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APRESENTACAO

No item INTRODUGCAO consta uma revisdo sucinta da literatura sobre os temas

trabalhados.

A metodologia realizada e os resultados obtidos estdo apresentados no item
MANUSCRITO sob a forma de um manuscrito redigido em inglés conforme as normas do
perioddico ao qual foi submetido. No mesmo constam as secfes: Introdugdo, Materiais e
Meétodos, Resultados, Discusséo e Referéncias Bibliograficas.

Os itens CONCLUSOES e PERSPECTIVAS, apresentam conclusdes gerais sobre 0s
resultados do manuscrito e as perspectivas para futuros trabalhos.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacBes que
aparecem no item INTRODUCAO.



RESUMO

Avaliacéo do efeito do composto MPMT-OX sobre neurotransmissao e
comportamento convulsivo em Caenorhabditis elegans

AUTOR: Daniela Freitas Camara
ORIENTADOR: Prof. Dr. Félix Alexandre Antunes Soares

A epilepsia é caracterizada como uma predisposi¢do aumentada do cérebro para gerar crises
convulsivas recorrentes, que representam os efeitos de descargas elétricas anormais, excessivas
e hipersincronicas de neurdnios corticais. Atualmente, 65 milhdes de pessoas no mundo tém
epilepsia. Contudo, 33% dos pacientes sdo refratarios aos tratamentos disponiveis, se fazendo
necessaria a busca por novos farmacos. Oxadiazois sdo compostos heterociclicos com formula
geral C:H>ON,. O isdmero 1,3,4-oxadiazol é um dos mais conhecidos e estudados,
apresentando uma ampla gama de atividades biologicas, como antibacteriano, antiviral,
antifngico e anticonvulsivante. Neste trabalho testou-se o efeito do composto 2-fenil-5-[(4-
metoxifenilseleno)metiltio]-1,3,4-oxadiazol (MPMT-OX) sobre a sinalizacdo colinérgica e
GABAérgica no nematoide Caenorhabditis elegans. Os nematoides foram expostos a 0, 5, 15
e 50 UM de MPMT-OX, a partir do estagio L1 até adultos jovens. Os resultados obtidos indicam
gue a exposicdo crébnica ao MPMT-OX aumentou a sinalizacdo GABAérgica devido a
regulacdo dos genes unc-25 e unc-47, responsaveis pela sintese e liberacdo de GABA na fenda
sinaptica, respectivamente. O aumento da sinalizagdo inibitoria atenuou a paralisia induzida por
pentilenotetrazol (PTZ) e aldicarb, drogas que promovem a hiperexcitacdo na juncao
neuromuscular. MPMT-OX aumentou a atividade locomotora de nematoides com mutac6es
nos genes unc-30, unc-46 e unc-49 (envolvidos na liberacdo e resposta a GABA). MPMT-0OX
também aumentou o tempo de laténcia até o inicio do comportamento convulsivo induzido por
PTZ e auxiliou na recuperacdo da atividade locomotora destes nematoides apds exposi¢cdo ao
PTZ. Estes dados sugerem que 0 MPMT-OX representa um promissor agente farmacoldgico

no tratamento de condic¢des onde o sistema GABAEérgico poderia estar envolvido.

Palavras-chave:  Caenorhabditis elegans, GABA, comportamento  convulsivo,

pentilenotetrazol, atividade locomotora



ABSTRACT
Effect of the MPMT-OX compound on neurotransmission and convulsive

behavior in Caenorhabditis elegans

AUTHOR: Daniela Freitas Camara
ADVISOR: Félix Alexandre Antunes Soares

Epilepsy is characterized as an increased predisposition of the brain to generate recurrent
seizures, which represent the effects of abnormal, excessive and hypersynchronous electrical
discharges of cortical neurons. Currently, 65 million people in the world have epilepsy.
However, 33% of the patients are refractory to the available treatments, making necessary the
search for new drugs. Oxadiazois are heterocyclic compounds which the general formula
C2H20ONa. The 1,3,4-oxadiazole isomer is one of the most known and studied, presenting a wide
range of biological activities, such as antibacterial, antiviral, antifungal and anticonvulsant. In
this work the effect of 2-[(4-methoxyphenylselenyl)methylthio]-5-phenyl-1,3,4-oxadiazole
(MPMT-OX) on the cholinergic and GABAergic signaling in the nematode Caenorhabditis
elegans was tested. The nematodes were exposed to 0, 5, 15 and 50 uM MPMT-OX from the
L1 stage to young adults. The obtained results indicate that chronic exposure to MPMT-OX
increased GABAergic signaling due to the regulation of unc-25 and unc-47 genes responsible
for the synthesis and release of GABA in the synaptic cleft, respectively. The increase in
inhibitory signaling attenuated the paralysis induced by pentylenetetrazol (PTZ) and aldicarb,
drugs that promote hyperexcitation in neuromuscular junction. MPMT-OX increased the
locomotor activity of nematodes with mutations in the unc-30, unc-46 and unc-49 genes
(involved in the release and response to GABA). MPMT-OX also increased latency time to the
onset of PTZ-induced seizure behavior and assisted in the recovery of the locomotor activity of
these nematodes after exposure to PTZ. These data suggest that MPMT-OX represents a
promising pharmacological agent in the treatment of conditions where the GABAergic system

could be involved.

Keywords: Caenorhabditis elegans, GABA, seizure-like behavior, pentilenetetrazole,

locomotor activity
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1. INTRODUCAO

Atualmente cerca de 65 milhdes de pessoas no mundo tém epilepsia (Thurman et al.,
2011). A epilepsia é caracterizada como uma predisposicdo duradoura do cérebro para gerar
crises convulsivas, com consequéncias neurobioldgicas, cognitivas, psicoldgicas e sociais
(Fisher et al., 2005). As convulsdes sdo a consequéncia de descargas elétricas anormais,
excessivas e hipersincrénicas de neurbnios corticais que levam a interrupc¢éo da funcdo normal
do cérebro (Scharfman, 2007). Varios mecanismos sdo propostos para a ocorréncia de
convulsdes, contudo, um dos principios mais discutidos é o desequilibrio nos mecanismos que
mantém o equilibrio entre os estimulos excitatorios e inibitorios (Bradford, 1995; Scharfman,
2007).

O fluxo normal de ions através dos canais ibnicos permite que a membrana neuronal
despolarize, repolarize e hiperpolarize, e assim ocorra a transmissdo sinaptica. Quando uma
célula estad em repouso o potencial de membrana é aproximadamente -75 mV, devido a
diferenca de gradientes idnicos entre o K* intracelular e o Na* extracelular. Caso ocorra
estimulo (liberagcdo de um neurotransmissor) a célula despolariza, isto é, a permeabilidade ao
fon Na* aumenta, permitindo que este ion entre na célula, tornando o seu interior mais positivo.
Apos a abertura transitéria em resposta a despolarizacdo da membrana, os canais de Na* sdo
espontaneamente inativados. A despolarizacdo da membrana também tem o efeito de abrir 0s
canais de K*, hiperpolarizando a célula. A hiperpolarizagdo tem como objetivo limitar a duracdo
dos picos elétricos. O controle desta fase é dependente da abertura prolongada dos canais de
K*, da ativacédo dos receptores para o acido y—-aminobutirico (GABA), e da libertacdo de outros
neurotransmissores associados aos canais de CI°, entre outros fatores. Caso a hiperpolarizacéo
ndo ocorra, surge o risco de uma crise convulsiva (Dichter, 1989; Somjen, 2002; Scharfman,
2007).

Vaérios fatores podem contribuir para a falha nos mecanismos inibitoérios, por exemplo,
0 desequilibrio em aminoacidos e neurotransmissores como glicina, glutamato, aspartato,
dopamina e serotonina, assim como no metabolismo de carboidratos, sistemas de segundo
mensageiros e expressao génica (Cavalheiro et al., 1994; Marinho et al., 1997). Dentro destes
fatores é conhecido que glutamato e GABA estdo presentes em uma parcela significativa das
sinapses, servindo como importantes neurotransmissores excitatorio e inibitorio,
respectivamente (Krnjevic, 1970; Fonnum, 1984; Foster and Kemp, 2006). Varios trabalhos

sugerem que 0s mecanismos envolvidos na génese das convulsdes estdo relacionados a um
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desequilibrio ocasionado pelo aumento da sinalizagdo glutamatérgica e reducdo da resposta
GABAérgica (Bradford, 1995; Akbar et al., 1998; Naylor, 2010).

O glutamato é um importante neurotransmissor excitatério que é essencial em muitas
fungdes integrativas do cérebro e no desenvolvimento do sistema nervoso. As acgdes do
glutamato no sistema nervoso sdo mediadas por dois tipos de receptores: receptores
ionotrépicos que exercem a excitagdo neuronal répida e receptores metabotropicos, que por
outro lado, medeiam respostas relativamente lentas do glutamato por acoplamento a transducéo

de sinal através de proteinas G (Fonnum, 1984).

O mais abundante neurotransmissor inibitorio no sistema nervoso central de mamiferos
é 0 GABA, presente em 30-40% das sinapses (Docherty et al., 1985). A sintese de GABA ¢
mediada pela descarboxilase do acido glutdmico (DAG), que catalisa a descarboxilacdo do
glutamato. O GABA ¢é empacotado em vesiculas transportadoras (VTGA) e uma vez liberado
na fenda sinéptica pode interagir com receptores GABAa ou GABACc ionotropicos, ou GABAg
metabotrdpico. A interagdo com receptores GABAA resulta na abertura de canais de ClI', e 0
aumento da concentracdo intracelular deste ion hiperpolariza ou estabiliza a célula pds-sinaptica
préximo a seu potencial de membrana em repouso, reduzindo a probabilidade de que estimulos
excitatorios possam iniciar potenciais de acdo (Smith and Olsen, 1995). Receptores GABAC
também sdo canais pentaméricos de CI" regulados pelo ligante, cuja distribuicdo é restrita a
retina (Golan et al., 2009). A interagdo do receptor GABAg com proteinas G leva a inibicdo da
adenilato ciclase, a ativagio dos canais i6nicos de K* e & inibicdo dos canais de Ca?* regulados
por voltagem. Nas sinapses GABAérgicas, os receptores GABAR sdo expressos em nivel tanto
pré-sinaptico quanto pds-sinaptico. Os auto-receptores pré-sinapticos modulam a liberacéo do
neurotransmissor ao reduzir o influxo de Ca?*, enquanto os receptores pos-sinapticos produzem
potenciais inibitério pos-sinaptico (PIPS) lentos, através da ativacdo dos canais de K* ativados
por proteina G (Kuffler and Edwards, 1958; Mccormick, 1989; Owens and Kriegstein, 2002).

Embora existam varios farmacos para o tratamento das convulsdes, 33% dos pacientes
ndo respondem aos tratamentos disponiveis (Neligan and Shorvon, 2011). Alguns farmacos
antiepilépticos podem causar efeitos adversos sérios, como hepatotoxicidade, anemia aplastica,
depressdo e disturbios alimentares. Além destes, os efeitos cognitivos, como sedag&o,
sonoléncia ou insdnia estdo presentes em varios destes farmacos (Ortinski and Meador, 2004).

Neste sentido, modelos animais fornecem um meio para investigar 0S mecanismos
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fundamentais relacionados as descargas elétricas anormais observadas durante as convulsdes e

para desenvolver novas terapias mais eficientes no tratamento desta patologia.

O Caenorhabditis elegans € um nematoide de aproximadamente 1 mm, que habita solos
umidos e utiliza bactérias como fonte alimentar. Em geral, ap6s a eclosdo do ovo, as larvas
passam por quatro estagios larvais (L1, L2, L3 e L4) até o estagio adulto jovem e posteriormente
adulto capaz de produzir ovos, ciclo que dura 3,5 a 4 dias. Sua expectativa de vida é de
aproximadamente 20-25 dias em condicGes controladas de temperatura, 20 + 2°C (Brenner,
1974; Riddle et al., 1997), como mostra a Figura 1.

Adult
young adult

D~
- O B-g
L4 larva

AW embryonic

development %
geveral months

\ 14 hr

& hr l Dauer larva

A
L3 larva \3 hr /

Y Predauer (L2d)

crowding tlow food /

8 hr "-‘\.r*‘-_/
AN L1 larva

L2 larva 12hr

Figura 1. Ciclo de vida do C. elegans a 22°C, adaptada de (Murgatroyd and Spengler, 2010)

Assim como em mamiferos, no C.elegans a neurotransmissdo GABAérgica requer um
conjunto de proteinas especializadas para sintetizar, transportar e responder a GABA. O gene
unc-25 codifica a DAG, unc-47 codifica 0 TVGA, unc-46 regula a atividade e a localizacdo do
TVGA, unc-30 é o fator que coordenadamente regula a expressdo de unc-25 e unc-47, e unc-
49 codifica o receptor GABAA (Schuske et al., 2004). Os receptores GABA medeiam as a¢oes
inibitérias de GABA na juncdo neuromuscular (JNM), fazendo oposi¢do a neurotransmissao
excitatdria, que no nematoide & mediada majoritariamente pela acetilcolina (ACh) (Richmond
and Jorgensen, 1999).
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Os musculos da parede do corpo do nematoide compreendem 95 células musculares
individuais dispostas em quatro feixes longitudinais ancorados a cuticula (Altun and Hall,
2009). Em vermes adultos, os neurénios motores colinérgicos liberam Ach, que excita 0s
musculos da parede do corpo do verme. Eles também excitam neurénios GABAérgicos que
fazem sinapses nas paredes musculares opostas. De modo que, quando a Ach excita e contrai
um conjunto de musculos, GABA ¢ liberado sobre os muasculos opostos para inibir e relaxa-los.
O equilibrio entre sinalizacdo excitatoria (E) e inibitdria (1) permite que o nematoide coordene

as curvaturas corporais e locomova-se (White et al., 1976; Schuske et al., 2004) (Figura 2).

Relaxed

Dorsal
muscle

Contracted

Ventral

DD dorsal + ACh MN +
GABA MN ‘ﬂ\.

VD ventral Dorsal

GABA MN
Ventral ACh MN

muscle

Contracted

Relaxed

Figura 2. Conectividade entre neurdnios motores Colinérgicos (vermelho) e GABAEérgicos
(azul), adaptada de (Han et al., 2015).

Desequilibrios no balaco E/I foram induzidos anteriormente para mimetizar convulsdes
no modelo nematoide. Williams et al. (2004) demonstrou que convulsdes podem ser induzidas
em C. elegans transgénicos com mutacdes em genes da via de sinalizacdo GABAEérgica (unc-
25, unc-46, unc-47 e unc-49) atraves da exposicdo destes nematoides ao Pentilenotetrazol
(PTZ). O PTZ bloqueia canais de CI™ associados aos receptores GABAA, 0 que interrompe o
influxo de CI', impede a hiperpolarizagdo da membrana celular e reduz o limiar para ocorréncia
de convulsdes (Minoru et al., 1991). O PTZ tém sido utilizado como uma das principais
substancias indutoras de convulsdo na triagem pré-clinica de novos farmacos
anticonvulsivantes. O desenvolvimento de benzodiazepinicos e barbitdricos para o tratamento
de crises convulsivas veio através de estudos realizados com 0 PTZ (Ldscher et al., 1998; Smith
et al., 2007; White et al., 2007).
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O fendtipo convulsivo em C. elegans é caracterizado por movimentos repetitivos de
contragcdo da cabeca e paralisia da parte posterior do corpo. Em trabalhos anteriores, este
comportamento foi relacionado a uma reducdo na sinalizacdo GABAGérgica e aumento na
sinalizacdo colinérgica na JNM de vermes submetidos a técnica de patch-clamp (Jospin et al.,
2009; Stawicki et al., 2011). Desta forma, a sensibilidade comportamental, assim como a
elevada manipulabilidade genética, sdo caracteristicas interessantes oferecidas pelo nematoide
C. elegans para a pesquisa de novas drogas com potencial farmacologico reprodutivel em

organismos mais complexos (Kaletta and Hengartner, 2006; Leung et al., 2008).

Os oxadiazois sdo compostos heterociclicos que apresentam um atomo de oxigénio e
dois &tomos de nitrogénio em um anel de cinco membros, com formula geral C2H2ONa.
Moléculas com esta unidade estrutural tem demonstrado uma ampla gama de atividades
bioldgicas, como antibacteriana (Andotra and Manhas, 1992), antimalarica (Hutt et al., 1970),
anti-inflamatoria (Silvestrini and Pozzatti, 1961), antifungica (Sharma and Bahel, 1983) e

anticonvulsivante (Omar et al., 1984), entre outras.

Dentre o0s possiveis isdmeros oxadiazois, o 1,3,4-oxadiazol é um dos mais conhecidos e
amplamente estudados pelos pesquisadores. VVarios medicamentos comercializados atualmente
apresentam esta unidade estrutural em sua férmula, como o Raltegravir®, um farmaco anti-
retroviral (Savarino, 2006); Nesapidil®, um farmaco antiarritmico (Schlecker and Thieme,
1988); Furamizole®, antibacteriano (Hirao et al., 1971; Ogata et al., 1971); e Zibotentan®, um
agente anticancer (James and Growcott, 2009).

Diversos trabalhos tém atribuido ao 1,3,4-oxadiazol um potencial anticonvulsivante
(Kashaw et al., 2010; Rajak et al., 2010; Jain et al., 2011). Em trabalho realizado por Zarghi
et al.,(2005), o andlogo benzodiazepinico 2-amino-5-(2-fenoxibenzil)-1,3,4-oxadiazol
apresentou elevada afinidade de ligacdo ao receptor GABAAa/Benzodiazepinico, baixa
toxicidade, e aumentou o limiar para convulsdes induzidas por PTZ e eletrochoque maximo
(ECM) em ratos. Uma série de compostos derivados da ftalimida com o anel 1,3,4-oxadiazol
como substituinte foi sintetizada e testada quanto a neurotoxicidade e atividade anticonvulsiva.
Todos 0s compostos apresentaram atividade anticonvulsiva em modelo de ECM e menor
neurotoxicidade que o farmaco classico Fenitoina (Bhat et al., 2010). Ali Almasirad et al.,
(2004), sintetizou uma série de compostos com os anéis 1,3,4- oxadiazol ou 1,2,3- triazol
inseridos nas estruturas. O composto 2-amino-5-[2-(2-fluorfenoxi)fenil]-1,3,4-oxadiazole
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destacou-se pela consideravel atividade anticonvulsivante em modelo de convulséo induzida
por PTZ e ECM.

Considerando a relevancia da busca por novos farmacos para o tratamento das
convulsdes e devido ao ja reconhecido potencial anticonvulsivante de drogas que contém a
unidade estrutural 1,3,4-oxadiazol em sua formula, no presente trabalho investigou-se os efeitos
da molécula 2-fenil-5-[(4-metoxifenilseleno)metiltio]-1,3,4-oxadiazol (Sauer et al., 2016)

(Figura 3), sobre a neurotransmissao em nematoides C.elegans,.

C1 5H14N202888

Figura 3. Estrutura quimica 2-fenil-5-[(4-metoxifenilseleno)metiltio]-1,3,4-oxadiazol (MPMT-
OX)
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2. OBJETIVOS

2.1 Objetivo Geral

Avaliar a possivel atividade neuromoduladora e anticonvulsiva da molécula 2-fenil-5-

[(4-metoxifenilseleno)metiltio]-1,3,4-oxadiazol em Caenorhabditis elegan.

2.2 Objetivos especificos

» Determinar se 0 MPMT-OX altera a neurotransmissao excitatoria e/ou inibitoria no C.
elegans, atraves da avaliacdo da atividade locomotora;

» Investigar possiveis genes modulados pelo MPMT-OX; (mecanismo de acao)

» Determinar a atividade do MPMT-OX frente a convulsdes induzidas por PTZ em C.

elegans.
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3. DESENVOLVIMENTO

O desenvolvimento esta apresentado sob a forma de artigo cientifico. Os itens Materiais
e Métodos, Resultados, Discussdo dos Resultados e Referéncias Bibliograficas, encontram-se

no proéprio artigo. O artigo encontra-se na formatacdo para publicacdo da revista cientifica
Molecular and Cellular Neuroscience.
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Abstract

The nervous system operates through a sensitive balance between excitatory (E) inputs and
inhibitory (1) response. Changes in this balance contribute to the development of pathologies
such as seizures. In Caenorhabditis elegans, the locomotor circuit operates via the coordinated
activity of cholinergic excitatory (E) and GABAergic inhibitory (1) transmission. Changes in
E/I inputs can cause uncontrolled electrical discharges, mimicking the physiology of seizures.
Molecules derived from 1,3,4-oxadiazole have already been characterized by their potential
against seizures due to the positive modulation of GABAergic signaling. Accordingly, we used
C. elegans with mutations in genes related to the synthesis, release and uptake of GABA (unc-
25, unc-30, unc-46, unc-47 and unc-49) to evaluate the potential of a new molecule 2-[(4-
methoxyphenylselenyl)methylthio]-5-phenyl-1,3,4-oxadiazole (MPMT-OX) on the synaptic
GABAEergic transmission. Chronic exposure to MPMT-OX attenuated the paralysis induced by
pentylenetetrazole (PTZ) and aldicarb, drugs that promote hyperexcitation in the neuromuscular
junction. MPMT-OX increased the locomotor activity of the unc-30, unc-46 and unc-49 worms
and protected the unc-46 and unc-49 worms against PTZ-induced seizures. These data suggest
that MPMT-OX enhances inhibitory signaling, probably by up-regulating the unc-25 and unc-
47 genes. Our data point to MPMT-OX as a promising drug in the treatment of disturbs related
to decreased inhibitory GABA signaling.

Keywords: Caenorhabditis elegans, GABA, seizure-like behavior, Pentilenetetrazole, 1,3,4-

oxadiazole, neurotransmission

Abbreviations: (GABA), y-aminobutyric acid; (WT), wild-type; (ACh), Acetylcholine; (PTZ),
pentylenetetrazole; (VGAT), vesicular GABA transporter; (GAD), glutamic acid
decarboxylase; (AChE), Acetylcholinesterase; (NGM), nematode growth medium; (GFP),
green fluorescent protein; (NMJ), neuromuscular junction; (MPMT-OX), 2-[(4-
methoxyphenylselenyl)methylthio]-5-phenyl-1,3,4-oxadiazole.
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Introduction:

The nervous system works on the subtle balance of excitatory and inhibitory signals
(Mccormick and Contreras, 2001). Several neurotransmitters are involved in this balance, such
as y-aminobutyric acid (GABA). GABA is the primary inhibitory neurotransmitter in the
mammalian brain (Mody et al., 1994). Chlorine (CI) influx through GABAA receptors results
in neuronal hyperpolarization and inhibition. This response depends on the maintenance of the
relatively low intracellular CI- concentration, resulting in a CI reversal potential more negative
than the cell resting membrane potential (Farrant and Kaila, 2007). Acetylcholine (ACh) is a
fast-acting, point-to-point neurotransmitter at the neuromuscular junction (NMJ) and in the
autonomic ganglia. However, in the central nervous system, ACh acts by modulating neuronal
excitability, altering presynaptic release of neurotransmitters and coordinating the firing of
groups of neurons (Rice and Cragg, 2004; Kawai et al., 2007; Zhang et al., 2007). The
imbalance between excitatory (E) and inhibitory (1) signaling pathways is essential for seizures
occurrence. Seizures can be described as paroxysmal hypersynchronous transient electrical
discharges in the brain that result from too much excitation or too little inhibition in the area in

which the abnormal discharge starts (Scharfman, 2007; Berg et al., 2010).

Despite its simple nervous system, Caenorhabditis elegans has important conserved
features of neuronal function at the level of ion channels, axon guidance cues, receptors,
transporters, synaptic components, and neurotransmitters, i.e., ACh, dopamine, GABA and
serotonin (Bargmann, 1998). Previous studies have established C. elegans as a simple model
for the study of seizure-like behavior (Williams et al., 2004; Risley et al., 2016). In adult worms,
cholinergic motor neurons excite body wall muscles and also GABAergic neurons that synapses
onto opposing body wall muscles. Thus, when ACh excites and contracts one set of muscles,
GABA is released onto the opposing muscles to inhibit and relax them (White et al., 1976),
allowing adults to coordinate body bending (Mclintire, Jorgensen, Kaplan, et al., 1993; Schuske
etal., 2004). Due to the sensitivity of this nematode to changes in this E/I balance, some studies
have used pentylenetetrazole (PTZ) to produce seizures in C. elegans (Williams et al., 2004).
PTZ is a selective blocker of the GABAA receptor that decreases the seizure threshold by
altering the E/I input ratio to muscles (Huang et al., 2001). However, detecting the effects of
PTZ requires seizure-sensitive strains, such as unc-25, unc-47, unc-49, or lis-1 mutants.
Recently, was observed that anticonvulsant drugs (retigabine, sodium valproate and

levetiracetam) promoted the recovery of unc-25 and unc-49 mutants after induction of seizures
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(Risley et al., 2016). This response confirms the suitability of the experimental model C.
elegans for the study of new molecules with pharmacological potential in the GABAergic
system and related diseases.

In this sense, oxadiazole-derived molecules have attracted attention due to their
neuroprotective activity and low toxicity in mammalian models (Liu et al., 2001; Jiang et al.,
2015). Oxadiazole is a five-membered heterocyclic ring consisting of two carbons, two
nitrogens, one oxygen and two double bonds, with a general formula of C;H2ON,. Several
molecules derived from 1,2,3-oxadiazole have shown anticonvulsant activity in maximal
electroshock seizure models (MES), subcutaneous pentylenetetrazole (scPTZ) and
subcutaneous strychnine models (scSTY), by positively modulating GABAergic signaling in
mammals (Zarghi et al., 2005; Rajak et al., 2010; Mashayekh et al., 2014).

Considering the explained above, the aim of this study was to investigate the effects of
a new molecule, 2-[(4-methoxyphenylselenyl)methylthio]-5-phenyl-1,3,4-oxadiazole (MPMT-
0OX), on GABAergic signaling and seizure-like behavior induced by PTZ in C. elegans. We
tested the hypothesis that MPMT-OX protects against PTZ-induced seizures by up-regulating
specific genes in the GABAergic system.

Material and methods

Chemicals and reagents

Aldicarb, dimethyl sulfoxide (DMSO), muscimol, PTZ, bovine serum albumin (BSA),
5,5-dithiobis (2-nitrobenzoic acid) (DTNB), sodium azide and acetylthiocholine iodide
(ASChl) were purchased from Sigma—Aldrich (St. Louis, MO, USA). The MPMT-OX
compound was synthesized as described elsewhere (Sauer et al., 2016), and chemical purity
(78%) was assessed by hydrogen and carbon nuclear magnetic resonance and gas

chromatography.

C. elegans strains and their maintenance

Wild-type (WT) C. elegans strain N2 (Bristol) and transgenic worms CB 156 unc-25
(e156) 111, CB 307 unc-47 (e307) 111, CB 407 unc-49 (e407) 111, BC 277 unc-46 (e177), dpy-11

(e224) V, EW 49 unc-30 (e191) 1V; dels12, RM 2710 snf-11(ok156) V, and CB 193 unc-
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29(e193) I, CZ333 julsl [unc-25p::snb-1::GFP+lin-15(+)] IV and Escherichia coli OP50 were
obtained from the C. elegans Genetics Center (University of Minnesota, Minneapolis, MN,
USA). All strains were grown at 20°C on nematode growth medium (NGM) plates (Brenner,
1974).

The following genes are involved in GABAergic signaling: unc-25 encodes the
biosynthetic enzyme glutamic acid decarboxylase (GAD); unc-47 encodes the vesicular GABA
transporter VGAT; unc-46 may regulate the transport of GABA into vesicles; unc-30 regulates
the expression of unc-25 and unc-47 in 19 D-type neurons; unc-49 encodes the GABAA
receptor that mediates body muscle inhibition during locomotion; and snf-11 encodes plasma
membrane transporter required in vivo for GABA re-uptake from the synaptic cleft (Mclntire,
Jorgensen and Horvitz, 1993; Schuske et al., 2004).

Treatment and survival test

NGM agar plates for treatment were seeded with E.coli OP50 and incubated overnight
at 37°C to allow bacterial growth. MPMT-OX was added to the agar surface at final
concentrations of 0, 5, 15 and 50 uM. DMSO was added to control plates and the final
concentration never exceeded 0.5%.

WT or transgenic gravid adult hermaphrodite worms were lysated by bleach solution
containing 1% NaCl and 0.1 M NaOH (Sulston and Hodgkin, 1988) and the eggs obtained
hatched after 16 h in M9 buffer. The population of L1-larval stage worms was transferred to
NGM plates with DMSO or MPMT-OX and cultured until 1-day adult stage, about 46 h. After
exposure, WT and unc-47 worms were analyzed for lethality. All other tests were performed

after this period of exposure to the test compound.

PTZ-induced paralysis assay

Approximately 20 WT or unc-30 worms were transferred from the treatment plates to
new NGM plates seeded with E. coli and containing a final concentration of 5 mg PTZ/ml of
agar, the worms were assayed for paralysis every 15 min for 120 min. Paralysis was defined as
the absence of movement when the worm was prodded three times with a platinum wire on the

head and tail, and when pharyngeal pumping was absent (Calahorro and Ruiz-Rubio, 2013).
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Aldicarb-induced paralysis assay

Resistance of WT worms to aldicarb was performed as described elsewhere (Nurrish et
al., 1999) with minor modifications. Approximately 20 worms were transferred to NGM plates
seeded with E. coli and containing 1 mM aldicarb and assayed for paralysis every 30 min for
2h and 30 min. Paralysis was defined by the absence of movement when prodded three times

with a platinum wire on the head and tail.

Acetylcholinesterase (AChE) activity assay

AChE activity was measured in WT and transgenic worms, using the colorimetric
method (Ellman et al., 1961) with adaptations (Cole et al., 2004). After exposure to treatments,
8,000-10,000 adult worms were washed three times in M9 buffer and transferred to Eppendorf
tubes. The samples were frozen and thawed three times using dry ice and sonicated 5x15 s at
30% amplitude with 10 s breaks on ice and centrifuged for 30 min at 15,000 x g at 4°C. The
resulting supernatant was used to measure AChE activity. The proportions of reagents were
adjusted for ELISA plates, where 40 pL of sample were mixed with 200 uL of 0.25 mM DTNB,
and 10 pL of 156 mM ASChl, and the plates incubated at 30°C for 5 min. The rate of change
in absorbance was measured at 405 nm at 60 s intervals for 5 min in a spectrophotometer.

Protein content was determined as described previously (Bradford, 1976).

Muscimol assay

Muscimol assays were performed as described previously (Dabbish and Raizen, 2011).
Twenty worms were transferred to NGM plates seeded with E. coli containing 1 mM muscimol.
After 1 h of exposure, worms were scored for the following categories: category 0, the worm
moved away rapidly from the mechanical stimulus; category 1, the worm briefly contracted and
relaxed and then moved away from the stimulus; category 2, the worm contracted and then
relaxed while at the same time moving slightly away from the stimulus; category 3, the worm
contracted and then relaxed but showed no moving away; category 4, the worm contracted
incompletely and then relaxed and showed no moving away; and category 5, the worm showed

flaccid paralysis and did not respond at all to the mechanical stimulus.
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Seizure-like behavior assay

Seizure-like behavior assays were performed as previously described (Williams et al.,
2004) with minor modification. About 20-30 transgenic worms (unc-25, unc-46, unc-47 and
unc-49) were transferred from the treatment plates to new NGM plates with E.coli OP50 and 5
mg PTZ/ml of agar, and observed every 10 min for 1 h. Worms were scored positive for seizure-
like behavior if they demonstrated contractions in the whole body or head-bobbing, posterior
immobilization and lack of pharyngeal pumping, an observation indicative of disrupted GABA

neurotransmission (Williams et al., 2004).

Locomotion behavior assay

WT or transgenic worms were transferred from the treatment plates to new food-free
NGM plates and allowed to move freely. After 1 min. of adaptation, worms were scored for the
number of body bends during 1 min. A body bend was defined as a change in the direction of
propagation of the part of the worm corresponding to the posterior bulb of the pharynx along
the y axis, assuming the worm was traveling along the x axis (Tsalik and Hobert, 2003). The
locomotor capacity of worms was evaluated in two situations: after exposure to MPMT-OX or
DMSO and 1 h after the end of induction of seizure-like behavior with PTZ. After exposure to
PTZ worms were transferred to new NGM plates containing only E.coli and recovered for 1 h.
This time period was stipulated for the re-establishment of basic behaviors: body bends,

pharyngeal pumping and defecation.

Distribution of synaptic vesicles at the pre-synaptic terminals in GABAergic neurons

Neuronal trafficking of GABA transporter vesicles (VGAT) was measured in julsl
[unc-25p::snb-1::GFP+ lin-15(+)] IV worms. SNB-1::GFP worms were analyzed after
exposure to MPMT-OX or DMSO, and after 1 h recovery of exposure to 5 mg PTZ/mL.
Nematodes were washed from exposure plates with M9 and placed on slides containing 3 mM
sodium azide. The images were obtained under a confocal microscope (Olympus®
FLUOVIEW FV101) at 60x magnification. Green fluorescent protein (GFP) is expressed in
presynaptic terminals of GABAergic DD and VD motor neurons as discrete fluorescent

punctas. Gaps were defined as GFP failures of GABAergic motor neurons.
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Digital videos of convulsions

Worms were exposed to 5 mg PTZ/ml of agar for 15 min. and then examined under a
stereomicroscope (OLYMPUS® CX21). We chose this time because approximately 50% of the
worms presented convulsion-like behavior, as shown in Fig 5. Seizures were recorded for 20 s
using a digital video camera at 25 frames/s. The captured videos were saved using the ISCapture

program.

Statistical analysis

Statistical analysis was performed using GraphPad (Version 6.0 for Macintosh OSX,
GraphPad Software, San Diego, CA, USA). Significance was assessed by Student’s t-test (for
two groups). For more than two groups, we used one-way analysis of variance (ANOVA) or
two-way ANOVA, followed by a suitable post hoc test. All assays were repeated at least three
times, and p <0.05 was considered statistically significant. We measured the mean fluorescence
of the punctas of each animal through the ImageJ program and transformed the values in

percentage of control, and submitted to the statistical tests in the GraphPad.

Results

MPMT-OX changes locomotor activity and reduces paralysis

We first evaluated whether MPMT-OX caused toxicity in WT or transgenic worms
(unc-47). In this assay, both strans showed similar tolerance to 5, 15 and 50 uM MPMT-OX
during exposure of 46 h, without increasing mortality in relation to the DMSO control (data not
show). Figure 1 shows the effect of MPMT-OX on locomotor activity in C. elegans. WT worms
exposed to MPMT-OX showed a 23.2 and 20.8% decrease in the number of body bends at 15
and 50 pM, respectively, compared to the control group (Fig. 1A).

A decrease in locomotor activity have been related to a decrease in excitatory signaling
(cholinergic) or to an increase in inhibitory signaling (GABAergic) (Dabbish and Raizen, 2011,
Stawicki et al., 2011). To determine if treatment with MPMT-OX altered the E/I ratio at the
NMJ, we exposed the WT worms to PTZ. Fig. 1B shows that treatment with 15 uM MPMT-
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OX reduced the percentage of PTZ-paralyzed worms by 20% starting at 30 min and that 50 uM
reduced the number of PTZ-paralyzed worms by approximately 20.5% only at 45 and 60 min

of exposure.

MPMT-OX slows aldicarb-induced paralysis without acting on the cholinergic system

To investigate possible alterations in cholinergic signaling, worms treated with MPMT-
OX were tested for resistance to paralysis induced by aldicarb. The rate at which worms become
paralyzed reflects the balance of excitatory cholinergic and inhibitory GABAergic inputs onto
the muscle (Vashlishan et al., 2008). Treatment with 5 and 15 uM MPMT-OX reduced the
number of paralyzed WT worms by 20%, from 60 to 90 min of exposure to aldicarb
respectively, compared to the control (Fig. 2A). Resistance to aldicarb may be associated with
a reduction in ACh levels at the neuromuscular synapse (Locke et al. 2006; Mahoney et al.
2006). To investigate this possibility, we measured AChE activity in WT and GABA mutants
unc-25, unc-47, unc-49, unc-46 and unc-30. The concentration of 15 uM was chosen for further
analysis. WT and transgenic worms showed no significant differences in AChE activity in
response to treatment with 15 uM MPMT-OX compared to control (Fig. 2B). To determine the
participation of the Ach receptor in the effect of MPMT-OX, we evaluated the locomotor
activity of unc-29 worms. Fig. 2C shows that exposure to MPMT-OX significantly reduced the

number of body bends of unc-29 worms per minute compared to the control.

MPMT-OX acts on inhibitory signaling and alters the degree of relaxation of body muscle

We exposed WT worms to muscimol, which acts as a GABAAa-receptor agonist. C.
elegans placed on agar containing GABA agonists shows a variety of responses that reflect the
degree of relaxation of body muscle (De La Cruz et al., 2003). Fig. 3A shows that MPMT-OX
exposure reduced the number of worms with normal response to the stimulus to 12.4%,
(category 0, the worm moved away rapidly from the mechanical stimulus) compared to control
worms. In contrast, the treatment caused a 17% increase in the number of worms in category 4
(the worm contracted incompletely and then relaxed and showed no moving away) and 12%
increase in category 5 (the worm showed flaccid paralysis and did not respond to the mechanical
stimulus). To determine the effect of MPMT-OX on C. elegans with high levels of GABA in

the neuromuscular synapse, we evaluated the locomotor activity of snf-11 worms (Mullen et
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al., 2006). Treatment with MPMT-OX reduced the number of body bends per minute of snf-11
worms by 15% compared to control (Fig. 3B).

MPMT-OX modulates locomotor activity of worms with deficiency in GABAergic

signaling

C. elegans unc-25, unc-30, unc-46, unc-47 and unc-49 have reduced GABA inhibitory
activity, which compromises the locomotor capacity of these animals, since body wall muscles
operate on a greater proportion of excitatory inputs (Schuske et al., 2004; Schuske et al., 2007).
We found that the C. elegans GABA mutants unc-25, unc-30, unc-46, unc-47 and unc-49
respectively showed decreased locomotion by 23, 19, 31, 32 and 45% compared to WT worms
(Fig. 4A). This indicated that a reduction in inhibitory signaling contributes to a reduction in
locomotion rate, because the balance of E/I is critical for the normal nematode locomotion rate.
Treatment with the MPMT-OX increased the number of body bends in unc-30 (10.46%), unc-
46 (16.75%) and unc-49 (15.6%) worms compared to controls of each strain. unc-25 and unc-

47 worms showed no significant change in body bends rate compared to controls (Fig. 4B).

MPMT-OX increases GABAergic signaling and protects against seizure-like behavior

We tested whether MPMT-OX was able to alter susceptibility to PTZ-induced seizures
in C. elegans GABAergic mutants (unc-25, unc-46, unc-47 and unc-49). Using digital video
imaging we captured the phenotypic effects of chemically induced seizures in C. elegans
genetic backgrounds (supplementary material: video 1A, N2 control (normal behavior);
convulsion-like behavior videos: 1B. unc-25; 1C. unc-46; 1D. unc-47 and 1E. unc-49). Only
animals with posterior paralysis, absence of pharyngeal pumping and defecation cycle, and
head-bobbing movements or spasms all over the body were scored positive for seizure.

Treatment with MPMT-OX did not affect the susceptibility of unc-25 (Fig. 5A) and unc-
47 worms (Fig. 5C) to PTZ-induced seizures. The number of unc-46 worms treated with
MPMT-OX that displayed seizure-like behavior was 25% lower in comparison to the control,
from 30 min of PTZ exposure (Fig. 5B). The number of treated unc-49 worms that showed
convulsion-like behavior was approximately 20% lower than that of control worms, from 20
min of exposure to PTZ (Fig. 5D). unc-30 worms did not convulse in the presence of PTZ, and

therefore, we tested whether treatment with MPMT-OX could affect the susceptibility of these
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worms to PTZ-induced paralysis. Fig. 5E shows that the treatment reduced the number of
paralyzed unc-30 worms by 20-30% after 45 min of PTZ exposure, compared to control.

MPMT-OX facilitates recovery of GABAergic signaling

Previous work has shown a reduction in GABA levels after seizures in mammals
(Bradford, 1995; Treiman, 2001). In the present study, we observed that after one hour of PTZ
exposure, worms were not able to coordinate body bends due to the drastic imbalance in E/I

signaling.

The recovery of locomotor activity is indicative of reestablishment of inhibitory
signaling. Therefore, after one hour of recovery, we evaluated the locomotion rate of these
animals (Fig. 6A). All control worms of strains unc-25, unc-30, unc-46, unc-47 and unc-49
showed significant reduction in the number of body bends after exposure to PTZ. The unc-30,
unc-46 and unc-49 worms treated with MPMT-OX showed a significant increase (mean of 6%)
in the number of body bends after the recovery interval. Again, the unc-25 and unc-47

transgenic strains did not respond to treatment with MSMTP-OX.

MPMT-OX acts pre-synaptically altering traffic of GABAergic vesicles

Figure 7 shows the density of synapses in the GABAergic nerve cords in SNB-1::GFP
worms treated with MPMT-OX, before and after exposure to PTZ. SNB-1::GFP worms have a
WT phenotype, and exposure to PTZ caused a paralysis rate similar to that of WT worms (data

not shown).

Control worms showed a small number of gaps in the GABAergic motor neurons
(12.5%) (Fig. 7A (I) and Fig. 7B), approximated values have been previously reported
(Williams et al., 2004). Worms treated with MPMT-OX showed similar numbers of gaps
compared to control (Fig. 7A (1) and Fig. 7B), however, fluorescence of SNB-1::GFP punctas
increased significantly compared to the control (Fig. 7A (I1) and Fig. 7C). Exposure only to
PTZ showed a 16% increase in number of gaps (Fig. 7A (I11) and Fig. 7B) and a reduction in
fluorescence of GFP punctas compared to control (Fig. 7A (l11) and Fig. 7C). Worms that were

treated with MPMT-OX before PTZ exposure showed higher fluorescence of GFP punctas (Fig.
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7A (IV) and Fig. 7C), and reduction in number of gaps compared to the control exposed to PTZ
(Fig. 7A (IV) and Fig. 7B).

Discussion

In the present study, we investigated the effect of a new molecule derived from 1,3,4-
oxadiazole on neurotransmission in C. elegans. The data presented here are in line with previous
studies demonstrating the anticonvulsant activity of other 1,3,4-oxadiazole derivatives (Zarghi
etal., 2008; Rajak et al., 2010; Siddiqui et al., 2014). We also observed that MPMT-OX showed
no toxicity to the worms during the exposure time. This corroborates recent work with the same
compound, where the ECso was found to be greater than 500 pg/mL in rodents (Sauer et al.,
2016).

Genetic studies have shown that neurotransmitters and ion channels that mediate
synaptic transmission in mammals are highly conserved in C. elegans (Bargmann and Kaplan,
1998; Leung et al., 2008). In this regard, the NMJ of this nematode is a genetic model system
appealing to the more complex and often inaccessible polynerved synapses of vertebrate central

neurons.

C.elegans locomotor activity is directly related to ACh and GABA neurotransmitters,
where changes in this balance may reflect alterations in locomotor ability of the worm (Jospin
et al., 2009). WT worms treated with MPMT-OX showed decreased locomotor activity. To
determine if this behavioral change was related to imbalances in E/I signaling, we exposed
MPMT-OX-treated worms to PTZ. Induction of paralysis with PTZ in WT worms is
controversial, where previous work have reported that WT worms show normal behavior when
exposed to up to 20 mg/mL PTZ (Williams et al., 2004). However, other studies have reported
reduced locomotor activity and paralysis in WT worms (Calahorro and Ruiz-Rubio, 2013). We
found that 5 mg/mL PTZ induced a high paralysis rate in WT worms, and that MPMT-OX at
concentrations of 15 and 50 uM MPMT-OX reduced these rates. These data suggest that
MPMT-OX increases inhibitory signaling since it decreases the number of body bends of
worms with normal levels of Ach/GABA (Fig. 1A) and increases resistance to paralysis in
worms with inhibition of GABA response (Fig.1B).

The aldicarb assay has been previously used for assessing alterations in cholinergic
synaptic transmission at the NMJ (Mahoney et al., 2006). Aldicarb inhibits AChE, causing the
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accumulation of Ach in the synaptic cleft. This leads to increased excitatory input and
eventually to hypercontractive paralysis. Worms treated with MPMT-OX were more resistant
to aldicarb-induced paralysis (Fig. 2A). This can be attributed to changes in Ach levels at the
neuromuscular synapse. We measured AChE activity in worms exposed to MPMT-OX, since
the ability of some 1,3,4-oxadiazole derivatives to inhibit AChE activity has been previously
described (Khan et al., 2013; Kamal et al., 2014). Our results indicated that MPMT-OX did not
affect AChE activity in WT worms or GABA mutants (Fig. 2B).

Until now, our data suggest that MPMT-OX does not act at any level on cholinergic
signaling. This is more evident in the reduction of locomotor activity of unc-29 worms after
MPMT-OX treatment (Fig. 2C). unc-29 gene encodes a non-alpha subunit of the nicotinic ACh
receptor (NnAChR), which mediates fast actions of ACh at NMJ and in the nervous system
(Fleming et al., 1997). Worms with deletion of this subunit have a deficiency in cholinergic
signaling, which is reflected in low locomotor activity compared to WT worms (compare Fig.
1A and 2C, reduction of 38%). The additional reduction in the locomotor activity of treated
unc-29 worms indicated a greater imbalance between (E) and (I), which tends to increase
inhibitory signaling.

To investigate whether MPMT-OX may up-regulate GABA, we exposed the WT worms
to muscimol, a restricted conformational analog of GABA. Muscimol produced an inward
current in the body wall muscle with a reversal potential of +20 mV, similar to the GABA
response. The "elastic" phenotype in which the animals contract and relax without
displacement, is the more severe response to the tactile stimulus, indicating the loss of muscle
tonus due to excessive inhibitory signaling in NMJ (Richmond and Jorgensen, 1999). The
increased severity of response observed in treated worms is an indication of the greater release
of GABA in the synaptic cleft (Fig. 3A).

snf-11 worms treated with the MPMT-OX had a reduction in locomotor activity (Fig.
3B). The snf-11 gene encodes an electrogenic [+]/CI[-]-coupled, high-affinity GABA
transporter that is required in vivo for GABA uptake. Worms with snf- 11 gene knockout have
increased basal levels of GABA in the cleft (Mullen et al., 2006). Therefore, the reduction in
the locomotor activity of snf-11 worms treated with MPMT-OX can be explained by the
increase in GABA release in the synaptic cleft, in addition to the high levels of pre-existing
GABA, leading to a reduction in the locomotor capacity of these animals.

Our data demonstrated that MPMT-OX acts by modulating GABAergic signaling, so

we tested several mutants with defects in biosynthetic enzymes, transporters and receptors.
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Defects in these proteins can lead to a specific imbalance of GABA neurotransmission and to
diseases, such as epilepsy (Baulac et al., 2001).

The unc-30 gene encodes a homeodomain transcription factor that regulates the
expression of unc-25-GAD and unc-47-VGAT in 19 D-type neurons (Eastman et al., 1999).
unc-30 knockout worms showed a 10-fold reduction in unc-25 mRNA in D-type neurons and
normal levels of GAD and VGAT in RME, AVL, DVB, RIS GABAergic neurons (Eastman et
al., 1999). Therefore, we suggest that MPMT-OX treatment increased the levels of GAD and
VGAT in RME, AVL, DVB, RIS neurons, which was reflected in the increase in locomotor
activity (Fig. 4B), greater resistance to PTZ-induced paralysis (Fig. 5E) and increased
locomotion rate (Fig. 6) after exposure to PTZ compared to controls. We did not observe
seizures in these animals exposed to PTZ, which corroborates previously reported data (Locke
et al., 2009). We believe this occurs because these animals express WT levels of GABA in
RME, AVL, DVB, RIS neurons (Jin et al., 1994). Although these worms did not convulse, they
did become paralyzed in the presence of PTZ at a higher rate than did WT worms (compare

Fig. 1B and 5E), which corroborates the lower levels of GABA described in these animals

The unc-46 gene is required primarily at the synapse to localize VGAT to synaptic
vesicles (Schuske et al., 2007). Previous work has demonstrated that the overexpression of the
unc-47(VGAT) in an unc-46 mutant background, partially rescues the defects in these animals
(Schuske et al., 2007). Therefore, the increase in locomotor activity of treated unc-46 animals
(Fig. 4B), as well as reduction of the number of worms with convulsion-like behavior in the
presence of PTZ (Fig. 5B) and the improvement locomotor capacity after seizure (Fig. 6), can

be related to increased release VGAT in neurons.

MPMT-OX-treated unc-49 worms showed an increase in locomotor activity before and
after induction of seizure behavior (Fig. 4B and Fig. 6) and reduction in the number of worms
with seizure-like behavior (Fig 5D). C. elegans unc-49 do not have GABAA receptors, but our
data demonstrate that these animals respond to the possible increase in release of the GABA in
the synaptic cleft, caused by MPMT-OX treatment. We believe that it is possible, because C.
elegans possess GABAGg receptors, expressed by cholinergic motor neurons, which inhibit
cholinergic neurons by feedback in response to GABA spillover (Schultheis et al., 2011). Thus,
even in the absence of GABAA, GABAGg receptors may respond to increased release of GABA

in the synaptic cleft, inhibiting cholinergic motor neurons.
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As in other works, we demonstrated that unc-49 worms convulsed in the presence of
PTZ (Williams et al., 2004; Dabbish and Raizen, 2011). How can a null mutant for the GABAA
receptor respond to a chemical antagonist? PTZ is known to induce convulsions through the
suppression of GABAergic signaling, however, it also alters other neurotransmission systems
in mammals, such as the adenosinergic system (Pagonopoulou and Angelatou, 1998) and
glutamate/glutamine homeostasis (Elogayli et al., 2003). Thus, we believe that imbalance in
several neurotransmission pathways may contribute to the convulsion effect of PTZ in unc-
49/GABAA worms.

unc-25 and unc-47 worms treated with MPMT-OX showed no changes in locomotor
activity (Fig. 5B) in the latency time up to the beginning of the convulsion-like behavior (Fig.
5A and C), and they did not recover locomotor activity after seizure (Fig. 6A). Therefore, we
hypothesized that this compound is able to act on GABA synthesis and on release of the
transporter vesicles, since these processes are interconnected. To verify this hypothesis, we used
a method to observe the GABAergic synapses in vivo.

snb-1 encodes a neuronally expressed C. elegans homolog of the synaptic vesicle-
associated membrane protein synaptobrevin (SNB-1), involved in vesicle docking and
exocytosis (Nonet et al., 1998). The unc-25 gene serves as a ubiquitous marker for the
GABAergic system (Nonet, 1999). A transgenic strain carrying a fusion of GFP to the protein
SNB-1 driven by the unc-25 promoter allows the specific visualization of the GABAergic
vesicle system.

Previous work has shown that differences in the fluorescence intensity of SNB-1::GFP
punctas are correlates with changes in the number of synaptic vesicles that reach the synaptic
terminals (Dittman and Kaplan, 2006; Bessa et al., 2013). In C.elegans synapses occur en
passant, that is, synaptic boutons are formed along the axon shaft (Jin, 2005). Therefore, our
data indicate that the increase of the fluorescence of SNB-1::GFP punctas, as well as, the
reduction of the number of gaps in the GABAergic motor neurons of worms treated with
MPMT-OX and post-exposed to PTZ, is related to the greater recruitment of SNB-1 due to
increased docking and release of GABAergic vesicles. This data, in addition with ours
behavioral results make plausible describe a mechanism to the effects observed in C. elegans
treated with MPMT-OX.

Considering our data, we believe MPMT-OX could leads to release of GABA in the
synaptic cleft due to up-regulation of unc-25 and unc-47 genes. In this way, the increase in

inhibitory input signals in NMJ reduces the locomotor activity of WT worms. This increase in
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excitation threshold protects animals against PTZ-induced paralysis and seizure, and could
accelerates the recovery of locomotion after convulsion by facilitating the restoration of E/I

balance.

Conclusions

The effects of MPMT-OX on neurotransmission were tested in C. elegans. Pre-
treatment with it reduced the number of paralyzed worms, after exposure to drugs that alter the
balance between E/I inputs in body wall muscles, as PTZ. MPMT-OX act by modulating unc-
25 and unc-47, genes responsible for the synthesis and transport of GABA, respectively. This
mechanism is clearly reflected in the locomotor aspects of worms deficient in GABAergic
signaling, as well as in protection against PTZ-induced seizure. Our data indicate that MPMT-
OX has pharmacological potential in the treatment of conditions such as seizures condition in

which the GABAergic system could be involved.
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Figure 1: Effect of MPMT-OX on locomotor activity in WT C. elegans. (A) Data are expressed
as number of body bends from three independent assays with 10 worms in each group (n=30).
* indicates p < 0.05 compared to the control group by one-way ANOVA followed by the Tukey
multiple comparison test. (B) PTZ-induced paralysis. Worms were placed on plates containing
5 mg/mL PTZ and assayed for body bends every 15 min for 2 h. Data represent the percentage
of paralyzed animals from three independent assays with 20 worms in each group (n=60). *
indicates p < 0.05, 15 and 50 uM MPMT-OX versus control, by two-way ANOVA followed
by the Tukey multiple comparison test. Data are represented as means + SEM.

38



Fig. 2
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Figure 2: Effect of MPMT-OX on cholinergic signaling. (A) Paralysis was induced with 1 mM
aldicarb in WT. Locomotion was evaluated every 30 min. for 150 min. Data represent the
percentage of paralyzed animals from three independent assays with 20 worms in each group
(n=60). * indicates p < 0.05, 15 and 50 uM MPMT-OX versus control, with two-way ANOVA
followed by the Tukey multiple comparison test. (B) AChE activity in WT and transgenic
worms. Data are expressed as the percentage of control of each strain, from four independent
assays, n = 4. (C) Effect of MPMT-OX on locomotor activity of C. elegans unc-29 knockout.
Data are expressed as number of body bends performed by the worms from four independent

assays with 10 worms in each group (n=40). * indicates p < 0.05 by Student’s t-test. Data are
represented as means + SEM.
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Figure 3: Effect of MPMT-OX on GABaergic signaling. (A) Treatment increases sensitivity
of WT worms to GABAA receptor agonists. Data are expressed as the fraction of worms that
displayed each of five phenotypes after a 1-h exposure to 0.5 mM of muscimol, from three
independent assays with 20 worms in each group (n=60). (See Materials and Methods for full
description of phenotypes).* indicates p < 0.05 by Student’s t-test. (B) Data are expressed as
number of body bends performed by the snf-11 worms, from three independent assays with 10
worms in each group (n=30).* indicates p < 0.05 by Student’s t-test. Data are represented as
means + SEM
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Fig. 4
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Figure 4: MPMT-OX modulates genes of GABAergic pathway and alters locomotion rate: (A)
All transgenic worms (unc-25, unc-30, unc-46, unc-47 and unc-49) showed a reduction in
locomotor activity when compared to the wild-type strain. * indicates p < 0.05 with one-way
ANOVA followed by the Tukey multiple comparison test. (B) Number of body bends of the
WT and transgenic worms after exposure to MPMT-OX.* indicates p < 0.05 by Student’s t-
test. (A-B). Data are expressed as mean body bends/min. performed by the worms, from three
independent assays with 10-15 worms in each group (n=30-45). Data are represented as means
+ SEM.
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Fig. 5
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Figure 5: MPMT-OX increases threshold for seizure-like behavior. (A, B, C and D) Data are
expressed as the percentage of worms with seizure-like behavior exposed to 5 mg/mL PTZ for
1 h. (A) unc-25, four independent assays with 24 worms in each group (n=96). (B) unc-46, three
independent assays with 30 worms in each group (n=93), *p < 0.05 with two-way ANOVA
followed by Bonferroni’s multiple comparison test. (C) unc-47, four independent assays with
28 worms in each group (n=112). (D) unc-49, three independent assays with 20 worms in each
group (n=60), *p < 0.05 with two-way ANOVA followed by Bonferroni’s multiple comparison
test. (E) unc-30, paralysis was induced with 5 mg/mL PTZ. Mobility was evaluated every 15
min. for 2 h. Data represent the mean percentage of paralyzed unc-30 worms, from three
independent assays with 23 worms in each group (n=70). *p < 0.05 with two-way ANOVA
followed by Bonferroni’s multiple comparison test. Data are represented as means + SEM.
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Fig. 6
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Figure 6: MPMT-OX assists in locomotor recovery after seizure-like behavior. Data are
expressed as number of body-bends/min of Ctr. (control worms before seizure), Ctr. PTZ
(control after seizure) and MPMT-OX 15 uM PTZ (worms treated before seizure). The worms
recovered for one hour after seizure induced by 5 mg/mL PTZ. Locomotion was evaluated in
three independent assays with 10-15 worms in each group (n = 30-45). * indicates p < 0.05
compared to Ctr., # p < 0.05 versus Ctr. PTZ. Two-way ANOVA followed by Bonferroni’s
multiple comparison test. Data are represented as means + SEM.
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Figure 7: Traffic of GABAergic vesicles before and after exposure to PTZ: (A) GABAergic
presynaptic terminals are visualized in live adult animals with Punc-25-SNB-1::GFP (julsl),
and all images were obtained from ventral and dorsal cords before and after PTZ exposure.
Arrow indicates gaps in nerve cord. (B) Quantification of gaps in GFP of the GABAergic nerve
cords. (C) Quantification of SNB-1::GFP fluorescent puncta from images obtained from three
independent assays with 10 animals in each group (n = 30).* indicates p < 0.05 compared to
the Control group, # p< 0.05, MPMT-OX 15uM-Exposed to PTZ group versus Control-
Exposed to PTZ group, ++ p < 0.05, MPMT-OX 15uM group versus Control group. Two-way
ANOVA followed by the Tukey multiple comparison test. Data are represented as means *
SEM.
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4. CONCLUSOES

De acordo com os resultados apresentados neste trabalho pode-se concluir que o

tratamento cronico com o composto MPMT-OX, no nematoide C. elegans:

» Modula positivamente 0s genes unc-25 e unc-47, responsaveis pela sintese e liberacdo
de GABA na fenda sinaptica, o que provavelmente resulta na maior ligacdo de GABA

aos receptores GABAErgicos, causando:

» Reducdo da atividade locomotora de nematoides com niveis normais de
neurotransmissdo E/I, e aumento na atividade locomotora de vermes com deficiéncias

na via de sinalizacdo GABAGérgica (unc-30, unc-46 e unc-49);

» Protecéo parcialmente contra a paralisia induzida por hiper-excitacdo na JNM induzida
por Aldicarb e PTZ;

» Maior resisténcia de vermes transgénicos unc-46 e unc-47, frente ao comportamento
convulsivo induzido pela exposi¢éo ao PTZ, devido ao aumento do limiar de excitagéo

necessario para ocorréncia das convulsdes;
» Melhora na recuperacao da atividade locomotora apos inducao de convulsdes, pois a
maior liberacdo de GABA auxilia no reestabelecimento do equilibrio entre E/I,

permitindo a coordenagao das curvaturas corporais;

» Nao apresenta efeito sobre atividade da AChE, ou receptor nicotinico de Ach, sugerindo

gue o MPMT-OX atua prioritariamente sobre a sinalizacdo GABAérgica.
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5. PERSPECTIVAS

Este trabalho tinha como objetivo determinar o mecanismo de acdo do composto
MPMT-OX em modelo nematoide. Os préximos estudos devem se direcionar a elucidar os
efeitos deste composto sobre pardmetros bésicos relacionados a qualidade de vida do C.
elegans, como reproducdo, expectativa de vida, memoria associativa e aprendizagem, e
atividade de genes relacionados ao estresse oxidativo e detoxificacdo. Além disso, pode-se
pensar no uso de MPMT-OX em modelos de convulsdo com PTZ em roedores bem como

estudos toxicoldgicos mais aprimorados.
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7. APENDICE A: Esquema de Tratamentos

N‘N /©/0Me
7\
®f<0)\s/\3e

Ci6H1N,0,SSe

; C Elegans

/- Na2ou '
,Tra,n_sgem«_:os__ 1

-
SINCRONIZACAO =& L1=> ( R A
" 8« < =X
46h de Desenvolvimento (adulto jovens) Indugao do comportamento
. h_ convulsivo
4\ [ _
> { # '\‘ 1 h de recuperagio

Analise da Paralisia ‘ - Nova placa
( PTZ ou Aldicarb ou muscimol)

Analise das Curvaturas
Corporais

NGM-nova placa NGM-nova placa NGM-nova placa

2R3 : A «
f}k\_,_» Indica a transferéncia de uma populacéo de C. elegans de uma placa para
outra

55



