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 ABSTRACT  

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by a 

progressive loss of memory and cognition. The brain of AD patients is characterized by 

co-existence of amyloid plaques, extracellular protein deposits where the major 

component is the β-amyloid peptide (Aβ), and neurofibrillary tangles (NFTs), composed of 

paired helical filaments of the microtubule-associated protein tau abnormally 

hyperphosphorylated (P-tau). The Aβ peptide is a small polypeptide generated by the 

proteolytic processing of a much larger transmembrane protein, the β-amyloid precursor 

protein (APP) through the successive action of two proteolytic enzymes, β-secretase and 

γ-secretase. γ-Secretase is an intramembranous multi-protein complex that cleaves more 

than 90 substrates, some of them with critical roles in neuronal function. Presenilin-1 

(PS1) is the catalytic component of the γ-secretase complex. Our group has previously 

demonstrated the presence of PS1 in human cerebrospinal fluid (CSF) samples. 

Since the diagnosis for AD is mainly based on clinical symptoms, definition of an 

early biomarker for the disease is needed. Our present study further explores the 

potential of the levels of PS1 in human CSF as an early biomarker for AD. In this regard, 

we have analysed by Western blotting and sucrose gradients ultracentrifugation the 

levels of PS1 in CSF samples from symptomatic and asymptomatic genetically determined 

AD subjects (autosomal dominant AD: ADAD), from demented and non-demented Down 

Syndrome (DS) patients, from sporadic AD (sAD) and from mild cognitive impairment 

subjects (MCI), all compared to age-matched controls. We demonstrated an increase in 

high stable PS1 complexes and altered levels of CSF-PS1 in both symptomatic and 

asymptomatic ADAD subjects, in DS subjects with and without dementia and also in sAD 

and MCI subjects. We concluded that the occurrence of increased levels of high stable 

PS1 complexes in the CSF are more related to the brain pathological status than the 

occurrence of dementia and cognitive decline.	Our results suggest that such increase is 

an early phenomenon associated to AD and may constitute an early and asymptomatic 

biomarker. 
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Moreover, APP can undergo alternative processing pathways. Indeed, in the main 

pathway, the non-amyloidogenic pathway, APP is cleaved by α-secretase within the Aβ 

domain, precluding Aβ formation. We were also interested in characterize whether α-

secretase ADAM10 (α-disintegrin and metalloprotease 10) is present in CSF. We found 

different ADAM10 species in human CSF. We identify by Western blotting two mature 

forms corresponding to the full length (ADAM10f) and the soluble form of ADAM10 

(sADAM10), and also the immature form of the ADAM10 (proADAM10). In CSF samples 

from AD patients we found a significant decrease in mature forms, ADAM10f and 

sADAM10 compared to control CSF, while proADAM10 levels remained unaltered. Our 

data suggest the potential to explore decreased levels of mature forms of CSF-ADAM10 

as a new and alternative biomarker for AD. 

Finally, we also extended our research on understanding the failure of γ-secretase 

inhibitors (GSI) as a therapy for AD. Most of the recently assayed AD therapies have not 

been successful to improve the condition of the patients. Some of these therapies aim to 

decrease the production of Aβ by inhibition of γ-secretase/PS1. Specifically, we addressed 

the possibility that GSIs can provoke a rebound effect, elevating the levels of the catalytic 

γ-secretase subunit, PS1. We performed in vitro experiments in which we obtained 

augments in PS1 after treatment with DAPT, a well-known GSI, or avagacestat, one of the 

first GSI that undergone clinical trials. We also performed in vivo experiments in which 

rats were sub-chronically treated with avagacestat. PS1 was increased in brain extracts 

from treated rats.  In all the conditions, we found a rebound effect in PS1 as consequence 

of the γ-secretase inhibition. These results indicate that the rebound increase in PS1 in 

response to GSIs must be taken into consideration for the design of future therapeutic 

drugs.  
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RESUMEN 

La enfermedad de Alzheimer (EA) es un desorden neurodegenerativo 

caracterizado por la pérdida progresiva de memoria y capacidades cognitivas. El cerebro 

de los pacientes con EA se caracteriza por la presencia de depósitos extracelulares, las 

denominadas placas amiloides, cuyo principal componente es el péptido β-amiloide (Aβ), 

y ovillos neurofibrilares, formaciones intracelulares compuestas por filamentos de la 

proteína citoesquelética tau, anormalmente hiperfosforilizada (P-tau). El péptido Aβ es un 

pequeño polipéptido que se genera como resultado del procesamiento proteolítico de 

una proteína transmembrana de mayor tamaño, la proteína precursora del β amiloide 

(APP, del inglés amyloid precursor protein), a través de la acción sucesiva de dos enzimas 

proteolíticas, β-secretasa y γ-secretasa. γ-Secretasa es un complejo enzimático localizado 

en la membrana que procesa más de 90 sustratos diferentes, muchos de ellos con 

funciones importantes en la actividad neuronal. Presenilina-1 (PS1) es el componente 

catalítico de dicho complejo. Estudios previos de nuestro grupo han demostrado la 

presencia de PS1 en líquido cefalorraquídeo (LCR) humano. 

Actualmente, el diagnóstico de la EA está basado en la sintomatología clínica, por 

ello, existe una necesidad de definir un biomarcador temprano para la enfermedad. Uno 

de los estudios incluidos en la presente Memoria de Tesis explora el potencial de los 

niveles de PS1 en LCR humano como un biomarcador temprano para la EA. En esta línea 

de la investigación hemos analizado mediante Western blot y ultracentrifugación en 

gradientes de sacarosa los niveles de PS1 en muestras de LCR de sujetos sintomáticos y 

asintomáticos que presentan la variante genéticamente determinada de la EA (EA 

dominante autosómica), de individuos demenciados y no demenciados con síndrome de 

Down (SD), de pacientes con EA esporádica y de pacientes con déficit cognitivo leve 

(DCL), todos ellos comparados con controles de edad pareada. Con estos estudios hemos 

demostrado un incremento en los denominados complejos de PS1 altamente estables, así 

como niveles alterados de la PS1 en LCR de pacientes con EA dominante autosómica 

sintomáticos y asintomáticos, en pacientes con SD con y sin demencia y en los pacientes 

de EA esporádica y DCL. Concluimos que el incremento en el LCR de los niveles de 
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complejos altamente estables de PS1 está más relacionada con el estado patológico del 

cerebro que con la progresión de la demencia y el declive cognitivo. Nuestros resultados 

sugieren que dicho aumento es un fenómeno temprano asociado con la EA y podría 

constituir un biomarcador asintomático temprano.  

Dentro de la línea de búsqueda de nuevos biomarcadores de EA incluimos un 

segundo estudio en el que analizamos ADAM10, proteína identificada como la 

responsable de la actividad α-secretasa en LCR. APP es procesada por dos vías 

alternativas, la no amiloidogénica, que es la vía principal en situaciones normales, y la vía 

amiloidogénica, en la que se genera el Aβ. En la vía no amiloidogénica, la enzima α-

secretasa corta a APP por el dominio Aβ, evitando así la formación del péptido Aβ. 

Demostramos mediante Western blot que en LCR están presentes diferentes variantes de 

ADAM10 que corresponden a una forma inmadura que mantiene el prodominio, una 

forma madura completa no procesada y una forma truncada secretada desde la 

membrana celular. No obstante, lo más relevante es que encontramos que los niveles de 

formas maduras estaban disminuidos en LCR de pacientes con EA, en comparación con 

pacientes control. Sin embargo, la cantidad de forma inmadura era semejante entre 

muestras control y patológicas. Nuestros resultados sugieren los niveles reducidos de las 

formas maduras de ADAM10 en el LCR como un potencial y alternativo biomarcador para 

la EA. 

Por otro lado, también decidimos estudiar a que es debido el fracaso de los 

inhibidores de γ-secretasa (GSIs, del inglés gamma secretase inhibitors) como terapia 

para la EA. Hasta ahora, la mayoría de las terapias testadas para la enfermedad que han 

llegado a ensayo clínico no han tenido éxito alguno en la mejora cognitiva de los 

pacientes y los ensayos han tenido que ser suspendidos. Muchas de estas terapias son 

inhibidores de γ-secretasa o PS1 que tienen como fin reducir la producción de Aβ. 

Específicamente, en nuestro estudio abordamos la posibilidad de que el uso sostenido de 

GSIs pueda provocar un efecto rebote, elevando así los niveles de PS1, que contribuirían a 

un empeoramiento de la patología. Llevamos a cabo experimentos in vitro en los que 

realizamos tratamientos con dos GSIs, DAPT y avagacestat, este último probado en 

ensayos clínicos, y obtuvimos en ambos casos un aumento en PS1. Esto nos llevó a 

estudiar el efecto de avagacestat en experimentos in vivo en los cuales se realizó un 
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tratamiento sub-crónico con el GSI avagacestat en ratas. Obtuvimos un incremento de los 

niveles de PS1 en los extractos de cerebro de las ratas tratadas con el inhibidor. En 

resumen, encontramos un efecto rebote en PS1 como consecuencia de la inhibición de γ-

secretasa. Es por ello que estos resultados deben tenerse en cuenta para el diseño de 

futuros fármacos para la EA. 
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RESUM 

La malaltia d'Alzheimer (MA) és un desordre neurodegeneratiu caracteritzat per la 

pèrdua progressiva de memòria i capacitats cognitives. El cervell dels pacients amb MA es 

caracteritza per la presència de dipòsits extracel·lulars, les denominades plaques 

amiloides, el principal component dels quals és el pèptid β amiloide (Aβ), i cabdells 

neurofibrilars, formacions intracel·lulars compostes per filaments de la proteïna 

citoesquelètica tau, anormalment hiperfosforilitzada (P-tau). El pèptid Aβ és un petit 

polipèptid que es genera com a resultat del processament proteolític d'una proteïna 

transmembrana de major grandària, la proteïna precursora del β amiloide (APP, de 

l'anglès amyloid precursor protein), a través de l'acció successiva de dos enzims 

proteolítiques, β-secretasa i γ-secretasa. γ-Secretasa és un complex situat en la 

membrana que processa més de 90 substrats diferents, molts d'ells amb funcions 

importants en la funció neuronal. Presenilina-1 (PS1) és el component catalític de dit 

complex. Estudis previs del nostre grup han demostrat la presència de PS1 en líquid 

cefaloraquidi (LCR) humà. 

Actualment, el diagnòstic de la MA està basat en la simptomatologia clínica, per 

això, existeix una necessitat de definir un biomarcador primerenc per a la malaltia. Un 

dels estudis inclosos en la present Memòria de Tesi explora el potencial dels nivells de 

PS1 en LCR humà com un biomarcador primerenc per a la MA. En aquesta línia de la 

recerca hem analitzat mitjançant Western blot i ultracentrifugació en gradients de 

sacarosa els nivells de PS1 en mostres de LCR de pacients simptomàtics i asimptomàtics 

que presenten la variant genèticament determinada de la MA (MA dominant 

autosòmica), de pacients demenciats i no demenciats amb síndrome de Down (SD), de 

pacients amb MA esporàdica i de pacients amb dèficit cognitiu lleu (DCL), tots ells 

comparats amb controls d’edat aparellada. Amb aquests estudis hem demostrat un 

increment en els denominats complexos de PS1 altament estables, així com nivells 

alterats de la PS1 en LCR de pacients amb MA dominant autosòmica simptomàtics i 

asimptomàtics, en pacients amb SD amb i sense demència i en els pacients de MA 

esporàdica i DCL. Concloem que l'increment en el LCR dels nivells de complexos altament 
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estables de PS1 està més relacionada amb l'estat patològic del cervell que amb la 

progressió de la demència i el declivi cognitiu. Els nostres resultats suggereixen que 

aquest augment és un fenomen primerenc associat amb la MA i podria constituir un 

biomarcador asimptomàtic primerenc.  

Dins de la línia de cerca de nous biomarcadors de la MA incloem un segon estudi 

en el qual analitzem ADAM10, identificada com l'enzim responsable de l'activitat α-

secretasa en LCR. APP és processada per dues vies alternatives, la no amiloidogènica, que 

és la via principal en situacions normals, i la via amiloidogènica, en la qual es genera l'Aβ. 

En la via no amiloidogènica, l'enzim α-secretasa talla a APP pel domini Aβ, evitant així la 

formació del pèptid Aβ. Vam demostrar mitjançant Western blot que en LCR estan 

presents diferents variants d'ADAM10 que corresponen a dues formes madures, 

identificades com la proteïna sencera i la seva forma soluble, així com una forma 

immadura. No obstant això, el més remarcable dels nostres resultats és que trobem que 

els nivells de formes madures estaven disminuïts en LCR de pacients amb MA, en 

comparació amb pacients control; mentre que la quantitat de forma immadura era 

semblant entre mostres control i patològiques. Els nostres resultats suggereixen els 

nivells reduïts de les formes madures d'ADAM10 en el LCR com un potencial i alternatiu 

biomarcador per a la MA. 

D'altra banda, també decidim estudiar el fet a que és degut el fracàs dels 

inhibidors de γ-secretasa (GSIs, de l'anglès gamma secretase inhibitors) com a teràpia per 

a la MA. Fins ara, la majoria de les teràpies testades per a la malaltia que han arribat a 

assaig clínic no han tingut èxit algun en la millora cognitiva dels pacients i els assajos han 

hagut de ser suspesos. Moltes d'aquestes teràpies són inhibidors de γ-secretasa o PS1 

que tenen com a fi reduir la producció de Aβ. Específicament, en el nostre estudi 

abordem la possibilitat que l'ús sostingut de GSIs puga provocar un efecte rebot, elevant 

així els nivells de PS1, que contribuirien a un empitjorament de la patologia. Duem a 

terme experiments in vitro en els quals realitzem tractaments amb dos GSIs, DAPT i 

avagacestat, que ha estat provat en assajos clínics i vam obtenir en tots dos casos un 

augment en PS1. Això ens va portar a estudiar l'efecte de avagacestat en experiments in 

vivo, en els quals es va realitzar un tractament sub-crònic amb aquest compost en rates. 

Vam obtenir un increment dels nivells de PS1 en els extractes de cervell de les rates 
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tractades amb l'inhibidor. En resum, trobem un efecte rebot en PS1 com a conseqüència 

de la inhibició de γ-secretasa. És per això que aquests resultats han de tenir-se en compte 

per al disseny de futurs fàrmacs per a la MA. 
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In 1901 Auguste Deter was admitted in the Municipal asylum of Frankfurt. She 

was described as a 51-year-old delusional, forgetful, disoriented, anxious, suspicious, 

unruly and disruptive woman. Her husband stated that in a 1-year period she had 

changed drastically: she became increasingly jealous, could not carry out her 

homemaking duties, and constantly expressed fears of being persecuted and bothered by 

the neighbours. She also described auditory hallucinatory experiences. 

In 1907, in the article “Über eine eigenartige Erkrankung der Hirnrinde”, the 

Bavarian psychiatrist Alois Alzheimer described for the first time the special disease of 

this patient, identified in the publication as Auguste D, who had shown progressive 

cognitive impairment. From 1901, Alzheimer followed Auguste D’s case until her death in 

1906. After that, using the newly developed Bielschowsky’s silver staining method, 

Alzheimer observed and described the anatomical features of a new disease, different 

from all the others known at this time. It was named after his name in 1910 by Emil 

Kraepelin, Alois Alzheimer’s superior (related in Ramirez-Bermudez, 2012). For this 

reason, he is considered to be the founding father of this neuropathology. He reported:  

…She is entirely disoriented to time and place. Once in a while she makes 

comments that she does not understand anything going on; or has lost track of things… 

…A single one or a few fibrils come to prominence on the inside of an otherwise 

still “normal” appearing cell. Then, during further progression, many such fibrils running 

next to each other show changes in the same way. They subsequently fold together into 

dense bundles and move towards the cell surface. Eventually the nucleus and the cell 

disintegrate, and only a tangled bundle of fibrils indicates the place which had formerly 

been occupied by a ganglion cell. Since these fibrils are stainable with other dyes than 

normal neurofibrils, a chemical transformation of the fibril substance must have taken 

place; which appears to be the cause for the fibrils’ persistence after demise of the cell. 

The transformation of the fibrils seems to go hand in hand with the deposition of a not 

yet more closely examined pathological metabolic product into the ganglion cell… 

(Alzheimer et al., 1995). 
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 An estimated 46.8 million people worldwide were living with dementia in 2015 

and this number will reach 131.5 million in 2050. People living with dementia have poor 

access to appropriate healthcare, even in most high-income country settings, where only 

around 50% of people living with dementia receive a diagnosis. In middle- and low-

income countries, less than 10% of cases are diagnosed (data from the World Alzheimer 

Report 2016).   

Clinically, Alzheimer’s disease (AD) is an irreversible, progressive brain disease that 

slowly impairs memory and cognitive skills. The inability to learn and remember new 

information (i.e., anterograde amnesia) is the clinical hallmark of AD pathology. At 

histological level, AD results in progressive spreading of specific pathological lesions in a 

non-random manner across various brain regions. Based on this evidence, six different 

stages of disease progression have been categorised (Braak and Braak, 1991): the 

clinically silent transenthorrinal stages I-II; the limbic stages II-IV of incipient AD; and the 

neocortical stages V-VI of fully developed AD. As dementia progress the condition 

worsens over time, and the cognitive decline is often seen by psychiatric features, 

including confusion, agitation, poor-judgement and behavioural disturbances, as well as 

by neurological symptoms, resulting in seizures, hypertonia, myoclonus, incontinence and 

mutism. At terminal illness, AD subject decease by infections, pneumonia, malnutrition, 

but not by the disorder itself.  

 

1.1 PATHOGENESIS.  

At the microscopic level, AD is characterized by the presence of senile plaques and 

neurofibrillary tangles (NFTs), together with a degeneration of neurons and synapses. 

Amyloid beta (Aβ) peptide is the compound of the senile plaques. The intracellular NFTs, 

are composed of paired helical filaments of the microtubule-associated protein tau 

abnormally hyperphosphorylated (P-tau). 
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1.1.1 Senile plaques. 

At high concentrations, Aβ peptide forms a beta sheet-rich tertiary structure that 

aggregates to form amyloid fibrils that deposit outside neurons in senile plaques (Figure 

1). Aβ can also be aggregated in less dense formations called diffuse plaques, which are 

considered more a product of senescence or biological ageing. These dense depositions 

can also be located in the vascular system producing amyloid angiopathy that, together 

with the extraneuronal deposition and the abundant microglia and astrocytes due to the 

inflammation, conform the degenerative structures of AD.  

 

 

Figure 1.  Human seni le  plaques. Amyloid deposits from human brain staining using 

Bielchowsky method (Agamanolis, 2016). 

 

In human brain there are several species of Aβ produced by alternative sequential 

proteolysis of the largest β-amyloid precursor protein (APP). The most abundant form of 

this peptide is the Aβ40 (Aβ1-40, with 40 amino acids of length), whereas the Aβ42 specie 

(Aβ1-42, with 42 amino acids of length) is more associated to AD progression and 

pathology. An immunohistochemical study revealed that the longer (Aβ40 and Aβ42) and 

shorter (Aβ1-17 or Aβ17) Aβ peptides are differently distributed along the various types 

of amyloid deposits in AD. In fact, while the amyloid angiopathy and senile plaques are 
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constituted of both longer and shorter Aβ peptides, the principal component of the 

diffuse plaques is Aβ17 (Rabano et al., 2005). 

APP was identified in 1987 as an approximately 700 amino acids type 1 

transmembrane protein that has a large extracellular region, a single transmembrane 

domain, and a smaller cytoplasmic region. APP undergoes extensive alternative splicing 

such that APP transcripts encode eight different APP isoforms, being the most common 

the 695 amino acid form, which is expressed predominantly in the CNS, and the 751 and 

770 forms, which are more ubiquitously expressed (Bayer et al., 1999). Since no other 

physiological function of this protein was known at the time of the identification, except 

as the precursor to Aβ, it was simply designated APP. APP is expressed widely in normal 

human tissues including in the heart, lung, liver and skin (Puig and Combs, 2013). The APP 

gene is located on chromosome 21, resulting in four-to-five folds overexpression of APP 

in patients with trisomy 21 (Beyreuther et al., 1993). This explains the Aβ overproduction 

and early development of AD in individuals with Down’s syndrome (Kang et al., 1987). 

 In the alternative APP processing, we discriminate two principal pathways: the 

amyloidogenic pathway, which leads to Aβ generation; and the non-amyloidogenic 

pathway, which prevents Aβ generation (Figure 2). Other alternative proteolytic 

processing for APP have been described (Andrew et al., 2016). The non-amyloidogenic 

pathway cleavages APP within the Aβ domain and is performed by several members of 

membrane-bound disintegrin and metalloproteinase domain containing proteins (ADAM) 

family, proposed as α-secretases (Lichtenthaler, 2011). This cleavage results on a large 

APP soluble N-terminal fragment termed as soluble APPα (sAPPα), which is released to 

the extracellular space. The remaining fragment of APP, termed as C83, is further cleaved 

by the γ-secretase complex. γ-Secretase is an intramembranous protease complex, 

composed of four essential components: presenilin-1 (PS1), or its close homologue 

presenilin-2 (PS2), nicastrin, presenilin enhancer-2 (Pen2) and anterior pharynx-defective 

1 (Aph1). Presenilins constitute the catalytic domain of γ-secretase. The processing by γ-

secretase yields a non-fibrilar 3 kDa peptide (P3) and APP intracellular domain (AICD) 

fragments. The P3 peptides can be released into the extracellular environment in 

exosomes or it can be degraded by lysosomes (Kummer and Heneka, 2014). The P3 

peptides (corresponding to residues Aβ17–40 and Aβ17–42) does not assemble into 
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soluble oligomers and devoid of any impact on synaptic function (Dulin et al., 2008). 

 

 

Figure 2.  APP processing pathway.  A schema of the APP structure is shown with Aβ in red. 

APP transmembrane protein is cleaved in its non-amyloidogenic pathway by an α-secretase 

precluding the formation of an Aβ peptide. In the amyloidogenic pathway APP is sequentially 

processed by β- and γ-secretase. sAPPα: soluble APPα; sAPPβ: soluble APPβ; AICD: amyloid 

intracellular domain (Gandy, 2005). 

 

The APP amyloidogenic processing that produces Aβ peptide, has been described 

in vitro in several subcellular localizations, including the endoplasmic reticulum (ER), the 

trans-golgi network (TGN), the early and late endosomes, the recycling endosomes and 

the lysosomes (Choy et al., 2012; Rajendran et al., 2006). The amyloidogenic pathway of 

APP involves an initial cleavage by a β-secretase enzyme, termed β-site APP-cleaving 

enzyme 1 (BACE1) (Rajendran et al., 2006; Vassar et al., 2009). This cleavage generates 

the soluble APPβ (sAPPβ) peptide, which is released into the extracellular space (Hasebe 

et al., 2013). The large N-terminal sAPPβ fragment differs in length from sAPPα by 16 

amino acids, which can result in different functions and signaling mechanisms. Following 

BACE1 cleavage, the remaining APP fragment, termed C99, is subsequently cleaved by the 

γ-secretase complex, which results in the generation of Aβ and AICD peptides. The AICD 
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produced via amyloidogenic pathway has the same peptide sequence than the AICD 

resulted in non-amyloidogenic pathway, however they appear to be functionally distinct. 

The AICD produced following β-secretase cleavage is transported to the nucleus and 

binds to several gene promoters, (Iwata et al., 2000); whereas the AICD produced 

following α-secretase cleavage appears mostly degraded in the cytosol (Belyaev et al., 

2010). γ-Secretase cleaves the C99 at several sites in the transmembrane domain, 

“trimming” the Aβ peptide from the initial ε-cleavage sites to produce shorter, and 

relatively benign, Aβ species (Takami et al., 2009). However, inefficient trimming of the 

Aβ peptide at its C terminus results in the release of longer aggregation-prone Aβ species 

such as Aβ42, which are central to the production of the neurotoxic oligomeric Aβ (oAβ) 

assemblies (Figure 3) (Andrew et al., 2016; De Strooper and Karran, 2016; Jarosz-Griffiths 

et al., 2016). As commented before, the most common form of Aβ peptide is Aβ40, but 

the Aβ42 variant is the most amyloidogenic form (Steiner et al., 2008). Thus, the site of 

cleavage of the C99 fragment has important implications for the fate of the generated Aβ 

peptides.  

 

 

Figure 3. Formation of  Aβ by γ-secretase c leavage of  APP C99. Cleavage of C99 by γ-
secretase follows a “nibbling” pattern in the direction indicated by the black arrows, where the 
initial (ε) cleavage dictates the final (γ) cleavage (Andrew et al., 2016) .  

 

Under normal conditions, both amyloidogenic and non-amyloidogenic pathways 

co-exist and Aβ is found in appreciable amounts in the non-pathological human brain. The 

Aβ peptide can be degraded in the brain by several peptidases including the insulin-

degrading enzyme, neprilysin, and the endothelin-converting enzyme (Finder, 2010; 

Miners et al., 2011). Moreover, Aβ is also cleared from the brain in a process balanced by 
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the afflux and the influx across the blood-brain barrier. It is a matter of controversy 

whether disturbance in Aβ clearing mechanism contribute to AD. Indeed, it has been 

proposed that Aβ accumulation in the brain, but not necessarily his production, is the 

event leading to neuronal degeneration and dementia. 

 

The	amyloid	cascade	hypothesis	

The so-called “amyloid cascade hypothesis” was proposed in 1991 by John Hardy 

and David Allsop (Hardy and Allsop, 1991; Hardy and Higgins, 1992), and reformulated 

later to focus on oligomeric aggregates of AD (Hardy and Selkoe, 2002). Indeed, it 

describes the accumulation of Aβ within neural tissue as the initial event that triggers the 

disease. The accumulation is the result of an imbalance between Aβ production and 

clearance, which leads to the aggregation of Aβ and the formation of plaques which, in 

turn, cause the formation of neurofibrillary tangles (Hardy and Selkoe, 2002). The 

hypothesis was formed following two keystone observations: first, the identification of Aβ 

as the primary proteinaceous component of senile plaques (Glenner and Wong, 1984) 

and, second, the identification of several mutations in familial AD that lead to the 

accumulation of Aβ (Giasson et al., 2003; Hardy and Higgins, 1992; Selkoe, 1991). Thus, in 

the amyloid cascade hypothesis there are three tenets: 

i) The parenchymal deposition of the Aβ peptide is important 

pathophysiologically. Thus, the presence of deposited Aβ peptide is a 

prerequisite. However, the role of deposited Aβ peptide as being the 

preeminent disease-causing Aβ species has been brought into question by the 

burgeoning literature on smaller molecular weight oAβ.  

ii) Aβ peptide deposition occurs prior to the neuronal and synaptic loss that is 

the hallmark of AD. 

iii) The evidence from mutations that cause autosomal dominant Alzheimer’s 

disease (ADAD) is informative and relevant to sporadic AD. 

Soluble Aβ peptides can also cause excitotoxicity at the pyramidal neurons inducing 

the over-activation of the N-methyl-d-aspartate receptor (NMDAR), the cationic channels 
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gated by the neurotransmitter glutamate (Götz et al., 2011). This over-activation results 

in neuronal damage and death due to the generation of excessive nitric oxide (NO) (Law 

et al., 2001). NO can mediate exotoxicity by triggering down-stream protein misfolding 

and aggregation, as well as mitochondrial fragmentation. Moreover the majority of 

transduction signal systems end on the activation or inactivation of enzymes responsible 

of tau phosphorylation and de-phosphorylation (Billingsley and Kincaid, 1997; Nuydens et 

al., 1997; Rapoport et al., 2002; Sindou et al., 1992).  

A variant of the amyloid cascade hypothesis that is nowadays on the point of 

research is the Aβ oligomer hypothesis. It posits that small molecular weight oAβ 

represent neurotoxic agents that cause synaptic damage in AD. One of the facts 

supporting this new hypothesis is that amyloid plaques do not correlate in terms of their 

amount with AD symptomatology (Delacourte et al., 1999; Gómez-Isla et al., 1996). Thus, 

oAβ might act at a distance from plaques and mediate toxic effects (Karran and De 

Strooper, 2016).  

As mentioned above, the amyloid cascade hypothesis is supported by the findings 

that the unique mutations identified in the early onset familiar form of AD (familiar AD, 

FAD, or autosomal dominant AD, ADAD), are present in the genes that encodes both the 

substrate (APP) and the proteolytic enzymes (presenilins) responsible of Aβ generation 

(Karran et al., 2011). Although the contribution of the canonical α-, β- and γ-secretases to 

APP proteolysis has been studied in depth, the proteolytic cleavage of APP, like many 

proteins, is more complex than originally described and there are also additional 

secretases implicated in the process. Asparagine endopeptidase (AEP), a pH-controlled 

soluble lysosomal cysteine protease, was previously linked to AD through its capacity to 

cleave tau. However, it was recently shown to cleave APP at two separate sites in the 

ectodomain. AEP could be a key player in the generation of toxic metabolites within the 

brain (Zhang et al., 2015). Another secretase that has been demonstrated to participate 

in APP processing is η-secretase. Identified as the matrix metalloproteinase MT5-MMP, η-

secretase contributes to the Aβ production resulting on additional proteolytic fragments 

with the capacity to induce synaptic dysfunction (Baranger et al., 2016; Willem et al., 

2015). A recent study has reported the presence of CTF peptides proceeding from the 

sequential cleavage of η-secretase and α- or β-secretase in human CSF, and also 
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accumulation of CTFη was observed in dystrophic neurites surrounding amyloid plaques 

in the brains of AD patients (Willem et al., 2015). In this regard, our group has been 

recently reported in human CSF samples the presence of CTFη of APP, probably resulting 

from proteolytic processing by η-secretase. Interestingly the levels of these CTFs appear 

increased in genetically determined AD, as well as in sporadic AD, compared to age-

matched controls (García-Ayllón et al., 2017).  

 

1.1.2 Neurofibrillary tangles. 

Tau is a soluble microtubule-associated protein which has the ability to facilitate 

microtubule assembly, promote the stability of microtubules, and maintain neuronal 

cytoskeleton, so as to ensure the transport of axonal proteins (Scholz and Mandelkow, 

2014; Sokolow et al., 2015). Tau has a repetitive microtubule combined sequence, which 

is encoded by 9 to 12 exons. The repetitive structure can combine with microtubules in 

the carboxyl terminal, and bind to other cytoskeleton or cell membrane in the dissociated 

N-terminal (Lv et al., 2017). Phosphorylation of serine and threonine residues, flanking 

the microtubule binding domain of tau, regulate its interactions with tubulin and 

influence its conformational state (Arendt et al., 2016; Spires-Jones et al., 2009)  

In the normal human brain neurons, the phosphorylation and dephosphorylation 

of tau proteins are in a dynamic equilibrium. But in the neurons of subjects with AD the 

tau protein is always abnormally and excessively phosphorylated at certain residues and 

displays different solubility, as well tends to form clusters of paired helical filaments (PHF) 

(Wang et al., 2013). PHF are filamentous structures of a modified version of tau, highly 

stable to proteolysis, insoluble and toxic, able to aggregate to form the NFTs. The core of 

a PHF is composed of hyperphosphorylated tau that can be truncated at the C- and N-

terminals. It has been proposed that such truncations favored tau polymerization and the 

subsequent NFTs formation (Fasulo et al., 2000; Guillozet-Bongaarts et al., 2005; Wischik 

et al., 1988a, 1988b). The PHF-core tau is not only unable to bind tubulin, but also binds 

normally-phosphorilated tau, sequestering it and blocking its physiological function 

(Alonso et al., 1994). Moreover, the formation of NFTs undergoes many 
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posttranscriptional modifications on tau such as phosphorylation, glycosylation and 

ubiquitination.  

Tau aggregation to NFTs leads to microtubules depolymerisation, followed by the 

structural damage of neuronal microtubules, impairment of normal axonal transport, 

synapse loss, and neuron destruction (Rodríguez-Martín et al., 2013) (Figure 4). 

 

 

Figure 4.  Tau pathology.   In the early stages of pathology, the phosphorylation probably 

decreases the ability of tau to bind microtubules. Subsequently, tau can be cleaved by caspase 

and/or phosphorylated increasing the propensity of tau to oligomerize and eventually form 

filamentous aggregates (Johnson and Stoothoff, 2004).  

 

Seminal studies by Braak and Braak first described a spatial and temporal pattern 

in the appearance of tangles in brain of AD patients that follow neuronal networks and 

correlate with cognitive decline. In the AD pattern, NFTs first appear in the 

transentorhinal region and progress along anatomical pathways to the hippocampus and 

eventually the neocortex (Braak and Braak, 1991) (Figure 5). 
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Figure 5.  Neurofibrillary tangles. A Bielschowsky stain of human brain NFTs (Agamanolis, 2016)  

 

1.2 GENETICS 

From a genetic point of view, AD is divided in two forms: the early-onset genetic 

or familial Alzheimer’s disease and the late onset sporadic Alzheimer’s disease. 

 

1.2.1 Autosomal dominant AD. 

The ADAD accounts for less than 5-10% of all cases of AD. It is a rare form of AD 

characterized by an early-onset, a strong familial aggregation, and Mendelian 

transmission. ADAD patients typically develop symptoms of dementia in their 30s to 60s, 

depending on the specific gene mutation and the age of onset within their family. About 

30-40% of patients with early symptom onset ADAD have an increased frequency of 

atypical presentations, such as impairments in non-memory domains, including executive, 

behavioural language and visuospatial (Balasa et al., 2011; Koedam et al., 2010; Mendez, 

2012). 

Those ADAD forms are most often caused by rare mutations, with complete 

penetrance, located in three genes, APP, PSEN1, and PSEN2, coding for amyloid precursor 

protein, presenilin 1 and 2, respectively.  To date, 40 mutations in APP, 197 mutations in 

PSEN1, and 25 mutations in PSEN2 have been identified that cause ADAD (Chouraki and 

Seshadri, 2014; Schindler and Fagan, 2015). The number of identified mutation is 
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increasing since some ADAD families are not yet characterized. Most of the mutations in 

APP gene occur around the putative γ-secretase cleaving site, which generates the Aβ, 

suggesting the critical implication of this proteolytic enzyme in the pathogenesis (Goate 

et al., 1991). Interestingly, a rare APP mutation (A673T) protects against AD, resulting in a 

reduction in the formation of amyloidogenic peptides by an amino acid substitution 

adjacent to the aspartyl protease β-site in APP (Jonsson et al., 2012).  

In the case of presenilin mutations, most of them were determined to increase 

Aβ42 to Aβ40 ratio by modifying the way in which γ-secretase cuts APP; that means and 

increase in toxic function. However, AD-causing mutations in presenilin were found to 

have reduced proteolytic function (Wolfe, 2007), and are identified as a loss of function 

(De Strooper, 2007). In this context, several authors point that the current genetic 

terminology is misleading, and that all presenilin clinical mutations, indeed loss-of-

function mutations, cause incomplete digestion of the Aβ and contribute to an increasing 

vulnerability of the brain (De Strooper, 2007; Wolfe, 2007). The unifying emerging 

hypothesis puts forward a biochemical mechanism by which slower less-efficient forms of 

the protease can result in a greater proportion of Aβ42-residue.  

Regarding the other hallmark of the disease, mutations in tau that cause tau 

hyperphosphorylation lead also to dementia. However, in this scenario the result is a 

frontotemporal dementia without amyloid deposition, instead of AD (Hutton et al., 1998). 

The discovery of the genetic mutations related to ADAD has allowed researchers 

to create transgenic animal models that display some important aspects of the disease 

and serve as a basis of AD research. 

 

1.2.2 Sporadic AD.  

Sporadic AD (referred hereafter as AD or sAD) is associated to aging and is usually 

diagnosed after age 65. The pathology develops over a long preclinical period of several 

decades. The sporadic is the major form of the disease and is not caused by a mutation in 

a single protein. In fact, in addition to aging, multiple genetic and environmental risk 

factors have been related with the progression of this disease.  
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The strongest genetic risk factor associated to AD is the ε4 allele of the 

apolipoprotein E (APOEε4) gene. In the brain, ApoE is predominantly secreted by glial 

cells and functions as a major transporter of lipoproteins between cells in the brain via 

ApoE receptors, which are members of the low-density lipoprotein receptor (LDLR) family 

(Liu et al., 2013).  

ApoE has several potential effects on AD progression, decreasing Aβ turnover and 

clearance as well as by directly influencing Aβ aggregation (Castellano et al., 2011). ApoE 

has been shown to be also processed into neurotoxic fragments (Mahley and Huang, 

2012). Additionally, reduced ability to suppress inflammatory stimuli and higher densities 

of NFTs have been reported in ApoE4 carriers (Leyns and Holtzman, 2017).  

Genome-wide association studies have been used to identify more than 20 genetic 

loci associated with the risk of Alzheimer’s disease. The newly identified genes point at 

pathways implicated in the immune system and inflammatory responses, cholesterol and 

lipid metabolism, and endosomal-vesicle recycling (Guerreiro and Hardy, 2014). 

Alterations in other genes and in non-coding RNA, such as microRNA, might also 

have important roles in disease susceptibility (Lau et al., 2013; Wong et al., 2013). Novel-

sequencing technologies have been used to identify rare mutations such as mutations in 

TREM2, a microglia receptor involved in Aβ clearance (Zhang et al., 2013). Genome-wide 

profiling of gene expression in the brains of patients with late onset AD supports the 

hypothesis of an upregulated immune-specific and microglia-specific module (Matarin et 

al., 2015; Zhang et al., 2013). 

  Increasing evidence suggests that many other lifestyle-related factors, including 

hypercholesterolemia, diabetes, obesity, physical and mental inactivity, depression, 

smoking, low educations attainment, and diet have a role in dementia, and the potential 

for primary prevention related to such modifiable risk is huge but yet to be fully explored 

(Norton et al., 2014). 
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1.3 DIAGNOSIS.  

	 The main challenge of AD research is the discovery of reliable predictive markers 

to enable the diagnosis as early as possible before the loss of autonomy, setting the stage 

of dementia. With the advent of novel therapies to slow the progression of lesions in AD, 

the race for biomarkers’ research nowadays is a top priority.  

 The first set of criteria proposed for diagnosis of AD was focused on clinical 

symptoms only. At the time, Alzheimer’s pathological changes could not be measured in 

vivo, since brain biopsy is not appropriate, so disease could be definitively diagnosed only 

after death (Scheltens et al., 2016). 

 The diagnosis of AD requires careful evaluation of the patient medical history, 

mental status and physiological condition through validated test including amyloid and 

tau positron emission tomography (PET) and magnetic resonance imaging (MRI) 

measurements of brain volume and neuronal connectivity. In addition, a set of 

cerebrospinal fluid (CSF) tests reflecting key aspects of disease pathology 

(neurodegeneration, tau pathology and amyloid deposits) are available. Biomarkers for 

chronic neurodegenerative disorders such as AD are of great importance since the 

cognitive symptoms often are diffuse and overlap with other disorders. The clinical 

progression is slow and variable even between patients with the same disease; mild 

cognitive impairment (MCI) the earliest clinical phase of AD is a heterogeneous syndrome 

that may be caused by many disorders (only around a half of cases develop AD) (Blennow, 

2017).  Biomarkers reflecting different types of pathophysiology in the brain can be used 

for clinical diagnosis, especially in the early stages of the disease, to predict progression, 

to monitor effects of novel drug candidates in clinical trials, and lastly also in clinical 

research to deeper our understanding of the pathogenesis of the disease (Blennow, 

2010). In the research field for new biomarkers for AD, ADAD provides a unique resource 

for characterizing changes in CSF biomarkers. More importantly, the study of ADAD 

patients would be a tool to monitor those changes in CSF that occur long before the 

onset of dementia, since mutations have 100% penetrance, thus allowing investigators to 

know with certainty that an individual will develop AD (Schindler and Fagan, 2015).   
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1.3.1 CSF biomarkers. 

 CSF provides a valuable diagnostic window into the brain for neurodegenerative 

diseases and has many advantages over other body fluids. It surrounds the brain and is in 

direct contact with the brain interstitial fluid. As a consequence, the molecular 

composition of CSF could reflect molecular pathogenic processes in the brain. 

When assessing the diagnostic performance of AD biomarkers, it is essential to 

consider the unclear distinction in some pathological features between AD and elderly 

people without any cognitive alteration. Thus, it is unexpected that any biomarker 

reaches 100% diagnostic accuracy. Nonetheless, CSF biomarkers can help with diagnostic 

decision (Scheltens et al., 2016).  

In addition to pre-analytical confounding factors, the variability in measurements 

between clinical laboratories has hampered the identification of uniform cutoffs for 

validate CSF biomarkers. However, there has been standardization efforts that provide 

the basis for the introduction to uniform cutoffs and more general use of CSF biomarkers 

for routine clinical diagnosis of AD (Scheltens et al., 2016). 

Core CSF biomarkers for AD are Aβ42, which shows cortical amyloid deposition; 

total tau (T-tau), which reflects the intensity of neurodegeneration; and phosphorylated 

tau (P-tau), which correlates with neurofibrillary pathological changes (Blennow et al., 

2010). Numerous laboratories have reported an increase in P-tau and T-tau levels in CSF, 

although tau alone lacks of specificity since it is also increased in other neurological 

processes (Rosen et al., 2013). Abnormal metabolism of Aβ is considered a more specific 

phenomenon related to AD. However, the increasing deposition of the Aβ peptide into 

the brain, especially of the Aβ42 form, determines that its level in CSF is decreased, while 

these pathological Aβ species are increased in the AD brain (Blennow, 2010). 

The combination of Aβ42 and P-tau/T-tau leads to high (~80%) levels of sensitivity, 

specificity, and diagnostic accuracy. However, there is a continuing search for new CSF (or 

blood) biomarkers to improve the clinical diagnosis, especially on the early stages of AD, 

and the clinical trials (Cedazo-Minguez and Winblad, 2010). Other biomarkers, in addition 

to Aβ and tau, have been investigated for testing their ability to reflect further 
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pathophysiological processes implicated in AD. For example, CSF β-secretase and soluble 

APP fragments derived from α-secretase and β-secretase cleavages (sAPPα and sAPPβ, 

respectively) have been investigated in patients with AD (Lannfelt et al., 1995). The 

usefulness of sAPPα for diagnosis is unclear, but sAPPβ levels can aid clinical trials of β-

secretase inhibitors in patients with AD, as this peptide can reliably reveal drug target 

engagement. ApoE levels in CSF have also been investigated (Cruchaga et al., 2012). 

 Other potential candidates are synaptic biomarkers, such as the dendritic protein 

neurogranin, which is involved in long-term potentiation and memory consolidation 

(Díez-Guerra, 2010). High CSF concentrations of neurogranin predict progression to AD in 

patients with MCI and correlate with rapid cognitive deterioration during clinical follow 

up (Kvartsberg et al., 2015).  

Additional candidates for AD biomarkers are proteins implicated in the processing 

of APP and the production of Aβ, such as the mentioned β-secretase, since they 

participate in the altered pathway of the disease. In this line, our lab has previously 

determined the presence of PS1 in human CSF samples (García-Ayllón et al., 2013) as 

heteromeric complexes composed of N-terminal and C-terminal fragments. These CSF-

PS1 complexes differ from active γ-secretase membrane-complexes, and may represent 

nonspecific aggregation of the PS1 protein. Interestingly, levels of PS1 complexes are 

increased in ventricular post-mortem CSF samples from autopsy-confirmed AD cases and 

are more stable than complexes in CSF from control subjects. This increment of highly 

stable PS1 complexes in AD is also observed in lumbar CSF samples from probable AD, 

although overall PS1 levels are similar to cognitively normal subjects. This increment on 

more stable complexes in AD could be the result of a change in the biochemical 

properties of PS1 complexes formed under amyloidogenic conditions. Taking account 

those results, part of my thesis project was focused on the interest of PS1 complexes as a 

potential biomarker of AD. The results of this research became a publication included in 

the present work. 

To our knowledge, the presence of ADAM10/α-secretase has been not assessed in 

CSF. We also investigated the occurrence of ADAM10 in human CSF and if altered levels 

of this protein reflect the AD condition.  
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1.3.2 Imaging. 

Imaging has a key role in the clinical assessment of patients with suspected AD. 

The diagnostic work-up of patients with cognitive impairment can be difficult during the 

early stage, when the differential diagnosis is still wide and includes normal ageing. 1⁸F-

fluorodeoxyglucose (FDG) PET measures glucose uptake of neurons and glial cells and is 

sensitive to synaptic dysfunction. A normal FDG PET virtually excludes a diagnosis of 

neurodegenerative disease (Perani et al., 2014). 

Synaptic dysfunction in the posterior regions (the so-called default mode network) 

is captured also by network analysis of functional blood-oxygen-level-dependent MRI. 

However, standardisation and reproducibility issues mean that this technique is not yet 

useful on an individual level (Pievani et al., 2011).  

The most innovative imaging marker for AD used clinically is PET with ligands for 

Aβ. Florbetapir, florbetaben, and flutemetamol ligands have very high accuracy for 

cortical amyloidosis. However, because brain amyloidosis is a necessary but not sufficient 

condition for diagnosis of AD, the diagnostic value of amyloid PET is more exclusionary 

than inclusionary. 

Increasing evidence suggests that the combination of several markers has good 

positive and negative predictive value to differentiate AD from normal aging in patients 

with mild cognitive impairment. 

Fluorinated ligands for tau have also been developed, and bind to fibrillary tau 

aggregates with remarkable accuracy (Villemagne et al., 2015). Tau ligands have shown 

binding topography that correlates well with the clinical syndrome in AD and show a 

better correlation with hypometabolism and atrophy than does amyloid PET 

(Ossenkoppele et al., 2015). Tau imaging is being used in clinical trials of drugs aiming to 

delay progression of AD, but its usefulness for clinical diagnosis remains to be confirmed 

(Scheltens et al., 2016). 
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1.3.3 Blood biomarkers. 

Since blood is more accessible than CSF, blood biomarkers appear as 

advantageous for diagnostic purposes and use in clinical trials. Importantly, small 

amounts of brain-specific proteins and peptides are able to enter the blood, although 

these proteins are diluted and may undergo degradation by plasma proteases or are 

metabolized in the liver or through the kidneys. Thus, a major challenge in developing 

blood biomarkers is that brain-specific proteins reflecting the disease occurring at central 

nervous system (CNS), should be present at much lower concentrations in blood than in 

CSF (Blennow, 2017). Application of novel ultra-sensitive techniques, such as immuno-

magnetic reduction (IMR) and Single-molecule array (Simoa) methods, could provide the 

analytic sensitivity needed to allow accurate measurement of CNS-specific proteins. To 

date, several candidate blood biomarkers have been evaluated, including Aβ42, but only 

marginal differences are found between AD patients and control individuals, with large 

overlaps, and the trend of change varies between studies. For plasma tau, the levels are 

elevated in AD, but with a much larger overlap to control levels than what it is seen in CSF 

studies. 

 

1.4 THERAPIES. 

Currently, the treatment of AD in dementia phases is largely based on 

cholinesterase inhibitors (AChEIs) donepezil, rivagstimine, and galantamine, which can be 

used alone or in combination with memantine, an antagonist of NMDA receptors that can 

also be used alone, depending on the stage of the disease. However, these 

pharmacological agents so far available for AD act as palliative drugs, only effective for 

symptomatic treatment, and have not been proven to be curative. 

 Since there were no drugs that would be able to combat the pathophysiology of 

AD, there is a continuous search of new AD therapies. Unfortunately, success rates 

among AD drugs in clinical development are disappointing, much lower than for cancer 

and other complex diseases. In the past 25 years, the search for therapies aimed at 

slowing or halting AD progression has been dominated by the straightforward rationale of 
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developing compounds targeting or disrupting Aβ formation. However, the failure of 

several Aβ-focused therapy development efforts has encouraged the development of 

other therapeutic approaches for AD, including tau targeted therapies. 

 

1.4.1 Acetycholinesterase inhibitors. 

The use of AChEIs as a treatment for AD derives from the hypothesis that 

deterioration in cholinergic neuron function causes part of the cognitive and behavioural 

impairments of AD. Thus, the administration of AChEIs provides a temporary increase of 

acetylcholine disposition and symptomatic relief. As a result, AChEIs tend to stabilise 

cognitive performance and daily functioning during a limited period of treatment (Sun et 

al., 2008).  

 Although these AChEIs treatments are still largely believed to provide 

“symptomatic” benefits only, there are evidences indicating that they may affect disease 

progression. In this regard, cholinergic mechanisms have proved capacity to modulate 

amyloid metabolism and AChEIs affect APP processing (reviewed in (García-Ayllón et al., 

2011). In this context, AChEIs can activate the non-amyloidogenic pathway or inhibit the 

β-secretase activity (Fu et al., 2008; Racchi et al., 2004), and our group has reported that 

AChEIs are also able to modulate and interfere with PS1 (Garcia-Ayllon et al., 2007; 

Silveyra et al., 2012). However, this positive effects of AChEIs therapy on APP processing 

decrease after long-term inhibition, since long-term treatment with AChEIs results in a 

significant up-regulation of AChE protein levels (Darreh-Shori and Soininen, 2010; Garcia-

Ayllon et al., 2007). This increased pool of AChE probably interacts with Aβ and increases 

its fibrillation and toxicity. Also, AChE up-regulation in response to inhibition is followed 

by PS1 increase (Silveyra et al., 2012). An increase of AChE may block γ-secretase activity 

and an increase of PS1 levels may result in an enhancement of Aβ generation. 

Interestingly, in animal models AChE up-regulation occurs after days/weeks of maintain 

inhibition, but PS1 up-regulation appears rapidly (Silveyra et al., 2012). In this complex 

scenario, conversely Aβ can also induce an increase of AChE (Sberna et al., 1998), which 

in turn binds the amyloid core closing an aberrant loop. In this way Aβ, PS1 and AChE 
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could establish a toxic triad, and probably new AChEIs are needed to prevent this 

undesirable loss of benefit during long-term treatment. 

 

1.4.2 Aβ immunotherapy. 

 Immunotherapies for patients with AD are based either on active immunization 

with full-length Aβ or Aβ fragments, or on passive immunization with anti-Aβ antibodies. 

The goal in both cases is to produce/provide anti-Aβ antibodies that can bind to soluble 

or aggregated Aβ, thereby inducing Aβ clearance by microglia, or efflux of Aβ from the 

brain. In light of the adverse events observed with active immunization most 

immunotherapy studies in AD now use passive immunization, which is based on the 

administration of monoclonal antibodies directed towards different regions of Aβ. 

Examples are, Solanezumab, which was designed to bind to monomeric Aβ, thereby 

preventing oligomerization and deposition; and Bapineuzumab, a humanized N-terminus-

specific monoclonal antibody that binds to Aβ (Russu et al., 2016). Neither compound was 

able to establish any signal of efficacy on measures of cognition (Gold, 2017). However, a 

promising compound is Aducanumab, another human humanized N-terminus-specific 

monoclonal antibody, that selectively reacts with Aβ aggregates, including soluble 

oligomers and insoluble fibrils (Sevigny et al., 2016). Aducanumab is currently on a phase 

1b study (van Dyck, 2017).  

Interestingly, it seems that antibodies directed against the N-terminus of Aβ may 

be most effective in clearing the toxic aggregated species of Aβ (Montoliu-Gaya and 

Villegas, 2016). Transgenic mouse models have demonstrated that these antibodies 

inhibit Aβ aggregation and disaggregate pre-existing Aβ fibrils (Bard et al., 2000; Bussière 

et al., 2004; Horikoshi et al., 2004). Using seeded fibril growth from brain extract and data 

from solid-state nuclear magnetic resonance and electron microscopy, it appears that 

Aβ40 monomers aggregate in oligomers and fibrils with multiples of three units, in which 

N-termini are exposed (Lu et al., 2013), whereas hydrophobic C-termini are inaccessible 

to antibodies (Montoliu-Gaya and Villegas, 2016). If a similar structure held true for Aβ42, 

antibodies targeting the N-terminus would likely be most efficient in clearing Aβ 

oligomers.  
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An often-cited explanation for the failure of anti-Aβ antibody trials is that they are 

set too late in the disease process, but new trials are indeed evaluating treatments at 

prodromal and preclinical stages (van Dyck, 2017). 

 

1.4.3 Secretases inhibitors. 

Because Aβ has such a crucial role, a rational way to treat or prevent AD would be 

to block the activity of the proteases that generate Aβ. The first cleavage step in the 

generation of Aβ is mediated by the β-secretase BACE1, which is highly expressed in 

neurons and cleaves many physiologically important substrates (Zhou et al., 2012). 

Inhibition of BACE1 induces alternative processing of APP and generation of synaptically 

active peptides that are different from Aβ. Inhibitors of β-secretase are being tested in 

clinical trials (Lleó et al., 2014), and side-effects so far seem surprisingly limited. The β-

secretase inhibitors MK-8931, E2609, LY2811376 and LY2886721 are being investigated 

for the treatment of patients with AD. These compounds all markedly reduced CSF levels 

of Aβ and sAPPβ in phase I or phase II/III studies of healthy volunteers or patients with 

AD, indicating strong β-secretase inhibition (engagement) in the CNS (Bernier et al., 2013; 

Devos et al., 2014; Forman et al., 2013; Portelius, 2017). Unfortunately, clinical 

development of LY2811376 and LY2886721 was terminated owing to adverse toxicity 

profiles. A phase I trial of E2609 in patients with MCI or mild AD has been completed, and 

two phase III studies of MK-8931 in patients with prodromal AD or mild to moderate AD 

are ongoing. At this point, it remains unknown whether strong β-secretase inhibition in 

the CNS will be tolerable for extended periods of time in patients with AD, and whether 

this inhibition will provide clinical benefit. 

Inhibitors of the γ-secretases, which are implicated in the second cleavage step, 

were unsuccessful in clinical trials because of important side-effects; but to rule out γ-

secretases as drug targets for AD would be premature. Many γ-secretase inhibitors and 

modulators are being developed for AD therapy, with the goal of reducing Aβ generation 

without interfering with the cleavage of substrates other than APP, such as Notch a 

protein that is important for cell-to-cell communication and that has also been implicated 

in cancer (Wolfe, 2012).  
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Semagacestat (LY450139) is the most widely studied γ-secretase inhibitor in 

humans. Despite its evidence of target engagement in the CNS, its development was 

halted in August 2010 because of adverse effects in phase III trial (Doody et al., 2013). 

Semagacestat even caused unexpected aggravation of cognitive decline (Coric et al., 

2013; Doody et al., 2013). In this context, it has been demonstrated that semagacestat 

does not inhibit but increases the levels of intracellular γ-byproducts and Aβ (Tagami et 

al., 2017). These effects are clearly different from those caused by a loss of function of 

presenilins.  

Avagacestat (BMS-708163) is another potent oral γ-secretase inhibitor, which 

reached phase II clinical testing. Avagacestat reduced CSF Aβ38, Aβ40 and Aβ42 levels in 

healthy volunteers and in patients with AD (Tong et al., 2012). In the AD trial, CSF levels of 

Aβ14, Aβ15 and/or Aβ16 increased in a dose-dependent fashion, suggesting target 

engagement. In a separate phase II study of avagacestat, CSF biomarkers were used to 

select patients with prodromal AD. However, there was insufficient target engagement 

and due to the worsening cognition further development was terminated (Coric et al., 

2013). 

 

1.5 SECRETASES 

In line with the amyloid hypothesis and together with the mutations found in 

ADAD, there is an interest on the knowledge of the processing pathway of APP and its 

alterations in the disease. For that, the study of the enzymes implicated in the processing 

has been in the point of interest on the actual research.  

	
1.5.1 α-Secretase. 

As mentioned before, the processing pathway of APP includes the cleavage by an 

α-secretase that produces the soluble extracellular domain of APP (sAPPα), which is 

presumed to have neuroprotective properties in a process called “ectodomain shedding” 

(Saftig and Lichtenthaler, 2015) and a C-terminal fragment of APP (C83), which is then 
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cleaved by γ-secretase to release a non-toxic P3 peptide (Nathalie and Jean-Noël, 2008). 

Cleavage by α-secretase occurs in both, regulated and constitutive manner. Regulated 

cleavage probably occurs in the Golgi complex under control of protein kinase C (PKC) 

(Furukawa et al., 1996; Lammich et al., 1999; Skovronsky et al., 2000), while constitutive 

cleavage occurs very rapidly at the cell membrane (Lammich et al., 1999).  The first 

candidate enzyme proposed for α-secretase was the tumour necrosis factor-converting 

enzyme (TACE) or ADAM17 (Buxbaum et al., 1998), but the existence of other α-

secretases was presumed. Thus, few years later, two more enzymes were shown to have 

α-secretase activity: ADAM9 and ADAM10 (Asai et al., 2003; Fahrenholz et al., 2000; 

Lammich et al., 1999).  Like ADAM 17, both of them are part of the α-disintegrin and 

metalloprotease family (ADAM), a family of transmembrane and secreted 

metalloendopeptidases. Initial knockdown of the candidate α-secretases seemed to 

demonstrate that release of sAPPα was never fully abolished, and initially it was 

concluded that the α-secretase candidates showed significant functional overlap (Asai et 

al., 2003; De Strooper et al., 2010; Kuhn et al., 2010). However, ADAM10, but not ADAM9 

or 17, is essential for the constitutive α-secretase cleavage of APP; indicating that 

ADAM10 is probably the most physiologically relevant α-secretase in neurons (Anders et 

al., 2001; Kuhn et al., 2010). 

ADAM10 is synthesized via the rough endoplasmic reticulum (ER) and transported 

via the Golgi apparatus. Maturation includes removal of a prodomain, which keeps the 

enzyme in an inactive state. The mature form of ADAM10 of about 60-65kDa was found 

in the Golgi compartments, as well as in the ER/plasma membrane. The catalytic and the 

proximal disintegrin domain contain high-mannose as well as complex-type N-glycan 

attachment sites (Escrevente et al., 2008) (Figure 6).  

ADAM10 is a multifunctional protease active throughout the life and its regulation 

is controlled at transcriptional, epigenetic, translational and post-translational levels 

(Hartmann et al., 2002). These different levels of regulation allow a cell to adapt ADAM10 

levels rapidly to functional perturbations, as well as to slower changes induced by aging 

and/or differentiation. ADAM10 plays an essential role during development. Animals with 

a conventional ADAM10 knock-out die on E9.5 (Hartmann et al., 2002), which underlines 

the general importance of this protease. However, ADAM10 is probably best known for 



58   INTRODUCTION 
 

	
	

its ability to process APP. Of note, the regional and cellular overlap of ADAM10 and APP, 

which is necessary for ADAM10 to process APP in tissues, is age-dependent. At early 

developmental stages the mRNA distributions of ADAM10 and APP are not fully 

congruent, but with aging the overlap increases (Marcinkiewicz and Seidah, 2000). This 

finding, but also the wealth of data on other substrates of ADAM10, suggests that main 

ADAM10 substrates may change during development phases. Thus, during development 

and in the young brain ADAM10 may preferentially cleave substrates other than APP, and 

the role of ADAM10 as α-secretase on APP processing may emerge with aging. 

 

 

Figure 6.   Scheme of ADAM10 protein.  Schematic representation of ADAM10 and its 
domain organization, which consists of a pro-domain (Pro), a zinc-binding metalloprotease 
(Protease) domain, a disintegrin domain (Dis), which binds to integrin cell adhesion molecules, a 
cysteine-rich domain (Cys), a variable stalk region, a transmembrane (TM) domain, and a cytosolic 
domain (not drawn in scale; adapted from (Tousseyn et al., 2009)). 

 

Alterations of ADAM10 exocytosis and endocytosis mechanism has been 

described in the earliest phases of the AD, suggesting that it can be considered a 

pathological synaptic feature of the disease. ADAM10 synaptic shedding activity is 

required for the implementation of activity-dependent synaptic plasticity events 

(Musardo and Marcello, 2017). In this regard, a decrease in ADAM10 synaptic localization 

and activity in AD could lead not only to an increase in Aβ levels, but also to an 

impairment in structural synaptic plasticity, affecting the plastic remodelling of the 
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synapses and contributing to AD pathology. This impairment on the synaptic plasticity 

regulated by ADAM10 is independent of Aβ-mediated synaptic toxicity (Colciaghi et al., 

2002; Marcello et al., 2012). To support this hypothesis, several studies showed the 

involvement of ADAM10 in the so-called "synaptopathies" (Saftig and Lichtenthaler, 

2015). 

 

1.5.2 β-secretase. 

It is known that β-secretase is widely expressed (Haass et al., 1992), but 

expression is most prominent in pancreas and brain, especially in neurons (Seubert et al., 

1993; Zhao et al., 1996). Within neurons β-secretase is expected to be localized to 

endosomes, lysosomes and the Golgi complex (Haass et al., 1995; Koo and Squazzo, 1994)  

and to function optimally at an acidic pH (Knops et al., 1995).  

In 1999 an enzyme that matched all these characteristics and showed proteolytic 

activity at the correct site on APP was discovered. The β-site APP cleaving enzyme 

(BACE1) was proposed as a likely candidate for β-secretase by four separate studies 

(Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999). As 

mentioned, BACE1 is a transmembrane aspartyl protease. It is about 500 residues in 

length with two active sites located on the lumenal side of the membrane. A sequence of 

an additional 82 amino acids extends C-terminally to the homologous pepsin carboxyl 

terminus, and includes a lumenal extension, a hydrophobic region containing the 

transmembrane domain, and a cytosolic domain. This allows the enzyme ready access to 

its substrate within the lumen of the Golgi, where it competes with α-secretase for APP, 

or within endosomes and lysosomes (El-Agnaf et al., 2000; Vassar et al., 1999). 	

BACE1 is present in endosomes and to a lesser extent in trans-Golgi network, 

compatible with its optimal activity in acidic environments (Kinoshita et al., 2003). It 

localizes to lipid rafts, possibly implicated in amyloidogenic pathway of APP processing 

(Ehehalt et al., 2003). Events in the compartmental transit of BACE1 and its association 

with APP are complex (Vassar et al., 2014). BACE1 reaches the plasma membrane after 

synthesis, and is internalized by cholesterol and lipid dependent pathways (Kalvodova et 
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al., 2005; Schneider et al., 2008). Recycling of BACE1 within endosomal compartments 

has been implicated in maintaining amyloidogenic activity (Buggia-Prévot and Thinakaran, 

2014; Udayar et al., 2013), in opposition to lysosomal destination of BACE1 where it is 

degraded (Kang et al., 2010; Koh et al., 2005). Heritable molecular defects in secretory 

and endocytic pathways that regulate BACE1 processing of APP may increase Aβ 

production, further implicating BACE1 and amyloid in AD (Toh and Gleeson, 2016). 

Importantly, neuronal retrograde transport and somatic localization of BACE1 have been 

shown to be essential for limiting BACE1 activity and generation of Aβ in the synapse (Lee 

et al., 2005; Ye et al., 2017). BACE1 inhibition would be expected to impact the end result 

of Aβ independently of cellular trafficking dysfunction (Koelsch, 2017). 

BACE1 activity has been shown to be elevated in cases of sporadic AD (Fukumoto 

et al., 2002; Yang et al., 2003). However, β-secretase is not exclusively active in 

individuals with AD. Instead it appears to be producing Aβ during normal cell metabolism 

(Haass et al., 1992). Therefore, the cause of AD is not simply the activation of β-secretase 

and its production of Aβ, but rather a change in the amount of APP processed by β-

secretase. BACE2, a protease homologous to BACE1, is also expressed in many tissues 

including the brain (Ahmed et al., 2010). The potential contribution of BACE2 to 

neurodegenerative progression is still under discussion (Holler et al., 2012) Together the 

two enzymes define a new family of transmembrane aspartyl proteases (Vassar, 2004). 

 

1.5.3 γ-Secretase. 

γ-Secretase is an aspartyl protease that belongs to a diverse family of 

Intramembrane-cleaving proteases (I-CLiPs). To date, γ-secretase is also the unique 

intramembrane protease identified that functions as a multi-subunit protein complex, as 

we described before, γ-secretase is composed of 4 required subunits: PS1 (or PS2), Aph1, 

Pen2 and nicastrin (Li et al., 2014; Sato et al., 2007) (Figure 7). Consistent with the studies 

about γ-secretase stoichiometry, the absolute mass of the purified γ-secretase measured 

by scanning transmission electron microscopy (STEM) is ~230 kDa (Osenkowski et al 

2009).  PS1, or its close homologue PS2, are the catalytic subunits of γ-secretase. Both 

enzymes can be also found forming similar but independent γ-secretase complexes. Aph1 
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has 7 TMDs, with an N-terminus in the lumen/extracellular space and the C-terminus in 

the cytosol (Fortna et al., 2004). Pen2 spans the membrane twice, with the N- and C-

termini facing the lumen space (Crystal et al 2003). In contrast, nicastrin has the typical 

topology of type I transmembrane protein, with a single TMD and an N-terminus 

spanning in the lumen/extracellular space with many potential glycosylation sites (Yu et al 

2000). 

 

 

Figure 7.  γ-Secretase complex.  The complex is formed by PS1 (or its homologue PS2), which 

is the catalytic subunit, Pen2, nicastrin and Aph1. The PS1 holoprotein is stabilised by the binding 

to Aph1-nicastrin complex. In the complex Aph1 and nicastrin are bound to the PS-CTF fragment 

while Pen2 binds to PS-NTF fragment (De Strooper, 2008). 

 

 The correct assembly of the subunits is necessary for the proper function of the γ-

secretase complex. This assemblage begins in the ER, soon after translation and 

membrane insertion with the interaction of Aph1 with the immature, hypoglycosylated 

form of nicastrin (Gu et al., 2003). The C-terminus of the nascent PS1 holoprotein binds 

Aph1 and nicastrin, forming a high molecular weight inactive complex where the proteins 

are stabilized. In this context, PS1 acts as a chaperone protein and facilitates nicastrin 

maturation inducing the transport of the complex to the medial Golgi compartments, 

where nicastrin is N-glycosylated (Fraering et al 2004, Kaether et al 2002, LaVoie et al 

2003). Subsequently, nicastrin undergoes a major conformational change that involves 
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the entire ectodomain and becomes it selectively resistant to trypsin. This structural 

conformational change does not occur in absence of PS1, and is required for the γ-

secretase assembly and activity (Shirotani et al 2003). The last step consists in the 

incorporation of Pen2 into the PS1-nicastrin-Aph1 trimeric intermediate. Indeed, it seems 

that Pen2 binds to the TMD 4 of PS1 and provokes its endoproteolysis into active PS1 

formed by a N-terminal (NTF) and a C-terminal fragment (CTF), conferring the proteolytic 

activity (Fraering et al 2004, Watanabe et al 2005). The active complex is then shuttled to 

the Golgi where it is glycosylated (Takasugi et al., 2003). The mature γ-secretase complex 

is transported to the post-Golgi compartments including the plasma membrane where 

can be found in lipid rafts.  

 γ-Secretase cleaves more than 90 substrates in addition of APP and Notch within 

the membrane environment (Beel and Sanders, 2008; Hemming et al., 2008; Lleó and 

Saura, 2011; Wakabayashi and De Strooper, 2008). Although PS/γ-secretase substrates 

are diverse in their structure, localization, and physiological functions, the majority of 

these proteins share several common features: they are all type I transmembrane 

proteins with a small ectodomain (<300 amino acids), usually resulting from a prior 

shedding by a metalloprotease-like proteins. (Lleó and Saura, 2011). The previous 

shedding of the extracellular domain is usually mediated by specific proteases, α- or β-

secretases (Brou et al 2000). However, the γ-secretase cleavage does not depend 

critically on a specific amino acid sequence or on endocytosis (Struhl & Adachi 2000). 

After that, the resulting C-terminal fragment is cleaved inside its TMD by the γ-secretase 

complex that executes an endopeptidase-like cleavage, followed by carboxypeptidase-like 

processive/successive cleavage. The transmembrane substrate is first proteolyzed at the 

border between the cytosol and membrane, which is called the ε-site (Kimberly et al 

2003, Lichtenthaler et al 1999). This ε-cleavage allows the liberation of the intracellular 

domains (ICDs) of the substrates from the membrane. Some ICDs have been identified as 

signaling mediators in several pathways, including Notch signaling. The remaining 

hydrophobic sequence of the substrate is then processed by the γ-secretase 

carboxypeptidase activity, shedding shorter fragments (Qi-Takahara et al 2005, Takami et 

al 2009). 
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Evidence indicates that γ-secretase cuts APP initially at the ε-site and then 

progressively removes C-terminal residues until the γ-cleavage site has been reached 

(Kakuda et al., 2006) (Figure 3). In theory, the ε-cleavage yields the formation of Aβ 

peptides of 49 amino acids, but in practice, Aβ49 is extremely rare to find due to the 

progressive cleavages of PS1. In APP the recognition sequence for γ-secretase consists in 

11 amino acids (Thr639-Lys649) inside the TMD at the C-terminal end. One time 

recognized, APP is presented to the catalytic domain of γ-secretase, which in turn 

recognizes many hydrophobic residues where it can acts (Barthet et al 2012, Tischer & 

Cordell 1996).  

Remarkably, it seems that the whole known ADAD mutations, that shift the γ-

secretase cleavage toward Aβ42 production, are within the small binding site region, 

probably affecting the presentation of APP to γ-secretase (Selkoe 1998). 

γ-Secretase activity is controlled in the cell by a variety of mechanisms, in which 

one of the most important is regulation of active complex formation. γ-Secretase activity 

cannot be increased through the overexpression of PS alone in cellular models (Levitan et 

al., 2001) and can be reconstituted only when all four γ-secretase subunits are present 

(Edbauer et al., 2002). Indeed, the selective ablation of any one of the essential subunits 

leads to a loss of enzymatic activity (De Strooper, 2003). However, in studies performed 

in mouse models, overexpression of PS alone was able to increase γ-secretase activity (Li 

et al., 2011). These results suggested that γ-secretase regulation in vivo is much more 

complicated than originally anticipated. γ-Secretase is regulated from subunit 

composition to associated protein that may regulate the complex in specific tissues or 

disease situations. Thus, the γ-secretase complex can be associated with modulatory 

proteins, like a novel γ-secretase activating protein (GSAP), which complexes with γ-

secretase and APP, giving preference to APP cleavage over Notch (Inoue et al., 2015). As a 

result, it is possible to modulate γ-secretase activity and therapeutic target by 

modification in the PS active site, but also in the subunits and associated proteins. 

γ-Secretase, as regulator of many other substrates, is involved in a number of 

neuronal processes, such as cell adhesion, lateral inhibition, neurotrophin signaling, cell 

differentiation, ligand-receptor binding, calcium influx, NMDA receptor activation, 
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substrate recruitment and enzyme trafficking (Thinakaran and Parent 2004). The use of 

PS1 knock-out mice also showed that PS1 is not only important in the adult stage of the 

brain, but is also fundamental in somitogenesis, axial skeleton formation and neuronal 

population stabilization during development (Shen et al., 1997). 

 

1.6 PS1 

PS1 acts as a membrane-embedded aspartyl protease, in which the catalytic 

activity depends of two conserved and essential aspartates. The notion that PS1 is the γ-

secretase active site was strongly supported by the observation that mutations of either 

of the two conserved Asp substantially reduced Aβ production, with a concomitant 

accumulation of its substrate APP-CTFβ (Kimberly et al., 2000; Steiner et al., 1999; Wolfe 

et al., 1999b); and by the fact that the γ-secretase activity was inhibited by aspartyl 

protease substrate-based peptidomimetic inhibitors (Esler et al., 2000; Wolfe et al., 

1999a).  

The crystallographic structure of PS1 has been in uncertainty along several years. 

Finally, it has been reported that PS1 is a 9 TMD protein (Laudon et al., 2005). It has the 

N-terminus and a large hydrophilic loop in the cytosol, and the C-terminus in the 

lumen/extracellular space (Figure 7). The two conserved Asp are located at the interface 

of the TMD 6 of PS-NTF and domain 7 of PS1-CTF. It seems that PS1, in presence of its 

substrate, is finally reorganized in a ring structure (Cao and Südhof, 2001).  

 Although the PS1 holoprotein is synthesized as a polypeptide with an apparent 

size of 42-43 kDa, as mentioned above, the mature and active PS1 undergoes an 

endoproteolysis that occurs at the amino acids 292 and 299. Endoproteolysis appears to 

be an intramolecular autocatalytic event that is carried out by the same γ-secretase 

activity (Brunkan et al., 2005; Wolfe et al., 1999), and results in a ~29 kDa NTF (containing 

TMD1-6) and a ~20 kDa CTF (with TMD 7-9). Thus, the NTF/CTF assembly is the 

biologically active form of PS1 and their NTF and CTF are the more abundant 

immunoreactive bands in brain extracts (Podlisny et al., 1997; Saura et al., 1999).  
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PS1 is ubiquitously expressed in peripheral tissue and in the CNS. Several studies 

have investigated the PS1 subcellular localization in neurons using biochemical methods, 

immunostaining and immunoelectron microscopy. It has been reported that PS1 resides 

principally in the ER and trans-Golgi network, but it is also present in small synaptic 

vesicles, synaptic plasma membranes, synaptic adhesion sites and neurite grown cone 

membranes (Annaert and De Strooper, 1999; Georgakopoulos et al., 1999). Mature forms 

of PS1 have been found at the cell surface in complex with other membrane associated 

proteins, like nicastrin (Chyung et al., 2005). Thus, despite the large proportion of PS1 

localized within the endoplasmic reticulum and early Golgi, it is assumed that APP 

cleavage occurs on the cell surface and in endosomes/lysosomes compartments, where 

the proteolytic active PS1/γ-secretase is principally localized (Haass et al., 2012). 

In addition to its γ-secretase-dependent functions, PS1 has been proposed for a 

number of γ-secretase independent roles in the regulation of protein functions. PS1 is 

involved in Wnt/β-catenin signalling (Soriano et al., 2001), calcium homeostasis forming 

calcium leak channels in the ER (Tu et al., 2006); protein glycosylation, trafficking and 

degradation (Barthet et al., 2012; Naruse et al., 1998). Some of this independent γ-

secretase functions play a critical role in many events during development and aging 

(Parks and Curtis, 2007). In this regard, many reports showed, a large pool of resident PS1 

in neurons in the early compartments of the biosynthetic pathway (Culvenor et al., 1997; 

Huynh et al., 1997). It has also been suggested that the over-expression of either the wild 

type or mutant PS1 disturbs glycoprotein processing within the Golgi (Farquhar et al., 

2003; Silveyra et al., 2008). It has been also described the implication of PS1 protein in 

the regulation of neurotransmitter release during synaptic transmission. In fact, the 

presynaptic inactivation of PS1 decreases the probability of glutamate release (Zhang et 

al., 2009), probably due to its role in modulation of calcium release from intracellular 

stores. However, the participation of PS1 in those biological processes, independently 

from its proteolytic activity, is not clearly defined. 

As mentioned above, more than 190 mutations in the PSEN1 gene are currently 

known to cause the majority (probably more than 50%) of ADAD cases. Mutations in 

presenilins alter the cleavage of APP resulting in generation of distinct amyloidogenic Aβ 

peptides, decreasing total Aβ40 levels and resulting in unbalances and increase 
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proportion on the more amyloidogenic Aβ42 species (De Strooper, 2007). The balance of 

different Aβ species seems to be important for aggregation and their toxic effects in AD 

brain. Mutations in the presenilin genes accelerate the age of onset and cause earlier and 

severe progression of neurodegeneration than sporadic AD. The presence of some PS 

mutations results in quantitative differences in brain neuropathology compared to 

sporadic forms of AD (Shepherd et al., 2009). 

Focused on the role of secretases in AD and the problems with AD diagnosis and 

therapy, during my PhD period I tried to investigate new biomarkers for an early diagnosis 

of AD and the insights on the failure of some GSI trials. All my research work will be 

summarized in the following chapters. 
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The aim of this Thesis is to explore the potential of secretases as biomarkers for 

Alzheimer’s disease and to explain the failure in GSI therapies. Specifically, the main 

objectives of my study are: 

 

1. In relation with the possibility that secretases constitute new biomarkers for 

Alzheimer’s disease: 

a. To determine whether alterations in levels of PS1 complexes in the CSF 

might reflect the pathological state at early, even asymptomatic stages of 

Alzheimer’s disease. 

b. To investigate the occurrence of ADAM10 in human CSF and the possible 

alteration of its levels in subjects with Alzheimer’s disease in order to 

evaluate their potential as an alternative biomarker. 

 

2. In relation to the failure of GSI therapies:  

a. To study whether prolonged inhibition of γ-secretase can initiate a 

feedback process that leads to a rebound effect, elevating PS1 levels, 

which may be relate with the reported failure of GSI compounds for an 

effective therapy. 
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3.1 MATERIALS AND METHODS 

In the present chapter we will summarize all the experimental procedures carried 

out in the time elapsed during this Thesis work. 

 

3.1.1 Cellular models 

For in vitro experiments, we employed the cellular lines of wild-type Chinese 

hamster ovarian cells (CHO cells), CHO cells stably overexpressing wild-type human PS1 

and APP and the human neuroblastoma line SH-SY5Y. We also used cultures of primary 

cortical neurons. For some experiments, cells were transfected with PS1 and C99 

constructs using Lipofectamine®. SH-SY5Y cells and cortical neurons were also treated 

with γ-secretase inhibitors DAPT, avagacestat or the dimethyl sulfoxide (DMSO) vehicle 

alone.  

 

3.1.2 Patients 

CSF samples were obtained from symptomatic and asymptomatic genetically 

determined AD subjects (ADAD), from Down syndrome (DS) patients with Alzheimer's 

type dementia (dDS) and DS subjects without signs of memory decline (ndDS) along with 

age-matched young non-demented controls (yNDC). CSF samples from patients with 

dementia due to sporadic AD (sAD), subjects with mild cognitive impairment (MCI) and 

age-matched elderly controls (eNC) were also collected. 

 

3.1.3 Animal models 

For in vivo experiments, Wistar male rats were used. The rats were orally 

administered with avagacestat (40 mg/kg) or vehicle alone (polyethylene glycol). CSF 

samples were collected by cisternal puncture. In addition, the rat’s cerebral cortices were 

dissected out and stored for Western blot and PCR analysis. 
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Alterations on memory and learning functions as well as motor coordination were 

analysed by the Y Maze alternation, active avoidance and Beam walking tests. The tests 

were performed 2-4 hours after the final administration of avagacestat. 

 

3.1.4 Western blotting and immunoprecipitation 

Cell brain extracts, and CSF samples were resolved by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) under fully reducing conditions. The 

proteins separated were transferred to nitrocellulose membranes and probed with 

antibodies against PS1, ADAM10, Aβ, APP, ApoER2 and other γ-secretase components, as 

specified in each paper. Aβ peptides were resolved by 16% Tris-tricine SDS-PAGE. We also 

performed co-immunoprecipitation experiments for PS1 and Aβ in CSF and in conditioned 

media samples from CHO cells transfected with PS1. 

 

3.1.5 Sucrose gradients 

PS1 complexes were analysed in CSF samples by ultracentrifugation for 4 h at 4°C on 

a continuous sucrose density gradient (5-20%) at 250,000 × g.  

 

3.1.6 Quantitative PCR analysis 

The total RNA from rat brain hemi-cortices, SH-SY5Y cells and mouse cortical neurons 

was isolated. First-strand cDNAs were synthesized by reverse transcription and 

quantitative PCR amplification was performed using specific TaqMan Gene expression 

assays in a StepOneTM Real-Time PCR System. 

 

3.1.7 Statistical analysis 

All data were analysed using SigmaStat determining exact p values by applying 

a Student’s t test (two-tailed) or a Mann-Whitney Rank Sum Test, when normality 
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was rejected. The results are presented as the means ±SEM. 

 

3.2 RESULTS 

Our group has previously reported the presence of heteromeric presenilin-1 

complexes in human CSF (CSF-PS1) and serum. The proportion of stable CSF-PS1 levels 

served to discriminate sAD from non-disease controls. Supported by this finding, we 

aimed to determine CSF-PS1 complexes as a potential early biomarker for AD.  

The diagnosis of sAD is based mainly on clinical symptoms and the final diagnosis 

of the disease cannot be determined until the autopsy. Genetically determined AD offers 

unique opportunities to analyse diagnostic biomarkers at asymptomatic stages, given that 

only in this group the diagnosis is guaranteed. Thus, we analysed samples from patients 

ADAD, sAD and MCI, which is considered as an early stage of AD. We found increased 

levels of PS1 complexes in symptomatic and asymptomatic ADAD and sAD cases, 

compared with age-paired controls, but not in MCI. Anyhow, since we discriminated 

between two types of complexes of PS1 (high stable complexes and unstable complexes), 

we propose that, rather to estimate the total PS1 in CSF, changes in the proportion of PS1 

complexes may be a discriminating factor of the pathological state. We found that a 

quotient of PS1 (high-stable/unstable) complexes can discriminate all pathological groups 

from age-matched controls. Interestingly, we found significant increase in the proportion 

of high-stable PS1 complexes also in MCI cases. 

We were also interested in what is the factor that contributes in the formation of 

high-stable complexes. Our first candidate was Aβ, so we tested the presence of Aβ in PS1 

complexes and we found that Aβ oligomers are mainly associated to the highly stable 

complexes, but not within unstable PS1 complexes. 

In this regard, we wanted to corroborate the influence of Aβ in relation with 

increased levels of PS1 in CSF. The APP gene is codified on chromosome 21; thus, a good 

model to study the effects of an excess of APP in CSF-PS1 is to analyse CSF samples from 

DS patients. It has been shown that almost all adults with DS over 40 years of age display 
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AD-like neuropathology. We found increased levels of PS1 in CSF from DS patients and 

also an increased quotient of PS1 complexes.  

Following our interest in the study of secretases, we analysed the presence of 

ADAM10 in human CSF. We found in human CSF several species of ADAM10, an 

immature form retaining the prodomain (proADAM10), a mature unprocessed full-length 

form (ADAM10f), as well as a form lacking the C-terminal domain of ADAM10 that we 

attributed to a membrane cleaved large fragment (sADAM10). We demonstrated by 

gradient ultracentrifugation that sADAM10 and ADAM10f are present in the CSF as large 

complexes. We were also interested in the possible alteration of ADAM10 levels in CSF of 

AD patients. We showed in AD cases a decrease in the mature forms sADAM10 and 

ADAM10f, but not for the immature forms. 

Some of the therapies that are on development for AD are based on the inhibition 

of the secretases implicated in Aβ formation, but none of them has outcome positive 

results to date. We focused our work on the inhibitors of gamma secretase (GSIs) 

analysing the possibility that γ-secretase inhibition could provoke a rebound effect,	which 

increases the levels of PS1. We started analysing the effect of the well know GSI DAPT in 

cell cultures. SH-SY5Y cells and primary neurons were treated with DAPT and then, 

increase in PS1 levels were characterized in treated cells, as compared with vehicle 

treated controls. We corroborated the efficacy of the inhibition testing the levels of the 

substrate of γ-secretase, the CTF of APP, and, as expected, we found accumulation of the 

substrate in DAPT treated cells. 

We decided to test other GSI that had reached clinical trials, avagacestat, which 

selectively blocks the processing of APP without notably affecting Notch. We treated 

primary cultures of cortical neurons with avagacestat for 4 days, and we also found an 

increase in PS1 levels in GSI treated cells. After these results, we were interested on the 

effects of avagacestat in an animal model. Rats were treated with a single dose of 

avagacestat per day along for 4 and 21 days. Increased PS1 levels were observed in brain 

extracts from rats treated for 21 days with avagacestat, which indicate a rebound effect. 

Interestingly, the sustained γ-secretase inhibition did not exert a long-term effect on PS1 

activity, evident through the decrease in several γ-secretase substrates, the C-terminal 



GENERAL SUMMARY   79 
 

	
	

fragments (CTFs) of APP and ApoER2. Prolonged avagacestat-treatment of rats also 

produced a subtle impairment in anxiety-like behaviour. Surprisingly, an opposite effect 

with decreased CSF-PS1 levels was observed in avagacestat treated rats. 

 

3.3 DISCUSSION 

The goal of the following lines is to give an overview of the results obtained and, 

more importantly, to take advantage of the opportunity to be more speculative about the 

interpretation, as well to define future experiments and studies that could help improving 

the results already obtained. Even if the three different manuscripts contained in this 

Thesis correspond to different and independent objectives, they, altogether, try to 

explore the determination of CSF secretases, PS1 and ADAM10, as potential AD 

biomarkers, as well to dissect biochemically the rebound response during administration 

of GSIs that could serve to prevent adverse effect in the development of related therapies 

for AD. 

 The first published paper included in this Thesis corroborated the existence of 

different PS1 complexes in human CSF and demonstrated that highly stable CSF-PS1 

complexes are increased in patients with ADAD, as well as in subjects with sAD. PS1 is the 

catalytic subunit of the γ-secretase complex, and mutations on PS1 have been related as 

cause of the genetic Alzheimer´s (Chouraki and Seshadri, 2014; Schindler and Fagan, 

2015). However, the possibility to assess their levels in CSF was not affronted until an 

earliest study from our group (García-Ayllón et al., 2013), probably due that PS1 is a 

multipass transmembrane protein. Now, we demonstrated the association of the “highly” 

stable CSF-PS1 complexes with Aβ oligomers. Importantly, our data also indicated that 

the determination of these “highly” stable CSF-PS1 complexes could constitute an 

asymptomatic biomarker since their levels appeared altered in pre-symptomatic ADAD 

subjects, as well as in MCI patients. 

In our last manuscript, we also investigated the presence of the main α-secretase, 

ADAM10, in human CSF. During the AD condition, it is presumable that the non-

amyloidogenic proteolytic processing of APP diminished compared to the amyloidogenic 
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pathway, but there is not clear evidence. In our report, we demonstrated the decrease of 

mature species of ADAM10 in the CSF of sAD subjects, corroborating this possibility. 

Our data, performing a biochemical characterization of the different ADAM10 

species and PS1 complexes in CSF, could be useful not only to define new biomarkers for 

AD, but also to design appropriate strategies for further studies to define the real 

potential of these biomarkers for the diagnostic of AD. 

In the current scenario, the discovery and validation of new biomarkers that will 

allow the early detection of AD is on the focus of research. To date, the criteria to 

diagnose AD is the examination of clinical symptoms, which is only about 80% accurate, 

and the disease could be only definitively diagnosed histologically, after autopsy. 

Moreover, it is important an earlier diagnosis, identifying and distinguishing AD from 

other neurodegenerative disorders. This would enable an earlier therapeutic intervention 

that could be the key to delay the onset of symptoms. The combined use of biochemical 

biomarker in CSF, blood or other fluid, and imaging techniques, such as PET and MRI 

measurements, are promising strategy for the future implementation of diagnosis. 

However, the current reality is a lack of verified and validated good biomarkers that allow 

differentiate between AD and other similar pathologies in early stages. 

An important issue for the translation of our findings to real biomarker kits is the 

development of protocols for an easy, reliable and accurate determination; and of 

course, the validation of our findings for independent groups. In our study we analysed 

the proteins by Western blot including also fractionation by sucrose gradients. It becomes 

clear that to develop enzyme-linked immunoabsorbent assay (ELISA) kits would result in 

an easier approach for our further analysis, but also to contrast results from other 

laboratories and advance in the mentioned translation.  

However, the development of efficient ELISA kits for CSF complexes of PS1 and 

ADAM10 species is challenging. In this regard, we propose that the most significant 

phenomenon related to the potential use of CSF-PS1 to discriminate the pathological 

state is the change in the proportion of PS1 complexes, rather than the estimates of the 

total PS1 levels. Since highly stable CSF-PS1 complexes co-exist with unstable complexes, 



GENERAL SUMMARY   81 
 

	
	

a potential diagnostic ELISA kit should include antibodies that discriminate between 

complexes, which is probably extremely difficult. Another possibility is that further 

biochemical characterization of the different complex served to design an appropriate 

strategy. For example, we found that Aβ oligomers are mainly associated to the highly 

stable PS1 complexes; thus, maybe a combination of PS1 and Aβ antibodies could serve 

to develop a specific ELISA kit. For ADAM10, only mature species, sADAM10 (truncated 

large soluble form lacking the C-terminal domain) and ADAM10f (full-length form), were 

found decrease in CSF from AD compared to control, while the levels of the proADAM10 

specie (the immature form retaining the prodomain) remained unchanged. This situation 

add difficulty for the development of specific antibodies for an ELISA kit, since the only 

“exclusive” domain for a ADAM10 species present in CSF is the prodomain, but it is the 

specie that remained unchanged. A possibility is to develop custom pan-specific 

antibodies targeting the truncated C-terminal sequence of the sADAM10 specie present 

in CSF. This approach will discriminate only sADAM10 and not ADAM10f, but appears as 

the easier approximation.  

In resume, more work is needed for the development of applicable ELISA kits for 

our biomarkers. Based on these future approaches or in existing protocols we also need 

to test the specificity of the changes, and whether stable PS1 complexes increase and 

ADAM10 decrease only in AD patients and not in subjects with other neurological 

conditions. A possible combination of both analysis, and existing AD biomarkers, may 

serve for a better discrimination and increasing specificity. 

Furthermore, blood biomarkers will be a desirable outcome, however there is not 

any blood biomarker already defined. For the development of new biomarkers, it seems 

the most appropriate firstly to characterize changes in CSF, since CSF represents a 

“window” to the brain. Anyhow, it is important that in later development of the new 

biochemical biomarker to assess if levels in plasma also correlate with AD. In this regard, 

it is important to note that PS1 is also expressed in many peripheral organs as well as in 

brain (Lee et al., 1996; Nilsberth et al., 1999). In a previous publication, our group 

demonstrate that PS1 complexes are mostly absent in CSF from a conditional KO (cKO) 

mice in which PS1 is specifically silenced in neurons of the forebrain, while PS1 complexes 

appeared in the serum of these PS1 cKO mice (García-Ayllón et al., 2013). Those results 
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suggest that plasma and CSF PS1 may have distinct cellular origins, although a small 

contribution of brain PS1 to plasma levels cannot be discounted. Results also indicate a 

challenge to develop a test for PS1 detection in plasma, because probably, to be efficient, 

it should discriminate PS1 complexes with a CNS origin. Application of novel ultra-

sensitive techniques, such as immuno-magnetic reduction (IMR) and Single-molecule 

array (Simoa) methods, could provide the analytic sensitivity needed to allow accurate 

measurement of CNS-specific proteins in peripheral fluids (Blennow, 2017). Regarding 

ADAM10, the presence of ADAM10 levels in human serum has been indicate only by 

ELISAs (Isozaki et al., 2017; Walkiewicz et al., 2017), thus a biochemical characterization 

of soluble ADAM10 species in serum is pending and necessary for defining the potential 

use as biomarker for AD. The cellular origin of these transmembrane proteins and how 

they reach the fluids are unknown, but could be also relevant in order to define their real 

potential as AD biomarkers. Indeed, a physiological mechanism which explain how and 

why PS1 or ADAM10 reached the CSF is uncertain and it seems more plausible that 

neuronal death or proteolytic release from exosomes will be the major contributing 

factors (Lopez-Font et al., 2015). 

Finally, focusing in the secretases as a pharmacological target, we also addressed 

the problematic of the lack of an efficient treatment for AD. There are several avenues for 

the development of new and effective therapies in those days (commented in the 

Introduction chapter), but none of them have shown promising outcomes. Here, we have 

analysed the dynamics of the cellular target, PS1, during administration of GSIs, one of 

recent strategies developed to treat AD patients. We demonstrated that administration 

of GSIs result in a rebound increase in PS1 levels in cellular and animal models. In long-

term avagacestat-treated rats we have observed a decrease in levels of two γ-secretase 

substrates, APP-CTF and ApoER2-CTF, indicating that the rebound in PS1 protein levels 

could derive in increased activity, at least in intermediate periods, between doses. Taking 

into account that γ-secretase has several substrates and is participating in several cellular 

pathways, the increase in its activity may have different affections in the normal cell 

function. These effects could be related to the reported failure of GSIs to achieve long-

term Aβ regulation and their contribution to rather than the palliation of the AD 

pathology.  
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Unfortunately, negative results from clinical trials with GSIs in AD patients have 

severely dampened enthusiasm for the potential of pursuing γ-secretase research 

therapeutically, but clinical trials with these compounds could have been conducted in 

ways that would provide more guidance for future studies (discussed in De Strooper, 

2014). In this regard, our study suggests that there is not a detailed examination of 

secondary effects in treatments with GSIs, and those effects may be dangerous for the 

patient and difficult to identify. Too often data that could have been used to guide future 

studies were not collected, and thus negative trials fail to fully inform the next generation 

of therapeutic development. Our data provide an important framework to evaluate 

results from completed human trials with these compounds and must be taken into 

consideration when using new GSIs or related drugs, such as γ-secretase modulators 

(GSM) and β-secretase inhibitors, in AD therapy. GSM, by definition only block the γ-

secretase cleavage of APP to generate the Aβ42, without changing the production of total 

Aβ, but also noticed negative outcomes (Xia et al., 2012). Clinical development of BACE1 

inhibitors is also being intensely pursued and several promising BACE1 inhibitors have 

entered human clinical trials (Yan and Vassar, 2014); but sign of toxicity forced to stop the 

earliest trial (discussed in Lahiri et al., 2014). Methods of assessment of the molecular 

target validation should include also better understanding of the cellular response to the 

sustained inhibition/modulation of secretases activities for a successful development of 

this class of drugs. Moreover, GSIs are in cancer clinical trials targeting Notch (Takebe et 

al., 2014; Yuan et al., 2015), and information about a potential parallel rebound in the 

target could be valuable in order to prevent adverse effect during long-term treatment. 

In our study examining the in vivo effect of a GSI on brain PS1 levels we chose a 

wild-type rat model for the possibility to examine CSF-PS1 expecting to reproduce with 

this biomarker the changes detected in the brain. However, unexpectedly, the levels of 

the CSF-PS1 complexes diminished in 21 days avagacestat-treated rats, relative to the 

control rats. Although how PS1 reaches the CSF is unknown. Likewise, the mechanism by 

which PS1 levels are enhanced by GSI administration is also unknown, but we proposed in 

the Discussion of our manuscript that an excess of γ-secretase substrates (due to initial 

inhibition of γ-secretase activity) may result in transient stabilization of PS1/γ-secretase 

substrate complexes, interfering in the effective clearance/turnover of PS1. Indeed, the 
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compartmentalization of secretases and substrates should be considered for assessing 

the effect of secretase inhibitors (Beel and Sanders, 2008; Ben Halima et al., 2016), and 

our results in CSF may be indicative of decreased intracellular clearance of PS1 and/or 

changes in compartmentalization. The possibility to assess these aspects could increase 

the knowledge not only of the effects of GSI on cellular content of PS1, but also about the 

source and mechanism of CSF-PS1 thus, corroborating their potential as a biomarker.
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Cerebrospinal fluid Presenilin-1 increases at
asymptomatic stage in genetically
determined Alzheimer’s disease
Aitana Sogorb-Esteve1,2, María-Salud García-Ayllón1,2,3*, Juan Fortea2,4,5, Raquel Sánchez-Valle6, Alberto Lleó2,4,
José-Luis Molinuevo6 and Javier Sáez-Valero1,2*

Abstract

Background: Presenilin-1 (PS1), the active component of the intramembrane γ-secretase complex, can be detected
as soluble heteromeric aggregates in cerebrospinal fluid (CSF). The aim of this study was to examine the different
soluble PS1 complexes in the lumbar CSF (CSF-PS1) of individuals with Alzheimer’s disease (AD), particularly in both
symptomatic and asymptomatic genetically determined AD, in order to evaluate their potential as early biomarkers.

Methods: Western blotting, differential centrifugation and co-immunoprecipitation served to determine and
characterize CSF-PS1 complexes. We also monitored the assembly of soluble PS1 into complexes in a cell model,
and the participation of Aβ in the dynamics and robustness of the stable PS1 complexes.

Results: There was an age-dependent increase in CSF-PS1 levels in cognitively normal controls, the different
complexes represented in similar proportions. The total levels of CSF-PS1, and in particular the proportion of the
stable 100–150 kDa complexes, increased in subjects with autosomal dominant AD that carried PSEN1 mutations
(eight symptomatic and six asymptomatic ADAD) and in Down syndrome individuals (ten demented and ten non-
demented DS), compared with age-matched controls (n = 23), even prior to the appearance of symptoms of
dementia. The proportion of stable CSF-PS1 complexes also increased in sporadic AD (n = 13) and mild-cognitive
impaired subjects (n = 12), relative to age-matched controls (n = 17). Co-immunoprecipitation demonstrated the
association of Aβ oligomers with soluble PS1 complexes, particularly the stable complexes.

Conclusions: Our data suggest that CSF-PS1 complexes may be useful as an early biomarker for AD, reflecting the
pathology at asymptomatic state.

Keywords: Presenilin-1, Cerebrospinal fluid, Biomarker, Pre-symptomatic, Autosomal dominant Alzheimer’s disease,
Down syndrome, Mild-cognitive impairment

Background
Alzheimer’s disease (AD) is a progressive neurodegener-
ative disorder that involves a gradual decline in memory
and other cognitive functions, representing the most
common cause of dementia in the elderly. Apart from
the common late-onset forms of sporadic AD (sAD),
rare mutations in the genes encoding the β-amyloid pre-
cursor protein (APP; chromosome 21q21), presenilin-1
(PSEN1; chromosome 14q24.3) and presenilin-2 (PSEN2;

chromosome 1q31-q42) cause autosomal dominant AD
(ADAD; also named as familial AD or FAD) [1]. ADAD
exhibits similar phenotype as sAD but with an earlier
clinical onset. The APP gene encodes a large type I
transmembrane protein that upon proteolytic processing
[2] can generate the β-amyloid peptide (Aβ), the major
constituent of senile plaques and the triggering effector
of AD. In the amyloidogenic pathway the Aβ peptide is
generated by sequential cleavage of APP, starting with
the cleavage of the large extracellular domain by the β-
secretase cleaving enzyme (BACE1), which is followed by
the successive action of γ-secretase at the membrane-
spanning domain [3]. This γ-secretase is an intramembrane
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protease complex composed of presenilin-1 (PS1), nicastrin,
APH1 (anterior pharynx-defective 1) and PEN2 (presenilin
enhancer 2) [4]. PS1 is the catalytic subunit of the γ-
secretase complex [5]. Duplications of APP and neighbor-
ing sequences are also linked to an early age of AD onset
[6]. As such, Down’s syndrome (DS) is also associated with
the development of AD since the APP gene lies on chromo-
some 21, and the extra copy leads to Aβ over-expression.
Accordingly, most DS patients who live beyond the age of
40 years develop typical brain neuropathology AD and a
significant proportion develop additional cognitive decline
[7–9]. Thus, both these disease conditions, ADAD and DS,
can be considered as early-onset forms of genetically deter-
mined AD [10].
Classic biomarkers, total and phospho-tau, as well as

Aβ42, have shown diagnostic accuracy for incipient AD
[11]. However total and phospho-tau also increased as a
result of other neurological processes; while levels of the
pathological Aβ42 species, which increased in the AD
brain, resulted decreased in CSF due to increasing
deposition, hindering the interpretation of changes in
their soluble levels in early stages. Thus, there is still a
need to identify additional early biomarkers. We recently
demonstrated the presence of heteromeric PS1 com-
plexes in human CSF (CSF-PS1) and serum, and that
increases in the proportion of stable CSF-PS1 complexes
served to discriminate sAD from non-disease controls
[12]. PS1 is known to undergo endoproteolytic cleavage
as part of its maturation, generating N- and C-terminal
fragments (NTF and CTF) of about 29 and 20 kDa, re-
spectively [13]. Both, the NTF and CTF of PS1 contain
several transmembrane domains [14]; and our earlier
data indicated that PS1 fragments might be highly un-
stable in CSF and serum, and that they spontaneously
form complexes due to the large number of hydrophobic
regions. Indeed, we demonstrated the presence of stable
100–150 kDa heteromeric complexes in CSF that
contained the NTF and CTF of PS1 (maybe also involv-
ing other γ-secretase components), as well other large
complexes. Some of these complexes were unstable
under denaturing conditions and resolved as ~50 kDa
heterodimers upon electrophoresis [12]. Moreover, an
increase in the proportion of stable 100–150 kDa com-
plexes appears to be a good marker to discriminate
pathological AD samples from controls.
As such, we set out to further characterize these

soluble PS1 complexes and the involvement of oligo-
meric Aβ in the formation of these complexes. We also
evaluated the possibility that the proportions and nature
of the CSF-PS1 complexes may vary during aging. The
main interest was to investigate the levels of CSF-PS1
complexes in ADAD, sAD and DS, particularly in AD
and DS subjects who had not yet developed dementia,
including also mild-cognitive impaired (MCI) subjects.

Thereby, we attempt to determine whether alterations to
the levels of these complexes might reflect the patho-
logical state at early, asymptomatic stages. Using a
collection of well-characterized CSF samples from sAD
PS1 complexes were also analyzed. Genetically deter-
mined AD offers unique opportunities to analyze diag-
nostic biomarkers at asymptomatic stages, particularly
given that only in this group is a diagnosis guaranteed
for the early comparison of biomarkers.

Methods
Patients
Lumbar CSF samples were obtained from ADAD subject
that were all carriers of PSEN1 mutations and who were
part of the Genetic Counseling Program (PICOGEN) at
the Hospital Clínic, Barcelona [15]. This group included
14 subjects carrying PSEN1 mutations (including six
asymptomatic mutation carriers), and eight age-matched
non-mutation carriers from the same families (younger
non-disease controls: yNC). The clinical and CSF data of
some of these patients has been reported previously [16,
17]. We also included lumbar CSF samples from 10 DS
subjects with Alzheimer’s type dementia (dDS) and 10
DS subjects without signs of memory decline (ndDS)
obtained at the Hospital Sant Pau, Barcelona, along with
15 additional age-matched yNC obtained from both
hospitals. In addition, 15 patients with dementia due to
sAD, 12 subjects with MCI and 17 age-matched elderly
controls (eNC) were also obtained from the Hospital
Sant Pau, Barcelona. See Table 1 for details of clinical
and demographic data. All AD patients fulfilled the
2011 NIA-AA criteria for dementia or MCI due to AD
[18, 19], while discrimination between the dDS sub-
jects and those without dementia was assessed using
the modified Cued Recall Test and the CAMDEX-DS
battery [20, 21]. All the control subjects had no his-
tory or symptoms of neurological or psychiatric disor-
ders, or memory complaints. This study was approved
by the ethics committee at the Miguel Hernandez
University and it was carried out in accordance with
the Declaration of Helsinki.

PS1 over-expressing cells silencing by siRNA
CHO cells (400,000 cells/well) were grown in DMEM®
(Gibco) containing 10 % Fetal Bovine Serum (Gibco)
and 1 % Penicillin/Streptomycin (Sigma-Aldrich), and
they were transfected with a construct encoding full-
length PS1 (2 μg cDNA) [22] or with the pcDNA3 ex-
pression plasmid alone (Invitrogen), using Lipofectamine
2000® (Invitrogen). To reduce the PS1 gene expression
we used CHO cells stably over expressing wild-type hu-
man PS1 and APP (CHO-PS1/APP) [23]. CHO-PS1/APP
cells (350,000 cells/well) were grown in DMEM® contain-
ing 10 % Fetal Bovine Serum, 0,1 % Puromicin (Sigma-

Sogorb-Esteve et al. Molecular Neurodegeneration  (2016) 11:66 Page 2 of 11
 

 

	  



93	
 

	
	

Aldrich) and 0,2 % G418 disulfate salt (Sigma-Aldrich),
were transfected with BLOCK iT™ Alexa Fluor® Red Fluor-
escent Oligo (Invitrogen) as control, or siRNA (50 nM)
targeting human PS1 (Santa Cruz Biotechnology, INC).
Without removing the cell media, 24 h after the first
transfection cells were transfected with the same siRNA
(30 nM) and incubated for an additional 18 h.

Western blotting and immunoprecipitation
Although the denaturation temperature prior to elec-
trophoresis has not been standardized, we found that
high temperature sample preparation for electrophor-
esis (98 °C) produced an overall loss of CSF-PS1 im-
munoreactivity [24]. Hence, all analyses of in this
study PS1 avoided freeze-thaw cycles (samples were
aliquoted), and denaturation prior to electrophoresis
was conducted at 50 °C.
Samples (30 μL for CSF) were resolved by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing conditions. The proteins were
then transferred to nitrocellulose membranes (Schleicher
and Schuell Bioscience GmbH) that were probed with
PS1 antibodies directed against the N-terminal amino
acids 1–20 (antibody 98/1) [24]. GAPDH (Abcam)
served as a loading control for cellular extracts. Mem-
branes were incubated with the corresponding horserad-
ish peroxidase conjugated secondary antibody and the
immunoreactive signal was detected in a Luminescent
Image Analyzer LAS-1000 Plus (FUJIFILM) using Super-
Signal West Dura Extended Duration Substrate (Thermo
Scientific). A control CSF sample was used to normalize
the immunoreactive signal, and for semi-quantitative
studies the intensity of the immunoreactive bands was

measured by densitometry using Science Lab Image
Gauge v 4.0 software provided by FUJIFILM. Aβ
peptides in CSF immunoprecipitates (see below) were
resolved by 16 % Tris-tricine SDS-PAGE and detected
with the 6E10 antibody (Covance Research).
For immunoprecipitation, samples were precleared for

2 h at 4 °C by incubation with protein A-Sepharose
(Sigma-Aldrich). Immunoprecipitations were performed
at 4 °C by incubating 150 μL of CSF or cell media, over-
night with the primary PS1 C-terminal antibody 00/2
(raised against residues 301–317) [23] previously
coupled to protein A-Sepharose using Dimethyl pimeli-
midate dihydrochloride (Sigma-Aldrich Co). Precipitated
proteins were washed with PBS and eluted with 0.1 M
glycine buffer at pH 2.5. After pH neutralization, super-
natants were denatured in Laemmli sample buffer at 50 °
C for 15 min and subjected to SDS-PAGE. The mem-
branes were then probed with anti-PS1 (98/1) and anti-
Aβ (6E10) antibodies.

Sucrose gradients
PS1 complexes were analyzed by ultracentrifugation for 4 h
at 4 °C on a continuous sucrose density gradient (5–20 %)
at 250,000 × g. CSF aliquots (65 μL) were carefully loaded
onto the top of the gradient containing 2 mL of 0.15 M
NaCl, 50 mM MgCl2 and 0.5 % Brij 97 in 50 mM Tris-HCl
(pH 7.4). After centrifugation, ~14 fractions were collected
gently from the top of the tubes. Enzyme markers of known
sedimentation coefficient, β-galactosidase, catalase and al-
kaline phosphatase were used in the gradients to determine
the approximate sedimentation coefficients. The sucrose
fractions containing highly stable and unstable PS1 com-
plexes were pooled separately, dialyzed against Tris buffer

Table 1 Clinical, demographic data and classic CSF biomarker levels
Group Age (years) n (Gender) MMSE score CSF Aβ42 (pg/mL) CSF T-tau (pg/mL) CSF P-tau (pg/mL)

yNC
{yNC member of the
same ADAD families}

45 ± 2 [25–60]
{37 ± 3 [25–47]}

n = 23 (15 F/8 M)
{6 F/2 M}

29 ± 1 [25–30]
{29 ± 1 [28–30]}

809 ± 44
{791 ± 84}

207 ± 15
{231 ± 29}

43 ± 3
{45 ± 11}

syADAD 45 ± 3 [31–59] n = 8 (5 F/3 M) 21 ± 2* [11–28] 300 ± 54* 899 ± 186* 164 ± 60*

psADAD 36 ± 3 [24–41] n = 6 (4 F/2 M) 30 ± 1 [29, 30] 1120 ± 252 222 ± 26 49 ± 5

dDS 55 ± 2 [43–61] n = 10 (5 F/5 M) ND 411 ± 24* 788 ± 125*,a 106 ± 14*,a

ndDS 43 ± 2 [33–49] n = 10 (5 F/5 M) ND 570 ± 51* 232 ± 53 45 ± 8

eNC 67 ± 1 [61–80] n = 17 (11 F/6 M) 29 ± 1 [26–30] 753 ± 30 197 ± 12 42 ± 2

sAD 68 ± 2 [54–83] n = 13 (9 F/4 M) 20 ± 1** [18–24] 351 ± 17** 833 ± 87** 135 ± 18**

MCI due to AD 66 ± 1 [61–72] n = 12 (5 F/7 M 26 ± 1** [20–30] 422 ± 31 618 ± 66** 81 ± 8**

In the yNC group (younger controls), the values for the control subgroup of non-mutation carriers from the same families as the carriers of PSEN1 mutations are
also indicated; the rest of cases correspond to subject without family history of ADAD. The PSEN1 mutations included in this study from syADAD cases (“symptomatic”
autosomal dominant AD subjects) corresponded to 3 carriers of L286P, and one of I439S, S169P, L173F, L235R and L282R. Those psADAD subjects (pre-symptomatic
subjects carrying mutations in PSEN1) were 3 carriers of M139T, and one of I439S, R220G and K239N. Patients with (dDS) or without (ndDS) signs of clinical dementia
were also compared with yNC; sporadic AD (sAD) and mild-cognitive impaired (MCI) subjects were compared with elderly controls (eNC). Levels of Aβ42, T-tau and
P-tau were determined by ELISA; the intra-assay coefficient of variability (CV) was below 5 % and inter-assay CV below 15 % for all the classical AD biomarkers, in
agreement with previous reports [36]. The number of samples “n” for female (F) and male (M) subjects is indicated. The data represent the means ± SEM, and for age
and MMSE (Minimental State Examination), the range of values is also indicated. *Significantly different (p <0.05) from the yNC group, aand from the ndDS group;
**Significantly different (p <0.05) from the eNC group
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and concentrated by ultrafiltration (Amicon Ultra 10,000
MWCO, Millipore Corporation, Bedford, MA). The PS1
complexes were then immunoprecipitated with anti-PS1
00/2 as described.

Measurement of T-tau, P-tau and Aβ42 by ELISA
The CSF levels of total tau (T-tau), phosphorylated tau
(P-tau) and Aβ1-42 (Aβ42) were determined using
specific enzyme-linked immunosorbent assays (ELISA:
Fujirebio Europe, Ghent, Belgium).

Statistical analysis
All data were analyzed using SigmaStat (Version 3.5; Sys-
tac Software Inc.), applying a one-way analysis of variance
or a Kruskal-Wallis test when the hypothesis of equality of
sample variances was rejected. Pairwise group compari-
sons were then sustained using Student t test (two-tailed)
or Mann-Whitney U test, and the exact p values deter-
mined. The results are presented as the means ± SEM,
and correlations between the variables were assessed by
linear regression analyses, with p values <0.05 considered
statistically significant.

Results
The increase in CSF-PS1 with age
Since the main aim of the present study was to determine
the changes in CSF-PS1 associated with ADAD and DS,
and given that both ADAD and DS exhibits earlier clinical
onset, we first assessed whether the amount and nature of
the soluble PS1 complexes varies with age. The PS1 com-
plexes in samples from control subjects (NC) from 25 to
80 years-of-age were detected with the 98/1 antibody,
which predominantly recognized complexes of approxi-
mately 100 and 150 kDa, together with a less abundant
50 kDa band (Fig. 1a). The identity of these bands as com-
plexes involving NTF- and CTF-PS1 was demonstrated in
a previous study [12]. This soluble 50 kDa PS1 band may
represent a NTF and CTF-PS1 aggregate, as the holopro-
tein had a mass of ~43 kDa and it differs in its electrophor-
etic migration [12]. PS1-NTF monomers are not detectable
in human CSF samples. Since ADAD starts prior to 60 years
of age [1], we sub-grouped young and elderly NC below
and above this threshold. The sum of the immunoreactivity
for the major 100 and 150 kDa PS1 complexes was signifi-
cantly higher (~58 %) in the elderly NC (eNC; n = 18) than
in the young NC samples (yNC; n = 19; p <0.001: Fig. 1b).
No differences were found between values obtained from
the two center of sample collection. In all the NC samples,
the major 100 and 150 kDa PS1 complexes were positively
correlated with age (r = 0.54; p <0.001: Fig. 1c). Therefore,
this age-dependent increase in PS1 complexes must be
taken into account when comparing the different patho-
logical groups with non-disease subjects, defining appropri-
ate age-matched controls.

We also attempted to assess potential differences in
the class of the PS1 complexes in the NC sub-groups
based on the direct analysis of the Western blots. As
such, we defined the (100 + 150 kDa)/50 kDa quo-
tient for each sample. No change was observed in
the (100 + 150 kDa)/50 kDa quotient evaluated in CSF
from yNC and eNC subjects (Fig. 1b).

Higher PS1 levels in symptomatic and asymptomatic
ADAD
To assess whether the amount of CSF-PS1 is altered in
ADAD, the levels in the age-matched yNC group were
compared with those in the CSF from symptomatic
(syADAD) and asymptomatic (pre-symptomatic: psA-
DAD) subjects carrying mutations in PSEN1 in Western
blots (see Table 1 and Fig. 2a). Stronger immunorea-
ctivity for the 100 and 150 kDa complexes was evident
in syADAD (~119 %; p <0.001) and in psADAD (~87 %;
p <0.001) subjects compared to the yNC, with no differ-
ences between the two pathological groups (Fig. 2b).
Indeed, the levels in these AD subjects were significantly
higher than in the yNC sub-group, composed by
non-mutation carriers from the same ADAD families
(p <0.001). The previously defined quotient of CSF-
PS1 complexes (see above) also discriminated be-
tween the yNC and the two ADAD groups, both
individually (p = 0.007 for syADAD; p = 0.027 for
psADAD) or when considered as a unique patho-
logical group (p = 0.007). Thus, a higher proportion
of 100 + 150 kDa CSF-PS1 complexes appears to be
associated with ADAD even at pre-symptomatic
stages (Fig. 2b).
PS1 complexes can be also characterized by gradient

ultracentrifugation [24], followed by Western blotting
under denaturing conditions, which served to illustrate
the existence of different CSF-PS1 complexes [12].
When, CSF-PS1 complexes from yNC and syADAD
subjects were characterized by sedimentation analysis on
sucrose density gradients (Fig. 2c), 100–150 kDa PS1
complexes were identified close to the alkaline phos-
phatase marker (~140–160 kDa), along with larger
complexes that sedimented in regions closer to the cata-
lase marker (~232 kDa). These latter complexes were
unstable and resolved as 50 kDa peptides by SDS-PAGE/
Western blot analysis (Fig. 2c). In good agreement with
results with the CSF-PS1 complex quotient obtained for
direct Western blot analysis, samples separated by ultra-
centrifugation revealed higher abundance of the highly
stable 100–150 kDa PS1 complexes in the syADAD
samples than in the yNC samples, more so than the
complexes of the 50 kDa fragments that sedimented in
the denser fractions. This difference was clearly evident
with the determination of a refined quotient, the “sta-
bility” quotient, reflecting the differences between the
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highly stable complexes (the 100–150 kDa heterodimers
that sediment close to the internal marker of similar mo-
lecular mass) and the unstable complexes (the 50 kDa
complexes that sediment closer to catalase), this quo-
tient allowing us to discriminate syADAD (p = 0.004)
from yNC samples (Fig. 2d).

Highly stable CSF-PS1 complexes are elevated in sAD and
MCI
In sAD no notable differences in total PS1 were ob-
served between patients with dementia due to sAD, MCI

due to AD, or age-matched eNC subjects (Fig. 3a, b).
However, the highly stable PS1 complexes were again
more abundant in probable sAD cases compared to eld-
erly eNCs when the CSF-PS1 complexes quotient was
calculated (p = 0.006; Fig. 3b). Sucrose density centrifu-
gation profiles (Fig. 3c) and the subsequent estimation of
the “stability” quotient confirmed the greater abundance
of highly stable PS1 complexes in sAD compared to
eNC (p = 0.02; Fig. 3d), as well as indicating that the
highly stable complexes were particularly increased in
MCI subjects (p = 0.008; Fig. 3d).

Fig. 1 Characterization of the CSF-PS1 complexes in younger and elderly NC subjects, and their correlation with age. a Representative
Western blots of human CSF samples from non-demented control (NC) subjects arbitrarily categorized as young (yNC; ≤60 years; n = 23)
and elderly (eNC; >60 years; n = 17), and probed with an anti-NTF-PS1 antibody. b Densitometric quantification of the major 100 and
150 kDa CSF-PS1 complexes (the sum of the 100 + 150 kDa CSF-PS1 bands) and the quotient derived from the immunoreactivity for the
100 and 150 kDa bands relative to that for the minor 50 kDa band in each sample [(100 + 150 kDa)/50 kDa]. The data represent the
means ± SEM and they were compared using a paired Students t test: *p <0.001. c Correlation between the levels of the 100 + 150 kDa
CSF-PS1 complexes with age
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Higher PS1 levels in demented and non-demented DS
DS is considered a pre-symptomatic AD [10]. To assess
whether an increase in the CSF-PS1 complexes is also
associated with DS, we analyzed CSF samples from DS
patients with (dDS) or without (ndDS) signs of clinical
dementia, comparing these to age-matched yNC (Fig. 4a).
The cumulative immunoreactivity of the major 100
and 150 kDa bands was significantly higher in both
dDS (p <0.001) and ndDS (p = 0.007) CSF than in
that from yNC subjects (Fig. 4b). Remarkably, the
CSF-PS1 complexes quotient also revealed consistent
changes in the proportion of the different complexes
for both dDS (p <0.001) and ndDS subjects (p = 0.04)
relative to yNC (Fig. 4b).

The formation of stable CSF-PS1 complexes is favored by
β-amyloid
Although PS1 clearly forms native complexes in CSF,
there is little knowledge about the dynamics of soluble
PS1 fragment assembly into heteromeric complexes. Thus,

we monitored the assembly of soluble PS1 into complexes
in a cell model, CHO cells over-expressing wild-type
human PS1. An increase in the 29 kDa NTF of PS1 in
extracts from CHO cells transfected with human PS1
corroborated that these cells over-expressed the protein
(Additional file 1: Figure S1A). Immunoblotting of the
cell-conditioned medium revealed predominant bands of
approximately 100 and 150 kDa, and a weaker ~70 kDa
band. The amounts of these soluble PS1 complexes in-
creased in conditioned media from CHO cells transfected
with PS1 (Additional file 1: Figure S1A). CHO cells stably
transfected with PS1 and APP showed similar soluble PS1
complexes with additional 50 kDa band and monomeric
NTF (Additional file 1: Figure S1A). To ascertain the
identity of the soluble PS1 complexes in the cellular
model, we reduced PS1 expression in CHO cells stably
over expressing wild-type human PS1 with siRNA PS1.
Cells transfected with siRNA PS1 displayed decrease in
cellular PS1-NTF, but also in soluble PS1 complexes iden-
tified in cell media (Additional file 1: Figure S1A).

Fig. 2 The increase in the CSF-PS1 complexes in ADAD. a Representative blot of the PS1 complexes in the CSF samples from eight
symptomatic ADAD (syADAD), six presymptomatic mutation carriers (psADAD) and 23 younger NC controls (yNC), eight of which
were from the same families a the ADAD subjects but that did not carry mutations (black symbol; see also Table 1). b Densitometric
quantification of the accumulative immunoreactivity from the sum of the higher molecular mass PS1 complex (100 + 150 kDa). A quotient
was calculated for each sample defined as the sum of (100 + 150 kDa) immunoreactivity relative to the 50 kDa immunoreactivity: (100 +
150 kDa/50 kDa). c Six syADAD and five yNC samples were fractionated on 5–20 % sucrose density gradients to further characterize the
PS1 complexes. The fractions (collected from the top of each tube) were immunoblotted under denaturing conditions and probed for
PS1, as in (a). β-Galactosidase (G, 16.0S; ~540 kDa), catalase (C, 11.4S; ~232 kDa) and alkaline phosphatase (P, 6.1S; ~140–160 kDa) were
used as internal markers. Representative blots are shown. d The “stability” quotient was defined as the sum of the stable immunoreactive
bands that sediment close to alkaline phosphatase (~140–160 kDa; fractions 2–7), mainly the 100 and 150 kDa bands, relative to the large
unstable complexes that sediment closer to catalase (~232 kDa; fractions 8–12), and resolve mainly as 50 kDa immunoreactive bands in
Western blots. The data are the means ± SEM: *Significantly different (p <0.005) from the yNC group as assessed by the Student t or
Mann-Whitney U tests
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We also analyzed the soluble PS1 complexes in the con-
ditioned medium of PS1-transfected CHO cells and CHO
cells over-expressing PS1 and APP, using sucrose-density
gradient fractionation followed by Western blotting under
denaturing conditions (Additional file 1: Figure S1B). The
majority of the soluble PS1 in the CHO cell-conditioned
medium accumulated close to the alkaline phosphatase
marker (~140–160 kDa) and resolved as 70 kDa complexes

after denaturation, with only faint bands at 100 kDa. How-
ever, some 29 kDa monomeric PS1 was also evident, prob-
ably released from the complexes (Additional file 1: Figure
S1B). By contrast, in the medium of CHO cells over-
expressing PS1 and APP there was virtually no 29 kDa
NTF immunoreactivity, indicating that in the context of β-
amyloid over-expression, most of the soluble PS1 is stably
incorporated into complexes (Additional file 1: Figure S1B).

Fig. 3 Increase in the stable PS1 complexes in AD and MCI CSF. a Representative blot and (b) densitometric quantification of the accumulative
immunoreactivity from the sum of stable higher molecular mass PS1 complexes (100 + 150 kDa) in CSF samples from 13 sAD, 12 MCI and 17
age-matched eNC subjects. A quotient calculated as the sum of (100 + 150 kDa) immunoreactivity relative to the 50 kDa immunoreactivity: (100
+ 150 kDa/50 kDa) is also shown. c Six AD and MCI individuals, and 8 eNC subjects were fractionated on 5–20 % sucrose density gradients, and
probed with the PS1 antibody under denaturing conditions. The internal markers were β-galactosidase (G), catalase (C) and alkaline phosphatase
(P), as in Fig. 3. d The values for the “stability” quotient reflecting the highly stable complexes (100 + 150 kDa immunoreactive bands sedimenting
in fractions 2–7) relative to the unstable complexes (50 kDa immunoreactive bands sedimenting in fractions 8–12) is also shown. *p <0.05,
**p <0.01 as assessed by the Student t or Mann-Whitney U tests

Fig. 4 An increase in PS1 stable complexes in DS CSF. a Representative blot of PS1 complexes in CSF from 10 DS subjects with
dementia of the Alzheimer’s type (dDS), 10 DS without any sign of memory decline (ndDS) and 23 yNC. b Densitometric quantification
of the accumulated immunoreactivity from the sum of the higher molecular mass PS1 complex (100 + 150 kDa), and the quotient of
the (100 + 150 kDa) immunoreactivity relative to the 50 kDa immunoreactivity (100 + 150 kDa/50 kDa). The means ± SEM are shown:
*p <0.005, **p <0.005, Student t test
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We further tested the possible interaction between
soluble PS1 complexes and Aβ. PS1 was immunoprecipi-
tated from the medium of CHO cells over-expressing PS1
and APP with the 00/2 antibody that recognizes the PS1
CTF. Immunoprecipitation of heteromeric PS1 complexes
was confirmed in Western blots probed with the anti-N-
terminal 98/1 antibody (Additional file 1: Figure S1C).
Considerable amounts of Aβ oligomers were also detected
in these immunoprecipitates by the 6E10 antibody (Add-
itional file 1: Figure S1C), while no immunoreactivity was
resolved by a C-terminal APP antibody (not shown); indi-
cating that oligomers of Aβ, but not C-terminal fragments,
interact with the soluble PS1 complexes.
To confirm that Aβ oligomers favors the formation of

stable PS1 complexes in human CSF we examined the

Aβ peptides in PS1 complexes immunoprecipitated from
CSF samples from sAD and eNC subjects. Again, CSF
samples immunoprecipitated with 00/2 antibody were
probed in immunoblots with the 98/1 and 6E10 anti-
bodies (Fig. 5a), demonstrating that Aβ oligomers co-
immunoprecipitated with heteromeric PS1 complexes
from both eNC and sAD CSF samples. We further
tested the involvement of Aβ on the formation of the
highly stable PS1 complexes. After CSF-PS1 complexes
were fractioned by sucrose density gradients and the
peak fractions of the highly stable and unstable com-
plexes were isolated, they were immunoprecipitated with
the 00/2 antibody (Fig. 5b). Aβ oligomers were clearly
present in the fractions rich in stable 100–150 kDa
complexes from both eNC and sAD samples, whereas

Fig. 5 Aβ oligomers are present in highly stable CSF-PS1 complexes. a CSF samples from eNC and sAD subjects were precleared with protein
A-Sepharose (T: total), and then immunoprecipitated with the anti CTF-PS1 00/2 antibody. The precipitated proteins (IP) were probed in
immunoblots with the antibody indicated (98/1 for NTF-PS1 and 6E10 for Aβ). Note that oligomeric Aβ species co-immunoprecipitate and
interact with CSF-PS1 complexes in both eNC and sAD. None immunoreactivity was resolved in negative controls incubated with beads in
the absence of antibody (not shown). b CSF-PS1 complexes were fractionated by sucrose gradient centrifugation, and the fractions containing highly
stable (Hs) or unstable (Us) PS1 complexes were pooled, dialyzed and concentrated by ultrafiltration. Representative sedimentation profiles illustrate
the fractions selected for peak isolation. The enriched CSF-PS1 complexes were then immunoprecipitated with the 00/2 antibody and assayed in
immunoblots probed with the 6E10 antibody against Aβ (insert). Representative blots reveal that Aβ oligomers are mainly present in peak fractions
containing highly stable PS1 complexes (illustrative examples from two different experiments)
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virtually no Aβ immunoreactivity was detected in the
pooled fractions of 50 kDa PS1 complexes (Fig. 5b).
Hence, oligomers of Aβ appear to mainly associate with
the highly stable PS1 complexes.

Discussion
The detection of soluble PS1 in CSF and serum [12] was
a somewhat unexpected finding, particularly since PS1 is
a multi-pass transmembrane protein with several hydro-
phobic regions [14]. Indeed, the presence of soluble PS1
has been reported in the medium of primary neurons
[25] and confirmed in human serum [26]. Here, we
corroborated the existence of different PS1 complexes in
human CSF and we revealed their potential utility as a
biomarker for AD. Like many membrane proteins, PS1
has a tendency to aggregate under non-native conditions
[27, 28]. Thus, CSF-PS1 complexes probably represent
non-specific aggregates of PS1 NTF and CTF distinct to
the active γ-secretase membrane-complexes [12].
How PS1 complexes become soluble and appear in the

CSF is yet to be determined. However, it appears that
Aβ oligomers can probably contribute to the formation
of stable CSF-PS1 complexes which are particularly
abundant in AD. Indeed, it is remarkable that when we
follow the formation of PS1 complexes in the cell-
conditioned media, the co-expression of APP and PS1
favored the accumulation of complexes and not soluble
monomeric PS1 is existent. We were able to pull down
oligomeric Aβ species by PS1 immunoprecipitation from
the medium, as well as from human CSF, in which Aβ
oligomers are mainly associated to the highly stable PS1
complexes. Aβ peptides are chemically “sticky”, gradually
building up into fibrils and aggregates; although the
mechanism of how can Aβ stabilize CSF-PS1 is yet to be
determined. Also in this context, levels of soluble Aβ
peptide assessed by ELISA determinations appear con-
sistently decreased in AD CSF [11]. The possibility that
some amounts of Aβ participate within stable protein
complexes in CSF, resulting underestimated by conven-
tional ELISA protocols, may deserve consideration.
In CSF samples from NC subjects we observe an age-

related increase in the total amount of PS1, while the
relative proportion of the different complexes remains
unaltered. No changes were observed comparing NC
samples from different center of sample collection or
gender. However, the relative proportion of stable PS1
complexes does appear to increase in the AD condition.
We propose that the most significant phenomenon

related to the potential use of CSF-PS1 to discriminate the
pathological state is the change in the proportion of PS1
complexes, rather than the estimates of the total PS1 levels.
Accordingly, we focused our analysis on the highly stable
100–150 kDa PS1 complexes in CSF. The highly stable
CSF-PS1 complexes co-exist with unstable complexes,

sedimenting after differential centrifugation in regions
closer to 200–250 kDa, but mainly resolved as 50 kDa
components by reducing SDS-PAGE. We found that a quo-
tient of PS1 complexes can discriminate all pathological
groups from age-matched controls. We suggest that these
quotients reflect differences in the properties of the PS1
complexes formed under pathological conditions. Screening
large numbers of samples by sucrose gradient ultracentrifu-
gation is difficult. As a reliable alternative, we addressed the
discrimination of samples using a complementary param-
eter, a quotient of CSF-PS1 complexes calculated directly
from Western blot analysis [(100 + 150 kDa)/50 kDa],
thereby simplifying the analysis. This alternative quotient is
useful to discriminate ADAD and DS subjects from age-
matched yNC, as well as sAD from eNC. In our analysis,
this quotient of PS1 complexes only failed to adequately
discriminate MCI subjects, maybe indicating a lack of sens-
ibility with respect to the evaluation of the complexes after
separation by ultracentrifugation in sucrose density gradi-
ents. The inherent uncertainty in clinical diagnosis may also
account for these differences, particularly for MCI group in
which some subjects maybe remained MCI stable or
develop to other dementias.
Anyhow, large overlap is observed between groups when

assessment of the relative amount of CSF-PS1 complexes is
estimated by a quotient obtained directly from Western
blot analysis, without fractioning by ultracentrifugation. It
will be necessary to replicate these finding using other tech-
niques, such as ELISA specific for stable CSF-PS1 com-
plexes, to evaluate their true potential as biomarkers.
Interestingly, altered levels of CSF-PS1 are detectable in

both symptomatic and asymptomatic ADAD subjects.
Similarly, alterations to CSF-PS1 levels occur in DS sub-
jects with and without dementia. The analysis of CSF sam-
ples from DS subjects is of particular interest since it is
well known that almost all adults with DS over 40 years of
age display AD neuropathology [29, 30], although the
prevalence of dementia in these individuals varies consid-
erably [31–34]. Thus, there is no association between the
age of onset of AD neuropathology in DS subjects and the
appearance of clinical dementia [35], and we cannot pre-
dict the number of ndDS that will develop future cognitive
impairment. In the view of the consistent changes in CSF-
PS1 in ndDS we assume that this biomarker is more re-
lated to the brain pathological status than the occurrence
of dementia and cognitive decline.

Conclusions
In conclusion, our present findings demonstrate that
CSF-PS1 complexes are altered in genetically determined
AD, as well as in sAD. Together, our results indicate that
the increase in stable PS1 complexes in CSF is an early
phenomenon associated to AD pathology and may
constitute an asymptomatic biomarker.
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Additional file

Additional file 1: Figure S1. Aβ affects the dynamics and stability of
the soluble PS1 complexes. (A) CHO cell were transfected with human
PS1 or with the pcDNA3 expression plasmid as a control (Ø). CHO cells
stably over-expressing PS1 and APP were also transfected with PS1 siRNA.
PS1 in the cell extracts and soluble PS1 complexes in the medium were
assayed in Western blots using a NTF-PS1 antibody (equivalent amounts
of protein of the cell extracts and equal volumes of medium were loaded
in each lane). GAPDH served as a loading control for cellular extracts. (B)
Soluble PS1 complexes from the medium conditioned by CHO cells
transfected with PS1 (CHO-PS1), or CHO cells over-expressing PS1 and
APP (CHO-PS1/APP), characterized by ultracentrifugation on 5–20 %
sucrose density gradients. Fractions were collected from the top of each
tube and they were analyzed by SDS-PAGE under denaturing conditions.
Enzymes of known sedimentation coefficient were used as internal
markers: β-galactosidase (G, 16.0S; molecular mass ~540 kDa), catalase
(C, 11.4S; ~232 kDa) and alkaline phosphatase (P, 6.1S; ~140–160 kDa).
Note that both PS1 complexes and 29 kDa monomers were identified in
CHO-PS1 cells, while the 29 kDa monomers are mostly absent from the
CHO-PS1/APP cells. (C) Cell medium conditioned by CHO-PS1/APP cells
was precleared with protein A-Sepharose and the soluble PS1 complexes
were immunoprecipitated with the anti-PS1 antibody 00/2 raised against
the CTF. The immunoprecipitated proteins (IP) were probed with the 98/
1 antibody against the NTF of PS1 and the 6E10 antibody against Aβ
(T: total). The PS1 antibody confirms the immunoprecipitation of heteromeric
complexes of PS1 and the 6E10 confirms that these PS1 complexes contain or
interact with small Aβ oligomers. Illustrative examples from three different
experiments are shown. (TIF 2441 kb)
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Abstract  

Background: The disintegrin metalloproteinase 10 (ADAM10) is the main α-secretase 

acting in the non-amyloidogenic processing of the amyloid precursor protein. This study 

assesses whether ADAM10 is present in cerebrospinal fluid (CSF), and whether it has 

potential as a biomarker for Alzheimer’s disease (AD). 

Methods: ADAM10 was characterized in human CSF samples by western blotting 

using antibodies specific for different domains of the protein and by ultracentrifugation 

in sucrose density gradients. Samples from AD patients (n= 20) and age-matched non-

AD controls (n= 20) were characterized for classical CSF biomarkers, Aβ42, T-tau or P-

tau, and assayed for sADAM10 levels with a mid-domain antibody (common to all the 

identified ADAM10 species). 

Results: We found that ADAM10 is present in human CSF as several distinct species: 

an immature form retaining the prodomain (proADAM10; ~80 kDa), a mature 

unprocessed full-length form (ADAM10f; ~55 kDa) and a truncated large soluble form 

released from the membrane (sADAM10; ~50 kDa). Fractionation by 

ultracentrifugation on sucrose density gradients showed that the ADAM10f and 

sADAM10 species form large complexes. Immunoblotting revealed a significant 

decrease in ADAM10f and sADAM10 in AD CSF compared to control CSF, while 

proADAM10 levels remained unaltered.  

Conclusions: Several forms of ADAM10 are present in CSF, mainly assembled as high 

molecular weight complexes. The determination of the levels of mature forms of CSF-

ADAM10 may be useful as a biomarker for AD. 
 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

	  



110 
 

	
	

Sogorb-Esteve et al. 4 

Introduction  

The amyloid-β peptide (Aβ) is a key pathological effector of Alzheimer’s disease (AD) 

[1]. Aβ is a short polypeptide generated by processing of a larger type I transmembrane 

spanning glycoprotein, the amyloid precursor protein (APP), through the successive 

action of proteolytic enzymes called β-secretase and γ-secretase [2,3]. APP can undergo 

alternative proteolytic processing [4]; indeed in the main pathway APP is cleavage by α-

secretase within the AE domain, precluding Aβ formation [5] . Several members of 

membrane-bound disintegrin metalloproteinase (ADAM) family have been proposed as 

α-secretases, mainly ADAM10, ADAM17 (TACE), and ADAM9 [6], but other ADAM 

family members, such as ADAM8, may also cleave APP [7]. However, convincing 

evidence, particularly data from in vivo studies [8,9], indicates that ADAM10 is the 

enzyme acting as the main physiologically relevant α-secretase [10]. 

The major neuronal β-secretase, the beta-site APP cleaving enzyme 1 (BACE1; 

[11] is present in CSF [12] in a soluble and truncated form, and increased β-secretase 

activity and BACE1 protein levels have been investigated as biomarkers for AD [13–

16]. The presence in CSF of γ-secretase components, and particularly components of the 

catalytic subunit presenilin-1, have also been assessed recently as AD biomarkers 

[17,18]. However, to our knowledge, only ADAM17/TACE activity has been assessed 

in both CSF [19] and plasma [20,21]; while the potential of ADAM10 as an alternative 

AD biomarker has so far only been investigated in platelets [22,23], and other blood 

cells [24]. ADAM proteases, similar to BACE1, are type I transmembrane proteins, but 

also include secreted isoforms [6]. Indeed, ADAM10 and ADAM17 have been shown 

to be secreted outside cells in exosomes [25]. Recently, an in-depth analysis of the 

human CSF endopeptidome enabled identification of several ADAM-10 peptides [26]. 

In this study, we investigated the occurrence of ADAM10 in human CSF and 

whether altered levels of this protein occur in AD. We have characterized the full-length 
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and truncated forms of ADAM10 in CSF, as well as immature forms of the protein that 

need to be taken into consideration for the design of an appropriate strategy for 

development of further assay approaches. We report that the full-length and truncated 

forms of ADAM10, but no the immature forms, decrease in AD CSF compared to 

control CSF. 
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Material and methods  

Patients 

CSF samples were obtained from the Clinical Neurochemistry Laboratory (Mölndal, 

Sweden) from patients who sought medical advice because of cognitive impairment. In 

total, 27 patients with AD (7 men and 20 women, mean age 71 ± 1 years) and 26 age-

matched non-AD controls (NADC; 18 men and 8 women, mean age 70 ± 2 years) were 

included. Patients were designated as normal or AD according to CSF biomarker levels 

using cutoffs that are >90% specific for AD: total tau (T-tau) >400 ng/L, P-tau >60 ng/L 

and Aβ42 <550 ng/L [27]. For more details, see Table 1. All AD patients fulfilled the 

2011 NIA-AA criteria for dementia [28] The CSF samples used for the present study 

were de-identified leftover aliquots from clinical routine analyses, following a 

procedure approved by the Ethics Committee at University of Gothenburg. This study 

was also approved by the Ethics Committee at the Miguel Hernandez University.  

 

Cell cultures 

For obtaining conditioned cell-culture medium CHO cells (450,000 cells/well) were 

grown in six-well plates for 48 h in Dulbecco’s modified Eagle’s medium (DMEM) 

plus GlutaMAX™ (Gibco® Life Technologies, Paisley, UK) supplemented with 5% 

fetal bovine serum (FBS; Gibco) and 100 μg/mL penicillin/streptomycin (Gibco). After 

48h, the cell medium was recollected, centrifuged for 15 min at 1500×g at 4ºC, and 

frozen for future analysis. 

 

Western blotting  

Samples of CSF (30 µL) and cell medium (20 µL) were denatured at 98ºC for 5 min and 

resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

under reducing conditions. Following electrophoresis, proteins were blotted onto 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

	  



113 
 

	
	

Sogorb-Esteve et al. 7 

nitrocellulose membranes (Bio-Rad Laboratories GmbH, Munich, Germany). Bands of 

ADAM10 immunoreactivity were detected using an antibody specific for the mid-

domain of ADAM10 (rabbit polyclonal; OAGA02442, Aviva Systems Biology, San 

Diego, USA) and an anti-C-terminal ADAM10 antibody (rabbit monoclonal; ab124695, 

Abcam, Cambridge, UK). Blots were then probed with the appropriate conjugated 

secondary antibodies, and imaged on an Odyssey Clx Infrared Imaging System (LI-

COR Bioscences, Lincoln, NE, USA). Band intensities were analysed using LI-COR 

software (Image Studio Lite). A control CSF sample, resolved in all the blots, was used 

to normalize the immunoreactive signal between blots. 

 

Sucrose density gradient ultracentrifugation 

ADAM10 complexes were fractioned by ultracentrifugation at 250,000×g on a 

continuous sucrose density gradient (5–20%) for 4 h at 4°C in a Beckman TLS 55 rotor. 

CSF aliquots (65 μL) were carefully loaded onto the top of the gradient containing 2 mL 

of 0.15 M NaCl, 50 mM MgCl2 and 0.5 % Brij 97 in 50 mM Tris-HCl (pH 7.4). After 

centrifugation, ~14 fractions were collected gently from the top of the tubes. Enzyme 

markers of known sedimentation coefficient, β-galactosidase, catalase and alkaline 

phosphatase were used in the gradients to determine the approximate sedimentation 

coefficients. 

 

Measurement of T-tau, P-tau and Aβ42 by ELISA 

Total tau (T-tau), phosphorylated tau (P-tau) and Aβ1-42 (Aβ42) concentrations in CSF 

were measured using INNOTEST ELISA methods (Fujirebio Europe, Gent, Belgium). 
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Statistical analysis  

All the data were analyzed using SigmaStat (Version 3.5; Systac Software Inc.) using a 

Student’s t test (two-tailed) or a Mann-Whitney U test for single pairwise comparisons, 

and determining the exact p values. The results are presented as means ±SEM and the 

correlation between variables was assessed by linear regression analyses.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

	  



115 
 

	
	

Sogorb-Esteve et al. 9 

Results 

ADAM10 is present in human CSF as several species 

ADAM10 is expressed as a 748 amino-acid-residue type I glycoprotein composed of an 

N-terminal signal sequence followed by a prodomain, a metalloprotease domain, a 

disintegrin domain, a cysteine-rich region, a transmembrane helix, and a cytoplasmic 

region (Fig. 1A). In a previous in-depth LC-MS analysis of human CSF peptides, we 

were able to identify 38 small peptides matching parts of the ADAM10 sequence, 

including the prodomain and the cysteine-rich region close to the transmembrane 

domain [26] (see also Fig. 1A). Analysis by SDS-PAGE and western blotting using an 

anti-ADAM10 mid-domain antibody revealed three immunoreactive species with 

apparent molecular masses of ~80 kDa, 55 kDa and 50 kDa (Fig. 1B). Immunoblotting 

with an anti-C-terminal ADAM10 antibody detected only the 80 and 55 kDa bands (Fig. 

1B), suggesting that the 50-kDa form of CSF ADAM10 is C-terminally truncated. 

Immunoblotting of CHO cell-conditioned medium revealed a similar banding pattern 

for ADAM10 species (Fig. 1B). An additional ~70 kDa band was observed in CSF and 

cell-conditioned medium, but this band was not present in ADAM10 

immunoprecipitates of CSF (blots not shown), and the immunoreactivity of the band 

from the cell culture media declined as the amount of FBS in the culture medium was 

lowered; thus, this band may represent nonspecific staining associated to albumin. 

Accordingly, based on the pattern of immunoreactivity with the different antibodies, 

and the apparent molecular mass of ADAM10 species reported previously 

[10,22,29,30], we attributed the 80-kDa band to the immature form of ADAM10 

(proADAM10), and the 55-kDa form to the mature form (full-length: ADAM10f) 

derived from the proADAM10 form by removal of the prodomain (194 aa, [31,32]), and 

the 50-kDa form to a truncated ADAM10 (soluble: sADAM10), released from the 

membrane by metalloproteases (ADAM9/15; [29]).  
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ADAM10 species in CSF form complexes  

Since ADAM10 exists at the plasma membrane as dimers [33], we characterized the 

occurrence of CSF-ADAM10 oligomers by gradient ultracentrifugation, which has 

previously served to illustrate the existence of different protein complexes in CSF 

[34,35]. Western blotting under denaturing conditions using the anti–mid-domain 

antibody, common to all species, showed that the proADAM10 species accumulated 

before to the alkaline phosphatase marker (molecular mass ~140-160 kDa), while the 

sADAM10 species were identified in denser fractions, between the alkaline phosphatase 

and (molecular mass ~232 kDa). Interestingly, the ADAM10f species were resolved in 

the denser fractions, close to β-galactosidase (molecular mass ~540 kDa) (Fig. 2). The 

particular sedimentation pattern for each ADAM10 species indicated that, at least, 

sADAM10 and ADAM10f can form large complexes in CSF. 

 

Mature forms of ADAM10 are decreased in AD CSF  

After assigning the different ADAM10 immunoreactive species present in CSF as full-

length (~55 kDa: ADAM10f) or truncated (~50 kDa: sADAM10) mature species, as 

well immature forms (~80 kDa: proADAM10), we assessed whether the concentrations 

of these species are altered in AD. We analyzed CSF samples from 27 AD patients and 

26 NADC. The core AD biomarkers were measured using ELISA, confirming elevated 

CSF T-tau and P-tau and low levels of Aβ42 in the AD samples (Table 1). Regarding 

ADAM10 immunoreactivities, we found that the 55 kDa species decreased in 

abundance (~40%; p= 0.005) in AD compared to NADC subjects (Fig. 3). A similar 

decrease was found for the truncated 50-kDa fragment (~36%; p= 0.004), whereas, the 

concentration of the 80-kDa immature ADAM10 form was unchanged (p= 0.44). 
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We further tested whether CSF-ADAM10 complexes are altered in AD cases. 

CSF-ADAM10 complexes were fractioned, from three AD and three NADC 

representative cases, using sucrose-density gradient fractionation, and then resolved by 

western blotting under denaturing conditions (Supplementary Fig. 1). Peaks of the CSF-

ADAM10 complexes were identified in similar fractions for all the AD and ND cases 

tested, indicating that all complexes are present in AD CSF and the nature of the 

complexes is not affected by the pathological conditions. 

Interestingly, levels of sADAM10 and ADAM10f were correlated, albeit 

weakly, in CSF from NADC subjects (R= 0.39; p= 0.048), but not in AD patients (R= 

0.25; p= 0.20). In NADC subjects, no correlation was observed between proADAM10 

and ADAM10f (R= 0.30; p= 0.13) or proADAM10and sADAM10 (R= 0.15 p= 0.46). 

In the AD subjects these correlations were not evident for both proADAM10 and 

ADAM10f (R= 0.05; p= 0.81) or for proADAM10 and sADAM10 (R= 0.12; p= 0.56). 

No correlations were observed with age or gender. Levels of the ADAM10 species did 

not correlate with the core AD biomarkers in NADC, while in AD samples, Aβ42 levels 

correlated with ADAM10f (R= 0.43; p= 0.027), but not with the levels of other 

ADAM10 species. 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

	  



118 
 

	
	

Sogorb-Esteve et al. 12 

Discussion  

There is a need to identify additional CSF biomarkers of AD. The knowledge that APP 

metabolism and Aβ production and aggregation are key steps in AD pathogenesis 

makes proteins involved in the pathological processing of APP, including secretases 

such as ADAM10, reasonable candidates for analysis in CSF. However, since secretases 

are transmembrane proteins, their assessment in CSF was not considered until recent 

years.  

Previous studies have revealed that, in addition to proteins, CSF contains many 

endogenous peptides [36,37], including ADAM10 peptides [26]. In this study, we 

demonstrate the presence in human CSF of the mature and immature full-length 

ADAM10 protein, as well as a membrane cleaved large fragment (sADAM10). As 

sADAM10 can be released by proteolytic processing from the membrane [29], this 

suggests the potential for truncated isoforms to be present in CSF. Indeed, recent reports 

indicate the possibility that ADAM10 levels can even be measured in human serum by 

an enzyme-linked immunosorbent assay (ELISA; [38,39]. 

In our previous study [26] using LC-MS analysis, we identified several short 

peptide fragments of ADAM10 in human CSF, matching sequences located at the N-

terminus of the protein as well peptide fragments located close to the transmembrane 

domain of the protein. In this study, several different molecular mass bands of 

ADAM10 were detected by western blot analysis using mid-domain and C-terminal 

anti-ADAM10 antibodies. Thus, in addition to a sADAM10 isoform attributed to the 

immunoreactive band of ~50-kDa molecular mass, other ADAM10 species retaining the 

intracellular C-terminal domain are present in the CSF. Moreover, as some of the 

sequences identified by LC-MS analysis were homologous to the N-terminal 

prodomain, this indicated that, unexpectedly, immature proADAM10 also reached the 

CSF. Thus, other full-length isoforms of the protein co-exist in the CSF with 
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sADAM10. The presence of proADAM10, together with ADAM10f, has been 

described at the cell surface [10].  

The mechanisms by which these membrane-resident ADAM10 species reach the 

CSF are unknown, but neuronal death may be a contributing factor. Moreover, 

ADAM10 is abundant in exosomes of bovine endometrial stromal cells cultured at 

hypoxic conditions [40]. Thus, an exosomal contribution of ADAM10-CSF cannot be 

discounted. Interestingly, ADAM10 is also enriched in synaptic vesicles [41], being one 

of many synaptic proteins identified and measured in CSF [42]. In this context, we and 

others have reported evidence of the presence in the CSF of “unprocessed” forms of 

several transmembrane proteins, such as BACE1 [34], APP [35,43]  as well the multi-

pass presenilin-1 (PS1) [18,34]. Thus, the existence of a membrane-resident protein in 

CSF is not an unusual finding [44]. Recently, we also characterized in CSF the 

existence of C-terminal fragments of APP, which include the transmembrane domain 

[45]. 

The occurrence in CSF of proteins which still maintain their transmembrane and 

intracellular domains is also relevant for the development of strategies for their 

quantitative estimation. ADAM10, similar to many other transmembrane proteins exists 

as a dimer in the brain [33].  Both the transmembrane [46] and cytoplasmic [33] 

domains can participate in dimerization of ADAM10, a feature that may be is an 

inherent property of ADAM metalloproteinases. In the present study, we demonstrated 

by gradient centrifugation that sADAM10 and ADAM10f are present in the CSF as 

large complexes. Further studies will be necessary to clarify the biochemical properties 

of these homomeric complexes, but our preliminary analysis indicates that the species in 

NADC CSF are similar, if not identical to the species in the AD CSF. We have 

previously demonstrated the occurrence of APP heteromers in CSF, comprising both 

sAPPα/sAPPβ and also soluble full-length APP, and we have shown that these 
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heteromers affect the determination of sAPP by ELISA [35]. Given that the distinct 

ADAM10 species also form complexes, the development of an accurate ELISA 

protocol for the estimation of CSF-ADAM10 levels may require more knowledge about 

the potential variable stoichiometry and stability of these complexes. In fact, our early 

attempts to assess ADAM10-CSF levels by ELISA have resulted in poorly reproducible 

data (~60% intra-assay variability in CSF samples; ELISA kit from MyBioSource, Inc. 

San Diego, CA, USA). A previous study also reported difficulties in assessing 

ADAM10 in CSF, discarding their presence in the fluid [47]. In this study, to 

circumvent this issue, we analyzed ADAM10-CSF levels by SDS-PAGE. 

Our determination of the different species of ADAM10 in CSF by western 

blotting indicated that in AD cases there is a decrease in sADAM10 and ADAM10f, but 

not in the immature forms. Since amyloidogenic processing of APP is expected to be 

altered in the Alzheimer brain, parallel changes in the levels of α-secretase and β-

secretase might be expected. However, it is still unclear if α-secretase and β-secretase 

are inversely correlated during pathological progression, as the proteolytic products 

sAPPα and sAPPβ displayed similar trends in the CSF [43]. Data on ADAM10 in 

human bran are scarce, but the majority of the data indicate an overall decrease in 

ADAM10 mRNA, protein, and/or activity in the brain of AD patients compared to age-

matched controls [48]. However, at least in platelets, the decrease of ADAM10 protein 

in AD patients is not caused by a reduction in ADAM10 mRNA [49]. Thus, the 

regulation of expression and activity of ADAM10 may be complex, being regulated by 

several pathways, epigenetically, and at translational and post-translational levels [48], 

and affected by normal aging [30]. In this context, it may be important to evaluate α-

secretase activity in CSF. Enzymatic activity assays in CSF are usually based on the use 

of specific substrates (synthetic peptides) favourable for the assessment of a concrete 

activity, but as mentioned previously, other enzymes, in addition to ADAM10, display 
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α-secretase-like activity. Indeed, elevated activity levels for ADAM17/TACE have been 

found in both CSF [19] and plasma [20,21] from subjects with AD. Thus, it is 

questionable whether an enzymatic activity assay for ADAM10 in CSF based in the use 

of synthetic peptides (which can be cleaved by multiple proteases) should be used to 

measure changes in the CSF of AD patients. The general requirements for secretase 

cleavage are not strict and we cannot exclude the possibility that other CSF enzymes 

that may cleave the synthetic peptides also being detected. Therefore, only ELISA 

assays based on pan-specific antibodies for concrete ADAM10 species, and including 

pre-treatment methods designed to disaggregate complexes, may be a reliable approach 

to assess protein levels and enzymatic activity. Moreover, emerging evidence indicates 

that the plasma membrane with its unique dynamic properties may additionally play an 

important role in controlling sheddase function, as physicochemical properties of the 

lipid bilayer govern the action of ADAM-proteases [50]. Accordingly, determination of 

enzymatic activities does not appear to be the most adequate and sensitive molecular 

tool to evaluate ADAM10, and other secretases, as a potential CSF biomarkers. 

 

Conclusions 

Despite the limited precision of western blotting for quantitative analysis, we 

consider that mature forms of ADAM10 in CSF constitute potential new biomarkers of 

AD. Our present findings provide sufficient evidence to justify further studies focusing 

on the possibility of monitoring specific soluble forms of ADAM10, and to evaluate the 

progress and feasibility of developing molecular tools for this potential new CSF 

biomarker for AD. 
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List of Abbreviations 

Aβ: amyloid-β peptide;  AD: Alzheimer’s disease; ADAM10: disintegrin 

metalloproteinase 10; ADAM10f: full-length form of ADAM10; APP: amyloid 

precursor protein; BACE1: beta-site APP cleaving enzyme 1; CSF : cerebrospinal fluid; 

NADC: non-AD controls; DMEM: Dulbecco’s modified Eagle’s medium; 

proADAM10: prodomain of ADAM10; PS1: presenilin-1; P-tau: phosphorylated tau; 

SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis; sADAM10: 

soluble form of ADAM10 released from the membrane; T-tau: total tau. 
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Figure Legends 

Figure 1. Different ADAM10 species are present in human CSF. (A) Schematic 

representation of ADAM10 and its domain organization, which consists of a pro-

domain (Pro), a zinc-binding metalloprotease (Protease) domain, a disintegrin domain 

(Dis), which binds to integrin cell adhesion molecules, a cysteine-rich domain (Cys), a 

variable stalk region, a transmembrane (TM) domain, and a cytosolic domain (not 

drawn in scale; adapted from [29]). The potential species resulting from proteolytic 

removal of the prodomain that are further released from the membrane are indicated 

(immature form: proADAM10; mature full-length form: ADAM10f; truncated soluble 

form: sADAM10). The epitopes for the anti-ADAM10 antibodies used in this study are 

also indicated. (B) Western blot of human CSF samples from non-AD controls (NADC) 

subjects, and cell medium (cell med) by CHO cells, resolved with the indicated anti-

ADAM10 antibodies. Arrow-head indicates a non-specific band. 

 

Figure 2. Characterization of CSF-ADAM10 complexes by sucrose gradient 

ultracentrifugation. CSF samples (NADC) were fractionated on 5-20% sucrose 

density gradients. The fractions (collected from the top of each tube) were 

immunoblotted using mid-domain and C-terminal antibodies specific for ADAM10. 

Enzymes of known sedimentation coefficient, alkaline phosphatase (P, 6.1S; ~140-160 

kDa), catalase (C, 11.4S; ~232 kDa) and β-galactosidase (G, 16.0S; ~540 kDa) were 

used as internal markers. 

 

Figure 3. Decreased levels of mature ADAM10 species in AD CSF samples. (A) 

Representative blot of ADAM10 species immunoreactive to a mid-domain antibody in 

the CSF samples from 27 AD patients and 26 age-matched non-AD controls (NADC). 

(B) Densitometric quantification of ADAM10 immunoreactivity from the 55 kDa 
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species attributed to the mature form (ADAM10f), the truncated 50 kDa (sADAM10) 

and the 80 kDa immature form (proADAM10). Arrow-head indicates a non-specific 

band. Data are presented as means ± SEM: *p< 0,005. 

 

Supplemental Figure 1. Unaltered ADAM10 complexes in AD CSF. (A) 

Representative blot of PS1 complexes in CSF from AD subjects and age-matched non-

AD controls (NADC). Three representative AD and NADC cases were analyzed, in 

which the distribution of ADAM10 complexes displayed similar sedimentation patterns. 

Blots were resolved with an anti–mid-domain antibody (domain common to all the 

CSF-ADAM10 species). 
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Table 1: Demographic data and classic CSF biomarker levels. 
 

Group Age 
(years) 

n 
(gender) 

CSF Aβ42 
(pg/mL) 

CSF T-tau 
(pg/mL) 

CSF P-tau 
(pg/mL) 

NADC 
 

70 ± 2 
[55-88] 

n=26 
(8F/18M) 

773 ± 29 
[1010-561] 

238 ± 13 
[138-365] 

36 ± 2 
[21-51] 

AD 
    

71 ± 1 
[55-86] 

n=27 
(20F/7M) 

414 ± 15* 
[544-251] 

689 ± 48* 
[1420-443] 

88 ± 5* 
[164-61] 

 

The data represent the means ±SEM. The ranges of values for each variable are also 

indicated. F= female; M= male. *Significantly different (p< 0.001) from the NADC 

group. 
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Figure 1 Click here to download Figure FIGURE1.pdf 
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Figure 2 Click here to download Figure FIGURE2.pdf 
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Figure 3 Click here to download Figure FIGURE3.pdf 
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Abstract γ-Secretase inhibitors (GSIs) are potential ther-
apeutic agents for Alzheimer’s disease (AD); however,
trials have proven disappointing. We addressed the possi-
bility that γ-secretase inhibition can provoke a rebound
effect, elevating the levels of the catalytic γ-secretase
subunit, presenilin-1 (PS1). Acute treatment of SH-
SY5Y cells with the GSI LY-374973 (N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl es-
ter, DAPT) augments PS1, in parallel with increases in
other γ-secretase subunits nicastrin, presenilin enhancer
2, and anterior pharynx-defective 1, yet with no increase
in messenger RNA expression. Over-expression of the C-

terminal fragment (CTF) of APP, C99, also triggered an
increase in PS1. Similar increases in PS1 were evident in
primary neurons treated repeatedly (4 days) with DAPT or
with the GSI BMS-708163 (avagacestat). Likewise, rats
examined after 21 days administered with avagacestat
(40 mg/kg/day) had more brain PS1. Sustained γ-
secretase inhibition did not exert a long-term effect on
PS1 activity, evident through the decrease in CTFs of
APP and ApoER2. Prolonged avagacestat treatment of
rats produced a subtle impairment in anxiety-like behav-
ior. The rebound increase in PS1 in response to GSIs must
be taken into consideration for future drug development.

Keywords Alzheimer’s disease . Presenilin-1 . γ-Secretase
inhibitor . Therapy

Introduction

Alzheimer’s disease (AD) is the most common dementia
in the elderly, and it is characterized by extracellular de-
posits of aggregated β-amyloid (Aβ) peptides and accu-
mulation of intracellular tangles of the abnormally
hyperphosphorylated microtubule-associated protein tau
(P-tau) [1]. According to the amyloid cascade hypothesis,
which is the most prevalent view on AD pathogenesis, the
disease pathophysiology is triggered by an excess of neu-
rotoxic Aβ peptides, potentially in combination with oth-
er genetics and risk factors [2]. Drug candidates targeting
Aβ have dominated AD drug development programs for
the past three decades [3], and accordingly, targets for
each individual step in this cascade have been developed,
with β/γ-secretase inhibitors representing one particular
opportunity for front-line therapy.
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The Aβ peptide is generated by successive proteolytic pro-
cessing of the amyloid precursor protein (APP) by secretases.
APP is a type I transmembrane spanning glycoprotein that is
first processed by either α- or β-secretase, followed by γ-
secretase cleavage. β- and γ-secretase cleavage generate Aβ
peptides of variable amino acid length, being the most abun-
dant the Aβ40 peptide [4] while Aβ42 appears to be the most
amyloidogenic [5]. The major neuronal β-secretase is the
beta-site APP-cleaving enzyme 1 (BACE1) [6], while the γ-
secretase enzyme complex contains four essential subunits:
presenilin-1 (or presenilin-2), nicastrin, anterior pharynx-
defective 1 (APH1), and presenilin enhancer 2 (PEN2) [7].
γ-Secretase acts an aspartyl protease, which catalytic core is
presenilin-1 (PS1), being its dysfunction associated with the
pathological development of AD [8]. Thus, compounds that
inhibit γ-secretase, targeting PS1, are potential therapeutic
agents for AD.

Preclinical studies clearly established that γ-secretase
inhibitors (GSIs) reduce brain Aβ in rodent models and
also reverse Aβ-induced cognitive deficits in the AD
Tg2576 mice [9]. However, the therapeutic effect of such
drugs in humans has fallen below expectation, with no
demonstrated efficacy in clinical trials and even impaired
cognitive function in long-term treated subjects [10].
Problems of tolerability and dose-limiting effects during
clinical trials with GSIs may have compromised target
engagement for arriving to the minimum extent of Aβ
lowering for significant cognitive benefit in AD patients
(discussed in Toyn and Ahlijanian [11]). On the other
hand, a paradoxical increase of plasma Aβ levels has
been observed upon chronic treatment with a classical
GSI in transgenic animal [12]. Treatment of transgenic
mice and humans with other GSIs, including compounds
involved in clinical trials, may cause late rebound effects
on plasma Aβ levels [13–15]. These changes may be il-
lustrative of a rebound effect in reaction to inhibition by a
GSI-based therapy. To decipher why current GSIs fail to
improve the disease state may help to optimize future
drug development.

Upregulation of enzyme isoforms [16, 17], and also of
the specific enzyme targeted by the drug [18–20], is not
an uncommon phenomenon in reaction to inhibition, al-
though to our knowledge, this possible effect remains un-
explored in terms of GSI treatment. Interestingly, we re-
cently reported that an increase in acetylcholinesterase
could block γ-secretase activity and that this inhibition
initiates a feedback process that leads to a rebound effect,
elevating PS1 levels [21]. Here, we tested how GSIs af-
fect PS1 levels in cellular and animal models. As such, we
provide evidence that γ-secretase inhibition could pro-
voke a rebound increase in PS1, which may be of partic-
ular importance for the design of specific AD therapies
based on GSIs and related drugs.

Materials and Methods

Cell Cultures and Pharmacological Treatment with GSIs

SH-SY5Y cells (700,000 cells/well) were grown in six-well
plates for 24 h in Dulbecco’s modified Eagle’s medium
(DMEM) + GlutaMAX™ (Gibco® Life Technologies,
Paisley, UK) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 100 μg/mL penicillin/streptomycin
(Gibco). The cells were treated with 5 μM of γ-secretase
inhibitor LY-374973: N-[N-(3,5-difluorophenacetyl)-L-ala-
nyl]-S-phenylglycine t-butyl ester (DAPT; Calbiochem®,
Merck KGaA) or the dimethyl sulfoxide (DMSO) vehicle
alone. Following an 18-h treatment, the cells were washed
twice with cold phosphate-buffered saline (PBS) and resus-
pended in 100 μL of ice-cold extraction buffer supplemented
with a cocktail of protease inhibitors: 50 mM Tris-HCl (pH
7.4), 150 mM NaCl, 5 mM EDTA, 1% (w/v) Nonidet P-40,
and 0.5% (w/v) Triton X-100. Cell lysates were sonicated and
centrifuged for 1 h at 70,000×g and 4 °C, and the extracts were
frozen at −80 °C for future analysis.

For some experiments, SH-SY5Y cells were transfected
with 4 μg of a construct that encodes the C-terminal 99 amino
acids of APP (amino acids 597–695), extending from the β-
secretase cleavage site to the C-terminus (a generous gift from
David H. Small). A pCI empty vector (Promega) served as the
negative control. These cells (7 × 105 cells/well) were then
seeded on 35-mm tissue culture dishes and transfected using
Lipofectamine® 2000 (Thermo Scientific™) according to the
manufacturer’s instructions. After 2 days in culture, the cells
and culture supernatants were harvested separately, and the
cell culture supernatants were cleared by centrifugation at
1000×g for 10 min at 4 °C. The cells were then washed with
PBS and solubilized as described above. C-terminal fragment
of APP (APP-CTF) levels were assayed in Western blots to
determine transfection efficiency.

To culture primary cortical neurons, cortical lobes from
E16.5 mice embryos were trypsinized and dissociated in
Hank’s balanced salt solution (Life Technologies). Neurons
were plated onto 35-mm dishes (1.3 × 106 cells/dish) and
maintained in Neurobasal medium (Invitrogen) containing
B27 supplement (Gibco BRL), 100 IU/mL penicillin,
100 μg/mL streptomycin, and 2 mM glutamine. After 7 days
in culture, the cortical neurons were treated with 2 μM of
DAPT or the GSI avagacestat (BMS-708163; from Bristol-
Myers Squibb) for four consecutive days and analyzed on
day 5, 18 h after the last dose. The cells were washed with
PBS and solubilized as described above.

Cell viability was measured using the tetrazolium assay
(MTS; CellTiter 96® AQueous Assay, Promega) according
to the manufacturer’s instructions. Cells were cultured in 96-
well plates and treated with GSIs as previously stated. MTS
was added after GSI treatment, cells were incubated for 4 h,
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and then viability was determined by measuring the absor-
bance at 490 nm in amicroplate reader (InfiniteM200, Tecan).

Animals and Tissue Preparation

All animal procedures were approved by the Animal Care and
Use Committees at the UniversidadMiguel Hernández and by
Centro Principe Felipe (2016A/SC/PEA/00127). Wistar male
rats that weighed 250–300 g at the beginning of GSI admin-
istration were used. The rats were orally administered the
avagacestat (40 mg/kg) or vehicle alone (polyethylene glycol)
using a single or once-a-day dose for 4 or 21 days (n = 10 for
each group), and they were sacrificed ~ 4 h after the final
administration of avagacestat. Cerebrospinal fluid (CSF) sam-
ples (50–60 μL) were collected by cisternal puncture with a
needle inserted in the suboccipital region through the atlanto-
occipital membrane, with a single incision into the subarach-
noid space [22]. CSF samples were centrifuged at 1000×g for
10 min at 4 °C, and the supernatants were stored at −80 °C. In
addition, the rat’s brain was removed and their cerebral corti-
ces were dissected out and stored at −80 °C. Hemi-cortices
were thawed slowly at 4 °C and homogenized (10% w/v) in
extraction buffer: 50 mM Tris-HCl (pH 7.4)/500 mM
NaCl/5 mM EDTA/1% (w/v) Nonidet P-40/0.5% (w/v)
Triton X-100, supplemented with a cocktail of protease inhib-
itors [23]. The homogenates were sonicated and centrifuged,
as indicated above, and the supernatants were collected and
frozen at −80 °C. Protein concentrations were determined
using the bicinchoninic acid method (Pierce, Rockford, IL,
USA). The other hemi-cortices were reserved for messenger
RNA (mRNA) analysis (see below).

Western Blotting

Cell (20 μg) and brain extracts (40 μg) and CSF samples
(30 μL) were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under fully
reducing conditions. Samples were denatured at 50 °C for
15 min to analyze PS1 or, alternatively, at 98 °C for 5 min
for other proteins. The proteins separated were transferred to
nitrocellulose membranes (Schleicher and Schuell Bioscience
GmbH) and probed with a PS1 antibody raised against amino
acids 1–20 (antibody 98/1; see Evin et al. [24]). Protein ex-
tracts from cell cultures were also probed for other γ-secretase
subunits using the following antibodies: mouse anti-nicastrin
(Millipore), rabbit anti-PEN2 (Sigma), and rabbit anti-APH1
(which recognizes both the APH1A and APH1B homologs;
Sigma).

Brain extracts were also assayed for the CTF of APP or
ApoER2 using the monoclonal anti-APP C-terminal antibody
C1-6.1 (Covance) or a polyclonal antiserum against the C-
terminal of ApoER2 (Abcam). Alternatively, the anti-APP
monoclonal antibody 6E10 (Covance) was used. A rabbit

anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody (Abcam) was used as a loading control. Western
blots for different antibodies were performed separately to
avoid re-probing the membranes. Antibody binding was de-
tected with the corresponding conjugated secondary antibody
(IRDye 680CW goat anti-mouse and IRDye 800RD goat anti-
rabbit; LI-COR Biosciences) and visualized on an Odyssey
CLx Infrared Imaging System (LI-COR Biosciences).
Densitometric quantification of the signal from immunoreac-
tive bands was obtained using LI-COR software (Image
Studio Lite).

RNA Isolation and the Analysis of γ-Secretase Subunit
Transcripts by qRT-PCR

The transcripts encoding PS1, nicastrin, PEN2, and two forms
of APH1 (APH1A and APH1B) were assayed. The total RNA
from rat brain hemi-cortices, SH-SY5Y cells, and mouse cor-
tical neurons was isolated with the TRIzol® Reagent using the
PureLink™ Micro-to-Midi Total RNA Purification System
(Invitrogen™ Life Technologies), following the manufac-
turer’s instructions. First-strand complementary DNAs
(cDNAs) were synthesized by reverse transcription of 1.5 of
total RNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems; Life Technologies)
according to the manufacturer’s instructions. Quantitative
PCR amplification was performed using a StepOne™ Real-
Time PCR System (Applied Biosystems) and TaqMan PCR
Master Mix with specific TaqMan Gene Expression Assays:
Hs00997789 for PS1, Hs00950933_m1 for nicastrin,
Hs00708570_s1 for PEN2, HS00211268_m1 for APH1A,
and Hs0029911_m1 for APH1B on SH-SY5Y cell RNA;
Mm00501184_m1 for PS1 on mouse cortical neuron RNA;
and Rn00569763_m1 for PS1 on rat brain hemi-cortex RNA.
GAPDH was amplified as a housekeeping marker
(Hs03929097 for SH-SY5Y cells, Mm99999915_g1 for
mouse cortical neurons, and Rn014626662_g1 for rat brain
hemi-cortices), and the transcript levels were calculated rela-
tive to GAPDH using the comparative 2−ΔCt method.

Behavioral Studies

The Y-maze alternation, active avoidance, and beam walking
tests were performed to analyze memory and learning func-
tions, as well as motor coordination. The tests were performed
2–4 h after the final administration of avagacestat.

Y-Maze Novel Spatial Recognition Memory This test is
based on the rodents’ natural curiosity to explore novel areas,
and the rats were tested as described elsewhere [25]. Briefly,
rats were placed into one of the arms of the Y-maze (start arm)
and allowed to explore the maze with one of the arms closed
for 3 min (training trial). After a 30-min inter-trial interval, the
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rats were returned to the Y-maze, placing them in the start arm,
and then the rats were allowed to freely explore all three arms
of the maze for 3 min (test trial). The number of entries into
and the time spent in each arm were registered manually by an
observer blinded to the rat’s treatment. The discrimination
ratio is a measure of the preference for the novel arm over
the familiar (old) arm, calculated as the Time spent in
Novel / Time spent in the (Novel + Old).

Active Avoidance The active avoidance task is designed to
test the ability of the rats to avoid an aversive event by first
learning to perform a specific behavior in response to a stim-
ulus. The test was performed on a single day and involved 50
trials per animal, as described previously [26].

Beam Walking Test The beam walking test assesses deficits
in fine motor coordination [27], although it is also a useful
assay to test for anxiety-like behavior [28] as it also causes
some anxiety in the animal. Motor coordination was tested on
a 1-m-long wooden stick (20 mm in diameter) situated ap-
proximately 1 m above the ground as described elsewhere
[29]. The number of slips (foot faults) and the latency to cross
(the time spent on the apparatus as an estimate of anxiety) are
scored.

Statistical Analysis

All data were analyzed using SigmaStat (version 3.5; Systat
Software, Inc.), determining exact p values by applying a
Student’s t test (two-tailed) or the Mann-Whitney rank-sum
test, when normality was rejected. The results are presented as
the means ± SEM.

Results

Inhibition of γ-Secretase by the GSI DAPT Increases
the PS1 in SH-SY5Yand Primary Neuronal Cultures

We addressed whether DAPT, a well-known GSI that targets
PS1 and reduces Aβ in vivo [30], alters PS1 expression and
protein levels in SH-SY5Y neuroblastoma cells. Exposure to
DAPT (5 μM) for 18 h did not affect cell viability (p = 0.6), as
evaluated by the MTS assay and in agreement with a previous
study [31]. We first corroborated the efficiency of an acute 18-
h treatment with DAPT (5 μM) to inhibit γ-secretase activity
by measuring the accumulation of the APP-CTF in cell ex-
tracts (Fig. 1a). PS1 undergoes endoproteolytic cleavage as
part of its maturation, generating N-terminal fragment (NTF)
and CTF [32], with very little full-length PS1 detectable in
wild-type cultured cells [33]. As expected, a predominant
band of ~ 29 kDa that corresponded to the PS1-NTF was
evident when immunoblots were probed with an anti-PS1-

NTF antibody, with little or no full-length PS1. The amount
of PS1-NTF was significantly higher in extracts from DAPT-
treated cells (32 ± 14%, p = 0.03) relative to the untreated
controls (Fig. 1a). Similarly, there was a significant increase
in the other γ-secretase components (nicastrin, PEN2, and
APH1) in DAPT-treated SH-SY5Y cells (Supplemental Fig.
1A). However, there was no parallel increase in the mRNA
encoding PS1 (Fig. 1a) or the other γ-secretase subunits
(Supplemental Fig. 1B), which remained similar in DAPT-
treated and untreated SH-SY5Y cells.

Likewise, repeatedDAPT treatment of mouse primary neu-
ronal cultures grown for 2 weeks and then treated daily with
DAPT (2 μM) over 4 days also augmented the amount of PS1
protein (64 ± 11%, p < 0.001; Fig. 1b), with unaltered mRNA
levels (Fig. 1b). Again, no cytotoxicity was observed during
the treatment (p = 0.4, as compared with cell viability in cells
treated with vehicle). Hence, the change in PS1 content
persisted when γ-secretase inhibition was maintained.

Effects of APP-CTF Over-expression on PS1 in SH-SY5Y
Neuroblastoma Cells

Since APP-CTF accumulation is a consequence ofγ-secretase
inhibition, we tested whether increasing APP-CTF mediated
the change in PS1 levels by transfecting SH-SY5Y cells with
APP-C99 cDNA, the β-secretase-derived CTF of APP. More
APP-CTF was evident in these cells following transfection
(48 h; Fig. 2a), with APP-C99 over-expression producing a
significant increase in the cellular PS1 content (65 ± 21%,
p = 0.007; Fig. 2b).

The GSI Avagacestat Alters the PS1 in Cultured Cells
and Its Content In Vivo

Avagacestat is one of the first GSI that undergone clinical
trials but discontinued development for AD because of a lack
of efficacy at phase 2 trial [34–36]. Avagacestat selectively
blocks the processing of APP substrates without notably af-
fecting Notch processing [37, 38]. We analyzed the effect of
avagacestat on PS1 in the primary neuronal cultures, where
exposure to this GSI (2 μM) on four consecutive days in-
creased the amount of PS1 relative to the controls exposed
to the vehicle alone (41 ± 9%, p = 0.007; Fig. 3). There was
no cell death in cultures treated with avagacestat, as evaluated
by the MTS assay (p = 0.5).

Avagacestat was also administered orally to rats in a 40mg/
kg dose. In previous experiments in rats to which doses of 2–
100 mg/kg avagacestat were used, a 40 mg/kg dose demon-
strated significantly reduced Aβ in the brain, with no abnor-
malities detected [37, 39]. Acute treatment served to probe
that avagacestat inhibits the processing of APP-CTF in treated
rats, promoting their accumulation in animals treated with a
single dose (Fig. 4a). We also tested whether avagacestat
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treatment increases PS1 in the brain of rats as part of a rebound
effect, and we extended our analysis to include behavioral
tests. When avagacestat (40 mg/kg) was administered orally
to rats once daily for 4 days, there was apparently no effect on
the amount of APP-CTF in the brain after treatment and PS1
levels remained unaltered (Supplemental Fig. 2). Conversely,
treatment for 21 days significantly diminished the APP-CTF
in the brain (79 ± 5%, p = 0.005; Fig. 4b). This unexpected
decrease in APP-CTF, after prolonged GSI treatment,
prompted the analysis of the levels of other γ-secretase sub-
strates. ApoER2, a liporeceptor for ApoE/Reelin, is also a γ-
secretase substrate [31], and a significant decrease in
ApoER2-CTF (72 ± 9%, p = 0.03; Fig. 4b) was also detected
in rats exposed to avagacestat, relative to the control rats. The
increase in the rate of processing of γ-secretase substrates,
APP-CTF and ApoER2-CTF, paralleled with an increase in
PS1-NTF (29 ± 9%, p = 0.008: Fig. 4c). Again, the
avagacestat-induced increase in PS1 protein was not
paralleled by an increase in its mRNA transcripts (Fig. 4c).

We recently demonstrated the presence of heteromeric PS1
complexes in human and rodent CSF (CSF-PS1), the

proportion of such stable, large molecular mass complexes
being associated to AD status [40, 41]. In Western blots
probed with an antibody against the PS1-NTF, predominant
bands of approximately 100, 80, and 70 kDa were detected,
corresponding to CSF-PS1 SDS-stable complexes previously
characterized [40], as well a 29-kDa band corresponding to
monomeric PS1-NTF. Unexpectedly, the immunoreactivity
for the 100-kDa complexes diminished in 21-day
avagacestat-treated rats relative to the control rats
(57 ± 10%, p = 0.03; Fig. 5), whereas no notable changes were
observed in rats treated for 4 days with avagacestat (Fig. 5).

Finally, we assessed potential behavioral, memory, and
learning changes in rats treated for 21 days with avagacestat
using the novel spatial recognition memory, the active avoid-
ance, and the beamwalking tests. Avagacestat-treated animals
displayed no differences in the novel spatial recognition mem-
ory in the Y-maze, with similar discrimination between arms,
nor delayed alternation, when compared to the control rats
(Fig. 6a). We also observed similar abilities of avagacestat
and vehicle-treated rats to learn the active avoidance task
and avoid the aversive event (Fig. 6b). However, while

Fig. 1 GSI DAPT treatment augments PS1 in SH-SY5Y cells and in
mouse primary neurons. a SH-SY5Y cells were treated for 18 h
(acutely) with DAPT (5 μM) or the vehicle alone (control; Ctrl). Cell
extracts were probed with antibody C1-6.1, against the APP C-terminal,
to demonstrate the accumulation of the APP-CTF in treated cells as a
result of the inhibition of γ-secretase processing. Cell extracts were also
probed for PS1 with an anti-N-terminal antibody. Equivalent amounts of
protein were loaded in each lane, and GAPDH was used as a loading
control. Representative blots and densitometric quantification of the
immunoreactivity are shown. Relative expression of PS1 mRNA was

also analyzed by qRT-PCR. Transcript levels were calculated by the
comparative 2−ΔCt method with respect to GAPDH cDNA. b Primary
neurons were treated with DAPT (2 μM) or the vehicle alone (Ctrl) for
four consecutive days. Cell extracts were probed for APP-CTF and PS1
and for GAPDH as a loading control. The densitometric quantification for
PS1-NTF is shown, as well the relative mRNA levels of the PS1
transcript. The data represent the means ± SEM of at least n = 10
independent determinations (obtained from two independent sets of
experiments): *p < 0.05
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avagacestat-treated rats did not display any alterations in the
ability to cross a round beam, revealing no gross motor

deficits, significant differences were detected in the latency
time to cross the beam, probably indicating higher levels of
anxiety (Fig. 6c).

Discussion

The possibility that levels and activities of secretases are
affected in the brain of AD subjects has been studied inten-
sively [5, 8]. However, whether their inhibition by GSIs can
induce persistent compensatory changes in the brain has yet
to be addressed. It is known that neurotransmitter trans-
porters potentially undergo alterations to gene transcription,
mRNA translation/stability, post-translational, protein traf-
ficking, cytoskeletal interactions, and oligomerization in re-
sponse to chronic drug administration [42]. Indeed, an up-
regulation of proteins targeted by pharmacological inhibition
has also been documented [18–20]. Here, we demonstrate
that GSIs can induce a feedback mechanism that results in
accumulation of PS1 in different cell models. A similar ele-
vation of brain PS1 was identified in 21-day avagacestat-
treated rats, which also displayed an increasing rate of pro-
cessing of the γ-secretase substrates APP-CTF and
ApoER2-CTF, indicative of a rebound effect. These effects
could be related to the reported failure of GSIs to achieve
long-term Aβ regulation and their contribution to rather than
the palliation of the AD pathology.

We found an increase in PS1 after a single day of DAPT
administration to SH-SY5Y cells. Similar results were obtain-
ed in primary neuronal cultures treated for 4 days with DAPT
and in rats treated for 21 days with avagacestat. The increase
in PS1 protein was not paralleled by changes in PS1 mRNA
content, indicating that this increase is not mediated by tran-
scriptional upregulation. At present, the mechanism by which
PS1 levels are enhanced by GSI administration remains un-
known. Interestingly, over-expression of the β-secretase-
derived APP fragment C99 could also mediate an increase in
PS1. There is evidence that the accumulation of APP-C99
may be directly implicated in neurodegeneration and cogni-
tive alterations [43]. Previous evidences indicate that excess in
other γ-secretase substrates can compromise γ-secretase cat-
alytic activity, being accompanied by an increase in PS1 levels
[21]. Remarkably, it has been demonstrated that accumulation
of APP-C99 can cause an impaired lysosomal-autophagic
function [44]. Hence, it seems desirable to investigate whether
an excess of γ-secretase substrates may result in transient
stabilization of PS1/γ-secretase substrate complexes, interfer-
ing in the effective clearance of PS1. Similarly, the stabiliza-
tion of PS1/GSI complexes during sustained γ-secretase inhi-
bition could interfere in the clearance/turnover of PS1. Indeed,
decreased intracellular clearance of PS1 may also reflect the
reduction of the CSF-PS1 complex levels, although how PS1
reaches the CSF is unknown.

Fig. 2 Effects of the modulation of APP-CTF expression on PS1 levels.
SH-SY5Y cells were transfected with APP-C99 cDNA, the β-secretase-
derived CTF of APP, or with a control vector (Ctrl). a Immunodetection
of APP-CTF with the anti-APP C-terminal antibody C1-6.1 served to
assess the efficiency of over-expression. The identity of the increased
immunoreactive band was also tested with the 6E10 antibody, which
recognizes an epitope present in the N-terminal of APP-C99 (not
shown). b The immunodetection and densitometric quantification of
PS1 immunoreactivity in transfected cells are shown. The data are
presented relative to control cells, expressed as the means ± SEM of at
least 12 independent determinations (obtained from two independent sets
of experiments): *p = 0.007

Fig. 3 Increased PS1 levels in neurons treated with the GSI, avagacestat.
Primary neurons were treated with avagacestat (2 μM, Avgct) or the
vehicle alone (Ctrl), and the cell extracts were probed for a APP-CTF
and b PS1. Representative blots and their densitometric quantification are
shown. The data presented are relative to the Ctrl cells, expressed as the
means ± SEM of at least ten independent determinations (obtained from
two independent sets of experiments): *p = 0.007
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In this context, it has been demonstrated that changes in
PS1 ubiquitination can alter cellular levels of PS1 and other γ-
secretase subunits, leading to an alteration in the metabolism
of APP [45, 46]. Therefore, a chronic treatment with GSIs

may cause a sustained accumulation of PS1 leading a rebound
effect with gain in γ-secretase activity. In this regard, although
avagacestat has demonstrated effect in the accumulation of
APP-CTF (acute treatment in rats), prolonged exposition to

Fig. 4 Effect of prolonged inhibition of γ-secretase by avagacestat on γ-
secretase substrates and PS1 in the cortex of rats treated for 21 days. Rats
were treated daily with the GSI avagacestat (40 mg/kg, Avgct) or the
vehicle alone (control; Ctrl) for 21 days, and they were sacrificed 4 h
after the last dose. a As a control of the effective γ-secretase inhibition
by the GSI in the brain, APP-CTF levels (probed with antibody C1-6.1)
were firstly evaluated in rats sacrificed 4 h after a single dose of
avagacestat (n = 6 per group). b The levels of APP-CTF and ApoER2-

CTF were estimated in rats treated with avagacestat for 21 days;
representative blots and densitometric quantifications are shown. c PS1
levels were also evaluated inWestern blots of the same brain hemi-cortex
extracts. GAPDH was used as a loading control. d Relative PS1 mRNA
was analyzed by qRT-PCR in the other rat hemi-cortices obtained after
21 days of treatment (n = 10 per group). The data are presented relative to
the control rats and expressed as the means ± SEM (n = 10 per group): *
p < 0.05 significantly different from the controls

Fig. 5 Effect of avagacestat on PS1 levels in CSF of rats treated for 4 and
21 days. Rats were administered avagacestat (40 mg/kg, Avgct) or the
vehicle alone (Ctrl) daily over 4 or 21 days. Soluble PS1 complexes were
also evaluated in Western blots of CSF samples from Avgct-treated and
control rats (n = 7 per group). CSF-PS1 complexes were detected with
and N-terminal antibody, which predominantly recognized stable

complexes of approximately 100 kDa, together with less abundant 80-,
70-, and 50-kDa complexes, as well monomers of 29 kDa. Previous
studies indicated that these CSF-PS1 complexes represent aggregates of
PS1-NTF and CTF [40, 41]. The densitometric quantification of the
major CSF-PS1 100-kDa complex is shown. The data are presented
relative to the control rats, expressed as the means ± SEM: *p < 0.05
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the GSI (21 days of treatment in rats) has lead to PS1 accu-
mulation. An increase in PS1 levels, even maintained in GSI
treatment, could result in an increasing rate of substrate pro-
cessing during the oscillations in the effective inhibitory con-
centration of the drug, derived of the half-life and QD dosing.

Moreover, other alternatives are suitable. There are subtle
differences in the subcellular accumulation of APP-CTF in
PS1-deficient cells, with no obvious redistribution of the
full-length protein [47]. Distinct subcellular locations of PSs
have been shown to contribute to substrate specificity [48],
and changes in the subcellular distribution of BACE1 induced
by Aβ oligomers have been related to the pathogenesis of AD
[49]. In brief, both post-translational and turnover/degradation
mechanisms may participate in the pernicious response to GSI
and deserve investigation. Moreover, we cannot discard that
other enzymes distinct from PS1, or acting in parallel, could
be involved in the rebound effect, with an increased rating of
γ-secretase substrate processing during prolonged inhibition.

Chronic inhibition of PS1 with GSI has led to toxic side
effects in clinical trials [37, 50, 51]. These adverse effects
were thought to be related with the regulation of Notch activ-
ity by γ-secretase, a protein that is important for cell-to-cell
communication and that has also been implicated in cancer
[52]. Toxic side effects have been noted in clinical trials con-
ducted with Notch-sparing GSIs as well as non-selective

GSIs, although the true selectivity of the former is not clear
[8]. Indeed, dozens of additional substrates for γ-secretase
have been identified and, thus, non-selective GSIs would
probably interfere with multiple cellular events [53, 54].
Currently, clinical trials with semagacestat (LY450139), an
earlier-generation GSI that does not discriminate well between
APP and Notch, have been discontinued, similar to clinical
trials with avagacestat. Furthermore, the development of an-
other Notch-sparing GSI, begacestat (GSI-953) [55], has also
been discontinued for reasons that are not clear (discussed in
De Strooper and Chávez-Gutiérrez [56]).

The therapeutic effect of GSIs appears to be transient, and
the possibility of decelerating or halting cognitive deteriora-
tion also falls below expectations. At 2 years, no significant
differences were observed in key clinical outcomemeasures in
an avagacestat phase 2 trial, yet progression to dementia was
more frequent in the prodromal AD cohort vs the observation-
al cohort [36]. Similarly, semagacestat made AD patients cog-
nitively worse in a phase 3 trial [57]. In Tg2576 mice, a 1-day
treatment with two GSIs significantly ameliorated cognitive
deficits (acute effects) but these effects disappeared when an
8-day treatment schedule was employed. Indeed, prolonged
treatment with GSIs impairs spatial workingmemory and cog-
nitive function [58]. In our study, an augmented latency time
in the beam walking test in wild-type rats treated for 21 days
with avagacestat suggests that some behavioral issues are af-
fected by GSIs. This phenomenon is consistent with the
dampening of initiative and the anxiety that are common neu-
ropsychiatric features of AD [59, 60]. Interestingly, the con-
ditional double presenilin knockout mice has observably al-
tered anxiety-like behavior [61], and less anxiety is also
displayed by transgenic mice expressing mutants PS1-
A246E [62] and PS2-N141I [63]. An association of PS1 with
altered anxiety-like behavior has been suggested [64] and is
worthy of further investigation. The subtle alterations in be-
havioral tests in wild-type rats are inconclusive since we did
not use an animal model with an impaired condition, and nor
did we demonstrate a direct association between altered
anxiety-like behavior and increased brain PS1 levels.
However, we speculate that part of the impairment ob-
served in clinical trials involving GSI use on humans
and in chronically treated animals could be due to re-
bound increases in PS1.

Although simple in concept, the validation of amyloid drug
targets, and specifically that of GSIs, has proved complex in
practice. Earlier studies indicated that the acute oral adminis-
tration of DAPT to APPV717F transgenic mice reduces the Aβ
in the brain [30]. The use of canine [65] and non-human pri-
mate [66] models also served to demonstrate that GSIs de-
crease the Aβ peptides in the CSF. However, it is well
established that the levels of AD CSF diminish when there
is an increase in brain deposition of Aβ. Thus, changes in
CSF-Aβ are unlikely to provide significant information about

Fig. 6 Results of the behavioral tests in rats treated 21 days with
avagacestat. a Novel spatial recognition memory in the Y-maze in rats
treated with avagacestat for 21 days (Avgct) and in the vehicle-treated
controls (Ctrl). The time spent in each arm was recorded in order to
calculate the discrimination index after a 30-min inter-trial interval. b
Result of the active avoidance test documenting the number of attempts
made to avoid the foot shock. cBeamwalking test in which the number of
slips and the latency to cross were scored. The values are the
means ± SEM (n = 10 for each group): *p < 0.05
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therapies aimed at reducing Aβ production, and a lowering of
CSF-Aβ levels is unlikely to be a suitable measure of target
engagement [67].

In this regard, acute administration of avagacestat robustly
reduces CSFAβ40 and Aβ42 levels similarly in rats and dogs
[39]. Moreover, the administration of a single dose of
avagacestat to healthy humans, as well over a 28-day sched-
ule, also markedly decreases Aβ40 and Aβ42 concentrations
in the CSF [68, 69]. However, exploratory CSF amyloid iso-
forms displayed a dose-dependent but not significant reduc-
tion in a small subset of patients in a phase 2 trial, and while
well tolerated, lower doses did not affect the Aβ40 and Aβ42
levels in treated patients [35]. Similarly, earlier studies with
semagacestat in volunteers indicated unchanged levels of
CSF-Aβ [70], although in another study, single oral doses of
semagacestat appeared to decrease Aβ levels in the CSF of
healthy volunteers [71]. No significant reduction in CSF
Aβ42 or Aβ40 level was detected in a phase 2 safety trial
[72], a finding verified by mass spectrometry analysis of the
same samples [73]. Instead, an increase in shorter Aβ peptides
(Aβ1–14, Aβ1–15, and Aβ1–16) was identified, probably
due to increased substrate availability (APP-C99) for α-
secretase [73]. Interestingly, semagacestat produced a de-
crease in plasma Aβ concentrations in a 6-h interval following
drug administration, returning to baseline and then transiently
increasing the Aβ concentrations [13]. It was suggested that
semagacestat might lower Aβ at high concentrations but
cause Aβ elevation at low concentrations [15]. A structurally
related γ-secretase inhibitor, LY-411575, also elevated plasma
Aβ40 and Aβ42 in Tg2576 mice [14]. A biphasic activation-
inhibition dose-response curve for GSIs was proposed to ex-
plain these changes in Aβ secretion [74]. However, these
changes may also be indicative of a transient overshooting
or rebound effect, since an increase in plasma Aβ40 and
Aβ42 has been described in Tg2576 mice chronically treated
with DAPT [12].

Here, we addressed the efficiency of GSIs to inhibit PS1 by
assessing changes in the cellular γ-secretase substrate APP-
CTF. As expected, the accumulation of APP-CTF served to
assess the inhibitory effect of DAPTon PS1 in cellular models
and also that of avagacestat. Accordingly, we were able to
detect accumulation in the brain levels of APP-CTF in acutely
treated rats (sacrificed 4 h after a single dose). However,
sustained inhibition of γ-secretase activity over 21 days re-
vealed decreased APP-CTF levels, suggesting that the consol-
idation of higher PS1 levels in reaction to chronic inhibition
results in an increase in γ-secretase activity, at least in the
intervals between GSI administration. The consolidation of
higher levels of PS1 might indiscriminately affect all γ-
secretase substrates, such as ApoER2 and others, further ex-
acerbating the AD pathology. Interestingly, administration of
GSIs increased APP-CTF in H4 cells over-expressing APP,
although this increase was unexpectedly attenuated at high

concentrations [58]. Elsewhere, APP-C99 levels increase in
CHO cells co-expressing APP and PS1 relative to cells ex-
pressing APP alone, and PS1 can stabilize APP-CTF indepen-
dent of γ-secretase activity [75]. Hence, the relationship be-
tween the substrate and the catalytic enzyme appears to be
more complex than might at first appear.

PS1 also participates in other cell functions [76, 77], and
therefore, the increase in PS1 after GSI administration may
influence distinct cellular effects, even if this subunit is not-
catalytically active. In this regard, PS1 has been implicated in
the physiological maturation and glycosylation of several key
proteins implicated in AD, such as nicastrin [78], BACE1
[79], acetylcholinesterase [80], and others, including APP
[81]. Hence, the over-expression of either the wild-type or
mutant PS1 disturbs glycoprotein processing [82]. Further re-
search will be needed to clarify the influence of increased PS1,
under prolonged GSI administration, in the role of PS1 in their
non-proteolytic functions, and possible interference with the
therapeutic response.

Conclusions

We show here that administration of GSIs result in a rebound
increase in PS1 levels in cellular and animal models, which
must be taken into consideration when using such compounds
in AD therapy. Indeed, our results indicate that the effect of
GSI inhibitors on APP processing failed to have a long-term
effect in treated rats, possibly due to the persistent PS1 eleva-
tion in reaction to chronic inhibition.

The outcomes of the clinical trials with GSIs have been
disappointing, although this may not represent the end of the
development of these drugs to treat AD. The data presented
here indicate that the therapeutic benefits of GSIs and related
drugs should continue to be explored, or at least, we can ex-
tract information that will help understand the failure of GSIs
in AD trials [83]. Hence, synthesizing new GSIs that distin-
guish strongly between APP and Notchmay serve to lower the
required dose, yet it still might not solve the unexplained and
unexpected problem of the facilitation of toxic side effects and
the AD-derived pathogenesis. The failure of GSIs in clinical
trials highlights the need for a systematic re-examination of γ-
secretase biology, including further characterization of the
mechanisms related to the response to chronic inhibition.
Elucidating the mechanisms involved, the complex self-
regulation of γ-secretase is also important to optimize thera-
pies based on γ-secretase modulation. A potent inhibition/
modulation of secretase activities will result in the unbalanced
generation of proteolytic fragments of APP (and fragments
from other substrates), which could determine a self-
regulatory response that will require further analysis for new
secretase inhibitors/modulators designed to specifically inhib-
it the Alzheimer process.
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In this regard, γ-secretase modulators (GSMs), which
only block the γ-secretase cleavage of APP to generate
the Aβ42, with no changes in the production of total
Aβ, were also noticed to have negative outcomes [84].
The clinical development of BACE1 inhibitors is also
being intensely pursued, and several promising BACE1
inhibitors have entered human clinical trials [85], but a
sign of toxicity forced to stop the earliest trials
(discussed in Lahiri et al. [86]). For a successful devel-
opment of new secretase inhibitors/modulators, it is
needed to better understand the cellular response to
the sustained inhibition/modulation of the secretase
activity.

Despite its enzymatic capacity, γ-secretase activity ap-
pears tightly regulated by many cellular components, in-
cluding its own subunits, modulatory partners, and sub-
strates, as well as by an array of cellular events [87].
Furthermore, GSIs are presently explored in clinical trials
as potential therapeutic agents in cancer, targeting Notch,
although a number of mechanism-based adverse events
again emerge [88]. As the therapeutic benefits of GSIs
and related drugs continue to be explored, a better under-
standing of the response of PS1 to chronic inhibition will
become more necessary.
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All the results presented and discussed in this Thesis are summarized in the following 

points: 

1. Levels of highly stable PS1 complexes are increased in the CSF of symptomatic and 

asymptomatic genetically determined AD subjects, as well as in demented and 

non-demented Down syndrome individuals, and in sporadic AD and MCI patients. 

Thus, the increase in PS1 complexes in CSF is an early phenomenon associated to 

AD pathology and may constitute an asymptomatic biomarker. 

 

2. Aβ oligomers favour the formation of stable PS1 complexes in human CSF. 

 

3. We demonstrate the presence of different species of ADAM10 in human CSF, an 

immature form retaining the prodomain, a mature unprocessed full-length form 

and a truncated large soluble form released from the membrane. 

 

4. The different forms of ADAM10 present in CSF are assembled in different types of 

high molecular weight complexes. 

 

5. Mature species of ADAM10, both full-length and truncated forms, are decreased 

in sporadic AD CSF and may constitute potential new biomarker for AD. 

 

6. In vitro treatment with γ-secretase inhibitors augments cellular protein levels of 

PS1 and other γ-secretase subunits without increasing mRNA expression. 

 

7. Rats administered with the GSI avagacestat had more PS1 in cerebral cortex. This 

sustained γ-secretase inhibition fails to exert a long-term effect on PS1 activity 

proven by decrease in substrates such as the C-terminal fragments (CTFs) of APP 

and ApoER2. 

 

8. Prolonged avagacestat-treatment of rats produced a subtle impairment in 

anxiety-like behaviour.	 The potential association of this phenomenon with the 
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increase in PS1 require further analysis to determine if it is related with the 

impaired condition of subjects enrolled GSIs clinical trials. 
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De los resultados presentados en la presente Memoria de Tesis se extraen las 

siguientes conclusiones: 

1. Los niveles de los complejos altamente estables de PS1 en el LCR están 

aumentados en los sujetos con EA genéticamente determinada tanto para casos 

sintomáticos como los asintomáticos, en los individuos con Síndrome de Down 

con y sin demencia, así como en los pacientes con EA esporádica y deterioro 

cognitivo leve. Este aumento en los niveles de los complejos altamente estables 

de PS1 en LCR es un fenómeno que ocurre en un estadio temprano de la 

enfermedad y, por ello, podría postularse como un potencial biomarcador 

asintomático. 

 

2. Los oligómeros del péptido Aβ favorecen la formación de los complejos estables 

de PS1 en LCR humano. 

 

3. Hemos demostrado la presencia de diferentes especies de ADAM10 en LCR 

humano que corresponden a una forma inmadura que mantiene el prodominio, 

una forma madura completa no procesada y una forma truncada, probablemente 

secretada desde la membrana celular. 

 

4. Las distintas formas de ADAM10 presentes en el LCR se encuentran formando 

complejos de elevado peso molecular. 

 

5. Las formas maduras de ADAM10, tanto la entera como la truncada, están 

disminuidas en el LCR de pacientes con EA esporádica. De esta forma, las formas 

maduras de ADAM10 podrían ser un nuevo biomarcador de la EA. 

 

6. El tratamiento in vitro con inhibidores de γ-secretasa aumenta los niveles 

celulares de la proteína PS1, así como de otros componentes del complejo. Sin 

embargo, esta inhibición en la actividad no produce un aumento en los niveles de 

RNA mensajero de ninguno de los componentes del complejo. 
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7. El tratamiento prolongado en ratas con el inhibidor de γ-secretasa avagacestat 

produce un incremento en los niveles de PS1 en la corteza cerebral. Este 

tratamiento sostenido falla en la inhibición de la actividad como lo demuestra el 

descenso en los niveles de sustratos de PS1, como los fragmentos C-terminales 

(CTFs) de APP y ApoER2. 

 

8. El tratamiento prolongado con avagacestat en ratas resulta en un aumento en la 

ansiedad de los animales, determinada en test de comportamiento. La posible 

asociación de este fenómeno con el efecto rebote en PS1 requiere un estudio más 

completo para determinar si contribuye al deterioro cognitivo de los pacientes 

tratados en los ensayos clínicos con GSIs.  
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Aunque no lo recuerdes, aunque olvides, 

no permitas que la oscuridad oculte lo único que es cierto: 

existes porque te quieren, existes porque los quieres. 

Aunque tu no lo sepas. 

      Poesía para el Alzheimer. Elvira Sastre. 

 

 

 

 

 

 

 



	
	
 
 
 

  



 
 

	
	

 




