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RESUMO

A excitotoxicidade parece desempenhar papel crucial na patogénese da doenca de
Parkinson (DP). O tegmento pedunculopontino (PPT) representa a principal fonte de
aferéncias glutamatérgicas a via nigroestriatal € a interconectividade reciproca entre
estas estruturas tem sido relacionada com o mecanismo de controle e manutencao
do sono REM (rapid eye movemet). Além disso, evidéncias sugerem que o PPT
pode estar hiperativo na DP, ou seja, os neurbnios dopaminérgicos estao,
supostamente, expostos a niveis anormalmente altos de glutamato e
consequentemente podem ser mais vulneraveis a neurodegeneracdo. Decidimos
investigar o efeito neuroprotetor do riluzol, um antagonista do receptor NMDA, em
ratos submetidos simultaneamente a lesdo da via nigroestriatal com rotenona e a
privacéo de sono REM (PSREM). Nossas descobertas mostraram que o bloqueio de
receptores glutamatérgicos do tipo NMDA na substéncia negra pars compacta
(SNpc), apdés a PSREM, protegeu os neurbnios dopaminérgicos da lesdo com
rotenona. Em relac&o a hipolocomogao gerada pela lesdo induzida por rotenona, a
administracdo de riluzol foi capaz de reverter este prejuizo nos grupos controle.
Ainda, uma correlacdo negativa significativa foi observada entre a intensidade de
fluorescéncia do FJC na SNpc e a locomog¢éo (r = 0,45; P = 0,03) para os grupos
controle, indicando que quanto maior foi a locomo¢&o menor foram 0s processos
apoptéticos dos neurdnios dopaminérgicos. Além disso, a redugdo da marcacéo
fluorescente com FJC na SNpc foi associada ao aumento do desempenho cognitivo
(r=-0,71, P =0,0001) nos grupos controle. Estes resultados indicam que a reducao
da excitotoxicidade, pela administrag@o de riluzol, parcialmente protege os neurbnios
dopaminérgicos do dano neuronal e parece ser eficaz no alivio de sintomas motores.

Palavras-chave: excitotoxicidade, neuroprotecao, riluzol, privacdo de sono REM,

rotenona intranigral, doenca de Parkinson.



ABSTRACT

Excitotoxicity has been related to play a crucial role in Parkinson’s disease (PD)
pathogenesis. Pedunculopontine tegmental nucleus (PPT) represents the major
source of glutamatergic afferences to nigrostriatal pathway and putative reciprocal
connectivity between these structures may exert a potential influence on REM sleep
control. Also, PPT could be overactive in PD, it seems that dopaminergic neurons are
under abnormally high levels of glutamate and consequently might be more
vulnerable to neurodegeneration. We decided to investigate the neuroprotective
effect of riluzole administration, a NMDA receptor antagonist, in rats submitted
simultaneously to nigrostrial rotenone and 24h of REM sleep deprivation (REMSD).
Our findings showed that blocking NMDA glutamatergic receptors in the SNpc, after
REMSD challenge, protected the dopaminergic neurons from rotenone lesion.
Concerning rotenone-induced hypolocomotion, riluzole rescued this impairment in
the control groups. We also found a significant negative correlation between FJC
fluorescence intensity, within the SNpc, and locomotion (r= - 0,45; P=0,03) for the
control groups, indicating that the higher was the locomotion the lower was the
apoptosis processes of dopaminergic neurons. In addition, decreased FJC labeling
within the SNpc was associated with increased cognitive performance (r= - 0.71;
P=0.0001) in control groups. These data indicated that reduction of excitotoxicity, by
riluzole administration, partially protects dopamine neurons from neuronal death and
appeared to be effective in relieved motor symptoms.

Keywords: excitotoxicity, neuroprotection, riluzole, REM sleep deprivation, intranigral
rotenone, Parkinson’s disease.
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1 INTRODUCAO

1.1 DOENCA DE PARKINSON

A Doenca de Parkinson (DP) é a principal doenca neurodegenerativa
relacionada a disturbios do movimento. Segundo a Parkinson’s Disease Foundation,
estima-se que aproximadamente 10 milhdes de individuos ao redor do mundo
apresentem esta doencga, sendo que a expectativa € o dobro no numero de casos
diagnosticados até 2030 (ABDULLAH et al, 2014, CUBO et al, 2015). A DP foi
inicialmente descrita em 1817 por James Parkinson no “Ensaio sobre a Paralisia
Agitante” (Essay on the Shaking Palsy), relatando alguns sinais como tremor em
repouso, lentiddo ou auséncia de movimentos voluntarios, perda de for¢ca muscular e
instabilidade postural (DAUER & PRZEDBORSKI, 2003; LESS, HARDY & REVESZ,
2009).

Fisiopatologicamente, ela ¢é marcada pela perda de neurdnios
dopaminérgicos (Fig. 1) da substancia negra pars compacta (SNpc), sendo que a
grande vulnerabilidade desta populacdo de neurbnios se deve, em parte, pela sua
alta sensibilidade ao estresse oxidativo (DOBLE, 1999), como resultado, ocorrendo

reducéo das projegcdes dopaminérgicas provenientes da SNpc para o estriado dorsal
(LIMA et al, 2012a; BADIN et al, 2015).

A. Normal | B. Parkinson’s
Disease

Caudate

Putamen

= Nigrostriatal ——
\ pathway

Figura. 1. (A) Representacédo esquematica da via nigroestriatal em situacdo normal, composta por
neurbnios dopaminérgicos cujos corpos celulares estdo localizados na SNpc e seus respectivos
axbnios que se projetam para os demais nlcleos da base fazendo sinapses com o estriado (i.e.,
putamen e nucleo caudado). (B) Representacdo esquematica da via nigroestriatal na DP, ha perda
acentuada da populacdo de neurbnios dopaminérgicos na SNpc, resultando em redug¢do das
projecdes dopaminérgicas para o estriado. (Retirado de Dauer & Przedborski, 2003).
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Além da SNpc outras populacbes neuronais sdo afetadas, tais como:
neurdnios aminérgicos do tronco encefalico (catecolaminérgicos e serotoninérgicos),
neurdnios colinérgicos do nucleo basal de Meynert, neurdnios hipotalamicos,
neurdnios corticais (particularmente do giro cingulado e do cortex entorrinal),
neurdnios do bulbo olfatério, neurbnios dos ganglios simpaticos e neurbnios
parassimpaticos (LANG & LOZANO, 1998). Um dos principais achados post-mortem
€ a presenca de inclusbes citoplasmaticas de carater eosinofilico denominadas
corpusculos de Lewy (Fig. 2), cuja composi¢do inclui agregados de diversas
proteinas incluindo a a-sinucleina e a ubiquitina, resultando, a nivel intracelular, em
disfuncdo mitocondrial, estresse oxidativo, desregulacdo do citoesqueleto e
neuroinflamacgéo (LANG & LOZANO, 1998; JELLINGER, 2012).

: ! Lewy
P A D T
Synuclein L tin . ®

Figura. 2. Imunohistoquimica para inclusées citoplasmaticas de sinucleina e ubiquitina, denominadas
corpusculos de Lewy (Lewy Body — setas pretas), em um neurdnio dopaminérgico da SNpc. (Retirado
de Dauer & Przedborski, 2003).

A degeneragao dos neurdnios dopaminérgicos leva a um desequilibrio entre
as vias estriato-palidal e palido-talamico, as quais s&o responsaveis pelas
manifestagcdes motoras classicas da doenca: bradicinesia, tremor, instabilidade
postural e rigidez (CAUDLE & ZANG, 2009; KAKKAR & DAHIYA, 2015), que se
iniciam quando ocorre a perda de aproximadamente 60 a 80 % do conteudo
dopaminérgico presente na SNpc (LANG & LOZANO, 1998, NOLDEN,
TARTAVOULLE & PORCHE, 2014). Entretanto, sinais e sintomas n&o-motores
(incluindo disturbios olfatorios, de sono, ansiedade, depresséo, déficits cognitivos e
alteracdes gastrointestinais) também estdo presentes na DP e antecedem as
disfungdes motoras em muitos anos (CAUDLE & ZANG, 2009; LIMA et al, 2012a),
apresentando entdo, grande relevancia no estudo e entendimento da doenca, uma

vez que podem possibilitar o seu diagnostico precoce.
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1.1.1 Disturbios ndo motores da doenca de Parkinson

Os sinais e sintomas n&o motores da DP correspondem pecas chave para o
entendimento, diagnostico e tratamento da doencga, visto que, apresentam impacto
tdo grande na qualidade de vida quanto os sintomas motores (MUZERENGI,
CONTRAFATTO & CHAUDHURI, 2007). Nesse sentido destacam-se a depressao,
déficits cognitivos, disturbios olfatérios e de sono (LIMA et al., 2012a). Estudos
apontam que 62% dos sintomas ndo motores podem nao ser relatados aos
profissionais da saude, isto porque os portadores da doenca sentem-se
envergonhados ou nao tem conhecimento da relagdo entre estes e a DP
(CHAUDHURI & SCHAPIRA, 2009; CHAUDHURI et al., 2010).

Os disturbios n&o motores antecedem as alteragbes motoras em anos ou até
décadas, e isto se deve a caracteristica topografia de progressdo da doenca, como
proposto por Braak e colaboradores. Estes autores descreveram 6 estagios de
evolugcado da doenca (Fig. 3), onde nos estagios 1 e 2 ocorre 0 comprometimento da
medula oblonga, tegmento pedunculopontino (PPT) e estruturas do bulbo olfatério, 3
e 4 mesencéfalo, prosencéfalo basal e mesocortex e nos estagios 5 e 6 neocértex,
incluindo cortex pré-frontal, areas pré-motoras e areas sensoriais (BRAAK et al,
2003).

Braak stages 1 and 2 Braak stages 3 and 4 Braak stages 5 and 6

Autonomic and olfactary Sleep and motor Emotional and cognitive
disturbances disturbances disturbances

Premotor
symptoms,

symptoms )
@ Brainstem Lewy body

Via vagus 5
nerve (®) Cortical Lewy body

Figura. 3. Representacdo esquematica dos estagios da DP proposto por Braak e colaboradores.
Verifica-se uma caracteristica topografica de progresséo das inclusdes citoplasmaticas (corpusculos
de Lewy) em diferentes nucleos encefalicos. A degeneracédo relacionada com a presenca da a-
sinucleina é possivelmente iniciada na periferia através do epitélio olfatério ou do estdmago, talvez
envolvendo fatores xenobidticos. (Retirado de Doty, 2012).
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1.1.2 Disturbios de sono na doenca de Parkinson

Disturbios de sono e a sonoléncia diurna excessiva sao alteracbes
conhecidas da DP, e foram relatadas na descrigéo original de James Parkinson “...0
sono torna-se muito perturbado” (LIMA ef al, 2012a; Lima, 2013; TODOROVA,
JENNER & CHAUDHURI, 2014). Estes disturbios s&o um dos problemas mais
frequentes vivenciados por portadores de DP, afetando entre 60 e 95 % dos
pacientes (BJONARA, DIETRICHS & TOFT, 2014) sendo caracterizados como
insénia, disturbio comportamental do sono de movimentos oculares rapidos (REM,
do inglés rapid eye movement) (RBD, do inglés REM sleep behavior disorder),
movimento periddico dos membros (PLM, do inglés periodic limbic moviments) e

sonoléncia diurna excessiva (LIMA, 2013).

O RBD, por exemplo, é uma parassonia presente em 25 — 50 % dos
pacientes, caracterizado pela perda da atonia que caracteristicamente acompanha o
sono REM, como consequéncia, os pacientes podem falar, gesticular, socar ou
chutar em associagdo com o conteudo do sonho (POSTUMA ef al, 2009; LIMA,
2013). Além disso, esse disturbio esta associado a outras a-sinucleinopatias como a
deméncia associada a corpusculos de Lewy (LBD, do inglés Lewy body dementia) e
a atrofia sistémica multipla (MSA, do inglés multiple system atrophy). Estima-se que,
mais de 50 % dos individuos com o RBD idiopatico eventualmente desenvolvam
uma destas doencas (POSTUMA ef al, 2009; POSTUMA & MONTPLAISIR, 2010;
POSTUMA, GANGNON & MONTPLAISIR, 2013), com uma laténcia média, entre o
inicio do RBD e o diagnéstico da doenga neurodegenerativa, de aproximadamente
13 anos (CHEN et al, 2014).

Ha ainda especulagdes sobre a associagdo do RBD com o aumento de outros
sintomas nao motores em portadores da DP, tais como a depressao e outras
alteracbes de sono. Sugerindo o RBD como um biomarcador para um subgrupo de
pacientes com maior prevaléncia de sintomas nédo motores (NEIKRUG et al., 2014),
além de refletir um avango no processo neurodegenerativo (CHAHINE, AMARA &
VIDENOVIC, 2016).
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1.1.3 Papel da dopamina na regulacéo do sono

A dopamina (DA) foi classicamente descrita como um neurotransmissor
envolvido com o estado de vigilia, visto que, drogas que aumentam as
concentragfes sinapticas dela (anfetaminas e modafinil) s&o capazes de promover a
vigilia (SCAMMEL, ARRIGONI & LIPTON, 2017). Entretanto, avan¢os no estudo do
sistema dopaminérgico possibilitam uma nova visdo sobre este neurotransmissor,
evidenciando uma forte associagcdo entre a DA e 0 sono, em particular o sono REM
(LIMA, REKSIDLER & VITAL, 2008).

Um dos primeiros estudos envolvendo este tema foi conduzido por Tufik e
colaboradores em 1978, onde demonstrou que a privagdo de sono REM (PSREM)
foi capaz de produzir uma supersensibilidade dos receptores dopaminérgicos
(TUFIK et al., 1978) . Mais tarde, outros trabalhos legitimaram o envolvimento entre
o sistema dopaminérgico e o sono (TUFIK, 1981a; TUFIK, 1981b; LIMA et al., 2007,
LIMA et al, 2008; TUFIK et al, 2009).

Regides encefalicas ricas em neurdnios dopaminérgicos, tais como a SNpc e
area tegmental ventral (VTA, do inglés ventral tegmental area) estdo altamente
conectadas com estruturas relacionadas ao controle do sono, enviando e recebendo
projecdes de nucleos como: nudcleo dorsal da rafe (RDN), tegmento
pedunculopontino (PPT), tegmento laterodorsal (LDT), locus coeruleus (LC),
hipotalamo, talamo e tronco encefalico (MONTI & MONTI, 2007).

Observa-se que os nucleos da base estdo altamente interconectados com o
PPT, aparentemente mais do que com qualquer outra regido encefalica (Fig. 4),
havendo grande similaridade no padréo das projecdes neuronais destas estruturas,
incluindo cortex, talamo, amigdala e tronco encefalico (MENA-SEGOVIA, BOLAM &
MAGILL 2004). Ainda, o PPT parece influenciar a atividade da DA estriatal via
receptores colinérgicos e glutamatérgicos localizados em neurdnios da SNpc
(FORSTER & BLAHA, 2003).
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Figura. 4. Interconexdes entre os nlcleos da base e o PPN (i.e. o PPT). Da esquerda para a direita:
() PPN envia projecdes para o talamo que se projetam para o estriado; (ii) conexdes reciprocas entre
o PPN e os nlcleos da base [substancia negar pars reticulata (SNr) e globo palido interno (GPi)], este
ultimo nucleo fornece projecdes inibitérias ao PPN; (iii) proje¢cdes do PPN para neurbnios
dopaminérgicos da SNc (i.e. SNpc); (iv) conexdes excitatérias reciprocas entre o PNN e o nlcleo
subtalamico (STN). (Retirado de Mena-Segovia, Bolam & Magill 2004).

Visando observar a influéncia do sistema dopaminérgico sobre a regulagdo do
sono, alguns estudos utilizaram a estratégia de lesionar a populagdo de neurdnios
dopaminérgicos da SNpc. Lima e colaboradores demonstraram que essa les&o em
ratos, produzida pela administracdo da neurotoxina 1-metil-4-fenil-1,2,3,6-
tetraidropiridina (MPTP), gerou a reducdo de 50% da populacdo neuronal
dopaminérgica, sendo capaz de produzir modificacdes do padrado vigilia-sono dos
animais, resultando em significativa redugéo de sono REM (LIMA et a/, 2007). De
modo semelhante, a administragdo de MPTP em primatas produziu drastica
alteracédo na arquitetura do sono destes animais, com efeitos que persistiram por
anos apds a administragdo da neurotoxina (BARRAUD et al, 2009). Além disso, a
PSREM em ratos foi capaz de modular a expresséo da enzima tirosina hidroxilase
(TH), que é passo limitante para a producéo de DA, na via nigroestriatal. Reforcando
a associagao entre DA e o sono REM (LIMA et al, 2012b).

A partir destas evidéncias, o modelo proposto por Lima (2013) ilustra a
interacdo entre PPT e SNpc, para explicar a participacdo da DA na regulagéo do
sono REM, onde o PPT envia proje¢des colinérgicas e glutamatérgicas para a SNpc,
ativando a via nigroestriatal, e induzindo a liberacdo de DA nos neurbnios da
formacdo reticular, que através de suas projecdes glutamatérgicas ativariam

(fisiologicamente) o eixo talamo/cortical, produzindo entdo, o padrao
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dessincronizado de atividade cortical observado durante a ocorréncia do sono REM.
Paralelamente, também ocorre liberagdo de DA proveniente da ATV, em resposta ao

estimulo glutamatérgico originado do LDT (Fig. 5).
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GPe |
Striatum“
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Figura. 5. Modelo de interacdo entre PPT e SNpc para regulacdo do sono REM. Cerebral cortex,
cortex cerebral; GPe, globo palido externo; GPi, globo palido interno; LDT, tegmento latero-dorsal;
PPT, tegmento pedunculo-pontino; Reticular formation, formacéo reticular; SNpc, substancia negra
pars compacta; SNr, substancia negra pars reticulata; STN, nicleo subtalamico; Striafum, estriado;
thalamus, talamo; VTA, area tegmental ventral. (Retirado de Lima 2013).

Mais precisamente, a relac&o entre DA e sono REM é mediada pela ativagao
neuronal (acessada pela imunomarcacao da proteina c-Fos) da SNpc, tendo como
componente chave os receptores dopaminérgicos do tipo D2 (PROENCA et al,
2014), visto que, o bloqueio farmacolégico destes receptores, produzido pela
administracdo intraperitoneal do antagonista haloperidol, foi capaz de reduzir a
porcentagem de sono REM durante o periodo rebote, apés PSREM de 96 horas
(LIMA et al, 2008).

Tal importancia da interacdo entre o sistema dopaminérgico e o sono foi
reforcada pelo trabalho de Targa e colaboradores, onde os animais que sofreram
uma leséo seletiva do PPT, pela infus&o de acido iboténico, apresentaram bloqueio
da manifestacdo compensatoria de sono REM, apds um periodo de 24 h de PSREM,
efeito este que foi prevenido pela administracdo estriatal de um agonista D2 (TARGA
et al, 2016).

Ainda, a administragdo intraperitoneal do agonista piribedil, foi capaz de

melhorar o desempenho cognitivo dos animais em um teste de meméoria declarativa,
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conduzido ap6s um periodo de PSREM (PROENCA et al, 2014), o que torna esta
modulac&o de receptores uma potencial estratégia para o tratamento de alteracdes

cognitivas e de sono observadas em pacientes com DP (TAN & WAN, 2016).

1.1.4 Sono e memoria na doenga de Parkinson

Prejuizos cognitivos sdo bem estabelecidos na DP, estando associados com
limitacbes na realizacdo de atividades cotidianas, bem como na reducdo da
qualidade de vida (FOSTER, MCDANIEL & RENDELL, 2017). Estima-se que a
prevaléncia destes prejuizos, em pacientes recém diagnosticados, aproxime-se de
55% sendo que os principais dominios afetados incluem os das fun¢bes executivas
como: o planejamento e flexibilidade cognitiva, velocidade de processamento,
fluéncia verbal e processamento viso - espacial (ZWEIG, DISBROW & JAVALKAR,
2016).

Os processos de retengdo e consolidagdo de memorias declarativas,
observados, por exemplo, no teste de reconhecimento de objetos, sofrem grande
impacto com o concomitante bloqueio de receptores D2 e a PRSEM (PROENCA et
al, 2014). Por outro lado, a ativagdo destes mesmos receptores neutraliza os efeitos
causados pela PSREM (PROENCA et al, 2014). Dada a correlagéo entre disturbios
de sono e prejuizos cognitivos, é possivel considerar que alteracbes de sono
observadas em pacientes com DP, tal como o RBD, possa ser considerada como um
marcador precoce para os processos de deméncia (ERRO et al, 2012).Portanto,
sugere-se que a deterioracdo na qualidade de sono possa também estar relacionada

de forma a retroalimentar os prejuizos cognitivos vividos por estes pacientes.

1.2 EXCITOTOXICIDADE

O termo excitotoxicidade foi inicialmente descrito para definir a morte
neuronal causada por altas concentragcdes de glutamato ou compostos com acéo
agonista sobre receptores glutamatérgicos (OLNEY, 1969; OLNEY, 1989). O
aminoacido glutamato € o principal neurotransmissor excitatorio presente no sistema

nervoso central de mamiferos, portanto, alteracbes na homeostase desse
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neurotransmissor podem resultar em repercussdes significantes sobre neurénios,
através da geracdo de cascatas excitotoxicas (CLAUDE & ZHANG, 2009). Suas
acbes ocorrem por meio da interacdo com seus receptores, ionotropicos e
metabotropicos (DOUBLE, 1999). Dentro da classe dos receptores ionotrépicos
temos o acido a-amino-3-hydroxy-5-methyl-4isoxazolepropionic (AMPA), receptor
kainato e o N-methyl-D-aspartato (NMDA). Ja os receptores metabotrdpicos,
acoplados a proteinas G, sdo divididos em grupos, sendo grupo 1. mGIuR1 e
MGIuR5; grupo 2: mGIuR2 € mGIuRS3; grupo 3: mGIluR4, mGIuR5, mGIuR6, mGIuR7
e mGIuR8 (FAROOQUI, ONG & HORROCKS, 2008; CARRILLO-MORA, SILVA-
ADAYA & SENOR-AGUAYO, 2013; ATOJI, 2015).

Nos primeiros estudos publicados envolvendo glutamato e excitotoxicidade,
observou-se que, a aplicacdo direta deste em neurbnios da retina e a injecédo
subcutdnea de glutamato monossodico em camundongos neonatos, produziram
lesbes retinianas e induziram necrose neuronal aguda em diversas regides
encefalicas em desenvolvimento, respectivamente (LUCAS & NEWHOUSE, 1957;
OLNEY, 1969).

A excessiva liberacdo de glutamato resulta na estimulacdo de seus
receptores (principalmente AMPA e NMDA), permitindo grande influxo de ions Na* e
Ca**, sendo que o excessivo influxo de Ca* pode resultar na mobilizacdo dos
estoques intracelulares de Ca®* como do reticulo sarcoplasmatico e da mitocondria
(ARUNDINE & TYMIANSKI, 2003). Esse acimulo de Ca®* pode desencadear a
ativacdo de diversas cascatas intracelulares que culminam com a morte neuronal
(Fig. 6), dentre elas a geracdo de radicais livres, ativacdo de proteinas kinases e
diversas enzimas, incluindo as envolvidas na geracdo e metabolizacdo do acido
araquiddnico, alteracdo dos gradientes ibnicos transmembrana e disfungao
mitocondrial, com limitagdo na producéo de ATP (FAROOQUI, ONG & HORROCKS,
2008; RUEDA et al, 2016).
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Figura 6. O glutamato se liga a receptores ionotrépicos (NMDA, AMPA e Kainato) permitindo o influxo
de Ca’. O receptor NMDA esta ligado a proteina PSD-95 que medeia a ativagéo da éxido nitrico
sintase (NOS) levando a producdo de Oxido nitrico e espécies reativas ao oxigénio (ROS),
culminando em altera¢des no funcionamento mitocondrial e neurotoxicidade. (Retirado de Henchcliffe
& Beal, 2008).

O dano mitocondrial sem duvida desempenha um papel crucial na morte
neuronal, pois, 0 acimulo de Ca** no interior dessa organela resulta em abertura de
poros MPT (do inglés mitochondrial membrane potential) e perda do potencial de
membrana mitocondrial, resultando em reducdo da sintese de ATP, e ainda,
ocorrendo a liberacéo de fatores pré-apoptdticos como o citocromo-c para o citosol
(TIROSH et al., 2000).

1.2.1 Excitotoxicidade na doencga de Parkinson

Ha evidéncias de que a excitotoxicidade € um dos mais importantes
mecanismos relacionados a doengas neurodegenerativas como relatado no
intrigante caso ocorrido em uma populacédo Chamorro de Guam e outra de South
Sea Islands que apresentaram um aumento na incidéncia dos casos esclerose
lateral amiotréfica (ELA), Parkinsonismo e deméncia. A auséncia de fatores
transmissiveis destas doengcas chamou a atencdo para a realizacdo de pesquisas
envolvendo possiveis fatores ambientais, sendo que nesses casos identificou-se o
salgueiro Cycas circinalis como o agente causador. Essa planta apresenta um
numero expressivo de substancias (em suas sementes) com grande potencial
neurotoxico, incluindo o B-N-methylamino-L-alanine (BMAA) (OLNEY, 1986;
ZORUMSKI & OLNEY, 1993). Estudos com esta toxina demostraram que o dano
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neuronal resulta da ativacdo de receptores NMDA, com consequente aumento na
geracdo de espécies reativas ao oxigénio (ROS) e influxo de Ca?*, seguidas de
prejuizo na atividade mitocondrial e morte neuronal, indicando que o principal modo
de atividade é via mecanismos excitotoxicos (COPANI et al., 1990; CHIU et al,
2011).

Ainda, evidéncias da literatura sugerem o envolvimento desses mecanismos
excitotdéxicos na DP, apontando o estresse oxidativo e as alteracbes na homeostase
mitocondrial como fatores contribuintes complementares (MEREDITH, HALLIDAY &
TOTTERDELL, 2004; VAN LAAR et al, 2015). Analises pos mortem de encéfalos
humanos indicam que a produgdo de ROS e a reducgé&o na atividade do complexo 1
da cadeia respiratéria mitocondrial sdo importantes mecanismos presentes na DP
esporadica (DAWSON & DAWSON, 2002). Além disso, observa-se um aumento nos
niveis extracelulares de glutamato na SNpc de ratos tratados cronicamente com
MPTP, sugerindo uma superestimulacdo da via de sinalizacdo glutamatérgica,
configurando-se como um importante mecanismo de morte de neurdnios
dopaminérgicos (MEREDITH et a/, 2009).

O modelo de excitotoxicidade frequentemente relacionado a DP provém do
desequilibrio do circuito cértico-basal, sendo que fisiologicamente este sistema
funciona da seguinte maneira: na via direta o estriado envia projecdes inibitérias
(GABAérgicas) para globo palido interno (GPi) e substancia negra pars reticulada
(SNr), GPi por sua vez envia projegdes inibitorias (GABAérgicas) para nucleos
talamicos anterior ventral (VA) e ventro-lateral (VL), que por sua vez emitem
conexdes excitatorias para os cortices pré-frontal, pré-motor e motor suplementar.
Neurbénios do estriado apresentam pouca atividade basal, em contraste aos
neurénios do GPi que apresentam alto nivel de atividade, durante os movimentos o
estriado € ativado, e suas projecdes inibitorias para o GPi reduzem seu nivel de
atividade, favorecendo a desinibigdo dos nucleos VA e VL no talamo, facilitando o
movimento. Ja na via indireta, o estriado envia proje¢des inibitérias (GABAérgicas)
para o globo palido externo (GPe), o qual basalmente inibe o nucleo subtaléamico
(NST), assim a inibicdo do GPe resulta em desinibicdo do NST, que por sua vez
aumenta a liberacdo de glutamato no GPi e SNpc, resultando em inibicdo dos
nucleos VA e VL do talamo por influencia do GPi (Fig. 7) (LANGE, KORNHUBER &
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RIEDERER, 1997, KOEPPEN & STANTON, 2009; KEELER, PRETSELL &
ROBBINS, 2014).

Na DP, a perda progressiva de neurbnios dopaminérgicos produz uma
reducdo de suas projecdes para o estriado, resultando em reducdo da estimulacéo
de receptores D1 (excitatérios) da via direta, combinado a uma perda da inibicdo da
via indireta mediada por receptores D2 (inibitérios) produzindo desinibicdo do NST
causando, secundariamente, um aumento na liberacdo de glutamato para areas
como GPi e SNpc, esta ultima, rica em receptores NMDA, AMPA e mGIuR1/2/3 (Fig.
7) (CAUDLE & ZANG, 2009; CARRILLO-MORA, SILVA-ADAYA & SENOR-
AGUAYO, 2013).

NORMAL MOTOR CIRCUIT MOTOR CIRCUIT IN PD
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Figura 7. Representacédo das vias direta e indireta do sistema cértico-basal em circuito motor normal
e na DP. a) circuito motor normal, o putamen (aqui representando estriado) recebe projecdes
excitatérias do coértex, e inibe GPi e SNr, GPi por sua vez, deixa de inibir ncleos talamicos (VA e VL),
ativando a via cortical. Dopamina modula a atividade estriatal, principalmente por inibir a via indireta e
facilitar a via direta. b) na DP ocorre aumento de atividade da via indireta, onde GPe ¢ inibido pelo
estriado, deixando de inibir o STN, que através de acdo glutamatérgica produz excitacdo do GPi/SNr,
os quais inibem a atividade talamocortical. SNc, substancia negra pars compacta; GPe, globo palido
externo; STN, nacleo subtalamico; GPi, globo palido interno; SNr substancia negra pars reticulada;
PPN, nucleo pedunculo pontino; VL, area talamica ventro lateral. (Retirado de Obeso ef al., 2002).

Evidéncias do papel neurodegenerativo que o NST exerce sobre a
populacdo de neurdnios dopaminérgicos sdo provenientes de modelos animais,
sendo que a reducao do influxo glutamatérgico proveniente do NST tém mostrado
um efeito neuroprotetor sobre neurbénios dopaminérgicos expostos a diversas

neurotoxinas (LUQUIN et al, 2006). Manipulagbes realizadas no NST, tais como:
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lesbes com acido iboténico ou kainato, estimulacdo de alta frequéncia e
manipulagéo genética, a fim de sintetizar e liberar acido gama-aminobutirico (GABA)
ao invés de glutamato, foram capazes de proteger a populagdo de neurénios
dopaminérgicos da SNpc ao posterior insulto ocasionado pela neurotoxina 6-
hidroxidopamina (6-OHDA), resultando em reducg&o do processo neurodegenerativo
(CHEN et al., 2000; CARVALHO & NIKKHAH, 2001; LUO et al., 2002; MAESAWA et
al., 2004).

Entretanto, outras estruturas fornecem proje¢cdes glutamatérgicas a SNpc,
tais como o PPT (FORSTER & BLAHA 2003), sendo este nucleo, uma das maiores
origens das projecdes glutamatérgicas para os neurdnios nigroestriatais, portanto,
exercendo grande influéncia excitatoria sobre estes (LAVOIE & PARENT, 1994;
LUQUIN et al, 2006). Tal interconectividade foi demonstrada por Kojima e
colaboradores, onde lesGes no PPT em primatas resultaram em comportamentos de
hemiparkinsonismo (postura flexionada e hipocinesia), que possivelmente foram
gerados pela reducdo da atividade dos neurbnios nigroestriatais em resposta a
reducao das projecdes excitatorias provenientes do PPT (KOJIMA et al., 1997).

Desta maneira, ha a possibilidade de que o PPT, analogamente ao NST,
possa vir a desempenhar um papel de favorecer a ocorréncia de mecanismos
excitotoxicos sobre os neurdnios dopaminérgicos da SNpc (CHARARA, SMITH &
PARENT, 1996). Portanto, sugere-se a participacédo do PPT na fisiopatologia da DP,
visto que, ha evidéncias do aumento da atividade glutamatérgica e colinérgica deste
nucleo em modelo animal induzido pela administracédo de 6-OHDA na SNpc (BREIT
et al, 2001).

N&o obstante, PPT e SNpc interagem reciprocamente a fim de iniciar e
manter os eventos de sono REM (LIMA, 2013). Todavia, na DP, o PPT poderia
desempenhar um papel favoravel ao desencadeamento de um processo
neurodegenerativo sobre a populacédo de neurbnios dopaminérgicos da SNpc,
através de suas projecdes glutamatérgicas, contribuindo para a ocorréncia de
disturbios de sono, tal como o RBD (LIMA, 2013). Uma vez que a DA esteja reduzida
pela degeneracdo de neurdnios dopaminérgicos, o PPT poderia gerar uma
hiperatividade compensatoria, resultando em um aumento da neurotransmissao
glutamatérgica em suas projecbes para a SNpc, expondo 0s neurdnios

dopaminérgicos a potenciais eventos excitotoxicos.
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Algumas evidéncias apontam que, a PSREM pode, potencialmente,
contribuir para o dano neuronal através do aumento do estresse oxidativo e inducéo
de mecanismos apoptéticos (BISWAS, MISHRA & MALLICK, 2006; KHADRAWY,
NOUR & EZZ, 2011), além de expor 0s neurbnios a, possiveis, eventos
excitotdxicos, ja que ocorre aumento nos niveis de glutamato em diversas regides
encefdlicas (MOHAMMED et al,, 2011; KREUTZMANN et al, 2015). Ainda, a
privacdo cronica de sono REM é capaz de alterar a sinalizacdo de Ca®* em células
hipocampais de ratos idosos, via estimulagdo glutamatérgica, deixando-os
vulneraveis e podendo culminar em morte celular (SOUZA et al., 2012).

Por outro lado, a privacdo de sono também pode ser capaz de produzir um
efeito, aparentemente neuroprotetor, como observado no estudo realizado por
Novati e colaboradores, onde os animais que foram privados cronicamente de sono
total apresentaram menor sensibilidade a uma les&o excitotdxica produzida pela
administracdo de NMDA no nucleo magnocelular, em comparacdo aos seus
controles (NOVATI et al., 2012). Resultado semelhante foi observado pelo estudo
que demonstrou que a privacdo de sono total foi capaz de reduzir o dano
morfolégico causado por trauma mecéanico prévio no cortex motor de ratos, além de
produzir significativa melhora no periodo de recuperacdo (MARTINEZ-VARGAS et
al., 2012). Entretanto, o papel que a privagdo de sono, seja ela total ou parcial,

exerce sobre a viabilidade neuronal ainda necessita de melhor compreenséao.
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2 JUSTIFICATIVA

O glutamato € o principal e mais abundante aminoacido excitatorio presente
no sistema nervoso central de mamiferos, sendo assim, disfun¢cbes do sistema
glutamatérgico tém sido relacionadas com diversas patologias, incluindo doencas
neurodegenerativas. Entretanto, o papel que a excitotoxicidade desempenha na
etiologia e progresséo destas doencas ainda necessita de melhor compreens&o. Em
relagdo a DP, a excitotoxicidade é frequentemente relacionada a um desequilibrio
entre o sistema cértico-basal, promovendo aumento da atividade das projecdes
glutamatérgicas do NST. Todavia, considerando a interacéo reciproca entre o PPT e
a SNpc, durante o inicio e manutengdo do sono REM, é possivel que em um
contexto de DP, a superestimulagdo da via glutamatérgica proveniente do PPT em
direcdo a SNpc, possa potencialmente, expor a populacdo de neurdnios
dopaminérgicos a cascatas excitotdxicas e vir a contribuir para 0 processo
neurodegenerativo. Desta maneira, o estudo do envolvimento desta via com eventos
excitotéxicos pode revelar novas perspectivas para o tratamento e consequente

melhora na qualidade de vida destes pacientes.
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3 OBJETIVO

3.1 OBJETIVO GERAL

Analisar a ocorréncia de um possivel efeito neuroprotetor através do
bloqueio dos receptores do tipo NMDA, presentes na SNpc, em animais submetidos
simultaneamente a les&o da via nigroestriatal e PSREM.

3.1.1 Objetivos Especificos

— Analisar os efeitos motores produzidos pelo bloqueio de receptores do tipo
NMDA (através do tratamento com riluzol) na SNpc através do teste do
campo aberto em modelo animal de Parkinsonismo induzido por rotenona, em
um contexto de PSREM,;

— Analisar os efeitos cognitivos produzidos pelo bloqueio de receptores do tipo
NMDA (através do tratamento com riluzol) na SNpc através do teste de
reconhecimento de objetos em modelo animal de Parkinsonismo induzido por
rotenona, em um contexto de PSREM:;

— Investigar os eventos excitotoxicos decorrentes da PSREM, por meio de
fluorescéncia para células apoptdticas na SNpc em modelo animal de
Parkinsonismo induzido por rotenona;

— Detectar eventos excitotdéxicos decorrentes da PSREM, por meio de
fluorescéncia para células apoptéticas na SNpc, produzidos pelo bloqueio de
receptores do tipo NMDA (através do tratamento com riluzol) na SNpc em
modelo animal de Parkinsonismo induzido por rotenona;

— Estabelecer possiveis correlacbes entre os parametros de sinalizacdo de
ocorréncia de apoptose na SNpc com os desempenhos motor e cognitivo,

advindos do tratamento com riluzol, em um contexto de PSREM;
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ABSTRACT

Excitotoxicity has been related to play a crucial role in Parkinson’s disease (PD)
pathogenesis. Pedunculopontine tegmental nucleus (PPT) represents one of the
major source of glutamatergic afferences to nigrostriatal pathway and putative
reciprocal connectivity between these structures may exert a potential influence on
REM sleep control. Also, PPT could be overactive in PD, it seems that dopaminergic
neurons are under abnormally high levels of glutamate and consequently might be
more vulnerable to neurodegeneration. We decided to investigate the
neuroprotective effect of riluzole administration, a NMDA receptor antagonist, in rats
submitted simultaneously to nigrostrial rotenone and 24h of REM sleep deprivation
(REMSD). Our findings showed that blocking NMDA glutamatergic receptors in the
SNpc, after REMSD challenge, protected the dopaminergic neurons from rotenone
lesion. Concerning rotenone-induced hypolocomotion, riluzole rescued this
impairment in the control groups. We also found a significant negative correlation
between FJC fluorescence intensity, within the SNpc, and locomotion (r= - 0,45;
P=0,03) for the control groups, indicating that the higher was the locomotion the
lower was the apoptosis processes of dopaminergic neurons. In addition, decreased
FJC labeling within the SNpc was associated with increased cognitive performance
(r= - 0.71; P=0.0001) in control groups. These data indicated that reduction of
excitotoxicity, by riluzole administration, partially protects dopamine neurons from
neuronal death and appeared to be effective in relieved motor symptoms.

Keywords: excitotoxicity, neuroprotection, riluzole, REM sleep deprivation, intranigral
rotenone, Parkinson’s disease.
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INTRODUCTION

Parkinson’'s disease (PD) is the second most common progressive
neurodegenerative disorder, especially prominent in aging societies (Verhave et al.,
2012; Lima, 2013). PD is characterized by progressive dopaminergic neuronal loss
within the substantia nigra pars compacta (SNpc) that tends to be more broadly in
the ventrolateral layer followed by medial ventral and dorsal layers (Lang & Lozano,
1998; Luquin et al., 2006). PD pathogenesis is a complex and multifactorial process,
both genetic features and environmental stressors converge and compromising
neuronal activity (Amobrosi, Cerri & Blandini, 2014).

The precise intrinsic mechanism of the dopaminergic neuronal death remains
unknown, however, several lines of evidence highlighted the importance of enhanced
glutamatergic neurotransmission in basal ganglia and related structures in the PD
development (Luquin et al., 2006). In PD, some glutamatergic systems are somewhat
hyperactive, such as corticostriatal and subthalamo-nigral pathways, potentially
contributing to dopaminergic neuronal death, through the excitotoxicity process
(Olney, 1969; Olney, 1989; Carbone, Duty & Rattray, 2012).

In this sense, pedunculopontine tegmental nucleus (PPT) is one of the major
source of glutamatergic afferences to nigrostriatal pathway (Lavoie & Parent, 1994).
Remarkably, the basal ganglia, including SNpc, and PPT share numerous similarities
in projections to cortex, thalamus amygdala and brainstem (Mena-Segovia et al,
2004). Accordingly, there is a hypothesis that PPT could play an excitotoxic role in
dopaminergic neurons, suggesting some level of participation in PD pathogenesis,
since PPT demonstrated to be highly active in the 6-OHDA animal model (Charara,
Smith & Parent, 1996; Breit et a/, 2001).

Furthermore, mutual interactions between PPT and SNpc are associated with
REM sleep generation. Thus, nigral degeneration has been related with significant
disruption in REM sleep in both animal models (LIMA et al.,, 2007; BARRAUD et al.,
2009; TARGA et al., 2016) and PD (ZHANG et al.,, 2016, PIERANTOZZI, et al.,
2016). In this context, PPT could play a role in neurodegenerative process, triggering
excitotoxicity within the SNpc, contributing to the occurrence of sleep disorders
(Lima, 2013).
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Therefore, it is considered that reduced nigrostriatal activity would inflict in a
compensatory PPT firing, resulting in increased glutamatergic neurotransmission to
SNpc, with potential excitotoxic mechanisms. Based on these observations, we
promoted nigrostriatal lesions with the neurotoxin rotenone (REF), associated with
REM sleep deprivation (REMSD) and/or riluzole administration, a NMDA receptor
antagonist with clinical neuroprotective applications, p.e., in amyotrophic lateral
sclerosis (ALS) (Jaiswal, 2017). Our hypothesis is also based on a 24 h REMSD-
induced down-regulation of tyrosine hydroxylase (TH) expression, within the
nigrostriatal pathway (Tufik ef al., 1981; Nunes, Tufik & Nobrega, 1994; Lima et al.,
2012), possibly promoting an increased PPT activity, negatively impacting SNpc

neurons through excessive glutamatergic signaling.

Material and Methods

Animals and house conditions

All of the experiments performed in this study were approved by the ethics
committee of Federal University of Parana (approval ID#918) and conducted
according to the guidelines of ethics and experimental care and use of laboratory
animals (SBCAL). Male Wistar rats weighing 280-230 g at the beginning of the
experiment were used. The animals were randomly housed in groups of 5 in
polypropylene cages and maintained in a temperature controlled room (22 °C + 2°C)
with a 12h light-dark cycle (lights on at 7:00 am). Bottles of water and pellets of food

were available throughout the entire experiment.

Experimental design

One week before the experiments begin, the animals were maintained in the
room described above for habituation. Before the stereotaxic surgeries the animals
were distributed randomly in two groups: Sham (n=48) and Rotenone (n=48).
Afterwards, the animals were redistributed in eight groups (n=12/group). sham

control vehicle, sham control riluzole, rotenone control vehicle, rotenone control
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riluzole, sham REMSD vehicle, sham REMSD riluzole, rotenone REMSD vehicle and
rotenone REMSD riluzole. As indicated in Fig. 1, on the day 0O, the animals
underwent stereotaxic surgery and bilateral guide cannulas were implanted within the
SNpc. On day 7 the animals received a bilateral intranigral infusion of 1l of rotenone
(12 pg/ul) or equal volume of its vehicle dimethylsulfoxide (DMSO) and then the rats
were subjected to 24 h of REM sleep deprivation (REMSD) or kept in their home
cages (control). Immediately after this period, the animals received a single bilateral
intranigral infusion of 1ul of riluzole (10pg/pl) or equal volume of DMSO,
subsequently (30 minutes after) they were tested in the OF and ORT. At the end of
these experiments, the animals were perfused for fixation and the brains removed for

subsequent confocal microscopy analysis of apoptotic cells in the SNpc.

Euthanasia
(n=96)
) Rotenoneor OF
Guide vehicle infusion Test
Cannulas SNpe
SNpc l
l Riluzole
or vehicle ORT
Stereotaxic ORT infusion choice
Surgery sample SNpc phase
phase l l
0 Recovery 7 REMSD 8 30’

Figure 1. Experimental design. On the day 0, guide cannulas were implanted in the SNpc, after 7
days of recovery, the animals performed the ORT sample phase and received a singular bilateral
intranigral infusion of the neurotoxin rotenone or vehicle (DMSO). After this procedure, the animals
were exposed to 24h of REMSD. On the day 8, the animals received a singular bilateral infusion of
riluzole (NMDA receptor agonist) or vehicle (DMSO) and 30 minutes later they performed the OF test
and ORT choice phase. At the end of this experiment, the animals were euthanized.

Stereotaxic surgery and intranigral infusions

The animals were sedated with intraperitoneal xylazine (10 mg/kg; Syntec do
Brasil Ltda, Brazil) and anaesthetized with intraperitoneal ketamine (90 mg/kg;
Syntec do Brasil Ltda, Brazil). The following coordinates were used for bilateral guide
cannulas implantation, bregma as a reference: SNpc (AP) = - 50 mm, (ML) = + 21
mm e (DV) = - 7,8 mm (Paxinos and Watson 2005).
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Bilateral intranigral infusions of 1 pl of Rotenone (12ug/ul), 1 pl of riluzole
(10upg/ul; Sigma-Aldrich®, United States) or 1 pl of DMSO (Sigma-Aldrich®, United
States) were all made through the guide cannulas, at a rate of 0.33 ml/min for 3 min
(RODRIGUES ef al, 2014; TARGA et al, 2016), with the assistance of an electronic

infusion pump (Insight Instruments, Ribeirao Preto, Brazil).

REMSD procedure

REMSD was attained by means of the single platform method. The animals
were individually placed in a circular platform (6.5 cm in diameter) inside of a tank (23
x 23 x 35 cm) filled with water up 1 cm below the platform surface for 24 h. Once the
animal experiences a REM sleep episode, it loses its muscular tonus and falls into
the water, being awakened. This procedure has demonstrated effectiveness in
ablation of REM sleep without affecting NREM sleep (MACHADO et al, 2004).
Throughout the study, the experimental room was maintained at controlled conditions
(2212 -C, 12 h light/dark cycle, lights on 7:00 a.m.). The control group (non-sleep
deprived) was maintained in the same room during the period, but isolated in their
usual home cages, to mimic a possible effect of isolation caused by the procedure.

Water and food were available during the entire experiment.

Open Field Test (OF)

The apparatus consists of a circular arena ( 1 m of diameter) limited by a 40
cm high wall and illuminated by four 60 W lamps situated 48 cm above the arena
floor, providing illumination around 300 Ix (BROADHURST, 1960). The animals were
gently placed in the center of the arena and were allowed to freely explore the area
for 5 min. During the experiments, the open field test was video recorded and the
measures of locomotion of the groups were computed by an image analyzer system

(Smart junior, PanLab, Harvard Apparatus, Spain).
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Object Recognition Test (ORT)

The apparatus consists of an open box (width x length x height = 80 cm x 80
cm x 50 cm) made of wood and covered with a black opaque plastic film. The
illumination on the floor of the box apparatus was around 186 Ix. The objects to be
discriminated were available in triplicate copies and were made of a biologically
neutral material such as glass, plastic, or metal. The objects were weighted so that
the animals could not move them around in the arena. They are not known to have
any ethological significance for the rats and they had never been associated with any
reinforcement (Ennaceur & Delacour, 1988). The object recognition test consists of
two phases, a sample phase (3-min duration) and a choice phase (3-min duration). In
the sample phase, two identical objects are exposed in the back corners of the open
box, 10 cm away from the sidewall. The rat is placed in the open box facing away
from the objects for 3 times with a 15 min retention interval between the times. After
24 h, the rat is reintroduced to the open box and the choice phase is started. In the
choice phase, two different objects are exposed in the same locations that were
occupied by the previous sample objects. One of the objects is identical to the object
seen in the sample phase and the other is a novel object, the total time spent in
exploring the two objects was video recorded. The frequencies of approaches of
each object are recorded. The exploration is recorded only when the rat touches the
object with its nose or that the rat’s nose is directed toward an object at a distance <2
cm. As a measure of discrimination, “discrimination index (DI)” was calculated by
dividing the difference in number of explorations between the two objects (object
novel — object familiar) by the total amount of exploration for both objects (object

novel + object familiar). DI was then multiplied by 100 to express as a percentage.

Fluoro Jade C (FJC) staining within SNpc

Animals were deeply anesthetized with ketamine immediately after the OF
and ORT, and were intracardially perfused with saline first, then with 4% of the
fixative solution formaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were

removed from the skulls and were immersed for 48 hours in that fixative solution at
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4°C. Subsequently, the brains were placed in 30% sucrose solution for 3 days and
were freeze at -80°C before sectioning. Four 40 pym sections per animal were taken
from the SNpc (-4.92 mm and -5.28 mm). The coordinates were obtained from
Paxinos & Watson (2005).

Prior to staining, sections were mounted from distilled water onto gelled
slides. Gelatin coated slides were prepared by immersion in a 60 °C solution of 1%
pig skin gelatin (Sigma; type A, 300 Bloom) and then oven dried overnight at the
same temperature. The sections were mounted onto the slides from distilled water
and then air dried for at least 30 min on a slide warmer at 50 °C. Slides bearing
frozen cut tissue sections were first immersed in a solution containing 1% sodium
hydroxide in 80% ethanol for 5 min. They were then rinsed for 2 min in 70% ethanol,
for 2 min in distilled water, and then incubated in 0.06% potassium permanganate
solution for 10 min. Slides were then transferred for 10 min to a 0.0001% solution of
Fluoro-Jade C (Chemicon International) dissolved in 0.1% acetic acid vehicle. The
proper dilution was accomplished by first making a 0.01% stock solution of the dye in
distilled water and then adding 1 ml of the stock solution to 99 ml of 0.1% acetic acid
vehicle. The working solution was used within 2 h of preparation. The slides were
then rinsed through three changes of distilled water for 1 min per change. Excess
water was drained onto a paper towel, and the slides were then air dried on a slide
warmer at 50 °C for at least 5 min. The air dried slides were then cleared in xylene for
5 min and then coverslipped with Fluoromount-G (SouthernBiotech) non-fluorescent
mounting media.

The images were analyzed in Nikon Confocal Microscope A1RSIMP (NIKON;
Tokyo, Japan), using 20x lenses immersed in oil. For FJC, 525-50 nm laser was used
for excitation and a 500-550nm band pass filter was employed. The Imaging
Software Nis Elements 4.20 (NIKON; Tokyo, Japan) was used for images

visualization.

Statistical analysis

Homogeneity of variance was assessed by the Bartlett test and normal
distribution of the data was assessed by the Kolmogorov-Smirnov test. Differences
between groups in the OF, ORT and discrimination index were analyzed by two-way

analysis of variance (ANOVA) followed by the Tukey’s post hoc test. Fluorescence
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intensity was analyzed by one-way analysis of variance (ANOVA) followed by the
Newman-Keuls multiple comparison test. Pearson’s correlation coefficients (r) were
calculated to establish relationships between fluorescence intensity and behavioral
parameters. Values were expresses as mean * standard error of mean (SEM). The

level of significance was set at P<0.05.

RESULTS

Open Field Test (OF)

As can be seen in Figure 2, the control rotenone vehicle group presented an
impaired locomotion in comparison to the control sham vehicle group (P<0,05), as
indicated by the group factor [F(3.54) =2.21; P<0.09]. Interestingly, the same effect
was not observed in the control rotenone riluzole group when compared to the
control sham vehicle (P=0.96) and control sham riluzole (P=0,99) groups.
Complementarily, the rotenone REMSD groups did not exhibit reductions in
locomotion when compared to the control sham (P=0.95) and REMSD sham (P=0.97)
groups, according to the treatment [F (1.54) = 0.063; P = 0,8] and interaction [F(3,54)
=1.59; P= 0,20] factors.
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Figure 2. Locomotion parameter obtained from the open field test 8 days after surgery, 30 minutes
after drug (riluzole) or vehicle (DMSOQO) micro infusion. Comparison between control and REMSD
groups. Values are expressed as mean + SEM. *P < 0,05. Two-way ANOVA followed by Tukey’s post
hoc test.
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Object Recognition Test (ORT)

Regarding the cognitive analysis, we found that the control sham vehicle
group showed an increment in the time exploring the novel object in comparison to
the familiar (P<0.01) during the choice phase, as well as the control sham riluzole
group (P<0.01), by means of the treatment [F(7.10)=3.17; P<0.01] and interaction
[F(7.10)=3.63; P<0.001] factors (Fig. 3A). Conversely, the control rotenone groups
demonstrated a similar exploration time for both objects, indicating memory
impairment as showed by the object [F(1.10)=2.57; P=0.1] factor. Besides, it was
detected that REMSD, itself, produced a remarkable impairment in the object
recognition, since all the sleep deprived groups explored both objects equally.

Figure 3B shows the discrimination index (DI) obtained from the time of
objects exploration recorded for each control and REMSD groups. Accordingly, the
control rotenone vehicle exhibited a significant reduction in this parameter when
compared to the control sham vehicle (P<0.05). As observed in the previous
parameter, REMSD, per se, promoted a noteworthy decrease in this index for all the
groups that were sleep deprived. Therefore, we observed a significant decrease in
the DI for the REMSD sham vehicle (P<0.01) and REMSD sham riluzole (P<0.05)
groups when compared to their respective controls [F(3.57)=10.84; P<0.0001].



37

A 20, [ Familiar
das e I Novel
| e | |

154

)

@ 104

E

'—

54
|
0-
Vehi Ril  Vehi Ril Vehi Ril Vehi Ril
Sham Rotencne Sham Rotenone
Control REMSD
B
F i

- 5] T [ vehicle

ik M Riluzole

x 504

]

6]

= 251

§ o

i

E .25

E

g -50+

2

o 75
\.h;h'f Rlll V::hi Rlil : \.I’:;hi Rlil \u"llihi Rlil

Sham Rotenone Sham Rotenene
Control REMSD

Figure 3. Cognitive effects produced by riluzole administration after REMSD, detected in the object
recognition test. (A) Time (s) exploring the familiar and novel object 8 days after surgery, 30 minutes
after drug (riluzole) or vehicle (DMSQO) micro infusion. (B) Discrimination index calculated by (N-
F/N+F)* 100, N is the time exploring novel object and F is the time exploring familiar object.
Comparison between control and REMSD groups. Values are expressed as mean £ SEM. *P < 0,05,
** P < 0,01. Two-way ANOVA followed by Tukey’s post hoc test.

Fluoro Jade C (FJC) staining within SNpc

Figure 4 depicts the differences on fluorescence intensity among the groups.
The control sham vehicle (Fig. 4A) and REMSD sham vehicle (Fig. 4B) groups barely
exhibited fluorescent labeling (Fig. 4C). In opposite, the control rotenone vehicle (Fig.
4 A) and REMSD rotenone vehicle (Fig. 4 B) groups shown significant fluorescence
increase compared, respectively, to the groups control sham vehicle (P<0.001) and
REMSD sham vehicle (P<0.001) (Fig. 4C). Conspicuously, we detected that riluzole
treatment produced a prominent reduction in the FJC fluorescence intensity as can
be seen in the control rotenone riluzole (Fig. 4A) and REMSD rotenone riluzole (Fig.
4B) groups, compared to the control rotenone vehicle (P<0.001) and REMSD
rotenone vehicle (P<0.001) groups, respectively [F(7.43)=78.31; P<0.0001] (Fig. 4C).
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Figure. 4. Comparison of Fluoro-Jade C (FJC) staining in the SNpc. Panel (A) Control groups. Panel
(B) REMSD groups. C) -Fluorescence Intensity (a.u.) of Fluoro-Jade C (FJC) staining for degenerative
neuronal cells in the SNpc. Comparison between control and REMSD groups. Values are expressed
as mean £ SEM. ** P < 0,001. One-way ANOVA followed by Newman Keuls test.

Statistical correlations between behavioral parameters and FJC staining

Pearson’s correlation coefficients revealed the existence of a moderate
negative correlation (r= - 0.45; P=0.03) between locomotion and fluorescence
intensity for the control groups (Fig. 5A). However, REMSD was able to abolish such
relation in view of the absence of statistical significance (r= - 0.05; P=0.79) observed
from the REMSD groups (Fig. 5B). In addition, a rather stronger negative correlation
(r= - 0.71; P=0.0001) was observed between DI and fluorescence intensity for the
control groups (Fig. 5C), although, this association is lost in the sleep deprived
groups (r= - 0.06; P=0.74). (Fig. 5D).
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Figure. 5. Correlations between behavioral and Fluoro-Jade C (FJC) nigral fluorescence. Pearson’s
correlations coefficients were calculated considering the following: (A) Fluorescence intensity (a.u.) x
Locomotion — control groups. (B) Fluorescence intensity (a.u.) x Locomotion — REMSD groups. (C)
Fluorescence intensity (a.u.) x Discrimination index (%) — control groups. (D) Fluorescence intensity
(a.u.) x Discrimination index (%) — REMSD groups.

DISCUSSION

In the present study we observed that blocking NMDA glutamatergic
receptors, within the SNpc, immediately after an acute REMSD challenge, partially
protected the dopaminergic neurons from the rotenone lesion and the excitotoxicity
purportedly inflicted by PPT increased activity. Such limited protection was also
manifested as an absence of memory preservation observed in the rotenone-treated
groups. Besides, sleep deprivation generated massive memory impairment in all the
groups subjected to this condition, hampering the identification of any possible
protective effect of the drug in this context. Nevertheless, we detected an interesting
effect of riluzole preserving the locomotor activity of the control rotenone-treated rats.

In addition, REMSD counteracted the locomotion deficit induced by the lesion due to
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the occurrence of a vastly reported effect of dopaminergic supersensitivity (Tufik et
al., 1978; Nunes ef al., 1994; Lima et al., 2008).

Riluzole has been consistently demonstrated to provide a multitude of
neuroprotective effects in neurodegenerative disorders, such as amyotrophic lateral
sclerosis (Verhave et al., 2012). Moreover, analogous effects were reported in
studies from animal models of PD induced by neurotoxins as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine and 6-hydroxydopamine, showing reduction in the
dopaminergic neuronal loss, covered by a variety of administration protocols
(Carbone, Duty & Rattray, 2012; Araki et al., 2001a; Araki ef al., 2001b, Boireau et
al., 1994). It is described that the pharmacological mechanism of riluzole is based on
the noncompetitive blockade of NMDA receptors, reduction of glutamate release from
presynaptic terminals, inhibition of voltage-gated sodium channels and inhibition of
protein kinase C, and overall contributing to counteract excitotoxic processes (Doble,
1996; Fumagalli et al., 2008; Carbone, Duty & Rattray, 2012).

Rotenone is a neurotoxin that produces massive inhibition of mitochondrial
complex I, increase of reactive oxygen species and selective degeneration of the
dopaminergic neurons, reproducing key pathological features of PD (Testa, Sherer &
Greenamyre, 2005; Moreira et al., 2012; Zhang et al., 2017). Evidence suggest that
rotenone might induce neuronal damage via excitotoxic mechanisms (Munhall ef al.,
2012) potentiating NMDA-mediated currents in the dopaminergic neurons (Wu &
Jonhson, 2007; Wu & Jonhson, 2011). Similar results were found in human
postmortem tissues, indicating that mitochondrial alterations are important in the
pathogenesis of sporadic PD (Dawson & Dawson, 2012).

The localization and activity profile of the ionotropic glutamate receptors in the
SNpc suggest that these receptors may provide a positive feedback mechanism
triggered by PPT activation (Forster et al.,, 2003; Lima 2013). As a result, a putative
reciprocal connectivity between those structures may exert a potential influence on
the mechanism of REM sleep (Lima 2013). This raises the intriguing possibility, for
which there is currently no evidence, that reducing the glutamatergic drive from the
PPT and/or from reticular formation to the dopaminergic cells of the SNpc may have
neuroprotective effects and influence the rate of the progression of PD (Lima 2013).

In view of that, we detected a reduction in the FJC labeling in both riluzole-
treated groups. However, such neuroprotection was partially achieved because this

apoptotic marker (Schmued et al., 2005) had their fluorescence increased compared
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to the sham groups. In addition, REMSD did not inflict increased or synergic neuronal
death associated to rotenone lesions, as originally expected. One plausible
explanation is that the nigrostriatal damage may have been substantially extensive
and the REMSD effect on neuronal death could not be observed. In fact, rotenone
produces a considerable reduction on the percentage of SNpc tyrosine hydroxylase
immunoreactive neurons (about 60%) (Moreira et al., 2012). Furthermore, it seems to
be more potent when compared to other neurotoxins requiring lower doses to
produce the lesion (Alam, Mayerhofer & Schimidt, 2004). Thus, additional studies,
with lower neurotoxin dosages, will be necessary to completely refute the current
hypothesis, hence, we cannot completely exclude the potential deleterious effects of
REMSD as demonstrated by other studies (Biswas, Mishra & Mallick, 2006;
Khadrawy, Nour & Ezz, 2011; Souza ef al., 2012).

Regarding the rotenone-induced hypolocomotion, riluzole rescued this
impairment in the control groups. This is in accordance to previous reports that
described a positive effect of riluzole in the motor performance in PD animal models
(Benazzouz et al, 1995; Barnéoud et al, 1996). However, we did not found
locomotion differences between the sham REMSD groups, neither in the rotenone
REMSD groups. Probably due to REMSD is able to elicit a locomotion increase, per
se, associated to the well-known supersensivity of dopaminergic receptors (Tufik,
Lindsey & Carlini, 1978; Tufik, 1981a; Tufik, 1981b; Dos Santos ef al., 2013). Hence,
our data suggested an important negative correlation between FJC fluorescence
intensity, within the SNpc, and locomotion (r= - 0,45; P=0,03) for the control groups.
That is, the higher was the locomotion the lower was the processes of apoptosis of
dopaminergic neurons. Conversely, REMSD was able to disrupt such correlation (r= -
0.05; P=0.79), as a consequence of its locomotor repercussions.

Concerning the cognition, ORT is a familiarity-based memory task correlated
with the human episodic-like memory (Morris, 2001; Dere et al., 2004) which is
compromised in early-stages PD patients (Souchay et al., 2006). In light of this, given
the correlation between sleep disturbances and cognitive impairments, it is possible
to consider that sleep disorders observed in PD patients, might be considered as an
early marker for dementia processes (ERRO et al.,, 2012). Accordingly, our results
demonstrated that riluzole did not affected memory processes of control groups and
also not rescued the impairment impinged by rotenone, REMSD or their combination.

Furthermore, REMSD generated remarkable memory impairment, corroborating with
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previous reports (Palchykova et al, 2006; Chen, Tian & Ke, 2014). Such result is
opposite to other studies that tested riluzole in different chronic and systemic
protocols showing levels of improvement of cognitive performance (Sugiyama et al.,
2015; Mokhtari et al., 2017). This discrepancy could be related to our experimental
design that projected riluzole administration to a period of high neurotoxic condition,
i.e., 24 h after rotenone and immediately after the end of REMSD (challenge to
induce PPT activation). Complementarily, decreased FJC labeling within the SNpc
was associated with increased cognitive performance (r= - 0.71; P=0.0001) in
controls, but not in REMSD (r= - 0.06; P=0.74) groups, possibly due to massive
memory disruption inflicted by sleep loss. These data indicate improvement of
memory performance in the control animals with lower dopaminergic neuronal loss,
as an outcome of the excitotoxicity blockade.

In summary, the intranigral administration of riluzole partially protected the
dopaminergic neurons from the rotenone-induced lesion, particularly preventing the
occurrence of locomotor, but not declarative-like memory deficits. The data also
indicate absence of a synergic excitotoxic mechanism triggered by a supposed PPT
overactivity towards SNpc, through reciprocal projections. Although, we cannot
completely exclude this potential association because more studies will be necessary
to identify the levels of glutamatergic PPT activation inflicted by different protocols of

REMSD, perhaps in a more gradual and chronic situation, mimicking PD.
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5 CONCLUSOES

O blogueio de receptores glutamatérgicos do tipo NMDA na SNpc,
imediatamente apds 24h de PSREM, parcialmente protegeu a populagéo de
neurdnios dopaminérgicos expostos a lesdo com a neurotoxina rotenona e a
mecanismos excitotoxicos.

Os animais do grupo rotenona controle tratados com riluzol apresentaram
melhora no desempenho locomotor quando comparado com seu respectivo
veiculo. Ainda, uma significante correlagdo negativa foi observada entre a
intensidade de fluorescéncia e a locomogado nos grupos controle, indicando
um aumento da atividade locomotora nos animais que apresentaram menor
intensidade de apoptose na SNpc.

Os animais submetidos a les&o da via nigroestriatal apresentaram prejuizo de
memoria, 0 qual, aparentemente, nao foi revertido pelo tratamento com riluzol.
Além de que, a PSREM gerou um evidente comprometimento de memoéria em
todos os grupos submetidos a esta condicao, dificultando a identificacdo de
qualquer efeito neuroprotetor do riluzol neste contexto.

Entretanto, foi observada uma forte correlacdo negativa entre intensidade de
fluorescéncia e o DI, onde os animais dos grupos controle com menor
intensidade de morte neuronal apresentaram melhor desempenho cognitivo.

A aplicabilidade de estratégias neuroprotetoras em um contexto de DP, ainda
necessita de melhor compreensao. Entretanto, seu uso pode revelar uma
nova perspectiva no tratamento destes pacientes. Impactando na progressao

da doenga, alivio dos sintomas e consequente melhora da qualidade de vida.
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