PS cDKO;Tau mice. Higher magnified images showing 
SMI312 somatic staining of PS1 cKO;Tau and PS cDKO;Tau mice are shown (insets). Scale 
bars: 100 µm. (B) Representative immunohistological images of NF-L of hippocampus of WT, 
PS1 cKO, PS cDKO, Tau, PS1 cKO;Tau, PS cDKO;Tau mice of 6 months of age. Scale bars: 
100 µm (C) Biochemical analysis of hippocampal lysates of 6 month-old WT, PS1 cKO, PS 
cDKO, Tau, PS1 cKO;Tau, PS cDKO;Tau mice. Western blot images (top) and quantification 
(bottom) of NF-H (200 kDa), NF-M (150 kDa) and SMI-labeled (60-70 kDa) bands in the 
hippocampus of experimental groups. Protein levels were normalized to GAPDH levels. Values 
represent mean fold ± s.e.m. (n = 4 mice/group). Statistical analysis was determined by two-way 
ANOVA followed by Tukey’s post hoc tests. ***P < 0.001. 

10.  PS deficiency increases doublecortin levels in tau transgenic mice 

We next evaluated hippocampal neurogenesis changes by examining doublecortin 

(DCX) levels in hippocampal lysates of WT, PS1 cKO, PS cDKO, Tau, PS1 cKO;Tau 

and PS cDKO;Tau mice at 6 months of age. Unexpectedly, we found statistical 

differences in DCX levels (tau x PS interaction effect: P < 0.0001), particularly 

increased levels in tau mice (tau effect: P < 0.0001) and those lacking PS (PS effect: P 

< 0.0001), which suggests increased neurogenesis in PS cDKO;Tau mice (Fig. 29). 

Figure 29. Increased doublecortin levels in PS cDKO;Tau mice. Biochemical analysis of 

hippocampal lysates of 6 month-old WT, PS1 cKO, PS cDKO, Tau, PS1 cKO;Tau, PS 

cDKO;Tau mice. Western blot images (left) and quantitative analysis (right) of doublecortin 

(DCX) levels in the hippocampus. Doublecortin levels were normalized to GAPDH levels. 

Values represent mean fold ± s.e.m. (n = 4 mice/group). Statistical analysis was determined by 

two-way ANOVA followed by Tukey’s post hoc tests. ****P < 0.0001. 

11.  Loss of PS function results in exacerbated memory impairments in 

tau transgenic mice 

The presence of tau pathology in memory-related regions in PS1 cKO;Tau and PS 

cDKO;Tau mice raises the possibility for hippocampal memory and learning deficits in 

these mice. To assess this issue, we next assayed our experimental mouse groups to 

distinct memory-related behavioral tests, including Morris water maze, novel object 

recognition and contextual fear conditioning (CFC). Morris water maze test consisted in 

a first day of 6 individual trials with a visible platform and five consecutives acquisition 

days (AQC) of training with 6 individual trials per day in which a hidden platform was 

present in the target quadrant. 24h after last training trial, we performed a memory-

probe test (1 min) without the platform. During the visible platform test, swimming 
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speed was similar among all groups (P > 0.05) excluding the possibility of motor and 

visual deficits. Despite no differences were found in the first trial, significant latency 

changes were detected between genotype and trial (P < 0.0001), especially in PS 

cDKO;Tau mice suggesting deficits in easy task (Fig. 30A). The results during the 

learning phase showed increased latencies and slower learning capacity in PS cDKO 

and PS cDKO;Tau mice compared to WT mice (genotype effect P < 0.0001, AQC 

effect P <0.001)  (Fig. 30B). Furthermore, in the memory probe test, PS cDKO;Tau 

mice spent significant more time to find the target quadrant (P < 0.05) and crossed to 

(P < 0.05) and spent less time in the target quadrant than the rest of the groups (P < 

0.05) (Fig. 30C,D). 

The novel object recognition test consisted of four different phases. First, the mice 

were habituated to the context during 1 min, after that, two equal objects were added to 

the context for the training phase during 5 min. 2h after the training phase, one object 

was replaced for a new object to evaluate the short-term memory according to the 

preference for the novel object for 5 min. Furthermore, 24h after the training phase the 

new object was replaced for a second new object to analyze the long-term memory 

depending on the preference for this novel object during 5 min. In 2 h and 24 h phases, 

we measured the latency and the time spent in the new and the old object. 

Discrimination index (time spent in new object vs old object) and latency to the new 

object did not show significant differences between groups (P > 0.05). However, the 

latency to the old object present significant differences among groups (genotype effect: 

P < 0.05; phase effect: P < 0.001), especially in the 24h-phase, being PS cDKO;Tau 

mice the lowest latency in exploring the old object (Fig. 31). 

Finally, we perform a CFC in which the mice were placed in a novel chamber and 

exposed to a specific context during the training phase of 5 min. The freezing time 

during the first 3 min were considered a measure of neophobia. After this, mice were 

shocked (1 sec, 0.8 mA) and immediate freezing was recorded (2 min). Freezing time 

at 24 h (4 min) in the same chamber without shock was used as a measure of long-

term associative memory. Freezing time during immediate freezing was similar with no 

significant changes in all experimental groups (P > 0.05). By contrast, freezing was 

significantly decreased in PS cDKO and PS cDKO;Tau mice compared to WT 

confirming hippocampal-dependent memory deficits caused by PS deficiency 

(genotype effect: P < 0.0001, time effect: P < 0.0001, genotype x time interaction 

effect: P < 0.001). Surprisingly, PS1 cKO and PS1 cKO;Tau mice showed elevated 

freezing behavior suggesting increased anxious-related behavior (Fig. 32). 
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Figure 30. Loss of PS function causes impaired hippocampal-dependent memory and 

learning. Morris water maze was performed with 6 months-old WT, PS1 cKO, PS cDKO, Tau, 

PS1 cKO;Tau and PS cDKO;Tau mice. (A) During visible platform phase, which consisted in six 

trials, latency to the platform in seconds was measured. (B) During learning phase, which 

consisted in six trials during five consecutive days, latency to the platform in seconds was 

measured. (C) During the probe test, latency to (top), number of crossings to (middle) and 

percentage of time during the first 30 seconds in (bottom) the target quadrant were measured. 

(D) Representative heat map of all experimental groups showing the time spent in each 

quadrant during the probe trial. Values represent mean ± s.e.m. (n = 7-10 mice/group). 

Statistical analysis was determined by one or two-way ANOVA followed by Tukey’s post hoc 

tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 31. Unchanged visual object recognition in PS mutant mice. Visual object 

recognition was performed in 6 month-old WT, PS1 cKO, Tau, PS1 cKO;Tau and PS cDKO;Tau 

mice. Discrimination index (time spent in the new object vs old object) and latency to new and 

old object was measured 2 and 24h after the habituation phase. Values represent mean ± 

s.e.m. (n = 6 mice/group). Statistical analysis was determined by two-way ANOVA followed by 

Tukey’s post hoc tests. 

 

Figure 32. PS deficiency impairs hippocampal-dependent associative memory. Contextual 

fear conditioning was carried out in 6 month-old WT, PS1 cKO, PS cDKO, Tau, PS1 cKO;Tau 

and PS cDKO;Tau mice. (A) Representative image of the methodology used for the CFC. (B) 

Analysis of the percentage of freezing (number of episodes and duration) during the immediate 

and 24h-after phases. Values represent mean ± s.e.m. (n = 10 mice/group). Statistical analysis 

was determined by two-way ANOVA followed by Tukey’s post hoc tests. *P < 0.05, **P < 0.01. 
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12.  Loss of PS1 increases fear-anxiety behavior in mice 

To analyze in depth the increased fear-related memory in PS1 cKO and PS1 cKO;Tau 

mice, we performed a cued-fear conditioning in which a non-aversive stimulus (CS), a 

sound, was paired to an aversive stimulus (US), a footshock, to measure the anxiety 

phenotype of these mice. 24h after, mice were exposed to a new context and the same 

sound was presented without the footshock to measure freezing response. PS1 cKO 

mice showed a tendency (not significant) of freezing increase. Surprisingly, PS1 cKO 

showed significant higher freezing response three months later than the other groups 

when the sound was presented (genotype effect: P < 0.01, phase effect: P < 0.05). 

This result suggests that PS1 deficiency may be affecting anxiety-related behavior 

(Fig. 33). 

Figure 33. PS1 deficiency increases anxiety-related behavior in mice. Cued fear 

conditioning was performed in 6 month-old WT, PS1 cKO, Tau and PS1 cKO;Tau mice. 

Percentage of freezing was measured 24h (left) and 3 months (right) after the paired of 

conditioned (sound) and unconditioned stimulus (footshock). Values represent mean ± s.e.m. (n 

= 7 mice/group). Statistical analysis was determined by two-way ANOVA followed by Tukey’s 

post hoc tests. *P < 0.05. 

13.  PS deficiency dysregulates tau kinases 

To investigate the molecular mechanisms underlying tau pathology, I analyzed next 

protein levels of the main tau kinases, including Cdk5, GSK3β and Akt, in cortical 

lysates of WT and PS cDKO mice at 6, 9 and 12 months. Biochemical analyses 

revealed no changes in Cdk5, although levels of an unknown Cdk5-derived lower 

migrating band were increased in PS cDKO mice (genotype effect: P < 0.05, age 

effect: P < 0.05), accompanied by an increase of p25/p35 ratio (genotype effect: P < 

0.001). Furthermore, the levels of calpain, the protease implicated in the processing of 

p35 to p25, were increased in PS cDKO mice (genotype effect: P < 0.05). PS 

deficiency caused an increase of GSK3β phosphorylation at Ser9 (genotype effect: P < 

0.01) and Akt at Thr308 (genotype effect: P < 0.05, age effect: P < 0.05) and Ser473 
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(genotype effect: P < 0.0001). These results indicate that loss neuronal PS results in 

increased p25/p35 and elevated levels of active Akt and inactive GSK3β (Fig. 34). 

Figure 34.  PS deficiency alters levels of tau kinases and effectors. Western blot images 

(top) and quantitative analysis (bottom) of tau kinases and effectors: Cdk5, p25/p35, calpain-1, 

phosphorylated (Ser9) and total GSK3β and phosphorylated (Thr308 and Ser473) and total Akt 

in cortex of WT and PS cDKO mice of 6, 9 and 12 months of age. Phosphorylated protein levels 

were normalized to total protein levels, and total protein was normalized to GAPDH. Values 

represent mean fold ± s.e.m. (n = 4 mice/group). Statistical analysis was determined by two-way 

ANOVA followed by Sidak’s post hoc tests. *P < 0.05. 
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14.  Loss of PS function impairs autophagy 

Another mechanism that may be involved in PS-dependent tau phosphorylation and 

aggregation is a failure of tau elimination caused by loss of PS function. Since 

pathological tau is eliminated via autophagy (Wang et al., 2009; Krüger et al., 2012; 

Vaz-Silva et al., 2018; Jiang and Bhaskar, 2020), we next examined whether loss of PS 

function causes changes in autophagy by analyzing the following classical autophagy 

markers: LC3 and p62. Biochemical analyses revealed increased LC3-II/LC3-I 

(genotype effect: P < 0.0001) and p62 (genotype effect: P < 0.05) in cortical lysates of 

PS cDKO mice during aging (Fig. 35). 

 

Figure 35. Loss of PS function increases autophagosome markers. Western blot images 

(top) and quantitative analysis (bottom) of autophagosome markers (LC3 and p62) in cortical 

lysates of WT and PS cDKO mice of 6, 9 and 12 months of age. p62 levels are normalized to 

GAPDH. Values represent mean fold ± s.e.m. (n = 4 mice/group). Statistical analysis was 

determined by two-way ANOVA followed by Sidak’s post hoc tests. ***P < 0.001. 
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Partial PS deficiency showed an increase in autophagosomes and lysosomes number 

in PS cDKO fibroblast and SHSY5Y cells in vitro (Neely et al., 2011). To investigate 

whether the effect of PS in autophagy could be mediated by PS1 and/or PS2, I 

performed biochemical analysis of cortical and hippocampal lysates of WT, PS1 cKO, 

PS2-/- and PS cDKO mice at 9 months of age. Whereas LC3-II/I ratio levels were not 

significantly affected in the cortex of PS mutant mice, they were significantly increased 

specifically in the hippocampus of PS cDKO mice (P < 0.05; Fig. 36). 

Figure 36. Effect of partial PS deficiency in autophagy. Western blot images (top) of 

autophagosome marker LC3 in the cortex (left) and the hippocampus (right) of WT, PS2-/-, PS1 

cKO and PS cDKO mice at 9 months of age. Quantitative analysis (bottom) of LC3-II/I ratio in 

WT, PS2-/-, PS1 cKO and PS cDKO mice. Values represent mean fold ± s.e.m. (n = 4 

mice/group). Statistical analysis was determined by one-way ANOVA followed by Tukey’s post 

hoc tests. *P < 0.05. 

To analyze in depth the autophagy pathway, we next examined the levels of several 

key autophagy regulators. Although total and phosphorylated mTOR were unchanged 

(P > 0.05), there was a significant decrease in phosphorylated p70S6K (Thr389; 

(genotype effect: P < 0.0001), the main direct substrate of mTOR, in the cortex of PS 

cDKO mice. Moreover, PS cDKO showed increased phosphorylated proline-rich Akt 

substrate (PRAS40, Thr246; genotype effect: P < 0.05) and total (genotype effect: P < 

0.001, age effect: P < 0.01) and phosphorylated (Thr172; genotype effect: P < 0.05) 

AMP-activated protein kinase (AMPK), which suggests altered autophagy in PS cDKO 

mice at different levels (Fig. 37). 
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Figure 37. PS deficiency disrupts autophagy pathway. Western blot images (top) and 

quantitative analysis (bottom) of phosphorylated and/or total mTOR, p70S6K, PRAS40 and 

AMPK in cortical lysates of WT and PS cDKO mice at 6, 9 and 12 months of age. 

Phosphorylated proteins are normalized to total levels (except for pPRAS40 and p-AMPK that 

were normalized to GAPDH) and total levels are normalized to GAPDH or β-tubulin. Values 

represent mean fold ± s.e.m. (n = 4 mice/group). Statistical analysis was determined by two-way 

ANOVA followed by Sidak’s post hoc tests. *P < 0.05, **P < 0.01. 

We next performed similar biochemical analysis of hippocampal lysates of 6 month-old 

WT, PS1 cKO, PS cDKO, Tau, PS1 cKO;Tau and PS cDKO;Tau mice. Interestingly,  

we found increased Akt-mediated phosphorylated GSK3β (Ser9; PS effect: P < 0.05), 

p62 (genotype effect: P < 0.05), LC3-II/I ratio (tau effect: P < 0.01, PS effect: P < 0.01), 

phosphorylated PRAS40 (Thr246; tau effect: P < 0.05, PS effect: P < 0.05), and total 

and phosphorylated AMPK (Thr172; PS effect: P < 0.05, PS x tau interaction effect: P < 

0.05), suggesting dysregulation of autophagy flux in the hippocampus of PS cDKO;Tau 

mice (Fig. 38). 
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Figure 38. Loss of PS dysregulates autophagy markers in the hippocampus of tau 

transgenic mice. Western blot images (top) and quantitative analysis (bottom) of 

phosphorylated and/or total GSK3β, p62, LC3B, PRAS40 and AMPK in the hippocampus of 6 

month-old WT, PS1 cKO, PS cDKO, Tau, PS1 cKO;Tau, PS cDKO;Tau mice. Phosphorylated 

proteins were normalized to total levels (except for pPRAS40 and p-AMPK that were normalized 

to GAPDH) and total levels were normalized to GAPDH or β-actin. Values represent mean fold 

± s.e.m. (n = 4-5 mice/group). Statistical analysis was determined by two-way ANOVA followed 

by Tukey’s post hoc tests. *P < 0.05, **P < 0.01. 
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15.  PS inactivation results in increased phosphorylated tau and LC3-

II/I in primary neurons 

I next established primary cortical neuronal cultures from non-transgenic (Tau-) and tau 

transgenic (Tau+) embryos harboring PS1 f/f; PS2-/- alleles, which allows to silence 

conditionally PS1 after lentiviral Cre-recombinase transduction. Consistent with in vivo 

results, lentiviral-Cre recombinase-mediated PS inactivation in human Tau neurons 

(see decreased PS1 NTF/CTFs) resulted in increased phosphorylated tau (CP13) and 

LC3-II/I ratio (Brown-Forsythe ANOVA: P < 0.05, Welch’s ANOVA: P < 0.001) (Fig. 

39).   

Figure 39. Increased phosphorylated human tau and LC3-II/I levels in PS-deficient Tau 

neurons. Western blot images (left) and quantitative analysis (right) of phosphorylated (CP13) 

and total (Tau17025) tau, PS1-NTF and CTF and LC3-II/I in cultured cortical neurons from PS1 

f/f; PS2+/- (control, WT) expressing or not human Tau (black arrowhead), and PS1 f/f; PS2-/- 

expressing or not human Tau, transduced with lentiviral vectors containing Cre-recombinase (C) 

or ΔCre-recombinase (ΔC). Values represent mean fold ± s.e.m. (n = 7-11 embryos/group of 6 

independent cultures). SD was significantly different between groups. Statistical analysis was 

determined by Brown-Forsythe and Welch’s ANOVA test followed by Dunnett T3 post hoc tests. 

*P < 0.05, **P < 0.01. 

16.  Nutrient deprivation decreases intracellular phosphorylated tau 

levels in primary neurons 

To analyze the response capacity of cultured control and PS-deficient tau expressing 

neurons to different stimulus, we activated autophagy with nutrient deprivation for 0.5-

24h. Surprisingly, despite no increase in autophagy markers, there was a time-

dependent decrease in phosphorylated and total tau levels in neurons after nutrient 

deprivation treatment independently of PS1/2 expression (Fig. 40), indicating that 

nutrient deprivation reduces tau levels without affecting autophagy in primary cultured 

neurons. 
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Figure 40. Nutrient deprivation decreases phosphorylated and total tau levels. Western 

blot images of phosphorylated (CP13 and PHF-1) and total (TG5 and Tau17025) tau and LC3 

levels in htau expressing cortical neurons (11 DIV) from PS1 f/f; PS2-/- mouse embryos 

transduced with Cre-recombinase (C) or ΔCre-recombinase (ΔC) lentivirus in basal and 0.5-24h 

of nutrient deprivation conditions. 

17.  Lysosomal and/or proteasomal inhibition decreases intracellular 

phosphorylated tau levels in primary neurons 

We next studied tau levels in response to autophagy and/or proteasomal inhibition. We 

used chloroquine (CQ) and MG132 to block the autophagosome/lysosome fusion and 

proteasome, respectively. Unexpectedly, autophagy or proteasome inhibition and, 

especially blocking both pathways, caused a reduction in phosphorylated and total tau 

levels independently of PS expression (Fig. 41). 
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Figure 41. Autophagy and/or proteasomal inhibition decreases intracellular 

phosphorylated and total tau levels. Western blot images of CRTC1, phosphorylated (CP13 

and PHF-1) and total (TG5 and Tau17025) tau, PS1-NTF and CTF and autophagosome marker 

(LC3) in htau expressing cortical neurons (11 DIV) from PS1 f/f; PS2+/- (control, WT) and PS1 

f/f; PS2-/- mouse embryos transduced with ΔCre-recombinase (ΔC) or Cre-recombinase (C) 

lentivirus in basal conditions or treated with chloroquine (CQ) and/or MG132. 

18.  Injection of human purified-PHF into the hippocampus of PS cDKO 

mice increases hippocampal-dependent memory deficits 

To investigate tau propagation and its potential induction by PS deficiency, we purified 

PHFs from parietal cortex of confirmed AD brain (see Methods). Electron microscopy 

showed the presence of PHFs in our purified samples (Fig. 42A). Then, we performed 

hippocampal injections of purified-PHFs or vehicle in 3 month-old WT and PS cDKO 

mice, and memory was tested 3 months after injection. Although PHF did not caused 

significant changes in associative memory retention in WT mice, PS cDKO injected 

with PHF showed decreased freezing compared to PS cDKO injected with vehicle 

(genotype effect: P < 0.01, phase effect: P < 0.001, genotype x phase interaction 

effect: P < 0.05) (Fig. 42B). This result indicates that PHFs potentiated associative 

memory loss caused by loss of neuronal PS function.  
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Figure 42. Human PHF-injection caused exacerbated memory deficits in PS cDKO mice. 

(A) Electron microscopy image of paired helical filaments (PHFs) purified from parietal cortex of 

human AD brain. Scale bars 2 µm (left image) and 500 nm (right image). (B) Contextual fear 

conditioning was carried out in 6 month-old WT and PS cDKO mice 3 months after PHF 

injection. Graph shows the analysis of the percentage of freezing (number of episodes and 

duration) during the immediate and 24h-after phases. Values represent mean ± s.e.m. (n = 4-8 

mice/group). Statistical analysis was determined by three-way ANOVA followed by Tukey’s post 

hoc tests. *P < 0.05, **P < 0.01. Representative images of immunohistological analysis of (C) 

phosphorylated tau (CP13) and (D) aggregated tau (MC1) in 6 month-old PS cDKO mice, 3 

months after PHF/PBS injection. 
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19.  No changes in tau levels in injected mice 

To analyze the effects of PHF injection on tau pathology and the influence of PS 

deficiency on tau propagation, we performed histological analysis of WT and PS cDKO 

injected with vehicle or PHF. Despite the significant differences found in fear-related 

memory, no tau pathology was observed in WT or PS cDKO mice after PHF injection 

(Figs. 42C,D).  

20.  Synaptic tau accumulation and decreased synaptic proteins in tau 

transgenic mice and synapse pathology in human AD brain 

To investigate the effects of tau pathology on synapse, we performed tissue 

fractionation of hippocampal tissue of 6-9 month-old WT and Tau mice to obtain 

nuclear, synaptosome, presynaptic and postsynaptic fractions. Biochemical analysis 

showed decreased of postsynaptic density protein 95 (PSD95) (synaptosome: P < 

0.05, postsynaptic: P < 0.05) and synaptophysin (presynaptic: P < 0.05, synaptosome: 

P < 0.05), postsynaptic CRTC1 (P < 0.05) and the presence of phosphorylated tau 

(PHF1, synaptosome: P < 0.05, presynaptic: P < 0.05, postsynaptic P < 0.05) in 

synaptic compartments in tau Tg mice compared to WT mice (Fig. 43). 

Next, we repeated this experiment using an independent group of WT and tau 

transgenic mice at 6 months of age. We found decreased levels of PSD95, vesicular 

glutamate transporter 1(VGLUT1) and synaptophysin and increased phosphorylated 

(CP13) and total tau (D1M9X) in total lysates of tau Tg mice (Fig. 44). 
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Figure 43. Synaptic phosphorylated tau in Tau Tg mice. (A) Western blot images of total 

lysate and nuclear, synaptosome, presynaptic and postsynaptic fractions after synaptosomal 

purification in the hippocampus of 6-9 months-old WT and Tau mice. (B-D) Quantitative analysis 

of phosphorylated tau (PHF-1), CRTC1 PSD95, and synaptophysin in synaptosomal (B), 

presynaptic (C) and postsynaptic (D) fractions. Values represent mean fold ± s.e.m. (n = 3 

mice/group). Statistical analysis was determined by unpaired student’s t-test. *P < 0.05. 
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Figure 44. P301S mice showed increased tau and synaptic pathology. Western blot images 

(top) of total hippocampal lysates of 9 month-old WT and Tau mice. Quantitative analysis 

(bottom) of phosphorylated (CP13) and total (D1M9X) tau, CRTC1 and synaptic markers 

(PSD95, VGLUT1 and synaptophysin). Values represent mean fold ± s.e.m. (n = 5 mice/group). 

Protein levels were normalized to GAPDH. Statistical analysis was determined by unpaired 

student’s t-test. *P < 0.05, ****P < 0.0001. 
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Interestingly, abnormal tau accumulation was associated with decreased VGLUT1 and 

synaptophysin but no changes in PSD95 in purified synaptosomes (Fig. 45). Thus, 

presynaptic fractions showed tau accumulation (P < 0.0001), decreased VGLUT1 (P < 

0.05) and a tendency to decrease in synaptophysin levels, but no changes in CRTC1 

(P > 0.05). Postsynaptic fraction contained tau (P < 0.001), decreased VGLUT1 (P < 

0.05) and CRTC1 (P < 0.01) and increased PSD95 (P < 0.05). These results suggest 

that human tau overexpression in mice causes abnormal tau accumulation at synaptic 

compartment causing changes in pre- and post-synaptic proteins (Fig. 46). 

 

Fig. 45. Tau accumulation and decreased synaptic proteins in hippocampal 

synaptosomes of Tau mice. Western blot images (top) and quantification of total tau (D1M9X), 

CRTC1 and synaptic markers (PSD95, VGLUT1 and synaptophysin, bottom) of hippocampal 

synaptosomes from 9 month-old WT and Tau mice. Values represent mean fold ± s.e.m. (n = 4-

5 mice/group). Protein levels were normalized to GAPDH. Statistical analysis was determined 

by unpaired student’s t-test. **P < 0.01. 
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Figure 46. Synaptic tau accumulation and synaptic pathology. Western blot images (top) of 

purified presynaptic (left) and postsynaptic (right) fractions obtained from hippocampal tissue of 

9 month-old WT and Tau mice. Quantitative analysis (bottom) of total tau (D1M9X), CRTC1 and 

synaptic markers (PSD95, VGLUT1 and synaptophysin). Values represent mean fold ± s.e.m. (n 

= 4-5 mice/group). Protein levels were normalized to GAPDH. Statistical analysis was 

determined by unpaired student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

Next, we analyzed synaptic proteins in lysates and purified synaptosomal fractions 

from human parietal cortex of control (no pathology or Braak I/II) and Braak III/IV and 

V/VI stages. Biochemical analysis revealed a significant decrease in CRTC1, 

extracellular signal-regulated kinase ½ (Erk1/2), PSD95 and synaptophysin (pathology 

effect, P < 0.05) in total lysates at late AD stages. Furthermore, there is a tendency to 

increase in CRTC1, phosphorylated (Tyr202/204) and total Erk1/2 levels in the 

cytosolic fraction (Fig. 47). Nuclear fraction revealed decreased CRTC1 and nuclear 

factor kappa B (NFκB) levels and increased lamin-β1 levels, whereas synaptosome 

fraction contains decreased phosphorylated (Tyr202/204) Erk and β-tubulin levels (Fig. 

48). Finally, synaptophysin levels were reduced in presynaptic fractions (pathology 

effect, P < 0.01), and CRTC1, phosphorylated (Tyr202/204) Erk1/2, NFκB and PSD95 
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were significantly decreased (pathology effect, P < 0.05) in postsynaptic fractions (Fig. 

49). These results demonstrate synaptic pathology and alteration of synaptonuclear 

factors (CRTC1, Erk1/2, NFκB) in human brain during AD pathology. 

Figure 47. Human brain shows changes in synaptic proteins during AD pathology. (A) 

Western blot images of total lysate (left) and cytosolic (right) fractions obtained from human 

parietal cortex of control and AD patients. (B) Quantitative analysis of CRTC1, phosphorylated 

(Tyr202/204) and total Erk and synaptic markers (PSD95 and synaptophysin) in total parietal 

cortex. (C) Quantitative analysis of CRTC1 and phosphorylated (Tyr202/204) and total Erk1/2 

levels in cytosolic fraction. Values represent mean fold ± s.e.m. (n = 2 /group). Protein levels 

were normalized to GAPDH. Statistical analysis was determined by one-way ANOVA followed 

by Tukey’s post hoc tests. *P < 0.05. 
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Figure 48. Altered synaptic proteins in nuclear and synaptosome fractions in human 

brain. (A) Western blot images of nuclear (left) and synaptosomal (right) fractions obtained from 

human parietal cortex of control, ADIII/IV and V. (B) Quantitative analysis of CRTC1, 

phosphorylated (Tyr202/204) and total Erk, NFκB and lamin-β1 levels in the nucleus. (C) 

Quantitative analysis of CRTC1, phosphorylated (Tyr202/204) and total Erk, NFκB and synaptic 

markers (PSD95 and synaptophysin) levels in synaptosome fraction. Values represent mean 

fold ± s.e.m. (n = 2 /group). Nuclear protein levels were normalized to lamin-β1 levels and 

synaptosomal protein levels to β-tubulin levels. Statistical analysis was determined by one-way 

ANOVA followed by Tukey’s post hoc tests. 
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Figure 49. Synaptic alteration in pre and postsynaptic terminals of AD patients. (A) 

Western blot images of pre (left) and postsynaptic (right) fractions obtained from human parietal 

cortex of control and AD patients. (B) Quantitative analysis of synaptophysin levels in the 

presynaptic fraction. (C) Quantitative analysis of CRTC1, phosphorylated (Tyr202/204) and total 

Erk, NFκB, PSD95 and β-tubulin levels in postsynaptic terminal. Values represent mean fold ± 

s.e.m. (n = 2 /group). Postsynaptic protein levels were normalized to β-tubulin levels. Statistical 

analysis was determined by one-way ANOVA followed by Tukey’s post hoc tests. *P < 0.05, **P 

< 0.01. 
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Finally, we evaluated the effects of PS on synaptic tau accumulation and synaptic 

pathology. We analyzed the levels of phosphorylated and total tau levels and pre- and 

postsynaptic markers in purified synaptosomes obtained from hippocampal lysates of 6 

month-old WT, Tau, PS1 cKO;Tau and PS cDKO;Tau mice. We found a significant 

increase in phosphorylated and total tau levels (genotype effect, P < 0.05) and a 

decrease in PSD95 and syntaxin 1 (genotype effect, P < 0.01) in all tau transgenic 

groups compared to WT mice. Levels of the presynaptic marker synaptophysin were 

also reduced, especially in the PS cDKO;Tau mice (genotype effect, P < 0.05). Levels 

of the synaptonuclear factor CRTC1 tend to decrease in transgenic mice although was 

not significant (P > 0.05, Fig. 50A). Analysis of purified postsynaptic fractions revealed 

abnormal tau accumulation in Tau transgenic mice lacking PS1 or both PS (genotype 

effect, P < 0.05) and a tendency to decrease in synaptic markers, including PSD95 and 

β-actin. Notably, a young 3 month-old PS cDKO;Tau mice (indicated with #) did not 

show synaptic tau or changes in synaptic proteins (Fig. 50B). These results suggest 

that synaptic tau accumulation is associated with synaptic pathology, which is 

exacerbated by neuronal PS1 and PS deficiency.  
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Figure 50. Loss of neuronal PS function in Tau mice increases synaptic tau accumulation 

and synaptic pathology. Western blot images of hippocampal lysates (A) and postsynaptic 

fraction (B) obtained from purified synaptosomes of 6 months-old WT, Tau, PS1 cKO;Tau and 

PS cDKO;Tau. Quantitative analysis (bottom) of total hippocampal lysates (C) and postsynaptic 

fraction (D). Levels of PSD95, CRTC1, phosphorylated (Ser202, CP13) and total tau (D1M9X), 

syntaxin 1, synaptophysin, β-actin and β-tubulin levels were analyzed. Values represent mean 

fold ± s.e.m. (n = 3 people/group). Protein levels of total lysates were normalized to β-tubulin 

levels. Statistical analysis was determined by one-way ANOVA followed by Tukey’s post hoc 

tests. *P < 0.05, **P < 0.01. 
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Loss of PS function leads to tau pathology and neurodegeneration 

Tau pathology is the main pathological hallmark of distinct neurodegenerative 

tauopathies, including sporadic and familial AD. PSEN1 mutations cause 

neurodegeneration and tauopathy in familial AD and FTD (Bernardi et al., 2009). The 

molecular and cellular mechanisms linking PS to tau pathology in neurodegeneration 

were largely unclear at the beginning of this doctoral thesis. This issue is important in 

dementia since unraveling the mechanistic link(s) between PS mutations and tau 

phosphorylation and aggregation are essential for developing new targets for 

tauopathies such as AD or FTD. In this doctoral thesis, I demonstrate the involvement 

of PS genes in tau homeostasis, including regulation of tau phosphorylation, 

aggregation and elimination. 

Previous studies from our lab revealed that genetic PS inactivation in mice causes tau 

hyperphosphorylation, inflammation, synaptic loss, neurodegeneration and learning 

and memory deficits (Beglopoulos et al., 2004; Saura et al., 2004). PS deficiency 

triggers presynaptic impairment and postsynaptic dysfunction, oxidative damage and 

age-related neuropsychiatric symptoms (Zhang et al., 2009; Zhang et al., 2010; Yan et 

al., 2013). In this doctoral thesis, we replicated some of these results, and found that 

loss of neuronal PS function in adult mice leads to postural and behavioral alterations 

associated with brain atrophy indicative of severe neurodegeneration. Importantly, 

neuronal PS deficiency causes age-dependent neurodegeneration in the cortex and 

hippocampus, which is associated with progressive tau phosphorylation and 

aggregation. Biochemical and imaging analyses revealed increased phosphorylated 

tau at different residues in different brain regions in PS cDKO mice. Tau pathology was 

restricted to specific brain areas related to memory formation and consolidation and 

affected in AD patients, including the hippocampus and EC and RSC (Braak and 

Braak, 1991; Braak et al., 2006; Serrano-Pozo et al., 2011). On the contrary, PS1 cKO 

and PS2 deficient mice do not apparently show tau pathology or neuroinflammation in 

the cortex or the hippocampus of 9 months. These results suggest that PS1 and PS2 

can share some important functions or compensate each other so that the presence of 

one PS can overcome the effects of the absence of the other at early stages (Lai et al., 

2003; Lessard et al., 2019; Pimenova and Goate, 2020). 

In contrast to endogenous murine tau, neuronal PS1 or PS1/PS2 inactivation in human 

Tau expressing mice results in increased tau phosphorylation and aggregation in 

memory-associated circuits affected early in AD. However, it is possible that the 

presence of a more pathogenic tau breaks the homeostatic mechanisms anticipating 
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the pathological features in PS1 cKO;Tau mice. In agreement, and in contrast to PS1 

cKO mice, PS1 cKO mice lacking one PS2 allele develop marked neurodegeneration 

at 16 months of age (Watanabe et al., 2014). PS1 mutations accelerate and potentiate 

tau pathology compared to sporadic AD cases (Gómez-Isla et al., 1999; Woodhouse et 

al., 2009), so it is possible that FAD- or FTD-linked PSEN1 mutations can lead to tau 

phosphorylation and accumulation through a partial PS loss of function mechanism. It 

is intriguing that familial PS1 mutations cause cerebral tau accumulation in the 

presence or absence of Aβ deposits in familial AD and FTD, respectively (Hutton, 

2004; Larner and Doran, 2006). How pathological PSEN mutations differentially affect 

Aβ generation/accumulation whereas having a similar effect on tau phosphorylation 

and aggregation is unclear. It is possible that both types of mutations affect similar 

cellular or molecular mechanisms leading to tau phosphorylation/aggregation, whereas 

only FAD-linked PS mutations affect APP processing increasing the Aβ42/40 ratio 

(Kumar-Singh et al., 2006; Sun et al., 2017). Particularly, the PSEN1 L435F mutation 

decreases total Aβ while enhancing Aβ42/Aβ40, amyloid deposition and tau 

phosphorylation causing synaptic deficits and neurodegeneration in mice (Xia et al., 

2015). Whether mutant PS1 affects tau pathology through Aβ or other cellular effectors 

is still unclear. Nonetheless, our results showing increased phosphorylated and 

aggregated tau in PS1 and PS-deficient Tau mice indicate that PS affects tau 

pathology independently of Aβ. 

Previous studies from our lab demonstrated that transcriptome dysregulation and 

memory impairment in PS cDKO mice occur via CRTC1 deregulation (Parra-Damas et 

al., 2017). Here, we show that loss of PS function in mice results in hippocampal 

memory and learning deficits and in anticipated and exacerbated memory impairments 

in human tau transgenic mice. Interestingly, PS1 cKO mice do not present memory 

impairment but showed increased higher levels of freezing compared to control mice in 

CFC, suggesting an anxious-related behavior. Interestingly, AD patients show early 

neuropsychiatric symptoms, including anxiety, related to tau pathology rather than 

amyloid load or neurodegeneration in parietal, temporal and frontal lobes, and these 

symptoms are related to tau-dependent affectation of AD-vulnerable areas, including 

the amygdala among others (Tissot et al., 2021). Here, we have reported that although 

PS1 cKO mice do not show tau pathology, PS1 cKO;Tau mice showed increased tau 

phosphorylation and aggregation, especially in the amygdala. As anxiety is an early AD 

clinical symptom, this result suggests the involvement of PS1 in emotion, whereas PS 

deficiency may result in anxiety linked to tau pathology in the amygdala. 
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Interestingly, mice harboring FAD-linked PS1 mutants or lacking PS develop 

neuropsychiatric symptoms, including irritability, apathy, depression, aggressiveness or 

anxiety (España et al., 2010). This phenotype is not present in other AD mice models 

such as 5xFAD, P301L tau or APP/PS1 mice increasing the implication of PS-

dependent tau pathology in AD-related neuropsychiatric symptoms (Yan et al., 2013; 

Ortega-Martinez et al., 2019).  

Mechanisms regulating PS-dependent tau phosphorylation  

Which are the mechanisms of PS-dependent tau phosphorylation? Our results show 

that neuronal PS deficiency elevates p25 levels and Akt phosphorylation, two signaling 

mechanisms involved in tau phosphorylation. Indeed, loss of PS increases 

phosphorylation of tau at Ser/Thr epitopes phosphorylated by Cdk5 and GSK3β, which 

are recognized by AT8, CP13 and PHF-1 antibodies. Increased levels of p25, a 

physiological activator of Cdk5, increases tau phosphorylation in AD (Patrick et al., 

1999; Seo et al., 2017), suggesting that increased Cdk5 activity could mediate tau 

phosphorylation in PS-deficient mice. Alternatively, mutant PS1 increases GSK3β-

mediated tau phosphorylation (Takashima et al., 1998; Dewachter et al., 2008). It is 

plausible that PS1 deficiency could potentially affect GSK3β-mediated tau 

phosphorylation. However, activation of Akt usually decreases GSK3β activity, as 

revealed by increased phosphorylated inactive GSK3β (Ser 9), although this residue is 

also a physiological substrate of PKA (Jope and Johnson, 2004). In physiological 

conditions, PS seems to tightly control tau phosphorylation by maintaining a correct 

balance between GSK3β activation and Cdk5 inactivation. In pathological conditions 

such as those occurring in the absence of neuronal PS, it is possible that dysregulation 

of Cdk5 and GSK3β could lead tau phosphorylation and neurodegeneration.  

Remarkably, PS1 and PS-deficient tau transgenic mice show elevated levels of 

PKA/AMPK-mediated tau phosphorylation at Ser409. This phosphorylation in tau is 

present in axons but not cell bodies or dendrites of neurons at early developmental 

stages (Postnatal day 1-11) but not in mouse and human adult brains (Andorfer and 

Davies, 2000). By contrast, phosphorylated tau at Ser409 is found in AD patients 

preceding or coinciding with initial tau aggregation, which suggested PKA-mediated tau 

phosphorylation at the early stages of tau pathology (Jicha et al., 1999). Indeed, tau 

phosphorylation at Ser409 was present mainly in human Tau transgenic lines lacking 

PS1 or both PS1/PS2 genes but they are absent in WT, PS1 cKO and PS1 cKO mice, 

and only slightly increased in PS cDKO mice. This result demonstrates that PS1 and 

total PS deficiency cause an increase in PKA-mediated tau phosphorylation. In support 
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of this idea, FAD-linked PS1 mutations and PS1 genetic inactivation promote neurite 

outgrowth by enhancing cAMP/PKA signaling (Deyts et al., 2016). An alternative 

mechanism of PKA-dependent tau phosphorylation could involve calcium since a 

recent study reported that calcium dysregulation mediates PKA-induced tau 

hyperphosphorylation (Carlyle et al., 2014; Datta et al., 2021). Due to the reported 

calcium homeostasis dysregulation caused by FAD-linked PS1 and PS2 mutations 

(Deaton and Johnson, 2020; Pizzo et al., 2020), loss of PS function could induce PKA-

mediated tau phosphorylation by exacerbating age-related calcium disturbance. In 

agreement, PS regulates mitochondrial Ca2+ homeostasis and modulates intracellular 

Ca2+ release in presynaptic terminals (Zhang et al., 2009b; Lee et al., 2017). Notably, 

FAD-linked PS mutations, such as PSEN1 M146L and PSEN2 N141I have shown to 

increase Ca2+ signaling and endoplasmic reticulum release through the interaction with 

the inositol 1,4,5-triphosphate receptor (Cheung et al., 2008). It would be interesting to 

measure the intracellular Ca2+ levels in neurons of PS-deficient mice and its correlation 

with PKA-mediated Ser409 tau phosphorylation levels. Alternatively, AMPK also 

phosphorylates tau at Ser409 in a lesser extent in AD and other tauopathies (Vingtdeux 

et al., 2011). Interestingly, PS deficient mice show increased phosphorylated Thr172 

AMPK suggesting increased AMPK activity that could result as well in tau 

phosphorylation at Ser409. By contrast, AMPK deficiency in P301S tau transgenic mice 

results in reduced tau pathology suggesting that targeting abnormal AMPK activation 

could represent a good strategy to reduce tau pathology (Domise et al., 2016).  

Phosphorylated tau accumulates in neurons and glial cells 

Tau pathology in PS cDKO mice is accompanied by brain inflammation as revealed by 

increased inflammatory astrocytic and microglia markers. It is interesting that, despite 

restricting PS1 inactivation to glutamatergic neurons, tau pathology is also 

accumulated in microglia, astrocytes and oligodendrocytes of PS cDKO mice. 

Microglial and astrocytic tau accumulation occurs in the aging brain and in 

neurodegenerative diseases such as AD (Kovacs et al., 2017; Perea et al., 2018). 

Possibly, this process is due to neuronal tau release or tau-mediated neuronal death 

leading to tau uptake by glial cells. Recently, internalization of extracellular tau by 

microglia and astrocytes has been reported (Bolós et al., 2017; Martini-Stoica et al., 

2018). Moreover, crosstalk between astrocytic complement C3 and microglial receptor 

C3aR mediates neuronal tau pathology in AD and P301S tau transgenic mice 

(Litvinchuk et al., 2018). The consequences of tau pathology in glia are still unclear, but 

it seems that they can contribute to glial degeneration, tau spreading and synapse 

dysfunction (Higuchi et al., 2002; Piacentini et al., 2017; Martini-Stoica et al., 2018). AD 
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patients show tau accumulation in astrocytes of the dentate gyrus, and overexpression 

of tau in astrocytes of the dentate gyrus causes neuron and synapse loss and memory 

impairments (Richetin et al., 2020). It will be important to determine the mechanisms of 

tau accumulation in glia and its effects on AD and FTD pathology. On the other hand, 

increased microglia activation in PS cDKO mice occurs at the beginning of tau 

pathology (6 months), suggesting that microglia can have a role triggering tau 

pathology and then becomes inefficient for tau elimination and degenerates or does not 

proliferate more at latter stages, while control mice show an age-dependent increase in 

Iba1 levels. On the other hand, the increase in astrocytic activation correlates with age-

dependent tau pathology and degeneration suggesting that astrocyte can either be 

implicated in the pathology initiation and/or progression or have a neuroprotective role 

against tau pathology. Further studies are needed to unravel the beneficial and/or 

detrimental role of glial cells in tau pathology. 

PS regulates tau and neurofilament cytoskeleton structures 

Our synchrotron-based infrared microspectroscopy assays revealed intermolecular and 

antiparallel β-sheet structures in the corpus callosum of PS-deficient tau mice. These 

abnormal protein structures seem to be related to tau aggregates as histological 

analysis of the consecutive slice confirmed tau aggregation. Besides these protein 

biochemical changes, control and AD mice model show an unexpected similar 

biochemical profile in physiological parameters. On the other hand, the biochemical 

profile of the white matter (corpus callosum) and the gray matter (cortex) was 

completely different as recently reported (Sanchez-Molina et al., 2020). Synchrotron-

based infrared microspectroscopy was previously used for amyloid plaques detection 

and tau aggregates (Leskovjan et al., 2011; Miller et al., 2013; Benseny-Cases et al., 

2018). However, tau fibrils aggregation by infrared microspectroscopy was detected in 

vitro using purified PHFs but not in human or animal models tissue samples 

(Mandelkow et al., 1995; von Bergen et al., 2005; Ramachandran, 2016). Importantly, 

we detected intermolecular and antiparallel β-sheet structures, especially in the corpus 

callosum. Although, synchrotron infrared microspectroscopy is not probably the best 

method to detect PHF in vivo, we were able to detect a protein aggregation pattern 

possibly related to tau protein. 

The cytoskeleton neurofilament (NF) light chain was recently proposed as a promising 

biomarker for several neurodegenerative diseases (Zetterberg, 2016). Increased 

cerebrospinal fluid (CSF)/serum neurofilament light levels correlates with cerebral 

phosphorylated tau, neurofibrillary tangles and neurodegeneration, but not with Aβ42 
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levels, in AD and FTD (Rohrer et al., 2016; Sánchez-Valle et al., 2018; Ashton et al., 

2019). Furthermore, pre-symptomatic PS1-FAD or FTD patients show significant 

increased CSF/serum neurofilament light levels correlating with clinical progression 

and, more importantly, predicting the onset of clinical symptoms (Sanchez-Valle et al., 

2018; Preische et al., 2019). Despite the close association of pathological tau and 

neurofilament light chain in biological fluids of PS mutant carriers, the relationship 

between PS, tau and neurofilament changes is currently not clear. Notably, PS1 

regulates neurofilament assembly, whereas FAD-linked PS1 mutations cause aberrant 

neurofilament structures associated with tau phosphorylation and release from 

microtubules (Dowjat et al., 2001; Pigino et al., 2001; Woodhouse et al., 2009). 

Similarly, we demonstrate that loss of PS function in mice causes reduced 

hippocampal NF levels and abnormal pattern of staining or aggregation of 

neurofilament light, medium and heavy chains, especially in tau pathology-affected 

areas such as the amygdala or the hippocampus. These results indicate that, similar to 

FAD-PS1 mutations, PS deficiency can cause aberrant cerebral NF accumulation and 

reduced hippocampal NF levels. Thus, increased NF secretion to CSF and serum 

could represent a good biomarker for tauopathies (Sanchez-Valle et al., 2018; Preische 

et al., 2019). It would be interesting in the future to analyze NF levels in the CSF and 

serum of PS deficient mice and its correlation with age-dependent tau pathology and 

neurodegeneration. 

PS regulates autophagy-mediated tau elimination 

Neurodegenerative diseases are characterized by abnormal accumulation of 

aggregated proteins in specific cells and brain regions (Dugger and Dickson, 2017). 

Intracellular tau degradation includes proteasomal and autophagic processes (Boland 

et al., 2018). Growing evidence points out the relationship between altered autophagy 

and neurodegeneration. Autophagy dysregulation is related to the initiation and the 

progression of tauopathies such as AD and FTD (Nixon et al., 2005; Ghavami et al., 

2014). Of note, autophagy induction proteins are reduced during aging and 

neurodegenerative diseases (Lipinski et al., 2010), different tau species are eliminated 

by selective autophagy (Falcon et al., 2018; Fu et al., 2019) and recent genetic AD risk 

factors, such as PICALM/CALM, have been identified (Moreau et al., 2014). 

In AD and FTD, tau pathology mainly occurs in excitatory neurons of memory-related 

circuits, but the mechanisms of this vulnerability are not fully understood (Spina et al., 

2008). Some studies have suggested differential factors such as cell size and location, 

calcium signaling, energy homeostasis, metabolism of disease-specific proteins, 
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mechanisms of stress resistance and protein homeostasis dysfunction (Kaushik and 

Cuervo, 2015; Freer et al., 2016). Interestingly, inhibitory neurons seem to have more 

effective mechanisms of tau clearance (Fu et al., 2019). Thus, the understanding of the 

mechanisms that leads to excitatory neurons vulnerability and inhibitory neurons 

resistance, such as autophagy disparity, is necessary for the development of novel 

therapeutic strategies based on cell-specific stimulation of intrinsic defense mechanism 

for neurodegenerative diseases.  

Previous reports have suggested that PS play an important role on autophagy, 

especially, regulating autophagy/lysosomal genes expression and maintaining 

lysosomal acidification and fusion with autophagosome (Lee et al., 2010; Neely et al., 

2011; Hung and Livesey, 2018). In the present thesis, we demonstrate that PS 

maintains autophagy induction by inhibiting mTORC1 through increased activation of 

AMPK and Akt. This result supports the reduction of mTORC1 and its complex proteins 

and its excessive attachment to lysosomes in PS-deficient fibroblast (Reddy et al., 

2016). In agreement with previous reports (Lee et al., 2010; Neely et al., 2011), we 

found increased autophagosome number due to increased LC3 ratio and p62 levels in 

PS cDKO mice and PS deficient neurons, suggesting altered autophagic flux caused 

by loss of PS function. Interestingly, PS1 mutations impair autophagosome-lysosome 

fusion, lysosomal acidification and reduce autophagy-related genes expression 

(Dobrowolski et al., 2012; Chong et al., 2018). In agreement with PS1 involvement on 

pathological protein elimination by autophagy, PS1 promotes autophagic βCTF 

elimination (Bustos et al., 2017) and FAD-linked PS1 mutations lead to Aβ 

accumulation in iPSCs-derived neurons (Peric and Annaert, 2015; Hung and Livesey, 

2018). Interestingly, we could not find a significant alteration in the cortical 

autophagosome number neither in PS1 cKO nor PS2-/- mice at 9 months of age. 

However, the LC3 ratio tends to increase in the hippocampal lysates of PS1 cKO and 

PS2-/- compared to WT mice suggesting a PS dose-dependent effect on autophagy. 

Importantly, PS-dependent autophagy disruption causes abnormal tau accumulation 

and increased tau secretion (Mohamed et al., 2014). We have shown that either 

stimulation or inhibition of autophagy, even with simultaneous proteasomal inhibition, 

strongly reduce hyperphosphorylated and total tau levels in PS-deficient neurons 

through likely increased tau secretion and boosting tau propagation. Notably, this may 

have important biological and therapeutic consequences. 

In agreement to the important role of autophagy in tau pathology, activators of the 

autophagy pathway reduce pathological tau progression and toxicity in cellular and tau 
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transgenic mouse models (Kruger et al., 2012; Schaeffer et al., 2012; Ozcelik et al., 

2013; Silva et al., 2020). Moreover, autophagy disruption caused by p300/CREB 

binding protein (CBP) inhibition promotes tau release and propagation in neurons 

(Chen et al., 2020). Considering that PS tightly controls CBP levels and activity 

(Marambaud et al., 2003; Saura et al., 2004), it is plausible that PS could regulate 

autophagy-dependent tau degradation via CBP.  

In summary, these findings strength the role of PS on autophagy by strongly suggest 

that loss of PS function (e.g., familial AD-linked mutations) alters autophagy function 

triggering tau accumulation aggregation and/or secretion.  

PS deficiency regulates tau secretion and propagation 

There is much debate about whether cell tau transmission is a physiological 

mechanism or is only present in pathological conditions. The identification of the 

transmission of non-hyperphosphorylated or non-misfolding tau suggests that tau 

trans-synaptic transference can be a physiological mechanism (Dujardin et al., 2018). 

In addition, whether physiological trans-synaptic tau transference share the same or 

different mechanisms than pathological tau. Thus, tau secretion by exosomes appears 

to occur only with aggregated tau (Dujardin et al., 2014). Furthermore, tau uptake is 

mostly restricted to aggregated forms (Mirbaha et al., 2015). However, some studies 

have shown that secreted tau is mostly monomeric, soluble, dephosphorylated and 

truncated suggesting physiological secretion of tau. In agreement to physiological tau 

secretion, tau can be detected in the CSF of healthy human (Hall et al., 2012). 

Clarifying the physiological and pathological tau secretion and uptake mechanisms, 

which have an important role in tau spreading, will facilitate the development of 

promising novel treatment therapies for tauopathies. 

Brain injections of purified tau oligomers from AD human or mice model have been 

shown to induce tau accumulation and propagation in transgenic and control mice 

(Clavaguera et al., 2009; Lasagna-Reeves et al., 2012). Surprisingly, intraperitoneally 

injection of aggregated tau causes brain tau pathology (Clavaguera et al., 2014b). 

However, some reports show that tau oligomers are more pathogenic forms than tau 

aggregates (Sanders et al., 2014; Gerson et al., 2016). Thus, the pathogenic potential 

of each tau form remains controversial. Here, we have shown increased memory 

deficits in PS cDKO mice after hippocampal injection of human purified PHF. However, 

there were no differences between PHF- and vehicle-injected WT mice. Furthermore, 

we could not see any significant increase in tau pathology or propagation after PHF 
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injection, probably due to the elimination of the injected PHF, a problem with the 

sample procedure and/or the experimental design.  

Nutrient deprivation has shown to promote autophagy in several tissues, including the 

brain (Kuma et al., 2004; Mizushima et al., 2004). Therefore, we perform nutrient 

deprivation in cultured primary neurons to enhance autophagy. Interestingly, neurons 

show a strong reduction in phosphorylated and total levels despite no LC3-II/I major 

changes. Contrast to what we expected, autophagy inhibition with chloroquine also 

shows reduced phosphorylated and total tau levels either in presence or absence of 

the proteasomal inhibitor MG132. These results suggest the involvement of other 

mechanism in tau decrease such as tau secretion as it is reported to be increased by 

lysosomal inhibition and starvation in primary cortical neurons (Mohamed et al., 2014). 

We hypothesize that PS deficiency alters autophagy reducing tau elimination and, very 

likely, promoting tau secretion and/or propagation. Thus, it will be necessary to analyze 

the levels of tau in the medium of PS-deficient neurons in basal and treatment 

conditions. 

Synaptic tau accumulation in AD brain and Tau and PS-deficient Tau 

mice 

Pathological tau causes synaptic dysfunction through different mechanisms, including 

altered dendritic spines, LTP impairment or decreased levels of PSD-95 and glutamate 

receptors (Yoshiyama et al., 2007; Hoover et al., 2010; Crimins et al., 2012; Warmus et 

al., 2014). Thus, tau pathology triggers loss of synapsis causing memory impairments 

in tauopathies mouse models. Other studies have focused on synaptonuclear factors 

that have local functions at the synapsis and translocate to the nucleus promoting gene 

expression (Parra-Damas and Saura, 2019). However, the role of tau pathology on 

synaptonuclear factors are still unexplored. Here, we have shown synaptic tau 

accumulation in purified hippocampal synaptosomes of Tau transgenic mice. The 

consequences of tau accumulation may be synapse dysfunction or loss as reported 

(Ittner et al., 2010; Pickett et al., 2019). In correlation with previous data, we have seen 

that tau pathology mediates the reduction of pre- and postsynaptic markers such as 

synaptophysin and PSD95, respectively (Yoshiyama et al., 2007; Jackson et al., 2017; 

Dejanovic et al., 2018). Interestingly, tau pathology reduces synaptic CRTC1 levels in 

tau transgenic mice whereas CRTC1, Erk and NFκB are also reduce in synaptosomes 

obtained from AD patient’s brain. Finally, PS1/PS deficiency on tau transgenic mice 

exacerbates the synaptic tau pathology and synapse pathology increasing the 

evidence of the correlation of tau, synaptic loss and memory impairments. Hence, more 

investigation of the pathological effects on synapsis and specifically, on synaptonuclear 
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factors is needed to decipher the synaptic alteration and memory impairments caused 

by tau pathology. Furthermore, it would be interesting to investigate the effects of PS 

FAD-linked mutations on synaptic alteration and its contribution to memory loss using 

FAD brain samples. 

In summary, the data presented in this thesis strengthen the effects of PS deficiency on 

(1) dysregulation of GSK3β, PKA and Cdk5 kinases, resulting in increased 

phosphorylated tau levels, (2) alteration of autophagy though mTOR inhibition, 

increased autophagosome accumulation due to inhibition of lysosomal/autophagosome 

fusion, triggering tau aggregation and secretion (Fig. 51A), (3) synaptic tau 

accumulation mediating synaptic loss, neuroinflammation, neurodegeneration and 

memory impairments (Fig. 51B). 
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Figure 51. (A) Proposed model of PS/γ-secretase-dependent regulation of autophagy and 

tau pathology. PS regulates tightly tau kinases (Cdk5, PKA and GSK3β) maintaining basal tau 

levels. PS inhibit phosphorylation of Akt and reduces AMPK activation regulating mTORC1 

activity. PS is required for a proper autophagy flux and tau elimination and secretion. By 

contrast, PS deficiency dysregulates tau kinases activity, increasing phosphorylated tau levels, 

and autophagy pathway and disrupts autophagosome-lysosome fusion causing increased 

phosphorylated and aggregated tau and, probably, increasing tau secretion. (B) Hypothetical 

model of PS-dependent regulation of tau-mediated inflammation, synaptic function and 

neurodegeneration. Lack of PS causes abnormal tau accumulation at synaptic terminals 

decreasing pre- and postsynaptic proteins (synaptophysin, PSD95…) and synaptonuclear 

factors (CRTC1) which is associated with cerebral inflammation, synaptic loss and exacerbated 

memory impairments.  
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- Loss of presenilin function in neurons results in age-dependent 

neurodegeneration, behavioral abnormalities and tau pathology in memory-

related brain regions.  

 

- Genetic inactivation of both presenilin genes in glutamatergic neurons triggers 

neuroinflammation and accumulation of phosphorylated tau in neurons, 

microglia, oligodendrocytes and astrocytes. 

 

- Presenilins repress cerebral tau pathology, whereas partial and total loss of 

presenilin function accelerates human tau phosphorylation and aggregation in 

soma and dendrites of neurons in memory-related brain regions coinciding with 

exacerbated memory deficits. 
 

- Presenilins regulate tau kinases, so its disruption increases Cdk5- and 

PKA/AMPK-mediated tau phosphorylation. 

 

- Synchrotron infrared microspectroscopy demonstrates intermolecular and 

antiparallel β-sheet protein structures in amyloid plaque-free transgenic mice 

associated with tau and neurofilament aggregates 

 

- Stimulation and inhibition of autophagy decrease intracellular tau levels in vitro 

suggesting that autophagy regulates tau secretion and/or propagation.  

 

- Presenilins contributes to tau elimination and secretion through autophagy flux 

regulation by blocking mTORC1 and activating autophagosome-lysosome 

fusion. 

 

- Synaptic pathology is associated with accumulation of synaptic tau in the 

hippocampus of Tau transgenic mouse brains. 

 

- Neuronal PS deficiency in Tau transgenic mice exacerbates synaptic tau 

accumulation and synaptic pathology linking PS dependent-tau pathology, 

synaptic loss and hippocampal memory impairments. 
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