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RESUMEN

La interrupcion subita de” la ‘administracidén intracortical de acido “y-aminobutirico
(GABA), el neurotransmisor. inhibitorio - preponderante en el SNC, resulta-'en una
hiperexcitabilidad neuronal y cambios conductuales. A este fenédmeno se le denomina
sindrome de abstinencia al GABA. La hiperexcitabilidad neuronal ‘es totalmente
reproducible in vitro, en rebanadas de cerebro. En el presente estudio se realizé.un
analisis cuantitativo de la- hiperexcitabilidad neuronal inducida por-la ‘abstinencia:al
GABA y adicionalmente, se .discute la posible relacién entre este fenomeno y los
mecanismos celulares de la epilepsia y de |la abstinencia a drogas. AR T

Los objetivos de la presente:tesis son: a) Caracterizar electroﬁsnologlcamente la~
hiperexcitabilidad hipocampal inducida por la abstinencia al GABA tanto'in:vivo como in
vitro. b) Evaluar farmacoldgica  y electrofisiologicamente la -actividad ® "GABAérgica
durante la hiperexcitabilidad en esta regién y c) analizar cuantltatlvamente los
mecanismos postsmaptlcos que le subyacen al fenémeno.

Para la elaboracion de este estudio se utilizaron ratas macho de la cepa Wistar. Se
utilizaron las técnicas de electroencefalografia, registro extracelular poblacional,
inmunocitoquimica y de radiomarcado por pegado especifico (binding).

Los resultados obtenidos en la presente tesis muestran que la abstinencia al GABA
produce actividad epileptogena tanto in vivo como in vitro. En la preparacion de
rebanadas de hipocampo con hiperexcitabilidad inducida por abstinencia al GABA, el
analisis de curvas de entrada/salida (Input/Output) demuestra que la excitabilidad
incrementa en mas del 100% con respecto a los controles y que radica
preponderantemente en la postsinapsis. Durante la hiperexcitabilidad se observa un
bloqueo de la inhibicidon recurrente en la regién CA1 del hipocampo y la disminucion en
el umbral de induccidn de la potenciacidon a largo plazo (LTP). Curvas dosis respuesta
con el agonista del receptor GABA,, muscimol, y el antagonista, bicuculina,
demuestran una disminucion en la eficacia de ambos ligandos, confirmando que la
inhibicion GABAérgica se encuentra alterada y sugiriendo una disminucion en el
numero de receptores. El analisis de Schild demuestra que la afinidad del receptor
GABA,A no se modifica durante la hiperexcitabilidad. Experimentos con la técnica de
saturacion de la union (binding) con el agonista GABA,, muscimol, confirman un
decremento en el pegado del [3H]-muscimol después de la abstinencia al GABA,
mostrando una alta correlacidn con el desarrollo temporal de la hiperexcitabilidad.

Tanto los analisis electrofisicldégicos como los farmacologicos concuerdan en que la
hiperexcitabilidad por abstinencia al GABA es causada principalmente por la
disminucion en la densidad del receptor GABA,.




SUMMARY

The sudden interruption of the |ntracort|cal mstlllatlon of exogenous -y-amlnobutyrlc acnd

(GABA) generates an epxleptlc focus Jns mammals Seizures ellc1ted by GABA

withdrawal (GW) presents pa oxysmal actlvnty and behavioral changesrthat Iast for

that |nh|b|t10n was mparlred Blndmg saturatnon expenments demonstrated a decrease

in [3H] musmmol blndmg after GABA wnthdrawal showmg a close correlatlon W|th the :
development of hyperexcltablllty.,All these modlflcatxons coursed W|thout changes in

receptor aft”mty (KD) for muscumol ‘or blcuculllne as demonstrated by both blndmg

studies and Schlld analysus It l _;concluded that -in the CA1 regnon of the hlppocampus

it is the number of functlonal GABAA receptors and not the aff'mty of the receptor what
is decreased durmg GW—lnduced hyperexcltabxlnty




LISTA DE ABREVIATURAS
BZD Benzodiacepinas
CA1 Cuerno de Ammon r}egirbrr"\ri :

ECso Concentracién‘_;leAec‘tivérr‘"rAéicmeﬁda para-el 50% del efecto maximo.

EEG
Emax
fPSPE -
GABA";"“‘—'
GAéAA‘f
‘GAD :
GABAT
GFAé":
Ka Fta Constantedeaﬁnldad .

Kp : 'f’ : LVV(LJF:c?}ngt:a‘r‘l;t’ebchi,é“}dliso‘cvikacki»én’
LTP ‘ LargoPlazo :
e ce T T

RNAM
SAG

SN . é‘ivstemfa{‘Nerviokso“ ; '

SNC ' Sistema Nervioso Central




ESTRUCTURA Y ORGANIZACION DE LA TESIS

La presente tesis esta organizada en 6 secciones:  introduccion, :justificacion,
objetivos, resultados, discusion general y conclusnones -l o

Se presenta . inicialmente .una introduccion, en; donde . se‘ refleren algunos
antecedentes histéricos y bases fsnologncas que permlten contextuallza ] problema
central de.la tesns dentro del marco de la neurofs:ologla y Ia transmlsu)n smaptlca 'Se

en la excitabilidad neuronal [ 'Omo problema medular del presente estudl >

En la Justlf”camon se- descnbe la relacion de la neurotransmlsmn GABAerglca en la
generacion de trastornos : neurologxcos como la epilepsia "y . los sindromes de
abstinencia a algunas drogas. asi como la relevancia de su estudio. Se situa a la
abstinencia  al GABA" como ‘un modelo de hiperexcitabilidad para el estudio -de
mecanismos celulares ln\v/_o‘lucrados en las alteraciones antes sefaladas.

En la seccién de objetivos se plantean los problemas centrales del presente estudio,

En la seccion de resultados, que incluye la metodologia empleada, se presentan los
productos de las diferentes fases experimentales de la presente tesis. Se ~inch.iyé_n 3.
publicaciones. En la primera se presenta evidencia del fenémeno, su caracté}iiaéiéh'
como un fendmeno de hiperexcitabilidad neuronal y su relacién con la epulepsxa En la
segunda se caracterizan cuantltatlvamente

Ios mecanismos neurofarma

plasticidad neuronal

En la discusion general se mtegran los resultados de .-las‘l ! .
experimentales, se discuten los resultados dentro de un: marco mas ampho vy se
proponen algunas perspectivas. : Ve

En las conclusiones se enuncian los'aportes especificos del presente estudio.
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INTRODUCCION

El sistema neNloso (SN) esta constituido  por entndades 1nd|vnduales que fueron

facultades del pr
que’ es Ia esenc

transferencna ;

blon Las sinapsis pueden se
qunmxca en e: comunicacién entre ambas C

sustancxa o mlnada neurotransmlsor

Un neurotransmlsor es: una sustancia que en Ia mayorla e as veces se derlvada

del grupo de los ammoacndos o de su metabollsmo,xntermedlarlo es smtetnzado por

nznmatlcas en la neurona, acumulado en la: mlsma Ilberado por la termlnal
[e} boton smaptlco v conlleva un papel fisiologico dlstlntlvo (Voet y Voet, 1995 Feldman
et aI 1997 Deutch y Roth, 1998). EI SN de- los mamlferos utiliza varias decenas de

sustancnas como neurotransmisores. Algunas de estas sustanctas son aminoacidos,

como el glutamato o el acido aspartico cuyo efecto es excitatorio, mientras que el
ammoacndo inhibitorio de mayor lmportanma en el snstema nervioso central (SNC) es el
acido y-amino butirico (GABA) (Deutch y Roth, 1999; Kandel et al., 1991).
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Acido y-amino butirico (GABA)

El ac:do y—ammobutlrlco (GABA) es, el neurotransmlsor lnhlbltorlo preponderante en

estima

Corteza

transammacnon La GABA transammasa (GAB

transammacnon, transfnendo el

a descarboxnlacxon a dlferenma de

hay deficiencia de se_*_ asocna fcon : sngnos de

hiperexcitabilidad nerviosa y convulsuon s, aunque el tratamnento con piridoxina no es

util en la mayor parte de Ios casos cllmcos de epxlepsna (Salazar y Tapia, 2001).
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GAD
?- ' 0 NHz o
HO=C-CH;CH>CHz=NH; HO=8=CH,CH,EH=-C=0H -

Acido y=aminobutirico Glutamato

(GABA)
>’2’:ﬁ<‘
@) O O o
" TN ’” n
HO=C-CH,CHy=C~-C=0H HO-C-=CH ;CH>—CH
: a=Cetoglutarato Semialdehido sucininico

Fig. 1: Metabolismo del GABA (modificédé de Siegel et al., 1985).

El GABA una vez sintetizado y liberado por la termlnal slnaptlca es’ capaz de unlrse .
y activar a tres diferentes tipos de receptores, denominados GABA, GABAB v GABAC.

cada uno con diferentes caracteristicas con base en sus perf'les farmacologlcos Yy
fisioldgicos (ver Tabla. 1).

Receptor GABA, Receptor GABAg / ;
Categoria Receptor asociado a | Receptor asociado a Receptor asocuado a
canal iénico proteina G canal idnico
Subunidades Cligs Br.3. V13- 0. 8. T [ GBR1. GBR2 Pia
Agonistas Muscimol, THIP, | Baclofen, CcCGP-
isoguvacina 97541
Antagonistas Bicuculina, Faclofen, CGP- | TPMPA, Picrotoxina
Picrotoxina 35348 :
Desensibilizacion | Si ? No
Moduladores Benzodiacepinas Zinc
Barbituricos
Accion (+) gCr () gK+, () gCa2+,{(+)gCl’
(-) AMPc

Tabla 1. Caracteristicas de los Receptores de GABA (Basado en: Mody et al., 1994;
Qian y Dowling, 1995; Hevers y Luddens, 1998; Mehta y Ticku, 1999).
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Receptor GABA

El prlmero de estos receptores el GABAA. es un receptor 1onotrop|co o asomado a

que eI GAB

dépendien'te‘s:lﬁd’e?'so

células ghales recncl

 Los recepto re <

GAB ASON tamblen el blanco de muchos compuestos entre ellos

farmacos pS|co tlvos y de accion terapéutica como las benzodlacepmas los

anestesxcos generales drogas sedantes, asi como neuroesteroides y alcohol (Doble y
Martin, 1996 Hevers y Liddens, 1998; Mehta y Ticku, 1999).

Barbituricos - -Esteroides

Loreclezol

ff??mi TS
NNy )

Etanol ’ Convulsivantes
PTX)

Figura 2: Receptor GABA, (basado en Hevers y Liiddens, 1998)
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El receptor GABAA presenta un ensamble heteropentamenco derlvado de la

combinacion - de 5. subunldades protetcas (Hevers \Y Luddens 1998 Mehta y Tlcku
1999).- Cada‘ inidad: '
generalment

ammoacndos

,mo a‘l-uG B1-B3, y1-v3,8.e.1 y pl1-p3 (MacDonaId y Olsen 1994
Hevers Y Luddens 1998; Mehta y Ticku, 1999).

A
H,N —Ses COOH
GABA & BZ
Sitio de union
B C

Ctlases
de
subunidades

3010 identidad
de

/V.vlanms
70-80"% identidad
de AA
Figura 3: Receptor GABA,. (A) Representacion esquematica de la estructura primaria de una subunidad

(B). Agrupamiento de las diferentes clases de subunidades de acuerdo a la identidad en la secuencia de
sus aminoacidos. (C) Ensamble heteropentameérico del receptor (modificado de Hevers y Liaddens, 1998).
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Se sugiere que varias de las subunidades p1-p3 ensamblan al receptor GABA_, o

bien a un receptor GABAA especnahzado dado que estos receptores son lnsensnbles a

ar. un 'poro

subumdad

sitio especnf”co al cual se unen las moleculas de GABA, se:presume ue el dominio N-

terminal extracelular es el que putatlvamente mcluye e mon}al llgando yala
Hevers 'y Lt‘.]dcbiiens, 1998). La

interaccién entre el neurotransmisor y el. receptor resulta en: camblos conformacxonales

interaccion del receptor con las benzodlacepnnas

del arreglo protéico que, como consecuencna abren él poro central La apertura de
este poro permite una corriente entrante de |ones de cloro (Harrls y Allan 1985 Hevers
y Luddens, 1998; Mehta y Ticku, 1999) y conduce a una raplda hlperpolarlzamon de la-

célula postsinaptica, ya que el valor, del potencnal de equllbrIO del- cloro es_

generalmente mas negativo que el valor del potenc:al de membrana en reposo l_o cual :
explica el efecto inhibitorio del GABA a'traves: de este receptor

receptor GABAA tiene .como

“_"lnhlbltorla (desmhlbncxon) La

desmhlbxc:on GABAerglca ha sndo arn ‘llamente refenda como uno de los mecanismos

sinapticos de ios cuales depende por lo menos en parte la hlperex0|tabllldad neuronal

TESIS CCH
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(Kostopoulos y Psarrop'oullou 1992; Fel'dman et al,, 1997; Bernard et al 1998; |keda-
Douglas et al., 1998) La documentacnon sobre hlperexcntabllldad neuronal se- basa

prlncnpalmente en ‘el numero exagerado de potencnales de: acmon durante,las,,,

descargas epAeptlformes reglstradas durante Ias crnsus convulsnvas (Kostopoulos y

e esta actxvndad con eI receptor,

(vugabatrln).~ _
(gabapentin), a{frav,es d
incrementando . el
(benzodlaceplnaé y o
Douglas et al., 1,

GABAérgica y efercen u o antiepiléptico. -

B) EI bloqueo de rec r GABAergnco

En sentido opuesto la admlnsstramon en concentracxones lo suficientemente altas,

de compuestos con‘l'a capacudad e bloquear al receptor GABAA. produce descargas

mnstr

epileptiformes. Tanto Ia,a r ion! toplca en el SNC o sistémica de antagonistas

de! receptor: GABAA, como Ia pemcnlma la blcucullna o la picrotoxina, producen

hlperexmtabmdad persnstente depolarxzacnones paroxnstlcas y . actividad epileptiforme
(Schwartzkrom y Prlnce 1977 wong y Traub, 1983 Connors y Gutnick, 1984; Karnup
Yy Stelzer, 2001; Mackenzne et al., 2002). Asnmlsmo se-ha referido la peérdida de.la

neurotransmision - inhibitoria durante crisis epilépticas como la producida por “el

TESIS CON 13
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“kindling”, o la producida en animales por diversos modelos, ya sea quimicos o
geneticos, de actividad . eplletogena (Glbbs et al., 1997, Fueta et al., 1998; |keda-
Douglas et al., 1998) No

se ha reportado durant_

ante, el |ncreme to en la acti dad GABAerglca tambnen

] CI‘lSIS eplleptlcas como el: “kmdhng (Gutterrez y Hememann
2001), probab!emente : como Lun mecanlsmo emergente en repuesta a “la
sobreexcntacnon T i '

C) La abstmencua a farmacos agomstas GABAérgicos

La hlperexcnablllda' ’ / Ias cnsxs epilépticas tamblen se producen cuando

se retira de manera abru admmlstracnon prolongada de drogas que incrementan

la inhibicién medlada po tor. GABAA Tal es el caso de Ias benzodlaceplnas

los barbitaricos y el alcohol (
1990; Olsen y Avoli

|ckuxet al.. 1983; Sandoval y Palermo"' 1986 Carlen et al.,

,:19_977;) Evstas.‘drogas causan tolerancia, dependencna y sindromes

de abstinencia. El s’i‘ndr"omede ébstinencia que resulta de la suspensidén subita en el

consumo .de estos:compuestos se caracteriza por |rr|tabllldad ansiedad, temblor,
cambios sensoperceptuales alucinaciones y una gran varledad de crisis o patrones
convulsivos, usualmente generalizados (Owen y Tyrer, 1983 Marciani et al.,, 1985;
Davies et al.; 1987. Lader, 1994). El analisis, in wtro.w.,‘de rebanadas de cerebro
obtenidas de animales sujetos a la exposicion cronica de benzodiacepinas b’arbitl!lri'cosr
o alcohol muestra que. también bajo estas condxc:ones el’ tejldo aislado, presenta
descargas eplleptlformes y habitualmente tiene una.alteracion en la mhlblmon smaptlca'
(Carlen et al., 1990; Saunders y Ho, 1990; Zeng et al., 1995)

La mannpulacnon del snstema GABAerglco puede mfluencxar

y propiciar crisis eplleptxcas tanto en animales como en. humano los: agentes

GABAeérgicos o GABAmxmetlcos son capaces de maodificar a'excuabllldad cerebral el

retiro subito de |a admnmstracuon del propio ligando endogeno:“ el GABA resulta en un
lncrememo de la excn:abllldad neuronal e

TESIS C...
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Sindrome de abstinencia al GABA (SAG).

La |nterrupcnon sublta de la infusidn intracortical de GABA conduce a un |ncremento

“Sindrome de Abstmencla al GABA” (SAG) se caracterlza?por unad actlwdad

en la cor‘(eza cerebralv(BraHOWSky et al., 1988) y el S|stema Ilmblco partlcula( ernt‘e,eh
mpo (Le Gal la Salle et al 1988). :

amlgdala e hlpo'

Barrat et al 1991 1992) y en rebanadas de hlpocampo de rata (G
1992). El reglstro lntracelular en rebanadas neocortlcales con
presencia de un gran porcentaje de * neuronas con des_carga
despolarizantes (rafagas o “burst”) intrinsecas despue’s de Ia'inyéé. »
corriente depolarizante o la estimulacidon sinaptica. El reg'i
poblacionales, en rebanadas de hipocampo con SAG pres
sustancial en el numero y amplitud de las espigas poblacnon es sus
valores control (Garcia-Ugalde et al., 1992; Calixto et al 2000

durante el SAG,

sistematica en dosis altas de drogas antlconvulswas que aumentan la transmusnon

GABAeérgica, tales como las benzodlacepmas’ Ios,barbnturncos y el valproato no

tuvieron efecto sobre las descargas paroxnsttcas focales en ratas con SAG (Silva-Barrat
et al.,, 1989) y sodlo la admmlstracnon de dosxs ‘altas de GABA puede inhibir esta

actividad (Brallowsky et al:,.1 989). Asimismo, reglstros intracelulares en rebanadas de

_;.UIS Culq
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neocorteza con SAG’»mue’stran niveles bajos en la conductancia neuronal tras la

aplicacion del agonlsta especxfco GABAA. |soguvacma (Sl|va Barrat et al, 19_8‘_9;'1991).

Salazar etial (1 994)

un increment

talamicos de’pr

la®

Durante a hlyperex |tab|||dad neuronal

posterior - a

presenta un decremento en el tono GABAérgico que conduce a I'
de exc1tab1|xdad anormal y a la aparicion de la actividad epllept
al., 1989; 1991; GarCIa Ugalde et al.,, 1992; Calixto et aI 2000) Sin: embar96 éstos. .

mbos Tampoco se ha‘,:

a cambios mayoritariamente presinapticos, postsnnaptlcos o

analizado suficientemente las caracterlstlcas y los: mecamsmos smaptlcos de este

fenédmeno en el

hlpocampo Consxderando que el ,h)p_bcampo-es uvn‘a ,‘e'ét"ru:ctu,ra

La mayoria de los trabajos: a

Con el presente traba 5

mterrogantes pnncxpalm

armacologlcas y"un analnsns del.‘

fenémeno’a traves de su curso’ tempora

TESIS Co.:
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JUSTIFICACION Y PLANTEAMIENTO DEL PROBLEMA.

Una de las premisas fundamentales sobre el funcionamiento del SN es que existe
UR balance entre la excitacidn y la inhibicion neuronal. Anormalidades. como el
incremento en la excitacién de las células principales, el decremento en los circuitos de’

inhibicion (i.e. desinhibicidén) o ambas, se consideran como la base de la enfermédad

neurologlca mas antlgua que conoce el hombre y la de mayor |nc|denC|a la eplle sta o
Orgamzacnon Mundxal de la Salud (OMS) ‘la: epnlepsf ¢
como una afe '

CI’ISIS resultant

o meamreae

Carlen et al., 1990) Drogas tales como Iosbarbntunco's las ‘benzodla'ceplnas Yy el

TESIS GLN 17
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alcohol producen  tolerancia  funcional, dependencia vy . adicciéon. La  supresion

precipitada y/o subnta ‘de la admnmstracnon de estas sustanCIas resulta en sindromes de

abstinencia que mcluyen una gran vanedad de ‘pa on stelectroencefalograflcos o crlsns_

convulsnvas usualmente generahzadas (Owe
Dawes et al ‘1987 Lader 1994, Doble y Martln

y:-Tyrer 1983 Marcram et al: 1985
996)

La actnv:dad eplleptogena no ha sxdo uﬁmentemente ‘analizada y

mecamsmos basicos de la epllepsn 1a_ha 'sido extremadame

sus pl’lnCIplOS ya que exlsten dem‘asx kos tlpos de crisis clmlcas

cuales les subyacen etiologias ampllamente diversificadas y pobreu
Los registros electrofs:ologlcos unitarios, in-situ, en el cerebro h'
practicos y los registros. intracelulares en estas condici‘obnéé‘:
imposibles. Asi, los modelos experimentales de epilepsia} \
modelos in vitro, se presentan como excelentes condiciones'p ,.z-;c'tﬁ/idéd
neuronal, controlar las condiciones ambientales del‘fe / f'efctokde
farmacos con potencialidad terapéutica (Traub Yy Jeff récién de
rebanadas de hipocampo ha mostrado ser. un

nvestigar
mecanismos de tolerancia a farmacos seda S

agonistas GABA,, como las benzodla

2000). De hecho, se han reponado casos humanos c n

similar al GABA después de la suspensxo : de la adm i n oralyde y-hldroxxbutlrato

(GHB, también llamado extasts |Iqu|d0) un, depreso el SNC y agomsta GABAA (e ga.,

Craig et al., 2000). El estudio de ia htperexmtabllldad por abstmencna al GABA permite

el analisis experlmental desde el inicio- de Ia hlperexcnabllldad distinguiendo entre los
cambios propios del desarrollo de la hlpereXC|tabxlldad de los cambios resultantes de la

actividad eléctrica anormal, lo cual - abre grandes. perspectivas para entender las

TESIS ot i
| FALLA DE ORIGEN




condicionantes fisiolc’:gicas de estados de hiperexcitabilidad, como la epilepsia o'la
abstinencia a farmacos agomstas del receptor GABA,. En ese sentido |la tesus general

del presente estudlo se_ centra en el anahsns neurofarmacologico.: de la

'postsmaptlca en la generacfon de la hlperexcntablhdad provocada po é rnvacnon de

GABAA, que le subyacen al fenomeno.

OBJETIVO GENERAL‘

El anahsns cuantntatlvo de la actnvndad GABAerglca durante la hlperexcntabmdad por
abstmencna al GABA

OBJETIVOS PARTICULARES:

3) Evaluar::

disociacidon

receptor GABA,, si la
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hiperexcitabilidad por abstinencia al GABA es causada por cambios en la densidad
del receptor GABA,.

RESUL"TA’DOS' =

Los resultados de la presente tesns, asi.como: Ia metodologna y procedlrmentos

EI ObjethO 1 Ia caracterxzamon hipocampal:d
la - GABA, se aborda

El objetnvo 2y 3 la. evaluacnon de la actnvndad GABAerglc

especifico muscimol, con el experlmento de mhubncnon

con el anallsxs de los- parametros farmacologlcos en las curvas dosns/respuesta el

analisis de Schlld y en el mlsmo trabajo con eI anallsls de la unidn especifica (binding).
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Los trabajos se presentan a continuacion bajo los siguientes titulos y en el orden

respectivo:

Tra bﬁajo P

articulo ha sudo publlcado en Neurél Plas \cntAy (2000) 7(1 2) 1 8
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DISCUSION. -

Sin duda'la alteracnon en la: relaclon entre inhibicién y.excitacién neuronal es uno de
los.. fenomenos neuronales de,: mayor mteres C|ent|f|co en grani‘medlda por-la.alta.-

frecuenCIa ‘con 'la salud del ser

y por el |mpacto que representa €
humano. En‘la presente : ‘
neurofarmacologlcas v de’in

de la interrupcién sublta de l po de ratas

En el trabajo numero 1 se reprodUJo la a

ividad: eplleptnca como consecuencna de la
abstinencia a GABA en el h1pocampo de ratas esta actlvndad se habia’ reportado

principalmente en corteza sensorlomotora’( qnt:el et al 200 )
1988; 1990; Fukuda et al.,.198

',Brallowsky et al., 1987;
L Gal La Salle et al., 1988 ‘Silva- Barrat et al., 1989,
1991, 2000). Electroencefalografcamente 'se describe durante la abstmenc:a al GABA

la presencia de pohesplgas esplgas onda y esplgas segundas de actwndad‘

hipersincronica en el area cnrcunscnta a la infusién. El anahs:s electroflsnologlco a

traves del registro extracelular de la actividad de campo, muestra que la’ actividad
paroxistica persiste en corjdlclones ex vivo, en rebanadas de hlpocampo provenientes
de estas ratas, dado que,‘la'iestimulacién unica con pulsos de voltaje produjo espigas
poblacionales multiples’en‘estas rebanadas. Adicionalmente, como se muestra en los
trabajos 1 y 3, el terjidrokp["c’)cesado para inmunomarcado de la proteina acidica glial
fibrilar (GFAP) muestré una gliosis astrocitica intensa en el trayecto de la canula y una
moderada como reaccién' asociada a la hiperexcitabilidad. Este incremento de la
actividad astrocitica ha sido reportada en la abstinencia al GABA (Le Gal la Salle et al.,

1988) asi como en otros'modelos de epilepsia focal (Franke y Kitthner, 2001).

En la presente tesis, logramos producir la hiperexcitabilidad por abstinencia al GABA
totalmente in vitro, com¢ se rhuestra en los trabajos 1 y 2. En este caso las rebanadas
de hipocampo de rata fuerc}h incubadas en presencia de GABA durante un periodo de
120 min. y como cons‘ecu:‘e:n‘ci:é‘ del retiro subito de este neurotransmisor se observo
una potenciacidén de la ésp‘iga poblacional que sobrepasd la respuesta control y se

produjeron descargas - epileptiformes. Los .cambios .en estas condiciones fueron
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5|gn|f|cat|vos y comcnden en sus-valores con estudios- prevnos (Garcia- Ugalde et al..
1992; Calixto et al., 2000) La. concentraCIon de GABA (5 mM) usada para inducir 1a

abstmencsa v la hlperexcnablhdad se ‘aproxima-a’ la concentrac:on de GABA que se

Acio snnaptlco (Cherublm y Contl 2001)

La hlperexcnablhdad de Ia respuesta bajo esta condicion se cuantlfnco a través de la
func:on de "‘Entrada/Sallda" smaptlca e curvas IO (Input/Output) (Kostopoulos vy

Psarropoulou 1992) La funcnon I/O l s’ una ‘medida de la descarga postsinaptica como

© funcién d ="la actuvndadémaptnca En el caso de las rebanadas con abstinencia al GABA

se determlh’

. en el trabajo numero 2 que la excitabilidad se lncrementa en mas del
100% con respecto a los controles y que esta hxperexcntablhdad radica esencialmente
enla postsmapsxs i

Posterlormente'sebanahz hlpotesns de una disminucién en la inhibicidon
GABAerglca que’ converge sobre las  células piramidales de la region CA1 del
hipocampo como un mecamsmo snnaptlco subyacente a la hiperexcitabilidad (Bernard
et al, 1998; |keda- Douglas et aI -1998). En el trabajo numero 2 se confirmad, a traves del
analisis de pulsos pareados; qﬁe durante la hiperexcitabilidad se presenta una
disminucion significativa enla inhibicion recurrente, i.e., la inhibicion perisomatica de
las células piramidales. La disminucion de la inhibicion recurrente aparece reportada en
una gran variedad de modelos de hlperexcnabxlldad neuronal (Davies et al., 1990,
Sloviter, 1991, Xie y Tletz 1991 Garcna Ugalde et al: "'1992 Olsen y Avoli, 1997;
lkeda-Douglas et al., 1998 Calixto* et al 2000) lla“nnhlbl::lon dendritica tambien se

presenta alterada durante Ia hlperexcn abllldad

vbstnnencna al GABA, esto se

que en

durante la

'v plazo

condiciones in’ wtro com_

provenientes de ratas con abstmencna a ‘GABA ,Asnmlsmo se corroboro en rebanadas

de corteza sensonomotora como se muestra en el trabajo numero 3. La evidencia
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experimental proveniente de varios estudios sefala que cambios en la excitabilidad de

los circuitos neuronales; rebsultado de Ila h'iperexcitabilvidad 'y de las -crisis epilépticas,

inducen un: ihcréménto’dde Iarga durac:on en: la eflcacna snnaptlca del hipocampo

(Becker et al.. 1997'
h|perexcntabllldad

sinaptica GABA aic

’ducc_:lon: _en;

la trans_mlsnon

Schultz, : 1 997)’

Estos resultados sugmeron que Ias modlf‘camones eyn Ia postsnnaps:s que conducen

a la hlperexcntabllldad pueden ser e-Jercdab -traves del receptor GABAA El

decremento en la lnhxblcmn medlada por: el receptor GABAA fue conflrmado en los
trabajos numero 1 y 2 con la realizacién’ de curvas dosis-respuesta con el agonista
especifico para este receptor el muscnmol y con el antagonista competitivo bicuculina.
En ambos casos se evalud la eficacia y potencia de los farmacos sobre la amplitud de
la espiga poblacional. El analisis de dobles reciprocas, Lineweaver-Burk, mostrd una
reduccion significativa en la respuesta maxima (eficacia) del receptor sin cambios
significativos en la potencia (ECgp) para ambos compuestos. Estos resultados senalan
un cambio en el numero de receptores sin una modificacion significativa en su afinidad.
No obstante, se realizdé un analisis de Schild para asegurar la ausencia de cambios en
la afinidad del receptor. Como se muestra en el trabajo numero 2, se llevaron a cabo
curvas dosis-respuesta con el agonista muscimol y  se evalué el desplazamiento
progresivo de estas curvas ante diferentes. dosis del antagonlsta competitivo
bicuculina. Como resultado de este analisis no hubo_ dlferencxas significativas en la
constante de disociacion del antagonista durante Ia abstmencna al GABA. Los valores

obtenidos en el analisis de Schild corresponden estrechamente a los valores

reportados por otros grupos . para el mlsmo Aantagomsta (Krnshek et al.,  1996;

Simmonds, 1982); usando la mlsma tecmca de” reglstro en la’ misma region del

hipocampo (Kemp et al., 19886). De tal forma queﬁyel anallsls de Schild, el analisis de las

curvas dosis-repuesta y el analisis de«Llneweaver-Burk, indicaron que cualquier
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modificacion que el receptor GABA, presente después de Ia abstinencia al GABA; no

incluye un camblo en su af"mdad ru para el agonlsta ni para el antagomsta

Una-. reduccnon.en el numero de rec

ores GABAA ha SIdO reportada como resultado -
de la admln 3
1988 Meht'

membrana ‘postinaptica,’ se ‘realizaro

ol.'En el trabajo

numero =2 se: muestran Ios resultados de estos: estud “cuales  sefalan una

reduccnon en. el 4 bios“en la afinidad o ECso

evoluciéon temporal de Ia hnperexcuablhdad

Tanto los anallsns electrofnsuologxcos como I
hlperexcntabnlxdad por abstmencna al- GABV

dlsmlnuc10n en Ia densndad del recepto

Hiperéxcitabilidad desirihibic 6n"y'abstir'i'encia'alvGABA '

La reduccion en el umbral de dlsparo en Ias neuronas (Lossin et al., 2002) y el
numero exagerado de . potenciales de. accidon durante las descargas epileptiformes
registradas durante las crisis convulsivas (Kostopoulos y Psarropoulou, 1992)
caracterizan a la hiperexcitabilidad neuronal como la propiedad inherente mas
representativa del tejido epileptogeno. Sin éﬁ'\bargo. la hiperexcitabilidad neuronal
surge de mecanismos celulares y sinapticos en .gran parte desconocidos (Brailowsky,

1999). Como se menciond anteriormente, la desinhibicion neuronal es uno de los
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mecanismos sinapticos' que mas se han asociado*al incremento ‘en la excitabilidad
neuronal. i B o '

La actnvndad ,::,a‘ctiyi,dadrv paroxistica

"GABA' podria ser el

en la ampllt d de

eplleptlformes s, i

socian’con la perdxda de la _vlnhlblcl ]

al, 1998; Slov:ter. 1991) (] b én a traves del bl'

_k'GABAerglca (lkeda-Douglas et

: o del receptor GABA, con penicilina,

lo cual conduce a Ia aparlcu::n' espont'nea de trenes de descarga (rafagas o burst)
sincrénicos y potencrales de’ camp

oscxlatorlos persistentes en la red neuronal

hipocampal (Schnenderman 1997) De hecho los registros intracelulares de neuronas
corticales durante la abstlnencna aI GABA (Silva-Barrat et al.,, 1989; 1991; 2000)
muestran despolarnzacnones paroxnstlcas en practicamente cada neurona que rodea al
area perfundida con GABA. - La;mayorla de estas neuronas presentan trenes de
descarga (bursts) intrinsecos,\gédemés de un decremento correlacionado en la
conductancia del receptor GABAA bajo la exposicion al GABA o del agonista

isoguvacina (Champagnat et al.»'

; 1990 leva Barrat et al., 1989; 1991; 1992; 2000). De
tal forma que las neuronas co "trenes de descarga pueden expllcar los potenciales de
EEG paroxtstlco V(Olsenb yAvoli; +1897)  durante la
hiperexcitabilidad por abstmencxa al GABA : S k

campo oscilatorios y el

La desinhibicion asocnad respuésté .del. receptor GABA,

durante la abstmenma al enlesta tesis, coincide con

condiciones ;epileptégehas.' especialmente en

ejemplo, en el modelo: de’ epplepsna indu da, por pllocarpnna Glbbs et al. (1997)
potencla del GABAKendogeno sobre la respuesta

del receptor GABA,; lkeda Douglas et al‘ (1998) referen la falla de la inhibicién

reportaron cambios en la‘ef"cé’éia’

GABAérgica posterior a la apllcacxon de acido kalnlco en-el hipocampo, Fueta et al.
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(1998) seﬁalan el decremento .intrinseco’ de  la’ inhibicion mediada por el receptor
GABA, en la reglon CA1 de ratones (E1) genetlcamente epnleptlcos asi como Rossler

et al. (2000) la ref”eren durante el desarrolio’ del “klndhng 3 Asnmlsmo hay modelos in
vitro, ~e.g.i+ la preparac" on de rebanadas‘:d’

lpocambo en donde Ia desmhnbncnon :

un decremento en Ia ef'cacua (Hu y Tlck 994) y'una reduccidn'en: la‘potenma (Xle y

Tietz, . 1992) del receptor GABAA ante agonlsta selectlvos para esterreceptor El

mismo tratamiento’ cronlco con GABA o benzodxcepma conduce ‘a un bloqueo de la
inhibiciédn recurrente medlada por el receptor GABAA (Xle y Tletz 1991, Garcia-Ugalde
et al., 1992; Zeng et al., 1994; Calixto et al., 2000) y a una,reduccnon del 60% en la
amplitud de los potenciales postsinapticos inhibitorios tyempra‘nos mediados por el
receptor GABA, (Zeng et al., 1995). Estb'résulta e,n'uv’na‘p‘ér‘dida de las corrientes
inhibitorias postsinapticas miniatura (Pcisbéaﬁ et all‘,' 1 99‘7,). as_i domo al decremento en
el nimero de receptores GABA, '(Mehtab Yy TicV:ku,:,‘VlVQVISVZFLBarﬁ’e’s 1996) En resumen, Ios
tratamientos crdnicos con benzodiacepinas’ cpf}d(:cen
incluyendo una subsensibilidad intrinseca””al".GrAyB{}
actividad de los circuitos GABAérgicos .y a -

intrinsecas de la neurona (Wilso,h, 1996).

,desarrollo de tolerancnaf

Estos datos sugieren que la khiperexéita‘b'i'lfdad po

relacionada con estados convulsivos observado

espues de Ia interrupc:on de la
medicacién cronica con antlconvulswantesGABAerglcos tales como los barblturlcos
fenitoina o benzodiacepinas: (Owen Yy Tyre

983‘ Marctam et al.,, 1985; Davies et al.,
1987; Lader, 1994; Doble y ‘Martin; 1996) La comparac:on de la hiperexcitabilidad por
abstinencia al GABA con la abstmencna ‘a‘agentes GABAeérgicos, especialmente las

benzodiacepinas, merece algunas consideraciones.
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Comparacion de los estados de hiperexcitabilidad por abstinencia a

benzodiacepinas y por abstinencia al GABA.

La comparacidon--directa -entre estados de hiperexcitabilidad por abstinencia a
benzodiacepinas vy la: hibereicitabilidad derivada de la suspension de GABA, aunque
razonable  desde s"“'

onvergencna en el mismo receptor, no resulta sencilla. Las

dificultades- pueden consnderarse "desde la "aproximacion experimental con la que
habltualment ‘

e nos de tolerancia y abstinencia a agonistas del
receptor GABAA !

normalmente se observa la conducta, el EEG vy

posterlormente los camb S itro (ex wvo) ya sean electrofisiologicos, bioquimicos o

farmacologlcos, los ,cua s av_nallzados en diferentes momentos después de la
administraciénkcrénig:‘k'a‘y'kde' s cyo“mpuestos o durante su abstinencia (Silva-Barrat et
al., 1989; 2000; Brailowsky'et al., 1990; Carlen et al., 1990; Kang y Miller, 1991; Zeng
et al., 1994; 1995: Barhes,figge; Wilson, 1996; Toki et al., 1996; Tietz et al., 1999). No
obstante, las variécidnes .é_ﬁ' los procedimientos hace dificil las comparaciones (Loscher
et al., 1996; Fahey et al 1999) las diferencias regionales en los cambios del receptor
(Wilson, 1996) y los dlferentes tiempos de observacion después de la suspension del
tratamiento producen resultados a veces contrastantes (Sllva Barrat et al., 1989; 2000;
Brailowsky et al., 1990; Carlen et al,; 1990; Kang y Miller, 1991; Zeng et al.,, 1994;
1995; Barnes, 1996; Wilson, f1996- Tdki etal., ‘199’6- Tietz’et al., 1999).

Por otro lado es'turdriar Ios mecamsmos ‘a’ partlr de los cuales se genera la

hiperexcitabilidad desde su lnncno pre nta algunos problemas. La administracion

prolongada de los agonistas GABA o re ro sublto de estas drogas, puede conducir

a cambios electroFSIOIoglcos mcluy ndo cnsns” epxleptlformes antes de realizar las

preparaciones y los registros mlsm s ( avi es ‘et al. 1987; Brailowsky et al., 1988; Silva
-Barrat et al., 1989, Gibbs et al

o:sbeau et.al., 1997). Este es el caso para las
crisis epilépticas |ndUC|das,po‘r_' 'edlo -por ejemplo las crisis inducidas por

pilocarpina, acido kainico o 4- é_ mopxnd:na todas conducen a cambios profundos en la

neurotransmision para el GABA eI glutamato y para el N-metil-D-aspartato (NMDA)
(Carlen et al., 1980; Traub- Y Jefferys 1994, Gibbs et al.,, 1997; Sperk et al., 1998). El
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registro electrofisioldégico de neuronas -una vez que se ha' presentado una crisis
muestra diferentes cambios debidos a la crisis  misma, tales como el nivel de

despolarlzaclon de Ias celulas la aparICIon de potencuales _

meseta Y descargas en

trenes o rafagas Junto con Ios camblos en el 1nflu;o de calcxo que acompanian a estos

eventos (Carlen et ‘,1990 Traub y Jefferys, 1994 _Silva- Barrat et al., 2000). En

cuanto al receptor GABAA. se ha reportado su desensublhzacnon la regulacién hacia

arriba (up regulatlon) del numero de receptores, asi como de las multiples subunidades

que conforman su estructura heteromeérica y la dlsmlnumon en el pegado de diferentes
agonlstas GABAA (Galpern et al.,, 1991; Kang y Mlller 1991 Hu y Ticku , 1994; Mhatre
y. Ticku, 199> ABarnes 1996; Toki et al., 1996 Holt et al., 1997; Tietz et al., 1999;

Ly'on's'et"al.A 2000) El momento en el que se suce'ien todos estos cambios, asi como

su especﬁ”cndad "né ‘se conoce. Por ‘su ‘v Ia total induccién in vitro de la
hlperexcntabllldad por abstinencia al GABA como se presenta en esta tesis, tiene la
ventaja de que las rebanadas de cerebro fpueden ser regxstradas a cualquier tiempo
entre el retiro del agonista y la estabil‘i,zadé»h;de:l‘nuevo estado de hiperexcitabilidad, lo
cual permite separar entre dos condic‘:i.onés'diferentes. es decir, los cambios atribuibles
a la abstinencia o tolerancia propiamente, de.los cambios producto de la actividad
epileptogena y las crisis convulsivas consecuentes. Aunque la tolerancia seguida de
abstinencia conduce a la hiperexcitabilidad (Barnes, 1996) su separacién es necesaria

para comprender cOmo es que esta ocurre

A pesar de las consideraciones antenores es Notable. Ia cantidad de resultados

coincidentes entre la hiperexcitabilidad: por abstunenc:a a Ias benzodlacepmas y por

abstinencia al GABA en el hlpocampo Despues de la; admlmstracnon cronica de GABA
ncue tra tolerancxa, dependencia e

ky. 1988; Barnes, 1996; Silva-

o de agonistas para el receptor GABA,,
hiperexcitabilidad inducida por la abstinenc
Barrat et al.,, 1989; 2000). E! mismo feﬁéﬁ en erva claramente después de la
xeS:e : al 1988; Miller et al., 1988;

Carlen et al.,, 1990; Barnes, 1996; Tbkivv'é_tilv'é,i.,fj996). En ambos casos, existe un

administracion cronica de benzodiacepinas

decremento en la sensibilidad del reéebtqr:GABAA ante sus agonistas (Miller et al.,

TESIS CON |
FALLA DE ORIGEN|  2°




1988; Silva-Barrat et-al.;-1989; ‘Xie y Tietz, 1992; Wilson, 1996' Cash et al.,, 1997). La

hlperexmtabllldad mducuda por la abstinencia ha sido total y agudamente inducida in

vitro en:la preparacmn de rebanadas de’ hlpocampo tanto para las benzodiacepinas

1987 Garcia- Ugalde, 992) Io cual no se ha

tas alosterlcos Por lo menos en la corteza, e! curso

Ia abstmencla al GABA y a las benzodlaceplnas (Calixto

kn G ‘BAérglca la |nh|b1c10n y Ios‘ anUJos de cloro mediados

antenormente se en‘ entran ‘alterados posterior a la

Polsbeau et al 1997 Garcia- Ugalde et al.,

994 Callxto et al 2000) Finalmente, como

e ento en el numero de receptores GABA,

'»cr,énibc“a_ ‘de GABA como de

benzodlaceplnas

Los sindromes. de absti yrgomstas alosterlcos del . receptor

C—:ABAA son climcamente tratad 'rlcos o drrectos (e.g. el
'o GABA) Una

:desarrollar una

sindrome de abstinencia al - alcohol se trata con benr
consideracion pertinente ante este procedlmlento es el g
abstinencia de segundo orden’ y por tanto ‘a la pregunta '¢cual de Ias abstmencnas

llegara a convertirse en la menor o'la peor?

Disminucion en el nimero de receptores GABA,

Después de los diferentes analisis electrofisiolégicos y farmacolégicos del ‘presente
estudio se concluye que la hiperexcitabilidad por abstinencia. al. GABA es causada
principalmente por una disminucién en la densidad del receptor GABAA La reduccion
en el nimero de receptores GABA, en la membrana smaptlca ha'sido reportada por

otros autores como resultado de la administracion crénica de agonistas GABAérgicos

(Miller et al, 1988; Roca et al.,, 1990; Calkin y Barhes‘,fl994) con la consecuente
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alteracion de la neurotransmisién GABAérgica pero’ sin:cambios en-la Kg o ECj50

(potencia) en .la farmacodmamla del receptor CE‘ABAA (Hu Y. Tlcku 1994) tal .como

ocurre: enﬂe 'presente estudxo La dusmmucuon o regulac:on hacua abajo delr receptor

anahsns mmunohlstoq 1 ICO de las subunidades que conforman al receptor en tejldO

provenlente del modelo de raton con malformacion cortical inducida e hiperexcitabilidad

mtrmseca ,'muestra una “disminucién en diversas regiones cerebrales de las
subunldades a1:‘, 2,3 y 5 y de.la subumdad v2. (Redecker. et al., .2000). Aunque en

algunos otros estudlos la ev:dencua sobre la disminucidn en el niamero de receptores

no presenta resultados umformes o. bien estos son contradlctonos (Duncan, 1999;
Zilles et al;, 1999) b CaeE s

La med:cnon d’ omunmente conforman al receptor (?;ABAA

nativo del’ pues del tratamlento cronlco con GABA o
agonistas GAB’

rta o la: regulacuon hacia abaJo y el recambio del
RNAM de'l

'y‘l despues de la incubacién con GABA por un

neuronas (Lyons et al., 2000). El tratamiento crénico
con benzodlacepmas como eI flurazepam disminuye el RNAmM para las subunidades
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ol vy B2y 3 (Tietz et al., . 1999) o cbn Iorazepam durante. 14 dias disminuye la
concentracion del RNAm de- Ias subumdades al.y vy2 en aproximadamente un 50%

(Kang.y Miller, 1991) En eI mlsmo perlodo de tiempo, el tratamiento con diazepam

(valuum 15mg/kg) d crementa eI ruvel de trascrupc:on del gen para la subumdad gamaz
(Holt et al.; 1997). Lo cual ar
disminucién en

asociados. h parece jugar un papel -importante en la

abstmencua a neuroeste onde

o que su supresién prevnene las caracteristicas de

la abstinencia a estero!d do enos (Smith ‘et al.,, 1998). En estos casos

habitualmente la alteracid veles de. RNAmM ocurre :de manera previa a la

disminucién del namero-d receptores y los camblos sngmf:catlvos aparecen después

de varios dias. En "'el cé a ;hlperexcntablhdad por. abstinencia al GABA, la

disminucién en el numero e eceptores ocurre’

pernodos mucho mas cortos como

se demuestra en'.el trabajo 2 ] cual apunta a qu prevno a una disminucion en la

sintesis del receptor’ eX|ste un mecamsmo de d rad cuon mas rapido asociado con la

desensibilizacion y la hlperexcnabmd d

l.La disminucién . o regulamon hacnaiabajo del feceptor GABA, después de

tratamientos con GABA o agon ta GABAerglcos ha sido asociada con endocitosis.

Se ha reportado el secue ores GABAA en vesiculas cubiertas de clatrina

despues de la exposmld P
1994; Tehrani y Barnes ‘199

ABA o ‘benzodiacepinas (Calkin y Barnes,

:Barnes, 2000) No obstante, los mecanismos celulares

de secuestro del recepvtor‘ GABA . en .Avesxculas cubiertas de clatrina no queda claro,

pero la estabilidad dei recéptor en Jl ,éu'perfcie de la célula parece depender de la

actividad de proteinas- cinasas como la PKC y de la composicion de las subunidades

(Connolly et al., 1999;' Krishe aet al.. 1994). La endocitosis del receptor GABA,

pareciera ser el mecams_mo,mas prQbVavble para explicar la desensibilizacion durante la
abstinencia al GABA. Los resultados obtenidos en el presente estudio concuerdan
entonces con estudios"pre'\/ios(Lyons et al., 2000). Sin embargo, la exploracion sobre

diferentes tiempos de' exposicidon al agonista es necesaria para comprender en qué
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momento se desarrollan-los*cambios. “Asi:también, ‘es recomendable estudiar los

mecamsmos de senalxzac on lntracelular que preceden al fenomeno

Ios dlferentes mecamsmos asocnados a.la

presentan - interesantes sia - y : la abstinencia a‘ farmacos

etlologla ampllamente dlverSlflcada seria dificil que un

sintomatologia, asi como;u_h 3
solo modelo experimental incluyera todas sus dimensiones. .La - abstinencia al GABA
presenta una ventaja sobre otros modelos farmacologu:os \ es que la hiperexcitabilidad
se genera a partir del propio agomsta endogeno el GABA, circunstancia que provee al
fenodmeno de implicaciones fisiologicas relevantes. En cuanto a la abstinencia al GABA
como un modelo de abstinencia a farmacos sedéntes como las benzodicepinas, los
barbituricos o el alcohol, también presenta notables. vnrtudes entre otras su rapida
induccion y su reproductibilidad in vitro. Independlentemente de la validacion de
fendmenos de hiperexcitabilidad como = modelos - experimentales, el adecuado
funcionamiento del SNC requiere del balance entre excitacién e inhibiciéon en cada uno
de sus circuitos. Bajo condiciones normales —’los"circuitos neuronales pueden desplegar
un amplio rango de respuestas.y- cambxos en la. actividad dependiente de uso
(plasticidad). Sin embargo, la alteracxon en ‘el balance de los niveles de excitacion-
inhibicion en el SNC resulta hab:tualmente en dlsfunmones de los circuitos neuronales

involucrados, por lo que dlchas alteracmnes merecen del interés cientifico.
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CONCLUSIONES.

La hiperexcitabilidad por abstinencia al GABA presenta:

A) EEG paroxnstnco (pollesplgas esplgas ‘ondaryresplgas seguldas de actlvndad

hlperslncronlca) en el érea [ cunscrlta la |nfUS|on

J) Una correlacion estrecha entre el decremento en el numero de receptores y la

evolucidn temporal de la hlperexcnabllldad
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ABSTRACT

In some mammals, epileptic seizures have been induced in the cerebral

cortex, hlppocampus and other Ilmbnc structures aﬂer the sudden suppressuon of

chronically infused Y- m:nobutync acnd ~This hyperexcnabnhty state

induced by the’

ndogenous 'neurptransmltter‘resemb|e's the' withdrawal seizure-

response ‘as’ ‘benzodiacepines,

ats. with ‘seizures induced - by
on‘s‘andparoxysmal"acti\k’/ity in the

hyperexc:tablllty th threshold of

frequency stlrnulatlon that no mally farled to produce Iong Iastlng changes in the
ksynaptlc strength, was now able to mduce LTP. Facilitation of the LTP induction
was associated with a: decreased GABAA mediated inhibitory activity, because the
effect of the GABA, receptor antagonist, bicuculline, was occluded during
hyperexcitability and the dose-response curve for bicuculline showed a 50%
efficacy reduction with a shift in the EC,, from 4.5 to 1.1 mM relative to controls.
Nevertheless, the Kp of the antagonist did not change significantly.

Our results support the idea that changes in hlppocampal plastncnty under
altered inhibitory -neurotransmission states, like those mduced by wnthdrawal
syndromes td anxiolytic, sedative or antic'onvulsant drugs may b,e engaged during

seizures.
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Key words: LTP, GABA withdrawal, Plasticity, Seizure, Hippocampus, GABA,

receptor. . )

INTRODUCTION.

The correct functlonmg of the central nervous system (CNS) requ:res the

balance between excntatlon 'df

mhnbxtlon in each of its c:rcuuts Under norrnal

condutlons neuronal cnrcunts ma dnsplay an:ample range of responsuveness “and

activity-dependent (plastlc) changes However, umpalrments in the excutat:on-
inhibition balance due to Iesnons in.the CNS often result in misfunction of the
circuits involved. If synap‘tncﬂlnhlbltlon is impaired, the consequence is an increase
in the excitability of‘neor’cnall cells (i.e. hyperexcitability). In the CNS the major
inhibitory neurotransmitte‘niei_thye_ ;{-aminobutyric acid (GABA) whose inhibitory
effect is mainly mediated b'y :the'GABA receptor. The topical or systemic
administration of compounds that block the GABA, receptor, such as penicillin,
bicuculline or plcrotoxm produces hyperexcutabllxty, paroxysmal depolarization
shifts and eplleptlform actlwty (Schwartzkrom and Prince, 1977, Wong and Traub,
1983; Connors and ,Gutnick.‘ 1984:‘ Schneiderman, 1897, Czlonkowska et al,,

2000: Karnup and Stelzer, 2001).

Neural hyperexcxtablhty and - seizure actlvuy can also be produced when
drugs that increase C;ABAA medxated mhlbmon llke benzodlazepmes barbiturates

and alcohol, are suddenly wnthdrawn (Tlcku et al., 1983; Sangowver e--Ralasmo
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1986; Carlen et al.,, 1990; Olsen and Avoli, 1997). These GABA, agonisis are

commonly prest:ribre',d: as“‘anxiolytic.‘sedative or anticonvulsant drugs and are

C dru'gS Thei‘r' prolonged administration can result

dence When these compounds are abruptly
produced ;whlch are characterlzed by
€ rceptlon ‘as well as. hallucnnatlons and

1987 Lader 1994 Doble and

,988; »Sllva-Barrat et al.,, 1989;
aunders and Ho, 1990; Smith et al., 1998).
yperexcntablllty and  epileptic

s ',-"and splkes and-wave

A similar case of

motor a"d “explor tory behav:or human GABA-withdrawal

reported after discontinuation of orally administered gamma-

hydroxybutyrate (Cralg et al., 2000). Furthermore, hyperexcitability by GABA
w4thdrawal is: |nduced completely in the in vitro slice preparations after sudden

mterruptlon of superfused GABA in both hippocampal and cortical slices (Garcna-
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Ugalde et al.,, 1992; Calixto et al., 2000). These spontaneous and paroxysmal

dnscharges have been conSIdered as an experimental model of local

eplleptogeneSIS (Brallowsky et al ,,1988) and resemble the withdrawal responses

to other GABAA receptor agonlsts like benzodiazepines, barbiturates and alcohol

: (Casasola et al 200’ ,72000: Brailowsky and Garcia, 1999; Carlen et

al., 1990), but pﬁr_eVsen'tly_’ind'u d byv the endogenous neurotransmitter itself.
Modiﬁoation of* h s'tren"th '*’of synaptic connections is critical “to~ many
aspects of nervous ystem physuology Long term potentiation (LTP) is a plastlc

phenornenon onglnal y by BllSS and Lomo (1873) and deflned asa long-

Iastlng lncrease of the'syn'a

»tc"‘efﬁcacy following brief afferent tetanic stimulation
(Gustafsson and ngstrom 1988) LTP has become the dominant model of
activity- dependent synaptlc plaStIClty in"the mammalian brain and has been related
wnth Iearmng and memory (Bllss and Collingridge, 1993; Malenka, 1991, 1995;
Lynch et al 1990) LTP depends malnly on glutamatergxc transmission and
calcium 1nflux (Malenka 1995; less and Colhngndge 1993; Collingridge et al.,

1983) but GABAA-medlated lnhlbltory can play an important _role . in.. this

phenomenon (Ishlzuka and Hayashl 1998 Schnelderman 1997; Schultz, 1997;

thstrom and Gustafsson 1986 1985)

Evndence tsuggests that changes m network excntabnhty resulting . from
hyperexcutablllty and eplleptlc selzures |nduce a: hlppocampal Iong lasting increase

in synaptic efﬁcacy (Schnelderman 1997) or have an enabhng action on the
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induction of persistent synaptic potentiation in piriform cortex (Kapur and Haberly,

1998), and in hippoc'empus'afte'r kindling (Becker et all

1 997) _Inversely, LTE’ -

induction can be followed by eplle"tlfo m actuvtty (Ishlzuka and Hayashl 1998) and.

by a reductlon ln t" : rd mhlbltory synaptlc

transmlssnon that may ontnbute to: selzure hyperexc:tab:hty (for a rev:ew see

Schultzk, 1 99 ) :

Hlppocampus IS an mterestlng braln reglon to analyze how mismatches in the

lnhlbltlon/excnatlon alance affects ne ronal cwcu:try function, since’is a classical

plast:cnty—mductable br

nd also‘ the generator of intractable epileptic

k selzures, both Uh rac

not enough is known of the interaction

between_them oianalyze this interactlon,gwef first explored if hyperexcitability

induced byG . BA P,lnd'l‘jotion in rat hippocampal brain slices.

he 'p sslble role“of a. decrease in GABAergic

neurotransmnssnon m thls phenomenon. .
EXPERIMENTAL PROCEDURES

Animal preparation and EEG recordings

Male wistar rats (U.N.A.M. breeding unit) weighing 200-250 g were prepared
as already described (Brailowsky, 1988) and all efforts were made to minimize the

number of animals used and their suffering. Under general anesthesia (Halotane
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5.0% and gas mixture of 95% Oz / 5°/o COp3), rats were implanted with epidural

screws for chronlc EEG recordlngs Addltlonally each rat was lmplanted bllaterally

with stainless- steel cannula’ (O Gfmm o.d Kthe CA‘I hlppocampus reg:on (AP

3.6, Lo +/< 2 5 Va2 5mmifrom:bregma;and: bone surface see ref Paxmos ‘and

Watson 1 9

saline infusion'in the control group

Immunocytochemistry. .
‘Some 'of"'the rats w1th GABA or,v salme 1nfusnon (n 6) were used for

hnstologncal analysns After sahne mfus:on or GABA wnthdrawal rats were perfused

mtracard:ally W|th cold buffered sall e: followed by F’LP (phosphate llsme-

paraformaldehyde)  fixative forf, protem

:-'(GFAP)

immunohistochemistry.

Coronal sections (40 pm) were se‘q'uentially ’mcubated‘ the "fvollowing'
SO|UtIOn$ 1) primary antibody agalnst GFAP (Dako," Denmark) dlluted 1 2000 in
PBS 0.1 M, containing 0.3%. Trlton X- 100 and 2% norrnal goat serum for 72 h at

4°C; 2) biotinylated secondary antibody, diluted 1:200 in the same buffer as in 1,
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for 2 h; 3) avidin-biotin-peroxidase complex (ABC) (vect‘or, Inc.), prepared

accordlng to manufacturers lnstructlons in PBS GT (vector Inc) 4) 0.05% 3 3=

dlamlnobenzudlne in‘trizma (Slgma) pH<_7 2 wnth O 03% hydrogen peroxnde for 5-

10 min. Three 10-min.rinses were'perform d between steps All incubations were

performedba Wherw;se noted. GFAP-reactive areas

were mapped based on. the atlas of Paxmos'and Watson (1986).

Sl/ce preparat/on and extrace//ular record/ng

Rats were anesthetlzed wnth ether nd decapltated The braln -was rapldly

removed and each hemlsphere sectlone with'a vnbratome |n sagltal sllces of 400

' old ‘ Rlnger-Krebs

recording. This stlmulatlon frequency dld not’ produce potentlatlon depressnon or
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multiple spikes in control slices. Excitability curves of the PS were obtained with

stlmulus values ranging from threshold to maxtmal response and _Mmeasures were

made from the first deflection of th f‘eld ex Vlta ry postsynaptnc potentlal (fEPSP)

stlmulatlon (B

tlmes at Iow orthodromlc stlmulatlon strength ThIS BFS normally does not induce a

LTP or if it does xt |s a very weak one
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F’harmacologica/ ahalysis.

New control and GABA—WlthdrawaI hyperexcttablllty sl:ces were obtamed and

that PS amplntude response DR:at:any blcuculhne concentrat:on [bicuc], is given

‘xn the presence of

: ‘oncentratlon axis, the

maximum effect (Emax) obtamed from the Ftted functlon data was normahzed to 1

[ TESIS CCH
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(Fig. 6B) Students t- tests were used to predlct the Ievel of statistical significance

(P value < 0 05) as approprlate To assess the srgnnf‘cance in the ‘bicuculline dose-, .

response shlfts~were determlned_ fro’m the fits” of .the Hill equatlon to ,the lndnwdual

data sets. ‘

Drugs.

GABA" and blcucullme were purchased from Sngma (St. Lou:s MO) They

were applled from freshly prepared stock solutlons to the superfusron saline.

RESULTS

Hippocvan'ylpal,:ErEG braroxys'rrkla,/ aét[v}'ty aft"erlGAbBA-w}'thdraWa/\ (GVW E

One week after surgery a

1987, 1 988‘ 4 990'

in Fig. 1C selzures nduced by GW.: were‘characterlzed by'polysplkes and spike-

and-wavevdls’charge cllowed by hypersynchronlc actlvnty Abnormal activity

lasted forrseve"ral d ys~(Fl K ‘lD) Electroencephallc actl ’y:w s’assoc:ated with

myoclonic aetivity, wet—vdo'g‘"shakes, salivation and behavxor enanges.
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INSERT FIG. 1 HERE

Reactil/exg'lid'sis after GW.

analysns was used to conflrm the correct electrode

GABA. Extracellular f‘eld recordmgs in. the CA‘l regnon of shces taken from animals

that presented EEG, paroxysmal actxvnty, exhxblted eplleptlformvfeld potential
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responses to a single orthodromic stimulus (Fig. 3A). The field potentials recorded

from the penphery of the GABA mfused area had at least 3 or 4 populatlon sp:kes

(PS) at mtermedlate or at‘hlgh txmulus i tensmes (Fig. 3B). Control slices from

saline 'inf_d;sed:,:gréhp only; hadone F’S : even at hlgh mtensmes of afferent

stimula‘tionk(n-_: hese results conflrm that eplleptlform

etal. 1991,.1992; Garcia-Ugalde et al.; 1992). -
INSERT FIG. 3 HERE

LTP was significantly facilitated by GW. .

To test for a convergence ponnt betwee classncal hlppOC mpus plastlcuty and

' rexc1tab|l|ty by

GABA-withdrawal was~* reproduced

slices were stnmulated wnth brlef frequency stlmulatnon (BF’S; see methods) whlch
only- produced short Iast:ng changes in the PS amphtude (F‘lg 4A) Subsequently
slices were exposedvto GABA; the mhlbntory effect of the,neurotransmltter was

rapidly obéerved “(Fig. 4B). After GABA cessation ' hyperexcitability was

progressively produced (Fig. 4C), under this condition the same BFS induced

I TESIS CON
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Long-term potentiation (Fig. 4D). In other words, the threshold for LTP induction
was reduced under DYE%@@?‘?P"“Y; 7

INSERT FIG. 4 HERE

To vernfy that the txme since slnces were obtamed or the tlme in which slices

were stlmulated dld not mfluence LTP mductlon BFS was applled to control slices

enhancement of 127% + O 4 in !
differences (t—Student p i< 0 05) we

groups were compared (nés'f 1

maxnmal amphtude This:may suggest that both phenomena share mechamsms or

Synaptlc resou rc

INSERT FIG. 5 HERE

Decreased GABA ,-mediated inhibitory action after GW.
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To analyze the GABAA receptor activity, dose-response curves of the GABA,,

receptor antagonistfbicucdllinefwere performed in control and"GW slices. Figure

6A snowslthaf bioch_u ine.incr ased PS mplltude in a dose dependent manner in

enhancement produced by

Wltsllces. the decrease in the bicuculline
s niﬁcant alteration in the sensmvnty to theﬂ

cuctulline EC50 was 1.1 % 0.6 vt for controls and 4. 5 +

suggests that the d:fference in blcuculhne effect
ngeiin eceptor affnlty To further: test thls mference a

£ dose response curves was performed Thls_

change |n efrcacy was not accompamed by a

s:gmf"cant change the potency of bxcuculllne- 1n control and GW slxces the EC50 :

value ,was ,O.,8‘
INSERT FIG. 6 HERE

DISCUSSION’
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Withdrawal of GABAerg:c drugs,. such as barblturates benzodlazepmes or

alcohol, leads to<an 1ncrease in: the hlppocampal eXC|tab|1|ty and epnlephform
activity »(le‘én" :

1987, 1988; Theodor

1992) ln thls study we

‘1989' 1991, 2000) Extracellular

ac:dlc prote n (el owed iastrocy c"reacti‘ve gliosis in the

hippocamp‘g!, |7n’fu

ertles and correlated decrease in the

conductance of the GABAA receptor under the exposure to GABA or the agonist

TESIS CCN |
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isoguvacine (Champagnat et al, 1990; Siiva-Barrat et al., 1989, 1991, 1992,

2000). Burs’ting‘ neurons may' explain oscilrlartory field potentials and paroxysmalr B

EEG (Olsen a AVOll 1997) durlng GW The decrease in the |nh|bltory actlwty»,

durlng GW“s clearly observed |n the blcucullme dose-response relation descnbed

agonlst after chronic

exposures o GABA also appear after benzodlazep nes;. barblturates and alcohol

wnthdrawa

'e.,and Tletz 1992i C st

997' QOIsen and Avoli, 1997).

suggestmg that the GABAA receptor had gone through af‘Fmty changes number of

receptors,vsubunlt composmo een GABAA receptors and BZD

have'demonstrated that down‘

regulatlon of GABAA

and‘ ‘f‘unctlonally lnvolved V~the~

hlppocampal hyperexcutabv‘ ”I.,:' 200‘1)

Envnronmentally 1nduced epnlepsnes ‘may. result:from‘aberrant’plasticity” (Olsen et

al., 1997; Olsen and- Avoll 1997) |n whlch r.may. be persistently

impaired under condltlons such as dlscontlnuat on of chron' BAergic drugs,
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stress trauma or kindling. Aberrant ‘plasticity may involve mechanisms such as a

kG'ABAe'rgkic |nh|b|tory mputs : & the? hippocampal

ho n scleros:s (Kardos X

‘1997) and |s accompamed by evere gllOSls and sproutmg m thls area:(Babb et al.;

1989)“

The whole cellular and synaptlc bases of hlppoc pa eplleptnc syndromes

remain -to be determmed' However, 1

changes in hlppocampal synaptlc 'effca‘cy‘\"'t‘ake 'place : dunng network

hyperexcitability, resultlng from seizure (Schnelderman 199W
] TESIS CON
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al., 1989; Kapur and Haberly, 1998 Becker et al.,, 1997). Studies using epileptic

animal models reported sngmflcantly greater LTP jurxder;r h}{perexcitability

(Wieraszko and Seyfned 1993) or,

ddvltlve effects betwee ’Ieotric:al and chemical

kindling, lndlcatlng the existence of - mechanism

n.common (Bradford 1995).

Hyperexcntablllty

property-of e

corres‘oon‘dlngdlmpalre spat Iearning{(McNaramevet al..'1993).

An e:s"sential‘ equirement:for.‘generating LTP is' presynaptic . activity during

sufficient . postsy "eptlo

1986; Gusiefee‘o ndkColhngrldge 1993' Malenka,

1991, 1995). S’evera studies had show

factors that incre

’Kelso et al..;—‘l 986; Wingstréom

the facnlltat d: TP

depol}arlzat on n

The rnarked reduc o

and take adventage of synaptic’ plastlcxty resources in the hippocampal network, or
TESIS CON
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at least of a kind of “aberrant plasticity“. In this sense epileptogenic activity and

neural plastlcny may." in 'some . circumstances ‘share ' cellular and synaptic

s fprdr'ndt'er a ’c',i:\ob étidn ~effect -

between -them.  This

. eplleptlc selzu res
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FIGURE LEGENDS

Figure 1. Representatlve |ntrah|ppocampal EEG recordmgs before and after

GABA-wnthdrawal (GW) A. Control EEG :ecordlngs;‘aken from the left (L) and .

the rnght (R) hlppocampus before GAB'

Seizures due to GW persnsted for several days

e ——
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Figure 2. Moderaté reactive gliosis after hippocampal GW. Micrograph of

coronal sectlons of rats bralns processed for |mmunocytochemlcal GFAP analysis

Figure 4. GABA-withdrawal

facilitates’

represent PS amplitude evoked by a singl

frequency stimulation (BFS) produced'sh’ort

The addition of 5 mM GABA (2 h ) o the salineba

inhibited hve;_F?S._C‘ﬁ.‘-A'ftel" a

sudden GABA washout, the tissue 'seen by a

progressive increase in PS ‘ar‘iﬁxyp‘liti.ixae,.:tl).ﬂzyo-,‘l 50 min‘after GW, the amplitude and
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PS number had stabilized. Now, the same BFS is capable of producing LTP (n=7,

p < 0.05, Student’s ¢ test).

of PS’ amp tude after a: tram of stlmull

Time courses

=7) slices

f'fre‘quency trains (BFS = 200mS at

u:uculllne was found in GABA-

ABAA receptorr antagomst blcuculhne enhances PS
amplitude in a dose-d P ose response plots for blcucullme are

shown for controls’(vi./hite” ¢ lrcles and for. sllces after GW (dark cnrcles) Note After

GW, bicuculline has lost eﬁ'cacy PS was mcreased by 28°/' after GW and 57% in

the controls (n=6). B. Normal:zed se res onse plots show ‘a rlghtward shift in

EC,, for b:cucullme 1. 1 pM n the control vs: 4 5 pM after GW C Lineweaver-

Burk analysis shows that'th is f‘t oes not represent a change in receptor affinity.
Thus, blcuculllne eff‘cacy may be due to a decrease in’ the number of GABA,

receptor (Casasola etal; 2001)
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Hippocampalfljyjje'l‘excitzlbiiity induced by GABA
withdrawal is due to doWn—regulation of GABA,, receptors
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Abstract

The sudden interruption of an intracortical instilliation of exogenous y-aminobutyric acid (GABA) generates in
cpileptic focus in mammals. Scizures clicited by GARA withdrasal (GW) Last for weeks. A similor withdrawal-in-
duced hyperescitability is also produced by several GABA( receptor agottists, This work reports o quantitative
analysis of GWeinduced hyperescitability produced  in the hippocampus in vitroo GW o produced o fett-witrd
displacement or the inpuat output (I O) function. sappesting th
explain the hyperexcitabibity. A decrease in the inhibitory el
contirmed that inhibition was impaired. Binding
bhindi

U the postsy

PHic component s predominant Lo
ey of the GABA | receptor agomst. muscimol,
saturation experiments demonstrated o decrease in | CH-muscimol
atter GABA swathdrawal showimg o close corrclation with the desclopment off by perescitabilits . AL these
maoediticattons coursed without changes in receptor altinuy (AL tor musamol or icaculiine as demonstrated by both
binding studies and Sehald analssiss 10 s concluded thato m the CAL regron o the hippocanipus, itis the number of
functional GABA | receptors, and not the altinity of the receptor, what is decreased during GWeinduced hyperese
ciiability . o0 2001 Published by Elsevier Science B.V.

Aeinordy GABAL GABA | receptors, Bpilepss: GABA sithdrasal syndrome, Wiahdiasal sy ndromies, Hippocanipus, Bensods
asepine withdrawal

1. Introduction azepines and alcohol causes functional tolerance
and physical dependence. The abrupt suppression

The prolonged use of drugs that  increase of these drugs may cause o withdrawal syndrome
GABAcrgic acuvity such as barbiturates. benzodi- characterized by rvitability. anviety. tremor,

changes in sensation and percepuon, as well as
hallucinations and scizures (Carvlen ot al., 1990

T Corresponding author  Tel: o 82.85.622-5670; tux: &+ S2- .
26335607, N Lader, 1994 Daoble and Muartin, 1996). NMorcover,
Semrail Gddreas: jhargasiifisiobunam.ms () Bargas), the withdrawal of GABA el after a briefl. but
! Deceased My 28 1998, sustained administration. results in cortical hyper-

O920-1211 02 S - see front matter < 2001 Published by Elsevier Science BV,
Pl S0O920-121 101100313
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excitability (Brailowsky ct al.. 1987: Silva-Barrat
t al., 2000), GW-induced hyperexcitability s
characterized by polyspikes. spike-and-wave dis-
charges associated with myoclonic activity of the
corresponding  body  arcas, sahivation. wet-dog
shakes. and changes in motor and exploratory
behavior (Le Gal la Salle et al.. 1988: Brailowsky
et al.. TUR7, 198K, 1990: Silva-Barrat et al.. 1989,
2000)

Brain slices obtained from animals subject to a
chronic  exposure o GABAL  benzodiazepines
(BZ12). barbiturates or steroids are hyperexcitable
and or have ampiired synaptic inhibition (Silva-
Barrat ¢t al.. 198Y: Zeng et al.. 1995 Cuarlen et al.,
1990: Saunders and Ho. 1990 Smith et al.. 1998).
Furthermore, GW-induced hyperexcitability. i.c.
potentiation ol evoked population spikes (PS)
accompanicd by cpileptiform discharges, can be
produced completely in the in vitro slice prepara-
tion atter  sudden  withdrawal ot superfused
GABA in both hippocampal and cortical slices
(Garcia-Ugalde et al.l 1992 Calixto et al., 2000).
Similarly. the interruption of” benzodiazepines su-
perfusion may produce hyperescitability in vitro
(Davies et al., 1987). A decrease in the sensitivily

o

o GABAL isoguvicine and benzodiazepines (i.e.
tolerance) appeurs during GW (Silva-Barrat et al.,
1989, 2000: Mcehta and Ticku. 1992) and also after
benzodiazepine withdrawal (BZD-W) (Xie and Ti-
etz. 19920 Cash et al.. 1997: Olsen and Avoli,
1997, suggesting that the GABA L receptor had
zone through changes in attinity . number. subunit
composition or coupling between GABA( recep-
tors and BZID receprors (Olsen and Avolic 1997),

The in vitro slice preparation allows to record
the time course of excitability enhancement before
the advent of tfully developed epileptitorm dis-
charges (Fraub and Jetterys, 1993 Calixto et al.
2000). Theretore. the present work used the in

vitro slice preparation 1o perform a quantitative
pharmacological analysis of the cellular correlates
off GW i the CALD region of the hippocampus.
Evidence is presented that major changes occur in
number but not receptor attinity. Part of these
resttlts have been presented in the abstract form
(Casasola et al.. 2000).

2. Methods
2.1. Recordings

The experiments we performed  on
hippocampal slices maimtained in vitro, Male Wis-
e rats (100 120 @) were anesthetized with cther
and decapitated. The brain swas rapidis remosed
and placed into cold saline solution contiuning (in
mM 125 NaCl: 3 KCL Lo NMpClo 2.0 CaCle 258
NallCO,. 11 glucose, ph o= 7.4 after saturation
with 056 O, and 37, COL 290 mOsN L. Vi
bratome-cot sagittal slices off 400 pum thick were
left 1o stabilize 35 min in the same solution,
Ruecordings  were  pertormed  in o submerged
recording chamber and supcerfused with the same
saline (34 °C: 2 3 ml minm. Bipolar concentric
clectrodes (30 pun diameter) were used 1o stimu-
lute the Schalter’s collateral commissural tiboes.
Stimuli were square wave pulses (400 60 psy deliv-
ered at 0.08 0.1 Hz. Stimulation requency was
chosen to avoid producing potentiation or depres-
sion with time (see control in 14 ). BExuracellutar
ficld recordings of synaptic and population spikes
(PS) were obtained with glass microclectrodes (3
4 ML) filled with NaCl (970 and placed in the
CAl stratum pyramidale (KFig, 200 Recordings
were ampliticd with an AC amplitier, displayed in
a digital oscilloscope and stored for lnter analysis,

2.2 Hyperexcirahiliny induced by Gt B

withedraweal

Slices were cither superfused or incubated with
GABA (3 mM) dissolved in saline for 120 min
(34 °C). GABA was then washed off abruptly
(Fig. Doand PS monitored tor several minutes. As
previously reported (Garcia-Ulgalde et al.l 1992
Culixto et al.l 2000), o gradual potentiation ol the
recorded  PS was obtined  atfter GABA with-
drawal (Fig. 1, that reached o maximum ampli-
tude  at about 120 anin. Potentiinted PSS were
accompanicd by opileptitornm discharges (Fig, 1
mmse) that never appearcd m control slices. not
exposed to GABAL and recorded i paratlel oFig.
b For most pharmacoh

cal experiments (Scee-

tion 2.3 stimulus strength was adjusted 1o pro-
duce a

sponse o about 300 6070 of the maximat
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response (approximately 1.5--2-fold the threshold
-atue: see Fig, 2D). Excitability functions (1IFig. 2)
were obtained: stimualus strength was varied 1o
obtain  population  postsynaptic  potentials  and
population spikes (PS) tfrom threshold to maximal
r
the ficld excitatory postsynaptic potential (FEPSP-
slope: Vosy was measured in the 20 80 portion
of its ascending phase (Fig. 2A) and  plotted
against stimulus strength normalized 1o threshold.
It represents a relative measure of evoked synaptic
activity  (inpuy) (Fig, 2C). The postsynaptic re-
sponse  (output) is represented by the summed
amplitude of all spikes in the evoked discharge
(MmV) It was also plotted against stimulus strength
(Fig. 2D). Summed PS amplitudes (Fig. 2B) were

ponsc (saturation) (sce Fig, 2ID) The slope of

preferred 1o integration or spike count but all
these miethods gave similar results. Summed PSS
amplitude then plotted against FEPSP-slope
to get the Cinput - output function” (1 O ploy
(Kostopoulos and Psarropoulou, 1992) (g, 21).
This is a measure ot the postsynaptic discharge as
a function o synaptic activity. An epileptitorm
discharge (lfig. 2B) was never obsersed in the
control condition.

Although an increise in escitability could be
obvious by simple inspection in treated slices (ot
Fig. 2A and  B). the hyperexcitability  was
quantified to see it the enhanced discharge is the
product of a rise in svnaptic activity or. on the
contrary, i’ the same synaptic activity (input) is
able to produce an enhuanced discharge (Kosto-

250 |
—— Controt
—@— GABA withdrawal
g 200 -
=
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e
N 150 |-
@
=)
2 100}
a
€
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w 50 |-
a
ol
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T - — T T

T
o 40 80 120 160 200 240 280 320
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T GABA withdrawal-induced hyperescitabihty . Populition spikes (P8) were recorded in the CAL reglon of the hppocampus.
revorded i control shees (tnangles) had o stable ampbtude for several hours (0 - 16 slices).

Shees supertfused with saline
contaiming 3.mM GABAL jor 120 min (aircles). swere recorded i parallel (a0 28 slices). GABA superfusion is marked by the
honzontal bur. Note that the PS was strongly intubited during GABA superfusion, Atter GiABA washout, IPS amphitude recovered
and then reached an amplitude 15070 larger than the control amplitude in about 126 150 min. Epileptiforn disch;
the potentinted PS (top msern Epleptitorm discharges never appear in the control recordings (bottom inset). P8 were vvohed by
stmulating the Schatfer cotluterals with bipolar clectrodes, Stimulus strength was adjusted to that required to chionl o response equal
o half the masimal response. Stumulus strength was maintained during the whaole esperiment
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1 control
GABA withdrawal

Fig. Recurrent  inhibition tested  swaith the paired  pulse
paradigm. (AY A pair of stimuli was delivered 1o the Schatter's
colluterals with an interstimulus interval (181 equal to 20 ms.
Control responses ealibit o typacal reduction in the sceond
response: indicative of GAaBAcreic inhibitton. In GW slices.
the second response (with similar stimualus strength) was not
mhibited but facilitated, (O Box plots sumniirize nine experi-
ments. Three horzontal hines an the bos indwiate quartiles

20 emedunn) and T8 oF the sample BExtiemes of the bars
wmdicate gquartites 1 oand 990 Open cireles ouiside the bars are
cutliers

poulos and Psarropoulou. 1992) Thus, in order
to gquantity the excitability. T O data were fitted
by a sigmoid tuncuon of the torm:

amp — maxamp (1 -« AUEPSPslope -2 syns0)))

(@B
where amp is the summed PS amplitude: maxamp
i~ the masimal postsynaptic response: fEPSPslope
corresponds 1o the slope ot the tield EPSP and

syn S0 is the synaptic activity neces;

ary to obtain a
discharge equal 1o 30 of the n

ximal (Fig, 2L

2.3. Pharmacological analyvsis

Concentriation ~responsce plots were constructed
for the inhibitory action of the GABA | receptor
agonist. muscimol. on the PS amplitude. They
were fitted by the equation:

DR =/ im0 4 (] 1O fmas 2)

where ¢ s the PS amplitude in the presence of
muscimol as o pereentage of controll fmax corre-
sponds to the maximal muscimol inhibition. [/} is
the muscimol concentration (plotted in logarith-
mic scale): and 1O, s the concentration of nis-
cimol that reduces the PS amplitude to SO0 of its
control amplitude (17 4A). To see the shift of
the function aloe concentration the
maximal block (fmiax) was normalized 1o 1 and o
simpler cquation was fitted:

DR =1.(1 +dCy, [¢21]1 3

Thercatter. a Lineweaver  Burk analyvsis of the
concentrition  response plot was pertormed: the
reciprocal of muscimol concentration was plotted
against the reciprocal of the inhibitory effect (FFig.

ing muscimol inhibition as in Fig, 40 o
hild analysis wias performed by testing different
concentrations of the GARBA ( receptor antagonist
bicuculline (Fig. 3). Fumilies of DR plots were
performed for the control and the GW situations,
Data were fitted with an antagonist model of the
torm:

log [ Gt — 1} = log [#] - log Ay 1)

where o1 is the concentration of the agonist (mus-
cimol) that induces 3076 of PSS inhibition (1C )
and 17 represents similar 1C, values obtained in
the presence ot ditfterent concentrations ot bicu-
culline, [#2] is the concentration of the antagonst.
and -~ log A s the inverse Tog of the dissociition
constunt Clallarida et al., 19790 Kenahim, 1982).
1Yoy the characterization of [H-muscimol bind-
ing to hippocampal membranes, slices from  rat
hippocianpus were hamogenized in 10 mN Tris
FICE butter, ptl 740 containing 3 mM LEGTEVAL

{ Tpore ae————
TE
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Homogenates were centrifuged at 20000 = ¢ for
30 min and the pellets thus formed were washed
by three cycles of resuspension in 50 miM Tris--
HCI bufler and centrifugation (20000 x g for 30
min).

For time-course experiments the analysis wi
carried out in 1 ml 30 mM Tris—-HCl butfer
containing 10 nM [PH)}muscimol and ~ 0.2 mg
membrane protein (Lowry et al. 1951). Equilibra-
tion was for 60 min at 4 °C and was terminated
by tiltrution through Whatman GF/B glass tiber
paper. presoaked in 0.3% polyethylenimine for 2
h, using a Brandel (Gaithersburg, M D, USA) cell

A
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3 ® GW

80
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PS amplitude (%)

T — v —
1.0 : B '

X
oe

04
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1/ {muscimol] X 108 gu 1)

4. Muscimol inhibition is less etficient in G\ slices, ()
The inhibition o P8 by muscimol is concemration-dependent.
However, maxnnal inhibition s tower atter GW. o) Nogsmal-
trithian of concentration - response plots 1o 1.0 shows than 1C,,
tends to be shitted 10 the night in GW sdices: however. this shift
is not statistically signi

concentriation: response plots abose

[
Y]

ant, (C) Lineweaver  Burk analyasis of
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1 I'he filters were washed three times with
ice-cold bufter and then transferred 1o vials con-
uining 10 mi scintillation solution and allowed to
stand 4t room wemperature for at feast 2 h betore
determination of the ritium content. Non-specilic
binding wias determined as that insensitive to inhi-
bition by 100 (N GABAL

Saturation analysis was cuarried out in 1 m! 30
mM Tris - HCL butler containing inereasing con-
centrations (140 nND) of PH-muscimol and
~ 2.0 mg membrane proteimn in the absence or
presence of 100 M GABAL After 60 min at 4 °C
incubations were terminated and above data were
fit by the one-site equation:

B =8, Db (Kol 5

where /2 is the bound [PH-muscimol. 2, is the
maximal {H-muscimol bound. {nor] is the PH-
muscimol concentration and A, is the dissocia-
tion constant. Egs. (2). (3) and (3) are variations
of the same equation.

2.4 Drugs

GABA und bicuculline were acquired  trom
Sigma (St Louis. MO) and muscimol was ac-
guired from Rescarch Biochemical Internationatl
(Natick., MA). They were applicd trom treshly
prepared stock solutions to the supertusion saline.
[PH]-muscimol for binding  essays  was  acqguired
from Amersham Pharmacia Biotech (Accesolab:
NMeéxico City).

3. Resalis
S GW-induced yperexcitability

GABA swithdrawal-induced  hyperexcitability
(Fig. 1) was clicited as previously reported (Gar-
cin-Ugalde et al. 1992 Caliato et all 2000). In
contrast to control slices that do not exhibit PS
potentiation  or  cpileptitorm  discharges.  during
several hours of continuous recording (riangles in

e Looinscer at the bottom s 4 representative
control recording). shees superfused or incubated
with 5 mM GABA exhibit a gradual PS potentia-
tion atter GABA was retired from the buth (filled
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refation was alse butlt trom GW shices, plots i B
estimates woere the sitne tor both samples 87

PR vatues were very similar. Dashed lines are 93

circles in Fig. 11 horicontal bar indicates time of
GABA superfusion and insct at the top is a
representative recording). The  same  stimulus

strength was used throughout the experiment. but

epileptiform  discharges were only observed  in
GW slices 1200 130 min after GABA wuash out
(Guarcia-Ugalde et al.. 1992) PS amplitude was

virtually zero during GABA supe
et al.. 2000),

Since the amplitude and number of components
in the became  stable 1350 min after
GABA wswithdrawal, we compuared the excitability
af control and GW slices at this time. Excitability
was quantitied with I O tunctions (sec S
and Fig. 2y Panel A of Fig. 2 shows that

fusion (Culixto

response

ection 2
synaptic

sin shows that receptor affinity as unchanged atter G
~ng bicuculline concentrations: O, 5, 1O, 30 and
upward triangles, hexagons, and squares: respectisely) (13) Sinular concentration
Frlled ssmbals are arranged an the same order
experiments and shees with the snme concentration of muscimol and bicuculline
1O, values obtined trom plots in A were used to butld o0 Schild plor for control shices (see Secuen 2 oand g 40

TOU N gronm lert o right

When hinea

regression ot Sehnld plots was constraned 1o slope
When they were not o
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Absenice of error bars mdicates small error. ()
(I3 N Nelnld
1.0, pAy
nstsnned. nenther slope was stzmiticanthy ditterent than 10 and

contidence mtervals

aotivity awais estimated as the slope o the tield
postsynaptic potential (FEPSP-sloper. where
postsynaptic activity (synchronous firing or dis
charge) was measured with the amplitude of the
ficld population spike (’S). Panel C of Fig. 2
shows that similar stimulus strength results in
similar synaptic activity in both control (n = 7)
and GW slices (7 = 8). In contrast, Fig, 28 and D
show thut synchronous tiring (summed PS ampli-
tudey is enhanced in GW slices as compared with
control shices (Fig. 2.\ and B) for the same stimu-
Tus strength, When tiring is plotted as & tunction
of synaptic input (Kostopoulos and Psarropou-
lou, 1992) (Fig. 2 it is evident that more syn-
chronous discharge is produced in GW slices tor
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the same synaptic activity with maximat excitabil-
ity 7.6 £ 0.3 mV (n = 7: median = 7.4) in controls
v, 14.7 £ 2.1 mV (n =8 median = 16.5) in GW
shices (2 < 0.03; Mann - Whitney's  U-test). By
normalizing 1. O funcuions (Fig. 2F) o lett-ward
shift was observed in the plot for GW slices
suggesting that less synaptic activity was neces-
sury to get a halt maximal response: in spite of the
larger amplitude of the response (Fig. 2E). Synap-
tic activity required to elicit half the maximal
discharge (synS0 in Eq. (1) was: (.58 = .05 (V)
median = 0.533) in controls vs. 0,34 + 0.006 (V s
median = 0.34) in GW slices (72 < 0.01: Mann-
Whitney's C-test). Thus, similar synaptic activa-
tion elicits about 10004 more synchronous firing in
GW slices than in control slices, Since less synap-
tic activity is necessary to produce a larger dis-
charge. GW i appear 1o be hyperexcitable
after GABA withdrawal, The analysis also points
out that hyperexcitability is muainly due to postsy-
naptic. and not presynaptic. modifications.

3.2, Dnpairment of synaptic rransmission as
restlt of G

To gain insight into which postsynaptic modili-
cations might be present (Traub and Jefterys,
1994: Bernard et al.. 1998 lkeda-Douglas et al.
1998) we tested the hypothesis of a reduction in
GABAcergic transmission. Hippocampal PS s reg-
ulated by teed-back interncurons whose
cun be munitested by the inhibition of the »
response avoked by oo pair of stimuli (Buszaki.
1984 Newberry and Nicolll 1983 NXie and Ticte
1991 Zeng et alll 19940 Olsen and Avoli, 1997).
Paired stimuh were delivered with o 20 ms inter-
stimulus interval, Figo 3 shows that inhibition of
the second response s present in control slices but
absent in GW slices. where the second response is

actuatly thcilitated. The box plot at the bottom
(Fig. 3) summaarizes these eftects. The paired pulse
ratio between the second and the first response
was (mean = SN ) 0.64 = 00 in controls (s =Y,
median = 0.67) and 1.4 =011 in GW slices (17 =
S:omedian = 1.3 P < 0,005, Mann - Whitney's U=
test).

1ts suggest that postsynaptic modifi-
ng to hyperexcitability may be ex-
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erted  at GABA,L  receptors. Therelore, H
pharnuicological analysis of the GABA L receptor
function was performed.

RLE Sensitivity of PS s nnsciniol

Concentrition  response plots For the GARBA
receplor agonist. muscimol, were poertormed o
compitre control and GW slices. 190 4 shows
that muscimol inhibits. in o concentration-depen-
dent manner. PPS amplitude in both control and
GW  slices. However, maximal  inhibition  pro-
duced by antuscimol was reduced  in GWoslices,

Maximal inhibition was: 99 = O3, (1= 60 me-
dinn = 99 in control slices and. S84 - 3.2 (s -
6 miedian = 8370)  in GW slices. respectively

(2 =< 0004 Mann Whitney 's £ -testy, Coneentra-
tion response plots were normalized o masximal
inhibition sct at 1.0 (Eq. (3. and o right-ward
shift was observed in GW slices. However, this
shift was not statistically significant: 1Cg, = 4.4 =

0.63 puN (1 = 6: median = 395 N1y for controls
and 1C, = 6.3 = 11 uM (7 = 6: median = 7.03

udD) in GW shices ¢ =~ 0.3, Mann Whitney™s -
test. and /2 = 010 Stadent’s 7-testy. This result
suggests that the difference in muscimol inhibition
wits not due to i chan in receptor attinity . To
further test this inference. @ Lineweiner  Burk
analysis (Fig, 4C)  of  concentration  response
plots was pertformed. This analssis contirmed that
o major change in maximal inhibition was not
accompanicd by aosigaiticant change i othe 10,
values for muscimols swhich were 6.3 - 0.2 and

6.7 £ 0.3 Nt for control and muscimol-treated
slices, respectinels . Both these constants are simi-
Lir 1o those reported proviousiy (Kemp et oall,
TUSO).

Nevertheless, o Schild analysis with the help or
bicuculline, o competitise antagonist at GABA
receptors. wis performed  ta ensure this conclu-
sion (Figo 5 and By, Thus, several concentra-
tion  responsce plots for muscimol swere pertormed
in the presence of different concentrations of hicu-
culline (5,10, 30 and 100 N that resulted in
progressive right-ward displacements of the plots
in o concentrition-dependent manner lor both
control and GW slices. Each concentration was
used in at least four difterent slices. Noticeubly.
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these displacements swere parallel to the control
concentration - response plot. 1C,, ratios in the
presence and the abscence of the antagonist were
used 1o build Schild plots (Eq. (4)). Fig. 5C and 1D
illustrate the intercepts of these plots in the con-
centration axis. They were not significantly difter-
ent: suggesting  that  receptor’s  dissociation
constants for bicucalline did not vary after GABA
withdrawal, pAy, vilues (Eq. (4)) were dog con-
centration = estimated  crror): 5.6 011 and
39 2 001 in control and GW  slices. respectively
(NS): corresponding to dissoc
2.2 and 2.0 pM. for conwrols and GW  slices.
respectively. These measurcments fully agree with
those  reported  previously (Simmonds. 1982
Kemp et al.. 1986: Krishek et al.. 1996). More-
over. when Shild plots were constrained to have a
stope identical to 1,00 both control and GW slices
yielded the same pAy, value: 3.7,

Theretore. both Schild and Lineweaver Burk
analyses indicated  that any moditications  that
GABA | receptors had sutftered atter GABA with-
drawal did not include a change in agonist or
antagonist affinities. Theretore. the impairment of
GABA transmission is mainly attributed 10 a
reduction in the number of GABA | receptors in
the postsynaptie membrance.

< Control
® GABA withdrawal
1000
£ v
E‘Q 750
= g -
BEE e
g =
<
]
o 5 10 15 20 25 30 35

[BHjMuscimol (nM)

Fig. o, ['Hl-muscimol specitic binding to €A, membranes.
This representative esperiment illustrates that specitic mus-
cimol bindmg is lower in membranes obtained trom GW slices,
Bmax = 1097 = 129 fmol myg prot tor controls and 556 .+ 17
fmol mg prot tor GW slices (7 = 3) Ay, = 8.9 + 0.5 nM for
cantrols and 5.9 = 0.0 nN for GW alices.

tion constants of

In order to test this hypothesis, the equilibrium
binding of the GABA | receptor agoniste [H-
muscimol. was characterized in membrances from
slices subject to the same manipulations described
above (Fig. 1) Fig. 6 shows that the density
(f3,,.,.) of [MI]-muscimotl specific binding sites wus
(mean £ SIEND) 1097 2 129 tmol mg prot for
controls and 356 1+ 17 tmol g proc tor GWw
slices (1 = 3). This represcots o 48 - o reduction
i total binding. suggestumg that the Gy re-
ceptor is down-regulated atter GABA withidiawal,
Dissociation constants obuuned with cqurhibrium
binding  cxperiments  contirmed  that recepros
aftinity was not changed since Ay, values were
tmean S.ENMD 89 05 and 89 2 0.6 adl Jor
control and GW shices, respectively. These results
support the notion that hyperescitability coused
by GABA withdrawal s mainly due to o Jdecerease

A

O convot
@ binding

PH) Muscimol binding
{% control)

so |
25 ¥ M ~— -
B o 120 160 200 240 200
300 -
200 |

8

PS amplitude
{% relative}

T v ™
o 20 160 200 290 280
Time (min)

Fig. 7. The number of GABA ( receptorns falls continuousty
after GW. (A} Specitic [PH -muscimol binding was measured it
different times atier GW. Note that the number off receptors
progressively with time. (B) The enhancement ol en-
ility coincides with receptor decay., after Gw

TESIS CON 1~
FALLA DE ORIGEN




. Casasola et al. - Epilepsy Resvarel 37 (20001) 2

in the number of GABA, rcceptors. Theretore.
the time course of the decrease in receptor num-
ber was compared to the development of hyperex-
citability. Fig. 7 shows that specific [FH]-muscimol
binding decays progressively as PS amplitude in-
creases. after GABA withdrawal,

4. Discussion

S0 GABA witldrawal induces doven-regulation aof

GABA, receprors

The results of the present experiments show
that the first steps of the use-dependent down-reg-
ulation off GABA, receptors (Buarnes, 1996) can
be riggered acutely. in an in vitro. previously
unexposed, slice preparation. The sudden inter-
ruption of GABA superfusion initiates an en-
huancement of excitability that surpasses controt
responses and becomes stable atter 120-150 min
(Garcin-Ugalde et al.. 1992 Calixto et al.. 2000).
This excitability enhancement is characterized by
a potentiation of the population spike and the
appearance of evoked epileptitorm discharges that
could be measured by meuans of 1 O functions
(Kostopoulos and Psarropoulou, 1992)0 1 O funce-
tions indicated a postsy naptic locus tor the hyper-
excitabibity, A deticit in GABRA neurotransmission
was  shown  with the paired  pulse paradigm
(Davies et al.. 1990 Sloviter. 1991z Nie and Tiets.
1991 Guarcia-Ulgalde et al 19920 Odsen and Asoli.
1997 tkeda-Douglas et all 19980 Calinto et ol
2000). A decrease in the mhibitory action ot the
GABA | receplor agonist, muscimol. was conti-
rmed on the basis o concentration  response
analysis. Schild analysis and cquilibrium binding
showed that a receptor reduction (efticacy) oc-
currced without chuanges in attinity or 1Cq, (po-
teney y. Morcover, the time course of receptors
decrease was closely correlated  with the time
course of the enhancement in eacitability.

Altogether. these results make a case tor the
down-regulation  off GABA ( receptors as  the
cause of the hyperexcitability found as o 1
sudden GABA withdrawal. Probably, o dimin-
ished de novoe synthesis cannot replenish down-
regulated receptors in these conditions,

esult off

271
4. 20 Separvaring withdrawal front seizures

A commonly usced experimental paradigm to
investigitte tolerance and withdrawal phenomena
associanted with the use off GABA ( receptor igo-
nists has been the chronie administration ol the
agonists. by several pathways from orally to intra-
cortically.  and  thercaller  observe  behaviorad,
EEG. and in vitro (ex vivo) electrophysiologicat.
biochemical or pharmacological chianges at sev-
crid times atter the withdrawal (Sitva-Barrat et al.
1989, 2000 Brailowsky et atl 1990 Carlen et al..
1990: Kang and Nlitler., 1991 Zeng ot al.l 1994,
1995: Barnes. 1996 Wilson. 1996: Toki ¢t al.
1996: Tietz et al. 1999) There are two problems
in comparing and synthesizing these resulis, First,
a tack of paradigm sumdardization makes com-
parisons ditficult (Loscher ot al. 19960 fFahey ot
al., 1999). Regional ditferences on GABA | recep-
tor changes (Wilson, 1990) and different observa-
tion umes atter  withdraswval, yvield  contrasting
results (Kang and Nlitler, 1991 Olsen and Avoli.
1997: Poisbeau et al.. 19970 Blolt et all 19970 Tiew
et all 1999) Scecond. prolonged administration ot
agonistse ar the withdrawal of drugs betore mak-
ing the in vitro preparations. may lead to elecuro-
physiological changes. including scizures (Davies
et al, 1987 Brailowsky ¢t al.. TUSS: Silva-Barrat
et ale 1989 Giibbs et all 19970 Proisbean ¢t al..
1997), betore ans 1o

rording s Jdone. Yet, oncee
seizures hinve been chicited by any means ee.
pilocarpine. Kamie aad. d-aminopyridine. they
lead to protound changes o GEAARBAL plutamate
and N-moethy -o-aspartate (NN transmisston
and receptors (Cuarlen et all 1990 Traub and
detferss. 19940 Gitbbs et al.. 197 Sperk et al..
1998). Hencee, any study on the cellulisr basis ot
withdrawal-mduced  hyperescitability . relving on
preparations that had undergone prosvious hy per-
excitubility or seizures. has the problem of sorting
out which changes are attribuiable to wolerance or
withdeawal and which are attributable 1o scizures
themselves, An adyvantage of the preparation de-
seribed here is that brain slices may be recorded
any  ume between agonist withdrawal and  the
stabilization of the new excitable state. Although
tolerunce followed by withdrawal leads 10 hyper-
excitability (Barnes. 1996), the separation of the
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different steps is necessary to clucidate how this
happens. In contrast. once scizures have occurred.
depolarizing shifts. plateau potentials and burst-
ing arc common. with an accompanying calcium
influx that leads 1o numerous consequences (Car-
len et al.. 1990: Traub and Jetlerys. 1994 Silva-
Barrat ct al.. 20000, Not o major change is the
modification of GABA | receptor subunit compo-
sition (Sperk et al.. 1998). Thus. desensitization.
up- and down-reguliation of GABA (- and BZD-
receptors. uncoupling of BZD and GABA | recep-
tors. and up- and down-regulation of the multiple
subunits  of  the heteroligomeric protein that
makes up the receptor. have been found alter
difterent  tolerance and  withdrawal  paradigms
(Galpern ¢t al, 1991 Kang and Miller. 19918 Tiu
and  Ticku,  1994: NThatre and Ticku, 1994
Barnes, 1996 Toki ct al.. 1996 Holt ¢t al., 1997:
Tictz et al.. 1999: Lyons ¢t al.. 20000 but the
timing and speciticity of all these changes has only
begun to be clucidated. Because ot the abowve
reasons. a4 non-exposed. in vitro slice preparation
wis used for the present quantitative swork. It is
shown the time course ot the hyperexcitability
enhancement and measurements were done when
hyperexcitability had stabilized but betore sponta-
neous  epileptitorm discharges . had appoared
Clraub and Jetferys. 1994 Future studies will
concentrite on specilic points of the time course.
Slices were treated with 5 mM GABA since this
concentration approximates the GABA concen-
tration  transiently  present in the synaptic clett
(Cherubini and Conti. 2001) However. & conceen-
tration- and exposure time  response relationship
has not been done.

A comparison of lreperexcitable stares
indced by bensodiazepine and GoA B swithdrawal

In spite of the above, o contextual synthesis ol
previous, mostly coincident results obtained with
A variety  of techniques, can be attempted., The
resulls in a extensively studied arca. the CAL
region of the hippocampus, will be mostly pre-
terred  for this synthesis, afthough mention of
cortical tissue is necessary. Thuse o point to point
compuarison between GABA withdrawul- (GW)y
and  benzodiazepine  withdrawal- (BZD-W) in-

duced hyperexcitablity follows: After chronic ad-
ministration  of GABA  or GABA|  reeeplor
agonists. tolerance. dependence and withdrawal-
induced hyperexcitability are found (Brailowsky
et al.. 1988: Barnes. 1996: Silva-Barrat et al..
1989, 2000). The same phenomena are found alter
chronic BZIDD (Davies et ab. 1988 Niller ot all
TOKS: Carlen et al. 1990: Barnes. 19962 ‘T'oki et
al, 1996y In both cases. there is o decreased
sensitivity of the GABA | receptor towards its
agonists (Miller et al.. 1988 Sibva-Barrat et al.
1989: Nie and Tictz, 19920 Wilson. 1996: Cash ¢t
al.. 1997; this work)., Morcover. withdrawal-in-
duced  hyperescitabiality has been toally and
acutely induced in in-vitro stice preparations for
both GABA and BZI> (Davies ¢t al. 1987 G-
cin-Ugalde ¢t al.l 1992 This his not been done
tor other allosteric agonists, At leiast m the cortes,
the time course is very similar for GW and BZI1D-
W Calinto et al. 20000 GABA transmission and
inhibitton, or GABA-induced chloride fluxes, are
impaired atter exposure to both GABA and BZD
(Nic and Tictz, 1991 Zeng ot all 19940 J99S:
Witson, 1996: Barnes, 1990: Poisbeau et all 1997
Garcia-Ugaldde ot abo 1992 NMoehta and Fickuo,
1992 Tlu and Ticku, 19940 Calivto et all. 2000:
this study )y Impaarmcent of G transmiission
has been associated with o decrcased number ot
receptors (efticacy ) in the synapuc moembrane
rather thun with Ay, or 1Cy, changes (potency) for
both BZD and GABA (Hu and Ticku, 1994: this
study). I both cases there have been reports of
down-reguluation of the GABA | receptor upon
protonged  cexposure (NMcehta and Ticku, 199
Mhatre and  Ticku., 1994 Barnes, 2000 this
study). Sequestration of GABA | and BZ1) recep-
tors on clathrin-coated vesicles atter exposure to
both GABA and BZD has also been reported
(Calkm and Barnes. 1994 Tehrant and Barnes.
1997: Barnes. 2000). A1 least. the tarnover and
down-regulation off some receptor subunits (21,
71.2). suitable 1o assemble the GABA | recepror
sensitive to BZID regulation. have been reported
i both cases (Kang and Miller. 1991 Holt et al.
1997: Tictz et al.. 1999 Barnes., 2000: Lyons et al..
2000). Other sub-units may up-regulbate (e.g. «4.5)
as in the cuse of steroid withdrawal (Smith e al..
1998). and this comuides with o decreased sensitin -
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ity or "uncoupling’ between BZD and GABA (Xic
and Tictz, 1992 Barnes. 1996: Cash ¢t al.. 1997;
Smith et al., 1998; Tictz et al.. 1999). Finally. a
common gene-loci has heen proposed 1o explain
withdrawal-induced phenomena (Buck and Finn.
2001). Thus. in spite of the many discrepancies
found in the literature. many due to experimental
and regional differences (Wilson., 1996: Loscher ct
al.. 1996: Fahey et al.. 1999). there are imporiant
coincidences between GW and BZD-\W phenom-
ena (Barnes, 1996).

This coincidences logically rise a hypothetical
question:  are  we  looking at  the same  phe-
nomenon? Many  allosteric agonists produce @
left-wird shift in the dose—response function of
GABA (-receptor agonists, Therefore, we can sup-
pose that allosteric agonists make GABA L recep-
tors “to see” a higher GABA concentration, and
for a longer period of time. than the actual con-
centration in the synaptic cleft. As a consequence.
the prolonged use ol &t BZID may be cquivalent o
i prolonged. non-physiologically high GABA
concentration. Then. non-physiological millimolar
GABA-concentriations, as those used here. nuny
pave the way to ccalibrate” the BZID potential o
produce withdrawal-induced hyperexcitability. A
complete dose and ume study 15 pecessary o
approximate the doses of GARBA that the receptor
needs to see” in order to produce an cequivalent
withdrawal-induced hyperexcitability with o BZ1D.
OF course. GABA s in high concentrations for
onily it tew milliseconds in the synaptic clefi. how-
ever. what we would like to hypothesize is that in
the presence of an allosteric modulator. the recep-
tor protein may undergo changes leading to woler-
ance and  withdrawal  as  though the GABA
concentration were staying high and prolonged.
That is. the changes that the receptor protwein
undergoes occur either with physiological GABA
and o modulator or with a high GARBA conceen-
tration. This interpretation forces an implicit hy-
poth of physiopathotogical importance: that
both GW and BZD-W are the same phenomenon.
This hypothesis necds further expenmentistion to
be proved or discarded.

Also, betore reaching additional conclusions or
to turther extend these comparisons to other al-
losteric modulators associated with the GABA L

e

receptor  (ncurosteroids,  ethanol.  barbiturates)
(Barnces. 1996: Wilson. 1996). maore results coming
from a similar experimental paradigm as the one
presented here are needed. This tme-timited. sim-
ple. preparation. may cantribute towards this end.
since a fow minutes supertusion triggers a0 dy-
namic process that continues tor i long time atter
GW or BZD-W (Cualixto et al. 2000), Correlis-
tions  with c¢hronic in vivo exposures. and the
testing of o diverse ar
regions. are also necded.

v oof agonists and cerebral

Regional ditterences need to be evidenced by
making observations at the same time atter with-
drinvval. Thus, in a previous study  in the so-
mutosensor

Cortex and using the same
experimental paradigm. we tound that muscimol
binding lirst decrcased and then increased again.
although accompaniced with a changed sensitivity
1o steroids (Caldixto et al, 2000), However. in the
CAL hippocampal region, only decs WA
tound atler withdrawal which correlates with pre-
vious findings (lyvons et als 20000 Flowesver, the
exploration needs 1o be done at longer and
shorter tmes. I o subunit turnover s present in
both the CAL region of the hippocampuas and the
SOnuItosenNory cortea.s 1t s in the CALD region
where the turnover is not enough o compensiste
tor total receptor loss.

Finally, o note of caution may be
alter looking at all experimental  coincidences
available today . Clinically. withdrawal syndromes
associated with allosteric GABA( receptor ago-
nists are treated with other allosternic or direct
GABA | receptor agonists (c.g. alcohol  with-
drivwal is being treated with BZ3s) The question
iso which withdrawal is going to be the worsg?

5. Conclusions

A quantitative  anadysis off the GABA with-
drawal-induced  hyperescitability was pertormed
in the in vitro hippocampal slice  preparation.
Both  clectrophystological and  pharnuacological
methods agree in that this  hypereacitability s
mainly caused by the down regulation of the
GABA, receptors, Fhis process continues several
minutes after GABA withdrawal and is tempo-
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lated with the development of hyper
It occurs without noticeable changes in
alfinity although Muture work is necessary

receptor
to probe other receptor agonists and modulators.
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SUMDMIARY

In clectrophysiological terms, experimental

models of durable information storage’in’the
brain  include long-term potentiation - (LTP).
long-term depression. and kindling. ‘Protein
synthesis  correlates  with  these
processes. We¢ propose a fourth example of
long-tasting informuation storage in the brain,
which we call the GABA-withdrawal syndrome
(GWS). In rats. withdrawal of 2a. chronic
intracortical infusion of GABA, a ubiquitous
inhibitory neurotransmitter, induced epilepto-
genesis at the infusion site. This overt GWS lasted
for days. Anisomycin, a protein synthesis
inhibitor. prevented the appearance of GWS
in vivoe. Hippocampal and neocortical slices
showed a similar post-GABA hyperexcitability
in vitro and an enhanced susceptibility to LTP
induction. One to four months after the epileptic
behavior disappeared, systemic administration
of n subconvulsant dose of pentylenctetrazol
produced the reappearance of paroxysmal
activity. The long-lusting effects. of - tonic
GABAL receptor stimulation may be involved
in long-term information storage processes at
the cortical level, whereas the cessation of
tved-

GABA, receptor stimulation may be inv
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enduring

AT

"in chronic pathological conditions. such as

epilepsy. Furthermore, we:propose that GWS
may represent a common key: factor in the
addiction to GABAergic agents (for example,
barbiturates;- benzodiazepines, and ethanol).
GWS represents a novel form of neurono-glial
plasticity. The mechanisms of this phenomenon
remain to be understood.

KEYWORDS

Focal epilepsy. GABA-withdrawal syndrome.
GWS. memory. motor cortex, GFAP. plasticin

INTRODUCTION

Over the past few years. we have been
involved in studies addressing GABA-mediated
inhibition in several different models of epilepsy
In photo-sensitive baboons and in kindled rats.
we have demonstrated that intracortically applied
GABA  has powerful anticonvulsant  etfects
(Fukuda. 1987; Brailowsky. 1989), In all cases.
we observed that cessation of GABA infusion
was associated with the appearance of
epileptogenic activity at the site of the GABA
infusion (Brailowsky. 1987). Phenomenologicalls.
we named this event the “GABA-withdrawal
syndrome (GWS)™.

Although originally described in the baboon.
G WS was also induced in the rat somatomotor cortex
(Brailowsky. 1988). hippocampus. and amygdala (Le

Gl lo Salje 1988 We also showed: using 3 100
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T. MONTIEL ET AL

pne/ul/h dose. an inverse relation between GABA
infusion time (from 6 h to 2 wk) and the latency and
duration of epileptogenic activity (Brailowsky. 1988).
With this procedure. a 3-h infusion of GABA was not
effective in inducing GWS. We later found that
hippocampal slices. perfused with GABA for 120
min, show an enhanced response to electrical
stimulation and decreased paired-pulse during the
washing period. GABA-mediated inhibition (Garcia-

Ulgalde. 1992).

Searching for neurotransmitter receptor speci-
ficity and for the minimum time of continuous
GABA infusion that is required tor inducing GW'S,
we produced a jong-lasting GW'S atier a relatively
short intracortical infusion ot cither GABA or
GABA . agonist. The absence of an effect using
antagonists  of the excitatorn  neurotransmitie:
glutamate  further  suggests  that  the GWS
phenomenon is mainly dependent. at Jeast in the
first stages. on chunges in inhibitory mechanisms.

TABLE 1
Occurrence of epileptogenic EEG activity' consecutive 10 intracortical microinfusion of various agents.
Drug Dose Infusion time | % GWS Lateney Duration
) (min): (n) {(min) (davs)
GABA 50 mM 120 76.9(13) 35.2=3.4
100 mM 120 100 (11) 39.0=6.5
500 mM 120 100 (9) 03.4=10.2
* 60 843.6 (13) 115.0=7.1
" 30 583 (1) 99 "=11.8
" 15 0 —
Aniso -> 75 mM >~ 60 -> 120 0 ¢H -— —
GABA-~Aniso. 0.5 M
Aniso -~ GABA 75 mi-+ 120 0H - o
0.5 M
lsoguvacine 61 mM 120~ 100 (7)
- . 5= 100 (2)
" 2* 100(7)
THIP 10 mM 120~ 100 (8)
1 mM 120~ 0 (3
100 pM™M 120 0(2)
10 mM 2= 0 ¢H —_ —
1 mM 2= 0 (3 - —
100 pM 2 02y - -
GABA -> APH 0.5 M -> 120. 180 ) 100x22.7 6.0=1.8
444 mM
GABA > CNQX 0.5 M -> 120. 180 (8) 98.8=11.3 2.8=0.9
100 uM
Glyeine 0.5 M 7 days o) —
120 0 () — —
i percent of subjects

“All infusions. except the acute (0.3 ul in 2 min) infusion. were performed at a rate of 3 pL h. Latency (in miny and
duration (in days) of GWS are indicated (mean=s.c.m.). Aniso = anisomycin: The antibiotic wus given vither beture
doses that induced EEG slowing during drug infusion. Other abbreviations are given in the

and/or with GABA. =
text.
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LONG-LASTING HIFFEC

EXPERIMENTAL METHODS

Experiments were pertformed in male Wistar

(200 w230 prepared  tor  chronic
recording and intracortical intusion (Brailowsks.
T988Y.  One  week

Sats

after

surgers . saline or
pharmacological agents (listed in Table 1) were
unilateralty applied inte the cortex for various
periods of time. In seputate groups of animals,

nmmediately after GABA or saline disconnection.
the respective NMNDA and

receptor antagonists, 44 mM
phonoheptanvate) and

ANMP A quisqualate
APH (aminophos-
100N CNQX (6-crano-
T-nitrauinosaltine-2 3-dione).
Tocally at 1 ule ' tor 180 min.
solutions contained 0.2

administered
A drug and saline
mg mL ot direct blue to

vere

I's O

CLNELAVIN RA T CRRERIRANL Ry

mark the intusion site and the dittusion area,
Futs wWe

Fhe
cre sacrificed either 10 d atter the electri v

signs of GWS had disappeared or 20 1w 120 4
atter overt GWS had disappearsd. but wvith
administration off PUZ or ity vehicle sadine:s

betore the <acritice (see belovoy, e brains sweore

processad  tor Nissl stainira and  for aliai
fibrillary  acidic protein (GEAP) immunobisuos-
Sheaistis (Plsu, 198 1)

RESULUS

In alt animals in swhich G wis successtits
intused. except those of the [3amin intusion aroap.

GWS was observed (Table Ty The GABA | agonisas

GWS ( ISOGUVACINE for 2 min)
L —_— S
MC = ) l’ .
R - —- [

GWS (Latency = 213

o)

A rengre s s i L A e, ¢y v ot s

was 213 min atter injection. Insert: Micro

1 An example of a GWS-iike syndrome induced by
GABA 4 agonist, into the left somatomotor cor

aph of a coronal section of the rat brain process
tibrillary acidic protein (GFAP) immunoreactivity .

both at the cortical site and in ipsilateral thalansic structures t

_J200uv
isec

acute. intracortically administered isoguvacine.

W ospwe
Uhe fatencey tor the appearance of the

first epilept

NSote the astrocytic reaction in the GABA- mmsu! side.
Arrows)
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used. isoguvacine and THIP. induced GWS with
electrographic features similar to those induced by
GABA (Table 1). It is noteworthy that acute micro-
injections of isoguvacine (2 min) were effective in
inducing paroxysmal activity for 5 d or more (see
Table 1 and Fig. 1).

Histological analysis showed an area of gliosis at
the cortical infusion site and in the thalamic
projection site, in particular on the upper portion of
the venwolateral (VL) and posterior groups, and in
the reticular nucleus (Fig. 1). GWS induction was
not prevented by either APH or CNQX, which
when given alone. had no effect.

Intracortical administration of
produced neither a behavioral

glyvcine

nor an EEG

abnormality in the 200-min  tollos-up  period
after drug infusion. Sixty to 120 days atler the
electrical signs of GWS disappeared. rats were
injected systemically with a subconvulsant dose
(20 to 23 mg/kg i.p.) of PTZ. a widely used
epileptogenic agent (Dedeyn. 1992). or with the

PTZ vehicle (saline). In 12 of 14 rats. PTZ
induced the reappearance of localized. high-

voltage paroxysmal activity at the GABA-intused
site. similar to the previous GWS and
from 60 to 90 min (Fig. 2).

In search of a possible relation between the in
vitro analog of GWS uand in vitro jong-term
potentiation (LTP) (Bliss, 1993). we treated cortical
slices with GABA. applying the same methods as

lasting

GWS (GABA 2 h)

' N 5 Ly L by gt
MCxL b n i KRN ,:JIHH P! . [ {
‘f-n’h'tfh 'y r\ﬂu’w- tyecs e PR P ol s - /U\'UU‘ ;L___;\{‘ ) A JA, A
i . .
MCx R | Atensagisbovihirnhrmatorasetoliodede || L it Atk
PRE-GWS ‘s_]ec200uv GWS (Latency = 57 min) ‘_jsco_u\.'
Sr——— 7TV
"’(J-H‘#-r -“MMHW‘HW\MM JMYJ{W“\‘« holin U ) " . o
Satd g waty ' *QIH H‘vw,w,-AfﬁkL..-mq'_,b AR s bl
PRE - PTZ * =73 -
GWS + 4 months
Fig. 2

intracortical GABA infusion.

An example of the electrographic changes typical of a GWS induced after
GABA was applied into the left somatomotor cortex (MCx).

120 min of continuous
The effects of

i.p. injection of pentylenetetrazol (20 mg/kg) 3 months atter the disappearance of electrographic signs or

GWS epileptogenesis are also shown.
to those observed originally.

Note the reactivation at the cortical focus, with characteristics similar
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LONG-LASTING EFFECTS OF GABA IN RAT CEREBRAL CORTEN

those used with hippocampal slices. We tound that ms = 0. at 0.2 Hz) in control slices (n=3) clicited
() cortical slices also show hyperexcitability atter a turther enhancement of the alreads  theilitated
3A  incubation - (Fig.--3)..-and -.(b) electrical ... ... response. in. GWS slices (n=4) und most notably.
canulation that failed to produce LTP (40 Hz, 200 : the appearance ot additional components.
G000
500
< : !
. . '
— 400 :
= ' - Smv mw
—— N RO 3
o -
= 300 o A 1Oms '.- E
D . T '
S : =
Q200 : :
e ‘ : a
S : e TN
v : < 1
I 100 : !
@ ‘ QQOOO‘OQ)QQ%_O
- 1
1
O~
GABAS MM
-100 -~
~T T T T T T T
[ o | 2 3 4 5 6 |

Time(h)

In virro induction of cortical GWS and the eftects of electrical stimulation. Longitudinal brain slices (200
um). obtained trom anesthetized young adult (150 &) Wistar rats, were incubated for 60 min in Ringer-Krebs
solution and then for 120 min in 5 mM GABA. followed by a wash. The graph plots the slope of the rising
phase of the various components (indicated by symbols) of the population evoked response (e. Panpon
recorded from the superticial layers (1-11) ot the corteN in response to test stimuli applicd 10 the Jeep (V- \ 1)
cortical layers. Each point represents the average of 10 responses. Phe first response is shown in cmpty
circles. the second component. indicated by arrows. is illustrated «with tilled ~quures. and in triangles, o late
component that appeared after GWS induction and electrical stimulation (20 Hz tor 200 ms - 10, at 0.2 iz
(A) control response: (B) response atter GWS induction and clectrical stumulation. Note that GARBA
incubation produced an inhibition of the c.p.s.p. response. 1ollowed by o facilitation o about 2309,
Electrical stimulation. applied at the arrow. produced a turther snhdm.uncm ot the response of about 100G,
and the appearance ot an additional component otilled triang e cesponse. Culibration, S m\, 10 ms.
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DISCUSSION

Both the qualitative and quantitative features
of the GW'S found in this study are comparable 1o
those previcusly obsemed (Brailowsky, 1988y
rats. in which a 6-h GABA infusion
ul/he 1t is thus poss
infusion rate. we

in
time was
ible that by increasing the
obtained a larger GABA
diffusion and. therefore. a

affected cells: alternatively. a saturation of GABA

WaANSpPort or turnover processes. or both may have
occurred.

Among the GABALL agonists, the quantitative
ditferences in GWS may be re
macokinetic profiles:
in the e

2lated to their phar-
isoguvacine remains longer
xtracellular space because it is not taken
up. whereas THIP is Known tor its short duration
of action (Krogsgaard-Larsen. 1994). Thix
distinction may  explain why

an  acute micro-
injection of isoguvacine was as eftective as a 30
min GABA infusion.
The specificity of the effects of GABA
supported by
a) the lack of abnormalities observed afler
the cessation of glyveine infusion:
b1 the effects of specific GABA L agonists
(this study). and
the potentiation ot GWS produced by
the neurosteroid allopregnanolone. an
allosteric modulator of the GABAL
receptor (Calixto. 1993).
The participation of GABA receptors in the
induction of GWS can
bacloten does

is

[}

be excluded because
not produce withdrawal signs (on
the contrars. the drug atselt induces paroay smal
activita gy, In additvon. the  specific GARAL
antagonists, phacloten and CGP 33338, do not
modinn GWS  reatures (Brailowsky. 1993), In
addition.  GWS  was not prevented by the
glutamate receptor antagonists APH or CNQX.

in the current studs.
histological  changes
Brailoswsky (1988

we also contirmed ithe
previously  reported by
). both at the intusion site
inipsilateral thalamic areas, adding
histochenmtical  evidence (GFAP

and
inmune-
Stamingy o

larger population ot

[ AN

astrocy e partaipation  in this
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significant  epidemiological problem in many
sountries. In fact. GWS may represent a common
“actor in all such addictions.

A tascinating result of this study was the long-
jasting (months) consequence of a relatively short
exposure to GABA or to GABA . agonists (but not
o glycine). protracted effects that could be
unmasked by the systemic administration of PTZ
(out not saline), even 4 months after the apparent
jisappearance of epileptogenic activity. If we

nsider such enduring epileptogenic activity as a
synaptic expression that is analogous to memory
(an “epileptogenic™ experience). then a role for
GABA  in memory processes (conceived as
cellular information storage) can be postulated.

A further suggestion tor a relation between
GWS and information storage derives trom our
~esults with anisomycein. an inhibitor of protein
synthests. A wide

variety  of  experimental
models. from snails to humans. have demon-
strated that when administered from 1 h betore
and up to 7 h after a training or sensitization
procedure. antibiotics like anisomycin  induce
amnesia to the task (Barzilai. 1989: Oleary.
1993). Anisomycin blocks GWS induction and.
interestingly . also interteres with drug dependence
(Williams. 1994,
The GWS is a remarkable example of

synaptic plasticity: its basic mechanism. neuronal
and  glial. may be analyzed from the rich
purspectives offered by studies in epilepsy. drug
dependence. and information storage.
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