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Apresentacao

Os resultados desta tese estdo apresentados sob a forma de artigos
cientificos (Parte Il). As secOes Materiais e Métodos, Resultados, Discusséo e

Referéncias Bibliogréaficas encontram-se nos proprios artigos.

Os itens Introducéo (Parte 1), Discussdao e Conclusdo (Parte Ill),
encontrados nesta tese, apresentam interpretacdo e comentarios gerais sobre
todos os artigos cientificos contidos no trabalho. As referéncias contidas no
final da tese referem-se somente as citagbes que aparecem nos itens

Introducéo e Discusséo.
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Resumo

Ainda que descrita pela primeira vez em 1893 por Emil Kraepelin, a esquizofrenia
continua sendo uma doenca mental extremamente debilitante e de dificil tratamento.
A introducao dos antipsicoticos tipicos na década de 50 e dos atipicos na década de
90 mudou consideravelmente a realidade dos esquizofrénicos, no entanto a baixa
eficacia (principalmente quanto aos sintomas negativos e cognitivos) associada a
alta incidéncia de efeitos adversos requer inovacdo na farmacodinamica de
antipsicoéticos. Alstonina, um alcaloide inddlico, € o componente majoritario de uma
preparacdo utilizada para tratar pacientes esquizofrénicos identificada em 1993
durante uma expedicdo etnofarmacoldgica a Nigéria. Alstonina mostra em
camundongos um perfil tipo antipsicético atipico, mas aparentemente difere dos
compostos conhecidos sugerindo possiveis diferencas no mecanismo de acédo. O
objetivo dessa tese foi dar continuidade ao esclarecimento do mecanismo de acao
da alstonina, especialmente ao que se refere a sua modulacdo sobre sistema
dopaminérgico e serotonérgico. Foram utilizados modelos comportamentais com
antagonistas especificos, autoradiografia quantitativa e captacao sinaptossomal de
dopamina para avaliar o efeito de alstonina sobre os receptores 5HT 24, 5HT2c, D2 €
transportador de dopamina. Os resultados mostraram que o efeito tipo antipsicoticos
de alstonina é dependentes dos receptores 5HT2a, 5HT,c; além disso mostrou-se
gue alstonina liga-se diretamente a receptores 5HT,4 mas modula indiretamente
receptores 5HT,c. O efeito de alstonina sobre esses receptores pode representar
uma estratégia peculiar para modular seletivamente a atividade dopaminérgica em
regides corticais e limbicas, compativel com o desequilibrio alegado para a
patofisiologia da esquizofrenia. Um achado digno de nota € que diferindo de todos
0s antipsicoticos em clinica, os nossos resultados mostram que alstonina ndo possuli
afinidade por receptores dopaminérgicos D,. Ainda que preliminares, 0s nossos
dados mostram que a administracdo aguda de alstonina aumenta a captacdo de
dopamina, um mecanismo possivel para diminuir a ativacdo de receptores
dopaminérgicos pds sinapticos responsaveis por sintomas positivos. Ainda que haja
lacunas no conhecimento do mecanismo de acao de alstonina, este estudo reforca a
hipétese de um mecanismo de acao inovador potencialmente Gtil como prototipo

para novos antipsicoticos.



Abstract

Although first described in 1893 by Emil Kraepelin, schizophrenia continues to be an
extremely debilitating and difficult to treat mental illness. The introduction of typical
antipsychotics in the 50s and atypical in the 90s has considerably changed the reality
of schizophrenics, but the low efficacy (especially for the negative and cognitive
symptoms) associated with the high incidence of adverse effects requires innovation
in the pharmacodynamics of antipsychotics. Alstonine, an indole alkaloid, is the major
component of a preparation used for treating mental patients identified in 1993 during
and ethnopharmacology field study in Nigeria. In mice alstonine shows the profile of
an atypical antipsychotic but, apparently, differs from known compounds suggesting
possible differences in the mechanism of action. The aim of this thesis was to
continue to clarify the mechanism of action of alstonine, especially with regard to its
modulation of dopamine and serotonin system. Behavioral models, specific
antagonists, quantitative autoradiography, and dopamine synaptosomal uptake
assays were used to evaluate the effect of alstonine on the 5HT,a, 5HT,c, and D2
dopamine transporter. The results showed that the antipsychotic-like effects of
alstonine depend on the 5HT,5 and 5HT,c serotonin receptor subtypes; additionally,
we showed that alstonine directly binds to 5HT,a receptors but indirectly modulates
5HT,c. The effects of alstonine on these receptors may represent a unique strategy
to selectively modulate dopamine activity in limbic and cortical regions, consistent
with the imbalance alleged for schizophrenia pathophysiology. Noteworthy is the
finding that unlike all antipsychotics in clinical practice, our results show that
alstonine has no affinity for dopamine D2 receptors. Though preliminary, our data
indicate that acute administration of alstonine increases the uptake of dopamine, a
possible mechanism for decreasing the activation of post synaptic dopamine
receptors responsible for schizophrenia positive symptoms. In spite of the gaps in the
knowledge of the alstonine antipsychotic mechanism of action, this study reinforces
the hypothesis that it presents a novel mechanism of action potentially useful as a

prototype for innovative antipsychotics.
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1. Introducéo

1.1. Uma brevissima histéria da psiquiatria

A nocéo de “loucura” parece ser tdo antiga quanto a humanidade. Cranios
datados de 5000a.C. ja apresentam sinais de trepanacao, resquicios da tentativa de
libertar os espiritos responsaveis pela insanidade. A histéria da psiquiatria, ou
melhor, da relacdo da sociedade com a doenca mental, se mescla com o
desenvolvimento do pensamento racional e cientifico. No inicio, a insanidade esteve
fortemente relacionada com a religiosidade. A crenca em diversas culturas é que
seriam espiritos 0s responsaveis pela alteracdo de comportamento. Com o
surgimento do catolicismo, o pecado, a fé e a vontade divina também passarem a
fazer parte das possiveis causas da insanidade. Era, por isso, funcdo da Igreja
catolica “tratar” crises convulsivas e exorcizar espiritos. Na idade média, doentes
mentais eram tratados da mesma maneira que bruxos e hereges. Embora o
pensamento sobre psique e a idéia de doencas da mente tenham surgido na Grécia
Antiga (50-40a.C.), a desvinculacdo da doenca mental da religido acorreu somente
no Renascimento, onde as idéias de Aristoteles sobre o comportamento e a mente

serviram de base para o pensamento psiquiatrico moderno (Porter 2002).

Até o século XV a responsabilidade pelos doentes mentais era da familia, que
0s mantinham, na maioria das vezes, presos e escondidos em suas proprias casas.
Antes do surgimento das grandes cidades era razoavelmente facil manter os
doentes longe da sociedade em grandes propriedades rurais, ja que ainda existia um
sentimento de vergonha e punicdo divina pela existéncia de tais individuos numa
familia. Os primeiros hospicios surgem no final do século XV impulsionados pela

necessidade de abrigar doentes mentais que ndo poderiam perambular pelos recém



formados aglomerados urbanos. No final do século XVII, com o crescimento do
absolutismo francés, todos os moradores de ruas (ladrdes, prostitutas, andarilhos,
pobres, etc) sdo recolhidos aos hospicios que possuiam muito mais um caréater
policial que de tratamento. Essa pratica notoriamente contribuiu para estigmatizar
ainda mais os doentes mentais. As terapias da época baseavam-se em métodos

fisicos, como inducéo de vémito, banhos frios, castigos fisicos, lobotomia e sangrias.

Sob a luz das idéias iluministas, no século XVIIl, come¢cam a surgir novas
formas de ver e tratar os pacientes internados em hospicios. Nao parece
surpreendente que o fato do Rei George Il da Inglaterra necessitar de cuidados
psiquiatricos tenha influenciado mudancgas na forma de tratamento de paciente
mentais, ja que ndo se poderia simplesmente prender e castigar um rei. A nova
abordagem chamada de “terapia moral” preconizava que os hospicios deveriam
funcionar como um lar; os internos deveriam ter uma vida préxima a normal com
horérios para lazer e trabalho, e ainda deveriam sentar-se juntos a mesa para as
refeicbes. Nesse contexto, e fortemente influenciado pelas idéias da Revolugéao
Francesa, o médico francés Philippe Pinel, provoca uma verdadeira revolucdo no
tratamento das doencas mentais. Sua filosofia fundamental era que sendo a
insanidade uma desordem mental as abordagens fisicas além de n&do terem valia
ainda poderiam piorar 0s sintomas, os tratamentos deveriam entdo penetrar na
psique do individuo para atingir a causa da doenca: surgia assim o conceito de
psicoterapia. A revolucao iniciada por Philippe Pinel além de mudar a estrutura dos
hospicios espalhou-se por todo mundo, sendo hoje considerado como o pai da

psiquiatria moderna (King 1999 a; b; c; Porter 2002).

1.2. A abordagem das doencas psiquiatrica no Brasil



A histéria da assisténcia aos doentes psiquiatricos no Brasil, bem como a
relacdo da sociedade em geral com a doenc¢a mental é reflexo do que acontecia em
boa parte do mundo ocidental. No periodo colonial médicos eram raros no pais e os
cuidados meédicos eram realizados por curandeiros de todas as crencas, inclusive
sacerdotes catolicos, especialmente os jesuitas. Posteriormente ocorreu a fundacgéo
dos Hospitais da Irmandade de Santa Casa de Misericérdia, que, no entanto nao
possuiam a especialidade psiquiatria. Até o final do século XVIII, as Santas Casas
exerciam mais uma funcéo de albergue que de hospital propriamente dito. Depois da
Revolucdo Francesa ocorre a reforma da psiquiatria na Franca que serviu de
exemplo para o mundo ocidental, e sob influencia dos franceses nasce a assisténcia
psiquiatrica publica no Brasil. Em 1852 foi inaugurado no Rio de Janeiro o Hospicio
Pedro II, um prédio suntuoso e moderno que na época serviu de modelo para a
construcdo dos demais hospicios do pais. Hoje, o prédio chamado de Palacio
Universitario da Praia Vermelha pertence a Universidade Federal do Rio de Janeiro.
Outro marco é a fundacdo sob administracdo publica, em 1890, da Assisténcia

Médico-Legal dos Alienados (Miranda-Sa Jr 2007).

A grande revolucéo da clinica psiquiatrica, no entanto, s6 ocorreu na década
de 50 com a descoberta dos psicofarmacos, entre eles os antipsicoticos. Em 1978
inicia-se 0 movimento de reforma psiquiatrica no Brasil, expressa no Movimento dos
Trabalhadores de Saude Mental (MTSM). O movimento propunha o fim dos
manicémios e a reinsercdo dos doentes mentais na sociedade. Varios movimentos
comecaram a surgir com o0 propésito da desospitalizacdo dos pacientes
psiquiatricos, e entre 1991 e 2001 diversas portarias do Ministério da Saude
oficializaram a descentralizacdo e a municipalizacdo da atencdo psiquiatrica. Em

véarios estados foram aprovadas leis que determinam a progressiva substituicdo dos



leitos psiquiatricos por uma rede integrada de atencdo a saude mental. Surgem 0s
primeiros Centros de Atencdo Psicossocial (CAPS) e os Nucleos de Atencdo
Psicossocial (NAPS). Em 2001 é aprovada a Lei Ordinaria 10216/2001, modificagao
do projeto de lei PL 3657/1989, que dispbem sobre a extingdo progressiva dos
manicOmios e sua substituicdo por outros recursos assistenciais e regulamenta a
internacdo psiquiatrica compulsoria. Véarias portarias comecaram a regulamentar o
mecanismo da desospitalizagéo, entre eles o projeto “de volta pra casa” de 2003 que
instituiu um auxilio mensal para pacientes que passaram por longos periodos de
internacdo psiquiatrica (Borges e Baptista 2008). Atualmente existem no Brasil
1.924 CAPS (dados de novembro de 2010) e 3.574 beneficiarios do programa “de

volta pra casa” (dados de julho 2010) (fonte: www.datasus.gov.br).

O progresso da clinica psiquiatrica se deve em grande medida ao
desenvolvimento de psicofarmacos. Algumas doencas psiquiatricas ainda precisam
gue novas drogas sejam descobertas para que a integracdo social dos pacientes
seja possivel; a principal destas (tanto pela gravidade como pela incidéncia) é a
esquizofrenia. H4 um século trés doencas privavam os doentes do convivio social e
os levava a serem isolados em instituicdes especificas e tipicamente afastadas dos
centros urbanos: a doenca mental, a tuberculose e a lepra. Dessas, somente a
doenca mental continua sem alteracdes quanto a prevaléncia e incapacidade (Insel

2010).

1.3. Esquizofrenia

Acredita-se que a esquizofrenia seja tdo antiga como a espécie humana. Os
relatos mais antigos de psicose datam de 1400 a.C. e estdo descritos nos Vedas,

textos escritos em sanscrito e base do hinduismo. Relatos sugestivos de
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esquizofrenia parandide foram feitos por babilénicos (ainda em escrita cuneiforme) e
também por mesopotamicos. Em 1893, na quarta edigao de seu livro “Compendium
der Psychiatrie”, Emil Kraepelin descreveu pela primeira vez a dementia praecox,
ainda agrupada dentro dos “processos degenerativos psiquicos”. Ele a definia como
uma deméncia (dementia), que ao contrario das outras iniciava mais cedo, ainda no
peridio da adolescéncia (praecox). J& na quinta edi¢do, Kraepelin separa dementia
praecox de outras deméncias e essa passa a ser dividida em parandica e
parafrenica. Apds varias observacbes o proprio Kraepelin ja concluia que essa
patologia estava distribuida igualmente em todo o mundo e que assim ndo era
afetada por nenhuma raga, por nenhum clima ou habito alimentar. Sua Unica relagao
era que havia uma maior incidéncia de dementia praecox em criangas que haviam

nascido com complica¢cdes obstétricas (Adityanjee et al. 1999).

Foi em 1908 que o psiquiatra suico Eugene Bleuler introduziu o termo
esquizofrenia, do grego skhizein- dividido ephren— mente (McGlashan 2011). A
principal justificativa para a troca do nome € que, segundo as observacdes de
Bleuler, a dementia praecox ndo acometia somente adolescentes podendo iniciar-se
mais tarde (McGlashan 2011). Ele afirmava que a esquizofrenia era um disturbio de
pensamento caracterizado por separacdo/divisdo associativa. Foi dele a proposicao
dos quatro “A” da doencga: perda das associagdes, embotamento afetivo, autismo e
ambivaléncia (Adityanjee et al. 1999). Atualmente, o Manual Diagnéstico e
Estatistico de Transtornos Mentais (DSM-1V) define esquizofrenia, tanto para fins de
diagndstico, como para fim de tratamento, como uma perturbacdo com duracéo
minima de 6 meses com a presenca de delirios, alucinacfes, discurso
desorganizado, comportamento amplamente desorganizado ou catatbnico, bem

como a falta de afeto e comprometimento cognitivo (Association 2002).

11



A esquizofrenia € até hoje uma doenca de dificil definicdo ja que existe uma
gama de sintomas que se apresentam em espectro de intensidade diferente em
cada paciente. Os sintomas da esquizofrenia sdo classificados como: positivos,
negativos e cognitivos. Os sintomas positivos se caracterizam por uma exacerbacgao
e incluem: ilusdes, alucinacdes, distirbios de pensamento, entre outros. Ja 0s
sintomas negativos podem ser vistos como uma inibicdo e fazem parte: dificuldade
ou auséncia de interacdo social, embotamento afetivo e timidez excessiva. Apenas
recentemente os sintomas cognitivos passaram a ser incluidos na caracterizacdo da
doenca; o paciente esquizofrénico apresenta desconexdes e rigidez de raciocinio,
déficits de memoria de trabalho e funcdo executiva, com forte repercussao na

linguagem, aprendizado e memoria (Kivircik Akdede et al. 2005; Schaub et al. 2011).

Como ja havia observado Kraepelin, a incidéncia da esquizofrenia €
praticamente a mesma em todo mundo. A prevaléncia mundial da esquizofrenia ao
longo da vida € comumente estimada em 1% da populacdo, mas podem ocorrer
variacfes principalmente devido a variagcbes metodoldgicas e nos critérios de
diagnostico utilizados. Em um estudo mais recente (Perdla et al. 2007), a
prevaléncia foi estimada em 0,87% da populacdo. No Brasil e na América latina,
estima-se que a prevaléncia fiqgue em torno de 1% (Mari e Leitdo 2000). Em geral
seu inicio ocorre nos primeiros anos da fase adulta e é mais frequente em homens

gue em mulheres (Andreasen 2000).

Mesmo mais de um século depois de seu primeiro relato psiquiatrico a
esquizofrenia continua sendo uma das doencas psiquiatricas mais devastadoras e
incapacitantes (Meyer-Lindenberg 2010). Na Europa menos de 20% das pessoas
com esquizofrenia estdo empregadas (Folsom et al. 2005). Heckert e colaboradores

(1999) mostraram que 9,6% dos moradores de rua da cidade de Juiz de Fora no
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estado de Sao Paulo eram esquizofrénicos. Uma pesquisa feita por uma agéncia de
advocacia americana demonstrou que nos Estados Unidos uma pessoa com doenca
psiquiatria grave (entre elas principalmente a esquizofrenia) possui 3 vezes mais
chances de ser encontrado no sistema judiciario por algum crime que em hospitais

(Insel 2010) (http://www.treatmentadvocacycenter.org).

A esquizofrenia pertence a um grupo de doencas complexas (como cancer e
diabetes), de etiologia multifatorial, sendo que a manifestacdo da doenca é resultado
de interacdes entre susceptibilidades genéticas e exposicdo a fatores ambientais.
Quanto a fatores ambientais, estudos recentes mostraram que crescer em areas
urbanizadas, fazer parte de grupos minoritarios, sofrer trauma na infancia e consumir
maconha na adolescéncia estdo associados com quadros psicoéticos (van Os et al.
2010), além da associacéo entre infeccdo materna durante a gestacado e aumento da
incidéncia de esquizofrenia na prole (Brown e Patterson, 2011). Os genes, por sua
vez, exercem impacto por alterar a sensibilidade do individuo aos fatores ambientais,
resultando na criagcdo de subgrupos mais vulneraveis a certos riscos como 0s
citados acima (Di Forti et al. 2007). Apesar dos avancos na constatacdo destas
associacles, ainda ndo se sabe ao certo quais genes e fatores estdo realmente

implicados, ou como eles determinam o surgimento da doenca.

Muito se questionou se a esquizofrenia seria uma doenca neurodegenerativa,
principalmente com sua primeira associacdo com as deméncias senis. Alteracdes
neuroanatdémicas em estudos post-mortem e de imagem foram relatadas, incluindo
ventriculos aumentados, sulcos cerebrais proeminentes, reducdo no tamanho dos
hipocampos e reducdo de matéria cinzenta (Andreasen 1994). Entretanto, os
primeiros estudos histologicos ndo observaram gliose, diferenciando os processos

neuropatolégicos envolvidos na esquizofrenia nas deméncias senis (Rund 2009).
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Vem sendo proposto que em vez da perda de neurdnios (neurodegeneragao) ocorra
uma perda da funcdo e conectividade desses neurdnios (Hayashi-Takagi e Sawa
2010) essas observacgBes contribuiram para a formulacdo de uma hipGtese
alternativa a neurodegeneracao. A hip6tese neurodesenvolvimental da esquizofrenia
propde que alteracbes durante o desenvolvimento do encéfalo, sobretudo no
sistema glutamatérgico, levariam a perda de conectividade e as alteracbes
morfolégicas observadas nos pacientes esquizofrénicos (Weinberger e McClure
2002; Hayashi-Takagi e Sawa 2010). Determinar se processos neurodegenerativos
estdo envolvidos na esquizofrenia, ou se ela é decorréncia de um processo
neurodesenvolvimental, ou ainda se os dois processos estao presentes na doenca
auxiliaria no desenvolvimento de novas terapias e até mesmo numa possivel

prevencao da doenca (Rund 2009).

Na realidade, pouco se sabe sobre as bases neurobiologicas responsaveis
pela doenca. Estudos de neuroimagem tém contribuido muito para o entendimento
do funcionamento do encéfalo do paciente esquizofrénico (Meyer-Lindenberg 2010).
Alteracbes neuroquimicas relevantes a essa tese serdo discutidas nos topicos
subsequentes. Como discutido por Kim e Stahl (2010) em recente revisao, 0 que se
sabe hoje sdao apenas “partes” da doenga, mas o “todo” ainda permanece
desconhecido. Mais do que isso o, “todo” ndo é a simples soma das “partes” e por
iSsso muito ainda tera que ser desvendado até que tenhamos uma visdo completa e

consistente da patofisiologia subjacente a esquizofrenia.

1.3.1. O sistema dopaminérgico e seu envolvimento na esquizofrenia

O sistema dopaminérgico central € composto por quatro vias principais:

mesolimbica, mesocortical, nigroestriatal e tuberoinfundibular (Fig.1). A via
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mesolimbica é formada por projecdes da area tegmental ventral (VTA) para o
sistema limbico e esta principalmente envolvida com motivacdo e saliéncia. A via
mesocortical se projeta do VTA a estruturas corticais, principalmente para o cortex
frontal, tendo um papel importante na tomada de decisfes e processos cognitivos
(atencdo, memoria de trabalho e funcdo executiva). Na via nigroestriatal as
projecdes iniciam na substancia nigra (SN) e se projetam para 0 corpo estriatal,
sendo de importancia fundamental para o controle de movimentos. A via
tuberoinfundibular inerva a glandula pituitaria e possui papel inibitério sobre a
secrecdo do hormdnio prolactina. (Kandel et al. 2003; Stahl 2008; Remington et al.

2011)

= Nigroestriatal
e Mesolimbica

« Mesocortical ,
=== TUDeroinfundibular |~'

Figura 1: Vias dopaminérgicas.

A dopamina € uma anima biogénica sintetizada a partir do aminoacido

essencial tirosina; a enzima tirosina hidroxilase converte tirosina em L-

15



diidroxifenilalanina (L-DOPA) a qual é descarboxilada pela L-DOPA descarboxilase
formando dopamina e CO,. A tirosina hidroxilase € a enzima limitante da sintese de
dopamina. Apés ser sintetizada, a dopamina é armazenada em vesiculas sinpticas;
sua entrada na vesicula se da através do transportador vesicular de monoamina do
tipo 2 (VMAT2). ApoOs ser liberada na fenda sinaptica o efeito da dopamina é
terminado por difusdo espontanea, degradacdo pela enzima local ou pela
recaptacdo para o terminal pré-sinaptico através do transportador de dopamina
(DAT). De todos os mecanismos de inativacdo o principal deles € a recaptacéo,
responsavel por regular a concentracdo de dopamina na fenda sinaptica. Apos
recaptada a dopamina pode ser degradada ou ser transportada novamente para
dentro das vesiculas sinapticas. As duas principais enzimas envolvidas na
degradacdo da dopamina sdo a monoanima oxidase (MAO) e a catecol-O-metil
transferase (COMT). Pela acdo da MAO dopamina € oxidada a acido 3,4-
dihidroxifenilacético (DOPAC) e pela acdo da COMT a 3-metoxitiramina (3MT), por
fim ambos os metabdlitos sdo convertidos em acido homovanilico (HVA) pela acéo
da COMT. Estando a MAO na membrana mitocondrial e a COMT na membrana
externa do neurdnio pos-sinaptico, DOPAC é considerado o metabdlito intraneuronal

da dopamina enquanto o HVA o extraneuronal. (Kandel et al. 2003; Stahl 2008).

Apés ser liberada pelo terminal pré-sinaptico, a dopamina ativa seus
receptores D1-D5 todos acoplados a proteina G. Conforme o tipo de proteina G a
gue esses receptores estdo acoplados eles séo divididos em duas classes: D1 e D2.
A classe D1 inclui os receptores D1 e D5 e ativa a proteina Gs excitatéria que leva a
producdo de AMPc; sdo receptores exclusivamente poés-sinapticos. Os receptores
da classe D2 sao acoplados a proteina Gais inibitéria e por isso levam a inibicdo da

adenilatociclase; os receptores D2 e D3 podem atuar como pos-sinapticos, mas

16



também como autoreceptores regulando a liberacdo de dopamina (Beaulieu e

Gainetdinov 2011).

O transportador de dopamina (DAT) é membro da familia dos transportadores
neuronais simporters dependentes de Na*, possui 12 dominios transmembrana com
os terminais carbonil e amino localizados dentro da membrana neuronal (Volz e
Schenk 2005). E responsavel pela manutencdo da concentracdo de dopamina na
fenda sinaptica e estad distribuido na maioria das regides dopaminérgicas com
excecdo do cértex frontal, nessa regido se acredita que o transportador de
noradrenalina (NET) e a enzima COMT sejam responsaveis por eliminar a dopamina
da fenda sinaptica (Carboni et al. 1990; Moron et al. 2002). Por possuir um
importante papel como modulador da sinapse dopaminérgica, DAT é alvo de varias
drogas psicoestimulantes como metilanfetamina, anfetamina e modafenil, além das
drogas de abuso como cocaina e d-metanfetamina (Schmitt e Reith 2010).
Interessantemente, o DAT é capaz tanto de captar como liberar dopamina (Cragg e
Rice 2004). A acao do DAT pode ser modulada de muitas maneiras, ele é sensivel a
fosforilacdo pela proteina cinase C (que o inibe) bem como ao gradiente idnico

Na'/Cl, além de poder ser rapidamente internalizado (Leviel 2011).

A primeira hipotese neuroquimica da esquizofrenia foi a Hipbtese
Dopaminérgica, onde se postulava que um aumento na transmissdo dopaminérgica
seria responsavel pelos sintomas da doenca. Essa hipdtese foi baseada em duas
observacfes: (1) drogas que aumentavam a transmissdo dopaminérgica (ex.
anfetamina) produziam em individuos normais sintomas psicéticos e pioravam 0s
sintomas positivos em pacientes esquizofrénico; (2) drogas que produziam efeito
antipsicotico (ex. clorpromazina, haloperidol) eram antagonistas de receptores D2

dopaminérgicos (Snyder et al. 1970; Creese et al. 1976; Seeman et al. 1976). No
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entanto esta hipétese ndo conseguia explicar os sintomas negativos e cognitivos da
doenca, nessa lacuna surgiram ao longo dos anos varias hipéteses envolvendo
outros neurotransmissores sendo a principal delas a hipétese glutamatérgica (Olney
et al. 1999). Aproximadamente 20 anos atras a hipétese dopaminérgica classica
comecgou a ser reformulada levando em conta os outros sintomas da doenga (Davis
et al. 1991). Através de estudos de neuroimagem observou-se que 0S pacientes
esquizofrénicos apresentam uma diminuicdo na transmissdo dopaminérgica nas
areas corticais, mas ao mesmo tempo possuem uma hiperestimulagdo na via
dopaminérgica mesolimbica. A visdo atual € de que exista um desequilibrio no
sistema dopaminérgico, por um lado ocorre uma hiperestimulacdo da via
mesolimbica induzindo os sintomas positivos, enquanto por outro ocorre uma
hipoestimulacdo da via mesocortical levando aos sintomas negativos e cognitivos
(Abi-Dargham 2004). Esse desequilibrio € possivel porque as vias dopaminérgicas
corticais e subcorticais sdo moduladas de forma diferente por glutamato, serotonina
e GABA, e alteracdes nesses neurotransmissores poderiam comprometer a funcao
adequada do sistema dopaminérgico ( Carlsson et al. 2001; Abi-Dargham 2004; Alex
e Pehek 2007; Fink e Goéthert 2007). Farmacos capazes de modular seletivamente
as vias dopaminérgicas seriam, portanto, de grande interesse para a terapia da

esquizofrenia.

Alteracbes pré-singpticas nos neurdnios dopaminérgicos vém sendo
frequentemente relatadas, principalmente em areas estriatais, em pacientes
esquizofrénicos (Miyake et al. 2011). A sintese de dopamina, e consequentemente o
armazenamento, esta aumentada em pacientes esquizofrénicos, sendo mais
evidente em pacientes com psicose ativa (Reith et al. 1994; Hietala et al. 1999;

Meyer-Lindenberg et al. 2002; Howes e Kapur 2009; Nozaki et al. 2009). Além disso,
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0 aumento de sintese também é observado em individuos com sintomas prodémicos
da doenca, indicando que a elevacdo da sintese de dopamina pode estar
relacionada com a vulnerabilidade genética da doenca (Huttunen et al. 2008). A
guantidade de dopamina liberada também estd aumentada, principalmente a
liberada de forma tonica (basal) ( Laruelle et al. 1996; Abi-Dargham et al. 1998; Abi-
Breier et al. 1997; Dargham et al. 2000; Kegeles et al. 2010). No entanto, 0s

transportadores DAT e VMAT2 néo estéo alterados (Miyake et al. 2011).

1.3.2. O sistema serotonérgico e seu envolvimento na esquizofrenia

A serotonina (5-hidroxitriptamina) é sintetizada a partir do aminoacido
triptofano e pertence ao grupo de compostos indbéis aromaticos. A sintese da
serotonina (5HT) ocorre em dois passos, primeiro ocorre a hidroxilacédo do triptofano
pela enzima triptofanohidroxilase formando 5-hidroxitriptofano, posteriormente
descarboxilado pela enzima 5-hidroxitriptofano descarboxilase resultando em

serotonina. (Kandel et al. 2003).

Os corpos celulares dos neurbnios serotonérgicos sdo encontrados no nucleo
da rafe, as projecdes desses neurbnicos estdo amplamente distribuidas pelo
encéfalo e medula espinal (Kandel et al. 2003). Esta envolvidas em funcdes
importantes do sistema nervoso central como controle da pressdo arterial,
temperatura corporal, apetite, liberacdo de prolactina e de outros horménios,
percepcdo de dor, comportamento emocional, atencdo e alguns processos

cognitivos (Kandel et al. 2003; Fink e Gothert 2007).

Foram identificados 14 tipos de receptores serotonérgicos pertencentes a 7
familia (5HT;-5HT>). A maioria desses receptores pertence a familia de receptores

acoplados a proteina G; a exceg¢do é o receptor 5HT3 que € ionotropico. Os
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receptores 5HT,n e 5HT,c, que possuem grande relevancia no tratamento da
esquizofrenia, sdo acoplados a proteina Gy11 que ativa fosfolipase C ( Kandel et al.
2003; Fink e Gothert 2007). O transportador de serotonina (SERT) presente na
membrana do neurbnio pré-sinaptico é responsavel por terminar o efeito da
serotonina na fenda sinptica (Gainetdinov e Caron 2003). Dentro do neurbnio a
serotonina é metabolizada pela MAO em &acido 5-hidroxiindolacético (5-HIAA)

(Kandel et al. 2003).

Os neurdnios serotonérgicos modulam a liberacdo de varios outros
neurotransmissores (Alex e Pehek 2007; Fink e Gothert 2007). Essas modulacdes
podem ocorrer por dois mecanismos: (1) diretamente através de heteroreceptores
serotonérgicos presentes nos axOnios terminais de neurbnios dopaminérgicos,
colinérgicos, noradrenérgicos ou GABAérgicos; (2) através de heteroreceptores
presentes em interneurdnios GABAEérgicos que controlam a liberacdo de dopamina,
acetilcolina e noradrenalina (Fink e Géthert 2007). A modulacdo serotonérgica sobre
a liberacdo de dopamina €, evidentemente, de grande interesse para a area da
esquizofrenia (Meltzer e Massey 2011). Diferentes tipos de receptores
serotonérgicos estdo distribuidos nas vias dopaminérgicas, além disso, devido a
complexos circuitos neuronais um mesmo tipo de receptor serotonérgico pode ter
efeitos antagdnicos conforme a via dopaminérgica. Isso possibilita uma modulacao
vialreceptor especifica (Alex e Pehek 2007; Fink e Gothert 2007). A ativacdo de
receptores 5HT,5 em interneurdnios GABAérgicos no VTA e SN diminui a liberacéo
de DA em cortex frontal, nacleo accumbens (NAc) e caudato-putamen (CPu) (Fink e
Gothert 2007). Dessa forma antagonistas 5HT,a, como 0s antipsicoticos atipicos,

aumentariam DA no cortex frontal (Fink e Gothert 2007), o que seria de grande valia
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no manejo de sintomas negativos e cognitivos. Além disso, o aumento de DA em

CPu diminui a inducao de efeitos adversos motores (Kim e Stahl 2010).

Os receptores 5HT,c regulam a liberacdo tdénica de DA nas vias mesolimbica
e nigroestriatal (Alex e Pehek 2007). A ativacdo desses receptores melhora os
sintomas positivos da esquizofrenia gragcas a reducédo da liberacdo de DA na via
mesolimbica (Millan et al. 1998; Alex e Pehek 2007; Fink e Gothert 2007). No
entanto existe a sugestdo de que agonistas 5HT,c poderiam piorar 0s sintomas
cognitivos e induzir efeitos adversos motores por também diminuirem DA no coértex
frontal e em CPu (Kim e Stahl 2010). Alguns antipsicoticos atipicos sdo antagonistas
5HT,c (Meltzer e Massey 2011). Receptores 5HT,c localizados no hipotalamo estao
associados com ganho de peso (Miller et al. 2005), e vem sendo sugerido que o
bloqueio desse receptor combinado com a ativacao de receptores de histamina H1
seriam 0s responsaveis pelo ganho de peso induzido por antipsicoticos atipicos (Kim

e Stahl 2010).

Na década de 50, observacdes entre a semelhanca estrutural da 5HT e o
alucinégeno dietilamida do acido lisérgico (LSD) levaram as primeiras correlacbes
entre hiperestimulcdo serotonérgica e a esquizofrenia (Geyer e Vollenweider 2008).
Na década de 80, esse interesse foi reacendido pela introducdo do antipsicotico
atipico clozapina, que apresenta afinidade por varios receptores serotonérgicos
(Ebdrup et al. 2011). Estudos post-mortem tém mostrado alteracfes no sistema
serotonérgico de pacientes esquizofrénicos (Abi-Dargham 2007). As alteracdes mais
consistentes sdo a diminuicdo cortical de SERT (Joyce et al. 1993; Laruelle et al.
1993; Ohuoha et al. 1993) e o aumento dos receptores 5HTa (Simpson et al. 1996;

Sumiyoshi et al. 1996; Burnet et al. 1996; 1997; Gurevich e Joyce 1997;). Também
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foram relatadas alteracdes em receptores 5HT,, mas os estudos ainda n&o séo

conclusivos (Abi-Dargham 2007).
1.4. Antipsicéticos

Em 1951, a industria Rhone-Poulenc sintetizou compostos anti-histaminicos
para serem usados no periodo pré-operatério para diminuir a ansiedade e
potencializar a anestesia. Uma dessas drogas era a clorpromazina, que chamou a
atencdo por em teste com animais produzir um estado de indiferenca. O médico
Henri Laborit, em colaboracdo com Huguenard, resolveu incluir essa droga em um
‘coquetel litico” utilizado na pré-anestesia. A observacdo de que a clorpromazina
induzia nos pacientes um interessante estado de indiferenca com baixa inducéo de
sonoléncia e sem perda da consciéncia chamou atencédo da possibilidade do uso
psiquiatrico desse farmaco. Os psiquiatras Pierre Deniker e Jean Delay iniciaram o
uso de clorpromazina em pacientes e o resultado foi impressionante (Kapur e Mamo
2003; Ban 2007). A clorpromazina foi aprovada para uso psiquiatrico em 1954 pelo
orgao americano Food and Drug Administration (FDA). Estima-se que em 1964 50
milhdes de pessoas no mundo ja haviam sido tratadas com clorpromazina, uma

revolucdo no manejo que desordens psiquiatricas (Kane e Correll 2010).

Paralelamente, o alcaléide reserpina era isolado da Rauwolfia serpentina. A
Rauwolfia serpentina era utilizada tradicionalmente na india, chegando a fazer parte
do sistema Ayurveda de medicina. Conhecida “pagal-ka-dawa” (cura para
insanidade) era utilizada tradicionalmente para insénia e insanidade. Os relatos e
observacfes etnofarmacoldgicas chamaram a atencdo do ocidente para reserpina,
gue em 1956 foi aprovada pelo FDA para tratamento da esquizofrenia (Curzon 1990;

Kapur e Mamo 2003).
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Esses primeiros farmacos foram inicialmente chamados de tranquilizantes
maiores, e mais tarde de neurolépticos, ja que induziam comportamento neuroléptico
caracterizado por apatia, anedonia, falta de motivacéo e reducdo de interesse por
qualquer atividade. Somente duas décadas apds a descoberta da clorpromazina e
da reserpina que surgiu o termo antipsicético (Kapur e Mamo 2003; Stahl 2008). A
reserpina ja deixou de ser utilizada como antipsicético, teve papel importante no
manejo da hipertensdo arterial sistémica, uso que também ficou obsoleto com o
advento de melhores farmacos; ja a clorpromazina continua a ser usada nho
tratamento da esquizofrenia. Os dois farmacos revolucionaram a forma de tratar e
encarar a esquizofrenia, modificando inclusive os sistemas de hospitais psiquiatricos
(Duval e Goldman 2000), a figura 2 mostra um anuncio publicitario de 1982 do
medicamento Thorazine® (clorpromazina) e ilustra a revolucdo no tratamento da

esquizofrénica apds a descoberta dos antipsicoticos.
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Figura 2: Publicidade do medicamento Thorazine®(clorpromazina) de 1982.

Varios outros antipsicéticos foram desenvolvidos nas décadas de 60 e 70. O
mecanismo desses primeiros antipsicoticos, assim como o da clorpromazina,

baseava-se no antagonismo de receptores dopaminérgicos D2. O bloqueio desses
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receptores na via mesolimbica leva a uma melhora significativa dos sintomas
positivos, mas, no entanto, esse bloqueio nas outras vias dopaminérgicas produz um
grande numero de efeitos adversos. Os principais sdo 0s chamados sintomas
extrapiramidais (EPS), distarbios motores resultantes do bloqueio de receptores D2
na via nigroestriatal, que incluem: parkinsonismo, discinesia tardia, acatisia e
distonia. Outro efeito adverso classico desses farmacos € o aumento do hormdnio
prolactina, consequéncia do bloqueio de receptores D2 na via tuberoinfundibular.
Mesmo tendo sido uma revolugéo no tratamento da esquizofrenia, o tratamento com
0s primeiros antipsicéticos ainda apresentava varios problemas. Além da grande
incidéncia de efeitos adversos, uma grande porcentagem dos pacientes é resistente
a esses farmacos e existe pouca ou nenhuma melhora dos sintomas negativos e

cognitivos. (Gardner et al. 2005)

Somente trés déecadas depois o0 cenario da terapéutica da esquizofrenia
comecou a mudar. Em 1989, foi aprovado um novo antipsicotico indicado para
pacientes refratarios e que ndo causava efeitos adversos motores. Embora a
clozapina tivesse sido sintetizada em 1959, os primeiros estudos foram
inconclusivos, e a época ndo se conseguia sequer entender que uma droga poderia
ter efeito antipsicético sem produzir EPS. Outro fato que atrasou sua aprovacao no
FDA era o fato da clozapina induzir agranulocitose (Crilly 2007); hoje existem
protocolos de controle desse efeito adverso que ocorre de fato em 3-5% dos

pacientes (Bhanji et al. 2003).

Os antipsicéticos sdo hoje divididos em duas classes: tipicos (ou primeira
geracdo) e atipicos (ou segunda geracdo). Essa classificacdo € baseada na
probabilidade do antipsicético produzir EPS em doses clinicamente relevantes

(Kapur e Mamo 2003; Meltzer e Massey 2011). Os farmacos tipicos, 0s primeiros a
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serem introduzidos na terapéutica (como por exemplo, clorpromazina, haloperidol e
tioridazina), sdo predominantemente antagonistas D2 e por isso induzem EPS
(Baldessarini e Tarazi 1996; Stahl 2008). Os antipsicoticos atipicos (como por
exemplo, clozapina, riperidona, olanzapina, etc) possuem multiplos mecanismos de
acdo. Vem sendo proposto que a alta afinidade por multiplos receptores de 5HT e a
menor afinidade por receptores D2 seriam 0s responsaveis pela baixa probabilidade

de inducéo de EPS pelos atipicos (Meltzer e Massey 2011).

Além da Obvia vantagem da diminuicdo de efeitos extrapiramidais, foi
inicialmente sugerido que os atipicos fossem eficazes quanto aos sintomas
negativos. Com isso, a introducdo destes novos farmacos no manejo de
esquizofrenia foi acompanhada de grande expectativa. Infelizmente, muitos
pacientes também ndo respondem a esses medicamentos, o efeito sobre sintomas
negativos ndo se mostrou tdo robusto quanto inicialmente esperado e ha pouco
efeito sobre os sintomas cognitivos (Murphy et al. 2006). Além disso, o0 uso de
medicamentos desta classe esta associado ao desenvolvimento do diabetes e
outras alteracbes metabdlicas (como aumento excessivo de peso e

hipercolesterolemia) (Gardner et al. 2005).

O fato do tratamento com antipsicoticos atipicos custar 10 vezes mais que 0
feito com tipicos, gerou a discussao se as vantagens terapéuticas justificavam o
elevado custo. O estudo Clinical Antipsychotic Trials of Intervention Effectiveness
(CATIE) teve como objetivo comparar a eficacia entre antipsicéticos tipicos e
atipicos. O estudo comparou o antipsicético tipico perfenazina com os agentes
atipicos olanzapina, quetiapina, ziprasidona e risperidona, em um ensaio duplo-
cego. Contrariando as expectativas, o estudo ndo encontrou vantagens significativas

entre 0 antipsicotico tipico e os atipicos. A pesquisa mostrou também que em um
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total de 1.493 pacientes, 74% abandonaram o tratamento devido aos efeitos
adversos: principalmente ganho de peso e aumento da glicemia com farmacos
atipicos, e efeitos extrapiramidais com perfenazina. Uma observacao surpreendente
€ que embora os efeitos extrapiramidais tenham sido a principal causa para
interrupgdo do uso de perfenazina, ndo houve diferenga significativa entre a
incidéncia deste efeito adverso entre farmacos tipicos e atipicos. A principal
concluséo do estudo é que o tratamento deve ser individualizado para cada paciente
e que todas as opcoOes terapéuticas deve ser levadas em consideragao na hora da
prescricdo (Lieberman et al. 2005). Um estudo recente procurou analisar se 0s
resultados mostrados no CATIE tiveram algum efeito sobre as prescricbes de
antipsicoticos no estado de Missouri, Estados Unidos. A conclusao é que embora a
mudancga tenha sido pequena ela foi significativa principalmente no ndamero de
prescricdes de perfenazina, os autores justificam que a pequena mudanca se deve

ao fato da paucidade de alternativas terapéuticas (Berkowitz et al. 2011).

E forgoso reconhecer que tanto os antipsicoticos tipicos como os atipicos
reduzem os sintomas positivos, mas eles ndo provocam uma recuperacao funcional
(como emprego, independéncia e casamento) dos pacientes esquizofrénicos. A
principal explicacdo é que a incapacidade da esquizofrenia se deve principalmente
aos déficits cognitivos, como problemas de atencdo e memaria de trabalho, sintomas

gue os antipsicoticos ainda ndo conseguiram melhorar (Insel 2010).
1.5. Possiveis alvos terapéuticos para o tratamento da esquizofrenia

A necessidade de inovacdo na area de antipsicéticos € indiscutivel, sobretudo
sd0 necessarios farmacos capazes de melhorar os sintomas negativos e cognitivos

(Insel 2010; Kim e Stahl, 2010; Wong et al. 2010; Goff et al. 2011). Embora vérias
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estratégias possiveis venham sendo discutidas, até o momento o resultado em
estudos clinicos tem sido pouco expressivo (Goff et al. 2011). A seguir serdo
discutidos possiveis alvos para novos antipsicéticos com énfase nos sintomas

cognitivos e negativos.

O envolvimento do sistema dopaminérgico na patofisiologia da esquizofrenia
€ indiscutivel (Remington et al. 2011). No entanto, em vez de bloquear os receptores
D2 em todas as vias dopaminérgicas, o ideal seria restabelecer o desequilibrio das
vias corticais e subcorticas (Stahl 2008). Uma estratégia que vem sendo apontada
séo o0s antagonistas de receptores D3 (Joyce 2001; Joyce e Millan 2005; Kim e Stahl
2010). Autoreceptores D3 possuem um importante papel na regulacdo do sistema
limbico: regulam a quantidade de dopamina extracelular através de interagdo com o
DAT (Zapata e Shippenberg 2002). Aléem disso, a dopamina possui uma afinidade 60
vezes maior por receptores D3 que por D2; isso associado a presenca de receptores
D3 fora das sinapses tem sugerido que estes funcionem como sensores da
guantidade de dopamina (Joyce 2001). Relevante para 0s sintomas cognitivos,
antagonistas D3 aumentam a liberacdo de acetilcolina no coértex frontal, o que
resulta em melhora de atencdo e memoaria de trabalho em ratos (Millan et al. 2010).
Em um estudo clinico randomizado duplo-cego o antagonista D3 ABT-925 nao
mostrou diferenca em comparacao ao placebo, no entanto o estudo foi inconclusivo
porque a dose utilizada resultou em baixa ocupacédo dos receptores (Redden et al.

2011).

Como mencionado, o sistema serotonérgico sempre foi de interesse para o
desenvolvimento de novos antipsicoticos, principalmente apd6s a chegada do
prototipo dos antipsicoticos atipicos, clozapina (Meltzer et al. 2003). Em particular,

receptores 5HT14 diminuem a liberacdo de DA no estriado e a aumentam em coértex

28



frontal (Alex e Pehek 2007; Fink e Gothert 2007). Agonistas 5HT;a possuem efeito
sinérgico com antagonistas 5HT,a € por essa razdo tem disso proposto uma possivel
vantagem da sua associacdo com antipsicéticos atipicos (Stahl 2008; Meltzer e
Massey 2011). Em estudos pré-clinicos, tanto agonistas como antagonistas 5HT;a
melhoraram a cognicdo (Gray e Roth 2007). Ainda, a ativacao de receptores 5HT ¢
poderia ser Gtil no manejo dos sintomas positivos sem inducdo de sintomas
extrapiramidais, uma vez que eles diminuem a liberagdo tbnica de DA na via
mesolimbica (Kim e Stahl 2010). O agonista 5HT,c WAY163909 possui efeito tipo
antipsicéticos em modelos animais de esquizofrenia (Marquis et al. 2007), além de

potencializar o efeito de antipsicoticos em roedores (Grauer et al. 2009).

A hipotese glutamatérgica da esquizofrenia gerou interesse por farmacos que
modulassem esse sistema (Stahl 2007). Verificou-se que em pacientes
esquizofrénicos os receptores NMDA estdo menos ativos (Kristiansen et al. 2007),
no entanto, agonistas diretos de receptores NMDA séo inviaveis clinicamente devido
ao grande numero de efeitos adversos; ja moduladores positivos podem contribuir
para o restabelecimento da funcéo desses receptores. Agonistas do sitio de glicina
dos receptores NMDA pontencializam alostericamente a funcédo desses receptores,
0 que evita a hiperativacdo dos mesmos (Kim e Stahl 2010; Labrie e Roder 2010).
Estudos clinicos com D-serina, D-cicloserina e glicina, mostraram que essas drogas
podem ser Uteis em associacdo com antipsicoéticos, especialmente no manejo dos
sintomas negativos (Labrie e Roder 2010). No entanto estes dados vém de estudos
preliminares de curta duracdo e com poucos pacientes, mais estudos sédo
necessarios para avaliar o potencial dessas drogas no manejo da esquizofrenia.
Outra forma de ativar o sitio de glicina € aumentar a concentracdo da glicina

endogena atraveés da inibicdo do transportador de glicina GLYT1 (Hashimoto 2011).
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Estudos clinicos realizados com o inibidor N-metilglicina (inibidor endégeno do
transportador) também sdo preliminares, mas parecem promissores (Labrie e Roder

2010).

A tentativa de criar drogas seletivas com um Unico mecanismo de acao €
frustrada pela complexidade da esquizofrenia (Roth et al. 2004). Apesar de sua
patofisiologia ndo estar totalmente esclarecida, sabe-se que € pouco provavel que
um unico alvo neurobiologico esteja afetado na esquizofrenia. Somado a isso, a
diversidade de sintomas e espectros faz com que drogas que apresentem multiplos
alvos sejam superiores as com especificidade por um unico alvo. As chamadas
“drogas sujas” podem representar uma alternativa melhor do que a associacao de
varios farmacos (polifarméacia), tanto por terem melhor adesdo como por
apresentarem menos efeitos adversos (Kim e Stahl 2010). Como é comum na area
de produtos naturais, na maioria dos casos o efeito farmacoldgico final ndo é a soma
dos efeitos farmacologicos individuais, mas sim a interacdo entre diferentes efeitos
farmacologicos, quer seja pela presenca de mais de um composto ativo quer por

moléculas que tem mais de um mecanismo de acao.

1.6. Alstonina

Em fevereiro de 1993, foi realizada uma expedicdo etnofarmacoldgica pela
companhia Shaman Pharmaceuticals a Nigéria, especificamente entre os Igbo. O
objetivo era encontrar drogas antimicéticas e antivirais. Embora preparacées com
efeito central ndo fossem o objetivo da expedicdo, o psiquiatra tradicional nigeriano
Dr. Chidi Osondu, foi visitado em sua clinica. Foi de particular interesse a descri¢ao
dada pelo Dr. Chidi do uso da planta medicinal denominada “uhumaobi-nwoke”

(“coracao de homem” em idioma Igbo) utilizada para o tratamento de diferentes tipos
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de “loucura”, epilepsia e ainda como sedativo (Costa-Campos et al. 1999). Nessa
clinica havia vérios pacientes que estavam sendo tratados; chamou a atengcdo dos
pesquisadores que 0s pacientes ndo apresentavam sinais de sindrome neuroléptica,
sedacdo excessiva, aparentes distirbios motores e tdo pouco pareciam estar
hipotensos. O Dr. Chidi ndo se disp0s a coletar a planta para posterior identificacéo,
mas concedeu uma amostra (45 gramas) do p6 do material seco de seu estoque
para ser analisado em laboratorio. Desse material foi produzido um extrato bruto
aquoso (SP49000), que apresentou um interessante perfil tipo antipsicotico em

modelos animais (Elisabetsky e Costa-Campos 2006).

Estudos fitoquimicos do extrato SP49000 identificaram o alcaldide alstonina
como componente majoritario. Alstonina (Figura 3) € um alcaloide inddlico tipo
heteroioimbina (3, 4, 5, 6, 16, 17-hexadeidro-16-(metoxicarbonil)-19-a-metil-20-a-

oxaioimbanium) (Costa-Campos et al. 1999).

Figura 3: Férmula estrutural do alcal6ide alstonina

O perfil como antipsicoticos de alstonina comecou a ser investigado em
modelos animais. Os primeiros experimentos utilizando modelos de sintomas
positivos demonstraram um claro perfil tipo antipsicotico, sendo esse ainda mais

parecido com antipsicéticos atipicos ja que alstonina nao induzia catalepsia (Costa-
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Campos et al. 1998), um comportamento correlato de EPS em humanos (Kapur e
Mamo 2003). Posteriormente foi demonstrado que alstonina possui efeito ansiolitico
em camundongos (Costa-Campos et al. 2004). Relevante para seu perfil
antipsicético, alstonina aumenta interacdo social em camundongos e que € capaz de
prevenir o déficit de interacdo social induzido por MK801, um modelo de sintoma
negativo (de Moura Linck et al. 2008). Avaliacbes quanto a inducéo de efeitos
adversos comum a antipsicéticos também foram realizadas. Alstonina ndo aumentou
0s niveis de prolactina e tampouco alterou o ganho de peso em camundongos. No
entanto assim como clozapina, alstonina impediu a diminuicdo de glicemia induzida

por jejum (Linck et al. 2011).

O mecanismo de acao de alstonina ndo esta completamente elucidado, mas
ela parece diferir dos antipsicoticos disponiveis na terapéutica. Estudos preliminares
de ligacdo (binding) mostraram que in vitro alstonina parece nao ter afinidade por
receptores serotonérgicos 5HT,a no cortex ou receptores dopaminérgicos D1 e D2
no estriado (Costa-Campos et al. 1998). A administracdo aguda de alstonina a
camundongos diminui a concentracdo de DA e aumenta a concentracdo de seu
metabolito intraneuronal DOPAC, sem modificar a concentracdo de HVA em cértex
frontal e estriado. No sistema serotonérgico, alstonina aumenta tanto a concentracao
de 5HT como do seu metabolito 5SHIAA, também em cortex frontal e estriado (Linck

et al. 2011).

Outras evidéncias mostraram que o sistema serotonérgico parece ter grande
importancia no mecanismo de acdo de alstonina. O blogueio de receptores 5HT oaic
pelo antagonista ritanserina faz com que alstonina perca seu efeito ansiolitico

(Costa-Campos et al. 2004). Alstonina inibe a captacdo de glutamato em fatias
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hipocampais agudas, mas novamente quando os receptores 5HT,5 ou S5HTyc sao

bloqueados esse efeito € perdido (Herrmann et al. 2012).
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2. Objetivos

2.1. Gerais

Dar continuidade ao esclarecimento do mecanismo de acdo da alstonina,
especialmente ao que se refere a sua modulacdo sobre sistema dopaminérgico e

serotonérgico.

2.2. Especificos

I. Verificar a relevancia de receptores 5HT,ac no efeito de alstonina em modelos de

sintomas positivos, negativos e cognitivos em camundongos;

II. Verificar o envolvimento individual de receptores 5HT,a € 5HT,c na prevencgéo por

alstonina da hiperlocomocéo induzida por MK801 em camundongos;

lll. Verificar efeitos de alstonina na densidade de receptores serotonérgicos 5HT,a €

5HT,c em camundongos;

IV. Verificar efeitos de alstonina se liga aos receptores serotonérgicos 5HT,a €

5HT,c em camundongos;

V. Verificar efeitos de alstonina na captacdo de DA em sinaptossomas de

camundongos;

VI. Verificar efeitos de alstonina na densidade do transportador de dopamina (DAT)

em regides do encéfalo relevantes a esquizofrenia em camundongos;
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VII. Verificar se alstonina se liga ao transportador de dopamina (DAT) em regides do

encéfalo relevantes a esquizofrenia em camundongos;

VIII. Verificar efeitos de alstonina na densidade de receptores D2 em regides do

encéfalo relevantes a esquizofrenia em camundongos;

VIII. Verificar se alstonina se liga no transportador de dopamina (DAT) em regides

do encéfalo relevantes a esquizofrenia em camundongos;
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Capitulo 1

5-HT,acreceptors mediate the antipsychotic-like effects of alstonine

Artigo publicado na revista Progress in Neuro-psychopharmacology &Biological
Psychiatry, 36(1):29-33 (2012).
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The purpose of this study was to determine the effects of alstonine, an indole alkaloid with putative antipsy-
chotic effects, on working memory by using the step-down inhibitory avoidance paradigm and MK801-induced
working memory deficits in mice. Additionally, the role of serotonin 5-HT.a,c receptors in the effects of alsto-
nine on mouse models associated with positive (MK801-induced hyperlocomotion), negative (MK801-induced
social interaction deficit), and cognitive (MK801-induced working memory deficit) schizophrenia symptoms
was examined. Treatment with alstonine was able to prevent MK801-induced working memory deficit, indicat-

Keywords:
Alstonine ing its potential benefit for cognitive deficits now seen as a core symptom in the disease. Corroborating previ-
Antipsychotics ously reported data, alstonine was also effective in counteracting MK801-induced hyperlocomotion and social

interaction deficit. Ritanserin, a 5-HTa/c receptor antagonist, prevented alstonine's effects on these three be-
havioral parameters. This study presents additional evidence that 5-HT.4,c receptors are central to the antipsy-
chotic-like effects of alstonine, consistently seen in mouse models relevant to the three dimensions of

Working memory
5-HTaa,c receptors

schizophrenia symptoms.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Although schizophrenia was first described as dementia (praecox
dementia), cognitive deficits are increasingly regarded as the core symp-
tom of the disease and, unfortunately, the one where treatment failure
is more evident (Insel, 2010). More specifically, problems with working
memory (WM) are seen to be one aspect of cognitive processes that
have a substantial and broad impact on the daily activities of schizo-
phrenic patients (Silver et al., 2003).

Almost 60 years after the introduction of the first antipsychotic in
pharmacotherapy, clinical trials stll clearly show that improved treat-
ments for psychosis are sorely needed (Insel, 2010). Moreover, the supe-
riority of the second-generation antipsychotics (SGA) is now under
question (Anil Yagcioglu, 2007; Hamann et al, 2003 ). The modest and
controversial effects of antipsychotics on cognitive deficits and negative
symptoms, combined with the associated unwanted side effects, result
in discontinued treatments (Lieberman et al., 2005) reinforcing the need
for drugs with a better profile. Overall, the clinical data suggest that signif-
icant improvement in the treatment of schizophrenia is likely to require
drugs with an innovative mechanism of action (Griinder et al., 2009).

Abbreviations: 5-HIAA, 5-hydroxyindole acetic acid; DOPAC, dihydroxyphenylace-
tic acid; HVA, homovanillic acid; 5-HT, serotonin.
* Comresponding author at: Universidade Federal do Rio Grande do Sul, ICBS,
Rua Sarmento Leite 500,202, 90050-170 Porto Alegre, RS, Brazil. Tel /fax: +55 51 33083121.
E-mail address: vivilinck@gmail.com (V.M. Linck).

0278-5846/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.pnpbp.2011.08.022

We have reported the antipsychotic-like effects of alstonine, a putative
antipsychotic, which consistently differ from the effects of known drugs
in various mouse models (de Moura Linck et al, 2008; Elisabetsky and
Costa-Campos, 2006; Linck et al, 2011). Alstonine is an indole alkaloid
present in plant species traditionally used in Nigeria to treat mental ill-
nesses, and its mechanism of action remains unclear (Costa-Campos
et al,, 1998). Importantly, D, blockade does not appear to play an impor-
tantrole in alstonine's antipsychotic-like effects, whereas its anxiolytic ef-
fects depend on serotonin 5-HT» ¢ receptor (Costa-Campos et al., 2004).
Alstonine-induced increases in serotonin (5-HT) and 5-hydroxyindole
acetic acid (5-HIAA) in mouse frontal cortex and striatum further suggest
its modulatory effect on this neurotransmitter system (Linck et al., 2011).

The validity of the glutamatergic hypothesis of schizophrenia was no-
tably reinforced by the observation that NMDA antagonists (such as
phencyclidine and ketamine) induce schizophrenia-like symptoms in
normal volunteers and worsen symptoms in schizophrenic patients
(Javitt, 2010). Accordingly, animal models based on NMDA receptor an-
tagonists have been given preference over the older dopamine based ro-
dent models, especially because the latter display the full array (negative,
positive and cognitive) of symptoms observed in schizophrenia (Large,
2007).

The first purpose of this study was to evaluate the effects of alstonine
on MK801-induced working memory deficit in mice. Additionally, we
further examined the role of 5-HT2a/c receptors in alstonine's effects
on mouse models associated with positive, negative and cognitive
schizophrenia symptoms.
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2. Methods
2.1. Animals

Experiments were performed with male (CF1) adult albino mice
(40-45 g) obtained from Fundacio Estadual de Producio e Pesquisa
em Saude (FEPPS) at 2 months of age. Mice were maintained in our
own animal facility under controlled environmental conditions (22 +
1°C, 12-h light/dark cycle, free access to food [Nuvilab CR1] and
water), for at least two weeks before the experiments.

The study was approved by the University ethics committee (approval
#18236); all procedures were carried out in accordance with institutional
policies on experimental animal handling.

2.2. Drugs

Clozapine and sulpiride were purchased from Sigma Chemical Co.
(St. Louis, MO, USA); MK801 (dizocilpine) and ritanserin were from Re-
search Biochemicals International (Natick, MA, USA). Clozapine and sul-
piride were solubilized in HCI {1 N}, and the pH adjusted to 6.0 with
NaOH 1N; ritanserin was dissolved in 10% dimethyl sulfoxide
(DMSO); all other drugs were diluted in distilled water. Pilot studies
showed that DMSO 10% did not affect any of the behavioral tests (data
not shown); hence, saline was used as a blank control. Treatments
were administered intraperitoneally (0.1 mL/10g of body weight).
With the same dose and timing alstonine does not alter locomotion or
social interaction (Costa-Campos et al., 2004; de Moura Linck et al.,
2008).

2.3, Isolation and identification of alstonine

Alstonine hydrochloride used in this study was isolated from the
fruit rinds of P, nitida Stampf Th. et H.Dur. (Apocynaceae). The separa-
tions used pH-zone-refining counter-current chromatography as pre-
viously detailed (Okunji et al., 2005, 2011). Briefly, the experiment
was performed with a two-phase solvent system composed of methyl
tert-butyl ether (MBE)-acetonitrile-water (2:2:3, wv/v), where
triethylamine (TEA) was added to the upper organic stationary
phase as a retainer, and hydrochloric acid (HCI) to the aqueous mo-
bile phase as an eluter. The sample solution was prepared by dissol-
ving 15.0 g of alkaloid fraction of the methylene chloride extract of
P. nitida in 100 mL of a phase mixture consisting of equal volumes
of each phase. The separation was initiated by completely filling the
column with the stationary phase (LC pump) before loading the sam-
ple; the mobile phase was pumped into the column at 2 mL/min
while the column was rotated at 834 rev/min in the combined head
to tail elution mode (Shinomiya et al., 1993). The absorbance of the
eluate was continuously monitored at 280 nm and 4 mL fractions
were collected. The pH of each eluted fraction was measured with a
pH meter and fractions were dried using a Speed Vac. Identification
of pH-zone refining counter-current chromatography pure fractions
was carried out by using thermospray liquid chromatography-mass
spectrometry (LC-MS) and by TLC co-elution experiments with refer-
ence alstonine samples provided by InterCEDD, Nsukka, Nigeria. The
purity of the isolated alstonine sample was 98%.

2.4. Does alstonine improve working memory deficit?

Step-down inhibitory avoidance: The protocol was adapted from
Barros et al. (2005 ). Mice were habituated to the dimly lit experimen-
tation room for at least 30 min before the procedure. The inhibitory
avoidance training apparatus was a plastic box of 30x30x 40 cm,
with a fixed platform (5x5x4 cm) at the center of the grid floor.
Mice were individually placed on the platform, and the latency to
step-down (four paws on the grid) was automatically recorded in
training and test sessions. In the training session, upon stepping

down, the mouse received a 0.3 mA scrambled foot shock for 5s.
Test sessions were performed 10 s later, with the same procedure ex-
cept that no shock was administered after stepping down; a 300-s
cut-off time was set for stepping down.

2.4.1. Working memory assessment

Mice (n=14-17) were treated with saline, clozapine (2 mg/kg),
sulpiride (10 mg/kg) or alstonine (0.5 or 1 mg/kg). Thirty minutes
after treatment mice were subjected to the training session.

2.4.2. MK801-induced working memory deficit

Mice (n=23-31) were likewise treated with saline, clozapine,
sulpiride or alstonine; 30 min later mice received a second treatment
with either saline or MK801 (0.05 mg/kg). The step-down training
session was performed 30 min after the last treatment.

2.5. Are the effects of alstonine dependent on 5-HTs ¢ receptors?

In order to evaluate the involvement of 5-HT4,c on alstonine
antipsychotic-like effects mice were pre-treated with the 5-HT>ac re-
ceptor antagonist ritanserin before behavioral tests. Drug doses and
administration schedules were based on Su et al. (2007), as well as
on pilot studies showing that ritanserin was devoid of effects per se.

2.5.1. MK801-induced working memory deficit

After habituation mice (n=9-17) received saline or the 5-HT2p,c
antagonist ritanserin (0.1 mg/kg); 10 min later animals were treated
with saline or alstonine 1 mg/kg, followed 30 min later by a third ad-
ministration of either saline or MK801 (0.05 mg/kg). Working memory
was tested as described above, 30 min after the last treatment.

2.5.2. MK801-induced social withdrawal

Method was adapted from Rung et al. (2005). Mice were acclima-
tized to a reversed 12-h light cycle (lights on at 20:00 h), housed at
8/cage (familiar group) for 2 weeks before the experiments. Mice
were randomly assigned to groups (n=8-13 pairs) that received sa-
line or ritanserin (0.1 mg/kg), and 10 min later were treated with sa-
line or alstonine 1 mg/kg Social withdrawal was induced with
MK801 (0.3 mg/kg), given 30 min after the second saline or ritanserin
treatment (Rung et al, 2005). Experiments were performed 30 min
after the last treatment, in a faintly lit room (red bulb, 40 W); the social
interaction apparatus (test box) consisted of a topless transparent
acrylic box (25x20x20cm). Forty-eight and 24 h before the test
mice were individually submitted to 10 min habituation sessions in
the test box. Then, on the test day, mice were allocated to selected
pairs so that the two animals came from unfamiliar groups (different
home cages), had matching body weights, and received the same drug
treatment. The behavior of each pair was video-recorded in the test
box for 10 min; the time spent in social interaction (sniffing and groom-
ing the partner, following, mounting, and crawling under or over the
partner) was later analyzed by a trained observer, blind to experimental
groups, using the software The Observer® XT5.0 (Noldus Information
Technology, Wageningen, The Netherlands). Passive contact (sitting or
lying with bodies in contact) was not considered as social interaction.

2.5.3. MK801-induced hyperlocomotion

The method was adapted from Ninan and Kulkarni (1998). Activity
cages (45x25x20cm, Albarsch Electronic Equipment, Porto Alegre,
Brazil) were equipped with three parallel photocells, which automati-
cally recorded the number of crossings. Mice (n=6-9) were treated
with saline or ritanserin (0.1 mg/kg), and 10 min later with saline or
alstonine 1 mg/kg; 30 min after the second treatment the animals re-
ceived saline or MK801 (0.25 mg/kg). Mice were individually placed in
the activity cages 30 min after the last administration, and locomotion
was recorded from the 5th minute for 10 min (first 5 min considered
as exploratory behavior).
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2.6. Statistics

Step-down inhibitory avoidance results are expressed as median +
interquartile ranges; other data are presented as mean 4 standard
error of the mean (SEM ). Data were analyzed with SPSS for Windows,
version 17. The results from step-down avoidance failed to satisfy the
assumptions for normality and homogeneity of variance; therefore,
nonparametric analyses were applied. Wilcoxon's test was used to com-
pare training and test latencies within groups, while Kruskal-Wallis/
Mann-Whitney U was used to compared the latencies among the
groups. All other data did satisfy the assumptions of normality and ho-
mogeneity of variance, and were analyzed by one-way analysis of vari-
ance (ANOVA). The analysis focused on the effects of ritanserin on
MK801-induced social withdrawal and hyperlocomotion where the ef-
fects of alstonine in these models were previously established. SNK
post-hoc test was used where appropriate to analyze differences be-
tween the groups. Statistical significance was set at p<0.05.

3. Results

Neither alstonine, nor ritanserin, clozapine, sulpiride or MK801
0.05 mg/kg significantly altered locomotion at the doses used in the
study (data not shown).

3.1. Does alstonine improve working memory deficit?

As previously reported (Barros et al., 2005), with the adopted
training paradigm consistently longer test latencies were observed
in all groups, confirming that working memory can be reliably
assessed using this procedure. As can be seen in Fig. 1A, neither alsto-
nine, clozapine nor sulpiride modified working memory (comparable
training [H4) =3.13] and test session [Hy4) = 1.76]), with test session
latencies significantly longer than training ones (p<0.05 Wilcoxon).

MK801 effectively induced working memory deficit (Fig. 1B).
Mann-Whitney showed reduced test latencies in the saline group
treated with MK801 in comparison with controls (Hs)=19.2,
p=10.018); accordingly, in this group no significant differences exist
between training and test session latencies (Wilcoxon, p =0.76). Clo-
zapine, sulpiride and alstonine effectively prevented the MK801-in-
duced working memory deficit (p<0.01, Wilcoxon for testx training
session latencies in all treatment groups).

3.2. Are the effects of alstonine dependent on 5-HT>a,c receptors?

3.2.1. Working memory deficit

The alstonine preventive effect against MK801-induced working
memory deficit (Wilcoxon, p=0.001) was abolished by pretreatment
with ritanserin (Wilcoxon, p=0.13). Training session latencies were
comparable [H,=4.18] (Fig. 2A).

3.2.2. Social withdrawal

One-way ANOVA revealed a significant difference between groups
(F506=8.68) (Fig. 2B). SNK indicated that MK8O1 clearly reduced so-
cial interaction time (p<0.01) in relation to control. SNK showed that
pretreatment with ritanserin modified the effects of alstonine (but
not MK801 per se) on social interaction (p<0.05); while alstonine
prevented the effect of MK801 on social interaction (p<0.05), this ef-
fect is abolished by pre-administration of ritanserin (p=>0.05).

3.2.3. Hyperlocomotion

As shown in Fig. 2C, there was a significant effect of treatments in lo-
comotor activity (Fss4=9.83). SNK revealed that, as expected, MK801
significantly (p<0.01) increased crossings in relation to control. Al-
though alstonine prevented the MK801-induced hyperlocomotion
(p<0.05), pre-treatment with ritanserin abolished this effect (p>0.05).
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4. Discussion

Though effective treatments are not available (Harvey, 2009; Keefe
et al., 2007), several authors advocate a more careful clinical assess-
ment of cognitive deficits in schizophrenics (Keefe et al., 2007; Keefe
and Fenton, 2007; Wykes et al., 2007), since the former are currently
considered a key component of schizophrenia (Barch, 2005). Special
attention has been given to working memory deficits, directly associat-
ed with troublesome daily tasks, communication, social relations, and
executive activities (Hyman and Fenton, 2003; Silver et al., 2003).

In order to assess working memory we used the inhibitory avoid-
ance paradigm with a 10 s training-test interval (Bianchin et al.,
1999). Results show consistently longer test sessions indicating that
memory is reliably evaluated, and also that a significant deficit (am-
nesia) is induced by MK801 with this protocol. Treatment with

alstonine was effective in preventing the MK801-induced deficit. It
is noteworthy that animal models based on NMDA antagonists such
as MK801 are regarded as having reasonable face validity and predic-
tive value (Large, 2007; Rujescu et al., 2006).

We further show that pre-treatment with ritanserin reliably
blocked the effects of alstonine on these mouse models of cognitive
deficit (MK801-induced working memory deficit), positive (MK801-
induced hyperlocomotion) and negative (MK801-induced social with-
drawal) schizophrenia symptoms. This body of results is consistent
with the hypothesis that 5-HT>4,c receptors are involved in alstonine’s
antipsychotic-like profile, and consistent with its effects on mouse
models of anxiety (Costa-Campos et al.,, 2004). Indeed, atypical anti-
psychotics act as 5-HTza,c receptor antagonists and/or inverse ago-
nists (Meltzer and Massey, 2011), and this serotonergic modulation
is thought to be crucial for the purported advantages of these

41



V.M. Linck et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 36 (2012) 29-33 33

medications over classical agents (Griinder et al, 2009). Additional
evidence for the role of serotonin in alstonine's mechanism of action
is that serotonin and 5-HIAA levels were found to be increased in
mouse frontal cortex and striatum after alstonine administration
(Linck et al,, 2011).

Even though the neuropathological basis of schizophrenia remains
to be elucidated, accumulating evidence indicates that hypofunction
of NMDA receptors does occur in this disease (Belforte et al., 2010;
Kristiansen et al., 2007; Paz et al., 2008). It is to be expected that altered
NMDA function would imply meaningful changes in various neuro-
transmission systems (including GABA, 5-HT, DA) contributing to the
complex patterns of behavioral alterations seen in schizophrenic pa-
tients (Kristiansen et al., 2007). It is relevant to this discussion that
NMDA blockade has been shown to lead to a 5-HT>a-dependent in-
crease in serotonergic transmission (Lopez-Gil et al, 2007; Martin
et al,, 1998). Similar modulation is illustrated by the finding that the in-
creased firing rate in prefrontal cortex glutamatergic neurons induced
by MK801 (0.05 mg/kg, i.p., as in this study) can be prevented by ritan-
serin (Labonte et al., 2009).

In 2009, natural product-derived drugs represented 50% of all ap-
proved new drugs; moreover, between 2005 and 2007, of the 13 natural
products-derived drugs approved in the USA 5 were the first member of
anew class (Li and Vederas, 2009). While this clearly shows the role of
natural products in pharmaceutical innovation, it is arguable that natu-
ral compounds identified through ethnopharmacological analysis of
traditional uses may be especially useful in the case of illnesses with
an ill-defined pathophysiology (Patwardhan, 2005), such as schizo-
phrenia (Elisabetsky, 2007). Considering the pitfalls of currently avail-
able medication, the coherence of the animal data presented here
with claims of therapeutic benefit in mentally ill patients is promising.
A clear characterization of alstonine's mechanism of action is therefore
warranted and necessary, including in vitro functional binding to clarify
the exact nature of the interaction between alstonine and serotonin re-
ceptor subtypes.

5. Conclusion

Alstonine is an indole alkaloid with an antipsychotic-like profile in
mouse models; it has been identified as the main component in plant-
based formulations used to treat mentally ill patients in Africa. We
here show that alstonine prevents MK801-induced working memory
deficit in mice. Additionally, ritanserin blocked the effects of alstonine
on mouse models of cognitive deficit, positive and negative symptoms
in schizophrenia. In agreement with current understanding of the phar-
macodynamic basis of atypical antipsychotic action, 5-HTza,c receptors
are implicated in alstonine's effects.
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Abstract

The aim of this study was to investigate the role of 5HT,, and 5HT,c receptors in the
antipsychotic-like effects of alstonine, a putative antipsychotic with apparent innovative
mechanism of action. Alstonine preventive effects against MK801-induced hyperlocomotion
were abolished by the 5HT,, antagonist altanserin and the 5HT,c antagonists SB 242084.
Quantitative autoradiography (QAR) results indicated that alstonine binds in vitro to 5HT;a,
but not to 5HT,c, receptors. Subchronic (7 days) treatment with behaviorally effective doses
of alstonine decreased 5HT,a density in mPFC (~30%) and NAc (~20%), and increased it in
lateral CPu (~22%). The same treatment increased 5HT,c receptor density in NAc shell
(~12%), CA1l (~32%) and CA3 (~22%), and decreased it in mPFC (~18%). This work
corroborates that, though not exclusive, 5HT,, and 5HT,c are key to the mechanism of action
subjacent to the antipsychotic-like properties of alstonine. Schizophrenia neurobiology is
complex and involves region specific imbalance of various neurotransmitters. Because 5HT
receptors have been implicated in the regulation of dopamine and GABA release, and given
that modulation appears to be region specific and receptors subtype dependent, interfering
with serotonin transmission is thought to be a promising strategy to treat schizophrenia.
Considering the evidence that alstonine does not block D, receptors but indirectly modulates
dopamine, and interferes with dopamine and glutamate uptakes, this study places alstonine
further apart from known antipsychotics and opens possibility for the development of newer

antipsychotic agents.

Keywords: antipsychotic, alstonine, serotonin, autoradiography, 5HT,, receptors and 5HT,¢

receptors
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1. Introduction

The early observations that the hallucinogenic drug lysergic acid diethylamide (LSD)
produces psychosis-like symptoms in healthy subjects led to the first suggestion regarding
the existence of a relation between the serotonergic system and schizophrenia [1]. The
involvement of serotonin (5HT) in the pathophysiology of schizophrenia was later suggested
by postmortem studies [2], and the most consistent changes included reduced serotonin
transporter [3] [4] [5], and increased 5HT;4 receptor binding [6] [7] [8] [9] [10] in cortical

areas.

After nearly half a century focusing on the dopaminergic system for treating schizophrenia,
5HT receptors once again became the focus of attention after Meltzer et al [11] [12] identified
5HT key role in setting apart older and newer (atypical) medication. Recently, Meltzer and
Massey [13] reviewed the role of 5HT receptors in the action of atypical antipsychotics and
its better effectiveness in comparison to typical antipsychotics. Briefly, the 5HT,A/D, affinity
ratio for atypical antipsychotics appears to determine the efficacy and tolerability different
compounds. Despite the evidences of 5HT relevance for the effects of atypical drugs, there is
a consensus that D, dopamine receptors antagonism is essential for antipsychotic effect [2]
[14]. Nevertheless, though all antipsychotics currently approved in clinic show some degree
of D, receptors affinity [14], there are reports of various compounds lacking D, antagonism
that possess antipsychotic-like profile in animal models [15]. Of these, serotonin is thought to
be central for the effects of the 5HT,c agonist WAY-163909 [16] [17] and the indole alkaloid

alstonine [18] [19].

Alstonine was characterized as presenting the behavioral profile of an atypical antipsychotic
in mice, upon identified as the major component of herbals used to treat mental patients in
Nigeria [20,21]. We showed that the alstonine effects are prevented by the 5HTac
antagonist ritanserin [19] on mouse models relevant to positive, negative and cognitive

symptoms, as well by the 5HT,, receptor (5HT,s) antagonist altanserin and the 5HT,c
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receptor (5HT,c) antagonist SB242084 on alstonine-induced decrease in glutamate uptake in
acute hippocampus slices [19]. Intriguingly, 5HT and its metabolite 5-hydroxyindole acetic
acid (5-HIAA) were found to be significantly increased in frontal cortex and striatum from

mice treated with behaviorally effective doses of alstonine [22].

In order to clarify if 5HT,4 and 5HT,c are both relevant alstonine behavioral effects, as
indicated by the data obtained with ritanserin, in this study we evaluated the effects of 5HT
and 5HT,c specific antagonists (altanserin and SB 242084, respectively) on alstonine
preventive effects on MK801-induced hyperlocomotion. Additionally the effects of acute and
repeated (7 days) administration of alstonine on 5HT,, and 5HT,c receptors were analyzed

by quantitative autoradiography (QAR) in various brain areas.

This study shows that alstonine binds to 5HT,, and indirectly modulates 5HT,c serotonin
receptors, both seemingly required for its antipsychotic effects. It reiterates that serotonin
modulation is the primary mechanism of action of alstonine, setting this drug apart from

known antipsychotics.

2. Methods

2.1. Animals

Two months old male (CF1) adult albino mice (40-45g) were used. Mice were maintained in
our own animal facility under controlled environmental conditions (22 + 1°C, 12 h light/dark
cycle, free access to food and water), for at least two weeks before the experiments.

The study was approved by the University ethics committee (approval #18236); all
procedures were carried out in accordance with institutional policies on experimental animal

handling.

2.2. Drugs
As detailed elsewhere [23], alstonine hydrochloride was isolated from Picralima nitida Th. &

H. Dur. (Apocynaceae) by Okuniji; the structure was confirmed by HPLC-MS. Altanserin, SB
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242084, spiperone, mianserin and clozapine were purchased from Sigma Chemical Co. (St.
Louis, MO, USA); MK801 (dizocilpine) was acquired from Research Biochemicals
International (Natick, MA, USA). [*H]-ketanserin (60Ci/mmol) and [?H]-mesulergine
(84.5Ci/mmol) were purchased form Perkin Elmer Life Sciences (Boston, MA).

Clozapine was solubilized in 1N HCI, and the pH adjusted to 6.0 with 1IN NaOH; SB242084
was dissolved in 5% dimethyl sulfoxide (DMSO); all other drugs were diluted in distilled
water. Pilot studies showed that DMSO 5% did not affect any of the behavioral tests (data
not shown); hence, saline was used as control. Treatments were administered
intraperitoneally (0.1 mL/10 g of body weight). Alstonine treatments here used were
performed with the same dose and timing known to alter behavior but not locomotion [24].
2.3. Behavior

MK801-induced hyperlocomotion: The method was adapted from Ninan and Kulkarni [25].
Activity cages (45x25x20 cm, Albarsch Electronic Equipment, Porto Alegre, Brazil) were
equipped with three parallel photocells, which automatically recorded the number of
crossings. Mice (n = 7-10) were treated with saline, altanserin (0.01 mg/kg) or SB 242084
(0.5 mg/kg) and 10 min later with saline or alstonine 1 mg/kg; 30 min after the second
treatment the animals received saline or MK801 (0.25 mg/kg). Mice were individually placed
in the activity cages 30 min after the last administration, and locomotion was recorded for 10
min after 5 minutes discarded as exploratory behavior. Doses were chosen based on the
literature and upon pilot experiments as the highest dose that did not per se produced
significant changes in locomotion.

2.4. Receptor binding

2.4.1 Treatment schedule

(a) in vitro: naive mice were used and 10 and 100 uM clozapine or 10 and 100 uM alstonine
were added to the brain slices during the incubation; (b) acute ex vivo: mice were treated
with saline or alstonine (0.5 or 1.0 mg/kg) and sacrificed 30 min latter; (c) subchronic ex vivo:
mice were treated daily for 7 days with saline or alstonine (0.5 or 1.0 mg/kg) and sacrificed
24 h after the last administration.
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2.4.2. Tissue preparation

Mice were sacrificed, the whole brains quickly removed, immediately frozen by immersion for
15-20 seconds in Freon and stored at -80 °C. Cryostat sections (Leica CM18-50, Leica
Microsystems Nussloch GmbH, Germany), 12 um thick, were thawed-mounted onto gelatin-
coated microscope slides and air on a warm plate for 30 seconds. Six sections were
mounted per slide, which were desiccated with silica and stored at -80 °C until use [26]. The
sections were obtained through medial prefrontal cortex (mPFC), caudate-putamen (CPu),
nucleus accumbens (NAc), hippocampal regions CA1 and CA3 according to Fraklin and
Paxinos [27]. These selected cortical, extrapyramidal, and limbic areas mediate cognitive,
motor, and emotional functions often altered in patients with psychotic disorders and/or by
antipsychotic treatment.

2.4.3. 5HT,, autoradiography

The methodology was adapted from Chavez et al [28]. Incubations were performed at room
temperature (RT). Sections were pre-incubated in 170 mM Tris—HCI buffer (pH 7.7)
containing 120 mM NaCl for 30 min. Sections were then incubated for 1 h in the binding
buffer containing 50 mM Tris—HCI (pH 7.7) and 10 nM [*H]ketanserin. To assess nonspecific

binding, sections were incubated in the binding buffer in the presence of 10 uM spiperone.
2.4.4. 5HT,c autoradiography

The 5HT,. receptor autoradiography protocol was modified from Lopez-Giménez et al [29].
Sections were pre-incubated (RT) with 170 mM Tris—HCI (pH 7.7) for 30 min Sections were
then incubated for 1 h in the binding buffer containing 170 mM Tris—HCI (pH 7.7), 100 nM
spiperone and 5 nM [*H]mesulergine. For nonspecific binding, sections were incubated in the

binding buffer containing additional 10 yuM mianserin.
2.4.5. Film Exposure and Image Analysis

Following incubation the sections were rinsed twice in Tris/HCI buffer (4 °C, 5 min) and
dipped three times in cold distilled water. The sections were air dried, briefly placed on a
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warm plate (60 °C, 60 seconds) and exposed to film. The autoradiograms were obtained
after exposing the sections to Kodak BIOMAX MR-1 (Sigma) film at -4 °C for 30-60 days in
light-tight cassettes. Radioactivity standards (American Radiolabeled Chemical Inc.)
consisting of 14 sections of methacrilate plastic impregnated with tritium (0.14 - 489 uCi/g)
were jointly exposed with the sections. Films were developed in Kodak Dektol developer
(Sigma) and fixative. Autoradiography images were scanned in conventional scanner,
relevant brain regions were outlined (Fig. 1) and the analyses made using Image J software
(developed at the U.S. National Institutes of Health, available at http://rsb.info.nih.gov/nih-
image/). Optic density was converted to nCi/mg of tissue with calibrated methacrylate tritium
standards, and after substracting nonspecific (15-22%) from total binding, specific binding

was expressed as fmol/mg tissue.

d C

Figure 1: Representative images from [*H]ketanserin QAR. Mouse brain regions areas
analyzed: (1) medial CPu; (2) lateral CPu; (3) NAc shell; (4) NAc core; (5) mPCF; (6) CAL,;
(7) CAS.
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2.6. Statistics
Data were analyzed by one-way ANOVA followed by Newman-Keuls post hoc test.
GraphPad Prism 5 for Windows was used for the statistical analysis; p<0.05 was set as

statistically significant.

3. Results

3.1. Behavior

Figure 2A shows that altanserin abolished the effects of alstonine on MK801-induced
hyperlocomotion. While ANOVA shows that, as expected, treatments significantly altered the
locomotion (F45=16.2; p<0.01), SNK revealed that MK801 significantly increased
locomotion, that alstonine prevented this effect, and that altanserin did not produce changes
in locomotion per se but was able to abolish alstonine effects. Figure 2B shows that a similar
pattern was found with SB242084. One-way ANOVA indicated that treatments significantly
affected locomotion (F41)=15,8); SNK indicated that MK801 induced hyperlocomotion, that
alstonine prevented this effect, and that SB242084 though not effective per se completely

abolished alstonine effects.
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Figure 2: Effects of alstonine on MK801-induce hyperlocomotion and its prevention by
specific serotonin antagonists: altanserin (5HT2a, A) and SB 242084 (5HT,c B). Altanserin
0.01 mg/kg, SB 242084 0.5 mg/kg, MK801 (mk) 0.3 mg/kg and alstonine (alsto) 1.0 mg/kg.
**=p<0.01 compared to saline/saline/saline group. #=p<0.05 compared with the group
indicated in the chart, ANOVA/SNK. Data expressed as mean + S.E.M.
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3.2. Autoradiography
3.2.1. 5HT>a binding

Experiments with in vitro incubation shows that likewise clozapine, alstonine decreased
[*H]ketanserin binding in all of the brain regions (MPFC Fu171=19.3; medial CPu F4,19=9.1;
lateral CPu F(4’19)=13.9; NAc core F(4’19)=27,7; NAc shell F(4’19)=26.6; CAl F(4'19)=5.9; CA3

F(4,1g)=8.7; p<001) (Table 1)

While acute alstonine treatment (0.5 and 1.0 mg/kg) did not modify [*H]ketanserin binding in
any brain region (mPFC F(;11=1.2; medial CPu F=0.02; lateral CPu F(¢=0.5; NAc core
F210=0.9; NAc shell F;10=0.3; CAl Fy11)=2.4; CA3 Fp11)= 2.1; p>0.05), subchronic
treatment significantly decreased [*H]ketanserin binding in mPFC (F.12=16.0; p<0.01), NAc
core (F10=6.9; p<0.05) and shell (F10=8.6; p<0.01), and increased it in lateral CPu
(F2.10=2.5; p<0.05) without changes in the other areas (medial CPu F310=0.9; CAl

F212=0.9; CA3 F12=2.3; p>0.05) (Table 2).
3.2.2. 5HT,¢ binding

In vitro experiments showed that while 100 pM clozapine decreased [*H]mesulergine binding
in all brain regions (MPFC F,16=3.5; medial CPu Fy 15=5.5; lateral CPu F415=7.8;, NAc core
F4,15=8.9; NAc shell F,15=6.3; CAl F,19=4.6; CA3 F(,19=4.8; p<0.05), alstonine did not

differ from the blank control (Table 3).

While acute treatment with alstonine did not modify [*H]mesulergine binding in any of the
brain regions (MPFC F(;12=0.19; medial CPu F=0.2; lateral CPu F(=0,5; NAc core
F29=0.3; NAc shell F;¢=0.9; CAl F(10=0.1;, CA3 F(;1,=0.2; p>0.05), the 7 days
subchronic treatment significantly decreased [*H]mesulergine binding in mPFC (F(11=4.5;
p<0.05) and increased it in NAc shell (F(,11)=7.0; p<0.05) and hippocampus (CA1 F10=4.4
and CA3 F10=4.3; p<0.05). No significant changes were seen at the other regions (medial

CPu F12=0.9; lateral CPu F312=0.8; NAc core Fy1)=2.4; p>0.05) (Table 4).
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Table 1: Effects of clozapine and alstonine on [°H]ketanserin binding in vitro

mPFC

CPu
medial

lateral

NAC
core

shell
Hip

CAl
CA3

In vitro
Clozapine Alstonine
Ctrl
10 100 10 100

101 (6.5) 51 (3.5)* 42 (3.6)** 64 (2.5)** 77 (7.2)*
141 (13.7) 93 (8.8)** 80 (6.8)** 99 (7.4)* 74 (4.9)*
168 (13.7) 112 (11.6)** 87 (4.4)** 116 (9.1)** 76 (5.0)**
198 (12.1) 94 (8.8)** 75 (5.2)** 118 (9.9)** 81 (8.7)**
158 (8.1) 89 (9.2)** 71 (5.7)** 94 (6.0)** 70 (2.8)**
82 (5.8) 62 (4.1)** 59 (2.1)** 69 (1.9)* 75 (4.9)
94 (6.2) 65 (4.8)** 59 (1.7)** 72 (2.9)* 79 (5.4)*

Data in fmol/mg tissue expressed as mean (S.E.M). mPFC - medial prefrontal cortex;

CPu - caudate-putamen; NAc - nucleus accumbens; Hip - hippocampal regions.
**=p<0.01; *=p<0.05 compared to control (Ctrl) group, ANOVA/SNK (n=3-5).
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Table 2: Effects of acute and sub-chronic (7 days) alstonine treatment (0.5 and 1.0 mg/kg) on [*H]ketanserin binding.

Acute Sub-Chronic
Alstonine Alstonine
Saline Saline 10
0.5 1.0 0.5 0 ke
mPFC 119 (7.1) 108 (7.3) 105 (5.6) 145 (5.6) 113 (4.5)** 99 (7.3)**
CPu
medial 118 (8.9) 119 (7.4) 120 (8.6) 113(3.9) 105 (1.8) 117 (9.1)
lateral 162 (15.6) 152 (4.7) 169 (10.6) 134 (5.9) 128 (4.8) 164 (11.3)*
NAcC
core 150 (16.6)  178(20.7) 197 (24.9) 142 (4.7) 121 (6.9)* 115 (5.3)*
shell 119 (7.9) 123 (8.4) 129 (11.9) 107 (1.8) 88 (4.9)** 96 (1.9)*
Hip
CAl 81 (1.8) 89 (6.6) 99 (6.5) 74 (3.5) 69 (2.8) 71 (1.0)
CA3 75 (0.4) 87 (4.7) 91(10.6) 76 (2.3) 76 (1.5) 71 (2.2)

Data in fmol/mg tissue expressed as mean (S.E.M). mPFC - medial prefrontal cortex; CPu - caudate-putamen;
NAc - nucleus accumbens; Hip - hippocampal regions. **=p<0.01; *=p<0.05 compared to saline, ANOVA/SNK (n=3-5).
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Table 3: Effects of clozapine and alstonine on [*H]mesulergine binding in vitro

mPFC

CPu
medial

lateral

NAC
core

shell
Hip

CAl
CA3

In vitro
ctr Clozapine Alstonine
r 10 100 10 100 um
38 (5.7) 25 (3.2) 14 (2.0)* 30 (5.7) 37 (6.8)
25 (2.9) 20 (1.7) 16 (1.7)* 29 (2.7) 21 (1.4)
33 (3.8) 31(1.9) 19 (2.2)** 37 (2.9) 24 (1.0)
35 (3.4) 22 (2.6)** 16 (1.9)** 35(3.8) 36 (2.8)
35 (5.4) 26 (3.0) 18 (1.8)** 38 (2.0) 32 (2.3)
27 (1.7) 28 (1.3) 18 (2.7)** 30 (2.0) 28 (3.1)
24 (1.6) 23 (0.6) 16 (1.6)* 23 (2.1) 22 (1.1)

Data in fmol/mg tissue expressed as mean (S.E.M).mPFC - medial prefrontal cortex;

CPu - caudate-putamen; NAc - nucleus accumbens; Hip - hippocampal regions.
**=p<0.01; *=p<0.05 compared to control (Ctrl) group, ANOVA/SNK (n=3-5).
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Table 4: Effects of acute and sub-chronic (7 days) alstonine treatment (0.5 and 1.0 mg/kg) on [*H]mesulergine binding.

Acute Sub-Chronic
Alstonine Alstonine
Saline Saline
mPFC 60 (6.2) 60 (3.8) 56 (4.2) 53(3.1) 49 (0.8) 43 (1.8)*
CPu
medial 49 (1.4) 52 (1.8) 48 (4.0) 48 (2.3) 44 (1.6) 47 (1.8)
lateral 54 (2.4) 55 (3.0) 52 (3.9) 48 (1.5) 45 (1.3) 47 (2.5)
NAC
core 60 (2.8) 65 (4.1) 62 (5.2) 54 (2.5) 48 (1.4) 54 (2.7)
shell 66 (4.0) 65 (2.8) 59 (4.0) 50 (1.5) 49 (1.3) 56 (1.55)*
Hip
CAl 48 (2.7) 49 (4.4) 47 (2.9) 43 (1.1) 45 (3.8) 57 (4.9)*
CA3 49 (2.7) 49 (3.4) 47 (3.7) 44 (1.3) 46 (1.1) 54 (4.3) *

Data in fmol/mg tissue expressed as mean (S.E.M).mPFC - medial prefrontal cortex; CPu - caudate-putamen;
NAc - nucleus accumbens; Hip - hippocampal regions. *=p<0.05 compared to saline, ANOVA/SNK (n=3-5).
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4. Discussion

A key role for 5HT,ac receptors in alstonine antipsychotic profile was hypothesized as
ritanserin abolished the effects of alstonine in various behavioral models [19]. The present
study refines this hypothesis by clarifying that both 5HT,,» and 5HT,c are in fact relevant,
since specific antagonists equally prevented alstonine effects on MK801-induced
hyperlocomotion. Consistently, the same antagonists used in this study (altanserin and SB
242084) also abolished alstonine-induced reduction in glutamate uptake observed in acute
hippocampal slices [30]. Glutamate modulation by serotonin has been extensively
documented. Relevant to this discussion, both the behavioral effects and the increased
levels of serotonin and glutamate (mPFC) induced by NMDA antagonists are known to be
modulated by various serotonin receptors [13] [31]. Moreover, multiple 5HT receptors agents
(including 5HT14 agonists, 5HT,, antagonists, 5HT,c agonists/inverse agonists, and 5HT,
antagonists) are able to attenuate the acute and chronic effects of NMDA receptors

antagonists (for review see [13]).

In vitro [*H]ketanserin QAR binding confirms that alstonine binds to 5HT,a, along with other
atypical antipsychotics [32] [33], a result not replicated in the acute ex vivo experiment. A
limitation of the QAR techniqgue when applied to ex vivo analysis is that it requires
preincubation with buffer, during which treatments may be washed away from the receptors,
which is likely to explain this apparent controversial result. Nonetheless, data clearly show
that repeated alstonine administration induced significant changes in 5HT,4 receptor binding:
decrease in mPFC (~30%) and NAc (~20% core, ~10% shell), and increase in lateral CPu
(~22%). Though alstonine-induced changes in receptor affinity cannot be excluded, the
behavioral antipsychotic effects of alstonine would be compatible with changes in 5HTa
density. Since 5HT.,4 receptors can be down-regulated by either agonists or antagonists [34]

[35], functional binding experiments are required to define the exact nature of alstonine
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interaction with 5HT,4. Given that 5HT,4 agonists are usually hallucinogenic, that behavioral
(Fig. 2) and neurochemical [30] effects of alstonine are blocked by altanserin, and that
atypical antipsychotics are either 5SHT,, antagonists or inverse agonists [36], we propose that

alstonine is likely to act as 5HT,, inverse agonist.

In vitro incubation with alstonine did not altered [*H]mesulergine binding, indicating that
alstonine does not bind to this receptor. Nevertheless, alstonine subchronic treatment
resulted in increased 5HT,¢ binding in NAc shell (~10%), CAl (~30%) and CA3 (~22%),
decreased 5HT,c binding in the mPFC (~18%), suggesting that these receptors are
somehow modulated. Because behavioral and neurochemical effects of alstonine are
reversed by the specific 5HT,c antagonist SB242084, the data indicate that alstonine
modulates 5HT,c receptors, either indirectly or allosterically. Alstonine ability to act as 5TH
receptors positive modulator is compatible with the marked increase in 5SHT and 5HIAA found
in frontal cortex from alstonine treated mice [22]. Activation of 5HT,c receptors can reduce
mesolimbic dopamine transmission resulting in reduced schizophrenia positive symptoms
[37] [38]. In fact, 5HT,c receptor agonism is thought to be the basis for WAY163909
antipsychotic-like effects [16] [17]. In the case of alstonine the modulation of 5SHT ¢ ultimately
reducing dopamine assumes a central role for a putative antipsychotic drug devoid of D,

dopamine receptors.

Though clinical trials are at this point inconclusive [38] [39], the atypicality of antipsychotics
defined by the D,/5HT,, affinity ratio [36] has promoted a great deal of attention to the
potential of serotonin associated targets for innovative antipsychotics. The serotonergic
modulation of dopamine release seems to be region specific and receptor subtype
dependent [34], representing an attractive possibility to counteract the dopaminergic
imbalance in schizophrenia [2] [40]. Moreover, 5HT receptors have also been implicated in
regulating the release of other neurotransmitters, including noradrenaline and GABA [41].

Such modulation can occur directly by 5HT heteroreceptors on axon terminal of
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dopaminergic neurons or indirectly by GABAergic interneurons that containing 5HT

heteroreceptors [41].

It has been proposed that for treating schizophrenia multiple-target drugs have better odds
than single-mechanism drugs [42] [38] [43]. One line of reasoning to reconcile the
importance of 5HT, receptors for the alleged superiority of atypical drugs with the apparently
unsuccessful clinical results with pure SHT receptors modulators [15] is that the outcomes of
5HT,s and/or 5HT,c receptor modulation are best fit when associated with other
mechanisms. This paper corroborates that, though not exclusive, 5HT,, and 5HT,. are key to
the mechanism of action subjacent to the antipsychotic-like properties of alstonine.
Considering the evidence that alstonine does not block D2 receptors but modulates
dopamine [18], and interferes with dopamine and glutamate uptakes [30], this study places
alstonine further apart from known antipsychotics. Noteworthy, though the published
evidence of antipsychotic-like properties come from rodent models, the fact that alstonine
was identified in the first place as a component of remedies used to treat mental patients

vests the data with considerable higher significance.
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Capitulo 3

Alstonine does not block D2 receptors but increases striatal dopamine uptake
and modulates DAT and D2 receptors densities: relevance for antipsychotic

properties
Artigo a ser submetido a revista Psychopharmacology.

InstrucBes de autores: www.springer.com/biomed/neurosciencel/journal/213
Observacao: para facilitar a leitura da banca, as figuras foram inseridas no texto.
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Abstract

Rationale: There is an undisputed need for innovative medication to treat schizophrenics.
Alstonine is a putative antipsychotic effective in rodent models for positive, negative and
cognitive symptoms. Evidence suggests that alstonine does not block D, dopamine
receptors (D,R) in contrast to known antipsychotics. HPLC analysis showed that alstonine
treatment results in increased levels of the intraneuronal dopamine (DA) metabolite, but not
in the extraneuronal metabolite, suggesting that DA uptake could be implicated in alstonine
effects. Objectives: This study investigated the effects of alstonine on dopamine transporter
(DAT) function and density, as well as the D;R density in relevant brain regions. Methods:
The effects of alstonine were assessed in mouse striatal synaptosomal [*H]DA uptake in vitro
and ex vivo (acute and sub-chronic treatments). Quantitative autoradiography (QAR) was
used to determine alstonine effects on DAT and D;R densities in medial pre frontal cortex
(mPFC), hippocampus (CA1 and CA3), caudate-putamen (medial and lateral) and nucleus
accumbens (core and shell). Results: DA uptake was increased by nearly twofold after acute
alstonine treatment, but unchanged with sub-chronic treatment. Sub-chronic treatment
decreased DAT density at mPFC but increased at nucleus accumbens core and CA3, as well
as decreased D,R density at caudate-putamen. Conclusions: This study provides additional
evidence that alstonine does not bind to D,R. Congruent with alstonine behavioral profile, it
indicates that dopamine is nevertheless indirectly modulated, possibly including regulation of
DA uptake. While reinforcing the possibility that alstonine has an innovative antipsychotic

mode of action, the study also adds to clarifying its multiple mechanism of action.

Keywords: alstonine, antipsychotic, schizophrenia, dopamine transporter, D, dopamine

receptor, dopamine uptake
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1. Introduction

The early 1970s concept of schizophrenia as a dopaminergic disorder was based on the
observations that while dopaminergic-releasing drugs induced psychoses-like behaviors, D,
dopamine receptor (D,R) antagonists had antipsychotic effects (Carlsson 1988). Despite the
fact that the common feature of all currently clinical approved antipsychotic drugs is the D;R
antagonism, another agreed notion, unfortunately, is that more than 60 years after
introducing antipsychotics in clinic only modest improvement can be expected in most
schizophrenics patients (Insel 2010). The classic dopaminergic hypothesis gave place to the
current understanding that it is rather a dopaminergic imbalance to be attributed for
schizophrenia (Abi-Dargham 2004). Dopaminergic hypoactivity in cortical regions would lead
to negative (e.g. social interaction withdrawal and affective flattening) and cognitive
symptoms (e.g. attention and memory deficits), while hyperactivity on mesolimbic
dopaminergic pathways correlates to positive symptoms (e.g. delusions and hallucinations).
D2R blockade is only effective on positive symptoms, while responsible for extrapyramidal
side effects (by blocking nigrostriatal dopamine) and increases on prolactin levels (by
blocking tuberoinfundibular dopamine) (Stahl 2008). Therefore, a better effective
antipsychotic would somehow balance the disease bound dopamine (DA) imbalance (Kim

and Stahl 2010).

Even though postsynaptic D,R blockade has been the mainstream treatment for
schizophrenia, a growing body of evidence suggests that the focus should instead be on the
presynaptic terminal. As recently reviewed by Miyake et al. (2011), data indicate that in
schizophrenia DA synthesis and storage are increased in the dorsal caudate, along with an
increased basal occupancy of striatal D,R. The increase in DA tonus is more evident in
patients with active psychosis, and appears to be somewhat present during the prodromal

period (Huttunen et al. 2008).
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Current antipsychotics drugs are classified as typical agents (e.g. chlorpromazine and
haloperidol), associated with extra pyramidal (EPS) side effects, and atypical agents (e.g.
clozapine, olanzapine, risperidone), less associated with EPS but with unwanted metabolic
side effects (Stahl 2008). Though all antipsychotic medications are associated with poor
adhesion and less than ideal effectiveness (Lieberman et al. 2005), (Insel 2010), the
mechanism that differs both classes is that atypical drugs show greater 5HT /D affinity ratio

(Meltzer et al. 1989) (Meltzer et al. 2003) (Schotte et al. 1996).

Alstonine, a putative antipsychotic suggested to be devoid of direct D,R antagonism,
consistently displayed the profile of an atypical antipsychotic in animal models of positive
(Costa-Campos et al. 1998), negative (de Moura Linck et al. 2008), and cognitive (Linck et al.
2012) schizophrenia symptoms. Collectively, the data suggest that alstonine could
differentially regulate DA in limbic and cortical areas, a property of obvious advantage in
treating schizophrenia. Exactly how alstonine modulates DA is still unclear, though it is
apparent that 5HT,, and 5HT,¢c are implicated in alstonine antipsychotic-like effects (Linck et
al. 2012), and the crosstalk between DA neurons and these serotonin receptors have been
documented (Millan et al. 1998) (Alex and Pehek 2007) (Fink and Géthert 2007) (Di Giovanni

et al. 2008) (Di Matteo et al. 2008).

The findings that cortex and striatum homogenates from mice treated with alstonine showed
decreased levels of DA, increased levels of 3,4-dihydroxyphenylacetic acid (DOPAC, the DA
intraneuronal metabolite), but no changes in homovanillic acid (HVA, the DA extra neuronal
metabolite) (Linck et al. 2011) lead to the hypothesis that alstonine could modulate dopamine
uptake. Thus, in the present study we evaluated the effects of alstonine on DA uptake in
mouse striatal synaptosomes. Additionally, dopamine transporter (DAT) and D,R densities
were investigated by quantitative autoradiography (QAR) in areas relevant to antipsychotic

properties.

2. Methods
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2.1. Animals

Experiments were performed with male (CF1) 2 months old adult albino mice (40-45 g).
Animals were maintained in our own animal facility under controlled environmental conditions
(22 £ 1 °C, 12-h light/dark cycle, free access to food and water), for at least two weeks
before the experiments.

The study was approved by the University Ethics Committee (approval #18236); all
procedures were carried out in accordance with institutional policies on experimental animal
handling.

2.2. Drugs

Alstonine hydrochloride was isolated (98% purity) from Picralima nitida Th. & H. Dur.
(Apocynaceae) as previously detailed (Okuniji et al. 2005); the structure was verified by
HPLC-MS. 1,3-ditolylguanidine (DTG), clozapine, GBR12909, pargyline and dopamine were
purchased from Sigma Chemical Co. (St. Louis, MO, USA); sulpiride, cis-flupentixol and
pindolol from Research Biochemicals International (Natick, MA, USA). [*H]dopamine (38.7
Ci/mmol), [*H]nemonapride (YM-09151-2, 85.5 Ci/mmol) and [*H]GBR12935 (40 Ci/mmol)
were purchased form Perkin Elmer Life Sciences (Boston, MA, USA). Clozapine, sulpiride
and pindolol were solubilized in HCI (1N), and the pH adjusted to 6.0 with 1IN NaOH; DTG
was solubilized in methanol; all other drugs were diluted in distilled water. Treatments were
administered intraperitoneally (0.1 mL/10 g of body weight).

2.3. Dopamine uptake

Synaptosomal preparations were obtained from: (a) in vitro experiments: naive mice were
used and drugs (10 and 100 uM clozapine and 0.1, 1.0, 10 and 100 uM alstonine) were
directly incubated with the synaptosomal preparations. (b) ex vivo acute: mice were treated
with saline, clozapine (2.0 mg/kg) or alstonine (0.5 or 1.0 mg/kg) and sacrificed 30 min later.
(c) ex vivo subchronic: mice were treated with saline, clozapine (2.0 mg/kg) or alstonine (0.5
and 1.0 mg/kg) daily for 7 days, and sacrificed 24 h after the last administration.

[*H] Dopamine uptake was determined in rat striatal synaptosomal preparations based on

Fleckenstein et al. (1999) and Pandolfo et al. (2011). Briefly, synaptosomes were prepared
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by homogenizing mouse striatal fresh tissue in ice-cold Tris buffer (0.32 M sucrose, 1nM
EDTA and 0.25 nM DTT,; pH 7.4), followed by centrifugation (1000 g/10 min/4 °C).
Supernatants (S1) were centrifuged at 17000 g for 20 min at 4 °C; the resulting pellets (P2)
were re-suspended in assay buffer (in mM: 126 NaCl, 4.8 KCI, 1.3 CaCl, 1.4 MgSoO, 11
glucose, 1.1 ascorbic acid, 16 sodium fosfate; pH 7.4) and centrifuged (17000 g/10 min/4 °C)
in order to completely remove residual sucrose. The final P2 pellets were re-suspended in
ice-cold assay buffer. Aliquots of striatal synaptosome (50 ul) were warmed for 4 min at 37
°C then incubated in glass test-tubes with 500 nM dopamine (0.09 uCi/mL [*H]dopamine was
used as trace with unlabeled dopamine), 1 uM pargyline (to prevent dopamine
metabolization by MAO) and with tested drugs in in vitro incubation during 5 min at 37 °C
(500 ul final incubation volume). Incubations were stopped by adding 2 ml of ice-cold assay
buffer, followed by vacuum filtration through glass microfiber filters (Whatman GF/B). The
filters were washed twice with 3 ml ice-cold 0.32 M sucrose. Filters were dried for 10 min at
60 °C and placed in scintillation vials with 1.5 ml scintillation liquid. Radioactivity was
measured in a scintillation counter (2800TR TriCarb Liquid Scintillation Analyzer, Perkin
Elmer - Waltham, MA, USA). Synaptosome protein was measured following the method
described by Bradford (1976), using bovine serum albumin (BSA) as standard. Dopamine
uptake was converted in pmol DA/min/mg protein and expressed as % of control. All
experiments were performed in triplicate.

Pilot experiments demonstrated that the selective DAT inhibitor GBR 12909 (1 uM) blocked
dopamine uptake by 89.3% in this preparation, demonstrating that dopamine was mainly
transported by DAT. The use of 50 uM unlabeled dopamine also resulted in 89.9% inhibition,
indicating that the non-specific uptake was 11%. The unspecific uptake was determined for
each synaptosomal preparation (using 50 uM unlabeled DA) and subtracted from total

uptake to yield the specific uptake.
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2.4. Quantitative Autoradiography Assays

2.4.1. Tissue preparation

Treatments were as follows: (a) in vitro: naive mice were used and drugs (10 and 100 uM
clozapine and 10 and 100 uM alstonine) were directly incubated with the brain slices together
in the binding buffer. (b) ex vivo acute: mice were treated with saline or alstonine (0.5 or 1.0
mg/kg) and sacrificed 30 min latter. (c) ex vivo subchronic: mice were treated with saline or
alstonine (0.5 and 1.0 mg/kg) daily for 7 days, and sacrificed 24 h after the last
administration.

Mice were sacrificed, the whole brains quickly removed and immediately frozen by
immersion for 15-20 seconds in Freon and stored at -80 °C. Cryostat sections (Leica CM18-
50, Leica Microsystems Nussloch GmbH, Germany), 12 um thick, were thawed-mounted
onto gelatin-coated microscope slides and dried on a warm plate for 30 seconds. Six
sections were mounted per slide, which were desiccated with silica and stored at -80°C until
use. The sections were obtained through medial prefrontal cortex (MPFC), caudate-putamen
(CPu), nucleus accumbens (NAc), hippocampal regions CA1 and CA3 according to Fraklin
and Paxinos (2007). These selected cortical, extrapyramidal, and limbic areas mediate
cognitive, motor, and emotional functions often altered in patients with psychotic disorders
and/or by antipsychotic treatment.

2.4.2. Dopamine transporter (DAT)

The methodology was adapted from Chavez et al. (2010). Incubations were prepared at
room temperature (RT). Sections were preincubated in 50 mM Tris-HCI buffer (pH 7.7)
containing 70 mM NaCl and 0.025% bovine serum albumin (BSA) for 1 h at RT. A second 1
h incubation followed with the binding buffer (50 mM Tris-HCl at pH 7.7, 1 uM cis-flupentixol
and 2 nM [*H]GBR12935). To assess nonspecific binding, sections were incubated in the

binding buffer in the presence of 10 yM GBR12909.
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2.4.3. Dy-like receptors

The D;R autoradiography protocol was modified from Berger et al. (2002). Incubations were
performed at RT. Sections were preincubated for 1 h in 50 mM Tris-HCI buffer (pH 7.4)
containing 120 mM NacCl, 5 mM KCI, 2 mM CaCl,, and 1 mM MgCl,. Sections were then
incubated for 1 h in the same buffer with additional 1.0 nM [*H]nemonapride, 0.5 mM DTG,
and 0.1 mM pindolol to block sigma (01,) and 5HT, sites, respectively. Nonspecific binding

was determined with 40 pM sulpiride.
2.4.4. Film exposure and Image analysis

Following incubation the sections were rinsed twice in Tris-HCI buffer (4 °C, 5 minutes) and
dipped three times in cold distilled water. The sections were dried under a stream of air at
room temperature (RT), briefly placed on a warm plate (60 °C, 60 seconds) and cooled to RT
before film exposure. The autoradiograms were obtained after exposure of the sections to
Kodak BIOMAX MR-1 (Sigma) film at -4 °C for 30-60 days in light-tight cassettes.
Radioactivity standards (American Radiolabeled Chemical Inc.) consisting of 14 sections of
methacrilate plastic impregnated with tritium (0.14 - 489 uCi/g) were jointly exposed with the
sections. Films were developed in Kodak Dektol developer and fixative (Sigma).
Autoradiography images were scanned in conventional scanner, relevant brain regions were
outlined (Fig. 1) and the analyses obtained using Image J software (developed at the U.S.
National Institutes of Health, available at http://rsb.info.nih.gov/nih-image/). Optic density was
converted to nCi/mg of tissue with calibrated methacrylate tritium standards, and after
substracting nonspecific (15-22%) from total binding, specific binding was expressed as

fmol/mg tissue.
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Figure 1: Representative images from [*HJnemonapride QAR. Mouse brain regions areas
analyzed: (1) medial CPu; (2) lateral CPu; (3) NAc shell; (4) NAc core; (5) mPCF; (6) CAL,;
(7) CAS.

2.5. Statistics

Data were analyzed by one-way ANOVA followed by Newman-Keuls post hoc test.
GraphPad Prism 5 for Windows was used for the statistical analysis; p<0.05 was set as

statistically significant.
3. Results
3.1 Dopamine uptake

One-way ANOVA showed that in vitro incubation with clozapine or alstonine decreased
dopamine uptake (Fe49=14.3; p<0.05). The post hoc indicated that 100 uM clozapine and
100 uM alstonine markedly inhibited dopamine uptake (78 and 39%, respectively) (Fig. 2).
Dopamine uptake in synaptosomes obtained from acutely treated mice was also modified
(F32=3.2; p<0.05), though in this case increased (109%; p<0.05) by alstonine (1.0 mg/kg);
but not significantly altered by clozapine (2.0 mg/kg). Subchronic treatment did not modify

73



dopamine uptake (F33=0.3; p>0.05) (Fig.3). The possibility that radioactivity measurement
could result from [*H]dopamine metabolization by MAO (into [P(H]DOPAC) is discarded by the

presence of pargyline.
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Figure 2: Effects of in vitro incubation with clozapine (Cloza) and alstonine (Alsto) on mouse
striatal synaptosomal DA uptake (n=8). Data expressed as % control. ** = p<0.01 compared

to control (Ctrl) group, ANOVA/SNK.
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Figure 3: Effects of (A) acute and (B) sub-chronic (7 days) treatment with clozapine (Cloza)
and alstonine (Alsto) on mouse striatal synaptosomal DA uptake (n=8-10). * = p<0.05
compared to saline group, ANOVA/SNK. Data expressed as % control.
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3.2. DAT autoradiography

In vitro incubation with 100 pM clozapine (but not with 10 pM) decreased [*H]JGBR12935
binding in all regions (MPFC F4,15=37.0; medial CPu Fy415=25.7; lateral CPu F415=49.4;
NAcC core Fu10=12.4; NAC shell Fy10=14.5; CAl Fu16=34.2; CA3 Fu16=25.7; p<0.01).
Noteworthy, the active concentration was the same that inhibited synaptosomal DA uptake.

Alstonine (10 and 100 uM) did not alter [’HJGBR12935 binding (Table 1).

Table 2 shows the effects of alstonine treatment on [PHJGBR12935 binding. While acute
treatment was devoid of effects (MPFC F(=0.8; medial CPu F(g=0.05; lateral CPu
F2.9=3.5; NAc core F(;=2.7; NAc shell F;=0.03; CAl F(4=0.5; CA3 F(4=2.5; p>0.05),
subchronic alstonine induced region specific changes. Post hoc indicated that alstonine (0.5
and 1.0 mg/kg) increased [*H]GBR12935 binding in NAc core (F10=5.1; p<0.05) and CA3
(F2.9=5.3; p<0.05), decreased it in mMPFC (F(,10=7.4; p<0.01), with no changes observed in
the other areas (medial CPu Fp12=2.4; lateral CPu F(12»=1.0; NAc shell F(10=1.9;

CAlF(2,9)20.4; p>005)
3.3. D;R autoradiography

In vitro: As expected, clozapine (10 and 100 uM) decreased [*H]nemonapride binding in all
regions (MPFC Fy15=20.4; medial CPu F@.0=41.1; lateral CPu F419=72.2; NAc core
F(4,19=65.6; NAC shell F419=39.9; CAl F(15=8.4; CA3 F(119=8.6; p<0.01). Alstonine (10 and

100 pM) did not modified in vitro [*H]nemonapride binding (table 3).

Table 4 shows the effect of alstonine treatment on [*H]Jnemonapride binding. While acute
treatment was devoid of effects (MPFC F(11)=0.01; medial CPu F(10=2.3; lateral CPu
F210=0.2; NAc core F10=2.7; NAc shell F;10=0.9; CAl F11)=0.4; CA3 F(;11)=0.2; p>0.05),
subchronic alstonine decreased [*HJnemonapride binding in medial and lateral CPu (by 17
and 18%, F(,11)=4.8 and F(;,11)=6.2; respectively; p<0.05), with no significant changes in other
regions (MPFC F(1,=0.5; NAc core F(1,)=0.5; NAc shell F;1)=0.1; CAl F(;11)=1.4; CA3
Fe11y=3.2; p>0.05).
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Table 1: Effects of clozapine and alstonine on [PH]JGBR12935 binding in vitro

In vitro
Clozapine Alstonine
Ctrl

10 100 10 100 \m
mPFC 91 (3.2) 105 (5.7) 19 (0.3)** 97 (7.9) 108 (10.1)
CPu
medial 153 (11.2) 139 (9.7) 62 (1.0)** 144 (3.0) 148 (10.0)
lateral 169 (5.6) 148 (6.6) 62 (1.6)** 155 (4.9) 160 (11.2)
NAc
core 145 (18.9) 16.1(9.5) 66 (1.2)** 159 (5.8) 162 (16.3)
shell 160 (17.9) 143 (9.1) 62 (1.1)** 144 (4.8) 154 (12.5)
Hip
CAl 194 (17.5) 166 (9.2) 52 (1.5)** 158 (5.0) 192 (14.3)
CA3 151 (19.3) 194 (13.0) 60 (1.1)** 173 (5.6) 197 (15.5)

Data in fmol/mg tissue expressed as mean (S.E.M).mPFC - medial prefrontal cortex;
CPu - caudate-putamen; NAc - nucleus accumbens; Hip - hippocampal regions.
**=p<0.01 compared to control (Ctrl) group, ANOVA/SNK (n=3-5).
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Table 2: Effects of acute and sub-chronic (7 days) alstonine treatment (0.5 and 1.0 mg/kg) on [*H]GBR12935 binding.

mPCF

CPu
medial

lateral

NAC
core

shell
Hip

CAl
CA3

Acute Sub-Chronic
_ Alstonine _ Alstonine
Saline Saline
0.5 1.0 0.5 1.0 mg/kg

53 (3.9) 45 (6.3) 48 (3.2) 32 (3.7) 20 (1.6)* 21 (1.3)**
127 (8.3) 121 (12.1) 125 (6.2) 81(4.5) 90 (3.8) 91 (1.8)
158 (6.8) 151 (0.8) 143 (3.4) 89 (5.9) 100 (5.4) 94 (4.7)
138 (2.8) 163 (8.6) 159 (7.6) 79 (4.4) 99 (3.0)* 96 (5.1)*
141 (7.0) 147 (18.2) 145 (12.1) 82 (6.4) 95 (2.1) 91 (4.8)
190 (17.0) 199 (12.5) 210 (10.7) 111 (5.4) 121 (9.7) 119 (9.4)
158 (11.8) 185 (13.0) 193 (10.6) 94 (2.8) 116 (4.4)* 122 (9.9)*

Data in fmol/mg tissue expressed as mean (S.E.M). mPCF - medial prefrontal cortex; CPu - caudate-putamen;

NAc - nucleus accumbens; Hip - hippocampal regions.

*=p<0.05 and **=p<0.01 compared to saline, ANOVA/SNK (n=3-5).
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Table 3: Effects of clozapine and alstonine on [*H]nemonapride binding in vitro.

In vitro
Clozapine Alstonine
Ctrl

10 100 10 100w
mPCF 23 (1.6) 18 (0.3)** 16 (0.4)** 26 (0.9) 21 (0.6)
CPu
medial 141 (8.9) 63 (2.9)** 30 (0.3)** 157 (14.1) 133 (9.3)
lateral 206 (20.7) 102 (6.7)** 34 (0.8)** 271 (16.0) 229 (11.4)
NAc
core 100 (7.5) 51 (2.5)** 29 (0.6)** 105 (3.8) 90 (2.1)
shell 92 (6.4) 49 (1.2 28 (0.6)** 88 (6.4) 84 (4.7)
Hip
CAl 39 (2.1) 33(0.9) 29 (1.1)** 38 (0.7) 35 (1.8)
CA3 38 (2.1) 33 (1.0) 28 (0.5)** 34 (1.1) 34 (0.5)

mPCF - medial prefrontal cortex; CPu - caudate-putamen; NAc - nucleus accumbens;
Hip - hippocampal regions. **=p<0.01 compared to control (Ctrl) group, ANOVA/SNK (n=3-5).
Data in fmol/mg tissue expressed as mean (S.E.M).



Table 4: Effects of acute and sub-chronic (7 days) alstonine treatment (0.5 and 1.0 mg/kg) on [*H]nemonapride binding.

Acute Sub-Chronic
_ Alstonine _ Alstonine
Saline Saline
0.5 1.0 0.5 1.0 mg/kg
mPCF 26 (1.0) 27 (1.6) 26 (3.1) 33 (2.0) 31 (3.4) 29 (2.3)
CPu
medial 138 (8.2) 134 (6.1) 150 (2.0) 187 (6.6) 181 (9.7) 155 (6.9)*
lateral 191 (10.6) 202 (11.9) 195 (11.8) 305 (16.7) 292 (6.2) 249 (5.2)*
NAcC
core 127 (3.3) 133 (4.2) 120 (3.5) 140 (7.3) 132 (4.7) 133 (7.1)
shell 120 (6.7) 127 (5.9) 113 (9.4) 108 (11.5) 107 (6.5) 102 (9.2)
Hip
CAl 52 (4.0) 59 (5.7) 54 (6.2) 49 (4.0) 56 (2.1) 51 (2.4)
CA3 47 (2.0) 49 (3.1) 47 (2.7) 43 (2.6) 47 (1.2) 40 (1.0)

Data in fmol/mg tissue expressed as mean (S.E.M).mPCF - medial prefrontal cortex; CPu - caudate-putamen;
NAc - nucleus accumbens; Hip - hippocampal regions. *=p<0.05 compared to saline, ANOVA/SNK (n=3-5).
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4. Discussion

An optimal antipsychotic medication would reinstate dopamine levels in the cortex and
mesolimbic areas of schizophrenics, requiring drugs that differentially modulate dopamine
function in different brain regions (Correll 2011). Though behavior and neurochemical data
suggest that alstonine differentially modulates dopamine in cortex and striatum (Costa-
Campos et al. 2004a; 2004b), the mechanisms by which dopaminergic transmission is
modulated by alstonine requires elucidation. In this study we evaluated the effects of

alstonine on DAT function and DAT and D,R densities.

DA synaptosomal uptake was used to evaluate DAT activity. In line with the literature (Ruiu
et al. 2000), results show that in vitro clozapine inhibits DA uptake; likewise, in vitro alstonine
(at the highest concentration) inhibited DA uptake. Additionally, mice treated with alstonine in
the same experimental design that induces behavioral effects (Costa-Campos et al. 1998)
(Costa-Campos et al. 2004a) (de Moura Linck et al. 2008) (Linck et al. 2012) showed a
twofold increased in DA uptake; this effect disappeared with subchronic (7 days) treatment.
The increased DA uptake is congruent with increases in striatal DOPAC levels induced by
alstonine with the same dose and pre-administration timing (Linck et al. 2011). The
apparently controversy between alstonine in vitro incubation and acute treatment could
indicate that functional structure and indirect neurotransmitter modulation are important for
alstonine effects on DAT. While in experiments using in vitro incubation only direct drugs
effects in the synaptosome can be analyzed, ex vivo treatment allows the evaluation of

complex structural modulation and neurotransmitters cross-talk.

QAR was used to assess DAT binding (in vitro) as well as changes in DAT density (ex vivo),
using the same treatment conditions used for behavioral and dopamine uptake experiments.
Clozapine markedly decreased [*HJGBR12935 binding in the same concentration that
inhibited DA uptake, suggesting that clozapine acts as a direct DAT inhibitor. Acute alstonine

did not modify [°*H]JGBR12935 binding, though DAT density was diminished in mPFC while

81



increased in NAc core and CA1 after subchronic treatment. It is noteworthy that increases in
DA uptake and DOPAC correlates in dose and timing with alstonine effects on mice models
of positive symptoms (amphetamine-induced lethality in grouped mice, MK801-induced
hyperlocomotion, apomorphine-induced stereotypy) (Costa-Campos et al. 1998); (Costa-

Campos et al. 2004a).

DAT has been proposed as a target of interest for developing new antipsychotics (Runyon
and Carroll 2006). With the exception of the cortex, the primary responsible for regulating DA
availability at the synaptic cleft is DAT (Runyon and Carroll 2006) (Leviel 2011). Indeed, DAT
activity has been shown to play key roles in cognition, affect, behavioral reinforcement and
motor function (Gainetdinov and Caron 2003; Volz and Schenk 2005). DAT density is lower
in the frontal cortex in comparison to other dopaminergic areas (see table 1 and 2) because
in cortex noradrenaline transporters (NET) and catechol-O-methyltransferase (COMT) are
responsible for DA inactivation (Carboni et al. 1990) (Karoum et al. 1994) (Mor6n et al.
2002). While de novo DAT synthesis is a relative slow process (Kimmel et al. 2000), DAT
function can be rapidly regulated by various post-translational mechanisms, of which the
most predominant are those affecting its trafficking to the plasma membrane. DAT traffic is
sensitive to: (1) DAT ligands (e.g. cocaine, GBR12909) or presynaptic G protein-coupled
receptors (e.g. D,-like receptors agonist/antagonist and k-opioid agonist); (2) second
messenger-regulated enzymatic modifications (e.g. protein kinase C, protein kinase A,
phosphatidyinositol-3-kinase, protein tyrosine kinase and mitogen-activated protein families);
(3) protein-protein interactions, such as DAT and scaffolding proteins (Schmitt and Reith

2010).

Behavioral and neurochemical data suggest that 5HT,a,c Serotonergic receptors and the
glutamate system are central to alstonine antipsychotic-like effects (Herrmann et al. 2012);
(Linck et al. 2012). Given the dopamine/serotonin and dopamine/glutamate crosstalk,

alstonine ability to counteract D,R receptors activation cannot be attributed solely to its
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effects in DAT. The differences between in vitro and ex vivo effects of alstonine on DA

uptake also point to an indirect modulation.

QAR was also used to assess alstonine effects on D,R binding and density. Corroborating
early results (Costa-Campos et al. 1998), this study shows that alstonine (in vitro or acute
treatment) does not alter D,R binding. Though evidence from various mice models indicates
that alstonine modulates dopaminergic pathways, the lack of effects on D,R bhinding
correlates well with the findings that alstonine does not influence prolactin levels,
amphetamine-induce stereotypy or climbing behavior (Costa-Campos et al. 1998);(Linck et
al. 2011). Interestingly, alstonine-induced alterations in D,R density was noted with
subchronic administration in the CPu alone, where a modest (~17%) decrease was
observed. Increased D;R density has been reported for classic D,R antagonists and atypical
antipsychotics in the striatum (McCormick et al. 2010) (Tarazi et al. 2001), again placing

alstonine apart from known antipsychotics.

The fact that alstonine consistently behaves as antipsychotic (in mouse models and as the
main component of herbal medication) but lacks D,R binding is certainly of note. There are
about 40 different antipsychotics on the market and all of them block D,R in some degree
(Insel 2010) (Ellenbroek 2012). There are a few compounds with alleged antipsychotic-like
effects on animal models that do not block D,R receptors. The 5HT,c agonist (vabicaserin)
and ampakines (farampator and CX516) had their development interrupted at phase Il, and
the glycine transporter inhibitor (AMG 747) at phase |. Though other compounds lacking D,R
binding are being developed, including mGIuR2/3 ligands, a; nicotine agonists and 5-HTg
antagonists (Ellenbroek 2012), to the best of our knowledge there is not any that modulates
DAT. As discussed above for DAT, influences of alstonine in serotonin and glutamate can
ultimately modulate dopamine and its receptors, including D,. Though dopaminergic system
abnormalities presented in schizophrenia were not reproduced in this study (Shannon et al.
1991), it is conceivable that the effects seen on DAT and D;R densities would be useful to

restore homeostasis in an overactive dopamine pathway.
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This study presents some limitations. Since QAR method requires a preincubation period in
buffer to remove endogenous compounds (and maybe pharmacological treatment too), ex
vivo techniques does not allow direct binding evaluation, and for this reason in vitro
incubations were carried out. Receptor densities were properly assessed with ex vivo
treatments. Moreover, a comprehensive pattern of alstonine effects on DA uptake can only
be attained with kinetic and complementary studies; DA uptake could result from increased
DAT activity, though drugs that increase transporter activity are currently unknown.
Additionally, the stress inherent to a 7-day treatment schedule could have itself influenced
DAT and DR density on QAR. The analysis is nevertheless validated by the use of controls

in all experimental conditions.

Antipsychotics have changed the life prognosis of schizophrenic patients (Duval and
Goldman 2000), though cognitive and negative symptoms are, sadly, hardly improved,;
(Lieberman et al. 2005); (McEvoy et al. 2006) (Keefe et al. 2007). Thus, the need for
innovative treatments is consensual (Kim and Stahl 2010). We here provide additional
evidence that alstonine does not block D,R but modulates dopamine transmission in a
manner and at regions relevant for schizophrenia; data suggest that DAT modulation is
involved in dopamine modulation by alstonine. To the best of our knowledge, there are no
known drugs that stimulate DA uptake, in principle a mechanism adequate to the desired
attenuation of postsynaptic dopamine receptor activation, but potentially devoid of the
unwanted side effects associated with direct blockade of these receptors. As pointed out by
Howes and Kapur (Howes and Kapur 2009) the primary defect in dopamine transmission in
schizophrenia is presynaptic in nature, despite the fact that schizophrenia has been treated
for nearly a century with drugs that primarily interfere with postsynaptic receptors. Regulating

dopamine uptake could be an entirely different approach in this context.

Due to the complexity of schizophrenia underlying neurobiology, multiple-target drugs are
suggested to possess a better profile as antipsychotics (Roth et al. 2004) (Kim and Stahl

2010) (Wong et al. 2010). In addition to the already identified participation of 5HTac
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receptors and glutamate, the indirect effects of alstonine on dopamine transmission
contribute to its overall antipsychotic—like effects, in overall an innovative antipsychotic
mechanism. Taken into consideration that alstonine was originally identified as the major
component of homemade remedies used to treat “madness” in rural Nigeria (Costa-Campos
et al. 1999) (Elisabetsky and Costa-Campos 2006), our study is in line with the historical

contribution of natural products to the development of prototypic drugs.
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3. Discussao

Esta tese teve como objetivo principal dar segmento a caracterizacdo do
alcaldide alstonina como antipsicético, colaborando para a elucidacdo do seu

mecanismo de agcdo com énfase nos sistemas serotonérgico e dopaminérgico.

No primeiro trabalho (capitulo 1) o objetivo foi avaliar se os receptores 5HTa/c
erram relevantes para o efeito tipo antipsicético de alstonina, ja que estes tinham
sido identificados como responsaveis pelo seu efeito ansiolitico (Costa-Campos et
al. 2004). Como se considerava relevante que o efeito ansiolitico seria relevante
para a melhora de sintomas negativos obtida com alguns antipsicoticos (Benvenga e
Leander 1995; Cao e Rodgers 1997), cabia verificar se estes receptores também
estavam envolvidos no efeito antipsicotico da alstonina de modo geral. Por isso
foram usados modelos animais relevantes para sintomas positivos, negativos e
cognitivos da esquizofrenia e o pré-tratamento com ritanserina para bloquear os
receptores 5HT,ac. Ritanserina preveniu o efeito de alstonina em todos os
comportamentos, sugerindo que os receptores 5HT,ac SA0 necessarios para 0s
efeitos tipo antipsicotico de alstonina. Sendo ritanserina um antagonista néo-seletivo
nao foi possivel avaliar, naquele momento, a contribuicdo individual de cada subtipo

de receptor, ou sequer se ambos eram de fato necessarios.

Ainda nesse capitulo demonstramos pela primeira vez que alstonina € capaz
de prevenir em animais o déficit de memodria de trabalho, um déficit cognitivo
relevante a esquizofrenia. Os sintomas cognitivos surgem, geralmente, antes do
primeiro surto psicotico (Erlenmeyer-Kimling 2000; Niendam et al. 2003) e persistem

durante todo o curso da doenca (Reichenberg 2010). A memodria de trabalho,

juntamente com velocidade de processamento, memodria episddica, e funcédo
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executiva, sdo os principais dominios da funcdo cognitiva afetados na esquizofrenia
(Barch 2005; Schaub et al. 2011). O fato de alstonina ser efetiva no modelo de
déficit de memdéria de trabalho induzido por MK801, um dos modelos com melhor
valor preditivo quanto aos déficits cognitivos, foi um acréscimo importante na
construcdo de seu perfil antipsicotico. O resultado é relevante para a selecdo de
critérios de observacado para futuros estudos clinicos e comparagdo com compostos
conhecidos, ja que os déficits cognitivos sdo um dos principais responsaveis pela
incapacitacdo de pacientes esquizofrénicos (Goff et al. 2011), e os antipsicoticos
hoje disponiveis produzem pouca ou nenhuma melhora dos sintomas cognitivos

(Gardner et al. 2005; Keefe et al. 2007).

O carater atipico dos novos antipsicoéticos esta relacionado exatamente com
razao da afinidade D2/5HTa, diferindo dos classicos tanto pela sua menor afinidade
a D2 quanto a sua atuagdo em SHT2a (Meltzer et al. 2003). Ja os agonistas de
receptores 5HT,c vem sendo propostos como uma alternativa para diminuir a
atividade dopaminérgica limbica sem bloqueio de receptores D2 (Kim 2010). Era,
portanto importante esclarecer que tipos de receptores serotonérgicos (5HT2a, SHT ¢
ou os dois) sao relevantes para a acdo de alstonina. Assim o objetivo do segundo
trabalho (capitulo 2) foi avaliar individualmente a relevancia dos receptores 5HT,a €
5HT,c sobre o efeito tipo antipsicotico de alstonina. A estratégia escolhida foi usar
antagonistas seletivos para receptores 5HT,a (altanserina) e 5HT,c (SB 242084) no

mesmo modelo de hiperlocomocéo induzida por MK801.

Os dois antagonistas bloquearam o efeito de alstonina neste modelo de
sintoma positivo, sugerindo que ambos s80 necessarios para a atividade de

alstonina. O dado € consistente com a demonstracdo, obtida por experimentos

realizados em paralelo, de que altanserina e SB 242084 previnem o efeito inibitorio
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de alstonina sobre a captacdo de glutamato em fatias hipocampais agudas

(Herrmann et al. 2012).

No entanto uma prova mais direta da interagdo de alstonina com estes
receptores era desejavel. A técnica de autorradiografia foi escolhida pela vantagem
de permitir o estudo concomitante da interacdo de alstonina com estes receptores (e
outros) em varias regibes do cérebro. Os resultados obtidos com autorradiografia
guantitativa com incubacao in vitro permitiram concluir que alstonina se liga a
receptores 5HT.x (deslocamento de [*H]ketanserina) mas n&o a receptor 5HT ¢ pelo
menos ndo no mesmo sitio de ligacdo do antagonista seletivo de [*H]mesulergina. Ja
nos estudos ex vivo (animais tratados com alstonina nas mesmas doses ativas em
modelos comportamentais) vimos ainda que enquanto o tratamento agudo com
alstonina ndo modificou a densidade de nenhum dos receptores, o tratamento sub-
cronico modificou a densidade de ambos de maneira distinta nas varias regioes
analisadas. Especificamente a densidade de receptor 5HT 4 foi diminuida no mPFC
no NAc (centro e concha), e foi aumentada no CPu lateral. A densidade do receptor
5HT,c foi diminuida apenas no mPFC e aumentada no NAc (shell) e nas regibes
CAl e CA3 do hipocampo. Esse conjunto de resultados indica que alstonina liga-se
diretamente no receptor 5HT,a, mas modula indiretamente o receptor 5HT ¢

reiterando a idéia de que ambos séo relevantes para sua acao.

A modulacdo da densidade de receptores 5HT,a € 5HT,c € peculiar, ja que
tanto agonistas, agonistas inversos e antagonistas podem produzir down-regulation
(Gray e Roth 2001; Devlin et al. 2004; Allen e Roth 2011). Assim, os efeitos
observados nos receptores apés tratamento sub-crénico demonstram apenas que
esses receptores sdo modulados por alstonina, mas a natureza dessa modulacao

ndo pode ser concluida. Estudo de ligacdo (binding) funcional como mensuragéo de
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segundos mensageiros e técnica de GTPgamaS seriam uma estratégia adequada
para obter essa resposta. No entanto, cabe notar que ja haviamos visto que a
administracdo aguda de alstonina aumenta os niveis de serotonina e de seu
metabdlito 5HIAA no cortex frontal e apenas 5HIAA em estriado de camundongos
(Linck et al. 2011). O mecanismo pelos quais alstonina aumenta a transmissao
serotonérgica ainda ndo estd bem claro, mas se exclui um aumento somente de
liberacdo j& que a quantidade total de serotonina estd aumentada e a técnica
utilizada nédo faz distingdo entre as intra e extra-sinapse. O aumento de serotonina
poderia explicar a modulagédo do receptor 5HT,c, mas ndo se pode excluir que
alstonina atue nesse receptor como modulador alostérico ligando-se em um sitio

diferente que o da mesulergina.

Os receptores serotonérgicos sao relevantes na atenuacdo dos
comportamentos induzidos por antagonistas ndo competitivos de receptores NMDA
(NMDAR) (fenciclidina, cetamina, MK801). O aumento de liberacdo de serotonina
induzido por antagonistas NMDA parece ser crucial para a hiperlocomocdo e
especula-se ainda que esse aumento seja responsavel pelo aumento de dopamina
(Schmidt e Fadayel 1996). De acordo com essa hipoétese, a hiperlocomocéao induzida
por antagonistas NMDAR é atenuada por drogas que possuam atividade
serotonérgica, especialmente por antagonistas 5HT,a como 0s antipsicoticos
atipicos. Agonistas de receptores 5HT 14 € 5HT,c também sdo capazes de prevenir a
hiperlocomocéo induzida por antagonista NMDAR e sdo apontados como novos
alvos para o desenvolvimento de antipsicoticos (Meltzer et al. 2011). Sendo o efeito
de alstonina consistentemente prevenido pela administracdo de antagonistas de
receptores 5HT,an € 5HT,c esta poderia atuar como agonista ou agonista inverso

desses receptores. Como agonistas 5HT,a sdo frequentemente alucinbgenos e os
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antipsicéticos em clinica sdo em geral antagonistas ou agonistas inversos de 5HT 24,

sugere-se que alstonina atue como agonista inverso de receptores 5HT 24,

Sabe-se que agonistas inversos 5HT,, podem aumentar a liberacdo de
dopamina nas vias mesocortical e nigroestriatal, jA que nessas vias 0s receptores
5HT,a possuem uma atividade inibitéria basal sobre a atividade dopaminérgica. Ja
0s receptores 5HT,c quando estimulados levam a diminuicdo da transmissdo em
todas as vias dopaminérgicas (Stahl 2008; Kim and Stahl 2010). Pelos resultados
obtidos com alstonina e os possiveis efeitos sobre os receptores 5HTo5 € 5HToc,
pode-se especular que ela possa: diminuir a dopamina em areas mesolimbicas
(estimulac&o 5HT,c), e pouco alterar dopamina nas areas estriatais e corticais ja que
as consequéncias de um agonista inverso de 5HT,a seriam contrabalangadas pela
atuacdo como estimulador 5HT,c nestas éareas. Cabe notar que apesar de
especulativo, a sugestdo é compativel com o resultado de modelos animais de
sintomas positivo e negativo. Os efeitos da administracdo aguda de alstonina sobre

0 sistema serotonérgico sao ilustrados na figura 4.
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comportamentos dependentes
da fungao desses receptores

4

Figura 4: Acgbes do tratamento agudo com alstonina sobre a transmisséo
serotonérgica de camundongos. 1) Alstonina aumenta os niveis de serotonina e de
5HIAA; 2) Alstonina liga em receptores 5HT,s; 3) Alstonina modula indiretamente os

receptores 5HT,c; 4) Os comportamentos mediados por alstonina sdo dependes dos
receptores 5HT,5 € 5HT ¢
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Investigar o efeito de alstonina no sistema dopaminérgico foi objetivo do
capitulo 3. Demonstramos anteriormente que o tratamento agudo com alstonina
produz um aumento nos niveis do metabdlito intraneuronal de dopamina, DOPAC,
sem alterar o metabdlito extraneuronal HVA, em coértex frontal e estriado de
camundongo (Linck et al. 2011). Explicagcbes possiveis para estes resultados
incluem aumento na captacdo de dopamina, estimulacdo de DAT ou ainda aumento
da funcdo da MAO, ainda que se trate de um mecanismo de acao compativel com a
nocado de droga protétipo. Por essa razdo, avaliamos o efeito de alstonina sobre a
captacao sinaptossomal de dopamina bem como seus efeitos sobre a densidade do

DAT.

A incubacdo in vitro de sinaptossomas (estriado, camundongos) com
alstonina na concentracdo de 100 uM inibiu a captacdo de [*H]dopamina, assim
como clozapina. No entanto, quando alstonina foi administrada agudamente a
captacdo (ex vivo) de [*H]dopamina foi aumentada em 109%; no mesmo ensaio a
clozapina produziu um pequeno aumento ndo significativo. Apos sete dias de
tratamento a captacdo de dopamina nado foi afetada por nenhuma das drogas,
provavelmente por dessensibilizacdo do sistema ja que a transmissao
dopaminérgica basal dos camundongos utilizados é normal e o sistema tende a
voltar a homeostase (Shannon et al. 1991). O fato de alstonina inibir a captacao in
vitro e estimula-la ex vivo pode ser explicado por varios fatores. A principal variavel é
gue no modelo in vitro avalia-se o0 efeito direto de alstonina no
sinaptossomal/transportador, enquanto que no modelo ex vivo estdo atuantes as
modulacdes por outros sistemas (ex. serotonina e glutamato). Sabe-se que a
densidade de DAT na membrana pré-sinaptica pode ser rapidamente alterada,

sendo modulada por diversos receptores e neuromediadores (Schmitt e Reith 2010).
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O importante, no entanto, € que 0 mecanismo tipo antipsicético de alstonina bem
como os efeitos observados sobre os niveis de DOPAC sado obtidos apéds
administracdo aguda e na mesma dose onde o aumento da captacao foi observado.
Dessa forma € possivel alegar que a captacdo de dopamina esteja aumentada apés
administracdo aguda de alstonina e que este aumento seja possivelmente o
responsavel pelo aumento do metabdlito intraneuronal de dopamina (DOPAC). A
facilitacdo da retirada de dopamina da fenda sinaptica pode também ter relevancia
para os efeitos comportamentais de alstonina observados 30 minutos apo6s

administracao aguda.

Quanto ao DAT, a incubacéo in vitro com alstonina ndo modificou a ligacédo do
inibidor seletivo [?H]GBR12935 sugerindo que alstonina néo liga-se diretamente em
DAT (pelo menos no mesmo sitio que o inibidor). Curiosamente, clozapina in vitro na
mesma concentracdo em que inibiu a captacdo de [*H]dopamina inibiu a ligacéo de
[*H]GBR12935 demonstrando afinidade pelo mesmo sitio de ligacdo. Em relacdo aos
dados obtidos ex vivo, enquanto o alstonina agudamente ndo produziu nenhuma
modificacdo na densidade dos DAT, o tratamento sub-crénico diminuiu a densidade
de DAT o que corrobora a sugestdo que o sistema sofra adaptacdes e seja
consistente com o retorno aos niveis do controle na captacdo de [*H]dopamina ap6s

sete dias de tratamento.

Neste trabalho investigamos ainda se alstonina liga-se a receptores D2 ou modula
sua densidade. A incubacdo in vitro com alstonina ndo modificou a ligacdo do
antagonista especifico [3H]nemonapride indicando que alstonina ndo bloqueia
diretamente receptores D2. Validando o nosso ensaio clozapina inibiu a ligacédo de
[3H]nemonapride em todas as regibes cerebrais analisadas. O tratamento agudo

com alstonina ndo alterou a densidade de receptores D2, e apenas o tratamento
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sub-crénico na dose de 1.0 mg/kg diminuiu a quantidade de receptores no CPu
lateral e medial. Trabalhos anteriores sugeriram que alstonina de fato ndao atuasse
como antagonista de receptores D2 (Costa-Campos et al. 1998). Os resultados do
capitulo 3 definem esta questdo, o que é relevante ja que todos os antipsicéticos
disponiveis na clinica bloqueiam os receptores D2 de alguma maneira (Ellenbroek
2012), e estédo relacionados com os conhecidos efeitos colaterais produzidos por
esse bloqueio. A auséncia de afinidade por receptores D2 reveste de maior
importancia o papel fundamental dos receptores 5HT,a € 5HT,c no mecanismo de
acdo de alstonina. E, no entanto, evidente que outros mecanismos também
contribuem para o efeito tipo antipsicético de alstonina, como 0 aumento da
captacdo de dopamina, aumento dos niveis de serotonina (Linck et al. 2011) e
inibicho da captacdo de glutamato (Herrmann et al. 2012). Os efeitos da
administracdo aguda de alstonina sobre o sistema dopaminérgico sao ilustrados na

figura 5.
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Figura 5: Ac¢bes do tratamento agudo com alstonina sobre a transmisséo
dopaminérgica de camundongos. 1) Alstonina aumenta a captacdo de dopamina; 2)
Alstonina aumenta os niveis de DOPAC, diminui os niveis de DA e ndo altera os niveis de
HVA; 3) Alstonina ndo liga em receptores D2; 4) Alstonina modifica comportamentos
relacionados a ativagdo dopaminérgica.
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A edicdo da revista Nature de 11 de novembro de 2010 foi dedicada a
esquizofrenia. Em um dos artigos Thomas R. Insel faz a seguinte pergunta: “Como
veremos a esquizofrenia em 20307?” A resposta, claro, ainda ndo sabe, mas o que
vemos hoje é que apds um século de pesquisas o0 que sabemos sobre a
esquizofrenia € muito pouco. A etnofarmacologia é uma ferramenta Util na obtencéo
de novos farmacos principalmente em doencas cuja patofisiologia ndo estédo
totalmente esclarecidas, como a esquizofrenia, j& que nesses casos 0 desenho
racional de farmacos fica impossibilitado sem a definicdo de um alvo especifico
(Elisabetsky 2002). Além disso, a investigacdo de espécies vegetais com alegado
uso tradicional pode constituir um atalho valioso na obtencédo de novos farmacos,
uma vez que ja se tém indicacdo de biodisponibilidade e uma idéia preliminar da

efetividade (eficacia/toxicidade) das substancias ativas presentes.

4. Conclusao

Ao contrario de todos os antipsicoticos disponiveis na clinica, oS nossos
resultados mostram que alstonina nédo possui afinidade por receptores
dopaminérgicos D2. Ainda que preliminares, os nossos dados mostram que
alstonina aumenta a captacao de dopamina, constituindo um importante mecanismo
de controle da concentracdo de dopamina na fenda sinaptica. Ja os receptores
serotonérgicos 5HT,a € 5HT,c estdo claramente envolvidos no mecanismo de acao

de alstonina e estdo de acordo com seus efeitos comportamentais.

Ainda que haja lacunas no conhecimento do mecanismo de acao de
alstonina, que precisa, portanto ainda ser melhor avaliado, este parece tratar-se de
um mecanismo inovador. Estudos como este abrem novas possibilidades para o

tratamento da esquizofrenia ja que ainda que esse alcaldide ndo seja eventualmente
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utilizado na clinica como tal, seu mecanismo de acao pode servir de prototipo para

novas drogas.

5. Perspectivas

S&o relevantes para a continuidade deste trabalho as seguintes possibilidades:

1. Avaliar a natureza da ligacdo de alstonina a receptores 5HT,a através de
técnicas de binding funcional (GTPgamasS) e avaliacdo dos intermediarios da
cascata de sinalizacdo desses receptores;

2. Determinacdo da afinidade de alstonina pelos receptores 5HT;a utilizando
ensaios de deslocamento de ligante radioativo;

3. Dosagens dos niveis de serotonina e metabdlitos e dopamina e metabdlitos
apos administracao de alstonina in vivo por técnica de microdialise;

4. Estudo da cinética envolvida no efeito de alstonina sobre o transportador de
dopamina;

5. Avaliar se alstonina afeta o imunocontetdo do transportador de dopamina,
bem como as possiveis vias de modulacédo desse transportador;

6. Realizar a avaliacdo dos parametros farmacocinéticos de alstonina;

7. Realizar a avaliacdo toxicoldgica aguda e cronica de alstonina;

8. Buscar alternativas para obtencdo desse alcaldide, como a sintese total ou

parcial, possibilitando assim a investigacéao clinica e a busca de derivados.
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