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RESUMEN 

la peroxidación de lípidos (1.1') es un proceso citotóxico particularmente activo en el 

sistema nervioso central (CNS) que ocurre por la generación de especies reactivas del oxígeno 

(ROS), entre las que se encuentran moléculas tóxicas altamente reactivas, los radicales libres. 

Como una expresión del estrés oxidativo, la 1.1) se caracteriza por el ataque de dichos radicales 

a los diferentes sustratos biológicos que son fuente de lípidos insaturados, los cuales 

predominan en las membranas celulares. Aunque el estrés oxidativo es inherente a todas las 

biomoléculas (peroxidación de lípidos, proteólisis peroxidativa y daño por radicales a ácidos 

nucleicos), es particularmente evidente alterando estructural y funcionalmente a los 

componentes lipidicos. El estrés oxidante ocurre cuando ciertos procesos del metabolismo 

celular se ven alterados por factores fisiopatológicos, conduciendo así a la actividad redox a un 

desbalance orientado a la formación de más especies reactivas del oxígeno. Destaca entre 

dichos factores la excesiva activación de receptores para aminoácidos excitadores, la cual 

constituye la señal para la producción de radicales libres y la consecuente LP. En este trabajo 

se evaluaron algunos de los procesos generadores de estrés oxidativo que ocurren en el CNS 

como consecuencia de la sobre-excitación de los receptores glutamatérgicos para N-metil-D-

aspartato (NMDA). El estrés oxidativo fue caracterizado tanto en condiciones in vitro como u►  
vivo, en diferentes preparaciones biológicas y regiones cerebrales de la rata, en términos de los 

niveles de LP. La activación selectiva de los receptores para NMDA se realizó mediante la 

administración tópica de un potente agonista endógeno del NMDA, el ácido quinolínico 

(QUIN), un metabolito del L-triptofano con acción neurotóxica. considerado por sus efectos 

como un modelo experimental de la corea de Huntington, así como una excitotoxina 

involucrada en la patogénesis de enfermedades neurodegenerativas infecciosas e inflamatorias. 

Los factores generadores de estrés oxidativo caracterizados en este trabajo por métodos de 

análisis bioquímico fueron: a) La susceptibilidad diferencial de las distintas regiones cerebrales 

con alta actividad redox (corteza entorrinal, cuerpo estriado e hipocampo) a la peroxidación de 

lípidos inducida por el QUIN; b) La identificación de algunas de las estructuras celulares 

preferencialmente generadoras de daño oxidativo que sean sensibles a la acción tóxica del 

QUIN (sinaptosomas y capilares); e) La participación del óxido nítrico en la inducción y 

potenciación de la LP debida al QUIN, así como la evaluación del efecto de otras moléculas 

con acción antioxidante (glutatión) o antagonística sobre el receptor para NMDA (ácido 2-

amino-5-fosfonovalérico) sobre la potencia pro-oxidante del QUIN; y d) el papel de algunos 

metales de transición (fierro, cobre y manganeso) en el daño oxidativo generado por la acción 

tóxica del QUIN. Los resultados obtenidos del análisis de estos factores sugieren una 

participación activa de todos ellos en la modulación del estrés redox generado por la activación 

de receptores para NMDA, a la vez que propone una explicación multifactorial para la 

neurotoxicidad del QIIIN, enfatizando la relevancia de los radicales libres y sus efectos como 

mediadores de toxicidad en el sisten►a nervioso. 
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ABSTRACT 

lipid peroxidation (LP) is a well-known cytotoxic process mainly active in the central 

nervous system (CNS). LP is related to the generation of reactive oxygen species (ROS), 

including some highly reactive molecules known as tiree radicals. As a suitable index of 

oxidative stress, LP is characterized by free radicals attack to the several biological sources of 

unsaturated fatty acids located into the cell membranes. Although oxidative injury can be 

observed in ah biomolecules (lipid peroxidation, peroxidative proteolisis and damage to nucleic 

acid by free radicals), it is particularly evident modifiying structurally and functionally the 

lipidic componente Oxidative stress occurs when some metabolic process of the cells are 

altered by physiopatological factors, leading the basa) redox activity to a disbalance oriented to 

the fonnation of ROS. Among (hese factors, excesive activation of excitatory aminoacid 

receptors (EAA) is orle of the key signals for the production of free radicals as well as for 

initiation of LP. In this work, we evaluated some of those events related to the generation of 

oxidative stress occuring in the CNS as a consequence of N-methyl-D-aspartate (NMDA) 

subtype of glutamate receptors overstimulation. Oxidative damage, expressed as LP, was 

evaluated hoth ander to vitro and in vivo conditions, in several biological preparations as well 

as in different rat brain regions. Selective overactivation of NMDA receptors was assessed by 

topic adtninistration of a potent endogenous NMDA agonist, quinohinic acid (QUIN), an L-

tryptophan metabolite showing neurotoxic activity and considered by its effects as the 

experimental model of Huntington's chorea, as well as an excitotoxin involved in the 

pathogenesis of intlanunatory and infectious neurodegenerative diseases. The factors related to 

the generation of oxidative stress which were characterized in this work by biochemical 

inethods were: a) The differential susceptibility of every rat brain region showing high redox 

activity (enthorhinal cortex. corpus striatum and hippocampus) ni the 1,P induced by QUIN; b) 

lhe identification of some of the cellulat structures potentially related to the generation of 

oxidative stress which are also sensitive to the toxic action of QUIN (synaptosomes and 

microvessels); e) The participation of nitric oxide on the induction and potentiation of QUIN-

induced LP, as well as the evaluation of the effect of some other molecules presenting either 

antioxidant (as glutathione) or antagonic (as 2-amine-5-phosphonovaleric acid) actions on the 

NMDA receptors overactivation; d) The role of some trace tnetals (iron, copper and 

manganese) un the oxidative injury produced by QUIN. Results obtained from the analysis of 

all diese factors suggest an active role of diem in the modulation of redox stress alter NMDA 

receptor stimulation , and let us to propuse a multifactorial explanation for the neurotoxicity of 

QUIN, pointing out a role of free radicals and d'en effects as mediators of toxicity in the CNS. 
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INTRODUCCION 

Durante la década pasada, múltiples hallazgos vinculados a la caracterización de los efectos 

neurotóxicos de los aminoácidos excitadores (EAA), glutamato y aspartato, y su importancia 

como posibles factores etiológicos en enfermedades neurodegenerativas, llevaron a ciertos 

grupos de investigación a profundizar en el estudio de aquellos factores involucrados en la 

toxicidad mediada por la activación selectiva de receptores para N-metil-l)-aspartato (NMDA) 

por el ácido quinolinico (QUIN), un metabolito endógeno del triptofano, como wia alternativa 

para explicar el origen de la enfermedad de Iluntington. Previamente surgió la hipótesis de la 

"excitotoxicidad" a partir de las observaciones de Coyle y colaboradores, la cual 

proporcionaba una explicación simple e integrativa de la serie de eventos tóxicos que ocurrían 

como resultado de la permanencia persistente y prolongada de agentes excitadores en el 

espacio sináptico con disponibilidad suficiente para saturar los receptores para LAA. En el 

caso de los receptores para NMDA, la mayor parte de los eventos tóxicos observados por este 

proceso fueron adjudicados al exacerbado incremento intracelular de calcio resultante de la 

apertura de canales rúnicos asociados a dichos receptores. Sin embargo. una fracción de este 

patrón de neurotoxicidad quedaba sin completa explicación desde el punto de vista de la 

evidente carencia de correlación entre la potencia excitotóxica del QUIN y el incremento 

proporcionalmente menor en los niveles intracelulares de calcio por acción de este metabolito 

en el sistema nervioso. Paralelamente, surge en la literatura la noción de que el estrés oxidativo 

puede estar involucrado en el patrón de toxicidad inherente a la acción del glutarnato, 

entendiéndose como estrés oxidante el daño producido a cualquier biomolécula por la acción 

tóxica de los radicales libres, los cuales son generados por un desbalance en la actividad redox 

en los sistemas biológicos. 

e 
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Aún bajo el conocimiento de la existencia de agonistas tipo NMDA aún más potentes que el 

mismo QUIN, los estudios experimentales y clínicos con este metabolito tienen hoy día gran 

relevancia debido a tres aspectos fundamentales: a) su naturaleza endógena, la cual, a 

diferencia de otros agonistas NMDA, le confiere la potencialidad de ser considerado un posible 

factor iniciador de patologías neurológicas; b) su alta especificidad como agonista NMDA, que 

a diferencia del mismo glutantato, produce un patrón de neurotoxicidad muy selectivo; y c) la 

evidencia reciente que lo involucra directamente en enfermedades inflamatorias e infecciosas 

con componentes neurológicos, tales como la encefalopatía hepática y el complejo SIDA-

demencia. 

Es bajo este esquema que a principios de esta década surge la necesidad de caracterizar el 

patrón de toxicidad producido por el QUIN en el Sistema Nervioso. Debido a la ya existente 

evidencia experimental de que la activación prolongada de receptores para NMDA puede 

generar estrés oxidante como un factor vinculado a la muerte neuronal, surge la necesidad de 

evaluar si el QUIN, con potencial clínico, es capaz de producir dicho efecto y si este último 

está vinculado a la excitación de receptores para NMDA. 

En el presente trabajo se describen algunos de los posibles factores involucrados en la 

generación de estrés oxidativo mediado poi la activación de receptores para NMDA por el 

QUIN, en relación a previas evidencias de nuestro grupo que ha demostrado el efecto de dicha 

toxina en la peroxidación de lípidos, un parámetro de daño oxidativo sobre los lípidos de las 

membranas celulares. La relevancia de este estudio radica fundamentalmente en su posible 

impacto sobre el conocimiento de los mecanismos tóxicos involucrados en la manifestación de 

algunas enfermedades neurodegenerath as N representa un esfuerzo culminante por dat 

continuidad a una linea de investigación que hemos desarrollado exitosamente durante los 

últimos siete altos 
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El ácido quinolínico y la peroxidación de lípidos in vitro, en 

cerebro de rata 

Una primera aproximación a la caracterización de la potencia tóxica del QUIN en términos 

de su habilidad para generar eventos oxidativos capaces de producir daño celular debió ser 

inicialmente probada bajo condiciones controladas y a la vez generales. El diseño experimental 

realizado para tal efecto consistió en la evaluación de los niveles de productos derivados de la 

peroxidación de lípidos generados por esta toxina en liontogenados de cerebro de rata, una 

preparación rica en sustratos biológicos y que preserva la integridad funcional de los 

receptores glutamatérgicos y de las membranas que los contienen. Para estos propósitos fue 

necesario el empleo de dos técnicas experimentales para garantizar la ocurrencia de estrés 

oxidante, la evaluación de sustancias reactivas al ácido tiobarbitúrico (TBARS) y la generación 

de productos lipídicos fluorescentes de la peroxidación (LIT). 

Adicional a la evaluación del posible efecto pro-oxidante del QUIN, debió obtenerse mayor 

información acerca del mecanismo involucrado en su toxicidad. En consideración al hecho de 

que el QUIN fue inicialmente caracterizado en la literatura como un agonista selectivo de los 

receptores para NMDA, nuestra hipótesis inicial sugirió que el mecanismo tóxico involucrado 

en la producción de daño oxidativo en el CNS mediado por el QUIN tendría wi evidente 

componente de excesiva activación de dichos receptores, seguido por la apertura de los canales 

de calcio asociados. Dicho planteamiento permitiría postular que un importante factor 

generador de estrés oxidarte dentro del perfil neurotóxico del QUIN bien podría ser atribuído 

al incremento en los niveles intracelulares de calcio, siendo éste el responsable de la activación 

de proteasas y lipasas, así como también de LUI incremento exacerbado en el metabolismo 

celular y de la generación de radicales libres. De ser así, la adición de fármacos con acción 

directa sobre la actividad del receptor a los medios incubados conteniendo los homogenados 
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tendría un efecto directo sobre la peroxidación registrada en presencia del QUIN. Entre éstos 

destaca el empleo del ácido kinurénico (KYNA), un antagonista de los receptores para 

NMDA, y de su precursor, la kinurenina (KYN). Los efectos de otro agonista glutamatérgico, 

el ácido kaínico (KA), así como del glutamato y el awartato también fueron probados. 

A continuación se presentan los resultados correspondientes a dichos experimentos en el 

respectivo reporte original. 



ANEXO 1 
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Quinolinic Acid is a Potent Lipid Peroxidant in Rat Brain 
Iloniogenates 

Camilo Rios' and Abel Sanlamarial 

(Acrepki Apnl 11, 1991) 

In tisis ¡lady, we describe the lipoperosidative effect of quinolinic ¡cid (QUIN) in viso. Tire 
formation of thiobarbituric acid reactive products (TBA-RP), an indes of lipid peroxidation, was 
measwed in ta: brain homogenates afta incubation at 3TC for 30 mis in (he presence of QUIN 
and SOITIC stnicturally and metabolically related compounds such u Kynurenine, Kynurenic acid, 
Glutamate, Aspanate and Kainate. Concentrations of QUIN in the range of 20 to 80 uM increased 
lipid peroxidation in a ooncentration-dependent manner from about 15% to about 50%. Kynutenic 
acid, a compound metabollically relata to QUIN that can block its neurotoxic actions in vivo, 
uso inhibited completely the QUIN-induced TBA•RP formation in our system. Lipid fluorescent 
material, anodier indes of lipid peroxidation was also found increased by 49% alt:r arcubarion 
with 40 011.1 QUIN. 11 is concluded that lipid perosidation may be a damaging procesa involved 
in the neurototocity of QUIN. 

KEY WORDS: Quinolinic ¡cid; lipid peaucidatiod; N-methyt•o-aspanate recepton; Neurotoxiciry; Hunting• 
lao'¡ disease. 

INTRODUC1'1ON 

The tryptothan meiabolite 2,3-pyridine dicarboxylic 
acid, known as quinolinic acid (QUIN), has been pos-
tulated as a candidate to explain the etiology of some 
neurodegenerative diseases of humana as tiuntington's 
diseasc (IID) and epilepsy (1,2,3). When applied topi• 
cally loto the rae corpus striatum, QUIN produce axon. 
sparing lesions similar to those observed in IID. The 
lesions result in a depletion of GABA and substance-P, 
while other neurotransmitiers are unaffected (4). QUIN 
also acts as epileptogenic when administered systemi-
cally or intracerebrally (5,6). There is also some evi-
dence that relates QUIN actions with the neural damage 
produced by hepatic encephaiopathy (7). This broad 
spectrum of actions led us to investigare the molecular 

' Departamento de neuroyulmica. Inst tuco Ni anal de Neurologta y 
Neurocimpa, "Di. Manuel Velasco Suma", Insurgentus Sur No. 
3877, Mexico 14410, D. U, NICILICO. 

mechanism by which QUIN excita its toxic effects. It 
has been proponed that QUIN is the endogenous ligand 
of the excitatury aminoacid N•methyl•u•Aspartate 
(NMDA) receptor (8) suggesting that its neurotoxic cf• 
fects may be related to the "excitotoxic" propenies of 
the compound, inducing massive calcium entry roto the 
neuron (9); however, Schwarcz and coworkers have shown 
that the neurotoxic characteristics of QUIN cannot be 
explained by its action on NMDA receptors (10), indi-
cating that perhaps an additional mechanism exista which 
wholly explains the QUIN-induced damage. 

Lipid peroxidation, on the other hand, is a deleter-
eous process that may participate in the induction of 
various pathologies of man (11). Lipid peroxidation has 
been shown to occur in brain Iissue in vitro (12) and in 
vivo (13,14), and it has been associated with neuronal 
damage alter trauma (15) and increased mernbrane 
perrneability (16). Membranal functions, as GABA up-
take. are altered by lipid peroxidation (17), and lipope• 
roxidaiive agents as Fe'• can induce persisting 

1139 
034,- /191111.1031-1139401b 140 C 1991 N111/111 1,3331101,n1 Cm/30,moon 
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epileptiform discharges in Ihe rae alter intracerebral 
administration (18). 

This work describes for the first time, Ihe lipope• 
roxidant effect of QUIN and some structurally and rnet-
abolically related compounds in vitro in an cffon to furter 
characterize iheir neurotoxic actions in brain tissue 

EXPERIMENTAL PROCEDURE 

MuunOls. Quinolinic acid, Kyeurinine (KYN), Kynurenic 
(KYNA), Kainic (KA), Iltiobartitutic (TBA), Aspirlic (ASP) and 
Glutamic (GLU) acida mere purchased frum Sigma Chemical Company 
(Si. Louis, MO). Allother chemicals mere obtained (mm Merck (Mee• 
icto). Deionized water (Milli 	System, Millipore) mu used loe 
preparation of vil magenta and solutions 
• Animal:. Mate wistar rus (250-300 g) mere used ihroughout the 

experimenta. Animal; mere sacrifiud by decapitation, braina isolated 
(including arelxIlum) and homogenutd (1:20 g,/m1) in lee cold 0.05 
M phosphate buffer (pII .7.0) containing 0.015 M NaCI and 0.145 
M KCI. 

Auay of ThiobortUtunc Acid Rractiw Produce (T11.4•RP) Ose 
mL aliquots o( the homogenate mere iecubated ander sir si 3TC ia a 
dialing water bal for 30 sus (uniese spuified). Drup mere added 
u aqueous solutions r micromolu coocentrations ter the beginning of 
the incubation period. Mur this, lipid pennidation Teas measured by 
the Throbarbiturie acid test (19). Tmo ml of the TIA reagent (0.375 
g of TBA 	15 g of Trichloroacetic acid 	2.5 m1 of concenuated 
HC1 in 100 ml of water) mero added ro the homogenate and the solution 
ras !temed in a bouling water bath for 20 min. Alter 5 mm of ict• 
cooling, centrifugatioa ras done at 3000g for 15 aun. The absorbance 
of the supentatant ras raid u a DU45 Becknán Spectropholometer at 
532 nm. TBA•RP concentrations u Amo' of Malondialdehide in the 
simples rete obtained by interpolation á a standard curve constructed 
by periodic oxidation of known concentrations of 2-deory-o-ribose as 
described by Waravdekar, el al. (20). huida wu mcasured uctuding 
to total),  es al. (21). Zero time peroudation ras subtracted rn sil 
cases. Resulu mere upressed as nmoles of TBA•RP lormed per mg 
of peorein or u percent of change agatnst ihe control incuhated in 

parallel. All temples sacre done in duplicare 
Auay of 1.10 Floorrscem Produru ILFPI. The forrnation of 

41d-soluble fluorescence ras monitoted using the icchnique described 
by Triggs and Willmore (22) modifted by tes for in vom anabsts of 
LFP. One ml. of the homogenate mes incubated as prevsously de-
scribed. Alter trwubation, 4.0 ml of chlorolorrn-meihanol 2,1 mutare 
mere added. The subes mere capped, gently moled and placed on ice 
for 20 mm to pernor phase separarme Aqueous phase shas eltscarded 
and I ml. or the cbloroformic layer mu transfened into e aparte 
covette, and 0.1 mL of methanol s'u addcd. Fluorescente MIS mea,  
sured en a PerkinElmer MPF-44A Fluatexenee Spectrophotameter at 
370 nm of tscaation and 430 nm of emission. Sensitivity of the spar 
lrophotometer Tras adjusted ro 160 fluorescence units with a 0 I tre' 
ml coteje( standard prepared re 0 05 hl aqutous Sulfunc acid soltaron, 
prior to the measutemeni of the simple. Resulta viere eepressed as 
fluorescence unir; pes gram of Int ossue per ml of est-traerme re ad .  

In arder ro uses; che resulta of LFP mondoring, en 'dr:buena! 
milditer of the hure homagenare zas insubated un each experirnent 
with 0.4 mM of (mous sulphate, a sell•known un vitro plomare; of 
lipid peruudation (23). 

Statuncs. Resulta mere statisocally analred by one-way analysis  

of unan« followed by Ounnet's test fue compartsons again« the 
~crol (74). hired Nem mas viso used fue some data. Valuta of 
p <0.05 and p<0.01 mere considered 

KESULTS 

Incubation of the homogenales in the presence of 
40 ILM of QUIN resulted in a signtficant increase of 
TBA-RP al every time point examined when compared 
with the values obtained with controls (Figure 1). The 
percent of increase induced by QUIN varied al different 
incubation times: 15% at 15 mire, 24% al 30 mire and 
5% al 1 hr. %sed on this finding, we futed the time al 
30 mire in subsequent experimenta. 

The enhancement of TI3A-RP formalion induced by 
QUIN was concentration-related (Figure 2). In Chis ex-
perimenl we also tested the effecl of the addition of 
Kynurenic acid (KYNA) and Kynurenine (KYN), two 
compounds metabollically related to QUIN. Kynurenine 
exerts a strong inhibitory aclion on TBA-RP fonnalion 
(Figure 2) which stems to be no) concentration-depen-
dent at the lenge examined. KYNA did nos change sig- 

imc u.. Tom ,.S( 

Flg. I. Time course of TBA•RP formation ol braco homogenates im 
cubeta tn the presence of 40 1M o( QUIN Mean values of n=7 
tndependent espertments h SEM. Bleck dots are the control homog• 
erutes." pc,0.01 paired Hut 
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fig. 1. D'Ices of incteasing C011(211U1110115 of QUIN, KYNA and KYN 
on 	formation. Mean Vliblel of n•S-7 independent experi. 
menta t. SEM. The absolurc control peroxidation value, which wat 
similar lo that of Figure 1, vías considerad as i00 %. • p <0.05, ** 
p<0.0I Normen test. 

nificantly the formation of TBA•RP. However, when 
added iogether with QUIN, KYNA was able to com-
pletely block the QUIN-induced lipid peroxidation at a 
molar ratio of 3:1 (see Figure 3). 

To funher characterize Ibis antagonic effect, we in• 
creased the concentration of QUIN in the presence o( 20 

of KYNA or KYN (set Figure 4). Inhibition of the 
QUIN-induced lipid peroxidation by KYNA was again 
demonsualed at the emite unge of QUIN concentrations 
used, simultaneously, KYN displayed a similar inhibi-
tory effect. In Figure 5, the TBA-RP promotion effect 
of QUIN was compared with that of other dicarboxilic 
compounds added in equimolar concentrations, such as 
Aspartic, Kainic and Glutamic acids. None of the latter 
inducedsignificative changes al the concentration tested. 

Tabla I shows the leve) of fluorescence in the ho-
mogenates atter 30 min of incubation with 40 olí QUIN, 
0.4 p.M Fea', and the control. Significant accumulation 

of LFP (mirad bah in the Fea  * incubate d and the QUIN-
incubated homogenates as compared with the control. 
These results indicate that lipid peroxidation measured 

both as LFT or as TBA•RP forrnations is enhanced in 
the presence of QUIN. 

DISCUSSION 

In Ibis study we found an increased formation o( 
TI3A-RP and LFP, two indexes of lipid peroxidation, in 
the presence of QUIN in tal brain homogenates. In Chis 
sy'stem, lipid peroxidation has been found to be associ 
atad to a decrease in the content of polyunsaturated (any 
acids of ¿bree or more doublc bounds (25), trading to 
severa) physico-chemical changos in the cell membranes 
(26). It is interesting ro note that micromolar concentra-
tions of QUIN, as ¿hose used in Chis work, have been 
demonstrared to produce neuronal damage in rat cere-
befar slices (27) and in organotypic cultures (28), point-

ing out the importante of the lipoperoxidative effect of 
QUIN. 

Increased in vivo lipid peroxidation afier kainic acid- 
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induced seizurts has been reponed (29). However, ibis 
may be a consequence of the seizure activity itself and 
not the KA direct action over neuronal tissue, since KA 
was not able so induce TBA-RP formation in our in vitro 
system. 

The meaning of QU1N•induced lipid peroxidation 
for its neurotoxicity in vivo remain to be studied. How-
ever, it is interesting lo note that KYNA blocked the 
formation of QUIN-induced TBA•RP, u in vivo KYNA 
can alto prevent QUIN neurotoxicity and seizure induce 
tion (30), perhaps through NMDA receptor antagonism 
(31,32). This finding suggests that the lipoperoxidative 
(»peches of QUIN might be related to NMDA receptor 
activalion, however, our in vitro preparation is not ad-
equate to conclude about NMDA involvement; Ibis hy• 
pothesis needs to be tested in a system of preservated 
celta (as tissue culture or brain slices). 

Lipid peroxidation enhancement after Ca'• entry to 
cells has been reponed (33), and Ibis may be a mecha• 
nism by which QUIN may produce the increase in lipid 
peroxidation observed in Chis work, since NMDA recep- 

90 
Fla. S. Comperison of the TBA•111 formation effects of QUIN, Ola. 
111114C, Aspariic and 'Catete actas, all si 40 bibl concentration. Mean 
vibres of nr 7 independentexperimenu ± SEM. •• p tc 0.01 Dunnet's 
test. 

Tabla I. Formation of Unid Soluble fluorescence 

Fluorescence 

(Units/a ret intimo 	Percent 
Solution 	 S.E.M.) 	 vs Control 

Control 
	

6.3x0.5 
QUIN (40 MM) 
	

9.4 x 0.3 • 
	

49.1 
Fe'• (0.4 MM) 
	

11.9 o 0.11 •• 
	

89.4 

Fluorescence ras measured in cbloroform.methanol estiraos from 1 
ml of brain homogenales. Values are imana o SEM from 5 taus. • 
p<0.05, •• n(0.01 Dunnet's test. 

tor activation by QUIN induces Ca'• influir and delayed 
Cal• neurotoxicity (9,34). 

QUIN-induced lipid peroxidation could be the re-
sult of enzymatic or non enzymatic processes such as: 
overproduction of oxygen-derivad free radicals, inacti-
vation of protective enzymes (catalase, superoxide 
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mutase, etc.) or eaccssix uptake of calcium (35). Whether 
or non Ihis effects mg,  be related to NMDA receptor 
activition by QUIN remain to be proved. We are cur• 
rently invesligating some of Ihose mechanisms lo furiher 
characterize the Action of QUIN over the formation of 
lipid peroxides. 
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El ácido quinolínico y la peroxidación de lípidos in vivo, en 

cuerpo estriado de rata 

En toxicología, así corno en otras múltiples disciplinas, los estudios in vivo tienen gran 

importancia debido a que permiten la evaluación de procesos generales en sistemas que 

preservan su integridad estructural y fitncional. Por ello, los efectos de los fármacos que son 

probados bajo condiciones in vivo son considerados más reales al estar sometidos a las 

condiciones naturales de los sistemas. 

A partir del conocimiento de que el QUIN es capaz de promover la peroxidación de lípidos 

in vitro en el cerebro de la rata, surgió la necesidad de obtener más información sobre dicho 

efecto, evaluando su acción in vivo sobre la peroxidación de lípidos en una región del cerebro 

de la rata que es conocida por ser especialmente susceptible tanto a los efectos tóxicos del 

QUIN así como al ataque por radicales libres, el cuerpo estriado. Más aún, era necesario 

comprobar que, de acuerdo a los hallazgos in vitro, la peroxidación de lípidos inducida por el 

QUIN era dependiente de la activación de los receptores para NMDA y no de un efecto 

secundario inherente a la naturaleza química de la molécula. Por lo anterior, se emprendió una 

serie de experimentos orientados a caracterizar los niveles de daño oxidativo en cuerpo 

estriado de animales lesionados a diferentes tiempos después de la administración intraestriatal 

de la toxina, probando adicionalmente el efecto de la administración sistémica de un potente 

antagonista de los receptores para NMDA, el MK-801. La peroxidación de lípidos fue 

analizada por dos técnicas: sustancias reactivas al ácido tiobarbitúrico y productos lipídicos 

fluorescentes de la peroxidación. Los resultados de esta evaluación, mostrados en la 

publicación anexa, confirman la potencia pro-oxidante del QUIN en el sistema nervioso, asi 

como la correlación que guarda dicho efecto con la activación específica de receptores tipo 

NMDA, evidenciada por el efecto protector del uso de antagonistas de dichos receptores. 
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A partir de estos hallazgos, nuestro interés se centró en la caracterización de aquellos 

posibles factores involucrados en la generación del daño oxidativo, motivo de las siguientes 

investigaciones. 



ANEXO II 



.V,UI 011 IV nu tener, 139 (199 4 51 s4 
	

51 
v^ 1993 Elsester Suentifit Publisher.. Ireland I id Al) right. resened 0111439411/9 1(31t5 (111 

NSL 09747 
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acid-induccd lipid peroxidation in rat corpus striatum 
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0/kb 	Quinolinic acid. Lipid pertodation. NMDA receptor. Duntinglitn's chorea. EACItO101ICII>: Bram ¡mur>. Corpus striatum. ht K-801 

In Chis study, sswe evaluare the possible participaban of Itpid perosidation 1 LPI in the neuroiovi, e‘ents that fallan after quinohnic ¿cid (QUIN) 

microimection into the rol corpus sinatum Two hours after QUIN (240 nmol/pli tnirastriatal administraban, tupid perovidation nos found increased 

by 324 vs control as measured by thiabarbitunc acid.reacto.e substances ITHARSI Al the same time temed. the enhancetnent in LP shas of 55% cs 

control as measured by tupid flourexent producir LI. PI formaban la sccond miles al tupid perovidation employedi T he mercase of QUI N9nduced 

hpid peroxidation wascompletely abolished by pretreatmcni uf rats 9ith an V.meth>19,,aspartaie INSIDA) receptor antagonist. MK -801 110 mg/1g. 

p 1. 60 non before QUIN microlnicciton Rcsults suggest an NMDA receptor insobement in the Ql IN-mduced modative prtxesses 

Quinolinic acid (QUIN) has been postulated as an en-

dogenous ligand of the N-methyl-n-aspartate (NMDA) 
receptor in the cal brain 1111. QUIN is a tryptophan me-
tabolite of the kynurenine pathway [9]. When adminis-
tered Iopically into the rat corpus striatum, QUIN is able 
to produce neuronal damage that leads to a characteris-
tic pattern of cell loss similar w that found in Hunting-
ion's chorea (I)., Some authors have proposed that 

QUIN may produce the neuronal damage obsersed by a 
sustained activation of the NMDA receptor [41, through 
the process called excitotoxicity. which refers to the 
events that follow after receptor-mediated excessive exci-
talion. such as high Ca' cytosolic concentrations. ATP 
exhaustion. etc. and the toxic processes thereafter 113]. A 
possible consequence of excliotoxicity is a calcium-medi-

ated free radicals overproduction [2, 5] This lead us to 
hypothesize the following series of events after QUIN 
micronnection into the corpus striatum: (a) NMDA re-
ceptor over-actisation by QUIN which produces a selec-

live opening oí canon channels. (b) increased intracell u-
lar Cu' concentratiom (e) Ca"-dependeni free radicals 
overproduction. (d) cells destruction by free radicals-me-
diated mechanisins, such as lipid peroxidation. 

Recently, we reponed that in curo tupid peroxidation 

Corresponden". C Rios. Instituto Nacional de Neuralogia 5 bruta-

l:magia. Manuel Velasco Suarez. Departamento de Neurovpaimica. 

SSA. Insurgentes Sur No 3877. Mesita 14259. 1) 1 . Mcvna 

Is highly increased in the presence of micromolar concen-
trations of QUIN 1121. given support lo the possible tela-
tionship between excitotoxic events and oxidative proc-
esses alter QUIN administration. 

In order to further substantrate Chis hypothesis, we 
evaluare the ability of QUIN to produce in vivo lipid 
peroxidation and the NMDA receptor involvement in 

Chis relationship 
Male Wistar rats 150-170 g) were used for all espero 

ments. QUIN. thiobarbituric acrd, butylated hydroxytol-
uene and desferrioxamine were purchased from Sigma 
Chemical CO. (SI. Louis. MO). MK-801 coas obtained 
from RBI Biocheinicals (Natick. MA) All other reagents 
were from E. Merck (México) 

Rats In = 19) were anesthetized with sodiurn pento-
barbita] (50 mg/kg. i p.) and Ihen teceived a stereotaxic 
microinjection with QUIN at three different doses. 120. 
240 and 480 nmaplinto their right corpora striata. Ster-
eotaxic coordinares were 0.5 mm anterior to bregma. 2.6 
mm lateral lo bregma. and 4.5 mm ventral to the dura, 
according to the rat brain atlas of Paxinos and Watson 
[101. Twelse control animals were snnllarly microinjected 

ith phosphate buffered-satine solution (PBS. 

pll = 7 4) 
In arder to test the possibility that cellular death itself 

could be responsible for the lipoperosidant effect of 
QUIN. an additional group of 5 animals w as intrastria-
tally injected with kainic acid (10 nmol/pli. a neurotoxin 

which produces extensise cellular death when adminis- 
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Fig 1 Time course of lipid peronidation aíren quinolinic acid intrastria. 
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phate buflered.salinesolution WISS, pli = 7 41 as control. or quinolinic 
aad (QUIN, 240 nmo1/01) and sacrificed al different times after roleo 

tion Lipid pertoodalion was measured as thlbarbitunt: acid•reactise 
substances 1TBARSI production. Mean values of n = S 7 independern 

experimento ilSFM ••P c  001. -test 

tered topically int° the striatum. similar to the one pro-
dueed by QUIN [I. 17]. 

To investigate the possible participation of the 
NMDA receptor actioation on QUI N-induced lipid per-
oxidation, an additional group of animals was injected 
with an aqueous solution of MK-801 (10 mg/kg. i.p.). a 
non-competitive NMDA receptor amagonist able to pre-
vent QUIN neurcitoxicity (61. One hour after MK -801 

administration. animals were microinjected with QUIN. 
as described aboye. Additional control groups, adminis-
tered with MK-801 (10 mg/kg) 1 h before intrastriatal 
injection of I pl of PBS. were tested. 

After injection. animals from all groups were sacri-
ficed at different times (30. 60 and 120 min) and their 
striata dissected out to measure Irpid peroxidation using 
the techniques described below 

We used two different techniques to estimate lipid per-
oxidation: (1) thiobarbituric acid-reactive substances 
(TBARS) content and (2) lipid fluorescent producto 

(LFP) formation 
To measure TBARS, the stnatal nssue was homoge-

nized in 1 ml of satine solution (0 9% NaCI) An aliquor 
of 0.25 ml of this homogenate was added to O 5 ml of the 
thiobarbituric acid (TBA) reagent (0.5% %O% uf thiobar 
bituric acid + 16% 0/0 of trichloroacetic acid + 2 5% 1/1 
of hydrochloric acid) To ibis mixture. 10 pl of aqueous 

desfernoxamine 11 5 mINI I and 10 pl of but%lated h 
droxy toluene (3 75% 0/%1 in methanol water (50% s i 
were added rn order to pre‘ent artifactual mercase of 

lipid peroxida lion due lo the presence of ferrous ions and 

to the in sin] o%erproduction of TBARS by the boiling 
step of the technique [3]. respectisely. The mixture mas 
ubmerged in a bciling water bath for 20 min and ceiffri- 

fuged (300(1 x R.  15 min). The absorhancc of the superna• 
tant was measured al 532 nm in a Beckman DU-6 UV-
% isible spectrophotometer. A standard curve for TBARS 
formation mas constructed using a periodic acid 
Clon rate of 2-deoxy -o-ribose [18]. Resulto were expressed 
as nmol of THARS/ing of protein Protein was measured 
in 11w homogenate according to Lowry es al. [8]. 

To measure LFP. we used the technique previously 
described by Triggs and Willmore [16] The striata of 
animals were homogenized in 3 ml of salme solution 
(09% NaC1). One-ml aliquots of the homogenate were 
added to 4 ml of a chloroform-methanol mixture (2:1 
vis). After stirnng, the mixture was ice-cool for 30 minio 
permil phase separation and the fluorescence of the chlo-

roformic layer was measured in a Perkin-Elmer MPF-
44A fluorescence spectrophotometer at 370 nm of excita-
tion and 430 nm of emission wavelenghts. The sensitivity 
of the spectrophotometer was adjusted to 140 fluores-

cence units with a quinine standard solution (0 1 pg/m1). 
Resulto were expressed as fluorescence units per gram of 
(ISM In order to test the reliability of the LFP forma-

tion measurement of lipid peroxidation. a group of 5 raes 
was intrastriatally administered with FeS0,. a well-
knos%n lipid peroxidant [16]. 120 min after ferrous sulfale 
microinjection. lipid peroxidation was measured in cor-

pus striatum as LFP formation. 
The neurotoxicity of QUIN on striatal neurons was 

confirmed by challenging a group of QUIN-lesioned raes 
with apomorphine (1 mg/kg, s.c.) 6 days after QUIN mi-
croinjection (240 nmol/pl). Apomorphine challenge pro-
duces circling behavior to the QUIN-Iesioned side (14]. 

Fig. I shows the TBARS production at different times 

after QUIN microinjection. At 30 min, TBARS produc-
tion in the QUIN•injected striatum dors not differ signif-
icantly from those values of the control group. One hour 
after QUIN microinjection an overproduction of 
TBARS was observed (95% vs control values) that 

reaches statistical significance (see Fig. 1) This enhance-
ment of lipid peroxidation persisted at least until 120 min 
after microinjection (32% vs. control values). TBARS 
production at 60 min was completely blocked by pre-
treatment of raes with MK-801 (0.14 ± 0.011 (MK-
801 + QUIN) ss. 0 28 ± 0.016.(QUIN). P < 0.01. Dan-

netes test). MK•801 administered to control raes does 
not rnodify TBARS production (data not show n) 

Table I shows the effect of QUIN microinjection on 

LFP formation In ibis case. lipid peroxidation was 
measuied at 120 min after QUIN injection LFP was in-
creased by O 06. 55 and 58% at the 120. 240 and 480 
runol/p1 of QUIN doses. respecti% el% In the same Table 

1. u e preoent the antagonic elTect of NI K -801 on QUIN-
induced hpid peroxidation. MK•801 pretreatment de- 
creases Chis process ro their basa] Icsels (0 	vs. con- 
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TABLE I 

FOR MATION OF LIPID.SOLUILE FLUORESCENCE IN RAT 
CORPUS STR I ATUM 

Flttoreacence *as m aaaaa ed in chlorofomi-methanol extracta from 1 ml 
of uñan" homounates 2 h after a single intrastriatal administration 
of phosphate buffered-satine solution (PBSI, quinolime ¡cid (QUIN), 
tenue acid (KA) or ferrous sulfate (FeS0,1. Values are mean ± one 
S.E.M. of 5-12 independent expenments. n.s., no signIficanti 

*P< 0.05, ••P < 0 01, Dunnett's test 

SOIUMMI 
	

Lipid fluorescent products 
(LFP) 
(Unitaig wat w‘Vm1) 
IX ± S.E.M.) 

Control (PBS) 198.6 ± 13.5 
QUIN (110 nmol/pl) 191.7 8.0 n.s. 
QUIN (240 nmoUpl) 309.3 ± 22.6" 
QUIN (480 nmoUril) 314.8 ± 13.1" 
QUIN (240 nmollml) 

MK-801 110 mg(g) 191.8 ± 14.5 n s. 
PBS • MK.1301 (10 Ing/lig) 184.5 ± 	6.9 n.s. 
KA (10 nmoUrrl) 190.0± 	6 2 n.s. 
FeSO. (100 nmol/s/11 358 3 ± 404•• 

Crol animals). MK-801 alone does not chango signifi-

cantly lipid fluorescent products formation as compared 

to the control group, as presented in Table I. 

Rata (ri = 7) lesioned with QUIN (240 nmollp1) exhib-

ited circling behavior to the lesioned side when apomor-

phine (1 mg/kg, a.c.) was challenged 6 days after QUIN 

microinjection (212.1 ± 28.6, mean ± S.E.M.). QUIN-

induced circling behavior in rats (e = 6) was blocked by 

MK-801 pretreatment (10 mg/kg, i.p.) (9 ± 3.5, 

mean ± S.E.M ). 

Kainic acid (KA) administration, ata dose reported to 

produce neuronal damage 	was unable to promote 

lipid peroxidation (seo again Table I), suggesting that 

QUIN-induced peroxidative stress is not the result of 

non-specific cell destruction. 

Animals microinjected with the FeSO4  (100 nmol/m1). 

solution presented an increased LFP formation of 80% 

vs. control, as shown in Table I. This result indicates that 

LFP formation is a sensitiva índex of lipid peroxidation. 

Results of ibis work show a significant increase in lipid 

peroxidation after administration of quinolinic acid into 

the rat corpus striaium This effect was observed by two 

different methods of measuring lipid peroxidation : (a) 

TI3ARS production and (b) LFP formation, assessing 

the reliability of the results. Complete inhibition of 

QUIN-induced lipid peroxidation by MK-801 pretreat-

ment suggests the participation of-the NMDA receptor 

in the oxidative processes induced by QUIN, as MK -801 
is a spectfie antagonist of this receptor (17). KA was not 

able to induce hpid peroxidation at the nanomolar con•  

centration (10 nmo1/141) which has been reponed to pro-

duce neuropathological changes in the rat corpus stria-

tum [1], suggesting that neuronal death itseff does not 

enhance lipid peroxidation at the time examined. All 

these resulta lead us lo propose a specific role of NMDA 

receptor in the oxidant events induced after in vivo 

QUIN administration to rata. The physiological signifi-

canco of this finding is remarked by the recen! report 

about the existente of an NMDA receptor redor modu-

latory site which can block NMDA responses in cultured 

cells (15). This putative modulatory cite is activated by 

increased concentrations of oxidized glutathione 

(GSSG) which in tum is produced by cella submitted to 

oxidative stress In In accord with these findings, resulta 

of the present work suggest a novel role for NMDA re-
ceptor as a transducer of oxidative events in corpus stria-

tum with a putative GSSG-mediated negative feedback 

control. 
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RESULTADOS 

A continuación se describen los principales hallazgos obtenidos de los diferentes diseños 

experimentales orientados a la caracterización de los factores generadores de estrés oxidativo 

mediado por el QUIN. 

Se consideró que la mejor forma de describir la metodología correspondiente a cada estudio, 

así como sus principales conclusiones, debía ser directamente mediante la presentación anexa 

del articulo publicado o, en su caso, del manuscrito enviado a publicación.  

Todos los experimentos descritos en estos estudios se llevaron a cabo en el Instituto 

Nacional de Neurología y Neurocirugía Manuel Velasco Suárez, S.S., con los recursos y la 

infraestructura de esta Institución. 
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El efecto del ácido quinolínico sobre el contenido cerebral de 

cobre y manganeso en la rata 

La importancia de los metales de transición en la modulación de la actividad redox en el 

cerebro está fundamentada en la capacidad de éstos para intervenir en reacciones de óxido-

reducción mediante su cualidad de modificar su valencia y su capacidad para reaccionar con 

múltiples moléculas. Durante este proceso, estos elementos pueden ganar o perder electrones, 

transitando entre sus estados reducidos y oxidados, representando así tanto sustratos 

potenciales para la generación de especies reactivas del oxígeno como posibles agentes 

inactivadores de radicales libres. Es justamente esta dualidad de efectos la que confiere cierta 

dificultad para establecer con precisión el papel que juegan los metales de transición en los 

eventos que conducen al estrés oxidativo en el CNS. Más aún, bajo condiciones tan específicas 

de alteración en la homeostasis celular como lo son la activación selectiva y prolongada de 

grupos neuronales que poseen receptores para NMDA activados por QUIN, el posible papel 

de metales de transición como el cobre y el manganeso, ya sea en la promoción o en la 

inhibición del daño oxidativo producido por esta toxina se antoja, al menos en principio, 

impredecible. Es por ello que un paso lógico en la caracterización de los posibles efectos de 

dichos elementos en el modelo de excitotoxicidad producido por el QUIN es la evaluación de 

la homeostasis de dichos metales en el cerebro con la finalidad de evidenciar si la excesiva 

activación de los receptores para NMDA podría eventualmente conducir a alteraciones en los 

niveles de cobre y manganeso en distintas regiones cerebrales de la rata. Con esta primera 

aproximación al problema de los metales en el cerebro, es posible correlacionar ciertos cambios 

en sus niveles con probables alteraciones en la actividad redox cerebral, pero aún sin esclarecer 

su participación específica en el daño oxidativo. Por lo anterior, esta primera parte describe los 

cambios a mediano plazo en los niveles cerebrales de ambos metales 7 días después de la 
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administración intraestriatal de QUIN, plazo para el cuál la neurotoxicidad de este metabolito 

ya se ha manifestado en términos de que induce la pérdida selectiva de células GABAérgicas y 

colinérgicas, proliferación glial, alteración de los perfiles neuroquúnicos y metabólicos de 

cienos transmisores y conducta estereotipada en los animales tratados, de acuerdo a las 

observaciones de Scbwarcz y colaboradores (1984). A continuación se presentan los dos 

reportes que describen los resultados de dicho análisis. 
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Abstract 

Copper and mangancse, two essential metals involved in physiological and physiopathological processes in the 

bruta, were measured in corpora striata of rats 7 days aftei intrastriatal injection of quinolinic acid (QUIN, 240 

nmo1/1 	an N-methyl-D-aspartate (NMDA) receptor agonist with loxic activity. Seven days alter QUIN 

administration, copper and manganese contents were assessed by graphite furnace atomtc absorption spectrophoto-

metry. Total copper content was increased by 152% in QUIN-treated rats (18.74 ± 2.05 pg/g) as compared to 

control animals (7.44 ± 1.15 pglg). whereas manganese striatal levels were enhanced by 35°4(0.30 ± 0.02 mg/1A) vs. 

control values (0.22 ± 0.02 pg/g). Quinolinate-induced striatal Mercase in copper and manganese levels were 

prevented by 23% (9.18 ± 1.43 itgig) and —0.45% (0.22 ± 0.03 pg/g) ss. control values, respectively, in rats 

pretreated with as NMDA receptor antagonist, dizocilpine (MK-801, 10 mg/kg, i.p.), 60 min before QUIN 

administration. As an índex of QUIN neurotoxicity, striatal GABA levels were also measured 7 days after QUIN 

injection GABA content was decreased by — 55% in QUIN-Iesioned rats (96.37 ± 8.92 p gig). whereas MK-801 was 
able to block QUIN-induced GABA depletion by 2V (219.37 ± 10.60) vs. control values (214.2 ± 21.88 pg)g). 

'Diese Iindings suggest that increased concentrations of transition metals can be mediated by selective overactivation 

of NMDA receptors and might be a consequence of neural loss as well as glial response to damage. 

Keywords: Quinolinic acid; Copper; Manganese; Excitotoxicity; N-methyl-D-aspartate receptors: Corpus striatum 

1. Introduction 

• Corresponding author. Insurgentes Sur 3877, México 
14269. D.F. MEXICO Tel. -  + 525 606 4040; fax: + 525 528 
0095. 

The neurotoxic tryptophan metabolite, quino-

linic acid (QUIN), an endogenous agonist of the 
N-methyl-D-aspartate (NMDA) glutamate recep-
tor subtype, is able to reproduce the pathological 

features of Huntington's disease (HD), such as 

0378-4274 96 51500 i 1996 Elsevier Science Ireland Ltd Al) rights reserved 
Pll S0378-4274496103772-1 
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Gamma-aminobutyric (GABA) depletion and 

striatal spiny cell loss, when administered topi-

cally into the rat corpus striatum [1]. QUIN also 

seems to play an important role in neurodegenera-

tive intlammatory and infectious diseases [2]. The 

mechanism by which QUIN exerts its neurotoxic 

eflecis has beca ascrihed to its ability to induce 

excessive activation of NMDA receptors, calcium 

channels opening and consequent massive calcium 

entry into the cells (3J. In addition to these mech-

anisms, we have previously described the involve-

ment of lipid peroxidation and oxidative stress in 

QUIN-induced lesions 14,51. 

Essential transition metals, such as copper and 

manganese, seem to play a complex role in the 

central nervous system: they are implicated in 

regulatory events when they are present as com-

ponents of metalloproteins (6]; whereas, under 

physiopathological conditions, they are involved 

in cytotoxic processes such as free radical genera-

tion and oxidative stress [7-9]. 

Shoham et al. 1101 have shown that after single 

unilateral injections of quinolinate and kainate 

into the rat ventral-striatal region, ron is accumu-

lated in high concentrations in basal ganglia arcas 

such as globus pallidus and substantia nigra pars 

reticulata. Interestingly, Dexter el al. [I I] reported 

increased concentrations of copper and iron in 

caudate nucleus, putamen, substantia nigra and 

cerebral cortes of post-mortem HD human 

brains. This pattern of increased copper in HD 

patients is not shared by other neurodegenerative 

diseases of the basal ganglia, such as Parkinson's 

disease (PD) and progressive supranuclear palsy, 

suggesting that specific changes in transition 

metals are linked to the different neuronal popu-

lations affected. In the same report, however, no 

difference in manganese content was found in HD 

brain regions as compared against control brains. 

In order to investigate whether the NMDA 

receptor overstimulation by QUIN may produce a 

striatal copper and manganese accumulation, sim-

ilar to that found in HD brains, we conducted 

experiments to evaluate possible changes in the 

content of (hese transition metals as a conse-

quence of QUIN intrastriatal injection to rats.  

2. Malerials and methods 

2.1. Animals 

Mate Wistar rats (6-9 per group), bred-in-
house strain, weighing 250-300 g, were used 
throughout the study. Animals were housed five 
per cage in acrylic box cages and provided with 
Rodent Chow (Purina, St. Louis, MO) and water 
ad libitum. Animals were maintained under condi-
tions of constan( temperature (25 ± 3°('), hu-

midity (50 ± 10%) and lighting (12:12 light:dark 

cycle). 

2.2. Chemicals 

Deionized water (Milli R/Q water purifier) was 
used for preparation of all reagents and solutions. 
For graphite furnace atomic absorption spec-
trophotometry (GFAAS) measurements, water 
was further purified using a chelating resin 
column (Chelex, Sigma). Quinolinic acid, Triton 
X-I00, o-phthaldehyde (OPA), 3-mercaptopropi-
onic acid, 2-mercaptoethanol and GABA were all 
purchased from Sigma (St. Louis, MO). Suprapur 
nitric acid, copper and manganese atomic absorp-
tion standards and sodium nitrite were purchased 

from E. Merck (México). Dizocilpine (MK-801) 
was obtained from RBI Biochemicals (Natick, 

MA). 

2.3. Surgical lesion technique and treaanents 

Rats (5-9 per group) were anesthetized with 
sodium pentobarbital (50 mg/kg, i.p.). QUIN was 
dissolved in 0.1 M phosphate-buffered satine 

(PBS) and adjusted to pH 7.4 with 0.1 N NaOH. 
Single unilateral I iil-injections were made with a 
10 pl Hamilton syringe into the right striatum at 
the stereotaxic coordinates 0.5 mm anterior to 

bregma, 2.6 mm lateral to bregma and 4.5 mm 
ventral to the dura, according to 'the brain Atlas 
of Pininos and Watson 1121. QUIN (240 nmol) 
was injected over 2 min. The needle was left in 

place for another 2 min and then slowly with-
drawn. Control animals were similarly injected 
with PBS alone. In arder to test the possible 
participation of the NMDA receptor on QUIN- 
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induced copper and manganese changes, a group 
of rats was pretreated with the non-competitive 
NMDA receptor antagonist, dizocilpine (10 mg/ 
kg. i.p.), 1 h before QUIN injection. 

2.4. Determination of copper and manganese con-

centrations in strunal tissue 

Copper and manganese contents in rat corpus 
striatum were both analyzed as previously de-
scribed [131. Seven days after QUIN or PBS stri-
atal injections, rats were sacrificed by 
decapitation, their brains removed and the le-
sioned striata were dissected out on ice. Then, 
tissue samples placed in polypropylene subes were 
digested in 1 ml of concentrated trace metals-free 
HNO, in a shaking water hath at 60°C for 30 
min. After digestion, a 100-pl aliquot was taken 
from the clear solution and diluted (1:20, v:v) with 
an aqueous solution containing 0.117, w/v Triton 
X-100 and I% diammonium hydrogen phosphate 
Aliquots of the solution were then injected finto 
the graphite furnace for copper and manganese 
analysis. Calibration curves for metals were con-
structed for each element by adding known 
amounts of the respective Titrisol (E. Merck) 
atomic absorption spectrophotometric standard 
solution to brain tissue digested and diluted as 
described aboye. 

Analysis of diluted samples was performed us-
ing a Perkin-Elmer 360 Atomic Absorption Spec-
trophotometer with an HGA-2200 graphite 
furnace. For analysis of both samples and stan-
dards, a volume of 20 pl of each final diluted 
solution was injected finto the furnace. The fur-
nace program for each element was optimized by 
measuring the standards' stgnal height at severa' 
temperature settings, for both (lar and atomiza-
tion siages, according to the procedure of Wclz 
[141. 

2.5. Analvas of striatal GABA Icecic 

Seven days after QUIN injection, a group of 
animals treated under the previously describe(' 
experimental conditions was injected with an in-
hibitor of glutamate decarboxilase (GAD) acto-
uy, 3-mcrcaptopropionic acid (1 2 mino! kg,  

in orden to prevent artifactual DABA post 
mortem increase [151 Two minutes later, rats 
were sacrificed by decapitation and their brains 
removed. Right striata of the lesioned animals 
were dissected out on ice and homogenized in 15 
volurnes of methanol-water (85% v/v). Samples 
were then centrifugad (3000 g for 15 min) and 
aliquots of the supernatant were stored al --- 5°C 
until high performance liquid chromatography 
(11PLC) analysis. Striatal GABA levels were ana-
lyzed by HPLC with fluorometric detection as 
previously described [16 - 181. 

For precolumn derivatization procedure, 100 pl 
of the OPA reagent (containing 5 mg of OPA 
dissolved in 625 pl of methanol + 5.6 ml of 
borate buffer 0.4 M. p11 9.5 + 25 pl of 2-mer-
captoethanol) were added to 100 pl of the tissue 
supernatants and after stirring and standing for 
exactly I min, 20 pl of the mixture were injected 
with a 25 pl Hamilton syringe finto a Perkin-
Elmer Series 3B liquid chromatograph. A 100 x 
4.8 mm Alltech Adsorbosphere OPA-HS column 
with a particle size of 3 pm was used. Mobile 
phase consisted in: (A) 50 mM sodium acetate 
buffer solution (pH 5.9) containing 1.5% tetrahy-
drofuran and (B) HPLC-grade methanol as sol-
vent. Linear gradient programrning was made in 
two stages: increase of solvent (8) from 10% to 
65% in 15 min, and then from 65% to 99% in 5 
min. returning to 10'!/0 in 5 min. Fluorescence was 
measured using a Beckman 157 fluorescence de-
tector with OPA cuttoff filters. Peak areas were 
obtained with a Perkin-Elmer Sigma 10 Data 
Station. Calibration curves for GABA were con-
structed by injecting known concentrations of 
OPA-derivatized GABA standards rito the 20 pl 
loop of the chromatograph. GABA concentra-
tions viere obtained by interpolation in (he stan-
dard curve. 

2b. Sialismo! anal) Os 

Metals content and GABA levels data were 
both analyzed using a one-way analysis of vari-
anee (ANOVA) followed by Tukey's test (19). 
Values of P < 0.05 were considered of statistical 
signiticance. 
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Fig. 1. Effect of quinolinic acid (QUIN) on striatal copper 
content Rato were administered 1 p. with satine or dizocilpine 
(MK-80(, 10 mg/kg) I h before a phosphate buffered satine 
(POS, off 7.4) uf QUIN (240 nmo1/01) intrastriatal imection 
Seven da» alter lesion, copper content was measured b> 
graphite furnaoe atomic absorption spectrophotometry in the 
lesioned stnata. Mean salves of n = 6 -9 independent rapen. 
ments ± 5.E M are shown •P < 0.05, different from 
control, une-wa>,  ANOVA followed by Tukey's test. 
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3. Resulta 

3.1. Effect of quinolinic euvd injection on slriutal 
copper contenf 

Striatal copper content in control rats was 7.44 
± 	1.15 14 gIg of tissue (Fig. 1). Copper concentra- 
tion in QUIN-Iesioned striata (18.74 ± 2.05 pg1 
g) was remarkably increased by 152% as 
compared ¡o control values, while dizocilpine pre-
treatment (9.18 ± 1.43 pglg) prevented QUIN-
induced copper acummulation by - 51% as 
compared to QiIIN-treatment (Fig. I). 

3.2. Effeet of quinolinic asid on striatal man-
ganese emiten( 

Striatal manganese content in control animals 
',vas 0.22 ± 0.03 pgig (Fig. 2). Manganese con-
centration was increased in QUIN-treated raes 
(0.30 ± 0.02 pgig) by 35% vs. control values 
(Fig. 2). Accumulation of manganese induced by 
QUIN injection was also prevented in dizocilpine-
pretreated rats (0.22 ± 0.03 ftig/g) by -- 27% as 
compared to QUIN alone (Fig. 2). 

TREATMENTS 

Fig. 2 EtTect of quinolinic acid (QUIN) on stnatal manganese 
content Rato were admimstered 1.p. with satine or dizocilpine 
(MK-801, 10 mg/kg) 1 h before phosphate buffered satine 
(POS, pI) 7.4) or QUIN (240 nmollml) intrastnatal injection. 
Seven days taller lesion. manganese content seas measured by 
graphite furnace atomic absorption spectrophotometry in le-
sioned striata. Mean values of n = 6 9 independent experi-
mento ± S.E.M. are shown. *P < 0.05. difieren: from 
control. one-way ANOVA followed by Tukey's test 

3.3. Effect of quinolinic acid on striatal GABA 
lereis 

As shown in Fig. 3, a signiticant decrease in 
GABA content 	- 55% vs control) in striatal 
tissue of QUIN-Ireated rats (96.37 ± 8.92 pg/g) 
was found, as compared with control contents 
(2:4.20 ± 21 88 pg,g). In Chis case, preadminis-
(ration of the 10 ingikg dose of dizocilpine 
(219.37 ± 10.60 (Ig,g)was completely effective to 
preven( QUIN-induced GABA depletion by 128% 
as compared to QUIN-treated group (Fig. 3). 

4. Discussion 

The main tinding of this work was the significant 
mercase in striatal copper content 7 days alter 
topical injection of quinolinic acid and the slight 
Mercase in manganese induced by the excitotoxin. 
Excessive copper accumulation in putamen and 
substantia nigra in post-mortem brains of HD 
subjects has been described, as compared to nor-
mal brain levels (11J. The similarity between 
QUIN-mediated cell damage and the selective 
neuronal destruction observed in Huntington's 
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disease suggests that Chis parameter can be consid-
ered as a suitable tool to reproduce some of the 

physiopathological consequences of I1D in the 
experimental model induced by QUIN. Accunni-

lation of transition metals, such as copper, iron 
and manganese, has been associated with degener-

ative changes in neural tissue. Wilson's disease, 

for example, is a genetic alteration that produces 
an accumulation of free copper in brain and liver 

(20,211 The severity of the neurological signs in 

Wilson's disease relates to the extent of copper 

accumulation in the brain (22,23). Recently, an 

alteration in the human chromosome 13 q14.3. 
has been described to be responsible for the exces-

sive uptake of copper, associated with Wilson's 
disease 124,251. Free copper, normally at very low 

concentrations in the brain and blood plasma [26], 

can alter the redox balance of living systems, 

leading to oxidative damage to membranes. Also, 
free copper is as active as iron in stimulating the 

decomposition oí hydrogen peroxide and hy-

droperoxide (27), causing DNA damage [28), 
protein and peptide modification (29], hemolysis, 

formation of fluorescent lipid complexes and oxi-
dation of low density proteins [30]. 

250 

a  150 

100 

Fig. 3. Effect of quinolinic asid (QUIN) on stnatal GABA 

content. Rato were administered i.p. with satine or dizocdpme 

(MK-801, 10 mg.1g) 1 h before phosphate buffered satine 
(PBS, p11 7.41 or QUIN (240 rnol.11)) intrastnatal inrection. 

Seres days after, GABA concentratton was measured by 
OPA-derivataation/high performance Imutd chromatography 

lesioned striata. Mean values of n = te 9 independent exper-

iments ± S E M. are shows • P < 0.05. difieren( from 

control: one-way ANOti A followed by Tukey's test 

Copper ions can produce increased DNA 
strand breaks and crosslinks, a damaging process 
which is thought to be the result of free radicals' 
attack to this biomolecule [31). Moreover, it has 
been proposed that high levels of copper and iron 
may generare hydroxyl radicals in brain tissue 
through the Fenton's reaction [34 

Cu" + 11202 -• Cu= ' 4- • OH -4 OH 

On the other hand, manganese, mainly Mn''-
species, is suspected (o generare free radicals in 
those brain regions in which the redox activity is 
high, such as basal ganglio, via an increased au-
toxidation of dopamine [33). 

Manganese neurotoxicity, probably mediated 
by Mn(III), involves alterations in calcium 
homeostasis [341, autooxidation of dopamine (35], 
formation of reactive oxygen species [36], produc-
tion of 6-hydroxydopamine or other toxic cate-
cholamines and quinones [37), and decreased 
brain catalase and GSH-peroxidase levels (38). All 
these factors may account for (he redox stress that 
leads to cell damage [39). 

Although the evidence presented in Chis work 
might initially suggest that QUIN-induced lipid 
peroxidation found in previous reports [4,5) could 
be partially attributed to an accumulation of cop-
per and manganese after QUIN administration 
17-91, other evidence suggests that copper can 
also be partially neuroprotective. For example, a 
deficiency of copper can cause neuronal degenera-
tion [40]. 

A possible explanation of the observed alter-
atiotis in metals content is that, as a consecuence 
of neurodegeneration, changes could be the result 
of a glial response to damage, as it has been 
proposed in the case of increased iron after 
QUIN-induced striatal lesion [10]. Nevertheless, 
role of metal ions as toxic agents contributing to 
cell damage after NMDA receptor overstimula-
tion can not be discarded and remains to be 
elucidated. 

The ability of dizocilpine to completely prevent 
QUIN-induced metals accumulation suggests that 
increased amounts of copper and manganese in 
the striatum is exclusively dependent on NMDA-
receptor activation, since dizocilpine was com-
pletely effective to prevent QUIN-induced GABA 
depletion, verifying its antagonistic potency on 
NMDA receptor [18). 
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In conclusion, increased copper and manganese 

striatal content may be the resol( of several pro-
cesses activated by QUIN: (a) increased uptake of 
metals by ghal or neural elements, (h) decreased 

release of transition metals from intracellular de-

pots, and (c) increased expression of metal-bind-

ing proteins in brain. 

All these possibilities or the combination of 

diem may provide interesting working hypothcses 

to explain NMDA•mediated neurotoxicity. 
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In conclusion, increased copper and manganese 

striatal content may be the result of several pro-

cesses activated by QUIN: (a) increased uptake of 

metals by glial or neural elements, (b) Jecreased 

release of transition metals from intracellular de-

pots, and (e) increased expression of metal-bind-

ing proteins in brain. 

All these possibilities or the combination of 

them may provide interesting working hypotheses 

to explain NMDA-medialed neurotoxicity. 
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Abstract 
Total copper and manga nesecontents va ere measured 
in Ove rat brain regions 7 days after a unilateral 
sideral injection of guinolinic acid (QUIN,240 nmol/ 
1 µl), an endogenous N-methyl-D-aspariate(NMDA) 
receptor agonist. Concentrations of both iransition 
metals were evaluated in tissue of brain cortes, 
hippocampus, corpus slriatum, midbrain and 
cerehellum of salino- and QUIN-treated rus using 
graphite fu rnace atomic absorption spectro-
photometry. Int eeeeee In copper coment were 
observed alter QUIN sirio' al injection incerebellum, 
hippocampus, midbrain and corpus slriatum (37, 
55,71 and 152% as compared againsi control values, 
respecti‘ely) but not In brain corles. Mangones, 
les els mere found enhanced only in corpus slriatum 
of QUIN-treated rats by 35% v s. control %atoes, but 
not in all other brain regions anal) red. QUIN- 

induced increases in regional copper content viere 
partially prevented in hippocampus, midbrain and 
striatum (17, 57, and 23% v s. control, respectively) 
by pretrealment of raes with an NMDA receptor 
antagonist, dizocilpine (MK-801, 10 mg/kg, I.p.), 
administered 60 min binare QUIN microinjection. 
Thesame protective effed ofdizocilpine was obtened 
against QUIN -induced enhancement of strietal 
mangones, content (-0.45% vs. control). Thrsr 
fandings resemble 'hose changes observed in post-
modem fluntington's distase brains and suggesl 
that alterations in regional control of copper, but 
not in manganeso, ma) be a consequence of the 
spreading of QUIN-induced neurotosic evento into 
the striatal tissue to the neighboring regions of the 
brain, by aclion of QUIN onNNIDA receptora. (Arch 
Med Res 1996; 27:449) 

KEY WORDS Quinolinate, NMDA receptor Copper, Mdnganese, Brain reg,ons, MK-801, E xotolokicity 

Introduction 

Quinolinic and (QUIN), a neurotozte tryptophan 

Correspondence lo.  
Dr. Camilo Rios, Depto de Neuroquimica, Instituto Nacional de 
Neurología y Neunx initio. Manuel VelascoStárCI,S S . Insurgentes 
Sur 3177, 14269 México, D F 
'This work wat supponed by the Consejo Nacional de Ciencia y 
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mctabolite, is also an endogenous agonist of the N-
methyl-D-aspanate (NMDA) subtype of glutamate re-
ceptor. QUIN is able lo reproduce soine ncurochemical 
and histopathological features of Huntington's disease 
(UD), such as gamma-aminobutyric (GABA) depletion 
and striatal spiny cell loss, if administered lopically loto 
the rail corpus striatum (1). QUIN has ken described to 
be involved in neurodegencrativc inflaminaiory and 
infectious distases (2) QUIN•induced neurotoxtetty 
can he explatned by os abtlity lo oyersomulate NMDA 
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receptors and massive calcium entry into the cells(3) An 
involvement of oxidative stress in QUIN-mediated 
excitotoxicity has also been described (4,5). 

On the other hand, some transition metals are involved 
in oxidative events such as lipid peroxidation High 
amounts of copper and ron are commonly associated 
with generation of hydroxyl radicals in brain tissue 
through the Fenton reaction (6). 

It has been demonstrated that aficr a single unilateral 
injection of quinolinate into the rat ventral µnatal re-
pon, increased iron is accumulated in high amounts in 
basal ganglia arcas such as globus pallidus and substan-
tia nigra pus reticulata (7). In addition, there is some 
evidente of increased concentrations of copper and ron 
in caudate nucleus, putamen, substancia nigra and cere-
bral cortes of post-mortem HD human brains (8). Fut-
thermore, such a pattem of increased copper concentra-
(ion in HD patients is not similar to those observed for 
other neurodegenerative diseases of the basal ganglia, 
such as Parkinson's disease (PD) and progressive supra-
nuclear palsy, suggesting that specific changes in transi-
tion meu)s are linked to HD dueto the different neuronal 
populations afTected in such a disease (8). 

In the case ofmanganese, Mn(II I) neurotoxicity, mainly 
mediatedby oxidative stress and free radicals generation 
in brain regions with high redox activity seems to be 
related lo the production of superoxide and hydroxyl 
radical (9) and decreased levels of brain catalase and 
GSH-peroxidase (10). 

In order to investigare the possible link betweenQUIN-
induced neurotoxicity, NMDA receptor-mediated 
excitotoxicity and copper and manganese accumulation 
in rat brain regions, we conducted experiments to detect 
possible changes in brain regional content of these 
metals as a consequence of QUIN intrastnatal injection 
to rats. 

Material' and Methods 

Male Wistar rats (250 - 300 g) were used throughout 
the study. Animals were provided with Purina Rodent 
Chow and water ad libitum, and maintained under stan-
dard conditions of temperature, humidity and lighting 

For preparation of all solutions, deionized water 
(Milli R/Q water purifier) was used. Water was 
further punfied for graphite fumace atomic absorption 
spectrophotometry (GFAAS) using a chelating 
resin column (Chelex, Sigma Chemical Co., St LOUIS, 
MO, USA). 

Rats (5 -9 per group) were anesthetized with sodium 
pentobarbital (50 mg'kg, 1 p ) QUIN was dissolsed in 
0.1 M phosphate-bulTered satine (PBS) and adjusted to 
017.4 with 0 1 N Na011 Single unilateral 1111 injections 
were made unto the right stnata of rats at the stcreolasic 
coordinares 0 5 mm anterior to bregma, 2 6 mm lateral to 
bregma and 4 5 mm ventral tole dura, according to the  

brain Atlas of Pasinos and W'atson (II). Thcn, 240 rtmol 
of QUIN was injected over a 2-min period Control 
animals were similarly administered with PBS alone In 
ordcr so test a possible panicipation of NMDA receptor 
on QUIN-induced copper and manganese changos, a 
group of rats was previously (reata with the NMDA 
receptor antagonist, dizocilpine (10 inglg, i p.), 1 h 
before QUIN injection. 

Copper and manganese contcnts in rat brain regions 
were analyzed as previously described (12) by 
GFAAS Seven days afler the striatal injection of QUIN 
or PBS, rats were sacrificed by decapitation, their brains 
removed and tissue samples from cerebral cortex, hip-
pocampus, corpus striatum, midbrain and cerebellum 
were dissected out on ice, according to Glowinski and 
Iversen (13). Then, samples were digested with 1 ml of 
concentrated Suprapur HNO, (E. Merck) in a shaking 
water bath at 60°C for 30 mm Afier digestion, a 
100 µI aliquot was taken from the clear solution and 
chluted (1:20, v:v) with an aqueous solution containing 
0.1% w/v Triton X-100 and I% dianunonium hydrogen 
phosphate. Aliquots of the solution were then injected 
into the graphite fumace for copper and manganese 
analysis Calibration curves were constructed for 
each element by adding known amounts of the respec-
tive Titrisol atomic absorption spectrophotometric stan-
dard solution to brain tissue digested samples, as 
described aboye. 

Analysis of the diluted samples was performed using 
a Perkin-Elmer 360 Atomic Absorption Spectrophotom-
eter with an HGA-2200 graphite fumace. For analysis of 
both samples and standards, a volume of 20 pi of each 
final diluted solution was iniected into the fumare. 
Fumace program for metals detection was optimized by 
measuririg the standards signal height at several tem-
perature senings, for both char and atomization stages, 
according to the procedure of Welz ( 1 4). 

Brain regional copper and manganese concentrations, 
expressed as mg/g of wet tissue, were analyzed using a 
one-way analysis of variante (ANOVA) followed by 
Dunnett's test (15). Values of p <0.05 or p <0 01 were 
considered of statistical significante 

Results 

Values of brain regional copper content afler striatal 
administration of QUIN and pretreatment of rats with 
dizocilpine are shosk n in Figure L Copper concentra-
tions in cerebellum, hippocampus, midbrain and corpus 
stnatum (but not brain cortes) afler QUIN injection were 
increased by 37, 55, 71 and 152% as cornpared against 
control values, rcspectively (see Figure 1), whereas 
dizoolpine pretreatment to ratsIA as effective in prevcnt-
mg these elTects (17, 57 and 23% ss control in hippoc-
ampus, mitibrain and striatum, respcetis el) ) (sce again 
Figure 1) 
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Figure 1.Eflect of gu,noimic acid (QUIN) intrastnatal iniection 
on rat brain regional copper conlent Rats were i p Injecled 
with salive or dizocilpine (MK-801, 10 mg/kg) 1 h before a 
phosphate buffered satine (PBS, pH 7.4) or QUIN (240 nmol/ 
pl)intrastriataladministration. Seven days later, copper levels 
were measured by graphite furnace atomic absorption spec-
tropholornetry in brain cortes (Cx), hippocampus (Hc). 
corpus stnatum (S), midbrain (M) and cerebellum (Ce) Mean 
values of sic lo vine independent experiments ± SEM are 
shown. *p <0.05, "p <0 01, differences againsl control val-
ues. Ounnell's test 

Figure 2 shows manganese levels in five rat brain 
regions afler QUIN intrastriatal injection. Manganese 
concentralions were significantly increased only in cor-
pus striatum of QUIN-trealed rats by 35% againsl con-
trol values, but not in all other brain regions analyzed 
(see Figure 2) Accumulation of manganese induced by 
QUIN injection was fully prevented by pretreatment to 
rats with dizocilpine by -0.45% vs control (see again 
Figure 2). 

Discussion 

Data presented in this work show a remarkable in-
crease in copper content mainly in hippocampus, mid-
brain and corpus stnatum afler intrastnatal injection of 
quinolinic acid N'e also observed a significant increase 

in manganese content in corpus striatum, but not in all 
other rat brain regions analyzed 

Accumulation of transition metas, such as copper, 
iron and manganese, has been associated with 
neurodegenerative processes. Wilson's disease Is an 
example of a genetic alteration produced by excessive 
accumulation of copper in brain and liver (16) It seems 
that the seventy of the neurological signs in \Vilson's 
disease relates to thc eslcnt of copper accumulation in  

the brain ( I 7) 
Free copper as normally found at low concentrations in 

the brain and blood plasma (18) fleme\ er, al high 
concentrations, free copper seems lo be a potent free 
radical generator ( 19), causing hemolysis, fonnation of 
fluorescent lipid complexes and ~dation oflow density 
proteins (20), and such effects are related to oxidative 
stress induced by this metal 

Excessive accumulation of copper in putamen and 
substantia nigra In post-mortem brains of 1-11) subjects 
has also been reponed (8), pointing out a ~dant>,  
between QUIN-mediated ce)l damage and the selective 
neuronal destruction observed in Huntington's disease. 
On the other hand, manganese neurotoxicity involves 
changes in calciurn homeostasis (21) among other toxic 
events. In regard to this issue, it is well known that the 
neurotoxicity induced by QUIN is mediated by alter-
ations in calcium levels in the intracellular space (22). 
Therefore, manganese could contnbute to such an effect 
of QUIN by modifying calcium movements in the ner-
vous system Manganese is also responsaste for produc-
non of toxic metabolites such as hydroxydopamine, 
oxidized catecholamines and quinones (23). All these 
factors can account for the manganese-mediated redox 
stress that leads to ce)) damage (24). 

The evidence presented in this work could be partially 
taken to hypothesize that QUIN-induced enhanced lipid 
peroxidation found in our previous reports (4,5) could be 
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Figure 2. Etfect of quinolinic acid (QUIN) ,ntrastriatal admin-
istrabon on rat brain regional manganese content Rals were 
p injected with salino or dizocilpine (MK.801, 10 mglkg) 1 h 

before a phosphate buffered salino (PBS. pH 7 4) or QUIN 
(240 nmollul) intrastriatal administration Seven days later, 
manganese levels were measured by graphile furnace atomic 
absorption speclrophotometry in brain corlee (Cx), hippoc-
ampus (Hc) corpus stnatum (S), midbrain (M) and cerebetlum 
(Ce) Mean values of sis lo nene independent expenments 
SEM are shown •p ,() 05. difterences aga,nst control values, 
Dunnell s test 
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partially attributed to a high copper and manganese 
accumulation in corpus striatum, and copper increase in 
other brain arcas, as such metals are known to induce 
oxidauve stress, via the production of free radicals and 
lipid peroxidation, when it a present in high concentra-
tions in brain tissue (25,26) 

Dizocilpine was partially effective in preventing the 
QUIN-induced increase of these transition metals, sug-
gesting that the accumulation of copper and manganese 
ions is panially dependent on the NMDA-receptor acti-
vation by QUIN. Metals accumulation afler QUIN stn-
atal lesion is not likely to be just a consequence of neural 
Ioss mediated by NMDA receptor overactivation, but it 
also could be the result of a glial response to damage, as 
has been demonstrated in the case of increased iron 
content after QUIN-induced stnatal lesion (7). 

Regional changes in copper content after QUIN 
intrastriatal injection could also be related lo the spread-
ing of QUIN-induced toxic effects, leading to an exten-
sive cell damage mediated by the mobilization of metals 
lo the neighboring regions, such as hippocampus, or 
oven in those regions which are dtstant to the lesioned 
site, such as midbrain and cerebellum. 

In summary, increased brain content of copper and 
manganese may be the result of several processes acti-
vated by QUIN such as increased uptake of metals by 
glial or neuronal components, decreased release of tran-
sition metals from intracellular depots or increased ex• 
pression of metal-binding proteins in brain. Combina-
tions of all these possibilities, which in tuco could be 
mediated by alterations in calcium homeostasis induced 
by QUIN, may provide working hypotheses to explain 
NMDA receptor-mediated neurotoxicity. How such an 
increased regional contents of transition metals may 
contribute to QUIN neurotoxicity will be investigated in 
further studies. 
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El papel del cobre en la peroxidación de lípidos inducida por el 

ácido quinolínico en cuerpo estriado de rata 

La evidencia obtenida a partir de la evaluación de los niveles cerebrales de cobre y 

manganeso después de la aplicación in vivo del QUIN, que muestra cambios significativos de 

estos metales sobre todo en la región lesionada, el cuerpo estriado, conducen a la interrogante 

de cuál es el efecto específico de estos metales en el daño oxidativo generado por el QUIN en 

el cerebro. En particular, el cobre es uno de los metales más abundantes en el CNS y se 

encuentra involucrado en el control de múltiples procesos metabólicos. La mayor proporción 

de dicho metal se encuentra unido a proteínas reguladoras de actividad redox, tales como la 

ceruloplasmina y la metalotioneina, modulando la homeostasis del fierro y de otros metales. 

Por su parte, se ha mostrado recientemente que el patrón de daño oxidativo producido por el 

QUIN en el cerebro depende en gran medida del ión fierro, un promotor de radicales libres. Sin 

embargo. aquella porción de cobre que se encuentra en el cerebro en forma libre ha sido 

relacionada frecuentemente al daño oxidativo mediante procesos tales como la reacción de 

Fent on 

Cu.  + H102 	Cut' + •OH -4- OFF 

Más aún, una considerable cantidad de evidencias referidas en los artículos previos, apuntan 

a que la carencia de cobre en el cerebro puede producir neurotoxicidad relacionada a la 

imposibilidad de regular una serie de procesos fisiológicos dependientes de cobre y también 

que la administración de cobre bien puede estar relacionada a la inhibición selectiva de 

receptores para NMDA, así como a la inducción de ceruloplasmina nidos estos eventos 

controversiales descritos en el siguiente reporte, establecen las bases para la evaluación del 

efecto del cobre a corto plazo sobre la peroxida:ión de lípidos inducida 2 horas después de la 
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inyección del QUIN in vivo en el cuerpo estriado de ratas lesionadas. Dicho informe conserva 

el formato en el que será enviado para su publicación 
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ABSTRACT 

N-methyl-D-aspartate (NMDA) receptors are highly modulated glutamate entitics 

involved in the control of several metabolic responses. Inhibition of their activity during 

excitotoxic conditions would represent an altemative for treatment of neurological 

diseases, since excessive activation of NMDA receptors is thought lo be involved in 

neurodegenerative processes. In Chis work, increasing doses of copper (II), as sulfate, 

(2.5, 5.0, 7.5 and 10.0 mg/kg), administered i.p. to rats, were used to investigate whether 

or not Chis essential metal is able to modify the lipoperoxidant Action of quinolinic acid 

(QUIN), an NMDA receptor agonist. Copper doses of 2.5, 5.0 and 7.5 mg/kg 

antagonized quinolinic acid-induced striatal lipid peroxidation (LP), as measured 2 hours 

alter a single unilateral intrastriatal I µ1-injection of quinolinate (240 nniol/m1). Dote-

dependency was found since partial protection was observed with the 2.5 mg/kg dote of 

copper, whereas complete prevention of LP was observed at doses of 5.0 and 7 5 mg/kg. 

The doce of 10 mg/kg of copper was lethal to animals. The Administration of ascorbate 

(500 mg/kg, i.p.), either alone or in combination with copper (5 mg/kg), QUIN or 

copper plus QUIN, did not significantly modify any of the cffects of diese drugs when 

administered separately. We conclude that copper ions prevent QUIN-induced LP by a 

protective mechanism perhaps involving blockade of NMDA receptors. 

Key words: Excitotoxicity, Copper, NMDA feceptor, Quinolinate neurotoxicity, Lipid 

peroxidation, Corpus striatum 



INTRODUCTION 

Rlockade of N-methyl-D-aspartate (NMDA) subtype of glutamate receptors by 

NMDA antagonists represents a potential therapeutic strategy to prevent the neurotoxic 

events observed atter hypoxia, ischemia, trauma, hypoglycemia and several other 

neurodegenerative conditions.' However, most synthetic NMDA antagonists can not be 

still considered the most appropiate therapeutic agents against excitotoxic events since 

they have been shown to produce neuronal damage.2  Therefore, it is highly desirable to 

find alternative agents, preferentially endogenous molecules, capables of modulating 

NMDA receptor activity. So far, some endogenous NMDA modulators, such as 

glutathione' and kynurenic acid,' have been described to be effective in preventing 

NMDA-mediated neurotoxicity. 

We have previously shown a significant increse in the striatal content of copper in rats 

topically lesioned with quinolinic acid (QUIN): a well-known NMDA receptor agonist. 

On the basis of other previous findings, this change could be related to a tissular 

response alter QUIN-induced oxidative stress.6  Recently, a modulatory effect of copper 

ions on NMDA receptor responses has been reported in hippocampal neurons of 

rodents,1  also suggesting that this trace metal can inhibit the activity of those receptors. 

In order to elucidate the precise role of copper ions on NMDA receptor-mediated 

oxidative damage, in this work we tested the ability of this metal to prevent QUIN-

induced in vivo lipid peroxidation, a toxic process observed alter overactivation of 

NMDA receptors.6  Our findings show for the first time an antagonistic action of copper 

on NMDA receptor-mediated oxidative damage which may be related to a putative 



inhibition of NMDA receptor activation, suggesting that copper ions could be acting as 

NMDA antagonists. 

MATER1ALS AND METHODS 

Groups of 5-11 male Wistar rus (250-300 g) were injected i.p. with copper (11) sulfate 

(2.5, 5.0, 7.5 or 10 mg Cu2./kg)" and/or ascorbic acid (500 mg/kg) in I ml of saline. 

Animals were then immediately anesthetized with sodium pentobarbital (50 mg/kg, i.p.) 

and 30 min later, infused for two min with a single intrastriatal injection of quinolinate 

(240 nmol/µ1)6  dissolved in I µI of satine at the following stereotaxic coordinates: 0.5 

mm anterior to bregma, 2 6 mn►  lateral to bregma and 4.5 mm ventral to the dura.9  

Control animals were similarly administered, intrastriatally or intraperitoneally, with 

satine (p11 7.4). Two hours atter microinjection, animals from all groups were killed by 

decapitation and their striata dissected out on ice and briefly stored at -5°C unid their 

biochemical analysis. Tbe measurement of lipid peroxidation in the rat brain by the assay 

of lipid fluorescent products used by us in Chis study has been previously described.6" 

Brietly, ►he striatal tissue samples were homogenized in 3 ml of satine. One-mI aliquots 

were then added to 4 ml of a chloroform-methanol mixture (2:1, v/v). After vonexed 

during 10 seconds, mixture was ice-cooled for 30 min to pennit phase separation and the 

fluorescence of the chloroformic layer was measured in a Perkin-Elmer LS5013 

luminescence spectrometer at 370 nni of excitation and 430 nin of emission wavelenghts. 

The sensitivity of the equipment was adjusted to a fluorescent signal of 130-140 

fluorescence units with a quinine standard solution (0.1 µg/m1). Results were expressed 

as fluorescence units per mg of protein Protejo was measured in the homogenates 

according to Lowry's assay.'' Afl data were analyzed by a one-way ANOVA followed by 

Tukey's test " 



RESULTS 

Figure I shows the effect of increasing i.p. doses of copper (II) sulfate alone on lipid 

peroxidation from corpora striata of rats intrastriatally administered with I µl salive. 

Copper had no significan►  effect on basal lipid peroxidation (100 %) al any dose tested 

(135 %, 119 % and 112 % as compared to control values at 2.5, 5.0 and 7.5 nig/kg, 

respectively). At a dose of 7.5 mg/kg, copper produced about 40 % of mortality, 

whereas the 10 ing/kg dose showed 100 % of mortality beforc measurement of lipid 

peroxidation. 

LOCATE FIGURE I HERE 

Figure 2 presents the effect of increasing doses of copper on the quinolinate-induced 

striatal lipid peroxidation. QUIN alone significantly increased lipid peroxidation by 184 

%, as compared to control rats (100 %). The combination of QUIN plus copper resulted 

in a dose-dependent protective effect, with partial prevention of QUIN-induced lipid 

peroxidation observed at the 2.5 mg/kg dose of copper (133 %), as compared to control 

values (133 %). Complete protection of QUIN-induced lipid peroxidation was observed 

at copper doses of 5.0 and 7.5 mg/kg, being not statistically different from control values 

(77 % and 84 % of control, respectively). 

LOCATE FIGURE 2 HERE 

The i.p. administration of ascorbate (500 mg/kg) to rats intrastriatally treated either 

with salive or QUIN previously treated i.p. with CuSO4  (5.0 mg/kg) had not effect on 

the action of any of ►hese drugs when administered (data not shown). 



DISCUSSION 

Lipid peroxidation is a deletereous process affecting both the structure and function of 

cell membranes. Lipoperoxidation currently occurs in the mammalian brain due to the 

high amount of fatty acids contained in neural tissue. Some pathologic factors in the 

nervous system, such as excessive activation of NMDA receptors6, have been related to 

the generation of free radicals, leading to lipid peroxidation as an index of oxidative 

stress. 

On the other hand, copper is an important componen( of the brain; most of this trace 

element remains bound to some transpon and siorage proteins, such as ceruloplasmin. 

Copper is involved in severa( metabolic processes and is also required as a cofactor for 

the activity of some enzymes. Flowever, due to its high reactivity, copper can also be 

associated to cell damage if it remains free in brain tisRie", because some reactions 

involving the generation of free radicals, such as Fenton's reaction, are dependen( on the 

presence of free copper or iron. 

The findings of the present study indicate that copper is able to preven( the NMDA 

receptor-mediated in vivo QUIN-induc,ed lipid peroxidation in rat corpus striatum. 

Copper ions, when adminis-tered alone, did not produced any' significan( effect on the 

siriatal lipid peroxidation at doses of 2.5 and 7.5 mg/kg, whereas 5.0 mg/kg resulted in a 

tnoderately enhanced peroxidation. The protective action produced by this metal on 

quinolinate oxidative injury was partially observed at dose of 2.5 mg/kg, while complete 

protection was found at 5.0 and 7.5 mg/kg, suggesting that some dose-dependency 

would be found between the first two doses tested. The dual action of copper descfibed 

aboye, either as a modulatory element or as a neurotoxic metal, as well as its balance 



between free and bound amounts, might eventually serve to explain both its pro-oxidant 

effect observed when injected alone at the dose of 5.0 mg/kg on basal lipid peroxidation 

and its protective effect at the same dose when administered against quinolinate injury. 

Altbough copper resulted protective in our experiments, the precise mechanism(s) by 

which this trace metal is acting lo attenuate such an índex of neurotoxicity still remain 

unknown. 

In a previous repon' showing a significant increase in the total =out of copper alter 

the intrastriatal injection of quinolinate to rats, we suggested that some of the neurotoxic 

effects of quinolinate in the nervous system, such as oxidative stress and 

neurodegeneration, would be partially related to a disruption in the balance of colmer 

lato the brain; however, considering the findings of the present study, it is likely that 

copper could be eventually more related to modulatory and neuroprotective actions than 

to neurotoxicity. Such an idea is reinforced by recent evidences demonstrating that 

deficiency of copper can produce neuronal degeneration in rats", resembling those 

findings showing that sorne neurological aherations, such as Menkes syndrome, as well 

as their respective experimental ~deis, are related to a defect in copper metabolism. 

Moreover, it has been shown that free copper is capable to antagonize the responses 

mediated by NMDA receptors in a voltage-independent inhibition', also suggesting that 

Cu'' may act on an extracellular binding site of the NMDA receptor-channel complex. 

Considering these evidences together, it is likely that copper is acting as a potent 

inhibitor of NMDA receptor-mediated responses either under ur vitro or in vivo 

conditions. 

Thus, wbat is the copper species involved in its antioxidant effect? It has been reponed 

that intraperitoneal administration of increasing doses of copper (similar to those 



employed in this study) to rats reached peak concentrations of this metal in hypothalamus 

when measured 30 minutes alter its injections. In the same report, ascorbate (500 mg/kg) 

decreased the levels of hypothalamic copper, also reducing some of its toxic effects, such 

as increased dopamine and decreased noradrenaline levels. Therefore, a protective action 

of ascorbate was suggested on copper-induced changes in brain catecholamines on the 

basis of vitamin-induced changes in copper ion status: ascorbate is able to decrease the 

brain copper content by limiting the ratc of its absorption when Cu'.  is reduced to Cu'. 

In contrast, in our experiments ascorbate liad no effect on copper inhibition of 

quinolinate-induced lipid peroxidation when coadministered. From these results one 

would initially say that under our experimental conditions, considering the lack of effect 

of ascorbate on copper antioxidant action, Cu' and Cut' are both equally responsible for 

such an effect. However, it is well known that Cu, which have to be predominant in the 

presence of ascorbate, is related to oxidative events when is active during Fenton's 

reaction. One possible explanation for this is that both species of copper could be 

forming inactive complexes with other small molecules, such as glutamatel. 

Further explanations for the observed protective effect of copper against the 

quinolinate-induced lipid peroxidation have been recently reponed: a) Since it is known 

that quinolinate-induced lipid peroxidation in the brain is dependent on the presence of 

iron'', and also that copper is an essential component of many metalloproteins which 

serve regulatory purposesk, it is probable that elevated concentrations of copper niight 

enhance the activity of some cuproenzimes having ferritin-like or ferroxidase activity 

such as ceruloplasmin and metallothionein'', modulating and preventing the oxidative 

action of iron; b) some interesting interactions hetween copper and iron have been also 

reponed'', pointing out a possible synergistical relationship in which overload of one of 



them might result in modified absorption of the other by changing the mechanisms of 

brain transpon, which would eventually serve to explain changes in the distribution of 

both of diese nietals in the brain and the consequent modification of ►he basal oxidative 

activity; e) copper has been also related to the iriltibition of nitric oxide synthesis in 

murine macrophages", probably involving a niechanism affecting the expression of nitric 

oxide aynthase, while NMDA receptor-mediated cell damage is knowu to be related to 

the production of toxic nitric oxide and other oxygen-derived reactive species" ff 

quinolinate excn its toxic effects via an NMDA receptor-mediated production of nitric 

oxide which will lead toa further generation of free radicals, it is likely that copper could 

be acting by inhibiting of nitric oxide.  

Regarding the evidentes discussed here, there are some questions emerging from the 

finding that copper may reduce the activity of NMDA receptors7  in direct relationship to 

our previous repon': it is possible that the increased copper concentrations observed 

after the striatal injection of quinolinate to rats could be partially a response oriented to 

reduce the activity of NMDA receptors or it was merely the result of copper removal 

from some storages after cell death?, what is the precise tnechanism of action of copper 

in the CNS?, is the action of copper depending on its bound or on its free status'?, if so, 

its action also depends on its mono- or divalent species? Whatever the answer to oil these 

questions, copper seems to offer an interesting alternative w understand some 

modulatory mechanisms in the brain as well as it represent a promising therapeutic tool 

for treatment of neurological alterations. 

CONCLUSION 

This work shows that copper is capable to prevent the NMDA receptor-mediated lipid 

peroxidation alter its excessive activation by quinolinic acid. Whatever the precise 



mechanism of copper agamst quinolinate-induced lipid peroxidation found in our system, 

the relevante of these resuhs arise from the facts that they were observed under in vivo 

conditions and that copper is a trace metal present in physiololgical concentrations in the 

brain, supporting a role of copper as an endogenous modulator of NMDA receptora.  
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FIGURE LEGENDS 

FIG. I. Effect of systemic copper (11) sulfate on basal lipid peroxidation from rat 

corpus striatum. Male Wistar adult rats were administered i.p. either with satine or 

copper as sulfate (2.5, 5.0 and 7.5 mg/kg) 30 minutes before a single intrastriatal 

injection of 1 µ1 satine (pH 7.4). Two hours alter the lesion, lipid peroxidation was 

measured in the injected striata by the assay of lipid fluorescent products. Averages of 

n=5-11 independent experiments t S.D. are shown. Statistical analysis was performed 

using one-way ANOVA followed by Tukey's test. 

FIG. 2. Effect of systemic copper (II) sulfate on quinolinate-induced striatal lipid 

peroxidation in rats. Animals were administered i.p. with copper as sulfate (2.5, 5.0 and 

7.5 mg/kg) 30 minutes before ■ single intrastriatal injection of 1 µI quinolinic acid (240 

nmol/p1). Control animals received satine (pH 7.4) i.p. or intrastriatally. Two hours alter 

the lesion, lipid fluorescent products were assessed as an index of lipid peroxidation. 

Mean values of n=5-11 independent experiments f S.D. are shown. p<0.05, differences 

against control values. s  p<0.05, differences against QUIN treatment; one-way ANOVA 

followed by Tukey's tea 
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El papel del fierro y del glutatión en la peroxidación de lípidos 

inducida por el ácido quinolínico en sinaptosomas y capilares de 

cerebro de rata 

El siguiente paso en la caracterización de factores generadores de estrés oxidativo inducido 

por el QUIN corresponde a la evaluación del efecto del fierro endógeno en el CNS como 

posible factor potenciador de la peroxidación de lípidos dentro del patrón de toxicidad probado 

en este estudio. FI fierro, un metal esencial que normalmente modula la actividad de algwias 

proteínas reguladoras del metabolismo celular y que en su mayor proporción se encuentra en el 

cerebro unido a dichas proteínas, es también un potente agente pro-oxidante cuando se 

presenta en su forma libre. Como podría contribuir este metal al daño oxidativo inducido por el 

QUIN? Se sabe que la acción oxidante del fierro tiene que ver con su participación en 

reacciones que generan radicales libres, empleando para ello sustratos endógenos tales como el 

peróxido de hidrógeno (reacción de Fenton). Por su parte, una de las características en la 

toxicidad del QUIN es incrementar la actividad metabólica celular, lo cual genera múltiples 

sustratos de radicales libres disponibles para reaccionar con el fierro, mismo que también se 

incrementa en su forma libre como resultado de la acción del QUIN. Más aún, se ha 

demostrado recientemente (Goda y col., 1996) la capacidad del QUIN de formar un complejo 

con el fierro libre que resulta ser más tóxico y pro-oxidante que cuando se considera la 

actividad de cada una de estas moléculas por separado. 

En este contexto surge la iniciativa de evaluar el efecto de otra molécula endógena, el 

glutatión (GSII-GSSG), como posible inhibidor del daño oxidativo producido por el QUIN. El 

GSH, o especie reducida del glutatión es conocido por intervenir en reacciones que generan 

radicales libres inclusive por acción del fierro u otros metales de transición, inhibiendo así este 
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proceso. Por su parte, la f01111.1 oxidada del glutatión o GSS6 presenta una interesante 

actividad inhibiendo la actividad de los receptores para NMDA por su unión selectiva a éstos, 

y bloqueando así la posible toxicidad generada por al excesiva activación de dichos receptores. 

Desde esta perspectiva es de gran importancia analizar el efecto que esta molécula pueda 

expresar en este modelo. 

A continuación se presenta el correspondiente artículo conteniendo los resultados de estas 

evaluaciones, considerando no solo los efectos de estas dos importantes moléculas, sino 

también mostrando un estudio comparativo que contempla el empleo de dos preparaciones 

biológicas muy específicas (sinaptosomas y capilares cerebrales) de tres diferentes regiones 

cerebrales (hipocampo, cuerpo estriado y corteza entorrinal) especialmente susceptibles al 

ataque por radicales libres y a la toxicidad del QUIN. Se presentan datos comparativos también 

de la posible influencia de la edad (ratas jóvenes y adultas) en la generación de eventos 

oxidativos mediados por el QUIN; y por último, se evalua el efecto de otro antagonista 

NMDA, el ácido 2-amino-S-fosfonovalérico (APV), sobre la peroxidación de lípidos. 

Este trabajo se realizó en colaboración con el Dr. Frantisek Stastny del Departamento de 

Neurobiología Molecular, Instituto de Fisiología, Academia de Ciencias de la República Checa. 
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Abstract 

Lipid peroxidation us particularly atine un synaptosomes and brain microvessel 

endothelial c,ells which are very susceptible to pathological alterations during development 

illerefore, the measurement of tupid fluorescent products (LFPs) un brain synaptosomes 

and capellanes was usad as an indicator of their free radical damage We found that the 

LFP formaron \vas approsimately 6 - 10fold higher un isolated brain capillanes than in 

synaptos. ,mes from the entorhinal cortex, hippocampus and stnatum of 50-day-old rats In 

I 2-day-o1,1 aiumals the differences were less pronounced owing to regularly lower LFP 

levels un bram microvessels llne lipid peroxidation was suoificantly inhibited in the brain 

nucrovessels by iron-chelation (deferoxamme. 10 pM), but un the case of synaptosomes, 

only m those from the entorhinal cortex of adult rats In contrast, the addition of Fe?' (2 

FeSO4/250 nM ascorbate) uncreased the fonuation of LFPs in synaptosomes to or cuan 

aboye their levels in capillanes from rats of both age groups Quinolinic acid (QUIN; 

100nM), a neuroacti ve metabolite of tryptophan acting at N-methyl-D-aspanate (NMDA)-

type of glutamate receptor, was nuuch less potent peroxudant than exogenous iron. 

However, the tupid peroxidatIon was increased sigrufimnt only in those bram legions un 

which QUIN potently displaced the building of L-CHIglutamate to cell membranes, u e , in 

the luppocampal fonnation and stnatum, but not un the anortunal cortex The addition of 

2-anuno-5-phosphonovalenc acid (APV, 250 µM), an inlubitor of the NAIDA-glutamate 

receptor. and reducod glutathione (GSH, 50 pM), a scavrEger of free radicals with affiruty 

to the NMDA-roceptor, inhubited the increased production of LFPs induced by QUIN with 

regular efficiency in adult rats 

Tlue results show that the spontaneous fomuation of tupid peroxides in brain capillary 

endothelium is more intensive and exhubits lugh dependence on endogenous non than un 



nerve endings in which, however, a higher activity of nitnc oxide synthase (NOS) and 

exogenous iron can induce more intensive oxidative stress The excitotoxic action of 

QUIN includes stimulation of lipoperoxidation in both these cellular-Iike strudures and 

can be diminishod by substances exhibiling an antagonist action at the NMDA-receptor/ton 

channel complex 

Key words: Lipid peroxidation; Synaptosomes, Brain capellanes, Iron, Quinolinic aad, 

['H]glutamate binding, Nitric oxide synthase, 2-amino-5-phosphonovalenc asid, 

Glutathion 



1. Introduction 

Oxidative stress, the result of stimulated oxidative metabolic events leading to the 

fonuation of 02-derived free radicals, represents nr nerve cells one of the main nsk factors 

in some acure (ischemia, stroke trauma) and chronic (neurodegenerative) disorders of the 

brain (Braughler and Hall, 1989, Jesberger 1991, Traystman et al., 1991) The 02-denved 

frtv radical species (02', 01-1.) and hydrogen peroxide (H202) can induce peroxidative 

damage of membrane lipids and proteins and fragnitidauon of DNA strands, leading to 

disruption of nerve cell function and integnty (LeBel and Bondy, 1991) 

Lipid peroxiclauon induced by oxidative stress, is particuiarly active in isolated 

nerve terminals that behave as metabolically autonomous minicells and in endothelial cells 

of brain microvessels, membranes of which are nch in polyunsaturated, highly peroxidable 

fatty ands (Berustant et al , 1995) Free radical-induced lipid peroxidation which disturbs 

the barrer funchon of endothelial cells (Patel i al , 1995), can causes a facture in the brain 

capillary transpon of :ron (Broadwell et al., 1996) and later leads to its accurnulation in 

some brain regions (Shoham et al , 1992; Kondo et al , 1995) The iron derived from blood 

and/or from storage protems is, at least partially, chelated to low molecular weight 

compounds (cg , ADP, citrate, histidin) which can further poterüly catalyze the lipid 

peroxidatton by ascorbate-dependent mechanism (Braughler et al , 1986, Miller and Aust, 

1989) From this is evident that ron may contnbute to minaban and catalyttc propagation 

of nerve and endothelial cdl clamase which can be attenuated by antagonists of N-methyl-

D-aspartate (NMDA)-type of excitatory p,lutamate (GLU) receptor (Zhang et al , 1993) 

Neurons and brain endothelial cells, which possess the NMDA receptors in thar 

membrane surfaces (Monahan and Michel, 1987, Koenig et al , 1992), are particularly 

vulnerable to the excitotoxic/free radical damage, induced by excitatory 31111110 acids 



(glutamateJaspartate) and their agonists (quinolinic acid) Activation of NMDA receptors 

results in sustainod devation of (C?), with subseludat overactivation of some Ca2*-

dependan enzymes (e.g., calpain I and II, phospholipase A1, constitutive nene oxide 

synthase) and irreversible conversion of xanthine dehydrogenases to xanthine oxidase 

(Choi, 1988) The xanthine oxidase activey, which is lughly ennched in brain endothelial 

cells (Betz, 1985), is responsible for an increased formation of 02.  and H202  and for a 

further disturbances ni Cae' homeostasis 'Die resultare increased production of nitnc oxide 

(NO) and its rapid conversion to more stable peroxinente (ONOO) in synaptosomes 

and/or in brain inicrovessels can be the responsible for NMDA-induced neuronal death 

(Lafon-Cazal et al , 1993). Resulting brain damage compnses a dysfunction of the 

endothelial col! barrier (Dietnch et al , 1992; Nag, 1992) which can be accompartied by 

additional deposits of transient metals in some brain regions (Santamaria et al., 1996) 

The concept of oruclative stress-mediated brain cell damage induced by excitatory 

amino acids is charactenzed by two main mechanisms (1) receptor mediated alteration of 

Cae' homeostasis, resulting in the fomiation of 02-denved free radicals and (2) the iron-

catalyzed free radical generation, followed by adunad lapid peroxidatton, leading to 

changes in neuronal and endothelial cell membrane fluidity, receptor function and ion 

pemieability (Coyle and Puttfarcken, 1993) Also QUIN, a neuroactive metabolite of L-

tryptophan with binding affinity at some subpopulations of NMDA receptors (Prado de 

Carvalho it al 1996), can act as a potent lipid peroxidant in the rat brain (Rios and 

Santamaria, 1991, Santamaría and Ríos, 1993) by an iron-dependent mechanism (Stípek et 

al , 1997) Because neuronal susceptibility to QUIN toxicity depdtds on age (Keilhoff 

al. 1991) and brain regton vulnerability (Lisy et al , 1994), we decided to bnng some new 

data conceming the mcchanism of excitotoxic action of QUIN in those rat brain regions 

which exhibe the highest sensitive to oxidative stress Therefore, we studied the fonnation 

of lipid fluorescent product (LFP) in einached fradions of synaptosomes and brain 



comilones isoiated from the entoriunal cortex, hippocampal formaban and corpus stnatum 

(a) in dependence on age (spontaneous lipid peroxidation), (b) after the addition of 

and/or QUIN (stimulated lipid peroxidation) and (3) to test netiroprotewyny of some 

endogenous (reduced glutathionc, GSH) and exogenous (desferoxanune, DFA) substances, 

including the NMDA-receptor antagonist (D,L-2-amino-5-phosphonovaleric acid, APV), 

in relation to the QUIN-stimulatod, iron-dopendent lipid peroxidabon Our [estiles show 

that the spontaneous LFP fonnation in synaptosomes was markedly lower (han in fresitly 

isolated btain nucrovessels In wluch tlus process was regularly inhibited by chelatton of 

eidogenous tron In contiast, in nerve endings this process was more sensitive to the 

addition of exogenous non than in brain nucrovessels In addition, we suggest that the 

mlubitory action of APV and GSH at NMDA-receptor complex odubit some age-

depende« differeices in relation to the QUIN-Induced lipid peroxidation 

2. MATERIAL. AND METHODS 

2. 1. Chenurals 

Quinolinic acid (QUIN), ferrous sulfate (FeS0,) haphahydrate, desferoxanune 

mesylate, D,L-2-anuno-5-phosphonoyalenc acid (APV), (HEPES) (N-12-hydroxydhyll 

piperanne-N(2-ethanesulfonic1), chelattng resin (iminocitacetic aad), quinine, sucrose 

and SIGMA 7-9 (Tris (hydroxymethyl)-anunomothane) were purchased from Sigma 

Chenucal Co (St Louis, MO , U S A ) Sodium, potassium and calaum as chlondes of 

analytical grade as well as cblorofonn and mediano' were obtained from Merck-Mexico 

Ether was from 1 T Baker Chenucal Co (Phillipsburg, N.1, USA) and Anestesal (Na-

pentobarbital) was from Smithkhrte Beehant All solutions were preparad in deontzed 

water made in MILLI-Riq water punfier (Millipore) For rat body perfusions we used 

isotonic solubon of sodium chlonde from Abbott-Mexico Hepann 1000 (Helbenna) was 

from Haber-Mei:toa Pnor to Incubaban of tissue samples, the isotonic Noel solution was 



passed through a chelating resin column to remove possible trace amounts of transient 

metals. Chemicals for y-glutamyl transpeptidase (GGT) determination (L-y-glutamyl-p-

nitroanilide, glycylglyane, acetic aad, Trama (Sigma 7-9), and Triton X-100) were from 

Sigma-Aldnch, Prague, CZech Republic. Also reagents for nitnc oxide synthase (NOS) 

ddermination, i e , solution for homogetuzation (EDTA, EGTA, 2-merkaptoethanol) 

containing prosease inhibitors (aprourun, leupeptin hydrochlonde, phenylmethylsulfonyl 

fluonde, soybean trypsin inlubitor, NP-40) and for reaction mixture (L-arginine, (6R)-

5,6,7,8-tetrahydrobioptenn chhydrochloride, calcium chlonde, (1-ruconnamide adaune 

chnudeotide phosphate (NADPH) as tetrapotassium salt, calmodulin) and Dowex-50W-

X8-200 mesh were from Sigma-Aldnch. [311]Arginine (L-[2,3,4,5 - 31-liarguUne 

monohydrochlonde, 63 Ci/mmol) and (31-13glutarnate (L-G-131figlutainic aad, 21 Ci/mmol) 

were from Amersham, England 

2. 2. Experimental protocols 

Male Wistar rats at the age of 12 days (18 - 28 g of body weight) or 50 days (200 - 

250 g of body waght) were usad Caged animas had free access to food (Purina, Ralston-

Nitrocubos, México) and water The housing room was maintained under condmons of 

constant temperature (25±3 °C) and humichty (50±10 	To standardize chumal 

osallations in rat brain lipid peroxidation (Diez-Muñoz a al , 1985), all expenments were 

carried out dunng ~lung penal (0900-1100 h) 

In the first set of expennlaus, adult rats under light ether anaesthesia were perfused 

with 1001111°f cold 531111C SOIllt1011through the left ventncle of heart, with widely cut nght 

auncle, to eliminate blood lioni the brain vascular trae When lipid peroxidation was 

ineasured in incubatod homogenates or isolated brain microvessels, the perfused animals 

were decapitated under light aher anaesthesia, the bracos were rapidly removed and nnsed 

in ice cold salme Áfter ranoval of meninges, the entorhinal cortices (both anorhinal 



cortica' arcas), the luppocampal fomtations (luppocampus proper plus dentate gyrus) and 

cogiera stnata (nucleus caudatus and putamen) from the left and right half of rat brains 

were dissected on a cooled place and transfernxi nato ice cold kinger's solution (plus 10 

mM HEPES, adjusted to pH 7 4) Pooled samples were homogenized and used directly for 

the detemunation of LFP in incubated samples or, first, brain microvessels were isolated 

from the homogenates and the spontaneous LFP generation was assayed in the ni 

In die second set of expennients, young or adult rats were decapitated in light «her 

anesthesia and Men lomos were removed in cold without previous body perfusion Tissue 

samples of individual braco regions were prepared from 10-11 rat pups on postnatal day 12 

or from 5-b rats (lipid peroxidation) and/or from 10-16 animals (NOS activity and 

holding) on postnatal day 50. Then, the pooled samples were homog,enized 

in buffered Ringer's solution and used for the priparation of ennched synaptosomal P1  and 

capillary fractions (GGT and NOS activity, lipoperoxidation) or in 0.32 sucrose for the 

isolation of crude synaptosomal membranes (CHIglutantate binding) 

2. 3. !salarian af spunnosomes and brain capillaries 

Synaptosomal P2 and capillary fractions from the entortunal cortex, hippocampal 

formation and corpus stnatum were isolated according to procedures deschbed by Colman 

and Matthews 11971) and Mrlulja « al (1976), respedively Pooled tissue samples 

obtained from young and adult rat brains were homogenized in 20 volumes of cold 

Ringer's solution with 10 mM HEPES (pH 7 4), but without hm/me serum albunun The 

homogenates were centnfuge (3-times) at 1500 x g for 15 mm and decanted supeniatants 

were pooled for isolation of crude synaptosomes (P2  fraction) Then, synaptosomal 

sediments were obtained by centnfugation at 10,000 x g for 20 nun The sedimented P2 

material was resuspended ut isotixuc salive solution, the pH of which was carefully 

adjusted to the value of 7 0 just prior to use The third low-speed-sediments obtained at 



1500 x g were resuspended in 0.25 M sucrose (pH 7.0), layered on a di scontinuous sucrose 

gradieni (1 0 and 1 5 M sucrose, each 12 ml) and cadrifuge at 58,000 x g using a Sorvali 

AH-627 rotor in Sorvall OTD 55b Ultracentriftige for 30 min. The packed capillary 

sediments were resuspended in 6 ml of isotonic salive (01 7 0) and inunediately used for 

rncubation and following detemúnation of LFP or frozat and stored for the GGT assay. 

2. 4. Assay of GGT activity 

The capillary ongin of sedimented microvessels was evaluated by the examinaron of 

y-glutamyl transpeptidase (GGT) activity, used as a unique biochenucal marker of cerebral 

endothelium, distinguishing endothehum of small capillaries from that in larger vessels and 

from synaptosomes of P2 fraction (geastnY et al , 1988; It'astnY et al., 1992). For din 

purpose the sediments of brain microvessels and crude synaptosomes (andior washed 

homogmates) were resuspended in 0 9 % NaCI and GGT activity was assayed using y-

glutamyl-p-rtitroanilide (2.5 mM) as a donor and glycylglycine (20 mM) as an acceptor of 

y -glutamyt residue 

2. 5. As.say of NOS activity 

The activity of NOS was measured by means of conversion of VH]arginine to 

CHIcitrulline as previously descnbed by Bredt and Snyder (1989, 1990) Freshly isolated 

synaptosomes and capitanes were resuspended in the homogenization buffer solution (50 

mM Tns-HCI, 0 1 mM EDTA, 0 1 mM FGTA and O I% 2-ntercaptoixhanol, pH 7.5) 

contamino protease inhibitors (2 tiM/m1 aprotinin, 100 tiM leupeptin, 1 mM 

phenylmethylsulfonyl fluonde, 10 µg/m1 soybean trypsin inhibitor) and O 14ú NP-40 

Sanies were froziai in liquid nitrogen until use Thawed samples were rehomogenized and 

500 pg of synaptosomal protein or 250 pg of capillary protein was added tu the reaction 

mixture containing 10 pM L-arginine, 2 5 mM CaCl2  , 10 pM calmodulin, 30 tiM 



tetrahydrobiopterin, 1 mM NADPH, 0.2 µCi I'lliarginme and the volurne was adjusted to 

200 µI by the addition of hontogenization solution. After 15 min incubation in a shaking-

bath at 37 °C, the samples were transferred finto ice and the reaction was tenninated by the 

addition of 1 ml of ice-cold stop-solution (20 mM HEPES, 2 mM EDTA, 2 mM EGTA, 

pH 5.5). Total volumes of the mixture were passed over the columna of I ml Dowex-50W-

X8 (Na*-fomt) equilibrated wtth stop-solution. Test tubes were washed with 1 ml of 

astilled water and runaitung trace amounts of radioactwity were applied onto the colunuis 

Solutions were collected finto vials to which 5 nd of Bray's scintillation liquid were added. 

2. 6. Assay of lipidfluorescent products 

The determmation of lipid fiuorescent products is a complex, but very satis:nye 

method for the measurement of later stages in the lipid peroxidation process (Triggs and 

Willmore, 1984) which can overcome some problems of the thiobarbitunc aad (TBA) test 

in the corren estimation of lipid peroxidation in the brain devellopment (Kriltofiková et al., 

1995). The initial method used by Triggs and Willmore (1984) was sligjuly modified for 

our m vitro deterrnination of LFP In bnef, aliquots of 970 µI of synaptosomal and 

capillary pellets (or washed hontogenates), resuspended in 6 ml of chelating resin-punfied 

isotonic NaCI solution (pH 7 0), were incubated at 37 °C (in a Lab-line Dubnoff incu-

shaker) for 60 mm in the absence or in the presence in deronized water dissolved DFA 

(final conc 10 µM) and/or non (final conc 2 gM FeSO4/250 gM ascorbate) as well as 

alter the addition of QUIN (final conc 100 µM) alone or QUIN plus APV (final conc 250 

µM), QUIN plus GSH (final conc 50 µM) Final volumes of the mixtures were achusted to 

1000 µI In some measurements we also tested samples from young anunals for a possible 

additional effect of APV (250 µM) together with GSH (50 µM) on the QUIN-stimulated 

tupid peroxidation 



The incubation was stopped by the transfer of samples to an ice bath with a 

subsequent addition of 3 ml of cold ddoroform-methanol (2 1) mixture. The mixtures were 

intensively vortexed for 30 s and stored in a refringerator for 30 mm to permit phase 

separaban After suction of water phase and tissue material off, the fluorescence of the 

chlorofomuc layer was measured (0.1 ml of methanol was added to 0.8 ml of extracts) in a 

Perkin-Elmer LS 50 Iwniniscence spectrorneter at 370 nm of excitation and 430 nm of 

emission wavelengths Freshly prepared quinine sulfate, containing 0 1 lig qumme per ml 

of O 05 M H2SO4, was used as a standard All values of LFP were expressed nn lipid 

fluorescence uniu per mg of protein per inmute 

2. 7. Membrane preparation and IllOrtamate binding 

Pooled samples of entorfunal cortex, hippocampal fonnation and corpus stnatwn 

obtamed from adult rat brains were homogeruzed in 0 32 M sucrose using a glass 

homogenizer equipped with a motor dnven Teflon pestie The homogenates were 

ctntnfuged at 1000g for 10 mm and the pellas were discarded The supematants were 

centnfuged at 48000g for 20 min and the pellas were suspended in 40 vol of cold distilled 

water Further steps of membrane preparaban were camed out as descnbed ( Ragsdale et 

al , 1989, Folbergrová et al 1997) The resultant pellas were suspended in 50 mM Tns-

acetate buffer (pH 7 4) Ahquots (100 µI) of membraneous suspension (100-300 lig 

protein) were incubated at 35 °C for 30 min with 10 nM ('H)glutaniate and 200 

quinolinate in a final volume of 1 ml of 50 mM Tns-acetate (pH 7 4) Incubaban was 

temunated by the addition of 4 ml of ice-cold buffer with subsequent filtraban through 

Whatnian GF/C glass microfibre filters under a constant vacuurn After repeated washing, 

the radmactivity trapped on the filters was measured in a modified Tnton-tolume 

santillant using a Beckman 980 Santillation Cowiter (Yoneda and Ogita, 1986) The 

radioacti vity found ih the presence of 1 mM nonradioacti ve glutamate was subtracted froni 



each experimental value as nonspecific binding to obtain the speatic binding of 

('H)glutamate. 

All the preparations except of bindmg incubation were peiformed at 2 °C Buffers 

were stenlized before use by filtration through a rutrocellulose membrane filler with a pore 

size of 450 nm to avoid possible nucrobial contanunation (Yoneda and Ogita, 1989). 

2.8. Proiem determinan un 

Protein conantrations were estimated by the mahod of Lowry ti al (1951) with 

bovine serurn albumen as the standard In the case of NOS aaivity detenuination the 

Bradford reagent (Sigma) for protein determination was used 

2. 9. Masustical ana! ►vis 

Data were analysed by means of one-way analysis of vanance followed by Turke's test for 

multiple comparisons (Steel and Torne, 1980) and by the Phannacologic System (t-test I, 

version 4 0). The values of pe 0.05 and p< 0 01 were calculated to be significant 

3. RESULTS 

3. I. Brain synaptosomes and nucrovessels 

\Ve used changes in CGT activity as an enzyniatic marker of the ininclunent of 

synaptosoines in P2 fractions and of capillary endothelitim in brain microvessel sechmaus 

The specific GGT activity ut homogenates was low with relative order of 

hippocampus>striatum>entorhinal cortex (Table I) Only the difference between the GGT 

activity in luppocampal and cortical homogenates was sigruficant Companng GGT 

activity in homogenates to that in ennched synaptosomal fraction isolated from the adult 

brain reglan, the differences found «tiUally in homogenates were also preserved in 

synaptosomal 1)2  fractions, but at the higher activity levels than in the india! prcparatlons 



Microvessels isolated from the low-speed sedimento were mostly of capillary ongin as they 

showed a 8-9-fold increuse in the activity of GGT comparing to brain homogenates 

Incubation of rat brain homogenates in the air atmosphere resulted in spontaneous 

accurnulation of lipid peroxides in the incubated samples as determined at zero time and 

following 60 nun of incubaban at 37 °C (Zaleska and Floyd, 1985) In our samples the 

spontaneous accumulation of LFP elevated minimally a 6-fold (in cortica' synaptosomes) 

and a I0-fold 	stnatal capillanes) the endogenous („basal") levels of these producís 

found in freshly isolated synaptosomes or capillanes at zero time of inctibation (data not 

shown) To know if non contened in biologically inactive fonos bound to plasma 

transfernn and/or in hemoglobin and ferritin may be released by tissue liontogauz.ation 

and perhaps by proteolysis of iron protens dunng the isolation of brain nucrovesels, we 

measured the amargas of the LFP in homogenates and isolated capillanes from regons of 

perfused or non-perfused brains of adult rato (Table 2). We found regularly lower levels of 

LFP present In homogenates prepared from the perfused rat brains in comparison to non-

perfused animals Interestingly, cortica! nucrovessels isolated from these homogenates did 

not exhiba any differances in the formation of LFP and even increased generation of LFP 

was detemuned In the luppocampal and stnatal capillary fractions isolated from 

homogenates preparad from the perfused bramo Taking all the aboye unto considerations, 

we docided to use ennched fractions of synaptosomes and brazo capillanes isolated from 

the non-perfused rat brains for the further detemunation of LFP levels 

3 2. Age-dependent and regional dtlferences in the formaran; of LFP ur synaptosomes 

and broa: capillaries 

Studying the age-dependent changes in brain hpid peroxidation, we rneasured the 

production of LFP in synaptosome- and capillary-ennched fractions isolated from the rnost 

vulnerable brain regtons m I2-day-old (young) and 50-day-old (adult) rats (Table 3) We 



found that the non-stimulated LFP formation in cortica! synaptosomes isolated from the 

brain of young rats was sigpificantly lower than their levels m synaptosomes isolated from 

the hippocampi and striata of rats of the same age In contrast, the „adult" spontaneous 

levels of LFP in hippocanspal and stnatal synaptosomes were a 2-fold lower than their 

levels detemuned un the cortica! synaptosomes Therefore, a developmental Mercase in the 

formation of LFP was demonstrated only in synaptosomes isolated from the entorhinal 

cortes (+6Q% ys young rats) whereas the generaba] of LFP decreased sig,nificantly in 

hippocampal and stnatal synaptosornes dunng the same developmental penod 

In young rat bracos the formation of LFP in capillanes from the entorhinal cortes 

was a 2-fold higher than that in corresponding prtyarations from tire hippocampus and 

striatum (Table 3) However, no further developmmtal mcrease in the fonnation of the 

produces was observad in the cortica! capillanes whereas in hippocanwal and stnatal 

nucrovessels an approximately tsvice higher levels of LFP were found in capillary 

sediments prepared from the adult rat brains. 

Cornpanng tire higher spontaneous LFP fomiatuon in brain capillaries to that in 

synaptosomes from young rats, the values in cortica! microvessels prevailed a 9-times 

those in cortica! synaptosomes whereas un the hippocampus and stnatum the capillary 

values of these products were about 3-times higher only (Table 3) In adult rat brain, the 

cortica! capillary/synaptosorne rato of the generated LFP reached only a value of 6 which 

was due to, mainly, tiren almost unchanged spontanoous generation in nucrovessels and 

their siguficantly higher formarlo(' in synaptosomes In contrast, the hippocampal and 

stnatal ratios in adult aiumals were 10 and 12, respectively, mainly, owing to lugher 

developmental increases in the spontaneous LFP fonnation in capellanes isolated from 

these brain regions, but also owing to tiren sigruficantly lower formation in the brain 

synaptosomes 



3. 3. ¡ron-dependent generanon of LFP in synaptosomes and capillaries from 

young and adult val brain 

To detnonstrate a possible dependence of the formation of LFP on the presence of 

ondogenous iras, we incubated the sodiments unriched in synaptosomes and capillanes 

from the adult rat brain in the presence of 10 uM DFA which inhibited the process of lipid 

peroxidation in freshly prepared hornogenates from the rat prosenc,ephalon by chelation of 

oidogolouslf011 (Itipek c al , 1997) 'This chelator was able to docrease sippificantly the 

spontaneous LFP forniation only In cortica! smaptosomes to levels found in synaptosomal 

sediments isolated from the adult hippocampi and stnata (Fig 1) On the contrarv, the 

decrease in the spontaneous production of LFP in brain capillanes was significant un all 

brain regias studiod, but the "inhibited" levels still remained aboye the levels found in the 

emiched fractions of synaptosomes 

Therefore, we tned to stimulated the LFP production by the addition of exogwous 

non at the cerebrospinal fluid concentration of 2 µM (flalliwell and Guttencige, 1984), to 

document possible differences in the metal-dependent production of LFP in both isolated 

fractions ennchod in synaptosomes and microvessels from 12- and 50-day-old rat bonos 

Tire addition of 2 IiM Fe'.  together with 250 pM ascorbate, the concentration of which 

piesent In the cerebrospinal fluid (Grunewald, 1993), increased the fonnation of LFP In 

synaptosomes isolated from all the vulnerable brain retoons of young anunals with high 

significancy (Fig. 2A) The stimulatory action was expressed preferentially in cortica] 

structures as it was documented by a 22-fold elevation of the synaptosomal formation of 

LFP aboye the non-stimulated value In hippocarnpal and stnatal synaptosomes the 

mercase was comparable to that in the entorhinal cortex, but owing to higher spontantxnis 

LFP levels, the increases were a 16- and 13-fold, rpectrvely, of corresponding non-

stimulated values. 



In brain capillanes from 12-day-old rats the situation was comparable to that in 

brain synaptosomes, exhibiting a 4-fold mercase of the amount of LFP in cortica' 

nucrovessels in which the the stimulatory action of 2 pM Fe"/250 IrM was most 

pronounced (Fig 2A) In contrast to the entorhinal cortex, the stimulatory action of this 

transiont metal was significantly lower in hippocampal and stnatal capillanes and, 

therefore, the increases were only 3-fold of their spontaneous LFP generation 

The stimulatory action of exogenous non was Iess pronouncod in synaptosomes 

from the investigated brain regions in the adult rat (Fig 2B) 'Tbus, only a 14-fold 

stimulation of the LFP fomtation was shown ut cortical synaptosomes whereas in stnatal 

synaptosomes the increase remained almost at the same leve' and even decreasod 

hippocampal synaptosomes to 13-fold of the spontancous LFP generation Nevertheless, all 

differences in the values of the transient metal-stimulated lipid peroxidation, in comparison 

to spontaneous LFP generation in nerve endings, remained at levels of high statistical 

sigruficancy 

In brain MICÍOVeSIIIIS isolated from adults rats the stimulatory effect of Fe2.  was 

comparable to findings in young rats, with the exception of the hippocampus, in which the 

value increased significantly aboye the value in young rats, reaching almost a 4-fold of 

spontaneous lipoperoxidation in this brain region (Fig 2B) In contrast, in the brain 

nucrovessels from the entodunal cortex and stnatum the nses did not reach of a 2-fold of 

the spontaneous peroxidation nt (hese structures 

3 4. QUIN-samulated generanon of LFP rn synarnosomes and (-amilanes from young 

and adult raí brain 

From Fig,s 3A and 3B as evident that QUIN as much less effoctive hipad peroxidant 

than iron, but at the seiected concentration of 100 tiM tisis excnotoxin regularly increased 

the levels of LFP in brain synaptosomes and capillanes from young rats QUIN increased 



the generation of LFP in synaptosomes isolated from alI vulnerable regions of young brains 

with high sigruficancy and theor highest levels were found in the stnatum (Fig 3A) 

Comparable findings were recoved with nucrovesseis from young rats, but ansing frcm 

the presence of higher levas of the spontaneously fonned produces than in synaptosomes, 

the incraues were percentually lower, but with significancy in all studied brain regule (Fig 

3A) 

In adult rats, the QUIN-stimulated tontuna) of LFP in cortical synaptosome 

reached the highest leve', but owmg to the mcreased level of spontaneously fomitd 

produces in this fraction, the ose was no( stausucally significant (Fig 3B) 011 the other 

hand, tlus exatotoxin mcreased sigruficantly the levels of LFP in hippocampal and stnatal 

synaptosomes In cortical capillanes the QUIN-induced nse was lower and the non-

stimulated level LFP was slightly higher than that in young arumals and, therefore, the 

difference chd na reach of statistical sigiuficancy In contrast, the differences between 

QUIN-stimulated and spontaneous (control) levels of LFP in hippocampal and stnatal 

capillanes were statutical significara 

3. 5. Effect D,L-2-amino-5-phosplionovaleric acid and reduced glutathione on QUIN-

snmulated generanon of LEP ;n synaptosomes and capillanes from young and adult rat 

brasa 

To detemune if the QUIN-stimulated generation of LFP also involyes as interaction 

of this excitotcsun with NMDA-type of GLU receptor in synaptosomal and endothelial 

plasma membranes, we incubated P2 synaptosomes in the absence or presence of 250 pM 

APV This concentration of NMDA-receptor antagomst 1'111:Med QUIN-induced damage 

in culturod hippocampal neurons (Khaspekov et al , 1990) The aaion of APV was 

compartid to the effect of 50 pM reduced GSH, a conc,entration of which corresponds to 

that found in the rat cerebrospinal fluid (Rehncrona et al , 1980) We assume that this 



concrntration of GSH can be very similar to those which are present in the brain 

extracellular fluid 

The concentration of 250 iiM APV did not inhibo the QUIN-stimulattd fonnation 

of LFP in synaptosomes isolated from the entorhinal cortex and corpus stnatum and in the 

hippocantpal synaptosomes even sigtuficantly potentiated the stintulated generation of LFP 

by this excitotoxin (Fig 4A). In contrast, GSH in SO tiM concentrauon was a more potent 

ininbitor of the QUIN-inducei1 gmeration of LFP in brain synaptosomes t'un APV and, in 

the case of stnatal synaptosonces, chis tnpilnide significantly inhibited the stunulated 

fonnation of LFP Incubation of the capillanes in the presence of APV plus GSH did not 

potenuate their action when used separately (data not shown) 

In capillaries isolated from young rats APV regularly inhibited the QUIN-induced 

g,eneration of LFP and the decreases in hippocampal and stnatal microvessels readied 

statistical sigiuficancy (Fig 4A) As in synaptosomes, the GSH-induced suppression of 

QUIN-elevated LFP was more pronounced in brain capillanes and the diminuimos were 

statistically stgnificant in all three brain regions. Also in chis case, APV and GSH did no 

exlubited a mutual potentiation of their individual inhibitory actions (data not shown) 

In adult animals, the inhibitory action of both these substances, probably meadiated 

by NMDA-type of GLU receptor, was more expressed than in 12-day-old rats (Fig 4B). In 

contradiction to young animals, APV significantly inhibited the stimulatec1 fonnation of 

LFP in synaptosomes from the adult rat luppocampi The higher potency of GSH to inhibo 

the QUIN-stimulated fonnauon of LFP was expressed in significant dmunution of LFP 

levels not only in hippocampal, but also in stnatal synaptosomes However, in cortica! 

synaptosomes, nother GSH sor APV influenced the LFP levels detennined in the presence 

of QUIN 

In contrast to synaptosomes, in brain nucrovessels from the adult rats, APV as well 

as GSH significantly inhibited the QUIN-stimulated formation of LFP (Fig 4B) 



However, in contrast to young rats, the substances aleo dinunished the spontaneous levels 

of LFP in cortica! capillants 

3.6. Effect of QUIN on ( 311)glutamate binding into synaptic membranes derived from 

adult rat brain. 

In order to reveal if the effect of QUIN on lipid peroxidation can be realized 

through its direct interaction with glutatnate receptor we decided to test QUIN as a 

displacer in binding of ('H)glutamate in membranes separated from some regalaos of adult 

rat bram As it is shown m Table 4, the binding of (3H)glutamate finto membranes from 

hippocampal formation and corpus stnatum was significantly dacreased (by 15 %) in the 

presence of QUIN But any displacement of binding could not be observed in the case of 

entortunal cortex nese resulta indicate that at least in some brain regions, the interaction 

of QUIN with glutarnate recegor (NMDA-receptor/ion channel complex) is quite 

indisputable 

4. D1SCUSSION 

4. I. Regional and structural charaeterization of LIT generatton en brain homogetuites 

and en ennched fracnons 

The ami of this paper was to bnrig some addiuonal data crilarging our previous 

finding,s concemmg the mechamsm(s) of excrtotoxic action of QUIN (Rios and 

Santamana, 1091, Santamaría and Rios, 1993, Itipek et al , 1997) Because there are 

some doubts about the exactness of the "TBA test" to estimate real mina' rates of bpid 

perotudation (Knitofiková et al., 1995), we have investigated the regional and age-

dependent changes in the spontaneous and sumulated fomiation of LFP in brain 

synaptosomes and capillanes to show that the generation exhibas structurally different 



dependance on iron and that Ow QUIN-stimulated generaban can be influenced by some 

exogenous or endostmous antagonista acting at the NMDA-receptor recognition site of the 

GLU receptor For this purpose we isolated synaptosomal and capillary fractions from the 

brain hornogenates in vAuch the awichment in nerve endings and endothelial cells is dosely 

rdated to the activity of membrane-bound GGT (It'astnY et al., 1988; It'astnY et al., 

1997). The specific activity of capillary GGT was —10-tintes higher than that in brain 

homogatates, corresponding to the activity in freshly isolated rat brain microvessels 

(Htlgier et al , 1991) and to auiothelial cells m cocultures with astrocytes (Dehouck et al., 

1990) The atrichment in GGT was accepted to be sufficumt to reveal possible differences 

in the LFP fonnation in isolated synaptosontes and brain capillanes 

11w tntnnsic feature of lipid peroxidation in brain tissue is its dependence on the 

presence of endogenous or exogenous Tren (Triggs and Willmore, 1984, Zaleska and 

Floyd, 1985; BraughJer et al., 1986; Cini et al, 1994, Itipek et al, 1997) It could explain 

the fact that we found small amounts of extractable products of lipid peroxidation in the 

non-incubated brain preparations formod mainly dunng the 'solaban procedure of ennched 

fractions In fresh brain homogenates the endogenous levels of LFP were just aboye the 

sensitivity of tius method whereas in freshly isolated capillanes at zero time of incubation 

they represented 4-10 % of the Ievels fortned spontaneously over the penod of 60 min (data 

were not shows) To evaluate a possible role of iron whidt could dissociate from non-

containing proteins (mainly from transferrin and ferntin), we compared the Ievels of LFP 

in perfused and non-perfused rat brain However, our results showed that the effect of trace 

amounts of iron bound to Iow molecular weight components (ADP, atrate, histidin) in 

blood plasma or released from erythrocytes andlor nerve cells, mainly from gima (Francois 

ce al , 1981), is evident only in homogenates, but is neglibble, if any, In isolated ennched 

fractions of brain nucrovessels In dependance on the condtbons of detemunation, the 

ultrafiltrable, biologtcally active non in brain homogenates represents 2 6 or 5 7% of the 



total eran content of the tissue (Bralet et al., 1992), but during the asolanan procedure of 

synaptosomes and capillaries it es diluted to oancentrations syhich are ineffective to induce 

initiation of lipid peroxidation. In contrast to this, during saline perfusion of rat brains, 

resulting hypoxia can actívate the xarithine-xanthine oxidase system or liberate some iron 

in brain microvessds and in this way it can lead to some elevations of LFP in perfused 

capillaries (and synaptosomes). Therefore, in further experiments with capillaries and 

synaptosomes we preparad pooled samples of the brain regions from non-perfused rat 

brains to shorten the the time of their isolation and to mirumalize the spontaneously formad 

LFP as in thern 

We found that the non-stimulated levels of LFP were higher m hippocampal 

homogenates than in the preparations from the adult corpus striatum. It es in a reciproca! 

relationship to the topographical localization of iron (Francois et al., 1981) and to ets 

cancentratins found in these brain regions by Zaleska and Floyd (1985). Also in neuronal 

cultures from the einbryonic rat brain, the nigro-mesencephalic neurons exhiba lower 

sensitivity to Fea  (Michel et al., 1992) in companson to hippocampal neurons for which 

concentrations of 100 pM FeSO4  or lower (together with ascorbate) were toxic (Zhang 

al , 1993). llowever, both these brain regions are highly sensitive to submicromolar 

amounts of the intraregionally ende sed FeCl2  wtuch causad an excessive accumulauon of 

Ca2', followed by a neuronal Ioss in adult rat brain (Sloot er al , 1994) This as in 

agreement with previous findings demonstraung that nucromolar or lower concentrations 

of Fel' are able to initiate tapad peroxidation in rat brain homogenates (Itipek et al. 1997) 

Non-parallel relationshap between the iron content and Jipad peroxidation also exasts in the 

cerebral cortex In this brain region we found the haghest spontaneous generation of LFP an 

homogenates (and in synaptosomes), bu( the content of endogenous iron as lower than in 

previous two brain regíais (Zaleska and Floyd, 1985) It suggests that, besades of iron, 



some other pro-oxidant or anti-oxidant factor(s) or their mutual dysbalance may be 

involved in the initiation of lipid peroxidation in these brain preparauons 

cells of brain capillaries are potenual targets of reactive 02  radicals 

(Mak et al., 1992) and their subsequent damage may represent an carly event in brain 

damage, mainly dunng the excitotoxic (Dietrich et al , 1992) or ischemia/reperfusion 

imury (Platea et al., 1995.  Siesio et al., 1995). 'The involvement of brain endothelial cells 

in a receptor-modiated transpon of non (Broadwell et al , 1996), the high activny of 

xanthine oxidase in them (Betz, 1985) and the ac,cumulation of highly oxidizable 

polyunsaturatod fatty acids in their inembranes (Bénistant 11 al , 1995), form from the 

brain eutdothelium a very susceptible structure to lipid peroxidation Dierefore, the brain 

endothelial cells reqwre more protection against peroxidative damage than other brain cells 

(Tayarami et al , 1987) The protection is represented not only by the presence of peroxide-

detoxifying enzymes (Tayaranii et al , 1987, Plateel et al., 1995), but also by a relativelY 

high canten( (- 3 5 mM) of GSH (Plateel et al., 1995) which is similar to that in astroglia 

(Thorbume and Juurlick et al , 19%), but higher than in neurones (Saltara 	et al , 

1993) This very labile balance between pro- and anti-peroxidative processes in brain 

capillanes may explain our findings in which we demonstrated several times higher 

spontaneous formaban of LFP in brain capillanes that in brain homogarates (or 

synaptosontes) Similarly to homogenates, the high formaban of LFP was found in cortica! 

synaptosomes (and capillanes) suggesting for high vulnerability of tus brain reglan to 

oxidative stress in adulthood 

4. 2. Age-dependen( changes in the formar:km of LIT in ennclied jrachons of ral brain 

synaptosomes and capitanes 

From our expenments is also evident that in inunature (12-day-old) rats the 

spontaneous fonrnation of LFP is regularly higher in synaptosomes from the subcortical 



brain regions than in young adult (50-day-old) animals nese results (Fig.3) are in 

agreement with the observation of Koudelová and Mourek (1992) who demonstrated higher 

levels of TI3A-reactive substances in homogenates prepared froni the subcortical brain 

fomtations of 5- and 21-day-old rats than in adults. The decrease of TBA-reactive 

substances is not final and gets on with age so that their levels are lower in the 

hippocampus than in the striatum of 28-month-old animals (KnItofiková et al , 1995). In 

contrast to the subcortical structures, in codical preparations, a gradual postnatal increase 

in the endogenous levels of these substances was observed (Koudelová and Mourek, 1992), 

with a peak in 35-day-old rats Then ther levels decreased again (Koudelová and Mourek, 

1992), but remaind unchanged betwien 3- and 28 postnatal months, being significantly 

higher than in the hippocampus and stnatwn of old rats (Kriltoftková et al., 1995) The 

results suggest that the adult cerebral cortex as a ontogenefically younger brain region, can 

be more susceptible to different pathological insults, in contrast to the immature brain in 

which subcortical brain regons sean to be transiently more susceptible to oxidative stress 

than in adulthood. 

However, comparable data concerning postnatal changes in capillary fonnation of 

lipid peroxides are absent. Qualitative and quantitative ultrastructural changes in (he brain 

nucrovessel wall of 3-month-old and aging rats suggest for the developmental reduction of 

mean thickness of capillary endothelium and of relative volume of mitochondna in 

endothelial cells and pencytes (Nansa] and Heinsen, 1983) and for a subsequen blood-

brain-barrier dysfunction These findings may suggest for a difference betwoen the brain 

ag.,ing and the process of postnatal brain maturation 

4. 3. Dependence of the LFP generation on endogenous and exogenous iron in enriched 

fracttons of synaptosomes and capitanes 



In the rat brain, the main bulk of iron is depositad intracellularly (mainly in 

oligodendroctes and microglia) ni the storage protein ferritin or bound to the transpon 

protein transferrin (Batkovic el al , 1993) whereas only a unan fraction of iron is 

extraoellularly in a form of low molecular weight componeos (Braughler et al 1986) 

However, the regional and cellular distribution of iron deposits (Francois et al , 1981, Hill 

and Switzer, 1984) do not overlap in the distnbution of iron-binding sites (Barkai et al , 

1991) and transferrin receptors (HM a al , 1985) It was suggestod (Hill et al , 1985) that 

iron-nch brain areas are efferent to areas of high transfernn receptor density and that these 

sites receive iron through neuronal transpon Our results with desferoxarnine (see Fig 1) 

show that the nerve temUnal accumulation of transponed iron could play a role in the 

uutiation of lipid peroxidation only in synaptosomes from the entortunal cortes in which 

the density of a transfernn-like protetn is relatively high (Hill et al. 1985) 

Iron is taken up by nerve cells after transferrin binds to speafic surface receptors 

and that the complex is intemalized. Transferrin receptors have been localized on the 

Itumnal endothelial surfaces of brain capillanes suggesting a route through which 

transfemn can transpon iron from plasma to the cells of the brain (Jeffenes et al , 1984) 

Mainly rat brain capillaries in cortica' areas and in basal gangha exhibited high densas,  of 

transfernn receptor. This is in parallel with our findings demonstrating higher spontaneous 

fomation of LFP in the brain capillanes isolated from the entortunal cortes and stnatum 

Upan in those from the hippocampus But a potent inhibition of the spontaneous generation 

of LFP by desferoxamine m all these brain regions supports the observation of Broadwell 

et al (1996) dernonstrating that (he intemaitzed, iron-containing tranferrnn may leave tts 

iron within the endothelitun Thts lability of transfernn-bound non, together with the high 

actioy of santhme oxidase in the brain endothelial cells (Betz, 1985), could also be 

responsible for much higher spontaneous fonnauon of LFP m brain capillanes (cornpanng 

to synaptosornes) which was regularly inibited by the addition of desferoxanune 



The addition of increasing concentrations of exogenous iron resultad in a linear 

accumulation of peroiudative products in brain homogenates of about 50-day-old rata (Cini 

et al., 1994). Also exposure of brain synaptosomes to the Fel*/ascorbate (5 pM/100 pM) 

oxidizing system increased their peroxidative activity in a time dependent manner (Bondy 

et al., 1990) si.4xidi was conectad with a significant decrease in the content of 

polyunsaturated free and phospholipid fatty acids in synaptosonial membranes (Viani et 

al , 1991) and with enhanced basal release of excitatory amino acids from the 

synaptosomal compartment (Gilman et al., 1994). We found that exogenous ,ron (2 pM) in 

the presence of ascorbate (250 pM) enhances the generation of LFP in synaptosomes from 

different regions of adult rat brain in comparable rate which parallells the similar capacity 

of the cortical, hipocampal and striatal tissue to bind exogenous iron in rata of comparable 

age (Barkai et al , 1991). But the higher potency of the exogenous iron/ascorbate system to 

enhance the generation of LFP in brain synaptosomes from 12-day-old rata than in adult 

aiumals remains unclear, mainly, if the brain amounts of unsaturated fatty acida, the 

substrates for peroxidative processes, are lower in young than in adult rata (Smídová et al., 

1984) In contrast, lipid composition of brain capillary membranes (Tayarani et al., 1987; 

Bérustant et al., 1995) and the receptor-mediated transpon of iron in the brain endothelium 

(11ill et al 1985 .  Broadwell et al., 1996) make from the brain microvessels an important 

target for the iron-induced oxidan ve stress. 

4. 4. Invokement NAIDA-type of glwamnie receptor in the generatton of LFP in 

enriched fracnons o/ synaptosomes and capillanes 

Glutamate (KnItofikova et al., 1995) and its agonists, kainic acid (Bose et al., 

1992), seem to be a less potent inducers of oxidative stress than QUIN (Rios and 

Santamaria, 	1991, Santamaría and Ríos, 1993). QUIN, an endogenous agonist of 

NMDA-type of GLU receptor, stimulates the rat brain lipid peroxidation by an iron- 



dependent medianisni (Itipek et al., 1997). Excessive activation of this type of GLU 

receptor by QUIN can leed to neuronal death (Foster et al , 1988; Keilhoff et al., 1991), 

implicating free radical formation ni this proccss (Fagni et al., 1994). We demonstrated 

that QUIN stimulates the fomiation of LFP in all synaptosomal preparations from 

inunature rats more potently than in young adult rats (see Fig. 3A an 3B) and, in the case 

of the adult entorhinal cortex, this excitotoxin was evai ineffective. This can be related to 

the transient overexpression of NMDA-glutamate receptors in some rat brain regions 

between the second and forth postnatal weeI (Tremblay d al., 1988; Insel et al 1990, 

Folbergrová « al., 1997) and to their unequal distribution in adult rat brain (Monaghan 

and Colman, 1985) The NMDA-binding sites are well-diaracterized on membranes of rat 

cerebral synaptosomes (Monahan and Michel, 1987) and are also detectable on rat cerebral 

capillary membranes (Koenig et al., 1992). However, in contrast to NMDA-binding sites 

on devdoping synaptosomes (Chaudieu ex al , 1991), any developmental data are absent in 

the case of brain capillaries and, therefore, any correlation to changes in QUIN-induced 

formaban of LFP in brain microvessels cartita be carried out 

In relation to the QUIN-induced, NMDA-receptor mediated generation of LFP in 

synaptosomes and capillanes, we tested the inhibitory action of exogenous (APV) and 

endogenous (GSH) antagonists acting at the NMDA-type of GLU receptors The CSF 

concentration of total GSH (50 pM), reflecting the presence of low levels of GSH in the 

brain interstitial fluid (Rehncrona et al , 1980), is so low than its inhibitory action on 

QUIN-stimulated fonnation of LFP, observad regularly in synaptosomes from the adult rat 

brain and irregularly in young rats (see Fig 4A and 4B), is more probably mediated by 

GSH-induced inhibition of an agotust binding to glutamate recquors in the rat 

synaptosomal membranes (Ogita et al , 1986) than by its action as a scavenger of free 

radicals In this study we show that GSH at 50 pM conceuration is also capable to 

attenuate the QUIN-induced lipid peroxidation in brain microvessels despite of the fact that 



it is a good substrate for GGT, the activity of which is high in then surfaces (see Table1). 

The inhibitory action of GSH is more regular than that of 250 pM APV. 1-lowever, in 

contrast to the micromolar concentrations of GSH which inhiba the synaptosomal and 

capillary fonnation of LFP, millirnolar concentrations of GSH or GSSG are necessary to 

protect neuronal cells against the NMDA-receptor mediated neurotoxicity (Levy et al., 

1991) It can suggests that lipid peroxidation is only one of the NMDA receptor-mediated 

processes which lead to a neuronal cell death (Chol, 1988) But the finding that APV (and 

panially GSH) can further stimulate the QUIN-induced formation of LFP in hippocampal 

synaptosomes of I2-day-old rats is not easy to explain and can be, perhaps, related to the 

differential expression of NMDA-recopition sites with respect to glycine and 

phexicychdine modulatory sites of the receptor/channel complex observed in the rat 

hippocampal formation between postnatal days 7 and 21 (McDonald et al., 1990) 
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TABLE L Specific activity of GGT in synaptosoinal and capillary fractions isolated 

froni homogenates of entorhinal cortex, hippocampal formation and striatal complex 

in adult rat brain 

striatum 
Fraction 

Entorhinal cortex Hippocampal formation 	Corpus 

GGT 	NOS 	 GGT 	NOS 	GGT 

NOS 

Hotnogenate 
n.d. 

3.9 ± 0.6 n.d. 5.4 ± 0.5 n.d. 4.6 ± 0.5 

Synaptosomes 4.7 ± 0.5 5.56+ 7.9 ± I 0 4.77+ 7.2 ± 0.9 

3.35+ 

Microvessels 32.5 ± 4.0 1.74+ 50.7 ± 3.4 1.60+ 42.1 ± 6.1 

1.88+ 

Values are mean of 3 determinations (in duplicate or triplicate) ± S.D. 



TABLE 2 Companson of the non-stimulated fomiation of lquel fluorescent products in 

homogenates and captlianos preparad from entorhmal cortex, luppocantpal formauon and 

corpus 

stnatum of non-perfused and saltne-perfused adult rat braco 

Lipid fluorescent product formation 

expressed as 11/mg protein per min 

Fraction 

Entorhinal 

cortex 

Hippocampal 

formation 

Corpus 

striatum 

Homogenate 2.730 1.411 1.272 

(non-perfused brain) (100%) (100%) (100%) 

Homogenate 2.294 1.197 1.032 

(perftued brain) (84%) (85%) (81%) 

Microvessels 13.955 6.500 11.164 

(non-perfused brain) (100%) (100%) (100%) 

Microvessels 13.951 7.105 13.375 

(perfused brain) (100%) (109%) (120%) 

Values are mean of two experiments (in duplicates) 



TABLE 3. Developmental and regional differences in the formation of lipid 
fluorescent 

products in synaptosomes and capillaries isolated from young and adult rat brain 

Age 
	

Lipid fluorescent products expressed as U.F./mg 
protein/min. 

in 	 Fraction 

days 
Entorhinal cortex Hippocampal formation Corpus 

striatum 

Synaptosomes 1.568 ± 0.194 2.277 ± 0.280 2.584 	± 
0.44 
12 

Capillaries 14.680 ± 2.600/  7.426 ± 1.157' 7.554 	± 
2.I 17' 

Synaptosomes 2.656 ± 0.833' 1.159 ± 0.376 1.437 	± 
0.388 
50 

Capillaries 16.075 ± 3.365/  I I.839± 2.433' 13.310± 
4.746' 

Values are mean ± S.D. of 8 - 12 individual experiments. The age-dependent changes 
are expressed in percentages of corresponding values from 12-day-old rats. < 0.05 
vs entorhinal cortex, respecting the same fraction and age of rats. bp < 0.01 vs 
hippocampal formation, respecting the same fraction and age of rats, `p < 0.01 vs 12-
day-old rats, respecting brain region and fraction. 



TABLE 4. Effect of quinolinic acid (QUIN) on specific receptor binding of 

I'lliglutamate in crude synaptic membranes isolated from the entorhinal cortex, 

hippocampal fonnation and corpus s*riatum of adult rat brain 

(311)glutamate binding (finol/ing protein) 

Entorhinal cortex 	Ifippocampal fonnation 	 Corpus 

striatus 

Control 	1419 ± 350 	 1 172 + 312 
	

546 

130 

QUIN 	1364 ± 155 	 777 ± 187b 
	

413 

183' 

Values are mean ± S.D.of 12-15 measurements representing membrane 

preparations from 4 indivictual experiments 'p 	0.05 and bp - 0.01 vs 

corresponding control value. 
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El óxido nítrico y la peroxidación de lípidos inducida por el ácido 

quinolínico en sinaptosomas de cerebro de rata 

Existe para el óxido nítrico (NO), como lo existe también para otras pequeñas moléculas 

tales como los metales de transición, un papel dual sobre el SNC ampliamente demostrado en 

la literatura. En el caso de este gas, hay reportes que lo proponen como un neuromodulador de 

la transmisión glutamatérgica involucrado en el control y la regulación de procesos 

metabólicos dependientes de calcio y que incluso puede resultar potencialmente neuroprotector 

en condiciones muy específicas de daño neuronal. Sin embargo, también se ha reportado que el 

NO puede ser un importante mediador de daño neuronal y de estrés oxidativo bajo condiciones 

de excitotoxicidad. Su naturaleza gaseosa le confiere además la capacidad de alcanzar sustratos 

remotos en los sistemas biológicos y manifestar así sus efectos sobre múltiples biornoléculas 

blanco, sean éstos tóxicos o fisiológicos. Parece ser que dicha dualidad del NO obedece a dos 

factores fundamentales: a) su concentración en el SNC y b) su especie molecular 

predominante. 

En vista de la considerable cantidad de reportes en la literatura que demuestran que la 

activación de receptores para NMDA produce ►m incremento en los niveles de NO y que dicho 

proceso puede estar relacionado ya sea a la generación de procesos tóxicos que eventualmente 

conduzcan a la muerte neuronal, o bien al reestablecimiento de la homeolasis celular, se 

evaluó el efecto tanto de precursores del NO, como de inhibidores de la actividad de la sintasa 

del NO, la NOS, sobre la peroxidación de lípidos inducida por el QUIN en sinaptosomas de 

cerebro de rata, bajo la hipótesis de que dichas manipulaciones farmacológicas pemiitirian 

eventualmente sugerir un papel pro-oxidante del NO en condiciones de excitotoxicidad 

mediadas por el QUIN, constituyéndose en un factor potencialmente vinculado al patrón de 

daño oxidativo inducido por esta neurotoxina. 
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Entre los fármacos probados en este estudio se encuentran la L-arginina (el precursor 

endógeno del NO), así como diferentes dosis de Nw-nitro-L-arginina (L-NARG), un potente 

inhibidor de la NOS. A continuación se anexan los respectivos resultados de dicho trabajo en la 

forma en que fueron enviados para su publicación. 

Este trabajo se realizó en colaboración con el Dr. Mauricio Díaz del Departamento de 

Neurociencias del Instituto de Fisiología, U.N.A.M. 
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Abstract 

The effects of a nitric oxide synthase inhibitor, Nernitro-L-arginine (L-NARG), and a nitric 

oxide precursor, L-arginine (L-ARG), on the lipid peroxidation induced by quinolinic acid (QUIN, 

an NMI)A receptor agonist), were hoth tested in synaptosomal fractions from whole rat brain. 

Baseline of lipid peroxidation was found at 2.43 ± 0.24 fluorescente units/mg protein or 14.27 

1 24 nmoles of THARS/ing protein (100 %). QUIN (100 µM)-induced lipid peroxidation in 

synaptosomes (256 % and 166 % vs control, as measured by lipid florescent products and 

thiobarbituric acid-reactive substances, respectively) was inhibited by concentrations of 10, 40, 

100, 200 and 400 riM of L-NARG (74 %, 58 94,, 56 %, 48 % and 48 % vs quinolinate value, 

respect6 ely). Coincubation of synaptosoines with QUIN plus l-ARG (100 gM), which alone 

resulted a potent pro-oxidant (277 % vs control), increased the lipoperoxidative effect induced hy 

QUIN alone in 120 % (290 % vs control). Synaptosomes simultimeously exponed to QUIN (100 

IN) plus L-ARG (100 MM) plus L-NARG (200 µM) showed levels of lipid peroxidation similar 

to those of quinolinate alone. These findings suggest that nitric oxide may contrihute to the 

oxidative damage induced in vitro by QUIN. 
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1. Introduction 

Quinolinic acid (2,3-pyridine dicarboxylic acid, QUIN), an endogenous tryptophan metabolite 

from the kynurenine pathway, is also a potent neurotoxin. Its excitotoxic action is mediated by 

overactivation of glutamate receptors, as QUIN is a selective NMDA subtype of glutantate 

receptor agonist [1]. QUIN has been commonly employed to reproduce some of the pathological 

consequences of liuntington's disease [2], and more recently, 1-leyes and coworkers [3] described 

an involvement of QUIN in inflammatory and infectious 'turnan brain disorders as AIDS-dententia 

comides. Enhanced cytosolic Ca' concentrations, ATP exhaustion, circling behavior and GALIA 

depletion [2,4,5] are all important features observed as a result of QUIN-induced neurotoxicity, as 

well as increased oxidative stress and lipid peroxidation [6,7,8]. 

On the other hand, nitric oxide (NO), a novel neuronal modulator, has been postulated to play 

a role as a retrograde ntessenger in the central nervous system, showing both regulatory and 

neurotoxic effects, depending on its redox status [9,10] and on its concentrations [1 I]. NO is 

involved in severa) physiological processes such as vascular relaxation, long-terco potentiation, 

learning and mentory [12]: while, under pathological conditions, NO may promote apoptosis. 

oxidative stress and cell damage [13] 

An increased production of NO mediated by a Ca''-calmodulin-dependent activation of the 

conslitutive nitric oxide svnthase (cNOS) has been demonstrated after .stimulation of NMDA 

receptors [14,15]. In order to elucidate whether nitric oxide is able to modify the quinolinate-

induced oxidative stress in vitro, a NOS inhibitor, No-nitro-L-arginine, and the NO precursor, L-

arginine, were both ernployed to evaluate the generation of lipid peroxidation in QUIN-exposed 
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rat brain synaptosomes, as nteasured by two current indexes of oxidative stress, the assay of lipid 

fluorescent products (LFP) and the assay of thiobarbituric acid-reactive substances (TBARS). 

2. Materials and Methods 

2.1. Ammals 

Male Wistar bred-in-house rats (250-300 g) were used throughout the experiments. Animals 

were housed in acrylic box cages and provided with Rodent Chow (Purina Chow) and water ad 

hbomm. Animals were tnantained under conditions of constata temperature (25 t 3° C), humidity 

(50 + 10 %) and lighting ( 12:12 lightdark cycle). Rats were killed by decapitation and their brains 

were then removed for tissue homogenization. 

2.2 Chemwals 

Deionized water (Milli R/Q System, Millipore) was used for preparation of all solutions. QUIN, 

2-atttino-5-phosphonovaleric acid (APV), Folin & Ciocalteu's phenol reagent, quinine. 2-

thiobarbituric acid (TBA), ferrous sulfate (FeSO4 ), copper sulfate (CuSO4) and sucrose were 

purchased from Sigma Chemical Co. (St Louis, MO). L-arginine (L-ARG) and Nornitro-L-

arginine (L-NARG) were purchased from RBI. AH other chemicals were obtained from E. Merck 

(Mexico). 

2.3. !solano', ef synapiasomal-enriched fracnons 

Synaptosomal fractions were obtained according to a modification 1161 of the procedure 

reponed by Lóscher and coworkers 1171. Animals were killed by decapitation and their Malos 

rapidly removed and briefly stored al -5° C in isotonic satine solution (0.9 %, p11 7.4). Pooled 

brains (without cerebellum) from 2 animals were gently homogemzed in a 0.32 M sucrose 

solution with a "feflon pestle-glass homogenizer (8 up-and-down strokes). liomogenates were 

then centrifuged at 1,500 g for 10 min and the supematants centrifuged again at 11,000 g for 20 
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min. The final supematants were discarded and the pellets resuspended in 5 ml of sucrose (0.32 

M). Resuspended preparations were gently layered onto 20 ml of a 0.8 M sucrose solution in 

polycarbonate subes and centrifuged at 10,800 g for 27 min at 4° C in a swinging bucket rotor. 

Afler ren►oval of the f►rst (ayer, the interface was recovered and diluted in 30 ml of a sucrose 

solution (0.32 M). A final centrifugation was perfornied at 24,000 g for 15 min. Pellets obtained 

at the end of this procedure were finally resuspended in 9 ml of a non-calcium-free isotonic salive 

solution and represented the synaptosomal fraction. 

2.4. Treannent of brano synapiosomes 

Volumes of 970 pl of the resuspended synaptosomal aliquots (final volume adjusted to 1 ml 

with deionized water) were exposed to equal volumes of 10 pl of either isotonic salive (pI1 7.4)10 

reach final concentrations of QUIN (100 pM), APV (250 pM), L-ARG (100 pM), L-NARG (10, 

40, 100, 200 and 400 pM) or some combinations of theta The concentrations of L-ARG and I-

NARG used Itere were selected according to previous reports [15,18,191 Aliquots were then 

gently vonexed, incubated in a shaking water bath at 37° C during 1 hour, and assayed either for 

the coman of lipid fluorescent products or the thiobarbituric acid-reactive substances, as 

described below. 

2.5. Assay of hpuifluorescent products (LH') 

Fonnation of lipid-soluble fluorescent products was measured by the technique described by 

Triggs and Willmore 1201 and modified for m varo studies 16j Afler incubation, synaptosomal-

enriched 1 ml-aliquots were added Ykit h 3 ml oí a chloroform-methanol mixture (2 1, vv) Tubes 

were capped, gently vonexed for 15 seconds and placed on ice during 30 min. The aqueous pitase 

was discarded and 800 pl of the chloroform layer were transfered luto a quanz cuvette and mixed 

with 100 pl of mediano' Tite fluorescent signals of the samples were measured at 370 ntn and 
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430 Hm of excitation and einission %vavelengths, respectively. The sensitivity of the 

spectrophotometer was adjusted just befoie measurement of samples, to 140 fluorescence units, 

with a quinine standard solution (0.1 pg/m1) prepared in 0.05 M of sulfuric acid. Final results 

were expressed as fiuorescence units per mg of protein or as a percent of lipid peroxidation vs 

control values. 

In order to assess the quality of the results of LIT monitoring, additional aliquots containing 

the synaptosontes were incubated under the same conditions in the presence of a well-known 

peroxidant, ferrous sulfate (2 ItM). 

2.6 Assay af thiabarbituric acid-reactive substances (TBARS) 

Production oí thiobarbituric acid-reactive substances was measured according to the technique 

previously descrihed tbr In vitro studies [61. One ml-aliquots containing the incubated 

synaptosomes were added with two mi of the TBA reagent (0.375 g of TBA + 15 g of 

trichloroacetic acid 4  2.5 ml of concentrated HCI in 100 ml of water) and the final solution (3 

total volume) was heated in a boiling water bath for 30 min. Alter ice-cooled, samples were 

centrifugated at 3000 g for 15 min. The absorbance was measured in the respective supematants 

by spectrophotometry at 532 Dm. Concentrations of TBARS were calculated by interpolation in a 

standard curve of periodic oxidation of 2-deoxy-D-ribose. Final results were expressed as tintoles 

of THARS per mg of protein 

2 7. Froten! Ineasurement 

Cometo of protein in tissue samples from brain synaptosomes was measured by the Folio and 

Ciocalteti's phenol reagent 1211. Results of lipid peroxidation were corrected by protein cometa in 

each sample 

2.8 Stansncal anal sis 
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All data were analyzed employing a one-way ANOVA, followed hy Tukey's test foi multiple 

comparisons 1221. Values ofp«-0.05 were considered of statistical significance. 

3. Results 

3.1. Effect ()jiras on synapiosomal Irprd perondanon 

Measurement of lipid peroxidation (LP) was first assessed hy exposure of synaptosomal 

fractions to 2 pM of ferrous sulfate (FeSO4 ), a well-known lipid peroxidant 1201. LP induced by 

iron was enhanced by 581 % (p<0.05), as compared to control values (data not shows). 

3.2. E:0kt of 	on quinohnale-induced hpid permadonon 

Figure 1 shows the effect of APV un QUIN-induced LP. APV, a well-known competitive 

NMDA receptor antagonist, was first employed in our system in order to assess an involventent of 

NMDA receptors activation on LP mediated by QUIN, as previously reponed (8,91. Basal values 

of LP (100 %) were fotuid to be 2.43 ir 0.24 F.U./mg prot (n=8, Fig. 1) or 14.27 ± 1.24 nniol 

TBARS/mg prot (n=4, Table 1). lncubation of brain synaptosomes in the presence of QUIN 

resulted in a significant increase of LP, as compared to control values (256 % as fluorescent 

products in Fig. 1 or 166 % as TBA-reactive substances in Table 1). APV alone had no effect on 

basal LP (110 % vs control), whereas co-incubation of synaptosomes with QUIN plus APV 

completely inhibited the QUIN-induced LP (109 % vs control). 

3 3. Effecl of L-NARG on qumolinate-induced lipu peroxidonon 

Figure 2 shows the effect of increasing concentrations of L-NARG, a NOS inhibitor. on QUIN-

induced LP. as measured hy the assay of LEP. Co-administration of QUIN plus L-NARG al 

concentrations of 10, 40, 100, 200 and 400 iM, decreased the lipoperoxidative effect produce(' 

hy QUIN alone (74 % 58 %, 56 %, 48 % and 48 0  vs QUIN, respectively), showing 

concentration-dependency mainly among the lower concentrations (10 and 40 pfd) The sanee 
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concentrations of L-NARG, administered alune, did not produced significant changes on LP, as 

cotnpared to control values (data not shown). 

The effect of L-NARG (200 pM) on QUIN-induced LP was also tested by the assay of TBARS 

(Table 1). L-NARG alone had no effect on basal LP in the incubated synaptosomes, whereas 

coadministered with QUIN, L-NARG inhibited the oxidative action produced by QUIN (76 % as 

compared to QUIN values). 

3.4. Effect of L-ARG on qumohnate-mduced lipid perandanon 

Figure 3 presents data (as percentage vs control values) of the effect of L-ARG, the precursor 

of NO, as well as L-NARG at a concentration of 200 pM, on QUIN-induced LP. QUIN, 

coadministered with 100 pM L-ARG, slightly enhanced the pro-oxidant effect of QUIN alone by 

120 % (290 % vs control values). L-ARG alone significantly promoted the basal LP (277 % vs 

control). As shown in Figure 2, QUIN, coadministered with L-NARG, significantly prevented the 

QUIN-induced LP, whereas L-NARG alone had not effect (see Figure 3). Synaptosomes 

coincubated with L-ARG (100 pM) + L-NARG (200 pM) showed no significant increase in LP 

values as compared to control (103 %, data not shown in Fig. 3). The effect of the same 

combined treatment (L-ARG + L-NARG) resulted to be significantly lower as compared to 1-

ARG alone (23 0/e, vs L-ARG, p<0.05). Finally, when synaptosomes were incubated in the 

presence of QUIN + L-ARG + L-NARG, lipid peroxidation was significantly increased by 233 % 

as compared to control values, but below the leve) of QUIN alone (91 % vs QUIN). 

4. Discussion 

In accordance with previous reports 16,7], we observed that quinolinic acid augmented the 

oxidative damage produced ni vitro by the enhancement of lipid peroxidation, as measured both 

by LPS and TBARS assays. Such an effect is shought to be naedieted by the selective acsivation of 
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NMDA receptors, since an NMDA antagonist, APV, was able to completely aboliste the 

quinolinate-mediated lipid peroxidation in rat brain synaptosomes. lle same protective effect of 

NMDA receptor antagonists, such as kynurenic acid and MK-80I, on quinolinate-induced lipid 

peroxidation, has been reponed [6,71. Stipek and coworkers 181 have recently proposed that 

quinolinate lipid peroxidation in the rat brain is also dependent on iron concentrations, pointing 

out a non-receptor-mediated mechanism of QUIN neurotoxicity which seems to be partially 

related to the ability of quinolinate to form complexes with iron. It has been also reponed that 

nitric oxide can cause a release of iron from ferritin, producing cell death (23], suggesting that 

nitric oxide might contribute to the quinolinate-induced neurotoxicity by this inechanism. 

In this work, we also found that the inhibition of nitric oxide synthase by L-NARG was able to 

inhibit lipid peroxidation after incubation of synaptosomes with quinolinate, suggesting that 

blockade of NO synthesis constitutes an important factor to prevent the production of reactive 

oxygen species and the firrther oxidative ceil damage. In addition, L-ARG, the substrate of NOS 

which forms citrulline and NO, significantly increased the banal kvels of lipid peroxidation, but it 

did not significantly increase the QUIN-induced peroxidative effect. Tite lack of summation of the 

peroxidative effects of L-ARG and QUIN suggests that both are acting through the same 

ntechanism: enhanced formation of NO by NOS activation. Flowever, ibis consideration remains 

to be elucidated. Interestingly, the coadministration of L-ARG plus L-NARG to synaptosomes, 

completely prevented the peroxidative effect induced by I.-ARG alune, suggesting that the 

peroxidative offect of L-ARG is dependent un the production of NO by NOS. From these 

findings, it is not surprising to observe a partial protective effect of L-NARG on lipid peroxidation 

produced by QUIN + L-ARG, since L-NARG. in the ratio (2L-NARG 	 employed for 
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this pumose, has been shown to supress the toxic action of L-ARG [241, reducing the 

peroxidation to the same level of QUIN alone, as observed in this study. 

Although several reports suggested both modulatory and neuroprotective effects of NO in the 

CNS, such as regulation of mitochondrial respiration 1251, reduction of brain damage in focal 

ischemia 126], antioxidant actions 1271, blocked calcium influx in NADPII diaphorase-containing 

cortical neurons 128] and inactivation of the NMDA receptors by reaction with sulfhydryl groups 

at the redox modulatory site by fonnation of S-nitrosothiols and the consequent generation of 

disulfide bonds [29]; other groups have described altemative neurotoxic events inediated by NO, 

involving excessive stimulation of neurons by glutamate, besides of calcium influx and Ca2*-

ealmoduline dependent NOS activation, protection against NMDA-induced neurotoxicity by 

inhibition of NOS and the panicipation of superoxide anions in the neurotoxicity elicited by 

NMDA [181. Moreover, it has been demonstrated that increased levels of hydroxyl radicals are 

associated to NOS activation alter NMDA receptors overstimulation 130,311. 

Some other authors have shown that the stimulation of NMDA receptors by glutamate resulted 

in the activation of NOS, and a further production of NO (151. Nakamura and coworkers 1241 

tested the effect of different drugs either related to the inhibition or the activation of NOS, on 

quinolinate-induced convulsions in atice. They found that L-ARG, either alone or in combination 

vvith 5.6,7,8-tetrahydrobiopterine (a cofactor of NOS), potentiated the (Annie and tome 

convulsions induced by QI IIN, whereas N''-monomethyl-L-arginine, a eompetitive NOS inhibitor. 

decreased the toxic action of QUIN.  

Funher studies testing other nitric oxide donors, as well as other NOS inhibitors, are needed to 

clarify the nature of nitric oxide-derived species involved in Mis partem of toxicity llie relevante 

oí this work can be also related to their implications on those neurotoxie mechanisms involved in 

10 



the action of quinolinic acid as an endogenous metabolite in the CNS, WIticli has been 

demonstrated to play* role in human neurological disorders 131 
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Table 1. Lipid peroxidation in quinolinate- and L-NARG-treated synaptosomes 

nmol TBARS/ing prot 

(mean t S.E.M.) % vs Control 

Control 14.27 ± 1.24 100 

QUIN (100 pM) 23,65 ± 1.30* 166 

L-NARG (200 pM) 12.01 ± 0.70 84 

QUIN -* L-NARG 18.09 t 0.87 127 

Synaptosomal filetions were incubated during one hour at 37°C in the presence of the different 

treatments; n-4 experiments per group, * p,0.05, significantly different from control value 

16 



Figure Legends 

Fig. I. Effect of 2-amino-5-phosphonovaleric acid (APV) on quinolinic acid (QUIN)-induced 

lipid peroxidation in rat brain synaptosomes. Synaptosomal firactions ( I ml of final volume) were 

incubated in isotonic salive solution in a shaking water baúl during I loor at 37° C in the presence 

of QUIN and/or APV. Lipid peroxidation, expressed as fiuorescence units per mg of protein, was 

measured in synaptosomes by detection of lipid fluorescent products. Mean values (± one S.E.M.) 

of n=6-12 experiments are shown. a p<0.05, treaunents different to control values; b p<0.05, 

different from QUIN treatment; one-way ANOVA followed by Tukey's test. 

Fig. 2. Effect of increasing concentrations of No-nitro-L-arginine (L-NARG) on quinolinic acid 

(QUIN)-induced lipid peroxidation in rat brain synaptosomes. Synaptosomal fractions (I ml of 

final volume) were incubated in isotonic satine solution in a shaking water bath during I hour at 

37° C in the presence of QUIN and/or L-NARG. Lipid peroxidation, expressed as fluorescence 

units per mg of protein, was measured in synaptosomes by detection of lipid fluorescent products. 

Mean values (± one S.E.M.) of n=6- I I experiments are shown. a p<0.05, treatments different to 

control values; b p<0.05, different from QUIN treatment one-way ANOVA followed by Tukey's 

test. 

Fig. 3. Effect of L-arginine (L-ARG) and No-nitro-L-arginine (L-NARG) on quinolinic acid 

(QUIN)-induced lipid peroxidation. Synaptosomal fractions ( I ml of final volume) were incubated 

in isotonic satine solution in a shaking water ball' during I hour at 37° C in the presence of L-

ARG, L-NARG, QUIN or some combinations of diem Lipid peroxidation, expressed as 

percentage vs control values (100 0 0). was measured in synaptosomes by detection of lipid 

Iluorescent products. Percentages of -6-1 I experiments ± S.E.M. ate shown. a p-- 0.05, QUIN 
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treatment different to control value, h p--0.05, different from QUIN treatment; one-way ANOVA 

followed by Tukey's test .  
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DISCUSION 

Los principales hallazgos de este trabajo están relacionados a los efectos específicos de 

diferentes moléculas con actividad fisiológica sobre el daño oxidativo inducido por el ácido 

quinolinico en el SNC de la rata. De esta manera podemos diferenciar, mediante el empleo de 

técnicas bioquímicas sencillas que evidencian la peroxidación de lípidos, aquellos factores 

promotores del estrés oxidativo de aquellos que lo inhiben. Entre los primeros, nuestros 

resultados sugieren que los cambios en la horneostasis del fierro cerebral o su adición como 

factor exógeno, así como un incremento en la producción del radical óxido nítrico y de sus 

especies tóxicas. están ambos contribuyendo de manera significativa en el estrés oxidativo 

después de la activación selectiva de receptores para NMDA por el ácido quinolínico; mientras 

que entre aquellos factores que resultaron potencialmente inhibidores de la lipoperoxidación 

podemos mencionar el bloqueo de dichos receptores por el empleo de antagonistas específicos 

tales como la dizocilpina y el ácido 2-amino-5-fosfonovalérico, así corno la inactivación de 

especies reactivas del oxígeno por el empleo de glutatión y cobre. 

Un aspecto importante en este trabajo fue la selección de las condiciones experimentales bajo 

las cuales serian probados los efectos de cada uno de los factores potencialmente moduladores 

de estrés oxidativo inducido por el quinolinato. Tanto in raro como in vivo, el quinolinato 

resulto promover de manera significativa la lipoperoxidación, sugiriendo que en ambas 

condiciones se expresan los mecanismos necesarios para producir el estrés oxidativo generado 

por el incremento en la actividad de los receptores para aminoácidos excitadores. 

La importancia de los radicales libres como mediadores de daño celular y como promotores 

de procesos patológicos ha sido ampliamente descrita en la literatura (Kehrer. 1993: Olanffis & 

Arendash, 1994; Dawson el al.. 1995; Simonian & Coyle, 1996). Más aún. la  participación de 

procesos de excitación de receptores para aminoácidos excitadores, tales como el glutamato y 
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el aspartato, en la generación de eventos de estrés oxidativo ha recibido también gran atención 

como una alternativa para explicar la naturaleza de ciertas enfermedades neurodegenerativas 

(Olney, 1989; Pellegrini-Giampietro et al 1990; Coyle et al., 1991; Coyle & Puttfarcken, 

1993; Schulz et al., 1995). 

En particular, el estudio de los efectos de los metabolitos de la vía de la kinurenina en el 

SNC (misma que se encuentra a nivel cerebral ubicada en células gliales y en células 

endoteliales de capilares) tiene gran importancia pues tan solo esta vía emplea 

aproximadamente el 80 % del triptofano en el cerebro (Stone, 1993). En esta vía metabólica 

que transforma al L-triptofano en NAD+, después de formar múltiples metabolitos 

intermediarios, destacan por su acción sobre los receptores glutamatérgicos para NMDA el 

ácido kinurénico y el ácido quinolínico. El primero constituye un antagonista selectivo 

endógeno de dichos receptores, mientras que el segundo representa el correspondiente 

agonista endógeno (Stone, 1993). Esta relación se vuelve aún más interesante cuando se 

considera por un lado que ningún otro metabolito de la vía parece desempeñar un papel tan 

importante como el que tienen los dos mencionados en cuanto a sus efectos en el Sistema 

Nervioso, y por otro lado, a que en condiciones fisiológicas, la acción de estas dos moléculas 

sobre los receptores NMDA se dá conservando una proporción de 3.1 (3 n►oléculas de 

kinurenato son necesarias para mantener inhibido al receptor por cada molécula de 

quinolinato). Si este balance se %e alterado bajo circunstancias que favorezcan la síntesis de 

quinolinato más que la de kinurenato, entonces se manifestarán condiciones de sobre-

excitación neuronal que conducirán eventualmente a la generación de procesos patológicos 

como los que se observan en enfermedades tales como la encefalopatía hepática y el complejo 

SIDA-demencia (Reyes et al , 1992) De esta manera, podría decirse que la vía de la 

kinurenina no solo es responsable de la modulación de la actividad de estos receptores, sino 
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que además parece estar genéticamente -programada" para conservar este balance en términos 

fisiológicos. 

La participación del ácido quinolinico como posible factor etiológico en neuropatías 

degenerativas (lleyes el al., 1992) condujo a un especial interés por estudiar los efectos 

neurotóxicos de esta molécula. Entre estos posibles eventos involucrados en su patrón de daño 

neuronal, la participación del estrés oxidativo comenzó a cobrar interés a partir del hallazgo de 

que su metabolito precursor inmediato en la misma vía metabólica de la kinurenina, el 3-

hidroxiantranilato. es  capaz de alterar el latos oxidativo en eritrocitos humanos por efectos 

que bien podría compartir con otros intemiediaros de la vía, incluyendo al quinolinato: la 

inducción de oxidación de productos de la hemoglobina, por su reactividad auto-oxidativa 

catalizada y por incremento en el flujo de la red glucolítica oxidativa (Dykens et al., 1989). 

Estos hallazgos sugiriendo que los inetabolitos de la vía de la kinurenina podrían estar 

involucrados en el incremento tóxico de la actividad redox, se vieron reforzados por reportes 

posteriores, como el de Moroni y colaboradores (1992), quienes describieron poco tiempo 

después que los derivados del kinurenato y del tiokinurenato, conocidos genéricamente como 

tiokinureninas (ácidos 7-Cl-kinurénico y 7-C1-tiokinurénico), son capaces de proteger contra el 

daño excitotexico y contra la peroxidación de lipidos producidos lo varo e in vivo por 

quinolinato y glutamato. tanto en cultivos primarios de células granulares cerebelosas como en 

cuerpo estriado de ratas lesionadas por microinyección, actuando especificamente como 

antagonistas sobre los receptores para NMDA y posiblemente como atrapadores de radicales 

libres. En este contexto. la  posible participación de mecanismos de producción de radicales 

libres en el patrón tóxico del quinolinato fue nuevamente apoyada por Nakao y colaboradores 

(1996), quienes demostraron que el empleo de dos agentes antioxidantes específicos con 

acción de atrapadores de radicales libres, el u-fenil-tert-buril nitronio y el fármaco experimental 
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11-83836E, previnieron las lesiones estriatales producidas in vivo por la ►nicroinyección de 

quinolinato a ratas. 

Sin embargo, uno de los repones más reveladores e integrativos que hacen referencia a la 

acción oxidativa del quinolinato y a aquellos factores involucrados en dicho efecto fue 

publicado por Lipton y colaboradores (1994). En este artículo, los autores postulan que los 

eventos de daño neuronal derivados de procesos inflamatorios e infecciosos de origen viral 

involucran la microgliosis y producción de quinolinato inducida por activación de macrófagos 

(Heyes el al., 1992) con la consecuente producción de óxido nítrico y ácido araquidónico 

después de la excitación de receptores para NMDA, todo lo cual conduce a un estrés oxidarte, 

el cuál es requisito para la muerte neuronal. 

Recientemente, Stípek y colaboradores (1997), a partir de hallazgos previos de Goda y 

colaboradores (1996), han demostrado que el efecto peroxidativo del quinolinato en el cerebro 

es completamente dependiente de fierro endógeno, argumentando la capacidad de esta toxina 

de formar complejos con ciertos metales de transición, entre los cuales, el fierro destaca por su 

abundancia en el tejido cerebral. Adicionalmente, este complejo quinolinato-fierro favorecería 

la permanencia del fierro en su estado Fez', constituyéndose en un sustrato idóneo para la 

generación de radicales libres por la reacción de Fenton, en presencia de peróxido de 

hidrógeno. 

Esta serie de evidencias a favor de una posible implicación de procesos de daño oxidativo 

como mediadores de la neurotoxicidad del quinolinato, aunada a nuestros propios repones 

demostrando la potencia pro-oxidante de esta molécula, prueban que el incremento en la 

actividad redox cerebral por acción de la excitación prolongada de receptores glutan►atérgicos 

es un aspecto clave para la expresión de daño neuronal en capitulos de isquemia-hipoxia, 

alteraciones auto-inm►u►es y procesos excitotóxicos con componentes hereditarios (Goda el 



GSSG(-) 
NO(-) 

APV(-) 
Cu(-) 
KYNA(-) 
MK-801(-) 

OUT 

28 

al., 1996). Entre los efectos mis notables producidos por el complejo quinolinato-fierro (11) 

destacan el incremento en la transferencia de electrones desde el complejo hacia moléculas del 

oxógeno, la generación de radicales superóxido e hidroxilo con la consecuente mptura de 

cadenas de DNA y la alteración de otras biomoleculas. 

Sea cual sea el mecanismo de acción tóxica del QUIN ell el cerebro, actuando como agonista 

tipo NMDA o en su fonna de complejo con el fierro endógeno, el papel que desempeñan los 

factores evaluados en este trabajo constituyen una explicación alternativa al problema de los 

radicales libres y el estrés oxidativo en las diferentes patologías del SNC. 

A continuación se presenta un diagrama integrativo que contempla todos aquellos aspectos 

de la neurotoxicidad del QUIN que fueron caracterizados en este estudio: 

-arginine(+) 	 
(Ca-CAM) 

GSH(-) 

1 	

r 
DFA(-) 

Free radicals 	 injury _ 
(ON00-, OH.) 

NOS activation 
L-NARDO 

- - - 	 L-NAME(•) 

NO. 



ESTP r'"1. 
SALIR 1,i 

Brevemente, el daño oxidativo producido por el QUIN en el SNC puede asociarse a la 

formación de complejos pro-oxidantes con el fierro libre endogeno. Dicho complejo puede ser 

responsable directo de la generación de radicales libres, o bien unirse a receptores para NMDA 

y activar el canal asociado permeable a calcio y sodio. La prevención de la tbnuación del 

complejo, y consecuentemente, del daño oxidativo mediado por el QUIN, esta dada por 

moléculas antioxidantes, tales como el glutatión y la desferrioxamina, o por metales de 

transición, como el cobre, mismos que fueron probados en nuestro estudio. A este nivel, la 

protección de la neurotoxicidad del QUIN también puede observarse por la acción directa de 

distintas moléculas sobre el receptor para NMDA, las cuales inhibirán su respuesta. Entre 

dichas moléculas. en este estudio de probaron los efectos de los conocidos antagonistas del 

NMDA, el APV, el KYNA y el MK-80I, todos los cuales resultaron ser antioxidantes. 

También el cobre podría estar actuando en el bloqueo de dichos receptores. Una vez activado 

el receptor, el incremento en los niveles intracelulares de calcio será responsable tanto de la 

liberación de glutamato desde la terminal sináptica (contribuyendo así en mayor grado a la 

activación de receptores para EAA), como a la activación de múltiples enzimas, entre las que 

destaca la calcio-calmodulina, misma que incrementará los niveles de NO por activación 

directa de la NOS. En este punto, la adición de l.-arginina resultará en la activación selectiva 

de la NOS. incrementando los niveles de NO El empleo de inhibidores de la actividad de la 

NOS. tales como la L-NARG, resultaron en la prevención de la lipoperoxidación inducida por 

QUIN, evidenciando la participación del NO en dichos eventos por acción directa. o bie' por 

generación de otras especies reactivas del oxigeno, tales como el radical hidroxilo o el 

peroxinitrito. Como se observa, este esquema sugiere una serie de eventos secuenciales 

responsables, a distintos niveles, de la generación de eventos oxidativos y neurotóxicos Su 

secuenciación será objeto de estudio profundo durante los próximos años. 
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