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RESUMEN

A pesar de que se ha relacionado la generacion de epilepsia y neurodegeneracion
con un incremento en la transmisién glutamatérgica, experimentos in vivo
muestran que un aumento en los niveles extracelulares de glutamato no
necesariamente induce alguna de estas condiciones patoldgicas. El objetive de
esta tesis es estudiar, utilizando simultdneamente las técnicas de
electroencefalografia, microdidlisis cerebral y de histologia, las siguientes
preguntas: a) ¢Existe alguna relacion entre la acumulacidn de glutamato
extracelular, las crisis epilépticas y la neurodegeneracion en el hipocampo de la
rata in vivo? b) ¢El origen del glutamato extracelular es determinante en la
produccion de la epilepsia y la neurodegeneracion in vivo? y ¢) ¢Cuéles
estrategias de neuroproteccion funcionan en estas condiciones? Los resultados
muestran que el incremento en el glutamato extracelular provocado por la
aplicaciéh de tetraetilamonic o de una concentracion elevada de potasio, no es
suficiente para producir epilepsia ¢ neurodegeneracion en el hipocampo de la rata
in vivo, probablemente porque este glutamato no es liberado mayoritariamente en
la sinapsis. Por el contrario, la aplicacién de la 4-aminopiridina (4-AP), que
produce la liberacién de glutamato desde terminales sindpticas, genera epilepsia y
neurodegeneracion que pueden deberse, al menos en parte, a la activacién de
receptores glutamatérgicos, ya que los antagonistas de estos receptores tienen un
buen efecto neuroprotector. En el mismo sentido, la inhibicion de la liberacién de
glutamato por la aplicacién de tetrodotoxina produce una neuroproteccion total. El
incremento farmacologico de la transmision GABAérgica potencia los efectos de la
4-AP, lo cual podria indicar que el GABA puede inducir un efecto excitador bajo
estas condiciones, como ya se ha observado in vitro. Finalmente, otras estrategias
de neuroproteccidn estudiadas en esta tesis, como {os anticonvulsivantes
carbamacepina y valproato, los abridores de canales de potasio diazoxida y
NS1619, y el “inhibidor de la liberacion de glutamato”, riluzol, no tuvieron ningun
efecto neuroprotector, e incluso el riluzol resulté ser muy toxico al combinarse con

la hiperexcitabilidad que produce la 4-AP.



ABSTRACT

In spite of the fact that epilepsy and neurodegeneration have been related to an
increase in glutamatergic transmission, in vivo experiments show that an increase
in the extracellular level of glutamate, does not necessarily produce these
pathological conditions. The aim of the present work was to study with the use of
electrencephalographic recordings, brain microdialysis and histology, the foliowing
questions: a) Is there any relation between accumulation of extracellutar glutamate,
epilepsy and neurodegeneration in the rat hippocampus in vivo? b) Is the origin of
extracellular glutamate a decisive factor in the generation of epilepsy and
neurodegeneration in vivo? ¢} Which neuroprotective strategies are useful in these
conditions? The results show that an increase in extracellular glutamate promoted
by tetraethylammonium and an elevated potassium concentration is not enough to
induce epilepsy and neurodegeneration in the rat hippocampus in vivo, probabiy
because this glutamate is not released at the synaptic level. On the other hand, 4-
aminopyridine (4-AP) infusion, that promotes the release of glutamate from the
presynaptic terminals, generates epilepsy and neurodegeneration. Both, epilepsy
and neurodegeneration, which are due at least in part to activation of glutamate
receptors, since glutamatergic antagonists have good neuroprotective effects.
Simitarly, the inhibition of glutamate release by the administration of tetrodotoxin
causes a total protection. The pharmacological stimulation of GABAergic
transmission enhanced the 4-AP effects, which indicates that GABA can act as an
excitatory neurotransmitter under these conditions, as has been shown in vitro.
Finally, other strategies of neuroprotection studied in this thesis, such as the
anticonvulsants carbamazepine and valproate, the potassium channels openers
diazoxide and NS1619, and the “glutamate release inhibitor”, riluzole did not have
any neuroprotective effect. In addition, riluzole was highly toxic when combined
with the hiperexcitability produced by 4-AP.
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ORGANIZACION DE LA TESIS
Este trabajo esta dividido en cinco partes: Introduccién, Antecedentes seguidos de
los Objetivos; Resultados experimentales, Discusién general y Conclusiones,

En la Introduccién se ubica al glutamato dentro del contexto de Ia
transmision sindptica y se incluye el articulo de revisién 1, titulado: “Ei 4cido
glutdmico y las enfermedades neurodegenerativas” (Ciencia 50(4):5-13). En éste
se revisan algunos padecimientos neuroldgicos relacionados con alteraciones en
la funcion del glutamato.

En los Antecedentes se revisa el papel del giutamato en la generacién de
epilepsia y neurodegeneracion, la utilidad de la 4-aminopiridina para el estudio de
estos fendmenos in vivo y algunas estrategias de neuroproteccion. Se incluye en
esta seccion el trabajo de revisién 2, titulado: “On the relationship between
extracellular glutamate, hyperexcitation and neurodegeneration, in vivo"
(Neurochem Int, 34(1)23-31) en el que se discuten los hallazgos de experimentos
in vivo en los que se ha tratado de correlacionar un incremento en Ios niveles
extracelulares de glutamato enddégeno con la generacion de epilepsia y
neurodegeneracion.

La seccion de Resultados, que incluye la metodologia utilizada, se presenta
mediante dos trabajos, el primero de ellos titulado: “Relationships among seizures,
extracellular amino acid changes, and neurodegeneration induced by 4-
aminopyridine in rat hippocampus: A microdialysis and electroencephalographic
study” (J Neurochem 75(5):2006-2014) y el segundo titulado: “Seizures and
neurodegeneration induced by 4-aminopyridine in rat hippocampus in vivo: Role of
glutamate- and GABA-mediated neurotransmission and of ion channels”
(Neuroscience 101(3):547-561).

En la Discusién general se enmarcan los resultados en un contexto mas
amplio de lo incluido en la discusién de cada uno de los trabajos de Resultados
para finalizar con las Conclusiones.
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I. INTRODUCCION

A partir de ios hallazgos de los grandes neuroanatomistas dei siglo XIX como
William His (1889), Rudolph Kéliiker (1848) o Jan Purkinje (1838) entre muchos
otros y culminando con ios acuciosos estudios de Santiago Ramén y Cajal {(1906)
con la ayuda de ia técnica de tincidn argéntica desarrollada por Camilo Golgi
(1873) se establecié que la neurona es la unidad estructural del sistema nervioso.
Un poco mas tarde se descubrié la unidad anatémica de la neurona que permite la
comunicacion entre las diferentes células nerviosas o entre éstas y otros tipos
celulares: la sinapsis, término acufado por Charles Sherrington en 1837. Desde
entonces se ha planteado que existen dos componentes en una sinapsis, la pre y
la postsinapsis. La presinapsis es la encargada de emitir la informacién nerviosa y
la postsinapsis tiene como funcién responder ante dicha informacidn.

En el sisterma nervioso existen dos tipos de sinapsis, las llamadas sinapsis
electricas y las sinapsis quimicas. En las sinapsis eléctricas el impuiso nervioso,
que es de naturaleza eléctrica, pasa directamente de la neurona presinaptica a la
neurona postsinaptica a través de poros proteicos llamados conexones, los cuales
permiten el paso libre de la corriente y de diferentes moléculas, estableciendo asi
una continuidad citopiasmica entre la pre y la postsinapsis, que no existe en las
sinapsis quimicas.

Los hallazgos iniciales que dieron origen a la teoria quimica de la
transmisién nerviosa fueron realizados en 1848 por Du Bois Raymond, quien
postulé que la contraccion muscular era causada por la secrecion de una
sustancia excitadora. Esta idea fue confirmada por Elliot en 1904 al descubrir que
la adrenalina mimetiza la accién de los nervios simpéticos, y ademas sugirid que
dicha sustancia podria ser liberada por las terminales nerviosas de estos nervios y
actuar como neurotransmisor en la glandula suprarrenal. En 1821, Otto Lewi
descubrid que la estimulacion del nervio vago induce ia liberacion de una
sustancia inhibidora del latido cardiaco, que mas tarde se identifico0 como
acetilcolina. Sin embargo, fue hasta 1929 cuando la teoria quimica de Ia
transmisién nerviosa tuvo el apoyo experimental mas determinante, en los

estudios de Dale y sus colaboradores, quienes encentraron que al estimular los



nervios motores que inervan el muasculo esquelético en mamiferos se producia la
secrecion de acetilcolina, lo que permitid plantear que para que la sinapsis quimica
se lleve a cabo es necesaria la liberacién de un neurotransmisor desde la
presinapsis.

El neurotransmisor es liberado preferencialmente de las terminales
presinapticas (Articulo de revision 1, Fig. 1), las cuales cuentan con vesiculas
singpticas que lo almacenan en altisimas concentraciones. Estas vesiculas
sindpticas se anclan en regiones de la membrana presindptica especializadas en
fa liberacién del neurotransmisor, llamadas zonas activas. Los neurotransmisores
almacenados en las vesiculas singpticas se liberan al espacio sinaptico por medio
de la exocitosis que ocurre al arribar un potencial de accion a la terminal
presinaptica: la despolarizacion que se produce abre los canales de calcio
sensibles al voltaje localizados en las zonas activas y la entrada masiva de calcio
por la apertura de estos canales desencadena la fusidén de las vesiculas y la
liberacion del neurotransmisor. Una vez en el espacio sinaptico las moléculas del
neurotransmisor difunden una distancia de entre 20-40 nm hasta unirse a sus
receptores especificos localizados preferentemente en la membrana postsindptica;
la unidn del neurcotransmisor con su receptor es el siguiente paso de la
comunicacién nerviosa.

Una vez que el neurotransmisor ha activado a sus receptores debe ser
eliminado del espacio sinaptico para terminar ese evento sinaptico y permitir el
siguiente. Esto se hace por medio de tres mecanismos principales: difusion,
degradacion enzimadtica y recaptura. La recaptura parece ser el mecanismo mas
importante en la remocidon de la mayoria de ios neurotransmisores, pues la
difusion es un proceso que remueve una pequefa fraccion del neurotransmisor y
la degradacion enzimatica esta restringida a las sinapsis que utilizan acetiicolina y
peptidos. La recaptura tiene un doble propodsito, por un iado termina con la accidn
sinédptica del neurotransmisor y por el otro permite la recuperacidon de estas
moléculas que pueden eventualmente ser reutilizadas. Para ello es necesaria la
actividad de proteinas especificas llamadas transportadores, las cuales utilizan los

gradientes idnicos establecidos a través de la membrana para transportar al
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neurotransmisor del espacio sindptico al interior de las neuronas y de las células
gliales.

EL ACIDO GLUTAMICO

Entre las muchas sustancias catalogadas como neurotransmisores podemos
encontrar péptidos, aminas biogénicas, acetilcolina, trifosfato de adenosina y
aminoacidos (Articulo de revisién 1, Fig. 2). Los aminodcidos utilizados como
neurotransmisores son el glutamato, el aspartato, el cido y-aminobutirico {GABA)
y la glicina. Los dos primeros son llamados aminoacidos excitadores y los dltimos
aminodacidos inhibidores, en funcidn de su efecto sobre la probabilidad de disparo
de la neurcna posisindptica; en otras palabras, un neurotransmisor excitador
aumenta la probabilidad de disparo de la neurona postsingptica y un
neurotransmisor inhibidor fa disminuye.

El glutamato y el GABA son los neurotransmisores mas utilizados por las
neuronas del sistema nervioso. Datos obtenidos a partir de diferentes lineas
experimentales muestran que alrededor del 90% de las sinapsis en el cerebro
utilizan uno de estos aminoécidos como neurotransmisor (Fonnum, 1984). Existen
diferentes tipos de receptores para el glutamato, tanto del tipo metabotrépico, los
cuales estan asociados a la activacién de proteinas G y a la produccién de
segundos mensajeros, como receptores jonotrépicos que en si mismos son
canales idnicos. Como podemos ver en la tabla 1, existen diferentes subtipos de
receptores ionotrépicos a glutamato, que han sido clasificados, dependiendo de su
sensibilidad farmacoldgica, en dos tipos: receptores tipo NMDA (aquelios
activados por el N-metii-D-aspartato) y receptores no-NMDA sensibles al AMPA
(a-amino-3-hydroxy-5-metilisoxasole-4-propionato) © al kainato. Todos estos
receptores presentan en su estructura un poro idnico que permite el paso de
cationes cuando el receptor es activado por el glutamato u otro agonista. En todos
los casos los receptores ionotrdpicos de glutamato tienen una alta conductancia
para el Na" y el K, pero como podemos ver en la tabla 1 los receptores NMDA
tienen ademas una alta conductancia para el Ca® (para una revisién ver

Krogsgaard-Larsen, 1991)
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Otra diferencia muy importante entre los receptores ionotrépicos de
glutamato se encuentra en su sensibilidad al voltaje; pues a diferencia de ios
receptores no-NMDA, los receptores tipo NMDA son sensibles al voltaje
transmembranal debido a que en condiciones de reposo su poro idhico se
encuentra blogueado por el ion Mg” y este blogueo sélo puede ser removido por
un cambio despolarizante en el potencial de membrana. Esta despolarizacion que
remueve al Mg™ del poro idnico de los receptores NMDA es provocada, muy
frecuentemente, por la activacién de los receptores no-NMDA (MacDonald et al.,
1998).

Tabla 1. Receptores ionotrépicos de glutamato.

Tipo Agonistas Antagonistas | Efector

NMDA NMDA MK&01 Incremento en la conductancia de Na*, K*'y Ca™
Aspartato D-AP5

LY233053

AMPA | AMPA NBQX Incremento en la conductancia de Na" y K’
5-fluorowilardina | GYKI52466

Kainato |Kainato CNQX Incremento en la conductancia de Na” y K*
Domoato LY294485

Abreviaturas: AMPA: amino-3-hidroxi-5-metil-isoxasol-4-propionato, D-AP5: D-
amino-fosfo-valerato, CNQX: 6-clano-7-nitroquinoxalin-2,3-dicna, GYKI52466: 1-(4-aminofenil)-4-
metil-7,8-metilenedioxi-5H-2,3-benzodiacepina, LY233053: cis-(+-)-4-[(2H-tetrazoi-5-
imetillpiperidin-2-carboxilato, LY294486: ((3SR, 4aRS, 6SR, B8aRS8)-6-(({(1H-tetrazol-5-1l)
metilloxiimetil)-1, 2, 3, 4, 4a, 5, 6, 7, 8, 8a-decahidroisoquinolin-3-carboxilato, MK-801: maleato de
dizocilpina, NMDA: N-metil-D-aspattato.

El glutamato es el neurotransmisor excitador por excelencia, esta
relacionado con practicamente todas las funciones del sistema nervioso y se
encuentra presente en todas las regiones del mismo (Fonnum, 1984). Por ello, no
es muy dificil pensar que una disfuncién en la actividad glutamatérgica puede
tener graves consecuencias para la fisiologia cerebral. De hecho existen multiples
padecimientos neurologicos que pueden asociarse a alleraciones en la

transmision glutamatérgica y que se abordan en el siguiente articulo de revision.
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El acido glutamico
y las enfermedades neurodegenerativas

Fernando Pena
Ricardo Tapia

Las neuronas, células encargadas de recibir, pro-
cesar y transmitir la informacidn en el sistema ner-
vioso, tienen como caracteristica mds importante
que son células excitables, es decir que, en respues-
ta a un estimulo de cierta magnitud, son capaces de
producir potenciales de accidn. Estos potenciales
viajan por prolongaciones de ia neurona denomi-
nadas axones, y al llegar a las terminales
nerviosas estimulan la liberacion de
neurctransmisores, sustancias quimi-
cas cuya funcidn consiste en excitar o
inthibir otra neurona. Los sitios de co-
municacién entre dos neuronas reci-
ben el nombre de sinapsis, término
acufiado a principios de este siglo por
Sherrington. La sinapsis se compone de
una region presinaptica —las terminales
nerviosas—, que libera el neurotransmisor, y una
region postsindptica, que responde ante ta presen-
cta del transmisor (Figura 1).

Se conocen varios tipos de moléculas —de na-
turaleza quimica muy variable— que funcionan
como neurotransmisores, enire ellas, las aminas bio-
génicas (como la dopamina), los péptidos (como las
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endorfinas), los aminodcidos (como el dcido giuta-
mico) o la acetilcolina (Figura 2). Los aminoaci-
dos son los neurotransmisores probablemente mds
abundantes y mds ampliamente distribuidos en las
distintas regiones del sistema nervicso central. Por
su accion sobre la neurona postsindptica, son agru-
pados en dos tipos aminodcidos inhibidores, como
et dcido y-aminobutirico (CABA) y la glicina,
y aminodcidos excitadores, como los d<1-
dos glutdmico y aspdrtico (Figura 2).
El 4cido glutdmico es el neuro-
transmisor mas abundante en el cere-
bro, y un compuesto fundamental en
el sistema nervioso, ya que, ademas
de su funcidn neurotransmisora, forma
parte del glutation y de péptidos y pro-
teinas, y participa en el metabolismo de los
azucares, de los dcidos grasos, del amonio y de
otros aminoacidos como el GABA, asi como en el
control del volumen celular.

La accion del dcido glutdmico como neuro-
transmisor se debe a su capacidad para achvar re-
ceptores especificos en la membrana postsindptica,
a través de la cual éstos permiten ¢l paso de iones
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Figura 1. Neurotransmision sindptica glutamatérgica. La
parte Superior muestra una NeHroNa ci COMUNICacion con otra
a través de su axdn, y la parte inferior un esqueing del sitio de
comunicacion (sinapsis), muy amplificade. El dcido glutdmmco
{glutamato, %) es almacenado en vesiculas en el interior de las
terminales nerviosas y liberado por exocitosis, como conse-
cuencig de ln llegada de un potencial de accion (AV). El dcide
glutdmico liberado actia sobre su receptor tipp NMDA y,
como consecuencia, éste se abre y el Ca™ penefra en la neuro-
na postsindptica. Despuds, el deide glutdmico es eliminado del
espacic sindptico por moléculas transportadoras

Los receptores del 4cido glutdmico se dividen far-
macoldgicamente en dos grupos: los receptores
sensibles a una droga llamada N-metil-D-aspartato
(receptores tipo NMDA), y los receptores no sensi-
bles a este compuesto (receptores no-NMDA). Al
ser activados por el dcido glutdmico, ambos tipos
de receptores permiten el paso de cationes (iones
cargados positivamente) a través de la membrana.
Sin embargo, se diferencian en que los recepiores
tipo NMDA son mucho mds permeables al catién
calcio que los no-NMDA (Figura 1; véase también
Ciencia, vol 50, ntimero 2, junio de 1999, p 5).

La neurotransmisién mediada por el acido
glutamico (transmisidn glufamatérgica) es funda-
mental en el funcionamiento normal del sistema
nervioso, ya que este neuroiransmisor participa en
gran numero de procesos nerviosos, tales como el
desarrollo y maduracion de las neuronas, la per-
cepcion, el control motor, el aprendizaje y la memo-
ria (Figura 2), razén por la que no debe sorprender
que distintas alteraciones en la transmisién gluta-
matérgica tengan incidencia en varios padecimien-
tos neuroldgicos y psiquiatricos (Cuadro 1). En este
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trabajo se revisan algunos datos en relacién con |
forma en la que el dcido glutdmico interviene e
ese tipo de patologias. La informacion se ha obteni
do por medio de estudios directos en pacientes, «
bien a través de modelos experimentales de las dis
tintas enfermedades en animales de [aboratorio
particularmente en roedores.

Acido glutimico y
encefalopatias metabdlicas

Las encefalopatias metabdlicas son padecimientos
que manifiestan diversas alteraciones de la activi-
dad mental, de la conducta o del funcionamientc
neurolégico. Se pueden distinguir dos tipos de en-
cefalopatias. En el primero, los pacientes presentan
agitacion, ansiedad e hiperactividad; en el segundo,
se tornan franquilos y retraidos, y en todos los ca-
s0s se observa un marcado deterioro de la memoria.

Muchas encefalopatias estan asociadas con la so-
breproduccion de ciertas sustancias quimicas —que,
en cantidades excesivas, pueden resultar toxicas
para el sisterna nervioso (neurotoxinasjy—, como el
amonio o el acido quinolinico. Algunas de estas
neurotoxinas tienen relacién con el acido glutamico.

La produccién de amonio aumenta cuando hay
daiio en el higado, lo que al parecer es la causa de
la llamada encefalopatia hepatica. Algunos testi-
monios muestran que los aminodcidos excitadores
se encuentran disminuidos en animales a los que
experimentalmente se les induce incremento de
amonio en los niveles sanguineos, o en animales a

Neurotransmisores

{ Inhibidores Excitadores

{acido glutamico y
J (GABA) &cido aspartico)
-
i Desarrolio« .. 11 Controf Rk )
meural ¢ iTerCeRCOn, o L Memoria  Aprendizaje

_____ e

Figura 2. Algunos compuestos nenrefransnissores y funcioies
narmales del sistera nervioso en que participan de manera

Sfundamental los aminoedcidos excriadores
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CUuADRO T
Enfermedades neurclogicas v mentales posiblemente
relacionadas con el derdo glutdmico

Encefalopatias metabdlicas

Alteraciones por abuso de drogas psicoactivas
Esquizofrema

Esclerosis lateral amiotréfica

Enfermedad de Huntington

Enfermedad de Alzheimer

Isquemia cerebral

Epilepsia y dafo neuronal asociado

los que se les provoca disfuncidn hepatica. Por este
motivo se ha propuesto que hay determinada dis-
minucién de neurotransmision glutamatérgica a
causa de la utilizacién del glutamato en el metabo-
[ismo del amonio, de lo que resulta la alteracion de
la conciencia y la disminucidn de la actividad cere-
bral que se observan en el primer grupo de ence-
talopatias antes mencionado.

En contraste, las encefalopa-
tfas que se acompanan de activi-
dad cerebral aumentada podrian
tener su origen en el incremento
de la transmision glutamatérgica,
ya que otra de las neurotoxinas
causantes de encefalopatia, el
dcido quinolinice, puede actuar
como potente agonista {molécula
capaz de activar a los receptores)
glutamatérgico, y de esta manera
causar la hiperactividad que ex-
perimentan los pacientes.

Acido glutdmico y drogas
de abuso

Existen diversas drogas psicoactivas que por sus
efectos sobre el sistema nervioso inducen consumo
sostenido o exagerado, por lo cual son llamadas
drogas de¢ abuso. Estas drogas producen cambios
psicoldgicos y bioquimicos importantes, los cuales
generan en el individuo dependencia fisica, psico-
légica, o ambas, cs decir, adiceidn. La dependencta
psrcologica puede ser defimda como of desarrollo
de un deseo de a droga en razon de su etecto pla

centero La dependencia tisrea implica un camibae
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asociadas con la
 sobreproduccién de
- ciertas sustancias
 quimicas

bioquimico-fisiolégico que hace necesaria la pre-
sencia continua de la droga en el organismo para
preservar la sensacion de bienestar. PPor ello, al in-
terrumpir el consumo se produce el llamado sin-
drome de abstinencia, que consiste en la aparicién
de una serie de malestares fisicos que pueden ser
extremadamente graves e incluso constituir una
amenaza para la vida. Es posible que, en algunos
de estos procesos, los aminodcidos excitadores in-
fluyan de manera importante.

Una de las drogas de abuso mds cominmente
utilizada en nuestra sociedad es el etanol. Esta dro-
ga actia a muchos niveles y sobre diferentes siste-
mas de neurotransmision; pero en el caso particular
que nos compete, se sabe que puede actuar como
inhibidor de los receptores del acido glutamico tipo
NMDA y contribuir asi a sus efectos placenteros y
sedantes. Después de descontinuar el consumo sos-
tenido de alcohol, se produce el llamado sindrome
de abstinencia por la droga, que incluye la apari-
cién de crisis convulsivas que, como veremos mas
adelante, estdn muy relacionadas con la sobreac-
tivacion de receptores del dcido
glutamico.

Otro caso que involucra la
transmision glutamatérgica con
las drogas de abuso es el de la
fenciclidina. Esta droga —cono-
cida vulgarmente como “pelo de
angel”— es un antagonista (mo-
lécula capaz de bloguear los
receptores) de los receptores ti-
po NMDA y, como se revisa en
la siguiente seccién, los efectos
conductuales de este psicoesti-
mulante son muy similares a los
de la esquizofrenia. Finalmente,
cabe mencionar que también se
ha vinculado al dcide glutdinico
en los fenémenos de tolerancia
y abstinencia relacionados con el consumo de
opidceos.

Acido glutamico y esquizofrenia

La esquizofrenia es una enfermedad mental muy
lacerante en términos sociales. Los pacientes esquu-
sofrénicos, generalmente jovenes, pierden toda ca-
pactdad asoctativa v presentan deterioro de los
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y delirios, entre los que destaca el de persecucion, caracteristico de Iz
esquizofrenia de tipo paranoide. Ctros sintomas que pueden detectar-
se en estos pacientes son alteraciones del pensamiento, conducta
estereotipada, deterioro del aspecto v anhedonia (incapacidad de ex-
perimentar o incluso imaginar emociones ¢ sensaciones agradables).

Como adelantamos en la seccidn anterior, por los efectos de la
fenciclidina se ha postulado que el &cido glutdmico estd asociado con la
patogénesis de la esquizofrenia. Esta droga fue desarrollada por la com-
paiita Parke-Davis en la década de los afios cincuenta, y se ufilizé como
anestésico y como analgésico postoperatorio. Posteriormente se descu-
brid que era un potente antagonista de los receptores tipo NMDA y que
era capaz de producir delirio, disociacion, aislamiento, despersonaliza-
cién, negativismo, hostilidad, apatia e incluso cierto estado cataléptico.
Estos efectos no solamente son muy parecidos a los llamados sintomas
primarios de la esquizofrenia, sino que ademas pueden ser controla-
dos eficazmente con drogas liamadas antipsicéticas (como el halope-
ridol), las cuales son el tratamiento mds comun de la esquizofrenia.

Otros hallazgos que apuntan hacia un papel importante del dcido
glutdmico en la patologia esquizofrénica provienen de observaciones
postmortem en humanos. Estos estudios han mostrado alteraciones
en los niveles de receptores del dcido glutdmico en la corteza frontal
y en &l I6bulo temporal de pacientes esquizofrénicos. Por otro lado, se
sabe que el 4cido glutdmico controla los niveles de otro neurotrans-
misor, la dopamina, en distintas regiones cerebrales, principalmente
en el llamado sistema limbico. Como la hipétesis bioquimica mads
aceptada del mecanismo de la esquizofrenia es que ésta ocurre por
incremento de la transmision dopaminérgica, es posible que la altera-
cién de la regulacién que el dcido glutdmico ejerce sobre la dopamina
sea indirectamente responsable de ese incremento vy, por lo tanto, del
sindrome esquizofrénico.

El dcido glutdmico como excitotoxina

Las propiedades neurotoxicas del dcido glutdmico se describieron por
primera vez en 1957, cuando se demostré que la exposicién de la re-
tina a elevadas cantidades de dcido glutdmico producia la muerte de
las neuronas retinianas, y doce afos después se encontré que el exce-
so de este aminoacido producia también muerte neuronal en distintas
regiones del cerebro. A este fendmeno se le conoce como excitoto-
xicidad, pues relaciona la sobreexcitacion producida por el dcido
glutamico con el dafio neuronal.

Hoy sabemos que la neurodegeneracion por excitotoxicidad se
manifiesta inicialmente, en forma aguda, por hinchamiento celular,
provocado por la penetracién de diferentes iones en el interior de la
célula, como consecuencia de la activacién de los receptores del 4ci-
do glutdmico v de la excitacidén que esto ocasiona. Esos cambios i6mni-
cos se acompanan de la entrada de agua v, por consiguiente, del
hinchamiento de las neuronas.

Ma4s tarde, a largo plazo, el dafto neuronal se desencadena por la
entrada masiva de Ca™* por via de los receptores tipo NMDA (Figura 1),
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yva que, en cantidades excesivas, este catién es capaz de provocar la
muerte neuronal al alterar varios procesos celulares vitales, Por ejem-
plo, la etevacion del Ca® en el citoplasma activa gran niimero de en-
zimas, entre etlas las proteasas, las lipasas y las endonucleasas, las
cuales degradan, respectivamente, proteinas, lipidos y dcidos nuclei-
cos, componentes fundamentales de cualquier célula El Ca’” en
exceso también induce ta produccion de los llamados radicales li-
bres, que son formas moleculares de oxigeno muy toxicos para
las membranas ceiulares, asi como alteraciones en la funcion de las
mitocondrias, organelos celulares encargados de la produccién de
energia. El resultado de todos estos procesos fisiopatoldgicos es
la muerte celular.

La neurotoxicidad producida por el actdo glutamico puede re-
lacionarse con la destrucciéon neuronal aguda que se observa en la
isquemia, en el trauma mecanico o en la epilepsia, asi como con
la muerte de las neuronas ascociada a enfermedades neurodegenera-
tivas crénicas.

Acido glutamico y enfermedades
neurodegenerativas crénicas

En varios padecimientos neuroldgicos se presenta una destruccion,
lenta pero progresiva, de grupos neuronales del sistema nervioso cen-
tral. Esta destruccidon se caracteriza por ser mas o menos selectiva
para ciertas neuronas, por lo que los sintomas que produce dependen
de las funciones nerviosas que esas neuronas controlan. Es decir, el
danio neuronal se traduce en diversas alteraciones neuroldgicas o
conductuales, segin la regién del cerebro en la que la pérdida neu-
ronai sea mas extensa.

Una de ias enfermedades causadas por la pérdida neuronal selec-
tiva es la esclerosis lateral amiotrdfica. Esta enfermedad se caracte-

riza por una paralisis muscular que empieza en la vida adulta y "ﬁf‘
progresa durante anos para afectar a la mayoria de los musculos. La G730
paralisis muscular ¢s debida principalmente a que las neuronas de Lo
la médula espinal encargadas de generar el movimiento (las moto- ﬂ‘l
neuronas) van muriendo de manera progresiva. Una de las hipotesis g

que se ha postulado para explicar esta neurodegeneracion es el dafio
por excitotoxicidad, ya que se ha encontrado que algunos pacientes
con esclerosis lateral amiotréfica tienen niveles elevados de dcido
glutdmico en el liquido cefalorraquideo, asi como deficiencias en los
transportadores de acido glutamico responsables de eliminarlo del es-
pacio extracelular, precisamente en la médula espinal.

Otro trastorno probablemente refacionado con la neurotransmi-
sion glutamatérgica es la enfermedad de Huntington. Este pade-
cimiento, que tiene un componente genético muy importante, fue
descrito en 1872 por el cientifico estadunmidense que e da nombre. Se
caracleriza por la aparicidn de movimientos coreicos v el avance pro-
gresivo de demencra Ll cerebro de los pacientes esld extensamente
atrofado, v presenta notable destrucaidn de neuronas en una estiug-

tura cerebral Hamada neoestmado Enanmmales de expenmentacion
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se ha visto que la administracién de distintos
agonistas de [os receptores del dcido glutamico en
esta estructura puede simular la sintomatologia y
la muerte neuronal que se observa en los pacientes
con Huntington, aunque las caracteristicas histo-
iogicas del dano no son exacitamente iguales. Por
otro lado, en dichos pacientes se
han encontrado alteraciones en
el metabolismo de aminodcidos,
que resultan en un incremento
en la sintesis de los dcidos kinu-
rénico y quinolinico, los cuales
pueden funcionar como agonis-
tas glutamatérgicos.

Algunos estudios han rela-
cionado los aminodcidos excifa-
dores con la muerte neuronal
que ocurre en las enfermeda-
des de Alzheimer y en la de
Parkinson, aunque las eviden-
cias no son del todo convincen-
tes. Hay datos que sugieren
que las neuronas glutamatér-
gicas son las células mds sus-
ceptibles a la formacién de las
llamadas “marafias neurofibri-
lares”, que son una de las carac-
teristicas histopatolégicas mas
comunes de la enfermedad de
Alzheimer. En algunos pacientes
con Alzheimer, se ha encontrado
pérdida de terminales nerviosas
glutamatérgicas en la neocorteza
y en el hipocampo, niveles redu-
cidos de glutamato en algunas dreas corticales y
deficiencias en los transportadores de este ami-
nodcido en la corteza frontal. Por otro lado, como
ya hemos visto, el aumento en el contenido in-
tracelular de Ca™ es un factor preponderante en el
desarrollo de la excitotoxicidad. Una de las protei-
nas cuya aparicién esta muy relacionada con la en-
fermedad de Alzheimer es la proteina B-amiloide.
Cuando esta proteina se aplica a cultivos neuro-
nales, produce disfuncién de la regulacion del
Ca® intracelular y aumento en la produccién de
radicales libres de oxigeno, lo cual desencadena la
muerte de las neuronas de una manera muy pare-
cida a la excitoxicidad por acido glutdmico. Ade-
mas, hay indicios de que la proteina B-amiloide
exacerba el daflo neuronal producido por el dcido
glutdmico.

- estd

0

- Numerosos datos

. sugieren que-
- el dcido ghutdmico

relacionado con
la aparicién
de mifltiples
de&érdenes
~ newroldgicos y
mentales

Isquemia cerebral

La isquemia cerebral, enfermedad que puede pro
ducirse por trauma cerebral, accidente vascular «
paro cardiaco transitorio, tiene gran impacto a cau
sa de la severidad de sus secuelas. En los adultos
los trastornos cerebrovasculares
se ubican entre las mas frecuen
tes causas de muerte y de incapa:
cidad permanente.

Durante la isquemia se inte-
rrumpe la llegada de sangre al
cerebro en su conjunto o a una
zona en particular, lo que produ-
ce muerte neuronal masiva en
aquellas regiones privadas del
aporte sanguineo. A la zona cere-
bral adyacente a la regién isqué-
mica se le conoce como zona de
penumbra, y se piensa que alii el
proceso de neurodegeneracion
ocurre mas o menos lentamen-
te, durante las horas siguientes
a la isquemia, como tesultado
de la excitotoxicidad producida
por la liberacién masiva de acido
glutdmico, que a su vez es conse-
cuencia de la destruccion neu-
ronal en la regidn isquémica.
Esta idea se apoya, entre otros
datos, en dos observaciones ex-
perimentales: la concentracion
extracelular de dcido glutdmico
aumenta durante la isquemia, y
algunos antagonistas glutamatérgicos protegen
eficientemente contra el dario neuronal en la zona
de penumbra.

Epilepsia

Otra condicion en la que se presenta muerte neu-
ronal es después de crisis epilépticas recurrentes.
La epilepsia es un desorden neurolégico que se ori-
gina por la sobreactivacién de grupos neuronales
que, en muchos de los casos, es capaz de propagar-
se a amplias zonas del cerebro y de esta forma pro-
vocar crisis convulsivas generalizadas. Una de las
hipdtesis mas solidas que explican el origen de la
epilepsia es la de cierto desequilibrio entre la neu-
rotransmision inhibidora y la excitadora en alguna
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region cerebral, desorden que posiblemente tiene
origen en {a disminucion de la actividad inhibidora
GABAérgica, en el aumento de la actividad del &ci-
do glutamico o en la combinacién de ambos factores.

Existen muchas evidencias que indican la par-
ticipacion del 4cido glutamico en la patogeria de
la epilepsia. Se han registrado indices elevados
de aminodcidos excitadores en el liquido cefalorra-
quideo de pacientes epilépticos, y algunos tipos de
crisis epilépticas pueden ser controladas con anta-
gonistas glutamatérgicos. Se ha mostrado que los
niveles de acido glutdmico extracelular se encuen-
tran elevados en los focos epilépticos y que estos
niveles pueden aumentar durante una crisis, ade-
mas de que en estudios en animales de experimen-
tacién se ha visto que mientras los agonistas gluta-
matérgicos son potentisimos convulsivantes, los
antagonistas glutamatérgicos tienen notables efec-
tos anticonvulsivantes.

En cuanto a la muerte neuronal asociada a la
epilepsia, se ha encontrado que buen ntmero de
pacientes epilépticos, principalmente aquellos que
padecen epilepsia del 16bulo temporal, Hegan a pre-
sentar deficiencias neuroldgicas ocasionadas por la
muerte masiva de neuronas en una estructura cere-
bral llamada hipocampo.

En nuestro laboratorio estamos interesados en
estudiar las relaciones entre epilepsia, dcido glu-
tdmico y dafo neuronal. Con este fin, hemos admi-
nistrado directamente en el hipocampo de la rata
un compuesto llamado 4-aminopiridina (4-AP), que
es un potente convulsivante, mediante la técnica de
microdialisis, que permite aplicar la droga y esti-
mar, al mismo tiempo, la concentracién extracelu-
lar de dcido glutdmico y otros aminodcidos, por
medio de cromatografia liquida de alta presién
(HPLC, high presion liguid cromatography) (véase la
Figura 3). Hemos combinado esta técnica con el re-
gistro de la actividad eléctrica cerebral (electroence-
falograma o EEG), y de esta manera evaluamos la
aparicion de actividad epiléptica y podemos corre-
lacionarla con la liberacién de dcido ghutamico des-
de las neuronas y con la mucrte neuronal, en la
misma rata (Figura 3).

Algunos resultados de estos experimentos se
muestran en la Figura 4. La administracién de 4-A7
en el hipocampo de la rata produce clevacion con-
siderable en los niveles extracelulares de dcido
glutdmico, al mismo liempo que induce ensis opi-
leptiformes v una considerable muerte neuronal
Ademads, hemos podido demuostrar que el dano neu-

HPLC (aa)

Region CA1 Y
{hipocampo)

EEG
Figura 3. Diseilo experimental para estudiar las relaciones
entre la liberacidn del dcide glutdntico y otros amiodcidos
(aa), la aparicion de epilepsia y la newrodegeieracion, en ol
hipocampo de Ia rata. La cdnula de microddlisis mscrtada on
el hipocampo permite perfundiv un liquide y colectar lo que
las neuronas del ipocanipo liberan (como se indica por las
flechas). Simultdneamente se registra la actimdad eléctrica
(EEG) del propio hipocampo y de la corteza cerebral. El con-
tenido de dcide glutdmice se mide por cromatografia liquida
(HPLC) y cinco dias después del experimento se prepara el ce-
rebro de lq rata para determinar si ubo muerte neuronal en
el hipocampo. La region CAI del hipocampo es la mds afecta-

da por la droga usada en estos experimentos, la 4-aminopiridi-
na, como se observa en la micrografia mostrada en la Figura 4

ronal y las crisis epilépticas que produce la 4-AP se
deben principalmente a la sobreactivacién de los
receptores del dcido glutdmico tipo NMDA, ya que
la aplicacion de antagonistas de este receptor, como
el MK801, es capaz de atenuar las crisis y proteger
contra el dario neuronal (véase la Figura 4).

Consideraciones terapéuticas

Como hemos visto, numerosos datos sugieren que
el dcido glutdmico estd muy relacionado con la apa-
ricidn de multiples desérdenes neu rolégicos vy men-
tales. Esas pruebas abren la posibilidad de disefiar
nuevas estrategias terapéuticas para el mancjo de
padecimientos como las enfermedades neurodege-
nerativas, ia isquemia y la epilepsia. Actualmens-
te contamos con una amplhia gama de antagonistas
de los receptores del dcido glutdmico que, tedrica-
mente, podrian aliviar dichos males. Bl gran pro-
blema al que nos eafrentamos es que, como men-
clonamos en la primera parte de este tralbiao, ese
ammoactde participa de manera muy tmportante

en practicamente tlodas Las funciones del sistema
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Figura 4 Efectos de ln administracion de 4-aminopiriding (4-AP) en el hipocampo, Resultados obicnidos siguiendo el disefio
experimental mostrado en la Figura 3. La 4-AP produjo ' incremento de casi fres veces sobre el valor control () en la cozcen-
tracidn de dcido glutdmico extracelular ( grdfica supertor, parte izquierda); - descargas de tipo epiléptico en el EEG {(trazo del
lado izquierdo}; y « destruccidn neuronal completa en la regicin CAI del hipocampo (micrografia del lado izquierdo). Los efec-
tos "oy . parecen deberse a la liberacion de dcido glutdmico y a la consecuente sobrenctivacion de su receptor tipo NMDA, ya
que cuando se administrd a la rata el compuesto MK801, que es wni antagonista de ese receplor, las descargus epileptiforimes en
el EEG fueron nuiche mds cortas (compdrese el EEG del Indo derecho con el del izguierdo) y las neuronas de la region CAT no se
destruyeron (compdrese la micrografia del lado derecho, en la que se ve la capa de newronas normales caracteristica de esta re-
gi6n, con la del lado izquierdo, en donde se observa la destruccidn prdcticamente completa de dicha capa de neuronas; la barra

indica 200 pm). Resultados originales de los autores

nervioso, por lo cual no es sorprendente que la
administracién de drogas antagonistas provoque
efectos colaterales indeseables a corto y mediano
plazos. Entre estos efectos indeseables se encuen-
tran el aletargamiento y diversas alteraciones en la
percepcidn, la atencidn, el control motor o la me-
moria. Un claro ejemplo de estas acciones es la ya
merncionada fenciclidina, un antagonista del recep-
tor tipo NMDA que, como hemos visto, produce
sintomas esquizoides.

El desarrollo de la biologia molecular ha permi-
tido clonar-varias de las diferentes subunidades
peptidicas que componen los receptores del dcido

12

glutdmico, tanto del tipo NMDA como del no-
NMDA. En esta forma se ha demostrado que los
receptores estdn constituidos por diversas combi-
naciones de subunidades y que se distribuven de
manera diferencial en las distintas regiones del ce-
rebro. Sin duda, esto permitird, en los proximos
anos, el desarrollo de farmacos mds especificos
para antagonizar la excitotoxicidad producida por
el exceso de transmisiéon glutamatérgica, pero
carentes de efectos colaterales, y asi establecer pro-
cedimientos terapéuticos eficaces en los padeci-
mientos neurodegenerativos, para los cuales atin
no existe tratamiento alguno.
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II. ANTECEDENTES

LA EPILEPSIA Y EL GLUTAMATO

La epilepsia ha sido uno de ios grandes problemas de la humanidad, tanto por su
alta prevalencia e incidencia, como por sus consecuencias medicas y sociales.
Etimoldgicamente, la palabra epilepsia deriva de una preposiciéon y de un verbo
irregular griego, epilambanein, que significa: “ser sobrecogido bruscamente”. La
definicidn de la epilepsia ha sido muy complicada a lo largo de la historia, por o
que en 1973, la Liga Internacional contra la Epilepsia y la Organizacion Mundial de
la Salud publicd un diccionario de epilepsia en el que se define a ésta como una
afeccion cronica de etiologia diversa, caracterizada por crisis recurrentes, debidas
a una descarga excesiva de las neuronas cerebrales (crisis epilépticas), asociadas
eventualmente con diversas manifestaciones clinicas y paraclinicas.

Existen muchas clasificaciones de la epilepsia. Pero en la actualidad se
separa este padecimiento en dos grupos: epilepsia parcial y epilepsia
generalizada. La epilepsia parcial se origina en un pequefic grupo de neuronas
que se constituyen en un “foco epiléptico” y de esta manera la sintomatologia
depende de dbénde se encuentra el foco epiléptico, mientras que la epilepsia
generalizada involucra a toda la corteza cerebral desde su inicio, aungque no se
puede descartar la presencia de un foco epiléptico. El modelo animal que se
desarrollard en este trabajo se puede considerar como un modelo de epilepsia
parcial, pues se induce un foco epiléptico en el hipocampo que eventualmente
produce crisis convulsivas por la propagacion de [a actividad epiléptica a la corteza
cerebral.

En el origen de un foco epiléptico pueden participar muitiple factores, tales
como cambios en las propiedades intrinsecas de la membrana neuronal y/o
alteraciones en la fransmision sinaptica. Invariablemente cada neurona en un foco
epiléptico presenta de manera sincronizada una respuesta llamada
despolarizacion paroxistica (DP). Una DP se inicia por una despolarizacién subita
(20-40mV) de larga duracion (50-200ms), en la que se monta un tren de

potenciales de accion. Esta despolarizacion esta mediada principalmente por ia
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activacién de receptores a glutamato del tipo AMPA y NMDA (Jefferys y Traub,
1998)

Ademas del papel fundamental de los receptores glutamatérgicos en la
generacion de la DP, existe mucha evidencia de que una sobreactividad
glutamatérgica esta estrechamente relacionada con ia epilepsia. La capacidad del
giutamato o sus andlogos estructurales para producir convulsiones cuando son
inyectados en el cerebro fue puesta de manifiesto por los experimentos de
Hayashi (1952); méas adelante se postuld que la epilepsia podria estar asociada a
un metabolismo anormal del glutamato o bien a alteraciones en su transporte,
pues se encontraron niveles elevados de glutamato (hasta 3 veces) en pacientes
con epilepsia generalizada (Janjua et al., 1992a) o bien en ratones genéticamente
epilépticos de la cepa E1 (1.5 veces, Janjua et al., 1992b). Por medio de la técnica
de la microdidlisis se han observado incrementos importantes en los niveles
extracelulares de glutamato, de entre 3-16 veces, en pacientes epilépticos con
crisis de origen cortical (Carlson et al., 1992; Hamberger et al, 1993) o
hipocampico (2-5 veces, During y Spencer, 1993; Wilson et al., 1996). También
con el uso de la microdidiisis, se han documentado aumentos en los niveles
extracelulares de glutamato en un buen ntimero de modelos animales de epilepsia
como el kindling (1-3 veces, Zhang et al., 1991; Kaura et al., 1995), la aplicacién
de acido kainico (3 veces, Stein-Behrens et al,, 1992), pilocarpina (1.5 veces,
Millan et al., 1893), o de estimulacién eléctrica (1.2 veces, Walker et al., 1995).

Tambien se ha mostrado que una expresién anormal de los receptores a
glutamato o un aumento en su funcion juega un papel importante en varias formas
de epilepsia (McNamara, 1994; Meldrum, 1894). En ratas a las que se les indujo
epilepsia por el método de kindling se demostrd alteraciones importantes en el
funcionamiento del receptor tipo NMDA (Kraus et al., 1994; Lee et ai., 1994), y se
han encontrado incrementos en la actividad del receptor de NMDA en rebanadas
corticales de pacientes epilépticos (Louvel y Pumain, 1992). En este mismo
sentido se ha observado que la sobreexpresion de la subunidad GLURG del
receptor de Kkainato puede producir crisis epilépticas espontdaneas y

neurodegeneracion en el hipocampo (During et al., 1993).
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Otros datos que sugieren fuertemente que el glutamato juega un papel
importante en la patologia de ia epilepsia son aquellos obtenidos mediante el
bloqueo de los receptores glutamatérgicos, lo cual resulta en una excelente
estrategia anticonvulsivante. Por dar algunos ejemplos, los antagonistas
competitivos de los receptores NMDA como el CPP (Léscher et al., 1988; Patel y
col., 1990) o el AP7 (Czuczwar y Meldrum, 1982) o no competitivos como el MK-
801 (McNamara et al., 1988; Gilbert, 1994) o el ADCI (Rogawski et al., 1991)
inhiben las convulsiones producidas en una amplia variedad de modelos de
epilepsia. En el caso de los receptores no-NMDA, antagonistas de los mismos
como el NBQX o el GYKI52466, han probado también ser buenos
anticonvulsivantes en distintos modelos (Chapman et al., 1991; Smith et al., 1991;
Yamaguchi et al., 1993).

Pero no solamente el bloqueo de los receptores de glutamato ayuda a
prevenir las crisis epilépticas. Chapman y colaboradores (1996) mostraron que
una disminucién en la expresion de los receptores NMDA producida por la
aplicacion de oligonucledtidos antisentido contra la subunidad NMDAR1 de los
receptores de NMDA resulta en una reduccion de las crisis epilépticas en ratones
genéticamente epilépticos de la cepa DBA/2. Esta misma estrategia dio muy
buenos resultados en ratas a las que se indujeron crisis por la aplicacién de NMDA
(Zapata et al., 1997).

En el caso de los transportadores de glutamato, se ha observado una
disminucion en la expresion de estas proteinas en un modelo animal de epilepsia
(Samuelsson et al., 2000) o la aparicion de crisis epilepticas letales en ratones que
no expresan el transportador glial GLT-1 (Tanaka et al., 1997).

LA NEURODEGENERACION Y EL GLUTAMATO

Las observaciones de Lucas y Newhouse (1957) de que la administracion
sistémica de glutamato en el ratoén produce degeneracion en la retina sugirieron
que el glutamato puede actuar como una endotoxina. Posteriormente fos trabajos
de Olney y sus colaboradores (1971) asociaron la activacion de receptores a

giutamato con el dafto neuronal, estableciéndose a partir de entonces el término



de excitotoxicidad para asociar la despolarizacidn excesiva que produce el
glutamato con la muerte neuronal. Posteriormente los trabajos de Rothman (1984)
demostraron que el dafo neuronal producido por la anoxia en cultive de neuronas
hipocampicas es provocado por la liberacidon de glutamato y finalmente los
trabajos de Choi (1987) pusieron énfasis en el pape! determinante del influjo de
calcio en la excitotoxicidad.

El glutamato puede producir la excitotoxicidad cuando la acumulaciéon de
Ca™ intracelular, producida fundamentalmente por la sobreactivacién de los
receptores NMDA, rebasa los sistemas de amortiguamiento propios de la célula
(Choi, 1987). Esta actividad excitotoxica del glutamato resulta en la produccién de
especies reactivas de oxigeno de una manera dependiente de calcio (Dugan et al.,
1995; Reynolds y Hastings, 1995; Bindokas et al., 1998) ya sea por un incremento
en la respiracion mitocondrial inducido por la acumulacion del Ca* intracelular
(Gunter et al., 1994; White y Reynolds, 1996) o por la activacion de la fosfolipasa
A2 y de la sintasa del éxido nitrico (Dawson et al., 1992; Coyle y Putifarcken,
1993; Lafon-Cazal et al.,, 1993). La actividad de la fosfolipasa A2 genera dacido
araquidonico que potencialmente puede generar radicales libres y la sintasa del
éxido nitrico genera éxido nitrico (NQ).

El NO puede alterar el metabolismo mitocondrial generando grandes
cantidades de superdxido (Bolafios et al., 1994; Stamler, 1994; Brorson et al.,
1997), que puede reaccionar con el mismo NO para formar peroxinitrito, que es un
oxidante muy potente que puede modificar proteinas y producir alteraciones en el
DNA (Beckman y Koppenol, 1996; Smith et al., 1997). Finalmente, otra accién
generadora de radicales libres por parte del NO es la disminucién drastica del
NADH producida por la activacion de la ADP-ribosa polimerasa, lo que disminuye
el poder reductor de las células (Cosi et al., 1994).

Otro blanco posible del incremento excitotdxico en el calcio intracelular es la
calpaina. La calpaina es una proteasa presente en las neuronas que es activada
por altas concentraciones de calcio, similares a las que se encuentran durante el
dafio neurcnal (Siman et al., 1989; Del Cerro et al., 1994; Wang y Yuen, 1994).

Otras enzimas que pueden ser activadas por el calcio son fosfatasas de proteinas



(como la calcineurina) (Feng y Stemmer, 1999), y endonucleasas (Joseph et al,,
1993). De todo lo anterior se desprende que la activacidon de todos estos
mecanismos excitotoxicos por el Ca™ resulta en la degradacién de mdltiples

componentes fundamentales para la sobrevivencia neuronal.

EPILEPSIA Y NEURODEGENERACION: LA EPILEPSIA DEL LOBULO
TEMPORAL

Una de las patologias donde mas claramente se encuentra una asociacion entre la
epilepsia y la neurodegeneracidén es la epilepsia del Idbulo temporal (ELT), un tipo
muy comun de epilepsia intratable farmacoldgicamente que responde muy bien a
tratamientos quirdrgicos (Thadani et al.,1995). Dado que la asociacidon del dafio
neuronal y la epilepsia con el glutamato es el tema fundamental de la presente
tesis, se describird brevemente ésta patologia. En 1951, Jasper, Pertuisset y
Flanigin usaron el término de ELT para agrupar una gran variedad de crisis
(incluyendo a las crisis psicomotoras) que tenian como comin denominador la
aparicion en el electroencefalograma (EEG) de actividad paroxistica originada en
el lobulo temporal, que se caracteriza por espigas de alto voltaje y/u ondas lentas.
Las manifestaciones ictales de este tipo de epilepsia se pueden subdividir en dos
componentes: subjetivos y objetivos (Engel et al., 1997). El componente subjetivo,
que generaimente inicia la crisis, recibe el nombre comin de aura. El aura se
caracteriza por sensaciones viscerales principalmente en el epigastrio, aunque
también puede expresarse por el comun degja vu, jamais vu o bien por
alucinaciones olfatorias. El aura es continuada por las manifestaciones objetivas,
las cuales consisten inicialmente de rigidez muscular y dilatacion pupilar, en
muchos casos las crisis no progresan mas alla de estas manifestaciones, pero en
otros casos las crisis desembocan en ia aparicién de automatismos e incluso de
crisis convulsivas. Desde finales del siglo XIX, mas o menos en la misma época
Pileger (1880), Sommer (1880) y Bratz (1889} llamaron la atencion sobre cambios
histopatolégicos que aparecian en el hipocampo de pacientes que presentaban las
llamadas “crisis psicomotoras”. Despues de multiples reportes aislados, el estudio

de Margerison y Corsellis {1968) mostro claramente que la ELT esta asociada en
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un alto porcentaje de los pacientes con un cambio histopatolégico denominado
esclerosis hipocampica, que se caracteriza fundamentalmente por la aparicion de
gliosis y dafic neuronal en el hipocampo. Es muy importante hacer hincapié en
gue el patron de dafio neuronal en esta estructura es muy consistente. Como se

muestra en la figura 1, en los pacientes con ELT, se encuentra una degeneracion

Figura 1. Hipocampo de un paciente con epilepsia del Iébulo temporal. Observe la
completa neurodegeneracion en las regiones de CA1 y CA3, asi como la
preservacion de las neuronas de la regién CA2, el giro dentado (G} y el subicuium
{S). Barra = 500 pm (Tomado de Houser, 1992).

de las neuronas localizadas en las regiones CA1 y CA3 y la preservacion de las
“regiones resistentes” de CA2 y el giro dentado (Kim et al.,, 1990; Houser, 1992).
Esta vulnerabilidad selectiva en el hipocampo es simulada por algunos modelos de
epilepsia asociados con neurodegeneracion, en muchos de los cuales se ha
involucrado la activacion de receptores a glutamato (Ben-Ari 1985; Stein-Behrens
et al.,, 1994; Zhang et al., 1996; Arias et al., 1997; Grooms et al., 2000), io que
puede indicar la existencia de una estrecha correlacidn entre un incremento en la
transmision glutamatérgica y la induccién de epilepsia y dafio neurcnal, como se

describe en la siguiente revision.
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1. Iatroduction

In recent years there has been an increasing interest in
the studies on neurodegeneration, including the physio-
iogical or programmed neuronal death and the cell dis-
ruption occurring as a consequence of necrosis. This
interest has been greatly stimulated by the fact that pre-
cipitate and localized neuronal destruction is a central
event in the course of many acuie and chronic disorders
of the central nervous system (CNS). These disorders
include stroke (anoxia-ischemia), hypoglycemia, cerebral
trauma, cpilepsy and several devastating neuro-
degenerative diseases, such as amyotrophic lateral scler-
osts, Parkinson’s disease., Alzheimer’s disease and
Huntington’s disease

Among the cellular mechanisms possibly invelved in
neuronal death 1 the above mentioned disorders, three
closely related factors scem io play important roles: (1)
the generation of reactive oxygen specics or free radicals,
(2) the overactivation of synaptic excitatory amino acid
(EAA) receptors, and (3} the increase in cytoplasmic free
Ca?* concentration. As shown ir Fig. 1, the links between
these factors are multiple and an initial event may lead,
m a cascade manner, to the gencration of further alter-
ations.

Onc of the key events in this chain of reactions resulting
1 neuronal damage is an excess of the excitatory synaptic
neurotransnussion mediated by amine acids, mainly glu-
tamate. Pioneer studies in the decade of the seventics
showed thal cxposure of nervous tssuc to high con-
centrations of glutamate and other EAA produced neu-
ronal degeneration and death, and demonstrated that
such cffects are related to the ability of these neuro-
transnutiers Lo depelarze the membrane and therefore
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{o excite neurons {Olney, 1971; Olney et al., 1971; Roth-
man and Olney, 1987). This knowledge led to the concept
of excitotoxicity, or neuronzi damage due to over-
excitation, whose mechanisms are presently known in
some detail due to the advances in the characterization
of the different types of EAA receptors and their func-
tioning. Two groups of EAA receptors located 1n neu-
ronal membranes have been 1dentified. A first group of
receptors, mainly localized postsynaptically, constitute
figand gated ion channels (ionotropic receptors) and
includes the N-methyl-p-aspartate (NMDA) type and the
non-NMDA type. The two types are activated by glu-
tamate and aspartate, but the former is activated by
NMDA whereas the latter includes a subtype recogmzing
kainate acid {KA) and another subtype that is actuivated
by «-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA). The sccond group is that of melabotropic EAA
receptors, which are frequently present in the presynaptic
membrane and do not form ton channels but arc associ-
ated 1o G proteins and coupled to the production of
second intracellular messengers (Hollmann and Heine-
mann, 1994; Miller. 1994; Michaclis, 1998).

Besides its hgand sensitivily, the NMDA receptor
dificrs (rom that of non-NMDA receptors i its sen-
sitivity to voltage changes, its requirement for glycine as
a positive modulator and its iome selectivity The NMDA
receptor channel 1s permeable mamly to Na* and Cat™,
in contrast, the non-NMDA receptor channels are volt-
age insensitive and normally permeable only to Na!',
although this permeability may vary depending on the
subunit composition of the receptor (Hollmann ¢t al..
1991: Bettler and Mulle, 1995; Pellegrim-Chiampmetio et
al. 1997). These dillferences  determune @ complex
response o glutimate of the postsyniaptic ncuron pos-
sessimg the two bopes of receptons Under westing
conditions, the NM DA veceptor s notrcadiv opened s
the agannists, because ds channel o bloched by Mo
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However, because of the vollage sensiuvity of this recep-
or. when the membrane is depelarized Mg™ " is expeiled
out of the channcl and the recepior is able to respond Lo
its ligand. Consequently. when the non-NMDA receptor
1s activated and depolarization occurs due to the entrance
of Na~ through its channel, the overactuvation of the
NMDA recepter 1s facilitated.

The hyperactivation of the NMDA receptor resulis in
4 massive entrance of Ca®~ (Randall and Thayver, 1992;
Hartley et al., 1993), which may overcome the intra-
cellular Ca™* buffering mechanisms that. together with
plasma  membrane Ca?"-ATPases and Na~-Ca’
exchangers, arc responsible for maintaining a sub-
micromolar intracellular concentration of the cation. The
resulting accumulation of cytaplasmic Ca’* eventually
leads to neuronal death (Maitson. 1994; Siesjd, 1994) due
to several factors, such as activation of proteases, lipases
and endonucieases, membrane protein and lipid alter-
ations, generation of toxic reactive oxygen species, mito-
chondrial damage. disruption of energy metabolism, and
membrane depolarization. These events potentiate each
other in a cascade manner to produce membrane damage
and consequently cell death (Fig. 1).

2. Neurotoxicity of EAA receptor agonists

A great deal of the foregoing notions arose from a variety
of experiments carried out in vive and in neuronal

Reactwe oxygen species

cultures, by means of the admnistration of glutamate «
of EAA receptor agonists, such as NMDA and K
(Malva et al.. 1998). That neurotoxic eflccts of the:
compounds are due to their interaction with EAA recej
tors 18 usually ascertained by testing the blockade ¢
prevention of therr toxicity in the presence of antagonis
specific for the different receptor subtypes. Among th
compounds more frequentiy used are the NMDA receg
tor antagonists { +)-3+(2-carboxy-piperazin-4-vl)-propy
I-phosphonic acid (CPP), {+)-2-amino-7-phosphonc
heptanoic acid (AP7) and (+)-3-methyl-10,11-dihydr¢
5H-dibenzo[a,d]cyclohepten-5,10-1mine hydrogen male
ate (MK-801). and the non-NMDA receptor antagonis
6-cyano-7-nitroquinoxaline-2.3-dione  {CNQX, mor
effective on KA receptor). 2.3-dihydroxy-6-nitro-7-su
famoyl-benzo(f}quinoxaline (NBQX, more effective o
AMPA receptor; Sheardown et al.. 1990}, and some 2.-
benzodizzepines (Vizi et al., 1996, 1997).

Important support for a link between the abov
described mechanisms of excitotoxicity and neurons
death in neuropathological disorders derives from th
following findings: (a) excessive EAA-mediated neu
rotransmission leads to eptleptic activity (Choi, 1988
Meldrum, 1991); (b) the cytopathological characteristic
of the damage observed after the exposure to EA/
resemble those occurring after brain ischemia (Brow
and Brierly, 1972; Simon et al., 1984; Van Reempts, 1984
or prolonged seizure activity (Evans et al., 1984); (c
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microdialysis studies 1n vive have shown that during cer-
ebral 1schenua (Benvemste et al . 1984, Globus et al.,
1988; Hillered ct af | 1989; Butcher et al., 1990; Graham
et al, 199C: Bakerct al, 1991), hyposglycemia (Sandberg
et at, 1986), and cercbral trauma {Faden et al, 1989),
the extracetlular concentrations of glutamate and aspar-
late are hughly increased, reaching levels comparable to
those which are neurotoxic in cell cultures (Chor et al.,
1987); (d} antagomsts of both the NMDA and non-
NMDA receptor types protect against the neuronal dam-
age associated to these neuropathological conditions
(Gili et al.. (988, 1992; Bullock et al, [990; Sheardown
el al.. 1990; Swan and Meldrum, 1990).

3. Is the origin of augmented extracellular glutamate
important for neurotoxicity?

Moslt of the studies on glutamate-induced neurotoxicity
have been carried out m vitro, largely in neuronal or
mixed ncuronai-ghal cultures (Ohno et ai., 1997; Rogers
and Hunter, 1997 Jensen et al., 1998), whereas i vivo
the excitotoxicity has been observed in some brain regions
mainly after the intracerebral microinjection of EAA
receplor agonists, such as NMDA, KA, AMPA or dihy-
drokamate (DHK, an inhibitor of glutamate transport
that scems to have a direct agonist effect on NMDA
receptors) (Ben-Ari, 1985:; Stein-Behrens et al., 1994,
Massieu and Tapia, 1994, 1997: Massieu et al., 1995;
Arias et al, [997). These experimental conditions,
however, do not necessanly reflect the situation occurring
under pathological states. in which, as impled 1 the
previous section, neurconal destruction by excitotoxiciry
must be due primanly to an excess of endogenous extra-
cellular EAA capable of overactivaung their postsynaptic
receptors Itis clear, therefore, that in vivo EAA-induced
neurodegencration can occur only when the extracellular
concentration of the ammo acids mcreases above a criti-
cal value and/or for a certamn period of time. During the
normal functioming of the glutamatergic synapses this
does not oceur because after the release of glutamate
trom the presynaptic tlerminal its concentration n the
synaplic clett 15 kept low (~1 pgM). due to its rapd
clearance by an eflicient reuplake carned out by specific
high aflimty transporters {Fagg and Foster, 1983
Fonnum, 1984: Nicholls and Attwell, 1990), of which five
types have been cloned (Danboltl, 1994; Fairman ct al.,
1995 Arriza ¢t al . 1997) 1t s therefore elear that an
avgmented  glutamate release, such as that probably
occurtmg in certain types of epilepsy, could result in
i perenertition but would not necessanly mduce neu-
rodegencration. because of the rapd removal of glu-
Limate rom the synraptic cleft On the other hand, one
should exvpect that adeieient teupteke would mote casily
result e extraceluior glutimate levels suficiently ol

and donse Listiay 1o become tove s huas been pos-

O]
wh

tulated to occur during ischemia, since the transporter
requires extracellular Na®, which is co-transporied with
glutamate, and thus the ischemua-induced energy fafure
mught result in dimimished Na " -K*-ATPase activity and
therefore in an imparment of the transporter. Addition-
ally, glutamate release might occur through the reversal
of the carrier-mediated Na*-dependent uptake (Pulsinell)
and DufTy, 1983; Obrenovitch and Urenjak. 1997). In
fact, as already mentioned, 1t has been shown that extra-
cellular aspartate and glutamate levels increase after
experimental transient ischemia.

In the following sections these relationships will be
discussed, focused on experiments in vivo, which should
refiect more clesely than those in vitro the complexities
of the pathological alterations. Indeed, several important
factors influencing the possibihity of interaction of glu-
tamate with its receptors, for cxample the volume. con-
straings and tortuosity of the extracellular space,
particularly the synaptic cleft (Rusakov and Kulimann,
1998), may be overlooked by the in vitro experimental
conditions. These and other problems make it difficuit to
establish a correlation in vivo between alterations in the
extracellular concentration of EAA and facilitation of
excltatory synaptic transmission. However, a reasonable
expectation would be that if increased levels of EAA may
indeed hyperactivate the receptors, when such increase
occurs an enhanced neuronal excitability should be
observed, behawviorally and/or electroence-
phalographically, accompanied by or followed by neu-
ronal damage of the cerebral region affected.

What procedures could be appropriate to test this pre-
sumption? An obvious answer is to design ¢xperiments
aimed at studying whether a stimulation of EAA release
or an inhibition of its transport results in enhanced
endogenous extracellular EAA and whether this is related
to neuronal hyperexcitability and neurodegeneration
This can be accomplished with the use of the mic-
rodialysis lechnique, which has been extensively used to
measure changes in the extracellular concentration of
amino acids in vivo under a great variety of experimental
conditions. However, the origin and consequences of an
enhanced EAA concentration, as determined by this tech-
nique, have been the subject of considerable controversy
{Herrera-Marshitz ¢t al., 1996; Timmerman and West-
ermick. 1997). [ the bight of the above discussion, the
heart of this controversy lics not only n ascertaining
what 1s the cellular ongm of the basal and the increased
extracellular EAA (neuronal, synantic or ghal) but also n
establishing that they are indeed enhancig the eacitatory
synapiic cfficacy

30 Infubriion of gluramaie upiohe
Recently, several reports have appemed studsimg the

clieet ol mbibnis of FAA transporiers on the con-
centration of extracelfular amno oads mvive The mosd
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used compounds arc L-trans-pyrrolidine-2.4-dicar-
boxylate (PDCY, DHEK. and Dvr-tfireo-f-hydroxy-aspar-
tate. Microdialysis experunenis have shown that in the
striztum and in the hippocampus the basal levels of glu-
tamate and aspartate are notably increased by PDC (Mai-
lun et al., 1993; Bloc et al. 1995; Massieu et al, 1995;
Herrera-Marschitz et al.. 1996; Obrenovitch et al., 1996:
Zinderwijk ei al., 1996: Massien and Tapia, 1997; Rawls
and McGinty, 1997; Lada et al, 1998). but only few
investigations have addressed the correlation between the
changes observed and clectrical activity alterations or
neurodegeneration. In one of these studies (Obrenoviich
et al.. 1996), it was found that PDC-induced increases of
extraceliular glutamate to more than 20-fold the basai
level in the hippocampus did not induce elec-
trophysiotogical signs of hyperexcitability. In two studies
from our laboratory (Massieu et al., 1993; Massicu and
Tapia, 1997), we have shown that PDC induced long
lasting (over 2 h) large increases of extraceliular glu-
tamate (10-20-fold, reaching concentrations comparable
to those observed during neuronal damage due to
ischermia (Globus et al., 1988; Hillered et al.. 1989: Baker
etal, 1991: Wahl et al.. 1994)), but no neurodegeneration
was observed, either in the striatum or in the hippo-
campus. In these reports. neuronal damage was assessed
by histological examination and, in the case of the stri-
atum, by biochemical determunation of choline ace-
tyltransferase and glutamate decarboxylase activities,
markers of cholinergic and GABAergic neurons, respec-
tively. The effect of PDC was much higher on glutamate
and aspartate than on other amino acids. in agreement
with the described potent and selective action of this
compound on the glutamate/aspartate transporter
(Bridgeserzl.. 1991; Robinson et al., 1991). The elevation
of glutamate by PDC could be due to a combination of
the blockade of the transporter and a carrier-mediated
release of the amino acid, since it has been shown that
PDC can be exchanged with glutamate (Bridges et al.,
1991: Isaacson and Nicoll, 1993; Sarantis et al., 1993).
The important finding was, however, that in spite of the
very high levels of extracellular glutamate no neuronal
damage was observed (Massieu et al.. 1993 Massicu and
Tapia, 1997).

In contrast to this lack of effect of PDC. under similar
experimental conditions the administration of DHK or
KA through the microdialysis probe produced remark-
able neuronal damage in the striaium, observed 7 days
after treatment. The lesion produced by DHK was par-
tially prevented by treatment with the NMDA receptor
antagonist MK-801 or with the non-NMDA receptor
antagonist NBQX (Massieu et al., 1995). In addition. the
microimjection of DHK in the hippocampus produced a
notable neuronal destruction a few hours after treatment,
which was, however. restricted to the CAl area and pre-
vented by MK-801 but not by NBQX (Anas et al., 1997)
Altogether. these expeniments with DHK suggest that the

reurotoxic effect of the latter 1s due to a direct activatior
of glutamate receptors and not to the glutamate accumu
lated in the extracellular space.

Whatever the mechamsm of the ncuroloxic elficet ol
DHK may be. the above results with PDC clearly indicate
that increased extracellular glutamate in vivo by impair-
ment of its transporter is not sufiicient by itself to produce
neuronal hyperexcitation or neurotial damage. One poss-
ible explanation for these unexpected findings s that the
extracellular glutamate accumulated as a consequence of
PDC action on the transporter does not reach sufliciently
high concentrations to overactivate glutamate receptors.
In view that five differeni glutamate carriers have been
cloned and they differ i their neuronal or ghat local-
ization (Kanai and Hediger, 1992; Pines et al., 1993;
Storck et al., [992: Kanat ct al.. 1993: Fairman et al..
1993; Arriza et al.. 1997), another possibility 15 that the
transporter affected by PDC might not be the one closely
nvolved in the removal of glutamate [Tom synaptic sites.
However, it has been reported that PDC inhibits glu-
tamate transport m both synaptosomes and cultured
astrocytes (Bridges et al., 1991: Robinson et al., 1991;
Rauen et al., 1992; Garlin et al.. 1993), and that the
extraceliular glutamate enhanced under the effect of PDC
in vivo seems to be of neuronal origin and may possess
transynaptic effects in the striatum (Rawis and McGinty.
1997).

Two other models of glutamate transport deficiencies
in vivo have been described: knockout of the transporters
by intracerebroventricular chronic administration in the
rat of antisense oligonucleotides specific for the glial
(GLAST and GL.T-1) or neuronal (EAACI ) transporters
(Rothstein et al., 1996), and the generation of mutant
mice lacking EAACT (Peghini et al.. 1997). In both stud-
ies. when EAAC] was affected unimals showed some
motor and behavioral abnormalities. but no neu-
rodegeneration was observed. In contrast, with the anti-
sense oligonucleotides against GLAST and GLT-1
extracellular glutamate was mcreased and some signs of
neurodegeneration characteristic of excitotoxicity were
observed in the striatum and the hippocampus (Rothstein
etal., 1996). These studies suggest that the glial glutamate
transport may be more efficient in reducing the level of
synaptic glutamate. In any case. it seems that in the
absence of other potentiating factors the concentration
of endogenous glutamate in the synapse must reach very
high values m order to produce neurotoxicity (Obreno-
vitch et ai, 1996: Obrenovitch and Urenjak, 1997), since
under normal synaptic transmission it may peak at > |
mM concentration (Clemenis et ai., 1992: Clements,
1996).

The problems in understanding the accessibility of
endogenous glutamate 1o the postsynaptic receptors and
the role of its clearance by uptake in vivo can be illus-
traied by comparing the lack of neurotowicity described
1n the preceding paragraphs with the resulis of experi-
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ments in neuronal and ghial cultures In these nuxed
cultures. exposure to PDC induced an elevation of glu-
tamate concentration in the culture medium which,
differently from the observations i vivo. vesulted i neu-
ronal damage as assessed morphologically. by the release
of lactic dechydrogenase or by the mtochondnal
reduction of a tctrazelium sall; this peurodegeneration
was attenuated by NMDA receptor antagonists (Binz-
blau et al . 1996, Velasco ot al., 1996, Volterra ¢t al..
1996). Furthcrmore, under these in vitro conditions the
PDC-induced accumulation of extracellular glutamate
resulted also in sustained neuronal depolarization (Vol-
terra ct al., 1996). Also in contrast to the microdialysis
results, under these experiments in vitro DHK did not
induce neurotoxicily nor produced any increase of extra-
cellular glutamatce {Velasco et al . 1996). Since DHK does
not affect glutamate transport in cultured astrocytes
(Garlin et al., 1595), these date support the participation
of the ghal transporter as the main site of removal of
extracellular glutamate mn the mixed cultures

The most probable explanation for the discrepancy
between the lack of neurotoxicity of glutamate accumu-
lation by uptake mhibition in vivo and its damaging eflect
in the mixed neuronal-glial cultures is that. whereas 1n
the former condition the access of the extraceliular glu-
tamate to the synaptic receptor sites might be hmited. in
cell cultures the amino acid readily diffuses and reaches
all availabie receptor sites.

3.2, Excessive glutamate release experinients with &-an-
nopyridine

The sccond experimental approach to increase the extra-
cellular levels of glutamate und assess 118 effects on excit-
ability and necuronal integrity is by enhancement of
release Among the drugs capable of stimulaung the
release of ncuretransmitters are certamn K* channel
blockers, such as 4-anunopyridne {4-AP) and some mem-
bers of the famiy of dendrotexin pepuides (rom the
venom of the black mamba snake These compounds
prolong the depolarization phase of action potentials,
angment the frequency of neuronat finng (Nisenbawm ¢t
al., 1994), and induce the relcase of neurotransmitters m
several mn vitro preparations, such as the neuromuscular
junction (Lundh, 1978 Theslef, 1980, brain shees (Dole-
saland Tucek, 1983, Hu et al L1991, Versteeg b ai L 1995,
Scheehter, 1997) and synaptosomes (Tapia and Siges.
1982 Tapua et al, 1985, Tibbs et al . 1989aby) [ty mter-
esting that this releasing effect of both dendrotoxins and
4-AP 15 strictly dependent on external Ca”' which, tog-
cthier with other pharmacological and 1onic studies
bram shees (Fheslefl, 1980; Jones and Hememann, 1987,
Perranht and Avali, 1991) mdwate that the neuro-
transoutless weleased by these drugs oramate brom pre-
\‘\’ILIPEIL' nervet Ci](illl:'\

Both A and dendiotosms aie alsa potent convul-

sants, that produce intense bchavioral signs of hyp-
ercxcitability and EEG seizures when adnuunistered
intracerebrally  These elfects have been observed afler
wjection i the rat substantia nigra reticulata, hippo-
campus, cercbral ventneles and cerebral cortex (Gan-
dolfo et al, 1989, Fragoso-Velos ¢t al | 1990, Tapia and
Flores-Hernandez, 1990; Bagetia et d]., 19921994, 1996,
Fragoso-Veloz and Tapia, 1992; Morales-Villagrancial .
1996} 4-AP produces also ntense scizure activity when
administered systemically in several mammahan species,
including man (Schafer et al., 1973; Spyker et al.. 1980,
Fragoso-Veloz et al., 1990; Yamaguchi and Rogawski,
1992; Cramer et al.,, 1994). Furthermore, this drug
induces ¢pileptiform electrical discharges in vitro, m rat
hippocampal (Perrault and Avoli, 1991, Yonekawu et al |
1995; Avolr et al, 1996) and cortical (Smiscalchr et al.,
1997) shees.

An mereased glutamatergic transmission in the epi-
leptogenic action of dendrotoxins and 4-AP has been
postulated on the basis that EAA receptor antagonists. of
both the NMDA and the non-NMDA types, are effective
anticonvulsants against seizures induced by these com-
pounds in vivo (Gandolfo et al, 1989, Fragoso-Veloz
and Tapia, 1992; Bagetta et al., 1994, 1996; Cramer et
al., 1994, Morales-Villagran et al., 1996) and, in the case
of 4-AP, also in brain slices (Perrault and Avoli, 1991:
Avoll et al., 1996; Simscalchi et al., 1997). Further sup-
port for the involvement of glutdmatergw {ransmission
in the 4-AP-1induced seizures stems from our recent find-
ing that 4-AP stimulates the release of glutamate in the
striatum and 1 the hippocampus in vivo, and that this
release 1s correlated with intense behavioral convulsive
activity (Fig. 2; Morales-Villagrdan and Tapia, 1996).

The above discussed findings, particularly in the casc
of 4-AP, clearly suggest that, differently from the results
of uptake mhibition, an increase in the extracellular glu-
tamate resuliant from an exeessive release may over-
activate EAA receptors and thus mduce electrical and
behavioral hyperexcitation and seizures. Consequently.
i accord with the previous sections, 10 was 10 be expected
that such an merease would produce neurodegeneration
Thus 1 fact has been shown to ocour with dendrotoxins.
which induce notable neuronal destruction when admin-
istered 1n fhe hippocampus (Baggela et al., 1994, 1996)
Since no similar studies have been reported with 4-AP. we
have carned oul some experiments i the uppocampus,
usimg nucrodialysis and simultancously measuring the
release of amimo acids and the BEG As shownan Fig. 2
when we periused 4-AP through a microdralysis proben
this regron, we eobserved a correlation between the
increase m extracelluiar glutamale collected via the same
nucrodutlysis probe and neurodegenceraton of the CAL
CAS and CASL but not CA2, lappocamipal sublields It
must be emplutsized that thas selectnne nearonal damage
wits silas ot observed arter the iinanppocampal
mjection of VA receptor agomsts (Ben N Tass ) Stein-
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Fig. 2. Effects of mierodialysis administration of 4-AP in the anesthetized rat hippocampus on electrical activity (top trace), extracellular glutamate
(middle graph) and histelogical appearance (bottom micrograph). After obtaining basal electrical activity (using the microdialysis cannula as the
electrode) and three 12.5 min microdialysis fracticns (25 gl each) to determine basal extracellular glutamate values (by HPLC and fluorometric
detection), 4-AP (35 mM) was perfused through the microdialysis cannulas dunng 12.5 min, and three subsequent fractions were collected. The
electrical epileptic discharge shown [asted 18 s and occurred at 5 min after 4-AP; it Is a representative example of the seizure discharges produced by
this 4-AP dose, which occurred with a frequency of about one every 1.5 min and persisted until the end of the experiment The peak increase in
extracellular glutamate (values are means & SEM for 13 rats) corresponds to the first microdialysis fraction after 4-AP. and coincides with the onset
of seizure discharges. Five days after the expertment rats were fixed by transcardial perfusion and coronal brain sections were stained with cresyl
vielet. As can be observed in the representative example shown. a notable nearonal loss was observed in CAL. CA3 and CAZ4, but CA2 (between
arrows) was spared. {Scale bar = 200 pm). The electrical seizures and neuronal damage were very similar in the 13 rats studied. For details on the
experimental procedures (see Massien et al., 1995; Morales-Villagran and Tapia, 1996; Mussieu and Tapia, 1997).

n

Behrens et al., 1994; Arias et al., 1997). These results
strongly  suggest that the hippocanipal neuro-
degeneration observed after stimulation of glutamate
release is related to an enhanced concentration of the
amino acid at glutamatergic synapses, which could permit
its interaction with the abundant EAA receptors present
in the areas lesioned by 4-AP (Insel et al.. 1990: Young
etal., 1991).

4, Conclusion

In conclusion, the present article describes some of the
problems in correlating the increases in extracellular glu-
tamate in vive with excitability alicrations and neu-
rodegeneration. The origin and mechanisms of glutamate
accumulation in the extracellular space appear to be
determinant for the access of the amino acid io its post-
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synaptic receptors and consequently for the induction of
excitotoxic neuronal damage. Even very high con-
centrations of the amino acid do not seem to be sufficient
te produce neurodegeneration, unless they occur at the
synaptic space. This clearly differs from the abundant
data on glutamate-induced excitotoxicity in tssuc
culture, and casts some doubts on the generally accepted
possibility that increased extracellular glutamate by itself,
when onginating from cell destruction or glutamate
transporter deficiencies, might be responsible for ncu-
ronal death,

From the data reviewed 1n the present article it can be
concluded that it would be an oversimplification to relate
the occurrence of neurodegeneration only to an aug-
mented concentration of endogenous extraceliular glu-
tamate or other EAA. Although there 15 no doubt that
such increase may facilitate neuronal death through the
mechanisms outlined here, other concurrent factors that
accompany neurological disorders, such as mito-
chondrial energy deficits or chronic hyperexcitability,
seem to be necessary to induce neurodegeneration.
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LA 4-AMINOPIRIDINA, LA EPILEPSIA Y EL GLUTAMATO
La 4-aminopiridina es un blogueador de canales de potasic de amplio espectro. De
hecho, aunque con diferente potencia, puede bloguear todos los canales de
potasio clonados hasta el momento (Chandy y Gutman, 1995; Dolly y Parcej,
1996). A nivel fisiocldgico, se conoce muy bien que a diferencia del tetraetiiamonio
(TEA), la 4-AP bloquea preferentemente las corrientes de potasio transitorias, es
decir, aquellas que se activan rdpidamente y se inactivan aun en presencia del
estimulo despolarizante. Estas corrientes reciben el nombre de corrientes tipo A
(1) y tipo D (1) (Storm, 1993); el bloqueo de estas corrientes por la 4-AP puede
prolongar la fase despolarizante del potencial de accidén e inducir disparo repetitivo
(Bargas et al., 1989; Nisenbaum et al., 1994; Koyano et al., 1996, Hoffman et al.,
1997). Sin embargo, €l principal blanco de accidén de la 4-AP se encuentra en las
terminales sindpticas, donde produce la liberacion de neurotransmisores
excitadores e inhibidores en diferentes preparaciones in vifro, como la placa
neuromuscular (Lundh, 1978; Thesleff, 1980), rebanadas de cerebro (Buckle y
Haas, 1982; Dolezal y Tucek, 1983; Hu et al.,, 1991; Veersteg et al., 1995;
Schechter, 1997) o sinaptosomas (Tapia y Sitges 1982; Tapia et al., 1985; Tibbs et
al.,, 1988) asi como en algunas regiones cerebrales in vivo (Dawson and
Routledge, 1995; Morales-Villagran y Tapia 1996). La 4-AP también es un potente
convulsivante que induce actividad epileptiforme in vitro (Gean et al., 1990;
Perrault y Avoli, 1991; Avoli et al., 1996; Siniscalchi et ai., 1997, Doczi et al., 1999)
y convuisiones in vivo en la rata (Gandolfo et al.,, 1989; Fragoso-Veloz y Tapia,
1992, Morales-Villagran et al., 1996; Bamna et al., 2000) en el ratdn {Yamaguchi y
Rogawski, 1992; Cramer et al., 1994) e incluso en el humano (Spyker et al., 1980).
Multipies lineas de evidencia muestran que el efecto convulsivante de la 4-
AP esta mediado por un aumento en la liberacion de glutamato y la concomitante
sobreactivacidén de sus receptores. Se ha observado gue los antagonistas para los
receptores NMDA y no-NMDA resultan ser muy buenos anticonvulsivantes contra
la actividad epileptiforme que produce la 4-AP in vitro (Perrault y Avoli, 1991; Avoli
et al., 1996; Siniscalchi et al., 1997; Doczi et al., 1999) e in vivo (Gandolfo et al.,
1989; Fragoso-Veloz, 1992; Cramer et al., 1994; Morales-Villagran et al.,, 1996,
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Barna et al., 2000). Un estudio previo realizado en nuestro laboratorio mostré que
la 4-AP libera preferencialmente glutamato cuando es administrado por
microdialisis en el estriado de la rata (Morales-Villagran y Tapia, 19986).

Como se muestra claramente en el articulo de revision 2, parece existir una
estrecha interrelacién entre un incremento en la liberacion de glutamato con la
induccion de epilepsia y neurodegeneracion. En esta misma revisién se dejé en
claro que, en el animal integro, un incremento en el glutamato extracelular, como
el que produce el bloqueo de los transportadores de glutamato, no desencadena
epilepsia y/o neurodegeneracion, pues parece ser fundamental que este glutamato
sea de origen neuronal y mas aun de origen presinaptico (Massieu et al., 1995;
Obrenovitch et al., 1996; Massieu y Tapia 1937, Obrenovitch y Urenjak, 1997). En
este sentido, la 4-AP puede ser una muy buena herramienta experimental, pues
diferentes aproximaciones experimentales muestran que la 4-AP tiene una accién
muy potente a nivel presinaptico. La 4-AP es capaz de producir efectos claramente
presingpticos tales como aumento en la frecuencia de potenciales espontdneos
miniatura (Perrault y Avoli, 1991; Flores-Hernandez et al., 1994) disminucién en la
relacién de pulsos pareados (Buckie y Hass, 1982; Msghina et al, 1998)
despolarizacién medida con indicadores fluorescentes sensibles al voltaje (Barish
et al., 1996) o la acumulacion de calcio presindptico (Jones y Heinemann, 1987) a
concentraciones mucho menores de las necesarias para producir cambios a nivel
postsinaptico (Buckle y Hass, 1982; Perraul y Avoli, 1891; Hoffman et al., 1987),
esto debido a que los canales de potasio que son mas sensibles a la 4-AP estan
localizados preferentemente en la presinapsis (Rudy, 1988; Southan y Robertson,
1998).

ESTRATEGIAS DE NEUROPROTECCION CONTRA LA EPILEPSIA Y LA
NEURODEGENERACION

Con la finalidad de obtener herramientas terapéuticas contra la epilepsia y la
neurodegeneracion se han desarrollade muitiples estrategias de neuroproteccion.
Como se ha revisado en las secciones precedentes una de las hipdtesis mejor

fundamentadas sobre la generacion de la epilepsia y la neurodegeneracion




plantea que éstas se pueden originar por una sobreexcitacién glutamatérgica, por
lo tanio una de las estrategias de neuroproteccion mas estudiadas en modelos
animales es el bloqueo de los receptores glutamatérgicos (Meldrum, 1991). A
pesar de que los antagonistas de los diferentes receptores ionotrépicos de
glutamato tienen excelentes efectos anticonvulsivantes y neuroprotectores en
modelos animales (para una revisién ver Lees, 2000), el gran problema con esta
estrategia de neuroproteccion es por una parte que los promisorios resultados
obtenidos con animales de laboratorio no se corresponden con buenos efectos
clinicos, y por otra parte, como era de esperarse, el bloqueo de la transmisidn
glutamatérgica afecta a practicamente todas ias funciones del sistema nervioso y
por lo tanto genera una gran cantidad de efectos colaterales indeseables (Muir vy
Lees, 1395; Klein et al., 1999).

Dado que la inhibicidn sindptica es un mecanismo muy importante para
regular la excitabilidad neuronal, un aumento en la inhibicién podria ser un medio
efectivo para contrarrestar la excitabilidad anormal que se presenta en la epilepsia
y la neurodegeneracion. Por ello, se ha planteado como una estrategia de
neuroproteccion el uso de potenciadores de la actividad GABAérgica (Lyden,
1997). El GABA es el neurotransmisor inhibidor mas ampliamente utilizado en el
cerebro y su efecto inhibidor se deriva de la activacion de sus receptores GABA,
(metabotropico) o GABA, (ionotrdpico). Los receptores GABA, reducen la
liberacion de distintos neurotransmisores principalmente por el bloqueo de canales
de calcio a nivel presindptico (Barral et al., 2000} e inhiben postsinapticamente al
generar un potencial postsinaptico inhibidor por la activacion de algunos canales
de K (Karlsson y Olpe, 1989), mientras que los receptores GABA, abren una
conductancia de CI' que generalmente hiperpolariza e inhibe a las neuronas
(Mehta y Ticku, 1989). En este sentido, se ha demostrade que la inhibicion
GABAérgica puede restringir la excitacion provocada por el glutamato (Kanter et
al., 1996) y de esta manera bloquear el influjo de Ca* promovido por la activacion
de los receptores NMDA y la muerte neuronal inducida por la activacion de los
mismos (Saji y Reis, 1987).
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La accién anticonvulsivante del GABA esta ampliamente estudiada, pues
algunos de los anticonvulsivantes mds utilizados en la clinica como las
benzodiacepinas y-los barbitlricos deben probablemente su efecto antiepléptico a
que incrementan las corrientes GABAérgicas (Skerritt y Macdonald, 1984; Schulz y
Macdonald, 1981).

Hay mucha maneras de aumentar la transmision GABAérgica, ya sea por
inhibir su degradacion, bloquear sus recaptura o simplemente activar a sus
receptores (Green et al, 2000). Solo por dar algunos ejemplos, tanto los
inhibidores de los transportadores de GABA (Johansen y Diemer, 1991; inglefield
et al, 1995; Phillis, 1995), los agonistas de los receptores GABA, (Lyden y
Hedges, 1992; Shuaib et al., 1993; Lyden y Lonzo, 1994), las benzodiacepinas
(Sternau et al., 1989; Voll y Auer, 1991; Schwariz et al., 1994) y los inhibidores de
la GABA transaminasa (Ylinen et al., 1981) han mostrado efectos neuroprotectores
y anticonvulsivantes en diferentes modelos in vitro e in vivo.

Otra posibilidad de neuroproteccién es la inhibicion de la entrada de calcio a
las neuronas {Choi, 1995), pues el Ca* esta muy relacionado con el control de la
excitabilidad neuronal y la generacion de epilepsia (DeLorenzo, 1986; Heinemann
y Hamon, 1986) y neurodegeneracion (Siesjé et al,, 1995). De hecho se ha
mostrado que los antagonistas organicos de los canales de calcio tipo L (como el
verapamil, la nimodipina, la flunaricina, etc.) son buenos antiepilépticos (Morocutti
et al., 1986; Vezzani et al., 1988; Aicardi y Schwartzkroin, 1990; Czuczwar et al.,
1992} aunque sus efectos protectores contra la muerte neuronal son muy
inconsistentes (para una revision ver Wauquier et al., 1988). Por otra parte,
recientemente se ha encontrado que el bloqueo de los canales de calcio tipo N
tiene muy buenos efectos neuroprotectores en modeios de isquemia global y focal
(Valentino et al., 1993; Buchan et al.,, 1994; Zhao, 1994; Bowersox y Luther, 1998),
pero aun no se han probado sus efectos en modelos de epilepsia.

lLas drogas que blogquean los canales de Na* sensibles al voitaje son bien
conocidas como anestesicos locales, antiarritmicos y anticonvuisivantes, pero mas
recientemente se ha explorado su papel protector contra la neurodegeneracion

(para una revision ver Taylor y Meldrum, 1995). El bloqueo selectivo de los
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canales de sodio con ia tetrodotoxina (TTX) previene contra el dafio neurcnal
inducido por isquemia in vitro (Boening et al., 1989} e in vivo (Yamasaki et al.,
1991; Lysko et al., 1994) y previene ef dano neurcnal en cultivos hipocampicos
inducido por hipoglicemia y por cianuro de potasio (Tasker et al.,, 1992; Vornov et
al., 1994) o el dafio producido por el Acido 3-nitropropidnico en cultivos
organotipicos (Storgaar et al.,, 2000). Algunos anticonvulsivantes cuyo efecto
terapéutico esta asociado con la inhibicidn de los canales de sodio también han
mostrado cierta capacidad neuroprotectora. La carbamacepina puede proteger
contra el dafio producido por la inyeccion de NMDA en ratas neonatas (McDonald
y Johnston, 1990) por anoxia in vitro (Fern et al., 1993) e in vivo (Rataud et al.,
1994); la fenitoina también protege contra el dafic que produce la hipoxia en
rebanadas de hipocampo (Taylor et al., 1995) o en el hipocampo de la rata in vivo
(Taft et al., 1989).

Un neuroprotector que esta muy relacionado con el bloqueo de los canales
de Na' sensibles al voltaje es el riluzol (Romettino et al., 1991; Stutzmann et al.,
1991; Guyot et al., 1997;0 Neill et al., 1997; Obrenovitch, 1997; Siniscalchi et al.,
1999). Esta droga que ha sido catalogada como “inhibidor de la liberacién de
glutamato” (Louvel et al., 1997) es hasta la fecha el dnico fadrmaco que ha
demostrado algin efecto terapéutico en el tratamiento de Ia esclerosis lateral
amiotréfica (Roch-Torreilles et al., 2000), una enfermedad neurodegenerativa en la
que se presenta una muerte progresiva de las motoneuronas que se ha planteado
pudiera deberse a una sobreexcitacion glutamatérgica (Rothstein, 1995). El riluzol
también ha mostrado buenos efectos neuroprotectores contra la
neurodegeneracion producida por la isquemia in vitro e in vivo (Malgorius et al.,
1989; Pratt et al, 19392; Wahl et al, 1993) y por la aplicacion de &cido 3-
nitropropionico (Guyot et al., 1997) e incluso se le han encontrado algunos efectos
anticonvulsivantes (Romettino et al., 1991; Stutzmann, 1991).

Otro grupo de drogas que se ha planteado que puede tener buenos efectos
neuroprotectores son los abridores de canales de potasio (Obrenovitch, 1997)
pues el abrir canales de potasic puede reducir la actividad neuronal al

decrementar la excitabilidad de las neuronas y la liberacion de los




neurotransmisores (Boireau, 1981; Hertaux et al., 1993). Y, efectivamente, los
abridores de canales de potasio pueden proteger contra el dano neuronal
producido por la isquemia (Reshef et al., 1998} o el provocado por el glutamato in
vitro (Abele y Miller, 1990; Goodman y Mattson, 19986; Lauritzen et al., 1997) e
incluso pueden funcionar como anticonvulisivantes (Alzheimer y ten Bruggencate,
1988; Gandolfo et al., 1989; Popoli et al., 1991; Katsumori et al., 1996).

OBJETIVO GENERAL

Con base en los antecedentes previos, el objetivo general de este trabajo
es determinar si existe una relacién entre un aumento en el giutamato extracelular
producido por la 4-AP y la induccidon de epilepsia y neurodegeneracion en el
hipocampo de la rata /n vivo, asi como probar algunas estrategias de
neuroproteccién relacionadas con la transmisién GABAérgica y con algunos
canales ionicos.
OBJETIVOS PARTICULARES
1.- Establecer si existe correlacion entre un incremento en la concentracion de
glutamato extracelular producido por la 4-AP con la induccidn de crisis epilépticas
y neurodegeneracion, asi como comparar estos efectos con otros inductores de la
acumulacién extracelular de glutamato (incremento en la concentracion
extracelular de K' y tetraetilamonio) en el hipocampo de Ia rata in vivo.
2.- Determinar si el glutamato acumulado por la accion la 4-AP es de origen
presindptico y si el bloqueo de esta acumulacion puede tener efectos
neuroprotectores.
3.~ Determinar el papel los receptores ionotropicos de los receptores glutamato en
los efectos de la 4-AP in vivo.
4.- Probar si un incremento de la actividad GABAérgica puede tener efectos
neuroprotectores contra las alteraciones que produce la 4-AP en el hipocampo de
la rata in vivo.
5.- Probar si moduladores de la actividad de algunos canales idnicos pueden tener
efectos neuroprotectores contra las alteraciones que produce la 4-AP en el

hipocampo de la rata in vivo.
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Relationships Among Seizures, Extracellular Amino Acid
Changes, and Neurodegeneration Induced by 4-Aminopyridine
in Rat Hippocampus: A Microdialysis and
Electroencephalographic Study

Fernando Pefia and Ricardo Tapia

Departamento de Neurociencias, Instituto de Fisiologia Celular, Universidad Nacional Auténoma de México,
México, D.F., México

Abstract: 4-Aminopytidine is a powerful convulsant that
induces the release of neurctransmitters, including glu-
tamate. We report the effect of intrahippocampal admin-
istration of 4-aminopyridine at six different concentra-
tions through microdialysis probes on EEG activity and
on concentrations of extracellular amino acids and cor-
relate this effect with histological changes in the hip-
pocampus. 4-Aminopyridine induced in a concentration-
dependent manner intense and frequent epileptic dis-
charges in both the hippocampus and the cerebral
cortex. The three highest concentrations used induced
also a dose-dependent enhancement of extracellular glu-
tamate, aspartate, and GABA levels and profound hip-
pocampal damage. Neurodegenerative changes oc¢-
cutred in CAT1, CA3, and CA4 subfields, whereas CA2
was spared. [n contrast, microdialysis administration of a
depolarizing K* concentration and of tetraethylammo-
nium resulted in increased amino acid levels but no epi-
leptic activity and no or moderate neuronal damage.
These results suggest that seizure activity induced by
4-aminapyridine is due to a combined action of excitatory
amino acid release and direct stimulation of neuronal
firing, whereas neuronal death is related to the increased
glutamate release but is independent of seizure activity.
In addition, it is concluded that the glutamate release-
inducing effect of 4-aminopyridine resuits in excitotoxic-
ity because it occurs at the [evel of nerve endings, thus
permitting the interaction of glutamate with its postsyn-
aptic receptors, which is probably not the case after K*
depolanization. Key Words: 4-Aminopyridine—Seizures—
Hippocampus—Neurodegeneration—Excitotoxicity—
Microdialysis.

J. Neurocherm. 72, 20062014 (1999).

An cffeet of KT channel blockers, such as 4-amino-
pyridine (4-AP), is to induce the release of neurotrans-
mitters. 4-AP stimulates the release of both excitatory
and inhibitory neurotransmitiers in synaptosomes (Tapia
and Sitges, 1982; Tapia ot al,, 1985), brawn slices {Hu o1
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al., 1991; Versteeg et al., 1995; Schechter, 1997}, and
some cerebral regions in vive (Dawson and Routledge,
1995; Morales-Villagran and Tapia, 1996). 4-AP is also
an efficient convuisant that induces epileptiform electri-
cal discharges in rat hippocampal (Perrault and Avoli,
1991; Yonekawa et al., 1995; Avoli et al., 1996} and
cortical (Siniscalchi et al., 1997) slices and 1n vivo pro-
duces intense seizure activity in the rat (Gandolfo et al.,
1989; Fragoso-Veloz and Tapia, 1992; Morales-Villa-
gran et al., 1996). mouse (Yamaguchi and Rogawski,
1992; Cramer et al., 1994), and human (Spyker et al.,
1980).

Among the neurotransmitters whose release is induced
by 4-AP is giutamate, and, in view of the well-estab-
lished role of excitatory amino acid (EAA)-mediated
synapses in convulsive and excitotoxic mechanisms
(Choi, 1988; Meldrum, 1991), it has been postulated that
the epileptogenic action of this drug is related to an
increased glutamatergic transmission. This postulation is
based on the fact that EAA receptor antagonists, of both
the N-methyl-p-aspartate (NMDA) and the non-NMDA
types, are effective anticonvulsants against the 4-AP-
induced seizures, both in brain slices (Perrault and Avoli,
1992; Avoli et al., 1996; Siniscalchi ct al., 1997) and in
vivo (Gandolfo et al.,, 1989; Fragoso-Veloz and Tapia,
1992, Cramer et al., 1994; Morales-Villagran et al,
1996). Furthermore, we have demonstrated, using micro-
dialysis, that 4-AP preferentially stimulates the relcase of
glutamate in the striatum and that this release is corre-
lated with intense behavioral convulsive activity (Mo-
rales-Villagran and Tapia, 19906).

Recerved December 21, 1998; accepted December 22, 1998,

Addiess correspondence and reprint requests to Dr R, Tapia a
Departamento de Neurociencias, Instituto de Fisrologis Celular, Uns-
versidiad Nacional Auténoma de México, AP 70-253, 04510-Méxaco,
2, México

AbDrevianony wved AP 4 ammopyrdine, LAA, excilaory smimo
actd, NMDA N methyl o aspartate, TEAL rracthylunmonium




GLUTAMATE RELEASE AND NEURONAL DEATH IN VIVO 2007

A second consequence of increased glutamatergic
transmission 1s neuronal death, which has been linked
mainly to an overactivation of NMDA and kainate re-
ceptors (Olney, i1978; Chol, 1988). However, although
neuronzl damage in the hippocampus has been observed
after treatment with agonists of glutamate receptors
{Ben-Art, 1985; Stein-Behrens et al., 1994; Arias et al.,
1997}, an accumulation of endogenous extracellular glu-
tamate, resultant from inhibition of its transporters in
vivo, surprisingly did not result in neuronal damage and
induced only weak signs of hyperexcitability (Massieu et
al., 1995; Obrenovitch et al., 1996; Massieu and Tapia,
1997).

These findings suggest that the origin or mechanism of
the augmented extraceltular glutamate is an important
factor for determining seizures and neuronal death, It
was therefore of interest to study the relationship among
seizures, enhancement of glutamate release, and neuro-
nal damage, and this is the aim of the present work. We
have administered 4-AP through microdialysis probes in
the rat hippocampus and measured its effect on the
extracellular concentration of glutamate and other amino
acids. In addition, we have simultanecusly recorded the
electrical activity of the injected area and of the cerebral
cortex and assessed whether the neurochemical and elec-
troencephalographic changes correlated with cellular
damage in the hippocampus. The effects of microdialysis
perfusion with another K™ channel blocker, tetraethyl-
ammonium (TEA), and with a depolarizing K* concen-
tration were also tested.

MATERIALS AND METHODS

Microdialysis procedure

Adult male Wistar rats {weighing 200-250 g) were used
throughout and handled according to the Rules for Research in
Health Matters (Mexico), with approval of the local Animal
Carc Committee. Animals were anesthetized with 3—4% halo-
thane 1 a 95% 0,/5% CO, mixture and sccured in a Kopf
stereotaxic frame with the nose bar positioned at —3.3 mm.
Microdsalysis cannuiac (2 mm long and 0.5 mm in diameter;
CMA/Microdialysis, Solna, Sweden; previously flushed with
distilled water for 1 h at a flow rate of 40 wl/min) were
implanted in the left dorsal hippocampus [A —3.6 mm, L 2.4
mm, and V 4.2 mm from bregma, according to the atlas of
Paxinos and Watson (1982); with these coordinates the probe
crosses the rmddle part of the CAl region, and the tip occa-
sivnally reaches the dentate gyrus] Animals were maintained
under low anesthesia (0.5% halothane) throughout the experi-
ment. The probes were perfused with a Ringer—Krebs medium
contatning 118 mA NaCl, 4.5 mM KCl, 2.5 mM MgSO,, 4.0
mM NaH,PO,. 2.5 mM CaCl,, 25 mM NaHCO;, and 10 mM
glucose (pH 7.4) at a rate of 2 pl/min, using a microsyringe
mounted i a microinjection pump {model CMA/[00; Carne-
gie), 4-AP (Sigma, St. Lows, MO, U.S.A.) was added to the
medium at different concentrations (0.7, 3.5, 7 0. 17.5, 35, and
70 mA), and the osmolarity was maintained by reducing the
Nall concentration proportionally When 4-AP was added at
any of the concentrations tesied, the final p of the Ringer-
Krebs mediim was 82-85 We have previously detenmined
that the recovery ol 4-APF threugh the dialysis membrane 1

close to 11% and that the medium at this pH without 4-AP did
not produce significant effects (Morales-Villagrén and Tapia,
1996), In addition, as shown in Results, the fact that no alter-
ations it any of the parameters studied were observed with the
lowest 4-AP concentration used provides a further control
mdicating that the microdialysis perfusion procedure was -
nOCUOUS per se.

After a 1-h equilibration pertod, 25-pl (12.5-min) con-
secutive fractions of perfusate were continuously collected
After the first three fractions (basal release of amino acids),
4-AP was perfused during a 1[2.5-min fraction, and three
additional fractions with normal medium were coilected.
The amine acid content of the 25-ul perfusate fractions was
measured by HPLC after o-phthaldialdehyde derivatization,
as previously described (Salazar et al., 1994; Massicu et al.,
1995). The values reported were not corrected for the effi-
ciency of the dialysis membrane, which was 7-11% {Mas-
sieu et al., 19933,

For comparative purposes, in other experiments the effects
of 120 mM TEA (Sigma) and of depelarization with 100 mM
K* (added to the Ringer—Krebs medium and reducing the NaCl
concentration proportionally to maintain osmolarity, as indi-
cated above for 4-AP) were tested. TEA was perfused with the
same protocol as for 4-AP, whereas KC! was perfused during
two fractions, because we have previously observed that per-
fusion for only one fraction was not sufficient to induce sig-
nificant changes in levels of extracellular amino acids (Mo-
rales-Villagran and Tapia, 1996). Osmolarity of the medium
was maintained by reducing the NaCl conceatration propor-
tionally.

EEG recording

The EEG was recorded in both the implanted hippocampus
and the sensorimotor cortex, simultanecusly to the microdialy-
sis perfusate collection. For recording in the hippocampus, the
microdialysis cannulae were used as electrodes, after electri-
cally insulating them by vamishing the whole surface of the
needle excluding 1 mm just above the beginning of the dialysis
membrane. For cerebral cortex recording, the same animals
were bilaterally implanted with epidural screws (A —6.0 mm
and L. =24 mm from bregma (Paxinos and Watson, 1982)].
EEG recording was made using a Grass polygraph with a
3-35-Hz filter band.

Histological evaluation

Atthe end of the experiment the skin was sutured, anesthesia
was discontinued, and rats were kept in cages with water and
food ad libitum. Five days later animals were anesthetized with
sodium pentobarbital and transcardially perfused with 250 ml
of 0.9% NaCl, followed by 250 ml of 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4. Brains were removed, left in
fixative for an additional 24 h, and transferred successively to
10, 20, and 30% sucrosc (24 h cach). Coronal sections (30 wm
thick) were obtained in a cryostat and stained with cresyl violet
for histological observations. For guantitative analysis of the
neuronal loss, the morphologically undamaged ncurons in a
20X microscopic ficld (22,600 pm®) of each hippocampal
region were counted with the help of an image analyzer system
{NTH Tmage 1.6). Large cells (>15 gm in diameter) containing
clear cytoplasm, with an appearance similar to that of the
corresponding region of untreated hippocampi, wete consid-
ered undamaged.

The number of amumals used in cach experimental seres 15
indicated tn Results (see figure Tegends)  Hsther ANOVA
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FIG. 1. Effect on EEG activity of microdialysis perfusion with 70
mM 4-AP during 12.5 min in the left hippocampus. All fraces
were obtained with the animal under halothane anesthesia. A:
Basat activity. The trace shows slow waves and frequent spikes.
B: At 20 min after the beginning of perfusion with 4-AP, The
infected hippocampus ({ Hp) showed intense discharges char-
acterized by an nitial hypersynchronous activity lasting ~10 s,
followed by frains of high-frequency and large-amplitude spin-
dles during ~40 s. This activity was propagated to both the
ipsilateral cortex (LCx) and the contralateral coriex (RCx), al-
though with considerably fess intensity. I all animals, as men-
ticned in Results, the discharges occurred approximately every
40 s and lasted for the duration of the experiment (~40 min).
These recordings are representative of those observed in six
rats.

followed by Tukey’s test or r test was used for statistical
analysis.

RESULTS

EEG activity

The basal EEG activity showed frequent spindles and
high-amplitude slow waves, which occurred synchro-
nously in the hippocampus and the cortex (Fig. 1A), a
pattern that has been described as due to halothane an-
esthesia (Keifer et al.,, 1994; Farber et al, 1997). As
shown in Fig. 1B, perfusion with 70 mM 4-AP in the
hippocampus induced intense epileptiform discharges,
characterized by an initial hypersynchronic activity last-
ing ~10 s, followed by trains of high-amplitude spindles,
different from those produced by halothane, which lasted
for ~40 s. These seizure discharges appeared with a
latency of 12.2 = 1.1 min after the beginning of 4-AP
perfusion, occurred with a frequency of 0.6 *+ 0.01/min,
and persisted vntil the end of the microdialysis collec-
tion. As shown also in Fig. 1B, the discharges propagated
to the ipsi- and contralateral cortex, albeit with a consid-
erably lower intensity.

Asshown in Fig. 2, with 35, 17.5, 7, and 3.5 mM 4-AP
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the characteristics of the discharges were stmilar to those
after 70 mM, but the number of spindles was progres-
sively reduced, until no EEG alterauons were observed
with the lowest concentration used (0.7 mAN. The fre-
quency of the discharges was the same at all concentra-
tions, and a slight increase in the latency to the first
discharge was observed only with 3.5 mM 4-AP (152
= 0.36 min). As with 70 mM 4-AP, in all cases the
hippocampal discharges were propagated to the cerebral
coriex (data not shown). Immediately after the recovery
from anesthesia, slight behavioral alterations were ob-
served, mainly masticatory movements and occasional
wet-dog shakes. This behavior was present in all antmais
displaying EEG alterations.

In contrast to 4-AP, neither the administration of 100
mM K* nor the perfusion with 120 mM TEA induced
any behavioral or BEG alteration at any time (n = 3 for
TEA and n = 6 for high K™").

Exiracellular amino acids

The basal extracellular concentrations of amino acids
are similar to those previously described in the hip-
pocampus (Massieu and Tapia, 1997). The levels of
glutamate and aspartate were 12-22 and 0-2 pmol/10 pl,
respectively, whereas the GABA concentration was in
general below the detection limits (Fig. 3). The basal
levels of the other four amino acids measured were more
variable among different experiments. Taurine, glycine,
and alanine concentrations were similar (20—40 pmol/10
ul), whereas glutamine was much more abundant
(120200 pmol/10 pl).

A 4-AP350mM

iy

17.5 mM
‘#M”M{Hﬁbﬂﬁl'ﬁm_; ‘
c 7.0 mM

b 35mM
s mmewd«afhwwmmwfwwww«a
E 0.7 mM

A ok A

FIG. 2. Effect of different concentrations of 4-AP on EEG activity
in the perfused hippocampus, as described in Fig. 1. All traces
were obtained with the animal under haiothane anesthesia. The
traces shown correspond to 20-30 min after the beginning of
4-AP perfusion. Note the progressive reduction in the duration
and intensity of the discharges with lower concentrations, untit
no effect was ohserved with 0.7 mM 4-AP. Howaver, as with 70
mM 4-AP (Fig. 1), the discharges occurred every 40-50 s and
tasted until the end of the experiment. The recordings are rep-
resentative of those observed in 13 rats for 35 mM 4-AP and 1n
six to eight rats for the other congentrations.
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FiG. 3. Effect of microdialysts perfusion with chfferent concentra-
tions of 4-AP (indicated on the z-axis) on the extraceliular concen-
tration of glutamate, aspartate, and GABA (y-axis) in hippocasnpus.
As indicated on the x-axis, 4-AP was present dunng the fourth
fraction collected. No changes were observed with the three lowest
concentrations, whereas with the three highest concentrations a
dose-dependent significant increase in levels of the three amino
acds was found in fractions 4 and 5, as compared with the basal
values (g < 0.05 by ANOVA and Tukey's test), Data are mean
* SEM (bars) values, obtained in the same rats used for EEG
rocorgngs {n. as incicated n fgs 1 and 2}
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FIG. 4. Effect of microdialysis perfusion with 120 mM TEA dur-
ing fraction 4 (O—O) and with 100 mM KCl during fractions 4 and
5 (@—@®) on the extracefiular concentration of glutamate, aspar-
tate, and GABA in hippocampus. Data are mean * SEM (bars)
values, obtained in the same rats used for EEG recordings {n = 5
for TEA and n = & for high K*}. The peak increases with both
treatments were significant (p < 0.05).

The three lowest concentrations of 4-AP tested did not
significantly modify the extracellular amino acid levels,
but with 17.5, 35, and 70 mM the drug induced in a
concentration-dependent fashion a notable increase in
elutamate, aspartate, and GABA (Fig. 3). These doses
also induced a slight increase in glycine, taurine, and
alanine and a progressive decrease in glutamine; the only
significant changes were the peak increase (60%) in
glycine and the peak decrease (30%) in glutamine, both
with 70 mM 4-AP (data not shown). In all cases the peak
increase occurred in the first dialysate fraction after the
end of perfusion with 4-AP, coincidentally with the onset
of the BEEG scizures, and then decreased to reach the
basal values afier two {raciions. The highest values for
the neurotransmitier amino acids, observed with 70 mM
4-AP, were 57.4, 11.9, and 4.4 pmo¥/10 i for glutamate,
aspartate, and GABA, respectively. For glmamate the
increase was ~ 170%, whercas for aspartate and GABA
the percentages cannot be caleufated because of therr
practicalty undetectable basal values (Fig. 3).

Perfusion with 100 mM K™ duning two {ractions pro-
duced an increase in extracellular aspartale and gluta-
maic levels similar to that observed after 70 mM 4-AP,
although they returned to the basal values more rapadly
(Fig 4) The peak glutamate and aspartate concentrations
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reached were slightly higher than those induced by 4-AP.
Perfusion with high K7 induced also an increase in
GABA, equivalent to that produced by 35 mAf 4-AP
(Fig. 4), and a notable increase in taurine, which reached
a peak value of 260 pmoil/10 wl, threefold higher than
that induced by 70 mM 4-AP (data not shown). A 35%
reduction in giutamine was also observed after high K*,
whereas alanine and glycine ievels were not significantly
modified (data not shown).

As shown also in Fig. 4, 120 mM TEA perfusion
during ene fraction resulted in significant although com-
paratively small and transient increases in giutamate and
aspartate content and in a GABA concentration increase
identical to that after high K. Levels of the other amino
acids measured were not affected by TEA.

Neuronal damage

As shown in Figs. 5 and 6, only the three highest 4-AP
concentrations (17.5, 35, and 70 mAM), those that pro-
duced large increases in levels of exiracellular amino
acids, induced neuronal damage in the perfused hip-
pocampus, when assessed 5 days later. It is interesting
that with these three concentrations the neurcdegenera-
tion was evident in CAl, CA3, and CA4 regions,
whereas neither CA2 nor the dentate gyrus was affected,
even wien the microdialysis cannula was located very
close to the latter structure (Figs. 5C and D and 6). The
intensity of the neurcnal loss was concentration-depen-
dent: With 70 mM 4-AP a massive neuronal death in
CAl, CA3, and CA4 was observed, whereas with 35 mAM
and particularly with 17.5 mM nuclei were pyknotic, and
the pyramidal layer was thinner, but the cell loss was not
complete (Fig. 5C-I). No damage at all was observed
with 4-AP at concentrations of =7 mM (Figs. 5I-L
and 6).

Perfusion with 120 mA TEA resulted in a slight
thinning of the pyramidal cell layer in the same regions
affected by high concentrations of 4-AP, sparing CA2,
but the cell loss was similar or, in CA3, even less
pronounced than that produced by 17.5 mM 4-AP (Figs.
6 and 7; compare Fig. 5G and H with Fig. 7A and B). No
damage at all was observed after perfusion with 100 ma
K* (Figs. 6 and 7C and D).

DISCUSSION

The main findings of the present work are a concen-
tration-dependent induction of EEG seizure activity, en-
hanced extracellular glutamate, aspartate, and GABA
levels, and neurona! damage in CAl, CA3, and CA4
hippocampal regions, after microdialysis perfusion with
4-AP. In contrast, a high concentration of TEA did not
affect the electrical activity and induced only a modest
increase in levels of the three amino acids and a com-
paratively slight hippocampal damage, whereas depolar-
ization with a high K* concentration produced only an
increase in levels of the amino acids but neither seizures
nor damage.

The potent convulsant effect of 4-AP in vivo has been
described also after systemic, intrastriatal, intracortical,
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or intracerebroventricular administration, and in view of
the protective effects exeried by NMDA receptor antag-
onists under these experimental conditions. it appears
that an augmented release of glutamate is related to the
excitatory action of the drug (Fragoso-Veloz and Tapia,
1992; Morales-Villagrar and Tapia, 19%6; Morales-Vil-
fagran et al, 1996). The present results permit a more
detailed analysis of this possible correlation, and, fur-
thermore, they allow us to draw some conclusions re-
garding the relationships among seizure activity, extra-
cellular glutamate, and neuronal death.

With the highest concentration of 4-AP used (70 mM)
and considering the recovery of the drug through the
dialysis membrane [~11% (Morales-Villagrin and
Tapia, 1996)], the total amount of the drug theoretically
reaching the hippocampus after 12.5 min of perfusion is
196 amol. This dose caused the maximal cffects on the
three parameiers analyzed, and progressively fewer
changes were observed with lower doses. The lowest
concentration tested {0.7 mM) corresponds to a theoret-
ical total dose of 1.96 nmol and was without any effect,
indicating that the observed changes were not due to the
surgical procedure. The seizure activity induced by 4-AP
is stmilar to that previously described after bolus micro-
injection of the drug in the CA1 hippocampal region in a
dose range of 2-200 nmol (Gandolfo et al, 1989
Bagetta et al., 1992; Fragoso-Veloz and Tapia, 1992).

4-AP induced a notable release of glutamate, aspar-
tate, and GABA. The resultant increase in extracellular
glutamate content was not as dramatic as that previously
observed in the striatum, and this change by itself cannot
account for the convulsive activity, because it was ob-
served only with the three highest 4-AP concentrations
used, whereas the epileptiform discharges occurred also
with lower concentrations. The remarkable enhancement
of extracellular GABA induced by 4-AP might also be
involved in the hyperexcitation, because it has been
repeatedly shown in hippocampal slices that under con-
ditions of neurcnal overactivity (Staley et al, 1995;
Kaila et al., 1997; Labrakakis et al., 1997}, including that
induced by 4-AP (Michelson and Wong, 1991; Perraunlt
and Avoli, 1992; Lamsa and Kaila, 1997; Siniscalchi et
al., 1997), the synaptic action of this neurotransmitter
changes from inbitory to excitatory. Nonetheless, as
with glutamate, GABA content increases were ohserved
only with the highest 4-AP concentrations.

The efficient reuptake of glutamate by the EAA trans-
porters is well established. Therefore, the possibility that
glutamate may increase transiently after low 4-AP doses
to levels sufficient to induce epileptiform activity but
below the detection limits of our assay cannot be dis-
carded. Another likely possibility, however, would be
that besides excifatory neurotransmitter release, another
mechanism might also be involved in the 4-AP-induced
seizure activity, as will be discussed below,

Unlike the seizure activity, the remarkable neurode-
generation produced by 4-AP seems to be related to the
increased extracellular levels of glutamate. This conclu-
sion s based mainly on two findings: that the neuronal
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FiG. 5. Representative micrographs iflus-
trate the effect of microdialysis perfusion
with different concentrations of 4-AP on the
morphglogical appearance of hippocam-
pus, 5 days after the experiment: (A and B)
contralaterat hippocampus {control) and (C
and D) 70 mM, (E and F) 35 mM, (G and H)
17.56 mM, (Fand J) 7 mM, and (K and L) 3.5
mM 4-AP. The three lowest concentrations
did not nduce any apparent damage,
whereas the three highest concentrations
produced a dose-dependent destructicn of
CA1 (A, C, E, G, |, and K) and of CA3 and
CA4 (B, B, F, H, J, and L}, but CA2 was not
affected. A very similar damage was ob-
served in all rats in each dose group, which
were the same animals used to obtain the
data of Figs. 1-3. Bar = 200 um.
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15 +

NUMBER OF HEALTHY CELLS / 22,600 pm2

C 70 35 175 7 35 HIGH TEA
4-AP [mM] K

FEG. 6. Number of undamaged pyramidal neurons in one 20x
microscopic field in hippocampal regions, 5 days after the mi-
crodialysis perfusion with 4-AP, high K+, or TEA. Four rats per
each 4-AP group, high-K*, or TEA were analyzed, and for each
hippocampal region two coronal histolagical sections 80 um
apart were counied. Data are mezn = SEM {bars) values. C,
control value, obtained from five hippocampi contraiateral to the
tissue treated with different concentrations of 4-AP, chosen
blindly. No significant differences were found betwaen them. e
< 0.001, ™p < 0.01, as compared with control by ¢ est.

damage was observed only after the doses of the drug
capable of inducing glutamate release and that the neu-
ronal damage was profound in regions CAl, CA3, and
CA4, which possess abundant EAA receptors (Insel et
al,, 1990; Young et al., 1991), whereas the CA?2 region

J Newrochem., Vel 72, No 5 1999

was not affected at all, even with the highest 4-Ap
concentration. In this respect, it is noteworthy thar (he
resistance of CA2 (o the 4-AP-induced damage is strik-
ingly similar to that observed after intrahippocampal
microinjection of agonists of different EAA receptor
types (Ben-Ari, 1983; Stein-Behrens et al., 1994: Arias et
al., 1997). It is interesting that some members of the
family of dendrotoxins, which are also K* channe
blockers, produce neurodegeneration in CAl, CA3, and
CA4 subfields and that this damage is prevented by EAA
receptor antagonists (Bagetta et al., 1994, 1996).

As mentioned in the introductory section, 4-AP is g
potent blocker of several types of voltage-sensitive K~
channels, including most of the cloned Kv types {Chandy
and Gutman, 1995; Dolly and Parcej, 1996). Channels
particularly affected by 4-AP are the rapidly activated—
inactivated types A and D, which possess a low-voltage
activation threshold (Storm, 1993). It was therefore im-
portant to compare the effects of 4-AP on the parameters
studied with those of TEA and with the general depolar-
ization induced by a high K* concentration. TEA is
another K¥ channel blocker that acts on some of the
channels affected by 4-AP, although it is considerably
weaker (Chandy and Gutman, 1995; Dolly and Parcej,
1996). The results of these experiments show that, unlike
with 4-AP, no seizures occurred after perfusion with 120
mA{ TEA or with high K*. Furthermore, only a moderate
neuronal damage was observed after TEA, and no dam-
age at all ocecurred after high K*. Nevertheless, both
TEA and high K™, particularly the latter, induced an
increase in extracellular ghitamate and aspartate levels.

To explain these results, it seems relevant to consider
the physiological effects of 4-AP and TEA on neuronai
firing. Both compounds considerably increase the dura-
tion of the depolarization phase of action potentials
(Zhang and McBain, 1995; Chen et al., 1996: Koyano et
al., 1996), but only 4-AP notably augments the frequency

FiG. 7. Representatve micrographs il-
lustrate the effect of microdialysis perfu-
sion with 120 mM TEA and with 100 mM
KCi on the morphological appearance of
the hippocampus, 5 days after the ex-
periment. A and B: TEA-treated t:ssue.
Note that the damage produced was
comparable to that produced by 17.5
mM 4-AP (Figs. 5G and H and 6). € and
D: High K™ -perfused tissue. No damage
at all was observed (compare with the
controf in Figs. 5A and B and 6). Very
similar results were observed in all rats in
each group, which were the same ani-
mals used to obtain the biochemical and
EEG data. Bar = 200 pm.
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of neuronal firing (Bargas et al., 1989; Nisenbaum et al.,
1994; Koyano et al., 1996). Thus, it can be concluded
that the 4-AP-induced EEG discharges are the result of
an increment in frequency firing, combined with an in-
creased excitatory glutamate- and GABA-mediated syn-
aptic transmission. Consistent with this conclusion, it has
been found that dendrotoxins, like 4-AP, induce in-
creased neuronal firing (Nisenbaum et al., 1994) and are
also potent convulsants {Gandolfo et al., 1989; Bagetta et
al,, 1992).

On the other hand, 1t seems clear that a generalized
depolarization, as that expected to occur after high K*
administration, failed to induce seizure activity because
it does not reproduce the increased neuronal firing prob-
ably responsibie for the seizure activity, although it did
induce an increased glutamate release (see below).

With regard to neurodegeneration, it is interesting that,
in contrast to 4-AP, no damage was observed with high
K* and that TEA induced only a moderate lesion, in
spite of the fact that the three agents produced ar en-
hancement of extracellular glutamate content. A plausi-
ble explanation for this finding is that the increased
amount of the amino acid must occur at a cellular site
close enough to its receptors to allow their interaction.
Thus, although it is generally accepted that 4-AP acts
mainly at the level of nerve endings {Thesleff, 1980,
Jones and Heinemann, 1987; Perrault and Avoli, 1991),
K* depolarization most probably acts at neuronal somas
and glial cells, and therefore the augmented level of
glutamate has no easy access to the glutamatergic recep-
tors. In other words, the synaptic efficacy seems to be
facilitated by 4-AP but not by high K* depolarization. In
agreement with this interpretation, it has been demon-
strated that even remarkable increases in content of ex-
tracellular glutamate, induced by inhibition of its trans-
port in vivo, does not produce hyperexcitability or neu-
ronal damage (Massieu et al., 1995; Obrenovitch et al.,
1996). With regard to TEA, the slight damage preduced
by this compound, together with its relatively small
effect on extracellular EAAs, suggests that although it is
probably acting at the nerve endings, it behaves as a
much weaker releasc-inducing agent than 4-AP.

In conclusion, the present report describes for the first
time a comelation in vivo between ncuronal death and
increased extracellular concentrations of endogenous
glutamate and GABA due to an enhancement of their
release. This finding contrasts with the lack of endoge-
nous glutamate neurctoxicity in vive when its cxtracel-
lular concentration is clevated by K* depotarization
(present study) or by whibition of 1ts uptake (Massieu et
al., 1995; Massicu and Tapia, 1997). Thus, the subcel-
lular site of glutamate accumulation m the extracellular
space scems 1o be determant for the access of the
anuno acid to its postsynaplic reeeptors and conse-
quently for the mduction of excitetoxic neuronal dam-
age. Thes clearly differs from the abundant data on ghu-
tamade-mduced excuotoxicity i tssue cuitine, including
those obsenved after uptahe inhibinon (Velaseo ef al.,
F99G), and casts some donbts on the cencrally aceepied

possibility that an increased level of extracellular gluta-
mate by itself, when originating from cell destruction or
glutamate transporter deficiencies, might be responsible
for neuronal death. On the other hand, the present resuits
also point out, in agreement with other studies {Obrero-
vitch and Urenjak, 1997), that there is a clear dissocia-
tion between hyperexcitability and neuronal damage.
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SEIZURES AND NEURODEGENERATION INDUCED BY 4-AMINOPYRIDINE IN
RAT HIPPOCAMPUS IN ViVO: ROLE OF GLUTAMATE- AND GABA-MEDIATED
NEUROTRANSMISSION AND OF ION CHANNELS

F. PENA and R. TAPIA*

Departamento de Neurociencias, Instituto de Fisiologia Celular, Universidad Nacional Auténoma de México, AP 70-253,
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Abstract—Infusion of the K* channel blocker 4-aminopyridine in the hippocampus induces the release of glutamate, as well as
seizures and neurodegeneration. Since an imbalance between excitation and inhibition, as well as alterations of ion channels, may
be involved in these effects of 4-aminopyridine, we have studied whether they are modified by drugs that block glutarnatergic
transmission or ion channels, or drugs that potentiate GABA-mediated transmission. The drugs were admizistered to anesthetized
rats subjected to intrahippocampal infusion of 4-aminopyridine through microdialysis probes, with simultaneous collection of
dialysis perfusates and recording of the electroencephalogram, and subsequent histological analysis. Ionotropic glutamate receptor
antagonists clearly diminished the intensity of seizures and prevented the neuronal damage, but did not alter substantially the
enhancement of extracellular glutamate induced by 4-aminopyridine. None of the drugs facilitating GABA-mediated transmission,
including uptake blockers, GABA-transaminase inhibitors and agonists of the A-type receptor, was able to reduce the glutamate
release, seizures or neuronal damage produced by 4-aminopyridine. In contrast, nipecotate, which notably increased extracellular
levels of the amine acid, potentiated the intensity of seizures and the neurodegeneration. GABA, receptor antagonists partially
reduced the extracellular accumulation of glutamate induced by 4-aminopyridine, but did not exert any protective action. Tetro-
dotoxin largely prevented the increase of extracellular glutamate, the electroencephalographic epileptic discharges and the neuronal
death in the CAl and CA3 hippocampal regions. Valproate and carbamazepine, also Na* channel blockers that possess generat
anticonvulsant action, failed to modify the three effects of 4-aminopyridine studied. The N-type Ca®* charnel blocker w-conotoxin,
the K* channel opener diazoxide, and the non-specific ion channel blocker riluzole diminished the enhancement of extracellular
glutamate and slightly protected against the neurodegeneration. However, the two former compounds did not antagonize the 4-
aminopyridine-induced epileptiform discharges, and riluzole instead markedly increased the intensity and duration of the disharges.
Moreover, at the highest dose tested (8 mg/keg, i.p.), riluzole caused a 75% mortality of the rats.

We conclude that 4-aminopyridine stimulates the release of glutamate from nerve endings and that the resultant augumcnted
extracellular glutamate is directly related to the neurodegeneration and is involved in the generation of epileptiform discharges
through the concomitant overactivation of glutamate receptors. Under these conditions, a facilitated GABA-mediated transmission
may paradoxically boost neuronal hyperexcitation. Riluzole, a drug used to treat amyotrophic lateral sclerosis, seems to be toxic

when combined with neuronal hyperexcitation. @ 2000 IBRO. Published by Elsevier Science Ltd. All rights reserved.

Key words: hippocampus, tetrodotoxin, fiuzole, glutarmate release, GABA transport, epilepsy.

Excitatory and inhibitory neurctransmission in the CNS is
mediated mainly by glutamate and GABA, respectively. A
dysfunction of any of these neurotransmitter systems may
be implicated in the generation of epilepsy, since an imbal-
ance between cxcitation and inhibition produced by a
decrease in GABAergic andfor zn increase in glutamatergic
transmission has been associated with the generation of this
pathological condition, both in animal models and in
humans.?*¢ In addition, a considerable body of evidence has
shown that an enhancement of glutamatergic transmission is
involved in the excitotoxic mechanisms of neurodegenera-
tion, mainly by overactivation of N-mecthyl-D-aspartate
(NMDA) receptors. 1455

*To whom correspondence should be addressed. Tel.: +52-5-6225642; fax:
+52-5-6225607.

E-mail address: ntapra@ifisiol.unam.mx (R. Tapia).

Abbreviatons: AOAA, amino-oxyicetic acid; 4-AP, 4-aminopyndine;
CPP, (3-phosphonopropyl)-piperazine-2-carboxylic acid, EEG, electro-
encephalogram;  MK-801,  (4)-5-methyl-10,11-dihydro-5H<diben-
zo(adcyclohept-5,10-imine mateate; NBQX, 2,3-dihydroxy-6-nitro-7-
sulfamoyl-benzo(Fiqumoxaling; NMDA, N-methyl-n-aspartate; NNC-
711, 1-(2-{{(diphenylmethylene)anunoloxy feihiyl)-1,2,5.6-tetiahydro-
Fpyndine-carboxylic acid  hydrochlonde; NPCA, nmipecotic aaid;
NS$1619,1,3-dihydro-1-{ 2-hydrox y-5-(mfluecomethyliphenyl)-5- (tofluoro-
methyl)-2H-benzamndarol-2-one; UTX, etrodotoxin,

4-Aminopyridine (4-AP} is a2 K* channel blocker that
stimulates the release of both excitatory and inhibitory
nenrotransmitters in different CNS preparations in vitro, #4868
and produces intensc epileptiform activity in brain
slices*313:2032388089 and in vive.!"?*%% An enhancement of
glutamatergic transmission has been related to the convulsant
action of 4-AP,® since excitatory amino acid receptor
antagonists, of both the NMDA and the non-NMDA types,
are effective anticonvulsants against 4-AP-induced seizures,
both in brain slices*® and in vive.'"** Furthermore, we have
demonstrated that the intrahippocampal perfusion of 4-AP
through microdialysis probes produces intense electroence-
phalographic (EEG) seizures associated with neuronal
damage in the CAl and CA3 regions, effects that correlate
well with an increase in the concentration of extracellular
glutamate, %8

Besides the use of glutamate receptor antagonists, one
strategy to protect against scizures and neuronal damage is
an cnhancement of GABAergic ncurotransmission, which
should reduce the hyperexcitability through an increased inhi-
bition. Following this approach, it has been found that pro-
GABAcrgic drugs protect against ischemia- or cpilepsy-
induced neuronal death **%748* The frst aim of the present
work was therefore to evaluate whether the blockade of gluta-
matergic transmission or the cnhancement of GABAcrgic
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transmission can protect against the seizures and the neuro-
degeneration induced by 4-AP in the rat hippocampus in vivo.
For this purpose, we have tested the effect of several NMDA
and non-NMDA receptor antagonists, as well as pro-
GABAergic drugs, such as GABA receptor agonists, GABA
uptake blockers and inhibitors of GABA-transaminase, on the
EEG changes, extracellular glutamate levels and neuronal
damage induced by the intrahippocampal administration of
4-AP.

A role of ion channels in such 4-AP-induced, glutamate-
mediated neurodegeneration and neuronal hyperexcitation is
highly probable, since 4-AP itself is a K* channel blocker
capable of depolarizing nerve endings and, in addition, its
neurotransmitter-releasing action is dependent on external
Ca®* 8% In agreement with this possibility, it has been
shown that the epileptogenic action of 4-AP in hippocampal
slices is prevented by some Na* channel blockers, such as
tetrodotoxin (TTX), catbamazepine and valproate 410282968
Moreover, TTX and other Na* channel blockers may protect
against neurodegeneration after brain tissue insults thought to
invelve glutamate-mediated toxicity, such as ischemia,
hypoxia or hypoglycemia, 56715

Only L-type Ca®* channel antagonists have been tested
against the convulsant effect of 4-AP, with contradictory
results. Nifedipine and other dihydropyridines potentiated
the behavioral and EEG seizures induced by the systemic
and the intrahippocampal administration of 4-AP in the
rat,> and nimodipine did not prevent the behavioral seizures
and death induced by 4-AP in mice.*? In contrast, fluspirilene
and PN 200-110 protected against the effects of i.c.v. applied
4-AP3

Of particular interest among the ion channel blockers is
riluzole, which has been considered as a “glitamate release
inhibitor” and is one of the few drugs approved for clinical
use in amyotrophic lateral sclerosis, on the basis of the
excitotoxic hypothesis of this disease.”? Riluzole affects a
wide variety of ion channels, including sodium, %1%
calcium®™ and potassium'™ channels, and exerts several
pre- and postsynaptic effects.'? This drug has shown neuro-
protective and anticonvulsant action in some experimental
models, 5358 byt was ineffective against the hyperexcit-
ability induced by i.c.v. 4-AP.%

Several K* channel openers arc known, including diaz-
oxide and N$1619, which activate ATP-sensitive and Ca?*-
sensitive channels, respectively.i13963% These and other K+
channel openers possess anticonvulsant and neuroprotective
properties in some experimental models,!?!34455¢ put they
have been ineffective against 4-AP-induced hyperexcitability
in hippocampal slices* or after i.c.v. administration.*'

In view of the above, and since no data are available
regarding the cffect of ion channel blockers on the stimulatory
action of 4-AP on the release of glutamate and other aming
acids in vive, or regarding the neurodegeneration induced by
this drug, the sccond aim of the present work was to gain
information on these questions. For this purpose, we have
used several Nat and Ca?* channel blockers, including rilu-
zolc, as well as K* channel openers.

EXPERIMENTAL PROCEDURES

Microdalysis procedure and measurenment of extracellular anine
acuds

Adult male Wistar rats (200-250 g} were used throughout and

handled with all precautions necessary to minimize the number of
animals used and their suffering, according to the Rules for Research
in Health Matters (Mexico), with approval of the local Animal Care
Committee. The microdialysis procedure was carried out as described
previously.® In brief, under halothane anesthesia, rats were implanted
with microdialysis cannulae (membrane of 2 mm length and 0.5 mm
diameter, CMA/12, Acton, MA, USA) in the left dorsal hippocampus
(coordinates: A —3.6 mim, L 2.4 mm and V 4.2 mm from bregma®’),
and the probes were perfused with a Ringer—Krebs medium containing
(in mM): 118 NaCl, 4.5 KCl, 2.5 MgSQy, 4.0 NaH,PO;, 2.5 CaCl,, 25
NaHCO; and 10 glucose (pH 7.4), at a rate of 2 pl/min. Afteralh
equilibrium period, 25 pl (12.5 min) consecutive fractions of perfusate
were continuously collected. The first three fractions collected served
to obtain the basal release of amino acids; 4-AP (35 mM) was then
petfused during one 12.5 min fraction and three subsequent fractions
with normal medium were collected.

The amino acid content of the 25 pl perfusate fractions was
measured by high-performance liquid chromatograph; after o-phthal-
dialdehiyde derivatization, as described previously.’>™ The values
reported were not comected for the efficiency of the dialysis
membrane, which as reported previously was 7—-11%.%

Electroencephalographic recording

The EEG was recorded simultaneousty and continuousty during the
microdialysis procedure. For this purpose, the microdialysis cannulae
were used as electrodes, after electrically insulating them by varnish-
ing the whole surface of the needle excluding 1 mm just above the
beginning of the dialysis membrane. A Grass polygraph with a low-
frequency filter at 3 Hz and a high-frequency filter at 100 Hz was used
for EEG recording. For quantitative analysis, the latency to the frst
EEG discharge and the duration of the discharges during the last
10 min of perfusion, when the EEG seizures were constant, were calcu-
lated. The duration of each discharge was measured from the beginning
of the hypersynchronic activity to the last high-amplitude spike in a
continuous train,

Histological evaluation

Five days after the experiment, animals were anesthetized with
sodium pentobarbital, transcardially perfused with 250 ml of 0.9%
NaCl followed by 250 ml of 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4), and brains were removed and prepared for the histo-
logical procedure, as described previously.®® Coronal sections (30 pm
thick) were stained with Cresyl Violet, the correct location of the
microdialysis probes was confirmed and the morphologically unda-
maged neurons (i.e. large, >>15 um neurons with clear cytoplasm,
similar in appearance to those of the contralateral hippocampus) in
the dorsal hippocampal regions were counted in a X 20 microscopic
field (21,600 pm?), with the help of an image analyser system (NIH
Image 1.6). Two sections, 80 pm apart, were counted in each bippo-
campus, covering the whole CAl and CA3 areas, which were those
showing significant damage. %

Drugs

The following drugs were administered through the dialysis probe
during the fourth 12.5 min collection fraction, mixed with 4-AP (see
above), at the concentrations indicated, in order to test their possible
antagonist action against 4-AP's effects: the NMDA receptor antagon-
ist (3-phosphonopropyl)-piperazine-2-caboxylic acid (CPP; 100 pM);
the non-NMDA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo{F)quinoxaline (NBQX; 500 pM); the GABA, receptor agonists
isoguvacine (! mM) and muscimol (100 pM} the GABAy receptor
agonist baclofen (50 uM); the GABA, receptor antagonists bicucul-
line methiodide (25 M) and picrotoxin (150 pM); the GABAg recep-
tor antagonist saclofen (750 pM), the Na* channel blockers TTX
(100 pM) and carbamazepine (HBC complex, water-soluble prepara-
tion; 150 pMY; the N-type Ca®* channel blocker w-conotoxin GVIA
(100 pM); and the Ca**-dependent K* channel opener 1,3-dibydro-1-
(2-hydroxy-S-(trifluoromethylphenyt)-5-(Liluoromettiyt)-2H-benzi-
midazol-2-one (NS1619) (300 wM). In addition, the GABA uptake
blockers  1-(2-[(diphenylmethylene)aminoloxy)ethyl}1,2,5 6-tetra-
hydro-3-pyndine-carboxylic acid hydrochloride (NNC-711: 40 pM)
and nipecotic acud (NPCA; 5 mM) were perfused two fragtions belore,
duning and two fractions alter 4-AP administration, at the concentra-
tons indieated Osmolanty of the medwm was maintained 10 all cases
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Fig. 1. BEG seizure activity induced by 4-AP and protection by MK-801. Traces are representative of the activity befors 4-AP (basal) and of the changes
observed once the seizure activity was stabilized. MK-801 was administered i.p. 30 min before 4-AP infusion. See Fig, 3¢ for quantitative evaluation.

by reducing NaCl proportionally. Furthermore, the NMDA receptor
aptagonist (4 )-5-methyl-10,11-dihydro-5H-dibenzo(a,d)cyclohept-
5,10-imine maleate (MK-801; 2 mg/kg) and the GABA-transaminase
inhibitor amino-oxyacetic acid (AQAA; 50 mg/kg), magnesium
valproate (300 mg/kg), riluzele {4 and 8 mg/kg) and the ATP-sensitive
K* channel opener diszoxide (30 mg/kg) were administered i.p.
30 min before 4-AP perfusion. With the exception of ACAA, picro-
toxin and TTX (Sigma, St Louis, MO, USA) and magresium valproate
(Mexican Ministry of Health Laboratories), all drugs were obtained
from RBI-Sigma (Natick, MA, USA).

The doses of the drugs used were chosen on the basis of previous
work showing that they were effective in other experimental models of
epilepsy or neurodegeneration (see references in the introductory
section and Discussion). In the case of those co-administered with 4-
AP through the microdialysis probe, it should be considered that the
membrane dialysis efficiency for most compounds is approximately
10%.%%% We verified that, when administered alone, none of the
drugs used produced any significant effect on extracellular glutamate
{evels, EEG activity or the morphology of hippocampal neurons
(groups of three or four rats were assessed for each drug).

Statistical comparisons were carried out using unpaired Student’s -
tests. P < 0.05 was considered statistically significant.

RESULTS

Effect of glutamate receptor antagonists

As reported previously,® the intrahippocampal infusion of
35mM 4-AP induced EEG seizures characterized by an
initial hypersynchronic activity followed by trains of high-
amplitude spikes (Fig. 1). The latency to the first discharge
was 12.8 * 1.07 min and the mean duration of the discharges,
once established, was 59.8 = 4.5 s (Fig. 3c).

Also as described previously,® the appearance of EEG
discharges was accompanied by an elevation of extracellular
glutamate, which in the present experiments reached a value
threefold greater than the basal concentration of the amino
acid (Fig. 3a), and by a notable increase in extracellular
GABA levels, from practically nil values to 4.2 %
0.34 pmol/10 pl (Fig. 4b). The changes in the other aming
acids measured (aspartate, glutamine, alanine, glycine and
taurine) were similar to those observed in our previous
communication® and arc not shown here. Five days after
the experiment, rats treated with 4-AP showed a complete
neurodegencration of CAl and CA3 pyramidal ncurons,
with little or no damage in CA2 and the dentate gyrus (Figs
2b, 3b).

The i.p. administration of MK-801 30 min before 4-AP
notably reduced the intensity (Fig. 1) and the duration (79%
reduction; Fig. 3c) of the EEG seizures induced by 4-AP,
without affecting the latency to the first discharge, which
was 14.6 X 0.68 min, This protective effect was more evident
on the high-amplitude spike phase of the discharges, while the
hypersynchronic activity was less affected. MK-801 did not
significantly modify the 4-AP-induced increase in extra-
cellular glutamate concentration (Fig. 3a), but completely
prevented the neurodegeneration induced by the drug, in
both the CAT and CA3 regions (Figs 2¢, 3b).

Similar protective effects against seizures and neuro-
degeneration to those exerted by i.p. MK-801 were observed
when the other competitive NMDA receptor antagonist used,
CPP, or the non-NMDA receptor antagonist, NBQX, were
infused together with 4-AP (Fig. 3). These drugs did not
alter the latency of 4-AP-induced seizures (15.2 + 1.52 min
with CPP and 13.4 % 0.64 min with NBQX), but reduced their
intensity (not shown) and their duration {59% and 62% reduc-
tions, respectively; Fig. 3c). The protection against neuro-
degeneration produced by CPP and NBQX was highly
significant, although less notable than that observed with
MXK.-801 (Fig. 3b). In a different group of rats, the co-application
of CPP and NBQX together did not potentiate the protective
action of these drugs by themselves (n=4; results not
shown).

None of the glutamate receptor antagonists studied had any
effect on the enhancement of extracellular glutamate (Fig. 3a)
or on the changes in other amino acids induced by 4-AP.

Effect of GABAergic drugs and GABA receptor blockers

Because the pro-GAB Acrgic drugs used included inhibitors
of GABA transport, it was important to assess whether they
modify the extracellular concentration of amino acids. In the
groups of rats trcated with these drugs alone, only NPCA and
to a lesser extent NNC-711 produced an increase in GABA,
which reached peak values of 18.2 and 3.16 pmol/10 pl,
respectively (Fig. 4); the other amine acids measured, includ-
ing glutamate, were not affected at all by these drugs (not
shown). None of the pro-GABAcrgic drugs tested produced
any alteration in the EEG or in neurenal morphology.

As shown in Fig 4a and b, when NPCA or NNC-711 were
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Fig. 2. Hippocampal nevrodegencration induced by 4-AP five days after treatment and protection by MK-801. (a) Non-infused hippocampus. (b) 4-AP-infused
hippocampos Note the nearly complete destruction of CA and CA3, and the preservauon of CA2 and of the visible fragment of the dentate gyrus. (c) 4-AP-
infused hippocampus in s treated with MK-801 30 min before. For quanttative data see Fig. 3b Scale bar = 160 pm.
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Fig. 3. Extracellular glutamate increase (a), nenronal damage in the CAl
and CA3 hippocampal regions (b), and duration of EEG discharges (c)
induced by 4-AP and protection by glutamate receptor antagonists. In
panel a, the control 100% value is the basal glutamate concentration {abso-
Tute values were 17.2 = 2.2 pmol/10 pl); the other four bars represent the
petcentage peak values observed in the microdialysis fraction following 4-
AP infusion, with 4-AP alone and in rats treated with the glutamate receptor
antagonists indicated (MK-801, CPP, NBQX). The neurodegeneration data
in panel b were obtained five days after 4-AP infusion; control values were
obtained in non-infused hippocampi. Data are mean values * § EM. forthe
number of rats shown in parentheses. Only rats in which the three kinds of
data were obtained were included in the calculations. In panels b and ¢, all
values with the glutamate receptor antagonists were significantly different
from those with 4-AF alone (at least P < 0.05).

administered with 4-AP the increase of extraceliular GABA
levels was potentiated, so that the peak levels attained were
approximately the sum of the action of the drugs alone. In
contrast, with the other pro-GAB Acrgic drugs tested, muscimol,
isoguvacine and ACAA, no significant modification of
GABA besides that induced by 4-AP was observed (Fig. 4b).

Neither NNC-711 nor AOAA, muscimol or isoguvacine
significantly modified the latency, intensity and duration of
the 4-AP-induced EEG seizures., In contrast, surprisingly,
NPCA increased by 40% the mean duration of the EEG
discharges (Figs 5, 7c) without affecting the latency
(12.4 = 1.57 min). This potentiation of the convulsant effect
of 4-AP by NPCA could be due to a depolarizing action of the
excess extracellular GABA, since it has been shown in
hippocampal slices®*"% that, during epileptiform activity
induced by 4-AP, GABA depolarizes neurons through the
activation of GABA, receptors. To test this possibility, we
applied the GABA, receptor antapgonist bicuculline, at a
subconvulsant dose that did not alter the EEG, on the
NPCA-induced potentiation of scizures. As shown in Fig.
7¢, this treatment did not reduce the potentiation. Similarly,
naither bicuculline (Fig. 5) nor picrotoxin, another GABA,
receptor blocker, affected per se the 4-AP-induced EEG
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Fig. 4. {a) Changes in extraceilular GABA levels induced by NPCA alone
and combined with 4-AP; the horizontal bars indicate the time of infusion
of the drugs through the microdialysis probe. Data are mean values %
SEM. for four rats for NPCA alone and nine rats for 4-AP plus NPCA.
(b) Basal and peak extracellular GABA levels induced by 4-AP alone and
combined with the pro-GABAergic dugs indicated (ISGV, isoguvacine;
MUSC, muscimol; NNC, NNC-711), Data are mean values = S EM. for
the number of rats shown in parentheses. *P << 0.05 compared to 4-AP
alone.

discharges (Fig. 7c), indicating that the enhancement of extra-
cellular GABA produced by 4-AP is not a determining factor
in the induction of seizures. In agreement with this interpreta-
tion, it was observed that both bicuculline and picrotoxin
significantly reduced the latency to seizures (from 12.8 to
8.77 £ 042 and 7.25 * 0.41 min, respectively, P <0.03).

None of the pro-GABAergic drugs tested had any protec-
tive effect on the neurodegeneration induced by 4-AP (Figs 6,
7b). On the contrary, and similarly to its effect on the EEG
discharges, NPCA seemed to potentiate such damaging
action, as indicated not only by the decrease in the number
of healthy neurons in CAl and CA3 (Fig. 7b), but also by
preducing a significant decrement of approximately 44% in
the number of healthy cells in the CAZ2 region, with respect to
4-AP alone (P < 0.05; see Fig. 6b).

In agreement with the lack of protective effect of the pro-
GABAergic drugs used on the scizures and neurodegenera-
tion induced by 4-AP, these compounds did not prevent the
extracellular accumulation of glutamate (Fig. 7a) or the
changes induced by 4-AP in other amino acids. In contrast,
the two GABA, receptor antagonists, bicuculline and picro-
toxin, reduced the accumulation of extracellular glutamate. In
addition, bicuculline also diminished the accumulation of
extracellular agpartate and GABA and the reduction of gluta-
mine induced by 4-AP*¥ (not shown). We cannot offer an
cxplanation for this finding, but one possibility is that the
already mentioned depolarizing  action resulting  from
GABA,, receptor activation may be blocked by the antagon-
ists, thus decreasing the necuronal excitation and conscguently
the release of glutamate.

We also assessed the possible role of GABAy receptors,
since some reports suggest that these receptors are involved in
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Fig. 5. EEG seizure activity induced by 4-AP in rats freated with muscimol (MUSC), NPCA and bicuculline (BMI). Note the lack of effect of muscimol and
bicuculline, and the potentiation of seizures by NPCA (compare with Fig. 1). See Fig. 7c¢ for quantitative evaluation.

the generation of epileptiform activity by 4-AP in vitro. %! At
the doses used, neither the GABAg receptor agenist baclofen
nor the GABAg receptor antagonist saclofen significantly
modified the effects of 4-AP. With baclefen, the extracellular
accumulation of glutamate was 295.7 = 63.1% of basal, the
latency to seizures was 9.88 £ (.57 min and the duration of
discharges was 51.2 = 2.17 min. With saclofen, these values
were 3101 £81.6%, 12.9*+149 and 489 % 3.82 min,
respectively (results of eight rats for baclofen and seven rats
for saclofen). Concerning neurodegeneration, the hippo-
campal CA1l and CA3 subfields of the rats treated with 4-
AP plus baclofen or saclofen showed very similar damage
to that observed with 4-AP alone (resuits not shown).

Effect of Na‘* channel blockers and related drugs

When TTX was co-administered with 4-AP, the intensity of
the 4-AP-induced EEG epileptic discharges was drastically
reduced (Fig. 8; compare with the traces of the unprotected
animals treated with carbamazepine or w-conotoxin, and with
those after 4-AP alone; Fig. 1). The latency to the first EEG
discharge was increased from 12.8 £ 1.07 to 21.3 = 2.11 min
(P<<0.05), and their duration was diminished by 90%,
compared to 4-AP alone (Fig. 10c). As shown in Figs 9a
and 10b, TTX also almost completely protected the hippo-
campal neurons against the neuredegeneration induced by 4-
AP, in both the CAl and CA3 regions. These protective
effects of TTX can be correlated with a significant decrease
of about 65% in the 4-AP-induced enhancement of extracel-
lular glutamate (Fig. 10a).

In contrast with the ncuroprotective effects of TTX, as
shown in Figs 8-10, ncither carbamazepine (co-infused
with 4-AP) nor valproate (injected i.p. 30 min before 4-AP
infusion) significantly modificd any of the effects of 4-AP on
the three parameters studiced.

Effcet of w-conotorin GVIA

The co-administration of the N-type Ca®* channel blocker
w-conotoxin GVIA did not affect the EEG seizures induced

by 4-AP (Figs 8, 10¢). The latency to the first discharge was
11.3+1.73 min. This conotoxin diminished by 74% the
enhancement of extracellular glutamate induced by 4-AP (Fig.
10a), and significantly protected against the neurodegeneration
produced by 4-AP in the CAl region. This protection,
however, was weaker than that exerted by TTX (Figs 9¢c, 10b).

Effect of riluzole

We initially tested the effects of riluzole i.p. at a dose of
8 mg/kg. In a group of four rats, at this dose riluzole alone did
not affect any of the parameters studied. However, when
injected 30 min before 4-AP it was extremely toxic, since
24 of the 32 rats studied died during the night following the
experiment. Moreover, in all 32 rats we observed a marked
potentiation of the convulsant action of 4-AP: there was a
notable increment in the intensity of the EEG seizures
compared to 4-AP alone (Fig. 11) and the mean duration of
the discharges nearly doubled (Fig. 13¢), although the latency
to the first discharge was not affected (13.4 = 1.21 min). This
occurred in spite of the fact that the enhancement of exira-
cellular glutamate induced by 4-AP was abolished by riluzole
(Fig. 13a), suggesting that at this dose the toxic effect of
riluzole does not involve glutamatergic transmission. In
fact, in the eight surviving rats that could be studied histo-
logically after five days, the neurcnal damage was signifi-
cantly reduced in both the CAl and CA3 regions,
particularly in the latter (Figs 12a, 13b). It is important to
mention that riluzole also abolished the increase in extracel-
lular GABA and aspartate induced by 4-AP. With 4-AP alone,
the GABA concentration increased from negligible values to
4.2+ 034 pmol/10 pnl, and aspartate from 1.56 *0.16 to
4.99 + 0.77 pmol/10 pl, whereas in riluzole-treated animals
GABA increased to only 0.8 % 0.48 and aspartate to 2.86 £
1.55 pmol/10 pl.

In view of the above results, another group of rats was
treated 1.p. with riluzole at half the previous dose (4 mp/kg),
30 min before 4-AP. With this dose, all animals survived until
the fifth day, with no apparent behavioral alterations,
However, as shown in Fig 4, riluzole did not suppress but
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Fig. 7. Extracellular glutamate increase (a), neuronal damage in the CAl

and CA3 hippocampal regions (b}, and dvration of EEG discharges (c),

induced by 4-AP, and effects of pro-GABAergic and anti-GABAergic

drugs. Details as in Fig. 3. PTX, picrotoxin Data are mean values = SE M.

for the number of rats indicated in parentheses. ¥P < 0.05 compared to
4-AP alone.

altered the pattern of the EEG discharges induced by 4-AP.
No initial hypersynchronic activity occurred and the
frequency of the high-amplitude spikes decreased. Never-
theless, once established, the trains of these spikes were
continucus during the rest of the experiment, so that the dura-
tion of the discharges could not be calculated. The latency to
the first discharge increased to 20.8 * 1.73 min. At this low
dose, riluzole also significantly blocked the 4-AP-induced

4.AP + TTX

increase in extracellular glutamate, albeit to a lesser extent
than after 8 mg/kg (Fig. 13a), and protected against the hippo-
campal damage similarly to the latter (Fig. 13b). The increase
in extracellular GABA and aspartate induced by 4-AP was
also reduced in the animals treated with 4 mg/kg riluzole
(64% decrease for GABA and 33% for aspartate, compared
to 4-AP alone).

Effect of K* channel openers

The Ca?"-dependent K* channel opener NS1619 did not
significantly modify any of the effects of 4-AP studied (Figs
12, 13), whereas the ATP-sensitive K* channel opener diaz-
oxide did not suppress the seizures but inhibited by 55% the
extracellular glutamate increase and slightly protected against
neuronal death in both the CAl and CA3 regions (Figs 12,
13).

DISCUSSION

Effect of glutamate receptor antagonists and GABAergic
drugs

The results of the present work strongly support the
previously proposed close relationship between an increased
level of synaptic extracellular glutamate, seizures and neuro-
degeneration, in the hippocampus in vivoS5® after 4-AP
treatment. Since such a postulation implies that an overacti-
vation of glutamate receptors is responsible for the epilepto-
genic and neurotoxic effects of 4-AP, it would be expected
that the blockade of glutamate receptors should protect
against such effects of 4-AP. This expectation was fulfilled,
since we observed that both MK-801 and CPP, two antagon-
ists of NMDA receptors, as well as NBQX, an antagonist of
non-NMDA receptors, clearly inhibited the 4-AP-induced
convulsions. Such anticonvulsant action is in agreement
with previous results obtained with a bolus injection of 4-
AP in the hippocampus® or in the lateral cerebral ventricle,”
as well as with the protection by the non-NMDA receptor
antagonist GIKY-52466 against seizures induced by the
local application of 4-AP on the somatosensory cortex.®

Besides their anticonvulsant effect, the three glutamate
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Fig. 9. Effects of TTX (a), carbanazepine (b) and w-conotoxin (¢} against the hippocampal neurodegencration induced by 4-AP, five days after treatment. Note
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7epine (compare with Fig. 2). For quantitative data see Fig 10h. Scale har= 160 um
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Fig. 10. Extracellular glutamate increase (a), neuronal damage in the CA1

and CA3 hippocampal regions (b), and duration of EEG discharges (c)

induced by 4-AP, and effect of TTX, carbamazepine (CBZ), valproate

(VPA) and w-conotoxin (CONOTOX). Details as in Fig. 3. *P < 0.01 for
TTX and P < 0.05 for o-conotoxin, comparcd to 4-AF alone.

receptor antagonists used, particularly MK-801, notably
prevented neuronal death in the CA1 and CA3 regions, with-
out affecting the increase in extracellular glutamate (Fig. 3).
Interestingly, these protective effects were obtained in spite of

4-AP + RLZ (4mg/Kg)

the fact that MK-801 was administered systemically (i.p.),
while CPP and NBQX were co-infused with 4-AP through
the dialysis probe. This correlation between the antiepileptic
and neuroprotective effects can be clearly seen in Fig. 3. It
must be emphasized that, in these groups, as well as in all
other experimental groups, the three parameters, glutamate
levels, EEG and neuronal damage, were studied simul-
taneously in the same animal, which permits one to establish
their relationships with a high degree of certainty.

A relevant aspect of the relationship between glutamate
and the overactivation of its receptors that results in excito-
toxicity in vivo is the origin of the augmented extracellular
concentration of the neurotransmitter. In fact, several kinds of
evidence indicate that increased extracellular glutamate
resulting from inhibition of its transport or by high-K* depo-
larization does not induce epileptiform activity or neuro-
degeneration, 525358656883 [n contrast, it has been repeatedly
shown in several preparations that the enhancement of extra-
cellular glutamate induced by 4-AP is due to a stimulation of
its release from presynaptic nerve endings. 5888 [t therefore
seems that, at this synaptic level, the excess glutamate
released by 4-AP is able to reach the receptors and overacti-
vate them. In support of this interpretation is the observation
that the damaged hippocampal regions are mainly CAl and
CA3, with more limited or no damage in CA2 and the dentate
gyrus. This pattern of damage after excitotoxic insults has
been amply described, 8389 and seems to be due to differ-
ences in the distribution of glutamate receptors*®®? and/or to
the comparatively higher concentration of calcivi-binding
proteins, such as calbindin, in the neurons of the resistant
regions. ™6

Strong support for the above interpretation stems from the
finding that the blockade of voltage-sensitive Na* channels
by the highly specific blocker TTX prevents all the effects of
4-AP studied: the extracellular accumulation of glutamate,
the EEG discharges and the hippocampal neurodegeneration
(Fig. 10). In fact, such an inhibitory effect of TTX is clearly

g

4-AP + REZ (8mg/Kg)

4-AP + NS1619

4-AP + D7

2»

Fig. 11 BEG seizure activity mduced by 4-AP m rats treated with {wo diferent doses of ribuzole (RLZ), or with the K channel openers NS 1619 and diazoxide

M7 Note the lack of effect of NS1619 and diszoxide, and the potentiation of seizures by tiluzole (compare with Fig 1) See ki 13c for quantitative

evaluation (Ihe trices after 4 mpfkg nluzole were continnous during pracacally the entire recording, peniodd, and therefore the duration of the discharges 14 not
shown 1 Fig 13¢)
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indicative of a neuronal origin of the 4-AP-induced neuro- Ca® dependence of the effect of 4-AP is well established™#
transmitter release,”#>% which is confirmed by the observed and N-type Ca® channels are mostly responsible for the
inhibition of glutamate release by w-conotoxin, since the Ca®'-dependent transmitter release.* In agreement with
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Fig. 13. Extracellular glutamate increase (a), neuronal damage in the CAl
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induced by 4-AP, and effects of riluzole (RZL, 4 and 8 refer to the i.p.
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ing period, and therefore the duration of the discharges is not shown, Data
are mean values *+ S.E M. for the number of rats indicated in parentheses.
*P < (.05 compared to 4-AP alone.

these observations, it has been reported that TTX prevents
both the release of neurotransmitier amino acids® and the
epileptiform activity®2# induced by 4-AP in hippocampal or
striatal slices. TTX also showed protective properties against
hypoglycemia--hypoxia-induced damage in neuronal cul-
tures”* and against ischemia in the hippocampus in vivo.*?

None of the pro-GABAergic drugs tested here was able to
prevent the increase in extracellular glutamate, the EEG
seizures or the neurcdegeneration induced by 4-AP. These
results agrec with the lack of effect of diazepam, vigabatrin
and tiagabine against convalsions induced by the i.p. admini-
stration of 4-AP in mice, %2 whereas in other animal models of
epilepsy the anticonvulsant action of GABAergic compounds
is well established.'>**®.778! [ hippocampal slices, activa-
tion of GABA 4 receptors with muscimol*® or with some anti-
convulsant lactams®® prevents the epileptiform electrical
activity induced by 4-AP. However, in this in vitro prepara-
tion there is controversy regarding the role of GABAergic
transmission in the cpileptogenic action of 4-AP, since it
has been shown repeatedly that the blockade of GABAergic
transmission results, paradoxically, in some protection. #8518
The probable explanation for these findings is that, during
neuronal hyperexcitation induced by 4-AP**576 or by
high-frequency electrical stimulation of CAl affercnts,**™
the synaptic response to GABA is depolarization rather than
hyperpolarization. In this respeet, it sceins relevant that 4-AP
per se also induces an increase in the levels of extraceliuiar
GABA 1n the hippocampus (Iig. 45 also sec Ref 638).

The forepomng discussion provides an explanation for our

finding that the infusion of NPCA, which largely increased
the concentration of extraceliular GABA, enhanced the inten-
sity and duration of EEG seizures, as well as the neuronal
damage, produced by 4-AP. In support of this interpretation is
the potentiation of the depolarizing action of GABA in
hippocampal slices by GABA uptake blockers such as
NPCA? or tiagabine.*! Also in agreement with this
postulation is the paradoxical proconvulsant action in vive
of some GABA uptake blockers, such as NPCA, NNC-711,
tiagabine and 2.4-diaminobutyric acid, in other epilepsy
models, 5307 An excitatory action of GABA is also
suggested by our present finding that the GABA, receptor
blockers picrotoxin and bicuculline reduced the extra-
cellular accumulation of glutamate and that the latter pre-
vented the changes in other extracellular aminc acids
induced by 4-AP. Nevertheless, the experiments designed to
test this hypothesis, namely the co-administration of 4-AP,
bicuculline and NPCA, failed to confirm it, since bicuculline
did not prevent the potentiation by NPCA of the 4-AP-
induced EEG seizures.

In accordance with the lack of anticonvulsant action of pro-
GABAergic drugs, these compounds did not protect against
the neuronal death induced by 4-AP in the CAl and CA3
regions of the hippocampus, and some potentiation was
even observed in the rats treated with 4-AP and NPCA. A
similar toxic effect of GABA or GABA, receptor agonists
has been reported in cortical cultures, where they induce an
acceleration of glutamate receptor-mediated excitotoxicity,?
as well as in hippocampal cultures under depolarizing condi-
tions.* In vivo, although an enhancement of GABAergic
transmission can protect neurons against neurodegeneration
induced by ischemia®™ and electrically induced epilepsy,”
the hippocampal damage produced by kainate was not
prevented by vigabatrin.”

Effect of ion channel blockers

In contrast to the above-mentioned results with TTX, the
Na* channel blockers carbamazepine®“>*l'2 and valpro-
ate274672 were ineffective in preventing the extracellular
accumulation of glutamate, the EEG discharges and the
neurodegeneration produced by 4-AP. A possible explanation
for this difference is that the mechanism of blockade of the
channel is different to that of TTX,*7%% and therefore in vivo
these drugs are much less efficient. In agreement with this
postulation, valproate is ineffective and carbamazepine is
only weakly effective in inhibiting the release of amino acid
neurotransmitters, both in brain slices and in vive. "1819:467450
Reparding the antiepileptic action, valproate was ineffective
against epileptiform activity induced by 4-AP in hippocampal
slices and carbamazepine only partially reduced it,” although
in other studies in vitro these drugs showed some protection
against 4-AP-induced epileptiform activity. "% [n yivo,
both compounds at doses similar or equivalent to those used
here are good anticonvulsants against a variety of seizure
models, 54 but their mechanisms of action seem to be
multiple and arc not completely understood. 262751

In agreement with the well-known inhibitory effects of the
N-type Ca?* channel blocker w-conotoxin GVIA on neuro-
transmitter release, *¥52 this toxin considerably reduced the 4-
AP-indugced enhancement of extracelluiar glutamate, How-
ever, differently from TTX, this action was not accomparticd
by a protective cftect on the EEG discharges, although a
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significant protection against neurodegeneration was observed,
particularly in the CAl region. In order to reconcile these
results with those with TTX, we propose that, as we have
suggested previously,®® the convulsant effect of 4-AP involves
an increased excitatory glutamate-mediated transmission
combined with an increment in neuronal firing frequency.
TTX should be expected to inhibit both types of action,
whereas the action of w-conotoxin is restricted to the pre-
synaptic region. This interpretation may also account for the
results obtained with riluzole and with diazoxide, which,
similarly to w-conotoxin, inhibited glutamate release but
were unable to suppress the EEG seizures and neuronal
death. Interestingly, however, all three drugs partially
protected against neurodegeneration, suggesting that this
effect of 4-AP is closely related to the increased extracellular
concentration of glutamate, as suggested previously.®

Some reports have shown protective effects of riluzole
against ischemia- or nitropropionic acid-induced neurodegen-
eration.**%3% However, riluzole failed to protect against the
convulsant action of i.c.v. 4-AP.® In this respect, our finding
that riluzole at the highest dose tested (8 mg/kg) potentiated
the convulsant action of 4-AP and produced a high mortality
of the rats is worth noting, insofar as riluzole is practically the
only known drug with some beneficial action in the treatment
of amyotrophic lateral sclerosis.*” Moreover, half the dose of
riluzole, although not inducing mortality, also seemed to
potentiate the 4-AP-induced EEG discharges, which became
continuous. Although these doses are higher than those used
clinically (about 1-3 mg/kg orally on a daily basis), their
effect was observed after a single administration. Hence, the
present results indicate that the clinical use of riluzole should
be considered with caution. In addition, as shown in the
present work and has been stressed previously,® riluzole
reduces the extracellular accumulation not only of glutamate,
but also of GABA and aspartate, and the possible adverse

consequences of this effect cannot be ignored. Finally, rilu-
zole acts on a great variety of ion channels, including Na*¥,
Ca®* and X* channels,®™'® which may add other undesir-
able side-effects.

CONCLUSIONS

The findings of the present work indicate that an overacti-
vation of glutamate receptors, mainly of the NMDA type, is
involved in the generation of epileptiform activity and in the
neurodegeneration produced by the infusion of 4-AP in rat
hippocampus in vive, and that ionic channels play a relevant
role. In addition, our data clearly show that the glutamate-
mediated effects of 4-AP are a consequence of an increased
release of the transmitter from excitatory nerve endings. Such
increased release is directly related to the neurodegeneration
of hippocampal regions CAl and CA3. Since increased extra-
cellular glutamate leveis by inhibition of its transport or by
K* depolarization do not result in excitotoxicity, 236368 we
conclude that the site of origin of augmented extracellular
glutamate is determinant for the overactivation of glutamate
receptors. We also conclude that, under conditions of hippo-
campal hyperexcitation, an enhancement of GABAergic
transmission may result in a potentiation of excitotoxicity,
possibly via a depolarizing action mediated by GABA,
receptor activation. Finally, although riluzole did reduce the
release of glutamate and this partially protected against
neurodegeneration, this compound may be toxic when com-
bined with neuronal hyperexcitation, and thus its clinical use
should be considered with caution.
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IV. DISCUSION GENERAL

Mediante la combinacién de técnicas neuroquimicas, electrofisiolégicas e
histolégicas, en este trabajo se estudid la correlacidn que existe entre un
incremento en la concentracién extracelular de glutamato con la induccién de
epilepsia y la neurodegeneracién. Con los resultados obtenidos podemos afirmar
que la acumulacién de glutamato extracelular debida a un incremento en su
liberacion desde terminales nerviosas participa en la produccidén de crisis
epilépticas y neurodegeneracion en el hipocampo de la rata in vivo, pero que este

incremento en el glutamato extracelular no es el Gnico factor que las desencadena.

EL ORIGEN DEL GLUTAMATO EXTRACELULAR COMO DETERMINANTE EN
LA INDUCCION DE CRISIS EPILEPTICAS Y NEURODEGENERACION IN VIVO.

Como se muestra en el trabajo numero 1 de resultados, y como ya se habia
mostrado previamente en otros paradigmas experimentales (Massieu et al., 1995;
Morales-Villagran y Tapia, 1996; Massieu y Tapia, 1997; Obrenovicth et al., 1996),
no es suficiente provocar la acumulacién extracelular de glutamato para producir
neurodegeneracion in vivo. En una serie de estudios previos se ha demostrado
que el incrementar los niveles extracelulares de glutamato in vivo (de 15 a 20
veces por encima de sus niveles basales) por inhibicion de su recaptura no es
suficiente para la induccidn de epilepsia (Obrenovitch et al., 1996) o
neurodegeneracion (Massieu et al, 1996; Massieu y Tapia, 1997).
Coincidentemente, en el presente trabajo se muestra que al aplicar por
microdialisis una concentracién alta de K (50 mM} o bien tetraetilamonio (TEA)
120 mM, los cuales producen un importante aumento en la concentracién de
glutamato extracelular (450% y 200% del basal respectivamente, Trabajo 1, Fig.
4a), no se observd la induccién de epilepsia ni neurodegeneracion considerables.
Como veremos mas adelante, a diferencia de la 4-AP, el glutamato liberado por el
TEA y el alto K* parece que no proviene en su mayoria de las terminales nerviosas
y por lo tanto es ineficaz para la induccion de epilepsia y dano neuronal, pues no
es liberado en el espacio sinaptico y la probabilidad de alcanzar los receptores
glutamatérgicos es baja (Obrenovitch y Urenjak, 1997; Tapia et al., 1999). Existe



evidencia de que ademéds de las terminales sindpticas, los neurotransmisores
pueden ser liberados, en situaciones particulares, de las células gliales (Patterson
et al.,, 1995; Herrera-Marschitz et al., 1996; Obrenovitch y Urenjak, 1997;
Timmerman y Westernink, 1897; Lada et al., 1998) y de los somas neuronales
{Castel et al., 1996; Rice et al., 1987; Zaidi y Matthews, 1997; Bunin y Wightman,
1998; Jaffe et al., 1998; Hoffman y Gerhardt, 1999, Zaidi y Matthews, 1999)

El TEA bloquea canales de potasio distintos de los que bloguea la 4-AP
(Rudy, 1988, Storm, 1993; Chandy y Gutman, 1995; Dolly y Parcej, 1996) y
ademas afecta a una menor proporcién de los canales de potasio localizados en la
presinapsis (Jones y Heinemann, 1987; Southan y Robertson, 1998), por lo cual
parece tener efectos presinapticos de mucho menor magnitud que la 4-AP (Hu et
al.,, 1991; Boireau et al., 1991; Schechter, 1997). También existen diferencias
funcionales a nivel postsindptico, pues aunque la 4-AP y el TEA aumentan ia
duracion de la fase despolarizante del potencial de accién (Kocsis et al.,, 1987;
Zhang y McBain, 1995; Koyano et al, 1998), solamente la 4-AP es capaz de
inducir disparo repetitivo en las neuronas (Kocsis et al., 1987; Bargas et al., 1989;
Nisenbaum et al., 1994; Koyano et al., 1996; Hoffman et al., 1998), lo cual también
puede explicar que el TEA no genere crisis epilépticas.

Un incremento en la concentracion extracelular de potasio, al igual que el
TEA, resulta ser menos eficiente que la 4-AP para liberar glutamato de terminales
singpticas (Mdller et al, 1999), ya que despolariza todos los componentes
celulares y por consiguiente puede liberar neurctransmisores tanto de los somas
neuronales (Hoffman y Gerhardt, 1999) como de las células gliales (Patterson et
al., 1995). Nuevamente, es muy probable que este glutamato liberado fuera del
espacio sinaptico no pueda tener acceso a receptores postsinapticos y por lo tanto
no puede inducir epilepsia y/o dafio neuronal (Obrenovitch y Urenjak, 1997; Tapia
et al., 1999).

A diferencia del alto K' y del TEA, multiples experimentos in vifro han
mostrado que la 4-AP libera neurotransmisores actuando casi exclusivamente en
terminales singpticas (Thesleff, 1980; Buckle y Haas, 1382; Jankowska et al,
1982; Tapia y Sitges, 1982; Tibbs et al.,, 1989; Perrault y Avoli, 1991; Flores-
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Hernandez et al., 1994, Barish et al., 1998). En la presente {esis se muestra que el
glutamato liberado por la 4-AP in vivo si contribuye a la generacion de las crisis
epilépticas y al dafio neuronal. En el trabajo 1 de Resultados podemos ver que
aquellas concentraciones de 4-AP capaces de producir incrementos cuantificables
en el glutamato extracelular pueden inducir epilepsia y neurodegeneracion de una
intensidad bastante considerable, pero aquellas concentraciones de 4-AP que no
produjeron cambios en el glutamato extracelular, cuantificables por la microdialisis,
produjeron crisis epilépticas de muy poca intensidad y no indujeron
neurodegeneracién alguna.

Ademas de |o anterior, en el trabajo numero 2 se muestra claramente que la
gran mayoria del glutamato liberado por la 4-AP es de origen presingptico, pues
esta liberacion se inhibid por ia aplicacién de TTX (Trabajo 2, Fig. 10b), la cual es
una toxina especifica que bloquea los canales de sodio sensibles a voltaje.
Reforzando la afirmacion de que el glutamato liberado por la 4-AP es de origen
presinaptico, se encontré también que la w-conotoxina GVIA, que bloguea los
canales de calcio tipo N, también reduce la liberacién de glutamato (Trabajo 2, Fig.
10b). La apertura tanto de los canales de Na* como de los canales de calcio tipo N
es un evento esencial para inducir la liberacién de los neurotransmisores en las
terminales nerviosas (Luebke et al., 1993; Takahashi y Momiyama, 1993; Meir et
al., 1999), por lo cual se ha planteado que aquella liberacién bloqueada por
antagonistas de estos canales es de origen neuronal y proviene principalmente de
terminales nerviosas (Herrera-Marschitz et al.,, 1896; Timmerman y Westernink,
1997; Lada et al., 1998).

EL PAPEL DEL GLUTAMATO LIBERADO POR LA 4-AMINOPIRIDINA EN LA
INDUCCION DE CRISIS EPILEPTICAS

Existen multiples evidencias que muestran que el glutamato participa en la
generacion de crisis epilépticas (para revisiones ver Bradford, 1995; Meldrum,
1995) En este trabajo de tesis se muestra que el glutamato liberado por la 4-AP
juega un papel muy importante en la aparicion de crisis epilépticas en el

hipocampo in vivo. Como se puede ver en los trabajos 1 y 2, las crisis epilépticas



inducidas por la 4-AP se caracterizan por una fase inicial de actividad
hipersincronica que se continda con trenes de espigas de alto voltaje. El primer
resultado que muestra el papel del giutamato en la generacion de estas crisis es &l
obtenido al aplicar antagonistas para los diferentes receptores ionotrépicos de
glutamato. Estas drogas reducen de manera significativa la duracién de las crisis
epilépticas que induce la 4-AP a expensas de la disminucion de los trenes de
espigas de alto voltaje (Trabajo 2, Figs. 1 y 3¢), lo cual coincide con resultados
previos en los que se muestra que antagonistas para los receptores a glutamato,
tanto del tipo NMDA como no-NMDA, previenen contra las crisis epilépticas
inducidas por la 4-AP in vivo (Gandolfo et al., 1989; Fragoso-Veloz, 1992; Cramer
et al., 1994; Morales-Villagran et al., 1996, Barna et al., 2000) e in vitro (Perrault y
Avoli, 1991; Avoli et al.,, 1996; Siniscalchi et al., 1997; Doczi et al., 1999). El
segundo resultado que evidencia el papel del glutamato liberado por la 4-AP en la
generacién de las crisis epilépticas es el obtenido por la aplicacion de la TTX. Este
blogueador de los canales de sodio sensibles a voltaje reduce la liberaciéon de
glutamato y protege completamente contra las crisis epilépticas. Es tan potente el
efecto de la TTX que se bloquean los dos componentes caracteristicos de las
crisis inducidas por la 4-AP, la actividad hipersincrénica y los trenes de espigas de
alto voltaje (Trabajo 2, Fig. 8). Esto coincide con trabajos in vitro que muestran que
la TTX bloquea completamente la actividad epileptiforme inducida por la 4-AP en
rebanadas de cerebro de rata (Miller y Misgeld, 1991; Perrault y Avoli, 1991).

A pesar de que lo anterior muestra que el glutamato juega un papel
importante en la generacion de las crisis epilépticas inducidas por la 4-AP, los
resultados obtenidos en esta tesis indican que no es el unico factor que interviene
en la generacion de las crisis. En efecto, en el trabajo 1 se observa que a bajas
concentraciones (7 y 3.5 mM) la 4-AP no induce un aumento cuantificable en ia
liberacion de glutamato y aun asi es capaz de producir crisis epilépticas, aunque
no podemos descartar que con nuestro sistema experimental no sea posible
cuantificar algunos incrementos transitorios en el glutamato exiracelular. Por otra
parte, podemos ver en el trabajo nimero 2 que el bloquec de los receptores

glutamatérgicos reduce las crisis epilépticas que produce la 4-AP a expensas de



disminuir la ocurrencia de las espigas de alto voliaje, pero no elimina
completamente estas crisis, pues regularmente la actividad hipersincréonica no se
ve afectada (Trabajo 2, Fig. 1). En apoyo de esta conclusién de que ademas de un
incremento en la liberacion de glutamato existen otros factores que intervienen en
la generacion de epilepsia por la 4-AP, tenemos los resultados obtenidos con la
aplicaciéon de w-conotoxina, riluzol, diazoxida e incluso con los antagonistas de
receptores GABA,, picrotoxina y bicuculina, donde se observé que a pesar de que
estas drogas bloquearon, con distinta intensidad, la liberacion de glutamato
inducida por la 4-AP, no fueron capaces de prevenir contra las crisis epilépticas
(Trabajo 2, Figs. 7, 10 y 13).

;,Cuédles pueden ser esos otros factores, ademds del aumento en la
liberacién de glutamato, que parecen estar contribuyendo a la generacién de crisis
epilépticas por la 4-AP? Una posibilidad que se abordard mas adelante es que
. otros neurotransmisores ademas del glutamato, particularmente el GABA, puedan
participar en la epileptogénesis inducida por la 4-AP, ya que esta droga provoca
no solo la iiberacidn de glutamato sino de practicamente todos los
neurotranmisores (Lundh, 1978; Thesleff, 1980; Buckle y Haas, 1982; Tapia vy
Sitges 1982; Dolezal y Tucek, 1983; Tapia et al., 1985; Tibbs et al., 1989; Hu et al.,
1991; Dawson y Routledge, 1995; Veersteg et al., 1995; Morales-Villagran y Tapia
1996; Schechter, 1997). Otra posibilidad, que no excluye las anteriores, es que en
el efecto epileptogénico de la 4-AP, ademas de su accién presinaptica ya descrita,
participen factores postsinapticos. En este sentido se encuentran trabajos que
muestran que la 4-AP, a nivel postsindptico, aumenta la duracién de la fase
despolarizante del potencial de accion (Kocsis et al., 1987; Zhang y McBain, 1995;
Chen et al., 1996; Koyano et al., 1998) y es capaz de inducir disparo repetitivo en
las neuronas (Kocsis et al.,, 1987; Bargas et al., 1989; Nisenbaum et al., 1994;
Koyano et al., 1996; Hoffman et al., 1998), lo cual comunmente se asocia con la
generacion de hiperexcitabilidad y epilepsia (Jefferys y Traub, 1998).

De lo anterior se desprende que la generacion de las crisis epilepticas por
la 4-AP se puede deber a la suma de un efecto presindptico (aumento en la

liberacién de glutamato) y un efecto postsinaptico (incremento en el disparo
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neuronal). Los antagonistas glutamatérgicos protegen parciaimente contra las
crisis porque soio bloquean la accién del glutamato sobre sus receptores, pero no
interfieren con el incremento en el disparo neuronal, mientras que la TTX bloguea
completamente las crisis epilépticas porque es capaz de revertir tanto la liberacidn
de glutamato (Flores-Hernandez et al., 1994; Tibbs et al., 1991, Perraul y Avoli
1991; trabajo 2), como el incremento en la frecuencia de disparo neuronal que
produce la 4-AP (Hoffman et al., 1998).

EL PAPEL DEL GLUTAMATO LIBERADO POR LA 4-AP EN LA INDUCCION DE
NEURODEGENERACION

El papel del glutamato en la generacion de dafio neuronal estd muy bien
establecido (ver Olney, 1978; Choi, 1988). Los primeros datos que apuntan a que
el glutamato es determinante en la neurodegeneraciéon producida por la 4-AP,
vienen del trabajo ndmero 1. En primer lugar se muestra que solamente aquellas
concentraciones de 4-AP capaces de incrementar el giutamato extracelular
pueden, ademas de inducir crisis epilépticas, producir una intensa
neurodegeneracion en el hipocampo {Trabajo 1, Figs. 5C-H y 6); con
concentraciones bajas de 4-AP, que no aumentan el glutamato extracelular
cuantificable por la microdidlisis (Trabajo 1, Fig. 3), se generan crisis epilépticas de
intensidad moderada pero nunca se produce ningun dano neuronal. En ese mismo
trabajo se muestra que el patréon de dafio producido por la 4-AP consiste en una
neurodegeneracion masiva en las neuronas piramidales de CA1 y CAS3, con la
preservacion de las regiones CA2 y el giro dentado (Trabajo. 2, Fig. 5 y 6). Este
patrén de dano neuronal en el hipocampo parece ser un indicativo de
sobreactivacion glutamatergica, pues es muy similar al que se observa después de
aplicar agonistas glutamatérgicos en el hipocampo (Ben-Ari 1985; Stein-Behrens
et al., 1994; Zhang et al., 1996; Arias et al., 1997; Grooms et al., 2000) o bien en el
hipocampo de pacientes con epilepsia del Iobulo temporal (Fig. 1 de los
Antecedentes}, donde se ha hipotetizado que la excitotoxicidad juega un papel
muy importante (Kim et al., 1990; Houser, 1992). En este mismo sentido, se ha

planteado que la diferencia entre las regiones sensibles (CA1 y CA3) y resistentes



(CA2 vy el giro dentado) al dafio producido por el glutamato en el hipocampo, se
debe a una expresion diferencial de receptores a giutamato (Insel et al., 1990;
Young et al., 1991) o de proteinas atrapadoras de Ca* (Baimbridge y Miller, 1982;
Mufioz, 1990; Sloviter et al,, 1991), los cuales son muy importantes para el
proceso excitotdxico (ver Antecedentes).

Ya se ha mostrado ampliamente que los antagonistas glutamatérgicos
protegen contra la excitotoxicidad en diferentes paradigmas experimentales
(Massieu y Tapia, 1994; Arias et al., 1997; Massieu et al., 2000). Confirmando el
papel del glutamato en la neurodegeneracidén producida por la 4-AP, en la
presente tesis se muestra que los antagonistas a los receptores de este
neurotransmisor, principalmente el MK-801, ademas de reducir las crisis
epilépticas, previenen contra la neurodegeneracion que produce la 4-AP (Trabajo.
2, Figs. 2 y 3b). El efecto neuroprotector de los antagonistas glutamatérgicos se
debe a que bloquean el efecto del glutamato sobre sus receptores postsinapticos,
pues no afectan la liberacién de glutamato que produce la 4-AP (Trabajo. 2, Fig.
3a). En cambio, como ya se menciond, la TTX si reduce la liberacién de glutamato
y de esta manera protege contra la neurodegeneracion que produce la 4-AP, al
igual que en otros modelos de dano neuronal tanto in vitro (Weber y Taylor, 1994;
Strijpos et al., 1996; Probert et al.,, 1997) como in vivo (Yamasaki et al., 1991;
Lysko et al., 1994).

De manera similar a la TTX, la w-conotoxina GVIA, el riluzol, la diazoxida y
los antagonistas del receptor GABA, inhibieron la liberacion de glutamato que
produce la 4-AP(Trabajo 2, Figs. 7,10 y 13), pero tuvieron un efecto neuroprotector
muy reducido, en el caso de la gconotoxina GVIA, el riluzol y la diazoxida, o nulo
en el caso de los de los antagonistas del receptor GABA,. Esto marca una
diferencia muy clara con el efecto neuroprotector de la TTX, que podemos explicar
si observamos que todas estas drogas, a diferencia de la TTX, no previnieron
contra las crisis epilépticas y en algunos casos las potenciaron. Todo esto sugiere
gue no basta con reducir la liberacion de glutamato para proteger contra la
neurodegeneracion que produce la 4-AP, pues si las crisis epilépticas persisten es

dificit lograr la neuroproteccion. Apoyando esta idea, existe evidencia que indica
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que las crisis epilépticas contribuyen por si mismas a la generacion del dafo
neuronal (Inoue et al, 1992; Fernandes et al., 1999; Dube et al., 2000},
probablemente porque mantienen a las células en un estado funcional limite, que
las hace mas vulnerables {(Fernandes et al., 1999; Folbergrova et al., 1999). Puede
ser que esta condicion de vuinerabilidad favorezca la induccidén del dafo neuronal
por el glutamato liberado por la 4-AP. Incluso se ha mostrado que cuando se
produce una deficiencia en l0s niveles energéticos (como puede ser la inhibicidn
de la glicdlisis) los niveles basales de glutamato son suficientes para producir
neurodegeneracion (Zeevalk et al., 1990; Zeevalk et al., 1992).

Esta misma asociacion entre labilidad celular y dafio neuronal producido por
el glutamato, la podemos observar en otro modelo de neurodegeneraciéon donde
se ha encontrado que el glutamato acumulado por la inhibicién de su recaptura no
produce dafo neuronal (Massieu et al., 1995), pero si previamente se induce una
disfuncién en el metabolismo energético con la aplicacion de A&cido 3-
nitropropiénico o de acido iodoaceético, entonces este glutamato acumulado por la
inhibicidén de la recaptura si puede inducir dafo neuronal (Sanchez-Carbente y
Massieu, 1999; Massieu et al., 2000). Resumiendo, podemos afirmar que en la
neurodegeneracién producida por la 4-AP participa la activacion de receptores a
glutamato (ver proteccion por antagonistas glutamatérgicos) y que las crisis
epilépticas contribuyen a esta neurodegeneracion de manera muy importante, muy
probablemente por inducir un estade de vulnerabilidad neuronal bajo el cual el
glutamato puede ejercer sus efectos excitotdxicos con mayor facilidad.

PAPEL DE [A TRANSMISION GABAERGICA EN LA EPILEPSIA Y LA
NEURODEGENERACION PRODUCIDAS POR LA 4-AP IN VIVO.

Una de las hipétesis mdas interesantes para explicar [a induccién de crisis
epilépticas y neurodegeneracion, es que éstas pueden deberse a una disfuncién
producida por un desequilibric entre la transmisién glutamatérgica y la
GABAérgica. Este desbalance se puede originar por un incremento en la
transmision  glutamatérgica (excitadora), una disminucién en la actividad
GABAérgica (inhibidora) o ambas cosas (para revisiones ver Bradford, 1995;



Meldrum, 19895). En este sentido, se ha propuesto que el potenciar la actividad
GABAérgica resulta en proteccion contra las crisis epilépticas y la
neurodegeneracion (para una revision ver Lyden, 1997; Green et al., 2000).

En este trabajo se probaron diferentes estrategias para potenciar la
transmision GABAérgica: la inhibicién de la recaptura de GABA (NC-711 y dcido
nipecdtico), inhibicidn de su degradacion (dcido aminooxiacético) o agonistas tanto
para su receptor ionotrépico (isoguvacina) como para su receptor metabotrépico
(baclofén). Como se puede ver claramente en el trabajo 2, la mayoria de estas
drogas no tuvieron ningun efecto significativo sobre el aumento en el glutamato
extracelular, la epilepsia o la neurodegeneracion que induce la 4-AP in vivo
(Trabajo 2, Fig. 7). Un resuitado que llama mucho la atencién es que el &cido
nipecatico, un inhibidor del transportador de GABA, que produce un incremento
masivo en la concentracion extracelular de GABA que llega hasta 3 uM (Trabajo 2,
Fig. 4), potencié las crisis epilépticas que produce la 4-AP (Trabajo 2, Fig. 5), lo
que pudiera indicar que el GABA, en estas condiciones, favorece la induccién de
crisis epilépticas. Esto concuerda con los hallazgos in vitro donde se demuestra
que bajo condiciones de hiperexcitabilidad inducida por estimulacidn de alta
frecuencia (Staley et al., 1995; Jackson et al., 1999) o bien por la induccién de
crisis epileptiformes con 4-AP (Michelson y Wong, 1991; Perrault y Avoli, 1991;
Avoli et al., 1996; Lamsa y Kaila, 1997) el GABA contribuye a la generacion de las
crisis epileptiformes, porque en éstas condiciones la activaciéon de los receptores
GABA, ademas de producir su potencial inhibidor caracteristico, desencadena un
potencial despolarizante de larga duracion que parece estar mediado por la salida
de iones HCO, por el receptor mismo y por la acumulacion de K extraceiular
(Staley et al,, 1995; Lamsa y Kaila, 1997). Se ha observado que este efecto
despolarizante del GABA in vitro se ve incrementado cuando se aplica acido
nipecatico (Alger y Nicoll, 1982) u otro inhibidor de la recaptura de GABA llamado
tiagabina (Jackson et al., 1999).

En virtud de que un posible efecto despolarizante del GABA pudiera estar
involucrado en la induccion de las crisis epilépticas producidas por la 4-AP o en su

potenciacion por el acido nipecotico, se probd el efecto de un antagonista de ios



receptores GABA,, la bicuculina, sobre la potenciacion de las crisis epilépticas por
acido nipecdtico o bien sobre las crisis que produce la 4-AP por si sola. Como se
puede ver en la figura 10 de! segundo trabajo, la bicuculina no tuvo ningun efecto
protector contra estas crisis. Esto no coincide con los resuitados obtenidos in vitro,
donde se muestra que el antagonismo de los receptores GABA, bloquea Ia
aparicion de potenciales despolarizantes en las crisis epileptiformes inducidas por
la 4-AP en rebanadas de cerebro (Perrault y Avoli, 1991; Avoli et al., 1996;
Siniscalchi et al., 1997). El Unico dato obtenido en este trabajo que pudiera indicar
un papel excitador def GABA durante las crisis producidas por la 4-AP, es que los
antagonistas de los receptores GABA, (bicuculina y picrotoxina) inhibieron Ia
liberacién de giutamato producida por la 4-AP (ver trabajo 2, fig. 3), lo cual pudiera
indicar que la bicuculina y la picrotoxina bloquean el efecto despolarizante del
GABA vy asi reducen la liberacién de glutamato, aunque no tenemos ninguna
evidencia directa de que esto sea asi.

PRECISIONES SOBRE LA OTRAS ESTRATEGIAS DE NEUROPROTECCION
ESTUDIADAS.

Ya se discutié previamente el papel neuroprotector que tienen los antagonistas de
receptores a glutamato y el bloqueo de los canales de sodio sensibles a voltaje
con la TTX, sobre la epilepsia y la neurodegeneracion que induce la 4-AP, ademas
del posible efecto potenciador que tiene el incremento de la transmisidn
GABAEérgica sobre estos procesos. Solo resta discutir por qué otras estrategias de
neuroproteccién no dieron buenos resultados en este modelo.

En el trabajo 2 se probaron estrategias de proteccion mas cercanas a la
clinica o bien de uso mas reciente. Partiendo de los efectos neuroprotectores de la
TTX sobre las crisis epilépticas y la neurodegeneracién producidas por la 4-AP, se
probd el efecto de la carabamacepina y el valproato, dos anticonvulsivantes
ampliamente utilizados en la clinica para el tratamiento de diferentes tipos de
epilepsia y cuyo efecto protector parece deberse a su capacidad de bloquear, al
igual que la TTX, los canales de sodio sensibles a voltaje (Fromm, 1992a,b;
Fariello et al.,, 1995; McDonald, 1995; Ragsdale y Avoli, 1998; Ldscher, 1999),



ademas de que in vitro han demostrado buenas cualidades antigpilépticas contra
las crisis que produce la 4-AP (Fueta y Avoli, 1992; Watts y Jefferys, 1993; Fueta
et al., 1995; Bruckner y Heinemann, 2000). En ios resultados obtenidos en este
trabajo se muestra que estos anticonvulsivantes no se comportaron como la TTX,
pues no previnieron ni la acumuiacidn de glutamato extraceluiar, ni las crisis
epilépticas, ni la neurodegeneracion que produce la 4-AP in vivo (Trabajo 2, Fig.
10). De aqui se puede concluir que su efecto anticonvulsivante no necesariamente
ésta relacionado con los canales de sodio sensibles a voltaje, pudiendo tener
mayor importancia sus efectos sobre sistemas GABAérgicos (Fromm, 1992 a,b;
Loscher, 1999), o bien que el tipo de bloqueo que presentan estas drogas sobre
los canales de sodio sensibles a voltaje no les permite actuar como
neuroprotectores en este modelo {(Zona y Avoli, 1990; Kuo et al., 1997; Ragsdale y
Avoli, 1998).

Otra droga que prometia ser un buen neuroprotector es el riluzol. El riluzol
ha mostrado tener muy buenos efectos neurprotectores y algunos
anticonvulsivantes en distintos paradigmas experimentales, y se ha planteado que
su efecto neuroprotector estriba en que es un “inhibidor de la liberacidn de
glutamato” por funcionar como un bloqueador de los canales de sodio (Romettino
et al., 1991; Stutzmann et al.,, 1991; Guyot et al., 1997;0'Neill et al., 1997;
Obrenovitch, 1997; Siniscalchi et al.,, 1999). Sin embargo, el riluzol tiene muy
diversos efectos, entre el elios bloqueo de canales de caicio (Huang et al., 1997,
O’Neill et al.,, 1997, Stefani et al., 1997) y de potasio (Zona te al., 1998), el
aumento (Azbill et al., 2000) o la inhibicién (Samuel et al., 1992; Mantz et al.,
1994) de la recaptura de glutamato y de otros neurotransmisores, e incluso la
inhibicidn de la proteina cinasa C (Noh et al., 2000). Por otra parte el riluzol no
solo inhibe la liberacion de glutamato, sino como se muestra en este trabajo y en
otros (Martin et al., 1993; Keita et al., 1997, Obrenovitch, 1998; Jehle et al., 2000),
este compuesto bloquea la liberacidon de otros neurotransmisores, inciuyendo el
GABA, mostrando asi que el riluzol es un compuesto poco especifico y que puede
actuar a muy distintos niveles.



Cuando se probd inicialmente la dosis mas cominmente utilizada de riluzol
(8 mg/kg i.p.), se encontré que tal como se habia reportado previamente, el riluzol
inhibe la liberacidén de glutamato provocada por la 4-AP (Trabajo 2, Fig. 13), pero
se encontrd también que a esta concentracidon el riluzol resulté ser muy tdxico,
pues en primer fugar produjo una potenciacion importante en las crisis epilépticas
que induce la 4-AP (Trabajo 2, Fig. 11} y en segundo lugar produjo una alta
mortalidad en los animales (75%), los cuales murieron en el transcurso de las 24
horas siguientes al experimento. En el caso del 25% de animales que
sobrevivieron los cinco dias que transcurrieron antes del andlisis histolégico, se
observd una ligera neuroproteccion (Trabajo 2, Figs. 12 y 13). Después probamos
una dosis menor de riluzol (4 mg/kg) que también redujo la liberacién de glutamato
producida por la 4-AP, pero no revirtid las crisis epilépticas, aunque si cambid el
patron de las crisis, y produjo un ligera neuroproteccion (Trabajo 2, Fig. 13). Estos
resultados apoyan la conclusion sefalada arriba de que es necesario, ademas de
reducir [a liberacion de glutamato, prevenir contra las crisis epilépticas para lograr
una completa neuroproteccién en el modelo de la 4-AP. Cabe mencionar que
estos efectos del riluzol deben de ser tomados en cuenta, pues es el Unico
farmaco que ha mostrado tener algun efecto protector contra la esclerosis lateral
amiotrofica (Louvel et al., 1997; Roch-Torreilles et al., 2000} y bajo condiciones de
hiperexcitabilidad (como las crisis epilépticas) puede resultar muy téxico.

Finalmente, se utilizé a los abridores de canales de potasio como estrategia
de neuroproteccion, por dos razones fundamentales: la primera es que ya se ha
mencionado que el efecto primario de la 4-AP es bloquear canales de potasio, por
lo que esto podria contrarrestares con abridores de canales para este mismo ion.
La segunda, es que estas drogas ya habian mostrado efectos neuroprotectores en
paradigmas que involucran [a activaciéon de receptores a glutamato (Gandolfo et
al., 1989; Abelle y Miller, 1990; Mattia et al., 1994; Goodman y Mattson, 1996;
Lauritzen et al,, 1997). Se probd el NS1619, que es un abridor de canales de
potasio dependientes de calcio (Gribkoff et al,, 1996; Cai et al., 1998) vy la
diazoxida, que abre canales de calcio dependientes de ATP (Obrenovitch, 1997;

Ye et al,, 1997). En términos generales ninguna de estas drogas mostré un efecto



protector contundente, pero en el caso de la diazoxida, se inhibi¢ la liberacion de
glutamato pero al igual que la w-conotoxina, los antagonistas GABA, vy el riluzol,
como no redujo las crisis epilépticas, no protegié contra la neurodegeneracién que
produce la 4-AP (Trabajo 2, Fig. 13).

37



V. CONCLUSIONES

1.- La acumulacién de glutamato extracelular producida por el TEA o por el alto K*
en el hipocampo de la rata in vivo, no es suficiente para la induccidn de crisis
epilépticas y neurodegeneracion.

2.- La 4-AP puede incrementar los niveles extracelulares de glutamato, muy
probablemente por inducir su liberacién desde terminales sindpticas, y en estas
condiciones puede producir crisis epilépticas y neurodegeneracion.

3.-Bajas concentraciones de 4-AP sdlo producen crisis epilépticas de corta
duracién, sin  producir ni acumulacién de glutamato extracelular, ni
neurodegeneracion.

4.- El bloqueo de los receptores glutamatérgicos previene la neurodegeneracion
que produce la 4-AP y reduce la duracién de las crisis epilépticas.

5.- La tetrodotoxina reduce la acumulacion de glutamato extracelular y previene
conmpletamente contra ias crisis epilépticas y el dafio neuronal producidos por la
4-AP.

6.- La reduccién en la liberacién de glutamato con a-conotoxina, los antagonistas
GABA,, el riluzol y la diazoxida no es suficiente para prevenir Ia
neurodegeneracion, pues en estas condiciones persisten las crisis epilépticas.

7.-El incremento en la actividad GABAérgica puede tener efectos potenciadores
sobre [as crisis epilépticas y la neurodegeneracion que produce la 4-AP.

8.- En la generacion de las crisis epilépticas por la 4-AP pueden estar participando
un incremento en la liberacion de glutamato desde terminales sinapticas, un
incremento en la frecuencia de disparo a nivel postsindptico y un efecto
despolarizante del GABA.

9.- La neurodegeneracion producida por la 4-AP puede deberse a una
sobreactivacion de [os receptores glutamatérgicos y al estrés celular que subyace
a las crisis epilépticas.
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