DOCTORADO EN CIENCIAS BIOMEDICAS

INSTITUTO DE FISIOLOGIA CELULAR

ACTIVACION DE PROTEASAS Y SU PAPEL EN LA
MUERTE NEURONAL EXCITOTOXICA EN AUSENCIA Y
PRESENCIA DE INHIBICION MITOCONDRIAL EN EL
ESTRIADO DE LA RATA IN VIVO

TESIS

QUE PARA OBTENER EL GRADO ACADEMICO DE
DOCTORA EN CIENCIAS

P RESENTA

M. EN C. PERLA MARIANA DEL RiO ESTRADA

DIRECTORA DE TESIS
DRA. MA DE LOURDES MASSIEU TRIGO

COMITE TUTORIAL
DR. JULIO MORAN ANDRADE
DR. JOSE PEDRAZA CHAVERRI

MEXICO, D.F. AGOSTO, 2008




e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.



El presente trabajo se llevo a cabo bajo la direccion de la Dra. Lourdes Massieu
Trigo, en el departamento de neurociencias del Instituto de Fisiologia Celular

de la Universidad Nacional Autbnoma de México.

Este trabajo se realiz6 con el apoyo al proyecto PAPIIT-UNAM IN222503 y
IN213507; asi como de la beca del Consejo Nacional de Ciencia y Tecnologia
(167147) y la beca complementaria de la Direccion General de Estudios de

Posgrado de la UNAM.

A la Bidl. Teresa Montiel Montes por su colaboracion en el trabajo

experimental.



A David y a mis padres,

los quiero mucho.



AGRADECIMIENTOS

Agradezco a la Dra. Lourdes Massieu por ser una tutora excelente que ademas de
ayudarme paso a paso en mi proyecto, me ha hecho sentir que en ella tengo una

amiga.

A mi comité tutorial: Dra. Lourdes Massieu, Dr. Julio Moran y al Dr. José Pedraza
Chaverri, por sus comentarios y tiempo dedicado para la realizacion de este trabajo,
asi como por la ayuda en mi formacion personal.

A los integrantes del jurado, Dr. Mauricio Diaz Mufioz, Dra. Susana Castro Obregon,
Dr. Fernando Pefia Ortega, Dr. Jorge Meléndez Zajgla, Dra. Mahara Valverde y Dra.

Elizabeth Hernandez Echeagaray, por sus sugerencias y comentarios.

A Tere Montiel, por ser una ayuda incondicional, tanto en mi trabajo del laboratorio

como en mi vida personal jGracias Tere!

A Francisco Pérez por su ayuda técnica en todo lo relacionado con la computacion.

A Ceci por mantener el orden en el laboratorio, por las platicas tempraneras y por los

martes de journal.

A Karla y Mari, por todos los momentos, buenos y malos, y por ser amigas

excepcionales.

A mis compaferos del laboratorio por hacer de éste mi segunda casa; gracias Mari,

Karla, Octa, Tere, Beto, Ana, Blanca y Paloma.

A los amigos del Instituto: Humberto, Benito, Rogelio, Luis Lemus, Yuridia, Luis

(Tapia), Octavio (Manitas), Gaby Vera.

A Cristina, tu amistad es invaluable jjgracias amiga!!

A Arturo, por el tiempo que dedicaste a esta tesis, por habernos encontrado en el

camino y por el que nos falta. 521



INDICE

L RESUMEN . . e e e e e e et et e et et e 3
2. AB S T R A T e e e e e 4
3. ORGANIZACION DE LA TESIS .. .ot it e e 5
4. LISTA DE ABREVIATURAS . ... e e e e e e e e e e e e e e e aaes 7
5. INTRODUCCION. .....cuiit e e e e e e e e e e e, 8
La SiNapsis gIutamatergiCa. .. ......ovu e et et e e e 9
Receptores a glutamatO...........cooovieiie i e e e e 11
(RCTot=T o) (o] (=TSN o] gTo] (0] o] o 1 P 11
Receptores metabotrOpPICOS. .. ...ouivnie i e 15
Transportadores de glutamato..........cocoov i, 17
EXCIEOtOXICIAA. ... o et e e e e e et e 19
Calcio y exCitotoXiCidad. .........oviie it e 21

Estrés oxidativo y exCitotoXiCidad.............vevuieeis e e e e e 23
EXCItotoXiCidad SECUNTAITA. .. ... v vttt et e e 25

La mitocondria y su papel como determinante de la muerte celular................. 28
Glutamato y tipo de muerte Celular......... ..o 31

Articulo 1: Caspase-3 and calpain activation as key step of the cell death

PRENO YD ... e 33
6. ANTECEDENTES Y PLANTEAMIENTO DEL PROBLEMA........cccviiiiiiiiiiie . 50
7 HIPOTE SIS .o e e e e e 52
8. OBJIETIVO GENERAL ... ... e e e e e e e e e e 52
9. MATERIALES Y METODOS... ...t it et e e e e e e 53
10. RESULT AD S ... e e e e e e e e e e e e 58

Articulo 2: Mild mitochondrial inhibition in vivo enhances glutamate-induced
neuronal damage through calpain but not caspase activation: role of ionotropic

GlULAMALE TECEPLOIS. ..ttt e e e e e e s et e e e et ea e eeeeeneaneeneee 59



Articulo 3: Contribution of NMDA and Non-NMDA receptors to In vivo glutamate-

induced calpain activation in the rat striatum. Relation to neuronal

0 =T 0 =T = P 69
11, DISCUSION. ...t e e e e e, 79
12. CONCLUSIONES . ......uut et e e e e et e e e e 95
13. REFERENCIAS .. ...oviait oo e e e e e e 96
14, APENDICE ... ..ottt e e e e e e e 122

Articulo 4: Exacerbation of excitotoxic neuronal death induced during
mitochondrial inhibition in vivo is related to energy imbalance but not to ATP

depletion. Neuroscience 146, 1561-1570..........ccciirii e i e 123



RESUMEN

El glutamato (Glu), principal neurotransmisor del sistema nervioso central de los
mamiferos, puede tener efectos toxicos a través de un mecanismo dependiente de
Ca”" llamado excitotoxicidad. La toxicidad del Glu se facilita cuando el metabolismo
energético de la célula se encuentra inhibido y se ha asociado con patologias en las
cuales hay una falla del metabolismo energético. Estudios hechos en cultivos de
neuronas demostraron que la toxicidad del Glu esta relacionada con el dafio
mitocondrial, la disminucién de los niveles de ATP y la pérdida de la homeostasis de
Ca?'. Recientemente, en un estudio in vivo, demostramos que la facilitacién de la
toxicidad del glutamato cuando hay una inhibiciobn mitocondrial previa, no esta
relacionada con una disminucién drastica en los niveles de ATP. Esto sugirié que otros
factores, como la activacion de las proteasas, estan relacionados con el dafio neuronal
inducido por Glu. La caspasa-3 y la calpaina son dos proteasas asociadas a la muerte
apoptdtica y necrética, respectivamente. La activacion de estas proteasas durante un
proceso excitotoxico se ha relacionado con el dafio mitocondrial y con la activacion de
receptores glutamatérgicos. El objetivo de esta tesis fue evaluar si, in vivo, estas
proteasas estan involucradas en el dafo inducido por Glu, al administrarse en
presencia o ausencia de una inhibicion mitocondrial previa. También evaluamos el
papel que tienen los receptores ionotrépicos glutamatérgicos en la activacion de estas
proteasas y en la induccion de la lesion inducida por Glu en el estriado de ratas. Los
resultados muestran que la facilitacion de la toxicidad del Glu, debida al tratamiento
previo con un inhibidor mitocondrial, es independiente de la activacion de la caspasa-3
y esta relacionada con una activacion fuerte de la calpaina. Los receptores NMDA y
no-NMDA contribuyen en igual magnitud a la activacién de la calpaina y a la
produccién de la lesién inducida por Glu. Ante un estimulo téxico de Glu en ausencia
de inhibicidon mitocondrial previa, también existe una activacion fuerte de la calpaina y
no de la caspasa-3. En este modelo de excitotoxidad severa el receptor NMDA
contribuye fuertemente a la induccion de la lesiébn pero no a la activacion de la
calpaina. Esto sugiere que otros factores, relacionados con el receptor a NMDA estan
involucrados en el proceso de muerte celular. El conocimiento de éstos sera de gran
importancia para poder proponer tratamientos eficaces de las patologias relacionadas

la toxicidad del Glu.



ABSTRACT

Glutamate (Glu), the major excitatory neurotransmitter of the mammalian central
nervous system, can be neurotoxic by a calcium-dependent mechanism named
excitotoxicity. Glu toxicity is exacerbated when energy metabolism is impaired and has
been related to pathological conditions associated with failure of energy metabolism.
Studies derived from neuron cultures have shown that neuronal death in these
conditions is related to mitochondrial dysfunction, ATP depletion, and loss of calcium
homeostasis. We have recently observed that, in vivo, enhancement of glutamate
toxicity elicited by previous mitochondrial inhibition does not involve severe ATP
depletion. This suggests that other factors such as proteases activation are involved in
the in vivo excitotoxic process. Proteases such as calpain and caspases have been
involved in necrotic and apoptotic cell death phenotypes, respectively. During
excitotoxicity, activation of these proteases is related to mitochondrial damage or the
activation of a particular glutamate receptor subtype. In the present study we aimed to
investigate whether neuronal damage due to Glu intrastriatal injection during moderate
inhibition of mitochondrial metabolism, or by an acute Glu stimulus, is related to
caspase-3 or calpain activation. We also investigated the contribution of ionotropic
glutamate receptors to proteases activation and neuronal death induced by Glu in the
striatum of the treated rats. Results show that enhancement of glutamate toxicity due to
inhibition of mitochondrial metabolism in vivo, do not recruit caspase-dependent
apoptosis but favors calpain activation through the stimulation of both subtypes of
glutamate ionotropic receptors. In these conditions, NMDA and non-NMDA receptors
contributed equally to calpain activation and to the induction of neuronal death. On the
other hand, neuronal damage after acute Glu stimulus in intact rats is also caspase-3-
independent. However, although neuronal damage is mediated mainly by the NMDA
receptor subtype, it can not be attributed solely to calpain activity, suggesting the
involvement of other factors that should be studied in order to propose therapies for

pathological conditions in which Glu toxicity is involved.



ORGANIZACION DE LA TESIS

Esta tesis esta dividida en secciones que incluyen: Introduccién, antecedentes,
hipdtesis y objetivos, materiales y métodos, resultados, discusion, conclusiones y
apéndice.

En la introduccion se revisa de manera general el papel del glutamato como
neurotransmisor y se hace una revision breve de sus receptores. Se menciona el papel
téxico que puede tener el glutamato cuando su concentracion aumenta en el espacio
sinaptico o bien, en condiciones de deficiencia energética. Se revisan también los
mecanismos celulares que intervienen en la toxicidad de este neurotransmisor y el
papel que tiene la mitocondria en ésta. Al final de la introduccion se describen los tipos
de muerte celular asi como los mecanismos involucrados en cada uno de ellos.
Finalmente se describe el papel que tienen algunas proteasas en la muerte neuronal
(Articulo 1).

En los antecedentes directos del trabajo se describen algunos estudios
realizados por nuestro laboratorio en cultivos neuronales, en los cuales se encontré
una relacién entre la disminucién de la concentracion de ATP y la muerte neuronal
inducida por glutamato cuando existe una inhibicién mitocondrial previa.

En la seccién de materiales y métodos se describen los modelos animales que
utilizamos para evaluar el papel de la caspasa-3 y de la calpaina en la muerte
excitotoxica. Se describe brevemente los materiales y métodos utilizados a lo largo de
esta tesis. La descripcion detallada de los procedimientos experimentales se describe
en los articulos incluidos en los antecedentes y resultados.

En los resultados se incluyen dos articulos.

El primero, titulado “Mild mitochondrial inhibition in vivo enhances glutamate-
induced neuronal damage through calpain but not caspase activation: Role of
ionotropic glutamate receptors.” Aceptado para publicacién en la revista: Experimental

Neurology 212, 179-188.



El segundo articulo presentado en esta seccion se titula “Contribution of NMDA
and Non-NMDA receptors to in vivo glutamate-induced calpain activation in the rat
striatum. Relation to neuronal damage.” Este articulo se publicé en la revista
Neurochemical Research 33, 1475-1483.

En la discusién se resume e integra el papel de la activacion de las proteasas
estudiadas ante la estimulacion de los receptores glutamatérgicos. Se incluye también
una discusién acerca de las posibles vias de activacion de la calpaina, haciendo
énfasis en el papel que los diferentes receptores glutamatérgicos tienen en éstas.

En el apéndice se anexa el articulo titulado: “Exacerbation of excitotoxic
neuronal death induced during mitochondrial inhibition in vivo: relation to energy
imbalance or ATP depletion”, publicado en la revista Neuroscience. Este articulo formé
parte de mi trabajo de maestria y constituye un antecedente directo de la presente

tesis.
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INTRODUCCION

El glutamato es un aminoacido no esencial que podemos encontrar a altas
concentraciones en el cerebro, encontrdndose principalmente en proteinas y en
vesiculas sinapticas (Schousboe, 1981). Este aminoacido es el principal
neurotransmisor excitador en el sistema nervioso central (SNC) de los mamiferos. La
potencialidad excitadora del glutamato en el tejido nervioso fue descubierta por Curtis
y Watkins (1960). Trabajos publicados en las siguientes décadas mostraron que el
glutamato tiene un papel fisiolégico al participar en procesos como la migracion, la
diferenciacion y la muerte celular durante el desarrollo del SNC, asi como en procesos
de memoria y aprendizaje (Mayer y Westbrook, 1987; Fuijii et al., 2003; Cull-Candy et
al., 2006; Neyman y Manahan-Vauhan, 2008). De manera conjunta al descubrimiento
del glutamato como neurotransmisor también se describi6 la potencialidad neurotdxica
del mismo (Lucas y Newhouse 1957). Olney (1971) postulé que los aminoacidos
excitadores, en especial el glutamato, producen muerte neuronal por la activacion
continua de sus receptores, proponiendo la hipétesis excitotoxica. Actualmente se
considera que la excitotoxicidad del glutamato participa en algunas enfermedades
neurodegenerativas como la enfermedad de Parkinson, la de Huntington y la de
Alzheimer, asi como en la muerte neuronal subsiguiente a los accidentes vasculares y
periodos isquémicos (Benveniste et al.,, 1984; Sandberg et al., 1986; Lees, 1993;
Massieu y Garcia, 1998; Salinska et al., 2005). Los mecanismos de la muerte neuronal
excitotoxica se han estudiado extensivamente en modelos in vitro. Estos involucran
como principales ejecutores de la muerte, la activacion continua de los receptores a
glutamato, el estado metabdlico y oxidativo de la célula, asi como la falla en la
regulacion de la concentraciéon de Ca* intracelular. En conjunto, estos factores llevan
a la muerte neuronal, la cual presenta caracteristicas tanto apoptoticas como
necroticas. Los estudios realizados in vivo, concernientes a estos mecanismos, son

escasos Yy principalmente se han realizado utilizando agonistas glutamatérgicos. En



esta tesis se estudia el papel de uno de estos factores, la activacién de las proteasas,

como ejecutores de la muerte neuronal en dos modelos de muerte excitotoxica in vivo.

La sinapsis glutamatérgica

En el SNC de los mamiferos las sinapsis excitadoras son principalmente
glutamatérgicas, éstas incorporan alrededor del 80% del contenido total de glutamato
en el cerebro (Storm-Mathisen et al., 1983; Ottersen et al., 1992). El glutamato es
sintetizado en el SNC a través de dos procesos: 1) a partir de la glucosa por medio de
la transaminacion del a-cetoglutarato, un intermediario del ciclo de Krebs (Peng et al.,
1991; Yudkoff, 1997), o 2) a partir de la glutamina por la accién de la enzima
glutaminasa (Hassel et al., 1997; Danbolt, 2001). En la sinapsis glutamatérgica, el
glutamato es introducido a las vesiculas a través de transportadores vesiculares
(VGLUT) (Takamori et al., 2000). La incorporacion del glutamato hacia las vesiculas se
favorece por el gradiente de protones generado por una ATPasa de H" localizada en la
membrana vesicular y que bombea H* hacia el interior de la vesicula (Tabb et al.,
1992). De esta manera, el transportador vesicular de glutamato trabaja como un
antiportador proton-glutamato que introduce el neurotransmisor a la vesicula sinaptica
(Danbolt, 2001). Cuando llega un potencial de accion, la membrana plasmatica se
despolariza lo que causa la apertura de los canales de Ca?* sensibles a voltaje y
aumenta la concentracion de este ion en el interior celular. Como consecuencia, las
vesiculas sinapticas se fusionan con la membrana plasmatica y liberan el glutamato, lo
gque aumenta su concentracién en el espacio sinaptico a concentraciones milimolares
(alrededor de 1-2 mM; Danbolt, 2001). Una vez liberado al espacio extracelular, el
glutamato ejerce su accién al activar a sus receptores localizados principalmente en la
membrana post-sinaptica (Nakanishi, 1992; Michaelis, 1998; Ozawa et al., 1998). Para
evitar la activacién continua de sus receptores, el glutamato debe ser eliminado del

espacio sinaptico, proceso realizado por transportadores especificos que se



encuentran tanto en la glia como en las neuronas (Nicholls y Artwell, 1990). Dentro de
las células, el glutamato puede ser convertido a a-cetoglutarato (Yu et al., 1982); o
bien, puede ser convertido a glutamina, por una reaccion dependiente de ATP
realizada por la enzima glutamina sintetasa (Norenberg y Martinez-Hernandez, 1979;
Ottersen et al., 1992). Esta ultima reaccién solo ocurre en astrocitos (Norenberg vy
Martinez-Hernandez, 1979; Laake et al., 1995). Finalmente, la glutamina sintetizada en
los astrocitos puede ser liberada y tomada por neuronas vecinas donde se utiliza como
sustrato para sintetizar glutamato. El glutamato sintetizado a partir de glutamina se
almacena en las vesiculas sinapticas para volver a liberarse. A esta forma de reciclar
el glutamato se le conoce como ciclo del glutamina-glutamato (Fig. 1) (revisado en

Hassel y Dingledine, 2006).

I Na
H* Cilu*

5]
2] el rieh
stn bed aa P

Glulamina = Glulamato

Figura 1. Esquema que representa los componentes de una sinapsis glutamatérgica. (1)
El glutamato es vesiculizado con la ayuda de transportadores vesiculares y posteriormente
liberado al espacio sinaptico (2) donde activa a sus receptores (3). Para terminar la
sefializacion glutamatérgica, el glutamato es eliminado del espacio sinaptico por medio de
transportadores membranales, los cuales se encuentran en los astrocitos (4). Dentro de los
astrocitos el glutamato sirve como precursor de glutamina (5), la cual es liberada y
capturada por neuronas pre-sindpticas. Dentro de la pre-sinapsis, la glutamina es
convertida a glutamato (6) y éste es de nuevo vesiculizado. A este ciclo se le llama ciclo de

la glutamina-glutamato.
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Receptores a glutamato

Los receptores a glutamato pueden dividirse en dos grandes categorias, los
metabotrépicos y los ionotropicos (Nakanishi, 1992; Hollman y Heinemann, 1994;
Dingledine et al., 1999). Los receptores ionotrdpicos estan acoplados a canales i6nicos
y permiten el paso de Ca?*, Na* o K*, mientras que los receptores metabotropicos
transmiten su sefial mediante el acoplamiento a proteinas G (Fig. 2) (Pin y Duvioson,

1995; Conny Pin, 1997).

Receptores ionotrépicos.

Estos receptores se distinguen farmacoldégicamente en base a sus
interacciones con agonistas no fisioldégicos y se pueden agrupar en dos grandes
grupos: los que responden al N-metil-D-aspartato (NMDA), y los que son insensibles a
éste (denominados receptores no-NMDA; Hollmann y Heinemann, 1994). Dentro de
este Ultimo grupo se encuentran los receptores a Kainato (KA) y los receptores al
acido D-amino-3-hidroxi-5-metil-4-isoxazol propidnico (AMPA) (Nakanishi, 1992;
Nakanishi y Masu, 1994). Las técnicas de clonacién han dado a conocer que existen
subtipos de cada uno de estos receptores formados por diferentes subunidades
(Boulter et al., 1990; Nakanishi, 1992). Las diferentes combinaciones de subunidades
les confieren caracteristicas electrofisiolégicas y farmacolégicas diversas como el
tiempo de apertura del canal y la selectividad i6nica del mismo (Nakanishi, 1992;

Wisden y Seeburg, 1993).

Receptores no-NMDA

Los receptores a AMPA y a KA, conocidos como receptores no-NMDA, son
mediadores de la transmision glutamatérgica en un gran numero de sinapsis
excitadoras y los canales que forman son principalmente permeables a Na* y K* (Cull-

Candy y Usowicz, 1987; Jahr y Stevens, 1987).
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Receptores a AMPA.

Estos receptores median la mayoria de las sinapsis excitadoras del SNC, y
tienen un papel muy importante en funciones del cerebro como la memoria y el
aprendizaje (Dingledine et al., 1999; Derkach et al., 2007). Hasta la fecha se han
encontrado cuatro subunidades del receptor a AMPA, denominadas GIuR1 a GluR4
(Keinanen et al.,, 1990). Los receptores a AMPA funcionan como complejos
pentaméricos y presentan conductancias a Na® y K* principalmente (Cull-Candy vy
Usowicz, 1987; Jahr y Stevens, 1987). La conductancia al Ca** depende de la
presencia de la subunidad GIuR2, por lo que los receptores heteroméricos que
contienen a la subunidad GIuR2 tienen baja conductancia al Ca?* (Burnashev, 1996:
Cull-Candy et al., 2006). Los receptores a AMPA se localizan predominantemente en
la membrana plasmatica de los cuerpos y dendritas de las neuronas post-sinapticas
(Bernard et al., 1997; Chen et al.,, 1998). Estos receptores tienen una distribuciéon
amplia en el SNC, las regiones CAl y CA3 del hipocampo y las capas mas
superficiales de la corteza cerebral son las zonas con mayor expresion de éstos
(Petralia y Wenthold, 1992). Otras regiones como el caudado-putamen y las capas
internas de la corteza cerebral también cuentan con la presencia de estos receptores,
aungue con en menor proporcion; mientras que las regiones con menos expresion de
estos receptores son el diencéfalo, el cerebro medio y el tallo cerebral (Petralia y
Wenthold, 1992; Ozawa et al., 1998).

Receptores a KA.

Los receptores a KA fueron descritos originalmente por Watkins y
colaboradores (Davies et al., 1979; Watkins y Evans, 1981) y se conocen 5
subunidades diferentes que forman un receptor funcional (Gluk;, Glukz, Gluks, Gluke ¥y
Gluk7; Hollmann y Heinemann, 1994; Huettner, 2003). Estos receptores, como todos
los receptores glutamatérgicos, se localizan en todo el SNC (Michaelis, 1998;
Huettner, 2003). Estudios de hibridacion in situ demostraron que las subunidades

Gluks, Gluke, Gluk; y Gluk, se localizan principalmente en la corteza cerebral, el
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estriado, el hipocampo y el cerebelo (Gall et al., 1990); mientras que la subunidad
Gluk; se encuentra principalmente en las regiones del giro dentado y CA3 del
hipocampo (Huettner, 2003; Hirbec et al., 2003). Estos receptores son permeables
principalmente a Na* y K*; sin embargo, la permeabilidad del poro cambia si los ARNm
de las subunidades Gluks y Glukes son procesados y editados para generar un cambio
en la region del poro de una arginina por una glutamina (Sommer et al., 1991). Este
cambio de aminoacidos, consecuencia de la edicion del ARNm, determina la
conductancia al Ca®"; de esta manera los receptores que no han sido modificados
presentan una alta permeabilidad al ca®* (Hollmann et al., 1991; Kdhler et al., 1993).
Se sabe que la mayor parte de los ARNm de las subunidades Gluks y Gluke
identificadas en el SNC presentan esta modificacion, lo que indica que la mayoria de
los receptores a KA en el SNC no son permeables a Ca** (Ozawa et al., 1998). Las
diferencias funcionales y caracteristicas farmacolégicas de estos receptores se deben
a la formacién de complejos heteroméricos con las diferentes subunidades, al
procesamiento alternativo del ARNm y a su interaccion intracelular con proteinas
accesorias que contienen dominios PDZ (Hollmann et al., 1991; Wilding y Huettner,
1997; Hirbec et al., 2003).

Estos receptores se localizan en la post-sinapsis y participan en la respuesta
post-sinaptica (Vigne y Collingridge, 1997; Frerking et al., 1998); sin embargo, también
se han encontrado localizados en la pre-sinapsis donde pueden regular la liberacién de
algunos neurotransmisores (Lerma, 2003). EI mecanismo por el cual los receptores a KA
pre-sinapticos modulan la liberaciéon de los neurotransmisores no se conoce con
exactitud, algunos experimentos han propuesto que estos receptores pueden estar
acoplados a proteinas G (Lerma, 2006) y se propone que la modulacion del
neurotransmisor depende del tipo de proteina G que se asocie al receptor y por lo tanto,
a la via de sefalizacion que se active (Rodriguez-Moreno y Sihra, 2004; Melyan et al.,

2004).
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Receptores a NMDA

Los receptores a NMDA median la neurotransmision glutamatérgica de manera
distinta a los receptores de tipo no-NMDA ya que son dependientes de voltaje y para
Su activacion completa requieren tanto de la union simultdnea de glutamato y glicina,
mas la remocion del i6bn Mg?*, el cual se encuentra bloqueando el canal del receptor y
cuya liberacién es inducida por la despolarizacion de la membrana (Nowak et al.,
1984; Mayer et al., 1984; Cull-Candy et al., 2001). Este es el receptor que tiene mas
afinidad por el glutamato y se desensibiliza lentamente después de la exposicion a su
agonista (Waxman y Lynch, 2005). La apertura de su canal permite el paso de Ca?*, K*
y Na* al interior de la célula; la proporcién para Ca®*y Na* es de 10:1, respectivamente
(Nicholls, 1995). Los receptores a NMDA difieren en sus caracteristicas funcionales,
como es el tiempo de apertura del canal y su respuesta a ciertos agonistas o
antagonistas, dependiendo de las subunidades que los conformen (Ishii et al., 1993;
Chen et al., 1999; Cull-Candy et al., 2001). Se han descrito varios sitios de unién para
diferentes moléculas en este receptor, la unién de estas moléculas modulan positiva o
negativamente la actividad de éste (Waxman y Lynch, 2005). Por ejemplo, la unién de
Zn*" a su sitio de unién en este receptor disminuye la actividad de este receptor (Lynch
y Guttmann, 2001), mientras que la unién de poliaminas a este receptor genera un
efecto facilitador (Ransom y Stec, 1988). Se conoce también que la actividad de este
receptor puede modularse positivamente y negativametne por agentes reductores y
oxidantes, respectivamente (Aizenman et al.,, 1989); esto dada la existencia de
cisteinas susceptibles a oxidacion-reduccion que se localizan en la subunidad NR1
(Sullivan et al., 1994).

Este receptor es un tetramero compuesto por diversas subunidades; para que
este receptor sea funcional se requiere de la subunidad NR1 (donde se encuentra el
sitio de unién a la glicina) y cualquiera de las isoformas de la subunidad NMDAR2

(NMDAR2A-D), que tienen el sitio de unién al glutamato (Michaelis, 1998; Waxman y
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Lynch, 2005). Se conoce una tercera subunidad, la NR3, que aparentemente inhibe la
funcionalidad de este receptor y estd expresada altamente durante el desarrollo (Das
et al., 1998). La expresion de las subunidades de este receptor cambia durante el
desarrollo (Monyer et al., 1994; Cull Candy et al., 2001). En la etapa embrionaria, la
subunidad NMDAR2B se encuentra en casi todas las regiones, mientras que la
subunidad NMDAR2D se encuentra en el diencéfalo y el tallo cerebral (Monyer et al.,
1994). Después del nacimiento, la subunidad NMDARZ2A se encuentra de manera
ubicua, mientras que la NMDA2C se expresa prominentemente en el cerebelo (Monyer
et al., 1994; Cull Candy et al., 2001). En el adulto, las subunidades del receptor NMDA
estan distribuidas en todo el SNC, de estas, la subunidad NMDARL1 es la que tiene la
distribucion mas homogénea (Michaellis, 1998). Las regiones que mas expresan la
subunidad NMDAR2A son la corteza cerebral, el hipocampo y el bulbo olfatorio (Ishii et
al., 1993). La subunidad NMDAR2B se expresa preferentemente en el telencéfalo; la
subunidad NMDAR2C en las células granulares de corteza cerebelar; y la subunidad
NMDARZ2D en el diencéfalo y el tallo cerebral (Ishii et al., 1993; Michaellis, 1998).

En cuanto a su papel en el SNC, se sabe que el Ca* que entra a través de
estos receptores se necesita para la formacion de sinapsis nuevas y en procesos de
plasticidad sinaptica (Maren y Baudry, 1995; Asztély y Gustafsson, 1996; MacDonald
et al., 2006). Por otro lado, este receptor también estd involucrado en ciertas
patologias ya que su activacion desencadena un proceso de muerte excitotéxica por la
entrada excesiva de Ca?', la produccion de especies reactivas de oxigeno (ERO),

entre otras cosas (Michaelis, 1998), fendbmenos que se explican mas adelante.

Receptores metabotrépicos

Los receptores a glutamato de tipo metabotropico (MGIUR, por sus siglas en
inglés) se descubrieron en 1985 (Sladeczek et al.,, 1985). Dichos receptores
pertenecen a la familia de los receptores de siete dominios transmembranales y estan

acoplados intracelularmente a una proteina G (Nakanishi, 1994; Pin y Duvoisin, 1995).
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Existen ocho subtipos de estos receptores (MGIuR;-mGIuRg) que estan agrupados en
tres grupos, dependiendo de la cascada de sefializacion que activan y su selectividad
por ciertos agonistas (Nakanishi, 1994; Pin y Duvoisin, 1995). Los receptores del grupo
I (mGluR; y mGIuR s) estan acoplados a una proteina G, la cual activa a la fosfolipasa
C y provoca la hidrolisis de fosfolipidos de inositol (Aramori y Nakanishi, 1992). Los
segundos mensajeros producidos en esta cascada de sefializacién son el diacilglicerol
(DAG) y el IP3; el DAG activa a la proteina cinasa C, mientras que el IP; moviliza Ca**
del reticulo endoplasmico (ER) (Abe et al., 1992). Los receptores del grupo | se
expresan en la mayoria de las sinapsis glutamatérgicas, principalmente en el
componente post-sindptico (Nakanishi, 1994). Los receptores del grupo Il (mGIuR; y
MGIuR3) estan asociados a las proteinas Gy, € inhiben a la proteina adenilato ciclasa y
por lo tanto la produccion de AMP ciclico (Ozawa et al., 1998). Los receptores
pertenecientes al grupo Il (MGIuR4, MGIURg g) también estan acoplados a la proteina
Gio Sin embrago éstos difieren de los del grupo Il en la sensibilidad a varios agonistas
y en la fuerza con la que inhiben a la adenilato ciclasa (Nakanishi et al., 1998;
Swanson et al., 2005). Los sitios de expresién de estos receptores son variados, se
encuentran en las células de Purkinje, en las células piramidales de la region CAl y
CA3 del hipocampo, en el estriado, el bulbo olfatorio y en la corteza cerebral (Martin et
al., 1992; Molnar et al., 1993; Baude et al., 1993). Los receptores metabotrépicos de
tipo mGIuR;, mGIuR, y mGIuR; tienen una alta expresion en el hipocampo, el
cerebelo, el bulbo olfatorio, la amigdala y en los ganglios basales (Michaelis, 1998). El
papel fisiolégico de estos receptores se ha estudiado extensamente mediante la
utilizacién de agonistas y antagonistas. Por ejemplo, se conoce que los receptores
mMGIuRs participan en la transmision glutamatérgica entre los fotorreceptores y las
células bipolares de la retina (Nakanishi et al., 1998). Se ha propuesto que el papel de
los receptores metabotropicos es el de modular la transmisién sinaptica, tal vez por
esta razdn su localizacion es tanto pre-sinaptica como post-sinaptica (Basyks vy

Malenka, 1991; Forsythe y Clemmens, 1990; Conn y Pin, 1997). También se ha
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encontrado que algunos receptores metabotrépicos suprimen la transmisién sinaptica
inhibidora o excitadora mediante mecanismos pre-sinapticos como la disminucion de la
liberacién de glutamato provocada por la inhibicién de los canales de Ca*" pre-
singpticos (Chavis et al., 1994), mecanismo que se ha demostrado en células del

bulbo olfatorio y en las regiones CA1 y CA3 del hipocampo (Ozawa et al., 1998).

AMPAIKA Metabotrapicos

N

11.-1.1

|.

>3 i
2
-‘-"' .

L = Tl . 1 g
fﬁh i
S R

Figura 2. Esquema de los receptores a glutamato presentes en la post-sinapsis. Se
muestran los receptores a NMDA y los receptores a AMPA o KA (que forman parte
de los receptores de tipo no-NMDA), asi como los receptores metabotropicos, los

cuales se encuentran acoplados a una proteina G intracelular.

Transportadores de glutamato.

Para que el glutamato termine su sefializacion en la sinapsis glutamatérgica
éste debe ser removido del espacio sinaptico mediante transportadores membranales
asi como por difusion simple (Danbolt, 2001). El buen funcionamiento de estos
transportadores debe mantener la concentracion extracelular de glutamato lo
suficientemente baja como para no mantener activos a sus receptores por tiempos
prolongados ya que, la activacion continua de los receptores puede resultar dafina

para las neuronas por un mecanismo denominado excitotoxicidad (ver mas adelante).
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El mecanismo para la recaptura de glutamato involucra el co-transporte de 3 iones de
Na®y un H*, asi como la salida de un ion K* (Zerangue y Kavanaugh 1996; Tzingounis
y Wadiche, 2007).

Se conocen cinco tipos diferentes de transportadores de glutamato: dos
transportadores gliales, GLT-1 y GLAST (transportador de glutamato-1 y transportador
de glutamato/aspartato, respectivamente (Pines et al., 1992; Storck et al., 1992), un
transportador neuronal EAAC1 (acarreador de aminoacidos excitadores-1) (Kanai y
Heideger, 1992), el EAAT4 (transportador de aminoacidos excitadores-4) que se
encuentra principalmente en células de Purkinje (Fairman et al., 1995), y los
transportadores EAATS5 (transportador de aminoacidos excitadores-5) localizados en la
retina (Danbolt et al., 1992; Rothstein et al., 1994; Lehre et al., 1995; Gadea y Lépez-
Colomé, 2001). De los 5 subtipos de transportadores de glutamato, el GLT1 es el mas
abundante en todo el cerebro (Danbolt et al., 1990; Danbolt, 2001). En la rata adulta, el
GLT1 se encuentra principalmente en los astrocitos de la neocorteza, en el estriado,
talamo e hipocampo (Lehre et al., 1995). EI GLAST es el transportador que mas se
expresa en el cerebelo y es un transportador que también se expresa en algunos
organos periféricos como el oido interno (Lehre et al., 1995). La principal funcion de
los transportadores, tanto gliales como neuronales, es la remociéon del glutamato del
espacio sinptico (Robinson, 1998; Rothstein et al., 1996). Su papel en el SNC se ha
estudiado en ratones a los cuales se les ha inhibido la expresiébn de estos
transportadores. Por ejemplo, ratones carentes de los transportadores GLT1 y GLAST
evidenciaron el papel de estas proteinas en la remocion del glutamato extracelular ya
gque estos animales muestran signos de excitotoxicidad (Tanaka et al., 1997). Esta
funcion de los transportadores de glutamato se hace todavia mas evidente durante
periodos isquémicos, ya que durante éstos se observa un incremento de los niveles de
glutamato asociado al funcionamiento inverso de los transportadores de glutamato
dependientes de Na“, con la subsiguiente muerte celular (Benveniste et al., 1984; Seki

et al.,, 1999; Mitani y Tanaka, 2003). Se ha propuesto que estos transportadores
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participan en la modulacién de la liberacién del mismo neurotransmisor, ya que, de no
remover eficientemente el glutamato extracelular éste puede difundir y activar
receptores pre-sinpticos (Nicholls y Artwell, 1990; Danbolt, 2001). Experimentos con
ratones deficientes de GLT-1 indican que este subtipo de transportador también tiene
un papel importante en la induccion de la potenciacion a largo plazo (PLP) a través de

la regulacion de los niveles extracelulares de glutamato (Tanaka et al., 1997).

Excitotoxicidad

El término excitotoxicidad se refiere al proceso por el que los aminoacidos
excitadores, como el glutamato, producen dafio neuronal debido a la actividad
prolongada de sus receptores (Olney, 1971). La propiedad neurotédxica del glutamato
se describio de forma paralela a su accion excitadora. Lucas y Newhouse (1957),
fueron los primeros en demostrar que la inyeccién sistémica del glutamato produce
degeneracién en la retina de ratones inmaduros. Tiempo después se demostré en
ratones en desarrollo que los aminoacidos excitadores, en especial el aspartato y el
glutamato, son capaces de generar la muerte de neuronas que se encuentran en
regiones del cerebro que no estan protegidas por la barrera hematoencefalica (Olney,
1971). Otros estudios demostraron que compuestos con capacidad despolarizante y
efectos excitadores como los analogos del glutamato mimetizan la toxicidad de éste
(Watkins et al., 1990; Choi, 1992). El glutamato ahora es reconocido como
neurotransmisor y a su vez como una potente neurotoxina (Salinska et al., 2005). La
toxicidad del glutamato se considera la causa principal de la muerte neuronal
desencadenada durante periodos de isquemia y de hipoglucemia, ya que en éstos
ocurre un incremento de los niveles extracelulares de glutamato (Benveniste et al,
1984; Sandberg et al, 1986). Por otro lado, la muerte neuronal excitotéxica también ha
sido vinculada a la muerte celular que se observa en algunas enfermedades

neurodegenerativas como la enfermedad de Huntington, la enfermedad de Parkinson y
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la enfermedad de Alzheimer (Beal, 1992; Massieu y Garcia, 1998). Existe una gran
variedad de articulos acerca de los mecanismos por los que el glutamato genera
muerte neuronal y se involucra principalmente al receptor NMDA dado que éste es
permeable al ca?* (Choi et al., 1988; Sattler et al., 1998). También se reconoce que el
Ca?* y el estrés oxidativo son componentes importantes de la via de muerte

excitotéxica (Fig. 3, ver mas adelante).

El concepto de excitotoxicidad involucra la activacién excesiva y constante de
los receptores glutamatérgicos (Fig.3.1), los eventos celulares relacionados con la
muerte excitotdéxica han sido ampliamente estudiados en cultivos neuronales (Choi,
1987, 1988; Arundine y Tymiansky, 2003; Sattler et al, 1998). Los primeros estudios
acerca de la toxicidad del glutamato mostraron que la muerte excitotéxica es un
fendmeno que afecta preferentemente a las neuronas y en menor medida a la glia
(Choi et al., 1987). La constante activacion de los receptores glutamatérgicos conduce
a la despolarizacion membranal y a flujos ibénicos que llevan al dafio neuronal (Choi,
1987; Kiedrowski, 1999). El proceso excitotoxico empieza por el influjo de Na*, Cl' y
agua (Rothman, 1985; Choi, 1987; Kiedrowsky et al., 1994). Este proceso inicial
genera hinchamiento de las estructuras post-sindpticas (dendritas y cuerpos
neuronales) el cual es transitorio y es regulado por las células sin producir dafio celular
(Choi, 1987; Dietz et al., 2007). Experimentos pioneros que estudiaban el potencial
neurotéxico del glutamato mostraron que si se elimina el Ca** del medio de cultivo, las
neuronas son mas resistentes al dafio por glutamato (Choi, 1987; Rothman et al.,
1987). Muchos estudios sugieren que la excitotoxicidad esta asociada a una falla en la
regulacion de la concentracion de Ca?* intracelular (Choi et al, 1987; Randall y Thayer,
1992; Tymianski et al., 1993b; Nicholls y Budd, 1998; Kristian y Siesjo, 1998).
Actualmente se sabe que las neuronas que tienen una desregulacion de la

homeostasis de Ca®* intracelular mueren inevitablemente.
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Calcio y excitotoxicidad

El Ca** es un i6n que tiene un papel fisiolégico importante; interviene en
procesos como la contraccion muscular y la fusién de vesiculas con la membrana
plasmatica (exocitosis) (Burnashev y Rozov, 2005), participa en cascadas de
sefalizacién intracelular como segundo mensajero (Ghosh y Greenberg, 1995) y en la
expresion de ciertos genes (Berridge et al., 1998), y facilita la activacién de varias
proteinas como la calmodulina, la calpaina, fosfatasas, proteinas cinasas (Dawson et
al., 1992; Schulz et al., 1995b; Gunasekar et al., 1995; Hongpaisan et al., 2004) y
endonucleasas (Ghosh y Greenberg, 1995; Burnashev y Rozov, 2005; Hartmann y
Konnerth, 2005; Hernandez-Fonseca et al., 2007). La concentracién de Ca*" en el
interior celular se encuentra regulada rigurosamente por sistemas que controlan el
influjo y la extrusion del i6n (Kristdn y Siesjo, 1998), asi como por mecanismos
intracelulares que involucran organelos y proteinas de unién a calcio. Generalmente la
concentracion de Ca* intracelular es aproximadamente de 10" M, mientras que en el
espacio extracelular es de 10°M (Salinska et al., 2005). Esto genera un gradiente de
concentraciéon que se mantiene por la accién de la ATPasa de Ca®" de la membrana
plasmatica (PMCA, por sus siglas en inglés) (Pottorf et al., 2006) y del intercambiador
de Na'/Ca** (Kristan y Siesjd, 1998:; Blaustein y Lederer, 1999). En condiciones
fisioldgicas la concentracion de Ca** intracelular puede aumentar de manera transitoria
(Kristan y Siesjo, 1998); el influjo de Ca*" en estas condiciones ocurre principalmente a
través de la activacion de canales de Ca* dependientes de voltaje (Walter y De
Waard, 1998), o de receptores acoplados a canales i6nicos, como los receptores
glutamatérgicos (Burnasehv, 1996; Kristan y Siesjo, 1998). El control de la
concentracion de Ca®* intracelular en las neuronas es complejo e involucra proteinas
de unién a Ca*" (Pochet et al., 1990: Mattson et al, 1991), la captura de Ca*" por la
mitocondria y el RE (Kostyuk y Verkhraty, 1994; Nicholls y Akerman, 1982; Nicholls y
Scout, 1980; Duchen, 2000; Nicholls et al., 2003), asi como mecanismos de extrusion

de Ca* mediados por el intercambiador Na‘/Ca?* y por la PMCA (Miller, 1991;
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Blaustein et al., 1996: Blaustein y Lederer, 1999). La mitocondria puede capturar Ca**
en su interior a través de un uniportador, el cual depende del potencial de membrana
mitocondrial (AW,) y permite capturar el Ca®* si éste aumenta a concentraciones
mayores de 1 uM (Gunter y Gunter, 1994; Nicholls y Ward, 2000). En el caso del RE,
éste captura Ca?* por la accion de una ATPasa de Ca** denominada SERCA que
mantiene la concentracion de Ca** en el lumen del RE a concentraciones de alrededor
de 0.5mM (Vangheluwe et al., 2005).

Una falla en la regulacién de la concentracién intracelular de Ca®* puede ser
dafiina para la célula (Fig. 3.2) (Choi et al., 1988; Tymiansky et al., 1993a; Sattler et
al., 1998; Bano y Nicotera, 2007). En el caso de la muerte excitotoxica, se ha
observado un aumento en la concentracién de este i6n y se ha documentado que la
principal via de entrada de Ca’ es el receptor a NMDA (Choi et al., 1988; Sattler et al.,
1998). Varios estudios han demostrado que después de la activacidén de los receptores
glutamatérgicos hay un aumento de Ca®" citosélico que es asociado con la disminucién
en los niveles de ATP y la produccion de ERO (Gunter y Gunter, 1994; Budd y
Nicholls, 1996; Schinder et al., 1996; White y Reynolds, 1996a; Stout et al., 1998;
Vesce et al., 2004). El incremento de Ca?" durante un estimulo excitotoxico también
esta relacionado con el aumento de Ca?* en el interior de la mitocondria el cual, entre
otras cosas, dafia a la mitocondria o dificulta su funcionamiento (Fig. 3.4) (Khodorov et
al, 1996a, b; Schinder et al., 1996; Peng et al., 1998; Vergun et al, 1999; Puka-
Sundvall et al., 2000a; Schild et al., 2003). Actualmente no se conoce con exactitud la
procedencia del Ca?* que provoca el aumento en la concentracion de Ca?* intracelular,
pues algunas fuentes indican que éste puede provenir del exterior celular o bien,
deberse a su liberacion de las pozas intracelulares (Reynolds, 1998; Hernandez-
Fonseca et al., 2007). Por un lado se ha visto que la excitotoxicidad esta acompafiada
de una despolarizacion y disminuciéon del gradiente de sodio provocando el
funcionamiento inverso del intercambiador de Na*/Ca?®*, siendo éste la principal fuente

de internalizacién de Ca** (Andreeva, et al., 1991: Kiedrowski et al., 2004). Asi mismo
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se ha visto que el receptor a NMDA es una de las principales vias de entrada de Ca**
hacia la célula, por lo que una condiciéon que lo mantenga activo favorece el aumento
de este i6n en el interior celular (Tymiansky et al., 1993a; Sattler et al., 1998). Por otro
lado, también se tiene evidencia de que durante el proceso excitotoxico se inhibe el
transporte de ATPasas como la PMCA y la SERCA del RE, posiblemente debido a la
disminucién en la concentracién de ATP (Lehotsky, 2002; Paschen, 2003), lo que
contribuye al aumento de la concentracién de Ca?* intracelular. La consecuencia final
del aumento de Ca®' intracelular seria un dafio celular irremediable degradando
componentes importantes para la sobrevivencia de la célula (Paschen, 2003; Salinska

et al., 2005; Hernandez-Fonseca et al., 2007).

Estrés oxidativo y excitotoxicidad

Otro componente determinante de la muerte excitotdxica es el estrés oxidativo
(Fig. 3.5) (Bondy y LeBel, 1993; Leweén et al., 2000; Sugawara y Chan, 2003). La
produccion moderada de ERO sirve como sefializacion durante procesos como la
regulaciéon de la actividad de proteinas y la expresion de genes (Martin y Barret, 2002).
La produccion de ERO después de un estimulo excitotéxico se ha demostrado in vitro
(Dykens et al., 1987; Lafon-Cazal et al., 1993; Bondy y LeBel, 1993). Los estudios in
vivo son mas limitados, pero se ha demostrado proteccion contra el dafio excitotoxico
al utilizar compuestos antioxidantes (Clough-Helfman y Phillis, 1991; Schulz et al.,
1995a, b). La activacion de los receptores NMDA produce un incremento en la
concentracion de Ca?* intracelular, el cual puede activar enzimas que incrementen la
produccion de radicales libres como la fosfolipasa A2 (PLA2), la xantina oxidasa y la
sintasa del 6xido nitrico (Dawson et al., 1992; Schulz et al., 1995b; Gunasekar et al.,
1995). Otra fuente de produccion de ERO es la mitocondria, la cual se asocia con la
captura de Ca®" por parte de este organelo y al dafio mitocondrial (Casthilo et al.,
1999; Luetjens et al., 2000; Vergun et al., 2001; Vesce et al., 2004; Sas et al., 2007).

Estudios recientes muestran que la captura de Ca?* por la mitocondria es necesaria
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para la produccién de ERO y la muerte neuronal mediada por NMDA (Stout et al.,
1998; Duan et al., 2007). Dentro de las ERO generadas mas comunmente por la
mitocondria esta el anidn superoéxido, el cual se produce si un electron escapa de la
cadena transportadora de electrones y reacciona con el oxigeno (Liang et al., 2000;
Hongpaisan et al., 2004; Vesce et al., 2004; Sas et al., 2007). Durante un estimulo

excitotéxico también se generan especies reactivas de nitrégeno (ERN), derivadas de

la produccién de NO’ por la sintasa del NO" (NOS) neuronal y endotelial (Knowles y

Moncada, 1994; Moncada y Bolafios, 2006). EI NO' formado puede reaccionar con el

anion superoxido y formar peroxinitrito, el cual induce la peroxidacion de los lipidos de
la membrana (Coyle y Puttfarcken, 1993). Como consecuencia de la produccién
exagerada de ERO y ERN, la célula experimenta dafios considerables que la llevan a

una muerte inevitable (revisado en Hernandez-Fonseca et al., 2007).
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Figura 3. Eventos que se desencadenan después de la activacion de los receptores
glutamatérgicos y que estan relacionados con un proceso excitotdxico. La excitotoxicidad
comienza por la activacion continua de los receptores glutamatérgicos (1) la cual esta
asociada con el influjo de Ca®*. El aumento en la concentracién intracelular de Ca®* (2)
activa una serie de enzimas incluyendo proteasas que dafian componentes celulares
como la membrana plasmatica (3) y que favorecen la produccién de especies reactivas
de oxigeno. El Ca** también puede dafar a la mitocondria, si ésta lo acumula en exceso
(4). El dafio mitocondrial esta asociado con la produccion de ERO, como puede ser el
anién superéxido (5), y con la disminucién en la produccion de ATP. Como
consecuencia, todos los procesos dependientes de ATP se interrumpen, entre ellos la
actividad de la ATPasa de Na'/K" (6), lo cual generaria despolarizacion de la membrana
plasmatica y facilitacion de la activacion del receptor a NMDA, exacerbando la cascada
excitotdxica y el dafio celular.

Excitotoxicidad secundaria

La hipotesis excitotoxica implica la estimulacion constante de los receptores
glutamatérgicos debido al aumento en la concentracion extracelular de su ligando
(Olney, 1971). Sin embargo, en los ultimos afios se ha observado que el incremento de

la concentracién extracelular de glutamato no es suficiente para generar la muerte de
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las neuronas (Massieu et al., 1995). De hecho, aunque se acepta que existe un
componente  excitotoxico en la muerte neuronal en las enfermedades
neurodegenerativas crénicas, la elevacion de glutamato en el liquido cefalorraquideo de
los pacientes con estas enfermedades no se ha observado con claridad (Mally et al,
1997; Kuiper et al, 2000). Ahora se sabe que la toxicidad del glutamato depende del
estado energético celular, de tal manera que el umbral téxico del glutamato disminuye
cuando existe una deficiencia energética, aun cuando ésta sea parcial (Novelli et al,
1988, Simpson e Isacson, 1993; Green y Greenamyre, 1996; Massieu et al., 2000,
2001). Por lo tanto, la excitotoxicidad se induce por condiciones que favorecen la
acumulacion de glutamato en el espacio extracelular, pero también se facilita en
condiciones de deficiencia energética (Choi, 1992; Novelli et al, 1988; Greene et al.,
1998; Garcia y Massieu, 2003; Sanchez-Carbente y Massieu, 1999). A esta condicion se
le ha llamado excitotoxicidad secundaria; y se postula que es la responsable de la
muerte neuronal durante las enfermedades neurodegenerativas cronicas (Greenamyre
et al., 1988; Schimdt et al., 1990; Beal, 1992; Green y Greenamyre, 1996). Estudios que
han reportado fallas en el metabolismo energético de pacientes con estas enfermedades
apoyan esta hipoétesis; por ejemplo, se ha observado una disminucion en la actividad del
complejo | mitocondrial en pacientes con la enfermedad de Parkinson (Schapira, 1999),
del complejo Il mitocondrial en pacientes con la enfermedad de Huntington (Brouillet et
al., 1995) y del complejo IV en pacientes con la enfermedad de Alzheimer (Parker et al,
1994). Asimismo, se ha demostrado que la deficiencia en el metabolismo energético da
lugar a una neurodegeneracion parecida a la excitotéxica (Storey et al. 1992; Beal et al.
1993a; Green et al. 1993; Brouillet et al., 1995, 1999). El estudio histolégico de las
lesiones producidas por inhibidores del metabolismo mitocondrial muestra
caracteristicas citolégicas y neuroquimicas parecidas a las que se presentan después
de la administracion de agonistas glutamatérgicos (Beal et al. 1993a; Green et al. 1993).
Por ejemplo, el tratamiento crénico o la inyeccion intraestriatal de la toxina mitocondrial

acido 3-nitropropionico (3-NP) produce una lesién en el estriado de la rata con un patron

26



histoquimico comparable al producido por la inyeccion de AMPA o KA (Beal et al.
1993a; Brouillet et al., 1995, 1999). El 3-NP es una toxina que inhibe a la enzima
deshidrogenasa de acido succinico (SDH, por sus siglas en inglés), la cual forma parte
del ciclo de Krebs y del complejo Il de la cadena de electrones (Coles et al., 1979).
Estas observaciones se extendieron con modelos que mostraron que la
neurodegeneracion inducida por el 3-NP es de tipo excitotoxica ya que se previene
cuando se utilizan antagonistas del receptor NMDA o cuando se remueven las
aferencias glutamatérgicas que llegan al estriado de la rata (Beal et al., 1993a, b; Wiiller
et al., 1994, Greene et al., 1993; Henshaw et al., 1994). Observaciones similares se han
descrito con otros inhibidores metabdlicos como el MPP* (inhibidor del complejo |
mitocondrial), el cual se utiliza para generar modelos animales de la enfermedad de
Parkinson (Storey et al. 1992).

Los mecanismos por los cuales la deficiencia metabdlica incrementa la
vulnerabilidad neuronal a concentraciones subtoxicas de glutamato han sido objeto de
estudio (Green y Greenamyre, 1996; Henneberry, 1997). Se sabe que si existe una
deficiencia energética, asociada a la disminucion de los niveles de ATP, la ATPasa de
Na'/K* disminuye su actividad (Fig. 3.6), lo que origina un desequilibrio iénico y como
consecuencia la despolarizacién de la membrana (Silver et al., 1997). A su vez, el
estado despolarizado de la membrana facilita la activacion del receptor NMDA, ya que
el ibn Mg®* que se encuentra bloqueando el canal se libera de manera dependiente del
voltaje. Una vez que el Mg?* se ha liberado, la activacién del receptor NMDA puede
darse de manera continua incluso en presencia de concentraciones fisiolégicas de
glutamato extracelular (Novelli et al., 1988; Cox et al. 1989; Zeevalk y Nicklas, 1992).
De esta manera, el proceso de muerte excitotoxica también puede iniciarse si la célula
tiene su metabolismo energético disminuido 6 inhibido ya que, la probabilidad de que
el receptor NMDA se active es mayor en estas condiciones (Novelli et al., 1988; Cox et

al. 1989; Zeevalk y Nicklas, 1992).
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La mitocondriay su papel como determinante de la muerte celular.

La principal funcion de la mitocondria es la produccion de ATP, ésta genera el
95% del ATP que consume una célula (Darley-Usmar et al., 1987). La mitocondria
también lleva a cabo otras funciones como la sintesis de hormonas esteroideas, el
ciclo de la urea, el catabolismo de aminoécidos; asi como el amortiguamiento del Ca**
intracelular, la produccion de ERO y participa en procesos de muerte celular (Zorov et
al.,, 1997; Gunter y Gunter, 2001). La membrana externa de la mitocondria es
permeable a iones y moléculas no mayores a 1000Da, mientras que su membrana
interna es impermeable a éstos (Crompton, 1999). Por esta razbn, existen
transportadores necesarios para el buen funcionamiento de la mitocondria; en el caso
de la captura de Ca*, existe un uniportador que trabaja de manera independiente de
ATP pero que depende del AWm (Pozzan y Rizzuto, 2000; Bianchi et al., 2004).
Cuando la concentracién de Ca?* en el citosol aumenta por arriba de 300nM, la
mitocondria inicia la captura de Ca?*, en ciertas células las mitocondrias inician esta
captura solo si la concentracién de Ca?* aumenta a 1um (Gunter y Gunter, 2001;
Jacobson y Duchen, 2004). Una vez dentro de la mitocondria el Ca®*" favorece el
metabolismo mitocondrial, estimula la produccion de NADH y ATP e induce el
consumo de oxigeno (Hajnockzy et al., 1995; Jouaville et al., 1999; Pozzan y Rizzuto,
2000). Asimismo, favorece la actividad de algunas deshidrogenasas mitocondriales
como la piruvato deshidrogenasa, la isocitrato deshidrogenasa y la a-cetoglutarato
deshidrogenasa (Jouaville et al., 1999; Campanella et al., 2004; Bianchi et al., 2004).
La salida de Ca®" de la mitocondria hacia el citosol se da a través de intercambiadores
de Na'/Ca®* y Ca?'/H* (Bernardi, 1999: Campanella et al., 2004); un segundo
mecanismo de liberacién de Ca®" por la mitocondria involucra un complejo de
proteinas de las membranas interna y externa de la mitocondria que recibe el nombre
de poro de transicion de la permeabilidad mitocondrial (conocido como mPTP, por sus

siglas en inglés; Crompton, 1999; Pozzan y Rizzuto, 2000; Kim et al., 2003a).
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Actualmente, la apertura del mPTP se asocia con la acumulacion de Ca?" dentro de la
mitocondria, situacion que ocurre en varias patologias (Crompton, 1999). Dada la
capacidad de la mitocondria por capturar Ca** citosolico, ésta se considera un
componente importante de la homeostasis de Ca*" intracelular (Hernandez-Fonseca et
al., 2007). No obstante, un aumento excesivo de Ca®" en el interior mitocondrial
produce su hinchamiento y dafio, lo cual inicia un proceso de muerte celular (Vergun et
al., 1999). Asimismo, el dafio mitocondrial se asocia con la pérdida del AW, (Nicholls y
Ward, 2000) y de la capacidad de sintesis de ATP (Khodorov et al., 1996b; Schinder et
al., 1996), con la liberacion de Ca®" y otros factores pro-apoptéticos hacia el
citoplasma (Brustovetsky et al., 2002; Kim et al, 2003a, b; van Gurp et al, 2003), con la
sobreproduccion de ERO y con un aumento en la probabilidad de apertura del poro
mPTP (Dugan et al., 1995; Keelan et al., 1999; Ward et al., 2000; Alano et al., 2002).
La produccién de ERO por la mitocondria involucra a los componentes de la cadena
de electrones (McLennan y Esposti, 2000). Las principales especies reactivas de
oxigeno producidas por la mitocondria son el anion superoxido y el peroxido de
hidrégeno (Turrens, 2003; Rego et al., 2003; Adam-Vizi, 2005; Duan et al., 2007).

Por otro lado, la mitocondria, ademas de su papel en el metabolismo
energético, también puede controlar el inicio y desarrollo de la muerte celular
apoptética o necrotica (Campanella et al., 2004). Se sabe que, en ocasiones, cuando
hay dafio mitocondrial ocurre un fendmeno en el que la permeabilidad de la membrana
externa de la mitocondria incrementa, lo que permite la liberacién de moléculas que
generalmente residen en el espacio intermembranal (Brustovetsky et al., 2002; Kim et
al, 2003a, b; van Gurp et al, 2003). Entre las moléculas que se liberan de la
mitocondria estan: 1) el citocromo c, el cual es necesario para la activacion de la
caspasa 9 (Liu et al., 1996); 2) el factor inductor de la apoptosis, que es una
flavoproteina que, al ser liberada, se trasloca al ndcleo e induce condensaciéon nuclear
(Daugas et al., 2000); 3) las proteinas Smac/Diablo, las cuales son proteinas pro-

apoptéticas; y 4) la endonucleasa G, la cual es una endonucleasa mitocondrial que al
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traslocarse al nlcleo participa en la condensacién y fragmentacion de éste (van Gurp
et al., 2003). No hay que olvidar que el dafio mitocondrial también esta asociado con la
liberacion del Ca?* mitocondrial, el cual, ademéas de lo revisado anteriormente, puede
contribuir a la activacion de la proteasa llamada calpaina (Jing et al., 2008). Aunque la
via de liberacion de estas moléculas no se conoce con exactitud, se propone que
éstas pasan a través del mPTP (Friberg et al., 1998; Kim et al, 2003a). La apertura de
este poro puede ser consecuencia del aumento de Ca*" en la mitocondria (Panov et
al., 2005), un exceso en las ERO (Chalmers y Nicholls, 2003), condiciones que
disminuyan el AW, (Li et al., 2000). El mPTP se ha asociado con la toxicidad mediada
por glutamato después de periodos de isquemia/reperfusion y por la activacion del
receptor NMDA (Friberg et al., 1998; Budd et al., 2000; Li et al., 2000; Alano et al.,
2002).

Actualmente se reconoce que durante el proceso excitotoxico el dafio
mitocondrial es un factor importante (Schinder et al, 1996; White y Reynolds, 1996b;
Nichols et al, 1999; Ly et al, 2003) y que una de las principales consecuencias de esta
disfuncion mitocondrial es el aumento en la concentracién de Ca?* intracelular, lo que a
su vez desencadenaria una serie de eventos que culminarian en la muerte celular
(Budd y Nichols, 1996; Peng et al., 1998; Stout et al., 1998; Puka-Sundvall et al.,
2000b; Schild et al., 2003). El papel de la mitocondria en la muerte excitotoxica se ha
corroborado con estudios que muestran que la inhibicion mitocondrial, ya sea parcial o
completa, facilita la toxicidad de glutamato (Sanchez-Carbente y Massieu, 1999;
Massieu et al,. 2001; Del Rio et al., 2007). Asi mismo, en nuestro laboratorio hemos
demostrado que si se administran substratos energéticos mitocondriales, como el
piruvato, el acetoacetato y el B-hidroxibutirato, se reduce del dafio excitotoxico

(Massieu et al., 2001; Garcia y Massieu, 2003; Massieu et al., 2003).
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Glutamato y tipo de muerte celular.

Queda claro que la activacion continua de los receptores a glutamato induce
dafio mitocondrial con la consecuente muerte neuronal (Choi, 1987, 1988; Arundine y
Tymiansky, 2003; Sattler et al, 1998). A pesar de que se conocen muchos de los
mecanismos celulares que llevan a ella, aun existe un gran debate en cuanto al tipo de
muerte que produce el glutamato ya que se ha observado que la muerte neuronal
inducida por glutamato puede tener caracteristicas tanto necrdticas como apoptéticas
(Dessi et al, 1993; Sohn et al, 1998; Kure et al, 1991; Bonfoco et al, 1995). La muerte
celular suele clasificarse en dos tipos, la necrética y la apoptética, ambos tipos de
muerte son diferenciados por sus caracteristicas morfolégicas y bioquimicas
(McConkey, 1998). Estudios recientes han identificado un tercer tipo de muerte celular,
la autofagia, el cual también podria estar involucrada en condiciones patol6gicas (Del
Rio y Massieu, 2007; Yasuo et al.,, 2008). La muerte necrdtica generalmente es
iniciada por un estimulo agudo; su principal caracteristica es que la célula presenta
hinchamiento generalizado, que incluye a los organelos, y ruptura de la membrana
celular que trae como consecuencia la liberacion de su contenido intracelular al
espacio extracelular generando una respuesta inflamatoria (Edinger y Thompson,
2004). En general, se considera que la muerte necrética es un proceso desordenado
donde los niveles de ATP disminuyen rapidamente y existe una produccion exagerada
de ERO (Wyllie et al, 1980; Arends y Wyllie, 1991). Por otro lado, la apoptosis es un
proceso activo y organizado que esta caracterizado por presentar condensacion del
citoplasma y reduccién del volumen celular, acompanado de cambios en el nucleo y
ruptura internucleosomal del material genético (Hengartner, 2000). Durante el proceso
apoptético no hay ruptura de la membrana celular y por lo tanto tampoco una
respuesta inflamatoria (Arends y Wyllie, 1991). Los niveles de ATP disminuyen
gradualmente y poca produccion de ERO (McConkey, 1998). Durante el proceso
apoptético se activan una serie de enzimas llamadas caspasas (Hengartner, 2000;

Denault y Salvensen, 2002), las cuales, son proteasas que rompen sus sustratos en
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residuos de aspartato y se consideran las principales ejecutoras de la muerte
apoptética (Donepudi y Grutter, 2002; Denault y Salvensen, 2002). Al final del proceso
apoptético se da la formacién de cuerpos apoptéticos, los cuales son eliminados de los
tejidos por los macréfagos (Kerr et al., 1972; Lossi y Merighi, 2003). Algunos factores
que determinan el fenotipo de muerte celular pueden ser: la duracién e intensidad del
estimulo téxico, el grado de dafio mitocondrial, los niveles energéticos, la cantidad de
Ca?" intracelular, y las diferentes proteasas activadas durante el proceso de muerte
(Ankarcrona et al., 1995; Gwag et al., 1995; Bonfoco et al., 1995; Pang y Geddes,
1997; Nasr et al., 2003). Con respecto a la muerte neuronal, se sabe que
concentraciones bajas de glutamato generan un fenotipo de muerte apoptético,
mientras que concentraciones altas de glutamato generan un fenotipo necroético
(Bonfoco et al, 1995; Pang y Geddes, 1997). Finalmente, la gran variedad de
proteasas que se activan durante los diferentes procesos de muerte celular también
pueden determinar el fenotipo de ésta, como se ha mencionado anteriormente, la
activacion de las caspasas esta relacionada con la muerte apoptética, mientras que
otras proteasas como la calpaina se relacionan con la muerte necrética y la muerte
autofagica (Del Rio y Massieu, 2007). El primer articulo presentado en esta tesis
revisa el papel que tienen las caspasas y la calpaina en el proceso de muerte
excitotoxica. En éste se describen los tipos de muerte celular, las principales
caracteristicas de las caspasas Yy la calpaina, y se revisa el posible papel que tienen
éstas en la muerte excitotoxica. Este articulo se publicé como capitulo en el libro “The

Neurochemistry of Neuronal Death”.
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“Caspase-3 and Calpain activation as key step of the cell death phenotype”
Del Rio P. y Massieu L. 2007 En: The Neurochemistry of Neuronal Death.
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Abstract

Apoptosis and necrosis are two well-known cell
death pathways. Apoptosis is a type of physiological
cell death, usually present during development to
eliminate unwanted neurons; necrosis, on the other
hand, generally results from acute damage. The
biochemical aspects that determine which death
program a cell will follow include: the intensity of the
cell death stimulus, ATP levels, and the different
proteases activated during the process. Proteases
such as caspases have been linked to an apoptotic
phenotype, while calpains have been related o a
necrotic one; however, recent evidence suggests a
controversial role of these proteases in determining
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the phenotype of the cell death. One of such examples is neuronal death
induced by overactivation of glutamate receptors (excitotoxicity). Although
excitotoxic neuronal death associated with cerebral ischemia and
hypoglycemia has been considered necrotic in nature, evidence for apoptosis
has also been found. In vitro studies have shown that excitotoxicity triggers a
cell death cascade leading to apoptosis or necrosis, depending on the intensity
of the initial stimulus, and it has been established that the activation of distinct
families of proteases, such as calpains and caspases, can determine the
neuronal death phenotype. Moreover, evidence indicates that excitotoxic death
is influenced by calpain, due to excessive Ca’' influx, and that calpain
activation might determine the phenotype by modulating caspase-3 activity,
leading to either a necrotic or apoptotic death phenotype. This review will
focus on the role of caspase-3 and calpain as determinants of the cell death
phenotype, and its role in excitotoxic neuronal death.

Introduction

Apoptosis and necrosis are considered as distinct forms of cell death.
Nevertheless, there is increasing evidence suggesting that classical apoptosis
and necrosis are the extreme ends of all the possible morphological and
biochemical types of cell death. Apoptosis and necrosis are frequently
distinguished by morphological and biochemical criteria;, however recent
evidence shows that both types of death share some features. Inhibition of the
death program responsible for the apoptotic morphology does not necessarily
result in cell survival; rather, it changes the cell death phenotype from
apoptosis to necrosis. The phenotype of cell death can be modulated by some
endogenous mediators such as the metabolic status of the cell, the activation or
inactivation of individual subroutines, the severity of the insult, or the speed of
the execution of the cell death cascade. It is also known that the execution of
different patterns of cell death can involve distinet families of enzymes, and
that the predominance of a given protease family depends on the type and
intensity of the insult. A wide variety of proteases are engaged in the cell death
process, these include cytosolic cysteine and aspartyl proteases, lysosomal
proteases, and the ubiquitin proteosome system. Moreover, proteases can
interact with each other in self-amplifying loops. This review will focus on two
families of well characterized proteases: caspases and calpains. Caspase
activation seems to be the predominant execution pathway in physiological cell
death and death associated with moderate insults; meanwhile calpains are
associated with intense insults and a necrotic phenotype.

Major forms of cell death

The term apoptosis was proposed by Kerr and colleagues (1972) to
describe a specific morphological pattern of cell death during embryonic
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development and normal cell turnover in healthy adult tissue [1]. The word
apoptosis connotes a genetically and controlled form of cell death that 1s
important throughout physiologic processes for removing individual
components of an organism without causing damage to the surrounding tissue
or cells. Thus, apoptosis is crucial for the maintenance of tissue homeostasis in
the adult organism. The morphological features of apoptosis include nuclear
and cytoplasmic condensation, internucleosomal DNA cleavage and packaging
of the cell into apoptotic bodies, which are engulfed by phagocytes, preventing
the release of the intracellular content [2,3] The morphologic features of
apoptosis result from the activation of specific proteases called caspases
(described later). Such activation 1s initiated either by the stimulation of a
death receptor (extrinsic pathway) or by the release of apoptotic mediators
from the mitochondria (intrinsic pathway). In cells dying by apoptosis, ATP
levels slowly fall, [Ca®']; increases up to 200 — 400 nM, and there is a
moderate production of reactive oxygen species (ROS) [4].

On the other hand, necrosis 1s not a programmed type of cell death;
instead, necrosis occurs by deregulation of normal cell homeostasis when cells
are exposed to conditions of extreme stress, and is the end product of a
bioenergetic catastrophe resulting from ATP depletion, significant elevation of
[Ca*]; (>1 pM), and excessive production of ROS [4]. Necrosis is
morphologically characterized by an irreversible and generalized swelling of
the cytoplasm and organelles accompanied by extensive vacuolation of the
cytoplasm. Loss of membrane integrity results in the release of the intracellular
content with the consequent inflammatory response. Cells dying by necrosis
frequently exhibit changes in nuclear morphology, but not the organized
chromatin condensation and DNA fragmentation into 180 bp fragments,
characteristic of apoptotic cell death.

Other forms of cell death are known, autophagic cell death has been
classified as a distinct form of non-apoptotic death separate from necrosis.
Morphological features of autophagy include the formation of double
membrane vesicles in the cytosol that encapsulate entire organelles and bulk
cytoplasm. This autophagosome then fuses with the lysosome where its
contents are degraded and recycled. The precise mechanism leading to
autophagy is unknown; it 1s suggested that a family of cysteine proteases
named autophagins are involved in the regulation and execution of this type
of death. The death-associated protein (IDAP) kinase and the DAP kinase-
related protein (DRP)-1, which belong to the family of Ca*'/calmodulin-
regulated kinases, mediate the formation of autophagic vesicles as well as
membrane blebbing during this type of cell death [5,6]. There are recent
examples of the release of lysosomal proteins during the cell death process
that leads to an apoptotic phenotype, however the exact mechanism 1s still
unknown [7].
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While necrosis and apoptosis can be clearly distinguished in some
situations, certain cells show distinctive features of both apoptosis and
necrosis. Thus, the suggestion of a continuum of responses ranging from
apoptosis to necrosis has emerged [8.9]. The commitment of the cell to die by
either necrosis or apoptosis i1s thought to be influenced by the nature and
intensity of the insult [10], ATP availability [11,12], the mitochondrial
integrity and functionality [13], and the type of proteases activated during the
death process. Studies have focused on caspase activation, known as the
classical executors of an apoptotic type of cell death, but there is considerable
evidence that other proteases such as serine proteases and members of the
calpain family are also involved in the cell death process [14,2]. Caspase
activation 1s considered a hallmark of apoptosis while calpain activation 1s
associated with necrotic cell death due to its dependence of Ca*".

Caspases

Caspases are a well characterized group of proteases that have been
implicated in the initiation and execution of apoptotic cell death. They belong
to a group of proteases containing a cysteine residue in their active site, which
is essential for their activation. Caspases are a family of conserved proteases
that usually cleave polypeptides on the carboxyl side of aspartate residues
present 1n their substrates [15]. Inactive caspases exist as latent zymogens
which contain a N-terminal pro-domain followed by a region forming the two-
subunit catalytic domain. Activated caspases are constituted as tetramers
composed of two 17-20 KDa and two 10-12 KDa subunits [16,17]. Caspases
can be broadly divided into two groups: those involved in apoptosis and those
related to caspase-1, whose primary role appears to be the processing of
cytokine during inflammatory responses [ 18]. Caspases implicated in apoptosis
can be further divided in two subgroups based on their structure and time-
course of activation during cell death [19]. Initiator caspases (capase-2, -8, and
-9) contain an extended N-terminal prodomain (>90 amino acids) essential for
its actitvity, and are primarily responsible for initiating the caspase activation
cascades. Effector caspases (caspase-3, -6, and -7) generally contain only a
small pro-domain (20-30 residues) and are responsible for the dismantling of
the cell through the cleavage of cellular components, although recently the role
of caspase-6 and -7 during the execution phase of apoptosis has been
questioned [20].

An initiator caspase is auto-activated during apoptosis; this process usually
requires or 1s facilitated by the formation of protein complexes such as the
apoptosome, responsible for the activation of caspase-9 [21,22]. The
apoptosome 1s a multimeric complex formed by cytochrome ¢ (released from
the intermembrane space of mitochondria into the cytoplasm), apoptotic
protease activating factor 1 (Apat-1), dATP or ATP, and procaspase-9 [23]
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(Fig 1). The Induced proximity model proposes that initiator caspases auto-
process themselves when they are brought into close proximity to each other
[24]. In this context, dimerization of initiator caspases, such as caspases-8 and
-9, was proposed to be the drniving force for their activation [25-27]. Hereby,
the activation of the initiator caspase is a process facilitated by binding their
pro-domains to adaptor molecules through the caspase-recruitment domain or
the death-effector domain motifs [26]. Based on this model, the function of the
apoptosome is to promote the homodimerization and the consequent activation
of caspase-9. Until now, the only known function of the apoptosome is to
recruit and facilitate the activation of caspase-9. Although an initiator caspase
undergoes an autocatalytic intra-chain cleavage, this cleavage appears to exert
only a modest effect on its catalvtic activity [28], if has been demonsirated that
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Figure 1. Caspase and calpain activation. Initiator caspases can be activated by
membrane receptors (extrmsic pathways) that contam domaims that allow thewr
recruitment, or by mtracellular signals such as cytochrome ¢ release from the
mitochondna (intrinsic pathway). Once the imbator caspases are activated they induce
the activation of effector caspases such as caspase-3. On the other hand, calpain
activation is Ca® -dependent, calpain translocates to the membrane immediately after
Ca”" binding, and then calpain subunits dissociate allowing the catalytic site to be in
contact with its substrates.
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caspase 9 association with the apoptosome leads to an enhancement of three
orders of magnitude 1n its catalytic activity [29]. On the other hand, activation of
an effector caspase occurs mainly through its cleavage by an inititator caspase at
internal aspartate residues, allowing the assembly of heterotetramers. The
catalytic activity of effector caspases, known to be present constitutively as
homodimers, increases several orders of magnitude after its cleavage [24].

The participation of caspases in the apoptotic death cascade is well
documented; once they are activated they promote apoptosis by activating
other enzymes, or by degrading structural proteins of the cell. As an example,
breakdown of nuclear lamin by caspase-6 is related to nuclear fragmentation
and packaging of DNA fragments into apoptotic bodies [30]. Inhibition of the
DNA repair system ocurrs due to cleavage of poly(ADP-ribose) polymerase
(PARP) and DNA-PK by caspase-3 and -7 [31,32], internucleosomal DNA
breakdown results from the activation of the nuclease CAD (caspase-activated
deoxyribonuclease) due to caspase-3-mediated rupture of its inhibitor, ICAD
(inhibitor of CAD) [33], and changes in cell shape might be the consequence
of the breakdown of gelsolin and the p21-activated kinase, PAK?2 [34,35].

Further support of the role of caspases in the apoptotic death program
comes from pharmacological studies showing that treatment with caspase
inhibitors, such as 7Z-VAD-fluoromethylketone, inhibits apoptotic death
induced by different stimuli. Although the role of caspases in apoptotic cell
death 1s well documented. it 1s important to keep in mind that other proteases
also plav an important role in this process. Studies using protease inhibitors
have implicated calpains in the apoptotic death program [36].

Calpain

Scemingly, caspases have a central role in transducing the apoptosis
signal, and caspase-3 activation appears to be a hallmark of apoptosis. In
contrast. necrotic cell death is associated with massive Na* and Ca®’ influxes
and, thus, calpain activation.

Calpains (calcium-dependent protease with papain-hike activity) are a
tanuly of eyvtoplasmic cysteine proteases that contain several calcium-binding
sites, which affect allostericallv the enzvme activity [37]. Calpains are widelv
expressed in higher organisms, with both ubiquitous and tissue-specific
isoforms. Fifteen gene products of the calpain family are known in mammals;
and they are commonly classified as typical (9 members) and atypical (6
members) calpains. In mammals two “‘conventional’ calpains, m-calpain and
u-calpain, are constitutively expressed in all tissues. They differ in the
concentration of Ca® required for half-maximal activation in vitro, which is
around 50 pM and 200 uM for p-calpain and m-calpain, respectively.

In resting cells, these two ubiquitous calpains are present as a pro-enzyme
heterodimer (80 KDa and 30 KDa) that contains multiple calcium-binding
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sites. Calcium-induced structural changes are a pre-requisite for the formation
of a functional catalytic center. In turn, the protease is activated by autolytic
processing and the following dissociation of the small subunit from the large
one [38]. Generally, calpain 1s present in the cytosol in its inactive form and
translocates to membranes in response to Ca® influx [39.40]. Activated
calpain hydrolyzes proteins in membranes or in cytosol after its release from
the membrane [41]. In addition to Ca®*, several factors modulate, either
directly or indirectly, the activity of conventional calpains: 1) the interaction
between the constituents’ subunits; 2) the endogenous inhibitor protein
calpastatin; 3) post-translational modifications like phosphorylation by protein
kinase A, which inhibits m-calpain; and 4) the association of the protease with
specific membrane phospholipids [42-44]. Calpains operate as calcium-
dependent modulators which remove limited portions of protein substrates.
Unlike caspases, calpains recognize either specific primary structures or global
structural elements of the substrate proteins. Generally, amino acid preferences
extend over 11 residues around the scissile bond, conventional calpains
preferred residues are Lys, Tyr and Arg in P1 position; Leu, Thr, Val in P2
position, and Pro in P3 [45.46]. Calpain substrates are cleaved into limited
fragments without further degradation [47.48]. Calpain substrates include
cytoskeletal proteins, plasma membrane-associated proteins, signal transduction
proteins, calmodulin-dependent proteins, and transcription factors.

The physiological role of calpain is still unclear, deletion of the 30 KDa
subunit in mice results in embryonic lethality, indicating that this subunit of calpain
has an important role during development [49]. Mice with a deletion of the 80 KDa
subunit of yi-calpain are viable and only show a decrease in platelet aggregation
[50]. Activated calpains respond to Ca®" signals by cleaving specific proteins that
are frequently components of signaling cascades, indicating that physiological
processes like cell proliferation, cell cycle progression, differentiation, cytoskeletal
reorganization, motility, and apoptosis, might involve calpain activation [38,51-54].
Specific functions of calpain such as cell motility, growth cone motility and
guidance in neurons, have been described [55].

It 1s thought that limited calpain activation might be involved in plenty of
cellular signals however; overactivation of calpain might be detrimental. The
role of calpain in necrotic cell death is related to the increase in the [Ca*'];. The
involvement of calpain in necrosis is based on the finding that cells treated
with maitotoxin, a potent marine toxin that opens voltage and ligand-gated
Ca®" channels, induced calpain overactivation with subsequent DNA
degradation rather than condensation, features associated with necrosis [56].
Uncontrolled cytoskeletal disruption by calpain has been documented and
associated with cell death. Calpain-mediated proteolysis of fodrin, a
cytoskeletal component, has been observed during necrotic cell death induced
by hypoxia in rat cardiomyocytes [57]. Myosin Va, a protein involved in
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vesicle transport, 1s cleaved by calpain in cerebellar granule neurons after an
excitotoxic stimulus, and calpain inhibitors prevent its cleavage favoring the
preservation of the cytoskeleton integrity [58]. Another characteristic of
necrotic cell death 1s ion dishomeostasis. It has been reported that calpain
contributes to cell death by cleaving the membrane Na'/Ca®' exchanger,
responsible of the regulation of the [Ca®" ]; [59]. In addition, calpain has
recently been reported to cleave the endogenous calcineurin inhibitor which
results in the activation of caleineurin and the promotion of Ca*" -triggered cell
death [60]. Altogether, these studies suggest an important role of calpain in
necrotic cell death; however, calpain has also been related to apoptosis because
calpain inhibitors prevent cell death in well known models of apoptosis, such
as apoptosis in immune cells, apoptosis induced by Nerve Growth Factor
deprivation in PC12 cells, and staurosporine-induced apoptosis in neurons
[61,62]. Finally, calpains also have a role in the regulation of apoptotic death
by cleaving regulatory proteins such as apoptotic protease activating factor 1
(APAF-1), and the BID protein (member of the Bcl-2 family proteins) [62-65].

Caspase and calpain crosstalk

Elucidating the precise role of calpains and caspases, especially that of
caspase-3, in apoptotic or necrotic cell death is a challenging question; first
because both proteases share common substrates and, second, because a cross-
talk between both proteases exists.

Common substrates

Calpain and caspase-3 share a number of substrates suggesting that both
proteases have important roles in cellular death. The vulnerability of the same
substrates to proteolysis in both necrosis and apoptosis suggests that
proteolysis mediated by the caspase and calpain systems might converge in
common roles during the cell death process. Substrates shared by both
proteases include: components of the cytoskeleton such as non-erythroid [3-
and a-spectrin, vimentin, keratin and actin; the Tau protein (a microtubule
binding protein), the ADP-ribosyltransterase [poly(ADP) ribose polymerase
(PARP)]. the calmodulin dependent protein kinase IV (CaMKIV), the focal-
adhesion kinase (FAK, a non-receptor tyrosine kinase implicated in integrin-
mediated signal transduction) (reviewed in 66). Modulators of cell death that
can be cleaved by both caspases and calpains include procaspase-3, -7, -9 and -
12, Bel-2 family proteins (Bid, Bel-XL, and Bel-2), and DNA repair and cell
cycle regulatory proteins such as PARP [62-65].

Cross-talk
At present, 1t has been postulated that the morphological changes
associated with cell death are determined by the type of protease activated, and
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it is reasonable to state that caspase activation triggers an apoptotic phenotype
while calpain activation a necrotic one. However, it has been shown that
caspase-mediated proteolysis appears to have a role in necrosis, and that
calpain is also activated in apoptotic cell death [67-69]. A study by Neumar et
al. [70] demonstrated that calpain activity slows the execution phase of nuclear
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Figure 2. Protease interaction during cell death. Cell death, necrosis or apoptosis,
can be regulated by calpains and caspases. An apoptotic phenotype is preserved if
caspases are activated. Active calpain also favors an apoptotic phenotype by breaking
procaspase-3, -7, -12, and BID. On the other hand, a necrotic phenotype 1s favored if
calpain inhibits caspase-3 or -2 activation by direct cleavage or by processing APAF-1;
or by calpastatin breakdown induced by caspase-3.
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apoptosis but is necessary for plasma membrane disruption and secondary
necrosis. This is because there 1s a significant cross-talk between the caspase
and calpain proteolytic pathways, which defines distinct roles for calpain in the
nucleus and plasma membrane during apoptosis. Calpain inhibition by
calpastatin overexpression, up-regulates caspase-3 activity and accelerates
apoptotic nuclear changes but promotes the preservation of the integrity of the
plasma membrane [70]. Thus, the final phenotype of cell death could be the
consequence of protease cross-talk.

Several studies demonstrate calpain-caspase cross-talk; however they do
not clarify the role of these proteases in an apoptotic or necrotic death. It has
been observed that calpain can cleave caspases-3, -7, -8, -9, and -12 with
different functional consequences [71,72]. Calpain-induced procaspase-3
cleavage produces a 30 KDa fragment that has been shown either to enhance
or inhibit caspase-3 activation [72,73]; truncation of procaspase-9 by calpain
inhibits its ability to activate caspase-3 [71,74,75]. A recent study
demonstrated that calpain can also cleave the active fragment of casapase-3,
thus 1nhibiting its activity [71]. Calpain-mediated cleavage of the apoptosome
components, caspase-9 and APAF-1, has also been demonstrated to indirectly
inhibit subsequent caspase-3 activation [73,76]. In contrast to these studies, it
has been reported that calpain can activate caspase-3, -7 and -12 [77]. On the
other side of the story, there is also evidence showing that caspase can regulate
calpain activation mainly through the processing of calpastatin, the only
endogenous calpain inhibitor known at the moment [70], suggesting that
caspases can up-regulate calpain activation in some cell death models. The
ability of caspases to cleave calpastatin is well documented and has been
reported to cause a 2-fold decrease in the activity of this calpain inhibitor [78].

Role of proteases in neurodegeneration

Acute and chronic neurodegeneration have been associated with both,
necrotic and apoptotic cell death. Excitotoxicity is a mechanism of cell death
associated with several pathological conditions including ischemia,
hypoglycemia and some neurodegenerative diseases, such as Huntignton’s,
Parkinson’s, and Alzheimer’s disease (HD, PD, and AD, respectively).
Excitotoxicity is the consequence of the continuous activation of glutamate
receptors, due to an increase in glutamate extracellular levels or to a deficit in
energy metabolism [79,80]. The elevation of intracellular Ca®" concentration is
the key-step of excitotoxic neuronal death, leading either to apoptosis or
necrosis. Ca®’ overload triggers lethal downstream events, including oxidative
stress, mitochondrial dysfunction and Ca*" dependent protease activation. The
elucidation of the role of caspases and calpains in excitotoxic neuronal death is
of relevance due to its ubiquitous participation in neuropathological conditions.
Caspase and calpain activation has been assessed by the recognition of the
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products of spectrin-breakdown produced by the activity of caspase-3 and
calpain. The presence of the calpain and caspase-3 breakdown products of
spectrin have been observed in cerebrocortical neurons challenged with
excitotoxic insults such as NMDA, Kainate (KA), and glucose—oxygen-
deprivation [81].

Since the raise in (Ca*"); is the most ubiquitous feature in excitotoxic
neurodegeneration, calpain activation might be a critical step in neuronal
death. Substantial evidence supports the role of calpain activation in acute cell
injury and necrotic cell death triggered by Ca™ influx. Apparently. the
phenotype of cell death in adult neurons occurring atter 1schemia 1s mainly
neerotic due to the increase in intracellular Ca™", and is caspase-independent.
[82]. The role ot calpains in neuronal death has been examined in several
neuropathological conditions. and calpain activation has been demonstrated in
postmortem tissue from PD and HD patients. and its inhibition can protect
cells trom death 1in a mouse model ot PD |83 84]. Calpain has been shown to
cleave the NR2ZB subunit of the glutamate NMDA receptor during an
excitotoxic insult in vitro and in vive, although the contribution of this process
to excitotoxicity has not been deternuned [85]. Recent studies in mutant mice
lacking or overexpressing the endogenous calpain inhibitor, calpastatin,
suggest that calpain mediates excitotoxic signals through the mobilization of
pro-apoptotic factors such as the apoptosis inducing factor (AIF), and
endonuclease G from the mitochondria [65]. KA excitotoxicity i1s also
influenced by calpain, KA-evoked caspase-3 activation was suppressed in
calpastatin overexpressing mice, suggesting a role of calpain in caspase-3
activation. Moreover, hippocampal neurons from mice overexpressing
calpastatin are spared from neuritic cytoskeleton disruption induced by KA
[86]. During anoxia and ischemia, degradation of neurofilaments can be
attenuated by Ca®" removal or by inhibition of calpains, in isolated rat optic
nerve |[87]. Recently it was shown that calpain cleaves the plasma membrane
Na'/Ca® exchanger during brain ischemia in neurons undergoing
excitotoxicity, inhibition of calpains by overexpression of calpastatin prevents
secondary Ca?" overload and rescues neurons from excitotoxic death [39].

On the other hand, mitochondrial damage, resulting from mitochondrial
Ca®" overload, induces the release of apoptotic inducing factors such as
cytochrome ¢ and AIF, suggesting a possible apoptotic phenotype. In vitro
experiments 1n 1solated liver and brain mitochondria showed that the release of
AlF requires active calpain whereas the release of cytochrome ¢ does not [88].
On the other hand, cytochrome ¢ release might favor caspase-3 activation. In
accordance with this observation, 1# vitro and in vivo models of excitotoxicity
have suggested an important role of caspase-3. Caspase 3 activation has been
shown to occur after an excitotoxic insult [89-91], as well as after transient
cerebral ischemia [92]. Caspase activation has been implicated in excitotoxic
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cell death [93,94] and chronic neurodegenerative diseases such as Alzheimer’s
and Huntington’s (HD) [95,96]. Levels of caspase-3 in brain varies depending
on the age, young animals have relatively high levels of caspase-3 whereas
adult animals have much lower levels. Thus, young animals can develop
classical apoptotic morphology while adults are less likely to show classic
apoptotic morphology following excitotoxic and 1schemic insults [97,98].

It is conceivable that the degree of Ca®' elevation, with the consequent
calpain activation, will determine whether cells dye by apoptosis or necrosis,
however an apoptosis-necrosis continuum has also been observed after
glutamate exposure in cortical neurons, making the scenario even more
complicated [9]. Mild Ca®" elevation favors apoptosis, whereas acute calpain
activation precipitates necrosis probably via catastrophic cleavage of
regulatory and structural proteins [99]. The molecular pathways leading to the
activation of the different proteases involved in neurodegeneration are
certainly more complex due to the existence of a cross-talk between proteolytic
mechanisms in brain [71]. Moreover, activating pathways are likely to differ
depending on the neuronal population and the nature or severity of the insult,
as well as on the subtype of activated glutamate receptor [8,10,13.100].

Conclusion

Overall, relative activity of calpains and caspases during the cell death
cascade are likely to determine the morphologic features of cell death. It is
reasonable to postulate that the degree of calpain activation could determine
the ultimate morphology of cell death. Evidence for calpain activation during
apoptosis supports either a proapoptotic or antiapototic role, depending on the
type and severity of the apoptotic stimulus. On the other hand, severe insults
associated with increased cytosolic Ca®', sufficient to trigger early calpain
activation, may prevent or delay the execution of apoptosis through the
suppression of caspase-3 activity; leading to necrosis before an apoptotic
pathway can be executed. In contrast, milder insults not associated with
cytosolic Ca®" elevations, or with elevations inadequate to activate calpains,
would be more likely to result in apoptotic cell death as long as apoptotic
mediators are adequately expressed. Therefore, although caspase-3 activity 1s
modulated by calpain, its role during apoptosis 1s not questionable.
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ANTECEDENTES Y PLANTEAMINETO DEL PROBLEMA

Dada la importancia del estado energético celular en la toxicidad al glutamato,
en nuestro laboratorio existe un interés especial en conocer los mecanismos celulares
responsables de la facilitacion de la muerte excitotéxica cuando hay una falla en el
metabolismo energético. Se ha demostrado con anterioridad que el aumento de la
concentracion extracelular de glutamato, dada por la inhibicion de su recaptura, no
produce dafio neuronal a menos que el metabolismo energético esté inhibido
(Sanchez-Carbente y Massieu, 1999; Massieu et al., 2001) y se ha enfatizado la
importancia del metabolismo mitocondrial en estas condiciones (Massieu et al., 2001;
Garcia y Massieu, 2003). Actualmente no se conoce con exactitud como es que la
inhibicion mitocondrial, previa a un estimulo excitotoxico, modifica la cascada de
eventos iniciada por el glutamato. Mientras que la gran mayoria de estos estudios se
han realizado en cultivos de neuronas, los estudios in vivo son escasos. Los reportes
hechos en cultivos neuronales indican que la muerte neuronal mediada por glutamato,
cuando existe una inhibicion mitocondrial previa, esta asociada a un dafio mitocondrial
severo. Se ha demostrado in vitro que la co-exposicion de un inhibidor del
metabolismo mitocondrial (3-NP) y de un inhibidor de la recaptura de glutamato induce
muerte neuronal excitotoxica (Garcia y Massieu, 2001, 2003) asociada a una
disminucion rapida y severa de los niveles de ATP, a la pérdida del potencial de
membrana mitocondrial, a la produccién excesiva de ERO, y al aumento en la
concentracién de Ca®" citosélico y mitocondrial (Pang y Geddes, 1997; Garcia y
Massieu, 2001, 2003; Nasr et al., 2003; Garcia et al., 2005). Estas observaciones
sugieren que en estas condiciones la muerte ocurre por un mecanismo principalmente
necroético (Pang y Geddes, 1997).

En la actualidad se reconoce que los astrocitos tienen una comunicacion
estrecha con las neuronas a las que proveen de nutrientes y de un medio extracelular
adecuado (Hertz et al., 1999; Newman, 2003). Dado que en los cultivos neuronales el

componente astrocitico es reducido, desarrollamos un modelo experimental in vivo
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para estudiar los mecanismos celulares que facilitan la muerte inducida por glutamato
cuando existe una inhibicion metabdlica previa, condicion que favorece la disfuncion
mitocondrial. EI modelo utilizado consta de inhibir el metabolismo mitocondrial con la
toxina 3-NP, la cual inhibe a la enzima deshidrogenasa del acido succinico (SDH, por
sus siglas en inglés), y posteriormente aplicar un estimulo excitotéxico moderado
como lo es la inyeccion intraestriatal de una dosis subtéxica de glutamato. Con este
modelo quisimos conocer como se afectan los niveles de ATP después de un estimulo
excitotéxico en el estriado de ratas tratadas previamente con 3-NP. De manera
diferente a lo que se habia demostrado en los reportes en cultivos neuronales,
nosotros observamos que los niveles de ATP no disminuyen drasticamente. De
manera interesante, se observéd que los niveles de ATP no disminuyen mas del 35 %
de los niveles control, a pesar de que en estas condiciones hay una lesion importante
en el estriado de la rata (ver apéndice). Los resultados de este articulo nos sugirieron
gue otros factores, distintos a los niveles energéticos de la célula, pueden contribuir a
la facilitaciébn de la muerte inducida por glutamato en condiciones de inhibicion
mitocondrial. Es posible que dicha facilitacion esté mediada ya sea por una mayor
activacion de ambos tipos de proteasas (calpainas y caspasa-3), 0 por la activacion
preferencial de alguna de ellas. Por un lado, dado que los niveles energéticos no
disminuyen drasticamente aln en presencia del inhibidor mitocondrial, es posible la
activacion de caspasas. Por otro lado, es posible que el dafio mitocondrial favorezca la
pérdida del la homeostasis de calcio intracelular, contribuyendo a la activacion de la

calpaina.
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HIPOTESIS

La toxicidad del glutamato in vivo podra estar relacionada con la activacion de
calpainas y de caspasa-3. La exacerbacién de la muerte neuronal inducida por
glutamato durante la inhibicion mitocondrial, estara relacionada con una mayor
activacion de ambas proteasas.

Los receptores ionotropicos a glutamato participaran en la activacion de estas

proteasas y en el dafio inducido por glutamato.

OBJETIVO GENERAL

El objetivo principal de este proyecto es determinar la participacion de la
caspasa-3 y de la calpaina en el dafio excitotoxico inducido en ausencia y presencia
de una inhibicién mitocondrial previa.

Ademas, se quiere conocer el papel de la activacion de los diferentes
receptores glutamatérgicos de tipo ionotrépico en la activacion de proteasas, y en la

consecuente muerte neuronal.
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MATERIALES Y METODOS

Todos los experimentos presentados en esta tesis se realizaron en ratas de la cepa
Wistar de 250 a 300g de peso, las cuales se mantuvieron en condiciones controladas de
temperatura y con un ciclo de luz-oscuridad de 12 h. Los animales tuvieron agua y
alimento ad libitum. Los métodos estan descritos detalladamente en los articulos

presentados en los antecedentes y en la seccién de resultados.

Modelos experimentales

En la presente tesis se muestran los resultados obtenidos en dos modelos
experimentales de muerte excitotoxica producida por glutamato en el estriado de ratas
(Fig.4). Dada la importancia del estado energético celular, el primer modelo de muerte
excitotéxica combina la inhibicién parcial del metabolismo mitocondrial, inducida por una
dosis subtoxica de la toxina 3-NP, en conjunto con la inyeccion intraestriatal de una
dosis de glutamato que, inyectado en el estriado de ratas intactas, produce una lesion
similar a la producida con la inyeccién de su vehiculo (500 nmolas totales; Del Rio et al.,
2007). Con este modelo se quiere enfatizar la importancia del estado energético celular
en la facilitacion de la muerte celular por glutamato, ya que, cuando se combinan los dos
factores se observa un incremento significativo en el volumen de la lesion generado por
la inyeccidn intraestriatal de glutamato (Del Rio et al., 2007). Para este primer modelo
las ratas se inyectaron intraperitonealmente (i.p.) con el 3-NP durante dos dias (15
mg/kg/dia); la segunda inyeccién 24 h después de la primera. Después de 4 h de la
segunda inyecciéon de 3-NP, las ratas recibieron una inyeccién intraestriatal de
glutamato (500 nmolas en un pl). Los resultados obtenidos de este modelo, se
presentan en el tercer articulo titulado “Mild mitochondrial inhibition in vivo enhances
glutamate-induced neuronal damage through calpain but not caspase activation: role of
ionotropic glutamate receptors”, el cual fue aceptado para su publicacién en la revista

Experimental Neurology.
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El segundo modelo experimental de dafio excitotéxico se indujo mediante la inyeccion
intraestriatal de una dosis téxica de glutamato (2 umolas en un pl), en el estriado de ratas
intactas. En este modelo se quiere enfatizar la toxicidad del glutamato sin la influencia de
una disfuncion mitocondrial previa. Los resultados concernientes a este modelo se
presentan en el cuarto articulo de esta tesis, el cual se titula “Contribution of NMDA and
non-NMDA receptors to in vivo glutamate-induced calpain activation in the rat striatum.

Relation to neuronal damage”, y se publicé en la revista Neurochemical Research.

Modeala 1

Glutamato intrasstriatal (S00 nmalas)
en ratas pre-iratadas con 3-NP - Sacrificio

(2.4, 7,12, 18y M h)

_ Glutamalo
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= |
2t
_1',:'.' ® - h\}‘jj ;
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Figura 4. Esquema de los modelos experimentales utilizados en esta tesis. Estos
son modelos in vivo utilizando ratas de la cepa Wistar. El primer modelo combina
el tratamiento con 2 inyecciones del inhibidor mitocondrial 3-NP (dosis que inhibe a
la SDH pero que no genera dafio en el estriado) y una inyeccion intraestriatal de
una dosis subtéxica de glutamato (inyectado 4 horas después de la Ultima
inyeccion de 3-NP). El segundo modelo consta de una inyeccion intraestriatal de
una dosis toxica de glutamato en ratas intactas. Diferentes grupos de ratas fueron
sacrificadas a diferentes tiempos después de la inyeccion de glutamato o de 3-NP
(en el caso del primer modelo). Los cerebros de las ratas fueron procesados para

evaluar el dafio neuronal y la activacién de la caspasa-3 o de la calpaina.
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Inyecciones intraestriatales de glutamato

Las inyecciones intraestriatales de glutamato se realizaron en ratas
anestesiadas con halotano. Para esto, las ratas se montaron en un aparato
estereotaxico y se fijaron de los espacios interaurales con la barra dental en la
posicién -3.3. Las coordenadas utilizadas fueron: anteroposterior: + 0.7, lateral: + 2.8 y
vertical: -4; de acuerdo al atlas de Paxinos y Watson (1986). Dichas coordenadas
permiten inyectar el glutamato directamente al estriado de la rata. Como grupo control,
algunas ratas fueron inyectadas con solucion salina en lugar de glutamato. Los
cerebros de las ratas fueron procesados para evaluar el dafio inducido por la inyeccion
de glutamato o para evaluar la activacion de la caspasa-3 y la calpaina. Para esto, se
sacrificaron diferentes grupos de ratas a diferentes tiempos después de la inyeccién de

glutamato (2, 4, 7, 12, 18 y 24 h).

Tratamientos con antagonistas glutamatérgicos e inhibidor de la calpaina

Para conocer el papel que tienen los receptores glutamatérgicos de tipo
ionotrépico en la induccién de la lesion excitotdxica asi como su importancia en la
activacion de la calpaina, las ratas fueron tratadas con antagonistas glutamatérgicos.
Un grupo de ratas se inyect6 via i.p. con un antagonista del receptor a NMDA, el (+)-5-
methyl-10,11-dihydroxy-5-dibenzo(a,d)cycloheptene-5,10-imine maleate (MK-801). Un
segundo grupo de ratas fue inyectado con 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzolflquinoxaline-2,3-dione (NBQX), que es un antagonista de receptores de tipo
no-NMDA. Un tercer grupo de ratas se pre-tratd con ambos antagonistas. Los
esquemas de inyeccién de estos antagonistas se basaron en reportes previos de
nuestro laboratorio en los que se ha demostrado que dichos antagonistas protegen
contra el dafio neuronal en otros modelos de muerte excitotéxica in vivo (Massieu y
Tapia, 1994; Massieu et al., 2001; Montiel et al., 2005; Camacho, et al., 2006). Un
grupo independiente de ratas se tratd con el inhibidor de la calpaina, el MDL-28170, el

cual es un inhibidor potente de la calpaina que penetra rapidamente al cerebro
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después de ser inyectado sistémicamente (Markgraff, 1998). Se sabe que este
inhibidor penetra en el cerebro desde la media hora después de su administracion
sistémica y es capaz de inhibir significativamente a la calpaina (Markgraff, 1998). Los
esquemas de inyeccion de los antagonistas glutamatérgicos y del inhibidor de la

calpaina se describen en detalle en los articulos incluidos en los resultados.

Cuantificacion del volumen de la lesion.

Para cuantificar el volumen de lesion producido por el glutamato, las ratas fueron
sacrificadas 24 h después de la inyeccidn intraestriatal de éste y se realizaron cortes
coronales (40 um) a nivel del estriado, los cuales fueron procesados para hacer tincion
con violeta de cresilo. Para cuantificar el volumen de lesion los cortes fueron analizados
en un microscopio optico, el area lesionada se observa como una zona palida debida al
encogimiento 6 desaparicion de las células, y por lo tanto a la ausencia de tincién con el
violeta de cresilo. Para hacer el célculo del volumen de lesion, el area lesionada se
deline6 manualmente y se cuantific6 con la ayuda de una camara acoplada a un sistema
de analisis de imagenes (NIH para Macintosh version 1.6). El volumen de lesién se
calcul6 haciendo la sumatoria del area lesionada (mm?) en cada corte por el grosor (0.04

mm) en todos los cortes donde se observé lesion.

Determinacién de la actividad y presencia de la caspasa-3 activa.

Para conocer si la caspasa-3 se activa después de un estimulo excitotoxico se
utilizaron dos metodologias distintas. La primera es un método fluorométrico en el cual se
utiliza un sustrato especifico para la caspasa-3 que esta acoplado a un fluor6foro (metil
cumarina). Cuando la caspasa-3 activa corta este sustrato se emite fluorescencia, la cual
se detecta con un espectrofluorometro (Massieu et al., 2004). La segunda metodologia
detecta la presencia del fragmento activo de la caspasa 3 mediante la utlizaciéon de un

anticuerpo policlonal que reconoce tanto al precursor (32 KDa) como al fragmento activo
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de ésta (20 6 10 KDa). La presencia del fragmento activo es indicativa de que la caspasa-

3 ha sido cortada y por lo tanto activada (Massieu et al., 2004).

Determinacién de la presencia de calpaina activa

La activacion de la calpaina se determiné mediante inmunoblot utilizando un
anticuerpo monoclonal que reconoce a la a-espectrina y a los productos de su
rompimiento. La a-espectrina es un componente del citoesqueleto que es sustrato tanto
de la u/m-calpaina como de la caspasa-3. Cuando la calpaina rompe a la a-espectrina
se producen fragmentos de 145 y 150 KDa, mientras que la caspasa-3 produce
fragmentos de 120 y 150 KDa (Nasr et al, 2003). Estos fragmentos son reconocidos por
el anticuerpo utilizado, y mediante el reconocimiento del peso molecular de los

diferentes fragmentos se puede distinguir entre la actividad de ambas proteasas.

Estadistica

Los resultados fueron analizados con una prueba de ANOVA de comparacion
multiple seguida de una prueba de comparacion mdltiple de Fisher, utilizando el
programa de estadistica Statview 4.5. Todos los resultados se presentan como

promedios * error estandar.
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DISCUSION

Dada la importancia de la muerte neuronal excitotéxica en la progresion de
algunas enfermedades neurodegenerativas crénicas, asi como en el dafio cerebral
resultante de accidentes vasculares y periodos isquémicos, ésta ha sido objeto de
gran interés. El hecho de que la muerte neuronal excitotoxica presente caracteristicas
morfoldgicas tanto necréticas como apoptaticas hace necesario investigar los posibles
mecanismos moleculares que la gobiernan. El conocimiento de los eventos celulares
gue llevan a la muerte celular, mas que evitar el dafio desde su inicio, puede permitir el
desarrollo de estrategias alternas para poder interrumpirla o retrasarla. A pesar de que
se conocen algunos de los eventos de la cascada excitotoxica (Frasden, 1989; Shinder
et al., 1996; Sapolsky, 2001; Schubert y Piasecki, 2001), todavia existe controversia en
cuanto a la sefializacién intracelular responsable del fenotipo de la muerte en
condiciones de deficiencia energética (Bonfoco et al., 1995; Ankarcrona et al., 1995;
Portera-Caillau et al., 1997; Galas et al., 2004). Existen varios reportes acerca de la
activacion de la caspasa-3 y de la calpaina después de un estimulo excitotdxico; sin
embargo, su papel en ésta aln no queda claro posiblemente debido a la gran variedad
de modelos y de estimulos excitotdxicos existentes (Siman y Nozeck, 1988; Siman et
al., 1989; Tenneti y Lipton, 2000; Bretch et al., 2001; Zhang et al., 2002; Benchoua et
al., 2001; Ferrer et al. 2003; Paucaurd et al., 2004). Por un lado, la mayor parte de los
trabajos se han realizado con agonistas selectivos de los receptores glutamatérgicos
(Siman y Nozeck, 1988; Tenneti y Lipton, 2000; Jourdi et al., 2005; Yuen et al., 2007a),
mientras que los estudios in vivo que utilizan glutamato son escasos (Benchoua et al.,
2001, Tomioka et al. 2002). Dado que los agonistas glutamatérgicos son mucho mas
téxicos que el glutamato (Obrenovitch et al., 1994), nosotros decidimos utilizar el
glutamato como estimulo téxico, pues es el neurotransmisor endégeno. Por otro lado,
se ha visto que los estudios in vitro difieren de los resultados mostrados in vivo (Pang
y Geddes, 1997; Garcia y Massieu, 2003; Del Rio et al., 2007). Estos ultimos son

principalmente estudios que evallan los mecanismos de muerte neuronal después de
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periodos isquémicos (Zhang et al., 2002; Davoli et al., 2002; Ferrer et al., 2003; Yokota
et al., 2003; Kambe et al., 2005; Gascon et al., 2008). La diferencia entre los estudios
in vivo e in vitro puede radicar en la interaccion entre los diferentes tipos celulares
presentes en el tejido, situacibn mas limitada en los cultivos neuronales;
aparentemente la interaccion entre astrocitos y neuronas influye en los mecanismos de
muerte celular y se piensa que los astrocitos tienen un papel protector ante estimulos
excitotéxicos (Ohgoh et al., 2000; Newman, 2003). Por otra parte, a pesar de que los
astrocitos son mas resistentes a la toxicidad del glutamato, si son susceptibles a ésta
(Sas et al., 1993; Zhao et al., 2000). La importancia de los modelos presentados en
esta tesis radica en que son estudios in vivo realizados en el estriado de ratas, y a que
el estimulo excitotoxico utilizado es el ligando endédgeno, el glutamato. En la presente
tesis, se utilizaron dos modelos de muerte excitotoxica in vivo, uno involucra la
inhibicion mitocondrial previa a la administracion del glutamato, y el segundo, la
inyeccion intraestriatal de una dosis téxica de glutamato. Se utilizé la dosis de 2
umolas de glutamato, ya que hemos demostrado con anterioridad que para producir
dafio con dosis de glutamato mas bajas, se necesita combinar su administracién con la
inhibicion metabolica (Mejia-Toiber et al., 2006; Del Rio et al., 2007). Estudios previos
sugirieron que para producir lesiones administrando U(nicamente glutamato es
necesario utilizar dosis mayores a 1 pmola (Mejia-Toiber et al., 2006; Del Rio et al.,

2007).

El dafio inducido por glutamato no involucra la activacion de la caspasa-3

Las caspasas son proteasas involucradas con los procesos de muerte celular
durante el desarrollo del SNC y se les considera como los principales ejecutores de la
muerte apoptética (Donepudi y Griitter, 2002; Denault y Salvensen, 2002). Estas se
dividen en iniciadoras y efectoras y su activacion puede ser influenciada por la
mitocondria (Liu et al., 1996; Del Rio et al., 2007) o por receptores membranales

(Ashkenazi y Dixit, 1998; Del Rio et al., 2007); en esta tesis decidimos evaluar la
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activacion de la caspasa-3, la cual es una caspasa efectora (Denault y Salvensen,
2002; Rield y Shi, 2004). A pesar de que se ha demostrado la activacion de esta
proteasa después de un estimulo excitotéxico tanto in vitro (Bonfoco et al., 1995;
Tenneti y Lipton, 2000; Bretch et al., 2001) como in vivo (Zhang et al., 2002; Benchoua
et al., 2001; Paucaurd et al., 2004), nosotros no observamos su activacion después de
la inyeccién de glutamato, a pesar de observar una lesién evidente en ambos modelos
de excitotoxicidad in vivo (Fig. 1, articulo3; Fig. 1, articulo 4). La activacion de las
caspasas esta altamente regulada y se han planteado varias formas en que las
células, incluyendo las del SNC, regulan su activacion (Nicotera et al., 2000; Davoli, et
al., 2002; Ferrer et al., 2003; De Ridder et al., 2006). Por ejemplo, se conoce que la
activacion de la caspasa-9, como consecuencia de la actividad de la caspasa-3, es
dependiente de energia (Nicotera et al., 2000). Nosotros hemos demostrado con
anterioridad que los niveles de ATP in vivo no disminuyen mas del 35 % en las ratas
tratadas con 3-NP més glutamato, a pesar de observar una lesién evidente en el
estriado de las ratas (Del Rio et al., 2007). Por esta razén suponemos que la
concentracién de ATP no es un factor limitante para la activacién de la caspasa-3 en
nuestras condiciones. La activacién de la caspasa-3 también se ha relacionado con la
severidad del estimulo téxico (De Ridder et al., 2006). Aparentemente esta proteasa se
activa cuando el estimulo téxico es moderado (Bonfoco et al, 1995; Pang y Geddes,
1997; Davoli, et al., 2002; Ferrer et al., 2003; DeRidder et al., 2006). Se ha visto que
en la isquemia cerebral la caspasa-3 se activa so6lo en el area de penumbra (regién del
cerebro donde el flujo sanguineo se reduce parcialmente y que se considera la region
rescatable del dafio isquémico) y no en el centro isquémico (region donde el flujo
sanguineo disminuye en su totalidad y el dafio neuronal es severo e irreversible;
Davoli, et al., 2002; Ferrer et al., 2003). En concordancia, el fenotipo de muerte
neuronal también depende de la severidad del estimulo téxico, se considera que la
apoptosis esta relacionada con periodos cortos de isquemia cerebral (Endres et al.,

1998) y con el dafio neuronal que ocurre en la zona de penumbra isquémica (Ferrer et
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al., 2003); mientras que la muerte celular necrética se asocia con el centro isquémico
(Benchoua et al., 2001; Ferrer et al., 2003). Dado que nosotros utilizamos métodos
bioguimicos que involucran el homogenado del estriado completo, no descartamos
gue existan células en el borde de la lesién en las que se active la caspasa-3. Por ello
sugerimos que estudios de inmunohistoquimica podrian responder esta pregunta. Por
otro lado, la activacion de las caspasas ha sido considerada por algunos autores como
dependiente del tipo neuronal (Bizat et al., 2003a; Galas et al., 2004). Estos estudios
sugieren que los mecanismos de ejecucion de la muerte de las neuronas estriatales
difieren de los mecanismos ejecutados por neuronas corticales ante el mismo estimulo
excitotéxico, demostrando que las caspasa-3 se activa facilmente en las neuronas
corticales y no en las estriatales (Bizat et al., 2003a; Galas et al., 2004). Aunado a
esto, existen varios reportes que sugieren que en el cerebro de ratas adultas, los
mecanismos de muerte neuronal son independientes de caspasas, siendo éstas mas
importantes en eventos que ocurren durante el desarrollo o en los primeros dias
después del nacimiento (Takano et al., 2005; Zhu et al., 2005). Se ha demostrado que
la cantidad de proteina precursora de la caspasa-3 (32 kDa) disminuye en ratas
adultas y como consecuencia no se observa su activacion después de un periodo de
hipoxia-isquemia (Zhu et al., 2005). Otros factores relacionados con la activacion de la
caspasa-3, como BAX y APAF-1, también disminuyen con la edad, haciendo mas
dificil la activacién de esta proteasa después de un estimulo téxico (Vekrellis et al.,
1997; Yakovlev et al., 2001; Stoka et al., 2006). Los cambios en la expresion de estos
factores en ciertas poblaciones neuronales pueden estar relacionados con la
incapacidad del estriado de rata adulta para activar a la caspasa-3 después de ciertos

estimulos toxicos.

El dafio inducido por glutamato es dependiente de la activacion de la calpaina
La falta de activacion de la caspasa-3, asi como estudios donde se muestra la

co-existencia de caracteristicas necréticas y apoptéticas en las mismas regiones
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cerebrales después de un estimulo excitotdxico (Benchoua et al., 2001; Tomioka et al.,
2002; Galas et al., 2004), hace pensar en la participacion de otras proteasas en los
procesos de muerte excitotdxica. Otra proteasa involucrada en la muerte celular es la
calpaina, la cual se puede activar con pequefios cambios en la concentracion
intracelular de Ca?*, pues es muy sensible a los cambios en la concentracién de este
ibn (Czogalla y Sikorski, 2005). La calpaina se considera una de las principales
proteasas activadas por Ca** en el SNC (Saido et al., 1993; Wang, 2000). Dado que,
durante la excitotoxicidad hay una falla en la homeostasis del Ca**, decidimos estudiar
la activacion de esta proteasa y su relacion con la muerte neuronal in vivo.

En esta tesis se muestra que la calpaina se puede activar sin necesidad de
asociarse al dafio mediado por glutamato (Fig. 1C y E, articulo 3). Demostramos la
activacion de la calpaina después de la inyeccion intraestriatal de una dosis subtoxica
de glutamato (500 nmolas en ratas intactas), la cual no genera dafio mayor a la
producida por la inyeccién de salina. Los residuos de espectrina generados por la
activacion de la calpaina (145/150 kDa) se observaron a partir de las dos horas y
hasta las 24 horas después de la inyeccién de glutamato (Fig. 1C y E, articulo 3). Los
residuos de espectrina derivados del corte por la calpaina son muy estables
(Vanderklish y Bahr, 2000; Czogalla y Sikorski, 2005), razén por la cual seguimos
detectando los fragmentos 24 horas después de la inyeccibn de glutamato.
Desconocemos si la activacion de la calpaina es transitoria 0 sostenida, un ensayo
que permita determinar directamente si la calpaina se encuentra activa en los
homogenados obtenidos del estriado de las ratas, a diferentes tiempos después de la
inyeccion de glutamato, podria resolver esta pregunta. No conocemos las
consecuencias funcionales de esta activacion moderada de la calpaina pero la
actividad fisioldgica de esta proteasa se ha asociado con procesos de potenciacion de
largo plazo (LTP, por sus siglas en inglés) (Lynch y Baudry, 1987), remodelacién
sinaptica (Vanderklish et al., 1995) y transcripcidén de genes (Liu et al., 2008). También

se sugiere que la activacion moderada de la calpaina puede modular la
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neurotransmisién glutamatérgica, ya que al cortar al receptor a AMPA induce su
internalizacién y de esta manera evita la sobre-activacion de las neuronas (Yuen et al.,
2007b).

Otra observacion importante de esta tesis es que el dafio inducido séle por
glutamato (2 umolas, sin inhibicion mitocondrial previa) se asocia con una fuerte
activacion de la calpaina y no de la caspasa-3 (Fig. 1, articulo 4). Diversos estudios
han mostrado que la calpaina se activa rapidamente después de la exposiciéon a
agonistas glutamatérgicos y que su activaciéon es proporcional al nimero de receptores
activados (del Cerro et al., 1994; Bahr et al., 1995; Vanderklish et al., 1995). Los
resultados mostrados en esta tesis apoyan estos estudios pues mostramos que la
inyeccion de 2 umolas de glutamato produce una lesion extensa en el estriado de ratas
intactas, mientras que la lesidon generada por la inyeccién de 500 nmolas es similar a
la que produce la inyeccion de su vehiculo. En concordancia con la severidad de la
lesion, se demostré que la inyeccién de 2 pmolas de glutamato produce bandas de
145/150 kDa de mayor intensidad que las generadas por la inyeccion de 500 nmolas
de glutamato, lo cual confirma los datos observados en otros reportes que asocian la
activacion patologica de la calpaina con la severidad del estimulo toxico (Siman et al.,
1989; Manev et al., 1991; Saido et al., 1993; Roberts-Lewis et al., 1994; Bahr et al.,
1995; De Ridder et al., 2006). La cuantificacién de la actividad de la calpaina se hace
necesaria para determinar si esta proteasa permanece activa por periodos largos de
tiempo y para definir si el dafio celular observado se debe méas a su activaciéon
prolongada o solo a la fuerte activacion de esta proteasa. La activacion de esta
proteasa como parte de un proceso excitotdéxico in vivo, evidencia que durante éste
existe un aumento en la concentracion de Ca®" intracelular. Actualmente se acepta que
la sobre-activacién de los receptores glutamatérgicos genera una sobrecarga de Ca**
como un factor importante en la excitotoxicidad (Peng y Greenamyre, 1998; Peng et
al., 1998; Alano et al., 2002). Diversos estudios han relacionado a la calpaina con el

dafio inducido por el tratamiento o inyeccidén de agonistas glutamatérgicos (Takano et
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al., 2005). En nuestro caso, nosotros analizamos la activacion de la calpaina después
de la administracion del ligando enddégeno de los receptores glutamatérgicos y
evaluamos la participacion de los receptores ionotropicos en la activaciébn de esta
proteasa, asi como su relacién con la produccion del dafio celular. Observamos que, sSi
el estimulo de glutamato es severo (2 pumolas), los receptores a NMDA son mas
importantes en la induccién de la lesién que los no-NMDA (Fig. 3 y 4, articulo 4), pero
no asi en la activacion de la calpaina (Fig. 2, articulo 4). Mostramos también que los
receptores no-NMDA son importantes para la activacion de la calpaina, sin embargo,
su inhibiciébn no previene del dafio producido por una dosis téxica de glutamato.
Aunque los receptores a AMPA y KA tienen una conductancia preferente por cationes
monovalentes, el glutamato puede inducir eventos dependientes de Ca?* a través de
receptores no-NMDA, si estos son permeables a Ca®" (Araujo et al., 2004; Beart et al.,
2007). Dado que, al utilizar los antagonistas glutamatérgicos, no se previno totalmente
el dafio ni la activacion de la calpaina no descartamos que otros mecanismos
independientes de los receptores ionotrépicos estén contribuyendo al dafio inducido
por un estimulo glutamatérgico severo. La toxicidad del glutamato en estas
condiciones también puede deberse a la inhibicion de la captura de cisteina, la cual
ocurre por un transportador que también reconoce al glutamato, y que esta asociada a
procesos de estrés oxidativo (Murphy et al., 1990; Schubert y Piasecki, 2001). Por otra
parte, la liberacién de Ca?* de pozas intracelulares (Lei et al., 1992: Khodorov et al.,
1996a, 2002) o el influjo de este i6n a través de canales de Ca* dependientes de
voltaje (Walter y De Waard, 1998) pueden contribuir a la activacion de otros procesos
como la activacién de lipasas y fosfatasas (Dawson et al., 1992; Schulz et al., 1995b;
Gunasekar et al., 1995; Hongpaisan et al., 2004), la liberaciébn de factores pro-
apoptéticos independientes de caspasas (Boehning et al., 2003; Beart et al., 2007), y

el dafio oxidativo, (Lo et al., 2003; Ouyang et al., 2007).
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La inhibicién mitocondrial previa al estimulo glutamatérgico subtdxico exacerba
el tamafio de la lesién através de un mecanismo dependiente de la activacion de
la calpaina.

Conociendo que el dafio asociado con el glutamato es dependiente de la
actividad de la calpaina y no de la caspasa-3, quisimos saber si la inhibicion
mitocondrial previa al estimulo glutamatérgico modifica la activacién de éstas. Para
esto utilizamos un modelo animal donde primero se inhibe el metabolismo mitocondrial
con la toxina 3-NP y después se induce el estimulo excitotdéxico. El 3-NP es una toxina
mitocondrial que inhibe a la enzima succinato deshidrogenasa (SDH) y por lo tanto el
ciclo de Krebs y el complejo Il de la cadena de electrones. El tratamiento crénico con
el 3-NP se ha utilizado para generar modelos animales de la enfermedad de
Huntington (Brouillet et al., 1999) ya que, como se mencion6 en la introduccién, su
tratamiento crénico (50 mg/kg por dia por mas de 7 dias) produce un patrén
histopatoldgico similar al de pacientes con esta enfermedad (Beal, 1994; Brouillet et
al., 1995). Se sugiere que la toxicidad de este inhibidor es a través de un mecanismo
excitotéxico (Beal et al., 1993b; Kim et al., 2000; Lee et al., 2002a, b), y se ha asociado
a la disminucion severa de los niveles de ATP (Ludolph et al., 1992; Beal et al., 1993a;
Matthews et al., 1998) y a la producciéon de ERO (Schulz et al., 1996; Kim y Chan,
2002). Cuando esta toxina es utilizada cronicamente produce lesiones bilaterales en el
estriado de la rata que estan asociadas a la inhibicién constante de la SDH de mas del
70% (Brouillet et al., 1998). En nuestro modelo, la dosis utilizada de 3-NP inhibe
transitoriamente la actividad de la SDH (60 %) y disminuye parcialmente la carga
energética del tejido sin dafiar el estriado de la rata (Del Rio et al.,, 2007). En esta
tesis, se muestra que el tratamiento sélo con 3-NP no activa a la caspasa-3 ni a la
calpaina (Fig.1 y 2, articulo 3), lo cual concuerda con el hecho de que la dosis utilizada
no es toxica. Sin embargo, nosotros observamos que esta dosis subumbral de 3-NP
facilita la toxicidad del glutamato ya que, la inyeccién intraestriatal de 500 nmolas de

glutamato sélo es neurotéxica cuando las ratas han sido pre-tratadas con 3-NP (Del
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Rio et al., 2007). Por lo tanto, esta toxina es una buena herramienta para demostrar
gue la inhibicion parcial de la mitocondria es suficiente para que las neuronas se
vuelvan susceptibles al dafio por glutamato. Esta situacion podria estar ocurriendo en
pacientes con la enfermedad de Parkinson o Huntington, ya que se han demostrado
deficiencias mitocondriales en pacientes con estas enfermedades (Browne et al., 1997,
Tabrizi et al., 1999) y, en el caso de la enfermedad de Huntington, una disminuciéon en
la recaptura de glutamato que contribuye posiblemente al dafio excitotoxico (Cross et
al., 1986; Arzberger et al., 1997; Hassel et al., 2008).

Las consecuencias de la inhibicion mitocondrial sobre la activacion de factores
ejecutores de la muerte celular, como es la activacion de proteasas, ho se conoce con
exactitud. Estudios previos, realizados en cultivos neuronales, habian demostrado que
la muerte neuronal subsecuente a la co-incubacion con 3-NP y glutamato, tiene
caracteristicas necroticas y se sugiere una posible participacion de la calpaina (Pang y
Geddes, 1997; Nasr et al., 2003; Pang et al., 2003). Sin embargo, en estos trabajos no
se estudié si la inhibicion mitocondrial modifica la cascada de muerte inducida por el
glutamato. Nosotros observamos que el pre-tratamiento con 3-NP no cambia el tipo de
proteasas activadas sino que hace mas fuerte la activacién de la calpaina (Fig. 2D y G,
articulo 3). La contribucién de la calpaina a la facilitacion de la toxicidad del glutamato
durante la inhibicion mitocondrial se evidencia por el hecho de que el tratamiento con
el inhibidor de la calpaina, el MDL 28170, previene el dafio neuronal y la activacion de
la calpaina en la misma proporcion (Fig. 3 y 4, articulo 3). El MDL 28170 es un
inhibidor que tiene alta afinidad por la calpaina y penetra al cerebro rapidamente
después de su administracion sistémica (Markgraf et al., 1998; Kawamura et al., 2005).
Su utilizacion ha mostrado proteccion contra el dafio en rebanadas de hipocampo
incubadas con KA (L6pez-Picon et al., 2006) y después de periodos de hipoxia (Chen
et al., 1997). En modelos de muerte excitotdxica in vivo también se ha demostrado la
proteccion contra el dafio neuronal utilizando este inhibidor (Li et al., 1998; Markgraff et

al., 1998; Wu et al., 2004; Higuchi et al., 2005; Kawamura et al., 2005), al igual que in
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vitro (Araujo et al., 2004). Los resultados mostrados en esta tesis, indican que la
activacion de la calpaina es un evento temprano del proceso de muerte neuronal
cuando la mitocondria esta inhibida. Recientemente mostramos que la lesion en el
estriado de la rata se hace evidente a las 4 horas después de la inyeccién de
glutamato (Del Rio et al., 2007). En el presente trabajo, mostramos que la activacion
de la calpaina ocurre desde las 2 horas después de la inyeccion. Aunque no
conocemos si, en nuestras condiciones, la calpaina se activa especificamente en
neuronas y/o glia, se sabe que la calpaina existe en ambos tipos celulares (Manev et
al., 1991; Yokota et al., 2003). Asimismo, se conoce que el requerimiento de Ca** para
su activacion es de concentraciones milimolares para la glia y de concentraciones
micromolares para las neuronas (Manev et al., 1991; Yokota et al., 2003). En nuestras
condiciones, sabemos que dentro de la lesidbn no se observan células vivas, solo se
observan ndcleos picndéticos. En un estudio previo demostramos, mediante
inmuohostoquimica contra GFAP (marcador glial), que la glia reactiva se encuentra
rodeando la lesién (Del Rio et al., 2007). La ausencia de células dentro de la lesién
sugiere que tanto las neuronas como la glia son susceptibles al dafio por glutamato en
nuestras condiciones y que la actividad de la calpaina posiblemente ocurra en las
células gliales y en neuronas. Ya que ambos tipos celulares expresan receptores a
AMPA y a NMDA se considera que son susceptibles al dafio por glutamato (Matute et

al., 2002; Krebs et al., 2003; Karadottir et al., 2005).

Los resultados mostrados en esta tesis concuerdan con otros reportes donde
se ha mostrado que una alteracion en la mitocondria favorece la muerte celular por un
mecanismo independiente de caspasas (Chang y Jonson, 2002; Cregan et al., 2002;
Takano et al., 2005). Esto se ve apoyado por estudios que han mostrado que el
tratamiento con inhibidores de caspasas no disminuye el tamafio de la lesion inducida
por diversos estimulos excitotoxicos (Tomioka et al., 2002). Se sugiere que la

activacion de la calpaina favorece la muerte independiente de caspasas (Lankiewicz et
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al., 2000). Esto puede deberse a que, por un lado, la calpaina puede cortar tanto al
precursor de la caspasa-3 como a su fragmento activo en el extremo carboxilo terminal
(Bizat et al., 2003b) modulando la activacion de la caspasa-3 y favoreciendo un
mecanismo independiente de esta y un fenotipo necrético (Lankiewicz et al., 2000).
Otro tipo de muerte celular independiente de caspasas es la muerte autofagica, la cual
se caracteriza por la presencia de vacuolas que en su interior contienen organelos
(Uchiyama et al., 2008). La muerte autofagica se ha relacionado Ultimamente con la
muerte neuronal que ocurre durante periodos de hipoxia-isquemia (Koike et al.,
20008), asi como en algunas enfermedades neurodegenerativas (Kegel et al., 2000;
Chu, 2006; Nixon, 2006). El papel de la calpaina en este tipo de muerte celular no se
conoce con exactitud, sin embargo su activacion prolongada se vincula con la ruptura
de lisosomas y la consecuente muerte autofagica (Posner et al., 1995; Yashamira,
2003; Yashamira et al., 2003; Demarchi et al., 2006). En este trabajo no se realizaron
estudios concernientes al fenotipo de muerte celular en nuestras condiciones, estudios
de microscopia electrénica serian necesarios para resolver esta pregunta. Finalmente,
se ha mostrado que la activacion de la calpaina favorece la liberacién de factores pro-
apoptoéticos mitocondriales (Polster et al., 2005; Takano et al.,, 2005); dado que
demostramos que la toxicidad del glutamato es un proceso dependiente de la
activacion de calpaina (Del Rio y Massieu, 2008; Del Rio et al., 2008), es interesante
estudiar si esta activacion estad relacionada con la liberacion de los factores
mitocondriales y si éstos favorecen algun fenotipo de muerte celular, necrosis o

autofagia.

El papel de los receptores ionotrépicos glutamatérgicos en la activaciéon de la
calpainay su relacion con el dafio excitotoxico.

La gran variedad en los modelos de muerte excitotoxica ha dado a conocer una
gran diversidad de mecanismos a través de los cuales las neuronas mueren después

de un estimulo excitotdxico. Muchos de éstos dependen de los receptores a AMPA
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(Brorson et al., 1994). En otros modelos se enfatiza la entrada de Ca** a través de los
receptores a NMDA (Tymiansky et al., 1993a) y la captura de este Ca** por parte de
las mitocondrias (Stout et al., 1998). Dado que nuestro estimulo toxico es el glutamato,
nosotros decidimos estudiar el papel de sus receptores ionotrépicos utilizando
antagonistas glutamatérgicos, a dosis que previamente habian mostrado proteger en
otros modelos de excitotoxicidad in vivo (Massieu y Tapia, 1994; Montiel et al., 2005;
Camacho et al., 2006). Estudios pioneros que asocian estos receptores a la activacion
de la calpaina muestran que la inhibicion selectiva de los receptores a NMDA 0 no-
NMDA, con sus antagonistas, evita el corte de la espectrina (Jourdi et al., 2005), otro
estudio indica que si las células no expresan receptores a glutamato la calpaina no se
activa (Di Stasi et al., 1991). Los principales receptores involucrados en la muerte
excitotoxica, dada su alta permeabilidad al Ca®*, son los receptores a NMDA (Choi et
al., 1988; Tymiansky et al., 1993a; Sattler et al., 1998). Esto se confirma en nuestra
investigacion ya que el tratamiento con MK-801 previene del dafio inducido por la
dosis toxica de glutamato en ratas intactas (Fig. 4, articulo 4). El papel de los
receptores ionotrdpicos glutamatérgicos en la activacion de la calpaina no se ha
estudiado con detalle. Se sabe que la activacion de los receptores a NMDA que
contienen las subunidades NR2B permiten una mayor entrada de Ca*" que los que
contienen las subunidades NR2A y NR2C (Lynch y Guttmann 2001, 2002). Si
tomamos en cuenta que la calpaina es muy sensible a los cambios en la concentracién
de Ca*, se puede especular que los receptores que contienen a las subunidades
NR2B son los mas importantes en la activacion de esta proteasa. Esto se podria
averiguar utilizando ifenprodil, un inhibidor de los receptores a NMDA gue contienen la
subunidad NR2B (Williams, 1993). Otros estudios han demostrado que los receptores
a NMDA que contienen a la subunidad NR2A contribuyen a la toxicidad del glutamato,
no asi a la activacion de la calpaina; mientras que los que tienen la subunidad NR2B
contribuyen a la activacion de la calpaina y al dafio excitotoxico (Simpkins et al., 2003;

De Ridder et al., 2006; Centonze et al., 2006).
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El papel de los receptores no-NMDA en la muerte excitotéxica involucra
principalmente su capacidad despolarizante; ahora se conoce que del 8 al 15% de las
neuronas del SNC contienen receptores a AMPA permeables a Ca?* (Pruss et al.,
1991; Turetsky et al., 1994), y que el Ca*" entrante por esta via puede activar a la
calpaina (Bi et al., 1994; Jourdi et al., 2005). Neuronas que expresan receptores no-
NMDA permeables al Ca?* mueren después de su exposicién a KA en un periodo de
tiempo similar a la muerte generada por su incubacién con NMDA (Brorson et al.,
1994; Weiss et al., 1994; Lu et al., 1996). En esta tesis mostramos que ambos tipos de
receptores ionotropicos glutamatérgicos contribuyen de igual manera a la muerte y
activacion de la calpaina cuando las ratas son pre-tratadas con 3-NP (Fig.5 y 6,
articulo 3); no asi en el modelo de muerte excitotéxica severa en donde los receptores
no-NMDA no tienen una contribucién al dafio aunque si a la activacién de la calpaina
(Fig. 2 y 4, articulo 4). Aunque por el momento no podemos sugerir un mecanismo que
explique este resultado, sugerimos que en presencia de la inhibiciébn mitocondrial, la
falla en los sistemas reguladores de la concentracion de calcio interno, resultara en la
muerte de las neuronas independientemente del receptor involucrado en la entrada de
éste cation. Es decir, las neuronas se haran mas vulnerables a la activacion de los
receptores no-NMDA.

La participacion de los receptores a NMDA en la activacion de la calpaina 'y en
la facilitacion de la toxicidad del glutamato en presencia de 3-NP, se evidencia con el
hecho de que el tratamiento con MK-801 previene el dafio y la activacion de la
calpaina en la misma proporcion (Fig. 5 y 6, articulo 3). Ademas, la inhibicion de la
calpaina con el MDL-28170 disminuye la extension de la lesién y la activacion de la
calpaina en proporcion similar (Fig. 3 y 4, articulo 3). El MK-801 es un inhibidor no
competitivo que no tiene selectividad por una subunidad del receptor a NMDA en
especifico, por lo que desconocemos la contribuciébn de un subtipo particular de

receptor a NMDA en este modelo de muerte excitotoxica.
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¢,Como puede contribuir la calpaina al dafio excitotoxico?

Conocemos que existe una asociacion entre la activacion de la calpaina y el
dafio neuronal inducido por glutamato en las ratas pre-tratadas con 3-NP. De hecho, la
activacion de la calpaina se ha implicado en la enfermedad de Alzheimer, Parkinson y
Huntington (Saito et al., 1993; Gafni y Ellerby, 2002). También se conoce que el
incremento sostenido de la concentracion de Ca* intracelular conlleva a la activacion
sostenida de la calpaina; por lo tanto, al no estar regulada, puede contribuir al proceso
neurotéxico al romper componentes estructurales necesarios para la sobrevivencia de
la célula (Lynch y Baudry, 1987; Pant, 1988; Siman et al.; 1988; Greenwood et al.,
1993; Brana et al., 1999; Rami, 2003). Varios son los mecanismos por los que la
calpaina puede favorecer el proceso de muerte celular (Fig. 5). Primeramente, corta
substratos haciendo que éstos se activen o inactiven. Por ejemplo, prolonga la
activacion de la cinasa dependiente de ciclina 5 (CDK5) al cortar a la proteina p35, la
cual es un activador de ésta (Lee et al., 2000). Corta a la proteina cinasa C (PKC;
Kishimoto et al. 1989), a la cinasa dependiente de calmodulina Il (CaMK-lla)
(Hajimohammadreza et al., 1997) y a la calcineurina (Wu et al. 2004). Otras proteinas
cortadas por la calpaina son: la sintasa del oxido nitrico, la proteina asociada a
microttbulos 2 (MAP2) (Creed et al., 1996; Zhang et al., 2007) y la espectrina (Wang
et al., 1998). De manera importante, la activacién excesiva de la calpaina puede estar
relacionada con el dafio excitotéxico, ya que se considera que ésta amplifica la
cascada de muerte neuronal mediante el rompimiento de proteinas que contribuyen a
la falla de la homeostasis del Ca*" intracelular (Bano et al., 2005; Pottorff et al., 2006;
Bano y Nicotera, 2007; Aradjo et al., 2007). La calpaina corta al subtipo NCX3 del
intercambiador de Na*/Ca?", favoreciendo el aumento de Ca?* intracelular relacionado
con la desregulacion de la concentraciéon de Ca?* intracelular (Bano et al., 2005; Bano
y Nicotera, 2007; Araujo et al., 2007). También corta a la PMCA provocando su
internalizacion y como consecuencia la extrusion de Ca*" de la célula se hace mas

lenta (Pottorf et al., 2006).

92



Finalmente, se conoce que la activacién continua de la calpaina produce cortes
sobre los mismos receptores glutamatérgicos aumentando el efecto téxico del
neurotransmisor (Bi et al., 1996, 1997; Pineda et al., 2007; Xu et al., 2007; Yuen et al.,
2007a, b). La subunidad mGIuR1 de los receptores metabotrdpicos de glutamato es
cortada por la calpaina en su extremo carboxilo terminal y genera una
retroalimentacion positiva de sobrecarga de Ca®* (Pineda et al., 2007; Xu et al., 2007).
La estimulacién continua de los receptores a NMDA activa a la calpaina, la cual puede
a su vez cortar a la subunidad GIuR1 de los receptores a AMPA en su extremo
carboxilo terminal, reduciendo la actividad de este receptor (Bi et al., 1996, 1997; Yuen
et al., 2007a, b). Una vez activa, la calpaina también corta a los receptores NMDA que
contienen la subunidad NR2B; después de su corte, estos receptores permanecen en
la membrana plasmatica pero pierden sitios de regulacién por la PKC y otras cinasas
de tirosina (Simpkins et al., 2003). La activacién de la calpaina desorganiza a las
proteinas de la post-sinapsis ya que corta a la proteina PSD95, la cual se une a los
receptores NMDA post-sinapticos, asi como a las subunidades NR2A y B; este corte

se asocia con la activacién téxica de estos receptores (Gascon et al., 2008).
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Figura 5. Substratos de la calpaina que pueden contribuir al dafio excitotdxico. La

calpaina es activada por el aumento en la concentracién de Ca* intracelular, si la

activacién de la calpaina es intensa y por periodos de tiempo prolongados, ésta

puede cortar componentes celulares importantes para la sobreviencia celular.
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RESULTADOS

Articulo 2
“Mild mitochondrial inhibition in vivo enhances glutamate-induced neuronal damage
through calpain but not caspase activation: Role of ionotropic glutamate receptors”
Del Rio P y Massieu L. 2008

Experimental Neurology 212, 179-88.

Este articulo muestra los datos concernientes a la participacion de la calpaina y de los
receptores ionotrépicos glutamatérgicos en el dafio neuronal inducido por glutamato
cuando existe una inhibicion mitocondrial previa. Los resultados mas importantes
presentados en este articulo son:

1) La exacerbacién del dafio producido por glutamato cuando hay una inhibicion
mitocondrial previa no esta asociada a la activacion de la caspasa-3. En este articulo
se muestra que, a pesar de la presencia de una lesién de tamafio considerable, la
caspasa-3 no esté activada, lo que sugiere que éste es un proceso independiente de
caspasas.

2) El glutamato activa de manera fisiolégica a la calpaina y para que esta activacion se
asocie con la presencia de una lesién, es necesaria una activacion intensa. Si se evita
la activacion de la calpaina, la lesion inducida por el glutamato es de menor tamafio.

3) Los receptores glutamatérgicos de tipo NMDA y los no-NMDA contribuyen de igual
manera a la activacion de la calpaina y el establecimiento de la lesion en estas
condiciones. La inhibicion de estos receptores previene del dafio inducido por

glutamato.
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ABSTRACT

Ghitamate peurcinaiciy b exacerbared when enengy metabolism b impalred. In virmo studies show that
newsonal dearh im these comditions |s relaed 1o minnchondnial dysfuncdon, AT depletion, and the oss of
calcum homemtass. We have recemily observed that, in whee, ephancement of glitamate todciy elicied by
previons migochondrial inhibitkon does not invobee severe ATP depletion, suggesting the imvolvement of
other processes. Factors such as tlse actpration of different progeases may determine thse extent amd tope of
cell death. Praease activation might be eriggered by intemal of external factors, such aé mitochondial
damage or the ativagon of a particular glutamate receptor subfype. In the present simly we aimed o
investigabe whether moderate inhibition of mitochondial metabolism facilitabe ghotamate wodcity through
caspane 3 or calpain activation, as well & the contribution of NMDA and mon-NMD& glutamate ionomopic
receptors 1o this sotivation. Rats wene pre-ineated with & subtosic dose of 3-MP asid 4 h Luer intraseralaly
infecred with ghitsmate. Resuli shorw that neither of these treatments slone [3-N1 ar Gl o in combination
[3-HP=Glul activated caspade-3. Canversely, calpain activity is induced aller ghitamate injection both im
intact amd 3-NP pre-treated rats. Imhibition of calpain activity by BDL-Z8170 significantly prevented striatal
damage. NMDA and non- MDA recepions contributed equally o calpain activation and 1o the induciion ol
newronal death. Resulls arggest that enhancement of ghitamate teicity due 1o imhibition of mitochondrial
mefabalism i wheo, does nil recruil caspase-dependent apoptosis but Bvors calpain actheation throwgh the

atimuilation of both subtypes of guramace lenoimph recepines,

Imtrosduction

ceglitamnare |Gl is the maor sxciliony eumifansmeier i e
mammalian cenral pervous system {Fonnum, 1884}, owever over
atiivatlon of (5 receplons prodeces excitotoxic euronal death,
Excitotaxscity has boen related o neuronal damage associated wath
ischemic periods. hypoghyoemia, cerebral rauma, and some newnm-
degenerative diseases such as Huntington's disease (Denvendite et al,
I5B4: Wicloch, 1985; Arundine and Tymianski, 20041 It is known that
e continuous activation of Glu recepoors induces 3 large increase in
intraced lular calaium accomapanied with mitochondrial dyafunction, as
reveabad by the loss of nhtochondrial membrane potential, mitochon-
dirial caloium overload, and ATP depletion (Ankarcrona et al, 1995;
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White and Reymolds, 1995; Budd and Micholls, §596; Schinder et al..
1996; Garels el al, 20051

Cluramate-mediated neurotoaicity is Dcdiated wisnesver enerigy
metabolism is inhibited {Movelll eral. 1988; Zeevalk and Micklas, 1992;
Simpson and BBacsan, 1993 Massieu et al., 2000 ), The Identification of
some of the processes involved in the exacerbation of Clu toedoity
during encrgy Gilure has been presunsed mainty from in viero studies
in newronal cultures, These studies have shown that enhancensent of
Glu toxicity during mitechondrial inhibition with 3-nitropropienic
acid {381, an irreversible inhibitor of seccnate delydrogenase of
mitochondrial complex IL is strongly related to the fablure of mito-
chiondrial activity and a rapld and severe decline in ATP levels (Nasr
el al, 2003 Garcia and Masslew, 2003: Garcla e al., 20051 However,
we have recently demonstrated that faclitation of Glu toxicity in the
striatum of rats pre-treated with 3-NP, does not wolve 2 severe ATP
depletion but a sustained merabolic impabrment {Del Rio e al, 3007 )
Due ter the complexity of the entire brain, it is possible that, @ viva,
other factors related o mitochondrial inhittion ooobd influence the
enhancement of Glu towioty. In vice studies have shown that, de-
pending on the severity of the initial stimulus {Ankarcrona ot al., 1995;
Bonfoca et al, 1995; Cheung et al, 1958} and on the activation of a
particular Glu receptor subtype {Portera-Caillau, 19597 ) Glu can trigger
a distinct cell death phenatype leading to apoptosis of necmsis. In

59



LR P Ded By 0L Mozite | Experimestal Newrodegy 20 (2008] 176 188

adlditioin, faciors such a5 ATP levels, mitochandial dysfunction and the
dilferential activarion of distinct proteases, calpains and caspases, can
determine the extent and phenotype of newmnaal death { Ankaronems
et al, 19%85; Fang and Geddes 18897; Pang et al, 2003; Del Rio and
Masgiieu, 2007), Caspase activation has been associated with an apo-
potic phenotype, while calpain activation resubling from increased
[Ca™): has been related fo a pemotic phemotype (Siman et al, 1985;
Wang, 20001 Elucidating the precise role of calpam amd caspases,
particularly of caspase-3, in exciiotoxic cell death dusing mild mito-
chondrial inhibition is a challenging question; first becauss both
protexses share common substraies and. second, because a cross-talk
hetween both proteases exists

The mechamisms underdying the facilitation of Glu tooicity when
mitechondia are partially inhibived are not well underscood;
furthermode, B wivo siudies concermning thas phenomenonh are scance.
As mitochomd rial Caflure and the consequent boss of calcium home-
ostasis might favor caspase andfor calpain sctivation we abmed to
determine whether mitchondrial inhibition in vive influences
gluamate-induced protease acuvation, and i this process {5 related
o the exacerbation of Glu foxdcity. 'We also aimed © know the
contr bution of NMDA and non-RMDA Glu receptors on the activation
of these proteases and neuronal damage, Caspase activity was studied
fhorometrically and by Western blof, using antibodies recognizing
the procaspase and its active fragments. Calpain activity was mani-
tored by the cleavage ol its well-known substrate, o-spectrin thmough
‘Western blot using andiboclies against the complete protein and its
Breakclown products.

Materials and methods
Marterials

F-NP r-glutamate {sodium salt], Cresyl Violet, HEFES, sicrose,
CHAFS, FDTA, DTT were purchased from Sigma (S5 Louis, MO, USAL
MIDL-28 170 was obtained from Bomoel {Pymouth Meeting, PA, USAL
Glu receptors antagonists {#]-5-methyd-10,11-gilyd rooy-5-thenealad )
cyclabieptens-5,10-imine malsate (ME-801 }and 2,3-dibndrosy-G-nitm-
7-sulfamwd -benzojquinoxaline-2 3-dione {NBOX) were purchased
from Tocris {Cookson Lid, Avonmouth, UK} Proteases inhibitor cocktail
wias obtained from Roche [ Msan, Francel AC-DEVIFAMC was pur-
chased from Peptide Institute (Louisville, KY, USA}L Antibodies against
specirin and actin were obiained from Chemicon {Temeoula, CA, LBAL
Antibody against caspase-3 was fromn Santa Cruz Biotechnology (CAC
LISAL Anti-mouse or anbi-rabbit IgG were from Jackson Immunonesearch
[West Grove, PA, USAL ECL reagend was purchassd from Mallipors
(Billerica, MA, LSAL

Animal treaiment

Male Wistar rats (250=30 g} were used throughouwt the stedy.
Thiey were haneled according to the Natsinal Institute of Health Guide
for the Care and Use ol Laboratory Anbmals {NIH Publications No. 80—
23} amd the local Animal Care Commitiee approved all animal
treatmients. All efforts were made to mindmize the member of andmals
used and their sulfering. Animals received Dwo intraperiteneal [ip)
injections of 3=MP {15 mgikg), the second one administersd 24 h alter
the first one, Four hours after the second 3-NP administration, ras
received an intrastriaral ingection of Glu (5300 nmolfpll 3-NP was
dissolved in 10 m phosphate buffer and pH was adjusted to 7.4 with
1 M NalH. Gl { sodiiemn salt) was dissolved in waber {pH 7.3} Control
animals received twe Lp. inpections of wehicle {25030 pl of phos-
phate buffer, pH 7.4) and an intrastriatal injection of Glu. An additional
group of animals received two 3-NP iLp injecions and 1 pl sline
intrastriatal Enjection. For neumoprotection experiments rals were
reatedd with the calpain inhibioor MIDL-28 170, MDL-28 770 (25 mg/kg)
wias injected i.p. H min belfore and immediately alter Gl injection

{50 myg/ke o tolall MDL-2B170 was dissolved in DMSD {25 mafml)
aml injection volume was adjusted according to the rat's wedgha {500-
GO0l & An independent group of animnals was treated with the ML
recepior antagonist ME-801, and the non-8 MDA recepior antagondst
NBGX, or with both antagonists, ME-800 was injected Lp. 30 min
before Glu intrastriatal injection (2 mgfkg); it was dissolved in saline
sodution {2 mg/md in MaCl 05E) and the ingection volunse was acjusted
to the rat's weight (250-300 pl}, KBOX was intrastristally co-injected
with Gl {4 total of S0l in 1 pl) and it was dissobved in the Clu-
containing solution Arains were processed for histological analysis or
for caspase-3 and calpain activity determipations at the tmes
imdlicated in figures.

Sterevlaxic injections

Intrastriazal Glu inpections were performed according 1o previously
reported methodobogy in halothane-anestatizad rars {Massieo et al,
200 ; Del Bio et al, 20807 & Briefly, animals were anesthetized with 4=
5% halothame in 2 95% 0f5% O0: mixture and pleced on a stefetaxic
frame with the nose bar positioned at - 3.3, A 1-2 mm hole was d rilled
aned 1 pl of either Glu {500 ol } or vehicle sedution {0.9% saline) was
injected at a mte of 05 plfmin via a Z7-gaupe stainless steel needle
connected o a Hamilion syringe with the aisd of a micreinjection punygp
{Harvard apparatus pump model 55, South Natkk, MA USAL Co-
ordinates used were: AP 0.7 i antenior from bregma, L+ 2.8 mmy
from muidline, and =40 mm (rem the durd, according to Paxinos and
Watson (1986 Brains were obtained ab dillerent times afier Gl
admendstration apd peepared for histological evalwation (24 hl
Western blotting and caspase-3 aoivity (from 2-24 h) as described
bedovws.

Hesrologioal evalmation

For histological evalustion animals vere anesthetized with sodium
pentoharbital anaesthesia 24 b afler Gl injection and transcardially
perfused with 250 ml of (9% saline sodwtion folowed by 250 ml of 5%
formaldehyde in 00 M phosphate bufer (pH 131 Bralns wers
remerved and placed in fixative solution for additional 24 h Brains
were then transferred o a 20% and 30% sucrose solution successively
Coronal sections (40 jam) were obiained ina cryostat and stained with
Cresyl Violet Lesion volume was caloulated as described previously
{Del Ko et al. 2007}, Brielly, lesion size was calculated by examination
of all brain sections where neuronal damage was evident in each
experimental animal (number of animals per group: 6 for 3-NP alone,
6 o 3-NP+ intrastriatal velibcle, 7 for Glu + Lp, vehicle, 6 Tor 3-KPeGhi,
6 for ME-B01, 5 for KB, 6 for ME-B01+NBOX, amd & for MIN-28170)L
Damaged area was delineated manually and measured with the aid of
an image anakyzer [MIH Macinfosh Image LG The lesion volume was
cabrulated by moultiplying the average damaged area by the distancoe
between the frit and the Las tisoe secton whene isue damage was
wigible, Resulis are expredsed as meanse 5 EM. of lesdon volume per
each ankmal group.

Caspase I acthvaticn

For caspase-3 aonaty determination, intact of 3=RNP-treated rats
inirastriatally injected with Glu were killed by decapitation 2,4, 7,12, 18
and 24 bhafler Glu. Because Glu was injected 4 b after 3-MP treatmment,
the animal group reated only with 3-MP was sacrificed 6,8, 11, 16, 22 and
28 b Later. After dissection, the striatum was homogenized in caspase
buffer containing: 106 md HEPES {pH 7.4 MK {wiv) sucrose, 0.1% (wiv)
3|3 -cholamidopropyl ) dimethylammonio]-1-propane  sulphonate
{CHAPS) 10 mM dithisthredtol (DTT) 1 mM EDTA, and profeases in-
hibitor cocktail. Caspase-3 activity was assayed by a flucrometric
methed in a luminescende spectromeler (Specdronic Instruments, SLM
Aminco-Bowaman, Rochester, MY, USA) using the iemapeptide acetyl-
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Asp-Clu-Val-Asp-| 4-methylcoumaryl-7-amide] {Ac-DEVD-AMC) as
subsirate, a5 reported previously (Massieu et al, 2008) Activity was
follweed for 15 min after the addition of substrate { 2.5 ph) and 50 pg of
protein frem striatal bomogenates, o 20 ml of a standard solution
coraining: 100 mi HEFES (pH %4% 100 {wjv] sucrose; 01% (wiv)
CHAPS: 10 mM DTT; 1 md EDTA; and protease inhibitors. Results ane
epressed a5 the change i (onesos noe intensity per hour permilligram
of protein produced after substrate clesvage. For these experiments data
fromn 4 animals per each dme point and treatment were anakyzed,
with thee exception of the 7 b timse point from the 3-NPSGlu ireatment
‘wbiere resules of 7 akmals were analyzed.

Western Blotting

Caspase-3 and calpain activation was assessed by Western blotting.
Caspase-3 activation was evaluated by employing an antibody that
recognizes the procaspase (32 k) and the active fragments of
caspase-3 {17 and 12 kDa) Calpain activation was assessed by the
utilization of an antibody that recognizes the complete and break-
down products of o-spectrin. Spectrinis a ovtoskeletal protein that isa
substrate for both, calpain and caspase-3; calpain generates break-
down products of 145 and 150 kida while caspase-3 produces
fragments of 150 and 120 kDa. Recognition of the different breakdown
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prodects has been used as an index of caspase-3 and calpain
activation. With this purpose, rats were killed by decapitation, the
striatum was dissected and hamogenized in 300 pl of ice-cold buffer
containing 25 mM HEPES-KOH {pH 741, 01% Triton X-100, 5 mM
Mzl 1.3 m EDTA, 1 mb EGTA, and a cocktail of protease inhibitors.
acconding bo Bizat et al (2003b) Homogenates were cenirifuged at
15,000 g for 30 min, and the supernatant stofed at =20 °C until
analysis Protein concentration was quantified by the Bradford method
{ Bradford, 1976). For Western blot, 30 or 75 pg of supernatant proten,
for caspase-3 and spectrin respectively, were separated by SO05-FAGE
arrilamide gels {10 and 7% for caspase-3 and calpain respectively L
Samples were bodled for 3 min elecrophoresed at 75 mA during 2.5 h
andl then transferred fo nitrocetlulose membranes during 24 hat 4 °C
{30 mA)L For caspase-3 immunobloting the membrane was incoubated
during 1.5 hin a selution containing 5% albumin in TES/oween 20( THS-
T, t00mM Tris—-HC . pH 7.5; 150 md MaCl; 0.05% Tween 20) and then
incubated overnight at 4 “C with anfi-caspase-3 antibody (1: 100
diluted In 5% albumin containing TES-T solution]. Membeanss wens
washed with TBS-T {10 min3 times) and then inoubated 2 h at room
temperature with anti-rabbic horseradish peroxidase-conjugated
antibody {1:1000). They were washed again with TBS-T {10 min/3
times] before peroxidase activity was detected. Membranes for
spectrin and actin {control loading) immunoblotting were inoubated

Glu 3-NP+Glu
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or 3. NP-pre- treated rals (3-5PeGha n= 7). In araeal pre-treated with 3. KPeGhe a6 increase in the dixeof the letion i cearty oboerved, Scale har = 500um. B) Representalie Wester
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diring L5 hin a solution containing 5% dry mdlk in TES fiweeen 200 TBS-
Te 100 b Tris-HOL, pH LS 150 mbd KaCl, G05% Tweesn 20) and thean
incubated oesrnight at 4 °C with anti-spectrin antibody { 1:10,000] or
anti-actin {1:12 (M) {antibodies diluted in 5% dry milk containing
TBS-T solution | Membranes were washed with TES-T{ 10min 3 timses)
and then incubated 2 b at roons temperature with anti-rabbit horse-
radish peroxidase-conjugated antibody {110 KL They were washed
i THA-T [ 10 min) 3 times) before perocidase activity was detecied. The
pereadase aoivity of all blots was detected using BCL reagend.
Membranes were exposed to X-ray films and the resulting autoradio-
graphies were scanned. The optical density {OD]) values of delineated
bands were obtained by means of the KiH Image/ Image | program. For
this purpose, G0 values of the 145 aned 150 kD3 bands were obiainesd
as a single data because i the 3-NP+HGlu group these two bands were
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seen a5 a single one. OO0 of actin bands was also obtained as loading
cottrol Ratios of 145150 kDa bands and actinwere used for statistical
amalyses We anabyred data of 4 animals per time polnt per treatmeent,
with the exception of the 3-NP+Glu treatment where resulis of 5
animals were analyzed.

Stmnbstics

All data are expressed as means+5EM and were analyzed by one-
way ANOVA. A post-hoc Fisher's least significant difference mkiltiple
comparnison test was used o compare the differences between the
activation times of caspase-3 and calpain {in Western blotting and
Muoromery assays) withineadh individual treatment The sarme test was
used for comparisens between Glu receptor antagonist- and calpain
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inhibstor-treatmenis melaive to the 3-NPsGlu group (in calpaln activiny
assay aned |eston volume measuremenisl Differences were considered
significant when <005 was obtained.

Hesulis
Exacerbation of Glu newnsdoxicity does nof induce cespase-T aotivation

I recent report we have previously shown that the injection of
500 nmol of Glu inte the strianem of infac fts does not injure the
striatum beyond the damage induced by the intrastriatal administra-
tiom of saline solution. If rats are systemically pre-treated with 3-NP,
Glu hecomes & pobent boin despite this mitochonmdrial inhibitor does
not injure the striatum Disell (Dol Ko et al, 2007} Fg 1A shows
representative micregraphs of the striatum of rats treated only with 3-
NE, intact rats inpected with Glu, and rats pre-treated with 3-NP and
intrastiatally ingected with Glu {3=-NP+Glu) Photographs illustrate that
Gla intrastriacal injection in intact rats (Glu) induced a small besion,
shiown s a pale area. When Glu is ingected [n3-MF pre-treated rais(3-
B+ the lesion inoreased insize. Damaged tissue appears as a pale
region dwe o the lack of incorporation of oresyl vielet and it is
characterized by the presence of pylmote nuclei and amorphous
corbensid cells, Quantification of the leston volume showed that
Glu-induced lesions in 3-NP pre-treated animals increases up o 4.9
foddd companed to Ghe injection in intact rats (Glu: 05402 0059 mm™;
TNP+Glu: 26750460 mm', n=6=7, Fig 6L Theie resulls agree
with those published previpusly {Del Rio ot al, 2007, Rats ireated only
with 3-NP {Fig. 1A} showed mo striatal lesion as previowsly reporied
(Dl Rio ef al, 2007}

Since caspase-3 is one of the executioners of apopiotic cell death and
its activation is promoted by mimchondrial dysfuncticn, we wanted o
kmow i caspase-3 (s related to the exacerbation of Glu moxicty during
ot analyses using an antibody. which recognizes procaspase (32 kiba)
amd caspase-3 active fagments {17 and 12 kDal Results in Rg. 18 show
it neithier 3-Ni'administraton, nor Gl intrastratal injsction in mao
s (Glu) or in 3-NP pre-treated mas (3-KikeGlu) induce caspase
activarion at any of the tmes siudied. Western blots show the pressnce
of procaspase-3 (32 kia} but the active fragments {17 or 12 ka) wene
et ohserved (Fg 1B) To corroborate the Lack of activation of caspass-3
after the different treatments, we used a flusnometric method for
meEasuring caspase-3 activity, by meeans of the (horogenic substrate { Ac-
DEVT-AMC ), a specific substrte for caspase-3, Results comoborated that
Glu infection does not activate caspase-1 neither in intact rais nos in3-
WP pre-treated rats at any of the times studied A minor and transiend
activation of caspase-3 was oheerved at 11 b aller the second ad-
mindstration of 3-KF (Fig 1CL

Glutmmate indwoes calpain activatien in intect and in 3-NP pre-treated
s

We nexl mvestigated whether calpain activation is related 1o Glu
tsticity induced dunig mitochomdnal inhibation. In mounkehisting
stuclies an antibody was employed against a-spectrin, & well-known
substrate for caspase-3 and calpain Activated caspase-3 generates
specirin-breakdown producs of 120 and 150 kDa; whereas calpain
generates 145150 kia fragments, Fig. 2 shows representative Westerm
blots of specirin and spectrin-breakdown products at the times stsdied
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alter the defferent treatments, the graphs depicting the densitomsstric
analysis of the ratio of the 145150 kDa bandsfactin band are also
shawn. None of the spectrin-boeakdown products were observed after
satline intrastriztal injection {Fig. 24} Results dlustrate the presence ol
the band corresponding to the complete specirin protein (280 kDa)
and the absence of the bamds comesponding to the 120, 145 and
150 kia fragments after 3-MF treatment alone (Fig. 2B, B}, suggesting
the lack of activation of caspase-3 and calpain in this condition.

Glu intrastriatal administration in intact rats produced a 145/
150 kila doublet from 2-24 b after the injection. The 120 ki band
wis not observed in this condition, confirming that caspase-3 is not
activated {Fig. 2CL When Gluwas injected in 3-NP pre-treated rats. the
T45/150 kika bands were present from 2-24 h after the injection and
the doublet appeared as one intense band. suggesting a stronger
activation of calpain in this condition {Fig. 20 Densitometnc analysis
sherws that Glu in intact rats activated significantly calpain 2-24 b
after the injection (Fig. ZFL The demsitometric analysis of the 145/
150 kida bands produced by Glu in 3-MP pre-treated rais show that
calpain is similady aoivated at 2 b, but (s acivity s o than two
lobd enhanced 4 b after the injecion (Fg 2G) The 120 kD band
corresponding o the fagment prodieced by caspase-3 aoivity was not
whserved n this condition (Fg 200

In order to know whether calpain activation (s associated with the
exacerbation of Glu toxicity induced by 3-NE the calpain inhibitoe
MOL-ZB 170 was admindstersd 30 min before and immediately alter
Glu intrastriatal injection Bralns were processed for histological
evaluation of the injured sriztum and for calpain aoivation. Fg 3
shows that admdnistration of the calpain inhibitor significantly re-
duced the density of the 1457150 ki bands, as assessed 4 and 12 b
alter Glu intrastratal injection, times at which calpain was substan-
Hally activated, Treatment with MIDL-28170 reduced the density of
145150 kDa bands by 47 andd 56T relative to B=NP+Glu at 4 and 12 h
respectively (Fg IBL Reduction of calpain activation was
mied by a signdficant G2% reduction in the lesion volume [Fg. 400
suggesting that calpain activaty is related to tisiue damage induced by
Glu in 3-NP pre-treatsd rats, Représentalive fissue secions from
treated animals are shown in R 4; it cun be observed that the sive of
the besion is substantially reduced in animals treated with the calpain
inhibstor as compared o those treated with 3-NP+Glu (48 and 4C), The
leston wolume was not reduced when rats were Lp. injected with
DMSO (the MDL-28170 vehice) (in mm®, 3-NP+Glu=3.709£0.99; 3-
NP+Glu+DMS0=3 8002 L1865, n=4)

Calpmin activation qfter ghrtamire njection és partially dependent on
Elutomare fenetropic receptor aotivation

Activation of Glu receptors iwduces the influx of Ca™ ions, which
codtld in turm mediate calpain activation. Therefore, we next aimed to
know if calpain activation after Glu injection was dependent on the
stimyulation of a particular receptor subtype. Rats were treated with the
el MDA and non-NMDA recepior antagonists, ME-801 and KRB
respectively, and brains were processed for the quantification of the
lesbon wolwme at 24 b, or for the determenation of calpain activation at
12 e Animals treated either with ME-B01 or NBOX showed a sig-
mificant reduction of the lesion sze, although those recelving both
antagonists do nod show a further reduction of the lesion volume
(Fig. 5}. g 5A shows photographs of representative coromal seotions
at the level of the striatum from animals subjecied o the differemn
treatmenis. Injuered ssue (s observed as a pale region Quantitative
data shown in graph {Fg 5B indicates that the size of the lesion is
partially but significantly (50%) reduced in animals recelving the Glu
e anlagonlsts.

W next abmed w0 know whether the protective effect of Glu re-
cepior antagonists wias due to diminished activation of calpain There-
fore, calpain activation was assessed 132 b afver Glu ingectaon in rais
treated with or without Glu antagonists. Results show that treatment

3-NP+Glu

+MOL-28170
F-MP+GIu

Fig. 4 Elecy of the calpain inkibsiios MOL-ZET0 on rthe bedoe volare mduced by
glutamate in 3-5P poe-treated rate A-C show maomgraphs of representatne tiesoe
sections of the striaium of rais subjecoed o the diflerent Dreatmeess. Ledors are
characterized by a pale area due Do aheeece of incorporacoe of crepyd viske Scale
Bar=500 pm The graph (0 shows 1Be gqaantifcation of e kesoe volerme mduced by
glatamale & rald subecied o B (ilferen realEwerin Valume et wird qaantified
4 hoalier glutasaie ipjecios, *PA00 relalive o Gla, 8750005 reliciee 10 3-KPsGla
Dl afe e arss + SEMY from the reeer of ardesals indicated at the botoom of each hae

wiith antagonists partially reduces calpain activation {dose o 50%) in
ill cases. Fig. A [llustrates representative Western blots shewing the
elfect of the different treatments on the density of the 1457150 kDa
bands. When ME-801 was administersd before Gluin 3-NP pre-treated
rats, calpain activation was evident due to the presence of the 145)
150 kDa bands, but the density of these bands was clearly reduced.
Similarly, when NBOX was co-admindstered with Glu in 3-NP-treated
rais. the 145150 kixa bands were reduced in density. When 3-Ki-
treated rats were pre-treated with ME-801 aned co-injected with Glu
aned MBOX, the density of the 145/ 150 bands was similady reduced as in
rats treated individually with each antagonist alone (Fig. GAB)L This
resull (s in agresment with hstobogical dara showing that treatment
with both Glu antagondsts does not exert further protecion than thar
elicited by each antagonist alone.

Discussion

The present findings agree with previows ohservatbons from our
growp showing that increasing the sxtracellular concentrarion of Glu
through the inhibition of iis rewptake or by the intrastriatal injection
of & low concentration of Glu, does not ead to neuronal damage unless
mitochondrial energy metabolism is disrupred with 3-KP (Sinchez-
Carbente and Massiew, 1999, Massieu et al, 2001; Garcia and Maxsieu,
2003; Del Rio e al, 2007 Since mitochondrial dysfunction and
augrmented intracellular calcium favor thie activation of proleases such
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as caspases and calpains, we now studied the time-course of the
activation of these proteases andd its relation o exacecbated Glu
tem Ly,

Caspase-3 Is known as one of the executionsrs of the apopeotic
cascade: i has been shown o be sooivated alter sxoioioxic (nsults
(Brecht et al., 2001; Tennetf and Lipton, 2000; Pulg and Fermer, 202;
Tomeokca e al., 2002), ischemic periods (Benchoisa ef al. 20070 Divoli
et al, 2002; Fhang et al, 2002; Ferrer ef al, 20003 ), and chrmoade or acuie
treatments with SIEH indibstors (Bizan et al., 20004 Paucand e al, 2004,
e rvona’ shicow thiat e exacerbation of Glu ity dusing mitochendrial
imhibation ks not meediated by caspase-3. Although a transient caspase-3
activaty was obsered after 3-MP reatment by the flusrometnic analysis,
this activation was nod condinmed by Western blot Therelore, it is Hiely
that this activation s not related to a cell deadh stimulus, because the
doge used of 3-NP effectively inhibits SIH but does ool infure the
atriatum {Del Rio et al, 20071 Although caspase-3 activation has been
reported after acute treatiments with 3-NF, this activation is transitory
and occurs anly in the injured brain areas {Bizat ef al, 20004 b}, a con-
dition that is mot present in our experimental comditions.

Calpain, a calcium-dependent protease, has been related to exc-
totedc and necrotic cedl death {Siman and Mosrek, 1588, Seubert et al
198%; Blomgren et al. 19695; Bednarskd et al, 1995 Higuchi et al, 2006;
Takano et al, 2005; Fhu et al. 20051 However, the contribution of
MAMDA and non-NMDA ionsiropdc recepiors to calpain activity and to
the exacerbation of Glu taicity had pot been studied; to our konow-
ledge this is the first study sddressing this question Calpain soivation
wias evaluared by the recognition of spectrin-breakdown products,
Specirin is a cyfoskeletal protein that is a substrate for both crspase-3

and calpain {Siman et al. 1984; Maithetal. 2000; Wang. 2000}, and has
been widely used to detect the activation of these proteases (Bahr
e al, 1995 Roberis-Lewis and Siman, 199%; Roberts-Lewis &0 al,
154 The present results demonstrate that calpain is nod soivated in
rats treated only with 3-NP Eesults shown bere demonsirate that
calpain is activated after Glu injection, and most importantly, that s
relation to neuronal damage is dependent on the magnitwde of s
actvation According to quantitative data, resules show that after Glu
injection the kevels of calpain-generated specirin-breakdown pro-
dhucts are lowsr by intact rats as compared to 3-NP pre-treated. Calpain
activarion bn intact rats s not relaed o Glu toxicity because at the
dose injected Glu does not injure the tssus beyond e damage
catised by vehlbde injection Calpain-medizred specirin cleavage pro-
ihucts are very stable and resistant to further degradanion {Vanderklish
amd Bahr, 2000 Crogalla and Sikorski, 2005}, this might explain the
presepce of the 145/150 kDa bands during the follewing 24 hafter Glu
injection. Transient disturbances in intracellular calcium concendra-
tions after Glu admenistration are possibly related o the eobsered
calpain avivity in Inact andmals,

Results showm in this study bead us to conclude that only a strong and
sustained calpain activation is related to the exacerbation of Glu toxcity
during mild mitochondrial inhihdtion; first, because low calpain ac-
tivation is not related o newronal death in oo rats and secomd, be-
cane |5 inhibition reduoes the extent of the lesions in 3-NP pre-treated
rats. According to quantmative data the levels of the 145150 kDa bands
indicsd by Glu were about 3-fold higher i 3-NP-treated animals. In a
recent study we have investigied the time-course of Gla-induced
striatal injury in 3-NP pre-treated rats, and showed (hat tissue damage is
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alreaity obviows 4 b alter Glu injection, as judged by the presence of
pvknotic cells [ Del Rio et al, 2007} Here we demonstrate that calpain is
robustly activated T b after Glu sdmingsiration, before cefl damage is
evident Supporting this comdl usion we observed that te admindstration
of the calpain inhibior MDL-ZETH0, induced o sustained inhibition of
calpan activity ([rom 4-12 h after Gl injection} and substantially
reduced the sire of the excioiosic lesons MIN-2ZET70 &5 a polent
inhibitor of g amd m clpain thar sntees e bran very rapldly amd
inhibits calpadn activty 30 min after its admimsradon (Markgraf ag al
TeadE] I has previousty been shown that MDL-ZB1390 protects from
ischemic, hypoxic and excitotoxde damage induced by Glu agonists (LI
el al, 1908 Markgral et al, 1998; Kawamara e al, 2005 Fumbermone,
NMDW-indwced calpain activation is proportional to the aumber of
stimwilated raceptors and the durmtion of the stimulug (Bl et al, 1995
WVanderkdish et al, 1995; del Cerro et al, 1954). 3-NP might faoliame Gl
receplnrs activity promoting calpan acivabion. Exposure of conticoos-
triatal slices to 3-WNP partially depolanzes the membrane, a condition
ithat allowes MMDA recepiors bo be easily activated [Saulle et al, Z4)

Robust calpain activation s related to neuronal death when
trriggered after sustalned stdrrusdation of Glu receptors by its selective
agonists {del Cerro ef al. 1984; Babhr et al,, 1995; Jourdi et al, 2005;
Takano et al, 2005 WMDA and non-MNMDA recepior antagonists have
previowsly been shown to inhibit cefl death and specirin deavage
{Seubert ot al. 1989; Siman et al., 1969; Joundi et al, 2005; Del Ko
e al, in press). The present study shows that enhancement of Glu
toxicity during mimchondrial inhibition i partly mediated by the

activation of Glu lonolropic receplors beciuse neuler ME-B01 nof
NBOX, individually or in combination, reduced completely striatal
lesions. Therefore, we can conclude that newronal death &5 not only
due to the stimulation of iomoepic Glu receptors. Caloum infhx
throaigh Glu recepors occurs maindy through the NMDA receptor
sublype; however, non-NMDA receptors can also be permeabls
calcium, depending on their subinit combination {Oeawa et al, 19581
Consistent with the ohsepation that calpain soivation is highly wal-
nerable to intracellar calcium oscillations {Crogalls and Sioorskl,
2005}, we observed thar bath wnotrople receptor subtypes contrib-
uted equally to calpain aothaty, Furthermore, the protective effect of
Glu recepior antagondsts was closely related (o calpain inhabition,
becae they reduced calpam activity o a similar extent as they
reduced striatal lessons {close o S0R). Moresver, calpain inhibition by
Glu recepior anfagoadsts was very similar to that exerted by the cal-
pain inhibitos, MIX.-Z8170.

I ol usion, the Gcilitatory effeo of mitodhondrial inhibidon on
Gl newnmdoxicity cannot be explained by the recruitment of a caspase-
depemndent apopitotic proecess but o the enhancement of cal pain activity,
possibly related to te loss of intracellular calcium homeostasis. Other
recent evidenoe supports the importance of calpaine rather than
caspase-mediated mjury, inomature brain {Takano e al, 2005; Yhu
et al, 2005). Calpain is suggested (o contribute (o @ocibotosic mewronal
disith by targsting components essential for cefl survival swch as opto-
skeletal proleins, enamnes, anl membrane prodedns (Pant, 1988 Siman
el al 198%; Brana et al, 194949 Ramd, 20003; Bano et 21, 2005; Lopez-Pon
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ef al, 2006; Xu et al, 2007) Further smudies conceming the con-
sequences of calpain ovemaivation duning mitochondrial nhibition
may be of mievance for the meatment of neurodegenerative diseases
associated with alterations in energy metabolism and excitotaxicity.
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Articulo 3
“Contribution of NMDA and Non-NMDA receptors to in vivo glutamate-induced calpain
activation in the rat striatum. Relation to neuronal damage.”
Del Rio P., Montiel T. y Massieu L 2008

Neurochemical Research 33, 1475-83.

Este articulo muestra los datos concernientes a la participacion de la calpaina y de los
receptores ionotropicos glutamatérgicos en el dafio neuronal severo inducido por
glutamato. La importancia de este articulo radica en que se muestran datos in vivo en
donde se utilizé el ligando enddgeno: el glutamato. Estudios previos relacionados con
el papel de la caspasa-3 y la calpaina fueron realizados con agonistas
glutamatérgicos. En resumen, los resultados mas importantes son:

1) La muerte neuronal inducida por glutamato es independiente de la activacion de la
caspasa-3 Y la principal proteasa involucrada en este proceso es la calpaina.

2) El dafio severo inducido por glutamato esta asociado con la activacion intensa de
calpaina. Aparentemente esta activacion sobrepasa los mecanismos excitotoxicos,
dado que la inhibicién de los receptores glutamatérgicos previene parcialmente el dafio

inducido por el glutamato.
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Abstract  Glutamate, the major excitalory neuroiins-
mitter, can cause the death of neurons by a mechanism
known as exciotoxicity. This 15 a calciam-dependent
process amd activation of the NMDA receptor sublype
contributes mainly 10 neuronal damage, due (o its high
pemmeability 1o calciom, Actvation of calpain, a calcium-
dependent cysteine  protease, has been  implicated
necrotic excitotoxic neuronal death. We have investigaed
the contribution of NAMDA and non-NMDA jonsiropic
receptors (o calpain activation and neuronal death induced
by the acute administration of glotamate into the rat siri-
atum. Calpain sctuvity was assessed by the cleavage of the
cyioskeletal protein, a-spectrin, Caspase-3 activily was
also studied because glutamate can also lead 1o apoplosis.
Resulis show no caspase-3 actvity, bul a strong calpain
activation invelving both NMDA and non-NMDA recep-
tors. Although neuronal damage is mediated mainly by the
MMDA receptor subtype, 1t can not be attributed solely o
calpain activity,
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Introduction

Glutamate, the major excilalory neurolransmiter i the
mammalian brain, leads (o the death of neurons whenever
ils concentration rises and its receplors are active during
prolonged periods of dme. Sumuolaton of NMDA and mon-
MMDA glutamate receptors by selective agonists triggers
neuronal death by & process known as excitoroxicity [1-3].
It has been widely accepted that the eniry of calcium
through the NMDA receplor sublype contnbales substan-
tially to the induction of excitotoxic newronal death [4-6],
Calciwm entry mduces the acuvity of several eneymatic
processes imvolved in the degradation of a mumber of cell
components such as endonucleases, phopholipases and
profeases, as well a5 enzvmes mvolved in the production of
reactive oxygen species |7, 8], Calpains are calciam-acti-
valed cystein prodesses involved in physiological and
pathological processes, Calpain activity 15 required for the
mduction of long-term potentiation [9-12] and 15 involved
in necrotic cell death through the degradation of several
substrates essential for cell survival, ncluding eneyvmes,
transcription factors, recepiors, transporiers, channels and
profeins of the cytoskeleton such as spectrin [13, 14]
Calpain activation has been implicated in excitotoxicity
triggered during pathological conditions such as ischemia
[15-17], or by the acovaton of NMDA and non-NMDA
gltamate receptors by selective agonists in in vitro and
m vivo conditions [10, 18-20]. The NMDA receptor sub-
tvpe 5 particularly  imvolved In gloamase-mediaed
neuronal damage due 1w s high permeability 1o calcium
ions |21, 22]. Therefore, it was reasomed that NMIDA
receptors stimulation, rather than kanate or AMPA, would
be particulacly involved i calpain activition and nearonal
death elicited by the acute adminisiration of glutamate into
the rat stristum. Using the selective antagonists of NMDA
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and non-NMDA receptors, ME-801 and NBOQX respec-
tively, we investigated the contribution of each jonsropic
receplor sublype o calpain activation induced by in vivo
glotamate injection, and studied 15 relaton 1w the induction
of striatal lesions, The role of calpain in glotamate-medi-
ated lesions was also studied wsing the potent imhibitor of o
and m calpain, MDL-23170. which rapidly penetrates into
the braim and inhibits calpain activity after its systemic
administration [23]. The potential role of caspase-3, an
executor protease related to apopiatic cell death, on striatal
lesions was also studied, since glutamate can lead 1o
necrotic or apoptotic neuronal death depencing on the
severty of the stmulus [24-26]. While calpain actvation
resulting from increased [Ca™); has been related to
mecTosis, caspase activity has beem associated with an
apoplotic phenotype [13, 27). Resulis show that although
calpain is the main protease activated by glutamane it is
only partially implicated in the mduction of neuronal death.
Fesulis also suggest that both ionotropic receplor sublypes
are involved m calpain activation, bt the NMDA receptor
15 mainly invoalved in neuronal death.

Experimental Procedures
Materials

Glutamate, cresyl violet, N-[2-Hydroxyethyl]piperazine-N'-
[2-ethanesulfonic acid] (HEPES), sucrose, 3-[3-Cholami-
dopropyl)dimethylammonio]-1-propanesulfonate (CHAPS),
Ethylenediaminetetraacetic acid disodium salt dehydrate
{EDTA) and DL-Dithiothreitol (DTT) were purchased {rom
Sigma (St. Louis, MO, USA). MDL-28170 was obtained
from Biomol (Plymouth Meeting, PA, USA). The glutamate
receptors antagonists  (+)-3-methyl-10,11,-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801) and
1,2,3,4-tetrahydro-6-nitro-2,3-dioxo[f] quinoxaline-7-sul-
fonamide disodium (NBQX) were purchased from Tocris
{Cookson Ltd., Avonmouth, UK). Protease inhibitor cocktail
was obtained from Roche (Meylan, France). Ac-DEVD-
AMUC was purchased from Peptide Tnstitute (Louisville, KY,
USA). Antibodies against spectrin and actin were obtained
from Chemicon (Temecula, CA, USA). Antibody against
caspase-3 was from Santa Cruz Biotechnology (CA, USAL
Anti-mouse of anti-rabbit Igl were from Jackson Immmo-
rescarch (West Grove, PA, USA), ECL reagent was
purchased froam Millipore (Billerica, M, USA).

Animal Treatment

Male Wistar rats (250-300 g) were used throughowt the
study. They were handled according o the National

"EI Springer

Institute of Health Guide for the Care and Use of Labo-
ratory Animals (NIH Publications Mo, 80-23} amd the local
Animal Care Committee approved all amimal treatments,
All efforts were made o minimize the number of animals
wsed and their soffering. Intrastriatal glutamate (sodium
salty injections were performed according o previously
reported methodology in halothane-anesthetized s [28].
Briefly, 1 pl of either glutamate (2 pmaol) or vehicle solua-
tiom (9% saline)d was imjected at a rate of 0.5 plimin via a
2T-gauge stainless steel needle connected to a Hamilton
syringe with the aid of a mikcroimnjection pump (Harvard
apparatus pump model 55, South Natick, MA, USA)
Coordinues  used  were: AP 407 mm  ameror  from
beegma, L +2.8 mm from midling, and —4.0 mm from the
dura, sccording 1o Paxinos and Watson [29]. Animals were
sacoficed at different tmes after glatamate administation
and brains were prepared for histological evaluation,
Western blotting and caspase-3 activation {see below).
Although we did not perform behavioural or electroen-
cephalographic studics, we observed that approximately
0% of all rats treated with glulamate showed head
weaving immedintely after Glu mjection. This behaviour
remained no longer than 10 min, after that, rats did no
show other behavioural disturbance,

For neuroprotection experiments rats weee treated either
with the NMIDA receptor antagonist ME-S01, the non-
MNMDA receptor antagonist NBOQX, or with bath antago-
nists. MK-801 (2 mg/kg) was intraperitoneally (i.p.}
mmjected 30 min before glutamate intrastriatal injection.
NBQX (50 nmol) was intrastriatally co-injected with 1 ul
of glutamate solution. An additional group of animals was
treated i.p. with NBQX (20 mg/kg) 15 min before, imme-
diately after and 15 min after glutamate administration
(60 mg/kg in total). MK-801 and NBQX were dissolved in
saline solution (NaCl 0.9%). Two additional groups were
treated with the calpain inhibitor MDIL.-28170, the first
group was injected ip. 15 min before (20 mg/kg), and
45 min and 1.45 h (15 mg/kg each one) after glutamate
injection (30 mg/kg in total). The second group was injec-
ted i.p. 30 min before (30 mg/kg), immediately after, and
1 h (20 mg/kg each one) after glutamate injection (70 mg/
kg in total). Brains were processed for histological analysis
or for caspase-3 and calpain activity determinations.

Histological Evaluation

Animals were anesthetized with sodivm  pentobarbital
anacsthesia 24 h after glutamate injection and transcar-
dially perfused with 250 ml of 09% saline solution
followed by 250 ml of 5% formaldehvede in 0.1 M phos-
phate buffer (pH 7.3} Brains were removed and placed in
fixative solution for additional 24 h. Brains were then
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transferced 1o 2 20% and 309% sucrose solution succes-
sively, Coromal sections (40 pmp were obtained in a
eryostal and stamed with cresyl violet. Lesion volume was
caleulaed as descrbed previously (28] Briefly, lesion size
was calculated by examination of all brain sections where
neuronal damage was evident in each experimental animal.
Damaged area {recognized as a pale region conlaining
pyknotic nuclel and shrinked soma) was delineated man-
wally and measured with the aid of an image analyzer (NIH
Macintosh Image 1.6, The lesion volume was caloulsted
by adding the measured arcas in all sections and muli-
plying the sum by the distance between the first and the last
section where damage was visible. Results are expressed as
means + SEM of lesion volume per each animal group.

Caspase 3 Activation

For caspase-3 activity determination, intact or glutamate
injected rats were sacrificed 2, 4, 7, 12, 18 and 24 h after
glatamate. After dissection, the striatum was homogenized
in caspase buffer containing: 100 mM HEPES, 10% (w/v)
sucrose, 0.1% (w/v) CHAPS, 10 mM DTT, 1 mM EDTA,
and protease inhibitor cocktail. Caspase-3 activity was
assayed by a fluorometric method in a luminescence
spectrometer (Spectronic Instruments, SLM  Aminco-
Bowman, Rochester, NY, USA) using the tetrapeptide acetyl-
Aspe-Cil-Val-Asp-tl-methylconmaryl-T-amide)  (Ac-DEVI-
AMC) as substrate, as reporied previously [30]. Activity
wis followed for 15 min after the addition of substrate
(2.5 pM) and 50 pg of proicin from striatal homogenates,
w 20ml of a stamdard soluton contamng: 100 mM
HEPES, 107 {wiv) sucrase, (L1% (whvy CHAPS, 10 mM
DTT, 1 mM EDTA, and protease inhibitors, Resulis are
expressed as the change in fuorescence imensity per hour
per milligram of protein produced after substrate cleavage.

Wezstern Bloiting

Caspase-3 and calpain activation was assessed by Western
blotting. Caspase-3 activation was evaluated by means of
an antibody that recognizes both pro-caspase (32 kD) and
the active fragments of caspase-3 (17 and 12 kDa). Calpain
activation was assessed by the wtilization of an antibody
recognizing the complete protein and the breakdown
products of =-specirin. Spectrin is a substrate for calpam
and caspase-3 leading o breakdown prodacts of 145 and
1500 kIDa and of 150 and 13X kDa, for calpain and caspasze-
3, respectively. Recognition of the differemt breakdown
products has been wsed as an ndex of caspase-3 and cal-
pain activation [31-33]. At different times after glutamate
injection the striatum was dissected and homogenized in

300 pl of ice-cold baffer comaming 25 mM HEPES-KOH
(pH 74) 0.1% Triton X100, 5 mM MgCl, 1.3 mM
EDTA, 1 mM EGTA, and a cocktail of prolease mbibitors,
scconding 10 Bieat et al. 2003 [34]). Homogemales were
centrifuged at 15000 g for 30 min, and e supematam
stored at =B0°C until analysis. Protein concentration was
quantfied by the Bradford's method [35]0 For Westem
blot, 30 or 10 pg of supernatant protein, for caspase-3 and
spectnn respectively, were separated by SDS-PAGE. Pro-
teins were teansferred 1o nitrocellulose membeanes. The
membranes were blocked for 1.5 h with 3% nonfat dry
milk in TBS, for caspase-3; and with 5% bovine albumin in
TBS for actin and spectrin. Blots were incubated overnight
at 4°C with antibodies rose against spectrin (1:10,000) or
caspase-3 (1:100). Actin was used as loading control
(1:12,000). The blots were incubated with secondary
horseradish peroxidase-conjugated anti-mouse or anti-rab-
bit IgG (1:10,000) for 2 h, and peroxidase activity was
detected using ECL reagent. The membranes were exposed
to X-ray films and the resulting autoradiographies were
scanned. Optical density (OD) wvalues of bands were
obtained by means of the NIH Image/ Image J program.

Statistics

All data are expressed as means + SEM. Statistical anal-
viis was carricd omt by one-way ANOVA followed by a
Fisher's least significant differcnce multiple comparison
sl

Resulis

Caspage-3 actvity was determined at different tmes after
glatamate administration by Westerm blot analysis using an
antibody, which recognizes procaspase-3 (32 kDa) and
caspase-3 active fragments (17 and 12 KDa). Representa-
tive Wesiern blots in Fig, la show the presence of the pro-
caspase-3. None of the active fragments were detected
any of the umes smdied. To coroborate the lack of act-
vation of caspase-3, engyme activity was  measured
flusrometrically by means of the fluorogenic substrate {Ac-
DEVD-AMCY, a specific substrate for caspase-3. Graph in
Fig. 1b indicates that no activity of caspase-3 was presem
m siriztal homogenates from rats injected with glutamate,
at any of the tmes studied.

Calpain activity was stuched an different times after
glutamate sdministration as assessed by Western blot using
an antibody agamst s-spectrin, which is a substrate for
caspase-3 and calpaun. Actvated caspase-3  produces
beeakdown producis of 120 and 150 kDa, whereas calpain
1457150 kDa Figure lc  shows

g,l.‘l'h."]';lh‘.':i [l;lgmt]lt:'i-.
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representative Western blots of spectrin and  spectrin-
breakdown products at the tmes studied after glutamate
adminisiration, and the graph shows the densitometne
analysis of the ratio of the 145713 kDa bandsfactin bamd
{Fig 1d). Results illustrate the presence of the bamds cor-
responding 1o the complete spectrn protem (2800 KDa) amd
the 145 and 130 kDa fragments, suggesting calpain activ-
ity. The presence of the 1457150 kDa bands was clearly
observed 2 h after glotamate injection, the shortest time
studied, and contmued o be present durning the following
2 h, The 120 kDa band was not detected at any of the
times studied discarding the activation of caspase-3. Mong
af the spectrin-breakdown products were observed after
salime intrastriatal injection (not shown).

In order to study the role of lonoropic glutamate
receptors on glotamate-mediated  calpain activity, we
administered the glutamate receplor antagonizis ME-S0]
and WBOX and analyzed calpain activation, We nsed doses
and  administrations protocols of  glutamate  receplor
antagonists based on previous studies showing they are
effective (o prevent excitoloxic lesions in vivo [36-39]. As
shown in Fig. 2aand b, individual treatments with ME-501
and NBOX had no effect on calpain activity as assessed
12 b after glutamate administration, while reatment with
both antagomisis redwced significantly in JAF:  calpain
activation {Fig. 2a and bp.

We mext sought o determine the contribution of the
ionotropic ghitamate recepior subtypes o striatal damage.
For this purpose we determined the lesion volums in the
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Western blot of n'pu:l!r.in and specmin breakdown-prodocts  and
dengitometric analysis of the 1457150 kDa bands. Westem bod shows
the presence of the complete spectnn prodean (380 kDa) and the bamds
prodisced by calpam (145 amd 1530 kDa), (dy Graph shows the
densitometric analvsis of the mtse of the densties of 1450150 kDa

banadsfactin band. Diata are means + S EM of 4 mis per time point.
P o< 0,05 relative 10 coptrol ras

striptum of rats injected with glutamate and with the dif-
ferent glotamite receplor antagonists, Micrographs of
striatal tissue of rats subjected (o the different treatments ane
shown in Fig. 3. Lesions are indicated as pale tissue areas
due 1o the absence of cresyl violet incorporation. Magnifi-
cation of an area in the vicinity of the injecton sie of a
vehicle-injected animal, shows the presence of some pyk-
notic nuclei (hlack arrows) intermingled with many healthy
cells similar to those observed in an intact control tisswe
{white arrows). In the case of glulamate-injected amimals,
magnification of the lesioned area shows the presence of
mainly pyknotic nuclei, while no healthy cells are visible,
When animals were treated with ME-801, the damaged arca
15 considerably smaller, although inside the lesion many
pvkmentic cells are present and only a few healthy cells ane
visible {white arrows). In the case of animals treated with
NBOX, the lesion size was nol redeced =ignificantly
(Fig. 4 but large normal appearing cells are present inside
the damaged area (white arrows in Fig. 3)

Ouantification of the lesion volume shown in Fig, 4
wdicates that glotamate administration mdaces an exien-
sive lesion in the striatum up to M-fold larger than tha
induced by saline injection (vehicle). Treatment with ME-
01 reduced significantly in 47% the lesion volume while
co-injection of glutamate with NEQX did not reduce the
size of the lesion, In previous studies we have observed
profection against in vivo indeced excitotoxic lesions by
the systemic freatment with NBOQX [28, 39). Therefore, the
effect of this treatment on glutamate-mediated damage was
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Fig. 2 Effect of gluiamate receptor antagonists and of the calpain
inhibitce MDL-25170 on the production of spectrin breakdown-
peesducts Hﬂummd by calpun activalim, (@) Eepresentative Western
hlats showang the presence of the complete specinn prodein (250 kDa)
and the bamds produced by calpain (145 ard 150 klda) after the
differem treatments, Eats were weated with the glmasmale antagomnists
ME-201 (2 mpke) and NBOX (50 nmol). The calpun inbibitos
MIAL-28170 was administered 30 mon before (30 mpks), imaedi-
ately, and 1 b0 mpkg each oned afler glotamate impectan (70 mgf
kg in todal). Rats were sacnbeed 12 h after Glo mjection and brains
wese processed as described im the methods section. (b Graph
ahowing the densatomsetric analysis of the mto of the densities of the
145050 kIln and the actin bands, *F < 005 relative to control,
*F = 005 relative to Glu. Dain are means = SEM from the number
of animals indscated at the bottom of cach bar

tested. No reduction in the lesion volume was observed
supporting the lack of effect of this antagonist against
ghatamate newrotoxicity induced in the present conditions
(Fig. ). Treatment with both antagonists did not improve
the protective effect of MK-801 (Fig. 4}

The effect of the calpain inhibitor MDL-28170, on the
size of the striatal lesions was also studied. We have
recently observed that reatment with 30 mgfkg of MIDL-
28170 inhibits significantly calpan activity and prevents
the domage mduced by 500 nmol of gliamate in rats pre-
treated with a mitochondrial toxin (Del Rio and Masssien,
submittcd). However, in the presemt conditions this

treatment did not reduce the siee of the lesion (Fig. 4),
although several healthy cells (white arows) were
ohserved nside the lesioned aren (Fig. 3). In onder 1o
increase the imhibitor concentration in the brain before
glutemate injection, a higher dose of MIDL-28170 (70 mg'
kg) was tested. Figure 4 shows that this dose of MDL-
28170 caused a 25% reduction in the lesion volume,
although, this effect wis no statistically significant
(Fig. 4y In order 1o know the extent of calpain inhibition
by MDL-28170, we performed Western bl analysis,
Figures 2o, b show that MDL-28170 did not prevent cal-
pain activity as assessed 12 h after glutamate injection.

Driscussion

Intracellular events invalved i glutamate-induced newro-
nal death have been extensively studied; however there are
confroversies among the great number of sidies possibly
because of the different models, preparations, and stimulus
utilized. The role of calpain and caspase on ghdamate-
induced death is also controversial. Previouws studies
showing that calpain activation is implicated in excito-
toxicity have been performed utilizing selective glutamute
agonists such as NMDA, AMPA and kainate [20, 40-13],
To vur knowledge this is the fict sy investigating cal-
pain actvation and its relation o newronal death in an in
vivo model of newrotoxicity induced by the endogenous
ligand gluiamate, and not by gloiamate receplor agonists,
We sought 1o investigate the contribation of each receplor
subtype o calpain activity and neuronal damage indoced
by glutamate. For this purpose, we mjectad 1 pl of a high
congeniration of glotamate (2 pmol) o imdece a striatal
besiom, A high concentration of glutamate was chosen
because the damage mduced by lower concemtrations {500
G0 nvol ) is mot different to that produced by the injection
of saline zolution. Only al concentrations as high as 1-
2 umo] gltamate induces extensive stratal lesions [28,
44], The lack of nevurotexicity of low concentrations of this
aming acid 15 attoibuted 0 15 rapd clearance from the
extracellular space by is ramsporier pooteins. On the other
hand, inhibition of glutamate transporters, despite inducing
the accumulation of extracellular glhitamate, leads 10 min-
imal damage [37, 45]. The present study shows that the
administration of 2 pmol of glotamate induces  very
cxiensive lesions enclosing almaost the enfire striatum,
suggesting that gloamate removal by its uptake sysiems is
overwhelmed. Glutamate nearotoxicity imduced in these
conditions waz 47% prevented by pre-treatment with ME-
801 and was not sensitive to blockade of non-NMIDA
receptors by NBOQX. The lack of effect of NBOQX on striatal
lesions was comoborated by systemic and intrastriatal
treatments with this antagonist. In previous studies we have
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Fig. 3 Eiffect of the glutamate
fecepton anagonists, ME-801
and NEBOQX. and of the calpain
inhitator MINL-ZE1T0, on
plutamate-induced sinintal
darmage. Figure shows
macrographs of representative
tssue sections of the stristum of
rats subjecied s the different
treatments. ME-801 (2 mglkg)
was administered ip., NEQX
wis co-injected with Gla

{2 pmad), and MIDL-25170

(70 mpikgh was administered
ip. Damaged aeas are limmited
by @ white line in the upper
pancls; they are chamcenzed
by a pale regpon dise 16 absence
of incorparation of cnesyl violet.
Hotlom panels show
magnifcaton of areas insade the
lesions (astersks). Whate amows
indacate bealiby cells amd black
mmows show pyknotic cells
Sgale bar = 500 pm (upper
panels) and 30 pm (bosiom

pamels}

observed that the ip administration of NBQX at the sume
dose used in this stdy, partially prevents neuromal diumage
induced by the blockade of glutamate transporters as well
as excitotoxic lesions induced by glycolysis inhibition in
vivo [38, 39]. In a different study we have shown that an
intrastriatal injection of NBOQX, at the same dose as that
wsed in the present study, effectively prevents striatal
damage mduced by AMPA and partially reduces thar
tmggered by kamate [36]. Similacly, AMPA-induced sto-
aral lesions elicited during mitochondrial inhibition, are
effectively reduced by the intrastriatal administration of
MBOQX [46]. Thus, the present results suppord the notion
that glotamate-induced neuronal death involves mainly

£\ Springer

BMDA receptors activation [2]. In contrast 1o previous
studies showing that ME-B01 reduces completely gluta-
mate excitotoxic damage induced during mitochondrial
imhibition [37]; blockade of NMDA receptors only reduced
partially glutamate-mediated neuronal death in the presem
cxperimental conditions. As we could not prevent com-
pleiely ghitamate damage by blocking the ionotropic
glatamate receptors, these results suggest that glutamate-
induced death nvelves additional Factors thal are jonotro-
i receptos-independent.

The precise tole of calpain and caspase-3 in neuronal
death induced by gliamate is still not completely under-
stood, Here, we show that glutamate administration notably
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Fig. 4 Effect of the glutamate receptor antagonists ME-801 and
NWEOQX, anil of the calpan inhibitor MDL-2E217T0 on the lesion volume
inluced by plotamate, ME-8201 (2 mgfkg) was administered i.p.. and
NBOQX was either coanjectal with Glo (2 pmol) or Lp ingecled
(60 me/ky tolal dese), Two diffevent doses of MIDL-Z5170 were
tested (50 and 70 mpkg) as descnibed in the methods section, Velome
lesion wad quantified 24 b after glatusate inpecuon. *F < 005
relagive 1o Gl Dasta ase micans & SEM from the member of animals
inalicated at the bottom of each bar

stimulated calpain activity as revealed by the presence of
the 1457150 kDa spectrin fragments. According w the
densitometric analysis calpain activity was increased up 1o
L0-fold aftér 2 h of glutamate injection. The 1457150 kDa
bands were still visible 24 h after glitamate administration
possibly because of their high stability and slow rate of
degradation [47, 48] In contrast o calpain, caspase-3 was
nod activated at any of the umes stuied suggesung that
necrosis eather than caspase-mediated apoptosis §s invalved
in glutamate neurotoxicity. Previous in vitro stadies show
that activation of NMDA and non-NMDA receptors by
selective  agomists, induces calpain activation and the
cleavage of several proteins incloding, nitric oxide syn-
thase, the plasma membeane Ca™ ATPase, the Na'/Ca®™
exchanger and the GluR1 subunit of AMPA receptors [20,
489-52]. On the other hand, seweral siadies have shown
pratection against excitotoxic injury by inhibition of this
Ca-dependent protease [20, 23, 43, 53] To further evaluate
the role of calpain on glutamate-indeced neuronal death we
treated the rats with the selective calpain imhibitor MIDL-
281700 Treatment with MIL-28170 has been shown o
efficiently prevent calpain activity and newronal damage
induced by kainate in in vitro studies [20, 43] and by
ischemia in in vive madels [23, 53], However, in the
present experimental conditions we could not detect cal-
pain inhibition in rats receiving either 50 or 70 mekg of
MDL-28170, Fanbermore, we could not ohserve a signif-
camt reduction of glamate-induced striatal lesions after
MDL-28170 wreatment. Due 1o the high concentration of
glotamate vsed in the present experimental conditions, a

contingous supply of the calpain inhibitor might be needed
in order o prevent calpain activation,

Calpain activation might result from increased calcium
influx through ionotropic glntamate receplors. Accondingly,
we stodied the role of ionotropic glutumaie receptors in cal-
pain activation and its relation 1o neuronal death, Results show
that calpain activity is not prevented m s reated individ-
ally either with ME-811 or NBEQX, but rats treated with hoth
antagonists showed a 38% significant reduction in the nten-
sity of the 145/150 kDa bands, These results suggest that
stimulation of either NMDA or non-NMIDA receptors is suf-
ficient to strongly stimulate calpain activation, and that
blockade of both receplor subiypes is necessary o reduce
enzyme activity, Results also suggest that, at least in the
present condivons, other factors are mvolved in the induction
of eneyme activity, because blockade of both receptor sub-
tvpes did not inhibit completely calpain activation, Moreover,
results suggest that the protective effect of ME-801 involves
the blockade of other calciem-dependent processes since
treatment with this antagonist alone had no effect on calpain
sctivation, but partally reduced the size of the lesions.

An imporiani conclusion of the present study is that
glutamate in vivo administration leads to calpain activation
through both ionotropic receplor sublypes. Even though the
MMDA receptor chanme] is more permeahbe to calcium jons
than the AMPA/kainate receptor, and has a major contri-
bution to glutamate toxicity. stimulaton of either ionotropic
recepior subiype activates calpain to same extent. Although
AMPAkainate receptors are mostly permeable to Ma* ions,
they are also peomeable to calcium depending on its subumi
composition [54]. In addition, we can conceive that
numerous AMPAKanate receplors are sumulated in the
present conchitions, leading to the entry of calcium in suf-
ficient amounts to trigger sustained calpain activity, These
observations provide new data about the contribution of the
differemt glutamate receptor sublypes to the activation of
profeases, particularly calpain, as executioners of gxcito-
toxic newronal death induced by the administration of the
endogenous ligand, glutamate. Acconding 1o the resalts, we
can comclude that calpain activity might not to be essential
for neuronal death, and that apparently other Ca-dependent
processes are involved; neuronal damage might result from
the convergence of multple factors.
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CONCLUSIONES

Los resultados mostrados en esta tesis indican que, contrario a lo propuesto en la
hipétesis, la toxicidad inducida por glutamato (en ausencia o0 presencia de una
inhibicion mitocondrial previa) es independiente de caspasa-3 y dependiente de la
activacion de la calpaina. Sin embargo, la activacion de la calpaina por el glutamato no
siempre se asocia con una cascada de muerte celular, es necesario que la activacion
de la calpaina sea intensa y prolongada para que ésta se asocie con una cascada de
muerte neuronal. Estos resultados confirman que la inhibicibn mitocondrial amplifica
los procesos dependientes de Ca?* relacionados con la muerte neuronal (Nasr et al.,
2003; Jacquard et al., 2006) y que no modifica el patrén de activacion de proteasas
inducido por el glutamato. La contribucibn de los receptores ionotrépicos
glutamatérgicos, tanto a la activacion de la calpaina como a la generacion del dafio
neuronal, es similar durante la facilitacion de la muerte excitotéxica cuando hay una
inhibicion mitocondrial previa. Esto sugiere que la inhibicibn mitocondrial parcial hace
que el aumento en la concentracién de Ca?* intracelular sea dafiino para las células,
independientemente de tipo de receptor (NMDA o0 no-NMDA) por el gue entre este i6n
a la células. En cambio, cuando la concentracion de glutamato es toxica, el principal
receptor involucrado en el dafio celular es el NMDA. Es importante enfatizar que
aunque el aumento en la concentracion intracelular de Ca** y la activacion de la
calpaina son determinantes para la muerte excitotdxica, otros procesos, como la
produccion excesiva de ERO, pueden estar involucrados en el dafio celular si el
estimulo téxico de glutamato es muy fuerte. El estudio de las consecuencias que
tienen la activacién de la calpaina durante la muerte excitotdéxica es necesario para
poder frenar el proceso de muerte neuronal y proponer tratamientos para las

enfermedades relacionadas con este mecanismo de muerte.
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EXACERBATION OF EXCITOTOXIC NEURONAL DEATH INDUCED
DURING MITOCHONDRIAL INHIBITION IN VIVO: RELATION TO
ENERGY IMBALANCE OR ATP DEPLETION?

P. DEL RIO," T. MONTIEL," V. CHAGOYA®
AND L. MASSIEL™
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Abstract—During the past two decades a close relationship
between the anergy state of the cell and glutamabe newrolon:
icity has been suggested. We have previously shown that
incraasing the extracallular concantration of glutamate doas
ot cavsa neurenal death unbess & deflcit in energy mataba-
lism occurs, The meachanisms of glutamate-induced neuronal
death kave besn axtensively studiad in witro and it has baen
associated with a rapid and sovers decreass in ATP levals,
accompanied with mitochondrial dysfunction. In this study
wa aimed fo investigate the time course of the changes
in enargy metaboliles during glulamate-induced neuronal
daath, in the presence of a modaerate inhibition of mitechon-
dreal rmetabolism in the ral striatum in Wvo, We aleo amed o
sludy whaeller or nol, as repored in wike, changes in ATP
hewvels are relaled to the extension of neuronasl death, Resulls
show thal glutarmate-induced lesiens are exacerbated whan
rats are praviously treated with a subloxic dosa of the milo-
chondrial toxin  3-nitreproplenic  ackd (3-HP). Howewar,
changes in nucleotide levels wera similar in rats injected with
glutamate alone and in rals injected with glutarmate and pre-
viously freated with 3-MP. In spite of the presence of an
extensive striatal lesion, nucleotide levels wene recovered in
3-NP-treated rats 24 h aftar glutamate injection. Results show
that 3-HP pre-treatment induced an imbalance in muchotide
levals that predisposed cells to glutamate toxicity; howawvar il
did net influsnce the bicenergatic changes induced by glu-
tamate alons. Enhancement of glulamate neurotoxicity in
NP pre-tmeated rals is more related to a sustained nucleo-
tide imbalance than just to a rapid decreases in ATP levals.
£ 2007 IBRO. Published by Elsovier Lid. All rights reservad,

Koy words: 3-nitropropionic acid, glutamate, ATP, anergy
charge, lactats,

Gltamate is the most abundant excitalory neuratransm.
ter in the mammalan CNS (Fonnum, 1984). however i
becomes toxic under cerain crcumsiances such as im-
pairment of enargy melabolism. Glulamate neurolodicity,
named excitotoxicity, has been implicated in neurodegen-
gration linked to pathological conditions associated with
SCormasoiding Butheer . Tl 500000 0b- A0 BI-6 ) 1B & IR Do D
56.07

E-mzel adlcross: Imassmugiic unam mx (L Massiou)

Abdralions EC, anergy chasge, GFAF, ghal ibnllary acides [aoban;
PG, c-lrans pyrmahdine 2 4-deabosgale, SOH, secanils dadvdro
genasa, FNP, Bmbopropsonc asd

failure of energy metabolism, such as brain ischemia, hy-
poglycemia and cerebral frauma {Banvenisie ef al., 1984,
Wieloch, 1985, Arunding and Tymianski, 2004), a5 well as
wilh some chronic neurcdegenerative diseases such as
Huntingtion's disease and amyotrophic lateral sclerosis
(Beal at al, 1986, DiFiglia, 1990; Ikanamidou and Turski,
1995, Massieu and Garcla, 1998). Previous studies have
demanstrated that metabolic poisoning induced by glyco-
Iysis and mitochondrial inhibition. elicits exciotoxic death
(Zeevalk and Micklas, 1291; Beal et al., 1993; Pang and
Geddes, 1927} and that the threshold for glutamate tox-
icity Is diminished during impaimment of energy metabolism
of glucose deprivation, Inducing neuronal death even al
low concentrations (Movell et al | 1938, Zeevalk and Nick-
las, 1982, Simpson and Isacson, 1983, Massieu et al,
2001} It has been demonstrated that metabolic inkibion
favors glutamate NMDA receplor activation through the
remaoval of Mg®* block from the receplor channel, due to
rembrane depolarization as a consequence al the failune
of membrane Na* M -ATPase activity (Cox et al. 1985
Feavalk and Micklas, 1892). On the alher hand, disruption
of energy metabolism has focused the attention of many
studies because numerous reports i different types of
cells have shown that a decline in ATP levels can lead to
cell death, and that depending on the extent of this de-
crease, cell death will show an apoptotic or a necrolic
phenotype (Bonfooo e al., 1995, Ankarcrona et al., 1985,
Leist et al., 1997, 1999}

The mechanizms invclved in glutamate-mediated neu-
ronal damage during metabolic inhitition have been exten-
sively studied im wiro. In cullured neurons exposune to
I-nifropropionic acid (3-MP), an ireversible inhibitor of
succinate dehydrogenase (SOH). in combination with a
bow dose of glufamate, leads 1o a sevens ATF decline and
a rapid mecrotic cell death (Pang and Geddes, 1987
Garcia and Massiew, 2003} In wino stedes suggest that
the main mechanism underlying the synergistic effect of
metabolic inhibition and glutamale toxicdy is the rapid loss
of ATP levels and, as consequence, Increased intracellular
cakium and reactive oxygen speckes production (Pang
and Geddes, 1997, Nasr et al., 2003, Garcia and Massieu,
2003, Garcia el al, 2008), howaved, in vivo evidence is still
nconciusive,

In previous i vivo studies we have shown that increas-
ing the extracellular concentration of glutamate by inhibi-
tion of its reuptake, does not lead to neuronal damage
unless the energy metabolism is altered (Massieu & al,
2001, 2003) Subtoxic doses of 3-NP, that do not induce
neuronal damage per se. Tacilitate glutamate-toxicity in the
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siniatum and hippocampus of rats mjeded with L-frans-
pyrolidine-2 4-dicarboxyiate (PDC), a substrate inhibior
of gluwtamate transport (Masskeu et al, 1995 Sanchez-
Carbente and Massieu, 1929), In these conditions neuro-
nal death is partialy prevented by energy-supplemsenting
substrates such as pyruvate or ketone bodies, supponing
the roke of the mamtenance of energy metabaliam in cell
survival (Garcla and Massiew, 2001; Massieu ef al, 2001,
2003). The present investigation aimed al determining
wheather or not glutamate toxicity during mitochondrial in-
hiksition i related to a severe drog in ATP levels similar 1o
the situation i wire, The results of this study are relevant
1o the understanding of the mechansms involved in axc-
iofeatic neuronal death induced during ischemia and hypo-
glycemia, two conditions associated with metabolic impair-
ment and increased extraceliular glutamate, where 1ha
progression of brain damage appears 1o be related to tha
extemt of energy impaiment (Kass and Lipton, 1989
Yager of al., 1994)

EXPERIMENTAL PROCEDURES
Anlmal treatment

Mala Wistar rats (260300 g) were wsed throughout tha shudy.
They were handed according 1o the Malicnal instifftes of Haalth
Guide for e Caré and Use of Laboratory Animals (MIH Publica-
tions Mo 80=-23) and the local Arenal Cars Commiltiee approved
all animal treatmants, All efiorts wens made ko minimize the num-
rer of animals used and thedr sufenng. Animals recenved wo p.
injectons of NP (15 mekg) (Sighna, 51 Louis, MO, USA), ha
second sdmanizlered 24 h afler T firsl Rals récaived an inra-
striatal administralion of gulamale (300 nmoliul)l 4 b afber e
second NP adminsraton NP wes dissclved in 10 mM phos-
phate bufler (pH adjualted b 7=7.5 with 1 M NaDH). Ghilamals
was disgsobed in saling solution (0.9% MNaCl). For nirasiriatal
njecions, animals were anesthetized with 3.5-4'% halothana in a
5% Q5% CO. mibdure and placed on & stereatadc frame. Fats
s mantained undas low anesthasia hroughoul B njection. A
1=2 mm hole was dnlled and @ 1 ] volume of either ghulamate o
wvehicle was injected at a rate of 0.5 ufmin via a 27-gawge stain-
less sleel needle connecled o a Hamilion syninge (Harmilion,
R, MW, LUESA] with the aid of & microinjecon pumg (mode 55
Hareard Apparabus, Scuth Nantick, Ma, US4} Coordinates used
were: anteraposterior 0.7 mim from Bregma. lateral +2.8 mm
frorm madling, and ventral —4. 0 mm belkvw e dura maber, acsord-
ing o Pasings and Watson (1686). Two minutes after e injection
was compleled, the needle was withdrawn and the skin was
sutured. Aremals were Rilled al different bmes afler ghulamals
administration and brains were prepared for histoogical evalua-
tiom, glial fiteillary acidic protein (GFAP) mmunohistochemical
analysig, nuclectide determination, SDH activity or lactate mea-
surements (see below). A group of control animals received two
i.p. administrations of phosphate buffer instead of 3-NP and intra-
striatal glutamate, and a second group of control animals received
two i.p. administrations of 3-NP (15 mg/kg) and an intrastriatal
injection of saline solution instead of glutamate.

Histological evaluation

For histological evaluation animals were anesthetized with sodium
pentobarbital anesthesia at different times after glutamate injec-
tion (3, 4, 7, and 24 h), and transcardially perfused with 250 ml of
0.9% saline solution followed by 250 ml of 5% formaldehyde in
0.1 M phosphate buffer (pH 7.3). Brains were removed and placed
in fixative solution for additional 24 h. Brains were then transferred

1o a 20% and 0% sucrods solubion successively. Coronal Sec-
o (40 um) were oblaned in a cryostal and stained with Cresyl
Vielst Lesion size was calculated by examingtion of all brain
sections where neurcnal damage was evident in each exparimen-
tal anirnal, Damaged anea was delineated manyally and measuroed
with B ald of an image analyzer (NIH Macintosh kmage 1.6 The
besion volume was caloulsled by mulsiplying the average damaged
area by the distance batween Bhe first and the lagl 8506 S6cE0N
where Bssus damage was visible, Resulls are expressed as
mang+ 5 E M of letion wolume per each animal group.

SDH histochemistry

To study the ime courss of SIDH inhebibion aller the sacond 3-NP
administration, S0H acthvly was measueed histochaemically In tis-
Sub SOCEONS a5 pravicusly reported by Brouilael ot al {1998)
Sucanale was used as the spectic substrale and Nitrg Blus
Telrazolium (HBT) | Sigma) as the eleciron acceplor which forms
fommiazan. Rals were treated with 3-NP and killed at 1, 2, 4, 7, 11,
and 24 h later. Contred animals received two | p. injecions of
10 mM phosphate buffer instead of 3-MNP, The optical densily of
the: dark-blue stain produced by the formazan product was mea-
swred in G5sue sechions as previously reported (Massieu e al
2001} Bilateral images from the simatem of five lssue sections
par animal were chosen (laken between coordinates 0.2 and
1.0 mrm anferior 1o bregra). An area conbaining the whale cau-
date-putamen was manually delineated and the opbical density
was measuned. The optical density of both sbriata was averaged,
and the mean oplical density from each animal was calculaled.
T rraran optical density in control animals was 15,846 771,693
{n=12) and was considered as 100% of achvily. SOH achvily was
calculated as parcent of oplical density of conirol animals.

Mucelotide determination by HFLG

ATP, ADF and AMP lewvels ware monitored by HFLS according
to Delaney and Gaiger (1995). Rats intrastratally injacted with
glutamate and praviously injected (ip) with vehicle or 3-NP
were Killed 4, 7, and 24 h after glulamate injeclion Bacauss
glutamals was injected 4 h after the second 3-NP adminisira-
tign, the animal group treated only with 2-MP was killed 8. 11
and 28 h after 2-NP injection. Contrad values were measurad
frorm the siriata of intact rats. All animals were killed by the
Treare-clarmg techniqua. Briefly, rats wene anesthatized with
halcthane 3.5% and placed on a sterectaxic apparatus, the
cortex was exposed by removing part of e skull, and & plashc
funnal was placed firmly cver B Bssue. Liquid nitrogen was
poured directly onle the tesuwe until the anmal siopped breath-
g {35 min later), indicating that the medulla wes frozen
{Delanéy and Gaiger, 1558}, Brains ware removed, placed in
quad nitrogan for 10 min and siofed at —T0 "C, After dissection
of the striatum on dry ice, besue was homogenized in 0.8 M
perchloric acid (10 ul/ug wet weight), and centrifuged (10,000
r.p.m. for 10 min at 4 *C). Supernatants were collected and kept
frozen at —20 °C; 24 h later, supernatants were neutralized with
2 M K,CO; (12% of total volume) and re-centrifuged. Superna-
tants were used for nucleotide determinations by HPLC. Twen-
ty-five microliters of an 80-fold dilution of each sample was
injected in the HPLC system using a pbondapack column
(3.9X300 mm; Waters, Milford, MA, USA) and a mobile phase
consisting of 0.1 M KH,PO,, 10% methanol (pH 6}, at a flux of
1.5 ml/min. External standards were identically treated as brain
homogenates; ATP, ADP, and AMP peaks were identified by
retention time. Data are expressed as pmol/g of frozen tissue
weight. Energy charge (EC) was calculated as follows:
EC=(ATP+0.5 ADP)/{ATP +ADP+AMP).
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Lactate determinations

Lactate determenations were perfommed as reported previously
(Massiew el al 2001 ). For heds debarmminalions, rals weréa realsd
a5 dascribed for nucleolides determination. Animals trealed with
J-NP done were angshatized and Kiled B, 11, and 28 h aler the
second injection of 3-NP. Rats reated with 3-NP or vebice (ip.}
and injacied intrasiratally with glulamate, were anesthetized amd
killed 4, T, and 24 b after glutamate injection (8, 11, ansd 28 h after
NP}, Braing wers removed and the siriata dissected. Tissue was
homogerazed in 10 volumes (wiv) cold waber and 5% perchlonic
acid was added, Samples werd centrifuged al 3000 rpm, Tor 5
mirk. the supernatands were collacied and neutralized with 1 M
KOH. Lactale concantralion was measured using a laciale detar-
minaton kit (Sigma), following the instructions from e supplers,
with B exception bhal 150 . of the sample was usid, Briefly,
samples (150 ul) were added to BE0 .l of fwe buffer provided by
e manufacturers reconshtuted in 10 mi distiled water. Absor-
bance was méasured 5 man later al 340 nm Lactate concanira-
Bons were calculated from readings oblained from a standard
curv (2.5, 5, 10, 20, and 40 mg lactala), Daka afe dxpressed as
wmol lactate’g wal weight.

GFAF Immunohistechemistry

For immunchisiochamistry. rals ware killed 24 h afler 3-NP
(3-HF alone) or after glutamate admanistration in 3-NP-reatad
{AMP = glutamate) or control rats (glutamate alone). They ware
ranscardially perfused with 250 mil of 0.9% saline solution fol-
lowed by 4% paraformaldetyde in 0.1 M phosphate buffer (pH
7.3} Braing ware removed and transfermed 1o sucross solutions as
previously described Coronal sections (40 am) were cbtained in
a cryosial, ringed in 0.1 M PBS and incubated in 0.1 M PBS
containing 0.3% Triton X-100 and 1% normal goad sensm for 2 h,
After arinze with 0.1 M PBS. sections were incubated with primary
anti-rabbat antibody against GFAP (Dako. Danrmark) | 1: 2000 dilu-
gonin 001 M PBS containing 0.3% Triten X-100 and 1% normal
goat sefum) for 72 h atd G Tissus sechons wars incubated with
biotinylated secondary anbibody (dilubed 1:200 in the same buffer
as the primary sntibody) for 2 hoat roeom lemperatine. Tmimumshis-
tochemesbry was dabacted by incubalion with the avidin—iotin—
percwidase complex (ABC, Veclor Laboratones. Bungame, T4,
US4, prepared accordng o manufachurar's instrucsons, in PES
contaming 0.1% bovine serum albumin (pH 7.2) for 2 h. Tissue
sactions wara incubated for 5—10min in 0.05% 3.3 diaminoben-
Zdine in 0.1 M Trizma (pH 7.2} with hydrogan pereside (1 uliml),
Secions were mounted on glass slides and covered with par-
mount. Sactions inculkated without primary anbibody showed mo
stmining

Statistics

Al data are expressed a8 means =5 E M. Slalistical anabysis was
carried out by one-way AMNOVA followed by a Fisher's leas! sg-
nificant differance maultple compasison lest.

RESULTS

3-MP transiently inhibits SOH activity and decreases
EC without injuring the striatum

3-MP inhibits the mitochondrial enzyme S0H, which ig pan
of complex Il of the mitochondrial electron transpart chain
and of the Krets cycle After a single dose, 3-MP inhibits
brain S0H very rapidly (Broullled e al, 1998. Massieu &
al., 2001}, In the present study we determined SDH activity
in the rat stratum afler two administrations of a subtoxic
dose of 3-NP (15 mg/kgiday). According to this analysis

SDH activity was significanty mhibited as soon as 1 h after
the secand adminisiration of 3-MP o 37% of control acliv-
ity. and remained significantly inhibited during the following
11 h. S0OH activity ressovered to 7% of contrd values 24 n
afer the treatment (Fig. 1A} Nuclkeolide levels wers
slighily modified by 3-MNP treatmant, ATP levals wera nod
significanily atiered although a moderate reduction was
abserved, as well a8 a significant decraass in tha EC 11 h
afier the trealment, AMP levels increased significantly af
ZB h after the second 3-NP administratson and this was
reflecied in a reduction in the CC (Fig. 1C) It is worth
noticing that the two-doge treatment of 3-NP employed in
this study did nat injure the stnatum despite the bioener-
getic changes it induced (Fig, 18). Nong of the animals
ireated with 3-NP showed any behavioral changes of be-
came recumbant as has been described after the chronie
administration of the toxin (Hamiton and Gould, 1987)
The term recumbancy refers to the 10ss of Dody posiure
and the adoption of 3 severa dystonie ventral or lateral
position with hind limbs fgidly exendad, Thase alerations
are related to severs sinatal damage, a condition that was
not observed under our experimental paradigm (Hamilton
and Goukd, 198T)

In previous studies we have demanstrated that neuro-
nal damage induced by the glilamate transpon blockes,
FDC, B exacerbaled in 3-NP-reated animals, The present
study investigated the progress of glulamate-inducsed le-
sions in 3-MP-treated animals and its ralation 1o changes in
nucleotide levels, Thus, glutamate was intrastriatally in-
jected 4 h afler the second administration of 3-NP. time a
which SDH activity &5 55% inhibified. Rats were killed at 3,
4, 7 and 24 h after glutamate administration and the pro-
gression of the lesion was studied by determining the
kegion volume in Cresyl Violet-stained sections. Camaged
tissue appearad as a pala region in tissue sections due to
the kack of incorporation of Cresyl Violet (Fig. 2. The
extension of glutamate-induced lesions in animals net
freated wilh 3-MP was sirnilar at all times studied. In con-
trast. larger lesions were cbserved when ghiamate was
injected in 3-NP-treated animals, and tissue damage was
evident a8 soon as 4 h afler glulamats injection. The lesion
core. In 3-NP pre-treated rats, was initially characterized
by the presence of amorphous and condensed cells at 4
and 7 h (Fig. 2B-C. white arrows). Pyknolic nuclsi were
abserved 24 h after glutamate injection (Fig. 20, black
arrows). Quantification of the lesion volume shows 1hat,
intrasiriatal administration of 500 nmal glutamate to in-
tact rats induces only small lesions that ware not statis-
tically differant from vehicle injection (0.40=0.04 mnr)
as moanifored 24 h after the administration. The lesion
induced by glutamate was larger 24 h after its injection
(1.03=0.27 mm?). but # was nat statistically ditferent from
that induced by vehicle solution, On the oiher hand, ghuta-
mate-induced lesions were exacerbated in 3=NP pre-
treated rats, and this effect was stalistically significant a1
4 h. The lesion progressed thereafier and at T hils valume
doubled the infial size (1.43=0.2% and 3.37=0.66 mm™ at
3and 7 h, respectively) (Fig. 3). These results are consis-
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tent with the fact that the threshold (o glutamate tocity IS
reduced when energy metabolism |s impaired,

Energy imbalance induced by glutamate is not
enhanced In 3-NF pre-treated rats

Previous siudies in neurcnal culivres have shown thai
exchotoxicity induced during mhibition of mBochondrial
metabalism Is accompanied by an abrupt decling in ATP
levels (Masr et al., 2003; Garcla and Massieu, 2001). We
therefore aimed to study this phencmenon i vive. Thus,
rats of the different experimental groups were killed af
different times after glutamate Injection and nuclectide
levels were meaasured in strialal homogenates. Because a
pregressive Increase In the size of the leskon was cbserved
when glutamate was injectad in 3-NP-treated rals, a cor-

responding decrease in ATP levels was expected. As pre-
viously shown, 3-MP trestment induces 3 moderale ener-
gefic imbalance without injuring the stristum (Fig. 1CL A
similar effect was observed when glutamate was intrasiria-
fally Injectad in intact rats. Glutamate-induced changes in
nucleotide levels were generally observed 7 h after is
Injection, but were statistically significant at 24 h as com-
pared with control values In infact ratg (Fig, 1C) Glutamate
induced a decrease in ATP and 2 transient reduction in
ADF at 7 h, followed by an increase in ADP and AMP
levels and a significant reduction in the EC al 24 h as
compared with contral values (Flg. 1C). Despie these
changes siratal tissue was nol significantly damaged
{Figs. 2 and 3). Contrary o whal we expectod, glutanate-
induced changes in nucleolide levels were not enhancad
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Fig. 2. Micrographs of ropresdntafive bssun sochions showang the progressson of kesans peoduced by glatamate (Gl inintec! rls of rals preaolesly
reabad wilh 3:-NP Lesions aro obesonssd as i ke negeon doe 10 e absanon of Cresyd Viokel s@aining Yelede mjecbon doses nol mjurs e stiabm
NP pratraaied rats (3-NP=valuchs) In vehide-Soalod aremals anfrasinatal agechon of Gl induced smoall ksmons with o sivabar seee ) ll bnes
slideod  In animals pre- oo bed satly 3:0P {(3-NP-=Glu) an meresis 0 e o of B lasons s doorly obsemsed Scabe bor =400 am Magnecalions
ol microndraphis o 3-NP pie-Fowled rabs mpected willi Gl ore show in A-D. Magrheabons wane Liken Trom Be besion aone ") (A) Waliicles inpaion
i NPl rat, (B 3-MPGlo at 4 b 05 3P4 Glu al Fh 0 3N 4G et 24 b Nonmal aggs=saning celts are obsened in 3NP-irealsd rals
ingactod with witechs (black amowhands), and thoe presence of dark and shnanken culls sro visitha o1 4 and T hoalter C3a mpcion (afilla armowsk
Twonby-tour hoars afler Glo mpction e leson core s chamclenzesd by o presanoe of condensod nuchn (bleck amows). Scale bar=10 um

by 3-NP pre-treatment despite the energy imbalance pro- of glutamate itsedf. In 3-MP pre-treated animals glutamate
duced by ihe milochondrial toan and by the administration induced a transient and not significant decrease in ATP,
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which recoverad at 24 h (Table 1) as compared with intact
ratg (Fig. 1C). An inCreasa in AMP levals was also ob-
gerved at T h, which increased further and significantly at
24 h (Table 1) as compansd with control levels (Fig. 15

Tahle 1. Effact of gutamate on ATP, ADP, AMP_ snd EC (pmolipg of
frogen Bssu wosghl) o siatal homogenates of nlect and 3HP gre-
raabad rals lked at dfloran mes afler infrasmatal Gl ingchdan
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Procsdures * P=005  mwlelve b conbol  leves Dola ane
meana=S E M om @ omber of amenals ndicaled ai e bofiom of
aach bar. (H) Micrographs of repesanlaive sinstal bssie sechons
showing immuncreacive colls to GEAP. Meographs of glulamabe-
sl WP ghutam et froambid mbs waro Wk Fom an arae sdaoent 1o
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Therefore, in spite of the recovery of ATP at 24 h tissue is
still under energefic stress, as evidencad by the elevation
of total nuclectide levels and the decline in the EC at this
time. These results indicate that despite the lesions ob-
served in animals treated with 3.NP+ glutamate. nucleo-
tide levals are recovered 24 h afler glutamate injection bui
not in their comect proportion,

Metabolic compromise can be expressed in a vanety of
ways and not anly by a fall in ATP, Decreased phospho-
crealine and increased kctic acid production also indicate
perturbations of the normal energy state within the tissue.
We furthar airmad 10 Know wiheiher exacerbated glulamate
Wxicty 0 3-NP-reated rats was related to an increase in
lactate concaniration. Lacliate levels were measured in
striatal homogenates 4, 7 and 24 h after glutamate injec-
tion in 3-MP-treated and intact rats. As reponied previously
{Massieu af al, 2001}, 2-day 3-NP administration did not
induce an increase in lactate levels al the concentration
uwsed (Fig. 4), glutamale induced a non-significant and
transient elevation of lactate levels from 4 o 7 h {(39% of
control levels), which retumed to basal values at 24 h.
When glutamate was injected in the striatum of 3-NP-
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treated rats, lactate levets significantly increased from 4 to
24 h after the injection (increases of 51, 47, and §1%
ralative 10 controd keyvels were obsenved at 4, 7 and 24 h,
respectively) (Fig. 4). Because in these conditions animals
show a prominent lesicn in the stristum, as scon as 4 b
after glutamate inpection, ? was reasoned that possibly
surviving cells together with reactive astrocytes surround-
ing the lesion were the main lactate and ATP producers
probably by means of a glycolylic up-regulation. Accord-
ingly. the presence of reactive glia was analyzed by immu-
mohistochemistry using an antibody against the GFAP.
Animals wera killed 24 h after glutamate injection. tims a
which ATP levels were recovered, and lactale levels were
still augmented in 3-NP + glutamate-treated rats. Photomi-
crographs shown in Fig. 4B demonstrate the presence of
numercus astrocylic calls in the penphery of the kesion,

DISCUSSION

The mechanisms of newronal dealh associated with chronic
3-NP treatment have been widely studied and it 15 sug-
gested that an excitploxic mechanism is involved (Beal a1
al., 1993, Kim el al, 2000, Lea at al, 2002a,b). In wive
freatmant wilth repatitive doses of 3-NP indutes a da-
crease in ATP levels (Ludolph et al, 1992) Beal et al,
1953, Matthews &t al., 1998), an increase in lactals con-
centrations (Beal ef al., 1993 Massieu af al,, 2001 Vis &
al, 2002) and the production of free radicaks in the rat
striatum (Schulz 1 al., 1896, Kim and Chan, 2002). Cn the
olher hand, in wio studies have shown thal 3-NP in-
creases cylosolic and mitechondrial calcium concentration
{Ler &f al, 2002b; Nasr el al., 2003). The administration
profocol of 3-MF used in the present study partially inhibis
SDH activity and decreases the EC, bul induces nd neu-
ronal death. This result is in accordance with olher reports,
and suggests that afler one or two systemic administra-
fions of 3-WP, SDH activity apparenily doss not remain
parmanently inhibited during the following days, and no
neurcnal damage I3 preduced (Broulllet et al, 1998, Mas-
sieu et al, 2001). Recovery of SOH activity might be
related 1o newly synthesized enzyme since 3-MP shows a
shom hall-life ima in plasma (Schulz ef al, 19956), and
therafore no frea 3-NF would be available to bind 1o newly
symhesized enzyme molecules. 3-NP touicity is related to
S0H inhibition damaging tissue only when it is continu-
ously inhibited in more than T0% (Brouillet &t al, 1998)
The present data agree with this obsarvation and also
demonstrate that even a partial inhibdtion of S0H induces
bicenergetic changes without damaging the striatum, b
faciitating the meurstoc activity of glutamate.

On the other hand, a decling in ATP levels after the
exposure 1o loxic concentrations of glutamate or its ana-
logs has been reported in several studies in witro and i
vivo (Biziere and Coyle, 1978 Retz and Coyle, 1982
Espancl et al, 1954, Tsuji &1 al, 1984, Marcaida et al.,
19495, Ankarcrona ef al,, 1995). Glutamate-induced neurng-
nal death is concentraticn-dependent and seems to be
related to the extent of ATP decrease (Ankarcrona et al.
1985; Yu el al. 2002; Garcla and Massieu, 2002). In the

present study we show that a low dose of glutamate ad-
rinistered into the striatum induces a moderate decling in
ATP levels and the EC, which 1 sustained even 24 h after
s administration, This reduction in ATP levels mighi be
the consequence of an increased ATP demand leading to
an enargy compromise, but without the sufficiant ntensity
o aller cellular survival in intact rats,

The present findings agree with previous obsenvations
from our group showing thal increasing the extracellular
concantration of glutamate through mhibition of its re-
uptake, leads to neuronal damage only if enaergy metabo-
Esm s disrupted (Sanchez-Carbente and Massisu, 1985
Massieu et al, 2001, 2003, Garcla and Massieu, 2003}, In
agreemeant. results show that a low conceniration of gluta-
mate is able to induce extensive lesions in the striatum
when the animals are under a moderate metabolic stress
nduced by 3-MP. Decreased ATP produciion has been
shown to be eritical for cell viability under conditions of
energy siress not only in neurons (Kass and Lipton, 1989)
but also in other cellular types such as hepatocyles (Mi-
eminen &t al., 1994}, In this study we aimed 1o test whether
ATF depletion precedes neuronal death, as has been
shawm in fn vt studies (Garcla and Massieu, 2003; Nasr
el al., 2003) Resulls indicate that glutamate-mediated
damage under mild metabolic compromise i evident as
soon as 4 h after ks administration. However, at this time
no changes in nuchkeotide levels were obsenved in striatal
tissua, alhough laciate concentration is already signifi-
cantly elevated suggesting a metabolic alleration. In ¢on-
tragl to i wilro observations, the present resulls show that,
nucleatide concentration was similarly attered in the siria-
twum afler glutamate injection in imact rats and in rats
recenving a subtoxic treatment of 3-MP, 7 h after glutamate
injection. Despite that glutamate injection in 3-MP-treated
rats did not induce an additional decay in the BC, tsswa
damage was enhanced in this condition. Moreover, AMP
and telal nudlectide levels were augmented al 24 h after
glutamate administration. with the consequent reduction in
EC. suggesting that under these circumstances an energy
imbalance iz present. This suggestion s further supported
by the observation that lactate concentration in striatal
homogenates is still enhanced at this time. Nucleclide
accumulation might suggest thelr lack of utilization possl-
bly a5 a part of an adaptive metabolic response of the
racovernng lissue, Reactive astrocyles surmounding the le-
Si0n might alko contributa 10 Ihase melabolic adaplations
possibly by augmenting their glycohic matabolism [ vitro
experments have shown thal, during metabolic siress.
Meurcns preven energy depetion through the reduction of
energy utiization andfor the stimulation of the giyoohtic
pathway. This mechanizm has been proposed as a pro-
teclive strategy against call death during a shor period of
anoxia or ischemia (Sims and Zaidan, 1995 Schurr ef al,
1897a.b; lzumi at al., 1987, Munns at al., 2003).

Due o the difficulty of a fine desection n nifrogen-
frozen braing, nuclectide determinations were made in
homogenates obtained after the dissection of the entire
stristum. Therefore, nucleotide levels reflect the state of
the energy metabolism in damaged cells as well as in
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surviving cells surrounding the lesion. For this reason, we
da not discard the possibility of a severe decrease of the
EC and ATP levels inside the lesion core. In fact, oihers
and we have demonstrated that when cullure neurons
weare exposad to 3-NP and gluiamate, or to 3-NF and an
inhibiter of glutamate uptake, ATP levels decrease 30 min
after the exposure. This decay is followed by partial loss of
mitechondrial membrang polential and mitcchondrial ac-
tivity, suggesting an impairment of oxidative phosphonyia-
ticn (Garcla and Massieu, 2003, Masr et al., 2002). These
evenis are accompanied by the loss of intracellular cal-
cium homeostiasis and excessive free radical production
{Schinder et al., 199G; Pang and Geddes. 1997, Saulle &
al., 2004; Masr et al., 2003. Garcla and Massiew, 2008
Vesce el gl 2004). On the other hand, we have also
reparted i witre and in vive that, in spite of the partial
mhibition of SHD by 3-MP and tha toxic affects of ghuta-
mate during SOH inhibition, anabolic subsirates such as
acatoacetale and pyruvate exan neurcprotection (Massieu
et al, 2001, Garcla and Massiau, 2003). Pratection by
these ensrgy substrates is mediated at least in part by the
maintenance of ATP kvel according to i wine studies
{Garcla and Massieu, 2003), indicating that mitochondria
are still abde to utilize attemnative subsirates. Such pro-
Ccesses CoUl be occumng n the cells insike the lesion
coire

The vast majonty of the mentioned siudies have bean
parformed in neuron-enriched cultures, however it is
kngwn that glial cells influence neurcnal energy metabg-
ism (Pellerin and Magistretti, 1994; Dringen e al,
1983a.b; Schurr et al., 19973, Voutsinos-Porche et al,
2003, Kasischike et al,, 2004) and vulnerability of neurons
o toxle Insults {Jeevalk and Micklas, 18597 Xiao-Yuan and
Stringer, 2004). It Is also known that glial cells are vulner-
able 1o glutamate and 3-MP toxcicity (Deshpande et al.,
19597, Fukuda el al, 1958, Chen el al, 2000. Ryu &t al.,
2003}, and although they are more resistant than neurans
o taxic insuls, specially microglia, they might alsa be
damaged (Kahlert and Ressar, 2004, Szydiowska et al,
2005}, Since astrocytes represent up to 90% of calls in the
CHES they might have a substantial contribution to the
chserved metabolic changes. At the moment we ignore
whither there 15 a selsctive vulnerability of neurcns and
astrocytes 1o glutamate toxicity in the present experimental
condiions, and the spacific contribution of the different
types af glial cells 1o the matabalic changes. Further ex-
pariments are needed in order 1o clarify this issue,

Lactate is commonly accepted as 8 marker of impaired
cxidative metabolsm, athough dunng the past years,
a metabolic coupling between astrocytes and neurons
through lactate production has been described (Pellerin
and Magisiretti, 1984, Schurr e al., 1998, Pellenn, 2003
Vautsinos-Forche et al., 2003). 1 has baen also suggested
that oxidative metabolism B sustained by the astrocyte—
nauron kactate shuttle during neuronal activity (Kasischke
et al., 2004}, In addition, lactate has been proposed as an
altermative substrate during hypoie conditions (Schum
al.. 1297p). In the present experimental conditions lactate
accurmulation might be the result of the metabolic coupling

betwesn astrocyles and neurons and (ts kack of utilization
by damaged neurons. Alternatively. lactate can be pro-
duced by metabolically compromised cells due to the in-
creased energy demand and the impaiment of oxidative

phesphonylation.

ARcgeiher, results indicale that, in the in vive condition,
enhancemant of glulamate taxicty in striatal tissue s rne-
lated 10 a metabolic disturbance as evidencad by an in-
crease in ladale kevels and the accumulation of tatal au-
claatides at the expense of an increase in AMP levels,
These matabolic changes might Ba tha consaquenca ol an
enhanced energy demand at early times, and of an adap-
tive matabolic response of the recovering tissue, at later
times, Furlher imvestigation of additional mechanisms in-
volved in glutamate neurotoxiclty during in vivo metabolis
impairment is nesded. in order 1o have a comprehensive
pleture of the complex interaction Batwean enaergy melab-
olism and glutamate neurctoxicity
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