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AAV: adeno-associated virus 

AD: Alzheimer’s disease 

AGD: argyrophilic grain disease 

ALP: autophagy lysosomal pathway 

AMC: autofagia mediada por chaperona 

AMPA: α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor  

AP: autophagosomes 

APL: autophagolysosomes 

APP: amyloid precursor protein 

APV: D, L-aminophosphonovalerate 

Atg: autophagy-related protein 

AVs: autophagic vacuoles 

Aβ: amyloid-beta 

Bag3: bcl2-asssociated athanogene 3 

BBB: blood brain barrier 

BSA: bovine serum albumin 

CA: calyculin A 

CA1: pyramidal cell layer in CA1 

CBD: corticobasal degeneration 

CMA: chaperone-mediated autophagy 

CNS: central nervous system 

CSF: cerebrospinal fluid 

CTE: chronic traumatic encephalopathy 

CTSD: cathepsin D 

CTX: retrosplenial cortex 

DAB: 3,3′-diaminobenzidine 

DG: dentate gyrus 

DG TOP: top granule cell layer in DG 

DHE: dihydroethidium 

DLFT: degeneración lobar fronto-temporal 

DMEM: Dulbecco's modified Eagle's 

medium 

DMSO: dimethyl sulfoxide 

DTT: dithiothreitol 

DUOX: dual oxidases 

EA: enfermedad de Alzheimer 

e-MI: endosomal microautophagy 

ER: endoplasmic reticulum 

ERO: especies reactivas de oxígeno 

FBS: fetal bovine serum 

fEPSP: field excitatory postsynaptic 

potentials 

FTD: frontotemporal dementia 

FTLD: frontotemporal lobar degeneration 

FUS:   fused in Sarcoma 

GFP: green fluorescent protein 

GGT: globular glial tauopathy 

GSH: glutathione 

GSK3β: kinase glycogen synthase kinase 3β	

HBS: Hank’s buffered salt solution 

HD: Huntington’s disease 

Hsc70: heat shock cognate 70 kDa protein 

H2DCFDA: 2ʹ,7ʹ-dichlorofluorescein 

diacetate 

hTau: human tau 

huTau: human tau 

ICV: intracerebroventricular  

IL-1β:	interleukin	β 

iNOS: inducible nitric oxide synthase 

iPSC: induced pluripotent stem cell 

IR: immunoreactive 

KD: knockdown 

KO: knockout 

LAMP1: lysosome-associated membrane 

protein-1 

LAMP-2A: lysosome-associated membrane 

protein-2A 

LC3: microtubule-associated protein 1 light 

chain 3 
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LE: late endosomes 

LRRK2: leucine-rich repeat kinase 2 

LTD: long-term depression 

LTP: long-term potentiation 

L2A: lysosome-associated membrane 

protein type 2A 

MAP: microtubule-associated proteins 

MCI: mild cognitive impairment 

MEFs: mouse embryonic fibroblasts 

MI: microautophagy 

MI-e: microautofagia endosomal 

mRNA: messenger RNA 

MVB: multivesicular bodies 

NA: not applicable 

NADPH: nicotinamide adenine 

dinucleotide phosphate 

NDDs: neurodegenerative diseases 

NF-	κB: nucelar factor κB 

NFTs: neurofibrillary tangles 

NMDA: N-methyl-D-aspartate receptor 

NOR: novel object recognition test 

NOX: NADPH oxidases 

N2a: neuro-2a 

OA: okadaic acid 

OLT: object location test 

PBS: phosphate-buffered saline 

PCR: polymerase chain reaction 

PD: Parkinson’s disease 

PE: phosphatidyl ethaloamine 

PFA: paraformaldehyde 

PI: propidium iodide 

PiD: pick disease 

PSD95: postsynaptic density protein 95 

PSP: progressive supranuclear palsy 

PS1: presenilin-1 

PTMs: post-translational modifications 

RNA: ribonucleic acid 

ROS: reactive oxygen species 

RT-qPCR: real-time quantitative polymerase 

chain reaction 

SC: Schaffer colateral 

SCR: scramble 

SD: Sprague Dawley 

shRNA: short hairpin RNA 

SI: sarkosyl-insoluble fraction 

siRNA: small interference RNA 

SNC: sistema nervioso central 

SS: sarkosyl-insoluble fraction 

SYN1: synapsin-1 

S.Oriens: stratum oriens 

S. Rad: stratum radiatum 

TBI: traumatic brain injury 

TDP43: TAR DNA-binding protein 43 

TFEB: transcription factor EB 

TBFa: tumor necrosis factor a 

TBS: theta-like burst stimulation 

TTBS: tris-buffered saline-tween 

T0: testing day 0 

T1: testing day 1 

T2: testing day 2 

VPS4: vacuolar protein sorting-associated 

protein 4 

WT: wild-type 

3MA: 3-methyladenine 

3xTg-AD: triple transgenic mouse model of 

Alzheimer’s disease 

α7nAchR: alpha-7 nicotinic receptor 
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Disrupted homeostasis of the microtubule binding protein tau is a shared feature of a set of 

neurodegenerative disorders known as tauopathies, that includes Alzheimer´s Disease (AD) and 

related forms of dementia and affect around 44 million people worldwide. Autophagy 

dysfunction, one of the main intracellular pathways involved in tau degradation, oxidative stress 

and neuroinflammation are also common features of these patients. However, the molecular 

mechanisms linking these processes and governing autophagy inhibition remain unclear. In this 

doctoral thesis, we have found that a large fraction of neuronal tau is degraded by chaperone-

mediated autophagy (CMA), a selective type of autophagy, whereas, upon acetylation, an early 

pathological event in neurodegeneration, tau is preferentially degraded by macroautophagy and 

endosomal microautophagy (e-MI). Rerouting of acetylated tau to these other autophagic 

pathways originates, in part, from the inhibitory effect that acetylated tau exerts on CMA and 

results in its extracellular release and cell-to-cell spreading. Analysis of brain patients with 

tauopathies demonstrates similar molecular mechanism leading to CMA disfunction and 

potentially contribute to disease progression. Furthermore, we also have found that 

hyperphosphorylation of tau, another pathogenic tau posttranslational modification, positively 

modifies macroautophagy at early-stages of tauopathy. However, at late-stages of the disease, 

macroautophagy eventually collapses prompting to neuronal toxicity and neurodegeneration in 

vivo. In this doctoral thesis, we also investigate unexplored therapeutic approximations to halt 

tau progression based on macroautophagy modulation. On one hand, NADPH oxidase 4 

(NOX4), one of the main sources of reactive oxygen species (ROS) in the central nervous system 

(CNS), is upregulated in frontotemporal lobar degeneration (FTLD) and AD patients and in the 

humanized mouse model of tauopathy. In this context, both global knockout and neuronal 

knockdown of the Nox4 gene in mice reduce oligomeric tau accumulation by a mechanism that 

implicates modulation of macroautophagy flux and lysosomal activity, and reduction of oxidative 

stress and neuroinflammation. On the other hand, late treatment with supraphysiological doses 

of melatonin, positively modifies established tauopathy involving similar mechanisms. Overall, 
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these results expand the knowledge about the interplay between pathogenic forms of tau and 

different autophagy pathways, provide novel molecular mechanisms underlaying autophagy 

disfunction and disease progression in tauopathy and highlight macroautophagy and lysosomal 

activity as key regulable mechanisms with disease-modifying effects for the treatment of AD and 

related tauopathies.  
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La alteración de la homeostasis de la proteína tau es una característica compartida por un 

conjunto de trastornos neurodegenerativos conocidos como tauopatías, que incluyen la 

enfermedad de Alzheimer (EA) y formas relacionadas de demencia y afectan a alrededor de 44 

millones de personas en todo el mundo. La disfunción de la autofagia, una de los principales 

mecanismos intracelulares implicadas en la degradación de tau, el estrés oxidativo y la 

neuroinflamación también son procesos fisiopatológicos comunes en estos pacientes. Sin 

embargo, los mecanismos moleculares que interconectan estos procesos y que alteran la 

autofagia y, por ende, la degradación de la proteína tau, siguen sin estar completamente claros. 

En esta tesis doctoral observamos que una gran fracción de la proteína tau neuronal es degradada 

por un tipo selectivo de autofagia, la autofagia mediada por chaperona (AMC), mientras que, tras 

su acetilación, una modificación patológica que se da en estadios tempranos de la enfermedad, 

la proteína tau es degradada preferentemente por macroautofagia y microautofagia endosomal 

(MI-e). El re-direccionamiento de la proteína tau acetilada a estas otras vías autofágicas se origina, 

al menos en parte, como consecuencia del efecto inhibidor que dicha proteína ejerce sobre la 

AMC y tiene como resultado su liberación extracelular y propagación entre neuronas. El análisis 

de cerebros de pacientes con tauopatías demuestra la existencia de un mecanismo molecular 

similar que conduce a la disfunción de la AMC y que contribuye potencialmente a la progresión 

de la enfermedad. Además, también observamos que la hiperfosforilación de la proteína tau es 

capaz de modificar positivamente el flujo de la macroautofagia en las primeras etapas de la 

tauopatía. Sin embargo, en las últimas etapas de la enfermedad, la macroautofagia finalmente 

colapsa provocando toxicidad neuronal y neurodegeneración. Adicionalmente, en esta tesis 

doctoral, investigamos aproximaciones terapéuticas con potencial para reducir la progresión de 

la patología tau basadas en la modulación de la macroautofagia. Por un lado, la enzima NADPH 

oxidasa 4 (NOX4), es una de las principales fuentes de especies reactivas de oxígeno (ERO) en 

el sistema nervioso central (SNC), y está incrementada en pacientes con degeneración lobar 

fronto-temporal (DLFT) y AD y en un modelo murino de tauopatía. En este contexto, tanto la 
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eliminación total como la inhibición neuronal del gen Nox4 en ratones, reduce la acumulación 

de las formas tóxicas oligoméricas de tau mediante un mecanismo que implica la modulación 

del flujo de la macroautofagia y la actividad lisosomal, y la reducción del estrés oxidativo y la 

neuroinflamación. Por otro lado, el tratamiento tardío con dosis suprafisiológicas de melatonina, 

es capaz de modificar positivamente la tauopatía establecida a través de mecanismos similares. 

En general, estos resultados amplían el conocimiento sobre la interacción entre las formas 

patógenas de tau y las diferentes vías selectivas de autofagia, proporcionan nuevos mecanismos 

moleculares que participan en la disfunción de la autofagia y la progresión de la patología tau, 

poniendo de manifiesto la importancia de la macroautofagia y la actividad lisosomal como 

mecanismos regulables con efectos modificadores del curso de la enfermedad para el tratamiento 

de la EA y otras tauopatías relacionadas. 
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Disease context: 

The global population is ageing rapidly. Between 2015 and 2030 the number of people aged 

60 years or over is expected to grow by 56%, from 901 million to 1.4 billion, and by 2050 the 

population of older people worldwide is forecast to more than double in size to approximately 

2.1 billion (1). One of the leading challenges posed by an ageing population is the care and 

management of age-related diseases, especially dementia. Dementia is a general term used to 

describe brain disorders that cause a gradual deterioration of the functional and social capacity 

of a person. This steady decline is caused by a variety of underlying diseases and includes varying 

degrees of memory loss and difficulties with a person’s understanding, judgment or use of 

language (2). 

Tauopathies are a group of neurological disorders that manifest as dementias and are 

characterized by the presence of intracellular aggregates of the microtubule-associated tau 

protein in neurons or glia as their common, defining denominator. Intracellular tau aggregates 

known as neurofibrillary tangles (NFTs) are a hallmark of Alzheimer disease (AD), the most 

common form of dementia, together with extracellular deposits (plaques) of amyloid-β (Aβ). With 

numerous late-stage failures of Aβ-targeting drugs for AD, interest is growing in the therapeutic 

potential of targeting tau, particularly as evidence suggests that tau pathology is more closely 

linked than Aβ to cognitive and functional decline. Imaging studies in patients transitioning from 

mild cognitive impairment (MCI) to full AD have revealed that tau is a better predictor of the 

symptoms of dementia than measure of Aβ. These studies also suggested that the therapeutic 

window for targeting Aβ may be short, requiring additional, tau-based strategies (3, 4). Such 

therapeutic approaches could also prove efficacious for many of the primary tauopathies, such 

as familial frontotemporal lobar degeneration (FTLD), progressive supranuclear palsy (PSP) and 

corticobasal degeneration (CBD), as well as other disorders that involve tau pathology, such as 

traumatic brain injury (TBI) (5).  
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The present doctoral thesis: 1) describes molecular mechanisms underlying tau toxicity in 

patients and in complex in vivo models, 2) establishes unexplored pathways for tau spreading 

and disease progression, 3) validates new therapeutic targets and 3) presents disease-modifying 

drugs for the treatments of tau-related diseases.  

Tau biology 

Tau belongs to a family of microtubule-associated proteins (MAP) that includes MAP2 and 

MAP4. Unlike MAP4, which is expressed in many tissues, MAP2 and tau are predominantly 

found in neurons. In the adult brain, MAP2 is mainly localized in the cell bodies and dendrites, 

whereas tau is abundant in axons, although it is also found in the soma and dendrites (6, 7). In 

the axonal compartment, tau acts as a scaffolding protein stabilizing microtubules and regulating 

axonal transport. In the soma, tau localizes in the nucleus where it maintains the integrity of DNA 

and regulates heterochromatic stability. In dendrites, tau is involved in synaptic plasticity, ensures 

proper localization of Fyn and regulates NMDA/AMPA receptors (4, 8). 

Under physiological conditions, tau undergoes a remarkable degree of post-translational 

modifications (PTMs) that, together with its localization, determine its function. Some of them 

include N- and O-glycosylation, ubiquitination, truncation, glycation, and oxidation, amounting 

to 63 unique PTMs that have been reported (9). The most widely studied PTM is phosphorylation, 

owing to the fact that the longest isoform of human tau contains 80 serine and threonine residues 

and 5 tyrosine residues, all of which can potentially be phosphorylated. Given the labile nature 

of the phosphorylation of tau, it is difficult to allocate specific phosphorylation signatures to 

discrete functions. However, it has been shown that phosphorylation of tau at S396 by the kinase 

glycogen synthase kinase 3β (GSK3β) is required for hippocampal long-term depression (LTD) 

(10), whereas synaptic activity that induces long-term potentiation (LTP)-like synaptic changes, 

requires phosphorylation of tau at T205 (11). Increases in tau phosphorylation reduces its affinity 

for microtubules, providing tau with dynamic properties that are essential for neuronal plasticity. 
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Tau pathophysiology 

Tau is extensively post-translationally modified under physiological conditions; however, 

under pathological conditions, there is an even higher degree of PTMs, rendering tau aggregation-

prone and impairing its clearance. 

Tau hyperphosphorylation:  

Whereas under physiological conditions there are on average 2–3 moles of phosphate per 

mole of tau in the human brain, under pathological conditions this ratio increases to 7–8 moles 

(12). In this situation, which is known as hyperphosphorylation, some tau residues are 

phosphorylated to a higher degree than in the healthy brain, whereas other residues are de novo 

phosphorylated (13). Hyperphosphorylation, which relates to increased activity of kinases (i.e. 

GSK3b, CDK5, Nuac1, etc.) and decreased activity of phosphatases (i.e. PP2A, PP1, etc.), is 

crucial for tau to detach from microtubules. As a result, cytoplasmic tau levels increase, causing 

the protein to aggregate and form insoluble filaments that fill the entire soma, producing NFTs 

and neuropil threads (14). Specific domains of tau display distinct conformational properties that 

make the protein prone to aggregation (15). Given that physiological tau is enriched in axons, 

whereas hyperphosphorylated tau accumulates in somatodendritic domains, it has been 

suggested that the axon´s initial segment, which normally serves as a diffusion barrier for tau, 

breaks down, allowing the ectopic accumulation of tau (16). Historically, many pathological 

phosphorylation sites in tau were identified in AD brain tissue, leading to the development of 

specific antibodies. One of these antibodies is AT8, which detects tau phosphorylation at 

(S199)/S202/T205, an epitope that forms the basis for the Braak staging, a neuropathological scale 

that classify the degree of tau pathology in AD (17). 

Tau acetylation: 

Acetylation has been described as a pathogenic PTM of tau in brains from AD (18, 19) and 

related tauopathy patients (20–23). Recently, acetylation sites have been precisely mapped onto 
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Cryo-EM structure of tau filaments from patients’ brain tissue (24). In this regard, tau acetylation 

reduces its binding to microtubules, promotes tau fibrillization and reduces tau degradation (20, 

22). Although the emphasis on pathogenic tau clearance has mostly focused on 

hyperphosphorylated oligomeric tau, tau acetylation on lysine 174 (K174) was identified as an 

early modification in the soluble fraction of AD patients, even before tau hyperphosphorylation 

appeared (25). Moreover, reducing tau acetylation at K174 rescues cognitive deficits and tau-

mediated neurodegeneration (25), suggesting that reducing soluble forms of acetylated tau is 

efficient to improve cognitive function (26–28). These findings emphasize the potential 

implication of acetylated tau in the disease progression. 

Classification of tauopathies 
 

 
Table 1: Classification of tauopathies based on cell types with prominent pathology. Parentheses indicate less 
frequently observed pathology. IR=immunoreactive; NA=not applicable; NFTs=neurofibrillary tangles. 

  

The primary tauopathies are a subgroup of FTLD, an umbrella term for neurodegenerative 

diseases characterized by neuronal and glial tau inclusions with predominant atrophy of the 

frontal and temporal lobes. Neuropathologically, FTLD is subdivided into three broad categories 

Disease Neurons Astrocytes Oligodendrocytes 
Neuronal 
AD • NFTs 

• Neuropil Threads 
• Neuritic components in 

plaques 

 
NA 

 
NA 

Predominantly neuronal 
PiD • Pick bodies 

• Diffuse tau IR neuropil 
(Tau-IR ramified Astrocytes) Globular inclusions 

Neuronal and glial 
PSP • NFTs 

• Neuropil Threads 
• Tufted astrocytes 
• (Diffuse granular IR) 

Coiled bodies 

CBD • Neuropil Threads 
• Spherical cytoplasmic 

inclusions 
• (NFTs) 

 
Astrocytic plaques 

 
Coiled bodies 

AGD Argyrophilic grains • Thorn-shaped Astrocytes 
• Diffuse granular IR  

Coiled bodies 

CTE • NFTs 
• Neuropil Threads 

• Astrocytic deposits 
• (Tufted Astrocytes) 
• (Thorn-shaped Astrocytes) 

Coiled bodies 

Predominantly glial 
GGT • Spherical cytoplasmic 

inclusions  
• (Neuropil Threads) 
• (NFTs) 

 
Globular astroglial inclusions 

 
Globular inclusions 
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that are defined by protein inclusions of TDP43 (TAR DNA-binding protein 43), tau or Fused in 

Sarcoma (FUS). FTLD-tau comprises Pick disease (PiD), PSP, CBD, Argyrophilic grain disease 

(AGD), FTD with mutations in the MAPT gene (also known as FTD with parkinsonism linked to 

chromosome 17 (FTDP-17)) and globular glial tauopathy (GGT), among others. In contrast, AD 

is a secondary tauopathy that is characterized by tau pathology in combination with extracellular 

Ab plaques. 

Tau pathomecanisms 

Targeting tau pathology for therapeutic intervention rests on the assumption that the protein 

undergoes a gain of toxic function during the course of disease. This process may be facilitated 

by its PTMs (in particular, phosphorylation). Misfolding of tau and its assembly into an oligomer 

(an intermediate between a monomer and a polymer) has also been hypothesized to play a role 

in tau-mediated toxicity. Furthermore, there is a change in its subcellular localization, which 

results in changes in the tau interactome. The trapping of distinct proteins then occurs in the 

subcellular compartment where tau aberrantly accumulates, preventing proteins from executing 

their physiological functions in the compartment in which they are normally localized (4). 

Several hypotheses have been proposed to explain the pathogenesis and progression of 

tauopathy. In the case of AD, tau pathology has been integrated in the amyloid cascade 

hypothesis, which places Aβ upstream of tau (29). Under disease conditions, the level of tau, 

which is partly driven by hyperphosphorylation, increases in the postsynapse (6, 7). This causes 

enhanced targeting of Fyn to the postsynapse, which facilitates the formation of an excitotoxic 

NMDA receptor–PSD95 complex, through which Aβ signals cause downstream toxicity such as 

the influx of calcium (6). Interestingly, by breeding amyloid precursor protein (APP)-mutant mice, 

which have Aβ pathology, onto a tau-knockout background, impaired memory functions are 

restored, susceptibility to experimentally induced seizures are reduced, and the reduced lifespan 

of the animals is extended (6, 30). Thus, although Aβ can cause tau pathology, Aβ toxicity is tau 

dependent in a Fyn-dependent manner, a concept formulated in the tau axis hypothesis (31) 
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suggesting that although the two molecules interact, Aβ and tau also exert independent effects 

on the synapse. 

An interesting new thread has been added to the tau pathophysiology story with the finding 

that, in the AD brain, tau pathology spreads in the brain following a predictable anatomically 

defined pattern of progression described by neuropathological Braak staging (32–34), which is 

attributed to cell-to-cell propagation of pathogenic tau (35, 36). However, as tau lacks 

conventional secretion signals (37)(38) the process of tau transmission between neighboring 

neurons is still poorly understood. Enhanced acetyltransferase activity in tauopathies has been 

shown to result in excess tau secretion and spreading (39). However, whether this is a 

consequence of direct tau acetylation or due to acetylation of other cellular components, remains 

unknown. 

 Another important hypothesis to account for tau-driven pathobiology is that tau aggregates 

impair the cellular clearance machinery including the ubiquitin proteasome system and 

autophagy. 

Autophagy and autophagic pathways 

All cellular proteins and organelles are subjected to quality control. The ubiquitin proteasome 

system and autophagy contribute to the destruction and recycling of altered cellular components 

when repair is not possible (40, 41). Autophagy is an evolutionarily conserved cellular 

mechanism for degradation of proteins and organelles in lysosomes. Malfunctioning autophagy 

has been reported in several diseases, including neurodegenerative disorders such as Parkinson’s 

disease (PD) or AD (41–43). Autophagy is an effective neuroprotective mechanism that actively 

contributes to the removal of pathogenic proteins, but in some instances, it becomes the target 

of the toxic action of these proteins. This toxicity on the autophagic system can be primary to the 

main cause of the disease, when the pathogenic proteins directly interfere with components of 

the autophagic intracellular machinery, or secondary to the main cause of the disease, when the 
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autophagic process is indirectly disturbed. Three types of autophagy have been described in 

mammals, according to the mechanism of delivery of cargo to the lysosomes (figure 1). In 

macroautophagy, cytosolic cargo is first trapped inside double membrane vesicles 

(autophagosomes) that then fuse with lysosomes for complete degradation of cargo. The subset 

of genes and proteins that participate in this process are called autophagy-related genes and 

autophagy-related proteins (44, 45). In chaperone-mediated autophagy (CMA), proteins are 

identified one by one by a cytosolic chaperone that brings them to the lysosomal surface for 

translocation across this membrane (42). Finally, in microautophagy (MI) and endosomal 

microautophagy (eMI), cargo is internalized through invaginations in the lysosomal and 

endosomal membrane, respectively (46). 

Adapted from Scrivo et al., Lancet Neurol. 2018. 
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Macroautophagy and tau pathology 

Accumulating evidence supports macroautophagy impairment in the pathogenesis of AD (47–

49). Although macroautophagy is upregulated in the early stages of AD, the lysosomal clearance 

capacity becomes impaired with disease progression, promoting autophagosome accumulation, 

inclusions of ubiquitinated proteins and neuritic dystrophy (47)(43)(50). Considering that tau is 

degraded via macroautophagy (51, 52), dysfunction of this process could lead to increased levels 

of its aggregated and toxic oligomeric forms (53–55). In addition, aberrant tau also inhibits 

autophagic degradation, disrupts autophagosome dynamics and induces lysosomal alterations, 

contributing to tau-induced toxicity  (56–59), which strongly relates to synaptic and cognitive 

deficits (60). All these evidences suggest that once pathogenic tau is present in neurons, 

neuropathology can become self-perpetuating (53). Thus, given the involvement of defective 

macroautophagy in the pathogenesis and progression of tauopathies, therapies based on 

macroautophagy regulation can accelerate degradation of tau protein aggregates (48, 61–64). 

Figure 1: Autophagic pathways in mammalian cells. The different autophagic processes that commonly coexist in 
most mammalian cells can be grouped into three types. (A) Macroautophagy: cytosolic cargo is first trapped inside 
double-membrane vesicles (autophagosomes) whose membranes form through conjugation of the autophagy-related 
protein LC3 with the lipid PE and other autophagy-related proteins (i.e. Atg5, Atg16, and Atg12, depicted here). 
Formation of these double-membrane vesicles is initiated by the phosphorylation of lipids in the membrane of 
organelles such as the endoplasmic reticulum, mitochondria, and Golgi apparatus. This phosphorylation is triggered 
by a kinase complex regulated by Beclin-1. Cargo can be trapped in bulk (i.e. several types of cargo in the same 
autophagosome) or in a selective manner (i.e. only one type of cargo is trapped inside the autophagosome). Examples 
of selective macroautophagy include aggrephagy (degradation of protein aggregates after their recognition by 
autophagy cargo receptors such as p62), chaperone-assisted selective autophagy (degradation of protein aggregates 
targeted to autophagosomes, in this case by chaperones such as Hsc70 and Bag3; in contrast to chaperone-mediated 
autophagy, chaperone-assisted selective autophagy does not require binding of Hsc70 to a KFERQ-like motif and is 
dependent on the macroautophagy machinery), mitophagy (selective degradation of mitochondria by 
macroautophagy), lipophagy (selective sequestration of lipid droplets by autophagosomes for their degradation in 
lysosomes), and ribophagy (selective sequestration of lysosomes in autophagosomes for degradation in lysosomes). 
Autophagosomes are targeted to lysosomes and, after fusion of both vesicles, cargo is complete degraded. (B) 
Chaperone mediated autophagy: single cytosolic proteins bearing a KFERQ-like motif in their sequence are recognized 
by Hsc70 and brought to the lysosomal membrane for translocation across the LAMP-2A multimeric complex. 
Lysosomal Hsc70 aids translocation of the substrate protein, which is rapidly degraded once inside the lysosomal 
lumen. (C) Microautophagy: proteins and organelles can be degraded in bulk through invaginations at the lysosomal 
membrane. Cytosolic proteins are selectively targeted by Hsc70 to late endosomes, using the same KFERQ-like motif 
as in chaperone-mediated autophagy, resulting in their internalization and degradation in a process known as 
endosomal microautophagy. Hsc70=heat shock cognate 70 kDa protein. LC3=microtubule-associated protein 1 light 
chain 3. Atg=autophagy-related protein. PE=phosphatidyl ethanolamine. LAMP-2A=lysosome-associated membrane 
protein-2A. Bag3=Bcl2-associated athanogene 3. 
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Chaperone-mediated autophagy and tau pathology 

Tau can also undergo degradation via CMA, a type of selective autophagy that encompasses 

direct transport of substrate proteins across the lysosomal membrane (42). Selectivity of CMA is 

conferred by the ability of the hsc70 to recognize a pentapeptide motif (65) (biochemically 

related to the pentapeptide KFERQ) in CMA substrate proteins, and deliver them to the lysosomal 

surface for binding to lysosome-associated membrane protein-2A (L2A) (66, 67). Once substrates 

bind, L2A multimerizes into a translocation complex (68), which allows access of substrate 

proteins into the lysosomal lumen one-by-one. Substrate entry requires a form of hsc70 residing 

inside lysosomes, that completes substrate translocation (69). In line with this, tau contains 

several KFERQ-like motifs, necessary for its lysosomal translocation into lysosomes via CMA in 

vitro (70). 

Interestingly, the same pentapeptide recognized by hsc70, is also utilized by this cytosolic 

chaperone to deliver cytosolic proteins for degradation in late endosomes through endosomal e-

MI (71). In e-MI, the late endosome membrane invaginates sequestering the hsc70/substrate 

complex into small microvesicles that are then degraded in the endosomal lumen (71). Previous 

studies support that CMA and e-MI actively contribute to clearance of soluble forms of tau in 

cultured cells (72). In contrast, disease-related and phosphorylation-mimetic variants display, in 

many instances, low rates of degradation through these two types of selective autophagy and in 

fact, they often exert an inhibitory effect on them (72). However, the repercussion of acetylation 

of tau on its degradation through CMA and e-MI remains unknown. 

Disease-modifying therapeutic strategies for tauopathies 

Strategies to directly target tau that have reached clinical development involve blocking 

aggregation and vaccinations, whereas indirect strategies involve stabilizing microtubules, as 

well as manipulating kinases and phosphatases that govern tau PTMs. Other important 

approaches that have been tested in preclinical studies involve reducing tau oligomerization, 
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facilitating autophagy and protein clearance, supporting mitochondrial function and mitigating 

oxidative stress, as well as reducing tau levels, hyperphosphorylation and pathological tau 

propagation, either directly or through vaccination (4). Fueled by the lack of success in targeting 

Aβ, the anti-tau pipeline is growing, although the tau field has also seen its failures. Several 

strategies have suffered from a low brain uptake of the therapeutic agents, and solving this 

problem could potentially lead to some of these drugs being revisited.  

Of the currently pursued strategies, passive vaccinations have been extensively studied 

because of their competitive timelines and high versatility, but they have crucial limitations.  Tau 

is a much larger antigen, and in solution it is natively unfolded. Choosing the right epitope for 

immunization is crucial. Even when using the same peptide for immunization, slight differences 

in the antibody sequence can make a major difference. Target engagement is clearly more 

challenging in the case of tau, as this protein mainly accumulates intracellularly, whereas Aβ 

aggregates locate in the interstitial space where it is readily accessible to therapeutic antibodies. 

Another challenge is to identify toxic tau species, as many pathological epitopes are also present 

in physiological tau, albeit at a lower ratio. However, considering the subtle phenotype of tau-

knockout mice, it may be sufficient to simply reduce tau levels (using pan-tau antibodies), rather 

than needing to target distinct tau species. Interestingly, two pS396/pS404-specific antibodies 

that reduced tau pathology in mouse models were found to be mostly colocalized with lysosomal 

markers and partially colocalized with autophagy markers, suggesting that the antigen–antibody 

complex is cleared intracellularly (73, 74). A similar finding was obtained with the antibody 

RG7345, which targets pS422, an epitope that occurs only when tau filaments start to form (56). 

These findings, highlight the autophagy-lysosomal pathway as a facilitator mechanism for the 

intracellular clearance of pathogenic tau.  

More and more studies support the notion that the effect of autophagy modulation is context-

dependent. Autophagy induction is not always beneficial. Research has shown that a major 
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reservoir for Aβ production in AD brain may be autophagosomes (75). Induction of new 

autophagosome formation but not accompanied by a parallel autophagic flux increase may 

actually lead to increased Aβ production and leakage of catabolic contents from autophagic 

vacuoles (AVs) (76). When considering autophagy modulation as a therapy, factors such as: the 

type of autophagy defect, when to intervene, and the time/strength of the modulation, should be 

considered. So, it appears that the benefit of enhanced induction of autophagy is context-

dependent although basal autophagy is required for neuronal survival. This is further 

demonstrated by the findings that induction of autophagy after the formation of mature tangles 

and plaques had no effect on cognitive deficits or other AD-like pathology, whereas increasing 

autophagy induction before the development of AD-like pathology reduced the levels of soluble 

tau, Aβ and amyloid plaques in 3xTg-AD mice (77). 

Moreover, recent studies point to impaired lysosomal proteolytic function as the origin of 

auto-lysosome malfunction in AD pathogenesis (78). In such a scenario, it might be a promising 

intervention strategy to moderately increase autophagy induction in combination with methods 

to promote the successful completion of autophagic degradation. However, it is still a big 

challenge to target the defective lysosomal proteolysis and the autophagy induction at the same 

time. In this regard, as it coordinately activates lysosomal biogenesis as well as genes required 

for autophagosome formation, it seems that transcription factor EB (TFEB) fulfills both of these 

criteria (79). Its efficacy has already been showed under several neurological conditions, 

including lysosomal storage disorders (80), Huntington’s disease (HD) (81) and Parkinson’s 

disease (PD) (82), it is expected that in the AD context similar benefits may also be achieved. 

Actually, two studies published recently provide the first evidence that TFEB may indeed be 

beneficial for AD treatment (83, 84). On the other hand, pharmacological treatments which 

improve the catalytic performance of lysosomal enzymes and simultaneously reduce the burden 

of auto-lysosomal pathway would be another way to tackle the problem of AVs clearance and 

disturbed lysosomal function (85). 
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NADPH-oxidases enzyme family: functions and CNS distribution 

NADPH oxidases (NOX) are multi-subunit enzymes whose primary catalytic function is the 

generation of reactive oxygen species (ROS), being the most important source of oxidants in cells 

(86, 87). This family of enzymes is composed of 7 isoforms: NOX1 to NOX5 and dual oxidases 

(DUOX) 1 and 2. Physiological functions of these enzymes are related to host defense and 

inflammation, post-translational processing of proteins, cellular signaling, regulation of gene 

expression or cell differentiation (88, 89). However, in various diseases, increases in NOX activity 

lead to increases in the activity of disease-driving signaling pathways as well as direct damage to 

tissues (89).  

The distribution of NADPH oxidases in the brain has been studied at the cellular level, in 

microglia, the resident immune cells of the CNS, in neurons and astrocytes. In microglia of both 

humans and rodents, analyses showed that NOX2 is the main NADPH oxidase catalytic subunit 

present. Lower levels of NOX1 and NOX4, but not NOX3, have also been documented in 

microglia at the transcript level (90–95). In resting microglia and macrophages that can infiltrate 

the brain under certain pathological conditions, NOX2 localizes to the plasma membrane into 

cholesterol-enriched membrane microdomains (lipid rafts) (91, 96). Following 

macrophage/microglia activation, it is internalized by clathrin-coated pits and redistributed to an 

intracellular compartment consisting of numerous small vesicles (97). NOX1 in microglia appears 

to localize in intracellular vesicular compartments including lysosomes, and can be recruited to 

phagosomal membranes (93). Neurons have been shown to express NOX1 (mRNA) (98), NOX2 

(mRNA and protein) (99, 100) and NOX4 (mRNA and protein) (101). NOX4 is predominantly 

associated with the internal membranes including the endoplasmic reticulum and the endosomes 

and the mitochondrial membrane (102, 103). In PD patients, NOX1 and NOX4 have been 

observed in the nucleus of dopaminergic neurons (104, 105). Finally, NOX2 appears to be the 

predominant NADPH oxidase family member expressed in astrocytes where its expression was 

reported at both the mRNA and protein level. In line, a significant decrease in reactive oxygen 
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species generation is evidenced in astrocytes from NOX2-deficient mice (106, 107). The cellular 

and subcellular expression of NADPH oxidases in the brain is summarized in Figure 2. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
Adapted from Belarbi et al., Mol Neurodeg. 2017. 

 

NADPH-oxidase enzyme 4 in neurodegenerative diseases  

Although NOX4 has been proposed as a therapeutic target in different types of pathologies, 

including cardiac pathology, hepatic fibrosis, osteoporosis and diabetic nephropathy (86), its role 

in CNS disorders has become a topic of interest in the last decade (108). 

Related to AD, NOX4 may be a key participant in the increased NOXs activity reported in 

disease progression as its expression is significantly increased in the brain of aged humanized 

APPxPS1 double transgenic mice (109). Furthermore, several studies have reported the 

involvement of NOXs family in cognitive dysfunction observed in AD patients and in in vivo AD 

models (109–111). In line with this, we have recently demonstrated that neuronal NOX4 is a 

major contributor to cellular autotoxicity upon brain ischemia or hypoxia in vivo (112). In 

addition, neuronal NOX4 seems to play a pivotal role in progression of pathologies such as PD 

Figure 2: Cellular and subcellular expression of NOX in the brain.  A Schematic diagram showing the reported 
cellular localization of NADPH oxidase family members in the brain cells. B Schematic diagram showing the reported 
subcellular localization of NADPH oxidase family members in a hypothetical cell in the brain. 
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or TBI (105, 107, 113). However, while NOX4 has been involved in different neurodegenerative 

diseases (NDDs) and in Aβ-related AD models (109, 114, 115), its implication with tau protein, 

the main driver of toxicity in AD, is currently unclear. 

Moreover, NOX4 is one of the main isoforms expressed in the CNS (116) and, specifically, in 

neurons under pathological conditions (101, 117). Since NOX4 has been reported to regulate 

autophagy under different conditions (118–120) and NOX-derived ROS constitute one of the 

known autophagy regulators (119, 121–123), the study of its potential contribution to tau-

mediated autophagy dysfunction and its therapeutic implications are a subject of scientific and 

clinical interest.   

The neurohormone melatonin:  

Melatonin (N-acetyl-5-methoxytryptamine) is a circadian rhythm–regulated hormone that has 

gained much attention due to its protective role against several NDDs such as AD, PD and HD, 

among others (124–133). Although the main source of melatonin secretion is the pineal gland, it 

is also synthesized in numerous (perhaps all) tissues in both animal and plant species (134, 135). 

The level of melatonin increases from birth, shows its peak around puberty (136) and declines 

with aging (134, 137). It is well established that melatonin is involved in the regulation of 

circadian rhythm, but it also has a multifunctional profile, exerting anti-inflammatory, 

cytoprotective (138, 139) and antioxidant properties (140, 141) in different in vitro and in vivo 

models. 

Melatonin in tau pathology 

Related to melatonin and AD, it is noteworthy that although the production of the 

neurohormone decreases with aging, its levels are extremely reduced (below 5%) in the cerebral 

spinal fluid of AD patients (142). This observation has proposed the measurement of melatonin 
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levels as a biomarker (143) and has raised the interest in evaluating its potential as therapeutic 

agent in AD. 

Regarding tau pathology, melatonin has been found to significantly ameliorate tau 

hyperphosphorylation induced by wortmannin, calyculin A (CA) and okadaic acid (OA) in 

different neuronal cell lines (144, 145). Melatonin also efficiently reduces tau 

hyperphosphorylation induced by Aβ (1–42), kainic acid, wortmannin, CA, isoproterenol and 

constant illumination in animal models (145–150). However, although melatonin seems to 

attenuate tau hyperphosphorylation by regulating kinases (i.e. GSK-3b, CDK5, PKC, PKA and 

DAPK1) and phosphatases (PP2A) activity (149–156), deeper analysis of melatonin´s benefits and 

mechanisms of action in more complex models of human tauopathy are still needed. Regarding 

the mechanism of action, the potential use of melatonin as an autophagy modulator is supported 

by models of kainic acid injection (157), methamphetamine-induced toxicity (158) and in a prion 

protein infection  (129), although there is still no report in tauopathy. 

Preclinical and clinical studies that use melatonin in AD models (159–162) or patients (159, 

163–167) indicate that the concentrations required for a beneficial effect are much higher than 

the physiological concentrations (168). For example, the neuroprotective effects of melatonin 

against amyloid-dependent development of AD in different in vitro and in vivo models are 

achieved at doses ranging from 0.1 to 50 mg and total quantities from 1 to 440 mg/kg (169). This 

is also in agreement with other animal studies that conclude that many of the preventive effects 

of melatonin, such as those related to neurodegenerative disorders, are achieved at high doses of 

melatonin (165, 170). From a clinical point of view, studies using melatonin in AD patients have 

provided controversial results. In many cases, the beneficial effects can be explained by the 

stabilization of the circadian rhythm and sleep pattern of AD patients (159, 163–167); however, 

whether melatonin has any value in the treatment of fully developed AD remains undefined. It 

should be noted that the heterogeneity in pathology of the group examined is probably very high 
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at this stage of disease. Therefore, information obtained at an earlier phase of the disease could 

be more valuable. In this regard, patients with mild cognitive impairment (MCI) have a deficit in 

cognitive functions with preservation of daily activities. MCI is a clinically important stage to 

identify and treat people at risk (171) because the estimate of the annual rate of conversion of 

MCI to dementia is higher than 30%. In fact, the degenerative process in the brain of AD begins 

20–30 years before the clinical onset of the disease (32, 172–175). 

The question of whether melatonin has a therapeutic value in the prevention or treatment of 

MCI deserves further analysis. Studies are needed to explore and further investigate the potential 

and utility of melatonin as a preventive drug against dementia. The doses of melatonin used in 

clinical trial should be re-evaluated in view of the equivalent human doses of melatonin derived 

from preclinical data. Thus, preclinical studies assessing the potential therapeutic benefit of 

pharmacological doses of melatonin in initial phases of the disease, when cognitive impairment 

is not fully established, are urgently needed. 
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Hypothesis 

Our working hypothesis is that tau pathology originates in part from its toxic effect on autophagic 

pathways which, in turn, contributes to intracellular tau accumulation, extracellular release and 

disease propagation. We propose that interventions that modulate the autophagy-lysosomal 

system, alone or in combination with other activities affecting tau PTM, oxidative stress and 

neuroinflammation could be successful approaches to reduce or prevent tau toxicity. 

 
Overall goals 

1) To gain a better understanding on the interplay between pathogenic forms of tau with 

different autophagy pathways. 

2) To address the contribution of CMA deficiency in tau release/propagation in the brain.  

3) To validate NOX4 as a disease-modifying target for the treatment of AD and related 

tauopathies. 

4) To determine the therapeutic potential of pharmacological doses of melatonin in a 

humanized mouse model of tauopathy. 
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Human Brain slices 

Human participants were adults undergoing a brain lobectomy who had previously given to 

the neurosurgical staff the written witnessed informed consent. Small brain tissue samples from 

parietal cortex were obtained from pathology specimens in Hospital Universitario La Paz 

(Madrid, Spain). 

Post mortem brain tissue 

For studies showed in chapter 1, middle frontal gyri from European American brains were 

obtained from the Charles F. and Joanne Knight Alzheimer’s Disease Research Center. AD 

pathology was measured using Braak staging. The Washington University IRB reviewed the 

Knight ADRC Neuropathology Core (from where the brains were obtained) operating protocol as 

well as this specific study and determined it was exempt from approval. In the state of Missouri, 

individuals can give prospective consent for autopsy. Our participants provide this consent by 

signing the hospital's autopsy form. If the participant does not provide future consent before death 

the DPOA or next of kin provide it after death. Average age of donors was 77.8+3.2 and 82.1+2.1 

years and the average postmortem interval of 12.5+2.0 and 10.1+1.2 hours for control and AD, 

respectively. Details of age and sex of donors and individual postmortem interval are shown in 

Table 1. The amount of tissue from each donor determined whether the sample was used for 

isolation of autophagic vacuoles, lysosomes or late endosomes (although in most cases the three 

samples could be prepared). Those samples with not enough tissue for isolation contributed to 

some of the biochemical analysis with brain homogenates. 

For studies showed in chapter 2, hippocampal and prefrontal cortex frozen postmortem 

samples from FTLD and AD patients and non-demented controls were obtained from the Brain 

Tissue Bank of Fundación CIENN (Madrid, Spain). These samples were used in qPCR and western 

blot experiments. For immunohistochemistry experiments fixed hippocampal tissue in 

paraformaldehyde (PFA) from FTLD, AD and control subjects were obtained from the pathology 

department of VUmc and the Netherlands Brain Bank (Amsterdam, the Netherlands). The Ethics 
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Committee of the Hospital Universitario La Paz, Madrid, Spain approved all protocols for human 

study in which experimental procedures were conducted (Ref: HULP PI-3380). Human 

participants were adults undergoing a brain lobectomy. Written informed consent was obtained 

from all subjects. The cases used in this study are summarized in Table 2. 

Animal usage and care  

For the ex vivo brain slice model, three-month- old postnatal male/ female Sprague Dawley 

(SD) rats weighing 275/325 g were used.  

For the in vivo experiments in chapter 1, two to five-month-old adult male C57BL/6 mice (25-

30 g) were from Jackson Laboratory and used under an institutional approved animal study 

protocol. The L2A and autophagy-related protein 7 (Atg7) KO mouse models were generated by 

crossing L2A flox/flox mice (176) or Atg7 flox/flox mice (177) with CamKinase II-Cre mice. Wild-

type littermates were used as control. Cerebrospinal fluid (CSF) was isolated from controls and 

L2AKO mice as described before (178).  

For the in vivo experiments in chapter 2 and 3, two to five-month-old adult male/female 

C57BL/6J mice (25-30 g), C57BL/6n NOX4 knockout (KO) mice (NOX4 -/-) and wild-type (WT) 

littermates (NOX4 +/+) were used. All mice were maintained in a conventional animal facility 

on a 12 h light/12 h dark cycle, with food and water ad libitum. NOX4 -/-  mice were generated 

by deleting the NADPH and FAD binding sites of NOX4 that is essential for its activity as 

previously described (117). To confirm NOX4 functional KO, used mice were genotyped 

(Supplemental Figure 15). 

Genotyping 

We tested the genotype of the NOX4 mice colony by PCR. The genotyping procedure is 

performed by PCR with a combination of 3 primers (FWD-1 5’-AGACATCCAATCATTCCAGTGG 

-3’; FWD- 2 5’-TGTCTGTCGGCGCACTCACTA -3’ and RSV; 5’- 

GTGGATCAAGAAACATGCTGAC -3’) using genomic DNA isolated from ear notches. The 

expected PCR product size for NOX4 +/+ is 435bp and for NOX4 -/- is 517bp.  
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AAV vectors  

For studies showed in chapter 1, Adeno-associated viral (AAV) vectors pseudotype 2/8 

(AAV2/8) encoding GFP (Green Fluorescent Protein)-2a-huTauP301L under the chicken b actin 

promoter (CBA) were cloned and produced as previously described [titer: ~0.6x1013 virus 

particles/mL] (179). 

For studies showed in chapter 2 and 3, AAV vectors were all produced by the double 

transfection method using HEK 293A cells. AAV plasmids were cloned and propagated in the 

Stbl3 Escherichia coli strain (Life Technologies). Shuttle plasmid pAAV-GFP/ human Tau (hTau) 

P301L y pAAV-GFP was described previously (180) and packaged into capsids from AAV-6, using 

helper plasmid pDP6rs (providing the three adenoviral helper genes, rep and cap AAV viral 

genes), obtained from Plasmid Factory. The AAV shuttle and helper plasmid were transfected into 

HEK 293A cells by calcium phosphate co-precipitation. A total of 840 μg plasmid DNA (mixed 

in an equimolar ratio) was used per HYPERFlask (Corning) seeded with 1.2 × 108 cells the day 

before. Seventy-two hours after transfection, the cells were collected by centrifugation and the 

cell pellet was resuspended in TMS (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 2 mmol/L Na2Mg) 

on ice before digestion with DNase I and RNaseA (0.1 mg/mL each; Roche) at 37°C for 60 

minutes. Clarified supernatant containing the viral particles was obtained by iodixanol gradient 

centrifugation (181). Gradient fractions containing virus were concentrated using Amicon 

UltraCel columns (Millipore) and stored at −70°C. AAV vectors 2/6-SYN1-EGFP (AAV-GFP) and 

AAV2/6-SYN1-hTau (AAV-hTau) were used for in vivo and in vitro experiments. For in vivo 

neuronal NOX4 knockdown (KD), AAV9- short hairpin RNA (shRNA)-NOX4-EGFP and AAV9-

shSCR-EGFP were purchased from VectorBuilder (Chicago, USA).  

Plasmids 

Human tau cDNA (1N4R) in the pRK172 vector for purification of recombinant tau were a gift 

from Dr. Mucke lab, Gladstone Institutes. The mCherry-GFP-LC3 was generated as in (182). 

Plasmids for WT tau, tau K274, 281Q were generated by site-directed mutagenesis (QuickChange 
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kit from Agilent) in Human WT tau cDNA cloned into the pcDNA3.1vector (Invitrogen) and site-

directed mutagenesis (QuickChange kit from Agilent) was used to generate tau K274,281Q by 

introducing A820C and A841C mutations as described before (183). AVV expressing GFP-2a-

huTau was generated as described before (184). 

Animal surgery  

For studies showed in chapter 1, AAVs were injected unilaterally in the right hippocampus 

above CA1 region (A/P-2.0mm, M/L: ±1.5mm, D/V from brain surface -1.5mm) under standard 

aseptic surgery. One μl of viruses was injected using 34-gauge 10μl Nanofil (WPI, USA) syringe 

and slowly infused at 0.2μl/min using an UMP-III micropump (WPI, USA). At completion, the 

needle was left in place for 5 min to allow diffusion of the viral solution and avoid leakage. 

For studies showed in chapter 2 and 3, tauopathy in vivo was achieved following two different 

models: (a) a pharmacological approach, by intracerebroventricular (ICV) injection of okadaic 

acid (OA), a selective inhibitor of protein phosphatase PP1 and PP2A which produces 

endogenous tau hyperphosphorylation in vitro and in vivo (185, 186), and (b) the ICV injection 

of AAV particles containing the human tau mutation P301L (AAV-hTau) under the control of the 

neuron-specific synapsin-1(SYN1) promoter, which overexpress the human tau protein 

specifically in neurons to accelerate tau propagation. For ICV injections of AAV-GFP/hTau 

vectors or OA, mice were anesthetized with 5% isoflurane in oxygen under spontaneous 

respiration. Subsequently, mice were placed in a stereotaxic instrument (David Kopf Instruments) 

and its temperature was monitored with a servo controlled rectal probe heating pad (Cibertec). 

An incision in the cranial midline was performed and skull was perforated at 0.6 mm posterior 

and 1.2 lateral to bregma on the right side with a micromanipulator and a micro drill. Afterwards, 

1.01 μL of AAV-GFP (1011 VP/ml), AAV- hTau (1011 VP/ml), saline or OA (1 ng) were injected 2 

mm below the dura mater (0.1 μL/min) by using an automatic Hamilton syringe (1701 N SYR). 

After each injection, syringes were kept in position for 6 minutes in order to avoid backflow. 

Control mice used for measuring oxidative stress markers in mouse hippocampal brain slices 
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were injected ICV with 1.01 μL of PBS. For the in vivo NOX4 neuronal knockdown, 7 days post 

AAV-hTau ICV injection, AAV9-shRNA-NOX4-EGFP/shSCR-EGFP were injected in the right 

hippocampus. Briefly, the skull was perforated at 1.94 mm posterior and 1.4 lateral to bregma 

on the right side by the use of a micro drill. Then, using an automatic Hamilton syringe, 1.01 μL 

of AAV9-shRNA-NOX4-EGFP (>1012 GC/ml) or AAV9-shSCR-EGFP (>1012 GC/ml) were injected 

1.8 mm below the dura mater (0.1 μL/min). Syringes were kept in position for 2 minutes after 

each injection. After surgery, mice were housed for postoperative monitoring and kept until the 

end of the experiment (7 days of 28).  

Melatonin in vivo treatment 

Melatonin (Sigma-Aldrich) at 10 mg/kg (pharmacological dose selected from studies in the 

literature (187–189) was dissolved in water plus 0.066% of ethanol and administered ad libitum 

in the drinking water. Drinking water was replaced every 2/3 days. Control and tauopathy groups 

were exposed to the same amount of ethanol in the drinking water. Following FDA 

recommendations and the formula suggested by Reagan-Shaw et al (190), the 0.3 mg daily dose 

per mouse corresponds to a daily human dose of 48 mg (for a 60 kg individual). It should also be 

stressed that melatonin is usually remarkably well tolerated and has a high safety profile, 

descriptions of negative side effects are practically nonexistent, and, in some studies, it has been 

administered to patients at very high doses. 

Behavioral tests 

For assessing recognition memory, the novel object recognition test (NOR) test was performed 

as previously described (191). Briefly, on habituation day (T0), mice were individually placed 

into an open-field box of 40 × 40 × 40 cm and allowed to freely explore for 10 minutes. 24 hours 

later, during the familiarization phase (T1), animals were placed in the previous box and allowed 

to explore two identical objects for 8 min. 24 hours later, on testing day (T2), in order to assess 

memory deficit, one object was replaced by a very different one (morphology, color and texture) 

and exploratory behavior was recorded for 8 minutes. Due to the innate preference for novelty 
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of the mice, mice without cognitive impairment will recognize the familiar object spending most 

of the time at the novel object. Calculation of DI was as follows: (time spent in new object − time 

spent in the old object) / (time spent in new object + time spent in the old object). The object 

location test (OLT) was assessed to evaluate spatial memory as described (192). On habituation 

day (T0), mice were placed in an empty box of 40 × 40 × 40 cm with visible spatial cues, and 

allowed to explore for 10 minutes. On training day (T1), 24 hours later, mice were returned to 

the previously explored box with two identical objects and allowed to freely explore for 8 

minutes. During the testing day (T2), 24 hours later, mice were allowed to explore the box with 

one object moved to the opposite side. The preference for novelty was tested by determining the 

time spent in objects with novel and familiar locations. DI was calculated as previously 

mentioned evaluating novel and familiar locations. Objects and changes in object location were 

randomly determined and counterbalanced. Analysis was performed blinded by two 

independent observers using stop-watches. The T maze apparatus consists in two goal arms 

connected to a start arm to form a “T” shape, with a central partition in the upper middle of the 

“T” and two guillotine doors at the end of the right and left arms to confine the mice  (193). 

Briefly, mice were placed in the start area with guillotine doors raised and the central partition 

placed. The mouse was confined in the chosen arm for 1 minute by quietly sliding the door 

down. After this period of time, the mouse was placed in the start area with the guillotine doors 

opened and the central partition removed. The test was performed seven consecutive times and 

a correct response was considered when the animal chose the arm that was not entered before.  

In vivo LTP recordings 

Mice were anesthetized with urethane (1.6 g/Kg) and placed in a stereotaxic device. Body 

temperature was maintained at 37ºC. Electrodes were placed stereotaxically according to the 

Paxinos and Franklin (2003) atlas. Field potentials were recorded through tungsten 

macroelectrodes (1 MΩ) placed at the CA1 region (A: -2.2; L: 1.5; V: 1-1.5 mm, from Bregma). 

Bipolar stainless-steel stimulating electrodes were aimed at the Schaffer collateral (SC) pathway 
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of the dorsal hippocampus (A: -2.2; L: 2.5; V: 2 mm, from Bregma) to evoke CA1 responses. Field 

potentials were amplified (DAM80; World Precision Instruments, Florida, USA), bandpass filtered 

between 0.1 Hz and 1.0 kHz, and digitized at 3.0 kHz (CED 1401 with Spike 2 software; 

Cambridge Electronic Design). SC fibers were continuously stimulated with single pulses (50-200 

µA, 0.3 ms, 0.5 Hz). LTP was evoked by theta-like burst stimulation (TBS) protocol, which 

consisted in three trains of stimuli (50 Hz, 200 ms duration), with a time-lag between trains of 

200 ms (5 Hz; to mimic hippocampal theta activity). Field excitatory postsynaptic potentials 

(fEPSPs) were recorded during 20 min of control period and 30 min after a TBS. The initial slope 

of the fEPSP was assessed to quantify long-term changes of synaptic transmission. The response 

average during 1 minute was calculated and shown in figures. The mean average response during 

the 20 min period before the tetanic stimulation was considered as 100%. 

Tau acetylation and purification 

Human tau cDNA (1N4R) was expressed in BL21 (DE3) E. Coli and purified by ion Exchange 

chromatography. Briefly, pelleted bacteria were resuspended in PIPES buffer, sonicated and 

centrifuged at 27,000 x g for 15 min. The supernatant was boiled at 95 °C for 10 min and after 

centrifugation at 100,000 x g for 15 min it was loaded into a column with P11 phosphocellulose 

resin (Whatman) and washed with 0.1M NaCl in PIPES buffer, followed by elution with 0.3 M 

NaCl in PIPES buffer. The purified recombinant tau proteins were assessed by coomassie blue-

stained SDS-polyacrylamide gel electrophoresis. In vitro acetylation reaction was performed as 

previously described (25) with minor modifications. Briefly, 1 μg of human recombinant tau, 2 

μM of acetyl-CoA (Sigma), and 100 ng of purified GST-p300 in acetylation buffer were incubated 

4 h at 30 °C with constant shaking. Control non-acetylated tau in these studies was incubated in 

the same buffer but in absence of the GST-p300 enzyme. 

Protein purification 

Hsc70 and DJA2 were expressed and purified using previously reported methods (194). 
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Nucleotide free Hsc70 was prepared from several days of dialysis in assay at 4 °C to remove 

nucleotide. For tau purifications, the previously reported protocol (195) was used with the 

following modifications. Sodium chloride (500 mM) and a chemical chaperone, betaine (10 mM), 

were included in the growth media prior to induction to improve expression and minimize 

degradation products. Expression was induced with 200 μM IPTG for 3.5 h at 30 °C and purified 

using cation chromatography. Protein purity was confirmed by SDS-PAGE analysis. 

Tau binding ELISA  

Method was adapted from a previous report (196). Briefly, 1 μM human hsc70 (30 μL) was 

immobilized overnight at 37 °C in clear, non-sterile 96-well plates (Thermo) in 50mM MES (pH 

5.5) and 0.5 mM DTT with 1 mM ADP. Wells were washed with 100 μL of phosphate-buffered 

saline (PSB)-T (3 x 3 min., rocking) prior to the addition of 30 μL of 4R0N tau or K280Q tau 

solution in binding buffer with 1 mM ADP for 3 h at RT. After blocking in 5% milk, quantification 

of tau binding was performed using rabbit anti-tau (H150) primary antibody (Santa Cruz, sc-5587, 

1:2000 in TBS-T, 50 μL/well) and goat anti-rabbit HRP conjugated secondary (Anaspec, 28177, 

1:2000 in TBS-T, 50 μL/well). TMB substrate (Cell Signaling, 7400L) and 1N HCl were used to 

detect binding. Absorbance was measured using a SpectraMax plate reader (OD450). Minimal, 

non-specific binding of tau to empty wells was subtracted as background and curves were fit 

using non-zero intercept hyperbolic fits in Prism (GraphPad Software). 

ATPase Assay 

Assay was adopted from previously reported methods (197). Briefly, hsc70 (1 μM), 1 mM ATP 

and increasing amounts of DJA2 were incubated for 1-2 h in assay buffer. Afterwards, 80 μL of 

malachite green reagent was added for phosphate detection followed by the addition of sodium 

citrate to halt non-enzymatic ATP hydrolysis. Absorbance was measured by a SpectraMax plate 

reader (OD620) to determine phosphate concentration. 
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Isolation of subcellular fractions 

Lysosomes with high activity for CMA were isolated from rat liver, mouse brain and from 

control and AD patients brains by centrifugation of a light mitochondrial-lysosomal fraction in a 

discontinuous metrizamide density gradient by the modified method described previously (198). 

Cytosolic fractions were obtained by centrifugation for 1h at 100,000g of the supernatant 

obtained after separating the mitochondria-lysosome-enriched fraction. Fractions enriched in 

autophagic vacuoles were isolated from mouse brain subjected to a modified method described 

previously (199). Briefly, samples were subjected to centrifugation to separate a fraction enriched 

in autophagic vacuoles, lysosomes and mitochondria fraction. After centrifugation in a 

discontinuous metrizamide density gradient, two fractions enriched in autophagic vacuoles were 

recovered. Isolation of brain late endosomes was obtained by centrifugation of a mitochondrial-

lysosomes-endosomal fraction in two consecutives continuous Percoll gradients laid over a 2.5M 

cushion by a modified method described before (200). Isolation of lysosomal membranes was 

done by disruption of lysosomes through a hypotonic shock followed by 10 freeze-thaw cycles 

in the presence of protease inhibitors. Matrix were recovered in the supernatant upon 

centrifugation at 250,000g for 1hour. 

Intraceullar protein turnover 

To measure degradation of long-lived proteins, confluent cells were labeled with 3H-leucine 

(2 μCi/ml) for 48 h at 37 °C, transfected with the indicated plasmids and then extensively washed 

and maintained in complete (10% fetal bovine serum (FBS)) or serum-deprived media containing 

an excess of unlabeled leucine (2.8 mM) to prevent reutilization of radiolabeled leucine (201). 

Aliquots of the media taken at different times were precipitated with TCA and proteolysis was 

measured as the percentage of the initial acid-insoluble radioactivity (protein) transformed into 

acid-soluble radioactivity (amino acids and small peptides) at the end of the incubation. Total 

radioactivity incorporated into cellular proteins was determined as the amount of acid-
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precipitable radioactivity in labeled cells immediately after washing. 

Measurement of lysosomal activity 

CMA activity in vitro was measured using isolated intact lysosomes incubated with purified 

proteins and subjected to immunoblot (201). Binding was calculated as the amount of substrate 

protein bound to the lysosomal membrane in the absence of protease inhibitors and uptake by 

subtracting the amount of protein associated with lysosomes in the presence (protein bound to 

the lysosomal membrane and taken up by lysosomes) and absence (protein bound to the 

lysosomal membrane) of protease inhibitors. CMA activity in intact cells was measured using 

lentivirus-mediated expression of the KFERQPS-Dendra2 and high-content microscopy (49). 

Cells were plated in 96-well plate and photoactivated with a 405nm light emitting diode (LED: 

Norlux) for 4min with the intensity of 3.5mA (current constant). After 16h, cells were fixed with 

4% paraformaldehyde and images were captured with a high-content microscope (Operetta 

system, Perkin Elmer) and quantification was performed with the manufacturer’s software in a 

minimum of 800 cells (approx. 9 fields).  

LAMP-2A dynamics. Multimerization of L2A at the lysosomal membrane was studied on 3– 

12% NativePAGE Bis Tris Gels (Invitrogen) after solubilization in 1% octylglucoside (in 20 mM 

MOPS and 150 mM NaCl buffer) (68). 

Measurement of endosomal microautophagy activity 

e-MI activity in vitro was measured using isolated late endosomes incubated with purified 

proteins and subjected to immunoblot (71). Binding and internalization were calculated as the 

amount of substrate protein bound to the late endosomal membrane and intact internal vesicles 

in the absence of protease inhibitors and luminal degradation by subtracting the amount of 

protein associated with late endosomes in the presence (protein bound to the endosomal 

membrane, intact internal vesicles and inside late endosomal lumen) and absence (protein bound 
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to the endosomal membrane and intact internal vesicles) of protease inhibitors. 

Preparation of mouse, human and rat brain slices 

In the slice tissue models, OA was used as tauopathy model. In the rat hippocampal slice 

model, SD rats were anesthetizied with sodium pentobarbital (60 mg/kg, i.p.) and decapitated. 

In the tauopathy in vivo model, 28 days post injection mice were sacrificed. Then, the 

hippocampi were dissected in ice-cold Krebs’s dissection buffer. Thereafter, they were cut into 

250-μm- thick slices in the case of mouse tissue, and into 300-μm-thick in the case of rat and 

human tissue by using a McIlwain Tissue Chopper. To allow tissue recovery after slice 

preparation, slices were stabilized during 45 minutes, by placing them in a preincubation 

solution pre-bubbled with 95% O2 / 5% CO2 gas mixture at 34°C.  

Incubation and treatment of human and rat brain slices 

Thereafter, slices were randomly divided into different groups: A control, an OA (1 μmol/L for 

6 hours) and treated groups with melatonin at different pharmacological concentrations (0.1, 1, 

10, or 30 μmol/L). Melatonin (Sigma-Aldrich) was present during the 6-hour exposure to OA. 

Different treatments were placed in a 1:1 mixture of Krebs control solution and DMEM 

(Invitrogen). Experiments were performed at 37°C. 

Evaluation of cell viability: MTT reduction method 

To determine cell viability in brain slices, the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) reduction method was performed as previously described 

(202). At the end of the experiment, hippocampal or human slices of the same size were 

incubated with MTT (0.5 mg/mL) (Sigma-Aldrich) in control solution for 30 minutes at 37°C. 

Active dehydrogenases present in alive cells cleaved the tetrazolium ring of MTT, producing a 

blue formazan precipitate. Thereafter, 300 μL of dimethyl sulfoxide (DMSO) (VWR Chemicals) 

was added to solubilize the precipitate and left for 30 minutes under shaking. Cellular viability 
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was quantified spectrophotometrically at a wavelength of 450 nm. Viability in basal condition 

was considered as 100% of cell viability. 

Oxidative stress and cell death measurement: fluorescent dyes 

Propidium iodide (PI) (1 μg/mL) uptake was measured as an indication of cell death and 2ʹ,7ʹ-

dichlorofluorescein diacetate (H2DCFDA) and Dihydroethidium (DHE) were use detect the 

presence of ROS species as broadly as possible we used (112). At the end of the experimental 

protocol, rat hippocampal slices or human brain slices were incubated with the fluorescent dyes; 

PI (1 μg/mL) or H2DCFDA (10 μmM) in the presence of Hoechst (1 μg/mL) during the last 30 

minutes of incubation. After stabilization, mouse hippocampal slices were incubated in control 

solution at 37 ºC for 40 minutes with 10 μM H2DCFDA, or 3.2 μM DHE in the presence of 

Hoechst (1 μg/mL) for 30 minutes and maintained in an incubator at 37°C in a water saturated 

atmosphere with 5 % CO2. In rat hippocampal slices, the fluorescence was measured in 

hippocampal CA1 region, and in human slices, different areas were taken randomly; fluorescence 

was measured in an inverted NIKON eclipse T2000-U microscope (Nikon Instruments). In mouse 

hippocampal slices, fluorescence intensity was measured in a NIKON eclipse TE300 microscope 

(Nikon Instruments) coupled to a C9100 digital camera (Hamamatsu) using Fiji software. 

Wavelengths of excitation and emission of H2DCFDA, PI, DHE and Hoechst were 485, 530, 518, 

or 350 and 520, 580, 606 or 461, respectively. 

Cell lines 

The mouse neuroblastoma cell line Neuro-2a (N2a) was a gift from Drs. Mandelkow (DZNE, 

Germany), mouse embryonic fibroblasts (MEFs) from WT or Autophagy-related protein 5 (Atg5) 

KO mice were a gift from Dr. N. Mizushima (The University of Tokyo). MEFs from WT mice were 

generated in our laboratory (203). Cells knocked down (KD) for Vacuolar protein sorting-

associated protein 4 (VPS4), were generated using the small interference RNA (siRNA) from the 

Mission-Sigma library (Sigma-Aldrich), VPS4A (TRCN0000101417), VPS4B (TRCN0000101821), 

and cells KD for Atg7 and L2A were generated using short hairpin RNA as described before (71, 
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204). Cells were transfected using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) in 

Opti-MEM media without antibiotics. Cells were maintained in Dulbecco's modified Eagle's 

medium (DMEM) (Sigma), in the presence of 10% FBS, 50 μg/ml penicillin and 50 μg/ml 

streptomycin at 37 °C with 5% CO2. Transcription factor-mediated human neurons 

differentiation were induced from a WT induced pluripotent stem cell (iPSC) line with stable 

neurogenin 2 integration (37). We followed the differentiation method described before (205) 

and generated 8 weeks old wildtype human neurons to detect tau release. 

Primary neuronal culture and treatments 

Primary neuronal cultures were prepared from P0 C57BL/6n NOX4 +/+ and NOX4 -/- mouse 

embryos as previously described (206). Briefly, pups were sacrificed, and the brains were 

extracted and placed in Hank’s buffered salt solution (HBS). Meninges were removed and cortical 

and hippocampal tissue isolated, digested with papain (Sigma-Aldrich; diluted in Neurobasal 

(Invitrogen), DNase I (Sigma-Aldrich) (2 units/mL), EDTA (0.5 mM) and, activated with L-cysteine 

(Sigma-Aldrich) (1 mM) at 37°C. Afterwards, the tissue was mechanically dissociated in feeding 

medium and once centrifugated, the cell pellet was resuspended in feeding medium 

supplemented with 8% FBS (Sigma-Aldrich) and filtered through a 70 µm cell strainer (Corning). 

Neurons were plated onto 18 mm diameter coverslips previously treated with HCl 1M, bathed 

with ethanol and coated with poly-D-lysine (Sigma-Aldrich) (0.2 mg/mL in borate buffer) and 1 

hour after feeding, medium was replaced by fresh feeding medium. Neuronal cultures were 

maintained at 37°C in 5% CO2. Beginning on day 4 in vitro, feeding media was supplemented 

with 200 μM D, L-aminophosphonovalerate (APV) (Abcam), and feeding medium was repeated 

with 100 µM APV every 4 days. At day 14, neurons were treated with AAV-hTau or PBS as control 

and maintained up to 22 days in culture. Additionally, for visualization of dendritic spines, 

neurons were treated at day 14 with AAV-GFP. To monitor autophagosome and 

autophagolysosome formation, the Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B Kit 
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(Termofisher) was added to the neuronal cultures 48 hours before fixation. Neurons were then 

fixed at day 22 in 2 % paraformaldehyde for 15 minutes.  

Real-time quantitative Polymerase Chain Reaction (RT-qPCR) 

For studies showed in chapter,1 total RNA was isolated using the RNeasy Plus kit (Qiagen) or 

the RecoverAll Total Nucleic Acid Isolation kit for FFPE (Thermo Fisher Scientific) according to 

manufacturer’s instructions. For RNA extracted from tissue sections, three 40μm-thick sections 

were selected per animal and the right (injected) hippocampus was manually dissected. Total 

RNA was reverse transcribed into cDNA using Superscript II (Invitrogen), and RT-qPCR analyses 

were performed using Power SYBR Green PCR Mix (Applied Biosystems) on a StepOne Plus Real-

Time PCR System (Applied Biosystems) using forward (F) and reverse (R) primers showed in (Table 

2). Thermal cycling conditions used were according to the instruction of the SYBR Green mix 

protocol, and relative RNA abundance was calculated using the comparative 2-ΔΔCt method84. 

Water was used as the negative control for the qPCR analysis. All reactions were performed in 

triplicates. The primers were obtained from Sigma-Aldrich (Table 3). 

For studies showed in chapters 2 and 3, total RNA from human hippocampal and prefrontal 

cortex tissue and mouse hippocampal tissue was extracted with TRIzol reagent (Sigma-Aldrich) 

and 1 µg was reverse-transcribed using iScript Reverse Transcription Supermix (Bio-Rad) or 

PrimeScriptTM RT Reagent Kit (perfect Real Time) (Takara). RT-qPCR was performed with 

qPCRBIO SyGreen Mix LoRox polymerase (Cultek) or SYBR Green Reagent (Bio-Rad) in a 7500 

Fast Real-Time PCR System (Applied Biosystems by Life Technologies). Thermal cycling was 

carried out according to the manufacturer’s recommendations, and the relative expression levels 

were calculated using the comparative ΔΔCt method. The primers were obtained from Sigma-

Aldrich, (Table 3). 

Sarkosyl-insoluble (SI) and sarkosyl-soluble (SS) fractions of hippocampal tissue 

The protocol followed was as previously described with some modifications (207). Human 

hippocampal tissue and mouse ipsilateral hippocampi were homogenized in A Buffer. 
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Homogenates were centrifuged at 20.000 rpm for 20 minutes at 4°C. In order to obtain the SI 

fraction, pellets were resuspended in RAB buffer 1% sarkosyl. Then, samples were vortexed for 

1 minute at room temperature, rotated at 4 ºC overnight and centrifuged at 69.000 rpm for 30 

minutes at 4ºC. SS fractions were collected from the supernatants and SI fractions, from the 

pellets, which were resuspended in RAB buffer 1% sarkosyl. 

Western blotting 

Human hippocampal and prefrontal cortex tissue, human and rat brain slices and mouse 

hippocampal tissue were lysed in 150 μL of ice-cold AKT lysis buffer. 20-30 μg of SS, SI and 

protein extracts from human, rat and mouse samples were resolved in SDS-PAGE transferred to 

Immobilon-P PVDF membranes (Millipore). Membranes were activated with methanol and 

blocked with 4 % bovine serum albumin (BSA) in Tris-buffered saline-Tween (TTBS) for 2 hours. 

Membranes were incubated with the primary antibodies (Table 4). Then, membranes were 

washed three times with tris-buffered saline-tween (TTBS) and then incubated with appropriate 

peroxidase-conjugated secondary antibody (1:10.000; Santa Cruz Biotechnology) for 45 minutes. 

Thereafter, membranes were washed thrice with TTBS and incubated with ECL Advance Western-

blotting Detection Kit (GE Healthcare). Membranes were exposed using a ChemicDoC MP 

System (Bio-Rad Laboratories) and specific immunoreactive bands were quantified using Fiji 

software and Scion Image Alpha 4.0.3.2 program (Scion Corporation). 

Immunofluorescence  

For studies showed in chapter 1, Immunostaining of acetylated tau (anti-acK174) was 

performed as described previously (208). To reduce the nonspecific nuclear staining, the 

antibody was pre-absorbed by acetone Tau-KO mice brain powder. Mouse brains were sectioned 

into 10-μm slices on a Leica CM1900 Cryostat. Antigen retrieval was first performed by heating 

the sections in 10 mM citric acid at high pressure cooker for 5 min. The brain slices were then 

permeabilized in TBS with 0.5% Triton X-100 and blocked with 10% normal goat serum (NGS). 

For 3,3ʹ-diaminobenzidine (DAB) immunohistochemical staining, sections were quenched to 
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suppress endogenous peroxidase activity, followed by incubation with AC312. Immunoreactivity 

was detected with 0.25 mg/ml DAB with 0.01% H2O2. Images were acquired on a bright-field 

Leica DM5000B microscope with a Leica DFC310 FX camera. 

For quantification of tau spreading, mice were perfused with 0.9% sodium chloride at 2, 4 

and 8 weeks after surgery. The whole brain was extracted and post-fixed overnight in 4% 

paraformaldehyde, and then cryoprotected in 20% sucrose/PBS. Brain were flash frozen in 

isopentane, cut coronally at 40μm in Leica CM cryostat, and stored in PBS-0.2% sodium azide 

at 4°C until processing. For immunostaining, the floating brain sections were washed briefly in 

PBS and then permeabilized with 0.2% Triton X-100/TBS for 20 min at room temperature, 

blocked in 5% NGS/PBS for 1 h at room temperature, and then incubated with primary antibodies 

(Table 4) diluted in 3% NGS/PBS overnight at 4°C. After washing three times with PBS, secondary 

antibodies were diluted in 3% NGS/PBS and applied for 1 h at room temperature: Alexa-555 

anti-mouse, Alexa-555 anti-rabbit, Alexa 647 anti-mouse, and Alexa 647 anti-goat (1:2000, 

Thermo Fisher Scientific). After three washes in PBS, sections were stained with Hoechst33342 

(1:2000, Thermo Fisher Scientific) for 2 min and then mounted on microscope glass slides with 

ProLong Diamond mounting media (Thermo Fisher Scientific). Images were acquired with a Leica 

confocal TCS-SP8 (Leica Microsystem) and prepared using ImageJ Software (NIH). Numbers of 

donor and recipient cells were manually counted in the ipsilateral hippocampal formation by an 

experimenter blind to genotypes. 

For studies showed in chapter 2 and 3, at final point, mice were deeply anesthetized with 

sodium pentobarbital and perfused through the ascending aorta with 0.9 % NaCl, followed by 

30 mL of 4 % paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4). Brains were 

removed, postfixed in the same fixative at 4°C overnight, and cryoprotected for 2 days in 30 % 

sucrose. Forty-micrometer coronal slices were cut using a sliding microtome. For 

immunofluorescence assays, sections or fixed cells were abundantly washed with PB 0.1 M. 

Then, slices were blocked in PB 0.1M with 2 % Triton and 10 % goat or donkey serum for 1 
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hour, and incubated with the primary antibody (Table 4) overnight at 4°C. Cultured cells were 

washed with PB 0.1 M. 0.1 % Triton (2 x 5 minutes each), blocked with 0.1 % Triton, 10 % goat 

serum and BSA for 1 hour, and incubated in 0.1 % Triton, 5 % goat serum and BSA with the 

primary antibody (Table 4) overnight at 4°C. Tissue sections and cells were incubated with the 

appropriate secondary antibodies (Alexa Fluor 488, 546, 647; Invitrogen) for 1 hour and 30 

minutes at 1:200-800, and then washed with PB 0.1 M (3 x 5 minutes each). In the second wash, 

Hoechst (1 μg/mL) was added. 

Human brain tissue sections were de-paraffinized in xylene and rehydrated in decreasing 

gradients of ethanol solutions. Afterwards, antigen retrieval was performed by transferring 

sections to sodium citrate buffer (pH 6.0) at 60ºC for 20 minutes. Sections were then allowed to 

cool down for 15 minutes, and preincubated for 2 hours at room temperature in a blocking 

solution of tris-buffered saline 0.1 M containing 10 % goat serum and 0.3 % Triton. Sections 

were then incubated with primary antibodies (Table 4), diluted in blocking solution overnight at 

4°C, and washed and incubated with the appropriate secondary antibodies for 1 hour and 30 

minutes prior to washing and mounting. Brain sections or fixed primary cell cultures were 

mounted and covered. All images were taken in a SP5 confocal microscope (TCS SPE; Leica) and 

processed and analyzed with Fiji software. 

Electron microscopy 

Isolated organelles were fixed in 2.5% glutaraldehyde in 100 mM sodium cacodylate, pH 7.43 

maintained isosmolar by addition of 0.25M sucrose. Samples were post-fixed in 1% osmium 

tetroxide in 100 mM sodium cacodylate, pH 7.43, followed by 1% uranyl acetate. After ethanol 

dehydration and embedment in LX112 resin (LADD Research Industries, 21210), ultrathin 

sections were cut on a Reichert Ultracut E and were stained with uranyl acetate followed by lead 

citrate. All grids were viewed on a JEOL 100CX II transmission electron microscope at 80kV. 
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Neuronal layer thickness measurement.  

Hoechst–stained sections were used for measurement of cell layer thickness. Hippocampal 

sections from similar coordinates were selected. The thicknesses of retrosplenial cortex (CTX), 

the pyramidal cell layer in CA1 (CA1) and the top granule cell layer in Dentate Gyrus (DG) (DG 

TOP) were measured by drawing a scale perpendicular to the cell layer. Three different measures 

from three different images acquired per mice were analyzed and represented as mean thickness. 

Statistics 

Unless otherwise stated, all data are presented as mean ± SEM. All statistical tests were 

performed with GraphPad (GP) Prism (version 5.00 and 8.3.0). Data were tested for normality to 

determine the use of non-parametric or parametric tests. Unless otherwise noted, all grouped 

comparisons were made by one-way ANOVA with Tukey’s correction and all pairwise 

comparisons by two-sided Student’s t-tests, depending on the experimental design. Statistical 

significance was set at *p< 0.05; **p< 0.01; ***p< 0.001 in accordance to GP style. 

Studies approval 

All experimental procedures involving animals were performed following the Guide for Care 

and Use of Laboratory Animals and were previously approved by the Institutional Ethics 

Committee of Universidad Autónoma de Madrid and the Comunidad Autónoma of Madrid, 

Spain, (PROEX 252/16 and PROEX 218.5/20) following the European Guidelines for the use and 

care of animals for research in accordance with the European Union Directive of 22 September 

2010 (2010/63/UE) and with the Spanish Royal Decree of 1 February 2013 (53/2013). All efforts 

were made to minimize animal suffering and to reduce the number of animals used.  
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Buffers, culture media and solutions recipes 

Feeding medium: Neurobasal + B27 plus supplement (Invitrogen) + 1x L-Glutamax (Gibco) + 1x 

penicillin/streptomycin (Sigma-Aldrich). A Buffer: 0.1 M MES Buffer pH 7.0, 1 M sucrose, 0.5 

mM MgSO4, 1 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 10 µg/ml leupeptine and 

phenylmethylsulfonyl fluoride (PMSF). RAB buffer 1% sarkosyl:  0.1M MES Buffer pH 6.8, 10% 

sucrose, 0.5 mM MgSO4, 2mM EGTA, 0.5 M NaCl, 1 mM MgCl2, 10 mM Na2HPO4, 20mM NaF, 

1 mM Na3VO4, 10 µg/ml leupeptine and PMSF, and 1% sarkosyl. AKT lysis buffer (137 mM NaCl, 

20 mM NaF, 10 % glycerol, 20 mM Tris–HCl, 1 % Nonidet P-40, 1µg/mL leupeptin, 1 mM PMSF, 

1 mM sodium pyrophosphate, and 1 mM Na3VO4, pH 7.5). Tris-buffered saline-Tween (TTBS: 

10 mM Tris, 150 mM NaCl; 0.2 % Tween-20, pH 7.4). Krebs´s dissection buffer (120 mM NaCl; 

2 mM KCl; 26 mM NaHCO3; 1.18 mM KH2PO4; 10 mM MgSO4; 0.5 mM CaCl2; 11 mM glucose 

and 200 mM sucrose at pH 7.4). Pre-incubation solution (120 mM NaCl; 2 mM KCl; 26 mM 

NaHCO3; 1.18 mM KH2PO4; 10 mM MgSO4; 0.5 mM CaCl2 and 11 mM glucose). Kreb’s control 

solution (120 mM NaCl; 2 mM KCl; 26 mM NaHCO3; 1.18 mM KH2PO4; 10 mM MgSO4; 2 mM 

CaCl2 and 11 mM glucose). PIPES buffer: (50 mM PIPES, 1 mM EGTA, protease inhibitor (Sigma), 

pH 6.8). Acetylation buffer (50 mM HEPES, pH 8.0, 10% glycerol, 1 mM dithiothreitol (DTT), 

and 10 mM sodium butyrate). Protein purification assay buffer (0.017% Triton X-100, 100 mM 

Tris-HCl, 20 mM KCl, and 6 mM MgCl2, pH 7.4). Binding buffer (40 mM KCl, 8 mM MgCl2, 

100 mM NaCl, 0.5 mM DTT, 0.01% Tween, and 25 mM acetate for pH 5, 25 mM MES for pH 

6, 25 mM HEPES for pH 7.4, and 25 mM Tris for pH 8) ATPase assay buffer (0.017% Triton X-

100, 20 mM KCl, and 6 mM MgCl2, with 100 mM acetate for pH 5, 100 mM HEPES for pH 7, 

and 100 mM Tris-HCl for pH 7.4 and pH 8). 
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Table 1: Brain tissues used for autophagic compartment isolation 

Sample 
number Area Gender 

Age at 
Death PMI 

Diagnosis at 
Autopsy 

1 MFG male 80 6.3 normal 
2 MFG female 77 9.5 normal 
3 MFG male 71 23 normal 
4 MFG female 70 16 normal 
5 MFG male 73 7 normal 
6 MFG male 80 17 normal 
7 MFG female 72 15 normal 
8 MFG male 75 16 definite AD 
9 MFG female 73 4 definite AD 

10 MFG male 87 17 definite AD 
11 MFG female 83 12.5 definite AD 
12 MFG female 95 6 definite AD 
13 MFG male 73 9 definite AD 
14 MFG female 82 9 definite AD 
15 MFG male 82 8 definite AD 
16 MFG female 89 9 definite AD 
17 MFG female 81 10 definite AD 

      
MFG: middle frontal gyrus.  
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Table 2: FTLD, AD and non-demented subject demographics. Related to material and method 

“post mortem brain tissue”. 

Frozen post mortem samples of hippocampus and prefrontal cortex  
Gender Age at Death PMI Diagnosis at 

Autopsy 
Female 65 21 FTLD 
Male 62 4 FTLD 
Male 73 9 FTLD 

Female 84 8 FTLD 
Male 64 6 FTLD 
Male 54 ND FTLD 
Male 75 5 FTLD 
Male 71 4 FTLD 

Female 89 ND AD 
Male 76 ND AD 

Female 83 5 AD 
Female 71 ND AD 
Female 101 4 AD 
Male 69 ND AD 

Female 91 3 AD 
Male 86 4 AD 
Male 81 4 AD 

Female 56 ND Non-demented 
Male 41 6 Non-demented 

Female 59 7 Non-demented 
Female 56 2 Non-demented 
Male 63 7 Non-demented 

Fixed hippocampal tissue 
Gender Age at Death PMI Diagnosis at 

Autopsy 
Male 46 6 FTLD 
Male 57 7 FTLD 
Male 93 4 AD 

Female 72 6 AD 
Female 73 ND Non-demented 
Female 68 ND Non-demented 

FTLD: Frontotemporal Lobar Degeneration; AD: Alzheimer´s Disease; PMI: Post Mortem Interval; 

ND: Non-determined. 
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Table 3: Primer sequences for qPCR. 

Related to Method "Real-time quantitative qPCR” 

Gene Forward (5`- 3`) Reverse (5`- 3`) 
hNOX1 CACTGTAGGCGCCCTAAGTTTG AGAATGACCGGTGCAAGGAT 

hNOX2 ATAAGCAGGAGTTTCAAGAT GAGGTAGATGTTGTAGCTGAG 

hNOX3 ATGCCCCGTGCCTCAA CCACAGGGCCTAAAATCCATT 

hNOX4 TTCTGGACCTTTGTGCCTGTACT CGAAATGATGGTGACTGGCTTA 

hB2M 
(housekeeping) 

ATCGGCGGCTCCATCCTG ACTCGTCATACTCCTGCTTGC 

mNox1 CCCAGCAGAAGGTCGTGATT GCTAAAGCCTCGCTTCCTCAT 

mNox2 CAGGAACCTCACTTTCCATAAGAT AACGTTGAAGAGATGTGCAATTGT 

mNox3 CGACGAATTCAAGCAGATTGC AAGAGTCTTTGACATTGCTTTGG 

mNox4 CCCTCCTGGCTGCATTAGTC ACCCCTCGAGGCAAAGATCC 

mp62 TGTGGAACATGGAGGGAAGAG TGTGCCTGTGCTGGAACTTTC 

mlc3 CGATACAAGGGGGAGAAGCA ACTTCGGAGATGGGAGTGGA 

mIl1β GAAGAGCCCATCCTCTGTGA 
 

TTCATCTCGGAGCCTGTAGTG 

mTnfα CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 

hMAPT AGAAGCAGGCATTGGAGAC TCTTCGTTTTACCATCAGCC 

ACTB AAGGACTCCTATAGTGGGTGACGA ATCTTCTCCATGTCGTCCCAGTTG 

mb2m 
(housekeeping) 

ACCGTGATCTTTCTGGTGCTTG TAGCAGTTGAGGAAGTTGGGCT 

h: human; m: mouse 
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Table 4: Reagent or Resource 

Antibodies Clone Dilution ID Source 

NOX4 Rabbit 
monoclonal 

1:500 Ab109225 Abcam 

AT8 Mouse 
monoclonal 

1:500 MN1020 Thermofisher 

AT180 Mouse 
monoclonal 

1:500 MN1040 Thermofisher 

p62/SQSTM1 
 

Rabbit 
polyclonal 

1:1000 (WB) 
1:500 (IF) 

P0067 Sigma-Aldrich 

LC3A/B 
 

Rabbit 
polyclonal 

1:1000 (WB) 
1:200 (IF) 

4108S Cell signaling 
 

TFEB Rabbit 
polyclonal 

1:500 13372-1-AP Proteintech 

LAMP1 Rabbit 
polyclonal 

1:1000 (WB) 
1:500 (IF) 

Ab24170 Abcam 

CTSD Rabbit 
monoclonal 

1:1000 (WB) 
1:500 (IF) 

Ab75852 Abcam 

GFP  
Rabbit 
polyclonal 

1:800 11-476-C100 Exbio 

MAP2 Chicken 
polyclonal 

1:5000 NB300-213 Novus Biologicals 

GFAP Mouse 
monoclonal 

1:1000 MAB3402 Sigma-Aldrich 

IBA-1 Rabbit 
polyclonal 

1:1000 (WB) 
1:500 (IF) 

019-19741 Wako 

iNOS Mouse 
monoclonal 

1:500 610432 BD Biosciences 

CD68 Rat 
Monoclonal 

1:500 MCA1957GA Bio-rad 

Caspase-1 Mouse 
monoclonal 

1:500 AG-20B-
0042-C100 

AdipoGen 

IL-1β Hamster 
monoclonal 

1:500 SC-12742 Santa Cruz 

α-Tubulin Monoclonal 1:10000 T6074 Sigma-Aldrich 
iNOS Mouse 

monoclonal 
1:1000 610431 

 
BD Biosciences 

Caspase-3 Mouse 
monoclonal 

1:200  Sc-7272 Santa Cruz 

LAMP1 Mouse 
monoclonal 

1:500 SC-20011 
 

Santa Cruz 

LAMP1 Rabbit 
polyclonal 

1:500 SC-5570 Santa Cruz 

Cathepsin D Mouse 
monoclonal 

1:500 SC377124 Santa Cruz 

PHF1 Mouse 
monoclonal 

1:500 SC-515013 Thermo Scientific 

p65 Rabbit 
polyclonal 

1:500 SC-372 
 

Santa Cruz 

Human tau (Tau 13) Mouse 
monoclonal 

1:1000 Ab19030 Abcam 

Human tau (TauY9) Rabbit 
monoclonal 

1:1000 TA3119-
0100 

Enzo Life Science 

Tau (H150) Rabbit 
monoclonal 

1:2000 Sc-5587 Santa Cruz 
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IBA-1 Goat 
monoclonal 

1:1000 Ab5076 Abcam 

β-Actin 
 

Monoclonal 1:50000 A5316 Sigma-Aldrich 

Fluorescent dyes ID Source 
H2DCFDA  C6827 Invitrogen 
PI P1304MP Invitrogen 
DHE D11347 Invitrogen 
Hoechst 33342 Invitrogen 

WB: Western blot; IF: Immunofluorescence 
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Results 

The coming of age of selective types of autophagy for the 
treatment of Alzheimer´s disease and related tauopathies 
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The results presented in this Doctoral thesis are divided in three chapters, each corresponding 

to an already published scientific paper or a publication in progress. 

 

CHAPTER 1: 

Inhibition of chaperone-mediated autophagy by acetylated tau promotes disease propagation 

Benjamin Caballero*, Mathieu Bourdenx*, Enrique Luengo, Antonio Diaz, Peter Dongmin Sohn, Xu 

Chen, Chao Wang, Susanne Wegmann, Bindi Patel, Zapporah T Young, Szu Yu Kuo, Jose Antonio 

Rodriguez-Navarro, Hao Shao, Celeste M. Karch, Manuela G.López, Alison Goate, Jason E. 

Gestwicki, Bradley T. Hyman, Li Gan, and Ana Maria Cuervo. 

Nature Communications. 2020. (IF: 12,121) NCOMMS-20-21708-T. Manuscript accepted with minor 

revisions. 

*These authors contributed equally 

 

CHAPTER 2: 

Neuronal NOX4 knockdown alleviates pathological tau-related alterations in a humanized 

mouse model of tauopathy  

Enrique Luengo*, Paula Trigo-Alonso*, Cristina Fernández-Mendívil, Ángel Nuñez, Marta del Campo, 

César Porrero, Nuria García-Magro, Pilar Negredo, Cristina Sánchez-Ramos, Juan A. Bernal, Alberto 

Rábano, Jeroen Hoozemans, Ana I Casas, Harald H.H.W Schmidt, Ana María Cuervo and Manuela 

G. López.  

BioRxiv. 2020. https://doi.org/10.1101/2020.10.14.338954. Transferred to Acta Neuropathologica 

(IF: 14,256). In review. 

*These authors contributed equally 

 

CHAPTER 3: 

Pharmacological doses of melatonin impede cognitive decline in tau-related Alzheimer 

models, once tauopathy is initiated, by restoring the autophagic flux 

Enrique Luengo*, Izaskun Buendia*, Cristina Fernández-Mendívil, Paula Trigo-Alonso, Pilar Negredo, 

Patrycja Michalska, Borja Hernández-García, Cristina Sánchez-Ramos, Juan A. Bernal, Tsuneya 

Ikezu, Rafael León, Manuela G. López. 

Journal of Pineal Research. 2019. (IF: 14,528) https://doi.org/10.1111/jpi.12578. 

*These authors contributed equally
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tau promotes disease propagation 
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Acetylated tau is degraded by macroautophagy 

To analyze the impact of tau acetylation on its degradation by autophagy in vivo, we first 

measured changes in levels of total and acetylated tau in different mouse brain regions upon 

blockage of all types of lysosomal degradation with a combination of ammonium chloride and 

leupeptin. As previously described in cultured cells (72), we found that part of cellular tau was 

degraded in lysosomes, but that inhibition of macroautophagy with the PI3Kinase inhibitor 3-

methyladenine (3MA) only prevented degradation of a fraction (about 37-49% depending on 

brain region) of tau protein (Figure 1a). In contrast, acetylated tau at K174, that also displayed 

lysosomal degradation, was mostly degraded via macroautophagy (up to 80% of lysosomal 

degradation was prevented by 3MA) (Figure 1a). Controls for the selectivity of the acetylated 

antibody using brains from tau knockout mice and of the efficiency of the inhibitors are shown 

in Supplemental Figure 1a, b. 

Studies in mouse embryonic fibroblasts (MEFs) expressing flag-tagged WT or an acetylation-

mimetic form of tau (mutation of lysine 274 and 281 to glutamine; KQ tau) (Supplemental Figure 

1d) revealed similar differences in autophagic clearance of tau. WT tau in MEFs was degraded 

primarily in lysosomes through a pathway insensitive to 3MA, whereas degradation of the 

acetylation-mimetic from of tau took place via macroautophagy, and to a lesser extent the 

proteasome (as reflected by sensitivity to the proteasome inhibitor) (Figure 1b and Supplemental 

Figure 1c). We further confirmed the contribution of macroautophagy using MEFs from mice 

defective in macroautophagy (ATG5 knockout) where we observed preferential accumulation of 

KQ tau and inhibition of its lysosomal degradation (Figure 1b and Supplemental Figure 1e). In 

contrast, MEFs from mice defective in CMA (L2A knockout) accumulate more WT tau, but 

lysosomal degradation of KQ tau was still preserved (Figure 1b). Analysis of brains from mice 

with compromised macroautophagy (ATG7 knockout; Supplemental Figure 1f) also revealed 

 



Tau and selective autophagy                                                           7 çResults: chapter 1 
 

 61 

preferential accumulation of acetylated tau, likely resulting from its almost complete blockage in 

degradation (Figure 1c).  
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Figure 1: Acetylated tau is degraded by macroautophagy. (a) Brain slices from mouse cortex or midbrain were 
incubated in the presence or absence of NH4Cl 20mM and leupeptin 200µM (N/L) or 3-methyladenine (3MA) 
10mM for 4h at 37ºC, and blotted for the indicated proteins. Right; Quantification of total tau (left) [Degradation 
pathway effect: F (2,78)=14.31, p<0.0001], acetylated tau (middle) [Degradation pathway effect: F(2,78)=12.22, 
p<0.0001], and fraction of tau degraded by macroautophagy (MA) [Tau status effect: F(1,52)=507.2, p<0.0001], n= 
13-15 mice. Controls of the selectivity of the acetylated antibody using brains from tau knockout mice and of the 
efficiency of the inhibitors are shown in Supplemental Figure 1a, b. (b) MEFs cells control or KO for ATG5 or L2A 
were transfected with FLAG-wild-type Tau (WT tau) or FLAG-K274,281Q tau (KQ tau) and then treated with N/L, 
3MA or MG132 1µM for 4h or left untreated (-). Right: Quantification of tau levels under the different treatments. 
[Degradation pathway effect: F (2,24)=6.552, p=0.0054], n= 3-5 independent experiments. For samples run in 
different blots, a common lane of the same sample on each side was run in all of them and used for normalization 
purposes. Controls of inhibitors’ efficiency are shown in Supplemental Figure 1c. (c) Brain slices from Atg7knockout 
mice (ATG7KO) cortex or midbrain were incubated as in (a) and blotted for the indicated proteins. Left plot: 
Quantification of acetylated tau in two brain regions (cortex and midbrain) [Genotype effect: F (1,28)=174, 
p<0.0001]. Middle plot: Changes of acetylated tau levels following blockage of macroautophagy: cortex [Combined 
effect: F (2,42)=4.280, p=0.0203] and, Right plot, midbrain [Degradation pathway effect: F(2,42)=3.707, 
p=0.0329], n= 3. (d) High content microscopy representative images of mouse neuroblastoma cell line Neuro-2a 
(N2a) transduced with mCherry-GFP-LC3 and transfected with WT tau or KQ tau and maintained in the presence 
or absence of serum for 4h. Nuclei are highlighted with DAPI in blue. Insets show higher magnification images of 
the two channels. (e) Quantification of total autophagic vacuoles (AV), autophagosomes (APG, yellow puncta) and 
autolysosomes (AUTL, red only puncta). n> 800 cells/condition in three different wells per day from cells transfected 
in 4 different days. Expression levels of both proteins upon transfection in N2a cells are shown in Supplemental 
Figure 1d. (f) Homogenate (HOM), Cytosol (CYT), Autophagosomes (APG) and Autolysosomes (AUT) were isolated 
from mouse brain and blotted for the indicated proteins. Representative immunoblot. (h) Quantification of 
enrichment (left) [Tau status effect: F (1,10)=16.90, p=0.0021]  and recovery (right) [Tau status effect: F(1,10)=16.92, 
p=0.0021] of total tau and acetylated tau in the indicated fractions, n= 3 mice. All values are mean+s.e.m. 
Differences were significant with untreated or WT tau for *p<0.05, **p<0.01, ***p<0.005. For clarity purposes, 
only relevant statistical comparisons are presented.  
 

Two additional pieces of evidence supported the proposed preferential degradation of 

acetylated tau through macroautophagy. First, we observed an increase in macroautophagy 

activity in cultured cells upon expression of the acetylation-mimetic form of tau (Supplemental 

Figure 1d). Macroautophagy was monitored by transducing cells with the tandem reporter 

mCherry-GFP-LC3 (182) to quantify number of autophagosome (puncta positive for both 

fluorophores) and maturation of autophagosomes into autolysosomes (mCherry-only positive 

puncta due to quenching of GFP fluorescence at the low pH upon fusion with lysosomes). We 

found that expression of KQ tau led to a significant increase in basal and in serum-removal 

induced macroautophagic flux compared to WT tau (Figure 1d, e). This increase in 

macroautophagy in response to elevated levels of acetylated tau could be elicited to facilitate its 

elimination through this pathway. In agreement with this hypothesis, analysis of the forms of tau 

detected in autophagosomes and autolysosomes isolated from WT mice brains revealed 

significantly higher enrichment (folds increase over the homogenate) of acetylated tau in these 

fractions when compared with total or phosphorylated forms of tau (Figure 1f, g and 



Tau and selective autophagy                                                           7 çResults: chapter 1 
 

 63 

Supplemental Figure 1g). In fact, the percentage of cellular acetylated tau recovered in 

autophagosomes (recovery) at a given time is almost double than that of total tau (Figure 1f, g), 

further supporting that acetylated tau is actively targeted to these autophagic compartments. 

Overall, these findings support that acetylated forms of tau are preferentially degraded in the 

lysosomal system via macroautophagy. 

Reduced CMA contributes to accumulation of acetylated tau.  

Although most acetylated tau was undergoing degradation via macroautophagy, we noticed 

some accumulation of KQ tau upon blockage of CMA in cultured cells (Figure 1b). Similarly, 

analysis of brains from mice with specific CMA blockage in pyramidal neurons (CKL2AKO) 

(Supplemental Figure 1a) revealed an increase in both unmodified and acetylated tau (Figure 2a; 

controls are shown in Supplemental Figure 2a). Since we have previously shown that 

macroautophagy is fully functional in CKL2AKO mice, it was more likely that accumulation of 

acetylated tau was related to changes in tau itself, which motivated us to analyze the interplay of 

acetylated tau and CMA in more detail.  

Using mouse brains to isolate subpopulations of lysosomes with different CMA activity (198), 

we confirmed in vivo our earlier findings that a fraction of cellular tau undergoes degradation via 

CMA (70, 72) and consequently can be detected preferentially in the lysosomes with higher 

activity for this pathway (higher content of hsc70 in their lumen) (Figure 2b, left graph). In 

contrast, the amount of tau in lysosomes isolated from L2AKO brains was markedly reduced 

(Figure 2b, note that although the abundance of tau in L2AKO brains was double than in WT 

littermates (middle graph), the amount of total tau recovered in lysosomes from L2AKO mice was 

almost half than that in lysosomes from WT mice (right graph)). Using antibodies specific for tau 

acetylated on different residues, we found that some of the acetylated variants (i.e. acetylation 

on K174) were detected in more abundance in CMA-active lysosomes, but that in contrast with 

total tau, blockage of CMA did not reduce their levels in these lysosomes (Figure 2b, right graph), 
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in support of tau association with the lysosomal surface without internalization. In agreement 

with our previously detected degradation of acetylated tau by macroautophagy (Figure 1), other 

acetylated forms of tau (i.e. acetylation on K274) were detected in similar amounts within CMA 

lysosomes and the group of lysosomes usually engaged in macroautophagy (CMA-) (209) (Figure 

2b).  
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Figure 2: Acetylated tau associates with CMA-active lysosomes. (a) Immunofluorescence staining for tau and 
acetylated tau of brain sections from wild-type (WT) and CaMKinaseIIa-Cre-L2A knockout mice (L2AKO). (b) 
Immunoblot for the indicated proteins of homogenate (Hom), Cytosol (Cyt) and two lysosomal (Lys) populations 
with different CMA activity (CMA+ and CMA-) isolated from WT and L2AKO mice brains. Bottom, left plot: 
Quantification of the percentage of total tau recovered in the indicated fractions. [t4=3.079, p=0.037]. Bottom 
middle plot: Quantification of tau levels in L2AKO mice brain homogenate relative to WT (dotted line) [Tau status 
effect: F (1,12)=90.17, p<0.0001]. Bottom, right plot: Quantification of recovery of tau levels in lysosomes from 
L2AKO mice brain relative to WT [Total vs. K274 p<0.05, Combined effect: F (2,6)=4.58, p=0.061] n= 3 mice. (c) 
Immunoblots of isolated lysosomes pretreated or not with protease inhibitors (PI) and incubated with increasing 
concentrations of tau untreated (tau) or acetylated in vitro (Ac-tau). (d) Binding and uptake of tau calculated from 
quantification of immunoblots as the ones shown in (c) [Combined effect: F (1,13)=49.67, p<0.0001], n= 3 
independent experiments. (e,f) Effect of increasing concentrations of glyceraldehyde 3-phoshpate dehydrogenase 
(GAPDH) in the association of tau (e) and Ac-tau (f) with isolated liver lysosomes pre-incubated or not with protease 
inhibitors (PI) as labeled. Dashed line indicates separation between running and stacking. (g) Quantification of the 
effect of increasing concentrations of GAPDH on binding [Tau status effect: F (1,12)=6.033, p=0.0302] and uptake 
[Tau status effect: F(1,12)=5.815, p=0.0328]  of control and acetylated tau (note that acetylated includes all variants 
independently of their molecular weight). n= 3 independent experiments. (h) Quantification of the percentage of 
lysosome-associated acetylated tau detected as monomer, dimer or higher molecular weight complexes in the 
stacking of the gel upon addition of GAPDH. n= 3 independent experiments. All values are mean+s.e.m. Differences 
with unmodified tau were significant for *p<0.05 05, **p<0.01, ***p<0.005. 
 

The increase in total levels of acetylated tau upon CMA blockage in vivo and the preferential 

association of some acetylated forms of tau with lysosomes active for CMA, led us to directly 

analyze the translocation of acetylated tau inside lysosomes via CMA. We acetylated purified tau 

(multi-acetylation was confirmed with antibodies specific for different tau acetylation sites, 

Supplemental Figure 2c) and presented both acetylated and non-acetylated tau to isolated intact 

lysosomes in a well-established in vitro system that allows to recapitulate binding and 

translocation of CMA substrates inside lysosomes (201). Binding is quantified as the amount of 

tau associated with lysosomes at the end of the incubation (because the one internalized is rapidly 

degraded), and uptake is the difference between binding and the amount of tau associated with 

lysosomes pretreated with protease inhibitors (to prevent degradation of the internalized tau). 

Unmodified tau was rapidly internalized and degraded in lysosomes (as it could only be detected 

in lysosomes pre-treated with protease inhibitors), whereas acetylated tau remained for the most 

part associated to the membrane and failed to translocate (Figure 2c, d). We confirmed absence 

of any proteasome contamination in the isolated lysosomes that could account for tau 

degradation (Supplemental Figure 2d), and demonstrated that uptake of unmodified tau was 

through CMA as it could be outcompeted by the addition of GAPDH, a well-known CMA 

substrate (67) (Figure 2e,g). In contrast, addition of GAPDH did not reduce the amount of 
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acetylated tau associated with lysosomes and instead we observed gradual formation of high 

molecular weight complex of acetylated tau with some of them remaining in the stacking of the 

gel, suggesting some level of irreversible oligomerization (Figure 2f-h). These results support that 

acetylation of tau markedly reduces its degradation through CMA and that the reduced dynamics 

of translocation may facilitate oligomerization of acetylated tau at the lysosomal membrane. 

Acetylated tau reduces CMA activity.  

We have recently shown that pathogenic tau mutants that fail to undergo degradation by CMA 

persist associated with the lysosomal membrane and interfere with degradation of other proteins 

through this pathway (32). To determine if the acetylated tau that we found persistently associated 

with the lysosomal membrane could also be toxic for CMA, we analyzed CMA activity in cells 

expressing WT or the acetylation-mimetic form of tau. We monitored CMA in cultured cells using 

photoswitchable Dendra fluorescent protein tagged with the CMA-targeting motif (KFERQ-PS-

Dendra (210)) that upon CMA activation relocalizes from the cytosol to the surface of lysosomes 

giving a punctate fluorescent pattern. Transfection of neuroblastoma cells stably expressing the 

CMA reporter with WT tau increased the number of fluorescent puncta and this increase was 

significantly more accentuated in cells expressing KQ tau (Figure 3a, b). KFERQ-PS-Dendra 

protein only preserves its fluorescence while bound to the cytosolic side of the lysosomal 

membrane but stops fluorescing once internalized due to its unfolding during translocation (210). 

Consequently, to validate whether the augmented association of CMA substrates with lysosomes 

in cells expressing the tau proteins resulted in increased translocation and degradation, we 

measured the rates of degradation of long-lived proteins, typical autophagy substrates, under the 

same conditions. Contrary to the CMA reporter data, we found that total protein degradation rates 

were significantly reduced upon expression of the acetylation-mimetic form of tau, and that this 

decrease was even more pronounced when only the 3MA-insensitive lysosomal proteolysis (no 

macroautophagy) was accounted for (Figure 3c). These results suggest that increase in the cellular 
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levels of acetylated tau leads to reduced rates of CMA and that this blockage does not interfere 

with substrate binding with the lysosomal surface, but it mainly affects substrate translocation 

inside lysosomes. 
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Figure 3: Acetylated tau has an inhibitory effect on CMA activity. (a) Representative images of mouse 
neuroblastoma cell line Neuro-2a (N2a) transduced with KFERQ-PS-Dendra2 and transfected with empty vector 
(Control), FLAG-wild-type tau (WT tau) or FLAG-K274,281Q tau (KQ tau) and maintained in the presence or 
absence of serum for 16h. Nuclei are highlighted with DAPI in blue. Insets show higher magnification images. (b) 
Quantification of average number of puncta per cell section. [Tau status effect: F (2,12)= 179.1, p<0.0001], n> 800 
cells/condition in three different wells and n= 4 independent experiments. Controls for protein expression are shown 
in Supplemental Figureure 1d. (c) Degradation rates of long-lived proteins in N2a cells transfected as in (a) and 
radiolabeled for 48h with 3H-leucine. Right: fraction of degradation occurring in lysosomes (sensitive to inhibition 
of lysosomal proteolysis), [Tau status effect: F (2,6)= 14.55, p=0.005], n= 3 independent experiments. (d) 
Immunoblot for L2A of isolated lysosomes subjected to blue-native electrophoresis after being incubated alone (No 
Protein) or with unmodified (tau) or in vitro acetylated tau (Ac-tau). A 700-kDa multimeric complex and the 110-
kDa monomer are shown. Right: Quantification of multimeric levels of L2A relative to those in lysosomes incubated 
alone. [Tau status effect: F (2,13) =5.580, p=0.0178], n= 4 independent experiments. (e) Lysosomes incubated and 
processed under the same conditions as in (d) but in the presence or absence of hsc70. (f) Immunoblot for tau of 
the GST-pulldowns of GST-hsc70 incubated with tau or Ac-tau at neutral pH for 30 minutes at 37ºC. Input (Ipt): 
1/10 of tau added to the incubation. Right: Quantification of tau bound to Hsc70. [t4=4.432, p=0.0114], n= 3. (g) 
Samples incubated as in (f) but at different pH. Right: Quantification of tau bound to hsc70 [Tau status effect: F 
(1,18) =10.85, p=0.0040], n= 4 independent experiments. (h) Tau or K280Q tau binding assay to immobilized 
hsc70 determined by ELISA at the indicated pH. See also Supplemental Figure 3b and c for binding assays at 
intermediate pH. n= 6 (in 2 independent experiments). (i) Summary plot of binding assay at all tested pH for tau 
and acetylated tau (Ac-Tau). (j) Immunoblots of lysosomes from starved rat livers, pretreated or not with protease 
inhibitors (PI) and/or NH4Cl 20mM for 10 minutes at 4ºC and then incubated with tau (left) or Ac-tau (middle). (k) 
Quantification of tau proteins binding and uptake by lysosomes. [Tau status effect: F (1,17) =17.22, p=0.0013], n= 
3 independent experiments. All values are mean+s.e.m. Differences with control or unmodified tau were significant 
for *p<0.05, **p<0.01, ***p<0.005. 
 

To further elucidate the mechanism behind the observed CMA blockage by acetylated tau, 

we analyzed the lysosomal translocation complex that forms by oligomerization of L2A (68)and 

can be detected as a 700kDa complex after subjecting lysosomes to blue-native electrophoresis 

and immunoblot for L2A (211). This complex is rapidly disassembled into L2A monomers as soon 

as translocation is completed to allow for a new cycle of binding/translocation (68). We found a 

significant increase in the amount of L2A organized into translocation complexes upon exposure 

of lysosomes to acetylated tau that was not detected when using unmodified tau (Figure 3d and 

Supplemental Figure 3a). We considered the possibility that acetylated tau primarily inhibited 

L2A disassembly leading to an abnormal higher number of translocation complexes. However, 

disassembly of L2A in the presence of acetylated tau could still be forced by adding excess of 

cytosolic hsc70 (previously shown to contribute to the dissociation of L2A from the multimeric 

complex (68)) (Figure 3e) or with chemical activators of hsc70 (212)(Supplemental Figure 3a).  

Next, we investigated possible changes in the other components that contribute to substrate 

translocation, namely hsc70 present at the cytosolic and in the luminal side of the lysosomal 

membrane (66, 69, 198). Incubation of the tau proteins with recombinant GST-hsc70 revealed 
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lower binding of acetylated tau to hsc70 as compared to unmodified tau (Figure 3f). Because the 

luminal lysosomal resident hsc70 completes translocation of substrates by binding to them as 

they enter the lysosomal acidic environment (69), we tested the effect of acidification on the 

tau/hsc70 binding and found a very pronounced increase in binding between both proteins as 

pH decreases (Figure 3g). These pH-dependent differences in affinity for hsc70 provide a possible 

explanation for the unusual rapid translocation of tau into lysosomes when compared to other 

CMA substrates. Interestingly, binding between hsc70 and acetylated tau did not increase at 

lower pH and instead acidification seemed to further reduce both proteins’ interaction (Figure 

3g). We confirmed the pH dependence of hsc70 and tau binding, with tighter binding at pH 5 

than pH 8, using a quantitative ELISA-based binding assay with immobilized hsc70 (Figure 3h, 

top and Supplemental Figure 3b). Comparison of binding of unmodified and KQ tau in the same 

assay revealed lower binding affinity of hsc70 for the acetylation-mimetic tau protein more 

evident at low pH (dissociation constants at pH 5 of 0.78 and 5.91 for WT and KQ tau, 

respectively) (Figure 3h, i and Supplemental Figure 3c). In fact, when comparing binding of KQ 

tau to hsc70 at different pH, the enhanced binding at low pH, observed for control tau, was no 

longer evident for the modified tau protein (Figure 3h, bottom).  

To functionally validate that stronger hsc70/tau binding at low pH was required for efficient 

lysosomal translocation of tau, we analyzed the effect of dissipating lysosomal pH on tau 

translocation. Neutralization of the lysosomal pH by incubation with ammonium chloride did 

not affect lysosomal membrane stability (Supplemental Figure 3d) or the ability to translocate 

other CMA substrates into lysosomes (GAPDH shown in Supplemental Figure 3e). However, 

translocation of tau was markedly reduced when the pH gradient across the lysosomal membrane 

was no longer present, further supporting that the unusually fast translocation of tau into 

lysosomes is dependent on its higher binding affinity with hsc70 at low pH (Figure 3j, k). 

Neutralization of the lysosomal pH did not significantly affect the already low lysosomal 

translocation of acetylated tau (Figure 3j, k). Overall, these results suggest that the fast 
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translocation of tau into lysosomes via CMA relies heavily on the pH-sensitivity of hsc70/tau 

binding and that acetylation of tau reduces the efficiency of its lysosomal translocation, at least 

in part, because of the loss of this pH sensitivity for hsc70 binding. 

Tau rerouting to e-MI contributes to its extracellular release.  

Hsc70 also mediates selective degradation of cytosolic proteins in late endosomes through 

endosomal microautophagy (e-MI) (71). In light of the negative impact of tau acetylation on its 

degradation by CMA and our recent findings that a fraction of unmodified tau undergoes e-MI 

degradation (72), we investigated whether acetylation affected degradation of tau through e-MI. 

We first presented the purified tau proteins to isolated LE/MVB from tau-null mice brains 

incubated or not with protease inhibitors to assess the association and degradation of 

exogenously added tau in these compartments. We found that unmodified tau was taken up and 

degraded by LE/MVB, and that this process was even more efficient for acetylated tau (Figure 4a, 

b). Interestingly, in the case of acetylated tau, not only the monomer but also high molecular 

weight forms of the protein could be detected in LE/MVB but only when proteolysis was 

prevented (Figure 4a, b), in agreement with the previously described ability of e-MI to internalize 

and degrade fully folded proteins even when organized into oligomeric complexes (213). 

Immunoblot of mouse brain LE/MVB for tau, confirmed that a fraction of the endogenous 

protein was detectable in these compartments both as monomer and as high molecular weight 

protein complexes retained for the most part in the stacking of the gel (Figure 4c). Using the 

antibodies specific for acetylation of tau at different lysine residues, we found that some of the 

acetylation variants, but not phosphorylated tau, were highly enriched in LE/MVB either as 

monomers and/or as high molecular weight protein complexes (Figure 4c and Supplemental 

Figure 4a). These results suggest that even in brains of young healthy mice, a fraction of acetylated 

tau organizes into irreversible oligomers that seem to be cleared from the cytosol via e-MI. 

Interestingly, the amount of oligomeric forms of acetylated tau reaching LE/MVB markedly 
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increased in brains of mice with compromised CMA (L2AKO mice) (Figure 4d) making us 

hypothesize that e-MI could be a rerouting mechanism for the acetylated tau that oligomerized 

upon CMA blockage. 
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Figure 4: Acetylated tau and endosomal microautophagy. (a) Immunoblots of late endosomes (LE) isolated from 
tau-null mice brains, pretreated or not with protease inhibitors (PI) and incubated with tau or in vitro acetylated tau 
(Ac-tau). Tau input is 1/5 of the protein added. (b) Quantification of endosomal binding [t7=13.80, p<0.0001] and 
uptake [t7=3.239, p=0.0143] of tau proteins from blots as in (a). n= 3 mice. (c) Immunoblot with the indicated 
antibodies of homogenate (Hom) and late endosomes (LE) isolated from mice brain. Dashed line indicates 
separation between running and stacking in the gel. The same homogenate and LE fractions were loaded in triplicate 
in a membrane and strips of the membrane were separately incubated with each of the antibodies to allow for 
comparison among antibodies. (d) Immunoblot for the indicated antibodies of Hom, cytosol (Cyt) and LE isolated 
from brains of wild-type (WT) and L2A knock-out mice (L2A KO). Dashed lines as in (c). Right: quantification of the 
amount of total and acetylated tau in monomer and in high molecular weight (HMW) complexes. n= 4 mice. (e) 
Immunoblot for total and acetylated tau in CSF isolated from WT and L2AKO mice. (f) Immunoblot for the indicated 
forms of tau of lysates and culture media from iPSC-derived human neurons upon stimulation with KCl for 30 min. 
Note: saturated bands are shown for the lysates in the PHF-1 membrane to illustrate the small amount of 
phosphorylated tau detected in the media. (g) Left: Scheme illustrating rerouting of tau towards LE/MVB upon 
blockage of CMA and extracellular release of tau after fusion of LE/MVB with the plasma membrane. Right: 
Quantification of extracellular tau using ELISA upon blockage of various autophagy pathway in N2a cells expressing 
human P301LTau. VPS4: Vps4 knock-down, L2A: L2A knock-down, ATG7: Atg7 knock-down, L2A+VPS4: 
combination of L2A and Vps4 knock-down. Efficiency of the different knock-downs is shown in Supplemental 
Figure 4c. Values are expressed as fold on PGK (Control). [F4,37=9.542, p<0.0001]. All values are mean+s.e.m. 
Differences with control or unmodified tau were significant for *p<0.05, **p<0.005. 
 

To gain a better understanding of the consequences of tau rerouting to LE/MVB and to confirm 

that delivery of tau to LE used conventional e-MI mechanisms, we knocked down Vps4 -one of 

the components of the endosomal sorting complexes required for transport previously shown 

necessary for e-MI (71) in cells expressing tau. Knock-down of Vps4 led to increased cellular 

levels of tau, reduced tau degradation and resulted in a decrease in the discrete amount of tau 

detected in the extracellular media in these cells (Supplemental Figure 4b). Since LE/MVB can 

fuse with the plasma membrane and release their content extracellularly (214, 215) we 

contemplated the possibility that the presence of tau in LE/MVB could be a route for extracellular 

release. In fact, we noticed that CSF from L2AKO mice contained higher abundance of tau 

compared to WT littermates, and that a large fraction of this extracellular tau was acetylated 

(Figure 4e), coinciding with our observation of increased content of acetylated tau in LE/MVB 

from these mice (Figure 4d). We found that acetylated tau was also the form of the protein 

preferentially detected in the extracellular media of induced pluripotent stem cell (iPSC)-derived 

human neurons upon induction of its release as previously described by neuronal activation (37) 

(Figure 4f).  

To directly test the contribution of changes in the degradation pathway of tau to its 

extracellular release, we next used ELISA to measure extracellular tau upon blockage of the 
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different autophagy pathways in N2a cells (Figure 4g). Blockage of e-MI or macroautophagy 

alone resulted in a modest but consistent decrease in extracellular tau, whereas blockage of CMA 

led to a massive increase in extracellular tau release (Figure 4g), consistent with the higher 

abundance of tau in CSF from L2AKO mice (Figure 4e). Interestingly, the release of extracellular 

tau upon CMA blockage was completely prevented if we imposed e-MI blockage to CMA-

deficient cells (Figure 4g). These findings agree with our proposed model of active rerouting of 

tau to e-MI upon CMA blockage and its extracellular release from LE/MVB (Figure 4g).  

Altogether, these results show that e-MI also contributes to sequestration of acetylated tau, 

especially in context of CMA deficiency, and that the presence of tau in LE/MVB provides a route 

for its active extracellular release.  

CMA dynamics are altered in AD patient brains.  

Levels of acetylated tau are elevated in post-mortem brain samples from patients with various 

tauopathies (18, 19). To determine whether the changes imposed by acetylated tau on autophagy 

in the in vitro systems - namely, reduced CMA through disruption of lysosomal L2A dynamics 

and rerouting of acetylated tau oligomers to e-MI - were also observed in the brains of patients 

with AD, we isolated two populations of lysosomes with different CMA activity, LE/MVB and 

autophagosomes from brains of 6 patients with autopsy confirmed AD and 7 age-matched 

autopsy confirmed controls (no-AD) (patient information is summarized in Extended Data Table 

1). AD diagnosis was also supported by the marked differences in levels of hyperphosphorylated 

tau between control and AD brains (Supplemental Figure 5a). Analysis of the different autophagic 

compartments (Supplemental Figure 5b-d show enrichment of relevant organelle markers) 

demonstrated acetylated tau associated with lysosomes isolated from control individuals and, 

similar to mouse brain lysosomes, a preferential enrichment of this form of the protein in the 

group of lysosomes active for CMA (Figure 5a). Interestingly, the pattern of lysosomal association 

of acetylated tau in the human AD brains (Figure 5a) remarkably resembled the one observed in 
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the brains of mice with compromised CMA (Figure 2b), whereby, the preference for CMA-active 

lysosomes is lost and acetylated tau redistributed evenly between both subgroups of lysosomes, 

indirectly suggesting a possible compromise of CMA in these patients.  
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Figure 5: Changes in the association of tau with autophagic and lysosomal compartments in Alzheimer’s disease 
patient brains. (a) Immunoblots for the indicated proteins of homogenates (Hom), cytosol (Cyt) and two populations 
of lysosomes (Lys) with different CMA activity (CMA+ and CMA-) isolated from the frontal area of brains from 
patients with Alzheimer’s Disease (AD) and non-neurological patients of matching age (Control). (b) Pictures of 
CMA-active lysosomes isolated from control or AD patients and subjected to electron microscopy. Right: higher 
magnification inserts. Red arrows: undegraded dense lipofuscin-like material. (c) Immunoblot for acetylated tau 
(Ac-Tau) in lysosomal matrices from control and AD patients. Right: Quantification of the amount of acetylated tau 
(Ac-tau) internalized in AD patients’ lysosomes relative to control [t4=6.831, p=0.0024]. (d) Immunoblot from L2A 
of the blue-native electrophoresis of lysosomes isolated as in (a) and incubated alone (No substrate) or in the 
presence of 1µg of purified alpha synuclein (Alpha syn). Two different individuals per diagnosis are shown. 
Multimer: indicates the 700-kDa multimeric translocation complex. Monomer: insert of the monomer run in a 
different gel. (e) Quantification of multimeric L2A levels relative to those in control lysosomes in absence of 
substrate [t11=4.936, p=0.0004]. (f) Quantification of multimeric L2A levels upon substrate (alpha-syn) 
presentation. Left: changes of multimeric L2A for individual subjects. Grey lines are healthy controls, red lines are 
AD patients. Right: Fold increase of L2A multimers upon substrate presentation [t11=3.607, p=0.0041]. n= 3 
independent experiments with a total of 7 non-neurological controls and 6 AD patients. (g) Immunoblots for the 
indicated proteins of homogenates (Hom), cytosol (Cyt), autophagic vacuoles (AV) and late endosomes (LE) isolated 
from patients with Alzheimer’s Disease (AD) and non-neurological patients of matching age (Control). (h) 
Quantification of the abundance of acetylated tau in autophagic vesicles [t4=2.805, p=0.0486]. (i, j) Quantification 
of the ratio of acetylated to total tau in the indicated fraction (i) and of the abundance of the high molecular weight 
(HMW) acetylated tau species in LE (j). [t4=8.719, p=0.001]. All values are mean+s.e.m. Differences with control 
were significant for *p<0.05, **p<0.01, ***p<0.005. 
 

The reduced levels of luminal hsc70 in the population of CMA-active lysosomes in AD 

(usually related with loss of stability of this chaperone in the lysosomal lumen upon loss of 

lysosomal acidification (198)) (Figure 5a) as well as the higher presence of undegraded cargo in 

lysosomes isolated from AD brains (Figure 5b) is in agreement with the reported loss of lysosomal 

acidification in some types of AD (216, 217). We hypothesized that the possible loss of pH 

gradient in AD brain lysosomes, along with the presence of acetylated tau protein at the 

lysosomal membrane (Figure 5c and Supplemental Figure 5f, confirms a 50% reduction in the 

amount of acetylated tau that reaches the lysosomal lumen), could result in similar interruption 

of lysosomal translocation of tau proteins and persistence of L2A into multimeric complexes to 

the one observed in the in vitro system (Figure 3d). In fact, we found that despite their similar 

levels of L2A (Figure 5a), a significantly larger fraction of this protein remained organized into 

multimeric complexes in the human AD brain lysosomes (Figure 5d, e). While lysosomes from 

control brains exposed to a CMA substrate (a-synuclein shown here) display an increase in the 

multimeric levels of L2A to facilitate substrate uptake, levels of multimeric L2A in AD patient 

lysosomes exposed to the CMA substrate fail to increase and even decrease in some AD brains 

(Figure 5d, f), further supporting altered dynamics of L2A. Our findings support deficient 
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functioning of CMA in AD patients due to the inability of L2A to go through normal rounds of 

assembly and disassembly. 

Autophagic vacuoles isolated from AD brains (Figure 5g, h and Supplemental Figure 5c) 

displayed higher content of acetylated tau (1.6 folds) than those from control brains, in agreement 

with the preferential degradation of acetylated tau by macroautophagy observed in vitro and in 

mouse brain sections (Figure 1). Interestingly, while the ratio of acetylated to total tau in AD 

autophagic vacuoles was comparable between control and AD, in support of higher overall 

entrapment of tau by autophagosomes, we noticed a marked shift to an increase in the fraction 

of acetylated tau in the LE/MVB isolated from AD brains (Figure 5g, i and Supplemental Figure 

5d). Almost all of the acetylated tau in AD LE/MVB was in the form of large oligomeric complexes 

(Figure 5g, j), strikingly resembling those observed in brain of CMA-incompetent mice (L2AKO) 

(Figure 4d). The LE/MVB-associated oligomeric complexes were in contrast barely detectable 

with the antibody against total tau, in further support of a preferential entrapment of only 

acetylated tau proteins (Figure 5g and Supplemental Figure 5e). These results demonstrate 

conservation of the molecular signature of the autophagic defects, observed in vitro and in the 

experimental models, in the AD brain, and support occurrence of acetylated tau rerouting to 

LE/MVB in AD patients’ brains. Such rerouting could provide a mechanistic hypothesis for 

extracellular tau release supporting the cell-to-cell propagation of tau. 

CMA deficiency accelerates tau spreading.  

To experimentally test whether CMA deficiency, as the one observed in AD patients, increases 

tau spreading in vivo, we took advantage of a recently developed AAV expressing (GFP)-2a-

human tau (huTau) (179, 184) that generates equimolar amounts of GFP and human tau upon 

self-cleavage. Following unilateral injection in CA1, we could identify, by immunofluorescence, 

transduced neurons (donor cells [GFP+/huTau+]) and neurons that received huTau through cell-

to-cell propagation (recipient cells [GFP-/huTau+] (Figure 6a). Transduction was mostly neuronal 
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as no huTau signal was observed colocalizing with astrocytes or microglia markers (Supplemental 

Figure 6a). Recipient neurons were observed throughout the hippocampal formation suggesting 

a mixed synaptic and non-synaptic (“global”) transmission of tau (179).  
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Figure 6: CMA deficiency accelerates Tau spreading. (a) Example of immunofluorescence for human tau (HuTau - 
red) and GFP (Green) of the whole hippocampal formation in coronal section. Bottom pictures are representative 
pictures of donor [GFP+ / huTau +] and recipient [GFP- / huTau +] cells. Scale bars: top: 100µm; bottom 20µm. (b) 
Representative images of Tau and GFP levels in CA1 (injection site) and CA3 (spreading site) in WT and L2AKO 
mice at 8 weeks after surgery. Scale bar: 50µm. (c) Distribution of GFP intensity in donor cells (with kernel density 
estimation) in WT and L2AKO mice. (d) Distribution of human Tau intensity in donor cells (with kernel density 
estimation) in WT and L2AKO mice [t553=16.113, p=3.69x10-48]. (e) Number of recipient cells over time 
[Genotype effect: F (1,14)=7.668, p=0.0151]. (f) Left: scatterplot showing the average number of recipient versus 
donor cells per mouse. Dotted lines are the linear regression per genotype. Right: slopes of the linear regression 
between recipient and donor cells per genotype. (h) Scatterplot showing the average intensity of acetylated tau in 
donor cells versus the average number of recipient cells per mouse. Dotted line is the linear regression +/- 95% 
confidence interval (gray zone). (g) Levels of human tau (huTau) and K174 acetylated tau (acTau) in recipient cells 
between WT and L2AKO mice. Scale bar: 50µm. All values are mean±s.e.m. except otherwise specified. Differences 
with WT mice were significant for *: p<0.05, ***: p<0.0005. 
 

When we injected WT and CMA-deficient (L2AKO) mice and collected brain tissue after 2, 4, 

and 8 weeks following injection (Figure 6b and Supplemental Figure 6b, c), we observed strong 

accumulation of huTau (1.6 folds) compared to GFP (1.1 folds) in L2AKO mice, thus confirming 

contribution of CMA to tau clearance (Figure 6c, d). Despite similar numbers of donor cells 

(Supplemental Figure 6c), the number of recipient cells was also significantly higher in L2AKO 

mice compared to WT mice, especially at the latest timepoint (Figure 6e). In fact, the correlation 

between the numbers of recipient neurons and donor neurons in a given genotype showed a 

steeper slope (4.4 folds) in L2AKO mice compared to WT mice (Figure 6f), supporting that donor 

neurons in L2AKO mice are more “prone to spread”. Direct analysis of acetylated tau in the 

injected brains, showed accumulation of acetylated tau in neurons in CMA-deficient mice (Fig 

6g and Supplemental Figure 6d). Furthermore, we observed a strong relationship between levels 

of acetylated tau in donor neurons and the number of neurons that become positive for tau 

through spreading (recipient neurons) (Figure 6h), thus suggesting that elevation of intracellular 

acetylated tau predicts tau propagation.  

Overall, our findings highlight a complex interplay of acetylated tau with different autophagic 

pathways, reveal a toxic effect of this modification on CMA function with possible rerouting of 

acetylated tau towards other selective autophagy pathways in disease brains, ultimately leading 

to enhanced extracellular release and cell-to-cell propagation
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CHAPTER 2 

Neuronal NOX4 knockdown alleviates pathological tau-
related alterations in a humanized mouse model of tauopathy 
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NOX4 is overexpressed in tauopathy. 

To assess potential variations in the transcriptional profile of NOX isoforms in the context of 

tauopathy, we measured mRNA levels on postmortem brain tissue of FTLD and AD patients. In 

FTLD patients, only mRNA levels of NOX4 significantly increased by 2.8-fold (Figure 7A, left 

panel). In contrast, both NOX2 (3.2-fold) and NOX4 (2.2-fold) mRNA were significantly 

increased in AD patients compared to non-demented subjects (Figure 7A, right panel). These 

results demonstrate that NOX4 mRNA levels are upregulated in both types of tauopathies, while 

NOX2 mRNA levels are only augmented in AD. To better understand whether NOX4 was 

differentially overexpressed in distinct brain areas, we measured NOX4 protein levels in the 

hippocampus and prefrontal cortex, regions that are known to be remarkably affected during the 

progression of tauopathies. We observed that NOX4 was significantly increased in the 

hippocampus and prefrontal cortex of both FTLD (3.1 and 2.1-fold respectively) and AD patients 

(2.4 and 1.5-fold respectively) compared to non-demented subjects (Figure 7, B and C). 

Moreover, NOX4 protein levels correlated with mRNA levels, which were significantly increased 

in hippocampus and prefrontal cortex of both type of tauopathies (Supplemental Figure 7). These 

changes were further supported by immunofluorescence analysis of fixed postmortem brain 

sections of FTLD and AD patients that revealed increased levels of NOX4 in hippocampal 

neurons positive for AT8 (Figure 1D), which recognizes a pathologic hyperphosphorylated 

epitope of tau protein (pSer202/Thr205) and constitute the basis of Braak staging (218). To get 

more insight into the forms of tau that were more abundant in FTLD and AD patients in which 

NOX4 was overexpressed, we measured the oligomers (from 75 to 250 kDa) and monomers 

(from 50 to 65 kDa)(219) (219, 220) of pathological hyperphosphorylated tau (Figure 7E). As 

observed, AT8 sarkosyl-insoluble (SI) oligomers and monomers were significantly augmented in 

FTLD (Figure 7F) and AD (Figure 7G) patients compared to non-demented subjects. However, no 

significant changes were observed in AT8 sarkosyl-soluble (SS) forms (Supplemental Figure 8). 

These results demonstrate an altered expression pattern of NOX4 in different brain areas of FTLD  
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Figure 7: NOX4 is overexpressed in brains of FTLD and AD patients and in a humanized in vivo tauopathy model. 
(A) mRNA levels of NOX isoforms in postmortem human brain lysates from FTLD (left) (n=8), AD (right) (n=9) and 
non-demented subjects (Ctrl) (n=5). Representative images (B) and quantification (C) of NOX4 protein levels in 
hippocampus (up) and prefrontal cortex (down) from FTLD (n=8), AD (n=9) and Ctrl subjects (n=5). (D) Representative 
images of AT8 (p-tau S202/T205) and NOX4 intensity in fixed postmortem hippocampal sections of FTLD (n=2), AD 
(n=2) and Ctrl subjects (n=2). Insets show images at a higher magnification. Scale bar: 25 µm. (E) Representative images 
of AT8 SI and SS tau oligomers and monomers from hippocampal lysates of FTLD, AD and Ctrl subjects. (F) 
Quantification of AT8 SI tau oligomers and monomers from FTLD (n=6-7) and Ctrl subjects (n=5). (G) Quantification 
of AT8 SI tau oligomers and monomers from AD (n=9) and Ctrl subjects (n=5). (H) Schematic representation of the 
protocol. (I) mRNA levels of NOX isoforms in hippocampal lysates from AAV-GFP (n=5-8) and AAV-hTau (n=8-9) 
injected mice. (J) NOX4 relative intensity in hippocampal CA1 neurons, microglia and astrocytes from AAV-GFP (n=3-
6) and AAV-hTau (n=3-7) injected mice. Data are presented as mean ± SEM. Significance was determined by an 
unpaired Student´s t test or Mann-Whitney test for nonparametric data sets. *p<0.05; **p<0.01; ***p<0.001. SI 
(sarkosyl-insoluble); SS (sarkosyl-soluble). 

 

and AD patients in which insoluble forms of hyperphosphorylated tau are enriched, 

delineating a potential association between NOX4 and tau pathology. 

To correlate the human results in an in vivo model that would allow us to study the implication 

of NOX4 in tau pathology, we used a well-characterized sporadic tauopathy model in mice (53). 

This model, consisted in the ICV injection of AAV containing the human tau (hTau) mutation 

P301L (AAV-hTau), known to cause autosomal-dominant FTLD (221), or a control injection 

(AAV-GFP) in the right hemisphere's ventricle. 28 days after AAV injection, behavioral and 

electrophysiological tests were performed and, thereafter, mice were sacrificed and the ipsilateral 

hippocampus was extracted (Figure 7H). While 28 days post-injection, a significant increase in 

hippocampal NOX4 mRNA in AAV-hTau mice (5.2-fold) was observed, no significant differences 

were found in mRNA levels of other NOX isoforms (Figure 7I). Immunofluorescence analysis of 

fixed brain sections revealed 1.9-fold increase of NOX4 in the hippocampus of AAV-hTau 

injected mice compared to AAV-GFP controls (Figure 7J). Remarkably, the augmented levels of 

NOX4 were predominantly observed in pyramidal neurons of the hippocampal regions (CA1, 

CA2, CA3 and DG) of AAV-hTau mice (Supplemental Figure 9). No significant differences in 

NOX4 expression were found in either microglia or astrocytes (Figure 7J and Supplemental Figure 

9) in the hippocampus. These results corroborate those obtained in patients and suggest that 
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NOX4 overexpression, secondary to the presence of hTau P301L, is restricted to the neuronal 

compartment. 

The absence of NOX4 diminishes the accumulation of pathological tau. 

Once demonstrated that NOX4 was overexpressed in FTLD and AD patients and in the 

humanized tauopathy mouse model, we investigated whether the elimination of NOX4 could 

modify the accumulation of pathologic hyperphosphorylated tau in vivo. Thus, we performed 

ICV injections of AAV-GFP/hTau particles in NOX4 knockout mice (NOX4-/-) and in WT controls 

(NOX4+/+) (Figure 8A). We found a significant increase in AT8 immunoreactivity (1.9-fold) in 

the AAV-hTau mice compared to AAV-GFP injected mice. Interestingly, NOX4-/- mice did not 

show heightened AT8 levels 28 days after AAV-hTau injection (Figure 8, B and C). To further 

investigate which forms of tau were mostly affected by NOX4 deletion, we performed a 

separation protocol on NOX4+/+ and NOX4-/- hippocampal homogenates to distinguish among 

the SI and SS fractions and measure pathological hyperphosphorylated AT8 and AT180 (pThr231) 

tau oligomers and monomers. We found a significant increase in both, AT8 SI and SS oligomers 

in NOX4+/+ mice injected with AAV-hTau compared to controls; this increase was partially 

abolished in NOX4-/- mice. However, no significant changes were observed in either SI or SS 

AT8 monomers (Figure 8, D-F). We also found an increase in AT180 SI and SS monomers and 

oligomers in NOX4+/+ mice injected with AAV-hTau; however, this increase was reduced in 

NOX4-/- mice (Figures 2, G-I). Overall, these results indicate that the absence of NOX4 reduces 

the accumulation of hyperphosphorylated tau, being the pathological tau oligomers the most 

affected form. 

NOX4 deficiency modulates the autophagy-lysosomal pathway in tauopathy. 

A substantial amount of evidence supports that autophagy dysregulation occurs in AD patients 

and in AD animal models (222). Noteworthy, a large amount of immature autophagic vacuoles  
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Figure 8: NOX4 genetic deletion reduces hyperphosphorylated tau accumulation 28 days after AAV-hTau injection. 
(A) Schematic representation of the protocol. Representative images (B) and quantification (C) of AT8 relative intensity 
in the hippocampus from NOX4 +/+ (AAV-GFP, n=5 and AAV-hTau, n=8) and NOX4 -/- (AAV-GFP, n=5 and AAV-
hTau, n=8) mice. Insets show images at a higher magnification. Scale bar: 500 µm (5X). Representative images (D) 
and quantification of AT8 SI (E) and SS (F) tau oligomers and monomers from hippocampal lysates of NOX4 +/+ (AAV-
GFP, n=9 and AAV-hTau, n=9) and NOX4 +/+ (AAV-GFP, n=7 and AAV-hTau, n=8) mice. Representative images (G) 
and quantification of AT180 SI (H) and SS (I) tau oligomers and monomers from hippocampal lysates of NOX4 +/+ 

(AAV-GFP, n=5 and AAV-hTau, n=5) and NOX4 -/- (AAV-GFP, n=5 and AAV-hTau, n=5) mice. Data are presented as 
mean ± SEM. Significance was determined by one-way ANOVA with Tukey´s post hoc test. *p<0.05; **p<0.01; 
***p<0.001; #p<0.05; ##p<0.01. DG (Dentate Gyrus); CTX (Retrosplenial cortex). 
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accumulate in dystrophic neurites in AD brains (223), suggesting that the accumulation of 

pathogenic proteins such as Ab and tau may be caused by a defective autophagy-lysosomal 

pathway (ALP) performance (224, 225). As NOX4 deficiency reduced the accumulation of 

pathological oligomeric hyperphosphorylated tau, we sought of interest to evaluate the 

performance of macroautophagy, a highly characterized proteolysis pathway involved in the 

clearance of tau (72, 226), in the in vivo tauopathy model. Immunofluorescence analysis revealed 

that the macroautophagy markers p62 (Figure 9, A and B) and LC3 (Figure 9, C and D) were 

accumulating in the ipsilateral CA1 hippocampal region of NOX4+/+ AAV-hTau injected mice. 

As observed, NOX4 genetic deletion prevented this alteration in macroautophagy secondary to 

tau injection (Figure 9, A-D). These results were confirmed by western blot analysis of ipsilateral 

hippocampus lysates that showed increased expression of p62 and LC3 II in NOX4+/+ AAV-hTau 

but not in NOX4-/-AAV-hTau injected mice (Figure 9, E-G). However, in AAV-hTau injected 

mice, the absence of NOX4 did not changed p62 and LC3 mRNA levels, suggesting a post-

transcriptional regulation of this clearance process (Supplemental Figure 10). These results 

suggest that NOX4 could be, at least in part, involved in tau-mediated macroautophagy 

dysregulation. To gain further insights on how NOX4 was regulating macroautophagy in 

tauopathy, we analyzed by immunofluorescence the nuclear translocation of TFEB, a key 

regulator of lysosomal biogenesis, and the immunoreactivity against its target gene, the LAMP1. 

Our results revealed that nuclear localization of TFEB, together with LAMP1 expression, were 

increased in CA1 hippocampal neurons in NOX4-/- AAV-hTau mice (Figure 9, H-J). These results 

were corroborated by western blot analysis in which we observed increased levels of LAMP1 and 

CTSD, another target gene of TFEB, in NOX4-/- AAV-hTau compared to NOX4+/+ AAV-hTau 

injected mice (Figure 9G, K and L). Taken together, these results indicate that deletion of the 

NOX4 gene in mice prevents the macroautophagy blockade secondary to hTau and increases 

the expression of lysosomal-related proteins, unveiling NOX4 as a potential modulator of 

lysosomal pathway. 
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Figure 9: Macroautophagy blockade induced by AAV-hTau injection is prevented in NOX4 deficient mice. (A) 
Quantification and representative images (B) of p62 relative intensity in the hippocampal CA1 region from NOX4 +/+ 
(AAV-GFP, n=4 and AAV-hTau, n=8) and NOX4 -/- (AAV-GFP, n=4 and AAV-hTau, n=8) mice. Insets show images at 
a higher magnification. Scale bar: 25 µm (40X). (C) Quantification and representative images (D) of LC3 positive 
puncta in the hippocampal CA1 region from NOX4 +/+ (AAV-GFP, n=4 and AAV-hTau, n=5) and NOX4 -/- (AAV-
GFP, n=4 and AAV-hTau, n=4) mice. Scale bar: 15 µm (63X). Quantification of p62 (E) and LC3 II (F) protein 
expression levels from hippocampal lysates of NOX4 +/+ (AAV-GFP, n=7 and AAV-hTau, n=14) and NOX4 -/- (AAV-
GFP, n=6 and AAV-hTau, n=18) mice. (G) Representative images of protein expression levels of macroautophagy and 
lysosomal markers from hippocampal lysates of NOX4 +/+ and NOX4 -/- mice injected with AAV-GFP or AAV-hTau. 
(H) Representative images of nuclear TFEB and LAMP1 relative intensity in the hippocampal CA1 region from NOX4 
+/+ and NOX4 -/- mice injected with AAV-hTau. Insets show images at higher magnification. Scale bar: 15 µm (63X). 
Quantification of nuclear TFEB (I) and LAMP1 (J) relative intensity in the hippocampal CA1 region from NOX4 +/+ 
(AAV-GFP, n=5-7 and AAV-hTau, n=5-7) and NOX4 -/- (AAV-GFP, n=5 and AAV-hTau, n=5-6) mice. Quantification 
of LAMP1 (K) and mature CTSD (L) protein expression levels from hippocampal lysates of NOX4 +/+ (AAV-GFP, n=10-
15 and AAV-hTau, n=13-14) and NOX4 -/- (AAV-GFP, n=11-15 and AAV-hTau, n=10-17) mice. Data are presented 
as mean ± SEM. Significance was determined by one-way ANOVA with Tukey´s post hoc test. *p<0.05; **p<0.01; 
#p<0.05; ##p<0.01; ###p<0.001. S.Oriens (Stratum Oriens); S.Rad (Stratum Radiatum); SI (sarkosyl-insoluble); SS 
(sarkosyl-soluble). 

 

In addition to the protein aggregation/accumulation and protein clearance imbalance, 

oxidative stress and inflammation are known to play a pivotal role in the progression of 

tauopathies (227, 228). Furthermore, NOX-derived ROS are essential signals to regulate 

autophagy (229, 230). Thus, we assessed whether NOX4 genetic deletion could modulate ROS 

production and inflammation secondary to AAV-hTau injection (Supplemental Figure 11A and 

6A). While in NOX4+/+ AAV-hTau injected mice ROS production was increased in the 

hippocampus, in NOX4-/- AAV-hTau mice it was reduced to control levels (Supplemental Figure 

11, B-D). Related to pro-inflammatory proteins, inducible nitric oxide synthase (iNOS), the 

microglial activation marker CD68 and the main components of the inflammasome complex 

(caspase-1 and IL-1b) were upregulated in hippocampal lysates of NOX4+/+ AAV-hTau 

compared to NOX4+/+ Control mice. These parameters were also remarkably reduced in NOX4-

/- AAV-hTau mice (Supplemental Figure 12, B-F). These results highlight a key role of NOX4 in 

modulating ROS production and neuroinflammation in the humanized in vivo tauopathy model. 

NOX4 genetic deletion prevents functional and cognitive impairments in tauopathy. 

To determine whether NOX4 deficiency contributes to tau-related neuropathology, we 

measured the thickness of layers in regions typically affected during the course of tauopathies, 
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such as cortex and hippocampus. The retrosplenial cortex (CTX), the pyramidal cell layer in CA1 

region (CA1) and the top granule cell layer in the dentate gyrus (DG TOP), were noticeably and 

significantly thinner in NOX4+/+ AAV-hTau injected mice compared to NOX4+/+ AAV-GFP 

controls. Strikingly, the absence of NOX4 largely attenuated the cellular loss and the brain 

atrophy observed in the in vivo tauopathy model (Figure 10, A and B). Besides neuronal loss, 

pathogenic tau has shown to mediate synaptic dysfunction in different tauopathy/AD models 

(231–233). Thus, we investigated whether NOX4 genetic deletion could prevent tau-associated 

impairment of LTP in vivo, a highly-characterized method to assess synaptic plasticity and a 

cellular model for learning and memory (192, 234). While NOX4+/+ and NOX4-/- mice injected 

with AAV-GFP presented a sustained hippocampal LTP over 30 minutes, NOX4+/+ AAV-hTau 

exhibited LTP deficits. However, the absence of NOX4 alleviated LTP impairments secondary to 

hTau injection (Figure 10, C-E).  

To assess whether NOX4 genetic deletion could restore tau-associated cognitive decline, we 

performed different behavioral tasks. First, the NOR test (Figure 10F) that assesses recognition 

memory (191, 235). Both, NOX4+/+ and NOX4-/- mice injected with AAV-GFP exhibited 

preference for the novel object over the familiar one, displaying a normal cognition as indicated 

by the discrimination index (DI). However, NOX4+/+ AAV-hTau injected mice spent equal 

amounts of time exploring both objects, resulting in clear cognitive impairment represented by a 

significant decrease in DI. On the contrary, NOX4-/- AAV-hTau injected mice showed a 

performance similar to that of AAV-GFP control injected mice, indicating a sustained cognitive 

performance (Figure 10G). Next, hippocampus-dependent spatial memory and spatial learning 

were evaluated using the OLT test (Figure 10H) and the T maze (Figure 10J), respectively. In the 

OLT, similar results were achieved to those in the NOR test; NOX4-/- AAV-hTau showed 

improved performance compared to NOX4+/+ AAV-hTau injected mice (Figure 10I). In 

agreement with these results, in the T maze test, NOX4+/+ AAV-hTau injected mice failed to 

recognize the unexplored arm during the test time, which is indicative of cognitive deficit (Figure 
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10K), whereas NOX4-/- AAV-hTau mice exhibited a performance similar to that of control AAV-

GFP injected mice, indicating an improvement on spatial memory (Figure 10K). Overall, these 

results demonstrate that the absence of NOX4 alleviates brain atrophy and prevents LTP 

impairment and cognitive decline induced by hTau P301L. 
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Figure 10: Brain atrophy, LTP impairment and cognitive decline triggered by AAV-hTau injection are reduced in 
NOX4 -/- mice. Representative images (A) and thickness quantification (B) of CTX, CA1 and DG TOP in NOX4 +/+ 

(AAV-GFP, n=5 and AAV-hTau, n=10) and NOX4 -/- (AAV-GFP, n=5 and AAV-hTau, n=9) mice. Scale bars: 100 µm 
(10X); 75 µm (40X).  (C) In vivo long-term potentiation (LTP) in NOX4 +/+ and NOX4 -/- mice injected with AAV-GFP 
or AAV-hTau over 30 minutes. Arrow indicates high-frequency stimulation (HFS). Five minutes of control period and 
30 minutes after HFS stimulation are shown. (D) Representative traces before and after HFS. (E) Quantification of the 
fEPSP slope 30 minutes after HFS in NOX4 +/+ (AAV-GFP, n=5 and AAV-hTau, n=4) and NOX4 -/- (AAV-GFP, n=7 
and AAV-hTau, n=6) mice. (F) Schematic representation of the NOR test. (G) Quantification of the DI in NOX4 +/+ 
(AAV-GFP, n=9 and AAV-hTau, n=22) and NOX4 -/- (AAV-GFP, n=8 and AAV-hTau, n=14) mice. (H) Schematic 
representation of the OLT. (I) Quantification of the DI in NOX4 +/+ (AAV-GFP, n=3 and AAV-hTau, n=9) and NOX4 
-/- (AAV-GFP, n=4 and AAV-hTau, n=8) mice. (J) Schematic representation of the T maze. (K) Quantification of the 
percentage of correct responses in NOX4 +/+ (AAV-GFP, n=5 and AAV-hTau, n=12) and NOX4 -/- (AAV-GFP, n=7 and 
AAV-hTau, n=15) mice. Data are presented as mean ± SEM. Significance was determined by one-way ANOVA with 
Tukey´s post hoc test or Kruskal-Wallis with Dunn´s post hoc test for nonparametric data sets. *p<0.05; **p<0.01; 
***p<0.001; #p<0.05; ##p<0.01; ###p<0.001. CTX (Retrosplenial cortex); DG TOP (Dentate gyrus top layer). 

 

Neuronal NOX4 knockdown efficiently reduces the accumulation of pathological tau. 

The positive results obtained in the NOX4-/- mice, together with the observation that NOX4 

overexpression was mainly restricted to the neuronal compartment upon hTau P301L injection, 

encouraged us to explore whether the protective effects of NOX4 deficiency against tauopathy 

were mainly attributed to neuronal NOX4. To address this, neuronal NOX4 knockdown in 

hippocampal neurons was performed 7 days after ICV AAV-hTau injection. At this time, NOX4 

mRNA was not yet increased (Figure 11A), and although mice did not present cognitive decline, 

tauopathy and its related alterations (i.e. neuroinflammation, autophagy dysregulation, etc.) were 

already established (226). To selectively knockdown neuronal NOX4, we injected AAV serotype 

9 particles, which exhibits neuronal tropism for transgene delivery (236), carrying a short hairpin 

RNA (shRNA) targeting NOX4 (AAV-shNOX4) or a control scramble (SCR) shRNA (AAV-shSCR) 

in the right hemisphere´s hippocampus (Figure 11B). AAVs encoding scramble shRNA and 

shRNA against NOX4 contained an enhanced GFP which enabled us to visualize their 

expression. In the AAV-shNOX4 injected mice, while GFP fluorescent signal was predominantly 

observed in hippocampal neurons, a total absence of signal was detected in both microglia and 

astrocytes, indicating that the expression of the shRNA targeting NOX4 was restricted to neuronal 

compartment (Supplemental Figure 13, A and B). The injection of AAV-shNOX4 decreased by 

65 % mRNA levels of NOX4 to values that were similar to those observed in AAV-GFP control 
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injected mice (Supplemental Figure 13C). Under these experimental conditions, neuronal 

knockdown of NOX4 was sufficient to reduce by 55% the accumulation of AT8 tau in the 

ipsilateral hippocampus of AAV-hTau injected mice (Figure 11, C and D). 
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Figure 11: Neuronal-targeted NOX4 knockdown diminishes the accumulation of hyperphosphorylated tau once 
tauopathy is initiated. (A) NOX4 mRNA from hippocampal lysates of NOX4 +/+ (AAV-GFP, n=14 and AAV-hTau, n=8) 
and NOX4 -/- (AAV-GFP, n=4 and AAV-hTau, n=11) mice. (B) Schematic representation of the protocol. Quantification 
(C) and representative images (D) of AT8 relative intensity in the hippocampus of AAV-hTau (AAV-shSCR, n=4 and 
AAV-shNOX4, n=4) mice. Scale bar: 500 µm (5X). Representative images (E) and quantification of AT8 SI (F) and SS 
(G) tau oligomers and monomers from hippocampal lysates of AAV-hTau (AAV-shSCR, n=7 and AAV-shNOX4, n=6-
8) mice. Representative images (H) and quantification of AT180 SI (I) and SS (J) tau oligomers and monomers from 
hippocampal lysates of AAV-hTau (AAV-shSCR, n=3-7 and AAV-shNOX4, n=10-12) mice. Data are presented as mean 
± SEM. Significance was determined by one-way ANOVA with Tukey´s post hoc test or unpaired Student´s t test. 
*p<0.05; **p<0.01; ***p<0.001. SI (sarkosyl-insoluble); SS (sarkosyl-soluble). 

Additionally, we measured the SI and SS forms of hyperphosphorylated tau. The injection of 

AAV-shNOX4 7 days post AAV-hTau ICV surgery, significantly reduced AT8 SI and SS oligomers. 

No significant changes were observed in AT8 SI or SS monomers (Figure 11, E-G). Although, no 

appreciable changes were observed in either AT180 SS oligomers or monomers, neuronal NOX4 

knockdown significantly decreased AT180 SI oligomers and monomers (Figure 11, H-J). These 

results evidence that in the AAV-hTau injected mice, despite tauopathy and its alterations were 

already established, neuronal-targeted NOX4 knockdown was sufficient to reduce the 

accumulation of pathological hyperphosphorylated tau, and mainly, its oligomeric pathological 

form. 

Neuronal knockdown of NOX4 modulates the ALP in tauopathy. 

With the aim of evaluating whether NOX4 knockdown in neurons was sufficient to prevent 

the macroautophagy blockade induced by hTau P301L injection (as previously observed in 

NOX4-/- mice) we followed the experimental protocol described in Figure 11B. The 

macroautophagy markers p62 (Figure 12, A and B) and LC3 (Figure 12, C and D) were 

significantly decreased in CA1 neurons of AAV-shNOX4 injected mice compared to AAV-shSCR 

controls. These results, were corroborated by western blot analysis of hippocampal homogenates, 

where reduction in p62 (Figure 12, E-F) and LC3 II (Figure 12, E-G) was detected, indicating less 

accumulation of these macroautophagy markers upon neuronal NOX4 knockdown. Moreover, 

we observed a significant enhancement of nuclear TFEB intensity in neurons of CA1 (Figure 12, 

H and I) together with an increased immunoreactivity against LAMP1 (Figure 12, J and K) in AAV-

shNOX4 injected mice. These results, were corroborated by western blot analysis of hippocampal 
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homogenates; LAMP1 (Figure 12, E and L) and CTSD (Figure 12, E and M) were significantly 

increased in the AAV-shNOX4 injected mice, suggesting an upregulation of the lysosomal 

system.  These results corroborate those observed in the NOX4-/- mice and highlights a key role 

of neuronal NOX4 knockdown in preventing macroautophagy failure even when tauopathy is 

initiated.  
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Figure 12: NOX4 neuronal knockdown prevents macroautophagy blockade once tauopathy is initiated. 
Representative images (A) and quantification (B) of p62 relative intensity in the hippocampal CA1 region from AAV-
hTau (AAV-shSCR, n=3 and AAV-shNOX4, n=4) mice. Scale bars: 25 µm (40X). Representative images (C) and 
quantification (D) of LC3 positive puncta in the hippocampal CA1 region from AAV-hTau (AAV-shSCR, n=3 and AAV-
shNOX4, n=6) mice. Scale bars: 15 µm (63X). (E) Representative images of protein expression levels of 
macroautophagy and lysosomal markers from hippocampal lysates of AAV-shSCR and AAV-shNOX4 injected mice. 
Quantification of p62 (F) and LC3 II (G) protein expression levels from hippocampal lysates of AAV-hTau (AAV-shSCR, 
n=6-11 and AAV-shNOX4, n=13) mice. Quantification (H) and representative images (I) of nuclear TFEB in the 
hippocampal CA1 region from AAV-hTau (AAV-shSCR, n=3 and AAV-shNOX4, n=4) mice. Scale bars: 7.5 µm (63X).  
Representative images (J) and quantification (K) of LAMP1 relative intensity in the hippocampal CA1 region from AAV-
hTau (AAV-shSCR, n=3 and AAV-shNOX4, n=4) mice. Scale bars: 7.5 µm (63X). Quantification of LAMP1 (L) and 
CTSD (M) protein expression levels from hippocampal lysates of AAV-hTau (AAV-shSCR, n=5 and AAV-shNOX4, 
n=9-10) mice. Data are presented as mean ± SEM. Significance was determined by unpaired Student´s t test. *p<0.05; 
**p<0.01. S.Rad (Stratum Radiatum).  

 

Neuronal NOX4 knockdown is sufficient to alleviate functional and cognitive 

impairments in tauopathy. 

To determine whether knockdown of neuronal NOX4 affects tau-related neurotoxicity, we 

measured the thickness of CTX, CA1 and DG TOP. Neuronal-targeted NOX4 knockdown 

significantly decreased the brain atrophy observed in AAV-shSCR injected mice (Figure 13, A 

and B). Moreover, while the AAV-hTau mice injected with AAV-shSCR control exhibited an LTP 

deficiency, the AAV-shNOX4 injected mice showed a sustained and significant LTP over 30 

minutes (Figure 13, C-E). In addition, while in the NOR test (Figure 13F), AAV-hTau mice injected 

with AAV-shSCR control failed to recognize the novel object over the familiar one and exhibited 

cognitive deficit (Figure 13G), AAV-shNOX4 injected mice displayed normal cognition as shows 

the significant increase in the DI (Figure 13G). In the OLT test (Figure 13H), similar results were 

achieved to those in the NOR test (Figure 13I). In addition, in the T maze test (Figure 13J), AAV-

hTau mice injected with AAV-shSCR control failed to recognize the unexplored arm during the 

test time, indicating spatial cognitive deficit (Figure 13K), whereas AAV-shNOX4 injected mice 

showed an increase in the percentage of correct responses, indicating an improvement on spatial 

memory (Figure 13K). Taken together, these results corroborate those obtained in the global 

NOX4 knockout, and demonstrate that neuronal NOX4 knockdown is sufficient to alleviate 
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cellular loss and prevent LTP impairment and cognitive decline in AAV-hTau injected mice, even 

when tauopathy is established. 

 

Figure 13: Brain atrophy, LTP impairment and cognitive decline are reduced in neuronal NOX4 knockdown mice 
once tauopathy is initiated. Representative images (A) and thickness quantification (B) of CTX, CA1, and DG TOP in 
AAV-hTau (AAV-shSCR, n=3 and AAV-shNOX4, n=6) mice. Scale bars: 100 µm (10X); 75 µm (40X). (C) In vivo long-
term potentiation (LTP) in AAV-shSCR and AAV-shNOX4 injected mice over 30 minutes. Arrow indicates high-
frequency stimulation (HFS). Five minutes of control period and 30 minutes after HFS stimulation are shown. (D) 
Representative traces before and after HFS. (E) fEPSP slope 30 minutes after HFS in AAV-hTau (AAV-shSCR, n=3 and 
AAV-shNOX4, n=6) mice. (F) Schematic representation of the NOR test. (G) Quantification of the DI in AAV-hTau 
(AAV-shSCR, n=12 and AAV-shNOX4, n=15) injected mice. (H) Schematic representation of the OLT. (I) 
Quantification of the DI in AAV-hTau (AAV-shSCR, n=6 and AAV-shNOX4, n=11) mice. (J) Schematic representation 
of the T Maze. (K) Quantification of the percentage of correct responses in AAV-hTau (AAV-shSCR, n=8 and AAV-
shNOX4, n=9) mice. Data are presented as mean ± SEM. Significance was determined by unpaired Student´s t test or 
Mann-Whitney test for nonparametric data sets. *p<0.05; **p<0.01; ***p<0.001. CTX (Retrosplenial cortex); DG TOP 
(Dentate gyrus top layer). 
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The absence of NOX4 in neurons diminishes hyperphosphorylation of tau and 

modulates the ALP in vitro. 

To support the results obtained in vivo, primary neurons from NOX4+/+ and NOX4-/- mice 

were cultured and maintained during 22 days. At day 14, neurons were subjected to PBS (as 

control) or AAV-hTau (to reproduce the tauopathy in vitro) for 8 days (Figure 14A). Under these 

experimental conditions, the number of AT8 positive neurons (Figure 14, B and C) and the AT8 

immunoreactivity per cell (Figure 14, B and D) were significantly decreased by 54 % and 46 %, 

respectively, in NOX4-/- neurons compared to NOX4+/+ neurons subjected to AAV-hTau. 

Several studies have demonstrated that hyperphosphorylated tau is redirected from the axonal to 

the somatodendritic compartment where it can impair synaptic function and cause spine loss 

(237–239). As Supplemental Figure 14A depicts, in neurons subjected to AAV-GFP + AAV-hTau, 

we found 5 different patterns of AT8 staining throughout the dendritic compartment which 

allowed us to classify them in a scale ranging from 0 to 4: 0) negative AT8 staining, 1) diffuse and 

dotted AT8 staining in the dendrites, 2) intermediate AT8 staining in the dendrites with no spine 

compromise, 3) intermediate to moderate AT8 staining in the dendrites with few positive spines, 

4) advanced and robust AT8 staining in the dendrites with several positive spines. Remarkably, 

when comparing the different AT8 staining patterns with the number of dendritic spines, we 

found a significant negative correlation; as AT8 staining in dendrites increased, the number of 

dendritic spines decreased (Supplemental Figure 14B). We next studied the distribution of AT8 

in NOX4-/- neurons and we found a qualitative reduction in AT8 somatic missorting and a 

significant decrease in AT8 staining in dendrites compared to NOX4+/+ neurons (Supplemental 

Figure 14, C and D) subjected to AAV-hTau. Finally, while there is significant reduction in the 

number of dendritic spines in NOX4+/+ neurons subjected to AAV-hTau, NOX4-/- neurons were 

protected from the dendritic spine loss induced by hTau (Supplemental Figure 14, E and F). 

Overall, these results indicate that NOX4 genetic deletion in neurons is sufficient to reduce the 

accumulation of pathologic hyperphosphorylated tau in vitro and correlate with those described  
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Figure 14: NOX4 deficiency reduces hyperphosphorylation of tau and avoid macroautophagy blockade in primary 
cultured neurons subjected to AAV-hTau.  (A) Schematic representation of the protocol. Representative images (B) of 
AT8 and MAP2 relative intensity and quantification of AT8 positive neurons (C) and AT8 immunoreactivity per cell 
(D) in NOX4 +/+ (Control, n=5 and AAV-hTau, n=8-9) and NOX4 -/- (Control, n=5 and AAV-hTau, n=7) primary 
cultured neurons. Scale bar: 100 µm (20X). n=Field of view analyzed per condition from 3 independent experiments. 
Representative images (E) and quantification of p62 relative intensity (F) and LC3 positive puncta (G) in NOX4 +/+ 

(Control, n=10-16 and AAV-hTau, n=15-18) and NOX4 -/- (Control, n=5-17 and AAV-hTau, n=9-14) primary cultured 
neurons. Scale bar: 5 µm (63X). n=number of neurons analyzed from 3 independent experiments. (H) Schematic 
representation of the RFP-GFP-LC3 tandem reporter. Representative images (I) and quantification (J) of the number of 
autophagosomes (AP) and autophagolysosomes (APL) per cell in NOX4 +/+ (AAV-hTau, n=8-9) and NOX4 -/- (AAV-
hTau, n=14-15) primary cultured neurons transduced with the RFP-GFP-LC3 tandem reporter. Insets show images at a 
higher magnification. Arrows indicate autophagic vacuoles. Scale bar: 5 µm (63X). n=number of neurons analyzed 
from 3 independent experiments. Representative images of nuclear TFEB (K), LAMP1 (L) and CTSD (M) relative 
intensity in NOX4 -/- and NOX4 +/+ neurons subjected to AAV-hTau. Insets show images at higher magnification. 
Arrows indicate colocalization. Scale bar: 5 µm (63X). Quantification of nuclear TFEB (N), LAMP1 (O) and CTSD (P) 
relative intensity in NOX4 +/+ (AAV-hTau, n=9-13) and NOX4 -/- (AAV-hTau, n=9-16) primary cultured neurons. (Q) 
Quantification of CTSD - AT8 Pearson´s R value in NOX4 +/+ (AAV-hTau, n=10) and NOX4 -/- (AAV-hTau, n=13) 
primary cultured neurons. n=number of neurons analyzed per each condition. Data are presented as mean ± SEM. 
Significance was determined by one-way ANOVA with Tukey´s post hoc test or unpaired Student´s t test. **p<0.01; 
***p<0.001; ##p<0.01; ###p<0.001.  

 

in vivo. Moreover, the absence of NOX4 in neurons decreased the mislocalization of 

hyperphosphorylated tau to the somatodendritic compartment, preventing hTau-mediated 

dendritic spines loss.  

To evaluate the performance of macroautophagy in vitro, we performed immunofluorescence 

analysis of p62 and LC3 in primary cultured neurons. Both macroautophagy markers 

accumulated in NOX4+/+ AAV-hTau neurons compared to NOX4+/+ neurons treated with PBS, 

indicating a blockade in macroautophagy flux. In contrast, a significant decrease in the 

accumulation of p62 and LC3 was observed in NOX4-/- AAV-hTau neurons (Figure 14, E-G). In 

neurons subjected to AAV-hTau treatment, macroautophagy was also monitored by transducing 

primary neurons with a tandem reporter consisting of recombinant RFP and GFP fused to LC3 

protein 48 hours before the end point, a well-characterized method for assessing 

macroautophagy flux (182) (Figure 14H). We found that NOX4+/+ AAV-hTau neurons had a 

predominance of autophagosomes (AP) and fewer autophagolysosomes (APL). In NOX4-/- 

neurons there was a significant decrease in the number of AP compared to NOX4+/+ neurons 

subjected to AAV-hTau and, in contrast, a remarkable increase in the number of APL (Figure 14, 

I and J), indicating an enhancement of the macroautophagy flux in the absence of NOX4. These 
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results suggest that NOX4 deficiency in neurons might elicit the elimination of pathological 

hyperphosphorylated tau by facilitating the macroautophagy flux and corroborate the results 

obtained in the tauopathy in vivo model. Furthermore, there was a significant translocation of 

TFEB to the nuclei of NOX4-/- neurons compared to NOX4+/+ neurons subjected to AAV-hTau 

(Figure 14, K and N). This finding, correlates with the significant augmented expression of LAMP1 

(Figure 14, L and O) and CTSD (Figure 14, M and P). In addition, NOX4-/- neurons presented a 

significant increase in the colocalization of CTSD with AT8 hyperphosphorylated tau (Figure 14, 

M and Q), indicating an enhanced presence of pathological tau in lysosomes. These observations 

support the potential implication of NOX4 regulating ALP in primary cultured neurons and 

explain, at least in part, the facilitation of macroautophagy flux observed in vivo and in vitro upon 

NOX4 deficiency.  
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CHAPTER 3 

Pharmacological doses of melatonin impede cognitive 
decline in tau-related Alzheimer models, once tauopathy is 

initiated, by restoring the autophagic flux 
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Melatonin restores the alterations in oxidative stress, LC3II/I ratio, tau-phosphorylation 

and viability caused by OA in rat hippocampal slices 

OA, a protein phosphatase 1 and 2 inhibitor, causes tau hyperphosphorylation and is, thereby, 

widely recognized as a tauopathy model (185); however, the impact of tau hyperphosphorylation 

on autophagy is still controversial. We therefore treated rat hippocampal slices with OA (1 μM) 

during 1, 3 or 6 h (Figure 15A), and quantified the ratio of LC3 II/I by western blot as an indication 

of the autophagic status. As shown in Figure 15B, 3 and 6 h of OA treatment reduced by 40 % 

the LC3 II/I ratio, indicating a dysregulation in autophagy. Furthermore, 6 h of OA treatment 

reduced cell viability by 40 % (Figure 15C). Based on these data, 6 h OA treatment (1 μM) was 

selected as the ex vivo tauopathy model for further characterization. With the aim of testing 

whether restoring the autophagic level was a potential therapeutic strategy in this model, the 

autophagy inductor rapamycin was used (protocol shown in Figure 15D). As indicated in Figure 

15E, rapamycin (10 μM) successfully recovered the LC3 II/I ratio caused by OA and this led to 

40 % neuroprotection, measured by the MTT reduction method (Figure 15F). Once established 

the conditions in this model, we evaluated the effects of increasing concentrations of melatonin. 

Neither 0.1 nor 1 μM of melatonin were able to achieve any neuroprotection. However, 10 μM 

and 30 μM of melatonin showed an interesting neuroprotective effect. Therefore, 10 μM of 

melatonin was selected to continue the study (Supplemental Figure 16A). Following the protocol 

showed in Figure 15G, slices treated with melatonin showed significantly lower levels of ROS 

production and cell death, measured as H2DCFDA and PI uptake, respectively (Figure 15H, I 

and J), when compared to slices subjected OA alone. Focusing on the possible role of melatonin 

on the autophagic alteration caused by OA, we studied the LC3 II/I ratio and P62 marker. 

Interestingly, melatonin treatment restored the LC3 II/I ratio (Figure 15L) and the increase in p62 

marker (Figure1M) and this correlated with a reduction in hyperphosphorylated tau (Fig 1 K). 

Thus, in this tauopathy ex vivo model, melatonin was capable  
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Figure 15: Effects of okadaic acid in an ex vivo rat hippocampal slice model. (A) Schematic representation of the 
protocol. (B) Okadaic acid (OA) decreases LC3 II/I ratio at different time points (1, 3 and 6 h) measured by western 
blot (n=4). Representative western blots are shown on the top part of the figure. (C) 3 and 6 h of OA reduced cell death 
measured by MTT (n=6). (D) Protocol used for rapamycin. (E) Induction of autophagy with rapamycin (1 μM) restored 
to basal levels the decrease in LC3 II/I ratio measured by western blot and afforded (F) neuroprotection measured by 
MTT reduction (n=6). (G) Protocol used for melatonin treatment. (H) Representative fluorescence images of PI, 
H

2
DCFDA and Hoechst fluorescence in CA1 hippocampal region in slices treated with OA in the presence or absence 

of melatonin (10 �M). (I) Quantification of H
2
DCFDA as indication of ROS production and (J) PI as indication of cell 

death for the different experimental variables indicated. (K) Effect of melatonin on tau hyperphosphorylation and (L) 
LC3 II/I and p62 (M) measured by western blot (n=4/8).  Data are represented as mean ± S.E.M. *p<0.05, **p<0.01, 
***p<0.001 respect to basal condition; #p<0.05, ##p<0.001 respect to OA in the absence of the protective compound 
rapamycin or melatonin. 

 

of reducing ROS production, tau hyperphosphorylation and autophagy dysregulation, providing 

neuroprotection. Conversely, 10 μM of melatonin per se did not show any effect upon cell death 

measured by MTT viability assay (Supplemental Figure 16A) or PI uptake, ROS production 

(Supplemental Figure 16B, C and D), hyperphosphorylation of tau (Supplemental Figure 16E, F), 

or autophagy markers LC3 and p62 (Supplemental Figure 16E, H and G). 

In vivo studies: biochemical and behavioral alterations 7 days post-tauopathy induction 

With the aim of correlating the ex vivo results in vivo, two different tauopathy models were 

developed. The first model consisted in the ICV injection of AAV containing the human tau 

mutation P301L (AAV-hTau) or its control AAV-GFP in the right hemisphere´s ventricle; 7 days 

after the injection, mice were sacrificed and samples were processed for biological studies (Figure 

16A). As shown in Figure 16B and C, ROS production was increased 7 days after AAV-hTau 

injection. Interestingly, AAV-hTau treated animals also reduced GSH levels (Figure 16D), 

increased iNOS (Figure 16E) and augmented the pro-inflammatory cytokines IL-1β and TNFα in 

the hippocampus (Figure 16F). Once the presence of oxidative stress and the neuroinflammatory 

status were confirmed, we analyzed hyperphosphorylation of tau protein. AAV-hTau injection 

induced a 40 % increase of phosphorylated tau in the hippocampus (Figure 16G). Lastly, as 

observed in the ex vivo model, we were interested in elucidating whether autophagy was altered. 

For this purpose, we measured the autophagy markers p62, LC3 and CTSD in AAV-hTau and 

control injected animals.  
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Figure2 Intracerebroventricular (ICV) injection of AAV-hTau increased oxidative stress, neuroinflammatory 
parameters, hypherphosphorylation of tau protein and alters autophagy 7 days after the infection, without altering 
the cognitive status of mice. (A) Schematic representation of the protocol used. (B) Representative images of H

2
DCFDA 

and Hoechst in CA1 and, their quantification (C) in the hippocampi of control and AAV-hTau injected animals (n=10). 
AAV-hTau reduced GSH levels (D), increased iNOS (E) expression measured by western blot (n=12) and increased 
pro-inflammatory cytokines (F) (IL-1β and TNFα) measured by qPCR (n=12). (G) Densitometric quantification by 
western blot of hypherphosphorylation of tau protein 7 days after the ICV injection (n=10). (H, I) Mice injected with 
AAV-hTau undergo autophagy blockade as shown in the representative P62, LC3 II/I and cathepsin-D western blot 
images and their quantification (n=10). (J) Schematic representation of the Novel object recognition test (NOR).  (K) 
Discrimination index in ICV. injected control (AVV-GFP) and AVV-hTau animals (n=10). (L) Discrimination index in 
ICV injected mice with OA (n=6). Data represent mean ± S.E.M. Statistical differences were considered when p*<0.05 
and p**<0.01 comparing AAV-hTau to the controls AAV-GFP. 

 

We observed a clear reduction of p62, the LC3 II/I ratio and CTSD levels in AAV-hTau injected 

animals (Figure 16H and I). These results indicated that alteration of autophagy was present 7days 

after ICV AAV-hTau injection. 

Once we had observed the alteration of autophagy and the increase in oxidative stress, 

neuroinflammation and hyperphosphorylation of tau, we were interested in knowing if these 

brain alterations correlated with cognitive decline. Using the NOR test (Figure 16J), we found 

that, although the above-mentioned alterations were present 7 days after AAV-hTau injection, 

cognitive impairment was still not apparent (Figure 16K). Complementary to the AAV-hTau 

model, and to correlate the ex vivo results described in Figure 15, the second in vivo model we 

used consisted in the ICV injection of OA. In this model, we also observed that OA (1 ng) ICV 

injection did not cause any cognitive deficit 7 days after injection (Figure 16L). With this data in 

mind, we thought of interest to start melatonin treatment at this point, i.e. 7 days after induction 

of tauopathy, in which several AD-related alterations are already evident, such as oxidative stress, 

neuroinflammation, tau hyperphosphorylation and autophagy dysregulation, despite the fact that 

cognitive decline is absent.  
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28 days after tauopathy induction, oxidative stress, neuroinflammation, tau 

hyperphosphorylation and cell death parameters were rescued by late melatonin 

administration.  

To analyze the different alterations related to AD in mice exposed to AAV-hTau in a more 

chronic setting, they were maintained until day 28 post-surgery; whereas melatonin treatment 

(10 mg/kg in drinking water) was initiated from day 7 post-surgery onwards (from now on, termed 

late melatonin treatment), by oral administration in the drinking water (see protocol in Figure 

17A). 28 days after surgery, all animal groups were sacrificed and brains were processed. In the 

hippocampal samples, melatonin treatment provided a good anti-inflammatory profile in this in 

vivo tauopathy model as indicated by a reduction in iNOS (Figure 17B) and the cytokines IL-1β 

and TNFα (Figure 17C).  

It is well-described that nuclear factor κB (NF-κB) plays an important role in the regulation of 

diverse biological processes such as immune and inflammatory responses, and apoptosis. In 

mammals, the NF-κB transcription factor family includes RelA/p65 among other 4 (240). Further, 

it has been demonstrated that p65 has multiple roles in the induction of IL-1β transcription (240). 

To further corroborate the anti-inflammatory effect of melatonin, p65 (Supplemental Figure 17A) 

and IL-1β (Supplemental Figure 17B) expression were measured by western blot. Furthermore, 

concurring microgliosis and astrogliosis were diminished after late melatonin administration 

(Supplemental Figure 17C). Besides the reduction of neuroinflammation, melatonin late 

treatment was able to reduce tau hyperphosphorylated levels, both in hippocampus and cortex, 

in AAV-hTau injected mice to AAV-GFP control levels, measured by immunofluorescence (Figure 

17D and 17E). This observation was confirmed in both tauopathy in vivo models by western blot 

analysis (Figure 17F). Of interest was the finding that late melatonin treatment was able to reduce 

hyperphosphorylation of tau once this pathology was installed.  
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Figure 17: Effect of pharmacological treatment with melatonin on inflammatory markers, hypherphosphorylation of 
tau protein and cell death 28 days after ICV injection of AVV-hTau. (A) Schematic representation of the protocol; 
melatonin was administered in the drinking water from day 7 to day 28 post AVV-hTau injection. (B) The expression 
of the pro-oxidant iNOS enzyme, measured by western blot, is reduced in melatonin treated animals (n=8/10). (C) The 
increase in the pro-inflammatory cytokines IL-1β and TNFα, measured by qPCR, are decreased to basal level in 
melatonin treated mice (n=10/12). (D) Representative confocal microscopy anti-AT8 immunofluorescence; images 
demonstrate increased hyperphosphorylation of tau protein in the AAV-hTau infected mice compared to the melatonin 
treated group. (E) Quantification of the immunofluorescence image in D (n=5). (F) Confirmation of tau 
hyperphosphorylation associated to AAV-hTau or/and OA injection measured by western blot in control and melatonin 
treated animals (n=10/12). (G) Representative images of Hoechst staining of CA1 hippocampal region and its 
quantification (H) show a reduction in the thickness of the pyramidal layer in CA1 in AAV-hTau injected animals and, 
how the thickness of this layer is restored in melatonin treated animals (n=5). (I) The increase in active caspase-3, 
marker related to apoptosis, is restored by late melatonin treatment, measured by western blot (n=6). Data are mean 
± S.E.M. Differences were considered significant when p*<0.05 and p**<0.01 AAV-hTau/OA with respect to the 
control group; #p<0.05 and ##p<0.01 melatonin treated group vs. AAV-hTau/OA mice.  

To elucidate if neuronal loss was present in the hippocampus of AAV-hTau injected animals, 

we analyzed the thickness of the CA1 hippocampal region. As represented in Figs. 17G and H, 

the thickness of CA1 pyramidal layer was significantly reduced in AAV-hTau treated animals, 

while animals treated with melatonin were fully protected from this reduction, although treatment 

was initiated once the disease was established. The neuronal loss was supported by an increase 

in caspase-3 activation in AAV-hTau injected animals (Figure 17I). Interestingly, melatonin 

treated animals did not show increased levels of the apoptotic marker caspase-3; these results 

clearly indicated that melatonin treatment, administered before cognitive decline is installed, can 

highly improve the pathological hallmarks related to tauopathy. 

Late pharmacological melatonin treatment restores autophagic flux and prevents 

cognitive decline  

28 days after AAV-hTau injection, immunofluorescence analyses of the hippocampus were 

performed. As representative images and their quantifications demonstrate, p62 and LC3 were 

accumulating in different hippocampal regions (Figure 18A and B; Figure 18C and D, 

respectively). Late melatonin treatment recovered the already impaired autophagic flux. To 

further confirm these results, western blot analysis was performed. As indicated in Figure 18E and 

F, p62 expression was increased, while LC3 II/I ratio and Lamp1 expression were decreased after 

AAV-hTau injection.  
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Figure 18: 28 days after tauopathy induction there is autophagy blockade and cognitive decline; these alterations 
are restored by late pharmacological melatonin treatment. Representative immunofluorescence images of p62 (A) 
and LC3 (C) indicate that they accumulate due to AAV-hTau infection as can be observed in the graphs with the 
quantification data (B and D, respectively). Melatonin is able to restore to basal condition both parameters (n=5). (E) 
Representative western blot images demonstrating the blockade of autophagy flux measured by p62, LC3 and Lamp1 
antibodies due to AAV-hTau infection and its recovery as a result of late melatonin treatment. (F) Quantification of 
densitometry of western blot data (n=10/12).  All the described alterations lead to cognitive decline in mice, measured 
as discrimination index obtained from NOR test, after 28 days of AAV-hTau (G) and OA (H) injection. Melatonin 
recovers the memory loss in both in vivo tauopathy models (n=12 and 10, respectively). Data represent Mean ± S.E.M 
and significant differences were considered when p*<0.05, p**<0.01, p***<0.001 basal vs. AAV-hTau or/and OA 
injected mice. #p<0.05, ##p<0.01 and ###p<0.001 AAV-hTau or/OA injected mice with respect to melatonin treated group.  

 

However, late melatonin treatment impeded those alterations. These results indicate that the 

autophagic flux seems to be blocked downstream of LC3 conversion, which could in turn, 

prevent autophagic clearance of abnormal proteins like tau protein. This result is in line with the 

observation that melatonin treated animals showed a significant reduction of 

hyperphosphorylated tau (Figure 17F). Most interesting was the finding that cognitive impairment 

was prevented when animals were treated with melatonin from day 7 days to day 28 after AAV-

hTau or OA injection (Figure 18G and H).  

Pharmacological doses of melatonin restored the pathological alterations in human 

brain tissue tau-related model 

To determine if the above findings could have impact in human tissue, we performed a series 

of experiments in human brain cortex slices. Treatment of the human brain slices with OA (Figure 

19A) using the same protocol as the one used for rat hippocampal slices (Figure 15A), augmented 

ROS production (Figure 19B and C), which correlated with an increase of propidium iodide (PI) 

uptake, as an indication of cell death (Figure 19B and D). Cell death was also corroborated by 

MTT method, where we determined 40 % of cell death in this human tauopathy model (Figure 

19E). These results were highly similar to those achieved in rat hippocampal slices treated with 

OA (see Figure 15). In slices treated with melatonin, reduction of oxidative stress and 

neuroprotection were confirmed. Tau hyperphosphorylation caused by OA treatment was also 

effectively reduced by melatonin (Figure 19F). Finally, we observed that melatonin was capable 

of restoring the LC3 II/I ratio (Figure 19G), indicating its ability to recover autophagy deregulation 
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in human tissue exposed to a hyperphosphorylating tau environment. Therefore, the results 

achieved in rat hippocampal slices correlated with the human brain slice model. 

 

Figure5 Okadaic acid increases oxidative stress, cell death, tau hyperphosphorylation and alters autophagy in human 
brain slices, while melatonin is able to avoid the alterations related to tau pathology. (A) Schematic representation 
of the protocol used. (B) Representative images of the increase in H

2
DCFDA and PI fluorescence in human brain slices 

treated with OA (1 μM) in the presence or absence of melatonin (10 �M) for 6 h. Quantification of the fluorescence of 
H

2
DCFDA (C) and PI uptake (D) are represented (N=5, n=10).  (E) Cell viability measured by the MTT method is shown 

under the different experimental conditions (N=5). (F) OA increased hyperphosphorylation of tau protein measured 
by western blot and melatonin reduce it (N=5). (G) Autophagy is altered in OA treated slices whereas melatonin 
prevented this alteration. Data are Mean ± S.E.M of at least 2 different samples of 5 different subjects. Statistical 
differences were considered when p**<0.01 and p***<0.001 Basal vs. OA treated tissue; and #p<0.05, ##p<0.01 and 
###p<0.001 OA treated group with respect to melatonin treated group. 
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Overall, the findings described in this doctoral thesis reveal a complex interplay of pathogenic 

forms of tau with different autophagic pathways that describes, for the first time, a molecular 

mechanism for tau-mediated autophagy disfunction with direct implications in cell-to-cell 

spreading and disease propagation. Moreover, the results herein exposed propose a context-

dependent frame for autophagy targeting depending on disease stage and tau oligomerization 

status and describes new and unexplored molecular targets and drugs for autophagy-lysosomal 

system modulation with therapeutic potential. 

 
Tau acetylation and CMA disruption: molecular signatures of cell-to-cell spreading and 

disease progression in tauopathies 

 
In the first study indexed in this doctoral thesis, we have characterized the contribution of 

CMA to tau degradation in vivo and discovered how this process is severely blunted upon tau 

acetylation. Acetylated tau, under normal conditions is efficiently cleared up by 

macroautophagy, but a fraction of acetylated tau targeted to CMA exerts an inhibitory effect on 

this selective type of autophagy. We show here that CMA blockage favors rerouting of oligomers 

of acetylated tau toward LE/MVB by e-MI and that this mechanism could lead to extracellular 

release and cell-to-cell propagation of tau in vivo. The fact that the same molecular mechanisms 

behind the toxicity of acetylated tau on CMA and the accumulation of oligomeric acetylated tau 

in LE/MVB can be detected in brains from AD patients, supports CMA disruption as a previously 

unknown common feature of the AD brains that could also contribute to neuronal degeneration 

and disease progression.  

 
We identified a pH dependence for internalization into lysosomes via CMA, unique for tau, 

that explains its highly efficient degradation through CMA under normal conditions. So far, we 

have not observed such a feature in any of the known CMA substrates, but future studies will 

determine if pH-dependent binding to hsc70 is a shared feature of a subset of CMA substrates. 

The mechanisms behind the toxic effect of acetylated tau on CMA is also different to the one 
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described before for other neurodegeneration-related pathogenic proteins, such as alpha-

synuclein (241) and leucine-rich repeat kinase 2 (LRRK2)(242). These proteins disrupt CMA by 

preventing the formation of the CMA translocation complex. In contrast, assembly of the 

multimeric L2A complex and translocation of pathogenic tau is initiated normally, but it is halted 

by the loss of the pH dependent interaction with hsc70. This result suggests that conditions that 

compromise lysosomal acidification, such as those described in familial AD (216, 217) could 

also have a negative impact on the degradation of tau by CMA. Therefore, restoring lysosomal 

acidification could help reinstate normal tau degradation by CMA, as long as the CMA blockage 

is reversible. Our in vitro studies with chemical hsc70 activators to enhance its disassembling 

effect on the L2A multimeric complex (68) support CMA blockage reversibility. However, the 

efficiency of such type of approaches in the AD brain after chronically sustained disruption of 

CMA by acetylated tau could be different. 

 
The combined analysis of unmodified tau degradation with that of the acetylation-mimetic 

variants support that acetylation (K174 or K274) favors degradation of tau through 

macroautophagy. Acetylated tau seems to be actively targeted to autophagosomes instead of 

through in bulk sequestration because levels of acetylated tau are almost undetectable in cytosol 

but highly enriched in autophagosomes. Selective degradation of proteins by macroautophagy 

occurs often through aggrephagy, which first requires aggregation and subsequent recognition 

by specific macroautophagy receptors. Selective targeting to macroautophagy upon acetylation 

has also been described for huntingtin through promoting its organization into large complexes 

recognized by the autophagy receptor p62 (243). However, we did not detect organization of 

acetylated tau in aggregates or oligomers inside autophagosomes, suggesting that it is not a 

prerequisite for its macroautophagy degradation. Future studies are needed to identify the 

molecular components that allow for selective macroautophagy of acetylated tau. 
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Although acetylated tau seems preferentially degraded through macroautophagy in steady 

state conditions, its accumulation in L2A KO brains implies a role for CMA in regulating its 

intracellular levels. Acetylation could occur secondary to the CMA blockage and accumulation 

of unmodified tau. It is also possible that some acetylated forms of tau are targeted to CMA-active 

lysosomes. For example, the fact that K174 tau was more abundant in CMA-active lysosomes 

and blockage of CMA increased its abundance in macroautophagy-engaged lysosomes, supports 

a possible rerouting of acetylated variants from one autophagic pathway to another. Although we 

did not find that K174 acetylation generated a CMA-targeting motif in tau by mimicking the 

biochemical properties of a glutamine, as described for other substrates (244), it is possible that 

acetylation of this residue alters tau structure thus exposing its canonical CMA-targeting motifs 

(70). 

 
Interestingly, in contrast to the reduced degradation of acetylated tau by CMA, we found that 

this form of the protein was more readily degraded by e-MI, even when in oligomeric form since 

e-MI does not need substrate unfolding as a prerequisite (71). Rerouting to e-MI might allow 

acetylated tau to bypass the steps that presented a challenge for its degradation through CMA, 

making removal of oligomeric complex of acetylated tau from the cytosol more favorable. How 

hsc70 triages proteins for CMA or e-MI is still poorly understood. However, K274 acetylation, 

recently shown to increase tau interaction with hsc70 (245), showed no preference for CMA-

active lysosomes but a high enrichment in LE/MVB, suggesting that post-translational 

modifications in the substrates and/or their ability to unfold may determine binding affinity for 

hsc70 and the compartment where the chaperone targets them. 

 
Cell-to-cell propagation of tau is thought to underlie pathology spreading in the brain; 

however, mechanism(s) for tau secretion are poorly understood (246). We demonstrate that e-MI 

is efficient in degradation of acetylated tau and that it also allows its extracellular release. This 

dual function stems from the fact that LE/MVB can degrade proteins directly or upon fusion with 
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lysosomes, but they can also fuse with the plasma membrane and release their luminal content 

(exosomes) (246). The small amount of extracellular tau upon e-MI or MA blockage suggests that 

these pathways contribute to tau release in basal conditions (39). Exacerbated release through 

LE/MVB is also the mechanism behind the striking increase in extracellular tau observed upon 

CMA blockage. Our data using the GFP-2a-huTau construct confirms that this increased secretion 

in CMA-deficient animals is accompanied by uptake in neighboring neurons and acceleration of 

spreading in the brain. This observation makes attractive the idea that the previously described 

decline of CMA activity with age (247) could be behind the recently described accelerated 

spreading of tau in aging (179). Future studies are now required to assess if tau propagation in 

the aging brain involves rerouting of tau towards e-MI. 

 
Acetylation of tau at K174 (ac-K174) has been identified as an early critical pathological 

change to soluble tau in AD with crucial roles in tau accumulation and toxicity (25). Moreover, 

reducing tau acetylation at K174 rescues cognitive deficits and tau-mediated neurodegeneration 

(25), suggesting that, in spite of large toxic insoluble tau oligomers, reducing soluble forms of tau 

in early pathology stages is efficient in improving cognitive function, as previously reported (26, 

28, 248, 249). As outlined before, CMA activity decreases with age (247) and acetylation of tau 

further inhibits this mechanism, contributing to pathogenic tau release. Thus, CMA failure could 

constitute an early pathological event in tauopathy that alters tau homeostasis and lead to disease 

progression. 

 
In summary, our study reveals a complex interplay of acetylated tau with different autophagic 

pathways that contributes to fine-tuning of its intracellular levels. The inhibitory effect of 

acetylated tau on CMA suggests that blockage of this selective form of autophagy may contribute 

to the neuronal toxicity and disease progression. Therefore, 1) enhancing CMA activity or 

preventing arrival of toxic forms of tau to CMA-active lysosomes, or 2) promoting degradation of 
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rerouted tau inside LE/MVB or through MA could all be fruitful options to prevent 

neurodegeneration in AD and other tauopathies. 

 
NOX4 inhibition in tauopathy: a new and unexplored therapeutic target to promote tau 

degradation and prevent neurodegeneration 

 
As outlined before, certain early tau PTMs (i.e.  acetylation) impair CMA-dependent tau 

clearance and consequently, neuronal tau is rerouted towards other selective autophagy 

pathways such as e-MI, implicated in its cell-to-cell propagation, and MA implicated in its 

selective degradation. In these circumstances, although pathogenic tau undergoes degradation 

trough e-MI, the majority is recognized by binding proteins such as p62 and redirected towards 

macroautohagy for degradation. In this context, several questions regarding to neuronal fate 

naturally emanate. Is macroautophagy sufficient to handle tau degradation? What are the 

pathological consequences of macroautophagy failure in degrading tau? Is it possible to modulate 

macroautophagy to increase pathogenic tau degradation rates?   

 
In the second study indexed in this doctoral thesis, we demonstrate that NOX4 inhibition 

positively modified established tauopathy trough macroautophagy flux restoration. Of note, 

NOX4 expression is upregulated in the presence of pathological hyperphosphorylated tau in 

brains of AD and FTLD patients and in a humanized mouse model of tauopathy. Interestingly, 

either global knockout or neuronal-targeted knockdown of the Nox4 gene in mice is able to: 1) 

reduce the levels of pathological hyperphosphorylated tau, 2) modulate macroautophagy, 3) 

reduce ROS and inflammation and 4) prevent brain atrophy and synaptic dysfunction, which 

translate into prevention of cognitive decline in vivo.  

 
A robust inverse correlation between the activity of NOX isoforms and cognitive decline has 

been reported in AD patients and in the APPxPS1 mouse model (110)(250). In human brain 

samples we observed that mRNA levels of NOX2, which is predominantly expressed in microglia 
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under physiological conditions (251–253), were only increased in AD, as previously reported 

(254). However, mRNA levels of NOX4, whose expression is mostly neuronal (101, 117), were 

upregulated in both FTLD and AD patients, suggesting a correlation between NOX4 and tau 

pathology. In this line, NOX4 protein levels were overexpressed in the hippocampus and 

prefrontal cortex of FTLD and AD patients, key regions for learning and memory. Moreover, in 

the humanized in vivo tauopathy model, specific upregulation of NOX4 mRNA was observed, 

whereas other NOX isoforms remained unaffected. Interestingly, increased expression of NOX4 

was preferentially restricted to the neuronal compartment, which suggests that NOX4 may be 

upregulated in this cell type in response to hyperphosphorylated tau. These results, together with 

the increased expression of NOX2 reported in activated microglia surrounding Ab-laden 

capillaries in patients with cerebral amyloid angiopathy (255, 256), suggest that NOX4 

expression might be preferentially upregulated in neurons in response to pathologic tau forms, 

while NOX2 could be more related to the microglial response to amyloidopathy. 

 
In this study, we show that the global absence of NOX4 and more interesting, its neuronal 

form, is sufficient to reduce hyperphosphorylated tau-induced toxicity through different 

mechanisms. First, NOX4 deletion reduced the levels of pathological hyperphosphorylated tau 

oligomers, which were significantly increased in SI fractions of FTLD and AD patients as well as 

in our in vivo tauopathy model. These oligomeric tau forms, which are present in the brain at 

early stages of AD (27, 257), have been shown to be the most toxic species in tauopathies, and 

are implicated in tau spreading in different cellular and in vivo models (258–260). Noteworthily, 

NOX4 inhibition also reduced the levels of soluble hyperphosphorylated tau forms.  Second, we 

showed that in NOX4 deficient primary neurons, the missorting of hyperphosphorylated tau 

towards the somatodendritic compartment, which causes synaptic dysfunction (237–239), was 

reduced, preventing the loss of dendritic spines. Third, we demonstrated that the absence of 

NOX4 modulates the autophagy-lysosomal system, preventing the macroautophagy blockade in 

the in vivo tauopathy model. It has been reported that hyperphosphorylation of tau may alter its 
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elimination through degradative pathways such as autophagy or the proteasome (261). In fact, 

the abnormal accumulation of autophagosomes in neurons of AD patients and other age-related 

dementias constitutes an evidence of macroautophagy failure, however the exact mechanism 

underlying this alteration remains unknown (47, 262). Several authors hypothesized that the 

build-up of autophagosomes in these NDDs may be a consequence of an enhanced autophagy 

induction, an impaired lysosomal degradation in later stages of the macroautophagy pathway or 

a coexistence of both processes (222, 263). In this line, our results indicate that neuronal 

overexpression of human P301L tau blocks the macroautophagy flux both in vivo and in vitro, as 

indicated by abnormal accumulation of autophagosomes in neurons. This blockade of the 

macroautophagy flux could explain, at least in part, the abnormal accumulation of 

hyperphosphorylated tau observed in the different tauopathy models, that does not occur in the 

absence of NOX4. These results agree with a recent study that demonstrates that the pathogenic 

P301L mutation inhibits tau degradation by interfering with different autophagy pathways, 

including macroautophagy, suggesting an interplay between pathological tau and autophagy that 

may determine its faulty degradation in the context of disease (72). Interestingly, we found that 

the absence of global NOX4 and neuronal-targeted NOX4 knockdown, prevented 

macroautophagy blockade, even when tau-related alterations were present. Furthermore, NOX4 

deficiency increased the number of functional acidic autophagolysomes restoring the 

macroautophagy flux in vitro. These results suggest that an increase of neuronal NOX4 in 

tauopathy could play an active role in dysregulating macroautophagy flux and, thereby, 

contributing to disease progression. 

 
In AD patients, increased induction of macroautophagy causes an overburden of failing 

lysosomes that leads to neuron toxicity, pinpointing the progressive decline of lysosomal 

clearance as a facilitator of the robust autophagy pathology and neuritic dystrophy implicated in 

AD pathogenesis (50, 60, 78, 264). Hereof, TFEB coordinately activates the expression of key 

genes that regulate lysosomal biogenesis and functionality and modulates genes required for 
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autophagosome formation (79). Recent studies have provided evidence that increasing TFEB 

expression could be beneficial for the treatment of AD and other tauopathies (83, 84). In this 

study, we have observed that both NOX4 genetic deletion and neuronal-targeted NOX4 

knockdown, augmented the nuclear localization of TFEB in vivo, together with the 

overexpression of its transcripts, the lysosome-associated membrane protein-1 (LAMP1) and the 

protease cathepsin D (CTSD). These findings can be interpreted as neuronal NOX4 

downregulation can trigger TFEB nuclear translocation, increasing the availability of functional 

lysosomes to facilitate autophagosome degradation. In this regard, we also found increased 

colocalization of AT8 tau in CTSD positive lysosomes in NOX4-/- neurons, suggesting enhanced 

delivery of hyperphosphorylated tau to lysosomes for degradation. Further studies assessing 

potential implications of NOX4 inhibition on lysosomal acidification would be of interest to 

enlighten its neuroprotective role. These results, correlate with the reduction of 

hyperphosphorylated tau forms and may explain the reduced brain atrophy, synaptic dysfunction 

and cognitive impairments observed in the NOX4 knockout and neuronal NOX4 knockdown 

mice.  

 
Related to the primary function of NOX enzymes (i.e. ROS production), there is growing 

evidence supporting that NOX-derived ROS are essential signals to activate autophagy (229, 

230). In particular, NOX4 has consistently shown to induce the autophagy process (119, 229, 

265). Our results evidence that NOX4 deficiency reduces ROS production, prevents 

macroautophagy blockade and promotes lysosomal activity in vivo. Thus, we hypothesize that 

NOX4-derived ROS may participate in the overinduction of macroautophagy which, together 

with the toxic effect exerted by huTau P301L on this degradative mechanism, could determine 

the defective performance of this pathway, the excessive accumulation of autophagosomes and 

the faulty degradation of pathological forms of tau, in consistence with what has been described 

in several NDDs (47). In line with this assumption, it has been reported that NOX2-derived ROS 
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promoted Parkinsonian phenotypes and protein accumulation by impairing autophagic flux and 

lysosomal activity (266).  

 
Alternatively to our study, NOX4 has also been attributed an active role in the development 

and progression of other CNS disorders such as stroke (117), PD (267) and TBI (107, 113) which 

have augmented the interest in designing chemical compounds with selective NOX4 inhibitory 

properties (268). However, the lower specificity, selectivity, and poor pharmacokinetic profile to 

permeate the blood brain barrier (BBB) of available NOX4 inhibitors have impeded their study 

in more complex neurodegenerative preclinical models. 

 
Overall, this study shows for the first time that NOX4 is overexpressed in different human 

tauopathies (e.g. FTLD and AD) and its genetic deletion and neuronal downregulation prevents 

tau pathology and cognitive deficits in a humanized tauopathy in vivo model. Furthermore, it 

unveils a complex role for NOX4 in modulating the autophagy-lysosomal system in neurons. In 

conclusion, this study validates NOX4 as a new and unexplored target for the treatment of 

tauopathies and highlights the potential clinical relevance of developing BBB-permeable specific 

NOX4 inhibitors for tau-mediated neurodegenerative disorders. 

 
Melatonin: towards finding the appropriate dose and therapeutic window for the 

treatment of AD and related tauopathies 

 
In the third study indexed in this doctoral thesis, we show that late melatonin treatment, at a 

pharmacological dose, can potentially restore the macroautophagic flux and, thereby, prevent 

tau proteinopathy and cognitive decline in vivo. Of note, pathogenic processes extensively 

discussed in this doctoral thesis such as oxidative stress, neuroinflammation, 

hyperphosphorylation tau and disruption of macroautophagy dynamic, that precede cognitive 

decline, were partially restored by late melatonin treatment and mediated its neuroprotective 

effect. 
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There is great interest in the scientific community to determine the biochemical processes that 

precede cognitive decline in NDDs like AD and related tauopathies. This information could be 

helpful not only to find predictive biomarkers of disease progression, but also to define new 

disease-modifying therapeutic targets. In this study, we have observed that 7 days after human 

tau overexpression in vivo there is an increase in oxidative stress and neuroinflammatory markers, 

together with alterations in macroautophagy and hyperphosphorylation of tau; however, 

cognitive decline was still not apparent. This stage could be representing the prodromal phase of 

the disease where there is no apparent cognitive decline and could serve as a preclinical model 

to evaluate drug efficacy.  

 
Related to that, although oxidative stress was present at 7 days in hippocampal tissue, NOX4 

mRNA levels were not significantly upregulated until day 14 after AAV-huTau injection. It could 

be explained as an early glial response to human tau toxicity, specially lead by microglia, in 

which the levels of NOX2 are highly expressed under pathological conditions (251–254). In 

contrast, increase in NOX4 mRNA levels, whose expression is mainly neuronal (101, 117), could 

be due to an adaptive mechanism against a chronic insult, such as intracellular pathogenic tau 

accumulation in neurons. This sequential and cellular-dependent pattern of NOX enzymes 

induction has been previously reported in TBI patients (107). In these, an early expression of 

NOX2 in glial cells followed by an increase in NOX4 expression in neurons that gradually 

augment with prolonged injury were observed, in line with our data. These findings also correlate 

with the increased macroautophagy markers observed in hippocampal neurons 28 days after 

human tau overexpression, as neuronal ROS could be mediating a chronic macroautophagy 

overinduction and thereby, facilitating its blockage, as previously discussed. 

Noteworthily, although tau hyperphosphorylation was present at 7 days after tauopathy 

induction, the macroautophagy flux was not blocked yet. In fact, the significant reduction in LC3 

and p62 could indicate an accelerated macroautophagy flux with increased degradation of these 
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markers. In addition, the reduction observed in the lysosomal protease CTSD could be explained 

as a consequence of an early-stage lysosomal acidification impairment, as previously reported in 

primary tauopathies and AD (216, 217, 269), since pro-CTSD needs an acidic lysosomal 

environment to convert in the mature active form (270). Nevertheless, more studies need to be 

done to confirm these observations.  

 
However, 28 days after tauopathy induction a clear cognitive decline was observed. At this 

point, neuroinflammation was still present which is in line with previous reports that indicate that 

neuroinflammation occurs during tauopathy (271), and that it can contribute to the spreading of 

pathological tau in the brain (272) and lead to dementia. Most probably, the neuroinflammatory 

response is a consequence of the proteinopathy induced by hyperphosphorylated tau as shown 

for other aggregates of proteins such as Aβ. In fact, in melatonin-treated animals the reduction of 

inflammatory parameters was accompanied by a reduction in hyperphosphorylated tau and 

improvement of the macroautophagy markers. These results suggest that protein accumulation 

due to a deficit in this autophagy pathway, could be implicated in the initial stages of disease 

and could be used as a potential target against AD and other tauopathies. Overall, our results 

suggest that oxidative stress, neuroinflammation and alterations in different steps of autophagy 

pathways are present in the first stages of tau pathologies, even when cognitive decline is not 

apparent. Thus, to identify the molecular signature of autophagy blockage at early-stages of the 

disease could have a high impact on the clinical development of tau-based therapies. 

 
Although during the last decade different studies have related melatonin with autophagy 

regulation in different disease models, like cardiac and brain ischemia or subarachnoid 

hemorrhage (273–275), kainic acid–induced toxicity (157), prion peptide–induced toxicity (129), 

PD (276), TBI (132), or aging models (277), little is known about its implication in AD, and more 

specifically in tauopathies. Melatonin is widely known to regulate the autophagy-lysosome 

machinery at very different levels (278). For instance, several targets that participate in the 
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endoplasmic reticulum (ER) stress process, including ROS, are modulated by melatonin, affecting 

both autophagy and apoptosis (279). Moreover, melatonin has been reported as a mitochondria-

targeted antioxidant (280). Since autophagosome formation has been described to take place in 

the ER-mitochondria contact site (281); late melatonin treatment could be modulating the 

autophagosome formation through regulation of the endoplasmic reticulum (ER) stress 

mechanism, positively impacting on neuronal toxicity against tau pathology. Moreover, in a 

previous study of our group, we showed that the neuroprotective effect of melatonin against 

ischemia was partially mediated by alpha-7 nicotinic receptor (α7nAchR) modulation (282). 

Related to that, Jeong et al described that melatonin regulates the autophagic flux via activation 

of α7nAchR, playing a pivotal role in neuroprotection of prion-mediated mitochondrial 

neurotoxicity (283). Thus, melatonin could also be acting through α7nAchR signaling pathway 

to restore the autophagic flux blockade displayed by tau protein. 

 
Furthermore, melatonin is known to activate the autophagy-lysosome machinery in a TFEB-

dependent manner, antagonizing cadmium-induced autophagosome accumulation and 

neurotoxicity in vitro (284). Since TFEB has emerged as a master regulator of lysosome 

biogenesis, targeting lysosome function/biogenesis could be a promising therapeutic alternative 

in contexts in which the degradation of autophagosomes is restricted. Interestingly, in this study 

we demonstrate that late treatment with melatonin at a pharmacological dose of 10 mg/kg/d is 

able to restore the macroautophagy flux blockade, halting the progression to cognitive 

impairment. Consequently, melatonin may be favoring lysosomal function/biogenesis or 

enhancing the entire pathway instead of inducing the autophagy upstream, which might cause 

noxious effects. 

 
Taken together, this study expands the knowledge about the relationship between 

macroautophagy dysfunction at early- and late-stages, tauopathy, and cognitive impairment. We 

show how a pharmacological dose of melatonin in the initial phases of the disease can provide 
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a beneficial impact to stop or slow down disease progression by a new mechanism that involves 

restoration of the macroautophagy flux and, thereby, reducing hyperphosphorylated tau, 

oxidative stress, and neuroinflammation, which together provide neuroprotection and prevention 

of cognitive decline. However, further research would be of interest to enlighten the direct 

mechanism of action of melatonin on autophagy restoration in tau-related models. Furthermore, 

these results support the use of supraphysiological doses of melatonin as treatment or co-

treatment for AD and may pave the way to develop drugs for AD focused on compounds such 

as melatonin derivatives capable of restoring the autophagy flux. 
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Partial conclusions 

1) Acetylated tau, under normal conditions, is efficiently cleared up by macroautophagy. 

2) A large fraction of acetylated tau targeted to CMA exerts an inhibitory effect on this 

selective type of autophagy. 

3) CMA blockage favors rerouting of oligomers of acetylated tau towards LE/MVB by e-MI 

leading to extracellular release and cell-to-cell tau propagation in vivo.  

4) The same molecular mechanisms behind the toxicity of acetylated tau on CMA and the 

accumulation of oligomeric forms in LE/MVB are detected in brains from AD patients. 

5) CMA disruption is a previously unknown common feature of AD brains that could also 

contribute to neuronal degeneration and disease progression. 

6) Hyperphosphorylated tau positively modifies autophagy at early stages of tauopathy, 

produces oxidative stress and neuroinflammation. 

7) At late stages, hyperphosphorylated tau originates a blockage in neuronal 

macroautophagy flux leading to an accumulation of hyperphosphorylated tau oligomers, 

neurodegeneration and cognitive impairment. 

8) NOX4 is upregulated in brains of FTLD and AD patients and in a humanized mouse 

model of tauopathy. 

9) Neuronal-targeted NOX4 knockdown diminishes the accumulation of pathological tau 

and positively modifies established tauopathy by a mechanism that implicates 

modulation of macroautophagy and lysosomal activity, thereby, reducing neurotoxicity 

and preventing cognitive decline. 

10) Pharmacological doses of melatonin impede cognitive decline by reducing oxidative 

stress and neuroinflammation and by restore the macroautophagic flux, even when 

tauopathy is established. 
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Overall conclusion 

There is a complex interplay between tau and the different autophagy pathways. In general, 

pathogenic tau is efficiently cleared up by macroautophagy at early-stages of tauopathy. 

However, the inhibitory effect that certain early-tau PTMs (i.e. acetylation) exert on CMA, favors 

rerouting of toxic oligomeric tau toward e-MI leading to extracellular release, neuron-to-neuron 

spreading and disease propagation. Eventually, at late-stages of the disease, macroautophagy 

collapses, in part, due to a decline of lysosomal clearance and fails to degrade pathogenic tau, 

prompting to neuronal toxicity and neurodegeneration. In this scenario, strategies aiming to 

positively modulate macroautophagy flux and lysosomal activity, such as NOX4 inhibition or 

pharmacological doses of melatonin, could have therapeutic potential for the treatment of AD 

and related tauopathies, even when tau pathology is already established. 
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Conclusiones parciales 

1) La proteína tau acetilada, en condiciones normales, es eliminada eficientemente por la 

macroautofagia. 

2) Una gran fracción de tau acetilada es dirigida a la CMA y ejerce un efecto inhibidor sobre 

este tipo selectivo de autofagia. 

3) El bloqueo de la CMA favorece el re-direccionamiento de oligómeros de tau acetilada a 

los LE/MVB por la e-MI que conduce a su exocitosis y a la propagación de la enfermedad. 

4) Los mismos mecanismos moleculares implicados en la toxicidad de la proteína tau 

acetilada sobre la CMA y su acumulación en forma de oligómeros en los LE/MVB, se 

encuentran en cerebros de pacientes con EA. 

5) El bloqueo de la CMA es una característica común previamente desconocida de los 

cerebros de pacientes con EA que también podría contribuir a la degeneración neuronal 

y a la progresión de la enfermedad. 

6) La proteína tau hiperfosforilada modifica positivamente la maquinaria de la autofagia en 

las primeras etapas de la tauopatía, produce estrés oxidativo y neuroinflamación. 

7) En etapas tardías, la proteína tau hiperfosforilada desencadena un bloqueo en el flujo de 

la macroautofagia en neuronas que conduce a una acumulación de oligómeros de tau 

hiperfosforilada, neurodegeneración y deterioro cognitivo. 

8) La expresión de NOX4 está incrementada en cerebros de pacientes con FTLD y AD y en 

un modelo humanizado de tauopatía in vivo. 

9) La inhibición de NOX4 y, específicamente, su isoforma neuronal, disminuye la 

acumulación de la proteína tau hiperfosforilada incluso cuando la taupatía está 

instaurada, a través de la modulación de mecanismos tales como la macroautofagia y la 

actividad lisosomal, reduciendo así la neurotoxicidad y previniendo el deterioro 

cognitivo. 
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10) El tratamiento con dosis farmacológicas de melatonina impide el deterioro cognitivo al 

reducir el estrés oxidativo y la neuroinflamación y restablecer el flujo macroautofágico, 

incluso cuando la taupatía ya está establecida. 

 

Conclusión general 

Existe una interacción compleja entre la proteína tau y las diferentes vías de autofagia. En general, 

la proteína tau patogénica se elimina eficientemente a través de la macroautofagia en las 

primeras etapas de la tauopatía. Sin embargo, el efecto inhibidor que ciertas modificaciones 

prostraduccionales tempranas de la proteína tau, como la acetilación, ejercen sobre la CMA, 

favorece el re-direccionamiento de oligómeros de tau tóxicos hacia la e-MI, que finalmente, 

conduce a su liberación extracelular y a la propagación de la enfermedad. Finalmente, en las 

últimas etapas de la enfermedad, la macroautofagia colapsa, en parte, debido a una disminución 

de la actividad de los lisosomas, que no degradan la proteína tau patógena, acumulándose, lo 

que provoca toxicidad neuronal y neurodegeneración. En este escenario, estrategias dirigidas a 

modular positivamente el flujo de macroautofagia y la actividad lisosomal, como la inhibición 

de la proteína NOX4 o el tratamiento con dosis farmacológicas de melatonina, podrían tener 

potencial terapéutico para el tratamiento de la EA y tauopatías relacionadas, incluso cuando la 

patología tau ya está establecida. 
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Supplemental Figure 1. Lysosomal degradation of acetylated tau. (a) Immunoblot for the indicated 
antibodies of homogenates of brains from wild-type (WT) and tau-null (tau KO) mice. (b, c) Immunoblot 
for the indicated antibodies of mouse brain slices (b) or wild-type mouse embryonic fibroblasts (MEFs) (c) 
incubated with the indicated inhibitors for 4h. (d) Immunoblot for the indicated antibodies of MEFs and 
Neuro-2a (N2a) cells transfected with unmodified (WT) or acetylation-mimetic (KQ) tau. (e) Immunoblot 
for the indicated proteins of MEFs from WT, Atg5 knock-out (ATG 5 KO) or LAMP-2A knock-out (L2A KO) 
mice transfected with a plasmid expressing GFP to confirm knockout. GFP is shown as loading control. (f) 
Immunoblot for Atg7 of the indicated brain regions from wild-type (WT) and Atg7 knock-out (ATG7 KO). 
(g) Additional characterization of the autophagosomes (APG) and autolysosomes (AUT) used in the study 
presented in main Figure 1f, g. A second antibody for LC3 that preferentially recognized LC3-II was used.  

a b c d 

e 

g f 
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Supplemental Figure 2. Immunohistochemistry for acetylated tau in mouse brain sections. (a) Immunoblot 
for LAMP2A of the indicated brain regions from wild-type (WT) and L2A knock-out (L2A KO). (b) 
Immunohistochemistry staining for acetylated tau of brain sections from PS19/LG301 (positive control), 
wild-type (WT) and tau knock out (negative control) mice. (c) Characterization of the lysines acetylated in 
the recombinant protein with antibodies specific for the residues. The lysine residues recognized for each 
antibody are annotated in the figure. The antibody against K-274 was not used in the in vitro assays with 
the recombinant protein as it presented some cross-reactivity with the control non-acetylated tau. (d) 
Incubation of disrupted lysosomes with recombinant tau in the presence of the indicated protease inhibitors 
(PI: cocktail of serine, cysteine and aspartic protease inhibitors; MG-132: proteasome inhibitor). Left: 
representative immunoblot. Right: densitometric quantification of 3 independent experiments. Values are 
mean+s.e.m.  
 
 
 
 
 

c 
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Supplemental Figure 3. Impact of acetylated tau and pH changes on CMA dynamics. (a) Immunoblot for 
LAMP-2A of blue-native electrophoresis of lysosomes incubated alone or with in vitro acetylated tau (Ac-
tau) and supplemented with the indicated concentrations of the hsc70 activator (JG48). (b) Full curves of 
tau or K280Q tau binding assay to immobilized hsc70 determined by ELISA at different pH. n= 6 (in 2 
independent experiments). (c) ATPase competency assay for hsc70 at different pH determined by 
absorbance to determine phosphate concentration; n= 6 (in 2 independent experiments). in triplicates. All 
values are mean+s.e.m. (d) Percentage of broken lysosomes after the indicated treatments calculated from 
the activity of hexosaminidase detected outside lysosomes relative to that in lysosomes. n= 3. (c) 
Immunoblots of lysosomes from starved rat livers, pretreated or not with protease inhibitors (PI) and/or 
NH4Cl 20mM or Bafilomycin (20 �M) for 10 minutes at 4ºC and then incubated with GAPDH. Inpt: input 
1 �g GAPDH. Right: Quantification of GAPDH uptake by the lysosomes shown on the right. n= 3.  
 
 
 
 

b 

c d 

e 
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Supplemental Figure 4. siVps4-mediated knock down and Isolated lysosomes proteolytic activity. (a) 
Immunoblot with the indicated antibodies of homogenate (Hom) and late endosomes (LE) isolated from 
mice brain. Dashed line indicates separation between running and stacking gel. The same homogenate 
and LE fractions were loaded in triplicate in a gel and strips of the membrane were separately incubated 
with each of the antibodies to allow for comparison among antibodies. (b) Immunoblots for the indicated 
proteins of lysate and media from control and siRNA-mediated Vps4 knock-down (siVPS4) HEK cells 
transfected with FLAG-wild-type tau (WT tau). Left: representative immunoblot. Right: quantification of the 
amount of tau (left), percentage of tau degradation per hour (middle) and levels of extracellular tau (right) 
relative to those in control cells. n= 3 independent experiments. Values are mean+s.e.m. (c) Immunoblots 
for the indicated proteins to confirm the knock-down in the cells used for the experiments in main Figure 
4g.  
 

a 

b c 
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Supplemental Figure 5. Isolation of autophagic compartments from human brain. (a) Immunoblot for the 
indicated forms of tau in homogenates of brains from control and Alzheimer’s disease (AD) patients. 4 
brains from each diagnosis are shown. (b-e) Immunoblot for the indicated proteins of homogenates (Hom), 
cytosol (Cyt) and two populations of lysosomes (Lys) with different CMA activity (CMA+ and CMA-) (b), or 
autophagic vacuoles (AV) (c, e) or late endosomes (LE) (d, e) isolated from the frontal area of brains from 
patients with Alzheimer’s Disease (AD) and non-neurological patients of matching age (Control). (f) 
Immunoblot for the indicated proteins in total lysosomes and lysosomal matrix (L. Matrix) from AD patients 
and controls (Ctr).   

e f 
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Supplemental Figure 6. CMA deficiency and Tau spreading. (a) Co-localization of human tau (huTau) with glia 
markers: microglia (Iba1) and astrocytes (GFAP) between WT and L2AKO mice at 8 weeks after injection. Right: 
quantification of mean huTau intensity in different brain cell populations. [Cell-type effect F

2,18
=235.8, p<0.0001; 

Genotype effect F
1,18
=16.26, p=0.0008], n= 4 per genotype. (b) Representative images of GFP and huTau 

immunofluorescence stainings in CA1 and CA3 of the hippocampus between WT and L2AKO mice at 2 and 4 
weeks after surgery. White arrows highlight recipient cells. (c) Number of donor cells overtime between WT and 
L2AKO mice; n= 3-4 per timepoint and genotype. (d) Representative pictures of GFP and acetylated tau (K174) 
immunostainings in CA1 and CA3 of the hippocampus between WT and L2AKO mice at 8 weeks post-injection. 
Bottom: quantification of GFP and acetylated tau (Ac-Tau) intensity of donor cells between WT and L2AKO mice 
at 8 weeks post-surgery [t

6
=4.5522, p=0.0039]; n=4 per genotype. Data are mean±s.e.m. Differences with WT 

mice were significant for **p<0.005, *** p<0.0005.

a 

b CA1 CA3 
CA3 

High mag CA1 d CA3 
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Appendix to chapter 2: 
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Supplemental Figure 7: NOX isoforms transcriptional profile in FTLD, AD and non-demented subjects. 
(A) mRNA levels of NOX isoforms in human brain lysates from hippocampus and prefrontal cortex of FTLD 
(n=8), AD (n=9) and non-demented subjects (Ctrl) (n=5). Data are presented as mean ± SEM. Significance 
was determined by an unpaired Student´s t test between Ctrl and FTLD/AD. *p<0.05; **p<0.01. 
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Supplemental Figure 8: AT8 SS tau levels in FTLD, AD and non-demented subjects. (A) Quantification of 
AT8 SS tau oligomers and monomers from FTLD (n=7) and non-demented subjects (Ctrl) (n=5). (B) 
Quantification of AT8 SS tau oligomers and monomers from AD (n=9) and Ctrl subjects (n=5). Data are 
presented as mean ± SEM. Significance was determined by an unpaired Student´s t test. SS (sarkosyl-
soluble). 
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Supplemental Figure 9: NOX4 expression in neurons and glia in the hippocampus of AAV-hTau injected 
mice. (A) Representative images of AT8 and NOX4 relative intensity in the hippocampus (upper panel), 
CA1 pyramidal neurons (middle panel) and glia from stratum radiatum (lower panel) in AAV-GFP and 
AAV-hTau injected mice. Insets show images at higher magnification. Scale bars: 500 µm (5X); 15 µm 
(63X). Scale bars: 10 µm (63X), respectively. S. Oriens (Stratum Oriens); S. Rad (Stratum Radiatum). 
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Supplemental Figure 10: mRNA levels of p62 and LC3 in NOX4+/+ and NOX4-/- mice injected with AAV-
hTau. Quantification of p62 (A) and LC3 (B) mRNA levels in NOX4+/+ (n=5-6) and NOX4-/- (n=6) mice 
injected with AAV-hTau. Data are presented as mean ± SEM. Significance was determined by one-way 
ANOVA with Tukey´s post hoc test. 
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Supplemental Figure 11: Oxidative stress markers in the hippocampus from NOX4+/+ and NOX4-/- mice 
28 days after AAV-hTau injection. (A) Schematic representation of the protocol. Representative images (B) 
and quantification of DHE (C) and H2DCFDA (D) fluorescence intensity in the hippocampus from NOX4+/+ 

(PBS, n=3 and AAV-hTau, n=5) and NOX4-/- (AAV-GFP, n=3 and AAV-hTau, n=5) mice.  Scale bars: 1000 
µm (2X). Data are presented as mean ± SEM. Significance was determined by one-way ANOVA with 
Tukey´s post hoc test. *p < 0.05; ***p < 0.001; #p < 0.05; ###p < 0.001. 
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Supplemental Figure 12: Inflammatory markers in the hippocampus of NOX4+/+ and NOX4-/- mice 28 
days after AAV-hTau injection. Representative images (A) and quantification (B-E) of protein expression 
levels in hippocampal lysates of iNOS, CD68, Caspase-1 and IL-1b in NOX4+/+ (AAV-GFP, n=5-9 and 
AAV-hTau, n=6-12) and NOX4-/- (AAV-GFP, n=5-9 and AAV-hTau, n=7-14) mice. Data are presented as 
mean ± SEM. Significance was determined by one-way ANOVA with Tukey´s post hoc test.  *p < 0.05; #p 
< 0.05; ##p < 0.01. 
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Supplemental Figure 13: NOX4 mRNA levels in AAV-shNOX4 injected mice. Quantification (A) and 
representative images (B) of GFP intensity in CA1 neurons, microglia and astrocytes in AAV-shNOX4 (n=6) 
injected mice. Insets show images at a higher magnification. Scale bars: 25 µm (40X). (C) Quantification 
of NOX4 mRNA levels in AAV-GFP (n=18) and AAV-hTau (AAV-shSCR, n=10; AAV-shNOX4, n=8) 
injected mice. Data are presented as mean ± SEM. Significance was determined by one-way ANOVA with 
Tukey´s post hoc test. ***p < 0.001; ##p < 0.01. 
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Supplemental Figure 14: NOX4 genetic deletion diminishes the accumulation and missorting of 
hyperphosphorylated tau and prevents dendritic spine loss in primary cultured neurons. (A) 
Representative images of AT8 staining in dendrites in NOX4+/+ neurons subjected to PBS + AAV-GFP or 
AAV-hTau + AAV-GFP treatments. Scale bars: 5 µm (63X). (B) Pearson´s R value between AT8 staining in 
dendrites and number of dendritic spines in NOX4+/+ neurons subjected to PBS / AAV-hTau + AAV-GFP 
treatments. n=131 dendrites analyzed from 4 independent experiments. (C) Representative images of AT8 
somatodendritic missorting in NOX4+/+ and NOX4-/- primary cultured neurons subjected to AAV-hTau. 
Scale bars: 20 µm (63X). (D) Quantification of AT8 staining in dendrites in NOX4+/+ (AAV-hTau, n=70) and 
NOX4-/- (AAV-hTau, n=58) primary cultured neurons. n=dendrites analyzed from 4 independent 
experiments. Quantification (E) and representative images (F) of the number of dendritic spines per 10 µm 
in the secondary and tertiary segments in NOX4+/+ (AAV-GFP, n=14 and AAV-GFP + AAV-hTau, n=15) 
and NOX4-/- (AAV-GFP, n=13 and AAV-GFP + AAV-hTau, n=11) primary cultured neurons. Scale bars: 5 
µm (63X). n=neurons analyzed from 4 independent experiments. Data represents mean ± SEM and Box 
and whiskers when applicable. Significance was determined by one-way ANOVA with Tukey´s post hoc 
test or Mann-Whitney test for nonparametric data sets. **p < 0.01; #p < 0.05.  
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Supplemental Figure 15: Characterization of NOX4-/- mice. (A) Electrophoresis in 1% agarose gels to 
determine the genotype of the mice used: a band at 435 bp indicates WT genotype, a band at 517 bp 
indicates that the animal is KO for NOX4 and a band at 469 indicates that the NOX4 gene is floxed by the 
LoxP sites, but there is no recombination and therefore no excision of NOX4 gene. (B) Quantification of 
the NOX4 mRNA levels in hippocampal lysates of NOX4+/+ and NOX4-/- mice shows a total absence of 
NOX4 mRNA in NOX4-/- AAV-hTau compared to NOX4-/- AAV-hTau injected mice. n = 6-14. *** p < 
0.0002, one-way ANOVA with Tukey´s post hoc test. Data correspond to mean ± SEM. 
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Supplemental Figure 16: Effect of increasing concentrations of melatonin in AO treated hippocampal 
slices and effect of melatonin 10 μM per se. (A) Cell death measured by MTT in hippocampal brain slices 
subjected to 6h of OA in presence of increasing concentrations of melatonin and effect of 10 μM of 
melatonin per sé. (B) Representative images of the hippocampus stained with PI and H2DCFDA in basal 
and 10 μM of melatonin group. (C) Quantification of PI and H2DCFDA fluorescence. Effect of melatonin 
per sé on tau hyperphosphorylation (D), LC3 II/I ratio (E) and p62 (F) measured by western blot (n=6).  
Data are represented as mean ± S.E.M of 6 different experiments. *p<0.05, **p<0.01, ***p<0.001 respect 
to basal condition; #p<0.05, ##p<0.001 respect to OA in the absence of melatonin.  
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Supplemental Figure 17: Effect of melatonin on inflammatory parameters. (A) Representative images and 
quantification of p65 transcription factor and (B) IL 1β measured by western blot. Due to AAV-hTau 
injection an increase in both parameters is observed, whereas melatonin is able to impede these alterations. 
Data are represented as mean ± S.E.M of 7-9 different animals per group. *p<0.05, respect to basal 
condition; #p<0.05, respect to AAV-hTau in the absence of melatonin.  (C) Representative images of 
microgliosis and astrogliosis produced by AAV-hTau 28 days after i.c.v injection measured by Iba-1 and 
GFAP staining, and the merge with Hoechst of CA1 hippocampal region. Late melatonin treatment is able 
to restore to basal condition both parameters (n=6). 
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