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RESUMO

Litio tem sido o principal tratamento para desordens bipolares desde 1950,
oferecendo um efeito profilatico e agudo contra os episddios maniacos e depressivos, apesar
dos desafios encontrados na sua administragdo durante a gravidez e o periodo perinatal. Os
mecanismo por tras dos efeitos do litio ainda ndo foram descritos completamente mas existem
evidencias de um efeito sobre a via Wnt-B-catenina devido a sua capacidade de inibigdo sobre
a GSK-38. Neste estudo nods avaliamos os efeitos da exposicdo ao litio durante o
desenvolvimento inicial de Zebrafish incluindo caracterizagdes comportamentais e
moleculares do sistema Wnt-B-catenina-Caderina. Embrides foram tratados individualmente
por 72hpf com LiCl 0.05, 0.5 e 5 mM. Nao foram observadas malformagdes significativas
nem efeitos embriotoxicos. Em 10 dpf animais tratados com 0.5 ¢ 5 mM de litio
demonstraram habilidades locomotoras similares a sindrome induzida por litio em humanos
Floppy baby syndrom. Andlises através da técnica de Western blot demonstraram uma
expressdo aumentada nos niveis de B-catenina e diminuida para N-caderina. Animais com
10dpf reestabeleceram seus niveis de expressdo proteica de acordo com o controle. Andlises
através da técnica de qPCR nao demonstraram nenhum efeito sobre os niveis de B-catenina ou
N-caderina, sugerindo a ocorréncia de mudangas pds-transcricionais. Enquanto os niveis de
c-myc ndo foram alterados, houve uma diminui¢do nos niveis de Cyclin D1 em larvas de

3dpf, enquanto os niveis de CamkIV ocilaram.



ABSTRACT

Lithium has been the mainstream treatment for bipolar disorder since 1950s, offering
unequivocal prophylactic and acute efficacy against maniac and depressive episodes despite
challenges in managing bipolar disorder during pregnancy and the perinatal period. The
mechanisms underlying lithium effects are still elusive but exacerbation of wnt-f-catenin
signaling system due to GSK-3 inhibition is believed to be its main target. In this study we
evaluated effects of lithium exposure during zebrafish early development including behavioral
and molecular characterization of the wnt-f-catenin system. Embryos were individually
treated for 72hpf with LiCl at 0.05, 0.5 and 5mM. No significant malformation and
embryotoxic effects were observed. At 10dpf 0.5 and 5SmM lithium-treated larvae showed
decreased locomotory behavior resembling lithium-induced Floppy baby syndrome
neurobehavioral symptoms. Western blot analysis of selected wnt-f-catenin system
components showed an increased B-catenin and decreased N-cadherin protein levels at the
end of treatment unaccompanied by wnt3a changes, reinforcing current view of GSK-3
inhibition as the main mechanism of lithium effects. At 10 dpf protein levels were
reestablished on control levels for all previously treated groups. qPCR analysis of -catenin
and N-cadherin showed no effects of lithium on these genes expression suggesting protein
changes were due to post-transcriptional events. While c-myc gene expression remained

unaltered during evaluated periods, cyclin d1 was decreased at 3dpf, and CamkIV oscillated.
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1. CAPITULO 1



1.1 INTRODUCAO

1.1.1 Litio

O impacto de medicamentos e farmacos sobre a fisiologia vai além da
preocupacdo que estes estejam cumprindo seu papel terapéutico. Estudos avaliando o
potencial toxico e efeitos secundarios adversos de farmacos terapéuticos sao cruciais
na avaliagdo da seguranga de seu uso, especialmente durante fases mais vulneraveis
da vida do individuo. O desenvolvimento inicial humano em sua fase intrauterina ¢
extremamente sensivel e farmacos utilizados pela gestante podem afetar ndo apenas a
satde do embrido/feto momentaneamente, mas comprometé-lo de forma definitiva.
Algumas patologias requerem tratamentos constantes e cujo regime ndo deve ser
interrompido. Dentre estas, transtornos de humor envolvem um equilibrio delicado
entre riscos e beneficios do tratamento tanto para as maes quanto para o embrido/feto
(KOZMA 2005).

O litio vem sendo utilizado como principal firmaco no tratamento de
transtorno bipolar desde 1950 (SALINAS & HALL 1999). Devido a importancia do
tratamento psiquiatrico para a saude e vida das maes, muitas vezes o tratamento com
litio ¢ mantido, ou mesmo recomendado em substituicdo ao uso de outros
medicamentos com comprovado efeito teratogénico (KOZMA 2005). Nestes casos os
niveis de litio durante a gestacdo e periodo de amamentagao sdo monitorados.

Apesar dos comprovados efeitos sobre o humor, as a¢des do litio sobre o
sistema nervoso variam de neuroprote¢do a neurotoxicidade (KOZMA 2005). Embora
os dados sejam ainda mais escassos, o efeito da exposi¢do pré- e neo-natal ao litio
sobre o sistema nervoso, contudo, parece ser mais danosa, conforme revisado por
Kozma (2005). Fazendo uma revisao da literatura de 1978 a 2004 sobre os efeitos
neurotdxicos e neurodesenvolvimentais do litio, Kozma integrou achados de 30
pacientes que foram expostos ao litio durante a gestacdo demonstrando uma série de
prejuizos de distintas etiologias, e refor¢ando a necessidade de se estabelecer
diretrizes sobre a administracdo de litio a gestantes e adequado monitoramento dos

niveis absorvidos pelo embrido/feto.



Estudos sobre o potencial teratogénico do litio sdo controversos,
especialmente devido a variedade de abordagens usadas e dificuldade de extrapolacao
dos achados para humanos. Em humanos, poucos relatos abrangem individuos que
tenham sido expostos durante a gestacdo e analisados subsequentemente e
demonstram que as anormalidades fetais resultantes do uso de litio pela gestante sdao
dependentes da frequéncia e da quantidade absorvida (SMITHBERG & DIXIT 1982;
KOZMA 2005). Dentre as principais alteragdes descritas em humanos estdo padrdes
comportamentais alterados, cianose, hipotonicidade, hipotireoidismo, diabetes
insipidus nefrogénica e problemas cardiovasculares (SCHOU & AMDISEN 1973;
SCHOU et al. 1973; SCHOU 1976; NARS & GIRARD 1977; ANANTH 1978;
MIZRAHI, HOBBS & GOLDSMITH 1979; JACOBSON ef al. 1992; YONKERS et
al. 2004). Estudos abrangentes e com condi¢des monitoradas sdo cruciais para se
estabelecer a seguranga do tratamento com litio em gestantes, especialmente devido a
relatos de efeitos teratdogenos observados em invertebrados e vertebrados inferiores
(WRIGHT, HOFFMAN & DAVIES 2005). Em ratos Wistar demonstrou-se que o
litio apresenta embriotoxicidade e teratogenicidade (MARATHE & THOMAS 1986).

A indicacdo atual de manutengdo do tratamento com litio pela gestante,
acompanhado de monitoramento periddico da concentracdo plasmatica do composto,
¢ uma estratégia falha na prevencdo de danos ao individuo em desenvolvimento. Esta
estratégia ainda ndo ¢ capaz de prever as concentragdes de litio alcancadas durante o
desenvolvimento do novo individuo e portanto incapaz de estabelecer concentragdes
seguras de exposicdo (NEWPORT et al. 2005). Devido a passagem do litio através da
placenta, somada a imaturidade do sistema renal do embrido/feto resultando em uma
meia-vida aumentada do composto, as concentragdes de litio em individuos cujas
maes fazem uso do farmaco pode atingir niveis plasmaticos maiores do que aqueles
identificados nas gestantes em um mesmo dado momento (STEVENS, BURMAN &
MIDWINTER 1974).

Adicionalmente, em modelos animais este cation também se mostrou efetivo
na melhora de quadros associados a acidente vascular cerebral, Doencas de
Alzheimer, Parkinson e Huntington, danos medulares e degeneracdo da retina (LENG
et al. 2008). Em roedores adultos, o litio reforca a estabilidade das moléculas
responsaveis pela consolidagdo da memoria, como a B-catenina (MAGUSCHAK &
RESSLER 2008).

A administracdo de litio por periodos prolongados em modelos animais



durante os processos de desenvolvimento ocasiona anormalidades ontogenéticas no
individuo (KLEIN & MELTON 1996). Foi observado que em Xenopus, o litio causa
uma expansao da mesoderme dorsal levando a uma duplicagdo do eixo dorsal (KAO,
MASUI & ELINSON 1986). Selderslaghs e colaboradores (2009) comprovaram que
o litio durante o processo de desenvolvimento embrionario em Zebrafish ocasiona
retardo no desenvolvimento, demora na eclosdo, deformidades no esqueleto e reducao
da capacidade natatoria (SELDERSLAGHS et al. 2009).

Estudos recentes demonstraram que o litio pode modular a via da Wnt agindo
como um inibidor da GSK-38, evitando a fosforilacdo e degradacdo da B-catenina.
Gragas a ac¢do inibidora do litio sobre a GSK-38 ocorre um aumento na concentracao
citoplasmatica de B-catenina, favorecendo que esta se direcione ao nucleo e ative a
transcricdo de genes da via Wnt responsaveis pela migracdo e proliferacdo celular
(KLEIN & MELTON 1996; STAMBOLIC, RUEL & WOODGETT 1996; SALINAS
& HALL 1999; CHEN, DING & MACCORMICK 2000; GOULD & MANIJI 2005;
STUMP et al. 2006; LENG et al. 2008; DILL et al. 2008).

1.1.2 Zebrafish

Diferentes modelos animais vém sendo adaptados para estudos que possam,
ao mesmo tempo, diminuir o custo e manter uma complexidade de sistemas que
permita a extrapolacdo dos achados para outros animais e humanos (LIESCHKE &
CURRIE 2007; SPENCE et al. 2008). O teledsteo Danio rerio, mundialmente
conhecido como Zebrafish foi descrito por Francis Hamilton em 1822. Pertencente a
familia Cyprinidae, uma das mais ricas em representantes entre os vertebrados, esta
espécie tem distribuigdo geogréafica endémica no sul e sudeste da Asia.

Proposto primeiramente como animal modelo por George Streissinger para
pesquisas em biologia do desenvolvimento, o Zebrafish vem sendo utilizado por
muitos anos, € ¢ um dos principais modelos para estudos em genética, neurofisiologia
e biomedicina (SPENCE et al. 2008). Devido ao seu pequeno porte, chegando no
maximo de 120 milimetros de comprimento, ¢ de facil armazenamento, permitindo a

acomodagdo de inimeros animais em um mesmo aquario. Gragas a vantagens como a



possibilidade de estudos genéticos em grande escala enquanto mantém a
complexidade tipica de um vertebrado, somadas a facil manipulagdo e manutencao
quando comparado aos modelos de vertebrados tradicionais, o Zebrafish, vem se
estabelecendo como vantajoso modelo animal.

O Zebrafish se reproduz durante todo o ano, sendo capaz de originar
centenas de ovos transparentes a cada ato reprodutivo. A fertilizagdo e
desenvolvimento exclusivamente externos de ovos relativamente grandes (cerca de
0,7 milimetros de didmetro) e transparentes tornam a observacdo e a manipulacao
mais facil do que nos demais animais modelo de vertebrado. Seu desenvolvimento
embriondrio completa-se em até 72 horas pos-fertilizagdo (hpf), quando o ovo eclode
dando origem a uma larva (SPENCE et al. 2008), o que facilita 0 acompanhamento da
evolucao dos processos em tempo real.

Kimmel et al. (1995) descreveu os estidgios de desenvolvimento do
Zebrafish, desde a formacao do zigoto até a eclosdo da larva, os estagios larvais e a
forma¢do do individuo adulto, possibilitando a identificacdo das distintas fases de

formagdo do tecido nervoso.

1.1.3 Desenvolvimento do Sistema Nervoso

Apds a fertilizagdo, o embrido passa por processos de intensa proliferacao
celular, seguido de migracdo das novas células até seu comprometimento e
diferenciagdo terminal. Estes processos que tem inicio com as clivagens sao
intensificados a partir do processo de gastrulagdo. Durante estes processos, as células
que formam o embrido sofrem alteracdes tanto em nivel de sinalizagdo celular, gracas
a expressao de diferentes morfogenos, quanto em nivel estrutural, em decorréncia da
expressao de distintas moléculas de adesdo, por exemplo. Através dessas mudancas e
da histocompatibilidade resultante, as células comprometem-se com diferentes
destinos, dando, assim, origem a trés folhetos embriondrios: a endoderme, a
mesoderme e a ectoderme.

A embriogénese do sistema nervoso tem inicio com o processo de

neurulagdo, no qual, parte da ectoderme de revestimento ¢ internalizada na forma de



tubo enquanto células proximas as suas extremidades laterais se desprendem,
originando as células da crista neural (Figura Ol), resultando na segregacdo dos
respectivos precursores do sistema nervoso central e periférico (GILBERT 2000;
GARCIA & GARCIA 2001; WOLPERT et al. 2008). Durante esse processo, vias de
sinalizacdo celular como a via Wnt, que é responsavel por ativar genes responsaveis
pela proliferacdo e migracao celular (GILBERT 2000; WOLPERT et al. 2008), assim
como a expressdo de fatores de crescimento, o bloqueamento de BMP (bone
morphogenic protein), o que inibi a transformac¢ao da ectoderme em epiderme (DALE
et al. 1992; JONES et al. 1992), e a via notch-delta, responsavel por manter as células
sem diferenciacdo neuronal (GILBERT 2000; WOLPERT et al. 2008), fazem com
que ocorra um crescimento e aumento do niimero de células assim como um rearranjo
na estrutura tecidual, formando a placa neural e posteriormente o tubo neural, que
dara origem ao sistema nervoso.

Além da formacao das células precursoras neurogliais, um evento crucial na
formacao da organizagdo regional e periférica do sistema nervoso € o estabelecimento
de sinapses. Este processo mediado por projecdes de membrana dos neurdnios recém
originados ¢ desempenhado de forma ativa pelo cone de crescimento axonal, que
estabelece os primeiros contatos com os alvos neuronais com os quais poderdo ser
estabelecidas sinapses definitivas (GILBERT 2000; WOLPERT et al 2008;
CASTANO, GORDON-WEEKS & KYPTA 2010).

Varias moléculas participam de forma critica dos processos de proliferacao,
migra¢do, comprometimento e diferenciacio, e que culminam com o estabelecimento
de sinapses estaveis, condi¢ao critica para a sobrevivéncia neuronal (GILBERT 2000;
WOLPERT et al. 2008; CASTANO, GORDON-WEEKS & KYPTA 2010). Dentre os
ligantes que participam ativamente deste processo estdo as moléculas da familia Wnt
(TOLEDO, COLOMBRES & INESTROSA 2008; DILL et al. 2008; CHALPE et al.
2010), capazes de modular as atividades de proliferacdo, diferenciagdo e
sinaptogénese gracas a ativacdo e repressdo de eventos intracelulares especificos
através da modulacdo da expressdo génica (CLEVERS 2006; DILL et al. 2008;
TOLEDO, COLOMBRES & INESTROSA 2008; SHITASHIGE, HIROHASHI &
YAMADA 2008; CHALPE et al. 2010; VERHEYEN & GOTTARDI 2010).
Moléculas de adesdo celular como as Caderinas, por sua vez, desempenham papel
importante no reconhecimento dos terminais sinapticos em formacgao. Estas proteinas

sdo conhecidas por serem homofilicas, ligando-se exclusivamente entre elas, o que faz



com que o reconhecimento do cone axonal com o alvo seja especifico para a
formagdo de sinapses (TAKEICHI 1988; TAKEICHI 1995; ALBERTS et al. 2004;
SHAN et al. 2004; LIEN, KLEZOVITCH & VASIOUKHIN 2006; MAGUSCHAK
& RESSLER 2008).
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Figura 01 — Esquema ilustrando a posi¢do da placa neural (do inglés neural plate) e demonstrando a
formagdo do tubo neural (do inglés Neural tube) de vertebrados, o desprendimento das células da crista
neural (do inglés neural crest) e a localizag@o da epiderme (do inglés epidermis).

FONTE: Adaptado de WOLPERT, 2008.

1.1.4 Via de Sinaliza¢cdo Wnt

Wnt ou Wingless sdo proteinas conservadas evolutivamente responsaveis por
diversos processos durante o desenvolvimento embriondrio e a homeostase do
individuo adulto. Sabe-se que esta familia de proteinas sdo secretadas de forma
pardcrina ou autdcrina, possuindo um raio de acdo restrito, e regulando processos
celulares variados em seus alvos (CLEVERS 2006; TOLEDO, COLOMBRES &
INESTROSA 2008; VERHEYEN & GOTTARDI 2010).

Existem diferentes genes que codificam as proteinas desta familia com
distintos efeitos nas células e tecidos. Krylova e colaboradores (2002) demonstraram
que tanto a Wnt3a quanto a Wnt7a induzem o crescimento e ramificagdo do cone
axonal em neuronios sensoriais da espinha dorsal em camundongos (HALL, LUCAS

& SALINAS 2000; PURRO et al. 2008; FARIAS et al. 2010). Ja a proteina Wnt4



induz o desenvolvimento do sistema nervoso central, incluindo a formacao dos
hemisférios cerebrais em mamiferos (LYUKSYUTOVA et al. 2003; FARIAS et al.
2010). Wnt5a ¢ responsavel pela formacdo do botdo pds-sinaptico € manutengdo das
suas fungdes no Sistema Nervoso Central de camundongos adultos (FARIAS et al.
2007; FARIAS et al. 2010).

Essas proteinas ja foram caracterizadas em diversos sistemas bioldgicos,
incluindo camundongo, Drosophila e o Zebrafish. Foi demonstrado que a proteina
Wnt3a ¢ expressa em Zebrafish incluindo tecidos neurais em desenvolvimento, tecto
optico, cordao espinhal, e partes do encéfalo (CLEMENTS, ONG & TRAVER 2009).

Na auséncia de Wnt um complexo formado por Axin, adenomatous polyposis
coli gene product (APC) e Glicogénio Sintase Quinase 3-8 (GSK-3B) acarreta a
fosforilacao da B-catenina citosolica (LIU et al. 2002), resultando em sua poli-
ubiquitinagdo e degradagdo pelo proteassomo (CLEVERS 2006; SHITASHIGE,
HIROHASHI & YAMADA 2008; TOLEDO, COLOMBRES & INESTROSA 2008;
CHAIROUNGDUA et al. 2010; VERHEYEN & GOTTARDI 2010). Desta forma, na
auséncia de Wnt os niveis de f-catenina citosolicos sdo mantidos baixos (Figura 03).

A ligacdo de Wnt ao seu receptor Frizzled e ao receptor relacionado a
lipoproteina de baixa densidade resulta na ativa¢do da proteina Dishevelled (Dvl) a
qual sequestra os mediadores da ligagdo da GSK-38 a [-catenina, Axin e APC,
inibindo a fosforilagdo da mesma, ocasionando a estabilizagdo e acumulo de B-
catenina no citoplasma (CLEVERS 2006; SHITASHIGE, HIROHASHI &
YAMADA  2008; TOLEDO, COLOMBRES & INESTROSA 2008;
CHAIROUNGDUA et al. 2010; VERHEYEN & GOTTARDI 2010) e ativando a via
canonica da Wnt (Figura 02).

A B-catenina ¢ uma proteina que possui dois principais papéis dentro da
célula, sendo localizada em dois pools intracelulares, um préoximo a membrana
plasmatica e outro associado a vias de sinalizagdo intracelular que a dirigem ao nucleo
(TOLEDO, COLOMBRES & INESTROSA 2008; FARIAS ef al. 2010). Quando
localizada proxima a membrana celular ¢ responsavel pela estabilidade de moléculas
de adesdo celular, como as Caderinas, fazendo a conexdo entre o dominio
intracelulares das caderinas e o citoesqueleto de actina (ALBERTS et al. 2004;
NELSON & NUSSE 2004; SALINAS & PRICE 2005; LIEN, KLEZOVITCH &
VASIOUKHIN  2006; MAGUSCHAK & RESSLER 2008). O pool

citoplasmatico/nuclear varia significativamente em quantidade, dependendo de seu



direcionamento ou ndo para a degradacdo proteossdmica. Quando na presenca de
Wnt, a atividade constitutiva de GSK-3B que leva a degradacdo de B-catenina ¢
temporariamente inibida, e a catenina ¢ direcionada para o ntcleo ligando-se a fatores
de transcri¢ao génica como o TCF/LEF induzindo a transcri¢do de genes responsaveis
pela proliferagdo e migracdo celular (CHEN, DING & MCCORMICK 2000;
NELSON & NUSSE 2004; CHAIROUNGDUA et al. 2010). Entre os genes alvos
deste complexo estdo o fator de transcri¢do c-jun (MANN et al. 1999), o oncogene c-
myc (HE et al. 1998), cyclin D1, responsavel pelo contre do cilco celular e da
transcricdo genica (TETSU & MCCORMICK 1999), a proteina anti-apoptotica
survivin (ZHANG et al. 2001) e a calcio-calmodulina IV (Camk4) que por sua vez

regula a expressao do fator CREB, crucial para plasticidade sindptica e neuroprotecao

(ARRAZOLA et al. 2009; LEE et al. 2009).
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Figura 02 - Esquema ilustrando a via candnica da Wnt na auséncia e presenga de Wnt ligada ao
receptor e seus efeitos no interior da célula.
FONTE: VERHEYEN & GOTTARDI 2010.

1.1.5 Caderinas

A familia das caderinas, composta por glicoproteinas dependentes de célcio
caracterizadas por dominios proteicos tipicos, ¢ responsavel pela interagdo célula-
célula de diferentes tecidos. As caderinas sdo subdivididas em caderinas classicas,

mais abundantes e melhor -caracterizadas, nao-cldssicas e proto-caderinas



(STEINBERG & TAKEICHI 1994; FANNON & COLMAN 1996; SHAN et al.
2004). Estas moléculas participam do desenvolvimento e diferenciagcao do tubo neural
em embrides de Zebrafish (BABB & MARRS 2004; MONTERO et al. 2004;
SHIMIZU et al. 2005; LIEN, KLEZOVITCH & VASIOUKHIN 2006), assim como
na estabilidade, formac¢do e modulacdo de sinapses no sistema nervoso destes
individuos quando adultos (MAGUSCHAK & RESSLER 2008).

Estas proteinas transmembrana comumente estdo organizadas em dimeros e
interagem de maneira homofilica através do dominio extracelular formando adesdes
com células adjacentes, enquanto se ligam ao citoesqueleto de actina na porcao
intracelular através de moléculas adaptadoras como as cateninas (TAKEICHI 1988;
TAKEICHI 1995; ALBERTS et al. 2004; SHAN et al. 2004; LIEN, KLEZOVITCH
& VASIOUKHIN 2006; MAGUSCHAK & RESSLER 2008) (Figura 03).

e

Ca?+ J
+

Figura 03 - Esquema ilustrando dois exemplares de caderina classica organizados em forma de dimero
ligados a outro par de moléculas de mesmo tipo e o dominio intracelular ligado ao citoesqueleto de
actina por proteinas adaptadoras como a B-catenina.

FONTE: KOBIELAK & FUCHS, 2004.

Entre as principais isoformas de caderinas cldssicas existentes estdo a
caderina 1 tipica de tecidos de origem epitelial, também conhecida como E-caderina,
e a caderina 2 conhecida como caderina neural (N-caderina) por sua abundante

distribuicdo no sistema nervoso, originalmente identificada em tecido cerebral de
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roedores e pintos e que apresenta grande expressdo em tecido embriondrio
(SHIRAYOSHI et al. 1986; TAKEICHI 1988; HIRAI et al. 1989; NOLLET, KOOLS
& VAN ROY 2000).

Por serem responsaveis pela manutengdo da estrutura sinaptica, regulacao na
composicdo e intensidade das adesdes, as caderinas sdo candidatos a mediadores de
plasticidade sinaptica, estando potencialmente envolvidos na sinaptogénese,
remodelagdo dos terminais e alteragdes na efici€éncia da transmissdo (ARIKKATH &

REICHARDT 2008; MENDEZ et al. 2010).

1.2 JUSTIFICATIVA

Devido a capacidade de absorver as substancias adicionadas ao seu meio, a
complexidade tipica de vertebrado e a transparéncia dos embrides e larvas durante os
rapidos estagios de desenvolvimento do sistema nervoso, o Zebrafish tem sido
apontado como um oOtimo modelo animal para estudos de desenvolvimento e
alteracdes estruturais e funcionais do sistema nervoso, bem como screening de efeitos
farmacologicos.

Neste trabalho propomos o uso do tratamento com litio durante o periodo de
desenvolvimento inicial do Zebrafish a fim de caracterizar os efeitos deste ion na
formag¢do do sistema nervoso mediada por caderinas e os potenciais alvos

responsaveis pelas alteracdes observadas no desenvolvimento.
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1.3 OBJETIVOS

Caracterizar, em animais expostos a cloreto de litio durante o
desenvolvimento inicial, a capacidade motora e os efeitos sobre a via Wnt-B-catenina.
Avaliando a expressdo de B-catenina, Wnt e seus genes alvos, buscando relacionar
estes achados com a expressdo da molécula de adesdo celular N-caderina e a

capacidade natatoria dos animais apds o tratamento.

1.3.1 Objetivos Especificos

* Auvaliar os efeitos embriotoxicologios e teratogénicos durante as 72 horas de
tratamento e até 10 dias pos fertilizagao;

* Auvaliar a habilidade locomotora de larvas de 10 dias submetidas ao tratamento
com litio;

* Quantificar a expressdo de RNA mensageiro, através da técnica de qRT-PCR,
dos genes alvos da Via Wnt em larvas de 3dpfe 10 dpf;

* Quantificar a expressdo de proteinas participantes da Via Wnt através da

técnica de Western Blot, em larvas de 3dpf e 10pdf.
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Abstract

Lithium has been the mainstream treatment for bipolar disorder since 1950s, offering
unequivocal prophylactic and acute efficacy against maniac and depressive episodes.
Its use during early pregnancy and the perinatal period remain controversial due to
reports of deleterious effects on the newborn. The mechanisms underlying lithium
therapeutic action are still elusive but exacerbation of wnt-p-catenin signaling
pathway due to GSK-3 inhibition is believed to represent its main target. In this study
we evaluated the effects of lithium exposure during zebrafish embryonic and early
development including behavioral and molecular characterization of the wnt-f3-
catenin system. Embryos were individually treated for 72hpf with LiCl at 0.05, 0.5
and SmM. No significant teratogenic and embryotoxic effects were observed. Western
blot analysis at 3dpf of selected wnt-B-catenin system components showed increased
B-catenin and decreased N-cadherin protein levels at the end of treatment, without
significant changes in wnt3a, reinforcing the current view of GSK-3 inhibition as
lithium’s main target. At 10dpf 0.5 and SmM lithium-treated larvae showed a dose-
dependent decrease in locomotion, resembling lithium-induced Floppy baby
syndrome neurobehavioral symptoms in humans. At this later period previously
altered proteins returned to control levels in all treated groups, suggesting the
neurobehavioral effects are likely a lasting consequence of lithium exposure. gPCR
analysis of B-catenin and N-cadherin gene expression showed no effects of lithium at
3 or 10dpf, suggesting that protein fluctuations were likely due to post-transcriptional
events. Other gene targets of the wnt signalling pathway were evaluated and only
discrete alterations were observed. While c-myc expression remained unaltered,

cyclin d1 was decreased at 3dpf, and CamKIV oscillated.

Keywords: lithium, motor behavior, B-catenin, N-cadherin, Wnt, zebrafish
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1. Introduction

Lithium has been the paradigmatic treatment for bipolar disorder since 1950s,
offering unequivocal prophylactic and acute efficacy against maniac and depressive
episodes, despite the constant monitoring of patients Li" plasma levels required to
reach effectiveness and avoid toxicity. The management of bipolar disorder during
pregnancy and the perinatal period is specially challenging, and the conflict between
therapy interruption related-relapse and the potential deleterious effects of continued
therapy on development is accentuated by the lack of epidemiological studies
supporting definitive management guidelines (Yonkers et al., 2004).

Li" is known to equilibrate across the chorionic membranes, and maternal and
infant lithium levels had shown to be directly correlated with higher doses associated
with more prominent perinatal complications (Newport et al., 2005). Lithium
exposure during development has been associated with higher incidence of organ
dysgenesis, in particular with cardiac malformations and Ebstein’s anomaly, as well
as renal and hepatic abnormalities (Schou et al., 1973; Schou and Amdisen, 1973;
Jacobson et al., 1992; Cohen et al. 1994). Endocrinological and metabolic conditions
such as infant diabetes insipidus and hypothyroidism have also been associated with
lithium exposure during pregnancy and breast feeding (Schou, 1976; Nars and Girard,
1977; Ananth, 1978; Mizrahi, Hobbs and Goldsmith, 1979). The relative incidences
of such effects are uncertain, and while more recent epidemiological data indicate that
the teratogenic risk of first-trimester exposure is lower than previously suggested
(Cohen et al., 1994), it is still substantial (Zegers and Andriessen, 2003). More
information regarding lithium’s effects and a better understanding of its mechanisms
are critical to establish safe clinical management guidelines for woman with bipolar
disorder of childbearing age or pregnant, especially during the critical embryological
period (Cohen et al., 1994; Zegers and Andriessen, 2003).

In addition to the morphological and physiological teratogenic potentials
described above, lithium has been associated with neurobehavioral effects in
developing individuals. Collectively described as Floppy baby syndrome, depressed
neurological function and/or neuromuscular deficiencies result in significant lethargy,
hipotonicity, slower reflexes and respiratory difficulties in neonates exposed to
lithium during development (Kozma 2005). The persistence of these effects has not
been critically evaluated, but a developmental delay may be expected and could

impact later life outcome.
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Despite many decades of clinical use, the molecular targets involved in
lithium mood stabilizing effects are only now being defined (Phiel and Klein, 2001).
Lithium inhibitory effects on inositol monophosphatase (IMPase) and subsequent
reduction in brain inositol were primary candidates to mediate lithium therapeutic
effects, but despite efforts it has not been possible to directly demonstrate its
contribution to mood stabilization (revised in Gould and Manji, 2005). For several
decades, candidate mediators of lithium effects have been proposed, but no causal
relations were established between these targets and lithium’s effects on mood until
recently. In 1996 lithium was shown to inhibit the ubiquitous glycogen synthase
kinase-3 (GSK-3) (Klein and Melton, 1996; Stambolic et al., 1996), and therefore to
potentially affect the vast number of molecular targets this kinase has in neurons and
glia (Jope and Johnson, 2004; Gould and Manji, 2005; Wada, 2009). Subsequent
demonstrations linked lithium therapeutical doses to GSK-3 inhibition and mood
stabilization, confirming GSK-3 as the main candidate do lithium thymoleptic effects
involving modulation of brain plasticity and metabolism, monoaminergic signaling
(Wu and Pan 2009; Wada 2009) and stem cell activity and neuroprotection (Willert et
al. 2003; Toledo et al. 2008).

GSK-3 inhibition can directly mimic and exacerbate Wnt-p-catenin signaling
system activation (Wada, 2009; MacDonald et al., 2009). The Wnt family of secreted
glycoproteins is critically involved in brain development, acting as morphogens and
controlling stem cell proliferation, cell fate determination and differentiation,
migration, growth cone guidance, synaptogenesis and sustained synaptic plasticity
through adulthood (revised in MacDonald et al., 2009; Farias et al., 2010; Inestrosa &
Arenas, 2010). This wide range of effects is mostly achieved by regulation of catenin-
mediated gene expression of DNA-bound T cell factor/lymphoid enhancement factor
(TCF/LEF) family of transcriptional factors in the canonical Wnt pathway.

In this study we evaluated the effects of lithium exposure on zebrafish
development and the potential molecular targets of the wnt-p-catenin system involved
in the characteristic neurobehavioral symptoms of lithium-affected babies observed in

10dpf larvae.



2. Methods

2.1 Animals breeding and maintenance

Zebrafish embryos were obtained from natural mating of adult Danio rerio
(short-fin wild type) bred and maintained in an automated re-circulating tank system
(Tecniplast, Italy). At the night before the breeding, males and females of
reproductive age were placed in a breeding tank (Tecniplast, Italy) in a 2:1 ratio,
respectively, separated by a transparent barrier. At 8 a.m., when the light went on, the
barrier was removed and after 15 min the fertilized eggs were collected, washed with
system water (reverse osmosis water equilibrated with salts) (Westerfield, 2000),
freed of debris and transferred to sterile cell culture 96 wells dishes.

Embryos were individually placed in 96 wells plates (1 embryo for well, n=60
per group in triplicate) and submitted to 72 hours post-fertilization (hpf) treatment
with system water (control groups) or lithium chloride (LiCl) (Synth) at 0.05 mM,
0.5mM and 5.0mM diluted in system water. Plates were maintained in an incubator at
28.5 °C on a 14:10 light/dark cycle and monitored daily.

At 72 hpf, 3 days post-fertilization (dpf) embryos were washed three times and
placed in petry dishes with system water in groups of 30 larvae per dish. They where
fed with paramecia twice daily starting at 4dpf and water was changed daily.

All the experiments were conducted according to the Canadian Council on
Animal Care Guidelines on care and use of fish in research, teaching and testing
(CCAC, 2005), followed Brazilian legislation (no. 11.794/08) and the Brazilian
college of animal experimentation (COBEA) Guidelines (COBEA, 2008). Protocols
were previously evaluated and approved by the Institutional Animal Care Committee

(CEUA PUCRS, protocol 09/00129).

2.2. Embryotoxicity

Relative mortality rate, hatching efficiency and larvae general morphology
were daily monitored during 10dpf, following Sederslaghs et. al. (2009). The hatching
efficiency was observed up to 96hpf. Dead embryos were discarded immediately
when detected. Morphological deformities in embryos or larvae were analyzed under

an inverted microscope (Olympus SZ 4045).

2.3 Exploratory task
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At 10dpf larvae were submitted to an exploratory task to evaluate their motor
behavior when placed in a new environment. Animals individually placed in cell-
culture 24 well dishes filled with 3ml of system water had their locomotion and
exploratory behavior video-recorded during 3 min using a digital webcam (Quick cam
pro 9000, Logitech). Data was analyzed using ANYmaze (Stoelting) in a designed
protocol that virtually divided each 15 mm diameter well in central area (7.5 mm
diameter) and periphery. The total travelled distance, number of head turns and
crossings between the well central area and the periphery ring were considered the

most relevant indicators.

2.4 Western Blot analysis

Whole-body tissue from 3 and 10dpf euthanized individuals (n = 15 per
group) were placed in a cooled protease inhibitor solution (Complete Mini, Roche
Applied Science) and stored at -80°C for subsequent analysis. The protein extract was
prepared in RIPA buffer (Sigma-Aldrich). Twenty-five ug total protein was separated
on a 7.5% SDS-polyacrylamide gel and transferred electrophoretically to a
nitrocellulose membrane. Membranes were blocked with 5% nonfat dry milk in TBS
containing 0.05% Tween-20 and were incubated overnight with the following
antibodies: B-actin (ab8224, Abcam) at 1:2000, B—catenin (C2206, Sigma-Aldrich) at
1:5000, N-cadherin (ab12221, Abcam) at 1:2000; Wnt3a (ab28472, Abcam) at
1:2000. Goat anti-mouse (G-21040, Molecular Probes) and goat anti-rabbit (G-21234,
Molecular Probes) horseradish-conjugated secondary antibodies were used and
detected using Western Lighting Western Blot Chemiluminescence (NEL 104001EA,
Perkin Elmer). Pre-stained molecular weight protein markers (Benchmark marker,
Invitrogen) were used to determine the detected bands’ molecular weight and confirm
antibodies target specificity.

Densitometry quantification of each replicated gel (n=3) was performed using
Imagel] software (http://rsb.info.nih.gov/ij/). Total blotting protein levels of were

normalized according to each sample’s B-actin protein levels.
2.5 Real Time PCR analysis

RNA isolation and cDNA synthesis were performed as described in

Rosemberg and collaborators (2007). In brief, whole 3 and 10 dpf (n=15 in triplicate)
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larvae were frozen in liquid nitrogen and RNA was isolated with TRIzol reagent
(Invitrogen) according to the manufacturer’s instruction. RNA purity was quantified
spectrophotometrically calculating the ratio between the absorbance values at 260nm
and 280nm and the samples were tested by electrophoresis in a 1.0% agarose gel with
gelRed nucleic acid stain (Biotium). cDNA species were synthesized with
SuperScript' I First-Strand Synthesis SuperMix (Invitrogen, USA) (Rosemberg
2007).

For all genes, qRT-PCRs were performed using SYBR green (Tang et al.,
2007). Standard reactions (25 pul) were assembled as follows: 4 ul of SYBR green
qPCR supermix-UDG (Invitrogen), 0.25 pl of forward primer (10 uM), 0.25 pl of
reverse primer (10 uM), 0.25ul of ANTPs (10mM), 1.5ul of MgCl, (50mM), 2.5ul of
PCR buffer (10X), 3.7 ul DEPC water, 0.05ul of Platinum TagDNA 0.5U
(Invitrogen) and 12.5ul of template. Templates were 1:50 diluted cDNA samples, and
in the case of negative controls, cDNAs were replaced by DEPC water. The primers
sequences were designed using the program Oligos 9.6 for the following genes:
ctnnb2, cdh2, camk4, myca and cnnd1. The primers for the constitutive genes bactinl,
efla and rpl13a (Table 1) were according from Tang (2007). Gene transcripts were
obtained from the NCBI (http://www.ncbi.nlm.nih.gov/Genbank) and Ensembl
databases (http://www.ensembl.org/ Danio_rerio). All real time assays were carried
out in quadruplicate using an Applied Biosystems 7500 real-time PCR system. Forty
amplification cycles were performed, with each cycle consisting of 94°C for 15
seconds followed by 60°C for 35 seconds. Amplification and dissociation curves
generated by the software Applied Biosystems 7500 were used for gene expression
analysis.

Cycle-temperature (Ct) values were obtained for each gene. Following the
removal of outliers, raw fluorescence data were exported to the LinRegPCR 12.x
(http://LinRegPCR.HFRC.nl) to determine the PCR amplification efficiency of each
sample. PCR efficiency of each sample, together with Ct values, was used to calculate
a relative gene expression value for each transcript, according to the equation R = (E
ref)"T P X (E sample) T 5™ X (E sample)"T " X (E ref) " ', where E refers to
PCR efficiency, Ct is the Ct value for each amplification, Ref is the value of the
reference gene and sample to the gene in question (PFAFFI 2001).

2.6 Statistical analysis
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Data was parametrically analyzed using one-way ANOVA followed by Tukey

post-hoc test. The level of significance was considered p<0.05.

3. Results

No significant teratogenic or embryotoxic effects were observed when animals
receiving lithium at 0.05, 0.5 or 5 mM were compared to control groups in the course
of 10 dpf (data not shown). A significant 16% hatching deficiency was observed on
animals treated with SmM lithium when compared to controls.

When animals that were exposed to lithium during the initial 3dpf were
behaviorally tested at 10 dpf, (i.e. after 7 days of treatment end), a significant dose-
dependent locomotor deficit was observed (Figure 1). When individually allowed to
explore a 15 mm diameter arena for 3 minutes, individuals treated with lithium at 0.5
and 5 mM travelled shorter distances when compared to untreated control (p<0.05 and
p<0.005, respectively) or 0.05mM lithium animals (p<0.05). The number of body
rotations and crossings between the inner and outer arena areas were also reduced in
animals treated with the higher lithium dose in relation to controls (p<0.005).

Western blot analysis of B-catenin, N-cadherin and Wnt3a proteins
immediately after the 72 hpf treatment (i.e. at 3 dpf) revealed increased -catenin
levels on 0.5 mM lithium-treated animals (p< 0.005) when compared to controls
(Figure 2). In contrast, N-cadherin protein levels of 0.05 and 0.5mM lithium-treated
animals were decreased when compared to control group (p<0.05). The higher
treatment dose (5 mM) did not significantly alter B-catenin or N-cadherin levels. We
also evaluated Wnt3a protein levels after lithium treatment, and despite 0.05 and
0.5mM groups lower mean values, no statistically significant effect was observed
when compared to control levels at 3dpf animals.

At 10 dpf, B-catenin, N-cadherin and Wnt3a protein levels were not altered in
relation to control groups (Figure 2).

To better characterize the mechanisms underlying the altered protein levels
observed in the western blot analysis and further explore the consequences of altered
B-catenin and N-cadherin immediately after treatment, we analyzed B-catenin
(ctnnb2) and N-cadherin (cdh2) gene expression at the same time periods. We also
evaluated the transcription levels of three f-catenin target genes: c-myc (myca) and

cyclin-d1 (cendl) and CamKIV (camk4) (Figure 3).
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While expression of B-catenin and N-cadherin genes, evaluated at 3 or 10 dpf,
was not affected by lithium, distinct effects were observed on the -catenin target
genes. Whereas c-myc remained unaffected on both time periods, cyclin D1
expression was significantly decreased on groups receiving 0.5 and 5 mM lithium at 3
dpf (p<0.05), returning to control levels at 10 dpf. CamKIV expression was increased
after 0.05 mM lithium treatment at 3 dpf (p<0.05), but appeared to be generally
decreased at 10 dpf in relation to control group, being significantly reduced at 0.5 mM

(p<0.01).

4. Discussion

The lithium concentrations chosen in this study were based on a 0.5mM
concentration within the expected therapeutic maintenance blood levels, and included
a lower, mood stabilizing ineffective but potentially neuroprotective dosage (Leng et
al., 2008; Maguschak and Ressler, 2008) and higher, potentially toxic but still
representative of lithium intoxication during therapy (Newport et al., 2005).

The observed absence of significant mortality or gross teratogenic effects of
lithium exposure during early developmental stages are in accordance to lithium’s
current classification as a human low teratogenic agent (Cohen et al., 1994; Gentile,
2011). Previous studies using animal models including mice, rats and rabbits have
shown a higher incidence of lithium-induced teratogenicity than those observed in
humans, what was later attributed to excessively high doses and species specific
sensitivities (discussed by Cohen and collaborators, 1994). The only equivalent study
in zebrafish, performed by Selderslaghs et al. (2009) used broader period and
concentration spectrums of lithium exposure and found similar effects at equivalent
doses to those here presented. Importantly, they only observed significative
embryotoxic effects after 72hpf of 235.9 mM lithium exposure, a concentration that in
no circumstance would be reached on human therapy. Their observation of an 11.1%
hatching deficiency after 72hpf 3.69mM lithium treatment is similar to the 16%
deficit we observed on SmM treated-group, reinforcing lithium’s potential delaying
development.

Despite its lack of teratogenic effects, and discrepancies in reports of other
lithium-induced malformations, neurobehavioral effects in the newborn have been
repeatedly reported (Kozma 2005). This is, to our knowledge, the first description of

persistent symptoms that resemble the neurodevelopmental deficits including



hypotonicity and lethargy observed in lithium Floppy baby syndrome affected babies
in model organisms. Newport et al. (2005) showed higher rates of CNS and
neuromuscular complications and significantly lower Apgar scores in newborns
exposed to higher lithium therapeutic doses. Animals treated with 0.5 and 5SmM
lithium showed impaired locomotion when compared to controls, moving slower,
travelling shorter distances and with deficits in performing body turns. Importantly,
these effects were observed in animals exposed to lithium concentrations within the
lower limit of the therapeutic dose range (approximately 0.4-1.2mM). The
neurodevelopmental deficits observed in human babies are commonly attributed to an
acute effect of lithium intoxication during delivery, and there is no significant
longitudinal studies evaluating symptoms resumption. Our results suggest that the
persistent neurobehavioral effects may be a lasting consequence of lithium chronic
exposure during the early developmental state.

GSK-3 inhibition can impact several signaling pathways, including growth
factors cascades, but its most profound and direct impacts at therapeutic range is
believed to be on Wnt-B-catenin system (Wada, 2009; MacDonald et al., 2009).

The Wnt family of secreted glycoproteins is critically involved in brain
development and function through life, fundamentally directing cell proliferation,
determination and differentiation, migration, growth cone guidance and
synaptogenesis and plasticity (revised in MacDonald et al., 2009 and Farias et al.,
2010). This wide range of effects is mostly achieved by regulation of catenin-
mediated gene expression of DNA-bound T cell factor/lymphoid enhancement factor
(TCF/LEF) family of transcriptional factors in the canonical Wnt pathway (revised in
MacDonald et al., 2009).

Wnats are evolutionary conserved, and family members have complex and
specific features not yet fully understood. Wnt3a was the first characterized Wnt
protein in mammals, mostly due to its controlled secretion (Willert et al., 2003). In
zebrafish the Wnt3 ortholog is broadly expressed in the developing nervous system
beginning at the tailbud stage with a distribution pattern that closely resembles that of
other vertebrates and capable of activating the Wnt canonical pathway (Clements et
al., 2009). As reviewed in detail by MacDonald et al. (2009) and other recent
publications (Clevers, 2006), the Wnt canonical pathway is activated when Wnt binds
to frizzled (Fz or FZd) receptor and its low-density lipoprotein receptor-related

protein co-receptor (LPR), forming a complex that recruits the scaffolding protein

xi



disheveled (Dvl) and alters the activation state of the a multiple-protein complex
called “Axin- or B-catenin destruction- complex” that includes another scaffolfing
protein, Axin, the tumor suppressor adenomatous polyposis coli gene product (APC),
the casein-kinase 1 (CK1) and GSK-3. The Wnt-induced complex recruitment
prevents GSK-3 phosphorilation of B-catenin residues and subsequent ubiquitination
and rapid proteosomal degradation (Clevers, 2006; MacDonald et al., 2009). B-catenin
has two intracellular pools, one anchoring the cell adhesion molecules Cadherins at
the membrane, and a rapid turn-over citoplasmatic pool, that is prevented from
moving to the nucleus in the absence of Wnt. -catenin stabilization results in higher
nuclear levels, association to TCF/LEF transcription factors and activation of gene
expression. Wnt vast and constantly growing list of target genes are also diverse and
context-specific (http://www.stanford.edu/~rnusse/ Wntwindow.html), including cell
cycle regulators that mediate proliferation, such as cyclin d1, oncogenes as c-myc and
proteins related to migration and synaptic plasticity such as the CamKIV which is
associated to synaptic plasticity and neuroprotection (He et al., 1998; Tetsu and
McCormick, 1999; Arrazola et al., 2009; Lee et al., 2009;).

Lithium-mediated GSK inhibition also prevents -catenin degradation and
therefore mimics and potentially exacerbates Wnt effects during development.
Aiming to better understand the underlying molecular network involved in lithium
developmental effects, we analyzed protein and gene expression levels of the Wnt-
catenin system components at the end of the 72 hpf treatment, i.e. at 3dpf, and again
at 10 dpf, when motor deficits were observed.

As expected, at 3dpf, 0.5mM lithium treatment induced a robust increase in 3-
catenin protein levels, suggesting the exacerbation of the already active proliferative
and migratory scenario expected at this early developmental stage period. This anti-
apoptotic context may disfavor synaptic adhesion, justifying the reduced N-cadherin
protein levels in 0.5mM treated animals despite -catenin abundance. Gene
expression of B-catenin and N-cadherin measured by qPCR were not altered at this
time period, suggesting the protein level changes probably result from post-
transcriptional events that may include a reduced degradation of B-catenin due to
GSK-3 inhibition and either translation repression or active degradation of previously
existing N-cadherin. Surprisingly, the higher treatment dose (SmM lithium) did not
alter the measured parameters. Finally, despite a tendency that may reflect an

endogenous negative feedback mechanism on Wnt secretion (Chairoungdua et al.,
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2010), lithium did not significantly alter total Wnt3a protein level. Interestingly, at
10dpf, when the behavioral impact of lithium treatment was evident on larvae motor
behavior, no changes in protein or gene expression of B-catenin, N-cadherin or Wnt3a
was observed in relation to control groups.

Finally, the expression of the three chosen B-catenin system target genes at
3dpf were not markedly altered, but cyclin-d1 was statistically decreased in 0.5 and
SmM Li-treated animals in relation to controls, while CamKIV was increased at the
0.05mM concentration. Cyclin d1 is considered a key sensor and integrator of
extracellular signals, modulating chromatin condensation of genes associated to cell
proliferation and differentiation. Cyclin d1 has also been shown to regulate cell-
matrix interaction independently of its effect on cycle progression reciprocally
modulating migration through integrin and growth factor signaling (reviewed in Fu et
al., 2004). Curiously, the CamKIV increased gene expression was the only effect of
0.05mM lithium concentration observed in this study, a dosage in which lithium may
be affecting more significatively other targets than GSK-3 (Phiel and Klein, 2001).
Lithium is known to have neuroprotective effects under low concentrations, and
CamKIV is known to be involved in CREB phosphorylation and neuronal survival
(Mbebi et al., 2002). Accordingly, Arrazola et al. (2009) showed that Wnt3a and
lithium increase CamKIV gene expression and protects hippocampal neurons against
Alzheimer’s amyloid peptide tocixity. The reduced CamKIV levels observed at 10dpf
in lithium-treated animals are intriguing, but may be related to a different scenario
due to the later developmental period, in which cell proliferation and survival are
probably less active in favor or other cellular events.

Other signaling systems than those related to GSK-3-inhibition may be
involved in the persistent behavioral effects observed at 10dpf and a growing list of
candidates are to be explored. It should also be considered that other targets of GSK-3
might account, at least partially, to the observed behavioral effects, and deserve to be
investigated. Finally, despite wnt signaling system proeminence in the nervous system
(Inestrosa & Arenas, 2010) the contribution of other tissues to the neurobehavioral

and molecular effects of lithium cannot be ruled out without further analysis.

Conclusions
Our study reinforced previous evidence of lithium low teratogenic and

embryotoxic effects within therapeutical ranges in humans and animal models
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including zebrafish. Also in accordance to literature on the neurodevelopmental
effects of lithium exposed babies, we have observed a prominent neuromuscular
deficit in 10dpf larvae exposed to lithium during early developmental period at the
0.5mM concentration, which is within the lower levels of the therapeutic range. This
is, to our knowledge, the first description of persistent symptoms that resemble the
lithium Floppy baby syndrome in animal model organism. This effect is likely due to
GSK inhibition and corroborated by increased -catenin protein levels at the end of
lithium treatment but the underlying cellular and molecular players affected remain to
be fully characterized. Importantly, at 10dpf when the neurobehavioral effects were
observed, lithium had already washed-out and molecular makers returned to basal
levels, suggesting a permanent detrimental effect of lithium early exposure. Further
investigations should focus both on the vast and constantly growing list of wnt- 3-
catenin system targets as in other signaling systems potentially affected by lithium.
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Tables
Table 1 - PRIMERS

Protein Gene Accession nunber Primers (5' - 3')
F - ACGCTCAGGATCTGATGGAC
B-catenin ctnnb2 NC_007130 R - AGGCACTTTCTGAACCTCCA
F - ACCAGGACTATGATTTGAGCCAGCTGC
N-cadherin cdh2 NC_007131 R - TGAACTCTCCTATGTCTCCGGGATGTG
F - GTGCTCCAGAGATTCTGCGGGGATG
CamKIV camk4 NC_007116 R - GCATTGAGAGACACATTGTCCCACCAGG
F - CAACAGGCATGTGAAGCAGCGCAAG
c-myc myca NC_007126 R - GCAGCTTTCTCGTTATTTGCGACCTC
F - GCAGGCAGTGTTGCTGCAGCGGTAC
cyclin D1 cnnd1 NC_007118 R - AGGGTCACTTCTGATGACTTGCGAGAGG
F - CGAGCTGTCTTCCCATCCA
B-actin * bactin1 ENSDART00000055194 R - TCACCAACGTAGCTGTCTTTCTG
F - CTGGAGGCCAGCTCAAACAT
Elongation factor 1 alpha * efla ENSDARTO00000023156 R - ATCAAGAAGAGTAGTACCGCTAGCATTAC
F - TCTGGAGGACTGTAAGAGGTATGC
Ribosomal protein L13 alpha * rpl13a NM_212784 R - AGACGCACAATCTTGAGAGCAG

*Tang, R. et al. 2007 - Validation of Zebrafish (Danio rerio) reference genes for quantitative real-time RT-PCR normalization.
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Figure legends

Figure 1 - Behavioral effects of lithium exposure at 10dpf

Locomotion and exploratory effects of lithium exposure on 10dpf larvae.
Representative track-plots and behavior quantification (mean +- SEM) of distance
traveled during 3 minutes (a); number of rotations higher than 90° degrees (b);
number of crossings between the inner and outer zones of the circular arena (c). **
p<0.01 and * p<0.05 in relation to Control group using One-way ANOVA followed
by Tukey post-hoc.

Figure 2 - Western blot analysis of B-catenin, N-cadherin and Wnt3a of 3dpf
and 10dpf larvae exposed to lithium during the initial 72 hpf

Columns indicate mean +- SEM values of B-catenin, N-cadherin and Wnt3a protein
levels in relation to B-actin of 3dpf and 10 dpf individuals. ** indicates p<0.01 and *
p<0.05 compared to Control by One-way ANOVA followed by Tukey post-hoc.
Figure 3 - Relative mRNA expression of B-catenin (ctnnb2), N-cadherin (cdh2),
C-myc (myca), cyclin D1 (cnnd1) and CamK IV (camk4) gene expression of 3dpf
and 10dpf larvae exposed to lithium during the initial 72 hpf. mRNA amount
normalized to the average of 3 reference genes (B-actin, Efla and Rpl13a). Graphic
representation based on specific sample efficiency independently and in
quadruplicate. * indicates p<0.05 compared to Control by One-way ANOVA
followed by Tukey post-hoc.
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Figure 3
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3.1 CONSIDERACOES FINAIS

A exposic¢do ao litio durante o desenvolvimento ¢ associada a incidéncia de
malformagdes em humanos, como anomalias cardiacas e de Ebstein, renais e
hepaticas, além de alteragdes endocrinologicas e metabdlicas como diabetes insipidus
e hipotireoidismo (SHOU et al. 1973; SHOU 1976; NARS & GIRARD 1977;
ANANTH 1978; MIZRAHI, HOBBS & GOLDSMITH 1979; JACOBSON et al.
1992). Além destes efeitos, alteragdes neurocomportamentais € motoras sao
comumente observadas em criangas que foram expostas ao litio durante o
desenvolvimento intrauterino. Estas alteragdes incluem letargia, hipotonicidade,
reflexos lentos, e dificuldades respiratorias e sdo comumente descritas como Floppy
baby syndrome, sendo atribuidas disfun¢des neuroldgicas e neuromusculares
(KOZMA 2005). Apesar de prevalentes pouco se sabe sobre os mecanismos destas
alteracdes sob ponto de vista tecidual, celular e molecular, e por consequéncia ndo ¢
conhecida a evolugdo e eventuais consequéncias destas manifestacdes no
desenvolvimento e amadurecimento neural.

Estudos anteriores com outros animais modelo incluindo ratos, camundongos
e coelhos, utilizaram doses muito acima daquelas do espectro terapéutico e
encontraram alteragdes teratogénicas ndo compativeis com as da literatura em
humanos. Neste estudo, onde utilizamos doses dentro do espectro terapéutico
administrado em humanos, observamos uma baixa taxa de efeitos teratogénicos, o que
corrobora com os dados em humanos, que levaram a atual classifica¢do do litio como
um agente de baixa teratogenicidade apesar das discrepancias nos dados
epidemiologicos disponiveis (COHEN et al. 1994; GENTILE 2011). Estes achados
reforcam o potencial do Zebrafish como animal modelo para screenings de farmacos
com potenciais efeitos teratogénicos.

O Unico trabalho anterior em Zebrafish estudando eventuais efeitos
teratogé€nicos, desenvolvido por Selderslaghs e colaboradores (2009) encontrou
resultados equivalentes aos por nds encontrados, como baixa teratogenicidade e
auséncia de mortalidade nas doses até SmM, e uma deficiéncia na capacidade de
eclosdo de 11,1% na dose de 3.69 mM, o que corrobora os nossos achados na dose de

SmM (16%).
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Observamos através de andlises comportamentais um déficit na habilidade
locomotora dos animais tratados com 0.5 mM e 5 mM de litio, com redu¢do na
distancia percorrida, nimero de rotagdes e cruzamentos entre o centro e periferia da
arena. E importante ressaltar que estes achados foram observados no limite mais
baixo das concentragdes sanguineas de pacientes que utilizam o litio como
medicamento (variando entre 0.4 e 1.2 mM), demonstrando que este agente pode
afetar significativamente a capacidade natatdria dos animais.

Como o litio afeta a atividade da enzima GSK-38 inibindo a degradagdo de
B-catenina, também avaliamos as alteracdes moleculares desta via. Como esperado
em 3 dpf, houve um aumento nos niveis da proteina B-catenina, sugerindo um
aumento na capacidade migratéria e proliferativa das células neste periodo de
desenvolvimento. Neste cendrio migratdrio e anti-apoptdtico, foi observada uma
diminui¢do nos niveis de N-caderina. Chalpe e colaboradores (2010) demonstraram
que a expressdo de caderinas do tipo 7 e 11 € regulada pela via candnica da Wnt em
células da crista neural de galinha quando tratadas com o ligante Wnt3a. Foi
observado um aumento na expressao destas moléculas de adesdo pro-migratdrias. Os
autores propde que com a ativagdo de genes que aumentam a migracao e proliferacao
celular, estas moléculas de adesdo estariam sendo mais expressas na presenca de um
ativador da via candnica, como a Wnt3a, e que moléculas como a N-caderina ¢ a E-
caderina (anti-migratorias) estariam sendo inibidas ou degradadas para a facilitacdo
deste processo. Foi demonstrado que a proteina Wnt3a regula a expressdo de E-
caderinas em tecido epitelial em camundongos (JAMORA 2003) e também induz a
transi¢do epitélio-mesenquimal inibindo a expressdo de E-caderina, proteina
caracteristica de tecido epitelial (BERGE et al. 2008).

Os niveis de expressdo génica, medidos através de qQPCR das moléculas de [3-
catenina e N-caderina ndo foram alterados, demonstrando que as alteragdes na
quantidade de proteinas sdo devido a modificagdes poOs-transcricionais. Devido a
exposicao ao litio, podemos supor que o aumento da concentracdo citoplasmatica de
B-catenina foi devido a inibi¢do da GSK-83 ou degradagdo proteica ativa de N-
caderinas pré-existentes. Apesar dos niveis de Wnt3a apresentarem um perfil
refletindo um possivel mecanismo de retro-inibi¢do, ndo foi observada diferenga
significativa na quantidade de proteina Wnt3a durante o tratamento com litio.

Apo6s 10 dpf ndo foi observada nenhuma diferenga significativa nos niveis

proteicos desses alvos em relag@o ao controle, indicando que apesar das alteragdes na
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capacidade motora destes animais foi afetada pela desregulacdo proteica durante o
periodo do tratamento.

Juntamente com a andlise dos genes de B-catenina e N-caderina, avaliamos a
expressao de trés genes alvos da via Wnt. Nenhum dos trés genes teve sua expressao
alterada significativamente. Foi observada uma diminui¢do estatisticamente diferente
nas doses de 0.5 ¢ 5 mM em relacdo ao controle para o gene de Cyclin D1. Isso pode
ser devido a atividade de regulagdo da matriz extracelular, independente do seu efeito
no ciclo celular, aumentando a capacidade migratoria das células através de fatores de
crescimento como as integrinas, o que possivelmente estaria diminuindo a expressao
deste gene (FU ef al. 2004). Ao contrdrio da expressdo de Cyclin D1, os niveis
aumentados de CamKIV foram o tnico efeito deste tratamento na dose de 0.05 mM,
uma dose que potencialmente ndo teria nenhum efeito sobre a GSK-38 (PHIEL &
KLEIN 2001) mas como demonstrado anteriormente, o litio possui acdo
neuroprotetora em doses baixas o que poderia estar envolvido nos efeitos da CamKIV
com a fosforilagdio de CREB e também na sobrevivéncia neuronal (MBEBI & SEE
2002). Estudos relacionam o aumento de CamKIV com a atividade da Wnt3a e do
litio, protegendo neurdnios hipocampais adultos contra proteina [-amiloide,
causadora da doenca de Alzheimer (ARRAZOLA et al. 2009). Em outro momento
(10 dpf), onde os processos de migragdo e proliferagdo celular ndo estdo mais tao
ativos, os niveis de CamKIV apresentaram-se diminuidos, demonstrando a capacidade
desta proteina de se relacionar com outras vias além da Wnt.

Estes dados reforcam a utilizagdo do Zebrafish como animal modelo
adequado para avaliar eventuais potenciais deletérios de farmacos sobre o
desenvolvimento, e demonstram, pela primeira vez, a possibilidade de caracterizacao
de fenotipos similares aos de criangas com Floppy baby syndrome em decorréncia da
exposicao ao litio. Estudos futuros que se dediquem 4 investigagdo de mais alvos
dentre as centenas de genes cuja regulacdo ¢ modulada pela via Wnt sdo necessarios
para a identificacdo dos mediadores dos efeitos encontrados. Adicionalmente outras
vias potencialmente afetadas pelo litio nas concentragdes terapéuticas testadas devem

ser exploradas.
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