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I. RESUMEN

El conocimiento sobre la fisiopatologia de la enfermedad cerebral isquémica se deriva,
esencialmente, de los estudios realizados en animales de laboratorio. Ahora se sabe que la
isquemia cerebral aguda produce una serie de alteraciones bioquimicas muy compleja que
evoluciona en el tiempo y en el espacio, y culmina con el dano funcional y la muerte celular.
También se sabe que los radicales libres y el estrés oxidativo estan estrechamente ligados en
dicho proceso y que varios antioxidantes tienen efecto neuroprotector porque disminuyen el
volumen del infarto en los modelos experimentales tradicionales de isquemia cerebral. Sin
embargo, la informacién sobre su capacidad de reducir la mortalidad y mejorar el déficit
neurolégico derivados de la isquemia es muy limitada. En este trabajo se estudi6 el efecto de
cuatro antioxidantes sobre la mortalidad y la discapacidad neurolégica producidas en el ratén por
el corte secuencial de las arterias car6tidas comunes (SSACC). El estudio se llevd a cabo en
ratones machos envejecidos (40-60 semanas de edad), a los cuales, bajo anestesia con éter, se
les disecé la arteria car6tida comun izquierda y, excepto en el grupo “sham”, se secciond entre
dos ligaduras. Treinta y dos dias después, grupos de 18 a 22 animales se asignaron de manera
aleatoria a diferentes tratamientos experimentales, antes de la anestesia y seccién de la carétida
comun derecha. Quince min después, se administr6 por via i.p. alguno de los siguientes
farmacos: é&cido ascérbico (AA, 500 mg/kg), &acido dihidrolipoico (DHLA, 100 mg/kg), t-
butilhidroquinona (-BHQ, 100 mg/kg), fenilbutilnitrona (PBN, 100 mg/kg) o solucién salina. Los
animales se evaluaron neurolégicamente antes (basal) y 24, 48 y 72 horas después de la
administracion farmacolégica. Con los datos del examen neuroldgico se aplicé una escala que
determina el grado de discapacidad neuroldgica de cada animal; esta escala comprende 10 pasos
progresivos, iniciando en O (normal) y extendiéndose hasta 10 (muerte debida a SSACC). En
esta escala, el puntaje mas alto refleja mayor dafo funcional. Se encontré que AA y DHLA, pero
no t-BHQ ni PBN, disminuyen la mortalidad y la discapacidad neurolégica causados por la
SSACC. Los indices de sobrevida a las 24, 48 y 72 horas fueron 86, 71y 48% y 75, 65y 65%
para AA y DHLA, respectivamente, los cuales representan una prolongaciéon significativa en
comparaciéon con los animales tratados con solucién salina (60, 35 y 35%). Los puntajes de
discapacidad neurolégica a las 24, 48 y 72 horas fueron de 5.2, 6.2, y 7.5y 4.6, 5.3, y 5.8
para AA y DHLA, respectivamente, los cuales fueron significativamente mas bajos que los
alcanzados en animales que recibieron solucién salina (7.6, 8.6, y 8.6). Concluimos que, de los
antioxidantes probados, el DHLA es el mas eficaz para disminuir la mortalidad y el déficit
neurolégico producido por la SSACC; asimismo, que nuestra estrategia para evaluar la eficacia
neuroprotectora es suficientemente sensible para confirmar la validez y utilidad de nuestro

modelo experimental de isquemia cerebral.



II. INTRODUCCION
2.1 Isquemia cerebral aguda

La isquemia cerebral aguda es la consecuencia de una reduccién severa del flujo
sanguineo, habitualmente debida a la oclusién de una arteria principal por un trombo o un
émbolo. Si este evento se prolonga por mas de 5 min, disminuye el aporte de sustratos,
particularmente de oxigeno y glucosa, se alteran los procesos energéticos que mantienen los
gradientes iénicos y los potenciales eléctricos de membrana. Esta crisis dispara varios
procesos a nivel celular y subcelular y se inician los eventos que constituyen la cascada
isqguémica (Hossmann, 1994) y que culminan con alteraciones funcionales y la muerte celular.
Este padecimiento, denominado enfermedad vascular cerebral (EVC), es la causa principal de
discapacidad fisica y mental en los adultos, y se mantiene como la tercer causa mas frecuente
de muerte en la poblacion mayor de 45 afios (American Stroke Association, 2003). Debido a
que la incidencia de esta enfermedad aumenta con la edad (Wardlaw y cols., 1996), se
estima que el nimero de pacientes serd mayor en las préximas décadas, conforme avanza el
envejecimiento de la poblacién.

Los estudios experimentales han revelado la presencia de algunas regiones, dentro del
territorio cerebral isquémico, donde se mantiene parcialmente el flujo sanguineo; a dichas
regiones se les denomina zonas de penumbra isquémica y constituyen areas potencialmente
rescatables (Astrup y cols., 1981; Hakim, 1987; Baron, 1999; Heiss y cols., 2001; Fisher,
2004). Las neuronas de esas zonas mantienen parcialmente el suministro de energia, la
homeostasis idnica y la integridad de sus membranas (Astrup y cols., 1981), siendo eléctrica
y funcionalmente silentes, pero viables durante un periodo limitado de tiempo. Se estima que
alrededor del 50% del volumen de la penumbra progresa a infarto (Belayev y cols., 1997) y
que la sobrevida celular y la recuperacién funcional son proporcionales al volumen que escapa
de la muerte, constituyendo el blanco primario de la proteccién farmacoldgica (Dirnagl y cols.,
1999; Baron, 1999; Ginsberg, 2003).

Las manifestaciones clinicas de la enfermedad vascular cerebral aguda dependen de la
localizacién, severidad, y duracién del déficit de perfusién. En general, se presenta una gran
variedad de alteraciones sensoriales y motoras, incluyendo temblor, pérdida de la coordinaciéon
muscular, pardlisis parciales (Baumlin y Richardson, 1997; Caplan y Hon, 2004). También se
puede presentar disfuncién cortical superior, que se manifiesta como amnesia, demencia y
delirio, ademas de trastornos del lenguaje (Patel y cols., 2003). Un 25% de los pacientes con

EVC aguda muere en el primer mes, y un 50% de los sobrevivientes quedan fisica y



mentalmente discapacitados (American Stroke Association, 2003).
2.2 Cascada bioquimica de dafio isquémico

a. Crisis energética. Al limitar el aporte de oxigeno y de glucosa, la isquemia cerebral
aguda altera los procesos energéticos que mantienen la transmisién sindptica, el transporte de
sodio y potasio, y la integridad estructural de la célula (Hossmann, 1987; Back, 1998). En un
principio, la cascada bioquimica de dafio sigue una secuencia determinada. En pocos
segundos, como una respuesta para ahorrar energia, el tejido cerebral afectado detiene su
actividad eléctrica. La evidencia disponible sefala que este evento es inducido por la salida del
K* intracelular (Martin y cols., 1994; Lee y cols., 2000) y resulta una hiperpolarizacion
transitoria de la membrana plasmatica. A pesar de esto, el ATP se consume gradualmente
debido a la inhibicién de la fosforilacién oxidativa y al gasto de energia que implica mantener
el transporte i6nico de Na* y K* y la integridad estructural (Hossmann, 1987; Ames, 1992).
De manera que, después de 5 min de isquemia, el ATP cae hasta en un 90%; a estos niveles,
falla la actividad de la Na*-K*-ATPasa en la membrana plasmatica y en el reticulo
endoplasmico. Esta crisis dispara la entrada celular del Na* y la salida concomitante del K*,
asociado con una despolarizacidn severa que, en suma, causa un fendmeno macroscopico
conocido como despolarizacion andxica (Sun y Foudin, 1984). Como consecuencia de esta
despolarizacion prolongada, se abren los canales presinapticos para el Ca’" sensibles a
voltaje y aumenta el Ca?* intracelular, produciéndose una liberacién excesiva de
neurotransmisores, especialmente de glutamato.

Cabe mencionar que los cambios en la relacion Na*/K* y en los niveles de ATP son
mucho menos importantes en las areas de penumbra; en estas zonas, la despolarizacién
anéxica es reemplazada por despolarizaciones intraisquémicas episddicas o intermitentes
(Takeda y cols., 1993), caracterizadas por una duracién menor y una repolarizacién rapida de
la célula. Sin embargo, con el tiempo, el ATP disminuye severamente y se produce

despolarizacion irreversible (Ginsberg, 2003).

b. Excitotoxicidad. Los cambios masivos en los gradientes i6nicos ya mencionados
producen la liberacién excesiva de neurotransmisores, especialmente aminoacidos excitadores
(glutamato). Los estudios en los que se han determinado niveles extracelulares de glutamato
reportan concentraciones entre 50 y 80 pM durante varias horas en el centro isquémico focal
(Shimada y cols., 1989; Baker y cols., 1995), y de 200 uM en el estriado después de 2 h de

isquemia global (Obrenovitch y cols., 1993). También se ha reportado que la fuente principal



de este glutamato son las terminales presinapticas y somatodendriticas (Mitani y cols., 1994;
Dirnagl y cols., 1999; Rossi y cols., 2002), ademas de la falla en los procesos para su
recaptura, posiblemente via de una reversién del transportador de Na*-glutamato (Dirnagl y
cols., 1999).

Las cantidades excesivas de glutamato sobreestimulan a los receptores ionotrépicos, los
cuales se agrupan en tres familias: (i) receptores AMPA, mediadores de la neurotransmisién
rapida y que permiten la entrada de Na® y algo de Ca®"; (ii) receptores kainato, que permiten
la entrada de Na* y Ca?*; vy (iii) receptores N-metil-D-aspartato (NMDA) (Seeburg, 1993), via
principal para la entrada de Ca®* a las neuronas. El receptor NMDA tiene un bloqueo por la
molécula de Mg®*. La activacién de los receptores AMPA contribuye a la despolarizacién al
quitar el bloqueo de la molécula de Mg®* en el canal receptor NMDA que, consecuentemente,
se abre y permite la entrada de Ca®*. Estos procesos dan como resultado la entrada masiva
de Ca’" y Na*; lo cual determina la entrada pasiva de agua produciendo edema celular y
tisular. La entrada de Ca®* causa la liberacién de las reservas del reticulo endoplédsmico, por la
via de un mecanismo dependiente de Ca®’* (Mody y MacDonald, 1995). La disipacién de los
gradientes de Na* revierte la funcién del intercambiador Na*/ Ca®’" y permite la entrada
ulterior de mas Ca®* a la célula (Choi, 1988; Lobner y Lipton, 1993).

El glutamato también actia sobre los receptores metabotropicos que, por la via de la
activacion de fosfolipasa C, genera inositol trifosfato (IPs). El IPs se une a su receptor sobre el
reticulo endoplédsmico y se libera Ca®*, aumentando la concentracién de calcio intracelular. La
activacion de fosfolipasa A2z por glutamato libera al 4cido araquidénico, el cual también puede
liberar Ca?* del reticulo endoplasmico (Farooqui y Horrocks, 1994). Adicionalmente, la
disminucién del ATP debilita los mecanismos encargados de remover el Ca®* citopldsmico en
la mitocondria, reticulo endopldsmico y membrana plasmaética. Se ha reportado que el Ca®*
intracelular se eleva un 25% después de la isquemia global (Kass y Lipton, 1986) y en el
centro isquémico focal (Harris y cols., 1981). Los incrementos son mucho menores en la zona
de penumbra, y se han relacionado a los periodos de despolarizacion intraisquémica (Kristian y
cols., 1998).

La elevacién sostenida de Ca®* intracelular dispara una serie de procesos dependientes de
Ca’* que finalmente conducen a la muerte celular. Dichos procesos incluyen: activacién
persistente de la proteina cinasa C (PKC), ruptura de proteinas estructurales, fosforilacion
sostenida de proteinas, y activacidon de proteasas, tales como calpainas y endonucleasas. Una

de las vias citotéxicas del Ca?* lleva a la generacién de especies reactivas de oxigeno y



nitrogeno. A través de la activacion de sintasas del éxido nitrico (ON®), constitutivas (SON
endotelial y SON neuronal) e inducible (iINOS), se forman cantidades excesivas de ON°.
También se activan fuentes de superéxido a través de las enzimas xantina oxidasa vy
fosfolipasa A2. Ademas, el exceso de Ca’?* en la mitocondria desacopla la fosforilacién
oxidativa, lo que disminuye el suministro de energia y aumenta la produccién de radicales
libres, los cuales alteran la permeabilidad mitocondrial al formar poros de transicién (Neumar,
2000).

El dano al ADN, via endonucleasas y radicales libres, dispara procesos autodestructivos
muy complejos que involucran la expresién de genes. La evidencia de apoptosis neuronal
postisquémica incluye (1) fragmentacion caracteristica de ADN; (2) regulacién a la alza de
factores proapoptéticos (p53, Fas, ligando Fas, FNT-a, receptor-FNT, Bcl-Xs, Bax); y (3)
activacion de caspasas (Neumar, 2000). Existe evidencia de que la mitocondria es una
estructura clave para la induccién de esta muerte celular programada. Se ha observado que
reducciones moderadas en la produccién de ATP mitocondrial pueden disparar mecanismos
apoptoticos, y los estudios mas recientes sefialan a la liberacion de caspasa 9 (Krajewski y
cols., 1999), citocromo c, y del factor inductor de apoptosis, a partir de la mitocondria, como

iniciadores de la muerte celular apoptdtica.

c. Inflamacion. La inflamacién es otro componente que contribuye al dafio celular después
de la isquemia cerebral (Danton y Dietrich, 2003). Los receptores de adhesiéon endotelial son
regulados a la alza y los leucocitos se adhieren a las paredes de los vasos sanguineos,
invaden el parénquima y liberan citosinas, tales como el factor de necrosis tumoral «,
interleucina 1 e interleucina 6 (Barone y Feuerstein, 1999).

Estos mecanismos de daio neuronal pueden ocurrir en secuencia o en paralelo y, en
todos los casos, se ha encontrado que se entrecruzan. El curso que sigan y la contribucién de
cada mecanismo puede variar dependiendo de factores como la edad y la severidad del dafo
(Neumar, 2000). En resumen, el dano cerebral isquémico es multidimensional en origen y
ofrece un rango muy amplio de sitios para la intervenciéon neuroprotectora.

Conviene hacer notar que esta introduccién trata con mas detalle la fisiopatologia de la
isquemia cerebral aguda estrechamente relacionada con el estrés oxidativo y refiere los sitios
donde los compuestos antioxidantes pueden interrumpir los eventos que conducen a la lesién

y muerte celular.



2.3 Estrés oxidativo en la cascada isquémica

a. Radicales libres. Desde el punto de vista quimico un radical libre es cualquier
compuesto que contenga uno o mas electrones no pareados en su orbital externo (Halliwell y
Gutteridge, 1999). Los electrones impares de una molécula alteran su reactividad, usualmente
haciéndola mas reactiva, porque actian como aceptores de electrones y abstraen los
electrones de otras moléculas. A la pérdida de este electrén, por lipidos, proteinas, ADN, y
otras biomoléculas, se le llama oxidacién y a los radicales libres se les conoce como agentes
oxidantes. Las moléculas oxidadas, al quedar con un electrén no pareado, se convierten en
otro radical y son capaces de continuar las reacciones indefinidamente hasta reaccionar con
moléculas antioxidantes o destruir las estructuras celulares.

En las células aerdbicas, las reacciones de los radicales libres mas importantes involucran
al oxigeno molecular (O2) y a sus especies reactivas: superoxido (02°7), peréxido de hidrogeno
(H202) vy al radical hidroxilo ("OH); al éxido nitrico (ON®) y sus derivados: peroxinitrito (ONOO™
); acido nitroso (ONOOH), y al diéxido de nitrogeno (‘NO:z); a los perdéxidos organicos
incluyendo al hidroperéxido (LOOH); y a los metales de transicién, entre ellos al hierro (Fe?*) y
al cobre (Cu?*) (Halliwell y Gutteridge, 1999). La mayoria de las especies reactivas de
oxigeno se forman por la reducciéon (ganancia de electrones) incompleta del O2. La adicién
secuencial de un electrén (e7) al oxigeno molecular (Oz), produce la formacién del radical anién
superoxido, del peréxido de hidréogeno, y la formaciéon del radical hidroxilo (Werns y Lucchesi,

1990):

0O » 02 — H0:2 — °‘OH (ec. 1)

b. Fuentes de radicales libres en la isquemia cerebral. Durante la isquemia cerebral se
crean una serie de interacciones entre varias vias metabdlicas y catabdlicas que generan
radicales libres, algunas de ellas se desencadenan al ocurrir la reperfusién (Fig. 1)
(Traystman y cols., 1991; Phillis, 1994; Hall, 1997). Cabe mencionar que en la zona de
penumbra, donde el flujo sanguineo es parcial, se presentan los mismos procesos que

desencadena la reperfusion.

i. Fuga de electrones en mitocondria. En condiciones normales, el O2 se reduce a H20
(adicion secuencial de cuatro electrones:) por la cadena transportadora de electrones (e ), sin

la produccién de radicales de oxigeno (Traystman y cols., 1991; Turrens, 1997):

4H* + 4e” + 02 —» 2H20 (ec. 2)
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Figura 1. Fuentes potenciales de especies reactivas de oxigeno y nitrégeno durante la isquemia y
reperfusién cerebral (tomado de Hall, 1997).

La presencia de oxigeno al final de la cadena respiratoria favorece el mantenimiento de los
miembros del sistema transportador en un estado oxidado (existe transferencia pero no
sobran ni se fugan electrones). En contraste, durante la isquemia, cuando el suministro de
oxigeno es limitado, la cadena transportadora de electrones llega a ser altamente reductora
(donadora de e7); si en estas condiciones ocurre reoxigenacién como en la recanalizaciéon del
vaso sanguineo, la produccién de superéxido (0O2'") aumenta al potenciarse por las
condiciones reducidas presentes durante la isquemia (Phillis, 1994). Se ha propuesto a la
region ubiquinona (QH2)—citocromo b (Cit b) como el sitio mas importante en la produccién de
radicales superdxido (O2°") cuando la mitocondria esta en un estado reducido maximo (Cino vy

Del Maestro, 1989; Turrens, 1997):
QH2 + e (Citboc) — *QH + 02 — Q + 02" (ec. 3)

ii. Metabolismo de los acidos grasos. Se ha reportado que durante la isquemia se
incrementa la liberacion de los acidos grasos, en especial los acidos grasos poliinsaturados,
como el acido araquidénico (Rao y cols., 1999; Yang y cols., 1999), como consecuencia de
la actividad de fosfolipasa C (activada por despolarizacién) y fosfolipasa Az (cPLA2) (activada
por el incremento de Ca’*) (Yang y cols., 1999), ademas de la falla en la sintesis de

fosfolipidos como consecuencia de la disminucién del ATP. La severidad del dafio isquémico



correlaciona con el nivel de acumulacién de acidos grasos (Abe y cols., 1987) y se sabe que
el incremento es mayor en las regiones mas susceptibles al dano isquémico (Westerberg y
cols., 1987; Phillis, 1994; Yang vy cols., 1999). En estas condiciones, el acido araquidénico
rapidamente se metaboliza por las enzimas lipooxigenasa (LOX) y ciclooxigenasa (COX) (Phillis
y O’Regan, 2003). Al adicionar dos moléculas de O: a un &cido graso insaturado, la COX
produce prostaglandina Gz, la cual es rapidamente peroxidada a prostaglandina H2 (PGH2) con
la produccién concomitante de 02 (Armstead y cols., 1988; Krause y cols., 1988). Las
conversiones subsecuentes de PGH:2 producen prostaglandinas, prostaciclinas y tromboxanos
(Gaudet y cols., 1980; Warner y cols., 2004), moléculas vasoactivas que pueden agravar el
dano isquémico. Los radicales superéxido también pueden generarse por la via de la

lipooxigenasa que produce leucotrienos (Phillis, 1994).

iil. Metabolismo de purinas. En condiciones normales, la hipoxantina es convertida en
xantina por la enzima xantina deshidrogenasa (XDH). Sin embargo, durante la isquemia, a
través de un proceso Ca’*-dependiente, las proteasas convierten a la XDH en xantina
oxidasa. Ademas, que durante la isquemia el ATP se utiliza pero no se resintetiza, y sus
metabolitos como AMP, adenosina, inosina, hipoxantina y xantina se acumulan (Morimoto y
cols., 1982). La xantina oxidasa utiliza al O2 como su aceptor de electrones y cataliza la

produccion de 02" (Phillis, 1994).

iv. Oxido nitrico y sus derivados. El incremento en la producciéon de ON® durante la
isquemia y la reperfusion (Wei y cols., 1999), en un pricipio, se debe a las formas
constitutivas de la sintasa del 6xido nitrico (NOS, por sus siglas en inglés) (NOS neuronal y
NOS endotelial), las cuales son activadas por el incremento citosélico de Ca?* (Malinski y
cols., 1993). El complejo Ca?*/calmodulina aumenta la actividad de la enzima, la cual cataliza
la formacion de ON® a partir de la L—arginina (Phillis, 1994).

La interaccidon entre las especies reactivas con otros componentes tisulares produce
diversos radicales. De gran importancia es la interaccion del O2"~ con el ON’, la cual genera el
anién peroxinitrito (ONOQO™) (Eliasson y cols., 1999), oxidante fuerte de grupos sulfhidrilos
que, a un pH fisiolégico, sufre protonacién formando acido peroxinitroso (ONOOH), molécula
quimica y termodindmicamente muy inestable que espontaneamente se descompone para
producir a los radicales hidroxilo ("OH) y diéxido de nitrégeno (‘NO2), y una fuente de OH

independiente de la catalisis por hierro (Fig. 1):

02"~ + ON° —» ONOO™ + H" » ONOOH — °NO2 + "OH (ec. 4)



Asi el *NO:2 puede iniciar la peroxidacion de lipidos o nitrar e inactivar proteinas celulares
sobre los residuos de tirosina (Espey y cols., 2000). Un aspecto importante de este
mecanismo es que el acido peroxinitroso (ONOOH), en comparacién con otros radicales libres,
tiene una vida media prolongada, siendo potencialmente mas difundible. De esta manera,
puede ofrecer un mecanismo de dano en sitios remotos (Hall, 1997). Esta fuente de dafio por
radicales involucra células endoteliales, neutréfilos, macréfagos y microglias, las cuales
pueden producir ON* concomitantemente con 02"~ (Hall, 1997; Nakazawa y cols., 1996).

El grado de produccion de radicales libres parece ser proporcional a la duracion y
severidad de la isquemia, y a la posibilidad de que exista o no reperfusién (reoxigenacion)
(Sakamoto y cols., 1991). Se ha reportado que en el centro isquémico de la regién cortical la
produccién de radicales disminuye o permanece durante la isquemia, mientras que se
incrementa durante la reperfusiéon (Kim y cols., 2002). En la zona de penumbra, donde
parcialmente se mantiene la concentracién de 0Oz, la produccién es elevada tanto en la
isquemia como durante la reperfusion.

De gran importancia en este proceso es la liberaciéon de hierro (Fe?*), catalizador esencial
en la formacion del radical "OH (altamente reactivo y citotoxico) a partir de H20:2 (reaccion de
Fenton:

Fe?* + H202 —» Fe®*' + OH + °OH (ec. B)

Ademas, el hierro también participa en la formacion de los radicales orgénicos alcoxilo (LO®) y
peroxilo (LOO®), a través de una lipoperoxidacion Hierro-dependiente (Krinsky, 1992; Hall,
1997):

LOOH + Fe?" — Fe®* + OH™ + LO® (ec. 6)

LOOH + Fe®" — Fe?* + OH* + LOO® (ec. 7)

Por otro lado, el cerebro cuenta con varias defensas contra las especies reactivas,
incluyendo 4&cido ascérbico, a-tocoferol, el tripéptido enddégeno glutation, y enzimas
antioxidantes como superéxido dismutasa, glutation peroxidasa y catalasa. Sin embargo, aln
cuando la expresidn de enzimas antioxidantes aumenta en respuesta a la isquemia vy
reperfusion (Fukui y cols., 2002; Dirnagl y cols., 2003), la producciéon excesiva de oxidantes
rebasa la capacidad antioxidante enddégena y se produce dafo conocido como estrés
oxidativo. El exceso de radicales libres altera la funcién celular principalmente por dafar
moléculas esenciales, como lipidos (membranas), carbohidratos, aminoacidos y proteinas,

ademas de dano al ADN y ARN, conduciendo eventualmente a la muerte celular (Maxwell,



1995). Al proceso de estrés oxidativo se le considera como un mecanismo que precipita
cambios patolégicos en el tejido nervioso durante la isquemia y reperfusiéon cerebral (Hall y

Braughler, 1989; Watson, 1993; Hall, 1997; Schaller, 2005).

c. Peroxidacion de lipidos. La interaccion de los radicales oxidantes con los fosfolipidos de
las membranas produce lipoperoxidacion. Este parece ser el mecanismo principal por el que
los radicales libres dafan al tejido cerebral (Martinez-Vila e Irimia, 2001). El dafio inicia
cuando un radical altamente reactivo, como el radical "OH, remueve un atomo de hidrégeno
de un acido graso poliinsaturado de alguna membrana, dejando un electron no pareado
sobre un carbono (radical carbono o radical alquilo) (Fig. 2). Este evento es seguido por un
rearreglo molecular que forma un dieno conjugado, el cual se combina con el oxigeno (su
presencia propaga estas reacciones) creando al radical peroxilo (LOO®), y continta la
cascada de reacciones redox con los acidos grasos adyacentes, generando radicales alcoxilo
(LO®), los cuales tienen la capacidad de continuar la cascada de reacciones a la vez que
libera hidroperéxidos lipidicos (LOOH). De esta manera, un radical puede convertir multiples
cadenas de acidos grasos en hidroperéxidos lipidicos (Halliwell, 1994). La acumulacién de
LOOH en la membrana altera su funcién y puede causar su colapso. Ademads, los
hidroperéxidos lipidicos pueden descomponerse y formar diversos productos altamente
citotéxicos, incluyendo malonaldehido (MDA), 4-hidroxinonenal (HNE) y alcanos (Morrow y
cols., 1990; Montuschi y cols., 2004).

Una vez iniciada esta secuencia de reacciones (Fig. 2), el hierro liberado durante la
isquemia interviene activamente en la formacién de mas radicales orgénicos incluyendo LO*
y LOO® a partir de LOOH (ec. 6 y ec. 7).

Se sabe que el hierro estimula la lipoperoxidaciéon aldn en ausencia del radical iniciador
(Hall, 1997). Ademads, el tejido nervioso brinda un ambiente especialmente propicio para
estas reacciones por su alto contenido de hierro, distribuido de manera paralela con la
susceptibilidad regional a la lipoperoxidaciéon (Zaleska y Floyd, 1985) y a la alta proporcién
de acidos grasos poliinsaturados peroxidables, tales como el acido linoleico y el acido
araquidénico (Hall, 1997).

En conjunto, la reaccion en cadena iniciada por un radical oxida multiples acidos grasos,
formando poros y dafiando el soporte de proteinas de la membrana, como receptores,
canales i6nicos y enzimas; eventualmente, rompe la membrana celular (Siesjo y cols., 1989;

Halliwell, 1994).
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Figura 2. Vias y productos relacionados a la lipoperoxidaciéon (tomado de Dotan y cols., 2004)

d. Dano a las proteinas. La oxidacion de proteinas produce modificacién de su carga,
formacién de puentes disulfuro del grupo tiol (-SH) y formacién de enlaces covalentes y/o
hidrofébicos. Estas reacciones suelen causar pérdida de tioles libres, descarboxilacion vy
desaminacion, y la generacion de grupos carbonilos. Las proteinas modificadas por la via
oxidativa activan a enzimas proteoliticas y son mas susceptibles a la protedlisis (Nakazawa y
cols., 1996).

e. Dano a los dcidos nucleicos. La oxidacion de los &acidos ribo y deoxirribonucleicos
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produce rompimiento de las cadenas de ADN, intercambio de cromatina, entrecruzamientos

ADN-ADN vy proteina-ADN, ademas de modificacion de las bases (Nakazawa y cols., 1996).

2.3.1 Sitios y mecanismos de accion de los antioxidantes

En apoyo de la participacidon importante de las especies reactivas de oxigeno y nitrégeno
en el dafno celular por isquemia y reperfusién cerebral, se tiene la evidencia de que un gran
numero de antioxidantes, con diferentes estructuras quimicas y mecanismos de accién, son
capaces de reducir el volumen de la lesién en modelos tradicionales de isquemia cerebral
global y/o focal (Hall, 1997; Gilgun-Sherki y cols., 2002; Warner y cols., 2004).

Los antioxidantes son compuestos exdgenos (naturales o sintéticos) y enddégenos que
actuando por mecanismos diversos inhiben el proceso de oxidacién. Pueden actuar donando
electrones, eliminando a la especie oxidante o a sus precursores, inhibiendo la formacién de
las especies reactivas, uniéndose a los metales i6nicos que son catalizadores en la generacién
de especies reactivas, o interfiriendo con las fases de la lipoperoxidacién (Gilgun-Sherki y
cols., 2002).

Rice-Evans (1999) considera que los sistemas de defensa contra el dafo por especies
reactivas se pueden clasificar en tres grupos:

e Antioxidantes preventivos que suprimen la formacién de radicales libres.

e Antioxidantes que inhiben la iniciacidon de las reacciones en cadena e interceptan la

propagacion al atrapar radicales libres.

e Antioxidantes involucrados en los procesos de reparacion.

El requisito caracteristico de las moléculas antioxidantes eficaces incluye un nimero de

rasgos estructurales:

1. La presencia de grupos donadores de electrones o hidrogenos con apropiados
potenciales de reduccién en relacién a las parejas redox de los radicales a ser
atrapados (Bors y cols., 1990, 1995; Jovanovic y cols., 1994, 1995; Steenken y
Neta, 1992).

2. La habilidad de deslocalizar al radical resultante (Bors y cols., 1990) en un radical
fenoxilo, tal como el que deriva de a-tocoferol, en un radical ariloxilo como el derivado
de los flavonoides, en un radical de la cadena de hidrocarbono poliinsaturado tal como
el de B-caroteno, o en un radical tiilo tal como el acido dihidrolipoico.

3. El potencial de quelar metales de transicién (Thompson y cols., 1976; Morel y cols.,

1993; Afanas’ev y cols., 1989; Paganga y cols., 1996) dependiente de la naturaleza
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de los grupos funcionales y de su arreglo con las moléculas.
También de Ila interacciobn de los radicales antioxidantes con otras moléculas
antioxidantes, reciclando al antioxidante original, asi evita la disminucién de ellos (Rice-Evans,

1999).
a. Efecto de los antioxidantes en los modelos de isquemia cerebral

i. Quelantes de metales. Como ya se comentd, durante y después de la isquemia cerebral,
las reacciones de oxidacion hierro-dependientes parecen contribuir de manera importante al
dafo tisular. Se han evaluado varios quelantes sintéticos, cuya accién primaria es disminuir la
concentracién de hierro o cobre libres. A través de este mecanismo, estos quelantes pueden
inhibir la formaciéon de radicales libres en dos niveles: sobre la reaccién de Fenton (ec. 5) y
sobre la lipoperoxidacion hierro-dependiente (ec. 6 y 7) (Maxwell, 1995; Krinsky, 1992). Uno
de estos quelantes, la deferoxamina, administrada antes o un poco después del episodio
isqguémico aumenta la sobrevida y mejora los pardmetros funcionales en ratas (Palmer y cols.,
1994), perros (Hurn y cols., 1995); y ratones (Sarco y cols., 2000). Sin embargo, no se
observé ningln beneficio en isquemia cerebral completa en perros (Fleischer y cols., 1987), ni
en ratones sometidos a seccién secuencial de las arterias carétidas comunes (Rodriguez y
cols., 2003b). El dexrazoxano, un compuesto quelante que in vivo se hidroliza para producir
un quelante estructuralmente similar al EDTA, disminuye la cardiotoxicidad en pacientes con
cancer de mama tratados con antraciclinas (Speyer y cols., 1988), disminuye la accién
diabetogénica del aloxano en ratones (El-Hage y cols., 1981), y aumenta significativamente la
sobrevida y disminuye el déficit neurolégico en ratones con isquemia cerebral severa

(Rodriguez y cols., 2000b; Rodriguez y cols., 2003b).

ii. Inhibidores de xantina oxidasa. El alopurinol es un farmaco inhibidor de xantina oxidasa.
Su administraciéon disminuye las concentraciones de &acido urico, de xantina, y de dienos
conjugados (Marro y cols., 1994; Nihei y cols., 1989), mantiene el ATP (Williams y cols.,
1992), y reduce el edema (Patt y cols., 1988). Se ha reportado que este farmaco reduce
significativamente el volumen del infarto (Martz y cols., 1989) en ratas con oclusién de la

arteria cerebral media.

iii. Sobreexpresion de la sintasa del éxido nitrico. Se ha informado que la sobreexpresion
de la sintasa del 6xido nitrico endotelial por el tratamiento con inhibidores de la 3-hidroxi-3-
metilglutaril coenzima A (HMG-CoA) reductasa, como simvastatina, aumenta el flujo

sanguineo intraisquémico y reduce el volumen del infarto (Endres y cols., 1998; Amin-Hanjani
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y cols., 2001).

iv. Inhibidores de la poli-ADP-ribosa polimerasa, (PARP). La PARP se activa en respuesta
al dafno a ADN. Se trata de un mecanismo reparador, pero también causa deplecién de NAD y
de ATP, por lo que potencialmente puede exacerbar el dafio isquémico. Se ha demostrado que
varios antagonistas de PARP tienen efecto protector en varios modelos de isquemia
experimental (Abdelkarim y cols., 2001; Plaschke y cols., 2000), uno de los cuales observé

proteccion mas alla de 30 dias posteriores a la isquemia (Ding y cols., 2001).

v. Miméticos del glutation. El glutation (GSH) es un tripéptido (y-L-glutamil-L-
cisteinilglicina) que en células de mamifero participa en muchas funciones fisiolégicas,
incluyendo la defensa contra los radicales oxidantes (Lu, 1999). Es el reductor para la
glutation peroxidasa. La oxidaciéon de sus grupos sulfhidrilo en el aminoacido cisteina une a
dos moléculas de glutation (GSH) a través de un puente disulfuro para formar disulfuro de
glutation (GSSG). La glutation reductasa NADH-dependiente cataliza la recuperacion del
glutation. Normalmente, el cerebro mantiene una alta relacion de GSH/GSSG para su defensa
antioxidante. La deplecion total del glutation y una disminucion en la relacién GSH/GSSG son
marcadores de estrés oxidativo en la isquemia cerebral y se podrian requerir hasta 72 horas
para restablecer las concentraciones a valores normales (Namba y cols., 2001; Park y cols.,
2000). Se ha demostrado empeoramiento del dafo isquémico por la disminucién
farmacolégica de glutation (Vanella y cols., 1993), y protecciéon por la administracion de
YM737 (mimético del glutation) (Gotoh y cols., 1994), o N-acetilcisteina, un precursor del

glutation.

vi. Inductores de enzimas antioxidantes. Se ha demostrado que la sobreexpresiéon de
genes antioxidantes, como el de la glutation peroxidasa, protege a las neuronas contra la
isquemia cerebral aguda; asimismo, que aumenta el volumen del infarto en ratones que
carecen de este gen (Hoehn y cols., 2003). La sobreexpresiéon de los antioxidantes se puede
adquirir por la terapia génica (Raymon y cols., 1997) o por factores de crecimiento (Spina y
cols., 1992; Colton y cols., 1995). Una estrategia alternativa es el tratamiento con inductores
de enzimas antioxidantes (Murphy y cols., 1991); estos inductores son oxidantes de baja
potencia que incrementan la expresiéon de genes antioxidantes (Daniel, 1993). Existen
reportes que la t-BHQ aumenta la expresiéon de y-glutamilcisteina sintetasa y de glutation
sintetasa (Huang y cols., 2000), ambas enzimas implicadas en la sintesis de glutation.

Ademads, otros autores han reportado que t-BHQ aumenta la actividad de factores de
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transcripcién, tales como AP-1 y NFkB, y del elemento de respuesta antioxidante (ARE, por

sus siglas en inglés) (Pinkus y cols., 1996; Kang y cols., 2001; Yang y cols., 2002).

vii. Acido ascérbico (vitamina C). El 4cido ascérbico es una molécula antioxidante que es
hidrosoluble y existe en altas concentraciones en el sistema nervioso central. El &cido
ascorbico no cruza rapido ni facilmente la barrera hematoencefélica. Se sabe que entra al
liquido cefalorragquideo por medio de un transporte activo a través del plexo coroideo (Rice,
2000). Su metabolito oxidado, el acido dehidroascérbico, rapidamente atraviesa la barrera
hematoencefélica y es retenido en su forma oxidada, acido ascérbico (Agus y cols., 1997),
aunque este parece ser un mecanismo menor. Sin embargo, la concentracién en cerebro,
predominantemente intracelular, es 10 veces mayor que en sangre (Frei y England, 1989;
Schreiber y Trojan, 1991; Rose y Bote, 1993). El acido ascérbico actlia como atrapador de
radicales libres debido a su propiedad de donar electrones (Padh, 1990; Rice, 2000). Se trata
de un atrapador de radicales libres, de amplio espectro y eficaz contra radicales peroxilo e
hidroxilo, superéxido, singulete de oxigeno, y peroxinitrito (Nishikimi, 1975; Bodannes y
Chan, 1979; Machlin y Bendich, 1987; Vatassery, 1996). Otra funcién importante de la
vitamina C es la regeneracién de vitamina E (Chan, 1993). Aunque las reacciones del acido
ascorbico ocurren en la fase acuosa, este puede evitar la oxidacion de vitamina E (a-
tocoferol), la cual detiene la peroxidacién de las membranas (Seregi y cols., 1978; Niki,
1991). Se ha demostrado que la administracion de acido ascdérbico disminuye la pérdida
neuronal en jerbos con oclusién bilateral de las arterias carétidas (Stamford y cols., 1999) y el
volumen del infarto en monos con oclusién transitoria de la arteria cerebral media (Henry y

Chandy, 1998).

viii. Acido lipoico (LA) y su derivado é&cido dihidrolipoico (DHLA). Se trata de dos
antioxidantes potentes que cruzan la barrera hematoencefélica (Packer y cols., 1997). Tienen
la propiedad de atrapar especies reactivas, incluyendo anién superdxido, radical hidroxilo,
singulete de oxigeno, 6xido nitrico y peréxido de hidrégeno. Ambos, pero especialmente el
DHLA, tienen actividad quelante de metales libres. EI DHLA también recicla a otros
antioxidantes (tales como vitamina C y vitamina E), incrementa los niveles intracelulares de
glutation, y modula la actividad de factores de transcripcion, especialmente la de NF-kB
(Packer y cols., 1997; Packer, 1998). Se ha demostrado que el pretratamiento con 100 mg
de DHLA o de LA reduce el volumen del infarto en ratones (Prehn y cols., 1992; Backhaus y

cols., 1992) y en jerbos (Cao y Phillis., 1995) sometidos a isquemia cerebral global y/o focal.
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Panigrahi y sus colaboradores, usando ratas pretratadas con &acido lipoico (25 mg/kg) y
sometidas a oclusién bilateral de las carétidas comunes mds hipotensién, encontraron
reduccién en la mortalidad de un 78 a un 26% a las 24 horas; este farmaco también evit6 la

pérdida de glutation en la corteza, estriado e hipocampo (Panigrahi y cols., 1996).

ix. Fenilbutilnitrona (PBN). Farmaco antioxidante sintético capaz de atrapar radicales libres
de oxigeno y con base de carbono (Kotake, 1999). Se ha encontrado que la administracion
previa de PBN, aumenta la sobrevida (Carney y Floyd, 1991), disminuye el volumen del infarto
después de la oclusién transitoria de la arteria cerebral media (MCA, por sus siglas en inglés)
en ratas (Zhao y cols., 1994), y mejora la recuperacion del estado energético cerebral
(Folbergrova y cols., 1995). También reduce la necrosis neuronal en la neocorteza cuando se
administra 30 min postisquemia, pero no cuando se administra antes o 6 horas después del
evento isquémico (Pahlmark y Siesjo, 1996). También se ha observado que la PBN disminuye
la disfunciéon mitocondrial cuando se administra 1 h después de la isquemia focal transitoria
en ratas (Kuroda y cols., 1996). Schultz y colaboradores (1997) reportaron que la
administraciéon de PBN (25 mg/kg i.v.) 5 min antes y 30 min después de la oclusién de la
MCA en ratas protege al endotelio vascular y, por tanto, aumenta la reperfusion

postisquémica. No se tienen estudios sobre su toxicidad.
b. Fracaso de los antioxidantes en pacientes con EVC aguda

a.Tirilazad. Molécula derivada de los glucocorticoides sin actividad glucocorticoide o
mineralocorticoide. Es un atrapador de radicales peroxilo e inhibe la lipoperoxidacién
dependiente de hierro (ec. 6 y 7) (Hall, 1995; Hall, 1997; Kavanagh y Kam, 2001). Se ha
demostrado que tirilazad disminuye el volumen del infarto en ratas (Hall y Braughler, 1989;
Xue y cols., 1992; Beck y Bielenberg, 1991; Park y Hall, 1994; Hall, 1995) y en gatos (Silvia
y cols., 1987) sometidos a oclusién permanente o transitoria de la arteria cerebral media.
Ademads, aumenta la sobrevida de jerbos sometidos a tres horas de oclusidon unilateral de la
arteria carétida (Hall y cols., 1988). Sin embargo, los ensayos clinicos de fase Ill no
mostraron mejoria del estado funcional de pacientes con EVC aguda tratado con este farmaco

(RANTTAS Investigators, 1996; Haley, 1998).

b. Ebselen. Es un antioxidante organico que contiene selenio. Se ha encontrado que su
mecanismo de accion principal es mimetizar la acciéon de la peroxidasa del glutation, la cual
elimina a las especies reactivas H202 y LOOH (Muller y cols., 1984; Maiorino y cols., 1988;

Thomas vy cols., 1990; Krinsky, 1992). También tiene efectos inhibitorios sobre las enzimas
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ciclooxigenasa, lipooxigenasa y NADPH oxidasa (Schewe, 1995). Recientemente se ha
reportado que el mecanismo de accién predominante podria ser via el sistema tioredoxina mas
que el sistema del glutation (Zhao y cols., 2002). En el modelo de oclusién de la MCA, la
administracién 30 mg/kg ebselen reduce hasta un 53% el volumen del infarto (Dawson y
cols., 1995) y la infusién intravenosa (1 mg/kg/h) reduce en un 28% el volumen del infarto
(Imai y cols., 2003). Sin embargo, su efecto protector en pacientes fue poco claro al primer
mes después del tratamiento, y no fue evidente en las evaluaciones neurolégicas efectuadas
al tercer mes; aunque un analisis posterior mostrd cierta mejoria en un subgrupo de pacientes.
Por ello, este farmaco continda en estudio clinico (Saito y cols., 1998; Yamaguchi y cols.,

1998; Gilgun-Sherki y cols., 2002).

c. Superoxido dismutasa (SOD). Esta enzima convierte el superéxido en perdxido de
hidrégeno y representa la primera linea de defensa contra la toxicidad de las especies
reactivas de oxigeno. Existen reportes de que la SOD atenuda el dafo isquémico en jerbos con
oclusién temporal de las arterias cardtidas comunes (Tagaya y cols., 1992). Sin embargo, en
un ensayo aleatorizado multicéntrico, la administracién de superéxido dismutasa no mostré

mejoria del resultado funcional en pacientes con dafio cerebral severo (Young y cols., 1996).

d. Lubeluzol. Se ha informado que en el modelo de isquemia cerebral anterior mas
hipotensién, el tratamiento con lubeluzol, un modulador a la baja de la via del ON, aumenta el
numero de neuronas viables (Haseldonckx y cols., 1997). Sin embargo, en pacientes con EVC
no mejord el estado funcional ni la mortalidad a los tres meses del tratamiento (Diener, 1998;
Grotta, 1997; Diener, 1999).

En resumen, ningln antioxidante, como cualquier otro neuroprotector potencial, ha
probado ser eficaz en humanos con EVC aguda (Corbett y Nurse, 1998; de Keyser y cols.,

1999; Gilgun-Sherki y cols., 2002; Green y cols., 2003).

2.4 Modelos tradicionales de isquemia cerebral

En vista de que la enfermedad cerebrovascular isquémica es un gran problema de salud
publica, durante los ultimos 35 afos se han realizado numerosas investigaciones para conocer
la fisiopatologia del evento isquémico y para validar su posible tratamiento. El conocimiento
actual sobre el dafo neuronal durante y después de la isquemia cerebral estd basado en
modelos animales de isquemia cerebral (Juurlink y Sweeney, 1997; Dirnagl y cols., 1999;
Lipton, 1999; Onténiente y cols., 2003). El conocimiento fisiopatolégico abrié la posibilidad

de la manipulacién farmacoldégica atil para limitar el dafio neuronal y reducir las deficiencias
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funcionales.

Los modelos experimentales desarrollados, que habitualmente utilizan roedores (jerbos,
ratas, ratones), se pueden agrupar en dos grandes categorias: modelos de isquemia focal y
modelos de isquemia global. La isquemia focal resulta de la oclusién de una arteria especifica,
usualmente de la arteria cerebral media (MCA). La oclusiéon puede ser permanente o transitoria
(remocién del bloqueo para permitir la reperfusiéon) (Hunter y cols., 1995; Green y cols.,
2003). Diversos autores senalan que este modelo tiene mayor relevancia para la enfermedad
cerebrovascular (Hunter y cols., 1995), lo que parece razonable, dado que en su mayoria los
eventos cerebrovasculares son focales.

Los modelos de isquemia global, cominmente del cerebro anterior, involucran
frecuentemente un bloqueo transitorio (5-30 min) de las arterias cardtidas comunes, lo que
afecta areas cerebrales muy extensas, especialmente las mas vulnerables a los procesos
isqguémicos como el sector CA1 y CA3 del hipocampo, al caudoputamen y las capas 3, 5y 6
de la corteza (Hossmann, 1993). Es interesante sefalar que existe una vulnerabilidad temporal
y espacial dentro de la region CA1. Las neuronas piramidales mueren en una forma ordenada,
de medial a lateral y de septal a temporal (Pulsinelli y cols., 1982). Los mecanismos
subyacentes de esta vulnerabilidad son desconocidos, pero no parecen correlacionar con la
vasculatura del hipocampo (Marinkovic y cols., 1992). Los modelos de isquemia global tienen
la caracteristica de mantener el flujo sanguineo del tallo cerebral, permitiendo a los animales la
habilidad de ventilar espontdneamente. Aunque existen muchas maneras de inducir
interrupcién del flujo sanguineo al cerebro anterior, en la mayoria de los modelos incluye
oclusién de las arterias carétidas comunes.

El modelo global mas simple, y por lo tanto el mas popular, es el modelo de oclusiéon
bilateral de las arterias carétidas comunes en jerbos. Esta oclusién es suficiente para producir
isquemia severa del cerebro anterior, debido a que los jerbos carecen de arterias
comunicantes posteriores, necesarias para completar el circulo de Willis el cual, en humanos y
en ratas, permite el flujo sanguineo colateral (Levine y Sohn, 1969).

Los modelos de isquemia global en ratas incluye la oclusion de dos (carétidas) o cuatro
(carétidas mas vertebrales) vasos. El primero comprende la oclusién simultdnea de ambas
carotidas y requiere de hipotension para producir isquemia. El segundo procedimiento se lleva
a cabo en dos fases, en una primera fase se ocluyen las arterias vertebrales y, en la segunda,
se ocluyen simultdneamente las carétidas. Tienen la ventaja de que en la segunda fase el

evento isquémico se realiza en un animal conciente y en movimiento (Hunter y cols., 1995).
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En los estudios mas recientes se ha dado preferencia al uso de ratones. En los ratones se
observan diferencias claras en el sistema de irrigacién, como presencia o no de la arteria
comunicante posterior. Cuando esta arteria estd ausente permite que la oclusién de las
arterias carétidas comunes produzca menos del 23% de microperfusidn cortical basal (Small y
Buchan, 2000).

Auln cuando la oclusién arterial sea permanente, existe alguna recuperacién del flujo a
través de arterias colaterales, produciendo un territorio isquémico transitorio (zona de
penumbra isquémica) (Small y Buchan, 2000). Los modelos de oclusién transitoria tienen
todos los rasgos de la oclusiéon permanente, ademads de la complicacién adicional del dafio por
reperfusién. El tejido isquémico reperfundido es tejido en riesgo, y la mejor representacion del
evento cerebrovascular en humanos, particularmente después de la trombolisis espontdnea o
terapéutica.

Algunos autores cuestionan el uso de modelos de isquemia global, el cual emula mas a un
paro cardiaco que a un evento vascular focal, pero la precision con que el daho global
isquémico induce dafno en las neuronas da una modalidad precisa y cuantificable, que puede
ser util para valorar la eficacia de un agente neuroprotector. Ademas, la caracteristica de
mantener el flujo sanguineo del tallo cerebral, lo hace diferente del paro cardiaco. Por otro
lado, se tiene un gran numero de farmacos capaces de reducir el dafio producido por la
isquemia focal, pero una revisiéon detallada de los ultimos 10 afos revela que pocos, si es que
a alguno, de estos compuestos tienen efecto protector en modelos de isquemia cerebral

global (Small y Buchan, 2000).

2. 4.1 Indicadores de daifio isquémico y de eficacia farmacolégica en los modelos
tradicionales

En general, la determinaciéon del dafo se basa en pardmetros morfolégicos; esto es,
conteo neuronal o determinacién del volumen del infarto dentro de los primeros 7 dias
después del episodio isquémico (Corbett y Nurse, 1998). Se estima que la evaluacién
histolégica es, en principio, incompleta porque: (a) centra la atencién en el conteo de
neuronas necréticas mas que en células normales y, (b) existen areas rara vez valoradas por
su dificultad inherente de cuantificacién (Corbett y Nurse, 1998). Ademas, no hay correlacién
entre la capacidad de un farmaco para reducir el dafio morfolégico (volumen del infarto) en
modelos tradicionales de isquemia cerebral y los indicadores de eficacia en pacientes con EVC
(de Keyser, 1999; Green y cols., 2003; Cheng y cols., 2004)). Por lo anterior, se ha

cuestionado el valor del volumen del infarto como blanco relevante en los experimentos
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animales para el desarrollo de la terapéutica del EVC (Corbett y Nurse, 1998).

2.4.2 Cuestionamientos metodoldgicos a los modelos tradicionales
Existen numerosos cuestionamientos que parecen explicar la falta de correlacién entre los

resultados de los estudios preclinicos y los ensayos clinicos:

i. Animales jovenes. En los modelos tradicionales de isquemia cerebral, los investigadores
usualmente eligen animales jévenes y sanos, bajo condiciones de laboratorio rigurosamente
controladas. Sin embargo, los pacientes con enfermedad cerebrovascular seleccionados para
ensayo clinico, usualmente, son viejos (Wardlaw y cols., 1996) y, generalmente, presentan
otras enfermedades crénicas, tales como ateroesclerosis, hipertensién, diabetes,
hiperlipidemia (Cheng y cols., 2004; Onténiente y cols., 2003); las cuales pueden afectar el
resultado funcional y alterar los indicadores de eficacia farmacolégica (Demchuk y Buchan,

2001).

ii. Interrupcion abrupta del flujo sanguineo en cerebros previamente sanos. La interrupcion
del flujo sanguineo suele ser transitorio, donde el inicio de la isquemia y su reversién son
abruptas (Ginsberg y Busto, 1989). Por el contrario, en humanos el evento isquémico agudo
sucede habitualmente en un cerebro con arterias dafadas por procesos de ateroesclerosis o

arteriosclerosis; por lo tanto, créonicamente isquémico (Rodriguez y cols., 2000a).

iii. Administracion del potencial neuroprotector antes del evento isquémico. En la mayoria
de los estudios, aun cuando esto es cada vez menos frecuente, la administraciéon del potencial
neuroprotector es previa al evento isquémico (Grotta, 1995); mientras que en los ensayos

clinicos la administracién del farmaco se lleva a cabo después de iniciado el evento isquémico.

iv. Volumen del infarto como principal indicador de darfio y neuroproteccion. En la mayoria
de los estudios preclinicos, el efecto neuroprotector se mide en términos de la capacidad para
reducir el volumen del infarto y/o el grado de pérdida neuronal (Corbett y Nurse, 1998), vy la
mortalidad es ignorada, o al menos no reportada (Grotta, 1995). En contraste, en los ensayos
clinicos, la eficacia neuroprotectora se mide con escalas de la funcién neurolégica tales como
la de los Institutos Nacionales de Salud (NIH Stroke Scale) y la de Rankin Modificada (Cheng y
cols., 2004), que tipicamente usan la sobrevida y pardmetros funcionales, principalmente de
la funcién motora. Ademads, se ha demostrado que el volumen del infarto correlaciona
pobremente con el resultado funcional (Rogers y cols., 1992; Hunter y cols., 1995), ya que
lesiones pequefas en localizaciones criticas pueden producir gran déficit funcional y, al

contrario, lesiones extensas en areas relativamente silentes producen poca pérdida detectable
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de la funcién (de Keyser, 1999; Green y cols., 2003; Cheng y cols., 2004).

v. Evaluacion funcional incompleta. Algunos estudios recientes sobre neuroprotecciéon en
los modelos animales de isquemia cerebral han puesto mas interés en la evaluaciéon funcional.
Se han desarrollado varias mediciones funcionales para estudio de los animales isquémicos
(Hunter y cols., 1998). Sin embargo, no se ha documentado la validez de estas mediciones
para detectar neuroprotecciéon y algunos autores sefalan que no correlacionan con las usadas
en los ensayos clinicos (Cheng y cols., 2004). En la mayoria de los casos los investigadores
eligen la prueba de acuerdo a su expertis, y no necesariamente porque la prueba represente
aspectos importantes del resultado funcional en animales. En los ensayos clinicos, se usan
escalas como indicadores para determinar el grado de dafio (NIH Stroke Scale) y de
discapacidad fisica o mental (Rankin Scale, Barthel Index) del paciente. Ninguna escala clinica
se ha desarrollado para correlacionar con el tamafo del infarto o cualquier bateria preclinica de

pruebas (Cheng y cols., 2004).

vi. Descuido en el dafio y la proteccion de la sustancia blanca. La mayor parte de los
neuroprotectores descritos son capaces de reducir el dafo tisular en la sustancia gris (cuerpos
neuronales). Sin embargo, la isquemia y la reperfusién también producen dafo axonal, y se ha
considerado que una de las causas del fracaso de estos farmacos en la clinica es que no
protegen del dafio a la sustancia blanca (Dewar y cols., 1999), que en los humanos
comprende un 50% del volumen cerebral. Al respecto, se ha sefialado que los antioxidantes
protegen del daio tanto al cuerpo neuronal como a la sustancia blanca (McCulloch y Dewar,
2001; Imai y cols., 2001).

Por otro lado, también se ha reportado que la falta de correlacién entre los estudios de
farmacologia basica y clinica se pueden atribuir en parte a ensayos clinicos poco controlados,
destacan los siguientes cuestionamientos: diseio inapropiado del ensayo clinico, incluyendo
tamano de la muestra, inclusién de pacientes fuera de la ventana terapéutica (mas de 3-6
horas), administracion de dosis menores a las efectivas en los modelos animales, y algunos
ensayos se han terminado prematuramente por problemas de seguridad los cuales no se
detectaron en los modelos preclinicos. Algunos otros problemas metodolégicos como un
desbalance en la distribucién de variables clinicamente importantes, tales como severidad del
evento vascular, edad del paciente y presencia de enfermedades coexistentes (Dirnagl y cols.,
1999; de Keyser y cols., 1999; Onténiente y cols., 2003; Cheng y cols., 2004).

Como se ha mencionado previamente, los pacientes con enfermedad cerebrovascular
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aguda presentan déficit marcado en las funciones cognitivas, sensoriales y motoras, ademas
de un alto indice de mortalidad; en general existe consenso en usar la combinaciéon de
mortalidad e indicadores funcionales para determinar la eficacia de agentes neuroprotectores
potencialmente Utiles en la clinica (Hunter y cols., 1998; de Keyser y cols., 1999). Por esta
razon, es deseable continuar en el desarrollo de modelos que se acerquen mas a la
enfermedad isquémica en humanos y considerar, primero, la obtencién de una evaluacién
detallada de las deficiencias funcionales y, segundo, determinar si éstas son medidas
sensibles al tratamiento farmacolégico. El modelo experimental que parece guardar mayor
relacion con la EVC de humanos es el de la oclusidn secuencial de las arterias carétidas

comunes, desarrollado por Rodriguez y colaboradores (2000a).

2.5 Modelo de seccion secuencial de las arterias carétidas comunes (SSACC).

La SSACC es un modelo de isquemia global incompleta. La isquemia se produce porque
se interrumpe de manera secuencial la circulacién sanguinea del sistema carotideo, dejando
intacta la circulacién del sistema basilar encargada de irrigar a los centros reguladores de
funciones vitales como la respiratoria y la cardiovascular. El procedimiento contempla dos
etapas; en la primera, se liga y secciona la carétida comun izquierda; treinta y dos dias
después (segunda fase) se secciona la carétida contralateral. Este modelo tiene diferencias
béasicas con los modelos tradicionales. En principio, utiliza animales viejos, que han mostrado
ser mas susceptibles al dafio isquémico (Yager y cols., 1996; Fuentes-Vargas y cols., 2002).
El intervalo que existe (32 dias) entre la oclusién de una y la otra carétida hace posible que el
fendmeno isquémico agudo se desarrolle en un cerebro con perfusién crénicamente reducida,
en analogia a pacientes con EVC que, previo a un evento isquémico mayor, han sufrido
ataques isquémicos transitorios. Para determinar el grado de dano neurolégico, este modelo
utiliza la mortalidad y, a través de un examen clinico minucioso, cuantifica las alteraciones
neurolégicas producto de la interrupcién del flujo sanguineo. La mortalidad y la severidad del
déficit neurolégico son los indicadores utilizados para determinar la eficacia del tratamiento
farmacolégico. Cabe agregar que el dano tisular concuerda con lo reportado para otros
modelos de isquemia del cerebro anterior; bilateralmente afecta grandes areas, incluyendo las
areas mas vulnerables como hipocampo, caudoputamen y corteza (Rodriguez y cols, 2000a).
Con el empleo de este modelo se demostré que el dexrazoxano, un agente quelante, tiene
efectos neuroprotectores excepcionales (Rodriguez y cols., 2000b; Rodriguez y cols., 2003b).

Cabe agregar que la seccién de la primera carétida da lugar a un aumento progresivo del

didmetro de las arterias que conforman el circulo de Willis, indicando que la disminucién del

22



flujo cerebral se compensa por el aumento en el diametro de las arterias (Rodriguez y cols.,
2000a). En otros modelos, se ha reportado que episodios breves de isquemia cerebral
confieren resistencia a un evento subsecuente de isquemia mas prolongada que, de otra
manera, produciria mayor dano. Este fendémeno es conocido como precondicionamiento o
tolerancia isquémica (Dirnagl y cols., 2003), y es una reacciéon aguda y/o crénica a estimulos
nocivos como la isquemia cerebral global (Kitagawa y cols., 1990) o focal (Stagliano y cols.,
1999), y a radicales libres de oxigeno (Wiegand y cols., 1999). Ante estos estimulos, el
cerebro responde con induccion de mecanismos protectores, principalmente en la zona de
penumbra (Dirnagl y cols., 2003). En minutos, hay activacion de mecanismos
antiexcitotéxicos que incluyen la liberacién de GABA y adenosina, activaciéon de canales de
K* dependientes de ATP; en horas, activacion de mecanismos antiapoptdticos vy
antiinflamatorios como IL-10, proteinas Bcl, eritropoyetina, factores de transcripciéon a través
del factor inducible por hipoxia (HIF-1); en dias y semanas, activacion de mecanismos de
regeneraciéon y reparacion como vasculogénesis y neurogénesis. Basados en este
conocimiento, se puede inferir que la isquemia cerebral aguda (corte de la carétida
contralateral) se da en un cerebro que expresa tolerancia isquémica. La seccién secuencial de
las arterias car6tidas comunes con un intervalo de 2, 4, y 16 dias muestra una mortalidad del
100% en algunas horas. Sin embargo, la oclusién con un lapso de 32 dias posiblemente
desarrolla un suministro colateral maximo y generacién de nuevos vasos (Rodriguez y cols.,
2000a). Este fendmeno quizd se explica, en parte, por la resistencia que da un evento
isquémico leve (secciébn de la primera carétida). El mecanismo molecular del
precondicionamiento isquémico da claves de mecanismos protectores enddégenos, tales como
la nueva expresion de genes de expresion temprana (c-fos, c-jun, jun-B, jun-D), proteinas de
choque térmico (hsp-70), enzimas antioxidantes como superéxido dismutasa de manganeso
(Bordet y cols., 2000), catalasa, glutation peroxidasa; inhibidores de la metaloproteinasas
(Bcl-2 y Bcl-X1) (Neumar, 2000).

Basados en estos hallazgos, el intervalo de 32 dias entre la oclusién de las carétidas hace posible

una condiciéon basal compleja y da un margen conveniente de sobrevida para estudiar farmacos que

modifiquen tanto el patréon de sobrevida como el déficit neurolégico.
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lll. RAZONAMIENTO CIENTIFICO

3.1 Planteamiento del problema

La informaciéon disponible sefiala que la isquemia/reperfusién cerebral da lugar a la
formaciéon excesiva de especies reactivas, las cuales presumiblemente juegan un papel
central en el dafio neuronal, al incrementar la lipoperoxidacién en las membranas celulares y
oxidar otras biomoléculas esenciales como ADN vy proteinas. Asimismo, que los
antioxidantes tienen un efecto neuroprotector considerable, ya que disminuyen el volumen
del infarto en los modelos experimentales tradicionales de isquemia cerebral. Sin embargo,
no se tiene informacién sobre su capacidad de reducir la mortalidad y las alteraciones

neurolégicas derivadas de la isquemia cerebral.

3.2  Pregunta cientifica
(Pueden los antioxidantes disminuir la mortalidad y las alteraciones neuroconductuales en

el modelo de SSACC?

3.3 Hipotesis
La administracion de 4&cido ascérbico, acido dihidrolipoico, t-butilhidroquinona, o
fenilbutilnitrona disminuye la mortalidad y las alteraciones neuroconductuales producidas por

la SSACC.

3.4 Estrategia experimental
Desarrollar un sistema de evaluacién y cuantificacion como indicadores tanto del dafo

isquémico, asi como de neuroproteccion en el modelo de SSACC.

3.5  Objetivo general

El objetivo primario de este trabajo fue determinar si la administracién de acido ascérbico,
acido dihidrolipoico, t-butilhidroquinona o fenilbutilnitrona disminuye la mortalidad y la
discapacidad neurolégica producidos por la seccidon secuencial de las arterias carétidas

comunes (SSACC).

3.6 Objetivos especificos
1. Determinar el patrén de mortalidad de los animales sometidos a la SSACC.
2. Caracterizar el déficit neurolégico de los animales sometidos a la SSACC.

3. Determinar el efecto del &cido ascérbico, &acido dihidrolipoico, t-butilhidroquinona, y

fenilbutilnitrona sobre el patrén la sobrevida y el déficit neurolégico producida por la SSACC.
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IV. MATERIAL Y METODOS
4.1 Animales

En todos los experimentos se utilizaron ratones machos envejecidos (40 a 60 semanas
de edad), de la cepa CFW (obtenidos inicialmente de la casa Taconic Farms, Germantown,
NY), de 38 a 55 g de peso corporal, obtenidos del Bioterio de la Facultad de Medicina de la
UNAM. Se colocaron de 3 a 5 animales (de la misma camada) por jaula en un cuarto de
temperatura controlada (22 + 2 °C, humedad relativa 55 = 3%), con un ciclo de luz-
oscuridad normal (luz de 8 a.m. a 8 p.m.), con libre acceso al agua y al alimento (Purina
Chow, St. Louis, MO, USA). Se permitié6 que los ratones se aclimataran a las condiciones
ambientales por al menos una semana previa a los experimentos. Doce horas antes del
procedimiento quirdrgico, se les retird el alimento y se mantuvo libre el acceso al agua. La
cirugia y las evaluaciones conductuales se realizaron entre las 09:00-14:00 horas. Todos los
experimentos realizados se adhirieron a la ética experimental de la Declaracién de Helsinki y
a lo establecido en el Reglamento de la Ley General en Materia de Investigaciéon para la

Salud de México (Secretaria de Salud, 1987).

4.2 Experimentos preliminares
En un grupo de experimentos preliminares estudiamos la mortalidad y las alteraciones
conductuales producidas por la secciéon secuencial de las arterias carétidas comunes

(SSACC), procedimiento que se describe en detalle en la seccién de experimentos finales.

a. Mortalidad. Después de la segunda cirugia, se registré continuamente el nidmero de
muertes durante las primeras 6 horas y, después, cada 6 horas durante las primeras 24
horas y cada 12 horas hasta el fin del experimento (72 h). Estos datos se utilizaron para
calcular las curvas de sobrevida.

No se observaron muertes en los animales control (sin anestesia ni cirugia) y, excepto en
un caso (1/25), no se observaron muertes en los ratones sham. Por lo tanto, los animales
sham mostraron 96% de sobrevida. Después de la segunda cirugia, 10% (5/50) de los
animales murieron dentro de los primeros 15 min, y el nimero de muertes aumentoé
progresivamente, de 18% (9/50) a los 60 minutos a 52% (26/50) a las 24 horas, 62%
(31/50) a las 48 horas, 64% (32/50) a las 72 horas. La figura 3 muestra las curvas de
sobrevida de Kaplan-Meier para los animales sham y los ratones experimentales sometidos a
la SSACC. Las proporciones de sobrevida a las 24, 48 y 72 horas para los ratones con

SSACC fueron de 48, 38, y 36%, respectivamente. Los resultados de la prueba de rangos
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logaritmicos indicaron diferencias estadisticas altamente significativas entre las dos curvas

(p<0.0001).

1004 Sham

80

60

404 SSACC

*

Percentaje de sobrevida

20+

0 24 48 72
Tiempo (horas)

Figura 3. Curvas de sobrevida en ratones del grupo control (sham, @) y en ratones sometidos a la
SSACC (O). El registro de las muertes fue continuo en las primeras 6 horas después de la segunda
cirugia, cada 6 horas durante las primeras 24 h, y después, cada 12 h hasta el fin del experimento (72
h). Las abscisas representan el tiempo después de la segunda cirugia, la ordenadas el porcentaje de
sobrevida. n = 25 en el grupo sham y 50 en el grupo con SSACC al inicio de los experimentos. Las
curvas fueron calculadas por el método de Kaplan-Meier y comparadas usando la prueba de rangos

logaritmicos (*p <0.0001).

b. Alteraciones neuroconductuales. El procedimiento utilizado para la evaluacién
neurolégica es una adaptacion del validado por Irwin (1968), el cual se describe con detalle en
la seccién de experimentos finales. Estas evaluaciones se realizaron inmediatamente antes
(basal) y 24, 48 y 72 h después de la segunda cirugia. En esta fase, para cada animal, se
realizé un examen neurolégico minucioso con el objetivo de identificar todas las alteraciones
inducidas por la SSACC. Se tom6 como presente a la manifestacién de determinada alteracién

en algin momento del periodo de observacion (24, 48 o 72 h después de la segunda cirugia).
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Excepto por la presencia de ptosis (92%), ninguno de los animales control (sham) mostré
anormalidades neuroldgicas, mientras que en los ratones con SSACC se detectd la presencia

de un gran nuimero de alteraciones (Cuadro 1). Con estos datos se determiné la frecuencia de

las alteraciones neuroconductuales producidas por la SSACC.

Cuadro 1. Etapas del examen neurolégico

Fase de observacion*

Fase de manipulaciéon*®

Hipomotilidad

Posicién corporal aplanada
Posicién corporal lateralizada
Encorvamiento

Piloereccion

Marcha anormal
Desplazamiento en circulo
Temblor

Sacudidas

Convulsiones

Dificultad respiratoria

Pasividad
Hiperreactividad
Irritabilidad
Ptosis
Incontinencia urinaria
Disminucién del tono corporal
Flexién de extremidad anterior
Disminucién de la fuerza muscular
Rotaciéon corporal
Incoordinacién motora

- plano inclinado

- cuerda tirante
Hipoalgesia

Hiperalgesia

* Listados en el orden que fueron evaluados

La figura 4 muestra la frecuencia de las alteraciones neuroconductuales producidas por la
SSACC. Las alteraciones mas consistentes producidas por la SSACC fueron, en el orden que
se indica: incoordinacién motora, postura lateralizada, hipomotilidad, disminucién del tono
corporal, temblor, encorvamiento, pasividad, disminucién de la fuerza muscular, flexién de la
extremidad anterior, postura aplanada, marcha anormal, desplazamiento en circulo,
piloereccién, dificultad respiratoria. Ademdas, en algunos animales (<5%), se noté
hipermotilidad, estereotipia, aumento del tono muscular, catatonia, diarrea. Con base en estas

observaciones se llevaron a cabo los experimentos finales.
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Figura 4. Frecuencia acumulada de las alteraciones neuroconductuales detectadas a lo largo de todo
el periodo de observacién en ratones sometidos a la SSACC. La evaluacién neurolégica involucré una
fase inicial de observacién seguida de una fase de manipulacién durante la cual cada animal fue
sometido a una secuencia de manipulaciones, iniciando con el estimulo menos perturbador. Los
animales fueron examinados antes (basal) y 24, 48 y 72 horas después de la segunda cirugia. n =

50 al inicio de los experimentos.
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4.3 Experimentos finales

a. Procedimiento para producir isquemia cerebral aguda. Como ya se menciond, la
isquemia cerebral fue producida por el procedimiento de seccidn secuencial de las arterias
carotidas comunes (SSACC) (Rodriguez y cols., 2000a). Brevemente, el procedimiento
consistio en realizar bajo anestesia leve con éter, una incisidén en la cara anterior del cuello,
separar cuidadosamente la arteria cardtida comun (ACC) izquierda del nervio vago v,
excepto el grupo sham, seccionar entre dos ligaduras, y cerrar la incisién con hilo quirdrgico.
Después de la cirugia, los animales fueron colocados en un &rea de recuperacion,
manteniendo su temperatura corporal con ldmparas. Una vez que los animales se
recuperaron de la anestesia se regresaron a sus jaulas originales. Treinta y dos dias después,
se realizé una evaluacién clinica usando el procedimiento descrito mds abajo. Los ratones
que mostraron algun déficit neuroconductual fueron excluidos de los experimentos
posteriores. La muestra de animales se asign6 de manera aleatoria a diferentes grupos
experimentales antes de la anestesia y seccion de la car6tida comdn derecha. Como grupos
control se utilizaron ratones sin anestesia ni cirugia, y ratones con anestesia vy

procedimiento quirdrgico, excepto ligadura y secciéon de la carétida derecha (sham).

b. Registro de la mortalidad producida por la SSACC. Después de la segunda cirugia, se
registré6 continuamente el nimero de muertes durante las primeras 6 horas y, después, cada
6 horas durante las primeras 24 horas; y cada 12 horas hasta el fin del experimento (72 h).

Estos datos se utilizaron para calcular las curvas de sobrevida.

c. Evaluacién neurolégica. Como ya se menciond, el examen neurolégico de los ratones
se llevé a cabo utilizando una modificaciéon del procedimiento validado por Irwin (1968). Este
examen involucra una fase inicial de observacidon seguida por una fase de manipulacién
(Cuadro 2). Durante esta ultima, cada animal fue sometido a una serie de manipulaciones,
iniciando con las de estimulos menos perturbadores. Los ratones se evaluaron
individualmente. El dia del experimento cada animal se colocé en el centro de un area con 3
paredes (madera, 60X60X20 cm) y el examen neuroldgico se realizé6 antes de administrar la
anestesia para la segunda cirugia, y 24, 48 y 72 horas posteriores a la misma. El mismo
observador, sin conocimiento previo de los tratamientos respectivos, condujo todas las
evaluaciones neuroldgicas. El Cuadro 2a y 2b describe los criterios utilizados para determinar

la presencia de alteraciones neuroconductuales.
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Cuadro 2a. Criterios utilizados en la fase de observacion

Parametro Descripcion

Hipomotilidad. Disminucién de la motilidad espontdnea del ratén experimental comparado con el control
externo cuando se colocé sobre la mesa de exploraciéon. Calificado como 1, 2 o 3 en
términos de su locomocién, de la velocidad y vigor de sus movimientos.

Postura aplanada. Posicion corporal anormal caracterizada por movimientos lentos y arrastrar el cuerpo
al caminar sobre la mesa de exploracién.

Postura lateralizada. Posicién corporal anormal caracterizada por la tendencia persistente a reclinarse
sobre un costado.

Encorvamiento. Presencia persistente de una postura encorvada.
Piloereccion. Elevacién persistente del pelo del dorso.
Marcha anormal. Tendencia a caminar en zig-zag, con balanceo, o sacudidas cuando el animal avanza.

Deplazamiento en circulo. Marcha persistente hacia un lado, espontdnea o forzada con un empujén
suave con un dedo del observador.

Temblor. Presencia de movimientos oscilantes, finos y repetitivos.
Sacudidas. Movimientos corporales abruptos.
Convulsiones. Sacudidas repetitivas seguidas por extensién de las extremidades.

Dificultad respiratoria. Presencia de movimientos respiratorios exagerados e irregulares acompanados
por sonidos respiratorios.

Cuadro 2b. Criterios utilizados en la fase de manipulacién

Pasividad.  Disminucion de la respuesta conductual cuando los animales son cubiertos con la mano
para restringir sus movimientos.

Disminucién del tono corporal. Disminucién de la resistencia a la compresién o flacidez de los mUsculos
abdominales, determinado por una compresion suave de las paredes abdominales usando
los dedos pulgar e indice.

Flexion de la extremidad anterior. Incapacidad para extender una de las extremidades anteriores cuando
el animal es suspendido a 10 cm y lentamente bajado para observar la simetria en las
extremidades mientras el ratén intenta alcanzar una rejilla de alambre.

Debilidad muscular. Disminucidon de la resistencia cuando el animal es colocado sobre una rejilla de
alambre y jalado suavemente por la cola.

Incoordinacién motora. Disminucién en la capacidad para moverse y permanecer por lo menos 10 seg
sobre un plano inclinado (45°) y/o para agarrarse a la cuerda tirante (30 cm arriba de la
plataforma) con sus extremidades y cola, y para permanecer por al menos 10 seg.
Calificados como 1, 2 o 3 en términos de persistencia, vigor y coordinacién de sus
movimientos.

Excepto en dos parametros, la ausencia/presencia de cualquiera de estas alteraciones fue
calificada con O o 1 (O= no presente, 1 presente). La motilidad espontdnea y la coordinacién

motora fue calificada en términos de su nivel de afectacién sobre la escala 0-3 (O= normal, 1
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= disminucidn leve, 2 = disminucién marcada, 3 = total incapacidad para moverse. Usando

esta estrategia, el examen neurolégico de cada animal se realizé en un lapso de 3 0 4 min.

d. Escala de discapacidad neurolégica (EDN). De las 24 alteraciones detectadas en los
experimentos preliminares, se seleccionaron so6lo 16 por ser las mas consistentes vy
caracteristicas. Con estos datos se diseid una escala para determinar el grado o nivel de
discapacidad funcional (Cuadro 3). Los detalles sobre la escala usada para determinar el grado
de discapacidad funcional después de la isquemia cerebral ya la hemos reportado [Rodriguez y
cols., 2003a; Rodriguez y cols., 2005). Brevemente, la EDN comprende 10 pasos
progresivos, inicia en O (normal) y se extiende hasta 10 (muerte debida a SSACC). En esta
escala el mayor puntaje indica disfuncidon neurolégica mas severa. Consecuentemente, los seis
grados principales indican: cero (normal) significa sin disfuncién neurolégica, y 2 disminucién
leve en la motilidad y la presencia de pasividad. El nivel 4 representa disfuncién neurolégica
moderada e incluye hallazgos tales como postura aplanada y/o lateralizada, encorvamiento,
marcha ataxica, temblor, disminucién del tono, debilidad muscular, incoordinacién motora
leve. El nivel 6 representa hipomotilidad moderada, desplazamiento en circulo, sacudidas,
convulsiones, flexibn de extremidad anterior, incoordinacion moderada. El 8 indica
incapacidad total para moverse, incoordinacién severa, dificultad respiratoria. El nivel 10
corresponde a muerte debida a SSACC. En los casos cuando no se alcanzé un nivel preciso se

tomo6 el nUmero mas cercano (1, 5, 7, 9).

Cuadro 3. Escala de discapacidad neurolégica (EDN).

0 = Normal 6 = Hipomotilidad 2
2 = Hipomotilidad 1 Desplazamiento en circulo
Pasividad Sacudidas/convulsiones
Flexion de extremidad anterior
4 = Postura corporal aplanada

. Incoordinacién motora 2
Postura lateralizada

Encorvamiento 8 = Hipomotilidad 3

Marcha anormal Incoordinacién motora 3
Piloereccién Dificultad respiratoria
Temblor 10 = Muerte

Tono corporal disminuido
Debilidad muscular
Incoordinacién motora 1
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4.4 Estudio del efecto de los antioxidantes seleccionados sobre la mortalidad y déficit

neurolégico producido por la SSACC

a. Procedimiento metodologico. Para determinar el efecto de los antioxidantes
seleccionados, se utilizé un lote grande de animales con seccién previa de la car6tida comun
izquierda y se distribuyd al azar en varios grupos experimentales. Cinco grupos (n=18-22)
fueron sometidos a anestesia y seccién de la arteria carétida comdn derecha. Un grupo
control (sham, n=14) fue sometido a anestesia y procedimiento quirdrgico completo,
excepto ligadura y secciéon de la arteria, y otro grupo de ratones control-control (n=10) que
no fueron sometidos ni a la anestesia ni a la cirugia.

Quince min después de la segunda seccién arterial, se administré por via i.p. acido
ascorbico (500 mg/kg), acido dihidrolipoico (100 mg/kg), t-butilhidroquinona (t-BHQ; 100
mg/kg) o fenilbutilnitrona (PBN; 100 mg/kg). Los grupos control recibieron solucién salina. Las
muertes fueron registradas a los tiempos indicados y los sobrevivientes se evaluaron como
se describié antes. Las dosis usadas de los antioxidantes son las reportadas como eficaces
para limitar el volumen del infarto en otros modelos de isquemia cerebral (Murphy y cols.,
1991; Prehn y cols., 1992; Stamford y cols., 1999; Yang y cols., 2000).

Usamos dos procedimientos para cuantificar el efecto de los antioxidantes sobre las
alteraciones neuroconductuales producidas por SSACC: evaluacién neurolégica y motilidad
espontanea. El dia de la prueba, la secuencia fue: motilidad espontdnea y evaluacion
neurolégica. Todos los experimentos fueron realizados en una habitacién semi-oscura y
silenciosa. En cada ensayo, los animales fueron evaluados en orden aleatorio. El mismo
observador, sin conocimiento previo de los tratamientos respectivos, condujo todas las

evaluaciones neuroldgicas.

i. Evaluaciéon neurolégica. Las observaciones y manipulaciones estuvieron dirigidas a
identificar la presencia o ausencia de los elementos mas consistentes y caracteristicos
(Cuadro 2) del sindrome isquémico inducido por SSACC: hipomotilidad, pasividad, postura
aplanada, postura lateralizada, encorvamiento, marcha anormal, piloereccioén,
temblor/sacudidas/convulsiones, dificultad respiratoria, desplazamiento en circulos,
disminucion del tono corporal, debilidad muscular, paralisis de la extremidad anterior, e

incoordinacién motora (descritos previamente).

ii. Motilidad espontdnea. La motilidad espontdnea se midié con un equipo de actividad

locomotora (Columbus instruments, Columbus OH) y sélo se registraron los movimientos de
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la actividad horizontal (desplazamiento) de los animales. La caja de actividad locomotora
(43.2 x 44.4 x 20 cm, con paredes y techo de acrilico transparente) estd equipada con
sensores de luz infraroja sobre cada eje (espaciados, 2.65 cm; didmetro del rayo, 0.32 cm).
Los contadores externos registran todas las interrupciones de los haces de luz de cualquiera
de los sensores. Los ratones se probaron individualmente en un cuarto semi-oscuro y
silencioso. Los ratones se tomaron de sus jaulas y se colocaron en el centro del campo y se
conectdé inmediatamente el contador mecdanico. La prueba se realiz6 inmediatamente antes
(basal) y a las 24, 48 y 72 horas después de la oclusiéon de la carétida derecha. Las cuentas

de la motilidad son el nimero de interrupciones en una sesién de 1 min.

iii. Peso corporal. Los animales se pesaron inmediatamente antes (basal) y 24, 48 y 72

horas después de la segunda cirugia.

4.5 Farmacos antioxidantes
Todos los compuestos fueron obtenidos de Sigma, Saint Louis MO, USA. Los farmacos
fueron preparados inmediatamente antes de su empleo y disueltos en solucién salina al

0.9%. La administracion de los farmacos fue en un volumen de 0.1 ml/10 g de peso.

4.6 Analisis estadistico

Las curvas de sobrevida fueron calculadas con el método de Kaplan-Meier y comparadas
usando la prueba de rangos logaritmicos (2 colas). Los puntajes de discapacidad neurolégica
para los diferentes tratamientos y a los diferentes tiempos (24, 48, y 72 horas) fueron
comparados contra su respectivo grupo control con solucién salina usando la prueba de
Kruskal-Wallis (anélisis de varianza no paramétrico) seguido por la prueba de comparaciones
multiples de Dunn. Los datos de la motilidad y del peso corporal se analizaron con ANOVA,
seguida por la prueba de Dunnett para comparar los grupos que recibieron tratamiento
antioxidante con el de solucién salina. En todos los casos, un valor de probabilidad de 0.05
indicéd significancia estadistica. Los andlisis fueron realizados usando el software GraphPad

Prism versién 3.02 para Windows (GraphPad Software, San Diego, CA).
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V. RESULTADOS
5.1 Mortalidad

En este grupo de experimentos no se observaron muertes en los animales control (sin
anestesia ni cirugia) y sélo se observé una en los ratones del grupo sham (1/14). Por lo tanto
los animales sham mostraron 93% de sobrevida a las 72 h (Fig. 5).

Después de la segunda cirugia, 5% de los animales murieron dentro de los primeros 15
min, y el nimero de muertes aumenté progresivamente, de 10% a los 60 min a 43% a las 24
horas, 67% a las 48 horas, 67% a las 72 horas. La figura 5 compara las curvas de sobrevida
de Kaplan-Meier para los animales sham y los ratones experimentales sometidos a SSACC.
Los indices de sobrevida a las 24, 48 y 72 h para los ratones con SSACC fueron de 57%,
33%, y 33%, respectivamente. Los resultados de la prueba de rangos logaritmicos indican

diferencias estadisticas altamente significantes entre las dos curvas (p<0.001).
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Figura 5. Curvas de sobrevida en ratones del grupo control (sham, <) y en ratones sometidos a la
SSACC (O). El registro de las muertes fue continuo en las primeras 6 horas después de la segunda
cirugia, cada 6 horas durante las primeras 24 h, y después, cada 12 h hasta el fin del experimento (72
h). Los datos son derivados de un nimero variable de animales al inicio de los experimentos, como se
indica en cada curva. Las abscisas representan el tiempo después de la segunda cirugia, la ordenadas el
porcentaje de sobrevida. Las curvas fueron calculadas por el método de Kaplan-Meier y comparadas

usando la prueba de rangos logaritmicos (*p <0.001).
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5.2 Discapacidad neurolégica.

Ningun animal del grupo sham mostré anormalidades neuroldégicas detectables, mientras
que los animales del grupo con SSACC mostraron un perfil consistente de alteraciones
neurolégicas. La figura 6 muestra el puntaje neurolégico de los animales control (sham) en
comparacién con los ratones experimentales sometidos a la SSACC. Las medianas de los
indices de discapacidad neurolégica para los animales sham fueron de O durante todo el
periodo de observacidon. Las medianas del indice neurolégico en los ratones con SSACC
fueron 8, 10 y 10 a las 24, 48 y 72 horas, respectivamente; los cuales fueron

considerablemente mayores (p <0.0001) que los ratones del grupo control.
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Figura 6. Curvas de los puntajes neuroldgicos en ratones controles (sham, <) y en ratones sometidos a
la SSACC (O). El grado de disfuncién neuroldgica fue calificado en 6 pasos progresivos: O representa
no disfuncién neurolégica; 2 indica discapacidad minima; 4 representa disfuncién moderada; 6
representa animales mas danados; 8 refiere discapacidad severa; y 10 indica muerte debido a SSACC.
Los animales fueron examinados antes de la segunda cirugia y 24, 48 y 72 horas después. La abscisa
representa tiempo después de la cirugia, la ordenada, el grado de disfuncién neurolégica. Los valores
indicados son medianas de 14 animales en el grupo sham y 21 animales en el grupo de SSACC al inicio

de los experimentos. Se usé la prueba de U de Mann-Whitney para la comparacién entre los grupos.
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5.3 Efecto de los antioxidantes en estudio sobre la mortalidad y la discapacidad neurolégica
producida por la SSACC.

La administracion de AA (500 mg/kg) y DHLA (100 mg/kg) disminuyé claramente el

numero de muertes de los animales sometidos a SSACC. Las proporciones de sobrevida a las

100+ m é .
i * i
| Y|
50 .
o] i _
.-9 h 20 4
>
() i i
-
% 1 ACIDO ASCORBICO 1 ACIDO DIHIDROLIPOICO
U) O_ T T T T - T T T T
[B)
o
D 100
©
D i
c
G) 4
(&)
[ .
O
D_ 4
50
] t-BHQ 7 PBN
O_ -

0 24 48 72 0 24 48 72

Tiempo (horas)
Figura 7. Efecto de los antioxidantes sobre la mortalidad en ratones inducida por la SSACC. Cada panel
muestra las curvas de sobrevida para los animales sham (<), y tratados con solucion salina (O), y con
antioxidantes (@®). Quince min después de la segunda cirugia, se administré via i.p. AA (500 mg/kg),
DHLA (100 mg/kg), t-BHQ (100 mg/kg), PBN (100 mg/kg) o solucién salina. Las muertes fueron
anotadas continuamente por un periodo de 6 horas y después cada 12 horas hasta los 3 dias. Los
datos son derivados de un ndmero variable de animales (n =14-21) al inicio de los experimentos, como
se indica en cada curva. La abscisa representa el tiempo después de la administracién; las ordenadas el
porcentaje de sobrevida. Las curvas de sobrevida fueron calculadas por el método de Kaplan-Meier y
comparadas usando la prueba de rangos logaritmicos (2 colas). Los asteriscos denotan diferencias con

respecto al grupo tratado con solucién salina (p <0.05).
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24,48 y 72 h fueron 86, 71y 48% y 75, 65 y 65% para AA y DHLA, respectivamente. Las
proporciones de sobrevida en animales tratados con solucién salina fueron 60, 35 y 35% (Fig.
7). La prueba de rangos logaritmicos reveld6 que las curvas de sobrevida son
significativamente diferentes para los animales tratados con AA a las 24 y 48 horas. En el
caso de DHLA el incremento en la sobrevida no alcanzé significancia estadistica (p=0.05). En
la misma figura se muestra que -BHQ a la dosis de 100 mg/kg y que PBN a la dosis de 100

mg/kg no aumentaron la proporcién de sobrevida de los animales sometidos a SSACC.

La figura 8 muestra los indices de discapacidad neurolégica de los animales que recibieron
los fA&rmacos en estudio. Los animales tratados con AA, pero especialmente los que recibieron
DHLA disminuyeron consistentemente los puntajes neuroldgicos totales. Las medianas de los
puntajes neurolégicos obtenidos a las 24, 48 y 72 h con AA (6, 7 y 10) y DHLA (3, 4 y 5)
fueron significativamente menores que las medianas de los animales tratados con solucién
salina (8, 10 y 10). Para ambos farmacos, la comparacion revelé diferencias significativas a
las 24 y 48 h. En el caso de DHLA, los puntajes también fueron menores a las 72 horas,
aunque no fue significativa debido a la variabilidad encontrada. Ni la administracién de t-BHQ

o PBN no disminuyé los indices neurolégicos.
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Figura 8. Efecto de los antioxidantes sobre la discapacidad neurolégica inducida en ratones por la
SSACC. Cada panel muestra las medianas de los indice de discapacidad neurolégica para los animales
sham (<), los tratados con solucion salina (O), y los tratados con farmacos antioxidantes (@®). Quince
min después de la segunda cirugia, se administré via i.p. AA (500 mg/kg), DHLA (100 mg/kg), t-BHQ
(100 mg/kg), PBN (100 mg/kg) o solucién salina. El grado de dafio neurolégico fue graduado en 6
pasos progresivos: O representa que no existe disfunciéon neuroldgica; 2 indica incapacidad minima; 4
disfuncién moderada; 6 representa animales mas incapacitados; la categoria 8 refiere discapacidad
severa; y 10 indica muerte por SSACC. La abscisa representa el tiempo después de la administracion;
las ordenadas el grado de disfuncién neuroldgica. Los simbolos corresponden a medianas de los indices
neuroldgicos para 14-21 animales, como se indica en cada curva. Los asteriscos denotan reduccién
significante (p<0.05) en los puntajes de discapacidad comparado con el grupo tratado con solucién

salina (Kruskal-Wallis seguida por la prueba de Dunn).
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5.4 Efectos de los farmacos en estudio sobre la hipomotilidad espontanea inducida por la
SSACC.
La motilidad de los ratones del grupo control (sham) disminuyé gradualmente con la

medicion repetida, pero las reducciones sélo fueron estadisticamente significantes a las 72
horas cuando se comparan con el registro anterior a la segunda cirugia (basal) (Fig. 9).
Excepto en un punto (48 h), la motilidad de los animales tratados con salina fue
significativamente menor que el observado en los sham. La motilidad de los ratones tratados
con DHLA consistentemente fue mayor que los registrados para los tratados con solucién
salina, pero la diferencia solo fue significativa a las 48 horas. No se encontraron diferencias
en la motilidad entre los animales que recibieron AA, +-BHQ o PBN vy los tratados con solucién

con salina.
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Figura 9. Efecto de los antioxidantes sobre la hipomotilidad en ratones inducida por la SSACC. Las
barras cruzadas representan el promedio de la basal (B). Cada grupo de tres barras representa la
motilidad a las 24 (vacia), 48 (gris) y 72 (diagonal) horas después de la secciéon de la carétida
contralateral. Quince min después de la segunda cirugia, se administré via i.p. AA (500 mg/kg), DHLA
(100 mg/kg), t-BHQ (100 mg/kg), PBN (100 mg/kg) o solucién salina (SS). La motilidad espontanea fue
medida por un periodo de un minuto y cada barra representa la media de un numero variable de
animales (14-21) al inicio del experimento. Lineas verticales indican errores estandar. * p<0.05,
comparados con el correspondiente barra de animales tratados con solucién salina (ANOVA seguida de

la prueba de Dunnett).
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5.5 Efectos de los farmacos en estudio sobre la pérdida de peso corporal inducida por la
SSACC.
Todos los animales operados perdieron peso (Fig. 10). Los ratones sham perdieron casi

1.7 g en promedio, comparado con su peso preoperatorio. En contraste, los animales tratados
con solucién salina perdieron una proporcién significante de su peso corporal. En este grupo,
la diferencia entre el peso prequirdrgico y los pesos a las 24, 48 y 72 horas después de la
segunda cirugia fueron 5.4 + 1.1, 6.6 + 1.3, y 8.5 £ 1.6, respectivamente. De los
antioxidantes probados, el acido dihidrolipoico disminuyé la pérdida de peso corporal, aunque

la diferencia no fue estadisticamente significativa (p>0.5, ANOVA).
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Figura 10. Efecto de los antioxidantes sobre el peso corporal en ratones sometidos a la SSACC. Cada
panel muestra las medias de los pesos para los ratones sham (<), tratados con salina (O), y tratados
con antioxidantes (@®). Quince min después de la segunda cirugia, se administré via i.p. AA (500
mg/kg), DHLA (100 mg/kg), t-BHQ (100 mg/kg), PBN (100 mg/kg) o solucién salina. Las abscisas
representan tiempo después de la segunda cirugia, las ordenadas el peso corporal en gramos. Cada

simbolo representa la media * error estandar del nimero de animales indicados.
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IV. DISCUSION

Los resultados mas importantes de este estudio demuestran: 1) que la seccién
secuencial de las arterias cardtidas comunes produce una gran variedad de alteraciones
neuroconductuales y mortalidad elevada; 2) que la estrategia desarrollada es util para
identificar y cuantificar las alteraciones neurolégicas producidas por la SSACC; y 3) que de
los antioxidantes probados, el acido dihidrolipoico es el méas eficaz para disminuir la
mortalidad y el déficit neurolégico producido por la SSACC.

Con relacién al primer sefialamiento, este estudio revela la presencia de 23 alteraciones
neuroconductuales cuya frecuencia y severidad es diferente. Por su naturaleza, estas
alteraciones se pueden agrupar en cuatro categorias: a) motoras, que incluyen
incoordinacién motora, postura lateralizada, postura aplanada, disminucién del tono y fuerza
muscular, temblor, encorvamiento, flexion de la extremidad anterior, marcha atéxica,
desplazamiento en circulo, rotacidn corporal, sacudidas, convulsiones; b) conductuales,
entre las que destacan hipomotilidad, pasividad, irritabilidad, hiperreactividad; c¢)
autondmicas, como incontinencia urinaria, piloereccién, dificultad respiratoria; y d)
sensoriales, como hipoalgesia e hiperalgesia.

Este resultado es importante, ya que las alteraciones neuroconductuales provocadas por
otros procedimientos experimentales de isquemia cerebral son muy limitadas. En el modelo
de oclusién unilateral de la arteria cerebral media en ratas, utilizando varias pruebas, se han
reportado alteraciones sensorimotoras contralaterales al sitio de lesién, como flexién de la
extremidad anterior (van der Staay y cols., 1996), lateralizacién de la cabeza o el cuerpo,
desplazamiento en circulo (Bederson y cols., 1986), falta de respuesta a estimulos, rotacién
corporal (evidentes con la administracion de anfetamina) (Grabowski y cols., 1988; 1991;
1993); también se han reportado déficits cognitivos y conductuales, aunque los reportes
son menos consistentes y, en algunos casos, contradictorios (Hunter y cols., 1998; DeVries
y cols., 2001); no se reportan alteraciones autonémicas.

Por otro lado, se ha demostrado que en los modelos experimentales con dafo bilateral
extenso del cerebro anterior (hipocampo, estriado y corteza) se presentan alteraciones
sensorimotoras y, de manera mas frecuente, alteraciones cognitivas y de memoria (Block,
1999). En ratas y jerbos con isquemia global transitoria, usando diferentes pruebas, se ha
reportado que se altera la actividad locomotora espontdnea (Chandler y cols., 1985);
Gerhardt y Boast, 1988; Wang y Corbett, 1990), la capacidad de respuesta (Ginsberg y

Busto, 1989), la posicién corporal, el reflejo de enderezamiento (Ginsberg y Busto, 1989;
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Pulsinelli y Brierley, 1979; Bederson, 1986), la colocaciéon visual de la pata (Schallert y
cols., 2000), el balance sobre el rotarod (Combs y D'Alecy, 1987; Gionet y cols., 1991),
aprendizaje y memoria (Nunn y Hodges, 1994; Block, 1999); asimismo, que se producen
convulsiones (Blomqvist y cols., 1984; Tsuchiya y cols., 2003).

El problema principal de la evaluaciéon funcional en los modelos tradicionales de isquemia
cerebral, especialmente después de la isquemia transitoria del cerebro anterior, es que
expresan un perfil limitado de alteraciones y conductas con recuperacién espontanea rapida
del déficit sensorial y motor (Block, 1999). Capdeville y colaboradores (1986), en ratas con
oclusién permanente de las arterias vertebrales y oclusiéon por 30 min de las cardétidas
comunes, encontraron que varias alteraciones (reflejo de enderezamiento, equilibrio, reflejo
de flexién, motilidad espontanea, fuerza y coordinacién muscular) alcanzaron su pico
maximo en una hora, y estaban presentes a las 3 horas; sin embargo, desaparecieron 24 h
después de la isquemia. Combs y D’Alecy (1987) y Gionet (1991) en el modelo de oclusién
de 4 vasos con 20 min de isquemia, reportaron dafno en la fuerza y coordinacién muscular
24 h posteriores a la isqguemia, pero no después.

Como se puede apreciar, para propdsitos de evaluacién funcional es necesario tener un
modelo que provoque dafo organico y alteraciones neuroconductuales severas vy
persistentes. Se sabe que el modelo de oclusidn secuencial de las arterias cardétidas
comunes provoca dafio bilateral extenso en hipocampo, estriado y corteza (Rodriguez y
cols., 2000a); quizd esto explique el rango tan amplio de manifestaciones incluyendo
autondémicas, sensoriales, motoras y conductuales que son propias de los modelos de
isquemia que involucran dafno a estas regiones. Es importante mencionar que la mayor parte
de estas alteraciones no se recuperan y que algunas de ellas aumentan progresivamente su
severidad (debilidad muscular y encorvamiento) (Rodriguez y cols., 2005). Los resultados
de la revisién bibliografica que llevamos a cabo revelaron que no hay estudios que describan
los efectos funcionales de la isquemia bilateral del cerebro anterior en ratones, y soélo
algunos autores han intentado describir el perfil funcional completo después de la isquemia
global en ratas (Capdeville y cols., 1986). Por el contrario, se ha reportado una
caracterizacion detallada de los déficits sensorimotores en ratones y ratas después de la
isquemia cerebral focal (Hunter y cols., 2000; Chen y cols., 2001).

Por otro lado, los ratones con SSACC mostraron una mortalidad elevada (64 %) durante
el periodo de observaciéon (72h). Recientemente, se ha estado expresando que el mejor

indicador del dafo isquémico es una combinacién entre mortalidad y alteraciones
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funcionales (Hunter y cols., 1998). Sin embargo, pocos estudios (Floyd, 1990; Panigrahi y
cols., 1996; Li y cols., 2001; Huang vy cols., 2001) han tomado en cuenta a la mortalidad
como indicador de dafo y neuroproteccién. La mayor parte de investigadores no toman en
cuenta, o al menos no reportan, a la mortalidad como un indicador en animales isquémicos
(Grotta, 1996; Aspey y cols., 1998; Modo y cols., 2000). Por estas razones, es un
parametro poco explorado en esta area.

Con relacion al segundo sefialamiento, cabe mencionar el interés actual en las
evaluaciones funcionales. Como se ha descrito antes, se ha cuestionado fuertemente el uso
de modelos que se empenan en determinar al volumen de la lesién como un indicador Unico
de dano y neuroproteccién farmacolégica (Corbett y Nurse, 1998; de Keyser y cols., 1999).
Varios autores han expresado que la mortalidad y el dafo funcional pueden ser indicadores
mas utiles (Hunter y cols., 1998; Block, 1999). Se ha considerado que mediciones de la
capacidad funcional en animales pueden generar informacién muy valiosa, atil para
determinar la presencia, severidad y evolucién temporal del déficit, y de las consecuencias
de las intervenciones farmacolégicas (Rodriguez y cols., 2005).

Cabe mencionar que la estrategia aqui descrita para identificar las alteraciones
autondmicas, sensorimotoras y conductuales en el modelo de SSACC se basan en el
método observacional validado por Irwin (1968). Este procedimiento tiene la ventaja de ser
relativamente sencillo, barato y, mas importante aun, con un observador bien entrenado
produce resultados consistentes y reproducibles. Irwin lo disefidé para el cernimiento de
farmacos con actividad sobre el sistema nervioso central (Warburton, 2002). Cabe destacar
que, en analogia a la situacién clinica, involucra una fase inicial de observaciéon v,
posteriormente, una fase de exploracion. Como se puede apreciar, el disefio de este trabajo
tiene como fundamento una evaluaciéon global, sistematica, simplificada y rédpida. Con esta
estrategia obtuvimos informacion sobre el estado de alerta, locomocidn, interaccién social,
postura, coordinaciéon, tono muscular, reflejos, asi como de la funcién autonémica. Ademas
nos da informacién sobre conductas como motivacién, discriminacién, y adquisicion o
extincion de ciertos patrones conductuales. Irwin consideré que, con este sistema de
evaluacién, una mayor precision no tiene importancia practica, mientras que en el afan de
objetividad y precisidon instrumental se puede perder informaciéon valiosa (Warburton, 2002).

Ante la gran variedad de alteraciones neuroldgicas presentes en ratones con SSACC, vy
para tener un indicador practico de dafo funcional, fue necesario desarrollar una escala que

determinara el nivel de discapacidad neurolégica en funcién del tiempo. Basados en una

45



escala clinica desarrollada por Kurtzke (1983), que de manera progresiva gradua la
discapacidad en pacientes con esclerosis multiple, desarrollamos una escala de discapacidad
neurolégica (EDN). La escala comprende 6 principales grados o pasos que aumentan
progresivamente. Inicia en O para animales sin alteraciones aparentes, y se va extendiendo a
2 para discapacidad leve, 4 para discapacidad moderada, 6 para animales mas
discapacitados pero con posibilidad de movimiento, 8 para animales inmdviles con dificultad
respiratoria, y 10 para muerte debida a la SSACC. Puesto que cada nivel representa la
suma de los dafios neuroldgicos, permite una graduacién del dafio de la funcién cerebral
independientemente de las estructuras involucradas.

Con la aplicaciéon de esta escala, los ratones con SSACC mostraron puntajes de
discapacidad consistentemente altos a las 24 h (Fig. 6), y no mostraron evidencia de
recuperacion a las 48 y 72 h; al contrario, los datos indican algun empeoramiento en
funcién del tiempo (p>0.05), y la necesidad, en futuras investigaciones, de extender el
periodo mas alla de 72 h. Cabe destacar que, excepto para ptosis, debido a la manipulacién
de los nervios por el procedimiento quirdrgico (presente en grupo sham y grupo con
SSACC), el procedimiento no produce cambios en los animales sham. La escala permite la
medicién cuantitativa del grado del déficit neurolégico antes (basal) y después de la
isquemia cerebral y, al mismo tiempo, permite hacer comparaciones periédicas dentro o
entre los grupos de animales. El nimero relativamente alto de disfuncién neuroconductual y
la marcada diferencia entre los animales del grupo sham y del grupo con SSACC ofrecen la
posibilidad de probar el efecto de los tratamientos y monitorear la evolucién de los déficits
sobre el tiempo en los grupos de animales. Esta escala ha permitido detectar que el
dexrazoxano tiene propiedades neuroprotectoras excepcionales (Rodriguez y cols., 2003b).

Para otros modelos se han empleado varias escalas e indices neurolégicos que miden la
severidad del dafio funcional (Nunn y Hodges, 1994; Corbett y Nurse, 1998; Block, 1999;
DeVries y cols., 2001). Sin embargo, estas escalas estan disefiadas a evaluar sélo el déficit
sensorial y motor en modelos de isquemia focal en ratas (Bederson, 1986; Menzies, 1992;
Chen y cols., 2001). A la fecha, ninguna técnica ha recibido aceptacién universal y mucho
de lo que se ha hecho para evaluar los efectos de la isquemia global y sus posibles
tratamientos se basa en diferentes paradigmas. Con frecuencia, ademdas del tamafio del
infarto, sélo se incluye un parametro funcional (por ejemplo, actividad locomotora).

Considerando: 1) que la efectividad de las manipulaciones farmacolégicas pueden ser

determinadas sdélo si la severidad del déficit pueden ser identificado y cuantificado en dos o
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mas puntos en el tiempo, y 2) la necesidad de resultados con mediciones de
neuroproteccidon terapéuticamente relevantes, se determiné el efecto neuroprotector de los
antioxidantes.

Finalmente, la contribuciéon mas importante de este trabajo es la demostraciéon de que, el
acido dihidrolipoico es altamente efectivo para reducir la mortalidad y la discapacidad
neurolégica producida por la isquemia cerebral (Fig. 6, 7 y 8). Estos efectos representan una
propiedad importante del DHLA, ya que otros neuroprotectores potenciales, tales como
deferoxamina, dizocilpina, y nimodipina, no reducen la mortalidad ni disminuyen
consistentemente el déficit neurolégico que ocurre después de la SSACC (Rodriguez y cols.,
2003b). Los hallazgos con DHLA, y con AA, son compatibles con otras investigaciones que
sefialan que estos farmacos disminuyen el dafo cerebral isquémico. También se ha
reportado que el DHLA reduce la mortalidad inducida por la oclusién bilateral de las arterias
cardtidas mas hipotensién en ratas (Panigrahi y cols., 1996).

Como se ha mencionado previamente, un gran nimero de estudios han demostrado la
eficacia de diferentes antioxidantes, incluyendo AA (Stamford y cols., 1999; Henry y
Chandy, 1998), DHLA (Prehn y cols., 1992; Backhaus y cols., 1992; Panigrahi y cols.,
1996; Cao y Phillis, 1995; Wolz y Krieglstein, 1996) y PBN (Phillis y Clough-Helfman,
1990; Cao vy Phillis, 1994; Zhao y cols., 1994;Yang y cols., 2000; Li y cols., 2001), vy t-
BHQ (Murphy y cols., 1991) para reducir el dafo cerebral isquémico en modelos de
isquemia global/focal en jerbos, asi como en modelos de isquemia focal permanente y
transitoria en ratas y ratones. Sin embargo, aunque estudios recientes de neuroproteccién
en los modelos tradicionales de isquemia cerebral han puesto mayor interés en la evaluacién
funcional, las pruebas elegidas en los estudios preclinicos no reflejan a las usadas en los
ensayos clinicos. Pocos estudios han examinado los efectos de los antioxidantes sobre la
mortalidad (Floyd, 1990; Panigrahi y cols., 1996; Li y cols., 2001) y/o el resultado funcional
después de la isquemia cerebral (Cao y Phillis, 1995; Wolz y Krieglstein, 1996; Yang y
cols., 2000), y éstas usan solo un pardmetro (por ejemplo, actividad locomotora).

Por otro lado, los mecanismos responsables del efecto neuroprotector de AA y DHLA en
nuestro modelo experimental de isquemia no fueron revisados en este estudio, pero pueden
atribuirse a su accién antioxidante, como ha sido el caso de su habilidad para limitar el
tamano del infarto en animales isquémicos. El AA es un potente atrapador de radicales
libres, tiene la capacidad de donar dos electrones y asi autooxidarse a 4&cido

dehidroascérbico (Rice, 2000); también recicla a otros antioxidantes tales como la vitamina

47



E, lo cual interrumpe la lipoperoxidacién de las membranas celulares (Seregi y cols., 1978).
Cabe mencionar que el AA no cruza facilmente la barrera hematoencefélica en estado
normal, asi que la neuroproteccién observada en este y en otros estudios podria ser
explicado por entrar al cerebro por mecanismos no conocidos o via una barrera
hematoencefélica temporalmente abierta (Preston y cols., 1993). El acido dihidrolipoico es
un antioxidante que cruza la barrera hematoencefdlica. Para este farmaco se han
demostrado cuatro propiedades antioxidantes: es un quelante de metales de transicién
(Scott y cols., 1994; Suh vy cols., 2004); atrapa especies reactivas de oxigeno (Kagan y
cols., 1992); regenera antioxidantes enddgenos, incluyendo al glutation y a las vitaminas E
y C (Packer y cols., 1995), y puede reparar el dano oxidativo (Biewenga y cols., 1997).
Ademas, modula las actividades de factores de transcripciéon, especialmente la de NF-xB
(Packer y cols., 1997).

Los resultados negativos con PBN contrastan con los resultados de estudios previos, los
que indican que este farmaco reduce el volumen del infarto en ratas y jerbos sujetos a
isquemia focal o global (Cao y Phillis, 1994). PBN también es un atrapador potente de
radicales libres. Este reacciona con los radicales con base de oxigeno y carbono para formar
aductos estables (Yang y cols, 2000; Kotake, 1999). Las discrepancias entre nuestros
hallazgos con PBN vy las reportadas por otros autores pueden tener varias explicaciones. La
primera, y mas importante, son las cuestiones metodoldgicas concernientes al modelo
experimental y los criterios para medir los efectos de la isquemia cerebral y el grado de
neuroproteccion. El modelo de la SSACC es, esencialmente, un modelo de isquemia global
incompleta con una diferencia importante. En la mayoria de los modelos de isquemia del
cerebro anterior, la oclusién de las arterias cardétidas es transitoria, y tanto el inicio de la
isquemia como su reversion subsecuente son abruptos (Ginsberg y Busto, 1989). En
nuestro modelo, la seccién de la carétida comun derecha, en animales previamente
sometidos a una reduccién del suministro sanguineo por oclusién previa de la arteria
carétida comun izquierda, produce isquemia severa del cerebro anterior. Postulamos que
este modelo puede ser relevante para el evento cerebrovascular agudo, ya que implica
provocar isquemia aguda en animales ya sometidos a hipoperfusién crénica, como ocurre en
humanos. Ademas, usa la sobrevida y una escala de discapacidad neuroldgica (como en la
clinica), en lugar del volumen del infarto, como indicadores para determinar los efectos de la
isquemia cerebral y el grado de neuroproteccion farmacolégica. Otra consideracién

importante, es que los estudios previos con PBN fueron conducidos en animales jéovenes o
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adultos jévenes. Las diferencias en susceptibilidad a la isquemia cerebral entre los jévenes y
viejos han sido claramente establecidos (Yager y cols., 1996; Fuentes-Vargas y cols.,
2002). También es posible que los tratamientos eficaces en animales jévenes no sean
igualmente eficaces en animales viejos.

La falla de t-BHQ y PBN en nuestro modelo experimental de isquemia cerebral apunta la
posibilidad de que la eficacia de AA y de DHLA esté relacionada a su capacidad de
interrumpir mecanismos de estrés oxidativo a diferentes puntos en la isquemia cerebral.
Claramente, existe una variedad de mecanismos adicionales que podrian explicar las
propiedades neuroprotectoras de estos farmacos (Clemens, 2000; Moini y cols., 2002;
Dewar, 1999; Arivazhagan y Panneerselvam, 2000; McCarty, 2001), aun cuando nuestros
resultados no revelan la naturaleza de tales mecanismos.

Nuestra estrategia para producir isquemia cerebral y para evaluar el resultado funcional
es sencilla y genera resultados consistentes. Sin embargo, tiene algunas desventajas.
Nuestro procedimiento de evaluacidbn no es suficientemente especifico para registrar
cambios pequefios en los individuos, es laborioso, costoso en tiempo, requiere un tamano
de muestra grande de animales, condiciones experimentales apropiadas, y tiempo para
entrenar a una persona que identifique satisfactoriamente tanto la conducta normal del ratén
como las alteraciones neuroconductuales. Su principal ventaja podria ser su capacidad para
discriminar neuroproteccién relevante (Rodriguez y cols., 2003b; Santiago-Mejia y cols.,
2005).

Finalmente, este trabajo confirma que la SSACC produce un patrén de mortalidad y un
perfil de dano funcional consistentes y que nuestra estrategia metodolégica permite
determinar la severidad del déficit funcional. Asimismo, establece su utilidad para identificar
farmacos neuroprotectores.

En resumen, la administracién de AA y de DHLA incrementa la sobrevida y disminuye las
alteraciones neurolégicas en ratones sometidos a la SSACC. Estos resultados indican que
estos farmacos, principalmente DHLA, pueden ser eficaces en pacientes con isquemia
cerebral aguda. Nuestra estrategia para evaluar la eficacia neuroprotectora es
suficientemente sensible para detectar diferencias entre miembros de un mismo grupo de
farmacos. Estos resultados confirman la validez y utilidad de nuestro modelo de isquemia

cerebral aguda.
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VII.

CONCLUSIONES

La seccidon secuencial de las arterias carétidas comunes produce una gran variedad
de alteraciones neuroconductuales cuantificables y un patrén consistente de

mortalidad.

La estrategia para identificar y cuantificar las alteraciones neuroconductuales es Util

en la busqueda de neuroprotectores.

De los antioxidantes probados, el acido dihidrolipoico es el mas eficaz para disminuir

la mortalidad y el déficit neurolégico producidos por la isquemia cerebral.

Nuestra estrategia para evaluar la eficacia neuroprotectora es suficientemente

sensible para detectar diferencias entre miembros de un mismo grupo de farmacos.

Estos resultados confirman la validez y utilidad de nuestro modelo de isquemia

cerebral.

Estos hallazgos apoyan la idea de que estos farmacos, principalmente DHLA, puedan

tener eficacia neuroprotectora en pacientes con isquemia cerebral aguda.

51



VIl. REFERENCIAS BIBLIOGRAFICAS

Abdelkarim GE, Gertz K, Harms C, Katchanov J, Dirnagl U, Szabo C, Endres M. Protective effects of
PJ34, a novel, potent inhibitor of poly(ADP-ribose) polymerase (PARP) in vitro and in vivo models of
stroke. Int J Mol Med 2001;7:255-260.

Abe K, Kogure K, Yamamoto H, Imazawa M, Miyamoto K. Mechanism of arachidonic acid liberation
during ischemia in gerbil cerebral cortex. J Neurochem 1987;48:503-509.

Afanas'ev IB, Dorozhko Al, Brodskii AV, Kostyuk VA, Potapovitch Al. Chelating and free radical
scavenging mechanisms of inhibitory action of rutin and quercetin in lipid peroxidation. Biochem
Pharmacol 1989;38:1763-1769.

Agus DB, Gambhir SS, Pardridge WM, Spielholz C, Baselga J, Vera JC, Golde DW. Vitamin C crosses
the blood-brain barrier in the oxidized form through the glucose transporters. J Clin Invest
1997;100:2842-2848.

American Stroke Association. Heart Disease and Stroke Statistics-2003 Update. Dallas: American Heart
Association, 2003.

Ames A. Energy requirements of CNS cells as related to their function and to their vulnerability to
ischemia: a commentary based on studies on retina. Can J Physiol Pharmacol 1992;70 Suppl:S158-
S164.

Amin-Hanjani S, Stagliano NE, Yamada M, Huang PL, Liao JK, Moskowitz MA. Mevastatin, an HMG-
CoA reductase inhibitor, reduces stroke damage and upregulates endothelial nitric oxide synthase in
mice. Stroke 2001;32:980-986.

Arivazhagan P, Panneerselvam C. Effect of DL-alpha-lipoic acid on neural antioxidants in aged rats.
Pharmacol Res 2000;42:222-229.

Armstead WM, Mirro R, Busija DW, Leffler CW. Postischemic generation of superoxide anion by
newborn pig brain. Am J Physiol 1988;255:H401-H403.

Aspey BS, Cohen S, Patel Y, Terruli M, Harrison MJ. Middle cerebral artery occlusion in the rat:
consistent protocol for a model of stroke. Neuropathol Appl Neurobiol 1998;24:487-497.

Astrup J, Siesjo BK, Symon L. Thresholds in cerebral ischemia: the ischemic penumbra. Stroke
1981;12:723-725.

Back T. Pathophysiology of the ischemic penumbra--revision of a concept. Cell Mol Neurobiol
1998;18(6):621-638.

Backhaus C, Karkoutly C, Welsch M, Krieglstein JA. Mouse model of focal cerebral ischemia for
screening neuroprotective drug effects. J Pharmacol Methods 1992;27:27-32.

Baker CJ, Fiore AJ, Frazzini VI, Choudhri TF, Zubay GP, Solomon RA. Intraischemic hypothermia
decreases the release of glutmate in the cores of permanent focal cerebral infarcts. Neurosurgery
1995;36, 994-1001; discussion 1001-1002.

Baron JC. Mapping the ischaemic penumbra with PET: implications for acute stroke treatment.
Cerebrovasc Dis 1999;9:193-201.

Barone FC, Feuerstein GZ. Inflammatory mediators and stroke: new opportunities for novel
therapeutics. J Cereb Blood Flow Metab 1999:19:819-834.

Baumlin KM, Richardson LD. Stroke syndromes. Emerg Med Clin North Am 1997;15:551-561.

Beck T, Bielenberg GW. The effects of two 21-aminosteroids on overt infarct size 48 hours after middle
cerebral artery occlusion in the rat. Brain Res 1991;560:159-162.

Bederson JB, Pitts LH, Tsuji M, Nishimura MC, Davis RL, Bartkowski H. Rat middle cerebral artery
occlusion: evaluation of the model and development of a neurologic examination. Stroke
1986;17:472-476.

Belayev L, Zhao W, Busto R, Ginsberg MD. Transient middle cerebral artery occlusion by intraluminal

53



suture, I: three-dimensional autoradio-graphic image-analysis of local cerebral glucose metabolism-
blood flow interrelationships during ischemia and early recirculation. J Cereb Blood Flow Metab
1997;17:1266-1280.

Biewenga GP, Haenen GRMM, Bast A. The pharmacology of the antioxidant lipoic acid. Gen Pharmacol
1997;29:315-331.

Block F. Global ischemia and behavioural deficits. Prog Neurobiol 1999;58:279-285.

Blomqvist P, Mabe H, Ingvar M, Siesjo BBK. Models for studying long-term recovery following fore
brain ischemia in the rat. 1. Circulatory and functional effects of 4 vessel occlusion. Acta Neurol
Scand 1984;69:376-384.

Bodannes RS, Chan PC. Ascorbic acid as a scavenger of singlet oxygen. FEBS Lett 1979;105:195-
196.

Bordet R, Deplanque D, Maboudou P, Puisieux F, Pu Q, Robin E, Martin A, Bastide M, Leys D,
Lhermitte M, Dupuis B. Increase in endogenous brain superoxide dismutase as a potential
mechanism of lipopolysaccharide-induced brain ischemic tolerance. J Cereb Blood Flow Metab
2000;20:1190-1196.

Bors W, Heller W, Michel C, Saran M. Flavonoids as antioxidants: determination of radical-scavenging
efficiencies. Methods Enzymol 1990;186:343-355.

Bors W, Michel C, Schikora S. Interaction of flavonoids with ascorbate and determination of their
univalent redox potentials: a pulse radiolysis study. Free Radic Biol Med 1995;19:45-52.

Cao X, Phillis JW. a-Phenyl-tert-butyl-nitrone reduces cortical infarct and edema in rats subjected to
focal ischemia. Brain Res 1994,;644:267-272.

Cao X, Phillis JW. The free radical scavenger, o-lipoic acid, protects against cerebral ischemia-
reperfusion injury in gerbils. Free Radic Res 1995;23:365-370.

Capdeville C, Pruneau O, Allix M, Plotkine M, Baulu R. Model of global ischemia in the unanesthetized
rat. J Pharmacol 1986;17:553-560.

Caplan LR, Hon FKS. Clinical diagnosis of patients with cerebrovascular disease. Prim Care Clin Office
Pract 2004;31:95-109.

Carney JM, Floyd RA. Protection against oxidative damage to CNS by alpha-phenyl-tert-butyl nitrone
(PBN) and other spin trapping agents: a novel series of nonlipid free radical scavengers. J Mol
Neurosci 1991;3:47-57.

Chan AC. Partners in defense. Vitamin E and vitamin C. Can J Physiol Pharmacol 1993;71:725-731.

Chandler MJ, DelLeo J, Carney JM. An unanesthetized gerbil model of cerebral ischemia-induced
behavioural changes. J Pharmacol Meth 1985;14:137-146.

Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp M. Therapeutic benefit of intravenous
administration of bone marrow stromal cells after cerebral ischemia in rats. Stroke 2001;32:1005-
1011.

Cheng YD, Al-Khoury L, Zivin JA. Neuroprotection for ischemic stroke: two decades of success and
failure. NeuroRx 2004;1:36-45.

Choi DW. Calcium-mediated neurotoxicity: relationship to specific channel types and role in ischemic
damage. Trends Neurosci 1988;11:465-469.

Cino M, Del Maestro RF. Generation of hydrogen peroxide by brain mitochondria: the effect of
reoxygenation following postdecapitative ischemia. Arch Biochem Biophys 1989;269:623-638.

Clemens JA. Cerebral ischemia: gene activation, neuronal injury, and the protective role of antioxidants.
Free Radic Biol Med 2000;15:1526-1531.

Colton CA, Pagan F, Snell J, Colton JS, Cummins A, Gilbert DL. Protection from oxidation enhances
the survival of cultured mesencephalic neurons. Exp Neurol 1995;132:54—61.

54



Combs DJ, D’Alecy LG. Motor performance in rats exposed to severe forebrain ischemia: effect of
fasting and 1,3-butanediol. Stroke 1987;18:503-511.

Corbett D, Nurse S. The problem of assessing effective neuroprotection in experimental cerebral
ischemia. Prog Neurobiol 1998;54:531-548.

Daniel V. Glutathione S-transferases: gene structure and regulation of expression. Crit Rev Biochem Mol
Biol 1993;28:173—207.

Danton GH, Dietrich WD. Inflammatory mechanisms after ischemia and stroke. J Neuropathol Exp
Neurol 2003;62;127-136.

Dawson DA, Masayasu H, Graham DI, Macrae IM. The neuroprotective efficacy of ebselen (a
glutathione peroxidase mimic) on brain damage induced by transient focal cerebral ischaemia in the
rat. Neurosci Lett 1995;185:65-69.

de Keyser J, Sulter G, Luiten PG. Clinical trials with neuroprotective drugs in acute ischaemic stroke:
are we doing the right thing? Trends Neurosci 1999;22:535-540.

Demchuk AM, Buchan AM. Predictors of stroke outcome. Neurol Clin 2001;18:455-473.

DeVries AC, Nelson RJ, Traystman RJ, Hurn PD. Cognitive and behavioral assessment in experimental
research stroke: will it prove useful? Neurosci Biobehav Rev 2001;25:325-342.

Dewar D, Yam P, McCulloch J. Drug development for stroke: importance of protecting cerebral white
matter. Eur J Pharmacol 1999;375:41-50.

Diener HC. Lubeluzole in acute ischemic stroke treatment: lack of efficacy in a large phase lll study
with an 8-hour window. Stroke 1999;30:234.

Diener HC. Multinational randomised controlled trial of lubeluzole in acute ischaemic stroke. European
and Australian Lubeluzole Ischaemic Stroke Study Group. Cerebrovasc Dis 1998;8:172-181.

Ding Y, Zhou Y, Lai Q, Li J, Gordon V, Diaz FG. Long-term neuroprotective effect of inhibiting
poly(ADP-ribose) polymerase in rats with middle cerebral artery occlusion using a behavioral
assessment. Brain Res 2001;915:210-217.

Dirnagl U, ladecola C, Moskowitz MA. Pathobiology of ischaemic stroke: an integrated view. Trends
Neurosci 1999;22:391-397.

Dirnagl U, Simon RP, Hallenbeck JM. Ischemic tolerance and endogenous neuroprotection. Trends
Neurosci 2003;26:248-254.

Dotan Y, Lichtenberg D, Pinchuk I. Lipid peroxidation cannot be used as a universal criterion of
oxidative stress. Prog Lipid Res 2004;43:200-227.

El-Hage AH, Herman EH, Ferrans VJ. Reduction in the diabetogenic effect of alloxan in mice by
treatment with the antineoplastic agent ICRF-187, Res Commun Chem Pathol Pharmacol
1981;33:509-523.

Eliasson MJL, Huang ZH, Ferrante RJ. Neuronal nitric oxide synthase activation and peroxynitrite
formation in ischemic stroke linked to neural damage. J Neurosci 1999;19: 5910-5918.

Endres M, Laufs U, Huang Z, Nakamura T, Huang P, Moskowitz MA, Liao JK. Stroke protection by 3-
hydroxy-3-methylglutaryl (HMG)-CoA reductase inhibitors mediated by endothelial nitric oxide
synthase. Proc Natl Acad Sci USA 1998;95:8880-8885.

Espey MG, Miranda KM, Feelisch M, Fukuto J, Grisham MB, Vitek MP, Wink DA. Mechanism of cell
death governed by the balance between nitrosative and oxidative stress. Ann NY Acad Sci
2000;899:209-221.

Farooqui AA, Horrocks LA. Involvement of glutamate receptors, lipases, and phospholipases in long-
term potentiation and neurodegeneration. J Neurosci Res 1994;38:6-11.

Fisher M. The ischemic penumbra: identification, evolution and treatment concepts. Cerebrovasc Dis
2004;17 (suppl 1):1-6

55



Fleischer JE, Lanier WL, Milde JH, Michenfelder JD. Failure of deferoxamine, an iron chelator, to
improve neurologic outcome following complete cerebral ischemia in dogs. Stroke 1987;18:124-
127.

Floyd RA. Role of oxygen free radicals in carcinogenesis and brain ischemia. FASEB J 1990;4:2587-
2597.

Folbergrova J, Zhao Q, Katsure K, Siesjo BK. N-tert-butyl-alpha-phenylnitrone improves recovery of
brain energy state in rats following transient focal ischemia. Proc Natl Acad Sci USA
1995;92:5057-5061.

Frei B, England L. Ascorbate is an outstanding antioxidant in human blood plasma. Proc Natl Acad Sci
USA 1989;86:6377-6381.

Fuentes-Vargas M, Santiago-Mejia J, Pinzon E, Rodriguez R. Age-related susceptibility to brain ischemia
in mice. Drug Dev Res 2002;57:161-166.

Fukui S, Ookawara T, Nawashiro H, Suzuki K, Shima K. Post-ischemic transcriptional and translational
responses of EC-SOD in mouse brain and serum. Free Radic Biol Med 2002;32:289-298.

Gaudet, R. J., Alam, I. and Levine, L. Accumulation of cyclooxygenase products of arachidonic acid
metabolism in gerbil brain during reperfusion after bilateral common carotid artery occlusion. J
Neurochem 1980;35:653-658.

Gerhardt SC, Boast CA. Motor activity changes following cerebral ischemia in gerbils are correlated
with the degree of neuronal degeneration in hippocampus. Behav Neurosci 1988;102:301-303.

Gilgun-Sherki Y, Rosenbaum Z, Melamed E, Offen D. Antioxidant therapy in acute central nervous
system injury: current state. Pharmacol Rev 2002;54:271-284.

Ginsberg MD, Busto R. Rodent models of cerebral ischemia. Stroke 1989;20:1627-1642.

Ginsberg, MD. Adventures in the pathophysiology of brain ischemia: penumbra, gene expression,
neuroprotection. Stroke 2003;34:214-223.

Gionet TX, Thomas JD, Warner DS, Goodlett CR, Wassermann EA, West JR. Forebrain ischemia
induces selective behavioral impairments associated with hippocampal injury in rats. Stroke
1991;22:1040-1047.

Gotoh O, Yamamoto M, Tamura A, Sano K. Effect of YM737, a new glutathione analogue, on ischemic
brain edema. Acta Neurochir 1994; 60, Suppl:318-320.

Grabowski M, Brundin P, Johansson B. Paw-reaching, sensorimotor, and rotational behavior after brain
infarction in rats. Stroke 1993;24:889-895.

Grabowski M, Nordborg C, Brundin P, Johansson B. Middle cerebral artery occlusion in the
hypertensive and normotensive rat: a study of histopathology and behaviour. J Hyperten
1988;6:405-411.

Grabowski M, Nordborg C, Johansson B. Sensorimotor performance and rotation correlate to lesion size
in right but not left hemisphere brain infarcts in the spontaneously hypertensive rat. Brain Res
1991,547:249-257.

Green AR, Odergren T, Ashwood T. Animal models of stroke: do they have value for discovering
neuroprotective agents? Trends Pharmacol Sci 2003;24:402-408.

Grotta J. Lubeluzole treatment of acute ischemic stroke. The US and Canadian Lubeluzole Ischemic
Stroke Study Group. Stroke 1997;28:2338-2346.

Grotta J. Rodent models of stroke limitations: what can we learn from recent clinical trials of
thrombolysis? Arch Neurol 1996;53:1067-1070.

Grotta J. Why do all drugs work in animals but none in stroke patients? J Intern Med 1995;26:409-
414.

Hakim AM. The cerebral ischemic penumbra. Can J Neurol Sci 1987;14:557-559.

56



Haley EC. High-dose tirilazad for acute stroke (RANTTAS 1l). RANTTAS Il Investigators. Stroke
1998;29:1256-1257.

Hall ED, Braughler JM. Central nervous system trauma and stroke. Il. Physiological and pharmacological
evidence for involvement of oxygen radicals and lipid peroxidation. Free Radical Biol Med
1989;6:303-313.

Hall ED, Pazara KE, Braughler JM. 21-Aminosteroid lipid peroxidation inhibitor U74006F protects
against cerebral ischemia in gerbils. Stroke 1988;19:997-1002.

Hall ED. Inhibition of lipid peroxidation in central nervous system trauma and ischemia. J Neurol Sci
1995;134 Suppl:79-83.

Hall, ED. Acute therapeutic interventions. Free radical scavengers and antioxidants. Neurosurg Clin N
Am 1997;8:195-206.

Halliwell B, Gutteridge JMC. Free radicals in biology and medicine. 3 ed. Oxford: Oxford University
Press, 1999.

Halliwell B. Free radicals, antioxidants, and human disease: curiosity, cause, or consequence? Lancet
1994, 344:721-724

Harris RJ, Symon L, Branston NM, Bayhan M. Changes in extracellular calcium activity in cerebral
ischaemia. J Cereb Blood Flow Metab 1981;1:203-209.

Haseldonckx M, Van Reempts J, Van de Ven M, Wouters L, Borgers M. Protection with lubeluzole
against delayed ischemic brain damage in rats. A quantitative histopathologic study. Stroke
1997,;28:428-432.

Heiss WD, Kracht LW, Thiel A, Grond M, Pawlik G. Penumbral probability thresholds of cortical
flumazenil binding and blood flow predicting tissue outcome in patients with cerebral ischaemia.
Brain 2001;124:20-29.

Henry PT, Chandy MJ. Effect of ascorbic acid on infarct size in experimental focal ischemia and
reperfusion in a primate model. Acta Neurochir 1998;140:977-980.

Hoehn B, Yenari MA, Sapolsky RM, Steinberg GK. Glutathione peroxidase overexpression inhibits
cytochrome c release and pro-apoptotic mediators to protect neurons from experimental stroke.
Stroke 2003;34:2489-2494.

Hossmann KA. Disturbances of cerebral protein synthesis and ischemic cell death. Prog Brain Res
1993;96:161-177.

Hossmann KA. Pathophysiology of cerebral infarction. In: Vinken PJ, Bruyn GW, Klawans HL (eds.).
Handbook of Clinical Neurology. Amsterdam: Elsevier, 1987:107-153.

Hossmann KA. Viability thresholds and the penumbra of focal ischemia. Ann Neurol 1994;36:557-565.

Huang J, Agus DB, Winfree CJ, Kiss S, Mack WJ, McTaggart RA, Choudhri TF, Kim LJ, Mocco J,
Pinsky DJ, Fox WD, lIsrael RJ, Boyd TA, Golde DW, Connolly ES Jr. Dehydroascorbic acid, a blood-
brain barrier transportable form of vitamin C, mediates potent cerebroprotection in experimental
stroke. Proc Natl Acad Sci U S A 2001;98:11720-11724.

Huang ZA, Yang H, Chen C, Zeng Z, Lu SC. Inducers of gamma-glutamylcysteine synthetase and their
effects on glutathione synthetase expression. Biochim Biophys Acta 2000;1493:48-55.

Hunter AJ, Green AR, Cross AJ: Animal models of acute ischemic stroke: can they predict clinically
successful neuroprotective drugs? Trends Pharmacol Sci 1995;16:123-128.

Hunter AJ, Hatcher J, Virley D, Nelson P, Inwing E, Hadingham SJ, Parsons AA. Functional assessment
in mice and rats after focal stroke. Neuropharmacology 2000;39:806-8186.

Hunter AJ, Mackay KB, Rogers DC. To what extent have functional studies of ischaemia in animals
been useful in the assessment of potential neuroprotective agents? Trends Pharmacol Sci
1998;19:59-66.

57



Hurn PD, Koehler RC, Blizzard KK, Traystman RJ. Deferoxamine reduces early metabolic failure
associated with severe cerebral ischemic acidosis in dogs. Stroke 1995;26:688-694; Discussion
694-695.

Imai H, Graham DI, Masayasu H, Macrae IM. Antioxidant ebselen reduces oxidative damage in focal
cerebral ischemia. Free Radic Biol Med 2003;34:56-63.

Imai H, Masayasu H, Dewar D, Graham DI, Macrae IM. Ebselen protects both gray and white matter in
a rodent model of focal cerebral ischemia. Stroke 2001;32:2149-2154.

Irwin S. Comprehensive and observational assessment: la. A systematic, quantitative procedure for
assessing the behavioral and physiologic state of the mouse. Psychopharmacologia 1968;13:222-
257.

Jovanovic SV, Hara Y, Steenken S, Simic MG. Antioxidant potential of gallocatechins. A pulse
radiolysis study. J Am Chem Soc 1995;117:9881-9888.

Jovanovic SV, Steenken S, Tosic M, Marjanovic B, Simic MG. Flavonoids as antioxidants. J Am Chem
Soc 1994;116:4846-4851.

Juurlink BHJ, Sweeney MI. Mechanisms that result in damage during and following cerebral ischemia.
Neurosci Biobehav Rev 1997; 21:121-128.

Kagan VE, Shvedova A, Serbinova E, Khan S, Swanson C, Powell R, Packer L. Dihydrolipoic acid-a
universal antioxidant both in the membrane and in aqueous phase. Reduction of peroxyl, ascorbyl
and chromanoxyl radicals. Biochem Pharmacol 1992;44:1649-1692.

Kang KW, Cho MK, Lee CH, Kim SG. Activation of phosphatidylinositol 3-kinase and Akt by tert-
butylhydroquinone is responsible for antioxidant response element-mediated rGSTA2 induction in
H4IIE cells. Mol Pharmacol 2001;59:1147-1156.

Kass IS, Lipton P. Calcium long-term transmission damage following anoxia in dentate gyrus and CA1
regions the rat hippocampal slice. J Physiol 1986;378;313-334.

Kavanagh RJ, Kam PC. Lazaroids: efficacy and mechanism of action of the 271-aminosteroids in
neuroprotection. Br J Anaesth 2001;86:110-119.

Kim GW, Kondo T, Noshita N, Chan PH. Manganese superoxide dismutase deficiency exacerbates
cerebral infarction after focal cerebral ischemia/reperfusion in mice. Implications for the production
and role of superoxide radicals. Stroke 2002;33:809-815.

Kitagawa K, Matsumoto M, Tagaya M, Hata R, Ueda H, Niinobe M, Handa N, Fukunaga R, Kimura K,
Mikoshiba K. ‘Ischemic tolerance’ phenomenon found in the brain. Brain Res 1990;528:21-24.

Kotake Y. Pharmacologic properties of phenyl-N-tert-butylnitrone. Antioxid Redox Signal 1999;1:481-
499.

Krajewski S, Krajewska M, Ellerby LM, Welsh K, Xie Z, Deveraux QL, Salvesen GS, Bredesen DE,
Rosenthal RE, Fiskum G, Reed JC. Release of caspase-9 from mitochondria during neuronal
apoptosis and cerebral ischemia. Proc Natl Acad Sci U S A 1999;96:5752-5757.

Krause GS, White BC, Aust SD, Nayini NR, Kumar K. Brain cell death following ischemia and
reperfusion: a proposed biochemical sequence. Crit Care Med 1988;16:714-726.

Krinsky NI. Mechanisms of action of biological antioxidants (43429). Proc Soc Exp Biol Med
1992;2000:248-254.

Kristian T, Gido G, Kuroda S, Schutz A, Siesjo BK. Calcium metabolism of focal and penumbral tissues
in rats subjected to transient middle cerebral artery occlusion. Exp Brain Res 1998;120:503-5009.

Kuroda S, Katsura K, Hillered L, Bates TE, Siesjo BK. Delayed treatment with alpha-phenyl-tert-butyl
nitrone (PBN) attenuates secondary mitochondrial dysfunction after focal cerebral ischemia in the
rat. Neurobiol Dis 1996;3:149-157.

Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded disability status scale
(EDSS). Neurology 1983;33:1444-1452.

58



Lee JM, Grabb MC, Zipfel GJ, Choi DW. Brain tissue responses to ischemia. J Clin Invest
2000;106:723-731.

Levine S, Sohn D. Cerebral ischemia in infant and adult gerbils. Relation to incomplete circle of Willis.
Arch Pathol 1969;87:315-317.

Li PA, He QP, Nakamura L, Csiszar K. Free radical spin trap oa-phenyl-N-tert-butyl-nitron inhibits
caspase-3 activation and reduces brain damage following a severe forebrain ischemic injury. Free
Radic Biol Med 2001;31:1191-1197.

Lipton P. Ischemic cell death in brain neurons. Physiol Rev 1999;79:1431-1568.

Lobner D, Lipton P. Intracellular calcium levels and calcium fluxes in the CA1 region of the hippocampal
slice during in vitro ischemia: relationship to electrophysiologic damage. J Neurosci 1993;13:4861-
4871.

Lu SC. Regulation of hepatic glutathione synthesis: current concepts and controversies. FASEB J.
1999;13:1169-1183.

Machlin LJ, Bendich A. Free radical tissue damage: protective role of antioxidant nutrients. FASEB J
1987;1:441-445.

Maiorino M, Roveri A, Coassin M, Ursini F. Kinetic mechanism and substrate specificity of glutathione
peroxidase activity of ebselen (PZ51). Biochem Pharmacol 1988;37:2267-2271.

Malinski T, Bailey F, Zhang ZG, Chopp M. Nitric oxide measured by a microsensor in rat brain after
transient middle cerebral artery occlusion. J Cereb Blood Flow Metab 1993;13:355-358.

Marinkovic S, Milisavljevic M, Puskas L. Microvascular anatomic of the hippocampal formation. Surg
Neurol 1992;37:339-349.

Marro PJ, McGowan JE, Razdan B, Mishra OP, Delivoria-Papadopoulos M. Effect of allopurinol on uric
acid levels and brain cell membrane Na*, K*-ATPase activity during hypoxia in newborn piglets.
Brain Res 1994;650:9-15.

Martin RL, Lloyd HG, Cowan Al. The early events of oxygen and glucose deprivation: setting the scene
for neuronal death? Trends Neurosci 1994;17:251-257.

Martinez-Vila E, Irimia P. Current status and perspectives of neuroprotection in ischemic stroke
treatment. Cerebrovasc Dis 2001;11:60-70.

Martz D, Rayos G, Schielke G P, Betz AL. Allopurinol and dimethylthiourea reduce brain infarction
following middle cerebral artery occlusion in rats. Stroke 1989;20:488-494.

Maxwell SR. Prospects for the use of antioxidant therapies. Drugs 1995;49:345-361.

McCarty MF. Versatile cytoprotective activity of lipoic acid may reflect its ability to activate signalling
intermediates that trigger the heat-shock and phase Il responses. Med Hypotheses 2001;57:313-
317.

McCulloch J, Dewar D. A radical approach to stroke therapy. Proc Natl Acad Sci 2001;98:10989-
10991.

Menzies SA, Hoff JT, Betz AL. Middle cerebral artery occlusion in rats: a neurological and pathological
evaluation of a reproducible model. Neurosurgery 1992;31:100-6; discussion 106-7.

Mitani A, Andou Y, Matsuda S, Arai T, Sakanaka M, and Kataoka K. Origin of ischemia-induced
glutamate efflux in the CA1 field of the gerbil hippocampus: an in vivo brain microdialysis study. J
Neurochem 1994;63:2152-2164.

Modo M, Stroemer RP, Tang E, Veizovic T, Sowniski P, Hodges H. Neurological sequelae and long-term
behavioural assessment of rats with transient middle cerebral artery occlusion. J Neurosci Methods
2000;104:99-109.

Mody I, MacDonald JF. NMDA receptor-dependent excitotoxicity: the role of intracellular Ca2 + release.
Trends Pharmacol Sci 1995;16:356-359.

59



Moini H, Packer L, Saris NEL. Antioxidant and prooxidant activities of a-lipoic acid and dihydrolipoic
acid. Toxicol Appl Pharmacol 2002;182:84-90.

Montuschi P, Barnes PJ, Roberts LJ. Isoprostanes: markers and mediators of oxidative stress. FASEB J
2004;18:1791-800.

Morel |, Lescoat G, Cogrel P, Sergent O, Pasdeloup N, Brissot P, Cillard P, Cillard J. Antioxidant and
iron-chelating activities of the flavonoids catechin, quercectin and diosmetin on iron-loaded rat
hepatocyte cultures. Biochem Pharmacol 1993;45:13-19.

Morimoto K, Tagawa K, Hayakawa T, Watanabe F, Mogami H. Cellular level of purine compounds in
ischemic gerbil brain by high performance liquid chromatography. J Neurochem 1982:38:833-835.

Morrow JD, Hill KE, Burk RF, Nammour TM, Badr KF and Roberts LJ Il. A series of prostaglandin F2-
likecompounds are produced in vivo in humans by a non-ciclooxygenase, free radical-catalyzed
mechanims. Proc Natl Acad Sci (USA) 1990;87:9383-9387.

Muller A, Cadenas E, Graf P, Sies H. A novel biologically active seleno-organic compound-I. Glutathione
peroxidase-like activity in vitro and antioxidant capacity of PZ 51 (Ebselen). Biochem Pharmacol
1984;15:3235-3239.

Murphy TH, De Long MJ, Coyle JT. Enhanced NAD(P)H:quinone reductase activity prevents glutamate
toxicity produced by oxidative stress. J Neurochem 1991;56:990-995.

Nakazawa H, Genka C, Fujishima M: Pathological aspects of active oxigens/free radicals. Japan J
Physiol 1996;46:15-32.

Namba K, Takeda Y, Sunami K, Hirakawa M. Temporal profiles of the levels of endogenous
antioxidants after four-vessel occlusion in rats. J Neurosurg Anesthesiol 2001;13:131-137.

Neumar RW. Molecular mechanisms of ischemia neuronal injury. Ann Emerg Med 2000;36:483-506.

Nihei H, Kanemitsu H, Tamura A, Oka H, Sano K. Cerebral uric acid, xanthine, and hypoxanthine after
ischemia: the effect of allopurinol. Neurosurgery 1989;25:613-617.

Niki E. Action of ascorbic acid as a scavenger of active and stable oxygen radicals. Am J Clin Nutr
1991:54:1119S-1124S.

Nishikimi, M. Oxidation of ascorbic acid with superoxide anion generated by the xanthine-xanthine
oxidase system. Biochem Biophys Res Commun 1975;63:463-468.

Nunn J, Hodges H. Cognitive deficits induced by global cerebral ischaemia: relationship to brain damage
and reversal by transplants. Behav Brain Res 1994;65:1-31.

Obrenovitch TP, Urenjak J, Richards DA, Ueda Y, Curzon G, Symon L. Extracellular neuroactive amino
acids in the rat striatum during ischaemia: comparison between penumbral conditions and ischaemia
with sustained anoxic depolarisation. J Neurochem 1993;61:178-186.

Onténiente B, Rasika S, Benchoua A, Cuégan C. Molecular pathways in cerebral ischemia: cues to
novel therapeutic strategies. Mol Neurobiol 2003;27:1-40.

Packer L, Tritschler H, Wessel K. Neuroprotection by the metabolic antioxidant a-lipoic acid. Free Radic
Biol Med 1997;22:359-378.

Packer L, Witt EH, Tritschler HJ. Alpha-lipoic acid as a biological antioxidant. Free Radic Biol Med
1995;19:227-250.

Packer L. Alpha-Lipoic acid: a metabolic antioxidant which regulates NF-Kappa B signal transduction
and protects against oxidative injury. Drug Metab Rev 1998;30:245-275.

Padh H. Cellular functions of ascorbic acid. Biochem Cell Biol 1990;68:1166 -1173.

Paganga G, Al-Hashim H, Khodr H, Scott BC, Aruoma OI, Hider RC, Halliwell B, Rice-Evans C.
Mechanisms of the antioxidant activities of quercectin and catechin. Redox Report 1996;2:359-
364.

Pahimark K, Siesjo BK. Effects of the spin trap-alpha-phenyl-N-tert-butyl nitrone (PBN) in transient

60



forebrain ischaemia in the rat. Acta Physiol Scand 1996;157:41-b1.

Palmer C, Roberts RL, Bero C. Deferoxamine posttreatment reduces ischemic brain injury in neonatal
rats. Stroke 1994;25:1039-1045.

Panigrahi M, Sadguna Y, Shivakumar BR, Sastry VRK, Roy S, Packer L, Ravindranath V. a-Lipoic acid
protects against reperfusion injury following cerebral ischemia in rats. Brain Res 1996;717:184-188.

Park CK, Hall ED. Dose-response analysis of the effect of 21-aminosteroid tirilazad mesylate (U-
74006F) upon neurological outcome and ischemic brain damage in permanent focal cerebral
ischemia. Brain Res 1994,;645:157-163.

Park EM, Choi JH, Park JS, Han MY, Park YM. Measurement of glutathione oxidation and 8-hydroxy-2’-
deoxyguanosine accumulation in the gerbil hippocampus following global ischemia. Brain Res Brain
Res Protoc 2000;6:25-32.

Patel M, Coshall C, Rudd AG, Wolfe CD. Natural history of cognitive impairment after stroke and
factors associated with its recovery. Clin Rehabilitation 2003;17:158-166.

Patt A, Harken AH, Burton LK, Rodell TC, Piermattei D, Schorr WJ, Parker NB, Berger EM, Horesh IR,
Terada LS, Linas CJ. Xanthine oxidase-derived hydrogen peroxide contributes to ischemia
reperfusion-induced edema in gerbil brains. J Clin Invest 1988;81:1556-1562.

Phillis J, Clough-Helfman C. Protection from cerebral ischemic injury in gerbils with the spin trap agent
N-tert-butyl-a-phenylnitrone (PBN). Neurosci Lett 1990;116:315-319.

Phillis JW, O’'Regan MH. The role of phospholipases, cyclooxigenases, and lipoxygenases in cerebral
ischemic /traumatic injuries. Crit Rev Neurobiol 2003;15:61-90.

Phillis JW. A “radical” view of cerebral ischemic injury. Prog Neurobiol 1994;42:441-448.

Pinkus R, Weiner LM, Daniel V. Role of oxidants and antioxidants in the induction of AP-1, NF-kB, and
glutathione S-transferase gene expression. J Biol Chem 1996;271:13422-13429.

Plaschke K, Kopitz J, Weigand MA, Martin E, Bardenheuer HJ. The neuroprotective effect of cerebral
poly(ADP-ribose)polymerase inhibition in a rat model of global ischemia. Neurosci Lett
2000;284:109-112.

Prehn JHM, Karkoutly C, Nuglisch J, Peruche B, Krieglstein J. Dihydrolipoate reduces neuronal injury
after cerebral ischemia. J Cereb Blood Flow Metab 1992;12:78-87.

Preston E, Sutherland G, Finstein A. Three openings of the blood-brain barrier produced by forebrain
ischemia in the rat. Neurosci Lett 1993;149:75-78.

Pulsinelli WA, Brierly JB, Blum F. Temporal profile of neuronal damage in a model of transient forebrain
ischemia. An Neurol 1982;11:491-498.

Pulsinelli WA, Brierly JB. A new model of bilateral hemispheric ischemia in the unanesthetized rat.
Stroke 1979;10:267-272.

RANTTAS Investigators. A randomized trial of tirilazad mesylate in patients with acute stroke
(RANTTAS). The RANTTAS Investigators. Stroke 1996;27:1453-1458.

Rao AM, Hatcher JF, Kindy MS, Dempsey RJ. Arachidonic acid and leukotriene C4: role in transient
cerebral ischemia of gerbils. Neurochem Res 1999;24:1225-1232.

Raymon HK, Thode S, Gage FH. Application of ex vivo gene therapy in the treatment of Parkinson’s
disease. Exp Neurol 1997;144:82—91.

Rice ME. Ascorbate regulation and its neuroprotective role in the brain. Trends Neurosci 2000;23:209-
216.

Rice-Evans C. Screening of phenolics and flavonoids for antioxidant activity. In: Packer L, Hiramatsu M
y Yoshikawa (eds.). Antioxidant food supplements in human health. San Diego: Academic Press,
1999:239-253.

Rodriguez R, Gerson R, Santiago-Mejia J. Dexrazoxane-induced reduction in mortality in mice subjected

61



to severe forebrain ischemia. Drug Dev Res 2000b;51:149-152.

Rodriguez R, Rodriguez-Boscan |, Lugo-Cira D, Vidrio H, Hong E, Medina M, Herrera |. Bilateral
sequential common carotid artery sectioning in mice as a new model for testing neuroprotective
drugs. J Stroke Cerebrovasc Dis 2000a;9:45-53.

Rodriguez R, Santiago-Mejia J, Fuentes-Vargas M, Ramirez-SanJuan E. A new strategy to evaluate
neurological disability after brain ischemia in mice. 2003a. Experimental Biology 2003. Translating
the Genome. San Diego, CA, April 11-15.

Rodriguez R, Santiago-Mejia J, Fuentes-Vargas M, Ramirez-SanJuan E. Outstanding neuroprotective
efficacy of dexrazoxane in mice subjected to sequential common carotid artery sectioning. Drug Dev
Res 2003b;60:294-302.

Rodriguez R, Santiago-Mejia J, Gomez C, Ramirez-San Juan E. A simplified procedure for the
quantitative measurement of neurological deficits after forebrain ischemia in mice. J Neurosci
Methods 2005;147:22-28.

Rogers DC, Wright PW, Roberts JC, Reavill C, Rothaul AL, Hunter AJ. Photothrombotic lesions of the
frontal cortex impair the performance of the delayed non-matching to position task by rats. Behav
Brain Res 1992;49:231-235.

Rose RC, Bote AM. Biology of free radical scavengers: an evaluation of ascorbate. FASEB J
1993;7:1135-1142.

Rossi DJ, Oshima T, Attwell D. Glutamate release in severe brain ischaemia is mainly by reversed
uptake. Nature 2002;403:316-321.

Saito |, Asano T, Sano K, Takakura K, Abe H, Yoshimoto T, Kikuchi H, Ohta T, Ishibashi S.
Neuroprotective effect of an antioxidant, ebselen, in patients with delayed neurological deficits after
aneurysmal subarachnoid hemorrhage. Neurosurgery 1998;42:269-277; Discussion 277-278.

Sakamoto A, Ohnishi ST, Ohnishi T, Ogawa R. Relationship between free radical production and lipid
peroxidation during ischemia-reperfusion injury in the rat brain. Brain Res 1991;554:186-192.

Sarco DP, Becker J, Palmer C, Sheldon RA, Ferriero DM. The neuroprotective effect of deferoxamine in
the hypoxic-ischemic immature mouse brain. Neurosci Lett 2000;282:113-116.

Schaller B. Prospects for the future: the role of free radicals in the treatment of stroke. Free Radic Biol
Med 2005;38:411-425.

Schallert T, Fleming S, Leasure J, Tillerse J, Bland S. CNS plasticity and assessment of forelimb
outcome in unilateral rat models of stroke, cortical ablation, parkinsonism and spinal cord injury.
Neuropharmacology 2000;39:777-787.

Schewe T. Molecular actions of ebselen - an antinflammatory antioxidant. Gen Pharmacol
1995;26:1153-1169.

Schreiber M, Trojan S. Ascorbic acid in the brain. Physiol Rev 1991;40:413-418.

Schultz JB, Panahian N, Chen YI, Beal MF, Moskowitz MA, Rosen BR, Jenkins BG. Facilitation of
postischemic reperfusion with alpha PBN: assessment using NMR and Doppler flow techniques. Am
J Physiol 1997;272:H1986-H1995.

Scott BC, Aruoma OlI, Evans PJ, O'Neill C, Van der Vliet A, Cross CE, Tritschler H, Halliwell B. Lipoic
and dihydrolipoic acids as antioxidants. A critical evaluation. Free Radic Res 1994;20:119-133.

Seeburg PH. The TINS/TiPS Lecture. The molecular biology of mammalian glutamate receptor channels.
Trends Neurosci 1993;16:359-365.

Seregi A, Schaefer A, Komlos M. Protective role of ascorbic acid content against lipid peroxidation.
Experientia 1978;34:1056-1057.

Shimada N, Graf R, Rosner G, Wakayama A, George CP, Heiss WD. Ischemic flow threshold for
extracellular glutamate increase in cat cortex. J Cereb Blood Flow Metab 1989;9:603-606.

62



Siesjo BK, Agardh CD, Bengtsson F. Free radicals and brain damage. Cerebrovasc Brain Metab Rev
1989;1:165-211.

Silvia RC, Piercey MF, Hoffmann WE, Chase RL, Tang AH, and Braughler JM. U-74006F, an inhibitor of
lipid peroxidation, protects against lesion development following stroke in the cat: histological and
metabolic analysis. Soc Neurosci Abstr 1987;13:1499.

Small DL, Buchan AM. Animal models. Br Med Bull 2000;56:307-317.

Speyer JL, Green MD, Kramer E, Rey M, Sanger J, Ward C, Dubin N, Ferrans V, Stecy P, Zeleniuch-
Jacquotte A. Protective effect of the bispiperazinedione ICRF-187 against doxorubicin-induced
cardiac toxicity in women with advanced breast cancer. New Engl J Med 1988;319:745-752.

Spina MB, Squinto SP, Miller J, Lindsay RM, Hyman C. Brain-derived neurotrophic factor protects
dopamine neurons against 6-hydroxydopamine and N-methyl-4-phenylpyridinium ion toxicity:
involvement of the glutathione system. J Neurochem 1992;59:99-106.

Stagliano NE, Perez-Pinzon MA, Moskowitz MA, Huang PL. Focal ischemic preconditioning induces
rapid tolerance to middle cerebral artery occlusion in mice. J Cereb Blood Flow Metab
1999;19:757-761.

Stamford JA, Isaac D, Hicks CA, Ward MA, Osborne DJ, O'Neill MJ. Ascorbic acid is neuroprotective
against global ischemia in striatum but not hippocampus: histological and voltammetric data. Brain
Res 1999;835:229-240.

Steenken S, Neta P. One-electron redox potentials of phenols, hydroxphenols and aminophenols and
related compounds of biological interest. J Phys Chem 1982;86:3361-3367.

Suh JH, Zhu BZ, deSzoeke E, Frei B, Hagen TM. Dihydrolipoic acid lowers the redox activity of
transition metal ions but does not remove them from the active site of enzymes. Redox Report
2004;9:57-61.

Sun GY, Foudin LL. On the status of lysolecithin in rat cerebral cortex during ischemia. J Neurochem
1984;43:1081-1086.

Tagaya M, Matsumoto M, Kitagawa K, Niinobe M, Ohtsuki T, Hata R, Ogawa S, Handa N, Mikoshiba K,
Kamada T. Recombinant human superoxide dismutase can attenuate ischemic neuronal damage in
gerbils. Life Sci 1992;51:253-259.

Takeda Y, Jacewicz M, Nowak TJ, Pulsinelli WA. DC-potential, and energy metabolites in the focal
ischemia. J Cereb Blood Flow Metab 1993;13:5450.

Thomas JP, Maiorino M, Ursini F, Girotti AW. Protective action of phospholipid hydroperoxide
glutathione peroxidase against membrane-damaging lipid peroxidation. In situ reduction of
phospholipid and cholesterol hydroperoxides. J Biol Chem 1990;265:454-461.

Thompson M, Williams CR, Elliot GE. Stability of flavonoid complexes of copper(ll) and flavonoid
antioxidant activity. Anal Chim Acta 1976;85:375-381.

Traystman JT, Kirsch JR, Koehler RC. Oxygen radical mechanisms of brain injury following ischemia
and reperfusion. J Appl Physiol 1991;71:1185-1195.

Tsuchiya D, Hong S, Matsumori Y, Kayama T, Swanson RA, Dillman WH, Liu J, Panter SS, Weinstein
PR. Overexpression of heat shock protein 70 reduces neuronal injury after transient focal ischemia,
transient global ischemia or kainic acid-induced seizures. Neurosurgery 2003;53:1179-1187.

Turrens JF. Superoxide production by the mitochondrial respiratory chain. Bios Rep 1997;17:3-8.

van der Staay F, Augstein KH, Horvath E. Sensorimotor impairments in rats with cerebral infarction,
induced by unilateral occlusion of the left middle cerebral artery: strain differences and effects of the
occlusion site. Brain Res 1996;735:271-284.

Vanella A, Di Giacomo C, Sorrenti V, Russo A, Castorina C, Campisi A, Renis M, Perez-Polo JR. Free
radical scavenger depletion in post-ischemic reperfusion brain damage. Neurochem Res
1993;18:1337-1340.

63



Vatassery GT. Oxidation of vitamin E, vitamin C, and thiols in rat brain synaptosomes by peroxynitrite.
Biochem Pharmacol 1996;52:579-586.

Wang D, Corbett D. Cerebral ischemia, locomotor activity and spatial mapping. Brain Res
1990;533:78-82.

Warburton DM. Commentary on: “Comprehensive and observational assessment: la. A systematic,
quantitative procedure for assessing the behavioral and physiologic state of the mouse.”
Psychopharmacologia (1968)13:222-257. Psychopharmacology (Berl) 2002;163(1):4-8.

Wardlaw JM, Dennis MS, Lindley RI, Sellar RJ, Warlow CP. The validity of a simple clinical
classification of acute ischaemic stroke. J Neurol 1996;243:274-279.

Warner DS, Sheng H, Batinic-Haberle |I. Oxidants, antioxidants and the ischemic brain. J Exp Biology
2004;3221-3231.

Watson BD. Evaluation of the concomitance of lipid peroxidation in experimental models of cerebral
ischemia and stroke. Progr Brain Res 1993;96:69-95.

Wei G, Dawson VL, Zweier JL. Role of neuronal and endothelial nitric oxide synthase in nitric oxide
generation in the brain following cerebral ischemia. Biochim Biophys Acta 1999;1455:23-34.

Werns SW, Lucchesi BR. Free radicals and ischemic tissue injury. Trends Pharmacol Sci 1990;11:161-
166.

Westerberg E, Desphande JK, Wieloch T. Regional difference in arachidonic acid release in rat
hippocampal CA1 and CA3 regions during cerebral ischemia. J Cereb Blood Flow Metab
1987;7:189-192.

Wiegand F, Liao W, Busch C, Castell S, Knapp F, Lindauer U, Megow D, Meisel A, Redetzky A,
Ruscher K, Trendelenburg G, Victorov I, Riepe M, Diener HC, Dirnagl U. Respiratory chain inhibition
induces tolerance to focal cerebral ischemia. J Cereb Blood Flow Metab 1999;19:1229-1237

Williams GD, Palmer C, Heitjan DF, Smith MB. Allopurinol preserves cerebral energy metabolism during
perinatal hypoxia-ischemia: a 31P NMR study in unanesthetized immature rats. Neurosci Lett
1992;144:103-106.

Wolz P, Krieglstein J. Neuroprotective effects of alpha-lipoic acid and its enantiomers demonstrated in
rodent models of focal cerebral ischemia. Neuropharmacology 1996;35:369-375.

Xue D, Slivka A, Buchan AM. Tirilazad reduces cortical infarction after transient but not permanent
focal cerebral ischemia in rats. Stroke 1992;23:894-899.

Yager JY, Shuaib A, Thornill J. The effect of age on susceptibility to brain damage in a model of global
hemispheric hypoxia-ischemia. Dev Brain Res 1996;93:143-154.

Yamaguchi T, Sano K, Takakura K, Saito |, Shinohara Y, Asano T, Yasuhara H. Ebselen in acute
ischemic stroke: a placebo-controlled, double-blind clinical trial. Ebselen Study Group. Stroke
1998;29:12-17.

Yang H, Zeng Y, Lee TD, Yang Y, Ou X, Chen L, Haque M, Rippe R, Lu SC. Role of AP-1 in the
coordinate induction of rat glutamate-cysteine ligase and glutathione synthetase by tert-
butylhydroquinone. J Biol Chem 2002;277:35232-35239.

Yang HC, Mosior M, Ni B, Dennis EA. Regional distribution, ontogeny, purification, and characterization
of the Ca?*-independent phospholipase A2 in the normal brain. J Neurochem 1999;73:1278-1287.

Yang Y, Li Q, Shuaib A. Neuroprotection by 2-h postischemia administration of two free radical
scavengers, a-phenyl-n-tert-butyl-nitrone (PBN) and N-tert-butyl-(2-sulfophenyl)-nitrone (S-PBN), in
rats subjected to focal embolic cerebral ischemia. Exp Neurol 2000;163:39-45.

Young B, Runge JW, Waxman KS, Harrington T, Wilberger J, Muizelaar JP, Boddy A, Kupiec JW.
Effects of pegorgotein on neurologic outcome of patients with severe head injury: a multicenter,
randomized controlled trial. JAMA 1996;276:538-543.

Zaleska MM, Floyd RA. Regional lipid peroxidation in rat brain in vitro: possible role of endogenous iron.

64



Neurochem Res 1985;10:397-410.

Zhao Q, Pahlmark K, Smith ML, Siesjo BK. Delayed treatment with the spin trap a-phenyl-tert-butyl-
nitrone (PBN) reduces infarct size following transient middle cerebral artery occlusion in rats. Acta
Physiol Scand 1994;152:349-350.

Zhao R, Masayasu H, Holmgren A. Ebselen: a substrate for human thioredoxin reductase strongly
stimulating its hydroperoxide reductase activity and a superfast thioredoxin oxidant. Proc Natl Acad
Sci U S A. 2002;99:8579-8584.

65



JOURNAL OF
NEUROSCIENGE
METHODS

www.elsevier.com/locate/jneumeth

ELSEVIER Journal of Neuroscience Methods 147 (2005) 22—-28

A simplified procedure for the quantitative measurement
of neurological deficits after forebrain ischemia in mice

Rodolfo Rodrigue2*, Jacinto Santiago-Mejfa
Claudia Gome?2, Eduardo Ramirez San-Juan

@ Department of Pharmacology, Faculty of Medicine, National University of Mexico, P.O. Box 70-297, C.P. 04510 Mexico City, Mexico
b National School of Biological Sciences, National Polytechnic Institute, Mexico City, Mexico

Received 21 October 2004; received in revised form 25 February 2005; accepted 26 February 2005

Abstract

This study describes a comprehensive method to assess neurological deficits after brain ischemia produced by sequential common caro
artery sectioning (SCAS) in aged mice, and a scale to determine the degree of functional incapacity of ischemic animals. The method involve
an initial phase of undisturbed observation and a later manipulative phase during which each animal is subjected to a sequence of very simp
manipulations. Sham-operated animals demonstrated 96% survival throughout the study period (72 h), whereas the 24, 48 and 72 h surviv
rates of SCAS-mice were 48, 38 and 36%, respectively. In the surviving SCAS-mice, we detected a total of 23 neurological alterations
throughout the observation period (72 h); the most frequent alterations were: motor incoordination, abnormal body position, hypomobility,
decreased body tone and muscular strength, tremor, hunched back, passivity, forelimb flexion and ataxic gait. Based on these alterations, \
used a global scale that comprises 10 progressive grades beyond 0 (normal), extending to status 10 (death due to SCAS), with higher scor
indicating greater deficit. The median neurological scores for sham-operated animals were 1.36, 1.48 and 1.32 at 24, 48 and 72 h, respective
whereas total neurological scores in SCAS-mice of 6.1, 6.8 and 7.4, at 24, 48 and 72 h, respectively, were substantially greater than thos
observed in sham-operated animals. The simplicity of the procedure, herein described, to measure the functional neurological condition o
ischemic animals, and the remarkable level of functional impairment produced by SCAS offer the possiblity to test the efficacy of putative
stroke therapies and to monitor progress of deficits over time in groups of animals.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Brain ischemia; Stroke; Mice; Models; Neurological deficits; Scale

1. Introduction Since brain injury after stroke in humans is commonly
associated with impaired sensorimotor ability, reduced cog-
The measurement of neurobehavioral disabilities after ex- nitive function and change in affecGavrilescu and Kase,
perimental brain ischemia has become an increasingly im- 1995; Patel et al., 2003many laboratories have focused their
portant research activity as clinical studies have shown thatresearch on assessing cognitive and behavioral correlates of
a large number and variety of compounds highly effective in histologically determined stroke damage in animal models.
reducing infarct volume in animal stroke modéiéghamed It is considered that reliable measurements of functional ca-
et al., 1985; Park et al., 1988; Halliwell, 1989; Read et al., pacity in animals can provide meaningful data to determine
1999; Green et al., 200dave all failed in human trails of  presence, severity and time course of impairments, and the
acute ischemic strokédpssmann, 1997; Corbett and Nurse, consequences of pharmacological interventions. One major
1998; de Keyser et al., 1999; Green et al., 2003; Wahlgren problem of functional output assessment is that traditional
and Ahmed, 2004 models of experimental stroke display a somewhat limited
behavioral profile, and spontaneous recovery of sensorimo-

* Corresponding author. Tel.: +525 5623 2162; fax: +525 5616 14g9. tOF deficits commonly occurs rapidly, especially after global
E-mail addressrodcar@servidor.unam.mx (R. Rodriguez). cerebral ischemiaBlock, 1999. In addition, in most cases
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it is necessary to employ a variety of different tasks to ex- experiments. Animals were randomly assigned to three
amine the alterations that occur in rodents after an experi- different groups: experimental mice undergoing anesthesia
mental stroke. Today, no single measurement technique hasnd sectioning of the right common carotid artemyg60),
yet proven to be universally acceptable and most recently sham-operated mice undergoing anesthesia and full surgical
proposed protocolsHunter et al., 200Plack information procedures, except for artery ligation and sectionirgZ5)
regarding their capacity to detect pharmacological neuropro- and mice not subjected to anesthesia and surger?§).
tection.

Previous studies from this laboratory have shown that
sequential common carotid artery sectioning (SCAS)
produces a reproducible pattern of mortality, and significant

morphological and behavioral changes in migdriguez the second surgery and then every 6 h during the first 24 h;

et al., 2009. The present Stl.de des.cf'bes a com_prtlahensw.e thereafter, every 12 h up to the end of the experiment (72 h).
method to assess neurological deficits after brain ischemia

produced by SCAS, and the strategy used to quantify the

degree of functional incapacity in ischemic animals; strategy 2.4. Clinical examination

that has already been used to evaluate pharmacological

neuroprotectionRodriguez et al., 2003 The procedure used is an adaptation of that validated by
Irwin (1968). It involves an initial phase of undisturbed ob-
servation and a later manipulative phase during which each

2.3. Survival

Survival was scored continuously over the first 6 h after

2. Methods animal is subjected to a sequence of manipulations, first start-
ing with the least provoking stimulirfwin, 1968).
2.1. Animals Mice were individually tested in a dimly lit, quiet room.

They were removed from their home cages and placed

This study was performed in male CFW, aged 40-60 in the middle of a three-sided wall tabletop (wooden,
weeks mice, weighing 40-50 g at the beginning of the exper- 60 cmx 60 cmx 20 cm). Neurobehavioral examination, as
iments. Animals were obtained from our breeding facilities described below, was carried out just before applying anesthe-
and housed 3-5 per cage (same litter) in a temperature-sia for the second surgery, and at 24, 48 and 72 h thereafter.
controlled room (22-2°C, relative humidity 55 3%), The examiner had no knowledge of the procedure that the
with an automatically timed cycle of 12-h light:12-h dark mouse had undergone.
(lights on 08:00—-20:00). Food (Purina Chow, St. Louis, MO) Clinical examination was initiated after simultaneously
and water were available ad libitum. Mice were allowed placing on the tabletop the mouse to be evaluated and a
to acclimate to these environmental conditions for at least mouse, ink marked, with equivalent characteristics, but not
1 week prior to experimentation. Twelve hours before belonging to the three described groups (external control,
experiments, food was withheld but free access to water wasthat was substituted with another before each evaluation). As
maintained. Surgery and testing were performed betweennoted later, we registered along the 72 h period of observation
09:00 and 14:00 h during the light period. All experiments the presence of the following 11 alterations during the first
were carried out under the provisions of the Declaration phase of the procedure:
of Helsinki, and adhered to the National Health Ministry

guidelines for the use of laboratory animals. e Hypomobility Lower spontaneous mobility of the experi-
mental mouse as compared with that of the external control
2.2. Surgery when placed (30 s) on the top of the table. Scored 1, 2 or 3

interms of locomotion, and speed and vigor of movements.

Brain ischemia was produced as described previously ® Lateralized postureAbnormal body position character-
(Rodriguez et al., 20Q0 Briefly, light anesthesia was ized by persistent tendency to recline sideward.
induced with ether delivered through a facemask, and the® Flattened postureAbnormal body position characterized
left common carotid artery was exposed through a midline by slow movements and dragging the body along the table-
neck incision and separated from the associated vagus tOPp.
and sympathetic nerves. The artery was sectioned betweers Hunched backPersistent presence of a crouched posture.
ligatures and the incision was closed with surgical thread. ® Piloerection Persistent rise of the back hair.
After surgery, animals were kept in a recovery room for e Ataxic gait Tendency to sway, rock, or lurch to the side as
about 1 h under heat lamps to maintain body temperature. the animal proceeds forward.
Once animals regained complete consciousness, they were Circling. Spontaneous or forced (gently pushing with one
moved to the environmentally controlled room. Thirty-  finger) walking consistently to one side.
two days later, mice were clinically evaluated using the ® Tremors Presence of fine, repetitive, oscillatory move-
procedure described below. Mice showing any degree of ments observed during movement.
neurobehavioral deficit were excluded from the following ® Twitches Abrupt body jerks.
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e ConvulsionsRepetitive twitches followed by extension of
the hind limbs.

e Respiratory distresdPresence of increased, irregular, res-
piratory movements accompanied by breathing sounds.

The second phase of the procedure, which included a se-

quence of manipulations, detected the presence of 12 abnor-
[ ]

mal behavioral elements:

e Passivity Characterized by decreased behavioral response®

(struggle and escape) when the animals are covered with
the hand to restrain movement.
e Hyperreactivity Characterized by exaggerated behavioral

response (struggle and escape) when animals are covered

with the hand to restrain movement.

e Irritability . Characterized by aggressive posture and biting ®

behavior exhibited by the animals when covered with a
hand to restrain movement.

e Ptosis Closure or dropping of the upper eyelids.

e Urination. Excessive amount of urine on the animal’s body
and/or the tabletop.

e Decreased body ton€haracterized by relatively less re-

e Forelimb flexionFailure to extend one forepaw fully when

the animal is held by the tail to a height of 10 cm and slowly
lowered to observe symmetry in the outstretching of both
forelimbs while the mouse reached the wire-mesh.
Decreased muscle strengt@haracterized by decreased
resistance when the animal is placed on the grid and gently
drawn backwards by the tail.

Body rotation Rolling along the long axis of its body when
the animal is held by the tail.

Motor incoordination Characterized by decreased capac-
ity to move and remain for at least 10s on the inclined
plane (45C) and/or to grasp the cord (30 cm above the
tabletop) with limbs and tail, and to remain there for at
least 10s. Scored 1, 2 or 3 in terms of persistence, and
vigor and coordination of movements.

HypoalgesialLack of behavioral response when an arterial
claw is placed at 1 cm from the base of the animal’s tail.
Hyperalgesia Exaggerated behavioral response (dispro-
portional vocalization and biting) when an arterial claw is
placed at 1 cm from the base of the animal’s tail.

Except for hypomobility and motor incoordination, the

sistance to compression or flaccidity of the abdominal mus- occurrence of any of these alterations (phase 1 and 2) was
cles, determined by a gentle compression of the sides ofscored with 0 or 1 (0=not present, 1 =present). Using this
the animal between the lower thorax and pelvis using the strategy the neurological examination of each animal was

thumb and index finger.

performed in 3—4 min.
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Fig. 1. Frequency of neurobehavioral alterations detected along the 72 h period of observation in mice subjected to sequential carotid airgryT$ectio
clinical examination involved an initial phase of undisturbed observation and a later manipulative phase during which each animal was subgepiedde a
of manipulations, first starting with the least provoking stimuli. Animals were examined before and at 24, 48 and 72 h after the seconu-sbgetrihe

beginning of the experiment.
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2.5. Neurological disability status scale (NDSS) between total neurological scores at the different periods of
time, as compared to their respective data for sham-operated

Based on the results of the clinical examination, showing animals, were calculated by the Mann—Whitteyest. Anal-

that SCAS produces a wide spectrum of neurobehavioral al-ysis was done using GraphPad Prism Version 3.02 for Win-
terations, and due to the low frequency of some of them, we dows (GraphPad Software, San Diego, CA, USA).
decided to take into account only the 14 most frequent and
representative alterations induced by SCEIg (1) to depict
severity and progression of the neurological functional im- 3, Results
pairment after brain ischemia. As showrniliable 1, the neu-
rological disability status scale (NDSS) has 10 progressive 3.1. Frequency of neurobehavioral alterations produced
steps beyond 0 (normal), extending to status 10 (death duepy SCAS
to SCAS); therefore, the higher the number the greater is the
neurological dysfunction. Accordingly, the six major steps Except for ptosis (90%), none of the sham-operated an-
indicate: zero for normal (no neurological dysfunction, and imals showed neurobehavioral abnormalities, whereas in
two represents slight decrease in mobility and the presence ofthe surviving SCAS mice a large number of alterations
passivity. Category 4 represents moderate neurological dys-were detected throughout the observation period (2472 h).
function and includes additional alterations, such as moderaterig. 1 shows the relative frequency of neurobehavioral con-
hypomobility, flattened posture, lateralized posture, hunched sequences of SCAS. In addition, hypermobility, stereotypy,
back, ataxic gait, decreased body tone and muscular strengthincreased muscular tone, catatonia, diarrhea were noted in
and slight motor incoordination. Category 6 corresponds to some animals (<5%). Motor incoordination, lateralized pos-
more handicapped animals but still able to walk, with more tyre, hypomobility, decreased body tone, tremor, hunched
marked hypomobility, circling, tremor, jerks and/or convul- back, passivity, decreased muscle strength, forelimb flexion,
sions, forelimb flexion and moderate motor incoordination. flattened posture and ataxic gait were, in that order, the most
Category 8 corresponds to respiratory distress, and total in-consistent alterations produced by SCAS.
capacity to move/coordinate. Status 10 refers death due to
SCAS. In all cases, where criteria for the precise grade were ,
not met, the nearest appropriate number was utilized: 1, 3, 5,3'2' Mortality produced by SCAS

7 and 9.

2.6. Data analysis

No deaths were observed in control animals (ho anesthesia
no surgery) and, except for one case (1/25), no deaths were
observed in sham-operated mice. Therefore, sham-operated
animals demonstrated 96% survival throughout the study pe-

The survival curves were calculated by the Kaplan-Meier rjqq of 72 h. In the SCAS group, 10% of animals died within
method and compared using the log-rank test. Differencesig first 15 min after the second surgery, and the number of

Table 1
Neurological disability status scale

Degree of deficit

Neurobehavioral alterations

0
2

10

None
Hypomobility (slight)
Passivity

Hypomobility (moderate)
Flattened posture

Lateralized posture

Hunched back

Ataxic gait

Piloerection

Decreased body tone
Decreased muscular strength
Motor incoordination (slight)

Circling
Tremor/twitches/convulsions
Forelimb flexion

Motor incoordination (moderate)

Hypomobility (severe)

Motor incoordination (severe)
Respiratory distress

Death (due to SCAS)

deaths progressively increased to 18% at 60 min, 52% at 24 h,
62% at48 hand 64% at 72[Fig. 2A compares Kaplan—Meier
survival curves for sham-operated animals and for mice sub-
jected to SCAS. The 24, 48 and 72 h survival rates of SCAS-
mice were 48, 38 and 36%, respectively. The results of the
log—rank test indicated highly statistically significant differ-
ence between these two curves(0.0001).

3.3. Neurological impairment produced by SCAS

Fig. 2B shows the detailed neurological scoring of sham-
operated animals in comparison with mice subjected to
SCAS. The median NDSS scores for sham-operated animals,
mainly due to ptosis, were 1.36 (range, 0.6-2.1), 1.48 (range,
0.7-2.2) and 1.32 (range, 0.6—2.0) at 24, 48 and 72 h, respec-
tively. Differences among these three values were not statis-
tically significant > 0.05). The median neurological scores
of SCAS-mice: 6.1 (range, 4.9-7.3), 6.8 (range, 5.7—-7.9) and
7.4 (range, 6.3-8.4), at 24, 48 and 72 h, respectively, were
considerably higheip(< 0.0001) than those of sham-operated
mice. The increasing tendency of these values did not reach
statistical significancep(> 0.05).
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Fig. 2. Survival curves (panel A) and neurological scores (panel B) in sham-operated cdjraigl(mice subjected to SCAS)). In panel A, deaths were

scored continuously over the first 6 h after the second surgery and then every 6 h during the first 24 h. Thereafter, every 12 h up to the end of thé€/@dperiment

The abscissa represents time after surgery, the ordinate, percent survival. The survival curves were calculated by the Kaplan—Meier metlavddodiogmp
log-rank testf§< 0.0001). In panel B, the degree of neurological dysfunction was rated on six mayor progressive steps: 0 represents no neurological dysfunction:
2 indicates minimal disability; 4 represents moderate dysfunction; 6 represents more handicapped animals; 8 refers severe disabilitys tieatididaésto

SCAS. Animals were scored at 24, 48 and 72 h post-surgery. The abscissa represents time after surgery, the ordinate, grade of neurologinalmipsiinctio
panels, the indicated values are for 25 animals in the sham-operated control group and 50 animals in the SCAS group at the beginning of the éxperiment. T
Mann-WhitneyU-test was used to compare between gropssd.0001).

4. Discussion back, forelimb flexion and ataxic gait. The total neurological
scores showed no evidence of recovery from these deficits.
The procedure herein reported was developed to compre-On the contrary, data indicate some worsening over time
hensively assess the functional state of each mouse beforép>0.05), and the need to extend the period of observation
(baseline) and after severe forebrain ischemia. For its de-beyond 72 h. It is remarkable that except for ptosis, due to
velopment, we considered: (1) that SCAS in mice typically theinvasive surgical procedure involving surrounding nerves,
results in severe tissue damage over a large proportion ofwhich occurred in both sham and SCAS operations, the sur-
the brain Rodriguez et al., 2000 a consistent pattern of  gical procedure did not induce significant neurobehavioral
mortality, and a wide variety of measurable neurobehavioral changes in sham-operated animals.
alterations, (2) the need for a full clinical characterization of Earlier studies in animal models of global ischemia have
ischemic animals, (3) the recognition that the effectiveness relied on histological evaluation and placed little emphasis on
of pharmacological manipulations can be determined only functional outcome measures. In rats and gerbils, using dif-
if severity of neurobehavioral deficits can be identified and ferent tasks, global ischemia is reported to alter spontaneous
quantified accurately at two or more points in time to pro- locomotor activity Chandler etal., 1985; Gerhardtand Boast,
vide a reliable indication of the results of pharmacological 1988; Wang and Corbett, 1990esponsivenesss{nsberg
interventions and (4) the need for therapeutically relevant and Busto, 1989 body position, righting reflexGinsberg
measures of neuroprotection. and Busto, 1989; Pulsinelliand Brierly, 1979; Bederson etal.,
Our strategy to evaluate functional deficits after brain is- 1986, visual paw placemenghallert et al., 200Qbalance
chemia has three complementary parts: (a) identification of on a rotarodCombs and D’Alecy, 1987; Gionetetal., 1991
neurobehavioral alterations produced by SCAS, (b) selectionlearning and memoryNunn and Hodges, 1994; Block, 1999
of the most frequent and relevant neurobehavioral alterationsand to produce convulsionBlpmqvist et al., 1984; Tsuchiya
produced by SCAS and (c) the use of a general neurologicalet al., 2003. In addition, various neurological scoring sys-
disability status scale. tems and scales have been employed to measure the sever-
In this study, with the use of a single procedure, we ity of the neurological deficit Nunn and Hodges, 1994;
detected a wide range of neurobehavioral alterations afterCorbett and Nurse, 1998; Block, 1999; DeVries et al., 2001
SCAS. The ischemic syndrome consists of 10 well-defined However, to date, no single measurement technique has yet
and consistent alterations: motor incoordination, abnormal proven to be universally acceptable and much of what is done
body position (lateralized and flattened), hypomobility, de- in the laboratory is based on the use of a number of differ-
creased body tone and muscular strength, tremor, hunchednt paradigms for assessing the effects of global ischemia
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and possible treatments. A further point is that there are no Chandler MJ, DeLeo J, Carney JM. An unanesthetized gerbil model of
studies describing the effects of global ischemia in mice, and  cerebral ischemia-induced behavioural changes. J Pharmacol Meth
that only few authors have attempted to describe the com- _ 1985:14:137-46. . .
lete f ti | file of ch ft lobal ischemia i Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, et al. Therapeutic benefit of
plete tunc IOha profiie of changes aiter glo a ISchemia in intravenous administration of bone marrow stromal cells after cerebral
rats (Capdeville et al., 1986In contrast, a detailed charac- ichemia in rats. Stroke 2001;32:1005-11.
terization of sensorimotor deficits in mice and rats after focal Combs DJ, D'Alecy LG. Motor performance in rats exposed to se-
ischemia has been reportdrdt(nter et al., 2000; Chen et al., vere forebrain ischemia: effect of fasting and 1,3-butanediol. Stroke
2009. 1987;18:503-11.
]) . . - . . . Corbett D, Nurse S. The problem of assessing effective neuroprotec-
_The neyrologlcal' dlsat?lllty status gcale described in this tion in experimental cerebral ischemia. Prog Neurobiol 1998;54:531—
article delineates six major progressive steps or grades of 4g.
overall dysfunction that can be attributed to brain ischemia. de Keyser J, Sulter G, Luiten PG. Clinical trials with neuroprotective
This scale is on a 0-10 basis, inasmuch as these represent the agents ir_1 acute ischemic stroke: are we doing the right thing? Trends
sum of the neurO|Ogical impairments, it permits an equwa_ De\’/\:'?eusroAs((.:‘,I %\lgeglz(’)izs\?s;;(;stman RJ, Hurn PD. Cognitive and behav
lent gradg for Whi.it IS hoped to be an equwalem amount _Of ioral assessment in experimental stroke research: will it prove useful?
the functional brain damage, regardl_ess_ of the structures in-  Neurosci Biobehav Rev 2001:25:325-42.
volved. The scale allows for a quantitative measurement of Gavrilescu T, Kase CS. Clinical stroke syndromes: clinical-anatomical
the degree of neurological deficit after brain ischemia and,  correlations. Cerebrovasc Brain Metab Rev 1995;7:218-39.
at the same time. allows for periodic comparisons within or Gerhardt SC, Boast CA. Motor activity changes following cerebral is-
T . . chemia in gerbils and correlated with the degree of neuronal degen-
among QrOUpS of ammals' The relatlvely hlgh I(_avel of neu- eration in hippocampus. Behav Neurosci 1988;102:301-3.
robehavioral dysfunction and the remarkable difference be- ginsberg MD, Busto R. Rodent models of cerebral ischemia. Stroke
tween sham-operated and SCAS animals, demonstrated in 1989;20:1627-42.
this study, offers the possiblity to test treatment effects and to Gionet TX, Thomas JD, Warner DS, Goodlett CR, Wassermann EA, West
monitor progress of deficits over time in groups of animals. isc'i;‘;?tx;;]”i:is‘:h;crzz 'gidi”n‘?le”s Si??ac:ges?r?i:\/ggll!?ZpigTOen;s as-
OW strategy to p_rOduce .brain iSCh_emia and to evaluate Green AR, Odergrsrl[\) T, Asrawoojd ¥ Animeltl models of s’tro.ke: do they
functional outcome is technically feasible and produces re-  have value for discovering neuroprotective agents? Trends Pharmacol
liable results. However, it has some weaknesses and disad- Sci 2003;24:402-8.
vantages: it is not specific enough to register small changesHalliwell B _Protection ggainst tis_sue damage in_vivo_ by desferrioxamine:
in individuals; it is laborious, time consuming, requires large what is its mechanism of action? Free Radic Biol Med 1989;7:645—
sample sizes, consistent e.Xper!memal COﬂC?ItIOI’]S, a”‘,j time toHossmann K-A. What can we learn from experimental ischemia research?
train a person to properly identify normal mice behavior and  cerebrovasc Dis 1997:7:315-7.
neurobehavioral alterations. Its major advantage would be itsSHunter AJ, Hatcher J, Virley D, Nelson P, Irwing E, Hadingham SJ, et
capacity to discriminate relevant neuroprotectiBodriguez al. Functional assessment in mice and rats after focal stroke. Neu-
etal., 2003 ropharmacology 2000;39:806-16.
B L . . Irwin S. Comprehensive observational assessment: la. A systematic,
. In conclusion, this study confirms th"flt SCAS, produce_s a guantitative procedure for assessing the behavioral and physi-
wide range of measurable neurobehavioral deficits in mice.  gjogic state of the mouse. Psychopharmacologia 1968;13:222—
Our evaluation is centered on the motor function, butitalso  57.
includes evaluation of other brain functions. The developed Mohamed AA, Gotoh O, Graham DI, Osborne KA, McCulloch J, Mende-
scale allows for an appropriate quantitative measure of neu- low AD et al. Effect of pretreatment with the calcium antagonls't ni-
robehavioral dvsfunction after brain ischemia. We think that modipine on local cerebral blood flow and histopathology after middle
. y . : i . cerebral artery occlusion. Ann Neurol 1985;18:705-11.
this procedure can be essential for neuroprotection studie€Syunn J, Hodges H. Cognitive deficits induced by global cerebral is-
allowing to monitor progress of deficits over time in groups chaemia: relationship to brain damage and reversal by transplants.

of animals. Behav Brain Res 1994,65:1-31.

Park CK, Nehls DG, Graham DI, Teasdale GM, McCulloch J. The glu-
tamate antagonist MK-801 reduces the focal ischemic damage in the
rat. Ann Neurol 1988;24:543-51.

Patel M, Coshall C, Rudd AG, Wolfe CD. Natural history of cognitive
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Effect of Ascorbic Acid, Dihydrolipoic Acid,
t-Butylhydroquinone, and Phenylbutylnitrone on Mortality
and Neurological Impairment Induced by Sequential
Common Carotid Artery Sectioning in Mice
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ABSTRACT  The efficacy of four antioxidant agents to reduce neurological deficits and mortality

produced by sequential common carotid artery sectioning (SCAS) in mice was evaluated. Ascorbic acid
(AA, 500 mg/kg), dihydrolipoic acid (DHLA, 100 mg/kg), tert-butylhydroquinone (-BHQ, 100 mg/kg) or
phenylbutylnitrone (PBN, 100 mg/kg) were injected ip 15 min after the second artery sectioning. Animals
were evaluated at 24, 48, and 72 h after antioxidant or saline injection using two procedures: neurological
examination and spontaneous motility. Based on neurological examination, a disability status scale was
used to determine the degree of functional incapacity after brain ischemia for each animal. The scale
comprised 10 progressive steps beyond 0 (normal) extending to status 10 (death due to SCAS). In this scale,
the highest scores reflect greater neurological dysfunction. AA and DHLA but neither +BHQ nor PBN
decreased mortality and reduced neurobehavioral deficits caused by SCAS in mice. The observed 24-, 48-,
and 72-h survival rates for AA were 86, 71, and 48% and for DHLA were 75, 65, and 65%, representing a
significant prolongation of lifespan as compared with vehicle-treated animals (60, 35, 35%). The 24-, 48-,
and 72-h neurological scores for AA of 5.2, 6.2, and 7.5 and for DHLA of 4.6, 5.3, and 5.8 as compared
with the scores observed for the saline-treated control group (7.6, 8.6, and 8.6) indicate that administration
of these antioxidants is beneficial for the neurological output of surviving animals. These antioxidants may
have important neuroprotective properties, and indicate that a clinical trial, mainly of DHLA, in stroke
patients should be considered. Drug Dev. Res. 63:212-218, 2004.  © 2004 Wiley-Liss, Inc.
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There is considerable evidence that brain ische-
mia and reperfusion are associated with an excessive
formation of nitrogen and oxygen free radicals,
including superoxide anion (O'~), hydroxyl ((OH),
and nitric oxide (-NO) [Hall, 1997; Lipton, 1999],
which presumably play a central role in neuronal
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injury. The excessive formation of free radicals
increases lipid peroxidation in cell membranes, and
oxidative damage to DNA and proteins [Chan, 1996].
In support of a major role of reactive oxygen and
nitrogen species in ischemia/reperfusion injury is the
demonstration that a large number of antioxidants, with
different chemical structures and mechanisms of
action, are able to reduce lesion volume in models of
focal and/or global cerebral ischemia [Hall, 1997].
However, none of these compounds, or other putative
neuroprotective agents, has proven to be effective in
humans with acute ischemic stroke [Corbett and
Nurse, 1998; de Keyser et al, 1999; Green et al,
2003].

There are many reasons for this lack of correla-
tion between preclinical and clinical studies [Wiebers
et al., 1990; de Keyser et al., 1999; Dirnagl et al.,
1999], among them the understandable limitations of
animal models as related to the complexity of human
stroke. For instance, major differences exist in the
assessment of efficacy in animal experiments measuring
histopathological parameters as compared with clinical
trials in which the endpoints are mortality and
functional status of stroke patients. Therefore, it has
been questioned whether reduction in infarct volume
in animal experiments is a relevant target for the
development of stroke therapy [Corbett and Nurse,
1998].

Because brain injury after stroke in humans is
commonly associated with impaired sensorimotor
ability, reduced cognitive function, emotional changes,
and clinical outcome, it is almost invariably determined
through functional parameters, mainly motor ability
assessment [Green et al., 2003]. Many laboratories
have focused their research in evaluating cognitive and
behavioral correlates of histologically determined
stroke damage in animal models. It is now considered
that assessment of functional status before and after
brain ischemia is an alternative strategy to assess
potential neuroprotective properties of compounds
that are candidates for clinical trials in stroke patients
[Rodriguez et al., 2003a].

We reported recently that in mice with previous
left common carotid artery sectioning, the addition of
right carotid sectioning, 32 days later, elicits a wide
range of neurobehavioral alterations, extensive brain
damage (cerebral cortex, striatum, and hippocampus),
and a high mortality rate [Rodriguez et al., 2000]. We
have also described a procedure to identify the
neurobehavioral alterations that occur in mice after
brain ischemia induced by sequential common carotid
artery sectioning (SCAS) in mice, and a strategy to
quantify the functional status of ischemic animals and
to evaluate neuroprotection [Rodriguez et al., 2003a,b].
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In view of the evidence implicating oxidative
stress in brain damage by ischemia and reperfusion,
and the incomplete information on the neuroprotective
properties of antioxidants, in this study we tested the
capacity of ascorbic acid (AA), dihydrolipoic acid
(DHLA), tert-butylhydroquinone (t-BHQ) and o-phe-
nyl-N-tert-butylnitrone (PBN) to decrease mortality
and neurobehavioral deficits induced by SCAS.

MATERIALS AND METHODS
Animals

Studies were carried out in male CFW, aged (40—
60 weeks old) mice, weighing 38-57 g at the beginning
of the experiments, obtained from our breeding
facilities. Animals were housed three to five per cage
(same litter) in a temperature-controlled room
(22+2°C, relative humidity 55+3%) with an auto-
matically timed cycle of 12-h light/dark (lights on
08:00-20:00). Food (Purina Chow, St. Louis, MO) and
water were available ad libitum. Mice were allowed to
acclimate to the environmental conditions for at least 1
week prior to experimentation. Twelve hours before
experiments, food was withheld and free access to
water was maintained. Surgery and experiments were
performed between 09:00 and 14:00 h. All experiments
were carried out in accordance with the Declaration of
Helsinki, and adhered to the National Health Ministry
of Mexico guidelines for the use of laboratory animals.

Procedures

Brain ischemia was produced as described
previously [Rodriguez et al, 2000]. Briefly, light
anesthesia was induced with ether delivered by
facemask and the left common carotid artery was
exposed through a midline neck incision and dissected
free from surrounding nerves and fascia. The artery
was sectioned between ligatures and the incision was
closed with surgical thread. After surgery animals, were
kept in a recovery room for about 1 h under heat lamps
to maintain body temperature. Once animals regained
complete consciousness, they were moved to the
environmentally controlled room. Animal weight was
monitored daily. Thirty-two days later, mice were
clinically evaluated using the procedure described
below. Mice showing any degree of neurological deficit
were excluded from the following experiments. Groups
of 22-23 animals were randomly assigned into one of
the different experimental groups prior to the induc-
tion of anesthesia and sectioning of the right common
carotid artery, and numbered (dye marking). Four
groups of animals were studied: mice not submitted
to anesthesia and surgery, sham-operated, SCAS
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with vehicle treatment, and SCAS with antioxidant
treatment.

Mortality

Deaths were scored continuously over the first 6
h after the second surgery and then every 6 h during
the first 24 h. Thereafter, deaths were scored every 12 h
up to the end of the experiment (72 h). The number of
deaths and the time of death were used to calculate
survival curves.

Neurobehavioral Testing

We used two procedures to quantify the neuro-
behavioral alterations produced by SCAS: neurological
examination and spontaneous motility. Testing was
performed immediately before (baseline) and 24, 48,
and 72 h after the right carotid artery occlusion. At any
given day, the sequence of testing was spontaneous
motility and neurological evaluation. All experiments
were carried out at room temperature. In each assay,
animals were run in a randomized order.

Neurological Examination and the Neurological
Disability Status Scale (NDSS)

The procedure used in this study for the
neurological assessment of mice has been previously
described [Rodriguez et al., 2003a,b], and is essentially
an adaptation of the one validated by Irwin [1968].
Briefly, the neurological examination consisted of an
initial phase of undisturbed observation and a later
manipulative phase during which each animal is
submitted to a sequence of maneuvers, starting with
the least disturbing. Observations and manipulations
were specifically directed to identify the presence or
absence of the more characteristic and consistent
elements of the ischemic syndrome induced by SCAS:
hypomotility, passivity, abnormal posture, hunched
back, ataxic gait, tremor/twitches/convulsions, respira-
tory distress, circling, decreased body tone, muscle
weakness, front limb paralysis, and motor incoordina-
tion. Except for two parameters, the occurrence of any
of these alterations was scored with a 0 or 1 (O=not
present, lzpresent). Spontaneous motility and motor
coordination were graded in terms of their affected
level on a scale of 0-3 (O=normal, 1=slightly decreased,
2=markedly decreased, 3=total incapacity to move).
The same observer, without prior knowledge of the
respective treatments, conducted all neurological
assessments.

The details of the scale used to determine the
degree of functional incapacity after brain ischemia
were published elsewhere [Rodriguez et al., 2003a].
Briefly, the NDSS comprises 10 progressive steps
beyond 0 (normal), extending to status 10 (death due to
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SCAS). Therefore, the higher the number, the greater
is the neurological dysfunction. Accordingly, the six
major steps indicate 0 for normal (no neurological
dysfunction) and 2 for slight decrease in mobility and
the presence of passivity. Category 4 represents
moderate neurological dysfunction and includes find-
ings such as flattened/lateralized posture, hunchback,
ataxic gait, tremors, decreased body tone, muscle
weakness, and slight motor incoordination. Category
6 represents animals more handicapped but still able to
walk, with findings such as marked hypomotility,
circling, jerks or convulsions, forelimb flexion, and
marked motor incoordination. Category 8 indicates
total incapacity to move and respiratory distress. Status
10 corresponds to death due to SCAS.

Spontaneous Motility

The spontaneous motility of animals in a novel
environment (mice were naive to the locomotor
chamber) was measured with an Opto-Varimex animal
activity meter (Columbus Instruments, Columbus,
OH), which monitored only the horizontal (locomo-
tion) movements of animals. The individual compart-
ments (43.2 x 44.4 x 20 cm, clear plastic sidewalls and
cover) were equipped with 15 infrared light beams on
each axis (beam spacing, 2.65 cm; beam diameter, 0.32
cm). External timer-controlled counters recorded the
number of counts representing all light beam inter-
ruptions of any of the sensors. Mice were individually
tested in a dimly lit, quiet room. They were removed
from their home cages and placed in the middle of an
activity monitor, and the data-collecting system was
immediately activated. Testing was done immediately
before (baseline) and at 24, 48, and 72 h after the
second surgery. Motility scores are the number of beam
interruptions per 1-min test session.

Pharmacology Testing

Mice were injected ip with AA (500 mg/kg),
DHLA (100mgke), +-BHQ (100mg/kg), or PBN
(100 mg/kg) 15 min after the second arterial section;
control groups received saline. Deaths were scored at
the indicated times, and survivors were evaluated as
described above. Doses of antioxidants were those
reported to limit infarct size after experimental
cerebral ischemia [Prehn et al., 1992; Stamford et al.,
1999; Yang et al., 2000].

Compounds

All compounds were obtained from Sigma, St.
Louis, MO, and prepared fresh before use in 0.9%
saline; doses are expressed in terms of the salts.
Compounds were given ip in a volume of 0.1 mL/10 g

body weight.
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Data Analysis

The survival curves were calculated by the Kaplan-
Meier method and compared using the log-rank test-
tailed. Neurological scores for the different treatment
groups at the various times were compared to the
saline-treated group by the Kruskal-Wallis analysis of
variance (nonparametric ANOVA). After a significant
ANOVA, Dunn’s test was used to compare all treated
groups with the saline control. Locomotion and body
weight data were analyzed by one-way ANOVA. After
significant ANOVA, Dunnett’s test was used to compare
treatment groups with the saline control. In all cases, a
probability value less than 0.05 indicated statistical
significance. Analyses were done using GraphPad
Prism version 3.02 for Windows (GraphPad Software,
San Diego, CA).

RESULTS
Effects on Mortality

No deaths were observed in control animals (no
anesthesia, no surgery), and only one death was
observed in sham-operated mice (1/14). Some
deaths were observed immediately after right carotid
sectioning, and mortality among groups ranged from
4.8 to 26% (average, 12.4%) within the first 15 min
after second surgery, before antioxidant or saline
administration. These deaths were not taken into
account for the analyses. Figure 1 shows the Kaplan-
Meier survival curves for sham-operated, saline-
treated, and drug-treated animals. Sham-operated
animals showed a 93% survival rate throughout the
study period of 72 h. The overall 24-, 48-, and 72-h
survival rates of saline-treated animals were 60%, 35%,
and 35%.

The administration of AA and DHLA clearly
reduced the number of deaths of animals submitted to
SCAS (Fig. 1). The log-rank test indicated that the
survival curve is significantly different for AA-treated
animals at 24 and 48 h. In the case of DHLA, the
increase in survival did not reach statistical significance
(P=0.05). t-BHQ and PBN did not protect animals
against death.

Effects on Neurobehavioral Alterations

None of the sham-operated animals showed
detectable neurobehavioral abnormalities, whereas in
the surviving saline-treated animals, a consistent
pattern of neurological alterations was observed.
Figure 2 shows the detailed neurological scoring of
antioxidant-treated animals in comparison with sham-
operated and saline-treated groups. Treatment with AA
and DHLA consistently decreased total neurological
scores. At 24 and 48 h, the scores obtained with AA and
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Fig. 1. Effect of antioxidants on the mortality induced by sequential

carotid artery sectioning in mice. Each panel shows survival curves for
sham-operated (<), saline-treated (O), and drug-treated (®) animals.
Ascorbic acid (500 mg/kg), dihydrolipoic acid (100 mg/kg), t-butylhy-
droquinone (100 mg/kg), phenylbutylnitrone (100 mg/kg), or saline
were given ip 15 min after the second surgery. Deaths were scored
continuously over a period of 6 h and thereafter every 12 h up to 3
days. Data are derived from a variable number of animals (n=14-21) at
the beginning of the experiment, as indicated for each curve. The
abscissae represent time after antioxidant administration; the ordinates
percent survival. The survival curves were calculated by the Kaplan-
Meier method and compared using the log-rank test. Asterisks denote
differences from the saline-treated group (P<0.05).

DHLA were significantly lower that those of the saline-
treated animals. For DHLA, the difference at 72 h was
only marginally significant. Neither t-BHQ nor PBN
administration decreased neurological scores.

Motility gradually decreased in sham-operated
mice with repeated testing, but reductions were
significantly different at 72 h when compared with
the control baseline (Fig. 3). Except at one point (48 h),
motility of saline-treated animals was significantly
lower than that observed in sham-operated mice.
Motility of mice treated with DHLA was consistently
higher than that recorded with the saline-treated
group, but significant difference was validated only at
48 h. There were no differences in motility among
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Fig. 2. Effect of antioxidants on the neurological dysfunction

induced by sequential carotid artery sectioning in mice. Each panel
shows the median neurological scores for sham-operated (<), saline-
treated (O), and antioxidant-treated (®) animals. Ascorbic acid
(500mg/kg), dihydrolipoic acid (100 mg/kg), t-butylhydroquinone
(100mg/kg), or phenylbutylnitrone (100 mg/kg) or saline were given
ip 15 min after the second surgery. The degree of neurological
impairment was rated on six major progressive steps: O represents no
neurological dysfunction; 2 indicates minimal disability; 4 represents
moderate dysfunction; category 6 represents more handicapped
animals; category 8 refers severe disability; and status 10 indicates
death. The abscissae represent time after antioxidant administration;
the ordinates represent the grade of neurological dysfunction. Symbols
correspond to medians of neurological scores for 14-21 animals, as
indicated for each curve. Asterisks denote significant reduction
(P<0.05) in Neurological Disability Status Scale (NDSS) score as
compared with the saline-treated animals (Kruskal-Wallis followed by
Dunn’s test).

animals receiving AA, t-BHQ, or PBN and those
injected with saline.

All operated animals lost body weight. Sham-
operated mice lost almost 1.7 g, on average, as
compared to their preoperative weight. In contrast,
vehicle-treated mice subjected to SCAS lost a sig-
nificant proportion of their body weight. The mean
difference between presurgical body weight and
weights at 24, 48, and 72 h after the second surgery
was 54+1.1, 6.5+1.3, and 8.5+1.6 g, respectively.
None of the test compounds influenced the loss of

body weight produced by SCAS.
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Fig. 3. Effect of antioxidants on the hypomotility induced by

sequential carotid artery sectioning in mice. The criss-cross bar
represents the mean of baseline counts. Each group of three bars
represents motility at 24 (empty), 48 (speckled), and 72 (diagonal) h
after the second carotid artery sectioning. Ascorbic acid (AA) (500 mg/
kg), dihydrolipoic acid (DHLA) (100 mg/kg), t-butylhydroquinone (t-
BHQ) (100 mg/kg), or phenylbutylnitrone (PBN) (100 mg/kg) or saline
were given ip 15 min after the acute ischemic event. Spontaneous
motility was measured for a 1-min period and each bar represents the
mean of a variable number of animals (n=14-21) at the beginning of
the experiment. Vertical lines indicate standard errors. *P<0.05,
compared to the corresponding bar of saline-treated animals (analysis
of variance followed by Dunnett’s test).

DISCUSSION

In animal models of global and focal ischemia,
neuroprotection is commonly assessed by histological
measures (e.g., cell loss or infarct volumes). The
limitations of a purely histological approach in asses-
sing neuroprotection are clearly illustrated by the fact
that a large number and variety of compounds have
proven highly effective in reducing cell loss and infarct
volume in experimental animals [Read et al., 1999;
Green et al., 2003], but all have failed in human trials
of acute ischemic stroke [Corbett and Nurse, 1998; de
Keyser et al., 1999; Green et al., 2003].

As previously mentioned, many studies have
demonstrated the efficacy of different antioxidants,
including AA [Stamford et al., 1999; Henry and
Chandy, 1998], DHLA [Prehn et al., 1992; Panigrahi
et al., 1996; Cao and Phillis, 1995, Wolz and
Krieglstein, 1996] and PBN [Phillis and Clough-Helf-
man, 1990; Cao and Phillis, 1994; Yang et al., 2000; Li
et al., 2001], to reduce ischemic brain damage in
models of global/forebrain ischemia in gerbils, as well
as in models of both permanent and transient of focal
ischemia in rats and mice. However, few studies have
examined the effect of these antioxidants on mortality
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[Floyd, 1990; Panigrahi et al., 1996; Li et al., 2001] and/
or functional outcome after ischemia [Cao and Phillis,
1995; Woltz and Krieglstein, 1996; Yang et al., 2000],
and these have used only one measure of functional
deficit (e.g., locomotor activity) to evaluate antioxidant
neuroprotection.

In this study, we found that AA and DHLA, but
not --BHQ nor PBN, decreased mortality and neuro-
behavioral deficits caused by SCAS in mice. DHLA
also reversed hypolocomotion. These effects represent
a remarkable property of AA and DHLA because other
putative neuroprotective agents, such as deferoxamine,
dizocilpine, and nimodipine, have failed to reduce
mortality and/or consistently diminish neurological
deficits that occur after SCAS [Rodriguez et al.,
2003a]. The findings with AA and DHLA are
compatible with previous data showing that both
antioxidants ameliorate brain ischemic damage. DHLA
has also been reported to markedly reduce mortality
induced by bilateral carotid artery occlusion and
hypotension in rats [Panigrahi et al., 1996].

The pharmacological mechanisms responsible for
the neuroprotective effects of AA and DHLA against
mortality and neurological deficits produced by SCAS
have not been clarified in this study, although they may
be attributed to their antioxidant activity, as has been
the case for their ability to limit infarct size in ischemic
animals. AA is a potent scavenger that quenches free
radicals by donating two electrons and then becoming
oxidized itself to dehydroascorbic acid [Rice, 2000]; it
also participates in the recycling of other antioxidants
such as vitamin E, which stops peroxidation of cell
membranes. It should be noted that AA does not cross
the normal blood-brain barrier; thus, the neuroprotec-
tion evident in this study may be explained by entry
into the brain via a compromised blood-brain barrier
[Preston et al., 1993]. DHLA is a thiol antioxidant that
crosses the blood-brain barrier. Four antioxidant
properties have been demonstrated for this drug: metal
chelating capacity [Scott et al., 1994]; reactive oxygen
species (ROS) scavenging [Kagan et al, 1992];
regeneration of endogenous antioxidants, including
glutathione and vitamins E and C [Packer et al,
1995]; and repair of oxidative damage [Biewenga et al.,
1997]. In addition, it modulates transcription factor
activities, especially that of NF-kB [Packer et al., 1997].

The negative results with PBN contrast with
previous studies indicating that this antioxidant reduces
infarct volume in rats and gerbils subjected to both
focal and global ischemia [Cao and Phillis, 1994]. PBN
is also a potent free radical scavenger. It reacts with
oxygen- and carbon-based free radicals to form stable
adducts [Yang et al., 2000; Kotake, 1999]. There are
several possible explanations for the discrepancy
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between our findings with PBN and those reported
by other authors. First, and most important, are
methodological issues concerning the experimental
model and the criteria used to measure the effects of
brain ischemia and the degree of neuroprotection.
SCAS is essentially a model of global ischemia with one
important difference. In most models of forebrain
ischemia, occlusion of the carotid arteries is only
transient, and both the onset of ischemia and its
subsequent reversal are abrupt [Ginsberg and Busto,
1989]. In our model, sectioning the right common
carotid artery in animals subjected to significant
reduction of blood supply by previous left common
carotid artery sectioning produces acute forebrain
ischemia. We postulated that this model might be
relevant to stroke in humans, since it implies provoking
an acute ischemic insult in animals already submitted
to chronic hypoperfusion, as occurs in humans, and
uses neurological and survival endpoints, instead of
infarct volume, to determine the effects of brain
ischemia and the degree of neuroprotection. Another
important consideration is that previous studies with
PBN were conducted in healthy, young to middle-aged
animals. Differences in susceptibility to brain ischemia
between young and aged animals have been clearly
established [Yager et al., 1996; Fuentes-Vargas et al.,
2002]. It is quite possible that treatments found
effective in young animals may not necessarily be so
in aged animals.

The failure of -BHQ and PBN in our experi-
mental model of brain ischemia pinpoints the possibi-
lity that the efficacy of AA and DHLA is related to their
capacity to interrupt at different points of the oxidative
stress mechanisms in brain ischemia. Clearly, a variety
of additional processes may exist to explain the
neuroprotective properties of these antioxidants [Clem-
ens, 2000; McCarty, 2001], although the present results
give no clue as to the nature of such mechanisms.

Finally, this work confirms that SCAS leads to a
consistent pattern of measurable functional impair-
ments in mice, and that our procedure to determine
the severity of functional deficits is a valuable tool in
the search for possible neuroprotective effects of
pharmacological interventions.

In summary, administration of AA and DHLA
increases survival and decreases neurological altera-
tions in mice subjected to SCAS. These findings
strongly support the idea that these drugs, mainly
DHLA, could have potentially useful neuroprotective
activity in stroke patients. Our strategy to evaluate
neuroprotective efficacy is sufficiently sensitive to
detect differences among members of the same group
of drugs. These results confirm the validity and
usefulness of our experimental stroke model.
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ABSTRACT We evaluated the efficacy of the iron chelator, dexrazoxane, to reduce the neurological
alterations and mortality produced by sequential common carotid artery sectioning (SCAS) in mice.
Deferoxamine (32 and 128 mg/kg), dexrazoxane (32 and 128 mg/kg), dizolcipine (0.8 and 3.2 mg/kg), or
nimodipine (0.4 and 1.6 mg/kg) were injected ip 15 min after the second artery sectioning. Animals were
evaluated at 24, 48, and 72 h after compound or vehicle injection using three procedures: neurological
examination, spontaneous locomotor activity, and motor coordination. Based on neurological evaluation,
we designed and used a disability status scale (NDSS) to determine the degree of functional incapacity
after brain ischemia for each animal. The scale comprises 10 progressive grades or steps beyond
0 (normal), extending to status 10 (death due to SCAS). In this scale, the higher the number, the greater is
the neurological dysfunction. For the vehicle-treated animals, the survival rate ranged from 41 to 30% and
the neurological scores ranged from 6.6 to 7.8 between 24 and 72 h after the second surgery. The survival
rate was significantly increased with low and high doses of dexrazoxane (ranges, 57-52% and 66-60%,
respectively). Total neurological scores with 32 and 128 mg/kg of dexrazoxane (ranges, 4.5-5.4 and
3.3-4.0, respectively) were significantly lower (P<0.05) than its corresponding solvent. Dexrazoxane
administration also avoided hypolocomotion and motor incoordination produced by SCAS. None of three
known putative neuroprotective agents tested in this study reduced the mortality and/or consistently
diminished neurological deficits. We conclude that dexrazoxane has very important neuroprotective
properties and that our scale is useful to quantify the degree of neurological impairment after brain
ischemia. Drug Dev. Res. 60:294-302, 2003.  © 2003. Wiley Liss, Inc.

Key words: brain ischemia; mice; stroke; dizolcipine; dexrazoxane; deferoxamine; nimodipine

INTRODUCTION

Animal experiments have shown the existence of - -
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having been proven effective in traditional models of \yijey.com) DOI: 10.1002/ddr.10330
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cerebral ischemia, none of these compounds has
demonstrated unequivocal efficacy when administered
after stroke in humans [De Keyser et al., 1999].
Therefore, the value of such models of brain ischemia
in the discovery and development of neuroprotective
agents has been severely questioned [Wiebers et al.,
1990; Hunter et al., 1995; De Keyser et al., 1999], and
substantial efforts are being made to develop models
and strategies to detect clinically effective compounds.

We reported recently that in mice with previous
left common carotid artery sectioning, the addition of
right carotid sectioning, 32 days later, elicits profound
neurological alterations, brain damage, and a high
mortality rate [Rodriguez et al, 2000a]. This new
model of experimental ischemic stroke is essentially a
model of global ischemia with one important differ-
ence. In most models of forebrain ischemia, occlusion
of the carotid arteries is only transient, and both the
onset of ischemia and its subsequent reversal are
abrupt [Ginberg and Busto, 1989]. In our model, acute
forebrain ischemia is produced by sectioning the right
common carotid artery (CCA) in animals subjected to a
significant reduction of blood supply by previous left
CCA sectioning. We postulated that this model of
global ischemia might be relevant to stroke in humans.
It incorporates the idea of provoking an acute ischemic
insult in animals subjected to chronic hypoperfusion
(comorbid condition) and uses neurological and
survival endpoints to determine the effects of brain
ischemia and the degree of neuroprotection.

Using the sequential common carotid artery
sectioning (SCAS), we found that dexrazoxane, a
powerful iron chelator, substantially reduces the
cumulated mortality rate in mice subjected to severe
forebrain ischemia [Rodriguez et al., 2000b]. We also
observed that dexrazoxane reduces the number of
animals with severe neurological dysfunction. In view
of the large individual variations, and the wide range of
neurobehavioral changes induced by SCAS, we did not
attempt to categorize and quantify these alterations;
only their incidence was recorded. We considered it
pertinent to develop strategies, standards, and criteria
to identify functional deficits after SCAS and to design
an index of functional disability that would allow us to
quantify the consequences of brain ischemia and guide
the selection of promising candidates to take into
clinical trials.

The present experiments were aimed at assessing
the neuroprotective activity of dexrazoxane and com-
paring it with three well-known putative neuroprotec-
tive agents that act through different mechanisms of
action. In addition, we determined whether the
procedure described in this report could effectively
rate the neurological status of ischemic animals and
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discriminate protection of compound-treated animals.
Since there are age-related differences in response to
brain ischemia provoked by SCAS [Fuentes-Vargas
et al., 2002], the present study was conducted in aged
animals.

MATERIALS AND METHODS
Animals

Studies were performed in male CFW, aged (40—
60 weeks old) male mice, weighing 38-57¢ at the
beginning of the experiments, obtained from our
breeding facilities. Animals were housed 3-5 per cage
(same litter) in a temperature-controlled room
(22+2°C, relative humidity 55+3%) with an auto-
matically timed cycle of 12/h light/dark (lights on
08:00-20:00). Food (Purina Chow, St. Louis, MO) and
water were available ad libitum. Mice were allowed to
acclimate to these environmental conditions for at least
one week prior to experimentation. Twelve hours
before experiments, food was withheld but free access
to water was maintained. Surgery and experiments
were performed between 09:00-15:00h during the
light period. This study was carried out with permission
of the local animal care and use committee under the
provisions of the Declaration of Helsinki.

Procedure

Brain ischemia was produced as described
previously [Rodriguez et al., 2000a]. Briefly, light
anesthesia was induced with ether delivered through
a facemask, and the left common carotid artery was
exposed through a midline neck incision and dissected
free from surrounding nerves and fascia. The artery
was sectioned between ligatures and the incision was
closed with surgical thread. After surgery, animals were
kept in a recovery room for about 1 h under heat lamps
to maintain body temperature. Once animals regained
complete consciousness, they were moved to the
environmentally controlled room. The animals’” weight
was monitored daily. Thirty-two days later, mice were
clinically evaluated using the procedure described
below. Mice showing neurological deficit of any degree
were excluded from the following experiments. Groups
of 1822 animals were randomly assigned to the
different experimental groups prior to the induction
of anesthesia and sectioning of the right common
carotid artery and numbered (dye marking). Mice not
subjected to anesthesia and surgery, and sham-oper-
ated mice undergoing anesthesia and full surgical
procedures, except for artery ligation and section,
served as controls.
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Mortality

Mortality was scored continuously over the first
6h after the second surgery and then every 6h during
the first 24 h. Thereafter, every 12h up to the end of
the experiment (72h).

Neurobehavioral Testing

We wused three procedures to quantify the
neurobehavioral alterations produced by the sequential
carotid artery sectioning (SCAS): neurological exam-
ination, spontaneous locomotor activity, and motor
coordination. Neurobehavioral evaluations were per-
formed immediately before and 24, 48, and 72h after
the right carotid artery sectioning. At the correspond-
ing day, the sequence of testing was spontaneous
locomotor activity, neurological evaluation, and motor
coordination. All evaluations were performed at room
temperature. In each test, animals were run in a
randomized order, and control mice were run concur-
rently with animals treated with each dose of the
compound being tested.

Neurological examination and the neurological
disability status scale (NDSS)

The procedure used was essentially based on the
one validated by Irwin [1968] and involves an initial
phase of undisturbed observation followed by a
manipulative phase during which each animal is
subjected to a sequence of manipulations, starting with
the least provoking stimuli. Based on our previous
studies [Rodriguez et al., 2000a], indicating that SCAS
produces a wide variety and different degrees of
neurological alterations, and due to the inconsistencies
found in some of them, observations and manipulations
were specifically directed to identify the presence or
absence of the most frequent and relevant neurological
alterations induced by SCAS. As indicated in Table 1, a
total of 14 different neurological alterations were
recorded for each animal. Except for two parameters,
the occurrence of any of these alterations was scored
with 0 or 1 (0 =not present, 1 = present). Spontaneous
mobility and motor coordination were graded in terms
of their level of affectation on a scale 0-3 (0 =normal,
1 =slightly  decreased, 2=markedly decreased,
3 = total incapacity to move and coordinate). With this
strategy, the neurological examination of each animal
can be performed in 3 to 4min. The observer that
conducted the neurological assessment had no knowl-
edge of the procedure that the animal had undergone.

Based on the neurological examination, we
designed and used an overall disability status scale
(NDSS) to depict the presence, severity, and progres-
sion of the functional impairment after brain ischemia.

RODRIGUEZ ET AL.

TABLE 1. Most Frequent and Relevant Neurological Alterations
Observed After SCAS in Mice and Their Distribution According to
the Degree of Neurological Disability

Neurological alterations® Neurological disability status scale

(NDSS)
Hypomobility 0= Normal
Flattened posture 2= Hypomobility (slight)
Lateralized posture Passivity
Hunched back 4= Hypomobility (moderate)
Piloerection Flattened posture
Ataxic gait Lateralized posture
Tremor/twitches/ Hunched back
convulsions
Respiratory distress Ataxic gait
Circling Piloerection
Passivity Tremors

Decreased body tone

Muscle weakness

Front limb flexion

Motor incoordination (tight 6=
cord, inclined plane)

Decreased body tone

Muscle weakness

Motor incoordination (slight)

Hypomobility (marked)

Circling

Twitches/convulsions

Front limb flexion

Motor incoordination

(moderate)

8= Hypomobility (severe)
Motor incoordination (severe)
Respiratory distress

10=  Death

“Arranged in the order in which they were evaluated.

This scale has 10 progressive grades or steps beyond 0
(normal), extending to status 10 (death due to SCAS);
therefore, the higher the number, the greater the
neurological dysfunction (Table 1). Accordingly, the six
major steps indicate: zero for normal (no neurological
dysfunction) and 2 represents a slight decrease in
mobility and the presence of passivity. Category 4
represents moderate neurological dysfunction and
includes findings such as moderate hypomobility,
flattened posture, hunched back, lateralized posture,
ataxic gait, tremors, decreased body tone, muscle
weakness, and slight motor incoordination. Category
6 corresponds to more handicapped animals but still
able to walk, with marked hypomobility, circling, jerks
or convulsions, front limb flexion, and moderate motor
incoordination. Category 8 corresponds to respiratory
distress and total incapacity to move/coordinate. Status
10 corresponds to death due to SCAS. In all cases,
where criteria for the precise grade were not met, the
nearest appropriate number was used (1, 3, 5, 7, 9).
This scale allowed for periodic comparisons within or
among groups of animals.

Spontaneous locomotor activity.
The animals’ spontaneous locomotor activity
(motility) in a novel environment (mice were naive to
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the locomotor chamber) was measured with the Opto-
Varimex animal activity meter (Columbus Instruments,
Columbus OH), which monitored only the horizontal
(locomotion) movements of the animals. The individual
compartments (43.2 x 44.4 x 20 cm, clear plastic side-
walls and cover) were equipped with 15 light beams on
each axis (beam spacing, 2.65cm; beam diameter,
0.32 cm). External time-controlled timers recorded the
number of counts representing all light beam inter-
ruptions of any of the sensors. Mice were individually
tested in a dimly lit, quiet room. They were removed
from their home cages and placed in the middle of an
activity monitor and the data-collecting system was
simultaneously activated. Testing was done immedi-
ately before the second surgery (baseline) and at 24, 48,
and 72h after the second surgery. Spontaneous motor
activity was registered for 2-min sessions and expressed
as percentage of the activity of each animal during the
preoperative session (baseline).

Motor coordination

Possible motor impairment was assessed with the
accelerating rotarod test. Before the second surgery,
animals were trained to remain for at least 120 sec on a
rotarod (Ugo Basile, Varese, Italy) set at a constant
speed of 8 rpm. On the day of and before the second
surgery, the latency of mice to fall from an accelerating
(3-30 rpm over a period of 120 sec) rotarod was
recorded and used as the baseline score for each
animal; 24, 48, and 72 h after the second surgery, each
mouse was tested again on the accelerated rotarod.
Results for each mouse at each time point were
expressed as percentage of their presurgery baseline
time.

Pharmacology Testing

Mice were injected i.p. with deferoxamine (32
and 128 mg/kg), dexrazoxane (32 and 128mg/kg),
dizolcipine (0.8 and 3.2mg/kg), or nimodipine (0.4
and 1.6 mg/kg) 15 min after the second arterial section;
control groups received the corresponding vehicle or
solvent. Mortality was scored at the indicated times and
survivors were evaluated as described above.

Compounds

Deferoxamine, dizolcipine, and nimodipine were
obtained from Sigma (St. Louis, MO). Dexrazoxane
was a gift from Pharmacia and Upjohn, Mexico.
Compounds were prepared fresh before being used
and suspended in 0.2% methylcellulose or in its solvent
(dexrazoxane); doses are expressed in terms of their
salts. Injections were applied i.p. in a volume of 0.1 ml/

10 g body weight.

297

Data Analysis

The survival curves were calculated with the
Kaplan-Meier method and compared using the log-
rank test. The Mantel-Haenszel test was used to
compare treatment groups with the corresponding
vehicle. Differences between total neurological scores
for different doses of the compounds at the different
periods of time, as compared to their respective data
for the vehicle, were calculated by the Kruskal-Wallis
analysis of variance (non-parametric ANOVA). Follow-
ing significant ANOVA, Dunn’s test was used to
compare treatment groups with vehicle control. The
parametric behavioral data (spontaneous locomotor
activity, rotarod performance) and body weight were
initially analyzed through a one-way variance analysis
(ANOVA). Following significant ANOVA, Tukey’s test
was used to compare treatment groups with vehicle
control. Analysis was done using GraphPad Prism
version 3.02 for Windows (GrapPad Software, San
Diego, CA).

RESULTS
Mortality

No deaths were observed in control animals (no
anesthesia no surgery) and, except for two cases (2/64),
no deaths were observed in sham-operated mice. Some
deaths were observed immediately after the right
carotid sectioning, and mortality ranged from 16 to
36% (average, 26%) within the first 15min after
surgery, before compound or vehicle administration.
These deaths were not taken into account for analysis.
Figure 1 shows the corresponding Kaplan-Meier
survival curves for sham-operated and vehicle-treated
animals in each group of experiments. Sham-operated
animals demonstrated 96% survival (range, 93-100%)
throughout the study period of 72h. The overall 24, 48,
and 72h survival rates of vehicle-treated animals were
41% (range, 36 to 50%), 35% (range, 29 to 44%), and
30% (21-38%), respectively. No statistically significant
difference in survival rates was found among the three
different vehicle-treated groups.

Dexrazoxane (32 and 128mg/kg) significantly
reduced the number of deaths of animals subjected
to SCAS, as compared with its respective vehicle-
treated group. In animals treated with 32 mg/kg the 24,
48, and 72h survival rates were 57, 52, and 52%,
respectively. For 128 mg/kg, the survival rates were 66,
66, and 60%, at 24, 48, and 72h, respectively. These
data clearly contrast with the 38, 28, and 21% survival
rates observed, for the same points of time, with its
vehicle-treated group. The results of the log-rank test
indicated that the median survival times of both
dexrazoxane-treated groups are significantly different
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Fig. 1. Effect of dexrazoxane and reference neuroprotective agents
on the mortality induced by sequential carotid artery sectioning in
mice. Each panel shows survival curves for sham-operated (open
diamonds), vehicle-treated (open circles) and compound-treated
animals. In each panel, closed circles and diamonds indicate low
and high doses, respectively, of deferoxamine (32 and 128 mg)
dexrazoxane (32 and 128 mg/kg), dizolcipine (0.8 and 3.2 mg/kg), or
nimodipine (0.4 and 1.6 mg/kg). Compounds or the corresponding
vehicle were given i.p. 15 min after the second surgery. Deaths were
scored continuously over a period of 24 h and thereafter every 12 h up
to 3 days. Data are derived from a variable number of animals (n = 14—
22) at the beginning of the experiment. The abscissae represent time
after compound administration; the ordinates, percent survival. The
survival curves were calculated by the Kaplan-Meier method and
compared using the log rank test. The Mantel-Haenszel test was used
to compare treatment groups with vehicle control. *Different from its
vehicle-treated group (P<0.05).

from the vehicle-treated group. Neither of the three
reference compounds (deferoxamine, dizolcipine, or
nimodipine) protected animals against death.

Neurobehavioral Alterations

None of the sham-operated animals showed
significant neurological abnormalities, whereas in the
surviving vehicle-treated animals, a consistent pattern
of neurological alterations was observed (Table 1).
Figure 2 shows the detailed neurological scoring with
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Fig. 2. Effect of dexrazoxane and reference neuroprotective agents
on the neurological dysfunction induced by sequential carotid artery
sectioning in mice. Each panel shows the mean neurological scores for
sham-operated (open diamonds), vehicle-treated (open circles) and
compound-treated animals. In each panel, solid circles and diamonds
indicate low and high doses, respectively, of deferoxamine (32 and
128 mg/kg) dexrazoxane (32 and 128 mg/kg), dizolcipine (0.8 and
3.2mg/kg), or nimodipine (0.4 and 1.6 mg/kg). Compounds or the
corresponding vehicle were given i.p. 15 min after the second surgery.
The degree of neurological impairment was rated on 6 major
progressive steps: O represents no neurological dysfunction; 2
indicates minimal disability; category 4 represents moderate dysfunc-
tion; category 6 represents more handicapped animals; category 8
refers severe disability; and status 10 indicates death due to SCAS. The
abscissae represent time after compound administration, the ordinates
the grade of neurological dysfunction. Values are the means+S.E.M.
of the neurological scores for 14-22 animals. *Significant reduction
(P<0.05) in NDSS score as compared with the respective vehicle-
treated group (Kruskal-Wallis followed by Dunn’s test).

different doses of the tested compounds in comparison
with their respective vehicle-treated group. The mean
NDSS scores for vehicle-treated animals were 6.6
(range, 5.9-7.5) at 24 h, 7.2 (range, 6.8-7.5) at 48 h, and
7.8 (range, 7.3-8.2) at 72h. This tendency to increase
was not statistically significant. With dexrazoxane, there
was a consistent decrease in total neurological scores.
At all times, scores obtained with 128 mg/kg were
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significantly lower that those of the solvent-treated
mice. The lower dose of dexrazoxane also decreased
neurological scores but the difference was only
significant at 48h. The two doses of deferoxamine
and nimodipine showed no significant differences
when compared with their vehicle groups. The higher
dose of dizolcipine (3.2mg/kg) consistently increased
neurological scores as compared with its vehicle-
treated group, although differences were not statisti-
cally significant.

In sham-operated animals, the overall locomotion
gradually decreased with repeated testing (78, 65, and
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Fig. 3. Effect of dexrazoxane and reference neuroprotective agents

on the hypolocomotion induced by sequential carotid artery section-
ing in mice. Each panel shows spontaneous locomotion for sham-
operated (open diamonds), vehicle-treated (open circles) and
compound-treated animals. In each panel, solid circles and diamonds
indicate low and high doses, respectively, of deferoxamine (32 and
128 mg/kg) dexrazoxane (32 and 128 mg/kg), dizolcipine (0.8 and
3.2mg/kg), or nimodipine (0.4 and 1.6 mg/kg). Compounds or the
corresponding vehicle were given i.p. 15 min after the second surgery.
Locomotion was measured for 2-min periods with and Opto-Varimex
animal activity meter. The abscissae represent time after compound
administration; the ordinates, locomotor activity expressed as percent
of the baseline counts. Values are the means+S.E.M. for a variable
number of animals (n=14-22 at the beginning of the experiment).
*Significant increase (P<0.05) in locomotion as compared with the
respective vehicle-treated group (ANOVA followed by Tukey’s test).
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47% of the baseline); these reductions were signifi-
cantly different when compared with their respective
control baselines. Except at one point (72h), locomo-
tion of vehicle-treated animals was significantly lower
than that observed in sham-operated mice (Fig. 3).
Locomotion of animals treated with dexrazoxane was
consistently higher than that recorded with its solvent-
treated group. A significant difference in locomotion
between animals receiving dexrazoxane (128 mg/kg)
and the solvent-treated group was found at 24 and 48 h.
In fact, locomotion of dexrazoxane-treated animals was
not statistically different from that of sham-operated

Rotarod performance (% baseline)
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Fig. 4. Effect of dexrazoxane and reference neuroprotective agents

on motor incoordination induced by sequential carotid artery
sectioning in mice. Each panel shows rotarod performances for
sham-operated (open diamonds), vehicle-treated (open circles) and
compound-treated animals. In each panel, solid circles and diamonds
indicate low and high doses, respectively, of deferoxamine (32 and
128 mg/kg) dexrazoxane (32 and 128 mg/kg), dizolcipine (0.8 and
3.2mg/kg), or nimodipine (0.4 and 1.6 mg/kg). Compounds or the
corresponding vehicle were given i.p. 15 min after the second surgery.
The abscissae represent time after compound administration; the
ordinates, rotarod performance expressed as percent of the baseline
counts. Values are the means+S.E.M. for a variable number of
animals (n=14-22 at the beginning of the experiment). *Significant
increase (P<0.05) in the time spent on the rotarod as compared
with the respective vehicle-treated group (ANOVA followed by
Tukey’s test).
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mice. The hypolocomotion produced by SCAS was also
antagonized (48 and 72h) by nimodipine (1.6 mg/kg).
There were no differences in locomotion among
animals receiving deferoxamine or dizolcipine and
those injected with their vehicle.

Vehicle-treated mice stayed on the rotarod for a
significantly shorter time than sham-operated animals
(Fig. 4). The overall reduction in average time spent on
the rotarod was 88, 90, and 84% at 24, 48, and 72h,
respectively, after the second surgery; these reductions
were significantly different when compared with their
respective control baseline. The time spent on the
rotarod by animals treated with dexrazoxane (32 and
128 mg/kg) or deferoxamine (32mg/kg) was signifi-
cantly longer than that of vehicle-treated mice. In this
test, dizolcipine and nimodipine had no detectable
effects.

All operated animals lost body weight. Sham-
operated mice lost almost 4 g, on average, as compared
to their preoperative weight. However, they quickly
regained their preoperative weight within a day or two.
In contrast, vehicle-treated mice lost a significant
proportion of their body weight. The mean difference
between presurgical body weight and weights at 24, 48,
and 72h following the second surgery were 4.9+1.2,
8.340.9, and 9.1+1.3¢, respectively. No significant
differences were found between animals receiving
vehicle injection and compound-treated animals (data
not shown).

DISCUSSION

These experiments show that dexrazoxane pos-
sesses remarkable neuroprotective properties. In
agreement with our previous findings [Rodriguez
et al., 2000b], dexrazoxane substantially decreased the
mortality produced by brain ischemia, i.e., it increased
the survival rate of mice subjected to SCAS. The
determined 24-, 48-, and 72-h overall survival rates for
dexrazoxane (128 mg/kg) were 66, 66, and 60%,
respectively, and represent a significant prolongation
of life as compared with vehicle-treated animals (38,
28, and 21%, respectively). The log-rank test indicated
that the median survival times of both dexrazoxane-
treated groups were significantly different from the
vehicle-treated group.

The major finding of this study indicates that
dexrazoxane administration protected mice against the
neurological impairment induced by SCAS. The
determined 24-, 48-, and 72-h neurological scores for
dexrazoxane (128 mg/kg) of 3.3, 3.5, and 4.0, respec-
tively, as compared with the scores observed for its
solvent-treated control group (6.5, 7.4, and 7.9,
respectively), indicate that administration of dexrazox-
ane is beneficial for the neurological output of surviving
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animals. In addition, the protection provided by
dexrazoxane treatment was also exerted on locomotion
and motor coordination. These findings are critical
because none of the three putative neuroprotective
agents tested in this study reduced the mortality and/or
consistently diminished neurological deficits. The
present results and the fact that dexrazoxane is
significantly more effective when given after brain
ischemia than before it [Rodriguez et al., 2000b],
show that this compound has very important neuro-
protective properties in laboratory animals and clearly
substantiate the idea that it may have therapeutic
functional relevance in humans [Rodriguez et al,
2000b].

The question of the relative contribution of the
described mechanism of action of dexrazoxane as a
determinant for its neuroprotective properties [Rodri-
guez et al, 2000b] is raised again in this study.
Dexrazoxane is a cardioprotective antioxidant that is
clinically used to reduce the cardiotoxicity of the
chemotherapeutic compound doxorubicin  [Seifert
et al., 1994]. The cardioprotective activity of this com-
pound is thought to result primarily from the ability of
the compound’s hydrolysis products to chelate free or
bound intracellular iron in the myocardium. This
reduces the number of metal ions complexed with
doxorubicine and, consequently, decreases the forma-
tion of superoxide radicals after redox recycling
[Wiseman and Spencer, 1998]. The ability of dexrazox-
ane and its 1-ring-opened hydrolysis intermediates, and
its 2-ring-opened hydrolysis product to remove iron
from transferrin and ferritin, and from anthracycline-
iron complexes has been demonstrated in vitro [Hasin-
off and Kala, 1993; Buss and Hasinoff, 1993].
Consistent with these findings, in vivo studies have
shown that while dexrazoxane inhibits doxorubicine-
induced lipid peroxidation in mouse cardiac micro-
somal enzymes by 65%, its final hydrolysis products
cause complete inhibition of lipid peroxidation [Hiis-
ken et al., 1995]. If dexrazoxane protects cardiac cells
from doxorubicine-induced damage by chelating in-
tracellular iron, it could be possible that its protective
activity against brain ischemia also involves iron-
dependent free radical reactions, i.e., preventing iron
catalyzed formation of *OH. Whether this offers a
satisfactory explanation for the neuroprotective action
of dexrazoxane is not known. Alternatively, dexrazoxane
might protect against ischemia via mechanisms differ-
ent from its iron-chelating properties. The lack of
activity observed with deferoxamine, a potent iron-
chelator that strongly inhibits iron-dependent lipid
peroxidation [Halliwell, 1989], raises this possibility.
However, at present, we have no evidence to support

such a hypothesis.
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The lack of protective actions of deferoxamine,
dizolcipine (NMDA receptor channel blocker), and
nimodipine (calcium channel blocker) is notable. These
compounds have been shown to provide effective
neuroprotection against hypoxia—ischemia injury in
laboratory animals [Mohamed et al., 1985; Park et al.,
1988; Halliwell, 1989]. The discrepancy between the
present findings and those reported by other authors
might involve various factors. The most important is
perhaps related to experimental procedures. For
example, in many studies, infarct size is the most
commonly used endpoint to assess the efficacy of
potential therapies [Corbett and Nurse, 1998] although
most evidence indicates that the capacity to reduce
infarct size in laboratory animals does not correlate
with neuroprotection in clinical studies [De Keyser
et al, 1999]. In the present study, we used the
combination of mortality and neurological outcome,
the most important endpoints in clinical trails of
neuroprotective agents, to determine the effects of
brain ischemia and the degree of neuroprotection.

Another consideration is that most experimental
studies that have shown neuroprotective activity for
such compounds were conducted on healthy young to
middle-aged animals. Differences in susceptibility to
brain ischemia between young and aged animals have
been clearly established [Yager et al., 1996; Fuentes-
Vargas et al., 2002]. It is quite possible that treatments
found effective in young animals might not necessarily
be as effective in aged animals. Based on our previous
experiments, this study was conducted in aged animals
subjected to chronic forebrain hypoperfusion (comor-
bid condition) before the acute ischemic event.
Another reason might be that most of the putative
neuroprotective agents are more effective when given
before the ischemic insult [Park et al., 1988; Wauquier
et al, 1989]. Interestingly, dexrazoxane is more
effective when given after the ischemic insult [Rodri-
guez et al., 2000b]. Finally, the possibility that our
experimental model of ischemia is insensitive/inap-
propriate to reveal neuroprotection for this type of
compounds cannot be discarded. However, this dis-
tinction might be potentially important because these
compounds are not clinically active in humans.

On the other hand, as most compounds that
reduce infarct size in laboratory animals have failed in
humans, the importance of accurately assessing the
neurological status of ischemic animals in studies on
the efficacy of a given treatment is obvious. Estimation
of functional capacity in animals by means of
quantitative neurological evaluations provides a reliable
measure to determine the course of impairment and
the consequences of pharmacological manipulations.
However, attempts to measure functional outcome in
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ischemic animals have been hampered by several
problems: the range of neurological deficits, the great
individual variations in severity and duration, as well as
the fact that disability cannot be cited in dimensional
data; hence, functional assessment requires the con-
struction of arbitrary scoring scales. Despite these
difficulties, efforts have been made to identify func-
tional changes after the induction of brain ischemia,
and a variety of neurological scoring systems and scales
have been employed to measure the degree or severity
of the neurological deficit [Nunn and Hodges, 1994;
Corbett and Nurse, 1998; Block, 1999; De Vries et al.,
2001]. However, no single measurement technique has
yet proven to be universally acceptable, and most
recently proposed protocols lack information regarding
their capacity to detect pharmacological neuroprotec-
tion [Hunter et al., 2000].

This report proposes a simple procedure to
determine functional output in mice after SCAS. The
method presented has two complementary parts: (1)
identification of the most consistent neurobehavioral
alterations produced by SCAS, and (2) a general
disability status scale. The neurological evaluation
largely centers on motor function but also includes
measurement of other brain functions. The disability
status scale delineates six major progressive steps or
grades of overall dysfunction attributable to brain
ischemia. This scale is on a 0 to 10 basis, inasmuch as
these represent the sum of neurologic impairments, it
permits an equivalent grade for what is hoped to be an
equivalent amount of the brains functional damage,
regardless of the structures involved. It should be
mentioned that our NDSS represents only a rough
adaptation of Kurtzke’s scale used for rating neurological
impairment in multiple sclerosis [Kurtzke, 1955, 1983].

Our strategy to produce brain ischemia and to
evaluate functional outcome and compound effects is
technically simple. However, it has some disadvantages:
it is laborious, time consuming, requires large sample
sizes, consistent experimental conditions, and time to
train personnel to properly identify normal mice
behavior and neurobehavioral alterations, and an
equally long time to perform a complete quantitative
study of a single compound. Therefore, it is not totally
adequate for a primary screening of neuroprotective
compounds. Additionally, it only provides a global,
rough estimation of the functional status of ischemic
animals, and does not provide information on which
specific behaviors are improved or exacerbated follow-
ing treatment. However, its major advantage could be
its capacity to discriminate clinically relevant neuro-
protection. Results of clinical trails with dexrazoxane in
patients suffering stroke will respond to this important
issue. But before clinical trials are attempted, further
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research is needed to find the dosage required to
produce optimal output benefits.

The finding that dexrazoxane administration yields
a greater survival and better neurological outcome of
ischemic animals strongly supports the idea that this
compound has potentially useful neuroprotective activ-
ity. Importantly, none of the three tested putative
neuroprotective agents produced equivalent protection.
The present data support the usefulness of our
procedure to evaluate the degree of neurological
impairment after brain ischemia. Besides, it might be
relevant to predict the effects of neuroprotective agents
on the functionality of stroke patients.
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ABSTRACT In this study, we evaluated the effect of age on survival and on neurological alterations

produced by bilateral sequential common carotid artery (CCA) sectioning in mice. Male mice, 3-4
(young), 20-30 (adult), and 40-60 (aged) weeks old, underwent sequential CCA sectioning at an interval of
32 days. After the second surgery, mortality was registered continuously over a period of 24 h and
thereafter every 24 h up to 3 days. Neurological assessment was performed 24 h after the second surgery.
The influence of age on survival was analyzed using a log-rank test, and survival curves were generated by
the Kaplan-Meier method. In mice with previous left CCA sectioning, sectioning of the contralateral artery
induced a wide range of neurological alterations and a high mortality rate. Young and aged animals had a
significantly lower (P < 0.05) survival rate as compared to adults (3, 6, 9, and 12 h after the second
surgery), thus confirming that young and aged animals are, in fact, less resistant to brain ischemia. In
contrast, the percentage of mice showing severe neurological alterations increased with age. This
observation coincides with clinical evidence showing that elderly tend to have a worse outcome than
younger patients do. These findings indicate that, besides morphological changes, studies of influence of
age on the susceptibility to brain ischemia should include mortality and functional endpoints. Drug Dev.
Res. 57:161-166, 2002.  © 2003 Wiley-Liss, Inc.
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INTRODUCTION

A variety of experimental methods have
been developed to study the pathophysiology of
ischemic stroke, and present knowledge on the
intracellular events now regarded as primarily
responsible for producing hypoxic-ischemic brain
injury is mainly based on detailed studies in
experimental animals. However, the value of such
models in the discovery and development of

In view of the fact that it has not been possible to
translate from animal models to the clinical situation, it
has been claimed that the overall frustrating results of
clinical trials are mainly due to methodological
problems, since many claims of possible clinical
efficacy have been made following protocols that are
irrelevant to the clinical situation (Hunter et al., 1995;

*Correspondence to: Rodolfo Rodriguez, Department of

neuroprotective agents has been questioned (Wiebers
et al., 1990; Hunter et al., 1995). Most compounds
that have been proven highly effective in reducing
ischemic lesion size in experimental animals exhibit
disappointing efficacy in clinical trials (De Keyser et al.,
1999).
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De Keyser et al., 1999). For example, most experi-
mental studies are conducted in young, healthy animals
under rigorously controlled conditions (Ginsberg and
Busto, 1989). In contrast, the typical stroke patient is
elderly, with numerous risk factors and coexisting age-
related diseases, and the etiology, location, and severity
of the ischemic stroke are very heterogeneous (Futrell
and Millikan, 1996). In experimental animals, infarct
size is the most commonly used endpoint to determine
the degree of injury and results of treatment. In
contrast, survival and functional scores are typically
used in humans to evaluate damage and efficacy of
drugs. Therefore, it is necessary to continue the search
for animal models that more closely approximate the
clinical condition and are able to predict clinical
efficacy of drugs.

We reported recently that in mice with previous
left common carotid artery sectioning, the addition of
right carotid sectioning, 32 days later, elicits profound
neurological alterations, brain damage, and a high
mortality rate (Rodriguez et al., 2000a). This new
model of experimental ischemic stroke is essentially a
model of global ischemia with one important differ-
ence. In most models of forebrain ischemia, occlusion
of the carotid arteries is only transient, and both the
onset of ischemia and its subsequent reversal are
abrupt (Ginsberg and Busto, 1989). In our model,
acute forebrain ischemia is produced by sectioning the
right CCA in animals subjected to a significant
reduction of blood supply by previous left CCA
sectioning. We postulated that this model of global
ischemia might be relevant to stroke in humans. It
incorporates the idea of provoking an acute ischemic
insult in animals subjected to chronic hypoperfusion
(coexisting disease) and uses neurological and survival
endpoints to determine the effects of brain ischemia
and the degree of neuroprotection.

We have continued our efforts to refine this
model to better reflect human stroke and to test its
capacity to identify clinically effective neuroprotective
drugs (Rodriguez et al., 2000b). Considering that
ischemic stroke is typically a disorder of middle and
late life (Bonita, 1992) and that the aging brain
undergoes numerous  biochemical  (Phillis and
Clough-Helfman, 1990; Funahashi et al, 1994),
morphological (Kadar et al., 1990; West, 1993), and
electrophysiological (Barnes, 1993; Geinisman et al.,
1995) changes that could alter the pattern of vulner-
ability to cerebral ischemia and the susceptibility to
drugs, it seemed pertinent to examine the effect of age
on susceptibility to brain ischemia in this new model of
forebrain ischemia.

In this study, we evaluated the effect of age on
survival and neurological alterations produced by
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bilateral sequential common carotid artery sectioning
in mice.

MATERIALS AND METHODS
Animals

Male mice of different ages from our own
breeding facilities (CFW, initially obtained from
Taconic Farms, Germantown, NY) were used in this
study. Mice were classified as young (3—4 weeks old;
weight, 18-26 g), adults (20-30 weeks old; weight,
36-53 g), and aged (4060 weeks old; weight, 38-57 g).
Animals were housed five per cage in a temperature-
controlled room (22+2°C, relative humidity 55+ 3%)
with an automatically timed cycle of 12/h light/darkness
cycle (8 AM to 8 PM). Food (Purina Chow, St. Louis,
MO) and water were available ad libitum. All animals
were allowed to acclimate to the environmental
conditions for at least one week prior to experimenta-
tion. Twelve hours before experiments, food was
withheld with free access to water. This study was
performed with permission of the local animal care
committee under the provisions of the Declaration of
Helsinki.

Procedure

Bilateral sequential common carotid artery sec-
tioning was done as previously described (Rodriguez
et al; 2000a). Briefly, mice were slightly anesthetized
with sodium pentobarbital (20-30 mg/kg, ip) and the
left common carotid artery (CCA) was exposed through
a midline incision. The artery was sectioned between
ligatures and the incision was closed with surgical
thread. After surgery, mice were placed in a box
warmed at 3°C until recovery (approximately 60 min)
and then returned to their home cages. Thirty-two days
later, groups of 19-24 animals were reanesthetized and
the right CCA was sectioned (time zero). Three types
of controls were used in these experiments, i.e.,
animals not subjected to anesthesia and surgery,
anesthetized non-operated animals, and sham-operated
mice undergoing anesthesia and full surgical proce-
dures except for artery ligation and section.

Neurological Evaluation and Lethality

Mice were allowed to fully recuperate from
anesthesia. Neurological evaluation, using the proce-
dure described by Irwin for preclinical drug evaluation
(1968), was performed 24 h after the second common
carotid artery sectioning. An observer who had no
knowledge of the respective age group conducted the
neurological assessment. Based on previous observa-
tions (Rodriguez et al, 2000a), only the animals
displaying a severe neurological syndrome, character-
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ized by marked reduction of locomotor activity/
immobility, severe motor incoordination and muscular
weakness, unresponsiveness to stimuli, circling to the
left when held by the tail with feet on the floor, and
failure to extend the left forepaw fully or its persistent
flexion, were counted and used for statistical analysis.
Lethality was noted continuously over a period of 24 h
and then 48 and 72 h after the second CCA sectioning.
The number of deaths was used to calculate survival
curves.

Data Analysis

The difference in occurrence of severe neurolo-
gical syndrome was tested with the Kruskal-Wallis
analysis of variance followed by Dunn’s multiple
comparisons test. The survival curves were calculated
by the Kaplan-Meier method (Motulsky, 1995) and
compared using the log-rank test (2-tailed). The
specific survival rate was analyzed at 3, 6, 12, 24, 48,
and 72 h. Analysis was done using GraphPad Prism
version 3.00 for Windows (GrapPad Software, San
Diego, CA). Values of P<0.05 were considered
statistically significant.

RESULTS

Left CCA sectioning produced only mild, tran-
sient increase in locomotor activity, noted upon
recovery from anesthesia. No differences were ob-
served among each age group. No deaths were
observed in anesthetized non-operated or in sham-
operated mice of any age group (data not shown).

In mice with previous left CCA sectioning,
sectioning of the contralateral artery gave rise to a
wide range of neurological alterations and a high
mortality rate. During the first 24-h follow-up, the
number of deaths was 14/24 for the young group, 11/24
for the adult group, and 12/20 for the aged group.
Figure 1 shows the corresponding Kaplan-Meier
survival curves. The 24-h survival rate was 42%
(CI=22 to 63%), 54% (CI1=32 to 74%), and 40%
(CI=19 to 63%) for young, adult, and aged animals,
respectively. As also can be seen in Figure 1, the
survival rate was relatively similar in aged and youn
animals; in both cases, a significant number of deaths
were observed during the early period (0—60 min) after
sectioning the right CCA. In contrast, death in adult
animals, except in two cases, was noted 6 h after the
second surgery. The result of the log-rank test indicated
significant group differences (P<0.05) in survival
between adult and young and between adult and aged
animals at 3, 6, and 12 h after the second surgery. This
difference was statistically significant in favor adult
mice. No significant differences were detected between
young and aged animals. In all groups, the survival rate
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decreased gradually to 17% (young), 25% (adult), and
20% (aged) at the end of the experimental period
(72 h). The difference between these three curves was
not statistically significant at 24, 48, and 72 h.

The second surgery produced some early deaths
in aged (4/24), and young (4/24) sham-operated
animals. Except one case (1/24), all adult sham-
operated mice survived for the entire experimental
period (72 h). The 24-h survival rate was 83% (63 to
95%), 100% (86 to 100%), and 83% (63 to 95%) for
young, adult, and aged mice, respectively. These
differences were not statistically significant. When
analyzed at the end of the experimental period (72 h)
age-specific survival varied from 71% (aged) to 96%
(adults). No deaths were observed in anesthetized non-
operated animals.

The variety and severity of neurological altera-
tions varied markedly among surviving mice of all age
groups. Most animals showed hunched posture,
lateralized body posture, decreased responsiveness to
stimuli, passivity, slowness of movement, reduced
locomotor activity, motor incoordination, circling,
muscular hypotony, decreased muscular force, left
front limb flexion, and respiratory difficulties. Less
frequent alterations were rigid locomotion, irritability,
tremor, seizures, rotation, and urinary incontinence. In
a few mice, not significant neurological alterations were
observed. Interestingly the percentage of mice showing
severe neurological alterations, as defined in the
previous section, clearly increased with age (Table 1).
Statistical analysis revealed significant variation among
medians (P <0.05); however, there was not significant
age-related trend; this was due to the small number
of animals per group. None of the surviving
sham-operated mice showed significant neurological
abnormalities.

DISCUSSION

In most experimental studies, differences in
susceptibility to brain ischemia between young and
aged animals has been evaluated by counting the
remaining number of healthy cells or calculating infarct
volumes after the ischemia. The general finding has
been that under similar experimental conditions, there
is an age-related increase in cerebral infarct size (Davis
et al., 1995; Futrell et al., 1991). However, recent
experiments suggest that the correlation between brain
damage and age is not linear. Yager et al. (1996)
produced hemispheric global ischemia in rats aged
from 1 week to 6 months and found that brain damage
is most severe in 1- and 3-week-old animals followed by
those that were 6 months. The 6- and 9-week-old
groups had significantly less injury than the other three
age groups. These results indicated that sensitivity to
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Fig. 1. Kaplan-Meier survival curves of mice of different age

subjected to sham operation (A) or bilateral common carotid artery
(CCA) sectioning (B). The 24-h survival of animals subjected to
sequential CCA sectioning was 42% (Cl, 22 to 63%), 54% (Cl, 32 to
74%), and 40% (19 to 63%) for young, adult, and aged animals,
respectively. Differences were statistically significant (P < 0.05) in
favor of the adult animals (2-tailed log-rank test) at 3, 6, and 12 h after
the second surgery. The three age groups subjected to CCA sectioning
had significantly lower survival that their respective sham-operated
control group (P < 0.05).

hypoxic-ischemia is greatest at either end of the age
spectrum and least in the juvenile ages.

The results of the present study provide addi-
tional important information regarding the relationship
of age to susceptibility of animals to brain ischemia.
Using survival as one of the endpoint measures, our
study confirms that young and aged animals are, in fact,
less resistant to ischemia than their adult counterpart.
In contrast, the percentage of mice exhibiting severe
neurological deficits was higher in aged animals,
followed by adult and younger animals; thus, suggest-
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TABLE 1 Incidence of Severe Neurological Alterations in Young,
Adult, and Aged Mice Subjected to Sham Operation or Sequential
Common Carotid Artery Sectioning

Group “Number of mice  Percentage of mice with
evaluated severe neurological deficit

Young

Sham 19 0

CCA sectioning 12 16.6

Adult

Sham 19 0

CCA sectioning 12 25.0

Aged

Sham 16 0

CCA sectioning 9 56.0

“Neurological evaluation was performed 24h after the second
surgery.

ing a linear correlation between neurologic deteriora-
tion due to brain ischemia and age. This observation
coincides with clinical evidence showing that elderly
patients are less resistant to an acute ischemic event
(von Arbin et al., 1992; Dennis et al., 1993) and tend to
have a worse outcome than younger patients (Nakaya-
ma et al., 1994).

The present study also makes it clear that
assessing the influence of age on susceptibility solely
on the basis of conventional histological procedures is
not adequate, as has been suggested by others (Corbett
and Nurse, 1998). This becomes particularly important
in the light of accumulating evidence that neurological
deficits and infarct size do not necessarily correlate
(Corbett and Nurse, 1998). It is suggested, therefore,
that measures of mortality and functional impairment
should be considered in experimental stroke models
used to detect clinically effective drugs. In fact, the
combination of these two endpoints, mortality and
functional outcome, are the most important endpoints
in early clinical trials of neuroprotective agents. In
conjunction with the present findings, measurement of
disability is now being increasingly used to rate the
status of animals after brain ischemia (Hunter et al.,
2000).

The age-related differences in response to acute
ischemia found in this study might have the following
explanations. Firstly, the greater and earlier mortality
observed in young and aged animals, as compared to
adults, could be due in part to differences in metabolic
responses to surgery. In humans, the increased rate and
severity of perioperative complications of young and
elderly patients are thought to be related to the
reduced capacity of all major organ systems to meet
the increased metabolic demands associated with
surgical stress (Evers et al., 1994; Muravchick, 1998).
In the elderly, there is also an increased risk of
morbidity and mortality because of the high incidence
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of coexisting age-related diseases. The lower survival
rate of sham-operated young and aged animals
compared to adults is consistent with these observa-
tions. Secondly, the greater incidence of severe
functional disability and mortality observed in aged
animals could be related to a reduced capacity of the
aged cerebral vessels to rapidly redistribute blood from
the vertebro-basilar circulation to carotid circulation
and/or an inability to adequately regulate local cerebral
blood flow in response to acute ischemia. The
morphologic changes in the vasculature of the aging
brain that could impair cerebral vascular autoregula-
tion include reduced vascularity (Wilkinson et al.,
1981), decreased capillary lumen diameter and capil-
lary endothelial cells, increased microvascular tortuo-
sity (Akima et al., 1986), and vascular thickening due to
increased intramural collagen and other materials
(Knox et al., 1980). Thirdly, there are biochemical/
metabolic changes that occur with age. Among others,
there is evidence of decreased intracellular ATP
content (Joo et al., 1999), altered Ca®>" homeostasis
and Ca®" intracellular accumulation (Das and Ghosh,
1996), altered pH regulation (Roberts and Sick, 1996),
poor recovery of ion homeostasis and synaptic trans-
mission (Roberts and Chih, 1995), impairment of
mitochondrial function (Yu et al.,, 1996), increased
formation of free radicals and sensitivity to oxidative
stress (Floyd, 1991; Joseph et al., 1996). All these
changes suggest that with age the biological plasticity of
the brain may be reduced to meet emergency
conditions and could explain the worse ischemic
outcome and higher mortality in older animals seen
in this study. Precisely, why aging is associated to an
increased vulnerability to ischemia is unclear but is a
point that deserves more investigation.

Given the above findings, it is possible that
treatments found effective in young animals would not
necessarily be as effective in aged animals. Since
clinical trials are done in elderly patients, this type of
study suggests assessing the neuroprotective efficacy of
drugs in models of ischemia using aged animals. The
use of young animals to evaluate neuroprotection could
be one of the factors explaining the lack of correlation
between animal data and clinical trials.

The information derived from the present series
of experiments warrants further efforts to continue the
characterization of our model of global ischemia and to
determine whether it is useful to predict the clinical
effectiveness of drugs. In view of the wide range of
behavioral and neurological alterations arising from the
sequential common carotid artery sectioning, and
considering that our present method is unable to
detect subtle forms of neurological dysfunction, we are
now in the process of constructing an index of
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functional disability to evaluate the consequences of
brain ischemia and to guide the selection of promising
candidates to take into clinical trials.
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ABSTRACT In this study we determined whether dexrazoxane reduces mortality in mice subjected to

bilateral sequential common carotid artery sectioning. Under pentobarbital anesthesia, the left common
carotid artery was ligated and sectioned. In one group of experiments, 32 days later mice were injected i.p.
with dexrazoxane (16, 64, 256 mg/kg) 30 min before being reanesthetized to ligate and section the right
common carotid artery. In the second group of animals dexrazoxane was given, at the same doses, 15 min
after ligating and sectioning the right common carotid artery. Dexrazoxane significantly decreased the cu-
mulated mortality rate compared with controls. When given 30 min before the second surgery dexrazoxane
was active only at doses of 256 mg/kg. In contrast, when given 15 min after the second ischemic insult the
protective effect of dexrazoxane was already evident at 16 mg/kg, increasing dose-dependently with an
almost complete protection at 256 mg/kg during the first 24 h of observation; some degree of protection
persisted up to day 4. One possible explanation for this striking difference in efficacy is that dexrazoxane
passes through a compromised but not through an intact blood-brain barrier. We conclude that dexrazoxane
has important neuroprotective properties against brain ischemia and that its clinical trial in stroke should be

considered. Drug Dev. Res. 51:149-152, 2000.
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INTRODUCTION

There is convincing evidence that cerebral ischemia
and reperfusion are associated with the formation of sev-
eral oxygen free species (ROS), including superoxide
(O3™), hydrogen peroxide (H,0,), and hydroxyl (*OH)
[Ikeda and Long, 1990; Traystman et al., 1991; Phillis,
1994; Hall, 1997; Lipton, 1999]. Hydroxyl radicals are
highly reactive oxidant agents and are thought to be the
prime mediators of oxidative damage [Halliwell and
Gutteridge, 1984; Halliwell, 1992; Hall, 1993]. In con-
trast, superoxide radicals are much less reactive, but have
longer half-lives and can form hydroxyl radicals through
a Haber-Weiss reaction. It is generally accepted that this
reaction proceeds rapidly in the presence of transition
metal ions (Fenton reaction), of which iron is the most
important [Halliwell and Gutterridge, 1986; Minotti and
Aust, 1989; Halliwell, 1992; Ryan and Aust, 1992].

Under nonpathological conditions, iron levels are

© 2001 Wiley-Liss, Inc.

tightly controlled and iron-catalyzed free radical reac-
tions are kept minimal; however, in some situations the
iron balance can be disturbed. Intracellular free iron in-
creases significantly during ischemia, probably because
of the accumulation of reducing equivalents that arise
during ischemia and also due to ischemia-induced aci-
dosis [Voogd et al., 1992]. This free iron is believed to
catalyze the production of a pulse of hydroxyl radicals
when oxygen tension is suddenly restored during
reperfusion. A prominent effect of “OH production is lipid
peroxidation [Hall, 1993; Hall et al., 1993], but this radi-
cal also damages proteins, DNA, and other biomolecules.
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In favor of a major role of ROS in ischemia/
reperfusion injury is the demonstration of the protective
efficacy of free radical scavengers and lipid antioxidants
in animal models of cerebral ischemia [Hall, 1997], and
the role of iron in brain lipid peroxidation is supported
by studies showing that iron-chelating agents, such as
deferoxamine, lessen brain lipid peroxidation, decrease
ischemic damage, and delay mortality in laboratory ani-
mals [Halliwell 1992; Aust and White, 1985; Halliwell
and Gutteridge, 1986; Rosenthal et al., 1992].

Dexrazoxane is a powerful synthetic iron chelator
that has been successfully used to reduce cardiac toxicity
in patients receiving anthracycline-based chemotherapy
for cancer [Seifert et al., 1994]. The cardioprotective ac-
tivity of this drug is thought to result primarily from the
ability of the drug’s hydrolysis products to chelate free or
bound intracellular iron in the myocardium. This reduces
the number of metal ions complexed with anthracyclines
and, consequently, decreases the formation of superoxide
radicals after redox recycling [Wiseman and Spencer;, 1998].
To our knowledge, the potential neuroprotective capacity
of dexrazoxane has not been previously investigated.

The objective of this study was to establish whether
dexrazoxane reduces the mortality in animals subjected
to bilateral sequential common carotid artery (CCA) sec-
tioning, a new model of global cerebral ischemia
[Rodriguez et al., 2000].

MATERIALS AND METHODS
Animals

Male adult mice, 30-40 g, from our own breeding
facilities (CFW, initially obtained from Taconic Farms,
Germantown, NY) were used in this study. Animals were
housed two per cage in a temperature-controlled room
(22 + 1°C, relative humidity 55 £ 3%) with an automati-
cally timed 12/h light/darkness cycle (8 am to 8 pm). Food
(Purina Chow, St. Louis, MO) and water were available
ad libitum. All animals were allowed to acclimate to the
environmental conditions for at least 1 week prior to ex-
perimentation. Twelve hours before experiments, food
was withheld with free access to water. This study was
carried out with permission of the local animal care com-
mittee under the provisions of the Declaration of
Helsinki.

Procedure

Bilateral sequential common carotid artery section-
ing was done as previously described [Rodriguez et al.,
2000]. Briefly, mice were anesthetized with sodium pen-
tobarbital (47 mg/kg, i.p.) and, under an operating mi-
croscope, the left CCA was exposed through a midline
incision. The artery was sectioned between ligatures and
the incision was closed with surgical thread. Sham-oper-
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ated mice underwent the same procedures except artery
ligation and sectioning. After surgery, mice were placed
in a box warmed to 37°C until recovery and then returned
to their home cages. Thirty-two days later, groups of 11—
14 animals were injected i.p. with dexrazoxane (16, 64,
256 mg/kg) 30 min before being reanesthetized to ligate
and section the right CCA (time zero). In the second
group of experiments, dexrazoxane, at the same doses,
was given i.p. 15 min after the right common carotid ar-
tery was sectioned. The control groups received saline.
Deaths were noted continuously over a period of 24 h
and thereafter every 24 h up to 8 days.

Drugs

Dexrazoxane (Batch # TC96K08) was freshly pre-
pared before use and dissolved in 0.9% saline; doses are
expressed in terms of their salts. Injections were made i.p.
in a volume of 0.1 ml/10 g body weight.

Data Analysis

We used the chi-square test with Yates correction

to compare mortality. Statistical significance was set at
P < 0.05.

RESULTS

Most saline-treated animals died within 60 min af-
ter the second surgery and the cumulated mortality rate
was maximal or neared maximal 24 h after surgery (Fig.
1). No deaths were observed in sham-operated mice.

Dexrazoxane significantly decreased the cumulated
mortality rate compared with controls (i.e., no treatment
with dexrazoxane). When given 30 min before the sec-
ond surgery, dexrazoxane was active only at doses of 256
mg/kg. In contrast, when given 15 min after the second
surgery the protective effect of dexrazoxane was evident
at 16 mg/kg and increased dose-dependently (Fig. 1). In
this case, the cumulated mortality rates at 24 h were 100%
in the saline-treated group and 20% in animals receiving
256 mg/kg, indicating that dexrazoxane reduced mortal-
ity by 80%. The protection by the highest dose of
dexrazoxane apparently persisted up to day 4. The ma-
jority of drug-treated animals surviving more than 24 h
showed decreased locomotion, motor incoordination, and
decreased body weight; some delayed deaths were ap-
parently caused by physical incapacity to look for food
and water. In a few mice, there was not evidence of be-
havioral alterations. In this study no attempts were made
to grade the effect of drug treatment on neurological al-
terations.

DISCUSSION

We recently reported [Rodriguez et al., 2000] that
in mice with previous left CCA sectioning the addition
of right CCA sectioning leads to characteristic neuronal
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Fig. 1. Time course of influence of dexrazoxane on cumulated mortal-
ity rate of mice. Dexrazoxane was given i.p. at the indicated doses 30
min before (a) or 15 min after (b) the second common carotid artery
ligation and sectioning (time zero). Deaths were noted continuously for
the first 24 h and thereafter every 24 h up to 8 days. All values are given
as the index of cumulated mortality rate for 11-14 mice. *P < 0.05, chi-
square test with Yates’ correction.

damage, a wide range of neurological alterations, and a
consistent pattern of mortality. This new model of experi-
mental ischemic stroke is essentially a model of global
ischemia, with one important difference. In most com-
monly used models of cerebral ischemia, occlusion of the
arteries is only transient, and both the onset of ischemia
and its subsequent reversal are abrupt. In our model,
there is a 32-day interval between sectioning of the com-
mon carotid arteries. We chose this interval to induce a
background chronic state of cerebral hypoperfusion be-
fore the second ischemic insult. Using this model we
found that some anti-ischemic agents substantially re-
duce the severity of neurological alterations and the cu-
mulated mortality rate. We postulated that these
endpoints could be used in the quantitative evaluation of
the neuroprotective efficacy of drugs.

The present study demonstrates that dexrazoxane
substantially reduces the camulated mortality rate in mice
subjected to bilateral sequential common carotid artery
section. But the most important finding of these experi-
ments is that dexrazoxane is considerably more effective
when given after the second ischemic insult. In this case,
reduction in mortality was clearly dose-dependent and
the protective activity was apparent even at 16 mg/kg.
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The wide gap in cumulated mortality between dexra-
zoxane-treated and saline-treated mice during the first
24 h (Fig. 1) indicates that the protective effect lasted at
least throughout this period. In contrast, when given
before (30 min) the second ischemic insult, the protec-
tion was less marked and evident only at 256 mg/kg. One
possible explanation for this striking difference in effi-
cacy is that dexrazoxane passes through a compromised
blood-brain barrier but not through an intact blood—brain
barrier. Findings by others support this idea. Disposi-
tion studies in laboratory animals indicate that penetra-
tion of dexrazoxane to the central nervous system is low.
In rats, i.p. doses of 100 mg/kg of ICRF-159, the race-
mate of the (+)-enantiomer ICRF-187 (dexrazoxane),
reached maximum levels in the CSF of approximately 1
p/ml, equivalent to 10% of the plasma concentration
[Grieg et al., 1982]; similar results have been reported
using rhesus monkeys [Von Hoff et al., 1980]. The phar-
macokinetics of dexrazoxane has also been studied in
cancer patients and available information indicates that
this drug does not cross the blood—brain barrier to a clini-
cally significant extent [Earhart et al., 1982]. There is also
evidence that forebrain ischemia in the rat produces an
immediate, transient opening of the blood—brain barrier
in several brain areas [Preston et al., 1993]. Thus, it is
quite possible that the greater efficacy of dexrazoxane
when given after the ischemic insult is due to its greater
penetration to the ischemic area. In any case, the clinical
significance of a drug highly active when given after an
ischemic event cannot be disregarded.

The protective mechanisms and pharmacological
properties of dexrazoxane that are responsible for its ef-
fect on mortality have not been clarified in this study.
The ability of dexrazoxane and its 1-ring-opened hydroly-
sis intermediates and its 2-ring-opened hydrolysis prod-
uct to remove iron from transferrin and ferritin, and from
anthracycline-iron complexes, has been demonstrated in
vitro [Hasinoff and Kala, 1993; Buss and Hasinoff, 1993].
Consistent with these findings, in vivo studies have shown
that while dexrazoxane inhibits doxorubicin-induced lipid
peroxidation in mouse cardiac microsomal enzymes by
65%, its final hydrolysis product causes complete inhibi-
tion of lipid peroxidation [Hiisken et al., 1995]. If
dexrazoxane protects cardiac cells from doxorubicin-in-
duced damage by chelating intracellular iron, it could be
possible that its protective activity against ischemia also
involves iron-dependent free radical reactions, i.e., pre-
venting iron catalyzed formation of “OH. The precise
mechanism by which dexrazoxane reduces mortality of
ischemic animals has yet to be determined.

It is important to mention that dexrazoxane also
reduces the severity of neurological alterations; however,
in the present set of experiments we did not attempt to
quantify this effect. In view of the large individual varia-
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tions and because the wide range of behavioral, neuro-
logical, and autonomic alterations provoked by the sec-
ond common carotid artery section, we decided to
develop strategies, standards, and criteria to design an
index of functional disability that encompasses the range
of neurological deficits provoked by ischemia. Studies
are ongoing to determine whether our scale can effec-
tively rate neurological status of ischemic animals and
discriminate protection and functional outcome of drug-
treated mice.

To our knowledge, this is the first report on the
neuroprotective properties of dexrazoxane and our find-
ings clearly indicate the relevance of clinical trials with
dexrazoxane in patients suffering stroke.
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