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"A utopia estd 14 no horizonte. Me aproximo dois
passos, ela se afasta dois passos. Caminho dez passos
e o horizonte corre dez passos. Por mais que eu
caminhe, jamais alcancarei. Para que serve a utopia?

Serve para isso: para que eu ndo deixe de caminhar."

Eduardo Galeano
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RESUMO

A dor neuropética ocorre como resultado de uma lesdo ao sistema nervoso. Clinicamente,
sua causa estd relacionada, na maioria dos casos, ao comprometimento dos nervos
periféricos, por isso a utilizacdo de modelos animais de lesdo nervosa periférica €
amplamente aceita para o seu estudo. A medula espinal representa o centro de
processamento primdrio da informagdo nociceptiva e a fisiopatologia da dor neuropética
envolve principalmente o mecanismo de sensibilizagdo central. Esse fendmeno &
caracterizado pelo aumento na resposta das células do corno dorsal espinal aos estimulos
aferentes. Diversas moléculas estdo envolvidas nesse mecanismo e, recentemente, as
espécies ativas do oxigénio (EAO) tém sido sugeridas como possiveis mediadores da dor
neuropdtica. Para verificar essa relagdo, o presente estudo avaliou os efeitos temporais da
seccao do nervo cidtico sobre marcadores de estresse oxidativo e nitrosativo e de defesas
antioxidantes na medula espinal lombossacral de ratos, bem como a ativacdo da Akt. Os
animais foram dividos nos grupos denervado (sec¢do do nervo cidtico), sham (o nervo foi
exposto, porém, ndo seccionado) e controle (sem nenhum procedimento cirdrgico).
Inicialmente os animais foram testados quanto a hiperalgesia térmica através do teste da
placa quente. Foi demonstrado que 3 dias apds a lesdo, os animais sham e denervados
apresentaram-se hiperalgésicos, mas aos 7 dias apenas os denervados ainda exibiam esta
resposta. Aos 15 dias apds a lesdo, a hiperalgesia ja havia sido revertida em todos os grupos
estudados. As defesas antioxidantes enzimdticas foram avaliadas pela medida da atividade e
da expressdo das enzimas superdxido dismutase (SOD) e catalase. A atividade da catalase
reduziu aos 3 e 7 dias ap0ds a cirurgia nos animais sham e denervados, e a atividade da SOD
diminuiu apenas nos animais denervados no periodo de 7 dias apds a lesdo. A expressao
dessas enzimas, medida por Western blot, ndo apresentou variagdes. Para a determinagdo
de lipoperoxidacdo foi realizada a medida das substincias reativas ao 4cido tiobarbiturico
(TBARS), a qual ndo apresentou diferencas entre os grupos estudados. Esses resultados
iniciais sugerem que o procedimento cirdrgico, por estimular os aferentes nociceptivos dos
tecidos relacinados, € suficiente para diminuir a atividade antioxidante enzimdtica da
medula espinal, porém, essas alteracdes s@o mais expressivas nos animais submetidos a
axotomia. Apds, foi realizado o estudo de outras enzimas antioxidantes, a glutationa
peroxidase (GPx) e a glutationa-S-transferase (GST), e também do principal antioxidante
ndo-enzimdtico, a glutationa (GSH). A atividade da GST na medula ndo foi alterada pela
lesdo nervosa, e a atividade da GPx aumentou 3 dias apds a cirurgia nos grupos sham e
denervado, juntamente com a redu¢do do conteido de glutationa. A queda da glutationa
deve ser atribuida a maior atividade da GPx, que a utiliza como substrato na reducio do
perdxido de hidrogénio (H,O,) a dgua. Nessa etapa, foi determinada ainda a expressdo da
6xido nitrico sintase neuronal (nNOS) e a medida dos metabdlitos do éxido nitrico (NOX).
A expressdo da nNOS mostrou-se aumentada 7 dias apds a lesdo nos animais denervados.
A formagdo de NOx foi maior nos periodos de 1, 7 e 15 dias apés a axotomia. Esses
resultados sustentam o envolvimento do 6xido nitrico na dor neuropética. Na ultima parte
deste trabalho foi realizada a medida da concentragdo do H,O, na medula espinal, que
apresentou aumento nos animais sham e denervados 1, 7 e 15 dias ap0s a cirurgia. Também
foi avaliada, por Western blot, a expressdo dos adutos de Michael formados pelo 4-
hidroxinonenal (HNE) e da Akt total e fosforilada. Aos 7 dias apds a lesao nervosa houve
um aumento na expressdo da Akt total e dos adutos de Michael formados pelo HNE. A Akt
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fosforilada apresentou um aumento na sua expressdo 1, 3 e 7 dias apds a axotomia. Como o
HNE € um produto da lipoperoxidac¢do, pode-se afirmar que a lesdo nervosa estimula este
processo na medula espinal. A ativacdo da Akt, entretanto, pode ser um indicativo de
protecdo para as células nervosas, pois esta proteina participa de cascatas de sinaliza¢do
relacionadas a sobrevivéncia celular. A partir do presente trabalho pode-se concluir que a
estimulagdo nociceptiva induzida pela cirurgia causa alteracOes em sistemas antioxidantes
como a catalase, a GSH e a GPx, bem como na producio de H,O, na medula espinal, o que
nao € especifico da lesdo neuropdtica. Contudo, a dor neuropdtica estd relacionada com a
reducdo da atividade da SOD e o aumento na produ¢do de HNE e de NO. Assim, apds a
lesdo nervosa ocorre formag¢do de EAO, as quais podem atuar como sinalizadores na
modulacdo do processamento nociceptivo na medula espinal e, talvez, interferir em
mecanismos neuroprotetores, como, por exemplo, pela ativagdao da Akt.
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ABSTRACT

Neuropathic pain occurs as result of nervous system injury. Clinically, in almost all cases,
its etiology is related to impairment of peripheral nerves. Thus, animal models of peripheral
nerve injury are widely accepted to neuropathic pain studies. The spinal cord is the center
of primary processing of the nociceptive information and the pathophysiology of the
neuropathic pain involves mainly a central sensitization mechanism. This phenomenon is
characterized by an increased response of spinal dorsal horn cells to afferent stimulus.
Many molecules are involved in this mechanism and, recently, reactive oxygen species
(ROS) have been suggested as putative mediators of neuropathic pain. In order to verify
this relationship, the present study evaluated the temporal effects of sciatic nerve
transection on oxidative and nitrosative stress markers, antioxidant defenses and Akt
activation in the lumbossacral spinal cord of rats. Animals were divided in three groups:
naive, sham and sciatic nerve transection (SNT). Initially, hot plate test was performed to
evaluate hyperalgesia. It was demonstrate hyperalgesia 3 days after injury in sham and SNT
groups. At 7 days, only SNT animals exhibited this response and 15 days after injury the
hyperalgesia was reverted in all groups. The enzymatic antioxidant defenses were evaluated
by means of superoxide dismutase (SOD) and catalase activities and expression. The
catalase activity was decreased at 3 and 7 days after surgery in sham and SNT group, and
SOD activity was reduced only in SNT rats at 7 days after injury. No changes were
observed in SOD and catalase expression, measured by Western blot. In order to evaluate
lipid peroxidation (LPO), thiobarbituric acid reactive substances (TBARS) were analyzed,
and no differences among the groups were shown. These results demonstrated that the
injury modifies antioxidant enzymatic activity in spinal cord. Afterwards, other antioxidant
enzymes, glutathione peroxidase (GPx) and glutathione-S-transferase (GST) and the main
non-enzymatic antioxidant, glutathione (GSH), also were studied. GST activity was not
changed after nerve injury. There was an increase in GPx activity and a decrease in GSH
content 3 days after surgery in both sham and SNT groups. The decrease in GSH may be
attributed to the increase in GPx activity, since GSH is necessary to reduction of hydrogen
peroxide (H»O,) to water catalyzed by GPx. The expression of neuronal nitric oxide
synthase (nNOS) and the determination of nitric oxide metabolites (NOx) also were
conducted. nNOS expression increased 7 days after SNT. NOx production was higher at 1,
7 and 15 days after axotomy. These results emphasize the involvement of nitric oxide in
neuropathic pain. In the last part of this study, the measurement of H,O; in spinal cord was
conducted, showing an increase in sham and SNT animals at 1, 7 and 15 days after surgery.
It was also evaluated, by Western blot, the 4-hydroxy-2-nonenal (HNE)-Michael adducts
and the total and phospho-Akt. At 7 days, there was an increase in total-Akt expression and
HNE-Michael adducts. Phospho-Akt expression increased 1, 3 and 7 days after axotomy.
HNE is a lipid peroxidation product, thus, may be suggested that nerve injury stimulates
this process in spinal cord. However, the Akt activation may be a means of protection to
nerve cells, since this protein participate of signal cascades related to cell survival. In
summary, the results of present study show that the peripheral nerve injury interferes in the
systems related to oxidative stress, besides activate cell survival mechanisms. In
conclusion, nociceptive stimulation induced by surgery causes changes in antioxidants
systems such as catalase, GSH and GPx, as well in H,O, production in spinal cord, which is
not specific to neuropathic injury. However, neuropathic pain is related with SOD activity



decrease and HNE and NO production increase. Thus, after nerve injury occur ROS
formation which can act as signaling molecules in nociceptive processing modulation in
spinal cord and, maybe, interferes in neuroprotection mechanisms, such as Akt activation.



INTRODUCAO

Dor e Nocicepcao

A dor € uma experiéncia sensorial desagradavel de cardter subjetivo. A nocicepcao,
por outro lado, compreende a transmissdo e o processamento da informacdo dolorosa.
Assim, a estimulagdo nociva detectada pelos receptores periféricos é codificada como uma
mensagem nociceptiva, a qual é progressivamente transmitida e processada em centros
nervosos superiores. Entretanto, a subjetividade da sensag¢do dolorosa estd vinculada com o
aspecto comportamental. Isso ocorre porque a informagdo nociceptiva atinge nao apenas
regides do sistema somatossensorial, mas também o sistema limbico (Millan, 1999; Byers
& Bonica, 2001).

Os receptores envolvidos na deteccdo do estimulo doloroso sdo chamados de
nociceptores. Esses receptores sdo terminagdes nervosas livres de alto limiar, sendo
ativados por estimulos quimicos, térmicos ou mecanicos intensos. As fibras nervosas que
transmitem a mensagem nociceptiva ao sistema nervoso central (SNC) sdo fibras
mielinizadas de pequeno calibre (fibras A delta) e fibras ndo-mielinizadas (fibras C). Os
corpos celulares desses neurdnios localizam-se nos ganglios das raizes dorsais, que sao
conjuntos de neurdnios sensoriais situados pOdstero-lateralmente a medula espinal. Essa
organizacdo anatOmica refere-se a informagdo nociceptiva proveniente da pele e dos
musculos do tronco e dos membros. As fibras desses neur6nios projetam-se a partir da
periferia do corpo em dire¢@o ao corno dorsal da medula espinal. Portanto, a medula espinal

representa o centro de processamento primdrio da informacao nociceptiva. A percep¢do da



informacdo dolorosa ocorre quando esta alcanga o cortex somatossensorial. Porém, antes de

atingir as dreas corticais, a informagdo sensorial nociceptiva € projetada para o tdlamo. Essa

[¢N

via, proveniente da medula espinal, que ascende pelo sistema nervoso até o tdlamo,

o

chamada de via espinotalamica (Figura 1), e representa a principal via relacionada

condugdo e transmissdo da informacgdo dolorosa (Millan, 1999; Costigan et al., 2006).

Percepgdo central

Tronco
encefalico

Transmissédo

Medula espinal

Estimulo periférico
Condugdo \\\( .. f

Transdugdo de sinal

Figura 1. Representacdo da via espinotalamica, a principal via ascendente que
conduz a informagdo nociceptiva (Costigan et al., 2006).



A estimulagdo nociva ao tecido intacto causa uma dor considerada fisiolégica
devido ao seu cardter protetor, a qual ativa o reflexo de retirada e impede les@o adicional. A
dor patoldgica é gerada quando o tecido € inflamado ou sofre uma lesdo. Nesse caso,
ocorrem os mecanismos de sensibilizacdo periférica e central. Esses mecanismos envolvem
a liberagdo de mediadores quimicos no local da lesdo e nas regides do SNC relacionadas, o
que intensifica a transmissdo nociceptiva. A partir da sensibilizagdo podem surgir
alteracOes sensoriais caracteristicas da dor patolégica que sdo observadas através da
existéncia de hiperalgesia e alodinia. A hiperalgesia é definida como um aumento da
sensibilidade aos estimulos potencialmente nocivos, enquanto que a alodinia representa
uma reposta dolorosa a estimulos considerados in6cuos (Millan, 1999)

A compreensdo dos mecanismos envolvidos na nocicep¢do torna possivel o
desenvolvimento de estratégias terapéuticas para o alivio da dor. Por isso, esse tema é foco
de estudo de diversos pesquisadores. Porém, apesar do grande niimero de publicacdes e do
grande conhecimento sobre os mecanismos fisiologicos relacionados a nocicepgao, ainda
existem muitas questdes sem resposta, especialmente em relacdo ao tratamento de casos
clinicos de dor cronica (Cruccu, 2007; Vanotti et al., 2007; Wu et al., 2007).

O objetivo principal da pesquisa cientifica certamente é proporcionar melhora na
qualidade de vida dos individuos. Porém, nem sempre a aplicagdo de estudos em seres
humanos € a abordagem mais adequada. Por isso, modelos animais sdao amplamente
utilizados nos estudos sobre a nocicep¢do. Embora ndo possuam capacidade de
comunicacdo verbal, quando em contato com estimulos nocivos, os animais exibem
respostas motoras similares aos humanos. Tais respostas permitem inferir sobre a existéncia
de dor (Dubner, 1983; Kavaliers, 1988). A hiperalgesia e a alodinia sdo exemplos dessas

respostas, ou seja, sdo alteracdes sensoriais observadas apds a indugdo de dor em vdrias



condi¢Oes experimentais, e representam ativacdo das vias nociceptivas (Millan, 1999;
Schaible & Richter, 2004).

Entre as diversas abordagens experimentais para o estudo da nocicep¢do, podem ser
citadas a lesdo nervosa periférica e a inducdo de trauma tecidual ou processos inflamatorios
locais. A primeira pode causar dor neuropdtica severa (Sommer & Myers, 1995;
Zimmermann, 2001). A dor neuropdtica, por sua vez, é definida como a dor iniciada ou
causada por uma lesdo primdria ou disfuncdo do sistema nervoso (Merskey & Bogduk,
1994). Assim, os modelos nos quais os animais sdo submetidos a situacdes que
comprovadamente resultam em dor neuropdtica sdo utilizados para o estudo dos
mecanismos e da fisiopatologia da nocicep¢do. Os modelos animais de dor neuropética
mais empregados sdo a transeccdo nervosa completa ou parcial e ainda a lesdo por
constri¢ao cronica. Nos primeiros, a seccdo € realizada em todos os fasciculos nervosos ou
em parte deles, j& no segundo, o nervo €é comprimido, porém ndo seccionado
(Zimmermann, 2001).

Estd demonstrado que a seccdo do nervo cidtico resulta em alteracOes
neuroquimicas e neuroanatdmicas importantes nos neurOnios sensoriais primdrios, bem
como em seus territérios de projecdo central (Zimmermann, 2001; Campbell & Meyer,
2006). Os mecanismos periféricos de dor neuropdtica envolvem o disparo de descargas
ectopicas pelas fibras nervosas lesadas. Essa atividade elétrica alterada ocorre ndo apenas
nas fibras que conduzem a informag¢do nociceptiva, as fibras C e A delta, mas também nas
fibras do tipo A beta, que em situacdes fisioldgicas conduzem informacgdes referentes a
sensibilidade mecanica indcua. As hipdteses que justificam essas descargas ectdpicas apds
lesdo nervosa incluem: a alteracdo na expressdo de canais i0Onicos nas fibras nervosas

danificadas, e também nos corpos celulares no ganglio da raiz dorsal; e ainda, a liberagdo



de mediadores inflamatérios no local da lesdo, tais como bradicinina e a serotonina, os
quais ativam e/ou sensibilizam os neurdnios aferentes primdrios (Zimmermann, 2001;
Schaible & Richter, 2004).

Assim, a transmissdo da informacdo nociceptiva € gerada pela alteracdo na
excitabilidade dos terminais sensoriais. Porém, ao longo do tempo, outras regides do
neurdnio sensorial primdrio, € mesmo células pés-sindpticas do corno dorsal, ou de ordem
superior, podem contribuir para a fisiopatologia da dor neuropdtica. Essas alteracdes no
SNC ocorrem devido ao fendmeno de sensibilizagdo central e estdo envolvidas nos estados
anormais de dor, subseqiientes a lesdo nervosa, que sdo caracteristicos da dor neuropética,
como a hiperalgesia e a alodinia (Woolf, 1983; Millan, 1999; Zimmermann, 2001).

De uma forma geral, os eventos modulatérios da transmissdo nociceptiva, e as
alteracOes geradas pela sensibiliza¢do central, ocorrem primariamente no corno dorsal da
medula espinal e em nucleos do tronco encefélico e, secundariamente, em centros talamicos
e estruturas corticolimbicas. Entretanto, sob certas condigdes patoldgicas como lesdo
nervosa periférica ou dano ao SNC, a dor pode ser produzida por centros mais superiores,
independentemente das terminacdes nervosas sensoriais periféricas (Millan, 1999;
Zimmermann, 2001).

A sensibilizacdo central ocorre devido ao aumento na resposta das células do corno
dorsal espinal aos estimulos aferentes. Esse fendmeno envolve os neurdnios que recebem as
aferéncias da regido lesada e também de dreas intactas adjacentes, ou seja, ocorre um
aumento dos campos receptivos espinais (Figura 2). A sensibilizacdo dos neur6nios que
recebem aferéncias da regido afetada origina a hiperalgesia primdria, enquanto que a maior
sensibilidade nas dreas integras adjacentes € chamada de hiperalgesia secunddria (Schaible

& Richter, 2004).
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Figura 2: Sensibilizacdo central em um neurdnio espinal. No tecido normal (acima),
os potenciais de acdo do neurdnio sensorial (mostrados a direita) sdo ativados apenas pela
pressdo sobre seu campo receptivo (drea sombreada), mas ndo pela pressdo sobre a regido
adjacente. Durante a inflamacdo, a estimulacdo do campo receptivo (abaixo) da area
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inflamada provoca uma resposta mais forte. Essa resposta também € causada pela
estimulac@o sobre a drea adjacente, criando uma zona de hiperalgesia secundéaria (Schaible
& Richter, 2004).

Diversos neurotransmissores participam do processamento nociceptivo. Dentre essa
grande diversidade de moléculas, glutamato e substancia P exercem efeitos importantes na
iniciacdo dos mecanismos de sensibilizacdo central. Quando estimulados, os neurdnios
aferentes primdrios nociceptivos liberam esses neurotransmissores no corno dorsal espinal,
0s quais ocasionam efeitos excitatdrios nos neurdnios de segunda ordem da via nociceptiva
(Byers & Bonica, 2001).

O glutamato liga-se a diversos tipos de receptores pds-sindpticos, porém muitos

z

estudos demonstram que a ativacdo do receptor N-metil-D-aspartato (NMDA) ¢



particularmente importante na sinalizacdo nociceptiva (Haley et al., 1990; Coderre &
Melzack, 1991; Woolf & Thompson, 1991; Ultenius et al., 2006). O receptor NMDA € um
canal idnico que permite a passagem do ion célcio, porém, em seu estado de inativacio, o
canal € bloqueado pelo ion magnésio. Para a ativagdo do receptor NMDA, além da presenca
de algum agonista, como o glutamato, € necessdria uma corrente despolarizante no
neurdnio. Essa despolarizagdo remove o ion magnésio que bloqueia o canal, promovendo
influxo de cdlcio e conseqiientemente uma despolarizacdo mais intensa da célula pos-
sindptica. O potencial excitatdrio pds-sindptico gerado pela ligacdo da substancia P aos seus
receptores nos neurdnios nociceptivos do corno dorsal espinal € fundamental para o
desbloqueio do receptor NMDA (Urban et al., 1994). Assim, substancia P e glutamato
apresentam efeitos sinergisticos na transmissao nociceptiva no corno dorsal.

Além disso, o influxo de célcio resultante da ativagdo do receptor NMDA promove
a ativacdo da 6xido nitrico sintase (NOS), enzima importante na formacao de 6xido nitrico
(NO). O NO € um géas que também interfere na neurotransmissdo e conseqiientemente em
muitos processos no SNC, dentre eles a nocicep¢do (Meller et al., 1992; Levy & Zochodne,
2004). O NO produzido em resposta a ativacdo dos receptores NMDA atua como um
mensageiro retrégrado, pois pode difundir-se para os neurdnios pré-sindpticos do corno
dorsal, intensificando a liberacdo de neurotransmissores pelos terminais dos aferentes
primarios (Figura 3). Esses eventos representam um dos mecanismos de sensibilizagdao

central, que resultam em alodinia e hiperalgesia (Meller & Gebhart, 1993; Aimar et al.,

1998; Vetter et al., 2001; Xu et al., 2007).
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Figura 3: Diagrama esquemdtico ilustrando a producdo de NO em resposta a
ativacdo dos aferentes nociceptivos. O NO produzido nos neur6nios pOs-sindpticos do
corno dorsal da medula espinal atua como mensageiro retrogrado nos aferentes primdrios, o
que intensifica a liberacdo de glutamato.

Além dos circuitos neuronais, a ativagdo glial também parece estar envolvida nos
mecanismos nociceptivos (Watkins et al., 2001). As células gliais, assim como os
neurdnios, apresentam receptores para substincia P e glutamato, ou seja, também sdo
ativadas em resposta a estimulacio dos aferentes primdrios. Essa ativacdo glial determina a
liberacdo de vdrias substincias neuroativas que intensificam a sinalizacao nociceptiva, tais
como interleucinas, fatores de crescimento, espécies ativas de oxigénio, prostaglandinas,

NO e até mesmo aminoacidos excitatérios (Watkins & Maier, 2000; Scholz & Woolf,

2007). Além disso, ap6s lesdo nervosa periférica, ocorre ativacdo de cascatas de sinaliza¢ao



intracelular em astrécitos e microglia na medula espinal. Essas cascatas envolvem proteinas
cinases ativadas por mitégenos (MAPKSs), e a ativagdo dessas vias de sinalizacdo nas
células gliais estd correlacionada com a hiperalgesia (Ji et al., 2006). Assim, o aumento da
sensibilidade dolorosa, caracteristico das neuropatias, e que € a expressdo do fendmeno de
sensibilizacdo central na medula espinal, resulta de circuitos neuronais complexos e

também da interacdo entre neurdnios e células gliais.

Espécies Ativas de Oxigénio e Defesas Antioxidantes

Os radicais livres sdo espécies quimicas que contém elétrons desemparelhados em
sua configuracdo eletronica, o que os torna altamente reativos e lesivos aos constituintes
celulares. Essas moléculas podem ser formadas durante a atividade celular normal. A
presenca de oxigénio (O,) € fundamental para o metabolismo energético celular da maioria
dos organismos. Porém, sua estrutura eletronica com dois elétrons desemparelhados,
favorece a formacdo de intermedidrios metabdlicos, as chamadas espécies ativas de
oxigénio (EAO). Essas moléculas sdo potentes oxidantes e, assim, sdo responsdveis pela
toxicidade do O,. O anion superéxido (0,*), o radical hidroxil (OH®) e o peréxido de
hidrogénio (H,0,) s@o as EAO formadas durante a redu¢do do oxigénio a dgua (Fridovich,

1998; Gabbita et al., 2000). A reagdo 1 mostra a formagao dessas EAO.

e, 2H"* e, H"

e e, H
02 ; Og._ Ly H202 ;; HQO + OH® ;; HQO

Reacdo 1: Geragcao das EAO a partir da reducdo monovalente do O, a dgua. Durante esse
processo o O, recebe um elétron por vez.
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Os radicais livres podem reagir com qualquer molécula bioldgica, abstraindo
elétrons e gerando novos radicais livres. O radical hidroxil € a EAO com maior
citotoxicidade, pois inicia as reacdes em cadeia que formam lipoperoxidos e radicais
organicos, 0s quais sdo prejudiciais a atividade celular normal. O H,0O, ndo é um radical,
por ndo possuir elétrons desemparelhados, mas € um agente oxidante, pois na presenca de
metais de transicdo essa EAO determina a formacdo do radical hidroxil, o que ¢
representado pela reacdo de Fenton (reagdo 2A). O anion superdxido, juntamente com o
H,0,, participa da formac¢do do radical hidroxil através da reacdo de Haber-Weiss (reagcdo

2B) (Fridovich, 1998).

(A) Fe**/Cu* + H.0, —— 4 Fe*/Cu®** + OH® + OH

. Fe?*/Cu*
(B) 02° + H.0, L . OH +OH®

Reagdo 2: (A) Reagdo de Fenton: a formagdo de OH® pela rea¢do do H,O, com o Fe**. (B)
Reacdo de Haber-Weiss: o OH® é formado a partir de O,*" ¢ H,0..

As EAO sao amplamente citadas como moléculas envolvidas em diversos processos
fisiolégicos (Finkel & Holbrook, 2000), bem como na génese de vérias doengas devido aos
danos ocasionados aos constituintes celulares (Cosentino & Katusic, 1995; Lerouet et al.,
2002; Boll et al., 2003). Fisiologicamente deve haver um equilibrio entre a producdo de
radicais livres e a atividade de sistemas de defesa antioxidante. Esses sistemas envolvem
substancias que combatem a toxicidade das EAO, as quais podem ser chamadas de
scavengers. Existem componentes antioxidantes enzimdticos e ndo-enzimaticos, que atuam

conjuntamente na protecdo celular. Dentre os enzimdticos podem ser citadas a superdxido
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dismutase (SOD), que dismuta o O,* em H,0, (reacdo 3A), e a catalase e a glutationa

peroxidase (GPx), que reduzem o H>O» a H,O (reacdo 3B e 3C) (Fridovich, 1998; Valko et

al., 2007).
2 0"
2 H*
SoD (A)
H20; 2 GSH NADP*
(B) catalase (C)GPx (D)GR
O, 2 H.O GSSG NADPH

Reacdo 3: (A) Formagao de H,0, pela superdoxido dismutase (SOD). (B) Reducao do H,0O,
em H,O pela catalase. (C) Redu¢do do H,O, a H,O pela glutationa peroxidase (GPx), o que
resulta na formacdo de dissulfeto de glutationa (GSSG) a partir da glutationa reduzida
(GSH). (D) Regeneracdao da GSSG em GSH pela glutationa redutase (GR).

Um importante antioxidante ndo-enzimdtico presente nos tecidos é o tripeptideo
glutationa (GSH). Além de sua acdo direta sobre a detoxificagdo de EAO, a GSH também
atua como substrato para outros antioxidantes enzimaticos, como por exemplo, para a GPx
(reagdo 3C). Nessa reacdo, a GPx catalisa a redu¢@o do H,O, através da oxidacdo da GSH,
formando o dissulfeto de glutationa (GSSG). Por isso, a razdo GSH/GSSG € considerada
um bom indicador de estresse oxidativo. A enzima glutationa redutase (GR) participa da
reducdo da GSSG a GSH (reacdo 3D) usando o NADPH como agente redutor (Valko et al.,

2007). Outra enzima importante no combate ao estresse oxidativo é a glutationa-S-

transferase (GST) que participa da detoxificacio de agentes eletrofilicos. Alguns
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antioxidantes ndo-enzimaticos podem ser exemplificados pelo 4cido ascérbico, vitamina E
e flavondides (Yu, 1994; Finkel & Holbrook, 2000).

Além das EAO, outros radicais livres também podem interferir nos processos
fisiolégicos celulares, como € o caso das espécies ativas de nitrogénio (EAN). O NO, além
de participar da transmissdo sindptica no SNC, apresenta efeitos citotoxicos, pois pode
combinar-se com o anion superdxido formando o peroxinitrito (ONOQO’), uma EAN

altamente reativa que pode danificar diversos constituintes celulares (Radi et al., 2002).

Estresse Oxidativo, Estresse Nitrosativo e Processamento Nociceptivo

O estresse oxidativo ou o estresse nitrosativo ocorrem quando sio evidenciados os
efeitos nocivos das EAO e EAN, respectivamente, ou seja, quando as defesas apresentam-
se reduzidas ou a produgdo dessas moléculas toxicas torna-se demasiadamente aumentada.
Nesses casos, ocorre dano a macromoléculas, tais como proteinas, DNA e lipidios
(Fridovich, 1998; Valko et al., 2007).

O sistema nervoso apresenta caracteristicas que o tornam particularmente suscetivel
ao estresse oxidativo. As altas concentracdes de ferro em algumas regides e o grande
consumo de oxigénio sdo algumas dessas caracteristicas. Além disso, o tecido nervoso é
constituido de uma grande quantidade de acidos graxos poliinsaturados e, dessa forma, é
alvo considerdvel da lipoperoxidacio mediada por radicais livres. A lipoperoxidacao
consiste em reacdes em cadeia nas quais as moléculas organicas perdem um dtomo de
hidrogénio e um grupamento quimico, alterando sua estrutura bioquimica (Warner et al.,

2004; Dugan & Kim-Han, 2006). A prépria lipoperoxidacdo ja representa um mecanismo
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direto de dano aos constituintes celulares, e seus produtos ainda podem comprometer a
funcdo de outros tipos de moléculas. Por exemplo, o 4-hidroxinonenal (HNE) € um aldeido
citotoxico proveniente da lipoperoxidacdo. Esse aldeido pode reagir com o DNA e
proteinas, prejudicando as fun¢des dessas biomoléculas (Uchida, 2003). As repercussdes da
acdo dos radicais livres incluem: ruptura da fita dupla e dano as bases nitrogenadas do
DNA, provocando processos mutagénicos e carcinogénicos; alteracio da fluidez e
conseqiiente ruptura das membranas celulares; e modificagdes pOs-traducionais de
proteinas, comprometendo suas funcdes fisioldgicas (Valko et al., 2007).

As EAO e EAN também interferem no processamento da informagdo nociceptiva. A
prevaléncia da dor neuropética, e de outras formas de dor cronica, é maior em individuos
idosos, 0 que sugere que os processos fisiologicos do envelhecimento aumentam a
sensibilidade dos neur6nios sensoriais aos estimulos nocivos (Gagliese & Melzack, 1997).
Além disso, a produgdo de radicais livres aumenta na senescéncia. A partir dessa relagdo,
comegou a ser especulado o papel do estresse oxidativo, e/ou nitrosativo, na modulacdo da
atividade das vias nociceptivas (Tal, 1996; Khalil et al., 1999; Novak et al., 1999; Khalil &
Khodr, 2001; Ma et al., 2001; Crisp et al., 2006).

A lesdo nervosa periférica ocasiona a produ¢do de mediadores inflamatdrios locais,
0s quais contribuem com os sinais caracteristicos deste tipo de trauma. A resposta
inflamatdria periférica € intensificada pelo aumento na producgdo de radicais livres no local
da lesdo, e este parece ser um dos mecanismos responsdveis pela intensificacdo da
estimulac@o nociceptiva (Khalil et al., 1999; Khalil & Khodr, 2001). Assim, apds lesdo
nervosa periférica, os oxidantes podem promover hiperalgesia por exacerbar o dano
tecidual no local da lesd@o. Além disso, o tratamento antioxidante diminui a degeneracdo

Walleriana no local da lesdo (Wagner et al., 1998; Liu et al., 2000) e a resposta
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hiperalgésica (Wagner et al., 1998; Liu et al., 2000, Khalil & Khodr, 2001; Kim et al.,
2004; Crisp et al., 2006; Kim et al., 2006; Naik et al., 2006). Entretanto, a participacdo de
mecanismos oxidativos ndo € limitada a regido afetada, j4 que a injecdo intratecal de
vitamina E também reduz as alteragdes sensoriais apds lesdo nervosa periférica. Outro
efeito do tratamento com a vitamina E € a diminui¢c@o da fosforilacio de uma subunidade
do receptor NMDA no corno dorsal espinal, o que sugere o envolvimento de radicais livres
na sensibilizacdo central (Kim et al., 2006).

Portanto, muitos estudos apresentam uma correlagdo entre os radicais livres e as
respostas comportamentais encontradas apos lesdo nervosa. Entretanto, a maior parte desses
estudos utilizou tratamento antioxidante sistémico e avaliou a atividade de radicais livres
perifericamente (Wagner et al., 1998; Khalil et al., 1999; Liu et al., 2000; Khalil & Khodr,
2001; Naik et al., 2006). Porém, sabe-se que os mecanismos de hiperalgesia ndo se limitam
a regido periférica afetada, mas s@o determinados, principalmente, por alteragdes na
excitabilidade de células do corno dorsal espinal (Woolf, 1983). Portanto, a partir disso,
justifica-se a realizagdo de estudos acerca do papel de radicais livres que envolvam ndo
apenas a periferia, mas também a regido espinal relacionada, bem como o géanglio da raiz
dorsal correspondente.

Em modelos experimentais de dor, tanto por lesdes neuropdticas, como pela injecao
de agentes pro-nociceptivos, também foi demonstrado um aumento na produg¢do de EAO
nas regides do SNC relacionadas a transmissdo da informagdo nociceptiva, bem como a
reversdo dos sinais nociceptivos com o tratamento com antioxidantes (Viggiano et al.,
2005; Lee et al., 2007).

Sabe-se que as EAO exercem importantes efeitos sobre a neurotransmissao no SNC.

Sah e colaboradores (2002) demonstraram que os receptores gabaérgicos hipocampais sao
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inativados pela presenca de EAO, o que provoca um aumento geral na excitabilidade
neuronal, podendo acarretar dano celular. Receptores localizados nos neur6nios sensoriais
relacionados com a transmissdo nociceptiva também podem ser modulados pelas condigdes
oxidativas do meio. O receptor glutamatérgico NMDA apresenta um sitio modulatério
controlado pelo estado redox da célula, o que interfere diretamente na fung¢do do receptor e
no surgimento de comportamentos nociceptivos (Laughlin et al., 1998). Além disso, canais
de célcio do tipo T, os quais sdo ativados por baixa voltagem, sdo encontrados em
neurdnios sensoriais, onde medeiam a sensibilidade dolorosa. Alteracdes do estado redox
também exercem efeitos modulatérios sobre a funcdo desses canais, controlando a
excitabilidade celular (Todorovic et al., 2001). Assim, o fluxo da informag¢@o nociceptiva
no SNC pode ser modificado pelo estado redox celular.

Em relacio ao NO, sua participagdo nos mecanismos nociceptivos € bem
estabelecida, como comentado anteriormente (Aimar et al., 1998; Cizkova et al., 2002;
Filogamo et al., 2002, Levy & Zochodne, 2004). Dessa forma, o aumento da sua sintese
decorrente da estimulag@o nociceptiva predispde a uma maior formacao de peroxinitrito, a
principal EAN (Liu et al., 2000). Foi demonstrado que apds indu¢do de dor inflamatéria
ocorre aumento da producdo de peroxinitrito na periferia e na regido correspondente da
medula espinal. A presenca do peroxinitrito foi associada a nitragdo de proteinas, e dentre
as proteinas nitradas, foi identificada a SOD. Assim, a nitracdo e a subseqiiente inativacao
da SOD provoca uma maior disponibilidade do anion superdxido, contribuindo para a
formacao adicional de peroxinitrito. Esses eventos provocam aumento na excitabilidade dos
neurdnios de segunda ordem do corno dorsal espinal, o que contribui para a persisténcia
dos sinais nociceptivos (Wang et al., 2004). A partir disso, pode-se afirmar que o estresse

nitrosativo também exerce influéncias importantes sobre o processamento nociceptivo.
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Além da acgdo direta das EAO e EAN, os produtos finais da oxida¢do também
podem interferir na transmissdo da dor. Um exemplo € o HNE, composto produzido a partir
da lipoperoxidacdo. O HNE ativa os mesmos nociceptores estimulados por substincias
irritantes, determinando o desenvolvimento de hipersensibilidade. O papel desse aldeido
reativo na nocicep¢do também pode ser enfatizado por seu efeito estimulatério sobre a
liberacdo de neuropeptideos pré-nociceptivos, como o peptideo relacionado ao gene da
calcitonina (CGRP) e a substancia P (Trevisani et al., 2007).

No entanto, além do papel potencialmente lesivo das EAO e EAN sobre os
constituintes celulares, essas moléculas também desempenham fun¢gdes como sinalizadoras
intracelulares. Esse papel dos radicais livres envolve uma visdo mais abrangente da
importancia desses compostos nos processos bioldgicos. Sua geracdo, dentro de certos
limites, pode ser essencial para a manutencdo da homeostase, pois as EAO e EAN podem
interferir positivamente em mecanismos de defesa e também na regulacdo de processos
proliferativos (Droge, 2002).

Em geral, as vias de transduc¢d@o de sinal sdo ativadas por sinais extracelulares como
hormonios, fatores de crescimento, citocinas ou neurotransmissores, 0s quais determinam a
producdo de EAO. Os radicais livres, por sua vez, atuam como sinalizadores intracelulares,
ativando fatores de transcri¢do e, assim, interferindo na expressdo génica. Essa relacio
entre EAO e cascatas de transducdo de sinal pode ser decorrente das alteragdes no estado

redox celular ou da oxidagdo de proteinas (Drége, 2002; Valko et al., 2007).
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Vias de Sinalizacao Intracelular e Dor

Nos ultimos anos, a participagdo de cascatas de transducdo de sinal na
modulacdo de muitos processos celulares tem sido amplamente estudada. Os mecanismos
de transducdo de sinal envolvem interagdes entre proteinas especificas em uma ordem
determinada, assim ocorrem cascatas de reacdes intracelulares, principalmente através da
fosforilacao e desfosforilagdo de muitas dessas proteinas. A ativagdo dessas vias pode
determinar sobrevivéncia ou apoptose da célula (Frebel & Wiese, 2006; Manning &
Cantley, 2007).

Quanto a nocicep¢do, muitas das descobertas recentes sobre sua modulagdo estio
vinculadas a ativacdo dessas vias (Yang et al., 2004; Hucho & Levine, 2007). A maioria
desses estudos demonstra o envolvimento das MAPKs no processamento nociceptivo
(Sammons et al., 2000; Ji et al., 2002; Dai et al., 2002; Obata & Noguchi, 2004; Guo et al.,
2007). As MAPKs sdao uma familia de moléculas que transduzem uma ampla gama de
estimulos extracelulares em diversas respostas intracelulares, por interferir na transcri¢ao
de genes e também na modificagdo pds-traducional de proteinas alvo (Seger & Krebs,
1995). Diversos estudos relatam que a estimula¢do nociva causa ativacdo da proteina cinase
regulada por sinais extracelulares (ERK), uma classe de MAPK, em neur6nios do corno
dorsal espinal (Dai et al., 2002; Guo et al., 2007). J4 sua inibicdo provoca diminui¢do da
hiperalgesia (Ji et al., 2002). A ativa¢do da ERK ocorre poucos minutos apds a aplicacdo do
estimulo nocivo, o que pode estar relacionado com as alteracdes pds-traducionais
imediatas, como a fosforilacdo de receptores e de canais de membrana, que ocorrem em

resposta a inducdo da dor, causando um aumento na excitabilidade neuronal (Ji et al.,
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1999). Porém, a ERK também parece estar envolvida em alteracdes transcricionais, pois
sua forma fosforilada foi encontrada no nicleo de neurdnios do corno dorsal espinal apds a
inducdo de inflamacdo. Nessa condicdao, A ERK pode modular a expressdao dos genes da
prodinorfina (um precursor do opidide endégeno dinorfina) e do receptor neuroquinina-1 (o
receptor ao qual a substancia P se liga), pois um inibidor da ERK também inibe a expressao
desses genes (Ji et al., 2002).

Outra importante proteina de sinalizacdo intracelular é a Akt, também chamada de
proteina cinase B. A Akt é uma serina/treonina cinase envolvida em diversas vias de
transducdo de sinal, participando de muitos efeitos bioldgicos que induzem a sobrevivéncia
celular. A Akt é ativada por vdrios estimulos, como fatores de crescimento, citocinas e
hormdnios (Kim & Chung, 2002; Manning & Cantley, 2007).

A ativacdo da Akt é um processo que envolve vdrias etapas e proteinas adicionais. A
ativacdo da fosfatidilinositol-3-cinase (PI3K) por fatores de crescimento resulta em um
aumento do PIP3 (fosfatidilinositol-trifosfato), que leva a translocacdo da Akt para a
membrana causando uma modificacio conformacional que permite que as cinases
dependentes de fosfoinositideos-1 e 2 (PDK1 e PDK2) fosforilem os residuos Ser-473 e
Thr-308, ativando totalmente a Akt. A forma desfosforilada da Akt é praticamente inativa,
sendo que a fosforilagdo de ambos os residuos resulta em um aumento de mais de 1000
vezes na atividade da proteina (Alessi & Cohen, 1998; Chan & Tsichlis, 2001).

A Akt é responsdvel pela fosforilacdo de vérios substratos citosélicos e nucleares
que regulam o metabolismo e o crescimento celular. Durante a sinaliza¢do da insulina, a
Akt fosforila a GSK-3 (glicogénio sintase cinase 3), fosfofrutocinase-2 e mTOR

(mammalian target of rapamycin) para induzir glicogénese e sintese protéica, enquanto a
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fosforilacdo de proteinas que regulam a apoptose como Bad e caspase-9, promove

proliferacdo e sobrevivéncia (Figura 4) (Datta et al., 1999).
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Figura 4: O papel da Akt na regulagcdo da sobrevivéncia celular pela fosforilagdao de
multiplos substratos envolvidos na regulacdo da apoptose. A Akt regula a atividade
transcricional dos membros da familia Forkhead e NF-xB através da fosforilacdo e
inativacdo da caspase-9 e Bad. Além disso, outros alvos da Akt, incluindo telomerase e
NOS podem exercer importantes papéis na sobrevivéncia celular (Datta et al., 1999).

Além do papel bem estabelecido da Akt sobre a inibicdo da apoptose, estudos
recentes demonstram seu envolvimento em eventos relacionados com plasticidade sindptica
(Lei et al., 2007; Peineau et al., 2007; Tohda et al., 2007). Wang e colaboradores (2003)
observaram que a Akt aumenta o nimero de receptores gabaérgicos em neurdnios, o que

amplifica a acdo do GABA no sistema nervoso. Esse achado pode sugerir o papel da Akt no

processamento nociceptivo, ja que o GABA € um importante neurotransmissor relacionado



20

a transmissao da informacdo dolorosa. Além disso, apds lesdo nervosa periférica e injecao
de capsaicina ocorre ativacdo da via da Akt no corno dorsal espinal e em neurdnios
nociceptivos do ganglio da raiz dorsal (Sun et al., 2007; Xu et al., 2007). Um dos provaveis
mecanismos de ativacdo da Akt, e de outras moléculas de sinalizacdo intracelular, em
decorréncia de estimulacdo nociva, € pela ativacao dos receptores tirosina cinase A (TrkA)
especialmente pelo fator de crescimento nervoso, o NGF (Bonnington & McNaughton,
2003; Malik-Hall et al., 2005). A ligacdo do NGF ao receptor TrkA causa a ativacdo da
PI3K, que por sua vez fosforila a Akt, o que estéd relacionado com a hiperalgesia (Malik-
Hall et al., 2005).

Entretanto, os sinais exatos que podem ativar a Akt durante a transmissdo
nociceptiva nao sdo conhecidos. Em neurdnios corticais foi demonstrado que o aumento
nas EAO pode inibir a via PI3K/Akt, o que aumenta a suscetibilidade a morte celular
(Taylor et al., 2005). Além disso, tratamento antioxidante evita o dano neuronal induzido
pelo H,O, através da modulagdo de vias de sinalizacdo, especialmente da via da Akt
(Vauzour et al., 2007). Assim, parece existir uma interrelagdo entre EAO e ativacao da Akt.
Apesar de ndo existirem estudos que demonstrem claramente essa relacdo, € possivel que o
processamento da informacdo nociceptiva esteja vinculado a essas vias. A compreensdao
desses aspectos € fundamental para o desenvolvimento de alternativas terapéuticas que
minimizem os padrdes patoldgicos de sensibilidade resultantes de lesdo nervosa ou
inflamatdria. Esses padrdes estio associados aos estados de dor cronica, os quais encontram
grande dificuldade no manejo terapéutico. Como as vias de sinalizacdo apresentam muitas
etapas, isso fornece possibilidade da geracdo de estratégias farmacoldgicas mais

diversificadas.



OBJETIVOS

Objetivo Geral

Avaliar os efeitos temporais da sec¢do do nervo cidtico, um modelo de dor
neuropdtica, sobre marcadores de estresse oxidativo e nitrosativo, de defesas antioxidantes

e da ativagc@o da Akt na medula espinal lombossacral de ratos.

Objetivos Especificos

- Estabelecer se a sec¢do do nervo cidtico provoca hiperalgesia térmica nos ratos

submetidos a seccao do nervo cidtico através da aplicag@o do teste da placa quente.

- Determinar a atividade das enzimas antioxidantes SOD, catalase, GPx e¢ GST, e o

conteudo de glutationa.

- Determinar, através de Western blot, a expressdo das enzimas antioxidantes SOD e
catalase; da NOS neuronal (nNOS); de proteinas modificadas pelo HNE; e da Akt em sua

forma total e fosforilada.

- Realizar a medida das substancias reativas ao dcido tiobarbitirico (TBARS) para

determinacdo de lipoperoxidagao.
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- Detectar a producio de metabétitos do NO (NOx), através da medida de nitritos (NO;) e

nitratos (NO3").

- Medir a concentra¢do de H,O, na medula espinal lombossacral de ratos machos adultos 1,

3,7 e 15 dias ap6s a sec¢ao do nervo cidtico.



RESULTADOS

Os resultados do presente estudo foram divididos em trés artigos cientificos, os

quais compdem a secao de resultados desta tese.



Artigo 1: Neuropathic pain modifies antioxidant activity in rat spinal cord

(Neurochemical Research 31:603-609, 2006)
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processes and the concentration of these compounds is
controlled by the antioxidant system that involves numer-
ous non-enzymatic molecules and enzymes such as
superoxide dismutase (SOD) and catalase. Cells express
two SOD isoforms, a cytoplasmic CuZnSOD and a mito-
chondrial MnSOD, and both isoforms convert superoxide,
formed from the molecular oxygen, to hydrogen peroxide.
Catalase 1s located in peroxisomes and converts hydrogen
peroxide into water. When the ROS production is greater
than the antioxidant system activity there 1s oxidative stress
and cellular damage may occur [9, 10].

Oxidative stress has been implicated in several pathol-
ogies, including central nervous system (CNS) disorders.
In the spinal cord, amyotrophic lateral sclerosis, a neuro-
degenerative disease affecting motor neurons, is associated
with a mutation in the gene encoding CuZnSOD [11]. In
spinal cord injury alterations in the antioxidant system have
been detected [12], and the inflammatory process is related
to oxidative stress at spinal cord [8]. Some works describe
changes in antioxidant system after axotomy [13-15].
Peripheral nerve transection increases MnSOD in adult
[13] but not in neonatal rats, which show decreased Cu-
ZnSOD [15]. However, the direct relationship among ROS,
axotomy and neuropathic pain has not been studied.
Therefore, the current study was designed to show the
probable association between hyperalgesia evoked by
neuropathic pain and alterations in activity and expression
of antioxidant enzymes SOD and catalase, both involved in
primary defense against oxidative damage.

Experimenial procedure
Animals

Experiments were conducted in adult male Wistar rats
weighing 200-250 g. All animal procedures were approved
by the Ethics Committee of the Instituto de Ciéncias Bas-
icas da Sadde of the Federal University of Rio Grande do
Sul. Under anaesthesia (ketamine 80 mg/Kg and xylazine
2 mg/Kg) and sterile conditions, the right sciatic nerve was
exposed and transected at mid thigh level. In order to ex-
pose the sciatic nerve in sham rats all surgical procedures
involved in the experimental group were used except
transection. For further comparisons a naive group was
included in which the animals did not undergo surgical
manipulation. Groups of five animals were sacrificed after

0, 3, 7 and 15 days.
Hot plate test

Thermal hyperalgesia was measured by placing the rats on
a hot plate maintained at 50°C (£2°C). The withdrawal

£ Springer

latency was considered when the animal jumped or licked a
hindpaw, independently of side. A cutoff tme of 30s was
employed to prevent tissue injury. The hot plate test was
performed on different days using different animals. For
each period (3, 7 and 15 days after injury) different naive
rats were tested.

Preparation of tissue samples

Rats were killed by decapitation and their lumbosacral
spinal cords were promptly dissected out. The tissues were
immediately cooled in ice and homogenized in 1.15% KCI
diluted 1:5 (w/v) containing Immol/l PMSF. The homo-
genates were centrifuged at 800 x g for 20 min to discard
nuclei and cell debris and the supernatant fraction obtained
was frozen at =70°C for further measurements.

Antioxidant enzyme activities

Catalase activity was determined by following the decrease
in absorption at 240 nm in a reaction medium containing
50 mmol/l phosphate buffer (pH 7.2) and 10 mmol/]
hydrogen peroxide (H,05) [16] and expressed as pmol of
H-0; reduced per minute per mg protein.

Superoxide dismutase (SOD) activity, expressed as
U/mg protein, was based on the inhibition of superoxide
radical reaction with pyrogallol [17]. The SOD activity was
determined by measuring the velocity of oxidized pyro-
gallol formation at 420 nm for 2 min. The reaction med-
ium contained tris buffer (50 mmol/l, pH = 8.2), pyrogallol
(24 mmol/1) and catalase (30 mmol/l).

Lipid peroxidation measurement

Thiobarbituric acid reactive substances (TBARS) mea-
surement was used to evaluate lipid peroxidation (LPO). For
this assay, trichloroacetic acid (10%) was added to the
homogenate to precipitate proteins and to acidify the sample
[18]. This mixture was then centrifuged (3 min, 1000 g).
The protein-free sample was extracted and thiobarbituric
acid (0.67%) was added to the reaction medium. The sam-
ples and standards were placed in a water bath (100°C,
15 min). Malondialdehyde (MDA), an intermediate product
of lipoperoxidation, was determined by the absorbance at
535 nm and the results are reported as nmol/mg protein.

Western blot

Sodium dodecyl sulfate (SDS) polyacrylamide gel elec-
trophoresis (12%) was carried out using a miniprotein
system (Bio-Rad, Hercules, CA) with full range rainbow
(Amersham). Protein (16 pg) was loaded in each lane with
loading buffer containing 0.375mol/l Trs (pH 6.8), 50%
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glycerol, 10% SDS, 0.5 mol/l mercaptoethanol, and
0.002% bromophenol blue. Samples were heated at 100°C
for 2 min prior to gel loading. After electrophoresis, pro-
teins  were transferred to  mnitrocellulose membranes
(Amersham) using an electrophoretic transfer system at
110V for 1 h. The membranes were then washed with
TTBS (20 mmol/l Tris—HCI, pH 7.5; 150 mmol/l NaCl;
0.05% Tween-20, pH 7.4) and 8% nonfat dry milk for 1h.
The membranes were incubated overnight at 4°C with the
primary antibodies diluted in TTBS plus BSA. Rabbit
polyclonal antibodies for CuZnSOD (1:1000, Chemicon
International) and for catalase (1:1000, Chemicon Inter-
national) were used as primary antibodies. After washing
with TTBS, the membranes were incubated for 2h at room
temperature with secondary antibody (1:1000, anti-rabbit
IgG peroxidase conjugated; Santa Cruz), washed with TBS
(20 mmol/l Tris—HCL: 150mM NaCl, pH 7.5) and revealed
by chemiluminescence followed by apposiion of the
membranes to autoradiographic films. These flms were
analyzed using the Molecular Dynamics Image Quant
software version 3.22 (computing densitometer model 300
A). The results were expressed as mean % of pixels. The
correction of the amount of protein per lane transfer was

made by Ponceau’s method [19].
Protein measurement

Protein was measured by the method of Bradford [20],
using bovine serum albumin as standard.

Statistical analysis

Enzyme activities, TBARS and Western blot results were
compared by one-way ANOVA followed by Student
Newman Keuls post hoc multiple comparison test. The
differences in latency measured in hot plate test were
analyzed by Kruskal-Wallis nonparametric test followed
by post hoc Dunn’s method. Differences were considered
statistically significant when the P value was <0.05. All
statistical analysis was carried out with Sigma Stat 2.0
software.

Resulis
Thermal hyperalgesia

Three days after sciatic nerve transection (SNT) the animals
showed thermal hyperalgesia as demonstrated by the hot
plate test (Fig. 1A). At day 3 postoperatively, withdrawal
latency was significantly decreased in SNT animals as
compared to naive ones but was similar as compared to
sham-operated animals. At day 7 postoperatively there was a
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Fig. 1 Thermal hyperalgesia measured by withdrawal latency (in
seconds) in naive, sham-operated and SNT rats at 3 (A), 7 (B) and 15
(C) days after surgery. Data are expressed as medians and errors are
expressed as interquartile range 25-75% (n = 5 for each group). One
asterisk indicates significant difference (p<0.03) between SNT and
maive animals, and two astenisks represent significant difference
(p=<0.03) between SNT and naive and between SNT and sham-
operated animals

significant decrease in SNT animals as compared to both naive
and sham animals (Fig. 1B). Fifteen days after surgery there
was no significant difference across the groups (Fig. 1C).

Antioxidant enzyme activities and Western blot

There was no significant difference in SOD and catalase

content as determined by the Western blot analysis

&1 Springer



606

27

Neurochem Res (2006) 3 1:603-609

(Fig. 2). The comparisons were made between naive,
sham-operated and SNT rats at the various postsurgical
times. Representative western blots are shown in the top of
histograms on Fig. 2. However, a significant difference in
enzyme activities was detected (Fig. 3). Three days after
surgery, SNT and sham-operated animals showed a
reduction of around 30% in the catalase activity as com-
pared to the naive group. There was no significant differ-
SNT  groups,
demonstrating that catalase activity is affected not only by

ence  between sham-operated and
neuropathic pain but also by surgical manipulation. Seven
days after surgery the reduction in the catalase activity in
the sham-operated and SNT groups as compared to naive
animals was more pronounced (approximately 40%).
Finally, fifteen days after surgery catalase activity was stll
reduced in sham-operated and SNT rats, but these differ-
ences were not significant (#>0.05). SOD activity showed a
reduction of around 30% but only seven days after SNT,
demonstrating a specific effect related to axotomy.

TBARS measurement

There was not a significant difference in spinal cord LPO
between naive, sham-operated and SNT rats at any post-
surgical time, as evaluated by TBARS. These results sug-
gest that neuropathic pain induction does not cause lipid
peroxidation changes in the spinal cord. The TBARS
results are demonstrated as nmol/mg protein in Fg. 4.
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Fig. 2 Western blot analysis for catalase (A) and CuZn30D (B) in
spinal cord homogenates of naive, sham-operated and SNT groups 3
(3D), 7 (7D and 15 (15D) days after surgery. There was not any
significant difference in these enzymes expression across all groups
(p=0.05), Comparisons were drawn between the groups at the same
postsurgical point in time. Representative Western blots are shown in
the top of histograms. The results are expressed as percentages of
pixels mean £ SEM (n = 5 for each group)

| Springer

A 100
80

60 —e SNT
an —a— SHAM

catalzse activity (%)

20

1] b o 1ED

‘\"\r‘/
*

—a— SNT
—a— SHaM

SOD activity (%) 0
g8

40
20
0

o 30 7D 115D

Fig. 3 Antioxidant activity of catalase (A) and S0D (B) in spinal
cord homogenates in sham-operated and SNT rats 3, 7 and 15 days
after surgery (0 = naive rats), Data are expressed as pereentage of
maive group. Asterisks indicate significant difference (p<0.05)
between natve (100%) and sham or SNT. About 100% of catalase
activity corresponds to 43 pmol'mg of prokein, and 100% of SOD
activity corresponds to 71.75 USODYmg of protein. Bars represent
SEM (n = 5 for each group)

Discussion

The main finding in the present study was the reduction in
SOD activity in the spinal cord at seven days after sciatic
nerve transection. Moreover, catalase activity was also
decreased at three and seven days, but this result was not
specific to injury, since in sham animals the activity of this
enzyme also decreased. Thus, catalase activity appears to
be very susceptible to afferent stimulation. However,
Western blot results showed that peripheral nerve injury do
not alter the expression of these enzymes in the spinal cord.

Although the sham-operated group was not submitted to
nerve transection, it suffered a slight injury due to skin

5.
.‘g

4
g
2al ONAVE
% o SHAM
£ 21 | SNT
@
'

]

0 o 190

Fig. 4 Lipid peroxidation measured by thiobarbituric acid reactive
species (TBARS) in spinal cord homogenates of naive, sham-operated
and SNT groups 3, 7 and 15 days after surgery. There was not any
significant difference between the groups (p={.03). The comparisons
were made between the groups at the same postsurgical time. TBARS
values are expressed as nmol/mg of protein. Data represent the means
+ SEM (n = 5 for each group)
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cutting and connective tissue lesion, which also cause an
increase in spinal cord sensory inputs as evidenced by
higher sensitization detected by hot plate test three days
after injury. At seven days the withdrawal latency of sham
rats was similar to the naive group. This result suggests that
in the sham group the sensibility had already returned to
basal levels. On the other hand, SNT rats showed hyper-
algesiain this period. Withdrawal latency at fifteen days in
SNT suggests reversion of hyperalgesia, but we do not
believe that the total reversion of symptoms occurs within
2 weeks. However, using the hot plate test we did not find a
significant statistical difference at this period in time. This
could be a limitation of this test. One example of limitation
of the hot plate test 1s that it 1s 1mpossible to establish
which side supports less weight. It is likely that the rats
support less weight on the injured side, but this cannot be
measured with the test employed. Despite these limitations,
this method is widely used in pain studies. Therefore, the
variation in the latency period shown in Fig. 1 may be due
to application of the test on different days since the sen-
sibility of animals may change.

The changes in catalase activity occurred mainly at the
same times at which hyperalgesia was detected. This may
suggest some connection between catalase activity and the
development of hyperalgesia. In this case there is an
apparent role of antioxidant protection in normal sensibil-
ity, since the reduced catalase activity is associated with
sensory behavioral abnormality. Three days after axotomy
the decrease in catalase activity mav be related to a higher
conversion of hydrogen peroxide to hydroxyl radical, a
very cytotoxic ROS. However, astrocytes in the central
nervous system have a high antioxidant content, especially
glutathione [21], and glutathione efflux has been observed
to oceur following acute exposure to nitric oxide (NO).
Thus, astrocytes have the ability o provide neurons with
glutathione or their precursors, conferring protection
against neuronal oxidant damage by elevated neuronal
antioxidant levels [22]. Therefore, it may be suggested that
astrocytes provide neuroprotection to the central nervous
system, and peripheral nerve injury probably does not
cause a strong enough stimulus to deplete the antioxidant
reserves in the spinal cord, and thus LPO increase was not
observed.

Changes in spinal cord SOD activity were more limited
and specilic to SN'T. A significant decrease in SOD activity
was detected only on day 7 after axotomy, and at this time
the concomitant reduction in catalase activity may be ex-
plained by the low hydrogen peroxide content, since the
low SOD activity reduces the superoxide conversion to
hydrogen peroxide and consequently causes superoxide
accumulation.

Superoxide is a highly reactive free radical and may
react with nitric oxide leading to the formation of a highly

toxic oxidant: peroxynitrite. Many studies have demon-
strated that peripheral nerve injury causes up-regulation in
both expression and activity of nitric oxide synthase
(NOS), the enzyme involved in NO synthesis, in the spinal
cord and dorsal root ganglia [23-25]. Zhang et al. [23]
showed more marked NOS up-regulation seven days after
injury. Therefore, during the same period of higher NO
production there is a reduction in SOD activity and prob-
ably a higher concentration of peroxynitrite. The same
events have been described in inflammatory pain: noci-
ceptive inputs cause NMDA glutamate receptor activation
and Ca*™* influx in dorsal horn cells, leading to NOS acti-
vation; peroxynitrite formation causes nitration of proteins
including MnSOD, which 1s inactivated and superoxide
concentration becomes elevated maintaining hyperalgesia
[8]. In neuropathic pain the same mechanisms may be
occurring, since there is up-regulation in NOS [23-25] and
SOD activity is reduced, as evidenced by the present study.

On the other hand, alteration i CuZnSOD protein
content following SNT was not detected by Western blot,
but previous studies have described an increase in MnSOD
expression in the spinal cord after axotomy [13] and in the
facial nucleus after facial nerve transection [26]. However,
Yu [14] found a decrease in CuZnS0D immunoreactivity
in the hypoglossal nucleus and spinal cord after injury to
the hypoglossal and sciatic nerves, respectively, and this
pattern occurred at the same time as an increase in NOS
immunoreactivity in the same regions, demonstrating a
close correlation between SOD and NO. In neonatal rats,
sciatic nerve transection also causes a decrease in CuZn-
50D in the lumbar spinal cord evidenced by Western blot
[15]. Although the results of different studies are contra-
dictory, it is likely that inactivated MnSOD has a more
important role in hyperalgesia subsequent to peripheral
nerve injury than the cytosolic isoform CuZnSOD does,
since previous studies have demonstrated that the mito-
chondrial SOD has a neuroprotective effect against NO
toxicity in vitro, and CuZnSOD does not present this effect
[27].

However, antioxidant activity reduction is almost al-
ways accompanied by oxidative stress evidenced by dam-
age to lipids, proteins and/or DNA. In the central nervous
system damage to lipids is a very common event caused by
oxidative stress due to the large amounts of polyunsatu-
rated Tatty acids. In this study, however, no alteration in
lipid peroxidation was detected post axotomy as measured
by the TBARS assay. In this situation other antioxidant
defenses may protect lipids, and damage to other cellular
constituents may be occurring. Neuropathic pain is related
to an overexpression of many neurotransmitters, peptides
and a large number of proteins [3], thus, in this case, the
oxidative stress may involve proteins. Studies on damage
to proteins and non-enzymatic antioxidant levels in the
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spinal cord after peripheral nerve lesion are currently being
conducted in our laboratory.

The involvement of reactive oxygen and nitrogen spe-
cies in neuropathic pain is accepted, as antioxidant injec-
tion exerts an analgesic effect [7, 28). Nevertheless. the site
of action of these compounds is not well-established.
Intrathecal and systemic administration show similar ef-
fects, and therefore the spinal cord seems to be a major site
of antioxidant action [7]. Possibly reactive oxygen and
nitrogen species activate second messengers related to
central sensitization, a mechanism involving hyperalgesia
perpetuation based on neurochemical adaptations in the
spinal cord.

Recently it was demonstrated that trigeminal trans-
mission of facial pain is modulated by ROS such as
superoxide and hydrogen peroxide, because treatments
with N- acetyleysteine (an antioxidant) and 2-methoxy-
estradiol (an inhibitor of SOD) in the trigeminal nucleus
after formalin injection in the upper lip modifies the
behavior of facial grooming, suggesting the role of ROS
in the mechanisms of synaptic plasticity underlying tonic
pain. The authors describe an increase in hydrogen per-
oxide production measured by microdialysis, and therefore
hydrogen peroxide may be an important modulator of pain
transmission [29].

However, the participation of ROS in pain transmission
may not really be related to cellular damage, as evidenced
by the present study, where no increase in lipid peroxida-
tion in spinal cord post SNT was detected. Hydrogen per-
oxide affects intracellular activity of signaling molecules
such as kinase and phosphatase proteins [30] or may act
directly on neurotransmitter receptors and alter ligand-
receptor interactions [31]. Loss of inhibitory input was
detected in thalamocortical circuitry after hydrogen per-
oxide application generating seizure activity [32]. Maybe
in neuropathic pain, ROS like hydrogen peroxide act as
second messenger modulating neurotransmitter systems
associated with nociceptive processing. Thus it may be
suggested that the role of ROS in this situation 15 not re-
lated to cellular damage to lipids, but these molecules can
be acting as second messengers that maintain hyperalgesia
through activation of pain-related neurotransmitters.

In conclusion, oxygen and nitrogen species may take
part in neuropathic pain processing as evidenced by the
present study by SOD activity reduction seven days after
nerve transection. However, the precise mechanisms that
involve oxidative stress in pain transmission have not yet
been well-established. Hence, further research on these
topics is crucial due to the possibility of developing new
strategies to pain treatment.
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ABSTRACT

Oxidative and nitrosative stress have been suggested to be related to neuropathic pain, but
the exact role of these molecules in pain conditions are still unknown. This study was
developed to clarify some mechanisms of these aspects. Sciatic nerve transection (SNT)
was employed to induce neuropathic pain in rats. It were determined glutathione peroxidase
(GPx) and glutathione-S-transferase (GST) activities, glutathione (GSH) content, nitric
oxide metabolites (NOx) and neuronal nitric oxide synthase (nNOS) protein expression in
lumbosacral spinal cord. All of these analyses were performed in SNT and sham groups 1,
3, 7 and 15 days after surgery. There was an increase in GPx activity and a decrease in
GSH content 3 days after surgery in both sham and SNT groups. nNOS expression was
upregulated 7 days post SNT. NOx were detected 1 day after surgery in sham and SNT
groups, but at 7 and 15 days, the increase was specific to SNT animals. These results

support the participation of reactive nitrogen and oxygen species in pain physiology.

Key Words: glutathione, sciatic nerve transection, oxidative stress, nitrosative stress
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Pain transmission is determined by neurochemical changes in the central nervous
system, mainly in spinal cord (Woolf, 1983; Zimmermann, 2001). In the last years, studies
considering reactive oxygen species (ROS) and antioxidant systems in nociceptive
processing have emerged (Kim et al., 2004; Guedes et al., 2006; Gao et al., 2007).
Antioxidant systems are crucial to provide defenses against oxidative cell damage.
Glutathione (GSH) is one of the most abundant non-enzymatic antioxidants in all tissues.
Their cell protective actions occur by different pathways including a role as substrate of
antioxidant enzymes, such as glutathione peroxidase (GPx) and glutathione S-transferase
(GST) (Valko et al., 2007). In pain studies, it was demonstrated a decrease in glutathione
content (Naik et al., 2006) and an increase in the activities of GPx and glutathione
reductase (GR) in sciatic nerve after chronic constriction injury, a model of neuropathic
pain (Costa et al., 2007). However, there are no study that correlates glutathione content in
spinal cord and neuropathic pain.

In addition, nitrosative stress, characterized by overproduction of reactive nitrogen
species (RNS), is also referred to participate in pain modulation. Nitric oxide (NO) is a
diffusible molecule that contains one unpaired electron and thus is a RNS. It is involved in
a lot of physiological processes in central nervous system. In nociceptive transmission, NO
is a mediator usually referred as pro-nociceptive (Levy and Zochodne, 2004; Xu et al.,
2007). This effect possibly occurs by release of glutamate in spinal cord dorsal horn which
activates N-methyl-D-aspartate (NMDA) receptors and NO production. NO produced in
response to nociceptive stimulation acts as a retrograde messenger that enhances
presynaptic activity, intensifying the pain signal (Meller and Gebhart, 1993; Yamamoto and
Shimoyama, 1995). However, analgesic effects of nitric oxide synthase (NOS) inhibitors

are controversial. While some studies show that NOS inhibitors decrease hyperalgesia



35
(Salter et al., 1996; Osborne and Coderre, 1999), others demonstrate that these compounds

have no effect in pain behaviors after injury (Luo et al., 1999).

Thus, due the existence of a correlation among antioxidants, ROS, RNS and pain,
the aim of the present study was to establish the involvement of glutathione antioxidant
system and NO in lumbosacral spinal cord in neuropathic pain using sciatic nerve
transection (SNT) as experimental model.

Under intraperitoneal anaesthesia (ketamine 80 mg/kg and xylazine 2 mg/kg) and
sterile conditions, the right sciatic nerve of male Wistar rats weighing 200-250 g, was
exposed and transected at mid thigh level. In sham-operated animals, the right sciatic nerve
was exposed but not transected. For further comparisons, a naive group was included in
which the animals do not undergo surgical manipulation. Groups of five animals were
sacrificed 1, 3, 7 and 15 days after surgery. All animal procedures were approved by the
Ethics Committee of Universidade Federal do Rio Grande do Sul.

After animals decapitation, lumbosacral spinal cords were immediately cooled in
liquid nitrogen and processed to the determination of glutathione (GSH) content, as
previously described (Araujo et al., 2007). The results were expressed as nmol/mg protein.

In order to determinate GPx and GST activities and NO metabolites (NOx), rats
were killed by decapitation and their lumbosacral spinal cords were promptly dissected out.
The tissues were immediately cooled in ice and homogenized in 1.15% KClI diluted 1:5
(w/v) containing 1mmol/l PMSF. The homogenates were centrifuged at 1000 x g for 20
minutes to discard nuclei and cell debris and the supernatant fraction obtained was frozen at
-70°C for further measurements.

Glutathione peroxidase (GPx) activity was measured by following NADPH

oxidation at 340 nm as described by Flohé and Gunzler (1984). GPx results were expressed
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as nmol of peroxide/hydroperoxide reduced/min/mg protein. Glutathione-S transferase
(GST) activity, expressed as nmol/mg protein, was measured by the rate of formation of
dinitrophenyl-S-glutathione at 340 nm (Mannervik and Gluthemberg, 1981).

To NOx measurement, nitrites (NO,") were determined using the Griess reagent, in
which a chromophore with a strong absorbance at 540 nm is formed by reaction of nitrite
with a mixture of naphthyl-etilenediamine (0.1%) and sulphanilamide (1%). Nitrates (NO3")
were determined as total nitrites (initial nitrite plus nitrite reduced from nitrate) after its
reduction using nitrate reductase from Aspergillus species in the presence of NADPH. A
standard curve was established with a set of serial dilutions (10'8 -10° mol/L) of sodium
nitrite. Results were expressed as mmol/L of nitrates plus nitrites (Granger et al., 1999).

Western blot were performed as described elsewhere (Guedes et al., 2006). Rabbit
anti-universal NOS (Sigma) was used as primary antibody. The results were expressed as %
of pixels mean.

Protein was measured by the method of Bradford (1976), using bovine serum
albumin as standard.

One way ANOVA followed by Student Newman Keuls post hoc multiple
comparison test were used for statistical analysis (SPSS 13.0 software). The comparisons
were made among naive, sham and SNT for each time point. Differences were considered
statistically significant when the P value <0.05.

The lumbosacral spinal cord GSH content decreased about 50% three days after
surgery (P<0.001) (Figure 1A). This decrease was similar in both sham and SNT animals
showing that changes in GSH content were not specific to neuropathic pain. No differences
in GSH content were found in the other periods analyzed. GPx activity (Figure 1B) shows a

marked increase (76% in sham and 110% in SNT animals) at the same time point of GSH
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change, three days after injury (P<0.01), as compared to naive group. Increase in GPx
activity also occurred in both sham and SNT groups. This opposite result probably is due to
the higher rate of consumption of GSH when GPx activity increases. In the other hand,
GST activity does not show significant differences among the groups (data not show).

It was observed a significant rise (P<0.05) in the expression of nNOS (Figure 2) in
spinal cord seven days after SNT in relation to naive and sham animals. The production of
the NOx was higher one day post surgery both in sham (35%) and SNT (39%) (P<0.01) as
compared to the naive group. Seven and fifteen days after injury the increase was specific
to SNT (P<0.01), and NOx production in sham has already returned to naive level. At
seven days, the increase of NOx in SNT group by 36% and at fifteen days by 43% (Figure
3).

The present study demonstrates a depletion in GSH levels and an increase in GPx
activity suggesting that, after peripheral axotomy, there is an augmentation in ROS
production in spinal cord. In this situation, the antioxidant system is mobilized to avoid
tissue damage generated by ROS. However, GPx activity and GSH content results were not
specific to SNT since sham group exhibited similar response. In sham surgery also occurs
afferent nociceptive stimulation by incision and soft tissue manipulation. Although
manipulation is slight, it seems enough to activate systems related to oxidative stress. This
fact demonstrates the high sensibility of these systems to peripheral nociceptive
stimulation.

GST plays a role in the detoxification of toxic compounds such as by-products of
lipid peroxidation (Xie et al., 1998). Our study demonstrates that GST activity does not
change in spinal cord after SNT. This may occur probably because this injury does not

generate lipid peroxidation, as demonstrated previously (Guedes et al., 2006). However, in
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despite of lack of lipid peroxidation, oxidative stress may occur in this situation. It has been
shown that nociceptive stimulation generates an increase in glucose uptake in the spinal
cord, evidenced by the rise in metabolic activity in this tissue during pain transmission
(Porro et al., 1991; Schadrack et al., 1999). Whether antioxidant defenses are decreased,
this increase in functional activity predispose to higher ROS production, and consequently
to oxidative stress. At three days post injury the increase in GPx activity may be crucial to
protect nervous tissue against ROS. In the other time points analyzed, other antioxidant
agents may be activated since activity of antioxidant enzymes superoxide dismutase (SOD)
and catalase is decreased in spinal cord after SNT (Guedes et al., 2000).

Despite several studies about neuronal isoform of nitric oxide synthase (nNOS) and
neuropathic pain, its role in spinal cord is unclear. The role of NO in neuropathic pain
generally is attributed to its modulation of the release of pain-related neurotransmitters,
intensifying central sensitization (Aimar et al., 1998; Vetter et al., 2001). In addition,
increase of NO production might leads to peroxynitrite (ONOQ") formation by its reaction
with superoxide anion (O,*). Peroxynitrite is a harmful oxidant agent that increases its
production in the injured nerve. Antioxidant therapy using peroxynitrite scavengers or SOD
mimetics (to decrease superoxide levels) reduces hyperalgesia in experimental pain models
(Liu et al., 2000). Thus, an involvement of NO in pain mechanisms is evident.

In our study, it was demonstrated a rise in neuronal isoform of nitric oxide synthase
(nNOS) expression seven days after SNT. Some studies do not found changes in nNOS
expression in spinal cord after spinal nerve ligation (Luo et al., 1999; Guan et al., 2007).
However, these results may be due to the methodology employed which use contralateral
side of injury as control to compare nNOS expression. Therefore, may be reasonable do

suppose that peripheral injury can lead to bilateral response in spinal cord segments that
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receive nociceptive stimulus as reported in previous studies (Rydh-Rinder et al., 1996;
Infante et al., 2007). At the present study, we evaluated the whole lumbosacral spinal cord.
So, the increase in NO production in spinal cord post peripheral injury is confirmed by rise
in NO metabolites production.

The involvement of NO metabolites formation in pain conditions was already
demonstrated by NOx increased levels in spinal cord dorsal horn measured with
microdialysis after formalin injection (Vetter et al., 2001). In the present study, it was
shown an increase in NOx one day after injury, both in sham and SNT groups. This
suggests that surgical manipulation activates pathways in spinal cord that can generate
RNS. However, this increase in NOx production, unspecific to neuropathic pain, seems to
be rapidly reverted. At three days after SN'T, NOx do not differ in relation to sham or naive.
This could be attributed to absence of modification in nNOS expression as evidenced by
our western blot analysis in this time point post injury. At seven days after SNT, the
increased NOx reflects only the neuropathic injury. This result is correlated with nNOS
expression. At this point, NO elevated may interfere directly in pain processing, modulating
neurotransmitters release, synaptic plasticity and activation of signaling pathways (Vetter,
2001; Bryan, 2006; Calabrese et al., 2007) to establishment of pathological status.

In summary, this study supports the participation of RNS in pain physiology. In
addition, we demonstrated the activation of an antioxidant system after SNT in spinal cord.
Thus, it’s relevant to consider the action of these molecules to the development of new
drugs to alleviate pain. In the other hand, is reasonable to propose that ROS and RNS may
act in pain mechanisms by modulation of synaptic transmission or signaling pathways that
determinate cell survival or apoptosis. However, the precise relationship of ROS and RNS

in pain conditions is unknown and further studies are necessary to clarify it.
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Legends to Figures:

Figure 1. Glutathione content (A) and GPx activity (B) in lumbosacral spinal cord of naive,
sham and SNT groups 1 D, 3D, 7D and 15 D. * P<0.01, ** P<0.001 (one way ANOVA
followed by Student-Newman-Keuls post hoc test) comparing naive versus sham and naive
versus SNT at 3 D. Glutathione content is expressed as nmol/mg of protein. GPx activity is
expressed as nmol/min/mg of protein. Data represent mean + SEM (n = 5 for each group).

SNT, sciatic nerve transection; 1, 3, 7 and 15 D, day(s) after surgery.

Figure 2. Western blot analysis for nNOS in lumbosacral spinal cord of naive, sham and
SNT groups 3 D and 7 D. (A) Representative western blots showing expression of nNOS.
(B) Mean = SEM values percentages of pixels optical density of nNOS (expressed in
arbitrary units). * P< (.05 (one way ANOVA followed by Student-Newman-Keuls post hoc
test) comparing naive versus SNT and sham versus SNT at 7 D (n = 5 for each group). OD,

optical density; SNT, sciatic nerve transection; 1, 3, 7 and 15 D, day(s) after surgery.

Figure 3. NOx production in lumbosacral spinal cord of naive, sham and SNT groups 1 D,
3D,7Dand 15 D. * P <0.001 comparing naive versus sham and naive versus SNT at 1
day; ** P < 0.01 comparing naive versus SNT and sham versus SNT at 7 and 15 days (one
way ANOVA followed by Student-Newman-Keuls post hoc test). NOx production are
expressed as nmol/mg of protein. (n = 5 for each group). SNT, sciatic nerve transection; 1,

3,7 and 15 D, day(s) after surgery.
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SUMMARY

Neuropathic pain occurs as a result of peripheral or central nervous system injury. Its
pathophysiology involves mainly a central sensitization mechanism that may be correlated
to many molecules acting in regions involved in pain processing, such as the spinal cord. It
has been demonstrated that reactive oxygen species (ROS) and signaling molecules, such as
the serine/threonine protein kinase Akt, are involved in neuropathic pain mechanisms.
Thus, the aim of this study was to provide evidence of this relationship. Sciatic nerve
transection (SNT) was used to induce neuropathic pain in rats. Western blot analysis of Akt
and 4-hydroxy-2-nonenal (HNE)-Michael adducts, and measurement of hydrogen peroxide
(H20,) in the lumbosacral spinal cord were performed. The main findings were found seven
days after SNT, when there was an increase in HNE-Michael adducts formation, total and
p-Akt expression and H,O, concentration. However, one and 15 days after SNT, H,0,
concentration was raised in both sham (animals that were submitted to surgery without
nerve injury) and SNT groups, showing the high sensibility of this ROS to nociceptive
afferent stimuli, not only to neuropathic pain. p-Akt also increased in sham and SNT
groups one day post injury, but at 3 and 7 days the increase occurred exclusively in SNT
animals. Thus, there is crosstalk between intracellular signaling pathways and ROS, and
these molecules can act as protective agents in acute pain situations or play a role in the

development of chronic pain states.

Key words: neuropathic pain, spinal cord, sciatic nerve transection, 4-hydroxy-2-nonenal,

Akt, hydrogen peroxide.
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INTRODUCTION

Neuropathic pain can arise as a result of many diseases and involves different
etiologies, such as diabetic neuropathy, postherpetic neuralgia, trigeminal neuralgia and
many other conditions that cause functional abnormalities or direct injury in the peripheral
or central nervous system (Finnerup et al., 2007). The underlying neuropathic pain
mechanisms are related to peripheral and central sensitization. They originate from the
release of inflammatory mediators around peripheral damaged tissue and ectopic discharges
from the injured nerve leading to a hiperexcitable state in spinal dorsal horn neurons
(Millan, 1999). Central sensitization is the main contributor to the development of
neuropathic pain. The related symptoms are the aberrant responses encountered in animal
models and by patients, as the pain threshold decreased, perceived by pain evoked when
there is mechanical or thermal light stimuli (Shim ez al., 2005; Chizh et al, 2007).

It has been reported that several mediators and neurotransmitters participate in
central sensitization (Woolf and Salter, 2000). Reactive oxygen species (ROS) seems to be
involved in this concern, since it was shown that neuropathic pain reduces antioxidant
activity in the spinal cord (Guedes et al., 2006). In addition, systemic or intrathecal
injections of antioxidants relieve allodynia (Kim e al., 2004; Kim et al., 2006). Thus,
increasing evidence suggests a role for oxidative stress in neuropathic pain and in many
neurological diseases, but the precise mechanisms that underlie pain and oxidative stress
are still unclear. Increased production of ROS leads to marked changes in cell structure and
function, as lipid peroxidation, protein oxidation and DNA damage. Some markers are
useful to detect increased ROS, such as lipid peroxidation products. 4-hydroxy-2-nonenal

(HNE) is a highly cytotoxic aldehyde generated from oxidation of polyunsaturated fatty
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acids. Thus, HNE analysis could provide an indication of lipid peroxidation, but also for
proteins oxidation since it reacts with the amino acids cysteine, histidine and lysine forming
Michael adducts (Uchida, 2003). Several functions have been ascribed to HNE in the
nervous system including neurotoxic and neurotrophic effects (Farooqui and Horrocks,
2006). Recently it was demonstrated that HNE may enhance nociceptor excitability and
consequent pain hypersensitivity in response to tissue injury (Trevisani et al., 2007).
Besides HNE, hydrogen peroxide (H,O,) is a stable ROS that can be easily measured
providing evidence of oxidative stress occurrence. The cell activity constantly produces
superoxide anion (O,") from molecular oxygen. This anion can be toxic if it reacts with
other molecules such as nitric oxide (NO), but antioxidant enzyme superoxide dismutase
(SOD) converts the superoxide anion to H,O,. The damaging potential of H,O, consists in
its ability to yield hydroxyl radical ("OH) by the iron catalyzed Fenton and Haber-Weiss
reactions. Thus, the increased H,O, concentration may be harmful to cells. Moreover, H,O,
is a diffusible ROS contributing to the development of pathological pain states not only by
generating dangerous ROS but also by modulating synaptic plasticity. This ROS play a role
in releasing intracellular stored calcium and interfering in synaptic activity at dorsal horn
interneurons (Takahashi et al., 2007).

Relationships among molecules related to neural processing are very intricate, and
neurotransmission is also modulated by several signal transduction events that crosstalk
with ROS, especially H,O,. An important signaling pathway in the nervous system
involves Akt. Akt is a serine/threonine protein kinase often refereed to as a survival and
growth cell promoter (Manning and Cantley, 2007). Its activation occurs as a result of
phosphatidylinositol 3-kinase (PI3K) stimulation by neurotrophin, cytokines and other

cellular stimuli. It has been well established that the nerve growth factor (NGF) enhances
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the sensation of pain (Lewin et al, 1994; Bonnington and McNaughton, 2003). Thus, NGF

might activate Akt in response to nociceptive stimulus. In cortical neurons it was observed
that increased ROS can down-regulate the PI3K/Akt pathway enhancing neuron
susceptibility to cell death (Taylor et al., 2005). Antioxidant treatment prevents neuronal
injury induced by H,O, by modulating cell signaling pathways, and these effects are more
important in PI3K/Akt than in MAPK (mitogen-activated protein kinase) transduction
cascades (Vauzour et al., 2007).

In despite of studies that correlate ROS generation and signaling pathway
activation in the nervous system, no results on this issue are found in pain conditions.
Accordingly, this study proposes to do this correlation by Western blot analysis of Akt and
HNE-Michael adducts, and measurement of H,O, in spinal cord of rats submitted to sciatic

nerve transection, a useful neuropathic pain experimental model.

MATERIALS AND METHODS

Animals:
Experiments were conducted in adult male Wistar rats weighing 200-250 g. All animal
procedures were approved by the Ethics Committee at the Federal University of Rio
Grande do Sul. Under anesthesia (ketamine 80 mg/kg and xylazine 2 mg/kg) and sterile
conditions, the right sciatic nerve was exposed and transected at mid thigh level. In sham-
operated animals, the right sciatic nerve was exposed but not transected. For further
comparisons a naive group was included in which the animals do not undergo surgical

manipulation. Groups of five animals were sacrificed 1, 3, 7 and 15 days after surgery.
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Preparation of Tissue Samples:
Rats were killed by decapitation and their lumbosacral spinal cords were quickly dissected
out. The tissues were immediately cooled in liquid nitrogen and processed to determine
hydrogen peroxide. The Western blot samples were homogenized in lysis buffer containing
protease inhibitors and detergents [20 mM Tris HCI, 150 mM NaCl, 1 mM EDTA, 10%
glycerol, 1% Nonidet P40, 200 uM phenylmethylsulfonil fluoride (PMSF), leupeptin (25
pg/mL), pH 7,4]. The homogenates were centrifuged at 800 x g for 20 minutes to discard
nuclei and cell debris and the supernatant fraction obtained was frozen at -70°C for further

measurements.

Determination of hydrogen peroxide
The assay was based on horseradish peroxidase (HRPO)-mediated oxidation of phenol red
by hydrogen peroxide, leading to the formation of a compound that absorbs at 610 nm.
Slices of fresh tissue from lumbosacral spinal cord were incubated for 30 min. at 37°C in
phosphate buffer 10 mmol/L (NaCl 140 mmol/L and dextrose 5 mmol/L). The supernatants
were transferred to tubes with phenol red 0.28 mmol/L and 8.5 U/mL HRPO. After 5 min
incubation, NaOH 1 mol/L was added and it was read at 610 nm. The results were

expressed in nmoles H,O, /g tissue (Pick and Keisari, 1980).

Western Blot:
Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (12%) was carried out
using a miniprotein system (Bio-Rad). The molecular weights of the bands were
determined by reference to a standard molecular weight marker (rainbow full range

Amersham). Protein (50ug) was loaded in each lane with loading buffer containing
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0.375mol/L Tris (pH 6.8), 50% glycerol, 10% SDS, 0.5 mol/L mercaptoethanol, and

0.002% bromophenol blue. Samples were heated at 100°C for 2 min prior to gel loading.
After electrophoresis, proteins were transferred to nitrocellulose membranes (Amersham)
using an electrophoretic transfer system at 110V for 1 h. The membranes were then washed
with TTBS (20 mmol/L Tris-HCI, pH 7.5; 150 mmol/L NaCl; 0.05% Tween-20, pH 7.4)
and 8% nonfat dry milk for 1h. The membranes were incubated overnight at 4°C with the
primary antibodies diluted in TTBS plus 2.5% BSA. Rabbit anti-HNE-Michael adducts
(1:1000, Calbiochem), rabbit anti-total Akt polyclonal antibody and rabbit anti-phospho-
Akt ser657 (Santa Cruz Biotechnology) were used as primary antibodies. After washing
with TTBS, the membranes were incubated for 2h at room temperature with secondary
antibody (1:5000, anti-rabbit IgG peroxidase conjugated; Santa Cruz), washed with TBS
(20 mmol/L Tris-HCI; 150mM NaCl, pH 7.5) and revealed by chemiluminescence followed
by apposition of the membranes to autoradiographic films. These films were analyzed with
an image densitometer (Imagemaster VDS CI, Amersham). The results were expressed as
% of pixels mean. The amount of protein per lane transfer was corrected by the Ponceau

method (Klein et al., 1995).

Protein Measurement:
Protein was measured by the Bradford method (1976), using bovine serum albumin as

standard.
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Statistical Analysis:

The results were compared by one way ANOVA followed by Student Newman Keuls post
hoc multiple comparison test. Differences were considered statistically significant when the

P value <0.05. All statistical analyses were carried out with SPSS 13.0 software.

RESULTS

Hydrogen peroxide
There was a significant increase in H>O, concentration in lumbosacral spinal cord one day
after surgery (P< 0.05). This raise was found in both groups: those that had undergone
sciatic transection and sham surgery, indicating that H,O, concentration is not affected only
by neuropathic pain, but also by surgical manipulation (Fig. 1). Three days after surgery
H,0, concentration was similar to that of the naive group. Seven and fifteen days after
surgery, the HO, concentration values were lower than 1 day groups, but higher than the
naive one (P< 0.05). At these time points, results also do not differ between sham and SNT
groups. These results demonstrate a dramatic increase in H,O, concentration in lumbosacral
spinal cord during an acute period of injury and a large sensibility in H,O, formation, since

sham animals also exhibited increased H>O; levels.

4-hydroxy-2-nonenal (HNE)
A few bands reacted with anti-HNE indicating HNE-protein adduct formation
(Fig. 2). We chose the 75 KDa band to quantify the optical density, since it showed reaction
in all samples and may provide a better parameter to compare the changes in the formation

of Michael adducts due to lipid peroxidation among all samples analyzed. The results
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demonstrate a significant (P< 0.05) increase in lumbosacral spinal cord HNE-protein
adduct formation 7 days after SNT as compared to naive and sham animals. This result
indicates an elevation in lipid peroxidation products, such as HNE, that may bind to cellular

proteins, in response to neuropathic pain induction.

p-Akt and total-Akt

Sciatic nerve transection causes a significant (P< 0.05) raise in p-Akt expression (Fig. 3).
The employed antibody recognizes phosphorylation on serine 657 residue. This increase
was significant 1, 3 and 7 days after surgery, demonstrating that injury may affect and
activate intracellular transduction pathways in earlier stages of neuropathic pain. One day
post surgery sham animals also exhibit an increase in p-Akt expression in relation to the
naive group, as illustrated by Figure 4B. However, it was not significant statistically (P >
0.05). Moreover, sham does not differ from SNT at this point in time. This result may be
explained by activation of pain pathways by skin and muscle lesion a few hours after
surgery due to surgical manipulation, and it leads to Akt pathway activation. At 3 and 7
days post injury, sham animals returned to naive p-Akt expression levels. At 15 days post
surgery, both sham and SNT groups decrease p-Akt expression, becoming similar to the
naive group.

Western blot analysis revealed that neuropathic pain leads to a striking raise in
total-Akt (Fig. 4). Thus, not only does Akt phosphorylation increase, but there is also a rise
in expression levels of Akt protein in response to nerve injury. This may help to provide a
higher source to phosphorylation by transduction cascade activation following peripheral
nerve damage, amplifying the nociceptive signal. The increase was found 7 days post

sciatic nerve transection (P< 0.05).
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DISCUSSION

The present study demonstrated that painful stimulation to peripheral afferents
via sciatic nerve axotomy causes activation of Akt, a serine/threonine protein kinase, and
also increases production of ROS evidenced by H,O,. Moreover, cell damage is occurring,
as supported by HNE, a marker of lipid peroxidation, in the lumbosacral spinal cord, the
region where nociceptive information arrives in the central nervous system.

The reduction of O, to H;O generates dangerously reactive intermediates, such as
H,0,. Elevation in production of these intermediates and decrease in antioxidant defenses,
are responsible for the toxicity of O,, producing oxidative damage (Fridovich, 1998). ROS-
mediated neuronal injury is a final common pathway for a number of brain disease
processes (Sas et al., 2007). In pain studies, injection of formalin into the upper lip of rats
causes an increase in H,O, level in the spinal trigeminal nucleus. Treatment with 2-
methoxyoestradiol (2-ME), a SOD inhibitor, and N-acetylcysteine (NAC), a ROS
scavenger, reduces nociceptive behavioral response (Viggiano et al., 2005). Decline in
SOD by 2-ME leads to a decrease in the production of H,O,, which may be related to
decrease in nociceptive signals demonstrated by behavioral tests. Accordingly, H>O, seems
to be a major molecule in pain transmission. Furthermore, H,O, increases the activity of
substantia gelatinosa neurons in the dorsal horn via mobilization of calcium stores. These
effects cause an increase in inhibitory current frequency of these neurons, hence H,O, acts
in synaptic plasticity of sensory neurons in spinal cord interfering in nociceptive
processing. However, the effects of H,O, on the GABAergic inhibitory synapses are not
well understood and the inhibition may occur on the inhibitory interneurons generating

enhanced overall excitation (Takahashi et al., 2007).
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In the present study the increase in H>O, concentration in the spinal cord was more
pronounced one day after surgery in both sham and SNT groups. This result can be
explained since in sham animals lesions occur in the skin and slightly in adjacent
connective tissue to expose the sciatic nerve, stimulating cutaneous afferents. However,
three days after surgery there was a decrease in H,O, concentration, but we cannot state
that cells are being protected in this period because there is reduction in catalase activity as
demonstrated in our previous work (Guedes et al., 2006). Catalase converts H,O, to H,O,
thus, with decreased catalase, H,O, produced may have been converted to more toxic
molecules, as hydroxyl radical, since there was a reduction in enzymatic antioxidant
defense. Fifteen days after surgery, the H,O, concentration was increased in relation to
naive animals, but antioxidant enzyme activities were near to basal levels, and this could at
least in part protect the cells from oxidative damage. Therefore, changes encountered 7
days after SNT seem to be more dangerous to spinal cord cells. At this point in time, there
was a remarkable decrease in catalase activity, and this may lead to greater toxicity. In
addition, increased H,O, production occurs in spite of decreased activity of SOD (Guedes
et al., 2006), an enzyme that produces H,O,. This response was specific to the SNT group,
in other words, generated exclusively by neuropathic pain. Sham animals also demonstrate
increased H,O, seven days after surgery, but in this time, SOD activity is near to basal
levels showing that there is greater stimulation of H,O, production post-axotomy.

Increased activity of sensory afferents generates greater oxygen expenditure, and if
antioxidant defenses are low or absent, oxidative stress may occur. In experimental models
of neuropathic pain mitochondrial ROS production has been demonstrated in the spinal
cord (Park er al., 2006), and injection of ROS scavengers effectively reduces allodynia

(Kim et al., 2004). Measurement of thiobarbituric acid reactive substances (TBARS) did
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not detect changes in lipid peroxidation post SNT (Guedes et al., 2006), but this result may

be due to the limitation of this technique. On the other hand, HNE is a much more reliable
index of lipid peroxidation than malonaldehyde (Moore and Roberts, 1998). In the present
study, the greater toxicity produced one week after SNT can be evidenced by increase in
HNE-Michael adducts formation. Exposure of neurons to HNE causes cytotoxic effects
leading to loss of cell viability and even to apoptosis (Malecki et al., 2000). Toxic effects of
HNE can be attributed to its ability to disturb calcium homeostasis, since increases in
calcium mitochondrial and cytoplasmic levels elicited by HNE were seen in cultured neural
cells leading to apoptosis and necrosis (Kruman and Mattson, 1999). The reactivity of HNE
also can be observed by its protein adducts, that consequently changes protein
conformation and function. The importance of HNE in modifying proteins and impairing
the central nervous function may be illustrated by its role in the pathogenesis of
neurodegenerative disorders (Yoritaka et al., 1996; Sayre et al., 1997). The apoptotic
process in Alzheimer’s disease is linked to oxidative stress-dependent activation of
signaling pathways, and HNE and H,O, are directly related to this (Tamagno et al., 2003).
On the other hand, HNE, under nontoxic levels, curiously also activates survival
mechanisms against cytotoxic effects (Uchida, 2003).

Akt is a downstream target of PI3K, and activation of this intracellular signaling
cascade is an important stimulus to avoid neuron apoptosis. This effect is due to
phosphorylation and inactivation of Bad, a pro-apoptotic member of the Bcl-2 family, that
in turn, prevents caspase activation and cell death (Alessi and Cohen, 1998). ROS such as
H,0, are stimulants for Akt phosphorylation and this provides a signal to protect cells
against oxidative stress (Wang et al., 2000). In this study, SNT animals showed an

elevation in phospho-Akt expression in the lumbosacral spinal cord, one, three and seven
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days after axotomy, but 15 days after SNT the phospho-Akt expression returned to naive

levels. These changes in phospho-Akt expression are possibly related to increased cell
susceptibility to oxidative damage as demonstrated in our work by increase in H,0O,
concentration and HNE-protein adducts formation. In other studies, the increase in Akt
phosphorylation occurs in early stages of pain transmission (Bonnington and McNaughton,
2003) in both peripheral nerve injury (Xu et al., 2007) and pain elicited by capsaicin
injection (Pezet et al., 2005). In these studies, inhibition of the PI3K/Akt pathway reduces
hyperalgesia, so this intracellular signaling cascade is involved in enhancing the sensation
of pain, and perhaps contributing to the development of neuropathic pain.

Moreover, we found an increase in total-Akt seven days after SNT. This finding
emphasizes that one week post axotomy is a critical period in which the spinal cord is more
exposed to oxidative stress, since in this period there was an increase in H;O, and HNE-
Michael adducts formation. Thus, elevation of total-Akt expression may mean a raise in
protein synthesis of Akt aiming to protect the cell. The signals that activate Akt in pain
transmission are unknown. Growth factors are putative molecules with this action. It is well
established that neurotrophins bind to the same tyrosine kinase receptor that activates
several signaling pathways, including PI3K/Akt (Malik-Hall et al., 2005; Chao et al., 2006)
and growth factors are upregulated in pain conditions (Pezet and McMahon, 2006).
However it is likely that there is involvement of ROS as H,O, or even HNE to activate
signaling intracellular pathways in nociceptive processing. In brain endothelial cells,
superoxide anion and H,O, activated PI3K/Akt pathway and antioxidants inhibited Akt
phosphorylation showing that ROS contributed to Akt activation (Schreibelt et al., 2007).
In addition, it was demonstrated that protein oxidation is involved in Akt phosphorylation

and neuroprotection in neuron culture (Delgado-Esteban et al., 2007). Accordingly, in pain
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transmission the role of ROS as second messengers that activate the Akt pathway may also
be reasonable, since we show protein adducts formation by HNE and increase in H,O, and
in our pain model.

Thus, Akt is related to pain behaviors, but their role in cell survival cannot be ruled
out. Besides posttranslational regulation of pro-nociceptive receptors and other pain-related
molecules in the dorsal root ganglia and spinal cord dorsal horn, kinase proteins may
interfere in gene expression (Woolf and Costigan, 1999). It has been suggested that the
mitogen-activated protein kinase (MAPK) cascade interferes in gene expression in
neuropathic pain by phosphorylating the transcription factor cAMP response element
binding protein (CREB). This may be related to increased expression of receptors or
neurotransmitters/neuromodulators (Song et al., 2005). Nevertheless, there are no studies
that demonstrate linkage between Akt activation and gene expression in pain conditions.
However, in spite of the well established role of Akt in cell survival (Manning and Cantley,
2007), and the crosstalk with MAPK cascade in pain conditions (Malik-Hall ef al., 2005)
we can suggest the hypothesis that this kinase protein may be acting in the spinal cord by
posttranslational and transcriptional changes activating or increasing gene expression of
molecules that intensify pain transmission. Moreover, this signaling may be favorable
because of the protective role of pain, i.e., after injury the increase in nociceptive threshold
may prevent further injury.

In conclusion, this study provides evidence concerning the involvement of oxidative
stress and Akt in neuropathic pain. The activation of Akt in response to neuropathic pain
may be due to a signal originated by second messengers like H,O, and oxidized proteins by
HNE and this is an attempt by sensory neurons to stimulate the expression of nociceptive-

related genes. Further studies are necessary to establish the precise role of oxidative stress
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and intracellular signaling pathways in pain transmission and can help to explain whether
these molecules are protective in acute pain situations or may play a role in the

development of long-lasting pathological pain states after nerve injury.
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Legends to Figures:

Fig. 1. Hydrogen peroxide (H,O,) concentration in lumbosacral spinal cord of naive, sham
and SNT groups 1 D, 3 D, 7 D and 15 D. * P< 0.05 (one way ANOVA followed by
Student-Newman-Keuls post hoc test) compared to the naive group. H,O, values are
expressed as nmol/mg of tissue. Data represent the means + SEM (n = 5 for each group).

SNT, sciatic nerve transection; 1, 3, 7 and 15 D, day(s) after surgery.

Fig. 2. Western blot analysis for HNE-modified protein. (A) Representative Western blots
showing HNE-protein adduct formation in lumbosacral spinal cord homogenates of naive,
sham and SNT groups 1 D, 3 D, 7 D and 15 D detected with anti-HNE antibody. (B) Mean
+ SEM value percentages of pixel optical density of 75 KDa protein positive for anti-HNE
antibody (expressed in arbitrary units) in spinal cord homogenates of naive, sham and SNT
groups 1, 3, 7 and 15 days after surgery. * P< 0.05 (one way ANOVA followed by Student-
Newman-Keuls post hoc test) in relation to naive and sham (n = 5 for each group). OD,

optical density; SNT, sciatic nerve transection; 1, 3, 7 and 15 D, day(s) after surgery.

Fig. 3. Western blot analysis for phospho-Akt (p-Akt). (A) Representative Western blots
showing expression of p-Akt (ser657) in lumbosacral spinal cord homogenates of naive,
sham and SNT groups 1 D, 3 D, 7 D and 15 D. (B) Mean £ SEM value percentages of pixel
optical density of p-Akt (expressed in arbitrary units) in spinal cord homogenates of naive,
sham and SNT groups 1, 3, 7 and 15 days after surgery. * indicates P< 0.05 between 1D
SNT and naive. ** indicates P< 0.05 among 3D SNT compared to 3D sham and naive, and

7D SNT compared to 7D sham and naive. The statistical test employed was one way
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ANOVA followed by Student-Newman-Keuls post hoc test (n = 5 for each group). OD,

optical density; SNT, sciatic nerve transection; 1, 3, 7 and 15 D, day(s) after surgery.

Fig. 4. Western blot analysis for total-Akt. (A) Representative western blots showing
expression of total-Akt in lumbosacral spinal cord homogenates of naive, sham and SNT
groups 1, 3, 7 and 15 days after surgery. (B) Mean + SEM value percentages of pixel
optical density of total-Akt (expressed in arbitrary units) in spinal cord homogenates of
naive, sham and SNT groups 1 D, 3 D, 7 D and 15 D after surgery. * indicates P< 0.05 in
relation to naive and sham (one way ANOVA followed by Student-Newman-Keuls post
hoc test) (n = 5 for each group). OD, optical density; SNT, sciatic nerve transection; 1, 3, 7

and 15 D, day(s) after surgery.
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RESUMO DOS RESULTADOS

1 dia 3 dias 7 dias 15 dias
Hiperalgesia T SHAM 1 SNT =
térmica 1 SNT
Atividade da = | SNT =
SOD
Atividade da | SHAM | SHAM =
catalase | SNT | SNT
Expresséo da = = =
SOD
Expresséo da = = =
Catalase
Atividade da = T SHAM = =
GPx T SNT
Atividade da = = = =
GST
Conteudo de = | SHAM = =
GSH | SNT
TBARS = = =
HNE = = 1 SNT =
Expresséao da = 1T SNT
nNOS
NOx 1 SNT = 1 SNT T SNT
1 SHAM
Concentracao 1 SHAM = 1 SHAM 1 SHAM
de HxO» 1 SNT 1 SNT T SNT
Akt basal = = T SNT =
Akt fosforilada T SNT T SNT T SNT =




DISCUSSAO

No presente trabalho foi demonstrado que a sec¢do do nervo cidtico causa alteracdo
na atividade das enzimas antioxidantes SOD, catalase e GPx, bem como no conteddo do
principal antioxidante ndo-enzimético celular, a glutationa, na medula espinal lombossacral
dos animais estudados. Essas modificacdes das defesas antioxidantes foram acompanhadas
por elevacdo na producdo de EAO, evidenciada pelo aumento na concentragdo de H,O; e
de proteinas modificadas pelo HNE na medula espinal. Além disso, a lesdo nervosa
periférica ocasionou aumento na expressao da nNOS e na concentracdo de seus metabolitos
(NOx) na medula espinal, e também a ativacio da Akt, uma importante proteina de
sinaliza¢do intracelular.

O SNC conta com uma grande capacidade antioxidante ji que seu consumo de
oxigénio € elevado, e por isso o tecido tem uma alta producdo basal de EAO. Sendo assim,
o encéfalo possui uma concentracio significativa de defesas antioxidantes enzimaticas e
nao enzimdticas (Dugan & Kim-Ham, 2006). As enzimas SOD, catalase e GPx sao
importantes defesas antioxidantes primdrias. A SOD, envolvida na elimina¢do do anion
superoxido, pode representar até 1% das proteinas totais do encéfalo. A catalase e a GPx
sdo dois importantes sistemas de eliminacdo do H,O,. As duas enzimas estdo presentes no
encéfalo, porém a atividade da GPx € sete vezes maior do que a da catalase (Warner et al.,
2004). A catalase € mais abundante em astrécitos do que em neurdnios, € na substancia
branca em relagdo a cinzenta. Apesar de determinados estimulos, como as neurotrofinas,
induzirem a ativagdo da catalase em neurdnios, a atividade dessa enzima é muito menor no

encéfalo do que em outros 6rgdos, como o figado (Gilgun-Sherki et al., 2002; Dugan &
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Kim-Ham, 2006). Os componentes do sistema da GPx (GSH, GR e NADPH) estio
presentes em mitocOndrias e no citoplasma celular. Enquanto a catalase estd presente
principalmente nos peroxissomos, a GPx € encontrada no citosol e acredita-se que esta seja
a principal enzima que responde aos aumentos no H,O, (Warner et al., 2004). Apesar das
numerosas defesas, o tecido nervoso € vulneravel ao estresse oxidativo em diferentes
situacdes. Essa vulnerabilidade geralmente envolve aumentos na geragdo de superéxido e
NO que podem levar a formacdo de compostos bastante reativos como o peroxinitrito e o
anion super6xido. Mesmo que a producdo de EAO seja constante, a redug¢do na atividade
das enzimas antioxidantes gera um desequilibrio pré-oxidativo. Essa perturbacdo
homeostatica € maior ainda quando associada ao aumento na produ¢do de EAQO, tornando
as células mais expostas a acdo lesiva dos radicais livres. Esse quadro € estabelecido em
diversas situacOes patoldgicas, ou seja, o estresse oxidativo constitui um importante
mecanismo na geracdo e no estabelecimento de doencas (Sas et al., 2007; Valko et al.,
2007). A regulacido desse processo € multifacetada e pode envolver diversas vias de
sinalizac@o celular ou cascatas que podem levar a ativagdo/inativacdo de enzimas e até
mesmo a morte celular.

A estimulag@o nociceptiva gera uma maior captagdo de glicose na medula espinal,
ou seja, uma maior atividade funcional no tecido nervoso (Porro et al., 1991; Schadrack et
al., 1999). A lesdo nervosa periférica, modelo amplamente utilizado para inducido de dor
neuropdtica (Sommer & Myers, 1995; Zimmermann, 2001), também produz esse aumento
da atividade metabdlica no SNC (Price et al., 1991). Isso, por sua vez, predispde a maior
producdo de EAO e, conseqiientemente, ao estresse oxidativo, no caso das defesas
antioxidantes ndo aumentarem sua atividade. No presente estudo foi encontrada uma

reducdo da atividade da SOD 7 dias apds a seccdo do nervo cidtico. A catalase também
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apresentou queda em sua atividade, porém, esse resultado ndo pode ser atribuido
exclusivamente a lesdo neuropdtica, jA que nos animais do grupo sham foi encontrado o
mesmo resultado. Essa modificacdo da atividade da catalase foi observada aos 3 e 7 dias
apos a cirurgia. Quanto a GPx, o resultado foi inverso, ou seja, ocorreu um aumento da sua
atividade 3 dias apds a lesdo, e assim como para a catalase, essa alteracdo foi semelhante
nos animais denervados e também no grupo sham. Isso demonstra a grande sensibilidade
dos sistemas enzimdticos de defesa antioxidante a estimulacdo nociva periférica, pois os
animais do grupo sham também sdo submetidos a um procedimento cirirgico. Nessa
cirurgia ocorre lesdo na pele, e também nos tecidos adjacentes ao nervo cidtico, como a
musculatura e o tecido conjuntivo associado. Apesar da extens@o da lesdo dos animais sham
ser pequena, existe estimulacdo dos aferentes nociceptivos que partem das estruturas
envolvidas, o que pode ativar as vias nociceptivas, mesmo que de forma mais branda do
que na secc¢do nervosa. A redugdo na atividade da SOD e da catalase demonstra que o
periodo critico no qual a medula espinal encontra-se mais suscetivel ao estresse oxidativo €
aos 7 dias ap6s a lesdo nervosa periférica. Aos 3 dias, a queda da atividade da catalase pode
ser compensada pela maior atividade da GPx, j4 que ambas as enzimas participam da
detoxificacdo do H,0,, e nesse periodo, os resultados sdo semelhantes nos animais
denervados e sham.

Outra evidéncia da estimulagdo nociceptiva no grupo sham € a presenca de
hiperalgesia observada nestes animais pelo teste da placa quente. Esse resultado foi
observado 3 dias apds a cirurgia, o que coincide com o periodo de tempo no qual a
atividade da catalase e da GPx variam nos animais sham e denervados. Porém, aos 7 dias, a
resposta de hiperalgesia térmica foi observada apenas nos animais que sofreram a

axotomia, o que comprova a confiabilidade do modelo empregado neste estudo, a secciao do
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nervo cidtico, para o estudo da dor neuropdtica. Assim, 3 dias apds a lesdo, animais sham e
denervados apresentaram-se hiperalgésicos, contudo, uma semana apds os procedimentos
cirirgicos, apenas os denervados ainda demonstraram hiperalgesia.

Outra enzima antioxidante estudada foi a GST. Essa enzima estd envolvida na
conversdo de substancias téxicas, como os produtos da lipoperoxidagdo, em compostos
hidrofilicos, que podem ser mais facilmente excretados (Xie et al., 1998). No presente
trabalho, ndo foram observadas alteragdes na atividade da GST na medula espinal apds a
lesdo nervosa periférica. A partir disso, pode ser sugerido que, no modelo experimental
empregado, a producdo de compostos toxicos ndo € intensificada a ponto de aumentar a
atividade da GST. Esse aspecto foi evidenciado pelo resultado obtido a partir da medida de
TBARS, utilizada para detectar a producdo de malondialdeido, um produto da
lipoperoxidacido (Buege & Aust, 1978). Neste estudo, ndo foram encontradas diferencas
significativas na formagdo de malondialdeido entre os grupos estudados. Por outro lado, foi
demonstrado aumento na expressdo das proteinas modificadas pelo HNE, outro produto da
lipoperoxidacdo, aos 7 dias apos a axotomia. A GST catalisa a conjugacdo do HNE com a
glutationa, conferindo protecdo contra a toxicidade gerada por este aldeido altamente
citotoxico (Petersen & Doorn, 2004). Assim, o aumento na formag¢do do HNE, observado
aos 7 dias pode estar ocorrendo devido a GST ndo aumentar sua atividade, o que torna as
células mais suscetiveis aos efeitos nocivos do HNE.

Em um estudo com injecdo de zimosan e formalina, substdncias que induzem
hiperalgesia, foi demonstrada a ocorréncia de dano aos lipideos na medula espinal. Poucos
minutos apos a aplicac@o dessas substancias houve um aumento na liberagdo de glicerol no
espaco extracelular do corno dorsal espinal. Esse aumento foi observado até 3 horas apds a

injecdo de zimosan e 1 hora apds a injecdo de formalina (Vetter et al., 2001). O glicerol,
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por sua vez, pode ser usado como um marcador da degradacdo de fosfolipideos de
membrana no SNC (Hillered et al., 1998). Assim, a estimulacdo nociceptiva produz
efetivamente dano a lipideos, o que pode estar relacionado a geragdo de estresse oxidativo.
Quanto a dor neuropdtica, ndo existem estudos que relacionem especificamente essa maior
concentracio de glicerol extracelular na medula espinal. Porém, o aumento na expressio de
proteinas modificadas pelo HNE, evidenciado no presente estudo, pode sustentar a hipétese
de lipoperoxidacdo apds a inducdo de dor neuropatica. Nesse caso, contudo, essa € uma
resposta mais tardia, pois ocorre apenas 7 dias apds a lesdo nervosa.

Rokyta e colaboradores (2003) utilizaram um modelo de estimulacido dolorosa pela
compressdo das patas dos animais, diariamente por 10 minutos. Nesse estudo foi
demonstrado um aumento da lipoperoxidacio no cértex sensorio-motor 5 dias apds o inicio
da estimulacao nociva. Assim, a ativacao das vias nociceptivas causa estresse oxidativo em
diferentes regides do SNC envolvidas com a transmissao e o processamento da informagao
dolorosa.

Estudos em pacientes também apontam reducdo das defesas antioxidantes e
ocorréncia de estresse oxidativo na fibromialgia, uma doenca caracterizada por dor difusa e
persistente (Bagis et al., 2005; Altindag & Celik, 2006). A partir disso, o tratamento com
antioxidantes tem sido estudado como estratégia terapéutica para o alivio da dor em
situagcdes experimentais. O emprego de tratamento antioxidante reverte a hiperalgesia
provocada por dor inflamatéria (Khattab, 2006) e neuropatica (Liu et al., 2000, Khalil &
Khodr, 2001; Kim et al., 2004; Kim et al., 2006). Nesses estudos o tratamento foi realizado
apos as lesdes. Contudo, Crisp e colaboradores (2006) relataram que o efeito analgésico de
um scanvenger de lipoperdxidos foi verificado apenas quando administrado antes da lesdo

nervosa. Nesse estudo, nos animais que receberam a substancia apenas depois da lesdo, ou
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seja, apos o estabelecimento da dor neuropdtica, evidenciada pela presenga de alodinia, o
tratamento foi inefetivo em aumentar o limiar nociceptivo. A administracio de N-
acetilcisteina também apresentou resultados mais efetivos na redugdo da hiperalgesia
quando realizada antes da lesdo nervosa (Wagner et al., 1998). Esses resultados conflitantes
quanto ao periodo de tratamento (antes ou depois da lesdo), podem ser devido ao emprego
de diferentes antioxidantes nos estudos citados. Isso ressalta a importancia do
conhecimento preciso de quais sdo as EAO ou os sistemas antioxidantes relacionados as
respostas sensoriais alteradas nas situagdes de dor, e a partir disso ser possivel a escolha da
abordagem terapéutica mais adequada.

A partir dos resultados do presente estudo pode-se sugerir que, no caso da seccao
nervosa periférica, as repercussdes na medula espinal relacionadas ao estresse oxidativo sao
mais intensas 7 dias apOs a lesdo. Esse periodo parece ser critico na determinagdo de
alteragdes neuroquimicas na medula espinal, as quais podem implicar em fendmenos
relacionados a plasticidade sindptica durante o processamento da dor neuropdtica. Quanto
aos sistemas antioxidantes estudados, a atividade da SOD apresentou uma redugdo nesse
periodo, exclusivamente nos animais submetidos a axotomia. Contudo, a expressdo dessa
enzima, determinada por Western blot, ndo foi alterada. Cabe salientar que neste estudo foi
analisada a expressdo da CuZnSOD, a isoforma citosdlica da enzima. Outros autores
observaram que a secc¢ao nervosa periférica causa um aumento da expressao da MnSOD, a
isoforma mitocondrial da enzima, nas regides do SNC relacionadas com os nervos
comprometidos, enquanto que a CuZnSOD ndo apresentou alteracdes (Yoneda et al., 1992;
Rosenfeld et al., 1997). Por outro lado, Yu (2002) mostrou a redu¢ido da imunorreatividade
para CuZnSOD em resposta a avulsdo e compressdao do nervo cidtico. Em ratos neonatos,

também foi observada reducdo da expressdo da CuZnSOD apds a transec¢do do nervo
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cidtico (Rogério et al., 2005). Esses resultados divergentes podem ser atribuidos as
diferencas nas metodologias empregadas. Mais recentemente, também foi demonstrado que
o local da lesdo nervosa, se mais proximal ou mais distal, também influencia nas respostas
das células do SNC a axotomia, pois lesdes mais distais promoveram um aumento na
expressao da MnSOD, enquanto lesdes mais proximais provocaram o efeito oposto (Liu et
al., 20006).

Além dos estudos sobre dor, a inativacdo da MnSOD pelo peroxinitrito tem sido
descrita em relagc@o a diversas condicdes patoldgicas (Macmillan-Crow & Cruthirds, 2001;
Salvemini et al., 2006; Bayir et al., 2007). Esse processo envolve uma retroalimentacio
positiva, pois a inativacdo da MnSOD predispde ao actimulo do anion superdéxido, o que
aumenta a formacdo mitocondrial de peroxinitrito que, por sua vez, pode ativar vias de
sinaliza¢c@o que determinam morte celular (Radi, 2004).

De qualquer forma, apesar da expressdo da CuZnSOD ndo apresentar variacdes,
como observado no presente estudo, sua atividade € reduzida em resposta a axotomia € 1SS0
pode repercutir na fisiologia celular através do actimulo do anion superéxido, ja que a SOD
catalisa a conversao deste radical livre a H,O,. O anion superéxido € um radical livre que
reage facilmente com o NO, originando peroxinitrito a partir desta reacdo (Radi et al.,
2002). Neste estudo também foi demonstrado que a expressio da nNOS encontra-se
aumentada nos animais que sofreram a sec¢do do nervo cidtico. A partir disso, pode ser
sugerida a formagao de peroxinitrito na medula espinal em decorréncia da lesdo nervosa
periférica. Porém, neste trabalho ndao foi realizada nenhuma técnica que demonstre
diretamente a presenga do peroxinitrito nas amostras estudadas. Contudo, ja foi
demonstrado que a lesdo nervosa ocasiona um aumento na formacdo de peroxinitrito no

nervo afetado (Liu et al., 2000). Além disso, foi demonstrado que na medula espinal ocorre
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nitracdo da SOD ap6s a injecdo de carragenina, um agente inflamatorio. A hiperalgesia e a
nitragdo da SOD foram revertidas pela utilizacdo de um mimético da SOD. O mecanismo
proposto para tais eventos € de que o influxo de cdlcio provocado pela ativacdo dos
receptores NMDA espinais leva a producdo do anion superdéxido, que reage com o NO
formando peroxinitrito. Essa molécula, por sua vez, € responsdvel pela nitracdo de
proteinas, incluindo a SOD, que € inativada pela nitracdo, o que facilita a formacgao
adicional de anion superéxido e a persisténcia da hiperalgesia (Wang et al., 2004). Os
mesmos resultados foram descritos em um modelo de hiperalgesia induzida por injecao
intratecal de NMDA (Muscoli et al., 2004). Na dor neuropdtica, a estimulacdo nociva
também causa ativacdo dos receptores NMDA (Woolf & Thompson, 1991; Ultenius et al.,
2006). A partir dos resultados do presente estudo (reducdo da atividade da SOD, aumento
da expressdo da nNOS e hiperalgesia térmica 7 dias apds a axotomia) € aceitdvel propor
que a seccdo do nervo cidtico também pode gerar maior formacdo de peroxinitrito na
medula espinal, o que pode ser um dos determinantes da hiperalgesia. Além disso, esse
parece ser um mecanismo crucial na amplificagdo do estresse oxidativo apds lesdes, ndo
apenas periféricas, mas também centrais, pois a inativacdo da SOD pelo peroxinitrito
também foi sugerida no cérebro em resposta a lesdo traumatica (Bayir et al., 2007).

Apesar da literatura sobre a participagdo do NO em diversas fungdes no SNC ser
bastante ampla (Callsen-Cencic et al., 1999; Ahern et al., 2002; Radi, 2004; Calabrese et
al., 2007; Edwards & Rickard, 2007), seu papel no processamento nociceptivo € incerto.
Enquanto muitos estudos apontam o NO como uma molécula pré-nociceptiva (Levy &
Zochodne, 2004; Xu et al., 2007) e demonstram que seus inibidores reduzem a hiperalgesia
(Salter et al., 1996; Aley et al., 1998; Osborne & Coderre, 1999), outros autores referem

que estes compostos ndo modificam as respostas sensoriais apds lesdo nervosa (Luo et al.,
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1999; Lee et al., 2005). Porém, existe uma grande aceitagdo sobre o papel do NO na
modulacdo da atividade sindptica (Vetter et al., 2001; Wang et al., 2006; Straub et al.,
2007). Em relacdo a nocicep¢do, o NO € um importante modulador da liberagdo de
glutamato no corno dorsal espinal em resposta a estimula¢do nociva, o que contribui para o
mecanismo de sensibilizacdo central, caracterizado pela persisténcia das alteracdes
sensoriais desencadeadas por lesdes neuropdtica ou inflamatéria (Meller & Gebhart, 1993;
Aimar et al., 1998; Vetter et al., 2001; Xu et al., 2007). O NO € formado a partir de trés
isoformas de NOS: a nNOS (neuronal) e a eNOS (endotelial) sdo as duas enzimas
constitutivas e dependentes de célcio, e a iNOS (induzivel) que € independente de calcio.
Na medula espinal, foi demonstrado que a lesdo nervosa periférica aumenta a expressao da
nNOS e da iNOS apés lesdo nervosa periférica (O’Rielly & Loomis, 2006), e além destas
duas isoformas, a iNOS também apresenta sua expressdo aumentada em ratos que
receberam injecao de um agente inflamatério (Infante et al., 2007). Todavia, alguns autores
ndo encontraram alteragdes na expressdo da nNOS na medula espinal apds lesdo nervosa
periférica (Luo et al., 1999; Guan et al., 2007), contudo, nestes casos, a comparagao foi
realizada entre as regides ipsilateral e contralateral a lesdo. Porém, outros estudos referem
que a lesdo nervosa periférica causa respostas bilaterais nos segmentos espinais que
recebem a informac¢do nociceptiva (Rydh-Rinder et al., 1996; Infante et al., 2007). No
presente estudo, foram realizados homogeneizados de toda a medula espinal lombossacral
para analisar a expressdao da nNOS. Assim, o resultado obtido reflete a resposta de todo o
tecido a lesdo periférica.

Neste estudo também foi encontrado um aumento na producio de NOx, evidenciado
pela medida de NO, e NOs. No entanto, o padrio temporal da formacdo desses

metabdlitos é complexo, pois suas concentracdes apresentaram-se elevadas 1, 7 e 15 dias
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apos a lesdo nervosa, mas aos 3 dias, os valores foram semelhantes aos animais controle.
No periodo de 24 horas apds a axotomia, a diferenca encontrada nos animais denervados
foi significativa apenas em relacdo ao controle, ndo havendo diferenca estatistica em
relacdo ao grupo sham. Assim, nesse periodo de tempo, o efeito da manipulagdo cirdrgica
parece estar contribuindo na formacdo de NOx. Aos 3 e 7 dias apds a lesd@o nervosa, os
resultados de NOx acompanharam a expressdo da nNOS demonstrada no presente trabalho:
inalterada aos 3 dias e aumentada aos 7 dias nos animais axotomizados. Ndo foi realizada a
medida da expressao da nNOS aos 15 dias, porém neste periodo, a concentracdo de NOx
ainda permaneceu elevada nos animais denervados. A oxidacdo do NO e a metabolizacio
do peroxinitrito originam NO, e NOj", assim, a partir da medida desses metabdlitos pode-
se inferir sobre a produ¢do de NO (Suzuki et al., 2002). Portanto, os resultados do presente
trabalho, obtidos a partir da medida desses NOx, sugerem que ocorre um aumento na
formagdo de NO, o qual participa dos mecanismos espinais de dor neuropatica.

Outra molécula importante na regulacdo da dor neuropdtica é o H,O,, formado a
partir da redugcdo do O, até H,O. Uma elevacdo na concentracdo de H,O, no nucleo
trigeminal foi demonstrada a partir da inje¢do de formalina no ldbio superior de ratos, o que
ressalta sua participacdo no processamento nociceptivo. Nesse mesmo estudo, o tratamento
com um inibidor da SOD e N-acetilcisteina reduziu a resposta comportamental nociceptiva
(Viggiano et al., 2005). A inibicdo da SOD pode causar uma redugdo na producio de H,O,,
o que pode estar relacionado com a diminui¢do dos sinais nociceptivos demonstrados pelos
testes comportamentais. A partir disso, o0 H,O, parece ser importante na transmissao da dor.
Ainda, ocorre um aumento na concentragdo de H,O, em neur6nios da substincia gelatinosa
do corno dorsal espinal através da mobilizacdo de estoques de cdlcio. Esses efeitos

provocam um aumento nas correntes inibitorias desses neurdnios. Assim, o H,O, atua na
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plasticidade sindptica de neurOnios sensoriais da medula espinal interferindo no
processamento nociceptivo. Entretanto, os efeitos do H,O, sobre as sinapses inibitorias
GABAérgicas ndao sdo bem compreendidos e a inibicdo pode ocorrer sobre os
interneurdnios inibitérios gerando um aumento geral na excitacdo (Takahashi et al., 2007).
No presente estudo, o aumento na concentragdo de H,O, foi mais pronunciado 1 dia
apos a cirurgia, de forma similar nos animais sham e denervados. Esse resultado demonstra
mais uma vez, que a lesdo provocada pela cirurgia ja € suficiente para modificar a producao
de EAO. Aos 3 dias apds a cirurgia houve uma reducdo na concentragdo de H,0O,
concomitante com uma diminui¢do na atividade da catalase. Por outro lado, nesse periodo,
também ocorreu um aumento na atividade da GPx, o que pode garantir a protec¢do do tecido
por evitar a formagdo de moléculas mais téxicas, como o radical hidroxil. Quinze dias
depois da cirurgia, houve um aumento na concentra¢do de H,O, em relagdo aos animais do
grupo controle, porém a atividade das enzimas antioxidantes SOD, catalase e GPx estava
proxima dos niveis basais, o que pode proteger as células, ao menos parcialmente, do dano
oxidativo. Contudo, as mudancgas encontradas 7 dias apds a transec¢do do nervo cidtico
parecem ser mais lesivas para as células da medula espinal. Nesse periodo, a GPx manteve
sua atividade semelhante aos animais controle, mas ocorreu uma marcante diminui¢cdo na
atividade da catalase, o que pode causar grande toxicidade devido ao acimulo de H,O,.
Além disso, ocorreu um aumento na concentracdo de H,O, apesar da redug@o da atividade
da SOD, a enzima que catalisa a formacao de H,0O,. Os animais do grupo sham também
mostraram um aumento na concentragdo de H,O, 7 dias apds a cirurgia. Porém, nesse
periodo, a atividade da SOD apresentou-se proxima do normal nos animais sham,

mostrando que a estimulagdo para a formacdo de H,O, pode ser maior apds a axotomia,
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pois a elevacdo do H,O, nos animais denervados ocorreu juntamente com a redu¢do na
atividade da SOD.

O aumento da atividade dos aferentes sensoriais gera maior gasto energético, e se as
defesas antioxidantes estdo baixas ou ausentes, pode ocorrer estresse oxidativo. Em
modelos experimentais de dor neuropdtica tem sido demonstrada a produc@o mitocondrial
de EAO na medula espinal (Park et al., 2006) e a injecdo de scavengers é eficiente para
reduzir a alodinia (Kim et al., 2004). A medida de TBARS ndo detectou mudancas na
lipoperoxidacdo apds a lesdo nervosa, porém, este resultado pode ser uma limitagdo da
técnica. O HNE ¢é um indice muito mais fidedigno de lipoperoxidagdo do que o
malondialdeido (Moore & Roberts, 1998). No presente estudo, a maior toxicidade
produzida uma semana apds a sec¢ao do nervo cidtico pode ser evidenciada pelo aumento
na formagdo de proteinas modificadas pelo HNE. A exposi¢do dos neurdnios ao HNE causa
efeitos citotoxicos levando a perda da viabilidade da célula e até mesmo a apoptose
(Malecki et al., 2000). Seus efeitos toxicos podem ser atribuidos a capacidade do HNE de
alterar a homeostase do cdlcio, pois, foi observado um aumento nos niveis mitocondriais e
citoplasmaticos de cdlcio pelo HNE em células em cultura, o que foi correlacionado a
apoptose e necrose (Kruman & Mattson, 1999). A reatividade do HNE também pode ser
observada pela formacdo de adutos protéicos pela reacdo de adi¢cdo de Michael, esses
adutos conseqiientemente mudam a conformacgdo e a funcdo das proteinas. A importancia
do HNE em modificar proteinas e prejudicar a fungdo do SNC pode ser ilustrada por seu
papel na patogénese de doencas neurodegenerativas (Yoritaka et al., 1996; Sayre et al.,
1997). O processo apoptético na doenca de Alzheimer estd associado com a ativagdo
dependente de estresse oxidativo de vias de sinalizagdo, e o HNE e o H,O, estdo

diretamente relacionados com estas vias (Tamagno et al., 2003). Por outro lado, o HNE sob
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condi¢Oes ndo-toxicas, curiosamente também ativa mecanismos contra efeitos citotoxicos
(Uchida, 2003).

No presente estudo, também foi encontrado um aumento na expressao da Akt total 7
dias ap0s a transeccdo nervosa. Esse achado enfatiza que o periodo de uma semana apds a
axotomia representa uma fase critica na qual a medula espinal estd mais exposta ao estresse
oxidativo, pois neste momento houve um aumento na concentracdo de H,O, e na formagao
de proteinas oxidadas pelo HNE. Assim, a elevacdo na expressdao da Akt total pode
significar um aumento na sintese protéica da Akt com o objetivo de proteger as células.

A ativacdo da Akt geralmente resulta da estimula¢do da PI3K, e a ativacdo desta
cascata de sinalizacdo é um importante estimulo para evitar a apoptose neuronal. Esse
efeito € devido a fosforilacdo e inativacdo da Bad, um membro pré-apoptético da familia
Bcl-2, que por sua vez, evita a ativacdo da caspase e a morte celular (Alessi & Cohen,
1998). As EAO, como o H,0,, estimulam a fosforilacdo da Akt, o que fornece um sinal
para proteger as células contra o estresse oxidativo (Wang et al., 2000). Por outro lado, a
administragdo de scavengers de radicais livres inibiu a expressdo de genes pré-apoptéticos
na medula espinal em ratos submetidos a compressd@o do nervo cidtico (Siniscalco et al.,
2007). No presente estudo, os animais submetidos a denervagdo apresentaram um aumento
na expressdo da fosfo-Akt na medula espinal lombossacral nos periodos de 1, 3 e 7 dias
apods a axotomia, mas 15 dias apds a sec¢do nervosa, a expressao da Akt ja havia retornado
aos niveis basais. Essas mudangas na expressdao da fosfo-Akt possivelmente estdo
relacionadas a um aumento na suscetibilidade das células ao dano oxidativo como
demonstrado neste trabalho por um aumento na concentragdo de H,O, e formacdo de
proteinas modificadas pelo HNE. Em outros estudos, o aumento da fosforilagdo da Akt

ocorre em estdgios precoces da transmissdao da dor (Bonnington & McNaughton, 2003) na
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lesdo nervosa periférica (Xu et al., 2007) e na dor causada por injecdo de capsaicina (Pezet
et al., 2005). Nesses estudos, a inibicdo da via PI3K/Akt reduziu a hiperalgesia. Assim,
esses resultados demonstram que a cascata de sinalizacio que envolve a Akt estd
relacionada ao aumento da sensacdo de dor, e talvez contribua para o desenvolvimento da
dor neuropatica.

Os sinais que ativam a Akt na transmissdo da dor sd@o desconhecidos. Os fatores de
crescimentos provavelmente estdo envolvidos nessa acdo. E bem estabelecido que as
neurotrofinas ligam-se ao mesmo receptor tirosina cinase que ativa diferentes vias de
sinaliza¢do, incluindo a PI3K/Akt (Malik-Hall et al., 2005; Chao et al., 2006) e os fatores
de crescimentos tem sua expressdo aumentada nas condi¢des de dor (Pezet & McMahon,
2006). A hipétese da participagdo de EAO como sinalizadores intracelulares anti-
apoptoticos em diferentes tecidos tem sido bastante difundida (Droge, 2002; Finkel, 2003;
Das & Maulik, 2004; Valko et al., 2007). Assim, o envolvimento de EAO como o H,O,, ou
de produtos da lipoperoxidacdo como o HNE, na ativacdo das vias de sinalizacdo
intracelular no processamento nociceptivo também € possivel. Em células endoteliais
cerebrais, o anion superéxido e o H,O, ativaram a via PI3K/Akt e a administracdo de
antioxidantes inibiram a fosforilacdo da Akt, mostrando que as EAO contribuem para a
ativacdo desta proteina cinase (Schreibelt et al., 2007). Além disso, foi demonstrado que a
oxidacdo de proteinas estd envolvida na fosforilacio da Akt e na neuroprotecdo em
neurdnios em cultura (Delgado-Esteban et al., 2007). De acordo com isso, na transmissao
da informagao dolorosa, o papel das EAO como segundos mensageiros que ativam a via da
Akt pode ser sugerida, pois foi demonstrado o aumento na concentragdo de H,O; e a
formacdo de proteinas modificadas pelo HNE no modelo de dor empregado no presente

estudo.
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Portanto, moléculas como H,O, e o HNE podem ativar a via da Akt com o objetivo
de promover a sobrevivéncia celular, e neste caso, ndo serem compostos necessariamente
lesivos, mas, ao invés disso, atuarem como agentes sinalizadores intracelulares nas células
nervosas. A ocorréncia de apoptose no corno dorsal espinal em situagdes de dor neuropética
ndo estd totalmente estabelecida na literatura. Alguns autores demonstram a existéncia de
apoptose (Moore et al., 2002; Scholz et al., 2005), enquanto outros apresentam evidéncias
contrérias a estes eventos de morte celular na medula espinal em resposta a lesdo nervosa
periférica (Polgar et al., 2004; Polgar et al., 2005). O tipo de lesdo realizada parece ser
fundamental para o estabelecimento do processo apoptético, pois foi demonstrado que a
seccdo parcial ou a compressdo do nervo cidtico determinam apoptose no corno dorsal
espinal (Moore et al., 2002), enquanto que a sec¢do completa do nervo cidtico ndo provoca
este efeito (Conggeshall et al., 2001; Moore et al., 2002). De qualquer forma, a ativagdo da
Akt, demonstrada no presente estudo, pode ser um ponto crucial na sobrevivéncia neuronal
apods a axotomia.

Assim, a Akt estd relacionada com os comportamentos relacionados a dor, mas seu
papel na sobrevivéncia celular ndo pode ser descartado. Além da regulagdo pds-traducional
dos receptores pré-nociceptivos e outras moléculas relacionadas a dor no ganglio da raiz
dorsal e corno dorsal espinal, as proteinas cinases podem interferir na expressdo génica
(Woolf & Costigan, 1999). A cascata da MAPK tem sido sugerida interferir na expressdo
génica na dor neuropdtica por fosforilar o fator de transcricio CREB (proteina de ligacdo ao
elemento de resposta ao AMP ciclico). Isso pode estar relacionado com um aumento na
expressdo de receptores ou neurotransmissores e neuromoduladores (Song et al., 2005).
Porém, ndo existem estudos que demonstrem correlacdo entre a ativagdo da Akt e a

expressao génica em situacdes de dor. Entretanto, devido ao papel bem estabelecido da Akt
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na sobrevivéncia celular (Manning & Cantley, 2007), e a interrelac@o entre a cascata das
MAPKSs nas condi¢des de dor (Malik-Hall et al., 2005), pode-se supor que a Akt possa estar
agindo na medula espinal ativando ou aumentando a expressdo génica de moléculas que
intensificam a transmissao da dor. Entretanto, essa sinalizacdo pode ser favordvel devido ao
carater protetor da sensacdo dolorosa, isto €, apds uma estimulagdo nociva, a redu¢io no

limiar nociceptivo pode evitar lesdo adicional.



CONCLUSOES

A partir do presente trabalho pode-se concluir que:

- A atividade de enzimas antioxidantes ¢ modificada em situagdes de dor. A catalase e a
GPx apresentam uma resposta inespecifica a lesdao neuropdtica, pois os animais sham
também mostraram alteracdes na atividade destas enzimas. A SOD, por outro lado, reduziu
exclusivamente nos animais denervados, o que confirma o envolvimento dos sistemas
relacionados ao estresse oxidativo no processamento da dor neuropatica.

- A dor neuropdtica induz um aumento na lipoperoxidacdo, evidenciado pela expressdo de
proteinas modificadas pelo HNE na medula espinal.

- O NO pode ser um dos responsdveis pela formacdo de radicais livres na medula espinal
apds a sec¢do do nervo cidtico, pois a expressdo da nNOS encontra-se aumentada uma
semana apoés a lesao.

- O aumento da expressdo da Akt fosforilada, bem como da Akt total, sugere que na dor
neuropdtica sdo ativados mecanismos de protecdo celular, o que pode impedir a apoptose na
medula espinal.

- As mudangas relacionadas aos marcadores de estresse oxidativo e sistemas antioxidantes
podem exercer um papel na ativagdo de mecanismos de sinalizacdo intracelular na medula
espinal. Essas moléculas parecem ser mais importantes nesse aspecto do que no
estabelecimento de um quadro de estresse oxidativo em resposta a lesdo periférica. As

alteracOes observadas possivelmente sdo integrantes de mecanismos neuroprotetores.



PERSPECTIVAS

Embora os resultados indiquem a participagdo de EAO em vias de sinalizacdo
intracelular apés a lesdo nervosa periférica, estudos complementares sdo necessarios para
esclarecer esta questdo. Nesse contexto, os experimentos a serem desenvolvidos por este

grupo de pesquisa enfocario:

- a utilizacdo de outros modelos de dor neuropdtica, como compressdo e sec¢do parcial
nervosa periférica;

- a avaliac@o de outros antioxidantes nas situacdes de dor neuropdtica, como por exemplo, o
ascorbato;

- a andlise de outros componentes das vias de sinalizacao intracelular da Akt, como PI3K e
GSK-3;

- a verifica¢do do envolvimento de moléculas relacionadas a apoptose, como o fator indutor

de apoptose em modelos de dor neuropatica.
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