DEPARTAMENTO DE BIOQUIMICA Y BIOLOGIA MOLECULAR
FACULTAD DE FARMACIA
UNIVERSIDAD DE SEVILLA

EFECTOS DE LA ACUMULACION DEL
PEPTIDO BETA AMILOIDE EN TEJIDO
CEREBRAL DE RATONES PS1xAPP MODELOS
DE LA ENFERMEDAD DE ALZHEIMER.

Memoria presentada por el Ldo. Sebastian Jiménez Muiioz, para

optar al grado de Doctor por la Universidad de Sevilla.

Sevilla, 29 de Septiembre de 2015






UNIVERSIDAD DE SEVILLA . aS1D4,

Departamento de Bioquimica y Biologia Molecular
Facultad de Farmacia

C/ Profesor Garcia Gonzalez, 2.
41012 Sevilla (Espana)
Teléfono: 954 55 67 55

Fax: 954 55 68 54

Dr. Javier Vitorica Ferrandez, Catedratico de Universidad y Dra. M? Luisa Vizuete
Chacon, Profesora Titular de Universidad. Ambos asociados al Departamento de

Bioquimica y Biologia Molecular de la Universidad de Sevilla,

INFORMAN:

Que D. Sebastian Jiménez Munoz, ha realizado bajo nuestra direccion el trabajo
experimental que ha llevado a la redaccién de la presente memoria de Tesis Doctoral,
titulada Efectos de la acumulaciéon del péptido Beta amiloide en tejido cerebral de
ratones PS1xAPP modelos de la Enfermedad de Alzheimer. Considerando que
constituye trabajo de tesis doctoral, autorizamos su presentacion para optar al grado de

Doctor.

Para que asi conste y surta los efectos oportunos, firmamos el presente informe en
Sevilla, a 28 de Septiembre de 2015.

/ -/';_’A——_\

Fdo. Maria Luisa Vizuete Chacoén







UNIVERSIDAD DE SEVILLA

Departamento de Bioquimica y Biologia Molecular
Facultad de Farmacia

C / Profesor Garcia Gonzdlez, 2.
41012 Sevilla (Espana)
Teléfono: 954 55 67 55

Fax: 954 55 68 54

Dr. Juan D. Bautista Palomas, Catedratico de Universidad y Director del

Departamento de Bioquimica y Biologia Molecular de la Universidad de Sevilla,

INFORMA:

Que D. Sebastian Jiménez Mufoz ha realizado el trabajo experimental que ha llevado a
la redaccion de la presente memoria de Tesis Doctoral bajo la direccion del Dr. Javier

Vitorica Ferrandez y la Dra. Maria Luisa Vizuete Chacoén.

Para que asi conste y surta los efectos oportunos, firmo el presente informe en Sevilla,
a 28 de Septiembre de 2015.

D g al‘ /{ P Dar‘tdw - Qumxca
#@u J’eg:aw;,eu ar

Fdo. Dr. Juan D. Bautista Palomas







Sevilla, 23 de septiembre de 2015
Su referencia:
NUESTRA REFERENCIA: AMB/YD

ASUNTO:
Servicio de Doctorado AUTORIZACION TESIS POR COMPENDIO
DIRECCION DEL SECRETARIADO DE DOCTORADO
VICERRECTORADO DE INVESTIGACION
DESTINATARIO:
Sebastian Jiménez Mufioz
Dpto. Bioquimica y Biologia Molecular
Facultad de Farmacia

Universidad de Sevilla

Le comunico que el Director del Secretariado, actuando por delegacién de la
Comisién de Doctorado, por razones de urgencia, ha acordado el dia 23 de septiembre
de 2015, INFORMAR FAVORABLEMENTE su solicitud de presentacion de tesis por
compendio a la vista de la documentacién presentada por Registro el 21/09/2015, ya
que cumple con los requisitos exigidos en la Normativa Reguladora del Régimen de
tesis doctoral (Acuerdo 9.1/ CG 19-04-2012).

EL DIRECTOR DEL SECRETARIADO

Fdo. : Antonio Delgado Garcia

Servicio de Doctorado- Pabellén de México - Paseo de las Delicias s/n - 41.013-SEVILLA
Tifno: 95 448 7420 - FAX: 95 448 74 10 - email: doctorado@us.es - Web: http:/iwww.vtc.us.es






a7nAChR: subunidad a7 del receptor nicotinico
de acetilcolina

AB, Abeta: péptido B-amiloide

ABi: péptido B-amiloide intracelular

AAC: Angiopatia amiloide cerebral.

ACE: Enzima convertidora de angiotensina.
Alzheimer’s Disease

ADAM: del inglés A desintegrin and
metalloprotease

ADDL.: del inglés Amiloide-B Derived Diffusible
Ligands).

DNA: Acido desoxirribonucleico.

AICD: dominio intracelular del APP

ANOVA: analisis de la varianza (del inglés
ANalysis Of VAriance)

AMPA: receptor del acido a-amino-3-hidroxi-5-
metilo-4-isoxazolpropionico.

APOE: Apolipoproteina E

APH-1: del inglés pharynx-defective -1.
Subunidad del complejo gamma secretasa.
APP: Proteina precursora del péptido B-amiloide.
Arg-1: Arginasa 1.

ARN: Acido ribonucleico.

BACE: enzima de corte del APP en el sitio beta
BDNF: factor neurotrofico derivado del cerebro.
bFGF: Factor de crecimiento de fibroblastos
basico.

BHE: Barrera hemato encefalica.

CA: Cuerno de Ammon

CD: del inglés cluster of differentiation

CDKS5: Quinasa dependiente de ciclina 5.

cDNA: DNA complementario.

CE: Corteza entorrinal

CH3LI: del inglés Chitinase-3-like protein 1.
ChAT: colinacetiltransferasa.

CLU: Clusterina.

CTF: fragmento C-terminal

CX3CR1: del inglés CX3C chemokine receptor
1.

DAB: 3-3’-diaminobencidina
tetrahidrochlorhidrico

DEPC: Dietilpirocarbonato

DN: densidad numérica

EA: dnfermedad de Alzheimer

ECE: Enzima convertidora de endotelina.
ELISA: del inglés Enzyme-Linked
ImmunoSorbent Assay

ERK: del inglés extracellular-signal-regulated
kinases

FAD: Alzheimer familiar (del inglés, Familial
Alzheimer’s Disease)

FAS-L: Ligando de FAS.

GABA: Acido gamma amino butirico

GAPDH: del inglés glyceraldehyde-3-phosphate
dehydrogenase

GD: giro dentado

GDNF: del inglés glial cell line-derived
neurotrophic factor

GFAP: Proteina glial fibrilar acida (del inglés glial
GSK-3: Quinasa glucégeno sintasa 3

h: hilio del giro dentado

HIPP: interneuronas del hilo asociadas a la via
perforante (del inglés hilar interneurons of
performant pathway)

HMG-CoA: 3-hidroxi-3-metilglutaril-coenzima A
HSP: Proteina del choque térmico (del inglés
Heat schok protein)

Iba1: del inglés ionized calcium binding adapter
molecule 1

IDE: Enzima degradadora de insulina

IFN-y: Interferon gamma Ig: Inmunoglobulina
IGF-1: Factor de crecimiento insulinico de tipo 1
(del inglés insulin-like growth factor-1)

IL: Interleuquina

iNOS: Sintasa del 6xido nitrico inducible

KI: knock-in

KO: knockout

LAMP2: del inglés Lysosome-associated
membrane protein 2

LC3: del inglés Light chain 3

LCR: Liquido cefaloraquideo.

LDL: Lipoproteina de baja densidad. Del inglés
Low density lipoprotein.

LDLR: Receptor de lipoproteina de baja
densidad.

Li: Litio.

LMW-AR: del inglés low molecular weight AR
LPS: .Lipopolisacarido.

Lond; L: Mutacién London de APP

LTD: depresioén a largo plazo

LTP: potenciacion a largo plazo

m: capa molecular del giro dentado

M1: estadio clasico de activacion de los
macréfagos

M2: estadio alternativo de activacion de los
macréfagos

MAP: Proteina de union a microtubulos

MCI: del inglés Mild cognitive impairment

MHC: Complejo mayor de histocompatibilidad
MMP: Metaloproteasas de matriz

MRC: del inglés mannose receptor 1.

MSR-1: del inglés macrophage scavenger
receptor 1.

MT: Microtubulos

NADPH: Nicotinamida adenina dinucledtido
fosfato.

ND: nummerical density

NEP: Neprelisina.

NF: Neurofilamento

NFs: Factores neurotroficos

NFTs: Ovillos neurofibrilares (del inglés
neurofibrillary tangles)

NGF: Factor de crecimiento nervioso

NMDA: Acido N-metil-D-aspartico

NO: 6xido nitrico

NPY: Neuropéptido Y



NT: Neurotrofinas VEGF: Factor de crecimiento endotelial vascular.

oAbeta: péptido AB oligomérico. VGLUT: transportador vesicular de glutamato
O-LM: interneuronas del stratum oriens- VIM: Vimblastina.

lacunosomoleculare VIP: Polipéptido intestinal vasoactivo

OMS: Organizacién mundial de la salud. WB: Western blot

p75NTR: Receptor de neurotrofinas p75 WT: genotipo salvaje (del inglés wild type)

PAGE: Electroforesis en gel de poliacrilamida.
PB: Tampon fosfato

PBS: Tampodn fosfato salino

PCR: Reaccion en cadena de la polimerasa
PDPK: Quinasa dependiente de prolina.

PEN2: del inglés presenilin enhancer 2.
Subunidad del complejo gamma secretasa.

PF: Protofibrillas.

PHF: filamentos apareados helicoidales

PI3K: Fosfoinositol 3 quinasa.

PICALM: del inglés phosphatidylinositol
binding clathrin assembly protein

PKA: Proteina quinasa A.

PP: Proteinas fosfatasas

PPAR-y: Del inglés peroxisome
proliferatoractivated receptor-gamma

PrP: proteina prionica

PS: Presenilina

RE: reticulo endoplasmatico

RNA: Acido ribonucleico.

ROS: especies reactivas de oxigeno

RT-PCR: Reaccion en cadena de la polimerasa
con transcriptasa inversa S,

sAPPa: Fraccion APP alfa soluble

sAPP: Fraccion APP beta soluble

SD: Standard deviation

SDS: Dodecilsulfato sédico

SiRPB-1: del inglés signal regulatory protein B-1.
SL: Mutaciones Swedish y London de APP

slm: stratum lacunosum-moleculare

SNC: Sistema nervioso central so: stratum oriens
so: stratum oriens.

SOM: Somatostatina

sp: stratum pyramidale

sr: stratum radiatum

Swe, S: mutacion Swedish de la APP

Syn: sinaptofisina

Tg: transgénico

TGF-B: Factor de crecimiento transformante beta
Th: Linfocito T helper

Thio-S: Tioflavina S

TLR: del inglés Toll like receptor

TNF-a: Factor de necrosis tumoral a, del inglés
Tumor necrosis factor

TPBS: Buffer PBS Tween 20

TRAIL: Ligando inductor de apoptosis
relacionado con TNFa del inglés TNF-related
apoptosis-inducing ligand.

TREM2: del inglés triggering receptor expressed
on myeloid cells 2

TrkA: del inglés tropomyosin-related kinase A
Broca
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1. ANTECEDENTES; LA ENFERMEDAD DE ALZHEIMER.

La enfermedad de Alzheimer (EA) fue descrita por primera vez en 1907 por el
psiquiatra y neurdlogo Alois Alzheimer (Alzheimer A., 1907). La primera paciente
diagnosticada con esta enfermedad fue Auguste Deter de 51 afios de edad, que murié
cuatro anos después en estado total de invalidez tras sufrir pérdida progresiva de
memoria, desorientacién espacio-temporal, cuadros graves de alucinaciones y delirios,

paranoia y trastornos de la conducta y del lenguaje.

Figura 1.1. Alois Alzheimer y su paciente.
El Dr. Alois Alzheimer (1864-1915) a la
derecha y Auguste Deter (1850-1906) a la
izquierda.

El analisis anatomico patolégico del cerebro de esta paciente reveld la presencia de
depdsitos extracelulares (placas seniles) y agregados fibrilares intracelulares (ovillos)
localizados principalmente en la corteza cerebral e hipocampo. Actualmente estas
lesiones histopatoldgicas se usan como los principales marcadores de esta enfermedad.
De hecho, la ausencia de marcadores biolégicos para la enfermedad de Alzheimer,
hace que el analisis neuropatolégico post-mortem sea crucial para el diagndstico

definitivo de la enfermedad.

No fue hasta 1910 cuando el psiquiatra aleman Emil Kraepelin dio nombre a esta
nueva entidad clinica y patoldgica, conocida actualmente como Enfermedad de
Alzheimer (EA).

La EA se puede definir como un proceso neurodegenerativo progresivo e

irreversible caracterizado por la pérdida de memoria, de habilidades intelectuales y de

I



Tesis Doctoral. Compendio de Publicaciones B Introduccidn

razonamiento, asi como por la presencia de desorientacidon espacio-temporal, cambios
de humor, alteraciones conductuales, afasia (disminucion progresiva de la capacidad
del lenguaje), apraxia (alteracion de los gestos e incapacidad de realizar tareas
rutinarias) y agnosia (incapacidad de reconocimiento de personas o cosas) (Reiman 'y
Caselli, 1999; Van Strien y col., 2009). Estas alteraciones se deben a dafios selectivos
en regiones cerebrales implicadas en estos procesos, tales como el hipocampo, la
corteza entorrinal, la amigdala y el telencéfalo basal. El curso clinico de la EA suele
durar 8-10 anos, pudiendo llegar hasta los 25 (Gies y Lessick, 2009). La muerte del
paciente suele atribuirse a enfermedades no relacionadas o indirectamente
relacionadas, solo un 20% de las muertes son directamente atribuibles a la demencia o
a las complicaciones durante la fase terminal (Reiman y Caselli, 1999) como la

malnutricion y la neumonia.

La EA representa hoy en dia la forma mas comun de demencia entre las
personas mayores de 65 anos, asi como una de las patologias neurodegenerativas mas
graves que afecta a este sector de la poblacion. Los pacientes manifiestan un deterioro
progresivo hasta perder la capacidad de desempefiar una vida autébnoma e
independiente, quedando en estado vegetativo durante los ultimos meses, e incluso
afnos, de su vida. Por ello, esta enfermedad es generalmente incapacitante y, en

consecuencia, requiere de la ayuda de familiares o servicios especializados.

A nivel mundial hay aproximadamente 44,35 millones de personas que padecen
demencia (World Alzheimer Report, 2013), entre estas la enfermedad de Alzheimer es
la mas comun constituyendo el 60-70 % de los casos de demencia (OMS; 20012). (Fig.
1.2) entre las personas mayores de 65 afos. La prevalencia de la enfermedad esta por
debajo del 1% en individuos menores de 65, pero muestra un incremento casi
exponencial con la edad, y en personas de 85 afios la incidencia es del 30% en el mundo

occidental, ascendiendo al 63,9% en personas mayores de 90 anos (Prince y col., 2013).

Estos datos hacen que la EA sea un grave problema de salud publica que se
agravara en el futuro debido al aumento progresivo de la esperanza de vida actual, al
envejecimiento de la poblacién, y al elevado coste econdmico, sanitario y social que
supone el cuidado de un enfermo de EA. Todo esto ha convertido a esta enfermedad
en el tercer problema de salud mas grave en los paises desarrollados (detras de los
accidentes cardiovasculares y el cancer). Existen alrededor de 800.000 enfermos
diagnosticados en Espafia y 35 millones a nivel mundial. Se calcula que en el afio 2050,
115 millones de personas en el mundo se encontraran afectadas por esta enfermedad.

(Neugroschl y Sano, 2010; ver http://www.alz.org/downloads/facts_figures 2014.pdf)

B
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Figura 1.2. Distribucién de los tipos de demencia. Estudio poblacional de prevalencia de demencias. Del
informe: “Estado del arte de la enfermedad de Alzheimer en Espafia”. PWC (2013).

Actualmente la EA no tiene tratamiento farmacolégico eficaz, es una enfermedad
incurable debido en gran parte a la falta de dianas terapéuticas conocidas. Existen
medicamentos que mejoran los sintomas, pero ninguno es totalmente efectivo. A
mediados de los afios 70 se establecio la hipotesis colinérgica de la EA, que consideraba
que la mayoria de los sintomas de la enfermedad eran producidos por la pérdida de un
gran numero de neuronas colinérgicas (Whitehouse y col., 1981; Arendt y col., 1985). A
raiz de estos hallazgos se empezaron a utilizar farmacos inhibidores de la
acetilcolinesterasa para tratar la enfermedad, aunque mas tarde se demostré que sélo
en el 50% de los pacientes tratados con dichos farmacos se produce un retraso parcial
en el déficit cognitivo. Por tanto el sistema colinérgico no es una buena diana terapéutica
para combatir la sintomatologia de la enfermedad. Un tratamiento eficaz deberia evitar,
o al menos retrasar, la pérdida de contactos sinapticos y la muerte neuronal progresiva
que se produce en esta enfermedad, lo que mejoraria significativamente la calidad de
vida del paciente y de sus familiares-cuidadores y reduciria enormemente los costes
socio-sanitarios y asistenciales. Se hace necesario continuar con la investigacion de las
causas que inician esta patologia y la busqueda de posibles dianas terapéuticas que

posibiliten el desarrollo de farmacos eficaces.
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2. TIPOS DE LA ENFERMEDAD DE ALZHEIMER.

Se distinguen dos tipos de EA, el Alzheimer familiar (FAD del inglés Familial

Alzehimer Disease) y el Alzheimer esporadico. Ambas formas de Alzheimer poseen

los mismos sintomas y poseen las mismas lesiones histopatolégicas, pero difieren en la

edad de inicio, la incidencia y las causas por la que aparecen (ver revisiones Gomez-
Isla 'y col., 2008; Perl 2010; Ballard y col., 2011; Bagyinszky y col., 2014).

2.1.

Alzheimer familiar o FAD. Esta forma de la enfermedad se caracteriza por
un comienzo temprano, generalmente antes de los 60 afios, por eso también
es conocido como presenil o de inicio temprano. Representa menos del 5%
de los casos de EA. Este tipo de EA se transmite hereditariamente con
caracter autosémico dominante. En la actualidad se conocen tres genes,
cuyas mutaciones causan FAD; estos genes codifican para la Proteina
Precursora Amiloide (APP), Presenilina 1 (PS1) y la Presenilina 2 (PS2) (ver
revisiones O’Brien y Wong, 2011; Karch y col., 2014; Calero y col., 2015).
Todas estas proteinas estan implicas en el produccion del péptido B-amiloide
(AB), ya que la primera se trata de su precursor y la segunda y tercera forman
parte del complejo gamma-secretasa que procesa el APP hasta AB. La
alteracion de cualquiera de estas proteinas lleva a una generacion y
acumulacion no fisiolégica de AR que se agregan para formar placas
extracelulares de AR caracteristicas de la EA. En la actualidad se han
descrito 32 mutaciones en APP, 185 en PS1 y 13 en PS2 que generan FAD.
(Cruts et al., 2012; http://www.molgen.vib-ua.be/ADMutations).

Proteina Precursora del Péptido Amiloide (APP): Este gen esta localizado
en el cromosoma 21 (Goate y col.,, 1991). En él se describié la primera
mutacion relacionada con el Alzheimer, pero sélo afecta al 10% de los
enfermos de FAD. Se han descubierto 32 mutaciones implicadas con esta
version presenil de la enfermedad. La implicacion de este gen es tal, que su
duplicacioén en los casos de trisomia del cromosoma 21 es suficiente para
causar dafios a edades tempranas como ocurre en los enfermos de
Sindrome de Down que pueden desarrollar demencia (ver revision
Thinakaran y Koo, 2008).
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2.2.

Presenilina 1 (PS1): Este gen esta localizado en el cromosoma 14. Las
mutaciones en este gen son la causa mas frecuente de Alzheimer familiar,
con un 70% del total de los casos (Sherrington y col., 1995). Se han descrito

185 mutaciones en este gen que estan implicadas en casos de FAD.

Presenilina 2 (PS2): Localizado en el cromosoma 1 (Rogaev y col.,
1995). Se han descrito alrededor de 14 mutaciones en este gen asociadas

con el Alzheimer familiar (Czech y col., 2000).

Alzheimer esporadico. Aparece a partir de los 60-65 afios y representa el
95-98% de los casos. Es de origen multifactorial y el principal factor de riesgo
es la edad. Afecta al 3-4% de personas con edades comprendidas entre los
60 y 65 anos. Es a partir de aqui cuando la incidencia aumenta al doble cada
cinco anos, llegando a afectar a un 40% de la poblacién a partir de los 80
afos.

Esta forma de Alzheimer no tiene origen genético, pero se han descrito
ciertos polimorfismos en genes que estan asociados con un mayor riesgo de
padecer EA (ver revisiones Karch y col., 2014; Calero y col., 2015). A

continuacion se enumeran los mas importantes:

CLU (Clusterina). Codifica para parte de la cadena B de esta proteina
(conocida como Apolipoproteina J). Su gen esta localizado en el cromosoma
8. Esta proteina es secretada por astrocitos y forman complejos con el A
soluble generando complejos insolubles que atraviesan la barrera
hematoencefalica (Boggs y col., 1996). Su expresion esta incrementada en

ciertas regiones cerebrales de pacientes de EA (Lambert y col., 2009).

PICALM (phosphatidy! inositol-binding clathrin assembly protein). (Harold y
col., 2009). Este gen esta localizado en el cromosoma 11. Podria afectar a
la autofagia (Moreau y col., 2013) y participar en el metabolismo de AB a

través de la ruta endocitica.

APOE (Apolipoproteina E). Gen localizado en el cromosoma 19 y presenta

tres isoformas mayoritarias; €2, €3 (la mas comun) y €4 (Strittmatter y

B
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col.1993; Yu y col., 2014). La isoforma €4 esta considerado como el mayor
factor de riesgo por asociacion genética de Alzheimer esporadico ya que
entre 65-80% de los enfermos de EA presentan al menos uno de los dos
alelos APOE¢e4. La presencia de uno de los alelos incrementa el riesgo de
padecer EA en tres veces, mientras que en los individuos homocigotos ¢4 el
riesto aumenta 15 veces (Eisenstein, 2011; Saunders y col., 1993; Farrer y
col., 1997). Por otro lado hay pruebas de que la herencia del alelo €2
puede conferir proteccion contra el desarrollo de la enfermedad de
Alzheimer (Selkoe, 2001).

B
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3. RASGOS NEUROPATOLOGICOS DE LA ENFERMEDAD DE ALZHEIMER.

La EA se caracteriza por unos rasgos anatomico-patoldgicos distintivos (para
revision ver Perl, 2010; Claeysen y col., 2012). Estos cambios se pueden incluir en dos

grandes grupos: los macroscopicos y los microscopicos.

Entre las principales alteraciones macroscopicas observadas en los pacientes de EA
podemos encontrar atrofia cortical severa, adelgazamiento de las circunvoluciones y
ensanchamiento de los surcos, engrosamiento de las meninges, dilatacién de las
cavidades ventriculares, disminucion del bulbo olfatorio y pérdida de peso y volumen
cerebral (Fig. 3.1.).

Ty
1

LENGUAJE
A

MEMORIA

NORMAL ALZHEIMER ©

Figura 3.1. Esquema comparativo de un cerebro humano sano (izq.) y otro de un enfermo de EA
(der.). El cerebro enfermo posee un menor volumen y unos ventriculos muy dilatados. La atrofia afecta
a los Iébulos temporales, frontales, parietales y occipitales. Las regiones importantes para la memoria
(en azul) y para el lenguaje (azul) son las mas afectadas.

Esta atrofia cortical puede ser analizada por resonancia magnética, esta técnica no
invasiva podria suponer un avance en el diagndstico precoz de la EA y detectar estados
iniciales donde el uso de los medicamentos pueda tener un mayor efecto evitando la

progresion de la enfermedad. (Nasrallah y Wolk, 2014; Eskildsen y col., 2015).
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Las principales alteraciones microscopicas caracteristicas de la EA son los
agregados proteicos extracelulares en forma de placa del péptido B-amiloide, los ovillos
neurofibrilares intraneuronales de la proteina TAU hiperfosforilada, la disminucién del
numero de sinapsis y la degeneracion neuronal en las areas cerebrales afectadas (ver

revisiones en Gomez-Isla y col., 2008; Perl, 2010; Serrano-Pozo y col., 2011).

Estas lesiones aparecen principalmente en areas cerebrales implicadas en los
mecanismos de memoria, aprendizaje y en los procesos cognitivos focales. Inicialmente
se manifiestan en la corteza entorrinal, progresando hacia el hipocampo, y finalmente
afectando a las areas neocorticales (Braak and Braak, 1991). (Fig.3.2.) Las cortezas
motora y sensorial no se afectan, y si lo hacen, no es hasta estadios muy avanzados
de la enfermedad.

Stage | Stage Il Stage 1

- .
~ . “\ HIPOOCMPUSs
Alocortex
- N
Rk . Mesocortex
S r Occipitotempora

Figura 3.2. Estadios de Braak. Progresién propuesta para la patologia neurofibrilar en la corteza
cerebral. En los estadios | y Il se encuentra en las cortezas transentorrinal y entorrinal; en los
estadios lll y IV se afecta el hipocampo, para finalmente, alcanzar en los estadios V y VI la
isocorteza. Modificado de Hans Kretzschmar, 2009.
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3.1. Placas de péptido B- amiloide (AB).

Son agregados proteicos insolubles extracelulares. Se depositan tanto en el
parénquima cerebral como en la pared de los vasos sanguineos cerebrales. El
componente principal de las mismas es el péptido S-amiloide (Glenner and Wong, 1984;
Masters et al., 1985), aunque también puede contener otras proteinas asi como restos

de neuronas y células gliales.

El péptido AB contiene entre 39 y 43 aminoacidos y es un producto derivado del
metabolismo natural de la proteina precursora del péptido B-amiloide (APP) (De
Strooper, 2010). In vivo existen dos formas mayoritarias del péptido AB: AB40 que
termina en el aminoacido Val40, y AB42 que tiene dos aminoacidos adicionales, lle41y
Ala42, que le confiere mayor hidrofobicidad y capacidad de agregacion (Wolfe, 2007).
Estas dos caracteristicas son responsables de que el AB42 sea mas abundante en las
placas extracelulares que el AB40. Aunque se ha propuesto que las placas
extracelulares de A podrian ser el origen de la neurodegeneracion observada en las
zonas involucradas en la memoria y el control emocional (Van Gassen y Annaert, 2003),
no parece existir correlacion clara entre la acumulacion de AB cerebral y las alteraciones

cognitivas en pacientes de EA (Giannakopoulos y col., 2003; Ingelsson et al., 2004).

Las placas se dividen en neuriticas y difusas. Las neuriticas a su vez se pueden

dividir en clasicas o primitivas (ver revisiones Selkoe, 2001; Perl, 2010):

3.1.1. Placas neuriticas: (por estar asociadas a neuritas distréficas), son depositos
extracelulares de aspecto filamentoso (Dickson, 1997). Como se ha dicho
aparecen asociadas a neuritas distréficas (y son positivas al marcaje con Tau,
APP, Ubiquitina o ChAT), también estan asociadas a células de la microglia; en
estas placas la astroglia se localiza en la periferia (Duyckaerts y col., 2009)
(Fig.3.3.).

Atendiendo a su morfologia estas placas neuriticas pueden ser:

a. Clasicas. Con un nucleo compacto central, formado por AB y células
microgliales, rodeado por un halo que contiene especies del péptido 3-amiloide.

Estas placas normalmente estan asociadas a los vasos.

b. Primitivas. Son esféricas y sin un nucleo compacto. Normalmente aparecen

cercanas a axones y sinapsis.

e
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Figura 3.3. Placas neuriticas de un ratén transgénico de la EA. Imagen A: Triple inmunohistoquimica para
GFAP (astroglia), Iba1 (microglia) y 4G8 (placas de AB), se observa el contacto intimo de la microglia con la
placa mientras que la astroglia se mantiene en la periferia. Imagen B: Triple inmunohistoquimica para AB42, APP
y VGIlut1 (ambos marcando neuritas distréficas). Imagen C: Triple inmunohistoquimica para GFAP (astroglia),
Syn (Sinaptofisina, marcando neuritas distréficas) y 4G8 (marcando la placa de AB). Estas imagenes muestran
la relacién entre las células gliales, el AB y las distrofias existentes en las placas neuriticas. Imagenes cedidas
por el grupo de la Dr. Antonia Gutiérrez.

3.1.2. Las placas difusas (no estan asociadas a neuritas distroficas). Son depositos
extracelulares no fibrilares de AB (no congdfilos). Como su nombre indica
presentan una estructura difusa sin nucleo compacto apreciable y, a diferencia
de las placas primitivas, no contienen ni neuritas distroficas, ni microglia

asociada a ellas (Selkoe, 2001). Suelen aparecer en zonas cercanas a heuronas.

El proceso de formacion de las placas extracelulares de AB es aun desconocido,
aunque se atribuye en gran parte a la hidrofobicidad y capacidad de agregacion del
péptido AB42 (Chen and Glabe, 2006). Esta claro que es importante en la formacion de
la placa el aumento en la produccién extracelular de AB y la disminucion en el
aclaramiento del mismo. En cualquier caso, parece que la aparicion de placas de AS
tiene un importante componente cronoldgico que depende de la formacién progresiva
de ADDLs (Amiloide-B Derived Diffusible Ligands), fibras de AB y complejos AB-ApoE
(Thal et al., 2006).

- 12
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3.2. Ovillos neurofibrilares de TAU.

Son agregados intracelulares, formados por filamentos helicoidales emparejados y
filamentos rectos cuyo componente mayoritario es la proteina Tau hiperfosforilada
(Spillantini and Goerdert, 2013). Tau es una proteina asociada a microtibulos (MAP:
microtubule associated protein), cuya funcién es estabilizar los microtubulos del
citoesqueleto colaborando en la generacion y mantenimiento de la estructura de los
axones, siendo fundamental en el transporte axonal y en la regulacién sinaptica (Spires-

Jones and Hyman, 2014).

Para formar los ovillos Tau se disocia de los microtubulos, probablemente mediante
su hiperfosforilacion. Al ser insolubles tienden a agregarse formando pares de filamentos
helicoidades (PHF) y pasan de tener una localizaciéon axonal a somatodendritica, donde
estos filamentos se unen formando los ovillos neurofibrilares intracelulares (NFTs)
caracteristicos de la EA (Morishima-Kawashima e lhara, 2002). (Fig. 3.4.) Al fosforilarse
tau y disociarse de los microtubulos se produciria una pérdida de funcion de los mismos,
con lo que se generan fallos en el transporte axonal y muerte neuronal (Gotz, 2001;
Spires-Jones et al., 2009). Ademas, una extensa hiperfosforilacion de Tau inhibe la
actividad del proteasoma aumentando de esta forma el efecto negativo de la

hiperfosforilacion de Tau (Gendron y Petrucelli, 2009; Wang y col., 2013).

Podemos encontrar Tau hiperfosforilada acumulada en el cuerpo neuronal como
NTFs, en las dendritas como neuropil threads, en los axones de las neuronas con
degeneracion neurofibrilar y las neuritas distroficas asociadas a los depdésitos

extracelulares de AB dando lugar a las placas neuriticas. (Duyckaerts y col., 2009).

La agregacion de Tau también se ve potenciada por otras modificaciones
postraduccionales como la glicosilacion, acetilacion y ubiquitinacion entre otras (Igbal y
Grundke-Igbal, 2008; Wang y col., 2013).

Debido a la presencia de estos NTFs intracelulares formados por la proteina Tau
hiperfosforilada la EA es considerada una taupatia (Lee y col., 2001), término que
agrupa a distintas enfermedades con depdsito anormal de Tau hiperfosforilada en
neuronas y células gliales. Existen unas 40 mutaciones de Tau ligadas a la

demencia frontotemporal, mientras que ninguna ha sido descrita en casos de FAD.

Muchos investigadores sugieren que estas alteraciones en el citoesqueleto
producen la patogénesis propia de EA, relacionando la muerte neuronal con la presencia

de los ovillos neurofibrilares (Spires-Jones et al., 2009). Por otro lado, la aplicacion de

- . 13
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métodos estereoldgicos en cerebros de enfermos de Alzheimer han revelado que el
numero de neuronas perdidas excede al numero de neuronas que contienen ovillos,
indicando que la perdida neuronal en la EA podria ser independiente de la formacion de
ovillos (Morishima-Kawashima and Ihara, 2002). De hecho, a pesar de las
anormalidades en el citoesqueleto, las neuronas que contienen ovillos pueden sobrevivir

durante anos, aunque no estemos seguro de que mantengan su integra su funcién.

Datos recientes sugieren que son las formas solubles, tanto de AB como de Tau
fosforilada pueden jugar un papel mas importante que las placas y los ovillos (ambos
insolubles) sobre el dano sinaptico y la demencia (McDonald y col., 2012). Indicando
que mas que la formacion de ovillos o placas es la acumulacion anormal de formas
solubles en las sinapsis la que puede estar mas relacionada con la muerte neuronal
(Perez-Nievas y col., 2013; Spires-Jones y Hyman, 2014). Ademas los niveles de Tau
fosforilado en liquido cefalorraquideo (LCR) se correlacionan de forma directa con los

procesos neurodegenerativos producidos en la EA (Brunden y col., 2009; Matsuo y col.,
1994).

Desestabilizacion de
microtabulos por Tau

Tau
hiperfosforilada

(qumasasa ,p.’
P)
— @
Desfosforilacion DY
e

(fosfatasas) 1 “ -

Fosforilacion ®

DEGENERACION NEURONAL

Figura 3.4. Formacién de ovillos neurofibrilares. Tau estd unida a microtdbulos
estabilizdndolos y con localizacion preferentemente axonal. Al hiperfosforilarse se separan
de los microtubulos desestabilizando a los mismos. En primer lugar forman los PHF que al
unirse generan los NFTs, implicados en la degeneraciéon neuronal. A. Indica como estaria
Tau en el axdn de una neurona sana, mientras que B representa la desorganizacion de los
microtubulos que desencadenaria un proceso de degeneracion neuronal. (Modificado de
Querfurth y LaFerla, 2010).
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Como hemos visto en la Fig. 3.2 en los enfermos de Alzheimer existe un patron
de deposicion de los ovillos, que comienza en la corteza entorrinal y avanza hacia el
hipocampo y corteza asociativa, afectandose en estadios avanzados las areas

sensoriales primarias (Spires-Jones y Hyman, 2014).

3.3. Pérdida sinaptica.

En la enfermedad de Alzheimer se produce una gran pérdida de conexiones
sinapticas que producen los fallos en las funciones cognitivas y de memoria
caracteristicos de la enfermedad. Esta pérdida sinaptica fue referida por primera vez a
principio de los afios 90 por varias investigaciones que describieron una disminucion de
las sinapsis y de proteinas implicadas en ellas en la corteza frontal, temporal y en giro
dentado. En ellas se comprobaba que dicho hallazgo patolégico correlacionaba mejor
con la demencia asociada a EA (DeKosky y Scheff, 1990; DeKosky y col., 1996; Masliah
y col., 1994; Terry y col., 1991). Se han reportado pérdidas de un 30% en la densidad
sinaptica (Davies y col., 1987)y la disminucién de inmunorreactividad para sinaptofisina
en hipocampo y corteza de personas que presentaban deterioro cognitivo leve o EA leve
(Overk y Masliah, 2014). Estos datos pueden mostrar que anterior a la muerte neuronal
existen fallos a nivel sinaptico, y que son estas modificaciones las que mejor
correlacionan con las deficiencias cognitivas de los pacientes (Tampellini y Gouras,
2010). En la actualidad se reconoce que son estos defectos a nivel sinaptico la base del
declive cognitivo que se produce en EA ya que afectan a la plasticidad sinaptica de las
neuronas, que no es otra cosa que la capacidad de realizar nuevas sinapsis con otras
células para cambiar la intensidad de una senal y que son la fundamentales para los
distintos tipos de memoria y aprendizaje.

La potenciacién a largo plazo (LTP) y la depresion a largo plazo (LTD) participan de
manera activa en la plasticidad sinaptica y estdan mediadas principalmente por los
receptores NMDA y AMPA de glutamato. En la respuesta LTP se produce una
potenciacién de la sinapsis que conlleva al aumento de receptores AMPA post
sinapticos. La respuesta LTD, por el contrario, produce un debilitamiento de la respuesta
sinaptica con la consiguiente internalizacion de receptores AMPA y NMDA. La pérdida
de integridad sinaptica en aquellas zonas relacionadas con el aprendizaje y la formacién
de recuerdos, como son el hipocampo y la neocorteza, pueden ser la causa del sintoma

inicial mas importante de la EA: la pérdida de memoria. A lo largo de la evolucion de la
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patologia se produce una alteracion generalizada de la plasticidad sinaptica, asi como
de todos los mecanismos implicados en su funcionamiento (Dudai and Morris, 2013).
Tanto Tau, como el péptido AR parecen tener un papel relevante en el correcto
mantenimiento de las sinapsis en individuos sanos. Tau esta claro que con su funcion
estabilizadora de los microtibulos esta implicada en un correcto funcionamiento del
transporte axonal. El péptido A parece participar en el desarrollo natural de las sinapsis
y en la plasticidad sinaptica, aunque los mecanismos no estan claros. Lo que esta claro
es que niveles elevados de este péptido disminuyen la excitabilidad neuronal,
provocando la internalizacion de receptores AMPA. Esto provoca depresion sinaptica y
pérdida de espinas dendriticas, provocando la interrupcién de la LTP imprescindible en
la plasticidad sinaptica asociada con los procesos de memoria y aprendizaje (Small,
2008). Ademas se ha demostrado que la presencia de AR oligomérico provoca una
reduccion de la densidad de espinas dendriticas y una pérdida de sinapsis
electrofisiolégicamente activas en cultivo de neuronas principales del hipocampo,
mientras que la adicion de mondmeros no tiene el mismo efecto (Shankar y col., 2007).
Referente a Tau, se ha descrito recientemente su implicacién en la internalizaciéon de

los receptores NMDA en la terminal postsinaptica (Spires-Jones and Hyman, 2014).

Ademas, hay estudios que demuestran la posible implicacion de Tau en la
sinaptotoxicidad producida por AR (lttner et al., 2010; Roberson et al., 2011). En este
sentido varios autores han descrito que la degeneracion sinaptica es mas especifica en
regiones con una previa desorganizacion de microtubulos y han demostrado que el

efecto de AB es menos tdéxico en modelos que no sobre expresan Tau.

Al parecer son las formas solubles de estas proteinas, y no las formas fibrilares
y agregadas, tanto de Tau fosforilada como de AB las causantes de la pérdida sinaptica

(revisado en Crimins et al., 2013).
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3.4. Perdida neuronal.

En la EA se produce una extensa y selectiva degeneracion neuronal que afecta
a regiones y tipos celulares concretos (Duyckaerts y col., 2009). Las principales areas

afectadas son:

3.41. Pérdidas en la corteza entorrinal e hipocampo:

En los casos preclinicos de EA, caracterizados por la presencia de
algunas placas amiloides y ovillos neurofibrilares y ausencia de demencia, la
region CA1 del hipocampo y la corteza entorrinal no presentan una
dismininucion significativa en el niumero de neuronas (Giannakopoulos et al.,
1998). Sin embargo a estos niveles las neuronas colinérgicas del telencéfalo
basal (Whitehouse y col., 1981) y las noradrenérgicas del locus coeruleus
(German y col., 1992) ya estan afectadas. En la fase intermedia de EA se
producen en la corteza entorrinal un pérdida neuronal del 32%,
principalmente en las capas Il y IV, con una disminucién del 57% y 41%
respectivamente. En la fase avanzada de la patologia, la pérdida neuronal
en la corteza entorrinal alcanza el 69%, y al igual que en los estadios
moderados, afecta principalmente a las capas Il y IV, con un 87% y un 69%
de muerte respectivamente, mientras que la pérdida total del resto de las
capas es del 63% (Gémez-Isla et al., 1996). En el caso de la capa CA1 del
hipocampo la muerte neuronal so6lo se produce en los estadios avanzados
de la patologia, aunque el 60% de las neuronas de la capa piramidal de CA1

parecen no afectarse (West et al., 1994; Von Gunten et al., 2006).

3.4.2. Area neocorticales de asociacion:

El patron de progresidn de la EA en estas zonas es el siguiente: primero
se afecta la corteza temporal, posteriormente la corteza frontal y, finalmente
a la corteza somatosensorial. En los estadios tempranos de la enfermedad
se produce una disminucién bilateral del 15% de la sustancia gris en la
corteza temporal y parietal, mientras que la corteza motora o sensorial
primaria apenas se ven afectadas (<56%). Un afio mas tarde, imagenes de
resonancia realizadas en un mismo individuo mostraron que la corteza frontal
pasaba de tener una pérdida neuronal del 6% a mas del 15%, mientras las

areas motoras y sensoriales permanecian sin dafos (Thompson y col.,
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2003). Por tanto, el I6bulo temporal es especialmente susceptible a la EA. La
vulnerabilidad de estas areas de asociacion neocortical posiblemente se
deba a la conexion funcional que tienen con las estructuras limbicas, zona

de inicio de la patologia.

El declive cognitivo se correlaciona estrechamente con la pérdida neuronal.
Las causas y los mecanismos de muerte neuronal se desconocen, aunque poseen un
papel importante la generacion de especies reactivas de oxigeno, la sobre activacion
de receptores de aminoacidos excitadores como el glutamato y el incremento en la

concentracion citoplasmatica de calcio.

Esta pérdida neuronal y los cambios sufridos a nivel sinaptico que se observan
con la progresion de la EA se pueden monitorizar mediante imagenes de resonancia
magnética. Y esto ha permitido describir el patréon de progresion de la patologia

(Thompson y col., 2003). Se podria resumir como se expone a continuacion:

- Se expande a través del cerebro con una secuencia temporal-frontal-
sensomotora. La pérdida de sustancia gris se produce primero en las
regiones temporal y parietal, siendo el hipocampo y la corteza entorrinal las
zonas mas tempranas y severamente afectadas. Mas tarde, el déficit afecta
a la corteza temporal y frontal, y finalmente, a las cortezas sensomotora y

visual.
- El hemisferio cerebral izquierdo pierde sustancia gris mas rapidamente que
el derecho, consistente con una afectacion mas severa de este hemisferio

en la EA.

- Hay regiones cerebrales, como la corteza sensomotora, donde no aparece

dafio hasta muy avanzada la enfermedad.
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3.5. Otras formas en las que podemos encontrar el péptido B-amiloide.

El péptido AR ademas de estar formando parte de las placas extracelulares
insolubles que hemos mencionado anteriormente se pueden encontrar en otros
estados, como por ejemplo en formas solubles tanto dentro de las células como por el

parénquima cerebral.

3.5.1. Formas solubles extracelulares del péptido B-amiloide.

En la actualidad se piensa que la presencia de la placas extracelulares de AB no
son la causa principal de los problemas sinapticos, de pérdida neuronal y respuesta
inflamatoria que nos podemos encontrar en EA (esto no se corresponde con lo
defendido hasta el momento en la Hipétesis de la cascada amiloide), ya que no siempre
correlaciona el numero de placas extracelulares de AB con la severidad de la patologia
(Mucke y col., 2000). El péptido AB no sdlo se puede encontrar en forma insoluble, se
han descrito formas téxicas solubles de AB oligomérico (ADDLs) que pueden difundir
por el parénquima cerebral provocando activacion de la respuesta inflamatoria, pérdida
sinaptica y fallos cognitivos en las fases tempranas de la EA (Haass y Selkoe, 2007;
Benilova y col., 2012; Viola y Klein, 2015).

En cuanto al proceso de oligomerizacion-fibrilizacion, distintos estudios sugieren
que las proteinas amiloides se agregan formando distintos intermediarios (ver revisién
Sakono y Zako, 2010) de entre 8 KDa (dimeros) y 100 kDa (Shankar y col., 2008).

Brevemente, en primer lugar, la asociacion de pequenos n-oligdbmeros solubles
(LMW-AB, del inglés Low Molecular Weight), resultaria en ensamblajes de peso
molecular mas alto, incluyéndose en este grupo a las estructuras anulares, paranucleos,
ligandos difusibles derivados del AR (ADDLs, del inglés AB-derived difusible ligands,
cuyos niveles correlacionan bien con los fallos cognitivos y pueden inhibir la LTP en el
hipocampo) (Lambert y col., 1998; Haass y Selkoe, 2007), AB*56 (Lesné y col., 2006),
amiloesferoides (Noguchi y col., 2009), y las protofibrillas (PFs; Walsh y col., 1997).
Estas excederian los limites de solubilidad y se depositarian como fibrillas amiloides en
conformacion de hoja 8 plegada (ver revision Goldsbury y col., 2005). Los mecanismos

por los cuales se producen estos ensamblajes no estan claramente definidos.

3.5.2. Acumulacion intracelular del péptido B-amiloide.

El péptido B-amiloide también se puede encontrar a nivel intracelular (ABi)

aunque sea mayoritaria su acumulacién en las placas extracelulares. La presencia de
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ABi es frecuente en neuronas que contienen ovillos neurofibrilares lo que puede indicar
que ambas patologias estén relacionadas (Blurton-Jones y LaFerla, 2006).

La acumulacion puede darse por una falta de liberacion tras la generacion de A a partir
del APP que se puede encontrar en distintos compartimentos celulares. Los endosomas
son un sitio probable de generacién de AR, ya que su pH acido es idéneo para la
actividad de BACE-1. APP podria ser internalizada por endocitosis y mediante
protedlisis generar AB, si se bloquea dicha internalizacién se reducen los niveles de A
(revision LaFerla y col., 2007). Pero esta acumulacién de ABi también podria producirse
por una captacion del AR extracelular captado por receptores especificos para AP,
algunos ejemplos son: la subunidad a7 del receptor nicotinico (a7nAChR; Wang y col.,
2000), el receptor LDLR de APOE (Zerbinatti y col., 2006) o los receptores NMDA (Bi y
col., 2002).

El ABi se acumula predominantemente en los cuerpos multi vesiculares de las
neuronas, donde se asocia con la patologia sinaptica (Takahashi y col., 2002). Estos
cuerpos se pueden fusionar con la membrana plasmatica liberando el AB al espacio
extracelular.

Podriamos estar frente a un acontecimiento temprano en la EA (Bayer y Wirths,
2010), ya que aparece en las células piramidales del hipocampo y la corteza entorrinal
(regiones con afecciones patolégicas mas evidentes) de pacientes con defectos
cognitivos leves y los niveles parecen descender con la formacién de las placas. Esta
acumulacion intracelular se da, incluso, en individuos sanos (ver revision LaFerla y col.,
2007).

No se conoce el efecto que puede tener este ABi, aunque puede afectar a la
funcion mitocondrial y del proteasoma, provocar problemas sinapticos, y potenciar la
hiperfosforilacién de Tau (LaFerla y col., 2007), provocar déficits en la LTP (Billings y
col., 2005) e incluso muerte neuronal (Li y col., 2009b; ver revision Bayer y Wirths, 2010).
La liberacién al medio puede actuar como semillas de inicio de la formacion de placas,
e incluso constituir una forma de propagar el péptido 3-amiloide a través de distintas

zonas del cerebro (Rajendran y Annaert, 2012).
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4. BIOGENESIS Y DEGRADACION DEL PEPTIDO B-AMILOIDE.

El péptido AB contiene entre 39 y 43 aminoacidos y es un producto derivado del
metabolismo natural de la proteina precursora del péptido B-amiloide (APP) (De
Strooper, 2010). Este péptido se origina a partir de la una region de APP localizada tanto
en el dominio extracelular como en el transmembrana (Fig. 4.1), es precisamente ésta
la que le confiere propiedades agregativas. La produccion del péptido S-amiloide no es
un proceso patolégico, sino que se genera de forma natural apareciendo tanto en
plasma como en el liquido cefalorraquideo de individuos sanos. Incluso durante el
envejecimiento normal estos péptidos de AP insolubles se depositan en el parénquima
cerebral y en la pared de los vasos sanguineos cerebrales (Selkoe, 2004; Gomez-Isla y
col., 2008).

Se estan realizando trabajos para intentar aclarar cual es el papel fisiologico del AB.

Se sugiere que podria tener un papel importante en el mantenimiento de la tasa basal y
en la regulacion de la liberacion de vesiculas desde terminales presinapticos excitatorios
(Abramov y col., 2009). Ademas, se le atribuye un papel como regulador negativo a
niveles postsinapticos cuando se encuentra a altas concentraciones (ver revision Palop
y Mucke, 2010). De hecho, se ha descrito que concentraciones picomolares de AB
mejoran la plasticidad sinaptica y la memoria (Puzzo y col., 2008; Morley y col., 2010).
Por otro lado, los mondémeros de AB42 parecen ejercer un papel neuroprotector
(Giuffrida y col., 2009). Todos estos datos apuntan a una posible pérdida de funcion del
AB como otra causa posible del inicio de la patologia de la EA.
La isoforma mas frecuente es la de 40 aminoacidos (AB40) con Val40 en el extremo C-
terminal, la de 42 aminoacidos (AB42) solo constituye el 10% del total. Estos dos
aminoacidos lo hacen mas hidrofébico, por lo que tiene mayor tendencia a agregarse y
formar fibras. Las mutaciones descritas en FAD actuan aumentando la produccion
relativa de AB42 frente al AB40 (Ashe y Zahs, 2010).

El proceso de formacién de la placa no se conoce en la actualidad. A pesar de
esto se consideran factores importantes el aumento de la produccion extracelular de AB
(especialmente de la isoforma AB42) y la disminucién en el aclaramiento del mismo.
Ademas de depender de la formacion progresiva de ADDLs (Amiloide-B Derived
Diffusible Ligands), de fibras de AB y de complejos ApoE-AB (Thal et al., 2006). Por esto
es fundamental conocer el proceso mediante el cual se genera el péptido AB y los
mecanismos que pueden eliminarlo. A continuacion vamos a hablar de las proteinas que
estan implicadas en la biogénesis de las distintas isoformas de péptido B-amiloide, y

también en su degradacién-aclaramiento.
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4.1. Proteina precursora del péptido f-amiloide (APP).

Esta proteina pertenece a una familia de proteinas transmembrana tipo | altamente
conservada tanto en vertebrados como en invertebrados. Aunque podemos encontrar
distintas isoformas y variantes dependiendo de la especie animal todas comparten una
misma estructura: un largo dominio globular extracelular (con el extremo N-terminal), un
segmento transmembrana y un corto dominio citosolico donde se encuentra el extremo
C-terminal. (Gralle and Ferreira, 2007). El gen de APP se localiza en el cromosoma 21,
y puede generar 10 isoformas alternativas, aunque tres son las mas frecuentes APP695,
APP751 y APP770 (Tanzi y col., 1988; revisado en Yamada y Nabeshima, 2000), con
695, 751y 770 aminoacidos respectivamente. La proteina APP se expresa en la mayoria
de células del organismo pero las isoformas 751 (APP751) y 770 (APP770) aminoacidos
se expresan principalmente en células no neurales, mientras que la isoforma de 695

aminoacidos (APP695) se expresa predominantemente en neuronas (Haass et al.,

1991).
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Figura 4.1. Esquema estructural de la Proteina Precursora del péptido B-amiloide (APP). Presenta tres dominios
principales. Un dominio extracelular N-terminal, un dominio transmembrana y un dominio citosélico. ElI dominio
extracelular contiene a su vez una serie de dominios funcionales, una region de estructura plegada al azar y el dominio
B-amiloide (AB), que presenta parte de su estructura en el dominio extracelular y parte transmembrana. La imagen
muestra la secuencia del péptido B-amiloide humano, indicando los puntos de corte de las diferentes enzimas implicadas
en el procesamiento de APP. Figura tomada de Lazarov et al., 2012.
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Esta proteina una vez sintetizada en el reticulo endoplasmico (RE), es extensamente
modificada por glucosilaciones (N- u O- glucosilaciones), ademas de por fosforilacion y
sulfatacion; que tienen lugar durante su viaje hacia la membrana plasmatica en la via
secretora (Walter y col., 1997).

4.1.1. Procesamiento del APP.

Existen dos vias alternativas para el procesamiento postraduccional de esta proteina
(ver revisiones Zhang y col., 2011; Rajendran y Annaert, 2012) (Fig.4.2.). Durante la
secrecion e internalizacion a través de la via secretora, APP puede sufrir diversas
escisiones proteoliticas por las actividades de tres secretasas (a, B y y secretasas).
Segun qué enzima lleve a cabo el corte la proteina APP sera procesada por la via
amiloidogénica o por al via no amiloidogénica. El péptido AB se genera Unicamente
por la ruta amiloidogénica, aunque durante el envejecimiento normal se genera AB, y

esta generacion esta acusada en la EA.
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Figura 4.2. Procesamiento de la Proteina Precursora del péptido B-Amiloide (APP). Esquema
explicativo de la ruta amiloidogénica y no amiloidogénica. A través de la ruta amiloidogénica se genera
el péptido AB, que se acumula en el medio extracelular y forma las placas seniles caracteristicas de
la EA (Figura adaptada de Zolezzi et al., 2014).
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4.1.2. Ruta no amiloidogénica.

En esta ruta no se genera péptido B-amiloide y es la predominante en la mayoria de
las células. El proceso ocurre mayoritariamente en la membrana plasmatica y en ella se
produce en primer lugar la fragmentacién de APP por el corte de la a-secretasa
(perteneciente a la familia de las desintegrinas y metaloproteasas (ADAM))
generandose el fragmento sAPPa, que es un fragmento soluble que es liberado dentro
del lumen vesicular o al espacio extracelular y que contiene el extremo N-terminal.

Por otro lado en el extremo C-terminal se genera un fragmento carboxi-terminal
(APP-CTF) de 83 aminoacidos (C83) que queda anclado en la membrana y que es
sustrato del complejo y-secretasa. El fragmento C83 es cortado por este complejo
enzimatico, del que forma parte la presenilina, entre los aminoacidos 711 y 713,
originando los péptidos P3 (AR 17-40 y AB17-42) que se libera al espacio extracelular o
vesicular, y un dominio AICD (dominio intracelular de la proteina precursora amiloide,
también llamado p7) que como su nombre indica queda en el citosol. AICD forma parte,
junto a FE65 y FE60, de un complejo que regula la transcripcion de varios de genes.
(De Strooper, 2010). En esta ruta no se genera péptido AB, e incluso a los fragmentos
generados se le atribuyen propiedades neurotréficas y neuroprotectoras, como es el

caso del sAPPaq, que actua a través de receptores de insulina (Hiltunen y col., 2009). P3

puede aparecer formando parte de las placas pero en principio no es toxico. (De

Strooper, 2010).

4.1.3. Ruta amiloidogénica.

En esta ruta se genera péptido B-amiloide (de 39-43 aminoacidos) por la actuacion
consecutiva de la B-secretasa y del complejo y- secretasa sobre APP (ver revision
Rajendran y Annaert, 2012). El primer corte es realizado por la B-secretasa, actividad
que ha sido atribuida a la enzima BACE-1 (3-site APP cleaving enzime 1) (Vassary col.,
2009). Esta primera escision se producen entre los aminoacidos Met671 y Asp672
dando lugar a un fragmento sAPP[3 soluble que contiene el extremo N-terminal. También
se genera un fragmento carboxi-terminal (CTF-APP) con 99 aminoacidos, conocido
como C99, y que queda anclado en la membrana para ser procesado por el complejo
de la y-secretasa, que corta a C99 por los aminoacidos 711y 713 generando el péptido
B-amiloide (AB) que se libera al medio extracelular, y un ectodomino intracelular AICD
(Takami et al., 2009).
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Este procesamiento, que a excepcion de las neuronas es minoritario en la mayoria
de los tipos celulares, ocurre de forma mayoritaria en los compartimentos subcelulares.
APP puede llegar a estos compartimentos al ser re-internalizada desde la membrana
plasmatica en un compartimento endosomal que contiene las proteasas BACE-1 y el
complejo y-secretasa; o bien pasa a dicho compartimento desde la red trans del Golgi
a lo largo del sistema Golgi-endosoma-lisosoma. Estos sistemas membranosos son los
posibles puntos de generacion del AB (Greenfield y col., 1999; Thinakaran y Koo., 2008;
Zhang y col., 2011). Este modelo de generacion de AB se apoya en el hecho de que

evitando la endocitosis de APP desde la superficie celular se bloquea la liberacién del

80% del AB. (ver revision O’Brien y Wong, 2011). También se han propuesto las

llamadas balsas lipidicas (lipid rafts) como un posible lugar donde se genera el péptido
AB (ver revision Selkoe, 2008).

41.3.1. Enzimas implicadas en la ruta amiloidogénica (generando A).

- Enzima B-secretasa (BACE-1).

Se trata de una aspartil proteasa transmembrana de tipo 1, localizada principalmente
en compartimentos intracelulares. Estudios con modelos en los que se elimina la
expresion de BACE-1 provoca la desaparicion del AB cerebral, sefialandola como la
principal proteina con actividad B-secretasa a nivel cerebral (revisado por De Strooper
et al., 2010).

Tras su sintesis en el RE como una pro-proteina sufre una serie de modificaciones
post-traduccionales en su camino hacia el Golgi alcanzando con ellas su maduracion
final y su maxima actividad catalitica (revisado por Hunt and Turner 2009). La enzima
madura es transportada a la superficie celular y desde alli es internalizada formando
endosomas y vesiculas asociadas al aparato de Golgi. Es aqui donde coinciden APP y
BACE-1 y tiene lugar el procesamiento [B-secretasa, generando el AB que
posteriormente sera secretado mediante exocitosis.

BACE-1 no sélo actua sobre APP, tiene otros sustratos, esto supone un
inconveniente para usarla como posible diana terapéutica ya que una actuacién sobre
su actividad produce una alteracién sobre el resto de sustratos de la enzima (De
Strooper, 2010; Hunt and Turner, 2009). Se han desarrollado varias moléculas que
inhiben el procesamiento in vitro de APP por BACE-1, pero aun no se dispone de una
molécula de vida media adecuada, capaz de atravesar la barrera hemato encefalica e
inhibir de forma selectiva a BACE-1 sin afectar a otras aspartil-proteasas, pero se estan

realizando avances al respecto (De Strooper, 2010; Sankaranarayanan y col., 2009).
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- Complejo y-secretasa.

Se trata de un complejo aspartil-proteasa que procesa a APP dentro de la region
transmembrana. Contiene cuatro subunidades diferentes: un nucleo catalitico y tres
proteinas accesorias. La actividad aspartil proteasa la posee la presenilina 1 (PS1) o
presenilina 2 (PS2), mientras que nicastrina, APH-1 (pharynx-defective-1) y PEN2
(presenilin enhancer 2) son necesarias para la maduracion, la estabilidad y actividad del
complejo (De Strooper, 2003; Wolfe and Kopan, 2004; Takasugi y col., 2003; Edbauer y
col., 2003).

Al igual que BACE-1 el complejo y-secretasa es considerado una posible diana
terapedutica en el tratamiento de EA. No existe en la actualidad ninguna molécula capaz
de inhibir selectivamente su actividad, ademas su inhibicion normalmente se acompana
de una disminucion en el procesamiento de otros sustratos que son necesarios para la
supervivencia neuronal. Entre ellos podemos encontrar Nectina-1a, CD44, N-Caderinas,
Receptores de LDL, NavB2 y Notch, y participa en numerosas funciones celulares
esenciales para la supervivencia (Wakabayashi y De Strooper, 2008; Parent y
Thinakaran, 2010).

En este sentido, teniendo en cuenta el gran numero de proteinas que pueden ser
procesadas por el complejo y-secretasa, se plantea como un objetivo complicado el
obtener un inhibidor especifico del procesamiento de APP, aunque en la actualidad se
han obtenido compuestos capaces de inhibir el procesamiento de APP sin afectar al de
Notch (De Strooper y col., 2010).

4.1.3.1.1. Enzimas implicadas en la degradacion del péptido AB.

La acumulacién defectuosa de cualquier proteina se debe a un desbalance entre su
produccién y los mecanismos de eliminacién-aclaramiento de la misma. Evidentemente
esto ocurre también en el caso de la acumulacion del péptido B-amiloide (ver revisiones
Evin y Weidemann, 2002; Thal y col., 2006; Duyckaerts y col., 2009). En los casos de
FAD existe un aumento en la producciéon de AB, pero en los casos de Alzheimer
esporadico no se muestran signos de un aumento en la produccién, por lo que se ha
sugerido que una disminuciéon en su degradacion y una reduccién en el drenaje
perivascular, implicado en el aclaramiento del mismo, podria explicar el aumento de la
cantidad de AP en estos pacientes (Miners y col., 2014).

Existen varias enzimas que estan implicadas en la degradacion de las distintas
formas que este péptido puede presentar. Entre ellas |la neprelisina (NEP), plasmina, la

enzima degradadora de insulina (IDE), la enzimas que procesan a endotelina (ECE-1,
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ECE-2), la enzima que procesa angiotensina (ACE), distintas metalo-proteasas de
matriz (MMPs) y las catepsina B y D (De Strooper., 2010). Estas enzimas estan
presentes en el parénquima cerebral o en las paredes vasculares, y la mayoria se

expresan en neuronas, como es el caso de IDE, ECE, ACE, plasmina y NEP.

- Neprelisina (NEP).
Se trata de una zinc-metalopeptidasa que se encuentra anclada a la membrana
plasmatica. Tiene capacidad de degradar AR monomeérico y oligomérico (Kanemitsu y
col., 2003). Los niveles de neprelisina disminuyen con el envejecimiento (Farris y col.,

2007) y esto podria provocar un aumento de AB.

- Enzima degradadora de Insulina (IDE).

Es una tiol-metalopeptidasa que reconoce sustratos con estructura en hoja B-
plegada. Degrada ademas del AB monomérico otros péptidos como la insulina,
glucagén, TGF-qa, amilina, IGF-1 e IGF-2. Se encuentra principalmente soluble en el
citosol, aunque también puede detectarse en la superficie celular y en membranas

intracelulares.

- Enzimas que procesan a endotelina (ECEs).

Son metalo-endopeptidadas dependientes de zinc tipo Il que se encuentran
ampliamente distribuidas por todo el endotelio vascular. Mientras que ECE-1 se expresa
mayoritariamente en las células endoteliales, ECE-2 lo hace en el medio intracelular de
las neuronas piramidales del hipocampo. Aunque se ha descrito que ECE-1 y ECE-2
estan implicados en la degradacion de AB (Eckman y col., 2001; Eckman y col., 2003;
Eckman y col., 2006), en humanos no esta del todo claro. Diversos estudios proponen

aumentar la expresién de ECE-1 como factor protector de la EA (Funalot y col., 2004).

- Plasmina.

Se trata de una serin-proteasa que puede cortar al péptido AR por distintos sitios,
ademas de evitar que adopte la conformacién de hoja plegada B. En casos de EA existe
una pérdida de expresion de esta enzima, especialmente en aquellos pacientes que
presentan el alelo €4 del gen APOE. Lo mismo ocurre con la expresion y/o actividad de
NEP e IDE. Esta es una explicacion mas que razonable a la mayor predisposicion de

padecer EA que presenta aquellas personas con el alelo €4 (Miners y col.,2008).
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- Metaloproteasas de matriz (MMPs).

Son endopeptidasas dependientes de zinc y calcio que se expresan en neuronas,
células gliales y vasculares. MMP-2, -3 y -9 tiene actividad catalitica sobre el péptido

AB, y tienen la capacidad de procesar agregados de A fibrilar (Miners et al.,2008).

- Catepsinas.

Son cistein-proteasas encargadas de degradar proteinas que han entrado en la via
endo-lisosomal. Esta enzima participa en la degradacion de oligébmeros y fibras de AR42
produciendo especies de AB con menor capacidad de agregacién y mayor afinidad por
IDE y NEP (Mueller-Steiner et al., 2006).

Algunas de estas enzimas actuan intracelularmente via autofagica (Nixon, 2007;
Mizushima y Komatsu, 2011; Nixony Yang, 2011; Friedman y col., 2015) o via
lisosomal como es el caso de las catepsinas mencionadas anteriormente.

Pero aqui no acaban los mecanismos de aclaramiento del péptido AB, también en
este proceso se han implicado a las células gliales que gracias a su capacidad fagocitica
y de su capacidad de secrecién de enzimas proteoliticas como NEP e IDE pueden
eliminar el péptido del parénquima cerebral (Lee y Landreth, 2010).Este hecho esta
abriendo una nueva via terapeutica mediatne protocolos de inmunizacion que puedan

potenciar la capacidad fagocitica de estas células (Sokolowski y Mandell, 2011).
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5. PROTEINA TAU: ESTRUCTURA, FUNCION Y FOSFORILACION.

5.1. Estructura de Tau.

Tau pertenece a la familia de las proteinas asociadas a microtubulos: MAPs
(Microtubule associated proteins), expresandose de forma predominante en las
neuronas. Esta codificada en el gen MAPT localizado en el cromosoma 17 (Neve y col.,
1986). En el cerebro humano el procesamiento alternativo de su ARNm puede generar
6 isoformas. (ver revisiones Duyckaerts y col., 2009; Wang y col., 2013). Cada isoforma
se caracteriza por la presencia o ausencia de fragmentos (N) de 29 6 58 aminoacidos
en el extremo amino-terminal, y de una secuencia de 31-32 aminoacidos que se repite
3 6 4 veces en el extremo carboxilo-terminal (R), que constituye el “dominio de unién
a microtubulos”. (Fig. 5.1). Durante el desarrollo neuronal Tau va cambiando de isoforma
y de localizacién, de forma que durante el desarrollo fetal esta proteina se encuentra por
todo el citosol celular (tanto en soma como en el axdn) pero a medida que la neurona

madura pasa a localizarse de forma casi exclusiva a lo largo del axn neuronal.

16 exons: -1 1 2 3 4 4 5 6 7 89 10 13. 42 13 14

Human MAPT gene
chromosome 17¢21

l Transcription

S STy

1 1 2 3 % 5 7 9 10 1 12 13 14
l Alternative splicing

Tau isoforms Amino acids

e [ IO 1

IN/4R

IN/3R
ON/4R
ON/3R

Figura 5.1. Esquema del gen MAPT y de las diferentes isoformas de Tau. El gen MAPT
puede dar lugar a 6 isoformas de Tau tras el procesamiento alternativo de su ARNm. Figura
modificada de Luna-Mufoz et al., 2013.
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5.2.  Funcioén de la proteina Tau.

Su funcidn es estabilizar los microtubulos (MTs) del citoesqueleto y favorecer su
polimerizacion (ver revision Scholz y Mandelkow, 2014), por lo que es critica para la
supervivencia celular, ayudando a mantener la estructura interna de la célula y siendo
fundamental en el transporte axonal y en la regulacién sinaptica (Spires-Jones and
Hyman, 2014).

En condiciones fisiologicas Tau se asocia a los microtubulos través del dominio de
unién a microtubulos vy los estabiliza promoviendo su ensamblaje. Tras su unién a
microtubulos el extremos amino-terminal de Tau queda libre pudiendo interaccionar con
distintas proteinas del citoesqueleto, proteinas de membrana o proteinas kinasas
(revisado por Scholz and Mandelkow, 2014).También se han atribuido a Tau distintas
funciones en procesos de sefializacion y de organizacion del citoesqueleto, que parecen
depender del estado de fosforilacion en las repeticiones del dominio de uniéon a
microtubulos (Morris et al., 2011).

Al fosforilarse tau y disociarse de los microtubulos se produciria una pérdida de
funcion de los mismos, con lo que se generan fallos en el transporte axonal y muerte
neuronal (Gotz, 2001; Spires-Jones et al., 2009). Ademas, la agregacién de Tau inhibe
la actividad del proteasoma aumentando de esta forma el efecto negativo de la
hiperfosforilacién de Tau (Gendron y Petrucelli, 2009; Wang y col., 2013).

La agregacion de Tau también se ve potenciada por otras modificaciones
postraduccionales, como glicosilacién, acetilacion y ubiquitanacién entre otras (Igbal y
Grundke-Igbal, 2008; Wang y col., 2013).

5.3. Fosforilacion de Tau.

El estado de fosforilacion de cualquier proteina depende de la actividad de las
enzimas quinasas y fosfatasas que actuan sobre ella. Hay mas de 20 quinasas que
pueden fosforilar a Tau y que se pueden dividir en 4 grupos: PDPKs (quinasas
dependientes de prolina), no-PDPKs, quinasas que fosforilan residuos de tirosina y
quinasas que fosforilan residuos de serina o treonina. De estas, las mas estudiadas son
la proteina quinasa dependiente de ciclina (CDK-5) y la quinasa glucégeno sintasa 33
(GSK-3) (Kimura y col., 2014), ambas son PDKs.
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-  GSK-3B.

Esta enzima pertenece al grupo de la PDPKs, y fosforila residuos localizados en las
regiones de tau que estan implicadas en la uniéon a microtubulos. Esta enzima también
interacciona con la presenilina 1 (PS1) participando por tanto en la produccién de A
(Corbo y Alonso, 2011).

- Cdk-5.

También pertenece al grupo de las PDPKs y esta formada por una subunidad
catalitica (que es la propia Cdk-5) y el polipéptido p25 o p35 que actua como unidad
reguladora. El péptido p25 procede del procesamiento N-terminal de un péptido de
mayor tamano p35 llevado a cabo por la enzima calpaina proteasa dependiente de
calcio. Fueron los estudios de Imahori y Uchida en 1997, los que pusieron de manifiesto
la participacion de Cdk5 en la enfermedad de Alzheimer al comprobar que las
hiperfosforilaciones de Tau se producian en los mismos residuos sobre los que actuaba
esta quinasa, y al reportar una acumulacion de p25 en enfermos de AD. Varios estudios
han descrito una mayor actividad enzimatica del complejo formado por Cdk5-p25 que el
Cdk5-p35 (revisado por Kimura et al., 2014).

La existencia de grandes cantidades de AB o estrés oxidativo en las células,
puede provocar una desregulacion en la actividad de las quinasas de Tau, provocando
su hiperfosforilacién. Ademas, se ha propuesto que el metabolismo de APP regula la
proteostasis de Tau (Moore y col., 2015).

Tau tiene 80 residuos de serina o treonina ademas de 5 de tirosina con
posibilidad de ser fosforilados. Esto residuos se encuentran la mayoria rodeando el
dominio de unién a microtubulos. La hiperfosforilacion anédmala de Tau produce un
cambio conformacional que dificulta su unién a microtubulos y desestabiliza la estructura
axonal, formando agregados que interrumpen el transporte axonal (Scholz and
Mandelkow, 2014). Cuando se desorganizan los microtubulos, Tau al ser insoluble,

tiende a agregarse formando los conocidos NTFs caracteristicos de la patologia de EA.

El estado de fosforilacion de tau es regulado por diversas fosfatasas. En el cerebro
humano, las fosfatasas mas abundantes son PP2A y PP1 (Liu C. y col., 2013). A su vez
PP2A regula la actividad de varias kinasas, entre ellas CaM-kinasa Il, PKA y ERK1/2.
Se ha observado que la actividad de PP2A esta reducida en los cerebros de pacientes
con EA.
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6. RESPUESTA INFLAMATORIA. NEUROINFLAMACION.

La inflamacién se desencadena frente a diversos estimulos tras ponerse en marcha
los mecanismos moleculares y celulares de la respuesta inmune innata. La respuesta
inflamatoria es necesaria para la defensa del organismo y es beneficiosa si esta
regulada y se resuelve en un periodo de tiempo adecuado. El problema es cuando esta
respuesta se vuelve crénica, excesiva o inapropiada, es entonces cuando pasa de ser
beneficiosa a convertirse en patoldgica.

El sistema nervioso central (SNC) ha sido considerado durante muchos afos un
sistema inmunoprivilegiado, ya que la barrera hemato encefalica (BHE) restringe el
acceso de mediadores y células inmunes al tejido cerebral (Glezer et al., 2007).
Actualmente se sabe que, al igual que en el resto del organismo, un patégeno/lesion en
el SNC es capaz de activar una respuesta inmune innata y desarrollar una respuesta
inflamatoria que en este caso llamaremos neuroinflamacion.

Como la BHE restringe el acceso de células del sistema inmune periférico al interior
del cerebro, el SNC tiene la capacidad per se de generar una respuesta inmune innata
ante cualquier tipo de lesion/dafio, y/o infeccion. Para ello la células microgliales
(fagocitos mononucleares residentes) liberan, en respuesta al antigeno, una serie de
citoquinas y quimioquinas proinflamatorias, fagociticas, citotdxicas y reguladoras de
linfocitos T. Ademas de la microglia, los astrocitos también tienen un papel importante
en el desarrollo de la respuesta neuroinflamatoria.

Mediante la liberacion de citoquinas y quimioquinas, la microglia y los astrocitos
participan en el reclutamiento de células del sistema inmune periférico (macréfagos,
células dendriticas, linfocitos, etc.) al SNC (Kielian 2006).

Si el proceso neuroinflamatorio sobreactivado podria generar parte del dafo celular

y producir la pérdida de la funcion neuronal observado en la EA (Heneka y O’Banion,

2007; Perry y col., 2010; Heneka y col., 2015b; Heppner y col., 2015), al igual que ocurre
en otras enfermedades neurodegenerativas, como el Parkinson (Mena y Garcia de
Yebenes, 2008).

De forma general se puede clasificar la respuesta inmune en innata o adaptativa.
La respuesta inflamatoria que caracteriza a la mayoria de las enfermedades
neurodegenerativas, incluida la EA, implica la activacion de componentes de la
respuesta inmune innata (a través de la microglia y astroglia; Heneka y col., 2015a),
mientras que la respuesta inmune adaptativa y la infiltracion de linfocitos T se da en

menor grado.
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Aunque la neuroinflamacion no sea la principal causante de la neurodegeneracion
que se produce en la EA, existen multiples evidencias que sugieren que desempefia un
papel importante en la patogénesis de la misma (Nuzzo et al., 2014). Numerosos
investigadores piensan que la neurodegeneracion observada en los pacientes de EA
esta mediada por una respuesta inflamatoria crénica de las células de la glia activadas
por los depdsitos de B-amiloide (Butovsky y col., 2005; Sastre y col., 2006). Estos
depdsitos extracelulares de AB generan una activacién de la microglia y la aparicion de
astrocitos reactivos, que pueden generar productos toxicos que provoquen la muerte
neuronal, tales como citoquinas inflamatorias, aminoacidos excitadores y ROS (Mrak y
Griffin, 2005). Si fuese este AP el que inicia el proceso inflamatorio, serian las zonas en
las que mas AP se deposita, como el hipocampo, el subiculo y la corteza entorrinal, las
que muestran mayor activacién microglial. Ademas, este proceso se ha asociado con la
formacion de placas de AB y ovillos neurofibrilares, ya que un ambiente inflamatorio
puede activar las quinasas de Tau (ver revision McNaull y col., 2010). En la actualidad
aun se desconoce si la neuroinflamacién es una consecuencia secundaria al proceso
de neurodegeneracion en la EA o es al contrario, siendo la inflamacion una de las causas
que provocan su aparicion y desarrollo al generar muerte neuronal (Wyss-Coray, 2006;
Glass y col., 2010).

El SNC posee un sistema inmune enddgeno coordinado por células
inmunocompetentes (Shie y Woltjer, 2007; Rogers y col., 2007; Deane y Zlokovic, 2007;
Eikelenboom y col., 2006). Los responsables de la neuroinflamacion pueden dividirse
en:

- Componentes celulares del SNC: microglia, células dendriticas, astrocitos y

neuronas.

- Mediadores _inflamatorios: citoquinas liberadas por los componentes

celulares anteriores.

6.1. Componentes celulares del sistema inmune del SNC.

6.1.1. Microglia.

Son células mieloides residentes en el SNC. La microglia representa entre un 0.5y
un 16.6% del total de células presentes en el cerebro humano, esta gran variabilidad es
debida a una elevada diferencia en la distribucion regional, presentando en general una

mayor densidad en la sustancia blanca que en la sustancia gris (Mittelbronn et al., 2001).
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Aunque aun no se conocen todas sus funciones en el SNC las células microgliales
se consideran los “macréfagos del cerebro” (Ginhoux et al., 2010) constituyendo un claro
agente protector. Entre sus funciones conocidas, destaca su participacion en el sistema
inmune innato como primera linea de defensa del SNC. La microglia tiene la capacidad
de detectar y fagocitar patdgenos, a la vez que activa la respuesta inflamatoria y recluta
al resto de células inmunomoduladoras. También actia sobre la proliferacion, motilidad,

migracion, comunicacion entre células y proteostasis.

En un cerebro adulto y sano, las células de la microglia se encuentran en un estado
quiescente, con una morfologia ramificada y una escasa expresién de moléculas
asociadas a la funcion de macréfagos. Sin embargo, estudios recientes han revelado
que la microglia residente posee procesos o ramificaciones altamente méviles, por lo
que no se encuentran en estado de reposo, sino en una situacion de escaneo o
inspeccion continuo del entorno, sondeando su medio para detectar la posible llegada
de algun tipo de dano. De esta forma, mientras que el soma permanece siempre en la
misma posicién las prolongaciones son capaces de barrer todo el entorno que las rodea.
Cuando estas prolongaciones detectan una alteracion la célula microglial cambia a un
estado inflamatorio en el que su principal funcion es neutralizar al agente causante del
dano. De esta forma rodea al patégeno/lesién con sus prolongaciones y se activan una
serie de vias de sefializacion en el interior de la celular que ponen en marcha la
liberacién de citoquinas inflamatorias con el fin de activar al resto de células implicadas

en la respuesta inmune (Gomez-Nicola and Perry, 2015).

La capacidad fagocitica de la microglia le permite limpiar el entorno de células
muertas y de restos celulares que en el caso de quedarse en el parénquima podrian
desencadenar una respuesta pro-inflamatoria. Desde este punto de vista, esta funcién
fagocitica se puede considerar beneficiosa, sin embargo la microglia también fagocita
células danadas que aun no han muerto, produciendo una alteracion en la sinapsis que
puede llegar a ser neuropatoldgica, aunque por otro lado, una funcién importante de la
microglia es su participacion en la saneamiento y remodelacién de las sinapsis tras la
muerte de neuronas y células gliales que ocurre de manera fisiolégica durante el

desarrollo cerebral postnatal (Gomez-Nicola and Perry, 2015).

El efecto del envejecimiento sobre la microglia no conlleva necesariamente la
pérdida de estas funciones, sino que implica una disfuncion de las mismas y una
respuesta hiperreactiva (Gomez-Nicola y Perry, 2015). De hecho, se ha observado que

la microglia muestra cambios morfologicos y moleculares con el envejecimiento y
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progresion de la EA, una mayor capacidad proliferativa y la presencia de microglia

distréfica”, caracterizada por la fragmentacion, pérdida de prolongaciones, etc. (Baron y

col., 2014; Mosher y Wyss-Coray,2014; Streit y col., 2014), algo que también se ha

observado en modelos de la EA.

En la AD se produce una activacién de la respuesta inmune innata microglial previa
a la manifestacion de la patologia (Cribbs et al., 2012). Esta respuesta inflamatoria se
mantiene a lo largo de la enfermedad y puede adoptar distintos fenotipos. A dia de hoy
existen dudas sobre si la microglia adopta estrictamente un solo fenotipo o puede
modificarlo, y sobre los factores que hacen que la microglia cambie de un fenotipo a otro
(Gomez-Nicola and Perry, 2015). Atendiendo a sus funciones y a las citoquinas
liberadas, la microglia activada se clasifica en dos fenotipos: El fenotipo clasico (M1),
tipico de una respuesta proinflamatoria y citotdxica, que produce citoquinas vy
quimioquinas proinflamatorias, y el fenotipo alternativo (M2), que genera una
respuesta inflamatoria contenida, pro-supervivencia, regeneradora y antiinflamatoria,

liberando citoquinas anti-inflamatorias y factores tréficos.

TNF-g, IL-1B,

II-6, IL-12,
IFN-y, FAS-L,
CHsL1

Acidificacion de los fagosomas

M1 y liberacion de ROS
/Xy A< »> MRC-, IGF-1,
‘e \{ﬁ( ‘/.%\ SAX IFN-B1, IL-13
™ , M2a

Reparacion tisular,

Fagocitosis
Microglia 1 IL-10
quiescente L IL-12

Immunoregulacion,
Eliminacion de ROS

=> |L-10, TGFB

Desactivacion,
Reparacion tisular

M2c

Figura 9. Fenotipos de Activacion microglial. Fenotipo M1, Respuesta Inflamatoria Clasica. Fenotipo
M2a, Respuesta Inflamatoria Alternativa: Protectora y antiinflamatoria. Fenotipo M2b, Respuesta
Inflamatoria  Alternativa: Regeneradora. Fenotipo M2c, Respuesta Inflamatoria Alternativa:
Inmunomoduladora. Figura modificada de Kraft-Terry et al., 2009
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6.1.1.1. Fenotipo Clasico o M1.

Se produce tras la exposicion a IFN-y, TNF-a, y/o ligandos de los receptores TLRs
(toll like receptor). Como consecuencia, las células microgliales producen la liberacion
de una serie de factores neurotéxicos, que incluye especies reactivas de oxigeno (ROS)
y nitrégeno, oxido nitrico, citoquinas y quimioquinas, entre ellas TNF-a, IL-18, IL-6, IL-
12, IFN-y, IFN-B1, FAS-L, TRAIL y CH3L1 (Varnum and lkezu, 2012), Todos estos
factores tienen como finalidad la activacién y mantenimiento de una respuesta
inflamatoria toxica que proteja al SNC del agente dafiino. Sin embargo, si dicha
respuesta inflamatoria se descontrola puede provocar dano celular y neurodegeneracion
debido a la presencia de esos factores citotdxicos.

La respuesta microglial M1 es similar a la activacion de linfocitos Th1, y en ambas se
produce un ciclo de activacién entre las distintas células implicadas, creando un circulo
vicioso de potenciacion de la respuesta proinflamatoria (Cherry y col., 2014).

Como ya hemos mencionado, el fenotipo M1 tiene como objetivo presentar y eliminar al
patégeno, y ello implica el aumento de expresion de ciertas proteinas, como MHC-II, la
enzima oxido nitrico sintasa inducible (iNOS) o el receptor CD86 entre otras. Aunque
generalmente la microglia activa M1 implica un aumento en la expresion de marcadores
proinflamatorios y una disminucién de proteinas antiinflamatorias (Cherry y col., 2014),
hay autores que describen que dicha microglia puede expresar tanto marcadores

clasicos como alternativos (Weekman y col., 2014).

6.1.1.2. Respuesta inflamatoria Alternativa o M2.

La respuesta alternativa inhibe la activacién clasica de las células inmunes y
promueve la reparacion del tejido y la recuperacién de la homeostasis, mediante la
liberacién de citoquinas y receptores antiinflamatorios y factores de crecimiento (Imai y
col., 2007; Chhor y col., 2013).

El fenotipo M2 se clasifica a su vez en tres subtipos segun los mediadores
responsables de su activacion (Fig. 6.1.) y los marcadores caracteristicos que expresan
(Colton y col., 2006).

A pesar de estar dividido en tres grupos, el fenotipo M2 tiene una funcién conjunta que
es neutralizar al agente causante de la lesion sin dafar al tejido cerebral (Cherry y col.,
2014).
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M2a.

Esta respuesta se induce por IL4 e 1113 a través de los receptores TLRs.
Se observa un aumento en la expresion de genes que tienen como objetivo
evitar que se genere mayor respuesta inflamatoria y mantener un entorno
neuroprotector. Entre ellos esta Arginasa-1 (Arg-1) que disminuye la
produccion de NO; IGF-1 (Insulin growth factor-1), IL4, IL13 y MRC-1
(Mannose Receptor 1). Este estado de activacion presenta capacidad
fagocitica, necesaria para la eliminacion del patégeno y de los restos
celulares que hayan quedado como resultado de la respuesta inflamatoria
citotdxica. Algunos de los receptores implicados en la fagocitosis son MSR-
1 (macrophage scavenger receptor-1), SiRPB-1 (Signal Regulatory Protein
B-1) y CD36. TREM-2 y CD33 son dos receptores, implicados en la

fagocitosis de AB, que han sido descritos como factores de riesgo de la EA.

M2b.

Este fenotipo es el menos conocido. La activacion de este fenotipo es
dependiente del inmuno-complejo, los TLRs y/o el receptor IL-1R (revisado
por Boche et al., 2013). Se caracteriza por la falta de expresién de
marcadores tipicos M2, aunque presentan una expresion alta de IL-10 y baja
de IL-12, caracteristico de una polarizacién M2 (Mosser y Edwards, 2008).

Este fenotipo, ademas, se ha relacionado con la activacion de linfocitos Th2.

M2c.

Esta polarizacion tiene lugar gracias a la estimulacién de IL-10 y TGF-8,
dos potentes citoquinas antiinflamatorias. La actividad de estas células
podria asociarse a una funcion regeneradora y reguladora de la respuesta
inmune, que se pone en marcha una vez que las células polarizadas a M1
han hecho su funcion. TGF- ademas se ha asociado a una mayor capacidad

fagocitica de la microglia.

- 57



Tesis Doctoral. Compendio de Publicaciones B Introduccidn

6.1.1.3. Papel de la microglia en la patologia de la enfermedad de
Alzheimer.

La implicacion de la microglia en el desarrollo de la EA no se conoce con exactitud,
y su papel debe ser entendido como dual y muy complejo, esto es lo nos hace pensar
los datos que se tienen en la actualidad. Algunas de sus actuaciones son beneficiosas,
pero otras, directa o indirectamente, pueden generar un ambiente citotéxico perjudicial
para las neuronas.

Esta claro que el péptido AB puede atraer y activar a la microglia (Malm y col., 2005;
Meyer-Luehmann y col., 2008). Las prolongaciones de la microglia rodeando a la placa
podrian constituir una barrera para evitar su expansion y contener la toxicidad de la
misma. Es un hecho que las areas de placas no cubiertas por microglia son menos
compactas y estan asociadas con una distrofia axonal mas severa (Condello y col.,
2015). La proteccion no queda en esta barrera fisica constituida por las prolongaciones
celulares, ya que la fagocitosis activa del AB oligomérico (Frautschy y col., 1992;
Mandrekar y col., 2009), y la actividad proteolitica de las enzimas que pueden secretar
la microglia (Yang y col., 2011), no s6lo actuarian reduciendo la polimerizacion del AR,
sino que también tendria efecto sobre el posible crecimiento de la placa (Simard y col.,
2006; Bolmont y col., 2008).

Todo esto se apoya por la presencia de receptores en las células microgliales que
reconocen al péptido AR (Yu y Ye, 2015) y de enzimas, como la neprelisina, que son
capaces de degradarlo.

Si la microglia desempena un papel importante en el aclaramiento de AB en la EA,
seria légico pensar que la acumulacion de dicho péptido en los estadios avanzados de
la enfermedad puede ser indicativo de una deficiente actividad fagocitica microglial.
Aunque en la actualidad no esta claro si la microglia tiene la capacidad de degradar
intracelularmente el AB internalizado o si esta capacidad se encuentra disminuida con
el envejecimiento y progresion de la enfermedad.

Son distintos estudios los que involucran a la microglia con la EA, por ejemplo
correlacionando ciertas variaciones genéticas en TREM2 (Triggering receptor
expressed on myeloid cells 2), proteina reguladora de la fagocitosis en microglia y
macrofagos, con un mayor riesgo para la EA (Guerreiro y col., 2013; Jonsson y col.,
2013). También existen pruebas del papel del receptor microglial de quimocinas
CX3CR1 (la unién de CX3CL1 neuronal a este receptor inhibe la activacion clasica) en
la pérdida neuronal, un ratdn knockout para éste, no muestra muerte neuronal y
presenta una menor carga amiloide (Fuhrmanny col., 2010; Liu y col., 2010; Cho y col.,
2011).
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Por otro lado, la microglia puede intervenir en el mantenimiento de la red neuronal
(Kettenmann y col., 2013), lo que explicaria que la disminucion en la complejidad de sus
prolongaciones asociadas a la presencia de placas de AB fuese un factor clave en el
deterioro cognitivo observado en algunos modelos de EA (Baron y col., 2014). Datos
que junto al hecho de que la disminucidon microglial en ratones ocasiona un déficit
cognitivo y una reduccion en la actividad motora dependiente de formacion de sinapsis
dentro de la corteza motora (Parkhurst y col., 2013). Todos estos datos apoyan el papel

activo que juega la microglia en el desarrollo y la evolucion de la EA.

Por otro lado, la microglia podria causar neurotoxicidad debido a su capacidad de
secretar citoquinas y especies reactivas de oxigeno (McGeer y McGeer, 2010).

Como hemos visto la microglia activada pueda generar mediadores proinflamatorios
pero también es capaz de secretar citoquinas antiinflamatorias (Butovsky y col., 2006) y
factores neuroprotectores (Streit, 2005). El posible papel neuroprotector de la
inflamacién en la EA esta cobrando fuerza actualmente y, en apoyo a esta idea, esta el
estudio en el que la ausencia de microglia en un modelo animal provoca un incremento
en la formacion de placas y la muerte neuronal (ElI Khoury y col., 2007). Ademas en
humanos y en animales transgénicos se ha observado la existencia de distintos tipos de
activacion microglial, pudiendo ocurrir un cambio durante la progresion de la enfermedad
(Colton y col., 2006; Jiménez y col., 2008).

Queda por dilucidar si la funcién microglial juega un papel beneficioso o perjudicial
en general, ademas se puede proponer la regulacion de la actividad microglial como

una nueva diana terapéutica para la EA (Condello y col., 2015).

6.1.2. Astroglia.

Son las células mas numerosas del cerebro humano. Morfolégicamente se
caracterizan por presentar una estructura estrellada con multiples prolongaciones que
pueden conectar con vasos sanguineos, neuronas, oligodendrocitos, microglia y otros
astrocitos. Las proteinas mas abundantemente expresadas en los astrocitos son GFAP
(Glial fibrilary acidic protein) y vimentina (Vim). Los astrocitos reaccionan frente a
agresiones fisicas o quimicas mediante un aumento en la produccion de GFAP y
vimentina en un proceso conocido como astrogliosis. Los dos grupos principales de
astrocitos son los astrocitos protoplasmaticos que conectan con neuronas, y astrocitos
fibrosos que conectan con los oligodendrocitos y los nddulos de Ranvier.

Los astrocitos desarrollan multiples funciones que son fundamentales para el

correcto mantenimiento del SNC. Los protoplasmaticos generan una red de
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comunicacion entre neuronas y ceélulas vasculares que se extiende por todo el
parénquima cerebral y que es fundamental para el mantenimiento de la actividad
neuronal y del flujo sanguineo cerebral (Fu y Jhamandas, 2014). Los astrocitos forman
junto con las células del endotelio capilar y los pericitos vasculares la BHE que regula el
paso de sustancias hacia el SNC (Ota y col.,, 2013). También intervienen en el
mantenimiento de la homeostasis general del cerebro; la regulacién del tono vascular;
la liberacion de factores tréficos como VEGF (Vascular endotelial growth factor), GDNF
(glial cell line-derived neurotrophic factor) o bFGF (Basic fibroblastic growth factor),
imprescindibles para el crecimiento y mantenimiento de la BHE y de las neuronas; la
liberacion de factores quimiotaxicos; el mantenimiento de la concentracion de potasio y
del pH; la liberacion de gliotransmisores y glutamato; y la eliminacion de
neurotransmisores como GABA, glutamato y dopamina (Cabezas et al., 2014). Ademas,
protegen a las neuronas del dano oxidativo, ya que poseen una alta actividad de la

enzima superoxido dismutasa (Pertusa y col., 2007).

6.1.2.1. Papel de la Astroglia en la patologia de la enfermedad de
Alzheimer.

En la EA se produce una alteracion de la red de astrocitos ( ver revision Oberheim y
col., 2012), pudiendo afectar a cualquiera de sus funciones basicas. De forma que en
tejidos post mortem de la EA y en el de ratones transgénicos modelos de la enfermedad
se observa una reactividad astrocitaria generalizada (ver revision Verkhratsky y col.,
2010; Fu y Jhamandas, 2014).

La implicacion de los astrocitos en la AD fue descrita por primera vez por Alois
Alzheimer, que describié como los astrocitos se encontraban rodeando las placas de A
y en contacto con las neuronas dafiadas. Esta relacion intima con la placa permite la
fagocitosis del péptido AB, habiéndose observado AR en el interior de estas células
de la astroglia (Nagele y col., 2003), sugiriendo su implicacion activa en la sintesis
o fagocitosis de A, siendo mas probable esta ultima opcion, ya que se ha determinado
la capacidad fagocitica in vitro e in vivo de los astrocitos (Wyss-Coray y col., 2003). Esta
capacidad fagocitica permite el aclaramiento de las placas amiloides.

Ante cualquier dafo en el SNC los astrocitos responden pasando a un estado de
activacion que puede ser tanto beneficioso como dafino (Sofroniew and Vinters, 2010).
Los astrocitos reactivos se pueden concentrar en las regiones de placas de AP, no
s6lo fagocitando AR, sino también secretando moléculas proinflamatorias al ser

activados por éstas. Estas moléculas pueden generar dafios celulares (Johnstone y
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col., 1999; Tuppo y Arias, 2005). Ademas, los astrocitos son capaces de producir
NO (Simic y col., 2000) y expresan receptores para citoquinas inflamatorias como

IL-18 y TNF-a (ver revision Morales y col., 2014).

Todo esto esta apoyado por estudios en los que se exponen astrocitos a AB, esto
produce una activacion caracterizada por la produccién de citoquinas proinflamatorias,
que son responsables a su vez, de una respuesta toxica en la neurona y de una
amplificacion de la activacion astroglial (Zhang y col., 2010; Scuderi y col., 2011).

Esta astrogliosis se observa también en los modelos animales de EA, aunque hay
diferencias segun la region estudiada, siendo mayor en el hipocampo que en la corteza
entorrinal y prefrontal, de acuerdo con la diferente vulnerabilidad regional a la patologia

(revisado por Lim y col., 2014).

Las alteraciones cerebrovasculares, relacionadas con dafos en la BHE, son un
aspecto importante en la patologia de EA (Kalaria, 2000; Kalaria, 1999). Estudios en
pacientes humanos han demostrado que la disminucién en la perfusion sanguinea y la
hipoxia parecen aumentar el riesgo de padecer Alzheimer (Vermeer y col., 2003). En
concreto se ha descrito que pacientes de EA presentan alteraciones del flujo sanguineo
en la corteza frontal temporal e hipocampo, y que aquellos pacientes con MCI (Mild
Cognitive Impairment), con hipoperfusién en el giro parahipocampal, han terminado

desarrollando la enfermedad (Park y col., 2011; Tang y col., 2012).

En la enfermedad de Alzheimer se produce la deposicion de AB sobre la vasculatura
cerebral provocando la obstruccion de los propios vasos. Como consecuencia se
producen alteraciones en el intercambio de metabolitos y sustancias toxicas, pérdida del
flujo sanguineo cerebral y la consecuente degeneracion de neuronas y células gliales.
La neuroinflamacion caracteristica de la EA, cursa con activacion de células
inmunocompetentes, entre las cuales se incluyen los astrocitos. Esta activacién produce
un cambio morfolégico que afecta a los pies de los astrocitos, lo que puede producir
alteraciones en la integridad de la BHE, provocando micro hemorragias cerebrales

tipicas en enfermos de EA (revisado por Avila-Munoz y Arias, 2014).

Por otra parte, recientemente se ha sugerido que los astrocitos pueden desempefiar
un papel relevante en el denominado ‘“sistema glinfatico” (Nedergaard, 2013),
encargado de generar flujos de liquido intersticial, proveniente del espacio
perivascular, desde las ramas arteriales hasta las ramas venosas. Este flujo

“glinfatico” estaria encargado de drenar el exceso de proteinas extracelulares, como
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el AP evitando su acumulacién. EIl papel activo en el aclaramiento es tal que la
eliminacién de la expresion de GFAP y vimentina en un modelo APP/PS1 de la
EA, provoca una exacerbacion de la carga amiloide, que es independiente del
procesamiento de APP y de la produccion de AB (Kraft y col., 2013), lo que sugiere que
los astrocitos son importantes en la eliminacion de este péptido.

A dia de hoy el potencial patolégico o neuroprotector de los astrocitos en la
progresion de la EA no es bien conocido, siendo fundamental caracterizar a nivel

funcional la astroglia reactiva.

6.2. Citoquinas y radicales libres.

Las citoquinas son moléculas de comunicacion intercelular capaces de regular
funciones celulares tan diversas como la proliferacion, diferenciacion, produccion de
otras moléculas y el proceso inflamatorio. En el proceso neuroinflamatorio estan
implicadas las células del sistema inmune, pero también estas moléculas de
comunicacion que aumentan el rendimiento de la respuesta inflamatoria. Estas
moléculas son producidas, principalmente, por linfocitos y macrofagos en su estado
activado. La mayoria de los mediadores inflamatorios tienen una expresién muy baja en
el SNC sano y su efecto es muy limitado. Sin embargo, cuando se produce un dafo se
estimula la produccién de estos mediadores, lo que desencadena la activacién de otras
células inflamatorias, el reclutamiento de células del sistema inmune o la induccién de
otros mediadores de la respuesta inflamatoria (Rothwell y Luheshi, 2000). En el cerebro
de pacientes de EA aparecen en niveles elevados, tanto las de la naturaleza pro-
como antiinflamatoria, entre ellas las interleuquinas (IL-1, IL-4, IL-6, IL-10), TNF-a y
TGF-B (Henekay O’Banion, 2007).

Los radicales libres intervienen en la respuesta inflamatoria que se da en la EA, ya
que el AR puede activar directamente el complejo NADPH oxidasa (Mosher y
WyssCoray, 2014). Entre ellos se encuentran las ROS, que pueden generar estrés
oxidativo, y especies nitrogenadas, como el NO (Heneka y O’Banion, 2007). Los
radicales libres pueden ser producidos tanto por las neuronas afectadas como por la

microglia y astroglia activadas.
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7. HIPOTESIS DE LA ENFERMEDAD DE ALZHEIMER.

Existen diversas hipotesis sobre las causas que inician el desarrollo de la
enfermedad de Alzheimer, a continuaciéon vamos a realizar un pequeno resumen de las
que tienen mayor peso en la actualidad (ver revision De la Torre, 2011). Todas ellas
tienen puntos en comun, aunque se diferencian por la causa inicial que desencadena

todo el proceso.

7.1. Hipétesis de la cascada amiloide.

Esta hipotesis establece que es la acumulacion del péptido p-amiloide la causa

inicial para el desarrollo de la enfermedad de Alzheimer (Hardy y Higgins, 1992).

Alzheimer familiar Alzheimer esporbdico

Factores de riesgo genético: ApoE g4
Envejecimiento y factores de riesgo ambientales

' !

I Fallo en la eliminacién del AB
conun to gradual en sus nivel

I Mutaciones en los genes APP o presenilinas |

I Incremento en la produccién de Af,,

Activacién microglial y astroglial. Formacion de placas amiloides

'

| Dafios progresivos sindpticos y neuronales (neuritas distroficas) |

Figura 7.1. Posible sucesién de eventos que conforman la hipétesis de la cascada amiloide. Segun esta
hipétesis todo comienza con el depdsito de AB. Este provoca la formacion de NFTs, la muerte celular y la
demencia. Se han identificado numerosos mecanismos por los que el péptido AR ejerce su efecto neurotoxico
(ver Crews y Masliah, 2010). (Modificado de Haass y Selkoe, 2007).
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Segun esta hipotesis (Fig. 7.1) todo comienza con un cambio en el metabolismo de

la proteina precursora del péptido B-amiloide que produce un incremento en la
produccion de AB, especialmente de la isoforma AB42 que tiene mayor tendencia a
agregar. Esto da lugar a problemas en la funcidon sinaptica, generandose neuritas
distréficas. La deposicion de este AR en placas extracelulares provoca, ademas, una
activacion de la glia alrededor de las mismas. Esta activacién mantenida en el tiempo
genera estrés oxidativo afectando a la homeostasis neuronal.
Todos estos cambios provocan alteraciones en el transporte axonal y una alteracién en
el equilibrio de la actividad de las quinasas y las fosfatasas, desequilibrio que conduce
a una hiperfosforilacion de Tau con la consecuente formacién de NTFs, que generan
dafios mayores en la organizacion de los axones y el transporte que por el él se
desarrolla. La consecuencia final es una muerte neuronal masiva que conduce a un
deterioro cognitivo progresivo que desencadena en demencia.

Esta claro que el péptido AB tiene un papel relevante en el desarrollo y progresioén
de la EA, existen muchas evidencias que apoyan esta hipétesis, aunque también existen
investigaciones que no apoyan esta secuencia tan directa entre el aumento de AR y el
desarrollo de demencia.

El principal apoyo que tiene esta hipotesis es que las mutaciones implicadas en los
casos de FAD se encuentran en los genes implicados en el metabolismo de AR, y que
estas conducen a un aumento en la generaciéon y acumulacion del AB42. Es mas, las
personas con sindrome de Down (trisomia del par cromosoémico 21, donde se
localiza el gen APP) desarrollan placas a edades tempranas (Rovelet-Lecrux y col.,
2006), lo que demuestra una relacion directa entre la carga de APP y la acumulacién
del AB en placas.

Sin embargo, no todas las evidencias estan a favor de esta hipotesis (Herrup, 2015),
asi podemos encontrar que haya animales transgénicos que sobreexpresan
mutaciones en APP y no desarrollen la secuencia completa de eventos de esta cascada.
Ademas, la aparicion de placas y ovillos se produce en momentos y regiones diferentes
(Armstrong, 2006). Por ultimo, hay estudios que han mostrado una falta de correlacion
entre la carga amiloide y el dafio cognitivo, y la ausencia de mejora cognitiva en los
individuos inmunizados contra AB42 a pesar de la disminucion de la carga amiloide
observada (Karran y col., 2011; Musiek y Holtzman, 2015).

Para paliar estas contradicciones se ha propuesto que la neurodegeneracion se
produce debido a las formas oligoméricas toxicas que desde la placa se pueden liberar
al medio, considerando de esta forma a las mismas como entes mas dinamicos. Esto
conduciria a la reconciliacion entre la hipotesis clasica y la oligomérica (Hardy y

Selkoe, 2002; Walsh y Selkoe, 2007), ya que las formas oligoméricas de AB pueden
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difundir a través del parénquima cerebral causando toxicidad neuronal incluso en

aquellas zonas libres de placas.

7.2. Hipétesis de la neurodegeneracion del citoesqueleto de las neuronas.

Segun ésta todo comienza con la hiperfosforilacion de la proteina Tau dando lugar
a los NTFs. La desorganizacion de los microtubulos produciria fallos en el transporte
axonal que conduciria a la muerte neuronal con la liberacién de Tau. Esta liberacién
anémala de Tau podria promover la agregacion de AB continuando la cascada (ver

revision Gendron y Petrucelli, 2009).

7.3. Hipétesis colinérgica.

Gracias a esta hipotesis se han desarrollado los inhibidores de la acetilcolinesterasa
(Bartus, 2000), uno de los pocos medicamentos usados en el tratamiento de la EA.
Estos medicamentos son incapaces de parar la progresion de la enfermedad y sélo
producen ciertas mejoras en la sintomatologia inicial. Este fracaso constituye las
principales razones para invalidar esta hipétesis que se propuso al observar una
disminucion de la actividad de la enzima de sintesis de este neurotransmisor en
la corteza cerebral e hipocampo de pacientes, que correlacionaba con el dafio
cognitivo (Coyle y col., 1983), y una degeneracion de neuronas colinérgicas en el
telencéfalo basal (Whitehouse y col., 1982). Ademas la acetilcolina es uno de los
principales neurotransmisores del SNC y periférico, implicado en el aprendizaje y la
memoria. El sistema colinérgico esta implicado también en la modulacion de la
expresion de factores neurotroficos importantes en la supervivencia neuronal (Craig
y col., 2011).

7.4. Hipétesis neurovascular.

La hipoperfusién cerebral aparece durante el envejecimiento con una
disminucion del flujo sanguineo de aproximadamente 0,5% por afo, y ésta puede
ser critica para la supervivencia neuronal (ladecola, 2004). La hipétesis
neurovascular considera central el papel de enfermedades cerebrovasculares en el
desarrollo de la EA, y se basa en estudios epidemiolégicos que ligan los problemas
vasculares con ésta (Deschaintre y col., 2009), en el solapamiento de los sintomas e
histopatologia de la demencia vascular y la EA (Kalaria, 2002), y en el hecho de que
la EA suele aparecer asociada con una extensa angiopatia amiloide cerebral o ACC

(deposiciones de AB en los vasos sanguineos; Jiang y col., 2008).
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7.5. Hipétesis inflamatoria.

Propone que la inflamacién contribuye a la patogénesis inicial de la EA, ya
que en los pacientes se han observado niveles altos de citoquinas proinflamatorias y
un incremento de células microgliales activas alrededor de las placas. Dos estudios
muestran una correlacion negativa entre la funcion cognitiva y la activacion de la
microglia (Edison y col., 2008; Yokokura y col., 2011), aunque los resultados no son
concluyentes (ver revision Varnum e lkezu, 2012). Ademas, esta hipétesis también se
apoya en el hecho de que pacientes tratados con drogas antiinflamatorias presentan

una menor incidencia de la EA (Morales y col., 2014).

7.6. Otras hipétesis de la EA.

Recientemente se han propuesto otras hipotesis explicativas, como la hipotesis
calpaina-catepsina (Yamashima, 2013) o la del estrés oxidativo (Padurariu y col.,
2013). Sin embargo, las teorias basadas en un unico factor propuestas no se
adecuan a los sintomas clinicos y neuropatoldgicos. McDonald (2002) ha propuesto un
modelo basado en cofactores. Este modelo propone que son una combinacion de
diferentes de factores de riesgo de la EA (estrés, disfuncion colinérgica, dieta, etc.) los
que producen las variantes de la enfermedad. Una de las fortalezas de este modelo
es que puede explicar las diferencias individuales observadas entre los pacientes y

la diferente respuesta al tratamiento.
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8. MODELOS ANIMALES DE LA ENFEMEDAD DE ALZHEIMER.

El desarrollo de estos modelos es fundamental en las investigaciones que se
realizan sobre la EA. Por un lado permiten estudiar la evolucion temporal de la
enfermedad desde los estadios mas tempranos, y por otro, son una herramienta
necesaria para probar el efecto in vivo de posibles terapias desarrolladas para combatir
la EA. (Yamada y Nabeshima, 2000; Webster y col., 2014).

En los ultimos afios se estan desarrollando multitud de modelos de la EA, ninguno
de ellos reproduce todos los efectos que la misma tiene en humanos, pero si que estan
proporcionando una valiosa informacion sobre su patogénesis. Existen desde modelos
espontaneos como monos viejos (Voytko y Tinkler, 2004), perros (Cummings y col.,
1996) o ratones con senescencia acelerada; modelos invertebrados, como
Saccharomyces cerevisiae, Caenorhabditis elegans (Alexander y col., 2014), Drosophila
melanogaster (Crowther y col., 2004), o vertebrados como el pez cebra (Newman y col.,
2014); modelos in vitro; modelos inducidos quimicamente (Kausahl y col., 2013); aunque
los mas empleados para el estudio de esta enfermedad son los modelos transgénicos
(Tg.) murinos, que portan las mutaciones encontradas en los pacientes de la EA familiar
(ver revisiones Duyckaerts y col., 2008, Ashe y Zahs, 2010; Elder y col., 2010b; Bilkei-
Gorzo, 2014; Neha y col., 2014; Webster y col., 2014).

Estos modelos, difieren en el fondo genético de los animales utilizados, en la
mutacion seleccionada, en el promotor utilizado, y en la técnica empleada para su
obtencion, por lo que existen grandes diferencias en las caracteristicas

neuropatoldgicas que manifiestan.

Los principales modelos desarrollados son:

8.1. Ratones transgénicos PS1.

Estos ratones sobre-expresan una forma mutada de la PS1 humana. Como
consecuencia presentan una razén de AB42/AB40 incrementada, pero no desarrollan
placas extracelulares del péptido B-amiloide (Borchelt y col., 1997), esto puede ser
debido a que el AR murino presenta propiedades de agregacion distintas al humano
(Jankowsky y col., 2007).

Debido a la falta de patologia de placas, los ratones transgénicos PS1 han sido
menos utilizados que los APP. No obstante, estos modelos muestran pérdida neuronal
y sinaptica relacionada con la edad, asi como patologia vascular y déficits en la

neurogénesis hipocampal (ver revision Elder y col., 2010a). En este sentido, Chui y col.
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(1999), fueron los primeros en describir un fenotipo neurodegenerativo en el raton
transgénico PS1L286V, mostrando una pérdida neuronal en el hipocampo y la
neocorteza. Ademas, se ha mostrado una pérdida sinaptica en modelos con la mutacion
M146L (Rutten y col., 2005) y A246E (Priller y col., 2007). Se ha propuesto que las
mutaciones en PS incrementan la susceptibilidad neuronal al dafo excitotoxico, ya que
las neuronas con mutaciones en PS1 liberan una cantidad excesiva de calcio desde el
RE (Small, 2009). Por otro lado, se ha observado una reduccién en la fosforilacion del
residuo Ser9 de GSK-3 que se relaciona con un incremento en su actividad enzimatica,
en modelos PS1 (Tanemura y col., 2006; Dewachter y col., 2008), dando lugar a la
hiperfosforilacion de Tau. Ademas, se ha mostrado un incremento en el estrés oxidativo
y la peroxidacion lipidica y proteica en ratones PS1. Por ultimo, se han detectado déficits
de aprendizaje y memoria en modelos trasngénicos para PS, aunque son sutiles (ver

revsion Elder y col., 2010a).

8.2. Ratones transgénicos APP.

Estos ratones sobre-expresan la forma mutada y/o no mutada de esta proteina. En
la actualidad existen mas de 40 tipos diferentes de animales transgénicos APP y mas
de 20 que expresan APP junto con otros genes relacionados, como PS1 y TAU
(www.alzforum.org).

Nos vamos a centrar en el analisis de uno de estos ratones transgénicos, el modelo
APP23 que sobre-expresa la isoforma humana APP751 con la doble mutacion Swedish
bajo control del promotor Thy-1 murino (Sturchler-Pierrat y col., 1997). Este modelo
presenta depdsitos de AR a los 6 meses y déficits cognitivos desde los 3 meses de edad
(Prut y col., 2007). También presenta activacion de la glia (Bornemann y col., 2001),
pérdida sinaptica, hiperfosforilacion de Tau (aunque no aparecen ovillos) y neuritas
distroficas (Sturchler-Pierrat y Staufenbiel, 2000). La pérdida neuronal es moderada en
la neocorteza y el hipocampo (Bondolfi y col., 2002), pero acusada en el locus coeruleus
(Heneka y col., 2006). Ademas, este modelo muestra una prominente angiopatia
amiloide (Beckmann y col., 2003). Sin lugar a dudas estos modelos transgénicos son
mejores que los PS1 al compartir mas rasgos (aunque no todos) con la patologia

observada en los humanos.
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8.3. Ratones transgénicos bigénicos PS1/APP.

Estos modelos sobre-expresan ambas proteinas humanas mutadas. En este caso
las manifestaciones patoldgicas de la enfermedad aparecen a edades comprendidas
entre los 4 y 6 meses, lo que los convierte en modelos mas interesantes. Por ejemplo
desarrollan depédsitos de AR mucho antes que los animales de la misma edad que
expresan solo uno de los genes mutados (Borchelt y col., 1996; Matarin y col., 2015).
Sin embargo siguen sin reproducir totalmente la patologia de la EA, ya que no presentan
ni ovillos neurorfiblilares, ni muerte neuronal masiva. Vamos a hablar a continuacion de

dos de estos modelos.

El modelo doble transgénico PS1m146./APPsL (que sobre-expresa PS1M146L, bajo
el promotor HMG-CoA reductasa, junto con la isoforma 751 del APP con la doble
mutacion Swedish y la mutacion London), generado por el grupo de Blanchard y col.,
(2003), presenta muerte neuronal en hipocampo y corteza entorrinal (Ramos y col.,
2006; Moreno-Gonzalez y col., 2009; Baglietto-Vargas y col., 2010). En este modelo
aparecen las placas extracelulares a partir de los 3-4 meses, y presenta activacion de
la glia desde edades muy tempranas (Jiménez y col., 2008). Aunque no presenta ovillos

neurofibrilares.

El modelo PS14es/APPswe, bajo elpromotor PrP en un Unica inserciéon gendmica,
presenta déficits cognitivos a los 3 meses (Jankowsky y col., 2001) con fallos en el
laberinto acuatico de Morris a los 12 (Lalonde y col., 2005). Las placas de AB estan
presente desde las 6-8 semanas, muestra una intensa activacién de la glia (Ruany col.,
2009) y neuritas positivas para Tau (Kurt y col., 2003). No obstante, no presenta una
pérdida neuronal masiva, aunque algunas poblaciones presentan déficits significativos,
como las neuronas catecolaminérgicas del locus coeruleus (O’'Neil y col., 2007) y las

interneuronas del hipocampo (Popovic y col., 2008).

El modelo 5xFAD, fue descrito por Oakley y col. (2006) y presenta la doble mutacion
sueca y las mutaciones Florida (1716V) y London (V7171) en el gen APP, y dos
mutaciones en PS1 (M146L+L286V). Desarrolla déficits cognitivos a los 3 meses de
edad (Ohno y col., 2006) y AB intracelular a los 1,5 meses, con deposicion extracelular
a partir de los 2 meses. Ademas, presenta pérdida neuronal a partir de los 9 meses, que
afecta a las neuronas noradrenérgicas (Kalinin y col., 2012) y colinérgicas (Devi y Ohno,
2010), asi como de células piramidales en la corteza cerebral y el subiculo (Oakley y
col., 2006).
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8.4. Ratones transgénicos basados en Tau.

Estos ratones sobre-expresan la proteina humana componente principal de los
NTFs. Sin embargo, al sobre-expresar tau silvestre, s6lo se ha conseguido desarrollar
ovillos en un modelo y a partir de los 24 meses (Gotz, 2001). A pesar que no se
identificado ninguna mutacién en Tau en los pacientes de Alzheimer, los ovillos
neurofibrilares sélo se encuentran en animales transgénicos que sobre-expresan la
forma humana mutada de TAU. Al igual que ocurre en los transgénicos APP y PS1xAPP,
los transgénicos tau tampoco desarrollan pérdida neuronal masiva.

Por lo tanto, ninguno de estos modelos reproducen al completo todas las

manifestaciones patoldgicas que caracterizan a la enfermedad de Alzheimer.

8.5. Ratones transgénicos tri-génicos PS1/APP/Tau.

Para intentar conseguir la manifestacién conjunta de placas de AR y ovillos
neurofibrilares se desarrollé6 un modelo triple transgénico, 3xTg-AD, con mutaciones en
los genes para APP (APPSWE), Tau (P301L) y PS1 (M146L), bajo el promotor Thy-1.2
de raton (Oddo y col., 2003). Este modelo muestra dafios cognitivos a los 3-5 meses
(Webster y col., 2014). En este modelo la progresion de la patologia es comienza con la
acumulacion de A intracelular, seguido de la hiperfosforilacion de Tau, deposicién de

AB extracelular y aparicion de NFTs (Oddo y col., 2003; Mastrangelo y Bowers, 2008).

Ademas presenta una pérdida noradrenérgica (Manaye y col., 2013) y colinérgica
(Girao da Cruz y col., 2012), y activacion microglial. Sin embargo, no hay una pérdida
neuronal en el hipocampo, aunque si presenta disfuncién sinaptica. Este modelo ofrece
la posibilidad de probar la interaccién entre AR y Tau (Oddo y col., 2007), aunque la
expresion de los tres genes a la vez, no permite analizar la implicacion patolégica de
cada uno en la EA. Un ano después, Boutajangout y col. (2004), desarrollaron otro
animal triple transgénico sin mutaciones en TAU (PS1M146L, APP751SL, hTAu3R),
que muestra placas a partir de los 2,5 meses, acumulacion somato-dendritica de Tau,
neuritas distréficas con Tau hiperfosforilado. Sin embargo, no existen NFTs ni a los 18

meses.
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1.

Estudio de la respuesta inflamatoria en hipocampo del doble transgénico,
modelo de la Enfermedad de Alzheimer, PS1m146./APP7s1s.. Evaluacion de la
misma con el transcurso de la edad del animal, y caracterizacion del cambio

fenotipico sufrido en la activacion de la microglial.

Evaluacién del efecto toxico producido por la acumulacion de formas
oligoméricas solubles a edades avanzadas en el modelo transgénico murino
PS1mi46L/APP75s1sL de la enfermedad de Alzheimer. Estudio de la modulacién de
la ruta PI3K/Akt-GSK-38 mediada por la fracciéon soluble extracelular S1
obtenidas en ratones dobles transgénicos jovenes (6 meses de edad) y viejos

(18 meses de edad).

Efecto del tratamiento cronico mediante la ingesta oral de Litio en los ratones
PS1m146L/APP751s. modelos de la enfermedad de Alzheimer. Caracterizacion de
cambios sufridos en la patologia propia de la enfermedad de Alzheimer

observado en este modelo animal transgénico.

Evaluacion del contenido de AB en la fraccion soluble en muestras post mortem
de hipocampo de enfermos de EA y ratones transgénicos modelo de EA.
Anadlisis de la posible repercusion, sobre el contenido de formas solubles de
AB, del protocolo inicial de homogeneizacion del tejido usado en la preparacion
de las fracciones solubles S1. Estudio in vitro del efecto de estas fracciones S1

obtenidas mediante distintos protocolos de homogeneizacion.
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Neurobiology of Disease

Inflammatory Response in the Hippocampus of
PS1,/146:/APP,c,; Mouse Model of Alzheimer’s Disease:
Age-Dependent Switch in the Microglial Phenotype from
Alternative to Classic

Sebastian Jimenez,-*4* David Baglietto-Vargas,>** Cristina Caballero,->#* Ines Moreno-Gonzalez,2* Manuel Torres,!-34
Raquel Sanchez-Varo,2? Diego Ruano,!*+ Marisa Vizuete,»>¢ Antonia Gutierrez,>* and Javier Vitorical>+

!Department Bioquimica, Bromatologia, Toxicologia y Medicina Legal, Facultad de Farmacia, Universidad de Sevilla, 41012 Sevilla, Spain, 2Department
Biologia Celular, Genetica y Fisiologia. Facultad de Ciencias, Universidad de Mdlaga, 29071 Mdlaga, Spain, *Centro de Investigacién Biomédica en Red sobre
Enfermedades Neurodegenerativas (CIBERNED) 41013 Sevilla, Spain, Instituto de Biomedicina de Sevilla (IBiS)-Hospital Universitario Virgen del Rocio/
CSIC/Universidad de Sevilla, 41013 Sevilla, Spain

Although the microglial activation is concomitant to the Alzheimer’s disease, its preciserole (neuroprotection vs neurodegeneration) has
notyet been resolved. Here, we show the existence of an age-dependent phenotypic change of microglial activation in the hippocampus of
PS1xAPP model, from an alternative activation state with Aj3 phagocytic capabilities (at 6 months) to a classic cytotoxic phenotype
(expressing TNF-« and related factors) at 18 months of age. This switch was coincident with high levels of soluble A 3 oligomers and a
significant pyramidal neurodegeneration. In vifroassays, using astromicroglial cultures, demenstrated that oligomeric A 342 and soluble
extracts from 18-month-old PS1xAPPhippocampus produced a potent TNF-« induction whereas menomeric A342 and soluble extract
from 6- or 18-month-old controland 6-month-old PS 1xAPPhippecampi produced no stimulation. This stimulatory effect was avoided by
immunodepletion using 6E10 or A11. In conclusion, our results show evidence of a switch in the activated microglia phenotype from
alternative, at the beginning of A3 pathology, to a classical atadvanced stage of the disease in this model. This change was induced, at least
in part, by the age-dependent accumulation of extracellular soluble A 3 oligomers. Finally, these cytotoxic activated microglial cells could
participate in the neurcnal lost observed in AD.

Key words: Alzheimer; transgenic model; neurcinflammation; hippecampus A 3 plaques; oligomers; hippocampus
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Objetivos |

Estudio de la respuesta inflamatoria que tiene lugar en hipocampo del doble
transgénico, modelo de la Enfermedad de Alzheimer, PS1m146./APP751sL.
Evaluacion de la misma con el transcurso de la edad del animal, y

caracterizacion del cambio fenotipico sufrido en la activacion de la microglia.

a. Caracterizacion del estado de activacion (alternativo y clasico) de las células
microgliales en los ratones PS1m146./APP751sL a los 6 y 18 meses de edad.

b. Estudio de la posible infiltracion de linfocitos T (CD3+) en el parénquima de
hipocampo de estos ratones transgénicos modelos de la EA y su vinculacion
con la activacion de la microglia.

c. Cambios en la produccién/acumulacion de las formas solubles oligoméricas

del péptido AB a los 6 y 18 meses de edad, y su implicacion en la activacién

de las células microgliales.

Este trabajo se presenta como articulo.
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Neurabiology of Disease

Inflammatory Response in the Hippocampus of
PS1,4146/APP,5,s; Mouse Model of Alzheimer’s Disease:
Age-Dependent Switch in the Microglial Phenotype from
Alternative to Classic

Sebastian Jimenez,"*4* David Baglietto-Vargas,”** Cristina Caballero,"*** Ines Moreno-Gonzalez,>* Manuel Torres, >4
Raquel Sanchez-Varo,>? Diego Ruano,!"* Marisa Vizuete,-** Antonia Gutierrez,>? and Javier Vitorical4

!Department Bioquimica, Bromatologia, Toxicologia y Medicina Legal, Facultad de Farmacia, Universidad de Sevilla, 41012 Sevilla, Spain, 2Department
Biologia Celular, Genetica y Fisiologia. Facultad de Ciencias, Universidad de Mdlaga, 29071 Milaga, Spain, *Centro de Investigacién Biomédica en Red sobre
Enfermedades Neurodegenerativas (CIBERNED) 41013 Sevilla, Spain, ‘Instituto de Biomedicina de Sevilla (IBiS)-Hospital Universitario Virgen del Rocfo/
CSIC/Universidad de Sevilla, 41013 Sevilla, Spain

Althoughthe microglial activation is concomitant to the Alzheimer’s disease, its preciserole (neuroprotection vs neurodegeneration) has
not yet been resolved. Mere, we show the existence of an age-dependent phenotypic change of microglial activation in the hippocampus of
PSIxAPP model, from an alternative activation state with A3 phagecytic capabilities (at 6 months) to a classic cytotoxic phenotype
(expressing TNF-« and related factors) at 18 months of age. This switch was coincident with high levels of soluble A 2 oligomers and a
significant pyramidal neurodegeneration. In vitroassays, using astromicroglial cultures, demonstrated that oligomeric A 242 and soluble
extracts from 18-month-old PS1xAPP hippocampus produced a potent TNF-« induction whereas monomeric A 342 and scluble extract
from 6- or 18-month-old control and 6-month-old PS 1xA PP hippecampi produced no stimulation. This stimulatory effect was avoided by
immunodepletion using 6E10 or A11. Tn conclusion, our results show evidence of a switch in the activated microglia phenotype from
alternative, at the beginning of Aj3 pathology, to a classical atadvanced stage of the disease in this model. This change was induced, at least
in part, by the age-dependent accumulation of extracellular soluble A 3 oligomers. Finally, these cytotoxic activated microglial cells could

participate in the neuronal lost observed in AD.

Key words: Alzheimer; transgenic model; neuroinflammation; hippocampus A 3 plaques; oligomers; hippocampus

Introduction

As proposed by the inflammation hypothesis of Alzheimer’s dis-
ease (AD), the neurodegenerative process could be exacerbated
by a chronic inflammatory response to S-amyloid (AR) peptides
(for review, see Griffin et al., 1998; Wyss-Coray, 2006; Heneka
and O’Banion, 2007). Secondary to A accumulation, there isan
inflammatory response characterized by activated microglia and
reactive astrocytes, Activated inflammatory cells could mediate
neuronal damage by producing toxic products, such as inflam-
matory cytokines, excitatory amino acids, reactive oxygen inter-
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mediates and other factors (Mrak and Griffin, 2005; Craft et al.,
2006; Ralay Ranaivo et al., 2006; Zipp and Aktas, 2006). This
potential cytotoxic effect was further emphasized by clinical stud-
ies demonstrating that the symptoms of AD could be attenuated
by nonsteroidal antiinflammatory drugs (Aisen, 2000; McGeer
and McGeer, 2007). However, recent trials have not confirmed
this positive effect (Aisen et al., 2003; Reines et al., 2004 ).
Although a deleterious inflammatory reaction could indeed
mediate the neurodegeneration in AD, a completely different
possibility is just beginning to be considered, supporting a tro-
phic, proregenerative role of the inflammatory response. Acti-
vated glial cells are also capable to secrete anti-inflammatory cy-
tokines (Butovsky et al., 2006), as well as neuroprotective factors
that may protect against AD pathology (Streit, 2005). In this
sense, vaccination against the AS peptides led to activation of
microglia and successfully decreased amyloid load (Wilcock et
al., 2003, 2004a,b). Similarly, stimulating the immune system
with lypopolisaccharide (LPS) led to a reduction in Af plaques
(DiCarlo et al., 2001; Herber et al., 2004). Nevertheless, at present
little information is known about the balance between procyto-
toxic and anticytotoxic events occurring in AD or about the cel-
lular and temporal induction of inflammatory cascade by Af3.
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Transgenic (tg) mice models are widely used to study AD
pathology. We have previously characterized a double PS1xAPP
tg mouse. These transgenic mice developed early (3—4 months)
hippocampal AJ plaques (Blanchard et al., 2003; Ramos et al.,
2006; Caballero et al., 2007). In parallel with AB deposition, we
also demonstrated the existence of degeneration of a particular
subset of hippocampal GABAergic neurons (O-LM and HIPP
cells; Ramos et al., 2006). However, despite the age-dependent
accumulation of extracellular AS (Blanchard et al., 2003; Ramos
et al., 2006; Caballero et al., 2007), no signiticant pyramidal de-
generation was detected until 17-18 months of age (Schmitz et
al., 2004; Ramos et al., 2006; unpublished results). Thus, it is
possible that in the AD tg models the A pathology could be
attenuated until relatively old ages. In this work, we determined
the #n vivo inflammatory response in the hippocampus of
PSIxAPPtgmice from awide age range (from 2 to 18 months). At
early ages (6 months), we have observed the activation of the
microglial cells to an alternative phenotype, exclusively, sur-
rounding the AJ3 plaques. However, at 18 months of age, ex-
panded microglial activation throughout all hippocampal layers
displayinga classic cytotoxic phenotype was observed. Finally, we
also investigated the reasons that could determine this age-
dependent microglial phenotypic change.

Materials and Methods

Transgenic mice. The generation and initial characterization of the
PS1,,14¢r (PS1) and PSIxAPP751sl (PSIxAPP) tg mice have been re-
ported previously (Blanchard et al., 2003). PS1 tg mice (C57BL/6 back-
ground) overexpressed the mutated PS1M146L form under the control
of the HMGCoA-reductase promoter. PSixAPP double tg mice
(C57BL/6 background) were generated by crossing homozygotic PSI tg
mice with heterozygotic Thyl-APP751SL mice (alltgmice were provided
by Transgenic Alliance-IFFA-Credo). Mice represented filial generation
10-15 (F10-F15) offspring of heterozygous tg mice. Only male mice
were used in this work. Age-matched non-transgenic male mice of the
same genetic background (C57BL/6) were used as controls (WT).

Anesthetized mice were killed by decapitation, and both hippocampi
were dissected, frozen in liquid N,, and stored at —80°C until use. All
animal experiments were performed in accordance with the guidelines of
the Committee of Animal Research of the University of Seville (Spain)
and the European Union Regulations.

RNA and total protein extraction. Total RNA was extracted using the
Tripure Isolation Reagent (Roche) as described previously (Ramos etal,
2006; Caballero et al., 2007). The contaminating DNA in the RNA sam-
ples was removed by incubation with DNAase (Sigma-Aldrich) and con-
firmed by PCR analysis of total RNA samples prior reverse transcription
(RT"). After isolation, the integrity of the RNA samples was assessed by
agarose gel electrophoresis. The vield of total RNA was determined by
measuring the absorbance (260 of 280 nm) of ethanol-precipitated ali-
quots of the samples. The recovery of RNA was comparable in all groups
(1.2-1.5 pgfmg tissue).

The protein pellets, obtained using the Tripure Isolation Reagent, were
resuspended in 4% SDS and 8 M urea in 40 mv Tris-HCL, pH 7.4, and
rotated overnight at room temperature (Ramos et al., 2006; Caballero et
al,, 2007).

Retrotranscription and real-time RT-PCR. The retrotranscription was
done using random hexamers, 3 pg of total RNA as template and High-
Capadty cDNA Archive Kit (Applied Biosystems) following the manu-
facturer recommendations (Ramos et al., 2006; Caballero et al., 2007 ).
For real ime RT-PCR, each specific gene product was amplified using
commercial Tagman probes, following the instruction of the manufac-
turer (Applied Biosystems), using an ABI Prism 7000 sequence detector
(Applied Biosystems). For each assay, a standard curve was first con-
structed, using increasing amounts of cDNA. In all cases, the slope of the
curves indicated optimal PCR conditions {(slope 3.2-3.4). The ¢<DNA
levels of the different mice were determined using two different house-
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keepers [i.e., glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
B-actin]. The amplification of the housekeepers was done in parallel with
the gene to be analyzed. Similar results were obtained using both house-
keepers. Thus, the results were normalized using only the GAPDH
expression.

Independently of the gene analyzed, the results were alwavs expressed
using the comparative Ct method, after the Bulleting number 2 from
Applied Biosystems. As a control condition, we selected 6-month-old
WT mice. In consequence, the expression of all tested genes, for all ages
and mice types, was referenced to the expression levels observed in
&-month-old WT mice.

Pepiide preparation. To prepare the Af342 peptides, we allowed syn-
thetic lyophilized AZ1-42 peptide (human sequence; AnaSpec) to equil-
ibrate, at 20—23°C, for 30 min before it was resuspended and diluted to 1
mmin 1,1°,1%,3,3',37-hexafluoro-2-propanol. After evaporation, peptide
filims were dried in a Speed Vacuum and stored at —40°C. Peptide films
were resuspended to 5 mu in dimethyl sulfoxide (DMSO) for 10 min. To
form the ADDLs (Lambert et al.,, 2001), we diluted the 5 mm DMSO
solution to 100 pm in cold PRS, vortexed for 30 s, and incubated over-
night at 4°C. Before use, the A3-PBS solution was further diluted in
culture media. The presence of ADDLs was tested by Western blots using
6E10 (data not shown).

To form the monomers, immediately before use, we diluted the 5 mm
DMSO solution in PBS {to a final concentration of 100 ), followed by
ultrafiltration through 5 kDa cutoff device (Vivaspin 2; Sartorius Riolab
Products). The presence of the monomeric A342 peptide (Mr 4.5 kDa)
was verified by Western blots {data not shown).

Soluble protein extraction. The soluble fractions (S1) were obtained by
ultracentrifugation of the homogenates as described previously (Kayed et
al., 2003). Briefly, tissue samples were homogenized (using a Teflon-glass
homogenizer) in cold PBS [containing a mixture of protease inhibitors
(Sigma-Aldrich)] and ultracentrifuged (Optima MAX Preparative Ultra-
centrifuge; Beckman Coulter) at 120,000 X g, 4°C, during 60 min. Im-
mediately after centrifugation, the samples were aliquoted and stored at
—81°C until use. The protein content in the soluble fractions was deter-
mined by Lowry.

Western biot and dot blor. Western blots were performed as described
previously (Araujo et al., 1996). Briefly, 20 jg of protein trom the differ-
ent samples were loaded on 16% SDS-Tris-Tricine-PAGE and trans-
ferred to nitrocellulose (Hybond-C Extra; Amersham). After blocking,
the membranes were incubated overnight, at 4°C, with the appropriate
antibody (monoclonal 6E10, Sigma- Aldrich; dilution 1:2000). The mem-
branes were then incubated with anti-mouse horseradish-peroxidase-
conjugated secondary antibody (Dako) at a dilution of 1:8000. The blots
were developed using the ECL-plus detection method {Amersham).

Dot-blots were done as described previously (Araujo etal., 1996; Lam-
bert et al., 2007). One microgram of protein from the different soluble
fractions was directly applied to dry nitrocellulose in a final volume of 2
1l Blots were air-dried, blocked for 1 h, and incubated overnight at 4°C,
with either Nu-1 (cowrtesy of Dr. W. Klein, Northwestern University,
Evanston, 1L; 1 pg/ml) or A1l (1:5000 dilution; Biosource) antibodies.
After the incubation, the blots were washed and visualized as described
above. For quantification, the scanned {Epson 3200) images were ana-
lyzed using PCBAS program. In each experiment, the intensity of dots
from WT mice were averaged and considered as background of the cor-
responding age group. Data were always normalized by the specific signal
observed in 6-month-old PSIxAPP group.

Tissue preparation. After deep anesthesia with sodium pentobarbital
(60 mg/kg), 2-, 4, 6-, 12—, and 18-month-old WT and PSIxAPP tg male
mmice were perfused transcardially with 0. 1M PBS, pH 7.4 followed by 4%
paraformaldehyde, 75 mm lysine, 10 mm sodium metaperiodate in 0.1 M
phosphate buffer (PR), pH 7.4. Brains were then removed, postfixed
overnight in the same fixative at 4°C, ayoprotected in 30% sucrose,
sectioned at 40 pm thickness in the coronal plane on a freezing mic-
rotome and serially collected in wells containing cold PBS and 0.02%
sodium azide. Fach experiment was composed of 3—6 sets of animals
(each one containing one W'T and one PSixAPP tg mice). All animal
experiments were approved by the Committee of Animal Use for Re-
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search of the Malaga University (Spain) and the European Union
Regulations.

Immunchistochemistry. Coronal free-floating sections (40 pum thick)
from WT and PSixAPP hippocampus were first treated with 3%
H,©,/3% methanol in PBS and with avidin-biotin Blocking Kit (Vector
Labs). For single immunolabeling, sections were incubated overnight at
room temperature with one of the following primary antibodies: mouse
monoclonal anti-Af 6E10 (1:1500 dilution; Sigma), rat monoclonal
anti-CD11b  (1:150,000; Serotec), chicken polyclonal anti-GFAP
(1:10,000; Dako), hamster monoclonal anti-CD3 {(1:100; BD PharMin-
gen), rat monoclonal anti-TNFalpha (1:100; Abcam), rabbit polyclonal
anti-iNOS (1:1000; Transduction Laboratories), goat polyclonal anti-1L4
(1:250 dilution; SantaCruz), and goat polyclonal anti-AMCase (YM-1;
1:100 dilution; SantaCruz). The tissue-bound primary antibody was de-
tected by incubating with the corresponding biotinylated secondary an-
tibody (1:500 dilution; Vector Laboratories), and then followed by
streptavidin-conjugated horseradish peroxidase (Sigma-Aldrich), di-
luted 1:2000. The peroxidase reaction was visualized with 0.05% 3-3'-
diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich), 0.03%
nickel ammonium sulfate, and 0.01% hydrogen peroxide in PBS. Some
immunolabeled sections were then incubated for 3 min in a solution of
20% Congo red. Sections were then mounted on gelatin-coated slides, air
dried, dehydrated in graded ethanols, cleared in xylene and coverslipped
with DPX (BDH) mounting medium. Specificity of the immune reac-
tions was controlled by omitting the primary antiserum.

For double immunofluorescence labeling (GFAP-6E10, GFAP-iNOS,
GFAP-114, or CD3-114), sections were first sequentially incubated with
the primaries antibodies (see antibodies above listed), followed by the
corresponding Alexad88/Alexa568-conjugated secondary antibodies (1:
1000 dilution, Invitrogen) ot by biotinylated secondary antibody (1:500;
Vector Laboratories) and streptavidin-conjugated Alexa488/568 (1:2000
dilution; Invitrogen). For double CD11b-Thioflavin-S, YM1-Tomato
lectin, 6E10-Tomato lectin or IL4-Tomato lectin, fluorescence labeling,
sections were first incubated with the primary antibody followed by Al-
exa568 or Alexad88 conjugated secondary antibody. Then, sections were
washed and processed for thioflavin-S staining {see below) or incubated
for 1 h with a solution of 5 pg/ml biotinylated Tomato lectin {Sigma)
followed by streptavidin-conjugated Alexa 568 (1:1000; Invitrogen). Sec-
tions were mounted onto gelatin-coated slides, coverslipped with 0.01 M
PBS containing 50% glycerin and 2.5% triethylenediamine and then ex-
amined under a confocal laser microscope (Leica TCS-NT).

Thioflavin § staining. Free-floating sections were incubated for 5 min
with 0.015% Thio-S (Sigma) in 50% ethanol, and then washed in 50%
ethanol, mounted onto gelatin-coated slides and coverslipped with
0.01M PBS containing 50% glycerin and 2.5% triethylenediamine.

Plague loading and plaque size distribution. Hippocampal 6E10 immu-
nostaining from 2-, 4-, 6-, 12-, and 18-month-old PSIxAPP mice was
observed under a Nikon Eclipse 50i microscope using a 4 X objective and
images acquired with a Nikon DS-5M high-resolution digital camera.
The camera settings were adjusted at the start of the experiment and
maintained for uniformity. Digital images (seven sections per mouse and
sixmice per age group) were analyzed using Visilog 6.3 analysis program
{Noesis). The plaque area within the hippocampus was identified by
bright-level threshold, the level of which was maintained throughout the
experiment for umiformity. The gray-scale image was converted to a
binary image with plaque and hippocampal field areas identified. Plaque
loading was defined as percentage of total hippocampal area stained for
AR, excluding principal cell lavers intracellular labeling that was removed
bymanual editing, The hippocampal area in each 4 Ximage was manually
outlined. The plaque loading (percentage) for each tg mouse was esti-
mated and defined as (sum plaque area measured/sum hippocampal area
analyzed) X 100. The sums were taken over all slides sampled and a single
plaque burden was computed for each mouse. The mean and SD of the
plaque loading were determined using all the available data. Quantitative
comparisons were performed on sections processed at the same time.

For B-amyloid plaque morphometric analysis (surface area), three
coronal sections immunostained with 8E10 from 6- (n = 3), 12 (n = 3)
and 18-month-old (n = 3) PSIxAPP mice were analyzed using the nu-
cleator method with isotropic probes by the NewCast software package
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from Olympus sterological system. Hippocampal CAl subfield (9 sec-
tions per age) was analyzed using a counting frame of 7154.7 jm? and
step lengths 0£ 299.55 X< 225.54 um. For individual plaque measurement
we used the 403 objective. Number of plaques/mm? falling into four
surface categories (ranging from <200 pm? to >2000 wm?) was calcu-
lated. Each analysis was done by a single examiner blinded to sample
identities.

Stereology. Cresyl-violet stained CA1 principal cell nuclei belonging to
6-, 12-, and 18-month-old WT and PSIxAPP mice (n = &/group/age;
1015 sections per animal) were quantified according to the optical frac-
tionator method, usingan Olympus BX51 microscope (Olympus), inter-
faced with a computer and a color JVC digital videocamera. The CAST-
Grid software package (Olympus) generated sampling frames with a
known area (ag,,,,,.) and directed the motorized X-Y stage (Prior Proscan;
Prior Scientific Instruments), and a microcator (MT12; Heidenheim),
which monitored the movements in the z-axis with a resolution ot 0.5
pm. The number of neurons was quantified in every seventh section
{with a distance of 280 pzm) through the entire anteroposterior extent of
the hippocampus (between —0.94 mm anterior and 3.64 mm posterior
to Bregman according to the atlas of Paxinos and Watson). This selection
criteria prevented counting neurons from contiguous sections. GA1 sub-
field was defined using a 103X objective and the number of principal cells
was counted using a 100/1.35 objective. Each counting frame was
2342.8 pum*. We used the optical 3 pm from the upper surfaces as look-
up, and those 3-13 pm from the surfaces as reference sections. The
software calculated the estimated total number of cresyl-violet stained
nuclei in the CA 1 region using the optical fractionator formula (West et
al,, 1991; Schmitz and Hof, 2005), N = 1/bsf.1/ssf.1/asf.1/hsf2Q ",
where bsf is the block sampling fraction, ssf represents the section sam-
pling fraction, ast is the area sampling fraction, which is calculated by
dividing the area sampled with the total area of the laver, hsf stands for
the height sampling fraction, which is calculated by dividing the height
sampled (10 pm in this study) with the section thickness, and 2Q ™ is the
total count of nuclei sampled for the entire layer. The precision of the
individual estimations is expressed by the coefficient of error (CE) (Gun-
dersen et al., 1999) and here we have estimated the total CE (CE group
value) that was calculated using the CEs in each individual animal. The
CEs ranged between 0.03 and 0.07.

The numerical density {Nv) of activated microglial cells (number of
cells per mm ) was determined in the CA1 subfield using the NewCast
Grid Stereological System from Olympus. For each animal from 6- (n =
3) and 18- (# = 3) month-old PSixAPP, activated microglial cells were
quantified with the optical dissector method in two slices immuno-
stained with anti-CD11b at —1.82 mm and 2.30 mm from the Bregman
according to the atlas of Paxinos and Watson. Each section was analyzed
using a systematically random manner, the counting frame was 29,031
pum? and step lengths of 121.06 < 91.15 um. CA1 subfield was defined
using a 4< objective and the number of activated microglia cells was
counted using a 100</1.35 objective. We used the optical 3 pm from the
upper surfaces as look-up, and that 3-13 pm from the surface as refer-
ences sections and optical dissector height was 10 pm. The Nv of micro-
glial cells per mm was calculated by using the following equation: Nv =
2QfZa ¥ h. Where Q is the number of activated microglial cells per
counting box, ais the area of the counting frame, and /1 is the height of the
optical dissector. The average number of cells per mm? was derived for
each section. Animal means were derived by averaging the Nv from two
sections from each animal in the CA1 subfield.

Astro-microgiial cultures. Mixed astromicroglial primary cultures were
prepared from newborn C57BL/6 mice (1-3 d). Briefly, dissected brains
were treated, for 5 min, with trypsin-DMEM-EDTA medium (Biowhit-
taker, Cambrex). The treatment was stopped using complete DMEM-
F12 plus 10% FBS and the cells were mechanically dissociated. After
mechanical dissociation, the debris were eliminated by filtration (40 pm;
BD Falcon) and the cells were seeded (at a density of 250.000 cells/ml) in
DMEM-F12 plus 10% FBS medium (containing glutamine, nonessential
amino acids, 1% penicillin-streptomycin and gentamycin) on poly-p-
lysine (Sigma- Aldrich) -treated Nunc 12-well plates. The cells were cul-
tured at 37°C, in humidified 5% CQ,/95% atmosphere. Medium was
replaced every 4 d. After 13-15 din culture, the mixed glial cultures were
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treated with different concentrations (ranging from 1 to 50 jum) of AD-
DLs or monomeric Af342, prepared as described above. The cells were
thenincubated for 3 h. Control cultures (two wells per plate) were treated
with equivalent volume of sterilized PBS {(negative control) or 1 pug/ml
LPS (E. coli O26:B6; Sigma-Aldrich) as positive control. The 81 from the
different mice and ages were thawed immediately before use, diluted with
DMEM-F12 (without FBS), sterilized by filtration (through 0.22 pm
filters; Millipore), and added to the cultures (ranging from 5 to 100 g of
protein). For each experiment, duplicate wells were stimulated under the
same experimental condition.

The immunodepletion experiments were done basically as described
previously (Araujo et al., 1996). Briefly, 10 ;g of protein from S1 frac-
tions from 18-month-old PSIxAPPmice (n = 3) were subjected to three
sequential incubations (8—12 h at 4°C) with either 6E10 (2 jug)-Protein
G-Sepharose or All(2 pg)-Protein-A-Sepahrose immumocomplexes.
After immunodepletion, the S1 fractions were treated as above. As con-
trol, the different S1 fractions were sequentially incubated with either
Protein G-Sepharose or Protein A-Sepharose and tested, in parallel ex-
periments, with the immunodepleted samples.

After incubation, the cultures were treated with Tripure and RNA was
isolated and retrotranscribed as described above.

Statistical analysis. Data were expressed as mean * SD. The com-
parison between two mice groups (WT and PSTxAPP tg mice) was
domne by two-tailed #test. For comparison between several age groups,
we used one-way ANOVA followed by Tukey’s post hoc multiple com-
parisons test (Statgraphics plus 3.1). The significance was set at 95%
of confidence.

Results

Phenotypic characterization of microglial cells in 6- and
18-month-old PSIxAPP

Coincident with the apparition of the extracellular AB plaques (4
months of age; data not shown), we observed a remarkable mi-
croglial activation in the hippocampus of PS1xAPP mice (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). Numerous CD11b-positive activated microglial cells,
showing a marked cellular hypertrophy and thicker and shorter
processes, were concentrated surrounding and infiltrating the A3
plaques (Fig. 1A; supplemental Figs. 1C, 2, available at www.
jneurosci.org as supplemental material). However, at these early
ages (46 months) most microglial cells no associated to AS
plaques, which were also CD11b-positive, displayed a quiescent
or resting morphology, with small compact somatabearing many
long thin ramified processes (Fig. 1 A, al, inset).

Microglia could adopt several different phenotypes. The mi-
croglial activation by A peptides has been associated with the
production of proinflammatory and potentially toxic cytokines
(Heneka and O’Banion, 2007). Thus, we quantitatively deter-
mined the mRNA expression of proinflammatory factors, includ-
ing11-183; TNF-a and TNF-« related factors (TRAIL and FASL);
iNOS; Cox2 and Noxl. As shown (Fig. 1 B), in 6-month-old
PS1xAPP mice, none of the classic proinflammatory and cyto-
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toxic markers were significantly altered. Only the expression of
I1- 18 was moderately increased at this age. Thisabsence of induc-
tion in the expression of eytotoxic factors occurred despite clear
microglial activation (Fig. 1A, al; supplemental Fig. 1, available
at www.jneurosciorg as supplemental material). Thus, we next
tested whether these early activated microglial cells could display
a different phenotype. We determined the expression of YM-1
and Arg-1 genes, considered markers of the alternative differen-
tiation in peripheral macrophages (Edwards et al., 2006). Results
(Fig. 1C) demonstrated the existence of a clear induction in the
expression of YM-1 mRNA at 6 months ofage. The YM-1 positive
cells were exclusively located surrounding and infiltrating the A3
plaques (supplemental Fig. 2 A, al, available at www.jneurosci.
org as supplemental material) and were identified as microglial
cells, demonstrated by its colocalization with Tomato Lectin
(supplemental Fig. 2 A, a3-5, available at www.jneurosci.org as
supplemental material). However, the expression of Arg-1 was
not altered at any age (Fig. 1O).

However, at this early age, confocal laser microscopy demon-
strated the existence of A phagocytosis, as judged by the pres-
ence of intracellular 6E10 immunostaining in Tomato Lectin
positive cells, surrounding the A plaques (supplemental Fig. 2 B,
b1-3, available at www.jneurosci.org as supplemental material ).
Pseudo-3D reconstruction of 6E10-Tomato Lectin labeled con-
focal images confirmed this observation (supplemental Fig. 2 B,
b4, available at www.jneurosci.org as supplemental material).

A complete different scenario was observed in 18-month-old
PSixAPP hippocampus (Fig. 14). At this old age, we have ob-
served a patent further increase in the expression and density of
activated CD11b-positive cells (supplemental Fig. 1 A, C, avail-
able at www.jneurosciorg as supplemental material). These
CD11b positive cells showed a widespread distribution, around
plaques and also in areas free of AB plaques (Fig. 14, a2; supple-
mental Fig. 1C, ¢3,¢6, available at www.jneurosci.org as supple-
mental material). Importantly, these inter-Af plaques microglial
cells also exhibited an activated morphology with marked cellular
hypertrophy and thicker and shorter processes (Fig. 1 A, compare
a2, inset, al, inset). This widespread interplaque microglial acti-
vation was also verified by quantifying (using stereology) the
activated CD11b-positive microglia (morphologically discrimi-
nated) in 6 and 18 month PSIxAPP CAl region. As expected, few
interplaque activated microglial cells were detected at 6 months
of age whereas, at 18 months, a highly significant increase was
observed (199.80 = 54.60 cel/mm? vs 102051 + 143.22 cell/
mm?, # = 3, for 6- and 18-month-old, respectively; p << 0.05).
Furthermore, this widespread activation of microglial cells was
coincident with a prominent increase in the expression of TNF-«
and TNF-« related factors (TRAIL and FASL), compared with
6-month-old PsIxAPP mice. Similarly, the expression of INOS
mRNA and, more attenuated Cox2 and Nox1 mRINAs, was also
significantly increased at this advanced age (Fig. 1B). However,
the expression of the alternative marker YM-1 remained elevated
in 18-month-old tg mice (Fig. 1C) and YM-1 positive microglia
could be observed surrounding the AJ plaques at this old age
(supplemental Fig. 2 A, a2, available at www.jneurosci.org as sup-
plemental material).

The expression of TNF-& and iNOS was also quantified in 6-,
12-and 18-month-old PSIxAPP, to more precisely determine the
age of the microglial phenotypic switch. As shown (Fig. 1 D), the
expression of TNF-a and iNOS was not significantly altered
(compared with WT) in 6- and 12-month-old tg mice {although
at 12 months a moderate increase in the TNF-« expression was
observed). However, a remarkable induction in the expression of
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both TNF-a and iNOS was detected in 18-month-old PSIxAPP
mice (Fig. 1 D). Thus, the classic microglial activation seemed to
be predominantly restricted to old ages.

The cellular origin of TNF-«, in 18-month-old PSixAPP, was
then determined by immunocytochemistry (Fig. 2 A, a2; com-
pare a4, al,a3). TNF-a positive cells, displaying a clear microglial
motrphology (Fig. 2 A, a5), were located in all hippocampal layers
except in the vicinity of Af plaques, that appeared clearly immu-
nonegative (Fig. 24, #2). In fact, as shown in Figure 2 A—a6,
Congo red positive plaques were surrounded by a TNF-a immu-
nonegative perimeter. As described in Figure 1 and supplemental
Fig. 1C-c6 (available at www.jneurosci.org as supplemental ma-
terial), there was a cluster of activated microglial cells in close
contact with A3 plaques; however, TNF-a positive microglia was
mainly nonassociated to the amyloid plaques. This suggests the
existence of, at least, two different activated microglial popula-
tions in aged PSIxAPP mice. To test this proposition, we per-
formed Tomato Lectin labeling on sections previously immuno-
stained for TNF-a and Congo Red. In this particular case, we did
not use confocal microscopy because of the high tissue autofluo-
rescence in aged animals. In any case, as shown (Fig. 2 A, a7), the
Congo Red stained plaques, as well as cells immediately in contact
with the plaques, were TNF-a-negative. However, these TNF-a
negative cells surrounding plaques were stained with Tomato
Lectin, demonstrated their microglial origin (Fig. 2 A, a8). Fur-
thermore, a close inspection of the Congo Red-TNF-a double
labeled sections revealed the absence of TNF-& immunopositive
processes infiltrating the AS plaques (Fig. 2A, a7) whereas the
same plaque, counterstained with Tomato Lectin displayed a
clear infiltration by microglial prolongations (Fig. 2 A, 8). Sim-
ilar results were obtained using YM-1 (data not shown)

Concerning to iNOS expression, immunohistochemical ex-
periments demonstrated the existence of few INOS immunopo-
sitive cells in 6-month-old PS1xAPP hippocampus, restricted to
certain areas, such as stratum oriens and hilus (Fig. 2B, #1,82).
The number of iINOS immunopositive cells increased markedly
at 18 months, compared with age-matched WT (Fig. 2B, com-
pare b3, b4, b6) or 6 month WT (Fig. 2, 55) or PSIxAPP mice (Fig.
2B, bl,b2). As also shown in Figure 2 B, the iINOS-positive cells
displayed an astroglial appearance. The astroglial origin of iINOS
was confirmed by double GFAP-iNOS labeling and confocal mi-
croscopy (Fig. 2B, b7-49). Furthermore, at 18 months of age,
iNOS containing astroglial cells were widely distributed in all
layers of the hippocampus and not restricted to the Af3 plaques
(Fig. 2B, b3). The induction of INOS expression by astrocytes,
because of TNF-« and/or TRAIL, has been previously reported
(Akama and Van Eldik, 2000; Cantarella et al., 2008).

Together, our data demonstrated that the apparition ofthe AR
plaques (at early ages in this model) determined the microglial
activation restricted to the Af plaques. These active microglial
cells adopted a, perhaps incomplete, alternative phenotype
(YM-1 positive) and were TNF-« negative. This alternative acti-
vated microglial cells displayed A phagocytic capabilities. How-
ever, at 18 months ofage, microglial activation was expanded into
hippocampal areas free of plaques showing, in this case, a classic
proinflammatory phenotype, with the expression of potential cy-
totoxic factors. This cytotoxic environment was also coincident
with a significant loss of pyramidal cells in this model (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). Nevertheless, the microglia surrounding plaques
seemed to keep expressing the alternative phenotype. The possi-
ble A phagocytosis, at old ages, was not assessed because of the
high tissue autofluorescence in these animals. However, we also
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18 month-old PSTARP micewere first immunost ained with anti-TNF- e antibody followed by Congo Red staining (@7 ). These doublelabeled sectionswere photographed and then counterstained
with Tornato Lectin (a8). As shown, the A3 plaques (stained by Congo-red) were surrounded and infiltrated by TNF-c¢ immun onegative and Tomato-lectin immunopositive microglia cells (@8],
Scalebars:.af, a2, 500 pm; a3, a4, 100 pm; a5, 20 pm; a6-a8, 100 zm. 8, Immunostaining of INOS expressing cellsin 6- b1, b2) and 18-month-old (b3, b4] PSTRALP mice. Af 6 monthsof age,
alimited expression, restricted to stratus oriens and hilus, was abserved. In 18-month-old PS 7428, the INOS positive cells were observed in all hippocarpal layers, A faint immunostaining was
observed in WT miceof 6 monthsand, relatively moreintense, 18 months of age (b5, b6 ). Double INOS-GFAP immunofluorescence labeling and confocal laser microscopy (b7— b9 demanstrated

the lacalization of INOS in astroglial cells, Scale bars: &1 b6, 100 gom; 67— 6, 20 fum,

abserved an age-dependent increase in both the number and size
of AB plaques (supplemental Fig. 1E, available at www.
jneurosci.org as supplemental material). This increase in the
plaque size might reflect a diminution in the microgial phago-
cytic capability.

Infiltration of CD3 positive T-cells in aged PSIxAPP mice

We next investigated the possible cause(s) that determine the
microglial activation at old ages. The generalized glial activation,
observed at 18 months of age in this AD model, could be attrib-
utable to the infiltration of peripheral T-cells into the hippocam-
pal parenchyma. The recruitment of CD4+ Thl-cells in experi-
mental autoimmune encephalomyelitis (EAF; a disease similar to
human multiple sclerosis) induced the production of, among
other cytotoxic factors, TNF- (Dhib-Jalbut et al., 2006; Weaver
et al, 2007). In consequence, we first determined the possible

infiltration of T cells in PSixA PP mice by examining the presence
CD3-positive cells. As shown (Fig. 34, a3) in 6-month-old
PSIxAPP mice few CD3- positive cells were observed. On the con-
trary, in 18-month-old PS1xAPP, numerous CD3 immunoposi-
tive cells were clearly detected (Fig. 3A, a2). The presence of
CD3-positive cells was observed in all layers of the hippocampus,
although they were more abundant around some plaques and
close to the hippocampal fissure (Fig. 34, a2,24). However, in
WT mice very few CD3-positive cells were observed even at ad-
vanced ages (Fig. 34, al).

Because the T-cells could modify the microglial phenotype, as
it was observed in 18-month-old PSIxAPP mice, we also deter-
mined the mRNA expression of interleukins, or key factors, im-
plicated in the different polarization linage of the T cells. In this
sense, we have quantified the expression of IL-12p35 and IFN-
gamma ( proinflammatory Thl cells); TL-23 and IL-17 (proin-
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flammatory Th17 cells); IL-10 and TGF-81 (Treg) and IL-4
{characteristic of anti-inflammatory Th2 response). Unexpect-
edly (Fig. 3B), absolutely no differences (compared with WT
mice) were observed in the mRNA expression of any of the Thl/
Th17 cell response interleukins. However, the expression of IL-
10, TGF-$3-1 and, more patently, IL-4 was highly increased in
PS1xAPP mice. This response, in conjunction with the moderate
increase in the expression of TL-10 and TGF-31 could representa
strong adaptive anti-inflaimmatory response (Th2 and Treg).
Thus, it is unlikely that this response could mediate the induction
in the expression of cytotoxic factors by the activated microglial
cells. Tt is noteworthy that the expression of IL-4 mRINA was also
upregulated in 6-month-old PSIxAPP mice.

The expression of IL4 was further studied, by immunohis-
tochemistry, in 6- and 18-month-old PSixAPP mice. At 6
months of age (Fig. 3C, c1},IL-4-positive punctated structures
were localized predominantly around amyloid deposits
whereas, in 18-month-old tg mice (data not shown}, IL-4 pos-
itive cells were located around plaques and as isolated small

rounded cells. Double immunofluorescence and confocal la-
ser microscopy, in 6-month-old P81xAPP mice, determined
that neither activated microglia surrounding plaques or APP
positive principal cells expressed IL-4 (data not shown). In-
stead the IL-4 immunoreactivity colocalized with GEAP posi-
tive (Fig. 3C, &2—c4) and reactive (as judged by the hypertro-
phic cell body and prolongations) astroglial cells. These
reactive astrocytes were located in close association with AB
deposits (data not shown).

Concerning to the CD3 infiltration observed at older ages (18
months), we cannot directly assess the coexpression with IL-4 by
confocal microscopy. However, we have indeed identified CD3-
I1-4 coexpressing cells in 12-month-old PSIxAPP mice (Fig. 3C,
c5—c7). In these middle age tg mice, the infiltration of CD3 pos-
itive cells was lower than that observed at 18 months (data not
shown). However, and despite this limitation, all identified CD3-
positive cells infiltrating the hippocampal parenchyma were also
IL-4 positive.
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immunoreactivity with Nu-1. Although it
was difficult to quantify this age-
dependent increase, because of the low
specific signal observed at 6 and 12
months, our estimative quantification in-
dicated the existence of 10-folds of in-
crease at 18 months of age. Moreover, we
also used All to corroborate the presence
of oligomeric Af3 in these soluble extracts.
As shown in Figure 4 A and quantitatively
in Figure 4 B, the soluble extract from these
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Figure4, Theincrease in the soluble oligomeric A, in 18 month PS7xAPP hippocampus. A, Representative dotblats demon-

strating the presence of oligomeric A3 in the soluble fractions. In these experiments we used the conformational-spedific anti-
bodies Nu-1and A11. For each blot, the soluble extracts form the different age and group{WTand PS7xAPP) mice (n = 4 perage
and group) were used in differentcombinations. These experiments were repeated twice. B, Quantitative analysis of S 74 2P d ot
blots usingNu-1and A11. The immunoreactivity of the differentPS1xAPP mice was normalized by 6-month-old PS ExAPP mice and
displayedindividuallyor as mean = SD. €, Representative Western blot, using 6£10, of the differentsoluble fractions from 6-,12-,
and 18-month-old AS7x4 P mice. These experiments were repeated three times with similar results.

Soluble oligomeric A could be responsible for the
generalized microglial activation at advanced ages

Finally, we investigated the presence of extracellular soluble Af3
species [monomers or amyloid-beta-derived diffusible ligands
{ADDLs)/oligomers] as putative inductors of the age-dependent
glial generalized activation. We have first determined, by sand-
wich ELISA, the AB42 content in the soluble fractions (SI frac-
tions, see Materials and Methods). The AB42 levels in 6-month-
old PSIxAPP hippocampus was maintained at very low levels
(6.7 = 1.3 pmol/mgprotein, # = 4), despite abundant A3 depos-
its in this model (Fig. 1 A; supplemental Fig. 1 C,D, available at
www.jneurosci.org as supplemental material). However, at 18
months we observed a dramatic increase in the A342 content. In
fact, this soluble Af342 increased 15-fold (86.9 = 54.2 pmol/mg
protein, # = 4; p < 0.05), in average, compared with 6-month-
old PS1xAPP. This increase was notably higher than the twofold
increase in the plaque loading, observed between 6- and 18-
month-old PSIxAPP (supplemental Fig. 1 D, available at www.
jneurosci.org as supplemental material).

We next tested the presence of Aj oligomeric forms in the
extracellular, scluble fractions. It is well known that diffusible
aggregated A forms (ADDLs/oligomers) are highly toxic (De
Felice et al., 2007). Thus, we determined the presence ofthese A3
forms using the specific monoclonal antibody Nu-1 in dot blots
(Lambert et al., 2007). As shown in Figure 4 A, quantitatively in
Figure 4 B, the presence of soluble ADDLs was barely detectable
n 6- and 12-month-old PSIxAPP mice, as well as in W'T mice.
However, at 18 months, the soluble extracts displayed an intense

18 month PS1xAPP mice displayed a clear
immunoreactivity with All, compared
with age-matched WT mice or 6 and 12
month PSIxAPP. It isalso interesting that,
using All, we detected a small increase (al-
though nonsignificant) in the oligomeric
content in 12-month-old PSIXAPP. In
conclusion, the amount of Nu-1 and All
immunepositive oligomeric A displayed
a clear age-dependent increase in the solu-
ble extract of PSIxAPP mice. At 18 months
of age, the presence of these immunoposi-
tive Nu-1 and Al1 oligomers was clearly
patent.

Although SDS-PAGE is a reductive
technique and as such cannot provide an
accurate reflection of the noncovalently
associated AB oligomers (Hepler et al.,
2006), the presence of the soluble oligo-
meric Af3 forms was also assayed in West-
ern blots using 6E10. Asshown (Fig. 4C),a
prominent «APPs band was dearly de-
tected in 6-, 12-, and 18-month-old
PSIxAPP mice. At 6 and 12 months, very
small amount of low-n aggregated A3 was detected, under the
conditions used for these experiments. A faint band, correspond-
ing to 5- or 6-mer A3 could be barely observed in 6- and 12-
month-old PSIxAPP mice. However, as expected from the dot
blot analysis, in 18 month PSIxAPPmice multiple A3 formswere
clearly distinguished. The observed 6E10-positive bands corre-
sponded with the reported Mr for the oligomeric A forms, de-
tected by Westernblots (see Lambert etal., 2007), and also similar
to soluble oligomers identified in other aged tg models (Lesné et
al., 2006). In fact, according with the Mr, three predominant A3
forms were identified in the soluble extracts; monomer, 6-mer
and 12-mer. Although the 12-mer could also be present, in lower
amount, in 6 and 12 month mice (Fig. 4C), these low Mr oli-
gomers were barely detectable in the soluble extract from 6- and
12-month-old PSIxAPP. We cannot discard that other high mo-
lecular weight forms were also increased in 18-menth-old tg
mice. Independently of the oligomeric state of Af3, these data
clearly demonstrated the existence of a marked increase in the
soluble AB forms in our 18-month-old PSIxAPP mice popula-
tion. Therefore, the presence of these ADDLs/oligomeric A3
forms could be implicated in the classic microglial activation,
observed in our 18-month-old PSIxAPP cohort.

To validate this hypothesis, we next tested, in vifro using as-
tromicroglial cultures, the effect of monomeric and oligomeric
Af342 forms in the expression of TNF-a. LPS was used as a posi-
tive control. The results (Fig. 54) demonstrated that LPS and,
dose-dependently, the oligomeric AB42 strongly stimulated the
expression of the proinflammatory TNF-w. Interestingly, equiv-
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alent concentrations of monomeric A342
were totally ineffective stimulating the
TNFE-a expression in these cultures. Based
on these data, we predicted that the soluble
extracts from 18 -month-old PSIxAPP
mice should also stimulate the expression
of TNF-w in the glial cultures. Thus, we
tested the stimulatory effect of increasing
amounts of soluble proteins (ranging from
5 to 100 jg of protein), obtained from 6-
and 18-month-old WT and PSIxAPP
mice. As shown, the soluble fractions from
young WT and PSIxAPP mice produced
no apparent effect on the expression of
TNF-c (Fig. 5B). Similarly, the soluble
fractions from 18 -month-old WT mice
were also ineffective stimulating the TNF-a
production. However, the soluble fractions
derived from 18-month-old PSIxAPP mice
produced a potent dose-dependent stimula-
tion in the expression of TNF-a in these as-
tromicroglial cultures (Fig, 5B).

Finally, if the soluble oligomeric AS in
the S1 fractions was indeed the causative
agent of the TNF-a stimulation, this effect
should be avoided by immunodepletion of
the supernatant using specific antibodies.
To test this point, the A content of the S1
fractions, derived from 18-month-old
PSIxAPP mice (n = 3), was immunode-
pleted by three sequential immunopre-
cipitations using either the mAb 6E10
(that should recognized the total soluble
AfB) or the conformation specific poly-
clonal A11 (specific of the oligomeric A3).
As shown (Fig. 5C), after immunodeple-
tion using 6E10, the induction in the
TNF-a expression by these immunode-
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Figure 5. The oligomeric A3 induced the TNF-ce expression in glial primary cultures. 4, Dose—response stimulation of the

TNF-a expression by oligomeric and monomeric A342 assessed inviiro in astromicroglial cultures. PBS and LPS (1 zog/ml) were
used as negative and positive controls, respectively. Data are mean = SD from three independent cultures and A242 prepara-
tions. B, Stimulation of the glial cultures using the $1 soluble fractions. Increasing protein amounts (from 5 to 100 j1q) of the
differentS1 fractions (6and 18 months ofage; WT and PSTxAPP; n = 3 perage and group) was added to the cultures. In parallel,
PBS, monomeric (20 1), oligomeric A342 (20 em)and LPS (1 eg/ml) were induded as negative and positive controls, respec-
tively. For each experiment, duplicate culture wells were used. This experimentwas repeated twice, using independent cultures.
Only the soluble extract from 18-month-old PSTxAPP produced the stimulation of the TNF-c¢ expression in these experiments
(asterisk; p << 0.05, Tukey’s test). ¢, Immunodepletion experiments. In these experiments, the Af2 content from the S1 fractions
(10 729 of protein) of three different 18-month-old PSTxAPP mice was immunodepleted by three sequential immunopredipita-
tions using either 6E10-Protein G-Sepharose or A11-Protein A-Sepharose complexes. Afterimmunodepletion, the S1 fractions
were used in stimulation experiments. In parallel, the different S1 fractions were treated with Protein G-Sepharose or Protein
A-Sepharose. We observed no differences in the TNF-c¢ stimulation between these control S1 fractions and the results were
pooled. The immunodepletion of A3, by any of the antibodies used, precluded the stimulatory effect of the §1 fractions. PBS,

pleted S1 fractions was deeply reduced
(from 94.60 + 6.02-2.87 = 0.90, n = 3,
before and after immunodepletion, relative units normalized by
PBS effect, 1.01 & 0.24; p <2 0.05, Tukey’s test). Moreover, the
immunodepletion of the oligomeric A3 using A11 (Fig. 5C), also
produced an almost completed reduction in the TNF-a induc-
tion by the S1 fractions (2.33 * 0.45, n = 3, after immunodeple-
tion; p << 0.05, Tukey’s test).

Discussion

Neuroinflammation isa key feature of AD pathology (Meda etal.,
2001;Dudal et al., 2004; Craft et al., 2006). However, its role is still
conflictive. Here, we have analyzed the microglial response asso-
ciated to the age-dependent amyloid pathological progression in
the hippocampus of PS1MM“LxAPP 7L mice. The principal
findings are as follows. (1) At early ages (4 -6 months), activated
microglia was restricted to A3 deposits and characterized by the
absence of induction of cytotoxic factors and by the expression of
one alternative marker (YM-1). (2) In 18-month-old, microglial
activation was expanded throughout the hippocampus, display-
ing a classical potentially cytotoxic phenotype (expressing
TNF-a, FASL, TRAIL, Cox2 and Nox1). The expression of INOS
was restricted to astrocytes. (3) Although a clear hippocampal
T-cell infiltration was detected at 18 months, these T-cells were
polarized to Th2 phenotype. (4) There was an age-dependent

oligomeric 4342 (20 puny and LPS (1 zeg/mlywere induded as negative and positive controls, respectively.

increase in extracellular soluble A3 oligomers, which were potent
microglial stimulators as assessed by in vitro studies.

We observed a close spatial and temporal parallelism between
Ap deposits and microglial activation (Simard et al., 2006). At
early ages, activated microglia was concentrated in clusters sur-
rounding and infiltrating A3 plaques. In fact, few extra-plaque
microglial activation was observed. Thus, according with recent
in vivo observations (Meyer-Luehmann et al., 2008), plaques at-
tracted and stimulated microglial cells. However, activated mi-
croglia could adopt different phenotypes. Our data demonstrated
that plaque-associated microglia displayed an alternative state. In
peripheral macrophages, this phenotype was characterized by the
absence of expression of cytotoxic factors and the expression of
alternative markers (YM-1 and Arg-1) (Edwards et al., 2006).
Although we have not observed the induction in Arg- 1, the YM-1
expression was highly elevated in microglia surrounding plaques.
These results, together with the absence of significant TNF-«,
TRAIL, FASL or iNOS expression led us to conclude that the
activated microglia could adopt an incomplete alternative phe-
notype. Furthermore, this alternative phenotype, associated to
A3 plaques, seemed to be maintained also at relative old ages. In
fact, at 18-months, the microglia surrounding Af3 plaques was
TNF-a negative and YM- 1 positive. Therefore, activated micro-
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glia in direct apposition with Aj plaques adopted an alternative
phenotype, regardless of the age of the animal. This proposition
was consistent with the increased expression of IL-4. Multiple in
vitro reports have probed the influence of IL-4 in the develop-
ment of a non-proinflammatory alternative phenotype (Iribar-
ren et al,, 2005; Butovsky et al.,, 2005; Ponomarev et al., 2007;
Lyons et al., 2007a,b). Furthermore, at early ages, the expression
of this interleukin was restricted to reactive astrocytes, closely
associated to A plaques. Similarly, at 18 months, plaques were
also surrounded by IL-4 positive astrocytes and, probably, CD3
cells. In consequence, we proposed that the alternative pheno-
type, associated to AJ plaques, could be because of the expression
of IL-4 by activated astrocytes and, when present, CD3-cells. We
cannot discard that Aj3 plaques could directly produce this mi-
croglial differentiation. The factor(s) that determine the astro-
glial activation remains to be investigated.

Concerning to the physiological role, the alternative activated
microglia could exert a neuroprotective function. In presence of
IL-4, microglia produces growth factors (i.e., IGF-1) (Butovsky et
al., 2006; Zhao et al., 2006). The [L-4 reduced A toxicity, in vitro
and #n vive (Butovsky et al., 2005, 2006; Iribarren et al., 2005;
Lyons et al, 2007ab) and enhanced AfS phagocytosis
{Koenigsknecht-Talboo and Landreth, 2005). In agreement, we
also observed the expression of IGF-1, in the vicinity of Af de-
posits (our unpublished results) and A phagocytosis by micro-
glia surrounding plaques (supplemental Fig. 2 B, available at
www.jneurosci.org as supplemental material). In this sense,
Bolmont et al. (2008) have recently demonstrated the internal-
ization of AS peptides by plaque-associated microglia and pro-
posed an active role in the maintenance of plaque size. Further-
more, the decrease in the early recruitment of the microglial cells,
by genetic ablation of either TLR2 receptor, in a PS1/APP model
{Richard et al., 2008) or CCR2 in Tg2576 (El Khoury et al., 2007),
increased AB42 levels, accelerated memory impairments and in-
creased vascular amyloid pathology. Thus, we propose that the
plaque-associated alternative activated microglia could limit A
toxicity directly, by phagocytosis (see also Simard et al., 2006),
maintaining low extracellular A levels. In fact, our data demon-
strated low levels of soluble Aj342 and oligomeric forms until
advanced ages.

Furthermore, this alternative activated microglia could also
indirectly exert a neuroprotective role by releasing growth fac-
tors, such as IGF-1. This proposition is also consistent with the
positive effects of vaccination with the Th? adjuvant glatiramer
acetate, the concomitant increase in IL-4 expressing cells and the
reduction of AS plaques (Butovsky et al., 2006).

At 18 months of age, microglia located between, not in direct
contact with Af3 plaques, was clearly activated. Furthermore,
these interplaque microglial cells expressed TNF-a (and proba-
bly other TNF-w related factors), whereas the microglia closely
associated to Af3 plaques remained TINF-« negative and YM-1
positive. Thus, at old age, two functionally different activated
microglial populations should coexist, indicating the existence of
different microglial activators. In this sense, even at this old age,
there was a clear IL-4 expression surrounding plaques. Thus, and
similar to the situation observed in 6-month-old PS1xAPP mice,
plaques (directly and/or indirectly through IL-4) might stimulate
microglia to a noncytotoxic phenotype. This observation let usto
propose that the generalized microglial activation should be in-
duced by a diffusible agent.

As mentioned, the general microglial activation could reflect a
Th1/Th17 CD3-mediated response. According with previous re-
portsin AD and AD models (Ttagaki et al., 1988; Togo et al., 2002;
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Stalder et al.,, 2005) we observed CD3-cells in 18-month-old
PS1xAPP hippocampus. However, the expression of [L-12, IL-17
and IL-23 was unchanged, compared with age-matched WT. In-
stead, we observed a considerable induction of IL-4 and IL-10
expression. Moreover, these CD3-cells also expressed IL-4. To-
gether, data strongly suggest that the infiltrated T-cells were pre-
dominantly polarized to Th2 and/or Treg states. These anti-
inflammatory Th2/Treg cells could explain the absence of
encephalitis signs in AD models (Stalder et al., 2005). Thus,
the Th2 polarization could limit the potential neurotoxic ef-
fect of the activated microglia and it is highly unlikely that
CD3 infiltration mediated the expanded microglial activation,
observed in this model.

Multiple evidences suggested that diffusible A oligomers
(ADDLs) were the toxic agents in AD. These ADDLs were exclu-
sively present in AD patients (Gonget al., 2003; Lacor et al., 2004)
and their content increased with the disease severity {(Lambert et
al., 2007). In fact, our results demonst rated the increase in soluble
Ap42 in 18-month-old PSIxAPP. Furthermore, our data also
probed the presence of Nu-1 and A11 immunopostive oligomers
in these soluble fractions (barely detectable at early ages). Thus,
we hypothesized that the oligomeric Af3 was also the causative
agent of the generalized microglial response at 18 months. Our in
vitro experiments strongly supported this proposal. In fact, oli-
gomeric AB42 highly stimulated the TNF-a expression in cul-
tures, whereas monomeric AB42 was ineffective. More relevant,
the soluble 51 fractions from 6-month-old WT and PSIxAPP
mice and 18-month-old WT, that lack detectable levels of oli-
gomers, were also ineffective stimulating TNF-« production in
culture. However, S1 fractions from 18-month-old PSIxAPP
produced a strong TNF-a induction. Moreover, the immu-
nodepletion of Af3, using 6E10 or All, completely abolished the
stimulatory effect of the S1 fractions. In consequence, we pro-
posed that the generalized microglial activation with a classic and
potentially cytotoxic phenotype, observed at 18 months, could be
because of the accumulation of soluble oligomeric AS in the
hippocampal parenchyma. Furthermore, it has been reported
that aging and/or A could decrease the neuronal expression of
microglial inhibitory factors, such as CD200, fractalkine or neu-
rotransmitters {( Acetylcholine or noradrenaline) (Cardona et al.,
2006; Chitnis et al., 2007; Heneka and O’Banion, 2007; Lyons et
al,, 2007a; Duan et al,, 2008). Furthermore, damaged neurons
could release microglial stimulants, such as ATP, UDP or CCL21
(de Jong et al., 2005; Inoue et al., 2007). Therefore, it is possible
that the classic microglial activation in our model could reflect a
synergic effect of A3 oligomers, acting directly on microglia and,
indirectly, by affecting neuronal-microglial interplay.

The role of the classical microglial activation was unknown,
The neuronal toxicity to TNF-a, TNEF-a related factors and iNOS
has been extensively probed (Cantarella et al., 2003; Lee et al.,
2004; Li et al., 2004; Medeiros et al., 2007; Uberti et al., 2007).
Indeed, in our model, we (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material) and others
(Schmitz et al., 2004) have observed a significant decrease in
pyramidal cell number, coincident with the classical microglial
activation (17-18 months). Although present resultsdo not allow
establishing a direct relationship between these events, the pro-
duction of TNF-a, TRAIL, FASL and NO derivates, together with
the presence ofsoluble A oligomers, could directly contribute to
the observed pyramidal degeneration.

In conclusion, at early ages in our AD) model, the apparition of
A plaques determined the microglia activation to an alternative
phenotype with, apparently, a neuroprotective role. At olderages,

B 60



Tesis Doctoral. Compendio de Publicaciones

11660 - ). Neurosd., November 5, 2008 - 28(45):11650 -11661

the accumulation of extracellular oligomeric A3 produced
marked widespread microglial activation toward a classic pheno-
type and the production of cytotoxic factors. The reasons that
determined this age-dependent increase in the ADDL/oligomers
content remained unknown.
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RESUMEN |

La neuroinflamacién es clave en la patologia de EA (Edison y col., 2008; Yokokura y

col., 2011). Sin embargo su papel no esta aun claro (ver revision Varnum e Ikezu, 2012).

Por ello hemos estudiado la respuesta microglial asociada a la progresion de la patologia

de AB con la edad en el ratén transgénico modelo de la enfermedad de Alzheimer

PS1wm146L/APP7s1sL, Y su relacion con la acumulacion de las distintas especies de AR,

tanto en placas insolubles extracelulares como en formas oligoméricas solubles.

A modo de resumen podemos decir que los principales hallazgos al respecto han sido:

1.

A edades tempranas, hasta los 6 meses de edad, la microglia activa se restringe
a las zonas de contacto con los depdsitos de AB. Esta activaciéon se caracteriza
por la ausencia de induccion de factores citotoxicos y por la expresion de genes

que son considerados marcadores de la activacion microglial alternativa (YM-1).

A los 18 meses de edad, la activacién de la microglia se extiende por todo el
parénquima y por todo el hipocampo. Presenta un fenotipo de activacion clasico
que es potencialmente citotéxico. Produciéndose un incremento en la expresion
de TNF-a, FASL, TRAIL, Cox2 y Nox1. La expresion de iNOS se restringe a los

astrocitos.

Se detecta una clara infiltracion de Linfocitos T hacia el parénquima hipocampal
a los 18 meses, aunque estan polarizados hacia un fenotipo Th2, por lo que la

activacion generalizada no puede ser debida a la presencia de los mismos.
Existe un claro aumento, edad dependiente, en el AB soluble oligomérico

extracelular, el cual es un potente activador de la microglia segun estudios

realizados in vitro.
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Phosphatidylinositol 3-Kinase (PI3K)/Akt-GSK-33
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Neurotrophins, activating the PI3K/Akt signaling pathway,
control neuronal survival and plasticity. Alterations in NGF,
BDNF, IGF-1, or insulin signaling are implicated in the patho-
genesis of Alzheimer disease. We have previously characterized
a bigenic PS1XAPP transgenic mouse displaying early hip-
pocampal AB deposition (3 to 4 months) but late (17 to 18
months) neurodegeneration of pyramidal cells, paralleled to the
accumulation of soluble AB oligomers. We hypothesized that
PI3K/Akt/GSK-3 8 signaling pathway could be involved in this
apparent age-dependent neuroprotective/neurodegenerative
status. In fact, our data demonstrated that, as compared with
age-matched nontransgenic controls, the Ser-9 phosphoryla-
tion of GSK-38 was increased in the 6-month PS1XAPP hip-
pocampus, whereas in aged PS1XAPP animals (18 months),
GSK-38 phosphorylation levels displayed a marked decrease.
Using N2a and primary neuronal cell cultures, we demonstrated
that soluble amyloid precursor protein-a (sSAPPa), the predom-
inant APP-derived fragment in young PS1XAPP mice, acting
through IGF-1 and/or insulin receptors, activated the PI3K/Akt
pathway, phosphorylated the GSK-3f activity, and in conse-
quence, exerted a neuroprotective action. On the contrary, sev-
eral oligomeric A forms, present in the soluble fractions of
aged PS1XAPP mice, inhibited the induced phosphorylation of
Akt/GSK-3 8 and decreased the neuronal survival. Furthermore,
synthetic A oligomers blocked the effect mediated by different

neurotrophins (NGF, BDNF, insulin, and IGF-1) and sAPPa,
displaying high selectivity for NGF. In conclusion, the age-de-
pendent appearance of APP-derived soluble factors modulated
the PIBK/Akt/GSK-3f signaling pathway through the major
neurotrophin receptors. sSAPPa stimulated and A oligomers
blocked the prosurvival signaling. Our data might provide
insights into the selective vulnerability of specific neuronal
groups in Alzheimer disease.
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OBJETIVOS I

Evaluacién del efecto toxico producido por la acumulacion de formas
oligoméricas solubles a edades avanzadas en el modelo transgénico murino
PS1wm146L/APP751sL de la enfermedad de Alzheimer. Estudio de la modulacién de
la ruta PI3K/Akt-GSK-38 mediada por la fraccion soluble extracelular S1
obtenidas en ratones dobles transgénicos jovenes (6 meses de edad) y viejos

(18 meses de edad).

a. Estudio de posibles cambios, edad dependiente, en la fosforilacién de

GSK3B en nuestro modelo transgénico.

b. Estudio del efecto de los oligdbmeros solubles de AB sobre la ruta de
sefializacion PI3K/Akt-GSK3p.

c. Analisis del efecto del sAPPa sobre la ruta PI3K/Akt-GSK3B3 a edades
tempranas y tardias en presencia y ausencia de las formas oligémericas
solubles de Ab.

El trabajo se presenta como articulo.
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Neurotrophins, activating the PI3K/Akt signaling pathway,
control neuronal survival and plasticity. Alterations in NGF,
BDNEF, IGF-1, or insulin signaling are implicated in the patho-
genesis of Alzheimer disease. We have previously characterized
a bigenic PS1XAPP transgenic mouse displaying early hip-
pocampal A deposition (3 to 4 months) but late (17 to 18
months) neurodegeneration of pyramidal cells, paralleled to the
accumulation of soluble Af oligomers. We hypothesized that
PI3K/Akt/ GSK-3 8 signaling pathway could be involved in this
apparent age-dependent neuroprotective/neurodegenerative
status. In fact, our data demonstrated that, as compared with
age-matched nontransgenic controls, the Ser-9 phosphoryla-
tion of GSK-3f8 was increased in the 6-month PS1xAPP hip-
pocampus, whereas in aged PS1XAPP animals (18 months),
GSK-38 phosphorylation levels displayed a marked decrease.
Using N2a and primary neuronal cell cultures, we demonstrated
that soluble amyloid precursor protein-e (sAPPe), the predom-
inant APP-derived fragment in young PS1XAPP mice, acting
through IGF-1 and/or insulin receptors, activated the PI3K/Akt
pathway, phosphorylated the GSK-38 activity, and in conse-
quence, exerted a neuroprotective action. On the contrary, sev-
eral oligomeric A forms, present in the soluble fractions of
aged PS1xAPP mice, inhibited the induced phosphorylation of
Akt/GSK-3 B and decreased the neuronal survival. Furthermore,
synthetic A B oligomers blocked the effect mediated by different
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neurotrophins (NGF, BDNF, insulin, and IGF-1) and sAPPuw,
displaying high selectivity for NGF. In conclusion, the age-de-
pendent appearance of APP-derived soluble factors modulated
the PI3K/Akt/GSK-38 signaling pathway through the major
neurotrophin receptors. sSAPPa stimulated and Af oligomers
blocked the prosurvival signaling. Our data might provide
insights into the selective vulnerability of specific neuronal
groups in Alzheimer disease.

The molecular mechanisms underlying the selective neuro-
degeneration in Alzheimer disease {AD)® remain unclear, Amy-
loid-3 (A) peptides, proteolytically excised from the amyloid
precursor protein (APP), are considered the primary patholog-
ical agents in AD. However, their precise modes of action, toxic
conformational forms, and molecular targets are still contro-
versial (for review see Ref, 1). Transgenic mouse models, over-
expressing mutated forms of human APP, are widely used to
study AD pathogenesis. These models develop extensive A
deposition in the disease-vulnerable brain regions (such as hip-
pocampus); however, neurons are well protected until late ages.
The factors and pathways maintaining neuronal integrity at
voung/middle ages in these AD models and those inducing neu-
rodegeneration in the aged animals remains to be defined.

NGT, BDNT, IGI-1, and insulin are trophic factors critical
for neuronal survival and plasticity, underlying memory, and
learning (2—4) and could be implicated in AD development.
Changes in growth factor expression and distribution, as well in
their receptors {TrkA, TrkB, p75NTR, IGE-1R, and insulin-R)},
havebeenreported in AD and AD models (5). Infact, it has been
suggested that the imbalance between NGF, its precursor pro-
NGT, and the high (TrkA) and low (p75NTR) affinity NGI
receptors seems to be a crucial factor underlying neurodegen-

® The abbreviations used are: AD, Alzheimer disease; APP, amyloid precursor
protein; sAPP, soluble APP; AS, amyloid 5-protein; ta, transgenic; Tricine,
N-[2-hydroxy-1,1-bis(hydroxymethyhethyllglycine; ADDL, AB-derived dif-
fusible ligand.
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eration in AD (6, 7). Furthermore, defects in IGF-1R and insu-
lin-R signaling are associated with amyloid plaque and neuro-
fibrillary tangle pathology (8). In this sense, it has been reported
that insulin resistance, central to type Il diabetes, was impli-
cated in the pathogenesis of AD. Alterations in IGF-1R, insu-
lin-R, and IRS-1/2 in AD are implicated in insulin resistance {(9).
In fact, AD has been considered as a brain-specific “type LI
diabetes” (10, 11). Insulin administration facilitates memory in
patients with AD (12), and [GF-1 is protective against the devel-
opment of AS pathology (13). However, the mechanisms impli-
cated in the AB-mediated insulin resistance are still unknown.

Trophic factors promote neuronal survival largely through
the PI3K/Akt signaling pathway (14). After activation, phos-
pho-Akt phosphorylates and inhibits the glycogen synthase
kinase-338 (GSK-383). The “GSK3 hypothesis of AD” (15)
proposed that the overactivity of GSK-38 accounts for several
features of this pathology such as memory impairment, Tau
phosphorylation, increased amyloid production, microglia-me-
diated inflaimmation, and neuronal death. In fact, GSK-33
mediates the hyper-phosphorylation of Tau (16) and produces
impairments in learning and memory by preventing the induc-
tion of long term potentiation (17). GSK-3 3 activity also is crit-
ical for inflammatory cell differentiation, migration, and secre-
tion of pro-inflammatory cytokines (18), so it could potentially
heighten microglia-mediated inflammatory responses in the
local vicinity of Af plaques. Moreover, GSK-3/2 modulates key
steps of the major apoptotic signaling pathways (the mitochon-
drial intrinsic apoptotic and the death receptor-mediated
extrinsic apoptotic pathways) (19).

Increasing evidence suggests that the PI3K/Akt/GSK-3 3 sig-
naling pathway is directly impacted by AS exposure and is
altered in AD brains. In this sense, soluble (or diffusible) A3
oligomers (putative toxic agents in AD) (20, 21) have been asso-
ciated with Tau hyperphosphorylation (22}, inhibition of long
term potentiation, disruption of memory, loss of dendritic
spine density (23), neuronal death (24, 25), and neurotoxic
inflammatory response (26). Furthermore, A8 oligomers have
been shown to modulate the expression and density of insulin
receptors through the modulation of the PI3K/Akt pathway
(27), and alterations in the levels of phosphorylated Akt sub-
strates have been reported in AD patients (28).

In this study, we have addressed the possible age-dependent
variations in the GSK-33 phosphorylation in our PS1<XAPP tg
model. This model developed early A8 (3 to 4 months) plaques
(29-31) but late (17 to 18 months) hippocampal neuronal
degeneration, paralleled with the accumulation of soluble A8
oligomers (26). The molecular changes that drive to thisappar-
ent age-dependent protective/degenerative neuronal condition
are still unresolved. We hypothesized that the PI3K/Akt/
GSK-38 signaling pathway could be involved. Using ix vive and
in vitro assays, we report that natural and synthetic A oligo-
mers, acting through growth factor receptors, inhibit the pro-
survival signaling PI3K/Akt/GSK-33. Moreover, at early ages,
despite the Af plaques, soluble APP«, acting through IGF-1
and insulin receptors, activated the prosurvival PI3K-Akt-
GSK-33 pathway that might account for the lack of neurode-
generation in most transgenic models at these ages.

MAY 27, 2011 +VOLUME 286+ NUMBER 21

EXPERIMENTAL PROCEDURES

Antibodies—A11 and 6E10 antibodies were purchased from
Invitrogen and Signet Laboratories, respectively. Anti-soluble
APPxwas provided by Immuno-Biological Laboratories. Anti-
phospho-GSK-333 (Ser-9); phospho-Akt (Ser-473); phospho-
Alt (Thr-308); phospho-IGF1 receptor 3 (Tyr-1135/1136);
pTrkA-B (TrkA, Tyr-674/675; TrkB, Tyr-706/707) were from
Cell Signaling Laboratory. Anti-phospho-insulin receptor
(Tyr-1150/1151) was purchased from Millipore. Monoclonal
anti-human PHF-Tau (Clone AT100) was purchased from
Innogenetics. Anti-phospho- and total $-catenin antibodies
were from Cell Signaling Laboratory and Abcam, respectively.
Anti-f3-actin was purchased from Sigma.

Transgenic Mice—The generation and initial characteriza-
tion of the PS1y 4 X APP,, 4 (PSLXAPP) tg mice has been
reported previously (29). This double tg mice {C57BL/6 back-
ground) were generated by crossing homozygotic PS1y e
mice with heterozygotic Thyl-APP751SL mice (all tg mice
were provided by Transgenic Alliance, IFFA Credo, Lyon,
France). Mice represented F10—F15 offspring of heterozygous
tg mice. Only male mice were used in this work. Age-matched
P31, @and nontransgenic (W) male mice of the same
genetic background (C57BL/6) were used as controls.

For glucose determination, the anesthetized (sodium pento-
barbital; 60 mg/kg) animals were bled (50 pl) from the tail. The
glucose levels were similar between ages and genotypes (in mm:
64+14,54+12;73+12and65+14,n =7 forcor18
months, WT and PS1XAPP, respectively). After bleeding, the
mice were killed by decapitation, and both hippocampi were
dissected, frozen inliquid N,, and stored at —80 *C until use. All
animal experiments were performed in accordance with the
guidelines of the Committee of Animal Research of the Univer-
sity of Seville {(Spain) and the Furopean Union Regulations.

RNA and Total Protein Extraction—Total RNA was ex-
tracted using the Tripure™ isclation reagent (Roche Applied
Science) as described previously (30, 31).

The contaminating DNA in the RNA samples was removed
by incubation with DNase (Sigma) and confirmed by PCR anal-
ysis of total RNA samples prior to reverse transcription (RT).
After isolation, the integrity of the RNA samples was assessed
by agarose gel electrophoresis. The vield of total RNA was
determined by measuring the absorbance (260/280 nm) of eth-
anol-precipitated aliquots of the samples, The recovery of RNA
was comparable in all groups (1.2—1.5 pg/mg of tissue). The
protein pellets, obtained using the Tripure™ isolation reagent,
were resuspended in 4% SDS and 8 murea in 40 mm Tris-HCI,
pH 7.4, and rotated overnight at room temperature (30, 31).

Retrotranscription and Real Time RT-PCR—The retrotrans-
cription {RT) was done using random hexamers, and 3 pg of
total RNA as template and high capacity cDNA archive kit
(Applied Biosystems) following the manufacturer recommen-
dations (30, 31). For real time RT-PCR, each specific gene
product was amplified using commercial TagMan™ probes,
following the instructions of the manufactured (Applied Bio-
systems), using an ABI Prism 7000 sequence detector (Applied
Biosystems). For each assay, a standard curve was first con-
structed, using increasing amounts of cDNA. In all cases, the
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slope of the curves indicated optimal PCR conditions (slope
3.2-3.4). The cDNA levels of the different mice were deter-
mined using two different housekeepers {(i.e. GAPDH and -ac-
tin). The amplification of the housekeepers was done in parallel
with the gene to be analyzed. Similar results were obtained
using both housekeepers. Thus, the results were normalized
using only the GAPDH expression.

Independently of the gene analyzed, the results were always
expressed using the comparative Ct method, following Bulletin
2 from Applied Biosystems. As a control condition, we selected
6-month-old WT mice. In consequence, the expression of all
tested genes, for all ages and mouse types, was referenced to the
expression levels observed in 6-month-old WT mice.

AB42 Peptide Preparation—To prepare the AB42 peptides,
we allowed synthetic lyophilized AB(1-42) peptide (human
sequence, Anaspec) to equilibrate, at 20-23 °C, for 30 min
before it was resuspended and diluted to 1 mm in hexafluoro-
2-propanol. After evaporation, peptide films were dried in a
Speed vacuum and stored at —40 °C. Peptide films were resus-
pended to 5 mu in dimethyl sulfoxide (DMSO) for 10 min. To
form the ADDLs (32), we diluted the 5 mm DMSO solution to
100 g in cold PBS, vortexed for 30 s, and incubated overnight
at 4 °C. Before use, the A3/PBS solution was further diluted in
culture media. The presence of ADDLs was tested by Western
blots using 6E10 (data not shown).

To form the monomers, immediately before use, we diluted
the 5 mm DM SO solution in PBS (to a final concentration of 100
), following by ultrafiltration through 5-kDa cutoff device
(Vivaspin 2, Sartorius Biolab Products). The presence of the
monomeric AB42 peptide (4.5 kDa) was verified by Western
blots (data not shown).

Soluble Protein Extraction (Soluble Fractions) and Imwii-
noprecipitation—The soluble fractions were obtained by ultra-
centrifugation of the homogenates as described previously (26,
33). Briefly, tissue samples were homogenized (using a Dounce
homogenizer) in cold isotonic buffer (0.32 M sucrose, 1 mm
EDTA, 1 mm EGTA, 20 mm Tris-HCI, pH 7.5, containing a
mixture of protease and phosphatase inhibitors, Sigma) and
ultracentrifuged (Cptima™ MAX Preparative Ultracentrifuge,
Beckman Coulter) at 120,000 X g, 4 °C, during 60 min, Imme-
diately after centrifugation, the samples were aliquoted and
stored at —81 °C until use. The protein content in the soluble
fractions was determined by Lowry. To diminish the potential
inter-individual variability, the S1 fractions from four different
mice, for each age and genotype, were pooled.

For immunoprecipitation experiments, 50 g of soluble pro-
teins were incubated, overnight at 4 °C with continuous shak-
ing, with A11 antibody, previously adsorbed to protein G-Sep-
harose or protein A-Sepharose beads (Sigma) (2 g of purified
antibody/20 pg of protein G- or A-Sepharose) in the presence
of protease inhibitors (Roche Applied Science) in afinal volume
of 500 pl of TBS. Immunobeads were isolated by centrifugation
and washed three times in cold TBS. Finally, the immunopre-
cipitated proteins were eluted using 20 il of Laemmli’s buffer
and analyzed by Western blots.

For in vitro experiments, the soluble fractions from the dif-
ferent mice and ages were thawed immediately before use,
diluted with DMEM (without FBS), sterilized by filtration
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(through 0.22-pm filters, Millipore), and added to cell cultures.
For each experiment, duplicate wells were stimulated under the
same experimental conditions.

The immunodepletion experiments were done basically as
described previously (26, 34). Briefly, 50 g of protein from
soluble fractions from 6- and 18-month-old PS1<APP mice
(n = 3/age) were subjected to three sequential incubations
(8—12hat4 °C) with either 6E10 (5 j1g) protein G-Sepharose or
All (5 pg) protein A-Sepharose immunocomplexes. After
immunodepletion, the soluble fractions were used for in vitro
stimulation (see below). As control, the different soluble frac-
tions were sequentially incubated with either protein G-Sep-
harose or protein A-Sepharose and tested, in parallel experi-
ments, with the immunodepleted samples.

Western Blot and Dot Blot—Western blots were performed
as described previously (34). Briefly, 1020 pg of protein from
the different samples were loaded on 16% SDS-Tris-Tricine-
PAGE and transferred to nitrocellulose (Hybond-C Extra,
Amersham Biosciences). Alternatively, the immunoprecipi-
tated samples were electrophoresed on 12% SDS-Tris glycine.

After blocking, the membranes were incubated overnight, at
4.°C, with the appropriate antibody. The membranes were then
incubated with anti-mouse horseradish peroxidase-conjugated
secondary antibody (Dako, Denmark) at a dilution of 1:8000.
Theblots were developed using the ECL-plus detection method
(Amersham Biosciences).

Dot blots were done as described previously (26, 34). One g
of protein from the different soluble fractions were directly
applied to dry nitrocellulose in a final volume of 2 pl. Blots were
air-dried, blocked for 1 h, and incubated overnight at 4. °C, with
either Nu-1 (courtesy of Dr. W, Klein; 1 pg/ml) or A11 (1:5000
dilution, BIOSQURCE) antibodies. After the incubation, the
blots were washed and visualized as described above.

For quantification, the scanned (Epson 3200} images were
analyzed using the PCBAS program. In each experiment, the
intensity of bands from WT mice and/or experimental condi-
tions were averaged and considered as 1 relative unit. Data were
always normalized by the specific signal observed in 6-month-
old WT group or negative control for “in vitro” experiments.

Tissue Preparation—After deep anesthesia with sodium pen-
tobarbital (60 mg/kg), 6- and 18-month-old control (WT) and
PS1XAPP tg male mice (# = 4/age/genctype) were perfused
transcardially with 0.1 m phosphate-buffered saline (PBS), pH
7.4, followed by 4% paraformaldehyde, 75 mu lysine, 10 mum
sodium metaperiodate in 0.1 M phosphate buffer (PB), pH 7.4.
Brains were then removed, post-fixed overnight in the same
fixative at 4 °C, cryoprotected in 30% sucrose, sectioned at 40
pmthicknessinthe coronal plane on afreezing microtome, and
serially collected in wells containing cold PBS and 0.02%
sodium azide. All animal experiments were approved by the
Committee of Animal Use for Research of the Malaga Univer-
sity (Spain) and the European Union Regulations.

Immunohistochemistry—Coronal free-floating brain sec-
tions (40 pm thick) from 6-and 18 month-old control (WT)
and PS1XAPP mice were processed simultaneously for
phospho-GSK-38 immunolabeling in the same solutions and
conditions to prevent processing variables. Sections were
first treated with 3% H,O,, 3% methanol in PBS and with
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avidin-biotin blocking kit (Vector Laboratories, Burlingame,
CA) and then incubated overnight at room temperature with
rabbit anti-GSK-38 (phospho-Ser-9) antibody {dilution
1:100, Abcam ab30619).

The tissue-bound primary antibody was detected by incubat-
ing with the corresponding biotinylated secondary antibody
(1:500 dilution, Vector Laboratories) and then followed by
streptavidin-conjugated peroxidase (Sigma) diluted 1:2000.
The reaction was visualized with 0.05% 3,3'-diaminobenzidine
tetrahydrochloride (Sigma), 0.03% nickel ammonium sulfate,
and 0.01% hydrogen peroxide in PBS. Sections were then
mounted on gelatin-coated slides, air-dried, dehydrated in
graded ethanols, cleared in xylene, and coverslipped with DPX
(BDH) mounting medium. Specificity of the immune reaction
was controlled by omitting the primary antiserum.

N2a and Primary Newronal Cidltures—N2a cells were plated
at 25,000 cells/cm® and cultured in high glucose DMEM/
OptiMEM (50-50%) supplemented with 2 mm glutamine and
5% fetal bovine serum (PPA Co.) in the presence of penicillin
and streptomycin (100 units/mland 0.01 mg/ml, respectively).
Tor stimulation experiments, the medium was change to high
glucose DMEM and serum-deprived for 12 h. The cells were
stimulated using 5% fetal bovine serum, 100 nMm [GF-1 (Sigma),
100 nM insulin (Sigma), 10 nm NGF-£ (Sigma), or 25 nM sAPPa
(Sigma) in the presence or absence of ADDLs (ranging from
0.01 to 2 puu; estimated from the initial AB42 concentration
used for oligomerization; we are aware that the ADDL concen-
tration could be underestimated). After stimulation, the pro-
teins were isolated and analvzed as described above.

Primary neuronal cultures were done essentially as described
previously (27). Briefly, embryonic E18-20 or postnatal P1
brains were dissected and treated, for 5 min, with trypsin/
DMEM/EDTA medium (BioWhittaker, Cambrex, Belgium).
The treatment was stopped using complete DMEM plus 10%
IBS, and the cells were mechanically dissociated. After
mechanical dissociation, the debris was eliminated by filtration
(40 pm, Falcon), and the cells were seeded (at a density of
60,000 cells/ml) in Neurobasal medium plus B27 supplemental
{containing glutamine, 1% penicillin/streptomycin and genta-
mycin) on poly-p-lysine (Sigma)-treated Nunc 12- or 96-well
plates. The cells were cultured at 37 °C, in humidified 5% CO.,,
95% atmosphere. Medium was half-replaced every 4 days. After
13-15 days in culture, the cultures were treated with different
concentrations (ranging from 0.01 to 2 pm) of ADDLs (pre-
pared as described above) or different concentrations (ranging
from 0.27 to 54 nm) of SAPPw. The cells were then incubated for
30 min and rinsed with cold PBS, and the proteins were
extracted as above. The neuronal survival was assayed using
MTS (Promega) following the manufacturer’s indications.

Statistical Analysis—Data were expressed as means = S.D,
The comparison between two mouse groups (WT and
PS1X APP tg mice) was done by two-tailed ¢ test. For compari-
son between several age groups, we used one-way analysis of
variance followed by Tukey post hoc multiple comparisons test
(Statgraphics plus 3.1). The significance was set at 95% of
confidence.
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RESULTS

Age-dependent Modifications on the GSK-3p3 Activity in
P81 APP Mouse Hippocampus— The GSK-38 activity could
playa central role controlling apoptosis and the development of
Alzheimer disease. Because GSK-38 activity was inhibited by
phosphorylation on Ser-9, we have first quantified, by Western
blots, the Ser-9 phospho-GSK-33 levels in our PS1<XAPP tg
model. We used two different ages, 6 and 18 months, before and
after pyramidal neurodegeneration, respectively (26, 30). West-
ern blot analysis demonstrated the existence of a clear age-de-
pendent variation of the Ser-9 phosphorylation levels in
PS1 > APP mice (Fig. 14, panels al and a2). As compared with
6-month-old WT mice, the levels of Ser-9 phospho-GSK-383
were elevated in young PS1XAPP hippocampus, whereas the
18-month-old P51:< APP mice displayed a significant decrease.
In fact, the Ser-9 phosphorylation level, at 18 months, repre-
sented a decrease of 5.66 £ 046 times over 6-month-old
PS1xAPP mice. This observation was also confirmed using
immunohistochemistry, As shown in Fig. 1B, the phospho-
Ser-9 GSK-3f immunoreactivity was mainly located in the
somata of hippocampal neuronal cells. As also shown (Fig. 18,
panels b1 and £2), a marked increase in the immunoreactivity
was observed in the hippocampus of 6-month-old PS1< APP tg
mice, as compared with WT. This increase was evident in both
pyramidal and interneuronal cell somata and their proximal
dendrites. In parallel experiments, GSK-3§3 phosphorylation
immunostaining was clearly decreased in aged PS1<XAPP tg
mice (Fig. 1B, panels b3 and b4).

The GSK-38 activity could modulate the intrinsic apoptotic
pathway by moditying, directly and/or indirectly, the expres-
sion of pro- and anti-apoptotic Bel-2 family proteins (35—37).
Thus, we have determined the possible variations in the expres-
sion of mRNAs coding for Bel-2 proteins in 6- and 18-month-
old WT and PS1<APP tg mice. According to the phosphory-
lation of the GSK-343 (38), in 6-month-old PS1:< APP mice the
expression of el-2 was increased (Fig. 1C). On the contrary, in
18- month-old PS1:X APP animals, the expression of bel-2 was
not different from WT, whereas bim and bad expression
increased exclusively in transgenic animals. These data could
indirectly reflect the activation of GSK-33 in aged PS1< APP
mice. Additionally, the possible age-dependent activation of
the GSK-38 was also tested by determining the protein level
and phosphorylation status of S-catenin (39). Although the
phosphorylated versus total 3-catenin ratio was not altered in
6-month-old PS1IXAPP mice (Fig. 1D), we did observed an
increase in the steady-state levels of both B-catenin forms.
These data were consistent with a reduced GSK-38 activity.
More relevant and also consistent with the proposed age-de-
pendent increase in the GSK-38 activity, the total and phos-
phorylated S-catenin contents were dramatically reduced in
18-month-old P51 X APP mice (Fig. 1D). Furthermore, the ratio
of phospho/total g-catenin displayed a considerable increase in
these aged PS1X APP mice, suggesting a hyperphosphorylation
status of the 3-catenin,

These data demonstrated the existence of an age-dependent
change in the phosphorylation of the GSK-38 in our PS1< APP
tg model. Whereas at early ages the GSK-38 seemed to be
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FIGURE 1. Age-dependent decrease on GSK-3 3 phosphorylation (Ser-9) in PS1xAPP hippocampus. A, relative phosphorylation levels of Ser-9 GSK-383
(panel al, upper panel) were determined, by Western blots, in 6- and 18-month-old WT and P51 X APP hippocampi. The Western blots were then reprobed for
total GSK-333 (a ', lower panel). In these experiments, 10 ug of proteins from WT and PS1XAPP mice were electrophoresed in parallel, using different distribu-
tions. In each gel, a minimum of three WT and three PS1XAPP samples were run together. The experiment was repeated three times using different sample
combinations. Quantitative analysis of the Western blots is shown in panel a2. The Western blots were scanned, and the ratio between phosphorylated/total
expression was calculated. In each experiment, the phosphorylation/total ratio was normalized by 6-month-cld WT value. The total protein loading was also
tested by anti-B-actin antibody (data not shown). B, hippocampal (CA1) light microscopy images of phospho-5er-9-GSK-38 immunohistochemistry from 6-
[panelsbT and b2) and 18-month-old (panels b3 and b4) WT (panels 1 and b3) and PS1 XAPP (panels b2 and £4) mice. For these experiments, serial sections of
6- and 18 month-old WT and PS1xXAPP brains were processed in parallel. Thus, both WT and PS1XAPP slices were equally developed. The image shown is
representative of four different WT and PS1XAPP mice. Insets show higher magnifications of stratum pyramidale. C, expression of different bel-2 family protein
mRNAs was analyzed by quantitative RT-PCR. In each case, the results (n = 7) were corrected by the GAPDH expressicn and normalized by 6-month-old WT
mice. D), total and phosphorylated B-catenin levels were assessed by Western blots (panel d ). Quantitative data are shown in panel d2. As shown, the total and
phosphorylated g-catenin increased in samples from 6-month-old PS1XAPP, and there was a dramatic decrease in both levels in samples from 18-month-old
PS1XAPP mice. Furthermore, the phosphaorylated/total ratic also increased at this old age. Significance difference between the different samples was deter-
mined by analysis of variance followed by Tukey test. so, stratum oriens; sp, stratum pyramidale. Scafe bars, 50 pm.

inhibiled by Ser-9 phosphorylalion (probably exerling a neuro- We have [irst delermined in vilro using N2a cell cullures the

protective action), in aged PS1XAPP mice the activation of
GSK-33 was increased.

Young and Aged PSIXAPP Hippocampus-derived Soluble
Factors Increased or Inhibiled, Respectively, the Akt-dependent
Phosphorylation of GSK-38—We next investigated the possi-
bility that soluble APP-derived factors were involved in the
modulalion of GSK-38 phosphorylalion in both young (6
months) and aged (18 months) PS1XAPP mice. In this sense, it
has been recently reported that monomeric A342 mediated the
activation of the P13K-Akt pathway (40), whereas Af oligomers
{ADDLs) induced an impairment of insulin receplors (27).

18418 JOURNAL OF BIOLOGICAL CHEMISTRY

effect of soluble brain extracts, derived from 6- and 18-month-
old WT, PS1 (data not shown), and PS1XAPP mice on the Ser-9
phosphorylation of GSK-3f3. As shown (Fig. 24, and quantita-
tively in Fig. 2C), the addition of the soluble fractions obtained
from 6-month-old PS1XAPP mice produced a clear induction
in the GSK-3 phosphorylation over basal values (serum dep-
rivalion). This increase was medialed by Lhe aclivation of the
PISK/Akt pathway because Akt was phosphorylated at both
Thr-308 and Ser-473 residues (Fig. 24), and the effect was abol-
ished by the addition of LY294002 (data not shown). Lhis acti-
valion of the PI3K/AkL pathway seemed Lo be mediated by al
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FIGURE 2. Soluble fractions, derived from 6- or 18-month-old PS1 X APP mice, produced the stimulation or inhibition of Akt-G5K-3 phosphorylation.
A, N2a cultures were serum-deprived for 12 h and treated with 50 pg of soluble proteins derived from young (6 months) or old (18 months) WT and PS1 X APP
mice. After treatment, the phosphorylation levels of GSK-33 (Ser-9), Akt (Ser-473 or Thr-308), IGF-1R (phospho-Tyr-1135/1136), or IR {phospho-Tyr-1150/1151)
were determined by Western blots. As shown, the 51 fractions from 6-month-old PSTXAPP produced a clear induction of the phasphorylation levels of all
protein tested. B, possible inhibitory effect of 18-month-old PS1xAPP 51 fractions (50 g of protein} was assessed in serum-stimulated Akt-GSK-3 3 pathways.
For each condition, two culture wells were treated in parallel, and the experiments were repeated at least three times. C, quantitative analysis of experiments
shownin Aand B. The results are mean + S.D. of three independent experiments. Data were normalized by negative controls (C—). Negative (C—) and positive
(C 1) controls represented control experiments in the absence (12 h) or presence of serum, respectively. The protein loading was tested by total G5K-3 and

B-actin.

least the [GF-1 and/or insulin receptors. In fact, both receptors
were activated (Tyr-phosphorylated) in the presence of these
soluble extracts. The activation of the Akt and phosphorylation
of GSK-3f were specific for the factors present in PS1XAPP
mice because the addition of a similar amount of soluble pro-
teins from WT or PS1 transgenic mice (data not shown) was
devoid of any effect.

In parallel experiments, we have also tested the effect of sol-
uble extracts from 18-month-old PS1:X APP mice (Fig. 2, A and
C). In contrast to that observed using young PS1XAPP,
18-month-derived soluble fraction did not induce the phos-
phorylation of Akt-GSK-3f in serum-deprived cultures. [n fact,
a small inhibition, over control values, was observed (Tig. 2C).
The soluble extracts from 18-month-eld WT mice displayed no
intrinsic effect.

The possible inhibitory action of the soluble fractions from
aged transgenic mice was tested by analyzing their effect on the
serum-stimulated Akt-GSK-38 phosphorylation. As shown
(Fig. 2B), the treatment of N2a cells with fractions derived from
18-month-old PS1X APP mice produced a practically complete
inhibition of the serum-induced GSK-38 phosphorylation (see
also Fig. 2C). This inhibition was paralleled by a decrease in
Akt473 and Akt308 phosphorylation and was also paralleled by
a decrease in the Tyr phosphorylation of IGF-1R and insulin
receptor. The soluble fractions from aged W'l or PS1 (data not
shown) mice showed no apparent effect.

pCEEVEN
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In addition, we have also examined the effect of 6- and
18-month-derived soluble fractions on neuronal survival
assays. For these experiments, primary neurons were subjected
to deprivation and supplemented with 6- or 18-month soluble
fractions. As expected (see supplemental Fig. 1}, the soluble
extract from 6-month-old PS1XAPP avoided the decrease in
neuronal survival due to growth factor deprivation. As also
expected, the soluble fraction from 18 months did not protect
or even produce a small decrease on the neuronal survival. In
this sense, we also tested the possible neurotoxic effect of these
18-month PS1XAPP-soluble fractions. After 24 h of incuba-
tion, in the presence of B27 supplement, these soluble fractions
produced a significant decrease in the neuronal survival
(100.0 = 7.7% versus 80.19 £ 2.6%, n = 3; p < 0.05). The WT-
derived soluble fractions displayed no intrinsic effect. These
data demonstrated that soluble factors present exclusively in
PS1X APP-derived brain [ractions modulated (positively or
negatively) the GSK-3 3 phosphorylation and neuronal survival.

Characterization of APP-derived Fragments from Young and
Aged PSTXAPPE Mice—As mentioned above, APP-derived pro-
teins could modulate the GSK-3f3 phosphorylation. In conse-
quence, we have next analyzed, by Western blots using the mAb
6F10 (Fig. 3A), the presence of APP-derived soluble fragments
in these fractions. As shown, the soluble fractions from
6-month-old PS1XAPP mice exhibited a single specific (as
compared with WT) band of high apparent molecular weight
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FIGURE 3. Ap oligomeric forms in soluble extracts from 18-month
PS1x APP. A, 51 fractions from 6 month-old WT and P51 X APP or 18-month
PS1xAPP were first analyzed by Western blot (16% SDS-Tris-Tricine-PAGE)
using mAb 6E10, Results showed an age-dependent increase of soluble SDS-
resistant oligomeric species of approximately 24, 50, 60, and 90 kDa in
PST1XAPP animals. No significant amounts of mono-, di-, or trimers were
detected under these experimental conditions. 8, Western blots (WB) were
re-tested using anti-sAPPa antibody. Only a high molecular weight specific
band (90 kDa) was observed. No significant (WS} age-dependent changes
could be appreciated in this band. €, immunoprecipitation (I.F.) experiments
using A11 antibody were addressed for selective recognition of the Ag oli-
gomers in 18-month PS1XAPP-soluble extracts. The 51 fractions obtained
from 18-month-cld WT or PS1x APP were incubated with A11-protein G-Sep-
harose immunocomplexes and analyzed by 16% SDS-Tris-Tricine-PAGE and
Western blots using 6E10. As shown, the pattern of immunoisolated A oll-
gomers was similar to that observed in the crude S1 fraction. Anti-sAPPa
antibody displayed no specific staining in these immunoprecipitated sam-
ples. D, A11 immunoisolated oligomers were resclved using 12%-SDS-Tris
glycine-PAGE and blotted as in C. Using this approach, at least five different
AB oligomeric forms were identified. Western blots are representative of at
least four replicated experiments with similar results.

(Fig. 34). Interestingly, no monomeric A was detected by this
assay, even alter longer exposures (dala not shown). Because
mAb G6E10 recognized both A peptides and sAPPw, we
retested the Western blots using an anti-sAPP« antibody. As
shown (Fig. 38), a band of similar relative molecular weight
(M,) was also observed with this antibody. Therefore, sAPP«
was the predominant APP-derived fragment (detected with
6E10) in young PS1 X APP mouse hippocampi.

However, the analysis of the soluble fractions from
18-month-old PS1 X APP mouse hippocampi demonstrated the

18420 OURNAL OF BIOLOGICAL CHEMISTRY

presence of several oligomeric A3 forms. Based on the calcu-
lated M, (24, 50, and 60-70 kDa), these A3 oligomers were
compatible with the presence of 6- and 12—16-mer, SDS-resis-
tant aggregales. As expecled, these oligomers were immunopo-
sitive for A1l and Nu-1 antibodies in dot blots {data not shown
but see Ref. 26). It is also interesting the absence of monomeric
AP in these fraclions. It is of note thal the presence of a rela-
tively abundant band localized in the high molecular weight
range. 'This band probably corresponded to a different highly
aggregated AB oligomer because, as probed by Western blots
using anti-sAPP« antibody, this soluble fragment did not
increase in aged PS1 X APP mice (see Fig. 25).

To further characterize these A oligomers, we nsed the con-
formation-dependent anti-oligomeric ALl antibody in immu-
noprecipitation assays. As shown (Fig. 3C), three different high
molecular weight Af oligomers (50, 60 -70, and 90-100 kDa}
were immunoprecipitated by All antibody. The 24-kDa olig-
omer was occluded by the presence of a prominent band corre-
sponding to the protein G-Sepharose. This putative 6-mer
oligomer was clearly visualized using Al1-prolein A-Sepharose
immunocomplexes (data not shown but see below). Further-
more, as expected, All antibody did not immunoprecipitate
the sAPPa (Fig. 3C).

To belter resolve Lhese relatively high molecular weight A3
oligomers, the All-immunoprecipitated proteins were also
analyzed in 12% Tris glycine gels (Fig. 30). As shown, at least
five different putative A oligomers (detected by 6E10) of 24,
47, 57, 90, and 96 kDa were identified in these experiments. As
also shown, the sAPPa (110-kDa band), present in the soluble
{raction, was not immunoprecipitated by All. Therefore, the
aggregated forms presented in the soluble fractions from
18-month-old PS1XAPP mice were compatible with the pres-
ence of AB oligomers of 6-, 10-, 12-, 20- and 22-mers.

Opposite Actions of Synthetic sAPPw (Stimulation) and
ADDLs (Inhibition) on the Akt Prosurvival Pathway—Based on
the observed soluble fraction composition, we next character-
ized the effect of synthetic sSAPP« and Af oligomers on the
Akt-GSK-38 phosphorylation (Fig. 4) using N2a cell cultures.

The soluble APPa (Fig. 44, panel al, and quantitatively in
panel a2) produced a dose-dependent increase in the phos-
phorylation levels of Ser-9 GSK-3f and Akt (at Thr-308 and
Ser-473 residues}), whereas the soluble APP 3, probed in parallel
experiments, produced no effect in this in vitro phosphoryla-
tion assay (Fig. 44, panel a2). Interestingly, the sAPPw dis-
played a quite high potency in the low nanomolar range
(EC,, = 2.30 = 0.93 nv, n = 4 Fig. 1A, panel a2) coincident
with the estimated concentration (by Western blols using com-
mercial sAPPu« as standard) of the sAPPw in the soluble fraction
ofthe 6-month-old PS1XAPP mice (19.9 + 4.11 nm). This stim-
ulatory effect was also replicated using primary cortical cultures
{(supplemental Fig. 34). As expected, sAPPw seemed to exert its
effect acting through IGF-1R and insulin receptor (see Fig. 44,
panel al) and, in consequence, was inhibited by LY294002,
AG1024, and picropodophyllin (supplemental Fig. 24).

‘T'hese data indicated that in this és vitro model the sAPP«
behaved like an agonist, acting at least through IGF-1R and
insulin receptors, activating the PI3K/Akt pathway and, in con-
sequence, phosphorylating and inhibiting the GSK-38 activity.
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FIGURE 4. Synthetic sAPP« and A3 oligomers (ADDLs) stimulated or inhibited the Akt-GSK-3 § phosphorylation in N2a cultures. A, sAPPw activated the
IGF-1R/IR Akt GSK-3{3 pathway. Serum-deprived N2a cultures were treated with increasing concentrations of synthetic sAPP« or sAPPf {data not shown), and
the phosphorylations of Ser-9 GSK-38, Akt (473 and 308), IGF-1R (Tyr-1135/1136), and IR (Tyr-1150/1151) were analyzed by Western blots (panef at). Panef a2,
quantitative analysis of Western blots normalized by negative control (C-). 8, inhibitory effect of increased concentrations of ADDLs on Akt-GSK-3 phosphor-
ylation was assessed in N2a maintained in the presence of serum. Western blots (panel b1) and quantitative analysis of the data {panef b2) are illustrated.
C, immunodepletion experiments. The 51 fractions, derived from 6- (panef c7) or 18-month-old (panef c2) PS1XAPP mice, were immunodepleted using 6E10 or
A11, and the samples were tested for stimulation experiments {as above) in the absence {panel c1) or presence of serum (panel cZ). Panel c3, quantitative
analysis of the Western blots. Data were normalized by the corresponding negative control and are means ~ S.D. of three independent experiments. Data
{mean =+ S.0.) presented in panels a2 and b2 were fitted to a logistic four-parameter equation as described previously (34, 62). The protein loading was tested

by total GSK-33 and f3-actin.

In addition, saturating concentrations of sAPP« promoted neu-
ronal survival in a deprivation assay (supplemental Fig. 25).
Aiming to test the possible inhibitory effect of oligomeric Af3,
we have used synthetic Ap oligomers (ADDLs) (41). Similar te
natural AB oligomers, the synthetic ADDLs displaved no
intrinsic effect in the absence of serum (data not shown). Also
similar to natural oligomers, in the presence of serum, ADDLs
displayed a dose-dependent inhibition of the GSK-38 phos-
phorylation (Fig. 48, panel b1) with a calculated IC,, 0o 0.21 *
0.10 pm (1 = 4) (Fig. 4B, panel b2). As expected from our pre-
vious data, this inhibitory effect was paralleled by an inhibition
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of the serum-stimulated Akt activation {pAkt4d73 and -308)
(Fig. 48, panel b1). This inhibitory effect was also replicated in
primary neuronal cultures {(supplemental Fig. 38).

In addition, we have tested the possible neuroprotective
effect of sAPPa and 6-manth PS1XAPP-soluble fractions on
ADDL (2 pMm} toxicity (supplemental Fig. 3C). As shown, the
sAPPa and 6-month PS1 X APP scluble fractions avoided (par-
tially and fully, respectively) the ADDL-induced neuronal
toxicity.

Based on these observations, we postulated that if the stim-
ulation (at 6 months) or inhibition (18 months) of the Akt-
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GSK-38 phosphorylation was indeed mediated by sAPPw;, at 6
months, or AfS oligomers, at 18 months, their effect should be
avoided by immunodepletion using 6E10 (for sAPPa) or All
{(for A oligomers). Therefore, we tested the stimulation or
inhibition of Akt-GSK-33 phosphorylation after three sequen-
tial immunodepletions of the soluble fractions with either 6E10
{for 6 months) or A1l (18 months). The results are shown in
Fig. 4C {and quantitatively in Fig. 4C, panel ¢3). As expected,
after immunodepletion with 6E10Q, the stimulatory action of the
6-month-derived fractions was completely avoided (Fig. 4C,
panel cI). Neither GSK-33 nor Akt 473/308 was phosphory-
lated after 6E10 immunodepletion. Conversely, the inhibitory
effect of the 18-month-derived fraction was completely
reversed by All immunodepletion (Fig. 4C, panel c2). As
shown, the serum-induced GSK-38 and Aktd73/308 phos-
phorylation was almost completely re-established after ALl
treatment.

Therefore, at young ages in our PS1<APP model, the pro-
duction of sAPP« determined the activation of Akt and the
phosphorvlation of Ser-9-GSK-33 {throughout at least [GF-1
and/or insulin receptors), whereas the age-dependent appear-
ance of soluble oligomeric forms of AS determined the inhibi-
tion of this pro-survival pathway.

Synthetic AB Oligomers Inhibit the Activation of Prosurvival
Receptors—Because of the relevance of the inhibition of the
pro-survival pathways in the development of AD, we have fur-
ther evaluated the inhibitory properties of the oligomeric A3
using in vitro assays. It has been suggested that Af oligomers
could inhibit the prosurvival Akt-GSK-383 phosphorylation by
direct interaction with at least insulin receptors (42) and/or
produced insulin resistance (27, 43). To ascertain the possible
specificity in the ADDL inhibition, we determined the effect of
two different concentrations of ADDLs (0.2 and 2 M) on the
stimulatory effect of IGI-1, insulin, BDNF, NGI, and sAPPx
(Fig. 5A, panels al and a2). As expected, the addition of the
different factors produced the phosphorylation of the GSK-3 83,
demonstrating the presence of functional receptors in the N2a
cells. As also shown in Fig. 54, ADDLs inhibited the induced
GSK-38 phosphorylation for all factors tested. Importantly, the
effect of ADDLs displayed a clear selectivity on the inhibitory
action. As shown, the NGF stimulation of GSK-38 phosphory-
lation seemed to be preferentially inhibited. In fact, 0.2 pm
ADDLs completely blocked the NGF stimulation. In contrast,
BDNF stimulation displayed low sensitivity to the ADDL effect.
Only a minor inhikition could be observed at the highest dose
used (2 pm). Insulin, IGF-1. and sAPP« presented intermedi-
ated sensitivity.

This selectivity could indicate that ADDLs might interact
directly with the different trophic receptors. Theoretically, if
both ligands exert their action through the same receptor, the
ADDL inhibition should be reverted by increasing the trophic
factor concentration. In fact, the inhibitory effect of submaxi-
mal doses of ADDLs (20 nm) was totally reverted by increasing
concentrations of NGF (Fig. 5B, paunels b2 and 52), Similar
results were observed using [GF-1 or insulin (data not shown).
Based on these data, we cannot discriminate between a direct
inhibition or a negative allosteric effect of ADDLs. However,
these data indicated that the inhibitory action of AS oligomers

18422 JOURNAL OF BIOLOGICAL CHEMISTRY

was, at least in part, mediated by a direct interaction with dif-
ferent prosurvival receptors. In fact, ADDLs inhibited the Tyr
phosphorylation of IGF-1, insulin, and Trk-A receptors {sup-
plemental Fig. 4). The results indicated that for all three recep-
tors the addition of ADDLs prevented the Tyr phosphorylation
and, consequently, the receptor activation. This effect was par-
ticularly evident for IGE-1R. Therefore, the ADDLs seemed to
be acting primordially at the activation level of the different
receptors tested.

DISCUSSION

Multiple APP-based transgenic mouse models have been
developed to evaluate the neurological deficiencies observed in
AD. However, none of them displayed all pathological signs of
the disease. The most relevant discrepancies between AD and
the transgenic models were the absence of Tau phosphoryla-
tion and late, if any, neuronal degeneration, even in the pres-
ence of large A accumulation since early ages. This apparent
age-dependent neuroprotective/neurodegenerative status has
not vet been fully addressed. Here, using in vive and in vitro
assays, we demonstrated the following. 1) sAPP«x acting
through IGF-1R and insulin receptors activated the prosurvival
PI3K-Akt-GSK-33 pathway, which might explain the lack of
neuronal death in most transgenic models at early/middle ages.
2) The age-dependent increase in soluble A 3 oligomers blocked
the neurotrophin (including sAPPa)-mediated prosurvival
pathway, explaining the observed late neuronal vulnerability.

It has been postulated that GSK-38 activity might exert a
central role in the development of AD. GSK-3f3 activity was
implicated in Tau phosphorylation, APP processing, A pro-
duction, and neurodegeneration (15). Overexpression of
GSK-38 in a conditional transgenic model produced Tau
hyperphosphorylation and neuronal death (16, 44). Further-
more, pharmacological inhibition of the GSK-38 activity by
lithium decreased Af production and plaque accumulation
(45), improved performance in memory tests, preserved the
dendritic structure, and reduced the Tau-dependent pathology
in AD tg models (46, 47).

Therefore, in this study we have first determined the Ser-9
phosphorylation levels in young/middle {6 months) and aged
(18 months) PSIXAPP mice, before and after pyramidal cell
neurodegeneration in hippocampus, respectively (26). Accord-
ingly, with a putative neuroprotective environment at early/
middle ages, young PS1<APP mice displayed significantly
higher levels of neuronal GSK-33 Ser-9 phosphorylation, sug-
gesting a decreased activity of this enzyme. Also, we have
observed an increased expression of the anti-apoptotic Bel-2
protein {(38) and the increase in the B-catenin protein. These
datacould indicate the presence of increased levels of neurotro-
phins in this tg model. However, except for IGF-1, which was
locally increased around the AS plaques (although its total con-
centration decreased in 6- and 18-month PS1x<APP mice,
results not shown), none of the growth factors analyzed were
modified in our transgenic model {data not shown). On the
contrary, we demonstrated that soluble fractions derived from
6-month-old PS1X APP, and not from W'T or PS1, activated the
IGT-1R/IR-Akt pathway, phosphorylated the GSK-383, and in
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FIGURE 5. Synthetic Af oligomers (ADDLs) competed with different neurotrophins for the stimulation of Ser-2 GSK-33 phosphorylation. A, for
competition experiments, the Ser-9 GSK-38 phosphorylation was stimulated by a fixed concentration of different neurotrophins and 0.2 or 2 um ADDLs. After
treatment, the Ser-9 GSK-3g phosphorylation was determined by Western blots (panel al) and quantitatively (panef a2} after normalization by negative
controls. B, inhibitory effect of ADDLs, at submaximal doses (20 nm) was reverted by increasing the concentration of different neurotrophins, such as NGF, IGF-1
or insulin. In these experiments, N2a cells were treated with different concentrations of each neurotrophin in the absence (data not shown) or presence (panef
b1} of ADDLs. After Western blots, the GSK-33 phosphorylation was quantitatively analyzed (panel b2) and normalized by negative controls. C—, negative

contral; C+, positive control.

consequence, promoled the neuronal survival in primary
cultures.

Within the different APP-derived fragments, both soluble
APPw and -8 (datanot shown) were the predominant APP pep-
tides identified in the tg-soluble fractions. Although the mono-
meric Af3 could also produce a similar effect (data not shown)
{40), no significant amounts of monomeric A3 were detected in
6-month-derived soluble extracts.

The implication of sAPPa in the activation of the Akt pro-
survival pathway was further demonstrated i vitro, using syn-
thetic sSAPPa. The sAPPa produced a dose-dependent activa-
tion of the Aki-GSK-38 palhway (hal was inhibiled by
L.Y294002, AG1024, and picropodophyllin and mediated by the
activation of, in this in vitro assay, IGF-1 and insulin receptors.
Moreover, the effect of 6-month-old PS1XAPP brain-derived
fractions was completely avoided by immunodepletion experi-

BB\
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menls using 6E10. Furthermore, the estimated sAPPa concen-
tration in the soluble fractions (~20 nwm) was in the range of the
calculated EC,, for synthetic sAPPw (2.3 nut). Interestingly, the
sAPPB [ragment displayed no inlrinsic activily in this in vitro
model. To the best of our knowledge, this is the first time that
the effect of sSAPPe on Akt-GSK-3 pathway has been directly
demonstrated.

The present dala cannol demonstrale, in vive, a direct cause-
effect relationship between the presence of sAPPa and GSK-38
phosphorylation. However, we might postulate that, in our
model, the overexpression of the tg APP produced increased
amounts of sAPPa and, because of ils agonis(-like effect on the
prosurvival receptors, could to some extent delay the AB
pathology. In fact, although the increase in GSK-3§ phosphor-
ylation was not observed in all APP-based tg models (48, 49), all
models exhibited a considerable delay between the AB deposi-
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RESUMEN II

Se han desarrollado multitud de modelos transgénicos basados en mutaciones
humanas encontradas sobre el gen de APP en casos de FAD. Estos modelos intentan
imitar las deficiencias neuroldgicas observadas en EA. Ninguno de estos modelos
presenta el total de la patologia observada en humanos, siendo la mayor discrepancia
la ausencia de ovillos neurofibrilares de Tau, y una escasa muerte neuronal. Cuando
esta ultima se observa, solo es a edades muy avanzadas, incluso cuando la
acumulacion del péptido de Ab esta presente desde edades muy tempranas. Se puede
pensar en un estado neuroprotector/neurotéxico que cambia con la edad y que aun no
estd nada claro. En nuestro trabajo, mediante el uso de experimentos invitro e invivo

hemos demostrado lo siguiente:

1. Elfragmento generado en el procesamiento de APP tras el corte realizado por
la a-secretasa (sAPPa) actua a través los receptores de IGF1 y de Insulina,
activando la via pro supervivencia PI3K-Akt-GSK-3[. Esto podria explicar la
falta de muerte neuronal en la mayoria de los modelos transgénicos a edades

tempranas.

2. La acumulacion dependiente de edad de las formas oligoméricas solubles de
AB, bloquea la accion de ciertas neurotrofinas (incluidas el sAPPa) que actuan
potenciando la ruta pro supervivencia. Este bloqueo podria explicar la mayor

vulnerabilidad de las neuronas a edades avanzadas.
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Abstract

Background: Alzheimer's disease (AD) is characterized by the abnormal accumulation of extracellular beta-amyloid
(Abeta) plagues, intracellular hyperphosphorylated tau, progressive synaptic alterations, axonal dystrophies, neuronal
loss and the deterioration of cognitive capabilities of patients. However, no effective disease-modifying treatment
has been yet developed. In this work we have evaluated whether chronic lithium treatment could ameliorate the
neuropathology evolution of our well characterized PSTM146LxAPPSwe-London mice model.

Results: Though beneficial effects of lithium have been previously described in different AD models, here we
report a novel in vivo action of this compound that efficiently ameliorated AD-like pathology progression and
rescued memory impairments by reducing the toxicity of Abeta plagues. Transgenic PSTM146LxAPPSwe-London
mice, treated before the pathology onset, developed smaller plagues characterized by higher Abeta compaction,
reduced oligomeric-positive halo and therefore with attenuated capacity to induce neuronal damage. Importantly,
neuronal loss in hippocampus and entorhinal cortex was fully prevented. Our data also demonstrated that the axonal
dystrophic area associated with lithium-modified plagues was highly reduced. Moreover, a significant lower accumulation
of phospho-tau, LC3-Il and ubiguitinated proteins was detected in treated mice. Our study highlights that this switch

of plague quality by lithium could be mediated by astrocyte activation and the release of heat shock proteins, which
concentrate in the core of the plagues.

Conclusions: Our data demonstrate that the pharmacological in vivo modulation of the extracellular Abeta
plague compaction/toxicity is indeed possible and, in addition, might constitute a novel promising and
innovative approach to develop a disease-modifying therapeutic intervention against AD.
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Evaluacion del efecto de la ingesta crénica oral de Litio en los ratones PS1m146./ APP751sL
modelos de la enfermedad de Alzheimer. Caracterizacion de cambios en la patologia

propia de la enfermedad.

a. Estudio de la prevencién en la degeneracion de las interneuronas O-LM e
HIPP de hipocampo y corteza entorrinal que se da a edades tempranas en

este modelo murino.
b. Evaluacion de la patologia del péptido AR tras la administracién oral de Litio:

estudio de los cambios en la acumulacion en placas extracelulares y en la

produccion de formas oligoméricas solubles de AB.

c. Estudio de la patologia asociada a Tau: evaluacién de la hiperfosforilacion

de Tau tras la ingesta de litio, y de la formacién de distrofias axonales.

d. Evaluacion de las mejoras a nivel de los déficits e comportamiento/memoria

propios del modelo con el tratamiento.

e. ldentificacion de la posible diana terapeutica del tratamiento con Litio.

Este trabajo se presenta como articulo:
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has been yet developed. In this work we have evaluated whether chronic lithium treatment could ameliorate the
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Background

In Alzheimer’s disease (AD), the abnormal accumulation of
extracellular beta-amyloid (Abeta) plaques and intracellular
hyperphosphorylated tau induces progressive synaptic
alterations, axonal dystrophies, neuronal loss and the
deterioration of cognitive capabilities of patients [1,2].
In spite to the relatively large information about the AD
pathology, no effective disease-modifying treatment has
been yet developed. Within the different compounds tested,
lithium, a primary drug to treat bipolar disorder, has also
been suggested as a potential treatment against AD [3-6].
In fact, clinical studies indicated that lithium could be
preventive in patients with MCI, whereas no beneficial
effects were observed in mild to moderate AD [4]. In
additicn, epidemiological studies also reported a reducing
risk of AD in patients with bipolar disorders treated with
Li [5]. Thus, lithium may indeed constitute a useful
preventive treatment for individuals at high risk of AD
and/or preclinical stages of the disease.

The neuroprotective mechanisms of lithium are not com-
pletely understood. In AD models, lithium could reduce
the AD pathology inhibiting (directly and/or indirectly)
the activity of the tau kinase GSK-3beta. Whereas this
inhibition would preclude tau phosphorylation [7,8],
dystrophy formation and neuronal degeneration [9,10], the
therapeutic benefits of this treatment have been questioned
[11]. On the other hand, lithium also mediated the inhibition
of inositol monophosphatase and the induction of
mTOR-independent autophagic process [12,13]. This
induction may be important in the prevention or attenuation
of neurodegeneration associated with aggregated proteins.
Moreover, since the accumulation of autophagic vesicles
could also be implicated in the formation of axonal
dystrophies in AD models [14-17], lithium should alleviate
the progression of these pathological features. However,
while several studies have shown beneficial effects in
lowering Abeta load [18-20], others reported no effect or
even increased Abeta production [11,21,22].

The origin of these controversies is currently un-
known. Ameng other factors, the different AD models,
the different protocols of lithium administration or dos-
age and, perhaps more relevant, the partial neurcpathol-
ogy displayed for most of the AD models, could explain
the discrepancies between the different effects of lith-
ium treatment in transgenic models.

In this work we have evaluated the effect of chronic oral
lithium treatment using the bigenic PS1IM146LxAPPSwe-
Lendon mice. This moedel displayed early degeneration
of O-LM and HIPP interneurons (SOM/NPY-positive),
in hippocampus and entorhinal cortex [23,24]. These
GABAergic cells are implicated in memery/learning
processes and degenerate in AD patients [25,26]. Our data
demonstrated that chronic (from 3- to 9-month-old) oral
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lithium administration, initiated before the onset of
Abeta deposits, efficiently prevented most of the early
neuropathological manifestations of our PS1xAPP model.
Lithium prevented the neuronal loss (at both hippecampus
and entorhinal cortex), reduced the tau phosphorylation and
the formation of axonal dystrophies and, in consequence,
ameliorated behavicral/memory deficits observed at this age.
These effects were mediated by increasing the compaction of
Abeta plaques and lowering their toxic oligomeric
halo. This medification on Abeta deposits toxicity is a novel
disease-modifying effect of lithium, acting through the
astrocytes and the release of heat shock proteins (Hsps).

Methods

Transgenic mice and lithium treatment

Generation of PSIM146LxAPP751Swe-London (PS1xAPP)
mice has been reported previously [27]. Heterozygous
PS1xAPP double transgenic mice (C57BL:6 background)
were generated by crossing homozygous PS1 transgenic mice
with heterozygous Thyl-APP751SL mice. Only male mice
were used in this work.

As controls, we used age-matched non-transgenic
(C57BL:6) male mice (WT) or hemizygous PS1M146L
littermates (PS1). The PS1 mice displayed no apparent
differences with WT mice, at the age used in this work
[24] (see also Figures 1 and 2A). Only PS1xAPP mice
model accumulated Abeta plaques. Thus, to specifically
assess the potential therapeutic effect of lithium on the
Abeta pathology, we reascned that PS1 mice would be a
better control than WT mice. An additional lithium
treated P51 group was also used as control for lithium
treatment.

For lithium treatment, PS1 and PS1xAPP mice (3 month
old at the beginning of treatment) were randomly divided
into two groups (n =25 each). Mice were fed, ad libitum,
with standard mice diet (2014 Teklad Global 14% Protein
Rodent Maintenance Diet, Harlan, Spain) or standard
mice diet supplemented with lithium carbonate (1.2 g/kg
2014 diet, Harlan, Spain). The lithium group received an
additional drinking bottle containing NaCl (0.7%). The
treatment was continued for 6 months. The control and
treated mice were weighted weekly and no significant
weight loss was detected (29.20 + 1.09 g vs 27.5+ 2.2 g for
control and Li-treated PSIxAPP mice, respectively). For
the plasmatic Li content, mice were bled (100 pl) from the
ocular artery. The plasmatic lithium levels were stable
during the treatment and also were within the therapeutic
range: 0.44 +0.07 mEquiv/L (n=10) after 71 days of
treatment or 0.38 + 0.05 mEquiv/L (n=10) at the end
of treatment. This treatment was well tolerated with a low
mortality during this period. (PS1 control 0%; PS1 lithium,
0%; PS1xAPP control, 20%; PS1xAPP lithium, 7.4%).
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Figure 1 Lithium treatment improved the behavicral/memory deficiencies of PS1xAPP mice. {A) Open-field test. Cne-way ANOVA revealed
significant differences between groups in both distance (F(3,24)  6.33; p  G.006) and velodty F(3,24) 8.02, p  (.002). Post-hoc analysis showed
significant differences in P31xAPP control compared with WT/PS1 and PS1xAPP lithium (i < G.05). (B) Behavioral protocol and mermory measures.
Sixty min after habituation to the openfield, animals received three samples trials with 120 min inter-trial as depicted. Each symbol (tiangle and star)
represents one type of ohject. Oneway ANCWAF(324) 2105 00001) revealed sigrificant differences between groups in place mermory index
Post-hoc analysis showed significant difference in PS1:APP control compared with WT/PST controls and PS1:APP lithium.

After behavioral tests, control and lithinm-treated
mice were anesthetized with sodinm pentobarbital
{60 mg/kg), and transcardially perfused with 0.1 M
phosphate buffered saline (PBS). Then, mice brain
was quickly removed and one hemibrain dissected
{cortex and hippocampus), frozen and stored at —80°
C while the other hemibrain was fixed by immersion

with 4% paraformaldehyde, 75 mM lysine, 10 mM
sodium metaperiodate in 0.1 M phosphate buffer
(PB), pH 7.4 for 5 days at 4°C. Fixed hemibrains
were cryoprotected in 30% sucrose, sectioned at 40
um thickness in the coronal plane on a freezing
microtome and serially collected in wells containing
cold PBS and 0.02% sodium azide.
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All animal experiments were performed in accordance
with the animal research regunlations {RD53/2013 and
2010/63/UE) from Spain and European Union, and with
the approval of the Committees of Animal Research
from the University of Seville {Spain) and the University
of Malaga {Spain).

Behavioral studies

All experiments were conducted on age-matched male
WT (n=10), PS1 {n =10}, PSIxAPP control {n=9) and
PSIxAPP lithium-treated {n=9) mice. Mice were tested at
% month of age, two days previous to sacrifice. All testing
were performed in the light period of the light/dark
cycle and the experimenter was blind to the genotypes and

treatment of mice. Animals were adapted to the experimen-
tal conditions for 6 days before behavioral testing. All mice
were moved to the testing room in their home-cage and
kept in the room during 1 hour to habituate to the new lo-
cation; then, they were handled gently each day briefly in
order to minimize non-specific stress. The behavioral
experiment protocol was conducted as shown in Figure 1.

Open-field test

Besides the use of the open-field to habituate animals to
the cage before the object recognition test, we examined
motor function by means of spontaneous locomotor
activity [28]. In this test, mice were placed in the centre of a
square-shape arena {45 cm x 45 cm) and were allowed
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to explore the arena for 5 minutes. The arena was
thoroughly cleaned with 70% ethaneol sclution after
each trial. The locomotor activity was measured by
an automated monitoring system (Ethovision, Noldus,
The Netherlands). Distance travelled and velocity was
quantified.

Object recognition test

The object recegnition test is based in the natural tendency
of rodents to explore objects (spontaneous exploratory
behavior). In the present study, we used a modified
protocol [29] based in the preference for the “old familiar
object” over the “recent familiar object” and the preference
for a novel location. Sixty minutes after habituation to the
open-field, animals were first exposed to four identical
cbjects arranged in a triangle shaped cenfiguration and
allowed to explore them for 10 minutes (Sample 1). After a
delay of 2 hours, the mice received a second sample trial
identical to the first, except that a novel set of four identical
cbjects were present (Sample 2). The test trial started after
2 hours interval and lasted for 5 minutes. In the test trial,
two objects from both samples 1 and 2 (“old familiar” and
“recent familiar” objects, respectively) were arranged in a
quadratic shape configuration, so one old object and one
recent object were present in a familiar position while the
other two were displaced to a new position (see Figure 1B
for details). The type of object used as “old” and “recent”
was counterbalanced across mice. All objects were made of
plastic to prevent material preference and for an easier
cleaning to prevent cdor cues. The two sets of objects were
different in size, form and color. The arena and cbjects
were thoroughly cleaned with 70% ethanol solution after
each trial. The time spent by the mice exploring each
object was analyzed cbservationally. Indeed, the basic
measure was the time spent by the mice exploring cbjects
during the sample phases and during the test trial
Additionally, two discrimination indexes were calculated
for the test trial: an object recognition ratio (total time
exploring “old familiar” objects/total time exploration) and
a location recognition ratio (total time exploring displaced
objects/total time exploration). The time was recorded
only when the mice touched the object with its nose or
forepaws. Turning arcund, walking over the object, rearing
above the object or resting close to the object was not
deemed to be exploration. Moreover, locomotor activity
was also measured with the software Ethovision XT 7.0
(Noldus, The Netherlands).

RNA and total protein extraction

Total RNA from mice hippocampi was extracted using
Tripure Isolation Reagent (Roche) as described previously
[23,24,30,31]. After isolation, RNA integrity was assessed
by agarose gel electrophoresis. The yield of total RNA was
determined by measuring the absorbance (260:280 nm)
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of isopropanol-precipitated aliquots of the samples.
The recovery of RNA was comparable in all studied
groups (1.2-1.5 pg/ mg of tissue). The protein pellets,
obtained using the Tripure Isolation Reagent and
isopropanol-mediated precipitation, were resuspended
in 4% SDS and 8 M urea in 40 mM Tris—HCI, pH 7.4
and rotated overnight at room temperature to get com-
plete protein solubilization.

Retrotranscription and real-time RT-PCR
Retrotranscription (RT) was performed using random
hexamers, 4 pg of total RNA as template and High-
Capacity cDNA Archive Kit (Applied Biosystems) follow-
ing the manufacturer recommendations [24,30]. For real
time RT-PCR, commercial TagmanTM probes (Applied
Biosystems) were used for amplification. PCR reactions
were carried out using either ABI Prism 7000 or 7900HT
sequence detector systems (Applied Biosystems). A standard
curve was first constructed for every assay, using increasing
amounts of cDNA. In all cases, the slope of the curves indi-
cated optimal PCR conditions (slope 3.2-3.4). The cDNA
levels of the different mice were determined using GAPDH
as housekeeper. Therefore, GAPDH amplification was done
in parallel with the gene to be analyzed, and this dada used
to normalize target gene results.

Independently of the analyzed gene, results were always
expressed using the comparative Ct method, following the
Bulletin number 2 from Applied Biosystems. As a control
condition, we selected 9 month-cld WT mice with contrel
diet. In consequence, the expression of all tested genes, for
all ages and mice types, was referenced to the expression
levels observed in this group.

Antibodies

For this study the following primary antibodies were used:
anti-Neuropeptide Y (NPY) rabbit polyclonal (1:5000, Sigma);
anti-Somatostatin (SOM) goat pelyclonal (1:1000, Santa Cruz
Bictechnology); anti-Abeta (clone 6E10) mouse monoclonal
(1:5000, Signet); anti-oligomeric amyloid-beta OC rabbit
polyclonal (1:5000, Millipore); anti-Abetad?2 rabbit polyclonal
(1:5000, Abcam); anti-phospho-tau pSer202/Thr205 mouse
monoclonal (clone ATS8) (1:250, Pierce); anti-microtubule-
associated protein 1 light chain 3 (LC3) rabbit polyclonal
(1:500, Cell Signaling); anti-GFAP rabbit polyclonal (1:10000,
Dako); anti-ubiquitin rabbit pelyclonal (1:5000, Dako);
anti-Hsp70 rabbit polyclonal (1:5000, Neomarkers) anti-Hsp60
mouse monoclonal (1:1000, Santa Cruz, Biotechnology),
anti-Hsp27 rabbit polyclonal (1:1000, Sigma).

Western blot

Western blots were performed as described [32]. Briefly,
5-20 pg of proteins from the different samples were
loaded on 16%-SDS-tris-tricine-PAGE or 12%-SDS-tris-
glycine-PAGE and transferred to nitrocellulose (Hybond-C
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Extra; Amersham). After blocking, using 5% non-fat milk,
membranes were incubated overnight, at 4°C, with the
appropriate antibody Membranes were then incubated
with the corresponding horseradish-peroxidase-conjugated
secondary antibody (Dako, Denmark) at a dilution of
1:8000. Each blot was developed using the ECL-plus
detection method (Amersham) and quantified using Image-
Quant Las 4000 mini gold (GE Healthcare Bio-Sicences).
For normalization purposes, proteins were first estimated
by Lowry and protein loading corrected by beta-actin. In
each experiment, the intensity of bands from PS1 control
fed were averaged and considered as 1 relative unit. Data
were always normalized by the specific signal cbserved in
PS1 control group.

Immunchistochemistry

Serial sections from control and lithium-treated transgenic
mice (n=6 per group) were processed in parallel for
immunestaining using the same batches of solutions to
minimize variability in the immunohistechemical labeling
conditions. Free-floating sections were first treated with
3% H202/10% methanol in PBS, pH 74 for 20 min to
inhibit endogenous peroxidases, and with avidin-biotin
Blocking Kit (Vector Labs, Burlingame, CA, USA) for
30 min te block endogenous avidin, biotin and bictin
binding proteins. Sections were immunoreacted with the
primary antibody over 24 or 48 h at room temperature.
The tissue bound primary antibody was then detected by
incubating for 1 h with the corresponding biotinylated
secondary antibody (1:500 dilution, Vector Laboratories), and
then followed by incubating for 90 min with streptavidin-
conjugated horseradish peroxidase (Sigma-Aldrich)
diluted 1:2000. The peroxidase reaction was visualized
with 0.05% 3-3-diaminobenzidine tetrahydrochloride
(DAB, Sigma-Aldrich) and 0.01% hydrogen peroxide in
PBS. Except for Abeta4? immunolabeling, the chromogen
solution contained 0.03% nickel ammonium sulphate for a
blue reaction product. For deuble NPY-6E10 immunohisto-
chemical labeling sections were first incubated with anti-
NPY as described above. After the DAB-nickel reaction
(dark blue end product), sections were the incubated with
anti-6E10 antibedy. The second immunoperoxidase
reaction was developed with DAB only (brown reaction
end product). After DAB, sections immunolabeled for
Ubiquitin or LC3 antibodies were incubated 3 min in a
solution of 20% of Congo red. Sections were then mounted
on gelatin-coated slides, air dried, dehydrated in graded
ethanol, cleared in xylene and coverslipped with DPX (BDH)
mounting medium. Specificity of the immune reactions was
controlled by omitting the primary antisera.

For double or triple immunofluorescence labelings,
sections were first sequentially incubated with the
indicated primaries antibodies followed by the cor-
respending Alexa 488/568//405 secondary antibodies
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(1:1000; Invitrogen). GFAP- and OC-immunolabeled sec-
tions were stained with 0.02% thioflavin-S in 50° ethanol
for 5 min. Sections processed for immunofluorescence
were mounted onto gelatin-coated slides, coverslipped with
0.01M PBS containing 50% glycerin and then examined
under a confocal laser microscope (Leica SP5 II).

Stereological analysis

Immunecpositive cells for SOM or NPY belenging to
control and lithium-treated animal groups (n =5 per group)
were stereologically quantified in hippocampus proper and
dentate gyrus of hippocampus according to the optical
fractionator method. Briefly, the quantitative analyses were
performed using an Olympus BX61 microscope interfaced
with a computer and an Olympus DP71 digital camera, and
the NewCAST (Computer Assisted Stereological Toolbox)
software package (Olympus, Denmark). Cell counting was
dene through the rostrocaudal extent of the hippocampus
(between —0.94 mm anterior and 3.64 mm posterior to
Bregman coordinates). Neurons were quantified in every
seventh section (with a distance of 280 ym), and an average
of 6-7 sections was measured in each animal. CA and
dentate gyrus boundaries were defined according a stand-
ard mouse stereotaxic brain atlas using a 4x objective and
the number of neurcns was counted using a 100x/1.35
objective. We used a counting frame of 1874.2 pm2 with
step lengths of 78.93 x 7893 um. The total cell number
was estimated using the optical fractionators formula, N =
1/sstx 1/asf x 1/hstx ¥ Q -, where ssf represents the section
sampling fraction, asfis the area sampling fraction, which is
calculated by dividing the area sampled with the total area
of the layer, /isf stands for the height sampling fraction,
which is calculated by dividing the height sampled (10 pm
in this study) with the section thickness, and YQ- is the
total count of somatic profiles counted for the entire area.
The precision of the individual estimations is expressed by
the coefficient of error (CE) using the following formula:
CE =1/Q x (3A -4B + C/12)1/2, where A =XQi2, B=XQi x
Qi+ 1, C=XQi x Qi+ 2. The CEs ranged between 0.07 and
0.1. An investigator who was blind to the experimental
conditions performed neurcnal profile counting.

Plaque size

To determine the size of the plaques, anti-Abeta4?2
immunostained sections from control and lithium-treated
mice (n =6 per group) were analyzed using the nucleator
method with isotropic probes by the NewCAST software
package from Olympus stereological system. CA1 subfield
was analyzed using a counting frame of 7155.3 um?2. For
individual plaque measurement a 40x objective was used.
Number of plaques/mm?2 falling intoc surface categories
(ranging from <200 um?2 to >2000 pm2) was calculated.
Each analysis was dene by a single examiner blinded to
sample identities.
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NPY dystrophic neurites loading

NPY immunostained sections from contrel and lithium-
treated animals were observed under a Nikon Eclipse 50i
microscope using a 10x objective and CAl images were
acquired with a Nikon DS-5M high-resolution digital
camera. The camera settings were adjusted at the start
of the experiment and maintained for unifermity. Digital
images (5 sections/mouse) from control and treated
mice (n=6 per group) were analyzed using Visileg 6.3
analysis program (Noesis, France). The area occupied by
the NPY-positive dystrophic neurites was identified by
level threshold which was maintained throughout the
experiment for uniformity. The CA1 area in each image
was manually outlined and the pesitive somata were
removed by manual editing. The area cccupied by NPY
dystrophies was estimated and defined as (sum dystrophies
area measured/sum CAl area analyzed) x 100. The mean
and standard deviation (SD) of the dystrophies area
were determined using all the available data. Quantitative
comparisons were carried out on sections processed
simultaneously using same batches of solutions.

NPY dystrophies associated to plaques

The area of NPY dystrophic neurites intimately associated
to plaques of different sizes (<200 pm2, 200-500 pm32,
500-2000 pm2 and >2000 pm?2) was measured in double
6E10/NPY immunostained CA1 sections from control and
lithium-treated animals. Images were photographed using a
20x objective with a Nikon Eclipse 50i microscope coupled
to a Nikon DS-5M high-resolution digital camera. Digital
images (5 sections/mouse) from control and lithium-treated
animals (n=3 per group) were analyzed using Visilog 6.3
analysis program (Noesis, Frace) to determine the NPY
dystrophies area associated to each plaque size group.

Plaque compaction analysis

Abetad2 immunostained hippocamapal sections from
control and lithium-treated animals were observed under a
Nikon Eclipse 50i microscope and CALl plaques were
photographed using a 10x objective. Images were acquired
with a Nikon DS-5M high resolution digital camera.
The camera settings were adjusted at the start of the
experiment and maintained for uniformity. Digital images
(5 sections/mouse, n=5 per group) were analyzed using
Visilog 6.3 analysis program (Noesis, France). Abetad2
staining density was identified by bright-level threshold,
the level of which was maintained throughout the experi-
ment for uniformity. The gray-scale image was converted
to a binary image for estimating the optical density which
was defined as pixel units and related with the plaque size
(um2 which area was measured using the same program).
Quantitative comparisons were performed on sections
processed at the same time.
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Oligomeric plagque halo

To analyze the oligomeric Abeta halo located at the
periphery of the plaques, 40 um floating sections were
first stained with Thicflavin-S and then followed by an anti-
body specific to cligomers of Abeta (OC antibody; 1:5000)
visualized with anti-rabbit Alexa568-conjugated secondary
antibody (Invitrogen A10042; 1:1000). Images of 1,024 x
1,024 pixels were acquired by using a Leica S5P5 II confocal
laser microscope. A total of 15 plaques per animal were
randomly photographed in CAl subfield of control and
treated animals (n=3 per group). Laser settings were
adjusted at the start of the experiment and maintained for
uniformity. Images were analyzed using LAS AF Lite pro-
gram (Leica). Plaque area was determined for Thioflavin-S
staining (plaque core in green color) and OC immunostain-
ing (oligomeric Abeta in red color) and the difference
between the OC area and the core area was considered as
the oligomeric halo surrounding plaques.

Statistical analysis

Normality of data was first assessed by using Kolmogorov-
Smirnov test. Normally distributed data were expressed
and represented as mean + SD. Non-normal distributed
data were represented using box-plot. For normally
distributed data, means were compared using ANOVA
followed by Tukey test (more than two groups) or t-test
(for two group comparisons). Non-normal data were com-
pared by Wilcoxon (for two groups) or Kruskal-Wallis
tests (more than two groups). The significance was set at
95% of confidence. Fit and comparison of linear regression
was done using multiple regression analysis followed by
conditional sum of squares. In all cases Statgraphics plus
3.1 was used.

Results

Lithium treatment rescued behavioral/memory deficits
First, we tested whether lithium administration was able
to improve the behavioral/memory deficiencies observed
in the 9 menth-old control PS1xAPP transgenic model.
From the different tasks performed (i.e. Morris water
maze), only open-field and novel object recognition
showed statistical differences between PSIxAPP and WT
or P51 centrol mice. No differences between WT and
PS1 mice were observed.

In the open-field test, control PS1xAPP mice displayed
significant lower activity than either WT or PS1 mice
(Figure 1A). There was a significant reduction in both
total distance and velocity. No significant differences
were cbserved in time in the periphery or center of the
field, or in the immobility periods (data not shown). Also,
no differences between PS1xAPP and control groups were
observed in fecal boli depositions (not shown). Thus, the
PS1xAPP mice were hypoactive as reported in other AD
models, such as the 3xTg-AD [28]. As we shown, this mild

I o7



Tesis Doctoral. Compendio de Publicaciones

Trujillo-Estrada et al. Acta Neuropathologica Communications 2013, 1:73
http//www.actaneurocomms.org/content/1/1/73

form of apathy in PS1xAPP mice was totally relieved after
lithium treatment (Figure 1A).

We next evaluated the episodic-like memory using novel
cbject recognition tests. These tests are based on the
preference for the “old familiar cbject” over the “recent
familiar” object and the preference for a novel location [29].
Although no differences between groups were observed in
the cobject recognition ratio (Figure 1B), control PS1xAPP
mice displayed a significant cognitive deficit in object
location memeory (which is hippocampus-dependent), com-
pared with PS1/WT mice. Remarkably, full recovery of
this spatial memory impairment was cbserved in lithium-
treated PS1xAPP mice, which displayed no differences
with the control groups (Figure 1B). Therefore, these data
indicated that early oral lithium administration prevents
the spatial memory deterioration in PS1xAPP mice.

Lithium administration prevented neuronal loss

As we have reported previously, early Abeta deposition
in this PS1xAPP model is paralleled by a selective and
significant decrease in the number of SOM and NPY
positive GABAergic neurons in the hippocampal formation
and the entorhinal cortex [23,24], (see also Figure 2A, B
and C). Furthermore, SOM/NPY positive cells displayed a
prominent axonal pathology (Figure 2D}, with multiple dys-
trophies (positive also for phospho-tau) that surrounded
Abeta plaques (Figure 2E). The early and extensive
degenerative pathology of the GABAergic cells, including
neuronal death, could be used as a surrogated marker to
evaluate the neuroprotective effect of lithium at the initial
stages of the disease.

We thus analyzed, at the hippocampal formation, the
SOM and NPY expression by qPCR; the number of SOM
or NPY immunopositive semata, by stereological quantifica-
tion, and their axenal dystrophy leading. Lithium produced
an effective prevention of the neurodegenerative process
exhibited by this neurcnal population in PSIXAPP mice
(Figure 2). In fact, the mRNA expression for both neurcpep-
tides, SOM and NPY, was virtually identical in lithium-
treated PS1xAPP mice, as compared with control groups
(Figure 2A). Furthermore, stereological determination of the
SOM or NPY cell number (Figure 2B and C) further
demonstrated the protective effect of lithium on these
neurons in hippocampus proper (O-LM cells) and dentate
gyrus (HIPP cells). PS1 and WT mice displayed not
differences and lithium treatment of PS1 mice did not alter
the expression of either SOM or NPY neurcpeptides
(see Figure 2A) or the number of SOM or NPY positive
cells (data in Figure 2C were pooled from WT, PS1 control
and lithium groups). For subsequent experiments, only
PS1 contrel and PS1 lithium mice were included.

The same samples were used for the stereological
quantification of SOM or NPY cell number at the entorhinal
cortex, another early affected brain region. As previously
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reported [23], double transgenic mice displayed in this
cortical region a significant decrease in the number of both
SOM (4,207 + 1,119 cell/mm3, n = 4, vs 8,596 + 803 cell/mm3,
n=6, for control PS1xAPP and PS1 mice, respect-
ively, p<0.05; 52.2+13.1% of reduction) and NPY
(1,770 + 227 cell/mm3, n =4, vs 3,062 + 363 cell/mm3, n=#6,
for control PS1xAPP and PS1 mice, respectively, p <0.05;
584 +7.1% of reduction) immunopositive GABAergic cells.
However, after lithium treatment, the number of both neur-
onal populations did not differ between PS1/APP and PS1
groups (7,087 + 1,097 cell/mm3 or 3,003 + 423 cell/mm3,
n=4, for SOM and NPY, respectively; 17.6 + 12.8% or
1.9+ 13.8% of reduction).

Thus, early lithium interventien was highly effective
preventing the SOM/NPY neuronal loss in both the
hippocampal formation and the entorhinal cortex of
PS1xAPP model

Anocther prominent pathological feature of this neurcnal
population in our PS1xAPP mice is the extensive develop-
ment of axcnal dystrophies associated to Abeta plaques
[15] (Figure 2D and E). Importantly, lithium treatment
produced, in parallel with the prevention of the SOM/NPY
cell loss, a prominent reduction of the axonal dystrophy
pathology in these cells. In fact, lithium treated PS1xAPP
mice displayed an obvicus and highly significant decrease
(-60.2%) in the NPY positive dystrophic area (Figure 2D,
dl, d2 and d3). Also, there was a decrease in the AT§- and
SOM-positive dystrophies (Figure 2E). Therefore, lithium
avoided SOM/NPY neurodegeneration and improved the
cell integrity, reducing the axonal degeneration of this
highly vulnerable neurcnal population.

Lithium treatment ameliorated axonal/synaptic pathology
by reducing abnormal intracellular protein accumulation
PS1xAPP mice accumulated phospho-tau, LC3-IT and
ubiquitinated proteins in axonal dystrophies surrounding
Abeta plaques (Figure 3; see also [15,16]). Thus, in agreement
with the preservation of SOM/NPY neurons, lithium also
reduced both the total AT8 positive phospho-tau levels, de-
termined by western blots (Figure 3A), and the AT8-positive
dystrophies, detected by immunohistochemistry (Figure 3B).
Furthermore, lithium also reduced the steady-state levels of
both LC3-IT and ubiquitinated proteins (see Figure 3C). In
fact, the steady-state levels of both LC3-1I and ubiquitinated
proteins were similar to those observed in the PS1 lithium
group. Immunohistechemistry alse demonstrated a dramatic
reducticn in beth ubiquitin- and LC3-positive dystrophies,
surrounding the Abeta plaques (Figure 3D, d2 and d4).
Thus, lithium reduced the number of dystrophies and the
accumulation of intracellular proteins.

This lithium-mediated reduction of the axonal dystrephic
pathology could alsc ameliorate the synaptic degeneration.
Thus, we determined (by western blots) the levels of the
classic presynaptic marker synaptophysin (not shown).
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Figure 3 Lithium treatment reduced the dystrophic pathology associated to Abeta plagues. &) Fepresentative western Blot (n 7 mice
per group) and guantitative analysis of phosphorylated tau, determined using AT8 done, of total proteins from PS1 control, PS1xAPP control and
PS1%APP lithium treated mice. For quantification, the ATS levels were referred to PS1 control group. The ATE levels were significantly increased in
2266, p 000G Tukey < 0.05) whereas PS1 control and PS1xAPP lithium displayed no differences.

B) Representative ATB positive dystrophies surrounding Abeta plagues from control (1 and b2) or lithium treated (b3 and k4) PS1xAPP mice.

and treated mice (n 4 per genotype and treatrment). A dear and significant accumulation of both LC34| (ANGVA F(3,12)
63.67, ¢ G000C1) was observed in PS1xAPP control mice. Lithium treatment reversed this pathology.
The post-hoc analysis, using Tukey test, was indicated in the figure. D) Ukiguitin (¢l and d2) and LC3 (d3 and d4) immunolakeled hippocampal

1k

levels of LC3-ll and ubiguitinated proteins in PS1 and PS1xAPP control
3252, 0001 and

sections (counterstained with Congo red for Abeta plaques) of control and lithium treated PS1xAPP mice corrokorated the accumulation of koth
markers, associated with dystrophic neurites surounding amyloid plagues (01 and d3) and the patent lithium reduction (d2 and d4) in the presence of
ubiguitin and LC3 positive dystrophies. Inserts in d1-d4 showed higher magnification details of the dystrophies surounding Aleta plagues. so, stratum

oriens; sz, stratum pyramidale; sr, stratum radiatum. Scale ars: b1, B3 50 um; B2, b4 100 um; d1 to d4 200um; inserts 25 pm.

Control PS1xAPP mice displayed a consistent and signifi-
cant reduction {0.72 +0.12 vs 1.00 + 0.14 for PS1xAPP and
PS1 control, respectively, n=7 per phenotype, Tukey
p < 0.05) whereas a completely recovery was detected
in lithium-treated PS1/APP mice {0.96+0.16 for
PS1xAPP lithium, n=9).

Taken together, these data indicated that the chronic
lithinm treatment markedly reduced the plaque associ-
ated axonal dystrophy pathology, in parallel with a
reduction on the abnormal intracellular accumulation
of proteins and/or autophagic vesicles, in this PSIxAPP
model. Furthermore, lithinm also decreased the putative

presynaptic degeneration observed in this transgenic
mouse model.

Lithium treatment substantially modified the morphology
and toxicity of the extracellular Abeta plaques

Next, we tested whether lithinm treatment could alter
Abeta accumulation in PS1xAPP hippocampus. Data
{Table 1) indicated the absence of modifications on
either i) total monomeric Abeta {quantified by western
blot and 6E10 antibody), ii) soluble Abetad2? {quantified
by ELISA using soluble extracts} or iii) Abeta plaque
load {determined using either anti-Abetad2 or 6E10
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Table 1 Abeta accumulation was not modified in the
lithium treated PS1xAPP mice

Control Lithium
Soluble Abeta4? ELIs& 2757+1074 3004+ 647
(pg/ml) n=7 n=7
Total Abeta Western blots 1.0+026 098+ 080
{relative units) BE1Q =8 28
Abeta load Immunohistochemistry  683+1.99 440+1.81
(% of area) 6E10 =5 n=>5
Abeta42 |oad Immunechistochemistry 509+ 23] 365+1.03
{90 of area) Abetad2 n=s n=>5

Data are mean = 5.D.

antibodies). However, we did observe a highly signifi-
cant reduction (—62.7%) in the size of the Abeta plaques
in lithium-treated PSIxAPP mice, as compared with
PS1xAPP control group (Figures 4A, al, a2 and quantita-
tively in a3). In fact, when the distribution of the different
sizes of the Abeta plaques was analyzed (Figure 4A, a4),
the treated group displayed a marked increase (4 fold)
in the number of small plaques (<200 pm?2), with the
consequent reduction in the number of medium and large
size Abeta plaques.

This reduction of plaque size, in absence of a parallel
reduction on the total Abeta deposition, could arise of a
higher Abeta compaction. Interestingly, higher plaque
compaction could reduce the Abeta pathelegy [33]. We
thus determined the plaque compaction by quantifying
the optical density of Abetad? immunostained plaques,
randomly selected by the stereolegical microscope (n= 800
plaques from 5 different sections and 6 different control or
treated mice; see [33]). Although the plaque compaction
was heterogeneous in both groups (Figure 4B), our data
demonstrated the existence of a highly increase (82%) in
the plaque compaction (calculated as Pixels/pm2) in the
lithium treated PS1xAPP mice (Figure 4B, b5).

The increase in plaque compaction could involve a
reduction of the putative toxic oligomeric Abeta that
surrounded or aroused from plaques (the plaque “halo™;
[34]. To quantitatively determine this possibility, the
Abeta plaques were first stained with Thioflavin-S followed
by immunostaining with the conformation-specific OC
antibody, which recognizes fibrillar Abeta oligomers.
Representative double labeled images, and the quantification
of the plaque cligomeric halo, is shown in Figure 4C
(c1 to 6, and 7, respectively). As expected, lithium treat-
ment produced a significant reduction of the OC-positive
plaque halo which might result in less toxic plaques.

To examine the impact of lithium treatment on the
toxicity of the Abeta plaques, we quantified the NPY
dystrophic area and the corresponding Abeta area in
individual plaques. Using unbiased stereclogical counts
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in NPY and 6E10 double immunostained sections
(Figure 5A), we first calculated the proportion of Abeta
plaques devoid of NPY dystrophies. As shown, treated
PS1xAPP mice displayed a small, but significant, in-
crease in the proportion of plaques without associated
NPY dystrephies (Figure 5B). More relevant, when the
NPY dystrophic area was normalized by the correspend-
ing Abeta plaque area, we observed a substantial reduc-
tion of the NPY dystrophic area per plaque in the
treated PS1xAPP mice (Figure 5C). Since this reduction
of the dystrophic area could just reflect the decrease in
plaque size, we also plotted single NPY-dystrophic area
versus the corresponding Abeta plaque area, for beth
control and treated PS1xAPP mice. As expected, we ob-
served a significant positive linear correlation between
both parameters in both mice groups (Figure 5D). Im-
portantly, we also observed a significant higher dys-
trophic area in control PS1xAPP mice across all size of
plaques, as compared with treated PS1xAPP mice. In
fact, the slope of the fitted linear regression, between
dystrophic area versus plaque area, presented a 3-fold
decrease after lithium treatment (0.0399+0.006 vs
0.0119 + 0.0011; for contrel and lithium PS1xAPP mice;
ANOVA F(1,127) = 27.88, p = 0.00001).

Taken together, these data demonstrated that lithium
treatment modified Abeta plaques quality decreasing
their toxicity measured as the capacity to induce axonal
dystrophies formation.

Lithium treatment induced astrocyte activation and the
incorporation of Hsps to Abeta plaques
Finally, we investigated the possible implication of astrocytes
on this lithium-mediated meodification of Abeta plaques.
Activated astrocytes, surrounding Abeta, could highly
influence the Abeta compation and plaque aggregation
[35-37]. Thus, we evaluated whether lithium affected the
astrocyte activation by determining the expression of
GFAP by qPCR (Figure 6A) and immunochistochemistry
(Figure 6B, bl to b4). As expected, GFAP expression and
astrocyte activation were increased in control PS1xAPP
group (as compared with PS1 mice, Figure 6A and B). As
alsc shown, lithium treatment produced a higher increased
in GFAP expression (Figure 6A) and also in GFAP activa-
tion (compare Figures 6B, b2 and b4). In fact, in the treated
PS1xAPP mice, astrocytes were more immunoreactive and
clearly hypertrophic, as compared with control PS1xAPP.
However, no significant lithium-dependent differences were
detected on the expression of other factors, such as NGF,
GDNE, NT-5, MMP9, MMP3 or ApoE, (Figure 6C). It is
also noteworthy that lithium treatment has no effect
on GFAP expression on non-Abeta activated astrocytes
(PS1 lithium mice).

Within the different factors and/or processes that could
influence Abeta compaction, it has been demonstrated that
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Figure 4 Lithium treatment reduced the size and increased the compaction of the extracellular Abeta plagues. A) Lithium treatment
reduced the size of Abeta deposits. Plagues were immunostained with anti-Abetad? antibody. Representative images (al and a2) and guantitative
analysis (a3 and a4) of Aketa plaque size from the CA1 sukfield of control and lithium -treated PS1xAPP mice. (a3) The individual plague size
{(imZ2) was quantitatively assessed from 25 sections of & different control or lithium treated PS1xAPP mice. (a4) The plague size distribution was
determined by calculating the number of plagues falling into distinct area categories (mRnging from <200 um2 to >2000 um2). For each category,
the difference between control and lithium was determined by ttest so, stratum oriens; sp, stratum pyramidale; sr, straturn radizturn. BY Lithium
treatrment increased the Aketa plague compaction. Signal density of Abetad2 immunostained Rlagues from control (21, B2) and lithium-treated
(23, b4) mice were measured in the CA1 subfield of hippocampus. Ciotical densities (pixelAam2) of plagues from 5 sections/mouse and 5 mice
per grou was represented in the graph. C) Plague oligomenc halo, considered as the difference between OC- and Thio-5-stained areas was
reduced by lithium. Plagues were sequentially staining with Thio-S and the GC antibody. (c1-c6) Representative images of a similar size plague in
the CAT region of control (c1-c3) or lithium-treated (c4-cg) mice showing the plague halo. (£7) Similar size plagques (= 200 pm2) were analyzed
{15 plagues peranimal, n 3 mice per group). Scale kars: al, a2 200 pm; 12104 25 pm; ©1-c6 20 pm.

extracellular chaperones, such as heat shock proteins
{Hsps), have the capacity to reduce the Abeta toxicity by in-
creasing the sequestration/compaction of putative toxic
Abeta oligomers [36,38-41],. Furthermore, it has been also
demonstrated that astrocytes could express and release dif-
ferent Hsps [36]. Thus, we evaluated whether lithinm treat-
ment did affect the Hsps expression. First, we determined,
by western blots, the levels of Hsp27, Hsp60 and Hsp70 in
PSIxAPP control and lithinm treated mice. As shown in
Figure 6D, we observed a consistent increase on the levels
of all four proteins in the lithinm group. However, no
changes on expression {by qPCR} were detected {not
shown). Moreover, we analyzed the in vivo localization of

Hsp70 {not shown} and Hsp27 (Figure 6E) and whether
lithium treatment modified their distribution. Both chap-
erones displayed similar immunostaining patterns. In
lithium treated PSIxAPP mice {Figure 6E el to e5),
triple labeling experiments demonstrated that anti-
Hsp27 intense stained the Abeta plaque core {labeled
by 6EL0) and, interestingly, also activated astrocytes
{GPAP-positive cells) near plaques displayed Hsp-27
immunopositive puncta. However, in control PS1xAPP
mice, the core of Abeta plaques appeared weakly im-
munostained and low or no immunoreactivity was ob-
served in astrocytes swrrounding Abeta plaques
{Figure 6F, e6-e9).
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Although more experiments are clearly needed, these
data indicated that lithium, modulating the production/
release of Hsps by astrocytes, might decrease the toxicity
of plaques by increasing the Abeta compaction.

Discussion

Here, we demonstrate that chronic oral administration
of lithium, before the pathology onset, resulted in less
toxic plaque formation that significantly ameliorated the
degenerative processes and behavioral/memory deficits
occurring during disease progression in our PSIxAPP
model Specifically, and of great relevance for AD pre-
vention, early lithinm intervention was able to arrest
neuronal loss in hippocampus and entorhinal cortex of
highly vulnerable populations, Beside, lithium substan-
tially reduced the axonal dystrophic pathology, associ-
ated to amyloid plaques, by increasing the Abeta
compaction. As we discuss below, these neuroprotective

effects of lithium could be mediated by modifications of
the plaque toxicity through the astrocytic release of heat
shock proteins. On contrary to previous failed clinical
studies nsing lithinm, our results highlight the potential
use of this compound as a preventive intervention to
halt/slow AD pathology progression at preclinical stages.

As we reported previously, our PSIxAPP mouse
displays early {6 months) neuronal loss affecting SOM/NPY
GABAergic cells in the hippocampal formation and
entorhinal cortex, which coincides spatiotemporally
with the extracellular Abeta deposition [15,16,23,24,30,31].
In addition, another pathological feature of this AD
model is the formation of abundant axonal dystro-
phies surrounding the Abeta plaques. Dystrophies accu-
mulated phosphorylated tau, ubiquitinated proteins and
autophagic vesicles [15,16].

Our data demonstrate that lithium administration, start-
ing before the beginning of the neurodegenerative
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processes, avoids the selective neuronal loss of the SOM/
NPY cells in both the hippocampus and entorhinal cortex.
This is the first report showing that lithinm prevents neur-
onal loss in AD vulnerable brain regions using in vivo stud-
ies. Also, our data demonstrate that lithinm ameliorates
the dystrophic pathology, reducing dramatically the
NPY-positive dystrophic area associated to the Abeta
plaques and decreasing the levels of abnormally accu-
mulated LC3-11, AT8 and ubiquitinated proteins. Thus, lith-
ium clearly alleviates most of the nenropathological signs of
the PS1xAPP model.

As we and others have demonstrated, the PS1xAPP mice
display GSK-3beta activation and auntophagy/lysosomal
deficiencies [15,16,31,42,43]. Lithium could directly affect
the neuronal degeneration by inhibiting the GSIK-3beta
activity {data not shown; [44]) and/or by activating the
autophagy-mediated protein degradation [124546]. These
effects would redunce the accumulation of phospho-tau,
LC3-II and ubiquitinated proteins and, in consequence, re-
duce the nenrodegenerative process. However, the PSIxAPP
transgenic model accumunlates these proteins in axonal
dystrophies surrounding the Abeta plaques. In this sense, we
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and others have suggested that the formation of axcnal
dystrophies might be directly implicated in the neurcnal
degeneration during disease progression [9,15,16,47,48]. This
suggestion agrees with recent data from AD patients [49].
Importantly, quantitative data demonstrate that lithium pro-
duced a prominent reduction {(-60%) of the NPY-positive
dystrophic area. This reduction could also be reflected by the
decrease in the abnormal accumulation of phospho-tay,
LC3-II and ubiquitinated proteins, associated with the
dystrophic pathology, surrounding Abeta plaques.

Therefore, besides a putative direct effect either
through GSK-3beta activity or autophagy/lysosomal pro-
tein degradation, the lithium-mediated amelioraticn of
the newropathological alterations may likely reflect the
dramatic reduction in the formation of dystrophic neur-
ites around the Abeta plaques. This effect could also re-
flect the lithium-dependent modifications of the Abeta
plaque formation.

As we have shown here, lithium produced a prominent
change in plaque morphology and quality. In fact, the
Abeta plaques were smaller (see also [20]) and more
compact in treated than in control PS1xAPP mice. In
this context, it has been reported that the highly aggre-
gated Abeta possesses a reduced toxicity [33,50], and
therefore the observed decrease in the dystrophic area
per plaque could reflect a reduction in plaque toxicity.

Regarding the plaque toxicity, it has been noted that
the formation of axcnal dystrophies and the synaptic
degeneration seemed to be restricted to the periphery of
the Abeta plaques [34,48,50]. This most periphery area
(halo) of the plaques might be constituted by partially
aggregated Abeta fibrillar oligomers, which could be
involved on the AD patholegy [51]. In this scenario, cur
data demonstrate that lithium produces a reduction on
the fibrillar oligomeric halo (which is recognized by the
conformation specific pelyclonal OC antibody) of the Abeta
plaques, thus diminishing the plaque toxicity.

The precesses contributing in the Abeta aggregation,
plaque formation or plaque compaction are actually
unknown. It has been suggested that astrocytes could play
a preminent role by limiting the plaque growth and the
plaque-associated dystrophy formation [35,36]. Moreover,
activated astrocytes may release, among different factors,
Hsps [52,53], which could induce the Abeta aggregation, re-
ducing its potential toxicity [36,38,40]. In agreement with
these data, our results strongly suggest the involvement of
astrocytes and extracellular Hsps as mediators of the lithium
effect on plaque toxicity. In fact, we demonstrate simultan-
eous higher astrocyte activation with higher incorporation
of Hsps in the Abeta plaques and reduced oligomeric plaque
halo in lithium treated PS1xAPP mice, compared with
controls. It is noteworthy the lithium-dependent increase of
Hsp70 and Hsp27 in the plaque core. Although further
experiments should be done, this particular localization
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suggests that these Hsps could be implicated in the Abeta
nucleation and plaque compaction.

Conclusions

QOur data demonstrate that the early chronic lithium
treatment significantly ameliorates the pathological
progression in this PS1xAPP AD model. Lithium could
reduce neuronal/axonal degeneration by increasing the
Abeta compacticn and, in consequence, producing smaller
Abeta plaques with lower toxic hale. Lithium could
influence directly neurons but, as we have shown in
this worl, this compound has a novel therapeutic effect
through astrocytes inducing chapercnes release which have
the capacity to modulate the Abeta compaction/toxicity.
To the best of cur knowledge, this is the first time that this
therapeutic effect of lithium on Abeta plaque quality has
been reported. These data reveal a novel lithium-mediated
mechanism capable of altering the course of the disease
in an amyleidogenic AD model. These Abeta-medifying
mechanism might represent an innovative therapeutic
approach to the, so far, continuing negative outcomes of
AD clinical trials aimed to clear Abeta plaques once they
have already formed, and to the current inability to
prevent plaques from forming in the first place.
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RESUMEN lII

A modo de resumen podemos decir que los principales hallazgos al respecto han sido:

1.

La ingesta oral de forma crénica de Litio (de 3 a 9 meses) tratamiento iniciado
antes de que se detecten las placas de AR, previene la mayoria de las
manifestaciones neuropatolégicas tempranas que presenta nuestro modelo

transgénico:

a. Previene de la pérdida neuronal observada en nuestro modelo tanto en el

Hipocampo como de la corteza entorrinal.

b. Reduce la fosforilacion de Tau.

c. Disminuye la formacién de distrofias axonales.

d. Mejora los problemas de comportamiento y memoria observados en el

modelo bigénico.

Se observa un aumento en la compactacién de las placas de AB y una bajada

en el halo de oligémeros de AR que las rodea, esto podria hacerla menos toxicas.
Esta mayor compactacion de las placas podria estar mediada por la actuacién

del Litio sobre los astrocitos que potenciaria la liberacién de Hsps (heat shock

proteins).
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Abstract

The implication of soluble Abeta in the Alzheimer’s disease (AD) pathology is
currently accepted. In fact, the content of soluble extracellular Abeta species, such
as monomeric and/or oligomeric Abeta, seems to correlate with the clinico-
pathological dysfunction observed in AD patients. However, the nature (monomeric,
dimeric or other oligomers), the relative abundance, and the origin (extra-/
intraneuronal or plague-associated), of these soluble species are actually under
debate. In this work we have characterized the soluble (defined as soluble in Tris-
buffered saline after ultracentrifugation) Abeta, obtained from hippocampal samples
of Braak Il, Braak Ill-IV and Braak V-VI patients. Although the content of both
Abetad40 and Abeta42 peptides displayed significant increase with pathology
progression, our results demonstrated the presence of low, pg/ug protein, amount
of both peptides. This low content could explain the absence (or below detection
limits) of soluble Abeta peptides detected by western blots or by
immunoprecipitation-western blot analysis. These data were in clear contrast to
those published recently by different groups. Aiming to explain the reasons that
determine these substantial differences, we also investigated whether the initial
homogenization could mobilize Abeta from plaques, using 12-month-old PS1xAPP
cortical samples. Our data demonstrated that manual homogenization (using
Dounce) preserved the integrity of Abeta plaques whereas strong homogenization
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OBJETIVOS IV

Evaluacién del contenido de AB en la fraccion soluble en muestras post mortem de
hipocampo de enfermos de EA y ratones transgénicos modelo de la enfermedad.
Anadlisis de la posible repercusion, sobre el contenido de formas solubles de AR, del
protocolo inicial de homogeneizacion del tejido usado en la preparacion de las
fracciones solubles S1. Estudio in vitro de estas fracciones S1 obtenidas mediante

distintos protocolos de homogeneizacion.

a. Determinacién de los niveles presentes en la fraccion soluble de muestras
de enfermos de EA obtenidas mediante procesos de homogeneizacién

suaves.
b. Estudio del efecto del protocolo de homogeneizacion inicial del tejido sobre
el contenido de las distintas especies de AB presentes en la fraccién
soluble S1.
c. Caracterizacion de la capacidad estimuladora y téxica de las distintas

fracciones solubles obtenidas usando diversos protocolos de

homogenizacién sobre cultivos celulares in vitro.

Este trabajo se presenta como articulo.
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Abstract

The implication of soluble Abeta in the Alzheimer’s disease (AD) pathology is
currently accepted. In fact, the content of soluble extracellular Abeta species, such
as monomeric and/or cligomeric Abeta, seems to correlate with the clinico-
pathological dysfunction ocbserved in AD patients. However, the nature {monomeric,
dimeric or other ocligomers), the relative abundance, and the origin (extra-/
intraneuronal or plagque-associated), of these soluble species are actually under
debate. In this work we have characterized the soluble (defined as soluble in Tris-
buffered saline after ultracentrifugation) Abeta, obtained from hippocampal samples
of Braak |l, Braak lllI-1V and Braak V-VI| patients. Althcugh the content of both
Abetad0 and Abetad2 peptides displayed significant increase with patholegy
progression, our results demonstrated the presence of low, pg/ug protein, amount
of both peptides. This low content could explain the absence (or below detection
limits) of soluble Abeta peptides detected by western blots or by
immunoprecipitation-western blot analysis. These data were in clear contrast to
those published recently by different groups. Aiming to explain the reasens that
determine these substantial differences, we also investigated whether the initial
homogenization could mobilize Abeta from plaques, using 12-month-old PS1xAPP
cortical samples. Our data demonstrated that manual homogenization (using
Dounce) preserved the integrity of Abeta plaques whereas strong homogenization
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procedures (such as sonication) produced a vast redistribution of the Abeta species
in all soluble and insoluble fractions. This artifact could explain the dissimilar and
somehow controversial data between different groups analyzing human AD
samples.

Introduction

Progressive aggregation and accumulation of extracellular amyloid- (Abeta)
peptides is central to Alzheimer’s disease (AD) pathogenesis [6]. Multiple Abeta
oligomers, ranging from low-molecular weight oligomers to protofibrils and
fibrils, apparently coexist in the brain tissue. lowever, the exact nature of these
toxic aggregated Abeta peptides and their origin (intra- or extraneuronal or even
plaque-derived) remains speculative. After the initial investigation by Podlisny et
al. [15], a growing number of evidences strongly indicate that soluble Abeta
forms, rather than insoluble species, including amyloid plaques, are the main toxic
species associated with AD (see [1] and [5], for recent reviews). Subsequent
studies by different independent groups, in an attempt to identify the precise
soluble form that best correlated with cognitive impairment, have in fact reported
a remarkable diversity of soluble aggregates in the interstitial fluid of human AD
and transgenic model brains. Based on in vitro, using synthetic Abeta peptides, or
“in vivo” experiments, different soluble Abeta oligomers, ranging from dimers to
high-molecular weight aggregates (such as 12-mer, 24-mer, 32-mer, 150-mer)
have been identified as the putative neurotoxic agents, disturbing the
neurotransmission and causing neuronal death (see table 1 from [1]). The reasons
for this apparent heterogeneity are not known but could derive from the different
aggregation protocols of synthetic Abeta (for instance see (2] and [11]), the
different transgenic models used or the different brain regions characterized. In
this sense, it is particularly intriguing the quantitative and qualitative differences
between soluble Abeta isolated by microdialysis and by homogenization-
centrifugation approaches, reported even by the same group [24].

Perhaps more relevant is the fact that, using brain samples from Alzheimer
patients, a great disparity in the nature and quantities of soluble Abeta has been
observed. For instance, relatively large amounts of monomeric and dimeric
soluble Abeta (identified by western blots) have been reported by some groups
[3,12,13,17,23,24] whereas others found small amounts (pg range, detected by
dot blots or sensitive oligomeric specific ELISA assays) of soluble Abeta [4,21].
Among multiple causes, these differences between groups could reflect the absence
of a unified isolation protocol for the extraction and characterization of soluble
Abeta. In fact, many different homogenization (from manual to sonication} and
centrifugation protocols have been used to isolate a theoretically similar
extracellular seluble fraction. Considering that Abeta plaques constitute a large
reservoir of different Abeta species, and that their number increased with the
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Table 1. Human samples.

8401547
78.1+11.99
80411021

7 male - 4 female 62145
4 male - 3 female 5764544 =1V
4 male - 8 female 11.2140 V=VI

toi: 10,1371/ jounal pone.0114041.1001

pathology, strong homogenization protocols could indeed disturb the stability of
plaques, and cause the release of different Abeta species. lowever, few (if any)
control experiments were carried out to determine the extent of plaque disruption
due to the isolation procedure.

In the present study, we analysed the Abeta content in the soluble fractions of
the hippocampus from human AD autopsy samples and transgenic models in
order to investigate the possible repercussion of the homogenization protocols in
the soluble fraction preparation. For that, we have directly compared the effect of
homogenization using gentle conditions with sonication at different intensities.
We concluded that strong homogenization, such as sonication, produced the
release of Abeta peptides from Abeta plaques to soluble fractions.

Materials and Methods
Antibodies

82E1 and anti-soluble APPalpha antibodies were purchased from Immuno
Biological Laboratories (IBL). 6E10 antibody was provided by Signet Laboratories.
Anti-LC3B and anti-ATP synthase-beta were purchased from Cell Signaling
Laboratories and BD Transduction Laboratories, respectively. Anti-mouse or anti-
rabbit horseradish-peroxidase-conjugated secondary antibodies were purchased
from Dako Denmark.

Human samples

The study was performed using 30 cases obtained from the BTIN-Tissue Bank for
Neurological Research (Madrid, Spain) and from the Neurological Tissue Bank of
IDIBELL-Hospital of Bellvitge (Barcelona, Spain), approved by the committee for
human and animal use for research at Seville and Malaga Universities, Spain. The
cases were scored for Braak stage for neurofibrillary tangles (11-VI). In Table 1 are
detailed the age, Braak stage, sex and the delay post-mortem before the extraction
of the samples.

Preparation of human brain lysates

Soluble (S1) fractions were prepared as described previously [9, 10, 19, 22]. Briefly,
frozen human hippocampal tissue was homogenized (1/5 w/v) using a manual
Dounce homogenizer (10 strokes using pestle A (large clearance:

PLOS ONE | DOL10.1371journal.pone. 0114041  December 8, 2014 3 41T
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0.114+0.025 mm) and 10 strokes using pestle B (small clearance:

0.0540.025 mm)}), in Tris-buffered saline {TBS; 20 mM Tris-HCl, 140 mM Na(l,
pH 7.5) containing protease and phosphatase inhibitors (Roche). Homogenates
were then ultracentrifuged (4°C during 60 min) at 100,000 x g (TLA110 rotor,
Optima MAX Preparative Ultracentrifuge, Beckman Coulter). The supernatant,
which constitutes the S1 fractions, was collected, aliquoted and stored at —80°C
for further use. The remaining pellet (P1) was stored at —80°C until needed.

Sequential protein extraction

For sequential extraction experiments, the P1 fraction was first resuspended (by
Dounce homogenization; 10 strokes using pestle B) in RIPA buffer (1% CHAPS,
1% deoxycholate, 0.2% SDS, 140 mM NaCl, 10 mM Tris-11Cl, pl1 7.4, containing
protease and phosphatase inhibitors), incubated for 30 min at 4°C with agitation,
and centrifuged at 30,000 x g for 30 min at 4°C. The supernatant constituted the
§2 fraction. The pellet from this centrifugation was sequentially extracted (by
incubating during 30 min, 4°C followed by centrifugation 30,000 x g for 30 min)
using buffered-SDS 2% (2% SDS in 20 mM Tris-HCI, pH 7.4, 140 mM NacCl) (S3
fraction) and 4% SDS plus 8 M urea (P3 fraction). All isolated fractions were
aliquoted and stored at —80°C until use.

Abeta quantification by sandwich ELISA

The amount of soluble Abetax-40 or Abetax-42 peptides was determined in
human soluble 51 fractions, using commercial sandwich ELISA (Human Abx-40
ELISA Kit, Invitrogen; Amyloid beta x-42 ELISA, DRG) following the
manufacturer recommendations. For these experiments equivalent amount of
proteins, from the different S1 fractions isolated from Braak II to Braak V-VI
samples, were pooled. For each assay, 25 pg of protein from the pooled-soluble
fractions was used. The ELISA experiments were repeated four times, in
independent experiments, using duplicate or triplicate replicas.

For oligomeric ELISA, we used 6E10-6E10 antibody pairs in conjunction with
the Alpha-Lisa technology, developed by Perkin Elmer. This assay recognized
synthetic Abeta dimer, used as standards, whereas synthetic monomeric Abeta42
produced no signal over the background. The lower limit sensitivity of this assay
was 0.02 pg/pl

Preparation of PS1delta9xAPPswe cortical fractions

All animal experiments were performed in accordance with the guidelines of the
Committee of Animal Research of the University of Seville {Spain), University of
Malaga (Spain) and the European Union Regulations.

B6.Cg-Tg(APPswe, PSENTAES)85Dbo/] (PSIxAPP) transgenic model was
maintained in C57BL/6 genetic background for several generations (F10). Cortical
samples from 12 months PS1xAPP transgenic mice were homogenized in TBS (1/
10 wiv) containing protease and phosphatase inhibitor-cocktail (Roche), using
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two different approaches: a) manual Dounce homogenizer (10 strokes with pestle
A and 10 strokes with pestle B) or b) sonication {100 W ultrasenic processor
UP100 H, Hielscher) for x4 or x8, 15 sec pulses at 4°C.

After homogenization, the different fractions were isolated as described in [17].
Briefly, homogenates were first centrifuged at 14,000 x g {30 min, 4°C). The
supernatant (containing soluble and microsomal fraction) was then ultracen-
trifuged at 100,000 x g (60 min, 4°C) using a TLA110 rotor (Optima MAX
Preparative Ultracentrifuge, Beckman Coulter). The supernatant of this
ultracentrifugation constituted the TBS soluble fraction. The pellet, that
constituted the microsomal fraction, was resuspended in TBS.

On the other hand, pellets from the first centrifugation (membranes plus Abeta
plaques) were sequentially solubilized using 2% buffered-SDS followed by SDS-
Urea (4% SDS plus 8 M urea).

PS1xAPP sequential protein extraction

For these experiments, 12-month-old PS1xAPP cortical tissue was used. The TBS
soluble fraction was isolated by ultracentrifugation as described above. For the
sequential detergent-based extraction, the ultracentrifugation pellets were
sequentially extracted using 2% CIIAPS (in TBS), RIPA buffer, 2% SDS and
finally 4% SDS-8 M urea. For each detergent treatment pellets were resuspended
in the appropriate media, incubated for 30 min at 4°C and centrifuged at
30,000 x g (30 min, 4°C). All fractions were stored at —80°C for further use.

Western blots
Western blots were performed as described previously [9, 10,19, 22]. Briefly, for

Abeta peptides, 10-20 g (unless stated in text) of protein from the different
samples were loaded on 16% SDS-Tris-Tricine-PAGE and transferred to PVDF
{Immoabilon-P Transfer Membrane, Millipore). For sAPPalpha, LC3 and
ATPsynthase, 12% SDS-Tris-Glicine-PAGE was used and transferred to
nitrocellulose (Optitran, GE Healthcare Life Sciences).

Membranes were then blocked using 2% low-fat milk in TPBS (0.1% I'ween-20,
137 mM NaCl, 2.7 mM KCl, 10 mM phosphate buffer pH 7.4} and incubated
overnight, at 4°C, with the appropriate antibody. The membranes were then
incubated with anti-mouse or anti-rabbit horseradish-peroxidase-conjugated
secondary antibody (Dako) at a dilution of 1/10,000. The blots were developed
using the Pierce ECL 2 Western Blotting Substrate detection method (0.5 pg,
lower limit sensitivity; Thermo Scientific). The images were obtained with the
luminescent image analyzer Image Quant LAS4000 mini (GE Ilealthcare Life
Sciences) and then analyzed using PCBAS program.

RNA extraction, retrotranscription and real-time RT-PCR

Total RNA was extracted from cells (line N13) using I'ripure [solation Reagent
{Roche). After isolation the RNA integrity was determined, by agarose gel
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electrophoresis, resulting comparable in all samples. Total RNA was determined
by spectrophotometric measures,

Retrotranscription (RT) was performed using 4 pg of total RNA as template
and High-Capacity cDNA Archive Kit (Ref.4368813, Applied Biosystems)
following the manufacturer recommendations. For real time RT-PCR, 40 ng of
cDNA were mixed with 2x Tagman Universal Master Mix (Ref.4369016, Applied
Biosystems) and 20x Tagman Gene Expression assay probes (TNFalpha,
Mmo00443258 m1l; IL1beta, Mm00434228 m1; IL6 Mmo00446190_ml; GAPDH,
Mm99999915_g1; 18s, Mm03928990; beta-actin, Mm00607939_s1; Applied
Biosystems). PCR reactions were carried out in 96 well plates using either ABI
Prism 7000 or 7900117 sequence detector systems (Applied Biosystems). The RT-
PCR conditions included two initial steps of 2 min at 50°C to activate the
polymerase followed by 10 min at 95°C, and the subsequent 40 cycles of
denaturation (95, 15 sec) and annealing (60°C, 1 min). The cDNA levels of the
different samples were determined using GAPDII as housekeeper. Similar results
were obtained using beta-actin or 18s TRNA (not shown). The amplification of the
housekeeper was done in parallel with the gene to be analyzed, showing a similar
amount of cDNA in all tested samples. All our data are expressed as the mean of at
least three different measures [9], [10], [19], [22].

Amyloid plaque isolation

Beta-amyloid plaques were isolated as described [18]. PSTxAPP (12 months of
age) cortical samples were homogenized using Dounce as above and centrifuged at
2,000 x g for 30 min (4°C). The supernatant was further centrifuged for 1 hour at
20,000 x g to collect the pellet, enriched in amyloid beta plaques. This pellet was
resuspended in PBS, layered over a discontinuous sucrose gradient (0.4 ml of
1.0 M; 0.4 ml of 1.2, 0.8 ml of 1.4 and 0.4 ml of 2.0 M sucrose in PBS, pH 7.4)
and centrifuged at 100,000 x g (Optima MAX Preparative Ultracentrifuge,
Beckman Coulter) for 1 h at 4°C using a TLS-55 swing rotor. Then, fractions
(from top) were removed and the 1.4-2.0 M sucrose interphase {enriched in
amyloid plaques) was collected and diluted in PBS. The enriched amyloid fraction
was centrifuged at 100,000 x g for 1 h at 4°C, and the pellet was collected and
resuspended in PBS pH 7.4. The sample was separated in two aliquots, one was
Dounce homogenated and the other one was subjected to sonication (8 pulses of
15 seconds). The two samples were centrifuged at 100,000 x g for 1 h at 4°C, and
the supernatant and pellet were collected.

N2a cultures and cell survival

N2a cells were plated at 25,000 cells/cm2 and cultured in high glucose DMEM
{Biowest)/OptiMEM (Gibco) (50-50%) supplemented with 2 mM glutamine
(Biowest) and 5% (v/v) foetal bovine serum (Biowest) in the presence of penicillin
{Biowest) and streptomycin (Biowest) (100 units/ml and 0.01 mg/ml, respec-
tively) at 37°C and 5% CO2. For survival experiments, the medium was changed
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to high glucose DMEM and serum-deprived. The cells were then treated with
different amounts of T'BS fractions, from Dounce or sonication homogenization,
during 24 hours. The cells survival was assayed by Flow Cytometry using the
apoptosis detection kit ANNEXIN V-FITC (Immunostep).

N13 culture and stimulation

The N13 microglial cells were plated at 15,000 cells/cm2 and cultured in RPMI
1640 {Biowest) supplemented with 2 mM glutamine (Biowest) and 5% (v/v}
foetal bovine serum (Biowest), in the presence of 100 U/ml penicillin and 100 pg/
ml streptomycin (Biowest) at 37°C and 5% CO2. Cells were treated with different
amounts of TBS soluble fractions, from Dounce or sonication, during 3 hours.
Then, they were collected to isolate RNA. As controls, N13 cells were treated with
equivalent volume of PBS.

Statistical analysis

Normality of data was first assessed by using Kolmogorov-Smirnov test. Normally
distributed data were expressed and represented as mean + SD. For normally
distributed data, means were compared using ANOVA followed by Tukey test
{more than two groups) or t-test (for two group comparisons).

Results

Low content of soluble Abeta oligomeric in AD patients
hippocampal foermation

We have first analyzed the Abeta content of soluble fractions prepared from the
hippocampal formation (hippocampus proper, subiculum and entorhinal cortex),
using Dounce homogenization and ultracentrifugation (see also [9, 10,19,22]}), of
AD (Braak stage V-VI) and non-demented control (Braak stages II to IV) age-
matched autopsy samples.

Quantitative analysis, using Abetax-42 or Abetax-40 sandwich ELISA (Fig. 1A),
demonstrated the presence of very small amounts (pg/pg of protein) of soluble
Abetad0-42 peptides in both AD and non-AD samples (see also [4] and [24]). In
fact, Braak Il samples displayed low levels of Abetad0 whereas Abetad2 was
practically undetectable. As shown (Fig. 1A, al and a2), we observed a gradual
and significant increase in both soluble species, Abeta42 and Abeta40, although
more pronounced in the Abeta42 peptide, along the disease progression (3.1-fold
in Braak III-IV and 12.5-fold in Braak V-VI). In consequence, the soluble
Abetad?2 peptide became equimolar with Abetad0 in demented patients (Fig. 1A,
a3). Using the Abetad0 plus Abetad2 peptide to estimate the total soluble Abeta
species, our soluble samples from AD brains contained approx 4 ng/g tissue of
soluble Abeta40-42 peptides. This value was clearly lower to that reported by
others [13].
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Figure 1. Low soluble Abeta levels were identified in hippocampal samples from age-matched controls (Braak Il and IlI-IV) and demented patients
(Braak V-VI). A: Soluble fractions fram 11 Braak II, 7 Braak llI-IV or 12 Braak V-VI samples were pooled and the Abeta x-42{(a1) or x-40(a2) quantified by
sandwich ELISA. Each assay was repeated 4 times in triplicate replicas (n=4 per Braak stage}. Although the level of Abeta species from all samples was
low {pg/ng protein), there was a significant (showed in the figure) increased in Abetax-42 and Abetax-40 in Braak V-VI. In consequence, there was also an
increase in Abetad2/40 ratio (a3) from Braak |l to Braak V-VI. B: Western blots of soluble (S1) or detergent-based extracted proteins showed the absence,
or below detection limits, of Abeta monomers or oligomers in soluble fractions. Hippocampal samples from Braak V| or Braak |l individuals were sequentially
extracted in parallel. No Abeta bands were detected in 81 or CHAPS fractions. Monomeric, dimeric and other oligomeric species were clearly identified in
2% SDS and 4% SDS/8M urea samples. C: (left panel) One hundred micrograms of proteins from pooled soluble (§1) Braak Il or Braak V=V fractions were
subjected to immunoprecipitation using 6E10 antibody. The immunopellets were analyzed by western blots using 6E10 (not shown) or 82E1. Na specific
bands, by comparison between Braak Il and V-VI, were observed. Control experiments {right panel) demonstrated that 0.5 pg of synthetic Abetad42 could
clearly be observed by our western blot system.

doi:10.1371/jcumnal.pone.0114041.9001

We next attempted to characterize the Abeta species using western blots.
Importantly, neither monomeric/dimeric Abeta nor other oligomeric Abeta
species could be detected in soluble (51, Fig. 1B) or in vesiculated (52, Fig. 1B)
Braak VI fractions, as compared with Braak II samples. However, the monomeric-
dimeric Abeta (and probably other cligomeric forms) were clearly visible when
Abeta plaques were solubilized using 2% SDS (S3) and especially using 4% SDS/
8M urea (P3)} (Fig. 1B). Furthermore, even using a large amount of proteins
(100 pg of soluble fraction, S1) in 6E10 immunoprecipitation assays (Fig. 1C), we
were unable to detect any distinctive Abeta specie in Braak V-VI, compared with
Braak II.

Taken together, these data are consistent with the existence of low levels of
soluble Abeta (pg levels), and the virtual absence of monomeric Abeta in the
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soluble fraction of AD samples. We cannot discard the presence of minute
amounts of monomeric Abeta (below the detection limits of our western blots, 0.5
pg, see Fig. 1C) or small quantities of oligomeric Abeta, not detected by our
assays, In any case, these data are in clear contrast with those reported recently

The homogenization procedure largely determined the content of
Abeta species in the soluble fraction

While multiple reasons could explain the different levels of soluble Abeta reported
in human AD samples, the initial homogenization of the tissue could be crucial to
maintain the integrity of the Abeta plaques. A strong (aggressive) treatment of the
tissue could disrupt the aggregated Abeta from plaques and, in consequence,
contaminate all fractions with artifactual, plaque-derived, soluble Abeta species.
To evaluate this possibility, we have directly compared the effect of
homogenization using manual Dounce (see Methods) with sonication at different
intensities. As a natural rich source of human Abeta, we have used 12 month-old
cerebral cortex from PSIxAPP double transgenic mice. At this age, this model
displayed the presence of abundant Abeta plaques in the cerebral cortex (not
shown).

After homogenization, the TBS soluble fraction (equivalent to S1, see above)
and the microsomal (equivalent to the dispersible fraction reported by [16, 17])
fractions were isolated by ultracentrifugation (see Methods). The Abeta from
plaques were then extracted by sequential solubilization using 2% SDS and 4%
SDS plus 8 M urea (following [16, 17] protocol). As expected from our previous
work [10,19,22] (see Fig. 2A), the monomeric and oligomeric Abeta were
preferentially observed in membrane/plaque associated fractions, extracted with
2% SDS and 4% SDS/8M urea. These fractions released a relatively large amount
of monomers, dimers and other oligomeric Abeta species. [lowever, as also
reported previously [10, 19, 22], in 6-12 months old PSIXAPP mice, these species
were absent (or below the detection limit of our western blots) in the TBS soluble
fraction or in the microsomal fraction (see Fig. 2A). The lack of oligomeric Abeta
in the TBS fraction was also probed by using a 6E10-6E10 oligomeric ELISA
{AlphaLisa, Perkin Elmer) assay (Fig. 2B}. On the contrary, when the same
cortical tissue was subjected to sonication, a pulse-dependent redistribution of
Abeta in all soluble fractions was observed. As shown, the TRS soluble fraction was
contaminated with relatively high levels of monomeric Abeta (Fig. 2A).
Furthermore, we also observed the presence of different putative Abeta oligomers,
such as dimers, trimers, and low molecular weight-Abeta in these contaminated
soluble fractions (the presence of such oligomers was really high after 8 pulses of
sonication, see Fig. 2A). These Abeta oligomers were also clearly detected by
6E10-6E10 oligomeric Abeta ELISA (Fig. 2B}. Similarly, the microsomal fractions
were also highly contaminated with different Abeta species. Concomitantly, we
also observed a decrease in the Abeta content from plaque rich fractions (2% SDS
and 4% SDS/8M urea extracted pellets). Therefore, sonication (even using low
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Figure 2. The homogenization procedure has high impact on the integrity of Abeta plaques with the consequent solubilization and redistribution
of Abeta in different fractions. A Western blots, using 82E1, demonstrated the redistribution of manomeric/oligomeric Abeta species in soluble TBS ar
micrasaomal fractions (left and middle panel) after homogenization using 4 (4P) or 8 (8P) pulses of sonication (100 watts) as compared with Dounce. This
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increment was paralleled by a decrease on the Abeta content from 2% SDS or 4% SDS/8M urea extracted samples (right panel). This experiment was
repeated four times with similar results. B: The oligomeric Abeta content of TBS soluble fractions was also assayed using an oligomeric (6E10-6E10)
specific ELISA assay. No oligomeric Abeta was detected in Dounce prepared TBS fractions, whereas 0.28 +0.01 pg/pl of Abeta was detected after
sonication of the same cortical tissue. C-D: In vitro experiments demonstrating the stimulation of micraglial cultures (C) or the toxic effect (D) of TBS soluble
fractions prepared by either Dounce or sonication. A clear dose-dependent stimulation of N13 cells (C) or increase in apoptotic N2a cells (D) was observed
exclusively on sonicated samples. E: Sonication could release Abeta from isolated Abeta plaques. Isolated Abeta plagues were hamogenized by either
Dounce or sonication (4 pulses) and the soluble Abeta release, after ultracentrifugation, was assayed by western blots. As shown, sonication solubilized and
released predominantly monomeric and dimeric Abeta. After longer exposures (right panel), other Abeta cligomers, such as frimers or hexamers, could be

alsa identified.

doi: 10.1371/journal pone.0114041.9002

doses) produced the redistribution of Abeta species from plaques to more soluble
fractions.

Since the oligomeric Abeta could act as either, a pro-inflammatory agent,
activating microglial cells and producing a classic immunological response [9], or
as a cytotoxic agent, producing cell death [10], we next evaluated whether the
redistribution of soluble Abeta species, due to the homogenization procedure, was
also able to modify the stimulatory and toxic properties of the soluble TBS
fractions. As shown in Fig. 2C, different amounts of Dounce-derived soluble
fractions induced absolutely no microglial response, as determined by the
expression of TNF-alpha, IL-6 and IL-1beta. However, stimulation with the TBS
soluble fraction after sonication (4 pulses) produced strong microglial activation,
characterized by the induction of the expression of all classic factors assayed.
Furthermore, we have also tested the toxicity of the soluble fractions using N2a
cells. As expected from previous work [9], the Dounce-derived TBS fraction from
12 month-old PS1xAPP produced no toxicity to N2a cells, whereas sonication-
derived fractions produced a clear toxic effect (Fig. 2D).

It could be argued that sonication was indeed releasing highly compartmen-
talized Abeta, rather than mobilizing Abeta from plaques. Thus, we next directly
tested the effect of sonication on isolated Abeta plaques. For these experiments,
plaques were isolated by ultracentrifugation on sucrose gradients and homo-
genized by Dounce or sonication. As shown, mild (Dounce) homogenization
released a limited amount of monomeric Abeta from plaques (<1% from total).
llowever, sonication disrupted the Abeta plaques producing (after centrifugation)
soluble monomers and, in minor extent, dimeric, trimeric and hexameric Abeta
(see Fig. 2F, longer exposure). It is noteworthy the presence of high levels of Abeta
oligomers after 4% SDS/8M urea extraction of intact plaques. However, these
oligomers were drastically reduced after sonication. Thus, sonication seemed to
induce the disaggregation and solubilization of highly aggregated Abeta from
plaques. Taken together, these data demonstrated that the homogenization
procedure was critical to maintain the integrity of Abeta plaques, and to avoid the
contamination of the different fractions with soluble Abeta species.

Next, we evaluated our isolation protocol using (in addition to anti-Abeta)
anti-soluble APPalpha antibody (as a marker of the extracellular compartment),
anti- ATPsynthase Beta {(mitochondria), LC3-1 (cytosol) and LC3-11 (as marker for
autophagic vesicles). First, we determined the distribution of APP-derived soluble
peptides (sAPPalpha and Abeta) after serial ultracentrifugation and detergent-
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Figure 3. A-B: Biochemical analysis of the Dounce-derived soluble fractions. The presence of APP derived fragments, such as Abeta (6E10) and soluble
APPalpha (extracellular), together with LC3-l (cytosolic), ATPsynthase-beta (mitochondrial) and LC3-1l (autophagic vesicles) was tested by western blots. A
representative western blot {A) or quantitative analysis of three experiments (B) is shown. Although contaminated with cytosclic proteins (LC3-1), the TBS
soluble fraction was enriched in extracellular soluble APP-alpha and lacked monomeric Abeta. The monomeric Abeta was predominantly concentrated in
vesiculated, LC3-Il paositive, and plaque associated fractions. C: Dounce homogenization preserved the integrity of Abeta plaques. After a first
homaogenization and centrifugation, pellets containing Abeta plaques were re-homogenized using Dounce or sonication (4 pulses) and the soluble Abeta
content assayed using western blots and 6E10. Monomeric Abeta was exclusively abserved after sonication.

toi: 10,1371/ joumal pone.0114041.9003

based extraction. As expected from previous data, the TBS soluble fraction was
enriched on soluble APPalpha and no Abeta was detected (see Fig. 3A and B for
quantification). However, this TBS-soluble fraction seemed to be contaminated
with cytosolic proteins (detected using LC3-1) and presented low mitochondrial
contamination (ATPsynthase). On the other hand, the Abeta species were
principally accumulated into the intracellular, vesiculated, LC3-II positive fraction
{probably autophagic vesicles, extracted after RIPA treatment} and in plaque
enriched fractions (2% SDS and 4% SDS/8M urea releasable fraction). Thus, these
data demonstrated that the TBS soluble fractions contained extracellular and
cytosolic proteins with low contamination of Abeta plaques.

We have also evaluated to which extent our approach, Dounce homogeniza-
tion, could release the plaque-associated Abeta from tissue, For this experiment,
PS1xAPP cortical samples (12 months of age) were first homogenized, using
Dounce, and ultracentrifuged in order to eliminate all putative soluble Abeta. The
remaining pellets (containing plaques) were subjected to a second round of
homegenization using either Dounce or sonication. Theoretically, all soluble
Abeta species release from this second homogenization should derive from
intracellular vesicles and/or Abeta plaques. As shown in Fig. 3C, Dounce
homeogenization did not produce the release of monomeric Abeta whereas
monomeric, dimeric and probably trimeric Abeta were clearly observed after
sonication of the samples.

Discussion

In this work, we demonstrate that different conditions of sample homogenization
profoundly affect the Abeta content in the soluble fractions, probably by inducing
artefactual mobilization of Abeta species from Abeta plaques. We show that using
a mild homogenization protocol (manual Dounce), which is the routine
procedure in our lab, the soluble fractions from both AD brain samples and
PS1xAPP mouse brain tissue contain very small amounts of oligomeric Abeta. In
contrast, when using stronger homogenization methods, such as sonication, large
amounts of Abeta oligomers were found in the soluble fractions.

We first characterized the soluble Abeta content in hippocampal samples
obtained from age-matched non-demented (Braak II, IIT and IV) and demented
(Braak V and VI) human autopsies. The soluble fractions were prepared using
mild homogenization conditions, followed by ultracentrifugation, as reported
previously [9, 10, 19,22]. Our data demonstrated the presence of limited amounts
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of Abeta {pg/ig protein) in the soluble fractions, although we were unable to
identify the nature of the Abeta peptides by either western blots or in
immunoprecipitation assays using 6E10 or OC (not shown) antibodies. Overall,
these data are similar to those reported by some authors [21, 4], but differ from
many others reporting the presence of large amounts of different soluble Abeta

These differences could derive, at least in part, from the different brain regions
analyzed and the relative abundance of diffuse versus neuritic Abeta plaques
(hippocampal formation with low or non diffuse plaques, unpublished results,
versus different cortical areas with relatively high proportion of diffuse plaques;
see [13]). [lowever, these conflicting observations could also derive from the
different protocols used in the soluble fraction preparation. This observation
prompted us to investigate the possible effect of the homogenization protocol in
the preparation of soluble fractions and plaque integrity. For this purpose, we
directly compared two approaches broadly used for homogenization and isolation
of soluble Abeta species, manual Dounce homogenization [9,4,21] versus
sonication [17, 16]. Using 12-month-old PS1xAPP cortical samples as a source of
abundant Abeta plaques, we demonstrate that Dounce homogenization mostly
preserves the integrity of Abeta plaques and, in consequence, minimizes the level
of contaminating Abeta in soluble fractions, whereas sonication (and probably
other strong homogenization approaches) mechanically disrupts Abeta plaques,
determining a redistribution of monomeric/oligormeric Abeta in all fractions
analyzed. It is particularly relevant the presence of large amounts of Abeta in the
soluble TBS fraction and in the microsomal fractions. These two fractions were
virtually devoid of Abeta when using manual Dounce homogenization (see also
[19]).

A direct consequence of the homogenization method used, is the presence of
varying amounts of oligomeric Abeta which strongly influence the pro-
inflammatory and toxic effects of the soluble fractions, assayed “in vitro”. As we
demonstrate in this work, the scarce soluble Abeta, extracted using mild
homeogenization, produces no microglial stimulation and no degeneration in
“in vitro” assays. On the contrary, the presence of high levels of monomeric and/
or oligomeric species, extracted using sonication, produces clear microglial
stimulation and neuronal degeneration. Thus, as a consequence of a strong initial
tissue homogenization, the soluble TBS fraction could artifactually become pro-
inflammatery and neuretoxic.

It could be argued that the absence of Abeta in the Dounce-homogenized
soluble fractions is due to an incomplete disruption of the tissue and that
sonication could better mobilize the soluble Abeta pool. Although it is possible
that a fraction of the soluble Abeta might indeed remain unextracted in the
Dounce-treated tissue, the redistribution observed after sonication most probably
reflects the disaggregation of the Abeta plaques. This suggestion is based on: i) the
soluble Abeta42 is detected predominantly in samples from demented individuals
{Braak V-VI), whereas similar Abetad0 levels are clearly observed in samples with
few or no Abeta plaques (Braak 1), moderate Abeta pathology (Braak I11-1V) and

PLOS ONE | DOI:10.1371fjournal.pone. 0114041  December 8, 2014 14 117

124



Tesis Doctoral. Compendio de Publicaciones ll Resultados. Capitulo IV

©PLOS | one

Soluble Abeta Peptides in AD Brain

high pathology (Braak V-V1); ii}) as showed (see ig. 2A), sonication produced a
redistribution of Abeta from 2% SDS or 4% SDS/8M urea fractions (mostly Abeta
plaques) to soluble fractions; iii) we observed a strong effect of sonication
treatment on the integrity of biochemically isolated Abeta plaques. In fact, after
sonication, the Abeta initially forming SDS-resistant aggregates, sedimentable by
ultracentrifugation, is solubilized and redistributed into the TBS fraction. Taken
together, these data demonstrate that isolation of soluble Abeta species is highly
dependent on Abeta plaque preservation, and that the homogenization procedure
is a critical step.

The existence of low levels of Abeta species (below the detection limits of our
assays) in 'I'BS soluble fractions is in agreement with data obtained by others using
microdialysis [7, 8,20]. In fact, when the brain tissue is not manipulated, the
Abeta levels in the interstitial fluid (ISF) are much lower than that obtained in the
‘I'BS extractable fractions [7,8]. As we have demonstrated in this work, if the
integrity of Abeta plaques is preserved during homogenization, the levels of
soluble Abeta are very low, below the detection limits of most common
approaches. However, when the Abeta plaques are disturbed, more soluble Abeta
is clearly detected. Thus, the plaques constituted a very large pool of Abeta (either
monomeric or oligomeric) than could be released not only by treatment using
detergents or formic acid but mechanically during homogenization using strong
conditions (such as sonication).

Based on the above data, it could be argued that soluble fractions isolated using
mild (possible low recovery) or strong (partial plaque solubilization} homo-
genization approaches are not representative of the real Abeta content in the
interstitial fluids (see also [8]), and that only microdialysis, using large cutoff
membranes, may better represent the actual Abeta equilibrium in the ISF (see
[20]). [lowever, taken into account that microdialysis is an “in vive™ procedure,
the isolation of soluble fractions is the only approach to analyze postmortem
human tissue. Thus, to characterize the soluble Abeta species from human
samples, special care must be taken in the initial tissue homogenization since, due
to the Abeta plaque instability, a strong homogenization procedure could produce
a vast redistribution of the Abeta species in all soluble and insoluble fractions.
‘This artifact could explain the dissimilar and somehow controversial data between
different groups analyzing human AD samples.
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RESUMEN IV

A modo de resumen podemos decir que:

Al comparar el efecto sobre la cantidad de especies de AB presentes en las
fracciones solubles usando condiciones suaves (manualmente con Dounce) en
comparacion con homogeneizaciones mas agresivas (sonicacion a distintas

intensidades) concluimos que:

1. Las técnicas mas agresivas producen la liberacidén de péptidos AB a partir de
las placas de extracelulares. Esta liberaciéon pueden generar artefactos, ya
que producirian un paso de AR de la placa hasta la fraccién soluble,
generando un artefacto experimental que nada tiene que ver con las

condiciones fisiolégicas in vivo.

2. Estas fracciones solubles obtenidas con protocolos que pueden afectar a la
integridad de la placa son capaces de producir la estimulacion de respuesta
inflamatoria clasica y muerte neuronal en experimentos in vitro, mientras que

las obtenidas mediantes métodos suaves no.
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1. Respuesta inflamatoria en SNC en los ratones transgénicos PS1xAPP

modelo de la enfermedad de Alzheimer a los 6 y 18 meses de edad.

En los cerebros de pacientes de EA se produce un incremento de células
microgliales activas alrededor de las placas de Abeta, asi como un aumento en los
niveles de citoquinas pro-inflamatorias, por lo que muchos los autores proponen que la
inflamacién contribuye a la patogénesis inicial de dicha patologia. Aunque los
resultados no son concluyentes, existen diversos estudios que muestran una correlacion
negativa entre las alteraciones en la funcion cognitiva y la activacion de la microglia
en la EA (Edison y col., 2008; Yokokuray col., 2011, Varnum e lkezu, 2012). Apoyando
esta hipotesis, estudios en pacientes que toman antiinflamatorios de forma habitual han
mostrado una menor incidencia de la enfermedad de Alzheimer en estos
pacientes(Morales y col., 2014)..Sin embargo otros estudios no corroboran los mismos
resultados (pon biblio) Por lo tanto resulta de vital importancia determinar si la funcion
microglial juega un papel beneficioso o perjudicial en el inicio y la progresion de la EA,
a fin de poder proponer mecanismos de regulacion de su actividad como posible diana
terapéutica de dicha patologia (Condello y col., 2015).

En el primer trabajo presentado en este manuscrito, hemos realizado la caracterizacion
del estado de activacion de la microglia en el modelo transgénico PS1m146L/APP751sL,
detectando un claro paralelismo, tanto espacial como temporal, entre la deposicién de

AB en placas extracelulares y la activacion de la microglia (Simard y col., 2006).

1.1. La microglia en contacto directo con las placas extracelulares del
péptido AB se activa a un fenotipo alternativo M2 (independientemente
de la edad del animal) mientras que la microglia entre placas se activa

a un fenotipo clasico M1 sé6lo a edades avanzadas.

A edades tempranas, la microglia activa se concentra EXCLUSIVAMENTE
rodeando e infiltrando a estas placas, y se mantiene en estado de reposo en las regiones
interplacas. En este sentido, experimentos in vivo mediante microscopia multifoton, han
revelado que la formacion de placas esta seguida de una rapida activaciéon y
reclutamiento de la microglia a la misma (Meyer-Luehmann y col., 2008). Ademas,
recientemente se ha demostrado que las placas de Abeta son capaces de atraer y
estimular a la microglia al poseer en su superficie diversos receptores que reconocen al
péptido AB (Yuy Ye, 2015).
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Nuestros resultados muestran que la microglia asociada a placas se activa a un
estado alternativo M2, caracterizada por la expresion de marcadores alternativos como
YM-1 y la ausencia de factores cito-toxicos (TNF-a, TRAIL, FASL e iNOS), datos que
concuerdan con los obtenidos por otros autores (Imai y col., 2007; Chhor y col., 2013).
A edades avanzadas (18 meses), la microglia activa que rodea a la placa continua
siendo YM-1 positivas y TNF-a negativas. Por tanto concluimos que en el modelo animal
PS1xAPP las células microgliales en contacto directo con las placas de Abeta presentan
un estado de activacion alternativo independientemente de la edad del animal. Este
fenotipo de activacion microglial M2 se manifiesta ademas por un incremento en la
expresion de IL-4, citoquina liberada por los linfocitos Th2 y astrocitos activados, y que
participa en la activacion microglial a un fenotipo M2 (Iribarnen y col., 2005; Butovsky y
col., 2005; Ponomarev y col., 2007; Lyons y col., 2007 a,b.).

Hay que destacar que, a edades tempranas, en el modelo PS1xAPP la expresién de
IL-4 esta limitada a los astrocitos activos que rodean a la placa, mientras que a edades
avanzadas la expresan ademas los linfocitos T CD3+ que concentrados alrededor de
las placas. En conjunto, estos resultados parecen indicar que la IL-4 producida por los
astrocitos, y por las células CD3+ en animales viejos, podrian controlar la activacién de
la microglia hacia el fenotipo alternativo no inflamatorio, sin llegar a descartar que la
placa por si sola fuese capaz de realizar dicho efecto. El factor o factores que produce
la activacion de los astrocitos estan aun por determinar.

Desde un punto de vista fisiologico la activacion alternativa M2 parece ejercer una
funcion neuro-protectora (Cherry y col., 2014, y otros articulos, pon unos cuantos mas).
En presencia de IL-4 la microglia produce factores troficos, como IGF-1 (Butovsky y col.,
2006; Zhao y col., 2006; Chhor y col., 2013); ademas, reduce la toxicidad del péptido AB
tanto in vitro como in vivo (Iribarnen y col., 2005; Butovsky y col., 2005, 2006; Lyons y
col., 2007a,b) y potencia su fagocitosis (Koenigsknecht-Talboo y Landreth, 2005;
Mandrekar y col., 2009). En nuestro trabajo hemos observado un aumento tanto en la
expresion de IGF-1 alrededor de las placas de AB, como en la fagocitosis del péptido
Abeta por la microglia activa que rodea las placas. Dichos resultados son apoyados por
Bolmon y col. (2008), que demuestran que la microglia activa participa activamente en
la internalizacion del AB de las placas influyendo de esta manera en el mantenimiento
del tamano de las mismas. Apoyando esta idea se ha demostrado en distintos modelos
transgénicos de EA que la ablacion de distinto genes implicados en el reclutamiento de
células microgliales (como los genes del receptor TLR2, o de CCR2) producen un
incremento en los niveles de APB42, acelerando los dafios en la memoria e
incrementando la patologia vascular amiloide (ElKhoury y col., 2007; Richard y

col.,2008). Ademas existen diversos estudios que correlacionan ciertas variaciones
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genéticas en TREM2 (Triggering receptor expressed on myeloid cells 2, proteina
reguladora de la fagocitosis en microglia y macrofagos), con un mayor riesgo de padecer
la EA (Guerreiro y col., 2013; Jonsson y col., 2013).

Nosotros proponemos que la activacion alternativa de la microglia asociada a la

placa podria actuar limitando la toxicidad del AR mediante varios mecanismos posibles:

- generando una barrera fisica, ya que se ha demostrado que las areas de placas
no cubiertas por microglia son menos compactas y estan asociadas con una

distrofia axonal mas severa (Condello y col., 2015).

- ylo ayudando a mantener niveles bajos de AB extracelular debido a su capacidad
fagocitica (Simard y col., 2006; Mandrekar y col., 2009),.

Esta funcién neuro-protectora microglial podria estar mediada por el aumento en la
expresion de IGF-1. Apoyando esta hipotesis, se ha demostrado que la vacunacion con
acetato de glatiramero, farmaco utilizado para el tratamiento de la esclerosis multiple
que potencia la respuesta Th2, produce un aumento en la expresién de IL-4 y reduce

las placas de AB (Butovsky y col., 2006).

1.2. Efecto de las formas oligoméricas solubles del péptido B-amiloide

sobre la microglia interplaca.

Cuando estudiamos la respuesta microglial en el modelo PS1xAPP a los 18 meses
de edad, ademas de la activacion M2 alrededor de la placa, se produce una activacién
de la microglia interplaca con un fenotipo Th1 caracterizado por un aumento en la
expresion de TNF-a (y posiblemente de otros factores inflamatorios relacionados con
TNF-a). Por tanto, a edades avanzadas coexisten dos poblaciones de células
microgliales activas, lo que posiblemente esté reflejando la existencia de distintos
activadores microgliales; Por un lado, las placas, que de forma directa o indirecta a
través de IL-4, podrian estimular la microglia hacia un fenotipo M2 no citotéxico. Y por
otro lado, un agente, posiblemente difusible, responsable de la activacién generalizada
interplaca con caracter citotéxico tipo M1 (Cherry y col.,, 2014), y que podria
corresponder a las formas solubles téxicas de A oligomérico como ha sido propuesto
por diversos autores (Haass y Selkoe, 2007; Benilova y col., 2012; Viola y Klein, 2015).
De hecho nuestros resultados a edades tempranas muestran niveles muy bajos de ApR42
soluble y de formas oligoméricas que aumentan significativamente a los 18 meses de

edad. Esta activacion microglial interplaca podria estar reflejando una respuesta
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Th1/Th17 mediada por la infiltracion de linfocitos T CD3+ en el parénquima cerebral.
Teniendo en cuenta trabajos anteriores realizados en enfermos de EA y en modelos
animales de la enfermedad (ltagaki y col. 1988;Togo y col.,2002; Stalder y col., 2005),
buscamos y encontramos células CD3+ en el hipocampo de nuestro modelo PS1APP
a los 18 meses. Sin embargo, y a pesar de dicha infiltracién no encontramos cambios
en la expresion de IL-12, IL-17 e IL-23 (citoquinas que polarizan hacia una respuesta
Th1), y si un aumento en la expresion de IL-4 e IL-10. Ya que las células CD3+ infiltradas
expresan IL-4, podriamos sugerir que estan polarizadas a un estado Th2 y/o Treg,
siendo muy poco probable que la activacion generalizada Th1 sea debido a su
infiltracién. De hecho parece ocurrir lo contrario, ya que la presencia de estas células
Th2/Treg antiinflamatorias podria estar limitando el efecto neurotoxico de la activacion
generalizada de la microglia, y de esta manera explicar la ausencia de sintomas de

encefalitis en los modelos de EA (Stalder y col., 2005).

Existen muchas evidencias que sugieren que las formas oligoméricas solubles de
AB (ADDLs) son los agentes toxicos en la EA (Lambert y col., 1998; Haass y Selkoe,
2007). Estos ADDLs solo existen en enfermos de EA (Gong y col., 2003; Lacor y col.,
2004) y en modelos animales de la enfermedad, y su contenido aumenta a medida que
progresa la patologia (Lambert y col., 2007). En el modelo PS1xAPP estas formas
solubles de AB42 se detectan exclusivamente (mediante los anticuerpos Nu-1y A11) a
los 18 meses de edad y no a edades mas tempranas.

Dichos oligébmeros difusibles podrian ser los causantes de la activacion microglial
generalizada observada a edades avanzadas. Hemos demostrado nuestra hipotesis
realizando cultivos microgliales que tratamos con mondmeros y oligdmeros de ABR42:
mientras que las formas monoméricas no tienen ningun efecto sobre el cultivo, las
formas oligoméricas producen un gran aumento en la expresiéon de TNF-a, Ademas, y
aun mas relevante es que la fraccién soluble extracelular S1 de ratones WT de 6 y 18
meses y de ratones PS1xAPP de 6 meses, carentes, todos de formas oligoméricas, no
modifican la expresion de TNF-a de estos cultivos., mientras que las fracciones S1 de
animales PS1xAPP de 18 meses producen una fuerte estimulacién en la expresion de
TNF-a. Al inmunodepletar el AB presente en las fracciones S1 de 18 meses usando los
anticuerpos 6e10 o A11, se pierde totalmente la capacidad estimuladora de estas
fracciones S1, demostrando de esta manera que las formas oligoméricas solubles de
Abeta son las responsables de la respuesta inflamatoria Th1 de la microglia interplaca.

Por tanto proponemos que la activacion generalizada, con fenotipo clasico y

potencialmente tdxico que se observa a los 18 meses en el modelo PS1xAPP podria
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ser debido a la acumulacion de las formas solubles oligoméricas de AR en el parénquima
cerebral.

Se ha reportado que el envejecimiento y el AR podrian disminuir la expresion
neuronal de ciertos inhibidores microgliales tales como CD200, fractalkina o algunos
neurotransmisores como acetilcolina o noradrenalina (Cardona y col., 2006; Chitnis y
col., 2007; Heneka y O’Banion, 2007; Lyons y col., 2007a; Duan y col., 2008). Ademas
la neuronas dafiadas podrian liberar estimulantes microgliales como ATP, UDP o CCL21
(de Jong y col., 2005; Inoue y col., 2007). De hecho es posible, que la activacién clasica
observada en nuestro modelo esté reflejando un efecto sinérgico del efecto directo del
AP oligomérico soluble sobre la microglia, y de un efecto indirecto generado por los fallos
en la correcta comunicacién neurona-microglia.

Aunque el papel de la activacién clasica de la microglia no estd completamente
dilucidado, si ha sido ampliamente demostrado el efecto téxico del TNF-a y de otros
factores relacionados con TNFa e iINOS ((Cantarella y col., 2003; Lee y col., 2004; Liy
col., 2004; Medeiros y coll., 2007; Uberti y col., 2007). En nuestro trabajo, al igual que
en otros modelos animales (Schmitz y col., 2004), hemos observado, coincidiendo con
la activacioén clasica microglial, una disminucion significativa en el nUmero de neuronas
piramidales hipocampales. Estos resultados no nos permiten establecer una relacion
causal directa entre ambos eventos, pero es muy probable que la produccion de TNFaq,
TRAIL, FASL y derivados de NO, junto con la presencia de formas oligoméricas solubles
de AB, y otros componentes presentes en estas fracciones solubles, contribuyan a la

degeneracion piramidal de forma directa.

2. Lafraccidon soluble extracelular S1 de los ratones PS1xAPP produce
efectos antagonicos sobre la ruta de senalizaciéon pro-supervivencia
PI3K/AKT a los 6 y 18 meses de edad.

Cada vez existen mas evidencias de que la via de sefializacion PI3K/Akt/GSK-3p se
encuentra alterada en enfermos de EA probablemente debido a su interaccion con A
(Bondy vy col., 2004). La hipétesis GSK3 de la EA propone que la sobreactivacion de
esta via podria estar implicada en dististas manifestaciones patoldgicas de la
enfermedad y participar de forma activa en la hiperfosforilacion de Tau (De Felipe y col.,
2008), la inhibicién de la LTP, las alteraciones en la memoria y pérdida de sinapsis
(Lesné y col., 2006), la muerte neuronal (Shankar y col., 2007; Deshpande y col., 2006),
asi como en la respuesta inflamatoria citotoxica (Jiménez y col., 2008). Apoyendo esta

hipotesis se ha demostrado que la sobreexpresion de GSK3B en un modelo condicional
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transgénico produce la hiperfosforilacion de Tau y la muerte neuronal (Lucas y col, 2001;
Engel y col., 2006), mientras que su inhibicion farmacoldgica con litio disminuye la
produccion de AB y su acumulacion en placas extracelulares (Su y col., 2004),
produciendo mejoras en la memoria, preservando la estructura de las dendritas y
reduciendo la patologia de Tau en modelos transgénicos de EA (Noble y col., 2005;
Rockenstein y col., 2007). De hecho, el efecto de las formas oligoméricas solubles de
AB podria realizarse a través de la interaccion con dicha via (Gong y col., 2003; Lacor y
col., 2004),

La actividad GSK3beta ademas esta implicada en el procesamiento de APP y la
produccion de Abeta. Por ello estudiamos el nivel de fosforilacion de GSK3b en Ser9 en
el hipocampo de animales PS1xAPP de 6 meses de edad (sin muerte de neuronas
piramidales) y de 18 meses,(cuando la degeneracion de neuronas piramidales es
evidente) (Jiménez y col., 2008).Nuestros resultados muestran que los ratones jévenes
tienen altos niveles de fosforilacion de GSK3b-Ser9, sugiriendo una menor actividad de
esta enzima y coincidiendo con un incremento en la expresion de la proteina anti-
apoptotica BCL-2 (Karlnoski y col., 2007) y un incremento de la proteina B-catenina.
Estos datos podrian indicar que se estan produciendo niveles altos de neurotrofinas. Sin
embargo en nuestro modelo transgénico PS1APP, a excepcion de IGF-1, que se
concentra alrededor de las placas de Abeta, pero cuyos niveles totales estan
disminuidos tanto a los 6 como 18 meses, ninguno de los factores tréficos estudiados
presenta cambios.Sin embargo, nuestros resultados demuestran que las fracciones
solubles S1 de ratones PS1xAPP de 6 meses, actuando a través de receptores IGF-1,
activa la via PI3K/Akt fosforilando a GSK3b en su residuo Ser9, y en consecuencia
posee actividad neuroprotectora, que se manifiesta promoviendo la supervivencia
neuronal en cultivos de células N2A. Esto no ocurre con las fracciones S1 obtenidas de
WT o el modelo transgénico monogénico PS1 de la misma edad.

Los fragmentos derivados del procesamiento de APP mayoritarios en las fracciones
S1 de los animales PS1xAPP a 6 meses de edad son el sAPPa y sAPPB. El AB
monomeérico, que podria tener un efecto similar a estos fragmentos (Giuffrida y col.,
2009) esta ausente en dichas fracciones. En nuestro trabajo hemos usado sAPPa
sintético en cultivos de células N2A y hemos demostrado que dicho fragmento soluble
produce una activacion dosis dependiente de la ruta Akt-GSK3b, que es inhibida por
LY294002, AG1024 y picropodofilina, indicando que la activacion de esta via esta
mediada por los receptores de IGF-1 e Insulina. Dicho efecto desaparece tras la
inmunodeplecion de la fraccién S1 con el anticuerpo 6e10. Ademas, hay que tener en
cuenta que la concentraciéon de sAPPa en estas fracciones S1 es aproximadamente de

20nM, del mismo rango que la ECso para el sAPPa sintético (2.3 nM).
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Por el contrario, el fragmento sAPP no presenta ningun tipo de efecto en nuestro
modelo in vitro.

Estos datos demuestran por primera vez el efecto directo del sAPPa sobre la via
Akt-GSK-3 in vitro, y, aunque no pueden probar dicha relacién in vivo, si nos permiten
postular que, en nuestro modelo PS1xAPP, el sAPPa actuando a través de los R de
IGF-1/insulina y la via pro-supervivencia Akt-GSK-3[ podrian provocar un retraso en la
patologia asociada a AB.

De hecho, aunque el incremento en la fosforilaciéon de GSK-3[3 no se observa en
todos los modelos transgénicos basados en APP (Masliah y col., 1997; Malm y col.,
2007), todos ellos presentan un considerable retraso entre la acumulacion de AB y la
patologia neuronal. Por lo tanto nuestros resultados muestran una nueva conexién entre
el metabolismo de APP y la regulacion de GSK3 que podria explicar la lenta progresién
en la patologia observada en los modelos transgénicos, asi como la disminucion en la
patologia de Tau y el aumento de la supervivencia neuronal en algunos modelos APP-
Tau (Terwel y col., 2008). Se podria pensar en la activacion de la actividad a-secretasa
como una posible diana terapéutica en EA (Kojro y col., 2006).

Ademas hemos demostrado el efecto inhibitorio de las formas oligoméricas solubles
de AB sobre la via Akt-GSK-3B. Hemos identificado 5 especies oligoméricas solubles
(resistentes a SDS) de 24, 47, 57, 90 y 96 kDa en las fracciones S1 de los ratones
PS1APP de 18 meses. El tratamiento de cultivos de la linea neuronal N2a con estos S1
de 18 meses dan lugar a una clara inhibicién en la fosforilacion de Akt (Townsend y col.,
2007). Esta inhibicién parece estar mediada por un efecto directo sobre los receptores
troficos, ya que al menos, los receptores de IGF-1 e insulina son inhibidos por dichas
fracciones S1 de 18 meses. Esta inhibicion esta mediada por los oligémeros de AB, ya
que su eliminacion mediante inmunodeplicién con el anticuerpo A11 revierte
completamente el efecto inhibitorio de la fraccién S1 sobre la via Akt-GSK-3p.

Por lo tanto, podemos concluir a este respecto que, la aparicién de AB oligomérico
extracelular parece inhibir la via pro supervivencia Akt-GSK-3B. Este efecto es
consistente con la disminucion observada en la fosforilacion del residuo Ser9 de GSK-
3B, el aumento en la fosforilacion de Tau (no mostrado), y con la hiperfosforilacién y
degradacion de B-catenina observada en las muestras de hipocampo de ratones
PS1APP de 18 meses. Ademas, como hemos comentadoen el apartado 1 de esta
discusion, la presencia de estos oligdmeros extracelulares determinan la activacién
potencialmente neurotéxica de la microglia coincidiendo con la perdida de las neuronas
piramidales de CA1 (Jimenez y col., 2008). Teniendo en cuenta todas estas evidencias,
podemos decir que la acumulacion de los oligdmeros de A extracelulares producen la

inhibicion de las rutas pro supervivencia coincidiendo con una activacion de la respuesta
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inflamatoria neurotdxica, y generando en su conjunto un ambiente apropiado para
inducir la muerte neuronal.

Nuestros resultados también podrian indicar que estas formas oligoméricas solubles
que aparecen a los 18 meses de edad podrian ejercer su accion inhibitoria por efecto
directo sobre distintos receptores troficos. Para ello nos basamos en nuestros resultados

que demuestran:

a. La mayor selectividad de los oligdbmeros de abeta por los receptores de NGF
que por los de BDNF.
b. Lareversion de los efectos inhibitorios de los oligdmeros de abeta al aumentar

la concentracion de distintas neurotrofinas como NGF, insulina o IGF-1.

Varios autores han sugerido también un posible efecto directo de los oligémeros de
AB sobre los receptores de Insulina (Zhao y col., 2008; Xie y col., 2002), aunque no se
puede descartar que estas especies solubles de AB puedan realizar su efecto inhibitorio
por otros mecanismos. Asi, podrian actuar a nivel de otros receptores como los de
NMDA o p75NTR (Zhao y col., 2009; Decker y col., 2010; Knowles y col., 2009), e incluso
reduciendo o inhibiendo la respuesta a insulina (Zhao y col., 2008; Ma y col., 2009) a
través de la fosforilacion de Akt473 que no activa la via. En nuestros experimentos in
vitro la fosforilacion de Akt473 siempre ha sido paralela a la fosforilacién de Akt308 y
GSK-3p Ser9 en los cultivos neuronales primarios.

Aunque no conocemos exactamente la causa de tal discrepancia en nuestros
resultados, hay que tener en cuenta que los tratamientos in vitro realizado han sido muy
cortos (20-30 minutos) para minimizar la muerte celular.

Respecto a la relevancia fisiolégica de nuestros hallazgos, podriamos concluir que
una bajada crénica en las vias de sefializacion tréficas podria estar implicada en el
desarrollo de la EA (Capsoni y col., 2002, 2010; Houeland y col., 2010). En este sentido
el efecto inhibitorio de los oligdmeros de AP sobre los receptores tréficos podria
contribuir a la inhibicibn de las rutas prosupervivencia, y en consecuencia, estar
implicados en la vulnerabilidad mayor del sistema colinérgico observado en EA.

El AB oligomérico también podria unirse directamente al receptor p75NTR (Knowles
y col., 2009; Braithwaite y col., 2010) permitiendo la formacion de neuritas distroficas
(también observada en nuestro modelo) (Ramos y col., 2006; Baglietto-Vargas y col.,
2010; Moreno-Gonzalez y col., 2009), la activacion de la casacada de muerte celular
mediada por c-Jun (Sotthibundh y col., 2008).
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3. Efecto del tratamiento cronico oral de litio sobre la patologia relacionada
con la EA en ratones PS1xAPP

A pesar de la vasta informacion que existe sobre las alteraciones patoldgicas
acaecidas en el desarrollo y progresion de la EA, aun no se ha desarrollado ningun
tratamiento efectivo que palie los sintomas de la misma y modifique el curso natural de
la enfermedad. El litio, farmaco de eleccion para en el trastorno bipolar, ha sido sugerido
por diversos autores como un tratamiento potencial contra la EA (ver revisiones Diniz B
y col., 2013; Forlenza y col., 2012; Nunes y col., 2007; Young y col., 2007). Existen
estudios clinicos que indican que el litio podria ser preventivo en pacientes con MCI,
mientras que no produce mejora en EA moderado. Ademas estudios epidemiolégicos
muestran que pacientes con trastorno bipolar tratados con litio tienen menor riesgo de
sufrir EA (ver revision Nunes y col., 2007). Por todo esto se ha propuesto el uso del litio
como un posible tratamiento preventivo en individuos con riesgo de sufrir EA o que se
encuentren en estados preclinicos de la enfermedad. Por ello decidimos someter a los
animales PS1xAPP a una ingesta cronica con litio antes de que comience el desarrollo
de la patologia.

Nuestros resultados muestran que el tratamiento con litio desde edades tempranas
(antes de que aparezcan los primeros acumulos de péptido AB) tiene como
consecuencia la formacion de placas menos téxicas, y previene, en cierto grado, los
déficits de comportamiento y memoria que tienen lugar en el modelo PS1xAPP,
disminuyendo a la vez la muerte neuronal.

El efecto neuroprotector del Litio podria estar relacionado con la modificacion de la
toxicidad de la placa de AB por la accién de las HSPs (heat shock proteins) liberadas
por los astrocitos. De forma que, a diferencia de otros tratamientos clinicos usando Litio,
nuestro trabajo indica que este tratamiento puede ser usado como una intervencion
preventiva para mejorar la progresion de la EA desde estados preclinicos.

Como hemos comentado con anterioridad nuestro raton transgénico PS1xAPP
presenta perdida neuronal desde edades tempranas (6 meses). Esta
neurodegeneracion afecta a las células GABAérgicas SOM/NPY positivas de la
formacion hipocampal y la corteza entorrinal, las cuales coinciden en espacio y tiempo
con la acumulacién extracelular de AB (Sanchez-Varo y col., 2012; Torres My col., 2012;
Moreno-Gonzalez | y col., 2009; Ramos B. y col., 2006; Jimenez S. y col., 2008; Jimenez
S. y col.,, 2011). Otra caractervstica patologica de este modelo de EA es la formacion

de distrofias axonales rodeando las placas de AR, distrofias que acumulan tau
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fosforilada, proteinas ubiquitinadas y vesiculas autofagicas (Sanchez-Varo y col., 2012;
Torres My col., 2012;).

A este respecto nuestros datos demuestran que la ingesta de litio, cuando comienza
antes del inicio de los procesos neurodegenerativos, impide que se produzca esta
pérdida neuronal selectiva para las SOM/NPY tanto de hipocampo como en la corteza
entorrinal. Este es el primer estudio que muestra que el litio previene de la muerte
neuronal de estas zonas especialmente vulnerables durante EA en un estudio in vivo.
El efecto del Litio no queda aqui, ya que también mejora las distrofias y con esto produce
una disminucién drastica en las areas distroficas NPY-positivas que estan asociadas a
las placas (en torno al 60%), en la acumulacién anormal de LC3-Il y de las proteinas
ubiquitinadas. Por ello decimos que el litio mejora la mayoria de las marcas
neuropatoldgicas que presenta el modelo PS1xAPP.

Se ha descrito, por nuestro grupo y otros, que el ratbn PS1APP presenta activaciéon
de GSK-3B y deficiencias a nivel del sistema autofagia/lisosoma (Sanchez-Varo y col.,
2012; Torres M y col., 2012; Jimenez S. y col., 2001; Lee JH. y col., 2010; Yang DS. y
col., 2011). El litio podria estar protegiendo la neurodegeneraciéon de forma directa por
la inhibicion de la actividad de GSK-3 (datos no mostrados; (JA. y col., 2010)) y/o por
la activacion de la degradacion de proteinas a través de la autofagia (Sarkar S. y col.,
2005, Heiseke y col., 2009; Parr C. y col., 2012). Estos efectos podrian reducir la
acumulacion de tau fosforilada, proteinas ubiquitinadas y LC3-Il, y en consecuencia
reducir los procesos neuro-degenerativos. Ademas en el modelo PS1APP estas
proteinas se acumulan en las distrofias axonales que rodean las placas de AB. Por ello
nosotros sugerimos que la formacion de estas distrofias axonales podrian estar
implicadas en la degeneracion neuronal que se produce durante la progresion de la
enfermedad (Jin M. y col., 2011; Sanchez-Varo R. y col., 2012; Torres M. y col., 2012;
Kandalepas P. y col.,, 2013; Xie H. y col.,, 2013), basandonos en resultados
recientemente descritos en enfermos de EA (Perez-Nievas BG. y col., 2013).

Por otro lado, el litio, ademas de afectar la actividad de GSK3-B y del sistema
autofagico/lisosomal, también podria estar actuando sobre la formacion de la placa,
modificando tanto la forma como la calidad de las mismas. De hecho las placas en los
ratones tratados con litio son mas pequefias (Toledo EM. y col., 2009) y mas compactas
que en el grupo PS1APP control. A este respecto se ha reportado que un mayor nivel
de compactacion del AB disminuye su efecto toxico (Cohen E. y col., 2009; Condello C.
y col., 2012); ademas la bajada en el area ocupada por distrofias por placa podria reflejar
una disminucion en la toxicidad de las mismas. Parece la que la formacion de distrofias
y la degeneracion sinaptica esta restringida a la periferia de la placa (halo) (Koffie RM.
Y col., 2009; Xie H. y col., 2013; Condello C. y col., 2011). Dichas zonas periféricas
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podrian contener AB oligomérico fibrilar parcialmente agregado, que podrian estar
implicados en el desarrollo de la patologia de EA (Tomic JL. Y col., 2009). Y en efecto,
nuestros resultados muestran que el litio produce una reduccion del halo oligomérico
(reconocido por el anticuerpo especifico de esta conformacion OC) que rodea la placa
de AR, disminuyendo asi la toxicidad de la placa.

El proceso implicado en la agregacion de A, la formacién de la placa o su compactacion
son desconocidos. Se ha sugerido un papel importante de los astrocitos en el control
del crecimiento de la placa y en la formacion de las distrofias asociadas a las mismas
(Kraft AW. y col., 2013; Ojha J. y col., 2011). Ademas los astrocitos activos pueden
liberar una gran cantidad de factores, entre los que se encuentran las HSPs (Renkawek
k. y col, 1994; Taylor AR. y col, 2007), que podrian aumentar Ila
agregacion/compactacion de AR, reduciendo asi su toxicidad potencial (Ojha J. y col.,
2011 Cascella R. y col., 2013; Mannini B. y col., 2012). Nuestros resultados apoyan la
posible implicacion de los astrocitos y las HSPs extracelulares como posibles
mediadores del efecto del litio sobre la toxicidad de la placa. De hecho demostramos
que, en los animales tratados con litio, existe una mayor activacion de los astrocitos
coincidiendo con una mayor incorporacion de HSPs en las placas y una reduccion del
halo oligomérico que rodea a las mismas. Aunque son necesarios mas experimentos
que corroboren estos resultados, podemos decir que en animales tratados con litio se
produce un aumento de Hsp70 y Hsp27 en el centro de la placa, lo que podria estar
indicando que estas HSPs estan implicadas en la nucleacion del péptido AR y de la

compactacion de la placa.

4. Influencia del protocolo de homogeneizacion usado para generar la

fraccion S1 sobre el contenido de formas solubles del péptido AB.

Con todos los resultados expuestos hasta el moemento podemos proponer que las
formas solubles oligoméricas de AR juegan un papel importante en el desarrollo y la
progresion de la enfermedad de Alzheimer, por lo que la caracterizacion de las mismas
es de vital importancia. La obtencion de estas fracciones solubles a partir de tejidos
siempre se tratara de una aproximacién experimental, nos dara una idea del contenido
de las mismas que puede poseer el parénquima cerebral, pero nunca sera al 100%
como sus niveles fisiolégicos in vivo. En nuestro laboratorio hemos demostrado que las
distintas condiciones a la hora de homogeneizar la muestra para obtener estas
fracciones S1 pueden afectar al contenido de AB de las fracciones solubles,
probablemente al inducir la movilizacién de las placas de AB que pueden pasar al medio

soluble generando un artefacto del procedimiento.
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Mostramos que usando un protocolo suave de homogeneizacion (mediante Dounce
manual), que es nuestro procedimiento de rutina, las fracciones S1, tanto las que
provienen de muestras de enfermos de EA, como de muestras del modelo doble
transgénico PS1xAPP contienen pequenas cantidades de especies oligoméricas de ARB.
Por el contrario, cuando usamos métodos mas agresivos, tales como la sonicacion, se
encuentran en estas fracciones solubles grandes cantidades de oligémeros de Ap.

Primero hemos caracterizado el contenido de AB soluble en muestras de hipocampo
humanas de individuos no dementes (con estadios Braak IlI, Ill y IV) e individuos
dementes (Braak V y VI). Estas fracciones solubles fueron preparadas usando una
homogeneizacién suave seguida de ultra centrifugacion (Jimenez S. y col., 2008, 2011;
Sanchez-Varo R. y col., 2012; Torres M. y col., 2012). Nuestros datos muestran unos
niveles muy limitados de AB (pg/ug proteina) en las fracciones S1, y nos fue imposible
identificar la naturaleza de estos péptidos de AB mediante western blot o
inmunoprecipitacion usando los anticuerpos 6e10 u OC (datos no mostrados). Estos
datos coinciden con los expuestos por otros autores (Tomic JL. Y col., 2009; Esparza
TJ. Y col., 2013), mientras que difieren de otros que reportan la presencia de grandes
cantidades de especies solubles de AR, especialmente en las muestras humanas
(Dohler F. y col., 2014, Mc Donald JM. Y col., 2010; Perez-Nievas BG. y col., 2013; Rijal
Upadhaya A. y col., 2012, 2014, Watt A. y col., 2013; Yang T. y col., 2013).

Estas diferencias pueden venir, al menos en parte, de la distintas regiones del
cerebro analizadas y de la relativa abundancia de placas difusas o placas neuriticas de
AB (la formacion hipocampal apenas presenta placas difusas, datos no mostrados,
mientras que las distintas areas corticales contienen una mayor proporcion de éstas;
ver (Mc Donald JM. Y col., 2010)).

Pero también pueden venir de los distintos protocolos que se usan para generar la
fraccidn soluble. Este hecho nos hizo evaluar el efecto de la homogeneizacion inicial del
tejido sobre la fraccion soluble y la integridad de la placa. Para tal propdsito hemos
comparado dos procedimientos ampliamente usados para el aislamiento de especies
solubles de A:

1. La homogeneizacion manual con el uso de Dounce (Jimenez S. y col., 2008;
Esparza TJ. Y col., 2013; Tomic JL., 2009), es considerado un método suave de
rotura tisular.

2. Sonicacion (Rijal Upadhaya A. y col., 2012, 2014), es considerado un método

mas agresivo de rotura tisular.
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Usando cortezas de ratones PS14eitaoXAPPswe de 12 meses como fuente de placas
de AB, demostramos que la homogeneizacién con Dounce preserva la integridad de la
placa y, en consecuencia, minimiza el nivel de contaminacion de AB en las fracciones
solubles. Por otro lado la sonicacion (y probablemente otros procedimientos iguales de
agresivos) produce una rotura mecanica de la placa de AB, dando lugar a una
redistribucion de mondmeros y oligémeros de AB en todas las fracciones estudiadas. Es
especialmente relevante la presencia de grandes cantidades de AR en la fraccién
soluble TBS y en la fraccion microsomal. Estas dos fracciones no poseen AB cuando se
usa la homogeneizacién manual con el Dounce (ver Sanchez-Varo R. y col., 2012).

Una consecuencia directa del método usado, es la presencia de cantidades
variables de AR oligomérico que estan implicados en el efecto pro inflamatorio y téxico
de las fracciones solubles in vitro. Como demostramos en este trabajo, el escaso A
soluble que se obtiene con la homogeneizacion suave de los tejidos, no produce ni
estimulacién microglial ni muerte neuronal en nuestros experimentos in vitro. Por el
contrario, la fraccidon soluble genera tras sonicacion, con sus altos niveles de AB
monomeérico y oligomérico produce una clara estimulacion microglial y degeneracién
neuronal en los mismos experimentos in vitro. Asi, como consecuencia de un
mecanismo de homogeneizacion agresivo, la fraccion soluble TBS se podria convertir
en pro inflamatoria y neurotoxica de forma artefactual.

Se puede argumentar que la ausencia de AB en la fraccion S1 tras la
homogeneizacion con el Dounce se puede deber a una incompleta rotura del tejido y
que la sonicacion podria movilizar el pool de AB soluble. Podria ocurrir pero pensamos
que es mas probable que la redistribucion después de la sonicacion refleje la
disgregacion de la placa de AR mas que la recuperacion total de las formas solubles de

AB. Nos basamos en las siguientes pruebas:

1. EI AB42 soluble es detectado de forma predominante en muestras de indiviudos
dementes (Braak V-VI), mientras que niveles similares de AB4o se han observado
en todos los estadios; Braak Il (con pocas o ninguna placa de AB), Braak Ill-IV

(con una patologia moderada de AB) y Braak V-VI (con una fuerte patologia).

2. La sonicacion produce una redistribucion de AB desde las fracciones 2%SDS vy

4%SDS/8M Urea (que contienen las placas de AB) hasta la fraccién soluble.

3. Se ha observado un fuerte efecto del tratamiento de sonicado sobre las placas
de AP aisladas.
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De hecho después de la sonicacion, el AB que inicialmente se encuentra formando
agregados resistentes a SDS que son sedimentables por ultra centrifugacion se
solubiliza y se redistribuye a la fraccion TBS. Si tomamos en conjunto todos estos datos
podemos afirmar que el aislamiento de las especies solubles de AB depende del
mantenimiento de la integridad de la placa y por lo tanto la homogeneizacion del tejido
€s un paso vital.

La existencia de bajos niveles de especies solubles de AB (por debajo de los limites
detectables de nuestro experimento) en la fraccion soluble TBS coincide con los datos
obtenidos por otros laboratorios usando micro didlisis (Hong S. y col., 2011, 2014;
Takeda S. y col., 2013). De hecho, cuando el tejido no se manipula, los niveles de AB
en el fluido intersticial (ISF) son mucho menor que el obtenido en las fracciones TBS
(Hong S. y col., 2011, 2014). Si la integridad se mantiene durante la homogeneizacion
los niveles de Ab soluble son muy bajos, por debajo de los limites de deteccion de la
mayoria de técnicas. Sin embargo, cuando la placa de Ab se rompe, mucha mas
cantidad de Ab soluble es detectada. Es evidente que la placa de AB constituye una
potente fuente de péptido AB (tanto monomérico como oligomérico), que podrian
liberarse no sélo mediante el uso de detergentes o acido férmico, sino también durante
la homogeneizacién mecanica usando condiciones agresivas (tales como la sonicacién).

Si no basamos en estos datos podemos afirmar que las fracciones solubles que se
generan por homogeneizacion suave (pueden tener una recuperacion de formas
solubles baja) o por métodos de homogeneizacion agresivos (que pueden solubilizar
parte de la placa) no son representativos del contenido real de AB en el liquido intersticial
(Hong S. y col., 2011), y que sodlo la micro didlisis, usando membranas con poros de
gran tamano de corte, puede darnos una idea del equilibrio de AB en el ISF (Takeda S.
y col., 2013). Teniendo en cuenta que la micro dialisis es un procedimiento in vivo, que
no podemos usar para analizar los tejidos postmortem de enfermos, sdlo nos queda la
generacion de estas fracciones solubles S1 para hacernos una idea de qué contiene el
ISF. Asi que para caracterizar estas especies solubles de AB en muestras humanas hay
que tener un especial cuidado en la homogeneizacion inicial de los tejidos debido a la
inestabilidad de la placa de AB. Una homogeneizaciéon agresiva podria producir una
redistribucién de las especies de AB tanto en las fracciones solubles como insolubles.
Estos artefactos podrian explicar la variabilidad de datos que podemos encontrar entre

los distintos grupos que analizan muestras de enfermo de EA.
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1. A edades tempranas, en nuestro modelo transgénico, la aparicion de placas
determina la activacion de la microglia hacia un fenotipo alternativo,
aparentemente, con un papel neuro protector. La activacién microglial esta
limitada a las células en contacto directo con las placas de AB. Mientras que a
edades mayores (18 meses) coincidiendo con la acumulacion de AB oligomérico
soluble extracelular, se produce una activacion generalizada de la microglia

hacia un fenotipo clasico caracterizado por la produccion de factores citotoxicos.

2. En ratones jovenes PS1APP el sAPPa presente en las fracciones soluble
extracelulares actua al menos a través del receptor de IGF-1 y del receptor de
Insulina produciendo la activacion de la via Akt-GSK-3B. La activacién de esta
via, clasicamente considerada como una via pro superviviencia. A edades
tardias (18 meses) la presencia de multiples formas oligoméricas solubles de AB
produce la inhibicion de la actividad de ciertas neurotrofinas (incluido el efecto
beneficioso de sAPPa) este efecto podria estar mediado por la interaccién con

sus respectivos receptores.

3. Eltratamiento desde edades tempranas (antes de que empiecen la acumulacién
de péptido AB) y crénico con la ingesta oral de litio disminuye de forma
significativa la progresién patolégica observada en este modelo PS1xAPP

murino de la EA.

4. El litio podria aumentar la compactacién de las placas de AB, generando placas
de menor tamafo y con menor halo oligomérico toxico a su alrededor.

Disminuyendo la degeneracion neuronal y axonal.

5. Ellitio podria actuar directamente sobre las neuronas, pero nosotros mostramos
el efecto sobre los astrocitos y la liberacion por parte de estos de chaperonas

que pueden afectar a la compactacion y toxicidad de las placas.
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6. El contenido de AB42 soluble en las muestras humanas de enfermo de EA es
muy limitado (pg/ug proteina). Por debajo de los niveles de deteccion de la
mayoria de técnicas, cuando se usan protocolos de homogeneizacion suaves de

los tejidos.

7. Los mecanismos usados en la homogeneizacion inicial de los tejidos determinan
pueden influenciar sobre el contenido de las distintas especies de AB en la
fraccion soluble. De forma que los mecanismos mas agresivos como la
sonicacion pueden extraer de la placa estas especies de AB hacia la fraccion

soluble al afectar la integridad de la placa.

8. Los mecanismos agresivos de homogeneizacion generan fracciones solubles
con capacidad para inducir una respuesta inflamatoria téxica y muerte neuronal

in vitro.

9. Todos los métodos in vitro para generar estas fracciones solubles S1 a partir de
muestras post mortem generan artefactos que pueden infravalorar o

supervalorar las especies de A presentes in vivo en el liquido intersticial. .
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