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A associacdo entre a depressdo e a dor crénica é freqliente e bidirecional. O elevado
namero de pacientes com depressdo e dores cronicas que sdo refratarios aos medicamentos
disponiveis atualmente torna importante a busca por novas drogas para o tratamento destas
doencas. O seleneto vinilico bis substituido (SVBS) é um composto organico de selénio com
atividades antioxidante, antinociceptiva e antiinflamatdria em camundongos. Este estudo teve
como objetivo investigar o efeito do SVBS em modelos de depressédo e dor em camundongos,
além dos mecanismos farmacoldgicos envolvidos. A administracdo oral do SVBS (5 mg/kg,
per oral, p.o.) reduziu o tempo de imobilidade no teste da suspensdo da cauda (TSC) com um
efeito maximo em 1 hora e permaneceu significativo em relacdo ao controle até 6 horas. O
efeito causado pelo SVBS em reduzir o tempo de imobilidade foi observado nas doses de 0,5,
1 e 5 mg/kg no TSC e no teste do nado forcado (TNF) (artigo 1). A atividade do tipo
antidepressiva do SVBS foi revertida pelo tratamento prévio com p-clorofenilalanina etil éster
(PCPA, inibidor da sintese de serotonina (5-HT)), cetanserina (antagonista dos receptores 5-
HT,a2c), ondansetrona (antagonista dos receptores 5-HT3) (artigo 1), L-arginina (aminoéacido
precursor de 6xido nitrico (NO)), sildenafil (inibidor da fosfodiesterase tipo 5, PDE-V), S-
nitroso-N-acetil-penicilamina (SNAP, um doador de NO) (artigo 2), cromacalina (abrem os
canais de potassio - K*), minoxidil (abrem os canais de K*) e GW 9662 (antagonista dos
receptores ativados da proliferacdo de peroxissomos-gama (PPARY) (artigo 3). Entretanto, o
efeito do tipo antidepressivo do SVBS (1 mg/kg, p.o.) ndo foi prevenido pelo tratamento
prévio com prazosin (antagonista de receptores a4), ioimbina (antagonista de receptores o),

propranolol (antagonista de receptores B), SCH 23390 (antagonista de receptores Dj),



sulpirida (antagonista de receptores D;) e WAY 100635 (antagonista seletivo de receptores 5-
HT1a) (artigo 1). Além disso, quando administrado em uma dose sub-ativa, o SVBS (0,1
mg/kg) apresentou uma acdo sinérgica com a fluoxetina (antidepressivo inibidor seletivo da
recaptacdo da serotonina), Ng-nitro-L-arginina (inibidor da oxido nitrico sintase (NOS)), 7-
nitroindazol (7-NlI, inibidor seletivo da NOS neuronal), azul de metileno (inibidor da NOS e
da guanilato ciclase (GC)), 1H- 1,2,4]oxadiazolo [4,3-a]quinoxalin-1-ona (ODQ, inibidor
seletivo da GC) (artigo 2), tetraetilaménio (TEA, blogueador dos diferentes tipos de canais de
K", inclusive os dependentes de voltagem), glibenclamida (bloqueador de canais de K*
dependente de ATP), caribdotoxina (bloqueador de canais de K™ de alta condutancia ativados
por célcio) e apamina (bloqueador de canais de K* de baixa condutincia ativados por calcio)
(artigo 3). A administracdo do SVBS (0,1-5 mg/kg, p.0.) também ndo modificou a atividade
das enzimas monoamina oxidase-A e B (MAO-A e MAO-B) e Na'K*ATPase no cérebro dos
camundongos. Os niveis de nitrito/nitrato no cérebro foram reduzidos com o tratamento com
SVBS (1 mg/kg, p.o.). O tratamento com SVBS (1 e 5 mg/kg) diminui o comportamento do
tipo depressivo e a dor nos camundongos submetidos a injdria por constricdo cronica (ICC)
(artigo 4). Além disso, a administracdo do composto SVBS (5 e 10 mg/kg, p.0.) demonstrou
uma reducdo na hiperalgesia e no edema induzidos pela administragéo intraplantar (i.pl.) de
Adjuvante Completo de Freund (ACF), carragenina (Cg) e prostaglandina E, (PGE;) (artigo
5). A hiperalgesia mecénica induzida pela administracéo i.pl. de ACF ou pela avulsdo do
plexo braquial (ABP) foi atenuada com a administracdo crbénica do SVBS, sem causar
tolerancia durante o tratamento. A administracdo concomitante de SVBS (5 e 10 mg/kg, p.o.)
com vincristina durante 7 dias atenuou a hiperalgesia mecénica do 3° ao 28° dia de teste. De
acordo com o presente estudo pode-se sugerir que 0s mecanismos responsaveis pela acdo do
tipo antidepressiva do SVBS envolvem a modulacdo dos receptores serotonérgicos (5-HTzaic
e 5-HT3), PPARy e via do NO/GMPc/K*. Além disso, o tratamento com SVBS reduziu o
comportamento depressivo induzido pela ICC e a hiperalgesia mecanica em modelos
inflamatdrios (ACF, Cg e PGE>) e neuropaticos (ABP e vincristina). Desta forma, o presente
estudo demonstrou que o tratamento com SVBS apresentou efeitos do tipo antidepressivo e

anti-hiperalgésico em diferentes modelos em camundongos.

Palavras-chave: selénio, depressdo, nocicepcao, hiperalgesia, dor, mecanismos farmacolégicos.
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The association between depression and chronic pain is frequent and bidirectional. The
high number of patients with depression and chronic pain who are refractory to currently
available drugs makes it important search for new drugs to treat these disease. The bis
selenide is an organic selenium compound with activities such as antioxidant, antinociceptive
and anti-inflammatory in mice. Thus, this study investigated the effect of bis selenide in
models of depression and pain in mice, besides the pharmacological mechanisms involved.
Oral administration of bis selenide (5mg/kg, p.o.) reduced the immobility time in tail
suspension test (TST) with a maximal effect at 1 hour and it remained up to 6 hours in
relation to control group. The effect caused by bis selenide in reducing the immobility time
was observed at doses of 0.5, 1 and 5 mg/kg in the TST and the forced swimming test (FST)
(article 1). The antidepressant-like activity of bis selenide was reversed by pretreatment with
p-chlorophenylalanine ethyl ester (PCPA, an inhibitor of synthesis of serotonin), ketanserin
(5-HT,anc receptor antagonist), ondansetron (5 -HT3 receptor antagonist) (article 1), L-
arginine (an amino acid precursor of nitric oxide (NO)), sildenafil (phosphodiesterase
inhibitor type 5, PDE-V), S-nitroso-N-acetyl-penicillamine (SNAP, an NO donor) (article 2),
cromakalim (potassium channels - K*- opener), minoxidil (K™ channels opener) and GW 9662
(antagonist of peroxisome proliferator activated receptors gamma (PPARy) (article 3).
However, the antidepressant-like effect of SVBS (1 mg / kg, po) was not prevented by
pretreatment with prazosin (oy-receptor antagonist), yohimbine (ap-receptor antagonist),
propranolol (B-receptor antagonist), SCH 23390 (D; receptor antagonist), sulpiride (D:
receptor antagonist) and WAY 100635 (selective antagonist of 5-HTia) (article 1).
Furthermore, when administered in a sub-active dose, the bis selenide (0.1 mg / kg, p.o.)

showed a synergistic action with fluoxetine (an selective serotonin inhibitor reuptake), N°-
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nitro-L-arginine (an inhibitor of the NO synthase (NOS)), 7-nitroindazole (7-NI, a specific
inhibitor of NOS neurornal), methylene blue (inhibitor of NOS and guanylate cyclase (GC)),
1H-1,2,4] oxadiazole [4, 3-a] quinoxaline-1-one (ODQ), a specific inhibitor of GC) (article 2),
tetraethylammonium (TEA, a non-specific inhibitor of K(+) channels), glibenclamide (an
ATP-sensitive K(+) channel inhibitor) charibdotoxin (a large and intermediate conductance
calcium-activated K(+) channel inhibitor) and apamin (a small-conductance calcium-activated
K(+) channel inhibitor) (article 3). The administration of bis selenide (0.1 — 5 mg/kg, p.o.)
also did not modify the activity of monoamine oxidase —A and B (MAO-A and MAO-B) and
Na'K*ATPase in mice. The levels of nitrite/nitrate in the brain of mice were reduced by
treatment of bis selenide (1 mg/kg). Treatment with bis selenide (1 and 5 mg/kg) decreased
the depressive-like behavior and mechanical hypernociception in mice subjected to chronic
constriction injury (CCI) (article 4). Moreover, the administration of bis selenide (5 and 10
mg/kg, po) showed a reduction in mechanical hyperalgesia and edema in inflammatory
models induced by intraplantar (i.pl.) injection of Complete Freund Adjuvant (CFA),
carrageenan (Cg) and prostaglandin E, (PGE,) (article 5). The mechanical hyperalgesia
induced by i.pl. injection of CFA or the brachial plexus avulsion (BPA) was attenuated by
chronic administration of bis selenide without causing tolerance during treatment.
Concomitant administration of bis selenide (5 and 10 mg/kg) with vincristine for 7 days
attenuated the mechanical hyperalgesia from 3 to 28 days. According to this study, it may
suggest that the mechanisms responsible for the antidepressant-like effect of bis selenide
involve the modulation of serotonin (5-HT,ac and 5-HT3) and PPARY receptors and the
NO/GMPc/K* pathway. Furthermore, treatment with bis selenide reduced the depressive-like
behavior induced by CCI and the mechanical hyperalgesia in inflammatory (CFA, Cg and
PGE,) and neuropathic (BPA and vincristine) models. Thus, this study demonstrated that
treatment with bis selenide showed antidepressant-like and anti- hyperalgesic effects in

different models in mice.

Key words: selenium, depression, nociception, hyperalgesia, pain, pharmacological
mechanism
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APRESENTACAO

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos, os
quais encontram-se no item ARTIGOS CIENTIFICOS E MANUSCRITO. As secdes
Materiais e Métodos, Resultados, Discussdao dos Resultados e Referéncias Bibliograficas,
encontram-se nos ARTIGOS CIENTIFICOS e representam a integra deste estudo. Os itens,
DISCUSSAO E CONCLUSOES, encontram-se no final desta tese e apresentam
interpretacfes e comentarios gerais sobre os artigos cientificos neste trabalho. As
REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacdes que aparecem nos itens
INTRODUGAO, REVISAO BIBLIOGRAFICA e DISCUSSAO desta tese.



1. INTRODUCAO

A prevaléncia de transtorno depressivo maior em pacientes com dor persistente é de
aproximadamente 30 a 50% (World Health Organization, 2010), uma taxa muito maior do que
a encontrada na populacdo geral (World Health Organization, 2010) e em pacientes com
outras doencas clinicas (Fleck, 2006). Em torno de dois tercos dos pacientes com dores
persistentes apresentam historico de transtorno depressivo (World Health Organization,
2010). A literatura descreve que a dor € uma queixa muito comum em pacientes deprimidos
(Worz, 2003) e que mais de 50% destes a relatam como um sintoma (Worz, 2003). A
ocorréncia desta comorbidade torna a frequéncia de suicidio 2 a 3 vezes maior do que na
populacdo geral e também aumenta a ideacdo suicida e as tentativas de suicidio (World
Health Organization, 2001).

A depressdao € uma das condigdes neuropsiquiatricas mais comum e altamente
incapacitante com uma prevaléncia de 10-30 % em mulheres e 7-15 % em homens (Nair e
Vaidya, 2006; Tierney, 2007). Estima-se que na populacdo geral, a prevaléncia da depressao
na vida de um individuo se situa em torno de 15-17 % (Holtzheimer e Nemeroff, 2006) e
pacientes que sofrem de depressdo severa apresentam altas taxas de morbidade e mortalidade,
com conseqiiéncias econdmicas e sociais profundas (Nemeroff, 2006). A depressdo é a
segunda causa de incapacitacdo no mundo, sendo a primeira a doenca cardiaca (Holtzheimer e
Nemeroff, 2006).

A depressdo resulta, pelo menos em parte, de uma deficiéncia na atividade
monoaminérgica na fenda sinaptica (Elhwuegi, 2004). Além desse, varios outros sistemas de
neurotransmissores e mecanismos de transducdo de sinal estdo envolvidos, como 0s
receptores glutamatérgicos e a via da L-arginina-0xido nitrico (NO)/guanilato ciclase ciclica
(GMPc)/canais de potassio (K') (Kaster et al., 2005; Savegnago et al., 2008). Alguns
farmacos disponiveis para o tratamento da depressdo foram descobertos a mais de 50 anos,
como os antidepressivos triciclicos e inibidores da enzima monoamina oxidase (Kaster et al.,
2005). Estes farmacos ainda encontram-se no mercado farmacéutico, apesar de apresentarem
muitos efeitos adversos o0s quais limitam o seu uso. Além desses, outros medicamentos foram
desenvolvidos e estdo disponiveis no mercado para a utilizacdo no tratamento da depresséo,
como os inibidores seletivos de recaptacdo de serotonina (5-HT) e/ou noradrenalina (NA) e
dopamina (DA), que séo tao efetivos quanto os triciclicos, mas sdo mais seletivos e produzem

menos efeitos colaterais (Holtzheimer e Nemeroff, 2006).



A sensacdo de dor € um mecanismo de alerta do organismo que indica a presenca de
um estimulo lesivo e que aciona respostas protetoras apropriadas (Julius e Basbaum, 2001).
Dessa maneira, o funcionamento adequado do sistema nociceptivo € essencial para proteger o
organismo de danos teciduais. Entretanto, sob condi¢cdes patoldgicas, este sistema se torna
sensibilizado e a dor transforma-se em uma doenga (Zeilhofer, 2005).

A dor neuropética foi definida pela Associa¢do Internacional para o Estudo da dor
como “dor iniciada ou causada por lesdo primaria ou disfuncdo do sistema nervoso”
(Zimmermann, 2001). A etiologia da dor neuropatica é heterogénea e pode ser ocasionada por
um insulto primério ao sistema nervoso periférico ou central (Zimmermann, 2001). As
neuropatias originam-se quando ocorre uma lesdo nos nervos ou nas demais estruturas que
transmitem a sensacdo dolorosa e podem resultar de trauma mecanico, lesdo nervosa
(amputacgdo ou compressdo), efeitos toxicos de drogas, doengas como diabetes ou sindrome da
imunodeficiéncia adquirida (HIV/AIDS) (Mendell e Sahenk, 2003). Em uma leséo tecidual,
como um trauma mecanico ou invasdo por agentes infecciosos, 0 organismo aciona
mecanismos cujo proposito € limitar o dano e regenera-lo. Esses mecanismos fazem parte da
resposta inflamatoria, caracterizada por quatro sinais: rubor, calor, dor e tumor; e em alguns
casos pode acometer o0 membro com perda da fungéo (Julius e Basbaum, 2001).

O arsenal farmacoldgico para o tratamento da dor é composto, basicamente, por dois
grandes grupos de medicamentos analgésicas: os opidides, que abolem diretamente a
transmissdo nociceptiva, no sistema nervoso central, através de sua ligacdo a receptores
opidides (Hoskin e Hanks, 1991), e antiinflamatdrios, que previnem a sensibilizacdo de
receptores periféricos de dor inibindo a ciclooxigenase (COX) (Cashman, 1996). Embora os
opidides sejam muito efetivos, sua utilizacdo é limitada pelo fato dessas drogas apresentarem
muitos efeitos indesejados (Hoskin e Hanks, 1991). Os antiinflamatérios convencionais sao
indicados para dores agudas, porém sua toxicidade renal e gastrointestinal pode resultar em
grande morbidade, limitando seu uso para o tratamento da dor (Hoskin e Hanks, 1991).

Os principais instrumentos farmacoldgicos no tratamento das dores cronicas sdo 0S
anticonvulsivantes e os antidepressivos. Os anticonvulsivantes estudados em ensaios clinicos
randomizados e controlados foram carbamazepina e gabapentina com resultados positivos e
fenitoina e lamotrigina com resultados conflitantes (Backonja, 2001). Historicamente, 0s
antidepressivos triciclicos foram os primeiros utilizados no controle da dor crénica por se
considerar, na época, a importdncia da depressdo na dor (Watson et al., 1982). Os
antidepressivos  triciclicos  (amitriptilina, nortriptilina, clomipramina, imipramina,

desipramina) tém se mostrado eficazes em condi¢bes neuropaticas, como polineuropatia



dolorosa, neuralgia pds-herpética, neuropatia traumatica, dor central pdés-ictal (Sindrup,
Jensen, 1999). Mais recentemente, novos antidepressivos nao — triciclicos tém surgido e com
algumas vantagens por terem menos efeitos colaterais. Os novos antidepressivos com acao
incluem os inibidores da recaptacdo seletiva da 5-HT (paroxetina e citalopram) e 0s
tetraciclicos (miaserina).

Recentemente vem crescendo o interesse e 0 estudo de compostos organicos de selénio
(Se), os quais possuem sintese quimica muito simples e varias atividades farmacoldgicas
(Nogueira et al., 2004; Savegnago et al., 2006, 2007 a,b,c; Nogueira e Rocha, 2010). Em
destaque, o seleneto vinilico bis substituido (SVBS), um composto organico de selénio,
possui atividade antioxidante in vitro, antinociceptiva em testes quimicos e térmicos em
camundongos (Savegnago et al., 2006; Jesse et al., 2007, 2008, 2009). O presente estudo teve
como objetivo determinar se 0 composto SVBS modula a depresséo e a hiperalgesia mecanica

em camundongos, além dos mecanismos moleculares envolvidos.



2. REVISAO BIBLIOGRAFICA

2.1. Depressao

O humor de um individuo reflete seu estado emocional. Mudancas de humor ocorrem
em resposta a eventos externos e sdo adaptativas. Porém, quando tais mudangas assumem um
carater inadequado, em termos de intensidade e persiténcia, alterando de modo constante 0s
estados emocionais e interferindo na rotina do individuo, configuram o chamado transtorno de
humor (Guimaré&es et al., 2006).

Conforme o Manual estatistico e diagndstico da associagdo norte-americana de
Psiquiatria (DSM-1V), que compreende a nomenclatura oficial e oferece critérios diagnosticos
especificos para 0s transtornos mentais, o0s transtornos de humor constituem uma categoria
diagnostica que abrange sinais e sintomas clinicamente reconheciveis, persistentes e
geralmente com padréo recorrente ou ciclico. Nele, os transtornos de humor estdo divididos
em transtornos depressivos, transtornos bipolares e outros transtornos de humor. Ha duas
manifestacdes basicas dentro dos transtornos de humor: episédios depressivo — com
predominio de sintomas de tristeza e perda de interesse; e episddios de mania — com
predominio de sintomas de excitacdo e euforia. Com base no tipo de episédio é feita a
classificacdo. A tabela 1 apresenta, resumidamente, esta classificacéo.

Nesse contexto, o termo “depressdo” tem sido utilizado para designar uma sindrome
cuja principal queixa é o humor deprimido na maior parte do dia. Porém, as manifestacdes
clinicas dos transtornos depressivos receberam outras denominagdes ao longo dos tempos. O
termo depressdo era usado para designar sintomas ou estados mentais de uma doenca
chamada melancolia — bile negra (segundo a classificacdo hipocratica das doencas, baseada
nos humores). Como um dos tracos que caracterizava a melancolia era tristeza ou abatimento,
surgiu a traducdo para de-premere (pressionar para baixo), a partir da verséo latina das obras
de Hipocrates. Embora a descricdo remonte aos manuscritos hipocraticos, nosso atual
entendimento sobre o transtorno emergiu na segunda metade do século XIX, com o Tratado
de Kraepelin sobre os transtornos psiquiatricos que criou um sistema de classificacdo das
desordens psiquiatricas (Licino e Wong, 2001). Na psiquiatria, o termo depressdo & usado
para designar entidades nosoldgidas, como o transtorno depressivo maior ou episodios de

transtornos de humor (Sonenreich et al., 1995).



Tabela 1- Classificacdo dos transtornos de humor de acordo com o0 DSM-1V

Categoria

Substipos principais

Caracteristicas

Transtornos depressivos

Transtornos bipolares

Outros

Transtorno depressivo
maior

Transtorno distimico
Transtorno depressivo sem

outra especificacdo

Predominio de humor
depremido e anedonia, mas
sem historico de episddios
maniacos, mistos ou

hipomaniacos

Transtorno bipolar |
Transtorno bipolar 11
Transtorno ciclotimico
Transtorno bipolar sem

outra especificacéo

Crises depressivas
acompanhadas de episddios
maniacos, mistos ou

hipomaniacos

Transtorno de humor
devido a uma condicgéo

médica geral

Perturbacdo de humor
como consequéncia
fisiolégica de uma

condicdo médica geral

Transtorno de humor

induzido por substancia

Perturbacdo de humor
como consequéncia

fisiolégica de uso de droga

Pelo critério diagndstico atual, os episodios depressivos maiores (Tabela 2)

caracterizam o tipo de transtorno depressivo.



Tabela 2 — Critérios diagnosticos do episodio depressivo maior conforme DSM-IV

1. Humor deprimido durante a maior parte do dia

2. Perda marcante do interesse ou prazer em toda ou quase todas as atividades

durnate a maior parte do dia
3. Irritabilidade

4. Perda ou ganho de peso (mudanca maior que 5% do peso em um més) ou

diminuicdo ou aumento do apetite
5. Insbnia ou sono excessivo
6. Agitacdo psicomotora ou lentiddo dos movimentos
7. Fadiga ou perda de energia
8. Sentimento de falta de valor, culpa excessiva ou inapropriada
9. Reducéo da capacidade de pensar ou se concentrar, indecisao
10. Sentimento de falta de esperanca

11. Pensamentos recorrentes de morte, recorrente ideacdo suicida sem um plano

especifico, tentativa de suicidio ou plano especifico para se matar

Adaptado do DSM-IV

Para o diagnostico de episddio depressivo maior, € necessario um periodo
minimo de duas semanas de humor deprimido ou perda de interesse, acompanhado por,
pelo menos, quatro sintomas adicionais de depressdo durante 0 mesmo periodo,
alterando o estado habitual do individuo. Um ou mais episddios depressivos maiores,
sem histérico de episdédios maniacos, mistos ou hipomaniacos, caracterizam o curso
clinico da depressédo maior. A distimia é caracterizada por, no minimo, dois anos de
humor deprimido acompanhados por sintomas depressivos adicionais, mas sem
completar o critério de diagnostico de depressao maior.

A depressdo é uma enfermidade cronica de alto custo socioecondmico, principalmente

por sua alta prevaléncia na populacdo geral, por acarretar incapacidade e prejuizo no

funcionamento global do individuo, pelo maior risco de desenvolvimento de doencas de alta



mortalidade (cardiovasculares e tumores) e pelas altas taxas de suicidio (Sartorius, 2001;
Hyman et al., 2006).

De acordo com os resultados do Projeto “Global Burden of Disease”, o transtorno
depressivo unipolar € a quarta doenca que mais contribui para a maior carga (Burden) global
de doencas e a primeira causa de incapacidade (Lopez et al., 2006). A carga total de doencas é
mensurada pelo indicador “Disability Adjusted Life Years” (DALY) (Anos de vida perdidos
por incapacidade) (Lopez et al., 2006). Enquanto todos os transtornos mentais contribuem
para 13% dos DALYs, o transtorno depressivo unipolar corresponde a 4,4% (Lopez et al.,
2006). Ja entre os individuos na faixa etéria entre 15 a 44 anos, esse nimero aumenta para
8,6%.

O custo total da depressdo varia de acordo com regido geografica, prevaléncia da
doenca, contexto socioecondmico do pais, tipo de servico de saude, tipo de tratamento
disponivel, tipo de desenho de estudo, medida de custo utilizada e analise empregada
(Konohue e Pincus, 2007). No Reino Unido, por exemplo, o custo total da depressdo é maior
do que com diabete e hipertensdo juntos (Konohue e Pincus, 2007). Entretanto, 0s custos
indiretos representam a maior parcela do impacto econdmico atribuido a depressdo. O estudo
de Greengerg e colaboradores (2003) comparou os custos indiretos em individuos com
depressdo entre os anos de 1990 e 2000, nos Estados Unidos. Constatou-se que esses custos
dobraram neste periodo. Os custos indiretos representam 62% dos custos totais com a
depressdo, demonstrando que o maior impacto econdémico da depressdo é causado pela perda

da produtividade no trabalho, pelo absenteismo e pelo desemprego.

2.1.1. Anormalidades neuroquimicas

2.1.1.1. Monoaminas

A hipotese monoaminérgica da depressdo tem evoluido nas ultimas décadas e
contribuido para o entendimento dos eventos celulares mediados por receptores aminérgicos e
para a aplicacdo deste conhecimento no tratamento dos transtornos depressivos (Lanni et al.,
2009). O primeiro relato clinico da relacdo entre alteracbes das monoaminas cerebrais (5-HT,
NA e DA) e depressao foi descrito a partir de um estudo com cinco pacientes hipertensos que
desenvolveram depressdo apdés o tratamento com altas doses de reserpina, um inibidor do
transporte ativo de NA e 5-HT para seus respectivos sitios de armazenamento (Schildkraut,

1965). As aminas livres sdo, entdo, rapidamente inativadas pela monoamina oxidase (MAO),



sofrendo uma acentuada deplecdo no sistema nervoso central (SNC) e no periférico. Desde
entdo, a comprovacdo da eficacia antidepressiva de substancias que induzem uma elevacao de
monoaminas na fenda sindptica, tais como inibidores da monoamina oxidase (IMAOS),
antidepressivos heterociclicos e inibidores seletivos da recaptacdo da 5-HT (ISRS) tem
representado o principal argumento para validacdo da hipdtese monoaminérgica (Scholoss e
Henn, 2004).

As monoaminas interagem com segundos mensageiros a partir da membrana pds-
sinaptica. Tais receptores, entdo ativados, causam uma mudanc¢a na maneira como o neurdnio
responde aos neurotransmissores ubiquos (&cido gama-aminobutirico- GABA e glutamato) no
cérebro, os quais se ligam a canais dependentes de ligantes (Golan et al., 2009). Substancias
de acdo central que causam deplecdo ou inativacdo da NA (p. ex, reserpina) produzem
sedacdo ou depressdo, enquanto substancias que potencializam ou aumentam o ténus
noradrenérgico cerebral (antidepressivos) estdo associados a estimulacdo e a excitacdo
comportamental (Golan et al., 2009).

2.1.1.2. Serotonina (5-HT)

Neurdnios serotonérgicos se projetam do nucleo dorsal da rafe para o cortex cerebral,
o0 hipotalamo, o tadlamo, os nucleos da base, o septo peltcido e o hipocampo (Ramamoorthy et
al., 2010). Suas vias tém funcdes inibitorias e facilitadoras no cérebro. A 5-HT é um regulador
importante do sono, do apetite, da temperatura corporal, do metabolismo e da libido, inibe a
agressividade e ajuda a regular o ritmo circadiano e em conjunto com a NA e DA, modula o
comportamento direcionado. A 5-HT é modulada diferentemente em situacdes de estresse
especificas, com aumento transitério de sua liberacdo relacionada ao estresse agudo e a
reducdo de atividade eventualmente relacionada ao estresse (Pytliak et al., 2010).

Alteracdes no sistema serotonergico, tais como reducdo dos niveis plasmaticos de
triptofano, reducdo do metabdlito acido 5-hidroxi-3-indol acético (5-HIAA) no liquido
cerebroespinhal, reducdo da recaptacdo da 5-HT plaquetaria e respostas neuroendocrinas em
estudos de desafio de diferentes receptores serotonérgicos sugerem uma redugdo na
responsividade serotonérgica e tém sido relatadas em pacientes depressivos, quando
comparados com controles saudaveis (Oquendo et al., 2003). Estudos utilizando modernas
técnicas de neuroimagem molecular tém também sugerido um comprometimento

geneneralizado da fungdo serotonérgica nos transtornos depressivos (Oquendo et al., 2003).
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A 5-HT e seus metabdlitos encontram-se diminuidos na urina e no liquido
cerebroespinhal de individuos com depressdo. Sua concentracdo no cérebro de vitimas de
suicidio violento encontra-se reduzido em comparacdo a controles (Mann et al., 1995).
Estudos pos-mortem examinando pessoas deprimidas que cometeram suicidio constataram
alteragBes em inumeros marcadores adicionais de 5-HT, incluindo niveis de transmissores e
metabdlitos regionais, densidade de transportador e receptor pds-sinaptico e de transcri¢éo
(Bonkale et al., 2004; Sanchez-Bahillo et al., 2008).

Ainda que o uso do precursor serotonérgico triptofano tenha se mostrado ineficaz no
tratamento da depressao, a restricdo dietética desse aminoacido essencial causa recaida em
pacientes remitidos em uso de inibidores seletivos da recaptacdo da 5-HT ou sem medicacéao
(Delgado et al., 1999).

O sistema serotoninérgico € amplamente reconhecido como especificamente envolvido
na etiologia da depressdo. Drogas que agem sobre este sistema tém sido largamente utilizadas
no tratamento dos distdrbios depressivos (Wong et al., 2005). Uma série de estudos relaciona
0s receptores serotoninérgicos, especialmente dos sub-tipos 5-HT1a18, 5-HT2a/c € 5-HT3 na

acao central dos antidepressivos (Redrobe e Bourin, 1997; Hensler, 2002).

2.1.1.3. Noradrenalina (NA)

Os corpos celulares dos neurbnios noradrenérgicos cerebrais ficam situados no locus
ceruleus (LC) do tronco cerebral e se projetam rostralmente para o hipotalamo, os nucleos
basais, 0 sistema limbico e o cortex cerebral (Ramamoorthy et al., 2010). Essa distribuicao
difusa € consistente com o papel do sistema noradrenérgico de neurotransmissdo, ou seja,
iniciar e manter a ativacdo limbica e cortical, assim como a modulacéo de outros sistemas.

Estudos de animais utilizando o radiotragcador nisoxetina, um ligante do transportador
noradrenérgico, tém demonstrado que a administracdo cronica de desipramina reduz o seu
potencial de ligacdo em diferentes regides cerebrais, incluindo o hipocampo (Bauer e Tejani-
Butt, 1992). As concentracdes do metabolito da NA 3-metoxi-4-hidroxifenilglicol (MHPG)
foram medidas na urina, no plasma e no liquido cerebroespinhal de sujeitos com depresséo,
porém os resultados tém sido contraditorios, com estudos relatando aumento, reducdo ou
auséncia de alteracGes nos nives desse metabolito (MHPG) (Muscettola et al., 1984). O
agonista do receptor ay, clonidina, tém sido utilizado para investigar alteracGes da densidade e
na sensibilidade de adrenoceptores a, na depressdo, mas os resultados também foram

inconsistentes (Georgotas et al., 1987). No entanto, uma modificacdo na expressao de
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adrenoceptores [ (auto-receptores) tem sido consistentemente descrita na depressdo, e uma
downregulation desses receptores foi relatada com um marcador de eficicia antidepressiva
(Leonard, 1997).

Reducdes no potencial de ligacdo do radiotracador nisoxetina também foram descritas
no LC de pacientes deprimidos em estudo post-mortem (Klimek et al., 1997). Estudos post-
mortem também apontaram um aumento na densidade e na afinidade de adrenoceptores a; no
cortex frontal de vitimas de suicidio (Meana et al., 1992). Os auto-receptores adrenérgicos
estariam hipersensiveis nos transtornos depressivos e teriam a sensibilidade reduzida pela
administracdo cronica de desipramina, um inibidor potente da recaptacdo da NA (Charney et
al., 1981).

Estudos tém demonstrado também alteracdes na transmissdo noradrenérgica na
depressdo (Wong e Licinio, 2001). Varias evidéncias mostram a participacdo dos a-
adrenoceptores e B-adrenoceptores na acdo de farmacos antidepressivos. O bloqueio de -
adrenoceptores estd associado a estados depressivos, enquanto que o tratamento crénico com
antidepressivos causa um aumento na densidade e na atividade de a;-adrenoceptores no cortex
frontal e no hipocampo. O tratamento crénico com antidepressivos também causa uma

downregulation dos autoreceptores ap-adrenérgicos e dos B;- adrenoceptores (Millan, 2004).

2.1.1.4. Dopamina (DA)

Esta bem estabelecido o relato de uma elevada prevaléncia de depressdo em pacientes
com doencas cerebrais que tém a perda dopaminérgica como mecanismo fisiopatoldgico
central (p. ex., doenca de Parkinson e coréia de Huntington) (Huot e Parent, 2007. Ainda que
um mecanismo dopaminérgico primario para depressdo seja considerado improvavel, o papel
da DA em alguns aspectos do transtorno depressivo é corroborado por diversas observactes
experimentais. As propriedades de elevagdo do humor e a utilidade clinica do metilfenidato,
um inibidor do transportador dopaminérgico, no tratamento de alguns pacientes deprimidos
estdo documentados de forma consistente. Embora a estimulacdo dopaminérgica isolada
geralmente ndo alivie todos os sintomas depressivos (Volkow et al., 2002).

Foi observada uma upregulation dos transportadores dopaminergicos no estriado de
pacientes com depressdo maior (Laasonen-Balk et al., 1999), o que pode ser o fator primario
que determina uma menor disponibilidade de DA na fenda sinaptica (Dailly et al., 2004). O
tratamento com antidepressivos aumenta a transmissdo dopaminérgica preferencialmente no

sistema mesolimbico, deste modo induzindo uma melhora nos sintomas da depresséo, tal
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como a anedonia (Dailly et al., 2004). Portanto o efeito de antidepressivos sobre a transmissao
dopaminérgica parece ter um papel importante no seu efeito terapéutico.

2.1.1.5. Monoamina oxidase (MAOQ)

A MAO é uma flavoproteina localizada na membrana mitocondrial externa de diversas
células, como neurénios e células da glia. Ela é uma enzima que utiliza o dinucleotideo de
flavina-adenina (FAD) como cofator e catalisa a desaminacao oxidativa de diversas aminas,
incluindo a 5-HT, a histamina, a tiramina e as catecolaminas DA e NA (Shih et al., 1999).

Duas isoformas da MAO (MAO-A e MAO-B) séo encontradas na maioria dos tecidos
de mamiferos, as quais foram originalmente distinguidas devido a sua sensibilidade aos
inibidores irreversiveis clorgilina e selegilina (L-deprenil) e a sua especificidade por
diferentes substratos (Magyar e Knoll, 1977). A MAO-A desamina preferencialmente a 5-HT
e € inibida seletivamente por baixas concentra¢fes de clorgilina, enquanto que a MAO-B é
inibida seletivamente por baixas concentracdes de selegilina e metaboliza a benzilamina. As
aminas DA, NA, adrenalina, triptamina e tiramina sdo oxidadas por ambas as isoformas da
enzima na maioria das espécies (Youdim et al., 2006).

Devido a sua fun¢do no metabolismo dos neurotransmissores 5-HT, DA e NA, a MAO
exerce um papel importante na patofisiologia de diversas desordens neuroldgicas e
psiquiatricas. Logo, a diminuicdo da neurotransmissdo monoaminérgica relacionada a
depressao, faz dos inibidores da MAO-A agentes terapéuticos potenciais para serem utilizados
no tratamento deste distirbio afetivo (Berton e Nestler, 2006). Além disso, Meyer e
colaboradores (2006) demonstraram que pacientes com depressao apresentaram uma
densidade aumentada de MAO-A em diversas regides do cérebro quando comparados a
individuos saudaveis. Os autores sugerem que esse aumento na quantidade de MAO-A
poderia ser a causa dos baixos niveis de monoaminas encontrados em pacientes deprimidos.
De fato, os inibidores da MAO (IMAOs) foram os primeiros farmacos antidepressivos
descritos e continuam sendo utilizados até hoje com grande sucesso (Berton e Nestler, 2006).
Apesar da primeira geracdo de IMAOs irreversiveis e ndo-seletivos (por exemplo, fenelzina e
tranilcipromina) apresentar atividade antidepressiva, seu uso acarretava uma série de efeitos
colaterais, como as crises hipertensivas agudas quando ingeridos juntamente com alimentos
ricos em tiramina. Essas limitagdes impulsionaram o desenvolvimento dos IMAOs de

segunda geragdo, os quais ainda apresentavam um perfil de atividade irreversivel, porém
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seletivo para MAO-A (clorgilina) ou MAO-B (selegilina). Contudo, as indesejaveis crises

hipertensivas continuavam a limitar o uso dos inibidores seletivos da MAO-A.

2.1.1.6. Estresse Oxidativo na Depresséo

As espécies reativas de oxigénio (EROs) e as de nitrogénio (ERNS) sdo um importante
fator de dano em muitos processos patoldgicos e toxicologicos, incluindo os disturbios
psiquiatricos. Varios estudos mostram o envolvimento do estresse oxidativo na patogénese da
depressdo. Maes et al. (2000), bem como outros pesquisadores (Tsuboi et al., 2006; Sarandol
et al., 2007) mostraram a co-existéncia de estresse oxidativo aumentado e sintomas de
depressdo em pacientes. Esse resultado foi evidenciado pela diminuicdo das defesas
antioxidantes e pelo aumento da peroxidacdo lipidica no plasma destes pacientes. Dessa
forma, a utilizagdo de antioxidantes pode representar uma alternativa para o tratamento da

depressao.

2.1.1.7. Na" K" ATPase

Alguns estudos mostram que a atividade da Na* K* ATPase no cérebro esta associada
a depressdo (El-Mallakh e Wyatt, 1995; Gamaro et al., 2003). A Na* K" ATPase ¢ a enzima
responsavel pelo transporte ativo dos ions Na* e K*, mantendo assim o gradiente inico
necessario para a excitabilidade neuronal. Esta presente em altas concentragdes nas
membranas das células cerebrais, consumindo 40-50% da adenina trifosfato (ATP) produzido
nesse tecido (Erecinska e Silver, 1994). Dessa forma, alteragfes na atividade dessa enzima
podem causar um disturbio na funcdo neuronal. Além disso, a 5-HT que esta envolvida na
fisiopatologia das desordens afetivas (Van Praag et al., 1990), € removida da fenda sinaptica
pelos transportadores localizados nos neurdnios pré-sinapticos por captacdo dependente de
Na® (Lesch et al., 1993) o que esta diretamente relacionado com a atividade da Na® K*
ATPase (Lesch et al., 1993).
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2.1.1.8. Via da L-arginina-0xido nitrico(NO) / guanosina monofosfato-3’-5’-ciclico (GMPCc)

O conceito de NO como molécula de sinalizacdo celular comecou a surgir na década
de 70 em trabalhos que procuravam pelo transmissor gerado em resposta a ativacdo de
receptores do &cido N-metil-D-aspartico (NMDA) e capaz de aumentar os niveis de GMPc
(Ferrendelli et al., 1974). Desde entdo, seu papel tem sido relacionado a regulacdo de varios
processos comportamentais, cognitivos e emocionais, incluindo memoria e aprendizado,
agressao, ansiedade e depressdo (Da Silva et al.,, 2000). O NO ¢é produzido durante a
conversdo do aminoécido L-arginina em citrulina pela enzima dxido nitrico sintase (NOS).
Trés isoformas da NOS foram caracterizadas, e incluem uma isoforma expressa em células
endoteliais (NOSe), uma isoforma induzida, usualmente expressa apds ativacdo do sistema
imunolégico, especialmente nas células microgliais (NOSi), e a isoforma neuronal (NOSn)
(Paakkari e Lindsberg, 1995). A NOSn € a forma mais abundante, presente tanto no sistema
nervoso periférico (SNP) quanto no SNC, especialmente nas espinhas dendriticas (Dreyer et
al. 2004). Ela é ativada pelo complexo Ca**/calmodulina em resposta ao influxo de Ca*
induzido principalmente pela estimulacdo dos receptores NMDA. Sua associagdo fisica a sub-
unidade NR2B dos receptores NMDA e a proteina da densidade pds-sinaptica PSD-95
(Brenman et al., 1996), ajuda a explicar a intima ligacdo entre ativacdo de receptores NMDA
e producdo de NO. As acOes fisiolégicas do NO sdo mediadas principalmente pela
estimulacdo da enzima Guanilato Ciclase (GC), responsavel pela producdo de GMPc. O
aumento nos niveis de GMPc modula a atividade de vérios alvos intracelulares como
proteinas quinases dependentes de GMPc (PKG) e canais ibnicos (Garthwaite e Boulton,
1995).

Varios estudos pré-clinicos demonstram que inibidores da NOS como o L-NAME e 7-
nitrindazol (7-NI), e inibidores da GC, como o 1H-[1,2,4]oxadiazolo[4,3- a]quinoxalin-1-one
(ODQ), tem propriedades antidepressivas em modelos animais (Da Silva et al., 2000; Volke et
al., 2003). Além disso, o estresse cronico moderado causa um aumento na expressao da NOSn
no hipocampo, associado a um perfil depressivo e diminuicdo da neurogénese em
camundongos. Ja a deplecdo genética desta enzima ou 0
tratamento com inibidores especificos restauram a neurogénese e o perfil comportamental dos

animais submetidos ao estresse (Zhou et al., 2007).
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2.1.1.9. Canais de K*

Os canais de K* sdo membros de uma familia de proteinas que permite a rapida
difusdo de fons K* pela membrana plasmatica, a favor de um gradiente de concentracio. Eles
desempenham um papel fundamental no controle da excitabilidade neural e propagacéo de
sinal pelo sistema nervoso. A abertura destes canais leva a uma hiperpolarizacdo da
membrana plasmatica, resultando em uma reducdo na excitabilidade da célula (MacKinnon,
2003). A diversidade entre os membros desta familia esta relacionada principalmente com o
tipo de estimulo capaz de causar a abertura do canal e difusdo dos ions K*, processo que é
regulado por uma variedade de estimulos como: alteragfes na voltagem da membrana
plasmatica, niveis intracelulares de certos fons e moléculas orgénicas e proteinas (Ca®*, ATP,
AMPc, sub-unidades de proteinas G). Baseado nestas diferencas estruturais os canais de K*
foram divididos em quatro subtipos: dependentes de voltagem, ativados por célcio, canais de
K" retificadores de influxo e canais de K* de dois poros. A manipulacio farmacoldgica destes
canais pode representar uma ferramenta no controle de uma série de doencas do SNC, como a
epilepsia, demencia, ansiedade e depressdo (Wickenden, 2002).

O envolvimento dos canais de K™ na modulagio da depressdo tem sido sugerido por
alguns estudos pré-clinicos. A administracdo de inibidores de diferentes tipos de canais de K*
como tetraetilamonio (TEA), apamina, caribdotoxina, gliquidona e glibenclamida produz um
efeito antidepressivo no TNF (Galeotti et al., 1999), enquanto
ativadores destes canais, como o0 cromacalim e o minoxidil, promovem um efeito
depressogénico, aumentando o tempo de imobilidade dos animais no mesmo teste (Galeotti et
al., 1999). Inan e colaboradores (2004) demonstraram que a administragcéo de sertralina, um
inibidor seletivo da recaptacdo de 5-HT, potencializa o efeito antidepressivo do TEA e da 3,4-
diaminopiridina, dois bloqueadores de canais de K* no TNF. Além disso, a administragdo de
gliburida, um inibidor de canais de K* modulados por ATP ou quinina, um blogueador de
canais de K ativados por Ca**, produz um efeito sinérgico com antidepressivos no TNF (Guo
etal., 1995).



15

2.1.1.10. Receptores ativados da proliferacdo de peroxissomos-gama (PPARY)

Estruturalmente podem ser incluidos como membros da subfamilia de receptores que
incluem o receptor do hormonio da tiredide, receptor do acido retindico e o receptor da
vitamina D3. Trés proteinas, codificadas por genes distintos, tém sido identificadas: PPARa,
PPARP e PPARY. Os receptores PPARs séo fatores de transcricdo ligantes dependentes que
regulam a expressdo do gene-alvo pela ligacdo a elementos responsivos aos proliferadores de
peroxissoma (PPRES) situados em sitios regulatorios de cada gene. O receptor liga-se ao
PPRE como um heterodimero, juntamente com um fator protéico adicional, o receptor do
acido 9-cis retindico. Sob atuacdo de agonistas, a conformacéo do receptor PPAR é alterada e
estabilizada, criando um sitio de ligacdo, com posterior recrutamento de coativadores
transcricionais, resultando em aumento na transcricdo génica. Os PPAR sdo conhecidos como
fatores de transcricdo que regulam a expressao de genes envolvidos em importantes processos
fisioldgicos como o metabolismo lipidico, homeostase da glicose e atividades inflamatorias
(Desvergne andWahli, 1999). Com isso, o desenvolvimento de ligantes que atuem de forma
agonista nesses receptores aponta como um promissor alvo de estudos para o tratamento de
desordens como o Diabetes mellitus, dispilidemia, arteriosclerose e doenga do SNC (Collino
et al., 2006). Os receptores PPARYy estdo localizados no hipocampo, estriado e cortex pré-
frontal (Lee et al., 2010). Desta forma, estes receptores podem contribuir na modulagdo do
humor ja que estdo localizados em areas do SNC envolvidas com depressdo. Atualmente, no
mercado farmacéutico, o uso das tiazolidinadionas (TZD) - ligantes sintéticos do PPARYy, é
bem difundido na prética clinica. Esta classe de farmacos promove sensibilidade a insulina e
melhora no Diabetes mellitus tipo 2, embora apresente limitagdes terapéuticas e efeitos
indesejaveis. Além disso, os PPARy estdo envolvidos no mecanismo de acdo de
antidepressivos, pois os efeitos antidepressivos da rosiglitazona, NP031115 e ARA041418 no
teste do nado forcado (TNF) em camundongos foram revertidos com o antagonista de PPARy
GW-9662 (Rosa et al., 2008).

2.1.2. Modelos preditivos de depressdo em animais

Os modelos animais preditivos sdo ferramentas amplamente utilizadas para
compreensdo dos mecanismos responsaveis pela etiologia e tratamento da doenca. Estes
modelos sofrem com algumas restri¢ces inerentes ao fato de ndo reproduzir fidedignamente

algumas caracteristicas dos transtornos humanos, como o sentimento de culpa, pensamento de
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morte e suicidio. No entanto, sdo responsaveis, em grande parte, pelo desenvolvimento das
hipoteses que relacionam as possiveis bases bioldgicas dos transtornos mentais e pelo que se
sabe atualmente sobre as acOes dos psicofarmacos em diversas etapas dos processos de
neurotransmiss&o.

Embora seja impossivel recriar todos os aspectos de uma determinada doenga,
especialmente aquelas que envolvem condi¢des complexas e multifatoriais como as doengas
psiquiatricas, estes modelos mimetizam um ou alguns dos sintomas associados a doenga ou
sdo sensiveis aos farmacos utilizados clinicamente. Desta maneira, é possivel estabelecer um
paralelo entre os efeitos comportamentais induzidos pelos farmacos com os sinais clinicos ou
neurofisiolégicos em humanos, visando contribuir para a elucidacao das bases etioldgicas das
varias doengas mentais.

Modelos com validade preditiva estdo entre os mais utilizados para a selecdo de novos
farmacos antidepressivos, sdo de facil uso e de boa reprodutibilidade (Cryan et al., 2002).
Entre eles, podemos destacar o teste do nado forcado (TNF) e o teste da suspensdo da cauda
(TSC) (Nestler et al., 2002a,b). Estes modelos sdo assim designados por serem baseados
exclusivamente no efeito comportamental dos farmacos utilizados clinicamente, contudo nédo
mimetizam sintomas ou bases neurobioldgicas da doenca.

No entanto, outros modelos animais para depressdo apresentam validade
fenomenologica além da validade preditiva. Isto é, além de serem sensiveis aos farmacos
utilizados clinicamente, mimetizam em animais sintomas ou efeitos neurobioldgicos
associados a doenca. Entre eles, pode-se destacar a bulbectomia olfatéria, 0 modelo do
desamparo aprendido, a separagdo materna, o isolamento social e o estresse cronico
(McArthur e Borsini, 2006).

O TNF é um dos modelos comportamentais mais utilizados para detectar atividade
antidepressiva de farmacos. O método original foi descrito por Porsolt (1977) e baseia-se na
observagdo de que quando os animais sdo submetidos a uma situacdo onde ndo héa
possibilidade de escape, apdés um periodo de agitacdo inicial eles adotam uma postura de
imobilidade. O camundongo é considerado imével quando flutua ou faz apenas movimentos
necessarios para manter sua cabega acima da dgua. O tempo de imobilidade foi cronometrado
durante 6 minutos em um cilindro plastico de 10 cm de didmetro e 24 cm de altura contendo
19 cm de altura de &gua, a temperatura de 25 °C+1°C. A reducdo no tempo de imobilidade € o
efeito observado apds a administracdo aguda de vérias classes de farmacos antidepressivos
(Porsolt et al., 1977), j4 o aumento deste tempo caracterizara um estado “depressivo” dos

animais ou um efeito depressogénico de farmacos.
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O TSC foi descrito por Steru et al., (1985). Os camundongos acustica e visualmente
isolados foram suspensos 50 cm acima do ch&o por fita adesiva e a imobilidade foi registrada
durante 6 minutos Os antidepressivos reduzem o tempo de imobilidade neste teste (Steru et
al., 1985; Cryan et al., 2005).

O teste do campo aberto (TCA) foi proposto por Hall (1936) para a avaliacdo da
atividade locomotora dos animais. O aparato consiste em uma caixa de madeira medindo
40x30x40 cm, com o chéo dividido em 9 quadrantes iguais. O nimero de quadrantes cruzados
em um periodo de 6 minutos é o parametro utilizado para avaliar a atividade locomotora. O
teste é feito em uma sala acusticamente isolada e com baixa luminosidade. Como farmacos
que apresentam um efeito psicoestimulante podem representar um resultado “falso positivo”
no TNF e no TSC, o TCA é imprescindivel para se determinar a especificidade do efeito

antidepressivo.

2.2. Dor e nocicepgao

Dor € uma experiéncia complexa, dificil de ser definida, descrita ou interpretada.
Segundo o Comité de Taxonomia da Associagdo Internacional para o Estudo da Dor, pode ser
conceituada como uma experiéncia sensorial e emocional desagradavel associada a um dano
tecidual atual ou potencial (Merskey e Bogduk, 1994). A dor é extensivamente influenciada
por ansiedade, depressdo, expectativa e outras variaveis psicologicas. E uma experiéncia
multifacetada, um entrelacamento das caracteristicas fisicas dos estimulos com as funcgdes
motivacionais, afetivas e cognitivas do individuo.

A dor desempenha um papel de alerta, comunicando ao individuo que algo esta errado,
podendo gerar estresse acentuado e incapacidade fisica. E, sem sombra de ddvida, a maior
causa de afastamento do trabalho, gerando um enorme 0Onus para diferentes nacbes. As
sensacOes dolorosas induzem respostas urgentes para seu alivio provocando nos animais
comportamentos como massagear ou lamber a area lesada. A dor manifesta-se com
intensidade diferente entre os individuos, variando de acordo com o sexo, idade e estado de
humor (Chapman e Gavrin, 1999; Sharp, 2001).

A dor, além de uma sensacdo, € uma experiéncia. Isso € importante porque as
sensacOes possuem vias neuroanatémicas, com receptores especificos que permitem a
deteccdo de estimulos. J& as experiéncias incorporam componentes sensoriais com influéncias
pessoais € ambientais importantes. No entanto, clinica e experimentalmente se faz necessaria

a distincao entre a dor percebida e a resposta ao dano tecidual ou nocicepcao (Kandel e Mack,
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2003). Assim, o termo nocicepcdo refere-se somente a percepcao do sinal no sistema nervoso
central, evocado pela ativacdo de receptores sensoriais especializados (nociceptores),
provenientes de um tecido danificado (Furst, 1999). Os animais ndo sdo capazes de verbalizar
0S componentes subjetivos da dor, ou seja, ndo € possivel avaliar a dor, mas nocicepgéo.
Sendo assim, termos como dor e analgesia s&o mais adotados para humanos assim como
nocicepgdo e antinocicepgdo para animais (Jones, 1992). Evidéncias sugerem que a
hiperexcitabilidade e mudancas em descargas dos aferentes nociceptivos primarios levam a
alodinia, hiperalgesia ou dor espontanea devido ao aumento da atividade de uma variedade de
canais i6nicos (Millan, 1999). Sendo que a hiperalgesia € a resposta aumentada a um estimulo
doloroso, enquanto a alodinia é a dor resultante de estimulo que é normalmente ndo nocivo
(Millan, 1999). Contudo, em metodologias como o de estimulo no método de Von Frey,

detecta-se comportamento nociceptivo antes da administracdo de um estimulo inflamatério.

2.2.1. Classificacao da dor

A dor pode ser considerada como um sintoma ou manifestacdo de uma doenca ou
afeccdo organica, mas também pode vir a constituir um quadro clinico mais complexo.
Existem muitas maneiras de se classificar a dor. Considerando a durac¢do da sua manifestacao,
ela pode se apresentar nas formas transitoria, aguda ou crénica. Na dor transitoria, a ativacéo
dos nociceptores acontece na auséncia de qualquer dano tecidual e contribui para proteger o
organismo de potenciais danos fisicos, causados pelo ambiente ou por estresse de tecidos
corporais. Contudo, a dor aguda é uma resposta causada por uma lesdo de tecido com
conseqiiente ativacdo dos nociceptores, no local da lesdo, caracterizando-se por ser de curta
duracdo, desaparecendo, até mesmo, antes da cura do dano tecidual. Além disso, a dor aguda
é geralmente de facil identificacdo e tratamento, possuindo também caréater protetor (Loeser e
Melsack, 1999). J& a dor cronica € causada por uma lesdo tecidual ou doenca e geralmente
ultrapassa o tempo de recuperacdo do organismo, ou seja, esse tipo de dor pode néo
desaparecer mesmo quando o trauma inicial (lesdo) foi resolvido. A dor crdnica se estende por
meses ou anos. E de dificil identificacio, sendo uma doenca que geralmente necessita de
tratamento complexo (Tracey e Mantyh, 2007). N&o ¢é apenas a duracdo que distingue a dor
aguda da dor crbnica, mas também a capacidade do organismo de reparar o sitio da leséo e
restaurar os disparos aferentes e o processamento central normal (Loeser e Melsack, 1999).
Pode-se destacar ainda alteragcdes adaptativas como a neuroplasticidade, em Vvarios niveis do

sistema nervoso, tais como sensibilizacdo, desinibicdo dos neurdnios inibitérios do corno
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dorsal, reorganizagdo do circuito neuronal do corno dorsal e alteragcbes na facilitacdo e
inibicdo descendente da dor. Tendo em vista que estes eventos sédo dependentes da intensidade
e da duracdo do estimulo, quanto mais persistente for o processo doloroso, mais dificil se
torna o tratamento do quadro patolégico (Woolf e Salter, 2000). Quanto a sua origem, existem
quatro tipos principais de dor: 1) a “dor nociceptiva”, que se origina devido a estimulacao
excessiva dos nociceptores localizados na pele, visceras e outros oOrgaos; 2) a “dor
neurogénica”, que reflete o dano de tecido neuronal, na periferia ou no sistema nervoso
central (“dor central”); 3) a “dor neuropatica”, que acontece devido a uma disfun¢do ou dano
de um nervo ou grupo de nervos e 4) a “dor psicogénica”, que ndo é oriunda de uma fonte

somatica identificavel e que pode refletir fatores psicologicos (Millan, 1999).

2.2.2. Mecanismos neurais da dor

A transmissdo da dor envolve uma interacdo complexa de estruturas periféricas e
centrais desde a pele, visceras e outros tecidos até o cdrtex cerebral. Um nervo periférico
consiste em axo6nios de trés diferentes tipos de neurdnios: sensoriais primarios, motores e pés-
ganglionares simpaticos. As terminacOes livres de fibras aferentes primarias sensiveis a
estimulos nocivos sdo chamados de nociceptores (ou receptores da dor) (Millan, 1999). A
sensibilizacdo dos nociceptores se deve a diferentes estimulos, tais como mudanca de
temperatura (estimulo nocivo térmico), diferenca osmotica ou distensdo tecidual (estimulo
nocivo mecanico), hipoxia ou lesdo tecidual seguida de inflamacéo (estimulo nocivo quimico)
(Julius e Basbaum, 2001). Esses estimulos nocivos ativam fibras aferentes sensoriais delgadas
do tipo C e Ad. Além dessas, outro tipo de fibra que pode estar envolvida na transmissdo do
estimulo sensorial sdo as fibras do tipo AB, que normalmente respondem a estimulos inécuos,
aplicados a pele, que em condigdes especiais sdo capazes de conduzir rapidamente o estimulo
doloroso (30-100 m/s). As fibras AP sé&o mielinizadas e de grande didametro. Ja as fibras do
tipo Ad, de conducdo intermediéria (12 a 30 m/s), sdo pouco mielinizadas, enquanto que as
fibras do tipo C sdo ndo-mielinizadas e transmitem o estimulo nociceptivo de forma mais
lenta (0,5 a 2,0m/s) (Figura 1) (Julius e Basbaum, 2001).
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Figura 1: Representacdo esquematica dos diferentes tipos de neurdnio sensoriais primarios
responsaveis pela conducdo do sinal nociceptivo da periferia ao SNC. Adaptado a partir de
Julius e Basbaum, 2001.

Em grande parte do organismo as fibras aferentes priméarias C e Ad transmitem a
informacg&o nociceptiva da periferia até o corno dorsal da medula espinhal e suas terminacgdes
encontram-se principalmente nas laminas | (zona marginal) e lamina Il (substéncia
gelatinosa). No corno dorsal da medula espinhal neurénios de primeira ordem fazem sinapse
com neurdnios de segunda ordem, que formam as vias ascendentes. Conseqiientemente, esses
neurdnios recebem seus sinais sensoriais pela liberacdo de glutamato e substancia P (SP) dos
neurdnios aferentes primarios. Este processo excitatério envolve canais de Ca**, sendo os
principais reguladores da liberacdo de neurotransmissores (Millan, 1999).

Os neur6nios de segunda ordem cruzam a medula espinhal para ascender ao trato
espinotalamico, projetando seus corpos celulares ao talamo. No talamo, neur6nios de terceira
ordem emitem axoénios, através da capsula interna do cortex somatosensoria, ocorrendo a
somatizacdo do estimulo nocivo e/ou emitindo axdnios ao giro cingulado anterior,
responsavel pelo componente emocional da dor (Russo e Brose, 1998).

O talamo e o cortex sdo regides finais da projecdo das vias de nocicepcéo, sendo que o

tadlamo € um dos responsaveis por informar que existe sensacdo nociceptiva. J& o cortex €
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responsavel pela discriminacdo do tipo de sensacdo nociceptiva e por identificar, de forma
pouco fiel, de onde provém (Millan, 1999). Além dessa modulagdo ascendente, existe uma
modulacédo descendente da nocicepg¢do. As vias descendentes originam-se no tronco cerebral e
outras estruturas como hipotalamo, cortex, talamo, nacleo magno da rafe (NMR), substancia
cinzenta periaquedutal (PAG) e estruturas adjacentes da medula rostroventromedial (RVM),
que exercem importante papel na integracdo e modulagdo das mensagens nociceptivas, no
corno dorsal da medula espinhal (Millan, 2002). Os mecanismos descendentes modulam a
resposta nociceptiva por exercer suas acées, em nociceptores presentes nas fibras aferentes
primarias, bem como em neurdnios intrinsecos do corno dorsal, como interneur6nios
excitatdrios, interneurénios inibitorios e neurénios de projecdo (Millan, 2002). Uma das
descobertas mais interessantes a respeito do circuito modulatorio da dor é que esse pode tanto
facilitar, quanto inibir a transmissdo nociceptiva (Julius e Basbaum, 2001). Por exemplo, na
RVM estdo presentes dois tipos de neuronios, as chamadas células “liga” (on) e as células
“desliga “(off), as quais estdo envolvidas na modulagio nociceptiva. E proposto que as células
“liga” (on) medeiam a facilitagdo da condugéo de estimulos nociceptivos quando ativadas, e
as células “desliga” (off) medeiam a inibicdo da transmissdo nociceptiva, provocada pela
estimulagdo da substancia cinzenta periaquedutal (PAG).

De maneira geral, a substancia cinzenta periaquedutal deve excitar as células off e
inibir as células on na medula rostroventromedial (Millan, 2002). Logo, o balango entre a
ativacdo dessas duas subpopulacdes de neurdnios determina a resposta a um estimulo
nociceptivo periférico. No entanto, em situacbes de dor persistente, as alteracdes da
neuroplasticidade podem resultar em uma estimulag&o facilitatoria sustentada, o que ocasiona
respostas persistentes e exageradas a dor (Millan, 2002).

Além da modulacdo descendente da informagdo nociceptiva envolver uma série de
estruturas cerebrais, conforme mencionado anteriormente, os sistemas de neurotransmissores
também estdo envolvidos nesta conexdo. Todos 0s neurotransmissores, envolvidos na inibigédo
descendente (tais como opioides enddgenos, 5-HT, NA e DA), parecem inibir a excitacdo de

neurbnios de segunda ordem na presenca de estimulo nocivo (Millan, 2002).



22

2.2.3. Mediadores quimicos na via nociceptiva

A atividade dos nociceptores é mediada pela acdo de substancias algogénicas liberadas
e/ou sintetizadas em elevada concentracdo, no ambiente tecidual, na decorréncia de processos
inflamatorios (Cotran et al., 1994). Substancias endogenas, como prostaglandinas,
neuropeptideos, cininas, aminoécidos excitatorios, entre outros, sdo produzidas e/ou liberadas
pelo tecido lesionado e estimulam os receptores presentes na membrana dos neurdnios. Além
disso, os mediadores inflamatorios liberados facilitam a neurotransmisséo e sensibilizam o
nociceptor (Bjorkman, 1995). Existem varias fontes importantes de mediadores quimicos que
participam da resposta dolorosa, entre os quais se destacam os tecidos lesionados e adjacentes,
sistema vascular, células do sistema imunoldgico, nervos simpaticos e sensoriais, entre outros.
Dessa forma, ha liberacdo local de diversos mediadores quimicos celulares, resultantes de
lesdo tecidual capazes de desencadear uma reacdo inflamatoria local, atraindo macréfagos e
linfocitos. Essas células liberam mediadores inflamat6rios como: cininas (bradicina e
calidina); produtos das células imunes (citocinas, como as interleucinas e o fator de necrose
tumoral-TNFa); aminas (5-HT e histamina) e prostandides. Desse modo, a leséo celular e a
reacdo inflamatdria advindas de tal lesdo, expdem as fibras aferentes priméarias a um grande
namero de substancias capazes de estimular o nociceptor. O aferente primario transmite o
impulso nociceptivo a neurdnios especificos para a nocicepcao ou a neurdnios que também
transmitem outras sensacdes no corno dorsal da medula (Millan, 1999; Calixto et al., 2001).

A transferéncia sinaptica de informacdo nociceptiva é comandada pela liberacdo de
neurotransmissores como glutamato, presente em todos os tipos de aferentes primarios. O
glutamato € um aminoé&cido excitatério, podendo ser encontrado em concentracdes na faixa de
uM na medula espinhal, originado de fibras aferentes primarias mielinizadas e ndo-
mielinizadas, em adicdo a interneurdnios intrinsecos e projecdo de neurbnios (Battaglia e
Rustioni, 1988). O glutamato e alguns neuropeptideos sdo liberados juntos de terminais
aferentes primarios e tém aces fisioldgicas distintas nos neurénios pds-sinépticos, atuando
coordenadamente para regular as propriedades desses neurénios (Kandel et al., 2003).

As acbes de aminodcidos excitatorios sdo mediadas principalmente por receptores
ionotropicos NMDA e ndo-NMDA. Os receptores nao-NMDA consistem de dois receptores,
acido o-amino-3-hidroxi-5-metil-4-isoxazolopropiénico (AMPA) e cainato (Dickenson,
1995). A transmissédo de fibras C, depois de estimulos agudos mecanicos ou térmicos, parece
envolver receptores AMPA para produzir excitaces curtas e constantes. Os estimulos sdo

mantidos e/ou sua frequéncia é aumentada pela liberacdo de transmissores que contribuem
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para a transmissdo nociceptiva quando o receptor NMDA ¢é ativado, aumentando resposta de
hiperalgesia (Dickenson, 1995). Uma acdo excitatoria direta, do tipo retroalimentacéo
positiva, do glutamato, nas fibras aferentes primarias, seria consistente com a evidéncia de
que a ativacao dos receptores NMDA causa a liberacdo de SP e peptideo relacionado ao gene
da calcitonina (CGRP) por seus terminais centrais (Liu et al., 1994). Essa acdo do NMDA
pode ser mediada pelo NO dos terminais das fibras aferentes primarias (Sorkin, 1993), e 0 NO
poderia também interferir nas agdes periféricas mediadas pelas fibras aferentes primarias
(Jackson et al., 1995).

2.2.4. Dor inflamatdria

Numa lesdo tecidual, como um trauma mecanico ou invasdo por agentes infecciosos, o
organismo aciona mecanismos cujo proposito é limitar o dano e regenerd-lo. Esses
mecanismos fazem parte da resposta inflamatdria, caracterizada por quatro sinais: rubor,
calor, dor e tumor; e em alguns casos pode acometer 0 membro com perda da funcdo. A
inflamacéo pode ser classificada como aguda ou cronica, de acordo com o tempo de duracéo e
caracteristicas patologicas (Sherwood e Toliverkinsky, 2004). A inflamagdo aguda apresenta
duragcdo (horas a dias) e muitos mediadores como o NO e prostaglandinas promovem
principalmente a vasodilatacdo, um dos sinais classicos do processo inflamatério (Sherwood e
Toliver-Kinsky, 2004). Outro sinal precoce da inflamacgédo aguda é a formacdo do edema, que
ocorre devido ao fluxo transvascular de fluido, rico em proteinas (plasma) dos
compartimentos intravasculares para o intersticio devido ao aumento de permeabilidade
vascular de capilares e vénulas, como resultado da liberacdo de histamina, bradicinina,
leucotrienos, fatores do complemento, SP e fator de agregagdo plaquetéaria (PAF) no sitio
inflamatdrio (Sherwood e Toliver-Kinsky, 2004). A progressao da resposta tecidual para
inflamacéo cronica caracteriza-se por infiltracdo de células mononucleares, que incluem
macrofagos, linfocitos e plasmdcitos. Os processos inflamatdrios cronicos sdo prolongados,
estendendo-se de semanas a meses. Durante a inflamacdo crénica, ocorrem simultaneamente:
a presenca de processo inflamatorio ativo, tentativas de reparo tecidual com consequente
destruicdo do tecido e formacdo de fibrose (Sherwood e Toliver-Kinsky, 2004).

Tanto a liberacdo de mediadores primarios, quanto a sintese de novos mediadores sao
responsaveis pela ativacdo e/ou sensibilizagdo de nociceptores adjacentes a lesdo. A
sensibilizacdo dos nociceptores diminui o limiar de ativagdo e aumenta a probabilidade de que

esses disparem com estimulos de menor intensidade (Khasar et al., 1999; Holden e Pizzi,
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2003). Dessa forma, esses nociceptores sdo ativados por estimulos, que em condicBes
normais, seriam indcuos (Millan, 1999). Isso é bem evidenciado, através de modelos
experimentais, cuja injecdo de um agente pro-inflamatério como o Adjuvante Completo de
Freund (ACF) sensibiliza os locais injetados, tornando esses animais responsivos a estimulos
térmicos e mecanicos in6cuos a um animal ndo injetado. De fato, a dor € uma caracteristica
peculiar da inflamacdo e a dor inflamatdria € o maior problema clinico em varios distdrbios
inflamatdrios, como, por exemplo, a artrite reumatdide (MacMahon et al., 2005). Portanto,
nessa situacdo, encontra-se um quadro de estimulagdo constante dos nociceptores, que é
responsavel por alteragdes plasticas, ndo somente no tecido nervoso periférico, mas também
em nivel central isso € muito comum em casos de neuropatia periférica, cuja lesdo nervosa
gera um processo inflamatdrio crénico, com alteracBes plasticas no SNP e SNC (Ji e
Strichartz, 2004). De fato, do ponto de vista clinico, um dos aspectos mais problematicos da
dor de origem inflamatdria é a possibilidade da progressdo de um estado agudo para um
estado prolongado, podendo, dessa forma, aumentar a susceptibilidade de instalagdo de um
quadro de dor inflamatoria crénica (Woolf e Mannion, 1999). Nessas condicdes, a inflamacéo
perde sua caracteristica de protecdo ao organismo e torna-se uma patologia. A grande
preocupacdo na busca dos mecanismos que envolvem a inflamacdo é devido ao seu
envolvimento em doengas cronicas, incluindo cancer, diabetes, doenga neurodegenerativas,

cardiovasculares e reumaticas (MacMhon et al., 2005).

2.2.5. Dor neuropética

A dor neuropética foi definida em 1994 pela Associacdo Internacional para o Estudo
da Dor como “dor iniciada ou causada por lesdo primaria ou disfuncdo do sistema nervoso”.
A etiologia da dor neuropatica é heterogénea e pode ser ocasionada por um insulto primario
ao sistema nervoso periférico ou central (Zimmermann, 2001). As neuropatias originam-se
qguando ocorre uma lesdo nos nervos ou nas demais estruturas que transmitem a sensacao
dolorosa e podem resultar de trauma mecénico, lesdo nervosa (amputagdo ou compressao),
efeitos toxicos de drogas (anti-neoplasicos), doencas como diabetes ou sindrome da
imunodeficiéncia adquirida (HIV/AIDS) (Mendell e Sahenk, 2003). A lesé&o de nervos
periféricos é frequentemente acompanhada de inflamac&o local transitéria, contribuindo para
0 inicio da sensacdo de dor. Nesse sentido, assim como na dor inflamatdria, na dor
neuropatica também estdo envolvidos multiplos mediadores inflamatérios (Ji e Strichartz,
2004).
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Corroborando com isso, estudos mostram que a extensdo da hiperalgesia estd
diretamente relacionada com a extensdo da resposta inflamatéria ao sitio da lesdo do nervo
(Clatworthy et al., 1995). Os mecanismos exatos da instalacdo do quadro de dor neuropética
ainda ndo sdo inteiramente compreendidos. No entanto, MacFarlane e colaboradores (1997)
sugerem que o desenvolvimento de dor crbnica apds lesdo de nervo ocorra através de
alteracbes, na medula espinhal, como excitabilidade aumentada, inibicdo diminuida,
restruturacdo organizacional das ceélulas e, eventualmente, mudanca no fendtipo. Essas
alteracdes ocorrem principalmente devido a uma estimulagéo excessiva dos nociceptores, uma
vez que estes estdo com limiar de ativacdo mais baixo (hipersensibilidade) (Coutaux et al.,
2005). A excitabilidade aumentada ocorre em funcdo de estimulacgéo repetitiva sobre as fibras
ndo mielinizadas do tipo C, resultando em prolongada descarga no corno dorsal da medula
espinhal. Esse fendmeno, conhecido como “Wind up” significa aumento progressivo no
namero de potenciais de acdo por estimulo e ocorre em neur6nios do corno dorsal. Esses
episodios repetitivos podem levar a potenciagdo a longo prazo (“long-term potentiation”,
LTP), que envolve o aumento prolongado na transmissao sinaptica. Ambos “Wind up” e LTP
fazem parte do processo de sensibilizacdo, envolvido na maioria dos estados de dor cronica
(Millan, 2002). Por ser um evento crénico, a principal caracteristica dessa patologia séo
mudancas plasticas, causadas por alteracdes na expressao génica de receptores, canais idnicos,
proteinas intracelulares, neuromoduladores, mediadores de sinalizagdo extracelular entre
outros (Woolf e Mannion, 1999). Por conseguinte, os mecanismos patofisioldgicos da dor
neuropatica refletem, em grande parte, aqueles ocorridos na inflamacdo, embora alguns
autores relatem que a lesdo de nervo produz, em neurbnios aferentes primarios, alteraces
neuroquimicas, ligeiramente distintas daquelas produzidas na inflamagédo (Woolf e Mannion,
1999).

2.2.6. Tratamento farmacologico

O arsenal farmacoldgico para o tratamento da dor é composto, basicamente, por dois
grandes grupos de drogas analgésicas: os opidides, que abolem diretamente a transmissdo
nociceptiva, no sistema nervoso central, pela ligagdo em receptores opioides (Hoskin e Hanks,
1991), e antiinflamatorios, que previnem a sensibilizacdo de receptores periféricos da dor
inibindo a ciclooxigenase (Cashman, 1996).

Analgésicos opidides, como a morfina e a codeina, sdo indicadas no tratamento de

dores agudas, moderadas ou intensas, que ndo respondem a analgesicos menos eficazes.
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Embora os opidides sejam muito efetivos, sua utilizacdo € limitada pelo fato dessas drogas
apresentarem muitos efeitos indesejados, como constipacdo, nauseas, vOmitos,
broncoconstri¢do, hipotensdo, bradicardia e depressdo respiratéria e tolerancia (Hoskin e
Hanks, 1991).

Analgésicos ndo-opidides, como os antiinflamatdrios convencionais (indometacina,
paracetamol, AAS entre outros), sdo indicados para dores agudas, porém sua toxicidade renal
e gastrointestinal pode resultar em grande morbidade, limitando seu uso para o tratamento da
dor (Henry et al., 1996). Estudos farmacoldgicos, eletrofisiologicos e anatémicos tém
contribuido para o descobrimento de multiplos mediadores quimicos envolvidos na dor, o que
facilita o entendimento dos mecanismos de acdo dos neurotransmissores e das drogas
envolvidas, na modulacdo central e periférica da dor (Millan, 1999). Muito esfor¢co tem sido
dedicado, buscando compreender os mecanismos celulares e moleculares envolvidos na
origem da dor, com o objetivo de encontrar drogas eficazes, com baixos efeitos colaterais e
que possam ser empregadas nessas circunstancias. De fato, atualmente, ndo existe tratamento
satisfatorio e nem medidas adequadas e especificas para o controle da dor (Mendell e Sahenk,
2003).

Os componentes psicoldgicos da dor neuropética sdo de fundamental importancia e
deverdo ser abordados paralelamente as outras estratégias, incluindo avaliacdo e métodos de
tratamento psicoldgico. Um passo importante é a identificacdo dos possiveis sintomas e
mecanismos, 0s quais se apresentam atualmente como alvos terapéuticos. O grande obstaculo
é gue um sintoma pode representar varios mecanismos, e um mecanismo pode dar origem a
maltiplos sintomas. Assim, o tratamento farmacoldgico tem a grande vantagem de ser
avaliado por ensaios clinicos bem controlados e desenhados, 0 que, entretanto, tem sido feito
em menor escala em relagdo aos métodos fisicos, psicoldgicos e, principalmente, aos métodos
cirdrgicos e invasivos, nos quais as limitacfes éticas sdo maiores (Rowbotham, 2005). As
drogas atualmente em uso para o tratamento da dor neuropatica incluem: anticonvulsivantes,
antidepressivos, opioides, agentes topicos e antiarritmicos, gabaérgicos, antagonistas de
NMDA, bloqueios anestésicos e neurolépticos (Dworkin et al., 2003a).

Historicamente, os antidepressivos triciclicos foram os primeiros a serem utilizados no
controle da dor cronica por se considerar, na época, a importancia da depressdo na dor
(Watson et al., 1982). Os antidepressivos triciclicos (amitriptilina, nortriptilina, clomipramina,
imipramina, desipramina) tém se mostrado eficazes em condi¢Bes neuropaticas, como
polineuropatia dolorosa, neuralgia pos-herpética, neuropatia traumatica, dor central pés-ictal

(Sindrup e Jensen, 2002). Mais recentemente, novos antidepressivos ndo — triciclicos tém
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surgido e com algumas vantagens por terem menos efeitos colaterais. Os novos
antidepressivos incluem os inibidores da recaptacdo seletiva da serotonina (paroxetina e
citalopram), os inibidores balanceados da recaptacdo de serotonina e noradrenalina

(bupropion e maprotilina) e os tetraciclicos (miaserina).
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2.3. Selénio
2.3.1. Caracteristicas quimicas

O elemento selénio (Se) foi descoberto em 1817, pelo quimico sueco Jons Jacob
Berzelius. Esse elemento quimico € um calcogénio do grupo 16 da tabela periodica, que pode
se apresentar sob quatro estados de oxidacdo: selenato (Se*®), selenito (Se™), selénio
elementar (Se%) e seleneto (Se). O Se compartilha propriedades quimicas e fisicas com o
enxofre (S). Esta similaridade permite que o Se substitua o S, promovendo interagdes Se-S
nos sistemas bioldgicos. Por outro lado, as diferencas nas propriedades fisico-quimicas entre
Se e S constituem a base de seus papéis biologicos especificos (Stadtman, 1980). Os selendis
(R-SeH) séo as formas correspondentes aos tidis (R-SH), onde ocorre a substituicdo do atomo

de S pelo 4&tomo de Se (Nogueira et al., 2004).
2.3.2. Biodisponibilidade do Se

Nos mamiferos, o Se parece ser rapidamente absorvido no duodeno, seguido pelo
jejuno e ileo. Além do trato gastrintestinal, 0 Se pode ser absorvido por tecidos cutaneos e
inalacdo. Estas duas Ultimas vias de absorcdo de Se estdo relacionadas com a exposicdo e
intoxicacdo ocupacional por compostos de selénio (Wanger et al.,1976). Apds a absorcao, 0s
maiores niveis de Se estdo localizados nos eritrocitos, figado, baco, coracdo, unha e esmalte
de dentes (Martin e Gerlack, 1972). Em animais intoxicados cronicamente, o Se é depositado
principalmente nos rins e figado, seguido pelo pancreas, baco e pulmdes (Wilber, 1980).

2.3.3. Atividade biolégica

O interesse em relacdo ao Se tem crescido nos ultimos anos, devido a descoberta do Se
como um elemento traco essencial (Nogueira et al., 2004; Savegnago et al., 2006; Jesse et al.,
2009) cuja concentracdo pode ocasionar deficiéncia ou toxicidade. De fato, quando a ingesta
diaria excede a capacidade corporal de eliminacdo, algum tipo de intoxicacdo e/ou patologia
pode surgir.

No ano de 1930, o Se foi reconhecido como uma substancia toxica quando cavalos do
oeste da China que se alimentaram de plantas com grande potencial de acumular este

elemento e apresentaram sintomas de envenenamento, como perda de cascos, pélos e anemia
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(Spallholz, 1993). As patologias mais comuns associadas a toxicidade do Se sdo: a doenca
alcalina (alkali disease), uma doenca de carater cronico, e o falso cambalear (blind staggers),
uma doenca de carater agudo que compromete o0 SNC (Martin e Gerlack, 1972).

O Se também exerce influéncia em patologias associadas aos transtornos de humor,
uma vez que a caréncia de Se parece levar a um estado de humor mais deprimido (Hawkes e
Hornbostel, 1996) e o aumento no consumo deste elemento estabiliza 0 humor e diminui o
estado depressivo e outros sintomas negativos do humor como ansiedade, confusdo e
hostilidade (Sher, 2008). Neste contexto, a suplementacdo de dietas com Se, tanto para
animais quanto para humanos, tem sido aceita pela comunidade cientifica. Para humanos, a
Junta de Alimentacdo e Nutricdo da Academia de Ciéncias dos Estados Unidos propde uma
ingestdo diaria de 50 - 200 pg (Sher, 2008), podendo ser encontrado nos seguintes alimentos:
castanha-do-para, alho, cebola, brocolis, cogumelos, cereais, pescados, ovos e carnes
(Dumont et al., 2006).

Este calcogénio apresenta um grande nimero de funcdes bioldgicas, sendo a mais
importante como antioxidante. Além disso, 0 Se esta presente como residuo de selenocisteina
no sitio ativo das enzimas glutationa peroxidase (Flohé et al., 1973), tioredoxina redutase
(Holmgren, 1985), 5’-deiodinase (Behne e Kyriakopoulos, 1990) e selenoproteina P (Ursini et
al.,, 1990), sendo que a atividade redox do Se tem fundamental importancia para o sitio
catalitico dessas enzimas. Portanto, a partir da descoberta do papel essencial do Se no sitio
ativo de selenoproteinas e do conceito de que moléculas contendo Se podem ser melhores
nucleofilos (e, portanto antioxidantes) que os classicos antioxidantes, (Arteel e Sies, 2001) se

intensificou a sintese e o interesse em compostos organicos contendo Se.

2.3.4. Compostos organicos de Se

Nos ultimos anos, 0s compostos organicos de Se tém sido alvos de interesse em
sintese organica em virtude da descoberta de suas aplicacdes sintéticas, de suas propriedades
farmacoldgicas e por apresentar menor toxicidade em relacdo as espécies inorgénicas
(Nogueira et al., 2004; Nogueira e Rocha, 2010). Dentre os compostos organicos de Se

estudados no nosso grupo de pesquisa se destacam o ebselen e o disseleneto de difenila.
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2.3.4.1. Ebselen

O ebselen (2-fenil-1,2-benzilsoselenazol-3(2H)-ona) (Figura 2) € um composto
organico de selénio que apresenta propriedade antioxidante similar a selenoenzima glutationa
peroxidase (Parnhan e Graf, 1991). Esse composto possui baixa toxicidade, pois ele ndo libera
selénio de sua molécula (Parnhan e Graff, 1987). De fato, Wendel e colaboradores (1984)
demonstraram que em animais deficientes de selénio, a atividade da enzima glutationa
peroxidase ndo aumentava pela suplementacdo com ebselen. O ebselen apresentou
importantes efeitos como antioxidante na reducdo da peroxidacao lipidica e pelas reacdes com
grupos sulfidrilicos (-SH) em diferentes tecidos (Rossato et al., 2002; Davis et al., 2004;
Nowak et al., 2006). Além disso, esse composto apresenta efeitos protetores em diversos
modelos de isquemia tais como: cerebral, cardiaca, hepatica e em um modelo in vitro, pela
privacao de glicose e oxigénio (Osaki et al., 1997; Imai et al., 2001).

O ebselen possui atividades antiinflamatorias, as quais podem ser devido a sua
capacidade de inibir algumas enzimas envolvidas no processo inflamatorio e por reduzir a
sintese e a liberacdo de citocinas pro-inflamatérias (Parnhan e Graf, 1987; 1991). O ebselen
também inibe a formacdo de leucotrienos sintetizados pela via da lipoxigenase 5, e em
granuldcitos inibe a atividade da proteina cinase ¢ (PKC) e da NADPH oxidase (Mugesh et
al., 2001). Além disso, o ebselen inibe in vivo e in vitro a enzima Oxido nitrico sintase
induzivel (NOS)i, isoforma da Oxido nitrico sintase que se torna ativa nos processos
inflamatdrios (Porciuncula et al., 2003). Recentemente, estudos tém investigado a habilidade
deste composto na supressdo de enzimas envolvidas no processo apoptotico e vias de
sinalizacdo, colaborando para a elucidacdo de outros mecanismos que possam estar
envolvidos nas propriedades farmacoldgicas do ebselen (Yoshizumi et al., 2002, 2004). Em
estudos in vitro com tecidos e células do SNC o ebselen apresentou efeito protetor contra a
excitotoxidade provocada pelo glutamato, bem como demonstrou alterar alguns parametros do
sistema glutamatérgico (Porcilncula et al., 2001, 2004; Nogueira et al., 2002). Alem disso,
Herin et al (2001) sugeriram que o efeito neuroprotetor do ebselen em injurias provocadas
pelo glutamato e seus agonistas, pode ser em parte devido a sua direta interacdo com o sitio
modulatorio redox do receptor de glutamato do tipo NMDA.

O ebselen possui efeito do tipo antidepressivo em modelo animal de depresséo (TNF)
na dose de 10 mg/kg (s.c.) sem alteracdo comportamental no teste do campo aberto (Posser et
al., 2009). Os mecanismos envolvidos neste efeito estdo relacionados aos receptors o, e ay

adrenérgicos e Dy e D, dopaminérgicos, mas ndo aos 5-HT1a ou 5-HT /¢ Serotonérgicos,



31

O

N

/

Se

Figura 2: Estrutura quimica do ebselen
2.3.4.2. Disseleneto de difenila

O composto disseleneto de difenila (figura 3) € conhecido por ser mais ativo como
mimético da selenoenzima glutationa peroxidase (Meotti et al., 2004) que o ebselen. De
acordo com isso, em diversos trabalhos o disseleneto de difenila tem-se apresentado como um
bom agente antioxidante na reducdo da peroxidacdo de lipidios provocada por diversos
agentes e em diferentes tecidos (Meotti et al., 2004). Dados da literatura também indicam que
esse composto organico de selénio apresenta varias propriedades farmacoldgicas tais como
antinociceptiva (Savegnago et al., 2007; 2008) e também protege contra a discinesia orofacial
induzida por reserpina e haloperidol (Burger et al., 2004, 2006).

Estudos recentes do nosso grupo relataram que o disseleneto de difenila quando
administrado pela via subcutdnea ou pela via oral apresenta acdo antinociceptiva,
antiinflamatdria e anti-hiperalgésico mecénico e térmico (modelos como a administragdo de
ACF, constricdo do nervo ciatico e inje¢do intratecal de glutamato, NMDA, bradicinina e
prostaglandina E,- PGE;) em camundongos e ratos (Zasso et al., 2005; Savegnago et al., 2007
a,b,c). Sendo que, o possivel mecanismo envolvido na acdo antinociceptiva do disseleneto de
difenila parece envolver a via glutamatérgica (receptores NMDA) adenosinérgica (receptores
Asp), canais de K*, NO e serotoninérgica (Savegnago et al., 2007 a,b,c).
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Figura 3 - Estrutura quimica do disseleneto de difenila

O disseleneto de difenila apresenta efeito do tipo antidepressivo em modelos em ratos
e camundongos (Savegnago et al., 2007d, 2008). Os mecanismos envolvidos sdo a modulagéo
dos receptores 5-HTia, 5-HToapc, 5-HTs, D1, Dy, Ds, o1 € o e da via L-arginina-
NO/GMPc/K* (Savegnago et al., 2007; 2008).

2.3.4.3. Selenetos vinilicos bis substituidos

Os derivados selenetos bis alcenos foram avaliados em estudos de atividade
antinociceptiva e antioxidante. Os compostos 1c, 1d e le (Figura 4) demonstraram 0s
melhores resultados nos estudos da atividade antioxidante in vitro (peroxidacao lipidica) e o
composto 1d apresentou a menor Clso. No trabalho realizado por Savegnago e colaboradores
(2006) os compostos mais promissores (1c e 1d) foram administrados pela via subcutanea nas
doses de 5 a 50 mg/kg em testes nociceptivos. Os compostos apresentaram efeito
antinociceptivo no teste das contor¢des induzidas por acido acético, como Dlso maior que 50 e
14.61 mg/kg, respectivamente. Além disso, os compostos 1c e 1d inibiram de maneira
significativa a nocicepc¢do induzida pela capsaicina. Os compostos também foram avaliados
no teste de nocicepgdo térmica da imersdo da cauda em &gua a 55°C e mostraram efeito
antinociceptivo que ndo foi prevenido pela pré-administracdo de naloxona (antagonista

opidide).
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1a-R=C,Hq

1b - R = CgH;g

1c - R =2,4,6-Me,CgH,
1d - R = 4-CICgH,

1e - R =4-MeOCgH,

Figura 4 - Estrutura quimica dos derivados selenetos bis alcenos

Apbs o trabalho de selecdo dos compostos mais promissores, nosso grupo avaliou 0s
compostos 1c (figura 5) e 1d (figura 6, SVBS) em novas metodologias de testes nociceptivos.
O composto 1c foi administrado oralmente em modelos nociceptivos quimicos em ratos e
camundongos (Jesse et al., 2007). O composto apresentou atividade antinociceptiva na
primeira e na segunda fase do teste da formalina em ratos a partir de 10 mg/kg (p.o). Este
efeito foi blogqueado pela pré-administracdo de N®-L-nitro-arginina-metil Ester (L-NAME,
inibidor da NOS), azul de metileno (inibidor da NOS/GC) e glibenclamida (inibidor dos
canais de K* sensiveis ao ATP) e ndo pela atropina (antagonista muscarinico). Além disso, o
composto inibiu o tempo de lambida e diminuiu o edema induzido por 5-HT, histamina,

composto 48/80 e glutamato.

HO

Se Se

Figura 5 - Estrutura quimica do composto 1c
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Figura 6 - Estrutura quimica do composto 1d (SVBS)

O SVBS apresentou efeito antinociceptivo e antiinflamatério em modelos agudos
(injecdo i.pl. de formalina, glutamato, histamina e capsaicina) a partir de 5 mg/kg em
camundongos (Jesse et al., 2008; 2009). Os mecanismos envolvidos no efeito antinociceptivo
do SVBS sdo a modulacio de canais de K" sensiveis & ATP, receptores glutamatérgicos do
tipo cainato e metabotropico, vanildides, neuropeptidérgicos e citocinas pré-inflamatorias
(Jesse et al., 2008). Em outro estudo, a modulacdo dos receptores do tipo serotonérgico 5-
HT,a, 5-HTs, histaminérgico H, e prostandides também estd envolvida no efeito
antinociceptivo e antiinflamatério do SVBS em camundongos. Além disso, neste estudo o
SVBS modulou as vias proteina cinase A (PKA) e PKC na resposta antinociceptiva (Jesse et
al., 2009).
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OBJETIVOS

Objetivo geral

Avaliar a atividade do composto SVBS em testes do tipo antidepressivo e anti-

hiperalgésico mecénico em camundongos, bem como os mecanismos de a¢do envolvidos

nestes efeitos.

3.2.

1)

2)

3)

4)

5)

6)

Objetivos especificos

Investigar a acdo do SVBS em testes de atividade do tipo antidepressiva em camundongos
através do TNF e do TSC;

Avaliar a participacdo dos receptores serotoninérgicos, dopaminérgicos e noradrenérgicos,
do sistema nitrérgico e a atividade das enzimas MAO-A, MAO-B e Na'K*ATPase no
efeito do tipo antidepressivo do SVBS em camundongos;

Determinar a participagio dos receptores PPARy e dos canais de K* no efeito do tipo
antidepressivo do SVBS;

Investigar a acdo do tipo antidepressiva do SVBS em camundongos submetidos a injdria
por constricdo crénica (ICC) do nervo ciatico;

Determinar o efeito do SVBS sobre a hiperalgesia mecanica nos modelos de dor
neuropatica causada pela avulsdo do plexo braquial (ABP) e pela administracdo do
antineoplésico vincristina;

Avaliar a acdo do SVBS sobre a hiperalgesia mecéanica nos modelos de dor inflamatéria

induzida pela administracéo intraplantar (i.pl.) de ACF, carragenina (Cg) e PGE:.
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4- ARTIGOS CIENTIFICOS E MANUSCRITO

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos
cientificos e de manuscrito, os quais estdo organizados em introducdo, materiais e métodos,
resultados, discussdo e referéncias bibliograficas.

Os Artigos 1, 2, 3 e 4 estdo dispostos da mesma forma que foram publicados na edicdo
das revistas cientificas. O Artigo 5 (forma de manuscrito) esta submetido e se encontra no

formato exigido pela revista.
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4.1. Evidéncia do envolvimento dos receptores serotoninérgicos 5-HT,ac € 5-HT3 no
efeito do tipo antidepressivo causado pela administracdo oral de bis seleneto em

camundongos

4.1.1. Artigo 1

Evidéncia do envolvimento dos receptores serotoninérgicos 5-HT,ac € 5-HT3 no efeito do
tipo antidepressivo causado pela administracdo oral de bis seleneto em camundongos

Cristiano R. Jesse, Ethel A. Wilhelm, Cristiani F. Bortolatto, Cristina W. Nogueira

Progress in Neuro-Psychopharmacology& Biological Psychiatry 34 (2010) 294-302
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The present study investigated a possible antidepressant-like activity of bis selenide using two predictive
tests for antidepressant effect on rodents: the forced swimming test (FST) and the tail suspension test (TST).
Bis selenide (0.5-5mg/kg, p.o.) decreased the immobility time in the mouse FST and TST. The anti-
immobility effect of bis selenide (1 mg/kg, p.o.) in the TST was prevented by the pretreatment of mice with
p-chlorophenylalanine methyl ester (PCPA; 100 mg/kg, i.p., an inhibitor of serotonin synthesis), ketanserin
(1 mg/kg, i.p., a 5-HT,4 ¢ receptor antagonist), and ondasentron (1 mg/kg, i.p., a 5-HT; receptor antagonist).
Pretreatment of mice with prazosin (1 mg/kg, i.p., an a;-adrenoceptor antagonist), yohimbine (1 mg/kg, i.p.,
an a,-adrenoceptor antagonist), propranolol (2 mg/kg, ip., a p-adrenoceptor antagonist), SCH23390
(0.05 mg/kg, s.c., a dopamine D, receptor antagonist), sulpiride (50 mg/kg, i.p., a dopamine D, receptor
antagonist), or WAY 100635 (0.1 mg/kg, s.c., a selective 5-HT;a receptor antagonist) did not block the
antidepressant-like effect of bis selenide (1 mg/kg, p.o.) in the TST. Administration of bis selenide (0.1 mg/kg,
p.o.) and fluoxetine (1 mg/kg), at subeffective doses, produced an antidepressant-like effect in the TST. Bis
selenide did not alter Na* K* ATPase, MAO-A and MAO-B activities in whole brains of mice. Bis selenide
produced an antidepressant-like effect in the mouse TST and FST, which may be related to the serotonergic
system (5-HT, ¢ and 5-HT; receptors).

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Depression is a common illness associated with high rates of
chronicity, relapse, and recurrence, psychosocial and physical impair-
ments and suicide. Depression is also considered a significant risk factor
for the development of coronary artery disease and stroke (Musselman
et al., 1998). Regarding treatment, about 65% of patients ultimately
respond to antidepressant drug therapy (Steffens et al., 1997), which
has numerous side effects associated (Nemeroff and Owens, 2002).

Although the molecular alterations underlying the pathogenesis of
depression remain to be clearly established, preclinical and clinical
studies have suggested the involvement of monoamines, particularly
serotonergic and noradrenergic systems (Millan, 2004). There are

Abbreviations: ANOVA, analysis of variance; bis selenide, [(Z)-2,3-Bis(4-chlorophe-
nylselanyl)prop-2-en-1-ol]; DA, dopamine; DMSO, dimethylsulfoxide; FST, forced
imming test; 5-HT, in; ip., intraperitoneal; MAO, monoamine oxidase;
MAOi, monoamine oxidase inhibitors; NA, noradrenaline; NE, norepinephrine; OFT,
open field test; PCPA, p-chlorophenylalanine methyl ester; p.o., per oral; SCH23390,
(R)-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzaze-
pine hydrochloride; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic
antidepressant; TST, tail suspension test; WAY100635, N-(2-{4-(2-methoxyphenyl)-
1-piperazinyljethyl)-N-(2-pyridynyl) cyclohexanecarboxamide.
* Corresponding author. Tel.: +55 55 32209611; fax: +55 55 32208978.
E-mail address: criswn@quimica.ufsm.br (CW. Nogueira).

0278-5846/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.pnpbp.2009.11.023

evidences indicating that serotonergic and noradrenergic neurotrans-
missions are involved in the expression of an antidepressant-like
effect in the behavioral despair models of depression (Elhwuegi,
2004). Moreover, pharmacological studies have reported the efficacy
of antidepressants with dopaminergic effects on the treatment of
depression (Papakostas, 2006) as well as antidepressant-like
responses in preclinical models of depression (D'Aquila et al., 2000).
Monoamine oxidase (MAO) is the key enzyme thatis associated with
the metabolism of these monoamines regulating their intracellular
concentrations in the brain. Therefore, the abnormal function of this
enzyme is thought to be involved in several psychiatric disorders, such
as depression (Deniker, 1983). Na® K™ ATPase is the enzyme
responsible for the active transport of sodium and potassium ions in
the nervous system, maintaining the ionic gradient necessary for
neuronal excitability and regulation of neuronal cell volume. Moreover,
its activity is decreased in patients with bipolar affective disorder and
other psychiatric disorders (Reddy et al., 1992; El-Mallakh and Wyatt,
1995). Some studies have reported that psychoactive drugs such as
haloperidol, carbamazepine, and lithium modify Na* K" ATPase activity
(Reddy et al., 1992; EI-Mallakh and Wyatt, 1995). The clinical therapy of
depression is based on classical antidepressant drugs such as mono-
amine oxidase inhibitors (MAOI; e.g. tranylcypromine), catecholamine
reuptake inhibitors (e.g. imipramine), and selective inhibitors of
serotonin reuptake (SSRIs; e.g. fluoxetine) (Wong and Licinio, 2001).

38



39

CR. Jesse et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 34 (2010) 294-302 295

Several studies have demonstrated the role of selenium in mood
disorders (Hawkes and Hornbostel, 1996; Burk, 2002; Sher, 2008).
The low-selenium status (low-selenium diet contains 32-36 ug per
day) has been associated with a significant increased incidence of
depression, anxiety, confusion, and hostility. In addition, high dietary
and/or supplementary selenium (226 ug per day) improve mood
(Rayman, 2000). Under this point of view, bis selenide, an organo-
selenium compound, could be an attractive target for the treatment of
depression because it is a non-toxic drug when acutely administered
to rodents at doses with pharmacological effects (Savegnago et al.,
2006, Jesse et al., 2007, 2008).

Considering the need of discovering compounds that could
improve conventional therapies, we sought to investigate the effect
of a single oral administration of bis selenide in the TST and FST, which
are two animal models of depression used to screen new antidepres-
sant drugs (Bourin et al., 2005). The positive results obtained in the
TST have prompted us to investigate the involvement of the
monoaminergic system in the antidepressant-like effect of bis
selenide in this model. The next step of our study was to investigate
the possible antidepressant-like effect of subeffective doses of bis
selenide and conventional antidepressants in the TST. The activity of
Na®, K" ATPase, MAO-A, and MAO-B has been implicated in the
pathogenesis of depression. Therefore, we also investigate the activity
of Na*, K* ATPase, MAO-A, and MAO-B in mice treated with bis
selenide.

2. Materials and methods
2.1. Animals

The behavioral experiments were conducted using male adult
Swiss mice (25-35g) maintained at 22-25 °C with free access to
water and food, under a 12:12h light/dark cycle, with lights on at
6:00 a.m. All manipulations were carried out between 08:00 a.m.
and 04:00 p.m. All experiments were performed on separate groups
of animals and each animal was used only once in each test. The
animals were used according to the guidelines of the Committee
on Care and Use of Experimental Animal Resources, the Federal
University of Santa Maria, Brazil. All efforts were made to minimize
animals suffering and to reduce the number of animals used in the
experiments.

2.2. Chemicals

Bis selenide [(Z)-2,3-Bis(4-chlorophenylselanyl)prop-2-en-1-ol]
was prepared and characterized in our laboratory by the method
previously described (Moro et al., 2005). Analysis of the '"H NMR and '*C
NMR spectra showed analytical and spectroscopic data in full agreement
with its assigned structure. The chemical purity of bis selenide (99.9%)
was determined by GC/HPLC. The following drugs were used: prazosin,
yohimbine, propranolol, SCH 23390, sulpiride, PCPA, WAY 100635,
ketanserin, ondansetron, fluoxetine, imipramine, ATP, ouabain, selegi-
line, clorgiline, kynuramine and 4- hydroxyquinoline (Sigma Chemical
Co, USA). Drugs were diluted in saline 0.9%. All other chemicals were of
analytical grade and obtained from standard commercial suppliers.

2.3. In vivo experiments

To assess time-course of the antidepressant-like effect of bis
selenide, mice were pretreated with bis selenide (5 mg/kg, p.o.) or
vehicle (canola oil, 10 ml/kg, p.o.) 0.5-8 h before the TST. In order to
assess the antidepressant-like effect of bis selenide, this compound
(dose range: 0.1-5 mg/kg, p.o.) or vehicle was administered 1h
before the FST or TST. The doses of antagonists, which demonstrate
effect on pharmacological and biochemical studies, and the doses of
antidepressants, which did not modify the basal response in the TST

and the locomotor activity in the OFT, were chosen on the basis of
published studies. Several authors confirm the selectivity and efficacy
of the above mentioned treatments at the doses used (Kaster et al.,
2007; Brocardo et al., 2008; Cunha et al., 2008; Kulkarni et al., 2008;
Binfaré et al., 2009).

To test the hypothesis that the antidepressant-like effect of bis
selenide is mediated through an interaction with the noradrenergic
system, animals were pretreated with prazosin (vehicle, 1 mg/kg, i.p.,
an «-adrenoceptor antagonist), yohimbine (vehicle, 1 mg/kg, i.p., an
«-adrenoceptor antagonist) or propranolol (vehicle, 2 mg/kg, i.p., a
[>-adrenoceptor antagonist) and after 1h, animals received bis
selenide (1 mg/kg, p.o.) or vehicle and were tested in the TST 1 h later.

To assess the possible involvement of the dopaminergic system in
the antidepressant-like effect of bis selenide in the TST, independent
groups of animals were pretreated with SCH23390 (vehicle, 0.05 mg/kg,
subcutaneous (s.c.), a dopaminergic D, receptor antagonist) or sulpiride
(vehicle, 50 mg/kg, i.p., a dopaminergic D, receptor antagonist) and
after 1 h, they received bis selenide (1 mg/kg, p.o.) or vehicle and were
tested in the TST 1 h later.

To investigate the possible contribution of the serotonergic system to
the effect of bis selenide on reducing the immobility time in the TST,
animals were pretreated with PCPA (vehicle, 100 mg/kg, i.p., an
inhibitor of serotonin synthesis), once a day, for 3 consecutive days.
Twenty-four hours after the last PCPA injection, animals were treated
with bis selenide (1 mg/kg, p.o.) or vehicle and were tested in the TST.
Ina separate series of experiments, the involvement of the serotonin (5-
HT) receptor subtypes in the effect caused by bis selenide in the TST was
studied. Mice were pretreated with WAY (vehicle, 0.1 mg/kg, s.c., a
selective 5-HT, 5 receptor antagonist), ketanserin (vehicle, 1 mg/kg, i.p.,
a5-HT,a/c receptor antagonist) or ondasentron (vehicle, 1 mg/kg, i.p.,a
5-HTj; receptor antagonist) and after 15 min they received bis selenide
(1 mg/kg, p.o.) or vehicle and were tested in the TST 1 h later.

We investigated the antidepressant-like effect of subeffective
doses of bis selenide with conventional antidepressants on the TST. To
this end, mice received by p.o. route fluoxetine (vehicle, 1 mg/kg, a 5-
HT reuptake inhibitor), imipramine (vehicle, 0.1 mg/kg, a 5-HT and
noradrenaline reuptake inhibitor) and immediately after bis selenide
(0.1 mg/kg, p.o.) or vehicle was administered. Sixty minutes later, the
TST was carried out.

The open field test (OFT) was carried out to rule out any
psychostimulant effect of the interaction of prazosin, yohimbine,
propranolol, SCH 23390, sulpiride, PCPA, WAY 100635, ketanserin,
ondasentron, fluoxetine, imipramine and bis selenide. These behav-
ioral tests were performed by an observer blind to the drug treatment.

2.3.1. Forced swimming test (FST)

The test was conducted using the method described by Porsolt et al.
(1977). Briefly, mice were individually forced to swim in open cylinders
(25 cm heightx 10 cm diameter) containing 19 cm of water at 25+
1 °C.The duration of immobility was scored during the 6 min test period
as described previously (Rodrigues et al, 2002). Each mouse was
recorded as immobile when floating motionless or making only those
movements necessary to keep its head above water.

2.3.2. Tail suspension test (TST)

The total duration of immobility induced by tail suspension was
measured according to the method described by Steru et al. (1985).
Mice both acoustically and visually isolated were suspended 50 cm
above the floor by adhesive tape placed approximately 1 cm from the
tip of the tail. Immobility time was recorded during a 6-min period
(Rodrigues et al., 2002).

2.3.3. Open field test (OFT)

The OFT was carried out to determine if the compounds or
combination of compounds produced effects on locomotor and
exploratory activities. The open field was made of polywood and
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surrounded by walls 30 cm in height. The floor of the open field, 45 cm
in length and 45 cm in width, was divided by masking tape markers
into 09 squares (3 rows of 3). Each animal was placed individually at
the center of the apparatus and observed for 6 min to record the
locomotor (number of segments crossed with the four paws) and
exploratory activities (expressed by the number of time rearing on the
hind limbs) (Zomkowski et al., 2002; Brocardo et al., 2008).

2.4. Ex vivo experiments

To test the hypothesis that the antidepressant effects of bisselenide
is mediated through an inhibition of MAO-A, MAO-B or NA™ K*
ATPase activity, mice were pretreated with bis selenide (dose range:
0.1-5 mg/kg, p.o.) or vehicle (canola oil, p.o.) after 1 h, animals were
killed and the whole brains removed.

2.4.1. Monoamine oxidase (MAO) activity

2.4.1.1. Mitochondria preparations. A preparation of brain mitochon-
dria was used for MAO assay (Soto-Otero et al., 2001). Cerebral
cortices were immediately removed and washed in ice-cold isolation
medium (Na,P04/KH,PO4 isotonized with sucrose, pH 7.4). Cerebral
mitochondria were then obtained by differential centrifugation.
Briefly, after removing blood vessels and pial membranes, cerebral
cortices were manually homogenized with four volumes (w/v) of the
isolation medium. Then, the homogenate was centrifuged at 900 x g
at 4 °C for 5 min. The supernatant was centrifuged at 12,500 x g for
15 min. The mitochondria pellet was then washed once with isolation
medium and recentrifuged under the same conditions. Finally, the
mitochondrial pellet was reconstituted in a buffer solution (Na,PO4/
KH,PO, isotonized with KCI, pH 7.4) and stored in aliquots.

2.4.1.2. Enzyme assay. MAO activity was determined by Krajl (1965)
with some modifications (Matsumoto et al., 1984). An aliquot of
100 pl of each sample was incubated at 37 °C for 5 min in a medium
containing buffer solution and specific inhibitors, selegiline (a MAO- B
inhibitor, 250 nM) or clorgiline (a MAO-A inhibitor, 250 nM) at a final
volume of 600 ul. Then 20 pl of kynuramine dihydrobromide was
added to the reaction mixture (90 uM (MAO-A) and 60 M (MAO-B))
as substrate. Samples were then incubated at 37 °C for 30 min. After
incubation, the reaction was terminated by adding 10% of trichlor-
oacetic acid. After cooling and centrifugation at 3000 x g for 15 min, an
aliquot of 800 pl of the supernatant was added to 1 ml of 1 M NaOH.
The fluorescence intensity was detected spectrofluorimetrically with
excitation at 315 nm and emission at 380 nm. Clorgiline (100 nM) and
selegiline (100 nM) were used as positive controls in MAO-A and
MAO-B assays, respectively. The concentration of 4-hydroxyquinoline
was estimated from a corresponding standard fluorescence curve of 4-
hydroxyquinoline. MAO activity was expressed as nmol of 4-
hydroxyquinoline formed/mg protein.

24.2. Na* K" ATPase activity

The sample of whole brain was homogenized in 50 mM Tris-HCl,
pH 7.4 (1:5, w/v) and centrifuged at 2400 x g for 10 min to obtain the
low-speed supernatant (S;).

For Na® K™ ATPase activity assay, a reaction mixture containing S,
in a final volume of 500 pl was used. The reaction was initiated by the
addition of ATP to a final concentration of 3.0 mM. Control samples
were carried out under the same conditions with the addition of
0.1 mM ouabain. The samples were incubated at 37 °C for 30 min, the
incubation was stopped by adding trichloroacetic acid solution (10%)
with 10 mM HgCl,. Na™ K™ ATPase activity was calculated by the
difference between the two assays. SKF 82526 (1 mM) was used as a
positive control. Released inorganic phosphate (Pi) was measured by
the method of Fiske and Subbarow (1925). Enzyme activity was
expressed as nmol Pi/mg protein/min.

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

2.5. Statistical analysis

All experimental results are given as the mean + S.E.M. Compar-
isons between experimental and control groups were performed by
one-way (bis selenide treatment) or two-way ANOVA (prazosin,
yohimbine, propranolol, SCH 23390, sulpiride, PCPA, WAY 100635,
ketanserin, ondasentron, fluoxetine and imipramine X bis selenide
treatment) followed by Newman-Keuls test for post hoc comparison
when appropriate. A value of P<0.05 was considered to be significant.
Main effects of first order interactions are presented only when
interaction was not significant.

3. Results
3.1. Effect of bis selenide in the mouse FST, TST and OFT

A time-course analysis of the antidepressant profile of bis selenide
was accomplished in the TST. The antidepressant-like effect of bis
selenide reached its peak at 1h and remained significant up to 6 h
after p.o. administration (Fig. 1) (F(6,51) =28.02, P<0.001). Thus, the
time point (1 h) of the maximum effect of bis selenide was chosen for
all further studies.

The immobility time in the FST and TST of animals treated with bis
selenide is shown in Fig. 2A and B, respectively. One-way ANOVA
revealed a significant main effect of treatment (canola oil, bis
selenide) in the FST (F(4,35)=9.47, P<0.001) and TST (F(4,35)=
12.64, P<0.001). Bis selenide at doses of 0.5, 1 and 5 mg/kg reduced
the immobility time in the FST and TST.

Bis selenide given by p.o. route, at all doses tested, did not produce
any change in the number of crossings (F(4,35)=0.11, P<0.972) and
rearing (F(4,35) = 0.35, P<0.843) in the mouse OFT (data not shown).

3.2. Involvement of the noradrenergic system

Results depicted in Fig. 3A show that the pretreatment of mice
with prazosin (1 mg/kg, i.p., an «,-adrenoceptor antagonist, a
subeffective dose in the immobility time in the TST) did not reverse
the reduction in immobility time elicited by bis selenide (1 mg/kg, p.o.,
an effective dose) in the TST. Two-way ANOVA revealed a main effect
of treatment (saline, bis selenide) (F(1,24) =36.79, P<0.001), but not
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Fig. 1. Time-course of the antidepressant-like effect caused by bis selenide (5 mg/kg, p.o.)
in the mouse TST. Bis selenide was administered 0.5, 1,2, 4,6 and 8 h before the TST. Each
point represents the mean of 7 animals and the error bars indicate the SE.M. Vehicle
indicates mice treated with canola oil. Asterisks denote the significance levels, when
compared to the vehicle group (one-way ANOVA followed by Newman-Keuls). *P<0.05
and “*P<0.01 and ***P<0.001 when compared to the vehicle treated group. B, baseline
values to TST.
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of the pretreatment with «;-adrenoceptor antagonist (prazosin, £ 50
canola oil) (F(1,24)=0.33, P<0.569) nor pretreatment x treatment E
interaction (prazosin, bis selenide) (F(1, 24)=0.01, P<0.906). No
significant effect was observed on the number of crossings in the OFT o Vehicle Bis selenide

in mice treated with bis selenide and prazosin (data not shown). Two-
way ANOVA did not reveal a main effect of treatment (saline,
bis selenide) (F(1, 24)=0.07, P<0.799), pretreatment (prazosin,
canola oil) (F(1,24)=0.01, P<0.938) nor pretreatment x treatment
interaction (prazosin, bis selenide) (F(1,24)=0.09, P<0.764). No
significant effect was observed on the number of rearing in the OFT in
mice treated with bis selenide and prazosin (data not shown). Two-
way ANOVA did not reveal a main effect of treatment (saline, bis
selenide) (F(1,24)=0.33, P<0.591), pretreatment (prazosin, canola
oil) (F(1,24)=0.08, P<0.775) nor pretreatment x treatment interac-
tion (prazosin, bis selenide) (F(1,24) =0.02, P<0.916).

Fig. 3B shows that the pretreatment with yohimbine (1 mg/kg, i.p.,
an «a-adrenoceptor antagonist, a subeffective dose in the immobility
time in the TST) was not able to reverse the antidepressant-like effect of
bis selenide (1 mg/kg, p.o.) in the TST. Two-way ANOVA revealed a main
effect of treatment (saline, bis selenide) (F(1,24) = 90.62, P<0.001), but
not of the pretreatment with a;-adrenoceptor antagonist (yohimbine,
canola oil) (F(1,24)=0.05, P<0.827) nor pretreatmentx treatment
interaction (yohimbine, bis selenide) (F(1,24)=0.86, P<0.362). No
significant effect was observed on the number of crossings in the OFT in
mice treated with bis selenide and yohimbine (data not shown). Two-
way ANOVA did not reveal a main effect of treatment (saline, bis
selenide) (F(1,24)=0.57, P<0.458), pretreatment (yohimbine, canola
oil) (F(1,24)=0.07, P<0.793) nor pretreatmentx treatment inter-
action (yohimbine, bis selenide) (F(1,24) =0.63, P<0.435). No signif-
icant effect was observed on the number of rearing in the OFT in

Fig. 3. Effect of pretreatment of mice with prazosin (1 mg/kg, i.p., panel A), yohimbine
(1 mg/kg, i.p., panel B) or propranolol (2 mg/kg, panel C) on the action of bis selenide
(1 mg/kg, p.o.) in the mouse TST. Values are expressed as mean + S.E.M. (n=7 mice/
group). Data were analyzed by Two-Way Analysis of Variance (ANOVA) followed by
Newman-Keuls test. ***P<0.001 compared to the vehicle group and @ compared to
vehicle group pretreated with antagonist.

mice treated with bis selenide and yohimbine (data not shown). Two-
way ANOVA did not reveal a main effect of treatment (saline, bis
selenide) (F(1,24) =042, P<0.520), pretreatment (yohimbine, canola
oil) (F(1,24) = 0.29, P<0.593) nor pretreatment x treatment interaction
(yohimbine, bis selenide) (F(1,24) =0.18, P<0.671).

Fig. 3C shows that the pretreatment of mice with propranolol
(2 mg/kg, i.p., a p-adrenoceptor antagonist, a subeffective dose in the
immobility time in the TST) did not prevent the antidepressant-like
effect of bis selenide (1 mg/kg, p.o.) in the TST. Two-way ANOVA
revealed a main effect of treatment (saline, bis selenide) (F(1,24)=
46.78, P<0.001), but not of the pretreatment with [3-adrenoceptor
antagonist (propranolol, canola oil) (F(1,24)=0.02, P<0.896)
nor pretreatment x treatment interaction (propranolol, bis selenide)
(F(1,24) = 1.16,P<0.293). Administration of bis selenide with propran-
olol to mice did not modify the number of crossings in the OFT (data not
shown). Two-way ANOVA did not reveal a main effect of treatment
(saline, bis selenide) (F(1,24)=0.01, P<0.937), pretreatment (pro-
pranolol, canola oil) (F(1,24)=0.01, P<0.993) nor pretreatmentx
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treatment interaction (propranolol, bis selenide) (F(1,24)=0.28,
P<0.604). No significant effect was observed on the number of rearing
in the OFT in mice treated with bis selenide and propanolol (data not
shown). Two-way ANOVA did not reveal a main effect of treatment
(saline, bis selenide) (F(1,24)=0.01, P<0951), pretreatment (pro-
pranolol, canola oil) (F(1,24)=0.30, P<0.587) nor pretreatment x
treatment interaction (propranolol, bis selenide) (F(1,24)=0.04,
P<0.840).

3.3. Involvement of the dopaminergic system

Fig. 4A shows that pretreatment of mice SCH 23390 (0.05 mg/kg, s.c.,
a D, receptor antagonist, a subeffective dose in the immobility time in
the TST) did not block the effect of bis selenide (1 mg/kg, p.o.) in the TST.
Two-way ANOVA revealed a main effect of treatment (saline, bis
selenide) (F(1,24) =80.43, P<0.001), but not of the pretreatment with
D; receptor antagonist (SCH 23390, canola oil) (F(1,24)=0.01,
P<0.925) nor pretreatment x treatment interaction (SCH 23390, bis
selenide) (F(1,24) = 0.02, P<0.883). Administration of bis selenide with
SCH 23390 to mice did not modify the number of crossings in the OFT
(data not shown). Two-way ANOVA did not reveal a main effect of
treatment (saline, bis selenide) (F(1,24) =0.01,P<0.907), pretreatment
(SCH 23390, canola oil) (F(1,24) =0.11, P<0.743) nor pretreatment x
treatment interaction (SCH 23390, bis selenide) (F(1,24)=0.01,
P<0.954). No significant effect was observed on the number of rearing
in the OFT in mice treated with bis selenide and SCH 23390 (data not
shown). Two-way ANOVA did not reveal a main effect of treatment
(saline, bis selenide) (F(1,24)=0.25, P<0.622), pretreatment (SCH
23390, canola oil) (F(1,24)=0.11, P<0.742) nor pretreatment x treat-
ment interaction (SCH 23390, bis selenide (F(1,24) =0.51, P<0.483).

Fig. 4B shows that the pretreatment with sulpiride (50 mg/kg, i.p.,
a D, receptor antagonist, a subeffective dose in the immobility time in
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Fig. 4. Effect of pretreatment of mice with SCH23390 (0.05 mg/kg, s.c., panel A) or
sulpiride (50 mg/kg, i.p., panel B) on the action of bis selenide (1 mg/kg, p.o.) in the
mouse TST. Values are expressed as mean+S.E.M. (n=7 mice/group). Data were
analyzed by Two-Way Analysis of Variance (ANOVA) followed by Newman-Keuls test.
***P<0.001 compared to the vehicle group and @ compared to the vehicle group
pretreated with antagonist.

the TST) did not prevent the action of bis selenide (1 mg/kg, p.o.) in
the TST. Two-way ANOVA revealed a main effect of treatment (saline,
bis selenide) (F(1,24) =101.8, P<0.001), but not of the pretreatment
with D, receptor antagonist (sulpiride, canola oil) (F(1,24)=0.21,
P<0.652) nor pretreatment x treatment interaction (sulpiride, bis
selenide) (F(1,24)=0.01, P<0.977). Administration of bis selenide
with sulpiride to mice did not modify the number of crossings in the
OFT (data not shown). Two-way ANOVA did not reveal a main effect of
treatment (saline, bis selenide) (F(1,24) = 0.19, P<0.664), pretreatment
(sulpiride, canola oil) (F(1,24)=0.42, P<0.523) nor pretreatmentx
treatment interaction (sulpiride, bis selenide (F(1,24)=1.26, P<0.274).
No significant effect was observed on the number of rearing in the
OFT in mice treated with bis selenide and sulpiride (data not shown).
Two-way ANOVA did not reveal a main effect of treatment (saline, bis
selenide) (F(1,24)=0.21, P<0.649), pretreatment (sulpiride, canola
oil) (F(1,24) =0.02, P<0.923) nor pretreatment x treatment interaction
(sulpiride, bis selenide (F(1,24) =0.03, P<0.868).

3.4. Involvement of the serotonergic system

Results depicted in Fig. 5A show that the pretreatment of mice
with an inhibitor of 5-HT synthesis, PCPA (100 mg/kg, i.p., once a day
for 3 consecutive days, a subeffective dose on the immobility time in
the TST), was able to reverse the antidepressant-like effect of bis
selenide (1 mg/kg, p.o.) in the TST (F(1,24) =25.47, P<0.001). Two-
way ANOVA revealed a main effect of treatment (saline, bis selenide)
(F(1,24) =16.03, P<0.002), pretreatment with an inhibitor of 5-HT
synthesis (PCPA, canola oil) (F(1,24) =20.40, P<0.001) and pretreat-
ment x treatment interaction (PCPA, bis selenide) (F(1,24)=25.47,
P<0.001). Administration of bis selenide with PCPA to mice did not
modify the number of crossings in the OFT (data not shown). Two-
way ANOVA did not reveal a main effect of treatment (saline, bis
selenide) (F(1,24) =0.32, P<0.575), pretreatment (PCPA, canola oil)
(F(1,24)=0.19, P<0.664) nor pretreatment x treatment interaction
(PCPA, bis selenide (F(1,24)=0.02, P<0.879). No significant effect
was observed on the number of rearing in the OFT in mice treated
with bis selenide and PCPA (data not shown). Two-way ANOVA did
not reveal a main effect of treatment (saline, bis selenide) (F(1,24) =
0.37, P<0.551), pretreatment (PCPA, canola oil) (F(1,24)=0.59,
P<0.448) nor pretreatment x treatment interaction (PCPA, bis sele-
nide (F(1,24)=0.07, P<0.791).

Fig. 5B shows that the pretreatment of mice with WAY100635
(0.1 mg/kg, s.c., a selective 5-HT, 5 receptor antagonist, a subeffective
dose in the immobility time in the TST) did not prevent the effect of
bis selenide (1 mg/kg, p.o.) in the TST. Two-way ANOVA revealed a
main effect of treatment (saline, bis selenide) (F(1, 24)=105.11,
P<0.001), but not of the pretreatment with a selective 5-HT;a
receptor antagonist (WAY100635, canola oil) (F(1,24)=0.54,
P<0.469) nor pretreatment x treatment interaction (WAY100635,
bis selenide) (F(1,24) = 0.04, P<0.849). Administration of bis selenide
with WAY100635 to mice did not modify the number of crossings in
the OFT (data not shown). Two-way ANOVA did not reveal a main
effect of treatment (saline, bis selenide) (F(1,24)=1.94, P<0.176),
pretreatment (WAY100635, canola oil) (F(1,24)=0.14, P<0.709)
nor pretreatment x treatment interaction (WAY100635, bis selenide
(F(1,24)=0.07, P<0.793). No significant effect was observed on the
number of rearing in the OFT in mice treated with bis selenide and
WAY100635 (data not shown). Two-way ANOVA did not reveal a
main effect of treatment (saline, bis selenide) (F(1,24)=0.64,
P<0.430), pretreatment (WAY100635, canola oil) (F(1,24)=0.03,
P<0.865) nor pretreatment x treatment interaction (WAY100635, bis
selenide (F(1,24) =0.04, P<0.845).

As shown in Fig. 5C the pretreatment of mice with ketanserin
(1 mg/kg, i.p., a 5-HT2a/2¢ receptor antagonist, a subeffective dose in
the immobility time in the TST) prevented the effect of bis selenide
(1 mg/kg, p.o.) in the TST. Two-way ANOVA revealed a main effect of
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Fig. 5. Effect of pretreatment of mice with PCPA (100 mg/kg. i.p., panel A), WAY100635 (0.1 mg/kg, s.c.. panel B), ketanserin (1 mg/kg, i.p., panel C) or ondasentron (1 mg/kg, i.p.,
panel D) on the action of bis selenide (1 mg/kg, p.o.) in the mouse TST. Values are expressed as mean +S.E.M. (n=7 mice/group). Data were analyzed by Two-Way Analysis of
Variance (ANOVA) followed by Newman-Keuls test. ***P<0.001 compared to the vehicle group, @ compared to the vehicle group pretreated with antagonist and # compared to the

bis selenide group pretreated with vehicle.

treatment (saline, bis selenide) (F(1, 24) =22.68, P<0.001), pretreat-
ment with a 5-HT,/»c receptor antagonist (ketanserin, canola oil)
(F(1,24) =19.57, P<0.001) and pretreatment x treatment interac-
tion (ketanserin, bis selenide) (F(1,24)=1.86, P<0.041). The
number of crossings was unmodified by the administration of bis
selenide and ketanserin (data not shown). Two-way ANOVA did not
reveal a main effect of treatment (saline, bis selenide) (F(1,24) =0.98,
P<0.333), pretreatment (WAY100635, canola oil) (F(1,24)=0.23,
P<0.636) nor pretreatment x treatment interaction (WAY100635, bis
selenide (F(1,24) =0.35, P<0.561). No significant effect was observed
on the number of rearing in the OFT in mice treated with bis selenide
and WAY100635 (data not shown). Two-way ANOVA did not reveal a
main effect of treatment (saline, bis selenide) (F(1,24)=0.02,
P<0.891), pretreatment (WAY100635, canola oil) (F(1,24)=0.01,
P<0.984) nor pretreatment x treatment interaction (WAY100635, bis
selenide (F(1,24) = 0.06, P<0.808).

Results depicted in Fig. 5D show that the pretreatment of mice
with ondasentron (1 mg/kg, i.p., a 5-HT; receptor antagonist, a
subeffective dose in the immobility time in the TST) blocked the
reduction in immobility time elicited by bis selenide (1 mg/kg, p.o.) in
the TST. Two-way ANOVA revealed a main effect of treatment (saline,
bis selenide) (F(1,24) =27.15, P<0.001), pretreatment with a 5-HT3
receptor antagonist (ondasentron, canola oil) (F(1,24)=33.26,
P<0.001) and pretreatmentx treatment interaction (ondasentron,
bis selenide) (F(1,24)=29.69, P<0.001). The number of crossings
was unmodified by the administration of bis selenide and ondasen-
tron (data not shown). Two-way ANOVA did not reveal a main effect
of treatment (saline, bis selenide) (F(1,24) =0.15, P<0.698), pretreat-
ment (ondasentron, canola oil) (F(1,24) =0.1, P<0.903) nor pretreat-
ment x treatment interaction (ondasentron, bis selenide (F(1,24)=
0.06, P<0.803). No significant effect was observed on the number of
rearing in the OFT in mice treated with bis selenide and ondasentron
(data not shown). Two-way ANOVA did not reveal a main effect of
treatment (saline, bis selenide) (F(1,24) = 0.84, P<0.368), pretreatment

(ondasentron, canola oil) (F(1,24)=1.43, P<0.242) nor pretreat-
ment x treatment interaction (ondasentron, bis selenide (F(1,24)=
092, P<0.348).

3.5. Interaction of bis selenide with antidepressants in the TST

Results depicted in Fig. 6A show that administration of subeffective
doses of bis selenide (0.1 mg/kg, p.o.) and fluoxetine (1 mg/kg, p.o.)
elicited an antidepressant-like effect in the mouse TST. Two-way
ANOVA revealed a main effect of treatment (saline, bis selenide)
(F(1, 24)=13.92, P<0.001), pretreatment (fluoxetine, canola oil)
(F(1,24)=18.16, P<0.003) and pretreatment x treatment interac-
tion (fluoxetine, bis selenide) (F(1,24) = 15.41, P<0.02). The number
of crossings was unmodified by the administration of bis selenide
and fluoxetine (data not shown). Two-way ANOVA did not reveal a
main effect of treatment (saline, bis selenide) (F(1,24)=0.88,
P<0.357), pretreatment (fluoxetine, canola oil) (F(1,24)=0.40,
P<0.532) nor pretreatment x treatment interaction (fluoxetine, bis
selenide (F(1,24)=0.63, P<0.435). No significant effect was ob-
served on the number of rearing in the OFT in mice treated with bis
selenide and fluoxetine (data not shown). Two-way ANOVA did not
reveal a main effect of treatment (saline, bis selenide) (F(1,24) =
0.02, P<0.880), pretreatment (fluoxetine, canola oil) (F(1,24)=
0.21, P<0.652) nor pretreatment x treatment interaction (fluoxetine,
bis selenide (F(1,24) =0.12, P<0.731).

Fig. 6B shows that administration of subeffective doses of
imipramine (0.1 mg/kg, p.o.) and bis selenide (0.1 mg/kg, p.o.) did
not elicit an antidepressant-like effect in the mouse TST. Two-way
ANOVA did not reveal a main effect of treatment (saline, bis selenide)
(F(1,24)=0.81, P<0.3765), pretreatment (imipramine, canola oil)
(F(1,24) =0.11, P<0.744) nor pretreatment x treatment interaction
(imipramine, bis selenide) (F(1,24) =0.02, P<0.879). The number of
crossings was unmodified by the administration of bis selenide and
imipramine (data not shown). Two-way ANOVA did not reveal a
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Fig. 6. Effect of subeffective doses of bis selenide (0.1 mg/kg, p.o.) and fluoxetine (1 mg/kg,
p.o., panel A) or imipramine (0.1 mg/kg, p.o., panel B) on the immobility time in the TST.
Values are expressed as mean +SE.M. (n=7 mice/group). Data were analyzed by Two-
Way Analysis of Variance (ANOVA) followed by Newman-Keuls test. **P<0.01 compared
to the vehicle group and to the bis selenide group pretreated with vehicle.

main effect of treatment (saline, bis selenide) (F(1,24)=1.15,
P<0.293), pretreatment (imipramine, canola oil) (F(1,24) =0.02,
P<0.893) nor pretreatment x treatment interaction (imipramine, bis
selenide (F(1,24)=0.87, P<0.359). No significant effect was ob-
served on the number of rearing in the OFT in mice treated with bis
selenide and imipramine (data not shown). Two-way ANOVA did not
reveal a main effect of treatment (saline, bis selenide) (F(1,24) =
0.57, P<0.458), pretreatment (imipramine, canola oil) (F(1,24)=
0.01, P<0.925) nor pretreatment x treatment interaction (imipra-
mine, bis selenide (F(1,24) =0.02, P<0.887).

3.6. Effect of bis selenide on MAO-A and MAO-B activities

One-way ANOVA of MAO-A (F(4,15) =0.99, P<0.351) (Fig. 7A) or
MAO-B (F(4,15) = 1.45, P<0.255) (Fig. 7B) activity demonstrated that
treatment (canola oil, bis selenide) did not alter the activities of these
enzymes in brains of mice.

3.7. Effect of bis selenide on Na* K* ATPase activity

One-way ANOVA of Na® K" ATPase activity (F(4,15)=0.88,
P<0.341) (Fig. 7C) revealed that treatment (canola oil, bis selenide)
did not modify the enzyme activity in brains of mice.

4. Discussion

In the present study we demonstrate that bis selenide, orally
administered, was effective in producing a significant antidepressant-
like effect, which was dependent on an interaction with the
serotonergic system (5-HT,5c and 5-HT3 receptors), but not with
dopaminergic and noradrenergic systems. Bis selenide did not alter
the activity of Na* K™ ATPase, MAO-A or MAO-B demonstrating that
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Fig. 7. Effect of bis selenide on MAO-A (panel A), MAO-B (panel B) and Na* K* ATPase
(panel C) activities. Mice were pretreated with bis selenide (0.1-5 mg/kg, p.o.) or
vehicle (canola oil, p.o.) for MAO-A, MAO-B and Na® K" ATPase activities
measurement. Values are expressed as mean+S.EM. of 4 animals. Clorgiline (a
MAO- A inhibitor, 100 nM), selegiline (a MAO-B inhibitor, 100 nM) or SKF 82526
(1 mM) as positive control. **P<0.01 and ***P<0.001 compared to the vehicle group
(canola oil, p.o.).

these enzymes did not directly contribute to the antidepressant-like
effect of bis selenide in the FST and TST. In addition, administration of
subeffective doses of bis selenide and fluoxetine (a conventional
antidepressant) produced an antidepressant-like effect in the TST, a
predictive test of antidepressant action.

Bis selenide, given by p.o. route, caused an antidepressant-like
effect when assessed in two animal models of depression used to
screen new antidepressant drugs (Porsolt et al., 1977; Steru et al.,
1985; Zomkowski et al., 2002). Thus, the fact that bis selenide
administration is active in both tests supports the hypothesis that this
compound may play a role in the modulation of depression. However,
it is important to point out that the TST and FST are models of
antidepressant efficacy with poor face validity. The main limitation of
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these models is that they may poorly reflect the mechanisms involved
in the human situation. As a result, the biological basis of the animal
behavior in these tests (climbing, swimming and diving) may be very
different from the biological basis of human symptoms (Nestler et al.,
2002).

Depression seems to be associated with a hypofunction of the
noradrenergic system. In fact, some antidepressants such as reboxetine
and mirtazapine act by increasing the synaptic availability of noradren-
aline (NA) (Brunello et al., 2003). The decrease in the immobility time
elicited by bis selenide was not reversed by prazosin, yohimbine and
propranolol suggesting that a1-, a2- and [>-adrenoceptors are not
involved in the action of bis selenide in the mouse TST. Although the
experimental data support the idea that «1-, «2- and [>-adrenoceptors
are not involved in the bis selenide effect, without dose-response curves
we cannot establish firm conclusions regarding the complete contribu-
tions of noradrenergic receptors in the behavioral response to bis
selenide in the mouse TST.

A role for dopamine (DA) deficiency in the pathophysiology of
depression is supported by studies demonstrating reduced levels of
DA and its metabolite homovanillic acid (Papakostas, 2006) as well as
increased DA D,/D, receptor binding (Shah et al., 1997) in depressed
patients when compared to normal individuals. Our results demon-
strate that a selective DA D, receptor antagonist, SCH23390, and a
selective DA D, receptor antagonist, sulpiride, did not prevent the
anti-immobility effects caused by bis selenide in the TST. The decrease
in the immobility time elicited by bis selenide was not reversed by
dopaminergic antagonists suggesting that this neurotransmitter
system is not involved in the antidepressant-like action of bis selenide
in the mouse TST. However, single doses of pharmacological
compounds were used as pretreatment to bis selenide therefore we
cannot draw more concrete conclusions regarding the roles of
dopaminergic (D; and D,) receptors in the behavioral response to
bis selenide in the mouse TST.

A large number of experimental and clinical studies show that the
5-HT system is strongly associated to the neural regulation of mood
and evidences indicate abnormalities in 5-HT neurotransmission in
the pathophysiology of depression (Wong and Licinio, 2001). Drugs
affecting 5-HT neurotransmission, such as those inhibiting 5-HT
reuptake at nerve terminals or inhibiting monoamines metabolism
(MAO inhibitors) are effective in treating depression (Wong and
Licinio, 2001; Elhwuegi, 2004). In the present study, the depletion of
endogenous 5-HT with a tryptophan hydroxylase inhibitor, PCPA, at a
dose known to decrease the content of 5-HT, reversed the effect of bis
selenide demonstrating the involvement of the 5-HT system in its
antidepressant-like action. In addition, selective antagonists of 5-
HT:a/2¢ and 5- HT3 receptors blocked the antidepressant-like effect
elicited by bis selenide in the TST. There are studies showing that 5-
HT,42c antagonism has a role in the mechanism underlying the
antidepressant-like effect of certain antidepressants in the FST
(Elhwuegi, 2004; Redrobe and Bourin, 1997). The involvement of 5-
HT; receptors in the mechanism of action of antidepressants was
evidenced by the fact that different classes of antidepressants
modulated 5-HTj3 receptors (Krishnan et al., 1991; Ishihara and Sasa,
2001; Eisensamer et al., 2003).

Although pharmacological evidences have pointed out the in-
volvement of serotonergic receptors (5-HT,4 ¢ and 5-HT3), but not of
serotonergic (5-HT;a) noradrenergic («, &, and [3), and dopaminer-
gic (D, and D,) receptors, in the antidepressant-like effect elicited by
bis selenide in the mouse TST, we admit that the lack of complete full
dose-response curves for all treatments is a shortcoming of this study.

An important finding of our study was that a single oral dose of bis
selenide (0.1-5 mg/kg, p.o.) did not alter MAO-A, MAO-B and Na™ K™
ATPase activities in whole brain preparations. However, we should not
rule out the altered activity of these enzymes in discrete brain regions
such as hippocampus and mesocorticolimbic dopamine system, which
may be masked or washed out by examining activity in the entire brain.

Finally, another finding of this study was that the classical
antidepressant fluoxetine, a selective 5-HT reuptake inhibitor (SSRI),
was able to potentiate the action of subeffective dose of bis selenide in
the TST. This result suggests that the effect of bis selenide in the TST in
mice seems to be similar to the effect of fluoxetine, regarding the
interaction with receptor subtypes. Moreover this finding could
suggest that bis selenide directly or indirectly stimulates 5-HT release
in brain projection areas related to emotional integration to the
augmentation of the antidepressant-like effect in the mouse TST.
Fluoxetine is commonly used to treat major depression (Holtzheimer
and Nemeroff, 2006). Considering the need for safer, more effective,
and faster acting treatments for depression (Berton and Nestler,
2006), the antidepressant-like effect elicited by the association of bis
selenide with a conventional antidepressant, fluoxetine, could
indicate a new strategy to decrease the doses and side effects of the
antidepressant prescribed.

Conversely, coadministration of subeffective doses of imipramine
and bis selenide did not exert antidepressant-like effect in the mouse
TST. This result indicates that there is no interaction between
imipramine and bis selenide in that the mechanisms of antidepressant
effects of each drug do not interfere. Rather, it may be that imipramine
and bis selenide exert their effects in such a way that there is no link
between the cascades of sub-cellular events. This result reinforces the
hypothesis that the noradrenergic system is not involved in the
mechanisms of the antidepressant-like action of bis selenide. Further
studies are necessary to explore the biochemical basis of bis selenide/
5-HT/NA modulation in other paradigms of depression.

5. Conclusion

Results demonstrate pharmacological evidences supporting the
antidepressant-like action elicited by bis selenide in the FST and TST.
Bis selenide antidepressant-like effect may be related to serotonergic
receptors (5-HT;a2c and 5-HT3). Since no dose-response curves were
carried out, we cannot draw more concrete conclusions regarding the
roles of dopaminergic, noradrenergic and 5-HT;4 receptors in the
behavioral response of mice treated with bis selenide. The present study
demonstrate that the noradrenergic (o, o, and 3), dopaminergic (D,
and D), and serotonergic (5-HT;4) receptors as well as MAO-A, MAO-B
and Na® K" ATPase activities are not directly involved in the
antidepressant-like effect of bis selenide in the mouse TST.

Acknowledgements

The financial support by UFSM, FAPERGS, CAPES and CNPq is
gratefully acknowledged. This study was supported in part by the FINEP
research grant “Rede Instituto Brasileiro de Neurociéncia (IBN-Net)”
# 01.06.0842-00.

References

Berton O, Nestler EJ. New approaches to antidepressant drug discovery: beyond
monoamines. Nat Rev Neurosci 2006;7:137-51.

Binfaré RW, Rosa AO, Lobato KR, Santos AR, Rodrigues AL. Ascorbic acid administration
produced an antidepressant-like effect: evidence for the involvement of mono-
aminergic neurotransmission. Prog Neuropsychopharmacol Biol Psychiatry
2009;33:530-40.

Bourin M, Chenu F, Ripoll N, David DJP. A proposal of decision tree to screen putative
antidepressants using forced swim and tail suspensions tests. Behav Brain Res
2005;164:266-9.

Burk RF. Selenium, an antioxidant nutrient. Nutr Clin Care 2002;5:75-9.

Bradford MM. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principles of protein-dye binding. Anal Biochem
1976,72:248-54.

Brocardo PS, Budni J, Kaster MP, Santos ARS, Rodrigues ALS. Folic acid administration
produces an antidepressant-like effect in mice: evidence for the involvement of the
serotonertic and noradrenergic systems. Neuropharmacology 2008;54:464-73.

Brunello N, Blier P, Judd LL, Mendlewicz ], Nelson CJ, Souery D, et al. Noradrenaline in
mood and anxiety disorders: basic and clinical studies. Int Clin Psychopharmacol
2003;18:191-202.



46

302 CR. Jesse et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 34 (2010) 294-302

Cunha MP, Machado DG, Bettio LEB, Capra JC, Rodrigues ALS. Interaction of zinc with
antidepressants in the tail suspension test. Prog Neuropsychopharmacol Biol
Psychiatry 2008;32:1913-20.

D'Aquila PS, Collu M, Gessa GL, Serra G. The role of dopamine in the mechanism of
action of antidepressant drugs. Eur | Pharmacol 2000;405:365-73.

Deniker P. Psychopharmacology and biological psychiatry, historical review. Soins
Psychiatr 1983;37:5-6.

Eisensamer B, Rammes G, Gimpl G, Shapa M, Ferrari U, Hapfelmeier G, et al.
Antidepressants are functional antagonists at the serotonin type 3 (5-HT3)
receptor. Mol Psychiatry 2003;12:994-1007.

Elhwuegi AS. Central monoamines and their role in major depression. Prog
Neuropsychopharmacol Biol Psychiatry 2004;28:435-51.

El-Mallakh RS, Wyatt R]. The Na* K" ATPase hypothesis for bipolar illness. Biol
Psychiatry 1995;37:235-44.

Fiske CH, Subbarow Y]. The calorimetric determination of phosphorus. Biol Chem
1925;66:375-81.

Hawkes WC, Hornbostel L. Effects of dietary selenium on mood in healthy men living in
a metabolic research unit. Biol Psychiatr 1996;39:121-8.

Holtzheimer PE, Nemeroff CB. Advances in the treatment of depression. ] NeuroRx
2006;3:42-56.

Ishihara K, Sasa M. Potentiation of 5-HT3 receptor functions in the hippocampal CA1
region of rats following repeated electroconvulsive shock treatments. Neurosci Lett
2001;307:37-40.

Jesse CR, Savegnago L, Nogueira CW. Role of nitric oxide/ cyclic GMP/K" channel
pathways in the antinociceptive effect caused by 2,3-bis(mesitylseleno)propenol.
Life Sci 2007;81:1694-702.

Jesse CR, Savegnago L, Nogueira CW. Spinal mechanisms of antinociceptive effect
caused by oral administration of bis selenide in mice. Brain Res 2008;1231:25-33.

Kaster MP, Raupp |, Binfaré RW, Andreatini R, Rodrigues AL. Antidepressant-like effect
of lamotrigine in the mouse forced swimming test: evidence for the involvement of
the noradrenergic system. Eur ] Pharmacol 2007;565:119-24.

Kulkarni SK, Bhutani MK, Bishnoi M. Antidepressant activity of curcumim: involvement
of serotonin and dopamine system. Psychopharmacology 2008:201:435-42.

Krajl M. A rapid microfluorimetric determination of monoamine oxidase. Biochem
Pharmacol 1965;14:1683-5.

Krishnan KR, Doraiswamy PM, Figiel GS, Husain MM, Shah SA, Na C, et al. Hippocampal
abnormalities in depression. ] Neuropsychiatry Clin Neurosci 1991;3:387-91.
Matsumoto T, Furuta T, Nimura Y, Suzuki O. 3-(p-Hydroxyphenyl)propionic acid as a

new fluorogenic reagent for amine oxidase assays. Anal Biochem 1984;138:133-6.

Millan MJ. The role of monoamines in the actions of established and “novel”
antidepressant agents: a critical review. Eur ] Pharmacol 2004;500:371-84.

Moro AV, Nogueira CW, Barbosa NBV, Menezes PH, Rocha BT, Zeni G. Highly
stereoselective one-pot producers to prepare bis- and tris chalcogenide alkenes

via addition of disulfides and diselenides to terminal alkynes. ] Org Chem
2005;70:5257-68.

Musselman DL, Evans DL, Nemeroff CB. The relationship of depression to cardiovascular
disease: epidemiology, biology, and treatment. Arch Gen Psychiatry 1998;55:580-92.

Nemeroff CB, Owens M]. Treatment of mood disorders. Nat Neurosci 2002;5:1068-70
Suppl.

Nestler EJ, Barrot M, Dileone R], Eisch AJ, Gold SJ, Monteggia LM. Neurobiology of
depression. Neuron 2002;34:13-25.

Papakostas Gl. Dopaminergic-based pharmacotherapies for depression. Eur Neuropsy-
chopharmacol 2006;16:391-402.

Porsolt RD, Le Pichon M, Jalfre M. Depression: a new animal model sensitive to
antidepressant treatments. Nature 1977;266:730-2.

Rayman MP. The importance of selenium to human health. Lancet 2000;356:23-41.

Reddy PL, Khanna S, Subhash MN, Channabasavanna SM, Rao BS. Erythrocyte
membrane sodium-potassium adenosine triphosphatase activity in affective
disorders. ] Neural Transm Gen Sect 1992;89:209-18.

Redrobe JP, Bourin M. Partial role of 5-HT2 and 5-HT3 receptors in the activity of
antidepressants in the mouse forced swimming test. Eur ] Pharmacol 1997;325:
129-35.

Rodrigues ALS, Da Silva GL, Mateussi AS, Fernandes ES, Miguel OG, Yunes RA, et al.
Involvement of monoaminergic system in the antidepressant-like effect of the
hydroalcoholic extract of Siphocampylus verticillatus. Life Sci 2002;70:1347-58.

Savegnago L, Jesse CR, Moro AV, Borges VC, Santos FW, Rocha JBT, Nogueira CW. Bis
selenide alkene derivatives: a class of potential antioxidant and antinociceptive
agents. Pharmacol Biochem Behav 2006;83:221-9.

Shah BH, Saeed SA, Rashid F, Gilani AH. Dopamine potentiation of calcium ionophore, A-
23187-induced platelet aggregation. Adv Exp Med Biol 1997;407:537-40.

Sher L. Depression and suicidal behavior in alcohol abusing adolescents: possible role of
selenium deficiency. Minerva Pediatr 2008;60:201-9.

Soto-Otero R, Mendez-Alvarez E, Hermida-Ameijeiras A, Sanchez-Sellero I, Cruz-
Landeira A, Lamas LM. Inhibition of brain monoamine oxidase activity by the
generation of hydroxyl radicals: potential implications in relation to oxidative
stress. Life Sci 2001;69:879-89.

Steffens DC, Krishnan KR, Helms M]. Are SSRIs better than TCAs? Comparison of SSRIs
and TCAs: a meta-analysis. Depress Anxiety 1997;6:10-8.

Steru L, Chermat R, Thierry B, Simon P. The tail suspension test: a new method for
screening antidepressants in mice. Psychopharmacology 1985;85:367-70.

Wong ML, Licinio J. Research and treatment approaches to depression. Nat Rev Neurosci
2001;2:343-51.

Zomkowski ADE, Hammes L, Lin J, Calixto |B, Santos ARS, Rodrigues ALS. Agmatine produces
antidepressant-like effects in two models of depression in mice. NeuroReport
2002;13:387-91.



47

4.2. Envolvimento da via L-arginina-6xido nitrico-guanosina monofosfato ciclico no
efeito do tipo antidepressivo do bis seleneto no teste da suspensdo da cauda em

camundongos

4.2.1. Artigo 2

Envolvimento da via l-arginina-6xido nitrico-guanosina monofosfato ciclico no efeito do tipo

antidepressivo do bis seleneto no teste da suspensdo da cauda em camundongos

Cristiano R. Jesse, Ethel A. Wilhelm, Cristiani F. Bortolatto, Jodo B.T. Rocha, Cristina W.

Nogueira

European Journal of Pharmacology 635 (2010) 135-141



48

European Journal of Pharmacology 635 (2010) 135-141

Contents lists available at ScienceDirect

European Journal of Pharmacology

journal homepage: www.elsevier.com/locate/ejphar

Behavioural Pharmacology

Involvement of L-arginine-nitric oxide-cyclic guanosine monophosphate pathway in
the antidepressant-like effect of bis selenide in the mouse tail suspension test

Cristiano R. Jesse, Ethel A. Wilhelm, Cristiani F. Bortolatto, Jodo B.T. Rocha, Cristina W. Nogueira *

Laboratério de Sintese, Reatividade e Avaliagdo Farmacoldgica e Toxicoldgica de Organocalcogénios, Centro de Ciéncias Naturais e Exatas, Universidade Federal de Santa Maria,

Santa Maria, CEP 97105-900, RS, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 17 August 2009

Received in revised form 20 February 2010
Accepted 4 March 2010

Available online 20 March 2010

The present study investigated a possible antidepressant-like effect of bis selenide by using the forced swimming
and the tail suspension tests. The involvement of the L-arginine-nitric oxide-cyclic guanosine monophosphate
signaling pathway in the antidepressant-like action of bis selenide was investigated. Bis selenide, given by oral
route at doses of 0.5-5 mg/kg, decreased the immobility time in the forced swimming and tail suspension tests.
Pretreatment with L-arginine (750 mg/kg, intraperitoneal, i.p., a nitric oxide precursor), sildenafil (5 mg/kg, i.p.,a
phosphodiesterase 5 inhibitor) or S-nitroso-N-acetyl-penicillamine (25 pg/site, intracerebroventricular, i.c.v., a

gicsy:g;ﬁa @ nitric oxide donor) reversed the reduction in the immobility time elicited by bis selenide (1 mg/kg, p.o.) in the tail
Selenium suspension test. Bis selenide (0.1 mg/kg, p.o., a subeffective dose) produced a synergistic antidepressant-like effect
Antidepressant with N®-nitro-L-arginine (0.3 mg/kg, i.p., an inhibitor of nitric oxide synthase) or 7-nitroindazole (25 mg/kg, i.p.,a
Oxide nitric specific neuronal nitric oxide synthase inhibitor) in the tail suspension test. Pretreatment of animals
Cyclic guanosine monophosphate with methylene blue (10 mg/kg, i.p., an inhibitor of nitric oxide synthase and soluble guanylate cyclase) or 1H-
Immobility [1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one (30 pmol, i.c.v., a specific inhibitor of soluble guanylate cyclase), at

subeffective doses, caused a synergistic effect with bis selenide in the tail suspension test. Bis selenide (1 mg/kg, p.o.),
at an effective dose in the forced swimming and tail suspension tests, caused a significant decrease in the mouse
cerebral nitrate/nitrite levels. The antidepressant-like effect of bis selenide in the tail suspension test is dependent on

the inhibition of the L-arginine-nitric oxide-cyclic guanosine monophosphate pathway.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Depressive disorders represent a major public health problem due
to their high prevalence and psychosocial impact. The World Health
Organization (WHO) ranks unipolar depression as the fourth most
important cause of mortality and disability (Murray and Lopez, 1997).
Although underlying pathophysiological mechanisms of depression
are not completely identified, novel targets have been identified for
the development of new pharmacological and behavioural treatments
(D'Aquila et al., 2000; Elhwuegi, 2004; Papakostas, 2006).

Numerous neural pathways are involved in the pathophysiology of
depression. A great number of neurotransmitters participate in the
underlying mechanisms of drugs (Palucha and Pilc, 2002). Nitric oxide
donors and inhibitors have been shown to affect serotonin release in a
dose-dependent manner in rodents (Lorrain and Hull, 1993; Kaehler et al,,
1999). Studies have shown that the inhibition of nitric oxide synthase
could be used as a strategy to enhance the clinical efficacy of serotonergic
antidepressants (Smith and Whitton, 2000; Harkin et al., 2004). Further
support for the hypothesis that the inhibition of nitric oxide synthase,

* Corresponding author. Tel.: 455 55 32209611; fax: +55 55 32208978.
E-mail address: criswn@quimica.ufsm.br (C.W. Nogueira).

0014-2999/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2010.03.019

with a subsequent decrease in the concentration of cyclic guanosine
monophosphate (Snyder, 1992), may produce antidepressant-like effects,
at least under certain conditions, comes from the reported reduction in
the immobility time in the forced swimming test elicited either by the
administration of methylene blue, which acts as a direct inhibitor of both
nitric oxide synthase and soluble guanylate cyclase (Eroglu and Caglayan,
1997) or by the specific inhibitor of soluble guanylate cyclase activity, 1H-
(1,2,4)-oxodiazolo (4,3-a)quinoxalin-1-one (Heiberg et al., 2002; Kaster
et al., 2005; Ergiin and Ergiin, 2007).

Bis selenide has been reported to have pharmacological properties,
such as antioxidant (Savegnago et al., 2006), antinociceptive and anti-
inflammatory (Jesse et al, 2007, 2008a). There are also other
organoselenium compounds (diphenyl diselenide and ebselen) whose
therapeutic potential has been assessed in a variety of animal models
such as the forced swimming and tail suspension tests (Savegnago et al.,
2007, 2008; Posser et al., 2009). In addition, the inhibition of nitric
oxide- cyclic guanosine monophosphate synthesis was previously
shown to be involved in the diphenyl diselenide antidepressant-like
effect (Savegnago et al., 2008).

In this way, it has been reported that low selenium status leads to
depressed mood while high dietary and/or supplementary selenium
improves mood. Moreover, several research groups have demonstrated
that low selenium status has been associated with a significantly
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increased incidence of depression, anxiety, confusion, and hostility
(Hawkes and Hornbostel, 1996; Rayman, 2000).

The primary aim of the present study was to investigate the
antidepressant-like effect of bis selenide administered by per oral
(p.o.) route to mice in the tail suspension and forced swimming
tests, being that both tests used to screen new antidepressants
(Cryan et al., 2002; Bourin et al., 2005). The second objective of this
study was to investigate the involvement of the r-arginine-nitric
oxide-cyclic guanosine monophosphate pathway in the antidepres-
sant-like activity of bis selenide in the mouse tail suspension test.
Finally, the current study was also performed to examine cerebral
nitrate/nitrite levels in mice treated with bis selenide.

2. Materials and methods
2.1. Animals

The behavioural experiments were conducted using male adults
Swiss mice (25-35g) maintained at 22-25 °C with free access to
water and food, under a 12:12 h light/dark cycle, with lights on at
6:00 a.m. All manipulations were carried out between 08.00 a.m. and
04.00 p.m. All experiments were performed on separate groups of
animals and each animal was used only once in each test. The animals
were used according to the guidelines of the Committee on Care and
Use of Experimental Animal Resources, the Federal University of Santa
Maria, Brazil. All efforts were made to minimize animals suffering and
to reduce the number of animals used in the experiments.

2.2. Chemicals

Bis selenide [(Z)-2,3-bis(4-chlorophenylselanyl)prop-2-en-1-ol]
(Fig. 1) was prepared and characterized in our laboratory by the
method previously described. For further details, refer to the following
compound (2u) (Moro et al., 2005). The chemical purity of bis selenide
(99.9%) was determined by gas chromatography/high-performance
liquid chromatography. Chemo-physical properties: Yield: 0.285g
(65%). 'H NMR, CDCls, 400 MHz, (ppm): 7.51-7.45 (m, 4H), 7.34 (s,
1H),7.30-7.25 (m,4H),4.15 (d,J) (5.41 Hz, 2H), 1.83 (t,]) (6.28 Hz, 1H).
13C NMR, CDCls, 100 MHz, (ppm): 134.5, 134.3, 133.9, 133.6, 1334,
132.3, 129.5, 129.5, 128.2, 126.7, 67.5. MS (El, 70eV) m/z (relative
intensity): 438 (10), 379 (17), 251 (62), 228 (52), 216 (100), 190 (77),
156 (58), 111 (38). HRMS: caled for CysH;2C,0Se, 437.8596,
found 437.8601. The following drugs were used: L-arginine, methylene
blue, S-nitroso-N-acetyl-penicillamine, sildenafil, (1H-[1,2,4] oxadia-
zolo[4,3-a]quinoxalin-1-one), N®-nitro-L-arginine, 7-nitroindazole,
VCls, N-(1-naphthyl) ethylene-diamine dihydrochloride, sulfanilamide
and all other chemicals were purchased from Sigma Chemical USA.

2.3. Treatment

2.3.1. Antidepressant-like effect of bis selenide in the tail suspension and
forced swimming tests

Time-course analysis of the antidepressant-like effect of bis
selenide was performed. Mice were pretreated with bis selenide
(5 mg/kg, p.o.) or with canola oil (10 ml/kg, p.o.) 0.5-8 h before the
tail suspension test.

HQ

Fig. 1. Chemical structure of bis selenide (Z)-2, 3-bis(4-chlorophenylselanyl)prop-2-
en-1-ol.

In order to assess the antidepressant-like effect of bis selenide, this
compound was administered (dose range: 0.1-5 mg/kg, p.o.) 1h
before the forced swimming test, tail suspension test or open field
test. We evaluated the locomotor activity in mice and immediately
after the same mice were assessed in the forced swimming test or the
tail suspension test.

2.3.2. Mechanisms involved in the antidepressant-like effect of bis
selenide

The role played by the r-arginine-nitric oxide-cyclic guanosine
monophosphate pathway in the antidepressant-like effect caused by bis
selenide in the tail suspension test was investigated in distinct groups of
animals. For this purpose, mice were pretreated with L-arginine, a
precursor of nitric oxide (750 mg/kg, i.p., a dose that produces no effect
in the tail suspension test), sildenafil, a specific type 5 phosphodiester-
ase inhibitor (5 mg/kg, i.p., a dose that produces no effect in the tail
suspension test) or with the nitric oxide donor, S-nitroso-N-acetyl-
penicillamine (25 pg/site, i.c.v., a nitric oxide donor, adose that produces
no effect in the tail suspension test). Thirty minutes after L-arginine,
sildenafil or S-nitroso-N-acetyl-penicillamine, bis selenide (1 mg/kg,
p.o., a dose effective in the tail suspension test) or vehicle was
administered, and 1 h later the tail suspension test was carried out.

In another set of experiments, the synergistic effect of bis selenide
(0.1 mg/kg, p.o., a subeffective dose) with a subeffective dose of N-nitro-
L-arginine (0.3 mg/kg, i.p, an inhibitor of nitric oxide synthase), 7-
nitroindazole (25 mg/kg, i.p., a specific neuronal nitric oxide synthase
inhibitor), methylene blue (10 mg/kg, ip., an inhibitor of nitric oxide
synthase and soluble guanylate cyclase) or 1H-[1,2,4] oxadiazolo [4,3-a]
quinoxalin-1-one (30 pmol/site, i.c.v., a specific soluble guanylate cyclase
inhibitor) was investigated. Bis selenide (0.1 mg/kg, p.o.) or vehicle (p.o.)
was administered 1 h before drugs. After 30 min of the i.p. administration
of N®-nitro-L-arginine, 7-nitroindazole, methylene blue or the i.c.v.
injection of 1H-[1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one the tail
suspension test was carried out. The open field test was carried out to
rule out any psychostimulant effect of the interaction of drugs and bis
selenide.

2.3.3. Drug administration schedule

All drugs were dissolved in saline solution (0.9% NaCl), except 1H-
[1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one and 7-nitroindazole that
were dissolved in 15% dimethyl sulfoxide and were made up to a final
volume by the addition of 0.9% NaCl. Bis selenide was dissolved in
canola oil. Mice received all drugs in a constant volume of 10 ml/kg
body weight, except S-nitroso-N-acetyl-penicillamine and 1H-[1,2,4]
oxadiazolo [4,3-a]quinoxalin-1-one which were injected by i.c.v.
route (5 pl/site). Appropriate vehicle treated groups were also
assessed simultaneously. Doses and the schedule of administration
were chosen on the basis of experiments previously performed by our
research group (Savegnago et al., 2008; Jesse et al., 2008b) and others
(Almeida et al., 2006; Brocardo et al., 2008).

2.3.4. Intracerebroventricular injection technique

The i.c.v. administration was performed under light ether
anesthesia. Briefly, a 0.4 mm external diameter hypodermic needle
attached to a cannula, which was linked to a 25 pl Hamilton syringe,
was inserted perpendicularly through the skull and no more than
2mm into the brain of the mouse. A volume of 5ul was then
administered in the left lateral ventricle. The injection was given over
30, and the needle remained in place for another 30 s in order to
avoid the reflux of the substances injected. The injection site was
1 mm to the right or left from the mid-point on a line drawn through
to the anterior base of the ears (Kaster et al., 2005). To ascertain that
the drugs were administered exactly into the cerebral ventricle, the
brains were dissected and examined macroscopically after the test.
Control animals received a saline injection by i.c.v. route in a similar
manner.
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2.4. Behavioural analysis

2.4.1. Forced swimming test

The test was conducted using the method described by Porsolt
et al. (1977). Briefly, mice were individually forced to swim in open
cylinders (25 cm heightx 10 cm diameter) containing 19 cm of water
at 254 1 °C. The duration of immobility was scored during the 6 min
test period as described previously (Kaster et al., 2005). Each mouse
was recorded as immobile when floating motionless or making only
those movements necessary to keep its head above water.

2.4.2. Tail suspension test

The total duration of immobility induced by tail suspension was
measured according to the method described by Steru et al. (1985).
Mice both acoustically and visually isolated were suspended 50 cm
above the floor by adhesive tape placed approximately 1 cm from the
tip of the tail. Immobility time was recorded during a 6-min period
(Kaster et al., 2005).

2.4.3. Open field test

To assess the possible effects of bis selenide on locomotor and
exploratory activities, mice were evaluated in the open field test. The
open field was made of plywood and surrounded by walls 30 cm in
height. The floor of the openfield, 45 cm in length and 45 cm in width,
was divided by masking tape markers into 09 squares (3 rows of 3).
Each animal was placed individually at the center of the apparatus and
observed for 6 min to record the locomotor (number of segments
crossed with the four paws) (Rodrigues et al., 2002).

2.5. Ex vivo experiments

Mice were pretreated with bis selenide (a non-effective dose: 0.1
and an effective dose: 1 mg/kg, p.o.) or vehicle (canola oil, p.o.). The
control group did not receive vehicle to exclude the vehicle effect on
ex vivo experiments. Animals were killed after 1 h and the whole
brain removed for the nitrate/nitrite determination.

2.5.1. Colorimetric determination of nitrate/nitrite content

The brain was dissected on an inverted ice-cold Petri dish and
homogenized with ZnSO,4 (200 mM) and acetonitrile (96%), centri-
fuged at 16,000xg at 4°C for 30 min, and the supernatant was
collected for assay of the nitrite plus nitrate content (Miranda et al.,
2001). The resulting pellet was suspended in NaOH (6 M) for protein
determination. NOx content was estimated in a medium containing
300ml of 2% VCl3 (in 5% HClI), 200 ml of 0.1% N-(1-naphthyl)
ethylene-diamine dihydrochloride, 200 ml of 2% sulfanilamide (in
5% HCI). After incubating at 37 °C for 60 min, nitrite levels were
determined spectrophotometrically at 540 nm, based on the reduc-
tion of nitrate to nitrite by VCls. Tissue nitrite and nitrate levels were
expressed as nmol of nitrate/nitrite/mg of protein.

2.6. Statistical analysis

All experimental results are given as the mean (s)+S.EM.
Comparisons between experimental and control groups were per-
formed by one-way (bis selenide) or two-way ANOVA (inhibitors of
nitric oxide synthase and/or soluble guanylate cyclase x bis selenide)
followed by Newman-Keuls test for post hoc comparison when
appropriate. A value of P<0.05 was considered to be significant. Main
effects are presented only when the first order interaction was non-
significant.
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Table 1
Time course of the antidepressant-like effect caused by bis selenide (5 mg/kg, p.o.) in
the mouse tail suspension test.

Time (h) Immobility time (s)
Vehicle 2188+112

0.5 2254+9.02

1 1189+123°

2 1362+ 102°

4 156.8 + 9.80°

6 171.2+£785"

8 2102+7.89

Bis selenide was administered 0.5, 1, 2, 4, 6 and 8 h before the tail suspension test.
Results are expressed as mean +S.E.M. of 7 animals. One-way ANOVA followed by
Newman-Keuls. *P<0.05 and "P<0.01 and ‘P<0.001 when compared to the vehicle
treated control.

Table 2
Effect of acute administration of bis selenide in the mouse tail suspension and forced
swimming tests.

Bis selenide Immobility time (s) tail Immobility time (s) forced
(mg/kg, p.o.) suspension test swimming test

Vehicle 206.8 +8.40 192.3+940

0.1 2025+11.42 185.84+12.97

0.5 167.4+9.96" 1459+11.72°

1 131.8+13.80" 117.8+8.77°

5 126.0+9.80" 116.0+9.68"

Bis selenide (dose range 0.1-5 mg/kg) was administered orally 1 h before the tests.
Values are expressed as mean + S.E.M. (n =7 mice/group). *P<0.05 and *P<0.001 when
compared to the vehicle treated control.

3. Results

3.1. Effect of bis selenide orally administered in the mouse forced
swimming, tail suspension and open field tests

A time-course analysis of the antidepressant-like profile of bis
selenide was accomplished. The antidepressant-like effect of bis
selenide reached its peak 1 h and remained significant up to 6 h after
the compound administration (Table 1). Thus, the time point (1 h) of
the maximum effect of bis selenide was chosen for all further studies.

The immobility time in the forced swimming and tail suspension
tests of animals treated with bis selenide is shown in Table 2. One-
way ANOVA revealed a significant effect of bis selenide, at doses of
0.5-5 mg/kg, in the forced swimming (F(4,35) =9.47, P<0.001) and
tail suspension (F(4,35) = 12.64, P<0.001) tests. Bis selenide, given by
p.o.route at all doses tested, did not produce any change in the number
of crossings (F(4,35) =0.11, P<0.972) of mice in the open field (data
not shown).

3.2. Analysis of the role played by the L-arginine-nitric oxide-cyclic
guanosine monophosphate pathway in the antidepressant-like effect of
bis selenide in the mouse tail suspension test

Results demonstrated in Fig. 2A show that the pretreatment of mice
with L-arginine (750 mg/kg, i.p., a nitric oxide precursor) reversed the
reduction in the immobility time elicited by bis selenide (1 mg/kg, p.o.)
in the tail suspension test (F(1,24) = 7.37, P<0.03). Nosignificant effects
were observed on the number of crossings (F(1,24) =0.08, P<0.775) in
the open field test in mice treated with L-arginine and bis selenide (data
not shown).

Fig. 2B shows that the pretreatment with sildenafil (5 mg/kg, i.p., a
phosphodiesterase 5 inhibitor) was able to reverse the antidepres-
sant-like effect of bis selenide (1 mg/kg, p.o.) in the tail suspension
test (F(1,24) =23.47, P<0.001). The number of crossings (F(1,24) =
0.08, P<0.781) in the open field was unmodified by the administra-
tion of sildenafil and bis selenide (data not shown).
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Fig. 2. Effect of pretreatment of mice with (A) L-arginine (750 mg/kg, i.p.), (B) sildenadil
(5 mg/kg, i.p.) and (C) S-nitroso-N-acetyl-penicillamine (25 pi/site, i.c.v.) on bis
selenide (1 mg/kg, p.o.)-induced reduction in the immobility time in the mouse tail
suspension test. Values are expressed as mean +S.EM. (n=7 mice/group). Data were
analyzed by Two-Way Analysis of Variance (ANOVA) followed by Newman-Keuls test.
**P<0.01 compared to the vehicle treated group; #P<0.01 compared to the bis selenide
group pretreated with vehicle,

Fig. 2C shows that the pretreatment of mice with S-nitroso-N-
acetyl-penicillamine (25 pg/kg, i.c.v., a nitric oxide donor) prevented
the antidepressant-like effect of bis selenide (1 mg/kg, p.o.) in the tail
suspension test (F(1,24)=5.60, P<0.02). Administration of bis
selenide with S-nitroso-N-acetyl-penicillamine did not modify the
number of crossings (F(1,24) =0.52, P<0.477) of mice in the open
field test (data not shown).

Results illustrated in Fig. 3A show that the administration of N°-
nitro-L-arginine (an inhibitor of nitric oxide synthase, 0.3 mg/kg i.p., a
subeffective dose) in combination with bis selenide (0.1 mg/kg, p.o., a
subeffective dose) produced an antidepressant-like effect when
compared to the administration of either drug alone (F(1,24) =13.53,
P<0.001). No significant effects were found on the number of crossings
(F(1,24)=0.07, P<0.794) in the open field test in mice treated with
NC-nitro-L-arginine and bis selenide (data not shown).

Fig. 3B shows that the administration of 7-nitroindazole (25 mg/kg i.p.,
aspecific neuronal nitric oxide synthase inhibitor) in combination with bis
selenide (0.1 mg/kg, p.o., a subeffective dose) produced an antidepres-
sant-like effect when compared to the administration of either drug alone
(F(1,24) =13.50, P<0.001). Administration of 7-nitroindazole alone or in
combination with bis selenide did not affect locomotor activity of mice in
the open field test (F(1,24) =0.05, P<0.819) (data not shown).

drug alone (F(1,24) =15.12, P<0.007). Administration of methylene
blue (10 mg/kg i.p.) alone or in combination with bis selenide did not
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Fig. 4. The potentiating effect of (A) methylene blue (10 mg/kg, i.p.) and (B) 1H-[1,24]
oxadiazolo [4,3-a]quinoxalin-1-one (30 pmol/site, i.c.v.) on the action of bis selenide
(0.1 mg/kg, p.o.) in the mouse tail suspension test. Values are expressed as mean =+
S.E.M. (n=7 mice/group). Data were analyzed by Two-Way Analysis of Variance
(ANOVA) followed by Newman-Keuls test. **P<0.01 compared to the bis selenide
group pretreated with vehicle.
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Fig. 5. Effect caused by oral administration of bis selenide on cerebral nitrate/nitrite
levels in mice. Mice were pretreated with bis selenide (0.1 and 1 mg/kg, p.o.) or vehicle
(canola oil, p.o.) for nitrate/nitrite measurement. Values are expressed as mean =+ S.E.M.
of 6 animals. Vehicle indicates the animal administered with canola oil and the asterisks
denote the significance levels when compared to the vehicle group (one-way ANOVA
followed by Newman-Keuls). *P<0.05 when compared to the vehicle treated group.

affect the ambulation of mice in the open field test (F(1,24)=0.19,
P<0.663) (data not shown).

Fig. 4B shows that 1H-[1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one
(30 pmol, i.cv., a subeffective dose, a direct inhibitor of soluble
guanylate cyclase) in combination with bis selenide (0.1 mg/kg, p.o.,a
subeffective dose) produced an anti-immobility effect in the tail
suspension test when compared to the administration of either drug
alone (F(1,24)=11.13, P<0.001). Administration of 1H-[1,2,4] oxa-
diazolo [4,3-a]quinoxalin-1-one (30 pmol, i.c.v.) alone or in combi-
nation with bis selenide did not affect the number of crossings of mice
in the open field test (F(1,24) = 1.44, P<0.241) (data not shown).

3.3. Effect caused by bis selenide on cerebral nitrate/nitrite levels in mice

As shown in Fig. 5, treatment with an effective dose of bis selenide
(1 mg/kg, p.o.) caused a significant decrease in the mouse cerebral nitrate/
nitrite levels compared to that of the vehicle group (F(3,20)=9.10,
P<0.05). Nitrate/nitrite levels in the brains of mice treated with a non-
effective dose of bis selenide (0.1 mg/kg, p.o.) were similar to those in the
vehicle group. Nitrate/nitrite levels remained unaltered in mice treated
with vehicle (canola oil) and in non-treated (control) mice (Fig. 5).

4. Discussion

In this study we show that bis selenide produced an antidepressant-
like effect in the mouse tail suspension and forced swimming tests.
These findings support and extend published results demonstrating that
organoselenium compounds produce an anti-immobility effect in the
tail suspension and forced swimming tests in rodents (Savegnago et al.,
2007, 2008; Posser et al., 2009). Besides, we demonstrate that the
antidepressant-like effect of bis selenide in the mouse tail suspension
test is probably due to the modulation of the L-arginine-nitric oxide-
cyclic guanosine monophosphate pathway. The decrease in the cerebral
nitrate/nitrite levels in mice treated with bis selenide, at an effective
dose in the tail suspension and forced swimming tests, further support
the involvement of the L-arginine-nitric oxide-cyclic guanosine mono-
phosphate pathway in the bis selenide antidepressant-like effect.

It has become generally accepted that nitric oxide plays a significant
neuromodulatory role in the nervous system and the pharmacological
manipulation of the nitric oxide-cyclic guanosine monophosphate
pathway may constitute a novel therapeutic approach for the treatment
of depression (Da Silva et al., 2000; Yildiz et al., 2000; Volke et al., 2003;
Kaster et al., 2005; Almeida et al., 2006; Jesse et al., 2008b). In this study,
we show that the pretreatment of mice with L-arginine (a substrate for
nitric oxide synthase) or with S-nitroso-N-acetyl-penicillamine (a nitric
oxide donor) at doses that did not produce any effect in the tail
suspension test, significantly inhibited the anti-immobility effect caused
by bis selenide. Moreover, the reversal of the antidepressant-like effect

of bis selenide in the tail suspension test by the pretreatment of mice
with sildenafil (a selective type 5 phosphodiesterase inhibitor)
reinforces the notion that the bis selenide administration produced a
reduction in cyclic guanosine monophosphate levels, and that this target
may be important for its effect in depressive-like tests. Sildenafil
increases cyclic guanosine monophosphate levels in target tissues
(Beavo, 1995) and reverses the anti-immobility effect of 1H-[1,2,4]
oxadiazolo [4,3-a]quinoxalin-1-one in the forced swimming test (Kaster
et al,, 2005, Savegnago et al.,, 2008).

Furthermore, a synergistic antidepressant-like effect was demon-
strated when bis selenide was administered with N°-nitro-L-arginine,
an inhibitor of nitric oxide synthase. Accordingly, some studies
reported that, at least under some experimental conditions, the
administration of nitric oxide synthase inhibitors, depending on their
doses, produces antidepressant-like effect in the forced swimming
and tail suspension tests (Da Silva et al., 2000; Yildiz et al., 2000; Volke
et al., 2003; Harkin et al., 2004). In fact, Da Silva et al. (2000) have
reported that N®-nitro-L-arginine (0.3-10 mg/kg, i.p.), an inhibitor of
nitric oxide synthase, significantly reduced the duration of immobility
in both the forced swimming and tail suspension tests. Thus, these
results indicate that the inhibition of nitric oxide synthesis may
underlie the reduction in the immobility time elicited by bis selenide
in the tail suspension test. Moreover, an antidepressant-like effect was
produced when bis selenide was administered with 7-nitroindazole,
which is a selective neuronal nitric oxide synthase inhibitor, or
methylene blue, an inhibitor of both nitric oxide synthase and soluble
guanylate cyclase.

In agreement with data obtained in the tail suspension test we
show that an effective dose (1 mg/kg, p.o.) of bis selenide decreased
cerebral nitrate/nitrite levels in mice. This result could further suggest
a role for nitric oxide system in the antidepressant-like effect of bis
selenide in the tail suspension test. Evidences in the literature have
shown that inhibiting nitric oxide system activation using various
nitric oxide synthase inhibitors could exert an antidepressant-like
effect in the rodent tail suspension test (Yildiz et al., 2000).

The assumption that the L-arginine-nitric oxide-cyclic guanosine
monophosphate pathway is involved in the reduction in the
immobility time elicited by bis selenide in the tail suspension test is
reinforced by the finding that subeffective doses of bis selenide and
1H-[1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one (a nitric oxide-sensi-
tive inhibitor of soluble guanylate cyclase) produced a synergistic
antidepressant-like effect.

Accordingly, Heiberg et al. (2002) have reported that 1H-[1,2,4]
oxadiazolo [4,3-a]quinoxalin-1-one significantly decreased the immo-
bility time in the rat forced swimming test, an effect that was reversed
by L-arginine (a nitric oxide precursor). In fact, Kaster et al. (2005) have
demonstrated that 1H-[1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one,
depending on its concentration, caused a reduction in the immobility
time in the mouse forced swimming test. These results are in accordance
with the reported reduction in the immobility time in the forced
swimming test by 7-nitroindazole (Yildiz et al., 2000; Volke et al., 2003),
methylene blue (Eroglu and Caglayan, 1997) and 1H-[1,2,4] oxadiazolo
[4,3-a]quinoxalin-1-one (Heiberg et al., 2002; Kaster et al., 2005; Ergiin
and Ergiin, 2007). In addition, the antidepressant-like effect of
adenosine (Kaster et al.,, 2005), memantine (Almeida et al., 2006) and
venlafaxine (Dhir and Kulkarni, 2007) was also potentiated by the
pretreatment with 1H-[1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one and/
or NC-nitro-L-arginine and prevented by sildenafil and t-arginine,
suggesting that the L-arginine-nitric oxide-cyclic guanosine monopho-
sphate route has an important role in the mediation of their behavioural
effects (Kaster et al., 2005; Almeida et al., 2006; Kulkarni and Dhir, 2007;
Savegnago et al., 2008; Jesse et al., 2008b).

Under a similar experimental condition, bis selenide was 20-fold more
potent (inhibition of the immobility time at 0.5 mg/kg, Table 2) than
fluoxetine and bupropion (inhibition of the immobility time at 10 mg/kg,
Table 3) in the mouse tail suspension test, but it demonstrated similar
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Table 3

Effect of classical antidepressants, fluoxetine, paroxetine, desipramine, imipramine and
bupropion, on immobility time in the mouse tail suspension test (adapted from Cunha
et al,, 2008).

Compound Dose (mg/kg) Immobility time (s)
Vehicle - 201.1+69
Fluoxetine 22244158
Fluoxetine 10 160.7 +7.9*
Vehicle - 253.0+52
Paroxetine 0.1 217.0+:103
Paroxetine 1 160.5+12.8°
Vehicle - 2305+86
Imipramine 0.1 1903+ 158
Imipramine 1 1769+123*
Vehicle = 2306+99
Desipramine 0.1 2400+10.1
Desipramine 1 1703+ 14.7%
Vehicle - 2158+17.8
Bupropion 1 181.0+82
Bupropion 10 156.6 4 15.9°

Results are expressed as mean + S.E.M. of 6-8 animals.
@ P<0.05 compared to the vehicle treated control.

potency when compared to paroxetine, imipramine and desipramine
(inhibition of the immobility time at 1 mg/kg, Table 3) (Cunha et al.,
2008). In the mouse forced swimming test, bis selenide was 32- and 64-
fold more potent (inhibition of the immobility time at 0.5 mg/kg, Table 2)
than desipramine (inhibition of the immobility time at 16 mg/kg, Table 4)
and bupropion (inhibition of the immobility time at 32 mg/kg, Table 4),
respectively (Bourin et al., 2009).

Some studies have demonstrated cases of intoxication and several side
effects in people that use antidepressants (White et al., 2008; Tournier
et al, 2009). Moderate overdoses of fluoxetine (up to 30 times the
common daily dose) are associated with minor or no symptoms, while
ingestions of greater amounts typically result in drowsiness, tremor,
nausea, and vomiting. At very high doses of fluoxetine (>75 times the
common daily dose), more serious adverse events, including seizures,
electrocardiogram changes, and decreased consciousness may occur
(Barbey and Roose 1998). Jabbari et al. (1985) have reported that
depressed patients taking the tetracyclic drug maprotiline are at risk for
developing epileptic seizures. Moreover, cardiovascular effects are
common in suicidal tricyclic antidepressant overdoses, including a high
frequency of tachycardia, conduction disturbances, dysrhythmia, and
hypotension. Neurological effects (coma, lethargy and seizures) were also
prominent (White et al., 2008). Regarding toxicological side effects, bis
selenide (up to 100 times the effective dose in tests predictive of
depression) did not change plasma aspartate and alanine aminotransfer-
ase activities, urea and creatinine levels as well as body weight, food
intake and histological analysis of target tissues. Moreover, these
toxicological parameters were not altered in mice daily treated with bis
selenide at dose range of 5-20 mg/kg for 21 days. In addition, acute or
sub-chronic treatment with bis selenide neither induces seizures or death
nor affects locomotor activity in the rota-rod and open field tests. Based

Table 4
Effect of classical antidepressants, desipramine and bupropion, in the mouse forced
swimming test (adapted from Bourin et al., 2009).

Treatment Dose mg/kg Immobility time (s)
Vehicle 2388+0.7
Desipramine 2 236.1+23
4 2189+43
16 189.7+7.8"
Vehicle 2382+08
Bupropion 4 2325435
8 2320+18
32 204.0+6.3"

Results are expressed mean immobility time (£ SEM) (n=10). *P<0.01 and 5p<0.001
when compared to vehicle treated group.

on the above reported we can infer that bis selenide is a promise
antidepressant drug without toxic effects at doses in which it has
pharmacological properties.

In the current study, the antidepressant-like effect elicited by bis
selenide was prevented by L-arginine, sildenafil and S-nitroso-N-acetyl-
penicillamine (drugs that enhance the levels of cyclic guanosine
monophosphate and nitric oxide) and potentiated by N°-nitro-L-arginine
(an inhibitor of nitric oxide synthase), 7-nitroindazole (a specific
neuronal nitric oxide synthase inhibitor), methylene blue (an inhibitor
of nitric oxide synthase and soluble guanylate cyclase) and 1H-[1,2,4]
oxadiazolo [4,3-a]quinoxalin-1-one (a sensitive inhibitor of soluble
guanylate cyclase). In addition, we demonstrate that bis selenide, at an
effective dose in the tail suspension test, caused a significant decrease in
cerebral nitrate/nitrite levels. Thus, based on the considerations above,
our findings clearly indicate that the acute administration of bis selenide
elicited the antidepressant-like effect in the mouse tail suspension test by
a mechanism that involves the inhibition of the L-arginine-nitric oxide—
cyclic guanosine monophosphate pathway.
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Bis selenide has antioxidant [27], antinociceptive and anti-
inflammatory properties [10,11] and modulates N-methyl-D-
aspartate (NMDA) receptors [11] and nitric oxide synthase (NOS)
in the brain [13]. Other organoselenium compounds (diphenyl
diselenide and ebselen) have been also reported as potential antide-
pressant drugs [21,28]. We have previously demonstrated that bis
selenide elicits an antidepressant-like action in the mouse TST by
a mechanism that involves the inhibition of the L-arginine-nitric
oxide (NO)-guanosine cyclic monophosphate (cGMP) pathway
and the modulation of the serotonergic system [14]. It has been
reported that not only NO [8,31] but also NO donors [5,35] are
capable of activating different types of potassium (K*) chan-
nels. We have previously demonstrated that bis selenide elicits
an antidepressant-like action in the mouse TST by a mecha-
nism that involves the inhibition of the L-arginine-nitric oxide

Abbreviations: FST, forced swimming test; cGMP, guanosine cyclic monophos-
phate; ic.v., intracerebroventricular; ip., intraperitoneal; LSN, lateral septal
nucleus; NOS, nitric oxide synthase; NO, nitric oxide; NMDA, N-methyl-p-aspartate;
OFT, open field test; p.o., per oral; PPARYy, peroxisome proliferator-activated recep-
tor gamma; K*, potassium; TST, tail suspension test; TEA, tetraethylammonium.
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(NO)-guanosine cyclic monophosphate (cGMP) pathway and the
modulation of the serotonergic system [14]. This assumption was
further reinforced by a previous study that demonstrated that
the antidepressant-like effects of K* channel inhibitors in the FST
were prevented by the pretreatment of mice with the NO pre-
cursors, L-arginine and cGMP [16]. Different types of K* channel
inhibitors such as tetraethyl ammonium (TEA), apamin, charyb-
dotoxin, gliquidone or glibenclamide were able to produce an
antidepressant-like effect in the mouse FST [6,16], whereas K*
channel openers such as minoxidil or cromakalim increased the
immobility time, evidencing the induction of a depressant-like
effect [12,17].

Peroxisome proliferator-activated receptors (PPARs) belong to
the nuclear receptor super family and form heterodimers with the
retinoid X receptor before binding to PPAR response elements in the
promoter region of their target genes. Three PPAR isoforms have
been identified (alpha, delta/beta and gamma). PPARy might be
important for mood modulation since it is expressed in a plethora of
brain areas in rats [24] including some areas known to be involved
in depression such as hippocampus, basal ganglia, frontal cortex,
hypothalamus and pituitary [1,4,7,18].

Additional mechanisms of action could be involved in the
antidepressant-like effect of bis selenide. Therefore, we investi-
gated the role of different types of K* channels and PPARY receptors
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Fig. 1. Chemical structure of bis selenide.

in the antidepressant-like effect of bis selenide in the mouse
TST.

Bis selenide [(Z)-2,3-bis(4-chlorophenylselanyl)prop-2-en-1-
ol] was prepared and characterized in our laboratory by the method
previously described [20] (Fig. 1). The doses of bis selenide used
in this study (0.1 mg/kg, a sub effective dose and 1mg/kg, an
effective dose) were chosen based on previously published stud-
ies [13,14]. The following drugs were used: tetraethyl ammonium
(TEA), 2-chloro-5-nitro-N-phenylbenzamide (GW 9662), minoxi-
dil, apamin (Sigma Chemical Co., USA), charybdotoxin, cromakalim
and glibenclamide (Tocris Cookson, Ballwin, MO, USA). Cromakalim
was dissolved in saline with 10% Tween 80, whereas all other
drugs were dissolved in isotonic (NaCl 0.9%) saline solution imme-
diately before use. Drugs (K* channel inhibitors and openers and
GW 9662) were administered by intracerebroventricular (i.c.v.)
route, in a volume of 5 .l per mouse. All other chemicals were of
analytical grade and obtained from standard commercial suppli-
ers. The behavioral experiments were conducted using male adults
Swiss mice (25-35g) maintained at 22-25°C with free access to
water and food, under a 12:12 h light/dark cycle, with lights on at
07:00 a.m. All manipulations were carried out between 08:00 a.m.
and 04:00 p.m. All experiments were performed on separate groups
of animals and each animal was used only once in each test. The ani-
mals were used according to the guidelines of the Committee on
Care and Use of Experimental Animal Resources, the Federal Uni-
versity of Santa Maria, Brazil. All efforts were made to minimize
animals suffering and to reduce the number of animals used in the
experiments.

To test the hypothesis that the antidepressant-like effect of
bis selenide is mediated through the inhibition of K* channels,
distinct groups of animals were treated with different classes of
drugs. For this purpose animals were pretreated by i.c.v. route
with sub effective doses of TEA (a non-specific inhibitor of K*
channels, 25 pg/site), glibenclamide (an ATP-sensitive K* channel
inhibitor, 0.5 pg/site), charybdotoxin (a large- and intermediate-
conductance calcium-activated K* channel inhibitor, 25 pg/site)
or apamin (a small-conductance calcium-activated K* channel
inhibitor, 10 pg/site) [12,14]. Fifteen minutes later the animals
received a single oral administration of bis selenide (0.1 mg/kg, p.o,
a sub effective dose) or vehicle (canola oil, 10 ml/kg, p.o.) and a fur-
ther 1h was allowed to elapse before the animals were tested in
the TST. In order to rule out any stimulant effect of the interaction
of K* channel inhibitors and bis selenide, mice received the same
treatment used in the TST. Then, after 1 h the open field test (OFT)
was carried out.

To address the role played by K* channels in the antidepressant-
like effect caused by bis selenide in the TST, distinct groups of
animals were treated with cromakalim (a K* channel opener,
10 pg/site, i.c.v.) or minoxidil (a K* channel opener, 10 pg/site,
i.c.v.) [16] 15min before bis selenide (1 mg/kg, an effective dose)
administration, and 1 h later the TST or OFT was carried out.

To investigate the role of voltage dependent CaZ*, K* and chlo-
ride channels in the antidepressant-like effect of bis selenide,
picrotoxin, a nonselective ligand-gated chloride channel blocker,
was administered intraperitoneally at the dose of 1mg/kg [25].
After 30 min, bis selenide (1 mg/kg, p.o.) or vehicle (canola oil)

was administrated, and 1 h later the TST and the OFT was carried
out.

In order to investigate the involvement of PPARy in the
antidepressant-like effect of bis selenide, mice were pretreated
with GW 9662, a PPARY antagonist (10 pg/site, i.c.v., a dose that
produces no effect in the TST) [26]. After 15min, bis selenide
(1 mg/kg, i.p, an effective dose) or vehicle (canola oil) was injected,
and 1 h later the TST and the OFT was carried out.

The TST have some drawbacks represented by the possibility
of obtaining false positives or negatives. Drugs enhancing loco-
motor activity can evoke a ‘false’ positive effect in these tests,
whereas drugs decreasing locomotion may give a ‘false’ negative
result [16,23,28,29]. Thus, to investigate whether administra-
tion of bis selenide with other drugs impairs motor abilities in
mice, the same treatment and drugs were used in the TST and
OFT.

The total duration of immobility induced by tail suspension was
measured according to the method described by Steru et al. [33].
Mice both acoustically and visually isolated were suspended 50 cm
above the floor by adhesive tape placed approximately 1 cm from
the tip of the tail. Immobility time was recorded during a 6-min
period.

The open-field was made of plywood and surrounded by walls
30cm in height. The floor of the open field, 45cm in length and
45cm in width, was divided by masking tape markers into 09
squares (3 rows of 3). Each animal was placed individually at the
center of the apparatus and observed for 6 min to record the loco-
motor and exploratory activities (number of segments crossed with
the four paws) [28,29].

i.c.v. administration was performed under anesthesia [16].
Briefly, a 0.4 mm external diameter hypodermic needle attached
to a cannula, was inserted perpendicularly through the skull and
no more than 2 mm into the brain of the mouse. A volume of 5 .l
was then administered. The injection site was 1 mm to the right or
left from the mid-point on a line drawn through to the anterior base
of the ears. To ascertain that the drugs were administered exactly
into the cerebral ventricle, the brains were dissected and examined
macroscopically after the test.

All experimental results are given as the mean (s)+S.E.M.
Comparisons between experimental and control groups were per-
formed by two-way ANOVA (inhibitors of K* channels, openers, GW
9662 and/or a K* channel inhibitors, openers and GW 9662 X bis
selenide) followed by Newman-Keuls test for post hoc comparison
when appropriate. A value of P<0.05 was considered to be signif-
icant. Main effects of first order interactions are presented only
when interaction was not significant.

Results depicted in Fig. 2 show that TEA (25 pg/site, i.c.v.) pro-
duced a synergistic effect with a sub effective dose of bis selenide
(0.1 mg/kg, p.o.) in the mouse TST (F(1,24)=21.37, P<0.001). No
significant effects were observed on the number of crossings
(F(1,24)=0.02, P=0.879) in the OFT in mice treated with TEA and
bis selenide (data not shown).

Fig. 2 demonstrates that glibenclamide (0.5 pg/site, i.c.v.) caused
a synergistic action with bis selenide (0.1 mg/kg, p.o.) on the
mouse TST (F(1,24)=16.03, P<0.005). The number of crossings
(F(1,24)=0.02, P=0.963) in the OFT was unmodified by gliben-
clamide and bis selenide administration in mice (data not shown).

Fig. 2 shows a synergistic effect of a sub effective dose
of bis selenide (0.1 mg/kg, p.o.) and charybdotoxin (25 pg/site,
i.c.v.) (F(1,24)=30.70, P<0.001) in the mouse TST. Bis selenide
and charybdotoxin did not modify the number of crossings
(F(1,24)=0.11, P=0.740) of mice in the OFT (data not shown).

Fig. 2 demonstrates that apamin (10 pg/site, i.c.v.) was able to
produce a synergistic action with a sub effective dose of bis selenide
(0.1 mg/kg, p.o.) in the mouse TST (F(1,24)=9.99, P<0.004). The
combined administration of bis selenide and apamin to mice did
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Fig. 2. Effect of TEA (25 pg/site, i.c.v.), glibenclamide (0.5 pg/site, i.c.v.), charybdo-
toxin (25 pg/site, i.c.v.) or apamin (10 pg/site, i.c.v.) in potentiating the action of a
sub effective dose of bis selenide (0.1 mg/kg, p.o.) in the TST. Values are expressed as
mean + S.E.M. (n=7 mice/group). Data were analyzed by two way analysis of vari-
ance (ANOVA) followed by Newman-Keuls test. “*P<0.01 compared to the vehicle
group pretreated with K* channel inhibitors.

not alter the number of crossings in the OFT (F(1,24)=0.05, P=0.82)
(data not shown).

Fig. 3 shows the pretreatment of mice with cromakalim
(10 pg/site, i.c.v.) in the antidepressant-like effect of bis selenide
(1 mg/kg, p.o.) in the TST. Cromakalim reversed the reduction
of the immobility time produced by bis selenide (1 mg/kg, p.o.)
(F(1,24)=31.51,P<0.001). Nosignificantdifferences were observed
in the number of crossings in the OFT in mice treated with cro-
makalim and bis selenide (F(1,24)=0.30, P=0.588).

Results depicted in Fig. 3 demonstrate that the pretreatment of
mice with minoxidil (a K* channel opener, 10 pg/site, i.c.v.) also
reversed the antidepressant-like effect of bis selenide (1 mg/kg,
p.o.) in the TST (F(1,24)=24.69, P<0.001). The combined admin-
istration of bis selenide and minoxidil to mice did not alter the
number of crossings (F(1,24)=0.11, P=0.746) in the OFT (data not
shown).

Picrotoxin (1 mg/kg, i.p.) did not prevent the reduction in immo-
bility time elicited by bis selenide (1mg/kg, p.o.) in the TST
(F(1,24)=0.03, P=0.0816). No significant effect was observed on
the number of crossings (F(1,24)=0.19, P=0.671) in the OFT when
mice received bis selenide and picrotoxin (data not shown).
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Fig. 3. Effect of pretreatment of mice with cromakalim (10 .g/site, i.c.v.), minox-
idil (10 pg/site, i.c.v.) or GW 9662 (10 pg/site, i.c.v.) on the action of an effective
dose of bis selenide (1 mg/kg, p.o.) in the immobility time in the TST. Values are
expressed as mean + S.E.M. (n=7 mice/group). Data were analyzed by two way anal-
ysis of variance (ANOVA) followed by Newman-Keuls test. ***P<0.01 compared to
the vehicle/vehicle group. *P<0.01 compared to the bis selenide group pretreated
with vehicle.

Fig. 3 shows that the pretreatment of mice with GW 9662
(10 pg/site, i.c.v.) blocked the reduction in immobility time elicited
by bis selenide (1 mg/kg, p.o.) in the TST (F(1,24)=17.69, P<0.003).
No significant effects were observed on the number of crossings
(F(1,24)=0.06,P=0.803)in the OFT when mice received bis selenide
and GW 9662 (data not shown).

We demonstrated the antidepressant-like effect of an oral
administration of bis selenide in the mouse TST, which is possi-
bly related to the modulation of K* channels. Our research group
has demonstrated that the antidepressant-like effect of bis selenide
in the TST is dependent on the inhibition of L-arginine-NO-cGMP
pathway [13]. Targets for NO, K* channels are being characterized
as one of the most important; its activation by NO is mediated
by ¢cGMP [32,34] or by NO itself [2]. Kaster et al. [16] have sug-
gested that NO and cGMP are important modulators of some K*
channels at central level and the inhibition of these channels might
represent an important role in the mechanisms involved in major
depressive disorder. It was reported that the administration of K*
channel inhibitors, such as TEA, glibenclamide, apamin and charyb-
dotoxin, produced an antidepressant-like effect in the mouse FST,
probably by inhibiting the hyperpolarization and leading to an
increased excitatory response. This effect is prevented by the pre-
treatment of mice with L-arginine (a precursor of NO) or sildenafil
(a specific phosphodiesterase type 5 inhibitor), indicating that
antidepressant-like effect of these compounds is dependent on the
L-arginine-NO-cGMP pathway [16].

In this study, pretreatment of mice with pharmacological drugs
able to block different types of K* channels, such as TEA, gliben-
clamide, charybdotoxin and apamim, was able to potentiate a sub
effective dose of bis selenide. Our results showed that the effect of
K* channel inhibitors in potentiating the action of a sub effective
dose of bis selenide in the TST cannot be attributed to a stimulant
effect of these drugs, since they were devoid of effects on locomo-
tor activity in the OFT. TEA is a quaternary ammonium compound
that blocks different types of K* channels in neurons including
CaZ* activated and voltage dependent K* channels. Apamin and
charybdotoxin were reported to block specifically currents through
the Ca?*-activated K* channels. Large- conductance Ca%*-activated
K* channels are sensitive to inhibition by charybdotoxin [21],
whereas small-conductance Ca*-activated K* channels are sensi-
tive to extracellular apamin [32]. Pretreatment of mice with drugs
able to activate K* channels, such as cromakalim or minoxidil,
prevented the anti-immobility effect of an effective dose of bis
selenide in the mouse TST, without affecting the locomotor activity.
These results support the hypothesis that K* channels inhibition is
involved in the antidepressant-like effect of bis selenide in mice.

Picrotoxin was administered to mice to investigate the role
of voltage dependent Ca?*, K* and chloride channels in the
antidepressant-like effect of bis selenide. Some reports suggest that
voltage dependent calcium (Ca*) channels are essentially involved
in picrotoxin-induced epileptic activity and in antidepressant-like
effects [3,22]. There are some reports that indicate that K* (ATP)
channels in brain are likely related to enhance seizure susceptibil-
ity induced by picrotoxin in rats [9,15]. The results of the present
study showed that voltage dependent CaZ, K* and chloride channels
are not involved in the antidepressant-like effect of bis selenide in
mice.

Since TRAM-34 is a highly selective blocker of intermedi-
ate conductance Ca2*-activated K* channels (IKCa channels) [30]
and the antidepressant-like effect of bis selenide is dependent of
different types of Ca?* channels (ATP-sensitive K* channel; large-
conductance calcium-activated K* channel and small-conductance
calcium-activated K* channel), we speculate that the use of TRAM-
34 could block the antidepressant-like effect of bis selenide.

PPARY might be important for mood modulation since it was
shown to be expressed in a plethora of brain areas in rats [19]
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including some areas known to be involved in depression such
as hippocampus, basal ganglia, frontal cortex, hypothalamus and
pituitary [1,4,7,18]. There is evidence in the literature that PPARy
receptors could exert an antidepressant-like effect in the FST or TST
[26]. Furthermore, we showed that GW-9662 reversed the effects of
bis selenide in the mouse TST. It seems that the antidepressant-like
effect of bis selenide involves the modulation of PPARY receptors.
In conclusion, the results indicate that an acute oral dose of bis
selenide produced an antidepressant-like action in the mouse TST
by amechanism that involves the K* channels and PPARYy receptors.

Acknowledgements

The financial support by UFSM, FAPERGS, CAPES and CNPq is
gratefully acknowledged. This study was supported in part by the
FINEP research grant “Rede Instituto Brasileiro de Neurociéncia
(IBNNet)" #01.06.0842-00 and FAPERGS/CNPq (PRONEX) research
grant # 10/0005-1.

References

[1] M. Aihara, I. Ida, N. Yuuki, A. Oshima, H. Kumano, K. Takahashi, HPA axis dys-
function in unmedicated major depressive disorder and its normalization by
pharmacotherapy correlates with alteration of neural activity in prefrontal
cortex and limbic/paralimbic regions, Psychiatry Res. 155 (2007) 245-256.

[2] V.M. Bolotina, S. Najibi, ].J. Palacino, P.J. Pagano, R.A. Cohen, Nitric oxide directly
activates calcium-dependent potassium channels in vascular smooth muscle,
Nature 368 (1994) 850-853.

[3] C.Cannizzaro, E. Cannizzaro, M. Gagliano, N. Mangiapane, Behavioural respon-
siveness to picrotoxin and desipramine in adult rats prenatally exposed to
different benzodiazepine receptor agonists, Eur. Neuropsychopharmacol. 5
(1995) 523-526.

[4] A. Cimini, E. Benedetti, L. Cristiano, P. Sebastiani, M.A. D'Amico, B. D'Angelo,
Expression of peroxisome proliferator-activated receptors (PPARs) and retinoic
acid receptors (RXRs) in rat cortical neurons, Neuroscience 130 (2005) 325-
337.

[5] K. Fujino, S. Nakaya, T. Wakatsuki, Y. Miyoshi, Y. Nakaya, H. Mori, I. Inoue,
Effects of nitroglycerin on ATP-induced Ca(++)-mobilization, Ca(++)-activated
K channels and contraction of cultured smooth muscle cells of porcine coronary
artery, J. Pharmacol. Exp. Ther. 256 (1991) 371-377.

[6] N. Galeotti, C. Ghelardini, B. Caldari, A. Bartolini, Effect of potassium chan-

nel modulators in mouse forced swimming test, Br. J. Pharmacol. 126 (1999)

1653-1659.

N.C. Inestrosa, J.A. Godoy, R.A. Quintanilla, C.S. Koenig, M. Bronfman, Peroxi-

some proliferator-activated receptor g is expressed in hippocampal neurons

and its activation prevents b-amyloid neurodegeneration: role of Wnt signal-

ing, Exp. Cell. Res. 304 (2005) 91-104.

[8] S.Y. Jeong, T.S. Ha, CS. Park, D.Y. Uhm, S. Chung, Nitric oxide directly acti-
vates large conductance Ca2*-activated K* channels (rSlo), Mol. Cells 12 (2001)
97-102.

[9] K. Jiang, Z. Yu, Q. Shui, The pattern of ATP-sensitive K* channel subunits, Kir6.
2 and SUR1 mRNA expressions in DG region is different from those in CA1-3
regions of chronic epilepsy induced by picrotoxin in rats, Neuropathology 27
(2007) 531-538.

[10] CR. Jesse, L. Savegnago, C.W. Nogueira, Role of nitric oxide/cyclic
GMP/K* channel pathways in the antinociceptive effect caused by 2,3-
bis(mesitylseleno)propenol, Life Sci. 81 (2007) 1694-1702.

[11] CR. Jesse, L. Savegnago, C.W. Nogueira, Spinal mechanisms of antinociceptive
effect caused by oral administration of bis selenide in mice, Brain Res. 1231
(2008) 25-33.

[12] C.R. Jesse, E.A. Wilhelm, N.B. Barbosa, C.W. Nogueira, Involvement of different
types of potassium channels in the antidepressant-like effects of tramadol in
the mouse forced swimming test, Eur. J. Pharmacol. 613 (2009) 74-78.

[13] CR. Jesse, E.A. Wilhelm, C.F. Bortolatto, C.W. Nogueira, Involvement of
L-arginine-NO-cGMP pathway in the antidepressant-like effect of bis selenide
on the mouse tail suspension test, Eur. J. Pharmacol. 635 (2010) 135-141.

[14] CR.Jesse,E.A.Wilhelm, C.F. Bortolatto, C.W. Nogueira, Evidence for the involve-
ment of serotonergic 5-HT,ac and 5-HT3 receptors in the antidepressant-like

17

effect caused by oral administration of bis selenide in mice, Prog. Neuropsy-
chopharmacol. Biol. Psychiatry 34 (2010) 294-302.

[15] R. Karanjia, L.M. Garcia-Hernindez, M. Miranda-Morales, N. Somani, R.
Espinosa-Luna, L.M. Montaro, C. Barajas-Lopez, Cross-inhibitory interactions
between GABAA and P2X channels in myenteric neurones, Eur. J. Neurosci. 23
(2006) 3259-3269.

[16] M.P. Kaster, P.K. Ferreira, A.R. Santos, A.L. Rodrigues, Effects of potassium
channel inhibitors in the forced swimming test: possible involvement of L-
arginine-nitric oxide-soluble guanylate cyclase pathway, Behav. Brain Res. 165
(2005) 204-209.

[17] M.P. Kaster, J. Budni, R.W. Binfare, A.R. Santos, A.L. Rodrigues, The inhibition of
different types of potassium channels underlies the antidepressant-like effect
of adenosine in the mouse forced swimming test, Prog. Neuropsychopharma-
col. Biol. Psychiatry 31 (2007) 690-696.

[18] R.S.Konarski, M. Sidney, H. Kennedya, S. Rafi-Tarib, J.K. Soczynskaa, T.E. Ketter,
Volumetric neuroimaging investigations in mood disorders: bipolar disorder
versus major depressive disorder, Bipolar Disord. 10 (2008) 1-37.

[19] S. Moreno, S. Farioli-Vecchio, M.P. Ceru, Immunolocalization of peroxisome
proliferator activated receptors and retinoic x receptors in the adult rat CNS,
Neuroscience 123 (2004) 131-145.

[20] A.V. Moro, C.W. Nogueira, N.B.V. Barbosa, P.H. Menezes, ].B.T. Rocha, G. Zeni,
Highly stereoselective one-pot producers to prepare bis- and tris chalcogenide
alkenes via addition of disulfides and diselenides to terminal alkynes, J. Org.
Chem. 70 (2005) 5257-5268.

[21] M.T. Nelson, ].M. Quayle, Physiological roles and properties of potassium chan-
nels in arterial smooth muscle, Am. J. Physiol. 268 (1995) 799-822.

[22] S. Otoom, Z. Hasan, Nifedipine inhibits picrotoxin-induced seizures activity:
further evidence on the involvement of L-type calcium channel blockers in
epilepsy, Fundam. Clin. Pharmacol. 20 (2006) 115-119.

[23] R.D. Porsolt, M. Le Pichon, M. Jalfre, Depression: a new animal model sensitive
to antidepressant treatments, Nature 266 (1977) 730-732.

[24] T. Posser, M.P. Kaster, S.C. Baraina, ].B.T. Rocha, A.LS. Rodrigues, R.B. Leal,
Antidepressant-like effect of the organoselenium compound ebselen in mice:
evidence for the involvement of the monoaminergic system, Eur. J. Pharmacol.
602 (2009) 85-91.

[25] J.F. Rodrigues-Landa, C.M. Contreras, B. Bernal-Morales, A.G. Gutiérrez-Garcia,
M. Saavedra, Allopregnanolone reduces immobility in the forced swim-
ming test and increases the firing rate of lateral septal neurons through
actions on the GABAa receptor in the rat, J. Psychopharmacol. 21 (2007)
76-84.

[26] A.O. Rosa, M.P. Kaster, RW. Binfaré, S. Morales, E. Martin-Aparicio, M.L.
Navarro-Rico, A. Martinez, M. Medina, A.G. Garcia, M.G. Lopes, A.L. Rodrigues,
Antidepressant-like effect of the novel thiadiazolidinone NP031115 in mice,
Prog. Neuropsychopharmacol. Biol. Psychiatry 32 (2008) 1549-1556.

[27] L. Savegnago, C.R. Jesse, A.V. Moro, V.C. Borges, F.W. Santos, J.B.T. Rocha, CW.
Nogueira, Bis selenide alkene derivatives: a class of potential antioxidant and
antinociceptive agents, Pharmacol. Biochem. Behav. 83 (2006) 221-229.

[28] L. Savegnago, CR. Jesse, L.G. Pinto, |.B.T. Rocha, C.W. Nogueira, G. Zeni,
Monoaminergic agents modulate antidepressant-like effect caused by diphenyl
diselenide in rats, Prog. Neuropsychopharmacol. Biol. Psychiatry 31 (2007)
1261-1269.

[29] L.Savegnago, C.R. Jesse, L.G. Pinto, ].B.T. Rocha, D.A. Barancelli, C.W. Nogueira, G.
Zeni, Diphenyl diselenide exerts antidepressant-like and anxiolytic-like effects
in mice: involvement of L-arginine-nitric oxide-soluble guanylate cyclase
pathway in its antidepressent-like action, Pharmacol. Biochem. Behav. 88
(2008) 418-426.

[30] J.Z. Sheng, A.P. Braun, A.P. Small-, intermediate-conductance Ca?*-activated
K* channels directly control agonist-evoked nitric oxide synthesis in human
vascular endothelial cells, Am. J. Physiol. Cell. Physiol. 293 (2007) 458-567.

[31] J.H. Shin, S. Chung, EJ. Park, D.Y. Uhm, S.K. Suh, Nitric oxide directly activates
calcium-activated potassium channels from rat brain reconstituted into planar
lipid bilayer, FEBS Lett. 415 (1997) 299-302.

[32] M. Stocker, Ca®*-activated K* channels: molecular determinants and function
of the SK family, Nat. Rev. Neurosci. 5 (2004) 758-770.

[33] L. Steru, R. Chermat, B. Thierry, P. Simon, The tail suspension test: a new
method for screening antidepressants in mice, Psychopharmacology 85 (1985)
367-370.

[34] J. Taniguchi, K.I. Furukawa, M. Shigekawa, K* channels are stimulated by
cyclic guanosine monophosphate-dependent protein kinase in canine coronary
artery smooth muscle cells, Pflugers Arch. 423 (1993) 167-172.

[35] D.L. Williams, G.M. Katz, L. Roy-Contancin, ].P. Reuben, Guanosine 5'-
monophosphate modulates gating of high-conductance Ca?*-activated K*
channels in vascular smooth muscle cells, Proc. Natl. Acad. Sci. U.S.A. 85 (1985)
9360-9634.



60

4.4. O comportamento do tipo depressivo e a alodinia mecanica sdo reduzidos pelo
tratamento com bis seleneto em camundongos com injaria por constricdo crbénica: uma

comparacao com fluoxetina, amitriptilina e bupropiona

4.4.1. Artigo 4

O comportamento do tipo depressivo e a alodinia mecénica sdo reduzidos pelo tratamento
com bis seleneto em camundongos com injuria por constricdo crénica: uma comparagdo com

fluoxetina, amitriptilina e bupropiona

Cristiano R. Jesse, Ethel A. Wilhelm, Cristina W. Nogueira

Psychopharmacology 212 (2010) 513-522



Psychopharmacology (2010) 212:513-522
DOI 10.1007/500213-010-1977-6

61

ORIGINAL INVESTIGATION

Depression-like behavior and mechanical allodynia
are reduced by bis selenide treatment in mice with chronic
constriction injury: a comparison with fluoxetine,

amitriptyline, and bupropion

Cristiano R. Jesse - Ethel A. Wilhelm -
Cristina W. Nogueira

Received: 23 January 2010/ Accepted: 25 July 2010 /Published online: 6 August 2010

O Springer-Verlag 2010

Abstract

Rationale Neuropathic pain is associated with significant
co-morbidities, including depression, which impact consid-
erably on the overall patient experience. Pain co-morbidity
symptoms are rarely assessed in animal models of neuro-
pathic pain. Neuropathic pain is characterized by hyperex-
citability within nociceptive pathways and remains difficult
to treat with standard analgesics.

Objectives The present study determined the effect of bis
selenide and conventional antidepressants (fluoxetine,
amitriptyline, and bupropion) on neuropathic pain using
mechanical allodynic and on depressive-like behavior.
Methods Male mice were subjected to chronic constriction
injury (CCI) or sham surgery and were assessed on day 14
after operation. Mice received oral treatment with bis
selenide (1-5 mg/kg), fluoxetine, amitriptyline, or bupro-
pion (10-30 mg/kg). The response frequency to mechanical
allodynia in mice was measured with von Frey hairs. Mice
were evaluated in the forced swimming test (FST) test for
depression-like behavior.

Results The CCI procedure produced mechanical allodynia
and increased depressive-like behavior in the FST. All of
the drugs produced antiallodynic effects in CCI mice and
produced antidepressant effects in control mice without
altering locomotor activity. In CCI animals, however, only
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the amitriptyline and bis selenide treatments significantly
reduced immobility in the FST.

Conclusion These data demonstrate an important dissocia-
tion between the antiallodynic and antidepressant effects in
mice when tested in a model of neuropathic pain.
Depressive behavior in CCI mice was reversed by bis
selenide and amitriptyline but not by the conventional
antidepressants fluoxetine and buproprion. Bis selenide was
more potent than the other drugs tested for antidepressant-
like and antiallodynic effects in mice.

Keywords Selenium - Bis selenide - Antidepressant -
Neuropathic pain - Chronic constriction injury

Introduction

Animal models of chronic pain have demonstrated the
importance of serotonergic, dopaminergic, and noradrenergic
systems in regulating pain (Fishbain 2000; Millan 2002).
Descending pathways serve to inhibit input from the gut and
muscle skeletal system to a greater or lesser extent depending
on the level of stress and the input from painful stimuli
(Millan 2002; Benarroch 2008). A dysfunction of these
descending pathways can engender a heightened sensitivity
to pain and even a painful reaction to normally non-noxious
stimuli. Serotonin (5-HT), dopamine (DA), and noradrena-
line (NA) are implicated in enhancing endogenous analgesic
mechanisms via the descending inhibitory pain pathways in
the brain and spinal cord (Fishbain 2000).

Compounds enhancing 5-HT, DA, and NA neurotransmis-
sion would be expected to be effective in the control of

@ Springer
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chronic pain. Clinical guidelines rank antidepressants, togeth-
er with anticonvulsants, as first-line drugs for neuropathic pain
treatment (Moulin et al. 2007). Neuropathic pain is generally
a chronic condition, severe, and resistant to most analgesics
(Attal et al. 2006). These antidepressant drugs increase
extracellular concentrations of 5-HT, DA, and NA by
blocking reuptake transporters (Berton and Nestler 2006). It
has been clinically and preclinically demonstrated that
specific serotonin reuptake inhibitors (SSRIs) (fluoxetine,
paroxetine, and reboxetine), tricylic antidepressants (TCAs)
(imipramine, desipramine, and amitriptyline), and atypical
antidepressants (AA) (bupropion, trazodone, and venlafax-
ine) alleviate neuropathic pain (Mico et al. 2006; Benbouzid
et al. 2008).

Rodent models are valuable in identifying pathophysio-
logical mechanisms and therapeutic targets for emotional
(Cryan and Holmes 2005) and pain disorders (Seltzer et al.
1990). However, recently, a few studies have investigated
the potential effects of neuropathic pain on measure of
depression-related behavior in rodents (Wang and Wang
2003). The current study examined whether the chronic
constriction injury (CCI) model of neuropathic pain causes
depression-like behavior in animals and whether this
behavior could be reversed by antidepressant drugs. The
CCI model (Bennett and Xie 1988) was selected because,
compared with other peripheral nerve injury models, a
robust mechanical hypersensitivity has been reported
(Dowdall et al. 2005; Roeska et al. 2008). Moreover, in
different models of traumatic peripheral nerve injury, the
measure in the forced swimming test (FST) reflects a
depression-like behavior. Since the FST evaluates motivat-
ed behavior, it provides possible correlates of the affective-
motivational component of ongoing pain in animals.

Low selenium status (low selenium diet contains 32—
36 ng/day) has been associated with a significant increased
incidence of depression, anxiety, confusion, and hostility
(Rayman 2000). Besides, some studies have reported the
role of selenium in the management of nociception
(Nogueira et al. 2004; Savegnago et al. 2007a, b, 2008).
In this context, bis selenide, an organoselenium compound
with antinociceptive, anti-inflammatory, and antidepressant-
like properties (Savegnago et al. 2006; Jesse et al. 2008,
2009, 2010), could be an attractive target for the treatment
of depression and chronic pain.

The first objective of the present study was to examine if
rodents display depressive-like behavior induced by nerve
injury to better understand the relationship between chronic
pain and depression. The second objective of this study was
to compare the effect of bis selenide with conventional
antidepressants (fluoxetine, amitriptyline, and bupropion) in
a mechanical allodynia, with von Frey hair filaments, and
depressive-like behavior, in the FST, in mice with neuro-
pathic pain.

@ Springer

Materials and methods
Animals

The behavioral experiments were conducted using male
adult Swiss mice (25-35 g) maintained at 22-25°C with
free access to water and food, under a 12:12 h light/dark
cycle, with lights on at 6:00 a.m. All manipulations were
carried out between 8:00 a.m. and 4:00 p.m. Animals were
used according to the guidelines of the Committee on Care
and Use of Experimental Animal Resources, the Federal
University of Santa Maria, Brazil. Experiments were
conducted in accordance with the current guidelines for
the care of laboratory animals and ethical guidelines for the
investigation of experimental pain in conscious animals
suggested by Zimmerman (1983). The number of animals
and intensities of noxious stimuli used were minimum
necessary to demonstrate the consistent effects of the drug
treatments. At the end of the experimental procedure, the
mice were killed by decapitation.

Animal surgery

CCI was performed based on the original description by
Bennett and Xie (1988) under pentobarbital sodium
(60 mg/kg, intraperitoneal) anesthesia. Briefly, the left
sciatic nerve was exposed after the incision of skin and
blunt separation of the muscle. The sciatic nerve was
freed of the adhering tissue gently for about 7 mm, and
four ligatures (4/0 Ethicon GmbH, Norderstedt, Ger-
many) were made loosely with 1.0-1.5 mm interval
between each. Great care was taken to tie the ligatures so
that the diameter of the nerve was just barely constricted.
Sham operation was performed by exposing sciatic nerve
except for nerve ligation. Operated mice were routinely
tested for the presence of pain-like behavior for up to
14 days after surgery, according to previously described
methods (Blackburn-Munro et al. 2004; Bombholt et al.
2005). Mice with CCI model of neuropathic pain did not
present paw drooping or autotomy.

Experimental procedure

CCl-injured and sham-operated animals were repeatedly
tested for mechanical allodynia with von Frey hairs (VFH).
The response frequency to VFH stimulation (percent) was
determined before nerve injury (baseline) to obtain data
purely derived from CCl-induced allodynia. In order to
determine the basal response frequency, all groups were
submitted to pre-surgical evaluation. The response frequen-
cy was recorded immediately before (0) and after (1, 2, 4, 8,
and 12 h) treatment. Same groups of mice were repeatedly
scored in different times for mechanical allodynia.
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Other groups of mice were utilized to examine the
locomotor activity and the depression-like behavior in the
mouse OFT and FST, respectively. For these experiments,
CCl-injured and sham-operated animals were examined in
behavioral tests at one of six time points, 0, 1, 2, 4, 8, and
12 h after treatment with bis selenide or antidepressants (7=
7 per group, i.e., separate groups of animals were used at
each time point). The locomotor activity was evaluated in
the open field test (OFT), and immediately after that, the
same animals were assessed in the FST.

Chemicals and drug treatment

Bis selenide [(Z)-2,3-bis(4-chlorophenylselanyl)prop-2-en-
1-0l] was prepared and characterized in our laboratory by
the method previously described (Moro et al. 2005).
Analysis of the '"H NMR and *C NMR spectra showed
analytical and spectroscopic data in full agreement with its
assigned structure. The chemical purity of bis selenide
(99.9%) was determined by GC/HPLC. The following
drugs were used: fluoxetine, amitriptyline, and bupropion
(Sigma Chemical Co, USA). All other chemicals were of
analytical grade and obtained from standard commercial
suppliers. Bis selenide was dissolved in canola oil.
Antidepressants were dissolved in saline solution (0.9%
NaCl). Mice received all drugs in a constant volume of
10 ml/kg body weight.

Treatments with doses of bis selenide (1 and 5 mg/kg, p.o.),
fluoxetine, amitriptyline, bupropion (10 or 30 mg/kg, p.o.), or
vehicle were carried out 2 weeks after the surgical procedure
in mice (groups: operated and sham operated). Mice were
evaluated 1, 2, 4, 8, and 12 h subsequent to oral administra-
tion. Doses and the schedule of administration were chosen on
the basis of experiments previously performed (Pedersen et al.
2005; Jesse et al. 2008, 2009, 2010; Sawynok et al. 2008).

Mechanical allodynia induced by CCI injury

The response frequency was measured after ten applications
(duration of 1-2 s each) of VFH (Stoelting, Chicago, IL).
To this end, mice were further habituated in individual clear
Plexiglas boxes (9%7x11 cm) on an elevated wire mesh
platform to allow access to the ventral surface of the hind
paws. A previous study indicated that 0.6 g VFH produced
a mean withdrawal frequency of approximately 15%, which
is considered to be an adequate value for the measurement
of mechanical allodynia (Savegnago et al. 2007a). There-
fore, 0.6 g VFH alone was used in these experiments. The
filament was applied for a period of 1-2 s. Both the
ipsilateral (right hind paw) and the contralateral hind paw
were tested in order to evaluate the presence of “mirror
pain”, described elsewhere as present in neuropathic pain
pathologies (Tal and Bennett 1994). In order to obtain data

purely derived from the CCI model-induced allodynia,
maximal inhibition (MI) values were represented as the
difference between the basal values of vehicle- or drug-
treated animals and respective controls.

Open-field test

The OFT was carried out to exclude the possibility that the
lesion of the CCI model affects the ambulation of the
animals. The open field was made of plywood and
surrounded by walls 30 cm in height. The floor of the
open field, 45 cm in length and 45 cm in width, was
divided by masking tape markers into 9 squares (3 rows of
3). Each animal was placed individually at the center of the
apparatus and observed for 6 min to record the locomotor
(number of segments crossed with the four paws) (Walsh
and Cummins 1976).

Motor coordination for swimming—motivational test

This test was performed to further exclude the possibility
that the lesion of the CCI model affects locomotion of the
animals, since the motor coordination for swimming is
different of those necessary for the open field test. The
motor coordination for swimming was carried out in an iron
pool (86x17x37 cm) filled with clear water to a depth of
20 cm. Water temperature was maintained at 20+0.5°C. At
the end of the pool, there was a red platform on which the
mice could climb. The location of the platform was made
visible by a blue-colored picture mounted above the
platform. During the test, the mouse was put into the water
at the start point and swam to the end of the pool to climb
onto the platform. The swimming time was recorded (Li et
al. 2001).

Depressive-like behavior—forced swimming test)

The test was performed as in the original method described
elsewhere (Porsolt et al. 1977, 1978). Briefly, mice were
individually forced to swim in open cylinders (25 cm
height> 10 cm diameter) containing 19 cm of water at 25+
1°C. The duration of immobility was scored during the
6-min test period as described previously. The immobility
time was determined when no additional activity was
observed other than the movements necessary to keep the
mice head above the water.

Statistical analysis
All experimental results are given as the mean + S.E.M.
The withdrawal response frequency, number of crossings

and depression-like behavior in sham and CCI animals was
done by analyzing Newman-Keuls test for post hoc
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comparison when appropriate. Comparisons between ex-
perimental and control groups were analyzed with two-way
ANOVA, including the factors surgery (sham and CCI),
treatment (bis selenide, fluoxetine, amitriptyline, and
bupropion), and interaction. A value of P<0.05 was
considered to be significant. MI values were represented
as the difference between the basal values of vehicle- or
drug-treated animals and respective controls.

Results
Mechanical allodynia
Mechanical sensitivity of the animal hind paws was

evaluated by VHF. CCI model produced a marked and
long-lasting development of mechanical allodynia in the
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Fig. 1 Effect of oral treatment with bis selenide (1 and 5 mg/kg) (a).
fluoxetine (10 and 30 mg/kg) (b). amitriptyline (10 and 30 mg/kg) (¢),
and bupropion (10 and 30 mg/kg) (d) on the response frequency to
VFH stimulation (%) in ipsilateral paw in CCI (closed points) and
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ipsilateral (injured) side in mice (Fig. la-d), but not in the
contralateral side (results not shown). Before surgery, no
significant difference was observed between operated and
sham-operated groups for the baseline of response frequen-
cy. Sham surgery did not influence the mechanical
threshold in mice (Fig. la-d).

Animals that received bis selenide (1 and 5 mg/kg, p.o.)
showed a significant reduction in the response frequency
induced by CCI model (Fig. la). This reduction started 1 h
after bis selenide (1 and 5 mg/kg) administration (MI was
824+5%). CCl-injured mice that received | and 5 mg/kg of
bis selenide demonstrated a significant reduction in the
response frequency, which was maintained for up to 4 and
8 h, respectively (Fig. la).

Acute treatment with fluoxetine (10 and 30 mg/kg, p.o.)
significantly decreased the response frequency in the
ipsilateral side 1 h after antidepressant administration (MI
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values were 35£2% and 51+2%). This antiallodynic effect
was kept for 2 h after fluoxetine treatment (Fig. 1b).

Treatment with amitriptyline at doses of 10 and
30 mg/kg (p.o.) was markedly effective in reducing the
response frequency induced by CCI model in mice. The
reduction in the response frequency started 1 h after
amitriptyline administration (30 mg/kg), and the MI was
62+5%. The significant decrease in the response fre-
quency was maintained for up to 2 and 8 h when CCI-
injured mice received 10 and 30 mg/kg of amitriptyline,
respectively (Fig. lc).

CCl-injured mice treated orally with bupropion (30 mg/
kg. p.o.) showed a significant reduction in the response
frequency. Antiallodynic effect was observed 1, 2, and 4 h
after bupropion administration (30 mg/kg) in CCl-injured
mice (MI was 78£5% at | h; Fig. 1d).
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——bis selenide 1 mg/kg —8- bis selenide 1 ma/kg
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Fig. 2 Effect of oral treatment with bis selenide (1 and 5 mg/kg) (a),
fluoxetine (10 and 30 mg/kg) (b), amitriptyline (10 and 30 mg/kg) (¢),
and bupropion (10 and 30 mg/kg) (d) on immobility time (s) in the
FST in CCI (closed points) and sham-operated (open points) mice.

Acute treatment with bis selenide and conventional
antidepressants had no influence in the response frequency
in sham-operated mice (Fig. la-d).

Depression-like behavior

CCl-injured mice showed a marked prolongation of the
immobility time compared to sham-operated mice in the
FST (Fig. 2a-d), which indicates that CCI animals
displayed depression-like behavior.

Bis selenide administration (1 and 5 mg/kg, p.o.) showed
a reduction in depression-like behavior in CCl-injured
mice. This effect started 1 h after bis selenide administra-
tion (MI was 3543% at 5 mg/kg). The significant reduction
in the immobility time was maintained for up to 2 and 8 h
when CCl-injured mice received | and 5 mgkg of bis
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sham-operated control group
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selenide, respectively (Fig. 2a). Bis selenide administration
(1 and 5 mg/kg, p.o.) caused a reduction in the immobility
time in sham-operated mice. The antidepressant-like effect
of bis selenide (5 mg/kg) reached its peak at 1 h (MI was
43+3%) and remained significant up to 4 h after adminis-
tration in sham-operated mice (Fig. 2a).

Fluoxetine, at doses of 10 and 30 mg/kg, did not
attenuate the depression-like behavior in CCl-injured mice
at all time points. It can be seen that fluoxetine, given by
oral route at the doses of 10 and 30 mg/kg, decreased the
immobility time in the FST in sham-operated mice
(Fig. 2b). The anti-immobility effect started 1 h after
fluoxetine (30 mg/kg) administration in sham-operated
mice (MI was 40+2%). The significant reduction in the
immobility time was maintained for up to 2 and 4 h when
mice received 10 and 30 mg/kg of fluoxetine, respectively
(Fig. 2b).

Treatment with amitriptyline, at the dose of 30 mg/kg
(p.o.), significantly reduced the depression-like behavior
in CCl-injured mice (Fig. 2c). The anti-immobility effect
started 1 h after amitriptyline (30 mg/kg) administration,

and the M1 observed was 34+4%. The significant decrease
in the immobility time induced by amitriptyline (30 mg/
kg) was maintained for up to 2 h in CCl-injured mice.
Amitriptyline administration (10 and 30 mg/kg, p.o.)
produced a reduction in the immobility time in sham-
operated mice. The antidepressant-like effect of amitrip-
tyline, at the dose of 30 mg/kg, reached its peak at 1 h (MI
was 33+3%) and remained significant up to 4 h after p.o.
administration (Fig. 2c¢).

The effects of bupropion administered orally in mice are
illustrated in Fig. 2d. Acute treatment with bupropion (10
and 30 mg/kg) did not modify the depression-like behavior
in CCl-injured mice at any time point. The anti-immobility
effect was observed 1, 2, and 4 h after bupropion
administration (30 mg/kg) in sham-operated mice, with a
peak effect in 1 h (MI was 29+5%) (Fig. 2d).

Locomotor activity

There was no significant difference between sham-operated
and CCI animals in the number of crossings in the OFT. Bis

Table 1 Effect of oral treatment of mice with bis selenide, fluoxetine, amitriptyline, or bupropion on the number of crossings in the OFT

Groups Dose (mg/kg) Time after treatment with bis selenide or antidepressants
0 1 2 4 8 12

Sham operated - 75.2+2.32 64.5+2.31 72.3+1.59 63.4+2.24 64.5+2.31 75.6+3.55
+Bis selenide 1 69.2+2.81 67.8+3.13 70.2+1.68 64.5+3.12 68.9+3.02 72.5+3.65
+Bis selenide 5 71.2+3.01 68.4+1.85 71.2+2.55 67.8+2.45 65.6+3.89 71.2+3.54
CCl 70.2+2.52 64.9+2.14 68.9+2.58 66.8+3.08 68.9+£3.20 69.842.55
+Bis selenide 1 65.2+2.01 68.8+2.45 66.8+3.10 69.8+3.26 70.4+2.89 67.8+3.68
+Bis selenide 5 66.7+2.67 63.8+1.22 67.1+£1.98 70.1+2.65 66.4+3.61 70.3£2.55
Sham operated = 77.1£3.11 63.1+1.87 68.9+2.12 64.5+£1.29 64.5+4.01 74.6+2.54
+Fluoxetine 10 71.2+2.95 64.5+2.03 65.6+3.25 65.5+£2.31 68.9+3.25 72.3+3.54
+Fluoxetine 30 72.2+2.45 69.8+2.44 64.5+3.31 67.4+2.42 67.5+3.54 71.2+3.02
CccCl - 75.6£2.22 69.4+2.56 69.4+3.41 68.9+3.02 66.5+2.75 68.7+2.35
+Fluoxetine 10 71.2+1.98 68.842.49 70.2+2.98 68.9+2.45 68.743.56 67.9+3.05
+Fluoxetine 30 68.9+1.85 70.2+2.19 71.3+£2.87 62.9+3.48 67.843.24 69.8+£2.31
Sham operated 68.8+1.74 69.5+2.48 67.8+2.74 71.24£2.48 T1:2+£2:59 70.3+3.55
+Amitriptyline 10 69.5+2.15 66.5+2.10 69.8+2.84 70.2+3.05 74.5+3.55 65.8+4.02
+Amitriptyline 30 72.3£1.77 65.5+2.31 70.3+3.08 72.5+4.01 73.2+3.41 66.8+3.87
CCl - 67.5+1.69 68.7+3.10 72.5+£3.45 73.0+3.54 70.5+£2.54 72.6+3.55
+Amitriptyline 10 71.2+2.31 64.5+£2.91 73.2+3.51 70.9+2.59 67.3+£3.01 73.5+2.95
+Amitriptyline 30 70.2£1.55 64.941.85 68.9+2.48 68.8+3.56 68.9+2.55 67.9+£2.55
Sham operated - 74.5£2.13 68.7+1.22 65.8+3.25 68.7+2.59 T1.2+£3.12 68.943.05
+Bupropion 10 71.2£1.96 71.2+2.58 64.5+1.29 64.5+2.55 70.1+2.65 70.1+4.02
+Bupropion 30 68.9+2.88 70.1+2.71 69.4+2.85 67.5+3.02 67.8+3.85 66.5+2.65
CCl - 65.5+1.23 70.1+1.85 71.2+2.91 72.3+£3.15 66.5+3.02 73.5+£3.22
+Bupropion 10 70.5+£2.31 67.8+2.31 63.9+1.89 73.2+2.85 72.5+3.26 72.3+2.85
+Bupropion 30 71.2£3.11 66.5+3.15 65.2+2.31 74.5+2.99 73.1£2.58 70.24£2.65

Results are expressed as mean + S.E.M. of seven animals
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selenide and antidepressants had no significant effect on the
number of crossings in the OFT, at any time point
monitored (0, 1, 2, 4, 8§, and 12 h), when compared to
respective controls (Table 1).

There was no significant difference in the latency for
swimming in the motor coordination test between sham-
operated and CCI groups. Treatment with bis selenide, at
the dose of 5 mg/kg (p.o.), did not influence the motor
function (Fig. 3).

Discussion

The present study demonstrated that mice with CCI of the
sciatic nerve developed depression-like behavior as
reflected in an increase in the time of immobility in the
FST and mechanical allodynia demonstrated by the increase
of baseline values in the response frequency to VFH. The
main original pharmacological finding of the present study
was that bis selenide diminished both the mechanical
hypersensitivity and depressive-like behavior in CCI
animals, without having an effect on locomotor activity.
The CCI model (Bennett and Xie 1988) was selected for
this study due to a significant mechanical hypersensitivity in
comparison with other animal neuropathic pain models
(Dowdall et al. 2005; Roeska et al. 2008). We used a
pharmacologically validated test for depression-like behav-
ior, the FST (Porsolt et al. 1977, 1978). This test is
frequently used to assess depression-like behavior and is
validated by its sensitivity to clinically effective antidepres-
sants that cause in mice to actively and persistently engage in
escape-directed behavior compared with non-treated con-
trols. Morcover, the fact that animals with neuropathic pain
exhibit depression-like behavior is in agreement with the
clinical evidence reporting a relationship between chronic
pain and depression (Attal et al. 2006; Mico et al. 2006).
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Fig. 3 Effect of sham-operated, CCl-injured, and CCl-injured+bis
selenide animals on motor coordination for mouse swimming. Bis
selenide was administered at the dose of 5 mg/kg (p.o.) 30 min before
the test. Each point represents the mean + S.E. of seven mice

The current study also demonstrated that fluoxetine, at the
dose of 30 mg/kg, generated an antiallodynic effect. Addi-
tionally. fluoxetine reduced the immobility time in sham
animals but did not modify the depressive-like behavior in
CCI animals in the FST. It has been reported that fluoxetine,
commonly used to treat major depression in humans
(Holtzheimer and Nemeroff 2006), is modestly active in a test
of tactile allodynia and nociceptive tests (Sindrup et al. 1992;
Pedersen et al. 2005). The SSRI employed in this study,
fluoxetine, displays distinct sclectivity for 5-HT neuronal
uptake sites (Hyttel 1994). Thus, fluoxetine produces its
pharmacological action via the blockade of 5-HT reuptake,
enhancing the efficacy of the 5-HT transmission (Weiss et al.
1986). Taken together, these findings indicated that fluoxetine
treatment may cause the attenuation of pain but did not
modify the depression-like behavior induced by CCI.

In this study, treatment with amitriptyline produced a
significant antiallodynia effect, which is in accordance with
other reports (Bomholt et al. 2005; Vissers et al. 2006).
However, to the best of our knowledge, this is the first time
that the anti-immobility effect of amitriptyline in a CClI
neuropathic pain-like state was demonstrated. Treatment
with amitriptyline also showed antidepressant-like effect in
sham-operated mice. These results were corroborated by Hu
et al. (2009) who demonstrated that desipramine (20 mg/kg)
reduced the depression-like behavior in rats with mononeur-
opathy. In a number of neuropathic pain conditions, their
analgesic action has been demonstrated to be independent of
mood alteration (Max et al. 1987 Wolfe and Trivedi 2004,
Sindrup et al. 2005). Acute treatment with amitriptyline has
been shown to decrease thermal and chemical hyperalgesia
(Casas et al. 1995). Amitriptyline is well known as a dual
NA and 5-HT reuptake inhibitor, and its ability to inhibit the
uptake of both amines can be implicated in its action
demonstrated in this study. In a previous study, it was
reported that chronic treatment with the TCAs, nortriptyline,
and amitriptyline, but not with the SSRI, fluoxetine,
alleviated cuff-induced mechanical allodynia (Benbouzid et
al. 2008). This suggests that chronic inhibition of the 5-HT
reuptake site alone does not relieve allodynia and that the
inhibition of NA uptake plays a critical role in the
management of allodynia. A variety of mechanisms have
been suggested to explain amitriptyline antinociceptive
actions, including block of uptake of NA and 5-HT,
engagement of opioid mechanisms, inhibition of ion channel
activity, block of N-methyl-p-aspartic acid receptors, in-
creased y-aminobutyric acid receptor activity, and modula-
tion of immune function (Mico et al. 2006; Dick et al. 2007).
Adenosine mechanisms are also implicated in antinocicep-
tion produced by systemic (Ulugol et al. 2002) and
peripherally administered amitriptyline (Sawynok et al.
1999; Ulugol et al. 2002) in models of chronic pain.
Adenosine Al receptors (AIRs) mediate suppression of
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nociception, and methylxanthines block adenosine analog
effects on pain mediated via A1Rs (Sawynok and Liu 2003).
Amitriptyline has been demonstrated to inhibit uptake of
adenosine (Phillis and Wu 1982).

Bupropion administration produced an antidepressant-
like effect in sham-operated mice, while causing an
antiallodynic action in the CCI model in mice. The
antiallodynic action of bupropion has been reported
(Pedersen et al. 2005). Acute administration of bupropion,
an AA, decreases the reuptake of DA and NA into rat and
mouse synaptosomes, reduces the firing rate of central NA-
and DA-containing neurons, and increases extracellular DA
levels (Cooper et al. 1994). Thus, the ability of bupropion
to reduce mechanical allodynia suggests that inhibition of
NA and DA reuptake accounted for this action. Different
from sham-operated mice, bupropion did not alleviate the
depressive-like behavior in the FST in CCI animals.

Although, bupropion is a dopamine reuptake inhibitor and
increases dopamine levels in the brain, it had no significant
effect on the locomotor activity. In this context, Pedersen et al.
(2005) demonstrated that bupropion (3-30 mg/kg, i.p.)
administered in rats had no significant effect on motor
performance at any of the doses tested at 30 or up to 120 min
after administration when compared with corresponding
vehicle treatment. Although some studies showed that there
was no change in locomotor activity, other studies reported
alterations (Redolat et al. 2005; Mitchell et al. 2006).
However, most of the changes in locomotor activity have
been observed when the route of administration is intraper-
itoneal (Sekihashi et al. 2001). Thus, it is possible that the
results we found with bupropion could be explained by the
administration route used, the oral route.

In the current study, we showed that the depression-like
behavior was diminished by bis selenide in both sham and
CCI animals. These data further support the interpretation
that the increased time of immobility of CCI mice measured
in the FST reflects a depression-like behavior. Bis selenide
was more potent than amitriptyline, the only antidepressant
that demonstrated anti-immobility effect in CCI mice. In
addition, bis selenide was also more potent than fluoxetine,
amitriptyline, and bupropion when the immobility time in
sham-operated mice was compared. The present study
demonstrated the efficacy of bis selenide in the model of
CCI neuropathic pain and a rank order of potency was bis
selenide>bupropion>amitriptyline > fluoxetine.

Taking together the results, all of the drugs studied
reduced immobility in the sham condition, yet only bis
selenide and amitriptyline reduced immobility after nerve
injury. Bis selenide seems to have a comparable action
under both conditions, but amitriptyline has less effect after
nerve injury as only the highest dose is active. It seems that
the FST reflects presumptive antidepressant activity in the
sham state, but the presence of nerve injury (and chronic
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pain) decreases their ability to produce an antidepressant
effect. The suppression of the immobility after nerve injury
by amitriptyline could be explained by the dual inhibition
of NA and 5-HT reuptake (Benarroch 2008). Conversely,
the absence of fluoxetine and bupropion effects on the
immobility response after nerve injury in mice could be
attributed to the fact that fluoxetine has a distinct selectivity
for 5-HT neuronal uptake sites (Hyttel 1994), and bupro-
pion modulates central NA- and DA-containing neurons
and increases extracellular DA levels (Cooper et al. 1994).

It has previously been shown that bis selenide elicits
antinociceptive, anti-inflammatory, and antidepressant-like
effects in mice. The mechanisms through which this
organoselenium compound exerts its action involve an
interaction with ATP-sensitive and voltage-gated K™ chan-
nels, kainate, frans-ACDP, serotonergic (5-HT,5 and 5-
HT;), and histamine H, receptors (Jesse et al. 2008, 2009,
2010). Thus, we postulate that the efficacy of amitriptyline
and bis selenide in a neuropathic pain model and in the
depressive-like behavior can be attributed to the modulation
of channels and receptors previously mentioned. Based on
the results, one could speculate that 5-HT and DA systems
are less contributory to the profile observed.

It is important to point out that the therapeutic latency is
much shorter in treating neuropathic pain compared to
depression (Benbouzid et al. 2008). There has been report
that the neuropathic allodynia was suppressed by antide-
pressants at doses two to four times lower than the ones
classically used on mice in models predictive of depression.
Moreover, this analgesic effect was only seen after 10—
14 days of chronic treatment. Given that, it is possible that
the analgesic effect seen acutely with the antidepressants in
the CCI model neither reflects an effect on the emotional
aspect of pain nor contributes to the alleviation of the co-
morbid pain depression.

The results demonstrated in this study confirmed
previous data (Gongalves et al. 2008; Hu et al. 2009) in
which rodents display depressive-like behavior induced by
nerve injury. The data demonstrate an important dissocia-
tion between the antiallodynic and antidepressant effects in
mice when tested in a model of neuropathic pain.
Depressive behavior in CCI mice was reversed only by
bis selenide and amitriptyline but not by the conventional
antidepressants fluoxetine and buproprion. Bis selenide was
more potent than the other drugs tested for antidepressant-
like and antiallodynic effects in mice.
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Abbreviations

BPA brachial plexus avulsion
CFA Complete Freund’s Adjuvant
CG carrageenan

i.p. intraperitoneally

i.pl. intraplantar

IL-1p interleukin-1

IL-6 Interleukin-6

NO nitric oxide

p.o. per oral

PGE_prostaglandin E,

TNF- a tumor necrosis factor-o

VFH Von Frey Hair

Abstract

The purpose of the present study was to investigate the effects of bis selenide upon
neuropathic and inflammatory models of nociception in mice. Acute oral treatment with bis
selenide (5 and 10 mg/kg) demonstrated a significant reduction in the mechanical
hyperalgesic in inflammatory models induced by Complete Freund’s Adjuvant (CFA),
carrageenan (CG) and prostaglandin E, (PGE;) injections. Bis selenide at the dose of 10
mg/kg decreased the paw oedema formation induced by CFA. In CG and PGE; models the
effective doses of bis selenide were doses equal and up to 5 mg/kg. The long-term
postreatment with bis selenide twice a day decreased markedly the mechanical hyperalgesia
(5 and 10 mg/kg) and the paw oedema (10 mg/kg) induced by CFA in ipsilateral and

contralateral sides. Bis selenide, given at doses of 5 and 10 mg/kg, in both acute and chronic
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schedules of postreatment, consistently reduced the mechanical hyperalgesia induced in the
brachial plexus avulsion model of neuropathy. Pretreatment with bis selenide (5 and 10
mg/kg) and vincristine (a chemotherapeutic agent that causes peripheral neuropathy), during 7
days, significantly attenuated the mechanical hyperalgesia from days 3 to 28 in mice. In
conclusion, these results indicate that bis selenide produces pronounced anti- hyperalgesic
and anti-oedematogenic effects on models of chronic nociception in mice. It also indicates
indicated that bis selenide might be potentially interesting in the development of new
clinically relevant drugs for the management of this disorder.

Keywords:

Bis selenide, selenium, hyperalgesia, inflammatory chronic nociception, mice

Introduction

Pain is one the classical symptoms of the inflammatory process (Ji and Stricharstz
2004). It is now accepted that sensitization of primary nociceptive neurons is the common
denominator of inflammatory pain that leads to states known as hyperalgesia/allodynia in
humans or hyperalgesia in animal models (Cunha et al. 2005; Verri et al. 2006). Hyperalgesia
is induced by the action of inflammatory mediators, such as prostaglandins and sympathetic
amines, on peripheral nociceptors. These directacting hyperalgesic mediators are ultimately
released in the inflamed tissue following a cascade of cytokines such as tumor necrosis factor-
o (TNF- a), interleukin-1B (IL-1B) and chemokines released by the resident and migratory
cells (Cunha et al. 2005; Verri et al. 2006).

Currently available drugs which provide relief of neuropathic and inflammatory pain
are effective only in a fraction of such patients. In general, these drugs present low efficacy
and numerous side effects (Woolf and Mannion 1999; Mendel and Sahenk 2003).

Inflammatory pain is characterized by tissue damage that promotes the liberation of several
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chemical mediators that in turn induce the activation or sensitization of nociceptors, eliciting
pain at the site of injury (Julius and Basbaum 2001). Because no universally efficacious
therapy for it exists, neuropathic pain research has been explored with different animal
models where intentional damage is done to the sciatic nerve, branches of spinal nerves or in
the spinal cord (Seltzer et al. 1990; Malmber and Basbaum 1998; Zimmermann 2001; Ji and
Stricharstz 2004).

Some types of cancer chemotherapy result in peripheral neuropathy associated with
loss of sensation and numbness in the feet, hands, and legs accompanied by painful tingling or
burning sensations (Visovsky 2003; Thibault et al. 2008).

In this context, drugs that decrease the inflammatory condition could be successful
applied in certain chronic pain states. Taking this into account, several studies have described
antinociceptive and anti-inflammatory activities of bis selenide in rodents (Savegnago et al.
2006; Jesse et al. 2007, 2008, 2009). Recently, we have reported that bis selenide
administration elicits significant antinociception when assessed in acetic acid, capsaicin, tail
immersion, hot plate and formalin tests (Savegnago et al. 2006; Jesse et al. 2007).

In this study, we investigated the properties of bis selenide in the mechanical
hyperalgesia and paw oedema in inflammatory models of nociception in mice induced by
Complete Freund’s Adjuvant (CFA), carrageenan (CG) and prostaglandin E, (PGE)).
Furthermore, we also evaluated the effect of bis selenide on mechanical hyperalgesia induced
by neuropathic models in mice (brachial plexus avulsion- BPA and vincristine

administration).

Experimental procedures
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Animals

The behavioural experiments were conducted using Swiss male mice (25 - 35g) from
our own breeding colony. The mice were kept in a separate animal room, on a 12 h light/dark
cycle, at room temperature (22 £ 1°C), with free access to food and water. Animals were used
according to the guidelines of the Committee on Care and Use of Experimental Animal
Resources, the Federal University of Santa Maria, Brazil and the ethical guidelines for
investigations of experimental pain in conscious animals (Zimmermann 1983). The number of
animals and intensities of noxious stimuli used were minimum necessary to demonstrate the

consistent effects of the drugs treatments.

Drugs

Bis selenide [(2)-2,3-Bis(4-chlorophenylselanyl)prop-2-en-1-o0l] was prepared and
characterized in our laboratory by the method previously described (Moro et al. 2005).
Analysis of the 'H NMR and *3C NMR spectra showed analytical and spectroscopic data in
full agreement with its assigned structure. The chemical purity of bis selenide (99.9%) was
determined by gas chromatography/high-performance liquid chromatography. Bis selenide
was dissolved in canola oil and administered by oral route (p.o.). The mice received bis
selenide in a constant volume of 10 ml/kg body weight. CFA, CG and PGE; were purchased
from Sigma-Aldrich (St. Louis, MO). Vincristine sulfate was purchased from Oncovin;
Nippon Kayaku, Tokyo, Japan. All other chemicals were of analytical grade and obtained

from standard commercial suppliers.

Mechanical hyperalgesia and paw oedema induced by CFA
To produce a persistent inflammatory response, mice received a 20 ul intraplantar

(i.pl.) injection of CFA (1 mg/ml heat-killed and dried Mycobacterium tuberculosis; each ml
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of vehicle contained 0.85 ml paraffin oil plus 0.15 ml mannide monooleate) into the right
hindpaw (Quintdo et al. 2005). To assess the effect of the acute treatment on mechanical
hyperalgesia and paw oedema, animals received a single oral (p.o.) dose of bis selenide (1, 5
and 10 mg/kg) or vehicle (canola oil) 24 h after CFA injection. The mechanical hyperalgesia
was assessed by Von Frey Hair (VFH) filaments and paw oedema was evaluated by
micrometer.

To investigate the effect of the long-term treatment, bis selenide (5 and 10 mg/kg, p.o.)
or vehicle was administered in mice, twice a day (every 12 h). The mechanical hyperalgesia
and paw oedema were evaluated only 4 h after treatment. Treatment was extended until the
maximum reduction effect was achieved, and it was then interrupted. Next, the treatment was
re-initiated to assess the development of tolerance. Developments of mechanical hyperalgesia
and paw oedema formation were evaluated in CFA-injected animals for up to 12 h or 18 days

in acute and chronic treatments, respectively.

Mechanical hyperalgesia and paw oedema induced by CG

For the induction of inflammatory nociception, mice received an i.pl. injection of 50 pl
of CG (300 pg/paw) under the surface of the right hindpaw (Quintao et al. 2005). To assess
the acute effect of drug treatment, mice received bis selenide (1, 5 and 10 mg/kg, p.o.) or
vehicle 30 min before CG injection. The mechanical hyperalgesia was assessed by VHF

filaments. Paw oedema was evaluated by micrometer for up to 96 h after CG administration.

Mechanical hyperalgesia and paw oedema induced by PGE;
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To evaluate mechanical hyperalgesia and paw oedema, mice were treated with bis
selenide (1, 5 and 10 mg/kg, p.o.) or vehicle 30 min before the i.pl. injection of PGE; (0.1
nmol/paw) (Kassuya et al. 2007). The mechanical hyperalgesia was measured with VHF
filaments and paw oedema was evaluated with micrometer, as described below, at different
time-points after the injection of the algogenic mediator. Development of mechanical

hyperalgesia and oedema formation were evaluated in PGE,-injected animals for up to 48 h.

Neuropathic model of nociception induced by BPA

The BPA model for rats (Rodrigues-Filho et al. 2003) and it was adapted for mice
(Quint&o et al. 2006). Briefly, animals were anaesthetized with 7% chloral hydrate (8 ml/kg;
i.p.). The right brachial plexus was approached through a longitudinal incision parallel to the
clavicle, running from the sternum to the axillary region (1 cm approximately). The
subclavian vessels were located and the lower trunk of brachial plexus was dissected from
them. In one group of mice, the lower trunk was grasped and extorted by traction using
forceps. In the sham-operated group, the brachial plexus was exposed and dissected without
any lesion to the nerve. The tissue layers were then brought together and the skin closed with
a 4.0 silk suture string (Ethicon, Edinburgh). To assess the effects of the acute treatment,
animals received a single dose of bis selenide (1, 5 and 10 mg/kg, p.o.) or vehicle following 4
days after the BPA.

To investigate the effect of the long-term treatment, bis selenide (5 and 10 mg/kg, p.o.)
or vehicle was administered in mice, twice a day (every 12 h). Mechanical hyperalgesia
response was evaluated only 4 h after treatment. Treatment was extended until the maximum
reduction effect was achieved, and it was then interrupted. Next, the treatment was re-initiated

to assess the development of tolerance.
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Neuropathic model of nociception induced by vincristine

Vincristine sulfate was administered intraperitoneally (i.p.) in a dose of 0.1 mg/kg,
once per day for 7 consecutive days in mice. The dose of vincristine was decided based on
previous report (Kamei et al. 2006; Kiguchi et al. 2008). The time course of the mechanical
hyperalgesia produced by this dose and dosing schedule was examined over the course of 28
days with comparison to a vehicle-injected control group. Mice received bis selenide
administration at doses of 1, 5 and 10 mg/kg (p.o.) or vehicle once every 7 days (i.e., days 1-
7) 30 minutes before the injection of vincristine. The mechanical hyperalgesia of all groups

were assessed by means of VHF filaments for up to 28 days after vincristine administration.

Hindpaw withdrawal response evaluated by VHF filaments and paw oedema assessed by
micrometer

To assess the mechanical hyperalgesia induced by CFA, CG, PGE; and BPA models,
mice were placed individually in clear Plexiglas boxes (9 x 7 x 11 cm) on elevated wire mesh
platforms to allow access to the ventral surface of the right and left hindpaws. Animals were
acclimatized for 30 min prior to behavioral testing. The withdrawal response frequency was
measured following 10 applications (duration of 1-2 s each) of VHF filament (Stoelting,
Chicago, USA). Stimuli were delivered from below to the plantar surface of the right
hindpaw. 0.6 g VHF produces a mean withdrawal frequency of about 15%, which is
considered to be an adequate value for the measurement of mechanical hyperalgesia (Quintdo
et al. 2005, 2006). Therefore, 0.6 g VHF was used throughout this study. In order to
determine the basal mechanical thresholds, all the groups were submitted to pre-surgical or
pre-injection evaluation.

In the mechanical hypernociception induced by vincristine, VHF filaments were

inserted through the mesh floor bottom and were applied to the middle of planter surface of
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each hind paw 10 times with the weight of 0.4 g (days 0-10) or 0.6 g (days 14-28). The two
kinds of filaments (0.4 g and 0.6 g) were used, because the withdrawal response is different
according to growth of mice, ie, the % response to the stimulation by filament of 0.4 g on day
14 was extremely lower than the day 7 in control mice (Kiguchi et al. 2008).

To evaluate the oedema induced by algogenic mediators, paw thickness was measured
after mechanical tests. Here, mice were gently placed in a piece of cloth and, after settling, a

calibrated micrometer was used to measure the maximal dorso-ventral thickness of the paw.

Statistical analysis

Results are presented as the mean + S.E.M. Each point of graphs represents the mean
of 8 animals. Maximum reduction values were calculated in the effective dose used in the
acute treatments. Percentage of reduction was calculated in chronic models and this reduction
represented the difference between the values of vehicle and inflammatory/neuropathic
groups. The statistical significance of differences between groups was performed by Repeated
Measures ANOVA followed by Newman-Keuls test. Probability values less than 0.05

(P<0.05) were considered as statistically significant.

Results

Effects of bis selenide on mechanical hyperalgesia and paw oedema induced by CFA injection
The i.pl. injection of CFA induced a marked mechanical hyperalgesia (Fig. 1A) and

paw oedema (Fig. 1B) on the ipsilateral side, but not on the contralateral side (results not

shown) for up to 12h. The injection of CFA produced a profound and long-lasting mechanical

hyperalgesia and paw oedema on the ipsilateral side, and to a lesser extent on the contralateral

side for up to 18 days (Fig. 2A, 2B, 3A and 3B). Postreatment with bis selenide (5 and 10

mg/kg, p.o.) demonstrated a significant reduction on the mechanical hyperalgesia induced by
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CFA injection (Fig. 1A). This reduction started 1 h after bis selenide administration at dose of
5 mg/kg (maximum reduction was 43+3%) and 10 mg/kg (maximum reduction was 61+5%).
The significant reduction in the mechanical hyperalgesia was maintained for up to 4h and 8 h
when mice received 5 and 10 mg/kg of bis selenide, respectively (Fig. 1A). Acute
postreatment with bis selenide at the dose of 10 mg/kg (p.o.) significantly decreased the paw
oedema formation induced by CFA injection from 2 h (maximum reduction was 26+2%) to
12 h (maximum reduction was 34+3%) (Fig. 1B).

The long-term postreatment with bis selenide twice a day (every 12 h) decreased
markedly the mechanical hyperalgesia in the ipsilateral side (percentage of reduction was
55+3% at 5 mg/kg and 68+7% at 10 mg/kg) (Fig. 2A). This effect was evident from days 2 to
10 and 14 to 16, when occurred the repeated treatment with bis selenide (Fig. 2A). When
analyzed on the contralateral side, the long-term oral treatment with bis selenide produced a
reduction of the mechanical hyperalgesia induced by CFA injection (percentage of reduction
was 33+£3% at 5 mg/kg and 37+5% at 10 mg/kg) (Fig. 2B). This effect was evident from days
4 to 10 and 14 to 16, when occurred the repeated treatment with bis selenide (Fig. 2B). When
the treatment was suspended (from days 11 to 13; 17 to 18), the mechanical hyperalgesia
induced by bis selenide was not observed on ipsilateral (Fig. 2A) and contralateral (Fig. 2B)
sides. When bis selenide treatment was re-initiated on day 14, the same anti- hyperalgesic
response was detected, showing that bis selenide did not induce tolerance.

As observed in Fig. 3A, the chronic postreatment of mice with bis selenide (10 mg/kg,
p.o.) produced a significant and long-lasting reduction of the paw oedema formation induced
by CFA from days 2 to 18 on ipsilateral side (percentage of reduction was 34+5%). Curiously,
when the treatment was suspended (from days 11 to 13; days 17 and 18), the reduction in the
paw oedema induced by bis selenide was observed in ipsilateral side (Fig. 3A). When

analyzed on the contralateral side (Fig. 3B), the long-term oral treatment with bis selenide at
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the dose of 10 mg/kg significantly diminished the paw oedema induced by CFA from days 6

to 16 (percentage of reduction was 34+5%).

Effects of bis selenide on mechanical hyperalgesia and paw oedema induced by CG injection
The i.pl. injection of CG induced a marked mechanical h hyperalgesia and paw
oedema on the ipsilateral side (Fig. 4A and 4B), but not on the contralateral side (results not
shown). Oral pretreatment of mice with bis selenide was capable of reducing the mechanical
hyperalgesia induced by CG, an effect observed for up to 1 h at Img/kg, 8 h at 5 mg/kg and
24 h at 10 m/kg (Fig. 4A). The maximum reduction observed at 1 h at doses of 1, 5 and 10
mg/kg of bis selenide was 33+3%, 46+4% and 69+4%, respectively. As described for mice,
pretreatment with bis selenide produced a significant reduction of the paw oedema induced by
CG (Fig. 4B) for up to 8 h at 5 mg/kg and 48 h at 10 mg/kg. The maximum reduction
observed at 1 h at doses of 5 and 10 mg/kg of bis selenide was 36+4% and 54+4%,

respectively.

Effects of bis selenide on mechanical hyperalgesia and paw oedema induced by PGE,
injection

The i.pl. injection of PGE, induced a marked mechanical hyperalgesia and paw
oedema on the ipsilateral side (Fig. 5A and 5B), respectively, but not on the contralateral side
(results not shown). Bis selenide pretreatment (5 and 10 mg/kg) was found to be effective in
significantly preventing the mechanical hyperalgesia caused by PGE; in mice (Fig. 5A) for up
to 4 h. The maximum reduction observed at 1 h was 28+1% at 5 mg/kg and 40+2% at 10
mg/kg. Pretreatment with bis selenide at doses of 5 and 10 mg/kg produced also a significant
reduction of the paw oedema evoked by PGE; in mice (Fig. 5B) for up to 4 h. The maximum

reduction observed at 1 h was 29£2% at 5 mg/kg and 34+2% at 10 mg/kg.
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Effects of of bis selenide on the mechanical hyperalgesia induced by BPA

BPA produced a marked and long-lasting development of allodynia on the ipsilateral
(injured) side (Fig. 6A and 6B), but not on the contralateral side (results not shown).
Postreatment with bis selenide at all doses did not affect the mechanical hyperalgesia of
sham-operated animals (data not shown). Animals that received bis selenide (5 and 10 mg/kg,
p.0.) demonstrated a significant reduction on the mechanical hyperalgesia induced by BPA
model (Fig. 6A). This reduction started 1 h after bis selenide administration at doses of 5
mg/kg (maximum reduction was 59+5%) and 10 mg/kg (maximum reduction was 82+5%).
The significant reduction in the mechanical hyperalgesia was maintained for up to 4 hand 8 h
when BPA-injured mice received 5 and 10 mg/kg of bis selenide, respectively (Fig. 6A). The
long-term postreatment with bis selenide twice a day (every 12 h) decreased markedly the
mechanical hyperalgesia on the ipsilateral side on BPA-injured mice (percentage of reduction:
42+5 at 5 mg/kg and 62+4% at 10 mg/kg) (Fig. 6B). This effect was evident from day 4 and
persisted until 10 days when the treatment was interrupted. The suspension of treatment with
bis selenide at days 11-13 and 17-18 abolished its anti- hyperalgesic effect. The continuation
of long-term treatment, with bis selenide starting at day 14, produced essentially the same
anti- hyperalgesic effect, which remained stable until the treatment was suspended again (day

17). Results in Fig. 6B show that there is no evidence for the development of tolerance.

Effects of of bis selenide on the mechanical hyperalgesia induced by vincristine

The withdrawal responses by mechanical stimulation applied to each hind paw using
VFH filaments from day 0 to day 28 in mice was evaluated. In vehicle-treated mice, the
percentage of response was constant (approximately 15%) during days 0-28. On the other

hand, in mice given vincristine (0.1 mg/kg) for 7 days, the percentage of response
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significantly increased on day 3 and the maximal % response was observed on day 7 (Fig. 7).
The mechanical hyperalgesia was maintained after the cessation of vincristine administration
(from day 8 to 28). Pretreatment with bis selenide and vincristine during 7 days significantly
attenuated the mechanical hyperalgesia from days 3 to 28 in comparison with vincristine-

treated mice (percentage of reduction:42+4% at 5 mg/kg and 49+3% at 10 mg/kg) (Fig. 7).

Discussion

This study shows that bis selenide orally administered attenuated mechanical
hyperalgesia induced by neuropathic and inflammatory models of nociception: CFA, CG,
PGE,, BPA and vincristine.

The present results show a consistent anti- hyperalgesic and anti-oedematogenic
effects for bis selenide in the CFA model, when postreatred orally, in acute and repeated
schedules of treatment. Importantly, the effect of the repeated postreatment with bis selenide
did not induce tolerance, whereas the interruption of treatment abolished the anti-
hyperalgesic property. CFA produces long-term inflammatory and nociceptive responses
(Chan et al. 2000), which are probably associated with significant changes in neurons of the
central nervous system, culminating in the sensitization of the contralateral paw (Sluka 2002).
Furthermore, CFA effects have been also associated to a significant increase of multiple
inflammatory and nociceptive mediators (TNF-a, IL-1B, PGE,, glutamate, histamine and
nitric oxide-NO) production in the inflamed paw, which might contribute to the initialization
of the inflammation (Woolf et al. 1997).Mechanisms involved in formation of persistent
oedema in the contralateral paw after CFA injection is mediated by local nociceptor
sensitisation and systemic neuronal (such as central sensitisation) and immune (such as
increase in cytokine serum level) mechanisms (Samad et al. 2001). Mechanisms of action of

bis selenide in the CFA model could be due the interaction with prostanoid, glutamatergic
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(kainate and trans-ACDP receptors), histaminergic (H, receptors) receptors, NO-soluble
guanylate cyclase pathways and pro-inflammatory cytokines (TNF-a and IL-1B), since there
are evidences of these mechanisms of action in the antinociceptive and anti-inflammatory
effects (Jesse et al. 2007, 2008, 2009).

Pretreatment of mice with bis selenide produced anti- hyperalgesic effect for up to 24
h in the CG acute model of nocicepton. Interestingly, administration of bis selenide markedly
decreased CG-induced paw oedema (for up to 48 h). The model of hyperalgesia and paw
oedema induced by the injection of CG has been widely employed in order to assess the
effects of new anti-inflammatory drugs (Henriques et al. 1987; lanaro et al. 1994; Posadas et
al. 2004; Quintdo et al. 2005). The injection of CG is followed by an inflammatory response,
accompanied by cell migration and release of inflammatory mediators (such as
prostaglandins, histamine, glutamate and substance P). It is generally accepted that
neutrophils, through the release of cytotoxic enzymes and reactive oxygen species with
consequent exacerbation of inflammatory conditions (Koennecke et al. 1999). Cunha et al
(2005) have suggested that release of primary mediators responsible for CG-induced
mechanical hyperalgesia is preceded by cytokine production. Conversely, it has been shown
that NO (derived from both the endothelial and inducible nitric oxide synthase isoforms) is
apparently implicated in the two phases of CG-evoked mouse paw oedema (Posadas et al.
2004; Bucci et al. 2005). The role for glutamatergic (kainate and trans-ACDP receptors),
prostanoid, histaminergic (H, receptors) and neuropeptide (NK; receptors) receptors and NO-
soluble guanylate cyclase pathways and and pro-inflammatory cytokines (TNF-a an IL-1p) in
the anti- hyperalgesic and anti-oedematogenic effects of bis selenide can be involved, since
these mechanisms contributed to the antinociceptive effect of this compound (Jesse et al.

2007, 2008, 2009). In addition, bis selenide is an antioxidant agent as a result its action could
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involve the reduction of reactive oxygen species with consequent decrease of inflammatory
conditions (Savegnago et al. 2006).

The results demonstrated that pretreatment with bis selenide reduced the mechanical
hyperalgesia and paw oedema induced by PGE,. It is worth mentioning that several anti-
inflammatory drugs used clinically to treat different inflammatory states modulated
proinflammatory cytokines and prostaglandins effects, such as cyclooxygenases inhibitors or
glucocorticoids (Santini et al. 2001; Chivers et al. 2004). During an inflammatory event, pain
generation is a consequence of complex interactions between a number of inflammatory
mediators, including prostaglandins, some of which (hotably PGE;) are known to have a
critical role in the generation and maintenance of the nociceptive response (Samad et al.
2001). Some studies have demonstrated that the mechanical hyperalgesia caused by peripheral
PGE; injection in rodents is mediated by cAMP—protein kinase A, protein kinase C and
mitogen-activaged protein kinases pathways (Ferreira and Nakamura 1979; Kassuya et al.
2007). Bis selenide modulated protein kinases A and C signaling pathways and anti-
hypernociceptive and anti-oedematogenic effects in the PGE, model could be due the
interaction with these signaling pathways (Jesse et al. 2009).

Bis selenide postreatment was able to acutely and long-lastingly prevent the
mechanical hypernociception induced by BPA, when given systemically. In this models of
neuropathic nociception, the hyperalgesic starts on day 4 following surgery and BPA is
restricted to the ipsilateral side. Importantly, the effect of the chronic treatment with bis
selenide had a long-lasting profile of duration and the anti- hyperalgesic effect was detected
when the treatment re-initiated. Thus, we considered that chronic treatment with bis selenide
did not induce tolerance. Neuropathic models such as BPA causes persistent nociception,
which leads to the release of multiple inflammatory and nociceptive mediators (Quintéo et al.

2006, 2008a, 2008b). These mediators increase long-lasting discharge of primary sensory
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fibers that modifies neuronal, neuro-glial and neuro-immune cell phenotype and function in
the central nervous system (Rodrigues-Filho et al. 2003). These alterations can occur at
translational or post-translational levels and achieve receptors, ion channels, soluble
mediators and molecules played in cell signaling (Woolf and Mannion 1999; Ji and
Stricharstz, 2004). Mechanical anti- hyperalgesic action of bis selenide, first reported here,
could be related to these different neurotransmitter systems as glutamatergic, prostanoid,
serotonergic, histaminergic and neuropeptidergic, since these systems contributed to the
antinociceptive effect of this compound (Jesse et al. 2008, 2009).

The mechanical hyperalgesia was significantly attenuated by bis selenide pretreatment
during vincristine administration (from days 0 to 6), and the attenuation of the mechanical
hyperalgesia persisted until day 28. Experimental models of vincristine-induced peripheral
neuropathic pain have been established in rodents (Kamei et al. 2006; Kiguchi et al. 2008).
Some reports demonstrate that inflammatory and immune responses in the injured peripheral
nervous system play an important role in the development and maintenance of neuropathic
nociception following peripheral nerve injury (Cui et al. 2000; Scholz and Woolf 2007).
When the peripheral nerve is damaged, immune modulating cells, such as macrophages and
lymphocytes, invade the injured nerve fiber and dorsal root ganglion, and express various pro-
inflammatory cytokines (IL-1p, IL-6 and TNF-a) and neuropeptide expression (Hu and
McLachlan 2002; Ma and Quirion 2005). The cellular changes could lead to increased activity
and hypersensitivity of nociceptive neurons, which may contribute to the spontaneous pain
and pain hypersensitivity that are characteristic of neuropathic pain (Woolf and Mannion
1999; Zimmermann 2001). The interaction of bis selenide with neuropeptide (NK3) receptors
and pro-inflammatory cytokines could be involved in the bis selenide action, since these

mechanisms modulated the antinociceptive effect of this compound (Jesse et al. 2008).
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Together these results indicate that bis selenide produces pronounced anti-
hyperalgesic and anti-oedematogenic effects on models of chronic nociception in mice.
Further functional, electrophysiological and molecular studies are necessary to clarify the
precise mechanisms through which bis selenide exerts its anti- hyperalgesic action in
persistent models of pain. Considering that few drugs are currently available for the treatment
of persistent pain, especially of neuropathic origin, the present results may have clinical

relevance and open the possibility of the development of new drug.
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Legends

Fig. 1 - Effect of bis selenide on mechanical hyperalgesia (Panel A) and paw oedema (Panel
B) induced by CFA injection in mice. The animals received vehicle (canola oil) () or bis
selenide at doses of 1 (A), 5 (¢) or 10 (m) mg/kg 24 h after CFA injection. (A) The baseline
(o) was recorded before CFA injection and in (B) baseline paw thickness was discounted
from total thickness to give the oedema value. Results represent the meantS.E.M. of eight
animals. Symbols denote a significant difference at ** P<0.01 and ***P<0.001 between

vehicle treated and bis selenide treated mice and #P< 0.001 versus baseline value.

Fig. 2 - Effect of bis selenide on mechanical hyperalgesia in ipsilateral (Panel A) or
contralateral (Panel B) sides induced by CFA injection in mice. Chronically treatment with
vehicle (canola oil) (@) or bis selenide at doses 5 (¢) or 10 (m) mg/kg was given to mice. The
baseline response (0) was recorded before CFA injection. Results represent the mean+S.E.M.
of eight animals. Symbols denote a significant difference at ***P<0.001 between vehicle

treated and bis selenide treated mice and #P< 0.001 versus baseline value.

Fig. 3 - Effect of bis selenide on paw oedema in ipsilateral (Panel A) or contralateral (Panel
B) sides induced by CFA injection in mice. Chronically treatment with vehicle (canola oil)
(@) or bis selenide at doses of 5 (#) or 10 (m) mg/kg was given to mice. The baseline (0) was
recorded before CFA injection. Results represent the meantS.E.M. of eight animals. The
symbols denote a significant difference at *P>0.05, **P<0.01 and ***P<0.001 between

vehicle treated and bis selenide treated mice and #P< 0.001 versus baseline value.

Fig. 4 - Effect of bis selenide on mechanical hyperalgesia (Panel A) and paw oedema (Panel

B) induced by CG injection in mice. The animals received vehicle (canola oil) (e®) or bis
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selenide at doses of 1 (A), 5 (¢) or 10 (m) mg/kg 30 min before CG injection. (A) The
baseline (0) was recorded before CG injection and in (B) baseline paw thickness was
discounted from total thickness to give the oedema value. Symbols denote a significant
difference at **P<0.01 and ***P<0.001 between vehicle treated and bis selenide treated mice

and #P< 0.001 versus baseline value.

Fig. 5 - Effect of bis selenide on mechanical hyperalgesia (Panel A) and paw oedema (Panel
B) induced by PGE; injection in mice. The animals received vehicle (canola oil) (e) or bis
selenide at doses of 1 (A), 5 (¢#) or 10 (m) mg/kg 30 min before PGE; injection. (A) The
baseline (0) was recorded before PGE, injection and in (B) baseline paw thickness was
discounted from total thickness to give the oedema value. Results represent the meanS.E.M.
of eight animals. Symbols denote a significant difference at *P<0.05, **P<0.01 and
***P<0.001 between vehicle treated and bis selenide treated mice and #P< 0.001 versus

baseline value.

Fig. 6 - Effect of bis selenide on BPA-induced mechanical hyperalgesia on acute (Panel A) or
chronic (Panel B) treatment. The assessment was carried out in mice sham operated (o).
Operated mice were acutely treated with vehicle (canola oil) (®) or bis selenide at doses of 1
(A), 5 (¢) or 10 (m) mg/kg 4 days after surgery (A). Chronically treatment with vehicle
(canola oil) (e) or bis selenide at doses 5 (¢) or 10 (m) mg/kg was given to mice (B). Results
represent the mean+S.E.M. of eight animals. Symbols denote a significant difference at * P <
0.05, ** P<0.01 and ***P<0.001 between vehicle treated and bis selenide treated mice and

#P< 0.001 versus sham operated group.
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Fig. 7 - Effect of chronic treatment with bis selenide on vincristine-induced mechanical
hyperalgesia in mice. The assessment was carried out in mice treated with saline (0),
vincristine (@) or bis selenide at doses of 1 (A), 5 (¢) or 10 (m) mg/kg once per day for 7
days. Results represent the meantS.E.M. of eight animals. Symbols denote a significant
difference at ** P<0.01 and ***P<0.001 between vehicle treated and bis selenide treated mice

and #P< 0.001 versus vehicle (saline) group.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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5. DISCUSSAO

O elevado numero de pacientes com depressdo e dores persistentes que sao refratarios
aos medicamentos disponiveis atualmente torna importante a busca por novos farmacos para o
tratamento destas doencas. Desta forma, este estudo demonstrou que a adminstragéo pela via
oral do SVBS apresentou efeitos do tipo antidepressivo e anti- hiperalgésico em camundongos
e evidenciou alguns mecanismos farmacolégicos envolvidos.

A administracdo aguda do SVBS (doses de 0,5, 1 e 5 mg/kg, p.0.) produziu um efeito
do tipo antidepressivo no TNF e no TSC, sem produzir alteracbes locomotoras no TCA
(artigo 1). O TNF é um modelo experimental que tem sido amplamente utilizado na pesquisa
de compostos com potencial acdo antidepressiva, tendo em vista que a grande maioria das
classes de antidepressivos reduz o tempo de imobilidade neste teste (Porsolt et al., 1977). O
TSC é um modelo experimental que tem sido amplamente utilizado na pesquisa de farmacos
com possivel potencial antidepressivo, tendo em vista que a maioria dos antidepressivos,
incluindo os triciclicos, os IMAOs e os atipicos reduzem o tempo de imobilidade neste teste
(Steru et al., 1985; Cryan et al., 2005). O efeito do tipo antidepressivo do SVBS foi
demonstrado em doses menores quando comparado a outros organocalcogénios, pois 0
disseleneto de difenila, o ebselen e o 3-(4-fluorofenilselenil)2,5-difenilselenofeno
apresentaram efeito em testes preditivos de depressdo em camundongos a partir de 5, 10 e 50
mg/kg, respectivamente (Savegnago et al., 2007d; Posser et al., 2009; Gay et al., 2010).
Assim, podemos evidenciar que a administracdo do SVBS produz um efeito antidepressivo
em doses menores em comparagao a outros organocalcogénios. A acdo do tipo antidepressiva
do SVBS foi mais prolongada quando comparado ao disseleneto de difenila (2 horas apds o
tratamento) (Savegnago et al., 2007d) e ao 3-(4-fluorofenilselenil)2,5-difenilselenofeno (30
minutos apds o tratamento) (Gay et al., 2010), pois o efeito do tipo antidepressivo do SVBS
ocorreu dos 30 minutos até 6 horas apds o tratamento.

Estudos demonstrataram que o selénio esta associado aos transtornos de humor (Burk,
2002; Sher, 2008). As baixas concentracdes de selénio (ingestas entre 32 e 36 ug por dia)
estdo relacionadas com uma maior incidéncia de depressdo, ansiedade e hostilidade. Ao
contrério, dietas ricas neste elemento (226 ug por dia) melhoram o humor das pessoas e
diminuem os sintomas depressivos (Rayman, 2000). Desta maneira, 0 SVBS poderia ser uma
solugdo terapéutica atrativa para o tratamento da depressdo, apesar de 0S mecanismos

envolvidos na regulacdo do humor pelo Se ndo estarem esclarecidos.
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O sistema monoaminérgico € um dos alvos mais importantes na patofisiologia e
tratamento da depressdo (Millan, 2004), assim investigamos o envolvimento dos sistemas
serotoninérgico, noradrenérgico e dopaminérgico no efeito antidepressivo do SVBS no TSC.
O sistema serotoninérgico desempenha um papel fundamental no mecanismo de acdo de
farmacos antidepressivos (Millan, 2004). A 5-HT é um neurotransmissor monoaminérgico
que modula fungbes como comportamento, cognigdo, sono, apetite, humor e desempenha um
importante papel em desordens como ansiedade, depressdo, agressdo e modulacdo da dor
(Gingrich e Hen, 2001). A concentracdo de 5-HT sinaptica é controlada diretamente pela
recaptacdo nos terminais pré-sinapticos e assim, bloqueadores de 5-HT tém sido utilizados no
tratamento da depresséo e da dor crénica (Mico et al., 2006).

O envolvimento do sistema serotoninérgico na acdo antidepressiva do SVBS no TSC
foi investigado utilizando estratégias farmacoldgicas, como o inibidor da sintese da
serotonina, para-clorofenilalanina (PCPA) e de antagonistas serotoninérgicos seletivos (artigo
1). Nossos resultados indicam que o sistema serotoninérgico esta envolvido no efeito
antidepressivo do SVBS, visto que o tratamento prévio dos animais com PCPA e com 0s
antagonistas cetanserina (antagonista 5-HT,a,c) € ondasentrona (antagonista 5-HT3) foi capaz
de prevenir completamente o efeito do SVBS no TSC. Além disso, a administracdo
concomitante de doses sub-efetivas de SVBS com fluoxetina (inibidor seletivo da recaptacéo
de 5-HT) produziu um efeito do tipo antidepressivo no TSC em camundongos. Entretanto,
guando o SVBS foi adminstrado simultaneamente com a imipramina (inibidor ndo seletivo da
recaptacdo das monoaminas), ndo foi observado o efeito do tipo antidepressivo, refor¢ando a
hip6tese que o sistema noradrenérgico ndo esta envolvido na atividade do tipo antidepressiva
do SVBS.

Muitos antidepressivos sdo antagonistas de receptores 5-HT, e apresentam a
capacidade de inibir a ligacdo da 5-HT aos receptores apds administracdo prolongada (Khisti
e Chopde, 2000). Sugere-se que a “down-regulation” de receptores 5-HT,a/c possa mediar as
acoes a longo prazo dos antidepressivos (Deakin, 1988). No presente estudo, o tratamento
prévio dos animais com cetanserina foi capaz de reverter o efeito do tipo antidepressivo do
SVBS, evidenciando a participacdo dos receptores 5-HT,ac neste efeito. Além disso, foi
mostrado que o agonista preferencial de receptores 5HT,a, DOI, aumenta o efeito
antidepressivo da agmatina e da 3a-hidroxi-5a-pregnan-20-ona (Zomkowski et al., 2005;
Khisti e Chopde, 2000). Redrobe e Bourin (1977) demonstraram que o bloqueio dos
receptores 5-HT,a/c potencializa o efeito da imipramina no TNF. O presente estudo indica

que o efeito antidepressivo do SVBS parece ser mediado pela estimulacdo dos receptores 5-
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HT,a/c, que sdo receptores fundamentais no tratamento de desordens de humor. Este sub-tipo
de receptor esta envolvido com o efeito antinociceptivo do SVBS no teste da formalina em
camundongos (Jesse et al., 2009) e com a atividade do tipo antidepressiva do disseleneto de
difenila em ratos (Savegnago et al., 2007d) e do 3-(4-fluorofenilselenil)2,5-difenilselenofeno
em camundongos (Gay et al., 2010).

Além disso, o tratamento prévio com ondansentrona foi capaz de prevenir o efeito do
tipo antidepressivo do SVBS, demonstrando que este efeito ¢ mediado pela interacdo com este
subtipo de receptor serotoninérgico (5-HTs). Alguns trabalhos demonstram que diferentes
classes de antidepressivos agem como antagonistas funcionais de receptores 5-HTj3, indicando
que a supressdo da atividade do receptor 5-HT3; pode contribuir para a acdo dos
antidepressivos (Eisensamer et al., 2003). O receptor 5-HT3; também estd envolvido com o
efeito antinociceptivo do SVBS (Jesse et al., 2009) e do disseleneto de difenila (Zasso et al.,
2005) em camundongos. Assim, 0 mecanismo de agdo do SVBS em modelos de depresséo e
nocicepcao devem ser similares ja que ambos envolvem os receptores 5-HT3. Este sub-tipo
de receptor também é modulado no efeito do tipo antidepressivo do disseleneto de difenila em
ratos (Savegnago et al., 2007d) e do 3-(4-fluorofenilselenil)2,5-difenilselenofeno em
camundongos (Gay et al., 2010).

O papel da NA na patofisiologia da depressdo tem sido estudado, visto que alguns
antidepressivos aumentam 0s niveis de noradrenalina na fenda sindptica e alguns destes
farmacos agem diretamente nos receptores noradrenérgicos (Elhwuegi, 2004). Além disso, foi
demonstrado que camundongos deficientes de NA ndo respondem aos antidepressivos,
incluindo os ISRS (Cryan et al., 2004). Neste estudo, o tramento prévio com prazosim
(antagonista  ag-adrenérgico), ioimbina (antagonista op-adrenérgico) e propranolol
(antagonista B adrenérgico) ndo reverteu o efeito do tipo antidepressivo do SVBS nos
camundongos. Assim, ndo hd modulacdo pelos receptores o e [ adrenérgicos no efeito
causado pelo SVBS no TSC nos camundongos. Ja a atividade do tipo antidepressiva de
outros organocalcogénios, tais como disseleneto de difenila e ebselen, foi bloqueada pelo
tratamento prévio com antagonistas como prazosim e ioimbina (Savegnago et al., 2007d;
Posser et al., 2009). Entretanto, ndo houve participagcdo de receptores P, pois o uso do
propranolol também ndo bloqueou o efeito do tipo antidepressivo do disseleneto de difenila
(Savegnago et al., 2007d).

O sistema dopaminergico também estd implicado na regulagdo do humor (Lin Z,
Madras, 2006). Algumas evidéncias bioquimicas originadas de estudos clinicos mostraram

que os niveis plasmaticos do acido homovanilico e do acido 3,4-dihidroxifenilacético, dois
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metabdlitos da DA, estavam significativamente diminuidos em pacientes deprimidos,
indicando uma diminui¢do no “turnover” da DA (Mitani et al., 2006). Existem varias
evidéncias farmacologicas em relacdo a eficacia dos antidepressivos com efeitos
dopaminérgicos no tratamento da depressdo (Papakostas, 2006). Dados da literatura indicam
que tanto os receptores D; como os receptores D, desempenham um papel importante na
modulacdo dos estados de humor (Papakostas, 2006). Neste estudo, o tratamento prévio com
SCH 23390 (antagonista seletivo dos receptores D;) e sulpirida (antagonista seletivo dos
receptores D,) ndo reverteu o efeito do tipo antidepressivo do SVBS no TSC. Em comparacao
ao disseleneto de difenila e ao ebselen, o SVBS apresentou mecanismos de agdo mais
seletivos. Isto ocorre porque os demais organocalcogénios possuem o efeito do tipo
antidepressivo bloqueado por antagonistas dopaminérgicos enquanto o SVBS ndo é modulado
por estes tipos de receptores. Assim, o mecanismo envolvido no efeito do tipo antidepressivo
do SVBS ndo esta ligado a estes receptores dopaminérgicos e o SVBS apresenta modulacéo
seletiva dos receptores monoaminérgicos do tipo 5-HT,a/c € 5-HTs.

A MAO-A e B séo enzimas fundamentais no metabolismo das monoaminas, regulando
sua concentracdo intracelular no cérebro. Assim, a funcdo anormal destas enzimas esta
associada com muitas desordens psiquicas, como a depressao (Deniker, 1983). Outra enzima
importante na homeostase neuronal é a Na* K" ATPase, que é responsavel pelo transporte dos
fons Na* e K" no SNC, mantendo o gradiente necessario para excitabilidade neuronal. A
atividade desta enzima esta inibida em doencas psiquicas afetivas (EI-Mallakh and Wyatt,
1995). Neste estudo, as atividades das enzimas MAO-A, MAO-B e Na" K" ATPase no
cérebro dos camundongos ndo foram alteradas com o tratamento com SVBS, sugerindo que
estas enzimas nao participam no efeito do tipo antidepressivo. Em outro estudo, o composto
3-(4-fluorofenilselenil)2,5-difenilselenofeno, um organocalcogénio que apresenta efeito do
tipo antidepressivo em camundongos, também ndo modificou a atividade das enzimas MAO-
A e MAO-B (Gay et al., 2010). Entretanto, o disseleneto de difenila inibe a enzima MAO no
cérebro de ratos, porém durante o estudo ndo foi demonstrado qual isoforma é inibida
(Savegnago et al., 2007d).

Este estudo também investigou o envolvimento da via L-arginina-NO no efeito
antidepressivo do SVBS (artigo 2). No cérebro, o NO é produzido principalmente em
estruturas pos-sinapticas como resposta a ativagdo de receptores NMDA (Denninger e
Marletta, 1999). A inibicdo da producdo de NO exerce efeitos semelhantes aos efeitos dos
antagonistas de receptores NMDA e potencializa a a¢do de antidepressivos (Harkin et al.,

2004). Nossos resultados demonstraram que o tratamento prévio com o aminoacido precursor
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de NO, L-arginina, ou com S-nitroso-N-acetil-penicilamina (SNAP), um doador de NO,
preveniu significativamente o efeito do tipo antidepressivo do SVBS no TSC. Além disso, 0
SVBS apresentou um efeito sinérgico com L-NNA, azul de metileno e ODQ. O L-NNA é um
analogo da L-arginina que age como um inibidor competitivo da enzima NOS, reduzindo
assim os niveis de NO. O azul de metileno inibe tanto a NOS quanto a GC, e o0 ODQ age
especificamente inibindo a enzima GC e reduzindo os niveis de GMPc. Estes resultados
indicam que o efeito do tipo antidepressivo causados pelo SVBS sé@o dependentes, pelo menos
em parte, da inibicdo da sintese de NO, o que estd de acordo com os dados da literatura que
mostram que inibidores da NOS tém propriedades antidepressivas em modelos animais
(Volke et al., 2003; Harkin et al., 2004). Outro resultado que refor¢a a modulacdo do NO pelo
SVBS é que a administracdo deste composto em uma dose antidepressiva causou a
diminuicdo dos niveis de nitrito/nitrato no cérebro dos camundongos. A via L-arginina-NO-
GMPc também é modulada pelo composto da classe dos bis selentos (Jesse et al., 2007) no
efeito antinociceptivo em ratos. Este estudo reforga o envolvimento desta via na atividade do
tipo antidepressiva do SVBS. A via L-arginina-NO-GMPc participa do efeito do tipo
antidepressivo do disseleneto de difenila (Savegnago et al., 2008), melatonina (Mantovani et
al., 2003), adenosina (Kaster et al., 2005), &cido félico (Brocardo et al., 2008), escitalopram
(Zomkowski et al., 2010), venlafaxina (Kumar et al., 2010), imipramina (Kumar et al., 2009),
paroxetina (Ghasemi et al., 2009) e bupropiona (Dhir e Kulkarni, 2007). Desta forma, a via L-
arginina-NO-GMPc é modulada por inlmeros compostos para que estes exercam atividade do
tipo antidepressiva em roedores.

Dados da literatura demonstram que inibidores de canais de K" apresentam efeito
antidepressivo no TNF em camundongos, além de potencializar o efeito de antidepressivos
classicos (Kaster et al., 2005). Por outro lado, agentes que promovem abertura dos canais de
K" causam efeito depressogénico (Galeotti et al., 1999). No cérebro, a abertura dos canais de
K" leva a uma hiperpolarizacdo, reducdo da liberagdo de neurotransmissores e na
excitabilidade neuronal. O efeito antidepressivo causado pelo SVBS no TSC é dependente de
uma interacdo com canais de K*, uma vez que a administracio de doses sub-efetivas dos
inibidores dos canais de K* (glibenclamida, apamina, charibtoxina e TEA) potencializou o
efeito de doses sub-efetivas de SVBS (artigo 3). O uso de drogas que abrem os canais de K,
como o cromacalim e o minoxidil, bloquearam o efeito do tipo antidepressivo do SVBS. Em
outros estudos, foi demonstrado que os canais de K™ modulam o efeito do tipo antidepressivo
da adenosina, fluoxetina (Kaster et al., 2007), agmatina (Budni et al., 2007), venlafaxina

(Bortolatto et al., 2010) e disseleneto de difenila (Wilhelm et al., 2010) em camundongos. Os
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canais de K’ também estdo envolvidos com o efeito antinociceptivo de um composto da
classe dos bis selenetos (Jesse et al., 2007), que possui estrutura andloga ao SVBS.

A via L-arginina-NO-GMPc ativa canais de K*, pois o tratamento prévio dos
camudongos com L-arginina ou sildenafil previne o efeito dos inibidores de canais de K* no
TNF (Kaster et al., 2005). Desta maneira, 0 NO produzido em estruturas pos-sinépticas pode
atuar ativando canais de K", diretamente ou através da producdo de GMPc, inibindo assim a
excitabilidade neuronal. Além disso, o NO difunde-se e age em canais de K" pré-sinapticos,
causando uma hiperpolarizacéo e inibicao da liberacdo de diversos neurotransmissores, como
a DA e 5-HT (Galeotti et al., 1999).

Os receptores PPARy podem modular o humor ja que estdo expressos em areas
relacionadas a esta atividade, incluindo centros nervosos envolvidos com a depressdo, como o
hipocampo e cortex frontal (Moreno et al.,, 2004). Ha evidéncias na literatura que 0s
receptores PPARy podem exercer atividade do tipo antidepressiva no TNF e no TSC em
camundongos, pois 0 GW-9662, um antagonista dos receptores PPARY, reverteu o efeito do
tipo antidepressivo do NP03115, da rosiglitazona (Rosa et al., 2008) e do disseleneto de
difenila (Wilhelm et al., 2010). O GW-9662 blogueou o efeito do tipo antidepressivo do
SVBS no TSC em camundongos, demonstrando que os receptores PPARYy estdo envolvidos
no efeito antidepressivo (artigo 3). Embora os estudos na literatura com o envolvimento dos
receptores PPARy em doencas do humor ainda sejam escassos, estes receptores representam
um alvo terapéutico promissor.

Os camundongos submetidos a injaria por constricdo cronica (ICC) no nervo ciatico
demonstraram um comportamento do tipo depressivo refletido no aumento no tempo de
imobibilidade no TNF (artigo 4). Esta resposta apds a ICC foi diminuida pelo tramento com
SVBS (1 e 5 mg/kg, p.o.) sem afetar a atividade locomotora. Este resultado confirma a
evidéncia clinica da ligacdo entre dor neuropética e depressdo (Attal et al. 2006; Mico et al.
2006; Rice and Hill, 2006; Dworkin et al., 2007). O tratamento com SVBS diminui o tempo
de imobilidade dos camundongos submetidos a ICC e foi mais potente quando comparado ao
antidepressivo classico (amitriptilina, efetiva na dose de 30 mg/kg). Além disso, o SVBS
diminui as respostas a neuropatia de forma mais potente que 0s antidepressivos classicos, na
ordem SVBS > bupropiona > amitriptilina > fluoxetina. Este resultado ¢ importante porque
demonstra que o SVBS possui elevada eficacia em um modelo préximo ao que ocorre em
humanos e em baixissimas doses. Quando o SVBS é comparado ao disselento de difenila no
modelo de lesdo do nervo ciatico em camundongos (Savegnago et al., 2007a), apresentou

efeitos significativos em doses menores. A dor e a depressdo envolvem mecanismos
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bioquimicos similares que podem resultar em menor disponibilidade de neurotransmissores
no SNC, incluindo a 5-HT, a NA e a DA (Millan, 2004). A modulagdo dos receptores
serotoninérgicos pelo SVBS, principalmente do tipo 5-HT,ac € 5-y73, € do sistema L-
arginina-NO-GMPc/K" participam no efeito do tipo antidepressivo e anti-hiperalgésico nos
camundongos submetidos a ICC, pois sdo mecanismos farmacoldgicos envolvidos nas
atividades do SVBS.

A avulsdo ao plexo braquial (APB) e a injecdo i.pl. de ACF, Cg e PGE, tornaram os
animais hipersensiveis e responsivos frente a estimulos indcuos aos animais falso-operados ou
ndo injetados (hiperalgesia) (Cunha et al., 2008). O tratamento com SVBS, nas doses de 5 e
10 mg/kg, apds as injurias nervosas ou a administragdo dos agentes flogisticos inibiu a
hiperalgesia mecanica nos camundongos (artigo 5). Além disso, a resposta anti- hiperalgésica
mecanica causada pelo SVBS (5 e 10 mg/kg, p.o.) ndo foi susceptivel a tolerancia nos
modelos induzidos pela APB e injecdo de ACF. Esta conclusdo é baseada nos dados que
mostram que a interrupgdo do tratamento com o SVBS foi seguida pelo retorno completo da
hiperalgesia e que o tratamento com o SVBS duas vezes por dia produziu efeitos
antihiperalgésicos pronunciados. Quando comparado ao efeito do disseleneto de difenila no
modelo do ACF, o SVBS mostrou efeito mais potente e acdo mais prolongada. Isto porque o
efeito anti-hiperalgésico do SVBS ocorre nas doses de 5 e 10 mg/kg até 8 horas enquanto do
disselento de difenila apenas em 10 mg/kg até 4 horas ap06s o tratamento (Savegnago et al.,
2007a).

A injecdo de ACF, Cg e PGE, também causou edema na pata injetada. O modelo de
edema de pata induzido tem sido amplamente usado para a investigagdo da atividade
antiinflamatdria de farmacos. O desenvolvimento do edema € inibido em extensdo varidvel
por drogas que inibem a producdo e a agdo de diferentes mediadores inflamatérios. Entre
essas drogas podem ser mencionadas antiinflamatdrios ndo esteroidais (AINES), antagonistas
de receptores de bradicinina, de 5-HT e de histamina. O tratamento com SVBS (doses de 5 e
10 mg/kg, p.o.) diminui o edema nos modelos de ACF, Cg e PGE,, refor¢cando o potencial
antiinflamatério do composto. O efeito anti-edematogénico foi demonstrado em modelos
agudos de nocicepcdo como a injecdo de formalina, glutamato, sertonina, histamina e PGE;
em camundongos (Jesse et al., 2009). Ja esta bem estabelecido que alteracbes na
permeabilidade dos vasos acontecem atraves de processos independentes da adesdo, migracao
de neutrdfilos, liberacdo de mediadores inflamatérios e por mecanismos dependentes da
liberacdo de EROs (Zhu et al., 2005). Estes resultados sustentam a idéia de que o SVBS, um

agente antioxidante, diminui os danos causados pelo estresse oxidativo e pela inflamagéo,
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contribuindo com os efeitos contra a hiperalgesia mecanica e o edema nos modelos de inje¢éo
de ACF, Cg e PGE;,

Outro modelo de neuropatia utilizado foi da administracdo crénica da vincristina. Uma
das sequelas da quimioterapia frequentemente associada a dores crbnicas é a neuropatia
periférica (Saika et al., 2009). As drogas mais comumente associadas a esta complicacdo séo
os alcaldides da vinca, especialmente a viscristina e os taxanos, principalmente o paclitaxel. A
neuropatia periférica geralmente é associada a infusdo da vincristina ou paclitaxel e
caracteriza-se como dor continua em quimor ou lancinante, muitas vezes associada a alodinia,
que pode acompanhar-se de fraqueza, reducdo ou perda da sensibilidade dos membros
(Callizot et al., 2008; Kanbayashi et al., 2010). O tratamento concomitante de vincristina e
SVBS (5 e 10 mg/kg, p.o.) durante os primeiros 7 dias diminui a hiperalgesia mecanica até o
término da avaliacdo aos 28 dias (artigo 5). Neste modelo também ndo foi observado
tolerancia, pois a interrup¢do do tratamento com o SVBS foi seguida pelo retorno completo
da hiperalgesia e o retorno do tratamento com o SVBS duas vezes por dia produziu efeitos
anti-hiperalgésicos pronunciados nos camundongos.

Neste contexto, o efeito causado pelo SVBS na lesdo do nervo (modelos de ICC, APB
e administracdo de vincristina) e a inflamacdo induzida pelo ACF, Cg e PGE, estéo,
provavelmente, associados a capacidade deste composto em interferir com a sinalizacao
celular, particularmente, os canais de K* sensiveis & ATP e voltagem-dependentes, receptores
glutamatérgicos (tipo cainato e trans-ACPD) 5-HT,a2c, 5-HT3 e H, e as vias relacionadas
com PGE;, PKC e PKA (figura 7). A participacdo no efeito anti-hiperalgésico do SVBS neste
estudo esta relacionado ao fato que estes mecanismos contribuem com o efeito
antinociceptivo e antiinflamatério do SVBS em estudos realizados previamente (Savegnago et
al., 2006; Jesse et al., 2007, 2008, 2009).
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Figura 7: Provaveis sitios de acdo do SVBS envolvidos nos efeitos do tipo antidepressivo e
anti-hiperalgésico demonstrados na tese (em azul): K* (canais de potassio); receptores
serotoninérgicos 5-HT,a/c € 5-HT3; receptores PPARY; PGE; (prostaglandina E;); NOS (6xido
nitrico sintase); NO (6xido nitrico) e GC (guanilato ciclase).

Sitios modulados pelo SVBS no efeito antinociceptivo e antiinflamatério demonstrados em
artigos anteriores (em vermelho) (Savegnago et al., 2006; Jesse et al., 2008; 2009): IL-1p
(receptor para interleucina 1f3); TNF-o (receptor para o fator de necrose tumoral a); NK-1
(receptor para SP); TRPV1 (receptor vaniloide); PKC (proteina quinase C); PKA (proteina
quinase A); receptores glutamatérgicos do tipo cainato e mGlu (metabotropico); H,
(receptores histaminérgicos do tipo H,) e EROs (espécies reativas de oxigénio).
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6. CONCLUSOES

- A administracdo aguda do SVBS produziu uma redugé@o no tempo de imobilidade no TNF e

TSC, modelos animais preditivos de atividade antidepressiva;

- Os testes farmacol6gicos sugerem que o efeito do tipo antidepressivo causado pelo SVBS
envolve a modulacdo dos receptores 5-HT,apc, 5-HTs;, PPAR-y e a via L-
arginine/NO/GMPc/K”.

- A atividade do tipo antidepressiva do SVBS néo esta relacionada com o efeito inespecifico
sobre a atividade locomotora.

- O aumento no tempo de imobibilidade no TNF causado pela ICC nos camundongos foi
diminuida com o tratatamento com SVBS sem alterar a atividade locomotora;

- O efeito do tipo antidepressivo do SVBS foi mais potente que os efeitos dos antidepressivos
classicos (amitriptilina, fluoxetina e bupropiona) no TNF nos camundongos submetidos a
ICC,;

- A atividade exercida pelo SVBS foi mais potente quando comparada a amitriptilina na
hiperalgesia mecanica nos camundongos;

- A administracdo oral do SVBS diminui o efeito hiperalgésico em modelos inflamatorios
induzidos pela injeg&o i.pl. de ACF, Cg e PGE, em camundongos;

- A administracdo oral do SVBS reduziu a hiperalgesia neuropatica causada pela ABP e

vincristina em camundongos;

- A resposta anti-hiperalgésica mecénica causada pelo SVBS néo foi susceptivel a tolerancia
nos modelos induzidos pela APB, administracdo de vincristina e injecdo i.pl. de ACF em

camundongos.
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