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RESUREN

La enfermedad de Alcheimer a3A) es una patologia multifactorial que, de acuerdo a

recientes investigaciones, se genera como resultado de una serie de canbios moleculares y

celulares  que  inclnyen  la  formaci6n  de  agregados  patol6gicos  del  p6ptido  P-amiloide,

factores pro inflanatorios liberados por ]a alia activada y el esties oxidativo.  Todos estos

cambios involucran una susceptibilidad genetica, aunque el Alcheimer es rna enfermedad

de  origen  esporddico  en  donde  s6]o  un  3-4%  de  los  casos  obedece  a  mutaciones  en

determinados genes como las presenilinas 1 y 2, 1a proteina APP y otros. Recientes estudios

indican que existe clara evidencia que la carga celular oxidativa,  y en general  el  esties

oxidativo constituye uno  de los principales  elementos de dafio  a la c51ula neuronal  en la

patog6nesis de la EA.  En este contexto, 1a acumulaci6n de hierro  en ciertas regiones del

cerebro junto  con aunentos  en  las  concentraciones  plasmaticas  de  este  metal,  han  sido

fuertemente    involucrados  en  la  generaci6n  de  dafio  oxidativo  en  diversas  patologias

neurodegenerativas como la enfermedad Parkinson, 1a esclerosis lateral aniotr6fica   y la

EA. En la EA, el hierro se ha encontrado asociado a los dos marcadores histopato16givos

mds  importantes:  1as  placas  seniles  (PS)  formadas  por  agregados  extraneuronales  del

peptido  P-aniloide  y los  ovillos  neurofibrilares  (ONF),  compuestos  principalmente  por

agregados citoplasmaticos de proteina tau hiperfosforilada.

En  la  primera  parte  de  esta  tesis  presentamos  los  resultados  de  los  efectos  del

tratamiento  de neuronas de hipocampo  de rata con hierro.  Demostramos que  el hierro  se

acumula en neuronas de manera dependiente de la concentraci6n del metal y el tiempo de

exposici6n   a   este,    provocando   un    auniento    en   marcadores    de    dafio    oxidativo.



Interesantemente, el tratamiento de estas c61ulas con hierro y per6xido de hidrogeno (H202)

indujo una disminuci6n en los niveles  de fosforilaci6n de la proteina tan en epitopos del

tipo Alcheimer. Esto posiblemente debido a cambios en los equilibrios en la actividad de

proteinas quinasas y fosfatasas. Estos cambios no se observaron en estudios realizados en

sistemas de co-cultivos neurona/glia, 1o cual sugiere que las celulas Bliales juegan un rol

critico en la modulaci6n de este proceso.

En la segunda parte de esta tesis, mostramos que en liquido cefaloraquideo (LCR)

de sujetos seniles con diferentes grados de demencia, evaluados en un estudio longitudinal

llevado   a   cabo   en   nuestro   laboratorio   en   colaboraci6n   con   el   Dpto.   de   Ciencias

Neurol6gicas de la Facultad de Medicina de la Uhiversidad de Chile ,  se observab6 una

estrecha  co-relaci6n  entre  los  niveles  de  hierro  redox  activo  y  el  grado  de  deterioro

cognitivo en estos sujetos. Estos hallazgos pueden ser de gran relevancia, y apuntan hacia la

participaci6n de los cambios en la homeostasis del hierro en la patog6nesis de la EA, como

factor clave que guie el proceso neurodegenerativo.
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ABSTRACT

Alzheimer disease (AD) corresponds to a multifactorial brain disorder, since many

factors are involved in its pathogenesis. In agreement with recent findings, AD is generated

by  several  molecular  and  cellular  alterations  including the  abnormal  aggregation  of P-

amiloid peptide, pro-inflammatory signals by activated glial cells  and oxidative stress.  h

this context, most of AD cases are sporadic, even though cellular changes involve genetic

susceptibility. The familial AD accounts for only 3-4 % of the cases, and it is related with

mutations in genes like Presenilins 1 or 2, APP and others.

Recent studies provide strong evidence  suggesting that cellular oxidative load in

general constitutes one of the maln stresses in neuronal  cells in AD.  In this context,  iron

accumulation in some brain areas together with hich levels of this metal in the plasma has

been strongly related to the production of oxidative damage in several neurodegenerative

disorders, such as Parkinson disease, amyotrophic lateral sclerosis and AD. In AD, iron has

been found as  a constituent of the two most inportant histopathologival markers:  senile

plaques (SP) mainly fomed by an extraneuronal aggregation of P-aniloide peptide, and the

neurofibrillary tangles QIFT) composed by aggregation of hypexphosphorylated tau protein.

In the  first part  of this  thesis,  we  analyze  the  effects  of iron treatments  on  rat

hippocampal   neurons.   We   show  that  iron  accumulation  in  neurons   depends   of  the

concentration of this metal in the culture media, and on the exposure time of neurons to

iron. Iron induces an increase in markers of oxidative damage. Interestingly, the treatments

of neurons with iron or hydrogen peroxide induce a decrease in the tau phosphorylation in



xiii

epitopes characteristics from Alcheimer's disease. This decrease could be due to alterations

in the balance between phosphatase and kinase activities in the neuron.  These alterations

were not observed when neurons were co-cultured with glial cells. This fact suggests that

91ial cells could play a pivotal role in modulating this process.

In  the  second  part  of this  thesis,  we  showed  that  in  cerebrospinal  fluid  (CSF)

samples, obtained from elderly subjects with different degrees of dementia, evaluated in the

framework  of a  longitudinal  study  carried by  our laboratory  in  collaboration  with  the

Neurology Department of the Medical School. There is a hich correlation between active

redox iron in CSF and the degree of cognitive damage within the analyzed groups.   These

findings could be very important in order to evaluate potential biological markers for the

disease.   Indeed,  those  alterations  in  iron  homeostasis  could  be  a  key  factor  in  the

neurodegenerative process leading to AD.



I.- II`ITR0I)UCCION

La EA es la causa mas comrin de las demencia en personas mayores de 65 afros

Q4accioni y cols. 2001b). La EA constitnye un problema psicosocial de gran relevancia

ademas,  debido  a  que  es  rna  de  las  enfermedades  mas  costosas  en  las  sociedades

modemas y constituye un grave problema de salud pdblioa por su inpacto negativo en la

economia de los paises. Es por ello que se ha impulsado de manera notable el desarrollo

de la investigaci6n cienti'fica que permita explicar la etiopatlg5nesis de esta enfermedad.

Uno de los mayores factores de riesgo lo constituye la edad de los pacientes, y en este

contexto la esperanza de vida, atn en paises en vias de desarrollo. ha incrementado de

manera notable en las tiltimas dos d5cadas.

Ademas de la edad, numerosos factores de riesgo han sido descritos para explicar

la  etiologia  de  la  EA,  incluyendo  los  efectos  inflamatorios  del  peptido  f}-amiloide,

sobraproducci6n de citoquinas secretados por la glia, NO,  eta. Sin embargo ninguno de

6stos por si solo es capaz de dar cuenta del proceso neurodegenerativo en su totalidad.

En este contexto, es claro que de todos los factores de riesgo para EA, el envejecimiento

es el factor que mejor se correlaciona con la incidencia de esta enfermedad, lo cual se

observa en la Figun I.



Figura 1. Incidencia de la EA respecto a la edad.

Fig.    1:    En    esta    figura    se    muesha    una
correlaci6n  exponencial  entre  la EA  y  la  ednd
pan  ambos   sexos.   Los  valores  se  presentan
coma casos de enfermos de Alcheinier por coda
1000 personas. QJussbaum y Ellis, 2003)

Numerosas teorias hen sido  desarolladas para dar cuenta del porque ocuITe el

envejeclmiento celular. La mds aceptada hasta la fecha, es la tcoria del envejeeimiento

por estrfes oxidativo, que postula qiie en todas las c6lulas del cuerpo humno, se generan

radicales libres, los cuales son capaces de oxidar diferentes componentes celulares como

proteinas, lipidos y DNA. Esto genera dafio oxidativo, el cual se acumula en el tiempo y

puede inducir disfunci6n celular en los diferentes tejidos del cuerpo. El estr6s oxidativo

puede ser definido como rna perdida en el balance entre los sistemas de producci6n de

espeeies  reactivas  de  oxigeno  (EROs)  y  la  maquinaria  celular  antioxidante.  Como

resultado   fmal  de  este  estr6s,   se  afecta  la  integridad  celular.   Este  fen6meno  es

particularmente iniportante en neiITonas ya qiie estas son c6liilas posrfutoticas altamente

diferenciadas.  Debido  a ello,  tienen un tiempo  de vida  mucho  mayor al que tienen la

gran mayoria de las  otras c61ulas  del cuerpo, con lo  cual las neuronas acumulan dafio



oxidativo  durante  toda  la  vida.  Esto  las  hace  especialmente  sensibles  a factores  que

alteren  el  balance  redox  celular,  por  esto  el  estr6s  oxidativo  ha  sido  fuertemente

involucrado   en  la   genesis   de   diversas  patologias   neurodegenerativas.   Esto   se  ha

evidenciado tanto en humanos como en modelos de aninales, que muestran des6rdenes

cerebrales Qfarkesberry y cols 1997; Butterfield y cols. 2000) Durante los riltiinos afros,

un numero cada vez mayor de  investigaciones  se ham centrado en estudiar la relaci6n

entre la presencia de metales de transicibn y los desdrdenes neurodegenerativos (Lynch

y cols. 2000; Qian y Shen 2001). Estos se ham enfocado a analizar el rol del Fe, Cu, hth

y  Zn  en  la  producci6n  de  especies  reactivas  de  oxigeno  o  nitr6geno  y  sugieren

fuertemente que  los metales de transici6n redox-activos  son mediadores  criticos en la

generaci6n de dafio oxidativo en diversas patologias. Una contribuci6n inportante a este

tema ha derivado de esta tesis, en cuya investigaci6n logramos identificar al hierro como

un agente que promueve procesos neurodegenerativos en neuronas, mediado por dafio

oxidativo @gafia y cols. 2003; Zambrano y cols, 2004)

Numerosos trastomos neurodegenerativos involucran procesos de agregaci6n de

proteinas, tal como  ocurre  en las  enfemedades  de Huntington @eckel 2001;  Sayre  y

cols.  2001),  esclel.osjs  lateral  amiotrdflca  (Est6vez  y  cols.   1999),  Creutzfeld-Jacob

Grown 2001), Parkinson (Goedert, 2001), demeneia fronfotemporal y la EA (Smith y

cols.  2000;  Maccioni  y  cols.  2001a,  b).  En  esta  riltima  ha  sido  bien  caracterizada  la

agregaci6n extraneuronal del p6ptido P-amiloide que forma las PS la agregaci6n a nivel

citoplasmatico de la proteina tau, que lleva a la fomaci6n de los ONF. Los origenes de



estos  procesos  de  agregaci6n  proteica  no  han  sido  esclarecidos  hasta  la  fecha  y  su

relaci6n con eL dafio oxidativo es aun desconocida.

I.1 La proteina tan

La  proteina  tau  peltenece  a  la  familia  de  las  MAP's  o  Proteinas  Asociadas  a  los

Microthbulos.  En  humanos,  esta  se  encuentra  casi  exclusivamente  en  neuronas  y  se

presenta en 6  isoformas,  las  que derivan  de  la expresi6n de un  solo  gen.  Este  gen se

encuentra en el brazo largo del eromosoma  17 en la posici6n 21  (17q21) y contiene  13

exones, los cuales por un proceso de corte y empalme altemativo generan 6 isoformas,

como se observa en la FigLira 2.

11111     I 11I1111111     I 11I11
|      Tran8cripci6n11111     I 11I1111111     I 11I11
l  ,Erampalme altemat]yo yduccich.Isoformas de

6 lsoformas detag

I

adulto

A,. I   Isoforma fefal

Fie. 2, En esta figura  se muestra un  esquema en donde se observa que mediante un proceso de corte y
empalme altemativo se generan  las 6 isoformas  de tau.  En azul se muestran  los exones constitutvos;  en
gris o en rojo, Los exones 2 y 3 que sufren corte y empalme y en verde (ex6n 10) los exones que codifican
pan los dominios con secuencias repedtivas de union a microtlbulos Q4accioni y cols., 1989).
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En el esquema de la Figura  2 se sintetiza la informaci6n sobre lar estructura del
)

gen  de  tau,  y  la  expresi6n  en  las  seis  isofomas  encontradas  en  cerebro  humano.

Producto de este proceso, las 6 isofomas que se generan van desde los 45 kDa hasta los

65 kDa, las cuales se expresan diferencialmente durante el desarrollo y pueden, ademas

encontrarse distribuidas en diferentes subpoblaciones neuronales. QCosik ,y cols.  1989).

La region N-Teminal de la proteina tan es de longitud variable, dependiendo de si la

isoforma  presenta  o  no  los  exones  2  y/i  3  (Figura  3).  Esta regich  se  conoce  como

dominio  de  proyecci6n,  debido  a  que  una vez  que  la proteina tau inteiactha  con  los

c     microthbulos  se proyecta desde ellos y en estos  dolninios  es  capaz de interactuar con
(

i

otros elementos del citoesqueleto como filamentos de actina o espectrina (Chess y cols.,
`

1993; Farias y cols. 2002; Carlier y cols.  1984) a   puede interactuar cop la membrana

plasinatica.  (Brandt y cols.  1995). Por otro  lado en el dominio carboxilo terminal, se

ubican los dominios de uni6n a microthbulos los cuales se presentan en 3 o 4 copias y

corresponden  a ima  secuencia  de  18  aminofcidos  altamente  conservados,  1os  que  se

encuentran separados por regiones  de  alrededor de  13  aminoacidos  Qhaccioni y cols.,

1989). Este dominio es el encargado del ensamblaje y estabilizaci6n de los microtdbulos

Qhandelkow y cols. 1995) y ademas se ha demostrado su asociaci6n con otras proteinas.
I

En el siguiente cuadro (Fig. 3) se esquematiza la estructura general de la isoforma mayor

de la proteina tau 42,  de 441 aa.



Fie. 3, En esta figura se esquematiza la isoforma mayor de la proteina tau, tau 42. Hacia el exdemo amino
terminal  se  muestra  eL  dominio  de  proyeeci6n  y  hacia  el  carboxiLo  teminal  el  dominio  de  union  a
microtibulos.

A pesar de  que la proteina tau es  capaz de  sufrir una serie  de  modificaciones

postraduccionales,  la  fosforilaci6n  de  juega  un  rot  particularmente   importante.   La

isoforma  mayor  de  tau,  tau  42  presenta  79  serinas  o  treoninas  que  acthan  como

potenciales sitios de fosforilacion.  Debido a ello, la actividad combinada de diferentes

proteinas quinasas y fosfatasa, que pueden actuar sobre  las distintas isoformas de tau,

pueden  generar un  alto  ninero  de  estados  estructurales  en  esta proteina  conteniendo

diferentes niveles de fosforilaci6n en cada uno de estos residuos y en cada isofoma. Asi

el  equilibrio  entre los  finos  mecanismos  de  fosforilaci6n por proteinas  quinasas, y  de

desfosforilaci6n por proteinas fosfatasas, modular finalmente  un estado estmctural  de

tau que en suma define su rivel de actwidad. Es interesante hacer notar que rna proteina

como  tan  tan  crucial  para  defmir  la  polaridad  de  las  neuronas  y  los  procesos  de

transporte, generaci6n de conos de ereciniento en eL desarrollo axonal, etc., requiere ser

modulada por mecanismos  muy  finos  para  que  6sta  cunpla  de  manera controlada  su

funci6n. Asi, cambios importantes en esta regulaci6n pueden hacer cambiar su capacidad



para unirse a microthbulos o a otros elementos del citoesqueleto, 6 contribuir a generar

condiciones patol6gicas como las observadas en la degeneraci6n del tipo Alzheimer.

1.2 Proteina tau, cdk5 y enfermedad de Alzheimer

La  enfermedad  de  Alzheiner  es  una  de  las  enfermedades  neurodegenerativas  mas

comunes que afecta a las personas  sobre los  65  afros de edad y  se manifiesta, en un

comienzo  por perdida  en  la  memoria  y  luego  afasia,  agnosin,  apraxia  y  alteraofones

conductuales en general. Ifistopatol6gicamente se caracteriza por presentar fomaciones

de agregados proteicos tanto extra como intraneuronalmente, 1os que se conocen como

PS y los ONF respectivamente. Las PS estin compuestas principalmente de fibras de P-

ainiloide,  que  se  originan  por  la  agregaci6n  an6mala  de  un  p6ptido  derivado  de  la

proteo]isis de la proteina precursora de amjloide (APP) la que se ubica en la membrana

celular. Por otra parte, los ONFs estin compuestos principalmente de proteina tau que se

encuentra hiperfosforilada Qhaccioni y cols,, 2001b), Adem5s, se ha sugerido que en el

Alzheimer podrian ocurrir otros canbios sobre esta proteina, como son la ubiquitinaci6n

(Yang y Ksiezak-Reding.  1998,), uni6n a proteoglicanos  (Su y cols.  1992) y glicaci6n

(Gonzalez y cols, 1998), los que tambien contribuinan a la formaci6n de los ONF.

Se ha involucrado a las MARK quinasa, gsk3P, sistemas de MAP-quinasa y la

proteina quinasa dapendiente de ciclina cdk5 en la fosforilaci6n de la proteina tau. Esta

dltina  es ubicua en el organismo y se ha detectado  actividad  solo  en neuronas post-

mit6ticas,  esto  debido  a  que  solo  en  ellas  se  expresan  sus  activadores  p35  y  p39

Qcesavapany  y  cols.  2003).  La  proteina  cdk5  esfa  directamente  ligada,  entre  otros



fen6menos, a procesos de  diferenciaci6n y desarrollo neuronal  (IIomayouni y Curran.

2000) y en la migraci6n neuronal (Ohshina y cols. 1996). Ademas se ha demostrado que

es  la  proteina  clave  que  mediaria  la  neurodegeneracion  inducida  por  el  peptido  P

amiloide. (Alvarez y cols.  1999, 2001)

En el  caso  de la fosforilaci6n andmala de  ha proteina tau,  el  sistema cdk5/p35

hiperfosfon.Ja Jos resjduos  Ser2°2. Thr2°5, Ser235 y Ser4Or, ]os  que  se ha demostrado  que

son independientes de la actividad de otras quinasas. quadeH{ow y cols.  1995)

1.3 Hierro, estrds oridativo y enfermedad de A]zheimer

Todos los organismos aerdbicos producen especies reactivas de oxigeno (EROs)

como producto lateral de la cadena trausportadora de electrones en la mitocondria,  Sin

embargo  este  dafio  oxjdativo  intracelular puede  ser exacerbado  por  diversos  factores,

dentro de los que destacan, el aumento en la demanda celular de oxigeno y la presencia

de metales redox activos. Estos metales son capaces de catalizar la producci6n de EROs

por via de la reacci6n de Fenton, la cual se esquematiza en el siguiente cundro.

Fie. 4, En esta figura se muestra que el Fe y el Cu, par wh de h reacci6n de Fenton, pueden catalizar la
producei6n del radical hidroxiLo a partir de Peroxido de hidrogeno, generando dafio oxidativo.



Como  se  puede vcr en la Figura 4  tanto  el Fe+2  como  el Cu+  son capaces  de

reaccionar, cataliticamente, con el H202 para generar el radical hidroxilo (OH.-), rna de

las  especies  mas  reactivas  que  existe  en  la naturaleza,  (Haupman y  Cardenas,  1999;

Symons y Gutteridge,1998) oxidando a los distintos componentes celulares. Este radical

(OIr) en ausencia de estos metales, no se genera en cantidades significativas debido a

que la proteina Super6xido Dismutasa (SOD), cataliza la reacci6n de desdoblamiento del

H202  en H20 + 02. De esta manera si aumentan las concentraciones de estos metales

]ibres en el citoplasma aumenta tambien, la generaci6n del radical hidroxilo (Symons y

Gutteridge 1998).

El interfes por  el  estudio  de  los  metales,  en particular  el  hierro  y  el  cobre ha

crecido  exponencialmente durante los ditimos afros,  dehido,  principalmente a que hah

sido  fuertemente vinculados  con patologias  neurodegenerativas  (Smith  y cols.  1997).

Estos metales son esenciales para rna gran variedad de procesos celulares sin embargo,

alteraciones en su homeostasis provocan graves consecuencins para la c6lula. incluidos

fen6menos de neurotoxicidad (Kuperstein y Yavin, 2003; Liu y cols. 2003). Muchas de

estas alteraciones en la homeostasis resultan en dafio oxidativo debido a un incremento

en la producci6n de especies reactivas de oxigeno (Sayre y cols. 2001).

Debido a que se ha descrito ima acumulaci6n de hierro cerebral en el tiempo, este

proceso ha sido vinculado con envejeciniento (Zecca y cols. 2001) Ademds, en diversas

patologias neurodegenerativas el hierro se ha encontrado acumulado en diferentes sitios.

En la enfermedad de Parkinson el hierro se acumula en la sustancia nigra (Sofic y cols.

1988,   1991),  en  la  enfermedad  de  Huntington  en  el  estriado  @exter  y  cols.   1991;
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Bartzokis y cols.  1999) en patologias como Hallervorden-Spatz se acumula en el globus

palidus qulliday. 1995) y en la EA se encuentra en los dos marcadores histopatol6gicos

mds importantes de la enfemedad:  las PS y los ONF (Jellinger y cols  1990; Cormor y

cols.1992). En general, no es claro si estas acumulaciones juegan un papel relevante en

el desarrollo de la patologia o son sinplemente rna cousecuencia de esta, sin embargo

por  la naturaleza  redox  activa del  hieno  es  probable  que  este  metal juegue  un rol

importante en la generaci6n de esties oxidativo en estas regiones. En el caso particular

de   la   EA,   se   ha   observado   que   sujetos   hemocromat6ticos   desarrollan   EA   mas

tempranamente que sujetos normales (Sampietro y cols 2001) 1o cual es una infomaci6n

importante  que  apoya  los  hallazgos  sobre  la  contribuci6n  en  la  desregulaci6n  de  la

homeostasis  del  hieITo  en  la  patog6nesis  de  la  EA.  Ademds,  se  ha  descrito  que  en

muestras  de  plasma de pacientes de EA se encuentran elevados  los niveles de hielro

(Ozcankaya  y  Delibas,  2002)  y  cobre  (Squitti  y  cols  2002).  Debido  a  la  numerosa

evidencia existente se ha sugerido que la acumulaci6n de metales redox-activos podrian

ser el elemento  que conthbuye con mayor importancia a la producci6n local de dafio

oxjdativo mediado por EROs (Sayre y cols. 2001).

Los  pantos  planteados   anteriomente  mos   llevan  a  formular  las   siguientes

hipfttesis de trahajo, 1as que coustitnyen h base para los disefios experimentales que se

desarrollan mas abajo utilizando dos modelos de estudio:  c61ulas cerebrales en oultivo

por  rna parte y muestras  de  liquido  cefaloraquideo  de pacientes,  en  el  marco  de  un

estudio  longrfudinal  realizado  con  el  Departamento  de  Ciencias  Neurol6gicas  de  la

Facultad de Medicina.
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1 .- "La acumulaci6n citoplasmatica de hierro en neuronas, provoca un aumento en la

prodilcci6n de especies reactivas de oxigeno. Este armento induce un cambio en el

balance redox neuronal que afecta a los estados de fosforilaci6n de la proteina tau."

2.- "Muestras de tiquido cefaloraquideo de ancianos con distintos grados de demencia

presentan alteraciones en el hierro circulante"

1.4 0BJETIVOS

Obj etivo general

Estudiar alteraciones del hierro a nivel neuronal y sistemico que pemitan explicar

aspectos histopatol6gicos de la enfermedad de Alzheiner.

Objetivusespecificos

1.-  Realizar un estudio de la incorporaci6n de hierro en cultivos prinarios de celulas de

hipocampo,   Este  objetivo,   asi  como   los   otros  objetivos   en  cultivos  celulares,  se

desarrollaron en cultivos prinarios de neuronas de hipocampo de embri6n rata E18.5 y

se analizaron de al menos 2 experimentos independientes.

2.-Estudiar las posibles alteraciones morfol6gieas inducidas por tratamientos con hierro,

utilizando tecnicas de inmunocitoquinica  con marcadores especfficos del citoesqueleto.

3,-  Ana]izar  Ja  posjb]e  induccj6n  de  dafio  oxidativo  gati]]ado  pox  hieITo  uti]jzando

anticueapos  anti  4-hidroxinonenal  como  marcador  de  dafio  oxidativo  en  ensayos  de

Western-blots.
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4.- Analizar la acci6n del hieITo sobre la alteraci6n en los estados de fosforilaci6n de la

proteina tau utilizando anticuexpos especificos para fosfoepitopos de tau.   Como control

se  investig6  tambien  los  efectos  sobre  la proteina tau  de  otro  estinulo  pro-oxidante

¢1202) en sistemas de cultivos primarios de hipocampo.

5.- Analizar los posibles  efectos  moduladores  de la glia en respiiesta a estimulos  con

hierro, evalundos en sistemas de co-cultivos neurona/glia.

6.-  Estudiar,  por  espectroscopia  de  absorci6n  at6mica,  posibles  alteraciones  en  los

niveles totales  de hierro y en el hierro readox activo, en muestras  de LCR de sujetos

seniles con diferentes grados de deterioro cognitivo y pacientes con la EA.
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11. MATERIALES Y METODOS

2.1 Cultivos primarios de hipocampo: Los cultivos de neuronas hi|]ocampales fueron

obteridos a partir de  embriones  de rata E18.5  @anker y Cowan,  1977).  Despu6s  de

sacrificar ratas prefiadas en estado E18.5, se obtienen los embriones, se separa en tejido

cerebral y los hipocampos son disectados, para luego ser incubados en 0.25% dipsina-

EDTA durante 10 minutos a 37 °C. Posteriomente, el tejido es havado con rna solucidn

de HBS  y disgregado para ser sembrado  sobre poli-L-lisina a rna densidad de  5000

c6lulas cm2 para inmunofluorescencia y  15000  c6lulas cm2 para estudios  de  Wreszem-

b/oJ.  Los  cultivos  fueron mantenidos en medio RIM   suplementado con  10% suero

fecal  de  bovino  y  5%  C02  durante  3  Iioras,  el  que  fue  reemplazado  por  medio

Neurobasal  (GIBCO)  suplementado  con  N2  (GIBCO).  Los  cultivos  neuronales  se

mantuvieron por 4-5  dias.  Para los cultivos mjxtos las c6lulas fueron tratadas en las

mismas condiciones que los cultivos de hipocampo, Sin embargo se incubaron durante

toda la noche en RIM.10% suero, luego de lo cual el medio se reemplazo por medio

Neurobasal suplementado con N2. Los cultivos mixtos se mantuvieron por 4-5 dias en

cultivo.

2.2  Tratamientos con  hiel.ro.. El  hierro  se  agreg6  a  los cultivos como  hierro-cirato

(diluei6n 1 : 100) a diferentes concentraciones. Paralelanente como quelante de hierro se

agregaba desferal (desferoxamine  mesylate) en una concentracidn de  100  iiM,  con el
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objeto   de   controlar  cuantitativamente  los  niveles   de  hierro   en  el  medio  (Control

negativo).

2.3 Tratamientos con H202: EI H202, previamente diluido en PBS esteril, fue agregado

a los cultivos celulares a rna concentraci6n final de 100 prM en medio libre de suero y el

cultivo se mantuvo durante 2 horas en esas condiciones.

2.4 Inmunocitoquinica: Los cultivos celulares fueron fijados en 4% paraformaldeido,

4%  sacarosa  durante   15   minutos   a  37°C.  Despu6s  de  fijadas,   las  c6lulas  fueron

pemeabilizadas con 0.2% trit6n X-100 a temperatura ambiente durante 5 min. Luego las

muestras fueron lavadas 3 veces con PBS y bloqueadas en PBS-5% BSA durante 1 hora

a temperatura ambiente. Para la inmunodetecci6n, el primer anticuexpo fue incubado en

una cdmara hineda durante toda la noche, luego de lavar 3 veces con PBS, se agreg6 el

segundo antioueipo que fue posteriormente incubado por 1 liora a temperatura ambiente.

Finalmente  las  muestras  fueron  lavadas  y  montadas  con  Pro/ong  "o##fj#g  medj.cr

(Molecular  Probes),  y  analizadas  por  microscopia  confocal.     Las  inagenes  fueron

analizadas en un mjcroscopio Zeiss modelo RETA.

2.5  WGfferfl-A/of. Despu6s de los tratanientos, los cultivos fueron homogenizados en

buffer  RIPA  con  inhibidores   de   proteasas,   y  la   concentraci6n  ds   proteinas   fue

determinada por el metodo de Bradford, Cantidades jguales de proteinas fueron cargadas

en geles denaturantes de  poliacrilamida 12 %. Posteriomente fueron transferidas a rna

membrana  de  nitrocelulosa,  y  6sta  bloqueada en   PBS  con  5%  leche  libre  de  grasa.
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Posteriomente  las  membranas  fueron  incubadas  con  un  antiouerpo  primario  toda  la

nocbe a 4°C o 2 horas a temperatura ambiente. Despu6s de tres lavados con PBS-Tween

(0.05%),  las  membranas  fueron  incubadas  con  un  anticuelpo  secundario  asociado  a

peroxidasa.  Finalmente  la detecci6n se realiz6  utilizando un sistema de luminiscencia

(ECL,    Amersham    Pharmacia),    y    las    muestras    fueron    analizadas    en    placas

autorradiogrificas. En este trabajo utilizanos los siguientes anticuexpos primarios para

la inmunodetecci6n.

Para estudiar los estados de fosforilaci6n de la proteina tau utilizamos: (i) el anticuexpo

AT8 que reconoce los epitopos fosforilados Ser 202 y Thr 205 en la proteina tau; (ii) Tau-1

que  reconoce  los  mismos  epitopos  que  AT8  pero  desfosforilados,  y  (iii)  Tau-5  que

reconoce epitopos, en la proteina tau, indapendientes de su estado de fosforilaci6n. Tau-

I  y  Tau-5  fueron  generosamente  donados por  el Dr.  Lester  I.  Binder,  Northwestern

University. Para normalzar las cargas en los estudios de inmunodetecci6n, se utiliz6 un

anticuerpo  anti  f}-actina  (Sigma)  y  como  marcador  de  estr6s  oxjdativo  se  utfliz6  un

anticuerpo    que   reconoce    lisinas    modificadas   por   aductos    de   4-hidroxinonenal

(Calbiochem).    Todos    estos    anticuexpos    fueron   utilizados    de    acuerdo    con   las

instnicciones de los fabricantes

2.6 Ensayo de incorporaci6n de hierro: Luego de 4 dias de cultivo las c61ulas fueron

mantenidas  en  medios  suplementados  con  hierro  radioactivo  Fe55,  variando  tanto  el

tiempo como la concentraci6n a la cual estos fueron expuestos. Luego de 3 lavados se

midi6   la  incoxporaofch   de  marca  radioactiva   en   un   contador   de   centelleo   y   se
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extrapolaron las cpm en una curva de calibraci6n para la obtenci6n de su equivalencia en

concentraci6n de hierro, de esta manera los datos se graficaron como pmoles de Fe/mg

de proteina.

2.7  0btenci6n  de  las  muestras  de  liquido  cefaloraquideo.  Nuestro  laboratorio  de

Biologia Celular, Molecular y Neurociencias ha pardcipado desde hace cinco afros en un

estndio   longitudinal   realizado   en   colaboraci6n   con   el  Deparfamenfo   de   Ciencias

Neurol6gicas de la Universidad de Chile, con el objeto de evaluar diferentes marcadores

biol6gicos en el lfquido cefaloraquideo de  cinco grupos de sujetos: (i) Sujetos normales;

Total Box =0  0V) (ii) Pacientes  con Desordenes Cognitivos Tempranos @C-T); Total

Box = 0.5-1 (iii) Desordenes Cognitivos Avanzados @C-A); Total Box = 1.5-3 (iv) EA

temprana (Alzli-T); Total Box = 4-6.5 y (v) Pacientes con EA avanzada (Alzh-A); Total

Box = 7-10. En este estndio participaron los Drs. Renato Verdugo y hhanuel Lavados del

Servicio de Neurologia, Hospital EI Salvador y Departamento de Ciencias Neurol5gicas

y  el  Dr.  Ricardo  8.  Mccioni  del  Laboratorio  de  Biologia  Celular,  Molecular  y

Neurociencias  donde  se  llev6  a  cabo  la  tesis.  Como parte  de  estos  estudios,  y  en  el

contexto de esta memoria de titulo, se tomaron alicuotas de las muestras de LCR y se

sometieron a diversos analisis, en un estudio que se realiz6 en colaboraci6n con el Dr.

Tulio  Nufiez,  Laboratorio  de  Biologia  del  Envejeciniento,  Institute  mlenio  CBB,

Facultad de  Ciencias, Universidad de Chile; el Dr. Miguel Arredondo, Laboratorio de

Mierominerales  del INTA, Universidad de  Chi]9 y e]  Grupo del Dr, Ioav Cavantchik,

Iustrfuto de Ciencias Biol6gicas de la Uhiversidad Hebrea de Jerusalem en Palestina.
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2.8 Medici6n de Fe total en muestras de LCR de sujetos seniles: Las muestras fueron

analizadas  por  espectroscopia de  absorci6n  at6mica  (EAA).  Para  ello  looul  de  LCR

fueron mezclados  con  100ul  de  acido nitrico  5%   y se incubaron a 60°C  durante  12

horas.  Una  vez  enfriado  el  medio  de  digestion,  las  muestras  fueron  centrifugadas  a

12.000g por 2  minutos.  Luego  el sobrenadante  se llev6  a  lml  con acido  nitrico  0.2%.

Finalmente  el conterido  total  de Fe  fue  determinado por BAA en un  equipo  SIMAA

6100  (Perkin  Elmer,  Shelton  CT).  Como  estindares  de  referencia  para  validar  las

mediciones de  Fe  se utilizaron MR-CCEN-002  (venzts arlfftyzto) y DOLt-2  (Dog#Srfe

liver).

2.9  Mediciones  de FeLredox activo:  Fe redox activo  en LCR fue determinado  segrin

Esposito y cols.  (2002), en las  mismas muestras del estudio  longitudinal en pacientes

descrito mas andba. Brevemente, cundruplicados de 20prl de LCR fueron incubados en

una placa de 96  pocillos  Q4axisorp 96, Nunc, Rotskilde, Denmark).  En 2 pocillos  se

incubaron con  180ul  de buffer salino  HEPES,  libre  de Fe,  con 40[iM de  ascorbato y

50iiM   del   fluoroforo   DHR   (dinydrorhodamina   123,   sal   dihiroclorada,   Biotium,

Hayward,   CA,  USA).   A  otros  2  pocillos   se  les   agreg6  la  misma   soluci6n  pero

conteniendo 50iiM del quelante de Fe Deferiprona (L1, Apotex, Toronto, Ont., Canada),

y luego se analiz6 la cin6tica de fluoresoenoia a 37°C durante 40 minutos, con un ajuste

de 485/538 nm excitaci6n/emisi6n en un fluorimetro BMG Galaxy Fluostar @MG Lab

Instruments, Germany). Las mediciones se tomaron cada 2 minutos, y se compararon fas

diferencias en las pendientes de las curvas de excitaci6n/emisi6n de las muestras de LCR
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con y sin el quelante de Fe entre los  15  y 40  minutos.  De esta manera, se analiz6 el

componente  de Fe  sensible  a  quelantes  el  curl  corresponde  al  Fe-redox  activo  de  la

muestra. Para la obtenci6n de los valores en concentraciones [iM se utilizaron curvas de

calibraci6n hechas con suero  suplementado con Fe:NTA,I :7  (mol:mol) hasta obtener

concentraciones entre 40-loo  iih4 con las cunles se hicieron diluciones seriadas hasta

obtener urn curva apropiada.

2.10 An£Iisis estadistico: Log valores obtenidos para log promedios fueron comparados

y  se  utilizo  el  test  de  Dunnett  para  analizar  las  signfficancias  estadisfas  de  estas

diferencias. Las diferencias se consideraron significativas si P < 0.05.
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Ill. RESULTADOS

3.1   ESTUDI0S DE LA ACCI0N DEL HIERRO EN CULTIVOS DE CELULAS

HIPOCAMPALES.    EFECTOS    S0BRE    LAS    ALTERACI0NES    EN    LA

FOSFORILACION       DE       LA       PROTEINA       TAU       ASOCIADAS       A

NEURODEGENERACI0N.

De  acuerdo  con  nuestra  hip6tesis  de  trabajo,  el  hierro  se  acumularia  en  las

neuronas lo que en el tiempo provocaria un aumento en los niveles de estr6s oxidativo,

por   los   mecanismos   antes   descritos.   Para   esto   fue   necesario   estudiar   como   se

comportaban nuestros cultivos en relaci6n con este punto. Para ello hicino§ un ensayo

de incorporaci6n de Fe55 y analizamos como  varial]a su incorporaci6n, en relaci6n la

concentraci6n de Fe total en el medio  y a la duracibn del estinulo,  Los resultados se

muestran en la Figura 5.
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Figura 5. - La incorporaci6n de Fe 55 en cultivos primarios de hipocampo depende

de su concentraci6n en el medio y de la duraci6n del estimulo.

1086420
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Fisura 5.  Concentraciones de 20 }iM 6 40  prM de Fe 55, como se indica en la Figura,  6 de  100  iiM de
DesfeTal fueron agregadas en Jos medjos de oultivo de neiironas primarias de hjpocampo y se inoubaron

:uou¥:a%£fa8:::i°d=Frg5]¥:tnmeed#asd:tuc]£a6rnesd:LS:tin¥oC6yTo:ne;€es]:s¥topcoLasITi%£:
de este metal.

Los datos de la Figiira 5 muestran que para 24 y 48 horas exists una acumiilacibn

de Fe55 que es dependiente tanto de la concentraci6n en el medio como de la duraci6n

del estimulo. Estos resultados mos sngieren que nuestro sistema aparece como un buen

modelo de  estudio,  ya que nos permite  simular un fen6meno biol6gico  que  ocurre en

muchos  afros  durante  el  envejecimiento,  en  un  sistema  en  cultivo  en  pocos  dias.

Pudiendo  generar  asi,  en  pocos  dfas,  neuronas  con  elevados  niveles  de  Fe  en  el

citoplasma, y analizar los efectos biol6gicos de este.
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Luego de conocer como se incoxporaba el hierro en nuestro sistema, analizamos

si estos tratamientos afectaban a la morfologia general de las neuronas en cultivo o a la

organizaci6n integral del citoesqueleto. Para esto, las neuronas fueron tratadas como se

describe en la secci6n de Materiales y M6todos y se evaluaron los cambios morfol6gicos

asi como la organizaci6n subcelular de elementos del citoesqueleto neuronal.   Se utiliz6

para  ello  un  anticuexpo  primario  anti-tubulina  para  la  marcaci6n  de  microthbulos  y

faloidina asociada a rodamina para marcar los filamentos de actina.

Fjgura 6.- Los aspectos morfo]6gicos de las neuronas tratadas con Fe no fueron

afectados significativamente.

Figure 6. Cultivos primarios de hipocanpo fueron tratados por 24 boras con 20 uM de Fe 6  loo HM de
Desferal y fueron analizadas por tecnicas de inmunocitoqu'mica para tinci6n de` Tubulina (verde) y Actina
(rojo).  En la figura es posible observar que  la morfologia celular general  no  se ve afectada por estos
niveles de Fe en el medio. Las barras corresponden a 15 im.
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En la Figura 6 se observa que tanto el citoesqueleto de actina (en rojo) como el

de tubulina (en verde) no muestra variaciones importantes entre los diferentes grupos de

tratamientos,  lo  cual  sugiere  que  la  citoestructura  general  de  las  neuronas  no  se  ve

afectada.

Un  aspecto  inportante  de  nuestro  estudio  fue  el  confimar  trabajos  de  otros

autores en el sentido de visualizar si los tratamientos con hierro inducian un significativo

dafio  oxidativo.  Para  esto  medimos  los  niveles  de  aductos  de  4-IINE  con  proteinas

neuronales,  los  cunles  se  generan  como  productos  de  peroxidaci6n  lipidica,  los  que

modifican covalentemente a lisinas y argininas de 6stas proteinas, El 4-HNE se utiljza

cominmente  como  marcador de estrfes  oxidativo  ya que,  pemite  medir dafio  directo

sobre lipidos y proteinas.
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Figul.a 7.-Tratamientos con Fe inducen dafio oxidativo neuronal.
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Fisura 7. Fe induce estrds oxidativo, evaluado por cambios en los niveles de 4-IINE citos6licos. En esta
figura se muestra un Western-blot de exhactos proteicos de neLironas de hipocampo incubadas durante 24
horas en  presencia de 20 LM de Fe o I OoiiM de Desferal en donde, 50 LLg del homogeneizedo total fueron
cargados y la membrana fue revelada usando un antieuerpo policlonal anti adrctos de 4-IINE en lisinas de
proteinas. Interesantemente rna banda de 69KDa aparece luego de los tratamientos con hierro.

La Figura 7 muestra un ensayo  de  Wresfem-a/of de extractos totales de c6lulas

tratadas  en  las  condiciones  indicadas  y revelado  con  un  anticuerpo  que  reconoce  la

formaci6n de aductos de 4-HNE en lisinas. En esta figura, para el caso de las celulas

tratadas con Fe, se  observa un aumento en la marca respecto  de la condici6n control,

situnci6n que se ve reflejada en la aparici6n de una nueva banda de 69Kda. Este hecho

sutiere que estos tratamientos generan dafio oxidativo intracelular, el que afecta tanto a

lipidos como a proteinas.
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Los   niveles   totales   de   proteina   tau   permanecieron   inalterados   luego   de

tratamientos con hieITo, lo que  se observa en la Figura 8  al utilizar un anticuerpo que

reconoce a tau en un epitopo que es independiente del grado de   fosforilaci6n qau-5).

Sin  embargo,  cuando  analizamos  los  niveles  de  tau    hiperfosforilada  en  un  epitopo

caracteristico   de   la   enfermedad   de   Alzheiner,   inesperadamente   observamos   una

importante disminuci6n en los niveles de marca para el anticuexpo AT-8.  Ello  sugiere

que bajo estas condiciones, debido a los tratamientos con hieITo, 1a protein tan pierde

esta hiperfosforilaci6n. Consistentemente con esto, se observ6 un aumento en los niveles

de proteina tau desfosforilada en el mismo epitopo lo que se evidencia con un aumento

en la marca para el anticuelpo Tau-1, el curl reconoce el mismo epitopo que AT-8 pero

en un estado desfosforilado.
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Figura 8.- Fe induce alteraciones en el patr6n de fosforilaci6n de la proteina tau.
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Figura 8. Fe induce alteraci6n en el patr6n de fosforilaci6n de la proteina tau. 50Lig de cxtractos proteicos
de neuronas de hipocampo inoubadas durante 24 horas en presencia de 20 [M de Fe a looiiM de Desferal.
fueron anali2ndos por Western-blot usando los anticuelpos Tau-5 que reconoce un epitopo confomacional
indapendiente  de  fosforilaci6n,  AT-8   que  reconoce  un  apitapo  fosforilado  en  la  proteina  tau  y  el
anticuerpo Tau-1  que reconoce el mismo  epitopo pero  desfosforilado.  En  esta figura se observa que  en
presencia de 20 iiM de Fe, la marca para AT-8 disminnye @), lo que se correlaciona con un auinento en la
marea para Tau-I (C), mantenichdose invariables leo niveles totales de la proteina tau (A).

Para  analizar  si  la  capacidad  del  hierro  de  promover  cambios  sobre  el  estado  de

fosforilaci6n de la proteina tau como se muestra en la Figura 8, se debe a un aunento en

la producci6n  de  EROs  por  la  VI'a  de  la  reacof6n  de  Fenton,  decidinos  evaluar  los

efectos de otro tratamiento pro-oxidante que acthe sobre esta misma via para indueir un

aumento  en la  producci6n  de EROs.  De  esta manera realizamos  estinulos  con H202

sobre nuestro sistema celular en cultivo. Los datos de la Figura 9 muestran que H202

inducen la misma modificaci6n sobre los estados de fosforilaci6n de la proteina tau, que

los tratanientos con hierro. En esta Figura 9 se observa que la marca con el anticuexpo
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AT-8 disminuye en presencia de H202 ®anel 8) lo   cual es consistente con un aumento

en la reactividad obtenida con  el anticuerpo  Tau-1  contra tau desfoforilada (Panel  C).

Ademds es posible observar en la Figura 9 que los niveles totales de la proteina tau no

varfan en respuesta al tratamiento lo que se detecta utilizando el anticuelpo Tau-5 (Panel

A)

Figura 9.- E[ agente oxidante H202 induce ]as mismas alteraciones en e] patron de

fosforilaci6n de la proteina tau que ]os tratamientos con Fe.
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Figure 9. H202 induee alteraci6n en el patron de fosforilaci6n de la proteina tau.
En esta figura se muestra un wes/er# b/of (A) de extractos proteicos de neuronas de hipocampo incubadas
durante 2 horas en  presencia de 100 uM de H202, en a es posible observer que en presencia de  loo LLM de
H202,  la marca para AT-8  disminuye,  lo  que  se conelaciona con un aumento  en  la marca para Tau-1
mantenichdose invariables los niveles totales de la proteina tau (Tau-5). En 8 se observa un an61isis por
inmunocitoquimica  de  neuronas  hipocampales  tratades  de  igual  manera  que  en  A.  En  esta  figura  se
confiman los resultados mostrados en A para los canbios en la fosforilacion de tau.

Descubrimientos    previos    de    nuestro    laboratorio    han    demostrado    que

desregulaciones    en    la    actividad    de    la    enzima    cdk-5    son    claves    en    la   via

neurodegenerativa  mediada  por  el  pdytido  P-amiloide  (Alvarez  y  cols.   1999,  2001,
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revisado en Mccioni y cols, 2001  a,b). Ademds, otros estudios lograron demostrar que

la  activaci6n  del  complejo  cdk-5/p35  puede  estar mediada  por  la  fosforilaci6n  de  la

tirosina   15   de   la   proteina   quinasa   cdk5,   la   cual   podria   ser  responsable   de   la

sobreactivaci6n an6mala de  esta proteina quinasa (Alvarez y cols.  2001 ; Zukerberg y

cols.  2000). En este contexto, decidimos analizar los niveles de Cdk5 y de fosfo{dk5

(TyrL5) en neuronas tratadas con hierro.  Para esto realizamos estudios de wesJe77?-6/of,

en   los   cuales   aplicamos   concentraciones   equivalentes   de   proteinas   en   los   geles

electrofor6ticos  previo  a  la  inmunodetecci6n.  Como  se  observa  en  la  Figura  10  los

niveles    de    ambos    estados    de    cdk5   permanecieron    inalterados    luego    de    los

tratamientos.Figura  10.- Niveles  de cdk-5 y cdk-5A'   permanecen inalterados luego de

tratanientos con Fe.

Control        £°£fl¥¥|      Fe20prM

cdk-5 A

cdk-5ff
- __  =H=.I. 8

Figura 10. Niveles de cdk5 y cdk5-P  pemanecen inalterados luego de tratamientos con hierro.  50jig de
extractos hipocampales de c6lulas incubados en ausencia de Fe (Control) y en   presencia  de 100|iM de
Desferal  o  20iiM  de  Fe  durante  24  horas,  fueron  analizndas  por  t6cnicas  de  wes/emJ}/or  utilizando
anticuerpos  fosfoespecificos que muestran que no hay variaci6n en los niveles de cdk-5  (A) y de cdk-5
fosforiladr en Tyr 15 a).
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Durante los ultimos afros, un ninero cada vez mayor de investigaciones se ban

centrado en estudiar el rol que cumplen las c6lulas gliales en el control de los procesos

neuronales  que  guian  a  la  neurodegeneracion.  Esto  debjdo  a  que  las  celulas  gliales

juegan un rol critico  en la liomeostasis necesaria para la integridad neuronal.  En  este

contexto, decidimos analizar el posible rol modulador de la glia en la alteraci6n de los

estados de fosforilaci6n de la proteina tau inducidos por tratamientos con hierro.  Para

esto  montamos  iin  sistema  de  cultivos  mixtos  (co-cultivo  neurona/glia),  el  cual  se

muesha  en  la Figura  11  A,  en  el  cual  las  neuronas  (flechas  rojas)  se  encuentlan  en

contacto directo con las c6lulas gliales (flechas verdes). De esta manera las neuronas son

seusibles a recibir estimulos desde el medio, a trav6s de factores solubles secretados por

la glia  y a trav6s del contacto directo entre estos dos tipos celulares
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Figura 11. La presencia de celulas g]ia]es modula la I.espuesta neuronal frente a los

tratamientos con Fe.

Control    Fe  20uM-_.-
Tau5-` -,-
AT8

Taul

Neurona         Glia

Tau5Actma

-----_
Fjgura  11. I.a presencia de c6luLas gliales modula la respuesta neuronal.   En A se observa un sistema de
cultivos mixtos en el cual neuronas (flechas rojas) y glias (flechas verdes) creeieron durante 4 dias. 8. Les
cultivos  fueron  estimuladas  con  Fe-citrato  20  iiM  y  se  compararon  50  ug  de  extractos  tratados  con
extractos  controles  Los  que  por  un  analisis  de  wesz8m~b/of no  arrojaron  diferencias  en  los  estados  de
fosforilaci6n de tau analizados con el use de los auticiierpos Tan-5, ATi} y Tau-1. En C se r"estra que en
50 ug de extracto neuronal se observa proteina tau, no asi  en 50 ug de extracto puro de Glia.
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En la Figura 118 es posible observar que iguales tratamientos con hierro que los

realizados en cultivos de neuronas en ausencia de c6lulas gliales, no fueron capaces de

producir  cambios  en  los  estados  de  fosforilaci6n  de  la proteina tau.  La  Figura  11  C

muestra un control de carga en el cual se observa que la contribuci6n de la proteina tau

glial al extracto total no podria alterar de manera inportante  los resultados obtenidos

para un extracto de proteinas de un cultivo mjxto. Asi, analizados de manera integral, los

resultados mostrados en la Figura 11, estos nos sugieren que las c6lulas gliales juegan un

rol clave en la modulaci6n de la respuesta neuronal frente a los estinulos realizados con

hierro.

En base a los resultados obtenidos en esta parte de la tesis y de acuerdo con el

marco te6rico y antecedentes entregados. Estos nos llevan a plantear la representacibn

esquematica que  se muestra en la Figura  12. En esta,  se  observan los fen6menos que

podian estar ocurriendo en la neurona en presencia de hielro en el anbiente. En la via I,

el hierro entran'a a la neurona, y se acumularia provocando estr6s oxidativo (via 2). Este

estr6s induciria camhios  en los  estados  de fosforilaci6ii de  la proteina tan (via 3)  1os

cuale§  pueden  afectar  la  estabilidad  y  dininca  de  los  microthbulos,  lo  que  podria

provocar rna alteraci6n funcional en el citoesqueleto. La proteina tau al perder el patr6n

de fosforilaci5n adecundo para su 6ptima y moduhada interaccibn con el citoesqueleto, se

alteraria la dinamica y estructura del  citoesqueleto  lo  que  podria provocar disfunci6n

neuronal (via 4). Ello es consistente con la observaci6n que la disfunci6n neuronal es el

proceso  prioritario  en la via hacia  la neurodegeneraci6n,  y que  muerte neuronal  s6lo

ocurre en estados avanzados de la EA.
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12.-  Esquema general

Figure 12. En esta figura se esquematizan los procesos que ocurririan en la neurona. En 1  el hierro entra,
luego (2) provoca estrds oxidativo el cual provoca cambios en los estados de fosforilaci6n de la proteina
tan (3) indueiendo disfunci6n neuronal. (4). Este fen6meno estaria modulo por c6lulas gliales.

Por otra par[e, las c6lulas gliales podrfan regular este fen6meno en a lo menos 3

etapas, las cuales se esquematizan con flechas punteadas, y siguieren una regulaci6n al

nivel  de  la  incoxporaci6n  de  hierro  en  la  neurona,  la  mantenci6n  del  estado  redox

neuronal  y/o  una  intervenci6n  que  involucre  dhecta  o  indirectamente  al  mecanismo

molecular  que  conlleva a la fosforilaci6n y  desfosforilaci6n  de  la proteina  tan  en los

epitopos involucrados.
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3.2    ESTUDI0S    DE    LA    HOMEOSTASIS    DEL    HIERRO    BASADA    EN

I)ETERMNINACI0NES EN LCR DE  SUJETOS SENILES CON DIFERENTES

GRADOS DE DANO COGNITIVO

Como complemento a los estudios en cultivo celular y con el objeto de evaluar

las alteraciones en los niveles de hierro que pudiesen contribuir a explicar alteraciones

patologfoas como las que se observan en EA, se analizaron log niveles de hierro total y

hierro redox activo en muestras ds LCR de distintos grupos de pacientes (vcr Materiales

y M6todos), El analisjs, per espectroscopja d9 absorcjdn at6miea, del Fe total contenjdo

en el LCR de personas con diferentes grados de deterioro cognitivo mostr6 un amplio

rango  de  concentraciones  (Ver  tabla  2)  que  fue  desde  0.297  ;IM  hasta  1.846  iiM

oromedio:   0.818;   Error   estindar:   0.069;   N=3l).   No   se   encontraron   diferencias

significativas entre los niveles totales de Fe y el grado de demencia. El analisis de las

muestras arroj61os siguientes resultados. (Promedio ± Error estandar)   0.85 ± 0.16 [iM;

n = 10; para el grupo de pacientes nomales Ql); 0.790 ± 0.12 iiM; n =9 para el grupo

con Desorden Cognitivo Temprano @C-'T); 0.627 ± 0.06 iiM; n =4 para el grupo con

Desorden Cognitivo Avanzado @C-A); 1.014 ± 0.28 |iM; n=3 para el grupo Alzheimer

en  estadios  tempranos  (Alzh-T)  y  0.760  ±  0.15  uM;  N=5;  para  el  grupo  Alzheiner

avanzado (Alzh-A), re spectivamente.
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Figura 13.- Niveles totales de Fe en LCR no se encuentran alterados en demencias.
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Figtira 13. Niveles de Fe total en LCR obtenido de 37 individuos; 10 normales Q¢), 9 Desorden Cognitivo
Temprano  @C-T),  10  Desorden  Cognitivo  Avanzado  a)C-A),  3  Alzheimer  Temprano  (AlzhJD  y  5
pacientes con Alzheimer Avanzado (Alzh-A), fueron analizados por espectroscopia de absorci6n at6mica.
LQs resuhados no arrojaron diferencias significatives entre los grupos analizedos,

Los niveles de transfeITina (Tf) que se han descrito para el LCR son de 0.24iiM (Symons

y  Gutteridge,  1998)  de  esta  manera  Tf  en  el  LCR  esta  muy  cerca  de  su  punto  de

saturaci6n o saturade, con lo que podria existir una fracci6n de Fe libre no unido a Tf

presente.  Por esto  quisinos  analizar  los  niveles  de Fe redox  activo  en  los  diferentes

grupos en estudio.
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Figura  14.  -Correlaci6n  positiva  entre  Fe  redox-activo  y  etapas  tempranas  de]

proceso neurodegenerativo.
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Figura 14: Niveles de hierro redox activo en LCR Hierro redox activo fue determinado en 46 sujctos..1os
ciiales de acuerdo a su deterioro cognitivo, se agrL]paron en las categorias de sujetos:  13 normales, 9 con
deterioro cognitivo temprano, 11 con deterioro cognitivo avanzado, 5 Alch-T y  8 con Alch-A Diferencias
significativas se encontraron ente los sujetos normales y con EA temprana (*) y cntre estos riltimos y los
sujetos con Alch-A (# #).   *, P < 0.05,  # # P < 0.01, sugbn test de Dunett.

Los valores  de  Fe redox-activo  (Ver tabla  1)    en  el LCR de personas  con un estatus

cognitivo  normal  arrojaron  valores  de  0.210  ±  0.03  iiM,  n=  13;  Chomedio  ±  Error

estaldar). En DC-T y DC-A. Ios niveles de Fe redox activo no fueron significativamente

mayores que en los individuos controles   (0.272 ± 0.04 iiM, N= 18, 0.328 ± 0.04 iih4

N=  11).  Por  otro  lado  las  muestras  de LCR  obtenidos  de  individuos  con Alzheimer

mostraron  un  patron  de  distribuci6n  bifdsico  en  donde  las  muestras  obtenidas  de

individuos con Alzh-T presentan un nivel de Fe redox activo significativamente mayor
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al  control  (0,424  ±  0,05  uM  n=  5;  P<  0.05)  y  el  grupo  de  individuos  con  Alzh-A

muestra un nivel de Fe redox activo muy bajo, siendo significativamente menor al grupo

Alch-T (0.112 ± 0.06 u^4 N= 8; P< 0.01). Segiin datos arrojados por el test de Dunett.

Figura 15.- Correlaci6n negativa entre Fe redox-activo en LCR y dano cognitivo en

personas con EA.
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Figura  15.  Correlacion  entre  ]os  nive]es  de  hierro  redox  activo  y  el  grado  de
demencia en pacientes de EA. Los valores de hierro redox activo se garficaron respecto

::ngiaadc:end:e:::vean:ia: oen78Z?Cp£::#:n;;n.9E2S  T.BOX  2  4,  Se  encontro  una  fuerte
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Un analisis posterior de los datos revela que existe una fuerte correlaci6n inversa

entre el grado de demencia de los pacientes con EA y los niveles de Fe redox activo en

LCR (Vcr tabla 3). Este hecho  sugiere que durante el transcurso de la patologia el Fe

redox activo es neutralizado por algivn lnecanismo.

TABLA 1 :

Fe redox-activo segdn diagnostico (LLM)

Nomal  DC-T
0,365    0,298
0,092     0,110
0,330     0,710
0,199     0,260
0,181     0,'140

DC-AAlzh-TAlzh-A
0,244   0,602   0,249
0,371   0,470    0,142
0,140   0,316    0,059
0,235   0,404   0,364
0,263   0,330    0,000

0.149     0,548    0,263
0,215     0,414    0,604
0,327     0,192    0,239
0.030     0.110    0,402
0,130     0,100    0,375
0,101     0,152    0,466
0,320     0,303
0,291     0,343

0,190
0,190
0,592
0,189
0,050

13             18            11            5              8
0,210    0,272   0,328  0,424     0,112
0,03       0,04      0,04     0,05      0,06
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Fe total en LCR segdn diagnostico (iiM)

Normal DC-T DC-A  Alzh-T  Alzh-A

0,315 0,500 0,509      1,565      0,468
0,363 0,571 0,530      0,840       0,529
0,434 0,530 0,691       0,636       Cl,876
0,466 0,619 0,776                         1,104
0,706 0,646 1,206
0,846 0,697 0.837
1,045 0,891 0,297
1,142 1,032
1,334 1,624
1 ,846

TABLA2:

n 10               9               4              3              5
Prom 0,850         0,790       0,627      1,014       0,760
EE 0.16             0.12           0.06          0.28           0.15

TABLA 3 :

Niveles de Fe redor activo (uM),
segdn grado de demencia (T.Box)

Total Fe redox
Box activo

4 0,602
4 0,470
4,5 0,316
6 0,404
6,5 0,330
7 0,249
7 0,142
7 0,059
7 0,364
10 0,000
10 0,000
10 0,000
10 0,080
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IV. DISCUS16N

En este trabajo hacemos una contribuci6n para establecer el posfole papel que

podria   jugar    el    hierro,    como    inductor    de    estr6s    oxidativo    en    el    proceso

neurodegenerativo que lleva a la adquisici6n de la enfermedad de Alzheiner. Para esto

se analizo el efecto de tratamientos de sobrecarga de hierro y H202 sobre los estados de

fosforilaci6n  de  la  proteina  fan,  en  neuronas  de  hipocampo  en  cultivo,   Ademfs,

realizamos un estudio clinico que nos permiti6 correlacionar los niveles y estados del Fe

en LCR  con la patologia de la EA.

La serie de experimentos realizada en cultivos neuronales nos pemite concluir

que  en  respuesta  a  la  exposici6n  de  neuronas  de  hipocampo  de  embri6n  de  rata,  a

diferentes tiempos  y concentraciones  de Fe estas  lo  acumulan como  se observa en la

Figura  5.  Una  vez  dentro  de  las  c61ulas  el  Fe  es  capaz  de  inducir  dafio  oxidativo`,

probablemente, por VI'a de la reacci6n de F6nton. Esta reacci6n quimica es una reacof6n

cuya cin6tica es de primer orden y  responde a fa Icy de acci6n de masas, de manera que

al aumentar los niveles de Fe aumenta tanbi6n la producci6n de especies reactivas de

oxigeno @ROs). Lo mismo ocurre si exponemos las neuronas a tratamientos con H202

el cual a traves de esta misma via, es capaz de inducir dafio oxidativo en el interior de la

neurona.  Este  dafio  oxidativo  fue  evidenciado  por la detecci6n de  aductos  de 4-IINE

sobre lisinas de las proteinas (vcr Figura 7). Estos aductos se ven aumentados con los

tratamientos  con  Fe  lo  que  confinia  que  esta  acumulaci6n  citoplasmatica  de  Fe,

efectivamente es capaz de inducir dafio oxidativo en  neuronas en cultivo.
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Por  otra  parte,  la  formaci6n  de  aductos  de  4-IINE  ha  sido  detectada  en

numerosas  patologias  neurodegenerativas,  encontrindose  la  subuhidad  pesada  de  los

neurofilamentos modificada con 4-IINE  en la esclerosis lateral amiotrofica (Wataya y

cols.   2002).   Ademas,   en   la  enfermedad  de  Alzlieiner  la  proteina  tau  puede   ser

modificada   por este aducto, lo que se ha podido observar en cortes de tejido cerebral

post-"oj?e" derivados de personas con EA (Takeda y cols. 2000).

El  estr6s  oxidativo  neuronal  inducido  por  tratamientos  con  Fe  o  con  H202

produce  ademas  rna  disminuci6n  en  la  fosfchlaci6n  de  la proteina tan,  en  apfropos

caracteristicos  de  la  enfermedad  de  Alzheimer.  La  fosforilaci6n de  estos  epitopos  ha

demostrado no ser dependiente de la actividrd de gsk3P, pero si de la actividad de cdk-5

(Alvarez y cols. 1999, 2001; Mccioni y cols. 2001 b,a) cnya desregulaciin juega un rol

critico  en  los  mecanismos  moleculares  que  gatillan  la  neurotoxidad  mediada  por  el

peptido P-Amiloide (A]varez y cols 1999) en la EA. Cuando analizamos los niveles de la

proteina quinasa cdk-5 y de su forma activa fosforilada no observamos cambios en las

concentraciones citoplasmaticas, lo  cual sugiere que esta modificaci6n en los patrones

de fosforilaci6n de la proteina tau, inducida por estr6s oxidativo, esta dada por cambios

en la actividad de esta quinasa y/o por cambios en la actividad de fosfatasas vinculadas

con  este  fen6meno.  Con  posterioridad  a  la  obtenci6n  de  estos  resultados  y  con  el

objetivo de esclarecer el mecanismo molecular que lleva a rna hipofosforflacion de la

proteina tau en condiciones de esties oxidativo continuamos esta investigaci6n y en base

a la  evidencia  experimental pudimos  concluir  que  el  mecanismo  respousable  de  este

fen6meno es rna sobreactivacion de la actividad de la proteina fosfatasa 1 a?P1), 1a cual
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esta dada por un aumento en la fosforilacion del inhibidor-2, el cual al fosforilarse deja

de actuar como inhibidor de la PP1. Para mayor detalle ver anexo "Publicaciones" en

Zambrano y cols. 2004.

Esta  modificaci6n  en  los  patrones  de  fosforilaci6n  de  la  proteina  tan  podria

alterar la dininiea de los microthbulos ya que 6sta, se encuentra finamente regulada por

la acci6n de proteinas de la familia de las MAP's (Maccioni y cols.  1989; para revision

vcr Mccioni y Cambiazo,  1995).  Para el caso de la proteina tau,  su asociaci6n a los

microthbulos   se  veria  disminuida  tanto   por  una  hiperfosforilaci6n  como  por  una

hipofosforilaci6n de  su  estructura  (Medina  y  cols.  1995).  Este  hecho  tiene  una  gran

relevancia puesto que al disminuir la afinidad de la proteina tau por los microthbulos,

6sta se encontraria mayomente libre en el citoplasma 1o qiie la hace susceptible de siiffir

otro  tipo  de  modificaciones  las  cunles  posteriormente  podrian    inducir  procesos  de

agregaci6n que lleven a la formaci6n de los ONF.

Los  dates  de  la  Figura  11  llevan  a  concluir  que  este  proceso  es  claramente

modulable  por  celulas  gliales,  las  que  podrian  estar  acaiando  en  muehos  niveles

diferentes, Entre estos, regulando la incorporaci6n de hielTo en las neuronas a traves de

factores solubles secretados por la glia al medio, los que eventualmente |]odian alterar

la homeostasis neuronal de este metal.  Por otra parte,   podria existir una contribuci6n

importante de la glia al nivel de una modulaci6n en el balance redox neuronal por via de

un suministro vectorial de glutati6n redueido haoia la neurona. Asi, en estas condiciones

y por la acci6n de elementos anti oxidantes, los fen6menos de acumulaci6n de hierro

neuronal no serian capaces de indueir dafio oxidativo.
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El analisis integrado de los resultados obtenidos en nuestro modelo mos permiten

postular que, durante el envejecimiento una de las muchas cosas que ocunen de manera

nomal es rna acumulaci6n de  hierro. Esta provocaria un aumento en el dafio oxidativo

neuronal, el que tendria como uno de sus blancos a la proteina tau la cual ven'a afectado

su  patron  de  fosforilaci6n.  Esto  podria  provocar  una  disfunci6n  celular  a  rivel  del

citoesqueleto y contribuyendo ademds, con los fen6menos de agregacien de la proteina

tan qu8 1leven a la formacibn de los ONF.

Debido   a  que  la  acumulaci6n  de  Fe   ha  sido   cousiderada  como  un  factor

importante en la etiologia de diferentes desordenes neurodegenerativos ¢e y cols. 2003;

Perry y cols. 2002; Youdim y cols.  1993) es por ello que mos interes6 medir log niveles

de este metal en el sistema nervioso central. De esta manera, en la segunda parte de esta

tesis  mos  orientamos  a  analizar  la  biodisponibilidad  de  Fe  en  diferentes  estados  del

proceso neurodegenerativo, como elemento esencial para entender el rot de este metal en

estos procesos. Para responder a este punto, en esta tesis analizamos muestras de LCR

de sujetos  seniles  con diferentes grados de perdida en sus  capacidades  cogiritivas.  En

estas muestras medimos los niveles totales de Fe y los niveles de Fe capaz de catalizar la

reacci6n de F€nton, es decir el Fe redox activo.

Los niveles totales de Fe mostraron un amplio rango de valores desde 0.297 iiM

hasta I.846 iiM. El origen de esta enome variaci6n es desconocida, sin embargo podria

deberse a diferencias en los habitos alimenticios, en las condiciones ambientales  o  en

diferencias gen6ticas.   No encontramos diferencias significativas ente los niveles de Fe

total y el grado de demencia. Es por ello que quisinos analizar los niveles de Fe que se
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encuentra en foma redox activo. Aumentos en los niveles de esta fracci6n de Fe, hal

sido  correlacionados  con  la aparici6n  de productos  de oxidaci6n y disminuci6n  de  la

capacidad  antioxidante  del plaslna  (Cighetti  y  cols.  2002).    Sin  embargo,  no  existen

dates   disponibles   de  los   niveles   de  Fe   redox-activo   en  LCR  y  su  relaci6n   con

alteraciones cognitivas.

En este trabajo encontramos importantes cantidades de Fe redox activo en LCR

obtenido   de   personas  normales  y   con   daflo   cognitivo.   Un  hecho   importante   fue

determinar que los niveles de Fe redox activo son independientes de los niveles de Fe

total, contrariamente a lo esperado los niveles de Fe total y redox activo mostraron estar

independientemente regulados. Nuestros valores para personas nomales (0.210 ± 0.03

iih® estin muy cercanos a los descritos previamente (0.55 ± 0.27  iiho   utilizando un

ensayo de basado en bleomicina (Symons y Gutteridge, 1998).

Los niveles  de  ascorbato  determinados  en LCR  son  de  alrededor  de  160  iiM

Qiiber y cols.  1993). Asi, bajo estas condiciones, la foma predominante de Fe en LCR

seria Fe+2  la cual  es  directameflte  incoxporada  al  interior  celular por  el  transportador

DMI'1  (Gunshin y cols.  1997; Arredondo y cols. 2003) en un proceso conocido  como

incorporaci6n de Fe no unido a transferrina. De esta manera las regiones cerebrales que

presenten este transportador podrian ser particularmente seusibles a la acumulaci6n de

este metal por esta via. Interesantemente ima de las regiones que presenta iina mayor

densidad del transportador DMrl  es el hipocampo (Gunshing y cols.,  1997), la regi6n

mas afectada en EA.
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EI Fe  redox activo  se  encuentra signiflcativamente  aumentado  en las primeras

etapas del deterioro cognitivo. Un aumento de este estado del Fe podria promover dafio

neuronal por diferentes vias por ejemplo  con favoreciendo la formaci6n de las PS, en

donde  se  ha  encontrado  concentraciones  de  lmM  de  Fe  (Bishop  y Robinson,  2003).

Ademas,    este  Fe redox  activo  podrir actuar en  conjunto  con  el p6ptido  a-anriloide,

induciendo un ciclo redox. quuang y cols.1999). Como ya se mencion6 anteriormente,

un aumento en los niveles de Fe redox activo podria generar rna acumulaci6n de este

metal en cierias regiones  del cerebro,  1o  qiie podrfa provocar un aumento  en la carga

oxidativa  neuronal  que  genere  dafio  oxidativo  en la  c61ula.  Orufiez-Millacura y  cols.

2002; Youdim 2004). Ademas, del  potencial dafio que tendria este Fe redox activo en

las neuronas, este podria actuar a cualquier nivel en el sistema nervioso central. De esta

manera, el Fe redex activo podia jugar un rol critico al afectar a las c6lulas ghiales las

cuales  cumplen  un  rol  fundamental  en  el  control  de  muchos  procesos  fisiol6gicos  y

patol6gicos en el Sistema nervioso central.  (Schousboe 2003; Hirsh y cols.  2003). De

esta manera ai]mentos en los niveles de Fe redox activo en el LCR podrian resultar en

una  serie  de  evelitos  que  lleven  a  un  deterioro  en  la  funci6n  celular  induciendo

neurodegeneraci6n.

Log niveles de Fe redox activo de lag muestras de LCR de individuos con EA,

muestran  una  distribuci6n  bifasica.  En  el  grupo  de  pacientes  con  EA  temprana  se

observan   valores   promedio   significativamente   mayores   que   las   muestras   de   los

individuos control. Ademas, en muestras de pacientes con EA avanzada los valores de

Fe  redox  activo  arrojan  promedios  sigulficativamente  menores  a  los  controles.  Este
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hecho sugiere que durante el transcurso de la enfemedad se gatilla un mecanismo   que

pemite reducir los niveles de Fe redox activo en el LCR y por ende su toxicidad. Este

mecarismo podria ser explieado de una manera similar a la hip6tesis del "e#fombmeHf"

del p6ptido P-amiloide (Cuajunco y cols.  2000). Esta hip6tesis plantea que   el sistema

formaria las PS  como un esfuerzo foal para neutralizar la toxicidad del p6ptido.  Asi,

ademis se neutralizarian los efectos neurotoxicos de este Fe redox activo.

Finalmente,  quisiera  destacar  que  esta tesis  constituye  un  aporte  al  caudal  de

estudios que pretenden dilucidar cuales  son los mecanismos moleculares involucrados

en los procesos neurodegenerativos que oculren tanto de manera patol6gica en la EA o

naturalmente durante el envejecimiento. Cabe destaear que la contril)uci6n fundamental

reside en el haber logrado evaluar las relaciones entre la toxicidad de los efectos pro-

oxidativos del hierro con los mecanismo de neurodegeneraci6n mediados por cambios

en la proteina tau,  rna  etapa clove  en la patogenesis  de  la  enfemedad de Alzheimer

Q4acciohi y cols, 2001  a,b). Por otra parte, el haber encontrado una relaci6n entre los

cambios en los niveles de hierro en el LCR y el deterioro cognitivo en la EA apoyan la

hip6tesis de que el hierro podria jugar un rol critico en la EA.

Existe clara evidencia que este deterioro cogndivo es un fen6meno gatillado por

muchos factores dentro de los cuales el envejeciriento es un factor clave, y en donde

alteraciones  en  las  concentraciones  de  los  metales  redox  activos  y  la  acumulaci6n

neuronal de Fe podrian jugar un rol relevante. Esto mos permite plantear, en esta tesis el

posible uso de rna via altemativa de terapia para la EA,  con el uso famacol6gico de
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mol6culas  quelantes  de  hielro,  capaces  de  atravesar  la barrera hematoencefalica  que

acthen como antioxidantes en el sistema nervioso central,

Por  ultino,  este  trabajo  es  solo  una  aproxinaci6n al  analisis  experimental  y

biom6dico de la patologia de EA, por lo cual este tema requerirfa en el futuro mayores

estudios en modelos animales y en seres humanos. Esto debido a que nuestros modelos

no  nos  permiten  extrapolar  con  total  claridad  los  procesos  reales  que  ocurren  en  el

cerebro humano durante el envejeciniento y la genesis de la erfermedad de Alzheiner,

aunque entregan averidas de estudio sobre las bases biol6gicas de esfa patologfa.
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V. CONCLUSI0NES

1.-Los niveles intracelulares de hieITo, en cultivos prinarios de hipocampo, dependen

tanto  de los niveles de  este metal  en el medio  de cultivo  celular como  del tiempo de

exposici6n a este.

2.- Elevadas concentraciones de hierro en los cultivos de c6lulas hipocampales, generan

dafio oxidativo intracelular.

3.-En presencia de hierro, la proteina tau se encuentra hipofosforilada, respecto de la

situaci6n  control,  en  epitopos  de  tipo  Alzlieimer,  lo  cual  podria  dar  cuenta  de  los

cambios que ocurren en etapas tempranas de esta patologia. La estimulaci6n de neuronas

de hipocampo en cultivo con otro agents que genere dafio oxidativo, H202, induce los

mismos cambios en los estados de fosforilaci6n en la proteina tau que log tratanientos

con hielro.

4.- La hipofosforilacion de  estos epitopos no  esfa dada por cambios  en los niveles  de

cdk-5 hi su fosforilaci6n en la tirosina .15.

5.-La presencia de c6lulas gliales inhibe la hipofosforilacion de tau inducida por hierro,

en un sistema de cultivos mixtos de  neurona-glia.



47

6.-No existe correlaci6n entre el grado de demencia de individuos seniles y los niveles

de hierro totales en muestras  de LCR.  Sin embargo, existe una interesante correlaci6n

entre  el  grado  de  deterioro  cognitivo  y  la  fracci6n  de  hielro  redox  activa  en  LCR.

Ademas existe una conelaci6n inversa entre el deterioro coghitivo de un paciente que

sufre de EA y los niveles de hierro redox activo en LCR.
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Abstract
I

Oxidative  stress  phenomena  have  been  related  with  the  onset  of  neurodegenerative  diseases.   Particularly  in
Alzheimer Disease  (AD),  oxygen  reactive  species  (ROS)  and  its  derivatives  can  be  found  in  brain  samples  of

postmortem AD patients. However, the mechanisms by which oxygen reactive species can alter neuronal function
are still not elucidated. There is a growing amount of evidence pointing to a role for mitochondrial damage as the
source of free radicals involved in oxidative stress. Among the species that I)articipate in the production of oxygen
reactive radicals, transition metals are one of the most important. Several reports have implicated the involvement
of redox-active metals with the onset of different neurodegenerative diseases such as Alzheimer's Disease (AD),
Progressive Supranuclear Palsy  (PSP), Amyotrophic Lateral Sclerosis  (ALS)  and Parldnson's Disease  (PD).  On
the  other hand,  our  previous  studies  have  indicated  that  AP-induced  deregulation  of the  protein  kinase  Cdk5
associated  with  tau  protein  hypexphosphorylation constitute  a  critical  pathway  toward neurodegeneration.  In  the
current paper we have shown that iron induces an imbalance in the function of Cdk5/p25 system of hippocampal
neiirons,  resulting  in  a  marked  decrease  in  tau  phosphorylation  at  the  typical Alzheimer's  epitopes.  The  loss  of

phosphorylated tau epitopes correlated with an increase in 4-hydroxy-nonenal (HNE) adducts revealing damage
by oxidative stress.  This effects on tau phosphorylation patterns seems to be a consequence of a decrease in the
Cdk5/p25  complex activity  that appears  to  result from a depletion of the  activator p25,  a mechanism in  which
calcium transients could be implicated.

Introduction

Oxidative   stress  can  be  defined  as  the  loss  of  the
balance  between  the  systems  that  produce  reactive
oxygen  species  (ROS)  and  the  antioxidant  machin-
ery.  The production of ROS  is the result of oxidative

processes affecting cellular and biochemical integrity
in  neuronal  cells.   This  imbalance  occurs  in  several
human neurodegenerative diseases and in animal mod-
els  that  mimics  brain  disorders  (Markesberry  1997;

aThese authors have equally contnbuted  to this work.

Butterfleld cf a/.  2001 ; Varadarajan eJj ciJ.  2000). Neu-
rodegenerative  diseases  involve  protein  aggregation,

phenomena  such  as  those  occurring  in  Alzheimer's
disease  (AD)  (Smith  cr a/.  2000;  Joseph  cf a/.  2001;
Maccioni cr a/.  2001a, b), Huntington's disease (HD)

(Deckel  2001;  Sayre  ef  a/.   2001),  amyotrophic  lat-
eral   sclerosis   (ALS)   (Estevez   cf  aJ.    1999;    Julien
2001),  prion disorders  such  as  Creutzfeld-Jacob  dis-
ease (CJD)  (Brown 2001),  and disorders with  aggre-

gated  c¥-synuclein  such  as  Parkinson's  disease  (PD)
and  frontotemporal  dementia  (FI`D)  (Goedert  eJ  a/.
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2001).  In  addition  to  aggregated  c¥-synuclein  in  PD
and FTD, other protein aggregates have been detected.
These included P-amyloid peptide and tau protein in
AD, hungtintin in HD and prions in CJD. The relation-
ship between oxidative stress and protein aggregation
still remains to be elucidated. In human aging there is
an increase in oxidative stress markers and damage to
cellular proteins, DNA and lipids (Christen 2000). The
central  nervous  system  (CNS)  appears  to  be  particu-
larly vulnerable to ROS damage. A number of factors
that  contribute  to  the  high  vulnerability  of the  CNS
to  oxidative damage include  a  decreased level  of the
natural antioxidant glutathione in neurons, membranes
containing a high proportion of polyunsaturated fatty
acids  (Hazel  &  Williams  1990),  and  a  relatively  in-
creased oxygen requirement due to the high metabolic
activities of the bi.aim (Benzi & Moretti  1995).

During  the  last   10  years  an   increasing  number
of papers  have  dealt  with  the  relationships  between
the presence of transition metals  and neurodegenera-
tive  disorders  (reviewed  in  Lynch  cf  c!/.   2000;  Qian
&  Shen  2001).  Multiple  lines  of  evidence  implicate
redox-active  transitions  metals  as  mediator  of oxida-
tive stress  and  ROS  production in  neurodegenerative
disorders (Perez  e/ a/.  1998;  Sayre e! a/.  1999;  Quin-
tanzt ef c!/.  2000). Several studies have been conducted
to analyze the roles of Fe,  Cu, Mn and Zn in the pro-
duction of oxygen and nitrogen reactive species,  and
oxidative stress damage to cells as related to neurode-

generation.  Particularly  iron  has  been  implicated  in
the ethiopathology of several degenerative diseases of
neuronal  systems  such  as  Alzheimer disease  (Lovell
cf  c!/.    1998),   Parkinson   (Jellinger   1999),    progres-
sive  supranuclear  palsy   (PSP)   (Perez   cf  a/.    1998)
and  cataracts  (Goldstein  c!  c!/.   2000).  Iron  is  primar-
ily  stored in ferritin,  although elevated levels of iron
seem not to correlate with  an increase in ferritin lev-
els or the transport protein transferrin in Alzheimer's

patients  (Fischer  e!  cr/.   1997).   In  this  paper  we  an-
alyze  the  changes  in  the  levels  of  Cdk5  and  p25  in
hippocampal neuronal cells  and tau hyperphosphory-
lation  patterns  in  response  to  acute  iron  treatments.
Our results indicate that iron-mediated oxidative stress
induces oxidative stress markers such as HNE adducts
and  hemoxygenase-1,   as   compared  with   untreated
neuronal cells  and control  cells  treated  with  the  iron
chelating agent deferoxamine mesylate (Deferal). Fur-
thermore, iron does 'not modify the intraneuronal level
of Cdk5,  even  though  a  decreased  pool  of p25  was
observed. The phosphorylation at Tyr-15 in Cdk5 was
also assessed, revealing that iron did not produce any

effect on the phophorylation dynamics.  Interestingly,
iron  treatment of hippocampal  cells  with  20  44M  Fe

produced  a  significant  decrease  in  the  exposure  of
Alzheimer's type epitopes as analyzed with PHF-1 and
AT-8  antibodies.  The data suggests  that the pathway
involved in iron-mediated oxidative damage could in-
volve different mechanisms than those implicated for

f}-amyloid induced oxidative stress.

Materials and methods

Primary cell cultures

Hippocampal neuron cell cultures were prepared from
E18.5  rat embryos  (Banker  &  Cowan  1977).  Briefly,
the  hippocampus  was  dissected  and  then  incubated
in   0.25%   trypsin-EDTA  during   10   min   at   37   °C.
After  trypsin  digestion  the  tissue  was  washed  with
HBSS   (GIBCO-BRL)   solution   and   then   disaggre-

gated  using  a  fire  polished  Pasteur pipette.  Neurons
were  plated  over  poly-L-lysine  coated  coverslips  at
a  5,000  cells  cm2   for  immunofluorescence  experi-
ments and 15,000 cells cm2 forwestern blots analyses.
Cultures  were  maintained in  10%  bovine  serum  un-
til  3  h  after  plating,.  when  the  culture  medium  was
replaced with medium containing the N2 supplement

(GIBCO-BRL)  (Bottenstein & Sato  1979). Cells were
maintained in culture for 5  days, and the N2 medium
was replaced every 48 h.

Iron treatment

Iron was supplied as iron citrate at 20 44M in a medium
containing  N2   supplement.   For  iron   chelating  ex-

periments the drug Desferal (deferoxamine mesylate)
(Sigma)  was  supplemented  at  100  pM  in  a  medium
containing  N2  supplement.   Iron  and  iron-chelating
treatments were performed during 24 h.

Immuiroblots

After iron  treatments,  neurons  were  homogenized in
RIPA buffer and the protein concentration determined
by using the Bradford analyses (Bradford 1976). Equal

quantity of each sample was resolved into 10% PAGE-
SDS  gels  (Laemmli  1974).  After transfer onto nitro-
cellulose  membranes,   samples  were  blocked  in  5%
non-fat dry milk and then incubated with the primary
antibodies for 2 h  at room temperature,  or overnight
at  4  °C.  After three  washing  steps  with  PBS-Tween
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(0.05%), membranes were incubated with peroxidase-
conjugated secondary antibodies (Sigma). Finally, de-
tection  was  performed  using  the  chemiluminiscence
system  (ECL,   Amersham  Pharmacia)   and  samples
were analyzed in a molecular imager FX  (Biorad) of
the  Millennium Institute  CBB  core  facility.  We  used
the following primary  antibc>dies:  AT8  that recognize
a  phosphorylated  epitope  on  tau  protein;  Tau-1  that
recognize an unphosphorylated epitope of tau;  PHFl
that  recognize  an  Alzheimer's  type  phosphorylated
epitope  on  tau  protein,   and  Tau5   that  recognize  a
normal  phosphorylation  epitope  on  tau  protein  con-
formation.  A  fi-actin  antibody  (Sigma)  was  used  to
normalize the amount of protein loaded on each well.

Immunoftoufescences

Cell cultures were fixed in 4% paraformaldehyde/4%
sucrose  during  15  min  at  37  °C.  After fixation,  sam-

ples  were  permeabilized  with  0.2%  Triton  X-100  at
room  temperature  during  5  min.  Samples  were  then
washed three times in PBS  and blocked with 5q7o BSA
during  1  h  at  room  temperature.  Primary  antibodies
were diluted in 1 % BSA and incubated in a wet cham-
ber for 2 h at room temperature or overnight at 4 °C.
After  three  washings   with  PBS,   preparations  were
incubated  with  fluorescein  or  rhodamine-conjugated
secondary antibodies (Sigma) during 1  h at room tem-

perature (Capote & Maccioni  1998). Finally, samples
were  washed  with  PBS  and  mounted  with  Prolong
mounting  media   (Molecular  Probes).   Additionally,
F-actin was detected with rh.odamine-conj ugated phal-
loidin at 5 pg ml (Sigma). Images were obtained from
a Zeiss con focal microscope.

Results and discussion

Overall lnorphology Of iron-treated hippocampal
neurons

We  first  analyzed  the effect  of iron  treatment on the

general  morphological  features  and  cytoskeleton  or-
ganization  in  cultured  hippocampal  cells.   For  such
purpose,   neuronal   cultures   maintained   for   4   days
I."  vl.rro  (DIV)  were  incubated  with  increasing  con-
centrations  of iron  ranging  from  0  to  80  4tM  (data
not  shown).   This   study  indicated  that  the  optimal
working iron concentration to be used for subsequent
experiments  was  20  4tM,  which  is  in  the  physiolog-
ical  range  of iron  concentration.  Hippocampal  neu-
rons  were  at  stage  three  of  brain  development  by

Control     Desf.          Fc
100`pr       20prM

A.

ttT  - #
.``

69kDa +   b`ifei

actin  - - -
Fi.g.  I.  Western blots  of cells  extracts  from  hippocampal  neurons
incubated  in  the  presence  or  absence  of iron.  Neuronal  cells  were
incubiited  in  the  zibsence  of  iron  (control),   or  in  the  presence  of
loo ¢M  Deferal or 20 4M  iron.  Cells  were homogenized  and sub-

jected  to  Western  blot  assays  by  using  an  anti-HNE  ndduct  rabbit
polyclonal  antibody.   The  migration  of  actin  as  internal  reference
is  indicated.   A  protein  band  of around  69  kDa  was  apparent  after
exposure of neuronal cells  {o iron.

the  time  of  iron  administration  (Dotti  e/  aJ.   1988).
There were not significant morphological differences
between  iron-treated  and  control  cells,   as  analyzed
through immunofluorescence using a monoclonal an-
titubulin FITC conjugated antibody and staining with
rodhamine-Phalloidin   for   actin   filaments   (data  not
shown).  Thus,  cytoskeleton staining  of microtubules
and  actin  micro filaments  showed  no  variations  be-
tween treated and control groups. Iron does not appear
to produce major changes in the cytostructure,  there-
fore funcional  aspects  of iron-treated neurons  (Mac-
cioni  cJ a/.  2001b)  was  investigated in  the  context of
the experiments described below.

A Inarkerfor lipid-peroxidation is increased in
iron-treated neurons

It was of importance to analyze if iron-treatment pro-
duced  an  increase  in   the  oxidative  stress   response
within the hippocampal neurons. For such purpose we
measured the levels  of 4-HNE adducts.  4-HNE is an
aldehyde product of lipid peroxidation that can dam-
age primary  neuron cell  cultures  (Mark  c/  CZJ.   1997),
and can induce cross-linking of cytoskeletal proteins.
As  it  is  shown  in  the  Figure  1,   there  is  a  marked
increase  in  the  amount  of  HNE-adducts  in  samples
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derived  from  iron-treated  cells.   Controls  using  the
iron chelating  agent Desferal  showed similar 4-HNE
adducts levels as those observed in untreated controls,
thus  supporting  the  observation  that  the  increase  in
HNE  levels  is  due  to  iron  overloacl.  This  increase  in
the amount of HNE-adducts found in treated cells also
suggests  that  iron  is  tnggering  the  oxidative  stress
response  inside  the  neurons,   and  affecting  lipids  of
the  cell   membrane.   There  is   a  vast  amount  of  re-

ports  dealing  with  the  importance  of oxidative  stress
in  the  pathology  of  Alzheimer's  disease  (reviewed
in  Markesberry   1997;   Smith  ef  CZJ.    2000).   The  re-
sults  that  imply  fi.ee  radical  oxidative  stress  in  AD
includes:   (i)  increased  levels  of  redox-active  metals
ion  in  AD  brain;  (ii)  increased  lipid peroxidation as
detected by an increase in HNE adducts; (iii) increased

protein,  DNA  and RNA  oxidation,  and upregulation
of antioxidant enzymes;  and  (iv)  extensive  amounts
of peroxynitrite and advanced glycation end products

(AGE)-modificatic)ns. These studies point to the effect
of iron treatment over hippocampal neurons in culture,
due  to  an  increase  in  oxidative  stress  of the  cell.  An
increase  in  the  amount  of HNE-adducts  in  the  iron-
treated neurons support this conclusion. HNE-adducts
are generated in response to lipid peroxidation induced
by an increase in oxidative stress.

The levels Of Cdk5  remained unchanged after iron
treatinent

Previous  findings  of  our  laboratory  have  implicated
a  deregulation  of  the  Cdk5  enzyme  in  the  pathway
of AP-mediated  neurotoxicity  (Alvarez  cf  cz/.,   1999,
2001).  Studies  have  also  revealed  that  an  activation
of the  Cdk/p35  protein  complex, mediated by  a  sin-

gle  site  Cdk5  phosphorylation  is  responsible  for  the
anomalous  overactivation  of this  protein  kinase  (Al-
varez  cf  c}/.   2001;  Patrick  c/  cz/.   2000).  Additionally
it has been shown that the generation of free radicals
in  neiirons  treated  with  AP  may  be important in  the
role  of neurotoxicity  (Behl  cr  a/.   1994;  Harris  cf  ci/.
1995;  Mattson  cf a/.   1995  a,  b;  Sagara  cf  cz/.   1996).

In  this context,  we  decided to  analyze  the  Cdk5  and
the phospho-Cdk5 (at Tyr]5)  levels (Zuckerberg c/ c}/.
2000) in the iron-treated cells. Looking at the total lev-
els of this kinase we found no significant variations in
the amount of Cdk5 (Figure 2A). Moreover, the levels
of phosphorylated Cdk5  also  remained unchanged as
analyzed with antibody that recognize phosphorylated
Tyr[5  epitope  on  this  protein  (Figure  28).  However,
when we analyzed  the levels of p35,  one of the neu-

rospecific activators for Cdk5  we found that although

p35   did  not  change  its   levels   within  the  range  of
iron concentrations  used,  the expression  of the solu-
ble fragment p25  lacking the N-terminal p35  protein
moiety  decreased  (Figure  2C).  It  has  been  reported
that soluble p25 could act as a regulatory protein con-
trolling  Cdk5  activity  (Patrick  cf  c[/.   2000).   Taken
collectively these results suggest that iron-treatment of
hippocampal cells produce a decrease in the activity of
the Cdk5/p25 complex.

Iron alter the phosphorylation patterns Of brain tau

protein

Tau  total  levels  were  not  altered  in  the  cells  treated
with  iron  as  shown  with  a phosphorylation indepen-
dent antibody Tau-5  (Figure 3A).  However, when we
looked  for  the phosphorylated  forms  of the  tau pro-
tein,  we unexpectedly found a significant decrease in

phosphorylated tau  as  shown  with  the  AT8  antibody
that recognize tau  epitopes of Alzheimer's type (Fig-
ure  38).  Data  of Figure  3  indicates  that  tau  protein
loses  its  hyperphosphorylation  upon  iron  treatment.
Studies  have  indicated  that  Cdk5  driven  hyperphos-

phorylation occurs at residues Ser2°2.Pro, Thr2°5.Pro
and Ser235-Pro  (Alvarez c/ a/.  1999).  Consistent with
the  latter result,  the  amount of tau protein in  its  hy-

pc)phosphorylated form  was  increased in respctnse to
iron  treatments,  as  shown  with  Taul  antibody  (Fig-
ure  3C).  There  are  two  generic  reactions  in  which
transition  metals  are  related  with  some  relevance  to
neurodegenerative  disorders.   First,    a  metal-protein
association  leading to protein  aggregation;  this  reac-
tion can involve redox-inert metal ions such as Zn2+,
or redox-active  metal  ions  such  as  Cu2+  and  Fe3+.
Second,  metal-catalyzed protein  oxidation leading to

protein damage:  this reaction involves a redox-active
metal ion  such  as  Cu2+,  Fe3+  or Mn2+  (Smith  cf c!/.
1997; Perry cf a/.  19,98).

In the search for a mechanistic approach for the
analysis Of oxidative stress effects on tau

phosphorylation patterns

Several reports have indicated that an imbalance in the
oxidative  stress  cellular responses  could be  responsi-
ble for the hyperphosphorylation of cytoskeleton pro-
teins involved in neurodegenerative diseases. This has
been extensively analyzed with respect to  the role of
the microtubule-associated protein tau in the etiology
and pathogenesis of Alzheimer's disease (Smith c! cz/.
1998; Maccioni cr a/.  2001b).  Nevertheless, there are
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Control          D esf.                 Fe
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FJ'g`  2.   Western blots  of hippocampal  extracts  incubated  in the presence or absence  of iron.  Nouronal  cells  were incubated  in  the  absence of
iron  (control),  and in  the presence  of 100 /4M  Deferal  or 20  ¢M iron.  A.  Cells were homogenized  and  the high speed  supernatants  subjected
to  Western  blots  assays  by  using  an  anti-Cdk5  antibody  clone  C8  from  Santa  Cnlz.  8.  Cell  extracts  were  analyzed  by  using  and  ants-Cdk5

phosphorylated at Tyrl5. C. Cell extracts of cells  incubated in the presence and absence of iron were subjected to Western blot analysis for p25
using  all  anli-p25  monoclonul  flnlibody.

Control         Desf.          Fe
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Fi.g.  3.   Western blots  of neuronal  extracts  incubated  in  the presence or absence of iron.  Neuronal  cells  were incubated  without iron (control),
iind  ill the  presence`of  100  /tM  Deferal  or 20  /4M  iron.  A.  Hippocampal  extracts  treated  and  untreated  with  iron  analyzed  by  Western  blots
using Tau-5 iintibody which recognizes conformational epitopes for all tau variants. 8. Cells were homogenized and the high speed supematants
subjected  to  Western blots  assays  by  using  the AT8  antibody  that recognizes  Azheimer's  type tau  epitopes.  C.  Cell  extracts  were analyzed by
using Tau-I  iintibody that recognizes  unphosphorylated  tau.
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contradictory data on the phosphorylation state of tan

protein in  response to  oxidative stress.  Some reports
point  out  an  increase  in  the  phosphorylation  of  tau
in AD brains derived tissue (Takeda cf a/.  2000).  On
the other hand H202-induced oxidative stress has been
shown  to  produce  dephosphorylation  of  tau  protein
in  rat  primary  neuronal  cultures  (Davis  et  al.   1997).
An  increase  in  the  amount  of dephosphorylated  tau
is also shown in neurons treated with glutamate (An-
derton  c/  cz/.    1995;   Davis  cf  c]/.    1995;   Fleming  &
Johnson  1995)  and  ischaemia  (Geddes  cf  a/.    1994;
Schakelford &  Nelson  1996).  However  the  decrease
of hyperphosphorylated tau  protein  is  not  dependent
on  an  increase  of GSK3P  kinase levels  (Davis  cf cI/.
1997). Thus, the increase of dephosphorylated tau iso-
forms upon oxidative stress effects is likely to depend
on Cdk5, since AT8, PHFl and Taul antibodies recog-
nize mainly I)hosphoepitopes on tau that are catalyzed
by  kinases  belonging  to  the  proline  directed protein
kinases  family.   This  could  be  the  situation  for  the
effects of iron observed in this study, since the deple-
tion in p25 levels could account for the low levels of
tau  phosphorylation  upon  iron  treatment.  Therefore,
the fine regulation and cross-talks of these kinases in-
volved in the molecular events in the pathogenesis of
Alzheimer's disease, needs further analysis (for review
Maccioni ef CZJ.  2001b).

The  fact  that different  oxidative stress  treatments
lead  to  contradictory  results  in  the  tau  phosphoryla-
tion levels suggest that some of these differences could
be related to variations of intracellular messengers in
response  to  such  treatments.   Calcium  ion  could  be
one of the possible intracellular messengers involved
in  this response.  Calcium is an important intracellular
messenger for neuronal signaling pathways. Through
variations in both the amplitude and frequency of in-
[racellular  calcium  transients,   the  same  calcium  ion
can  elicit  different responses.  Alterations  in  intracel-
lular  calcium  concentrations  are  clearly  involved  in
modulating  the  phosphorylation  state  of  tau  protein
r# si./H.  However, results have been decidedly nixed,
and  there  is  little  consensus  as  to  the  specific  effects
of elevating calcium intracellular concentration on tan

phosphorylation. For example, acute treatment of pri-
mary  neuronal  cultures  with  calcium ionophores has
been reportec[ to  increase  (Mattson  c! cz/.1991 ;  Matt-
son  cf  ci/.   1992)  and  decrease  (Adamec  cf  a/.   1997)
tau  phosphorylation.   The  same  mixed  results  have
been found using human neuroblastoma cell lines,  as
ionophore treatment resulted  in  both increases  (Shea
cf cz/.   1997)  and  decreases  (Xie  &  Johnson  1998)  in

tau phosphorylation.  Increasing intracellular calcium
by  activation  of N-methyl-D-aspartate receptors  has
been shown to result in the dephosphorylation of tau
in  rat  brain  slices   (Fleming  &  Johnson   1995)  and
cortical  neuronal  cultures  (Adamec  ef  a/.   1997).  In
an  elegant study,  it was  shown  that the  variations  of
the levels of tau phosphorylation were in  fact depen-
dent on the transient calcium concentration (Hartigan
&  Johnson  1999).   Thus,   a  possible  explanation  for
discrepancies  between  different  studies  dealing  with
the role  of oxidative stress  could be related with  the
overall modification of the intracellular calcium home-
ostasis.  These  differences could be mimicking  some
acute  or chronic responses  of the  cellular machinery
to oxidative stress (Figure 4).

What are the relationships between AP neurotoxi-
city and oxidative stress effects in neurodegeneration?
In  regard  to   ¢-amyloid  effects  in  inducing  dereg-
ulation  of  the  Cdk5/p35   complex,   Cdk5   activation
increases hyperphosphorylated tau protein in neuronal
cell cultures  (Alvarez cf cz/.  1999) and in a transgenic
mice  overexpressing  tau  protein  (Gotz  ef  a/.   2001).
Moreover, tau hypexphoshphorylation is also detected
inadoublemutantmouseoverexpressingamyloidpre-
cursor protein  and tau  (Lewis  ef CZJ.  2001). The effect
of A¢  fibrils  have been  suggested  to  produce  an  in-
crease in the oxidative stress  (Behl cf a/.  1994; Harris
c'f  ciJ.,   1995;   Manelli  &  Puttfarcken   1995;   Mattson
1995a,  b;   for  review  Maccioni  c/  c!/.   2001b).  Also,
it  has  been  reported that  AP  induced  an  increase  in
tau phosphorylation (Busciglio c/ CZJ.  1995; Takashima
e! a/.  1996 Alvarez cf cl/.  1999).

Alzheimer's disease is  characterized by the depo-
sition  of  A4   within  the  neocortex,   associated  with
neuronal  loss   and  oxidative  stress.   The  deposition
of  AP   is   considered   to   be   closely   related   to   the

primary  pathogenesis  of  familial  AD.  Familial  AD-
linked mutations of amyloid precursor protein (APP),

presenilin-1  and  presenilin-2,  increase  both  cerebral
A¢  burden and A¢ 1-42 production, underscoring the
role  that A¢  metabolism  plays  in  AD  pathogenesis.
Furthermore,  the  deposition  of AP  in  the  neocortex
of  transgenic  mice  overexpressing  A¢  is  accompa-
nied by  many  of other neuropathological features  of
AD including intraneuronal tan abnormalities and neu-
ronal  loss  (Calhoun  c!  cz/.   1998),  as  well  as  signs  of
oxidative  damage  similar  to  those  observed  in  AD-
affected brain  (Smith  eJ CZJ.   1998).  The  length  of the

AP  species  is  considered to  be  one important factor
in AD pathogenesis as  AP1-42,  a minor free soluble
species  in  biological  fluids,   is  enriched  in  amyloid
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Fi.g.  4.   Schematic  representation  of the  action  of oxidative  stress  via iron  effects  on neurodegeneration  of hippocampal  cells  on  the  basis  of
data from these studies  and previous  investigations  (for review  Maccioni  c/ a/.  200lb). The mechanism  considers  the possible contribution  of
changes  in calcium  transient and the depletion  in Cdk5  activators  (i.e„  p25)  in the  observed changes  on phosphorylation  patterns  on brain  tau

pro,ein.

deposits.  Many  studies  have now confirmed that A¢
is  neurotoxic  in  cell  culture.  Hence,  there  is  a  com-

pelling  argument  to  considered  AP  deposition  as  a
therapeutic target in AD. As for transition metals role
in  Af}-mediated  neurotoxicity  it  has  been  suggested
t|iat Cue+  and Fe3+,  unlike  Zn2+  induce greater AP
aggregation  under  mildly  acidic  conditions  such  as
those  believed  to  occur  in  AD  brain  (Atwood  cf a/.
1998).   Significantly,   the  solubility  of  rat  or  mouse
Af31-40  is   unaffected  by  Zn   (11)   or  Cu   (11)   at  low
mici.omolar concentrations. Apolipoprotein E can also
modulates the precipitation of AP by Cu2+ and Zn2+,
which  is  important because ApoE isc>forms  segregate
with the genetic risk for AD; inheritance of the ApoE4
isoform carries the greatest risk. The ApoE4 isoform is

poorest in maintaining AP in a soluble form, as com-

pared with  the  others isoforms  (ApoE2 and ApoE3),
whether the precipitating metal is Cu2+ or Zn2+ (Moir
cf aJ.  1999). It has been also reported that some Cu/Zn
selective  chelators  enhance  the  solubilization  of AP
deposits  from  post-mortem  AD  brain  samples,  sup-

porting the possibility that these  metals  could play  a
role  in  the  assembly  of the  deposits  (Atwood  c/  a/.
1998).  However,  metals  could be playing more  than
this  role.   It  has  been  also  reported  that  A¢   is  re-
dox  active,  and reduces  Cu  (11)  or Fe  (Ill)  and  then

procluces H202 by electron transfer to 02. The metal-
reducing activity and H202 production of AP species
is enhanced in human AP42 as compared with human
A¢40.  Considering  that neurodegeneration is  a mul-
tifactorial  process,   these  investigations  suggest  that
oxidative stress and AP  amyloid, through its different
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aggregation forms,  could induce  different alterations
in  the  signaling  pathways  of neurons.  This  could  be
exerted by either independent mechanisms or by con-
certecl  actions,  and  the  potentiation  of  these  signals
appears to be critical for neuronal degeneration.
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Abstract-Oxidative stress has been demonstrated to produce modifications in several intracellular proteins that lead to
alterations in  their activities.  Alzheimer's  disease  is  related to  an increase of oxidative  stress markers, which may be an
early event in  the progression  of the  disease  and neurofibrillary tangles  formation.  Abnormal  phosphorylation  of T  has
been implicated in  the  etiopathogenesis  of Alzheimer's disease.  By using phospho-specific  antibodies,  we  analyzed the
changes in T  phosphorylation patterns after treatment of rat hippocampal and SHSY5Y human neuroblastoma cells with
H202.  We found that T  isoforms  were hypophosphorylated at the Taul  epitope  after 2  h in the presence of H202.  The
decrease  in  the  phosphorylation  levels  of T   protein  were  prevented  by  pretreatment  with  N-acetyl-L-cysteine.  These
changes   were   shown   to   depend   on   the   activity   of  the   cdk5/p35   complex,   since   a   3-fold   increase   in   substrate

phosphorylation  and  a  2-fold  increase  for  the  complex  association  were  observed.  Also,  a  decrease  in  the  amount  of
inhibitor-2  bound  to phosphatase  Ppl  was  found  in  SHSY5Y  cells under oxidative  stress  conditions.  This  decrease  of
inhibitor-2 bound to Ppl  is due to an increased phosphorylation of the inhibitor-2 protein,  thus  leading to increased Ppl
activity.  Therefore,  we  propose  that  oxidative  stress-induced  activation  of cdk5  leads  to  inhibitor-2  phosphorylation,
relieving  its  inhibitory  effect on Ppl.      © 2004  Elsevier Inc.  All  rights  reserved.

Keywords-Tau  phosphorylation,   Oxidative   stress,   Cyclin-dependent  kinase   5,  Protein  phosphatase   I,   Hydrogen

peroxide,  Alzheimer's  disease,  Free  radicals

INTROI)UCTION

Oxidative stress is a major pathological aspect in several
neurodegenerative  conditions  such  as  stroke  [1],  spinal
cord injury [2], multiple sclerosis [3], amyotrophic lateral
sclerosis   [4],   Parkinson's   disease   [5],   frontotemporal
dementia  [6],  and  Alzheimer's  disease  (AD)  [7].  Oxida-
tive  stress results  from  the generation  of reactive  oxygen
species   (ROS)  by  the  electron   transport  chain  in  the
mitochondrion   or  another  enzymatic   system   such  as
NADPH oxidase.  AD  is an  aging-related pathology that
is   characterized  by  the  presence   of  oxidative   stress
markers  such  as  8-hydroxyguanosine  and hydroxynone-
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nal adducts at early stages of the pathology [8]. Hydrogen

peroxide (H202) is particularly toxic because it is consid-
ered to be a relatively stable compound among free radical
species  that  can  diffiise  freely  inside  cells  [9].  It  can  be
detected in the rat brain at micromolar concentrations after

£:t|`e#etpoe¥vS:°:s[e],°|]a°rhcee;nesjtdoent::a::,I;'n:ttroeatcht:
highly reactive hydroxyl radical  [11].

AD   is   characterized  by  the  accumulation  of  senile

plaques  largely  composed  of the  AP  peptide  within  the
neocortex.  This  deposition  has  been  implicated  in  neu-
ronal  death  and  is  related  to  oxidative  stress.  Also,  the
abnormal accumulation of the aben.antly phosphorylated
microtubule-associated protein T  is another feature c)f the
disease.  Many efforts  have been made  to  establish  clear
and univocal  relationships  between  these  two  patholog-
ical  hallmarks.  In  this  regard,  it  has  been  indicated  that



AP  can  produce  an  increase  in  oxidative  stress  [7,12-
18], and it has been reported that AP induces an increase
in  I   phosphorylation,  indicating  that  Aa  neurotoxicity
is  mediated  by  T   modifications  [19-22].  These  effects
of AP  are  overcome  by  inhibiting  two  proline-directed

protein   kinases,   namely   gsk3   and   cdk5.   Thus,   AP
neurotoxicity  is  diminished  in  neuronal  cells  incubated
with  butyrolactone  I  or  cdk5  antisense  oligonucleotides

[21,22]   and  with   lithium  chloride   [23].   On   the   other
hand,  the  role  of phosphatases   in  the  regulation  of T

phosphorylatictn   patterns   has   been   focused   on   PP1,
PP2A,  and  PP2B  (calcineurin).  It  has  been  shown  that
cdk5  is  involved  in  the phosphorylation  of the  inhibitor-
2   (I-2)   of  phosphatase   Ppl   at   Thr72,   leading   to   its
dissociation  from  the  phosphatase  and  ultimately  to  its
activation   [24].   Despite   some  controversial  results  re-

garding  tile  effect of oxidative  stress  on  the phosphory-
lation   levels   of  T   protein   [25-27],   it  is   clear  that  I

phosphorylation   can  be  modified  in   response  to   such
cellular  insults.  In  this  report,  we  describe  the  decrease
of T  phosphorylation due to H202 being paral]eled by an
increase  in  the phosphorylation  of I-2  and Ppl  activity,
most  likely  due  to  decreased  association  of  I-2  to  the
enzyme.  These  changes  depend  on  an  increase  in  the
cdk5 activity. Thus, at early stages of the oxidative stress
exf)osure   of  neuronal   cells,   cdk5   could   promote   T
dephosphorylation of T  at the Taul  epitope by activating
PP1.

MATERIALS AND  MIITHODS

Cell  cultures

Hippocampal   neuronal   cell   cultures   were   prepared
from  El8.5  rat  embryos  [28]`  Briefly,  hippocampi  were
dissected  and  then put into  0.25%  trypsin-EDTA  for  15
min   at  37°C.   After  trypsin   treatment,   the   tissue  was
washed with HBSS  solution (Gibco BRL,  Grand Island,
NY,  USA)  and then  disaggregated  using  a  fire-polished
Pasteur  pipette.  Neurons  were  plated  on  poly-L-lysine-
coated  coverslips  at  5000  cells/cm2  for  immunofluores-
cence   experiments   and   15,000   cells/cm2   for   Western
blot  analyses.  Cultures  were  maintained  in   10%  horse
serum  for  3  h  after  plating,  when  the  culture  medium
was  replaced  with  medium  containing  the  N2  supple-
ment   (Gibco   BRL)   [29].   Cells   were   maintained   in
culture  for  5  days,  and  the  N2  medium  was  replaced
every 48  h.  Human  neuroblastoma  SHSY5Y  cells  were
cultured  in  DMEM/10%  FBS.  Prior  to  the  experiments
with   H202,   the   medium   was   replaced  with   DMEM
without serum.

H202  treatmei.i

H202  (Sigma  Chemical  Co.,   St.   Louis,  MO,  USA)

previously  diluted  with  sterile  PBS  was  added  to  cell

cultures  at   loo  prM   in   serum-free  medium  containing
an  N2   supplement.   Also,   antioxidant   treatments   with
N-acetyl-L-cysteine   (NAG)   were   performed   30   min
before  the  addition  of H202  to  prevent  oxidative  stress.
All  the  treatments  were  done  on  neurons  cultured  dur-
ing   the   5   days.   All   reagents   were   prepared   freshly
before  use.

Vial)ility  assays

Primary  hippocampal  neurc>ns  were  seeded  into  96-
well  culture  plates  coated  with  poly-lysine  at   100   pug/
ml.   Different   cc)ncentrations   of  H202,   NAC,   or   a
combination   of  both   were   added   to   the   cells.   MTT
was  added  to  all  wells  and  further  incubated  overnight
at  room  temperature  in   the   dark   [21].   The   day  after,
neurons   were   lysed   and   absorbance   at   590   nm  was
determined  using  a  Metertech  E960  spectrophotometer

(Metertech Inc.,  Nankang,  Taipei,  Taiwan).  MTT assays
were  performed  in   triplicate.   Also,   neuronal   viability
was   assayed  with   the   Mito-Capture   kit   (Calbiochem]
Sam   Diego,   CA,   USA)   following   the   manufacturer's
instnictions.

Irnmunoblots

Neurons  were  homogenized  in  RIPA buffer  [50  mM
Tris  toH  7.5),  150  mM  Nac1,  5  mM  EDTA,  1% NP40,
0.5%   sodium   deoxycholate,   0.1%   SDS,   loo   Lig/ml
PMSF,  2  Hg/ml  aprotinin,  2  LtM  leupeptin,  and  I  iig/ml

pepstatin]  and the protein  concentration was  determined
by  the  Bradford  analysis  [3()].   Equal  aliquots   of  each
sample  were   separated  in   12%   PAGE-SDS  gels   [31].
After transfer to nitrocellulose membranes, samples were
blocked  in  5%  nonfat  dry  milk  and  incubated  with

primary  antibodies   for  2   h   at  room  temperature   or
overnight  at  4°C.  After  three  washing  steps  with  PBS,
membranes  were  incubated  with  peroxidase-conjugated
secondary   antibodies   (Sigma   Chemical   Co.).   Finally,
detection  was  performed  using   a  chemiluminescence
system  (Amersham,  Arlington  Heights,  IL,  USA)  and
samples were analyzed  in  a Molecular Imager FX  @io-
Rad,  Richmond,   CA,   USA).   We  used  the  following

Pa¥emda?p]:::ebs°ds£:2oAT£'dwThicfho5re::8:[Z::o:e:::PE:uT:
which recognizes the same unphosphorylated epitopes of
T ;   PHF1,   which   recognizes   phosphorylated   epitopes
ser396  and  Thr4°4;  and  Tau5,  which  recognizes  an  inde-

pendent  phosphorylation   epitope   on   T   protein.   The
antibody  against  Michael's  adducts  of 4-hydroxynone-
nal-L-lysine was purchased from Calbiochem.  Monoclo-
nal  anti-cdk5   and  polyclonal  anti-p35   antibodies  were
obtained  from  Santa  Cruz  Biotechnology  (Santa  Cruz,
CA,  USA)   and  used  according  to  the  manufacturer's
instructions.  Monoclonal  antibodies  generated  from  hu-
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man  Ppl  ct  and I-2  were purchased from BD  Transduc-
tion Laboratories  (San Jose,  CA,  USA).

ImrITunofouorescence

Cell  cultures  were fixed in 4% paraformaldehyde/4%
Sucrose   for   15   min   at   37°C.   Subsequently,   fixation
samples  were permeabilized  with  0.2%  Triton X-100  at
room temperature  for 5  min.  Samples were then washed
three times in PBS  and blocked with  5% BSA for  1  h at
room temperature. Primary antibodies were diluted in 1%
BSA,   0.1%  Triton  X-100,   and  incubated  in  a  humid
chamber for 2 h at room temperature or overnight at 4°C.
After washing  three  times  with PBS,  preparations  were
incubated with fluorescein or rhodamine-conjugated sec-
ondary antibodies  (Sigma Chemical  Co.)  for  1  h at room
temperature. Finally, samples were washed with PBS and
mc)unted  with   Prolong  mounting   media   (Molecular
Probes,  Eugene,  OR,  USA).  Images  were  acquired with
a  Zeiss  LSM  confocal  microscope,  model  META  (Carl
Zeiss,  G6ttingen,  Germany).

Imrnunoprecipilation and cdk5  activity assays

Primary cultured neurons were plated at 5  x  105 cells/
cm2   on  polylysine-coated   60   mm   dishes.   After  treat-
ments,  cells  were  lysed  in RIPA buffer;  loo  Lig  of total

protein  extract  were  used  for  immunoprecipitation  with
an  anti-cdk5   antibody  (C8   antibody;   Santa  Cruz  Bio-
technology)   at   a   final   dilution   of   I:100.   Then,   the
antigen-antibody cctmplex was  captured with either aga-
rose-protein   A   for  polyclonal   antibodies   or   agarose-

protein G for monoclonal  antibodies.  For in vitro kinase
assays,  the  immunoprecipitates  were  rinsed  three  times
with  RIPA  buffer  and  once with  kinase  buffer  (50  mM
Hepes,  10 mM Mgc12,  5  mM Mnc12,  and  1  mM DTT).
The  rinsed  agarose  beads  were  incubated  with  kinase
buffer  containing  2.5  Hg  histone  Hl  plus  5  uci  [ry-32P]
ATP,  in  a  final  vc>lume  of  30  ul,  for  30  min  at  30°C.
After  incubation,  the  samples  were  analyzed  by  SDS-
PAGE and autoradiography with a Molecular lmager FX

(Bio-Rad).

In vitro phosphatase assay

To analyze Ppl  activity, the enzyme was immunopre-
cipitated  from  both  control  and  H202-treated  SHSY5Y
cells. Immunopurified Ppl was washed with phosphatase
buffer containing  37.5  mM  Hcl-Tris  ®H  7.5),  0.1  mM     I
EDTA,  5  mM  2-mercaptoethanol,  0.01%  Tween  20,   1
mM PMSF, and 1  tig/ml each of aprotinin, leupeptin, and

pepstatin  protease   inhibitors.   The   enzyme   was   then
mixed  with  50  Lig/ml  of purified  T   from  bovine  brain
in  a  fmal  volume  of 30  til  for  1  h  at  30°C.  The reaction
was  stopped  by   adding  4X  Laemmli  buffer  and  the
samples  were  then  analyzed  for  T   phosphorylation  in
the  AT8  epitope.

Metabolic labeling Of I-2 protein

SHSY5Y  cells  were  incubated  for  2  h  with  DMEM
medium  without  phosphate,   and  then   200  uci/ml  of
aqueous  radiolabeled  [32P]-phosphate  was  added.  After
1  h,100 prM H202 was added to cells, while control cells
were  incubated  with  vehicle.   Later  on,  the  cells  were
collected for I-2 immunoprecipitation, separated by SDS-
PAGE,  and  analyzed  for 32P04  incorporation  through  a
Molecular Imager FX  03io-Rad).

RESUIJTS

Oxidative  stress  in  hippocampal  ireurous  and  SHSY5Y
cells

In the  first set of experiments,  we  assessed the effect
of oxidative stress induced by H202. For this purpose, we
initially  determined  the  number  of  live  neurons   after
treatment  with  different  concentrations   of  H202.  We
analyzed  hippocampal  neuronal  viability  for H202  con-
centrations ranging from 0 to 500 LtM. At  loo HM H202,
84%  of the  cells  were  viable  (Fig.   18).  Even  at higher
concentrations  up  to  500  uM,  over  75%  of the  neurons
were  viable.  For all  subsequent experiments,  we  set the
H202  concentration  at  100  LIM.  To  confirm  that  H202
treatment was not deleterious in our system, we analyzed
cell  viability  by using  the  Mito-Capture  assay.  As  indi-
cated   in  Fig.   IA,   there  were   no   variations   between
control  and treated  cells.  Finally,  to  confirm that  oxida-
tive stress response produced after H202 treatment leads
to protein modifications implicated in the oxidative stress

pathways, we determined the formation of 4-hydroxyno-
nenal   (4-HNE)   adducts,   a   canonical  post-translational
modification  of  proteins  after  oxidative  stress   insults

[32].  Thus,  by  using  indirect  immunofluorescence,  we
verified  that  hippocampal   cells   under  oxidative   stress
showed  an  increase  of 4-HNE  adducts,  particularly  in
those  regions   corresponding   to   the   axon  and  minor

processes (Fig.  1 C). Taken together, these results indicate
that the effects mediated by H202 indeed involve oxida-
tive  stress  pathways.  On  the  other  hand,  the  concentra-
tion  of  H202  used  was  not  deleterious  for  neuronal
survival at working concentrations after 2 h of treatment.
To  discard the possibility  that these  effects  were  due  to
alterations  in  glial  cells   cc>ntaminating  at  our  primary
hippocampal  cultures,  we  estimated the number of glial
cells  in  our  culture  system.  Using  GFAP  staining,  we
estimated that glial  cells  represented  less  than  5%  of tlle
total cell population (data not shown).

Tlati  phosphorylation  is  modified  by  oxidative  stress  in
hippocampal cells

Oxidative  stress  has  been  related  to  the  onset  of AD

[7],  and one of the patholc)gical hallmarks for AD  is  the
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Fig.   I.  Viability  of hippocampal  cells  under  oxidative  stress  conditions.  (A)  No  differences  in  hippocampal  neurons  viability  after
treatment with H202 were evident,  as assessed by the Mite-Capture  assay.  (8) The percentage of live hippocampal cells after treatment
with  different H202 concentrations,  as  assessed by  the  MTT assay.  Based  on  these data,  the working concentration  for the  subsequent
experiments was  set at  loo HM.  (C)  Immunofluorescence of 4-HNE  adduct fomation  with  €-Iysines  in  hjppocampal  cells  treated with
loo  uM  H202  and  the untreated  controls  (magnification  X40  in  A  and  C).

accumulation  of  the  abnomally  hypexphosphorylated
microtubule-associated protein T . Previous findings from
our  laboratory  indicated  that  AP  peptide  induced  an
imbalance  in  the  amount  of phosphorylated  T   due  to  a
deregulation  of the  cdk5/p35   complex  [22].  Also,  AP
effects  have  been related to  an  increase  in  the  oxidative
stress  response  of neuronal  cells  [7,12-18].  Therefore,
by  using  phosphospecific  antibodies,  we  analyzed  the
relative  amounts  of  phosphorylated  and  unphosphory-
lated  T   epitopes  AT8,  PHF1,  and  Taul  following H202
treatment.  As  indicated  in  Fig.  2A,  hippocampal  cells
treated  with  100  uM  H202  exhibited  a  decrease  in  the
amount  of phosphorylated T  variants,  as  given  by  AT8
antibody.  Consistent with  this  fmding,  a decrease in the
PHF I  epitope was also verified (Fig. 2A).  Concomitantly
with  these  results,  an  increase  in  the  amount  of species
recognized by Taul  antibody, which reacts with unphos-

phorylated  T   epitopes,  was  evidenced  Gig.  2A).  These
variations in the relative abundance of phosphorylated T
isoforms  were  not  due  to  differences  in  the  amount  of
total  protein,  since  protein  extracts  incubated  with  the
Tau5   were   equivalent   in   all   cases   (Fig.   2A).   Tau5
antibody  recognizes  conformational  epitopes  on  total  T

protein  in   a  phosphorylation-independent  way.   These
data  were   also   confirmed  in   flxed  neurons   through
indirect  immunofluorescence.   Thus,   a  decrease   in  the
amount c>f phosphorylated T  forms was verified in H202-
treated neurons,  as  given by AT8  antibody (Fig.  28).  In
the same manner, an increase of unphosphorylated forms
of T  protein was detected in H202-treated cells, as given

L

Our

by  Taul   antibody  (Fig.   28).   No  variations   between
control  and  treated  cells  were  found  with  Tau5   (Fig.
28)  or by  actin  immunostaining  of these  cells  (data not
shown).  Interestingly,  the  overall appearance of neurons
seemed  unchanged  after  H202  treatment.   Altogether,
these  results   indicate  that  H202   treafroent  produces  a
decrease  in  the  phosphorylation  levels  of T   protein  at
epitopes that have been shown to be dependent on cdk5
activity.

Cdk5  activity  is  increased  in neurons  subjected to
oxidative  stress

Since  AT8  and  Taut   recognize  epitopes  dependent
on proline-directed protein  kinases,  a good candidate to
assess  such  responses  was  the  cdk5/p35  complex.  We
first  analyzed  the  total  levels  of the  kinase  in  protein
extracts derived from control and H202-treated neurons.
The   levels   of  the   protein   kinase   were   unaltered   in
response   to   oxidative   stress   stimuli.   Furthermore,   the

presence  of the  antioxidant NAC  did not  alter  the  total
protein  levels  of cdk5  a:ig.  3A).  Loading  was  verified
by using actin as  an internal  control  (Fig.  3A).  We then
estimated  the   amount   of  the   kinase   in   the   different
experimental   cchditions +and   we   found   no   variations
between   control   :and   treated   groups   (Fig.   38).   As
indicated   above,
of phosphorylated
cdk5/p35   compl

findings   dealing  with  the  levels
T   suggested  that  the  activity  of the
could   be   decreased.   Thusj   we   de-

cided-to   anal;ze  ,'cdk5   activity   in  vitro.   Sulprisingly,
immunoprecipitatetd   cdk5   after   H202   treatment   was
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Fig.  2.  Oxidative  stress  decreases T  phosphorylation.  (A)  Western blots  of hippocampal neurons treated with  loo uM  H202,  showing
that I.1202 indices a decrease in  the phosphorylated forms  of T  protein. AT8  (first panel), PHFil  (second panel),  and Taul  (third panel)
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with   loo  HM  H202  reproduce  the  results  obtained  in  the  Western  blot  analyses.  Thus,  a  'decrease  in  AT8   (upper  panel)  staining
concomitant  with  an  increase  in  Taut  (middle  panel)  staining  is  verified  in  hippocampal  cells.  In  control  experlments,  no  changes  in
Tau5  (lower panel)  staining  were  detecled.

found  to  be  more  active  as  shown  by  the  phosphory-
lation   ctf  histone-I    (Fig.   3C).   The   activation   of  the
kinase   occurrecl   even   1   h   after  H202   treatment  q=ig.
3C).  The  presence  of NAG  again  was  able  to  prevent
the   cdk5   activation   (Fig.   3C).   We   estimated   the   in-
crease   of  cdk5   activity   to   be   3.5-fold   compared   to
untreated   controls   (Fig.   3D).    Since   cdk5    activity
depends   c)n  neurospecific   activators   binding,   we   then
analyzed   the   expression   profile   of  the   neurospecific
cdk5  activator p35.  Overall,  p35  and  p25  protein  levels
were  unchanged  in  neurons  treated  with  H202,  NAC,
or   both   compounds   (Fig.    3E).    As   in   the   previous
experiments,  actin  was  used  as  a  loading  control.  The
fact   that  we   could   not   detect   changes   in   the   overall
amc>unt  of p35  gave  rise  to  the  possibility  that  varia-
tions  in  the  activity  of  the  kinase  was   indeed  due  to
changes   in  the  affinity  of  the  activator  for  the  kinase
after   H202   treatment.   To   test   this   hypothesis,   we

performed  cdk5   immunoprecipitation  after  H202  incu-
bation,   and   then   we   estimated   the   amount   of  p35
bound  to  cdk5,  leading  to  an  active  complex.  Interest-
ingly,  an  increase  in  the  amount  of p35  bound  to  cdk5
was   verified   in   the   H202   condition   (Fig.   3F).   This
result  suggests  that  H202  treatment  induced  an  increase

in  the  activity  of  cdk5   that  depended  on  differential

p35  binding  to  the  enzyme.

Cdk5  activity is  involved in the PP1-dependent
dephosphorylation Of a

To  evaluate  the  dependence  of cdk5  activity  on  the
respc)nse to oxidative stress in neural cells, we perfonned
combined treatments  of H202  and roscovitine,  an  inhib-
itor  of  cdk5.   Hippocampal  cells   under  this   oxidative
stress  stimulus  showed  an increase  in  the unphosphory-
lated T  species  at the  Taul  epitope  (Figs.  2A  and  4A).
When  hippocampal   cells   were   exposed  to   H202   in
combination with roscovitine,  a decrease in  the unphos-

phorylated foms of T  protein was observed, as given by
Taul   staining.  These  results  suggest  that,  under  these

particular  oxidative   stress   conditions,   cdk5   might  be
mediating  T  dephosphorylation  rather  than  increasing  T

phosphorylation QTig.` 4A). Quantification by densitomet-
ric analyses confirmed the Western blot data (Fig. 4C, p
<  0.05).  A possible  explanation  for this  behavior might
be  that  cdk5  plays  a  role  in  the  control  of  a  protein

phosphatase activity responsible for T  dephosphorylation
at the  Taul  epitope.  To  further examine  this  possibility,
we  combined  treatment  with  H202  and  I   HM  okadaic
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Fig.  3.  Oxidalive stress increases cdk5  activity.  (A) Cdk5  protein levels were not modifled in the presence of H202 or after the nddition
of H202  plus NAC,  as  assessed  by  Western  blot  analysis.  Actin  was  used  to  normalize  samples  loading.  (a)  Densitometnc  analyses
showing  no  signiricant variation  in the  overall  levels  of the kinase.  (C) Cdk5  activity assay, using  histone Hl  as  substrate,  showed  an
increase in enzyme activity after 2  h of treatment with H202. The effect was further verified by autoradiography at shorter time intervals

(I  h,  lower panel).  Also,  the  effect on  cdk5  activity was  reversed by adding NAC,  as  analyzed by  autoradiography  (upper panel).  (D)
Densitometric  analyses showing a 3-fold  induction  in  the cdk5  activity after H202 treatment ("  = 4, p < 0.05).  (E) p35  and p25  overall
levels in neurons treated with H202. There were no variations in the amoulil of both p35  and p25 levels in control and treated cells. Also,
treatment  witl`  H202  plus  anlioxidanl  NAC  did  not  modify  endogenous  cdk5  activator  levels.  (F)  Graph  showing  a  variation  in  the
amount of p35 bound to immunoprecipitated cdk5. Statistical analyses indiealing lhal |]3 5 binding to cdk5  is significantly increased after
H202  treatment  (#  =  4, p  <  0.05).

acid, an inhibitor of protein phosphatases Ppl  and PP2A.
Interestingly,  okadaic  acid treatment was  able to reverse
H202-induced  dephosphorylation  QTig.  48).  Also,  incu-
bation  of cells  with  5  nM okadaic  acid,  a concentration
described  to  be  specific  for  PP2A  inhibition,  failed  to
reverse T  dephosphorylation,  suggesting  that Ppl  could
be the phosphatase responsible for T  daphosphorylation.
Moreover,  analogous  treatment  with  cyclosporine  A,  a
calcineurin inhibitor, did not affect T  dephosphorylation
at  the  Taul   epitope  induced  by  H202  Q'ig.  48).  These

data indicate that T  dephosphorylation may be mediated
by Ppl  rather than PP2A and PP2B`  Again,  quantitative
densitometric  analyses  clearly revealed the  okadaic  acid
effects  in  reversing  T   dephosphorylation  at  the  Taul
epitope  (Fig.  4C).

It  has  been  previously  reported  that  cdk5   could  be
involved in the phosphorylation of the PPI  I-2, resulting
in  the  loss  of a  negative  regulation  of the  phosphatase
due to  dissociation of the inhibitor [24].  To conflrm this

possibility,  we  immunoprecipitated  Ppl   from  human
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Fig.  4.  Cdk5  and Ppl  inhibitors prevent 7   dephosphorylation.  (A)  Tau
dephosphorylation   induced   by   oxidative   stress   is   reversed   in   the

presence  of the  cdk5  inhibitor roscovitine.  (8)  Tau  dcphosphorylation
induced  by  oxidative  slTess  is  also  reversed  in  the presence  of okadaic
acid,  an  inhibitor  of protein  phosphatase  Ppl.  On  the  otlier  hand,  the
`calcineurin  inhibitor  cyclosporinc  A  did  not  reverse  T   dephosphory-
lation.  (C)  Quantitative  analyses  indicating  the  significant  increase  of
Taul  staining  in  H202-treated  neurons,  and  the  reversion  of the  effect
with  both  cdk5   and  Ppl   inhibitors  (p  <  0.05).  Details  are  given  in
Matenals  and  Methods.

SHSY5Y  cells   treated  with  H202   at   different  time
intervals.  Subsequently,  we  analyzed  the  amount  of the
I-2  pulled  down  by  PP1  (Fig.  5).  Notably,  we  found  a
significant decrease in the amount of I-2 associated with
Ppl  after H202 treatments. The time-dependent decrease
occuITed  after  15  min  of H202  treatment  and  continued
for   at   least  2   h.   Concomitant  with   a   loss   of  Ppl
inhibition,  we  verified  an  increase  in  the  dephosphory-
lated forms of I  associated with the immunoprecipitated

pellets   containing  PP1,   as  given  by  the  Taul   epitope
antibody (Fig. 5A, Tau-1  P) and a decrease in the soluble
forms of dephosphorylated I  (Fig.  5A, Tau-1  S). All the
stated  effects  were   verified  without   any  substantial
change  in  the Ppl  levels  (Fig.  5A).  These  results  clearly
suggest that Ppl  activation in response to oxidative stress
is most likely to depend on the release of I-2 from the I-2/

Ppl   complex.   Quantitative   analyses   showed   a  3-fold
decrease in  the  amount  of I-2  associated with Ppl  after
2 h of H202  treatment (Fig.  58).

To  substantiate  that  activation  of  cdk5   after  H202
treatment  was  paralleled  by  changes  in  the  phosphory-
lation   of  I-2   and   the   increase   in   Ppl    activity,   we

performed   metabolic   labeling   experiments   and   an   in
vitro Ppl  phosphatase  assay.  Fig.  6A  shows  that immu-
noprecipitated  Ppl   from  H202-treated  cells  was  more
active,  as  given  by  a  decrease  in  the  phosphorylated T
at  the  AT8   epitope  in  an  in  vitro  phosphatase  assay.
Concomitantly,  this  decrease  of phosphorylated T   at the
AT8  epitope  was  shown  to  be  significant  ¢  =  3, p  <
0.05).  An  increase  in  Ppl   activity  should be  paralleled
by   an   increase   in   I-2   phosphorylation,   leading   to
dissociation   of  the   I-2/Ppl    complex.   Therefore,   we
estimated  the  changes  in  metabolic  labeling  of I-2  after
H202  treatment.  As  shown  in  Fig.  68,  I-2  incorporated
more 32P04 after H202 treatment, strengthening the idea
that changes in the phosphorylation state of I-2  could be
related  to   increased  Ppl   activity.   Again,   these  results
were  confirmed  to  be  significant  when  quantified  ("  =
4,  p   <   0.05).   Altogether,   these   experiments   clearly
suggest   that,   after   the   addition   of   H202,   cdk5   is
activated  and  the  activity  of Ppl   is  increased.  Thereaf-
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I.2 (p)   ,=\BHf ire ey-' Jceae'  +32kDa

Tau.1 a)    EifeillpeLE-rngT# apREae + 6o kDa

Tau.Its,   RESgRE       ng=T _j¥+6ok],a

ppi (p)  -+=L-iJj=-}+--,_-=+ 36,4 in

Fig.  5.  I-2npl  complex was  dissociated  under oxidative stress  stimuli.

(A)  Imn`unoprecipithted Ppl  pellets  were  analyzed  for  the presence  of
either  pulled-down  I-2  or  dephosphorylation  at  the  Taul   e|)itope.  A
time-dependent decrcase  in  the  I-2  association  to  Ppl  was  observed  in
neuronal cells  treated with H202  (first panel).  Concomitant wilh  this,  a
time-dependent  increase  of dephosphorylated  Taul   epitope  associaled
to  Ppl  was  found  (second panel).  The  increase  of dephosphorylated I

(recognized by Taut) associated with  Ppl  was paralleled by a decrease
in the soluble fraction of dephosphorylaled T  (third panel). As a control
for the amount of pp I, Western blots using an antibody against catalytic
subunit   revealed   no   changes   in   the   Ppl   levels   (fourth   panel).   (8)

Quantitative  analyses  revealed  that,  after  2  h  of H202  addition,  there
was a  3-fold reduction  in  the  association  of I-2  to  PP1.
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phosphatase   activity   was   performed   by   incubating   immunopunfied
Ppl   enzyme   from   both   control   and   I]202-soluble   protein   extracts.
After  immunopurification.  the  enzyme  was  mixed  with  pure  T  protein
derived  from  bovine  brain,  and  the  amount  of phosphorylated  I  at  the
AT8  epitope  was  determined  (more  details  are  given  in  Matelials  and
Methods).   The   assay   iridicates   that   H202   treatment   results    in   an
increase  in  the  activity  of Ppl   derived  from  cells,  as  evidenced  by  a
decrease   in  AT8   labeling  (left  panel).   Quantitative  analyses   showed
the  ratio  between   T   phosphorylated  at  the  AT8   epitope  and  total  T
Icvels,  confirming  Weslem  blot results  (w  =  3, p  <  0.05)  (right panel).

i:c)rex:t::0,lice;amb:|':tgo:f32]p-34aj::roxpHo2r%o;re,ao'T.e2nt;ftse[°oWx:.nd%t;::
stress  stimuli.  The  difference  was  not  due  to  changes  in  the  protein

::,e;ae':n'e[V3?'pS](I,:2:::e'!;ta?ui:2t:ta:`oV:f,::i:Se:ns']:::I::seth:nra£:
metabolic  labeling  of I-2  after H202  treatment  (n  =  4, p  <  0.05)  (right

panel).

ter,  the  active  phosphatase  should  be  responsible  for  T
dephosphorylation  at ,the  Taul   epitope.

DISCUSSION

In this study, we showed that neuronal oxidative stress
induced by the addition of H202 produced a decrease in
microtubule-associated protein  I  phosphorylation  at the
AT8   and  PHFl   epitopes.   Oxidative  stress   induced  by
H202   also   increased  the  amount  of  4-IINE-modified

proteins.  The  phosphorylation  decrease  in  T   protein  is
most  likely  to  be  produced  by  an  increased  activity  of
Ppl   triggered  by  the  dissociation  of its  I-2.  Cdk5  is  a
member  of cyclin-dependent  kinases  that,  among  other
activities, phosphorylates T  protein under AP stimulus in
residues that are found abnormally phosphorylated in AD

[21,22]. In our biological model, we observed an increase
in the activity of cdk5 in neurons treated with H202 but a
decrease   in  the  phosphorylation  of  T.   Since  no  major
changes were observed in p35  levels, we determined that
the increase of cdk5 activity was produced by an increase
in the amount of p35 bound to the enzyme. Altematively,
it  might  be   possible   that  another  activator  could  be

participating  in  cdk5  activation  [22].  According  to  the
present  data,  the  mechanism  implicated  in  such  a  de-
phosphorylation  considers  an  initial  phosphorylation  of
the PPI  I-2.  After its phosphorylation,  the  I-2 would be
released  from  the  complex,   and  Ppl   could  be  then
responsible  for T  dephosphorylation.

Oxidative  stress  phenomena have  been  related to  the
onset  of several  neurodegenerative  disorders  including
amyotrophic   lateral   sclerosis   (ALS)   [4],   Parkinson's
disease  [33],  and  AD  [7,34].  The  effects  of such  oxida-
tive damage can be evaluated in terms of modifications in

proteins, lipids, and nucleic acids.  It has been shown that,
in  ALS,  the  heavy  neurofilament  subunit  is  modified
with  4-HNE  [35].  Similarly,  in  AD,  I   protein  can  be
modified  by  4-HNE  in  vitro   [32]   and  in  AD-derived
brain  sections  [36J.  Oxidative  stress  can  be produced  in
AD by the extracellular deposition of AP peptide [19]. In

previous  findings  by  our  laboratory,  we  demc>nstrated
that AP peptide also induced a deregulation of the cdk5/

p35 complex in cell cultures [22]. Increased T  phosphor-
ylation at the AT8 epitope was verified in those cells, and
this  response  was  inhibited  by  using  pharmacological
inhibition of the kinase with butyrolactone I  or roscovi-
tine   [21].   Furthermore,   we  have   recently   described  a
cdk5  imbalance  in  a  transgenic  model  that  overexpress
APPP [37]. Many efforts have been made to analyze the
relationships between the  amyloid pathway and T  phos-

phorylation. In this respect, it has been proposed that the
AP  effect  on  neurons  could  be  elicited  by  triggering
oxidative  stress  responses  [12,38]  in  vitro  and  in  vivo

[39,40]. However, other stimuli leading to an increase of
the oxidative stress respc)nses have seeded controversy in
the   T   phosphorylation   issue.   Thus,   H202   has   been
described  to  produce  a  decrease  in  I   phospliorylation
in  primary  cortical  neurons  [41].

In this  study, we have  implicated some  of the  kinase
and phosphatase systems responsible for the decreased T

phosphorylation.   The  increase   of  unphosphorylated  T
isoforms  is  most  likely  to  depend  on  cdk5,  since  AT8
and  Taul  antibodies  recognize  mainly  phosphoepitopes
on  T   that  depend  on  kinases  belonging  to  the  proline-
directed  protein  kinase   family,   and  this   decrease   of

phosphorylated  T   species  recognized  by  the  aforemen-
tioned  antibodies  was  not  depen`dent  on  the  activity  of

gsk3P  levels  [41].
These  changes  have  also  been  described  for neurons

treated with excitotoxic levels of glutamate [42-44]  and
under other  conditions,  such  as  ischemia  [45,46].  More-
over,  a decrease  of Alzheimer's-type  T  phosphorylation
was   detected   in   hippocampal   cells   suffering   another
oxidative insult, namely iron overload [47]. Tlie fact that
different   oxidative   stress   treatments   lead   to   opposite
results  on  T   phosphorylation  suggests  that  differences
could be  related to  certain variations  in  the  intracellular
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levels of second messengers. Thus, dephosphorylation of
T  protein   could   indicate   an   initial   response   of  cells
against oxidative insults.  In oligodendrocytes, it has been
demonstrated that T is dephosphorylated in response tc) in
vivo  oxidative  insults  such  as  stroke  and head  injury  in
humans  [48]  and rodents  [49].  Tau protein in its dephos-

phorylated forms binds  more  efficiently to  microtubules
[50]   and   cell   membranes   [51].   Interestingly,   protein
phosphatase   1   can   be   targeted   to   microtubules   upon
binding  to  T  protein,   suggesting  that  the  control  of  I

phosphorylation   by   Ppl   in   our  system  might  have
relevant  biological  effects  [52].  Our  results  along  with

previous   reports   suggest   that   an   initial   response   of
neurc)ns   after  H202  treatment  (an  acute   effect)  would
lead  to  T   dephosphorylation  at  the  AT8  epitope,  due  to
an  increased  Ppl  activity  through  a mechanism  involv-
ing phosphorylation of I-2.  However, T  phosphorylation
results   from   the   balance   of  kinases   and  phosphatase
activities.  Thus,  later  on,  chronic  and  cumulative  oxida-
tive  stress  conditions  in  combination  with  other  factors

(i.e.,  amyloid  P  or  inflammatory  factors)  should  favor
cdk5/p35  activity  on  T protein  that,  together  with  other
kinases,   could   lead  to   increased   T   phosphorylation.
Thus,  in  this  report  we  suggest  a  novel  mechanism  by
which   acute   treatments   with   H202   might   induce   T
dephosphorylation.
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Summary.

Background   The  presence   of  oxidative   stress   and  iron  accumulation  constitutes   a

hallmark  of neurodegenerative  processes.  However,  the reactivity  of CSF  iron,  and  its

possible coITelation with the progression of the pathology is unknown. Here, we postulates

that  loss  in  cognitive  function  in  Alzheimer's  disease  associates  with  changes  in  CSF

reactive iron.

Methods. We compared CSF samples from 46 elders with different degrees of dementia.

The  individuals  were  rated  using  a  semi-structured  interview  and  divided  into  five

different groups for the study: subjects with a Normal Cognitive Status (NCS), Early Mild

Cognitive   hapaiment   a2-MCI),   Late   Mild   Cognitive   Impainent   a,-MCI),   Early

Alzheimer Disease a3-AD) and Late Alcheimer Disease (L-AD). The subjects in the study

consisted of 13 NCS; 9 E-MCI;  11  L-MCI,  5 E-AD and  8 L-PAD.  Total CSF iron was

analyzed by atomic absorption spectrometry. Redox-active iron was analyzed by a novel

fluorimetric  assay.  One-way ANOVA was used to test differences  in  mean values,  and

Dumett's post-hoc  test was used for comparisons  (Graphpad Instat).  Differences  were

considered significant if p < 0.05.

Findings Total CSF iron concentration varied from 0.32  iiM to  I.85  iiM (0.818 ± 0.069,

mean  ±  SEM).  No  correlation  was  found between total  iron  and  severity  of dementia.

Considerable  amounts  of iron  were  found  in  its  redox-active  state,  and  the  amount  of

redox-active  iron  correlated  with  the  extent  cognitive  impainent.  Significantly  higher

levels  than  control  were  found  in  E-MCI,  L-MCI  and  E-AD  patients.  L-AD  patients

showed a precipitous decrease in redox-active iron to levels close to nil.

Interpretation.  CSF redox-active  iron is  a good indicator of the degree  of dementia in

early  steps  of AD.  Moreover,  CSF  redox  active  iron  may  play  a  critical  role  in  the

establishment  of the  senile plaques.  The  drastic  decrease  in redox-active  iron  in  L-AD

patients may represent an ultimate effort of the central nervous system to minimize iron-

associated toxicity.



Introduction.

Alzheimer's disease (AD) is the most common cause of demenda,  and will reach

epidemic proportions if no cure is found within the next decade. AD is also a major public

health problem and one of the most costly diseases in modem society. In some countries

with  restrained  economical  resources,  the  elderly population  is  growing  rapidly  as  life

expectancy increases. The neuropathological features of AD are a gradual and widespread

neuronal loss, the extraneuronal P-amyloid deposits or senile plaques  (SP),  alterations in

cerebral blood vessels, and the presence of neurofibrillary tangles QIFTs) mainly composed

by hipelphosphorylated tau protein (Macciori et al., 2001).

Oxidative  stress  is  a major pathological  aspect of several  neurodegenerative  conditions

and results from the generation of large amounts of reactive oxygen species arcs), which

can alter the  structure  of several molecules  including proteins,  lipids  and nucleic  acids,

ultinately leading to cell degeneration and death.

Several reports have implicated redox-active transition metals suck as iron and copper with

the onset Of different neurodegenerative disorders such as AD (Slnith et al.  1997; Egafia et

al.  2003)  and Parkinson's disease  a'D) (Faucheux et al.  2003;  Youdim  et al.  2004).  mgh

levels of both copper (Squitti et al. 2002) and iron (Ozcankaya et al. 2002) has been found

in blood plasma of people with AD. Iron and copper catalyze the production of reactive

oxygen  species  asos)  via  Fenton  reaction,  transfonning  the  mild  oxidant  hydrogen

peroxide in to hydroxyl radical (HO.-), one of the most reactive species in nature (Symons

& Gutteridge,  1998). The damage to molecules and tissues due to this reactivity has been

related to neurodegenerative disorders q'eny et al. 2002; Gerlach et al.  1994; Sayre et al.

2000) and aging (Hirose et al. 2003 ; Zecca et al. 2001).

Alterations between bound and free iron play a pivotal role in the capacity of iron to

induce oxidative  stress  quiszewski.  2003).  In particular, evidence indicates that there is

abnormal iron accumulation in the brain of AD (Andrasi et al. 2000, Smith et al.1997) and

PD  @erg  et al.  2001)  patients.  Moreover,  several  studies  strongly  suggest that neurons

from Alzheimer brains are subjected to strong oxidative load (Abe et al.  2002; Giasson et

al.  2002).  These  observations  suggest that  iron  accumulation  play  a  crucial role  in  the

etiopathogenesis of AD, through modification of the balance between pro-oxidant and anti-

oxidant activities.  The level of Fenton-reactive metals in CSF,  and their correlation with



neurodegenerative disorders are unknown. To address this point, in this work we analyzed

the  levels of total iron and redox-active iron, in cerebrospinal fluid samples from elderly

people with different degrees of dementia and conelated these levels with the severity of

the dementia.

Methods

Patients

The  study  and  the  experimental  protocols  were  approved by the  Committee  on Ethieal

Issues of the Faculty of Medicine, University of Chile, and all subjects provided infomed

consent prior to the initiation of the study. In the cases of demented subjects the infomed

consent for participation in the study was obtained also from their caregivers.  Participants

were recruited through the printed media and underwent a multistage screening procedure.

To be included in the study, participants needed: (i) to be more than 60 years old; (ii) to be

free  of significant underlying  medical,  neurologic,  or psychiatric  illness,  (iii)  and to be

willing to participate in the study procedures.

Neuropsychological  battery  of  tests.  The  neuropsycholoctcal  evaluation  consisted  in

Neuropsycholodcal Battery of CERAD that include: Folstein's MiniMental Test, Verbal

Fluency, Boston Nomination Test (15 items), Learning Word List (10 items), and Praxis.

Application of semi-structured interview. Application of the CDR ratings were obtained

using  a  semi-structured  interview  specially  adapted  by  Daly  et  al  (2000),  fi.om  the

previously validated original version of Hughes et al., (1982). This interview was specially

adapted   to   be  used  with  a  population   with  very   mild  impairments.   It   includes   a

standardized  medical,  neurologic,  and  psychiatric  examination,  in  addition  to  a  semi-

structured  set  of questions  about  functional  status  regarding  Activities  of Daily  Living

(ADL) and hstrumental Daily Living ¢ADL). A translation and Spanish adaptation of the

English version of the semi-structured interview was used in a preliminary or pilot study.

The subjects distributed across a range of coghitive function from no impainnent to mild

impaiment,  and  their  collaterals  were  evaluated  by  3   independent  interviewers.  The



questions that the three interviewers considered were not well understood by the subjects

or collaterals were modified according to the language skills of our population. The rating

of the overall CDR scores and the ratings of tlie each six CDR domains were analyzed with

a kappa index. Total box scores derived from CUR were obtained to evaluate the degree of

cognitive inpainent. A very high concordance was obtained.

These subjects underwent a comprehensive medical and neurologic exanination to

ascertain that they were free of any significant medical condition.  The subjects  could be

using psychoactive medications, and disabilities and comorbid illnesses could be present,

but  the  neurologists  did not judge  that  these factors  were  causing  clinically  significant

cognitive  impalrments.  Once  the  intervl.ew was  completed  and rated,  the  subjects 1.n  the

study were administered a neuropsychological battery.  The CDR ratings were completed

with the  interviewers  blinded to  the  results  of the  neuropsychologieal  test.  The  written

interviews were scored by a reviewer who made his own rating judgment, blinded to the

interviewer. I  Subjects were divided into five different groups for the study: subjects with

a Normal Cognitive Status QTCS), Early Mild Cognitive Impaiment a3-MCI), Late Mild

Cognitive  Impairment  (L-MCI),  Early  Alzheimer  Disease  (E-AD)  and  Late  Alzheimer

Disease a-AD).  Score ranged from  0 for NCS I.ndividuals, 0.5-1.0 for E-MC,  1.5-3.0 for

L-MCI,  4.0-6.5  for E-AD  and  7.0-10  for  the patients with L-AD.  A weekly  consensus

conference  was  carded  out  among  the  interviewers  in  order  to  reach  an  agreement

regarding the rating of each of the CDR subcategories. In this open discussion an explicit

reference was made to CDR ratings coded by Daly et al. to be sure that the final rating of

each of the CDR subcategories adhered as closely as possible to the CDR expanded criteria

of Daly et al (2000).

CSF samples. Lumbar CSF samples were obtained by lumbar punctures perfomed early

in the moming.  CSF samples were stored into polypropylene tubes without preservative

and frozen at the bedside on dry ice within minutes of withdrawal. Samples were kept at -

800 C.



Lab oratory methods

Measurement of total iron. Cerebrospinal fluid samples were analyzed to obtain the total

iron by AAS.  100 prl of CSF samples were mixed with 100 Ill of  5°/o ultrapure nitric acid

and incubated at 60 °C for 12 hrs, the digest was cooled, centrifuge at 12.000 g for 2 min

and the supematant diluted to 1  mL with 0.2% ultrapure nitric acid. The fmal sample was

coloriess   and   transparent.   Fe   contents   were   determined   in   an   atomic   absorption

spectrometer  with  graphite  furnace  SIMAA  6100  q'elkin  Elmer,  Shelton  CT).  m-

CCIHN-002  (ye##s'  aHfjgz/a)  and  Dolt-2  (Dog#sfa  /J`ver)  preparations  were  used  as

reference materials to validate the mineral analyses. The results were expressed as a pug/L.

Measurement of redox-active iron. Redox active CSF iron was determined as described

for  labile  plasma  iron  (Esposito  et  al.  2003).   Quadruplicates  of  20  ul  of  CSF  were

transferred to clear-bottom,  96-well plates Q4axisorp 96, Nunc, Rotskilde, Denmark).  To

two of the wells were added 180 ul of iron-free REPES-buffered saline (IIBS; HEPES 20

mM, Nacl  150 mM, pH 7.4) (pre-incubated at 37°C) containing 40 iiM ascorbate and 50

[iM Din (dinydrorhodamine 123, dihydrochloride salt, Biotium, Hayward, CA, USA). To

the two  other wells was  added  180  prl  of tlie same solution  containing 50  rM of the  iron

chelator deferiprone (L1, Apotex, Toronto, Ont., Canada). Immediately following reageiit

addition, the kinetics  of fluorescence increase were followed  at 37°C  in  a BMG  Galaxy

Fluostar  microplate   reader   @MG   Lab   lnstnments,   Gemany)   with   a   485/538   nm

excitation/emission filter pair,  for 40  min,  with readings  every 2  min.  The  slopes  (r)  of

DIR fluorescence intensity with time were calculated from measurements taken between

15-40  minutes  and  are  given  as  F.U.  min-1  (fluorescence  units  per  min).  The  duplicate

values of r in the presence and absence of L1, J.£j and r, respectively, were averaged and the

LCSFI concentration (iulo was determined from calibration curves relating the difference

in slopes with and without Ll  against Fe concentration: LPI= Ar/rst = (r-rLi)/Pst, where AJ.

and rat denote the Ll  sensitive component of r and the calibration factor relating Ar to the

Fe  concentration,  respectively.  Calibration  curves  were  obtained  by  spiking plasma-like

medium G'LI\O or sera with Fe:NTA,  1:7 (mol:mol) to give fmal concentrations of 40 to

100 iiM Fe, fouowed by serial dilution in PLM or in the same serum and incubation for 30



minutes at 37°C to allow binding of the Fe. Qundruplicates of 20 iiL of these samples were

assayed for labile iron as described above.

Statistical analysis.  One-way ANOVA was used to test differences in mean values, and

Durmett's post-hoc test was used for comparisous a Stat program from Graphpad).

Results

Total  levels  of Fe  in  CSF.  Analysis  of total  CSFI  by atomic  absorption  spectrometry

showed a broad range of concentrations from 0.32 iiM to 1.85 iiM (0.817 ± 0.069, mean ±

SEro.  No  correlation was  found  between total  CSF  iron  and  the  severity  of dementia

Q7igure  1), with values  (mean ±  SEM) of 0.85  ± 0.16, 0.69 ± 0.12, 0.63 ± 0.064;  1.02 ±

0.28 and 0.84 ± 0.15, for NCS, E-MCI, L-MCI, E-AD and L-AD, respectively.

Positive  correlation  between  L-CSFI  and  early  stages  of  the  neurodegenerative

process.  Transferrin  (Tf)  levels  of 0.24  [iM  has  been  reported  for  CSF  (Symons  &

Gutteridge,1998).  Thus, Tf in CSF  should be close to  saturation or saturated,  and some

reactive, non-transferrin bound, iron could be present. Thus, we analyzed the redox active

CSF iron of the different groups under study. NCS individuals had redox active CSF iron

of 0.210  ± 0.03  [iM; (mean ± SEM; N=  13).  Redox active  CSF iron levels higher than

control were found in E-Mcl and, L-Mcl individuals, 0.271 ± 0.044 uM; N= 9; and 0.327

± 0.040 N= 11, respectively (Figure 2). AD patients sbowed a biphasic pattern. Compared

to NCS  individuals,  E-AD  individuals  had  significantly  higlier  redox  active  CSF  iron

levels (0.424 ± 0.052 iiM; N= 5), while L-AD individuals had significantly lower levels

than L-AD (0.066 ± 0.058 iiM; N= 6). These results indicate that redox active CSF iron is

a good indicator of the  degree  of dementia  in  early and  medium stages  of Alzheiner's

disease.

Negative  correlation  between  redox-active  CSF  iron  and  cognitive  damage  in  AD

patients. Further analysis of redox-active CSF iron levels in AD patients revealed that the

degree  of dementia,  quantified by the  Total-Box  score,  was  negatively  correlated  with

redox  active  CSF  iron  ai2:  0.80;  slope:  -9.24)  Q7igure  3).  These  results  indicate  that



development of the late stages of the pathology is accompanied by a progressive decline in

redox active CSF iron in a paired-sample analysis we found no correlation between total

CSF iron and redox-active iron (data not shown).

Discussion.

Iron accumulation has been implicated as  an important factor in the  etiology of several

neurodegenerative disorders (Ke et al. 2003; Perry et al. 2002; Youdin et al. 1993). Thus,

studies of iron availability at different stages of loss of cognitive functions are essential to

understand the role  of iron in neurodegenerative processes.  To tthis  end,  in the present

work we analyzed in CSF samples from elders with varied cognitive status damage total

Fe levels, and evaluate the levels of Fe capable to catalyze the Fenton reaction by a novel

redox-active iron assay.

Total Fe levels in CSF showed a broad range of values, ranging from 0.32 iiM to 1.85 iiM.

The source of this variation is unknown, but it could be due to diet habits, environmental

conditions or genetic factors. No correlation was found between total iron and the degree

of dementia,  so we  decided to  determine redox active CSF iron, i.e., the fraction of the

total iron that was in a labile, Fenton-reactive fom. The labile plasma iron pool correlates

with  the  appearance  of oxidation  products  and  decreased  plasma  antioxidant  capacity

(Cighetti et al.  2002).  However, no data was available linking redox active CSF iron in

CSF and cognitive impainnent.

Important  quantities  of  CSF  reactive  iron  was  found  both  in  normal  and  cognitive-

impalred  individuals.  Redox-active  CSF iron levels were independent of total CSF iron

content. Hence, contrary to intuition, total and redox active CSF iron pools  seems to be

independently regulated.  Our values for nomal  subjects  (0.21  ± 0.03  [thtry  agree with a

previously  reported  one  of 0.55  ±  0.27  prM,  determined using a bleomycin-based assay

(Symons and Gutteridge,1998).

The  reported  ascorbate  concentration  in  CSF  is  about  160  iiM  (Reiber  et  al.,  1993)

therefore, the predominant labile Fe  species in CSF should be  in the Fe2+ form.  Fe2+ is



readily  available  for  directly  incolporation  into  the  cell  by the  Fe2+  transporter DMrl

(Gunshin  et  al.,  1997;  Arredondo  et  al.,  2003),  in  a  process  known  as  non-transfeITin

bound iron uptake. Thus, brain cells which express DMT1, like hippocampus (Gunshin et

al.  1997) should be particularly susceptible to iron accumulation.

Redox-active CSF iron significantly increased in the first stages of cognitive impaiment.

Increased  redox-active  CSF  iron could  promote  neuronal  damage  by  several  ways.    It

could  contribute  to  the  formation  of senile  plaques,  where  1  iiM  Fe  has  been  found

@ishop and Robinson, 2003). In addition, redox-active CSF iron could act together with

amyloid-P  peptide to  induce oxidative stress in an oxidative redox cycle.  (Huang et al.,

1999). As discussed above, increased redox-active CSF iron should also result in increased

cell  iron  accumulation,  with  an  outcome  of  increased  oxidative  stress  and  oxidative

damage in neuronal cells QTbfiez-Millacura et al. 2002; Youdim. 2004). Indeed, both iron

accumulation  and  oxidative  damage  has  been  reported  in  hippocampus  and f2ids/a#c.;.cr

7]z.grcr pc7rs  compacJcr neurons  from AD  and PD patients  (Smith  et  al.  1997;  Berg et al.

2002; Zecca et al. 2001). Moreover, iron available for non-transferrin bound iron uptake

could affect glial cells that play a key role in many pbysiological and pathological process

of the central nervous system (Schousboe et al. 2003; Tarkowski 2002; Hirsch et al 2003).

Thus,  increased  redox-active  CSF  iron  should  result  in  a  series  of events  leading  to

deterioration of the redox capacity of cells and to neurodegeneration.

Redox-active CSF iron values in Alzheiner's disease patients distributed into two groups.

The mean of the E-AD samples was significantly liigher than NCS values while the mean

from L-AD  patients  was  lower than NCS.  The  latter decrease  in redox-active  CSF  iron

suggests the induction of mechanism to reduce reactive iron and its associated toxicity, in a

way similar to the proposed "entombment" of toxic amyloid-P peptide into senile plaques

(Cunjungco et al., 2000). Thus, the decrease in redox-active CSF iron may correspond to a

final effort to decrease Fe-mediated oxidative stress in the brain.

In   summary,   a   positive   correlation   between   redox-active   CSF   iron   and   cognitive

impairment was found in the early and medium stages Of the neurodegenerative process
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associated with Alzheimer's disease while a strong reduction was observed in advanced

steps of the disease. Thus, redox-active CSF iron may be used as an early mal.ker to assess

the  risk  of  dementia.   These  findings  indicate  that  redox-active  CSF  iron  should  be

considered a risk factor in the development of cognitive disorders. They also advocate for

a  strategy  of iron  chelation  therapy  to  prevent  the  progress  of the  neurodegenerative

disorders (Shachar et al., 2004).
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Figure legends.

Figure 1. Total Fe levels in CSF from NCS, MCI and PAD individuals. CSF from 37

subjects (10 NCS; 9 E-MCI; 10 L-MCI, 3 E-AD and 5 L-PAD) was analyzed for total iron

by  atomic  absorption  spectrometry.  No  significant  differences  were  found  between  the

oroups.

Figure 2. Redox-active CSF iron levels in CSF from NCS, MCI and AD individuals.

Redox-active CSF iron was determined in 46 subjects (13 NCS; 9 E-MCI; 11  L-MCI, 5 E-

AD  and 8  L-PAD)  as  redox-sensitive  labile iron,  as  described in Material and Methods.

Sigriificant   differences   were   found  between   L-AD   individuals   compared  with   NCS

individuals Q' < 0.05) S and compared with E-AD Q' < 0.01) # #.

Figure  3.   Correlation  between  redox-active  CSF  iron  levels  and  the  degree  of

dementia in Alzheimer's disease patients. Values of redox-active CSF iron were plotted

against the Total Box score (score 24) of patients diagnosed as possible Alzheimer disease.

A strong negative correlation (r: 0.89; slope: -9.24) was found.
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