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ABREVIATURAS

[*3S]-TBPS: **S- (t-butylbicyclophosphorothionate)
SHT;: 5-hydroxytryptamine (serotonina) tipo 3
ADP: Adenosine Diphosphate

AF: Region del receptor de estrégenos con funcion activadora (del inglés “Activation
Function”

AIF: Apoptosis-Inducing Factor

Akt: PKB (Proteina Kinasa B)

AMP: Adenosine Monophosphate

AMPA: 2-amino-3-(5-methyl-3-0x0-1,2- oxazol-4-yl)propanoic acid
AP: Activating Protein

ATP: Adenosine Triphosphate

BDNF: Brain-Derived Neurotrophic Factor
BGT1:Betaine-GABA Transporter 1

CaMKII: Calcio Calmodulina Kinasa II

CaMKIYV : Calcio Calmodulina Kinasa IV

CREB: cAMP Response Element-Binding protein
DDT: Diclorodifeniltricloroetano

DIV: Dias In Vitro

EAAT: Excitatory Amino-Acid Transporter
EGFR: Epidermal Growth Factor Receptor

ERK: Extracellular-signal-Regulated Kinase
ER-X: Estrogen Receptor X

ERa: Estrogen Receptor o

ERB: Estrogen Receptor 3

GABA: gamma-Aminobutyric acid

GAD: Glutamic Acid Decarboxylase

GAT: GABA Transporter

GluR: Glutamate Receptor



GPR: G-Protein coupled Receptor

GPR30: G-Protein-coupled Receptor 30

GRIP1: Glutamate Receptor Interacting Protein 1
GSK3p: Glucogeno Sintasa Kinasa 33

HCH: Hexaclorociclohexano

Hsp: Heat shock protein

HT?22: Linea celular “Human Teratocarcinoma 22”
ICI182780: Faslodex

IGF-I: Insulin-like Growth Factor-I

IP3. Inositol trisphosphate

JNK: c-Jun N-terminal Kinase

KA: Subunidad del receptor de kainato (del inglés “Kainate Affinity”)
KCC2: K'/CI" Cotransporter 2

LD50: Lethal Dose 50

LTD: Long-Term Depression

LTP: Long-Term Potentiation

MAGUK: Membrane-Associated Guanylate Kinase
MAP: Mitogen-Activated Protein

MAPK: MAP Kinasa

MCF-7: Linea celular “Michigan Cancer Foundation” — 7
mGLUR: metabotropic Glutamate Receptor

MKS801: Dizocilpine

MKP: MAP Kinase Phospatase

MPEP: 2-methyl-6-phenylethynyl-pyridine

NMDA: N-metil D-aspartato

nNOS: neuronal Nitric Oxide Synthase

NR: NMDA Receptor

PC12: Linea celular “PheoChromocytoma 12

PCP: 1-(1-phenylcyclohexyl)piperidine

PDZ: PSD95, DIgA (Drosophila Disc Large Tumor Suppressor) and ZO1 (Zonula
Occludens-1 Protein)

PHTPP: 4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a] pyrimidin-3-yl] phenol
PI3K: Phosphatidylinositol 3-Kinase

PICK: Protein Interacting with C Kinase



PKA: Proteina Kinasa A

PKC: Proteina Kinasa C

PLC: Phospholipase C

PP1: Protein Phosphatase 1

PP2A: Protein Phosphatase 2A

PP2B: Phosphoprotein Phosphatase 2B

PSD: Post Synaptic Density

PSD95: Post Synaptic Density 95 (kDa)

PXR: Pregnane X Receptor

SAP102: Synapse-Associated Protein 102 (kDa)
SAP97: Synapse-Associated Protein 97 (kDa)
SERM: Selective Estrogen Receptor Modulator
SNARE: SNAP [Soluble NSF (N-ethylmaleimide-Sensitive-Factor) Attachment
Protein] Receptor

STEP: Striatal Enriched protein tyrosine Phosphatase
TGFp: Transforming Growth Factor

TM1-4: Transmembrane Domain 1-4

TNFa: Tumor Necrosis Factor a

vGAT: vesicular GABA Transporter

vGLUT: vesicular Glutamate Transporter






1. LA NEUROTRANSMISION GLUTAMATERGICA

El 4cido glutamico es un aminoacido no esencial y por tanto todas las células del
organismo son capaces de sintetizarlo. Cominmente se le denomina glutamato dado que
a pH fisiologico siempre se encuentra en forma anidnica. Es un componente estructural
de las proteinas y, ademads, es necesario para la sintesis de acidos nucleicos y de
moléculas antioxidantes como el glutation, péptido que juega un papel importante en la
supervivencia de las neuronas. El glutamato es también el principal neurotransmisor
excitatorio en el sistema nervioso central. Puede ser sintetizado por dos vias distintas: a
partir de la glutamina a través de la accion de la enzima glutaminasa (mecanismo
predominante en las neuronas); o bien mediante la reaccion de transaminacion del o-
cetoglutarato (mecanismo habitual en células gliales), que es un producto intermedio del
ciclo de Krebs. Este neurotransmisor, una vez liberado por las vesiculas presindpticas de
las neuronas glutamatérgicas, actlla sobre los receptores de glutamato postsindpticos
dando lugar a una respuesta fisiologica. Ademds, puede activar los receptores de
glutamato presentes en la membrana presinaptica y regular de esa manera su propia
exocitosis, en un mecanismo de retroalimentacion positiva o negativa en funciéon del
tipo de receptor de glutamato que se active. La concentracion extracelular de glutamato
estd regulada por los transportadores de glutamato, que se dividen en dos grupos:
dependientes de Na'/K" o de alta afinidad (también llamados EAAT) e independientes
de Na'/K" o de baja afinidad. Por norma general, los EAAT captan el glutamato
extracelular mientras que los independientes de Na'/K" (como el antiportador cistina-
glutamato) liberan glutamato mediante transporte activo; es decir, consumiendo energia.
Los EAAT se expresan tanto en neuronas (EAAT4-5) como en las células gliales y
endoteliales (EAATI-3). Una vez captado, el glutamato es transformado en glutamina
en las células gliales, que a su vez es transportada de nuevo a las neuronas para producir
glutamato. Finalmente el glutamato es degradado a a-cetoglutarato por la glutamato
deshidrogenasa o bien es transportado dentro de las vesiculas exocitéticas a través de
los transportadores vesiculares de glutamato (vGLUTI-3, independientes de Na'/K"),
para ser secretado de nuevo. Este intercambio de aminoacidos entre neuronas y células
gliales se conoce con el nombre de ciclo glutamato-glutamina (ver figura 1). Se cree que
el glutamato liberado como neurotransmisor procede tanto del que es captado por
transportadores del medio extracelular como del sintetizado a través de la glutaminasa

presente en terminales nerviosos (Palmada & Centelles, 1998).
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Figura 1. Ciclo glutamato-glutamina entre neuronas y astrocitos. Constituye la base bioquimica del

metabolismo de los neurotransmisores glutamato y GABA (modificada de Palmada & Centelles, 1998).

A pesar de que el glutamato est4 presente en todas las células debido a su importancia
en el metabolismo celular, siempre se ha pensado que solo las neuronas glutamatérgicas
lo utilizaban como neurotransmisor. Es por ello que las neuronas glutamatérgicas a
menudo son identificadas mediante el uso de anticuerpos contra el transportador
vesicular vGLUT]1, al ser el mas comun de todos ellos en el sistema nervioso central.
Sin embargo, en los ultimos afos varios estudios han demostrado que el glutamato
también puede ser secretado por otros tipos neuronales e incluso por células no
neuronales. Por ejemplo, las motoneuronas liberan glutamato junto con la acetilcolina
(Nishimaru et al., 2005) y las neuronas monoaminérgicas expresan vGLUT2 y vGLUT3
(Trudeau, 2004). Por otro lado, los astrocitos también son capaces de liberar glutamato
de manera dependiente de calcio (Parpura et al., 1994) y expresan receptores de
glutamato funcionales (Gallo & Russell, 1995), razén por la cual se piensa que

participan de manera activa en la neurotransmision glutamatérgica (Araque et al., 1999).

1.1. CLASIFICACION, ESTRUCTURA Y DISTRIBUCION CEREBRAL DE
LOS RECEPTORES DE GLUTAMATO

Existen dos grandes grupos de receptores de glutamato: los receptores ionotropicos y
los metabotropicos. Los primeros regulan el paso de iones a través de la membrana

plasmatica y su permeabilidad a éstos se modifica cuando el glutamato se une al

.



receptor. Los receptores metabotropicos, en cambio, tras la union del glutamato,
modifican su interaccion con otras proteinas citosolicas y dan lugar a la activacion de

determinadas cascadas de sefializacion intracelulares.
1.1.1. Los receptores ionotropicos de glutamato

Son canales ionicos activados por ligando de 4 dominios transmembrana con un
extremo N-terminal extracelular que alberga el sitio de unién al ligando y otro C-
terminal intracelular con diferentes sitios de fosforilacion que regulan su actividad y la
interaccion con otras proteinas en la membrana (ver figura 2). Cuando el glutamato se
une a ellos produce cambios conformacionales en el receptor dando lugar a la apertura
del canal y permitiendo el flujo de iones Ca** y/o Na' hacia el interior celular y de K~
hacia el espacio extracelular. Se dividen en tres tipos que se denominan respectivamente

como los agonistas especificos que los activan: NMDA, AMPA y kainato.

1.1.1.1. Los receptores NMDA: Se caracterizan por poseer una alta permeabilidad al

Ca”™" y una cinética de activacion lenta. En condiciones de potencial de membrana en
reposo, los receptores NMDA se encuentran inactivos debido al bloqueo del canal
iénico por parte del Mg*". Cuando se produce una despolarizacion de la membrana, el
Mg*" desbloquea el canal permitiendo la entrada de Ca**, que actuara como segundo

mensajero activando diversas cascadas de sefalizacion.

Glutamato, HMDA

Glicina

Medio D-serina

extracelular

Figura 2. Estructura y farmacologia del receptor NMDA. La union de los agonistas glutamato o NMDA y
glicina o D-serina estimula la apertura del canal, liberando el cation Mg** y permitiendo la entrada de los

iones Ca*" y Na" al citosol y la salida de K" al medio extracelular (modificada de Smith, 2002).



Los receptores NMDA son heterotetrdmeros generalmente formados por dos
subunidades NR1 y dos subunidades NR2. La subunidad NR1 es necesaria para la
formacion de receptores funcionales y contiene el sitio de unidon de los aminoacidos
glicina y D-serina (ver figura 2), que son co-agonistas endogenos del receptor junto al
glutamato y necesarios para su activacion (Kleckner & Dingledine, 1988). Existen 8
isoformas o variantes de splicing alternativo de NR1, derivadas del procesamiento post-
transcripcional de su ARNm en 3 sitios diferentes: uno en el extremo N-terminal,
denominado N1 (ex6n 5), que regula sus propiedades farmacologicas y dos en el
extremo C-terminal, denominados C1 (exdén 21) y C2 (ex6n 22), median la interaccion
con proteinas implicadas en el trafico del receptor NMDA (ver apartado 1.3.2). Por su
parte las subunidades NR2 son responsables de la union del glutamato y del agonista
NMDA (ver figura 2). Existen 4 subtipos diferentes (NR2A-D), procedentes de 4 genes
distintos, que confieren al receptor NMDA propiedades farmacoldgicas y cinéticas
exclusivas; mas concretamente, difieren en el tiempo de desactivacion del receptor; es
decir, en el tiempo en que el glutamato permanece unido a ellas manteniendo activo el
receptor, siguiendo este orden: NR2ZA<NR2B=NR2C<NR2D (Monyer et al., 1994). Las
subunidades NR2 contienen también el sitio de unioén de ciertos moduladores alostéricos
enddgenos como el Zn>* (inhibidor) y las poliaminas (potenciadores), las cuales son
especificas de las subunidades NR2B. Ademas los receptores NMDA son sensibles al
pH siendo inhibidos por los protones, en especial aquellos que contienen las
subunidades NR2A y NR2B. También la sensibilidad a los antagonistas no competitivos
como Mg*", MK801, fenciclidina (PCP) y ketamina varia en funcién de la subunidad
NR2 presente, siendo mayor para NR2A y NR2B que para NR2C y NR2D. Sin
embargo, la presencia del ex6n 5 de la subunidad NR1 convierte al receptor NMDA en
insensible tanto al pH como a la modulacién por parte del Zn** y las poliaminas (Cull-

Candy et al., 2001).

Los receptores NMDA estan normalmente formados por diheteromeros siendo los mas
habituales los formados por NR1/NR2A y NR1/NR2B en la corteza e hipocampo, y por
NR1/NR2C en cerebelo. Sin embargo, también existen triheteromeros entre los que
destaca por su presencia en sinapsis neuronales el NRI/NR2A/NR2B (Tovar &
Westbrook, 1999). Ademads, en los ultimos afios se han identificado dos nuevas
subunidades, denominadas NR3A y NR3B, cuya presencia confieren al receptor NMDA
una reducida permeabilidad al Ca®" y caracteristicas neuroprotectoras frente a la

excitotoxicidad (Das et al., 1998; Nishi ef al, 2001; Nakanishi et al., 2009). La
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subunidad NR1 estd presente de manera abundante en todo el sistema nervioso central
tanto en etapas tempranas del desarrollo como en el cerebro adulto. Por el contrario, las
subunidades NR2 difieren bastante en cuanto a su distribucion cerebral y su patron de
expresion durante el desarrollo. Las subunidades NR2B y NR2D son las mas expresadas
durante el desarrollo embrionario y postnatal temprano del cerebro, predominando en el
telencéfalo (cortex e hipocampo) y en el diencéfalo y mesencéfalo respectivamente. Las
subunidades NR2A y NR2C aumentan gradualmente a lo largo del desarrollo llegando a
ser predominantes en algunas zonas del cerebro adulto, tales como el cerebelo. Ademas,
en el hipocampo adulto, las subunidades NR2A y NR2B se encuentran mayoritarimente
en las neuronas piramidales (glutamatérgicas) mientras que las subunidades NR2C y
NR2D se expresan en las interneuronas (Monyer et al., 1994). En cuanto a la
localizacion celular, durante el desarrollo la subunidad NR2A desplaza gradualmente a
la subunidad NR2B en las sinapsis neuronales, la cual pasa a ser mayoritaria en las
zonas extrasinapticas. En el caso del cerebelo, este reemplazamiento de subunidades en
las sinapsis implica no sélo la formacién de receptores NRI1/NR2A sino también
NR1/NR2C e incluso receptores triheteroméricos NR1/NR2A/NR2C. Por el contrario
los receptores NMDA que contienen la subunidad NR2D se localizan siempre en zonas
extrasindpticas, ya sea en forma diheteromérica o triheteromérica NR1/NR2B/NR2D

(Cull-Candy et al., 2001).

1.1.1.2. Los receptores AMPA/Kainato: A menudo se les denomina también receptores

no-NMDA por no ser sensibles a los antagonistas selectivos del receptor NMDA.
Presentan una menor afinidad por el glutamato que los receptores NMDA pero por el
contrario tienen una cinética de activacion mucho mas rapida que éstos. Los receptores
AMPA estan formados por 5 subunidades iguales (homomeros) o diferentes
(heterémeros) denominadas GluR1-4, mientras que los de kainato normalmente se
componen de las subunidades KA1-2 (de alta afinidad por kainato) junto a una
subunidad GluR5-7 (de baja afinidad). A diferencia de los de kainato, los receptores
AMPA son altamente permeables a Na” y K™ pero poco al Ca*". Sin embargo, la
ausencia de la subunidad GluR2 o el cambio en ésta de un aminoacido situado en el
poro del canal les confiere una mayor permeabilidad al Ca*" (Hollmann et al., 1991;
Mishina et al., 1991). En lo que respecta a su distribucion cerebral, los receptores
AMPA estdan ampliamente expresados en todo el cerebro, siendo especialmente
numerosos en el hipocampo y en el cortex. Concretamente las interneuronas

GABA¢érgicas expresan la subunidad GluR2 en menor cantidad que las neuronas
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piramidales glutamatérgicas y por ello presentan receptores AMPA permeables al Ca**
(Kondo et al., 1997). Por su parte las células granulares de cerebelo expresan solamente
las subunidades GluR2 y GluR4. En cuanto a los receptores de kainato, destacan la alta
expresion de KA1 en el hipocampo y la de GluR6 en células granulares de cerebelo

(Ozawa et al., 1998).

Los receptores AMPA/Kainato se localizan mayormente a nivel postsindptico en
neuronas maduras. Su activacion produce una despolarizacion de la membrana
plasmatica que conlleva la apertura de canales de Na* y de Ca®" regulados por voltaje
asi como la activacion de receptores NMDA, razon por la cual los receptores
AMPA/Kainato son capaces de incrementar la concentracién Ca®" intracelular ([Ca®'];)
de manera notable. Por este motivo, los receptores AMPA/kainato estan implicados en
procesos de plasticidad sindptica (ver apartado 1.2.2) pero también pueden contribuir a

la muerte excitotdxica (ver apartado 1.4).
1.1.2. Los receptores metabotrdpicos de glutamato

Los receptores metabotropicos de glutamato son receptores acoplados a proteinas G
(GPRs) de 7 dominios transmembrana. Forman una superfamilia de GPRs junto a los
receptores GABAg, entre otros, que difiere de la de los receptores adrenérgicos en que
son de mayor tamafo y tienen el sitio de union del ligando en el extremo N-terminal.
Ademas esta clase de GPRs se caracterizan por encontrarse normalmente en forma de
dimeros con los extremos N-teminal unidos mediante puentes de disulfuro (Romano et
al., 1996), teniendo incluso la capacidad de que la unién de un sélo ligando active los
dos receptores que forman el dimero (Brock et al., 2007). En conjunto son un total de 8
subtipos (mGLURI1-8) que se dividen en 3 clases en funcién de su homologia genética,

sus caracteristicas farmacologicas y su sefializacion intracelular (ver figura 3).

RECEPTORES METABOTROPICOS DE GLUTAMATO

/

N

TIPO |

TIPO |l TIPO 1l
Gq G\fo Gi/o
tPLC | AMPc |AMPc
mGLUR1 mGLURS mGLUR2 mGLUR3 mGLUR4 mGLURG/7/8

Figura 3. Clasificacion de los receptores metabotropicos de glutamato




1.1.2.1. Receptores metabotrépicos de glutamato de tipo I: Formado por los subtipos
mGLUR1 y mGLURS, estan generalmente acoplados a proteinas G4 aunque en ciertos
casos también median sus efectos a través de proteinas Gij,. Tras la estimulacion del
receptor, la subunidad a de la proteina G4 activa la fosfolipasa-C (PLC) produciendo
inositol trifosfato (IP;) y diacilglicerol, los cuales induciran respectivamente la
liberaciéon de Ca”" del reticulo endoplasmatico y la activacion de la proteina kinasa C
(PKC). A pesar de tener el mismo mecanismo de sefializacion, los mGLUR de tipo-I
presentan funciones diferentes y en ocasiones opuestas (ver apartado 1.4.3) y su
expresion cerebral es también desigual. Mientras que mGLURI se encuentra expresado
principalmente en el cerebelo, el talamo y el hipocampo, el patrén de expresion de
mGLURS en el cerebro es mas difuso aunque destaca, entre otras zonas, en las capas
superficiales del cortex y en el hipocampo (Ferraguti & Shigemoto, 2006). Por otro
lado, la expresion de mGLURI1 y mGLURS a lo largo del desarrollo cambia de modo
inverso; incrementando en el caso del primero y disminuyendo de manera general
(excepto en el cortex) para el segundo (Catania et al., 1994), razén por la que se le ha
asignado a mGLURS un papel importante en la sinaptogénesis (Wijetunge et al., 2008).
En cuanto a su localizacién celular, es mayoritariamente postsinaptica (concretamente
en la zona perisindptica o adyacente a la densidad postsinaptica-PSD-) (Lujan et al.,
1997) aunque también se han detectado en la membrana presinaptica modulando la
liberacion de glutamato (Musante et al., 2008). Cabe destacar que también han sido
localizados en la membrana nuclear de neuronas corticales modulando los niveles de
Ca”" dentro del nucleo (O'Malley et al., 2003; Jong et al., 2007). Ademas de estar
altamente expresado en neuronas, mGLURS también esta presente en astrocitos (Miller

et al., 1995).

1.1.2.2. Receptores metabotropicos de glutamato de tipo Il y III: Los mGLURs de tipo

IT estdan compuestos por nGLUR2 y mGLUR3, mientras que los de tipo-III los forman
mGLUR4 y mGLURG6-8. En ambos casos su sefializacion es a través de proteinas Gy,
cuya activacion inhibe la adenilato ciclasa y disminuye por tanto la formacion de AMP
ciclico (ver figura 3). Los de tipo II se expresan principalmente en las capas corticales
profundas, en el hipocampo y en el cerebelo (Berthele et al., 1999; Ferraguti &
Shigemoto, 2006). En cuanto a los de tipo III es de destacar la marcada expresion de
mGLUR4 en células granulares de cerebelo. Su patrén de expresion durante el
desarrollo se asemeja al de los mGLUR de tipo-I; el de mGLURS3 se corresponde con el

de mGLURS (temprano), mientras que el de mGLUR?2 es tardio como el de mGLURI
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(Catania et al., 1994). Se localizan principalmente a nivel presinaptico modulando la
liberacion de glutamato y GABA, asi como de diferentes hormonas (Bonci et al., 1997;
van den Pol et al., 1998; Durand et al., 2008), aunque también se encuentran altamente

expresados en los astrocitos (Yao et al., 2005).

1.2. FUNCIONES Y SENALIZACION DE LOS RECEPTORES DE
GLUTAMATO

Entre las funciones fisiologicas reguladas por el glutamato, ya sea durante el desarrollo
como también en el cerebro adulto, destacan la neurogénesis, el crecimiento de neuritas,
la sinaptogénesis, la plasticidad sinaptica y la supervivencia neuronal. Como hemos
descrito anteriormente, tanto la activacion de los receptores ionotropicos de glutamato
como de los metabotropicos de tipo I produce un incremento en la concentracion de
Ca®" intracelular ([Ca®'];), que serd méds o menos intenso y/o duradero segun la
composicion estructural del receptor que se trate. Por ello, el Ca®" constituye el
principal segundo mensajero de la sefalizacion mediada a través de receptores de

glutamato.

Cuando los receptores de glutamato activados son autoreceptores o receptores
presinapticos, el Ca*" movilizado generalmente se unir4 a la sinaptotagmina activando
el complejo de proteinas SNARE que conforma la maquinaria de la exocitosis. Una vez
activado éste, se inducira la fusion de las vesiculas secretoras con la membrana
plasmatica llevando a término la liberacion de neurotransmisores. En cambio, la
activacion de los receptores de glutamato postsinapticos y el consecuente incremento de
[Ca®"]; puede estimular la activacion de numerosas rutas de sefializacion (ver figura 4).
Algunas de las proteinas activadas por Ca>" en respuesta al glutamato son kinasas, como
PKC, calmodulina kinasa II (CaMKII) y PKA; o fosfatasas, como la calcineurina
(PP2B); las cuales actian modulando la funcion de los propios receptores AMPA y
NMDA mediante fosforilacién y desfosforilacion, respectivamente. También existen
sensores de Ca”" como la hipocalcina que recluta a la proteina AP-2 para regular el
trafico de receptores de glutamato (ver apartado 1.3.3); o proteasas como la calpaina,
que controlan la actividad de éstos mediante degradacion proteolitica (ver apartado
1.4.2.2). Otras, como la proteina Ras, activan cascadas de sefalizacion intracelulares
tales como las rutas MAPK y PI3K/Akt que a su vez regulan la expresion génica. De

. 2+ . . .,
esta manera, el incremento de [Ca” ]; producido por la estimulacion de los receptores de



glutamato dard lugar a la activacion de determinadas cascadas de sefalizacion
intracelular en funcién del tipo y localizacion del receptor que se trate asi como de sus
proteinas asociadas, provocando por tanto una gran variedad de respuestas fisioldgicas
(Sheng & Kim, 2002). Sin embargo, los receptores metabotropicos de tipo I también
tienen efectos independientes del Ca**, como en el caso de la activacion de ERK1/2 o la

modulacion de los canales de Ca** (Herrero et al., 1998; Yang et al., 2004).

AlA NMDAR
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Figura 4. Vias de sefializacion asociadas a los receptores de glutamato. La entrada de Ca®" desencadena la

activacion de las rutas MAPK y PI3K/Akt, entre otras (modificada de Sheng & Kim, 2002).

1.2.1. Diferenciacion neuronal

Las neuronas y células gliales se originan a partir de la diferenciacion de las células
madre neurales. En este sentido, el glutamato estimula la neurogénesis ya que regula la
expresion de factores neurotréficos, como el BDNF o IGF-I; de citokinas y de otras
moléculas sefializadoras, como el 6xido nitrico (NO); que detienen la proliferacion de
los progenitores neurales e inducen su diferenciacion a neuronas. Por otro lado, el
glutamato inhibe el crecimiento dendritico (pero no axonal) y estimula la formacién de
nuevas sinapsis a través de la regulacion de las proteinas del citoesqueleto. Asi, el
aumento de la [Ca®"]; inducido por la activacién de receptores de glutamato inhibe, por
un lado, la polimerizacion de la tubulina deteniendo la elongacion de la neurita, y por

otro lado, activa la polimerizacion de la actina a nivel local estimulando la formacion de
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extensiones filopddicas en el cono de crecimiento, las cuales estableceran los futuros
contactos sindpticos. Por otro lado, la produccion de factores neurotroficos inducida por
el glutamato también contribuira a los procesos de sinaptogénesis (Mattson, 2008). Se
cree que, en particular, los receptores NR1/NR2B tienen un papel determinante en la
formacion de sinapsis, puesto que se han encontrado formando clusters o agrupamientos
en dendritas, antes incluso de que éstas sean inervadas por los terminales presindpticos
(Li et al., 1998). De acuerdo con esta idea, la actividad a través de los receptores
NRI/NR2B y de los canales de canales de Ca*" de tipo L es determinante para la
expresion de la subunidad NR2A a lo largo del desarrollo (Hoffmann et al., 2000),
fendmeno clave en la maduracion de las sinapsis (van Zundert et al., 2004). Ademas, se
ha postulado que el cambio de predominancia de las subunidades NR2 en las sinapsis,
mencionado anteriormente, no se debe a alteraciones en la expresion o localizacion de
NR2B sino a la creacion de nuevas sinapsis formadas por receptores NMDA que s6lo

contienen la subunidad NR2A (Liu ef al., 2004).
1.2.2. Plasticidad sinaptica

Los receptores de glutamato son los principales responsables de los procesos de
plasticidad sinaptica, tales como la potenciacion a largo plazo (LTP, del inglés “Long-
Term Potentiation”) y la depresion a largo plazo (LTD, del inglés “Long-Term
Depression”). Estos cambios en la actividad sindptica constituyen las bases fisiologicas
subyacentes a los procesos de aprendizaje y memoria, ya que refuerzan o debilitan las
conexiones entre las neuronas en respuesta a un estimulo externo. A nivel molecular,
estas alteraciones se producen por cambios en la actividad y localizaciéon en la
membrana de los receptores de glutamato, como consecuencia de la acciéon de las
kinasas y fosfatasas mencionadas anteriormente. Existen diferentes mecanismos
responsables de la plasticidad sinaptica, cuya participacion varia segun la zona del
cerebro que se trate. De este modo, encontramos que tanto la LTP como la LTD pueden
ser dependientes o independientes del receptor NMDA, y ademés los receptores
involucrados pueden ser presindpticos y/o postsinapticos. Para afiadir mayor
complejidad, algunos receptores participan en la induccién de LTP (o LTD) y otros en
su expresion o mantenimiento. La forma mas habitual de plasticidad sindptica es la
dependiente del receptor NMDA, en donde la activacion de éstos produce un aumento
en la PSD de los receptores AMPA permeables al Ca®*, manteniendo asi la expresion de

la LTP. Por el contrario, la posterior internalizacion de los receptores AMPA daré lugar
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a la depresion prolongada de la actividad sinaptica o LTD. Ambos procesos estan
regulados de manera opuesta por las kinasas y fosfatasas activadas por Ca®". Por un
lado, las kinasas CaMKII y PKA estimulan rapidamente los receptores AMPA; y por
otro las fosfatasas, de cinética mas lenta, los desactivardn al cabo de un tiempo
determinado. Ademas, la intensidad de la sefial de Ca*" también determinara que se
activen unas u otras (Sheng & Kim, 2002). En este sentido, se ha observado que la
actividad de GSK3f (regulada negativamente por PI3K/Akt y positivamente por la
fosfatasa PP1) juega un papel importante en la transicion de LTP a LTD (Peineau et al.,

2008).

En cuanto a las subtipos de receptores involucrados, los receptores NRI/NR2A
sinapticos parecen responsables de la formacion de LTP en la corteza cerebral, mientras
que la induccion de LTD se debe a la activacion de receptores NRI/NR2B
extrasindpticos (Massey et al., 2004). Sin embargo, los receptores NMDA presindpticos
también contribuyen a ambas formas de plasticidad en ésta y en otras zonas cerebrales
(Duguid & Sjostrom, 2006). Por su parte, los receptores metabotropicos de tipo I han
sido implicados en generacion de LTD en hipocampo y cerebelo (Zhuo & Hawkins,
1995), y, mas recientemente, en la induccion y expresion de LTP dependiente del
receptor NMDA (Lu et al., 1997; Cheyne & Montgomery, 2008). Respecto al LTP
independiente del receptor NMDA, se sabe que, ademas de los canales de Ca’"
dependientes de voltaje, los receptores de kainato también estdn implicados en su

formacion (Bortolotto ez al., 1999).
1.2.3. Supervivencia neuronal

Durante el desarrollo se producen mas neuronas de las que finalmente formaran parte
del sistema nervioso. De modo que aquellas neuronas que no sean lo suficientemente
estimuladas (por el glutamato o por otros neurotransmisores excitatorios), no se
integraran en los circuitos neuronales y, como consecuencia, desencadenaran la muerte
celular programada o apoptosis. Por el contrario, la activacion de los receptores de
glutamato inducird la expresion de factores neurotréficos que, una vez liberados,
actuaran sobre sus receptores situados en la membrana presinaptica estimulando la
produccion de proteinas antiapoptdticas, como Bcl-2, y de enzimas antioxidantes
(Mattson, 2008). En concreto, la actividad mediada por los receptores NMDA juega un
papel clave en el mantenimiento de la supervivencia neuronal mediada por el glutamato.

Un caso paradigmatico es el de las células granulares de cerebelo; puesto que, para su
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adecuada diferenciacion y supervivencia, requieren de una constante activacion de los
receptores NMDA. Por esta razon, han de ser cultivadas en presencia de una alta
concentracion de K (25 mM) para facilitar la neurotransmisién, reproduciendo asi, in
vitro, la inervacion procedente de las fibras musgosas que ocurre en el cerebro (Gault &
Siegel, 1998). De hecho, un modelo frecuente para inducir apoptosis en células
granulares de cerebelo es el de reducir la concentracion de K™ (a 5 mM) en el medio de

cultivo.

Del mismo modo que durante el desarrollo, la supervivencia neuronal también depende
de la actividad sinaptica a través de los receptores NMDA en el cerebro adulto. Ademas,
se ha demostrado que la activacion selectiva de los receptores NMDA sindpticos tiene
efectos neuroprotectores frente a diferentes modelos de muerte neuronal in vitro
(Soriano et al., 2006; Leveille et al., 2010). Sin embargo, la neuroproteccion mediada
por el receptor NMDA en modelos de isquemia, tanto in vitro como in vivo, ha sido
atribuida a la activacion especifica de los receptores NR1/NR2A, independientemente
de su localizacion sinaptica (Liu et al., 2007). A pesar de ello, la activacion de los
receptores NRI/NR2B también tiene efectos neuroprotectores frente a la apoptosis
inducida por la sobreactivacion de GSK3p (Habas et al, 2006). Por tanto, no esta
totalmente clara todavia la funcién de los receptores NMDA en la supervivencia
neuronal, aunque varios estudios apuntan a que la activacion de vias de sefializacion
intracelular, MAPK y PI3K/Akt, y su posterior regulacion de la expresion de BDNF y
de las proteinas mitocondriales de la familia Bcl-2, son determinantes al respecto (Zhu

et al., 2005; Xu et al., 2007a; Hardingham, 2009).

1.3. TRAFICO DE LOS RECEPTORES DE GLUTAMATO

El trafico de receptores es un proceso complejo controlado por muchos factores que
regula la expresion funcional de éstos en la membrana plasmatica. Se compone de dos
fases diferenciadas: la secrecion o insercidon de receptores en la membrana, que abarca
desde la sintesis del receptor hasta su localizacion en la superficie celular; y la
internalizacion o endocitosis, que finaliza con la degradacion del receptor o bien el
reciclaje para su nuevo transporte hacia la membrana. Ademads, la union de los
receptores a las proteinas scaffold o de anclaje a la membrana determinard su estabilidad
en la membrana asi como su localizacion sinaptica, funcionalidad y sefalizacion

intracelular.
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1.3.1. Secrecion de los receptores de glutamato

Una vez sintetizadas en los ribosomas, las subunidades que conforman los receptores de
glutamato son transportadas al reticulo endoplasmatico. Alli serdn ensambladas entre si
a través de puentes de disulfuro dando origen a la estructura cuaternaria definitiva de los
receptores. Estos son entonces transportados al aparato de Golgi, desde donde partiran
en vesiculas secretoras hacia la membrana plasmatica. En cambio, aquellos receptores
que no han sido ensamblados correctamente serdn degradados en el reticulo
endoplasmatico. En el caso de los receptores NMDA, la presencia de la subunidad NR1
es totalmente necesaria para que los receptores sean exportados hacia la membrana
celular. Como hemos mencionado anteriormente, el extremo C-terminal de la subunidad
NR1 esta compuesto por 3 dominios o cassettes denominados C0, C1 y C2 (exones
20,21 y 22, respectivamente). El procesamiento alternativo del ARNm de C1 y C2 dara
lugar a 4 subunidades NR1 diferentes (ver figura 5). El dominio C1 tiene un motivo
formado por 3 aminoécidos (arginina-X-arginina, siendo X un aminoacido cualquiera)
que determina la retencion del receptor en el reticulo endoplasmatico. La union con las
subunidades NR2 oculta este motivo permitiendo la secrecion del receptor, mientras que
las subunidades NR1 que carecen de la region C1 son capaces de alcanzar la membrana
por si solas. Ademas, la presencia del dominio C2’ (procedente del truncamiento de C2)
acelera el trafico de los receptores NMDA hacia la membrana (Perez-Otano & Ehlers,

2004).

TM4
NR1-1 Jlfco] c1 [ c2 ]

NR1-2
NR1-3
NR1-4

Figura 5. Variantes de splicing derivadas del procesamiento los cassettes C1 y C2 situados en el extremo

C-terminal de la subunidad NR1 del receptor NMDA (obtenida de Mu et al., 2003).
El trafico de los receptores NMDA también puede estar regulado mediante

modificaciones post-traduccionales que se producen a lo largo del proceso de secrecion.

De esta manera, la fosforilacion coordinada por parte de PKC y PKA en el dominio C1
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favorece el transporte de receptores NMDA a la membrana (Scott et al., 2003). En
cambio, la palmitoilacion de las subunidades NR2 en su extremo C-terminal retiene a
los receptores en el aparato de Golgi (Hayashi et al., 2009). Por otro lado, la interaccion
con las proteinas PSD95 y SAP102 es también otro mecanismo de regulacion del trafico
de los receptores NMDA hacia la membrana, de tal manera que facilitan la unién a las
proteinas del complejo exocisto, quienes a su vez median la fusion de las vesiculas
secretoras con la membrana plasmatica (Sans et al., 2003). Existen diferencias entre las
subunidades NR2 en lo que respecta a su secrecion: mientras que para los receptores
NR1/NR2B se trata de un proceso constitutivo, en el caso de los receptores NR1/NR2A,
¢ésta depende de la actividad sinaptica (Perez-Otano & Ehlers, 2004). El transporte de
receptores a través de la maquinaria secretora es relativamente lento (2-3 horas); sin
embargo, los receptores NMDA también pueden ser incorporados a la membrana de
manera rapida, a través de la exocitosis mediada por el complejo SNARE. Este proceso
esta regulado por diferentes factores tales como PKC, insulina o la activacion de los

mGLURs de tipo I (Lan et al., 2001; Skeberdis et al., 2001).
1.3.2. Localizacién sinaptica e interacciéon con las proteinas scaffold

Existe también un tipo de transporte dentro de la membrana plasmatica denominado
difusion lateral, mediante el cual los receptores se mueven de zonas sinapticas a zonas
extrasinapticas y viceversa. Se cree que tiene una gran importancia en el reciclaje de los
receptores, permitiendo bien su acceso a la zona de endocitosis para su posterior
internalizacion o su posicionamiento en la sinapsis tras su insercion en la membrana, y
esta regulado por la interaccion con las proteinas scaffold. En el caso de los receptores
NMDA, este proceso es constitutivo siendo especialmente dindmico durante el
desarrollo, y afecta tanto a los receptores NR1/NR2A como a los NRI/NR2B. En
cambio, la difusion lateral de los receptores AMPA depende de la actividad sinaptica y

parece estar implicada en los procesos de plasticidad (Perez-Otano & Ehlers, 2004).

Los receptores de glutamato situados en la membrana plasmatica se encuentran
asociados a las llamadas proteinas scaffold formando un complejo que estabiliza a los
receptores en determinadas zonas de la membrana plasmatica (por ejemplo en la PSD),
ya que funcionan como punto de anclaje entre el receptor, la membrana y el
citoesqueleto de actina. Sirven ademas para reclutar otras proteinas, como CaMKII o
nNOS, que se encargan de la transduccion intracelular de la sefializacion mediada por

los receptores de glutamato (Gardoni et al, 2006; d'Anglemont, X et al, 2007,
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d'Anglemont, X et al., 2009; Gardoni et al., 2009). En la tabla 1 se detallan las proteinas
scaffold a las que se encuentran asociados los receptores de glutamato mas
habitualmente. Entre ellas, las proteinas de la familia MAGUK (guanilato kinasas
asociadas a la membrana), como PSD95 y SAP102, son las que generalmente se unen a
los receptores NMDA. Esta interaccion se produce a través del dominio de uniéon a PDZ
presente en la region C-terminal de las subunidades NR2 y de algunas variantes de
splicing de NR1 (Kornau et al., 1995; Muller et al., 1996). La palmitoilacion, tanto de
PSD95 como de las subunidades NR2, favorece esta union y también estimula la
fosforilacion en residuos de tirosina de éstas ultimas por parte de la familia de kinasas
Src, estabilizando el complejo en la membrana e inhibiendo al mismo tiempo su
degradacion por las calpainas (Rong et al., 2001; Dong et al., 2004; Hayashi ef al.,
2009). SAP102, en cambio, no contiene sitios de palmitoilacién y por ello se cree que
no tiene la capacidad de formar clusters ni tampoco impide la proteolisis del receptor
NMDA inducida por las calpainas (Dong et al., 2004). Por el contrario, la fosforilacion
en residuos de serina de NR2B en respuesta a la actividad sinédptica inhibe su asociacion
con PSD95 y SAP102 y como consecuencia reduce su expresion en la membrana
(Chung et al., 2004). A pesar de que la expresion y la localizacion de la subunidad NR1
no se ven alteradas en ratones knockout para PSD95, la plasticidad sinaptica y el
aprendizaje si que estan afectados en estos ratones (Migaud et al., 1998). Esto parece
ser debido a que el incremento progresivo en la expresion de PSD9S5 a lo largo del
desarrollo (paralelo al de NR2A) es decisivo en el cambio de predominancia de las
subunidades NR2 en las sinapsis (Elias et al., 2008), las cuales a su vez son
determinantes en los procesos de plasticidad sindptica, como hemos explicado
previamente. De este modo, en neuronas corticales maduras, los receptores NR1/NR2A
se encuentran normalmente unidos a PSD95 en las sinapsis, mientras que los receptores
NR1/NR2B se asocian preferentemente a SAP102 y se localizan en zonas perisinapticas
o extrasinapticas (van Zundert et al., 2004). A pesar de ello, la subunidad NR2A no
requiere de la union con PSD95 para su localizacion sindptica, mientras que en el caso
de NR2B es requisito indispensable (Prybylowski et al., 2005). Ademads, la interaccion
de PSD95 con las subunidades NR2 esta también regulada por CaMKII, cuya activacion
o inhibicién induce la disociacion de PSD95 con NR2A o con NR2B, respectivamente,
alterando por tanto la localizacién sindptica de esta ultima (Gardoni et al., 2006;

Gardoni et al., 2009).
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PSD95 y SAP102 también interaccionan con los receptores AMPA aunque no de
manera directa sino a través de la proteina transmembrana stargazin (van Zundert ef al.,
2004; Elias et al., 2008). Ademads, se ha observado que PSD95 y SAP102 pueden
interaccionar entre si a través de la calmodulina, lo que se ha propuesto como un
mecanismo de formacién de clusters o agrupamientos de receptores de glutamato
(Masuko ef al., 1999). Sin embargo, las proteinas normalmente unidas a los receptores
AMPA en la PSD son SAP97, para GluR1, y PICK1 o GRIP1, para GluR2/3. En cuanto
a los receptores metabotropicos de glutamato, su principal proteina scaffold se llama
Homer, la cual forma complejos multiméricos acoplando los mGLUR de tipo I con los
receptores de IP3 o de rianodina, de modo que facilita la transduccion de su
sefializacion. Ademads, se ha visto que Homer también es capaz de unirse a PSD95 a
través de otra proteina llamada Shank (Tu et al., 1999), lo que parece contribuir al
acoplamiento funcional de los mGLURs de tipo I con los receptores NMDA (Guo et al.,
2004).

Proteinas  Receptores Receptores Receptores
scaffold ~ AMPA  de Kainato NMpA = MCMR
PSDY5 v v
SAPY7 v
SAP102 J J
Stargazin ¢
PICKI/GRIP1 v W
AP-2 \/ ‘/
Homer ¢

Tabla 1. Proteinas scaffold asociadas normalmente a los receptores de glutamato en la membrana

plasmatica (modificada de http://www.bristol.ac.uk/synaptic/)

1.3.3. Endocitosis de los receptores de glutamato

Existen dos tipos de endocitosis para los receptores de glutamato: la constitutiva y la

inducida por ligando. La primera es mds habitual durante el desarrollo, cuando las
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sinapsis no son todavia maduras, o en zonas extrasinapticas; puesto que en estos casos
los receptores no se encuentran fuertemente anclados a la membrana. En el segundo
caso, la activacion del receptor por el ligando induce cambios en la asociacion con las
proteinas scaffold, directamente o a través de las vias de sefializacion intracelular, que
darén lugar a su desestabilizacion en la membrana y consecuente difusion a la zona
perisinaptica, donde esté situada la maquinaria endocitotica. En el caso de los receptores
NMDA, es necesaria la union de los dos ligandos (glutamato y glicina) para inducir la
endocitosis. En cambio, la internalizacion de los receptores AMPA requiere la
activacion previa de los receptores NMDA. A pesar de interaccionar con distintas
proteinas scaffold en la membrana plasmatica, los receptores ionotropicos de glutamato
comparten el mismo mecanismo de internalizacion: la endocitosis mediada por clatrina.
El primer paso después de la disociacion con las proteinas de anclaje a la membrana es
la unién de los receptores a otra proteina, AP-2, que sirve de adaptador para la
interaccion posterior de la clatrina con el complejo (por ello aparece en la tabla 1 como
proteina scaffold). Varias moléculas de clatrina polimerizan produciendo una
invaginacion de la membrana que, tras la accion de la dinamina, dard lugar a la
formacion de la vesicula endocitica. A continuacion, las vesiculas endociticas se
fusionan entre si originando los endosomas tempranos, los cuales podran seguir dos
caminos: devolver a los receptores a la membrana a través de los endosomas de
reciclaje, o bien enviarlos a los endosomas tardios para su posterior degradacion en los
lisosomas. De manera general, en la endocitosis constitutiva los receptores se suelen
reciclar y en la inducida por ligando se degradan. A pesar de ello, los mecanismos que
determinan que los receptores sigan una u otra via vienen marcados por las proteinas
Rab y ciertas cascadas de sefalizacion, y varian con cada tipo de receptor. Por ejemplo,
la subunidad GIluR2 de los receptores AMPA sera reciclada o degradada,
respectivamente, en funcion de si su internalizacion es inducida por el propio agonista
AMPA o por NMDA (Lee et al., 2004), mientras lo contrario sucede con la subunidad
GluR1 (Ehlers, 2000). En el caso de los receptores NMDA, las subunidades NR2A y
NR2B tienen diferentes motivos endociticos (formados por 4 aminoacidos) en el
extremo C-terminal que determinan; primero, la afinidad por las proteinas AP; y
después la ruta de internalizacién que seguiran, siendo preferente la de reciclaje para
NR2B (Lavezzari et al., 2004). Se ha observado que la inhibicion de GSK3f reduce de
manera rapida y especifica los receptores NR1/NR2B mediante su disociacion con

PSD95 (Chen et al, 2007). En cambio, la subunidad NRI1 esta regulada por
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ubiquitinacion y posterior degradacion por el proteosoma (Kato ef al., 2005). Respecto a
los receptores metabotropicos de glutamato, éstos siguen un mecanismo de endocitosis
diferente: la constitutiva se produce a través de la proteina caveolina-1 y las “balsas
lipidicas” (Francesconi et al., 2009), mientras que la dependiente de ligando esta

mediada por las arrestinas (Mundell ef al., 2001).
1.3.4. Plasticidad homeostatica

Existen dos tipos de plasticidad homeostatica: la metaplasticidad y la conocida en
inglés como synaptic scaling (“balance sinaptico”). La metaplasticidad consiste en
cambios funcionales (generalmente a nivel de los receptores de NMDA) que alteran la
capacidad de las neuronas de inducir los propios procesos de plasticidad sindptica (LTP
y LTD). En cambio, el “balance sindptico” se trata de un proceso fisioldégico de
regulacion del nimero o densidad de componentes que participan en la
neurotransmision (principalmente receptores) en respuesta a cambios a largo plazo en la
actividad sinaptica. Este proceso fisioldgico es un mecanismo compensatorio que
permite mantener en equilibrio el balance entre la excitacion y la inhibicion neuronal,
con el fin de evitar las consecuencias fatales que supone, por ejemplo, el exceso de
activacion de receptores de glutamato (ver apartado 1.4). A diferencia de la gran
movilidad en la membrana que caracteriza a los receptores AMPA, acorde con su
descrita funcion en la plasticidad sinéptica, los receptores NMDA siempre se han
considerado bastante estables en la superficie celular (con una vida media de unas 20
horas). Sin embargo, en los ultimos afios se ha demostrado que el trafico de receptores
NMDA es muy dindmico y estd controlado en gran medida por la actividad sinaptica,
considerandose incluso el principal mecanismo molecular responsable de los fenomenos
de plasticidad homeostatica, junto al de los receptores AMPA (Perez-Otano & Ehlers,
2005; Turrigiano, 2008). De esta manera, el bloqueo continuado de la actividad
sinaptica produce un incremento reversible del niumero de receptores NMDA en la
membrana postsindptica (Rao & Craig, 1997), mientras que la actividad prolongada
produce el efecto contrario (Crump ef al., 2001; Swann et al., 2007). Sin embargo, este
proceso no se limita a la actividad sinaptica sino que el bloqueo crénico de los
transportadores de glutamato tiene un efecto similar (Cebers et al., 1999), a pesar de que
en este caso se produce también la activacion de receptores extrasindpticos. Como
hemos mencionado anteriormente, la plasticidad homeostatica es ademas un fenémeno

bidireccional que no so6lo afecta a la neurotransmision excitatoria (glutamatérgica) sino
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también a la neurotransmision inhibitoria (GABAérgica). Asi, la activacion mantenida
de los receptores NMDA por un lado disminuye la funcionalidad de los receptores de
glutamato (Brandoli ef al., 1998; Shi et al., 2001), y por otro incrementa la del receptor
GABA, (Aamodt et al., 2000). Por el contrario, el tratamiento croénico con antagonistas
NMDA incrementa la neurotransmision glutamatérgica (Rao & Craig, 1997) y
disminuye la GABAérgica (Kinney et al., 2006). Finalmente, en la plasticidad
homeostatica no intervienen exclusivamente los receptores de glutamato y de GABA
sino también las proteinas scaffold, las kinasas de sefalizacion intracelular, ciertos
factores neurotroficos (como BDNF) o incluso algunas citoquinas (como TNFa)

liberadas por las células gliales (Perez-Otano & Ehlers, 2005; Turrigiano, 2008).

1.4. EXCITOXICIDAD DEL GLUTAMATO

A pesar de las numerosas e importantes funciones que tiene el glutamato en el sistema
nervioso central, también puede tener efectos letales para las neuronas cuando se
encuentra en grandes concentraciones en el medio extracelular. Esta situacion
constituye la base etiofisiopatoldgica del dafio neuroldgico producido por la isquemia,
el trauma craneoencefalico o la epilepsia, y también contribuye al progreso de
enfermedades neurodegenerativas como el Alzheimer o el Huntington. El término
excitotoxicidad se refiere a la muerte celular producida por la excesiva activacion de los
receptores de glutamato y fue acufiado originariamente por (Olney, 1969). Inicialmente
fue asociado a un incremento del volumen celular y a la deplecion de las reservas
energéticas de la célula. Méas adelante, (Choi, 1987) establecid que existen dos
componentes en la muerte neuronal causada por el glutamato: uno marcado por un
hinchamiento celular a raiz de la entrada masiva de Na" y CI’, seguida de agua por
O6smosis, que puede dar lugar a la rotura de la membrana celular; y otro mas lento y
predominante a menores concentraciones de glutamato, causado por la entrada de Ca*"
y la consecuente activacion de proteasas y fosofolipasas. Posteriormente, se asocid el
primer componente de la excitotoxicidad a la muerte por necrosis y el segundo a la
apoptosis causada por la activacion de caspasas (Meli et al, 2004), aunque la
contribucion de cada componente a la muerte excitotoxica es todavia fuente de amplio

debate.
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1.4.1. Determinantes moleculares de la excitotoxicidad

(Choi, 1987) fue el primero en sugerir que la entrada de Ca®" a través de los receptores
NMDA (pero no a través de los canales de Ca®" regulados por voltaje o de los
receptores AMPA/Kainato) era la principal causante de la excitotoxicidad mediada por
glutamato, hecho que se confirmé en trabajos posteriores (Michaels & Rothman, 1990;
Koh & Choi, 1991; Tymianski et al., 1993). Debido a estos hallazgos, comenzo6 a
formarse el concepto de “compartimentalizacion del Ca*" citosolico” y a debatirse su
implicacion en la sefializacion asi como en la muerte neuronal. En este sentido, la
activacion de diferentes receptores de glutamato, a pesar de compartir el mismo
mensajero (el Ca’"), puede dar lugar a respuestas fisiologicas o patoldgicas que variaran
en funcidn de la intensidad y duracién del estimulo por un lado, y de la localizacion del
receptor asi como de las proteinas asociadas a éste, por otro. Asi, por ejemplo, la
activacion de un mismo subtipo de receptor metabotropico de glutamato puede
favorecer o prevenir la excitotoxicidad dependiendo de factores tan diversos como su
asociacion con los receptores NMDA o la presencia de astrocitos (ver apartado 1.4.3).
De manera similar, se han asignado papeles opuestos a los receptores NMDA
dependiendo de su composicion asi como de su localizacion en la membrana celular. Si
bien esta ampliamente aceptado que la activacion de los receptores NMDA sinapticos
estimula la supervivencia neuronal y la de los extrasinapticos desencadena la cascadas
de muerte celular; en cambio, la implicacion de las subunidades NR2A y NR2B en
ambos procesos es todavia un aspecto controvertido (Hardingham, 2009). Asi, tanto los
receptores NR1/NR2B como los NR1/NR2A son capaces de mediar la muerte inducida
por glutamato en neuronas corticales maduras (von Engelhardt et al., 2007). Por ello, se
ha sugerido que las rutas de sefalizacion asociadas al receptor NMDA tienen un papel
critico en el desarrollo de la excitotoxicidad. En este sentido, la interaccion con las
proteinas PSD95 y nNOS parece ser determinante en la conexion de los receptores
NMDA con los procesos excitotoxicos (Cui et al., 2007). Asimismo, se ha propuesto
que la exposicion a dosis bajas de NMDA favorece la activacion de los receptores
sinapticos y con ello la de las rutas de supervivencia PI3K/Akt y MAPK. Por el
contrario, dosis altas de NMDA favorecen la activacion de los receptores
extrasinapticos estimulando asi la activacion de calpainas, la sobrecarga de Ca®” en la

mitocondria y la produccién excesiva de 6xido nitrico (Hardingham, 2009).
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Por otro lado, la entrada de CI a través de los receptores GABA, y de los canales de CI'
contribuyen también a la excitotoxicidad. Por ejemplo, los antagonistas de los
receptores GABA, y de los canales de CI” protegen contra a la toxicidad inducida por
alto K' en células granulares de cerebelo al prevenir la liberacion de glutamato (Babot
et al., 2005). En cambio, en neuronas corticales estos mismos antagonistas de los
receptores GABA, no tienen efecto protector frente al tratamiento con NMDA,
mientras que los de los canales de CI sensibles a volumen si que lo tienen, pero su
mecanismo es a nivel postsinaptico previniendo el hinchamiento celular y la posterior
necrosis (Inoue & Okada, 2007). Otro estudio muestra como la distribucion diferencial
de los receptores NMDA y AMPA/Kainato en las distintas capas corticales determina
su contribucion a la excitotoxicidad (Young et al., 2007). Por tanto, a pesar de que los
receptores NMDA se consideran los mayores responsables del dafio neuronal mediado
por el glutamato, muchos otros receptores (no solo de glutamato) intervienen en el
proceso y su contribucion especifica dependera de la region cerebral, de su localizacion

celular y del tipo de estimulo excitotoxico.

Ademas del origen del Ca®" citosolico, se ha demostrado que la duracién del estimulo es
un factor determinante en la muerte excitotoxica, pero no asi la magnitud de [Ca®'];
alcanzada (Tymianski et al., 1993). En este sentido, se ha observado que la activacion
de los receptores AMPA/Kainato, pero no de los receptores NMDA, ha de ser
prolongada para producir neurodegeneracion (Koh & Choi, 1991), a pesar de que el
efecto maximo sobre la [Ca®']; es similar para ambos receptores (Carriedo et al., 1998).
Sin embargo, la entrada rapida de Ca’" a través de los receptores AMPA/Kainato
permeables al mismo también es capaz de producir muerte, de manera similar a la
producida por NMDA. Esto es debido a que, en estos casos, la [Ca®]; se mantiene alta
incluso una vez retirado el agonista, mientras que el incremento de [Ca®’]; causado por
la activacion de canales de Ca®" o de receptores AMPA/Kainato impermeables a Ca™ es
transitorio (Carriedo et al., 1998). La activacion de receptores NMDA estimula ademas

la liberacion de glutamato produciendo un efecto de retroalimentacion positiva que
contribuye de manera importante a la excitotoxicidad (Fogal et al., 2005).

Por ultimo, se ha observado que la susceptibilidad a la excitotoxicidad crece a lo largo
del desarrollo, hecho que se atribuyd inicialmente al aumento de expresion de
receptores de glutamato a medida que las neuronas maduran, a pesar de que no se

correspondia con una mayor funcionalidad de los receptores (Koroshetz et al., 1990;
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Frandsen & Schousboe, 1990; Mizuta et al., 1998). Mas recientemente, algunos autores
han sugerido que la localizacion extrasindptica de los receptores NMDA y AMPA
permeables a Ca®" es determinante en este fenomeno (Sinor et al., 2000; King et al.,
2006), mientras que otros lo han achacado a una mayor liberacion de glutamato

posterior al estimulo excitotoxico en neuronas maduras (Fogal et al., 2005).
1.4.2. Rutas de sefializacion implicadas en la excitotoxicidad

Existen diferentes mecanismos que contribuyen en mayor o menor medida a la
excitotoxicidad del glutamato dependiendo del tipo de estimulo y de la célula que se
trate. En la mayoria de las ocasiones, al menos en aquellas en las que intervienen los
receptores NMDA, es la combinacion de todos ellos la que produce efectos letales para
las neuronas. En la figura 6 se ilustran las rutas mas habitualmente implicadas en la

muerte excitotoxica derivada de la excesiva activacion de los receptores NMDA.

ESTIMULO
EXCITOTOXICO

/ nNOS
Activacion de

calpainas \

Estrés oxidativo
(Formacion de

Degsrirée;:i(m radicales libres)
Degrad.
Degradacion mGLUR1
NCX3
4
CREB >
_ p38
(expresion Akt ) JNK PARP Sobrecarga
génica) \- N de Ca®
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+ Fallo bioenergético T
de Ca® despolarizacion
@ mitocondrial

Liberacion de
Apoptosis Pcores semeRioe Muerte no apoptotica
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Figura 6. Rutas intracelulares implicadas en la excitotoxicidad (modificada de Hardingham, 2009))

1.4.2.1 Dafio mitocondrial y estrés oxidativo: Es bien sabido que las mitocondrias

captan el Ca”" citosolico a través de un uniportador, lo que facilita la sintesis de ATP.

Ademaés, de modo parecido al reticulo endoplasmatico, las mitocondrias pueden
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funcionar como depositos intracelulares transitorios de Ca®*, de manera tal que regulan
la [Ca®]; a nivel local y, con ello, procesos fisiologicos tales como la liberacion de
neurotransmisores (Aldea et al., 2002). Sin embargo, en situaciones patologicas en las
que la [Ca®']; se mantiene alta puede llegar a producirse una sobrecarga de Ca’ enla
mitocondria, acompafiada de la disrupcion de su potencial de membrana. Esta situacion
tendra multiples consecuencias fatales para la cé€lula, tales como: (i) la reversion de la
actividad ATP sintasa que ahora consumird energia en lugar de sintetizarla (ii) el
desacoplamiento de la cadena de transporte electronico a la fosforilacion oxidativa lo
que generara la produccion masiva de radicales libres; (iii) la formacion del poro de
transicion de permeabilidad mitocondrial que dara paso a la liberacion de factores pro-
apoptdticos al citosol, como el citocromo ¢, el AIF (factor inductor de la apoptosis) o
precursores de las caspasas (pro-caspasas). La familia de proteinas Bcl-2 (como la
propia Bcl-2 o Bax) regulan estos procesos impidiendo o permitiendo la formacioén de
este poro. Finalmente, la apoptosis puede desencadenarse de manera dependiente o
independiente de caspasas. En el primer caso, el citocromo c¢ liberado al citosol se
asocia con las proteinas Apaf-1 y la pro-caspasa 9 formando el apoptosoma. Este
complejo activa la caspasa-9 que a su vez activara por proteolisis a la caspasa-3, la cual
se encarga de procesar enzimas digestivas nucleares como poli-(ADP-ribosa)
polimerasa (PARP). Ademas, las caspasas pueden autoactivarse amplificando la
llamada cascada de las caspasas. En cambio, la liberacion de AIF desencadena la
apoptosis independiente de caspasas, puesto que por si solo es capaz de causar la
degradacion del ADN y la condensacién de la cromatina (Le Bras et al., 2006).

Por otro lado, la excesiva formacién de 6xido nitrico a causa de la sobreactivacion de
los receptores NMDA también puede contribuir al estrés oxidativo, ya sea por si mismo
o por la formacion de derivados como los peroxinitritos, puesto que ambos inhiben la
respiraciéon mitocondrial amplificando asi la produccion de radicales libres y ademas

pueden oxidar lipidos y proteinas e incluso fragmentar el ADN (Hardingham, 2009).

1.4.2.2 Calpainas: Las calpainas, al igual que las caspasas, pertenecen a la familia de las

cistein-proteasas ya que contienen un residuo de cisteina en el centro activo que media
su accion proteolitica. A diferencia de éstas, las calpainas son activadas directamente
por Ca’". Dado que requieren una alta [Ca’']; para su activacién, se han asociado
mayoritariamente a la activacion de los receptores NMDA. Su principal funcién

fisiologica es la degradacion de receptores de membrana (como los propios rceptores
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NMDA), proteinas del citoesqueleto (como la a-espectrina) y proteinas scaffold, de
manera tal que modulan su funcion o facilitan su degradacion. Por esta razon, se les ha
asignado un papel importante en la regulacion de distintos aspectos de la
neurotransmision. Sin embargo, debido a la baja selectividad de su capacidad
proteolitica, también se han relacionado con el desarrollo de ciertas enfermedades
neurodegenerativas, como el Alzheimer o el Parkinson (Wu & Lynch, 2006).
Asimismo, la activacion descontrolada de las calpainas estd implicada en el dafio
neuronal provocado por la epilepsia, en donde éstas pueden originar la activacion de
AIF o de la endonucleasa G a través del procesamiento de proteinas de la familia Bcl-2
(Fujikawa, 2005). Otras dianas celulares de las calpainas son mGLURI1 (ver apartado
1.4.3) o el intercambiador Na"/Ca®" (NCX3), cuya proteolisis conduce a la disrupcion

homeostatica del Ca** y, con ello, contribuye a la excitotoxicidad (ver figura 6).

1.4.2.3 Rutas de sefializacion MAPK: La familia de proteinas MAPK se organizan en 3

cascadas de senalizacién que se conocen con el nombre de sus kinasas efectoras:
ERK1/2, p38 y INK. Estas comparten el mismo mecanismo de activacion, por
fosforilacion en dos residuos de treonina y de tirosina, y de accion, ya que se traslocan
al nucleo, donde inducen la expresion de proteinas implicadas en la proliferacion y la
diferenciacion celular, entre otras funciones, a través de su accion sobre determinados
factores de transcripcion. Las rutas MAPK pueden ser estimuladas por un gran nimero
de estimulos extracelulares, como neurotransmisores, factores neurotroficos, citoquinas,
hormonas, etcétera. Ademads, son activadas en respuesta al estrés oxidativo o al aumento
de [Ca®];, por lo que han sido implicadas en la muerte neuronal asociada a numerosas
patologias (Colucci-D'Amato et al., 2003; Kim & Choi, 2010). Todas estas rutas se han
relacionado también con la excitotoxicidad mediada por los receptores NMDA. Asi, por
ejemplo, p38 media la muerte excitotoxica en células granulares de cerebelo, mientras
que tanto p38 como JNK contribuyen a ella en neuronas corticales. En este contexto, la
activacion de p38 depende del acoplamiento entre los receptores NMDA y nNOS a
través de PSD9S5, y ademas puede ser estimulada a través de la degradacion de la
proteina STEP por las calpainas (ver figura 6)

En cambio, el papel de la via de sefializacion ERK1/2 en la excitotoxicidad parece ser
mas complejo, habiéndose mostrado tanto efectos protectores como perjudiciales
dependiendo del modelo de muerte usado. Por ejemplo, la supervivencia inducida a

través de los receptores NMDA sindpticos depende de la activacion de ERK1/2 y CREB
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y de la subsiguiente expresion de factores antiapoptdticos, mientras que la estimulacion
de los extrasinapticos inhibe esta misma ruta (Hardingham, 2009). Por el contrario, la
activacion cronica de ERK1/2 ha sido relacionada con el con la muerte neuronal
producida por la isquemia o la epilepsia, asi como con el desarrollo de cancer o de
algunas enfermedades de neurodegenerativas. Sin embargo, existen diferencias en
cuanto a la localizacion celular de la forma activa de ERKI1/2 entre las distintas
patologias (Murray et al., 1998; Colucci-D'Amato et al., 2003). Por tanto, no sélo la
cinética sino también la localizacion determinan el efecto que tendré la activacion de

ERK1/2 sobre la viabilidad neuronal.

1.4.3. Implicacion de los receptores metabotropicos de glutamato en la

excitotoxicidad

Si bien a los receptores metabotropicos de glutamato de tipo I y III se les ha atribuido
generalmente un efecto neuroprotector frente a la excitotoxicidad; ya sea por limitar la
liberacion de glutamato, por incrementar la captacion de éste por los astrocitos o por
inducir la liberacion glial de TGFp (Sabelhaus et al., 2000; D'Onofrio ef al., 2001; Yao
et al., 2005), el papel de los mGLUR de tipo I al respecto es, cuanto menos,
controvertido. Por un lado, se ha descrito que sus agonistas incrementan la toxicidad
causada por NMDA tanto in vitro como in vivo (McDonald & Schoepp, 1992; Bruno et
al., 1995) vy, por el contrario, estos mismos compuestos previenen la muerte inducida
por NMDA en células granulares de cerebelo (Pizzi et al., 1996), a pesar de que ambos
efectos estan mediados por PKC. Con el fin de aclarar estos resultados contradictorios,
(Nicoletti et al., 1999) establecidé diferentes factores que podian influir en este
comportamiento dual de los mGLUR de tipo I en la excitotoxicidad. El primero de ellos
es la presencia de la subunidad NR2C en los receptores NMDA, la cual esta altamente
expresada en células granulares de cerebelo maduras y cuya actividad estd disminuida
por la accién de PKC, lo que explicaria el efecto protector derivado de la activacion de
los mGLUR de tipo I sobre la toxicidad del NMDA en estas neuronas. En cambio, la
fosforilacion de las subunidades NR2A y NR2B por PKC aumenta su actividad y por
tanto puede incrementar sus efectos neurotoxicos. Otro factor es el llamado cambio
funcional (“functional switch”, en inglés), que consiste en que una primera activacion
de los mGLUR de tipo I tiene un efecto facilitador de la transmision sinaptica, pero la
repetida estimulacion de éstos en un breve lapso de tiempo (< 45 minutos) o el aumento

de la concentracion extracelular de glutamato produce el efecto contrario (inhibitorio).
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Este fenémeno fue observado inicialmente a nivel presinaptico modulando la liberacion
de glutamato a través de la distinta regulacion de los canales de K™y de Ca®,
respectivamente (Herrero et al., 1998). Mas adelante, se comprobd que este cambio
funcional de los mGLUR de tipo I también sucedia a nivel postsinaptico y frente a un
estimulo excitotoxico y ademds parece implicar la desensibilizacion del receptor
mediada por PKC (Bruno ef al., 2001). En cambio, la activacion de la calcineurina por
estimulacion de los receptores NMDA induce la desfosforilacion de mGLURS, lo que
potencia su actividad causando la “resensibilizacion” del receptor (Alagarsamy et al.,
2005). Finalmente, (Nicoletti et al, 1999) también postularon que la presencia de
mGLURS en astrocitos también podria contribuir a la excitotoxicidad, hecho que se

confirmo posteriormente (Ding et al., 2007).

En cuanto a la contribucion especifica de los subtipos mGLURI y mGLURS a la
excitotoxicidad, se han descrito mecanismos diferentes para cada uno de ellos. Por
ejemplo los antagonistas de mGLURT1 son neuroprotectores frente a la excitotoxicidad a
causa de que incrementan la liberacion de GABA (Battaglia et al., 2001), mientras que
el de mGLURS, MPEP, lo es porque inhibe la secrecion de glutamato pero también
debido a su accion sobre los receptores postsinapticos (Popoli et al., 2004). En células
granulares de cerebelo, los efectos protectores derivados de la activacion de mGLURS
se deben a la inhibicion de la actividad de nNOS inducida por NMDA (Llansola &
Felipo, 2010). En cambio, el papel de mGLURI1 en la excitotoxicidad en estas células es
ambiguo puesto que, por un lado, su sobreexpresion en condiciones de privacion trofica
causa muerte apoptotica de manera independiente de ligando y, al mismo tiempo, es
responsable de la neuroproteccion mediada por glutamato bajo este modelo
(Pshenichkin et al., 2008). Ademas, recientemente se ha descubierto que la activacion
de los receptores NMDA induce el truncamiento de la region intracelular de mGLURI
por las calpainas, lo que le permite conservar la capacidad de incrementar la [Ca®"]; pero
impide la activacion de la ruta PI3K/Akt por éste, y por ello contribuye a la
excitotoxicidad (Xu et al., 2007b) (ver figura 6).

En los ultimos afios ha habido varios estudios que demuestran la existencia de un
acoplamiento funcional entre los receptores NMDA y los metabotrdpicos de tipo I en
aspectos fisiologicos tales como la regulacion de la expresion génica y la transmision
del impulso nervioso (Stoop et al., 2003; Yang et al., 2004; Guo et al., 2004). Es mas, la

estimulacién simultanea de ambos receptores tiene un efecto sinérgico sobre la
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fosforilacion de ERK1/2 a través de un mecanismo independiente de Ca*" (Yang et al.,
2004). En cambio, debido a esta interaccion también pueden darse efectos inhibitorios
reciprocos sobre el incremento de [Ca®']; entre mGLURS y el receptor NMDA (Perroy
et al., 2008). Estos efectos, en apariencia contradictorios, parecen explicarse por el tipo
de interaccion entre los receptores; en el primer caso el efecto sinérgico estd mediado a
través de la formacion de un complejo entre las proteinas Homer y PSD95, mientras que
en el segundo se trata de una interaccion directa entre los receptores y requiere el
extremo C-terminal de mGLURS libre. Por todo ello, la interaccion con los receptores
NMDA asi como la asociacidon con las proteinas scaffold y las vias de sefalizacion
intracelulares determina la diferente modulacion de la excitotoxicidad por los receptores

metabotropicos de glutamato.
1.4.4. Toxicidad oxidativa del glutamato

Murphy et al. (1989) descubrieron un mecanismo alternativo por el cual el glutamato
causaba muerte de manera independiente de sus receptores en una linea celular derivada
de neuronas. Se le dio el nombre de toxicidad oxidativa porqué implica la produccion de
radicales libres y se previene con antioxidantes. El mecanismo a nivel molecular esta
basado en la inhibicién del transporte de cistina (dimero de cisteina) por el glutamato,
de modo tal que reduce los niveles intracelulares de cisteina, precursor y factor limitante
en la biosintesis del péptido antioxidante glutation. La disminucion de glutation puede
conducir a la muerte neuronal puesto que ésta molécula no solo actia como el mayor
antioxidante endogeno en las células, sino que también participa en la sintesis y
reparacion del ADN. Posteriormente, la toxicidad oxidativa del glutamato se observo
también en otras lineas celulares (PC12 y HT22) y en neuronas corticales inmaduras, en
las que no se expresan receptores NMDA funcionales (Murphy et al., 1990; Schubert et
al., 1992; Maher & Davis, 1996). Este tipo de muerte requiere la presencia de
monoaminas como fuente de radicales libres (Maher & Davis, 1996) y estd modulada
por factores neurotréficos y por la activacion de los receptores metabotrdpicos de
glutamato de tipo I (Schubert et al., 1992; Sagara & Schubert, 1998). Es mads, la ruta
ERK1/2 juega un papel determinante al respecto; primero, mediando los efectos
protectores derivados de la activacion de los mGLURs de tipo I durante la fase inicial,
pero contribuyendo a la muerte en la fase tardia de la exposicion a glutamato (Luo &

DeFranco, 2006).

_27 -



2. LA NEUROTRANSMISION GABAERGICA

El GABA es el mayor neurotransmisor inhibitorio del sistema nervioso central. Es un
derivado del glutamato sintetizado por la enzima glutamato descarboxilasa (GAD),
presente exclusivamente en las neuronas GABAérgicas. Existen dos isoformas, GAD65
y GAD67, que difieren en su distribucion cerebral y también a nivel celular. La primera
estd localizada principalmente en los terminales nerviosos en su forma inactiva
(apoGADG65) y se activa en respuesta a una demanda rapida de GABA. En cambio,
GADG67 esta distribuida de manera uniforme por la célula, razon por la cual suele usarse
como marcador de neuronas GABA¢érgicas. El GABA es introducido en las vesiculas
secretoras a través del transportador vesicular vGAT y, una vez liberado, actia sobre los
receptores postsinapticos. Este neurotransmisor sigue un ciclo similar al glutamato (ver
figura 1), siendo captado por los astrocitos o por las propias neuronas GABAérgicas
mediante los transportadores de GABA (GATI1-3 y BGT]1, todos ellos dependientes de
Na'/Cl). En los astrocitos es degradado por la enzima GABA transaminasa
transformandose en un intermediario del ciclo de Krebs, mientras que en las neuronas
GABA¢érgicas es reutilizado como neurotransmisor (Martin & Rimvall, 1993; Madsen
et al., 2008). El GABA puede ser liberado junto a glicina o ATP, neurotransmisores
inhibitorio (cuando activa los receptores de glicina pero no los de NMDA) y excitatorio,
lo que potenciara o atenuara la respuesta fisiologica de GABA, respectivamente (Alger
& Le Beau, 2001). Ademas, durante el desarrollo el glutamato es secretado junto a
GABA vy glicina lo que parece contribuir al refinamiento de las sinapsis inhibitorias

(Gillespie et al., 2005).

Hasta el momento se han identificado dos tipos de receptores de GABA: uno es
ionotropico, el receptor GABA,, y el otro es metabotrépico, el receptor GABAg. Los
receptores GABA, se caracterizan por ser permeables al Cl” de manera que producen
generalmente una hiperpolarizaciéon de la membrana plasmatica y la consecuente
inhibicion de la neurotransmision (ver apartado 2.3). En cuanto a los receptores
GABAg, pertenecen a la misma superfamilia de GPRs que los receptores
metabotrdpicos de glutamato, como ya mencionamos anteriormente, y estan acoplados a
proteinas G;j, con lo que inhiben la formacion de AMPc y contribuyen asi al efecto
inhibitorio del GABA. Destaca su alta expresion en las células granulares de cerebelo

(Mohler et al., 2001).
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2.1. ESTRUCTURA Y COMPOSICION DEL RECEPTOR GABA ,

Los receptores GABA, son heteropentdmeros formados por la combinacion de hasta 18
subunidades diferentes (ver tabla 2), 20 incluyendo las variantes de splicing de 2 y de
v2. Pertenecen a la llamada superfamilia de receptores ionotropicos “Cys-loop” (por
tener todos ellos un puente de disulfuro entre dos cisteinas en el extremo N-terminal),
que incluye, ademas de los receptores GABA,, los receptores nicotinicos de
acetilcolina, los de serotonina 5HT; y los de glicina. Todas las subunidades de los
receptores GABA, estan formadas por 4 dominios transmembrana (llamados TM1-4),
un dominio extracelular en el extremo N-terminal y un dominio intracelular entre TM3
y TM4, susceptible de ser regulado por fosforilacion. Los dominios TM2 de cada una de

las 5 subunidades que componen el receptor forman el poro del canal de CI.

Tabla 2. Subunidades del receptor GABA 4

al-6 B1-3 v1-3 5 g T pl-3

Los receptores GABA, estan normalmente formados por dos subunidades a, dos
subunidades f y una subunidad y 6 o (ver figura 7), siendo el més expresado en el
cerebro adulto el compuesto por las subunidades a1/52/y2. La presencia de unas u otras
subunidades confiere al receptor propiedades farmacologicas muy diferentes (ver
apartado 2.2). Un caso particular es el de la subunidad a6, la cual se expresa
exclusivamente en las células granulares del cerebelo en el cerebro adulto. Esta
subunidad forma habitualmente receptores de tipo a6/6/d que, al igual que los a4/f/6 en
otras células, suelen localizarse en sitios extrasinapticos y son responsables de la
inhibicion tonica o constitutiva, dado que son mas sensibles a GABA. Existe también un
subtipo de receptores GABAA, a menudo llamados receptores GABA(, cuya
composicion estructural es diferente al resto de receptores GABA 4, aunque conserva las
principales propiedades funcionales de éstos, como la permeabilidad al CI'. Se localizan
casi exclusivamente en la retina y estdn formados por homopentdmeros de la subunidad
p. Se han descrito como receptores de GABA insensibles a bicuculina y baclofen,
antagonistas respectivos de los receptores GABA, y GABAg, aunque ligeramente
sensibles al antagonista no competitivo del receptor GABA 4 picrotoxinina (Mdhler et

al., 2001).
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Los niveles de expresion de las distintas subunidades del receptor GABA4 varian a lo
largo del desarrollo cerebral, especialmente en el caso de las subunidades o y f. Este
fenomeno sigue el mismo patrén in vitro, de modo que en cultivos de neuronas
corticales las subunidades a3, a5 y 3 disminuyen, mientras que a2 aumenta
progresivamente. Se ha comprobado que estos cambios de expresion estan regulados
por la actividad a través del propio receptor GABA,; asi, el neuroesteroide
alopregnanolona los acelera y, en cambio, el antagonista TBPS no sélo los inhibe sino
que los invierte (Poulter et al., 1997). Por el contrario, en las células granulares de
cerebelo, el incremento es general para todas las subunidades alli expresadas excepto al
y a6, cuya expresion se mantiene constante (Behringer et al, 1996), aunque esta
estimulada por factores neurotroficos, como el BDNF (Bulleit & Hsieh, 2000), asi como
por la activacion del receptor GABA, (Elster et al, 1995; Carlson et al., 1997).
Ademas, la concentracion de KCI en el medio de cultivo tiene efectos muy diferentes
sobre unas y otras; de manera que, cuando se mantiene alta (25mM), disminuye la
expresion de al, a6 y 2 y aumenta la de a4, f3 y o, como consecuencia de la
activacion de los de los receptores NMDA y AMPA/Kainato (Gault & Siegel, 1998;
Payne et al., 2008).

2.2. FARMACOLOGIA DEL RECEPTOR GABA,

Existe un elevado niimero de sustancias quimicas cuyos efectos son mediados por su
accion sobre los receptores GABAA. Algunas de ellas son compuestos enddégenos como
el propio neurotransmisor GABA, el cation Zn>" o los neuroesteroides; otras son drogas
de abuso o anestésicos, como las benzodiacepinas, los barbittricos, ciertos éteres o el
etanol; y también encontramos ciertos productos naturales, como los flavonoides y los
terpenos; e industriales como los pesticidas organoclorados o el tolueno (Johnston,
2005). En la figura 7 se ilustran los diferentes sitios de union al receptor GABA,A de

algunos de estos compuestos.
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2.2.1. Benzodiacepinas y barbitaricos

Las benzodiacepinas son moduladores alostéricos positivos que potencian la accién
fisiologica de GABA, al aumentar la frecuencia de apertura del canal i6nico asociado al
receptor GABA,. La presencia de las subunidades a y y es necesaria para la formacion
del sitio de union a benzodiacepinas. Los receptores GABA, que contienen las
subunidades a1-3 o a5 tienen una alta afinidad por éstas. En cambio, los que estan
formados por a4 o a6 presentan una baja afinidad por las mismas. Mientras que la
subunidad al es responsable de los efectos sedativos y sobre la memoria de estos
compuestos, a2-3 y a5 median sus efectos ansioliticos y de relajacion motora. Hasta el
momento no se han descubierto moléculas endogenas que activen este lugar de accion
(Mohler et al., 2001; Johnston, 2005). La afinidad de un compuesto determinado por el
sitio de accion de las benzodiacepinas suele evaluarse mediante el ensayo de union de
[*H]-flunitrazepam, el cual puede usarse también para evaluar la funcionalidad del

receptor GABA, (Suiiol et al., 2006).

Los barbituricos y otros anestésicos (como el cloroformo o el halotano) también actiian
como moduladores alostéricos positivos del receptor GABA, aunque, a diferencia de

las benzodiacepinas, son capaces de activarlo a altas concentraciones en ausencia de
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GABA. Las subunidades a y £ se han mostrado determinantes en la accion de estos
compuestos. Sin embargo, debido a su alta inespecificidad, no solo dentro de los
receptores GABA, sino porqué ademads inhiben los receptores AMPA/Kainato y los
receptores nicotinicos de acetilcolina, han sido progresivamente substituidos por otros
anestésicos intravenosos mas especificos, como el etomidato o el propofol (Moéhler et

al., 2001; Johnston, 2005).
2.2.2. Antagonistas no competitivos

Los antagonistas no competitivos del receptor GABA actan sobre el sitio de union de
la picrotoxinina, bloqueando el paso de iones Cl a través del canal. Esta accion
inhibitoria sobre el receptor GABA, les confiere propiedades convulsivas. La afinidad
de un compuesto determinado por el sitio de accion de la picrotoxinina suele evaluarse
mediante el ensayo de unién de [*>S]-TBPS. De esta manera se ha evaluado la accién
sobre el receptor GABA de un gran numero de compuestos, entre ellos los pesticidas
organoclorados (Lawrence & Casida, 1984; Pomes et al., 1993; Pomes et al., 1994b).
Los antagonistas no competitivos del receptor GABA, generalmente constan de una
region hidrofobica y, en algunos casos, también contienen una zona polar dentro de su
estructura quimica. La presencia de esta Ultima, como en el caso de los pesticidas
dieldrin y endosulfan asi como en el de la picrotoxinina, determina su mayor afinidad
por el receptor GABA que por el de glicina (Vale et al., 2003). Es més, la mutacion de
un residuo de alanina (en la posicion 302) por otro de serina situado en el dominio MT2
que forma el canal idnico es responsable de la formacion de receptores GABAA
resistentes a los ciclodienos (como el dieldrin) y, a su vez, de un 60% de los casos de
resistencia a estos pesticidas en la especie Drosophila (ffrench-Constant et al., 1993).
Sin embargo, la accidon inhibitoria del diedrin no parece alterada por la distinta
composicion del receptor GABAA pero si su accidon potenciadora, que requiere la
presencia de la subunidad y (Nagata et al., 1994). Se ha demostrado que el propio
GABA, a concentraciones altas, puede actuar sobre este sitio de union, aunque en este

caso la subunidad y si que es necesaria (Korpi & Luddens, 1993).

A pesar de que tradicionalmente se ha considerado a estos compuestos como
bloqueantes del poro del canal; sin embargo, un estudio reciente sugiere que su accion
es de tipo alostérica negativa de modo que impide la apertura del canal mas que
producir directamente su bloqueo por impedimento estérico (Law & Lightstone, 2008).

Esto puede explicar, tal vez, los efectos de modulacion alostérica sobre los sitios de
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union de GABA y de las benzociacepinas que se les han asignado a alguno de estos
compuestos (Sola et al., 1993; Vale et al., 1997). De manera inversa, las benzodizepinas
y los barbituricos son capaces de revertir el efecto inhibitorio de la picrotoxinina pero
no, en cambio, del pesticida endosulfan (Pomes et al., 1994b), por lo que algunas
diferencias parecen darse entre estos compuestos en lo respectivo a su perfil

farmacologico.
2.2.3. Esteroides neuroactivos

A lo largo de los afios 80 varios estudios descubrieron que algunos esteroides
endogenos, como la alopregnanolona, asi como ciertos derivados sintéticos, potenciaban
los efectos no so6lo de GABA sino también de las benzodiacepinas y de los barbitaricos
sobre el receptor GABAA. También se observd que estos efectos alostéricos se
producian a niveles fisiologicos (en el rango nanomolar) pero que, ademas, a
concentraciones mayores eran capaces de activar el receptor por si solos. Respecto a su
mecanismo de accion, los esteroides aumentan el tiempo en que el canal idnico estd
abierto al reducir la cinética de desensibilizacion, de modo similar a los barbituricos,
pero también incrementan la frecuencia de apertura del canal actuando a nivel
presinaptico (Lambert et al., 2001; Mellon, 2007). Se ha postulado que la presencia de
la subunidad J confiere a los receptores GABA, insensibilidad frente a los efectos
alostéricos de estos compuestos, aunque no afecta a sus efectos miméticos de GABA,
como se ha comprobado que sucede en las células granulares de cerebelo a medida que
maduran (Zhu et al., 1996). Sin embargo, mas recientemente, se han establecido dos
sitios de unidon para los esteroides; uno responsable de sus efectos moduladores,
localizado en la subunidad a; y otro que media su accion directa sobre el receptor y se
sitia en la interfaz entre las subunidades o y f (Hosie et al., 2006). Ademas, otros
autores han verificado que es precisamente la subunidad J la que confiere una mayor
sensibilidad a estas hormonas (Mihalek et al., 1999; Wohlfarth et al., 2002). Por tanto,
no esta totalmente claro cémo la distinta composicion de los receptores GABA, altera

los efectos de los esteroides sobre el mismo.

2.3. FUNCIONES Y SENALIZACION DEL RECEPTOR GABA 4

La expresion temprana de los receptores GABA, en el sistema nervioso central
(presente a partir del 14° dia embrionario) ha hecho pensar que este receptor estaba

involucrado en el desarrollo del cerebro. Varios estudios confirmaron que,
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efectivamente, GABA estimulaba la migracion y la diferenciacion neuronales, siendo
estos efectos mediados, en parte, por el aumento de [Ca’'];, lo que sugeria que este
neurotransmisor tenia, ademds, una naturaleza excitatoria durante este periodo (ver
apartado 2.3.2). Asi, por ejemplo, la presencia del ARNm de algunas de las subunidades
del receptor GABA, en los conos de crecimiento durante los primeros dias in vitro, asi
como la inhibicion de la elongacion de neuritas o de la diferenciacion de neuronas
monoaminérgicas por antagonistas del receptor, indican que el GABA juega un papel
importante en los procesos de sinaptogénesis y diferenciacion neuronal (Liu et al.,
1997a; Poulter & Brown, 1999). Paralelamente, estudios con animales K.O. para
algunas de las subunidades del receptor GABA han revelado numerosas funciones en
las que participa este receptor, como la memoria y el aprendizaje o la coordinacion
motora. Por ultimo, se ha demostrado que las alteraciones en la funcionalidad de este
receptor, ya sean de naturaleza genética o por factores ambientales, estan fuertemente
implicadas en determinados trastornos neurologicos, tales como la epilepsia, la ansiedad

o el alcoholismo (M®&hler ef al., 2001).
2.3.1. Inhibiciéon de la neurotransmision

Entre las funciones reguladas por GABA, ya sea a través del receptor GABAA o del
GABAg, la principal de ellas es el control de la excitabilidad neuronal. Como hemos
mencionado anteriormente, existen dos formas por las cuales el GABA puede ejercer
esta accion: regulando la liberacion de los neurotransmisores a través de los receptores
presinapticos o inhibiendo a nivel postsinaptico la transmision del impulso nervioso. El
receptor GABAp se encarga principalmente de inhibir la secrecion de
neurotransmisores, tales como GABA y glutamato, y de algunas hormonas, a través del
bloqueo de los canales de Ca*" dependiente de voltaje, aunque también contribuyen a la
hiperpolarizacién de la membrana postsindptica mediada por GABA al favorecer la
salida de K de la célula. En cambio, la modulaciéon de la actividad neuronal mediada
por el receptor GABA 4, independientemente de su localizacion, se basa en la inhibicion
de la generacion del potencial de accion. Esta accion inhibitoria se produce a través de
dos mecanismos diferenciados derivados de la entrada de CI': por un lado, hiperpolariza
la membrana situando el potencial de membrana mas alejado (mas negativo) del
potencial de accion y, por otro, disminuye la resistencia de la membrana con lo que
reduce el efecto de otras corrientes (como las de Na* y Ca®") sobre el propio potencial

de membrana. Estos efectos tienen como consecuencia la inhibiciéon de los canales
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ionicos dependientes de voltaje asi como del receptor NMDA, cuya inhibicién por
Mg*", como ya hemos comentado, es también dependiente del voltaje. De esta manera,
los receptores GABAA pueden también influir en los procesos de plasticidad sindptica
mediados por el receptor NMDA, como LTP y LTD, retardando o favoreciendo su

aparicion, respectivamente (Alger & Le Beau, 2001).
2.3.2. Efectos excitatorios del GABA

A pesar ser el neurotransmisor inhibitorio mas importante en el cerebro adulto, GABA
también produce efectos de naturaleza excitatoria, principalmente durante las primeras
etapas del desarrollo. Esto es debido a que en neuronas inmaduras el gradiente de iones
CI esta invertido con respecto a las maduras; es decir, que la activacion del receptor
GABA, produce una salida de CI” de la célula en lugar de una entrada, y por lo tanto
causa una despolarizacion de la membrana y la consecuente entrada de Ca®". Al
contrario de lo sucedido en el cerebro adulto, el glutamato a través de los mGLURs
inhibe la actividad excitatoria de GABA, tanto a nivel presinaptico como postsinaptico
(van den Pol et al., 1998). Finalmente, la expresion del co-transportador de K'/CI,
KCC2, induce la inversion gradiente de iones CI "y, con ello, el cambio funcional de los

receptores GABA, (Rivera et al., 1999).

Sin embargo, los efectos excitatorios de GABA no se reducen al cerebro en desarrollo,
puesto que también pueden suceder en neuronas maduras e incluso simultdneamente a
los efectos inhibitorios. En este caso, el mecanismo fisiologico es diferente al de las
inmaduras y no implica a los aniones CI’, sino que se debe a la salida de iones HCOs’
por el propio receptor GABA4 (Alger & Le Beau, 2001). Por otro lado, se ha observado
que GABA es capaz de estimular la liberacion de glutamato, de manera independiente
de Ca®™, a través de los canales de Cl"y de los transportadores EAAT, gracias a su

accion sobre GAT-1 (Raiteri et al., 2005).

2.4. TIPOS DE NEURONAS GABAERGICAS

A diferencia de las neuronas glutamatérgicas, que fundamentalmente de dividen en
piramidales o de proyeccion y granulares, existen numerosos tipos de interneuronas
GABA¢érgicas cuya clasificacion tradicionalmente se ha hecho en base a su morfologia:
células en cesto, células en candelabro, cé¢lulas estrelladas, etcétera. Una organizacion
mas reciente de las neuronas GABAérgicas se ha basado en las diferentes proteinas de

., + .. . . . .o
union a Ca®" (como las positivas para parvalbumina, calbindina o calretinina) y
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neuropéptidos (como las positivas para colecistoquinina o somatostatina) que expresan.
En la corteza cerebral se encuentran muchas de ellas, siendo las mas abundantes las
parvalbumina positivas (Kinney ef al., 2006). En el cerebelo, ademés de las neuronas de
Golgi o en cesto, encontramos también las neuronas de Purkinje que son exclusivas de
esta zona del cerebro. A pesar de que el cortex y el cerebelo son dos de las regiones
cerebrales con mayor niumero de interneuronas GABAérgicas, en cultivos primarios de
neuronas corticales generalmente hay una mayor proporcion de éstas (15-20%) que en
los de células granulares de cerebelo (5%) (Sonnewald et al., 2004; Kinney et al.,

2006).
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3. EL SISTEMA NEUROENDOCRINO

El hipotalamo y la glandula pituitaria constituyen las zonas cerebrales responsables de
la funcion neuroendocrina, puesto que producen una gran cantidad de hormonas que, a
su vez, regulan la sintesis y liberacion de muchas otras en los demds organos
endocrinos. De esta manera, controlan procesos tan importantes como la funcion
reproductiva, la toma de alimentos, la presion sanguinea, la temperatura corporal, el
crecimiento y el metabolismo. De modo inverso, las hormonas producidas en sus
respectivas gldndulas endocrinas, una vez liberadas al torrente sanguineo, son capaces
de atravesar la barrera hematoencefalica y llegar al sistema nervioso central, donde
ejerceran algunas de sus funciones. Entre ellas, encontramos acciones sobre el
hipotalamo regulando la propia funcidon neuroendocrina (mediante un mecanismo de
retroalimentacidon positiva o negativa) o el comportamiento sexual, y de manera mas

general en otras areas del cerebro modulando las funciones cognitivas (Sonntag, 2002).

Existen 3 grandes grupos de hormonas en base a su naturaleza quimica: las derivadas de
aminodcidos, como las catecolaminas o la tiroxina; las peptidicas, como la insulina; y
las lipidicas, como los esteroides y las prostaglandinas. Las hormonas esteroideas se
dividen, a su vez, en corticoesteroides; producidos en la glandula adrenal y formados
por los glucocorticoides (como el cortisol) y los mineralocorticoides (como la
aldosterona), y en hormonas sexuales; producidas principalmente en las gonadas y entre
las que encontramos: los androgenos u hormonas sexuales masculinas (como la
testosterona), los estrogenos u hormonas sexuales femeninas (como el estradiol) y los

progestagenos (como la progesterona).

3.1. ESTEROIDOGENESIS EN EL CEREBRO

Todas las hormonas esteroideas son sintetizadas por diferentes miembros de la familia
de enzimas citocromo P450, entre otras, a partir del colesterol (ver figura 8). Por
ejemplo, la enzima citocromo P450arom (més conocido como aromatasa), que
transforma la testosterona en estradiol, se encuentra muy expresado en los ovarios pero
también en el cerebro, en especial en las neuronas del hipotdlamo y del cortex. Su
actividad est4 regulada por la propia testosterona y también por la actividad a través de
los receptores NMDA y GABA4 (Roselli ef al., 1984; Amateau et al., 2004; Hojo et al.,
2004; Zhou et al., 2007). Ademas, los niveles de la aromatasa aumentan en los

astrocitos en respuesta a diferentes modelos de neurodegeneracion y, en este sentido, su
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actividad es determinante para la supervivencia neuronal. Esto, unido a su presencia en
las membranas pre- y postsindpticas, indican que el estradiol sintetizado a nivel local en
el cerebro tiene un papel importante en las neuronas, tanto en situaciones fisioldgicas
como patologicas (Garcia-Segura et al., 2003; Hojo et al., 2004). A pesar de ello, el
estradiol no se considera un neuroesteroide, ya que se cree que se sintetiza
exclusivamente a partir de la testosterona circulante (Robel et al., 1999). No obstante,
dado que la mayoria de las enzimas esteroidogénicas se han detectado en el cerebro,

esta parece todavia una cuestion abierta (Mellon & Compagnone, 1999).

Sulfato de
Colesterol DHEA
P450sce sulfotransferasa [ lsulfatasa
sulfotransferasa A P450c17
Sulfato de -—
Pregnenolona — 17a-OH Pregnenoclona _— DHEA
Pregnenoclona Tfat
suflatasa P450c17
3pHSD

3pHSD B 17BHSD

\ " "
Ju-reductasa PA50c17
5a-Progesterona «——— Progesterona ——  17¢-OH Progesterona Androstenediol
3aHOR P450c21 P450c21 3BHOR
"
\ P450C17 \ Testost
Allopregnanolona Deoxicorticosterona ——»  Deoxicortisol estosterona
P450¢c11p P450c11p Aromatasa

\ " "

Corticosterona Cortisol 17B-estradiol

P450AS 11pHOR
" "
Aldosterona Cortisona

Figura 8. Sintesis y metabolismo de las hormonas esteroideas. Las enzimas destacadas en azul han sido

detectadas en el cerebro (modificado de (Mellon & Compagnone, 1999).

Algunos precursores de las hormonas, como la pregnenolona y la
dehidroepiandrosterona (DHEA), asi como sus respectivos derivados sulfatados, son
también sintetizados en el cerebro y, ademds, actian como esteroides neuroactivos
puesto que modulan la actividad de los receptores NMDA, AMPA y GABAA. Por ello,
favorecen la consolidacion de la memoria e intervienen en procesos como la
diferenciacion y la supervivencia neuronales. Otros neuroesteroides, se originan a partir

de la metabolizacion de las hormonas esteroideas. Tal es el caso de la alopregnanolona,

-38 -



que se obtiene a partir de la progesterona por la accion sucesiva de las enzimas 5a-
reductasa y 3oa-hidroxi oxidoreductasa, las cuales colocalizan en las neuronas
piramidales del cortex y en las de Purkinje en el cerebelo, entre otras (Mellon, 2007). La
alopregnanolona estimula la neurogénesis y la supervivencia neuronal, principalmente a
través de la modulacion del receptor GABA,, aunque su accidén sobre el receptor
pregnano X (PXR) o sobre el poro de transicion de permeabilidad mitocondrial también
parecen contribuir a sus efectos neuroprotectores (Charalampopoulos et al., 2004;

Xilouri & Papazafiri, 2006; Mellon, 2007; Kelley et al., 2008; Sayeed et al., 2009).

3.2. LOS RECEPTORES DE ESTROGENOS

Durante muchos afios se ha pensado que el estradiol mediaba sus efectos a través de un
unico receptor, mas tarde denominado ERa. Sin embargo, (Kuiper et al., 1996)
descubrieron la existencia de un nuevo receptor de estrogenos que poseia una afinidad
por el estradiol similar a la del primero (0,1-0,5n1M), y al que bautizaron como ER.
Ambos pertenecen a la familia de receptores nucleares junto con el receptor de
progesterona o el receptor de andrégenos, entre otros. Todos ellos presentan una
estructura similar (Figura 9), dividida en 5 dominios: el dominio A/B, situado en el
extremo N-terminal y con una ligera actividad transcripcional independiente de ligando
(funcion activadora 1 o AF1, del inglés “Activation Function 1”); el dominio C, de
unidn al ADN; el dominio D o region bisagra, implicado en el trafico y localizacion del
receptor; el dominio E, que contiene el sitio de union al ligando y a los co-reguladores y

la funcién activadora 2 (AF2); y el dominio F, situado en el extremo C-terminal.

La distribucion en el sistema nervioso central de las dos isoformas del receptor de
estrogenos es similar, aunque ERa predomina en el hipocampo y en el hipotdlamo,
mientras que la expresion de ERf es mayoritaria en la corteza cerebral y en el cerebelo
(Mitra et al., 2003). Los receptores de estrogenos tienen un patrén de expresion
diferente a lo largo del desarrollo postnatal en el cortex del raton, tanto in vivo como in
vitro, observandose una disminucion progresiva de los niveles de ERa acompafiada de
un incremento en los de ERP (Prewitt & Wilson, 2007). En cambio, en las células
granulares del cerebelo el patron de expresion de ambas isoformas es practicamente el

inverso, predominando inicialmente ERP y después ERa (Belcher, 1999).
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Figura 9. Esquema de la estructura primaria del receptor de estrogenos, dividida en 5 dominios (A-F). Las
regiones AFl y AF2 regulan la actividad transcripcional independiente y dependiente de ligando,
respectivamente. La union del estradiol al LBD (dominio de unién al ligando) estimula el reclutamiento
de los co-activadores y la disociacion de los co-represores, permitiendo al receptor unirse a la secuencia
ERE (elemento de respuesta a estrogenos) del ADN y activar la transcripcion del gen diana, lo que dara

lugar al correspondiente ARN mensajero (ARNm).

En los ultimos afios, varios estudios han mostrado que el estradiol media algunos de sus
efectos a través de un receptor acoplado a proteinas G, denominado GPR30, en lineas
celulares y neuronas (Filardo et al., 2000; Terasawa et al., 2009). Este receptor tiene
una farmacologia diferente a los receptores de estrogenos cléasicos, ya que es activado
por tamoxifen e ICI182780 (Filardo et al., 2000). GPR30 se encuentra ampliamente
distribuido en el cerebro (Hazell et al., 2009), aunque dada su localizacion intracelular
predominante, su relevancia fisioloégica no esta todavia clara (Matsuda et al., 2008).
Ademas, se ha probado la existencia de otro receptor de estrogenos asociado a la
membrana neuronal, bautizado como ER-X, que tiene igual afinidad por 17a- que por

17B-estradiol (Toran-Allerand, 2005).
3.2.1. Efectos genoémicos de los receptores de estrégenos

En ausencia de ligando, los receptores de estrégenos, ERa y ERP, se encuentran
habitualmente en el citosol unidos a las llamadas heat shock proteins (Hsp). Cuando el

ligando se une al receptor, éste se disocia de las Hsp, se dimeriza consigo mismo y se
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transloca al nucleo, donde se unird a determinadas secuencias del ADN, llamadas
elementos de respuesta a estrogenos (ERE), y regulard la transcripcion de sus genes
diana (ver figura 9). Asi, los receptores nucleares son capaces de estimular o inhibir la
transcripcion de determinados genes, en funcion de a qué tipo de co-reguladores se unan
(co-activadores o co-represores, respectivamente), ya que estos ultimos actuan como
enzimas facilitando o dificultando el acceso de la maquinaria de la transcripcion al
ADN (Shibata et al., 1997). De manera general, los agonistas del receptor de
estrogenos, como el estradiol, estimulan la actividad transcripcional mientras que los
antagonistas, como tamoxifen o ICI182780, la inhiben (Andersen et al, 1999).
Asimismo, se ha descrito que ERa es un factor de transcripcién mas potente que ERp, el
cual funciona, ademds, como un regulador o inhibidor de la actividad transcripcional del
primero (Hall & McDonnell, 1999). Sin embargo, existen numerosas excepciones y los
efectos gendmicos de cada modulador selectivo del receptor de estrogenos (SERM, del
inglés “Selective Estrogen Receptor Modulator”) dependen del tipo de receptor de
estrogenos y de los correguladores presentes en cada tipo celular (Shibata et al., 1997;
Andersen et al., 1999). Ademas, el estradiol es capaz de estimular la expresion de genes
que no contienen ERE en su promotor a través de la union de ERa a otros factores de
transcripcion como c-fos, c-jun y CREB. En este mismo contexto, los SERMs producen
efectos genomicos independientes de ERE tanto a través de ERa como de ERP (Paech
et al, 1997; Wang et al, 2004). Se ha observado también que la actividad
transcripcional del receptor de estrogenos esta regulada por ciertos factores de
crecimiento, como IGF-I, ya sea en presencia o ausencia de ligando (Kato et al., 1995;
Mendez & Garcia-Segura, 2006). Un modelo muy utilizado para estudiar los efectos
gendmicos producidos por el estradiol y otros SERMs es la linea celular MCF-7
(Michigan Cancer Foundation-7), derivada de cancer de mama humano. Estas células
proliferan exclusivamente en respuesta a la actividad transcripcional mediada por el
receptor de estrogenos. Por esta razéon, se han usado también para evaluar la
estrogenicidad de numerosos compuestos ambientales y, de esta manera, su potencial

carcinogénico, mediante el llamado E-screen (Soto et al., 1995).

Existe un elevado nimero de genes regulados por el receptor de estrogenos en el
cerebro (tanto en neuronas como en células gliales), algunos de los cuales expresan
proteinas implicadas en la neurogénesis, la plasticidad sinaptica, la sinaptogénesis y la
supervivencia neuronal, tales como hormonas peptidicas, factores neurotréficos,

receptores de membrana, componentes del citoesqueleto, etc (McEwen, 1999; Garcia-
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Segura et al., 1999). Por otro lado, se ha observado que los estrogenos regulan la
expresion de diferentes genes en tejidos reproductivos, dependiendo de si activan ERa o
ERp (Waters ef al., 2001). Ademas, el estradiol regula la expresion del propio receptor
de estrogenos, de manera que reduce la expresion de ERa y aumenta ligeramente la de
ERPB, en un mecanismo de retroalimentacion negativa y positiva, respectivamente
(Waters et al., 2001; Grunfeld & Bonefeld-Jorgensen, 2004). Este regulacion autdloga
del receptor de estrogenos se ha descrito también en neuronas, observandose efectos
diversos tras la exposicion a estradiol; incremento de ERa y disminucion o aumento de

ERP (Prange-Kiel et al., 2003; Aguirre et al., 2010).
3.2.2. Efectos no genomicos de los receptores de estrogenos

A lo largo de los ultimos afios, se han reportado numerosas acciones mediadas por el
receptor de estrogenos que transcurren en un periodo de tiempo demasiado corto
(segundos o unos pocos minutos) como para poder involucrar cambios en la expresion
génica, y que, por tanto, no requieren la sintesis de novo de proteinas (proceso que
implica varias horas). Estas incluyen la modulacion de algunas vias de sefializacion
intracelular, como MAPK y PI3K/Akt (ver mas abajo), de receptores de
neurotransmisores (ver apartado 3.3) y de canales idnicos de membrana, como los
canales de Ca®" de tipo L o los de K'. De esta manera, el estradiol es capaz de regular
procesos como la excitabilidad neuronal, la plasticidad sindptica o la secrecion
hormonal a través de su accion rapida sobre receptores de estrégenos asociados a la
membrana plasmatica (Watson et al., 2007; Ogiue-lkeda et al., 2008; Kelly &
Ronnekleiv, 2009). A pesar de que tanto ERa como ERJ se sittian principalmente en el
nucleo, también se han detectado en las membranas pre- y postsinapticas y asociados a
las mitocondrias (Jelks et al., 2007; Ogiue-lkeda et al., 2008; Milner et al., 2008;
Sheldahl et al., 2008). Toran-Allerand (1999) propuso un modelo en donde el receptor
de estrogenos se sitiia en el lado citoplasmatico de la membrana neuronal formando un
complejo con las proteinas Hsp90 y src, en modo tal que se asocia con los receptores de
la familia tirosin-kinasa, como el receptor de IGF-I, y, al mismo tiempo, con las kinasas
de la ruta MAPK, siendo capaz de activar ambos tras la union del estradiol. De manera
similar, la activacion del receptor de IGF-I puede activar el ERa en ausencia de ligando.
En otra serie de estudios, se ha observado que el receptor de estrégenos forma diversos
complejos con PI3K (mediante interaccion con su subunidad reguladora, p85) y con

GSK3, junto a otras proteinas, de modo que la unidn de estradiol a su receptor causa la
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activacion de Akt (por fosforilacion en serina 473 mediada por la subunidad catalitica,
pl10) y la consecuente inhibicion de GSK3p (por fosforilacion en serina 9 a cargo de
¢ésta ultima), lo que dard lugar a multiples efectos celulares (ver figura 10). En este
contexto, se ha observado que la activacion conjunta de ERa y el receptor de IGF-I
tiene efectos sinérgicos sobre esta ruta de sefalizaciéon (Mendez et al., 2006). Otras
proteinas scaffold que asocian el receptor de estrogenos con receptores tirosin-kinasa,
proteinas G y sus vias de sefializacion en la membrana son las caveolinas y Shc

(Evinger, III & Levin, 2005; Mermelstein, 2009).
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Figura 10. Rutas de sefializacion intracelular activadas por estradiol. A) Ruta PI3K/Akt

(modificada de Mendez et al., 2006). B) Ruta MAPK (modificada de Belcher et al., 2005).

Las cascadas de fosforilacion MAPK y PI3K/Akt son dos de las vias de sefalizacion
mas estudiadas, dada su gran implicacion en algunos de los fendmenos regulados por el
estradiol en la membrana, como los mencionados anteriormente, pero también porque
sus kinasas efectoras (Akt y ERK1/2), desencadenan la activacion de ciertos factores de
transcripcion (incluido el propio receptor de estrégenos, por fosforilacion en residuos de
tirosina) mediando, a mas largo plazo, otras funciones como la diferenciacion y
supervivencia neuronal. Por ello, estas vias de sefializacion suponen un nexo de union
entre los efectos no gendomicos y gendmicos de los estrégenos (Toran-Allerand, 1999;

Mendez et al., 2006). Sin embargo, los mecanismos por los cuales los estrogenos
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activan estas kinasas son diferentes segun el tipo celular. Asi, la activacion de ERK1/2
por estradiol en lineas celulares derivadas de cancer de mama esta mediada por GPR30
y ERa con la participacion del receptor del factor de crecimiento epitelial (EGFR)
(Filardo et al., 2000; Evinger, III & Levin, 2005), mientras que, en células granulares de
cerebelo, no implica la activaciéon de EGFR pero si la de PKA y la de un receptor
acoplado a proteinas G sin identificar (Belcher et al., 2005) (ver figura 10). En cambio,
en neuronas corticales los efectos del estradiol sobre ERK1/2 y Akt dependen de la
interaccion de ERa con p85, aunque otros mecanismos, como la activacion de PKC y de
canales de Ca®", también contribuyen a la activacion de MAPK por estradiol, en estas y
otras cé€lulas (Cordey et al., 2003; Mannella & Brinton, 2006; Zhao & Brinton, 2007). A
pesar de ello, se ha propuesto que el receptor de estrogenos implicado en estas rutas en
el cortex podria el recién descubierto ER-X (Toran-Allerand, 2005). Por el contrario, el
estradiol es incapaz de activar Akt en células granulares de cerebelo, hecho que se ha
relacionado con su incapacidad de proteger frente a la excitotoxicidad en estas neuronas
(Mifnano et al., 2007). Ademas de las cascadas explicadas anteriormente, la modulacién
rapida de las rutas MAPK, p38 y JNK, por estradiol se ha visto también implicada en
sus efectos protectores frente al dafio celular (Razandi et al., 2000a; Razandi et al.,
2000b; Cordey et al., 2003; Mendez et al., 2005; Zhao & Brinton, 2007; Bourque et al.,
2009).

3.3. EFECTOS DEL ESTRADIOL SOBRE LA NEUROTRANSMISION

La disminucion de los niveles circulantes de estrogenos en las mujeres tras la
menopausia, como consecuencia de una pérdida de la funcion neuroendocrina, se ve
acompafiada de trastornos cognitivos y de una mayor incidencia de enfermedades
neurodegenerativas, sintomas que son mejorados gracias a la terapia hormonal
sustitutiva con estrogenos y/o progestagenos (Sonntag, 2002). Los efectos positivos del
estradiol al respecto, se han explicado a través de dos mecanismos diferenciados como
son, por un lado, la regulacion del metabolismo de la acetilcolina en las neuronas
colinérgicas del estriado y, por otro, la induccion de la sinaptogénesis de manera
dependiente del receptor NMDA en la region CA1 del hipocampo, la cual tiene un papel
clave en los procesos de aprendizaje y memoria (McEwen et al., 1995). Mas
recientemente, se observado que ambos efectos pueden estar relacionados (Daniel &

Dohanich, 2001). Por otro lado, el estradiol ha demostrado ser potencialmente
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beneficioso en el tratamiento de algunas enfermedades neuroldgicas, como el Parkinson
o la depresion, debido a su modulacion positiva de las neurotransmisiones

dopaminérgica y serotoninégica, respectivamente (Ostlund et al., 2003; Bourque ef al.,

2009).
3.3.1. Efectos del estradiol sobre los receptores NMDA

Con el fin de esclarecer los mecanismos moleculares responsables de la potenciacion de
la memoria por los estrégenos, Smith et al. (2009) han propuesto un modelo fisiologico
en donde el aumento de los niveles de estradiol en el cerebro (durante la fase proestrus
del ciclo reproductivo femenino) estimula la sinaptogénesis y la plasticidad sinédptica
(LTP) en esta regiéon hipocampal durante un periodo de dos dias, a través de la
incorporaciéon de receptores NRI/NR2B a estas nuevas sinapsis. Este efecto es
reversible ya que al cabo de 3-4 dias, cuando los niveles de estrogenos disminuyen y los
de progesterona aumentan, se recupera el estado basal. Ademas, el estradiol promueve
la expresion de otras proteinas sindpticas clave en estos procesos como sinaptofisina,

vGLUTI, PSD95 y la subunidad GluR1 (Jelks et al., 2007; Liu et al., 2008).

Varios estudios coinciden en que la regulacion estrogénica de los receptores NMDA
estd mediada por ERa y es de naturaleza gendmica (Brann et al., 1993; Jelks et al.,
2007; Morissette et al., 2008b), aunque también parece implicar cambios post-
transcripcionales (Gazzaley et al., 1996). A pesar de ello, estudios con ratones K.O. para
ERB demuestran su importancia en la plasticidad sindptica hipocampal y en la
formacion de la memoria inducidas por estradiol (Liu et al., 2008). Mas controvertidos
son los efectos del estradiol en la corteza cerebral, en donde se han observado tanto
incrementos como disminuciones de los receptores NMDA en la membrana y, al
parecer, ambas isoformas (ERa y ERP) contribuyen (Brann ef al., 1993; Morissette et
al., 2008b). En cambio, en el hipotadlamo, el mecanismo por el cual el estradiol estimula
la sindptogénesis implica la liberacion de glutamato pero no afecta a la densidad de

receptores NMDA (Schwarz et al., 2008).

Se ha comprobado que el estradiol también modula los receptores NMDA, por
fosforilacion en residuos de tirosina, a través de la activacion de src y de la ruta MAPK
(Bi et al., 2000). De esta manera, los estrogenos son capaces de regular, de manera
rapida, procesos tales como la plasticidad sinaptica, la supervivencia neuronal y la

sinaptogénesis (Bi et al., 2000; Ogiue-lkeda et al., 2008; Xu et al., 2010). Por altimo,
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también se ha descrito que, a dosis altas (>10uM), el estradiol inhibe directamente el

receptor NMDA (Weaver, Jr. et al., 1997).
3.3.2 Efectos del estradiol sobre los receptores metabotropicos de glutamato

Recientemente, se ha descubierto que los receptores de estrogenos median algunos de
sus efectos a través de su interaccion con los receptores metabotropicos de glutamato en
la membrana celular. Esta interaccion se produce a través de las caveolinas y es
independiente del glutamato. Por un lado, el estradiol estimula los mGLUR de tipo I
(mGLURI1 en hipocampo y mGLURS en el estriado) a través de ERa, causando la
activacion de PKC y la liberacion de Ca®" de depositos intracelulares, y la posterior
fosforilacion de CREB por la ruta MAPK. Por el contrario, en condiciones
despolarizantes (alto K"), el estradiol previene la activacion de CREB inducida por la
entrada de Ca’" a través de los canales de Ca®" de tipo L, y este efecto estd mediado por
la asociacion de ERa y ERB con los mGLUR de tipo II (mGLUR2 en hipocampo y
mGLUR3 en el estriado). Esta asociacion funcional entre los receptores de estrogenos y
los mGLURs se ha observado también en el hipotdlamo, tanto en neuronas como en
células gliales, e incluso en el sistema nervioso periférico, habiéndose relacionado con
la modulacion estrogénica del comportamiento sexual y de la transmision del dolor,

respectivamente (Mermelstein, 2009).
3.3.3 Efectos del estradiol sobre la neurotransmision GABAérgica

Dos estudios diferentes han mostrado, tanto in vivo como in vitro, que el estradiol
disminuye los niveles de la enzima GAD65 (pero no de GAD67) y, consecuentemente,
la neurotransmision GABAérgica, mecanismo que han sefialado como responsable de la
induccion de la sinaptogénesis por los estrogenos en el hipocampo (Murphy et al., 1998;
Rudick & Woolley, 2001). Sin embargo, una serie de experimentos posteriores
desmintieron esta hipotesis (Smith et al., 2009). Otros trabajos, en cambio, han
mostrado que los SERMs, tamoxifen e ICI182780, y los inhibidores de la aromatasa
también reducen la expresion de GADG65 (lkeda et al, 2006; Zhou et al., 2007).
Ademas, el estradiol reduce los niveles de GABA en la corteza cerebral,
presumiblemente a través de ERp, lo que, a su vez, estimula la produccion de BDNF en
las neuronas piramidales (Blurton-Jones & Tuszynski, 2006). Por otro lado, el estradiol
regula la expresion de las subunidades del receptor GABA 4, de manera que aumenta los
receptores a4/B/d y disminuye los al/B/y2 en el hipocampo, mientras que en el cortex

incrementa las subunidades al, 02 y y2 y con ello la sensibilidad de los receptores
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GABA, a las benzodiacepinas pero no a los neuroesteroides (Shen et al., 2005; Calza et
al., 2010). Ademas, el estradiol potencia el efecto excitatorio del GABA durante el
desarrollo a través de la estimulacion de la actividad los canales de CI"y de Ca”" de tipo
L (Nudez et al., 2005). Finalmente, los efectos neuroprotectores del estradiol frente a la
excitotoxicidad en neuronas hipocampales se han atribuido a la disminucién de la

expresion de los mGLUR de tipo I (Hilton ef al., 2006).
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4. LOS PESTICIDAS ORGANOCLORADOS

Los pesticidas organoclorados son compuestos sintéticos utilizados principalmente
como insecticidas. Se clasifican en 5 grupos en base a su naturaleza quimica: a)
derivados del clorobenceno, como el DDT o el metoxicloro; b) hexaclorociclohexanos
(HCH), formados por los isomeros a-HCH, B-HCH, y-HCH (lindano) y 6-HCH; c)
ciclodienos, como el dieldrin, el a-endosulfan (a partir de ahora endosulfan) o el Aldrin;
d) terpenos clorados, como el toxafeno; e) otros derivados del ciclopentadieno, como la
clordecona o el mirex. En la figura 11 se detallan las estructuras quimicas de algunos de

ellos.

Dieldrin Endosulfan Lindano
Cl Cl

Fig.11. Estructura quimica de los pesticidas organoclorados estudiados
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4.1. EXPOSICION A LOS PESTICIDAS ORGANOCLORADOS

Los pesticidas organoclorados han sido usados de manera masiva para el control de
plagas en la agricultura desde los afios 40 hasta los 70. En las décadas posteriores,
fueron prohibiéndose sucesivamente en la mayor parte del mundo debido al impacto
medioambiental y al riego para la salud que suponen. A pesar de ello, todavia siguen
utilizandose de manera discontinua en algunos paises contra las termitas, como es el
caso del dieldrin, o contra la malaria, con sucede con el DTT, e incluso con fines
farmacéuticos en champues o lociones para combatir los piojos, como sucede con el
lindano en Estados Unidos. Actualmente, muchos de ellos han sido incluidos (el
dieldrin en 2004, el lindano en 2009 y el endosulfan en abril de este afo) en el
Convenio de Estocolmo para contaminantes orgdnicos persistentes (POPs, 2011)
http://www.pops.int) con el fin de restringir o eliminar su uso y produccién a nivel

mundial.
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De manera general, son compuestos muy estables frente a la luz, el aire o el calor y
tienen una polaridad baja, caracteristicas fisico-quimicas que convierte a los pesticidas
organoclorados en sustancias con una alta persistencia ambiental y con una gran
capacidad de biomagnificacion, ya que tienden a acumularse en los tejidos grasos de los
animales concentrandose, de este modo, a lo largo de la cadena trofica. Por ejemplo, su
vida media en el aire es 40-60 horas, mientras que en agua y suelos puede ser desde
unos pocos dias, como en los casos de endosulfdn y lindano, hasta varios afios, como
sucede con el dieldrin (Hazardous Substances Data Bank (HSDB, 2011). Debido a su
capacidad de bioconcentracion, se han detectado muchos de estos pesticidas (en
ocasiones a niveles superiores a los permitidos por la legislacion vigente) en todo tipo
de alimentos, animales y vegetales, (Kalantzi et al., 2001; Schafer & Kegley, 2002;
Gonzalez et al., 2003; Hites et al., 2004; Hilber et al., 2008; Chopra et al., 2011) asi
como en diferentes tejidos humanos (Botella et al., 2004; Cerrillo et al., 2005). Por esta
razon, su principal via de exposicion para la poblacion general es a través de la dieta,
aunque en casos de exposicion ocupacional se da por absorcion respiratoria y dérmica
(HSDB, 2011). Dado que son capaces de atravesar la placenta, los fetos también estan
expuestos a estos contaminantes a través de la dieta materna. De hecho, se ha llegado a
correlacionar los niveles de pesticidas en cordon umbilical de madres espanolas con el
consumo de determinados alimentos (Mariscal-Arcas et al., 2010). En un estudio
longitudinal, llevado a cabo entre los afios 1969-1976, se calculd el consumo diario
medio de varios pesticidas, observandose que, en el caso del dieldrin, éste era de hasta
0,7 png/Kg en recién nacidos (Duggan et al., 1983). Posteriormente, la Organizacion
Mundial de la Salud estableci6 el consumo diario aceptable en 0.1, 6 y 8 ug/Kg de peso
para el dieldrin, endosulfan y lindano, respectivamente (WHO, 2004).

La biotransformacion de los pesticidas organoclorados realizada por las enzimas
citocromo P450 hepaticos es lenta, a pesar de ser inductores de estas mismas enzimas
(Coumoul et al., 2002; Johri et al., 2008). La metabolizacién de estos pesticidas da
lugar a derivados conjugados glucuronicos (dieldrin), sulfuricos (endosulfan) y
fenolicos (lindano) que se eliminan a través de la orina, la bilis, las heces y la leche
materna, siendo esta ultima una fuente importante de exposicion en humanos tras el
nacimiento. Ademads, el aldrin es transformado en dieldrin por animales, insectos,
bacterias e incluso por accion de la luz solar (HSDB, 2011), y este ultimo puede,
ademads, originar el aldrin-transdiol dentro del organismo, que también es un compuesto

toxico(van den & Narahashi, 1974).
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Finalmente, gracias a su caracter lipofilico, los pesticidas organoclorados son capaces
de atravesar la barrera hematoencefalica y alcanzar el cerebro, habiéndose encontrado
en tejido cerebral de individuos post mortem a concentraciones de 0,05-1 pg/g de lipido

(Fleming et al., 1994; Corrigan et al., 2000).

4.2. TOXICIDAD DE LOS PESTICIDAS ORGANOCLORADOS

La toxicologia es la ciencia que estudia los efectos adversos que determinadas
sustancias quimicas causan en el organismo. En primer lugar, seria conveniente definir
algunos conceptos basicos de la toxicologia. Tal vez el mas importante es el de la dosis;
ya en el ano 1538, Paracelso introdujo la idea de que so6lo la dosis determina que algo
sea venenoso. Por ello, tanto en farmacologia como en toxicologia, es necesario
establecer la relacion dosis-respuesta a la hora de estudiar el efecto de un compuesto
dado sobre cualquier parametro fisiologico. Por otro lado, el tiempo es también un
factor importante a tener en cuenta, debiéndose distinguir entre toxicidad aguda y
toxicidad crénica. En estudios con animales in vivo, la primera se define como la
resultante de una sola dosis en un periodo de 24 horas, mientras que en el segundo caso
se trata de dosis repetidas (diarias normalmente) o una dosis Unica pero un tiempo de
exposicion mas largo (varios dias o meses). En los estudios in vitro los tiempos de
exposicion se reducen, siendo de unas pocas horas para la toxicidad aguda y de al

menos 1-2 dias in vitro (DIV) para la cronica.
3.2.1. Toxicidad aguda de los pesticidas organoclorados

La toxicidad aguda de un determinado compuesto quimico se calcula mediante el
parametro LD50 (del inglés “Lethal Dose 50”), que indica la dosis necesaria para matar
al 50% de los animales tratados. En la tabla 3 se recogen los valores de LD50 en rata
para algunos pesticidas organoclorados, tras exposicion oral y dérmica. En humanos, la
dosis sintomaticas estan en torno a 5-10 mg/Kg de peso corporal para dieldrin y
endosulfan y 15-20 mg/Kg para el lindano (FAO/UNEP, 1991). La sintomatologia
clinica tras una intoxicacion aguda con pesticidas organoclorados incluye excitabilidad,
vértigo, cefalea, ndusea, vomito, diarrea, ataxia, hiperestesias y parestesias en la cara,
temblor, confusién mental, contracciones mioclonicas, y en casos severos se dan
directamente convulsiones tonicas o tonico-clonicas generalizadas e incluso depresion
respiratoria que puede llevar a la muerte. El tratamiento habitual en casos que presentan

convulsiones es con diazepam, y en casos mas severos con fenobarbital. Asimismo, el
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higado y los rifiones son otros 6rganos afectados por la intoxicacion aguda con altas

concentraciones de estos pesticidas (ATSDR, 2002).

LC50 (ng/Kg peso) Dieldrin Endosulfan Lindano
Via oral 40 30-80 90-270
Via dérmica 60-90 75 900-1000

Tabla 3. Letalidad en rata de los pesticidas organoclorados (fuente: (FAO/UNEP, 1991; WHO, 2004).

3.2.2. Toxicidad croénica de los pesticidas organoclorados

Entre los sintomas descritos a nivel clinico, encontramos cefalea, somnolencia, vision
borrosa y movimientos musculares y oculares involuntarios asi como persistencia de
disturbios del suefio, la memoria y la conducta durante varios dias o semanas (ATSDR,
2002). También se han documentado efectos inmunodepresores y la aparicion de
tumores en el higado en animales de experimentacion, en los casos de dieldrin y
lindano. Por esta razon, la Agencia de Proteccion Medioambiental estadounidense (US
EPA, 1987) incluy6 al primero ellos en la categoria 2A (probable carcindgeno en
humanos) y al segundo en la 2B (posible carcindgeno en humanos). A pesar de ello,
segun la Agencia Internacional para la Investigacion del Cancer (IARC, 1987) las
evidencias en animales son insuficientes e inadecuadas en humanos, en el caso del
dieldrin, por lo que permanece en la categoria 3 (no clasificable como carcindgeno). En
cuanto al endosulfan, no se ha clasificado como carcinégeno aunque algunos estudios
indican que tiene un riesgo potencial de inducir cancer de mama, al igual que el diedrin,

a concentraciones altas (Soto et al., 1994; Soto et al., 1995).

4.3. EFECTOS DE LOS PESTICIDAS ORGANOCLORADOS SOBRE EL
SISTEMA ENDOCRINO

Los pesticidas organoclorados tienen efectos perjudiciales sobre la reproduccion animal
(incluida la humana), tales como disminucion de la fertilidad, atrofia de los organos
sexuales y alteraciones en el comportamiento sexual y en la funcion tiroidea, y por ello

son considerados disruptores endocrinos (Naqvi & Vaishnavi, 1993; Schantz &
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Widholm, 2001; Maranghi et al., 2007; Tiemann, 2008). (Johnson et al., 1992) fueron
los primeros en demostrar la estrogenicidad de los pesticidas organoclorados
metoxicloro, DDT y sus derivados. Estudios posteriores confirmaron que algunos otros
pesticidas, incluidos el dieldrin y endosulfan pero no el lindano, tenian actividad
estrogénica en el ensayo E-Screen, comentado anteriormente, y en otros ensayos de
trans-activacion (Soto ef al., 1994; Soto et al., 1995; Andersen et al., 2002; Lemaire et
al., 2006). Se observo también que, a dosis no efectivas individualmente (1uM), estos
pesticidas si que daban positivo en el E-Screen cuando se administraban en
combinacion, lo que indica que sus efectos estrogénicos son aditivos (Soto et al., 1994;
Soto et al., 1995). Aunque inactivo en el ensayo E-Screen, el lindano ha demostrado
tener afinidad por el sitio de union del estradiol en el receptor de estrogenos, aunque
ligeramente inferior a la de endosulfan y dieldrin (Scippo et al., 2004). En cambio, su
isomero B-HCH es capaz de inducir la proliferacion de las células MCF-7, a pesar de no
inhibir la unién de [*H]-17B-estradiol al receptor de estrogenos, a través de un
mecanismo no convencional (Coosen & van Velsen, 1989; Steinmetz et al., 1996). Los
efectos estrogénicos del lindano han sido atribuidos a su accidén sobre ERp, mientras
que los de endosulfan y dieldrin parecen mediados por ERa, aunque todos ellos han
mostrado afinidad por ambos receptores (Sumbayev et al., 2005; Lemaire et al., 2006;
Maranghi et al, 2007; Li et al., 2008). Otros pesticidas organoclorados que
interaccionan con ERa y ERB, como DDT y metoxicloro, también parecen actuar sobre
GPR30 (Thomas & Dong, 2006). Si bien los efectos gendomicos de los disruptores
endocrinos han sido ampliamente estudiados, sus acciones no genomicas se estan
empezando a conocer. Por ejemplo, algunos pesticidas como dieldrin y endosulfan son
capaces de estimular de manera transitoria la fosforilacion de ERK1/2 y Akt, la entrada
de Ca®" y la liberacién de prolactina en diferentes lineas celulares (Li et al., 2006;

Watson et al., 2007).

Ademas de sus efectos sobre los receptores de estrogenos, los pesticidas organoclorados
han demostrado poseer muchas otras dianas farmacologicas dentro del sistema
endocrino. Asi, por ejemplo son capaces de activar la expresion génica mediada por el
receptor del 4cido retinoico y por el de pregnanos PXR (Coumoul et al., 2002; Lemaire
et al., 2005) y también de inhibir /a trans-activacion del receptor de androgenos y del de
progesterona, aunque en el ltimo caso no parece ser debido a un efecto directo (Jin et
al., 1997; Andersen et al., 2002; Li et al., 2008). Asimismo, endosulfan y lindano

modulan la actividad de la aromatasa (Andersen ef al., 2002; Nativelle-Serpentini et al.,
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2003). Por ultimo, otro mecanismo de disrupcion endocrina observado tras la
exposicion prolongada a estos compuestos es la alteracion de los niveles de los
receptores de estrogenos, ya sea por si solos o en presencia de estradiol (Waters et al.,

2001; Grunfeld & Bonefeld-Jorgensen, 2004).

4.3. EFECTOS DE LOS PESTICIDAS ORGANOCLORADOS SOBRE EL
SISTEMA NERVIOSO CENTRAL

A lo largo de la décadas de los afios 70 y 80 varios estudios demostraron que la
exposicion aguda y cronica a los pesticidas organoclorados producia alteraciones en el
sistema nervioso central. En la mayoria de casos se reportaron déficits en el aprendizaje
y en la memoria asi como alteraciones locomotoras y del comportamiento, en algunos
de ellos (Smith et al., 1976; Topinka et al., 1984; Tilson et al., 1987; Paul et al., 1994;
Schantz & Widholm, 2001; Mariussen & Fonnum, 2006) para revision consultar. Sin
embargo, los mecanismos implicados en tales efectos cognitivos no se han estudiado

con detalle.

Los pesticidas organoclorados de la familia de los HCHs y de los ciclodienos actiian
como antagonistas no competitivos del receptor GABA4 sobre el sitio de union de la
picrotoxinina, desplazando al ligando radioactivo [*>S]-TBPS (Lawrence & Casida,
1984; Pomes et al., 1993). La potencia de algunos de estos contaminantes sobre el
receptor GABA,4 sigue el siguiente orden decreciente endrin > a-endosulfan ~ dieldrin
> lindano > aldrin. Estos efectos farmacoldgicos se han correlacionado, ademas, con su
accion inhibitoria sobre el flujo de Cl” inducido por GABA (Gant et al., 1987; Pomes et
al., 1994b) y se corresponden con su letalidad aguda en roedores (Lawrence & Casida,
1984; Bloomquist, 2002). Por el contrario, los isémeros del lindano f-HCH y 6-HCH
tienen efectos potenciadores a dosis moderadas e inhibidores a dosis altas sobre el
receptor GABA,, teniendo en cualquier caso menor afinidad que el lindano (Pomes et
al., 1994b). Los pesticidas organoclorados bloquean también el receptor de glicina,
aunque el dieldrin y el endosulfan con menor potencia que el receptor GABA4 (Vale et
al., 2003), y los canales de CI” regulados por voltaje, siendo el lindano en este caso mas
potente que los ciclodienos (Bloomquist, 2002). Ademas, los HCHs estimulan los
canales de Ca®" de tipo L, lo que contribuye a sus efectos convulsivos, y liberacion de
Ca®" de depositos intracelulares a través de los receptores de rianodina (3-HCH) u otros

sensibles a dantroleno o a IP; (lindano) (Tusell et al., 1992; Rosa et al., 1997; Fujita et
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al., 1998). En cambio, los efectos excitatorios del DDT se deben a su accidon sobre los
canales de Na' (Hille, 1968), aunque también actiia sobre los transportadores de

dopamina (Hatcher et al., 2008).

Aunque sus dianas farmacoldgicas conocidas en el cerebro son numerosas, la
exposicion cronica a los pesticidas organoclorados altera mayor nimero de proteinas,
entra las que se incluyen, en el caso del dieldrin, enzimas antioxidantes, receptores y
transportadores de determinados neurotransmisores, etc (Liu ef al., 1998; Richardson et
al., 2006; Slotkin & Seidler, 2008; Slotkin & Seidler, 2009). Otras dianas afectadas por
la exposicion prolongada a estos pesticidas son enzimas metabolicas, como la
acetilcolinesterasa, o canales ionicos como las bombas de Mg”", Na/K™ y Ca’*"
ATPasas de la membrana plasmatica y mitocondrial, aunque, en este caso, a
concentraciones bastante altas (> 50uM) (Mehrotra et al., 1982; Mehrotra et al., 1989;
Sahoo et al., 1999; Jia & Misra, 2007a).

4.3.1. Efectos de los pesticidas organoclorados sobre la neurotransmision
monoaminérgica

Inicialmente, se describieron alteraciones en los niveles de ciertos neurotransmisores,
como la serotonina, la dopamina y la noradrenalina, en diferentes regiones cerebrales en
respuesta al tratamiento con lindano, endosulfan o dieldrin (Heinz ef al., 1980; Sufiol et
al., 1988; Naqvi & Vaishnavi, 1993). Poco después, (Fleming et al., 1994) detectaron
niveles de dieldrin mas altos en cerebros post mortem procedentes de enfermos de
Parkinson. Este mismo grupo, descubrio que el dieldrin producia ademas una toxicidad
selectiva sobre las neuronas dopaminérgicas mesencefélicas, lo que indicaba que la
exposicion a este pesticida podia suponer un riesgo potencial para el desarrollo de la
enfermedad de Parkinson (Sanchez-Ramos et al., 1998). Mas adelante, (Corrigan ef al.,
2000) detectaron también niveles mayores de dieldrin y lindano en la substantia nigra
de pacientes de Parkinson con respecto a los de otras demencias o sujetos control.
Estudios posteriores determinaron los mecanismos implicados en la toxicidad de
dieldrin, endosulfan y lindano sobre las neuronas dopaminérgicas, en donde la
produccion de radicales libres y la activacion de las caspasas tienen un papel
determinante (Chun etz al., 2001; Kitazawa et al., 2001; Jia & Misra, 2007b; Sharma et
al., 2010). La posterior degradacion proteolitica de PKCd por éstas desencadenara la
fragmentacion del ADN, proceso que puede ser prevenido con la sobre-expresion de la

proteina mitocondrial Bcl-2 (Kanthasamy et al., 2003). La liberacion de dopamina y la
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modulacién de sus transportadores han sido también mecanismos implicados en la
toxicidad del dieldrin sobre estas neuronas (Kitazawa et al., 2001; Richardson et al.,

2006).

Por otro lado, se ha observado que la exposicion prolongada a dieldrin modifica la
expresion de los receptores de serotonina y tiene, ademads, efectos negativos sobre la
diferenciacion y la maduracion de las neuronas serotoninérgicas, siendo estos ultimos
efectos mediados por su accion antagonista sobre el receptor GABA, (Liu ef al., 1997a;

Slotkin & Seidler, 2008).

4.3.2. Efectos de los pesticidas organoclorados sobre la neurotransmision
aminoacidérgica

A pesar de saberse desde hace varios anos que la principal diana de los pesticidas
organoclorados en el sistema nervioso central es el receptor GABA4, pocos estudios se
han desarrollado para evaluar su efecto sobre las neuronas GABAérgicas. Por ejemplo,
se ha observado que éstas son menos susceptibles que las neuronas monoaminérgicas,
tanto durante el desarrollo como cuando son maduras, frente a la toxicidad del dieldrin
(Liu et al., 1997a; Sanchez-Ramos et al., 1998). Ademas, la exposiciéon cronica a
dieldrin altera la expresion de algunas de las subunidades del receptor GABA4, tanto in

vivo como in vitro (Liu et al., 1997b; Liu et al., 1998).

Estudios realizados en nuestro laboratorio han demostrado que las células granulares de
cerebelo, principalmente glutamatérgicas, también son sensibles a los efectos toxicos de
estos pesticidas. Asi, por ejemplo, la exposicion prolongada a dieldrin disminuye la
funcionalidad y la expresion en la membrana de los receptores NMDA en estas
neuronas (Babot et al, 2007). Otro trabajo muestra que el dieldrin disminuye la
expresion de NR2B, NR2C y NR3B en la linea celular PC12 (Slotkin & Seidler, 2009).
Respecto al lindano, su toxicidad en células granulares de cerebelo se previene con los
antagonistas del receptor GABAg, mientras que en neuronas corticales estd mediada
mayoritariamente por su accioén sobre los receptores GABA, (Vale et al., 1998a; Vale

et al., 1998Db).
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I1. OBJETIVOS

-57 -



-58 -



1. OBJETIVO GENERAL

El objetivo principal de este trabajo es estudiar los mecanismos implicados en la
neurotoxicidad producida por la exposicidon cronica a los pesticidas organoclorados en
cultivos primarios neuronales, y, en especial, la implicacion de la neurotransmision
GABA¢érgica y glutamatérgica asi como de la sefializacion mediada por los receptores

de estrogenos en estos efectos toxicos.

2. OBJETIVOS PARTICULARES

Con el fin de abordar este estudio, nos hemos propuestos los siguientes objetivos

concretos:

2.1. Estudiar los efectos de la exposicion prolongada a dieldrin sobre la expresion,
localizacion y funcionalidad de los receptores de glutamato en cultivos primarios de

neuronas corticales.

2.2. Estudiar los efectos de los neuroesteroides estradiol y alopregnanolona sobre los

receptores de glutamato en neuronas corticales previamente tratadas con dieldrin.

2.3 Estudiar los efectos de los pesticidas organoclorados sobre los receptores de
estrogenos asi como sobre sus vias de sefializacion no gendémicas asociadas en cultivos

primarios de neuronas corticales y de células granulares de cerebelo.
2.4. Estudiar los mecanismos moleculares involucrados en la muerte neuronal causada
por la exposicion prolongada a los pesticidas organoclorados en neuronas corticales y en

células granulares de cerebelo.

2.5 Estudiar la posible accion neuroprotectora del estradiol y la alopregnanolona frente

a la toxicidad inducida por los pesticidas organoclorados en ambos cultivos neuronales.
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TRABAJO N° 1

Reduction of glutamatergic neurotransmission by prolonged exposure to dieldrin
involves NMDA receptor internalization and metabotropic glutamate receptor 5
down-regulation

Victor Briz, Mireia Galofré, Cristina Sufiol

Departamento de Neuroquimica y Neurofarmacologia, Instituto de Investigaciones Biomédicas de

Barcelona, CSIC — IDIBAPS, Barcelona.
Toxicological Sciences 113(1): 138-149 (2010)

En el presente trabajo hemos utilizado cultivos primarios de neuronas corticales para
estudiar los mecanismos implicados en la toxicidad del dieldrin sobre la
neurotransmision glutamatérgica. La exposicion durante 2 y 6 DIV a una concentracion
no citotoéxica (60nM) de dieldrin redujo el aumento de la concentracion de calcio
intracelular ([Ca®'];) y la excitotoxicidad causada por el glutamato. Observamos que la
exposicion mas prolongada a dieldrin produjo también la internalizacion de los
receptores NMDA (NMDAR) y disminuy6 los niveles del receptor metabotropico de
glutamato 5 (mGIluRS5). El marcaje inmunocitoquimico para NMDAR y mGIuRS mostr6
una menor co-localizacion de éstos en la membrana celular de las neuronas tratadas con
dieldrin. Sin embargo, no se observaron cambios en la funcionalidad o en los niveles de
estos receptores después de 2 DIV de exposicion a dieldrin. En cambio, el aumento de
[Ca®"); inducido por la co-activacion de NMDAR y mGIluR5 se redujo
significativamente. Por lo tanto, estos resultados indican que la interaccion funcional
entre estos dos receptores parece jugar un papel importante en la excitotoxicidad
inducida por glutamato. En este trabajo, confirmamos, ademds, que el bloqueo
permanente de los receptores GABA por este plaguicida persistente provoca cambios
homeostaticos que dan como resultado una reduccion de la neurotransmision

glutamatérgica.
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Dieldrin was previously used as a pesticide. Although its use has
been discontinued, humans are still exposed to it due to its high
environmental persistence and because it accumulates in the
adipose tissue of animals. Acute exposure to dieldrin provokes
convulsions due to its antagonism on the gamma-aminobutyric
acid-A (GABA ,)receptor. However, little is known about the effects
of low chronic exposure to this pollutant. In the present work, we
use primary cultures of cortical neurons to study the mechanisms
involved in the toxic action of dieldrin. We found that 2 and 6 days
in vitro (DIV) exposure to a subcytotoxic concentration (60nM) of
dieldrin reduced the increase in intracellular calcium concentration
{[Ca?*];) and the excitotoxicity caused by glutamate. Exposure to
dieldrin for 6 DIV induced N-methyl-D-aspartate receptor
(NMDAR) internalization and reduced metabotropic glutamate
receptor 5 (mGLURS) levels. Double immunostaining for NMDAR
and mGLURS showed that these receptors lose colocalization on
the cell membrane in neurons treated with dieldrin. No changes
were observed in receptor functionalities or receptor levels after
2 DIV of exposure to dieldrin. However, the increase in [Ca®*);
induced by coactivation of NMDAR and mGLURS was signifi-
cantly reduced. Thus, a functional interaction between the two
receptors seems to play an important role in glutamate-induced
excitotoxicity. We confirm that permanent blockade of the GABA
receptor by this persistent pesticide triggers adaptive neuronal
changes consisting of a reduction of glutamatergic neurotransmis-
sion. This might explain the cognitive and learning deficits observed
in animals after chronic treatment with dieldrin.

Key Words: dieldrin; neurotexicity; in vitro; glutamate; receptor.

Dieldrin is an organochlorine pesticide that was extensively
used in agriculture in the 1950°s and 1960°s. Its use was
prohibited or restricted in many countries in the 1970°s and
1980’s. Despite this, humans are still exposed to dieldrin both
due to its considerable persistence in the environment and more
importantly because it accumulates in the adipose tissue of
animals and so may be ingested. In farmed salmon, it has been

detected at higher levels than in wild ones (Hites ef al., 2004). It
has also been found in horticultural soils and the plants grown in
thern (Hilber et al., 2008) and in the adipose tissue of 30% of
women who live near agriculture areas (Botella et al., 2004). For
the last few years, dieldrin has been 1 of the 12 “persistent
organic pollutants” assessed in accordance with the Stockholm
Convention (http://www.pops.int). This organochlorine pesti-
cide is also a derivate of the epoxidation of the cyclodiene
pesticide aldrin. It blocks the chloride flux through both the
gamma-aminobutyric acid-A (GABA,) receptor (where it in-
hibits t-[**S]butylbicyclophosphorothionate ([°S]TBPS) from
binding to it) and the glycine receptor (Pomés er al., 1993; Vale
et al., 2003). Acute exposure to dieldrin produces convulsions in
marnmals {Bloomquist, 1992). However, the effects of chronic
exposure to this compound have yet to be established.

Several studies suggest that dieldrin could be a risk factor in
the development of Parkinson’s disease {(PD) (Kanthasamy
et al., 2005; Sanchez-Ramos ef al., 1998). Moreover, Corrigan
et af. (2000) found higher levels of dieldrin in PD brains than
in control brains. The pesticide causes mitochondrial damage in
dopaminergic neurons in culture, and these neurons appear to
be sensitive to dieldrin-induced oxidative stress and cell death
(Kitazawa er al., 2001; Sanchez-Ramos er al., 1998). In
addition, prenatal exposure to dieldrin had deleterious effects
on the GABAergic-dependent development of the embryonic
brainstem {Liu ef al., 1997).

The main target for acute lethal toxicity of cyclodienes is the
GABA, receptor for which dieldrin presents a high affinity
{Narahashi er al, 1995; Pomés et al., 1993; Vale et al., 2003).
We have previously reported that the blockade of the GABA,
receptor reduces the synaptic release of glutamate from
cerebellar granule cells and also protects these neurons from
excitotoxic insults (Babot er «al., 2005). A link beftween
inhibitory GABA and excitatory glutamate neurotransmission,
which compensate each other to maintain brain electrical
activity, is at present fully acknowledged. Furthermore, long

The Author 2009. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
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timescale changes in both neurotransmitter systems finally
leads to regulation of receptor expression and trafficking
(Pérez-Otafio and Ehlers, 2005; Turrigiano, 2008). In a previous
study, long-term exposure of cerebellar granule cells to dieldrin
resulted in a significant reduction of activity and in
internalization of N-methyl-D-aspartate receptor (NMDAR)
(Babot ef al., 2007).

Here, we study the effects of long-term exposure to dieldrin
on cultured cortical neurons in order to further characterize the
long-term  effects of dieldrin on GABA and glutamate
neurotransmission. It is accepted that both GABA, and
glutamate receptor subunits are differently expressed in the
corfex and cerebellum (Garrett et al, 1990; Llansola et al.,
2005), and therefore, different effects of dieldrin could be
envisaged. We use primary cultures of cortical neurons that are
mainly composed of GABAergic neurons (around 40%) and
also glutamatergic and cholinergic neurons, whereas primary
cultures of cerebellar granule cells contain predominantly
glutamatergic neurons (> 90%). Both the cell types express
functional GABA and glutamate receptors (Sonnewald e al.,
2004; Sufiol erf al., 2008). It is also well known that human
cortex is responsible for higher brain functions, such as
working memory, and that GABA and glutamate play a crucial
role in these processes.

This work strongly supports the effects found in cerebellar
granule cells by showing that partial inhibition of the GABAA
receptor induced by continuous {(but not acute) dieldrin
exposure friggers adaptive neural changes consisting of
NMDAR internalization. Furthermore, we report a novel
target altered by dieldrin, the metabotropic glutamate receptor
5 (mGLURS). Thus, the effect of dieldrin on GAB Aergic and
glutamatergic neurotransmission in cortical neuronal cultures
might indicate that the cortex is a highly susceptible region of
the brain against chronic organochlorine pesticide exposure.

MATERIALS AND METHODS

Maierials

Pregnant NMRImice (16th pestational day) were obtained from Charles River,
Iffa Credo (Saint Germain-sur1’ Arbreste, France). Plastic culfure multiwell plates
were from Nunc (Roskilde, Denmark). Fetal calf serum was obtained from Gibco
(Invitrogen, Barcelona, Spain), and Dulbecco’s modified Eagle’s minimum
essential medium (DMEM) was from Biochrom (Berlin, Germany). Trypsin,
soybean trypsin inhibitor, DNAse, dimethyl sulfoxide (DMSO), L-glycine,
L-glutamic acid (NMDA), kainic acid, MK-801, 6-methyl-2-(phenylethynyl)pyr-
idine (MPEP), 7-(hydroxyimino)cyclopropalbchromen- 1a-carboxylate ethyl ester
(CPCOCEY), 3-[4,5-dimethylthazol-2-yl]-2,5-diphenyl-tetrazolium  bromide
(MTT), dieldrin, picrotoxinin (PTX), L-pyruvic acid, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic  acid (HEPES) and [-nicotinamide adenine
dinuclectide—reduced (NADH) disodium salt were from Sigma (St Louis, MO).
2,3-Dioxo-6-nitro-1,2.3, 4-tefraliydrobenzo[f]quinoxaline-7- sulfonamide diso-
dium salt and (R,5)-3,5-dihydroxyphenylglycine (DHPG) were from Tocris
Cookson (Bristol, UK). **C1™ wasfrom American Radiolabeled Chemicals, Inc. (St
Louis, MO). [**STTEPS and [*H]-MK-801 were from PerkinElmer (Boston, MA).
Fluo-3 AM was from Molecular Probes (Leiden, The Netherlands).
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Cell Cultures

Primary cultures of cortical neurons were prepared from the cerebral cortices
of 16-day-old mice fetuses according fo Frandsen and Schousboe (1990) with
minor modifications. Briefly, pregnant animals were anesthetized with
isofluorane (FORANE; Abbott Laboratories SA, Madrid, Spain), killed by
cervical dislocation, and the fefuses extracted. Cortices were dissected with
forceps, mechanically minced, and cells were then dissociated by mild
trypsinization {(0.02% [wi/vol]) at 37°C for 10 min followed by trituration in
a DNAse solution (0.004% [wtfvol]) containing soybean trypsin inhibitor
[0.05% (wt/vol]). The cells were then suspended in DMEM (5SmM KCl, 31mM
glucose, and 0.2mM glutamine) supplemented with p-aminobenzoate, insulin,
penicillin, and 10% fetal calf serum. The cell suspension (1.5 X 10° cells/ml)
was seeded in 6-, 24-, or 96-well plate precoated with poly-D-lysine and
incubated for at least 8 days in a humidified 5% CO,/95% air atmosphere at
36.8°C. A mixture of SuM 5-fluoro-2’-deoxyuridine and 20pM uridine was
added after 2 days ir vizro (DIV) in culture to prevent glial proliferation.

Animals were handled in compliance with protocol DMA1852 of the
University of Barcelona, approved by the Generalitat de Catfalufia, Spain,
following the Buropean Union guidelines.

Dieldrin Treatment

A stock solution of dieldrin was prepared in DMSO and frozen in aliquots of
100 pl. The final concentration of DMSQ in the culture medium was 0.5%. To
avoid cross-contamination between different wells in the same plate, the
different treatments, DMSO or dieldrin, were performed on separate plates.
Culfures were treated at 2 or 6 DIV by adding the stock dieldrin solution in
DMSO to the culture medium. The medium was not changed until the
experiments were performed at 8 DIV (exposure for 6 or 2 DIV, respectively).
The dieldrin concentration was stable in culture medium for at least 8 DIV at
37°C (Babot et af., 2007). In some experiments, neurons were acutely exposed
to dieldrin (less than 5 min).

Chlovide Influx

Chloride influx was determined as “°C1™ uptake in intact cell cultures of
cortical neurons grown in 24-well plates (Vale et al., 2003). Briefly, the culture
medium was replaced by prewarmed Earle’s balanced salt solution (EBSS:
116mM NaCl, 1.8mM CaCl,, 0.8mM MgSO,, ImM NaH,PO,, 152mM
NaHCGO,, and 5.5mM gliucose, adjusted to pH 7.4), and cell cultures were
incubated in a humidified 5% CO,/95% air atmosphere at 36.8°C. After 30-min
incubation, the buffer was replaced by new EBSS solution and they were
incubated for an additional 15 min. After this, the cells were incubated for 10 s
with 225 ul HEPES buffered salt solution (fHBSS]: 136mM NaCl, 53.4mM KCI,
1.2mM CaCl, 1.4mM MgCly, 1.0mM NaH;P(, 10mM HEPES, and 9mM
glucose, adjusted to pH 7.3) containing *°C1™ (0.4 pCi/ml) and 30pM GABA.
PTX (100puM) was used as a posifive conirol of the assay. Affer removing the
38¢1- solution, each well was immediately rinsed four times with 1.5 ml cold
HBSS solution. Cells were lysed by water-induced hyposmotic shock, and
radioactivity was determined by liquid scintillation counting in a Wallac 1414
‘WinSpectral (GMI Inc., Ramsey, MIN).

[FISJTBPS Binding

The binding assay was performed on cells grown in 24-well plates according
to Garcfa et al. (2008). In brief, the cells were washed three times with 0.5 ml of
HBS5S prewarmed to 37°C. The incubation system contained 1.5-3nM
[355]TBPS in Tris-citrate-buffered saline solution (TCBSS: 50mM Tris-citrate
and 200mM NaCl, adjusted at pH 7.4). After 30 min at 25°C, the solution was
removed and the cells were rinsed three times with 0.5 ml of cold HBSS solution.
Nonspecific binding was measured in the presence of 200pM PTX. Cells were
collected in 0.25 ml 0.2M NaOH, and their radioactivity was determined by
liquid seintillation counting (Optiphase “Hisafe’2; PerkinElmer, Waltham, MA).

Gluiamate Recepior Function

Tonotropic as well as mefabotropic glitamate receptor function was
evaluated by measuring the agonist-induced increase in Fluo-3 fluorescence
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according to Babot et @f. (2007). This is an indicator of changes in intracellular
calcium. Tt is used to measure the Ca”* influx through the ionotropic receptors
or the metabotropic receptor—induced mobilization of intracellular Ca®* stores
in response fo the interaction with glutamate or specific agonists. Supplemen-
tary figure 1 shows that the agonist-induced increase in infracellular Ca®t is
completely blocked by specific glutamate receptor antagonists. Cultured cells
grown in 96-well plates were incubated with Fluo-3 AM (9uM) for 1 h at 37°C
in Hank’s solution (1.3mM CaCl, 5.4mM KCl, 0.4mM KH,PO,, 0.5mM
MgCl, 0.4mM MgSQO,, 137mM NaCl, 4.2mM NaHCO;, 0.3mM Na,HPO,,
8mM HEPES, and 5.5mM glucose, adjusted to pH 7.4). Excess Fluo-3 AM was
rinsed away, and the cells were treated with different agonist concentrations
(from 1pM to 1mM) in Hank’s solution (or magnesium-free Hank’s solution
when using NMDA) in the presence of SuM glycine (when using glutamate or
NMDA). Fluorescence (F) was immediately determined in a fluorimetric plate
reader (Em 485/Em 530, SpectraMax GCeminisXS; Molecular Devices,
Sunnyvale, CA). In order fo calculate the infracellular calcium concentration
([Ca*]), the cells were incubated with the ionophore A23187 (10uM) for
30 min and thereafter with CuSO, (SmM) to obtain the maximum (Fy,.,) and
the minimum (Fuyy) fluorescence values, respectively. [Ca2+]i was calculated
for each well as: [Ca®™*]; = Ky (F — Fou)/(Frax — F), where K is the
dissociation constant of Fluo-3 AM/Ca* (320nM).

[FHJ-MK-801 Binding

The binding assay was performed as described by Babot et al. (2007) with
modifications. Cultures grown in 24-well plates for at least § DIV were washed
with PBS (137mM NaCl, 2.7mM KCI, 10mM Na;HPO,, and 2mM KH;PO.)
and then exposed for 15 min at 37°C to 4-5nM [FH]-MK-801 in PBS solution
containing 100pM glutamate, 100pM glycine, and different concentrations of
nonlabeled MK-801. After washing with cold PBS, cells were collected in
0.2M NaCH and then their radioactivity and protein content were measured.
Apparent By, and Ky were calculated by fitting the binding values fo
a competitive one-site binding curve. Nonspecific binding was determined in
the presence of 100uM of nonlabeled MK-801.

Western Blot

Cultures grown in 6-well plates were washed twice with cold Hank's
solution, and cells were harvested with (.2 ml of loading butfer (62.5mM Tris-
HC1 [pH 6.8], 10% glycerol, 2% SDS, and 50mM dithiothreitol) and briefly
sonicated. After boiling for 5 min and being centrifuged at 16,100 X g for
3 min, 25 pl of the homogenate was subjected to SDS-polyacrylamide gel
electrophoresis using 8-10% polyacrylamide resolving gel at 60 mA for 1.5-2
h. Proteins were transferred info a nitrocellulose membrane and incubated with
5% nonfat dry milk in Tris-Buffered Saline Tween-20 (TB5-T) (20mM Tris-
HCI [pH 7.6], 140mM NaCl, and 0.1% Tween-20). Membranes were incubated
overnight at 4°C with a goat polyclonal anti-NMDARI (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA) or a rabbit polyclonal anti-mGLURS and anti-
mGLUR1 (1:2000; Millipore, Temecula, CA)in TBS-T solution containing 5%
bovine serum albumin (BSA). After the membranes were washed, they were
incubated with anti-goat and anti-rabbit, respectively, horseradish peroxidase—
conjugated (HRP) secondary antibodies {1:4000; Molecular Probes). On all the
membranes, a monoclonal anti-actin (1:10,000; Sigma) and a secondary HRP-
linked anti-rabbit (1:10,000) antibodies were used as a control of the amount of
protein loaded. The membranes were washed and incubated for 4 min in
a chemiluminescent solution (Immwn-Star HRP kit; Bio-Rad, Hercules,
CA). Luminescence was quantified with a Versadoc Imagine System
(Bio-Rad). Digital images were then quantified in the Quantity One software
(Bio-Rad).

Immunocytochemistry

Cells were seeded in Permanox chamber slides (Nunc) treated with poly-p-
lysine, and immunostaining was performed as previously described by Babot
et al. (2007) with minor modifications. Cultures were rinsed with PBS and fixed
with methanol at —20°C for 10 min. Cells were incubated with 0.03% Triton
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X-100 in PBS for 5 min, and after three rinses with PBS, they were blocked in
5% BSA in PBS for 5 min at room temperature. Subsequently, cultures were
incubated overnight at 4°C fogether with the primary anti-NMDARTI (1:50) and
anti-mGLURS (1:500) antibodies in a solufion containing 5% BSA in PBS,
rinsed three times with PBS for 5 min, and incubated for 1 h at room temperature
with both secondary antibodies, chicken anti-poat Alexa 488 (1:1000; Molecular
Probes) and donkey anti-rabbit Alexa 594 (1:1000; Molecular Probes)
simultaneously. After rinsing with PBS, the slides were coverslipped with
Mowiol. The immunostained cells were examined in a confocal fluorescence
microscope (Leica Microsystems Inc., Bannockburn, IL) using the same
excitation laser intensity for control and dieldrin-treated cells.

Cell Viability and Cytotoxicity

Cell viability was determined by measuring the reduction of MTT, whereas
cytotoxicity was assessed by quantifying the release of the cytosolic enzyme
lactate dehydrogenase (LDH). The methods were used simultaneously for every
experiment.

The treatment with glutamate was always performed at 7-8 DIV when
functional ionotropic glutamate receptors are completely expressed (Frandsen
and Schousboe, 1990). Cells grown in 96-well plates were exposed fo different
concentrations of glutamate (from 10pM to 10mM) in Hank’s solution for 1 h.
Affer rinsing twice with Hank’s solufion, fresh DMEM supplemented with
gentamicin (1 mg/ml) was added. Cell viability/cytotoxicity was determined
24 h later.

MTT assay. The substrate MTT, when exposed to cells, is reduced by
mitochondrial activity to a colored formazan salt, which can be gquantified
spectrophofometrically. The cells were incubated with MTT (500 pg/ml)
dissolved in Hank’s solution at 37°C for 1 h protected from light. After washing
off the excess MTT, the cells were disaggregated with 5% SDS and the amount
of colored formazan salt formed was measured at 560 nm in a spectrophotom-
efer plate reader (iEMS Reader MF; Lab Systems, Helsinki, Finland).

LDH assay. The measurement of LDH released by damaged cells was
performed as described previously by Rosa et al (1997) with slight
modifications. Briefly, after glutamate treatment, the solution was replaced
with fresh DMEM in order to determine only the LDH released in the 24 h after
glutamate exposure. Therefore, 50 pl of the medium from each well was placed
into another 96-well plate and mixed with 200 pul of Sorensen’s phosphate
buffer solution (53.4mM Na,HPO, and 13.4mM KH,PO,, adjusted to pH 7.4)
containing 2.08mM pyruvic acid, 0.375mM NADH, and 3.97mM NaHCO;.
Immediately, the mixture was mixed and incubated for 1 min at 37°C before
reading the absorbance. Twenty readings of the absorbance of the reaction
mixfure at 340 nm, an index of NADH concentration, taken every 15 s using
a spectrophotometer plate reader (iEMS Reader MF; Lab Systems), were
recorded as the kinetic curve of the coenzyme's disappearance. LDH changes
were automatically calculated from the slope of the absorbance curve, fitted by
linear regression to the initial portion of the curve. We used S0 pl of DMEM
plus 200 pl of the NADH solution as a blank for this measure. Cytotoxicify was
defermined as % of released LDH with respect to confrol cells. Total death
value (100% of LDH release) was obtained from cells treated with 0.3% Triton
for 30 min.

Data Analysis

Data are shown as mean + SE. Unless otherwise stated, at least three
experiments from independent culfure batches were performed, each one in
triplicate. Statistical comparisons were made by t-test when comparing control
and dieldrin-exposed groups (E., values from Figs. 3-5 and 8), one-way
ANOVA followed by Dunnett’s multiple comparison fest when comparing
more than two groups (different exposure time or dieldrin concentrations;
Fig. 1, Tables 1 and 2), and two-way ANOVA followed by Bonferroni postiest
when comparing two factors {dieldrin and glutamate/antagonists exposures;
Figs. 2 and 7) using GraphPad Prism version 4.0 (GraphPad Software, San
Diego, CA).
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FIG. 1. Concentration-dependent inhibition of [*>S]TBPS binding after
long-term exposure to dieldrin. Primary cultures of cortical neurons were
exposed to dieldrin at concentrations ranging from 0 to 200nM for 2 DIV (A)
and 6 DIV (B). Thereafter, the cells were incubated with [35S]TBPS (1.5-3nM
in TCBSS) for 30 min at 25°C. The data correspond to mean + SE of three
independent experiments determined in triplicate. (A) *p < 0.05 and **p <
0.01. (B) **p < 0.01 with respect to control.

RESULTS

Effects of Dieldrin Exposure on GABA4 Receptor and Cell
Viability in Cortical Neurons
Exposure to dieldrin for 2 DIV inhibited [**S]TBPS binding
in intact cultured cortical neurons with an inhibitory concen-
tration 50 (IC50) value of 140 + 9nM (N = 3) (Fig. 1A).
Similar results were obtained after 6 DIV of exposure (IC50 =

TABLE 1
Time Course for Glutamate-Induced Reduction of Cell Viability

Time 15min(3) 30min(5) 1h@©) 2h(2) 24h()
LC50 12.1 £ 0.6%%%  66+22% 2705 09=08 0.6=03
(mM)

Note. Cell viability was measured 24 h after transient exposure to glutamate
for the specified time using MTT assay. Values are at least mean + SE of (V)
experiments performed in triplicate.

*p < 0.05 and ***p < 0.001 versus 1 h treatment.
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TABLE 2
Apparent K4 and B,,,,, Values for [*H]-MK-801 Binding in
Cultured Cortical Neurons

Kq (uM) Bumax (pmol/mg protien)
Control 69 1.6 180.0 + 26.2
Dieldrin 60nM 1.9 = 0.4% 92.3 + 12.9%
Dieldrin 200nM 2.4 +0.8% 75.5 = 11.5%

Note. Values represent the mean + SE of three independent experiments,
each performed in triplicate. The values were obtained by adjusting data from
each experiment to a one-site competition curve.

*p < 0.05 with respect to control.

145 + 46nM, N = 3) (Fig. 1B). Long-term exposure to 60nM
dieldrin inhibited the 30pM GABA-induced *°Cl™ uptake by
55+ 11% (N = 3, p < 0.05). Since 60nM of dieldrin was the
lowest-observed-effect concentration in the [*>S]TBPS binding
for both 2 and 6 DIV of treatment (Fig. 1), we decided to
choose this concentration for all subsequent experiments. This
is a noncytotoxic concentration since exposure to up to 200nM
dieldrin for 6 DIV did not produce a reduction in cell viability
(MTT value was 91 + 6% with respect to control, N = 4), while
exposure to 600nM dieldrin significantly reduced cell viability
by 28 = 8% (p < 0.01).

Effects of Dieldrin on Glutamate-Induced Excitotoxicity and
Intracellular Calcium Increase

We previously reported that a short pulse of high K™
concentration (> 70mM) releases glutamate ([glutamate], >
2uM) from cultured cerebellar granule neurons producing
excitotoxic cell death (Babot et al., 2005). Treatment of
primary cultures of cortical neurons with 100mM KCl for
15 min induced a lower release of endogenous glutamate
([Glutamate], = 0.85 = 0.13uM, after the insult) without
producing cell death (data not shown). Therefore, we de-
veloped a model of excitotoxicity using different concen-
trations of glutamate (from 10uM to 10mM) at different
exposure times (from 15 min to 24 h). Table 1 shows LCs,
values for glutamate-induced loss of cell viability. Treatment
with glutamate for 15 or 30 min was significantly less toxic
than exposure for 1 h, whereas exposures for 2 or 24 h were not
significantly different with respect to 1-h exposure. Therefore,
an exposure time of 1 h was selected for the subsequent studies
of glutamate-induced excitotoxicity in cultured cortical
neurons.

Cells were exposed to 60nM dieldrin for 2 or 6 DIV and
subsequently exposed to glutamate. The glutamate-induced
reduction in cell viability led to cell membrane damage, as
determined by the significant release of LDH. This effect was
significantly attenuated by exposure to dieldrin for 2 and 6 DIV
(Fig. 2). Similar results were obtained from the MTT assay
(Supplementary fig. 2).
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FIG. 2. Effect of long-term exposure to dieldrin on glutamate-induced
excitotoxicity in cultured cortical neurons. LDH release was determined 24 h
after transient glutamate treatment for 1 h, for neurons exposed to DMSO
(black bars) or dieldrin (squared bars) for 2 DIV (A) or 6 DIV (B). Results are
expressed as % of LDH release corresponding to the total cell death (mean +
SE, N = 3-4). Two-way ANOVA shows statistical differences between
glutamate and control (*p < 0.05, **p < 0.01, and ***p < 0.001). Exposure to
dieldrin significantly reversed the effect of glutamate: (A) *p < 0.05 and *p <
0.001; (B) ™p < 0.001.

We further analyzed whether the increase in [Ca”]i caused
by glutamate was affected by long-term exposure to dieldrin.
Six DIV of treatment with dieldrin did not modify the basal
intracellular calcium (values were 56.6 = 59nM and 71.2 +
6.9nM for control and dieldrin-exposed cells, respectively, N =
12) but significantly reduced glutamate-induced increase in
[Ca®");. Figure 3 shows the concentration-response curves for
the increase in [Ca>"]; due to glutamate. Exposure to dieldrin
for 2 DIV led to a significant reduction of the E.. values
(463 + 46% and 307 + 48% for control and dieldrin-exposed
cells, respectively, N = 3, p < 0.05) (Fig. 3A). Likewise,
longer exposure to dieldrin up to 6 DIV resulted in reduction of
Eax values (403 = 14% and 261 = 23% for control and
dieldrin-exposed cells, respectively, N =4, p < 0.01) (Fig. 3B).
To corroborate that this effect was mediated by inhibition of
the GABA, receptor as a result of the cells being exposed to
dieldrin, we treated primary cultures of cortical neurons with
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FIG. 3. Effect of exposure to dieldrin on the glutamate-induced increase in
[Ca®*]; in cultured cortical neurons. Fluo-3 fluorescence was measured
immediately after glutamate treatment, for neurons exposed to DMSO (W) or
dieldrin (A) for 2 DIV (A) or 6 DIV (B). Values obtained are expressed as %
with respect to cells incubated with Hank’s solution and are mean + SE of three
to four experiments, each in triplicate. Nonlinear regression fit shows statistical
differences between the E,,. values of the curves. (A) One-tailed r-test, p <
0.05 and (B) two-tailed #-test, p < 0.01.

the GABA 5 receptor antagonist PTX (100uM) for 6 DIV. PTX
mimicked the effect of dieldrin on the glutamate-induced rise in
[Ca®"]; and cell death (Supplementary fig. 3).

Effects of Dieldrin on lonotropic Glutamate Receptors

The next step was to elucidate which glutamatergic target
was altered by exposure to dieldrin in order to explain the
reduced responsiveness to the glutamate excitotoxic insult in
these neurons. We first studied the function of the NMDAR,
which is known to be the main receptor involved in glutamate-
triggered excitotoxicity (Choi, 1987; Michaels and Rothman,
1990). Surprisingly, we did not observe a reduction in
NMDAR functionality after 2 DIV of exposure to dieldrin
(Fig. 4A). However, prolonging exposure to dieldrin up to
6 DIV resulted in a significant reduction in the Ca>" influx
induced by NMDA (E,,,.x values were 286 + 40% and 195 +
12% for control and dieldrin-exposed cells, respectively, N =
3, p < 0.05) (Fig. 4B). This reduction in NMDAR function
was confirmed by a significant reduction of the B,,,, value for
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FIG. 4. Effect of exposure to dieldrin on the NMDA-induced increase in
[Ca2+]i in cultured cortical neurons. Fluo-3 fluorescence was measured
immediately after NMDA treatment, for neurons exposed to DMSO (®m) or
dieldrin (A ) for 2 DIV (A) or 6 DIV (B). Values obtained are expressed as %
with respect to cells incubated with Hank’s solution and are mean + SE of three
to five independent experiments, each in triplicate. Nonlinear regression fit
shows statistical differences between the E,,,. values of the curves shown in
(B) two-tailed #-test, p < 0.05.

[*H]-MK-801 binding in intact cells (Table 2). To reject the
possibility that dieldrin could be acting as an antagonist at
the NMDAR, we evaluate NMDA-induced Ca®" influx in the
presence of dieldrin. However, NMDAR functionality was not
inhibited by acute exposure to dieldrin (data not shown). We
next wished to verify whether the reduction in NMDAR
function and the reduced binding of [*H]-MK-801 after long-
term exposure to this pesticide was accompanied by a reduction
in the total amount of NMDAR protein. To do this, we
performed an immunoblot against the obligatory NR1 subunit
of NMDAR. No differences were observed in the ratio of NR1/
actin between control and dieldrin-treated cells (Fig. SA). In
contrast, immunocytochemistry studies revealed that the NR1
subunit, which is predominantly located on the cell membrane
in control neurons, was internalized after exposure to dieldrin
for 6 DIV (Figs. 6A and 6G). This effect was less evident in
cultures exposed to dieldrin for 2 DIV (Fig. 6D).

We further studied the involvement of the non-NMDARs in
our model of excitotoxicity by using the noncompetitive
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NMDAR antagonist MK-801. As expected, 10pM MK-801
significantly reduced the cytotoxicity caused by 10mM
glutamate but exposure to dieldrin for 6 DIV further reduced
the glutamate-induced excitotoxicity in the presence of
MK-801 (Fig. 7A). This effect was confirmed by measuring
the glutamate-induced rise in [Ca2+]i in the presence of this
NMDAR antagonist. Whereas MK-801 reduced the increase in
[Ca®"]; caused by glutamate in control cells (E,,,, values were
353 + 32% and 242 + 8% in control and MK-801-treated cells,
respectively, p < 0.05), this reduction was even greater in
dieldrin-treated cells (E.x = 219 = 10%, p < 0.01), although
not statistically different from cells treated with MK-801
(Fig. 7B). Taking into account that the excitotoxic response to
glutamate when all NMDARs were blocked by MK-801 was
reduced to a higher extent in cells exposed to dieldrin with
respect to control cells, we wonder if long-term exposure to this
pollutant might be affecting other glutamate receptors.

In addition, the reduced glutamate excitotoxicity observed
after 2 DIV of exposure to dieldrin was not accompanied with
a reduced NMDAR function. Therefore, we sought to
determine whether AMPA /kainate receptors could be targeted
by dieldrin exposure. However, neither the kainate-induced
increase in [Ca®*]; nor the kainate-induced depolarization were
affected by 2 DIV of exposure to dieldrin (Supplementary
fig. 4).

Effects of Dieldrin on Metabotropic Glutamate Receptors

Next, we studied the group-I ionotropic glutamate receptors
(mGLUR1 and mGLURS5) since their activation increases
[Ca®T); through the mobilization of intracellular Ca*" stores
(Nakanishi, 1994). The antagonists for both mGLURS and
mGLURI1 reduced the increase in [Ca”]i induced by glutamate
with similar efficacy (E .« values were 361 + 13%, 255 + 18%,
and 266 + 25% for control, MPEP-treated, and CPCOOEt-
treated cells, respectively; p < 0.05) (Supplementary fig. SA).
However, only the antagonist of mGLURS, MPEP, signifi-
cantly prevented glutamate-induced excitotoxicity (p < 0.05,
N = 3, for MPEP with respect to control) (Supplementary
fig. 5B). When cortical neurons were exposed to dieldrin for 6
DIV, the increase of [Ca*>"]; induced by the specific agonist of
group-I metabotropic glutamate receptor, DHPG, was signif-
icantly reduced (E .« values were 157 = 10% and 132 + 4% in
control and dieldrin-exposed cells, respectively; p < 0.05, N =
3) (Fig. 8A). However, this effect was not observed neither
after exposure to dieldrin for 2 DIV nor after acute exposure
(data not shown). Since exposure to dieldrin for 2 DIV reduced
the glutamate-induced rise in [Ca2+]i (Fig. 3A) but not that
induced by NMDA (Fig. 4A) or DHPG, we wondered whether
coexposure to both agonists would be needed to observe
a similar reduction to that observed with glutamate on the
increase of [Ca®*];. The simultaneous treatment with 100uM of
NMDA and 100uM of DHPG induced an increase in [Ca®";in
control cells ([Ca®"]; = 213 + 7%), which was significantly
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experiments. (B) Exposure to dieldrin for 6 DIV reduced the levels of mGLURS protein with respect fo control (p < 0.001, N = 4).

reduced in cells exposed to dieldrin for 2 DIV ([Caz+]i =177+
10%, N = 3, p < 0.05) (Fig. 8B).

In order to discriminate which of the group-I metabotropic
glutamate receptors was affected by the exposure to dieldrin,
we used specific antibodies against mGLUR1 and mGLURS.
Quantification of the immunoblots showed a reduction in the
total amount of mGLURS protein after 6 DIV of exposure to
dieldrin (Fig. 5B). The reduction in the amount of mGLURS
was confirmed by immunostaining. mGLURS colocalizes with
the NR1 subunit of NMDAR on the cell membrane of the soma
in control cultures (Fig. 6A-—C). In contrast, in neurons exposed
to dieldrin for 6 DIV, the mGLURS immunostaining was
reduced overall (Fig. 6H) and the colocalization with the NR1

subunit disappeared (Fig. 6I). No significant changes were
observed in the mGLURI1 protein; however, the immunoblot
signal wag very faint in our cultures (Fig. 3C). Confrarily,
exposure to dieldrin for 2 DIV did not modify either mGLURS
(Fig. 5D) or mGLURI1 protein levels (data not shown), which
is in agreement with the lack of effect on the functionality of
these receptors after 2 DIV of exposure to dieldrin. Neverthe-
less, mGLURS immunostaining was mainly located at the cell
membrane in control cells (Fig. 6B), as mentioned, whereas in
cells treated with dieldrin for 2 DIV, a diffuse distribution was
observed (Fig. 6E) and moreover the colocalization with
NMDAR almost completely disappeared (Fig. 6F). This effect
may explain why after 2 DIV of dieldrin exposure the individual
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FIG. 6. Confocal micrograph of the double immunostaining for the NR1 subunit of NMDAR (left) and mGLURS (middle) and a merge of the fwo (right), of
a representative culture of control (A-C) and cells treated with dieldrin for 2 DIV (D-F) and 6 DIV (G-I). Scale bar = 10 pm.

functionalities of both NMDAR and mGLURS5 were not
significantly different from control, but the physiological
consequences of their simultaneous activation were affected.

DISCUSSION

In this work, we show that long-term exposure to a non-
cytotoxic concentration of dieldrin produced both an in-
ternalization of NMDAR and a downregulation of mGLURS
in primary cultures of cortical neurons. These effects were
secondary and a consequence of the continuous blockade of
GABA, receptor by dieldrin. This compensatory balance
between excitation and inhibition explains the reduced re-
sponsiveness to glutamate in long-term dieldrin-freated cells, as
measured by both the increase in [Ca®™]; and the excitotoxicity
induced by glutamate (Figs. 3 and 4). Swann ef a/. (2007) have
recently found that chronic inhibition of GABA 4 receptor with
bicuculline reduces glutamate receptor—mediated synaptic
activity and several components of the glutamatergic synapse,
such as the post synaptic density-95 (PSD-95) and Homer. As
opposed to toluene, which is known to acutely enhance glycine
and GABA, receptor-mediated currents, NMDA-mediated

(but not AMPA/Kainate-mediated) neurotransmission is en-
hanced after chronic exposure to this solvent (Bale er ol
2005). Moreover, inhibition of synaptic activity using NMDAR
antagonists also induces upregulation of NMDAR expression
(Slikker et af., 2007). Thus, increasing evidence shows an
activity-dependent trafficking and expression of membrane
receptors that accurately regulate synaptic excitability.

The concentration of dieldrin used in this work (60nM)
inhibited the binding of [33S1TBPS after 2 and 6 DIV of
exposure to a similar extent to that observed after acute
exposure (Cole and Casida, 1986; Pomés er al, 1993).
Accordingly, we also report that long-term exposure to
a noncytotoxic concentration of dieldrin inhibited the GABA-
induced chloride influx by around 50%. Again, this effect is
similar to that observed after acute exposure in neuronal
cultures (Vale er al, 2003), which is consistent with the
reported stability of this compound in serum-containing culture
mediurm (Babot et «f., 2007). Some work reports transient
effects on [Ca2+]]- fluxes and prolactin release at very low
concentrations {picomolar to nanomolar) of dieldrin in
a pitaitary tamor cell line (Wozniak et al., 2005). However,
to the best of our knowledge, this is the first study in which
such low concentrations of dieldrin are shown to cause
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FIG. 7. Effect of long-term exposure to dieldrin on glutamate-induced
excitotoxicity (A) and on [Ca2+]i increase (B), in the presence of MK-801. (A)
LDH release values were obtained 24 h after 10mM glutamate treatment for
neurons exposed for 6 DIV to DMSO or dieldrin in the absence (black bars) or
presence (squared bars) of 10uM MK-801. Results are expressed as % of LDH
release with respect to the total cell death (mean = SE, N = 3). *p < 0.05 for
MK-801-treated cells versus control, **p < 0.01 for dieldrin versus DMSO in
the absence of MK-801, and #p < 0.05 for dieldrin versus DMSO in the
presence of MK-801. (B) Treatment with glutamate was performed, in the
absence of MK-801 (continuous lines), on neurons exposed for 6 DIV to
DMSO (m) or dieldrin (A) and, in the presence of 10uM MK-801 (dashed
lines), on neurons exposed to DMSO (V) and dieldrin (). Nonlinear
regression fit shows statistical differences between the E,,x values of the curves
(p < 0.01 for MK-801-treated cells versus control; p < 0.05 for dieldrin versus
control in the absence of MK-801).

prolonged alterations to synaptic transmission. A similar
reduction of NMDAR function was observed in cultured
cerebellar granule cells exposed to dieldrin (Babot et al., 2007),
however, the concentration used in that work was much higher
than here. Other works have also found that micromolar
concentrations of dieldrin strongly inhibit serotonergic neurons
(Liu et al., 1997) and cause oxidative stress and apoptosis in
dopaminergic neurons (Kitazawa et al., 2001; Sanchez-Ramos
et al., 1998). Our results show that cortical neurons are highly
sensitive to prolonged exposure to dieldrin and therefore
probably to other permanent organochlorine pesticides that
share a similar mechanism of acute toxicity.
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differences between the E,,.x values of the curves (p < 0.05, one-tailed ¢-test).
(B) *p < 0.05, two-tailed ¢-test.

Glutamate-induced neuronal damage is predominantly not
only Ca dependent but also CI dependent (Babot et al., 2005;
Choi, 1987). It is also accepted that activation of NMDAR is
the main cause of glutamate-triggered cytotoxicity (Michaels
and Rothman, 1990). For these reasons, the effect of long-term
exposure to dieldrin on glutamate-mediated cell death found in
the present study cannot be accounted for only by partial
inhibition of GABA, receptor. It probably indirectly affects
some of the components of the glutamatergic system.
Therefore, we first studied the possible action of long-term
exposure to dieldrin on NMDAR. As shown in Figure 4, 2 DIV
of exposure to dieldrin is not long enough to significantly affect
the functionality of NMDAR; longer treatments are needed to
observe an effect on this receptor. This is at variance with the
rapid changes in the expression or localization of the NRI
subunit of NMDAR that has been found after excitotoxic
stimulation in cortical neurons (Gascon et al., 2005; Nakamichi
and Yoneda 2006). However, in our context, we expect that
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partial blockade of the GABA 4 receptor would produce slight
but continuous hyperactivation of the glutamatergic system, the
so-called “slow excitotoxicity”, that probably requires longer
periods of time to cause changes in NMDAR cell surface
expression.

Tt has been demonstrated that several proteins are needed for
cell membrane localization of NMDAR, such as PSD-93
(Kornau ef «l., 1995). For instance, the administration of
NMDAR antagonists upregulates SAPS0/PSD-95 and SAPS7
i the rat corfex (Linden er al, 2001), whereas treatment with
bicuculline reduces the expression of PSD-95 and Homer
proteins (Swann et al, 2007). Therefore, the fact that
prolonged exposure to dieldrin (> 2 DIV} is needed to modify
NMDAR function suggests that this pesticide may affect the
expression of some fransport or anchorage proteins needed for
NMDAR clustering, which in twm can result in NMDAR
mternalization. Further studies are required to determine which
of these proteins are primarily affected by dieldrin exposure.

Prolonged exposure to dieldrin specifically induced
mGLURS downregulation, as observed by Western blot and
immunocytochemistry, whereas mGLUR1 remained unaf-
fected. This selective effect on mGLURS5 has also been
observed in hippocampal slices after fransient global ischemia
and after status epilepticus (Kirschstein et af., 2007; Yeh and
Wang, 2005). Although there is a consensus conceming the
major confribution of NMDAR to glutamate-induced cell
death, the involvement of metabotropic glutamate receptors is
still controversial. Dual role in neurotoxicity and neuro-
protection has been proposed for type-I mGLUR (Nicoletti
et al., 1999). For instance, the activation of type-I mGLUR
causes neurotoxic damage and enhances NMDA- (but not
AMPA-) mediated degeneration in rat brain and in cultured
cortical neurons (Bruno ef al., 1995; McDonald and Schoepp,
1992). Although the mGLURI antagonist CPCOOEt is
neuroprotective against NMDA toxicity by enhancing GABA
release (Battaglia ef al., 2001), it fails to prevent cell death
induced by coadministration of NMDA and DHPG in cortical
neurons, whereas MPEP is effective in the same conditions
(Bruno et al., 2001). In agreement with these data, here we
show that both CPCOOEt and MPEP reduced the glutamate-
induced [Ca?"); increase but only MPEP was able to prevent
the neuronal loss induced by glutamate (Supplementary fig. 5).
The lower expression of mGLURI1 with respect to mGLURS in
cortical neurons (Fig. 3, this work; Bruno er af., 1995) might
explain these observations. However, a specific involvement of
mGLURS in NMDAR-mediated neurofransmission cannot be
ruled out since several studies show a direct association
between mGLURS and NMDAR. For instance, it has been
demonstrated that mGLURS knock-out (K.0O.) mice show
impaired NMDAR -dependent long-term potentiation (LTP) but
not NMDAR-independent LTP in the hippocampus (Lu ef al.,
1997). Furthermore, bicuculline-induced persistent bursting
from the hippocampus to the entorhinal cortex is mediated by
both mGLURS and NMDAR activation (Stoop et al., 2003). In
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addition, Yang er al. (2004) have recently proved a synergistic
effect on extracellular regulated kinase phosphorylation and
gene expression by simultaneous mGLURS and NMDAR
activation via PSD-95 and Homer-1b/c. This in twn could
directly cross-link the two receptors, through the Shank family of
proteins, to their respective intracellular signaling pathways (Tu
et al., 1999). After just 2 DIV of exposure to dieldrin, reduced
colocalization in the cell soma and a more diffused pattermn in the
immunolabeling of mMGLURS and NMDAR were observed. This
may explain the reduced responsiveness to glutamate in these
cells since at this time dieldrin was able to reduce both neuronal
death and [Ca2+],- increase that were induced by glutamate. These
observations lend weight to the importance of simultaneous
activation of the two receptors in glutamate excitotoxity.

Activation of type-I mGLURs has been shown to promote
NMDAR trafficking to the cell membrane (Lan ef af., 2001). We
therefore hypothesize that the internalization of the NMDAR
observed after 6 DIV of dieldrin exposure might be explained at
least in part as a consequence of the reduced expression of
mGLURS in these cells. Nevertheless, a more defailed time-
course monitoring study is needed to confirm this hypothesis.

It is well known that NMDAR plays a crucial role in leaming
and memory, whereas the involvement of type-I mGLURs is
currently not so clear. Increasing evidence suggests that there is
a functional interaction between NMDAR and mGLURS in these
processes (Gravius ef al., 2006; Homavoun ef al., 2004). It has
also been found that K.O. mice lacking NMDAR1 or mGLURS
show impaired learning (Cheli er @/, 2006; Lu et al_, 1997). Thus,
the reduced functionality of NMDAR and mGLURS found in the
present study might explain the impairment of learning and
cognition observed in animals after chronic treatment with
dieldrin (Gesell and Robel, 1979; Smith et al., 1976; Topinka
etal, 1984).

In conclusion, here we report that long-term exposure to
a noncytotoxic concenfration of dieldrin causes NMDAR
internalization and mGLURS downregulation in cultured
cortical neurons. Therefore, neuronal hyperactivation, such as
that produced by GABA, receptor antagonists, may disrapt
normal network activity and maturation of glutamatergic
neurofransmission {Stoop et al, 2003; Swann er al., 2007,
this work), and it is expected that these neurons have reduced
responsiveness to physiological glutamate. Rather than pre-
senting this pollutant as a neuroprotective drug against diseases
in which glutamate excitotoxicity is involved, such as cerebral
ischemia or Alzheimer’s disease, here we emphasize the
neurophysiologic alterations that may underlie the behavioral
and learmning deficits observed after prolonged exposure to
persistent pesticides such as dieldrin (Gesell and Robel, 1979;
Smith er al., 1976; Topinka et al., 1984).

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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Supplementary Fig. 1. Effect of glutamate receptor antagonists on the increase in [Ca’']; induced by
100pM NMDA (A), 200pM kainate (B) and 100pM DHPG (C) in cultured cortical neurons. Fluo-3
fluorescence was measured immediately after agonist/antagonist treatment and values obtained are
expressed as [Ca’']; (mean + SE, N = 3). Antagonist concentrations were 10uM for MK-801 and NBQX;
and 30uM for MPEP and CPCOOEt. ** p < 0.01, *** p < 0.001 vs. absence of agonist; ## p < 0.001 vs.

agonist alone.
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Supplementary Fig. 2. Effect of long-term exposure to dieldrin on the glutamate-induced reduction
of cell viability in cultured cortical neurons. MTT values were obtained 24 h after transient glutamate
treatment for 1 h, from neurons exposed to DMSO (m) or dieldrin (A) for: 48 h (A); or 6 DIV (B).
Results are expressed as % with respect to cells incubated with Hank’s solution (mean + SE, N = 3-4).
Non-linear fit regression shows statistical differences between the EC50 values of the curves: A) 2.8 +
0.8mM and 7.2 = 1.2mM for control and dieldrin-treated cells respectively (p < 0.05). B) 2.6 £ 0.6mM
and 8.3 £ 1.7mM for control and dieldrin-treated cells respectively (p < 0.05).
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Supplementary Fig. 3. Effect of long-term exposure to 100pM picrotoxinin (PTX) on glutamate-
induced cytotoxicity (A), and [Ca®]; increase (B), in cultured cortical neurons. A) LDH release
values were obtained 24 h after transient treatment with 10mM glutamate for 1 h, from neurons exposed
to DMSO (black bars) or PTX (white bars) for 6 DIV. Results are expressed as % of LDH release
corresponding to the total cell death (mean & SE, N = 4). ***p < 0.001 vs. control. B) Fluo-3 fluorescence
was measured immediately after glutamate treatment, for neurons exposed to DMSO (m) or PTX (A) for
6 DIV. Values are expressed as % with respect to cells incubated with Hank’s solution (mean + SE, N =
2). Non-linear regression fit shows statistical differences between the E..« values of the curves (262 +

10% and 178 £+ 11% for control and PTX-treated cells respectively, p < 0.05)
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Supplementary Fig. 4. Effect of long-term exposure to dieldrin on Kainate-induced [Ca®']; increase
(A), and cell membrane depolarization (B), in cultured cortical neurons. A) Fluo-3 fluorescence was
measured immediately after kainate treatment, for neurons exposed to DMSO (m) or dieldrin (A) for 48
h. Values are expressed as [Ca’']; and are mean + SE of 5 independent experiments. B) FMP fluorescence
was measured 5 min after kainate treatment, for neurons exposed to DMSO (m) or dieldrin (A) for 48 h.
Values obtained are expressed as % with respect to 25mM KCl and are mean + SE of 2 independent

experiments.
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Supplementary Fig. 5. Effect of group-I metabotropic glutamate receptor antagonists on the
glutamate-induced increase in [Ca™]; (A), and cytotoxicity (B), in cultured cortical neurons. A)
Fluo-3 fluorescence was measured immediately after glutamate treatment and values obtained are
expressed as % with respect to cells incubated with Hank’s solution (mean + SE, N = 3). The treatment
with glutamate was performed in the absence of antagonists (m) or in the presence of 30uM MPEP (o) or
30uM CPCOOEt (®). Non-linear regression fit shows statistical differences between the E,,x values with
respect to control (Two-tail #test, p < 0.01 for MPEP; p < 0.05 for CPCOOEt). B) LDH assay was
performed 24 h after glutamate treatment, on neurons treated with ImM glutamate alone (black bars) or in
combination with 30uM MPEP (squared bars) or 30uM CPCOOEt (white bars). Values are expressed as
% with respect to those corresponding to total cell death (mean + SE, N = 3). **p < (0.01, ***p < 0.001

for glutamate vs. control; MPEP significantly reverses the effect of glutamate (“p < 0.001).

Supplementary methods

Cell membrane potential

The Fluorescent Membrane Potential Assay kit-BLUE (FMP®) (Molecular Devices Corporation,
Sunnyvale, CA, USA) was used to detect changes in the voltage across cell membranes. Cultured cortical
neurons grown in 96-well plates were rinsed with pre-warmed Hanks solution and incubated with Hanks
solution for 20 min at 37°C in darkness. After this, cells were loaded with FMP and incubated for 30 min
at 37°C. After measuring basal fluorescence, Hanks solution containing different concentrations of
kainate (5x) was added and fluorescence read 5 min later. Fluorescence was determined in a bottom-
reader fluorimeter plate reader (Cytofluor 2350, Millipore) at an Ex/Em of 530/590 nm. 30mM KCl was

used as a positive control of cell membrane depolarization and to normalize fluorescence values.
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Toxicological Sciences 120(2): 413-427 (2011)

En este trabajo, hemos estudiado los efectos de dieldrin, endosulfan y lindano sobre el
ER en cultivos primarios de neuronas corticales (NC) y de células granulares de
cerebelo (CGC). Todos ellos inhiben la unién de [*H]-estradiol en ambos tipos
neuronales, siendo el dieldrin en CGC aquel con mayor afinidad sobre el ER. También
se determinaron los efectos de los plaguicidas sobre la fosforilacion de las proteinas Akt
y ERK1/2. Dieldrin y endosulfan causaron un aumento de la fosforilacion de Akt en
NC, que fue inhibido por el antagonista de ERB, PHTPP. En cambio, la fosforilacion de
Akt y ERK1/2 inducida por dieldrin en CGC fue mediada por la activaciéon multiple de
ERa, ERpB, y GPR30. Por el contrario, el lindano no tuvo ningtn efecto la activacion de
Akt o ERK1/2, pero inhibi6 el efecto del estradiol sobre estas kinasas. En NC, todos los
pesticidas activaron ERK1/2 a través de un mecanismo que implica los receptores
GABA, y de glutamato. La exposicién a largo plazo a estos pesticidas redujo los
niveles de ERa pero no de ERP. Por otra parte, extractos de NC previamente expuestas
a endosulfan, dieldrin o lindano indujeron la proliferacion celular de las células MCF-7
derivadas de cdncer de mama humano, mientras que solamente extractos de CGC
tratadas con dieldrin causaron la proliferacion de estas células. El presente estudio
muestra que los pesticidas organoclorados interaccionan con los receptores de
estrogenos neuronales y son, ademas, capaces de mimetizar o inhibir algunas de las
acciones no gendmicas del estradiol y de disminuir los niveles de ERa, lo que puede

interferir con la sefializacion fisioldgica de esta hormona en el cerebro.
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The organochlorine chemicals endosulfan, dieldrin, and +y-
hexachlorocyclohexane (lindane)} are persistent pesticides to which
people are exposed mainly via diet. Their antagonism of the
vy-aminobutyric acid-A (GABA,) receptor makes them convulsants.
They are also endocrine disruptors because of their interaction with
the estrogen receptor (ER). Here, we study the effects of dieldrin,
endosulfan, and lindane on ERs in primary cultures of cortical
neurons (CN) and cerebellar granule cells (CGC). All the compounds
tested inhibited the binding of [3H]-estradi0] to the ER in both CN
and CGC, with dieldrin in CGC showing the highest affinity. We also
determined the effects of the pesticides on protein kinase B (Akt) and
extracellular-regulated kinase 1 and 2 (ERK1/2} phosphorylation.
Dieldrin and endosulfan increased Akt phospherylation in CN,
which was inhibited by the ERP antagonist 4-[2-phenyl-5,7-
bis(triftuoromethylypyrazolo[1,5-a]pyrimidin-3-yl]phenol.  Instead,
Akt and ERK1/2 phosphorylation induced by dieldrin in CGC was
mediated by multiple activation of ERa, ERB, and G protein—
coupled receptor 30. Lindane did not activate these pathways, but it
inhibited estradiol-mediated Akt and ERK1/2 activation. In CN, all
the chemicals activated ERK1/2 through a mechanism involving
GABA, and glutamate receptors. Long-term exposure to these
pesticides reduced the levels of ER«, but not of ERB. Moreover,
extracts of CN treated with endosulfan, dieldrin, or lindane induced
cell proliferation in MCF-7 human breast cancer-derived cells,
whereas only extracts of CGC treated with dieldrin induced MCF-7
cell proliferation. Overall, the observed alterations on ER-mediated
signaling and ER levels in neurons might contribute to the
neurotoxicity of these organochlorine pesticides.

Key Words: pesticides; estrogen receptor; protein kinase B (Akt);
extracellular-regulated kinase; GABA, receptor; neuronal cultures.

Dieldrin, endosulfan, and hexachlorocyclohexane (HCH) are
organochlorine chemicals that have been used in agriculture
and pharmaceutical applications for many years. They all

persist in the environment and bioaccumulate in animals and
plants, leading to instances of food contamimation (Gonzalez
et al., 2003; Hites et al., 2004) and eventually dietary exposure
in humans {Mariscal-Arcas et al., 2010). Because of their
persistence and toxicity, dieldrin and y-HCH {lindane) are
listed in the Stockholm Convention on Persistent Organic
Pollutants (hitp://www.pops.inf), whereas the status of endo-
sulfan is currently under review. Despite the uses and
production of many organochlorine pesticides (OCPs) ate
banned in most developed countries, the general population is
still exposed to them (Bouvier er al., 2006). Furthermore,
dieldrin and lindane have been detected in postrortem human
brain from Parkinson disease patients at higher levels than in
control ones (Corrigan ef al., 2000; Fleming er al., 1994).
Estrogens represent an important class of hormones that can
promote the developrent, mataration, and function of the
central nervous system (CNS). The wide distribution of estrogen
receptors (ERs) in brain tissue supports the view that estrogens
are important to the functioning of the CNS. For instance, 17[-
estradiol (B2) plays a crucial role in  synaptogenesis,
reproductive behavior, and neuwronal survival (Garcia-Segura
et al., 2001; Micevych and Dominguez, 2009), and different
roles of ERa and ERP in mediating these effects have been
reported (Morissette ef al., 2008; Zhao and Brinton, 2007). The
effects of E2 have often been said to be mediated via ERs
located in the cytoplasm or the nuclear mermbrane, and thus, the
effect of E2 on the regulation of target genes has been
extensively studied. However, recent findings indicate that E2
also acts on plasma membrane-bound ERs to initiate in-
tracellular signaling pathways and regulate cellular functions;
these are known as nongenomic actions. Mitogen-activated
protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)/
protein kinase B (Akt) pathways are believed to be involved in

The Author 2011. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
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such ER-mediated neuroendocrine events and neuroprotection
(Mendez ef al., 2005; Morissette et al., 2008; Ogiue-Ikeda ef al.,
2008; Zhao and Brinton, 2007). In addition, the membrane G
protein—coupled receptor 30 (GPR30) has been described to
mediate some of the nongenomic actions of E2 in nonneuronal
cells, such as activation of MAPK (Filardo et al, 2000).
Although GPR30 is widely distributed in the rodent brain
(Hazell ef al., 2009), its involvement in the neuroendocrine
effects of estrogens is poorly understood.

The estrogenic activity of dieldrin, endosulfan, and lindane
has been demonstrated in vifro in human breast cancer—derived
cells and recombinant cell lines {Lemaire er al, 2006;
Maranghi er @l., 2007; Soto e al, 1994, 1995). Moreover,
the three OCPs have been shown to act as antagonists of the
androgen receptor, whereas endosulfan and lindane inhibit
aromatase activity (Andersen er af, 2002; Li er al., 2008;
Nativelle-Serpentini er al., 2003), the enzyme responsible for
E2 synthesis. Prolonged exposure to these pollutants modifies
the expression of both ER« and ER B in MCF-7 human-derived
breast cancer cells (Grunfeld and Benefeld-Jorgensen, 2004).
Studies of endocrine disruptors have largely focused on the
genomic pathways. However, there is growing concern about
the nongenomic responses to these compounds. For example,
OCPs have been reported to increase extracellular-regulated
kinase 1 and 2 (ERK1/2) and Akt phosphorylation by
activating ER in cell lines {Bulayeva and Watson, 2004; Li
et al, 2006). Furthermore, some endocrine disraptors {in-
cluding OCPs) have been described to activate GPR30 in cell
lines {Thomas and Dong, 2006). However, whether dieldrin,
endosulfan, or lindane binds and activates neuronal ERs
remains to be determined.

Several studies have reported that animals chronically exposed
to OCPs have learning and behavioral deficits and alterations
in locomotor activity (Paul et af., 1994; Schantz and Widholm,
2001; Tilson er al., 1987, Topinka et al., 1984). Also, they can
affect the development of several neurofransmitter systers,
including aminoacidergic (y-aminobutyric acid [GABA]ergic
and glutamatergic) and monoaminergic (serotonergic) (Briz efal.,
2010; Cabaleiro er al., 2008; Liu et al., 1997). Some of the latest
effects have been attributed to their inhibitory action at the
GABA , receptor (Pomés et al., 1994; Vale et al., 2003). However,
the molecular mechanisms underlying such cognitive impairments
are not vet fully understood. Ogive-Ikeda ef al. (2008) recently
reported that some xenoestrogens are able to modulate synaptic
plasticity and spinogenesis in hippocarnpal nearons. Nevertheless,
little attention has been paid on their endocrine-disrupting
activity in the CNS (Bulayeva and Watson, 2004; Schantz and
Widholm, 2001).

The objective of the present work was to examine the
potential activity of dieldrin, endosulfan, and lindane on
neuronal ERs in order to evaluate them as possible targets of
OCPs in the CNS. Two different neuronal cultures were used:
cerebellar granule cells {(CGC) and cortical neurons (CN),
because the cortex and cerebellum are known to be involved in
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important brain functions such as memory processes and motor
coordination. Furthermore, ERa and ER[} are present in CGC
and in the mice cortex and show different patterns of expression
during development (Belcher, 1999, Prewitt and Wilson, 2007).
We aimed to study the effects of these OCPs on two of the major
infracellular signaling pathways associated with ER activation:
MAPK and PI3K/Akt, both in the absence and presence of E2.
We also wanted to address the involvement of the different ERs
in these esfrogenic actions of OCPs by using specific anftagonists
of ERa, ER, and GPR30. The effects of prolonged exposure to
these pollutants on ERa and ERP levels were also studied.
Finally, to further characterize the short- and long-term
estrogenic effects on neurons of the chemicals tested, we used
the E-Screen assay, in which MCF-7 human breast cancer—
derived cells were incubated with extracts of CGC and CN that
had previously been exposed to these pollutants.

MATERIALS AND METHODS

Maierials

Pregnant NMRI mice (16th gestational day) and mice pups (seventh
posinatal day) were obfained from Charles River, Iffa Credo (Saint Germain-
sur-1’Arbreste, France). Plastic multiwell plates were from Nunc (Rockilde,
Denmark). Petal bovine serum (FBS) was obtained from Gibco (Invitrogen,
Barcelona, Spain). Dulbecco’s modified Eagle’s minimum essential medium
(DMEM) was from Biochrom (Berlin, Germany), and phenol red—free DMEM
was from Thermo Scientific HyClone (Logan, UT). Isofluorane (FORANE)
was from Abbot Laboratories (Madrid, Spain). Trypsin, soybean trypsin in-
hibitor, DNAse, bovine serum albumin (BSA), charcoal, EDTA, dimethyl
sulfoxide (DMSQ), dieldrin (97.9% of purity), c-endosulfan (99.6% of purity),
E2, methyl-piperidino-pyrazole (MFP) dihydrochloride, picrofoxinin (PTX),
(+)-MK-801 hydrogen maleate (MK-801), and sulforhodamine-B (SRB) were
from Sigma (St Louis, MO). p-HCH (99% of purity) was from LGC
(Teddington Middlesex, UK). Lindane (99% of purity) was from the Institute
of Industrial Organic Chemistry (Warsaw, Poland). ICI182780 (ICT),
(3a8* AR* ObR*)-4-(6-bromo-1,3-benzodioxol-3-y1)-3a,4,5,9b-3H-cyclopenta
[c]quinoline (G-15), 4-[2-phenyl-5,7-bisttrifluoromethylipyrazolo[1,5-a] pyrimidin-
3-yl]phenol (PHTPP), and 2,3-dioxo-6-nitro-1,2,3 4-tefrahydrobenzo[f]quinoxa-
line-7-sulfonamide (NBQX) were from Tocris Cookson (Bristol, UK). Dextran
T-70 was from Pharmacia-LKB (Uppsala, Sweden). [2,4,6,7-3H]-E2 ([BH]-EE,
88 Ci/mmol) was from Amersham Biosciences (GE Healthcare, Buckingham-
shire, UK). Optiphase “Hisafe”2 liquid scintillation cocktail was from Wallac
Oy (Twku, Finland).

Neuronal Cultures

Primary culfures of CN and of CGC were prepared from cerebral cortices of
16th gestational day mice fefuses and from cerebellum of 7-day-old mice pups,
respectively, as previously described (Babot et af., 2007; Briz et al., 2010). For
CN, pregnant animals were anesthetized with isofluorane, killed by cervical
dislocation, and the fetuses extracted. Cortices were dissected with forceps and
mechanically minced, and cells were then dissociated by mild frypsinization
(0.02% [wt/vol]) at 37°C for 10 min followed by frifuration in a DNAse
solution (0.004% [wtfvol]) containing soybean frypsin inhibitor (0.05% [wt/
vol]). The cells were then suspended in DMEM containing SmM KCl, 31mM
glucose, and 0.2mM glutamine supplemented with p-aminobenzoate, insulin,
penicillin, and 10% fefal calf serum. The cell suspension (1.5 X 10° cells per
milliliter) was seeded in 6- or 24-well plates precoated with poly-D-lysine and
incubated for at least 8 days in a humidified 5% CO2/95% air atmosphere at
37°C. A mixture of 5uM 5-fluoro-2'-deoxyuridine and 20pM uridine was
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added after 1-2 days in vitro (DIV) to prevent glial proliferation. In the case of
CGC, the cerebellum was removed after decapitation and cells were dissociated
by mild trypsinization (0.025% [wtfvol]) at 37°C for 15 min followed by
trituration in a DNAse solution (0.004% [wt/vol]) containing soybean trypsin
inhibitor (.06% [wt/vol]). From this step on, the procedure is the same as for
CN, but the DMEM contains 25mM KCL Animals were handled in compliance
with protocols approved by the Generalitat de Catalunya Spain, following the
European Union (EU) guidelines.

MCF-7 Cell Line

Cloned MCF-7 human breast cancer cells were grown in DMEM
supplemented with 10% FBS in an atmosphere of 5% CO,/95% air under
saturating humidity af 37°C. The cells were subcultivated at weekly intervals
using a mixture of 0.05% trypsin and 0.01% EDTA.

Charcoal-Dextran Treatment of Serum to Remove Sex Steroids

Sex steroids were removed from FBS by charcoal-dextran (CD) stripping.
Briefly, a suspension of 5% charcoal with 0.5% dextran T-70 was prepared.
Aliquots of the CD suspension of a volume similar to the serum aliquot to be
processed were centrifuged at 1000 X g for 10 min. Supernafants were
aspirated, and the serum aliquots were mixed with the charcoal pellets. This
CD-serum mixture was maintained in suspension by rolling (6 cycles per
minute) at 37°C for 1 h. The suspension was centrifuged at 2000 X g for 20
min, and the supernatant was then filtered through a 0.22-mm filter (Millipore).
CD-treated FBS (CD-FBS) was stored at —20°C until needed. For some
experiments, a commercial CD-treated serum was used (Gibco).

Chemical Treatments

Stock solutions for each compound were prepared in DMS0 and frozen in
aliquots of 100 pl. The final concentration of DMSO in the culture medium was
< 0.5%. To avoid cross-confamination between different wells in the same
plate, DMSO or OCPs were each always added to separate plates. Cultured
neurons were exposed for short periods of fime (< 5 h) to OCPs alone or in
combination with the ER agonist/antagonist in Hank’s solution (1.3mM CaCl,
54mM KCl, 0.4mM KH,PO,, 0.5mM MgCl, 0.4mM MgSQ,, 137mM NaCl,
4.2mM NaHCO,, 0.3mM Na HPO,, 8mM 4-[2-hydroxyethyl]- 1-pyperazinee-
thanesulfonic acid, and 5.5mM glucose, adjusted to pH 7.4), unless otherwise
stated. The concentrations of OCPs used in these experiments were generally
chosen ranging from the lowest observed effect concentration (LOECs) up to
the half-inhibitory concentration (ICsp), both obtained from the [3H]-E2
binding assay (Table 1). In contrast, for prolonged exposure periods, cells were
treated after 1-2 DIV by adding the stock pesticide solution or DMSQO to the
culture medium. The medium was not changed until the experiments were
performed, generally at 7-8 DIV. In this case, the concentrations used were
those previously reported to have long-term effects in neuronal endpoints in
these cultures (Babot et al., 2007; Briz et @f., 2010). In order to examine the
effects of the cultured neuronal cells exposed to OCPs on MCF-7 cell
proliferation, CGC and CN were grown in 6-well plates and the medium was
replaced for phenol red-free DMEM containing 5% CD (CD-DMEM) after 1-2
DIV. CGC and CN were freated with the chemicals for different exposure
times. At the end of the exposure time (5 or 48 h), the cells were washed three
times with 1.5 ml of sterile PBS (137mM NaCl, 2.7mM KCI, 10mM Na,HPO,,
and 2mM KH;PO,), scrapped, and collected in 200 microliters per well of
sterile PBS. They were stored at —80°C until used.

[P HJ-E2 Binding Assay

[*H]-E2 binding experiments were performed on infact cultured neurons
grown for at least 8 DIV in 24-well plates. Cells were washed three times with
Hank’s solution and incubated with [BH]—EZ in Hank’s solution for 3 h at 37°C.
Cells were washed three times with 1.5 ml of cold Hank’s solution and then
incubated with 0.2 ml of ethanol for 30 min at room femperature. Ethanol
extracts were collected, and then their radioactivity was measured by liquid
scintillation counting (with Optiphase “Hisafe”2 cocktail). Saturation curves
were obtained by using different [3H]-E2 concentrations (0.02-4nM), whereas
a fixed [3H]-E2 concentration (0.5-1nM) and six to eight concentrations of
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TABLE 1
ICso and LOEC Values of OCPs on [*H]-E2 Binding in Primary
Cultures of CGC and CN

CGC CN CGC CN
Culture
Test compound ICsy (uM) LOEC (uM)
Dieldrin 22+ 05*%## 34.0+44 1** 3
Endosulfan 217 +42 35083 3 10+
Lindane 248 +54 36224 10#+* 30p*

Note. 1Csp values were calculated from the concentration-dependent
inhibition of [‘H]-E2 binding and are mean + SE of faree independent
experiments. Sfatistical differences befween ICs; values were obtained for
dieldrin with respect to the other pesticides in CGC (*p « 0.05, two-way
ANOVA) and for dieldrin comparing CGC and CN ##p < 0.01, two-way
ANOVA). LOEC values were the lowest concentrations used that resulted in
statistically different [*H]-E2 binding with respect to control (*p < 0.05, **p <
0.01, one-way ANOVA).

OCPs were used fo obtain the competition curves. Nonspecific binding was
determined in the presence of S0pM of unlabeled E2. Specific binding was
calculated by subtracting the nonspecific binding. Apparent Ky and Bpax
parameters and ICs, of each pesticide were defermined by adjusting specific
[*H]-E2 binding info a one-site safurafion and competfifion binding curve,
respectively.

Western Blot

Neuronal cultures grown in six-well plates were washed twice with cold
Hank’s solution, and cells were harvested with 0.2 ml of loading buffer
(62.5mM Tris-HCI [pH 6.8] 10% glycerol, 2% SDS, and 50mM dithiothreitol)
and briefly sonicated. After boiling for 5 min and centrifugation at 16,100 X g
for 5 min, 15-25 pg of protein from each sample were subjected fo SDS-
polyacrilamide gel electrophoresis using 10~12% polyacrylamide resolving gel
at 60 mA for 1.5-2 h. Proteins were transferred into a nitrocellulose membrane
and incubated with 5% nonfat dry milk in Tris-buffered saline Tween-20 (TBS-
T: 20mM Tris-HC1 [pH 7.6] 140mM NaCl, and 0.1% Tween-20). Membranes
were incubated overnight at 4°C with the following primary antibodies: rabbit
polyclonal anti-Akf, rabbit monoclonal anti-p44/42 MAPK, anti-phospho-Akt
(Ser473), anti-phospho-p44/42 MAPK (Thr202/Tyr204) (Al 1:2000, Cell
Signaling, Danvers, MA), and rabbit polyclonal anti-ERa or anti-ERB (both
1:500, Santa Cruz Biotechnology, Santa Cruz, CA). All primary antibodies were
diluted in TBS-T containing 5% BSA, except anti-ER[ which was diluted in
TBS-T containing 5% nonfat dry milk. After the membranes were washed, they
were incubated for 1 h with anfi-rabbit horseradish peroxidase—conjugated
(HRP) secondary antibody (1:4000, Jackson ImmunoResearch, West Grove,
PA). On all the membranes, a monoclonal anti-actin (1:10,000, Sigma) or anti-
glyceraldehyde 3-phosphate dehydrogenase (1:4000, Assay Designs, Ann
Arbor, MI) and a secondary HRP-linked anti-mouse (1:8000, Jackson
InmunoResearch) antibodies were used as a control of the amount of protein
loaded. The membranes were washed and incubated for 4 min in a chemilumi-
nescent solution (Immun-Star HRP Kit, Bio-Rad, Hercules, CA). Luminescence
was quantified with a Versadoc Imagine System (Bio-Rad). Digital images were
then quantified by using the Quantity One software (Bio-Rad).

E-Screen Bioassay

MCF-7 cells were used in the test of estrogenicity according fo a technique
slightly modified from that originally described in Soto et af. (1994). Briefly,
MCF-7 cells were trypsinized and seeded in 24-well plates at initial
concentrations of 1 X 10% cells per well in 10% FBS in DMEM. Cells were
allowed to attach for 24 h; then, the seeding medium was removed and replaced
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by the experimental medium (10% CD-FBS-supplemented phenol red-free
DMEM). Extracts of CGC and CN, freated as described above with the
chemicals for different exposure times, were sonicated using a Sonopuls HD
200 sonicator (Bandelin Electronic, Berlin, Germany) three times for 4-s bursts
each at 50% power on ice. Extracts were resuspended in 4 ml of experimental
medium, vigorously shaken, left at rest for 10 min, then filtered through
a 0.22-pm filter, and tested on MCF-7 cells. In each experiment, a dose-
response curve ((.1-1000pM) of E2 and a negative control (cell treated only
with hormone-free medium) were included. The bioassay was terminated on
day 6 (late exponential phase) by removing the media from the wells, fixing the
cells, and staining them with SRB. In brief, the cells were treated with cold
10% ftrichloracetic acid (TCA) and incubated at 4°C for 30 min, washed five
times with fap water, and left to dry. TCA-fixed cells were stained for 10 min
with 0.4% (wt/vol) SRB dissolved in 1% acetic acid. Wells were rinsed with
1% acetic acid and air-dried. Bound dye was solubilized with 10mM Tris base
(pH 10.5) in a shaker for 20 min. Finally, aliquots were transferred o a 96-well
plate and read in Titertek Multiscan apparatus (Flow, Irvine, CA) at 492 nm.
Linearity of the SRB assay with cell mumber was verified prior to the cell
growth experiments. The proliferative effect was calculated as the ratio between
the highest cell yield obtained with 100pM of B2 and the proliferation of
hormone-free control cells (MCF-7 cell proliferation [fold-over control]).

Gas Chromatography and Electron Capiure Detector of OCPs

Cells were grown in six-well plates and freated with OCPs for 6 DIV as
indicated previously. After rinsing three times with PBS, the cells were scrapped
in PBS and briefly sonicated. The homogenates were then exfracted by gentle
agitation with n-hexane (200 pl) for 10 min and stored at —20°C until use.

Cleanup. The extracts were cleaned up by elution through 15-ml
chromatographic columns packed with 2 g of ISOLUTE Florisil (Biotage
AB, Uppsala, Sweden). The columns were preconditioned with 7 ml of
n-hexane. The solvent in the column was removed under a low vacuum (—0.1
bar) to dry by extraction with a vacuum manifold station (J.T. Baker, Deventer,
The Netherlands). The eluates were disposed in hazardous waste. The extracts
for analysis (200 pl) were loaded onto the column and eluted with 5 ml
n-hexane, followed by 5 ml n-hexane-ethyl acetate (4:1, volfvol). The eluates
were collected in 40 ml reservoirs and concentrated under low vacuum (—0.1
bar). These exfracts were concentrated to 0.5 ml and fransferred fo gas
chromatography vials where they were further concentrated under a gentle
stream of nifrogen (the last drop solution). These mixtures were reconstituted to
200 pl with isooctane. Recoveries were calculated with three spiking
concentrations, 5, 30, and 500 ng/ml, respectively. Mean recoveries were 70,
85.6, and 85.5% for lindane, endosulfan, and dieldrin, respectively. These
values were considered when calculating OCP concentrations. Unspiked
Florisil solid phase extraction columns were also prepared and analyzed
following the same cleanup method. These samples were analyzed as blanks.
No trace levels of these chemicals were observed.

Instrumental analysis. Instrumental analysis was performed on a 6890N
Apgilent Gas Chromatograph coupled to a 63Ni Electron Capture Detector
(Agilent Technologies, Avondale, PA) with a 7683 Agilent Autosampler. The
samples were injected (2 pl) in splifless mode at 280°C into a 30 m X 0.25 mm
HP-5 MS UI capillary column containing 5% phenyl methyl siloxane (0.25 pm
film thickness). The temperature program was from 90°C (held for 2 min) fo
130°C at 15°C/min and then from 130°C to 290°C (held for 18 min) at 4°C/
min. The carrier gas was helium and was kept at 2 ml/min constant flow.
Detector temperature was 320°C. Nifrogen was used as makeup gas at 60 ml/
min constant flow. Solvent standards were prepared in isooctane in
a concentration range between 0.5 and 500 ng/ml. These standards were used
to create calibration curves for each compound. Linearity in the concentration
range studied was # > 0.999, Analyte concentrations in the samples were
determined by the external standard method using these curves. Limits of
detection (LODs) and quantification (LOQs) were calculated as the minimum
amounts of analytes, which produce peaks with signal-to-noise ratios equal to
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3 and 10, respectively. LODs were .17, (.13, and 0.24 injected picograms and
LOQs 0.93, 0.78, and 1.55 injected picograms for lindane, endosulfan, and
dieldrin, respectively.

Data Analysis

Data are shown as mean + SE. Unless otherwise stated, at least three
experiments from independent culture batches were performed, each one in
triplicate. For MCE-7 cell proliferation assays, mean cell numbers from each
experiment were normalized to the sferoid-free control cultures to correct for
differences in the initial seeding density. Individual dose-response curves were
fitted using the sigmoid dose-response function of a graphics and stafistics
software package (Graph-Pad Prism, version 4.0, Graph-Pad Software Inc., San
Diego, CA). Statistical comparisons were made by one-way ANOVA followed
by Dunneit’s postcomparison test when comparing more than two groups and
two-way ANOVA followed by the Bonferroni posttest when comparing two
factors.

RESULTS

OCPs Inhibit [PH]-E2 Binding in Primary Newronal Cultures

Saturation curves of [FHJ-E2 binding were derived from
primary cultures of CGC and CN in order to characterize the
binding parameters (Ky and Bp,) of these cells. Values for
apparent K4 were 1.1 = 0.4 and 2.5 = 0.8nM, respectively, and
those for B were 479 + 93 fmol/mg protein and 282 + 38
frmol/mg protein, respectively (N = 3-5). However, these
cultures differed in the relative expression of the two ER
isoforms. ERa was expressed more in CGC than in CN,
whereas the opposite occurred with ER[} (Supplementary fig. 1).

The OCPs dieldrin, endosulfan, and lindane caused a
concentration-dependent inhibition of [*H]-E2 binding in both
CGC and CN (Fig. 1). Table 1 surnmarizes the ICsy and LOEC
values of the three pesticides in each culture. Dieldrin was the
inhibitory agent with highest affinity for ER in CGC (p < 0.05
vs. endosulfan and lindane), whereas no differences were
observed between the three compounds in CN. Moreover,
dieldrin showed greater affinity for ER in CGC than in CN
(p < 0.01). In contrast, B-HCH up to 50uM did not displace
[FH]-E2 from binding to ER in CN {Fig. 1C) or CGC (data
not shown).

Dieldrin, Endosuifan, and Lindane Differently Activate Akt
and ERK1/2 Phosphorylation in Neurons

We aimed to test whether OCPs could activate two of the
major intracellular signaling pathways associated with the ER-
dependent nongenomic effects of E2: the MAPK and PI3K/Akt
pathways. Exposure to dieldrin or endosulfan for 5 h enhanced
Akt phosphorylation at concentrations close to their 1Csy
values against the ER in CGC and CN (Figs. 2A and 2B).
Likewise, ERK1/2 phosphorylation was increased in CN
after exposure to these compounds; however, only dieldrin
produced a significant effect on CGC (Figs. 2C and 2D). In
contrast, lindane induced ERK1/2 phosphorylation in CN
but not in CGC after 5 h of exposure. Nevertheless, a higher
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FIG. 1. Concentration-dependent inhibition of ['H]-E2 binding by
OCPs in primary neuronal cultures. Competition curves of specific ['H]-E2
binding for dieldrin (A), endosulfan (B), and HCH isomers (C). Different
concentrations of QOCPs were incubated with a fix [*H]-E2 concentration
both in CN (®) and in CGC (A). (C) B-HCH competition curve () was
performed in CN.

concentration of lindane than of dieldrin or endosulfan was
required to observe a similar effect (Fig. 2).

Next, we studied the effects of OCPs on E2-induced
activation of ERK1/2 and Akt. Because E2 induces a rapid
activation of both kinases that peaks after 30—60 min (Mannella
and Brinton, 2006; Minano et al., 2007), cells were treated with
10nM E2 both in the absence and in the presence of the OCPs
for 1 h. E2 increased ERK 1/2 phosphorylation in CGC and CN
and Akt phosphorylation in CN but not in CGC (Fig. 3). Under

417

the above conditions, dieldrin and endosulfan activated Akt
phosphorylation in both cultures both in the presence and
absence of E2. Instead, lindane did not modify phospho-Akt
levels within 1 h, but it inhibited E2-induced Akt activation in
CN (Figs. 3A and 3B). Dieldrin enhanced phospho-ERK1/2
levels to a similar extent as 10nM E2 did; moreover, no
additive effects were observed when the two compounds were
present. In contrast, endosulfan and lindane did not affect
ERK1/2 phosphorylation within 1 h of treatment; however,
they inhibited E2-mediated ERK1/2 activation in both cell
types (Figs. 3C and 3D).

OCP-Induced Akt and ERK1/2 Phosphorylation Is Inhibited
by ER Antagonists

In order to confirm that the effects of the pesticides on
Akt and ERK1/2 phosphorylation are mediated through ER
activation, we used the ER antagonist ICI182780 and specific
antagonists for ERa (MPP), ERB (PHTPP), and GPR30 (G-
15). Cells were previously treated with the respective ER
antagonists (all at 1pM) for 30 min and then exposed to OCPs
for 5 h in the presence of the ER antagonists. ICI prevented
dieldrin-induced Akt phosphorylation in both CGC and CN
(Figs. 4A and 4B). Similar results were obtained with en-
dosulfan (Figs. 4C and 4D). Likewise, the increase in phospho-
ERK /2 caused by dieldrin treatment in CGC was significantly
reduced by the ER antagonist ICI (Fig. 5A). In contrast,
dieldrin-induced ERK1/2 activation in CN was unaffected by
ICI (Fig. 5B). The GABA , receptor antagonist bicuculline has
been shown to increase ERK1/2 phosphorylation through an
activity-dependent glutamate receptor activation (Chen e al.,
2007). Therefore, it is possible that OCPs can also activate the
MAPK pathway as a consequence of their blockade of the
GABA, receptor (Pomés et al., 1994). In order to test this
hypothesis in our cultures, we used the noncompetitive
GABA, receptor antagonist PTX. Exposure to 100uM PTX
increased ERK1/2 phosphorylation in CN after 5 h of exposure
(Fig. 5B). In contrast, PTX did not affect phospho-ERK levels
in CGC (Fig. 5A), suggesting different mechanisms in OCP-
mediated activation of the MAPK pathway between the
cultures studied. Moreover, PTX- (Supplementary fig. 2) and
dieldrin (Fig. 5D)-induced activation of ERK1/2 was inhibited
by a cocktail of glutamate receptor antagonists.

Finally, we used MPP, PHTPP, and G15 (alone and
combined) to find out which ER is responsible for the effects
of OCPs on Akt and ERK1/2. All the ER antagonists reduced
the increase on Akt and ERK phosphorylation induced by
dieldrin in CGC, but statistical significance was only reached
with G-15. Furthermore, combinations of these antagonists
completely abolished dieldrin-induced Akt (Fig. 4A) and
ERK1/2 (Fig. 5C) activation. In contrast, the activation of
Akt induced by this OCP in CN was only blocked by PHTPP
(Fig. 4B). On the other hand, the effects of endosulfan on Akt
were selectively inhibited by PHTPP in both CGC and CN
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FIG. 2. Effect of OCPs on Akt and ERK1/2 phosphorylation in primary neuronal cultures. CGC and CN were exposed to DMSO (control or C), 3 or 10uM
dieldrin (D3 or D10), 3 or 10pM endosulfan (E3 or E10), and 30pM lindane (L30) for 5 h and then the levels of total and phosphorylated Akt, ERK1, and ERK2
were quantified by Western blot. Densitometric quantification of the immunoblots is shown on the boftom, and representative immunoblots for the indicated

proeins are shown on the top of each panel. Data are mean = SE of three fo four independent experiments. Statistical comparisons were made by one-way
ANOVA: *p < 0.05, **p < 0.01 versus control.

(Figs. 4C and 4D), indicating a specific action of this OCP on  mentary fig. 3) on ERK1/2 phosphorylation in CN. These
ERp. Instead, none of these ER antagonists reversed the effects  results rule out the involvement of the ERs on OCP-induced
of dieldrin (data not shown), endosulfan, or lindane (Supple- MAPK activation in CN.
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Cultures were exposed to DMSO (Control or C), 10puM dieldrin (D), 10uM

endosulfan (En), or 30uM lindane (Ln) for 1 h both in the absence and presence of 10nM E2. Densitometric quantification of the immunoblots is shown on the

bottom, and representative immunoblots for the indicated proteins are shown on

the top of each panel. Data are mean + SE of three independent experiments.

Statistical comparisons were made by two-way ANOVA: *p < 0.05, ¥*p < (.01 versus control; #p < (.05, ##p < 0.01 versus BE2-treated cells.

Esirogenic Effects of CGC and CN Extracts in the E-Screen
Bioassay

We used the E-Screen bioassay, a method widely used to
assess the estrogen-like activity of environmental pollutants
(Soto er al., 1994, 1995), to estimate the potential estro-
genicity of primary cultures of CGC and CN pre-exposed to
OCPs for short and long periods of time (5 and 48 h,
respectively). This test is based on the proliferation of the
human-derived breast cancer cell line MCF-7 in response to
chemicals that activate ER«. Extracts of naive and DMSO-
treated neurons similarly increased basal proliferation of
MCF-7 cells (data not shown). Therefore, the statistical
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comparisons for OCPs were made with respect to neuronal
cultures treated with DMSO. Extracts of CGC pre-exposed to
dieldrin for short and long periods of time significantly
enhanced the proliferation of MCF-7 cells {with respect to
DMSO-treated mneurons) {Figs. 6A-C). Furthermore, pre-
exposure of extracts of CN to dieldrin, endosulfan, or lindane
for 48 h increased the proliferative effect of DMSO-treated
neurons {Fig. 6D). However, this effect was not observed at
shorter exposure times {(Fig. 6B).

We also studied the direct effects of dieldrin, endosulfan,
and lindane on MCF-7 cell proliferation to evaluate the
potential endocrine-disrapting activity of these compounds. In
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FIG. 4. Effect of ER antagonists on OCP-induced Akt phosphorylation. Cells were exposed to DMSO (Control or C), 10pM dieldrin (D), or 10uM endosulfan
(E) for 5 h both in the absence and in the presence of ICI, MPP, PHTPP (PH), and G-15 (all at 1uM) and combinations of them (D + All represent D + MFP + PH
+ G-15). Densitometric quantification of the immunoblots is shown on the bottom and representative immunoblots for the indicated profeins are shown on the top
of each panel. Data are mean + SE of three to four independent experiments. Statistical comparisons were made by one-way ANOVA: *p < 0.05, *p < 0.01

versus control; #p < 0.05, ##p < 0.01 versus OCP-treated cells.

this cell line, SuM of either dieldrin or endosulfan significantly
induced cell proliferation. Conversely, lindane did not have any
effect up to 50uM (Supplementary fig. 4). These effects are
consistent with our previous observations, but now we show
that the LOEC for both dieldrin and endosulfan on the E-screen
bioassay is 3uM (Supplementary fig. 4) instead of 10uM (Soto
et al., 1994).

Long-Term Exposure to OCPs Reduces ERw but Nor ERfi
Levels in CGC and CN
Because prolonged treatment with E2 and several xenoes-
trogens, including endosulfan and dieldrin, differently modu-
lates the expression of ERa« and ER[ in epithelial cells
(Grunfeld and Bonefeld-Jorgensen, 2004), we addressed the
question of whether this effect also occurred in our neuronal
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FIG. 5. Effect of ER antagonists on OCP-induced ERK1/2 phosphorylation. Cultures were exposed to DMSO (Control or C) or 10puM dieldrin (D) for S h
alone or in the presence of the respective ER antagonists. (A and B) Cultures were pretreated with 1pM ICI for 30 min and then exposed to dieldrin. The treatment
with PTX was performed at 100uM for 5 h. (C) Cultures were pretreated with MPP, PHTPP (PH), G-15 (all at 1pM), and combinations of them (D 4 All
represent D + MPP + PH + G-15) for 30 min and then exposed to dieldrin. (D) Cells were freated with the glutamate receptor antagonists MK-801 and NBQX
(M + N, both at 10pM) together with DMSO or dieldrin. Densitometric quantification of the immunoblots is shown on the bottom, and representative immunoblots
for the indicated profeins are shown on the top of each panel. Data are mean + SE of three independent experiments. Statistical comparisons were made

by t-test (for PTX), one-way ANOVA (panel C), or two-way ANOVA (panels A, B, and D): *p < 0.05, **p < 0.01, ***p < (.001 versus control; #p < 0.05, ##p <
0.01 versus dieldrin-treated cells; $$ p < 0.01 versus ICI-treated cells.
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FIG. 6. Proliferative effect of extracts from primary neuronal cultures pre-exposed to OCPs in MCF-7 cells. (A and B) Cultured neurons were exposed to DMSO
or OCPs (all at 30uM) for 5 h. (C and D) Neurons were exposed to DMSO or the indicated concentrations of OCPs for 48 h. MCPE-7 cells were incubated for 6 DIV
in the presence of extracts of CN and of CGC. Results are expressed as proliferative effect (calculated as the ratio between the highest cell vield obtained with the
chemical and the proliferation of hormone-free control cells). Data are mean = SE of three independent experiments, each one performed in friplicates. Statistical
comparisons were made by one-way ANOVA: *p < 0.05, **p < 0.01, ***p « 0.001 versus confrol; #p < 0.05, ##p < 0.01 versus DMSO-freated neurons.

cultures. Long-term exposure to dieldrin for 6 DIV reduced the
levels of ERa in both CGC and CN. Nevertheless, this effect
was evident at 0.06puM dieldrin in CN, whereas a higher
dieldrin concentration (3puM) was required to see a similar
reduction in CGC (Figs. 7A and 7B). Accordingly, long-term
exposure to 0.2uM dieldrin in CN reduced apparent ER B, ..
from 321 + 49 finol/mg protein to 169 + 29 fmol/mg protein
{p < 0.05, N = 3) without affecting apparent K4 (3.7 + 0.7 and
2.9 = 0.9nM, respectively). Similarly, long-term exposure to
endosulfan and lindane reduced ER« protein levels in CGC and
CN to a similar extent as InM E2 did (Figs. 7A and 7B). None
of the OCPs tested significantly modified ER protein levels
(Figs. 7C and 7D).

We have previously reported that long-term exposure of CN
and CGC to dieldrin concentrations like those used here results
in decreased functionality of the GABA , receptor (Babot ef ai.,
2007; Briz er af., 2010). Again, the effects of OCPs on CN
were mimicked by the GABA, receptor antagonist PTX.
Long-term exposure to PTX reduced ERa levels (Fig. 7B)
without affecting ER[ levels {data not shown). In contrast,
exposure to PTX for 6 DIV did not modify ER« protein levels

in CGC (Fig. 7A). Finally, we aimed to determine the
infracellular incorporation in our cultures after 6 DIV of
exposure to OCPs. Table 2 shows the actwal intracellular
concentration of OCPs in CN. A similar yield of accumulation
(around 10%) was found for all the pesticides.

DISCUSSION

The present study shows that dieldrin, endosulfan, and
lindane have endocrine-disrupting activity in two different
neuronal populations, CGC and CN, through their direct
inferaction with neuronal ERs. All three OCPs inhibited [PH]-
E2 binding to ER in CGC and CN, whereas the f-HCH isorer
did not affect it. We found that dieldrin possesses greater
affinity to ER than endosulfan and lindane in CGC. In addition,
dieldrin was a significantly more potent inhibitor of [*H}E2
binding in CGC than in CN. The binding affinities for E2
(apparent Ky) and the ICs values for the OCPs are similar to
those observed in previous studies using recombinant ERs
from different species, including humans (Gale er al, 2004;
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FIG. 7. Effect of long-term exposure to OCPs on ERa (panels A and B) and ER} (panels C and D} levels in primary neuronal cultures. CGC and CN were
exposed to DMSO (Control or C), 100pM PTX, or the indicated concentrations (uM) of dieldrin (D), endosulfan (En), and lindane (Ln) for 6 DIV. The treatment
with E2 was performed at InM for 48 h. Densitometric quantification of the immunoblots is shown on the bottom, and representative immunoblots for the indicated
proteins are shown on the top of each panel. Data are mean + SE of three to six independent experiments. Statistical comparisons were made by one-way ANOVA:

*p < 0.05, ¥*p < 0.01 versus control.

Scippo ef al., 2004). Furthermore, ICs, values for dieldrin and
endosulfan are of the same order of magnitude as the
concenfrations of pesticides that elicit positive effects on
proliferation and transactivation assays in estrogen-sensitive
cell lines (this work, Supplementary fig. 4; Andersen ef al.,
2002; Lemaire ef al., 2006; Soto ef af., 1994). Dieldrin has
been shown to possess greater affinity for ER« than endosulfan
and lindane {Scippo er al., 2004; Sumbayev et al., 2005), and it
also has a higher affinity for ERw than for ER( (Gale er af.,

2004). Thus, the different relative expression of the two ER
isoforms in the cultures studied (higher for ERa« in CGC and
for ERp in CN; Supplementary fig. 1) might explain the
observed differences in ICs, values (Table 1). In addition, we
found that dieldrin is able to activate intracellular signaling
pathways in CGC through a multiple action on ERa, ERP, and
GPR30 (Fig. 5). This promiscuity can also explain the highest
inhibitory potency of dieldrin in the [*H]-E2 binding assay with
respect to endosulfan and lindane. Few studies have examined
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TABLE 2
Intracellular Levels of OCPs in CN after 6 DIV of Exposure

Treatment Intracellular Intracellular

concentration concentration accumulation
OCP (uM) (ng/mg protein) yield (%)
Dieldrin 01 351=x27 11509
Endosulfan 1 326.1 + 135 10.0 + 0.4
Lindane 10 2517 = 174.2 10.8 + 0.7

Note. Primary cultures of CN were treated for 6 DIV with OCPs. Chemicals
from the intracellular extracts were separated by gas cliromatography and
chemical concentration was determined by using an Electron Capture Detector.
Values represent mean + SD of two independent measures.

the effects of lindane on ER. The results showed here
are consistent with recent findings that atfribute potential
endocrine-disrupting activity to lindane through its action on
either ERa or ERP (Li et al., 2008; Maranghi e al., 2007). ITn
confrast, B-HCH did not displace E2 from its binding to ER in
our cultures, as previously reported in MCF-7 cells (Coosen
and van Velsen, 1989; Steinmetz ef al., 1996). Nevertheless,
this pollutant is considered an endocrine disruptor in human
breast cancer cells through a nonclassic ER-dependent
mechanism (Steinmetz er al., 1996).

Among the nongenomic effects of E2, the activation of
MAPK and PI3K/Akt pathways has been shown to be crucial
in most of the neuronal functions regulated by estrogens
(Mendez et al., 2003; Ogiue-Ikeda er al, 2008). In our ex-
perimental conditions, E2 enhanced both Akt and ERK1/2
phosphorylation in CN, whereas ERK1/2 was activated by E2
treatment in CGC, but Akt was not (Fig. 3, Table 2). These
effects are in agreement with those previously described in the
same cultures {Belcher er «f, 2005; Manmnella and Brinton,
2006; Minano et «l., 2007). E2-mediated ERK1/2 activation in
CGC has been reported to involve protein kinase A, Src-kinase,
and a GPR (Belcher er al., 2005). Accordingly, dieldrin-
induced ERK1/2 activation was inhibited by the GPR30
antagonist G-15. The inability of endosulfan (whose effects
appear to be mediated just through ER) to activate ERK1/2 in
CGC supports the involvement of GPR30 in ERK1/2 activation
in these cells. Nevertheless, ERa and ERf also contribute to
these effects because their respective antagonists further
reduced dieldrin-induced ERK1/2 activation when combined
with G-15. Likewise, the effects of dieldrin on Akt phosphor-
ylation in CGC were only completely suppressed when all ERs
were blocked by their respective anfagonists. In confrast,
dieldrin increases Akt phosphorylation in CN as a result of its
interaction with ERP. Similarly, activation of both ERK 1/2 and
Akt induced by E2 in CN has been described to be dependent
on the interaction of ER with PI3K (Mannella and Brinton,
2006). Thus, the fact that ERB is more expressed in CN than in
CGC may underlie the observed differences regarding Akt
activation by dieldrin.

BRIZET AL.

Although ICI182780 is a commonly used ER antagonist, it
has been reported to transiently activate ERK1/2 phosphory-
lation in CGC and other cells through a GPR (Belcher er af.,
2005; Filardo et af., 2000). However, in our experimental
conditions, this compound did not affect the MAPK pathway.
Moreover, it inhibited rather than enhanced the effects of OCPs
in Akt and ERKI1/2. In contrast, OCP-mediated ERKI1/2
activation in CN was not inhibited by ER antagonists. GABA
receptor antagonists are able to increase ERK1/2 phosphory-
lation in hippocampal neurons, being this effect inhibited by N-
methyl-D-aspartate {(NMDA) receptor antagonists {Chen et af.,
2007). Although OCPs does not acutely interfere with NMDA
receptor activity (Babot et af, 2007, Biiz et al, 2010),
exposure to OCPs for 5 h could increase the activation of
glutamate receptors as a consequence of GABA, receptor
blockade. The results obtained here using the GABA 4 receptor
antagonist PTX and a cocktail of glutamate receptor antago-
nists support the involvement of GABA, and glutamate
receptors in OCP-induced ERK1/2 activation in these cells.
These observations confirm that the mechanisms underlying
the activation of the MAPK pathway by OCPs differ depending
on the neuronal cell type.

The effects of endosulfan on Akt and those of dieldrin on
Akt and ERK1/2 were unaltered by cotreatrment with E2. In
addition, the lack of additive effects on Akt phosphorylation
when co-exposed to E2 suggests that dieldrin and endosulfan act
as agonists at the ER ligand-binding site. Nongenomic effects of
several OCPs (including dieldrin and endosulfan) have been
linked to ERa activation in a pituitary cell line (Bulayeva and
Watson, 2004). In the present work, we found that dieldrin was
also able to activate ER . Instead, endosulfan had specific ER
agonism without any activity on ERa, at least regarding Akt
phosphorylation. This may be accounted for different expression
levels and/or localization of ER« between cell lines and primary
neuronal cultures. On the other hand, lindane has been proposed
as ERa antagonist and ER[ agonist (Li er al, 2008; Maranghi
et al., 2007). In the present work, lindane acts as ER antagonist
rather than an agonist because it not only failed to activate Akt
and BRK1/2 but also actually inhibited the effects of E2 on
these protein kinases. Nevertheless, it would seem controversial
to claim that dieldrin and endosulfan activated Akt through
an ER-dependent mechanism in CGC, whereas E2 did not.
Altogether, these results suggest that the classic view of
endocrine disruptors as agonists or antagonists of ER may be
too simplistic to describe the estrogenic effects of OCPs, at least
in systems in which different ERs are present. In this sense, it
has been demonstrated that OCPs induce a unique pattern of
conformational changes in both ERax and ER[, which is
a combination of the pattems induced by E2 and the partial ER
antagonist 4-hydroxy-tamoxifen (Sumbayev er af., 2005). In
turn, this would allow the ligand-activated ER to bind different
coregulators or associated proteins, and therefore different
effects on the signaling pathways associated can be expected
depending on the relative expression of ERa, ERP, and GPR30
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and on the specific affinity for each ER that a given OCP has.
For this reason, environmental estrogens could potentially affect
brain development and behavior in very different ways (Schantz
and Widholm, 2001).

E2 is de novo synthesized in the brain through the rate-
limiting enzyme aromatase, which is present in cortex and
cerebellum at moderate levels (Amateau ef af., 2004; Roselli
et al., 1984). Although it is believed that Purkinje cells are the
main source of E2 in the cerebellum (Sakamoto er al., 2003),
active aromatase has been detected in a cerebellar granule
progenitor cell line {Gottfried-Blackmore et af., 2007).
Therefore, it is not surprising that neuronal extracts from naive
and DMSO-treated CN and CGC were positive in the E-Screen
bioassay. Interestingly, neuronal cultures previously exposed to
OCPs for 48 h showed an additional proliferative effect in
MCEF-7 cells (Fig. 6). It is unlikely that these effects are
because of alterations in the intracellular levels of endogenous
estrogens because endosulfan slighfly inhibits rather than
activates aromatase and dieldrin has no effect on aromatase
activity (Andersen erf @/, 2002). Instead, we observed that long-
term exposure to OCPs causes them to accumulate inside the
neurons during the time in culture {Table 2), and as a result of
their persistence, they probably preserve their estrogen-like
activity for days after the treatment. However, it is controver-
sial to claim that neurons exposed to lindane had a significantly
higher proliferative effect than nontreated cultures if we
consider that this compound was inactive in the E-Screen
assay (this work, Supplementary fig. 3; Soto er al., 1995).
Nevertheless, it has been reported that lindane enhances
aromatase activity at short exposure times (< 6 h) followed
by mild inhibition at longer times in cell lines (Nativelle-
Serpentini et al., 2003). In addition, aromatase activity has
been shown to be dependent on neuronal excitability (Hojo
et al., 2004}, which can be increased by OCPs. Therefore, we
can expect fluctuations in B2 levels in our cultures that could
eventually lead to increased estrogenicity after 48 h of lindane
exposure. According to that observed in MCF-7 cells (Grunfeld
and Bonefeld-Jorgensen, 2004), we found that prolonged
exposure to OCPs specifically reduced the expression of ERa
without affecting that of ERP. In our study, these effects
seemed to be mediated through their interaction with ER rather
than with the GABA 4 receptor in CGC because PTX exposure
did not modify ER« levels in these cells. In contrast, the effects
of OCPs on cortical ERa were observed at concentrations more
than 100 times lower than their respective affinities to ER.
Moreover, prolonged exposure to PTX in CN significantly
reduced ERa but not ER B, suggesting that the effects of OCPs
on ER levels are because of the blockade of GABA 4 receptor
in CN. Similar changes in ER« expression have been observed
in the rat hippocampus after status epilepticus and in the brains
of patients with temporal lobe epilepsy (Killer et «l., 2009;
Tokuhara ef af, 2003). It is worth noting that the ER
dependence of both ERK1/2 activation and ER« levels differs
in a similar way between the cultures studied. A cross talk
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between ERK1/2 activation and the genomic regulation of
several ER targets (including ER) in MCEF-7 cells after
treatment with E2 or OCPs has been recently suggested (Silva
et al., 2010). In addition, the PI3K/Akt pathway has been
shown to regulate ERa protein stability (Mendez and Garcia-
Segura, 2006). However, further studies are needed to confirm
a direct correlation between the activation of these signaling
pathways by OCPs and their regulation of ER protein levels.

In summary, the present study shows that OCPs have
estrogenic effects in primary cultures of CGC and CN through
interaction with neuronal ERs, but more interestingly that these
effects persist during the time in culture and may represent an
important issue of OCP-induced newrotoxicity. Although the
concentrations described here to have estrogenic effects suggest
that OCPs are mild xenoestrogens however, we observed that
long-term exposure to dieldrin reduced ERa levels at concen-
trations close to those found in human brain (Corrigan ef al.,
2000), suggesting that this OCP could potentially act as endocrine
disruptor in the CNS. Environmental estrogens have been
reported to rapidly modulate synaptic plasticity and affect
cognition (Ogine-Tkeda er al., 2008; Schantz and Widholm,
2001). However, the mechanisms underlying such effects are not
completely understood. The PI3K/Akt and MAPK pathways are
well known to be involved in synaptic plasticity and synapto-
genesis. Therefore, the alterations in the physiological activation
of these signaling pathways or on ER levels caused by OCPs and
by other endocrine disraptors (Bulayeva and Watson, 2004; Fan
et al., 2010) might contribute to their cognitive and behavioral
effects (Paul ef al., 1994; Schaniz and Widholm, 2001; Tilson
et al., 1987; Topinka ef al., 1984). A better understanding of the
molecular mechanism of OCP action in the CNS may be useful to
predict and eventually prevent the neurotoxicity of OCPs.
Therefore, future investigations should be designed to determine
the specificrole ofthe different ER s in the neurological alterations
associated with OCP exposure.
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SUPPLEMENTARY DATA
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Supplementary Fig. 1. Differential expression of ERa and ERp in primary cultures of cerebellar
granule cells (CGC) and of cortical neurons (CN). After 7-8 DIV, neuronal cultures were subjected to
Western Blot for the detection of ERa (66 KDa) and ERB (56 KDa). Immunoblots for the indicated

proteins are representative of 3 independent experiments.

PTX PTXHWHN C

pERK

R
GAPDH
ERK — O —
—mp S A ——
GAPDH s -
1.5+ kK COCONTROL
x A E0T+NBCK
5 1.0 »
—
X
L os-
1]
Q.
0.0 . .
CONTROL PTX

Supplementary Fig. 2. Glutamate receptor antagonists inhibit picrotoxinin (PTX)-induced ERK1/2
phosphorylation in cortical neurons. Cells were treated with water (Control or C) or 100uM PTX for 5
h. both in the absence and presence of the glutamate receptor antagonists MK-801 and NBQX (M+N,
both at 10uM). Densitometric quantification of the immunoblots is shown on the bottom and
representative immunoblots for the indicated proteins are shown on the top of each panel. Data are mean
+ SE of two independent experiments. Statistical comparisons were made by Two-way ANOVA: ** p <

0.01 versus control; # p < 0.05 PTX-treated cells.
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Supplementary Fig. 3. ER antagonists failed to reverse endosulfan- and lindane-induced ERK1/2
activation in CN. Cells were treated with DMSO (Control or C), 10uM endosulfan (E) or 30uM lindane
(L) for 5 h. both in the absence and presence of the ER antagonists MPP, PHTPP (PH) and G-15 (all at
1uM). Densitometric quantification of the immunoblots is shown on the bottom and representative
immunoblots for the indicated proteins are shown on the top of each panel. Data are mean + SE of two
independent experiments. Statistical comparisons were made by One-way ANOVA: * p < 0.05 versus

control.
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Supplementary Fig. 4. Concentration-dependent proliferative effect of dieldrin, endosulfan and
lindane in MCF-7 cells. Cells were incubated for 6 DIV at 37 °C in the presence of OCPs at the indicated
concentrations. Results are expressed as proliferative effect (calculated as the ratio between the highest
cell yield obtained with the chemical and the proliferation of hormone-free control cells). Data are mean
+ SE of 3 independent experiments, each one performed in triplicates. Statistical comparisons were made

by One-way ANOVA: ** p <(.01 vs. control.
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TRABAJO N°3

Allopregnanolone prevents dieldrin-induced NMDA receptor internalization and
neurotoxicity by preserving GABA, receptor function

Victor Brizl, Jyoti Parkashz, Sara Sénchez—Redondol, Vincent Prevotz, Cristina Sufiol !

'Departamento de Neuroquimica y Neurofarmacologia, Instituto de Investigaciones Biomédicas de
Barcelona, CSIC — IDIBAPS, Barcelona. > Centre de Recherche Jean-Pierre Aubert, Unité 837, Inserm,

University of Lille Nord de France, Lille, France.

En este estudio hemos examinado los efectos del dieldrin sobre los receptores GABA, y
NMDA vy sobre la muerte celular en cultivos primarios de neuronas corticales en
presencia de los neuroesteroides 17B-estradiol (E2) y alopregnanolona (AP). Hemos
observado que el tratamiento con 1 nM E2 aument6 la expresion de los receptores
NR1/NR2B y de la proteina PSD95 en la membrana celular, pero no indujo una
asociacion fisica entre ellos. Por el contrario, 10 nM E2 no tuvo ningun efecto sobre
estas proteinas, pero redujo la expresion NR2A. También encontramos que la
exposicion a largo plazo a 60 nM de dieldrin caus6 la internalization de las subunidades
NR1 y NR2B, pero no de NR2A. El tratamiento con 1 nM E2 o con AP previno la
reduccion de los receptores NR1/NR2B en la membrana inducida por el dieldrin.
Ademas, la exposicion prolongada a 200 nM dieldrin disminuyd la expresion génica de
NR2A, efecto que fue revertido sélo por AP. En neuronas corticales maduras, el
dieldrin caus6 el truncamiento de NR2B mediado por las calpainas y redujo la
interaccion de ésta subunidad con SAP102, efecto de nuevo prevenido por AP. A pesar
de que ambas hormonas restauraron la funcionalidad del receptor NMDA, AP (pero no
E2) revirti6 la inhibicion del receptor GABAA y la muerte neuronal causadas por la
exposicion prolongada a dieldrin. Estos resultados indican que AP protege frente a la
neurotoxicidad del dieldrin en neuronas corticales gracias a que es capaz de mantener la

funcionalidad de los receptores GABAA y NMDA.
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ABSTRACT

Dieldrin is an endocrine disruptor that accumulates in mammalian adipose tissue and
brain. It induces convulsions due to its antagonism of the y-aminobutyric acid A
receptor (GABAAR). We have previously reported that long-term exposure to dieldrin
causes the internalization of the N-methyl-D-aspartate receptor (NMDAR) as a result of
persistent GABAAR inhibition. As the neuroesteroids 17B-estradiol (E2) and
allopregnanolone (AP) are known to modulate the trafficking of GABAsR and
NMDAR at the cell membrane, we examined the effects of E2 and AP on dieldrin-
induced GABAAR inhibition, NMDAR internalization and neuronal death in cortical
neurons. We found that 1 nM E2 increased the membrane expression of NR1/NR2B
receptors and postsynaptic density 95 (PSD95), but did not induce their physical
association. In contrast, 10 nM E2 had no effect on these proteins but reduced NR2A
membrane expression. We also found that long-term exposure to 60 nM dieldrin caused
the internalization of the NMDAR subunits NR1 and NR2B, but not NR2A. Treatment
with either 1 nM E2 or AP prevented the dieldrin-induced reduction in membrane levels
of the NR1/NR2B receptors. Furthermore, prolonged exposure to 200 nM dieldrin
down-regulated the expression of NR2A; this was inhibited only by AP. Although both
hormones restored NMDAR function, as measured by the NMDA-induced rise in
intracellular calcium, AP (but not E2) reversed the inhibition of GABAAR and neuronal
death caused by prolonged exposure to dieldrin. Our results indicate that AP protects
cortical neurons against the neurotoxicity caused by long-term exposure to dieldrin by

maintaining GABAAR and NMDAR functionality.

Keywords: neuroprotection; neurosteroids; y-aminobutyric acid A receptor (GABA,);

N-methyl-D-aspartate receptor (NMDAR); toxicology
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INTRODUCTION

The neurosteroids 17-estradiol (E2) and allopregnanolone (AP) are important for the
development, maturation and function of the central nervous system (CNS). These
hormones are involved in brain processes such as reproductive behavior, memory and
neuronal survival. Moreover, these effects have been often related to their modulation of
gamma-aminobutyric acid (GABA) and glutamate neurotransmission (1-4). For
instance, E2 induces synaptogenesis and synaptic plasticity by increasing N-methyl-D-
aspartate receptor (NMDAR) membrane expression (5,6) and regulates GABA
synthesis (7). AP is a metabolite of progesterone that acts as a positive allosteric
modulator of the GABA, receptor (GABAAR) (8). Furthermore, both hormones are
neuroprotective against different models of neurodegeneration, both in vivo and in vitro

(1,9-15).

The NMDAR is responsible for many of the physiological and pathological actions of
glutamate. This ionotropic glutamate receptor is a heterotetramer composed of two NR1
and two NR2 subunits. While the NR1 subunit is necessary for the cell membrane
expression and functionality of the NMDAR, the NR2 (NR2A-D) subunit composition
determines the calcium-permeable channel gating kinetics and the pharmacological
properties of the receptor (16). The interaction of NR2A and NR2B with the scaffold
proteins postsynaptic density 95 (PSD95) and synapse-associated protein 102 (SAP102)
determines the synaptic localization and trafficking of the NMDAR (17). Moreover, the
C-terminal tails of NR2A and NR2B are susceptible to cleavage by calpains (18) and
also contain different endocytic motifs that regulate their trafficking to distinct
intracellular pathways (19). Different roles in synaptic plasticity, memory, neuronal
survival and excitotoxicity have also been attributed to NR2A- and NR2B-containing

NMDARSs (20-22).

The persistent organochlorine pesticide dieldrin is an endocrine disruptor due to its
interaction with estrogen receptors (23), including those found in neurons (24). It also
acts as a non-competitive antagonist at the GABA 4R, where it inhibits the binding of t-
[**S]butylbicyclophosphorothionate ([*>S]TBPS) and subsequently blocks the chloride
flux through the channel pore (25). Dieldrin is also considered an environmental risk
factor in the development of Parkinson’s Disease (26,27). Whereas its neurotoxic action
in mesencephalic dopaminergic neurons has been studied extensively, the effects of

prolonged exposure to this pollutant in other neuronal systems, such as the GABAergic
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and glutamatergic systems, are poorly understood. Dieldrin has been shown to disrupt
neuronal development by altering the gene expression of GABA, receptor subunits
(28). There is increasing evidence that long-term changes in glutamatergic and
GABAergic neurotransmission eventually lead to regulation of NMDA receptor
expression and trafficking, which restores the homeostatic balance between excitatory
and inhibitory synaptic activity (29-31). We have previously reported that long-term
exposure to dieldrin induces the internalization of the NMDAR in cerebellar granule
cells and in cortical neurons as a consequence of permanent blockade of the GABAsR
(32,33). These alterations may explain the cognitive and behavioral deficits observed in
animals that are chronically exposed to dieldrin (34,35). However, the precise

mechanisms underlying such impairments remain elusive.

The cerebral cortex is responsible for higher brain functions, such as learning and
memory, and endogenous hormones play a crucial role in these processes through the
modulation of the NMDAR and the GABAAR. Here we examine the ability of the
neurosteroids E2 and AP to prevent the reduction in GABA and glutamate
neurotransmission observed after long-term exposure to dieldrin. Primary cultures of
cortical neurons (mainly composed of GABAergic and glutamatergic neurons) were
used to evaluate the effects of the hormones on GABAAR and NMDAR functionality
after long-term exposure to dieldrin. We also measured the membrane expression of the
NMDAR subunits NR1, NR2A and NR2B and the scaffold proteins PSD-95 and
SAP102, under the above conditions. Finally, we tested the neuroprotective action of
these hormones against the neuronal death caused by dieldrin. We found that AP, but
not E2, prevented dieldrin-induced neurotoxicity in cortical neurons by maintaining

GABAAR and NMDAR functionality.

RESULTS

AP and E2 prevented the dieldrin-induced reduction of NR1 and NR2B membrane
expression and NMDAR functionality

We have previously reported that long-term exposure to dieldrin reduces the number of
functional NMDARs and membrane NR1 immunostaining as a result of persistent
GABAR inhibition (32,33). Since NR2A and NR2B are the most expressed NR2

subunits in mature cortical neurons (16,36), we aimed to study the effects of long-term
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exposure to dieldrin and/or to the neurosteroids AP and E2 on NR1, NR2A and NR2B
protein levels in membrane extracts of cortical neurons. Exposure to 60 nM dieldrin for
6 DIV reduced the membrane expression of the NR1 (Fig. 1A) and NR2B (Fig. 2A)
subunits of the NMDAR. No differences were observed in the total protein levels of
NR2B from whole cell homogenates (Fig.2B), as we previously reported for NR1 (33).
These observations suggest that dieldrin induces changes in the localization but not in
the overall expression of these NMDAR subunits. Therefore, parallel experiments were
conducted to analyze the cytosolic protein levels of the NMDAR subunits. Long-term
exposure to dieldrin increased the expression of both NR1 and NR2B in the cytosolic
fraction (Fig. 1B and 2C), indicating that these subunits are internalized after pesticide
treatment. Treatment with 1 nM E2 but not with 10nM E2 increased the membrane
expression of both NR1 and NR2B. Moreover, 1 nM E2 prevented the reduction in
membrane expression of both subunits induced by dieldrin (Fig. 1A and Fig. 2A).
However, E2 treatment did not prevent the increase in cytosolic NR1 (Fig. 1B) and
NR2B (data not shown) levels induced by dieldrin. In contrast, treatment with 10 uM
AP had no effect on the membrane expression of any of the NMDAR subunits studied,
but it inhibited the dieldrin-induced reduction in membrane NR1 and NR2B levels (Fig.
1A and 2A). Furthermore, AP prevented the increase in the cytosolic levels of NRI
(Fig. 1B) and NR2B (Fig. 2C).

In order to confirm that the observed changes in NMDAR localization have functional
relevance, we evaluated NMDAR function by measuring NMDA-induced increase in
[Ca®];. We have previously reported that long-term exposure to 60nM dieldrin reduced
the increase in [Ca®']; induced by NMDA (33). Figure 3 shows that this reduction was
prevented by treatment with either E2 (at 1 nM but not at 10 nM) or 10 uM AP (Fig. 3).
In addition, 1nM E2 enhanced the NMDA-induced increase in [Ca®']; with respect to
control cells (Fig. 3A), unlike 10 nM E2 and AP (Fig. 3B).

AP but not E2 inhibited the down-regulation of NR2A expression caused by

dieldrin

Prolonged exposure to dieldrin diminished NR2A membrane expression in cortical
neurons in a concentration-dependent manner, achieving statistical significance at 200
nM (Fig. 4A). Addition of AP, but not E2, restored the basal levels of NR2A at the cell
membrane (Fig. 4B). Unlike NR1 and NR2B, the membrane expression of NR2A was
significantly reduced after treatment with 10 nM (but not 1 nM) E2 (Fig. 4A). However,
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no concomitant increase of NR2A in the cytosolic fraction was observed after dieldrin
or E2 exposure (Fig. 4C). This, prompted us to examine the effect of dieldrin on NR2A
mRNA levels. Analysis by RT-PCR showed that long-term exposure to 200 nM dieldrin
caused the down-regulation of NR2A, this effect being reverted by AP (Fig. 4D).

Estradiol promoted PSD9S5 expression but not its association with NMDARs

We next wanted to address the mechanisms underlying both the reduction and increase
in NMDAR subunits in the cell membrane caused by dieldrin and E2, respectively.
Since PSD95 and SAP102 are the two main scaffold proteins that hold the NMDAR on
the cell membrane (17), we wondered whether the effects of these compounds on
NMDAR subunits could be related to changes in the expression of these proteins. To
test this hypothesis, we analyzed the protein levels of PSD95 and SAP102 in membrane
extracts from cortical cultures after long-term exposure to dieldrin. Figure 5 shows that
prolonged exposure to dieldrin (60200 nM) did not alter the membrane protein levels
of PSD95 nor SAP102. In contrast, treatment with 1 nM (but not 10 nM) E2 greatly
increased the membrane expression of PSD95 (Fig. 5A). Consistent with the notion that
PSD95 and SAP102 are mainly located on the cell membrane, no expression was

detected in the cytosol (data not shown).

We then studied the association of PSD95 with the NMDAR subunits to determine
whether the effects of E2 on PSD95 were accompanied by increased interaction with the
NMDAR subunits. We also tested the possibility that dieldrin could disrupt the
interaction between these proteins. Thus, we immunoprecipitated membrane extracts
from our cultures with an antibody raised against PSD95 and subsequently analyzed the
presence of NR2A and NR2B in the immunoprecipitates by immunoblotting. PSD95
was highly coupled to NR2A- but not to NR2B-containing NMDARSs in our cultures
(Fig. 5C-D). Moreover, long-term exposure to 200 nM dieldrin totally disrupted the
physical association between PSD95 and NR2A (Fig. 5C). These observations confirm
that the effects of dieldrin are specific to NMDARSs and are not a consequence of the
general reduction of the PSD, i.e. neurodegeneration. However, although 1 nM E2
promoted the membrane expression of PSD95 (Fig. 5A), this was not accompanied by
increased interaction with NR2A (Fig. 5C). Likewise, E2 did not induce any physical
association between PSD95 and NR2B (Fig. 5D). Consistent with this, immunoblot
analysis of the supernatants after immunoprecipitation with PSD95 antibody showed

increased expression of the obligatory NR1 subunit in E2-treated cultures, confirming
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that E2-stimulated cell membrane insertion of those NMDARs not associated with
PSD95 (Supplementary Fig. 1). Taken together, the results indicate that the positive
effects of E2 on PSD95 and the NR1/NR2B receptors do not imply increased interaction

between these proteins.

AP but not E2 reversed GABAR inhibition and neuronal death induced by

dieldrin

We also tested the possible neuroprotective effects of AP and E2 against dieldrin-
induced neuronal death under different exposure paradigms, based on preliminary data
from our laboratory. Cultured cortical neurons were exposed to 3—10 uM dieldrin for 4
DIV beginning on DIV 2 (immature neurons; Fig. 6A) or DIV 5 (mature neurons; Fig.
6B). Treatment with 10 uM but not with a lower concentration (1 pM) of AP
significantly attenuated the cell death induced by dieldrin exposure, regardless of the
maturity of the neurons in culture. In contrast, | nM E2 was unable to prevent the

neuronal damage caused by dieldrin (Fig. 6).

In order to determine whether the neuroprotective effect of AP against dieldrin
neurotoxicity was due to its positive modulation of the GABAsR, we evaluated
GABA,R function by measuring the ability of GABA to increase [*H]-flunitrazepam
binding (8,37). Cultured mature neurons were exposed to 10 uM dieldrin for 2 DIV, a
condition that did not induce cell death (data not shown). Dieldrin did not modify basal
[*H]-flunitrazepam binding; however, it completely abolished the increase in [*H]-
flunitrazepam binding induced by 30 pM GABA. Treatment with 10 pM AP
significantly reversed the effect of dieldrin on the GABAAR. AP alone slightly reduced
the effect of GABA on [*H]-flunitrazepam binding (Fig. 7A). In contrast, | nM E2 did
not affect the inhibition of GABAAR function caused by dieldrin (the GABA-induced
increase in [’H]-flunitrazepam binding amounted to 254+3%, 130+7% and 132+3% in
control, dieldrin-treated and dieldrin+E2-treated cultures respectively, N=3). These
results suggest that the protective effects of AP against dieldrin neurotoxicity are most

likely mediated through modulation of the GABAAR.

AP prevented dieldrin-induced NR2B cleavage and loss of association with SAP102

in mature neurons

Finally, we tested whether the effects of dieldrin on NMDAR subunits were also

observed in mature neurons before the onset of the neuronal damage produced by this

- 108 -



pollutant. For this reason, we exposed the cells to 10 pM dieldrin for 2 DIV both in the
absence and presence of AP. As previously observed at lower concentrations, dieldrin
reduced both NR2A and NR2B membrane protein levels (Fig. 7B) and NR2A mRNA
expression (Fig. 4D), these effects being prevented by AP (Fig. 4D; Fig. 7B). However,
on this occasion there was no increase in cytosolic NR2B expression (data not shown).
Conversely, a breakdown product of NR2B (~120 KDa) appeared in cells exposed to
dieldrin. Again, this effect was reverted by treatment with AP. In contrast, no truncated
NR2A fragments were observed after dieldrin exposure (Fig. 7B). Cleavage of NMDAR
subunits is commonly triggered by calpains in neurons and heterologous cells (18,38).
Both calpains and caspases degrade a-spectrin, a protein that links NMDARs to actin
cytoskeleton (39). Therefore, we measured calpain activity by determining the
proteolysis of a-spectrin under the above conditions. Dieldrin exposure induced the
calpain- but not caspase-dependent cleavage of a-spectrin (fragments of 150 and 120

KDa, respectively), this effect being prevented by AP (Fig. 7C).

As SAP102 is the scaffold protein that usually holds NR1/NR2B receptors at the cell
membrane in the adult cortex (17), we test whether this was also the case in mature
cortical neurons in culture and moreover whether their interaction was affected by
dieldrin-induced NR2B proteolysis. Thus, we performed immunoprecipitation of the
NR2B subunit of NMDAR in membrane extracts followed by immunoblotting for
SAP102. Figure 7D shows the physical association between NR2B and SAP102 in
control neurons. Exposure to 10 uM dieldrin for 2 DIV reduced the levels of associated
SAP102 in the immunoprecipitated fraction, this effect being prevented by AP
treatment. In contrast, the membrane expression of SAP102 before immunoprecipitation

remained unaffected in all conditions tested (Fig. 7D, bottom).

DISCUSSION

In the present study the neurosteroids AP and E2 prevented the reduction in NMDAR
functionality produced by long-term exposure to the endocrine disruptor dieldrin in
primary cultures of cortical neurons. Moreover, the results provide insights into the
mechanisms of neurotoxicity of dieldrin since this persistent pesticide regulated
NMDAR subunits in different ways, leading to the internalization of NR1/NR2B
receptors and to down-regulation of NR2A. We also found that AP reverted the effects

of dieldrin on all the NMDARSs subunits studied, whereas E2 had a compensatory effect
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only on NR1/NR2B receptors and did not prevent their internalization. In addition, we
found that AP but not E2 is neuroprotective against the toxicity caused by dieldrin both
in mature and immature cortical neurons through its positive modulation of the

GABAR.

The concentrations of dieldrin used were similar to those found in the human brain (26),
illustrating the toxicological relevance of the data presented. We have previously
reported that prolonged exposure to low concentrations of this pollutant produces partial
but permanent blockade of the GABAAR, as measured by [*S]TBPS binding (33).
Disinhibition of synaptic activity induced by GABAsR antagonists initially causes
hyperexcitability, which, if it persists, produces compensatory down-regulation of the
post-synaptic response to glutamate over a 48-hour period (40). Furthermore, the
homeostatic balance between GABA and glutamate neurotransmission, known as
synaptic scaling, has been shown to involve NMDAR trafficking (29). Here, we found
that long-term exposure to dieldrin reduced the membrane expression of all the
NMDAR subunits tested. These results confirm our previous observations in which
NR1 immunostaining was lower in the plasma membrane and higher in the cytosol after
long-term exposure to dieldrin (33). Likewise, chronic treatment with other GABAsR
antagonists has been shown to diminish NR1, NR2A and NR2B membrane levels (31).
In our hands, the NR1 and NR2B subunits were those that were primarily affected by
dieldrin exposure. In addition, unlike NR2A, which was regulated at mRNA level, these
NMDAR subunits were internalized after dieldrin exposure. Overall, distinct
mechanisms appear to be involved in the regulation of NMDAR subunits by this

endocrine disruptor.

The alternative splicing of the C-terminal cassettes of NR1 determines its trafficking,
and has been shown to be dependent on synaptic activity (36,41). Treatment with the
GABAAR antagonist bicuculline increases the C2 splice variant with respect to C2’ and
as a result the rate of NR1 delivery to the cell membrane is retarded (41). Thus, the
regulation of NR1 transcripts might underlie the reduced expression of NR1 on the
membrane of cells exposed to dieldrin. On the other hand, NR2 trafficking is regulated
by dual palmitoylation that can either cause retention in the Golgi apparatus or tyrosine
phosphorylation-mediated membrane stabilization (42). Moreover, activity-dependent
phosphorylation of NR2B at Ser-1480 disrupts its interaction with PSD-95 and SAP102,

leading to reduced NMDAR membrane expression (43). Similarly, association with
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PSD95 stops NR2A being internalized (19) and cleaved by calpains (18). Despite this,
the NR2A and NR2B subunits have distinct endocytotic motifs in the C-terminal region
and sort into different intracellular pathways after internalization (19). In agreement
with previous studies (17), we found that PSD95 specifically interacts with NR2A- but
not with NR2B-containing NMDARSs in cortical neurons. In contrast, NR2B was
physically associated with SAP102, which lacks palmitoylation motifs and so is unable
to cluster and to prevent the calpain-dependent proteolysis of NR2 subunits (18). The
subunit-specific association with these scaffold proteins most likely explains why
NR2B but not NR2A was internalized together with NR1 after dieldrin exposure.
Consistent with this, NR2B undergoes more robust constitutive internalization
(especially when located extrasynaptically) than NR2A in mature neurons (19).
Nevertheless, whether the phosphorylation and/or palmitoylation states of NR2B are
altered before the receptor is internalized due to dieldrin exposure remains to be
determined. The respective interactions with SAP102 and PSD95 may also explain why
NR2B but not NR2A was degraded by calpains after exposure to dieldrin in mature
neurons. Furthermore, the loss of association between SAP102 and NR2B observed
after dieldrin treatment supports the idea that truncated NR2B subunits are no longer
able to interact with scaffold proteins despite remaining on the cell membrane. The
proteolysis of the NR2B but not the NR2A subunit by calpains in mature cortical
neurons (38) and in vivo after ischemia or status epilepticus (44,45) has been reported
previously. However, the physiological or pathological role of truncated NR2B subunits

present in the membrane remains unknown.

While NR1 and NR2B are first expressed in cultured cortical neurons clustering at both
synaptic and at extrasynaptic sites as early as 3 DIV, NR2A is almost undetectable up to
7 DIV, but becomes predominant at the synapsis in mature neurons (46). Therefore, the
differential developmental expression of the NR2 subunits may also account for the
preferential effects of dieldrin on NR2B-containing NMDARs, given NR2A-containing
NMDARs were not functional for most of the time that the cells were exposed to the
pesticide. In addition, it has been proposed that the developmental switch in synaptic
NR2 subunit predominance is due to NR2A-enriched synaptogenesis rather than
changes in the expression or lateral diffusion of NR2B (47). Our results indicate that
dieldrin inhibits the developmental up-regulation of NR2A without affecting the
expression of other proteins of the PSD. Consistent with this, NR2A but not NR2B
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mRNA expression is dependent on synaptic activity mediated through NMDARs and L-
type Ca®" channels (36). Thus, dieldrin-induced internalization of NR2B-containing
NMDARSs precedes and maybe causes the disruption in the developmental up-regulation
of NR2A observed at a higher concentration of pesticide. However, more studies are
required to confirm this hypothesis. We recently reported that dieldrin mimics some of
the effects of E2 by activating the ER in cortical neurons (24). Therefore, another
possibility is that dieldrin could modulate NR2A expression through an ER-dependent
mechanism. However, this is unlikely since the affinity of dieldrin for ER in cortical
neurons is at least two orders of magnitude higher (~30 uM) than the concentrations
used here for long-term experiments (60—200 nM). In contrast, we cannot rule out the
involvement of ERs in NR2A down-regulation caused by 10uM dieldrin, given that this

pesticide concentration has estrogenic effects (24).

E2 positively modulates glutamate neurotransmission in the hippocampus, enhancing
synaptic plasticity and memory performance, these effects being associated with an
increase in synaptic NR1, NR2B and PSD95 protein levels (2,5,6). In contrast, NMDAR
expression in the cortex has been reported to either decrease, increase or remain
unaffected after E2 treatment (14,48,49). In the present study, we found that treatment
for 2 DIV with 1 nM but not 10 nM E2 increased the membrane expression of NR1,
NR2B and PSD95. In contrast, 10 nM E2 reduced NR2A expression as previously
described (14), whereas 1 nM E2 did not. Thus, the conflicting results obtained by
different studies may be due to the different doses of E2 used and to the different
NMDAR subunits analyzed. In support of this, it has been reported that the effects of E2
on neuronal outgrowth in cultured cortical neurons show an inverted U-shaped dose-
response curve and moreover that they depend on the cortical region (1). The long-term
effects of E2 on NMDAR expression involve de novo protein synthesis (48,49).
Furthermore, E2 treatment did not prevent the internalization of NR1 and NR2B
induced by dieldrin. All together, these findings indicate that the mechanisms by which
these compounds modulate NR2B-containing NMDARs differ. In addition, we found
that the increase in membrane PSD95 levels induced by 1nM E2 did not result in an
increased association with NMDARSs in cortical neurons. Similarly, we have recently
reported that the association between PSD95 and NR2B in the preoptic area is not
modified in proestrus versus diestrus or after E2 treatment of ovariectomized rats

(50,51). Our results suggest different mechanisms for the regulation of PSD95 and
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NMDARs expression by E2. Consistent with this, previous studies have shown that E2
promotes PSD95 expression via the PI3K/Akt pathway and ER[P activation in the
hippocampus (2,52). On the other hand, activation of ERa is responsible for the E2-
induced stimulation of NRI/NR2B receptor expression in hippocampal neurons,
whereas both ERs appear to contribute in the cortex (5,49). Furthermore, inhibition of
the MAPK pathway apparently mediates the NR2A down-regulation caused by E2 (14).
Finally, PKC activation promotes the assembly of NR1 with NR2A and NR2B but not
with PSD95 (53), and may explain the effects of E2 on NR2B-containing NMDARSs.

Although E2 treatment counteracted the reduction of NR1 and NR2B membrane
expression and NMDAR functionality induced by long-term exposure to dieldrin, it did
not protect cortical neurons from its neurotoxic effects. The inability of E2 to prevent
both GABAR blockade and subsequent NR2A down-regulation induced by prolonged
exposure to this pesticide could reflect its lack of neuroprotective effects against
dieldrin-induced neuronal damage. In addition, it has been reported that E2 has negative
effects on cortical GABA levels (7), which may also account for its lack of
neuroprotection. In contrast, AP reversed the inhibitory effects of dieldrin at the
GABAAR and restored the functionality and membrane expression of the NMDAR.
These positive actions on both GABAergic and glutamatergic neurotransmissions may
underlie the neuroprotective effect of AP against dieldrin-induced cell death. Consistent
with this, neuroprotection by AP against both in vitro and in vivo models of ischemia
has been related to GABAAR stabilization on the cell membrane (12). Although the
ECso of AP on [*H]-flunitrazepam binding is around 1 pM, a full potentiation of
GABAAR by 10 uM AP (8) was necessary to prevent the neuronal damage caused by
this pesticide, as it was also the case for AMPA- and NMDA-mediated excitotoxicity
(11,15). Both acute and prolonged exposure to dieldrin block the GABAAR through its
interaction with the TBPS binding site (25,33). The neurosteroid AP has been shown to
increase [*H]-flunitrazepam binding and also to reduce [*>S]-TBPS binding (8). Its
allosteric properties suggest that AP most likely interferes with dieldrin binding to
GABAAR and as a result this neurosteroid can prevent the negative regulation of
GABAARs and NMDARs induced by long-term exposure to dieldrin. Consistent with
this, AP was found to be anticonvulsant and neuroprotective against the noncompetitive
antagonist picrotoxinin (9,54), which shares the same binding site with dieldrin at the

GABAAR (25).
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In contrast to the NMDAR, the number of functional GABAARs did not appear to be
affected either by dieldrin or AP, since basal [*H]-flunitrazepam binding was similar in
all cases. Nevertheless, the expression of the different GABAAR subunits is
developmentally regulated by GABAAR activity in cultured cortical neurons, being
potentiated or inhibited by AP and TBPS, respectively (55). These changes in GABAAR
subunit expression may explain the reduced effect of GABA on [*H]-flunitrazepam
binding in AP-treated cells. In addition, dieldrin has been shown to alter the expression
of several GABA4R subunits in a similar way to TBPS (28). Thus, long-term exposure
to dieldrin disrupts the developmental switch in GABAAR subunit composition and
most likely interferes with the positive effects of endogenously synthesized AP.
Furthermore, these changes certainly modify the functional properties of GABAAR and

may also affect neurosteroid sensitivity (3).

The neurotoxicity of dieldrin in dopaminergic neurons involves the production of
reactive oxygen species and caspase-dependent apoptosis (27). We have recently
observed that the dieldrin-induced apoptosis of cerebellar granule cells is also caspase-
mediated (manuscript in preparation). However, these proteases do not appear to be
activated in cortical neurons after dieldrin exposure, as indicated by the absence of
caspase-dependent spectrin degradation. In contrast, the 150- kDa fragment in the o-
spectrin proteolytic pattern suggests that calpains and/or cathepsins were active before
neuronal death was observed in dieldrin-treated cortical neurons. Nevertheless, the
results do not rule out the possible involvement of caspases in late stages of the
neuronal damage caused by dieldrin, since the caspase-specific fragments of a-spectrin
have been shown to appear later than calpain-dependent fragments after prolonged
seizures (56). Furthermore, excessive NMDA-mediated calpain activation can trigger
pro-apoptotic pathways through the Bcl-2 family of proteins as well as cathepsin-
mediated necrosis, as has been reported to occur after status epilepticus and oxygen-
glucose deprivation (57,58). In this regard, AP has been reported to protect against
different toxic insults through the modulation of the Bcl-2 proteins (10,15). Overall, the
involvement of cysteine proteases and the Bcl-2 family of proteins in both the toxicity
of dieldrin and the neuroprotective action of AP in cortical neurons deserves further
investigation. Suppression of NMDAR activity (as observed in long-term dieldrin-
treated cells) can also trigger apoptosis in cortical neurons, which can be reversed by

restoring synaptic activity (59). In addition, NR2A-containing NMDARSs appear to
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mediate the pro-survival effects of NMDA whereas activation of NR2B-containing
NMDARS results in excitotoxicity (21). This might explain why prolonged exposure to
dieldrin initially prevents glutamate excitotoxicity (33) but eventually leads to
neurodegeneration at higher concentrations (this study). All together, the results suggest
that the regulation of NR2A expression plays an important role in the neurotoxic effects

of dieldrin as well as in neuroprotection by AP.

In summary, the present study shows that prolonged GABAAR blockade by the
pesticide dieldrin triggers the internalization of NR2B-containing NMDARs and also
disrupts NR2A subunit developmental up-regulation, which may be responsible for the
neuronal death observed at higher concentrations. Both NR2A- and NR2B-containing
NMDARs have a crucial role in cortical synaptic plasticity and memory (20,22).
Therefore, the results presented here may contribute to our understanding of the
molecular mechanisms underlying the cognitive and behavioral deficits found in
animals after chronic exposure to this endocrine disruptor (34,35). In addition, the
observed neuroprotective actions of AP support its use as a potential therapeutic
hormone against insults or neurodegenerative disorders in which GABAergic and/or

glutamatergic systems are compromised.

MATERIALS AND METHODS
Materials

Pregnant NMRI mice (16" gestational day) were obtained from Charles River, Iffa
Credo (Saint Germain-sur-1’Arbreste, France). Plastic multiwell plates were from
Nunc™ (Rockilde, Denmark). Fetal calf serum was from Gibco (Invitrogen, Carlsbad,
CA). Dulbecco’s modified Eagle’s minimum essential medium (DMEM) was from
Biochrom (Berlin, Germany). Isofluorane (FORANE®) was from Abbot Laboratories
(Madrid, Spain). Trypsin, soybean trypsin inhibitor, DNAse, L-pyruvic acid, reduced f3-
nicotineamide adenine dinucleotide (NADH) disodium salt, 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl-tetrazolium bromide (MTT), diazepam, dimethyl sulfoxide (DMSO),
dieldrin, 17B-estradiol (E2), y-amino-n-butyric acid (GABA), L-glycine, N-methyl-D-
aspartate (NMDA), B-glycerophosphate, sodium pyrophosphate and sodium
orthovanadate were from Sigma (St. Louis, MO, USA). 3a-hydroxy-5a-pregnan-20-

one or allopregnanolone (AP) was from the Institute of Industrial Organic Chemistry
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(Prague, Czech Republic) (8). Fluo-3 AM was from Molecular Probes (Leiden, The
Netherlands). [*H]-Flunitrazepam was from PerkinElmer (Boston, MA). Optiphase
‘Hisafe’2 liquid scintillation cocktail was from Wallac Oy (Turku, Finland).

Neuronal cultures

Primary cultures of cortical neurons (CN) were prepared from the cerebral cortices of
embryonic day 16 mouse fetuses as described previously (33). Briefly, pregnant animals
were anesthetized with isofluorane and killed by cervical dislocation and the fetuses
were extracted. Cortices were dissected using forceps and mechanically minced, and
cells were then dissociated by mild trypsinization (0.02% [wt/vol]) at 37 °C for 10 min
followed by trituration in a DNAse solution (0.004% [wt/vol]) containing soybean
trypsin inhibitor (0.05% [wt/vol]). The cells were then suspended in DMEM containing
5 mM KCl, 31 mM glucose and 0.2 mM glutamine supplemented with p-
aminobenzoate, insulin, penicillin and 10% fetal calf serum. The cell suspension (1.5 x
10° cells/ml) was seeded in 6-, 24- or 96-well plates pre-coated with poly-D-lysine and
incubated for at least 7 days in a humidified 5% C0O,/95% air atmosphere at 36.8 °C. A
mixture of 5 pM 5-fluoro-2’-deoxyuridine and 20 pM uridine was added after 1-2 days
in vitro (DIV) to prevent glial proliferation. Animals were handled in compliance with
protocol DMA1852 of the University of Barcelona, approved by the Generalitat de

Catalufia, Spain, following European Union guidelines.
Chemical treatments

Stock solutions of each compound were prepared in DMSO and frozen in aliquots of
100 pl. The final concentration of DMSO in the culture medium was <0.5%. To avoid
cross-contamination between wells in the same plate, DMSO or dieldrin treatments
were applied to separate plates. Cultured neurons were treated with dieldrin at 2 DIV or
6DIV by adding the stock solution to the culture medium. The medium remained
unchanged until the experiments were performed at 8 DIV (exposure for 6 and 2 DIV
respectively). In some experiments neurons were treated with dieldrin at 1-2 DIV and
the experiments were performed at 4-5 DIV. Treatments with the neurosteroids E2 and
AP were generally applied from 6 to 8 DIV, unless otherwise stated. Preliminary
experiments showed that 10 uM but not 1 uM AP was effective against dieldrin-induced
cell death (see Fig. 6). Therefore, 10 uM AP was used for the remaining experiments.
The concentrations of dieldrin used for long-term experiments (60 and 200 nM, 6DIV)
were devoid of cytotoxicity (33). With the exception of the cell viability assay,
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experiments with mature neurons in which a higher concentration of dieldrin (10 pM)

was used, were performed 2 DIV before neuronal damage was detected.
[*H]-Flunitrazepam binding

The binding assay was performed on cells grown in 24-well plates as previously
described (37), with a few modifications. After long-term treatment with AP and/or
dieldrin, cultures were washed three times in HBSS buffer solution (136 mM NaCl, 5.4
mM KCl, 1.2 mM CaCl,, 1.4 mM MgCl,, 1.0 mM NaH,P04, 10 mM HEPES, and 9 mM
glucose, adjusted to pH 7.3). Cells were then exposed to 1.3-2.0 nM [*H]J-
Flunitrazepam in HBSS in the absence or presence of 30 uM GABA. After 30 min of
incubation at 25 °C with gentle shaking, the solutions were removed and the cells were
rinsed three times in ice-cold HBSS. Thereafter, cultures were disaggregated in 0.2 N
NaOH overnight, and their radioactivity was determined by liquid scintillation counting
(Optiphase ‘Hisafe’2; PerkinElmer, Waltham, MA). Nonspecific binding was measured
in the presence of 20 uM diazepam.

Determination of intracellular calcium concentration

The intracellular calcium concentration ([Ca®’];) was determined by measuring Fluo-3
fluorescence, as previously described (33). This fluorescent probe is specific for the

evaluation of glutamate receptor function (32,33).
Cell viability

Cell viability was assessed by measuring the reduction of the colored formazan salt
MTT by mitochondrial activity. After dieldrin and/or neurosteroid treatment, cells
grown in 96-well plates were incubated with MTT (500 pg/ml) dissolved in Hank’s
solution (1.3 mM CaCl, 54 mM KCI, 0.4 mM KH,PO4, 0.5 mM MgCl,, 0.4 mM
MgSO,, 137 mM NacCl, 4.2 mM NaHCOs3, 0.3 mM Na,HPO., 8 mM HEPES, and 5.5
mM glucose, adjusted to pH 7.4) at 37 °C for 1 h, while protected from light. After
washing off the excess MTT, the cells were disaggregated with 5% sodium dodecyl
sulfate (SDS) and the amount of colored formazan salt formed was measured at 560 nm

in a spectrophotometer plate reader IEMS Reader MF, Labsystems, Helsinki, Finland).
Reverse transcription-polymerase chain reaction (RT-PCR)

Total cell RNA was purified following the method of Chomczynski and Sacchi (60).

RNA integrity and concentration were assessed by spectral analysis using a NanoDrop
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Spectrophotometer (Thermo Scientific). Equal amounts of RNA (~1 pg) were retro-
transcribed with Omniscript reverse transcriptase (Qiagen) following the manufacturer’s
guidelines. To ensure that cDNA samples were not contaminated with genomic DNA,
all samples were also incubated with an RT reaction mix lacking Omniscript reverse
transcriptase. Amplification of each transcript was performed in 20 pl of a PCR cocktail
containing cDNA derived from 50 ng of mRNA, 8 pmols of each primer and 0.6 U of
KAPA Taq DNA polymerase (Kapa Biosystems). After incubation at 95 °C for 5 min,
32 cycles of amplification (15 s at 95 °C, 30 s at 62 °C and 40 s at 72 °C) or 30 cycles
of amplification (15 s at 95 °C, 30 s at 56 °C and 15 s at 72 °C) were performed for
NR2A and GAPDH, respectively. The number of amplification cycles for each primer
pair and cDNA preparation was set to ensure that no saturation occurred. Sense and
antisense PCR primers were as follows: 5’-CCCACCTACTCAGGCCACTT-3’ and 5°-
CCGACTGTCCCTGGAGCAAT-3> (nt 3664-3683 and 4251-4232 in databank
accession NM 008170.2) for NR2A; 5’- AACGACCCCTTCATTGAC-3’ and 5’-
TCCACGACATACTCAGCAC-3’ (nt 144-161 and 334-316 in databank accession
NM_008084.2) for GAPDH.

Antibodies

The following antibodies were used for co-immunoprecipitation: mouse monoclonal
anti-PSD95 (MA1-045 and MA1-046, both used at 2 pug/750 ul) was purchased from
Affinity BioReagents (Golden, CO), and rabbit polyclonal anti-NR2B (71-8600,
2ug/750ul) from Zymed (San Francisco, CA). The specificity of both anti-PSD-95
antibodies was described previously (61). The antibodies used for immunodetection
were: mouse monoclonal anti-NMDARI1 (1:3000, Upstate, Cell Signaling, MA), anti-
PSD95 (MA1-046, 1:500) and anti-a-spectrin (1:1000, Sigma); and rabbit polyclonal
anti-NR2A (1:500, Millipore corp., MA), anti-NR2B (1:500, Invitrogen) and anti-
SAP102 (1:1000, Cell Signaling). A goat polyclonal anti-actin (sc-1616, 1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA) was always used as a control of the amount of
protein loaded. Secondary antibodies used for Western blot detection were: anti-mouse
(1:8000), anti-rabbit (1:10,000) and anti-goat/sheep (1:10,000), all horseradish
peroxidase (HRP)-conjugated (Sigma).

Membrane extraction and co-immunoprecipitation

Membrane extraction was performed as previously described (62), with a few

modifications. In brief, cells grown on 6-well plates were washed three times with ice-
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cold PBS (137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,, and 2 mM KH,POy,). Protein
extracts from three wells were prepared in 750 pl of lysis buffer (pH 7.4, 25 mM Tris,
50 mM B-glycerophosphate, 1.5 mM EGTA, 0.5 mM EDTA, 1 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, 10 pg/ml leupeptin and pepstatin, 10
pg/ml aprotinin, 100 pug/ml PMSF) by trituration through 26-gauge needles. The cell
lysates were cleared by centrifugation at 4600 x g for 10 min. The supernatant was then
collected and ultracentrifuged at 59,000 x g in Beckmann tubes for 1 h at 4 °C. After
ultracentrifugation, the pellet was resuspended in 50 pl of lysis buffer containing 1%
triton X-100 (lysis buffer X-1) and briefly sonicated. Protein content was determined
using the Bradford method (Bio-Rad, Hercules, CA). The membrane samples were
mixed with the same volume of 2X sample buffer (Invitrogen) and boiled for 5 min.
Supernatants from ultracentrifugation (cytosolic fraction) were diluted in 4X sample

buffer (Invitrogen) and boiled for 5 min.

Co-immunoprecipitation was performed as described previously (50,51,62). Briefly,
similar amounts of protein (~0.5 mg) from membrane extracts were prepared in a total
volume of 750 pl of lysis buffer X-1, and then incubated overnight with gentle rocking
at 4°C with 2 pg of both anti-PSD95 antibodies (MA1-045 and MA1-046) or 2 pg of
anti-NR2B. Thereafter, 60 pl of protein A—Sepharose beads (1:1 slurry in lysis buffer
X-1; P3391, Sigma) was added to each sample and incubated for 4 h with gentle
rocking at 4° C. The Sepharose beads were pelleted by brief centrifugation, the
supernatant was collected, and 4X sample buffer was added for analysis of
nonimmunoprecipitated proteins. The beads were washed three times in ice-cold lysis
buffer X-1 and boiled for 5 min in 2X sample buffer. When necessary, the samples were

stored at -80 °C until use.

Western blot

Before loading, the samples were boiled and 50 ug of protein from membrane fraction
samples or 25 ug from cytosolic fraction samples were subjected to electrophoresis at
150 mV for 75 min in 3—8% Tris-acetate precast SDS-polyacrylamide gels according to
the protocol supplied with the NuPAGE system (Invitrogen). After size fractionation,
the proteins were transferred onto nitrocellulose membrane (0.2 pm pore-size
membranes; LC2002; Invitrogen) in the blot module of the NuPAGE system at 30V for
90 min at 4°C. Blots membranes were incubated with 5% nonfat dry milk in Tris-

buffered Saline Tween-20 (TBST, 20mM Tris-HCI1 at pH 7.6, 140mM NaCl, 0.1%
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Tween-20) for 45-60 min at room temperature and then incubated overnight at 4 °C
with primary antibodies, all prepared in TBST containing 5% nonfat dry milk. The
membranes were then washed in TBST and incubated for 1.5 h with the respective
secondary antibodies diluted in 5% nonfat dry milk in TBST. The membranes were
washed and immunoreactions were detected via enhanced chemiluminescence
(NEL101; PerkinElmer, Boston, MA). Densitometric quantification of the immunoblots
was performed using J image software and is expressed as the ratio of specific protein

vs. actin.
Data analysis

Unless otherwise stated, at least three experiments from independent culture batches
were performed, each one in triplicate. Statistical comparisons were made by one-way
ANOVA followed by Dunnett’s post-comparison test when comparing more than two
groups, and two-way ANOVA followed by Bonferroni post-hoc test when comparing
two factors. The level of significance was set at p < 0.05. Graphics were created and
statistical analysis performed using the software package Graph-Pad Prism (version 4.0,

2003, Graph-Pad Software Inc., San Diego, CA, USA).
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Fig. 1. Effects of neurosteroids on dieldrin-induced internalization of NR1 subunit of NMDAR.
Cortical neurons were exposed to DMSO (C) or 60nM dieldrin (D60) for 6DIV and to 10uM AP, 1nM E2
(E1) or 10nM E2 (E10) for 2 DIV. The protein levels of NR1 and actin were analyzed on membrane
(panel A) and cytosolic fractions (panel B) from the cultures by Western Blot. Representative
immunoblots are shown on the top (A) or on the right (B) and densitometric quantification of the
immunoblots is shown on the bottom (A) or on the left (B) of each panel. Data are mean + SE of 3-7
independent experiments. Statistical comparisons were made by Two-way ANOVA: ** P <0.01; *** P

<0.001 vs. control; *, P<0.05; ** P <0.001 vs. dieldrin-treated cells; %%, P < 0.01 vs. El-treated cells.
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Fig. 2. Effects of neurosteroids on dieldrin-induced internalization of NR2B subunit of NMDAR.
Cortical neurons were exposed to DMSO (control or C), 60nM dieldrin (D60) or 200nM dieldrin (D200)
for 6DIV and to 10uM AP or InM E (E1) for 2 DIV (and combinations) and subsequently the protein
levels of NR2B and actin were analyzed on membrane fractions (panel A), whole cell lysates (panel B)
and cytosolic fractions (panel C) from the cultures by Western Blot. Representative immunoblots are
shown on the top and densitometric quantification of the immunoblots is shown on the bottom of each
panel. Data are mean + SE of 3-6 independent experiments. Statistical comparisons were made by Two-
way ANOVA: *, P <0.05 vs. control; **, P <0.01 vs. control; *** P <0.001 vs. control; ¥ P<0.05vs.

dieldrin-treated cells; *, P < 0.01 vs. dieldrin-treated cells; ¥, P < 0.001 vs. dieldrin-treated cells.
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E (E1) or 10nM E (E10) for 2 DIV (and combinations). [Ca*']; (calculated from fluorescence values) is
expressed as % with respect to cells incubated with Hank’s solution without NMDA and are mean + SE
of 3-5 independent experiments, each performed in triplicate. Statistical comparisons were made by Two-
way ANOVA: * P <0.05 vs. control; ** P <0.01 vs. control; # P <0.01 vs. dieldrin-treated cells; %%, P
<0.01 vs. El-treated cells.
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Fig. 4. Effects of neurosteroids on dieldrin-induced down-regulation of NR2A subunit of NMDAR.
Cortical neurons were exposed to DMSO (control or C), 60nM dieldrin (D60) or 200nM dieldrin (D200)
for 6DIV and to 10uM AP, InM E (E1) or 10nM E (E10) for 2 DIV (and combinations) and subsequently
the protein levels of NR2A and actin were analyzed on membrane (panels A and B) and cytosolic
fractions (panel C) from the cultures by Western Blot. Representative immunoblots are shown on the top
and densitometric quantification of the immunoblots is shown on the bottom of each panel. (A and B).
Data are mean = SE of 3-5 independent experiments. Statistical comparisons were made by One-way
ANOVA (panel A) or Two-way ANOVA (panel B): *, P < 0.05 vs. control; **, P < 0.01 vs. control; *, P
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subsequently the mRNA levels of NR2A and GAPDH were analyzed by RT-PCR.
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Fig. 5. Estradiol increases PSD95 membrane expression but not its association with NR2 subunits of
NMDAR. Cortical neurons were exposed to DMSO (control or C), 60nM dieldrin (D60) or 200nM
dieldrin (D200) for 6DIV and to 10uM AP, 1nM E (E1) or 10nM E (E10) for 2 DIV and subsequently the
protein levels of PSD95 (panel A) and SAP102 (panel B) were analyzed on membrane fractions from the
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quantification of the immunoblots is shown on the bottom of each panel. (A and B). Data are mean + SE
of 2-6 independent experiments. Statistical comparisons were made by One-way ANOVA: *** P <
0.001 vs. control; ##, P < 0.01 vs. El-treated cells. Panels C and D) After the treatments, membrane
extracts from the cultures were immunoprecipitated with an antibody raised against PSD95 and then the
proteins levels of NR2A (panel C), NR2B (panel D) and PSD95 were analyzed by Western Blot.

Molecular weights are indicated on the right of the immunoblots.

- 129 -



>]

Immature CN
= 100 M = = o
o)
‘E 754
F o
= O
= . 504
w
>
§ 25+
0 L] L] L] L]
C A1TA10E1 C ATA10E1
Capbmso @l Dieldrin
B
Mature CN
— ¥ — #
_0 100 T
': 754 l
=
- o dedke b
= 0
= . 501
w
> 25+
S

C AP E1 C AP E1
CJ1DMSO Bl Dicldrin

Fig. 6. Effects of neurosteroids on dieldrin-induced reduction of cell viability in immature (panel A)
and mature (panel B) cortical neurons. A) Immature cortical neurons were exposed from 2 to 5 DIV to
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respect to control (DMSO-treated cells) and are mean = SE of 4-5 independent experiments, each in
triplicate. Statistical comparisons were made by Two-way ANOVA: *** P < 0.001 vs. control; ¥, P <

0.05 vs. dieldrin-treated cells; ™, P < 0.001 vs. dieldrin-treated cells.
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Fig. 7. Effects of AP and dieldrin on GABA, functionality, calpain activity and calpain-mediated
cleavage of NR2 subunits of NMDAR in mature cortical neurons. Cells were exposed to DMSO (C)
or 10uM dieldrin (D) for 2DIV both in the absence and presence of 10uM AP. Panel A) After the
treatments, the cells were exposed to 1.3-2.0nM [*H]-Flunitrazepam in HBSS in the absence (basal) or
presence of 30uM GABA. Values are expressed as % of basal binding and are mean = SE of 3
independent experiments, each in triplicate. Statistical comparisons were made by Two-way ANOVA:
#k% P <(.001 vs. basal; ¥, P < 0.05 vs. DMSO-treated cells; “, P < 0.001 vs. DMSO-treated cells; %%, P
< 0.01 vs. dieldrin-treated cells. Panel B) After the treatments, the protein levels of NR2A (bottom),
NR2B (top) and actin were analyzed on membrane fractions from the cultures by Western Blot. C)
Calpain and caspase activities were determined by Western Blot analysis of a-spectrin in whole cell
lysates from cortical neurons previously exposed to 10uM dieldrin and/or 10uM AP for 2DIV. D) After
the treatments, membrane extracts from the cultures were straightly subjected to Western Blot analysis of
SAP102 and actin (bottom) or immunoprecipitated with an antibody raised against NR2B and
subsequently analyzed by Western Blot for NR2B and SAP102 (top). Molecular weights are indicated on
the right (panels B and D) or on the left (panel C) of the immunoblots.
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Supplementary Fig. 1. E2 increases and dieldrin decreases NMDARSs not associated with PSD95.
Cortical neurons were exposed to DMSO (control or C) or 60nM dieldrin (D60) for 6DIV and to 1nM E
(E1) for 2 DIV. Membrane extracts from the cultures were immunoprecipitated with an antibody raised
against PSD95 and then the supernatants after immunoprecipitation were used to determine the proteins

levels of NR1 by Western Blot.
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TRABAJO N° 4

Glutamatergic neurons are highly sensitive to organochlorine pesticide long-term
toxicity
Victor Briz, Sara Sanchez-Redondo, Cristina Sufol

Departamento de Neuroquimica y Neurofarmacologia, Instituto de Investigaciones Biomédicas de

Barcelona, CSIC — IDIBAPS, Barcelona.

En el presente estudio hemos comparado la neurotoxicidad de los pesticidas
organoclorados (OCPs) en dos cultivos neuronales diferentes: las células granulares de
cerebelo (CGC) y las neuronas corticales (CN). El dieldrin y el endosulfan fueron mas
toxicos que el lindano en ambos cultivos. Se observé también que las CGC maduras son
mas sensibles que las neuronas corticales a la neurotoxicidad inducida por los OCPs.
Por el contrario, las neuronas corticales inmaduras fueron mas susceptibles a la
exposicion prolongada a concentraciones bajas de estos pesticidas. El marcaje
inmuncitoquimico con vVGLUTI1 y GAD67 reveldo que las neuronas glutamatérgicas
corticles constituyen un tipo neuronal mas sensible que las GABAérgicas frente a la
toxicidad del dieldrin. Ademas, la fosforilacion de Akt y ERK1/2 se vio disminuida tras
24 horas de exposicion a dieldrin o endosulfan en CGC. Por otra parte, el tratamiento
con estradiol e insulina previno la muerte apoptética inducida por estos pesticidas en
CGC a través de la activacion conjunta de ERK1/2 y de Akt. Estos resultados muestran
por primera vez la susceptibilidad especifica de las neuronas glutamatérgicas frente a la
exposicion prolongada a estos contaminantes y destacan la participacion de las vias

PI3K/Akt y MAPK en la neurotoxicidad de los OCPs.
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ABSTRACT

BACKGROUND: The organochlorine pesticides (OCPs) endosulfan, dieldrin, and

lindane are highly persistent in the environment and they accumulate in plants and
animals, causing escalating exposure. These three compounds are convulsants due to
their antagonism of the y-aminobutyric acid-A (GABA,) receptor. They are also
endocrine disruptors because of their interaction with the estrogen receptor (ER).
However, little is known about the effects of prolonged exposure to OCPs in neurons.

OBJECTIVES: The aim of this study is to compare the neurotoxicity of OCPs in two

different neuronal cultures: cerebellar granule cells (CGC) and cortical neurons (CN).
We also tested different neuroprotective agents in order to address the mechanisms of
OCP-induced neurotoxicity. RESULTS: Dieldrin and endosulfan were more toxic than
lindane after long-term exposure in the two cultures studied. In addition, we observed
that mature CGC are more sensitive than mature CN to OCP-induced neurotoxicity. In
contrast, immature CN are primarily affected by prolonged exposure to low
concentrations of OCPs. Furthermore, our results revealed that glutamatergic neurons
constituted a more sensitive neuronal type than GABAergic neurons to dieldrin-induced
toxicity. We also observed that 24 h of exposure to OCPs in CGC reduced the
phosphorylation state of both Akt and ERK1/2. Moreover, treatment with estradiol and
insulin prevented OCP-induced apoptosis in CGC in an ERK- and Akt-dependent
mechanism. CONCLUSIONS: The present study highlights the susceptibility of

glutamatergic neurons against prolonged exposure to OCPs. The results also point out

the involvement of Akt and ERK1/2 pathways in OCP’s neurotoxicity.

Keywords: Pesticides; neurotoxicity; protein kinase B (Akt); extracellular-regulated

kinase (ERK); hormones.
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INTRODUCTION

Dieldrin, endosulfan and lindane are organochlorine pesticides (OCPs) that have been
extensively used in agriculture for decades. Because of their high persistence in the
environment, they contaminate the water and food, leading to escalating exposure
(Chopra et al., 2011; Schafer and Kegley, 2002). For instance, OCPs were detected in
95% of umbilical cord blood samples from a Spanish mother-child cohort and their
presence was associated with consumption of vegetables and fruits (Mariscal-Arcas et
al., 2010). Dieldrin and lindane have been recently listed in the Stockholm Convention

on Persistent Organic Pollutants (http://www.pops.int) due to their toxicity and

environmental health risk; while the status of endosulfan is currently under review.
Despite the use and production of dieldrin and lindane are banned in most developed
countries since several years ago, the general population is still exposed to OCPs

(Bouvier et al., 2006).

Acute exposure to these OCPs induce a hyperexcitability syndrome accompanied by
convulsions in mammals, due to their antagonism of the gamma-aminobutyric acid-A
(GABA,) receptor (Lawrence and Casida, 1984; Pomes et al., 1993; Pomes et al.,
1994b). Furthermore, the cyclodienes dieldrin and endosulfan interact at the GABA4
receptor with higher affinity than lindane as a result of their more hydrophilic chemical
structure, whereas all three compounds show the same inhibitory potency at the glycine
receptor (Vale et al., 2003). However, little is known about the effects of chronic
exposure to low concentrations of these chemicals. These pesticides have deleterious
effects on the development of GABAergic, glutamatergic and serotonergic
neurotransmissions (Briz et al., 2010; Cabaleiro et al., 2008; Liu et al., 1997; Slotkin
and Seidler, 2008; Slotkin and Seidler, 2009). In addition, dieldrin and lindane have
been proposed as environmental risk factors in the development of Parkinson’s disease
(Corrigan et al., 2000; Kanthasamy et al., 2003). Furthermore, early studies reported
behavioural alterations in animals after chronic exposure to OCPs (Mariussen and
Fonnum, 2006; Paul et al., 1994; Schantz and Widholm, 2001; Tilson et al., 1987;
Topinka et al., 1984). However, the molecular mechanisms responsible of such

cognitive deficits are poorly understood.

OCPs are also considered endocrine disruptors because they interact with several
nuclear receptors, including the estrogen receptor (ER). Dieldrin, endosulfan and

lindane have demonstrated in vitro estrogenic activity in MCF-7 human breast cancer-
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derived cells (Soto et al.,, 1994) and recombinant cell lines (Lemaire et al., 2006;
Maranghi et al., 2007). In addition, OCPs are able to rapidly activate ER-associated
signaling pathways in cell lines such as mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-Kinase (PI3K)/protein kinase B (Akt) cascades (Bulayeva and
Watson, 2004). We have recently reported that dieldrin, endosulfan and lindane cause a
sustained activation of extracellular-regulated kinase 1 and 2 (ERK1/2) and Akt as a
result of their interaction with ER and GABA4 receptor in primary neuronal cultures
(Briz et al., 2011). However, whether these estrogenic effects are involved in the

neurotoxic actions of OCPs remain to be determined.

Estrogens and insulin are hormones that have an important role in the development,
maturation and function of the central nervous system (CNS). 17B-estradiol (E,) is
known to influence different functions both in the developing and adult brain through
the activation of neuronal ERs, such as neuroendocrine events, reproductive behavior
synaptic plasticity and neuronal survival (Garcia-Segura et al., 2001; McEwen et al.,
1995; Micevych and Dominguez, 2009). In these regards, MAPK and PI3K/Akt
pathways have been implicated in ER-mediated synaptogenesis (Akama and McEwen,
2003; Ogiue-lkeda et al., 2008; Schwarz and McCarthy, 2008) as well as in
neuroprotection against different models of neurodegeneration (Bourque et al., 2009;
Mendez et al., 2005; Numakawa et al., 2007; Zhao and Brinton, 2007). Similarly,
activation of insulin-like growing factor-I receptor (IGF-IR) can modulate these
signaling pathways to induce neuroprotection in different neuronal populations
(Subramaniam et al., 2005; Willaime-Morawek et al., 2005). Furthermore, a functional
association between ER and IGF-IR has been shown to cooperatively regulate several
functions in the CNS, including neuroprotection. Indeed, PI3K/Akt and MAPK
pathways represent a point of convergence by which E, and IGF-I synergistically

promote neuronal survival (Mendez et al., 2005).

In the present work, primary cultures of cerebellar granule cells (CGC) and cortical
neurons (CN) were used to compare the long-term neurotoxic effects of dieldrin,
endosulfan and lindane along the maturation process of the neurons in vitro. We have
previously observed that OCPs have differential effects in these neuronal cultures
through different modulation of ERs, GABA and glycine receptors (Briz et al., 2011;
Vale et al., 1998a; Vale et al., 1998b; Vale et al., 2003). Moreover, these neuronal

cultures have been extensively used to predict human toxicity of OCPs and other
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environmental pollutants (Galofre et al., 2010; Sunol et al., 2008). Whereas CGC are a
quite homogenous neuronal population containing predominantly glutamatergic neurons
(> 90%), CN have more GABAergic neurons but also contain glutamatergic and
cholinergic neurons (Kinney et al., 2006; Sonnewald et al., 2004; Thomas, 1985).
Further, the use of cell-specific immunolabeling allowed us to compare the selective
susceptibility to OCP-induced cell death of glutamatergic versus GABAergic neurons.
Finally, we evaluated the possible therapeutic effects of several neuroprotective agents,
including the hormones E; and insulin, against OCP-induced neurotoxicity. The results
obtained from the present work point out the susceptibility of two important brain
regions such as the cortex and cerebellum against OCPs exposure, especially during the

development of the CNS.

RESULTS

Differential toxicity of OCPs after long-term exposure in primary neuronal

cultures

We first characterized the toxicological profile of dieldrin, endosulfan and lindane after
long-term exposure in primary cultures of CN and CGC. Two different times of
exposure (2 and 6 DIV) were chosen in order to study the time-dependent susceptibility
to OCPs of the neurons in culture. Exposure to all OCPs for 2-6 DIV caused a
concentration-dependent reduction of cell viability in the cultures studied (Fig. 1). After
2 DIV of exposure, CGC were more sensitive than CN to OCP-induced neuronal death
for all the compounds tested except for lindane (Fig.1A-C). In addition, dieldrin and
endosulfan were significantly more toxic than lindane both in CN and CGC. Table 1
and 2 summarize the half lethal concentration (LCsy) values for each chemical in MTT
assay after 2 and 6 DIV of exposure, respectively. Similar results were obtained with
LDH assay (data not shown). Unlike that observed with the shorter exposure time, the
toxicity of dieldrin after 6 DIV of exposure was higher in CN than in CGC. Again,
dieldrin and endosulfan were significantly more toxic than lindane in both CGC and
CN. In addition, dieldrin was more toxic than endosulfan in CN (Fig. 1D-F; Table 2).
Surprisingly, low concentrations of dieldrin (200-600 nM) significantly increase rather
than decrease cell viability in CGC (Fig. 1D). Finally, comparison of LC50 values from

tables 1 and 2 show that the neurotoxicity of all OCPs increased over time in culture
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both in CGC (p<0.01 for dieldrin; p<0.05 for endosulfan and lindane) and in CN
(p<0.001 for dieldrin and endosulfan; p<0.05 for lindane).

Nevertheless, the higher susceptibility of the cultured neurons against OCP-induced
neurotoxicity after 6 DIV of exposure with respect to 2 DIV can be either due to the
duration of the treatment or to the immaturity of the neurons when first exposed to the
pesticides. In order to discriminate between these two possibilities, we treated CN with
3 uM dieldrin at DIV 2 and we determined cell viability 3 or 6 DIV later. Interestingly,
when exposed to immature CN, dieldrin (3 pM) had a similar toxicity despite of the
duration of the treatment (MTT values with respect to control were 35.3% =+ 4.7 and
23.4% + 3.1 for 3 and 6 DIV of exposure, respectively, N=4). In contrast, mature CN
were resistant to the neuronal death induced by dieldrin (up to 10 uM) (Fig. 1A).
Likewise, immature CGC were more susceptible than mature ones to the neuronal death
induced by 10 uM dieldrin (MTT values with respect to control were 41.3% + 1.8 and
60.7% + 3.1 for exposures from DIV 2 to DIV 4 and from DIV 6 to DIV 8§, respectively,
P<0.01, N=3). As found in CN, the toxicity of dieldrin in CGC was not further
increased when the duration of the exposure was prolonged up to 6 DIV (Fig 1D).
These results indicate that the maturity of the cells rather than the duration of the

treatment determines the toxicity of dieldrin in these cultures.

Glutamatergic neurons are more sensitive than GABAergic neurons against

dieldrin toxicity

We next wanted to investigate whether the observed differences in OCP-neurotoxicity
between the cultures studied might be due to different susceptibility of the neuronal
types present in the cultures. Because GABAergic neurons have been described as less
susceptible against dieldrin-induced cell death than dopaminergic neurons in primary
cultures of mesencephalic neurons (Sanchez-Ramos et al., 1998), we wondered whether
glutamatergic neurons were more sensitive than GABAergic neurons to the
neurotoxicity caused by dieldrin. To address this, we performed immunocitochemistry
against VGLUT1 and GADG67 in order to detect glutamatergic and GABAergic neurons,
respectively, present in CN. Around 50% of neurons were positive for vGLUT1
immunostaining and almost 20% were GAD67-positive neurons (Fig. 2A). Exposure to
3uM dieldrin from 2 to 5 DIV killed about 65% of the neurons, as measured by

counting DAPI-positive neurons. Interestingly, 78% of the vGLUT 1-positive neurons
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died, while more than 60% of the GABAergic and around 45% of non stained neurons

were still alive after dieldrin exposure (Fig. 2A).

OCP-induced neuronal death is prevented by co-treatment with E; and insulin in

an Akt and ERK-dependent mechanism

Because mature CGC are more sensitive than mature CN to OCP-induced neurotoxicity,
we aimed to study the mechanisms by which OCPs produce neuronal loss in these cells.
Exposure for 48 h (from DIV 6 to DIV 8) to 10 uM dieldrin reduced cell viability of
CGC by 40% while CN remained unaffected under the same conditions (Fig. 1A and
2B). Since the production of reactive oxygen species (ROS) has been involved in
dieldrin neurotoxicity of dopaminergic neurons (Chun et al., 2001; Kitazawa et al.,
2001; Sharma et al., 2010), we tested whether dieldrin increase the levels of ROS by
monitoring the fluorescence of dichlorofluoresceine (DCF) at different times (from 1 h
up to 24h after dieldrin exposure) in CGC. However, dieldrin did not increase the levels
of ROS with respect to DMSO-treated cells at any time of exposure tested. In addition,
the antioxidant Trolox (10 uM) failed to protect CGC from dieldrin-induced neuronal
death (see Supplemental Material, Figure 1). We have previously shown that lindane
toxicity could be ameliorated by glutamate receptor antagonists both in CGC and CN
(Vale et al., 1998a; Vale et al., 1998b). However, treatment with a mixture of glutamate
receptor antagonists (MK-801 plus NBQX) did not prevent dieldrin-induced toxicity
(see Supplemental Material, Figure 1).

E, and insulin have been found to be neuroprotective against several experimental
paradigms and neurotoxins (Bourque et al., 2009; Lee et al., 2009; Mendez et al., 2005;
Mielke and Wang, 2005; Willaime-Morawek et al., 2005). Neither InM E; nor 500 nM
insulin were able to prevent dieldrin neurotoxicity when treated separately. However,
co-treatment with both hormones exerted a significant neuroprotection against 10uM
dieldrin-induced death in CGC (Figure 2B). Likewise, E; and insulin prevented the
reduction of CGC viability caused by endosulfan (see Supplemental Material, Figure 1).
We have recently reported that exposure to dieldrin for 1-5 h increase the
phosphorylation of both Akt and ERK1/2 in CGC (Briz et al., 2011). We further studied
the time dependence of kinase phosphorylation induced by dieldrin in these neurons.
Dieldrin caused a sustained activation of both Akt and ERK1/2 lasting 5 h, followed by
suppression 24 h after treatment (see Supplemental Material, Figure 2). Thus, we next

wondered whether the activation of ER or the MAPK and PI3K/Akt pathways caused
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by dieldrin could be related to its neurotoxic effects. In order to test this hypothesis, we
pretreated CGC with the respective inhibitors of ER (ICI 182780, 1 uM), MAPK
(U0126, 20 uM) or PI3K (LY294002, 20 uM) for 30 min and subsequently we exposed
CGC to dieldrin for 48 h together with the inhibitors either in the absence or presence of
E;, and insulin. None of the three inhibitors significantly affected the viability of control
(data not shown) or dieldrin-treated cells (Figure 2C). However, the neuroprotection
afforded by the simultaneous treatment with E; and insulin was prevented by U0126 and
LY294002, suggesting that activation of both MAPK and PI3K/Akt pathways are
required for the cooperative neuroprotection of the two hormones. Pretreatment with the
ER antagonist ICI 182780 reduced the neuroprotective effects of E; and insulin, but the

effect did not reach statistical significance (Figure 2C).

Subsequently, we determined the phosphorylation state of ERK1/2 and Akt 24 h after
dieldrin exposure in the presence of both E, and insulin in order to confirm the
involvement of these signalling pathways in hormone mediated-neuroprotection.
Exposure to 10 uM dieldrin for 24 h reduced the levels of phospho-Akt (Fig 3A) and
phospho-ERK1/2 (Fig. 4A). Treatment with either E, or insulin alone did not reverse
this effect, but when combined they significantly restored the basal levels of kinase
activation (Fig 3A and 4A). Similar effects were observed for endosulfan (see
Supplemental Material, Figure 2). Consistent with this, immunostaining of pAkt and
pERK was reduced after dieldrin or endosulfan exposure and hormone treatment
prevented this effect (Fig. 3B and 4B). These results confirm that the combined
activation of Akt and MAPK pathways by E, and insulin is necessary to prevent
dieldrin-induced cell death.

E; and insulin inhibited OCP-induced caspase-3 activation and apoptosis.

Because alterations of Akt and MAPK pathways may lead to apoptosis in CGC and
other cells (La Sala et al., 2009; Subramaniam et al., 2005; Willaime-Morawek et al.,
2005), we wanted to address whether OCP-induced neuronal death of CGC was
apoptotic and caspase-dependent or not. We found that dieldrin and endosulfan
increased the number of condensed nuclei after 24 h of exposure, indicating that the
neuronal death induced by these OCPs had apoptotic features. Treatment with E, and
insulin reduced the number of apoptotic nuclei after OCP exposure (Fig. 5A). Also, we
measured caspase and calpain activities by immunoblot against a-spectrin. This protein

can be differently degraded by caspases and calpains/cathepsins and as a result we
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would obtain proteolytic fragments of ~120 KDa or ~150 KDa, respectively. Exposure
to dieldrin and endosulfan for 24 h strongly increased caspase-dependent a-spectrin
proteolysis. In contrast, calpain/cathepsin activity remains unaffected by OCPs (Fig.
5B). In addition, we found that both dieldrin and endosulfan increased the cleavage of

caspase-3, which was prevented by E; and insulin treatment (Fig. 5C).

DISCUSSION

The present study shows that primary cultures of CN and CGC represent two highly
sensitive neuronal populations against the toxicity induced by long-term exposure to
OCPs. To the best of our knowledge, this is the first study demonstrating the selective
toxicity of OCPs for glutamatergic neurons. We have previously reported that long-term
exposure to dieldrin disrupts the development of glutamatergic neurotransmission as a
consequence of permanent GABA, receptor inhibition both in CN and CGC. However,
the effects of this pesticide in CN were observed at concentration 50 times lower than in
CGC (Babot et al., 2007; Briz et al., 2010). Thus, the higher susceptibility of CN vs.
CGC against dieldrin-induced neurotoxicity after 6 DIV of exposure is likely related to
its different efficiency in affecting GABAergic and glutamatergic neurotransmission in
these cultures. Supporting this, recent findings from our laboratory indicate that the
neurotoxic effects of dieldrin in CN are due to its GABA, receptor-dependent negative
modulation of NMDA receptors (manuscript in preparation). Conversely, exposure to
low concentrations of dieldrin for 6 DIV slightly increased immature CGC viability
rather than reduced it. This might be explained by the fact that, unlike CN, CGC are
grown in high potassium medium to maintain a mild but continue depolarization,
necessary for their survival. In this sense, partial blockade of the GABA4 receptor by
200-600 nM dieldrin (Vale et al., 2003) would initially produce a slight hyperactivation
of the glutamatergic system that may contribute to the activity-dependent survival of
CGC. On the other hand, chronic exposure to E2 in immature CGC has been shown to
increase their survival through ER-dependent transcriptional activity, whereas pulse
treatment with E2 is toxic in developing CGC (Wong et al., 2003). Since dieldrin is able
to activate the ER in these cells at lower concentrations than in CN (Briz et al., 2011),
another possibility is that long-term exposure to low concentrations of dieldrin could

mimics the neuroprotective effects of E2 under these conditions.
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Several studies have shown that monoaminergic (dopaminergic and serotonergic)
neurones are selectively sensitive to dieldrin-induced cytotoxicity after acute and
prolonged exposure (Kitazawa et al., 2001; Liu et al., 1997; Sanchez-Ramos et al.,
1998). Here, we show that mature CGC, which are predominantly glutamatergic
neurons (Sonnewald et al., 2004), constituted a highly sensitive neuronal population
against OCP toxicity, with LCsy values (~10 uM) similar to those previously observed
in monoaminergic neurons (Chan et al., 2006; Liu et al., 1997; Sanchez-Ramos et al.,
1998). Instead, mature CN were more resistant to OCP exposure, probably because they
are enriched in GABAergic neurons, which have been described as less sensitive to
dieldrin- and NMDA-mediated cell death (Kitazawa et al., 2001; Liu et al., 1997;
Sanchez-Ramos et al., 1998; Tecoma and Choi, 1989). Consistent with this, we now
show that cortical glutamatergic neurons were more susceptible than GABAergic
neurons to dieldrin toxicity. It is worth noting that the susceptibility of both cortical and
cerebellar glutamatergic neurons to dieldrin-induced cell death is strongly dependent on
the day of treatment, being much more sensitive when treated within the firsts DIV.
Synaptic activity has a crucial role in the survival and differentiation of developing
neurons and determine the formation and strengthening of neuronal networks.
Alterations of GABA, and glutamate receptor expression and function as that produced
by long-term exposure to dieldrin in our cultures (Babot et al., 2007; Briz et al., 2010),
may underlie the higher susceptibility of immature CGC and CN against OCP
neurotoxicity. Likewise, dieldrin has been shown to disrupt the GABAergic-dependent
development of monoamine neurons by modulating the expression of monoamine
transporters and receptors (Liu et al., 1997; Slotkin and Seidler, 2008). Since GABA
and glutamate neurotransmission are the main inhibitory and excitatory neuronal
systems, respectively, prenatal and/or early postnatal exposure to OCPs may have a

strong impact in the development of the CNS.

As we previously described for shorter exposure times, the neurotoxic potency of
lindane was similar between CGC and CN, although it is apparently related to different
modulation of GABA, and GABAg receptors (Vale et al., 1998a; Vale et al., 1998b).
Also, we have demonstrated that lindane toxicity of CGC is Ca-dependent and it can be
prevented by glutamate receptor antagonists, whereas that of CN is Ca-independent
(Pomes et al., 1994a; Rosa et al., 1997). Instead, the mechanisms of neurotoxicity for

dieldrin and endosulfan in our cultures are not yet fully understood. Because both
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dieldrin and endosulfan are more potent inhibitors than lindane at the GABA4 receptor
(Vale et al., 2003), their higher toxicity with respect to lindane observed in the present
work (Table 1 and 2) might be indirectly a consequence of excitotoxicity as a result of
GABA receptor blockade. However, a cocktail of glutamate receptor antagonists failed
to prevent dieldrin-induced neuronal death in CGC. On the contrary, our previous
observations indicate that GABA, receptor antagonists (including dieldrin) prevent
rather than accentuated glutamate-mediated excitotoxicity (Babot et al., 2005; Babot et

al.,2007; Briz et al., 2010).

The generation of ROS is well known to be involved in OCP toxicity of dopaminergic
neurons (Chun et al., 2001; Jia and Misra, 2007; Kitazawa et al., 2001; Sharma et al.,
2010). However, in our system dieldrin did not cause oxidative stress, at least within the
first 24 h of exposure. Moreover, the antioxidant trolox was unable to protect CGC from
dieldrin toxicity. Similarly, (Slotkin and Seidler, 2010) recently found that antioxidants
can prevent the oxidative stress but failed to prevent cell loss caused by dieldrin in
PC12 cells, suggesting that additional mechanisms should be implicated in dieldrin
neurotoxicity. We have recently reported that OCPs have different effects on Akt and
ERK1/2 phosphorylation within short exposure times (< 6 h) through their interaction
with ERs in CGC. Moreover, dieldrin has higher affinity for ER and it is more effective
in triggering Akt and ERK1/2 activation than endosulfan and lindane in these cells (Briz
et al., 2011). Here, the time-dependence of kinase activation followed an inverted U-
shape curve within the first hours and felt below the basal levels 24 h after pesticide
treatment. It is well known that physiological activation of these signaling pathways
plays an important role in neuronal survival. Instead, their disruption has been
associated with the neuronal damage observed under pathological conditions. For
instance, low-potassium containing-medium is a commonly used model to trigger
apoptosis in CGC, and it has been associated with reduction of Akt phosphorylation and
with delayed ERK1/2 phosphorylation (Subramaniam et al, 2005). Moreover, a
sustained inhibition or persistent activation of these kinases has been related to the cell
death produced by several environmental pollutants, including pesticides (Bourque et
al., 2009; Du et al., 2002; Kang et al., 2001; La Sala et al., 2009; Tan et al., 2009).
Prolonged activation of PI3K, ERK or ER appear not to be involved in dieldrin
neurotoxicity since the specific inhibitors of these proteins did not rescue CGC from

dieldrin-mediated cell death. In contrast, the results presented here suggest that the
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reduction of Akt and ERKI1/2 phosphorylation observed 24 h after dieldrin and
endosulfan exposure could be responsible, at least in part, for the neuronal death
observed 24 h later (2 DIV after OCP exposure). According to that previously described
in cell lines (Jia and Misra, 2007; Kanthasamy et al., 2003), dieldrin and endosulfan
caused caspase-3 activation and apoptosis in our neuronal cultures. In contrast,
lysosomal-dependent necrosis or autophagy seem not to be involved in OCP-induced
cell death since calpain/cathepsin activity was unaffected by either dieldrin or
endosulfan treatment. In dopaminergic neurons, dieldrin-induced mithocondrial failure
and DNA damage involves activation of protein kinase C-6 and can be prevented by
overexpression of Bcl-2 (Kanthasamy et al., 2003). Similarly, the negative modulation
of Akt and ERK1/2 activity may lead to apoptosis through different regulation of pro-
and anti-apoptotic mithocondrial proteins in CGC (Barneda-Zahonero et al., 2009;
Linseman et al., 2002). Thus, although the signalling pathways associated with OCP-
induce apoptosis are apparently different between CGC and dopaminergic neurons, they

converge to activate caspase-3-dependent neuronal death.

The present study shows that E, and insulin cooperatively protect CGC from dieldrin-
induced apoptotic cell death and this effect is PI3K- and ERK-dependent but ER-
independent. Likewise, E, and tamoxifen neuroprotection against manganese toxicity
has been reported to be ER-independent but associated with the activation of PI3K/Akt
and MAPK pathways (Lee et al., 2009). In addition, several studies have shown that the
PI3K/Akt and MAPK pathways mediate the pro-survival effects of E, and/or
insulin/IGF-I against different neurotoxic insults both in vivo and in vitro (Bourque et
al., 2009; Numakawa et al., 2007; Subramaniam et a/., 2005; Willaime-Morawek et al.,
2005; Zhao and Brinton, 2007). Furthermore, a cross talk between E, and IGF-I
signaling through these pathways has emerged as a crucial point of convergence by
which the two hormones modulate different functions in the brain, including neuronal
survival (Mendez et al., 2005). In addition, E; and insulin have been shown to increase
GABA levels and GABA, receptor cell membrane expression in hippocampal neurons,
respectively (Mielke and Wang, 2005; Shen et al., 2005; Zhou et al., 2007). The
positive effect of insulin on GABA, receptors is apparently related to Akt activation
(Fujii et al., 2010) and is responsible for its neuroprotective action against oxygen-
glucose deprivation in vitro (Mielke and Wang, 2005), whereas E2 prevent bicuculline-

induced spine loss by restoring GABA synthesis (Fujii et al., 2010; Zhou et al., 2007).
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Thus, it is possible that insulin and E, cooperatively increase GABAergic
neurotransmission and this in turn may counteract the permanent inhibition of GABA4
receptor and probably the neuronal death caused by prolonged exposure to dieldrin.
Overall, the alterations in GABA and glutamate neuronal systems described in the
present study may contribute to the cognitive and behavioural deficits reported in
animals chronically exposed to OCPs (Mariussen and Fonnum, 2006; Paul et al., 1994;
Schantz and Widholm, 2001; Tilson et al., 1987; Topinka et al., 1984). Further, the
beneficial effects of E, and insulin against OCP neurotoxicity support their potential
therapeutic use against other neurotoxins and neurodegenerative diseases in which the

PI3K/Akt and MAPK pathways are involved.

MATERIALS AND METHODS
Materials

Pregnant NMRI mice (16" gestational day) and mice pups (7™ postnatal day) were
obtained from Charles River, Iffa Credo (Saint Germain-sur-1’ Arbreste, France). Plastic
multiwell plates were from Nunc™ (Rockilde, Denmark). Fetal calf serum was obtained
from Gibco (Invitrogen, Barcelona, Spain). Dulbecco’s modified Eagle’s minimum
essential medium (DMEM) was from Biochrom (Berlin, Germany). Isofluorane
(FORANE®) was from Abbot Laboratories (Madrid, Spain). Trypsin, soybean trypsin
inhibitor, DNAse, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), dieldrin, a-endosulfan, 17p-estradiol (E,), insulin,
picrotoxinin, (+)-MK-801 hydrogen maleate (MK-801), LY294002 and
sulphorhodamine-B (SRB) were from Sigma (St. Louis, MO, USA). B-HCH was from
LGC (Teddington Middlesex, U.K.). Lindane was from the Institute of Industrial
Organic Chemistry (Warsaw, Poland). ICI 182780 (ICI) and 2,3-dioxo0-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) were from Tocris Cookson
(Bristol, U.K.). U0126 was from Calbiochem (EMD Bioscience Inc., La Jolla, CA,
USA).

Neuronal Cultures

Primary cultures of cortical neurons (CN) and cerebellar granule cells (CGC) were
prepared from cerebral cortices of embryonic day 18 mice fetuses and from cerebellum

of 7-day-old mice pups respectively as we previously described (Briz et al., 2011).
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Briefly, pregnant animals were anesthetized with isofluorane, killed by cervical
dislocation and fetuses extracted. Cortices were dissected with forceps, mechanically
minced and cells were then dissociated by mild trypsinization [0.02% (w/v)] at 37°C for
10 min followed by trituration in a DNAse solution [0.004% (w/v)] containing soybean
trypsin inhibitor (0.05% [w/v)]. The cells were then suspended in DMEM containing 5
mM KCI, 31 mM glucose and 0.2 mM glutamine supplemented with p-aminobenzoate,
insulin, penicillin and 10% foetal calf serum. The cell suspension (1.5 x 10° cells/ml)
was seeded in 6-, 24- or 96-well plates precoated with poly-D-lysine and incubated for
at least 8 days in a humidified 5% CO,/95% air atmosphere at 36.8°C. A mixture of 5
uM 5-fluoro-2’-deoxyuridine and 20 uM uridine was added after 1-2 days in vitro
(DIV) to prevent glial proliferation. In the case of CGC, cerebellum was removed after
decapitation and cells were dissociated by mild trypsinization. From this step the
procedure is the same as for CN, but DMEM contains 25 mM KCI. Animals were
handled in compliance with protocol DMA1852 of the University of Barcelona,
approved by the Generalitat de Catalua, following the EU guidelines.

Chemical Treatments

Stock solutions for each compound were prepared in DMSO and frozen in aliquots of
100 pl. The final concentration of DMSO in the culture medium was <0.5%. To avoid
cross-contamination between different wells in the same plate, DMSO or pesticide
treatments were applied on separate plates. Cultured neurons were treated with OCPs by
adding the stock pesticide solution to the culture medium at day in vitro (DIV) 1-2
(when cultured neurons are still immature) or DIV 6 (when cultured neurons are
considered mature) (Frandsen and Schousboe, 1990). The medium was not change until
the experiments were performed at 7-8 DIV (exposure times referred as exposure for 6
and 2 DIV, respectively). In some experiments neurons were treated at DIV 1-2 and the
experiments were performed at 4-5 DIV. Pre-treatments with ICI and the inhibitors of
kinases (U0126 and LY294002) were performed in Hank’s solution (1.3mM CaCl,
5.4mM KCl, 0.4mM KH,PO,4, 0.5mM MgCl, 0.4mM MgSO,, 137mM NaCl, 4.2mM
NaHCOs3, 0.3mM Na,HPO4, 8mM HEPES, 5.5mM glucose, adjusted to pH 7.4) and
after washing them out, the culture medium containing the indicated treatments was

replaced.

Cytotoxicity
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Cell viability was assessed by measuring the reduction of the colored formazan salt
MTT by mithocondrial activity, whereas cytotoxicity was assessed by quantifying the
release of the cytosolic enzyme lactate dehydrogenase (LDH) as described by (Briz et
al., 2010). The methods were used simultaneously for every experiment. In some
experiments, cell counting was also used to determine the number of live/death neurons,

e.g. DAPI-positive neurons or ToPro-3-positive neurons (see below).
Immunocytochemistry

vGLUT1 and GAD67 immunostaining. Cells were grown in 24-well plates and

immunostaining was performed as previously described by (Briz et al., 2010), with
modifications. Cultures were rinsed with PBS, fixed in 4% PFA for 15 min and after
washing out they were incubated with methanol at -20°C for 10 min. Cells were blocked
in 10% FBS in PBS for 30 min at room temperature. Subsequently, cultures were
incubated overnight at 4°C with primary guinea pig anti-vGLUT1 (1:2000) and mouse
anti-GADG67 (1:500) antibodies in a solution containing 5% BSA in PBS (PBS-BSA)
and rinsed three times with PBS for 5 min. Cells were first incubated with PBS-BSA
containing biotinylated protein A (1pg/ml) for 2 h at room temperature and then
incubated with PBS-BSA containing secondary streptavidine-conjugated Alexa 594
(1:1000; Molecular Probes) antibody for another 2 h at room temperature. After three
rinses with PBS, cells were incubated with secondary donkey anti-mouse Alexa 488
(1:1000; Molecular Probes). After washing out with PBS, cells were incubated with
DAPI (1:10000) for 15 min at room temperature. The immunostained cells were
examined in a fluorescence microscope (Nikon). Cell counting was performed in five
different fields (using an objective 20X) per well, and 4-5 different wells for each
treatment were used for quantification. Results were expressed as percentage of stained

neurons with respect to total number of neurons (DAPI-positive neurons).

phospho-Akt and phospho-ERK1/2 immunostaining. Cells were grown in Permanox

chamber slides (Nunc) treated with poly-D-lysine and immunostaining was performed
as described above, with little modifications. Cells were blocked in 10% FBS in PBS
for 1 h at room temperature and then incubated overnight at 4°C with primary rabbit
anti-phospho-Akt (Ser473) or anti-phospho-p44/42 MAPK (Thr202/Tyr204) antibodies
(both 1:200, Cell Signaling, Danvers, MA) prepared in PBS-BSA. Cells were incubated
with secondary goat anti-rabbit Alexa 488 (1:1000; Molecular Probes) antibody
prepared in PBS-BSA for 2 h and then with ToPro-3 (1:10000, Invitrogen) for 20 min at
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room temperature. After rinsing with PBS, the slides were coverslipped with Mowiol.
The immunostained cells were examined in a confocal fluorescence microscope (Leica
microsystems) using the same excitation laser intensity for control, dieldrin- and
hormone-treated cells. Apoptotic nuclei counting was performed in four different fields
(using an objective 20X) per well and 2-3 different wells for each treatment were used
for quantification. Results were expressed as percentage of condensed nuclei with

respect to total number of nuclei (ToPro-3-positive neurons).
Western Blot

Neuronal cultures grown in 6-well plates were washed twice with cold Hank’s solution
and cells were harvested with 0.2 ml of loading buffer [62.5mM Tris-HCI (pH 6.8),
10% glycerol, 2% SDS and 50mM dithiothreitol] and briefly sonicated. After boiling
for 5 min and being centrifuged at 16100 x g for 5 min , 25 pl of the homogenate was
subjected to SDS-PAGE using 10-12% polyacrilamide resolving gel at 60 mA for 1.5-2
h. Proteins were transferred into a nitrocellulose membrane and incubated with 5%
nonfat dry milk in TBS-T (20mM Tris-HCI (pH 7.6), 140mM NaCl, 0.1% Tween-20).
Membranes were incubated overnight at 4°C with the following primary antibodies:
rabbit polyclonal anti-Akt, rabbit monoclonal anti-p44/42 MAPK, anti-phospho-Akt
(Serd73), anti-phospho-p44/42 MAPK (Thr202/Tyr204) (All 1:2000, Cell Signaling).
All primary antibodies were diluted in TBS-T containing 5% bovine serum albumin
(BSA), except anti-ERP which was diluted in TBS-T containing 5% nonfat dry milk.
After the membranes were washed, they were incubated for 1 h with anti-rabbit
horseradish peroxidase-conjugated (HRP) secondary antibody (1:4000, Jackson
InmunoResearch, West Grove, PA). On all the membranes, anti-GAPDH (1:4000,
Assay Designs, Ann Arbor, MI) and a secondary HRP-linked anti-mouse (1:8000,
Jackson InmunoResearch) antibodies were used as a control of the amount of protein
loaded. The membranes were washed and incubated for 4 min in a chemiluminescent
solution (Immun-Star HRP Kit, Bio-Rad, Hercules, CA). Luminescence was quantified
with a Versadoc Imagine System (Bio-Rad). Digital images were then quantified in the

Quantity One software (Bio-Rad).
Data analysis

Data are shown as mean + SE. Unless otherwise stated, at least three experiments from
independent culture batches were performed, each one in triplicate. Individual dose-

response curves were fitted using the sigmoid dose-response function of a graphics and
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statistics software package (Graph-Pad Prism, version 4.0, 2003, Graph-Pad Software
Inc., San Diego, CA, USA). Statistical comparisons were made by ¢-test when
comparing two groups, one-way ANOVA followed by Dunnett’s post-comparison test
when comparing more than two groups, and two-way ANOVA followed by Bonferroni
post-test when comparing two factors. Differences were considered statistically

significant when P < 0.05 (95% confidence).
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TABLE 1

Toxicity of OCPs after exposure for 2 DIV in primary neuronal cultures

LCS0 (nM) Dieldrin Endosulfan Lindane
CGC 14.7 + 0.6%* " 14.5 + 1.7+ " 72.7+14.9
CN 33.2+0.2* 27.2 +£3.3% 80.1 £18.6

Primary cultures of cortical neurons (CN) and cerebellar granule cells (CGC) were treated with OCPs and
2 DIV later cell viability was determined by the MTT assay. LC50 values were calculated by adjusting
the curves from Fig.1A-C into a non-linear fit regression (mean + SE of 3-4 independent experiments).
Statistical differences by one-way ANOVA were obtained for dieldrin and endosulfan in CGC
(**P<0.01) and CTX (*P<0.05) with respect to lindane; and comparing CGC and CN for endosulfan and
dieldrin ("P<0.05, **P<0.001, two-tailed r-test).

TABLE 2

Toxicity of OCPs after exposure for 6 DIV in primary neuronal cultures

LCS0 (nM) Dieldrin Endosulfan Lindane
CGC 8.7+ 0. 7%** 6.2+ 1.8%** 28.3£0.7
CN 1.9 & (. 3#wx S5 10.5 £ 2.5%%* 39.5+2.0"

Primary cultures of cortical neurons (CN) and cerebellar granule cells (CGC) were treated with OCPs and
6 DIV later cell viability was determine by the MTT assay. LC50 values were calculated by adjusting the
curves from Fig.1D-F into a non-linear fit regression (mean + SE of 3-4 independent experiments)
Statistical differences by one-way ANOVA were obtained for dieldrin and endosulfan with respect to
lindane in CN and CGC (***P<0.01); for dieldrin with respect to endosulfan in CN (*P<0.01); and for
dieldrin and lindane comparing CGC and CN (“P<0.05; “*P<0.001, two-tailed t-test).
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Figure 1. Concentration-dependent reduction of cell viability after long-term exposure to OCPs.
Primary cultures of cortical neurons (m) and cerebellar granule cells (V) were exposed to different
concentrations (1-100 uM) of dieldrin, endosulfan and lindane for 2 (panels A-C) or 6 DIV (panels D-F).
MTT values are expressed as % with respect to cells exposed to DMSO (mean + SE, N = 3-4).
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Figure 2. Selective toxicity of dieldrin in glutamatergic neurons. Neuroprotection by E2 and insulin
against dieldrin neurotoxicity is Akt and ERK-dependent. A) Immunocytochemistry for vGLUT1
(red) and GADG67 (green) was performed to specifically label glutamatergic (arrows) and GABAergic
(arrowheads) neurons, respectively, present in immature cortical neurons. Non-stained neurons for neither
vGLUT1 (red) nor GAD67 were designate as others (double arrows). DAPI (blue) immunostaining was
performed to detect the total number of nuclei. Statistical differences in cell counting (top of the panel)
were obtained by two-way ANOVA: *** p <0.001 vs. DMSO-treated cells. B) Mature cerebellar granule
cells were exposed to DMSO or 10 uM dieldrin for 2 DIV both in the absence and presence of E, (InM),
insulin (500nM) and a mixture of both hormones. MTT values are expressed as % with respect to cells
exposed to DMSO (mean = SE, N = 3-7). Statistical comparisons were made by two-way ANOVA: *** p
<0.001 vs. DMSO-treated cells; * p < 0.01 vs. dieldrin-treated cells. C) Mature cerebellar granule cells
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were pre-treated with ICI 182780 (1 uM), U0126 (20 uM) or LY294002 (20 uM) for 30 min and then
exposed to 10 uM dieldrin for 2 DIV either in the absence or presence of E, (InM) and insulin (500nM).
MTT values are expressed as % with respect to cells exposed to DMSO (mean + SE, N = 2-7). Statistical
comparisons were made by two-way ANOVA: ** p <0.01 vs. dieldrin-treated cells; ™ p < 0.01 vs.

E2-+Insulin-treated cells.
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Figure 3. E, and insulin prevented dieldrin- and endosulfan-induced reduction of Akt
phosphorylation. A) Cerebellar granule cells were exposed to DMSO (C) or 10 uM dieldrin (D) for 24 h
both in the absence and presence of E, (1nM), insulin (500nM) and a mixture of both hormones (E,+I)
and then the protein levels of GAPDH, Akt and phospho-Akt were determined by Western Blot.
Densitometric quantification of the immunoblots is shown on the left and a representative immunoblot for
the indicated proteins is shown on the right of the panel. Data are mean + SE of three independent
experiments. Statistical comparisons were made by one-way ANOVA: * p < 0.05, ** p <0.01, *** p

<0.001 vs. DMSO-treated cells; * p < 0.05 vs. dieldrin-treated cells. B) Cerebellar granule cells were

- 157 -



exposed to DMSO, 10 uM dieldrin or 10 uM endosulfan for 24 h both in the absence and presence of E,

(1nM) and insulin (500nM) and then neurons were immnunostained for phospho-Akt.
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Figure 4. E, and insulin prevented dieldrin- and endosulfan-induced reduction of ERK1/2
phosphorylation. A) Cerebellar granule cells were exposed to DMSO (C) or 10 pM dieldrin (D) for 24 h
both in the absence and presence of E, (1nM), insulin (500nM) and a mixture of both hormones (E,+I)
and then the protein levels of GAPDH, ERK1/2 and phospho-ERK1/2 were determined by Western Blot.
Densitometric quantification of the immunoblots is shown on the left and a representative immunoblot for
the indicated proteins is shown on the right of the panel. Data are mean + SE of 2-6 independent
experiments. Statistical comparisons were made by one-way ANOVA: * p <0.05, ** p <0.01 vs. DMSO-
treated cells; * p < 0.05 vs. dieldrin-treated cells. B) Cerebellar granule cells were exposed to DMSO, 10
pM dieldrin or 10 uM endosulfan for 24 h both in the absence and presence of E, (1nM) and insulin

(500nM) and then neurons were immnunostained for phospho-ERK1/2.
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Figure 5. Dieldrin- and endosulfan-induced apoptosis is dependent of caspase-3. A) Cerebellar
granule cells were exposed to DMSO, 10 uM dieldrin or 10 uM endosulfan for 24 h both in the absence
and presence of E, (InM) and insulin (500nM) and then neurons were labeled with the nuclear dye To-
Pro-3. The number of apoptotic cells was determined by counting neurons with marked condensed nuclei
(arrows) and was expressed as % compared with total cells (bottom of the panel). Statistical differences
were obtained by two-way ANOVA: *** p <0.001 versus DMSO-treated cells; “ p < 0.01 vs. OCP-

treated cells. B) Calpain/cathepsin and caspase activities were determined by Western Blot analysis of a-
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spectrin in cerebellar granule cells previously exposed to DMSO (C), 10 uM dieldrin (D) or 10 uM
endosulfan (E) for 24 h. Data are mean + SE of three independent experiments. Statistical comparisons
were made by one-way ANOVA (** p <0.01 vs. DMSO-treated cells). C) Caspase-3 activity was
determined by Western Blot analysis of cleaved caspase-3 in cerebellar granule cells previously exposed
to DMSO (C), 10 uM dieldrin (D) or 10 uM endosulfan (E) for 24 h both in the absence and presence of
E, (1nM) and insulin (500nM) (E,+I). Data are mean + SE of three independent experiments. Statistical
comparisons were made by two-way ANOVA: ***  <0.001 vs. DMSO-treated cells; “ p < 0.05, * p <
0.01 vs. OCP-treated cells.
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Supplementary Fig. 1A. Exposure to dieldrin did not produce oxidative stress in cerebellar granule
cells. Fluorescence of DCF was determined at 1, 2, 6 and 24 h after exposure to DMSO (control) or 10uM
dieldrin. Results are expressed as % with respect to basal fluorescence measure before treatments (mean =+
SE, N =3-4). 1B. Effect of antioxidants and glutamate receptor antagonists on dieldrin-induced
reduction of cell viability in cerebellar granule cells. MTT values were obtained from neurons exposed
to DMSO (white bars) or 10uM dieldrin (black bars) for 2 DIV either in the absence or presence of the
antioxidant Trolox (10uM) and the glutamate receptor antagonists MK801 and NBQX (both at 10uM).
Results are expressed as % with respect to cells incubated with Hank’s solution (mean + SE, N =2).
Statistical analysis was obtained by two-way ANOVA: * p < 0.05, ** p < 0.01 compared with DMSO-
treated cells. 1C. Effect of E, and insulin on endosulfan-induced reduction of cell viability in
cerebellar granule cells. MTT values were obtained from neurons exposed to DMSO or 10uM
endosulfan for 2 DIV alone or in combination with E, (InM), insulin (500nM) and a mixture of both
hormones. Results are expressed as % with respect to cells incubated with Hank’s solution (mean + SE, N
=2-5). Statistical analysis was obtained by one-way ANOVA: ** p < 0.01 vs. DMSO-treated cells; * p <
0.05, ™ p < 0.01 vs. endosulfan-treated cells.

PERK/ERK

th  2h  Sh 12h 24h . C 300 1h 2h Sh 12h 24h

Supplementary Fig.2. Time-dependence of dieldrin-induced ERK1/2 (left) and Akt (right)
phosphorylation. Cerebellar granule cells were exposed to DMSO for 24 h (C) or to 10 uM dieldrin for
different times and then the protein levels of GAPDH, Akt, phospho-Akt, ERK1/2 and phospho-ERK1/2
were determined by Western Blot. Data are mean + SE of 2-3 independent experiments. Statistical

comparisons were made by one-way ANOVA: * p <0.05, ** p <0.01 vs. DMSO-treated cells.
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Supplementary Fig.3. E, and insulin prevented endosulfan-induced reduction of Akt (left) and
ERK1/2 (right) phosphorylation. Cerebellar granule cells were exposed to DMSO (C) or 10 uM
endosulfan (E) for 24 h both in the absence and presence of E, (InM) and insulin (500nM) and then the
protein levels of Akt, phospho-Akt, ERK1/2 and phospho-ERK1/2 were determined by Western Blot.
Densitometric quantification of the immunoblots is shown on the bottom and a representative
immunoblot for the indicated proteins is shown on the top of the panel. Data are mean = SE of 2
independent experiments. Statistical comparisons were made by one-way ANOVA: * p < 0.05, ** p <

0.01, vs. DMSO-treated cells; # p <0.05 vs. endosulfan-treated cells.

Supplementary methods

Determination of radical oxygen species

The fluorescent probe 2°,7’-dichlorofluorescein diacetate (DCF-DA) (Sigma) was used
quantify the generation of ROS. Cultured cortical neurons grown in 96-well plates were
rinsed with pre-warmed Hanks solution and incubated with DCF-DA (10uM) prepared
in Hanks solution for 30 min at 37°C protected from the light. After measuring basal
fluorescence in DMEM solution, cells were then treated with the chemicals (prepared in
DMEM) and maintained at 37°C in the darkness. Fluorescence was monitored at
different times in a fluorimetric plate reader (SpectraMax GeminisXS; Molecular

Devices, Sunnyvale, CA, USA) at an Ex/Em of 530/590 nm.
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TRABAJO ANEXO

1. Deteminacion de los pesticidas organoclorados en el medio extracelular tras su
exposicion prolongada en cultivos primarios de neuronas corticales.

En el trabajo n° 2 determinamos la cantidad de dieldrin, endosulfan y lindano que se
habia incorporado a las neuronas corticales tras 6 DIV de exposicion, obteniendo, en
todos los casos, una concentracion intracelular que se correspondia, aproximadamente,
al 10% de la concentracion inicial. Paralelamente, determinamos la concentracion de
estos compuestos que quedaba en el medio extracelular tras los 6 DIV de exposicion.
Para ello, igualmente, hicimos uso de la cromatografia de gases acoplada a un detector
de captura electronica, descrito detalladamente en el trabajo N°2. En la tabla 1 se

muestran los resultados obtenidos.

Tabla 1
e Concentracion Porcentaje
- Concentracion
Pesticida inicial (nM) extracelular final  presente tras 6
(nM) DIV de exposicion

Dieldrin 100 16+11.2 16+11.2
Endosulfan 1000 9.46 0.95
Lindano 10,000 590.41 5.90

Nota: Tras los tratamientos, los compuestos fueron extraidos en hexano y separados mediante
cromatografia de gases. La concentracion de cada uno de ellos fue determinada a través de un detector de
captura electronica (para una descripcion detallada del procedimiento mirar la seccion de métodos del
trabajo n° 2). Los valores representan una sola medida en el caso de endosulfan y lindano, y tres medidas

independientes (media+SD) en el caso de dieldrin.

Estos datos indican que la proporcion de pesticida presente en el medio extracelular
(respecto a la concentracion inicial) tras 6 DIV de exposicion es mayor para el dieldrin
que para el lindano y mayor todavia respecto a la del endosulfan. Estos resultados se
corresponden con el grado de degradacion de cada pesticida en aguas y suelos (HSDB)
asi como en el medio de cultivo (sin células) tras 8 dias a 37°C observado en un trabajo
previo (Babot, 2006), en donde la proporcién presente era: 95% para dieldrin, 1,7% para

endosulfan y 3,3% para lindano.
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2. Afinidad del dieldrin por el receptor GABA, en neuronas corticales tras su
exposicion aguda y prolongada

En el trabajo n° 1 determinamos la potencia inhibitoria del dieldrin sobre el receptor
GABA, en neuronas corticales tras 2 y 6 DIV de exposicion mediante el ensayo de
unién a [*°>S]-TBPS. Al mismo tiempo, evaluamos la afinidad del dieldrin al receptor
tras su exposicion aguda. En la tabla 2 se muestra una comparativa de los valores de

IC50 obtenidos en cada caso.

Table 2

Tiempo de exposicion Agudo 2 DIV 6 DIV

ICS50 en el ensayo de

+ + * + *
union a [*S]-TBPS 263+1.2 140.5+9.2 145.5+46.3

Nota: Cultivos primarios de neuronas corticales de 8 DIV fueron incubados con 1,5-3 nM de [°S]-TBPS
durante 30 minutos en presencia de diferentes concentraciones (10-200 nM) de dieldrin (agudo), o bien
tras 2 0 6 DIV de exposicion a 10-200 nM de dieldrin (para una descripcion detallada del procedimiento
mirar la seccion de métodos del trabajo n° 1). Los valores de IC50 obtenidos de cada curva se
determinaron mediante un ajuste por regresion no lineal y representan tres medidas independientes

(media+SD). El analisis estadistico muestra diferencias significativas: * p < 0.05 vs. tratamiento agudo.

Los resultados indican que el bloqueo del receptor GABA4 por parte del dieldrin es mas
efectivo tras su exposicion aguda que prolongada. Sin embargo, no existe ninguna
diferencia entre las exposiciones durante 2 y 6 DIV. Estos datos se correlacionan con la
estabilidad del compuesto en el medio extracelular mencionada anteriormente; de
manera que su concentracion extracelular tras 6 DIV de exposicion es unas 6 veces
menor que la inicial y, de acuerdo con esto, su potencia de inhibicion sobre el receptor

GABA4 tras 6 DIV es entre 5 y 6 veces inferior a observada en la exposicion aguda.
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3. Efectos de la exposicion prolongada a los pesticidas organoclorados sobre los

niveles de expresion de los receptores metabotropicos de glutamato de tipo I en

cultivos primarios neuronales

En el primer trabajo estudiamos, entre otras cosas, la expresion de los receptores
metabotropicos de glutamato de tipo I en neuronas corticales tras la exposicion
prolongada a dieldrin. Hemos querido ampliar el estudio a los otros dos pesticidas

organoclorados, el endosulfan y el lindano, tanto en estos cultivos como en los de

células granulares de cerebelo.
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Fig. 1. Efectos de los pesticidas organoclorados sobre los receptores metabotrépicos de glutamato
de tipo I. Cultivos primarios de células granulares de cerebelo (paneles A-C) y de neuronas corticales
(paneles C-D) fueron tratados durante 6 DIV con DMSO (Control o C), 0,2 pM y/o 3uM de dieldrin
(D0,2 0 D3), 1 uM o 3uM de endosulfan (E1 o E3), 10uM de lindano y 100uM de picrotoxinina (PTX).

Tras los tratamientos, los niveles de actina, mGLUR1 y mGLURS fueron determinados mediante Western
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blot (para mas detales sobre el procedimiento mirar la seccion de métodos del trabajo n° 1). En la parte
inferior de cada panel se muestra un ejemplo representativo de cada inmunoblot y en la parte superior su
cuantificacion densitométrica. Los resultados hacen referencia a la media £ SE de 2-5 experimentos
independientes. La comparaciones estadisticas se realizaron mediante one-way ANOVA: * p <0.05, ** p

< 0.01, respecto al control.

A diferencia de lo observado en neuronas corticales, el tratamiento durante 6 DIV con
dieldrin redujo los niveles de mGLURI en células granulares de cerebelo. En cambio, la
exposicion prolongada a endosulfan o lindano no produjo el mismo efecto. Con el fin de
comprobar si los efectos del dieldrin estaban mediados por su accion sobre el receptor
GABA,4, como sucedia en las neuronas corticales, utilizamos la picrotoxinina. Sin
embargo, el tratamiento con ésta durante 6 DIV tampoco modificé la expresion de
mGLURI1 (Fig. 1A). Llevamos a cabo el mismo procedimiento con mGLURS, y
observamos que, nuevamente, el dieldrin era el unico de los pesticidas utilizados capaz
de modificar la expresion de este receptor. No obstante, al contrario de lo sucedido con
mGLURI, la exposiciéon prolongada a dieldrin incrementd los niveles de mGLURS
(Fig. 1B). En este caso, el tratamiento con picrotoxinina tampoco alterd la expresion de
mGLURS en células granulares de cerebelo. Por el contrario, la picrotoxinina si que
redujo la expresion de este receptor en neuronas corticales (Fig.1C). De manera similar,
los niveles de mGLURS de vieron disminuidos tras la exposiciéon durante 6 DIV a los
tres pesticidas organoclorados, como ya habiamos observado en el trabajo n° 1 a una
concentracion inferior de dieldrin (Fig.1D).

Estos resultados indican, por un lado, que los pesticidas organoclorados tienen efectos
similares sobre mGLURS en neuronas corticales, aunque el dieldrin a una concentracion
menor que el endosulfan y el lindano. Estos efectos estan mediados, ademads, por su
accion inhibitoria sobre el receptor GABAA puesto que son mimetizados por la
picrotoxinina, algo que ya se intuia con el dieldrin en el primer trabajo, lo que sugiere
que endosulfan y lindano podrian reproducir los efectos del dieldrin sobre el receptor
NMDA descritos en el presente estudio. Por el contrario, los efectos del dieldrin sobre
mGLUR1 y mGLURS en células granulares de cerebelo, no parecen mediados por el
receptor GABAA ya que no se observaron ni con picrotoxinina ni con los otros

pesticidas.
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4. La alopregnanolona no previene la muerte neuronal inducida por dieldrin en

células granulares de cerebelo.

Puesto que la alopregnanolona demostrd tener propiedades neuroprotectoras frente a la
toxicidad del dieldrin en neuronas corticales, comprobamos si esto también sucedia en
células granulares de cerebelo. Sin embargo, la exposicion el tratamiento con este
neuroesteroide no impidié la muerte neuronal causada por la exposicion prolongada a
dieldrin, ya fuera en cultivos maduros o inmaduros (Fig. 2). Esto sugiere que el
mecanismo de muerte inducida por el dieldrin es diferente entre los cultivos y por tanto
la participacion del receptor GABA, es menor al respecto en las células granulares de
cerebelo, o bien que los receptores de estas neuronas tienen una sensibilidad menor

hacia los neuroesteroides.
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Fig. 2. La alopregnanolona no protégé frente al dieldrin en células granulares de cerebelo. Células
granulares de cerebelo inmaduras (panel izquierdo) y maduras (panel derecho) fueron tratadas con DMSO
10uM de dieldrin de DIV 2 a DIV 4 y de DIV 6 a DIV 8, respectivamente, en presencia de 10uM de
alopregnanolona. Los valores de MTT se expresan en % respecto a células incubadas con medio de
cultivo DMEM (mean + SE, N =2-5). El analisis estadistico fue realizado mediante two-way ANOVA: **
p <0.01, *** p <0.001 respecto al control.
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IV. DISCUSION
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En este trabajo hemos estudiado los efectos de la exposicion prolongada a bajas
concentraciones de dieldrin, con el fin de reproducir in vitro unas condiciones
experimentales que se aproximen, en la mayor medida posible, a la exposicion
ambiental a este contaminante que afecta a la poblacion general. Teniendo en cuenta los
niveles de este pesticida detectados en el cerebro humano (Fleming et al., 1994,
Corrigan et al., 2000) y la proporcion de lipidos en el tejido cerebral (6% en tejido
hiimedo, (Chavko ef al., 1993) puede hacerse una estimacién de su concentracion en el
cerebro. De esta manera, 50-1000 ng/g de lipido para dieldrin corresponderian
aproximadamente a 10-200 nM, que es el rango de concentraciones normalmente usado
en los experimentos a largo plazo. Si bien son pocos los estudios que han determinado
los niveles de pesticidas organoclorados en el cerebro y el nimero de sujetos analizados
en estos es bajo, mas numerosos y con muestras mas amplias son los realizados en otros
tejidos; habiéndose encontrado dieldrin, endosulfan y lindano en un alto porcentaje de
individuos a niveles en torno a 20 ng/g de lipido en tejido adiposo, 1-50 nM en sangre y
30 nM de media en leche materna (Botella et al., 2004; Cerrillo et al., 2005; Mariscal-
Arcas et al., 2010). Esto indica que el cerebro acumula grandes cantidades de estos
compuestos, de manera comparable al tejido adiposo, y por tanto se encuentra expuesto
a niveles de pesticidas capaces de interferir con la neurotransmision GABAérgica
(Pomes et al., 1993; Pomes et al., 1994b; Vale et al., 2003).

Estudios previos realizados en nuestro laboratorio mostraron que, a diferencia de
endosulfan y lindano, la concentracion de dieldrin se mantiene estable en el medio de
cultivo a 37°C durante al menos 8 DIV (Babot, 2006). La determinacién de los
pesticidas mediante GC-ECD (Gas Cromatography-Electron Capture Detector) tras 6
DIV de exposicion en neuronas corticales mostré que la cantidad incorporada por éstas
es la misma para todos ellos (en torno al 10%), probablemente porque en la célula se
encuentran unidos de manera irreversible a sus dianas farmacologicas. Sin embargo, el
dieldrin fue el menos degradado de los tres en el medio extracelular, lo que se
corresponde con su mayor estabilidad en el medio ambiente y su mayor capacidad de
bioacumulacion (HSDB, 2011). La expresion constitutiva de algunas isoformas de las
enzimas detoxificantes citocromo P450 en el cerebro (Warner & Gustafsson, 1999),
unido al hecho de que los pesticidas organoclorados son inductores de éstas (Coumoul
et al., 2002; Johri et al., 2008), puede explicar la degradacion de la mayor parte de la
cantidad inicial de pesticidas tras su exposicion prolongada sobre los cultivos

neuronales. El andlisis de sus metabolitos podria confirmar esta idea.
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En el primer trabajo, hemos observado que el dieldrin mantiene parcialmente bloqueado
el receptor GABA, de manera permanente, al menos durante 6 DIV, en neuronas
corticales, siendo la IC50 en el ensayo de union a [**S]-TBPS (~150 nM) inversamente
proporcional a su concentraciéon en el medio extracelular. En cambio, el receptor
GABA4 no se encuentra inhibido tras la exposicion prolongada a 300 nM de dieldrin en
células granulares de cerebelo y solo a 3 uM se obtiene un bloqueo parcial (Babot et al.,
2007), lo que puede explicar su menor toxicidad sobre estas células a 6 DIV. A nivel
molecular, la diferente composicion de los receptores GABA4 en unas y otras neuronas,
dada la presencia de la subunidad a6 en células granulares de cerebelo, podria ser la
causa de estas diferencias. Sin embargo, se ha descrito que el efecto inhibitorio del
dieldrin sobre el receptor GABAA no parece depender de la composicion de éste
(Nagata et al., 1994). No obstante, en este ultimo estudio se han probado solo 3
combinaciones de receptores GABA, expresados de manera heterdloga (al-a6/p/y2)
entre los multiples existentes, a pesar de que las subunidades a6 se asocian
exclusivamente a las 6 in vivo (Barnard, 2001). Ademas, estos mismos autores han
detectado receptores GABA4 con afinidades al dieldrin menores a las anteriores (5 'y 90
nM) en neuronas del ganglio dorsal (Nagata & Narahashi, 1994), y similar a la obtenida
en este trabajo en neuronas corticales (~25 nM). Por otro lado, la regulacion de las
subunidades del receptor GABA, es diferente entre ambos cultivos. Asi, el tratamiento
con TBPS induce la expresion de las subunidades a3 y a5, entre otras, en neuronas
corticales (Poulter et al., 1997). En cambio, el crecimiento de las células granulares de
cerebelo en presencia de 25 mM de K favorece la expresion de a4 y & (Payne et al.,
2008). Aunque se desconoce el efecto del dieldrin sobre las subunidades del receptor
GABA, en estas neuronas, se han visto alteraciones en algunas de ellas en otros
sistemas neuronales (Liu et al., 1997b; Liu et al., 1998). Asi, su exposicion a largo
plazo podria modificar la composicion de los receptores GABA, y, con ello, la
sensibilidad de sus ligandos endogenos por éste.

La exposicion prolongada a dieldrin redujo la funcionalidad y expresion de los
receptores NMDA en la membrana de las neuronas corticales, de acuerdo con lo
observado previamente en células granulares de cerebelo (Babot et al., 2007). La inicial
hiperexcitabilidad causada por el bloqueo de los receptores GABA 4, deviene al cabo de
2 DIV en una reduccion de la respuesta postsindptica a glutamato (Turrigiano et al.,
1998). A pesar de que, en nuestro caso, la funcionalidad y expresion de los receptores

no estaba alterada, si que observamos una menor respuesta a glutamato (en relacion a la
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[Ca®)i y a la excitotoxicidad) en las células tratadas con dieldrin durante 2 DIV. Los
experimentos de inmunocitoquimica sugieren la existencia de un acoplamiento
funcional entre los receptores NMDA y mGLURS en neuronas corticales, como ha sido
demostrado en otras regiones (Stoop et al., 2003; Yang et al., 2004; Guo et al., 2004).
Concretamente, son los receptores NR1/NR2B quienes interaccionan con mGLURS a
través del complejo PSD95-Shank-Homer1b/c (Yang et al., 2004; Guo et al., 2004), lo
que coincide con que sean estos mismos receptores los primeros afectados (junto a
mGLURS) por la exposicion prolongada a dieldrin. En este sentido, se ha observado que
la expresion de Homerla, variante de splicing sin capacidad de formar complejos
multiproteicos ni de transmitir la sefializacion intracelular, se incrementa en respuesta a
la actividad sinaptica y estd implicada, ademads, en la plasticidad homeostatica (Hu et
al., 2010), con lo que podria estar involucrada en los efectos del dieldrin sobre los
receptores de glutamato. De esta manera, la asociaciéon de la subunidad NR2B con
PSD95 y nNOS mediaria los efectos neurotdxicos derivados de la activacion del
receptor NMDA (Cui et al., 2007), y la supuesta perturbacion de este complejo por
Homerla en las células expuestas a dieldrin podria prevenir la muerte neuronal causada
por glutamato. Sin embargo, los experimentos de inmunoprecipitacion muestran que
NR2B no se encuentra asociada a PSD95 sino a SAP102 en neuronas corticales, como
ha sido descrito en el cortex in vivo (van Zundert et al., 2004). Ademas, el andlisis
inmunocitoquimico de mGLURS y NRI1 indica que estas proteinas co-localizan
principalmente en el soma de las células control, por lo que parece que se trata de
receptores extrasinapticos, los cuales han sido relacionados a menudo con la
excitotoxicidad (Hardingham, 2009). Por tanto, es mas probable que la menor
susceptibilidad a la muerte excitotdxica en las neuronas tratadas con dieldrin se deba a
una disminucion de los receptores NRI/NR2B y mGLURS extrasinapticos, no
significativa a nivel individual pero si conjuntamente, y, con ello, de su capacidad para
incrementar la [Ca®"]; y de activar las rutas de muerte celular.

El balance sindptico implica generalmente el trafico de los receptores NMDA y/o
AMPA/Kainato, entre otras proteinas, (Perez-Otano & Ehlers, 2005; Turrigiano, 2008)
y, al menos en el caso de los antagonistas del receptor GABA,, es dependiente de la
concentracion (Swann et al., 2007). En los trabajos 1 y 3, hemos encontrado que la
regulacion de los receptores NMDA y mGLURS por dieldrin es también dependiente
del tiempo y de la concentracion. Sin embargo, ni los receptores AMPA/Kainato y

mGLURI ni las proteinas scaffold PSD95 y SAP102 se vieron afectados por la
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exposicion prolongada a dieldrin, por lo que se trata de un efecto especifico sobre los
receptores NMDA y mGLURS y previo a la aparicion de cualquier signo de
neurodegeneracion. No obstante, no pueden descartarse alteraciones en estas otras
proteinas a concentraciones mayores de dieldrin como se ha descrito con el tratamiento
crénico con bicuculina (Swann et al., 2007).

Diversos factores participan en este tipo de plasticidad homeostatica, aunque la mayoria
de ellos han sido involucrados exclusivamente en el incremento de los receptores
AMPA (BDNF, TNFa y CaMKIV) y NMDA (PKA y PKC) en situaciones de
inhibicion cronica de la actividad sindptica (Perez-Otano & Ehlers, 2005; Turrigiano,
2008). En cambio, un estudio reciente ha demostrado que la reduccion de la respuesta
postsinaptica excitatoria tras 2 DIV de tratamiento con picrotoxinina estd mediada por la
fosforilacion y posterior degradacion de SPAR (Seeburg ef al., 2008), proteina scaffold
asociada a PSD95 e implicada en la sinaptogénesis (Pak et al., 2001). La disminucion
de esta proteina se ha relacionado también con la neurodegeneracién causada por el
glutamato (Wu et al., 2007) y, tal vez, puede ser un mecanismo que enlace los efectos
del dieldrin sobre los receptores de glutamato con sus efectos neurotoxicos. Perez-Otano
& Ehlers (2005) han propuesto un modelo en el que la ubiquitinacién y posterior
degradacion de componentes de la densidad postsinaptica, incluidos los receptores
NRI1/NR2B, en respuesta a un estado mantenido de hiperexcitabilidad conduce a una
mayor proporcion de receptores NRI/NR2A y, consecuentemente, a una mayor
activacion de CREB pero menor de ERK1/2. Conviene tener en cuenta que la expresion
de NR2A en neuronas corticales estd regulada por la actividad sinaptica a través de los
receptores NR1/NR2B vy los canales de Ca®" de tipo L (Hoffmann ez al., 2000) y puede,
ademas, ser reducida mediante la inhibicion de la ruta MAPK (Numakawa et al., 2007).
Por tanto, la secuencia de eventos en nuestro modelo de exposicion prolongada a
dieldrin en neuronas corticales podria ser la siguiente: la hiperactivacion de los
receptores NRI1/NR2B, predominantes en las sinapsis inmaduras, causa su
internalizacion, lo que interfiere con el aumento de la expresion de NR2A e impide la
maduracion de las sinapsis (van Zundert et al., 2004). En cambio, cuando el dieldrin es
expuesto a neuronas corticales ya maduras, con receptores NRI/NR2A y/o
triheteroméricos, la sobre-estimulacion de los receptores de glutamato induce la
activacion de las calpainas que degradan la subunidad NR2B, entre otras proteinas,
impidiendo su interaccion con SAP102 y la transduccion de la sefializacion intracelular

(Doshi & Lynch, 2009). El resultado serd una disminucién de la actividad nuclear de
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ERK1/2 y, con ello, una disminucion de la expresion de NR2A. No obstante, se ha
propuesto que la fosforilacion de ERKI1/2 y CREB esta regulada positiva y
negativamente por los receptores NMDA sindpticos y extrasinapticos, respectivamente
(Hardingham, 2009). Por tanto es posible que la exposicion a 10uM concentracion de
dieldrin sea capaz de activar los receptores NR1/NR2B extrasinapticos e inhibir
directamente la via MAPK, como se ha descrito a altas concentraciones de NMDA
(Chandler et al., 2001).

Sin embargo, resulta contradictorio que el tratamiento cronico con otro antagonista del
receptor GABA,, bicuculina, no tenga un efecto toxico sobre las neuronas, a pesar de
afectar también a la neurotransmision glutamatérgica (Swann et al., 2007; Zhou et al.,
2007). Esto es probablemente debido a que el bloqueo del receptor GABA 4, alin siendo
completo, causa la activacion preferente de los receptores NMDA sinapticos
(generalmente asociados a senales de supervivencia; (Hardingham, 2009) y, por lo
tanto, no se desencadena una accion excitotoxica, a no ser que se inhiban los receptores
NRI1/NR2A (Liu et al., 2007). Aunque otra posibilidad, es que la bicuculina, al ser un
antagonista competitivo y reversible, no sea capaz de mantener bloqueado el receptor
GABA, de manera permanente (como lo hace el dieldrin) y por ello no llegue a
producir dafio neuronal. Asi, por ejemplo, el antagonista no competitivo picrotoxinina si
que causa neurodegeneracion a altas concentraciones y, ademas, la allopregnanolona
previene este efecto (Brinton, 1994). En este sentido, es también posible que la mayor
toxicidad del dieldrin con respecto a endosulfan y lindano tras 6 DIV de exposicion en
neuronas corticales se deba a su mayor persistencia.

Por tanto, la toxicidad del dieldrin en neuronas corticales estd probablemente mediada
por su accion inhibitoria sobre el receptor GABAA y su posterior disminucion de la
neurotransmision glutamatérgica, en la que la subunidad NR2A parece tener un papel
clave. El neuroesteroide alopregnanolona, gracias a su modulacion alostérica sobre los
sitios de union de la picrotoxinina y de las benzodiacepinas (Hawkinson et al., 1994;
Sufiol et al., 2006), impide el bloqueo del receptor GABA, por dieldrin cuando se
afiaden a la vez y, ademas, es capaz de revertir los efectos del pesticida sobre los
receptores de glutamato incluso cuando es afiadida a posteriori. La necesidad de una
concentracion alta de alopregnanolona (10uM) para que su accidon neuroprotectora sea
efectiva, sugiere que sus efectos activadores directos (GABA miméticos) sobre el
receptor GABA, pueden ser requeridos al respecto, puesto que su modulacion alostérica

se produce a concentraciones menores (Hawkinson et al., 1994; Lambert et al., 2001,
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Mellon, 2007). No obstante, esta es la concentraciéon necesaria para obtener una
potenciacion total de la respuesta a GABA en neuronas corticales (Sufiol et al., 2006) y
para prevenir la muerte causada por NMDA (Xilouri & Papazafiri, 2006). Ademas, la
picrotoxinina inhibe la neuroproteccion causada por el tratamiento con 1uM de
alopregnanolona (Ardeshiri et al., 2006), lo que refuerza lo observado con el dieldrin.
En cambio, la alopregnanolona no tuvo efecto protector en células granulares de
cerebelo, posiblemente porque ésta tiene una menor afinidad por los receptores GABA
que contienen las subunidades a6, a4 y 6 alli expresados con respecto a (Zhu et al.,
1996; Hawkinson et al., 1998). Este neuroesteroide comparte ademas otra diana
molecular con el dieldrin, el receptor PXR (Coumoul et al., 2002; Mellon, 2007), el cual
requiere altas concentraciones de alopregnanolona para ser activado y, dada su baja
expresion en el cerebro, es poco probable que medie sus efectos neuroprotectores. No
obstante no se puede descartar dado que algunos neuroesteroides (alopregnanolona
incluida) y otros derivados de pregnanos son capaces de regular la expresion de las
proteinas de la familia Bcl-2, lo que contribuye a sus efectos antiapoptoticas en células
PC12 (Charalampopoulos ef al., 2004). Por tltimo, sus efectos neuroprotectores frente a
la isquemia in vivo se han relacionado con su accién inhibitoria sobre el poro de
transicion de la permeabilidad mitocondrial (Sayeed et al., 2009), aunque también con
la estabilizacion del receptor GABA en la membrana plasmatica (Kelley et al., 2008).

Los otros pesticidas organoclorados estudiados, endosulfan y lindano, parecen
compartir con el dieldrin el mismo mecanismo de neurotoxicidad en neuronas
corticales, puesto que ambos causaron un efecto similar al dieldrin sobre la expresion de
mGLURS, y a concentraciones proporcionales (10 veces menor para dieldrin y
endosulfan) a sus LC50 tras 6 DIV de exposicion. De acuerdo con esto, el dafio celular
provocado por el lindano en neuronas corticales ha sido atenuado con agonistas del
receptor GABA, y con antagonistas de los de glutamato (Vale et al., 1998b), aunque
parece ser independiente del Ca®" (Pomes et al., 1994a), lo que excluye el componente
excitotoxico pero es compatible con la hipdtesis “hipoglutamatérgica” planteada
anteriormente para el dieldrin. Por su parte, el endosulfan reduce la formacion de
neuritas en neuronas corticales inmaduras y su efecto citotdxico se ha asociado con la
reduccion de ERK1/2 (Kang et al., 2001). Finalmente, el dafio neuronal inducido por la
epilepsia en el cortex y en el hipocampo inicialmente cursa con necrosis y apoptosis
mediada por AIF (ambas causadas por la activacion de las calpainas), mientras que la

apoptosis inducida por las caspasas prevalece a tiempos mas largos (Kondratyev &
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Gale, 2004; Fujikawa, 2005; Wang et al., 2008). Siguiendo con la hipotesis planteada
anteriormente, la activacion de las calpainas por la exposicion a dieldrin en neuronas
maduras degradaria algunos componentes de la membrana, como la subunidad NR2B y
quizdés mGLURI1, lo que supondria una menor activacion de las rutas MAPK vy
PI3K/Akt (Thandi et al., 2002; Yang et al., 2004; Xu et al., 2007b; Doshi & Lynch,
2009), y desencadenaria la activacion de las caspasas en la fase final de la muerte.

En cambio, la toxicidad del lindano en células granulares de cerebelo se previene con
agonistas del receptor GABAg y también con antagonistas de los de glutamato, aunque
solo cuando las neuronas son inducidas a expresar receptores GABAp y GABAa
insensibles a las benzodiazepinas (Vale et al., 1998a), mientras que, en condiciones
normales, estd mediada por la movilizacion de los depésitos intracelulares de Ca®* (Rosa
et al., 1996). Ademas, tanto lindano como endosulfan alteran el potencial de membrana
mitocondrial pero esto no viene acompafiado de estrés oxidativo (Rosa et al., 1996). Los
resultados derivados de este trabajo indican que la toxicidad del dieldrin y el endosulfan
en estas neuronas tampoco es de tipo excitotoxica ni debida a la produccion de radicales
libres, sino que implica la inhibicion de las rutas de supervivencia neuronal PI3K/Akt y
MAPK vy la consecuente apoptosis mediada por la caspasa-3. Este tipo de muerte
apoptdtica causada por la inactivacion de dichas rutas ha sido también descrita en
células granulares de cerebelo privadas de suero o expuestas a un medio con baja [K']
(Linseman et al, 2002; Barneda-Zahonero et al, 2009), aunque la estimulacion
sostenida de ERK1/2 también se ha observado bajo estas mismas condiciones
(Subramaniam et al., 2005). Aunque a priori contradictorios, estos efectos pueden
explicarse en base a la localizacion y duracion de la actividad de ERK1/2. Por un lado,
se ha demostrado que la activacion transitoria de la ruta MAPK tiene efectos
neuroprotectores e implica la regulacion génica de proteinas pro- y antiapoptoticas de la
familia Bcl-2 (Hardingham, 2009), mientras que la activacion crénica se ha relacionado
con diversas patologias (Colucci-D'Amato ef al., 2003). En el Gltimo caso, la retencion
de la forma activa de ERK1/2 en el ntcleo se produce en situaciones de estrés oxidativo,
como en la isquemia, mientras que su confinamiento en mitocondrias o autofagosomas
esta asociado a enfermedades neurodegenerativas, como el Alzheimer o el Parkinson
(Chu et al., 2004). En los experimentos de inmunocitoquimica realizados en el presente
estudio se puede observar que, si bien la activacion de Akt se ve reducida de manera
general tras la exposicion a dieldrin y endosulfan, el efecto sobre ERK1/2 no estd tan

claro. Tras la exposicion a ambos pesticidas parece haber menos células positivas para
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fosfo-ERK1/2; sin embargo, el marcaje en los axones y dendritas es mas intenso en las
neuronas tratadas con dieldrin, incluso con respecto al control. La activacion excesiva
de ERK1/2 en zonas sinapticas se ha implicado en la muerte necrotica bajo un modelo
de epilepsia (Murray et al., 1998) y también produce daio en la membrana plasmatica
en las células granulares de cerebelo(Subramaniam et al., 2005), por lo que puede ser
otro mecanismo implicado en la toxicidad del dieldrin en estas neuronas. Asimismo, la
activacion transitoria de ERK1/2 por estradiol e ICI182780 causa muerte necrotica en
células granulares de cerebelo inmaduras (Wong et al., 2003), efecto aparentemente
mediado a través de ERP (Le & Belcher, 2010). Esto podria explicar la mayor
susceptibilidad de estas neuronas al dieldrin durante los primeros DIV. En cambio, el
aumento de viabilidad observado tras la exposicion a bajas concentraciones de dieldrin
(200-600 nM) durante 6DIV podria ser debido a su antagonismo sobre el receptor
GABA,, al promover la supervivencia de estas neuronas, que depende de la actividad
sinaptica (Gault & Siegel, 1998). Sin embargo, este efecto solo se observo en el caso del
dieldrin, por lo que podria tratarse de un efecto estrogénico sobre la mitosis, como ha
sido descrito para el estradiol en estas misma células (Wong ef al., 2003).

La neuroproteccion inducida por la activacion del receptor de IGF-I frente a varios
modelos de apoptosis se ha asociado a la estabilizacion de los niveles basales de
fosforilacion de estas kinasas (Linseman et al., 2002; Subramaniam et al., 2005;
Willaime-Morawek ef al., 2005). Por el contrario, la incapacidad del estradiol de activar
Akt en células granulares de cerebelo se ha visto responsable de su falta de efectos
neuroprotectores ante la disminucion de la [K'] y frente a la excitotoxicidad (Mifiano et
al., 2007). En cualquier caso, el tratamiento con estradiol e insulina por separado no
recuperd los niveles basales de Akt o ERK1/2 ni la muerte neuronal causada por
dieldrin, y tan solo el tratamiento combinado con éstas hormonas tuvo efectos
significativos sobre dichos pardmetros celulares, lo que estd de acuerdo con los efectos
sinérgicos de estradiol e IGF-I sobre la neuroproteccion mediada por estas rutas de
sefalizacion, previamente reportados bajo otros modelos de muerte celular (Mendez et
al., 2005). En cambio, el tratamiento con insulina si revirtié parcialmente la toxicidad
del endosulfan, tal vez debido a que esta hormona incrementa por si sola la
fosforilacion de Akt, aunque no de manera significativa, en presencia de dieldrin y por
el contrario, no tiene ningtn efecto sobre fosfo-ERK1/2; lo que sugiere que la toxicidad
del endosulfan depende més de su efecto sobre Akt. De acuerdo con esto, el dieldrin

pero no el endosulfan estimula la fosforilacion prolongada de ERK1/2 en neuritas y esto
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puede contribuir a su muerte, como hemos comentado antes. Ademads, la activacion de
Akt en células granulares de cerebelo puede tener efectos toxicos bajo determinadas
circunstancias, como la inducida por NMDA, a través de la estimulacion de nNOS
(Llansola & Felipo, 2010). Estas ultimas observaciones nos llevan a la hipotesis de que
la activacion sostenida (durante al menos 5 horas) de las rutas PI3K/Akt y MAPK por el
dieldrin y mediada a través de su interaccion con los receptores de estrogenos, puede ser
responsables de su propia inhibiciéon observada tras 24 horas de tratamiento. A este
respecto, se sabe que la activacion mantenida de ERK1/2 estimula fuertemente la
expresion de las fosfatasas MKP encargadas de inhibir a la propia ruta MAPK, en un
mecanismo de autorregulacion o retroalimentacion negativa (Colucci-D'Amato et al.,
2003), razon por la cual estas proteinas pueden explicar los efectos del dieldrin sobre
ERK1/2. Otro candidato es la fosfatasa PP2A, que media la desactivacion de Akt frente
a estimulos apoptoticos (Mora et al., 2002) pero también la de ERK1/2 y cuya actividad
y expresion estan reguladas por el estradiol (Belcher et al., 2005; Yi & Simpkins, 2008).
Asi, esta accion genomica sobre PP2A podria ser mimetizada por los pesticidas
organoclorados a través de los receptores de estrogenos. Ademads, la actividad de PP2A
ha sido implicada en la muerte de las células granulares de cerebelo inducida por
xenoestrogenos (Le & Belcher, 2010), aunque también en la neuroproteccion inducida
por estradiol (Yi & Simpkins, 2008). La activacion rapida de PP2A por estradiol puede
ser responsable también de su inhabilidad de estimular la fosforilacion de Akt en células
granulares de cerebelo. Por el contrario, este efecto no es reproducido por ICI1182780
(Belcher et al., 2005), lo que podria explicar, a su vez, que el endosulfan y el dieldrin si
sean capaces de activar Akt.

De manera similar, la fosforilacion de ERKI1/2 inducida por los pesticidas
organoclorados en neuronas corticales maduras, mediada por la inhibicion del receptor
GABA, y posterior activacion de los receptores de glutamato, puede conducir a la
sobreexpresion de las MKPs y a la desativacion de la ruta MAPK, regulando de esa
manera la expresion de NR2A, como se ha postulado anteriormente. Puesto que la
exposicion prolongada a dieldrin también causa la internalizacion de los receptores
NMDA en células granulares de cerebelo (Babot et al., 2007), los receptores GABA
también podrian estar implicados en la desactivacion de estas vias de sefializacion y, por
ende, en la toxicidad de los pesticidas en estas células. En este sentido, la
neuroproteccion por parte de estradiol e insulina en modelos de epilepsia e isquemia in

vitro se ha asociado a su potenciacion de la neurotransmision GABAérgica, al
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incrementar la sintesis de GABA vy la insercion de receptores GABA4 en la membrana,
respectivamente (Mielke & Wang, 2005; Zhou et al., 2007), siendo este ultimo efecto
mediado por Akt (Fujii et al., 2010). Por tanto, la accién combinada de estradiol e
insulina podria contrarrestar la inhibicion del receptor GABAA causada por los
pesticidas organoclorados. Comparando los valores de LC50 de estos contaminantes en
células granulares de cerebelo con las IC50 sobre los receptores GABA, y de
estrogenos, observamos que la toxicidad de dieldrin y endosulfan es similar en los dos
tiempos de exposicion estudiados, y superior a la de lindano, lo que se corresponde con
su potencia en la inhibicion del receptor GABA, (Vale et al., 2003) y su letalidad aguda
en animales (Lawrence & Casida, 1984; Bloomquist, 2002).

En cambio, el dieldrin es mas afin que el endosulfan y el lindano por los receptores de
estrogenos, lo que sugiere una implicaciéon menor de estos ultimos en la toxicidad de los
pesticidas organoclorados en las células granulares de cerebelo. Otros estudios in vitro
han observado también una mayor potencia del dieldrin con respecto a los otros dos
xenoestrogenos sobre ERa recombinante (Scippo et al., 2004; Sumbayev et al., 2005).
Esto, sumado a la mayor expresion de ERa en las células granulares de cerebelo podria
contribuir al efecto observado. En concordancia con esto, también se ha descrito una
afinidad superior para el dieldrin sobre ERa respecto a ERPB (Gale et al., 2004). No
obstante, el hecho de que el dieldrin tenga mas sitios de union (al actuar tanto sobre
ERa y ERB como sobre GPR30) que el endosulfan y el lindano, puede ser la razén de
estas diferencias. A pesar de que la expresion de GPR30 no se ha demostrado en células
granulares de cerebelo, si que se ha detectado en la capa de Purkinje y en el cerebelo de
ratones adultos y de crias de 7 dias (Canonaco et al., 2008; Hazell et al., 2009).
Ademas, la activacion de ERK1/2 por estradiol e ICI182780 en las células granulares
del cerebelo es dependiente de un GPR de membrana sin identificar (Wong et al., 2003;
Belcher et al., 2005), aunque los mismos autores han observado que puede ser mediada
a través de ERB (Le & Belcher, 2010). Los datos obtenidos con el uso del antagonista
especifico de GPR30, G-15, indican no s6lo que este receptor debe estar presente en las
células granulares del cerebelo, sino que ademas media, al menos en parte, las acciones
no gendmicas del dieldrin estudiadas en estas neuronas.

Los efectos de dieldrin y endosulfan sobre Akt en neuronas corticales fueron mediados
por su accion sobre ERP, lo que podria deberse a la mayor expresion de esta isoforma
en dichos cultivos. Més dificil de explicar es el efecto de endosulfan sobre Akt en

células granulares de cerebelo, mediado también por ERP. No obstante tanto dieldrin
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como endosulfan son capaces de producir cambios conformacionales ya sea sobre ERa
como en ERP a concentraciones bajas (Sumbayev et al., 2005), con lo cual incluso una
moderada expresion de ERP podria ser suficiente para activar Akt. Por otro lado, el
endosulfan y, en mayor medida, el lindano bloquean totalmente los efectos del estradiol
sobre estas vias de sefalizacion en ambos cultivos, lo que sugiere que ambos
compuestos son también capaces de actuar sobre GPR30, si asumimos que este receptor
es responsable la activacion de ERK1/2 por estradiol en el cerebelo. En cualquier caso,
las interacciones moleculares de los pesticidas organoclorados con los receptores de
estrogenos son muy diferente a las observadas con estradiol o con los SERMs tamoxifen
e ICI182780 (Sumbayev et al., 2005). Aparentemente, esto es debido a la estructura
quimica no planar de los pesticidas organoclorados, que les permite activar sélo la
region AF1, a diferencia de los compuestos planos, como los estrogenos naturales, que
pueden activar AF1 y AF2 (Bentrem et al., 2003). Aunque se desconocen las
implicaciones que esto pueda tener en lo referente a los efectos no gendmicos, es de
suponer que modificard la sefializaciéon mediada por el receptor de estrégenos y tendra
consecuencias fisiologicas indeseadas. Asi por ejemplo, se han observado alteraciones
en la plasticidad sindptica y en la sinaptogénesis en presencia de ciertos disruptores
endocrinos que pueden contribuir a sus efectos cognitivos (Schantz & Widholm, 2001;
Ogiue-lkeda et al., 2008).

La exposicion prolongada a los pesticidas organoclorados redujo los niveles de ERa
pero no de ERf en ambos cultivos neuronales, de acuerdo con lo observado en células
MCF-7 (Grunfeld & Bonefeld-Jorgensen, 2004). La autorregulacion de ERa parece
responsable de los efectos de los pesticidas organoclorados en células granulares de
cerebelo. De la misma manera, otros efectos gendmicos descritos para estos
contaminantes se atribuido a la trans-activacion de ERa, con la excepcion del lindano, a
quien se ha asignado actividad sobre ER o ninguna actividad dependiendo del ensayo y
del tipo celular (Soto et al., 1995; Lemaire et al., 2006; Maranghi et al., 2007; Li et al.,
2008). A este respecto, podria argumentarse que los efectos gendmicos del lindano tal
vez se deban a su accion estimuladora sobre la aromatasa (Nativelle-Serpentini et al.,
2003) o incluso mediante un mecanismo no convencional, como ha sido demostrado
para su isoémero B-HCH (Silva et al., 2010). Si bien los efectos sobre ERa en células
granulares de cerebelo parecen deberse a este mecanismo de regulacion autdloga, en
neuronas corticales es el bloqueo del receptor GABAA el mecanismo mas

probablemente implicado, puesto que el tratamiento crénico con picrotoxinina redujo
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los niveles de ERa, a diferencia de lo ocurrido en células granulares de cerebelo. En
concordancia con esto, recientemente se ha detectado una menor expresion de ERa en
pacientes epilépticos y una recuperacion de estos con benzodiacepinas (Killer et al.,
2009), lo que refuerza la implicacion del receptor GABAA. No obstante, otros
mecanismos no excluyentes pueden estar involucrados al respecto, tales como: la
activacion de la ruta MAPK, que estimula la actividad transcripcional del receptor de
estrogenos a través de AF1 (Kato et al., 1995); la inhibicion de Akt, que disminuiria la
estabilidad de ERa (Mendez & Garcia-Segura, 2006); e incluso podrian intervenir
mecanismos de regulacion epigenéticos, como se ha observado a lo largo del desarrollo
y tras el dafio neuronal (Wilson & Westberry, 2009).

La disminucién de los niveles de ERa en las neuronas corticales producida por la
exposicion prolongada a los pesticidas organoclorados podria interferir con los efectos
del estradiol regulados a través de este receptor, tales como la modulacion de los
receptores AMPA y NMDA (Brann et al., 1993; Numakawa et al., 2007; Morissette et
al., 2008b) y posiblemente de los mGLUR de tipo I (Mermelstein, 2009). Si este es un
efecto general de los pesticidas organoclorados en todo el cerebro, la reduccion de ERa
afectaria a procesos tan importantes como la sindptogénesis y la supervivencia neuronal
(Jelks et al., 2007; Zhao & Brinton, 2007; Ogiue-lkeda et al., 2008; Morissette et al.,
2008a). Ademas, tal vez pueda explicar la ausencia de neuroproteccion frente al dieldrin
por parte del estradiol en neuronas corticales, aunque el efecto negativo de esta hormona
sobre los niveles corticales de GABA, mediados a través de ERp, también puede
contribuir (Blurton-Jones & Tuszynski, 2006). Por el contrario, el incremento de las
subunidades al, a2 y y2 inducido por el estradiol no parece ser suficientemente
efectivo, quizds porque al mismo tiempo disminuye los niveles corticales de
allopregnanolona y, con ello, la estimulacion endégena del receptor GABA, (Calza et
al., 2010). Debe hacerse constancia de que el estradiol fue capaz de incrementar la
expresion de los receptores NR1/NR2B en neuronas corticales expuestas a 60 nM de
dieldrin. Esto es posible dado a esta concentracién el pesticida no tiene efectos
significativos sobre ERa. Seria interesante comprobar si el estradiol conserva su
capacidad de incrementar estos receptores NMDA en células expuestas a 200 nM de
dieldrin.

En el trabajo anexo a este estudio hemos comprobado que el dieldrin regula de manera
opuesta la expresion de los receptores metabotrdpicos de glutamato de tipo I en células

granulares de cerebelo. Sin embargo, ningiin otro de los antagonistas del receptor
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GABA 4 probados mostro6 efectos significativos sobre estos receptores. Asimismo, se ha
comprobado que el dieldrin regula la expresion de los receptores de glutamato en
células carentes del receptor GABA4 (Slotkin & Seidler, 2009). Aunque se requeririan
mas experimentos para confirmarlo, es posible que los receptores de estrogenos sean
responsables de esta regulacion, dado que, como hemos observado en el segundo
trabajo, el dieldrin tiene una mayor afinidad por ellos que el endosulfan y el lindano en
estas neuronas. Sin embargo, a pesar de que las concentraciones de estos Ultimos usadas
en estos experimentos pueden no ser suficientes para activar el receptor de estrogenos,
lo cierto es que si lo fueron para disminuir los niveles de ERa en estas mismas
neuronas, efecto que hemos atribuido a su regulacion autologa. Por tanto, es posible que
otros mecanismos estén implicados, como la inhibicidon o estimulacion de la actividad
transcripcional de ERP, aunque estos efectos también han sido descritos para endosulfan
y lindano, respectivamente (Lemaire et al., 2006; Maranghi et al., 2007). Una opcioén
exclusiva para dieldrin seria, por lo observado en este trabajo, la activacion de GPR30
y, por ende, de la ruta MAPK, la cual se ha visto implicada en la regulacion de
numerosos genes a través de CREB o de los receptores de estrogenos (Kato et al., 1995;
Hardingham, 2009). Para afiadir mayor complejidad al asunto, entre los efectos no
genomicos atribuidos a los receptores de estrogenos estd, precisamente, la activacion de
los receptores metabotropicos de glutamato de tipos I y II. Asi, la activacion de ERa
puede estimular la ruta MAPK mediante mGLUR1/S, o inhibirla a través de mGLUR2/3
(Mermelstein, 2009). Dado que dieldrin fue el Gnico de los pesticidas que fue capaz de
activar ERK1/2 en células granulares de cerebelo, esta via de sefializacion es una
candidata probable a mediar sus efectos a largo plazo sobre los receptores
metabotropicos de glutamato de tipo I. Se puede incluso postular que la fosforilacion de
ERK1/2 inducida por dieldrin en estas células y, en parte, mediada por ERa podria
también involucrar la activacion de mGLURI1 y/o mGLURS. En cambio, la falta de
efecto de endosulfan y lindano sobre la ruta MAPK podria deberse a la activacion por
¢éstos de ERP y, en consecuencia de los receptores metabotropicos de glutamato de tipo
II. En cualquier caso, la exposicion prolongada a dieldrin parece interferir con el cambio
de predominancia en la expresion entre mGLURS y mGLURI1 que se da a lo largo del
desarrollo (Catania et al., 1994), y probablemente causara un desajuste en sus vias de
sefalizacion, implicadas en la supervivencia y en la excitotoxicidad (Xu et al., 2007b;

Pshenichkin et al., 2008; Llansola & Felipo, 2010). Ademas, la pérdida de mGLUR1
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puede conducir a una disfuncion créonica del cerebelo, como puede ser la ataxia
cerebelar (Nakanishi, 2005).

En este trabajo también mostramos que las neuronas glutamatérgicas (en especial las
corticales inmaduras) son particularmente sensibles a la exposicion prolongada a los
pesticidas organoclorados, al menos tanto como lo son las monoaminérgicas (Liu et al.,
1997a; Sanchez-Ramos et al., 1998; Chan et al., 2006). En cambio, las neuronas
corticales GABA¢érgicas son mas resistentes frente a la excitotoxicidad (Tecoma &
Choi, 1989) y, por el contrario, mas susceptibles a los antagonistas del receptor NMDA.
Esto es, al parecer, debido a que expresan una mayor proporcion de receptores NMDA
que contienen la subunidad NR2A con respecto a las neuronas piramidales (Kinney et
al., 2006). Esta podria ser la razon por la cual las neuronas GABAérgicas también se
ven menos afectadas por los pesticidas que las glutamatérgicas (y posiblemente también
que las colinérgicas). Es interesante resaltar que todos los receptores afectados en
primer lugar por la exposicion prolongada a dieldrin, NR1/NR2B, mGLURS (puesto
que co-localiza con NR1/NR2B) y ERa, se expresan preferentemente en las neuronas
piramidales (Monyer et al., 1994; Kinney et al., 2006; Blurton-Jones & Tuszynski,
2006; Ogiue-lkeda et al., 2008).

Numerosos estudios con animales han demostrado que la exposicion cronica a los
pesticidas organoclorados tiene efectos perjudiciales sobre las funciones cognitivas y
sobre el comportamiento (Smith et al., 1976; Topinka et al., 1984; Tilson et al., 1987,
Paul et al., 1994; Schantz & Widholm, 2001; Mariussen & Fonnum, 2006). Sin
embargo, muy pocos trabajos se han centrado en los posibles efectos neuroldgicos de
estos contaminantes durante el desarrollo (para revision consultar (Evangelista de
Duffard & Duffard, 1996). Los resultados derivados de este trabajo pueden contribuir al
entendimiento de los mecanismos moleculares implicados en los efectos cronicos de los
pesticidas organoclorados sobre la memoria y el aprendizaje asi como sus alteraciones
locomotoras, citados anteriormente, y en los que el coértex y el cerebelo,
respectivamente, tienen un papel clave. Finalmente, este estudio pone de manifiesto la
vulnerabilidad del cerebro en desarrollo frente a la exposiciébn a estos productos

sintéticos.
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La exposicion prolongada a dieldrin causa la internalizacion de los receptores
NMDA que contienen la subunidad NR2B y reduce la expresion de mGLURS y de
la subunidad NR2A del receptor NMDA en neuronas corticales.

La exposicion prolongada a dieldrin reduce los niveles de mGLURI1 y aumenta los

de mGLURS en células granulares de cerebelo.

El tratamiento con alopregnanolona restablece la funcionalidad de los receptores
NMDA y GABA, tras la exposicion a dieldrin en neuronas corticales y previene la

muerte neuronal inducida por el pesticida.

Los pesticidas organoclorados dieldrin, endosulfan y lindano interaccionan de
manera diferente con los receptores de estrogenos en neuronas corticales y en
células granulares de cerebelo y son capaces de activar las vias de sefalizacion

MAPK y PI3K/Akt en ambos tipos neuronales, aunque por distintos mecanismos.

La exposicion prolongada a estos pesticidas reduce los niveles de ERa pero no de
ERP en células granulares de cerebelo y en neuronas corticales gracias a su
interaccion con los receptores de estrogenos y con el receptor GABAa,

respectivamente.

Las neuronas corticales y granulares de cerebelo inmaduras son mas vulnerables a la
toxicidad de los pesticidas organoclorados que las maduras. Ademas, las neuronas
corticales glutamatérgicas son mas sensibles a la toxicidad del dieldrin que las

neuronas corticales GABAérgicas.
El tratamiento con estradiol e insulina previene la apoptosis mediada por caspasas

inducida por dieldrin y endosulfan en células granulares de cerebelo a través de la

activacion de las rutas PI3K/Akt y MAPK.
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