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RESUMO

Introducdo: A doenca de Huntington (DH) é uma desordem neurodegenerativa,
progressiva e hereditaria, que evolui inevitavelmente & morte. Uma vez que Vvarios
estudos indicam que o receptor metabotropico de glutamato 5 (mGIuR5) pode ter um
papel importante na DH e na modulagdo de movimentos hipercinéticos, decidimos
investigar se 0 mGIuR5 tem um papel na hipercinesia envolvida na DH.

Resultados: Os resultados obtidos em nosso estudo demonstraram que o mGIuR5
interfere na atividade locomotora através de substratos neurais especificos. Para
determinar o papel mGIuR5 em DH, foi realizado cruzamentos entre camundongos
modelo para a DH (Hdh?*¥?™1y ¢ sey controle (Hdh®?¥??%) e camundongos knockout
para mGIuR5 (MGIUR5™). Foi observado que a delecdo do mGIuRS5 altera atividade
locomotora dos camundongos modelo da DH, indicando que existe uma interacao
funcional entre a Htt mutante e 0 mGIuR5. Ademais, foi caracterizada uma interacéo
funcional da Htt mutante com o mGIuR5 capaz de alterar a atividade locomotora de
camundongos. Para investigar o mecanismo subjacente a estas alteracdes de locomocao,
foi realizado um ensaio de microarranjo. A expressdo de um ndmero de genes
envolvidos na regulacdo do movimento, tal como a dineina cadeia leve, cadeia pesada e
dinactina, foram alteradas em camundongos modelo para DH desprovidos da expresséo
de mGIuRS5. Tais alteragdes de expressdo foram confirmadas por gPCR.

Conclusdo: Os resultados indicam que o mGIUR5 pode desempenhar um papel no
controle do movimento envolvendo varios substratos neurais, podendo estar envolvido
na hipercinesia observada na DH. Além disso, resultados do ensaio de microarranjo
sugerem que as alteracdes motoras promovidas pela delecdo génica do mGIuR5 no
camundongo modelo da DH podem ocorrer devido a alteracdo da expressdo de genes

que codificam proteinas relacionadas a motricidade.
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Palavras chave: Doencga de Huntington, mGIuR5, locomog&o, modelo Knock-in
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ABSTRACT

Introduction: Huntington's disease (HD) is a neurodegenerative disorder, progressive
and hereditary, that evolves inevitably to death. As we and others have demonstrated
that the metabotropic glutamate receptor 5 (mGIuR5) may have a role in HD pathology
and that mGIuRS5 is involved in hyperkinetic movements, we decided to investigate
whether mGIuR5 has a role in HD-related hyperkinesia.

Results: The results obtained in our study demonstrate that mGIuR5 stimulation
interferes in locomotor activity by acting on specific neural substrates. To determine
MGIURS5 role in HD, we have crossed Hdh%?%?®and Hdh®*¥™! mice with mGIuR5
knockout mice (mGIuUR5"). mGIuR5 knockout alters HD mice locomotor activity,
indicating that there is a functional interaction between mutant Htt and mGIuR5. To
investigate the underlying changes in this locomotion regulation, a microarray assay
was performed. The expression of a number of genes involved in movement control,
such as dynein light chain and heavy chain and dynactin, were modified in a mouse
model of HD lacking the expression of mGIuR5 (Hdh®™/"'/mGIuR5™), as compared
to its control HAh®*?%/mGIuR5™". These expression changes were confirmed by qPCR.
Conclusion: The results indicate that mGIuR5 plays a role in movement control by
acting on specific neural substrates and that the receptor is likely involved in HD
hyperkinesia. Moreover, our microarray data suggest that the mGIluR5-related
movement alterations observed in the HD mouse model might be due to modifications

in the expression of genes that codify for movement control related proteins.

Keywords:Huntington’s Disease, mGluRS5, locomotion, Knock-in model
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1. INTRODUCAO

1.1 — Receptor Metabotropico de Glutamato 5 (MGIuR5)

O glutamato, principal neurotransmissor excitatério do cérebro, desempenha
papel importante na plasticidade sinéptica, aprendizado, memoria e outras funcdes
cognitivas (Mehta, Prabhakar et al. 2013). Os receptores de glutamato podem se dividir
em dois tipos: Os ionotropicos e os metabotropicos (Nakanishi, Nakajima et al. 1998).
Os  receptores  N-metil-D-aspartato  (NMDA),  a-amino-3-hidroxi-5-metil-4-
isoxazolepropionato (AMPA) e cainato atuam como canais catiénicos apos sua ativagdo
pelo glutamato e estdo envolvidos na transmissdo sindptica excitatoria rapida. Ja os
receptores metabotrépicos (MGIuRs), acoplados a proteina G, modulam a transducao de
sinal intracelular regulando tanto a abertura dos canais i6nicos, como a producdo de
segundos mensageiros (Pin and Duvoisin 1995, Nakanishi, Nakajima et al. 1998).

S&o conhecidos oito subtipos diferentes dos receptores mGIuR - mGIuR1 ao
mGIuR8 (Pin and Duvoisin 1995). Estes sdo classificados em trés grupos (grupo I, 1l e
I11) de acordo com suas semelhancas em sequéncias de aminoécidos, mecanismos de
transducéo de sinal e seletividade aos agonistas (Pin and Duvoisin 1995). Os receptores
compreendidos pelo grupo | dos mGluRs, mGIuR1 e mGIuR5, sdo acoplados a proteina
Gog, que estimula a ativagdo da fosfolipase CPI1, resultando na formacgdo de
diacilglicerol (DAG) e inositol 1,4,5-trifosfato (1P3), bem como na liberagdo de Ca** dos
estoques intracelulares e na consequente ativacdo da proteina quinase C (PKC) (Piers,
Kim et al. 2012).

Estudos moleculares demonstram que os receptores do grupo | sdo amplamente
expressos no tecido cerebral (Shigemoto, Nomura et al. 1993, Kerner, Standaert et al.

1997, Yu, Tueckmantel et al. 2005). Através da técnica de hibridiza¢&o in-situ foi
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possivel localizar as regiGes cerebrais com maior expressdo do mRNA de mGIuR1 e
mGIURS5, sendo 0 mGIuR1 mais expresso no hipocampo e cerebelo, ao passo que o
mGIuUR5 possui maior expressao no bulbo olfatorio, corpo estriado, cortex cerebral e
hipocampo (Kerner, Standaert et al. 1997). Resultados semelhantes foram encontrados
em estudos de imunohistoquimica realizados por Shigemoto (1993), que observou
intensa marcacdo para 0 mGIuR5 no bulbo olfatério e seus ndcleos correspondentes,
bem como no cortex cerebral, hipocampo, corpo estriado, ndcleo accumbens, coliculo
inferior e nucleos do trigémeo. Neste mesmo estudo, o padrdo de distribuicdo do
receptor foi confirmado através da analise dos niveis de expressaio do mRNA de

mGIuR5 (Shigemoto, Nomura et al. 1993).

1.2 — Receptor metabotropico de glutamato 5 e atividade locomotora

Estudos funcionais indicam que a sinalizagdo via mGIuR5 desempenha papel
importante na modulag@o de diversos aspectos do comportamento, incluindo atividade
locomotora espontanea e reagcdo a ambiente novo, bem como de fungdes cognitivas
como memoria espacial e ansiedade (Kinney, Burno et al. 2003, McGeehan, Janak et al.
2004, Balschun, Zuschratter et al. 2006, Gray, van den Buuse et al. 2009, Jew, Wu et al.
2013). Antagonistas do mGIuR5, tais como 6-methyl-2-[phenylethynyl]-pyridina
(MPEP) e  3-((2-methyl-4-thiazolyl)ethynyl)pyridina  (MTEP), administrados
perifericamente, alteram a atividade locomotora espontanea e a coordena¢do motora em
roedores (McGeehan, Janak et al. 2004, Chan, Lee et al. 2012, Ribeiro, Devries et al.
2014). Além disso, camundongos portadores da delecio global do mGIuR5 (mGIUR5™)
apresentam hiperlocomoc¢éo (Kinney, Burno et al. 2003, Gray, van den Buuse et al.
2009, Ribeiro, Devries et al. 2014). Em publicacéo recente, Jew et al (2013) mostrou

que a delecdo do mGIuR5, especificamente no cortex cerebral, modula padrbes
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locomotores e reagdo a ambiente novo, mas ndo afeta a atividade locomotora
espontanea. Entretanto, injecOes intraperitoneais de antagonista do mGIuR5 neste
modelo experimental induz pronunciada hiperlocomogéo (Jew, Wu et al. 2013). Assim,
a deplecdo do mGIuR5 em regiGes especificas do cérebro induz respostas divergentes, 0
que adiciona uma maior complexidade na busca pela fungdo destes receptores na
fisiopatologia de comportamentos motores. Além disso, a habilidade do grupo | dos
mGIuRs em aumentar niveis intracelulares de Ca** est4 intimamente relacionada a
excitoxicidade e ao mecanismo patologico de doencas neurodegenerativas (Shigemoto,
Nomura et al. 1993, Conn, Battaglia et al. 2005), como por exemplo, a doenca de

Huntington.

1.3 — Doenga de Huntington

A doenga de Huntington (DH) é uma desordem neurodegenerativa autossémica
dominante causada pela perda progressiva de células neuronais do caudado-putamen e
cortex cerebral. A progressdo da DH conduz o paciente a um conjunto de sintomas
motores, cognitivos e psiquiatricos, dos quais atualmente ndo ha tratamento eficaz,
levando o paciente a morte (Ross and Tabrizi 2011). Ainda que sejam encontradas
diferencas na prevaléncia geografica da DH, o transtorno é observado em todo o mundo,
afetando 5 a 8 em cada 100.000 pessoas (Warby, Visscher et al. 2011). A manifestagédo
clinica altera-se ao longo da progressdo da doenca. Movimentos involuntarios,
chamados coréia, intensificam durante o curso da doenca, causando prejuizos nas
atividades de vida diaria (Piira, van Walsem et al. 2013). A disfuncdo da marcha, outro
sinal clinico comum, é caracterizada pela instabilidade postural, falta de equilibrio e
incoordenacdo motora, levando o paciente a quedas constantes (Piira, van Walsem et al.

2013, Williams, Heron et al. 2014). Tais problemas sdo acompanhados por disfuncgdes
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dos movimentos dos olhos (Anderson and MacAskill 2013), disartria (Skodda, Schlegel
et al. 2014) e disfagia (Heemskerk and Roos 2011) progressivas. Distlrbios
psiquiatricos e cognitivos tipicamente aparecem durante o curso da doenga e incluem
alteracdo da personalidade, obsessdo, compulsdo, depressdo maior e deméncia (Ross
and Tabrizi 2011, Papoutsi, Labuschagne et al. 2014, Zarowitz, O'Shea et al. 2014).

A forma mutante de proteina huntingtina (Htt), contendo um nimero anormal de
repeticbes do aminodcido glutamina na regido amino-terminal é a causa da DH (1993).
Um estudo realizado com 83 familias venezuelanas, portadoras desta mutacéo,
demonstrou que a idade de inicio da doenca pode variar devido a interacdo de
componentes genéticos e ambientais (Wexler, Lorimer et al. 2004). Individuos
portadores de 34 repeticdes de CAG ou menos ndo produzem sintomas, enguanto
individuos que apresentam entre 36 a 39 repeticbes mostram penetrancia incompleta dos
sintomas. Por outro lado, pacientes portadores de 40 ou mais repeticdes de CAG
inevitavelmente desenvolvem os sintomas da DH (Wexler, Lorimer et al. 2004).

A principal caracteristica patolégica da DH é a perda de células neuronais
presentes no caudado-putamen (corpo estriado em roedores) e em regides neocorticais
de pacientes (figural) (Schaller 1928, Mitchell, Cooper et al. 1999, Ross and Tabrizi
2011, Dominguez, Egan et al. 2013, Dodds, Chen et al. 2014). Estudos também relatam
perda neuronal em outras regides cerebrais tais como a na regido CA1 do hipocampo de
pacientes com doenca de Huntington (Spargo, Everall et al. 1993), indicando o amplo
comprometimento de regiGes neurais durante a evolucdo da doenga. Os neurdnios do
corpo estriado ndo séo igualmente suscetiveis a neurodegeneracdo na DH. O corpo
estriado € composto principalmente (95%) de neurdnios espinhosos medios (MSNS), 0s
quais sdo GABAeérgicos, mas também de interneurdnios contendo acetilcolina e

somatostatina, além dos tipos fast-spiking parvalbumina e neuropeptideo-Y positivo;
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tipos celulares importantes em modular os impulsos GABAérgicos dos MSNs (Vincent,
Staines et al. 1983, Reiner, Medina et al. 1998, Do, Kim et al. 2012). Os MSNs sdo 0s
primeiros neurdnios a serem atingidos durante a progressdo da DH; os interneurdnios,

por outro lado, séo poupados (Ferrante, Kowall et al. 1986, Ferrante, Beal et al. 1987).

Figura 1:Imagem de Ressonancia Magnética (modificada) do cérebro de individuos com DH
(acima) e individuos que ndo apresentam a doenca (abaixo). Contornos a esquerda identificam
0 caudado e putamen, contornos a direita indicam o volume cerebral global. (Ruocco, Lopes-
Cendes et al. 2006).

Neur6nios do corpo estriado recebem aferéncia de diferentes nlcleos do
mesencéfalo, tais como projecdes dopaminérgicas da substancia nigra e
serotoninérgicas de nucleos da rafe dorsais, como também proje¢des glutamatérgicas do
tdlamo e cortex cerebral (Parent 1990, Joel and Weiner 1994, Reiner, Medina et al.

1998). Assim, o glutamato desempenha um papel importante no circuito ndcleo basal-

talamo-cortical.

1.4 — Modelos Experimentais para a Doenca de Huntington

A partir da identificacdo da mutacdo ocorrida na doenca de Huntington, em 1993
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(Group 1993), muitos avangos foram conquistados na constru¢do de modelos animais
capazes de reproduzir o fenotipo caracteristico da doenca. Estes esforcos sdo benéficos
no sentido de entender mecanismos patoldgicos da doenca e, desta forma, auxiliar no
desenvolvimento de novas possiveis estratégias terapéuticas. Além disso, o cruzamento
das diversas linhagens geneticamente modificadas para DH certamente ajudardo a
dissecar os mecanismos comportamentais e moleculares da doenca.

Grupos independentes desenvolveram linhagens de camundongos transgénicos
obtidos atraves da insercdo do gene codificante para a proteina Htt humana inteira
(BACHD e YAC128) ou apenas a sua regido amino-terminal (R6/2); bem como

linhagens de camundongos knock-in (HdhQ!/QHt

), que sdo camundongos com uma
expansdao de 111 glutaminas na regido amino-terminal. Estes ultimos foram
desenvolvidos através da substituicdo do primeiro exon do gene htt murino pelo
primeiro exon do gene htt humano(Menalled and Chesselet 2002, Menalled, EI-Khodor

et al. 2009).

1.5 — Doenca de Huntington e o receptor metabotropico de glutamato 5

Em um estudo publicado por Anborgh et al. (2005) observou-se em células
HEK-293 que os mGIluRs do grupo | interagem com a Htt, e que,na presenca da Htt
mutante, a sinalizacdo do mGIuR1 torna-se alterada. Este mesmo estudo também
mostrou que a formacdo de IP3; pelo mGIuR5 em células estriatais do modelo Knock-in
da DH (Hdh®YQMy ¢ comprometida quando comparada ao controle contendo 7
repeticies de CAG (Hdh®?") (Anborgh, Godin et al. 2005). Em camundongos
HdhQM QML - 4 Hit mutante leva & dessensibilizagdo dos receptores mGIURS, resultando
em menor formacéo de IP; e aumento da liberacdo de Ca®* dos estoques intracelulares

(Ribeiro, Paquet et al. 2010). Por outro lado, a ativacdo das vias protetoras da morte
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neuronal, envolvendo AKT e ERK1/2, pelo mGIuR5, ocorre de maneira mais
pronunciada em camundongos Hdh®'/?* jovens, quando comparados a camundongos

controle Hdh®2%/Q20

, indicando uma possivel resposta adaptativa para assegurar a
sobrevivéncia dos neurénios estriatais do modelo da DH(Ribeiro, Paquet et al. 2010).
Evidéncias cientificas revelam que a sinalizagdo via mGIuR5 modula
comportamentos motores, entretanto ainda ndo esta claro quais substratos neurais estao
envolvidos nesta modulagdo. Por outro lado, sabe-se que a sinalizacdo via mGIuR5 é
sensivel a presenca da Htt mutante. Como o0s principais sintomas da DH sdo as
alteracbes motoras, € possivel que a sinalizacdo via mGIuRS participe das alteracdes
motoras observadas em pacientes comDH. Desta forma, o presente estudo testou as
seguintes hipoteses: (1) a modulagdo exercida pelo receptor metabotropico de glutamato
5 sobre o comportamento motor é dependente de substratos neurais especificos e (2) o

receptor metabotrdpico de glutamato 5 modula o comportamento motor em modelo

animal de DH.
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2. OBJETIVOS

2.1 — Objetivo geral
Identificar quais substratos neurais sdo alvos para a modulagdo do
comportamento motor via mGIuR5, bem como investigar o papel do mGIuR5 nas

alteracdes motoras observadas em um modelo animal da DH.

2.2 — Objetivos especificos

- Verificar o efeito da supressdo do mGIuRb5, através de antagonistas seletivos ou
através do knockouteamento do receptor, sobre a atividade locomotora espontanea e
coordenacao motora;

- Investigar o efeito da inibicdo do mGIuR5 no bulbo olfatorio, cortex motor,
cortex parietal, hipocampo e corpo estriado sobre a atividade locomotora espontanea e a
coordenacao motora;

- Determinar se a supressédo completa do mGIuR5 em um modelo murino da DH,
0 Hdh@MYRM ¢ capaz de alterar os sintomas motores relacionados & DH;

- Determinar se a proteina huntingtina mutante leva a alteracfes da expressao de

proteinas importantes para a regulacao da atividade locomotora mediada pelo mGIuR5.
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3. MATERIAIS E METODOS
3.1 — Materiais

2 — propanol, solucdo Betaina, cloroférmio, dimetilsulféxido (DMSO), etanol,
cloreto de sodio (NaCl), paraformaldeido, proteinase K, a solugdo Tris (hidroximetil)
aminometano—hidrocloridrico (Tris HCI) e a solugdo tris (hidroximetil) aminometano -
acido etilenodiamino tetra-acético (Tris-EDTA) foram adquiridos pela Sigma Aldrich®.
Tubos tipo eppendorff 0,2; 0,6 e ImL e ponteiras 10 pL, 200 pL, 1000 pL foram
adquiridos pela Axygen Brasil. Agarose, sacarose e sulfato dodecil de sédio (SDS)
foram adquiridos pela tanto pela empresa HEXAPUR quanto pela Sigma Aldrich®.
Solucéo contendo sais de desoxirribonucleotideos fosfatados, ou dNTPs, foi adquirido
pela Invitrogen.H,O — Nucleasefree foi adquirido pela Ambion®. Os iniciadores
utilizados pelas reacdes de PCR e gPCR estdo devidamente caracterizados nas tabelas 1
e 2. O kit Power SYBR® Green PCR Master Mix, bem como o SYBR® Safe foram
adquiridos pela Life Technologies®. Laminulas 12mm e laminas foram adquiridas pela
Pro cito Laboratdrios. As drogas n 2-metil-6-(feniletinil) piridina (MPEP)e 3-((2-Metil-
4-tiazolil) etinil) piridina (MTEP) foram obtidas pela Tocris Cookson Inc. Ellisville,

MO, USA.

3.2 — Métodos

3.2.1 - Animais

Este trabalho foi realizado utilizando-se camundongos machos C57/BL6 (8-9
semanas de idade) que foram adquiridos do Centro de Bioterismo (CEBIO) do Instituto
de Ciéncias Bioldgicas da Universidade Federal de Minas Gerais - UFMG. Além disso,
foram utilizados camundongos machos das linhagens knock-in para doenca de

Huntington — STOCK-Htt"™M*™3 (Hdh®%?%%) e STOCK-Ht"™ MM/ (Hdh@MYRM1h
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(Wheeler, Auerbach et al. 1999), bem como knockout para o0 mGIuR5 — B6;129-
Grm5™R%) (mGIUR5™) (Lu, Jia et al. 1997), os quais foram obtidos do Jackson
Laboratory (Bar Habor, USA). Camundongos das linhagens Hdh?**¥?*/mGIuR5™ e
Hdh* MYy mGIuR5*™*  foram obtidos através do cruzamento de Hdh®@H:
mGIuR5™ e mGIURS™. Camundongos das linhagens Hdh®Y%?/mGIuR5” e
Hdh?*?®/mGIlurR5*"* foram obtidas através do cruzamento de Hdh®”?® mGIuR5™* e
mGIuR5™”. Os animais foram criados e mantidos no biotério do Departamento de
Bioguimica e Imunologia do Instituto de Ciéncias Bioldgicas da UFMG em ciclo de 12
horas claro/escuro, com temperatura constante de 23°C e recebendo &gua e ragdo ad
libitum. Os procedimentos experimentais utilizados neste trabalho receberam aprovacao
do CETEA-UFMG (Comité de Etica em Experimentacdo Animal — UFMG), protocolo

n®274/2011 (Anexo 1).

3.2.2 — Genotipagem

Extracdo do DNA

A extracdo do DNA foi realizada a partir do recorte da cauda dos camundongos
mutantes para mGIuR5. Adicionou-se as amostras 500 pL de solugdo de extracdo (SDS
10%, Tris-EDTA, NaCl, Proteinase K), seguido de incubacdo overnight em banho-
maria a 55 °C. Apos centrifugacdo a 15000 x g por 10 minutos (min) a temperatura
ambiente o sobrenadante foi transferido para novos tubos tipo Eppendorf contendo
500uL de isopropanol. Em seguida foi realizada a homogeneizacéo por inversao (10x) e
uma nova etapa de centrifugacdo a 15000 x g por 10 min a temperatura ambiente. Apos
esta etapa, 0 sobrenadante foi descartado e os tubos foram deixados invertidos e abertos

para secar por 1 hora a temperatura ambiente. Foi adicionado 200 pL de solucdo TE
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0,5X (Tris HCI 1M, EDTA 0,5M) e deixado no banho-maria a 37°C por 1 hora. As

amostras de DNA foram armazenadas a 4°C

Amplificacdo do DNA
Os iniciadores utilizados nas reacbes em cadeia da polimerase (PCR) para
identificar as linhagens homozigotas mutantes (mGIuR5™), heterozigotas (MGIUR5™") e

+/+

homozigotas selvagens (mGIUR5™") foram obtidos a partir do Jackson Laboratory,
desenvolvidos a partir da sequéncia depositada no GenBank sob o identificador
NM_001081414.2. A reacdo é realizada através da técnica de Multiplex PCR, no qual
um mix de iniciadores é utilizado em cada reacdo, permitindo a identificacdo das
linhagens numa mesma reacdo de PCR. As sequencias dos iniciadores bem como o
tamanho dos amplicons gerados sdo mostrados na tabela 1, e um exemplo da
identificacdo é mostrado na figura 2.

As reacOes foram realizadas utilizando 0,25 U da enzimaTag DNA polimerase
(Invitrogen), 2,00 mM de MgCl,; 0,2 mM de dNTPs; 1,00 uM de cada iniciador (tabela
1),500 ng de DNA gendmico, juntamente com o tampdo fornecido pelo fabricante
diluido para 1X, num volume final de 12 pL de reacdo. O programa de amplificacdo
consistiu de uma etapa de desnaturagdo inicial a 94°C por 3 min, seguida de 35 ciclos
formados por uma etapa de desnaturacdo a 94°C por 45 segundos, uma etapa de

anelamento a 60°C por 45 segundos e uma etapa de extensdo a 72°C por 45 segundos. A

ciclagem termina com uma etapa de extensao final a 72°C por 2min.

Tabela 1: Iniciadores utilizados no PCR convencional

Nome no estoque Sequéncia Amplicon (pb) %GC
Primer comum CACATGCCAGGTGACATCAT 50
Selvagem — reverso CCATGCTGGTTGCAGAGTAA 442 50
Mutante — reverso CACGAGACTAGTGAGACGTG 650 55
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Apos a amplificacdo, 12 pL do produto de PCR juntamente com 3uL de tampéo
de amostra 5x foram aplicados em gel ndo desnaturante contendo 2% de agarose,
SYBR® Safe (Life Technologies) e solucdo tampdo Tris-Acetato-EDTA (TAE) 0,5X. O
gel foi acondicionado em uma cuba de eletroforese horizontal preenchida com TAE
0,5X e submetido a uma corrente de 100 volts por 30 min. A digitalizacdo da imagem

foi realizada utilizando o equipamento ImageQuant LAS 4000 (GE Healthcare Life

Sciences).
T Q
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Figura 2:Genotipagem de camundongos mutantes para o gene mGIluR5. O amplicon
gerado pelos iniciadores da linhagem mGIuR5” possui 650 pb, da linhagem mGIuR5*"
possui 650 e 442 pb, e da linhagem mGIuR5*"*possui 442pb.

+/+

Apenas os camundongos homozigotos mGIuR5** e mGIuR5" foram utilizados

neste estudo.

3.2.3 - Drogas

O antagonista seletivo do mGIuR5, 2-metil-6-(feniletinil)-piridina (MPEP),
obtido da TocrisBioscience (Bristol, Reino Unido), foi diluido numa solucdo veiculo
contendo 50% de dimetilsulfoxido (DMSO) e 50% de solucdo salina (NaCl 0,9%),
sendo administrado em cada estrutura neural na quantidade de 25 nmol, num volume
final de 0,5 pL por lado(Phillips, Lam et al. 2006, Martinez-Rivera, Rodriguez-Borrero

et al. 2013). Para referéncias futuras no texto usaremos a descricdo 25 nmol/0,5
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pL/lado. J& o  antagonista  seletivo do  mGIuR5  3-((2-Methyl-4-
thiazolyl)ethynyl)pyridine (MTEP), obtido pela Tocris Bioscience (Bristol, Reino
Unido), diluido em uma solucdo salina, foi administrado intraperitonealmente (i.p.) a

5,0 mg/kg.

3.2.4 — Cirurgia

Os camundongos ndo foram manipulados antes da cirurgia. No momento do
procedimento cirargico, os animais foram anestesiados com cetamina (80mg/kg) e
xilazina (10mg/kg) i.p. e, em seguida, posicionados no aparelho estereotdxico. O
bregma e lambda foram alinhados nos planos horizontal e vertical. Pequenos orificios
(0.7 mm) foram feitos no cranio a partir das coordenadas estereotaxicas (tabela 2).
Céanulas-guia bilaterais com hastes de metal oclusoras foram fixadas no cranio com
cimento de zinco seguido de acrilico dental (Lazaroni, Raslan et al. 2012). Os
camundongos receberam uma Unica dose intramuscular de flunixinameglumina
(Banamine, 0,3 mg/kg) e duas doses de cefalexina (72 mg/kg) via oral. O tempo de
recuperacdo pos-cirargico foi de 4 a 5 dias antes do inicio dos testes comportamentais.

Tabela 2: Descricdo das coordenadas estereotaxicas a partir do bregma e
caracteristicas das canulas guia e injetora.

Regido cerebral Canula Canula Pﬁsntteerrigr II\: tiz?!aol Dorso
alvo guia(mm) injetora(mm) (mm) (mm) ventral (mm)
Bulbo olfatorio 8 9 +4.28 +1.0 2,31
principal
Corpo estriado 10 11 +1 +1,5 -3,6
Hipocampo 7 8 -1,9 +1,6 -1,0
Area motora
’priméria (M1) 7 8 +1,94 25 -1,15
Avrea associativa 6 7 254 +16 10,40

parietal (V2MM)
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3.2.5 — Micro-infusdes

No momento da injecdo das drogas, os camundongos foram gentilmente
imobilizados e posicionados para retirada das oclusoras. A canula injetora (30G) foi
acoplada a cénula guia. Todos os farmacos foram infundidos em um volume de
0,5pL/lado. Uma bomba de micro-infuséo, ligada a uma seringa de 10 pL (Hamilton),
foi utilizada para controlar a injecdo. As drogas foram injetadas bilateralmente nas
regides cerebrais (tabela 2) a uma taxa de 0,5 pL/min. A cénula injetora permaneceu
posicionada por 1 min apds a infusdo para evitar a difusdo da droga ao longo da canula
guia (Lazaroni, Raslan et al. 2012). Os animais foram submetidos aos testes

comportamentais, 10 min ap6s a remocao das canulas injetoras.

3.2.6 — Verificacao histoldgica

Ao final dos experimentos, os animais foram eutanaziados e os cérebros foram
imediatamente removidos e estocados em paraformaldeido 4% por um dia, seguido por
dois dias em sacarose 30%. Sec¢Oes coronais (100 um de espessura a partir dos sinais
da canula) foram obtidas no criostato (-20°C). As laminas foram coradas com vermelho
neutro e os sitios de injecdo foram verificados por microscopia Optica. Apenas 0S
camundongos com canulas posicionadas corretamente no alvo desejado foram incluidos

na analise estatistica (Rinaldi, Mandillo et al. 2007, Pereira, Bastos et al. 2014).

3.2.7 — Campo aberto

Para avaliar a atividade locomotora espontdnea foi utilizado um sistema
automatico de campo aberto (LE 8811 IR Monitores de Atividade MotoraPANLAB /
HARVARD APPARATUS), com dimensdes da caixa acrilicade 450x450x200mm
(largura x profundidade x altura) (Pereira, Bastos et al. 2014), como mostrado na figura

3A.
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B Quantificacdo da atividade locomotora

“» -
Maior atividade Menor atividade

Figura 3: Representacdo do LE 8811 - IR Actimetro, aparato de campo aberto.Em (A)
0 equipamento PANLAB/HARVARD- Actimetro infravermelho (IR) permite o estudo
da atividade locomotora espontanea em roedores. Em (B) a representacdo grafica da
atividade locomotora gerada pelo equipamento.

Os camundongos foram habituados na sala de teste comportamental por, no
minimo, 60 min. Durante os testes com infusdo da droga, os animais foram inseridos no
aparato de campo aberto 10 min apos a injecdo da droga ou veiculo. As atividades
detectadas no plano horizontal (distancia percorrida) (figura3B) foram medidas durante
60 min. A medida da atividade total foi calculada usando o programa ACTITRACK e as
andlises estatisticas foram realizadas utilizando o software GraphPad Prism versdo 5

(GraphPad Software Inc., San Diego, USA), que serdo descritas em detalhes

posteriormente.

3.2.8 — Rota Rod teste

O treinamento e o teste comportamental dos camundongos, no sistema Rota Rod
(Insight®) (figurad4A), ocorreu durante o ciclo de luz entre 08:00 e 12:00 h. Os
camundongos foram habituados na sala de testes comportamentais por, no minimo, 60

min.
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Figura 4: Representacdo do aparato de Rota Rod Insight®. Em (A) o aparato de Rota
Rod (Insight®) permite o estudo da coordenacdo motora e equilibrio em roedores. A
representacdo dos camundongos alocados no cilindro giratério do aparato é mostrada
em (B).

Inicialmente os animais foram submetidos a um protocolo de treinamento no
equipamento Rota Rod, exemplificado na figura 4B. No primeiro e segundo dias de
treino, os camundongos foram alocados sobre o cilindro giratério durante 2 min, nas
cinco primeiras velocidades, que variaram de 5 a 19 rota¢cdes por minuto. No dia do
teste de infusdo das drogas, os camundongos foram inseridos no Rota Rod 10 min apds
a injecdo de veiculo ou droga. O protocolo de aceleracdo foi realizado em trés ensaios
independentes com um intervalo entre ensaios de 10 min. Caso os camundongos
caissem nos primeiros 10 segundos, eles eram realocados imediatamente no aparelho e
sua contagem era reiniciada. A laténcia de queda do cilindro giratorio foi registrada, e a
média obtida a partir dos trés ensaios foi utilizada para a analise. O tempo limite para 0s

camundongos permanecerem no Rota Rod foi de até 300 segundos. Apos este periodo

os camundongos foram removidos do aparelho.

3.2.9 — RT-PCR quantitativo(gPCR)
Amostras de corpo estriado das linhagens Hdh???®/mGIuR5™ e

Hdh* MY mGluR5 ™ foram retiradas por microdisseccdo em solugdo salina. O RNA
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total das amostras foi isolado pelo método TRIzol® (Invitrogen, Burlington, EUA),
segundo instrucdes do fabricante. O RNA foi ressuspendido em 20uL de agua livre de
nucleases (Ambion®), tendo sua concentracdo e qualidade analisadas por
espectrofotometro (NanoDrop — ThermoScientific, Wilmington, USA) e eletroforese em
gel de agarose, respectivamente. Os cDNAs foram preparados a partir de 40 ng de RNA
total em 20 pL final da reacéo de transcrigéo reversa.

O PCR quantitativo (qQPCR) foi realizado utilizando o kit Power SYBR® Green
PCR Master Mix (Applied Biosystems, Foster City, USA) segundo protocolo do
fabricante. Para isso foram utilizadas as plataformas de PCR em tempo real
StepOnePlus™ Real-Time PCR Systems e ABI PRISM 7900HT Sequence Detection
System (AppliedBiosystems, Foster City, USA). A reacdo de gPCR foi realizada a fim
de quantificar os niveis de mMRNA dos genes seguintes: Dineina cadeia leve LC8-tipo 1
— Dynll1 (NM_019682); dinactina 6 — Dctn6 (NM_ 011722); dineina cadeia pesada
axonemal 6 — Dnahc6 (NM_ 001164669); dinactina3 — Dctn3 (NM_016890); dineina
cadeia leve Tctex-tipo 1B — Dynltlb (NM_009342). Os iniciadores, dos respectivos
genes, foram desenhados com o auxilio do software Primer3plus (Untergasser, Nijveen
et al. 2007) e sdo mostrados na tabela 3. Os iniciadores foram checados utilizando a
ferramenta Primer-BLAST (Ye, Coulouris et al. 2012) para avaliacéo in silico da sua
especificidade para com seus alvos.

As amostras foram preparadas em triplicatas e as variagdes da expressdo génica
foram determinadas pelo método do ACt utilizando o gene da actina (NM_007393.3)
como gene constitutivo. Todas as reacBes de qPCR mostraram boa qualidade de

amplificag&o e a eficiéncia dos iniciadores foi testada pelo método de dilui¢éo seriada.

30



Tabela 03:Caracteristicas dos iniciadores utilizados nas reacdes deqPCR.

Cédigo Sequéncia A”Egg;’on Tm(C) %GC  N°identificador
Dynltlb-F  TCATGCAGAAGAACGGTGCT 57,0 50,0
64 NM_009342.2
Dynltlb-R ~ TCTGTGGAGCTGTCCCAGAA 58,1 55,0
Dnahc6-F  CGCAAGGAAGATGACACAGA 54,9 50,0
116 NM_001164669.1
Dnahc6-R  TTAGAGACCCAGCCATGACC 56,4 55,0
Dctn3 - F CAGATCCACATCCAGCAGCA 57,4 55,0
70 NM_016890
Dctn3 - R ACCCTTCCAGGAGAGCCTTA 57,5 55,0
Dctn6-R  ATAGGTTTGGGCTCTGTATCTTC 54,2 43,4
145 NM_011722.3
Dctn6 - F TGATCCACCCTAAAGCACG 54,7 52,6
Dynlil-R  CTTAACTGCCCTATCTGTGGTC 54,9 50,0
143 NM_019682.4
Dynlll-F  TTTGTCCCTGCCAAGTACTG 55,0 50,0
Actina-R  AATGCCTGGGTACATGGTGGTA 58,4 50,0
122 NM_007393.3
Actina-F  TGGAATCCTGTGGCATCCATGA 58,6 50,0

3.2.10 — Analise estatistica

As analises da média e do erro padrdo da média (SEM), nos testes de
comportamento, foramrealizadas a partir dos testes t de Student e ANOVA. Para os
resultados do gPCR, a média e o erro padrdo foram calculados a partir de triplicatas
técnicas e analisados pelo teste t de Student, como indicados nas legendas das figuras.
Em ambos os métodos, as analises estatisticas foram realizadas com o auxilio do
software GraphPadPrism® versdo 5 (GraphPad Software Inc., San Diego, USA), sendo

considerados significativos os testes que obtiveram valores de p< 0,05.
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4. RESULTADOS

4.1 -O mGIuRS5 é capaz de modular a atividade motora em camundongos:

Estudos recentes mostram que o mGIUR5 possui um papel importante no
controle da atividade locomotora (Jew, Wu et al. 2013, Ribeiro, Devries et al. 2014).
Para confirmar a influénciado mGIuR5 na atividade locomotora, foi utilizado o modelo
experimental mGIuR5 knockout (mGIuR5™), o qual apresenta supressdo completa deste
receptorem camundongo C57/BL6(Lu, Jia et al. 1997). Duas ferramentas de avaliacao
comportamental foram utilizadas, sendo que ambas permitem avaliar o desempenho
motor: campo aberto, que quantifica a atividade locomotora espontanea (figura 3 A-B) e
0 Rota Rod, que avalia a coordenacdo motora (figura 4 A-B) (Brooks and Dunnett
2009).

Para avaliar a atividade locomotora espontanea do camundongo, animais
mGIuR5” foram alocados em um aparato de campo aberto, sendo a distancia percorrida
pelo animal registrada a cada 5 min. Camundongos mGIUR5™ apresentaram maior
atividade locomotora por intervalo de tempo em comparagio ao seu controle mGIuR5™*

ao longo dos 60min avaliados (figura 5A), o que reflete em maior distancia total

percorrida ao longo deste tempo (figura5B).
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Figura 5: Camundondos mGIURS™ apresentam maior atividade locomotora.(A)
Camundongos mGIuR5**(n=3) e mGIuR5™(n=3) foram inseridos no aparato de campo
aberto e a atividade locomotora foi medida como a distancia percorrida (cm) a cada
intervalo de 5 min, por um total de 60min. (B) Distancia total percorrida em 60min. Os
dados representam a média £ SEM. Os ** representa p < 0,005 no teste t de Student.

Com o objetivo de avaliar o equilibrio e a coordenagcdo motora, 0s camundongos

mGIuR5"e mGIuR5""* foram submetidos ao teste de Rota Rod. Camundongos mGIuR5"

" apresentaram laténcia maior para cair do Rota Rod quando comparados aos

+/+

camundongos mGIuR5*"*, indicando que camundongos mGIuR5” apresentam melhor

coordenagao motora (Figura 6).
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Figura 6: Camundondos mGIuR5”" apresentam melhor desempenho motor no teste de
RotaRod. Os camundongos mGIuR5"*(n=8) e mGIuR5"(n=7) foram submetidos ao
aparato de Rota Rod e o desempenho motor foi medido como a laténcia de queda
medida em segundos. Os dados representam a média + SEM. Os ** representa p <
0,005 no teste t de Student.
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Além da hiperlocomoc¢do resultante da delecdo génica do mGIuR5, estudos
indicam que o bloqueio farmacoldgico deste receptor (via i.p.) também promove
aumento da locomogéo (Jew, Wu et al. 2013, Ribeiro, Devries et al. 2014). Entretanto,
ainda ndo estd claro quais substratos neurais estdo envolvidos no controle motor via
mGIuR5. Estd bem estabelecido na literatura que algumas regiGes especificas do
cérebro, tais como cortex motor primario e 0s nucleos da base estdo envolvidos no
controle motor (Reiner, Medina et al. 1998, Herrero, Barcia et al. 2002, DeLong and
Wichmann 2007, Stephenson-Jones, Ericsson et al. 2012). Com o objetivo de
determinar quais regifes cerebrais sdo importantes para o controle motor via mGIuRS5,
foram realizadas microinfusdes do antagonista do mGIuR5, MPEP, em regides cerebrais
primariamente motoras e de ampla expressdo do receptor(Shigemoto, Nomura et al.
1993, Yu, Tueckmantel et al. 2005). Para tal, camundongos C57/BL6 foram
microinfundidos com MPEP25 nmol/0,5uL/lado e submetidos aos testes
comportamentais motores.

Para verificar se 0 mGIuUR5 expresso no cOrtex motor primario (M1) é
importante para modular a atividade locomotora espontanea, foi realizada a
microinfusdo de MPEP na coordenada estereotaxica especifica (figura7D) e, apds 10

min, o camundongo foi alocado no aparato de campo aberto.
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Figura 7: MPEP reduz aatividade motora quando injetado no coOrtex motor
primario.Os graficos A e B mostram a distancia percorrida pelos camundongos
selvagens injetados com veiculo (n = 7) ou MPEP 25nmol/0,5uL/lado (n = 8). Cada
animal foi monitorizado durante 60 min e a distancia total foi medida em intervalos de 5
min (A) ou cumulativamente durante 60 min (B). Os animais foram alocados no aparato
de campo aberto apés 10 min de microinfusdo do veiculo ou MPEP. (C) O grafico
mostra a laténcia de queda de camundongos selvagens submetidos ao aparato de Rota
Rod que foram injetados com veiculo (n= 7) ou MPEP 25 nmol/0,5uL/lado (n = 7). (D)
Representacdo grafica da regido de injecdo da droga, segundo coordenadas de ML1.
Esferas pretas indicam a regido alvo. Os dados representam as médias + SEM. Os**
representa p < 0,005 no teste t de Student na comparagdo da droga com o veiculo.

A microinfusdo de MPEP em M1 promoveu a reducdo da atividade locomotora
comparado a infusdo do veiculo (figura 7A-B), confirmando o efeito estimulatério do
mMGIUR5 na area motora primaria. Para determinar se o0s receptores mGIuR5 expressos
em M1 séo capazes de alterar o equilibrio e a coordena¢do motora dos camundongos,
foram realizadas microinfusbes de MPEP nesta regido e, posteriormente, 0S

camundongos foram submetidos ao Rota Rod. Sustentando a importancia da regido de

M1 na resposta locomotora, os camundongos injetados com a droga apresentaram
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laténcia de queda significativamente reduzida em relagcdo aos animais injetados com o
veiculo (figura 7C).

Entretanto, dados da literatura indicam que camundongos apresentando delecéo
génica especifico no cortex cerebral possuem aumento da atividade locomotora quando
comparado ao controle (Jew, Wu et al. 2013). Nesse sentido, para melhor entender o
papel do mGIUR5 expresso no cortex cerebral, investigamos se outra regido cortical é
capaz de modular a atividade locomotora.

O cortex parietal posterior € uma regido cortical associativa envolvida no
controle de movimentos visualmente guiados, orientacdo espacial e de ampla expresséo
do mGIluR5(Calton and Taube 2009). Considerando que tal &rea poderia alterar o
desempenho motor dos camundongos, foi realizada a microinfusdo de MPEP em
coordenada estereotaxica especifica(area cortical visual secundaria- V2MM) (figura8 D)
e 0s camundongos foram submetidos aos testes de comportamento. Os camundongos
injetados com MPEP né&o apresentaram diferenca significativa em termos de atividade
locomotora no campo aberto (figura8 A-B) ou coordenagdo motora no Rota Rod (figura

8 C), quando comparados aos camundongos injetados com veiculo.
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Figura 8:0 antagonismo do mGIuR5 no cortex parietal ndo altera a atividade
locomotora. Os gréficos A e B mostram a distancia percorrida pelos camundongos
selvagens injetados com veiculo (n = 6) ou MPEP (n = 6). Cada animal foi monitorado
durante 60 min e a distancia total foi medida em intervalos de 5 min (A) ou
cumulativamente em 60 min (B). Os animais foram alocados no aparato de campo
aberto ap6s 10 min de microinfusdo do veiculo ou MPEP (25 nmol/0,5uL/lado). (C) O
grafico mostra a laténcia de queda de camundongos selvagens submetidos ao aparato de
Rota Rod que foram injetados com veiculo (n = 6) ou MPEP 25 nmol/0,5uL/lado (n =
6). (D) Representacdo grafica da regido de injecdo da droga, segundo coordenadas de
V2MM. Esferas pretas indicam a regido alvo. Os dados representam a média + SEM. O
* representa p < 0,05 no teste t de Student na comparacdo da droga com o veiculo.

O corpo estriado, onde 0 mGIuR5 € altamente expresso, é uma regido importante
para o controle motor (Reiner, Medina et al. 1998). Com o objetivo de determinar se o
mMGIUR5 expresso no corpo estriado é importante para o controle motor, foi realizada a
microinfusdo de MPEP em coordenada especifica do corpo estriado de camundongos
(figura 9 D) e os animais foram alocados em um aparato de campo aberto. A distancia

total percorrida pelos animais injetados com MPEP foi significativamente menor

quando comparadoaos animais injetados com veiculo (figura9 B). No entanto, nédo
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houve diferenca significativa no teste de Rota Rod entre os camundongos injetados com

MPEP ou com veiculo (figura 9C).
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Figura 9: A microinfusdo de MPEP no corpo estriado reduz a atividade locomotora
espontanea. Os graficos A e B mostram a distancia percorrida pelos camundongos
selvagens injetados com veiculo (n = 5) ou com MPEP (n = 5). Cada animal foi
monitorado durante 60 min e a distancia total foi medida em intervalos de 5 min (A) ou
cumulativamente em 60 min (B). Os animais foram alocados no aparato de campo
aberto apos 10 min de microinfuséo do veiculo ou MPEP (25nmol/0,5uL/lado). (C) O
grafico mostra a laténcia de queda de camundongos selvagens submetidos ao aparato de
rotarod que foram injetados com veiculo (n = 7) ou MPEP 25nmol/0,5uL/lado (n = 6).
(D) Representacéo gréfica da regido de injecdo da droga, segundo coordenadas do corpo
estriado. Esferas pretas indicam a regido alvo. Os dados representam as médias = SEM.
O * representa p < 0,05 no teste t de Student na comparacdo da droga com o veiculo.

A atividade motora dos camundongos injetados com MPEP no M1 e no corpo
estriado nos sugere, portanto, que o MGIUR5 possui um efeito excitatério sobre
estruturas motoras cerebrais. Sendo assim, investigamos o papel do mGIuR5 expresso

em outras estruturas do cérebro que ndo estdao envolvidas primariamente em movimento,

mas que podem interferir no controle locomotor de camundongos.
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O hipocampo, outra area cerebral com vasta expressdo de mGIuR5, esta
envolvido nos processos de memoriae de emocao (Fanselow and Dong 2010). Embora
se trate de uma regido que ndo esté diretamente envolvida no controle dos movimentos,
foi avaliado o papel do hipocampo na resposta motora aguda. Para isso, foi realizada a
microinfusdo de MPEP a 25 nmol/0,5uL/lado em coordenada estereotaxica especifica
(figura 10 D) e, posteriormente, os animais foram submetidos aos testes de
comportamento. Camundongos injetados com MPEP percorreram uma distancia maior
na arena quando comparados ao controle(figura 10 A-B). Por outro lado, ndo foram
observadas diferencas no desempenho motor no teste Rota Rod realizados pelos

camundongos injetados com MPEP ou veiculo (figura 10 C).
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Figura 10:A injecdo de MPEP no hipocampo aumenta a atividade locomotora
espontanea.Os graficosA e B mostram a distancia percorrida pelos camundongos
selvagens injetados com veiculo (n = 6) ou com MPEP (n = 5). Cada animal foi
monitorado durante 60 min e a distancia total foi medida em intervalos de 5 min (A) ou
cumulativamente em 60 min (B). Os animais foram alocados no aparato de campo
aberto ap6s 10 min de microinfusdo do veiculo ou MPEP (25nmol/0,5uL/lado). (C) O
grafico mostra a laténcia de queda de camundongos selvagens submetidos ao aparato de
Rota Rod que foram injetados com veiculo (n = 7) ou MPEP 25nmol/0,5uL/lado (n =
6). (D) Representacdo grafica da regido de injecdo da droga, segundo coordenadas do
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hipocampo. Esferas pretas indicam a regido alvo. Os dados representam as médias +
SEM. O * representa p < 0,05 no teste t de Student na comparacdo da droga com o
veiculo.

Por fim decidimos por bloquear o mGIuR5 no bulbo olfatoério, que € uma regido
cerebral que expressa altos niveis de mGIuR5 mas que ndo esta envolvida no controle
motor. Trata-se de uma regido primariamente sensorial, relacionada as impressoes
olfativas(Auffarth 2013). Dessa forma, foi injetado MPEP na coordenada especifica
desta regido (figura 11 D) e posteriormente os animais foram submetidos a testes
comportamentais. Como observado na figura 11 (A-B), a atividade locomotora
espontanea dos camundongos injetados com a droga nao foi diferente do controle. Por
outro lado, surpreendentemente, os camundongos injetados com MPEP e submetidos ao
Rota Rod apresentaram um desempenho motor inferior, quando comparados aos

camundongos injetados com veiculo(figura 11C).
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Figura 11:A injecdo de MPEP no bulbo olfatorio diminui o desempenho motor no Rota
Rod. Os graficos A e B mostram a distancia percorrida por camundongos selvagens
injetados com veiculo (n = 7) ou com MPEP (n = 5). Cada animal foi monitorado
durante 60 min e a distancia total foi medida em intervalos de 5 min (A) ou
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cumulativamente por 60 min (B). Os animais foram alocados no aparato de campo
aberto ap6s 10 min de microinfusdo do veiculo ou MPEP (25nmol/0,5uL/lado). (C) O
grafico mostra a laténcia de queda de camundongos selvagens submetidos ao aparato de
rotarod que foram injetados com veiculo (n = 5) ou MPEP 25nmol/0,5uL/lado (n = 4).
(D) Representacéo gréfica da regido de injecdo da droga, segundo coordenadas do bulbo
olfatorio. Esferas pretas indicam a regido alvo. Os dados representam as médias + SEM.
O * representa p < 0,05 no teste t de Student na comparacéo da droga com o veiculo.
Nossos dados confirmam que o mGIuR5 desempenha um papel importante para
o controle do movimento, sugerindo um efeito excitatério sobre o estruturas cerebrais
primariamente motoras. Por outro lado, a atividade do mGIuR5 na modulacdo da

resposta locomotora parece estar relacionada também a outras estruturas nao

exclusivamente motoras, como hipocampo e areas primariamente sensoriais.

4.2 -O modulacdo da atividade locomotora, via mGIuR5, é alterada em

camundongos modelo da DH

Como demonstramos que 0 mGIuUR5 estd intimamente associado a regulagdo
motora, foi questionado se o mGIuRS5 teria alguma influencia nossinais motores
observados na doenca de Huntington. Para tal, utilizamos o modelo experimental
knock-in da DH (Hdh®**Q™1y e sey respectivo controle Hdh??¥?% (Wheeler, Auerbach
et al. 1999).

Para testar se a alteracdo na atividade locomotora causada pela supressao do
mGIuURS5 poderia ser reproduzida farmacologicamente nos camundongos modelo para a
DH, foi avaliado o efeito do MTEP, antagonista mGIuR5, sobre a atividade locomotora
em ambas as linhagens Hdh??%9% eHdh?™ Q™! |njeces i.p. de MTEP, a 5,0mg/kg,
foram realizadas e 10 min apds os camundongos foram alocados no campo aberto.
Tanto a linhagem Hdh®** ™ quanto Hdh??¥? apresentaram aumento da locomogao

quando comparados com animais injetados com solucdo salina (figura 12A). A
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quantificacdo da atividade locomotora total (figura 12B) confirma a hiperlocomocgao nas

linhagens HdhQtYQL g HpQ20/Q20,
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Figura 12: O tratamento intraperitonial com o antagonista do mGIuR5 (MTEP)
aumenta a atividade locomotora tanto em camundon(ogos modelo para DH quanto em
camundongos controle.(A) Camundongos Hdh®%??’ e Hdh®™QM (n=12) foram
inseridos no aparato de campo aberto e a atividade locomotora foi medida como
distdncia percorrida (cm) a cada 5 min. 10 min apds o0s camundongos serem
introduzidos ao aparato de campo aberto, os mesmos foram injetados com salina ou
MTEP (5 mg/kg). O tempo total de medida da atividade locomotora foi de 120 min.(B)
A distancia total percorrida em 120 min foi quantificada. Os dados representam a
média + SEM. Hdh®??? + salina (n=7), Hdh®?Y°® + MTEP (n=8), HdhQL,
salina (n=6) e Hdh®YM 4+ MTEP (n=8).0 * representa p < 0,05 no teste ANOVA de
duas vias seguido do pds teste de Bonferroni para comparacao entre o tratamento com a
droga e com o veiculo.

Para melhor entender o papel do mGIuR5 ao longo do desenvolvimento da DH,

foram realizados cruzamentos entre a linhagem mGIuR5” e o camundongo modelo da

Q111/Q111 Q20/Q20

doenga de Huntington (Hdh ) e seu controle (Hdh ). A seguir, as linhagens
geradas foram submetidas ao campo aberto (figural3 A-B). A atividade motora total da
linhagem Hdh??¥?®/mGIuR5™ evidencia hipercinesia quando comparado & linhagem
Hdh®®®/mGIuR5** (figura 13B). Este dado confirma as alteracdes motoras
provenientes da delecdo génica do receptor mGIuR5 (figura 5), bem como do

antagonismo agudo do MTEP, visto anteriormente (figural2).
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Figura 13: A Htt mutante anula a hiperlocomogdo induzida pelo mGIuR5™.(A)
Camundongos  Hdh®®mGIuR5™*  (n=11), Hdh®"®mGIuR5”  (n=11),
Hdh MY MGIURS ™ (n=12) e HAhMYRMY/mGIURS™ (n=11),com 3 meses de idade,
foram inseridos no aparato de campo aberto e a atividade locomotora foi medida como
distancia percorrida (cm) a cada 5 min. (B) A distancia total percorrida em 120 min foi
quantificada. Os dados representam a média £ SEM. Os*** representam p < 0,0001 no
teste ANOVA de uma via seguido do pos-teste de Bonferroni para comparagdo entre as
linhagens dos camundongos.

Todavia, os camundongos Hdh®* Y /mGluR5" ndo apresentaram aumento da
atividade locomotora como observado com o antagonismo agudo utilizando
MTEP(figura 13 B). Esses resultados sustentam a hipotese de que o mGIUR5S esta
intrinsecamente envolvido nas alteracbes motoras promovidas pela proteina mutante
Htt. Além disso, esses dados indicam que a delecdo génica do receptor e a presenca da
Htt mutante conferem adaptaces de longo prazo as quais ndo sdo observadas com o
antagonismo agudo do mGIuR5.

N&do se sabe o mecanismo biolégico subjacente a modulacdo da atividade
locomotora promovida pelo bloqueio do mGIuR5. Desta forma, decidimos analisar se a
atividade da Htt mutante no camundongo mGIuR5”" poderia alterar a expressdo de genes
que estdo supostamente envolvidos nas alteragdes motoras encontradas na DH. Neste
sentido, foi realizado o ensaio de microarranjo com o objetivo de avaliar, em larga
escala, as diferencas de expressdo génica entre as linhagens Hdh®?¥?*/mGIuR5™"",

Hdh??%?/mGIurR5™, Hdh?* ™ /mGIuR5*™* e HAh* M /mGIuR5 ™,
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Os niveis de expressdo de mGIuR5 (tabela 4) mostraram-se reduzidos nas
linhagens mGIUR5S™ comparadas ao seu controle mGIURS™, ou seja
Hdh®MYmGIuRS”  vs.  HAh?MM/mGIURS™ e HAh?*Y®/mGIuRS™  vs.
Hdh®*"?®/mGIuR5*"*. Estes dados pressupdem que o ensaio de microarranjo foi

realizado adequadamente, sendo capaz de detectar variagdes na expressdo génica.

Tabela 4: Grupo de genes com regulacdo alterada em Hdh®//mGIuR5 vs.
Hdh®® %/ mGIuR5” que ndo estdo alterados em HdhYMYmGIURS ™ vs.
Hdh®**®/mGIlurR5*"*.Dynein heavy chain axonemal 6 - Dnahc6é (NM_ 001164669);
dynactin 3 - Dctn3 (NM_016890); dynein light Tctex chain-type 1B - Dynltlb
(NM_009342); glutamate receptor, metabotropic 5 - Grm5 (NM_001081414.2). Os
efeitos de genotipos foram considerados significativos com base nos seguintes critérios:
ANOVA P value< 0,05 e aumento ou diminuicdo de 1,5 vezes (Fold-Change).
Considerando-se que Hdh®*¥M & um modelo knock-in, foi utilizada a expressdo
mGIuR5 como um controle interno para o ensaio de microarranjo (Ribeiro, Devries et
al. 2014).

Linhagem Maior expressao Menor expresséao
g (upregulated) (downregulated)
HdhM*YRMY/mGIuR5 *vs.
HdhQ2/mGIuR5 '+ Dnahcé
HdhQM1 MY/ mGIuR5 vs. Dnahc6 Dctn3
Hdh?2?%%/ mGIuR5™" Dynltlb
HdhQM* M/ mGIuR5 ™ vs.
HAhQMRI G lURE Dnahc6 Grmb5
Hdh?%°% mGIuR5™vs. Dnahc6
Hdh®*®/mGIuR5*"* Grm5

A analise dos transcritos indicou que a expressdo de diversos grupos de genes
que codificam proteinas envolvidas em motilidade e transporte celular, trafico vesicular,
desenvolvimento cerebral e agregacdo de proteinas foram alteradas nos camundongos
Hdh* MY mGIuR5™ vs. Hdh®?*®/mGIurR5™. N&do foi observada alteracdo na
expressdo destes genes quando comparados os camundongos Hdh®**M/mGIuRs™*

vs. HAdh®?Y0/mGIuR5**.
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A fim de validar os resultados do microarranjo, foi realizado PCR quantitativo
(gPCR) para determinar a expressdo dosgenes de interesse (tabela 4), incluindo aqueles
de maior expressdo em Hdh®**Y™/mGIuR5™: Dinefna de cadeia pesada tipo 6 -
Dnahc6 (figura 14 A-B) e dineina cadeia leve Tctex tipo 1B - Dynltlb(figura 15 A-B);
bem como os de menor expressdo: Dinactina tipo 3 - Dctn3 (16 A-B). Nossos resultados
mostraram que os genes Dnahc6 (figura 14C) e Dynltl (figura 15C) apresentam maior
expressio na linhagem Hdh?**Y™/mGIuRS™ quando comparados & linhagem
Hdh®*"?®/mGIurR5™, confirmando o resultado observado no ensaio de microarranjo

(tabela 4).
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Figura 14: Ha maior expressdo Dnahcé em camundongos Hdh®*/°M Y /mGIuR5” em
comparacio ao Hdh®®®/mGIlurR5™.0s graficos mostram a curva de amplificacio para
a actina (em vermelho) e para a Dineina de cadeia pesada tipo 6 (Dnahc6) (em verde)
(A),a curva de dissociacdo da amplificacdo de Dnahc6(B) e os niveis de mRNA de
Dnahc6 (NM_001164669.1) determinados por gPCR (C). As amostras de RNA foram
extraidas do corpo estriado de camundongos das linhagens Hdh®**Y™/mGIuR5™ e
Hdh?®"?®/mGIuR5™. A reacdo de qPCR foi realizada em triplicata e normalizada pelos
niveis de RNA de actina. Dados representam a média £ SEM.O * representa p < 0,05 no
teste t de Student quando comparado & linhagem Hdh®*'?®/mGIuR5™",
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Figura 15: H& maior expressdo Dynltlb em Hdh®™ M /mGIuR5” em comparagéo ao
Hdh?*?%/mGIuR5™.0s graficos mostram a curva de amplificacdo para a actina (em
azul) e para a dineina cadeia leve Tctex tipo 1B - Dynltlb (em roxo) (A), a curva de
dissociacdo da amplificacdo de Dynltlb(B) e os niveis de mRNA de Dynltlb
(NM_009342) determinados por gPCR (C). Amostras de RNA foram extraidas do
corpo  estriado  de camundongos das linhagens Hdh®'YM/mGIuRs e
Hdh®®*0/mGIuR5™. A reacdo de qPCR foi realizada em triplicata e normalizada pelos
niveis de RNA de actina. Dados representam a média + SEM. O * representa p < 0,05
no teste t de Student quando comparado & linhagem Hdh???®/mGIuR5™ .

Entretanto, a expressdo do gene Dctn3 foi reduzida na linhagem
Hdh* MY mGluR5” comparado & HAh®?Y%?/mGIuR5™ (figura 16 C), 0 que esta de

acordo com o observado no ensaio de microarranjo (tabela 4).
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Figura 16: H& menor expressdo Dctn3 em Hdh®*M/mGluR5™ em comparacéo ao
Hdh??%??/mGIuR5™.0s graficos mostram a curva de amplificacdo para a actina (em
azul) e para a Dinactina tipo 3 - Dctn3 (NM_016890) (em verde e roxo) (A), a curva de
dissociacdo da amplificacdo de Dctn3(B) e os niveis de mMRNA de Dctn3 (NM_016890)
determinados por gPCR (C). Amostras de RNA foram extraidas do corpo estriado de
camundongos das linhagens Hdh®**Y**Y/mGIuR5™ e HAh®Y??)/mGIuR5™. A reacdo de
gPCR foi realizada em triplicata e normalizada pelos niveis de RNA de actina. Dados
representam a média £ SEM. O * representa p < 0,05 no teste t de Student quando
comparado & linhagem Hdh??¥?%®/mGIuR5™ .

Como controle negativo do ensaio de microarranjo, foi avaliada a expressao dos
genes dineina cadeia leve LC8 tipo 1 - (Dynll1) (figura 16 A-B) e dinactina 6 (Dctn6)
(figura 17 A-B), os quais estdo relacionados ao complexo Dineina-Dinactina mas néo se
mostraram alterados no ensaio de microarranjo. Os resultados do qPCR néo indicaram
alteracdo na expressdo relativa destes genes na linhagem Hdh®* M /mGluR5™

comparado & Hdh®?¥?®/mGIuR5™ (figuras 16 C e 17 C), confirmando o resultado obtido

previamente no ensaio de microarranjo.
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Figura 17: A expressdo de Dynlll ndo apresentou diferenca entre as linhagens
Hdh®?®/mGIuUR5™ e HAh®RMYmGIuRS™. Os gréaficos mostram a curva de
amplificacdo para a actina (em laranja) e para a dineina cadeia leve LC8-tipo 1 - Dynll1
(NM_019682) (em verde) (A), a curva de dissocia¢do da amplificacdo de Dynll1(B) e os
niveis de mMRNA de Dynll1(NM_019682) determinados por gPCR (C). Amostras de
RNA foram extraidas do corg)o estriado de camundongos das linhagens
Hdh MY MGIuR5™ e HAh®®/mGIuR5™. A reacdo de gPCR foi realizada em
triplicata e normalizada pelos niveis de RNA de actina. Dados representam a média +
SEM. O * representa p < 0,05 no teste t de Student quando comparado a linhagem
Hdh?*"®/mGIuR5™ .
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Figura 18: A expressdo de Dctn6 ndo apresentou diferenca entre as linhagens
Hdh®®/mGIuR5™ e HAh®™WRMYmGIuRS™. Os graficos mostram a curva de
amplificacdo para a actina (em laranja) e para a dinactina 6 — Dctn6 (NM_011722), (em
azul) (A), a curva de dissociacdo da amplificacdo de Dctn6 (B) e os niveis de mMRNA de
Dctn6 (NM_011722) determinados por gPCR (C). Amostras de RNA foram extraidas
do corpo estriado de camundongos das linhagens Hdh*YMYmGIuRs” e
Hdh????/mGIuR5™. A reago de qPCR foi realizada em triplicata e normalizada pelos
niveis de RNA de actina. Dados representam a média £ SEM. O * representa p < 0,05
no teste t de Student quando comparado & linhagem Hdh??¥?®/mGIuR5™ .
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5. DISCUSSAO

Neste trabalho demonstramos que o bloqueio do mGIuR5 em diferentes regides
encefélicas é capaz de alterar tanto a locomogdo espontdnea quanto a coordenagao
motora de camundongos C57/BL6. Certificamos que ndo somente substratos neurais
primariamente motores como também estruturas limbicas e sensoriais séo sensiveis ao
blogueio do mGIuR5. Além disso, a supressdo global do mGIuR5, tanto através do
antagonismo agudo quanto pela delecdo génica, promovem hiperlocomocéo,
confirmando a importéncia da ativacdo do mGIuR5 na modulagdo da locomocgdo. No
entanto, o bloqueio agudo do mGIuR5 gerou hiperlocomogdo no camundongo modelo
da DH (Hdh®RM) a0 passo que o camundongo Hdh®Y°M/mGIuR5” nio
apresentou aumento da atividade locomotora. Diante disso, para investigarmos as
possiveis adaptacdes bioldgicas de longo prazo foi realizado o ensaio de microarranjo.
Assim, os resultados gerados pelo microarranjo confirmaram que um nimero de genes
importantes para aadaptagdo locomotora estavam alterados na linhagem
Hdh*RMYmGIuR5™ em comparacéo & linhagem Hdh®?¥?*/mGIuR5™. E importante
ressaltar que os resultados de gPCR confirmaram as alteracfes na expressao dos genes
Dnahc6, Dynltl e Dctn3 observadas no microarranjo.

Sabe-se que 0 mMGIUuR5 é amplamente expresso no cérebro de roedores e possui
importante papel na excitabilidade neuronal, visto que aumenta niveis de Ca”'
intracelulares(Shigemoto, Nomura et al. 1993, Testa, Standaert et al. 1994). Nossos
resultados mostram que a deplecdo deste receptor aumenta a atividade locomotora
espontanea observada no campo aberto. Corroborando nossos resultados, Jewet al.
(2013) observaram hiperlocomogdo em camundongos C57/BL6, cujo knockout para
mMGIuURS é especifico para a regido do cortex cerebral. Por outro lado, ndo foi observado

comprometimento da coordenagdo motora nesta linhagem (Jew, Wu et al. 2013). Além
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disso, em um estudo realizado por Busse et al. (2004), foi mostrado que inje¢des i.p. do
antagonista seletivo do mGIuR5 néo alteram a coordenacdo motora em roedores (Busse,
Brodkin et al. 2004). Em nosso estudo, além da hiperlocomocdo dos camundongos
mGIuR5™, observamos também que estes animais apresentam uma melhor performance
no teste Rota Rod. A partir disto, testamos a hipdtese de que a modulacdo de respostas
motoras exercida pelo blogqueio de mGIuR5 depende do substrato neural envolvido.

Interessantemente, nossos dados mostram que o bloqueio do mGIuR5 em uma
area primariamente sensorial, como o bulbo olfatério, parece influenciar aspectos
importantes da motricidade como equilibrio e coordenacdo motora. Em estudo recente
foi observado que a bulbectomia olfatéria em periodo neonatal é capaz de alterar
comportamento exploratério, atividade locomotora e interagdo social (Flores, Ibanez-
Sandoval et al. 2014). Estas alteragbes comportamentais, por sua vez, parecem estar
relacionadas ao comprometimento de receptores glutamatérgicos(Flores, Ibanez-
Sandoval et al. 2014). Em nosso estudo, observamos que o bloqueio especifico do
mGIuUR5 no bulbo olfatério gera um pior desempenho locomotor dos camundongos
alocados no Rota Rod. Estes dados, portanto, corroboram dados anteriores e indicam
que uma estrutura primariamente sensorial como o bulbo olfatério também pode ser
capaz de modular o desempenho motor através do sistema glutamatérgico.

Nossos dados indicam ainda que o hipocampo, estrutura conhecida pelo seu
papel na memdria e aprendizado espacial (Bast and Feldon 2003, Fanselow and Dong
2010), parece modular a atividade locomotora espontanea. Em estudo prévio foi
relatado que um surto isquémico agudo capaz de reduzir em 80% as celulas do
hipocampo dorsal (regido de CAL), gera hiperlocomocdo em roedores (Kuroiwa,
Bonnekoh et al. 1991). Aliado a esse fato, foi observado por Coutureau et al. (2000) que

os efeitos de lesbes no hipocampo parecem exercer algum tipo de inibicdo na regulagéo
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do comportamento motor, mas a natureza do mecanismo inibitorio ainda néo esta clara
(Coutureau, Galani et al. 2000). Em nosso estudo, por sua vez, identificamos
hiperlocomocéo apds microinjecdes de MPEP no hipocampo dorsal, o que pode indicar
a influencia do sistema glutamatérgico neste processo de modulacdo da locomocao.
Outro estudo realizado em roedores mostrou que microinfusdes do antagonista do
receptor de NMDA, MK-801, no hipocampo dorsal também gera aumento da atividade
locomotora no campo aberto (Zhang, Bast et al. 2000). Embora o hipocampo esteja
intimamente relacionado aos processos de memdria (Eichenbaum, Schoenbaum et al.
1996, Eichenbaum 2000),suas conexdes com areas associativas, bem como com areas
sensoriais  polimodais, = fundamentam  seu  recrutamento em  fungdes
sensoriomotoras(Bast and Feldon 2003). A hiperlocomocgéo gerada pelo antagonismo do
mGIuR5 no hipocampo, bem como a queda do desempenho motor também gerados pela
acdo do MPEP no bulbo olfatério deixam clara a influéncia destas estruturas na
regulacdo do comportamento motor. Tendo em vista estes resultados e analises prévias,
ainda ndo se sabe ao certo como o antagonismo ou a delecdo génica do mGIuR5 levam a
um aumento da atividade locomotora. Acreditamos que possa existir uma possivel
interacdo entre as regides neurais que levaria ao aumento da atividade locomotora
observada no camundongo mGIuR5”". Entretanto, mais estudos sdo necessarios no
sentido de investigar como os diferentes circuitos — motor, sensorial e limbico —
interagem no sentido de modular a resposta motora global. Além destes aspectos, ndo
esta claro quais circuitos neuronais estdo envolvidos nesta regulacgéo.

Foi recentemente demonstrado por nosso grupo que a hiperlocomogdo dos
camundongos mGIuR5™ é abolida por antagonistas dos receptores da dopamina D1 e
D2 (Ribeiro, Devries et al. 2014), sugerindo que vias dopaminérgicas provenientes da

substancia nigra possam estar hiperativadas nos camundongos mGIuR5”". Além disso,
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circuitos glutamatérgicos e dopaminérgicos podem interagir em certas regifes do
cérebro, incluindo o nucleus accumbens, corpo estriado e cortex pré-frontal, e esta
interacdo é importante para o controle do movimento e cognicdo (Carlsson and Carlsson
1990, Sesack and Pickel 1990, Carr and Sesack 1996, Scott and Aperia 2009).
Entretanto, experimentos futuros sdo necessarios para esclarecer quais 0s mecanismos
regulam a alteracdo da resposta motora gerada pela delecdo génica do mGIuR5 e o
envolvimento do sistema dopaminérgico neste processo.

O mGIuR5 é altamente expresso no corpo estriado, que é a principal regido
afetada na DH (Testa, Standaert et al. 1994, Ross and Tabrizi 2011). Nosso grupo
estabeleceu uma ligagédo entre 0 mGIuR5 e a DH, mostrando que o grupo | dos mGIuRs
é capaz de interagir com a proteina Htt(Anborgh, Godin et al. 2005). Além disso, a
proteina Htt mutante pode alterar a sinalizagdo do mGIuR5, diminuindo a formagéo de
IP; e aumentando a ativacdo de ERK1/2 e AKT (Ribeiro, Paquet et al. 2010). Ademais,
demonstramos que o blogueio do mGIuR5 no corpo estriado altera a atividade
locomotora de camundongos C57/BL6, sugerindo que a ativacdo deste receptor pode
contribuir na modulagdo do movimento. Entretanto, a diminuigdo da atividade
locomotora promovida pelo bloqueio do mGIuR5 no corpo estriado foi adversa ao que
era esperado por nosso grupo. Curiosamente, as microinjecdes de MPEP no corpo
estriado atingiram a porcdo ventral desta estrutura, como observado em andlise
histoldgica (dados ndo mostrados). O corpo estriado pode ser funcionalmente dividido
em duas sub-regiBes: corpo estriado dorsal, baseado nas projecfes glutamatérgicas de
origem cortical, e corpo estriado ventral, baseado nas projecdes dopaminérgicas de
origem mesencefalica(Robbins and Everitt 1996, Kakei, Hoffman et al. 1999,
Groenewegen 2003). O estriado dorsal estd mais envolvido em comportamentos

motores, enquanto que o estriado ventral é crucial para processos motivacionais
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(Robbins and Everitt 1996, Groenewegen 2003). O estriado dorsal é frequentemente
dividido em uma porcao externa (dorsolateral), correspondente ao putdmen de primatas,
que recebe projecBes do coOrtex sensoriomotor; e uma parte interna (dorsomedial)
homdloga ao nlcleo caudado em primatas, que recebe projecdes do cortex pré-frontal e
de associagcdo (Graybiel 1991, Voorn, Vanderschuren et al. 2004). Desta forma, a
realizacdo de microinfusdes no estriado dorsal-lateral enriqueceria o entendimento do
papel do mGIuR5 na modulagdo do comportamento motor, visto que a porcao
dorsolateral estd intimamente envolvida em processos sensorio motores. Além disso,
esses dados seriam importantes para melhor entender o papel do mGIuR5 na coreia
associada a DH.

AlteracOes do sistema locomotor séo tipicamente observadas em pacientes com
DH e, em nosso estudo, procuramos encontrar a participacdo do mGIuR5 nos sinais
locomotores da DH. InjecGes agudas i.p. de MTEP geraram hiperlocomogdo nos
camundongos Hdh®?9% e HdhQMRM! " entretanto no caso da linhagem
Hdh* M mGluR5™ ndo observamos variacdo na atividade locomotora em resposta
as injecBes agudas de MTEP. O conflito encontrado nestes resultados nos leva a crer
que a auséncia do mGIuR5, ao longo do desenvolvimento do camundongo modelo da
DH, pode ter ativado mecanismos de compensacdo que anularam a hiperlocomocéao
induzida pelo mGIuR5.Estudos indicam que tanto a presenca da proteina Htt mutante
quanto a ativacdo do mGIuR5 podem desencadear alteragdes na expressao génica (Cha
2000, Huber, Kayser et al. 2000, Vanderklish and Edelman 2002, Sugars and
Rubinsztein 2003). Portanto, investigamos se uma alteracdo na expressao génica global
poderia explicar a falta de hiperlocomoc¢do mostrada pelos camundongos da linhagem
Hdh* MY mGIuR5™. Os resultados encontrados indicaram que existe uma interagéo

no nivel transcricional entre a atividade do mGIuR5 e a Htt mutante.
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A alteracéo da expressdo de genes envolvidos no trafico axonal tais como ocorre
com as proteinas do complexo dineina-dinactina, contribui no processo patolégico de
um ndmero variado de doencas neurodegenerativas (Chevalier-Larsen and Holzbaur
2006). Dineinas sdo estruturas carreadoras de vesiculas ao longo do axénio de células
neurais. E descrito que a disfuncdo do complexo dineina compromete o clearance
autofagico de agregados proteicos, como 0s agregados Htt, levando a toxicidade
proveniente da mutacdo e agravando o fenétipo em modelos da DH (Ravikumar,
Acevedo-Arozena et al. 2005). O modelo de camundongo da DH que expressa 0 gene
Dnhclmutado exibe altos niveis de tremor, reducéo da for¢ca muscular, pior desempenho
no teste Rota Rod, disfuncdo de marcha e diminuicdo do periodo de vida, quando
comparado ao modelo da DH expressando o gene Dnhcl selvagem (Ravikumar,
Acevedo-Arozena et al. 2005). Além disso, mutantes de Caenorhabditis elegans
expressando proteinas alteradas do complexo dineina-dinactina, incluindo dineina
cadeia pesada, dineina cadeia leve e dinactina, exibiram disfuncdo em processos
sinapticos, bem como diminuicdo progressiva da locomoc¢éo e diminuicdo do tempo de
vida (Koushika, Schaefer et al. 2004). Outro estudo demonstrou que um modelo de
camundongo apresentando mutacdo do gene dineina cadeia leve — 1 (Dyncllil) possui
desenvolvimento neural anormal, aumento da ansiedade e menores niveis de atividade
locomotora espontdnea quando comparado ao controle (Banks, Haas et al. 2011).
Concluimos que as alteracBes genéticas mediadas pela auséncia do mGIuR5 em
camundongos portadores da Htt mutante podem contribuir para a adaptagdo fenotipica

observada, ou seja, diminuicdo da atividade locomotora.
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6. CONSIDERACOES FINAIS

Nossos resultados indicam que o blogueio do mGIuR5, gene amplamente
expresso no sistema nervoso central, é capaz de modular a atividade locomotora através
de diversos substratos neurais. Observamos ainda que o0 mGIuR5 expresso em regides
ndo primariamente motoras parecem influenciar a modulacdo da locomocéo. Por outro
lado, os circuitos envolvidos nesta regulacdo merecem ser melhor estudados.

Ademais, foi observado que a proteina huntigtina mutante e 0 mGIuR5 exibem
uma interacdo funcional que pode estar envolvida com os sintomas motores
relacionados a DH. Ambos Htt mutante e mGIuR5 podem desencadear alteracGes na
expressao de diversos genes, 0 que poderia explicar as mudangas no comportamento
motor observado na linhagem Hdh®'Y°MY/mGIuR5™. Futuros experimentos serdo
necessarios para elucidar os mecanismos subjacentes as alteracdes observadas nos

camundongos Hdh®/*MY/mGIuR5 ™.
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Metabotropic glutamate receptor 5 knockout
promotes motor and biochemical alterations
in a mouse model of Huntington’s disease
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Huntington's diseass (HD) is an autosomal-dominant neurcdegenerative disorder caused by a polyglutamine
expansion in the amino-terminal region of the huntingtin protein, which promotes progressive neurcnal cell
loss, neurological symptoms and death. In the present s we show that blocka de of mGIURS with MTEP pro-
motes increased locomotor activity in both control (Hdh and mutant HD (Hdh® "% mice. Although
acute injection of MTEP increases locomotor activity in both control and mutant HD mice, locomotor activity
isincreased in only control mice, not mutant HD mice, following the genetic deletion of mGIURS. Interestingly,
treatment of mGIURS knockout mice with either D1 or D2 dopamine antagonists elimin ates the increased loco-
motor activity of mGIURS knockout mice. Amphetamine treatment increases locomotor activity in control
milca, but not mGIURS null mutant HD mice. However, the loss of mGIURS ex pression Improves rotarod perform-
ance and decrea ses the number of huntingtinintranuclearingluslons in mutant HD mice. Theseadaptations may
be due to mutant huntingtin-dependent alterations in gene expression, as microamray studies have identified
several genes that are altered in mutant, but not wild-ty pe HD mice lacking mGIuRS expression. gPCR experi-
ments confirm that the mRANA transchpt levels of dynein heavy chain, dynactin 3 and dynein light chain-g ane
alterad following the genetic deletion of mGIURS in mutant HD mice, as comp ared with wild-type mutant HD
mice. Thus, cur data suggest that mutant huntingtin protein and mGIURS exhibit a functional interaction
that may be important for HD-mediated atterations in locomotor behavior and the development of intranuclear
inclusions.

INTRODUCTION in the caudsie-putamen (gristum in rodents) and neocortical

Huntington's disease (HD) is an swtosomal-dominant neunode-
generative disorder caused by a progressive newronal cell loss
in the candate- putamen, whichleads to involuntary body move-
ment, los of cognitive function, peychiatric disurbance and
death (1,2). HD patients typically exhibit hyperkinesia auch as
chorea, whichischarscierized by imvoluntary, shropt and irregu-
lar movemenits (1 —3). The mutated form of the huntingtin (Hit)
protein, exhibiting =37 polyglutamines in the amino-teminal
region, is proposed as the cause of theneuronal cell loss observed

regions of HD patients {4). The sriawm is composed mainly
(B5%) of medium-sized spiny neurons (MSMNs), which are
GABAergic neurons, bt slsoof interneurons, including cholin-
ergic newrons (3). Although MSNs are the first newrons i be
affected during HD progression, cholinergic neurons are
spared (6,71

St atal e uroms re cedve inguit from di ffenent are as of the basal
ganglia and also gltsmatergic inpul from thalamus and corbex
(8,9 Moreower, dopaminergic neurons from the substantia
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nigra pars compacta | SMc) necelve both GAB Aergic input from
MENs and glutsratergic input from the cortext (10,11), Thos,
glutamate plays a major role in basal ganglis —thalans — cor-
tical circuis, A number of repons have demonstrated that e
metabotropic glutamate receptor § (miGluRS) iz involwed in
locomaodnr activity (12,13). mGluRS is coupled to the activation
of Guoigyyy proteing, which stimulaie the activation of phos-
pholipase CB1 remlting in discylglyoenl and inosital-1.4,5-
riphosphate formation, relesse of Ca® from intracellular
gores and the activation of proein kinsse C. mGluRS also
activates cell signaling pathways important for cell survivall
proliferstion {14-16). Moneover, it has been demonstraied that
miiluRS binds to Hit and that mGluRS G protein signaling is
slectively reduced, wheress Ald and extracellulsr signal-
regulated kinsse 1/2 {ERKI&EJ signaling are ncreased, in a
mouse mode] of HD, Hah® ! knock-in mioe, &5 companed
with conirol knock-in mice (17). Trestment of a
HI» transgenic mouse model with MPEF, which is a mGluRS
antagonist, dighdy incresses survival of the mutant mice {18).
In addition, mGluR S-positive allosieric modulators prevent
neuronal cell death of striatal neurons from a BACHD mouse
misdel of HD and incresse Akt signalling in the absence of
incresses in intracellular Ca™™ concentrations (19). How-
ever, despite of all this evidence, it is still not clesr whether
miiluRS plays a mle nHD.Tu:hedme]:s}tmﬂu:m
we have crossed mifluRS " mice with Hdp® Y g4ng

mice and performed a series of molecular and in
vive shudies,

In the present study, we demonstrate that bothcontrol and HD
mtant mice treated with MTEFP, a5 well a5 conirol mice lcking
miilubRs expr ion, exhibit incr d locomodor activity.

“'.'r‘ in mice expresing muant huntingtin protein
(Hal P e netie deletion of miGluRS does not result in
a hyperlocomaotor phenotype. Interestingly, D1 and D2 dopa-
mine antagonists are capable of e liminating the increase inloco-
motor activity promoted by the genetic deletion of miGluRS,
Moreover, mGluRS knockout also improves rotamod perform-
ance and decreases himtingtin  intranuclesr inclusions in
mutant HD mice. In addition, microamay sudies indicaie that
mutsted huntingtin protein can alter the expression of a
mumbser of genes that are involved in the modulation of loco-
motor activity in mice lacking mGluRS. Thus, our data clearly
auppornt the notion that mGluRS plays an important role in HD
pathology and modor sympioms.,

g
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RESULTS

Totest whether mGluR 5 hada m]e:n]mma:um wasub-
mitted mGURS knockout (GRS ) mice to an open-field
arena. mGRRS T mice were more sctive in the arena than
mGluk ™ mice as evidenced by the tota] distance ravelad
(Fig. 1A and B), confiming that mGluRS was important for
maovement contral. Moreower, the locomotor activity lines for
wild-type and mGRS knockout mice have the same sope
(Fig 1A}, which indicates that both mouse lines habituate at
ithe same rate,

Abnormal movements including hyperkinesia and chomea ane
the most typical sympioms observed in HD patients, and we pre-
vipgly demongrated that mGuRS signaling was alersd in
mutant HD (Hah® 9 mice (1-3200. Therefore, 1o
furter study the mle of mGuRS in we investigated the
locomaotor activity of control | =) and mutnt HD
mice that were crossed with mGluRS knockout mice, At 3
months of age, mGRS null control mice | Hah @0y
mGluRS ) traveled much further in the open-field srena
than wild-type control mice, wild-type mutant HD mice or
mGuRS null mutant HD mice (Hah® 'Y gniuks )
{Fig. 24). To delermine whe ther the hyper comotor phenotype
was influenced by age, we alsy submitted the same groups of
mice at the agesof 6,9, 12, 15, 18, 21 and 24 months to the open-
field arena (Fig. 3B). Statistical analysis [two-way analysis of
variance (ANOWVA)] indicated that there is an interaction
betwesnage and genotype [ £(21.3) = 202, P = 0.605]. More-
over, both genotype [ £(3.3) = 114.1, P < 00601] and age
[£(7.3)=265 P=00115] affect locomotor activity, al-
though age didnot seem i play a major role. Locomotor activity
of miluRS null contral mice remained higher than that of
mGluR S null mutant HD mice, and Bonfermond postiests indi-
cated that this difference was significant at the ages of 3, 6, 15
and 24 months (Fig. 2B). Moreover, the bcomotor activity of
the mGlukS null muan HD mice was significantly different
from that of wild-type control mice at the ages of 9, 12 and 15
maonths (Fig. 2B). Interestingly, although the distance iravelad
by miluRS null control mice was higher than that of mGluRS
null mutant HD mice, ime spent in te cenier of the anena was
not different betwean the two lines of mice (Fig. 2C and D)),
indicating that mutant huntingtin affecs locomotor activity
speci fically, bt did not appear toa ffec tanxiety behavior, More-
over, the four tested mouse lines did not display differences in
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Figure 1. MM.'I-_"' iz it § moven sed locoamodnr activity. CGraph shores s 1 disance raveled by wildaype i@l 5 ) jo = 11) od mial 5 oo
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weight g in (data not shown) or in huntingtin mPNA and protein
expression levels (Supplementary Material, Fig. S1). In add-
ition, the e sted mouse lnes did not e xhibit any kind ofstereotyp-
ical behavior when allocated either in their home cage or in the
open-field srena (Supplementary Material, Fig. 82). Together,
these dats suggest that the expression of mutated huntingtin
protedn in mGluR S null mutant mice might be activating com-
pensainry mechanisms that prevented the increase inlocomolor

To test whether the observed increase in bcomolor activity
cased by mGluRS knockout could be recapitulsied phar-
macologically in control and mutant HD mice, we assessed the
effect of mGluRS antagonist MTEF on the locomotor activity
of both mouse lines, To do this, we injecied mice with MTEP
{Lp. § mag'kg) 10 min after introducing the mice to the open-field
arena. Both control and mutant HD mice injected with MTEP
traveled much further in the arena than saline-injected mice,
and nooy i e rence s in the locomotor activity of both mouse lines
was dbserved following acute phamacological Hockade of
miiluRS (Fig. 34 and B). However, it was not clear whether
milubS blockage caused hyperactivity oralack of habituation. In
order v investigaie this, we introduced control and mutant HD
mice iy the open-field srena, waited 60 min for habitwmtion to
the new environment and then injected the mice with MTEP
{Lp. 5 me/ln). Bothmouse lines showed an incresse inlocomotor
activity, messured by distance raveled, following MTEP injec-
tion, indicating that mluRS blockage promodes hyperactivity
a5 opposad to prevention of habiustion (Fig. 3C and D)

The mechanism under bying the increase inlocomotor activity
promoted by mGluRS blclage & mknown, Therefore, we
investigied whether this increase in locomotor activity was
dopamine dependent. Thus, mGluRS null control and mutant
HD» mice were injecied witheither saline or the D2 dopam ine re-
ceptor antsgonist haloperidol (ip. 05 mgke) Haloperidol
causad the leve s oflocomaoior activity, ssmeasured by total dis-
mnce, in the mGluRS null control mice to go down i levels
abserved for mGluRS null mutant HD mice (Fig. 4A and B).
Similar results were observed when mGluRS mill control mice
were injecied with the D1 dopamine recepior antagondst
SCH233%0 (ip. 05 mo/kg), as the levels of distance traveled
by miGluRS mull control mice treated with SCH2 3390 were not
different than those of mGluRS mll mutant HD mice (Fig. 4C
amd I¥). Interestingly, the distance travelad by mutant HD fol-
lowing eitherha loperidol or SCH23 390 trea tment was not & fer-
ent than that of saline-treated mutant HD mice thal express
miiluRS (Fig. 4A-D). In addition, amphetamine {ip. 2 mg/
kz) treatment promoted a further incresse in locomotor acti-
vity fior mGluRS null contra mice, but had noe ffecton the loco-
maotor activity of mGluR S null mutant HD mice (Fig 4EandF).
These dats sugpested that the incresse n locomotor activity
ahserved following genetic deletion of mGluRS in control
mice was dopamine dependent The lack of effect of amphet-
amine trestment on mGluR S null mutant HD mice suggesbed
that peolyglutam ine -expanded mutant hontingtin protein might
activate a developmentally compensatory mechanism that
appearsio block te hyperactivity induced by bothmGluRS de-
letion and dopamine stimulation.

Previously, rotarod performance of mutant HD {(Q111) mice
was shown to not to be impaired when compared with that of
contral mice (21). Moreover, it was shown that MTEFP had no

effect on rotarod performance (22). To delermine whether
miuR S knockout could alter control and mutant HD mouse
movior coordination, mice were trained and submitted to testing
sectionson the rotarod. Rotarod leaming curve s werne not di fler-
ent among tedtad genotypes (Fig. SA and B, Ina greement topre-
vipugly published data, the latency of control and mutant HD
mice that express mliluR 510 fall from rotamd was notdi fferent
from one snother (Fig 5C). The knockout of miluR S did not
change the performance of control mice on the rotarod
{Fig 5C). However, genetic deletion of mGluRtS significanty
improved the perfomance of mutant HD mice on the rotnod,
when compared with all other genotypes (Fig. 5C). Statistical
amalysis (two-way ANOVA) indicaies that both genotype
[£(3.3)=2T76, P <00W1] and age [ £(7T.3) =201, P <
0e001] affecied mmnd performance. Moreover, Bonferrond
postiests indicate that twe rotamd performance of mGluR S null
mutant HD mice was better than that of wild-type control mice
at the ages of 3, 6 and 21 months (Fig. 5C). These data further
suppert the notion that mGIluR S is intringically implicated in
the motor alterations promoted by mutated Hit protein,

T further characterize the consaquences of polyghtamine-
expanded huntingtin expression in an mGuRS null genetic
backgroumnd, we performead immunohisiochemistry e xperiments
using EM48 anthody © determine the patern of mutsted
huntingtin ageregation in the arsum of 12-month-old mice.
Control mice that elther express or do not express miiluRS
did not display any huntingtin agoregates (Fig. 6A and H).
However, mutant HD mice that express mGluRS exhibited
high levels of dif fuse EM48 labeling in the striatum, a5 well as
darly stained puncis (Fig. 6C and E), which has been char-
acterized & ubiquitin-positive intranuclear nclusions {273).
Interestingly, although diffuse EM48 Labe ling could be obse rved
in the striawm of mGuRS null mutant HD mice, intranuclear
inclusons wene mosdy ahsent in the sirats of these mice
{Fig 6D and F). Quantification of these data and statistical ans-
lysis demonsirate that both diffuse EM48 labeling (Fig. 64 and
intranuclear inclusions (Fig. 6H) were mbustly reduced in
mGluRS null mutant HD mouse strigtum as compared with
that of wild-type HD mutant mice (Fig. 6E), stromgly indicating
that mGluR S is involved in huntingtin agoregation. Statistical
anmalysis (unpaired r-test) indicates a significant effect of
gendtype (P =< 0. 0001).

To further investigie the mechanism behind the observed
adaptive phenotype of mGuRS null muan HD mice, we
decided to amalyze whether mutated hntingtin expression in
an mliluRS null background was aliering the expression of
genes that mightbe imvolved in the pattern of huntingtin aggre-
gation and HD-relsted ocomotor alterations. Thus, we per-
formed a microamsy sssay to compare mBEMNA expression
levels between wild-type control mice, mGuRS null control
mice, wild-type mutant HD mice and mGluR S null mutant HD
mice, As expected, mFluRS expression was down-regulated in
both mouse lines lacking miFluRS expression when compared
with wild-type contral and mutant HD mice | data not shown).
These dats support the sssimpiion that the microamsy assay
was performed properly and was capable of delecting gene ex-
presion varations, To identify pathways and networks of
genes significantly aliered in mGluRS null mutant HD mice
verans wild-type mutant HD mice, we analyzed the microarray
dats using ingenuity pathway analysis (TPA). The microarray
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analysis indicated that the expression of many genes encoding
for animal motility, cell transport, vesicular trafficking proteins,
brain development and proein aggregation was alened in
mGluRS mll motant HD when compared with wild-type
mutant HD mice (Tables | and 2 and Supplementary Material,
Fig. 53). The expression of these genes was neither different
nor aliered when we compared wild-type control and mutant
HD mice (data not shown).

Inorderto confirm te microar 2y results, we performe d quan-
timtive real-time PCR (gPCR) to determine the expression

dwith saline (P < QU5

of genes of interest, including te mGluRS null mutant HD
mouse up-regulated genes, dynein hesvy chain 6 {Dnakof) and
dynein light Tctex chain-type 1B (Dyakl), and the mGluR S
null mutant HD mouse down-regulaied gene dynactin 3
{Defnd). The qPCR results confirmed that Dnabed and Dynds ]
were up-regubaied in mGluRS null mutant HD mouse versus
miluR S null contral mice (Fig TA snd B). Moreover, inagree-
ment with the microarray resulis, Degd was down-regulated in
mriluR S null nutant HD mouse versus mGluRS null control
mice (Fig. 7C). To deermine whether the observed expression
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alierations were gense specific, we performed gPCR to messune
expression levels of related genes that did not appesr altered in
the microarray sssay, The micraamay results did not indicate
any changes in dynein light chain LCB-type 1| {Dyall) and
dynactin 6 (Dend) expresion levels in mGluRS mll mutant
HD» muouse versus mGluR S null control mice. Supporting these
results, gPCR data slso indicated that te expression of Dynll}
and Demd was not different between mGluR S noll mutant
HD» mouse versus mGluRS null control mice (Fig. 7D and E).

Chorea-like movements are the most characieriic sympioms
of HD patients, Currently, these abnomal hyperkinetic mowe-
ments are rested with antidopaminergic neurleptic drugs,
which are not very efficacious in the case of HD and may
promote extrapyramidal side effecs (24,25). A better under-
aanding of the newal circuis and alerations promoted by
mutsted huntingtin will help o develop new therapeutic strai-
egies i treat chores-like HD sympitoms. In the present siudy,
wie demonstrate that mGlul 5 blockage promotes incre ased 1oco-
mitor activity and that this incresse & abrogated by D1 and D2

¥ T &

dopamine antagonists. mGluRS null control (Q20A020) mice,
as well as wild-type control mice treated with MTEP, exhibit
incressed locomotor activity a8 compared with control.
However, although MTEF acube injection incresses mutant
HD mouse locomotor activity, knockow of mGluRS n mutant
HD mice does niot promote augmented locomolnr activity.
Moreover, mGluRS null mutant HD' mice exhibit improved
mitargd performance & compared with tat of wild-type
control, mGluRS mll control and mutant HD mice. In addition
o these behavioral alerations, mutated huntingtin aggregation
appears to be influenced by mGluR 5 as huntingtin intranuclear
inclusions olserved in mutant HD mouse strisbum are signifi-
canily reduced in mGluRS null mutant HD mice. It is possible
that mutaied hantingtin protein could alter gene expression dif-
ferently in the absence ofmGluRS, which could sccount forthess
adapiations, Supporting this hypothesis, oo microamay study
imdic ates that mutated huntingtin protein ¢ analier the expression
of anumber of genes that could be important for the locomotor
adapiations and decrease in huntingtin intranue lear incusions
observed in mGluRS mll mutant HD mice, Impontandy, gPCR
experiments confirmed that the mRMNA tramscript levels of
Dbt and Dynlil, and dynactin 3 are altered in mGluR S null
mutant HD mice, a5 compared with mGluRS null control mice,
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although these aleration are not observed when we compare
wild-type control and mutant HD mice.

mGluRS is highly expressed in the stristum, which is the
main region affected in HD (26,27). Our group has established
a link between mGluRS and HD by showing that group I
mGluRs interact with the huntingtin protein (17). Moreover,
mutant huntingtin profein can alter mGIuRS signaling, decreas-
ing inosital-1,4 S-triphosphate (IP3) formation and increasing
ERK1/2 and AKT activation (20). A number of repors have
demonstrated that mGIuR S blockage can induce hyperkinetic
movemens (12,13). In agreement with these findings our data
demonstrate that mGIluRS knockout or mGluRS blockage
induce hyperkinesia in mice, suggesting that mGluRS could con-
tribute to HD chorea.

It is still unknown how mGluRS blockage induces hyperkin-
esia and which newomal circuits are involved in this regula-
tion We show that the hyperkinesia exhibited by the mGluRS
knockout mice is abolished by D1 and D2 dopamine receptor
antagonists, haloperidol and SCH23390, respectively. It &
well known that the glutamatergic and dopaminergic systems
physically interact in certain brain regions, including the stri-
aum, nucleus accumbens and prefrontal cortex, and that this

interaction is important for the control of both cognition and
movement (28-31). Interestingly, stristum and cortex are the
primaryaffeciedareasinHD (6,7). Importantly, ourdata demon-
strate that mutated Huntingtin expression abolishes increased
locomotor activity promated by both mGlRS knockout and
amphetamine, further supporting the idea that mGluRS block-
age inthe striatum and cortex could be involvedinhyperkinesia.
The stristum is mainly composed of GABAergic inhibitory
MSNs, which express high levels of mGluR 5 and project to dif-
ferentareas of the brain, including the SN¢, which Emainly com-
posed of dopaminergic projection neurons that up-regulate
locomotor activity via cortical and nigrostriatal stimulation
(10,32). We hypothesize that the increase in locomotor activity
observed inmGluRS knockout mice is because of the decreased
stimulation of MSNs by glutamatergic cortical projection
neurons, which in wild-type mice canoccur via mGluRS activa-
tion (8,9). Decreased stimulation of MSNs lessensthe ihibition
of SN¢ neurons, leading o dopaminergic disishibition and
increased thalamocortical stimulation, which can increase
locomotoractivity. Further experiments, including brain region-
specific injections of MTEP, will be important to confirm this
hypothesis

71

00T 61 BGEDR( B0 UND B 30 o oo Sy diug W ppeoRiucg



&  Human Molkecular Genetics, 2013

Table 1. (ems
Hl T it £ e

i ™ b s Y e T ke St e mod wpregalaed in Ha ' M s T verees

Gene pame e sy bl RefSeg Tramesowipst 10 Pl dchumge: Povalbse
Dymesim, axomemal, bea vy chain & ket EMSMLS00T 11488 10845502 00 133E07
¥ miac] cotida se domain cont ining 3 Nkded NM_IT831 103ES518 333 JOME-O6
Seines o ' i | prepitichise inbuibvitog NM_o0arsr 15E0TS 303 1.12EGOT

1 recepiar Firel$ NM_1370 lostsann b ) OO ThES
Sevmnsd 1 I NM_D0Ehes 10813717 138 QO013THES
mmmu 2pde NM_ITEAS I04Es403 211 1.TEEOS
Pacace aifberin beva € Pedlht NM_583133 10453078 ] Lleel bt
Thrarf fie frimeg, purcviesin paartie e cosmley 2 e Tragpe 2l NM_r i 1a8Tense 173 CLCR 1 e
IObynesi m i gt iy T, g 1 1 NM_O042 I0S4ETES .75 OO T4
Aoaidase, alpha - I NM_00E s 10524034 187 SOEEOS
Dl bomresodsoor B e [ranehl’ NM_1EDE9 1413288 (R SA4EOS
Wirrepea and FY'VE domin ot aining 1 W MM_00InizTe 10355574 185 TISEQS
ary] droca s o mschear m nlocasos-lile Areal? NM_1THoR 10 T 163 & 39E06
S’ dhoe o e Irinase 10 k0 M _O0ATER 1037503 (] 4 6EO5
Filamm ke Fleh WM _1 34000 104 12582 132 I HEEO%
Hipgeecabeim dike 1 Hipeal] MM_O1ESTT 1T 155 OLOOIEETT
Soheie carner famni by 32, member F3 353 WM 1TH34 10576888 152 4 S0E0%
I gmtor complex sdbvan T Tean? WM_1TEI2 1053738 151 00001 38853
Masrilin 2 M2 NA_OnETE: [[f il 1.47 [l e arinic o)
Masyire i pepd ide posomrsor fype A Nipa NM_OCET IS fleid omi 137 SO4EO%
Evomac] cane: 3 - 5 domna in comea ining 1 Exdl HM_ITEST 10241 135 LD
I Pt e diphoaph 2 Engpd? NM_O0Eds T4 To0n4 133 1EEOS
IRty TPz e vt g parct i Arkgapd NM_138530 10605143 130 OIS
Ty like purt i 4 Tulpd NM_054040 10441457 125 OLOOO1IETTS

Moior coordination deficit can be typically observed in HD
patients, and this feawre is ako present in most HD mouse
maodels, such & R62, YACI2E and BACHD, which can be
asaessed by submitting the animals to the rotared task (210,
However, lnock- in mouwse models of HD with < 150 polygluts-
mines, suchas Hah® Y ice | do notexhibit any impaiment
in rotand performance, ascompared with control (21,33). Ithas
alan been shown that mGluR S blockage with MTEF does not
improve rolarod performance (22). However, we show hene
that the knockout of miGluRS n 2 mouse expressing mutaied
Iuntingtin, bt not wild-type huntingtin, improves rotarod per-
formance. One poential hypothesis to explain these finding is
that miluRS blockage facilitates motor coordination but that
improvement in motor coordination in mGluRS mll control
mice is shrogated by hyperactivity. Thus, because te mGluR S
mul] mutant HD mice do not exhibit increased kecomotor activ-
ity, improvement in rotarod performance can be detectad in
these mice. Further experiments, including crosing a HD
mouse mode] thatexhibit rowmnd deficiency to nliluRS knock-
aut mdce, will be necessary to ted this hypothesis and deemine
whether mGluRtS blockage can improve motor coordination in
HD». Moreover, the knockout of mGluRS in a2 HD mouse
sl that has a short life span will be important to delemine
whe ther the lack of mGluR S could incresse mouse longe vity.

MTEF acute injection was sufficient to sugment locomoior
activity in both control and mutant HD mice. However, lack of
miiluRS expression during e whole life span a5 in mGlR S
knockout mice fails i increase locomodor activity in mutant
Iuntingtin expressing mice, although mGluRS null control
mice exhibit increased locomotor activity. These dats indicate
that following the developmental loss of mGluRS expression,
the mutsted huntingtin protein might activate compensaiory
mechanisms that asbrogste mGluRS-induced hyperkinesia,
Unde rstanding these mechanisms ¢ould contribute to a better

comprehension of muant Huntngtin-indweed chorea A
nummber of reports indicate that the mutated Huntingtin protein
can alter gene expression (34,35). Moreover, mGluR § stimula-
tion can also modify gene expression (36,37). Thus, we imesti-
gated whether mutsted Huntingtin-induced gene expression
alerstions in an mGRES mll background could help o
explain the lack of hyperkinesia, improved mtanod performance
and decreased intranuclesr inc lusions observed in miGluR S null
mutant HD), a5 compared with mGloR S null control mice. In
agreement with this hypothesis, we found that the mBENA ran-
soript levels comespondent 1o a number of genes weme aliend
in mGluRS null mutant HD, a5 compared with mGloRS null
control mice, but not in mGluRS null control versus wild-type
mice, These data indicate that tere isa functional interaction
between the glutamaergic system and mutated huntingtin in
terms of controlling gene expression. In agreement with this as-
surrpstion, ithas been shown that the knockout of GluM3 A, which
iz an NMDA receptor subunit, leads to nomualization of
MMDAR ¢urrents, prevention of synapse degeneration and stri-
atal cell death, &5 well & reversion of mator and cognitive
decline exhibited by YAC128 mice (38).

gPCR experiment confirmed that Dmahet and Dhyali ! genes
wene up-regulated and that dynactin 3 gene was down-regulated
in mGluRS null mutant HD, a5 compared with mGluRS nall
control mice. Mumtion and'or aliered expression of prokin
inwolved in axonal transport, such as dynein heavy chain,
dynein light chain and dynactin, contribue i pathogenesis in
muliiple neuwrodegenerative disesses (39). Dyneins are micro-
tubule mokrs that move cargo from the distal ends of axons
towarnd neuronal cell bodies. It has been shown that decreased
dynein function impairs awophagic clesrance of aggregaie-
prone proteins, sechas mutate d Huntingtin, leading to incre ased
huntingtin oxicity and enhanced phenotype in mouse and fiy
maodels of HD (40). A mouse model of HD expressing mutated
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Dnhel eschibited higher levels of remaor, worse performance
in the grip srength and accelerating rotarod, com promised
gait and & shorter lifespan, as with HD' mouse
that express wild-type Dnhed (40). Moreover, Coemorhabdini
elegens expressing nutant proeins tat are pan of the
dynein—dynactin complex, including dynein hesvy chain,
dynein light chain and dynactin, misaccumulate synaptic pro-
teing st the ends of neuwronal processes and exhibit progres-
sive molr neuron disesse sympioms (41). As these mutant
. elegans age, newronal misaccumulations incresse in size
and frequency, locomotion becomes progressively slower and
life span is shortened {41). Another study demonsirates that a
mouse mode] that presents & point mutaton in te dymn]:g}t
intermediate chain 1 { Dynellil) displays shnormal nevronal de-
velopment, increased anxiety and lower levek of spontaneous
locomator activity, as compared with wild-type litermates
{42). Thus, mumied hmninglin-medisted alerstions could
contribuie i the phenotypic adsptations, including the dimin-
ished levels of huntingtin intranuclear incheions and the
muaior alterations, observed in mGIuRS null mutant HD mice.

In conclusion, our data indicate that muaed hmtingtin
proein and mGluRS exhibit 8 functional interaction that might
beimplicated in HD-relsted sympiom s Both nutsted hontingtin
and miFluRS can regulate gene expression levels, which could
account for the changes in motor behavior and pattern of hun-
tingtin aggregation observed in mGluR S null mutant HD mice.
However, although mGRS knockout in mutant HD mice
decressed huntingtin aggregation, it & ill not clear whether
miiluR S antagonists could ameliorate HD-relied symploms
Future experiments will be important to further investigate the
mechanisms underlying the alterations observed in mGluRt S
null mutant HD mice.

MATERIALS AND METHODS
Materials

TRIzol, Nuclease-Froe Water and Power SYBR® Groen PCR
Master Mix were purchased from Life Technologies (Foster
City, CA, USA). Mouse anti-Huntingtin EM48 antibody was
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purchased from Millipore (Billerica, MA, USA). MTEP was
kindly provided by Merck & Co., Inc. (Rshway, NJ, USA), halo-
peridol (Cat H1512) was purchased from Sigma—Aldrich
(St. Louis MO, USA), SCH233%90 (cat. 0925) and D-amphet-
amine (cat. 2813) were purchased from Tocris Bioscience
(Bristol, UK). All other biochemical reagents were purchased

=

Hah® "% /mGluaks '~ and H&®PmGluR5™* mice
were obtained by crossing Hdh%*?9*® and mGRRS '~ mice.
Mice were housed in an animal care facility &t 23°C ona 12h
light/12 h dask cycle with food and water provided ad Iibitum.
Animal care was in accordance with The University of
Westem Ontario Animal Care Committee.

from Sigma —Aldrich.

Mouse model

STOCK-He™ ™= (Hdh?**%% and STOCK-Hif™™=yj
(HdR?! 1211y knock-in mice (43) and mGlRS knockout
mice B&129-Grm5™ %) (mGIuRS ') (44) were purchased
from Jackson Lsboratory (Bar Harbor, ME, USA). Hdh?''¥
QU snGluRS ' and Hdh@' "' fm GRRSH S mice were
cbtained by crossing Hdi® """ snd mGMRS ' mice.

Open field

Eight VersaMax Animal Activity Monitors ( AccuScan Instru-
mentg, Inc, Columbus OH, USA) were used 1o messure loco-
motor activity. Experiments were performed during the light
cycle of the mice and between the hours of 08:0 and 14:00.
Mice were allowed to explore the open-field boxes (20 x
20 cm) for 120 minduring which time movement was measured
at S-min intervals wsing beam breaks converted to cm. During
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drug sudies, mice were allowed to explore the open-fieldboxes
for 10 min after which an injection of either saline or dmug was
administered and the activity was monitored for additional
110 min. Measurement of total activity and time spent in the
center of the arena wene caloulated, snd statistical anabyses
were performed using GraphPad Prism softwarne,

Rotared test

The training and testing of the mice on the rotarod treadmill
sysiem (DMego Instrumenis, Sand Diego, CA, USA) occurmed
during the light cycle between the hours of 08:00 and 14:0d.
Mice were habiaied to the testing room for 1520 min To
introduce the mice i the rotad spparsius, mice wene placed
on e rotarod and left at rest for § minon the first day of iraining
before beginning the accelerating protocol. Mice were then
trained for a maximum of 10 min in six trials &f an accelerating
speeed (from 4 to 40 RPM in 6 5) for five consecutive days
with 10-min breaks between each trial, If mice fell in the first
20 5 oftraindng, they werne placed back on the apparatus immedi-
wiely, up tothree times. Mice were returned tothe irhome cagesat
the end of training day 5 and resied for 2 days On day 8, mice
were esied in three trials with aceelerating speed separated by
& Al-min inter-trial interval. The latency to fall from the rod
was recorded, and the average obtained from the three riak
was usad for analysizs Mice remaining on te rod for =60 s
were removed and their time scored s 60 s,

EMAR {mmmum ol s tioee bem Sty

Mice werne transcardially perfused with 4% paraformaldehyde
{PFA) in PES. Brains were then dissecied out and stored in 4%
PFA in FBS. Prior to sectioning, brains were put into 30%
sucrose in PBS overnight at 4°C. Brains wene dissected inio
leftand right hemisphene, with the right hemisphene used for hist-
ology. Brains were coronally sectioned through the strabum,
from +1.18 to — 0.4 mm bregma. Imnmunohistochemisry was
performed on 40-pum free-Aoating sections using a peroxidase-
based immundastaining protocol. In brief, endogenous peromid-
ase activity was quenched using 0.1% hydrogen peroxide, afler
which the membranes were permeabilized using 1% Trion
X-10d., Mon-specific binding was hlocked wing 1 5% nommal
horse serum, followed by incubation in primary antibody
{1: 10e, anti-Huntingtin prodein, mouse monoclona] EMAE anti-
boedy ) owernight at 45C. Sections were washed in PBS and then
incubated in secondary antibody (| biotimylated homse ant-mouse,
1406, Vecior Elite ABC kit mouse) for 9 min at 4°C, Finally,
sections were incubated in an avidin—biotin enzyme reagent
{Vector Elite ABC kit mouse, PE-6102, Vector Laborairies).
Immumnostaining was vismlized using a chromogen {Vector
86 subsiraie). Sections were mownted on slides and visualized
using a Zeiss LSM-510 META multiphoton laser scanming
microscope with a Feis 10x lens, representative 900 x
el-pm aress of striatom were imaged for snalysis, The
number of EM48-positive cells was analyzed using the muli-
threshold plugn on Image J, wheress the mumber of
EM4f-positive puncta per image was counted using the cell
counter tool in Image J (NIH, USA) The difference in
i bers between genotypes was analyzed uwsing unpdained f-test,

Humran Maeculor Genetics, 2013 1

Microarray hybridizadon and analysis

Microamay labe ling and hybridization were performed at the
London Regonal Genomics Centre (Robarts ResearchInstinte,
London, ON, CA) To prepare 5.5 pg of ¢DMNA using Gene-
Chip™ WT Terminal Labeling Kit { Affymetri, Santa Clars,
CA, USA), 20 jug of isolated BNA from sristum exiracts was
used. ¢ DM As were then labeled and hybridized in Mouse Gena
108T t}igs using GeneChip™ WT Temminal Labeling Kit and
GeneChip™ Hybridization Wash and Stain kit {Affymetrix),
The arrays were incubaied for 17 £ 1 h, scanned with the Gen-
eChip Scanner 300 TG (Affymerix) using Command
Console vl.1, and probe set signals were caleulaied with the
el ti- array algorithm. We used Parek Genomics
Suiie ve.5 (Partel, St. Louis, MO, UISA) o delemine differ-
ences in gene expression lewels Metworks were generated
through the we of [PA software (Ingenuity Pathway Analysis,
Ingenuity Systems). Genotype effects were considened signifi-
cant based of the following criteria: (1) ANOVA Povalues <
005 u-i’é:n} 1.5-fold increase or decrease, Considering that
Hudn® 8 G 5 knock-in mice, we used miGluRS expression
&5 an internal control for the microamay assay.

Quantitatve RT-FCR

BMA was golated wing Trizol reagent as per manufscre s
imstructions (Invitrogen, Burlington, ON, USA) REMA was
re-suspended in 20 jul of R Mase-free water, and i s concentration
and quality were analyzed by NanoDrop™™ (Themo Scientific,
Wilmingion, SA) and gel electrophoresis, nespectively.
cDMAs were prepared from 40 ng of total RMNA exiracted ina
20l final reverse transcription reaction. Quantitative PCR
was performed using the Power SYBR™ Green PCR Master
Mix and the ABI PRISM T9MHT Sequence Detection Sys-
tem platform (Applied Biosystems, Foster City, CA, 1JSA).
Quamtitstive RT-PCR (gPCR) was performed do quantify
mREMNA levels of the following genes dynein light chain
LCB-type 1—Dhndl ! (NM_DN9682); dynae tin 6—Detnd (MM _
011722); dynein heawy chain axonemal 6—Dmahef (NM_
001164664, dynactin 3I—Dernd (NM_OLGEMN; dynein light
Tetex chain-type |B—Dynlell (NM_009347). Primers were
designed using PrimeriPlus Program: Dwelll (forward: 5
TTTGTCCCTGCCAAGTACTG 3 reverse: ' CTTAACTGC
CCTATCTGTGGTC ¥); Detnd {forward 5 TGATCCACOC
TAAAGCACG ¥, reverse: 5 ATAGGTTTGGGCTCTGTA
TCTTC 1), Dnehed (forward: 5 COCAAGGAAGATGACA
CAGA ¥, reverse: ¥ TTAGAGACCCAGCCATGACC T
Detnd (forvand 5 CAGATOC ACATOC AGCAGCA ¥ reverse:
§ ACOCTTOCAGGAGAGCOCTTA 37 Dhwwitlh (forward: 5
TCATGCAGAAGAACGGTGCT 3 reverse: 8 TCTGTGGA
GCTGTOCCAGAA ¥). Samples wene prepared in triplic ae, and
changes in gene expresion were determined with the 2757
method using actin for nomalization, All RT-gPCRs showed
o qqueality of ampli fic ation, and the specific ity and e ficienc y of
primes wene tesied and confimed by the serial dilution method

Data analyss

Means + SEM areshown fior the number of inde pendent experi-
ment indicated in Figure Legends. GraphPad Prism software
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was used i anal yze dats for statigtical significance and for curve
fitting. Statistical significance was determined by ANOVA
teating followed by poss hoe Multiple Comparison testing,

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HM(T online.
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Abstract:

Introduction: Huntington’s disease (HD) is an autosomal dominant neurodegenerative
disorder caused by a polyglutamine expansion in the amino-terminal region of the
huntingtin protein (htt), which underlies the loss of striatal and cortical neurons.
Glutamate has been implicated in a number of neurodegenerative diseases and several
studies suggest that the metabotropic glutamate receptor 5 (mGIuR5) may represent a
target for the treatment of HD.

Areas covered: The main goal of this review is to discuss the current data in the
literature regarding the role of mGIuR5 in HD and evaluate the potential of mMGIUuR5 as
a therapeutic target for the treatment of HD. mGIuRS is highly expressed in the brain
regions affected in HD and is involved in movement control. Moreover, mGIuR5
interacts with htt and mutated htt profoundly affects mGIuRS signaling. However,
mGIuR5 stimulation can activate both neuroprotective and neurotoxic signaling
pathways, depending on the context of activation.

Expert opinion: Although the data published so far strongly indicate that mGIuR5
plays a major role in HD-associated neurodegeneration, htt aggregation and motor
symptoms, it is not clear whether mGIuR5 stimulation can diminish or intensify
neuronal cell loss and HD progression. Thus, future experiments will be necessary to
further investigate the outcome of drugs acting on mGIuR5 for the treatment of

neurodegenerative diseases.
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1.

Huntington’s Disease:

Huntington’s disease (HD), as first described by George Huntington in 1872, is
an autosomal dominant neurodegenerative disorder, involving the loss of striatal and
cortical neurons®. The most prominent HD symptoms are motor deterioration, cognitive
decay and psychiatric alterations that inevitably lead to the death of HD patients within
15-20 years of disease onset’. HD clinical manifestations are progressive following
disease onset and include involuntary movements (chorea) that intensify during the
course of the disease, causing the impairment of daily life activities®. HD patients also
suffer gait dysfunctions that are characterized by postural instability, lack of balance
and motor incoordination, leading to common falls. These problems are accompanied
by eye movement abnormalities and progressive dysarthria and dysphagia. Moreover,
psychiatric and cognitive disturbances typically appear during disease progression and
include personality alterations, obsession, compulsion, major depression and dementia.

In 1983, the chromosomal localization of the HD gene was determined®. Ten
years later, the HD gene, IT15, encoding the huntingtin protein (htt), was identified and
its characterization indicated the presence of a polymorphic CAG repeat that was
expanded and unstable in HD patients®. Wild type htt contains 15-35 CAG repeats,
while in HD the repeat length is increased (40-180 repeats) resulting in a mutant
disease-inducing htt protein. Early age of onset and severity of symptoms are directly
attributed to CAG trinucleotide expansion length: as the number of CAG increases, the
earlier and more severe clinical signs appear. Moreover, CAG repeats tend to increase
from one generation to the next, especially when mutant htt is inherited from the father®.
However, individuals with identical repeat lengths may exhibit significant variability in
terms of age of onset, suggesting that other factors, such as environmental influences

and genetic modifiers also play a role in the clinical course of the disease’.
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Nevertheless, despite the known cause of HD, there is no disease modifying drug to
treat HD patients.

Since the identification of the htt gene, several studies have investigated htt
physiological function and its involvement in HD. Wild type htt can interact with a
number of different proteins, playing an important role in preventing apoptosis,
facilitating vesicular trafficking and regulating gene transcription® °. Moreover, it has
been demonstrated that wild-type htt is important for development as htt knockout mice
do not survive embryonic phase™. Additionally, htt heterozygous mice present motor
activity alterations and cognitive deficits'®. Mutant htt exhibits a toxic gain-of-function,
including formation of protein aggregates, altered gene expression, compromised
autophagy and proteasome function, mitochondrial dysfunction leading to accumulation
of reactive oxygen species, increased glutamate excitotoxicity and augmented apoptosis
(Figure 1)*™3. Thus, it is possible that both loss of normal wild type htt physiological

function and mutant htt toxic gain-of-function contribute to HD development.

1.1  Animal Models of HD:

Since HD is caused by a single gene mutation, it is feasible to develop animal
models that closely recapitulate HD pathology and that can be used to better understand
HD mechanisms and to develop treatments. Thus, a number of mouse models of HD
have been developed, including transgenic mice expressing only the amino-terminal
region of human polyglutamine expanded htt protein, such as R6/2 and N171-82Q** **;
transgenic mice expressing full-length human polyglutamine expanded htt protein, such

as yeast artificial chromosome mice (YAC128) and bacterial artificial chromosome

mice (BACHD)'™ '; and knock-in mice, such as Hdh®"? HdhQ"MM gng
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Hdh®*Y0 generated by switching the first exon of the murine htt gene by the first
exon of the human mutated htt protein®® %%,

R6/2 mice exhibit severe neurological signs and premature death at 3-6 months
of age™. However, despite having a robust phenotype, the R6/2 mice are not regarded as
an accurate model of HD, as these mice only express the amino-terminal region of the
htt protein, which is mostly comprised of polyglutamines. Thus, R6/2 may be
considered a model of polyglutamine diseases rather than a specific HD mouse model.
HdhQ* QML mice display a very mild phenotype, exhibiting less behavioral
abnormalities than R6/2, BACHD and YAC128 mice®. However, Hdh?®"*0 mice
exhibit HD related phenotypic alterations, including motor deficit and gait

abnormalities?’ %,

Thus, as observed in HD patients, HD mouse models with more
CAG repeats (Hdh?*YM! versys HdhQ™Y!0%) exhibit stronger phenotypes.

Although HD rodent models replicate the HD related phenotypic and
pathological alterations, most of the mouse models do not display the robust
neurodegeneration that takes place in HD patients. Interestingly, mutant htt protein
appears to be more toxic to larger animals, such as pig and monkey, than to rodent HD
models?®. However, despite of this benefit, maintaining bigger animals is more

expensive and demands more elaborate infrastructure required for the housing of

animals that have a much longer life-span.

1.2 Mutant htt and Neuronal Cell Death:

The neuronal cell loss that takes place in HD is the main cause of HD-related
symptoms. The striatum begins to degenerate before any other brain areas; however,
not all striatal neurons are affected. The first neurons to be lost during the course of HD

are the projection striatal GABAergic medium-sized spiny neurons (MSNSs), which
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account for 95% of the striatal neurons®. Interestingly, striatal interneurons are spared
in HD®. Following HD progression, cortical neurons are also lost?*. Unfortunately,
there is no clear understanding as to why mutant htt, which is expressed throughout the
body, leads to the selective death of MSNs and cortical neurons.

Protein aggregation is a common phenomenon in many neurodegenerative
diseases®®. It has been shown that the polyglutamine expanded htt amino-terminal
region can be cleaved, forming intranuclear inclusions and cytoplasmic aggregates,
which are observed in the striatum and cortex of HD patients and in animal models of

the disease'® /.

Importantly, the formation of htt aggregates is highly correlated with
both striatal neurodegeneration and HD progression?®. However, it is not clear whether
htt aggregate accumulation results in cell death or promotes neuroprotection by
buffering the potentially toxic form of the soluble protein® %.

Defects of intracellular Ca®* homeostasis have been reported in the majority of
the animal models of HD, as it has been demonstrated that mutant htt leads to increased
intracellular Ca?* concentration by employing a number of different mechanisms®.
Polyglutamine expanded htt protein causes sensitization of both the ionotropic N-
methyl-D-aspartate receptor (NMDAR), and the inositol-1,4,5-triphosphate (InsP3)
receptor, increasing entrance of extracellular Ca?* and the release of Ca?* from

intracellular stores, respectively®:

(Figure 1A). Moreover, polyglutamine expanded htt
destabilizes mitochondrial Ca?* regulation®*®. Mutated htt protein directly binds to
mitochondria and, in conjunction with increased intracellular Ca*", discharges
mitochondrial membrane potential, modifies mitochondrial ATP production by
uncoupling oxidative phosphorylation, induces opening of the mitochondrial

permeability transition pore, releases cytochrome ¢ and activates cell death pathways™.

Direct binding of mutant htt to mitochondria alone is insufficient to mediated Ca**
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overload and the dysregulation of mitochondrial function and appears to also require an
N-methyl-D-aspartate  (NMDA) component, as NMDAR blockers can normalize
mitochondrial ATP levels and ATP/ADP ratio in striatal cells expressing mutant htt®.
Although mitochondrial alterations could easily explain the higher susceptibility of HD
cells to apoptosis, opposing results have shown that striatal mitochondria from knock-in
and transgenic mouse models of HD were equally susceptible to Ca®* loads than their
wild type counterparts®”’. Nevertheless, mutant htt-mediated increases in intracellular
Ca®" represents the most compelling hypothesis to explain how mutant htt leads to
neuronal cell death.

Mutant htt can cause transcriptional deregulation by altering microRNA
expression and by interacting with and modifying the function of transcriptional factors,
which can contribute to the molecular pathogenesis of HD**. For example, mutant htt
can bind to and sequester into aggregates the cAMP-responsive element binding protein
(CREB)-binding protein, which is a coactivator of CREB®. Interestingly, by interfering
with the CREB/CBP transcriptional pathway, mutant htt represses the peroxisome
proliferator-activated receptor y coactivator-la (PGC-1a) gene transcription, which
leads to decreased mitochondrial biogenesis®’. Highlighting PGC-1a role in HD, PGC-
lo knockout mice exhibit striatum lesions resembling HD and its overexpression has

40-42  Brain-derived

protective effects on striatal neurons expressing mutant htt
neurotrophic factor (BDNF) mRNA levels are also decreased in HD, as mutant htt lacks
the capacity of the wild type protein to inhibit the neuron restrictive silencer element,
which functions to decrease BDNF expression*®. BDNF is an essential neurotrophin,
having a role in modulating dendritic branching, spine morphology, synaptic plasticity,

44, 45

and influencing learning and memory™ ™. Importantly, infusion of BDNF protein into

the striatum of the R6/1 HD mouse model increases survival of striatal neurons and
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improves motor function®. In addition, mutant htt also alters expression of a number of
other proteins, including protein kinases, cytosketetal proteins, Ca** binding proteins
(for example parvalbumin, calbindin or hippocalcin), and proteins important for

9, 27, 47, 48

neurodevelopment . Thus, HD-related transcription deregulation may, at least

partially, help to explain how mutant htt can promote neurodegeneration.

2. Metabotropic Glutamate Receptors:
Glutamate is the major excitatory neurotransmitter in the brain and is responsible
for regulating a variety of physiological functions including integrative brain function

and neuronal cell development*® *°

. Conversely, glutamate is also known to influence
neuronal cell death*®*°. Glutamate acts via both ionotropic glutamate receptors, such as
the NMDA and alpha-amino-3-hydroxy-5methyl-4isoxazolepropionic acid receptor,
which are ligand gated ion channels; and metabotropic glutamate receptors (mGIuRs).
There are 8 mGIuR subtypes divided into 3 groups that are all members of the G protein
coupled receptor (GPCR) superfamily®’. The dysregulation of glutamatergic signaling
is widely associated with the pathophysiology of multiple neurodegenerative diseases>’.
However, this dysregulation has typically been attributed to NMDA-mediated
excitotoxic cell death. Increasingly, Group 1 mGIuRs (mGIuR1 and mGIuRb5), in

particular mGIuR5, are being linked to the pathological progression of

neurodegenerative diseases including HD>***,

2.1 Localization and Signaling:

mGIuRS5 is widely expressed in the central nervous system in both neuronal and
non-neuronal cells including astrocytes, oligodendrocytes and microglia, as well as stem
cells®®. While mGIuRS5 is found both pre- and post-synaptically, it is predominantly

located in the peri-synaptic region of the postsynaptic membrane of the glutamatergic
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synapse>®. mGIuR5 is found in high levels in the striatum on MSNs and interneurons,
as well as in the nucleus accumbens of the basal ganglia. These receptors are also
expressed at high levels in the cerebral cortex, CA1 and CA3 pyramidal cells in the
hippocampus, and in the granule cells of the olfactory bulb®®®,

Group 1 mGluRs are coupled to the heterotrimeric G protein, Gagi1, Which

activates phospholipase C (PLC)** **.

PLC cleaves phosphatidylinositol 4,5,
bisphosphate into diacylglycerol (DAG) and InsP3. InsP3 opens ligand-gated inositol
phosphate receptors on the endoplasmic reticulum allowing the release of Ca" from
intracellular stores. Ca?*and DAG both contribute to the activation of protein kinase C
(PKC). In addition to PKC, the stimulation of Group 1 mGIuRs can also mediate the
activation of a number of other downstream effector enzymes such as, extracellular
regulated kinase (ERK), mitogen activated protein kinase, proline rich tyrosine kinase 2,

Akt and mammalian target of rapamycin®®®

. Additionally, Group 1 mGIluRs modulate
the activity of ligand gated ion channels. For example, mGIuR5 has been shown to
enhance NMDA receptor function and there by plays a role in regulating neuronal

63-65

excitability and synaptic plasticity There are 2 splice variants for mGIuR5;

mGIuR5a and mGIuR5b®®. The mGluR5a splice variant, includes a long C terminal tail

%657 Homer

which encodes binding motifs for both protein phosphatase 1y1 and Homer
has specifically been identified as an important regulator of mGIluR5-mediated ERK
activation in spinal cord and striatum®. Attenuation of GPCR signaling, including that
of Group 1 mGIluRs, is mediated by G protein-coupled receptor kinases (GRKs). GRKs
typically function by phosphorylating the receptor in order to attract -arrestin proteins,
which function to sterically uncouple the receptor from their heterotrimeric G proteins
and promote GPCR endocytosis™®*®®’.  However GRK2-mediated mGIUR5

desensitization is phosphorylation-independent and involves the displacement of
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mMGIuRS interactions with Gog11 Vvia the amino-terminal GRK2 RGS homology
domain®. This is facilitated by the binding of GRK2 binding to the second intracellular
loop, promoting desensitization independently of phosphorylation® % ©& 99
Furthermore the desensitization of mGIuR5 signaling, can be influenced by proteins

such as Rab8 and the htt binding protein optineurin® .

2.2 Pharmacology:

A variety of selective agonists, antagonists, positive and negative allosteric
modulators are available for Group 1 mGIuRs including mGIuR5. Amongst the
agonists and antagonists available a number are phenylglycine derivatives. 3-
dihydroxyphenylglycine (DHPG) is one of the earliest developed orthosteric agonists
selective for Group 1 mGIluRs. However, it is does not selectively activate Group |
mGIuRs and is equally potent at both mGIluR1 and mGIuR5’2. The orthosteric agonist
2-chlorohydroxyphenylglycine (CHPG) is selective for mGIuR5, but shows weaker
potency and efficacy than DHPG'™. With respect to phenylglycine derivative
antagonists, a number are available which are selective for mGIuR5. However, these
are typically of low potency making them of limited use. In the case of alpha-methyl-4-
carboxyphenylglycine (MCPG), this antagonist also affects Group Il mGluRs™.

Negative allosteric modulators are allosteric ligands, which reduce the affinity of
agonists at the receptor, by antagonizing activity in a non-competitive manner. A large
number of the negative allosteric modulators for mGIuR5 are made up of
phenylpyridine derivatives. Early negative allosteric modulators selective for mGIuR5
include (E)-2-methyl-6-stryrylpyridine (SIB-1893) and 6-methyl-2(phenylazo)-3-
pyrimidol (SIB-1757), which show good selectivity and potency’®. Over time, a

number of negative allosteric modulators for mGIuR5 have been developed that show
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increasing selectivity and potency. These include 2-methyl-6-(phenylethynyl)pyridine
(MPEP)’®, 3-((methyl-4-thiazolyl)ehtynyl)pyridine (MTEP)”’, and most recently 2-
chloro-4-((dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4yl)ethynyl)pyridine
(CTEP), which shows the highest potency and selectivity, as well as having an extended
half-life of 18 hours’. However, SIB-1893 has also shown the ability to act as a
positive allosteric modulator for the Group 1l mGIuR; mGIuR4®. Similarly, MPEP acts
as a positive allosteric modulator for mGluR4 and as weak antagonist of the NMDAR'.
The use of positive allosteric modulators is proving increasingly useful in the
investigation of a functional role for mGIuRS5. Positive allosteric modulators work by
binding to a topographically distinct site from the agonist, potentiating agonist response.
Of the positive allosteric modulators available and selective for mGIuR5, many are N-
(1,3-diphenyl-1H-pyrazol-5yl)benzamides. These positive allosteric modulators include
3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB), N-(1,3-diphenyl-1H-
pyrazol-5yl)nitrobenzamide (VU29) and (4-fluorophenyl)(3-(3-(4-fluorophenyl)-1,2,4-

oxodiazol-5yl-piperidin-1yl)methanone (ADX47273)%.

2.3 Neuroprotection versus Neurotoxicity:

Group 1 mGluRs and their interacting proteins play a key role in the regulation
of central nervous system function and these receptors, in particular mGIuR5, have been
implicated in a number of neurological and neurodegenerative diseases including:
fragile X syndrome, schizophrenia, Alzheimer’s disease (AD), Parkinson’s disease (PD)
and HD" °* 8 However, the literature provides conflicting information concerning
whether the activation of endogenous mGIuR5 is either neuroprotective or neurotoxic.

The elevation of intracellular Ca** concentrations, as the consequence of the

activation of NMDAR, is associated with excitotoxic cell death and mGIuR5 activation
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potentiates NMDAR function via calcium-dependent mechanisms (Figure 1A and B)®*
82 Moreover, activation of the NMDAR is believed to reduce mGIuR5 desensitization
and this effect is thought to be mediated by protein phosphate 2B/calcineurin (Figure
1C)¥®. Protein phosphate 2B/calcineurin is activated as the consequence of the entry of
Ca’* into the cell via NMDA-gated ion channels. Although it is unclear as to whether
the relationship between mGIuR5 and NMDA receptors is the cause of
neurodegeneration or the result of other processes, it is clear that the excessive
activation of glutamate receptors results in neurotoxic effects mediated by both
receptors.

mGIUR5 is also associated with a number of signaling pathways that are
considered to be neuroprotective®® 3* ®. These pathways include: ERK1/2, Akt and
mTOR. Activation of these intracellular signaling pathways is important for cell
survival, growth and proliferation, as well as the regulation of synaptic plasticity®® .
Additionally, the association of Homer proteins with mGluR1a allows the receptor to
engage the activation PI3K via the interaction of Homer with the PI3K enhancer PIKE

resulting in the antagonism of neuronal apoptosis®® .

In addition to influencing
neuroprotective signaling pathways, mGIuR5 activation regulates the activity of fragile
X mental retardation protein (FMRP), an RNA binding protein known to repress protein
synthesis at the synapse®” ®8. One of the proteins regulated by FMRP is amyloid
precursor protein (APP)®. Although APP is typically associated with AD, the normal
functions of APP include cell proliferation, cell-cell adhesion and synaptogenesis®.
Predominantly located at the synapse, APP is released from neurons in an activity

dependent manner; the activation of mGIuR5 results in FMRP mediated translation of

APP and under normal conditions this effect may be neuroprotective®.
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3.

MGIURS5 as a Therapeutic Target in Huntington’s Disease:

Alterations in glutamate neurotransmission and NMDA-mediated excitotoxicity
are associated with the development of a number of neurodegenerative diseases* *%. In
addition to the NMDAR, Group 1 mGIuRs are increasingly being associated with
neurodegenerative diseases, especially in AD and HD°* °* %, mGIuR5 is highly
expressed in brain regions that are affected in both AD and HD, including the striatum,
hippocampus and cortex>. Moreover, mGIuR5 can physically and directly interact with
both wild type and mutant htt”®. The interaction between mGIuR5 and mutant htt
appears to be of a functional consequence, as studies from our group indicate that
mGIuR5 signaling is altered in a knock-in mouse model of HD. Specifically,
mGIuRS signaling is uncoupled from Go11-mediated inositol phosphate formation
in HAhQYRM1L mice, as compared to control Hdh®?%?%° mice (Figure 1B)*%. This
occurs as the consequence of increased PKC-mediated desensitization of mGIuR5
and PKC antagonist results in the mGIluR5-dependent death of neuronal cultures

derived from Hdh®Qt1v/QLil

mice in response to DHPG treatment. This effect of PKC
inhibition is lost in neuronal cultures derived from Hdh?*Y? mice that lacked
mGIuRS5 expression. In addition, it has been demonstrated that mGIuR5 has a role
in movement control, as mGIluR5 knockout mice, as well as wild-type mice treated
with mGIuR5 antagonists, exhibit increased locomotor activity?” °*.

However, it is not clear whether mGIuR5 activation either slows the
development of HD pathology or exacerbates HD pathology, as mGIuR5 signaling may
lead to either activation of neuroprotective pathways or neuronal toxicity, depending on

the context of receptor activation®® .

mMGIuR5 agonists and antagonists were
employed to shed some light on the receptor’s role in neuronal cell death. However,

pharmacological intervention of mGIuR5S has yielded conflicting results with respect to
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neuroprotection and neurotoxicity. For example, both mGIuR5 agonists and antagonists
efficiently promote neuroprotection in a rat model of focal cerebral ischemia®. In vitro
studies using neuronal cultures show that agonists, such as DHPG, are neuroprotective
in a number of striatal, hippocampal and cerebellar cultures, as well as in brain slices,
while other studies using cortical cultures found that agonists exacerbate excitotoxicity,

while the use of antagonists ameliorate neurotoxic insults® % %4,

In addition, primary
mouse cortical astrocytes derived from mGIuR5 knockout mice are resistant to oxygen
glucose deprivation-mediated cell death®. Therefore, it is possible that the effect of
stimulating mGIuR5 is dependent upon the condition of cells and environment being
targeted.

The activation of mGIuR5 may exacerbate neuronal toxicity by increasing Ca?*
release from intracellular stores™. Mutant htt has been found to sensitize InsP3
receptor-mediated release of Ca?* from intracellular stores via its direct interaction
with the receptor, potentially leading to cell death in HD* * (Figure 1B and C).

hQMVQL mice with

Interestingly, the treatment of neuronal cultures derived Hd
MPEP protects against PKC inhibitor-mediated death of the cell cultures indicating
that a loss of mGIluR5-selective desensitization may be contributing HD
neuropathology with age®®. In vivo inhibition of mGIUuR5, using antagonists such as
MPEP, has no effect on long-term potentiation, while ameliorating parkinsonian
akinesia in PD and improving spatial memory and protecting synapses in AD mice® %.
In agreement with the hypothesis that mGIuR5 plays a deleterious role in HD, treatment
of R6/2 mice with mGIuR5 antagonist MPEP increases survival, offers neuroprotection
and improves motor function in these HD mice®’. Moreover, mGIuR5 deletion in

Hdh®M QM mice decreases htt aggregate formation (Figure 1B), increases locomotor

activity and improves performance on the rotarod?’.
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Agonist activation of mGIuR5 may also promote receptor signaling via
neuroprotective signaling pathways>:. For example, when cortical neuronal cultures are
incubated twice with the mGIuR1/5 agonist DHPG, there is an activity-dependent
switch from mGIuR5-mediated potentiation to mGIuR5-mediated inhibition of
NMDAR-mediated excitotoxicity® . This switch in mGIuR5 activity is dependent
upon PKC activation®. This may be mechanistically similar to the observed

hQMYQUL mijce where PKC-mediated

neuroprotection in young asymptomatic Hd
mGIuRS5 desensitization uncouples mGIuR5 signal transduction via G proteins.
This PKC-mediated desensitization of G protein signaling is accompanied by
increased mGIuRS signaling via ERK1/2 and Akt neuroprotective pathways (Figure
1B). The treatment of neurons derived from Hdh®¥?"! mice with PKC-inhibitors
may result in cell death by both preventing mGIluR5-stimulated activation of
ERK1/2 and Akt signaling and concomitantly increasing G protein-mediated release
of intracellular Ca**.

It is reported that acute blockage of mGIuR5 is neuroprotective, whereas chronic
mGIuR5 blockage increases neuronal death® %, This observed loss of neuroprotection
may involve a loss of mGIuR5 signaling via ERK1/2 and Akt pathways following
prolonged mGIuR5 blockage resulting in reduced cell survival. Consequently, positive
allosteric modulators (PAMs) for mGIuR5 may favor the activation of pro-survival
signaling pathways over the activation of signaling pathways that contribute to
excitotoxicity®. Interestingly the use of mGIuR5 PAMs in vitro is neuroprotective in
striatal neurons and offers better protection against excitotoxicity than either agonists or
antagonists by promoting mGluR5-mediated activation of neuroprotective cell signaling
pathways without excessive Ca* release®. This neuroprotection is dependent on AKT

activation, as blockage of this kinase leads to loss of PAM-mediated neuroprotection®.
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In addition, treatment of BACHD mice with the mGIuR5 PAM, CDPPB, improves
recognition memory, further emphasizing mGIuR5 PAMs potential as drugs to treat

neurodegenerative diseases, especially HD®%.

4. Conclusion:

In conclusion, there is evidence that mGIuR5 may serve as a molecular target for
the treatment of HD. However, a clear mechanistic understanding of the circumstances
by which mGIuR5 activation and antagonism are either neuroprotective or neurotoxic
remain to be determined. Studies using mGIuR5 knockout mice crossed with mutant htt
knock-in mice, as well as with either inhibitors or positive allosteric modulators of
mGIuURS signaling, suggest that there is potential for the development of drugs targeting
mGIuRS for HD treatment. However, understanding the mechanistic “switch” between
mGIuR5-mediated protection and neuropathology is essential for the successful

utilization of these drugs to treat a neurodegenerative disease such as HD.

5. Expert Opinion Section: The future of mMGIURS as a target for the treatment

of HD

A significant pitfall facing HD research, as with other neurodegenerative disease
research, is the availability of effective animal models that accurately recapitulate the
HD disease process. Although many HD mouse models are available that reproduce the
HD phenotype more effectively than mouse models available for AD and PD, no
individual HD mouse model fully recapitulates the HD disease process. While knock-in
models are well accepted models of HD pathogenesis (see section 1.1), they are slow to
develop the motor deficits which characterize HD, and often, as with the Hdh@*Y/Q

model, the deficits observed are mild despite the use of very long tracks of CAG repeats

94



in these mice. Conversely, models such as the R6/2 are much more aggressive in the
development of disease phenotype. However they do not completely model the disease,
as other ‘weaker’ models do. Moreover, as stated in section 1.1, neuronal cell loss is
only marginally observed in mouse models of HD. Until more effective and affordable
models for HD are available, such as miniature pigs, there will always be limitations for
understanding the mechanisms underlying HD pathogenesis and for the identification of
effective targets and strategies to optimally use such targets. Thus, conflicting
information, such as whether to inhibit or activate mGIuR5, will continue to confound
the understanding and treatment of the disease. At present, with respect to mGIuR5
there are two exciting, yet apparently opposite strategies to treat HD that have shown
considerable promise in vivo. These strategies, involve the use of high-affinity negative
allosteric modulators (NAMSs) or positive allosteric modulators (PAMS).

The genetic deletion of mGIuRS in a mouse model of HD has yielded exciting
results with respect to behaviour and pathology (as described in section 4.1)%". This
presents the possibility that mGIuR5 antagonism through the use of NAMs may be a
viable strategy for treating HD. For example, MTEP has been used effectively to
reverse spatial learning deficits in AD mouse models, and the treatment of fragile X
knockout mice with CTEP, an orally available mGIuR5 NAM effectively reverses
impairments in these mice that are associated with fragile X syndrome’® *> % CTEP is
currently in phase Il in phase Il clinical trials for fragile X syndrome

(http://clinicaltrials.gov/ct2/show/NCT01750957?term=R04917523&rank=2). Thus,

given that mGIuR5 knockout reverses neuropathology associated with mutant htt
expression in mice and improves the motor function of mutant HD mice, NAMs provide

a potentially exciting avenue for HD treatment.

95


http://clinicaltrials.gov/ct2/show/NCT01750957?term=RO4917523&rank=2

Given the observation that chronic mGIuR5 activation may be deleterious in vitro,

the use of mGIUR5S agonists, such as PAMs, that are biased towards the selective

activation of neuroprotective signal transduction pathways activated by mGIuR5

represent an enticing avenue for HD treatment. This strategy allows for the modulation

of cyto-protective mGIuRS5 signaling in response to activation by endogenous glutamate

without necessarily promoting increases in intracellular Ca** release associated with cell

death in vitro® and in vivo (Doria and Ribeiro unpublished observations). PAMSs can

cross the blood brain barrier and are being tested to treat schizophrenia and migraine

and pre-clinical animal tests indicate that these drugs exhibit low toxicity and are well

tolerated  (http://clinicaltrials.gov/ct2/show/NCT00820105?term=mGluR5&rank=9)%,

Thus, both mGIuR5 NAMs and PAMSs hold potential as drugs to treat HD.

6. Article highlights box:

Glutamate and mGIuR5 have been implicated in a number of neurodegenerative
diseases, including Huntington’s disease

mGIuUR5 interacts with htt and mutant htt profoundly affects mGIuR5 signaling
mGIuR5 is involved in htt aggregation and in motor function regulation

mGIuR5 stimulation can activate both neuroprotective and neurotoxic signaling
pathways, depending on the context of activation.

Both mGIuR5 positive and negative allosteric modulators hold potential as

drugs to treat HD.
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Figure 1: Implications of altered mGIuR5 signaling in HD.
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A) In normal MSNs, activation of mGIuRS leads to Gog-mediated activation of
phospholipase C (PLC).  Activation of PLC results in the hydrolysis of
phosphatidylinositol-4,5-bisphosphate  (PIP2), releasing the second messenger
diacylglycerol (DAG) and inositol 14,5 trisphosphate (InsP3), which binds to
intracellular InsP3 receptors (InsP3R) present in the endoplasmic reticulum (ER),
leading to Ca’* release. The activation PKC activation can lead to the activation of
ERK1/2 phosphorylation and the phosphorylation of NMDAR, facilitating NMDAR
activation. mGIuR5 can also physically couple to NMDAR through scaffolding
proteins such as HOMER, SHANK and PSD95. B) In assymptomatic HD MSNs,
mutant htt (htt“"®) affects Ca?* signaling by sensitizing the InsP3R resulting in
increased Ca®* release from intracellular stores and increased PKC activation and
sensitizing NMDAR-mediated influx of extracellular Ca?*. In young animals, the
increased PKC activity increases mGIuRS desensization prevent G protein coupling, but
selective leads stimulation leads to higher levels of ERK and Akt activation, which may
be neuroprotective. The knockout of mGIuRS results in diminished intranuclear mutant
htt aggregates in the nuclei of MSN. C) In older HD MSNs, mutant htt (htt““) affects
Ca®* signaling by sensitizing the InsP3R resulting in increased Ca®* release from
intracellular stores and sensitizing NMDAR-mediated influx of extracellular Ca?",
resulting in MSN degeneration. Protective effects of mGIuR5 desensitization are lost
potentially as the consequence of either increased protein phosphatase 2B (PP2A)-
mediated dephosphorylation of mGIuR5 or the reduction of PKC-dependent mGIuR5
phosphorylation. The loss of Ca®* homeostatis leads to MSN cell death which is

correlated with the formation of htt agreggates.
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