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RESUMO

Estudos epidemioldgicos e dietéticos mostram que a deficiéncia nutricional dos
acidos graxos poli-insaturados da familia 6mega-3 (AGPl w-3 ou n-3) esta
diretamente relacionada a prevaléncia e severidade da depresséo. A suplementagao
com os acidos docosahexaenoico (DHA) e eicosapentaenoico (EPA) durante a
gestacdo e a lactagéo, periodos criticos do desenvolvimento do sistema nervoso
central (SNC), é essencial para maturagao cortical, sinaptogénese e mielinizacao.
Dados de pesquisas associam o baixo conteudo dos AGPIs n-3 a redug¢ao dos niveis
do BDNF (fator neurotréfico derivado do encéfalo), da mesma forma que o
metabolismo da 5-HT (serotonina) e DA (dopamina) é coletivamente afetado pelos
AGPIs n-3 e pela razdao n-3/n-6. O presente estudo foi dedicado a avaliar o
envolvimento do receptor serotoninérgico, 5-HT1A, e as expressdes hipocampal e
cortical do BDNF no efeito antidepressivo da suplementagao com 6leo de peixe. No
Experimento 1A, as analises dos comportamentos de imobilidade e natacéo
acessadas pelo teste de natacéo forcada modificado (NFM), em ratos adultos aos 90
dias de idade, indicaram um robusto efeito antidepressivo induzido pela
suplementagao com 6leo de peixe durante gestacao e lactagao, o qual foi revertido
no Experimento 1B, pela agcédo de dois tratamentos farmacoldgicos que interferem no
sistema serotoninérgico, um antagonista seletivo do receptor 5-HT1A, WAY 100135,
e um inibidor da enzima triptofano-hidroxilase, PCPA (para-clorofenilalanina). No
Experimento 2, os conteudos cortical e hipocampal do BDNF, da 5-HT e DA e de
seus metabdlitos, 5-HIAA (acido 5-hidroxi-indolacético) e DOPAC (acido 3,4-di-
hidroxifenilacético), respectivamente, foram determinados nos animais experimentais
aos 21 e 90 dias de idade. Foi detectado acréscimo na expressao do BDNF no
cortex cerebral e hipocampo nos animais suplementados, em ambos os grupos de
idade. No grupo o6leo de peixe (OP) aos 90 dias de idade, houve acréscimo nos
niveis da 5-HT no hipocampo e coértex, embora a formacao de 5-HIAA estivesse
diminuida no hipocampo, indicando baixa metabolizacdo da 5-HT nessa regido
cerebral. Estes dados confirmam o efeito antidepressivo da suplementagéo com dleo
de peixe, além de mostrar a interacdo da ativacdo dos receptores 5-HT1A e o
acréscimo da expressao do BDNF hipocampal, o que sugere a mediagao da 5-HT no
efeito induzido pelo 6leo de peixe.

Palavras-chave: acidos graxos poli-insaturados, éleo de peixe, depressdao, BDNF,
serotonina, receptores 5-HT1A



ABSTRACT

Epidemiological and dietary studies show that the nutritional deficit of omega-3
polyunsaturated fatty acids (w-3 PUFA) is directly related to the prevalence and
severity of depression. Supplementation with docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) during pregnancy and lactation, critical periods of
development of the nervous central system (SNC) is essential for cortical maturation,
synaptogenesis and myelination. Data associate the n-3 PUFAs low content with the
BDNF (brain-derived neurotrophic factor) reduced levels, while the serotonergic and
dopaminergic metabolism is collectively affected by n-3 PUFAs and the n-3/n-6 ratio.
The present study was performed to evaluate the involvement of the serotinergic
receptor, 5-HT1A, and hippocampal and cortical brain BDNF expressions in the
antidepressant effect of supplementation with fish oil. In Experiment 1A, analysis of
immobility and swimming behaviors accessed by the modified forced swimming test
(MFST) in adult rats showed a robust antidepressant effect induced by fish oil
supplementation, during pregnancy and lactation, that could be reversed in
Experiment 1B, through by two pharmacological treatments that interfere with
serotonergic system, a selective antagonist of 5-HT1A receptor, WAY 100135, and a
inhibitor of the enzyme tryptophan hydroxylase, PCPA (para- chlorophenylalanine).
In Experiment 2, the cortical and hippocampal contents of BDNF, 5-HT, DA
(dopamine) and its metabolites, 5-HIAA (5-hydroxyindoleacetic acid), and DOPAC
(3,4-dihydroxyphenylacetic acid), respectively, were determined in experimental
animals at 21 and 90 days old. BDNF-increased expression in the cortex and
hippocampus of supplemented animals in both age groups was detected. In the fish
oil group at 90 days old, there was an increase in the levels of 5-HT in the
hippocampus and cortex, although the formation of 5-HIAA was reduced in the
hippocampus, indicating low 5-HT metabolism in this brain region. These data
confirm the antidepressant effect of fish oil supplementation, in addition to show the
activation of 5-HT1A receptors and increased BDNF hippocampal expression
interaction, which suggests a 5-HT mediation on induced effect of fish oil.

Keywords: Polyunsaturated fatty acids, Fish oil, Depression, BDNF, Serotonin, 5-
HT1A receptors
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1 INTRODUGAO

1.1 DEPRESSAO

A depressdo € um dos disturbios psiquiatricos de maior prevaléncia,
acometendo cerca de 10% a 30% das mulheres e 7% a 15% dos homens (YU e
CHEN, 2011), com uma predominancia em média de 15% a 25% durante a vida do
individuo, o que a classifica entre as principais causas de incapacidade no mundo
(SADOCK e SADOCK, 2007; MAES et al., 2009). E uma alteracdo do humor
associada a um disturbio do sistema nervoso central (SNC), recorrente, debilitante e
potencialmente ameacador a vida (LOGAN, 2004), sendo responsavel por alto
indice de morbidade e mortalidade (SADOCK e SADOCK, 2007; NYMAN et al.,
2011), condigdes estas que expdem os individuos portadores a um risco de suicidio
correspondente a 15% (ROSS, 2007). Pelo impacto negativo com que se apresenta
a sociedade em geral, a familia e ao proprio paciente, o disturbio representa um
sério problema de saude publica (NYMAN et al., 2011; YU e CHEN, 2011). Em uma
projecdo da Organizagdo Mundial da Saude (OMS), a depressao, até 2020,
caracterizara a segunda maior causa de incapacidade no mundo (perdendo apenas
para as doengas cardiacas isquémicas), sendo a terceira causa nos paises
desenvolvidos e a primeira nos paises em desenvolvimento (MURRAY e LOPEZ,
1997; SU et al., 2003).

Segundo o Manual Diagnéstico e Estatistico de Transtornos Mentais (DSM-
V), esse disturbio pode ser diagnosticado diante de um quadro de alteragdo do
humor, por pelo menos duas semanas continuas, associado a manifestagdo de, no
minimo, quatro dos seguintes sintomas: anedonia (diminuicdo ou perda de prazer e
de interesse), alteragdes no sono e nas atividades em geral, sentimentos de culpa,
falta de energia, dificuldades de concentracdo, mudangas no apetite e no peso,
agitacdo ou retardo psicomotor, além de pensamentos recorrentes de morte e
suicidio (WOOLEY e SYMON, 2000; SADOCK e SADOCK, 2007).

A etiologia da depressado € complexa e heterogénea, e envolve a interagao
de fatores ambientais, genéticos e biologicos (MURRAY e LOPEZ, 1997; CARLSON,



13

2002; CHARNEY e MANUJI, 2004; SADOCK e SADOCK, 2007; NYMAN, et al., 2011).
Durante os ultimos cem anos, tem-se antecipado a idade de inicio do disturbio nos
individuos, assim como sua incidéncia global tem acrescido notavelmente
(NEURINGER et al.,1984). Entre os fatores ambientais que envolvem esse
transtorno, um dos principais pode estar relacionado a mudancas no comportamento
alimentar no ultimo século, mais especificamente em relacdo aos lipidios ou tipo de
acidos graxos consumidos na dieta (LAKHWANI et al., 2007).

1.2 ACIDOS GRAXOS

Acidos graxos sdo compostos quimicos formados por cadeias
hidrocarbdnicas de extensido variavel e terminadas por uma carboxila, nas quais,
normalmente os atomos de carbono estdo dispostos em numeros pares. As cadeias
hidrocarbonadas podem ser saturadas, quando apresentam somente ligagcoes
simples entre seus carbonos ou insaturadas, com uma ou mais duplas liga¢des
carbbnicas ao longo da cadeia. Os acidos graxos insaturados exercem fungdes
estrutural e funcional e fazem parte do grupo de lipidios complexos, representados
principalmente pelos fosfolipidios constantes das membranas bioldgicas (VIEIRA et
al., 1996; LEHNINGER et al., 1998; FAROOQUI et al., 2000; ROSS, 2007; AIRES,
2008). As multiplas duplas ligagdes de carbono presentes na cadeia dificultam a
interagdo molecular, conferindo caracteristica liquida a esses acidos graxos, a
temperatura ambiente, importante propriedade fisica requerida para manuteng¢ao do
alto grau de flexibilidade da bicamada lipidica das membranas celulares
(SARGENT, 1997; MARZZOCO e TORRES, 1999; ATTAR-BASHI e SINCLAIR,
2004; HULBERT et al., 2005; CHALON, 2006; INNIS, 2007).

Os principais acidos graxos poli-insaturados (AGPls) encontrados na
natureza sédo o acido a-linolénico (ALA, 18:3n-3) e o acido linoleico (LA, 18:2n-6),
precursores dos acidos graxos de cadeia longa (LC-AGPIs) das familias 6mega-3 (n-
3 ou w-3) e bmega-6 (n-6 ou w-6) respectivamente. O ALA (n-3) da origem aos
acidos docosahexaenoico (DHA, 22:6n-3) e eicosapentaenoico (EPA, 20:5n-3),
principais AGPIs da familia n-3; e o LA (n-6) é precursor do acido araquiddnico (AA,
20:4n-6 ) da familia n-6 (CARRIE et al., 2000; SU et al., 2003; INNIS, 2007). Esses
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derivados sdo importantes componentes das membranas celulares de animais e
plantas (SIMOPOULOQOS, 2006). O ALA (n-3) e o LA (n-6) sao classificados como
acidos graxos essenciais pelo fato de nado poderem ser sintetizados e
interconvertidos pelo organismo dos mamiferos, de forma que seu suprimento
depende unicamente da dieta alimentar (SVENNERHOLM, 1968; CARRIE et al.,
2000; BOURRE, 2004; OKEN e BELFORT, 2010).

O LA (n-6) pode ser obtido de sementes oleaginosas como milho, girassol, e
soja, enquanto o ALA (n-3) €& encontrado nas sementes de linhaga, canola, e,
principalmente em alimentos marinhos, tais como peixes, algas e no fitoplancton,
base da cadeia alimentar dos oceanos (SARGENT, 1997; ATTAR-BASHI e
SINCLAIR, 2004; HULBERT et al., 2005). O fitoplancton é capaz de efetuar a
sintese do DHA e do EPA, uma das razdes pelas quais estes dois acidos graxos sao
encontrados em maior quantidade nos peixes marinhos das aguas frias e profundas
e em algas (CARRIE et al., 2000; De VRIESE et al., 2003; INNIS, 2007; CHIU et al.,
2008; LEVANT, 2011).

1.2.1 Acidos graxos essenciais € 0 SNC

O encéfalo contém a segunda maior concentragdo de lipidios do corpo,
depois do tecido adiposo, representando 36-60% do tecido nervoso (SINCLAIR et
al., 2007). O DHA ¢é o principal componente dos fosfolipidios das membranas
neuronais, abrangendo cerca de 17% do total dos acidos graxos nesses tecidos,
(SINCLAIR, 1975; NEURINGER et al., 1986; LEHNINGER et al., 1998; MORIGUCHI
et al., 2000; SALEM et al., 2001; HORROCKS e FAROOQUI, 2004), sendo desta
forma, um dos grandes responsaveis pela fluidez necessaria a execugao de fungdes
celulares dependentes das membranas, tais como, sintese e taxa de renovacgao de
fosfolipidios (SALEM et al., 2001), cascatas de sinalizagao, atividades de proteinas
enzimaticas e receptores de membrana, transcricdo e expressdo génica, entre
outras (NEURINGER et al., 1986; BOURRE, 2004; CALDERON e KIM, 2004;
HORROCKS e FAROOQUI, 2004; LANE e BAILEY, 2005; STILLWELL et al., 2005;
CALDER, 2006; HASHIMOTO et al., 2006; WU et al., 2008). Uma propriedade
importante do DHA, gragas a baixa afinidade pelo colesterol, & sua participagdo na
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interagdo entre a membrana celular, suas proteinas e as balsas lipidicas (lipid rafts)
componentes da arquitetura e sustentagao das proteinas na membrana. A presenca
do DHA nessas estruturas favorece a flexibilidade e a mobilidade das proteinas na
bicamada de fosfolipidios, caracteristicas essenciais para as respectivas funcdes
(SALEM et al., 2001; SHAIKH et al., 2003; SU et al., 2003; STILLWELL et al., 2005;
BERTRAND et al., 2006; INNIS, 2007; PONGRAC et al., 2007; SINCLAIR et al.,
2007).

A competicdo por vias metabdlicas e enzimas entre as duas familias de
acidos graxos (n-3 e n-6) esta presente em varios processos fisioldgicos, incluindo a
sintese dos mediadores da inflamagdo (RINGBOM et al., 2001; CONTRERAS e
RAPOPORT, 2002). Tanto o AA (n-6) como o EPA (n-3) atuam como precursores de
eicosanoides (prostaglandinas, tromboxanos e leucotrienos), moléculas bioativas
mediadoras das respostas inflamatérias, vasculares e imunoldgicas (MAES et al.,
1999; YOUDIM et al., 2000; CALDER, 2006; SINCLAIR et al., 2007), sendo que o
EPA origina a classe dos mediadores anti-inflamatérios, e o AA é precursor dos
mediadores pro-inflamatorios (FEDOROVA e SALEM Jr., 2006; SIMOPOULOS,
2006). A geracao desses mediadores, no entanto, depende da quantidade e familia
do AGPI disponivel, uma vez que ha competicao entre o EPA e o AA na producgao
dos eicosanoides ao nivel das enzimas ciclo-oxigenase-2 (COX-2) e lipo-oxigenase.
Na presenca do EPA ha inibicdo da COX-2, com a consequente diminuicdo da
producdo das citocinas pro-inflamatérias, incluindo interleucina 1 (IL-1) e fator de
necrose tumoral (TNF), bem como a redugao da taxa de renovagao dessa enzima,
eventos importantes na atenuacao de processos inflamatérios associados a doengas
como artrites, disturbios cardiovasculares e depressédo (SIMOPOULOS, 2002;
INNIS, 2003). Com base nessas propriedades, sugere-se que a integridade funcional
do organismo requer um balango no metabolismo dos AGPIs n-3 e n-6, e, se este
balango é interrompido, tal integridade é perturbada (CONTRERAS e RAPOPORT,
2002; INNIS, 2003).

Evidéncias demonstram a importancia do DHA para o desenvolvimento do
SNC, incluindo retina e encéfalo, e sua participacdo na estrutura, fungdo e
plasticidade sinaptica na vida adulta (NEURINGER et al., 1986; SALEM et al., 2001;

INNIS, 2007). A presenga do DHA durante a gestagao e lactagdo € essencial para
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maturacdo cortical, neurogénese e mielinizacdo, podendo atenuar riscos de
prejuizos cognitivos e psicopatologias na adolescéncia (McNAMARA e CARLSON,
2006; EILANDER et al., 2007; BORSONELO e GALDUROZ, 2008). Durante o ultimo
trimestre gestacional, fase critica da formacado do SNC, ha elevado consumo desse
acido graxo, com um aumento de cerca de 50 a 60 miligramas (mg) por dia, sendo
que a maioria do DHA no encéfalo humano é acumulada a partir deste periodo da
gestacdo e nos primeiros meses de vida do neonato (CLANDININ et al., 1980(a);
CLANDININ et al., 1980(b); MARTINEZ, 1992; MAKRIDES e GIBSON, 2000; De
VRIESE, 2003; MUSKIET et al., 2006; JENSEN, 2006). Juntamente com o DHA, o
AA esta presente nos tecidos encefalicos, sendo também recrutado nos processos
de diferenciagao neuronal e crescimento axonal (TEAGUE et al., 2002; KAN et al.,
2007).

Estudos sugerem que a baixa disponibilidade desse acido graxo pode afetar
o cone de crescimento dos neurdnios, levando a redugao da densidade neuronal e
arborizagao dentritica, em regides como hipocampo, hipotalamo e cértex encefalico
(WAINWRIGHT et al., 1998; AHMAD et al., 2002; CALDERON e KIM, 2004),
podendo assim interferir na liberagdo de neurotransmissores (ZIMMER et al., 2002;
CHALON, 2006).

Segundo Innis (2007) deficiéncias metabdlicas nos AGPIs estao diretamente
ligadas ao comportamento alimentar, podendo os niveis do DHA nos lipidios das
membranas ser alterados pela quantidade de acidos graxos da dieta (INNIS, 2005;
UAUY e DANGOUR, 2006). Embora o organismo do ser humano seja capaz de
converter o ALA adquirido na dieta em EPA e DHA, essa conversao é relativamente
ineficiente (GERSTER, 1998; SALEM et al., 1999; PAWLOSKY et al., 2001;
BRENNA, 2002; KIM, 2007), pelo fato de ndo haver uma enzima especifica para
cada familia de AGPI. Na conversdo, ambos AGPIs n-6 e n-3 compartiiham a
mesma enzima dessaturase (A6-dessaturase) e as mesmas vias metabdlicas.
Sendo assim, altas concentra¢des do LA podem inibir a conversao do ALA em DHA
e EPA, reduzindo a quantidade destes acidos graxos (RUXTON et al., 2005).
Portanto o meio mais seguro de suprir as necessidades do DHA no encéfalo, é a
obtencao desses AGPIs, de preferéncia de fontes diretas, representadas pelo peixe
e do oleo de peixe (SU et al., 2003; DeMAR et al., 2006).
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O DHA e o EPA sao encontrados em peixes marinhos como o arenque,
salmao, atum, anchovas e sardinhas (PAWLOSKY et al., 2001; INNIS, 2003).
Todavia, o consumo do peixe nao € habitual e frequente na alimentagido da maioria
da populagdo mundial, principalmente dos paises do Ocidente, fator que pode
agravar o desequilibrio entre os dois AGPIs (n-6 e n-3) presentes no organismo
(PAWLOSKY et al., 2001; RUXTON et al., 2005; ROSS, 2007; SIMOPOULOS,
2010). De acordo com Simopoulos, (2002) a razado ideal de consumo de acidos
graxos da familia n-6 para n-3 de 1-4:1, vem apresentando uma inverséo
quantitativa, ao longo das ultimas décadas até os dias atuais, em especial nas dietas
ocidentais, resultando na razdo de consumo dos AGPIs n-6 para n-3 de 20-16:1
(SIMOPOULOS, 2002; LAKHWANI et al., 2007). Considerando que o balango n-6/n-
3 é crucial para a fungao neural (FARKAS et al., 2002), e, tendo em vista o declinio
dramatico do consumo de alimentos que contém os AGPIs n-3 nas dietas em geral,
estudos epidemioldgicos sugerem a existéncia de uma correlagdo negativa entre
consumo de peixe e Oleo de peixe (maiores fontes de DHA e EPA) e a incidéncia e
prevaléncia de varios disturbios mentais, entre estes a depressdo (MAES et al.,
1996; HIBBELN, 1998; TANSKANEN et al., 2001; INNIS, 2007; LAKHWANI et al.,
2007; GOMES-PINILLA, 2008; CHYTROVA et al., 2010; LEVANT, 2011).

1.3 HIPOTESE DAS MONOAMINAS NA DEPRESSAO

De acordo com Su e colaboradores, (2003), é possivel que os AGPIs n-3
melhorem os sintomas da depressdo através da alteracdo da microestrutura das
membranas neuronal e vesicular, interferindo desta forma, na liberacdo de
neurotransmissores envolvidos no disturbio. Do ponto de vista bioldgico, alteragdes
morfolégicas e bioquimicas na comunicagdo neuronal tém sido sugeridas como as
responsaveis pelo surgimento de diversas neuropatologias, entre elas a depressao
(NESTLER et al., 2002). A noradrenalina ou norepinefrina (NA ou NE) e a serotonina
(5-HT) sdo os dois neurotransmissores mais implicados na fisiopatologia dos
transtornos depressivos, embora a dopamina (DA) também exerga o seu papel nas
mudancas de estado do humor observadas na doenca (DUNLOP e NEMEROFF,
2007; SADOCK e SADOCK, 2007).
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Diversos estudos, desde a década de 1950, vém associando a depressao a
disfungbes dessas aminas biogénicas, bem como a alteragbes dos niveis dos
respectivos metabdlitos, detectadas na urina, sangue e liquido cerebro-espinhal de
portadores da depressdo (CARLSON, 2001; SADOCK e SADOCK, 2007).
Observagdes iniciais, no sentido de tentar explicar a origem da depressdo, em
termos bioquimicos, deram origem uma importante teoria para a formagao do
disturbio, a hipétese das catecolaminas, baseada nas mudangas envolvendo esses
neurotransmissores (ULAK et al., 2010; PORCELLI et al., 2011).

Referida hipotese surgiu “por acaso” (BAUMEISTER e HAWKINS, 2007), a
partir da observacao clinica de respostas a determinados medicamentos (mais
especificamente a iproniazida, a imipramina e a reserpina) utilizados para tratamento
de doencgas como tuberculose, esquizofrenia e hipertensao, respectivamente. Essas
‘reacdes” denotavam efeitos sobre o estado do humor de alguns pacientes, o que
levou pesquisadores a interpretarem o fenédmeno, inicialmente, como um “efeito
colateral” psicoestimulante (SELIKOFF et al.,, 1952). Ao mesmo tempo, para 0s
clinicos, tais drogas emergiam como potencial terapéutica no tratamento a pacientes
psiquiatricos (SMITH, 1953).

Em contrapartida, as mudangas psicolégicas provocadas por esses
medicamentos direcionaram as atencgdes de pesquisadores para a hipotese de sua
interferéncia nas fun¢des dos neurotransmissores no SNC (POTTER e MANJI, 1994;
LOPEZ-MUNOZ e ALAMO, 2009). Em 1952, Albert Zeller e seu grupo, pesquisando
a iproniazida, observaram sua efetividade em inibir a enzima monoamina oxidase,
resultando em breves acréscimos das concentragdes sinapticas de monoaminas
(ZELLER et al., 1952; DUNLOP e NEMEROFF, 2007). Estudos posteriores
confirmaram as propriedades da imipramina em bloquear a recaptacéo sinaptica da
NE (GLOWINSKI e AXELROD, 1964), bem como foram capazes de fazer a
associacdo entre a deplecdo de estoques de monoamina pela reserpina e o
comprometimento do estado de humor em pacientes que utilizavam tal farmaco
como anti-hipertensivo (FREIS, 1954; SCHILDKRAUT, 1965; COPPEN, 1967;
GOODWIN e BUNNEY, 1971).

Gracas a essas descobertas, nos anos 60, emerge a teoria monoaminérgica

da depressao, inicialmente proposta por Joseph J. Schildkraut, que, em 1965,
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sugeriu como causas do disturbio, deficiéncias nos niveis de catecolaminas,
particularmente a NE, na fenda sinaptica, acompanhadas de falhas nos receptores
adrenérgicos no encéfalo (SCHILDKRAUT, 1965). Esta hipdtese, por ter sido
baseada em pesquisas envolvendo especificamente a NE, foi denominada “hipétese
noradrenérgica da depressao” (SCHILDKRAUT, 1965; BUNNEY e DAVIS, 1965;
POTTER e MANJI, 1994; BERMAN et al., 1999; LOPEZ-MUNOZ e ALAMO, 2009).

Ja a hipotese serotoninérgica da depressao teve inicio com Wooley e Shaw,
em 1954, logo apds a descoberta de algumas fungdes da 5-HT no SNC, quando
estes dois pesquisadores sugeriram a possibilidade do surgimento de doencgas
mentais diante de um possivel desequilibrio desse neurotransmissor. Em 1969 a
teoria da 5-HT foi postulada por Lapin e Oxenkrug, que apds intensivas
investigacdes, conseguiram relacionar disfungdes da 5-HT em determinadas regi6es
do SNC a wvulnerabilidade ao transtorno depressivo (PLETSCHER et al., 1956;
BRODIE e SHORE, 1957; COPPEN et al,, 1963; VAN PRAAG e HAAN, 1979;
CARLSSON et al., 1968). Essa teoria propunha como causa da doencga, além da
diminui¢ao da liberagédo da 5-HT, altera¢des na sensibilidade, densidade e na fungéo
dos respectivos receptores, na mediagcdo da transdugédo do sinal (COPPEN et al.,
1972; CHARNEY et al., 1981; BLIER e de MONTIGNY, 1994; HENINGER et al.,
1996; MANN, 1999; KORNUN et al., 2006).

Segundo McNamara e colaboradores, (2009), tais altera¢des nas fungdes do
sistema serotoninérgico podem estar relacionadas a deficiéncia do DHA nas
membranas neuronais, levando ao risco da depressdo e suicidio, o que é
demonstrado por resultados de um estudo neuroquimico correlacionando
positivamentte as concentracdes plasmaticas de AGPIs n-3 aos niveis do metabdlito
5-HIAA no fluido cerebro-espinhal entre individuos saudaveis (HIBBELN et al.,
1998); bem como, por estudos de prospecgado sugerindo como indicadores de
suscetibilidade a impulsos suicidas, a baixa composicdo do DHA no plasma
(SUBLETTE et al., 2006) e o baixo conteudo do metabdlito da 5-HT, acido 5-Hidroxi-
indolacético (5-HIAA), no liquor (SHAW et al., 1967; ASBERG et al., 1976 ; COPPEN
et al., 1976; DEAKIN et al., 1990; GRAEFF et al., 1996; MANN, 1999; MILLER et al.,
2000; CARLSON, 2001; PLACIDI et al., 2001; SIBILLE et al., 2004; PUCADYIL et
al., 2005; SADOCK e SADOCK, 2007; ALBERT et al., 2011).
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1.3.1 Serotonina (5-HT)

A serotonina (5-hidroxitriptamina, 5-HT) € uma amina biogénica encontrada
no sistema nervoso central e em érgéos periféricos, descoberta entre as décadas de
1940 e 1950, como resultado de duas linhas de pesquisas independentes (JACOBS
e AZMITIA, 1992; PUCADYIL et al., 2005) .Em 1948, a substancia foi cristalizada e
caracterizada do sangue por Maurice Rapport e colaboradores, e denominada
serotonina (serum e tonic), tendo em vista suas propriedades vasoconstritoras
(RAPPORT et al., 1948 (a); RAPPORT et al., 1948 (b); WOOLEY e SHAW, 1954;
ZIGMOND et al., 1999). Na mesma época, Erspamer e Asero (1952) isolaram a 5-
HT de células enterocromafins no trato gastrointestinal e a identificaram e
caracterizaram como “horménio especifico das células enterocromafins”, ao qual
denominaram “enteramina” (WHOLE e SHAW, 1954; BRODIE e SHORE, 1957;
PUCADYIL et al., 2005).

O papel da 5-HT no SNC comecou a ser desvendado, em 1953, quando de
sua identificacdo em tecidos encefalicos de animais vertebrados por Twarog e Page,
dados estes, confirmados por Amin e colaboradores, (1954) e Bogdanski e
colaboradores, (1957). Em 1954, foram identificadas as enzimas envolvidas na
sintese e degradacdo da 5-HT, em tecidos e 6rgaos periféricos e no encéfalo
(CLARK et al., 2006), e, em 1955, Marrazzi e Hart, através de experimentos
eletrofisiolégicos, foram capazes de detectar agdes da 5-HT no controle da
conducao nervosa € nas sinapses (CHOI et al., 1967). Acbes mediadoras da 5-HT
no SNC foram evidenciadas apos experimentos farmacolégicos com manipulagao da
5-HT no encéfalo de animais vertebrados, seguida da observacdo e anadlise das
reagoes fisioldgicas e comportamentais, em 1957, por Brodie e Shore (GADDUM,
1953; AMIN et al.,1954; WELSH, 1957; WOOLEY e SHAW, 1954). Desde entao,
esse neurotransmissor tem sido implicado nas doengas mentais, e pode ser
particularmente importante na depressédo (VERGE et al., 1985).

Os corpos celulares (somas) dos neurbnios serotoninérgicos estao
localizados nos nucleos da rafe, ao longo do mesencéfalo e tronco encefalico

(PARKEL, 2010), onde se concentram em dois grandes grupos: dorsal e caudal. O
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grupo dorsal, também conhecido por rostral ou superior, contém os neurénios que
se projetam para o aproximadamente todo o encéfalo, abrangendo amplamente o
cortex e areas limbicas. O grupo caudal ou inferior, composto pela formagao reticular
medular lateral e pelos nucleos magnus, obscurus e pallidus, projeta seus neurdnios
em direcdo a medula espinhal (DAHLSTROM e FUXE, 1964; AZMITIA e
SEGAL,1978; STEINBUSCH, 1981; TORK, 1990; JACOBS e AZMITIA, 1992;
JACOBS e FORNAL, 1999; HENSLER e DURGAM, 2001; BUHOT et al., 2004;
BERGER et al.,, 2009; HORNUNG, 2010; ALBERT et al., 2011). Terminagbes de
neurbnios 5-HT sdo também encontradas na glandula pineal, onde o
neurotransmissor atua como precursor do hormdénio melatonina (OLIVEIRA e
AMARAL, 1997; KATZUNG, 2005).

A 5-HT é sintetizada no soma de neurdnios localizados nos nucleos da rafe
no tronco encefalico, a partir do aminoacido essencial triptofano (PUCADYIL et al.,
2005; KLEIN, 2010). Em vertebrados, o triptofano obtido na dieta é captado no
plasma e transportado ativamente por um sistema mediado por transportador
proteico de aminoacidos néo especifico, através da barreira hematoencefalica até o
local da sintese, nos neurbnios serotoninérgicos no SNC (JACOBS e FORNAL,
1999; PYTLIAC et al., 2011). A biossintese da 5-HT ocorre em duas etapas,
comecgando com a hidroxilagao do triptofano a 5-hidroxitriptofano (5-HTP) pela acao
da enzima triptofano hidroxilase-2 (TPH-2) especifica dos neurbnios
serotoninérgicos (HOKFELT et al., 1973; BOMAN, 1988). A seguir, da-se a
descarboxilagdo pela descarboxilase de aminoacido aromatico (AADC) do 5-HTP
originando a 5-hidroxitriptamina (5-HT) (GRAHAME-SMITH, 1964; EATON et al.,
1993; AZMITIA, 1999; CHAMPE e HARVEY, 2002). A enzima AADC encontra-se
amplamente distribuida no organismo e pode ser detectada também nos neurénios
catecolaminérgicos no SNC (HOKFELT et al., 1973; SANDERS-BUSH e MAYER,
2010).

Apos a sintese, a 5-HT ¢é internalizada, por um transportador vesicular de
monoaminas, VMAT2 (vesicular monoamines transporter) nas vesiculas secretoras
dos terminais nervosos pré-sinapticos (ALCOCER, 1994; HOLTJE et al., 2000) de
onde, mediante estimulacdo neural, é liberada em pulsos caracteristicos de um

marcapasso endogeno (JACOBS e FORNAL, 1999), via exocitose, para a fenda
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sinaptica (JOVANOVIC, 2008; SANDERS-BUSH e MAYER, 2010). A liberacao da 5-
HT s6 é cessada durante o sono REM (rapid eye movement ) (JACOBS e FORNAL,
1999).

Como todo neurotransmissor, apds sua liberagao, a 5-HT permanece livre na
fenda sinaptica, por milissegundos, devendo ser removida rapidamente do local. A
remocao da fenda sinaptica e a internalizagdo do neurotransmissor na terminagao
pré-sinaptica neuronal dao-se por transporte ativo, por um mecanismo denominado
recaptagdo (GUYTON e HALL, 2002) desempenhado principalmente pela proteina
transportadora 5-HTT ou SERT (Serofonin transporter) presente na membrana
plasmatica dos terminais axonais pré-sinapticos e no corpo celular e dendritos em
neurénios nos nucleos da rafe. Além da SERT, outros transportadores envolvidos
nos processos de recaptagado da 5-HT da fenda sinaptica ja estdo identificados no
encéfalo humano, dentre eles, o transportador de monoaminas da membrana
plasmatica, PMAT (plasma membrane monoamine transporter) identificado por Zhou
e colaboradores em 2007.

A recaptacdo da 5-HT é o principal mecanismo de regulagdo da 5-HT
sinaptica (JOVANOVIC, 2008; SANDERS-BUSH e MAYER, 2010), fundamental para
a restauracdo das condi¢cbes neuronais de repouso, permitindo novo disparo e
evitando uma superestimulagao dos receptores (OLIVIER e OORSCHOT, 2005). A
5-HT recaptada, tanto pode ser estocada novamente nas vesiculas, como ser
exposta as enzimas monoamino oxidase (MAO) e aldeido desidrogenase (ALDH)
para degradacédo. A MAO, encontrada em grande quantidade nas membranas das
mitocondrias presentes nas terminag¢des neuronais dos neurdnios serotoninérgicos
(DAVIDSON et al., 1957; SANDERS-BUSH e MAYER, 2010) tem a fungao
especifica de metabolizar a 5-HT recaptada e converté-la no seu metabdlito inativo,
5-HIAA, que apds a conversao difunde-se através da membrana neuronal para o
fluido cerebroespinhal (JOVANOVIC, 2008) de onde é ativamente transportado para
o plasma por um transportador inespecifico, e posteriormente, eliminado do
organismo por excrecdo renal (DAVIDSON et al, 1957; SANDERS-BUSH e
MAYER, 2010). O trabalho conjunto da SERT e da MAO é responsavel, em grande
parte, pelo estabelecimento do equilibrio entre a quantidade armazenada nas

vesiculas e os niveis do neurotransmissor livre na fenda sinaptica e seu metabdlito
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5-HIAA no fluido cerebro-espinhal e plasma, regulando assim a 5-HT nas sinapses
(ASBERG et al., 1976; ALCOCER, 1994; BLAKELY et al., 1994; BOROWSKY e
HOFFMAN, 1995; STELT, 2004; JORGENSEN, 2007).

A 5-HT esta implicada na proliferagdo, migracdo e maturagcdo celular em
varios tecidos do trato gastrointestinal e no SNC (AZMITIA, 2001). No sistema
nervoso periférico, a 5-HT interfere na regulagdo da motilidade intestinal (ZIGMOND
et al., 1999), na vasoconstricdo (RAPPORT et al.,1948b) e na modulagcéo da dor em
episodios de lesdo e inflamagdo (BAYNES e DOMINICZAC, 2000; CHEN et al.,
2011).

No SNC a 5-HT é fundamental desde as fases iniciais do desenvolvimento,
exercendo seu papel tréfico na neurogénese, arborizacdo neuronal e maturagcao dos
sistemas de neurotransmissores (Del OLMO et al.,1998; AZMITIA, 1999; BENES et
al., 2000; GROSS et al., 2002; GASPAR et al., 2003), além de estar presente na
plasticidade sinaptica e na manutencao da arquitetura e sobrevivéncia neuronal
(AZMITIA e WHITAKER-AZMITIA, 1997, AZMITIA, 2001; GASPAR et al., 2003;
MATTSON et al., 2004). A 5-HT participa da regulagdo de uma multiplicidade de
processos fisiolégicos e comportamentais, entre eles, ciclos do sono, cognicao,
memoria, respostas ao estresse, emocdo e humor; além de modular funcdes
autonémicas e motoras (OLIVEIRA e AMARAL, 1997; AZMITIA, 1999; JACOBS e
FORNAL, 1999; LANFUMEY e HAMON, 2000; GASPAR et al., 2003; BUHOT et al.,
2004; PUCADYIL et al., 2005; MARTINOWICH e LU, 2008; KLEIN, 2010).

1.3.2 Receptores de 5-HT

A 5-HT exerce suas diversas fungdes (eventos intracelulares como
fosforilagao de proteinas e transcricao génica) (HENINGER et al., 1996; DUMAN et
al., 1997) através de ligagcdes a distintos receptores transmembrana no sistema
nervoso central e periférico, bem como em tecidos ndo neuronais (HANNON e
HOYER, 2008, PARKEL, 2010). Esses receptores sdo classificados com base nas
respostas farmacolégicas a especificos ligantes, sequéncias de aminoacidos,
organizagao genética e vias de sinalizagao intracelular. Entre os receptores de 5-

HT, estdo bem identificados pelo menos 15 diferentes tipos, divididos em sete
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subfamilias numeradas de 5-HT1 a 5-HT7 (BARNES e SHARP, 1999; AZMITIA,
2001; HOYER et al., 2002, PUCADYIL et al., 2005), sendo que a subfamilia dos
receptores 5-HT1 compreende 5 receptores (5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-
HT1F (PARKEL, 2010).

A heterogeneidade dos receptores serotoninérgicos foi primeiro notada por
Gaddun e Picarelli (1957) e confirmada no SNC por Peroutka e Snyder (1983). A
maioria pertence a familia de receptores acoplados a proteina G (GPCR), uma
molécula envolvida na transdugcdo de sinais através da membrana plasmatica,
exceto os receptores 5-HT3, encontrados também no sistema nervoso entérico, os
quais sao canais idnicos (HALL et al., 1999; BAYNES e DOMINICZAK, 2000; KLEIN,
2010; SANDERS-BUSH e MAYER, 2010). Os receptores de 5-HT acoplados a
proteina G, em geral, sdo inibitorios (ligados a subunidade Gi), e, portanto, inibem a
adenilato ciclase diminuindo a producdo da adenosina 3',5-monofosfato ciclico
(CAMP ou AMP ciclico) (BOCKAERT et al., 2006; KLEIN, 2010; PYTLIAC et al.,
2011), e regulando negativamente a atividade neuronal serotoninérgica (ALBERT et
al., 2011).

1.3.3 Receptor 5-HT1A

O receptor 5-HT1A foi um dos primeiros receptores de 5-HT a ser clonado e
sequenciado (KOBILKA et al., 1987; ALBERT et al., 1990; BARNES e SHARP,
1999) e um dos primeiros farmacologicamente caracterizados (LACIVITA et al.,
2008; SAVITZ et al., 2009). Esse receptor desempenha dupla fungdo, de acordo
com a localizagao, na pré ou pés-sinapse (KLEIN, 2010). Na pré-sinapse, o receptor
5-HT1A é expressado no soma e dendritos dos neurdnios serotoninérgicos, nos
nucleos da rafe, sendo denominado autorreceptor ou receptor somatodendritico, e
tem a fungdo de monitorar os niveis da 5-HT livre através de mecanismos inibitorios
dos disparos neuronais. O receptor 5-HT1A € sensibilizado e estimulado pela
presenca da 5-HT na fenda sinaptica, levando a hiperpolarizacdo da membrana do
neurdnio e consequentes inibicdo da atividade neuronal, redug¢do da quantidade de
5-HT livre e diminuigdo das fungdes do neurotransmissor nas areas de projegao
(WANG e AGHAJANIAN, 1977; ANDRADE et al., 1986; BLIER e de MONTIGNY,
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1994; KREISS e LUCKI, 1994; RUPALLA et al., 1994; BLIER e de MONTIGNY,
1995). Este comportamento representa um mecanismo de retroalimentagéo negativa
ou um feedback auto inibitério (BARNES e SHARP, 1999; CELADA et al., 2004;
WIDMAIER et al.,2006).

Pdés-sinapticamente, os receptores 5-HT1A sdo conhecidos como
heteroceptores e estdo expressos em alta densidade nas areas de projecao
neuronal, principalmente nas regides corticolimbicas, tais como hipocampo, cértex
frontal e entorrinal, e interneurénios do cortex pré-frontal, septo medial, amigdala e
hipotalamo (ALBERT et al., 1990; PALACIOS et al., 1990; HOYER et al., 1994;
BARNES e SHARP, 1999; GHAVAMI et al., 1999; RIAD et al., 2000; HOYER et al.,
2002; SANDERS-BUSH e MAYER, 2010).

Por exercerem um papel importante nas fungdes inerentes aos processos de
desenvolvimento, tais como crescimento, migracdo neuronal e formagao de
sinapses, os receptores 5-HT1A apresentam-se como mediadores chaves na
sinalizacao serotoninérgica e estao relacionados a respostas fisioldgicas especificas
como, modulacéo da atividade neuronal, liberagdo de neurotransmissor e mudanca
comportamental (BARNES e SHARP, 1999; BORDUKALO-NIKSIC et al., 2008;
SAVITZ et al., 2009). Assim, o receptor 5-HT1A tem sido implicado nas doencas
psiquiatricas, entre elas, disturbios de ansiedade e depressdo (HENSLER e
DURGAM, 2001), sendo que niveis reduzidos desses receptores sdo comumente
detectados em individuos portadores de depressdo e vitimas de suicidio,
principalmente nas areas corticais e limbicas, areas estas relacionadas com estados
emocionais, humor e comportamento (ALBERT et al., 1990; CHALMERS e
WATSON, 1991; POMPEIANO et al.,1992; HOYER et al., 1994; SAVITZ et al., 2009;
KLEIN, 2010; ALBERT et al., 2011).

1.4 BDNF E DEPRESSAO

O desenvolvimento dos medicamentos antidepressivos envolvendo o
sistema de monoaminas, na década de 1960, forneceu a primeira evidéncia de uma
base bioldgica e uma inerente anormalidade bioquimica relacionada ao disturbio. Até

aquela época a depressao era considerada como uma manifestacdo sintomatoldgica
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de conflitos internos de personalidade, e, ao mesmo tempo, classificada como uma
doenga de alma, e ndo do encéfalo (COPPEN, 1967; VAIDYA E DUMAN, 2001;
LOPEZ-MUNOZ e ALAMO, 2009). Partindo desse principio, as pesquisas
ampliaram-se no sentido de investigar, intracelularmente, os processos implicados,
tanto no agravamento do disturbio, como na resposta a terapéutica.

A primeira hipétese celular e molecular da depressao foi postulada por
Duman e colaboradores, em 1997. Duman e seu grupo foram pioneiros em
caracterizar, a nivel molecular, a relacdo entre depressao, eixo hipotalamo-hipd&fise-
adrenal e eventos danosos dos glicocorticoides sobre neurbnios e fatores
neurotréficos, em especial, o fator neurotréfico derivado do encéfalo (BDNF),
detectando através de exames de imagem, decréscimos na neurogénese e no
volume hipocampal em pacientes portadores de depressao; bem como puderam
observar as mudangas adaptativas, a longo prazo, a terapia antidepressiva, e a
reversao desses eventos frente ao tratamento (HENINGER et al., 1996; DUMAN et
al., 1997; VAIDYA e DUMAN, 2001). Estes achados puseram em evidéncia a
importancia do BDNF a vida e fungdo dos neurdnios, ja que o BDNF é uma das
principais neurotrofinas responsaveis pela modulacdo da plasticidade hipocampal
(JACOBS et al., 2000; LU e GOTSCHALK, 2000). Deficiéncia do BDNF leva a
reducao funcional do hipocampo, que por si, contribui para prejuizos na neurotrofina
e na plasticidade neuronal, eventos estes observados na depressao (VAIDYA e
DUMAN, 2001; FRODL et al., 2007; SONG e WUANG, 2011).

1.4.1 BDNF, 5-HT e SNC

O BDNF é uma proteina homodimérica de 27kDA pertencente a familia das
neurotrofinas, entre as quais estdo o fator de crescimento neural (NGF) e as
neurotrofinas-3 e 4 (NT-3 e 4) ( MATTSON et al., 2004; HASHIMOTO, 2010; KLEIN,
2010). O papel fisiologico do BDNF €& promover e regular a neurogénese, o
crescimento e a maturagdo neural, durante o desenvolvimento do SNC. Na vida
adulta, o BDNF é essencial para a plasticidade sinaptica, manutencao, estabilizacao
e sobrevivéncia neuronal (AZMITHIA, 1999; MATTSON et al., 2004; MARTINOWICH
e LU, 2008; Aan het ROT et al., 2009; LICINIO et al., 2009; HASHIMOTO, 2010),
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sendo a maioria das suas fungdes intracelulares mediadas especificamente pelo
receptor tropomiosina-kinaseB, (TrKB) no nucleo dorsal da rafe (MERLIO et al.,
1992; POST, 2007; GARDIER, 2009; HASHIMOTO, 2010). O BDNF ¢ produzido e
amplamente expressado nos terminais de neurdnios serotoninérgicos, no SNC,
particularmente no hipocampo, amigdala e cértex (MATTSON et al., 2004), sendo
que exerce efeitos tréficos sobre os neurbnios serotoninérgicos, promovendo
regeneragao e brotamento de axdnios no caso de lesbes (MAMOUNAS et al., 1995).

Nos nucleos da rafe no tronco encefalico, o BDNF estimula a transcricao de
genes envolvidos nas fungdes do sistema serotoninérgico, tais como a proteina
SERT e a enzima TPH2 (Aan het ROT et al., 2009). Interagindo em conjunto e em
reciproca sintonia, BDNF e 5-HT regulam aspectos da neuroplasticidade adaptativa
durante a vida, de modo que ambos sao referidos como “dupla dinamica”
( MATTSON et al, 2004). Além disso, a ativagdo dos receptores de 5-HT pela
liberacdo do respectivo neurotransmissor nos nucleos da rafe estimula a expressao
do gene do BDNF (Aan het ROT et al., 2009). Durante o desenvolvimento do SNC,
esses processos ciclicos promovem as formagdes das sinapses nos neurénios
serotoninérgicos, além do crescimento neuronal em multiplas regides do encéfalo
(MAMOUNAS et al., 1995; MARTINOWICH e LU, 2008; Aan het ROT et al., 2009).

Baseados nessa interacdo, resultados de pesquisas mostram uma relagao
entre o BDNF, a 5-HT e a depressédo (MATTSON et al., 2004), indicando que, da
mesma forma que a deficiéncia do BDNF pode levar ao decréscimo dos niveis de 5-
HT nos circuitos neurais envolvidos com o disturbio, alteracbes na sinalizacao
serotoninérgica podem interferir na neurogénese, favorecendo o desenvolvimento do
transtorno (MATTSON et al., 2004; MOSSNER et al, 2007; POST, 2007,
MARTINOWICH e LU, 2008; Aan het ROT et al., 2009; HASHIMOTO, 2010; KLEIN,
2010).

Varias evidéncias vém corroborar esses resultados, tais como, detecgao do
decréscimo de niveis séricos de BDNF em individuos com diagndstico de depressao
severa (HASHIMOTO, 2010; KLEIN, 2010), e dados de estudos postmortem
demonstrando baixos niveis de BDNF no hipocampo e cortex pré-frontal de
pacientes depressivos (DUMAN e MONTEGGIA, 2006; MARTINOWICH et al., 2007;

Aan het ROT et al, 2009). Tais resultados sao confirmados por estudos



28

demonstrando a efetividade da terapia antidepressiva com inibidores seletivos da
recaptacdo da 5-HT, em reverter os baixos niveis de concentracdo do BDNF
(NIBUYA et al., 1995; SEN et al., 2008). Conforme Gardier, (2009), tratamento
cronico com antidepressivos favorece a neurotransmissdo serotoninérgica
potencializando o BDNF, acrescendo a seguir os niveis dessa neurotrofina, mais
notadamente no hipocampo (NIBUYA et al., 1995; SEN et al., 2008).

Por outro lado, reduzidos niveis do BDNF tém sido associados a reduzido
conteudo dos AGPIs n-3 (LEVANT et al., 2008), e as consequéncias funcionais

podem derivar de uma alimentagéo deficiente nesses acidos graxos (LOGAN, 2003).

1.4.2 AGPIs N-3 e depressao

Nos dois ultimos séculos a ingestdo dos AGPIs n-3 (presentes em grandes
quantidades nos peixes e no 6leo de peixe) tem decrescido no mundo ocidental,
sobretudo em decorréncia do advento da industrializacdo dos alimentos
(WILCZYNSKA-KWIATEK, et al., 2010), sendo que nos dias atuais a dieta é
composta de alta quantidade de gordura saturada e LA (precursor dos AGPIs n-6)
em detrimento do ALA (precursor dos AGPIs n-3 DHA e EPA), o que poderia
explicar, parcialmente, as mudancgas drasticas no estado de saude da populagdo em
geral, entre elas, o acréscimo da incidéncia e prevaléncia de doengas psiquiatricas e
neurodegenerativas (OKEN et al., 2004; MUSKIET et al., 2006; BORSONELO e
GALDUROZ, 2008). Uma vez que os AGPIs n-3 exercem fungdes benéficas a saude
mental humana, deficiéncias desses acidos graxos podem representar um fator de
risco para depressédo (PARKER et al., 2006; WILCZYNSKA-KWIATEK, et al., 2010).

Segundo Pekkanen e colaboradores (1989), o consumo de peixes pode
representar um mecanismo protetor do SNC. Essa hipétese é fundamentada em
estudos epidemioldgicos associando o consumo regular de peixe a melhora do
quadro das doengas mentais e reduzida ideagao suicida (HIBBELN e SALEM, 1995;
HIBBELN, 1998; TASKANEN et al., 2001; FREEMAN, et al., 2006; LIN e SU, 2007;
COLANGELO et al., 2009). Outros dados clinicos corroboram a implicagdo dos
AGPls n-3 em efeitos benéficos sobre a saude do SNC e prevencao da depressao
(BORSONELO e GALDUROZ, 2008; Da SILVA et al., 2008), entre estes, a detecgéo
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de niveis reduzidos de DHA e EPA no plasma e na composi¢cédo dos acidos graxos
das membranas das hemaceas de pacientes portadores de depressdao (ADAMS et
al., 1996; MAES et al., 1996; EDWARDS et al., 1998; PEET et al.,1998) e em vitimas
de tentativas de suicidio ( HUAN et al., 2004; GARLAND et al., 2007).

O primeiro estudo com dleo de peixe desenvolvido em nosso laboratério
mostrou que a suplementagao a partir da gestacéao e lactagéo e estendida até a vida
adulta do animal foi habil em expressar o comportamento antidepressivo nos
animais suplementados comparados aos nao suplementados ou suplementados
com gordura de coco. Além desses resultados, esse trabalho detectou
concentracdo aumentada de EPA e DHA no leite das matrizes suplementadas,
assim como no coértex cerebral e no hipocampo dos ratos jovens adultos
suplementados (NALIWAIKO et al, 2004). Posteriormente, avaliamos o efeito
antidepressivo do 6leo de peixe em ratos adultos, suplementados em duas janelas
temporais distintas: fase A (suplementacdo de forma indireta durante as fases de
gestacao e lactacao) e fase B (suplementacéo iniciada apds a gestagao e lactagao),
tendo resultado em efeitos benéficos sobre a prevencdo do desenvolvimento do
comportamento depressivo nos ratos adultos (FERRAZ et al., 2008).

Outro trabalho desenvolvido em nosso laboratério avaliou, através de um
estudo duplo-cego, o efeito da suplementacdo com 6leo de peixe sobre os sintomas
depressivos em pacientes parkinsonianos. Neste estudo, o0s pacientes
parkinsonianos suplementados apresentaram reducédo dos sintomas depressivos em
relagdo ao grupo placebo, evidenciando um efeito antidepressivo do éleo de peixe
(Da SILVA et al., 2008). Em conjunto, estes resultados suportam a hipotética relagao
entre AGPIs n-3 e depresséo.

Recentemente, Venna e colaboradores, (2009) mostraram uma associagao
entre dieta enriquecida com AGPIs n-3 e alteragdes dos sistemas serotoninérgico e
noradrenérgico em camundongos submetidos ao teste da natagdo forgcada, modelo
animal usado para avaliar o comportamento depressivo.

No entanto, 0 mecanismo ou mecanismos bioquimicos através dos quais os
AGPIs n-3 podem estar desenvolvendo um papel antidepressivo e neuroprotetor

continuam desconhecidos, assim novos estudos serdo necessarios.
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Portanto, a proposi¢cado do presente trabalho foi investigar o envolvimento do
sistema serotoninérgico no efeito antidepressivo do 6leo de peixe (rico em DHA e
EPA), assim como, examinar potenciais relagdes entre o 6leo de peixe e sintese de
BDNF em estruturas como cértex cerebral e hipocampo de animais suplementados

durante as fases de gestagao e lactagao.
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2 OBJETIVO GERAL

Avaliar um possivel envolvimento reciproco do sistema serotoninérgico e a
expressdo do BDNF no coértex cerebral e hipocampo em um paradigma de

suplementagcao com AGPIs n-3.

2.1 OBJETIVOS ESPECIFICOS

Avaliar o efeito da suplementacdo com 6leo de peixe de forma indireta,
durante as fases de gestagéo e lactagdo, sobre o comportamento de ratos adultos

no teste de natagao forcada modificado;

Avaliar através do teste do campo aberto, possiveis implicacbes da

suplementacao com 6leo de peixe sobre a motricidade dos animais experimentais;

Analisar o envolvimento do sistema serotoninérgico no efeito da
suplementacdo com Oleo de peixe sobre o comportamento dos animais
experimentais no teste de natacdo forcada modificado, através da inibicdo da

sintese da 5-HT e do bloqueio do receptor 5-HT1A;

Dosar os niveis cortical e hipocampal de dopamina (DA) e de serotonina (5-
HT) e seus respectivos metabdlitos acido 3,4-di-hidroxifenilacético (DOPAC), e acido

5-hidroxi-indolacético (5-HIAA) nos animais experimentais aos 21 e 90 dias de idade;

Quantificar os niveis de BDNF no hipocampo e cértex cerebral nos mesmos

animais aos 21 e 90 dias de idade.
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3 METODOS E RESULTADOS

3.1 ARTIGO

Aparecida Vines, Ana Marcia Delattre, Marcelo M.S. Lima, Lais Soares Rodrigues,
Deborah Suchecki, Ricardo B. Machado, Sergio Tufik, Sofia I.R. Pereira , Silvio M.
Zanata, Anete Curte Ferraz. The role of 5-HT1A receptors in fish oil-mediated
increased BDNF expression in the rat hippocampus and cortex: A possible

antidepressant mechanism. Neuropharmacology, v.62, p.184-191, 2012.
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1. Introduction

ABSTRACT

Epidemiological and dietary studies show that nutritional deficit of omega-3 polyunsaturated fatty acids
(w-3 PUFA) is directly related to the prevalence and severity of depression. Supplementation with doco-
sahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) during critical periods of development (pregnancy
and lactation) is essential for cortical marturation, synaptogenesis and myelination, and may also mitigate
the risk for cognitive deficits and psychopathologies in young adults. The present study was performed to
evaluate the involvement of serotonin (5-HT) receptors, particularly of 5-HTy4, and hippocampal brain-
derived neurotrophic factor (BDNF) expression in the antidepressant effect of w-3 PUFA supplementation.
In Experiment 1, the antidepressant effects of fish oil were assessed by the modified forced swim test in
adult rats. The data indicated a robust antidepressant effect produced by this supplementation and that
treatment of the rats with WAY 100135 reversed this effect. In Experiment 2, cortical and hippocampal
contents of BDNF, 5-HT, dopamine {(DA) and its metabolites, 5-hydroxyindoleacetic acid (5-HIAA), and
3.4-dihydroxyphenylacetic acid (DOPAC), were determined in animals subjected to the same protocol.
Increased BDNF expression in the cortex and hippocampus of both age groups was detected. In 90 day-old
rats, 5-HT content in the hippocampus was increased, whereas 5-HIAA formation was diminished in the fish
oil group. We suggest the occurrence of a reciprocal involvement of 5-HT, 4 receptors activation and the
hippocampal BDNF-increased expression mediated by fish oil supplementation. These data corroborate and
expand the notion that supplementation with w-3 PUFA produces antidepressant effects mediated by an
increase in serotonergic neurotransmission, particularly in the hippocampus.
This article is part of a Special Issue entitled ‘Anxiety and Depression’.
@ 2011 Elsevier Ltd. All rights reserved.

depression (Bourre, 2007; Colangelo et al., 2009; Riemer et al.,
2009). According to preclinical and clinical studies, DHA and EPA

Major depression is the most prevalent life-long mental
disorder affecting 2%—5% of the U.S. population and up to 20% of the
population suffers from milder forms of the illness, thus repre-
senting a serious public health problem since the risk of suicide in
depressive persons corresponds to 15% (Nestler et al., 2002; Ross,
2007). Omega-3 polyunsaturated fatty acids (w-3 PUFA), such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have
been claimed to produce beneficial effects on mental health
(Da Silva et al., 2008; Borsonelo and Galduroz, 2008). Numerous
epidemiological and dietary studies show that supplementation
with w-3 PUFA is inversely related to the prevalence and severity of

* Corresponding author. Tel.: +55 41 3361 1722; fax: +55 41 3361 1714.
E-mail address: anete@ufpr.br (A. C. Ferraz).

0028-3908/% — see front matter @ 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropharm.2011.06.017

supplementation during critical periods of development (gestation
and lactation) are essential for cortical maturation, synaptogenesis
and myelination, and may also mitigate the risk for cognitive
deficits and psychopathology in early adulthood (Mcnamara and
Carlson, 2006; Eilander et al, 2007; Borsonelo and Galduroz,
2008). It has recently been reported that chronic fish oil supple-
mentation (rich in DHA and EPA) exclusively during pre- and post-
natal development decreases behavioral despair in the modified
forced swim test (MFST) of the adult offspring, thus suggesting
a long-term antidepressant effect of fish oil (Ferraz et al., 2011).
Depression is classically related to impairments in the mono-
aminergic systems that ultimately result in the manifestation of the
whole clinical features of this disease (Ulak et al., 2010). Interest-
ingly, serotonergic and dopaminergic metabolism is collectively
affected by PUFA and by w-3/w-6 ratio (Innis, 2000; Borsonelo and
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Galduroz, 2008). Besides, increased serotonergic sensitivity is
associated to increment of DHA membrane incorporation (Bodnar
and Wisner, 2005) and diminished levels of brain-derived neuro-
trophic factor (BDNF) in different brain structures, such as frontal
cortex and hippocampus, are associated with reduced content of w-
3 PUFA (Levant et al., 2008). In contrast, chronic supplementation
with w-3 PUFA induces antidepressant-like effects associated with
increased hippocampal volume, induction of synaptogenesis and,
particularly, BDNF up-regulation (Venna et al., 2009). In fact, these
antidepressant-like effects may result from interactions among w-3
PUFA, monoamines, specially serotonin (5-HT) and BDNF (Delion
et al, 1997; Venna et al, 2009). Considering the evidence, the
mechanism between the w-3 PUFA-induced antidepressant-like
effects and BDNF and 5-HT reciprocal modulation still remains
obscure.

The present study was designed to evaluate the role of 5-HT1a,
on -3 PUFA supplementation-induced hippocampal BDNF
expression. Therefore, in the first experiment we investigated the
effects of fish oil supplementation (from conception to weaning) on
depressive-like behaviors and motor activity of 3-month old rats.
To determine the involvement of serotonergic system on these
effects promoted by fish oil, animals were pre-treated with a sero-
tonergic biosynthesis inhibitor parachlorophenylalanine (PCPA)
and with a 5-HT; 4 antagonist (WAY 100135). We hypothesize that
the administration of PCPA, and more particularly WAY 100135,
decrease or even abolish the antidepressant effect attributed to the
w-3 PUFA supplementation. In the second experiment the potential
relationship between monoaminergic neurotransmission and
hippocampal and cortical BDNF expressions was investigated. The
neurochemical analysis was carried out in 21- and 90 day-old
offspring of w-3 PUFA-treated dams, in order to quantify cortical
and hippocampal levels of dopamine (DA) and 5-HT and
their metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and
5-hydroxyindoleacetic (5-HIAA). These neurotransmitters were
selected because of their involvement with behaviors observed in
the MFST; thus, immobility behavior is strongly correlated with
dopaminergic activity (Santiago et al., 2010), whereas swimming is
related to increased 5-HT levels (Cryan et al., 2005).

2. Methods
2.1. Animals

Male and female Wistar rats were kept under a 12 h light{12 h dark cycle (lights
on at 07:00 am} in a controlled temperature room (21 + 2 °C), with food (rat chow,
Nuvital Nuvilab CR1 - Nuvital Nutrientes 5/A, Colombeo, Parana, Brazil) and water ad
libitum. All experiments were approved by the Animal Experimentation Ethics
Committee of the Universidade Federal do Parana (# 400) and were performed

according to the Guide for the Care and Use of Experimental Animals (Canadian
Council on Animal Care).

2.2, Experimental design

For Experiment 1, 10 week-old virgin female Wistar rats were used as matrices
to obtain the male offspring for subsequent tests. The female rats were randomly
distributed in 2 experimental groups: control group (C) and fish oil-supplemented
group (FO). Females of the C group received regular chow diet, whereas those of the
FO group were fed with the same chow, and a daily supplementation given orally
(through pipette) with 3.0 g/kg of fish oil containing 12% of EPA and 18% of DHA
(kindly donated by Laboratério Herbarium Botdnico S{A, Colombo, Parana, Brazil).
The fatty acid composition of chow diet was the same as presented in a recent report
from our group (Ferraz et al., 2011). The FO group was supplemented during an
adaptation period (15 days), mating (8 days), pregnancy (21 days) and nursing
(21 days). After weaning, the male offspring were kept in the animal facility, under
the same environmental conditions as described above, until adulthood (90 days),
and was not subjected to supplementation by any means, when they were used
either in Experiment 1 or in Experiment 2.

In Experiment 1, the rats were randomly distributed in two subsets: Experiment
1A (n = 32) and 1B (n = 56). In experiment 1A groups C and FO were assessed for
depressive-like and motor behaviors, by means of the MFST and open-field test. In
Experiment 1B, animals from both groups were challenged with PCPA and WAY
100135 and the same behaviors were again assessed. These drugs were used due to
their actions on 5-HT system; PCPA is a 5-HT synthesis inhibitor and WAY 100135 is
an antagonist of 5-HT1, receptors. In Experiment 2, immediate and long-term
effects of w-3 PUFA on BDNF, 5-HT, DA content and their metabolites were inves-
tigated. Immediately after weaning, at 21 days of age, rats (n = 12) were decapitated
and the cortex and hippocampus were dissected. The long-term effects were
assessed in 90 day-old offspring (n = 12). For more details of the complete experi-
mental design see Fig. 1.

2.3. Drugs

PCPA (Sigma Chemicals, St. Louis, MO, USA) was freshly prepared in 0.9% saline
with two drops of Tween 80. The animals received PCPA (150 mg/kg, i.p.) once a day
for 3 days (the last injection was administered 30 min before the MFST) or (5)-WAY
100135 dihydrochloride (Tocris, Ellisville, MO, USA) prepared in 0.9% saline. WAY
100135 (1 mg/kg, i.p) was administered 45 min before the MFST. The doses used
were based on previous reports in the literature and were not related to altered
locomotor activity (Zomkowski et al., 2004; Ulak et al., 2010).

2.4. Modified forced swim test

This test is a modified version of the Porsolt test (Porsolt et al., 1977) that was
conducted as described previously (Detke et al., 1995; Cryan et al.,, 2002). Rats were
placed in an opaque plastic cylinder (diameter 20 cm; height 50 cm) containing
water up to 30 cm (24 + 1 °C); on day 1 the rats remained in the cylinder for 15 min
(training session) and 24 h later they were placed back and tested for 5 min (test
session). The test session was video recorded via a camera positioned above the
cylinder for subsequent analysis. The behaviors registered during the test session
were: immobility (when the rat stopped all active behaviors and remained floating
in the water with minimal movements, with its head just above the water), swim-
ming {movements throughout the swim cylinder, including crossing into another
quadrant) and climbing {upward directed movements of the forepaws along the
cylinder walls). At each 5-s interval of the 300-s test session, the predominant

EXPERIMENT 2

MATRICES SUPFLEMEN TATION
ADAFTATION (15 days) | MATING (8 days) | PREGNANCY (21 days) | MURSING (21 days)

H*PN 90% PN
Neymchemical assay heumchermical assay

Fig. 1. Time line showing the experimental design. The bars are not represented in scale. PN: post-natal day: MFST: modified forced swim test: PCPA: parachlorophenylalanine:

WAY: WAY 100135.
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behavior was recorded. The water was changed and the cylinder rinsed with clean
water after each rat. Following the training and the test sessions, the animals were
dried and placed in their home cages.

2.5. Open-field test

The open-field test was performed in a circular arena (1 m diameter) limited by
a 40 cm-high wall and illuminated by four 60 W lamps (Broadhurst, 1960). The
arena's floor is divided in two circular areas, which in turn were subdivided in nine
smaller areas, summing up a total of 19 segments. Subjects were individually placed
in the central area of the arena and were allowed to freely explore the arena for
5 min. During this period of time, locomotion was measured based on the number of
segments crossed and the exploratory behavior of rearing was also assessed (Lima
et al., 2006). The open-field was washed with a 5% water—ethanol solution before
behavioral testing to eliminate possible bias due to odors left by previous rats.

2.6. Neurochemical quantification

The animals were sacrificed by decapitation, their brains were removed and the
cortex and hippocampus, separately, were dissected on a cold surface. The tissue
samples were weighed individually and homogenized by sonication in 500 mL of
extraction solution (0.1 M perchloric acid containing 0.4 mM sodium metabissulfite
and 0.2 mM ethylenediaminetetraacetic acid). The homogenates were centrifuged at
20,000 x g for 10 min, then filtered through 0.22 mm membrane and stoked at —80°C
for further analysis. Precipitates were dissolved in 0.1 N NaOH and assayed to protein
estimation (Bicinchoninic acid method, Pierce Chemical, Rockford, IL). Supernatants
were submitted to fast isocratic separation through a C18 HPLC reversed-phase
column system (Spheri-5, C18, ODS, 5 mm, 25 cm, 4.6 mm column; linked to
a New-Guard Cartridge Column, RP-18, 7 mm pre-column; Perkin Elmer Brownlee
Columns, Shelton, CT) and electrochemically detected using an amperometric
detector (L-ECD-6A, Shimadzu, Japan), by oxidation on glass carbon electrode
at +850 mV in relation to an Ag—AgCl reference electrode (Machado et al,, 2008). The
mobile phase consisted of 0.163 M citric acid, 0.06 M sodium phosphate dibasic
anhydrous, 0.69 mM octyl sodium sulfate, 12 mM ethylenediaminetetraacetic acid,
acetonitrile 4%, tetrahydrofuran 1.7% and orthophosphoric acid sufficient to bring
the pH to 2.85, diluted in double distilled water. The mobile phase was filtered
through a 0.2 mm filter membrane, degassed under helium and delivered at a flow
rate of 1.4 ml/min. Each sample was analyzed in duplicate for concentrations
of dopamine (DA), serotonin (5-HT) and their non-conjugated metabolites
3,4-dihydroxyphenilacetic acid {DOPAC), homovanilic acid (HVA) and 5-hydro
xyindoleacetic acid (5-HIAA). The recovery of the analytes was determined by add-
ing a fixed concentration of internal standard DHBA (dihydroxybenzylamine) before
tissue homogenization. All standards and salts were purchased from Sigma (St. Louis,
1213 MO) and the solvents (HPLC grade) were purchased from Carlo Erba (ltaly).
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2.7. BDNF immunoassay

Quantification of endogenous BDNF was performed with a two-site enzyme-
linked immunosorbent assay using the method of BDNF extraction from rat brain
tissue described by Elfving and co-workers (Elfving et al., 2010). For this parameter, 4
or 5 animals from each experimental group were killed by decapitation and the
hippocampus was rapidly dissected, placed on dry ice and stored at —80 *C. Prior to
analysis, the initial tissue homogenization (volume 1:10 wjv) with lysis buffer
containing 100 mM Tris—HCI (pH 7.2). 400 mM NacCl, 4 mM ethylenediaminetetra-
acetic acid, 0.05% sodium azide, 0.5% gelatin, 0.2% Triton X 100, 2% BSA, 1 mM
phenylmethylsulfonyl fluoride, 1 mM N-ethyl-maleimide and 2.5 mM Phenantroline
was performed by short sonication pulses for 15 s. After 40 min on ice the
homogenates were centrifuged (11,000 = g, 20 min, 4 °C) and the supernatant was
collected. Different dilutions of hippocampus (1:12) and cortex (1:2) extracts were
used for the analysis of BDNF concentration (Elfving et al., 2010) that was measured
using the Promega BDNF Emax Immunoassay System (Promega Co., Madison, WY,
USA) according to the manufacturer's instructions. Briefly, 96 wells polystyrene
plates were coated with anti-BDNF monoclonal antibody (mAb) in carbonate buffer
pH 9.2 overnight at 4 °C. Unadsorbed mAbs were washed with phosphate buffer
saline containing 0.05% Tween 20 (PBST) and plates were blocked with Promega
Block and Sample Buffer for 1 h at room temperature, Next, 100 ul of each sample
were added in triplicate and plates were incubated for 2 h at room temperature.
After extensive washing with PBST, anti-human BDNF polyclonal antibody (pAbs)
was added and further incubated for 2 h at RT. Finally, unbound pAbs were removed
by washing with PBST and anti-Ig¥ horseradish peroxidase conjugate was added for
1 h at room temperature. Reaction was developed using TMB One Solution and
stopped with 1T M HCl. Absorbance was measured at 450 nm.

2.8. Statistical analysis

Differences between groups in behavioral and biochemical tests were analyzed
by Student's i-test or two-way analysis of variance (ANOVA) - with supplementation
as the between-subjects factor and drugs administration as the within-subjects
factor - followed by the test of Duncan. The results are reported as mean + S.EM.
Differences were considered statistically significant when p < 0.05.

3. Results
3.1. Experiment 1A
3.1.1. Open-field test and modified forced swimming test

Fig. 2A and B show that the motor activity, measured by the
number of crossed areas and rearing behavior, in open-field test
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Fig. 2. Effect of fish oil supplementation in the open-field test (A) and (B}, and in the modified forced swimming test (C), (D) and (E). Student's t-test. Values are expressed as

mean + S.EM. *p < 0.0001. Control (C) n = 16, Fish 0il supplementation (FO) n = 16.
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was not significantly different between FO and C groups (t = 0.32,
df =30, n.s.)and (t = 0.41, df = 30, n.s.) respectively. Fig. 2C, D and E
show the performance of rats in the MFST (test session) in terms of
the three parameters analyzed (immobility, swimming and climb-
ing). Regarding immobility, fish oil decreased the frequency of
this behavior compared to control group (t = 5.856, df = 30,
p < 0.0001). Similar to the immobility, the frequency of swimming
was increased by fish oil supplementation (t = 5.045, df = 30
p < 0.0001). Regarding climbing behavior, there was no difference
between the groups (t = 0.633, df = 30, n.s.).

3.2. Experiment 1B

Fig. 3 A, B and C show the influence of PCPA on the effect of fish
oil supplementation in the MFST. An interaction between group
and treatment was observed for immobility parameter (F; 4 = 4.68,
p < 0.04). Duncan post-test indicated that FO reduced its frequency
(p < 0.05).

The frequency of swimming was also influenced by fish oil
supplementation (F; 34 = 6.03, p < 0.02) and PCPA administration
(Fi24 = 7.04, p < 0.01), but without interaction between these
factors (F124 = 2.57, n.s.). Post-hoc analysis showed an increase in
swimming in the group supplemented with fish oil when
compared to the others groups (p < 0.008). Besides that, FO group
treated with PCPA (PFO) displayed similar frequency of this
behavior to control animals (C and PC groups).

Regarding climbing behavior, there was no difference among all
groups tested due to either supplementation (F; 24 = 0.70, n.s.) or to
PCPA treatment (Fy34 = 0.27, n.s.) or any interaction between the
factors (Fi24 = 1.21, n.s.). When the animals were challenged with
WAY 100135 there was a main effect of fish oil on the frequency of
immobility behavior (Fi24 = 12.75, p < 0.001), no effect of WAY
100135 (F124 = 1.10, n.s.) and an interaction between the factors
(F124 12.75, p < 0.001). Duncan test indicated that fish oil
produced a significant reduction on immobility frequency
(p = 0.001) in comparison to the others groups.

Analysis of swimming behavior revealed effects of WAY 100135
(F124 = 5.09, p < 0.03), no effect of fish oil (F124 = 2.20, n.s.), and an
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interaction between factors (Fy34 = 4.26, p < 0.04). Post-hoc anal-
ysis revealed that FO exhibited a significant increase of swimming
frequency (p < 0.01) in comparison to the others groups. Treatment
with WAY 100135 reversed the effects of fish oil in the MFST
(immaobility and swimming behaviors), since FO group treated with
WAY 100135 was not different from control animals (C and WC
groups). There were no fish oil (Fy24 = 2.76, n.s.), WAY 1001135-
related effects (Fyz4 = 0.45, n.s.) nor an interaction between the
factors (Fi24 = 0.60, n.s.) in climbing behavior.

3.3. Experiment 2

3.3.1. BDNF quantification and neurochemical data

Fig. 4A and B show, respectively, BDNF and neurochemical
quantification in the hippocampus and cerebral cortex of 21 day-
old animals. The results showed an increase of this neurotrophin
in animals FO-supplemented animals both in hippocampus
(t =3.066,df =5, p < 0.03) and in cerebral cortex (t = 4.88, df = 4,
p < 0.008). Analysis of hippocampal neurotransmitters content
(Fig. 4C) revealed that in 21 day-old animals, fish oil decreased both
5-HT and 5-HIAA concentrations (t = 4.00, df = 10, p < 0.002;
t = 3.43, df = 10, p < 0.006, respectively). In contrast, fish oil
supplementation did not alter DA (t = 1.68, df = 10, n.s.) and DOPAC
concentrations (t = 0.50, df = 9, n.s.). Considering DA and 5-HT
turnover, fish oil did not influence either DOPAC/DA (t = 0.47,
df = 9, n.s.) or 5-HIAA/5-HT ratios (t = 0.22, df = 10, n.s.) (Fig. 4D).

Analysis of the cerebral cortex, showed no effect of fish oil
supplementation on any parameter: 5-HT (t = 0.66, df = 10, n.s.),
5-HIAA (t = 1.64, df = 10, n.s.), DA (t = 1.94, df = 10, n.s.) and DOPAC
concentrations (t = 0.94, df = 10, n.s.) (Fig. 4E). Regarding the
turnover analysis, fish oil supplementation increased 5-HIAA/5-HT
ratio (t = 4.47, df = 10, p < 0.001), but not DOPAC/DA ratio (t = 0.82,
df = 10, n.s.) (Fig. 4F). A similar neurochemical pattern was
observed in 90 day-old animals. There was an increase in BDNF
concentration in the hippocampus (t = 3.68, df = 4, p < 0.02) and in
the cerebral cortex (t = 2.98, df = 6, p < 0.02) in fish oil-supple-
mented rats (Fig. 5A and B).
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Fig. 3. Effects of fish oil supplementation in two drugs experiment: PCPA (A), (B) and (C) and WAY 100135 (D), (E) and (F) in the modified forced swimming test in control and fish
oil-supplemented rats. Saline Control (C) n = 7, PCPA Control (PC) n = 7, Saline Fish Oil (FO) n = 7, PCPA Fish Qil (PFO) n = 7; Control (C) n = 7, WAY Control (WC) n = 7, Saline Fish Oil
(FO) n = 7, WAY Fish 0il (WFO) n = 7. Two-way ANOVA followed by test of Duncan. Values are expressed as mean + S.E.M. “p < 0.05 comparing FO and all groups.
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Analysis of the neurotransmitter data in animals of 90 day-old
(Fig. 5C) revealed that fish oil supplementation led to increased
5-HT (t = 2.31, df = 10, p < 0.04) and a decreased of 5-HIAA
concentrations (t = 2.70, df = 9, p < 0.02) in the hippocampus.
No change in DA (r = 0.33, df = 9, n.s.) or in DOPAC concentrations
(t = 0.56, df = 10, n.s,) was observed between the experimental
groups. Regarding DA and 5-HT turnover, fish oil did not alter either
DOPAC/DA (t = 0.89, df = 9, n.s.) or 5-HIAA/5-HT ratios (t = 2.08,
df = 10, n.s.) (Fig. 5D). In the cerebral cortex, fish oil supplemen-
tation led to increased of 5-HT (t = 4.55, df = 9, p < 0.001) and 5-
HIAA concentrations (t = 4.27, df = 8, p < 0.003) and decrease DA
(t = 2.38, df = 10, p < 0.04) and DOPAC concentrations (t = 2.81,
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df = 10, p = 0.02) (Fig. 5E). There was not, however, any change in
DOPAC/DA (t = 0.22, df = 8, n.s.) or in 5-HIAA/5-HT ratios (t = 1.74,
df = 8, n.s.) (Fig. 5F).

4. Discussion

The present study was performed to investigate the involve-
ment of the serotonergic system on the antidepressant effects of
fish oil supplementation during pre- and post-natal brain devel-
opmental periods. The results demonstrated that fish oil-supple-
mented offspring displayed less depressive-like behaviors reflected
by decreased immobility and increased swimming, and that these
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Fig. 5. BDNF concentration and neurochemical assessment in 90 day-old animals. BDNF content in the hippocampus (A) and cerebral cortex (B). Neurotransmitters and metabolites
contents in the hippocampus (C) and in cerebral cortex (E) and turnover rate (D) and (F), respectively. Student's t-test. Values are expressed as mean + S.EM. BDNF, n = 3—4 per

group and neurotransmitters, n = 5-6 per group. *p < 0.05.
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effects were reversed by anti-serotonergic drugs. Moreover, fish oil
supplementation increased BDNF and 5-HT contents in the hippo-
campi and cortices of post-weaning and adult offspring, indicating
a long-lasting influence and providing a possible explanation for
fish oil's antidepressant effect.

The results of Experiment 1 showed that decreased immobility
and increased swimming behaviors were not due to unspecific
motor effects of fish oil, since no differences in the open-field was
observed. These data are in accordance to previous studies that
adopted similar supplementation protocols (during pregnancy and
lactation or post-weaning phases) that indicate the absence of
modifications of motor behaviors associated to the cortical and
hippocampal ©w-3 PUFA incorporation (Naliwaiko et al, 2004;
Ferraz et al., 2008). The MFST is an interesting model for the
screening of antidepressant drugs due to its ability to discriminate
different mechanisms of action. For instance, selective inhibitors of
serotonergic reuptake increase swimming behavior, whereas those
of noradrenergic reuptake increase climbing behavior (Cryan et al.,
2002, 2005). Indeed, the increase in swimming behavior observed
in fish oil-supplemented rats can be attributed to augmented
content of hippocampal 5-HT at the age of testing. Interestingly, this
effect was prevented by the pre-treatment with two drugs that
interfere with the activity of the serotonergic system by distinct
mechanisms of action. The results demonstrated that inhibition of
tryptophan hydroxylase, generated by PCPA, reversed the antide-
pressant effects produced by fish oil supplementation. Although
treatment with PCPA produces significant inhibition of 5-HT
biosynthesis (Page et al., 1999; Harkin et al., 2003), it only affects
swimming behavior of animals, suggesting that 5-HT is more crit-
ically involved in mediating MFST responses, after treatment with
fish oil or antidepressant drugs (e.g. fluoxetine), than in deter-
mining baseline responses in behavioral tests (Page et al., 1999).
These results are in agreement with previous studies showing that
5-HT depletion, by PCPA or destruction of serotonergic neurons
with the neurotoxin 5,7-dihydroxytryptamine, does not alter
baseline behavioral response in the MFST (Wieland and Lucki, 1990;
Cervo et al., 1991; Lucki, 1997).

To further investigate the participation of 5-HT on the effects of
fish oil, we focused on the 5-HT;, receptors, which are highly
expressed in corticolimbic regions (e.g. frontal cortex, enthorhinal
cortex and hippocampus) and mainly implicated in mood and
emotions (Albert and Francois, 2010). The use of WAY 100135, a 5-
HT,5 antagonist and also a 5-HTg and 5-HT;p partial agonist
(Davidson et al., 1997; Svenningsson et al., 2006) reversed the
antidepressant effects of fish oil supplementation, similarly to
PCPA. Accordingly, we hypothesized that blockade of this particular
receptor would prevent the antidepressant effects of fish oil
supplementation during pregnancy and lactation periods. Impor-
tantly, the systemic administration of WAY 100135 presumably
antagonizes both post-synaptic 5-HT; receptors (located in limbic
areas) and 5-HT;, autoreceptors, present in the dorsal raphe
nucleus. Therefore, it would be expected that chronic fish oil
supplementation increased5-HTs receptor activity within the
hippocampus and cortex, and decreased it in the raphe nucleus.
Corroborating this idea, it has been shown that the direct activation
of post-synaptic 5-HTy, receptors ameliorates anti-depressive
therapy (Savitz et al., 2009). In addition, over-expression of post-
synaptic 5-HTia receptors in male transgenic mice is associated
with an antidepressant-like phenotype observed in the forced
swim test, as indicated by lower immobility compared to male
wild-type mice (Gunther et al., 2011). An interesting experiment
using w-3 fatty acids in combination with additional dietary
supplements in rats showed enhanced density of 5-HT1 receptors
in the hippocampus (Farkas et al., 2002). Moreover, several groups
have previously reported an increase in extracellular 5-HT levels

following chronic serotonin-selective reuptake inhibitors (SSRI),
while others have found no change (Popa et al., 2010). Chronic
fluoxetine administration (Kreiss and Lucki, 1995) or other anti-
depressants (citalopram, paroxetine) (Gundlah et al., 1997; Hajos-
Korcsok et al., 2000; Wegener et al., 2003) produces an increase
in extracellular 5-HT levels in the hippocampus, similar to the
neurochemical effects induced by fish oil in our study. In contrast,
other long-term SSRI ( paroxetine, citalopram) failed to induce such
an increase (Gardier et al.,, 2003; Keck et al., 2005).

The diverse regulation of these serotonergic receptors is also
associated to the complexity of neurotrophins, particularly BDNF,
and 5-HT signaling interaction. A recent report showed that central
BDNF depletion does not impact 5-HT, receptor binding in the
frontal cortex, although, 5-HTy4 binding and expression within the
hippocampus are decreased in the BDNF knockout mice (Klein
et al., 2010). In this context, we performed the second experi-
ment intending to explore, mechanistically, the potential relation-
ship between monoaminergic neurotransmission and hippocampal
and cortical BDNF expressions. Fish oil supplementation produced
a significant increase of BDNF expression in the cortex and hippo-
campus in both post-weaning and adult rats. However, in 21 day-
old rats, both 5-HT and 5-HIAA hippocampal contents were
reduced without changes in the turnover in the fish oil group.
Conversely, the analysis of the cortex revealed an increased 5-HT
turnover, corroborating the idea of a differential impact of BDNF
in the hippocampus and cortex, possibly due to differences in the
binding and expression of the 5-HT14 receptors. A previous study
found that different antidepressant treatments (i.e. with desipra-
mine, fluoxetine and phenelzine) increased BDNF protein levels in
the frontal cortex but not in the hippocampus (Balu et al., 2008). In
addition, chronic electroconvulsive shock increased BDNF protein
in the hippocampus and frontal cortex (Altar et al., 2003; Jacobsen
and Mork, 2004) and chronic treatment with the monoamine
oxidase inhibitor tranylcypramine increased protein in the frontal
cortex but not in the hippocampus (Altar et al.,, 2003). Furthermore,
several lines of evidence suggest that BDNF promotes the devel-
opment, survival and plasticity of serotonergic neurons during
hippocampal development as well as in adulthood, and this may be
related to its role in depression (Yu and Chen, 2011). Considering
the present results, we suggest that fish oil supplementation
resulted, primarily, in the increase of cortical and hippocampal
BDNF expressions, which mediate events of cell survival, growth
and plasticity (Martinowich and Lu, 2008) culminating in the
modulations of binding and expressions of 5-HT, 4 receptors and
perhaps preventing the degradation of 5-HT in hippocampal
neurons. Thus, 5-HTy, receptor antagonists preferentially enhance
the effects of SSRI on extracellular 5-HT in rat brain regions
innervated by the dorsal raphe such as the medial prefrontal cortex
(Romero and Artigas, 1997; Hervas et al., 2000). This idea seemed to
be more evident in 90 day-old rats, when fish oil supplementation
produced an increase in the 5-HT content (hippocampus and
cortex) associated to reduced 5-HIAA content in the hippocampus.
Such convergence of phenomena, allied to the increased hippo-
campal BDNF expression denotes the occurrence of a resilient
antidepressant effect induced by fish oil supplementation.

Furthermore, other receptors than 5-HT; 4, could be involved in
these neurochemical alterations., Human 5-HT;p receptors are
equivalent of 5-HT1g receptors in rodents as reviewed recently (Ruf
and Bhagwagar, 2009). 5-HT14 and 5-HT1p receptors are thought to
be the main somatodendritic and terminal autoreceptors respec-
tively, controlling synthesis, turnover and efflux of 5-HT in the brain
(Hoyer et al., 1994; Ruf and Bhagwagar, 2009). Evidence from
animal studies suggests that 5-HTg receptors may be involved in
the mechanism of action of antidepressants (Clark and Neumaier,
2001). Fluoxetine and paroxetine treatments lead to down
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regulation of the 5-HT;p transcript expression in the raphe nucleus
but not in the hippocampus of rats, and discontinuation of the SSRI
results in a return to baseline levels of 5-HTyp of the correspondent
mRNA (Ruf and Bhagwagar, 2009). Furthermore, immunocyto-
chemical studies showed that 5-HTac receptors are expressed in
GABAergic neurons in the raphe and other brain regions (Pazos
et al, 1985; Serrats et al, 2005). Hence, GABAergic neurons
synapse upon 5-HT cells in the raphe (Wang et al., 1992) controlling
their activity and firing (Gallager and Aghajanian, 1976) and, as
a result promoting the alterations in the 5-HT content. However, we
can not rule out the possibility that extra-raphe 5-HT receptors may
also contribute (Cremers et al., 2007; Sharp et al., 2007). 5-HT levels
could also be influenced by its synthesis, which seems to be up-
regulated during adulthood (since PCPA inhibited fish oil effect
on depressive-like behaviors). We also speculate that an additional
explanation relies on a possible blockade promoted by fish oil on
the 5-HT transporter, or even a reduction in the type A monoamine
oxidase activity, both resulting in increased levels of 5-HT.

According to our results, mainly the 5-HT neurotransmission,
rather than DA, was modulated by the fish oil supplementation. By
inverse analogy, studies involving w-3 PUFA-deficient diets (during
brain maturation) indicate that such restriction may play a critical
role in the dysregulation of serotonergic system which could ulti-
mately, impact the pathophysiology of psychiatry disorders
(Mcnamara and Carlson, 2006; Mcnamara et al., 2009).

In summary, the present data suggest that fish oil supplemen-
tation during pregnancy and lactation promotes a robust antide-
pressant effect (comparable to chronic SSRI treatment) that is
possibly related to the induction of BDNF expression and increased
5-HT neurotransmission in the hippocampus and cortex. In addi-
tion, the results also showed that blockade of 5-HTy, receptors
reversed fish oil-induced antidepressant effects promoted by fish
oil, indicating that these effects are mediated by activation of 5-
HT;4 receptors mainly present in the hippocampus. Hence, we
suggest the occurrence of a reciprocal involvement of 5-HTq4
receptors activation and hippocampal BDNF-increased expression
mediated by fish oil supplementation.

5. Conclusion

These data corroborate and expand the notion that w-3 PUFA
supplementation is capable of eliciting antidepressant effects
related to an increased serotonergic neurotransmission particularly
in the hippocampus. Fish oil supplementation appears to mediate
a reciprocal involvement of 5-HT;s receptors activation and
hippocampal BDNF-increased expression mediated by fish oil
supplementation.
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CONCLUSOES

Analisando os resultados obtidos neste trabalho, podemos concluir que os
objetivos propostos inicialmente foram plenamente alcangados, a saber:

A suplementacdo com AGPIs n-3 nas fases iniciais e criticas do
desenvolvimento do SNC (gestacao e lactagdao) foi habil em induzir o efeito
antidepressivo sobre o comportamento em ratos aos 90 dias de vida submetidos ao
teste de NFM. Esta afirmativa é fundamentada nos dados da avaliacdo dos
comportamentos imobilidade e natacdo, onde os animais suplementados com déleo
de peixe apresentaram diminuicdo da frequéncia de imobilidade e aumento na
frequéncia de natacao no teste de NFM em comparagao com os animais controle.

No teste do campo aberto a auséncia de resultados entre os grupos
suplementados e controle exclui a possibilidade de falsos positivos, validando os
resultados encontrados no teste da NFM, além de descartar a hipotese de que o
Oleo de peixe possa interferir no comportamento motor do animal.

A administracdo de duas drogas que interferem no sistema serotoninérgico,
uma inibindo a enzima da biossintese da 5-HT e a outra antagonizando o receptor 5-
HT1A, resultou na reversao dos efeitos antidepressivos induzidos pelo 6leo de peixe
sobre os comportamentos de natacédo e imobilidade no teste de NFM nos animais de
90 dias, o que sugere um envolvimento desse sistema de neurotransmissores,
provavelmente através da mediacido pela ativacdo dos receptores 5-HT1A sobre o
efeito antidepressivo do 6leo de peixe.

O aumento da expressdao de BDNF no coértex cerebral e hipocampo dos
ratos do grupo OP, detectado tanto aos 21 quanto aos 90 dias de idade, sugere uma
relagcdo com o efeito antidepressivo desencadeado pelo 6leo de peixe.

O efeito benéfico dos AGPIs n-3 (DHA e EPA) administrados em fases
criticas do desenvolvimento do sistema nervoso central pode ser importante ao
adequado funcionamento serotoninérgico e neurotrofico, proporcionando
neuroprote¢cdo na vida adulta, o que ficou demonstrado em ratos aos 90 dias de
idade.
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de 11 de junho de 2003, com base nas normas para a constituigdo e funcionamento do
CEEA, estabelecidas pela RESOLUCAQ N° 01/03-BL, de 09 de maic de 2003 e
considerando o contido no Regimento Interno do CEEA, CERTIFICA gue os
procedimentos utilizando animais no projeto de pesquisa abaixo especificado, estdo de
acordo com os principios éticos estabelecidos pelo Colégio Brasileiro de Experimentacéo
Animal (COBEA) e exigéncias estabelecidas em "Guide for the Care and Use of
Experimental Animals (Canadian Council on Animaf Care)".

CERTIFICATION

The Ethics Animal Experiment Committee of the Setor de Ciéncias Biologicas of
the Federal University of Parand, established by the DECREE N° 787/03-BL on June 11th
2003, based upon the RESOLUTION N° 01/03-BL from May Sth 2003, and upon the
CEEA internal regiment, CERTIFIES that the procedures using animals in the research
project specified below are in agreement with the ethical principals established by the
Experimental Animal Brazilian Council (COBEA), and with the requirements of the "Guide
for the Care and Use of Experimental Animals (Canadian Council on Animal Care)",
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TiTULO: Investigacdo dos efeitos da suplementac&o com acidos graxos poliinsaturados
da familia 6mega-3 durante as fases de gestacdo e lactacdo sobre a depressao de ratos
Wistar adultos

AUTORES: Anete Curte Ferraz, Aparecida Vines, Mariana Bordinhdo Proenga, Marina
Sonagli, Ronaldo Regis Borges, Pedro Staziaki, Barbara Cioni
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