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RESUMO

Epilepsia € um transtorno neurologico com etiologias diversificadas e
provavelmente envolve efeitos na integracdo de mecanismos inibitérios GABA€rgicos e
mecanismos excitatérios glutamatérgicos. De fato, alguns farmacos anticonvulsivantes
exercem seus efeitos através do aumento da atividade inibitéria GABAérgica e/ou através
da diminui¢go da atividade excitatdria glutamatérgica.

Linalol é um composto monoterpénico comumente encontrado em dleos
essenciais de vérias espécies vegetais utilizadas tradicionalmente como remédios caseiros
usados no manejo da epilepsia. Linalol é ativo em vérios modelos experimentais de
convulsdes, entre eles, convulsdes induzidas por eletrochoque e compostos quimicos
(pentilenetetrazol, picrotoxina, acido quinolinico e NMDA) o que sugere sua interagéo
com os sistemas glutamatérgico e/ou gabaérgico.

Com o objetivo de investigar as bases farmacodinidmicas das propriedades
anticonvulsivantes do linalol, avaliamos o efeito deste composto em alguns aspectos
neuroquimicos dos sistemas glutamatérgico e GABAérgico. Especificamente
investigamos: (i) o tipo de inibi¢do induzida por linalol na unido especifica de L-
[H]glutamato em preparagdes de membranas de cortex de ratos; (ii) o tipo de inibigdo
induzida por linalol na unifio especifica de ["H]MK 801 em preparagdes de membranas
de cortex de camundongos; (iii) o efeito do linalol na liberagio de L-[*H]glutamato em
sinaptossomas obtidos a partir de cortex de camundongos; (iv) o efeito do linalol na
captagio de L-[’H]glutamato em sinaptossomas obtidos a partir de cortex de
camundongos; (v) o efeito do linalol na unifio especifica do [*H]muscimol em

preparagdes de membranas de cortex de camundongos. Além disso, investigou-se o efeito
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do linalol nas altera¢des comportamentais e neuroquimicas que acompanham o fené6meno
de kindling induzido por PTZ.

Os resultados demonstram que o linalol atua como antagonista competitivo da
unifio especifica de L-[’H]glutamato e como antagonista nfo-competitivo da unido
especifica de ["H]MKS801. Linalol reduziu significativamente a liberagdo de glutamato
estimulada por potassio sem interferir na liberagio basal de glutamato. Linalol inibiu a
captacio de glutamato. Linalol nfo interferiu na unifio de [’H]muscimol. Linalol retardou
a expressdo comportamental do PTZ-kindling, mas nfo interferiu no aumento da unifo

especifica do L-[’H]glutamato que acompanha este fendmeno.

Os resultados mostram que o efeito anticonvulsivante do linalol est4 relacionado a
diminuic¢io da excitabilidade neuronal glutamatérgica. Estes resultados provém uma base
racional para o uso de espécies produtoras de linalol na terapia caseira antiepiléptica e
reforgam a validade de se explorar o linalol ou compostos semelhantes como potenciais

agentes anticonvulsivantes.
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ABSTRACT

Epilepsy is a neurological disorder involving diverse etiologies. It is likely that
the various types of epileptic disorders result from deficits in the integration between the
inhibitory GABAergic system and the excitatory glutamatergic system. In fact, many
anticonvulsant drugs seem to act by increasing GABAergic activity and/or by decreasing
the glutamate excitability.

Linalool is a monoterpene compound, commonly found as a major component of
essential oils in a diversity of aromatic species traditionally used as home made
anticonvulsant recipes. It possesses a broad spectrum of action experimental epilepsy
models, including protection against electroshock and chemical induced convulsions
(pentylenetetrazol, picrotoxin, quinolinic acid and NMDA), pointing to interaction with the
glutamatergic and/or gabaergic systems.

In order to investigate the pharmacodynamic basis of the previously established
anticonvulsant activity, we examined the effects of this compound in some
neurochemical aspects of the glutamate and GABAergic systems. Specifically we have
investigated: (i) the nature of the inhibition of L-[°’H]glutamate binding (rat cortex
membranes) induced by linalool, (ii) the nature of the inhibition of PH]MK 801 binding
(mice cortex membranes) induced by linalool, (iii) linalool effects on L-[*H]glutamate
release at mice cortical synaptosomes, (iv) linalool effects on L-[*H]glutamate uptake at
mice cortical synaptosomes, (v) linalool effects on [*’H]muscimol binding at mice cortex

membranes. In addition, we investigated the effects of linalool on behavioral and

neurochemical aspects of PTZ-kindling.
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Results indicate that linalool acts as competitive antagonist of L-[*H]glutamate
binding and as a non-competitive antagonist of ["HJMK801 binding in mice cortical
membranes. Linalool significantly reduced potassium-stimulated glutamate release not
interfering with basal glutamate release from mice cortical synaptosomes. Linalool
significantly reduced glutamate uptake. Data does not support a direct interaction of
linalool with GABA4 receptors. In addition, linalool partially inhibited and significantly
delayed the behavioral expression of PTZ-kindling, but did not modify the PTZ-kindling
induced increase in L-[*H]glutamate binding.

The available data suggests that anticonvulsant action of linalool is related with a
decrease of neuronal glutamatergic excitability. These data provide a rational basis for
traditional use of linalool producing species in the management of epilepsy. We suggest
that linalool warrants further structure-activity studies in the context of disclosing

innovative management strategies for epileptic disorders.



APRESENTACAO

Esta tese € constituida por introdugéo, artigos publicados, artigos submetidos e a
ser submetidos & publicagéo, discussdo, conclusGes, perspectivas e bibliografia. O item 1.
Introducgiio oferece embasamento para o estabelecimento dos objetivos bem como para o
desenvolvimento da metodologia empregada nesta tese. O item 2. € constituido por
Artigos (material e métodos, resultados e discussdo dos resultados encontram-se nos
proprios artigos e representam a integra deste estudo).

O item 3. Discussio, contém interpretac;(”)eé e comentarios gerais sobre todos os
trabalhos publicados ou submetidos. O item 4. Conclusées representa as conclusoes
gerais, baseando-se nos objetivos da tese. O item 5. Perspectivas descreve possibilidades
de seqiiéncia do trabalho. O item 6. Referéncias Bibliograficas refere-se somente as
citagbes que aparecem na introdugdo, discussdo e perspectivas. As referéncias
bibliograficas que se referem a materiais ¢ métodos, resultados e discussdo parcial

encontram-se nos artigos em anexo.
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1. INTRODUCAO

A epilepsia ¢ um distirbio cerebral cronico relativamente comum, com
prevaléncia situada em torno de 0,5 a 1% da populagdo. Caracteriza-se por manifestagdes
recorrentes, clinicamente diversificadas, entre as quais figuram as convulsées (PORTER,
1990; PALMINI & DA COSTA, 1998). Tém sido descritas amplas varia¢Ges das taxas
da prevaléncia e incidéncia da epilepsia A incidéncia de epilepsia em determinada
populacio varia de acordo com a idade, o sexo, a raga, o tipo de sindrome e fatores
s6cios-econdmicos (FERNANDES & SANDER, 1998).

Epilepsias idiopéticas ou primdrias sdo presumidamente de carater hereditdrio,
ndo associadas a lesdes cerebrais ou anormalidades neuroldgicas enquanto epilepsias
sintomdticas ou secundarias sdo decorrentes de lesdo cerebral (traumatismo, iﬁfecgﬁo ou
crescimento tumoral) ou outros fatores. Outros fatores de risco para a epilepsia incluem o
consumo de 4alcool, uso de heroina, hipertensdo, esclerose multipla e depressdo
(HESDORFFER & VERITY, 1997). Devido & complexidade da epilepsia com inimeras
causas e os diversos modos de expressdo clinica, 0 manejo terapéutico apropriado do
paciente portador de epilepsia requer uma classificagio adequada das crises e das
sindromes epilépticas (DREIFUSS, 1981; DICHTER, 1997).

O conhecimento do modo de agdo dos sistemas neurotransmissores e da
neurofisiologia sinaptica, tem levado a avangos no tratamento da epilepsia através do
desenvolvimento racional de novos firmacos antiepilépticos em contrapartida as
estratégias empiricas tradicionalmente empregadas. Entretanto, ainda hoje continua-se

elegendo novos farmacos através de embasamento empirico baseado em suas



propriedades anticonvulsivantes testadas frente a varios modelos experimentais de
epilepsia (FISHER, 1989; MODY & SCHWARTZKROIN, 1997).

Algumas questdes basicas a respeito da epilepsia envolvem aspectos relacionados
a neurotransmissdo. Primeiro, n3o estd claro se as alteracbes nos sistemas
neurotransmissores sdo a base da epilepsia ou conseqiiéncia adaptativa de alteragdes
anteriores. Segundo, ainda ha davidas sobre o papel dos sistemas transmissores na
epileptogénese e na expressdo das convulsdes. Terceiro, ndo se sabe ao certo quanto a
alteracGes na func@o sinaptica induzidas por farmacos antiepilépticos ou outras
intervengdes terapéuticas, que contribuem para a supressdo das convulsdes (MELDRUM,
1995).

A investigacio dos eventos celulares e neuroquimicos responsaveis pelos
episodios convulsivos geralmente envolve a interacdo entre mecanismos inibitdrios
GABAérgicos € mecanismos excitatorios glutamatérgicos (SCHWARTZKROIN &
PRINCE, 1980; SNEAD, 1995; NAFFAH-MAZZACORATTI, 1998). Além disso, uma
coletdnea de dados neuroquimicos e farmacolégicos relaciona estes sistemas com o
inicio, propaga¢do e término de diversos tipos de episddios convulsivos epilépticos

(BRADFORD, 1995).

1.1. PAPEL DO SISTEMA GABAERGICO NA EPILEPSIA.

O 4cido gama-aminobutirico (GABA) é o principal neurotransmissor inibitério do
sistema nervoso central (SNC). A transmissdo inibitoria é mediada pela interacdo do
neurotransmissor com receptores especificos ionotropicos (GABA,) ou metabotrdpicos

(GABAg), que diferem entre si fisioldgica, farmacologica e bioquimicamenté (PAUL,

1995; MACDONALD, 1997b).



A descoberta da existéncia de sinapses GABAérgicas amplamente distribuidas no
SNC levantou a suspeita de que uma possivel falha nestes neurdnios poderia ser
importante na etiologia da epilepsia humana (GALE, 1992; MELDRUM, 1995).
Evidéncias relevantes para esta hipotese incluem relatos da diminuicdo de neurdnios ou
terminagdes nervosas GABAérgicas em foco epiléptico cortical (RIBAK, 1985), redugio
da neurotransmissdo GABAérgica no lobo temporal removido cirurgicamente de pacientes
epilépticos (ROUGIER et al., 1989), e baixos niveis de GABA no fluido cérebro-espinhal
de pacientes epilépticos (WOOD et al., 1979; MAYNAM et al., 1980; LOSCHER &
SIEMES, 1984). Estudos em animais também relatam significante diminuicfo
(aproximadamente 30-50%) nos neurdnios e termina¢des nervosas GABAérgicas
(CALLAHAN et al., 1991), bem como uma diminui¢do de 60-70% nos niveis
extracelulares de GABA em amigdala de ratos “abrasados” (kindleds) (KAURA et al.,
1995).

Por outro lado, o aumento dos niveis de GABA no SNC, seja por inibigdo da
GABA-transaminase (ex. vigabatrina), inibicdo da captagdio de GABA (ex. tiagabina) ou
através de uma agfo agonista em receptores GABA (ex. benzodiazepinicos) promove um
efeito anticonvulsivante (MELDRUM, 1989; UPTON, 1994).

Entretanto, a elevagio dos niveis de GABA no cérebro com agentes que bloqueiam
seu metabolismo (ex. vigabatrina) levando & supressdo das convulsGes ndo € per se um
indicativo do papel causal (etiologico) de uma reducgdo dos niveis tissulares ou
diminui¢do da liberagdo de GABA enddgeno na epilepsia, tornando-se necessario mais

evidéncias de deficiéncia GABAérgica em cérebros epilépticos (SNODGRASS, 1992;

BRADFORD, 1995).



1.2. PAPEL DO SISTEMA GLUTAMATERGICO NA EPILEPSIA

Glutamato, o principal neurotransmissor excitatério do SNC de mamiferos, €
responsavel ndo somente pela transmissfio sindptica rapida, mas também participa na
plasticidade e fun¢Ges cognitivas (GREENAMYRE & PORTER, 1994). A transmissdo
excitatéria glutamatérgica € mediada por vérios receptores, os quais podem ser
classificados de acordo com suas propriedades farmacologicas e funcionais em
ionotrépicos  [N-metil-D-aspartato (NMDA), a-amino-3-hidréxi-5-metil-4-isoxazol-
propionato (AMPA) e 4cido cainico (KA)] ou metabotrdpicos (COTMAN et al., 1995).

Um disturbio na neurotransmissdo excitatoria mediada por glutamato, hd muito
tempo vem sendo postulado como o principal fator na etiologia de pelo menos algumas
formas de epilepsia experimental e epilepsia humana (MELDRUM, 1991, 1994;
BRADFORD, 1995).

O sistema glutamatérgico excitatério pode estar centralmente envolvido na
epilepsia em trés niveis: (a) na hiperatividade subconvulsiva cronica que ocorre nos focos
epilépticos e que pode ser detectada por eletroencefalograma; (b) na atividade excitatéria
amplificada que leva ao inicio da convulsdo e ao recrutamento de neurdnios adjacentes
ao foco e (c) na propagagio e generalizagdo da hiperatividade precipitando convulsgo
generalizada (DINGLEDINE et al., 1986; BRADFORD, 1995).

Vérios estudos demonstram o papel do sistema glutamatérgico na epileptogénese
e na expressdo das convulsdes (DINGLEDINE ez al., 1990; WIKINSKI & ACOSTA,
1995; OBRENOVITCH et al., 1996). Claramente, a administragdo intracerebral de
glutamato ou seus agonistas (ex. NMDA) causam convulsdes (MELDRUM, 1994). O

envolvimento do sistema glutamatérgico na epilepsia também tem sido identificado



através do aumento na densidade dos receptores glutamatérgicos no fendmeno de
kindling (SCHRODER et al., 1993; LOSCHER, 1998).

Apesar de raras e controversas, as evidéncias do envolvimento do sistema
glutamatérgico na fisiopatologia da epilepsia humana provém de analises neuroquimicas
de niveis dos aminoacidos em amostras de cérebros removidos cirurgicamente, no
plasma ou fluido cérebro-espinhal de pacientes epilépticos (VAN GELDER et al., 1972;
PERRY & HANSEN, 1981; BRADFORD, 1995).

Em resumo, a hiperexcitabilidade que caracteriza as vias neuronais, gerando uma
atividade epileptiforme ou convulsées, poderia, hipoteticamente, resultar de mudancgas na
populacdo dos receptores glutamatérgicos e/ou GABAérgicos; ou seja, substancial
aumento nos receptores excitatorios (receptores glutamatérgicos) e reducdio nos
receptores inibitérios (receptores GABA) poderiam levar a um estado cronicamente

hiperativo resultando em convulsées (BRADFORD, 1995).

1.3. EPILEPSIA HUMANA E MODELOS ANIMAIS

Modelos animais de epilepsia sdo essenciais para a descoberta de farmacos com
agdo antiepiléptica bem como para a elucidacdo de mecanismos neuronais basicos
envolvidos na génese da epilepsia em humanos (BIZIERE & CHAMBON, 1987,
ENGEL, 1992; AVANZINI et al., 1997). Além disso, diferentes elementos envolvidos na
génese do episédio epiléptico observados nestes modelos fornecem dados importantes
sobre o efeito do firmaco que estd sendo testado, mostrando se este atua na iniciagdo
(deflagracéio) das convulsdes ou se previne sua propagacdo ou generaliza¢do (DE DEYN

et al., 1992). O quadro 1 relaciona os modelos animais com tipos de epilepsia humana.



Quadro 1. Modelos animais de epilepsia e o Sistema de Classificagdo do ILAE (1981)*.

Tipo de Epilepsia

Modelo animal

Convulsdo parcial simples (aguda)

Aplicagdo topica de convulsivantes: penicilina,
bicuculina, estricnina, pilocarpina, litio-pilocarpina;
ECC

Convulsdo parcial simples

(cronica)

Procedimentos cirargicos e congelamento cortical

local (lesdo criogénica)

Convulséo parcial complexa

(com generalizag@o secundaria)

Kindling (elétrico ou quimico)
Microinjecgdo local de acido cainico

Cepas de camundongos E1

Convulsio toénico-clonica

Generalizada

Cepas de animais geneticamente manipulados.
(fotossensiveis, audiogénicos, etc.)

ECC

Convulsivantes sistémicos: estricnina, picrotoxina,

pentilenotetrazol , pilocarpina, etc.

Crise de auséncia generalizada

Estimulagdo taldmica,
Penicilina sistémica, modelos genéticos
Gama-hidroxibutirato sistémico

Opibides intraventricular.

Adaptada de FISHER (1989) ¢ MODY & SCHWARTZKROIN (1997). * As crises
epilépticas sdo classificadas conforme proposto pela “International League Against
Epilepsy” (ILAE) em 1981, que as divide em crises parciais (simples ou complexa) ou
generalizadas (ex. crises tdnico-clonicas e crises de auséncia) (DREIFUSS, 1981).

Uma grande variedade de modelos experimentais em animais tém sido utilizados

na pesquisa da epilepsia. Estes variam desde aplicagdes intracerebrais de Oxido de

aluminio, cobalto metalico, penicilina, indugdo de lesdes por congelamento local do

cérebro a modelos simples e diretos de convulsdes induzidas por ECC ou injegdo




sistémica de substancias convulsivantes (PTZ, picrotoxina, bicuculina, pilocarpina, etc.)
(TURSKI et al., 1986; FISHER, 1989; CAVALHEIRO et al., 1996; AL-NOORI et al.,
1998).

Na tltima década tem aumentado o interesse pelo uso do modelo experimental de
kindling (abrasamento). Kindling refere-se a um processo em que repetidas
administragdes de um estimulo subconvulsivo, quimico ou elétrico, resulta na diminuigéo
do limiar de disparo neuronal, culminando em convulsdes generalizadas tonico-clénicas
(MASON & COOPER, 1972). O modelo kindling permite estudar o efeito de farmacos
nos eventos associados ao processo da epileptogénese (atividade antiepileptogénica) bem
como aos eventos associados as convulsdes (atividade anticonvulsivante) (SATO et al.,
1990; SILVER et al., 1991). Outro aspecto de interesse € que este fendmeno permite o

estudo de mudangas plésticas a longo prazo na excitabilidade neuronal (FISHER, 1989).

1.4. MECANISMO DE ACAO DOS FARMACOS ANTIEPILEPTICOS

O mecanismo de agdo dos farmacos antiepilépticos nfio € inteiramente
compreendido ja que a propria epileptogénese ainda €, sob alguns aspectos, obscura. Os
farmacos antiepilépticos podem afetar o inicio, a manutengfo e a propagagfio da descarga
epiléptica no cérebro (MELDRUM, 1996; PORTER & CHADWICK, 1997).

A histéria moderna dos farmacos antiepilépticos inicia-se com a introdugdo do
fenobarbital (1912) e os farmacos hoje disponiveis na clinica pertencem a diferentes
classes quimicas (BRODIE & DICHTER, 1996). Consideram-se, basicamente, trés
mecanismos gerais de a¢fo da classe de farmacos anticonvulsivantes, a saber:

- aumento da atividade sindptica inibitéria (GABA);

- diminuigdo da atividade sindptica excitatoria (glutamato);

- controle da excitabilidade da membrana neuronal e da permeabilidade i6nica.



-----

Alguns compostos aumentam a inibigdo mediada por GABA no SNC através dos
seguintes mecanismos de agfo: (a) agonistas de receptor GABAérgico; (b) inibicdo da
captacdo de GABA na fenda sinaptica; (c) inibicdo das enzimas responsaveis pela sua
degradacdo e (d) acdo em diferentes sitios alostéricos no receptor GABA/BZD

(MELDRUM, 1990; UPTON, 1994; PFEIFFER et al., 1996) (Tabela 1, Figura 1).

Tabela 1. Farmacos que aumentam a inibi¢&o neuronal mediada por GABA

Farmacos que atuam na liberagdo, captacdo ou metabolismo de GABA

- aumenta a liberagio ( ? Acido valpréico)
- diminui a captag@o Tiagabina
- inibe 0 metabolismo Vigabatrina, (? Acido valpréico)

Farmacos que atuam no receptor GABA/BZD

- agonistas Muscimol

- pro-farmacos Progabida

- sitio dos barbituratos Fenobarbital

- sitio dos BZD '" Diazepam, Clonazepam, Clobazam
- sitio neuroesterodide Pregnanolona, Alfaxolona

- outros sitios modulatorios Clormetiazol, Topiramato, Propofol

Gamabutirolactona, Loreclezol,

Losigamona e Felbamato

Adaptado de MACDONALD, 1997a.



captagdo de . .
/ \ GABA vigabatrina
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tiabagina
benzodlazepmlcos\ GABA-T
SSA
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GADA & captagao glia
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Figura 1. Transmissdo GABAérgica e sitios de acdo de farmacos anticonvulsivantes

(adaptado de UPTON, 1994).

Muscimol € o mais potente agonista GABAa. Ja a progabida, além de atividade
agonista também atua como pré-farmaco, sendo metabolizada a SL 75102 que apresenta
maior atividade agonista nos receptores GABA€érgicos (MELDRUM, 1990). O mecanismo
pelo qual o 4cido valpréico aumenta os niveis de GABA ainda nfo estd totalmente
GABA-transaminase (GABA-T). Posteriormente, verificou-se que o grau de inibi¢do da
enzima em doses terapéuticas era insuficiente para justificar a sua a¢@o anticonvulsivante
(CHAPMAN et al., 1982). Outras hipoteses sugerem uma possivel inibigdo da semi-
aldeido succinica desidrogenase (também reéponsével pela degradagdo) ou um aumento

da sintese do GABA ou da sua liberagdo (MELDRUM, 1990; LOSCHER, 1999).
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Apesar da gabapentina ter sido desenvolvida para exercer atividade agonista no
sistema GABAérgico, diversos estudos tém falhado em demonstrar esta atividade
(LOSCHER et al., 1991; BRODIE & DICHTER, 1996; MACDONALD, 1997a).

Os inibidores da captagdo de GABA, tiagabina e compostos relacionados, sdo
aparentemente especificos para GAT-1 (mediador especifico da captacdo de GABA),
promovendo um aumento na concentracdo extracelular de GABA, o que prolonga o efeito
inibitério GABAérgico (SUZDAK & JANSEN, 1995; ADKINS & NOBLE, 1998).

Vigabatrina eleva a concentracdo de GABA no cérebro através do bloqueio
irreversivel da GABA-T, enzima responsavel pela degradacdo metabdlica do GABA
(JUNG et al., 1977, DICHTER & BRODIE, 1996).

O receptor GABA/BZD possui varios sitios alostéricos que regulam a resposta
inibitéria de GABA. O fenobarbital liga-se a um sitio regulador alostérico no receptor
GABA/BZD, aumentando a corrente mediada pelos receptores GABAérgicos por
prolongar a abertura dos canais de CI' (MACDONALD, 1997a). Os benzodiazepinicos
também ligam-se a um sitio regulador alostérico no receptor GABA/BZD, promovendo o
aumento da freqiiéncia de abertura do canal sem alterar o tempo de abertura ou
condutancia de CI” induzida por GABA (TWYMAN et al., 1990; MELDRUM, 1996).

Outros compostos que aumentam os efeitos inibitérios de GABA também estdo
sendo investigados como potenciais anticonvulsivantes. Por exemplo, gamabutirolactona,
loreclezol, neuroesterdides, clormetiazol, felbamato, topiramato e losigamona que
aumentam atividade inibitéria GABAérgica através de ligagdio a sitios especificos

(HOLLAND et al., 1993; PALMER & MCTAVISH, 1993; KOKATE et al., 1994;

KUME et al., 1996).
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1.4.2. Diminuicio da atividade sindptica excitatoria

O glutamato € o mais importante neurotransmissor excitatério no SNC, sendo o
NMDA o subtipo mais relevante para a génese e controle da atividade convulsiva
(MELDRUM, 1994; CHAPMAN, 1998).

A excitag@io glutamatérgica pode ser reduzida por agentes que limitam a liberagio
do glutamato através da estabilizagdo de canais de Na' voltagem-dependente pré-
sindpticos (interferindo nas descargas repetitivas sustentadas), por agentes que aumentam
a captagédo de glutamato ou que atuem como antagonistas de receptores glutamatérgicos
pOs-sinapticos (principalmente do receptor NMDA) (CROUCHER et al., 1982;
MELDRUM, 1990; ROGAWSKI, 1992; LEPPIK, 1994; UPTON, 1994; MELDRUM,

1996) (Tabela 2, Figura 2).

Tabela 2. Farmacos que diminuem a excitabilidade neuronal mediada por glutamato

Farmacos que atuam na liberacéo de glutamato

- diminui a liberacdo Lamotrigina, Remacemida, Riluzole

Antagonistas NMDA

- sitio do glutamato CPPeno, CGS 19755 (Selfotel), CGP 40116, APS, AP7

- sitio da glicina Felbamato, Acido quinurénico, ACEA 1021, MDL 104653
- bloqueador de canal Dizocilpina (MK 801), Memantina, Fenciclidina

Adaptado de MACDONALD, 1997a.

O receptor NMDA ¢ permeéavel aos jons Na“, K™ e Ca™ e estd sujeito a um
bloqueio voltagem-dependente desencadeado pelo Mg*. Para a ativagio do receptor

NMDA ¢ necessdria a ocupagdo dos sitios de glutamato e glicina. O receptor NMDA pode
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ser bloqueado por antagonistas competitivos, atuando diretamente no sitio do glutamato
(CPPeno, CGS 19755, CGP 40116, APS, AP7) ou da glicina (felbamato, &acido
quinurénico, ACEA 1021, MDL 104653) (MCCABE et al., 1993). Antagonistas ndo-
competitivos, que bloqueiam a abertura de canal (fenciclidina, cetamina e MK 801) sdo
potentes anticonvulsivantes, mas tém baixo indice terapéutico, produzindo em animais
um aumento da atividade motora e comportamento estereotipado em doses terapéuticas

(CARTER, 1994) (Figura 2).

Neurdnio
canal de Na+
voltagem dependente anmw
N
lamotrigina

carbamazepina
fenitoina

glutamina-sintetase

Glutamato
felbamato Glia
CPFene glicina
Nat
poliaminas Cat 2

receptor NMDA

Figura 2. Transmissdo glutamatérgica e sitios de ag¢fio de firmacos anticonvulsivantes

(adaptado de UPTON, 1994).

A excitagdo glutamatérgica pode também ser reduzida por agentes que diminuem
a liberagdo sindptica de aminodcidos excitatdrios, como por exemplo a fenitoina,

carbamazepina, lamotrigina, riluzole e remacemida (MILLER et al., 1986; FITTON &
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GOA, 1995; MELDRUM, 1996; DAVIES, 1997). O efeito anticonvulsivante da
lamotrigina é devido 2 interagdo especifica com os canais de Na* voltagem-dependente, o
que resulta em um decréscimo na liberagdo de glutamato (LEACH et al., 1986;
MACDONALD & KELLY, 1994).

Também tém sido avaliados os efeitos de fiarmacos anticonvulsivantes na
atividade da glutamina-sintetase, enzima chave na regulagio da transmissdo
glutamatérgica. Glutamina-sintetase utiliza glutamato captado pela glia para formar
glutamina que volta ao neurénio formando glutamato como neurotransmissor (FRASER

etal., 1999).

1.4.3. Controle da excitabilidade da membrana neuronal e da permeabilidade ionica

A excitabilidade da membrana neuronal é determinada pelo estado funcional de
canais de cdlcio, potdssio e sédio. Destes, os canais de sodio voltagem-dependente tém
sido importante alvo para o desenvolvimento de novos anticonvulsivantes (TAYLOR &
MELDRUM, 1995). Os canais de calcio também sfo alvo de particular interesse, pois um
excessivo influxo de calcio leva & excitotoxicidade ¢ morte neuronal. Farmacos que
atuam em canais i6nicos naturalmente modificam a excitabilidade de neurdnios normais
ou epilépticos (MELDRUM, 1997). Potencialmente tais farmacos poderiam restabelecer
a normalidade da excitabilidade de neurdnios epilépticos; caso isso ndo ocorra, eles
poderiam bloquear o inicio e/ou propagacdo ¢ generalizagdo de fendmenos convulsivos
(MELDRUM, 1997). A modulagdo de canais de sodio e a inibi¢do das descargas
repetidas de alta freqiiéncia (diminuindo a excitabilidade celular e propagagéo axonal de
impulsos nefvosos) parecem ser responsaveis pela atividade anticonvulsivante da

carbamazepina, fenitoina e oxcarbazepina (WAMIL et al., 1994; MELDRUM, 1996).
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A supressdo das crises de auséncia obtida com etossuximida, trimetadiona,
zonisamida e acido valprdico ¢ atribuida ao bloqueio de canais de calcio de baixo limiar
(tipo T) (ROGAWSKI & PORTER, 1990; MACDONALD, 1997a). Ha virias evidéncias
sugerindo que outros farmacos usados na terap€utica antiepiléptica atuem em canais de
calcio pré-sinapticos (STEFANI et al, 1996). A excecdo da flunarizina, outros
bloqueadorés de canais de calcio utilizados na prética clinica (como anti-hipertensivos)
sdo desprovidos de agdo antiepiléptica, j4 que a maioria ndo atravessa eficazmente a
barreira hematoencefilica ou ndo tem seletividade requerida para determinado canal de
calcio MACDONALD, 1997a).

Tém sido avaliados varios agentes com efeitos sistémicos e atividade seletiva para
canais de célcio tipo N, P ou Q (DICKIE & DAVIES, 1992). O interesse nestes canais de
calcio estd relacionado ao efeito regulatorio na liberacdo de neurotransmissores
(VERHAGE et al., 1994). A possibilidade da utilizagéo de facilitadores da abertura de
canais de potassio como anticonvulsivantes também tem sido extensivamente avaliada
em alguns firmacos anti-hipertensivos (cromacalina, minoxidil, diazéxido e pinacidil)

(WESTON & EDWARDS, 1992).

1.5. ESTRATEGIAS PARA O DESENVOLVIMENTO E IDENTIFICACAO DE

NOVOS FARMACOS ANTIEPILEPTICOS

Embora a maioria dos pacientes epilépticos sejam convenientemente tratados com
os farmacos ora disponiveis, entre 20-30% dos pacientes ndo tém suas crises
adequadamente controladas (MATTSON, 1994).

A maioria dos farmacos antiepilépticos clinicamente efetivos, introduzidos desde

1938, tém sido identificados através de modelos experimentais in vivo, principalmente
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convulsGes induzidas por ECC ou PTZ (KRALL er al., 1978; SWINYARD &
KUPFERBERG, 1985) em cérebros normais. N3o obstante, a ampla utilizagcdo destes
modelos animais, desenvolvidos ha décadas, leva a identifica¢io de compostos de
eficdcia clinica semelhante aos ja existentes e também fornecem pouca informagio a
respeito de seus mecanismos de ag¢fo. Considerando a necessidade de se desenvolver
farmacos ativos em pacientes refratarios & terapia anticonvulsivante padrdo, torna-se
essencial o desenvolvimento de novos modelos experimentais para a identificacdo de
compostos com mecanismos de ag@o inovadores (HEINEMANN et al., 1994;
KUPFERBERG & SCHMUTZ, 1997).

E também de interesse para clinica uma possivel interferéncia com o processo
epileptogénico. Apesar da administracdo cronica de farmacos antiepilépticos ser efetiva
no controle de crises convulsivas, nio ha nenhum dado clinico disponivel sugerindo que
a administragfio destes farmacos tenha algum impacto na epileptogénese (PORTER &
MELDRUM, 1997).

A hipétese de que alguns eventos responsaveis pela epileptogénese, como por
exemplo, movimento de jons (Na', K, Ca™ e CI), liberagfio, interagio com receptores
pOs-sinapticos e recaptagdo de neurotransmissores inibitorios e excitatorios, estejam
anormais em cérebro de epilépticos é corroborada por dados obtidos de animais kindled
(MODY, 1993) e pacientes com epilepsia (DURING & SPENCER, 1993; DURING et
al., 1995). Consequentemente, para a identificacio de compostos que atuem na
epileptogénese torna-se necessario o estudo de tais compostos em cérebros epilépticos
(por exemplo, cepas de camundongos DBA/2 ou Frings).

Neste contexto, o modelo de kindling também € bastante apropriado devido as

altera¢des induzidas no canal idnico e na fungdo do receptor (MODY, 1993). Entretanto,
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devido ao tempo necessério para a indugio do fenémeno, este modelo nfo tem sido usado
COmo Screening primario € sim num estagio posterior na caracterizagdo de compostos
anteriormente identificados através de outros modelos experimentais (MODY, 1993).
Novas metodologias para a identificacdo de potenciais agentes terapéuticos
(geralmente métodos in vitro), sdo baseadas nos mecanismos basicos da propagagio e
inibicdo de convulsdes (NOEBELS, 1996; KUPFERBERG & SCHMUTZ, 1997
TAYLOR & MARKS, 1998). Estes métodos ndo oferecem informacdes além do
mecanismo de acgdo especifico (como por exemplo, aspectos farmacocinéticos ou
toxicidade do composto), mas assumem que 0 mecanismo esta diretamente relacionado a
epilepsia humana e ndo levam 2 identificacdo de compostos com mecanismos de acdo

inovadores (KUPFERBERG & SCHMUTZ, 1997).

1.6. PERFIL ANTICONVULSIVANTE DO LINALOL

Em todo o mundo, a medicina tradicional faz uso de uma grande variedade de
plantas como fonte de remédios (SAMUELSON, 1989; SONNEN, 1997). Na busca de
novos farmacos, a pesquisa envolvendo plantas medicinais tem sido considerada uma
abordagem proficua (FARNSWORTH, 1990, 1994; BUM ef al., 1996). Uma estratégia
para o estudo de plantas medicinais é a etnofarmacologia, que pode ser definida como “a
exploracgio cientifica interdisciplinar dos agentes biologicamente ativos, tradicionalmente
empregados ou observados pelo homem” (HOLMSTEDT & BRUHN, 1983).

A etnofarmacologia é uma 4rea de pesquisa interdisciplinar, sendo fundamental
no seu estudo a interagdo de grupos de fitoquimica e farmacologia, bem como o aporte de
botanicos, antropélogos e bioquimicos para a realizagdo de um trabalho completo

(ELISABETSKY, 1987; ELISABETSKY & WANNMACHER, 1993). O percentual de
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farmacos que s@o descobertos a partir de abordagem etnofarmacolégica tem se mostrado
superior ao percentual obtido através de triagem cega de plantas selecionadas ao acaso
(FARNSWORTH, 1994). No Brasil, a pesquisa etnofarmacoldgica ¢ bastante promissora
para a descoberta de novas fontes de medicamentos a partir da flora nativa,
principalmente na Amazdnia, onde indios e caboclos sio fontes 6bvias de conhecimento
sobre plantas medicinais (ELISABETSKY, 1987, COELHO DE SOUZA &
ELISABETSKY, 1999).

Entre 1981 e 1991, uma pesquisa etnofarmacoldgica realizada com caboclos na
Amazd6nia objetivou a busca de psicofarmacos em espécies vegetais utilizadas na pratica
médica tradicional daquela regido (ELISABETSKY & SETZER, 1985).

Foram identificadas quatro espécies vegetais tradicionalmente usadas no preparo
de uma férmula “antiepiléptica”. Esse anticonvulsivante caseiro € obtido da extracéo
mecanica da seiva de folhas de Ruta graveolens L (Rutaceae), folhas de Cissus sicyoides
Spreng (Vitaceae), folhas de Aeollanthus suaveolens Spreng (Labiatae) e sementes de
Sesamum indicum L. (Pedaliaceae). Esta preparacéio mostrou-se ativa frente a modelos
animais de convulsio (ELISABETSKY & SANTANA, 1984), e o estudo separado de
cada espécie componente da mistura mostrou que o sumo de A. suaveollens, conhecida
popularmente como “Catinga-de-Mulata”, quando administrado intraperitonealmente,
protege os animais de convulsdes induzidas por PTZ (ELISABETSKY & SANTANA,
1984).

Estudos fitoquimicos monitorados pelo resultado da avaliagdo farmacoldgica
demonstraram que a atividade anticonvulsivante de A. suaveollens est4 associada ao dleo
essencial. A andlise cromatografica (SOUZA et al., 1993) identificou quatro

componentes principais (linalol, delta decanolactona, delta-decen-2-lactona e acetato de
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linalil) (vide estruturas em anexo 1). Desses componentes, apenas o linalol mostrou-se
ativo em modelos experimentais de epilepsia in vivo (ELISABETSKY ez al., 1995b) e in
vitro (ELISABETSKY et al., 1995a).

Linalol (dl~3,7—di1netil;3-hjdroxi-1,6-octadieno) ¢ um composto monoterpénico
presente em Oleos essenciais aromaticos de varias espécies vegetais usadas como
sedativas do SNC, incluindo A. suaveollens (ELISABETSKY et al., 1995b; COELHO
DE SOUZA & ELISABETSKY, 1999).

A avaliag8o psicofarmacolégica in vivo de linalol demonstrou que este composto
possui atividade depressora do SNC, resultando em efeitos hipnéticos, diminui¢do da
temperatura corporal, protecdo a convulsdes induzidas por PTZ, ECC (ELISABETSKY
et al., 1995b), picrotoxina (BARROS & ELISABETSKY, 1996b), acido quinolinico
(icv) (MARASCHIN et al., 1996), aumento da laténcia para convulsdes induzidas por
NMDA (BARROS & ELISABETSKY, 1996a), mas nio protecdo a convulsdes induzidas
por estricnina (BARROS & ELISABETSKY, 1996b). Em experimentos in vitro, linalol
inibiu a unifio especifica de [*H]glutamato (40 nM) em membranas corticais de ratos
(ELISABETSKY et al., 1995a). Apesar de evidéncias que sugerem efeitos modulatérios
na transmissdo glutamatérgica e/ou GABAérgica associadas a atividade anticonvulsivante
do linalo], estes mecanismos ainda ndo estdo totalmente esclarecidos.

Devido a importincia do papel inibitério do GABA, bem como o aumento na
excitabilidade neuronal via sistema glutamatérgico na geracéo, propagacéo e manutengio
da atividade epileptiforme, ¢ fundamental que conhecamos a acdo do linalol em eventos

relacionados a transmissdo glutamatérgica e/ou GABAérgica.
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1.7. OBJETIVOS
O objetivo principal desta Tese foi investigar as bases farmacodinimicas das
propriedades anticonvulsivantes do linalol
Foram estabelecidos os seguintes objetivos:
1. Avaliar o efeito do linalol no sistema glutamatérgico:
a) através do estudo de unido especifica do L-[3}I]glutamafo em preparagdes de
membranas de cdrtex de ratos;
b) através do estudo de unifio especifica de [PH]MK 801 em preparacdes de
membranas de cortex de camundongos;
c¢) verificar se o linalol modula a liberagio de L-[’H]glutamato em
sinaptossomas obtidos a partir de cortex de camundongos.
d) verificar se o linalol modula a captaggo de L-[>H]glutamato em sinaptossomas
obtidos a partir de cortex de camundongos.
2. Avaliar o efeito do linalol no sistema GABAérgico através do estudo de unifo
especifica do [*’H]muscimol em preparagdes de cértex de camundongos.
3. Avaliar o efeito do linalol nas alteragdes comportamentais € neuroquimicas que
acompanham o fendmeno de kindling induzido por PTZ.
4. Comparar o efeito do linalol nas alteragdes comportamentais e neuroquimicas que
acompanham o fendmeno de kindling induzido por PTZ com um anticonvulsivante

classico, o fenobarbital.
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Summary

In order to investigate the pharmacodynamic basis of the previously-established anticonvulsant proper-
ties of linalool, we examined the effects of this compound on behavioral and neurochemical aspects of
glutamate expression in experimental seizure models. Specifically, linalool effects were investigated to
determine its inhibition of (i) L-[*H]glutamate binding at CNS (central nervous system membranes), (ii)
N-methyl-D-aspartate (NMDA)-induced convulsions, (iii) quinolinic acid (QUIN)-induced convulsions,
and the behavioral and neurochemical correlates of PTZ-kindling. The data indicate that linalool mod-
ulates glutamate activation expression in vitro (competitive antagonism of L-[*H]glutamate binding)
and in vivo (dclaycd NMDA convulsions and blockage of QUIN convulsions). Linalool partially in-
hibited and significantly delayed the behavioral expression of PTZ-kindling, but did not modify the

PTZ-kindling-induced increase in L-[PH]glutamate binding.

Key words: linalool, anticonvulsants, glutamate, NMDA, PTZ-kindling

Introduction

Epilepsy is a disease with many apparcnt ctiologics
linked to alterations in inhibitory or excitatory neuro-
transmitter systems {Kozikowski, 1993; Obrenovitch
et al., 1996). Regarding the latter, it has been estab-
lished that epilepsy may be caused at least in part by
overstimulation of glutamate receptors (Lipton and
Rosemberg, 1994). Despite the recognition of the phys-
iological importance of the glutamatergic system and
the therapeutic potential of agents affecting glutamare
receptors (Meldrum and Garthwait, 1990}, only a few
of the currently available drugs that modify cxcitarory
neurotransmission {e.g., remacenide, lamotrigine, fel-
bamate and topiramate) have an acceptable therapeutic
index (Thomas, 1995; Meldrum, 1996). Since 25 to 30
percent of patients continue to have seizures despite
optimal therapy (Dichter and Brodie, 1996}, there is
clearly a need for the development of additional anti-
epileptic drugs (Meldrum, 1997).

Linaleol is a monoterpene compound, found com-

monly as a major component of essential oils in
aromatic species. Several linalool-producing species are
used in traditional medicine, including Aeollantbus
suaveolens Spreng {Libiatae) (Elisabersky et al., 1995b)
used in a home made anticonvulsant remedy through-
out the Brazilian Amazon (Elisabetsky and Setzer,
1985; Kainer and Duryea, 1992).

Psychopharmacological i vivo evaluation of linalool
revealed that this compound has dose-dependent mar-
ked sedative effects in the Central Nervous Systemn
(CNS). These include protection against pentylenetet-
razol {PTZ, s.c. 88mg/kg) and transcorneal electro-
shock (ECC)-induced convulsions, as well as hypnotic
and hypothermic properties {Elisabetsky et al., 1995b).
Initial neurochemical analysis showed that linalool had
an inhibitory effect on glutamate binding in rat cortex
membranes (Elisabetsky et al., 1995a).

In order to clarify further the modes of glutamatergic
modulation relevant to linalool’s profile as an anticon-

0944-7113/99/06/02-107 $ 12.00/0
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vulsant, we considered it of interest to detail the nature
of linalool effects on L-[*H]glutamate binding at CNS
membranes, and to examine the effect of linalool on
subcutaneous (s.c.) N-methyi-D-aspartate (NMDA)-in-
duced convulsions, on intracerebroventricular (i.c.v.)
quinolinic acid (QUIN)}-induced convulsions, and on
the PTZ-kindling mode! (both behaviorally and on glu-
tamate changes that accompany the kindling pheno-
mcnon).

#= Materials and Methods

Drugs and reagents

Diazepam, NMDA, QUIN, tween 80, propylene glycol
(PPG), linalool (dl-3,7-dimethyls-3-hydroxy-1,6-octa-
diene, 95-97 % purity), and phenobarbital were ac-
quired from Sigma; MK-801 was obtaints from RBI
Glutamate was purchased from Merck and L-[*H]glu-
tamate from Amersham. Linalool was suspended in
tween (1 %); diazepam was suspended in PPG (40 % so-
lution); all other drugs were dissolved in distilled water.

Animals

Maie aduit Wistar rats and male albino mice, strain
CF-1, from Instituto de Pesquisas Biolégicas were used
throughourt the study. The animals were kept on a 12-
hr light/dark cycle, at 12 = 1°C, with free access to food
(Nuvilab CR1) and water. All procedures were carried
out according to institutional policies on experimental
animal handling.

Effects of linalool an L-[PH]glutamate binding
on rat cortex

® Membrane Preparation

Membranes were prepared as described by Elisabetsky
et al (1995a). Rat cerebral cortex was homogenized in
20 vol. {vol:weight} of 0.32M sucrose containing
10mM Tris/HCl buffcr, pH 7.4, and 1mM MgCl,. The
homogenate was centrifuged twice at 1,000g for 15min
and the final pellet discarded. Both supernatants were
pooled and centrifuged at 27,000g for 15min. The
supernatant was discarded and the resulting pellet was
lysed (20:1 vol:weight) for 30min in 10mM Tris/HCI
buffer, pH 7.4. The lysed pellet was washed three times
with lysing buffer (20:1 vol:weight) by centrifuging at
27,000g for 15min. Supernatants were discarded and
membranes of the final pellet were used for the binding
experiments. All steps were carried out at 4°C.

® Binding of L-[*H]glutamate

For measurement of L-[*H]glutamate binding, mem-
branes (100pg of protein) were incubated at 30°C for
15min in 50mM Tris/HCI buffer, pH 7.4, in various L-
[PH]glutamate concentrations (final volume of 0.5ml).
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The reaction was interrupted by cooling the tubes
and further centrifugation for 20min at 27,000g. The
supernatant was discarded. The walls of the tubes and
the surface of the pellets were quickly and carefully
rinsed with cold distilled water. The pellets were pro-
cessed for radioactivity measurement. In order to de-
termine specific binding of L-[*H]glutamate, each ex-
periment was processed with parallel control tubes
containing L-[*H]glutamate in the presence of 1000 ti-
mes the concentration of non-labeled glutamate. Spe-
cific binding was defined as the difference of L-[*H]glu-
tamate binding between tubes without {total binding)
and with {non-specific binding) non-labeled glutamate.

® Protein measurement
Protein was measured according the method of Lowry
etal. (1951).

® Inhibition curve

Inhibition curve studies were carried out by incubating
100pg membrane protein with 1000nM L-[*Hlglu-
tamate at 30°C for 15min in 50mM Tris/fHCl buffer,
pH 7.4, in the presence of linalool {(0.1; 0.3; 3 or
SmM).

® Saturation and competition curve

Saturation and competition curves were produced by
incubating L-[*H]glutamate at increasing concentra-
tions (40-3000nM) with 100pg membrane protein at
30°C for 15min in 50mM Tris/HCI buffer, pH 7.4, in
the absence {control curve) or presence of linalool (0.3
and 1mM).

® Statistical analysis

Results were compared by means of two way ANO-
VA for competition curves. Maximum number of 1-
[*Hlglutamate binding sites (B,,,,) and equilibrium dis-
sociation constant (K;) were calculated by Scatchard
plot. IC,, was calculated by linear regression.

NMDA-induced convuisions

The method used by Czuczwar et al. (1985) was fol-
lowed. Mice were subcutaneously {s.c.) injected with
the experimcntally determined EDgy; (270mg/kg) of
NMDA. Saline, tween, MK-801 (2mg/kg) and linalool
(350mg/kg) were injected intraperitonially (i.p.) 30
minutes before NMDA, and with diazepam and PPG,
45 minutes before seizure induction. Animals were in-
dividually placed in Plexiglas chambers {20x20x20cm)
and observed for the occurrence of clonic seizures with
loss of righting reflex. The latency to onset of first sei-
zure with loss of righting reflex were noted. Percentage
of seizuring animals was analyzed by means of the
Fisher Exact test. Latency data were analyzed by means
of ANOVA, followed by Duncan’s test.



Quinolinic-acid induced convuisions

The surgery and i.c.v. infusion procedures were adapt-
ed from Izquierdo et al. {1992). Mice were anesthetized
with sodium pentobarbital (60mg/kg, i.p.) and placed
in the stereotaxic apparatus. The skin of the skull was
removed and a 27 gauge, 7mm guide cannula was
placed 1.0mm above the lateral brain ventricle, lmm
lateral from midline an 1mm posterior to bregma.
Through a 2-mm hole made at the cranial bone, the
cannula was implanted 1.5mm ventral to the superior
surface of the skull, and fixed with jeweler acrylic ce-
ment. After 48h, i.c.v. infusions were performed. A 30-
gauge cannula was fitted into the guide cannula and
connected by a polyethylene tube to a microsyringe.
The tip of the infusion cannuia protruded 1.0mm be-
yond the guide cannula and was therefore localized in
the lateral brain ventricle. Animals (n=8) received a 4
microliter (ul) t.c.v. infusion of tween (1 %), 17mM
MK-801 or linalool 13, 30, and 45mM and, 5min lat-
er, another infusion of the same volume of quinolinic
acid {9.2mM). Mice were observed for 10 minutes in
Plexiglas chambers for presence of wild running, clonic
convulsions, tonic seizures {or both) lasting more than
S seconds (Hallak ct al., 1993). In order to ascertain
correct cannula position, methylene blue (ul) was in-
jected through the cannula; animals not showing con-
trast in the lateral brain ventricle were discarded. Sta-
tistical comparisons were accomplished by means of
the Fisher Exact test.

PTZ-induced kindling in mice

® Bebavior

The method has been detailed elsewherc (Silva et al.
1998). Mice (8 weeks old at the start of the ex-
periment) were divided in five groups {n=10). Each
treatment consisted of two drug administrations, re-
peated once every third day, for a total of 6 treatments.
The first drug administration was an oral administra-
tion as follows: Group I, saline {phenobarbital vehicle);
Group II, 15mg/kg phenobarbital; Group III, tween
(linalool vehicle); Group IV, 2.2g/kg linalool; and
Group V, 2.5g/kg linalool. Thirty minutes after the oral
treatment both groups received (s.c.) 60mg/kg of PTZ;
controls were treated identically to experimental
groups, except that both injections consisted of saline
solution. Following each PTZ injection, animals were
placed individually in acrylic chambers for 30 minutes
and observed for clenic convulsions lasting more than
3 seconds.

® Neurochemistry

L-[*Hjglutamate binding to naive mice cortex membra-
nes was established. Twenty-four hours after the last
injection (PTZ or saline), mice were decapitated, the
brains were rapidly removed, and the membranes were
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Fig. 1. Inibition curves and Scatchard plot (inset} of L-
[*H]glutamate binding to rat cortex membranes in the
presence of linalool. Membranes were incubated with
increasing concentrations of L-[*H]glutamate (40—
3000nM) in the absence (@) or presence of linalool
0.3mM (A) or 1.0 mM (O). B = Bound; B/F = Bound/-
Free. Each point represents the mean = SEM of four
separate experiments determined in triplicate.
*=p<0.05, ** =p< 0.01, ANOVA.

preparcd as described previously. For measurement of
L-[*H]glutamate binding, studies were performed as
described above using 60nM of L-[*H]glutamate, a
concentration close to the K, value. Differences in per-
centage of animals presenting seizures with =3 seconds
were evaluated by Fisher’s Exact test. Binding values
were compared by means of one way ANOVA fol-
lowed by Duncan test.

£ Results
Under the conditions used in this study, binding of L-
[*H]glutamate to cortex membranes from control rats
is similar to previously published studies (Rubin et al.
1997). There was no difference in L-[*H]glutamate
binding (1000nM) using either water (68.1x1.3
pmol/mg of protein) or tween at its maximum concen-
tration (66.7 = 1.1pmol/mg of protein).
L-PPH]glutamate binding decreascs with increasing
concentrations of linalool and the inhibition is dose-de-
pendent, with binding abolished at SmM (IC(,0.57 =
0.05mM, correlation coefficient = 0.97). Saturation
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Fig. 2a. Effect of MK 801, diazepam and linalool on subcutaneous NMDA-induccd seizures. 2a: Percentage of

protection of MK-801

o~

MK, 2mg/kg), diazcpam (DZP, 30mg/kg), linalool {LIN, 350mg/g), and respective vehicles

(SAL = saline, PPG = propylene glycol and TWE = tween) against NMDA (270mgfkg, s.c.) induced seizures.
** = p < 0.01, Fisher’s Exact Test. 2b: Latency (min) for onset of NMDA induced clonic convulsions. MK-801
(MK, 2mg/kg), diazepam (DZP, 30mg/kg), linaloo! (LIN, 350mg/kg), and respective vehicles (SAL = saline, PPG =
propylene glycol and TWE = tween). * = p < 0.05, ** = p < 0.01, ANOVA.

curves without and with linalool (0.3 and 1mM) are
presented in Fig. 1. Linalool significantly increased K
with no significant alteration in B_,,. The following
B.... and K, values were obtained: 107.3 = 3.7pmol/mg
and 0.58 = 0.04pM in the absence of linalool; 95.8 =
5.5pmolmg and 0.83 = 0.05pM (p < 0.05) with
0.3mM of linalool; and 94.9 = 4.9pmol/mg and 1.4 =
0.16pM (p < 0.01) with 1mM of linalool.

Subcutaneous NMDA induced a known pattern of
altered behavior preceding the occurrence of seizures
(Czuzwar et al., 1985). All control animals had clonic
seizures with loss of righting reflex, whereas only a few
animals presented a tonic component. Figure 2a shows
that MK-801 afforded complete protection against
NMDA-induced convulsions (p <0.01). Diazepam pro-
tected only 50 % subjects, whereas linalool was ineffec-
tive. Figure 2b shows that both diazepam and linalool
significantly delayed the onset of NMDA-induced sei-
zures {p < 0.01).

Quinolinic acid induces seizures in all animals treat-
ed with saline of tween (Figure 3). MK-801 (17mM)
afforded complete protection against quinolic acid-in-
duced convulsions. As described previously (Hallak et
al., 1993) MK-801 at this dosage also induced tre-
mors, ataxia, incoordination, and loss of balance.
Linaloo! dose dependently inhibited QUIN-induced
convulsions, affording complete protection with
45mM (p < 0.01). EDg, was estimated at 16.9
(0.8-24.5)mM.

The effects of linalool and phenobarbital on PTZ-
kindling are presented in Figure 4. 100 % of control
{saline and tween) animals were fully kindled after the
third trcatment (Fig. 4a). Treatments resulted in delay
and protection of kindling: 60 % (p < 0.05) of linalool

treated animals were fully kindled after the fourth
treatment and 40 % (p < 0.01) of phenobarbital were
kindled after the sixth treatment.

L-[*Hjglutamate binding was measured 24 hours af-
ter the completion of the sixth treatment. Under the in-
cubation conditions used in the study, binding of L-
[*H]glutamate to cortex membranes from naive {no
PTZ) was characterized by B, = 146.6 = 5.1 and K =
1417.8 = 210 (n=4) companable to previously pub-
lished studies (Silva et al., 1998). Fig. 4b shows that
neither linalool nor phenobarbital prevented the in-
crease of L-|°H]glutamate binding induced by PTZ-
kindling.

% Discussion

Seizures are often proposed to result from an imbal-
ance of excitatory/inhibitory neuromal activities, fol-
lowing increased glutamatergic excitation or reduced
GABAergic inhibition. Experimental seizures can be in-
duced by activation of and suppressed by inhibition of
glutamate receptors (Obrenovitch et al., 1996). Gluta-
mate antagonists (acting at NMDA or non-NMDA re-
ceptor subtypes) have been shown to possess anticon-
vulsant properties in scveral animal models (Meldrum,
1992).

This study examined linaloo! antagonism to behav-
ioral and neurochemical expressions of glutamate
transmission. In glutamate binding to rat cortex mem-
brancs, the inhibitory effect of linalool was found to be
of a competitive nature, with increasing K, and mainte-
nance of B_,, with increasing concentrations of lina-
lool. Regarding direct glutamate activation, both s.c.
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NMDA- and ic.v. Quin-induced convulsions were
modified by linalool treatment.

As previously reported (Czuczwar et al., 1985) sub-
cutaneous administration of NMDA clearly induced
signs of excitotoxicity, including myoclonic jerks, cir-
cling behavior, mild salivation, tail biting, and wild
running which eventually preceded the appearance
of full seizure activity. As in previous findings (Hallak
et al., 1993) clonic seizures were cffectively blocked by
MKB801 in doses that also induce typical behavioral
changes, such as stereotypic head movements, tendency
to circle continuously, ataxia, and loss of balance. Dia-
zepam (30mg/kg) controlled 50 % of the NMDA-in-
duced seizures. This is a dose almost one hundred times
greater than that of Diazepam ED,, (0.36mgksg,
0.3-0.4) against PTZ-induced convulsions {(Barros,
Elizabetsky, 1996); at this dose diazepam also induced
intense depressant effects, with animals losing righting
reflex and showing markes muscular relaxation. Lina-
lool at 350mg/kg, a dose larger that its EDy, on PTZ-
induced convulsions (243mg/kg, 186.2—-304.2), did not
protect against NMDA-induced seizures; at this dose
linalool induced ataxia and loss of righting reflex. It is
noteworthy that linalool shared with diazepam the
ability to substantially increase the latency for NMDA-
induced convulsions (Figure 2b). Given the high doses
of established and newer anticonvulsants neces-
sary for full protection in this model, the ability to in-
crease latency can be regarded as an useful criteria for
detecting meaningful modulation of glutamatergic
modulation.
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Fig. 4. Effect of linalool on PTZ-induced kindling in mice. 4a: Percentage of kindled animals treated with saline
(A), Tween (+), linalool 2.2g/kg (O), linalool 2.5g/kg (®) and phenobarbital 15mg/kg () on treatment days.
* = p<0.05, **) p < 0.01, Fisher Exact Test. 4b: Effects of saline (SAL), tween (TWE), linalool 2.2g/kg (LIN 2.2),
linalool 2.5g/kg (LIN 2.5), and phenobarbital (PHEN) 15mg/kg on L-[*H]glutamate binding of cortical membra-
nes of mice submitted to PTZ-kindling. Naive mice did not receive PTZ. Values are expressed as pmol/mg of pro-
tein. Each point represents the mean + SEM of three separate experiments determined in triplicate. ** = p < 0.01,

ANOVA.
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Quinolinic acid {QUIN} is a NMDA agonist, synthe-
sized in neuronal and glial cells with an uncertain role
in epilepsy. Intracerebral administration of MK 801
and linalool were effective in protecting against i.c.v.
Quin-induced convulsions. Although less potent than
MK801, linalool activity was clearly dose-dependent in
antagonizing the effect of this NMDA endogenous ag-
onist.

PTZ-kindling is a process whereby repeated admini-
stration of subconvulsive doses of this compound
leads to the development of behavioral convulsive ac-
tivity (Cain, 1989). Increases in glutamate release and
receptor density in target neuron population after
electrical and PTZ-induced kindling have been report-
ed (Wu et al,, 1990), being understood as possible
substrates of kindling-associated neuronal changes
(Schroder et al, 1993). Kindling therefore allows for
evaluating the ability of drugs to modify neuronal
plasticity associated with long-term alterations in neu-
ral excitability. Our rcsults indicate that linalool par-
tially inhibited and significantly delayed the behavior-
al expression of PTZ-kindling. Nevertheless, the core
modifications of gluramate binding levels thatr ac-
company kindling were not modified by linalool or
phenobarbital.

Although a specific site for linalool’s modulating ef-
fect on glutamate receptors cannot be determined by
this study, our data shows that linalool modulates glu-
tamate activation i vitro {L-[PH]glutamate binding)
and 2 vivo (NMDA and QUIN). Nevertheless, consid-
ering the above detailed L-[*H]glutamate binding data,
the inhibition of PTZ-kindling behavioral effects ob-
tained with linalool is to be attributed to mechanisms
other than glutamate blockade. Because PTZ convul-
sions are also related to inhibition of gabaergic
transmission (Giorgi et al., 1991), linalool’s effects on
this system can not be ruled out. This hypothesis is re-
inforced by preliminary data showing protection
against picrotoxin-induced convulsions (Barros and
Elisabetsky, 1996).

For diseases that result from complex processes in-
volving more than a single neurotransmitter system,
ameliorative or curative effects are rarely obtained with
a single drug (Kozikovisky, 1993). The availability of a
single anticonvulsant with multiple mechanisms of ac-
tion may be of interest for a variety of reasons, includ-
ing ease of titration, lack of drug-drug interactions, and
reduces potential for pharmacodynamic tolerance
(White, 1997). Considering that linalool is a major
component of plant-based anticonvulsant remedies
used in traditional medicinal systems, and the indica-
tion of multiple mechanisms of action relevant for de-
creasing neuronal excitability, further investigation on
linalool as a potential anticonvulsant drug are desired.
The available data provide a rational basis for tradi-
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tional use of linalool-producing species against specific
diseases affecting the central nervous system.
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ABSTRACT

Linalool is a monoterpene compound reported to be a major component of essential
oils of several aromatic species. Several linalool-producing species are used in traditional
medical systems for sedative purposes, including to interrupt and prevent seizures.
Previous studies in mice revealed that linalool modulates glutamétergic (competitive
antagonism of L-[*H]glutamate binding, delayed ip NMDA-induced convulsions and
blockade of icv QUIN-induced convulsions) and gabaergic transmission (protection
against pentylenetetrazol and picrotoxin induced convulsions). To further clarify the
anticonvulsive mechanisms of linalool, we studied the effects of linalool on binding of
[PHIMK801 (NMDA antagonist) and [°H]muscimol (GABA agonist) to mice cortex
membranes. Linalool shows a dose dependent non-competitive inhibition of ["HJMKS801
binding (ICso = 2.97 mM) and no effects on [’H]muscimol binding. Data suggest that
linalool anticonvulsant mode of action include direct interaction with NMDA receptor
complex. Data does not support direct interaction of linalool with GABA, receptors,
although changes in GABA-mediated neuronal inhibition or effects on GABA release and

uptake can not be ruled out.

KEY WORDS: linalool, anticonvulsants, NMDA, glutamate, GABA, muscimol, binding,

MKS801.
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INTRODUCTION

Considering that epilepsy apparently results from complex processes involving more
than a single neurotransmitter system (Bradford,1995; Obrenovitch et al., 1996), and
given that 15% of epileptics are refractory to even polypharmacy treatments, the
development of anticonvulsants with multiple mechanisms of action has been considered
of great interest (White, 1997).

Linalool is a monoterpene compound, commonly found as major component of
essential oil of several aromatic species, many of which are used traditionally as
sedatives (Elisabetsky and Setzer, 1985; Elisabetsky et al., 1995).
Psychopharmacological evaluation of linalool in mice revealed that this compound have
dose-dependent marked sedative effects at the Central Nervous System (CNS), including
protection against pentylenetetrazol(PTZ), picrotoxin and transcorneal electroshock-
induced convulsions, hypnotic, and hypothermic properties (Elisabetsky ef al., 1995;
Barros and Elisabetsky, 1996). We also reported that linalool modulates glutamate !
activation expression in vitro (competitive antagonism of L-[H]glutamate binding) and
in vivo (delayed sc N-methyl-D-aspartate convulsions and blockade of icv quinolinic acid
convulsions) (Elisabetsky et al., 1999). In addition, linalool significantly impaired the
behavioral expression of PTZ-kindling, although not modifying the associated increase
in L-[’H]glutamate in cortical membranes (Elisabetsky ef al.,1999). These data suggest
that the anticonvulsant properties of linalool involve multiple mechanisms of action
affecting different neurotransmitter systems.

It is widely accepted that excitatory amino acids glutamate and aspartate, and the
inhibitory amino acid, y-amino butyric acid (GABA) are involved in the basic mechanisms

of epileptogenesis and epileptic seizures (Bradford, 1995). Indeed, impairment of GABA-
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mediated inhibition (as caused by bicuculline) and enhanced excitability of NMDA
receptors (as caused by NMDA agonists) could be the mechanism responsible for the
development of epileptic seizures (Curtis et al., 1970; Czuczwar et al., 1985; Lipton and
Rosemberg, 1994).

The purpose of this study was to further clarify the roles of glutamate and GABA in the
anticonvulsant profile of linalool, by investigating its effects on ["THJMK801, an NMDA
antagonist, and [’H]muscimol, a GABA agonist binding to central nervous system

membranes.

EXPERIMENTAL PROCEDURE

Drugs and reagents. (+)Linalool was purchased from Aldrich Chemical Co. (catalog
number 1.260-2) and solubilized in Tween (80 Polisorbate, 25%). MK801 was acquired
from RBI whereas Glutamate, GABA and Glycine were purchased from Merck.
PHIMKS801 was purchased from Du Pont-NEN Products and [Methylamine-
3H]}muscimol from Amersham Life Science.

Animals: Male adult albino mice, strain CF-1, from Instituto de Pesquisas Biologicas
(Porto Alegre, Brazil) were used throughout the study. The animals were kept on a 12
light/dark cycle, at 22 + 1 °C, with free access to food (Nuvilab CR1) and water. All
procedures were carried out according to institutional policies on experimental animals
handling.

[’H] MK801 binding

Membrane Preparation: Membranes were prepared as described by Emanuelli ef al.,
1998. Mice cerebral cortex were homogenized (20:1 v:w) in 0.32 M sucrose containing 5

mM Tris/HCI buffer (pH 7.4). All steps were carried out at 4°C. The homogenate was
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centrifuged twice at 1,000g for 15 min and the final pellet discarded. Both supernatants
were pooled and centrifuged at 27,000 g for 15 min. The supernatant was discarded and
the pellet was lysed (20:1 v:w) for 30 min in 5 mM Tris/HC] buffer (pH 7.4). The lysed
pellet was washed three times with lysing buffer (20:1 v:w) by centrifuging at 27,000 g
for 15 min. Supernatants were discarded and the final pellet was frozen at —70°C for at
least 24 h. On the day of binding assay, the membranes were rapidly thawed in a water
bath (37°C), homogenized with 3 volumes of 5 mM Tris/HC1 (pH 7.4), and centrifuged
at 27,000 g for 15 min. The resulting pellet was resuspended in the same buffer, pré-
incubated at 37°C for 30 min and centrifuged at 27,000 g for 15 min. The pellet was
washed three times in 3 volumes of the 5 mM Tris/HCI (pH 7.4), and centrifuged at
27,000 g for 15 min. The final pellet was resuspended in the same buffer in order to yield
a protein concentration of 1-2 mg/ml and was used for binding assays. Protein
concentration was measured according to method of Lowry et al., 1951.

Binding of PHJMK-801: Binding assay was based on the method of Piggott et al., 1992.
Briefly, 200 pg of homogenate protein was incubated in 5 mM Tris/HCI buffer (pH 7.4)
at 25°C for 1h, containing 1 to 15 nM ["H]MK-801 in the presence of glutamate (50 M)
and glycine (30 uM) in a final volume of 0.5 ml. Non-specific binding was defined as
binding which occurred in the presence of 17,000 times of unlabelled MK-801. After
incubation, membranes were filtered under reduced pressure through a Whatman GF/B
filters (pre-wetted in 5 mM Tris/HCI buffer), and rinsed rapidly with 3x5 ml ice-cold
buffer. The filters were deposited in vials and radioactivity measurement in cintilador
Beckmam (RackBeta 1217).

Inhibition curve: Inhibition curve studies were carried out by incubating 200 pg

membrane protein with 2 nM [PHJMK801 at 25°C for 1h in 5 mM Tris/HCI buffer (pH
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7.4) containing glutamate (50 puM) and glycine (30 uM) in the presence of linalool 0.1;
0.3;1;30or5mM.

Saturation and competition curve: Saturation and competition curves were produced by
incubating ["PHJMKS801 at increasing concentrations (1 - 15 nM) with 200 pg membrane
protein at 25°C for 1h in 5 mM Tris/HCI buffer ( pH 7.4), containing glutamate (50 pM)
and glycine (30 uM) in the absence (control curve) or presence of linalool 1 and 3 mM.
PH]muscimol binding

Membrane Preparation: Membranes were prepared as described by Zukin et al., 1974.
The final crude synaptic membrane pellet was resuspended in distilled water and
centrifuged five times at 48,000 x g for 20 min and the last pellet was ressuspended in 50
mM Tris/Citrate buffer (pH 7.1) and frozen at -30°C for at least 18 hr. The frozen pellets
were resuspended in distilled water, maintained at 25° C for 20 min, centrifuged at
48,000 x g for 10 min and the pellets were suspended in 0.05 M Tris/Citrate buffer (pH
7.1; 4°C). Protein concentration was measured according to method of Lowry ef al.,
1951.

Binding of [3 HJmuscimol: Binding assay was based on the method of Demasi et al.,
1996. Briefly, 300 ug of homogenate protein was incubated in 50 mM Tris/Citrate buffer
(pH 7.1) at 4°C for 30 min, containing 12 nM ["H]muscimol in a final volume of 1.0 ml.
Non-specific binding was defined as binding which occurred in the presence of 1 mM
GABA unlabelled. Incubations were terminated by rapid filtration under vacuum through a
Whatman GF/B filters (pre-wetted in poliethylamine), and rinsed rapidly with 3x5 ml
ice-cold buffer. The filters were dried and deposited in vials and radioactivity

measurement in cintilador Beckmam (RackBeta 1217).
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Inhibition curve: Inhibition curve studies were carried out by incubating 300 pug
membrane protein with 12 nM [*H]muscimol at 4°C for 30 min in 50 mM Tris/Citrate

buffer (pH 7.1) in presence of linalool 0.3; 1 ; or 3 mM.

Statistical analysis. Results were compared by means of one way ANOVA for inhibition
and competition curves. Maximum number of binding sites (Bmay) and equilibrium
dissociation constant (K4) were calculated by Scatchard plot. ICsy was calculated by

linear regression.

RESULTS

Binding of [°’H JMK801 decreases with increasing linalool concentrations (Figure 1).
This inhibition is dose-dependent, attaining 75% of inhibition at 5 mM (ICsp 2.97 £ 0.13
mM, correlation coefficient = 0.98). There was no difference in [’H JMK801 binding (2
nM) using either water (0.65 + 0.08 pmol/mg of protein) or tween, linalool diluent, at its
maximum concentration (0.64 + 0.09 pmol/mg of protein). Figure 2 shows saturation
curves without and with linalool (1 and 3 mM). Linalool significantly decreased Bumax
with no significant alteration in Ky4. The following B,.x and K4 values were obtained:
1.39 £ 0.13 pmol/mg and 3.4 + 0.1 nM in the absence of linalool; 1.05 + 0.02 pmol/mg (p
<0.05) and 3.0 £ 0.2 oM with 1.0 mM of linalool; and 0.77 £ 0.02 pmol/mg (p < 0.01)
and 3.4 + 0.2 nM with 3 mM of linalool. Linalool concentrations ranging from 0.3 to 3.0
mM did not alter equilibrium binding of [’H]muscimol to GABA4 receptor complex in

mice cerebral cortical membranes (Table 1).
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DISCUSSION

Abnormal expression or enhanced function of glutamate receptor subtypes are central
to various acquired forms of epilepsy. (McNamara, 1994; Meldrum, 1994). Notably the
NMDA subtype glutamate receptor is though to play key roles on epileptic phenomena,
including genesis of burst firing (Dingledine et al., 1986), initiation and propagation of
seizures (Dingledine et al., 1990; Bradford, 1995). Evidences from animal studies
indicated that NMDA antagonists possess anticonvulsant activity, among other neuronal
protective properties (Dingledine ef al., 1991; Rogawski, 1992).This body of data arouse
interest in possible therapeutic applications of excitatory amino acid antagonists
(Meldrum, 1992).

NMDA receptors have distinct amino acid recognition sites, including one associated to
ion channels. MK801 (dizocilpine), a potent anticonvulsant, binds to this site blocking
the channel in its open state (Wong and Kemp, 1991), although marked psychotomimetic
effects prevent its use in clinical practice. The dose dependent non-competitive inhibition
of MK801 binding brought about by increasing linalool concentrations suggests that at
least part of linalool anticonvulsant action might be mediated via direct interaction with
NMDA receptor complex.

Studies of the role played by GABA in human epilepsy and in animal model of epilepsy
have indicated that increment of GABAergic neurotransmission may control epileptic
seizures (Meldrum, 1975; 1989). In fact, many anticonvulsants drugs appear to act by
increasing the levels of activity in GABAergic systems (Holland et al., 1992; Suzdak and
Jansen, 1995). The effects of linalool against picrotoxin and PTZ induced convulsions
raised the hypothesis of gabaergic involvement in its mode(s) of action. Results obtained

through the binding assay does not support direct interaction with GABA, receptors,
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although changes in GABA-mediated neuronal inhibition or effects on GABA release and
uptake can not be ruled out.

In light of the need for additional pharmacotherapies for epilepsy, with distinct
pharmacodynamic basis and of the alleged anticonvulsive usefulness of linaloo! bearing
plants by users of several traditional medical systems, a meaningful anticonvulsive
profile of linalool has been produced (Elisabetsky ef al., 1995; Barros and Elisabetsky,
1996; Elisabetsky et al., 1999). Experimental data revealed an interesting heterogeneous
mode of action as well as suggesting a somewhat narrow safety margin when the oral or
intraperitoneal routes are used. Considering the recent clinical reports that indicate the
usefulness of essential oils in the management of epileptic disorders (Betts ef al., 1995;
Lis-Balchin, 1997), the evidence of sedative effect through inhalation (Buchbauer et al.,
1991) and the significant absorption of essential oil components through various modes
of administration (Jager ef al., 1992; Jirovetz et al., 1992), we suggest that linalool
warrants subsequent structure-activity studies in the context of disclosing innovative

management strategies for epileptic disorders.
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Figure 1. Dose-response curve of iinalool effect on [PHIMK 801 (2 nM) binding. Values
are expressed as pmol/mg of protein. Each point represents the mean + SEM of three

separate experiments determined in triplicate. * = p <0.05 and ** =p < 0.01, ANOVA.
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Figure 2. Inhibition curves and Scatchard plot (inset) of PHJMK801 binding to mice

cortex membranes in the presence of linalool. Membranes were incubated with
increasing concentrations of [’HJMK 801 (1-15 nM) in the absence (4 ) or presence of
linalool 1 mM (M) or 3 mM (Q). B=Bound; B/F=Bound/Free. Each point represents the
mean + SEM of three separate experiments determined in triplicate. * = p <0.05 and **

=p <0.01, ANOVA.



Table 1. Effect of linalool on binding of [’H]muscimol in mice cerebral cortical

membranes.
Treatment pmol/mg of protein
Control 1.32 £0.02
Linalool 0.3 mM 1.31 £0.05

1.0 mM 1.32 +0.03

3.0 mM 134 £0.02

Membranes were incubated on [*Hjmuscimol (12 nM) in
the absence or presence of linalool. Values are expressed as
pmol/mg of protein. Results are expressed as mean = SEM

of three separate experiments determined in triplicate.
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2.3. CAPITULO 3 - SILVA BRUM, L.F., EMANUELLI, T., SOUZA, D.O.,
ELISABETSKY, E. Effects of linalool on glutamate release and
uptake on mice cortical synaptosomes. Em fase de revisdo pelos
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ABSTRACT

Linalool, a monoterpene compound prevalent in essential oil of plant species traditionally
used as sedatives, has been characterized as anticonvulsant in several experimental
models. The mechanism of action includes inhibition of glutamate binding to brain
cortical membranes. In this study, we investigated the effect of linalool on [*H]glutamate
release (basal and potassium-induced) and uptake on mice cortical synaptosomes.
Linalool significantly reduced potassium-stimulated glutamate release as well as
glutamate uptake, not interfering with basal glutamate release. The data suggests that
linalool anticonvulsant activity could involve inhibition of seizuring activity by limiting

further glutamate release from depolarizing nNeurons.

KEY WORDS: linalool, anticonvulsants, glutamate, uptake, release
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INTRODUCTION

Although the majority of epileptic patients are adequately treated with well established
anticonvulsant drugs, the need for more effective drug treatments, as well as true
antiepileptic approaches, remains as a genuine necessity for as much as one forth of
affected patients. Linalool, a monoterpene commonly found in essential oils, is present in
several traditional medical remedies used for sedative and anticonvulsant purposes
(Elisabetsky et al., 1995). It possesses a broad spectrum of action in mice experimental
epilepsy models, including protection against pentylenetetrazol, picrotoxin, and
electroshock induced convulsions (Elisabetsky et al., 1995; Barros and Elisabetsky,
1996).We also reported that linalool interferes with glutamate function in vivo, delaying
sc NMDA-induced convulsions and blocking i.c.v. quinolinic acid convulsions
(Elisabetsky et al., 1999). Relevant to its mechanism of action, linalool behaves as a
competitive antagonist of L- [°H] glutamate binding, and as a non-competitive antagonist
of [PH]JMK801 (NMDA antagonist) binding in brain cortical membranes pointing to a
modulation of glutamatergic transmission (Elisabetsky et al., 1999; Silva Brum et al.,
1999).

The excitatory glutamatergic system has long been postulated to be involved in the
etiology of at least some forms of human and experimental epilepsy (Bradford, 1995). In
fact, the NMDA receptor complex is though to play key roles on epileptic phenomena,
including genesis (Dingledine et al., 1986), initiation and propagation of seizure activity
(Dingledine er al., 1990; Chapman, 1998). Considering that seizures in experimental
models can be induced by activation and suppressed by inhibition of glutamate receptors,

particularly NMDA (Rogawiski, 1992; Dichter, 1997), it has been proposed that a high
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extracelular glutamate level subsequent to excessive release and/or altered glutamate
uptake is epileptogenic (Lipton and Rosenberg, 1994).

In order to further clarify the pharmacodynamic basis of linalool anticonvulsant
properties, we investigated the effects of linalool on both release (basal and potassium-
induced) and uptake of [*H]glutamate from synaptosomes obtained from mice cerebral

cortex.

EXPERIMENTAL PROCEDURE

Drugs and reagents. (+)Linalool (dl-3,7-dimethyls-3-hydroxy-1,6-octadiene, 95-97%
purity) was purchased from Aldrich Chemical Co. (catalog number 1.260-2) and
solubilized in Tween (80 Polisorbate, 25%). Glutamate was purchased from Merck and
L-[*H]glutamate from Amersham.

Animals: Male adult albino mice, strain CF-1, from Instituto de Pesquisas Biologicas
(Porto Alegre, Brazil) were used throughout the study. The animals were kept on a 12
light/dark cycle, at 22 + 1 °C, with free access to food (Nuvilab CR1) and water. All
procedures were carried out according to institutional policies on experimental animals
handling.

[PH]Glutamate release: Cortical synaptosomes were prepared on a discontinuous
Percoll gradient according to Migues et al., 1999. Protein concentration was measured
according to the method of Lowry ef al., 1951. The synaptosomal preparation was
incubated in HBSS (Hepes buffered salt solution, mM composition: HEPES 27, NaCl
133, KC12.4, MgSO, 1.2, KH,PO, 1.2, glucose 12, CaCl, 1.0) for 15 min at 37°C in the
presence of [°H] glutamate (Amersham, specific activity 53 Ci/mmol, final concentration

5 x 107 mM). Aliquots of labeled synaptosomes (1.4 mg protein) were centrifuged at
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16,000 g for 1 min. Supernatants were discarded and the pellets were washed four times
in HBSS, and centrifuged at 16,000 g for 1 min. The final pellets were resuspended in
HBSS and incubated for 1 min at 37°C in the following conditions: absence of linalool
(blank), tween (25%), linalool (1.0 and 3.0 mM in tween 25%) in the absence (basal
glutamate release) or presence of high depolarizing medium (40 mM KCI), for
potassium-stimulated glutamate release measurements. Incubation was completed by
centrifuging (16,000 g, 1 min), and supernatants and pellets separately resuspended with
milli-Q water. Radioactivity counting was processed in WALLAC scintillation counter.
The released [’H] glutamate was calculated as a percentage of the total amount of
radiolabel present at start of the incubation period.

[*H]Glutamate uptake: Cortical synaptosomes were prepared on a discontinuous
Percoll gradient according to Nagy & Delgado-Escueta, 1984. Protein concentration was
measured according to the method of Lowry et al., 1951. The synaptosomal preparation
was washed in 15 mM Tris/Acetate and 0.3 M sucrose buffer (pH 7.4), centrifuged at
27,000 g for 20 min. The final pellet was resuspended in 15 mM Tris/Acetate and 0.3 M
sucrose buffer, and incubated for 1 min at 37°C in HBSS (Hepes buffered salt solution,
mM composition: HEPES 24, NaCl 119, KC1 2.1, MgSO, 1.08, KH,PO, 1.08, glucose
10.8, CaCl, 0.9) loaded with [*H]glutamate (final concentration 1 uM) in the following
conditions: absence of linalool (blank), tween (25%), in the presence of linalool (0.1 -
3.0 mM in tween 25%). The reaction was stopped by filtration through GF/B filters,
followed by 3 washes with 3 ml of ice-cold 15 mM Tris/Acetate and 155 mM AcNH,"
buffer. Radioactivity retained on the filters was measured by WALLAC scintillation

counter. Specific glutamate uptake was calculated as the difference between the uptake
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performed in the incubation medium described above and the uptake performed in
similar incubation medium without Na*,

Measurement of the Lactate Dehydrogenase (LDH): In order to evaluate the integrity
of the synaptosomes after incubation with linalool (1.0 and 3.0 mM) for 1 min, the LDH
activity in the incubation medium was assayed spectrophotometrically using an assay kit
(Doles Reagentes, Brazil).

Statistical analysis: Statistical significance was assessed by ANOVA followed by

Duncan’s multiple range test.

RESULTS

Figure 1 shows the effects of linalool on [°H]glutamate release: linalool (1.0 and
3.0mM) had no effect on the basal [*H]glutamate release (Fig.1A) but inhibited (31.3%)
the potassium-stimulated [*H]glutamate release (p < 0.01) (Figure 1B). Linalool
significantly decreased the [*H]glutamate uptake by mice cortical synaptosomes in a
dose-dependent manner, as shown in Figure 2 (ICs¢=1.50 + 0.08 mM).
Synaptosomes incubated with linalool (3.0 mM) for up to 15 min showed no significant

leakage of the cytosolic marker LDH (data not shown).

DISCUSSION

The essential role of glutamate transmission in seizure phenomena has been thoroughly
documented (Bradford, 1995; Chapman, 1998). There are several potential sites at which
glutamatergic excitation can be modulated eventually attenuating epileptic phenomena
(Dingledine et al., 1991; Meldrum, 1992; Dichter, 1997). Nevertheless, in practice only

two approaches appear to be of consequence in the suppression of seizures: to act post-
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synaptically on receptors to decrease glutamate-induced excitability, and to decrease
extracelular glutamate availability (by inhibition of glutamate release or increment of its
uptake) (Meldrum, 1996).

In this study, we investigated the effect of linalool in both release (basal and potassium-
induced) and uptake of [*H]glutamate by synaptosomes of mice cerebral cortex. Results
showed that linalool did not interfere with basal glutamate release but significantly
reduced glutamate release potassium-stimulated from synaptosomes. Linalool notably
inhibited neuronal glutamate uptake.

Basal glutamate release is related to the release of cytoplasm glutamate, mainly due to
the inversion of the membrane glutamate transporters (consequent to the dilution of
preloaded synaptosomes in a glutamate free medium). Potassium-stimulated glutamate
release concern glutamate stored in vesicles, in addition to cytoplasm glutamate. The
pattern of restraint glutamate release induced by linalool may be of relevance to its
anticonvulsant properties: glutamate release would be restrained while seizure is taking
place, therefore interfering with seizure maintenance and spreading.

NMDA blockade is known to result in inhibition of glutamate release (Srinivasan et al,
1995) and linalool behave as NMDA antagonist (Silva Brum et al., 1999). Nevertheless,
the methodology here used evaluates glutamate extrusion directly by NMDA free
synaptosomes. Therefore, NMDA antagonism is unlikely to explain the observed
inhibition of glutamate release. Drugs known to inhibit glutamate release through
mechanisms other than NMDA inhibition include lamotrigine, phenytoin, carbamazepine
(Leach et al., 1986).

Linalool markedly (around 90%) inhibited the uptake of glutamate. Such inhibition

could lead to an increase in extracelular levels of glutamate which facilitates seizure.
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The fact that this frame is in contrast with the anticonvulsant profile of linalool in vivo,
suggests that the effects of linalool on glutamate uptake is not a relevant event in vivo. In
fact, it has been difficult to evaluate the actual impact of increases on extracelular
glutamate level on glutamate transmission. Massieu et al., (1995) showed that
accumulation of extracelular glutamate by inhibition of its uptake is not sufficient for
inducing neuronal damage irn vivo. Moreover, seizures are not necessarily accompanied
by increased extracelular glutamate levels (Obrenovitch et al, 1996), although increased
levels certainly contribute to seizure activities. In view of the in vivo anticonvulsant
profile established for linalool in mice and its traditional use in humans (Elisabetsky ef
al., 1995; Elisabetsky et al., 1999), it is fair to conclude that inhibition of neuronal uptake
seems to be irrelevant for its overall anticonvulsant activity.

Activation of NMDA receptors results on glutamate release and further initiates a
positive feedback resulting on more glutamate release (Srinivasan et al, 1995). Previous
studies indicafed that linalool activity involves NMDA receptors (Elisabetsky et al, 1999;
Silva Brum et al., 1999). Concerning glutamate transmission, it can therefore be argued
that the anticonvulsant efficacy of linalool, is likely to be consequent to its effect on

NMDA receptors complemented by a inhibitory effect on glutamate release.
Acknowledgments
This study was supported by CNPq and PRONEX. The authors wish to thank Mirna

Bayni Leal for important contributions to this study.

BIBLIOGRAPHY



53

Barros, D.M., Elisabetsky, E.: Atividade anticonvulsivante do linalol em convulsées
induzidas por picrotoxina e estricnina. IN: Annals of the XIV Simpdsio de Plantas
Medicinais do Brasil. Floriandpolis, p.120, EDEME, Florianopolis, Brazil, 1996.

Bradford, H.F.: Glutamate, GABA and Epilepsy. Prog. Neurobiol. 47: 477-511, 1995.

Chapman, A.G.: Glutamate receptors in epilepsy. Prog Brain Res. 116: 371-383, 1998.

Dichter, M. A.: Basic mechanisms of epilepsy: targets for therapeutic intervention.
Epilepsia 38(Suppl 9): S2-S6, 1997. ;

Dinglendine, R., Hynes, M.A., King, G.L.: Involvement of N-methyl-D-aspartate
receptors in epileptiform bursting in the rat hippocampal slice. J. Physiol. 380: 175-
189, 1986.

Dinglendine, R., McBain, C.J., McNamara, J.O.: Excitatory amino acid receptors in
epilepsy. Trends Pharmacol. Sci. 11: 334-338, 1990.

Dinglendine, R., McBain, CJ., McNamara, J.O.: Excitatory amino acid receptors in
epilepsy therapy. Trends Pharmacol. Sci. 11: 49-53, 1991.

Elisabetsky, E., Silva Brum, L.F., Souza, D.O.: Anticonvulsant properties of linalool on
glutamate related seizure models. Phytomedicine 6(2): 113-119, 1999.

Elisabetsky, E., Souza, G.P.C., Santos, M.A.C., Siqueira, I.R., Amador, T.A.: Sedative
properties of Linalool. Fitoterapia 15(5): 407-414, 1995.

Leach, ML.J., Marden, C.M., Miller, A.A.: Pharmacological studies on lamotrigine, a
novel potential antiepileptic drugs: II. Neurochemical studies on the mechanism of
action. Epilepsia 27(5): 490-497, 1986.

Lipton, S.A., Rosenberg, P.A.: Excitatory amino acids as a final common pathway for
neurologic disorders. N. Engl. J. Med. 330(9): 613-622, 1994.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J.: Protein measurement with the
Folin phenol reagent. J. Biol. Chem. 193: 265-275, 1951.

Massieu, L., Morales-Villagran, A., Tapia, R.: Accumulation of extracellular glutamate
by inhibition of its uptake is not sufficient for inducing neuronal damage: as in vivo
microdialysis study. J. Neurochem. 64(5): 2262-2272, 1995.

Meldrum, B.S.: Excitatory amino acids in epilepsy and potential novel therapies.
Epilepsy Res. 12: 189-196, 1992.

Meldrum, B.S.: Update on the mechanisms of action of antiepileptic drugs. Epilepsia
37(6): 4-11, 1996.



54

Migues, P.V., Leal R.B., Mantovani, M., Nicolau, M., Gabilan, N.H.: Synaptosomal
glutamate release induced by the fraction Bc2 from the venom of the sea anemone
Bunodosoma caissarum. NeuroReport 10: 67-70, 1999.

Nagy, A., Delgado-Escueta, V. Rapid preparation of synaptosomes from mammalian
brain using nontoxic isoosmotic gradient material (percoll). J. Neurochem. 43, 1114-
1123, 1984.

Obrenovitch, T.P., Urenjak, J., Zilkha, E.: Evidence disputing the link between seizure
activity and high extracellular glutamate. J. Neurochem. 66(6): 2446-2454, 1996.

Rogawski, M.A.: The NMDA receptor, NMDA antagonists and epilepsy therapy: A
status report. Drugs 44: 279, 1992.

Silva Brum, L.F., Elisabetsky, E., Souza, D.: Effects of linalool on [’HJMK801 and
[*H]Muscimol binding in mice cortex membranes. Phytotherapy Res. 1999.
(submitted)

Srinivasan, J., Richens, A., Davies, J.A.: The effect of the desglycinyl metabolite of
remacemide hydrochloride (FPL 12495AA) and dizocilpine (MK-801) on endogenous
amino acid release from mouse cortex. Br. J. Pharmacol. 116: 3087-3092, 1995.



55

40

A
k] 30
o
E
E
=2
2
é 20 +
= — - i
e %
&
e
< 10 | / /
0 /A ﬁ
Control Tween Lin1.0 Lin 3.0
40
B
— — A K+
.;g 30 L .
: - -
0 7
2 20 //
4
8 /
@O
o
e 10 F /
0 A 4
Control Tween Lin1.0 Lin 3.0

Figure 1. Effects of linalool on the release of [’H]glutamate from mice cortical

synaptosomes. (A) basal release and (B) potassium-stimulated release. Glutamate release
is expressed as a percentage of synaptosomes total radioactivity content. Data are mean +
SEM from 4 independent experiments performed in triplicate. ** = p<0.01,

ANOV A/Duncan.
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Figure 2. Effects of linalool on [*H]glutamate uptake. Synaptosomes were incubated in
the absence or presence of linalool (0.1, 0.3, 1.0 and 3.0 mM). [*H]glutamate uptake is
expressed as pmol/min/mg of protein. Data are mean + SEM from 4 independent

experiments performed in triplicate. * = p<0.05 and ** = p<0.01, ANOVA/Duncan.
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ABSTRACT. 1. Glutamate seems to play a central role in epilepsy, and kindling is considered the
most useful experimental model in revealing plastic changes associated with epileptic features.

2. The aim of this study was to optimize pentylenetetrazol (PTZ)-kindling conditions in mice and
analyze glutamatergic changes associated with this phenomena.

3. A significant increase (85.7%) in seizuring animals was observed after four PTZ administra-
tions, with all subjects presenting full seizures after five administrations.

4. PTZ kindling, but not acute seizure, significantly increased (169.8%) the specific binding of

PH]glutamate in the cerebral cortex.

5. The development of PTZ-induced kindling in mice was prevented by the coadministration of

phenobarbital or diazepam.

6. This study indicates that mice can be used in a reliable model of PTZ-induced kindling and that,
as in rats, the kindling increases the specific [’H]glutamate binding in the cerebral cortex, therefore
allowing for screening new drugs that can interfere in the plastic changes believed to underlie epileptic
phenomena. GEN PHARMAC 31;1:47-50, 1998. © 1998 Elsevier Science Inc.

KEY WORDS. Binding, kindling, mice, pentylenetetrazol, glutamate, anticonvulsants

INTRODUCTION

Kindling has been defined as the process whereby repeated applica-
tions of subconvulsive electrical or chemical stimuli to animals lead
to an increase in convulsive activity, resulting in generalized seizures
{Goddard, 1967; Goddard et al, 1969; Schoder et al., 1993). The
kindling-induced enhanced seizure activity is understood ro indicate
a long-lasting alteration of the ncuronal cxcitability, which can be
regarded as suggestive of neuronal plasticity (Cain, 1989). As an ep-
ilepsy experimental model associating neuronal plasticity and sei-
zures, kindling is unique in providing opportunities to study the abil-
ity of drugs to modify these progressive changes. Such ability may
be due to the underlying mechanisms of drug action on seizure de-
velopment (Albertson et al., 1981).

Electrical kindling in rats has become a widely employed tech-
nique for studying seizure mechanisms and is considered to be a use-
ful experimental seizure model. An increased susceptibility of rats to
pentylenetetrazol (PTZ) seizures after repeated injections of this
drug was first observed in 1941 (Sacks and Glaser, 1941). PTZ kin-
dling therefore provides a means for studying a persistent decrease
in seizure thresholds, although this method has been much less uti-
lized than the electrical kindling. There are few studies using chemi-
cal kindling in mice (Karler et al., 1984, 1989; Piredda et al. 1986).
Earlier investigators questioned the soundness of PTZ-kindling in
mice, suggesting age as a major factor in decreasing seizure threshold
(Craig and Colasanti, 1989). Advantages in working with mice
rather than rats include the possibility of testing cornpounds available
in limired amounts, such as in the study of natural products or large
screening programs or both (Kupferberg, 1989; Swinyard et al. 1986).

*To whom carrespondence should be addressed.
Received 24 March 1997; accepted 3 October 1997.

Concerning the transmitter systems in neuronal plasticity, much
attention has been focused on excitatory amino acids, especially on
glutamate. Under pathological conditions such as acute (hypoxia,
ischemia, hypoglycemia and seizures) and chronic {neurodegenera-
tive diseases) insults, an excessive release of glutamate results in neural
injury and cell death (1.ipton and Rosemberg, 1994). Snidies concem-
ing the neural excitotoxicity have indicated that glutamate plays cru-
cial roles in the initiation, spread and maintenance of epileptic activity

(Dingledine et al., 1990; Meldrum, 1994).

In this study, we determined conditions to optimize PTZ kindling
in mice. We evaluated the effects of age and those of diazepam and
phenobarbital on seizure threshold. In addition, the changes in glu-
tamate receptors in the kindling phenomenon was accessed by de-
termining glutamate-specific binding at cortex membranes of PTZ-
kindled mice in comparison with naive and acutely treated animals.

METHODS
Animals

Male SR-1 mice, 25-30 g, were used throughout the experiments.
They were housed at 20+ 2°C, maintained on a 12-hr light—dark cy-
cle, with food and water ad libitum. All procedures were cartied out
according to institutional policies on experimental animal handling.

Behavioral studies

PTZKINDLING. Animals (8 weeks old at the start of the experiment)
were divided into three groups. Each trearment consisted of two
drug administrations. All groups received saline intraperitoneally
and, 30 min later, one of the following subcutaneous injections:
(group 1) saline, (group 1I) 40 mglkg PTZ and (group 1II) 60 mg/kg
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FIGURE 1. Percentage of mice presenting seizures with score
=3 after repeated PTZ (60 mg/kg, SC) administration, n=14.
¥=P<0.05 and **=P<0.01, Fisher.

PTZ. These treatments were repeated once every third day, in a to-
tal of six weatments. Injections (0.1 ml/10 g) were given between
7:00 and 11:00 a.m.

After each PTZ injection, animals were placed in acrylic observa-
tion chambers for 30 min, and behavioral seizure activity was rated
according to the following scale [adapted from lto et al. (1977)]: 0,
no convulsive behavior; 1, playing piano; 2, clonic forelimb convul-
sions lasting less than 3 sec; 3, clonic forelimb convulsions lasting
more than 3 sec; 4, generalized convulsions with tonic extension ep-
isodes and full status epilepticus; 5, death. Kindling was considered
to be established if the animal presented seizures of rate =3.

EFFECTS OF ANTICONVULSANTS ON PTZ KINDLING. Animals (8
weeks old ar the start of the cxperiment) were divided into four
groups {n=10-14). As in the first experiment, each treatment con-
sisted of two drug administrations, repeated once every third day, in
a total of six treatments. The first [P injection was as follows: Group
1, 10 mg/kg phenobarbital; Group I1, saline (phenabarhiral vehicle);
Group I, .5 mg/kg diazepam; Group IV, propylenoglycol (PPG,
diazepam vehicle). Thirty minutes after the IP treatment, all groups
received 60 mg/kg of PTZ subcutaneously. Epileptic behavior was
evaluated as above.

EFFECT OF AGE ON SEIZURE THRESHOLD TO PTZ. The effect of age
on the scizure threshold was evaluated by using animals 3, 8, 11, 18
and 28 weeks of age. Animals received saline intraperitoneally and,
30 min later, a single dose of PTZ (60 mg/kg SC). Seizures were
evaluated as in the kindling experiment.

Binding studies

MEMBRANE PREPARATION. Twenty-four hours after the last injec-
tion (PT7. or saline), animals were decapitated, and the brains were
rapidly removed. The cerebral cortex was dissected and used for the
biochemical studies. Membranes were prepared as described else-
where (Elisabetsky et al., 1995). The cerebral cortices were homoge-
nized {20:1 v:iw) in 0.32 M sucrose containing 10 mM Tris/KCl
buffer, pH 7.4, and 1 mM MgCl,. All steps were carried out at 4°C.
The homogenate was centrifuged twice at 1,000g for 15 min and the
final pellet discarded. Both supernatants were pooled and centri-
fuged at 27,000g for 15 min. The supematant was discarded and the
peller was lysed (20:1 v:w) for 30 min in 10 mM TrisfHCI buffcr,
rH 7.4. The lysed pellet was washed three times with lysing buffer
(20:1 v:w) by centrifuging at 27,000g for 15 min. Supernatants were
discarded and the final pellet was used for the experiments.
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Binding of [PH]glutamate

For measurement of the specific binding of ['H]glutamate, mem-
branes (100 pg of protein) were incubated at 30°C for 15 min in 50
mM Tris/KCl buffer, pH 7.4, and 40 nM of PH]glutamate, in a final
volume of 0.5 ml. The reaction was interrupted by cooling the rubes
and a further centrifugation for 20 min ar 27,000g. The supernatant
was discarded. The walls of the tubes and the surface of the pellets
were quickly and carefully rinsed with cold distilled water. The pel-
lets were processed for radioactivity measurement in cintilador
Beckman. To determine the specific binding of [’H]glutamate, each
experiment was processed with parallel control tubes containing
[Hlglutamate, in the presence of 1,000 times of the amount of non-
labeled glutamate. Specific binding was defined as the difference in
PHlglutamate binding between tubes without (total binding} and
with (nonspecific binding) unlabeled glutamate in excess concen-
tration.

To evaluate changes in glutamate binding associated with PTZ-
induced kindling, we studied acute and chronically PTZ treated ani-
mals. To comparc chronically applicd PTZ (kindlcd micc) with acutcly
induced convulsions, mice were given a single subconvulsive dose (60
mg/kg of PTZ, SC) or a single convulsive dose (88 mg/kg PTZ, SC).
Only mice presenting score = 3 convulsions were selected for binding
assays, always carried our 24 hr after the last PTZ administration.

RESULTS
PTZ kindling

The behavioral seizute activity as established by PTZ-induced kin-
dling in mice can be seen in Figure 1. With a single PTZ (60 mg/
kg) injection 21.4% of the animals presented seizures with score =
3. A significant increase in the percentage of seizuring animals oc-
curred after the third PTZ injection. Repeated administration of sa-
line alone or PTZ 40 mg/kg failed to induce convulsions with scores
23 ar any point of the study {data not shown).

Effects of anticonvulsants on PTZ kindling

The ability of anticonvulsants to counteract PTZ kindling is shown at
Tigure 2. The development of PTZ-induced kindling was prevented by
coadministration of phenobarbital (10 mg/kg) and diazepam (0.5 mg/kg).

Effect of age on seizure threshold 1o PTZ

Figure 3 shows the effect of age on PTZ seizure threshold in mice.
Figure 3a shows that a significant increase in the percentage of seiz-
uring animals with acute adminsitration occurs only after 28 weeks.

% of convulsion

number of treatments

FIGURE 2. Protective effects of phenobarbital [A}{diluted in sa-
line), saline alone [#] and diazepam [X](diluted in propylenegly-
col) propyleneglycol alone [M] on PTZ kindling in mice. n=10-
14. #**=P<0.01, Fisher compared with respective control.
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FIGURE 3. Effect of age on PTZ-induced convulsions. {(a) Per-
centage of seizuring animals acutely treated with PTZ (60 mg/kg,
SC). *=P<0.05, Fisher. (b) Percentage of 11-week-old mice pre-
senting convulsions after acute or chronic (kindled) PTZ (60 mg/
kg, SC) administration. *¥=P<0.01, Fisher.

Figure 3b presents the percentage of seizuring mice at 11 wecks of
age, acutely or chronically (kindled) treated with PTZ.

Binding studies

Table 1 presents L-[*H]glutamare-specific binding (pmol/mg pro-
tein) in the cortex membrane of PTZ acutely treated or kindled
mice. At a ligand concenrrarion of 40 nM, the specific L-PH]gluta-
mate binding to the cerebral cortcx membrane of kindled mice was
significantly increased compared with groups treated with saline and
with the group of convulsing animals acutely treated with PTZ.

DISCUSSION

PTZ kindling is a procedure of chemical kindling in which the re-
peared administration of this compound causes a progressive in-
crease in the excitability of the central nervous system so that the
threshold for generalized convulsions decreases over time (Corda et
al., 1990). Therefore, repeated administrations of otherwisc subcon-
vulsant doses lead to generalized seizures. The neurophysiological

TABLE 1. Effect of PTZ kindling, acute convulsive PTZ (88.0
mg/kg, SC) and acute subconvulsive PTZ (60 mg/kg, SC) on
L-[*H]glutamate-specific binding in cortex membrane of mice

L-[’H]glutamate binding

Treatment n (pmol/mg protein)
Naive 6 1.16 = 0.04
PTZ kindling 6 3.13 + 0.62%*
PTZ acute 60 mg/ke 6 1.45 = 0.04
PT7 acute 88 mg/kg 3 1.59 + 0.23

Binding assays performed 20 h after the last drug administation. Data ex-
pressed as mean = SE. **P < 0.01, analysis of variance.
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basis and ncurochemical correlates of the kindling phenomena still
lack complete elucidation. PTZ-induced kindling has been reported
to be associated with a reduction in y-aminobutyric acid-mediated
neurotransmission in the central nervous system (Corda et al., 1990;
Giorgi et al., 1991). Numerous studies have shown that N-methyl-
p-aspartate subtype of glutamate receptors plays an important role
in experimental epilepsy and kindling {McNamara et al., 1988;
Morimoto, 1989; Vezzani et al., 1988).

Here we reported that rcpeatcd administration of 60 mglkg of
PTZ effectively induces kindling in mice (Fig. 1). Like that reported
by Craig and Colasanti (1989), our study detected an age-dependent
decrease in PTZ threshold. Nevertheless, the effect of age was not
detected in mice younger than 18 weeks, and it became significant
only after 28 weeks of age. Because significant expression of kindled is
scen already with 11-week old animals (Fig. 3a and b), this study con-
tradicts previous considerations in regard to the use of mice as reliable
subjects for PTZ kindling {Craig and Colasanti, 1989). In conclusion,
our data show a correlation between the behavioral expression of kin-
dling and an increse in PH]glutamate binding in mice cortex mem-
branes, as previously reported for rats (Schéder et al., 1993).

Kindling in mice can play an important role in the context of
screening new drugs that cold interfere with the plastic changes be-
lieved to underlie epileptic phenomena.

This work was supported by grants from CNPg.
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ABSTRACT

Kindling provides a suitable means for quantifying epileptogenesis as well as
investigating neurochemical changes associated with neuronal plasticity that leads to
seizuring conditions. The aim of this paper was to investigate antiepileptogenic
properties of phenobarbital, focusing on the neurochemical changes associated with PTZ-
kindling in mice. Phenobarbital (10 mg/kg) significantly diminished the severity of
seizures induced by PTZ-kindling. PTZ-kindling was associated with an increase in
glutamate binding sites (Bmax 196.6 + 10.2 pmol/mg in comparison to control By 137.7
1 17.0 pmol/mg). In addition, phenobarbital prevented the kindling-induced increase in
binding sites (Byax 133.7 + 11.4 pmol/mg). These data reveals an interesting capability of
phenobarbital in interfering with the establishment of both the behavioral expression and
associated neurochemical changes of the kindling process, which may be important in the

context of preventing epileptogenesis.

Key Words: antiepileptogenic, glutamate binding, kindling, pentylenetetrazol,

phenobarbital
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INTRODUCTION

Pharmacotherapy of epilepsy utilizes chronic administration of anticonvulsants with the
intent to prevent the occurrence of convulsive seizures. Nevertheless, no effective
prophylaxis or pharmacotherapeutic cure of epilepsy is currently available (17, 29).
Efforts to intervene in the development of epilepsy - epileptogenesis - are in place in the
case of patients with brain injury (i.e., through administration of phenytoin and/or
carbamazepine) (8, 15, 26). It has been argued that preventing epileptogenesis would
obviate the need for chronic anticonvulsant drug, and that the use of drugs which inhibit
the progression of an epileptic condition would be preferable for patients where epilepsy
arises months after initial brain injury (22).

Specific knowledge about epileptogenesis as initiated by trauma, fever, or genetic
factors may share new light regarding methods for prophylaxis. Investigations with
various animal models have provided experimentalbevidences for the heterogeneity of
events inherent to epileptogenesis; in addition, useful data were provided in clarifying the
putative mode, mechanisms and sites of action of chemical agents on epileptogenesis and
seizures (23-25, 27). Kindling, an in vivo chronic model of epilepsy in which an epileptic
state gradually develops, provides an appropriate approach for quantifying
epileptogenesis (16, 22).

Pentylenetetrazol(PTZ)-kindling refers to a process whereby the repeated
administration of subconvulsive doses of this compound lead to a progressive decrease in
seizure threshold, resulting in generalized seizures (9). Once established, such decrease
in seizure threshold appears to be permanent for the life of the animal (11, 22). Kindling
therefore allows for evaluating nelironal plasticity associated with long term alterations in

neural excitability (3), and PTZ-kindling has been associated with a permanent increase
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in glutamate binding (18, 19).

Phenobarbital has long been used in the clinic for its antiseizure properties and its
therapeutic effectiveness in suppressing the spread of epileptiform seizure activity in the
human brain (5, 13). Phenobarbital is relatively nonselective and efficacious in various
animal models, inhibits clonic-tonic seizures evoked by electroshock or PTZ, and is able
to suppress both electrophysiological and behavioral effects induced by electrical or
chemical kindling in rats (1, 30). Phenobarbital also appears to exhibit antiepileptogenic
activity on amygdala-kindling in rats, although at doses associated with ataxia and
lethargy (22). In addition, we have recently reported that phenobarbital prevents the
development of PTZ-induced kindling in mice (21).

The aim of this paper was to investigate the neurochemical changes associated with
phenobarbital activity on PTZ-kindling in mice, in the context of the antiepileptogenic
and anticonvulsant properties of phenobarbital.

MATERIALS AND METHODS

Animals: Male CF1 mice, 25-30 g, were used throughout the experiments. Mice were
kept at 20 + 2°C, maintained on a 12-hr light-dark cycle, with food and water “ad
libitum”. All procedures were carried out according to institutional policies on the
handling of experimental animals.

" Drugs and reagents: Phenobarbital was purchased from Sigma. L-[’H]Glutamate was
purchased from Amersham. Glutamate was purchased from Merck. All other reagents
were of analytical grade.

Behavioral Studies: The procedure is reported in detail elsewhere (21). Animals (8
weeks old at the start of the experiment) were divided into three groups. Each treatment

consisted of two drug administrations repeated once every third day, in a total of six
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treatments (16 days). Animals were given i.p. injections of 10 mg/kg phenobarbital
(Group I; n=11) or its vehicle (saline solution; group II; n=12) 30 minutes prior to
convulsive stimuli (60 mg/kg of PTZ, s.c.). Following each PTZ injection, mice were
placed individually in acrylic observation chambers for 30 minutes and behavioral
seizures rated according to the following scale: (0) no convulsive behavior; (1) playing
piano; (2) clonic forelimb convulsions lasting less than 3 seconds; (3) clonic forelimb
convulsions lasting more than 3 seconds; (4) generalized convulsions with tonic
extension episodes and full status epilepticus. Kindling was considered to be established
if the animal presented clonic convulsions lasting more than 3 seconds. A control group
(Group III; n=12) consisted of seizure naive mice that were treated as experimental
groups I and II, except that both injections consisted of saline solution.

Following the 6th treatment (day 16), with fully developed kindling, animals were given
a 2-week rest. A further PTZ (60 mg/kg, s.c.) administration was given alone on day 31,
and mice were observed as above. Twenty-four hours after the last testing day mice were
decapitated, brains rapidly removed and cerebral cortices dissected and used for the
[PH]glutamate binding assay.

Neurochemical studies

Membrane Preparation: Membranes were prepared as described by Emanuelli et al.,
1998 (6). The cerebral cortices were homogenized (20:1 v:w) in 0.32 M sucrose
containing 10 mM Tris/HCI buffer (pH 7.4) for [*H]glutamate binding and 1 mM MgCl,.
All steps were carried out at 4°C. The homogenate was centrifuged twice at 1,000 x g for
15 min and the final pellet discarded. Both supernatants were pooled and centrifuged at
27,000 x g for 15 min. The supernatant was discarded and the pellet was lysed (20:1 v:w)

for 30 min in 10 mM Tris/HCI buffer (pH 7.4). The lysed pellet was washed three times
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with lysing buffer (20:1 v:w) by centrifuging at 27,000 x g for 15 min. Supernatants were
discarded and the final pellet was frozen at —~70°C for at least 24 h. On the day of binding
assay, the membranes were rapidly thawed in a water bath (37°C), homogenized with 3
volumes of 10 mM Tris/HCI (pH 7.4), and centrifuged at 27,000 x g for 15 min. The
resulting pellet was resuspended in the same buffer, pre-incubated at 37°C for 30 min
and centrifuged at 27,000 x g for 15 min. The pellet was washed three times in 3 volumes
of'the 10 mM Tris/HCI (pH 7.4), and centrifuged at 27,000 x g for 15 min. The final
pellet was resuspended in the same buffer in order to yield a protein concentration of 1-2
mg/ml and was used for binding assays. Protein concentration was measured according to
method of the Lowry et al., 1951 (10).

Binding of FHJglutamate: For measurement of [’H]glutamate binding, studies were
carried out using ligand concentrations in the range from 40 to 3000 nM. [*H]glutamate
was incubated with 100 pg of membrane in 50 mM Tris/HCI buffer (pH 7.4) at 30°C for
15 min, in a final volume of 0.5 ml. The reaction was interrupted by centrifugation for
20 min at 27,000 x g. The supernatant was discarded. The walls of the tubes and the
surface of the pellets were quickly and carefully rinsed with cold distilled water. The
pellets were processed for radioactivity measurement in cintilador Beckman scintilation
counter. In order to determine specific binding of [’H]glutamate, each experiment was
processed with parallel control tubes containing [PH]glutamate in the presence of 1,000
times the amount of non-radioactive glutamate. Specific binding was defined as the
difference of [*H]glutamate binding between tubes without (total binding) and with (non-
specific binding) an excess amount of unlabeled glutamate.

Statistical Methods: Differences in percentage of mice presenting seizures with duration

> 3 seconds were evaluated by Fisher’s Exact test. Differences in seizure scores were
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evaluated by non-parametric Kruskal-Wallis analysis. Statistical significance was defined
as p < 0.05. Dissociation constant (K4) and maximal number of specific binding sites
(Bmax) values were estimated by Scatchard analysis. Binding values were compared by
means of two way ANOVA followed by Duncan test.

RESULTS

Phenobarbital significantly inhibited the development of PTZ-kindling (figure 1)
(p<0,01, Fisher). The mean seizure score at day 16 was: zero in naive animals, 3.3 + 0.2
in control mice and 1.5 % 0.3 in mice treated with phenobarbital (p<0,01, Kruskal-Wallis)
(figure 1A). As shown in Figure 1, two weeks after completion of kindling the induced
epileptic status persisted in untreated subjects. Likewise, the antiepileptogenic effect of
phenobarbital remained significant (p<0,05, Fisher). Regarding scores on day 31, the
saline-treated group’s mean score was 3.4 + 0.2 whereas the phenobarbital treated
group’s mean score was 1.8 £ 0.3 (p<0,01, Kruskal-Wallis).

Under the incubation conditions used in this study binding of [’H]glutamate to cortex
membranes from naive rr1i¢e is similar to previously published studies (21), a Byax value
0f 137.7 + 17.0 pmol/mg a K4 value 0£916.3 + 96 nM. PTZ-kindling significantly
increased [*H]glutamate binding (Bmax 196.6 + 10.2 pmol/mg; p<0,01) without affecting
K4 (953.9 + 26.0 nM). Co-administration of 10 mg/kg phenobarbital prevented the PTZ-
induced increase in [*H]glutamate binding (Bpayx 133.7 + 13.0 pmol/mg) without
interfering with its affinity (K4 914.2 + 81.0 nM) (Figure 2).

DISCUSSION

Our data confirm previous suggestions from electrically induced kindling in rats (22)

that phenobarbital (10 mg/kg) holds potent antiepileptogenic and anticonvulsant effects.

In the case of PTZ-kindling in mice, phenobarbital is effective in a dose that does not
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induce ataxia or loss of righting reflex.

Kindling is an accepted model of experimental epileptogenesis and reflects an altered
activity of the excitatory glutamatergic synaptic processes. Supporting previous data (18,
21), the density of glutamate binding sites in the cortex was enhanced in response to
PTZ-kindling. Pretreatment with phenobarbital (10 mg/kg) downregulated the PTZ-
induced enhancement of glutamate binding to control levels (naive animals) (Figure 2).

The cellular mechanism through which phenobarbital exerts this antiepileptogenic
action is uncertain. As with other drugs, an enhancement of inhibitory synaptic
transmission (20, 30) and/or inhibition of excitatory synaptic transmission (12) may be
relevant. Impairment of GABAergic inhibition is also thought to play a crucial role in the
processes underlying epileptogenesis in the PTZ-kindling model (4,7), and the well
known effects of phenobarbital in facilitating GABAergic transmission is likely to
contribute to its antiepileptogenic effect in this model.

It is noteworthy that controlled randomized trials show that prophylactic administration
of phenytoin and carbamazepine failed to inhibit the development of posttraumatic
epilepsy (8, 14, 26, 31), drugs that also failed to inhibit development of kindling in
animals (2, 16, 22, 28). If epileptogenesis is dependent upon neural modification
common to PTZ-kindling in mice and some forms of human epilepsy, the properties of

phenobarbital reported here may have meaningful implications for treating epilepsy.
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Figure 1. Mean seizure score (1A) and percentage of kindled animals (figure 1B) of
saline (A) and phenobarbital (M) groups during kindling procedure (days 1-16) and after

two weeks withdrawal (day 31). ** p <0,01, Fisher test.
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Figure 2. Effect of saline (A) and 10 mg/kg phenobarbital (M) on L-[*H]glutamate
binding (40-3000nM) of cortical membranes of mice submitted to PTZ-kindling. Control
(O) mice did not receive PTZ. Values are expressed as pmol/mg of protein. Each point
represents the mean + S.E.M. of three separate experiments determined in triplicate
(pooled tissues from 3-4 mice for each membrane preparation). Statistical analysis
(ANOVA followed by Duncan test) compared binding levels of saline group. *p<0.05,
**p<0.01.
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3. DISCUSSAO

Baseando-se nos eventos fisiopatoldgicos responsaveis pela epilepsia e no
conhecimento dos mecanismos de agdo dos farmacos anticonvulsivantes classicos, o
desenvolvimento racional de novos farmacos anticonvulsivantes tem resultado na
introdugdo de novos farmacos com atividade especifica nos sistemas transmissores
inibitérios ou excitatorios envolvidos na epileptogénese (SABERS & GRAM, 1996).

Estudos clinicos demonstram que 70% dos pacientes epilépticos tém suas crises
satisfatoriamente controladas empregando tratamento monoterdpico com farmacos
anticonvulsivantes classicos (PALMINI, 1993; WIESER, 1994). Em torno de 15% dos
pacientes sdo refratarios & monoterapia e conseguem melhoras no controle das crises
epilépticas com a combinac¢do de farmacos anticonvulsivantes. No entanto, a terapia
geralmente apresenta mais efeitos colaterais (SCHMIDT & GRAM, 1995). Outros 15%
dos pacientes permanecem refratarios ao tratamento com os firmacos anticonvulsivantes
disponiveis, ou o tratamento é pouco efetivo devido a intolerdncia & medicagdo
(MATTSON, 1994). O desenvolvimento de novos farmacos anticonvulsivantes com
maior eficdcia e menores efeitos colaterais tem sido, portanto, um constante desafio.

Linalol é ativo em varios modelos in vivo preconizados para a triagem primadria
visando a identificagdo de novos farmacos antiepilépticos (SWINYARD &
KUPFERBERG, 1985). Entre eles podemos citar convulsdes induzidas por ECC e
compostos quimicos (PTZ, picrotoxina, acido quinolinico, NMDA). Estas propriedades
indicam que a administra¢do do linalol eleva o limiar para convulsdo, e/ou previne a sua

propagacdo, provavelmente por mecanismos envolvendo a modulagdo do sistema
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GABAérgico e/ou glutamatérgico (ELISABETSKY er al., 1995ab; BARROS &
ELISABETSKY, 1996a; MARASCHIN et al., 1996).

Baseados na relevancia da diminui¢o do efeito inibit6rio do sistema GABAérgico,
bem como do aumento na excitabilidade neuronal via sistema glutamatérgico na geragéo,
propagacdo e manutencdo da atividade epileptiforme (BRADFORD, 1995), esta tese
objetivou investigar os modos de interagdo do linalol com estes sistemas transmissores.
Investigou-se o efeito do linalol (a) na unifio especifica de L[*H]glutamato, ["PH]MK 801
(antagonista NMDA) e [*’H]muscimo] (agonista GABA,) em membranas corticais; (b) efeito
do linalo]l na liberagdo e captagdo de L[’H]glutamato em sinaptossomas de cortex de
camundongos e (c) o efeito do linalol no PTZ-kindling.

Os resultados apresentados nesta tese demonstram que: a) uma diminui¢do na
transmissfo excitatoria glutamatérgica (através da inibicdo da liberacdo de glutamato
e/ou bloqueio de receptores glutamatérgicos pos-sindpticos) estd envolvida na atividade
anticonvulsivante do linalol; b) o linalol nfo interfere diretamente na unido de
[PH]muscimol ao receptor GABA,; ¢) o linalol retarda a expressdo comportamental
induzida por PTZ-kindling sem interferir nas altera¢Ges neuroquimicas que acompanham
este fen6meno; d) o fenobarbital, mas nfo o linalol (dados ndo publicados), apresenta
efeito antiepileptogénico no que permite a avaliagdo pelo modelo de PTZ-kindling em
camundongos.

O papel do sistema glutamatérgico, principalmente do receptor NMDA, nos
mecanismos basicos da epileptogénese, bem com na expressio das convulsdes, tem sido
amplamente discutido (MELDRUM, 1994; BRADFORD, 1995; FOUNTAIN &
LOTHMAN, 1995; CHAPMAN, 1998). Estudo previamente realizado em nosso

laboratdrio ja havia demonstrado uma atividade inibitdria, porém sem a caracterizagdo do
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tipo de antagonismo do linalol na unidio especifica de L[*H]glutamato (40 nM) em
membranas de cortex de ratos (ELISABETSKY et al., 1995a).

No estudo agora realizado para a caracterizagdo do tipo de antagonismo,
demonstramos que o linalol exerce um antagonismo competitivo na unido especifica de
L[*H]glutamato (Cap. 1). Linalo] mostrou um efeito inibitério de forma dose-dependente
na unifio especifica de L[°H]glutamato (1000 nM), apresentando efeito maximo (100%
de inibi¢do) na maior concentragéo utilizada (5,0 mM). Observamos ainda que o linalol
aumenta significativamente o K4 sem interferir significativamente no By da unifio
especifica de L[°H]glutamato, o que caracteriza um antagonismo do tipo competitivo
(Cap. 1).

Devido a importéancia do receptor NMDA na epilepsia, investigamos a atividade do
linalol no receptor NMDA marcado com [PH]MK 801 (antagonista nio-competitivo do
receptor NMDA). Linalol inibiu de forma dose-dependente a unifio especifica de [PHJMK
801 (2 nM) (IC5p = 2.97 + 0.13 mM) (Cap. 2) e através da andlise de Scatchard nas
curvas de saturag¢do, observamos que o linalol promoveu uma diminui¢fo significativa do
Bmix sem alterar o Ky, 0 que caracteriza um antagonismo nfo-competitivo. Portanto, os
resultados demonstrando uma inibigio da unifio especifica de L[*H]glutamato e PHIMK
801 por linalol indicam que o bloqueio de receptores glutamatérgicos pés-sindpticos deve
estar relacionado ao efeito anticonvulsivante do linalol (anexo 2).

Além da reconhecida importincia do receptor NMDA na epilepsia, também tem
sido proposto que um aumento no nivel de glutamato extracelular, seja por uma liberagéo
excessiva e/ou inadequada captagdo de glutamato, seria epileptogénico (LIPTON &
ROSENBERG, 1994). Neste contexto e com o objetivo de melhor caracterizar o efeito do

linalo] na transmissdo glutamatérgica, investigamos o efeito do linalol na liberagdo de
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[*H]glutamato (basal e estimulada por potassio) e na captagio de [*H]glutamato em
sinaptossomas de cdrtex de camundongos (modelo de liberagdo e captagdo de glutamato
a partir de terminais sinapticos intactos) (Cap. 3). Observamos que o linalol ndo interfere
na liberacdio basal de glutamato (glutamato citosélico) mas demonstra um efeito
inibitério na liberacdo de glutamato estimulada pelo aumento da concentra¢do
extracelular de potassio (provavelmente do compartimento vesicular) (Cap. 3). A
concentragdo de glutamato armazenado em vesiculas sindpticas (100 mM) é 10 vezes
maior que a normalmente encontrada no citosol de terminais pré-sinapticos (10 mM); a
liberacdo do glutamato vesicular, estimulada pelo aumento da concentragdo extracelular
de potassio, é resultante da abertura de canais de Ca'>-voltagem dependente
(NICHOLLS, 1989). Portanto, o efeito inibitério do linalol na liberagdo do glutamato
durante a despolarizagdo induzida por potassio € relevante para seu efeito
anticonvulsivante, pois ¢ relatado uma elevagdo na liberagdo de glutamato -
provavelmente liberada do compartimento vesicular- estimulada por potédssio, em
condi¢des patoldgicas tais como hipdxia ou epilepsia NICHOLLS & ATTWELL, 1990;
THOMAS, 1995). E licito supor que a manutengfo e/ou propagagdo da atividade
epiléptica seja inibida por este mecanismo de agdo (anexo 2).

Até o momento ndo esta totalmente esclarecido o mecanismo pelo qual o linalol
interfere na liberacdo de glutamato durante a despolariza¢do induzida por potassio. Em
1995, SRINIVASAN e colaboradores relacionaram o efeito inibitério de FPL 12495AA e
MKS801 na libera¢do de glutamato estimulada por potdssio como possivel resultado do
bloqueio de receptores NMDA, pois a ativagdo do receptor NMDA por ligantes enddgenos
desencadeia um feedback positivo a nivel pré-sinaptico resultando no estimulo da

liberacdo do glutamato. Consequentemente, através do bloqueio da ativagdo do receptor
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NMDA por FPL 12495AA e MK801 esta estimulagdo ndo ocorreria. No presente estudo,
demonstramos que o linalol, além de inibir a liberagdo de glutamato estimulada por
potassio (Cap. 3) também interfere na unifio especifica de ["HJMK 801, sugerindo uma
interagdo com receptores NMDA (Cap. 2). Portanto, € possivel que o efeito inibitério do
linalol na liberagdo de glutamato estimulada por potéssio seja resultado do bloqueio de
receptores NMDA.

Em relagdo a captagio de [*H]glutamato, observamos que o linalol inibiu de
forma dose-dependente a captagio de [‘H]glutamato (ICso=1.50 + 0.08 mM) em
sinapfossomas de cértex de camundongos (Cap. 3). Linalol, na concentragio de 3,0 mM,
inibiu a captagio de [H]glutamato em aproximadamente 90%. Consequentemente,
poderiamos esperar um aumento significativo do glutamato extracelular. Considerando
que a captacdo de glutamato pelas células gliais € mais importante que a captagdo
neuronal para a manutengdo de baixos niveis de glutamato extracelular (1uM)
(NICHOLLS & ATTWELL, 1990), torna-se dificil avaliar o real impacto deste efeito do
linalol no aumento dos niveis de glutamato extracelular ou na transmissio
glutamatérgica. Neste contexto, MASSIEU et al., (1995) demonstraram que o actimulo
de glutamato extracelular resultante da inibicdo de sua captagfio ndo € suficiente para
mduzir danos neuronais in vivo. De fato, fendmenos convulsivos ndo sio
necessariamente resultantes de, ou sequer acompanhados por, aumento dos niveis de
glutamato extracelular (OBRENOVITCH et al, 1996), embora niveis elevados
certamente contribuam para tal. Considerando-se o perfil anticonvulsivante do linalol,
estabelecido através de modelos in vivo com camundongos e seu uso tradicional em

humanos (ELISABETSKY et al., 1995b; BARROS & ELISABETSKY, 1996a), pode-se
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inferir que a inibicdo da captago neuronal do glutamato ndo seja relevante para a
atividade anticonvulsivante do linalol (anexo 2).

Devido a relevancia e a ampla distribui¢do do sistema inibitério GABAérgico, €
baseados no efeito protetor do linalol contra convulses induzidas por PTZ e picrotoxina
(modelos associados a redugdo dos mecanismos inibitorios mediados pelo GABA),
levantamos a hipotese de um possivel envolvimento do sistema GABAérgico no seu
mecanismo de acdo. Os resultados obtidos através do estudo da unidio especifica do
[PH]muscimol (agonista do receptor GABA,) (Cap. 2) nfo evidenciaram uma interagio
direta do linalol com receptor GABAA. A modulagdo em outros sitios alostéricos do
receptor GABA/BZD, bem como atuagio na liberago, recaptagio ou metabolismo de
GABA nfo podem ser descartadas.

A farmacoterapia da epilepsia é sintomatica, na medida em que os firmacos
antiepilépticos disponiveis inibem convulses mas nfo sio efetivos na profilaxia ou cura
da epilepsia (WILLMORE, 1997). Logo, os antiepilépticos sdo prescritos para prevenir a
recorréncia de crises. Em alguns pacientes firmacos antiepilépticos sdo administrados
com o objetivo de interferir na epileptogénese (WILLMORE, 1997). O exemplo desta
medida profilatica inclui a administracdo de farmacos antiepilépticos (ex. fenitoina ou
carbamazepina) a pacientes com traumatismo craniano (RAPPORT & PENRY 1972;
1973) ou a pacientes que se submeteram a intervengdes cirirgicas neocorticais (WANG
et al., 1994). Mas, apesar do amplo uso clinico de firmacos antiepilépticos no controle de
crises convulsivas, ndo ha nenhum dado clinico disponivel sugerindo que a administragéo
destes farmacos tenha algum impacto na epileptogénese (WILLMORE, 1997).

Kindling é um modelo crénico i vivo, no qual a epilepsia desenvolve-se de forma

gradual e permite avaliar atividade antiepileptogénica (interferéncia no desenvolvimento
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da epilepsia) e anticonvulsivante (supressdo de convulsdes generalizadas) de farmacos
antiepilépticos (SATO et al., 1990; SILVER et al., 1991). Devido & hipotese de
semelhancas entre a epileptogénese no modelo kindling e algumas formas de epilepsia
em humanos, os dados obtidos neste modelo experimental permitem uma sele¢do
racional de possiveis farmacos que possam atuar na prevengdo bem como na atenuagdo
da progressdo da epilepsia em humanos. Neste trabalho, primeiramente otimizamos o
modelo de kindling induzido por pentilenetetrazol (PTZ-kindling) em camundongos
(Cap. 4). Injecoes repetidas de dose subconvulsivante de PTZ (60 mg/kg, s.c.) a cada 3
dias, totalizando 6 administragGes, promoveram uma diminui¢do no limiar para
convulsdes culminando em convulsdes generalizadas (status epilepticus). Os resultados
também demonstraram que nos camundongos, semelhante ao verificado em ratos
(SCHRODER et al., 1993), o PTZ-kindling promoveu alteragdes neuréquimicas que
resultam em uma maior ligagio especifica de [’H]glutamato em membranas corticais
(maior Bpx.)- Portanto, o modelo mostrou-se adequado para a triagem de compostos que
possam interferir tanto nas alteragdes comportamentais como nas alteragdes plasticas
relacionadas ao fenémeno de PTZ-kindling.(Cap. 4).

Avaliamos o efeito da linalol (2,2 e 2,5 g/kg) administrado por via oral no PTZ-
kindling. Linalol retardou o desenvolvimento de PTZ-kindling, sem interferir contudo, no
aumento da unifo especifica de L[*H]glutamato induzido por este fendomeno (Cap. 1). A
habilidade do linalol em retardar o desenvolvimento do PTZ-kindling sugeria um
potencial efeito antiepileptogénico além do efeito anticonvulsivante verificado em outros
modelos de convulsdo (ELISABETSKY er al., 1995b). No entanto, um efeito
antiepileptogénico ndo foi corroborado nem pelas alteragdes neuroquimicas associadas ao

PTZ-kindling e nem pela manutencdo do status epilepticus apds um periodo de 15 dias
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sem qualquer tratamento (dados ndo publicados, vide anexo 3). Contudo, pode-se
argumentar que o antagonismo do linalol a transmissfo glutamatérgica resulta em uma
maior dificuldade no estabelecimento do kindling.

Cabe notar que, tanto por via ip como por via oral, as DEsy de linalol nos
modelos de convulsio quimica e eletricamente induzida sfo inferiores as DLsg
(ELISABETSKY et al., 1995b). As doses usadas no modelo de kindling guardam relagio
com a curva dose-efeito obtida experimentalmente em PTZ, e que equivalem as DEg
DEq), respectivamente. Linalool apresenta-se como Odleo aromdtico e volatil (PM =
154,3g, densidade especifica 0,87, o da Sigma com grau de pureza 97%), do qual 1pl
equivale a 1mg.

A titulo de validacfio do desenho experimental e para comparagdo com linalol,
investigamos o efeito do fenobarbital no desenvolvimento do PTZ-kindling (Cap. 1).
Fenobarbital (15 mg/kg) administrado oralmente retardou o desenvolvimento de PTZ-
kindling, contudo sem interferir no aumento da unifio especifica de L[*H]glutamato
induzido por este fendmeno (Cap. 1). A auséncia de efeito antiepileptogénico do
fenobarbital neste experimento provavelmente esta relacionada a absorgdo parcial do
farmaco quando da administragio do PTZ. O efeito do fenobarbital administrado
oralmente com uma modificacdo no desenho experimental usado, onde a administracfio
do PTZ fosse 1-2h ao invés de 30min pds fenobarbital, requer esclarecimento.

No capitulo 4 demonstramos que fenobarbital administrado intraperitonealmente
(10 mg/kg) de fato retarda o desenvolvimento do kindling induzido por PTZ em
camundongos. Este dado acrescenta-se ao estudo de SILVER et al., (1991), demostrando
que fenobarbital (40 mg/kg; i.p.) exerce efeito antiepileptogénico no modelo de kindling

elétrico em amigdala ratos.
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Investigamos também o efeito antiepileptogénico do fenobarbital (10 mg/kg)
administrado intraperitonealmente no modelo de PTZ-kindling em camundongos (Cap.
5). Fenobarbital (10 mg/kg) significativamente diminuiu a severidade das convulsGes
induzidas por PTZ-kindling e também inibiu o aumento da unifo especifica de
L[*H]glutamato induzido pelo PTZ-kindling. Duas semanas apds encerrados os
tratamentos, ndo se verifica o status epilepticus total nos animais, demonstrando que de
fato ndo houve estabelecimento do fenémeno de kindling. Apos este periodo, 100% dos
animais controle (grupo salina) ainda apresentam convulsdes generalizadas enquanto
apenas 40% dos animais tratados com fenobarbital (10 mg/kg; i.p.) apresentam
convulsdes (Cap. 5). Estes dados corroboram outros dados da literatura que sugerem uma
capacidade do fenobarbital em interferir com o estabelecimento das alteragdes plasticas
que acompanham o fenémeno de PTZ-kindling. Essa conclusdo pode ser importante no
contexto de prevengdo do estabelecimento da epilepsia.

As estratégias utilizadas para a descoberta de novos principios ativos na flora
incluem a randdmica, quimiotaxondmica e etnofarmacologica (BALICK, 1990). A
etnofarmacologia, através do somatério das informagdes tradicionais com os dados
farmacologicos, consegue um resultado consideravelmente mais eficaz que a busca
randomizada de novas drogas na flora mundial (BALICK, 1990). Além disso, uma outra
vantagem na abordagem etnofarmacologica é a de que a sele¢do de espécies medicinais
ja parte da experiéncia em humanos, o que aumenta as chances de biodisponibilidade
do(s) principio(s) ativo(s) €, consequentemente, aumenta as probabilidades de uso clinico
(ELISABETSKY, 1999). Portanto, estudos demonstrando as propriedades
anticonvulsivante do linalol, tradicionalmente usado como anticonvulsivante caseiro

pelos caboclos da Amaz6nia, reforgam a importéncia do estudo etnofarmacolégico como
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fonte promissora de novos compostos farmacologicamente ativos (ELISABETSKY &
SANTANA, 1984; SOUZA et al., 1993; ELISABETSKY et al., 1995b).

Considerando a importdncia do sistema glutamatérgico, principalmente do
receptor NMDA, nos mecanismos basicos da epileptogénese, bem com na expressdo das
convulsdes, a demonstracdo de que o linalol interage com o sistema glutamatérgico por
inibigdo de receptores pos-sindpticos (inibigio da unifio especifica de L[°H]glutamato e
PH]MK 801) (Cap. 1 ¢ 2) ou diminuicdio na liberagdo de L[°H]glutamato (Cap. 3),
justifica a utilizagdo popular de plantas produtoras de linalol no manejo de crises
convulsivas por caboclos da Amaz6nia, bem como reforca a validade de se explorar o

linalo]l ou compostos semelhantes como potenciais agentes anticonvulsivantes.
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4. CONCLUSOES

- Linalol inibe de forma dose-dependente a unifio especifica do [*H]glutamato (1000
nM) em membranas de cortex de ratos. Linalol (0,3 e 1,0 mM) aumenta o Ky sem
interferir significativamente no By nas curvas de saturacio de L[°H]glutamato, o
que caracteriza um antagonismo do tipo competitivo.

- Linalol inibe de forma dose-dependente a unidio especifica do ["HJMK 801 (2 nM)
em membranas de cortex de camundongos. Linalol (1,0 ¢ 3,0 mM) diminui 0 Bmax
sem interferir significativamente no Ky nas curvas de saturagio de L[°’H]MK 801, o
que caracteriza um antagonismo do tipo ndo-competitivo.

- O bloqueio de receptores glutamatérgicos pos-sindpticos, do subtipo NMDA, esta
envolvido nas propriedades anticonvulsivantes do linalol.

- Linalol (1,0 e 3,0 mM) inibe a liberagdo de glutamato estimulada por potéssio sem
interferir na liberagdo basal de glutamato, em sinaptossomas de cortex de
camundongos.

- Linalol inibe de forma dose-dependente a captagio de ["H]glutamato (ICs=1.50+0.08
mM) (Cap. 3) em sinaptossomas de cdrtex de camundongos.

- Linalol (0.3 a 3.0 mM) nfo interfere na unido especifica de [PH]muscimol (12 nM) ao
receptor GABA, em membranas de cértex de camundongos.

- Linalol retarda a expressdo comportamental do PTZ-kindling, mas ndo interfere no
aumento da unido especifica do [‘H]glutamato em membranas de cortex de

camundongos induzido pelo PTZ-kindling.
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Linalol interfere na transmissdo glutamatérgica, seja por inibi¢do de receptores pos-
sindpticos (inibi¢do da unifio especifica de L[*H]glutamato ¢ [PHJMK 801) ou pela
diminui¢do na liberago de L[*H]glutamato.

O efeito anticonvulsivante do linalol estd relacionado ao efeito inibitério na

transmissdo glutamatérgica.
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5. PERSPECTIVAS

Nos dultimos anos, tém sido significantes os avangos no tratamento
medicamentoso da epilepsia. Por um lado, novas formulagdes de varios
anticonvulsivantes cldssicos, bem como o desenvolvimento racional de novos firmacos,
tém proporcionado a inser¢do de medicamentos de melhor eficicia e menor toxicidade, o
que, consequentemente, resultou em uma maior adesfio ao tratamento. Por outro, nas
triagens clinicas para testar novos farmacos anticonvulsivantes, tem-se levado em
questdo a importdncia do tratamento a longo prazo no controle das convulsdes, bem
como o papel da monoterapia ou o emprego da politerapia racional (RAMSAY, 1993;
SABERS & GRAM, 1996).

O desenvolvimento racional de novos farmacos anticonvulsivantes ¢ resultante do
avanco nos conhecimentos dos eventos fisiopatoldgicos responséveis pela epilepsia e do
melhor entendimento dos mecanismos de agéo de farmacos anticonvulsivantes. Portanto,
torna-se possivel desenvolver farmacos que apresentam efeito especifico excitatorio ou
inibitério em sistemas transmissores especificos. Além disso, a politerapia racional t€m
sido prescrita em uma propor¢do significativa de pacientes epilépticos (RICHENS,
1995).

O conceito de politerapia racional baseia-se no fato que a combinagdo de alguns
fdrmacos anticonvulsvantes pode resultar em uma eficdcia supra-aditiva (sinergismo) e
uma foxicidade infra-aditiva (antagonismo), resultando num melhor perfil

eficdcia/toxicidade;, ou seja, efetividade (SCHMIDT & GRAM, 1995). De fato, estudos
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em animais ou clinicos envolvendo a associag@o entre etossuximida e acido valproico
comprovam tal hipétese (ROWAN et al., 1983; BOURGEOIS, 1988).

Considerando o ponto de vista tedrico, a politerapia racional poderia envolver (a)
farmacos com mecanismos de a¢des complementares (por exemplo, associagdo entre um
farmaco que diminua a excitabilidade glutamatérgica e outro que estimule a atividade
inibitéria gabaérgica) (ROBINSON et al., 1993); (b) farmacos que atuam no mesmo
sistema neurotransmissor, mas por diferentes mecanismos (LEACH & BRODIE, 1994).
Linalol interfere na excitabilidade glutamatérgica através da modulagdo da libera¢do de
glutamato e por inibir a intera¢do do glutamato com seus receptores, em particular o
receptor NMDA, subtipo envolvido na génese da epilepsia. Portanto, seu mecanismo de
ac@io vem de encontro ao contexto atual de terapia antiepiléptica.

Por outro lado, é cada vez maior a procura por tratamentos alternativos,
principalmente por produtos naturais, por pacientes epilépticos resistentes/refratarios aos
métodos convencionais de tratamento (DANESI & ADETUNII, 1994; SONNEN, 1997).
Além disso, relatos clinicos recentes indicam o beneficio do uso de 6leos essenciais no
manejo de fendbmenos epilépticos (BODEN et al., 1990; BETTS et al., 1995; BETTS,
1996; LIS-BALCHIN, 1997). De fato, ha evidéncias de absor¢do de dleos essenciais
através de vdrias vias de administra¢do (JAGER et al., 1992; JIROVETZ et al., 1992).
Portanto, embasados no uso tradicional de plantas produtoras de linalol como remédios
anticonvulsivantes, indicativo de biodisponibilidade e seguranga, e no efeito modulatorio
do linalol na excitabilidade glutamatérgica, pode-se delinear experimentos pré-clinicos
envolvendo a associacdo entre linalol/lamotrigina ou linalol/vigabatrina. Sugerimos
também que linalol é adequado para estudos de estrutura-atividade no sentido de

descobrir estratégias inovadoras para o manejo de disturbios epilépticos.
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ANEXO 3

100 A -A

% animais kindled

1 4 7 10 13 16 31 dia
}—— tratamento } withdrawal————

Percentagem de animais em status epilepticus (kindled) do grupo salina (A), linalol (2,2
g/kg) (W), linalol (2,5 g/kg) () e fenobarbital (15 mg/kg)( ) durante o tratamento (1-16

dias) e apdés duas semanas de encerrado o tratamento (31° dia). ** p < 0,01, Teste de

Fisher.





