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RESUMO

O pré-condicionamento com NMDA (N-metil-D-aspartato) € uma estratégia de
neuroprotecdo que previne o dano celular induzido por eventos como a isquemia e
convulsdes. O objetivo deste estudo € investigar a atividade das enzimas do
metabolismo energético em cérebro de camundongos pré-condicionados com NMDA e
expostos ao traumatismo cranio encefalico. Usa-se neste estudo camundongos CF-1
adultos machos pré-tratados com solucédo salina ou NMDA (75 mg/kg) 24 horas antes do
trauma. Os animais foram anestesiados por inalacdo com O,/N,O (33%:66%) e em
seguida submetidos ao modelo experimental de trauma cranio encefalico (TCE) pelo
impacto de um peso 50 g no cranio. O metabolismo energético foi avaliado através da
atividade da creatina quinase e da cadeia respiratéria. Os resultados indicam que o pré-
condicionamento com NMDA possui propriedades protetoras em prejuizos celulares
provocados por TCE. Tendo em vista o papel protetor do pré-condicionamento com
NMDA, entende-se que este mecanismo possa desempenhar funcdes preventivas ao
SNC e/lou de manutencdo contra neuropatologias que envolvam o sistema

glutamatérgico no TCE.

Palavras-chaves: pré-condicionamento com NMDA; traumatismo cranio-encefalico;

metabolismo energético.



ABSTRACT

The pre-conditioning with NMDA (N-methyl-D-aspartate) is a neuroprotecéo strategy that
prevents the induced cellular damage for events as the ischemia and convulsions. The
objective of this study is investigating the activity of enzymes of the energy metabolism in
brain of mice preconditioned with NMDA and submitted to trauma brain injury (TBI). Mice
CF-1 adult male were pretreated with saline or NMDA (75 mg/kg) 24 hours before the
trauma. The animals are anesthetized by inhalation with O2/N,O (33%:66%) and then
subjected to experimental model of brain trauma by the impact of a weight 50 grams in
the skull. The enzyme activities were evaluated through the creatine kinase and
respiratory chain. Results indicate that the pre-conditioning with NMDA have protective
properties in cellular damages provoked by TBI. In view of the protective role of the
preconditioning with NMDA, this mechanism can prevent functions to the SNC and/or

maintenance against neurotoxicity involving glutamatergic system in TBI.

Keywords: NMDA preconditioning; trauma brain injury; energetic metabolism.
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1. INTRODUCAO

1.1. Traumatismo Cranio-encefalico

A lesdo craniana traumatica é uma agressdo ao cerebro ndo de natureza
degenerativa ou congénita, mas causada por uma forca fisica externa que resulta
em comprometimento das habilidades cognitivas e motoras. Segundo dados do
Centro de Pesquisas em Educacédo e Prevencdo da Rede SARAH de Hospitais do
Aparelho Locomotor, o traumatismo cranio-encefalico (TCE) € uma importante causa
de morte e de deficiéncia fisica e mental, sendo apenas superado pelo acidente
vascular cerebral (AVC). Na ultima década foram atendidos 344 pacientes com TCE
e 1419 pacientes com AVC na Rede SARAH.

Apos o TCE muitos pacientes podem apresentar dor de cabeca, fadiga, danos
na memoria, déficit de concentracdo e atencdo, mudancas de personalidade,
depressao, irritabilidade, disturbios do sono e disfuncdo sexual (Lewine et al., 2007).
Ainda, diversos déficits motores, de velocidade e equilibrio também sédo observados
(Brink et al., 1970). A resposta fisiopatologica neuroinflamatéria enddégena apos o
TCE, ocorre para defender o SNC dos patdégenos e para reparar o tecido lesado,
mas esta também é responsavel pelo desenvolvimento dos danos ao cérebro e dos
resultados adversos observados nos pacientes. Dentre os potenciais promotores de
dano secundario decorrente do trauma, o0 neurotransmissor glutamato tem

importante funcao neste processo danoso.
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1.2. Sistema Glutamatérgico

O sistema glutamatérgico € amplamente distribuido no sistema nervoso
central (SNC) e esta envolvido em func¢des cognitivas fundamentais tais como
memoria e aprendizado, sendo o glutamato considerado 0 maior neurotransmissor
excitatério do SNC (Bressan & Pilowsky, 2003).

Os receptores pra glutamato séo classificados em receptores ionotropicos e
receptores metabotrépicos. Os receptores glutamatérgicos metabotropicos (mGIuR)
agem através de segundos mensageiro e estdo presentes em todas as regides do
cérebro. Em condicdes fisioldgicas, a ativacdo de mGIuRs pelo glutamato produz
uma corrente pos-sinaptica lenta. Os mGIuRs Os receptores ionotropicos sado canais
iGnicos que quando ativados permitem a entrada de i6ns Na* e/ou Ca*? favorecendo
a despolarizacdo do neurénio. Eles sao divididos em receptores NMDA e receptores
nao-NMDA, que por sua vez incluem os receptores alfa-amino-3-hydroxi-5-methyl-4
lisoxazole propionic acid (AMPA) e cainato. Os receptores AMPA e cainato
localizam-se em regifes telencefalicas e medeiam a transmissdo répida nas
sinapses excitatérias com duragdo de somente alguns milissegundos (Bressan &

Pilowsky, 2003).

1.3. Receptores NMDA

O receptor N-metil-D-aspartato (NMDA) € um subtipo de receptor ionotropico

para glutamato que quando ativado torna-se altamente permeéavel a ions Na* e

principalmente Ca*?.
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O potencial excitatério mediado pelos receptores NMDA sao mais duradouros
que pelos outros receptores ionotropicos para glutamato (Dale & Roberts, 1985).
Fisiologicamente, a ativacdo de receptores NMDA estd associada ao
desenvolvimento dos neurdnios e a formacéo das sinapses (Rabacchi et al., 1992), e
em processos importantes de plasticidade sinaptica, tais como aprendizado e
memoria (Bliss & Collingridge, 1993).

Entretanto, a excessiva ativacdo dos receptores NMDA esta envolvida na
epilepsia e em danos cerebrais associados a isquemia/hipoglicemia (Olney, 1970) e
também com o TCE (Clausen & Bullock, 2001). Porque a excessiva ativacado dos
canais-receptores NMDA desfaz a homeostase celular dos fons Ca*, levando a
excitotoxicidade e a lesédo no neurénio provocado pelo aumento do influxo deste ion,
além de prejudicar as func¢bes mitocondriais (Clausen & Bullock, 2001). Contrario
aos efeitos deletérios da atividade excessiva de NMDA, ha padrdes fisioldgicos da
atividade sinaptica via NMDA que promovem a sobrevivéncia neuronal (Hardingham,

2006).

1.4. Pré-condicionamento com NMDA

A neuroprotecdo € um processo que interrompe e/ou previne uma cascata
patolégica que ocorre durante um processo de insulto toxico (Gagliard, 2000). O pré-
condicionamento diminui a prevaléncia de morte celular decorrente de alguma leséo.
Assim sendo, em testes de neuroprotecdo contra excitotoxidade glutamatérgica,
tem-se utilizado o chamado pré-condicionamento quimico, onde doses subtdxicas de

glutamato, NMDA, ou acido quinolinico induzem a uma toleréancia celular.
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Verifica-se que o pré-condicionamento com NMDA ¢é um importante
mecanismo celular contra morte no tecido cerebral induzida por isquemia ou por um
agonista glutamatérgico, o cainato.

O NMDA e o glutamato podem atuar como agentes de pré-condicionamento
qguimicos para melhorar significativamente o dano isquémico em fatias de hipocampo
(Schurr et al., 2001) e em cultura de células (Xu et al., 2002), ou ainda in vivo (Boeck
et al., 2004). Assim a administracdo de doses subconvulsivas de NMDA via
intraperitoneal tem sido utilizada como modelo de pré-condicionamento quimico in

vivo contra diversos insultos letais posteriores (Boeck et al., 2004).

1.5. Metabolismo Energético

O cérebro humano representa somente 2% do peso corporal, mas 0 consumo
de energia por esse 6rgdo é de aproximadamente 60% do total de utilizacdo da
glicose pelo corpo. O maior gasto desta energia se da para gerar, processar e
transmitir os impulsos nervosos, 0 que representa a principal funcdo do SNC. O
cérebro é dependente do metabolismo para manter sua integridade funcional e
estrutural, porém suas reservas energéticas sao extremamente pequenas em
relacdo a sua demanda. Devido a esta dependéncia, o cérebro necessita de um
abastecimento continuo e adequado de oxigénio e glicose. Tanto o oxigénio quanto
a glicose é enviado para todas as regides do cérebro através da circulacdo
sanglinea, e esta é regulada para que 0s substratos energéticos sejam mantinhos
constante em diversas situacdes (Berg et al.,, 2008). O fornecimento destes
substratos é importante para a produgdo de ATP, principalmente pelo metabolismo

oxidativo, onde cerca de 60% a 70% do ATP é utilizado para impulsionar
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mecanismos de transporte celular que mantém o potencial de Na® e K' na
membrana, necessario a transmissao dos impulsos nervosos.

Os processos da vida requerem que as moléculas consumidas como
nutrientes sejam quebradas para que se possa extrair energia delas e sejam
utilizadas para dar sustentacdo na formacéo de novas moléculas (Campbell, 2005).
Essas transformacdes energéticas ocorrem através de uma rede integrada de
reacoes quimicas, chamadas de reacdes metabodlicas (Berg et al., 2008). Os
produtos finais da degradacédo de carboidratos, acidos graxos e proteinas estao
envolvidos no processo de respiracao celular e, consequentemente, na producéo de
ATP (Lehninger, 2007).

A glicose é a principal fonte de energia utilizada pela maioria das células e
ocupa uma posicao central no metabolismo, sendo a glicélise sua principal via de
utilizacdo. Na via glicolitica ocorre uma sequéncia de reacOes catalisadas por
enzimas que metabolizam a glicose a duas moléculas de piruvato, sendo que ao
longo das reacdes, parte da energia livre liberada da glicose é conservada na forma
de ATP e NADH (Lehninger, 2007). O piruvato € transportado para dentro da
mitocondria e convertido em acetil-CoA pela acdo da enzima piruvato
desidrogenase. Todavia, a acetil-CoA também pode ser obtida a partir de
aminoacidos e acidos graxos, porém por outras rotas metabdlicas (Murray, 2002).

A acetil-CoA é parte integrante do ciclo de Krebs, sendo este processo a via
final comum para a oxidagdo dos alimentos (carboidratos, lipidios e proteinas). O
ciclo de Krebs comeca e termina com oxaloacetato, onde uma volta completa no
ciclo produz duas moléculas de CO,, trés de NADH, uma de FADH; e um composto
de alta energia (ATP ou GTP). Contudo durante todo o ciclo ndo ocorre perda de

agua, logo o ciclo tem que estar acoplado a cadeia respiratdria, por ela ser capaz de
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produzir agua usando NADH e FADH; gerados no ciclo de Krebs (VOET et al.,
2002).

A acao combinada do ciclo de Krebs e da fosforilagdo oxidativa € responsavel
pela maior parte da producdo de ATP gerada pelos seres humanos, sendo que a
cadeia de transporte de elétrons € composta por quatro complexos enzimaticos
(complexos I, Il, 1l e 1V) e dois componentes que nao fazem parte dos complexos, a
coenzima Q, que transporta elétrons do Cl e CIl ao complexo lll, e o citocromo c,

que transporta elétrons do complexo Il ao complexo IV (figura 1).

Citusul
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: ] St Cameadores maveis o elétrors K :
Eapa;o ' — 3
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Figura 1. Esquema ilustrativo da Cadeia Respiratéria Mitocondrial. Em amarelo esta
representado o Complexo I; em rosa o Complexo Il; e, laranja o Complexo lll; e em verde o
Complexo IV. A representacdo da ATP sintase esta ao lado direito do Complexo IV. Fonte:
Lehninger (2007).

O Complexo |, também chamado de NADH: ubiquinona oxirredutase, realiza a
transferéncia de elétrons do NADH para a ubiquinona, formando ubiquinol. Essa
reacao faz com que dois prétons sejam bombeados para o espaco intermembranas.

O Complexo Il, também denominado de succinato: Q(ubiquinona) oxirredutase nao

atinge a parte externa da membrana mitocondrial, tendo contato apenas com a
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matriz mitocondrial, é formado pela succinato desidrogenase (SDH), enzima do Ciclo
de Krebs que gera FADH; na oxidacdo de succinato a fumarato. Esta enzima tem
FAD como grupo protético, assim os elétrons e o0s prétons do succinato sao
transferidos para ao FAD, que se reduz a FADH,. Também fazem parte do
Complexo Il alguns centros de Fe-S e o citocromo b560. Por esses componentes
passam os elétrons derivados do FADH, antes de finalmente serem doados para a
coenzima Q para entrarem na cadeia transportadora de elétrons. Duas outras
enzimas a glicerol fosfato desidrogenase e a acil-CoA desidrogenase, transferem do
mesmo modo seus elétrons de alto potencial do FADH,, para coenzima Q, formando
ubiquinol (QH,), o estado reduzido da ubiquinona. O Complexo Ill, ou citocromo ¢
oxirredutase, transfere elétrons do ubiquinol para o citocromo c, reacdo que serve
para o bombeamento de mais quatro prétons. O Complexo IV, mais conhecido como
citocromo ¢ oxidase, contém dois citocromos do tipo a (“a” e “a3”) e dois ions cobre,
cada qual associado a um dos dois citocromos. Os ions cobre, alternando entre os

estados de oxidacdo Cu?* e Cu'*

, fazem parte do transporte de elétrons. O
Complexo IV é responséavel pela doacdo de quatro elétrons para a molécula de
oxigénio (O,) que, liga-se a prétons do meio e converte-se em agua. A retirada de
protons da matriz mitocondrial para o espaco intermembranas contribui para o
restabelecimento do gradiente de prétons. Nessa etapa os ultimos dois protons sao
bombeados. O gradiente eletroquimico formado pelo bombeamento de prétons

durante a cadeia respiratoria mitocondrial € utilizado como forga motriz para a ATP

sintase formar ATP na fosforilagdo oxidativa (Berg et al., 2008).



16

1.6. Creatina quinase

Outra forma de producao de ATP celular € a partir da enzima creatina quinase
(CK). Em 1927 foi descoberta a fosfocreatina (PCr), sete anos mais tarde, em 1934,
descobriu-se a reacao da creatina quinase. A partir destas descobertas as pesquisas
direcionaram-se principalmente nos aspectos bioquimicos, fisiolégicos, e patologicos
da reacédo da CK e em seu envolvimento no metabolismo do “fosfato de alta energia”
das células e tecidos com altas demandas energéticas. Este sistema é associado a
funcdes importantes, principalmente no cérebro, tais como 0 tamponamento
energético (regenerando ATP) e a transferéncia do ATP dos sitios produtivos para
os de consumo (Wyss et al., 1992).

A CK é uma enzima que possui um papel central no metabolismo energético,
principalmente para tecidos com alta demanda energética, como cérebro, musculo
cardiaco e esquelético, onde funciona como um efetivo sistema de tampao para os
niveis celulares de ATP. Assim sendo, a CK é uma enzima crucial para a
homeostase energética, atuando como um sistema auxiliar de manutencao
energética (Pilla et al., 2003).

A reacdo da CK catalisa a transferéncia metabolicamente reversivel do
grupamento N-fosforil da fosfocreatina para o ADP regenerando o ATP (Wyss &
Kaddurah-Daouk, 2000; Pilla et al., 2003; Berg et al., 2008).

O sistema CK / PCr mostra diferentes funcdes integradas em células
cerebrais, isto é, protecdo de energia temporéria, capacidade metabdlica,
transferéncia de energia e controle metabodlico. Desta forma este sistema é
reconhecido como um regulador metabdlico importante entre a saiude e a doenca

(Pilla et al., 2003).
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A CK parece estar envolvida em certas condicOes patoldgicas relacionadas
com déficit de energia cerebral e devido a energia ser necessaria para o0
desenvolvimento e a regulacao das funcdes cerebrais, foi postulado que o prejuizo
na funcéo da CK possa ter um papel critico no processo neurodegenerativo que leva
a perda neuronal. Além disso, a baixa atividade desta enzima esta associada a
fatores neurodegenerativos, como por exemplo, isquemia cerebral, transtorno
bipolar, doenca de Alzheimer e outros estados patolégicos (Tomimoto et al., 1993).

Sabe-se que um dano causado a mitocondria leva a uma rapida queda na
producdo de energia e consequente morte celular (Ankarcrona et al, 1995). Boeck e
colaboradores (2004) observaram que o pré-condicionamento com NMDA protege o
cérebro de camundongos contra as convulsdes e morte celular induzida pelo acido
quinolinico. A neuroprotecdo também tem sido observada em pré-condicionamento
com NMDA contra a morte celular decorrentes da isquemia. A partir destas
informacdes, no presente estudo foi investigado o efeito do pré-condicionamento
com NMDA em camundongos submetidos a um traumatismo cranio-enceféalico nas
enzimas do metabolismo energético cerebral, creatina quinase e cadeia respiratoria

mitocondrial.
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2 OBJETIVOS

2.1. Geral

Avaliar a neuroprotecéo pelo pré-condicionamento com NMDA sob a atividade
enzimatica da cadeia respiratoria mitocondrial e da creatina quinase no cerebelo e

cortex de camundongos submetidos ao traumatismo cranio-encefalico.

2.2. Objetivos Especificos

2.2.1. Avaliar a o efeito do NMDA na atividade enzimatica da creatina quinase nas
estruturas cerebrais do cortex frontal e cerebelo de animais submetidos ao TCE e
pré-condicionados com NMDA,;

2.2.2. Analisar o efeito do NMDA na atividade dos Complexos LIl e IV da cadeia
respiratéria mitocondrial no cortex frontal e cerebelo de animais submetidos ao TCE

e pré-condicionados com NMDA.
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CAPITULO 1

3 METODOS E RESULTADOS

3.1 Artigo
Conforme resolucdo 01/2007 do PPGCS, os resultados estdo apresentados na

forma de artigo cientifico, submetido para publicacdo no periédico Mitochondrion.
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Abstract

Traumatic brain injury (TBI) induces glutamatergic excitotoxicity through NMDA
receptors affecting integrity of mitochondrial membrane. Here, preconditioning with
NMDA was used to challenge energy metabolism. Mice were treated with low dose of
NMDA before TBI and mitochondrial respiratory chain and creatine kinase activities
were assessed. When mice were preconditioned and submitted to TBI, the
stimulatory effect of the treatments alone was augmented, with exception to creatine
kinase, which was inhibited. We suggest that even though NMDA preconditioning
and TBI had similar effects on enzyme activities each other manage via opposite

mechanisms, because the protective effect of preconditioning are unambiguous.

Keywords: NMDA preconditioning; neuroprotection; trauma brain injury;

mitochondrial respiratory chain; creatine kinase.
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1. Introduction

The cellular damage following trauma brain injury (TBI) constitutes dynamic
pathophysiology of brain as a consequence of combination of primary (unavoidable
damage, occurs at the time of injury) with secondary damage (avoidable damage,
occurs at variable times after injury). The severity of over-time secondary injury level
depends on mechanical impact degree (Katz et al., 2004; Ucar et al., 2006), which
could be classified as mild, moderate or severe (Fujimoto et al., 2004; Ucar et al.,
2006). The subsequent cascade of events to acute brain injury includes the
glutamatergic excitotoxicidade (Bernert and Turski, 1996), ionic imbalance, ATP
depletion, proteolysis and oxidative stress (Sullivan et al., 1998). This set of
intracellular outcome leads to impairment of synaptic plasticity, with associated
modulation of glutamatergic N-methyl-D-aspartic (NMDA) receptors activity (Miller et
al., 1990), and alteration of subunits NMDA receptors content (Schumann et al.,
2008). Excitotoxicity induced by glutamate involves at least in part intracellular Ca®*
levels elevation through excessive activation of NMDA receptors (Choi, 1988) which
may affect integrity of mitochondrial membrane through mitochondrial permeability
transition pore opening (Schild et al., 2003).

The mitochondrial membrane pore once opened uncouples oxidative
phosphorylation, induces reduction of ATP levels, disturbs metabolic homeostasis,
releasing cytochrome ¢ and inducing cell death by apoptosis (Shimizu et al., 1999).
Cell energy overall is obtained through oxidative phosphorylation, a process requiring
the action of various respiratory enzyme complexes located in a special structure of
the inner mitochondrial membrane, the mitochondrial respiratory chain. Brain cells
contain a large number of mitochondria with high energy demands, being therefore

more susceptible to reduction of the aerobic energy metabolism. It is well described
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that impairment of energy production caused by mitochondrial dysfunction has been
implicated in the pathogenesis of ischemia and trauma (Lewen et al., 2000).

Creatine kinase (CK; adenosine-5-triphosphate: creatine phosphotransferase;
E.C. 2.7.3.2) catalyzes the reversible transfer of the phosphoryl group from
phosphocreatine to ADP regenerating ATP, is a major enzyme of higher eukaryotes
that deal with high and fluctuating energy demands to maintain cellular energy
homeostasis and to guarantee stable, locally buffered ATP/ADP ratios (Bessman &
Carpenter, 1985; McLeish and Kenyon, 2005). In this context, it has beed
demonstrated that a decrease in CK activity is associated with a neurodegenerative
pathway that results in neuronal loss following brain ischemia (Tomimoto et al.,
1993).

Despite the well been neurotoxic mechanisms blocked by NMDA receptor
antagonists, a neuroprotective action can be evoked by its agonists (Sei et al., 1998;
Damschroder-Williams et al., 1995; Jonas et al., 2001). Several studies have shown
that preconditioning evokes protection against brain damage induced by ischemia
(Kitagawa et al., 1991; Pagliaro et al., 2001; Ferguson et al., 2008), seizures
(Sasahira et al., 1995) and closed head injury (Shein et al., 2005). NMDA
preconditioning is a “chemical preconditioning” evoked by sub-toxic concentrations of
NMDA that induce a tolerance state to a subsequent lethal event (Rejdak et al.,
2001). NMDA preconditioning is protective against injury induced by kainate (Ogita et
al., 2003) and seizures (Boeck et al., 2004) in vivo; also by glutamate (Chuang et al.,
1992; Marini et al., 1998; Boeck et al., 2005) or oxygen and glucose-deprivation
(Grabb et al., 1999) or both stimulus (Lin et al.,, 2008) in vitro. Preconditioning
prevents mitochondrial swelling, preserves membrane integrity and protects

mitochondrial energy metabolism during cerebral ischemia (Zhang et al., 2003).
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Considering that the cellular injury following TBI may count on mitochondrial
disruptions associated to subsequent hypoxia and that preconditioning may preserve
energetic metabolism, we here investigated if NMDA preconditioning could alter
mitochondrial chain and CK activities as index of neural energetic potential. Besides,
the TBI is used as an animal model of cellular damage associated to glutamatergic

system dysfunction.

2. Material and Methods
2.1. Animals

Male CF-1 mice (2-3 months, 30-35 g) were obtained from our breeding
colony (UNESC). The animals were housed six to cage with food and water available
ad libitum and were maintained on a 12-h light/ dark cycle (lights on at 7:00 a.m.). All
experimental procedures involving animals were performed in accordance with the
National Institute of Heath’s Guide for the Care and Use of Laboratory Animals and
the Brazilian Society for Neuroscience and Behavior (SBNeC) recommendations for
animal care, designed to minimize suffering and limit the number of animal used.
Animals were used only once and to avoid the circadian variations all experiments
were carried out between 8:00 a.m. and 4:00 p.m. This study was approved by the
local ethics committee (Comité de Etica em Pesquisa da Universidade do Extremo

Sul Catarinense, n°776/2007).

2.2. Treatment with NMDA
Animals were pretreated intraperitoneally (i.p.) with NMDA in a low non-
convulsive dose (75 mg/kg, 10 mL/kg) (Ferre et al., 1994) or vehicle (saline, 0.9%

NaCl, w/v) at 24 hours before cortical trauma injury induction. NMDA was dissolved
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at in saline and adjusted to pH 7.4 with NaOH. Mice were observed for 30 min
immediately after NMDA administration in acrylic boxes (25x25x25 cm) for

occurrence of behavioral alteration (Boeck et al., 2004).

2.3. Diffuse Traumatic Brain Injury

A diffuse TBI was produced using the closed head weight-drop method
previously described (Adelson et al., 1996) with minor modifications. The trauma
apparatus consists of a metal tube, 1 m length and 10 mm inner diameter, attached
to a ring stand. The mice were anesthetized by inhalation with a mixture of O,/N,O
(33%:66%) through a mask and placed on a foam bed, loosely fixed with its head
slightly elevated to avoid spinal cord damage. Brass weight of 50 g with concentric
grooves on the face downward fell freely from 80 cm height. Just after impact, the
foam bed containing mouse was slid out from under the tube to prevent a second
impact on recoil. After trauma, the mice received supporting oxygenation with 100%
O, until fully awake and were then brought back to their cages. The groups of the
animals were divided in accordance with the treatments and time of observations (5-
8 mice per group per time = total of 58 animals): SAL = saline i.p. + anesthesia
(control); NMDA = NMDA i.p. + anesthesia; TBI = saline i.p. + trauma; NMDA + TBI =
NMDA i.p. + trauma.

The enzymatic activities were assessed at 6h or 24h after trauma, as
described below. At corresponding time-points mice were euthanized for subsequent
extraction of brain hemispheres to dissect cerebral cortex and cerebellum with
immediately stored to -80C until use, up to maximal period of one month. Protein
content was determined using bovine serum albumin as standard (Lowry et al.,

1951).
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2.4. Mitochondrial respiratory chain enzymes activities

Cerebral cortex and cerebellum structures were homogenized (1:10, w/v) in
SETH buffer (250 mM sucrose, 2 mM EDTA, 10 mM Trizma base, 50 IU/mL heparin,
pH 7.4) for determination of mitochondrial respiratory chain enzyme activities
(Complexes I, II, 11, IV and SDH). NADH dehydrogenase (Complex I) was evaluated
according previously described using the rate of NADH-dependent ferricyanide
reduction at 420 nm (Cassina and Radi, 1996). The activities of succinate:DCIP
oxidoreductase (Complex Il) and succinate:cytochrome c¢ oxidoreductase (Complex
[I-111) were determined according to the method of Fischer et al. (1985). Complex II
activity was measured by following the decrease in absorbance due to the reduction
of 2,6-DCIP at 600 nm. The reaction mixture consisting of 40 mM potassium
phosphate, pH 7.4, 16 mM succinate and 8 uM DCIP was preincubated with 40-80
g homogenate protein at 30T for 20 min. Subsequently, 4 mM sodium azide and 7
MM rotenone were added and the reaction was initiated by addition of 40 uM DCIP
and was monitored for 5 min. Complex II-III activity was measured by cytochrome ¢
reduction from succinate. The activity of succinate:phenazine oxireductase (soluble
SDH) was measured following the decrease in absorbance due to the reduction of
2,6-DCIP at 600 nm in the presence of phenazine methasulphate (PMS). The activity
of cytochrome c oxidase (Complex IV) was assayed by following the decrease in
absorbance due to the oxidation of previously reduced cytochrome ¢ at 550 nm (Miro
et al., 1998). The reaction buffer contained 10 mM potassium phosphate, pH 7.0, 0.6
mM n-dodecyl-D-maltoside, 2-4 pg homogenate protein and the reaction was

initiated with addition of 0.7 pg reduced cytochrome c. The activity of Complex IV
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was measured at 25 for 10 min. The activities of the mitochondrial respiratory

chain complexes were expressed as nmol/min x mg protein.

2.5. Creatine kinase activity assay

Creatine kinase (CK) activity was measured in brain homogenates pre-treated
with 0.625 mM lauryl maltoside. The reaction mixture consisted of 60 mM Tris-HCI,
pH 7.5, containing 7 mM phosphocreatine, 9 mM MgSO, and approximately 0.4-1.2
ug protein in a final volume of 100 pL. After 15 min of pre-incubation at 37°C, the
reaction was started by the addition of 0.3 pmol of ADP plus 0.08 umol of reduced
glutathione. The reaction was stopped after 10 min by the addition of 1 pmol of p-
hydroxymercuribenzoic acid. The creatine formed was estimated according to the
colorimetric method of Hughes (1962). The color was developed by the addition of
100 pL 2% a-naphtol and 100 pL 0.05% diacetyl in a final volume of 1 mL and read
spectrophotometrically after 20 min at 540 nm. Results were expressed as units/min

X mg protein.

2.6. Cellular viability

Cell survival was measured 24h following TBI by reduction of MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Mosmann, 1983; Liu et al.,
1997). The tetrazolium ring of MTT is cleaved by various dehydrogenase enzymes in
viable cells, and then precipitated as a blue formazan product. Mice were euthanized
and cerebral cortex and cerebellum were dissected 24h after TBI. Brain structures
were cut in 400 um thick transversal slices with a Mcllwain tissue chopper, followed
transfer of the sections to phosphate-buffered saline supplemented with 0.6%

glucose (pH 7.4), and separated into individual slices. Two slices from each cerebral
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structure were incubated with MTT (0.5 mg/mL) in PBS buffer for 20 min at 37 <.
The medium was aspirated, the precipitated formazan solubilized with dimethyl
sulfoxide, and the viable cells quantified spectrophotometrically at a wavelength of
550 nm. Variability due to differences in slice size was minimal, as determined by

protein content (data not shown).

2.7. Statistical analysis

Results were analyzed by STATISTICA version 7.0 software (StatSoft, Inc.,
USA). All data are presented as mean values + SE (standard deviation), and each
value reflects the mean of 3 to 8 animals per group for enzymatic parameters or the
mean of 3 to 6 animals per group for cellular viability analysis. In all cases, statistical
analyses were analyzed employing two-way analysis of variance (ANOVA) with
NMDA pre-treatment and TBI as the main factors, followed by the Duncan’s multiple

range test when significant difference was at P < 0.05.

3. Results

NMDA preconditioning has been used as strategy of protection against cellular
damage after seizures and ischemia. At the present report the effect of TBI on
cellular viability and metabolic enzyme activities was determined in mice pretreated
with or without NMDA preconditioning 24h before they were submitted to TBI.
Although all mice suffered trauma survived up to 24h following TBI, cellular viability
was determined by MTT reduction at this time period. The brains from mice
submitted to TBI had no signs of external damage to the cerebral cortex at 24 after
trauma, no hemorrhages in the periventricular white matter below the cortex, and no

apparent distortion of the inner structures. In all groups of mice the impact on the
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brain did induce any changes in the cellular viability neither in cerebral cortex (impact
area) nor in cerebellum (distant area) (Table 1, P>0.05 in all cases).

Additionally, the mitochondrial enzymes were assessed in cerebral cortex and
cerebellum at 6h or 24h after TBI in mice. At this time periods, NMDA has been
administered 30h or 48h before enzymatic assays analyzed. The TBI did not affect
the basal activity of all enzymatic Complexes, neither of CK after 6h in cerebral
cortex. However, after 24h TBI induces an increase over basal of Complex I, Il and
SDH activities (Fig. 1 and 3A) and did not change CK activity in cerebral cortex (Fig.
4A). At the same assessment, NMDA preconditioning per se induced an increase on
Complex II, IV and SDH activities in cerebral cortex at 24h period (Fig. 1 and 3A),
effect that was augmented by TBI (Fig. 1B and 1D). It is important note that the
stimulatory effect of NMDA associated with TBI on Complex | and Il began at 6h after
TBI in the present analysis (Fig. 1A).

The stimulatory pattern induced by TBI with or without association with NMDA
preconditioning at cerebral cortex was observed at cerebellum, with minor
alterations. Because, cerebellum is not the brain structure of impact, but it any
alteration in its functionality could represent a secondary damage induced by TBI. At
cerebellum, TBI induces an increase on Complex I, I, IV, SDH and CK activities after
24h, but did not affect their basal activities after 6h (Fig. 2 and 3B). NMDA
preconditioning per se also induces an increase on Complex I, Il and SDH above
basal values after 24h, but has no effect after 6h (Fig. 2A and 2B). Interestingly, CK
activity was increased in mice preconditioned during whole period, but TBI induce an
increase only after 24h. In opposite, the association of NMDA preconditioning and

TBI blunts the effect of each other treatment (Fig. 4B).
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5. Discussion

According several studies, we showed that TBI affects mitochondrial
respiratory chain enzymes, effect that reflects an important participation of
mitochondria in cellular activity after trauma. Also, at the first time, the data showed
herein demonstrated the modulation of mitochondrial respiratory chain enzymes by
NMDA preconditioning. Clearly, cellular tolerance and injury are distinct cellular
process that acts in opposite way, one (preconditioning) leads to protection and
another (TBI) to damage. However, the present work verified a common pathway
shared by these events. Probably, the increase observed on enzymes activity evoked
by NMDA preconditioning prepares cells to subsequent energetic demand (Yadava
and Nicholls, 2007), such as that used after TBI. Otherwise, the stimulation of
enzymes following TBI could represent the protective mechanism of cells against the
damage, because the cells were viable 24h following TBI. Although we can not
exclude long-term injury after TBI, up to period analyzed NMDA preconditioning
augmented the enzyme activities over stimulation induced by TBI in cerebral cortex
(impact area).

Mitochondria is a important organelle involved in the production of reactive
oxygen species (ROS), but mitochondrial chain respiratory enzymes are especially
susceptible to oxidative stress because of their proximity to ROS production. The
observed increase of Complex Il and IV activities in cerebral cortex and cerebellum
could indicate a less expressive oxidative stress following mild TBI, since these
enzymes contribute to prevention of mitochondrial permeability transition pore
opening and cytochrome c release (Shiva et al., 2007). Cellular damage and long-
term behavior deficits could be begun after excitotoxic mechanism triggered by

oxidative stress hypoxia-evoked injury subsequent to trauma (Schmidt et al., 2004).
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Physiologically, enzymatic and/or nonenzymatic (e.g. glutathione) antioxidants are
activated by cells in an effort to neutralize oxidative stress, however studies have
demonstrated the overall reducing antioxidant profile in a model of closed head injury
in the rat (Shohami et al., 1997; Ansari et al., 2008) and in human CSF following
head injury (Bayir et al., 2002). In this way, to induce neuroprotection scavenging
ROS has been used in animal models and in the clinical setting (Tyurin et al., 2000;
Vink and Van Den Heuvel, 2004).

The degree of oxidative stress is related to severity of TBI insults (Shao et al.,
2006). It is clear that trauma to the cortex did not induce cellular damage over 24h
nor animal death, which could indicate a mild trauma on the mice, such as previously
reported for diffuse brain injury (Foda and Marmarou, 1994). However, even in mild
trauma the motor and learning deficits are observed in animal models (Milman et al.,
2005) and in humans (Kashluba et al., 2008). Because, subsequent neuronal loss
and/or failure of glutamate neurotransmission contributes to the morphological and
behavioral alteration attributed to TBI (Tavazzi et al., 2005; Yi and Hazell, 2006). One
process involved it the excitotoxicity via overstimulation of NMDA receptors is the
large uptake of Na* and Ca®" through receptors, with the Na* uptake exceeding that
of Ca?*. Like this, the extrusion of Na* from cells by the Na*,K*-ATPase stimulates
oxidative metabolism via mitochondria activity, rather than extrusion of Ca** via Ca**-
ATPase (Nicholls et al., 2007). Thus, considering excitotoxicity after TBI, NMDA
receptor antagonists have been used as neuroprotective agents in TBI at clinical trial
(Willis et al., 2004) and animal models (Bernert and Turski, 1996; Pohl et al., 1999;
Kuo et al., 2007). However human trails of NMDA receptor antagonists have no
shown positive effect on clinical outcomes or intolerance side effects (Muir and Lees,

1995). The preconditioning has been investigated as a good strategy of protection
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against cellular damage induced by hypoxia/ischemia. In vivo preconditioning
preserves mitochondrial oxidative phosphorylation after cerebral ischemia (Dave et
al.,, 2001). In vitro ROS preconditioning made neuron cells less sensitive to
subsequent insults, such as glutamate (Ravati et al., 2000). Also, pretreatment with
antioxidants prevents the neuroprotection induced by the preconditioning (Ravati et
a., 2001).

In the present report, NMDA preconditioning per se induced an increase of CK
activity from cerebellum up to 24h and diminished the TBI-induced stimulation of
enzyme. The high levels of CK ensured that ADP and ATP levels remained almost
constant, effectively buffering the cell against rapid depletion of ATP. Thus,
corroborate with our hypothesis of cellular protection behavior after NMDA or TBI
aforementioned, NMDA preconditioning and TBI induce stimulation on CK activity,
effect abolish when the treatments were associated. Effects similar were observed in
mice treated with NMDA preconditioning or with convulsivant quinolinic acid, because
both treatments induced stimulation on glutathione S-transferase (GST) activity in
hippocampus and their association inhibited particular effect of each other
(Vandresen-Filho et al., 2007), while the protective effect of NMDA preconditioning
against seizures and cellular damage induced by acid is unambiguous (Boeck et al.,
2004).

Recently was observed that NMDA preconditioning in cultured neurons did not
alter mitochondrial membrane potential, but increase synaptic firing (Soriano et al.,
2006) that is well knows increase metabolism (Hopwood et al., 2005). In the
preconditioned heart, during ischemia glycolytic ATP production is increased,
resulting in higher cellular levels of ATP and creatine phosphate (Brucklacher et al.,

2002). Although NMDA preconditioning induces cellular modifications similar to that
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observed after excitotoxicity, its end-effect is preventive against injury. Probably,
additional mechanisms could be activated in the cells that contribute to their
tolerance observed and need to be investigated. It is possible, because
preconditioning against oxygen/glucose deprivation activated apoptosis cascade at
the same time that activated inhibitors of pro-apoptotic Bcl-2 family (Tauskela et al.,
2003) Thus, the stimulatory effect of NMDA preconditioning in mitochondrial chain
respiratory enzymes and CK could be the primers to subsequent events that would

induce tolerance.
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Table 1. Percent cellular survival measured 24h after TBI using MTT assay.

SAL NMDA TBI NMDA+TBI P
Cortex 100 +25.4 102.6 + 26 70.1+31.3 69.5 +40.5 >0.05
Cerebellum 100 + 22 92.5+49 87.5+£12.2 87.9+18.3 >0.05

NMDA was administrated 24h before cortical impact and after 24h the cerebral cortex
and cerebellum from mice were prepared to MTT assay accord to Material and

Methods. Data are presented as mean of percent control + DP.
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Figure 1. Effect of NMDA preconditioning and TBI on mitochondrial chain complex
activities in cerebral cortex of mice. Mice received NMDA (75mg/kg) 24h before TBI
and enzymes were assessed at 6h or 24h after trauma. Figures show activity of (A)
Complex I, (B) Complex Il, (C) Complex Ill and (D) Complex IV according to
Methodology section. Data are expressed as mean of units per mg protein for
independent experiments performed in duplicate (6h: n=4-5 mice/group; 24h: n=7-8
mice/group). ®P<0.05 compared to SAL group; "P<0.05 compared to NMDA group;

°P<0.05 compared to TBI group; two-way ANOVA and post hoc Duncan.
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Figure 2. Effect of NMDA preconditioning and TBI on mitochondrial chain complex
activities in cerebellum of mice. Mice received NMDA (75mg/kg) 24h before TBI and
enzyme activities were assessed at 6h or 24h after trauma. Figures show activity of
(A) Complex I, (B) Complex II, (C) Complex Il and (D) Complex IV according to
Methodology section. Data are expressed as mean of units per mg protein for
independent experiments performed in duplicate (6h: n=3-5 mice/group; 24h: n=6-8
mice/group). ®P<0.05 compared to SAL group; "P<0.05 compared to NMDA group;

°P<0.05 compared to TBI group; two-way ANOVA and post hoc Duncan.
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Figure 3. Effect of NMDA preconditioning and TBI on succinate dehydrogenase
(SDH) activity in brain of mice. Mice received NMDA (75mg/kg) 24h before TBI and
enzyme activity was assessed at 6h or 24h after trauma. Figures show SDH activity
in (A) cerebral cortex and (B) cerebellum according to Methodology section. Data are
expressed as mean of units per mg protein for independent experiments performed
in duplicate (6h: n=4-5 mice/group; 24h: n=7-8 mice/group). P<0.05 compared to

SAL group; two-way ANOVA and post hoc Duncan.
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Figure 4. Effect of NMDA preconditioning and TBI on creatine kinase (CK) activity in
brain of mice. Mice received NMDA (75mg/kg) 24h before TBI and enzyme activity
was assessed at 6h or 24h after trauma. Figures show CK activity in (A) cerebral
cortex and (B) cerebellum according to Methodology section. Data are expressed as
mean of units per mg protein for independent experiments performed in duplicate
(6h: n=4-5 mice/group; 24h: n=4-6 mice/group). *P<0.05 compared to SAL group;
P<0.05 compared to NMDA group; ‘P<0.05 compared to TBI group; two-way

ANOVA and post hoc Duncan.



4. DISCUSSAO

O glutamato possui um importante papel no desenvolvimento de danos ao
SNC. A sobrecarga intracelular de Ca** durante a excitotoxidade é ocasionada pela
ativacdo excessiva de receptores NMDA pelo glutamato (Clausen & Bullock, 2001).
Diversos estudos clinicos de monitoramento desses eventos tém investigado com
pouco sucesso em relacdo a neuroprotecao e o TCE.

De acordo com pesquisas de Gagliard (2000) doses subtoxicas de NMDA
fornecem um pré-condicionamento quimico ao cérebro, que conduz a tolerancia
celular a doses toxicas subsequentes de agonistas de receptores glutamatérgicos; e
que o objetivo da neuroprotecdo é fazer com que a cascata patologica se
interrompa.

O cortex frontal agrupa funcdes motoras, de expressao linguistica, memoria e
funcdes de planejamento mental do comportamento. Lesdes no cortex frontal podem
levar o individuo a ter crises convulsivas ténicas, clénicas e espasmos, assim como
déficits cognitivos (Manrezza, 2003). Os resultados deste estudo sao mediados por
danos em cértex frontal e cerebelo. Porém, ndo se descarta também que outras
areas cerebrais tenham sido afetadas.

O trauma leve através de um aparato de queda de peso em formato de bala
produziu neste estudo déficit metabdlicos nos camundongos. Estes dados estdo de
acordo com as observacbes clinicas que mostram o prejuizo motor do TCE
moderado (Adelson et al., 1997; Piot-Grosjean et al., 2001). A administracao de dose
subconvulsivante de NMDA via intraperitoneal tem sido utilizada como modelo de
pré-condicionamento quimico frente a insultos no cérebro (Boeck et al., 2004).

Resultados de pesquisas de Bernert & Turski (1996) indicam que os antagonistas de
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NMDA possuem propriedades neuroprotetoras em processos excitotoxicos
provocados por ferimentos devido a traumas no cérebro de ratos jovens. Alguns
estudos em modelo animais de trauma mostraram efeitos benéficos dos
antagonistas do receptor NMDA como, por exemplo, o MK-801, a dextrometorfana,
D-CPP (Hamm et al., 1993), assim como o fon Mg** (Heath & Vink, 1999).

As sequelas neurofisiolégicas do TCE sdo consequéncia da combinacdo de
lesGes cerebrais focais e difusas. Os focos do abalo envolvem geralmente os l6bulos
frontais. O dano axonal difuso é relacionado ao prejuizo da atencéo, a velocidade do
processamento mental e as funcdes do I6bulo frontal (Junque, 1999). E as lesdes no
cérebro devido ao TCE conduzem ndo somente aos déficits funcionais na area da
lesdo, mas igualmente perturbam a rede neuronal estrutural intacta que esta
conectada ao local da lesdo (Wiese et al., 2004).

O prejuizo da producdo energética causado pela disfuncdo mitocondrial &
implicado na patogénese da isquemia e do traumatismo (Lewen et al, 2000). A
creatina quinase auxilia no controle de flutuacbes energéticas, mantendo a
homeostase da energia celular e garantindo relacdes localmente estaveis de
ATP/ADP (Bessman & Carpenter, 1985).

O sistema creatina/fosfocreatina/creatina quinase € importante para
homeostase energética por exercer fungbes de integracdo, tal como manter niveis
energéticos temporarios, transferéncia de energia e controle metabdlico (Wallimann
et al., 1992; Khuchua et al., 1998; Schlattner & Wallimann, 2000). A maioria da
energia celular é obtida através da fosforilagdo oxidativa, um processo que requer a
acdo de varios complexos enziméticos localizados na membrana interna da
mitocondria, a cadeia respiratoria mitocondrial (Rex et al., 2004; Horn & Barrientos,

2008). Sabe-se que a diminuicdo da atividade da cadeia respiratoria mitocondrial
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causa um aumento na geracao de espécies reativas de oxigénio e que os complexos
| e Ill sdo bastante sensiveis e podem ser inibidos por elas (Adam-Vizi, 2005;
Navarro & Borveris, 2007). O pré-condicionamento impede o dano mitocondrial,
preserva a integridade da membrana e protege o0 metabolismo energético
mitocondrial durante a isquemia cerebral.

O trauma nao afetou a atividade basal de todos os complexos enzimaticos,
nem da CK ap06s 6h no cortex cerebral. As atividades, entretanto, depois que 24h do
trauma induziu um aumento do Complexo | e Il e ndo mudaram a atividade das CK
no cortex cerebral. Na mesma avaliacdo, o pré-condicionamento com NMDA induziu
um aumento na atividade dos Complexos Il e IV no cortex cerebral no periodo 24h,
efeito esse que exacerbou aquele induzido pelo trauma. E importante saber que o
efeito estimulador de NMDA associado com o trauma no Complexo Il comecou em
6h apds trauma na analise atual. A estimulacdo induzida pelo trauma com ou sem
associacdo com o NMDA ocorreu em menor propor¢cdo no cerebelo. Porque, o
cerebelo ndo é a estrutura de impacto no cérebro, mas uma alteracdo de sua
funcionalidade poderia representar um dano secundario induzido por trauma. No
cerebelo, o trauma induziu um aumento das atividades no Complexo |, II, e IV, e da
CK apdés 24h, mas ndo afetou suas atividades basais apdés 6h. O pré-
condicionamento com NMDA por si induziu um aumento no Complexo I, Il acima dos
valores basais ap0s 24h, mas ndo tem nenhum efeito apds 6h. Interessante, a
atividade das CK foi aumentada nos camundongos pré-condicionados durante todo
0 periodo, mas o trauma induziu um aumento somente depois de 24h. A succinato
desidrogenase teve sua atividade aumentada apds 24 h tanto no cortex quanto no
cerebelo, isso pode estar refletindo na atividade aumentada do Complexo Il no

cortex e cerebelo. Provavelmente, os dados representam um aumento na producao
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de ATP como forma de suprir a necessidade energética das células apos o dano. No
cortex em 6h o grupo NMDA e submetido ao TCE estdo aumentados nos complexos
I e ll, ou seja, os complexos | e Il sdo as vias de entrada de elétrons para cadeia
respiratoria, possivelmente o NMDA esta envolvido com estimulacao da producéo de
ATP como forma de diminuir o dano nas células. Ja o trauma danifica as células
precisando de mais energia para que as células possam desenvolver suas funcgoes.
Estando os dois primeiros complexos ativados, mais elétrons serdo transportados
até o Complexo IV e mais ATP sera formado. Pode-se concluir que TCE afeta a
atividade das enzimas da cadeia respiratéria mitocondrial, e que este efeito reflete
uma participacdo importante nas mitocondrias na atividade celular apds o
traumatismo.

O pré-condicionamento com NMDA previne a morte celular induzida pelo
glutamato, tem efeito neuroprotetor em condi¢cdes de privacao de O,, e adapta o
metabolismo energético reforcando a neuroprotecéo, por isso foi capaz de prevenir o
aumento observado na atividade da CK no grupo TCE, e houve um aumento dos

complexos nas atividades.
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