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RESUMO

Em mamiferos, a atividade muscular estriada esquelética depende da liberacdo do
neurotransmissor acetilcolina (ACh) pelas jungfes neuromusculares (JNM). Mudangas na
neurotrasnmissdo  colinérgica estdo associadas a uma variedade de desordens
neuromusculares, incluindo as Sindromes Miasténicas Congénitas (SMCs). O armazenamento
e liberacdo de ACh depende da atividade do Transportador Vesicular de Acetilcolina
(VAChT), no qual ja foram identificadas mutagdes recentemente associadas a um tipo de
miastenia congénita humana. Entretanto, as consequéncias a longo prazo da perda ou aumento
na expressdo do VAChT para a integridade das unidades motoras (U.M) e musculos
esqueléticos associados (o musculo faz parte da UM) ndo sdo bem conhecidas. Nessa tese, nds
avaliamos as U.M em uma linhagem de camundongos que apresentam um aumento da
expresséo do VAChT, (ChAT-ChR2-EYFP). No6s também avaliamos os musculos
esqueléticos de um modelo animal utilizado para estudo das SMCs, os camundongos VAChT
KDHOM ' que apresentam reducdo na expressdo do VACKT, déficit na liberagdo de ACh.
Nossos resultados mostram alteragdes no tamanho dos motoneurdnios nos camundongos
ChAT-ChR2-EYFP, juntamente com mudancas na reciclagem de vesiculas sinapticas,
liberacdo de ACh e estrutura das JNMs. Verificamos ainda, alteracdes morfofuncionais da
musculatura esquelética e funcdo motora dos animais. Em relacdo aos camundongos VAChT
KDHOM 'nossas analises revelaram que enquanto as fibras musculares atrofiam do EDL, elas
também hipertrofiam no séleo. Associado a essas alteracdes celulares, vimos mudangas na
expressdao de marcadores para miogénese, (Pax-7, Myogenin, e MyoD), metabolismo
oxidativo, (PGC1-a e MTNDL1), e degradacao proteica (Atrogina-1 e MuRF1). Esses achados
mostram que a atividade colinérgica fisioldgica é necessaria para manter a estrutura das U.M
e que o aumento ou reducdo do VAChHT, impacta significativamente tanto a estrutura quanto

parametros funcionais.

15



ABSTRACT

In mammals, muscle activity is dependent on acetylcholine (ACh) release from
neuromuscular junctions (NMJs), and changes with the cholinergic neurotransmission are
associated with a variety of neuromuscular disorders, including congenital myasthenic
syndromes (CMS). The storage and release of ACh depends on the activity of the Vesicular
Acetylcholine Transporter (VAChT), whose loss of function mutations was recently shown to
cause human congenital myasthenia. However, long-term consequences of VAChT loss or
gain of function for the integrity of motor units and skeletal muscles are unknown. In this
study, we examined the motor units in a mouse line with increased VAChT expression, the
ChAT-ChR2-EYFP, which show 3x more VAChT expression than control. We also evaluated
the skeletal muscles of a mouse model used to study CMS, the VAChT KDHOM, presenting
65% reduction in VAChT expression, reduced ACh release and pronounced muscle weakness.
Using the ChAT-ChR2-EYFP mice, we evaluated the morphology of motoneurons, structural
and functional parameters of the (NMJs), the morphology of muscle fibers, fiber type (myosin
heavy chain isoforms). In addition, we analyzed mice motor function. With the VAChT
KDHOM mice, we assessed structural parameters of different skeletal muscles varying the
expression of the MyHC, the gastrocnemius, Extensor Digitorum Longus (EDL) and soleus,
We also evaluated the fiber type composition and expression of muscle-related genes in the
(EDL) and soleus muscles. The performance of VAChT KD"M mice was also assessed in a
physical capacity test. Our results showed changes with the size of motoneurons in the ChAT-
ChR2-EYFP mice, together with alterations with synaptic vesicle recycling, ACh release and
structure of NMJs. We also verified morphofunctional changes with skeletal muslces and
mice motor function. In relation to the VAChT KDHM mice our analysis revealed that while
muscle fibers atrophy in the EDL, they hypertrophy in the soleus muscle of KDHOM mice.
Along with this cellular changes, skeletal muscles exhibited altered levels of markers for
myogenesis (Pax-7, Myogenin, and MyoD), oxidative metabolism (PGC1-a and MTND1),
and protein degradation (Atroginl and MuRF1). These findings reveal that physiological
cholinergic activity is important to maintain the structure of motor units and that increasing or
reducing VAChT expression, and consequently ACh release, significantly impacts either the

structure of the components of motor units as well as mice functional parameters.
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1. INTRODUCAO

1.1. A Unidade Motora

O conceito de Unidade de Motora (U.M) surgiu no seculo XX com as descobertas de
Lidell e Sir Charles Scott Sherrington (1925), no artigo intitulado <* Recruitment and some
other features of reflex inhibition’. Esse trabalho definiu as U.M como a unidade basica da
atividade motora, ou a via final comum ao movimento. (LIDDELL; SHERRINGTON, 1925).
A contribuicdo de Sherrington para 0 avan¢o no conhecimento da comunicagdo nervosa levou
a indicacdo e, finalmente a conquista do prémio Nobel de Fisiologia ou Medicina de 1932, o
qual foi compartilhado com o neurofisiologista Edgar Douglas Adrian, pelas suas descobertas
acerca do funcionamento dos neurdnios (NOBEL et al., 1932).

Cada U.M é formada por grandes células localizadas no corno anterior da medula
espinal (os motoneurdnios), os seus prolongamentos (axdnios motores) e as fibras musculares
inervadas por esses dltimos (BUCHTHAL; SCHMALBRUCH, 1980). Cada axdnio motor, ao
aproximar-se das fibras musculares, perde a bainha de mielina e dessa forma, ramos néo
mielinizados dos axénios espalham-se ao longo da fibra muscular, formando estruturas
denominadas de Juncdes Neuromusculares (JNM). Em mamiferos, a JNM consiste em uma
sinapse quimica na qual a acetilcolina (ACh) é o neurotransmissor responsavel por
desencadear o processo de contracdo das fibras musculares estriadas esqueléticas (BIRKS,
BY R; HUXLEY; KATZ, 1960; SANES; LICHTMAN, 1999b). Em uma mesma U.M ha
grande homogeneidade, de modo que praticamente todas as fibras musculares dessa via final
do movimento sdo inervadas pelos mesmos motoneur6nios e apresentam a mesma
composicdo da Cadeia Pesada de Miosina (MyHC), o que denota os tipos de fibras
musculares que compdem essa U.M (MCPHEDRAN; WUERKER; HENNEMAN, 1965;
EDSTROM; KUGELBERG, 1968; CHAKKALAKAL et al., 2010; SCHIAFFINO;
REGGIANI, 2011a) (FIGURA 1).

Nas proximas sessdes dessa introdugdo discutiremos com mais detalhes cada

componente dessa U.M.
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Figura 1: Desenho esquematico evidenciando as Unidades Motoras e seus componentes. No
esquema € possivel a identificacdo de duas unidades motoras distintas que foram artificialmente
coloridas para fins didaticos. A U.M é composta pelos motoneurénios localizados no corno anterior da
medula espinal, pelos axdnios motores e pelas fibras musculares esqueléticas inervadas por eles. O
contato formado entre a porcao final do axénio motor e as fibras musculares recebe o nome de Juncéo
Neuromuscular. Adaptado de Anatomy & physiology: the unity of form and function. Dubuque:
McGraw-Hill, 2010.
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1.1.1. Os motoneurdnios inferiores

No Sistema Nervoso Central (SNC) de mamiferos, os motoneurénios sdo células
extensivamente estudadas de modo que as suas funcbes s&o precisamente conhecidas
(MANUEL,; ZYTNICKI, 2011). Muito importante para esse fato, foi a valiosa contribuicdo de
grandes pesquisadores que conseguiram decifrar as varias vias sindpticas que incidem sobre
0s motoneurdnios (extremamente importantes para o controle fino dessas células), bem como
estudos que desvendaram as propriedades intrinsecas dos motoneurénios e como o padrao de
disparo dessas células se adaptam as caracteristicas mecanicas das fibras musculares (revisado
por MANUEL; ZYTNICKI, 2011). Dentre esses grandes nomes, pode-se citar o de Sir John
C. Eccles, aluno de Sherrington e que criou sofisticados métodos de registros
eletrofisioldgicos, sendo o primeiro a coletar registros intracelulares dessas células do SNC.
Juntamente com Alan L. Hodking e Andrew F. Huxley, Eccles compartilhou o prémio Nobel
de Fisiologia ou Medicina de 1963, devido as suas descobertas relacionadas aos mecanismos
ibnicos envolvidos na excitacdo e inibicdo de células nervosas do SNC e SNP
(NOBELPRIZE.ORG, 2014).

Os motoneurbnios constituem uma classe de células nervosas de grande
heterogeneidade que se diferem de acordo com a funcdo exercida (dependendo do tipo de
fibra muscular que inervam), por apresentarem caracteristicas elétricas distintas, por serem
controlados por diferentes vias, propriedades moleculares e susceptibilidade a
neurodegeneracdo (MANUEL; ZYTNICKI, 2011).

Essas células estdo agrupadas na lamina IX de Rexed (em homenagem ao
neuroanatomista que primeiro os descreveram) (REXED, 1954) (FIGURA 2), sendo
responsavel pela contracdo das fibras musculares por eles inervadas. De acordo com as suas
caracteristicas morfologicas, eletrofisiologicas, e tipos de fibras que inervam, os
motoneurénios sdo classificados em trés tipos, a saber: a, B e y (STIFANI, 2014) (FIGURA
2). Além disso, essas trés classes de motoneurénios apresentam subclassificagdes que serdo
exploradas a seguir. Antes de prosseguirmos com as classificacfes, é importante que se faca
uma pequena consideracdo acerca das fibras musculares inervadas por essas células. Na
musculatura estriada esquelética, existem dois tipos de fibras, as extrafusais, diretamente
inervadas pelos a-motoneurdnios, mas também por alguns ramos colaterais de B-
motoneurénios; e as fibras musculares intrafusais, que compdem os chamados fusos
musculares envolvidos na propriocep¢do, funcionando como receptores de estiramento das

fibras do masculo (participando do reflexo de estiramento). Essas fibras, diferentemente das
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extrafusais que estdo espalhadas pelo musculo, sdo pequenas fibras envolvidas por uma
capsula externa constituida por um tecido conjuntivo e a sua inervagdo provém de B e vy-
motoneurénios (STIFANI, 2014). Além disso, as fibras extrafusais podem ser classificadas
em quatro tipos de acordo com a expressao das isoformas da MyHC, o que também denota a
velocidade de contracdo dessas fibras. Assim sendo, a musculatura esquelética humana, de
modo geral, apresenta trés tipos predominantes, a saber: tipo 1, 2A e 2X, sendo nessa ordem a
classificacdo da velocidade de contracdo (SCHIAFFINO, 2010). Em roedores, além das trés
isoformas citadas, existem ainda as fibras do tipo 2B que apresentam velocidade de contracéo
superior a 2X (SCHIAFFINO, 2010).

B Fibras musculares
extrafusais
Contracdo Contragdo Contragao
Rapida Rapida Lenta
Fatigavel Resistente Resistente
P Fibras musculares
Medula Espinal Q} = intrafusais

Ventral

FF a-motoneurdnio

FFR a-motoneurdnio

SFR a-motoneurdnio

Motoneurénios

Lamina IX de Rexed Motoneurénio gama

=YY ¥

Figura 2: Localiza¢é@o dos aglomerados de motoneurdnios na medula espinal e caracteristicas de
inervacdo dos diferentes tipos de fibras musculares pelos motoneurdnios. A. Localizacdo dos
pools de motoneurbnios da lamina IX de Rexed. Esquema modificado a partir de: Stephen G.
Waxman. Clinical Neuroanatomy, Twenty-Eight Edition. McGraw-Hill Education. B. Representacéo
das unidades motoras evidenciando as caracteristicas dos motoneurdnios e fibras musculares por eles
inervadas. Os a-motoneurdnios rapidos sensiveis a fadiga (FF) estdo representados em verde e sdo
responsaveis pela inervacdo de fibras rapidas do tipo 2X/B. Repare que tanto o neurbnio quanto as
fibras musculares s&o maiores em relacdo aos outros tipos, em especial aos a-motoneurénios lentos
resistentes a fadiga (SFR) representados em azul e que inervam as fibras musculares lentas do tipo 1.
Estdo também representados os a-motoneurdnios rapidos resistentes (FFR), representados de vermelho
e que inervam as fibras rapidas do tipo 2A. No esquema, hid também os y-motoneurdnios,
representados em cinza e responsaveis pela inervacdo das fibras musculares intrafusais. Esquema
modificado a partir de: Stifani, N. (2014). Motor neurons and the generation of spinal motor neuron

diversity. Frontiers in cellular neuroscience, 8.
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De posse dessas informagOes, prosseguiremos agora com a classificagdo dos
motoneurdnios o, B-y. Os neurénios motores do tipo o sdo os principais responsaveis pela
inervacdo e contracdo das fibras musculares extrafusais (STAFI, 2014). Sdo células que
apresentam grande diametro (30 a 40um) em comparacdo aos outros dois tipos de
motoneurdnios (15 a 35um) (JOHNSON, 1985; KERNELL, 2006). Assim como as fibras
musculares sdo descritas de acordo com a velocidade de contragdo da MyHC e por diferentes
graus de resisténcia a fadiga, os a-motoneurdnios também foram classificados em trés tipos de
acordo com o tipo de fibras extrafusais que inervam e graus de fadiga. Dessa forma,
classificam-se os motoneur6nios em: i) lentos resistentes a fadiga (inervam as fibras do tipo
1), (SFR — Slow Fatigable Resistant); ii) rapidos resistentes (inervacdo de fibras do tipo 2A),
(FFR- Fast Fastigable Resistant) e iii) rapidos sensiveis a fadiga (inervacao de fibras do tipo
2X e 2B), (FF — Fast Fatigable) (BURKE et al., 1973; STAFI, 2014) (FIGURA 2). A figura 3
evidencia as diferencas fisioldgicas entre os trés tipos de unidades musculares a partir de
sofisticados experimentos realizados por Burke e colaboradores (1973), que possibilitaram
essa classificacdo. Além disso, diferencas na velocidade de conducdo axonal do impulso
nervoso variam de acordo com os trés tipos de motoneurdnios apresentados, de forma que os
SFR apresentam velocidade de 85m/s e os FFR e FF conduzindo impulsos a 100m/s (BURKE
etal., 1973).
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Figura 3: Comportamento de diferentes categorias de unidades musculares no teste de fadiga de
Burke. Registros de forga da contragdo isométrica a partir das unidades musculares tipos FF, FFR e
SFR no gastrocnémio de gato. Estimulos de 40Hz fornecidos por 0,33s e repetidos a cada segundo. A-
C. Registro das forgas de contragdo obtidas inicialmente e ap6s varios minutos. Na unidade SFR
repare que os minutos 2 e 60 apresentam sobreposi¢do de curvas, 0 que indica a alta resisténcia a
fadiga dessas unidades. D-F. Amplitudes m&ximas da contracdo plotadas em relagdo ao tempo durante
o teste de fadiga. Analisando os graficos é possivel perceber que as unidades FF e FFR apesar de nos
primeiros minutos apresentarem um grau de contragdo méxima muito superior as unidades SFR, as
mesmas ndo conseguem manter o mesmo nivel de contracdo muscular nos minutos subsequentes,
entrando rapidamente em fadiga, diferentemente ao que ocorre com as unidades SFR que conseguem
estabilizar do inicio ao fim 0 mesmo grau de contracdo muscular. Adaptado de Burke, R. E., Levine,
D. N., Tsairis, P., & Zajac, F. 3. (1973). Physiological types and histochemical profiles in motor units
of the cat gastrocnemius. The Journal of Physiology, 234(3), 723-748.

Como sera percebido, o neurénio motor do tipo B é pouco estudado e ndo existem na
literatura muitas referéncias. E comum encontrar a descricdo dessas células juntamente com
0s y-motoneurdnios, uma vez que ambos inervam as fibras musculares intrafusais.

E importante esclarecer para o leitor, que as fibras musculares dos fusos sdo
constituidas por trés tipos, a saber: bolsa nuclear (b1 e b2), e cadeia nuclear. As fibras do tipo
bolsa nuclear apresentam terminagdes sensoriais aferentes denominadas la (terminacGes
primarias) e que detectam a taxa de mudanca no comprimento do musculo (mudancas
dindmicas) e as fibras em cadeia nuclear detectam mudangas estaticas no comprimento
muscular e apresentam as terminacdes sensoriais do tipo Il (terminacdes secundarias). Essas
terminaces (la) estdo espiraladas em torno dessas fibras musculares e provém dos neurdnios

sensoriais localizados no ganglio da raiz dorsal, que fazem sinapse com 0s motoneurénios do
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tipo a, informando ao SNC o grau de estiramento das fibras musculares e o quanto de tenséo
sera necessario produzir (STIFANI, 2014).

Os motoneurénios do tipo vy, sdo em média, trés vezes menores que os o (FRIESE et
al., 2009) e inervam apenas as fibras intrafusais, controlando de maneira exclusiva a
sensitividade dos fusos musculares. As suas terminagdes encontram-se nos polos dos fusos
musculares, que por sua vez correm em paralelo as fibras extrafusais, mas ndo apresentam o
mesmo comprimento. O disparo desses motoneurénios aumenta a tensdo sobre as fibras
musculares, mimetizando o estiramento do musculo. Os y-motoenurdnios sdo classificados
em estaticos, responsaveis pela inervacdo das fibras em cadeia nuclear e bolsa nuclear; e 0s
dindmicos, inervando as fibras em bolsa nuclear. Esses neur6nios ndo possuem fungéo
motora, recebendo apenas contatos sensoriais, contribuindo para a modulacdo da contracdo
muscular juntamente com os a-motoneurdnios (STIFANI, 2014).

Quando o musculo esta em repouso (ndo estirado), potenciais de acdo (PAs) séo
gerados constantemente pelas terminacGes sensoriais que inervam as fibras intrafusais. Uma
vez detectado o estiramento do musculo, os fusos musculares aumentam o0s PAS
consideravelmente. Em seguida, os a-motoneurdnios sdo ativados levando a contracdo do
musculo. No entanto, se nesse momento apenas os a-motoneurdnios fossem ativados, os fusos
musculares ficariam quiescentes e ndo mais responderiam a mudancgas de comprimento das
fibras. Dessa forma, normalmente ocorre uma co-ativagao de motoneurénios o e y, de forma
que os fusos musculares sao ativados concomitantemente com as fibras extrafusais, mantendo
a tensdo exercida sobre as fibras intrafusais, tornando possivel a sinalizacdo de novas
alteragBes no comprimento do masculo (KERNELL, 2006).

Em relagdo as diferengas morfologicas entre a e y-motoneurdnios, um estudo
desenvolvido em 1986 descreveu diferencas ultraestruturais em neurdnios de grande e
pequeno diametro, uma vez que nessa época ndo existiam marcadores que pudessem
diferenciar os o dos y-motoneurdnios. Nesse estudo, 0s pesquisadores injetaram solucdo de
peroxidase (HRP) no mdsculo de gato para avaliar a incorporacdo dessa enzima pelos
motoneurénios, facilitando a identificacdo de neurdnios que inervam especificamente
determinado masculo. Os resultados mostraram que no geral ndo havia grandes mudangas em
termos da organizacdo citoplasmatica/nuclear dessas células, apenas verificou-se que 0s
neurdnios de menor diametro (<30um) apresentavam reducdo na frequéncia da substéncia de
Nissl, em comparacdo com os neurdnios de grande didmetro (>40um) (JOHNSON, 1986). No

entanto, percebeu-se que em termos da organizacdo sindptica, 0s neur6nios menores
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apresentavam reducdo significativa na frequéncia sinéptica (nimero de terminais a cada
100pum de comprimento da membrana plasmatica) e na cobertura sinaptica (comprimento das
sinapses por 100um de membrana plasmatica) (JOHNSON, 1986). Além disso, 0s
pesquisadores diferenciaram a frequéncia de sinapses no soma e dendritos dessas células que
apresentavam sinapses do tipo S (sinapses com vesiculas esféricas, presumidamente
excitatorias) e F (vesiculas achatadas ou pleomdrficas associadas as sinapses inibitdrias)
(KERNELL, 2006). Johnson (1986) demonstrou que ambos 0s tipos de sinapses,
apresentavam-se significativamente reduzidas nos neurénios de menor didmetro. Com esses
resultados, foi possivel concluir que os grandes motoneurdnios eram os o ¢ os de menor
diametro eram os v.

Recentemente, foi possivel determinar que os o-motoneurénios recebem grande
guantidade de sinapses glutamatérgicas derivadas de aferentes propriosensitivos (terminacdes
primarias la), diferentemente dos y-motoneurdnios (FRIESE et al., 2009). Dessa forma, a
reducdo da frequéncia de contatos sinapticos observado por Johnson (1986) nos neurdnios de
menor didmetro esta relacionada a reducdo de sinapses tanto glutamatérgicas quanto
colinérgicas (FRIESE et al., 2009). A figura 4 exemplifica a diferenca no tamanho dessas
celulas e caracteristicas de inervagao.

Do pericario dos motoneurdnios partem os axénios motores mielinizados, que levardo
0 impulso gerado no soma para o alvo final da unidade motora, as fibras musculares
esqueléticas. Os axbnios motores, quando se aproximam da fibra muscular, se ramificam em
porces ndo-mielinizadas para inervar as varias fibras musculares que compdem a unidade
motora, dando origem as estruturas denominadas de JNM (BIRKS, R.; HUXLEY; KATZ,
1960).
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Figura 4: Diferengas morfologicas e moleculares entre os a e y-motoneuronios. A. Histograma de
classificagdo do tamanho das células, evidenciando uma distribuicdo bimodal onde se percebe a
existéncia de uma populacdo de células com ~232um?2 (provaveis y-motoneurénios) e outra populacéo
com ~777um?2 (provaveis a-motoneurdnios). B. Classificagdo das células de acordo com a presenca de
botbes sinépticos glutamatérgicos (marca¢do com anticorpo anti-transportador vesicular de glutamato
— vGlutl) derivados de aferentes sensoriais que inervam os fusos musculares e tamanho das células.
Percebe-se que a populagdo 1de neurbnios ndo apresentam marcacdo para o vGlutl indicando uma
populacdo de neurdnios do tipo y. No entanto, os a-motoneurdnios apresentam na media, maior
quantidade de terminacfes glutamatérgicas em seu corpo celular. C. Imagens representativas da
marcacdo de duas células com anticorpos anti-colina acetiltransferase (ChAT-vermelho), uma vez que
todos 0s moteneurdnios s&o colinérgicos e anticorpo anti-vGlutl (em verde). E clara a diferenca de
tamanho entre as duas células e a presenga de botdes sinapticos glutamatérgicos na célula C’’, define
esse neurénio como sendo um o, ¢ o da esquerda, com auséncia de botdes vGlutl +, um y-

motoneur6nio (C’). Figura adaptada de: (FRIESE et al., 2009).
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1.1.2. A Junc¢do Neuromuscular (JNM)

A demonstracdo da natureza quimica da transmissdo sinaptica se iniciou com 0s
esforcos de Otto Loewi, que primeiro identificou em 1921 uma substancia quimica liberada
pela estimulacdo do nervo vago de rds, que quando colocada na presenca de coragdes
isolados, era capaz de reduzir a frequéncia cardiaca (LOEWI, 1921). A essa substancia, Loewi
classificou como ‘’vagusstoff’’, posteriormente denominada acetilcolina (ACh). Na mesma
época, Sir Henry Hallet Dale, utilizando preparacdes de JNM de gatos, conseguiu demonstrar
que o estimulo de fibras nervosas motoras em musculos de contra¢do voluntaria, causava a
liberacdo de ACh que era detectada no sangue. Além disso, demonstraram que a desnervacao
completa do musculo resultava no bloqueio da liberacdo de ACh, e que o bloqueio da
transmissdo do impulso para as fibras musculares pela utilizagdo do curare, ndo impedia a
exocitose de ACh (DALE; FELDBERG; VOGT, 1936). Juntamente com Otto Loewi, Sir
Henry Dale recebeu o prémio Nobel de Fisiologia ou Medicina, por suas descobertas
relacionadas a transmissdo quimica dos impulsos nervosos (NOBELPRIZE.ORG, 1936).
Apo6s a demonstracdo da natureza quimica da transmissdo sinaptica, Bernard Katz e
colaboradores, utilizaram as JNM para demonstrar que a ACh era liberada na fenda sinaptica
de uma forma quéntica e fazia-se por meio de vesiculas sinapticas (KATZ, 1966). Mais tarde,
0 primeiro receptor de neurotransmissores a ser purificado e clonado foi o receptor nicotinico
para acetilcolina (hnAChR) (DUCLERT; CHANGEUX, 1995).

A JNM de mamiferos é, portanto, uma sinapse quimica colinérgica composta por uma
terminacdo nervosa pré-sinaptica contendo inGmeras vesiculas sinapticas colinérgicas,
mitocondrias e componentes do citoesqueleto axonal. Em aposicdo ao componente pré-
sinaptico encontram-se as invaginagdes pos-juncionais, que sdo projecdes do sarcolema da
fibra muscular onde se encontram os AChR. Entre 0os componentes pré e pos-sinapticos ha
uma estreita fenda sindptica onde a ACh é liberada. A funcdo primordial dessa sinapse é
transferir impulsos de uma terminagdo motora relativamente pequena para uma fibra muscular
de grande comprimento e didmetro e, assim, desencadear a contracdo muscular (KATZ,
1966). Devido a sua simplicidade estrutural e acessibilidade, a JNM é um dos modelos de
sinapses mais estudados e melhor compreendidos (KUMMER; MISGELD; SANES, 2006)
(FIGURA 5).
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Figura 5: Estrutura das Jungdes Neuromusculares. A. Na imagem é possivel visualizar varias INM

do masculo EDL de camundongo. As setas mostram por¢des do axdnio motor (em verde pela proteina
fluorescente YFP). A cabeca de seta evidencia uma JNM (em amarelo, pela sobreposicdo do
componente pré-sinaptico (verde) com os nAChRs evidenciados em vermelho). Barra de escala:
50um. Imagem: Satoshi e Valdez, 2016. B. JNM de A em maior aumento evidenciando a estrutura da
sinapse em forma de pretzel. Setas brancas (por¢des do ax6nio motor). Cabeca de seta (JNM). Barra
de escala: 50um. C. Imagem panoramica do musculo diafragma onde é possivel identificar um corte
do axénio motor mielinizado (asterisco vermelho). Repare que na sua porgdo final, o axénio motor
perde a bainha de mielina, indicando sua aproximacao da fibra muscular (seta amarela), e a JNM ¢
evidenciada logo abaixo da porgdo ndo-mielinizada do axdnio (seta preta). O asterisco preto indica a
fibra muscular. Barra de escala: 1,0um. Imagem: Magalhdes-Gomes; Rodrigues; Andrade, 2017. D.
Imagem de uma JNM (asterisco vermelho) composta por inimeras vesiculas sindpticas e mitocondrias.
As setas pretas indicam as invaginac¢@es pds-juncionais, as projecdes da membrana da célula muscular.
Barra de escala: 500nm. Imagem: Magalh&es-Gomes; Rodrigues; Andrade, 2017. E. A imagem é um
aumento da regido demarcada em D, mostrando com mais detalhe a intima relagdo entre o terminal
pré-sindptico (contendo as vesiculas sinapticas) e as projecfes do musculo onde estdo presentes 0s
nAChRs. Esses componentes estdo separados por uma estreita fenda sinaptica (asterisco vermelho). As
cabecas de setas brancas indicam duas zonas ativas. A seta preta indica uma projecdo da célula

muscular. Barra de escala; 200nm.
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Apesar do conhecimento acerca da fungdo e estrutura das JNM de vertebrados, até
entdo, poucos dados existiam sobre as JNM de seres humanos. Recentemente, foi publicado
um artigo comparando a JNM humana com a de roedores e o0s resultados foram
surpreendentes, uma vez que mostram grandes diferencas na estrutura dessas sinapses de
humanos comparada as de roedores (JONES et al., 2017). Esses pesquisadores mostraram que
a JNM humana apresenta-se significativamente menor que as de roedores e morfologicamente
é menos complexa que as JNM de outros mamiferos, comparando-se 0s mesmos musculos.
Além disso, um dado ainda controverso mostra que a JNM humana ndo sofre alteracdes
degenerativas decorrentes do envelhecimento como ja demonstrado por vérios trabalhos em
roedores, onde as JNM s&o mais fragmentadas (ANIS; ROBBINS, 1987; BALICE-
GORDON; LICHTMAN, 1990; VALDEZ et al., 2010; WILLADT; NASH; SLATER, 2016).
No entanto, tem que se levar em consideracdo que esse estudo avaliou a progressao de idade
apenas em um unico masculo, o peroneous longus, que apresenta grande proporcao de fibras
musculares de contracdo lenta, o que confere maior resisténcia a unidade motora. Esse estudo
mostrou ainda que a distribuicdo de proteinas sinapticas e vias moleculares na JNM é
diferente da JNM humana comparada a de outros vertebrados (JONES et al., 2017).

A JNM ¢ formada por uma grande quantidade de proteinas (pré, sindpticas e pos-
sinapticas) que exercem funcdes vitais para a formacéao, desenvolvimento e manutencéo dessa
sinapse, de forma que alteragdes nessas proteinas estdo associadas a doencas
neuromusculares, muitas delas de carater genético-hereditario, conhecidas como Sindromes
Miasténicas Congénitas (SMC) (MCMACKEN et al., 2017a) A figura 6 evidencia as
principais proteinas que compdem as JNM e destacam-se as proteinas alvos de mutacGes que

estdo associadas as SMC.
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Figura 6: Desenho esquematico da ultraestrutura e organizacdo molecular da JNM. A figura

evidencia a JNM com os seus componentes pré-sinaptico (terminal nervoso), sinaptico (fenda sinaptica

e lamina basal) e po6s-sinaptico (dobras juncionais da fibra muscular adjacente). Estdo apontadas na

figura, as principais proteinas que compde a JNM e a localizacdo geral das mesmas. Para o estudo da

funcdo dessas proteinas, varios animais modificados geneticamente foram gerados. Algumas proteinas

estdo evidenciadas em negrito indicando alvos moleculares de doencgas neuromusculares ja descritas e

identificadas em pacientes, em especial aqueles que apresentam SMC. Na figura, a distrofina foi

evidenciada por estar associada a quadros de distrofias musculares, no entanto, ela néo se caracteriza

dentro das SMC, pois o defeito primario ocorre fora da JNM. Imagem adaptada de: (“Formation and

Elimination of Synapses | Principles of Neural Science, Fifth Editon | AccessNeurology | McGraw-Hill
Medical”, [S.d.]; MCMACKEN et al., 2017a; NICOLE et al., 2017; SANES; LICHTMAN, 1999a)
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A transmissdo sinéptica € iniciada quando um potencial de acdo dispara a liberacao de
neurotransmissores a partir de um terminal nervoso pré-sindptico. O potencial de a¢do induz a
abertura de canais para calcio (Ca?*) sensiveis a voltagem e o0 aumento transiente e localizado
da concentracdo intracelular de calcio resulta na exocitose de vesiculas sinapticas (KATZ,
1966).

O terminal pré-sinaptico tipico é uma porcdo especializada do axénio motor. E
caracterizado por uma zona ativa, que € uma regido em que a membrana plasmatica do
terminal pré-sinaptico estd em contato intimo com a membrana plasmatica pds-sinaptica, além
da presenca de um aglomerado de vesiculas sinapticas.

Todas as fungdes pré-sindpticas, direta ou indiretamente, envolvem vesiculas
sinapticas, que se submetem a um trafego ciclico, o qual pode ser descrito em dois grandes
eventos: (1) Exocitose: neste fendmeno, (a) 0s neurotransmissores sdo ativamente
transportados para dentro das vesiculas sinapticas; (b) as vesiculas agrupam-se nas zonas
ativas; (c) ancoram-se nesta; (d) amadurecem e entdo; (e) tornam-se competentes para a fuséo
e consequente exocitose disparada por calcio. (SUDHOF, 2013c). (2) Endocitose: apds a
exocitose, as vesiculas sinapticas sdo endocitadas e recicladas por uma de trés vias
alternativas: (a) “Kiss and Run” (CECCARELLI; HURLBUT; MAURO, 1973; SOYKAN;
HAUCKE, 2016); (b) endocitose mediada por capa de clatrina (Heuser e Reese, 1973
SOYKAN; HAUCKE, 2016); (c) endocitose via invaginacdo de membrana e formacdo de
cisternas, das quais podem brotar vesiculas cobertas por clatrina (RICHARDS;
GUATIMOSIM; BETZ, 2000; TAKEI et al., 1996).

A transmissdo sinaptica quimica requer as seguintes etapas: (1) a sintese de um
neurotransmissor no terminal pré-sinaptico; (2) o armazenamento dos neurotransmissores em
vesiculas sinapticas; (3) a liberacdo regulada dos neurotransmissores; (4) a presenca de
receptores especificos para os neurotransmissores na membrana pés-sinaptica; (5) e um
mecanismo para finalizar a acdo dos neurotransmissores (SUDHOF, 2013).

A exocitose de vesiculas sinapticas €& responsavel pela liberacdo dos
neurotransmissores. Esse evento é regulado por interacdes importantes entre proteinas
presentes na membrana da vesicula e na membrana do terminal pré-sinaptico (proteinas do
complexo SNARE), que se entrelacam promovendo a abertura de um poro de fuséo e
liberagdo de seu conteldo na fenda sinaptica (SUDHOF, 2013). A fusdo eficiente das
vesiculas com a membrana do terminal nervoso requer uma estreita relacéo entre as proteinas

do complexo SNARE (RIZZOLI, 2014). Na exocitose de vesiculas sinapticas, as proteinas
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relevantes do complexo SNARE s&o: Sinaptobrevina/VAMP 1 e 2, também chamadas de v-
SNAREs (vesicular SNARES), Sintaxina e SNAP-25, conhecidas também como t-SNARES
(target SNARES) (RIZZOLlI, 2014; SUDHOF, 2013a). A fusdo das membranas que permite a
exocitose das vesiculas ocorre pela interacdo progressiva entre as proteinas do complexo
SNARE. No que diz respeito a localizacéo, a sinaptobrevina esta localizada primariamente na
membrana da vesicula, sintaxina e SNAP-25 na membrana plasmatica do terminal pré-
sinaptico.

Além dessas, outra proteina de grande relevancia para o processo e que esta envolvida
com a sinalizacdo do Ca2+ € a Sinaptotagmina |. Quando ocorre um aumento na concentracao
intraterminal de Ca2+, a sinaptotagmina |, localizada na membrana da vesicula, altera sua
conformacdo e interage mais fortemente com as proteinas do complexo SNARE e com
fosfolipides da membrana, promovendo a abertura de um poro de fusdo e consequente
liberacdo dos neurotransmissores (BAI et al., 2016; SAHEKI; DE CAMILLI, 2017). Em
condicBes de repouso as vesiculas sinapticas sofrem fusdo naturalmente com a membrana
plasmatica, entretanto, quando ocorre um potencial de acdo que leva a um aumento no Ca?*
citosélico, a taxa de vesiculas que se fundem a membrana aumenta drasticamente (SAHEKI,;
DE CAMILLI, 2017). Apds a liberacdo de seu contetdo, as vesiculas passam por um processo
de endocitose compensatoria, reciclagem e repreenchimento com neurotransmissor para
possibilitar um novo ciclo (R1ZZOLI, 2014). A Figura 7 traz o ciclo de exocitose/endocitose

e as principais proteinas envolvidas.
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Figura 7: Ciclo de exocitose/endocitose e principais proteinas. A. O ciclo se inicia com a
ancoragem (docking) das VS proximo a membrana no TN. Repare a conformacdo aberta das proteinas
tanto vesicular quanto do TN. Logo ap6s, as proteinas Munc13 e RIMs auxiliam na montagem de um
complexo de proteinas SNARE/SM e estabilizam a ligacdo das VS com a membrana do TN. E
importante ressaltar que durante a montagem das proteinas, as chaperonas (CSPs e sinucleinas)
aumentam a formacdo do complexo. Na etapa (amadurecimento/Priming 1), o complexo de proteinas
SNARE esta parcialmente montado e assume conformacgdo trans. No Priming Il, a proteina
complexina acopla-se ao complexo SNARE/SM (pré-fusdo), aumentando o priming. Logo ap6s a
despolarizacdo do TN, a abertura dos VGCCs, promove a ligacdo dos fons Ca?* nos sitios C2 da
sinaptotagmina, mudando a sua conformacao e se ligando ao complexo SNARE, induzindo a abertura
de um poro de fusdo. O poro de fusdo aumenta de tamanho, promovendo fusdo completa. Complexo

32



assume posicdo cis. Ao final do ciclo as proteinas NSF e SNAPs promovem a dissociacdo do
complexo SNARE e um novo ciclo se inicia. B. A figura detalha a participacdo de outras proteinas
(RIM, Proteina de ligacdo a RIM — RIMBP e Muncl3) de mdltiplos dominios que formam um
complexo justo, que medeiam trés fungdes essenciais nas zonas ativas (1): recrutamento de canais para
Ca?", préximos a proteina sinaptotagmina, acoplando a despolarizacdo do TN ao influxo localizado de
Ca?"; (2): Ancoragem (docking) das VS no sitio de liberacdo e (3): Priming da maquinaria de fuséo
dependente de Munc13. Figura adaptada de: (SUDHOF, 2013b).
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A ACh ¢é o neurotransmissor proveniente dos motoneurdnios da medula espinal e
consequentemente é liberado em todas as juncdes neuromusculares de vertebrados (KATZ,
1966). Esse neurotransmissor € sintetizado no citoplasma do terminal pré-sinaptico de
neurdnios colinérgicos a partir da colina e acetil-coenzima A (Acetil-CoA) derivada do
metabolismo mitocondrial, sendo que essa reacdo €é catalisada pela enzima colina
acetiltransferase (ChAT) (Ribeiro et al., 2006) (FIGURA 8).

Uma vez que a ACh ¢é positivamente carregada, ela ndo se difunde de forma efetiva
pelas membranas celulares, portanto se faz necessario um mecanismo de transporte para que
essa molécula seja liberada para a fenda sinaptica (PRADO et al., 2013). Dessa forma, apés a
sintese, a acetilcolina é armazenada dentro de VS através do transportador vesicular de
acetilcolina (VAChT) (FIGURA 8), uma proteina de doze dominios transmembrana. O
VAChT faz parte de uma superfamilia de proteinas de transporte, que inclui os
transportadores vesiculares de monoaminas VMAT 1 e 2, que possuem um alto grau de
similaridade com os segmentos transmembrana do VAChT (PARSONS, 2000; VARDY et al.,
2004; PRADO et al., 2013). A internalizacdo das moléculas de ACh provenientes do citosol
do TN para dentro das vesiculas sinapticas se faz pela acdo do VAChT, que utiliza um
gradiente eletroquimico (AuH+) gerado por uma bomba, a H+-ATPase (V-H+-ATPase), que
troca dois prétons por uma molécula de ACh (NGUYEN; COX; PARSONS, 1998; revisado
por PRADO et al., 2013) (FIGURA 8). Essas bombas assemelham-se de forma estrutural e
funcional, as bombas que sintetizam ATP, localizadas ha membrana mitocondrial interna e
que regem a producdo de energia (ATP sintase). As V-H+-ATPases utilizam da hidrdlise do
ATP para promover o transporte de H+ para dentro das vesiculas.

O gradiente eletroquimico (ApH+) é composto por um gradiente quimico de pH
(ApH) e também por um potencial elétrico transmembrana (Ay), gerado pela movimentacao
de cargas positivas para dentro da vesicula, podendo ser descrito pela seguinte equacéo:
ApH+= ApH + Awy. Assim, o transporte de todos os neurotransmissores classicos para dentro
de vesiculas sinapticas depende de ambos os componentes (HNASKO E EDWARDS, 2012).
Assim sendo, fica claro que mecanismos que alterem a atividade e o trafego do VAChT em
terminais pré-sinapticos podem facilmente modificar a liberacdo de acetilcolina (PRADO et
al., 2002).

Experimentos realizados em camundongos deficientes para a ChAT mostraram uma
diminuicdo significativa na transmissao colinérgica (Misgeld et al., 2002). Esses animais, que

possuiam reducdo da atividade de acetilacdo da enzima, apresentavam alteracdes nos
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potenciais de placa motora em miniatura (MEPPS) e evocados (EPPs) (BRANDON et al.,
2003). Além disso, esses modelos animais apresentavam um aumento da arborizacdo dos seus
terminais nervosos e uma alteracdo na distribuicdo dos receptores para a ACh, que se
encontram aumentados e mais espalhados ao longo da placa motora (BRANDON et al.,
2003). Com relacdo ao musculo diafragma em si, esse modelo mostrou diminuicdo no
didmetro dos miotubos e aumento da contagem de nucleos centrais (MISGELD et al., 2002).
DE CASTRO et al. (2009), utilizando um modelo animal em que o gene do VAChT foi
eliminado (VAChTdel/del), encontraram alteracdes bastante semelhantes as observadas por
BRANDON et al (2003). Dessa forma, esses dados em conjunto mostraram que tanto a ChAT
qguanto o VAChT s&o muito importantes para a formacéo e estabelecimento das terminagdes
nervosas, bem como interferem no desenvolvimento da célula muscular (MISGELD et al.,
2002; BRANDON et al., 2003; DE CASTRO et al., 2009).

Recentemente, um trabalho do nosso grupo de pesquisa, coordenado pelo Prof. Marco
Prado da University of Western Ontario demonstrou que um modelo de camundongo
desenvolvido para estudos de optogenética (camundongos ChAT-ChR2-EYFP), apresentavam
superexpressdo do VAChT. Apesar desses animais terem um melhor desempenho motor na
esteira, eles apresentavam uma série de distarbios cognitivos, principalmente na meméria de
trabalho e espacial (KOLISNYK et al., 2013). Além disso, em 2016, num trabalho do qual fui
co-autor, esses mesmos animais apresentavam MEPPs com amplitude aumentada, no entanto,
as JNM do membro posterior, exibiam sinais degenerativos, como fragmentacdo dos AChRs e
maior desnervacdo (SUGITA et al., 2016). Fica claro, portanto, que é necessario niveis
fisiologicos do VAChT para que as fungBes neuromusculares sejam mantidas dentro da
normalidade.

Apos a exocitose de vesiculas sinapticas contendo ACh e consequente ativacdo de
receptores nicotinicos (AChRs), esse neurotransmissor € hidrolisado pela acetilcolinesterase
(AChE) presente na fenda sinaptica, gerando colina e acetato. A colina é recaptada para o
interior do terminal por meio de seu transportador de membrana de alta afinidade (CHT1)
estando disponivel para sintese de novas moléculas de ACh (revisado por Ribeiro et al.,
2006) (FIGURA 8).

A ACh, quando liberada na fenda sinédptica da JNM de mamiferos, levara a ativacéo
da célula alvo pdés-sinaptica, no caso as fibras musculares esqueléticas, 0 que em ultima

instancia promovera a sua contragdo. As fibras musculares esqueléticas compdem a via final
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da UM, composta, como previamente descrita, pelos motoneurénios e seus axonios,

juntamente com as JNM. No proximo topico daremos mais detalhes sobre o0 MEE.

TERMINAL
NERVOSO
COLINERGICO

CELULA POS-
SINAPTICA

ApH > AY

Figura 8: Esquema geral da neurotransmissdo colinérgica e mecanismo de preenchimento das
VS via VAChT. A. Na figura é possivel distinguir o TN colinérgico (pré-sinaptico), contendo as
proteinas necessarias para sintese e armazenamento de ACh, bem como VS e mitocéndrias. Do outro
lado do terminal, encontra-se a célula alvo p6s-sinaptica, que na JNM, é a fibra muscular. Na fenda
sinaptica é possivel identificar a enzima que catalisa a hidrélise da ACh. (1) a colina presente na fenda
sinaptica é recaptada para o interior do TN por acdo do CHTL1. (2) uma vez no terminal, a colina
juntamente com a Acetil-CoA (metabolismo mitocondrial) transformam-se em ACh pela a¢do da
enzima ChAT. (3) uma vez sintetizada, a ACh deve ser internalizada nas VS através do VAChT. (4) A
membrana do TN é despolarizada pela chegada de um potencial de acdo gerado no corpo celular do
motoneur6nio, o que leva a abertura de VGCCs. O aumento dos niveis de Ca2+ no citosol, recruta as
VS que sdo exocitadas, liberando a ACh na fenda sinaptica. (5) a ACh entdo liga-se a receptores tanto
nicotinicos quanto muscarinicos. No caso da JNM, a ligagdo ocorre nos nAChRs, levando a
despolarizacdo da célula muscular, desencadeando a sua contracdo muscular esquelética. A liberagdo
de ACh ¢é regulada, através de um feedback negativo, onde a ACh liga-se a receptores muscarinicos
pré-sinapticos (auto-receptores), sinalizando ao neurbnio que a quantidade liberada de
neurotransmissor € suficiente. (6) a acdo da ACh ¢é finalizada pela sua hidrélise promovida pela
enzima AChE, que cliva a molécula, liberando acetato + colina, sendo estd Gltima, recaptada para
terminal pré-sinptica, permitindo o inicio de um novo ciclo. Adaptado de: (PRADO et al., 2013) B. A
figura é uma representacdo do mecanismo de preenchimento vesicular de ACh via VAChT. Uma vez
que a ACh é carregada positivamente, a sua entrada na vesicula ndo é energeticamente favoravel, de
forma que a agdo de um transportador é necessaria. Dessa forma, o VAChT transporta uma molécula

de ACh para dentro da VS, trocando dois ions H+. A VS apresenta uma proton-ATPase, que acidifica
o interior da VS, criando um gradiente quimico (ApH) e potencial elétrico transmembrana (Ay),

sendo que para 0 VAChT, o ApH é mais significativo (VAN LIEFFERINGE et al., 2013).
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1.1.3. O Musculo Estriado Esquelético (MEE)

O M.E.E é formado por feixes de células longas, cilindricas, apresentando miofibrilas
de contragdo voluntaria, contendo multiplos nucleos que se localizam préximos a membrana
muscular, ou sarcolema (JUNQUEIRA & CANEIRO, 2008). Em cada musculo, 85% do peso
umido correspondem as fibras musculares, sendo que o restante do peso é constituido por
tenddes, outros tecidos conjuntivos e vasos sanguineos (GOLLNICK et al., 1981). A maioria
dos masculos estriados esqueléticos é presa aos 0ssos por meio de tenddes que se localizam
em ambas as extremidades e se estendem através de uma ou de vérias junturas (KERNELL,
2006).

O MEE é formado no embrido a partir do mesoderma paraxial que se segmenta em
somitos em ambos os lados do tubo neural e notocorda. A parte ventral do somito é
denominada de esclerétomo, que contribuird para a formacgéo das cartilagens e dos 0ssos da
coluna vertebral e costelas, enquanto que a parte dorsal do somito, classificado como
dermomiodtomo, segundo a propria nomenclatura, dard origem a derme de revestimento das
costas e aos musculos esqueléticos do tronco e membros. Alguns musculos da cabeca derivam
do mesoderma paraxial ndo segmentado e do mesoderma pré-cordal (BUCKINGHAM et al.,
2003). Durante o desenvolvimento, as fibras musculares sdo formadas pela fusdo de
progenitores derivados do mesoderma, denominados mioblastos. No periodo neonatal/juvenil,
o numero de fibras musculares permanece constante, no entanto, cada fibra muscular cresce
em tamanho (hipertrofia) pela fusdo de células satélites (CS), uma populacdo de células-
tronco derivadas do musculo (YIN; PRICE; RUDNICKI, 2013).

O musculo MEE adulto é estavel sob condi¢cBes normais, apresentando de forma
esporadica, fusdo de CS para compensar 0 desgaste didrio. Entretanto, 0 MEE apresenta a
marcante habilidade de regenerar ap0s injuria. Assim, na resposta a um trauma, o MEE passa
por um processo altamente orquestrado de degeneracdo e regeneracao, envolvendo alteragdes
nos niveis teciduais, celulares e moleculares, o que resulta no reestabelecimento da inervacéo
e vascularizacdo do aparato muscular contratil. Esse processo regenerativo é fruto da
interacdo dindmica entre as CS e o ambiente que as envolve (nicho das CS) (YIN; PRICE;
RUDNICKI, 2013).

As CS foram descritas e nomeadas por Alexander Mauro, em 1961. No curso de um
estudo de microscopia eletronica de transmissdo da regido periférica da fibra muscular
esquelética do musculo tibialis anticus de ra, Mauro percebeu a presenca de determinadas

células, intimamente associadas a fibra muscular, que apresentavam uma estreita faixa de
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citoplasma (poucas organelas), comparado ao nucleo extenso, o qual conferia o formato da
celula. Além disso, essas células localizavam-se entre a [amina basal da fibra muscular e o seu
sarcolema, empurrando as miofibrilas da célula muscular para o lado oposto (MAURO,
1961). Nesse trabalho, o autor ja sugeria a participacdo dessas células no processo
regenerativo, uma vez que 48 horas apo6s injuria, havia presenca marcante de “’células livres”’
que apareciam tanto circulares quanto fusiformes.

Atualmente ja existem inumeros marcadores de superficie celular das CS e fatores de
transcricdo que estdo envolvidos no processo regenerativo. Como dito anteriormente, as CS
permanecem quiescentes sob condicdes fisioldgicas e expressam o fator de transcricdo Pax-7
e Pax-3 em CS musculares. Pax-3 é de extrema importancia no desenvolvimento embrionério
do musculo, mas a sua expressao € reduzida antes do nascimento. De forma contréaria, Pax-7 €
dispensavel no desenvolvimento, mas essencial para o funcionamento das CS apds o
nascimento (OUSTANINA; HAUSE; BRAUN, 2004; RENDL, 2014). De forma geral, a via
de diferenciagdo miogénica, inclui a ativacdo das CS quiescentes, determinacdo da linhagem
miogénica e proliferacdo, fusdo para a formacdo de miotubos e finalmente, a maturacdo em
fibras musculares (RENDL, 2014; YIN; PRICE; RUDNICKI, 2013).

Apos exercicio fisico, ou injaria muscular, as CS séo ativadas, deixam a fase Go do
ciclo celular. Em seguida, essas células entram em divisdo celular, podendo ocorrer diviséo
simétrica ou assimétrica, dependendo da posicdo das células filhas em relacdo a fibra
muscular (YIN; PRICE; RUDNICKI, 2013). Apos ativacdo e divisao celular, as CS dardo
origem as células progenitoras miogénica, denominada, mioblastos, uma populacéo transiente
de células de grande potencial proliferativo (RENDL, 2014). Nessa etapa, Pax-7 e Pax-3
ativam genes que promovem a proliferacdo e comprometimento com o desenvolvimento da
linhagem miogénica (SEALE et al., 2000), enquanto que suprimem outros genes que induzem
a diferenciagdo miogénica final (RENDL, 2014; SOLEIMANI et al., 2012). Na via molecular
miogénica, abaixo dos fatores de transcri¢do Pax, os fatores de regulacdo miogénicos (MRFs)
sdo responsaveis, tanto pela determinacdo miogénica das CS, quanto a regulacdo da
diferenciacdo miogénica (RENDL, 2014).

Os MRFs pertencem a uma familia de fatores de transcricdo helix-loop-helix, que
incluem, o fator miogénico 5 (Myf5), proteina determinante de mioblasto (MyoD), miogenina
e fator de regulacdo musculo-especifico (Mrf4, também conhecido por Myf6). A expressdo de
Myf5 e/ou MyoD ¢é rapidamente aumentada ap0s ativagdo das CS. Pax-7 e Pax-3 regulam e
induzem a expressdo de Myf5 e MyoD. Uma vez que a quantidade de células progenitoras
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miogénicas é suficiente, os niveis de Pax-7 sdo reduzidos antes da diferenciagdo final. A
miogenina, sendo um alvo direto de MyoD, serd por este ativada, e juntamente com Mrf4,
iniciard a diferenciacéo terminal, transicdo de mioblastos para midcitos alongados, fusdo em
miotubos e finalmente, maturacdo em fibras musculares multinucleadas, que agora passarao a
expressar proteinas caracteristicas da fibra madura, como as isoformas da cadeia pesada de
miosina (MyHC) (RENDL, 2014; YIN; PRICE; RUDNICKI, 2013) (FIGURA 9).

Células Satélites Mioblastos

Sy
\

.

Proliferagao;

Quiescente Ativagio dop Diferenciagéo Fusao em Fibra madura
Determinagéo miotubos
miogénica
CD34
P X 7
Myf5

Figura 9: Representacdo esquematica da regeneracao muscular. Ap6s um dano muscular, as CS
sdo ativadas, se dividindo para a producdo de mioblastos. Os mioblastos sofrerdo mitose, antes de se
comprometerem com a diferenciacdo e fusdo para formacéo de miotubos, os quais serdo amadurecidos
em fibras musculares. Os marcadores, CD34, Pax7 e Myf5 sdo expressos nas CS quiescentes. A
ativacdo das CS ocorre pela rapida expressdo de MyoD, enquanto que a miogenina (MyoG) marca a
diferenciacdo. A expressdo de genes estruturais musculares, como a MyHC (representado) e actina,
marcam a Ultima etapa da diferenciacdo, quando ocorre a estruturacdo sarcomérica. Adaptado de:
(ZAMMIT; PARTRIDGE; YABLONKA-REUVENI, 2006)

O tamanho das fibras musculares é regulado por mecanismos moleculares que
envolvem a interacdo entre multiplas vias de sinalizacdo. Sob condicOes fisioldgicas, uma
rede de sinais interconectados é ativada ou inibida para o controle e coordenacdo de sinais
hipertroficos e atroficos, o que culmina com um delicado balango entre a sintese de proteinas
musculares e sua degradacdo (protedlise). A perda de massa muscular é denominada
“atrofia’” e ¢ um dos padrdes diagndsticos para a caquexia que ocorre no cancer, doengas

cardiacas, COPD (Doenca Pulmonar Obstrutiva Croénica), doencas renais e doengas
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neuromusculares (EGERMAN; GLASS, 2014). A atrofia é definida como uma reducdo no
tamanho de um tecido ou 6rgdo devido ao encolhimento celular sendo que a reducdo no
tamanho celular € causada pela perda de organelas, citoplasma e proteinas (BONALDO;
SANDRI, 2013). As duas vias mais importantes do sistema celular proteolitico e que
controlam o turnover de proteinas musculares sdo as da maquinaria ubiquitina-proteassomo e
autofagia-lisossomo (BONALDO; SANDRI, 2013).

O sistema ubiquitina-protesassomo ¢é formado por um conjunto de proteinas, a saber:
enzimas ativadoras de ubiquitinas (E1), enzimas conjugadoras de ubiquitinas (E2) e proteinas
ubiquitinas ligase (E3) (BODINE; BAEHR, 2014). As enzimas E1 ativam as proteinas
ubiquitinas apos clivagem de ATP. Em seguida, a ubiquitina € movida a partir das enzimas E1
para a classe de enzimas E2. A reacdo final de ubiquitinacdo é catalisada pelas enzimas
ligases E3. E3 se liga a E2 e a um substrato proteico (que sera degradado), o que induz a
transferéncia da ubiquitina das enzimas E2 para o substrato. Uma vez que o substrato é
poliubiquitinado, a proteina marcada para degradagéo pelas ubiquitinas se liga ao proteassoma
e enfim a proteina é degradada (BONALDO; SANDRI, 2013). Nesse sentido, foram
identificadas no musculo esquelético duas E3 ubiquitina ligases, a saber: a MuRF1 (Muscle
RING finger 1) e a MAFbx/Atrogin-1 (muscle atrophy F-box) (BODINE; BAEHR, 2014). De
forma similar, Atrogina-1 é seletivamente expressa no musculo estriado (BODINE; BAEHR,
2014). MuRF1 e Atrogina-1 estdo envolvidas com a ligacdo de substratos proteicos que serdo
ubiquitinados e subsequentemente degradados pelo proteassomo 26S. Dessa forma um fator
indutor de atrofia aumenta a expressdo de MuRF1 e Atrogina-1 nos sarcémeros, 0 que
promove a degradacdo dos filamentos sarcoméricos (BODINE; BAEHR, 2014). A figura 10
traz um breve resumo do mecanismo de degradagdo proteica pelo sistema ubiquitina-
proteasoma.

As miosinas sdo proteinas dos sarcOmeros, sendo alvos do sistema de degradagdo
proteica. A seguir, traremos mais detalhes sobre essas proteinas essenciais para a contracao

muscular e como elas conferem a especificidade de cada tipo muscular.
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Figura 10: Representacdo da ativacdo do sistema ubiquitina-proteassoma e o papel das
ubiquitinas ligases E3, Atrogina-1 e MuRF1 na atrofia muscular. As enzimas E1 ativam as
proteinas ubiquitinas ap6s clivagem do ATP. A ubiquitina é, em seguida, movida das enzimas E1 para
E2. A reacdo de ubiquitinacdo é catalisada pelas enzimas E3. E3 se liga a E2 e ao substrato proteico,
induzindo a transferéncia da ubiquitina de E2 para o substrato proteico a ser degradado. O substrato
quando poliubiquitinado é ancorado ao proteassoma para degradacdo. As cadeias de poliubiquitinas
podem ser removidas por proteases de processamento especificas de ubiquitinas (USPs). ZNF216 esta
envolvido no reconhecimento e entrega de proteinas ubiquitinadas ao proteassoma durante atrofia
muscular. Figura adaptada de: (BONALDO; SANDRI, 2013).
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As diferentes isoformas (1, 2A, 2X e 2B) da MyHC conferem a musculatura
esquelética velocidades distintas de contracdo muscular, de modo que as fibras que expressam
a isoforma do tipo 1 apresentam velocidade de contracdo lenta e sdo comumente classificadas
como fibras vermelhas, pela alta densidade capilar. J& a expressdo das outras isoformas (2A,
2X e 2B) confere ao musculo uma maior velocidade de contragdo, sendo essas fibras também
chamadas de fibras brancas, pela baixa quantidade de vasos sanguineos (SCHIAFFINO;
REGGIANI, 2011b). A musculatura da panturrilha € composta por varios tipos musculares,
no entanto, existe um masculo em especial que compdem o complexo do gastrocnémio, que é
0 Soleo. Esse musculo € constantemente ativo, tendo como fungdo a manutencéo postural (DI
GIULIO et al., 2009). Para tanto, esse tipo muscular apresenta uma grande percentual de
fibras expressando isoformas de contracdo mais lenta, o que confere como ja demonstrado
anteriormente, uma maior resisténcia a fadiga muscular. De forma préatica, maratonistas sao
esportistas que apresentam em sua musculatura grande predominancia de fibras lentas.
Contrariamente, velocistas precisam correr rapidamente, uma distancia ndo tdo longa, e em
curto espaco de tempo (segundos). Nesse caso, alguns musculos da perna, como o Extensor
Longo dos Dedos (EDL), precisam ser ativados, uma vez que apesar de entrarem em fadiga
rapidamente, a forca gerada na contracdo é superior, conferindo maior impulso e velocidade.
Esses velocistas, por tanto, apresentam mais fibras musculares expressando isoformas de
contracdo rapida.

As fibras musculares apresentam diferencas bioquimicas, metabdlicas e moleculares,
0 que permite uma diferenciagdo entre os tipos de fibras (Schiaffino & Reggiani, 2011). A
diversificacdo dos tipos de fibras musculares inicia-se durante o periodo embrionario do
desenvolvimento, sendo independente de influéncias neuronais. No entanto, é somente apés a
formagéo e estabilizacdo das sinapses musculares que a grande variabilidade dos tipos de
fibras ocorre (Close, 1964). Como citado anteriormente, a unidade motora se torna muito
importante para diferenciar as fibras musculares, e normalmente a grande maioria das fibras
musculares de uma unidade motora é de um unico tipo (Chakkalakal et al., 2010). A Tabela 1

traz um resumo das principais caracteristicas dos tipos de fibras musculares.
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Tabela 1: Caracteristicas dos diferentes tipos de fibras musculares. Adaptado de:
(SCHIAFFINO; REGGIANI, 2011a)

TIPO 1 TIPO 2A TIPO 2X TIPO 2B
(VERMELHA) (BRANCA)
Gene Myh7 Myh2 Myh1l Myh4
Velocidade de Lenta Moderada/rapida Répida Superior a
contracéo 11X
Tamanho da JNM Pequena Média Grande Superior a
11X
Resisténcia a Alta Moderada/alta Intermediaria Baixa
fadiga
Respiracao Aerdbica Aerdbica de longo Anaerdbica de Anaerbbica
prazo curto prazo
Utilizacdo em 5,3a8,4hrs 23-72 minutos < 5 minutos 0,5-3
24hrs minutos
Forca produzida Baixa Média Alta Superior a
X
Densidade de Alta Alta Meédia Baixa
mitocondrias
Densidade de Alta Intermediaria Baixa Baixa
capilares
Capacidade Alto Alto Intermediéario Baixo
oxidativa
Capacidade Baixo Alto Alto Alto
glicolitica
Contetdo de Alto Alto Baixo Baixo

mioglobina
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As propriedades das fibras musculares podem ser determinadas de forma
independente, no entanto, influéncias externas podem alterar o padrdo sindptico durante a
maturacdo das unidades motoras (CHAKKALAKAL et al., 2010). Além disso, ja foi
demonstrado que a estimulagdo cronica externa de musculos lentos e rapidos com padrdes de
estimulos distintos ao original para o musculo, é capaz de alterar os tipos de fibras e as
caracteristicas de disparo da UM, demonstrando que um efeito retrégrado do musculo na sua
UM é possivel (REID, BRIAN et al., 2003). Algumas caracteristicas pré-sinapticas podem ser
descritas em relacdo aos diferentes tipos de fibras: (1) Motoneurdnios que inervam fibras de
contracgdo tipo 1 apresentam uma alta taxa de impulsos (300.000 a 500.000 em 24hrs) e baixa
frequéncia de disparo (~20 Hz). Fibras tipo 2A e 2X recebem 90.000 a 250.000 impulsos a
uma frequéncia média de disparo de 50 a 80 Hz. As fibras tipo 2B recebem 3.000 a 10.000
impulsos a uma frequéncia de 70 a 90 Hz. (2) As fibras musculares de contracdo lenta séo
inervadas por juncdes neuromusculares (JNM) de menor area, diferentemente das fibras de
contracdo rapida que apresentam JNM de tamanho superior. Ademais, JNM de fibras tipo 2
possuem uma maior amplitude do potencial evocado quando comparado a fibras tipo 1,
porém, essa amplitude decresce durante repetidas estimulacGes. O conteddo quantico de ACh
liberada com o tempo nas JNM de fibras tipo 1 (Séleo) é inferior a quantidade liberada em
fibras do tipo 2 (EDL), no entanto, as JNM inervando fibras lentas conseguem manter por
mais tempo a liberacdo de ACh, o que correlaciona-se ao padrdo de atividade in vivo desse
musculo (REID et al., 1999; SCHIAFFINO & REGGIANI, 2011). (FIGURA 11).
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Figura 11: Caracteristicas dos tipos de fibras musculares das unidades motoras. A. Corte
transversal de MEE, marcado com anticorpos que se ligam a fibras musculares expressando diferentes
isoformas da MyHC. Repare a diferenca no tamanho das fibras musculares de acordo com tipo de
isoforma que expressam, sendo que o0 aumento da area é crescente das fibras tipo 1 em diregédo a 2B.
Adaptado de: (SAWANO et al., 2016). B. O tamanho das JNM variam de acordo com o tipo de fibra
muscular que inervam, da mesma forma, JNM que inervam fibras do tipo 1, apresentam &rea menor
em comparagdo a 2A, 2X e 2B. Adaptado de: (MANTILLA; SIECK, 2003). C. No curso da liberagéo
espontanea (MEPP), ndo ha diferenca entre musculos rapidos (EDL) e lentos (S6leo) Painel superior.
No entanto, quando os musculos sdo estimulados a uma frequéncia de 20Hz (EPP), percebe-se o
significativo aumento da liberacdo de ACh no EDL, em comparacdo ao Soleo. Entretanto, repare que
apos estimulos seguidos, 0 musculo rapido EDL passa a liberar menos ACh em comparacdo com o
Soéleo. D. O contetdo quantico de ACh (relagcdo MEPP/EPP), cai rapidamente apés estimulo, sendo
que no EDL a queda é mais réapida e a liberacdo de ACh é também significativamente superior, quando
comparado ao musculo Soleo, que mantém adequada a liberagdo quantal durante a estimulagdo
prolongada a 20Hz. Reproduzido de: (REID, B; SLATER; BEWICK, 1999).
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Um corte longitudinal do MEE possibilita a visualizagdo das estriagcdes, que se
arranjam em um padréo transversal de bandas claras, denominadas de bandas | e bandas
escuras, as bandas A. Em um musculo em repouso, essas bandas ocorrem de forma periodica,
a cada 2 a 3 um, de modo que durante a contracdo muscular a banda | é tracionada para o
meio do sarcomero (as unidades funcionais do MEE), estreitando-se, diferentemente da banda
A que ndo muda de tamanho. A banda | é basicamente composta pelos filamentos finos de
Actina, enquanto que a banda A compde dos filamentos espessos de Miosina. Além disso,
compondo cada miofibrila, além da actina e miosina, outras proteinas de fundamental
importancia para contracdo muscular sdo encontradas, como a tropomiosina e a familia das
troponinas (C, |1 e T) (HERZORG et al., 1992; WANG e KERNELL, 2000; KERNELL,
2006). Como citado, os sarcomeros séo as unidades estruturais e funcionais do MEE, de modo
que cada miofibrila é composta por grande quantidade de sarcbmeros em série, 0s quais sdo
estruturalmente formados pelo arranjo das proteinas contrateis, sendo actina e miosina as
principais. Os sarcomeros séo conectados a uma estrutura proteica, denominada discos Z, que
conectam os filamentos finos de actina. Os filamentos espessos de miosina assumem uma
posicdo central no sarcdmero e ancoram-se aos filamentos de titina, que se conectam aos
discos Z (HERZORG et al., 1992; WANG e KERNELL, 2000; KERNELL, 2006) (FIGURA
12).

Além desses componentes, a fibra muscular é composta por complexos de triades, que
sdo formadas por uma aposicdo juncional entre as membranas de uma ou mais cisternas do
reticulo sarcoplasmatico (RS) com membranas dos tabulos transversos (TT). Os TT sdo
continuos ao sarcolema e possuem papel fundamental na contracdo muscular, uma vez que a
despolarizacdo do sarcolema é transmitida para a musculatura por meio dos TT que, como
dito, estdo acoplados ao RS. O RS quando estimulado pelo impulso elétrico muscular libera
fons Ca?*, que levardo a contragdo muscular (KELLY, 1969; WEBER, 1959).
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Figura 12: Estrutura dos sarcébmeros A. Corte longitudinal de musculo esquelético visualizado em
um microscépio de luz polarizada onde € possivel visualizar a existéncia de bandas escuras (bandas A)
e bandas claras (bandas I). A banda | é atravessada por uma fina linha, os discos Z. Dois discos Z
delimitam um sarcomero (chave). Adaptado de: (“Anatomy Atlases: Atlas of Microscopic Anatomy:
Section 1 - Cells”, [S.d.]) B. Representacdo de uma miofibrila formada por sarcémeros e o arranjo das
proteinas contréteis e estruturais. Adaptado de: (HALL; GUYTON, 2011). C. Composicdo proteica do
sarcomero, demonstrando o arranjo intracelular das diferentes proteinas na estruturacdo do mesmo.
Adaptado de: (RAHIMOV; KUNKEL, 2013). D. Micrografia eletrobnica de transmissdo de um
sarcomero do musculo EDL de camundongo, evidenciando as regifes demarcadas em B e C. Na
imagem € possivel observar triades (setas vermelhas) entre dois sarcoOmeros. RS. Reticulo
sarcoplasmatico. TT. Tubulos-T. Repare que o RS localiza-se lateralmente a um TT e se projetam na
direcdo da banda A, local de sobreposigdo dos filamentos de actina+miosina. Imagem de: Magalh&es-
Gomes, 2017.

A contragdo muscular ocorre a partir da ativagdo do neurdnio motor na medula
espinal. O impulso elétrico gerado no pericario sera direcionado pelos axénios motores até a
JNM. Uma vez na JNM, o potencial de a¢do induzira a exocitose de VS contendo ACh, que se
ligard a seus NAChRs na membrana muscular pos-sindptica. Os nAChRs quando ativados,
promoverdo a despolarizacdo do sarcolema, de modo que o impulso elétrico sera direcionado
para toda a musculatura pelos TT. O impulso passando pelos TT em justaposicdo ao RS
induzira a saida de fons Ca?* do RS, aumentando a concentragdo do ion no sarcoplasma. Uma
vez no sarcoplasma, os ions Ca?* se ligam de maneira reversivel as moléculas de troponina C,
que se localizam nos filamentos de actina. A ligacdo do célcio induz mudanca conformacional
na tropomiosina, que deixara livre os sitios ativos para a miosina. A presenca do ADP + Pi &

cabeca da miosina, promovera a interacdo da miosina + actina, formando uma ponte cruzada.
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Logo ap6s, a miosina libera ADP + Pi, promovendo o deslizamento do complexo
actina/miosina para o centro do sarcomero, em diregédo a linha M. Uma vez que o potencial de
acdo muscular se mantém e os niveis de Ca®" estejam constantes, o ciclo de contracéo
muscular ¢ mantido. Com o fim do potencial de a¢o, o Ca?* sarcoplasmatico serd bombeado
ativamente para o interior do RS por meio de uma bomba de RS-Ca?*. Sem novo estimulo, o
ATP liga-se novamente a cabeca da miosina, assumindo uma configuracdo de baixa energia,
desprendendo-se da actina. A tropomiosina retorna a configuracdo original. Em seguida, a
molécula de ATP € hidrolisada pela enzima ATPase localizada na porcéo globular da miosina,
transformando em ADP + Pi, 0 que retorna a miosina a uma configuracdo de alta energia, a
espera de um novo potencial de acdo e liberagcdo de fons Ca*" do RS (GREFTE et al., 2007;
KERNELL, 2006).

O M.E.EE é um tecido de grande plasticidade, de modo que as caracteristicas
fisioldgicas, bioquimicas e moleculares podem ser alteradas frente a estimulos fisiologicos ou
patoldgicos. Dessa forma, pode-se dizer que o fendtipo do M.E.E € resultante da interacéo
entre as caracteristicas genéticas e as influéncias do meio externo nas fibras musculares,
sendo caracterizado pelo numero de fibras musculares, a area de seccdo transversal (CSA), o
namero de sarcémeros em série e a distribuicdo dos diferentes tipos de fibras musculares
(JASPERS et al., 2010). Em relacdo a essa plasticidade frente a estimulos patoldgicos, a
tabela 2 torna-se interessante, uma vez que detalha algumas alteracdes encontradas em MEE
nas diversas doencas e sua implicacdo nos tipos de fibras.

Tabela 2: Alteracbes musculares e seus efeitos em tipos especificos de fibras. Adaptado de:
(TALBOT; MAVES, 2016)
DESORDEM EFEITOS NOS TIPOS DE FIBRAS ‘

Distrofia Muscular de Duchenne Degeneragdo de todos os tipos. Fibras 2X sdo as

primeiras a sofrer degeneracéo.

Distrofia Muscular facio-escapulo-umeral Reducdo da forca méxima em fibras tipo 2; Aumento

da proporcao fibras tipo 1

Distrofia Muscular tipo 1 Atrofia tipo 1; Aumento de ndcleo central fibras tipo

1; Reducdo for¢a maxima em fibras tipo 1

Distrofia Muscular tipo 2 Atrofia e hipertrofia em fibras tipo 2; Aumento de

nlcleo central em fibras tipo 2

Desproporcédo Congénita de Fibras Aumento na proporc¢ao e atrofia de fibras do tipo 1 em

relacdo a fibras tipo 2

Miosinopatias Mutacéo no gene Myh7 causando atrofia de tipo 1;

Mutacéo no gene Myh2 perda de fibras tipo 2
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Doenca de Pompe

Em camundongos, atrofia de fibras tipo 2 e aumento

da autofagia

Obesidade e Diabetes tipo 2

Aumento da razdo fibras tipo 2 em relac&o a fibras

tipo 1

Inatividade Muscular (desnervacao, alterac6es na

medula espinal etc)

Atrofia de fibras do tipo 1; Mudanca de tipo 1 e 2A
para 2X

Envelhecimento/sarcopenia

Perda e atrofia de fibras tipo 2

Disfuncéo cardiaca e COPD

Mudanca de tipo 1 para 2 (musculos dos membros);

Mudanca de fibras tipo 2 para 1 (diafragma)

COPD: Doenga Pulmonar Obstrutiva Crénica

Algumas doengas neuromusculares como a Esclerose Lateral Amiotréfica (ELA),
Atrofia Muscular Espinhal (AME) e as Sindromes Miasténicas Congénitas (SMCs) sdo
causadas por alteracGes genéticas em proteinas que compdem a UM e/ou por influéncias do
meio.

A ELA e a AME sdo doencas especificas do neurdnio motor, de modo que a ELA
pode ocorrer por distdrbios genéticos, como é o caso da ELA familiar (5 a 10% dos casos), 0s
outros 90% sdo por causas esporadicas. Em 20% dos casos de ELA familiar, foram
identificadas mutacGes no gene da Superdxido Dismutase (SOD1), que leva ao acumulo de
produtos toxicos do metabolismo oxidativo, levando a morte neuronal. Os 80% restantes, sao
causados por outras mutacdes. A ELA também esta relacionada a causas ambientais, como
exposicdo a metais pesados e casos relacionados a infecgdes virais e doencas pribnicas
(ROWLAND; SHNEIDER, 2001). A AME também é uma doenca do neur6nio motor, de
carater autossdmica recessiva, caracterizada por degeneracdo dos neubnios motores, atrofia
muscular e fraqueza generalizada. Nessa condicao, a causa é primariamente genética, uma vez
que os pacientes que a desenvolve apresentam delegédo, conversdo ou mutacdo no gene de
sobrevivéncia 1 do neurénio motor (SMN1). E uma doenca extremamente incapacitante, de
modo que a grande maioria dos casos, a doenca se manifesta na sua forma mais grave
(LUNN; WANG, 2008a). No entanto, diferentemente da ELA, a AME é atualmente a unica
doenca desse tipo que possui tratamento especifico para a alteracdo genética, proporcionando
um aumento na sobrevida e melhora importante da fungdo motora dos pacientes (FINKEL et
al., 2017).
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De forma contréria, as SMCs ndo séo causadas por alteracbes do neurénio motor, mas
sim por distdrbios genéticos em proteinas que compdem as JNM, o que leva a diferentes graus
de complexidade, dependendo da proteina alvo. Como o modelo animal desse estudo

relaciona-se a essas sindromes, no proximo tépico, daremos mais detalhes sobre as SMCs.

1.2. As Sindromes Miasténicas Congénitas (SMCs)

As SMCs apresentam-se dentro de um grupo raro de desordens hereditarias em que a
transmissdo neuromuscular é comprometida na JNM (ENGEL et al., 2015). Esse
comprometimento ocorre por defeitos genéticos em diferentes proteinas envolvidas na
transmissdo sindptica, desenvolvimento e manutencdo das JNM, ou por anomalias na
glicosilacdo proteica (ENGEL et al., 2015; VISSER et al., 2017). Até o presente momento
foram identificadas cerca de 20 mutacdes em genes que codificam importantes proteinas da
IJNM e que estdo relacionadas as SMCs (RODRIGUEZ CRUZ; PALACE; BEESON, 2014).
A maioria dos casos ocorrem por defeitos em proteinas pos-sinépticas (>50%), sendo que 5%
dos casos ocorrem por defeitos pré-sindpticos. (ARAN et al., 2017; ENGEL et al., 2015;
O’GRADY et al., 2016; RODRIGUEZ CRUZ; PALACE; BEESON, 2014) (TABELA 3).
Apesar das caracteristicas clinicas e genéticas dessas sindromes serem bastante heterogéneas,
todas as SMCs compartilham de um mesmo comprometimento na margem de seguranca da
transmissdo neuromuscular, o que leva a diferentes graus de fraqueza muscular dependendo
do mecanismo molecular resultante da alteracdo genética (VISSER et al., 2017).

As SMCs causadas por mutacdes em proteinas pré-sinapticas ja foram diagnosticadas
em alguns pacientes apresentando alteracfes em sete proteinas, a saber: ChAT (BYRING et
al., 2002; OHNO et al., 2001), proteinas relacionadas ao complexo SNARE sendo elas, a
SNAP25B (SHEN et al., 2014), a Sinaptotagmina-2 (HERRMANN et al., 2014) (ENGEL et
al., 2015), Sinaptobrevina-1 (SHEN et al., 2017) e MUNC13-1 (ENGEL et al., 2016).

Em 2016 e 2017, foram identificados os primeiros casos de pacientes diagnosticados
com SMCs por alteracbes em duas importante proteinas pré-sindpticas diretamente
relacionadas & maquinaria de sintese de ACh, CHT1 (BAUCHE et al., 2016) e o VAChT
(ARAN et al,, 2017; O’GRADY et al., 2016). Ambas as proteinas, juntamente com a ChAT
sdo cruciais para a neurotransmissdo colinérgica.

Defeitos no VAChT geralmente levam a quadros mais graves, uma vez que esse

transportador é de baixa velocidade, 0 que a torna uma proteina limitante para a
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neurotransmissdo  colinérgica (VAROQUI; ERICKSON, 1996). Além disso, o
comprometimento da atividade do VAChT afeta tanto os receptores nicotinicos (altamente
expressos nas JNMs de mamiferos), quanto muscarinicos (alta concentracdo no mdasculo
cardiaco), exacerbando as manifestacdes clinicas (O’GRADY et al., 2016). Dessa forma, a
identificacdo desses primeiros pacientes com defeitos genéticos no gene do VAChT pode
auxiliar no diagnostico de pacientes com SMCs sem causa genética conhecida.

Com o intuito de melhor compreender o papel da acetilcolina tanto no plano do SNC
guanto no SNP, o grupo de pesquisa do nosso colaborador nesse projeto, Prof. Marco Prado,
foi pioneiro na geracao de linhagens de camundongos que expressam apenas 30% do VAChT
ou que eram knockout para essa proteina (camundongos VAChT KD"M e VAChT KO,
respectivamente). Esses camundongos VAChT KD"°M sio miasténicos, e apresentam
alteracdes cognitivas, caracterizando-os dessa forma, como um modelo animal para estudo de
uma SMC pré-sinaptica por defeito no VAChT (PRADO et al., 2006).

A avaliacdo dos camundongos VAChT KO demonstrou o papel crucial dessa proteina
para sobrevivéncia, uma vez que esses animais vinham a 6bito logo apds o nascimento devido
a faléncia respiratéria. Identificaram-se ainda importantes alteracbes nas placas motoras e
musculo esquelético desses animais (DE CASTRO et al., 2009).

A relevancia clinica desses achados, tanto para os animais VAChT KD"°M quanto
para 0s VAChT KO, ficou demonstrada pela inédita identificacdo de pacientes diagnosticados
com SMC causada por variacGes bialélicas do gene SLC18A3, que codifica a proteina
VACHhT (O’GRADY et al., 2016) levando a uma perda de fungdo dessa proteina (ARAN et
al., 2017) (SCHWARTZ et al., 2018).

Uma vez que alterages em componentes pré-sindpticos da JNM ja foram identificadas
por nosso grupo de pesquisa em relagdo aos animais VAChT KDHOM (LIMA et al., 2010;
PRADO et al., 2006; RODRIGUES et al., 2013), torna-se importante avaliar possiveis
comprometimentos no componente pos-sinaptico, mais especificamente, no MEE, o que, até o
momento, ndo havia sido feito. Dessa forma, utilizando modelos animais com disfuncao
colinérgica, essa tese tem como objetivo contribuir para o esclarecimento das possiveis

alteracdes musculares decorrentes do aumento ou diminuicéo da expressédo do VAChHT.
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Tabela 3: Genes relacionados as principais SMC, fungdo e comprometimento. Adaptada de:
(MCMACKEN et al., 2017b)
GENE/PROTEINA FUNCAO/COMPROMETIMENTO

Genes que interferem com a sintese e liberacédo de ACh

ChAT A mutacdo impacta a sintese de ACh.

SLC5A7 (CHT1) A mutacdo impacta a liberagéo de ACh.

SLC18A3 (VACHT) A mutacdo impacta o preenchimento vesicular e liberacédo de ACh.
MYO9A (Miosina 9A) Proteina envolvida com a ramificacdo neuronal e orientacdo axonal.
SYT2 (Sinaptotagmina2) A mutacdo impacta a exocitose vesicular induzida por Ca?*
SNAP25B A mutaco impacta a formagdo do complexo SNARE e fusdo de VS
MUNC13-1 A mutacdo impacta a ancoragem e amadurecimento das VS
VAMP1 (Sinaptobrevina) A mutaco impacta a formagdo do complexo SNARE e fusdo de VS

Genes que alteram a comunicag¢do entre nervo/musculo na fenda sinaptica

COLQ (Cadeia semelhante a A mutacdo impacta a ancoragem da AChE a Iamina basal, resultando em sua deficiéncia.

colageno)

LAMB2 (Laminina f2) A mutacdo esta relacionada ao crescimento dos terminais nervosos para além da placa
motora.

AGRN (Agrina) A mutacdo impacta a distribuicdo dos AChRs na membrana p6s-sinaptica.

COL13A1 (Cadeia a do colageno A mutacdo impacta a maturacdo da JNM.
tipo XII11)

Genes que interferem com os NAChRs e a transmissdo dos potenciais de acéo

CHRNE (AChR) A mutacdo impacta a subunidade € do pentamero do AChR.

CHRNA1, CHRNB1, CHRND, A mutag@o impacta as subunidades a, B ¢ y do AChR.
CHRNG (AChR)

RAPSN (Rapsina) A mutaco impacta a distribui¢do dos AChRs.

Sindrome do fechamento rapido A mutagédo causa um fechamento rapido inapropriado dos AChRs ap6s ligacao da ACh
(CHRNA1, CHRNE)

Sindrome do fechamento lento A mutacdo leva a abertura prolongada dos AChRs apds ligacdo da ACh.
(CHRNA1, CHRNB1, CHRND,
CHRNE)

SCNA4A (Canais de Na?* Navy 1.4) A mutagdo impacta a geracéo do potencial de agdo muscular.

Genes que interferem com proteinas centrais ao desenvolvimento pés-sinaptico

DOKY7 A mutacdo impacta a matura¢do normal da membrana pés-sinaptica
MUSK (Proteina Quinase A mutacdo impacta o desenvolvimento da JNM (regulacdo do agrupamento dos
Musculo-Especifica) AChRs e especializagdo po6s-sinaptica).

LRP4 (Proteina receptora de LDL A mutacdo impacta o desenvolvimento da JNM (proteina que se liga a agrina).
do tipo 4)

PLEC1 (Plectinal) A mutacdo impacta a transmissdo neuromuscular.
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2. OBJETIVOS

2.1. Objetivo Geral

Caracterizar possiveis alteracdes neuromusculares em linhagens de camundongos com
disfuncdo colinérgica em diferentes idades.
2.2. Objetivos Especificos

1) Caracterizar os motoneurdnios do segmento lombar da medula espinal de camundongos
WT, e ChAT-ChR2-EYFP que apresentam disfuncéo colinérgica;

2) Avaliar aspectos funcionais das JNMs (reciclagem de vesiculas sinapticas) e
ultraestruturais das terminagfes nervosas do masculo diafragma, em camundongos WT e
ChAT-ChR2-EYFP.

3) Avaliar a morfologia, padrdo de expressdo das isoformas da cadeia pesada de miosina
(MyHC) e a ultraestrutura das fibras musculares do Séleo (SOL) e Extensor Longo dos Dedos

(EDL) em camundongos WT, VAChT KDHOM e ChAT-ChR2-EYFP.

4) Avaliar possiveis alteracdes em genes especificos da musculatura estriada esquelética e
genes mitocondriais em camundongos WT, VAChT KDHOM,

5) Avaliar a funcdo neuromuscular de camundongos WT, VAChT KD"°M e ChAT-ChR2-
EYFP.
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3. MATERIAIS E METODOS

3.1 Populacédo e amostra

A populacéo foi constituida de camundongos machos, adultos (3 a 6 meses) C57BL/6J
selvagens (WT) e camundongos com alteragdo na expressio do VAChT (KD"°M), gerados
pela equipe do Professor Marco Antdnio Prado utilizando técnicas de recombinagdo
homdloga baseadas no sistema Cre-LoxP (PRADO et al., 2006; DE CASTRO et al., 2009). O
desenvolvimento dos camundongos ChAT-ChR2-EYFP [B6.Cg-Tg(Chat-
COP4*H134R/EYFP)6Gfng/J; The Jackson Laboratory] esta descrito em Zhao et al (2011).
Os camundongos controles derivam de ninhadas negativas para o constructo ChAT-ChR2—
EYFP. Foram utilizados nesse estudo apenas animais machos, com idades de 3 e 18 meses.
Os experimentos foram realizados utilizando-se camundongos da linhagem C57BL/6J. Os
animais foram acondicionados em caixas microisoladoras (Alesco®) em grupos de trés a
cinco camundongos por caixa em um ambiente com controle de temperatura, ciclo claro-
escuro e agua e comida disponibilizado ad libitum. CEUA: 40/2009 (animais VAChT KD e
76/2015 (ChAT-ChR2-EYFP). Os camundongos foram obtidos no biotério do Departamento
de Fisiologia e Biofisica do ICB/UFMG, coordenado pela Profa. Silvia Guatimosim. O
nimero de animais utilizados para cada gendtipo (amostra), esta descrito nas legendas de cada
figura. Os animais foram genotipados através de PCR e eletroforese em gel de agarose. Os
seguintes primers foram utilizados para selecdo das regides génicas de interesse para 0s
animais VAChT KD"°M (P1 5" TCA TAG CCC CAA GTG GAG GGA GA 3"; P25 GGA
ACT TCC TGA CTA GGG GAG GAG 3 e P3 5GGT TCA TAT CCC CGA GCT CAG
GAG 3') e para os animais ChAT-ChR2-EYFP a seguinte combinacdo de primers: Rosa F:
5-AAGTTCATCTGCACCACCG-3; Rosa R: 5-TCCTTGAAGAAGATGGTGCG-3;
CTinmercremerl: 5 -CTAGGCCACAGAATTGAAAGATCT-3; CTinmercremer2: 5'-
GTAGGTGGAAATTCTAGCATCATCC-3" (FIGURA 15).
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Figura 13: Imagem representativa do gel de agarose mostrando os gen6tipos utilizados neste
trabalho. Os primers P1 e P3 amplificam as regides de 336pb, que identificam os WTs. Os primers
P1 e P2 amplificam a regido de interesse que apresenta 495pb e seleciona os animais VAChT KDHM,
Os primers Rosa identificam os animais ChAT-ChR2-EYFP, amplificando as regides com ~200pb. Os
animais WT séo aqueles onde a combinacgéo dos primers CT 1 e 2 amplificam as regides com ~300pb.
Os primers CTs funcionam como o controle interno positivo, de modo que todas as reagfes devem

apresentar a banda em 300pb.

3.2. Experimentos realizados

3.3. Avaliacdo dos neurénios do segmento lombar da medula espinal (L1 a L5) dos
animais ChAT-ChR2-EYFP

3.3.1. Histologia de rotina

Os camundongos WT e ChAT-ChR2-EYFP foram sacrificados com dose letal de
isoflurano inalatério e em seguida foi realizado o deslocamento cervical. Imediatamente apds
o sacrificio, foi realizada uma incisdo pubico-xifoide. Em seguida, o peritdnio foi aberto, e em
seguida, os 6rgdos da cavidade abdominal expostos e deslocados para baixo, permitindo a
visualizacdo da coluna vertebral. O segmento lombar da medula espinal foi coletado com o

auxilio de um bisturi, onde o0 mesmo foi posicionado transversalmente a coluna vertebral,
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tendo como ponto inicial a Gltima costela do térax. Deslocando-se o bisturi 2cm abaixo, foi
realizado um novo corte na mesma direcéo.

O conjunto coluna vertebral/medula espinal foi imediatamente imerso em solugéo
fixadora de glutaraldeido 4% preparada em solucdo tampéo fosfato a 0,2M, por 24 horas a
4°C. No dia seguinte, a medula foi extraida do canal medular e nova fixacéo de 24 horas foi
realizada. Apos fixagdo, a medula foi desidratada em série crescente de alcool etilico (alcool
70%, 80%, 95% e mais um banho em 95%, 30 minutos cada). Apds a desidratacdo, a medula
foi imersa em solucdo 1:1 de alcool 95% e resina glicol metacrilato (Leica Historesin) por 24
horas a 5°C. Em seguida, as amostras foram infiltradas em resina pura (Leica Historesin) para
posterior inclusdo. A incluséo foi feita utilizando-se a resina pura adicionando-se a solucao
polimerizante na proporcdo: 15mL de resina glicolmetacrilato para 1 mL da solucéo
polimerizante. A medula foi orientada nos moldes para permitir a sec¢do transversal dos
mesmos e em seguida embebidos na solugdo de incluséo. Para completa polimerizagéo, 0s
blocos permaneceram por, no minimo, 24 horas em temperatura ambiente ou em estufa a
42°C. Apos inclusdo, os blocos contendo as medulas foram montados em suportes para
micrétomo e cortados utilizando-se navalhas de vidro (Leica). Cortes transversais das
medulas com 5 um foram obtidos de forma semi-seriada, utilizando um micrétomo (Leica
Reichert-Jung®) localizado no laboratério Multiusuario do PPG Biologia Celular, ICB,
UFMG. Os cortes foram distendidos em agua destilada, na temperatura ambiente, e logo em
seguida transferidos para ldaminas de vidro. As ldminas contendo pelo menos 5 seccdes eram
colocadas em chapa quente a 70°C por 15 minutos para secagem e adesdo e distensdo maxima
dos cortes. Apds essa etapa, os cortes foram corados com solugdo de Azul de toluidina-O
(EMS) em agua destilada 1:10 por 15 minutos. Os cortes foram entdo imersos 5x em alcool
95% para obtencdo da intensidade de coloracdo desejada. Em seguida, as laminas foram
montadas com laminulas utilizando meio de montagem Entellan Mounting Medium
(Merck®).

Obtencéo e analises de imagens

Os 5 cortes foram fotomicrografados em microscopio com objetiva de 63x (Leica
DM2500®) acoplado a uma camera de CCD Leica DFC 345FX. Tendo como base o canal
ependimario, foram adquiridas imagens dos dois cornos ventrais da medula espinal. As
imagens foram analisadas utilizando-se o programa Image J software (NIH), onde foi avaliado
o didmetro de ferret e contado o nimero de neurdnios. A separacao entre neurdnios o e -y foi

realizada de acordo com critério de tamanho, onde os neurbénios que apresentam diametro
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>25um, sdo contados como neurdnios motores o ¢ os que apresentavam diametro <20um

foram considerados do tipo B-y (Gadamski et al., 2006 e Tomlinson, Irving, Rebeiz, 1973). Os

dados analisados foram graficamente representados e estatisticamente analisados utilizando-se

o0 programa GraphPad Prism 5.

3.4. Imunofluroescéncia para ChAT e Osteopontina (OPN) dos animais ChAT-ChR2-
EYFP

Para diferenciar especificamente 0s neurdnios motores a ¢ y-p dos interneurénios, nds
utilizamos a marcagdo com anticorpos anti-ChAT (identifica neurénios motores o e y-f) €
OPN (identifica especificamente neurdnios motores do tipo o) (MISAWA et al., 2012). Para
tanto, o mesmo procedimento de coleta descrito no item 3.3.1, foi realizado, com a diferencga
gue a medula espinal foi imediatamente fixada em solucdo de paraformaldeido (Sigma-
Aldrich) 4% em solucdo salina tamponada 1x (PBS1X). Apo6s a fixacdo, a medula foi imersa
em solucdo criopreservante de sacarose (Sigma-Aldrich) 30% em PBS1X por pelos menos
24hrs a 40C. Em seguida, 0 excesso de sacarose foi sugado em papel filtro e a medula
posicionada em moldes plasticos (Sakura), imersas em solucdo de congelamento OCT-
TissueTek (Sakura) e imediatamente congeladas em isopentano (Sigma-Aldrich) resfriado em
nitrogénio liquido. Apds congelamento, os blocos foram armazenados em freezer -80°C. Os
blocos foram cortados em um criostato (Leica CM3050S), localizado no Centro de Aquisi¢ao
e Processamento de Imagens (CAPI), ICB, UFMG. Cortes sequenciais de 30pum coletados em
laminas de vidro, previamente preparadas com solucdo de gelatina de pele suina (Sigma-
Aldrich) e sulfato de cromo (I11) e potassio. Para cada animal foram coletados e analisados 3
cortes.

As laminas contendo os cortes foram demarcadas utilizando-se canetas hidrofdébicas
(Sigma-Aldrich). O bloqueio de sitios inespecificos de ligacdo dos anticorpos foi realizado
com a incubacdo dos cortes em solucdo 3%BSA, 5% Soro de Burro e 0,1% TX100 em
PBS1X, por 1 hora a temperatura ambiente (TA). Em seguida, os cortes foram incubados com
0s anticorpos goat anti-ChAT 1:100 (AB144P, Millipore) e goat anti-Osteopontin 1:100
(AF808; R&D Systems), diluidos na mesma solucdo de blogueio acima, overnight a 40C. No
dia seguinte, as laminas foram lavadas 3X com PBS1X (5’ cada) e posteriormente incubadas
com anticorpo secundario Alexa donkey anti-goat IgG 488 1:1000 (ThermoFisher Scientific),
diluido no mesmo bloqueio (1 hora a TA). Em seguida, as ldminas foram novamente lavadas
3X com PBS1X (5’ cada), incubadas com DAPI 1:1000 (ThermoFisher Scientific) antes da
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ultima lavagem e montadas com laminulas Gold Seal #1% (.16-.19 mm) e meio de montagem
anti-fade ProlongGold (ThermoFisher Scientific).
Obtencéo e analises de imagens

Em seguida, as ldaminas foram levadas ao microscépio confocal LSM 880 Airy-Scan
(Zeiss), localizado no CAPI, ICB, UFMG. Os motoneurénios localizados na lamina IX de
Rexed foram selecionados e imagens em serie-z, com intervalos de 2,0um entre as fatias
oOpticas foram coletadas. Para obtencdo das imagens foi utilizado objetiva EC Plan-Neofluar
40x/1.30 Oil DIC M27. Para excitagdo do anticorpo secundario conjugado a sonda Alexa 488
e do DAPI, foi utilizado um laser de Argbénio Ar multilinha (458, 488 e 514 nm) e para a
selecdo do espectro de fluorescéncia, foram utilizados filtros de emissdo band-pass 495 a
630nm para selecdo do espectro do 488 e um filtro 410-495 para selecdo do espectro do
DAPI. Os ganhos tanto do 488 quanto do DAPI foram selecionados de modo que a melhor
imagem fosse obtida. N&o foram realizadas andlises de intensidade de fluorescéncia.

Apos, as imagens foram analisadas utilizando-se o programa Image J (NIH) onde nds
analisamos o diametro de ferret e nimero das células marcadas com os anticorpos. Os dados
analisados foram graficamente representados e estatisticamente analisados utilizando-se o

programa GraphPad Prism 5.

3.5. Avaliacdo por imunofluorescéncia das JNM do musculo EDL dos animais ChAT-
ChR2-EYFP

Para esses experimentos, foram utilizados os camundongos ChAT-ChR2-EYFP
(B6.Cg-Tg(Chat-COP4*H134R/EYFP,SIc18a3)6Gfng/J),  ChAT-IRES-Cre  (B6;129S6-
Chat<tm1(cre)Lowl>/]) e tdTomato (B6;129S6- Gt(ROSA)26Sortm14(CAG-
tdTomato)Hze/J). Para facilitar as anélises das JNM do EDL provenientes de neurdnios
motores foram gerados camundongos ChAT-ChR2-EYFP expressando a proteina tdTomato
especificamente em neurdnios colinérgicos. Isso foi possivel pelo cruzamento dos animais
ChAT-ChR2-EYFP com os camundongos ChAT-IRES-Cre e tdTomato.

Os camundongos WT (tdTomato) e ChAT-ChR2-EYFP (tdTomato), foram
anestesiados com isofluorano e realizada perfusdo cardiaca, primeiramente com PBS1X para
drenagem no excesso de sague e logo depois com PFA 4% em PBS1X. Apos perfusdo, o
musculo Extensor Longo dos Dedos (EDL) foi coletado e bloqueado em solugdo 3% BSA,
5% Soro de cabra, 1%TX100 em PBS, por 1 hora a TA. Em seguida, os musculos foram
incubados com a neurotoxina derivada da serpente Bungarus multicinctus, a-bungarotoxina

conjugada a sonda Alexa 555, diluida 1:1000 (ThermoFisher Scientific) na solucdo de
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bloqueio, por 2 horas a TA. Em seguida, os musculos foram lavados 3X com PBS-T (0,1%
TX100) e montados em ldmina/laminula com solucdo Vectashield (Vector Labs) para
posterior aquisicdo de imagens.
Obtencéo e analises de imagens

As laminas contendo os musculos foram levadas para o microscopio confocal
motorizado LSM 700 (Zeiss), localizado na Virginia Tech Carilion Research Institute, onde
imagens em série-z de alta resolucdo foram coletadas de toda a extensdo da placa motora
(image stitching), utilizando-se objetiva Plan-Apochromat 20x/0.8 M27. Para excitacdo do
constructo tdTomato nos animais WT e ChAT-ChR2-EYFP foi utilizado um laser de Argonio
e a a-bungarotoxina Alexa 555 (evidenciar os aglomerados de AChRs) foi excitada utilizando
um laser HeNe (555 nm). Para a selecdo do espectro de fluorescéncia, foram utilizados filtros
de emissdo SP 555 para selecdo do espectro do 488 e um filtro LP 640 para selecdo do
espectro da a-bungarotoxina Alexa 555. Ap6s a aquisi¢do, foram criadas imagens em alta
intensidade de projecdo pelo ZEN software. As imagens foram analisadas utilizando-se o
programa Image J (NIH) onde nds analisamos a area dos componentes pré e pds-sinapticos.
Os dados analisados foram graficamente representados e estatisticamente analisados

utilizando-se o programa GraphPad Prism 5.

3.6. Avalicdo da endocitose e exocitose de vesiculas sindpticas no musculo Diafragma dos
animais ChAT-ChR2-EYFP

Os animais WT e ChAT-ChR2-EYFP nas idades de 3 e 18 meses, foram inicialmente
anestesiados com isoflurano e em seguida, procedeu-se o sacrificio por deslocamento cervical.
O musculo diafragma associado ao nervo frénico foi dissecado dos camundongos, seccionado
em dois hemidiafragmas e os conjuntos musculos-nervos foram montados em placas cobertas
por gel de silicone Sylgard® e fixados com alfinetes entomoldgicos. As preparacdes foram
imersas em solucdo Ringer contendo 135 mM NaCl, 5 mM KCI, 2 mM CaCl2, 1 mM MgCI2,
12 mM NaHCO3, 1 mM NaH2PO4, 11 mM D-glicose, com pH em 7.4, e aerada com uma
mistura de 5%C0O2/ 95%02. As preparacdes neuromusculares foram marcadas com a sonda
vital FM 1-43 (4uM), em solugdo Ringer contendo alta concentra¢do de potassio (60 mM
KCI), durante 10 minutos, para marcar o aglomerado de vesiculas sinadpticas sujeitas a
reciclagem. Apds a estimulacdo, a preparacdo foi mantida em repouso por 10 minutos para
garantir a captacdo maxima de FM1-43 durante a endocitose compensatdria. O excesso de

FM1-43 aderido a membrana do terminal sinaptico e a membrana da célula muscular foi
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removido durante um periodo de lavagem da preparacdo em Ringer sem o marcador por 20
minutos. Apds a lavagem, as vesiculas endocitadas foram evidenciadas através de uma
segunda etapa de estimulacdo (Betz & Bewick, 1992). As preparacdes foram incubadas na
presenca de d-tubocurarina (8uM) para evitar contra¢cdes musculares durante a estimulagdo a
desmarcacdo ou a aquisicdo de imagens. Para cada animal nds utilizamos apenas uma
terminacdo pré-sinéptica para 0 acompanhamento do processo de desmarcacao.
Obtencéo e analise das imagens

As imagens dos terminais nervosos marcados com FM1-43 foram obtidas com o
auxilio de um microscopio de fluorescéncia (Leica DM2500®) acoplado a uma camera de
CCD Leica DFC 345FX, utilizando-se objetivas de imersdao em agua (63x com abertura
numérica de 0,95). As imagens coletadas pela camera foram processadas e visualizadas em
microcomputador utilizando-se o programa Leica Application Suite software (LAS) para o
acompanhamento das etapas de marcacéo e desmarcacdo das juncdes neuromusculares. A luz
utilizada para iluminar a preparagdo provinha de uma lampada de merclrio e passava por
filtros de 505/530 nm para selecdo do espectro de fluorescéncia, adequado a excitacdo do
marcador FM1-43. Todas as variaveis de ajuste das imagens como, por exemplo, tempo de
exposicdo e ganho eram mantidas constantes para imagens obtidas em um mesmo
experimento. Para determinar a taxa de desmarcacdo foram analisados 5 spots fluorescentes

em cada terminacdo nervosa em cada intervalo de tempo.

3.7. Avalicdo especifica da endocitose pela marcacdo com FM1-43 fx e a-bungarotoxina
no musculo Diafragma dos animais ChAT-ChR2-EYFP

O mdusculo diafragma foi dissecado e seccionado em dois hemidiafragmas sendo que
0s conjuntos musculo-nervos resultantes foram montados em placas contendo o fundo coberto
por gel de silicone Sylgard® e fixados com alfinetes entomoldgicos e banhados em solugéo
Ringer contendo 135 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 12 mM NaHCOg, 1
mM NaH2PO4, 11 mM D-glicose, com pH em 7.4, e aerada com uma mistura de 5%CO2/
95%0,. As preparacOes foram entdao marcadas com a-bungarotoxina — Alexa Fluor 555 para
visualizagdo de aglomerados de receptores para acetilcolina na membrana pds-sinaptica e,
tambeém, com o marcador fluorescente FM1-43 fx (analogo fixavel do FM1-43) na
concentragdo de 8 uM, para marcar vesiculas sinapticas em reciclagem durante estimulagéo,
com solugdo Ringer contendo alta concentracdo de potéassio (60 mM KCI), por 10 minutos
(Betz et al., 1992). Apos a estimulacdo, a preparacdo foi mantida em repouso por 10 minutos
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na presenca de FM1-43 fx para garantir a captacdo maxima da sonda fluorescente durante a
endocitose compensatéria. O excesso de FM1-43 fx aderido & membrana do terminal
sinaptico e a membrana da célula muscular foi removido durante um periodo de lavagem da
preparacdo em Ringer contendo Advasep-7 (ImM) e isento de marcador por no minimo 15
minutos. As preparagdes foram fixadas em PFA a 4% no gelo por no minimo 40 minutos.
Apoés a fixagdo os musculos foram lavados com glicina em solucdo salina tamponada
(PBS1X- 0,1 M) para reducdo do sinal fluorescente do fixador. Finalmente, o0s
hemidiafragmas de WT e ChAT-ChR2-EYFP foram montados em lamina de vidro usando o

meio de montagem ProLong® Gold (Thermo-Scientific).

Obtencdo e analise das imagens

As imagens de JNMs marcadas com FM1-43 fx e a-bungarotoxina foram adquiridas
através de um microscopio confocal de escaneamento a laser (Zeiss LSM 880), localizado no
CAPI, ICB-UFMG. Utilizou-se a objetiva de imersdo em 6leo de 40x (abertura numérica
1.30) e 63x (abertura numérica 1.4). A luz de excitacdo partia de um laser de argbnio (488
nm) e de hélio-nebnio (543 nm). O espectro de emissdo foi fixado utilizando-se filtros BP
510-568 nm para FM 1-43 fx e 578-697 para a-bungarotoxina. Sec¢des dpticas na modalidade
de série Z foram coletadas em intervalos de 1,0 pum. Durante a aquisi¢do das imagens, os
hemidiafragmas foram digitalizados, sendo selecionadas em torno de 20 imagens (em objetiva
de 40x) para contagem dos perfis de elementos pré e pos-sinapticos, 10 imagens (em objetiva
de 63x) para avaliacdo da area e intensidade de fluorescéncia dos elementos. As anélises
quantitativas dos elementos pré e pds-sinapticos foram realizadas com o software Image J
(NIH). Para andlise da intensidade de fluorescéncia, as imagens foram convertidas para o
formato da escala de cinza de 8 bits e cada elemento marcado foi avaliado individualmente,
sendo que a fluorescéncia média dos elementos sinapticos de cada animal foi considerada para
a comparacao entre os gendtipos. Para a analise estatistica da intensidade de fluorescéncia da
JNM, foram selecionadas as 50 JNM mais fluorescentes por animal.

3.8. Avaliacao ultraestrutural das JNMs do musculo Diafragma dos animais ChAT-
ChR2-EYFP

As amostras do musculo diafragma foram fixadas em solucdo recém-preparada de

PFA 4,0%, glutaraldeido 2,5% em tampé&o cacodilato 0,1M (pH 7.4) (solugdo de Karnovsky

modificada), overnight & 4° C. Apos fixados, os tecidos foram fragmentados na regido das

61



placas motoras e pés-fixados em tetréxido de 6smio 1% em tampdo cacodilato 0.1M (pH 7.4)
por 90 minutos a 4 °C. Ferrocianeto de potassio foi adicionado a esta solugdo na concentracdo
de 1,6% (solucdo de tetroxido de 6smio reduzido). Os tecidos passaram pela lavagem em
solucdo de tampdo cacodilato 0.1M (pH 7.4) em trés banhos de 10 minutos a temperatura
ambiente. Contrastados por imersdo em uranila 2,0% overnight a 4° C. Em seguida, os
masculos foram lavados com &gua deionizada por 10 minutos em temperatura ambiente,
recortados em fragmentos de cerca de 3 mm de comprimento, desidratados em uma série
crescente de etanol (35, 50, 70, 85, 95 e 100%) e acetona absoluta a temperatura ambiente.
Posteriormente os fragmentos passaram por pré-inflitracdo e infiltracdo em resina epon 812
(EMS). Apds a polimerizacdo dos blocos foi realizada a microtomia com navalha de vidro
(cortes semifinos de 300 nm) para selecéo das areas de interesse e, em seguida, a microtomia
com navalha de diamante (cortes ultrafinos de 50 nm) apenas da regido selecionada. Os cortes
foram montados em grades de cobre de 200 mesh e contrastados com citrato de chumbo para
posterior visualizacdo. As telas de cobre foram visualizadas em microscépio eletronico de
transmissdo Tecnai-G2-Spirit-FEI/Quanta, com voltagem de aceleracdo de 120 kV do Centro
de Microscopia da UFMG.

3.9. Estudo Miogréfico in vitro

A preparacdo nervo frénico-diafragma foi removida e montada em cubas para 6rgéos
isolados para a realizacdo de registros miograficos in vitro, de acordo com Gallacci &
Oliveira (1994). Em resumo, a preparacdo foi montada verticalmente em uma camara
convencional de banho para musculo isolado, contendo 15 mL de solucdo de Ringer (NaCl,
135 mM; KCI, 5 mM; MgCI2, 1 mM; CaCl2, 2 mM; NaHCO3, 15 mM; NaH2PO4, 1 mM;
glicose, 11 mM). A solucéo foi aerada com Oz (95%) + CO. (5%) e mantida a 35 °C. As
contracbes musculares foram registradas através de um transdutor de forca isométrica (FT03,
Grass) acoplado a um sistema de aquisi¢do de dados (AcquireLab- Gould). As contragdes
musculares foram evocadas indiretamente, por pulsos elétricos retangulares com duracéo de
0,5 ms, intensidade supramaxima e frequéncia de 0,2 Hz aplicados por um estimulador
eletronico (S88K, Grass) no nervo frénico. Uma vez montado no aparato de teste, os musculos
foram estabilizados por 30 min, durante os quais o liquido nutriente foi trocado a cada 10
minutos e o estimulo elétrico foi mantido para estabelecer a viabilidade muscular.

A margem de seguranca da transmissdo neuromuscular foi avaliada através da
administracdo de concentracbes crescentes de brometo de pancurénio ou magnésio nas

62



preparacdes evocadas indiretamente. Estas substancias foram adicionadas ao banho de drgéos,
respeitando um periodo de 10 minutos entre cada concentracdo. A amplificacdo da contracdo
muscular na presenca e na auséncia das concentragcdes crescentes de pancurdnio ou de

magnésio foi utilizada para estimar a margem de seguranca da transmissdo neuromuscular.

3.10. Avaliacdo histolégica da musculatura estriada esquelética dos animais ChAT-
ChR2-EYFP e VAChT KDHOM

Para esses experimentos os musculos Séleo e Extensor Longo dos Dedos (EDL) dos
animais WT, VAChT KD"°M e ChAT-ChR2-EYFP foram dissecados. Adicionalmente, o
musculo Gastrocnémio foi coletados dos animais VAChT KD"M, O protocolo de fixagéo,
inclusdo em resina glicol metacrilato e microtomia, foi 0 mesmo utilizado na preparacdo da
medula espinal lombar (vide item 3.3.1), com a diferenca que com os musculos, apenas uma
seccdo transversal de cada musculo por animal/genétipo foi analisada. A microtomia dessas
amostras foi realizada utilizando um micr6tomo (Leica Reichert-Jung®) localizado no
laboratério de Neurobiologia, Conceicdo Machado no Departamento de Morfologia, ICB,
UFMG.
Obtencao e anélises de imagens

Foi fotografado 1 corte por animal/gendtipo em microscopio Optico com objetiva de
20x (Axioplan 2 Carl Zeiss), localizado no laboratério de Neurobiologia, Profa. Conceicdo
Machado, no Departamento de Morfologia do ICB, UFMG. Para os musculos Soleo e EDL
foram feitas imagens de toda a seccdo transversal do musculo, enquanto que para o masculo
gastrocnémio, foram feitas em torno de 15 imagens em aumento de 20x das porcdes lateral e
medial do musculo, excluindo-se 0 musculo plantar que compde o complexo muscular. As
imagens foram analisadas utilizando-se o software Axiovision (Carl Zeiss), por onde foi
analisada a &rea de seccdo transversal (CSA) das fibras musculares. Os dados foram
graficamente representados e estatisticamente analisados utilizando-se o programa GraphPad
Prisma 5.0.

3.11. Avaliacéo por imunofluorescéncia dos tipos de fibras musculares no Séleo e EDL
dos animais ChAT-ChR2-EYFP e VAChT KDHOM

As isoformas da cadeia pesada de miosina (MyHC) foram identificadas de acordo com

o protocolo descrito por (Valdez et al. 2012). Os musculos So6leo e EDL foram coletados, e

imediatamente imersos em OCT (Easy Path), orientados em moldes plasticos (Sakura) para
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congelamento e cobertos com OCT. Os musculos Séleo e EDL foram seccionados na sua
por¢cdo média, imersos no mesmo molde e congelados em isopentano (Sigma-Aldrich),
resfriados em nitrogénio liquido. Os blocos contendo os musculos foram cortados em um
micrétomo (Leica CM3050S), onde cortes transversais de (10um) foram coletados em
laminas previamente preparadas com gelatina. As laminas foram entdo bloqueadas por 30’ a
TA com 3% BSA (Sigma-Aldrich), 5% soro de cabra (Sigma-Aldrich), e 0.1% Triton X-100
(Sigma-Aldrich) diluidos em PBS 1x. Os cortes foram, em seguida, incubados overnight a
40C com o0s seguintes anticorpos primarios: tipo 1 (Leica Microsystems Cat# NCL-MHCs
Lot# RRID:AB_563898; 1:250); tipo 2A (DSHB Cat# SC-71 Lot# RRID:AB_2147165;
1:100), tipo 2X (DSHB Cat# BF-35 Lot# RRID:AB_2274680, que reconhece todas isoformas
da MyHC, exceto a isoforma 2X; 1:100), e tipo 2B (DSHB Cat# BF-F3 Lot#
RRID:AB_2266724; 1:100). Os anticorpos SC-71, BF-35 e BF-F3 foram depositados no
Hybridoma Bank (DSHB) por Stefano Schiaffino. Todos os anticorpos foram diluidos na
mesma solugé@o de bloqueio, sem Triton X100. As laminas foram lavadas 3X com PBS1X e
incubadas com por 1 hora a TA com os anticorpos secundarios, Alexa 488 goat anti-mouse
IgG1 (Thermo Fisher Scientific Cat# A-21121 Lot# RRID:AB_2535764. Reconhece 0s
anticorpos tipos 1, 2A e 2X) e Alexa 488 goat anti-mouse IgM (Thermo Fisher Scientific Cat#
A-21042 Lot# RRID:AB_2535711. Reconhece o anticorpo tipo 2B). Os cortes foram lavados
3X com PBS1X e as laminas montadas em lamina/laminula utilizando o meio para
preservacdo da fluorescéncia, VectaShield (Vector Laboratories Cat# H-1000 Lot#
RRID:AB_2336789).
Obtencao e anélises de imagens

As imagens de uma seccdo transversal dos musculos para cada animal/genétipo foram
obtidas utilizando uma objetiva (10x, 0.25AN) em um microscépio de fluorescéncia (Leica
DM2500) acoplado a uma camera Leica DFC 345FX e visualizados em computador. Para
excitacdo do Alexa, nds utilizamos uma lampada de mercurio de 100W, sendo que um filtro
FITC foi utilizado para coleta da luz de emissdo. As imagens foram analisadas pelo software
image J onde cada tipo de fibra foi contado e expresso como a porcentagem em relagdo ao
namero total de fibras contadas no corte. Os cortes também foram utilizados para anélise da
CSA dos tipos de fibras musculares. Cada anticorpo foi validado utilizando os controles
negativos apropriados, omitindo-se o0s anticorpos primarios dos cortes. Os dados foram
representados em graficos pelo programa GraphPad Prisma 5.0 e analisados estatisticamente

pelo mesmo.
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3.12. Teste de Fadiga Muscular

Estudo Miogréfico

O estudo miogréfico foi realizado no Laboratério de Farmacologia da Juncdo
Neuromuscular e Toxinologia do Departamento de Farmacologia da Universidade Federal de
Minas Gerais.

Preparagdo do musculo EDL e Sdleo de camundongo

Os animais foram sacrificados por deslocamento cervical. Os musculos EDL e Séleo
foram isolados e montados verticalmente em cuba para 6rgdo isolado, contendo 10 mL de
solugéo Ringer, constantemente borbulhada com carbogénio (95 % 02 e 5 % CO2) e mantida
na temperatura de 28 + 2 °C. Uma das extremidades do masculo EDL e Soleo foi conectada a
um suporte de vidro em forma de L e a outra a um transdutor de tensdo isométrica (Grass,
FT03). O transdutor foi conectado a um amplificador de sinal (Gould Systems, 13-6615-50) e
os registros miograficos in vitro foram efetuados em um computador, através de um sistema
de aquisicdo de dados (Gould Sytems, Summit ACQuire e Summit DataViewer).

Registro das contra¢des musculares evocadas diretamente

Os musculos EDL e Séleo foram posicionados entre os polos de um eletrodo bipolar
de platina, e este acoplado a um estimulador elétrico (Grass-S88K). A tensdo de base de cada
uma das preparacOes foi estabelecida individualmente, de modo a fornecer a tensdo maxima
em resposta a aplicacdo de pulsos elétricos retangulares (5 milissegundos de duracéo,
intensidade supra-maxima e 0,2 Hz de frequéncia). Os estimulos foram mantidos durante o
periodo de estabilizacdo de 30 minutos, ocorrendo a troca do liquido nutriente a cada 10
minutos. Em seguida, a D-tubocurarina (0,025 mM) foi adicionada ao banho para evitar
qualquer interferéncia dos estimulos evocados indiretamente no musculo através do nervo.

Apo6s o periodo de estabilizacdo, as preparagfes foram submetidas a estimulos
tetanicos sucessivos com frequéncia crescente (10, 30, 50, 80, 100, 120, 150 e 180 Hz),
duracdo de 500 milissegundos e aplicados a cada 5 minutos. Apds este procedimento, a
amplificacdo maxima do musculo EDL (100 Hz) e Séleo (80 Hz) foram estabelecidas e
posteriormente utilizadas no protocolo de Fadiga Muscular.

Protocolo Experimental do Teste de Fadiga Muscular

Os musculos EDL e Séleo foram submetidos a um periodo de 10 minutos de estimulos
tetanicos sucessivos. Cada tétano foi deflagrado na frequéncia de 100 Hz (EDL) e 80 Hz

(Soleo), apresentando duracdo de 500 milissegundos e com intervalo entre eles de 1500
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milissegundos. A resisténcia a fadiga foi definida como a amplitude da contracdo inicial
(tempo 0) em relacdo ao decréscimo percentual da amplitude das contragdes a cada 1 minuto.

3.13. Microscopia Eletronica de Transmissdo dos musculos EDL e Sdleo dos animais
VAChT KDHOM

Os musculos EDL e Soleos foram coletados e processados para MET conforme

protocolo descrito no item 3.9. Foram realizadas analises qualitativas de cortes longitudinais

das miofibrilas do EDL e Soleo. Foram avaliados detalhes relacionados a organizagédo

miofibrilar, preservacdo dos sarcdmeros, aspectos das triades (TT e RS), preservagdo e

localizagdo das mitocOndrias. Foram avaliadas pelo menos 15 imagens para cada

animal/gendétipo.

3.14. Anélise molecular por gPCR de genes musculares e mitocondriais dos musculos
EDL e Séleo dos animais VAChT KDHOM

Os masculos EDL e Soleo foram rapidamente dissecados e imersos em solucdo de
preservacdo do RNA (RNA latter-Sigma-Aldrich) e armazenados por 24 horas em geladeira a
4°C e depois a -20°C até o processamento. O RNA total foi extraido utilizando reagente de
TRIzol (Thermo-Fisher Scientific) e tratado com DNAse (RNAse-free- Sigma-Aldrich AMP-
D1). A enzima M-MLV (Promega, M1705), foi utilizada para transcricdo reversa, e dessa
reacdo, 40ng de cDNA foi gerada e utilizada para gPCR. Os genes relacionados na tabela 4
foram amplificados. O gene enddgeno utilizado para normalizacao das analises foi o GAPDH
(controle interno). O reagente SYBR green (SYBR® Green PCR Master Mix, Applied
Biosystems) foi utilizado em um sistema ViiA™ 7 System (Applied Biosystems) que permite
a analise automatica da curva de melting. Um pico Unico para cada reacdo confirmava a
identidade do produto gerado na PCR. A comparagdo dos niveis de expressdo génica entre 0s
grupos foi feita pelo método de comparacéo relativa dos Cycle Threshold (CTs) utilizando a
equacdo 2—AACT (Pfaffl 2001). As alteracbes na expressao dos genes refletem diferencas
entre camundongos WT e VAChT KD"°M na ordem de 2X. Os valores da comparagéo
relativa dos CTs, aplicados na formula, foram normalizados em 1,0 para os animais controles
(WT) e as diferencas encontradas para os animais VAChT KDHM eram sempre relativas aos
animais WT. As sequéncias no RNA utilizadas estdo disponiveis na base de dados no
GenBank em: (https://www.ncbi.nlm.nih.gov/genbank/). Os dados foram computados,
representados em graficos pelo programa GraphPad Prisma 5.0 e analisados estatisticamente.
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Tabela 4: Lista e sequéncias iniciadoras (primers) utilizadas para amplificacdo dos genes
avaliados.
GENE SEQUENCIA
GAPDH_FW  TGCGACTTCAACAGCAACTC

GAPDH_RV ATGTAGGCCATGAGGTCCAC

MyoD_FW GGCCACTCAGGTCTCAGGTGT

MyoD_RV TGTTGCACTACACAGCATGCCT

Miogenina _FW CACTCCCTTACGTCCATCGT

Miogenina_RV  CAGGACAGCCCCACTTAAAA

Pax-7_FW AAAAGCACCAAGCCAAGACC

Pax-7_RV GCACACATCCCACTCACACC

PGC1l-1a_FW CCCTGCCATTGTTAAGACC

PGC1l-1a_RV TGCTGCTGTTCCTGTTTTC

MTND-1_FW GTTGGTCCATACGGCATTTT

MTND-1_RV TGGGTGTGGTATTGGTAGGG

Atroginal_FW GCAGAGAGTCGGCAAGTC

Atroginal_RV CAGGTCGGTGATCGTGAG

MuRF1_FW TGGAAACGCTATGGAGAACC

MuRF1_RV ATTCGCAGCCTGGAAGATG

3.15. Avaliacédo da capacidade aerdbica maxima (Teste de Incremento Maximo- TIM)
dos animais VAChT KDHOM ChAT-ChR2-EYFP

Uma esteira elétrica (EP - 132 - INSIGHT, Ribeirdo Preto, Brazil), localizada no
Laboratorio de Endocrinologia, Departamento de Fisiologia e Biofisica, ICB, UFMG foi
utilizada para avaliacdo da capacidade aerébica maxima. A esteira foi angulada em 5%.
Inicialmente foi realizada uma habituacdo dos animais a sala e ao aparato de teste por cinco
minutos durante cinco dias. Nesse periodo, os animais foram colocados sobre a esteira e
caminhavam a uma velocidade de 10cm/s. Apds esse periodo, o TIM foi iniciado com a
velocidade a 10cm/s com acrescimos de 5cm/s a cada 3 minutos. Um estimulo elétrico de

baixa amperagem (0,2mA) era aplicado automaticamente aos animais que saiam da esteira. O
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teste finaliza apenas quando o animal parava de correr e entrava em fadiga. A fadiga foi
definida pela recusa dos animais em continuar a movimentagéo na esteira por mais de 10s.
Adicionalmente, nds avaliamos o0 consumo de oxigénio. Para tanto, os animais foram
primeiramente pesados e colocados individualmente em uma camara de medicdo gasosa
acoplada a esteira. Utilizando um calorimetro indireto de fluxo aberto (LE405 Gas Analyzer,
Panlab Harvard Apparatus, Spain), o consumo de oxigénio (VO2) foi registrado
continuamente. O VO2 era registrado a cada minuto utilizando um sistema computadorizado
(Metabolism, Harvard Apparatus, Spain). Nos primeiros 30 minutos foram registrados o
consumo basal de O2, e logo depois, 0 TIM era iniciado seguindo protocolo acima. Ao final
do teste o pico méximo de O2 foi selecionado para analise. Nos também avaliamos a trabalho
gasto (J), que foi calculado como J= [peso corporal (Kg)] x [tempo para fadiga] x [velocidade
méaxima na esteira (m/min) x [seno (inclinacdo da esteira)]. Os dados foram representados em
graficos gerados pelo programa GraphPad Prisma 5.0 e estatisticamente analisados pelo

mesmo.

3.16. Avaliacdo do comportamento motor e for¢ca muscular dos animais ChAT-ChR2-
EYFP
Teste do campo aberto (Open field)

O teste do campo aberto foi utilizado para avaliar a atividade locomotora espontanea
(FERREIRA-VIEIRA et al., 2014; SOUSA; ALMEIDA; WOTJAK, 2006). O teste foi
realizado utilizando uma caixa (50x50cm) com o piso dividido em 16 quadrados iguais. Os
camundongos foram colocados individualmente na extremidade esquerda da caixa, e 0 tempo
de exploracdo definido foi de 300s. No6s medimos a atividade locomotora espontanea
contando o numero de segmentos cruzados (locomocdo horizontal) (VIANNA et al., 2000).
Adicionalmente, o teste permitiu avaliar a exploragdo vertical, quando o animal estica-se
verticalmente se apoiando pelas patas traseiras (também chamado de rearing). Os dados
foram registrados automaticamente pelo sistema do aparato, os quais foram computados em
tabelas no Excel, convertidos em representacdes graficas e analisados pelo programa
GraphPad Prisma 5.0.
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Avaliacao do aprendizado e coordenag¢éo motora (Rotarod)

O teste do rotarod foi utilizado para avaliar a coordenagcdo motora no nosso modelo
experimental (INGRAM et al., 1981). O aparato consistia de um cilindro giratorio. O tempo
em que 0s animais levavam para cair do aparato foi registrado. Nos utilizamos o protocolo
descrito por Prado et al. (2006). Primeiramente, os camundongos foram aclimados ao
aparelho desligado. Os animais foram treinados durante 2 min em cinco ensaios a uma
velocidade acelerada (de 4 a 40 RPM em 300s) por trés dias consecutivos. No dia do teste, 0s
animais foram avaliados em trés ensaios com velocidade acelerada (esperando um intervalo
de 10 min entre cada ensaio). O desempenho de cada animal no rotarod representa a média
dos trés testes independentes. Os dados foram representados em graficos gerados pelo

programa GraphPad Prisma 5.0 e estatisticamente analisados pelo mesmo.

Tempo para queda (Wire-Hang)

O teste do Wire-hang é uma ferramenta util para avaliagdo da forca muscular e
resisténcia do animal. Esses experimentos foram realizados de acordo com Sango et al. (1996)
e Prado et al. (2006). Os camundongos foram familiarizados a sala de comportamento 2 horas
antes do teste. NOs posicionamos cada animal individualmente no topo de uma grade metalica
com 22x22cm. Aguardava-se a fixacdo dos animais no topo da grade, e em seguida, a grade
era calmamente virada para baixo, de modo que os camundongos ficassem suspensos. As
grades eram posicionadas a 20cm do chdo, onde uma almofada era posicionada abaixo do
animal para evitar ferimentos apds a queda. Para cada animal foi realizada triplicatas, onde
cada animal deveria permanecer preso a grade por um tempo definido de 60s. Apds
finalizagdo dos experimentos, era extraida a média das trés tentativas. O valor resultante era
entdo utilizado para anélise. Os dados foram convertidos em representagdes gréficas e

analisados estatisticamente avalidados pelo programa GraphPad Prisma 5.0.

Registro da for¢ca maxima (Grip force)

O teste de Grip-force avalia especificamente a forca muscular do animal. O teste foi
realizado de acordo com Fowler et al (2002). Para esse teste nos utilizamos um aparelho
transdutor de forca, conectado a uma haste metalica gradeada, onde os animais fixavam as
patas dianteiras e/ou traseiras. O transdutor de forca continha uma pequena tela onde a forca
maxima de agarre exercida pelos animais era registrada. Para o teste, 0os animais foram

habituados a sala de comportamento e manipulados por apenas um experimentador. Durante o
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teste, os animais eram gentilmente manipulados pela cauda permitindo a aderéncia dos
animais ao aparelho. Os animais foram posicionados, de modo que ficassem paralelos a haste
metalica. Logo apos a fixacdo dos camundongos a haste, o experimentador segurando a cauda
dos animais, aplicava uma forca continua no sentido contrario da resisténcia dos animais, até
que os mesmos perdessem a aderéncia. Nesse momento, o aparelho registrava o pico de forga
maxima, sendo expresso em gramas/forca (g/f). NOs realizamos a medi¢do da forca méxima
exercida utilizando os membros anteriores e anteriores/posteriores. O teste foi realizado em
triplicata para cada animal. Os valores médios das triplicatas foram utilizados para anélise. Os
dados foram representados em graficos analisados estaticamente pelo programa GraphPad
Prisma 5.0.

3.17. Andlise estatistica

Todos os dados foram analisados usando o Microsoft Excel e GraphPad Prism 5. Os
dados histoldgicos representam a mediana de pelo menos 500 fibras musculares plotados em
gréficos de dispersdo. Antes de definir os testes estatisticos, os dados foram avaliados pelo
teste de normalidade Kolmogorov-Smirnov para testar se 0s dados assumiam ou ndo uma
distribuicdo Gaussiana. A significancia estatistica foi avaliada utilizando o teste t de Student
nédo pareado quando os dados apresentavam distribuicdo normal, ou o teste de Mann-Whitney
para a distribuicdo ndo Gaussiana. One-Way ANOVA ou Kruskal-Wallis, e um teste de
comparacdo multipla Newman Kulls ou Dunn foi realizado quando apropriado, conforme
descrito no texto. Os valores de p < 0,05 foram considerados significativos. Todos os
experimentos comportamentais, moleculares, de microscopia eletronica e testes de capacidade
aerobia foram conduzidos com os pesquisadores "cegos" aos genotipos dos animais, exceto
para analises histologicas e tipos de fibras. Neste trabalho, nds utilizamos entre n = 5-7
animais por gendtipo para cada conjunto de dados. O n exato para cada procedimento
experimental estd descrito na legenda das figuras, bem como os valores de “’p’’. Todos 0s
dados fora da distribuicdo foram tratados como outliers e excluidos da analise usando a
calculadora QuickCalcs Graph Pad disponivel em

(https://graphpad.com/quickcalcs/Grubbsl.cfm).
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4. RESULTADOS

Na primeira parte deste trabalho seréo apresentados os resultados referentes as U.M de
trés grupos musculares distintos, Diafragma, EDL e Sdleo, provenientes do modelo murino,
ChAT-ChR2-EYFP. Posteriormente apresentaremos os dados acerca dos camundongos
VACHhT KD"OM,

4.1. A exocitose de vesiculas sinapticas ndo esta alterada nos animais ChAT-ChR2-
EYFP de 3 e 18 meses.

No trabalho de Sugita et al, (2016), n6s mostramos que 0 aumento no numero de
copias do VACHT nas vesiculas sinapticas induzia aumento na liberacdo espontanea de ACh
(MEPPs). Sendo assim, nds nos perguntamos se esse aumento na expressao do VAChT estaria
relacionado a possiveis mudancas na reciclagem de vesiculas sinapticas. Essa pergunta se
torna importante uma vez que o VAChT é capaz de se ligar a proteinas do complexo SNARE
(SANDOVAL et al., 2006). Para responder a essa pergunta, nos realizamos a marcagdo das
terminac6es nervosas motoras utilizando uma sonda vital classica para estudos de reciclagem
de vesiculas sinapticas, o0 FM1-43. Essa sonda se liga reversivelmente a membrana da
terminacdo, sendo internalizada durante a endocitose compensatéria. Uma vez ligada as
membranas bioldgicas, a sonda é 350 vezes mais fluorescente do que no ambiente hidrofilico.
Assim, apds estimulo e exocitose vesicular, a sonda é novamente liberada para 0 meio
(desmarcacdo do FM1-43), de acordo com o gradiente de concentracdo. Portanto, com essa
sonda, é possivel acompanhar a exocitose vesicular.

Ao avaliarmos as imagens de desmarcacdo do FM1-43 induzida por KCI (60mM), nos
animais WT e ChAT-ChR2-EYFP em 3 e 18 meses (FIGURA 14 A e B), n6s constatamos
gue a taxa de vesiculas sindpticas que sofriam exocitose se mantinha similar entre os
gendtipos e entre as idades. Como se pode ver nos graficos da cinética de decaimento da
fluorescéncia do FM1-43 e no gréafico de barras da desmarcacdo, ndo percebemos diferencas
significativas (FIGURA 14 C e D). As diferengas que vimos foram apenas entre a
desmarcacdo do controle experimental (Fotodesmarcacdo-PB) e a induzida por KCI 60mM,
nos animais de 3 meses. Com relagdo aos animais de 18 meses, 0 teste estatistico ndo pdde ser
aplicado, uma vez que o0 nosso grupo de animais de 18 meses PB, tinham apenas dois animais,

0 que impossibilitou a realizacdo do teste. A tabela 5 sumariza os resultados encontrados.
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Tabela 5: Resultados da fotodesmarcacdo (PB) e exocitose induzida por KCI (60mM) dos
camundongos WT e ChAT-ChR2-EYFP aos 3 e 18 meses.
Desmarcacéo por FM1-43 WT-3M ChAT-3M  WT-18M ChAT-18M Estatistica

Fotodesmarcagéo (PB) 23,81+3,28 23,15+9,37  16,49+10,27  29,8016,42 NS
KCI (60mM) 51,41+6,597% 51,91+13,47% 57,52+11,20 54,94+16,14 p<0,05
Os dados representam a Média=DP # diferente de WT-3M; & diferente de PB (*** p=0,0003); # diferente de PB

(*p=0,02). Foi aplicado o teste de t-Student ndo pareado. NS: ndo significativo.

ChAT-ChR2- ChAT-ChR2-
A _WT-PB_ Evrp.PB - ever-kel. C

1009
© — WTPB-3M
.S~ ChAT-ChR2-EYFP PB-3M
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0 —, - - ChAT-ChR2-EYFP KCI-18M

Desmarcagao (%)

@8 WTPB-3M

[ ChAT-ChR2-EYFP PB-3M
@@ WTPB-18M

@l ChAT'-ChR2-EYFP PB-18M
E3 WT KCI-3M

E@ ChAT-ChR2-EYFP KCI-3M
@@ WT KCI 18M

@@ ChAT-ChR2-EYFP KCI-18M
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Figura 14: A exocitose de vesiculas sindpticas medida pela reducdo na intensidade de
fluorescéncia das terminagfes marcadas com FM1-43 ndo € modificada pela maior expressdo do
VAChT nos camundongos ChAT-ChR2-EYFP nas idades de 3 e 18 meses. A-B.
Fotodesmarcacao (PB) induzida pela exposig¢do da preparagdo a luz polarizada nos animais WT (A’ e
B’) e ChAT-ChR2-EYFP (A’ ¢ B’’) com 3 e 18 meses, nos minutos 0 e 7. A>’-A’*>’ ¢ B’”’-B”*”".
Imagens representativas da desmarcacdo das terminacdes nervosas induzida por estimulo
despolarizante (KCI- 60mM) nos animais WT (A’”” e A’*”’) e ChAT-ChR2-EYFP (B*>’ ¢ B”’”’) com
3 e 18 meses. C. Grafico de linhas evidenciando a cinética de decaimento do sinal fluorescente (% de
desmarcacao) tanto para o PB e KCI. D. Gréafico da quantificacdo da % desmarcacdo das terminagdes
motoras nas condi¢Ges PB e KCI nos animais WT e ChAT-ChR2-EYFP com 3 meses (*, *** p<0,05;
teste t-Student). Percebe-se pelos dados que a desmarcacdo das terminacBes nervosas marcadas com
FM1-43 néo difere entre os animais WT e ChAT-ChR2-EYFP em ambas as idades. Foram analisados
entre 20 e 25 spots fluorescentes nas terminag6es para cada animal por genotipo, em um N=4 (PB e
KCI) para 3 meses e N=2 (PB) e N=5 (KCI) para 18 meses por gendétipo. Os dados expressam a média
+ EPM. 3M: trés meses; 18M: Dezoito meses.
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Dessa forma, esses experimentos de avaliacdo da reciclagem confirmam que a taxa de
vesiculas que sofrem exocitose ndo muda entre os camundongos WT e ChAT-ChR2-EYFP de
3 e 18 meses.

Uma vez que nossos dados acerca da exocitose de vesiculas sinapticas ndo mostraram
diferencas entre os grupos (WT e ChAT-ChR2-EYFP) n6s nos perguntamos se 0 processo de
endocitose estaria alterado ou ndo. Para tanto, utilizamos um anélogo fixavel da sonda
fluorescente, o FM1-43 fx para especificamente avaliar a endocitose nesses animais. Nesse
experimento, apos endocitose compensatoria das vesiculas contendo o marcador FM1-43 fx
aderido @ membrana, a preparacdo é fixada com solucdo a 4 graus de PFA a 4%,
interrompendo a atividade do terminal, o que permite avaliar por intensidade de fluorescéncia,
0 quanto de FM1-43 fx que foi endocitado. Além disso, essas preparacdes foram
adicionalmente marcadas com o-bungarotoxina para visualizacdo do componente pos-
sinaptico (AChRs) a fim de avaliarmos possiveis alteragdes morfoldgicas no componente

muscular da placa motora desses animais.

4.2. O musculo diafragma dos camundongos ChAT-ChR2-EYFP apresentam JNMs com
alteracdes morfoldgicas e comprometimento na endocitose vesicular.

Antes de apresentar esses resultados, ¢ importante esclarecer, que os dados que aqui
serdo apresentados referem-se apenas aos animais de 3 meses, uma vez que priorizamos a
utilizacdo do musculo diafragma para realizacdo de experimentos de eletrofisiologia, de modo
que a avaliacdo da endocitose nos camundongos de 18 meses sera posteriormente realizada.

Nossos resultados mostram que as JNMs do diafragma dos animais WT e ChAT-
ChR2-EYFP aparentemente ndo apresentam alteracfes perceptiveis com relacdo a aposicdo
dos componentes pré-sinapticos e poés-sindpticos (FIGURA 15A). Esse dado pode ser
confirmado uma vez que ndo constatamos diferencas entre 0 nimero de elementos pré e pos-
sinapticos (FIGURA 15B), bem como nas areas pré e pos-sinaptica do mesmo animal
(FIGURA 15C). No entanto, avaliando a morfologia dos elementos, percebe-se uma reducéo
de 30% e de 25% na area dos elementos pré e pds-sinapticos, respectivamente, dos
camundongos ChAT-ChR2-EYFP em comparagdo aos WT (FIGURA 15A e C). Além disso,
a mensuracdo da fragmentacdo indica um maior indice de JNM fragmentadas nos animais
ChAT-ChR2-EYFP em relacdo ao WT (FIGURA 15D).
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Ao avaliarmos a endocitose, pela medida da intensidade de fluorescéncia do FM1-
43fx, percebemos uma reducdo de 38% na fluorescéncia pré-sinaptica (FIGURA 15D). A

tabela 6 sumariza os resultados encontrados.

Tabela 6: Resultados da analise das JNM do diafragma dos camundongos WT e ChAT-ChR2-
EYFP utilizando 0 FM1-43 fx e a-bungarotoxina.

FM1-43 fx + a-BTX ChAT-ChR2-EYFP Estatistica
Elementos Pré-sinapticos (N°) 167+59,4 139,8+31,6 NS
Elementos Pés-sinapticos (N°) 196,8+62,2 192+47,1 NS

Area Pré-sinaptica (um?) 234,2 165,0 p<0,0001
Area Pés-sinaptica (um?) 257,7 191,3 p<0,0001
Fragmentacéo (% JNM) 30,8+11 61,3£14,3 p=0,04
Fluorescéncia FM1-43 fx (U.A) 94,5+11,6 57,8+18,7 p=0,02
Fluorescéncia a-BTX (U.A) 102+19,8 68,9£25,2 NS

Os dados representam a Média£DP (numero de elementos) e a mediana dos valores (area e fluorescéncia). NS:

nao significativo.

Nossos dados mostram, portanto, que apesar do maior contetdo vesicular de ACh
(SUGITA et al., 2016), a exocitose de vesiculas sinpticas ndo se altera. Contudo, ha um
possivel comprometimento na endocitose nos animais ChAT-ChR2-EYFP, os quais
adicionalmente apresentam reducdo de tamanho dos elementos pré e pds-sinapticos, bem
como maior indice de fragmentac&o.

Nosso grupo publicou um estudo que avaliou a influéncia do contetdo vesicular de
ACh e a presenca do VACHT, na manutencdo da morfologia das vesiculas sinapticas. Nesse
estudo, ficou demonstrado que os animais VAChT KDM"OM, que apresentam contetdo
reduzido de ACh por reducdo da expressaio do VACHT, apresentavam nas JNMs do
diafragma, vesiculas sinapticas com reducdo de circunferéncia, bem como alteracédo do
formato, indicando que tanto conteildo, quanto a presenca da proteina nas vesiculas, impactam
a sua morfologia (RODRIGUES et al., 2013). Dessa forma, sabendo que os animais ChAT-
ChR2-EYFP apresentam maior liberacdo de ACh e aumento do nimero de cépias da proteina
nas vesiculas, o proximo experimento foi realizado com o objetivo de verificar a integridade
das JNMs do diafragma nesses animais, e principalmente, avaliar se as vesiculas sinapticas

estariam maiores nesse camundongos em relagcdo aos WT pelo aumento de ACh vesicular.
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Figura 15. As INMs dos camundongos ChAT-ChR2-EYFP apresentam alteragdes estruturais e
possivel comprometimento da endocitose de vesiculas sindpticas. A. Imagens representativas dos
elementos sinépticos para os animais WT e ChAT-ChR2-EYFP. Na primeira coluna encontram-se 0s
elementos pré-sinapticos marcados com FM1-43 fx, na segunda coluna os elementos p6s-sinapticos
marcados com a a-bungarotoxina. A terceira coluna evidencia a colocalizagdo pré e pos-sinéptica. B.
Quantificacdo do numero de JNMs. C. Mensuracdo da area dos elementos sinapticos, mostrando
reducdo da mesma no pré e poés-sinaptico dos animais ChAT-ChR2-EYFP D. Quantificagdo da
fragmentacdo das JNMs, indicando um aumento significativo na % de JNM fragmentadas nos animais
ChAT-ChR2-EYFP, em relagdo ao WT. E. Quantificacdo da intensidade de fluorescéncia dos
elementos pré e pds-sindpticos nos animais WT e ChAT-ChR2-EYFP, evidenciando uma redugéo da
intensidade dos elementos pré-sindpticos nos camundongos ChAT-ChR2-EYFP. Para a mensuragao
da area e intensidade de fluorescéncia foram analisados 162 elementos pré e pos-sinapticos para WT e
218 para ChAT-ChR2-EYFP. O gréfico de intensidade de fluorescéncia foi plotado utilizando-se a
média de 100 JNMs (25 por animal) com maior intensidade de fluorescéncia tanto para WT quando
ChAT-ChR2-EYFP. Os dados representam a média + DP para o gréfico B e a mediana para o gréafico
B. (***p< 0,0001; Man-Whitney; *p<0,05, Teste t-Student; N=3 a 4 animais por genotipos). Barra de
escala: 20pm.

75



4.3. Analise qualitativa das micrografias eletronicas das JNMs do musculo diafragma
dos camundongos ChAT-ChR2-EYFP

Os dados apresentados nessa subsecdo dos resultados referem-se apenas a analises
qualitativas que fizemos a partir de micrografias eletrénicas das JNMs do diafragma
provenientes dos camundongos WT e ChAT-ChR2-EYFP. No momento estamos em processo
de aquisicdo de imagens e analises de um grupo preliminar de JNM, onde estamos
mensurando a circunferéncia e formato das vesiculas sinapticas.

A andlise qualitativa, até 0 momento, ndo nos permite afirmar se existem diferencas no
tamanho das vesiculas entre os animais WT e ChAT-ChR2-EYFP de 3 meses (FIGURA 16).
Dessa forma, é necessaria a avaliagdo quantitativa para que se chegue a um resultado final. No
entanto, as vesiculas sinapticas de dois animais individuais ChAT-ChR2-EYFP de 18 meses
encontram-se visivelmente maiores que as dos animais WT e ChAT-ChR2-EYFP de 3 meses.
Ndo foi possivel obter imagens das JNM dos animais WT de 18 meses.

Uma vez demonstrado que apesar dos camundongos ChAT-ChR2-EYFP apresentarem
aumento da liberacdo de ACh, o que podera refletir em um incremento na circunferéncia
vesicular, vimos que as JNMs desses animais se encontram reduzidas em éarea e
funcionalmente, apresentam comprometimento da endocitose, que no entanto, parece nédo
refletir na exocitose vesicular. A seguir, o proximo passo foi avaliar a integridade funcional
do musculo diafragma nesses animais, em vista das alteracfes previamente identificadas. Para
esse fim, nos realizamos um experimento que avaliou a resposta do musculo (contracdo)
estimulado indiretamente pelo nervo frénico, a concentracfes crescentes de drogas ou
solucBes que levam ao bloqueio neuromuscular (brometo de pacurénio) e Magnésio. Com

esse experimento, é possivel avaliar a margem de seguranca da transmissdo neuromuscular.
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Figura 16. Ultraestrutura das JNM do diafragma proveniente dos animais WT (3 meses) e ChAT-Ch2-EYFP de 3 e 18 meses. A - B. Imagens
mostrando um terminal pré-sinaptico, composto por elementos tipicos como vesiculas sinapticas e mitocondrias, bem como as projecGes do sarcolema,
formando as invaginacdes pos-juncionais. C - D. Imagens dos animais ChAT-ChR2-EYFP de 3 meses, nos mesmos aumentos anteriores Apresentando 0s
mesmos elementos tipicos descritos em A e B.. E - F. Imagens representativas de dois perfis de JNM de dois animais individuais ChAT-ChR2-EYFP de 18

meses. Nota-se a presenca de vesiculas sindpticas maiores quando comparado aos animais de 3 meses. Barra de escala: 200um.

77



4.4. A analise da contracdo muscular indireta evidencia alteragcdes na neurotransmissao
dos camundongos ChAT-ChR2-EYFP

O mausculo diafragma é conhecido pela alta margem de seguranca da transmisséo
sinaptica muscular, em comparagdo aos musculos periféricos, como o tibial anterior (WAUD;
WAUD, 1972). Tendo isso em mente, nos realizamos uma avaliacdo da funcionalidade do
diafragma, mensurando essa margem de seguranca dos camundongos ChAT-ChR2-EYFP,
uma vez que n6s mostramos algumas alteracdes na JNM desses animais.

Inicialmente, nds avaliamos os efeitos da exposi¢do crénica do musculo diafragma dos
animais WT e ChAT-ChR2-EYFP a doses crescentes de solucGes bloqueadoras da
transmissao neuromuscular sobre a contracdo muscular evocada indiretamente por estimulo
do nervo frénico. NOs utilizamos o brometo de pancurbénio, um farmaco que tem como
mecanismo de acdo a ligagdo competitiva aos AChRs, de modo que a ligacdo da ACh aos
receptores é impedida, resultando no relaxamento e paralisia muscular (BAIRD; REID, 1967).
Adicionalmente, a mesma avaliacdo foi realizadautilizando-se concentragfes crescentes de
Magnésio, que na JNM, é capaz de reduzir a exocitose de ACh (DEL CASTILLO;
ENGBAEK, 1954).

Observa-se que a contracdo muscular evocada dos animais transgénicos, €
completamente bloqueada, proximo a 8x10°M de pancurdnio, enquanto que nos animais WT,
isso s6 ocorre com 11x10°M, uma diferenca de 28% (FIGURA 17A). Além disso, os
musculos dos animais ChAT-ChR2-EYFP, expostos a concentracdo de 4x10° M do brometo
de pancurdnio, apresentam uma queda de quase 20% na contracdo muscular evocada,
enquanto que a contracdo dos musculos dos camundongos WT estdo préximos a 100%
(FIGURA 17A).

A exposicao dos musculos a concentracdes crescentes de magnésio também revelou o
comprometimento da margem de seguranga dos animais ChAT-ChR2-EYFP em relagdo ao
WT. Na concentracdo de 6 mM do magnésio a queda da amplitude das contracdes foi de 46%
no grupo ChAT-ChR2-EYFP e de apenas 20% no WT (FIGURA 17B).

Nossos dados mostram que a neurotransmissao estd comprometida nos animais ChAT-
ChR2-EYFP, de modo que esses dados complementam as alterages morfofuncionais

observada nas JNM desses animais.
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Figura 17. Margem de seguranga da transmissdo neuromuscular. Avaliagdo da margem de
seguranca da transmissdo neuromuscular de preparacGes nervo frénico muasculo diafragma de
camundongos WT e ChAT-ChR2-EYFP. As preparacfes foram expostas a concentracGes crescentes
de brometo de pancurdnio (Figura 17A) ou magnésio (Figura 17B). A amplitude das contracoes
musculares foi expressa como porcentagem em relagdo a contracgdo inicial (auséncia de pancurdnio ou
magnésio). Os valores foram expressos em Média + EPM. * representa diferenca significativa em

relacdo ao grupo WT (p<0,05). N= 4 animais por genétipo.

A seguir, apresentaremos os dados acerca da analise das U.M do musculo EDL, bem
como resultados especificos acerca da musculatura do Soleo dos animais ChAT-ChR2-EYFP.
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4.5. Os camundongos ChAT-ChR2-EYFP apresentam alteragdes no tamanho dos seus
motoneuronios

Nosso primeiro conjunto de resultados refere-se a analise dos motoneurdnios do
segmento lombar dos animais WT e ChAT-ChR2-EYFP na idade de 3 meses. Inicialmente
nos realizamos uma anélise histoldgica geral da medula espinhal desses animais, onde
analisamos o didmetro de ferret e contamos o numero de células localizadas em todo o corno
anterior da medula lombar. Para a analise quantitativa do tamanho e nimero dos provaveis
motoneurdnios o ¢ y/P, nds utilizamos a classificacdo de tamanho, onde os neurénios com
didmetro maior que 25um foram considerados a-motoneurdnios, e as células com didmetro
menor que 25um foram classificados como y/pf-motoneurénios (GADAMSKI et al., 2006;
TOMLINSON; IRVING; REBEIZ, 1973).

Nossos dados demonstram que, ao se comparar todas as células analisadas, sem
classificar por tipo de motoneurdnios, ndo ha diferencas no didmetro de ferret entre os
genotipos (FIGURA 18C). No entanto, quando as células sdo classificadas de acordo com o
tamanho, percebemos uma redugio do tamanho dos provaveis motoneurdnios o € um aumento
no tamanho dos provaveis motoneuronios /B nos cortes de medula lombar de camundongos
ChAT-ChR2-EYFP (FIGURA 18 D). N&o observamos diferencas na contagem do nimero
total de células presentes no corno anterior da medula espinal entre os gendtipos (FIGURA

14E). A tabela 7 sumariza os resultados.

Tabela 7: Analise histoldgica da medula lombar dos animais WT e ChAT-ChR2-EYFP

Diémetro de Ferret (Mediana) ChAT-ChR2-EYFP Estatistica
Provavel a-motoneurdnio (>25um) 34,33 33,36 p=0,02
Provavel y/f-motoneurdnio (>25um) 19,28 19,74 p=0,006
~ Numero total de células (MédiatDP) ~ WT ~ ChAT-ChR2-EYFP  Estatistica
Provavel a-motoneurénio (>25um) 354+82,63 330,74£51,84 NS
Provavel y/f-motoneurdnio (>25um) 313,8+100,4 307,8+50,3 NS
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Figura 18: Analise histologica dos provaveis motoneurdnios o e y/p no corno anterior da medula
espinal lombar dos animais WT e ChAT-ChR2-EYFP. A-B. Fotomicrografias da medula espinal
lombar dos animais WT (A) e ChAT-ChR2-EYFP (B). As setas amarelas indicam provaveis
motoneurdnios do tipo a € as setas verdes y/B. Barra de escala: 100um. C. A Mensuragdo do didmetro
de ferret dos provaveis motoneurénios o ¢ y/p indicam pela analise estatistica uma reduc¢do no
diametro dos motoneurdnios a dos animais ChAT-ChR2-EYFP em relagéo aos animais WT. De forma
contraria, os motoneurénios y/p apresentam aumento do didmetro nos camundongos ChAT-ChR2-
EYFP, em comparacdo aos WTs. D. Pela analise histolégica, o nimero total de células ndo foi
diferente entre os gendtipos. Foram analisadas 3.831 células em 10 cortes ndo consecutivos de 6
animais por genotipo. Os dados representam a mediana dos valores (C) e a (MédiatEPM) (D) (*

p=0,02; ** p=0,006, teste de Mann Whitney).
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Em seguida, nos realizamos a marcagdo de cortes congelados com anticorpos anti-
ChAT, que auxilia na identificacdo de motoneurénios colinérgicos, sendo que nesse grupo se
incluem os motoneurdnios que inervam exclusivamente as fibras extrafusais (o) e aqueles que
inervam as fibras intrafusais (y-B). Além disso, nds utilizamos um anticorpo (anti-
osteopontina-OPN) o qual j& foi demonstrado a sua presenca apenas em motoneurdnios do
tipo o (FRIESE et al., 2009). Além disso, essa marcacdo permite uma identificacdo mais
especifica do que a classificagdo de acordo com o tamanho. Ademais, a classificacdo por
tamanho pode ser contaminada pela presenca de interneurdnios bem como alteracGes no
tamanho desses motoneurdnios causada pelo genotipo.

Nossos resultados mostram que a regido da lamina IX da medula lombar dos animais
ChAT-ChR2-EYFP apresentam poucos neurdnios marcados com ChAT quando comparado
aos animais WT. Qualitativamente os segmentos lombares da medula espinal dos animais
transgénicos encontram-se menores em relacdo aos WT (FIGURA 19AB). Além disso, é
possivel perceber que 0s motoneurdnios sdo também menores (FIGURA 19D). A mensuracao
do didmetro dos motoneurénios ChAT+ mostra uma atrofia nos camundongos ChAT-ChR2-
EYFP em comparacdo aos animais WT (FIGURA 19E). O namero total de células ChAT+
ndo é diferente entre os gendtipos No entanto, percebe-se uma tendéncia a reducdo. Um
aumento do N pode esclarecer essa tendéncia. Em relagdo a marcacdo com o anticorpo anti-
OPN (marcador exclusivo para os a-motoneurdnios), verificamos uma redugdo no tamanho
dos neurénios a nos camundongos ChAT-ChR2-EYFP em relacdo aos WTs (FIGURA 19H-
I). O ndmero total de células OPN+ ndo se mostra diferente entre os genétipos (FIGURA
195J). Dessa forma, nds confirmamos que a atrofia das celulas ChAT+ relaciona-se aos o-

motoneur6nios, uma vez que estes sdo neurdnios colinérgicos.

Tabela 8: Imunofluorescéncia dos neurdnios ChAT e OPN+ dos animais WT e ChAT-ChR2-
EYFP

Diametro de Ferret (Mediana) ChAT-ChR2-EYFP Estatistica

Neurénios ChAT+ 33 28 p<0.0001

Neurénios OPN+ 33 29 p<0.0001

Numero total de células (MédiatDP) ChAT-ChR2-EYFP Estatistica
Neurdnios ChAT+ 234,0+92,71 166,3+57,24 NS
Neurdnios OPN+ 183,0+103,3 150,7+61,58 NS
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Figura 19: Os motoneurdnios o da lamina IX da medula espinal lombar dos camundongos
ChAT-ChR2-EFP estdo atrofiados. A. Imagem representativa de um corte de medula lombar dos
animais WT, marcado com anticorpo anti-ChAT e DAPI. E possivel perceber no corno anterior varios
neurbnios ChAT +, em ambos os lados. O quadrado pontilhado indica um aglomerado de
motoneur6nios (Lamina IX). B. Imagem panoramica da medula lombar dos animais ChAT-ChR2-
EYFP. A medula desses animais aparece menor em relacdo aos animais WT. Barra de escala: 1mm. C.
Imagem representativa do corno anterior da medula dos animais WT, em um aglomerado de neurdnios
marcados com ChAT e DAPI. D. Percebe-se uma redugcdo no nimero e tamanho das células marcadas
com ChAT nos camundongos ChAT-ChR2-EYFP. Barra de escala: 50um. E-F. A mensuracdo do
didmetro (E) dos neurbnios ChAT+, evidencia redugdo de tamanho nos motoneurdnios colinérgicos
(podendo ser tanto a, quanto y/B) em comparacdo aos animais WT. Apesar de visualmente terem
menos células marcadas, a quantificacdo mostrou diferenca (F). G-H. Imagens representativas do
corno anterior da medula lombar dos animais WT e ChAT-ChR2-EYFP marcados com anticorpo que
distingue especificamente os motoneurdnios-o. (osteopontina-OPN). E possivel perceber neurdnios
menores em H, quando comparado com G. I-J. A andlise quantitativa evidencia redugdo no didmetro
neuronal dos animais ChAT-ChR2-EYFP. O nimero de células ndo se altera. Foram analisadas 499
células para ChAT em 4 cortes em um N=3 animais por genoétipo. Para a marcacdo com OPN, foram
analisadas 449 celulas em 4 cortes e um N= 3 animais por gendtipo. Os dados representam a mediana
dos valores e a (MédiatDP) (*** p<0,0001, teste de Mann Whitney).
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4.6. As JNM do musculo EDL dos camundongos ChAT-ChR2-EYFP apresentam
alteracdes morfologicas

O nosso proximo passo foi avaliar as JNM responsaveis pela inervacdo do
musculo EDL. Serd que essa atrofia dos motoneurdinios da medula lombar levaria a
alteracBes degenerativas das JNMs desse muasculo?

A analise morfol6gica do componente neuromuscular do EDL revela JNMs com
reducdo de 20% no tamanho, tanto dos elementos pré-sinapticos quanto pos-sinapticos
em comparacdo aos animais ChAT-ChR2-EYFP (FIGURA 20 B e C) e tabela 9.
Adicionalmente, é possivel perceber nas imagens dos animais ChAT-ChR2-EYFP, maior
quantidade de JNM desnervadas, em relacdo ao controle (FIGURA 20 B), de modo que
essa observacdo é confirmada quantitativamente em um artigo publicado do qual somos
co-autores (SUGITA et al., 2016). Dessa maneira, juntamente com 0s nossos dados
acerca da atrofia dos neurdnios motores alfa presentes no segmento lombar na medula
espinal, responsavel pela inervacdo do musculo EDL, mostramos que o préximo
componente dessa U.M, as JINM estdo também comprometidas.

De posse desses resultados, a nossa proxima pergunta foi: Sera que as fibras
musculares esqueléticas do EDL estdo alteradas assim como os motoneur6nios da medula
lombar e as JNMs que inervam esse musculo? A proxima sessdo de resultados trard a
analise do EDL, bem como de outro musculo inervado pelo segmento lombar da medula,

o0 musculo Séleo.

Tabela 9: Resultados da anélise das JNM do EDL dos camundongos WT e ChAT-ChR2-
EYFP.

EDL - JNM WT ChAT-ChR2-EYFP Estatistica
Area pré-sinaptica (um?) 553 448* p<0.0001

Area poés-sinaptica (um?) 557 450* p<0.0001

Os dados representam a mediana dos valores. * Diferente em relacdo ao WT.
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Figura 20. O musculo EDL dos camundongos ChAT-ChR2-EYFP, apresentam JNM com
reducdo de tamanho. A. Imagem representativa de JNMs do EDL dos animais WT evidenciando
sobreposi¢cdo homogénea entre os componentes pré (verde) e pos-sinapticos (AChRs — vermelho).
Observe que todas JNMs apresentam completa sobreposicdo dos elementos, denotado pela cor
amarela. B. De maneira contraria, as JNM dos animais ChAT-ChR2-EYFP apresentam-se menores em
relacdo ao WT (A), sendo possivel visualizar INMs desnervadas apresentando apenas o componente
pos-sinaptico (vermelho — cabega de seta). C. Quantificacdo da area dos elementos pré e pos-
sinpticos indicando reducdo da mesma nos animais ChAT-ChR2-EYFP, em compara¢do ao WT.
(***p< 0,0001; Man-Whitney). Foram analisadas 243 JNMs para os animais WT e 255 para 0s
animais ChAT-ChR2-EYFP. N=5 WT e 6 ChAT-ChR2-EYFP. Os dados representam a mediana dos

valores. Barra de escala: 50pum.
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4.7. Os camundongos ChAT-ChR2-EYFP exibem alteracfes morfoldgicas nas fibras
musculares do EDL e S6leo

A seguir, nés avaliamos as possiveis consequéncias dessa maior liberacdo de ACh, em
musculos de contracdo rapida e lenta desses animais. Os musculos escolhidos, Séleo e EDL
como dito anteriormente, sdo musculos de contragdo lenta e répida, respectivamente e sdo
inervados por axonios motores derivados dos motoneurdnios do segmento lombar da medula
espinal. Dessa forma, nos avaliamos o peso dos animais, dos respectivos muasculos, 0 numero
total de fibras, bem como mensuramos a area de seccdo transversal (CSA) das fibras
musculares nesses musculos, além da avaliacdo do padrdo de expressdo das isoformas da
cadeia pesada de miosina (MyHC)

Primeiramente n6s mensuramos o peso corporal dos animais, de modo que
constatamos uma reducdo de 8% no peso dos animais ChAT-ChR2-EYFP em relacdo WT
(FIGURA 21 e 22A e tabela 10). Em relagdo ao EDL, n&o observamos altera¢cdes na massa do
musculo, bem como no numero total de fibras entre os genotipos (FIGURA 21C e D e tabela
10). No entanto, quando avaliamos a area geral das fibras observamos uma reducdo de 15%
na CSA das mesmas nos animais ChAT-ChR2-EYFP (FIGURA 21E e tabela 10). A fim de se
analisar o impacto dessa atrofia em fibras especificas, n6s avaliamos a CSA de cada tipo de
fibra, de modo que encontramos reducédo nas fibras do tipo 2X e 2B, em torno de 17 e 12%,
respectivamente. Surpreendentemente, as fibras do tipo 2A dos animais ChAT-ChR2-EYFP
apresentavam hipertrofia (23%), em relacdo aos animais WT (FIGURA 21E e tabela 10). Em
seguida, nds analisamos a distribuicdo dos diferentes tipos de fibras no EDL. Nossa analise
demonstrou aumento de 13% na expressédo da isoforma 2B e redugéo de 32% na expressao de
2X no EDL dos animais ChAT-ChR2-EYFP em relacdo ao WT (FIGURA 21G e tabela 10).
Aparentemente ha um aumento do perfil glicolitico desse musculo, no entanto uma redugéo
de 2X parece compensar o0 aumento de 2B.

Com relacdo ao musculo lento, Soleo, constatamos uma reducéo de 16% no peso do
mesmo nos camundongos ChAT-ChR2-EYFP, em comparacdo ao WT (FIGURA 22C e
tabela 10). O numero total de fibras néo foi diferente (FIGURA 22D e tabela 10). A analise da
CSA geral das fibras evidencia reducdo de 8% nos animais ChAT-ChR2-EYFP em relacdo ao
WT (FIGURA 22E e tabela 10). Essa reducdo na CSA geral das fibras pode ser explicada pela
atrofia das fibras do tipo 1, 2A e 2X nos camundongos ChAT-ChR2-EYFP, além da
observagdo que as fibras do tipo 2B, de maior tamanho, foram encontradas em maior
quantidade no masculo dos animais WT (FIGURA 22F e tabela 10). A anélise da proporcao
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dos diferentes tipos de fibras, ndo mostrou diferenca entre os genotipos (FIGURA 22G e

tabela 10).

Tabela 10: Resultados das analises dos musculos EDL e Soéleo.

EDL WT ChAT-ChR2-EYFP  Estatistica (p<0.05)

Peso corporal () 29,2427 26,8+2,2* p=0,01
Peso do EDL (g) 0,012+0,002 0,011+0,0005 NS
NUmero total de fibras 923,3+168,9 906,3+114,4 NS
Area - mediana (um?) 1650 1388* p<0,0001*
Tipo 2A - CSA (um?) 576 711* p<0,0001*
Tipo 2X - CSA (um?) 892 733* p<0,0001
Tipo 2B - CSA (um?) 1977 1731* p<0,0001
% de tipo 2A 7,5£2,1 4,7+2.8 NS

% de tipo 2X 21,445,03 14,5+3,8* p=0,04
% de tipo 2B 70,8%5,5 80,1+4,5* p=0,01

ChAT-ChR2-EYFP

Estatistica (p<0.05)

Peso do Sdleo (g) 0,0108+0,001 0,009+0,0006* p=0,0049
NUmero total de fibras 768,5+142,7 742,0+117,4 NS
Area - mediana (um?) 1830 1686* p<0,0001*
Tipo 1 - CSA (um?) 1857 1717* p=0,0004"
Tipo 2A - CSA (um?) 1776 1667* p=0,0012"
Tipo 2X - CSA (um?) 2149 1539* p<0.0001
% de tipo 1 33,0+3,8 41,6+10,1 NS
% de tipo 2A 54,9124 49,2+11,6 NS
% de tipo 2X 10,043,3 8,5+2,9 NS

Os valores expressam a médiatSD ou a mediana. Estatistica: Teste t-Student ndo pareado. Para as analises
morfoldgicas do EDL, nos utilizamos 4 WT e 4 ChAT-ChR2-EYFP e para 0 Séleo 5 animais para cada genétipo.
Para a anélise da CSA muscular do EDL, n6s avaliamos um total de 2506 fibras: 211 para tipo 2A, 486 para 2XX,
e 1803 para 2B. Para o Soleo, nés avaliamos um total de 1865 fibras, sendo 786 tipo 1, 913 tipo 2A e 166 tipo
2X. * Estatisticamente significativo em relacdo aos camundongos WT. # Teste de Mann-Whitney. NS: Néo

significativo.

Em conjunto, nossos resultados mostram que os animais ChAT-ChR2-EYFP
apresentam alteragbes nos motoneurdnios da medula espinal, nas JNM e nas fibras
musculares. Nosso proximo objetivo foi verificar se as mudancgas observadas até aqui, seriam

suficientes para impactar significativamente a fungdo muscular.
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Figura 21. O musculo EDL apresenta alteracdes morfoldgicas e na expressao das isoformas da
MyHC. A. Fotomicrografias de cortes congelados do musculo EDL provenientes dos animais WT e
ChAT-ChR2-EYFP, marcados com o0s anticorpos contra as isoformas da MyHC. Barra de escala:
50um. B. Quantificacdo do peso corporal, evidenciando reducdo nos animais ChAT-ChR2-EYFP em
relacdo ao WT (*p<0,05, Teste t-Student, n=15 WT e 17 ChAT-ChR2-EYFP). C. A massa do musculo
EDL ndo mostra diferencas entre os genétipos, assim como o ndmero total de fibras do musculo (D).
E. No entanto, a analise morfométrica das fibras evidencia uma reducdo na CSA do EDL nos animais
ChAT-ChR2-EYFP (***p<0,0001, Teste de Mann-Whitney, n= 4 animais). F. A analise da CSA de
cada tipo de fibra mostra uma hipertrofia das fibras 2A, evidenciada pela imagem representativa, e
atrofia das fibras 2X e 2B dos animais ChAT-ChR2-EYFP em relacdo ao controle (***p<0,0001,
Teste de Mann-Whitney, n=4). G. A quantificacdo dos tipos de fibras, evidencia um aumento na
expressao das isoformas do tipo 2B e reducdo de 2X nos animais ChAT-ChR2-EYFP (* p<0,05; Teste

t-Student, n=5 animais). Os dados representam a média + DP ou a mediana dos valores.
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Figura 22. O musculo Soleo apresenta alteragdes morfologicas nas fibras musculares dos
animais ChAT-ChR2-EYFP. A. Fotomicrografias de cortes congelados do musculo Sdleo
provenientes dos animais WT e ChAT-ChR2-EYFP, marcados com 0s anticorpos contra as isoformas
da MyHC. Barra de escala: 50um. B. Quantificacdo do peso corporal, evidenciando reducdo nos
animais ChAT-ChR2-EYFP em relacdo ao WT (*p<0,05, Teste t-Student, n=15 WT e 17 ChAT-
ChR2-EYFP). C. A massa do musculo Séleo apresenta-se reduzida nos animais ChAT-ChR2-EYFP,
em relacdo ao controle (**p<0,05, Teste t-Student, n=7 WT e 6 ChAT-ChR2-EYFP). D. O nimero
total de fibras ndo é alterado nos gendtipos. E. A analise morfométrica das fibras evidencia uma
reducdo na CSA do Séleo nos animais ChAT-ChR2-EYFP (***p<0,0001, Teste de Mann-Whitney, n=
5 animais). F. A analise da CSA de cada tipo de fibra mostra atrofia de todos os tipos nos animais
ChAT-ChR2-EYFP em relacdo ao controle (** e ***p<0,05, Teste de Mann-Whitney, n=5). G. A
quantificagdo dos tipos de fibras ndo mostra diferencas significativas entre os gendétipos. Os dados

representam a média £ DP ou a mediana dos valores.
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4.8. O musculo Séleo dos animais ChAT-ChR2-EYFP sdo menos resistentes a fadiga

Os musculos EDL e Soleo foram coletados dos camundongos WT e ChAT-ChR2-
EYFP, com o objetivo de se avaliar a resisténcia dos musculos a fadiga.

A analise da fadiga muscular do EDL ndo exibe alteracfes significativas entre 0s
camundongos WT e ChAT-ChR2-EYFP, de modo que as alteragdes morfoldgicas vistas
anteriormente, tanto nos neurdnios motores, JNM e fibras musculares ndo foram
suficientes para impactar a resisténcia desse musculo a fadiga (FIGURA 23A). No
entanto, em relacdo ao Soleo, os resultados demonstram que os musculos dos animais
WT sdo mais resistentes a fadiga do que os musculos dos animais ChAT-ChR2-EYFP
(FIGURA 23B). A partir de 4 minutos de estimulos tetanicos sucessivos, foi observado
um maior decréscimo da amplitude das contracdes musculares dos animais ChAT-ChR2-
EYFP em relagcdo aos WT.
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Figura 23. Teste de Fadiga do musculo EDL e Séleo. Decurso temporal das amplitudes das
contragdes tetanicas (frequéncia de 100 Hz, duragdo de 500 ms, intervalo de 1500 ms) dos
muasculos EDL (A) de animais WT e ChAT-ChR2-EYFP e Sdleo (B). N&o se observa
diferengas na fadiga do EDL entre os gendtipos, no entanto, o Soleo dos animais ChAT-
ChR2-EYFP, entram em fadiga mais rapidamente em relacdo ao WT. Os valores foram
agrupados em média = E.P.M. *Representa os pontos de diferenca entre a amplitude das
contragdes musculares dos animais WT e ChAT-ChR2-EYFP. N= 7 WT e 6 ChAT-ChR2-
EYFP.
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A seguir, nosso préximo objetivo foi verificar se as mudancas observadas até aqui,
seriam suficientes para modificar significativamente a funcdo motora e a resisténcia fisica dos
animais. Dessa forma, os camundongos WT e ChAT-ChR2-EYFP passaram por uma serie de
testes de forca muscular (forca de grip e tempo para queda) e comportamento motor (campo
aberto e rotarod), além de testes que avaliaram a resisténcia na esteira (teste de incremento

maximo com medicdo do consumo basal e maximo de oxigénio).

4.9. Os camundongos ChAT-ChR2-EYFP apresentam alteracdes no comportamento
motor e na capacidade fisica

Nossos dados acerca do comportamento motor desses animais, mostram que 0S
camundongos ChAT-ChR2-EYFP, com 3 meses de idade, apresentam aumento significativo
da atividade locomotora, uma vez que a distancia total percorrida no campo aberto foi 28%
maior quando comparada aos animais WTs (Fig. 24B e tabela 11). Assim como a distancia
percorrida foi maior, a velocidade média exercida também foi significativamente superior aos
controles, em torno de 29% (Fig. 24C e tabela 11). Houve também diferencas no desempenho
dos animais ChAT-ChR2-EYFP de 3 meses com relacdo aos de 18 meses, onde percebe-se
uma reducdo desses parametros, provavelmente devido ao processo de envelhecimento (Fig.
24 B e C e tabela 11). No teste do tempo para a queda (wire hanging) nédo se evidenciou
diferencas entre os genotipos em ambas as idades (Fig. 24D e tabela 11). As diferencas
encontradas dizem respeito ao préprio processo de envelhecimentos dos animais WT e
ChAT-ChR2-EYFP (Fig. 24D e tabela 11). A mensuracdo da forca de agarre, que esta
diretamente relacionada a funcdo muscular (grip force) ndo mostrou diferencas com relacéo
aos genotipos e idades (Fig. 24E e tabela 11). Nesse conjunto de resultados, nds realizamos
apenas o teste da esteira giratdria (rotarod) nos animais de 18 meses, uma vez que Kolinisky
et al (2013) realizaram esse teste com o0s animais adultos. Esses autores mostraram que,
apesar de uma maior disponibilidade de ACh na fenda sinaptica nesses animais, essa
neurotrasnmissao colinérgica exacerbada é prejudicial para o aprendizado motor, visto que
esses animais ndo conseguem se manter por mais tempo no aparato, quando comparado aos
animais controles. Ao realizarmos esse teste nos animais de 18 meses, ficou constatado que de
fato, os camundongos ChAT-ChR2-EYFP apresentam desempenho 56% pior que 0s animais
WTSs de mesma idade.

A tabela 11 apresenta os resultados encontrados para 0s testes comportamentais

motores.

91



Tabela 11: Resultados das analises do comportamento motor.

WT-3M ChAT-3M  WT-18M  ChAT-18M  Estatistica

NUmero de rearings 1234514 167+47,3 87,5429 153,6+76,1 NS
Distancia percorrida (cm) 3584+704,9 4622+804,8" 2822+796,7  3348+1075% p<0,05
Velocidade média (cm/s) 2,986+0,5 3,85+0,6% 2,356+0,6 2,782+0,8% p<0,05

Tempo para queda (s) 55,3+4,1 47,2+11,3 29,9+11,2% 33,3+15,6% p<0,05

Forca de agarre (g/f) 31,0+£2,6 30,948,3 29,6+8,6 28,7452 NS

Tempo no rotatod (s) - - 91,7+40,5 40+27,3" p=0,03

Os dados representam a médiaxDP. # diferente de WT-3M; * diferente de WT-18M; & diferente de ChAT-
ChR2-EYFP-3M. A comparacdo entre genotipos foi realizado pela aplicacdo do teste t-Student, ndo pareado,

enguanto que a avaliacdo efeito idade foi comparada com o One-way ANOVA, pos-teste de Bonferroni.

Em relacdo aos testes que avaliaram a capacidade fisica, nés identificamos que os
camundongos ChAT-ChR2-EYFP de 3 meses apresentam reducdo de 8% no peso corporal
em relacdo aos WT (FIGURA 25A). Além disso, o trabalho realizado foi 28% menor
(FIGURA 25G). Os animais ChAT-ChR2-EYFP de 18 meses apresentaram apenas um
aumento no consumo maximo de oxigénio, em torno de 10%, o0 que pode sugerir que esse
oxigénio extra consumido pelos animais ChAT-ChR2-EYFP pode ser um fator que possa
levar a uma exaustacao precoce, uma vez gque estes consomem mais oxigénio para realizar o
mesmo trabalho exercido pelos camundongos WT de mesma idade.

Em relacdo ao envelhecimento, € possivel verificar reducbes em varios parametros
analisados, a saber: distancia percorrida, velocidade maxima, tempo total e consumo maximo
de oxigénio (FIGURA 25 e TABELA 12).

Tabela 12: Resultados das analises do teste de incremento maximo

Testes WT-3M ChAT-3M WT-18M  ChAT-18M Estatistica
Peso corporal (g) 29,1+2 4 26,7+1,9% 32,2121 28,745,3 p< 0,05
Distancia percorrida (cm) 52762+14818 46608+15501 27425+50637 27681+5620% p< 0,05
Velocidade méaxima (cm/s) 35+3,5 33,1+4,1 24,4+2 0% 24+21% p< 0,05
Tempo (min) 34,2+6,8 31,475 18,7+1,9% 18,2+3,0% p< 0,05
VO: Basal 21,3+4,7 21,4453 16,8+4,6 17,7£3,9 NS

VO2 Maximo 40,4+3,0 39,5+3,5 30,3+2,0% 33,6+1,4"% p< 0,05
Trabalho (J) 18+5,1 13,243,3% 12,6+1,7% 10,6+2,5 p< 0,05

Os dados representam a médiatDP. # diferente de WT-3M; * diferente de WT-18M; & diferente de ChAT-
ChR2-EYFP-3M. A comparagao entre gendtipos foi realizado pela aplicagdo do teste t-Student, ndo pareado,

enquanto que a avaliacdo efeito idade foi comparada com o One-way ANOVA, pos-teste de Bonferroni.
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Figura 24. Os camundongos ChAT-ChR2-EYFP apresentam maior atividade locomotora aos 3
meses de idade e reducdo no aprendizado motor aos 18 meses. A. Quantificagdo do nimero de
rearings (atividade exploratéria). B-C. Distancia total percorrida (B) e velocidade média (C) no open
field. Os camundongos ChAT-ChR2-EYFP de 3 meses apresentam maior locomogéo e velocidade
média percorrida quando comparado aos WTs na mesma idade (*p<0,05; One-way ANOVA, pos teste
de Newman-Keuls). D. Tempo para queda (wire hanging). E. Forca de agarre medida nas patas
anteriores (grip force). F. Tempo no rotarod. Os animais ChAT-ChR2-EYFP de 18 meses
apresentam reducdo significativa no aprendizado motor, uma vez resistem menos no rotarod, quando
comparado aos controles de mesma idade (*p<0,05; Teste t-Student). Os dados expressam a média +

DP em um N=5 a 7 animais por genétipo e idade. Para maiores detalhes, vide tabela 10.
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Figura 25. Os camundongos ChAT-ChR2-EYFP apresentam alteragdes no teste de incremento
méaximo (M.L.T). A. O peso corporal dos camundongos ChAT-ChR2-EYFP de 3 meses €
significativamente menor em relacdo aos WT. Nenhuma alteracdo foi percebida nos camundongos de
18 meses. B. Distancia total percorrida (m) na esteira durante o teste maximo. Diferengas
significativas em relacdo a idade. C. Velocidade maxima atingida durante o teste, sendo que com 0
envelhecimento esse parametro é reduzido nos camundongos WT e ChAT-ChR2-EYFP. D-E.
Consumo basal de oxigénio (E) e durante teste maximo (E). Esses dados mostram que 0s animais
ChAT-ChR2-EYFP de 18 meses, diferentemente dos WTs, consomem mais oxigénio durante o teste
(* p<0,05; Teste t-Student). Durante teste méximo, camundongos WT e ChAT-ChR2-EYFP de 3 e 18
meses revelam diferencas decorrentes do envelhecimento. F. O tempo total gasto ndo foi diferente
entre 0s genotipos, apenas entre as idades avaliadas. G. Calculo do trabalho (Joules) realizado pelos
camundongos WT e ChAT-ChR2-EYFP de 3 e 18 meses. Os animais de 3 meses apresentam reducao
do trabalho em comparacdo aos animais WT. Com relacdo a idade, se percebe o efeito do
envelhecimento apenas nos animais WT. Os dados expressam a média = EP em um N= 8 a 11 animais

para 3 meses e 5 a 7 para os animais de 18 meses. Para maiores detalhes, vide tabela 11.
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A proxima subsecdo trard os resultados referentes as andlises primariamente da
musculatura estriada esquelética do modelo VAChT KDHOM, utilizado para o estudo de uma
SMC pre-sinaptica. Os resultados aqui apresentados compdem o artigo cientifico, intitulado:
“Fast and slow-twitching muscles are differentially affected by reduced cholinergic
transmission in mice deficient for VAChT: A mouse model for congenital myasthenia’’,
relacionado a essa tese, publicado na Neurochemistry International (MAGALHAES-GOMES,
M. P., MOTTA-SANTOS, D., SCHETINO, L. P.,, ANDRADE, J. N., BASTOS, C. P,
GUIMARAES, D. A,, ... & COIMBRA, 2018) (ANEXO 1).

Nesse artigo nds avaliamos os efeitos de uma reducdo na neurotransmissao
colinérgica, no MEE de camundongos que apresentam um déficit na expressdo do VAChHT.
Inicialmente nos avaliamos o masculo Gastrocnémio, seguido pelo EDL e Soleo. Nos
executamos analises morfoldgicas, quantificacdo das isoformas da MyHC e anélise de genes
especificos da musculatura esquelética e mitocondriais. Adicionalmente, avaliamos a
ultraestrutura dos musculos EDL e Soéleo. Para verificar o impacto funcional da redugdo do
VACHhT nesses animais, nos realizamos as analises da capacidade fisica pelo teste de

incremento maximo.

4.10. Os camundongos VAChT KDHYOM apresentam alteragdes morfoldgicas no
musculo gastrocnémio.

NOs primeiramente avaliamos os efeitos da reducédo na liberacdo de ACh apresentados
pelos animais VAChT KDHM, na morfologia do misculo gastrocnémio, que é um complexo
muscular composto pelo gastrocnémio lateral, medial, musculo plantar e o séleo. Esse
musculo € de forma geral de contragdo rapida, no entanto é considerado um masculo misto
por apresentar além de fibras rapidas, 2B e 2X, porcentagens consideraveis das isoformas
rapidas, oxidativas-glicoliticas (2A) (BLOEMBERG; QUADRILATERO, 2012).

Dessa forma, ao analisarmos, identificamos uma reducdo na area das fibras dos
animais VAChT KDM"OM em relacdo ao WT (FIGURA 26B). E possivel verificar no
histograma de frequéncia de eventos x area das fibras, um deslocamento da curva a esquerda

(FIGURA 26C) e uma reducdo de 14% na &rea das fibras foi observada (FIGURA
26D).
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Figura 26. O musculo gastrocnémio dos camundongos VAChT KD"OM apresentam fibras em
atrofia A-B. Imagem representativa de corte transversal do gastrocnémio do WT (A) e VAChT
KDMOM (B), corados com azul de toluidina. E possivel identificar varias fibras de menor didmetro no
corte muscular dos camundongos VAChT KD"°M, em comparagdo ao WT. Barra de escala: 50 um. C.
Histograma de frequéncia da CSA das fibras do gastrcnémio dos animais WT e VAChT KDMOM, E
possivel identificar um deslocamento da curva dos camundongos VAChT para a esquerda. D. A
quantificagdo de varias fibras musculares, evidencia reducéo significativa da area nos animais VAChT
KDHOM (1638 um2) em relagéo ao WT (1905 pm2). Nés analisamos uma secgéo transversal para cada
animal e um total de 3152 fibras foi analisado para cada genétipo (****p < 0.0001 teste de Mann-
Whitney, n = 3 animais por genoétipo. Os resultados expressam a mediana da CSA).
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4.11. Os camundongos VAChT KDHYOM apresentam alteracdes morfolégicas no
musculo EDL associadas a mudancas nos tipos de fibras e expressao génica.

O gastrocnémio, um mdasculo rapido de fibras mistas, apresenta atrofia muscular nos
animais VAChT KDHM em comparacéo aos animais WT. Dessa forma, nosso proximo passo
foi avaliar um musculo puro em fibras rapidas, para verificar o grau de comprometimento
dessas fibras em relagdo as fibras lentas/oxidativas, uma vez que o gastrocnémio apresenta
uma pequena porcentagem de fibras oxidativas.

Para esse fim, nos escolhemos como musculo puro em fibras rapidas, o EDL, que
apresenta em sua grande maioria fibras dos tipos 2X e 2B (BLOEMBERG;
QUADRILATERO, 2012). Ao avaliarmos o EDL, dos camundongos VAChT KDHM,
percebemos claramente uma reducdo da area total do musculo em relacdo aos controles
(FIGURA 27A). Ao realizarmos os cortes histologicos, constatamos também fibras

musculares em possivel processo atréfico, nesses animais (FIGURA 27B).
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Figura 27. Imagens representativas da morfologia do musculo EDL e tipos de fibras musculares.
A. Imagem representativa da area de secgdo transversal total do misculo EDL de camundongos WT e
VAChT KD"°M marcados com o anticorpo anti-isoforma 2B. E possivel visualizer a area reduzida do
musculo dos animais VAChT KD"°M em relagdo ao WT. Barra de escala: 0,5 mm? B. Corte
transversal do EDL evidenciando fibras em atrofia nos animais VAChT KD"°M, Barra de escala: 50
um. C. Imagens de cortes transversais do EDL de camundongos WT e VAChT KDHM, marcados com

diferentes anticorpos contra as isoformas da MyHC. Barra de escala: 50 pm.
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A seguir, nos quantificamos o que foi observado nas imagens e de fato, constatamos
que a area total do EDL estava reduzida 21% em relagdo ao WT (FIGURA 28A e TABELA
13). Essa reducao pode ser explicada, uma vez que o masculo apresentava reducao de 20% no
numero total de fibras e 16% na area média das mesmas (FIGURA 28B-D e TABELA 13).
Para determinar especificamente, o grau de acometimento dos diferentes tipos de fibras, nds
mesuramos a area de cada tipo muscular, e encontramos que todos os tipos de fibras do EDL
dos camundongos VAChT KD"°M estavam em atrofia, confirmando que a atrofia observada
ocorria por reducdo da area nas fibras expressando as isoformas 2A, 2X e 2B (FIGURA 28E e
TABELA 13).

Para verificar se a atrofia muscular vista nas fibras rapidas, estavam relacionadas a
mudancas na expressdo das isoformas da MyHC, no6s quantificamos as imagens e
identificamos reducéo de 10% na expressdo da isoforma 2B nos animais VAChT KDHOM, em
comparacdo ao WT (FIGURA 28F e TABELA 13). Adicionalmente, possivelmente como um
efeito compensatorio, vimos um aumento de 30% na expressdo da isoforma 2X nos
camundongos VAChT KDHOM (FIGURA 28F e TABELA 13). Assim, a reduc3o na expressio
de 2B pode também explicar a atrofia muscular nesses animais, uma vez que essa fibra é a
que apresenta a maior area entre todas as fibras.

Para melhor compreender, a atrofia muscular observada no EDL dos camundongos
VAChT KD"°M ngs analisamos por qPCR a expressio do RNA mensageiro de genes
envolvidos na ativacdo do sistema ubiquitina-proteassoma, que como visto na introducdo
dessa tese, promove a degradacao proteica. Para tanto, nds avaliamos as E3-ubiquitina ligases,
Atrogina-1 e MuRF1. No entanto, de forma inesperada, nossos resultados mostraram que
Atrogina-1 estava 55% reduzida no masculo EDL dos animais VAChT KDHOM em
comparacdo ao WT, enquanto que os niveis se MuRF1 permaneceram inalterados (FIGURA
28G e TABELA 13). No6s também analisamos genes relevantes para a biogénese e
manutencdo muscular, a saber: Pax-7, Miogenina e MyOD. Alinhado a atrofia identificada,
constatamos reducdes significativas na expressdo de MyOD e Miogenina no EDL dos animais
VAChT KD"°M em relagio ao WT (FIGURA 28G e TABELA 13). Os niveis de Pax-7 nio
estavam diferentes.

A seguir, nos avaliamos os niveis de dois genes relacionados a mitocondria,
importantes para 0 masculo esquelético. Assim, analisamos 0 PGC1-a, marcador classico para
a biogénese mitocondrial (YOON et al., 2001), e MTND-1, um DNA mitocondrial que
apresenta os genes associados ao complexo | da cadeia respiratoria (MIMAKI et al., 2012).
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Nenhuma diferenca foi visualizada na expressdao de PGC1-a entre os genétipos, no entanto,
MTDN-1 estava 36% reduzido nos animais VAChT KD"°M em comparagdo ao WT,
indicando um comprometimento mitocondrial.

Dessa forma, esse conjunto de resultados relacionados ao EDL, mostram que, de fato,
esse musculo nos camundongos VAChT KD"M, ¢é seriamente comprometido e que as fibras
de contracdo répida apresentam alto grau de sensibilidade a fatores indutores de atrofia, como

a reducéo da atividade colinérgica, apresentada pelos animais VAChT KDHOM,

Tabela 13: Resultados das analises do musculo EDL dos animais VAChT KDHOM

EDL WT VAChT KDHOM  Estatistica (p<0.05)

Area total do masculo (mm?) 1.8+0.14 1.4+0.16* p=0.0016
Numero total de fibras 979+167 778+60* p=0.0140
Area média (um?) 1725+859.4 1443+717* P< 0.0001
Tipo 2A - CSA (um?) 653+176.4 554+165* P< 0.0001
Tipo 2X - CSA (um?) 863.1+346.2 714+275% P< 0.0001*
Tipo 2B - CSA (um?) 21484672 1817+564* P< 0.0001*
% de tipo 2A 5.6t£1.6 8.4+2.7 NS

% de tipo 2X 16.3+3.3 24.612.7* p=0.0008
% de tipo 2B 74+5.8 66.6+5.1* p=0.04

Marcadores moleculares (224€T) VAChT KDHoM Estatistica (p<0.05)
Atrogina-1 0.009+0.002 0.004+0.002* p=0.02
MuRF-1 0.013+0.003 0.011+0.005 NS

Pax-7 0.0004+0.00005 0.0003+0.00007 NS

MyoD 0.001+0.0004 0.0002+0.00007* p= 0.0005
Miogenina 0.0004+0.00004  0.0002+0.00003* p=0.0003
PGCl-a 0.003+0.0003 0.002+0.0004 NS (p=0.06)
MTND1 4.9+1.3 3.14+0.9* p=0.047

Os valores expressam a média+SD. Estatistica: Teste t-Student ndo pareado. Para as analyses morfolégicas, nos
utilizamos 5 WT e 7 VAChT KD"M, Para a anélise da CSA muscular, nés avaliamos um total de 2767 fibras:
316 para tipo 2A, 544 para 2X, e 1907 para 2B. A andlise molecular foi realizada utilizando-se 3 WT e 6
VAChT KDMOM, * Estatisticamente significativo em relagdo aos camundongos WT. # Teste de Mann-Whitney.

NS: Néo significativo.

100



>

Area total do EDL
(mm2)

B 15001

Numero total
de fibras

Frequéncia (%) o

Area (um?)

Figura 28. O musculo EDL dos camundongos VAChT KDHM apresenta atrofia muscular em
fibras répidas, associado a mudangas nos tipos de fibras e expressdo génica. A. Quantificacdo da
area total do EDL, evidenciando reducéo significativa nos animais VAChT KDHOM (**p = 0,0016
Teste t-Student, n = 5 WT e 7 VAChT KD"°M), B. O nlmero total de fibras também esta reduzido
nesses animais (* p= 0.0014 Teste t-Student, n =5 WT e 7 VAChT KD"M), C-D. O mUsculo EDL
apresenta atrofia muscular geral (*** p< 0.0001 Teste de Mann-Whitney test, n =5 WT e 7 VAChT
KDHOM), E. A atrofia generalizada é devido a reducdo da area de todos os tipos de fibras musculares
(***p < 0.0001 Teste de Mann-Whitney test, n =5 WT e 7 VAChT KDHM), F. Os camundongos
VAChT KDHM, apresentam reducéo na expressdo da isoforma 2B e aumento de 2X. G. A avaliagdo
de genes de atrofia, evidencia reducdo de atrogina-1 (*p = 0.02), associado a regulacdo negativa de
genes musculo-especificos, como MyoD (***p = 0.0005) e Miogenina (***p = 0.0003), bem como
reducdo do DNA mitocondrial, MTND-1 (*p = 0.047) no EDL dos camundongos VAChT KDHOM em
relacdo ao WT.
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4.12. Os camundongos VAChT KDHYOM apresentam alteracdes morfolégicas no
musculo Séleo associadas a mudangas nos tipos de fibras e expressédo génica.

Uma vez demonstrado que um musculo exclusivo de contracdo rapida, o EDL, se
apresenta significativamente comprometido, nés avaliamos, em seguida, o impacto da reducéo
da transmissdo colinérgica em fibras de contracdo lenta. Dessa forma, nos escolhemos o
Séleo, por sua grande porcentagem de fibras lentas, 1 (oxidativas) e 2A (oxiativas-
glicoliticas) (BLOEMBERG; QUADRILATERO, 2012) e por sua caracteristica fisioldgica
principal, por se manter constantemente ativado para manter a postura corporal (DI GIULIO
et al., 2009).

As imagens representativas de sec¢des transversais do Soleo de camundongos WT e
VACHT KDHOM mostram que aparentemente, diferentemente do EDL, o S6leo ndo apresenta
reducio global da area muscular total nos VAChT KDHOM (FIGURA 29A). No entanto, ao
avaliar as imagens dos cortes histoldgicos, é possivel visualizar uma leve hipertrofia das
fibras musculares do Soleo dos animais VAChT KD"°M em comparagdo ao WT (FIGURA
29B). Pela marcacdo dos tipos de fibras, é possivel identificar, além do aumento na area de
fibras tipo 1 e 2A, um aparente aumento na presenca de fibras tipo 1 positivas no Soleo dos
camundongos VAChT KDHM (FIGURA 29C). Além disso, visualiza-se reducdo no nimero
de fibras marcadas com o anticorpo contra a isoforma 2A nos animais VAChT KDHOM
(FIGURA 29C).
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Figura 29. Imagens representativas da morfologia do muasculo Séleo e tipos de fibras
musculares. A. Imagem representativa da area de seccdo transversal total do musculo Séleo de
camundongos WT e VAChT KD"°M marcados com o anticorpo anti-isoforma 1. Visualmente, néo se
percebe diferencas na area total do muasculo Séleo entre os gendtipos analisados. Barra de escala: 0,5
mm?. B. Corte transversal do Séleo, onde é possivel observar fibras levemente hipertréficas. Barra de
escala: 50 pm. C. Imagens de cortes transversais do Séleo de camundongos WT e VAChT KDHOM,

marcados com diferentes anticorpos contra as isoformas da MyHC. Barra de escala: 50 pm.
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Ao quantificarmos as imagens acima, nos confirmamos que a area muscular total do
Séleo ndo era diferente entre os gendtipos analisados (FIGURA 30A e TABELA 14). No
entanto, a analise do numero total de fibras musculares, evidenciou uma reducao de 15% nos
camundongos VAChT KDM"OM em relacdio ao WT (FIGURA 30B e TABELA 14).
Surpreendentemente, ao realizarmos a andlise da area individual de cada fibra, encontramos
uma hipertrofia de 12%, nas fibras dos animais VAChT KD"°M (FIGURA 30C-D e TABELA
14). Ao analisarmos a area de cada tipo de fibra muscular, constatamos um aumento de 8% e
18% na area das fibras tipo 1 e 2A, respectivamente (FIGURA 30E e TABELA 14).

Ao quantificarmos a proporcdo dos diferentes tipos de fibras, vimos que a razéo de
fibras tipo 1 em relagdo as fibras 2A, estava significativamente aumentada, indicando um
aumento do perfil oxidativo do S6leo nos camundongos VAChT KDHM (FIGURA 30F e
TABELA 14).

O impacto da reducdo do VAChT também foi avaliado pelos niveis de expressdo dos
genes previamente analisados para o EDL. Dessa forma, de forma contraria, ao EDL, nos
verificamos que a expressao dos genes de atrofia, Atrogina-1 e MuRF1, estava 41% e 24%
maior nos animais VAChT KD"M em comparacéo ao controle (FIGURA 30G e TABELA
14). Esse resultado indica que a via de degradacdo proteica esta ativada. Ademais, ao
analisarmos o0s genes musculo-especificos, encontramos regulacdo positiva para Pax-7
(150%) e MyoD (75%), nos animais VAChT KD"M, em relacdo ao WT (FIGURA 30G e
TABELA 14). Esses dados podem ser associados a presenca das fibras musculares em
regeneracdo que identificamos nos cortes do Séleo dos animais VAChT KDHM (FIGURA
31B). Adicionalmente, os moduladores metabdlicos, PGC1l-a e MTND-1 estavam ambos
aumentados em 114% e 55%, respectivamente, no Soleo dos camundongos VAChT KDHOM,
(FIGURA 30G e TABELA 14).

Nossos resultados, portanto, mostram que diferentemente de um musculo exclusivo de
contragcdo rapida que sofre impactos negativos pela reducdo da atividade colinérgica, o
musculo Sdéleo, de contracdo lenta, apresenta também uma série de alteracGes que com certeza
sdo capazes de impactar a fungdo do mdsculo, no entanto, as mudangas aqui observadas,
aparentemente ndo sao tdo drasticas as observadas em musculos rapidos. Além disso, ndo
podemos descartar a possibilidade de as alteracbes apresentadas pelo Sdleo, serem
compensatdrias por mudancas em musculos do complexo do gastrocnéemio, uma vez que a

presenca de fibras rapidas nesses musculos é consideravel.
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Tabela 14: Resultados das andalises do musculo Séleo dos animais VAChT KDHOM

Séleo WT VAChT KDHOM  Estatistica (p<0.05)

Area total do musculo (mm?) 1.45+0.3 1.5+0.3 NS
Numero total de fibras 856.2+51 730.3£75* p=0.009
Area média (um?) 1541+461 1689+495* P<0.0001
Tipo 1 - CSA (um?) 1677+453 1800+503* P<0.0001*
Tipo 2A - CSA (um?) 1350+327.3 1621+467* P<0.00017
Tipo 2X - CSA (um?) 1655+544.2 16194536 NS*

% de tipo 1 34.816.7 43.8+£2.7* p=0.007

% de tipo 2A 54.1+6.1 46.5+4.9* p=0.03

% de tipo 2X 11.1+6.0 9.745.3 NS

Marcadores moleculares (24 4€T) VAChT KDH°M  Estatistica (p<0.05)
Atrogina-1 0.005%0.002 0.009+0.002* p=0.02
MuRF-1 0.01+0.003 0.02+0.003* p=0.02
Pax-7 0.0005%0.0002 0.001+0.0004* p=0.0008
MyoD 0.0002+£0.00005  0.0004+0.00007* p=0.001
Miogenina 0.0008+0.0003 0.001+0.0003 NS*
PGCl-a 0.003+0.0003 0.002+0.0004* p=0.004*
MTND1 8.4%1.9 13.04+2.2* p=0.003

Os valores expressam a média+SD. Estatistica: Teste t-Student ndo pareado. Para as analises morfolégicas, nos

utilizamos 6 WT e 7 VAChT KD"M, Para a anélise da CSA muscular, nds avaliamos um total de 2835 fibras:
1104 para tipo 1, 1186 para 2A, e 397 para 2X. A analise molecular foi realizada utilizando-se 6 WT e 6 VAChT
KDHOM_ * Estatisticamente significativo em relacdo aos camundongos WT. # Teste de Mann-Whitney. NS: Nao

significativo.
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Figura 30. O musculo Séleo dos camundongos VAChT KD"OM apresenta fibras lentas em
hipertrofia, associado a mudancas nos tipos de fibras e expressdo génica. A. Quantificacdo da area
total do Séleo, onde ndo se visualiza alteragfes significativas na &rea total dos animais VAChT
KDMM, B. No entanto, 0 nimero total de fibras também esta reduzido nesses animais (** p= 0.009
Teste t-Student, n = 6 WT e 7 VAChT KDHOM), C-D. O musculo Séleo apresenta hipetrofia muscular
geral (*** p< 0.0001 Teste de Mann-Whitney test, n = 6 WT e 7 VAChT KD"M), E. A hipertrofia
identificada ocorre pelo aumento da area dos tipos 1 e 2A (***p < 0.0001 Teste de Mann-Whitney
test, n = 6 WT e 7 VAChT KDHM), F, Os camundongos VAChT KD"°M apresentam aumento na
expressao da isoforma lenta, 1 e reducdo da isoforma rapida-intermediaria, 2A (**p = 0.007 e *p =
0.03 Teste t-Student, n = 6 WT e 7 VAChT KD"°M), G. A avaliagdo de genes de atrofia, evidencia
aumento de atrogina-1 e MuRF1 (*p = 0.02), associado a regulacdo positiva de genes musculo-
especificos, como Pax-7 (***p= 0.0008) e MyoD, bem como aumento de PGC1-a (**p= 0.004) e do
MTND-1 (**p = 0.003) no Séleo dos camundongos VAChT KD"M, em relacdo ao WT.
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413. O muasculo EDL dos camundongos VAChT KDHOM gapresentam sinais
degenerativos associados a atrofia muscular.

A seguir, para visualizar a atrofia muscular do EDL sob um diferente angulo, nos
realizamos experimentos de MET, para analisar a ultraestrutura das fibras musculares do EDL
em busca de sinais degenerativos que pudessem indicar a atrofia do EDL dos animais VAChT
KD"°M, N¢s também analisamos o musculo Séleo dos animais WT e VAChT KD"M,

Como esperado, as fibras musculares do EDL dos animais WT apresentavam
miofibrilas com aspectos normais, ou seja, discos Z (setas brancas — FIGURA 31A), triades
(cabecas de setas brancas- FIGURA 31B), mitocondrias (cabecas de setas vermelhas-
FIGURA 31B) e sarcomeros (asterisco vermelho- FIGURA 31B). Contrariamente, o EDL dos
camundongos VAChT KDMM apresentava descontinuidade dos discos Z (setas brancas-
FIGURA 31C) e ruptura dos miofilamentos e alguns sarcomeros (asterisco vermelho-
FIGURA 31D). Essas miofibrilas também apresentavam tubulos-T anormais, que estavam
mais alongados, e auséncia de triades tipicas (cabec¢as de setas brancas- FIGURA 31D). O
reticulo sarcoplasmatico (RS), também se apresentavam anormais, inchados e fora de lugar,
com aspectos vacuolares (cabecas de setas amarelas- FIGURA 31D). Além disso, detectamos
perfis de mitocondrias alongadas, especialmente nas regides onde a degradacéo de miofibrilas
ocorreu (cabecas de setas vermelhas- FIGURA 31D).

Diferentemente do EDL dos camundongos VAChT KDM"OM, o musculo Soleo de
ambos 0s genotipos, apresentam alinhamento e continuidade usual dos discos Z (setas
brancas-FIGURA 31E-G) e sarcomeros normais (asterisco vermelho- FIGURA 31F-H). No
entanto, a frequéncia de perfis mitocondriais parece estar maior nos VAChT KDHM em
relagdo ao WT (cabeca de seta vermelha- FIGURA 31G-H).

Dessa forma, fica evidente que a atrofia muscular identificada no EDL dos animais
VAChT KDMM, no nivel dptico, é confirmada pela ultraestrutura, uma vez que vimos claros

sinais de degeneragdo miofibrilar.
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Figura 31. As miofibrilas do musculo EDL dos camundongos VAChT KDH"°M exibem sinais degenerativos enquanto que o Séleo esta preservado. A-
B. Imagens representativas de cortes longitudinais de miofibrilas do EDL e séleo dos camundongos WT e VAChT KD"°M, As imagens do painel superior e
inferior foram adquiridas nos aumentos de 16,500x e 26,500, respectivamente. A. Imagens representativas do EDL do WT mostrando os componentes tipicos
das fibras musculares, como alinhamento correto dos discos Z (setas brancas) (A), triades normais (cabecas de setas brancas) (B), mitocondrias de formato
regular (cabecas de setas vermelhas) (B), RS normais entre as miofibrilas (cabecas de setas amarelas) e sarcomeros preservados (asteriscos vermelhos) (B). C-
D. Imagens representativas do EDL dos camundongos VAChT KD"°M, apontando ruptura das miofibrilas (asterisco vermelho) (D), Tubulos-T alongados
(cabecas de setas brancas). Repare um sarcémero normal em C. E — F. Imagens representativas do Séleo dos animais WT onde se observa miofibrilas
preservadas. Alinhamento dos discos Z (E) (setas brancas), perfis de mitocondrias normais (F) (cabecas de setas vermelhas), e sarcbmeros regulares (F)
(asterisco vermelho). G — H. Imagens do Séleo dos camundongos VAChT KDHOM mostrando sarcémeros preservados (asterisco vermelho) (H). Os perfis de
mitocondrias no Séleo dos animais VAChT KD"M sdo mais frequentes (H) (cabecas de setas vermelhas). N6s analisamos pelo menos 15 imagens de trés
animais para cada gendtipo. Barra de escala = 500 nm.
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4.14. Os camundongos VAChT KDHOM apresentam reducéo da capacidade fisica

Considerando que o gastrocnémio, s6leo e EDL sdo musculos do membro traeiro,
essenciais para 0 movimento, nos realizamos em seguida, testes de avaliacdo da capacidade
fisica e consumo de oxigénio nos animais WT e VAChT KDHM, O consumo de oxigénio
basal e sob teste maximo foram avaliados utilizando o teste de incremento méaximo. Nesse
teste, n6s avaliamos a duracdo, a distancia percorrida, a velocidade méaxima, o trabalho gasto
e parametros relacionados ao manejo do oxigénio.

Nossos resultados mostraram que os camundongos VAChT KD"°M  apresentavam
reducdo significativa na duracdo e distancia percorrida (60% e 74%, respectivamente), em
relagdo ao WT (FIGURA 32B-C e TABELA 15). A velocidade méxima atingida foi 50%
menor que a dos animais WT (FIGURA 32D e TABELA 15). Além disso, ao calcularmos o
trabalho gasto, que leva em consideracdo, além da gravidade e seno de inclinacdo da esteira, 0
peso, o tempo e a velocidade, percebemos um comprometimento ainda maior, em torno de
84%, em comparagéo ao controle (FIGURA 32E e TABELA 15). Apesar dessas diferencas, 0
oxigénio consumido no basal e sob exercicio maximo (FIGURA 32F-G e TABELA 15), ndo
era diferente, o que é ainda mais surpreendente uma vez que os animais VAChT KDHOM
pesavam significativamente menos que os WTs (FIGURA 32A e TABELA 15).

Tabela 15: Resultados das analises do teste de incremento méaximo dos animais VAChT
KDHOM

Testes WT VAChT KDHOM Estatistica
Peso corporal (g) 28,61+2,7 24,25+2 6 p=0,03

Distancia percorrida (m) 417,3+132,6 105,4+37,6* p = 0,0004
Velocidade méaxima (cm/s) 31,2+4,02 15,5+2,2* p < 0,0001
Tempo (min) 26,8+4,4 10,6£2,4* p <0,0001

VO: Basal 15,146,15 13,4443 NS

VO2 Méximo 29,9454 25,8+4,2 NS
Trabalho (J) 21,1475 3,3+0,7* p = 0,0003

Os valores expressam a médiatSD. Estatistica: Teste t-Student ndo pareado. * Estatisticamente significativo em
relagio aos camundongos WT. N =5 WT e 6 VAChT KDHOM,
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Figura 32. Os camundongos VAChT KDHOM exibem comprometimento na capacidade fisica no

TIM e falha no controle do consumo de oxigénio. A. O peso corporal dos camundongos VAChT
KDHOM ¢ significativamente menor que do WT (*p = 0.03 Teste t-Student, n =5 WT e 6 VAChT
KDHOM), B-E. Desempenho dos animais VAChT KDHM no TIM ¢ significativamente menor nos
parametros, duracao (B) (***p < 0.0001), distancia total (C) (***p = 0.0004) e velocidade maxima (D)
(***p < 0.0001), em comparacgdo aos WTs (Teste t-Student, n = 5 WT e 6 VAChT KD"°M), E. A

capacidade fisica (Trabalho-Joules) dos animais VAChT KD"M ¢ drasticamente reduzida, em relacdo

aos controles (***p = 0.0003). F-G. O consume de oxigénio no repouso (F) e durante o teste maximo
ndo é diferente entre os gendtipos (G) (Teste t-Student, n =5 WT e 6 VAChT KD"M, os resultados

expressam a médiat+ SD).
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Diante ao exposto, nossos dados reforcam a hipétese de que a atividade colinérgica se
mostra importante na manutencdo da estrutura muscular, bem como a resposta ao déficit
colinérgico compromete de forma diferente os musculos que expressam as diferentes
isoformas da MyHC. Além disso, as alteracbes musculares, principalmente em muasculos
rapidos, sdo capazes de comprometer aspectos funcionais motores desses animais. No artigo,
nos adicionalmente mostramos que o tratamento crénico com inibidores da AChE, é capaz de
reverter parcialmente as alteracbes musculares observadas, bem como restaura parcialmente

aspectos funcionais motores (vide artigo anexo).
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5. DISCUSSAO

5.1. Os camundongos ChAT-ChR2-EYFP apresentam alteracGes degenerativas em
componentes das U.M

Neste trabalho nds utilizamos como modelo animal os camundongos ChAT-ChR2-
EYFP, um modelo animal desenvolvido em 2011 com o objetivo de dissecar, utilizando a
técnica de optogenética, os circuitos cerebrais, mais especificamente investigar a co-
transmissdo de ACh e glutamato em neurdnios conhecidos como estritamente colinérgicos
(ZHAO et al., 2011). Para tanto, esses pesquisadores desenvolveram um camundongo em que
a proteina ChR2, um canal iénico sensivel a luz azul (470nm), foi colocada sob controle do
promotor da ChAT, de modo que todos as células colinérgicas expressariam esse constructo, o
qual foi em seguida introduzido em cromossomaos artificiais bacterianos (BAC), e inseridos no
genoma dos camundongos.

Uma caracteristica importante desse modelo, é que inserido no locus do gene da
ChAT, esta também localizada a sequéncia completa de codificacdo do VAChT, dessa
maneira, 0 BAC contendo o gene da ChAT utilizado na geracdo desse modelo, também
carreia 0 gene do VAChT (KOLISNYK et al., 2013). Ficou demonstrado que esse modelo
apresentava expressdo do RNAm do VAChT 20x acima do fisiolégico no estriado, quando
comparado ao controle e 0s niveis da proteina estavam 550x e 350x maiores no hipocampo e
tronco encefélico, respectivamente (KOLISNYK et al., 2013). Em relacdo a medula espinal,
nds mostramos que a expressdo do RNAm do VACHT esté significativamente aumentada em
relacdo ao controle (SUGITA et al., 2016). Adicionalmente, a expresséo proteica do VAChT
nas JNM estava aumentada mais de 3x em relacdo ao controle e a liberacdo espontanea de
ACh, medida pela amplitude dos MEPPs, encontrava-se 65% maior em relacdo ao WT,
evidenciando que a superexpressao do VAChT aumentava a quantidade de ACh internalizada
e liberada pelas VS nas JNM (SUGITA et al., 2016). Além disso, a liberacdo de ACh também
se mostrava significativamente maior em fatias de hipocampo marcadas com [*H] metil-
colina, e expostas a solucdo despolarizante de KCI (KOLISNYK et al., 2013).

Esse modelo animal, portanto, torna-se uma importante ferramenta para melhor
compreender o sistema colinérgico, e para nos representou a possibilidade de se modular a
neurotransmissdao colinérgica, de fundamental importancia para as funcbes centrais e
periféricas, e que esta comprometida de maneira importante, em doengas neurodegenerativas

como a Alzheimer, ELA, AME e as SMCs. A nossa expectativa em torno desse modelo era

112



que esse tonus colinérgico aumentado se refletisse em melhores fungdes, principalmente
motoras. Um resultado extremamente animador foi que o cruzamento dos animais ChAT-
ChR2-EYFP com os animais heterozigotos VAChT-KO, revelou o nascimento de animais
viaveis e que atingiam a idade adulta, recuperando a letalidade pds natal dos camundongos
knockouts para o VAChT (DE CASTRO et al., 2009; KOLISNYK et al., 2013).

Dessa forma, funcionalmente, quais seriam 0s impactos neuromusculares e
comportamentais desse elevado tonus colinérgico? Ficou demonstrado que os animais ChAT-
ChR2-EYFP ndo apresentavam alteracdes da forca muscular (Grip Force) (KOLISNYK et al.,
2013), o que nds confirmamos nesse trabalho, tanto para os animais de 3 e 18 meses de idade
em relagdo ao controle (Figura 24E).

Modelos animais de hiperfuncdo colinérgica por superexpressdo do gene do CHT,
também ndo demonstram alteracbes de forca muscular e resisténcia (wire hang)
(HOLMSTRAND et al., 2014; LUND et al., 2010), semelhante ao demonstrado nessa tese em
ambas as idades (Figura 24D). Entretanto, Sugita et al, (2016) mostram reducéo da forga no
teste do wire hanging para os camundongos ChAT-ChR2-EYFP de 13 meses.

No trabalho de Kolisnyk et al, (2013) foi mostrado que os animais ChAT-ChR2-EYFP
apresentavam maior resisténcia fisica na esteira (distancia percorrida) em velocidade continua
por longos periodos, quando comparado ao controle, o0 mesmo resultado encontrado por
Holmstrand et al, (2014) (velocidade méaxima) e Lund et al, (2010) (tempo na esteira) com 0s
animais super-CHT. No entanto, nessa tese, nossos resultados para os animais ChAT-ChR2-
EYFP de 3 e 18 meses ndo mostraram diferenca no tempo, velocidade méaxima e distancia
percorrida (Figura 25). Quando calculamos o trabalho realizado vimos que 0 mesmo estava
reduzido para os animais ChAT-ChR2-EYFP de 3 meses, mas sem alteracdo aos 18 meses,
em relacdo ao WT. Esse resultado é intrigante, uma vez que o Unico parametro alterado que
entra na formula para o calculo do trabalho é o peso dos animais, que se mostrou diferente aos
animais WT (Figura 25A). Kolisnyk et al, (2013) e Sugita et al, (2016), bem como
Holmstrand et al, (2014) e Lund et al, (2010), n&o relatam diferencas no peso dos animais. E
importante ressaltar que constatamos reducdo do mesmo em dois grupos diferentes de
animais, utilizados em 2015 e 2017.

Com relacdo a atividade exploratéria no ambiente do teste de campo aberto (open
field) n6s demonstramos aumento da distancia percorrida e velocidade média pelos animais
ChAT-ChR2-EYFP de 3 meses, sem alteracbes aos 18 meses (Figura 24 B e C). Esses
resultados ndo foram diferentes em Kolisnyk et al, (2013), no entanto, incremento da
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performance no open field foi demonstrado nos animais BAC-CHT (super-CHT)
(HOLMSTRAND et al., 2014). Em relagdo ao aprendizado motor medido através do teste de
esteira giratdria (rotarod) viu-se que os animais ChAT-ChR2-EYFP adultos, apesar do maior
ténus colinérgico, apresentavam comprometida a sua performance no rotarod (KOLISNYK et
al., 2013). Nessa tese nds observamos 0 mesmo padrdo nos animais de 18 meses (Figura 24F),
0 que néo foi verificado em Sugita et al, (2016).

Esse conjunto de dados funcionais sugere uma variabilidade entre os animais ChAT-
ChR2-EYFP, de modo que reproduzir os mesmos resultados reportados por outros autores é
um problema. E possivel que o nimero de copias do VAChT inseridas no genoma apresente
grande variabilidade o que poderia explicar resultados discordantes encontrados.

A seguir, nos avaliamos aspectos morfofuncionais das JNM do musculo diafragma,
onde nos ndo identificamos alteraces na exocitose de VS identificadas pela marcacdo com a
sonda vital FM1-43. No entanto, a avaliacdo especifica da endocitose com a variavel fixavel
da sonda FM1-43, demonstrou reducédo significativa na fluorescéncia dos terminais motores
dos animais ChAT-ChR2-EYFP marcados com essa sonda (Figura 15). A analise morfoldgica
dessas JNM mostrou reducdo na area pré-sinaptica, bem como na pds-sinaptica marcadas com
a a-BTX (Figura 15). Além disso, essas JNM apresentavam elevada fragmentacdo, um padrao
encontrado em JNM em envelhecimento ou em doengas neurodegenerativas (VALDEZ et al.,
2012).

No trabalho de Sugita et al, (2016), ficou demonstrado que os animais ChAT-ChR2-
EYFP adultos exibiam JNM com alteracOes degenerativas (JNM fragmentadas, desnervadas e
inervadas por mais de um ramo do axdénio motor), que ocorreriam apenas em animais idosos.
Nessa tese n6s mostramos as JNM do musculo EDL, inervado por axdnios motores da medula
lombar, significativamente atrofiadas nesses animais em relacdo ao WT (Figura 20). O
modelo de superexpressdo do CHT, ao contrario, ndo demonstrou qualquer alteracdo nas JNM
(LUND et al., 2010).

Nosso proximo passo foi avaliar funcionalmente a neurotransmissdo no musculo
diafragma. Para esse fim, nos avaliamos a resposta contratil do musculo por estimulo do
nervo frénico quando exposto a concentracdes crescentes de drogas (brometo de pancurdnio)
e solugdes (magnesio) bloqueadoras da neurotransmissdo muscular. Nossos resultados
mostram comprometimento significativo da neurotrasnmissdo dos camundongos ChAT-
ChR2-EYFP em comparagdo ao WT (Figura 17), sugerindo reducdo da margem de seguranga

neuromuscular. O que poderia levar a esse comprometimento? E possivel que uma reducéo na

114



expressdo proteica dos AChRs na placa motora seja uma explicacdo plausivel, embora néo
identificamos reducdo significativa na intensidade de fluorescéncia da a-BTX. Uma evidéncia
que fala a favor dessa possibilidade reside no fato da ACh promover a dispersdo dos AChRs
induzindo modificacbes pds-translacionais que levardo a endocitose dos AChRs pelo musculo
(ST JOHN; GORDON, 2001). Serd importante a quantificacdo por western blot da expresséo
desses receptores no diafragma. O comprometimento da neurotransmissédo nesses animais
induzida pelo magnésio, sugere alteracdes pré-sinapticas, sera que o numero de vesiculas esta
reduzido no terminal? O Magnésio compete com o célcio, reduzindo a liberagdo pré-sinaptica
de ACh. Essa é uma importante pergunta que seréd respondida em breve ao fim das analises
das micrografias eletronicas das JNM.

Alteracdes funcionais do musculo diafragma foram observadas em um modelo animal
gue superexpressa a variante sinaptica da AChE (AChE-S). Foi observado que o diafragma
desses animais entrava rapidamente em fadiga quando o nervo frénico era estimulado, ou
mesmo por estimulo direto ao musculo (FARCHI; SOREQ; HOCHNER, 2003).

Nesse trabalho nos avaliamos alguns aspectos morfofuncionais de componentes das
U.M. O primeiro deles, os neurbnios motores do tipo a (responsaveis pela inervagdo das
fibras musculares extrafusais), da medula espinal lombar, estavam significativamente
atrofiados nos camundongos ChAT-ChR2-EYFP em comparagéo aos animais WT, bem como
h& uma aparente reducdo no nimero dessas células, no entanto sem significancia estatistica
(Figura 19). Esse tipo de alteracdo ocorre em doencas neurodegenerativas, como a Doenca de
Huntington (VALADAO et al., 2017) e aquelas relacionadas ao neurénio motor como ELA
(ROWLAND; SHNEIDER, 2001; SHARMA et al., 2016) e AME (LUNN; WANG, 2008b).

Por fim, ao avaliarmos o componente final das U.M, os musculos estriados
esqueléticos do membro inferior, os quais sdo diretamente inervados por ax6nios derivados
dos neurbnios motores da medula lombar, os quais ja se mostram atrofiados nos animais
ChAT-ChR2-EYFP. Nossos resultados mostram que o musculo rapido, EDL apresentava
atrofia geral das fibras de modo que as fibras 2X e 2B nos camundongos ChAT-ChR2-EYFP
apresentavam-se reduzidas em &rea em comparagcdo ao WT, no entanto as fibras do tipo 2A
estavam significativamente maiores (Figura 21). Além disso, observamos maior expressao da
isoforma répida 2B e reducdo de 2X. Em relagdo ao masculo lento, Soleo, constatamos
reducdo significativa no peso do mesmo nos animais ChAT-ChR2-EYFP, sendo que esse
resultado se correlaciona a reducdo na &rea das fibras desse musculo nos animais ChAT-

ChR2-EYFP (Figura 22). No entanto, ndo houve alteragbes na expressao das isoformas da
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MyHC entre os genotipos. Sugita et al, (2016), mostrou atrofia das fibras do musculo tibial
anterior aos 19 meses de idade, no entanto nenhuma alteragédo nas isoformas da MyHC foi
observada. No modelo de hiperfuncdo colinérgica derivado da superexpressdo do CHT, néo
foram observadas diferencas em relacdo a morfologia das fibras musculares, nem aos tipos de
fibras (LUND et al., 2010). Entretanto, nos animais que superexpressam a AChE, foi
observado atrofia das fibras musculares do diafragma, refletida na desorganizacdo miofibrilar
e inchaco mitocondrial visualizado na MET (ANDRES et al., 1997).

Uma vez que o EDL e Soleo apresentam atrofia das fibras, e o séleo, adicionalmente
apresentava reducdo do peso do mdsculo, ndés nos perguntamos se 0S mesmo estariam
funcionalmente comprometidos. Dessa forma, nds realizamos testes de fadiga para responder
essa pergunta. Nossos dados demonstram que apesar das alteragdes morfoldgicas
apresentadas, as mesmas ndo foram capazes de provocar alteracGes na resisténcia a fadiga
induzida por contragfes tetdnicas no musculo EDL, no entanto, a reduc¢do no peso do soleo,
associada a atrofia de suas fibras, resultam em um musculo menos resistente & fadiga em
relacdo ao WT (Figura 23).

Dessa forma, o conjunto de resultados relacionados aos animais ChAT-ChR2-EYFP,
indicam que a expressdo aumentada do VACHT, induzida pela inser¢cdo do constructo no
genoma dos camundongos, ndo promove efeitos benéficos para o animal, de modo que a
atividade colinérgica acima do fisioldgico, parece exercer efeitos deletérios em componentes
das U.M interferindo também em aspectos funcionais dos animais. Além disso, o cruzamento
desses animais com 0 modelo para o estudo da ELA, os camundongos SOD1G93A, resultou
em animais com piora dos sintomas motores, aumento da desnervagédo e por fim reducdo da
sobrevida geral (SUGITA et al., 2016).

5.2. Os camundongos VAChT KDHMOM' modelo de estudo para uma SMC exibem
alteracdes em musculos de contracao rapida e lenta

A maioria dos casos de SMC estdo relacionados a mutacGes em proteinas pos-
sinapticas, de modo que os diagndsticos de SMCs por mutagdes pré-sinépticas sdo raros, e até
0 momento restringiam-se as proteinas, SNAP25B (SHEN et al., 2014), Sinaptotagmina-2
(HERRMANN et al., 2014), Sinaptobrevina-1 (SHEN et al., 2017), MUNC13-1 (ENGEL et
al., 2016), ChaAT (BYRING et al., 2002; OHNO et al., 2001) e CHT-1 (BAUCHE et al.,
2016). Entretanto, publicacGes recentes revelaram os primeiros individuos com diagnostico de
miastenia congénita ocasionada por mutagdes no gene do VAChT (ARAN et al.,, 2017,
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O’GRADY et al., 2016; SCHWARTZ et al., 2018). Utilizando os camundongos VAChT
(VAChT KDHOM e VAChT-Knockout), como modelos para o estudo das SMCs, nosso grupo
demonstrou alteracdes motoras (PRADO et al., 2006), cardiacas (LARA et al., 2010) e
sinapticas (LIMA et al., 2010; RODRIGUES et al.,, 2013), que se assemelhavam a
caracteristicas apresentadas pelos pacientes com muta¢des no VAChT. Entretanto, ate o
momento, ndo estava claro quais seriam os impactos dessa reducdo a longo prazo na atividade
colinérgica ocasionada por deficiéncia na expressdo do VAChHT, na estrutura e funcdo dos
musculos esqueléticos. Dessa forma, nessa parte da tese, nds investigamos as consequéncias
de uma reducdo na liberagcdo de ACh no musculo de contragdo contracdo rapida do EDL e no
musculo lento, Séleo.

Nossos resultados mostraram que as fibras musculares do gastrocnémio, em relacdo ao
WT estavam atrofiadas, de modo que resultados similares foram reportados em outros
modelos animais, como o camundongo deficiente para a agrina (BOGDANIK; BURGESS,
2011) ou em doengas do neuronio motor, como a ELA (DOBROWOLNY et al., 2008;
HARANDI et al., 2014). Assim, a reducdo de ACh nesses animais resulta na atrofia das fibras
desse musculo. No entanto, uma vez que nao realizamos a tipagem de fibras nesse masculo,
ndo podemos determinar se essa atrofia acomete de igual maneira as fibras rapidas e lentas.

Entretanto, é importante mencionar que diferentes modelos animais para doencas
neuromusculares apresentam maior susceptibilidade a atrofia em fibras de contracdo rapida,
do que em lentas (BIRAL et al., 1989; HARANDI et al., 2014; WANG; PESSIN, 2013).
Além disso, a desnervacdo ou o blogqueio nervoso por tetrodotoxina (TTX) resulta na atrofia
de fibras rapidas em masculos mistos, como o diafragma e gastrocnémio (ARAVAMUDAN
et al., 2006; ZHAN; SIECK, 1992). Aqui, n6s mostramos o musculo rapido EDL dos animais
VAChT KDHOM apresentava atrofia de todos os tipos de fibras (2B, 2X e 2A), em comparago
aos camundongos WT. Os dados de MET corroboram essa atrofia detectada na microscopia
Optica, uma vez que encontramos grandes areas com miofibrilas degradadas nos animais
VACHhT KD"OM,

A atrofia nas fibras musculares, associada a reducdo do numero total de fibras,
representou uma reducdo na area muscular total do EDL nos camundongos VAChT KDHOM,
Além disso, nos constatamos reducdo na expressao da isoforma 2B, acompanhada por um
aumento de 2X, provavelmente para compensar a perda e atrofia das fibras 2B, em maior
quantidade nesse musculo. Esse padrdo de alteracdo nos tipos de fibras foi observado in
musculos rapidos sob envelhecimento (LARSSON et al., 1993; LARSSON; ANSVED,
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1995). Assim, a transmissdo colinérgica mediada pelo VAChT se mostra importante para a
manutencdo do tamanho e quantidade de fibras no EDL.

Em relacdo as analises moleculares, de maneira inesperada, nés vimos que o musculo
atrofico EDL dos animais VAChT KD"°M apresentavam o gene da atrogina-1 negativamente
regulado e nenhuma alteragdo com MuRF-1, em um momento que esperava-se um aumento
dos mesmos, uma vez que estes sdo ativados na atrofia. Dessa forma, a nossa hipdtese para
explicar esse fato € que a ativacdo positiva dessa via provavelmente ocorreu em um estagio
precoce do desenvolvimento animal, quando a atrofia ocorreu de maneira mais expressiva, e
nesse momento do desenvolvimento, a via se mantém inibida na tentativa de prevenir maior
perda muscular. Além disso, € possivel que outros mecanismos ainda desconhecidos possam
atuar na manutencdo do tamanho das fibras musculares rapidas, e que a ACh possa de alguma
maneira regular a expressdao desses genes. Dessa forma, abrem-se novas frentes de
investigacao para testar essas hipoteses.

As andlises do padrdo de expressdo dos genes pré-miogénicos, ndo mostraram
diferencas na expressdo de Pax-7, no entanto, constatamos reducdo de MyoD e miogenina no
EDL dos camundongos VAChT KDHOM indicando que juntamente com a atrofia das fibras
rapidas, o EDL mostrou comprometida a sua capacidade regenerativa. A literatura mostra que
miogenina e MyoD sdo fatores de transcricdo conhecidos por regular a expressdo das
ubiquitinas ligases E3, atrogina-1 e MuRF1, que participam da via proteolitica resultando em
uma atrofia muscular neurogénica (BONALDO; SANDRI, 2013; HYATT et al., 2003;
MORESI et al., 2010). Camundongos knockout para a miogenina sdo protegidos contra a
perda muscular causada pela desnervagdo (MORESI et al., 2010). A reducdo de miogenina,
MyoD e atrogina-1 no EDL dos camundongos VAChT KD"°M sugere mais um vez que a via
molecular para atrofia esta inibida nesse musculo, ao menos na idade aqui avaliada.
Entretanto, n6s ndo podemos excluir a possibilidade dessas vias estarem positivamente
reguladas mais cedo no desenvolvimento do animal. Nossos dados ainda suportam um papel
duplo para esses fatores pro-miogénicos, que podem atuar tanto na diferenciagdo muscular,
quanto em vias de degradacdo proteica (HYATT et al., 2003; MORESI et al., 2010). Como
conclusdo, esses achados indicam que o comprometimento na determinagdo miogénica,
diferenciacéo e fusdo impactam negativamente a manutencgéo das fibras musculares do EDL
nos camundongos VAChT KDHOM,

Diferentemente do EDL, n6s observamos que as fibras musculares do Séleo estavam
hipertrofiadas, um achado inesperado para um modelo de reducdo de atividade. Essa
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hipertrofia provavelmente ocorreu, pela atrofia do gastrocnémio, uma vez que o Séleo é parte
desse complexo muscular. Possivelmente, uma vez que o gastrocnémio estava sob atrofia, a
carga muscular sobre o Séleo foi aumentada, o que levou a uma hipertrofia compensatéria.
Esse dado esta de acordo com outros estudos que mostram hipertrofia compensatoria no Séleo
nas seguintes condicdes: i) delecdo do gene MYH4, responséavel pela expressao da isoforma
2B em musculos rapidos, incluindo o gastrocnémio (ALLEN et al., 2001); e ii) aumento de
carga funcional sobre o Séleo causada pela remocdo do gastrocnémio ou o seu tenddo
(HANZLIKOVA; MACKOVA; HNIK, 1975; MINDERIS et al., 2016). Outra possibilidade é
que as fibras do tipo 1 que compdem uma grande parte do Soleo, resistem a degeneragdo e ao
contrario do EDL, hipertrofiam quando a transmisséo colinérgica é reduzida.

Nesse musculo, nds observamos que a expressdo aumentada de atrogina-1 e MuRF-1
nos animais VAChT KDHOM sugere que, uma vez que esse musculo esta sob atrofia, essa via
de degradacdo proteica pode estar regulada positivamente, na tentativa de reestabelecer o
tamanho normal das fibras. O perfil oxidativo do Séleo estava aumentado nos camundongos
VAChT KD"M uma vez que observamos aumento na quantidade de fibras do tipo 1 e
aumento na expressdo de PGC1l-a, e MTND-1. Essas altera¢cGes foram acompanhadas pela
perda de fibras 2A. Esses resultados sugerem tanto a diferenciacdo das fibras 2A em tipo 1,
quanto a perda de 2A, resultante da reducdo na transmissdo colinérgica. Esse aumento no
perfil oxidativo foi observado durante o envelhecimento natural, quando ha uma mudanca de
fibras rapidas para lentas (HOLLOSZY et al., 1991; LARSSON; ANSVED, 1995;
MILJKOVIC; LIM; MILJKOVIC, 2015; THOMPSON, 1994), o que sugere que o séleo dos
camundongos VAChT KDHOM estdo adquirindo um fendtipo precoce de envelhecimento.

A literatura, entretanto, mostra que existe um paradoxo entre os tipos de fibras e
tamanho das mesmas (VAN WESSEL et al., 2010). Fibras com alta capacidade oxidativa,
como as do Soleo, possuem maior potencial transcricional, associado a um maior contetdo
ribossémico, comparado as fibras de baixo poder oxidativo, como as do EDL (VAN WESSEL
et al., 2010). Dessa forma, esses dados mostram que essas fibras possuem maior capacidade
de sintese proteica, 0 que cria um paradoxo, uma vez que as fibras oxidativas sdo
relativamente menores. Essa observagéo sugere que, uma vez que essas fibras ndo apresentam
comprometida a sintese proteica, entdo a taxa de sintese nas fibras oxidativas provavelmente é
regulada por uma alta taxa de degradacdo proteica. Nesse sentido, a literatura j& mostrou que
0 niveis de Atrogina e MuRF estavam 1,8 e 2,1x aumentados no s6leo, comparado ao EDL
(VAN WESSEL et al., 2010). Esses dados sugerem que fibras altamente oxidativas possuem
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uma taxa relativamente alta de turnover proteico, o que pode limitar a hipertrofia. Esses
dados, portanto, estdo de acordo com os resultados que nos encontramos para 0 soleo dos
animais VAChT KD"OM que apresentaram elevada capacidade oxidativa associado a um
aumento dos niveis de Atrogina e MuRF.

A hipertrofia apresentada pelo séleo dos animais VAChT KD"°M foi acompanhada
por um aumento na expressdo de Pax-7 e MyoD, indicando a ativagdo de via molecular pro-
miogénica. Esse aumento de carga sob o soleo pode promover a proliferacdo de celulas
satélites expressando Pax-7, e assim levando ao aumento na expressdo desses fatores
miogénicos.

Em trabalhos anteriores, nosso grupo mostrou que 0s camundongos com expressao
reduzida do VAChT apresentavam pior desempenho em testes de esteira em comparacao ao
WT (PRADO et al., 2006). Nesse trabalho, além dos testes na esteira, nGS mensuramos o
consumo de oxigénio, padrdo ouro na avaliacdo da capacidade aerdbica (PETROSINO et al.,
2016; SILVA et al., 2016; SPEAKMAN, 2013). De maneira interessante, apesar da reducao
na duracdo, distancia e Vmaxima, os camundongos WT e VAChT KDHM consumiram
guantidades semelhantes de oxigénio durante os testes. Esses resultado pode estar relacionado
a baixa eficiéncia mecénica dos animais VAChT KD"M resultante da disfuncédo cardiaca
constatada (LARA et al., 2010).

Finalmente, no artigo anexado a esse tese, um dado adicional mostrou que o aumento
na disponibilidade de ACh na fenda sinaptica causado pelo tratamento com piridostigmina foi
capaz de reverter parcialmente a atrofia e hipertrofia do EDL e séleo, respectivamente, nos
camundongos VAChT KD"OM, Além disso, mostramos um aumento parcial do desempenho
dos animais VAChT KDM"M nos testes do campo aberto, rotarod e wire hang. Uma vez que
essa droga age preferencialmente no sistema nervoso periférico, o desempenho reduzido dos
animais VAChT KDHOM nesses testes ocorreu provavelmente por alteragdes nos muasculos do
membro posterior incluindo aqueles analisados neste estudo. De maneira importante, a
reversdo bem sucedida das alteracbes musculares e motoras obtidas com esse tratamento tras
implicacgdes interessantes para as doencgas neuromusculares incluindo as SMCs. N&o obstante,
a literatura mostra que os pacientes diagnosticados com a variante bialélica do gene do
VAChHhT tratados com a piridostigmina apresentaram melhora moderada dos sintomas
(O’GRADY et al., 2016).
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6. CONCLUSAO

Em conjunto, esses dados enfatizam a importancia da atividade colinérgica para a
manutencdo da funcdo motora e estrutura das fibras musculares, e que musculos rapidos e
lentos respondem diferentemente quando expostos a baixos niveis de ACh. Além disso,
mostramos que a hiperfuncdo colinérgica, no caso dos animais ChAT-ChR2-EYFP, é
deletéria para o organismo, de modo que estratégias que buscam o a modulagdo genética do
sistema colinérgico como formas de experimentais de tratamento, devem ser criteriosamente
avaliadas. Esse trabalho com modelos animais estudando a sinalizacdo colinérgica tem o
potencial de avancar o conhecimento acerca do papel da ACh na manutencdo dos
componentes das unidades motoras e aspectos funcionais. Além disso, nds também propomos
que o tratamento crénico com piridostigmina ou outros inibidores da AChE podem reverter
parcialmente alteracGes neuromusculares e serem utilizados no tratamento de pacientes com
SMCs, especificamente na tentativa de melhorar a fungdo motora, o que é de interesse clinico.
Nesse sentido, nos realizamos um tratamento crénico com piridostigmina nos animais
VAChT KDMM o qual se mostrou positivo na reversio de alteracdes neuromotoras (vide
ANEXO 1 e a tese de Luana Pereira Leite Schetino: Avaliacdo Morfofuncional de Juncgdes
Neuromusculares e Mdasculos Estriados Esqueleticos de Camundongos Com Disfuncédo

Colinérgica A Longo Prazo)
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8. ANEXOS

8.1. Artigo 1: Fast and slow-twitching muscles are differentially affected by reduced
cholinergic transmission in mice deficient for VAChT: A mouse model for congenital

myasthenia

8.2. Artigo 2: VACHT overexpression increases acetylcholine at the synaptic cleft and

accelerates aging of neuromuscular junctions

8.3. Artigo 3: Neuromuscular synapse degeneration without muscle function loss in the

diaphragm of a murine model for Huntington's Disease

8.4. Artigo 4: Muscle atrophy is associated with cervical spinal motoneuron loss in BACHD

mouse model for Huntington's disease
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ARTICLE INFO ABSTRACT

Keywords: Congenital myasthenic syndromes (CMS) result from reduced cholinergic transmission at neuromuscular junc-
Congenital myasthenic syndromes tions (NMJs). While the etiology of CMS varies, the disease is characterized by muscle weakness. To date, it
Acetylcholine remains unknown if CMS causes long-term and irreversible changes to skeletal muscles. In this study, we ex-

Vesicular acetylcholine transporter skeletal
muscle

Cholinergic transmission

Motor function

amined skeletal muscles in a mouse line with reduced expression of Vesicular Acetylcholine Transporter (VAChT,
mouse line herein called VAChT-KD"™). We examined this mouse line for several reasons. First, VAChT plays a
central function in loading acetylcholine (ACh) into synaptic vesicles and releasing it at NMJs, in addition to
other cholinergic nerve endings. Second, loss of function mutations in VAChT causes myasthenia in humans.
Importantly, VAChT-KD"°M present with reduced ACh and muscle weakness, resembling CMS. We evaluated the
morphology, fiber type (myosin heavy chain isoforms), and expression of muscle-related genes in the extensor
digitorum longus (EDL) and soleus muscles. This analysis revealed that while muscle fibers atrophy in the EDL,
they hypertrophy in the soleus muscle of VAChT-KD"®™ mice. Along with these cellular changes, skeletal
muscles exhibit altered levels of markers for myogenesis (Pax-7, Myogenin, and MyoD), oxidative metabolism
(PGC1-a and MTND1), and protein degradation (Atroginl and MuRF1) in VAChT-KD"°M mice. Importantly, we
demonstrate that deleterious changes in skeletal muscles and motor deficits can be partially reversed following
the administration of the cholinesterase inhibitor, pyridostigmine in VAChT-KD"®™ mice. These findings reveal
that fast and slow type muscles differentially respond to cholinergic deficits. Additionally, this study shows that
the adverse effects of cholinergic transmission, as in the case of CMS, on fast and slow type skeletal muscles are

reversible.
1. Introduction weakness (Aran et al., 2017; O'Neill, 2006). CMS are generally caused
by mutations in presynaptic and postsynaptic genes with crucial roles in
Congenital Myasthenic Syndromes (CMS) are a group of genetic cholinergic transmission at the neuromuscular junction (NMJ) (Ohno
disorders that impair neuromuscular transmission, resulting in muscle et al.,, 2017). One of the most relevant proteins for cholinergic
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Abbreviations

ACh acetylcholine

ALS amyotrophic lateral sclerosis

ChAT choline acetyltransferase

CMS congenital myasthenic syndrome

CSA cross sectional area

EDL extensor digitorum longus muscle

MIT maximal incremental test

MTND1 mitochondrial DNA encoding complex 1
MuRF1 muscle RING-finger protein-1

MyHC  myosin heavy chain

MyoD myogenic differentiation 1

AChRs nicotinic receptors

NMJ neuromuscular junctions

Pax-7 paired box protein 7

PGCl-a peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha

PYR pyridostigmine

SLC18A3 solute carrier family 18 member A3

SMA spinal muscular atrophy

SR sarcoplasmic reticulum
TEM transmission electron microscopy
TTX tetrodotoxin

VAChT KD"®™ VAChT knockdown Homozygous mice
VAChT vesicular acetylcholine transporter

transmission is Vesicular Acetylcholine Transporter (VAChT), encoded
by the SLC18A3 gene. Mutations in this gene were recently identified in
patients presenting with differing degrees of myasthenia (OMIN
number: # 617239) (Aran et al., 2017; O'Grady et al., 2016; Schwartz
et al., 2018). VAChT functions to move acetylcholine (ACh) into sy-
naptic vesicles (Kljakic et al., 2017; Parsons, 2000; Prado et al., 2013)
following its synthesis by choline acetyltransferase (ChAT). Under
steady-state conditions, VAChT transports sufficient ACh into synaptic
vesicles to activate acetylcholine receptors (AChRs) on the muscle fiber
membrane to promote muscle contraction (Katz and Miledi, 1964;
Langley, 1907). However, mutations in VAChT (de Castro et al., 2009;
Prado et al., 2006) reduce the amount of ACh loaded into synaptic
vesicles, thus impairing AChR activation and muscle contraction.

In addition to causing CMS, loss of ACh affects the formation and
development of muscle fibers and their NMJs (Darabid et al., 2014;
Gautam et al., 1999; Miner et al., 1998). Highlighting this point, de-
letion of ChAT or VACAT in mice affects the morphology and function of
nascent NMJs and muscle fibers, and invariably results in early post-
natal death due to lack of cholinergic transmission (Brandon et al.,
2003; de Castro et al., 2009; Misgeld et al., 2002). To further assess the
contribution of ACh to NMJ and muscle development, transgenic mice
with reduced expression of VAChT were generated and examined in
previous published studies. This involved introducing a selection
marker cassette within the 5’untranslated region of the VAChT gene to
interfere with VAChT expression (Prado et al., 2006) using homologous
recombination. Transgenic mice with both VAChT gene locus modified
are referred to as VAChT-KD"®M, These mice present with 65% re-
duction in VAChT levels, shown using qPCR and western blot analysis,
yet survive and reach adulthood despite having a pronounced deficit in
neuromuscular transmission and function (Lima et al., 2010; Prado
et al., 2006; Rodrigues et al., 2013). VAChT-KD"®M also exhibit cardiac
dysfunction (Lara et al., 2010), increased inflammatory responses (Leite
et al., 2016), and cognitive impairment (Prado et al., 2006). Thus, the
phenotypes described in VAChT deficient mice closely resemble phe-
notypes found in human patients with VAChT mutations, suggesting a
high degree of functional conservation and further indicating that low
levels of ACh causes CMS in VAChT transgenic mice (Aran et al., 2017;
O'Grady et al., 2016).

Although pre-synaptic alterations in adult VAChT-KD"°™ mice have
been reported (Lima et al., 2010; Prado et al., 2006; Rodrigues et al.,
2013), it is still unknown whether long-term changes in cholinergic
activity due to VAChT deficiency causes long-term changes in the
structure and function of skeletal muscles. In most mammals, adult
skeletal muscles are populated by four types of muscle fibers, which can
be identified based on the expression of Myosin Heavy Chain (MyHC)
isoforms. The four types of MyHC are: type 1 or slow-oxidative fibers;
2A or fast oxidative-glycolytic; and 2X and 2B, which are fast-glycolytic
fibers. The unique metabolic and contractile properties of these muscle
fibers underlie the different functional outputs of skeletal muscles
(Bloemberg and Quadrilatero, 2012; Brooke and Kaiser, 1970;

Chakkalakal et al., 2010; Schiaffino et al., 1989; Schiaffino and
Reggiani, 2011). These muscle fibers also show different responses to
various diseases and aging. Despite this knowledge and obvious effects
of CMS on the function of NMJs and whole skeletal muscles, little is
known about the specific and long-term changes that suboptimal cho-
linergic transmission causes on muscle fibers. In this study, we ex-
amined skeletal muscles with varying functional demands and different
muscle fiber composition in VAChT-KD"®™ mice. We also assessed if
pathogenic features resembling CMS are reversible in adult skeletal
muscles of VAChT-KD"®M mice.

2. Materials and methods
2.1. Experimental design

The generation and genotyping of VAChT-KD"M transgenic mice
was previously described (Prado et al., 2006). VAChT-KD"®M mijce have
a 65% reduction in VAChT expression. All animals were genotyped 10
days after birth. VAChT-KD"®™ mice were obtained by intercrossing
heterozygous animals. Control mice were wild type (WT) age and sex-
matched littermates. We only examined male adult (3-6 months-old)
mice in this study. Animals were housed in an animal care facility in
Department of Physiology and Biophysics, Universidade Federal de
Minas Gerais (UFMG). Animals were grouped with three to five animals
into mini-isolator cages (length: 48,3 cm; width: 33,7 cm; height:
21,4 cm- Alesco’) in a temperature-controlled room (~24°C) with a
12:12 light-dark cycles, with food (Nuvilab CR-1) and water provided
ad libitum. Mice weight was approximately 28.6 + 2.8 g for WT and
24.2 * 2.7g for VAChT-KD®M mice (see Table 3). The experimental
procedures were carried out in accordance with the protocol approved
by the UFMG ethics committee (CEUA, protocol 40/2009) and in ac-
cordance with NIH and ARRIVE guidelines for the Care and Use of
Animals in Research and Teaching. All efforts were made to minimize
animal suffering and to reduce the number of animals used.

All animals used in this study were appropriately identified by
numbers according to their genotype (WT or VAChT-KD"M). Using the
genotyping table, animals were randomly divided into the following
groups: Group one, untreated: WT and VAChT-KD"®™; Group two
treated with Pyridostigmine (PYR): WT, WT PYR, VAChT-KD"™ and
VAChT-KD"M PYR. Animals were randomly treated and evaluated.

The animals assigned to group one were deeply anesthetized by
inhalation of isoflurane in a glass chamber or with ketamine/xylazine
(0.1 mL/20g). All procedures were performed in accordance to the
CEUA/UFMG protocol. All surgical procedures are described in the
appropriated sections. The experimental procedures were mostly per-
formed in the afternoon, and by the end of each surgical procedure
animals were euthanized using a super-dosage of anesthetics. The ex-
periments were conducted at the Department of Morphology and
Physiology on Federal University of Minas Gerais. The exact numbers
for all experiments are provided in the figure legends and results
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Table 1 Table 2
Quantitative analyses of the EDL muscle from WT and VAChT-KD"°™ mice. Quantitative analyses of the soleus muscle from WT and VAChT-KD"™ mice.
EDL WT VAChT-KD"M Statistics Soleus WT VAChT-KD"M Statistics
(p < 0.05) (P < 0.05)
Whole muscle 1.8 + 0.06 1.4 + 0.06* p = 0.0016 Whole muscle 1.45 = 0.12 1.5 + 0.09 NS
area area (mm?)
(mm?) Total number of 856.2 + 22.8 730.3 = 28.19* p = 0.009
Total number 979 + 745 778 * 22.6* p = 0.0140 fibers
of fibers Mean fibers 1525 + 45.4 1777 * 51.1* p = 0.005
Mean fibers 1735 + 91.2 1429 =+ 55.6* p = 0.016 CSA (um?)
CSA (um?) Type 1 CSA 1691 * 75.6 1960 = 92.3* p=0.04
Type 2A CSA 640.5 = 35.1 540.3 + 42.7 NS (umz)
(um?) Type 2A CSA 1349 + 11.6 1745 + 54.4* P < 0.0001
Type 2X CSA  892.4 * 50.9 700.9 + 47.2% p =0.02 (um?)
(um?) Type 2X CSA 1652 + 109.1 1727 + 55.7 NS
Type 2B CSA 2344 + 67.7 1758 + 58.8% p = 0.0002 (um>?)
(um?) % of type 1 348 = 2.7 43.8 = 1.03* p = 0.007
% of type 2A 5.6 = 0.7 8.4 + 1.03 NS % of Type 2A 541 = 2.4 46.5 += 1.8* p = 0.03
% of Type 2X 16.3 + 1.4 259 = 1.1* p = 0.0008 % of Type 2X 11.1 + 2.4 9.7 + 2.01 NS
% of Type 2B 74 + 2.6 64.6 + 2.06* p = 0.04
Molecular WT VAChT-KD"M Statistics
Molecular WT VAChT-KDHOM Statistics markers (p < 0.05)
markers (p < 0.05) (2744CTy
(27AACT)
Atrogin-1 0.0055 =+ 0.0009 0.0094 = 0.0009* p = 0.02
Atrogin-1 0.0089 = 0.0013 0.004 = 0.0009* p = 0.02 MuRF-1 0.0122 *= 0.0015 0.0173 = 0.001* p = 0.02
MuRF-1 0.0128 =+ 0.002 0.0114 = 0.0021 NS Pax-7 0.0005 + 0.00008 0.00146 = 0.0001* p = 0.0008
Pax-7 0.0003 =+ 0.00002 0.0003 = 0.00003 NS MyoD 0.0002 + 0.00002 0.0004 =+ 0.00002* p = 0.001
MyoD 0.0012 = 0.0002 0.0002 + 0.00003* p = 0.0005 Myogenin 0.0008 =+ 0.0001 0.001 + 0.0001 Ns#
Myogenin 0.00036 + 0.00002 0.00019 =+ 0.00001* p = 0.0003 PGCl-a 0.0038 =+ 0.0003 0.0081 *= 0.001* p = 0.004*
PGCl-a 0.0026 = 0.0001 0.0019 = 0.0001 NS (p = 0.06) MTND1 8.39 = 0.76 13.04 = 0.89* p = 0.003
MTND1 4.88 = 0.75 3.14 = 0.36* p = 0.047

Statistical analysis was deployed to compare morphological differences be-
tween 5 WT and 7 VAChT-KD""®™ mice. The average whole muscle area and
variability was compared between genotypes. For individual muscle fiber cross-
sectional area (CSA) analysis, we evaluated a total of 2767 fibers per genotype:
316 for type 2A, 544 for type 2X, and 1907 for type 2B. Molecular analysis was
performed in 3 WT and 6 VAChT-KD"°™ mice. Values represent Mean + SEM.
Unpaired Student's t-test was applied after the data was analyzed using
Kolmogorov-Smirnov normality test. * Statistically different from WT mice. #
Mann-Whitney test for non-Gaussian data set. NS: Not Significant.

section. The experimental groups remained constant from the begin-
ning to the end of the study.

2.2. Morphological and morphometrical analyses

Mice were anesthetized with isoflurane, followed by cervical dis-
location. The gastrocnemius, extensor digitorum longus (EDL) and so-
leus muscles were surgically excised, fixed in 4% glutaraldehyde for
24 h, dehydrated in an ascending volumes of alcohol (70%, 80%, 90%,
95% 2X), embedded in glycol methacrylate resin (Leica), and cut in a
microtome (Reichert Jung). The mid-belly regions of muscles were cut
into 3-5 pum thick sections. Muscle sections were stained with toluidine
blue (EMS) for cross-sectional area (CSA) analysis of individual myo-
fibers. Images were acquired using a microscope (Zeiss Axiolab Al)
coupled to a CCD camera, visualized in a computer and analyzed using
the Axiovision (Zeiss) or Image J (NIH) where a polygon selection tool
was used to manually draw a perimeter around muscle fibers to de-
termine the CSA of individual myofibers. The average CSA for gastro-
cnemius muscle fibers were calculated from at least 500 individual
muscle fibers per animal per genotype.

2.3. Myosin heavy chain isoforms staining

Myosin heavy chain isoforms were identified according to the pro-
tocol described by Valdez et al. (2012). Mice were sacrificed, and then
EDL, gastrocnemius and soleus muscles were collected, immersed in
OCT (Easy Path), oriented in freezing molds, and covered with freezing
medium. The EDL and Soleus were put in the same mold and freshly

Statistical analysis was deployed to compare morphological differences be-
tween 6 WT and 7 VAChT-KD"°™ mice. The average whole muscle area and
variability was compared between genotypes. For individual muscle fiber cross-
sectional area (CSA) analysis, we evaluated a total of 2835 muscle fibers per
genotype: 1104 for type 1, 1186 for type 2A, and 397 for type 2X. Values re-
present Mean + SEM. Unpaired Student's t-test was applied after the data was
analyzed by the Kolmogorov-Smirnov normality test. Molecular analysis was
performed in 6 WT and 6 VAChT-KD"®M mice. * Statistically different from WT
mice. # Mann-Whitney test for non-Gaussian data set. NS: Not Significant.

Table 3

Results of the maximal incremental test.
MIT TEST WT VAChT-KDHOM Statistics
Body weight (g) 28.6 * 2.7 24.25 + 2.6* p=0.03
Distance (m) 417.3 * 132.6 105.4 + 37.6* p = 0.0004
Vmax (cm/s) 31.2 = 4.02 15.5 = 2.2* p < 0.0001
Duration (min) 26.8 =+ 4.4 10.6 = 2.4* p < 0.0001
VO, Basal (ml.Kg-1.min-1) 15.1 * 6.1 13.4 = 43 NS
VO, Max (ml.Kg-1.min-1) 299 + 5.4 25.8 + 4.2 NS
Work (J) 211 £ 75 3.3 = 0.7F p = 0.0003

Statistical analysis was deployed to compare differences between 5 WT and 6
VAChT-KD"®M™ mice. The average whole muscle area and variability was
compared between genotypes. Values represent Mean * SEM. *Statistically
different from WT mice based on Unpaired Student's t-test. NS: Not Significant.

frozen in isopentane (Sigma-Aldrich), cooled in liquid nitrogen, and
stored at — 80 °C. The mid-belly region of muscles was cut on a cryostat
(Leica CM30508S), and cross sections (10 um) were collected on gelatin-
coated slides. Muscle sections were blocked 30 min at room tempera-
ture (RT) with 3% BSA (Sigma-Aldrich), 5% goat serum (Sigma-Al-
drich), and 0.1% Triton X-100 (Sigma-Aldrich) diluted in PBS 1x.
Muscle sections were then incubated overnight (ON) at 4 °C with the
following primary antibodies (diluted in 3% BSA, 5% goat serum), all
raised in mice: type 1 (Leica Microsystems Cat# NCL-MHCs Lot#
RRID:AB_563898; 1:250); type 2A (DSHB Cat# SC-71 Lot# RRID:AB_
2147165; 1:100), type 2X (DSHB Cat# BF-35 Lot# RRID:AB_2274680,
which recognizes all types of muscles fibers except for the 2X; 1:100),
and type 2B (DSHB Cat# BF-F3 Lot# RRID:AB_2266724; 1:100). SC-71,
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BF-35 and BF-F3 antibodies were deposited to the DSHB by Stefano
Schiaffino. Slides were washed three times with PBS 1x and incubated
for 1 h at room temperature with secondary antibodies: Alexa 488 goat
anti-mouse IgGl (Thermo Fisher Scientific Cat# A-21121 Lot#
RRID:AB_2535764. Recognizes the type 1, 2A and 2X antibodies) and
Alexa 488 goat anti-mouse IgM (Thermo Fisher Scientific Cat# A-21042
Lot# RRID: AB 2535711. Recognizes type 2B antibody). The slides
were washed 3 times again with PBS 1x and mounted using VectaShield
anti-fade solution (Vector Laboratories Cat# H-1000 Lot# RRID:AB_
2336789). Images were acquired using an air objective (10x, 0.25NA)
in a fluorescence microscope (Leica DM2500) coupled to a Leica DFC
345FX camera and visualized in a computer. Excitation light came from
a 100W Hg lamp, and an FITC filter was used to collect emitted light.
Whole muscle cross sections were imaged for analysis. Each fiber type
was expressed as a percentage of the total number of fibers counted in a
whole muscle section. Stained sections were also used to analyze the
CSA of type identified muscle fibers. Each antibody was validated using
appropriate negative controls, which included sections not incubated
with primary antibodies (data not shown).

2.4. Reverse transcription and qgPCR

The EDL and soleus muscles were rapidly removed from animals,
immersed in RNA latter solution (Sigma-Aldrich) to avoid RNA de-
gradation, and stored for 24 h at 4°C and at —20 °C until processing.
Total RNA was extracted using TRIzol reagent (Invitrogen, San Diego,
CA) and treated with DNAse Amplification Grade (RNase-free) (Sigma
AMP-D1). After reverse transcription (RT-PCR) using the M-MLV en-
zyme (M-MLV RT, Promega, M1705), 40 ng of the generated cDNA was
used for qPCR. The endogenous GAPDH (internal control) Fw: TGCG
ACTTCAACAGCAACTC; Rv: ATGTAGGCCATGAGGTCCAC; Myogenin
Fw: CACTCCCTTACGTCCATCGT; Rv:CAGGACAGCCCCACTTA
AAA;MyoDFw:GGCCACTCAGGTCTCAGGTGT;Rv:TGTTGCACTACACA
GCATGCCT; Pax-7 Fw: AAAAGCACCAAGCCAAGACC; Rv: GCACACAT
CCCACTCACACC; PGCl-al Fw: CCCTGCCATTGTTAAGACC; Rv: TGC
TGCTGTTCCTGTTTTC; MTND-1 Fw: GTTGGTCCATACGGCATTTT; Rv:
TGGGTGTGGTATTGGTAGGG; Atroginl Fw: GCAGAGAGTCGGCAA
GTC; Rv: CAGGTCGGTGATCGTGAG and MuRF1 Fw: TGGAAACGCTA
TGGAGAACC; Rv: ATTCGCAGCCTGGAAGATG were amplified. SYBR
green reagent (SYBR® Green PCR Master Mix, Applied Biosystems) was
used in ViiA™ 7 System (Applied Biosystems) real-time cycler that al-
lows automatic melting curve analysis. A single melt peak for each
reaction confirmed the identity of each PCR product. The relative
comparative Cycle Threshold (CT) method was applied to compare
gene expression levels between groups, using the equation (2) ~“4¢T
(Pcr and Pfaffl, 2001). The expression level of WT and VAChT-KD"OM
genes were normalized to GAPDH as an internal control and no dif-
ferences were found in GAPDH CTs between EDLs from WT and VAChT-
KD"™M mice. Myogenin (WT: 13.2 + 0.1 and VAChT-KD"OM:
13.2 + 0.28). MyoD (WT: 13.1 = 0.1 and VAChT-KD"™:
13.1 * 0.27). MTND-1 and Pax-7 (WT: 13.4 = 0.1 and VAChT-
KD"M: 139 + 0.32). Atrogin-1l, MuRF-1 and PGCl-a (WT:
13.4 = 0.08 and VAChT-KD"M: 14 + 0.38). Soleus: Myogenin (WT:
14.8 + 0.3 and VAChT-KD"®™: 14.1 + 0.2). MyoD (WT: 14.5 + 0.3
and VAChT-KD"°™: 14 + 0.2). MTND-1 and Pax-7 (WT: 14.8 + 0.3
and VAChT-KD"®M: 14,4 + 0.2). Atrogin-1, MuRF-1 and PGC1-a (WT:
14.7 + 0.3 and VAChT-KD"®M: 14.1 + 0.2). Expression changes re-
flect fold differences between WT mice (control) and VAChT-KDHOM
mice. RNA sequences are available at GenBank data base in: (https://
www.ncbi.nlm.nih.gov/genbank/).

2.5. Transmission electron microscopy (TEM)
For ultrastructure analyses, we used the protocol described by

Rodrigues et al. (2013). Briefly, EDL and soleus muscles from WT and
VAChT-KD"M were fixed by ice-cold modified Karnovsky fixative (4%
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paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacody-
late buffer) and maintained in this solution for at least 24 h at 4 °C. After
fixation, samples were washed with cacodylate buffer (0.1 M- EMS), cut
into several pieces, post-fixed in reduced osmium (1% osmium tetr-
oxide in cacodylate buffer containing 1.6% potassium ferrocyanide-
EMS), contrasted en bloc with uranyl acetate (2% uranyl acetate in
deionized water- EMS), dehydrated through an ascending series of
ethanol solutions followed by acetone and embedded in EPON 812 resin
kit (EMS). Blocks were sectioned (50 nm) and collected on 200 or 300
mesh copper grids and contrasted with lead citrate (EMS). Sections
were viewed with a Tecnai- G2-Spirit-FEI/Quanta electron microscope
(120 kV Philips) located at Microscopy Center — UFMG.

2.6. Behavioral tests

2.6.1. Open field

The open field test was used to analyze spontaneous locomotor
activity (Ferreira-Vieira et al., 2014; Sousa et al., 2006). The test was
performed in a box (50 X 50 cm) with the floor divided into 16 equal
squares. The mice were individually placed in the back corner of the left
side and allowed to explore the open field for 300s. The spontaneous
locomotor activity was measured using sensors located at the base of
the boxes connected to a computer where a software automatically
determined the number of segments crossed, known as crossing (hor-
izontal locomotion) (Vianna et al., 2000).

2.6.2. Wire-hang

The wire-hang test is a useful tool to evaluate motor strength in
rodents, and the experiments were performed according to Sango et al.
(1996) and Prado et al. (2006). Mice were habituated at the behavioral
room 2 h before the test. We placed each animal individually in the top
of a wire cage lid (22 x 22 cm) and then the lid was gently turned
upside down by the investigator. The latency of mice to lose their grip
and fall off the lid was visually evaluated in three trials with a cutoff
time of 60s.

2.6.3. Rotarod

The rotarod test was used to assess motor coordination in our ex-
perimental model (Ingram et al., 1981). The apparatus consists of a
rotating cylinder. The time animals take to fall from the rotating rod is
registered automatically. We used the protocol described by Prado et al.
(2006) with minor modifications to account for the age of the mice
tested in this study. First, mice were acclimated three consecutive days
to the rotarod apparatus (Insight Equipments, Ribeirao Preto, Brazil)
with the device turned off. Second, each mouse was gently placed on
the rod, and the rotation speed was set to 7 rpm. The training session
consisted of three trials. Four hours later, animals were tested using a
non-accelerating protocol (rotation maintained at 7 rpm). The perfor-
mance of each animal on the rotarod represents the average of three
independent tests.

2.7. Maximal incremental test (M.I.T)

An electric treadmill (EP - 132 - INSIGHT, Ribeirao Preto, Brazil)
was used to evaluate mice maximal aerobic capacity. The initial speed
was set at 10cm per seconds (cm/s) for 5min through five days
(Familiarization Period). The Maximal Incremental Test (MIT) starts
with the speed at 10 cm/s then increases 5cm/s every 3 min, at a 5%
grade, until the animal stops running and is fatigued. Fatigue is defined
by the refusal of the mouse to continue moving on the treadmill belt
more than 10s. A mild electrical stimulus (0.2 mA) was applied to the
mice that stepped off the treadmill to keep them exercising. For oxygen
consumption mice were weighed and placed individually into the gas
chamber coupled to the test treadmill using continuous recorders of
oxygen consumption (VO,) with an open-flow indirect calorimeter
(LE405 Gas Analyzer, Panlab Harvard Apparatus, Spain). VO, (mlO5/
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kg/min) was continuously recorded on-line, every minute at rest and
during the fatiguing exercise protocol (exercise protocol) and then
analyzed using a computerized system (Metabolism V 2.2.01, Harvard
Apparatus, Spain). In the first 30 min, the animals were placed in the
treadmill coupled to a gas chamber for measurements of the basal VO,
Immediately after this time, the treadmill was turned on and mice
started to run following the test protocol. At the end of the test the VO,
peak was selected for analysis. Workload (W) was calculated as
W = [body weight (kg)] X [time to fatigue] X [treadmill speed (m/
min)] X [sin 0 (treadmill inclination)].

2.8. Pharmacological treatment

Six month old WT and VAChT-KD"®M™ mice were treated with the
acetylcholinesterase inhibitor pyridostigmine (Sigma-Aldrich) (i.p.,
1 mg/kg) for 28 days with two doses per day, according to Prado et al.
(2006). At the end of the treatment period, animals were sacrificed,
then EDL and soleus muscles were excised for histology analysis as
described above.

2.9. Statistical analysis

All data were analyzed using Microsoft Excel and GraphPad Prism 5.
The histology data represent the mean + SEM of least 500 muscle fi-
bers CSA summarized in tables. Before defining the statistical tests, data
was evaluated by the Kolmogorov-Smirnov normality test to address
whether or not the data followed a Gaussian distribution. Statistical
significance was evaluated using the unpaired Student's t-test when
data was normally distributed or Mann-Whitney test for non-Gaussian
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distribution. One-way ANOVA or Kruskal-Wallis, and a post hoc
Newman Kulls or Dunn's multiple comparison test was performed when
appropriate, as described in the text. Values of p < 0.05 were con-
sidered significant. All behavioral, molecular, electron microscopy and
maximal incremental tests experiments were conducted with re-
searchers “blind” to the genotypes of the mice, except for histological
and fiber typing analysis. Each genotyped animal was assigned a code
that was revealed to the investigator after completing analysis. In this
work we used between n = 3-7 animals per genotype for each data set
to detect a difference at 95% confidence interval (a = 0.05) and 0.8
power. The exact n for each experimental procedure is described in the
figure legends, as well as p values. All data points were treated as
outliers and excluded from the data analysis using the Graph Pad
QuickCalcs outlier calculator available at (https://graphpad.com/
quickcalcs/Grubbsl.cfm).

3. Results

First, we evaluated the long-term effects of decreased ACh on the
morphology of muscle fibers in the gastrocnemius muscle.
Gastrocnemius muscle cross-sections from VAChT-KD"°M and wild type
(WT) mice were stained with antibodies against different fiber types
and with toluidine blue to visualize muscle fiber subtypes and their
cross-sectional area (CSA), respectively (Fig. 1A-B). We found that
muscle fibers in the gastrocnemius muscle of VAChT-KD"M are on
average 14% smaller compared to WT mice (Fig. 1C-D). We also found
fewer type 2B fibers in the gastrocnemius muscles of VAChT-KD mice
(28 *= 1.46%) compared to WT (48.4 = 5.07%). Interestingly, we
found more type 2X in VAChT-KD"°M mice (34.7 + 5.1%) compared
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Fig. 1. Gastrocnemius muscle from VAChT-KD"°™ mice are atrophied and exhibit fiber type shift. A-B: Representative images of the whole gastrocnemius
muscle stained for the different fiber types (A) cross-section of fibers marked with toluidine blue (B), showing smaller muscle fibers in the VAChT-KD"M mice (B)
when compared with WT. Scale bar = 1000 pm (A) 50 um (B). C: Frequency distribution histogram of gastrocnemius muscle fibers Cross-Sectional-Area (CSA). D:
CSA mean values for VAChT-KD"®™ mice compared with WT mice (*p < 0.05; one-tailed unpaired Student t-test, n = 3 animals per genotype). E: Fiber type

analysis showing reduced type 2B and increase in type 2X fibers in VAChT-K

DHOM

mice. We analyzed one muscle cross-section for each animal, and a total of 3152

myofibers were evaluated for both genotypes (*p < 0.05; Unpaired Student t-test, n = 3 animals per genotype. In D and E, values represent mean *+ SEM). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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to WT (14.2 += 1.91%). We next examined muscle fibers in the pre-
dominantly fast-twitch extensor digitorum longus (EDL) muscle. Muscle
fibers in the EDL were on average 22% smaller in VAChT-KD" ™ mice
compared to WT (Fig. 2A and Table 1). This overall reduction in muscle
fiber size was due to decreased CSA in types 2X and 2B fibers in the EDL
of VAChT-KD"®M (Fig. 2B-D and Table 1). The EDL muscle is composed
mainly of fast-glycolytic muscle fibers (type 2X and 2B) and few fast
oxidative-glycolytic muscle fibers (type 2A) (Bloemberg and
Quadrilatero, 2012). Interestingly, the EDL muscles in VAChT-KD"°M
mice also have fewer muscle fibers (Table 1), suggesting that either
muscle fibers failed to form or degenerate postnatally. Based on this
observation, we determined the number of each muscle fiber type po-
pulating the EDL muscle in VAChT-KD"°™ and WT mice. While Type 2B
fibers were reduced, type 2X fibers were increased in VAChT-KD"M
mice compared with WT mice (Table 1). This analysis showed similar
numbers of type 2A muscle fibers between genotypes demonstrating
that these changes were specific to fast glycolytic muscle fibers (2B and
2X). The shifts in type 2X/2B ratio in the gastrocnemius and EDL
muscles suggest that reduced cholinergic transmission either causes
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type 2B to dedifferentiate into type 2X or slows the differentiation of
type 2X into type 2B muscle fibers.

The reduced size and number of muscle fibers in the EDL muscle of
VAChT-KD"®M mice also indicates that reduced cholinergic transmis-
sion results in the activation of pro-atrophy genes. To look into this
possibility, we examined levels of Atrogin-1 and MuRF1, both involved
in the activation of the ubiquitin-proteasome system (Sacheck et al.,
2004). Unexpectedly, Atrogin-1 is reduced and MuRF-1 remains un-
changed in the EDL muscle of VAChT-KD"®™ compared with WT mice
(Table 1). We then examined levels of Pax-7, Myogenin, and MyoD,
three genes important for muscle biogenesis and maintenance. We
found MyoD and Myogenin reduced in the EDL muscles of VAChT-
KDPM mijce (Table 1). However, levels of Pax-7 remain unchanged in
the EDL muscles of VAChT-KD"M mice (Table 1). Next, we examined
levels of two mitochondria-related genes important in skeletal muscles.
PGCl-a promotes mitochondrial biogenesis (Yoon et al., 2001) and
MTND-1 is a mitochondrial DNA (mtDNA) encoding complex I gene
associated with mitochondrial respiratory chain (Mimaki et al., 2012).
No significant difference was found in PGCl-a expression between
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Fig. 2. Fast-twitch EDL from VAChT-KD"°™ mice shows reduction of whole muscle area, fiber type atrophy and fiber type shift. A: Images of the whole EDL
muscle from WT and VAChT-KD"°M mice labeled with type 2B antibody showing reduced CSA. Scale bar = 0.5 mm?. B: Representative images from sections of EDL
from WT and VAChT-KD"°M mice stained with toluidine blue showing increased number of small muscle fibers in the VAChT-KD"°™ mice compared with WT. Scale
bar = 50 um. C: Images of the EDL from WT and VAChT-KD"°M mice labeled with antibodies against different fiber types showing reduced type 2B and increased
type 2X fibers expression in VAChT-KD"°M, Scale bar = 50 um. D-G: Histogram of CSA values showing increased number of small muscles fibers in EDL from VAChT-
KD"®M mice. For cross-sectional area (CSA) muscle analysis we evaluated a total of 2767 fibers: 316 for type 2A, 544 for type 2X, and 1907 for type 2B n = 5 WT and
7 VAChT-KD"M mijce. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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VACHhT-KD"®M mice and WT mice (Table 1). However, MTND-1 was
reduced by 36% in VAChT-KD"®™ mice (Table 1). These findings show
that myogenesis and mitochondria function are impaired, and poten-
tially contribute to the decreased number and size of muscle fibers in
the EDL muscles of VAChT-KD"™ mice.

The soleus muscle is quite different from the EDL muscle in several
respects. It is primarily composed of slow-twitch muscle fibers, it is
tonically active, and functions in maintaining posture (Di Giulio et al.,
2009). We thus asked if reducing ACh levels has a similar effect on the
soleus as observed above in the EDL muscles. In stark contrast to the
EDL muscle, we found that muscle fibers are approximately 11% larger
in the soleus muscle of VAChT-KD"°M mice compared to WT mice
(Fig. 3D and Table 2). Both type 1 and 2A muscle fibers were enlarged
by 8% and 17%, respectively in VAChT-KD"°™ mice compared to WT
mice (Fig. 3C-G and Table 2). Moreover, the ratio of type 1 to type 2A
muscle fiber is higher in the soleus muscle of VAChT KD"°™ compared
to WT mice (Table 2). Despite the increased size of muscle fibers, the
overall size of the soleus muscle was indistinguishable between VAChT-
KD"°M and WT mice (Fig. 3A and Table 2). The overall size of the
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soleus muscle remains unchanged because it contains fewer, yet larger,
muscle fibers in VAChT-KD"°M compared to WT mice (Table 2).

To further examine the impact of reducing ACh on the soleus
muscle, we again assessed expression levels of genes associated with
muscle atrophy, biogenesis, and maintenance. In contrast to the EDL
muscle, Atrogin-1 and MuRF1 levels are 1.7 and 1.4 fold higher, re-
spectively, in VAChT-KD"®™ mice (Table 2). Likewise, Pax-7 and MyoD
are 2.9 and 2 fold higher, respectively, in the soleus muscle of VAChT-
KD"°M mice (Table 2). Additionally, the metabolic modulators, PGC1-a
and MTND-1, are both increased in the soleus muscle of VAChT-KDM
mice (Table 2). Together, these data show that decreasing ACh levels
has a different effect on the soleus muscle, and particularly on type 1
muscle fibers, compared to the EDL muscle and fast type muscle fibers.

We used transmission electron microscopy (TEM) to visualize the
subcellular composition of slow and fast-twitch muscles under reduced
cholinergic transmission. In the EDL muscle of WT mice, as expected,
the Z-line (white arrows) (Fig. 4A), triads (sarcoplasmic reticulum- SR
and T-tubules) (white arrows-head) (Fig. 4B), mitochondria (red ar-
rows-head) (Fig. 4B), and sarcomeres (red asterisks) (Fig. 4B) appear
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Fig. 3. Slow-twitch soleus from VAChT-KD"°™ mice shows muscle fibers hypertrophy and fiber type shift. A: Images of the whole soleus muscle from WT and
VAChT-KD"°M mice labeled with type 1 antibody. No changes were observed. Scale bar = 0.5 mm?>. B: Representative images from sections of soleus from WT and
VAChT-KD"°M mice stained with toluidine blue. Traced rectangle shows newly formed muscle fibers. Scale bar = 50 um. C: Images of the soleus from WT and
VAChT-KD"M mice labeled with antibodies against different fiber types showing increased type 1 and reduced type 2A fibers expression in VAChT-KD"®M, Scale
bar = 50 um. D-G: Histogram of CSA values showing increased number of muscle fibers with larger CSA in soleus from VAChT-KD"°™ mice. For cross-sectional area
(CSA) muscle analysis we evaluated a total of 2835 fibers: 1104 for type 1, 1186 for type 2A, and 397 for type 2X n = 6 WT and 7 VAChT-KD"™ mice. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Myofibrils of the fast-twitch EDL from VAChT-KD"°™ mice show signs of degeneration while slow-twitch soleus is preserved. A-B: Images in the
upper and lower panels are 16,500x and 26,500, respectively. A: Representative images of the EDL muscle fibers from WT showing correct alignment of the Z-lines
(white arrows) (A), normal triads (white arrows-head) (B), normal-shaped mitochondrial profiles (red arrows-head) (B), normal sarcoplasmic reticulum located
between myofibrils (yellow arrows-head) and preserved sarcomere (red asterisk) (B). C-D: Representative images of EDL muscle fibers from VAChT-KDPM mice
showing myofibrils disruption (red asterisks) (D), abnormal elongated T-tubules (white arrows-head) (D), abnormal and misplaced SR (yellow arrows-head),
elongated mitochondrial profiles associated to degenerated regions (red arrows-head). Normal sarcomere in C. E - F: Representative images of the soleus from WT
showing preserved muscle fibers. Alignment of Z-lines (E) (white arrows), normal size mitochondrial profiles (F) (red arrows-head), and regular sarcomere (F) (red
asterisks). G — H: The soleus from VAChT-KD"®™, shows preserved sarcomeres (red asterisks). The mitochondrial profiles from VAChT-KD"°™ mice are more frequent
(H) (red arrows-head). We evaluated at least 15 images from three different animals for each genotype. Scale bar = 500 nm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

normal. In contrast, muscle fibers of the EDL from VAChT-KD"°™ mice
present discontinuous Z-lines (white arrows) (Fig. 4C) and disruption of
myofilaments (separation of the thin and thick myofilaments) of some
sarcomeres (red asterisks) (Fig. 4D). Quantitatively, the number of
disrupted sarcomeres is 6.2 times higher in VAChT-KD"°™ mice com-
pared to WT mice (WT: 5.7 = 3.3 and VAChT-KD"M: 356 + 9.1%,
p = 0.03). These muscle fibers also exhibit abnormal T-tubules, which
are more elongated than normal, and lack typical triads (white arrows-
head) (Fig. 4D). The SR also exhibits abnormal, swelled, and misplaced
vacuole-like structures (yellow arrows-head) (Fig. 4D). Moreover, we
found elongated mitochondrial profiles located in the regions of muscle
fibers associated with degraded myofibril regions (red arrows-head)
(Fig. 4D). In stark contrast to the EDL muscle, fibers in the soleus
muscle from VAChT-KD"M mice exhibit preserved components, such

as correct alignment and continuity of the Z-lines (white arrows)
(Fig. 4E-G), and sarcomere integrity (red asterisk) (Fig. 4F-H). In
agreement with increased PGCl-a and MTND-1 levels, mitochondria
are more prevalent in muscle fibers in the soleus muscle of VAChT-
KDHOM compared to WT mice (Fig. 4G-H).

To assess the function of the gastrocnemius, soleus, and EDL mus-
cles, we performed a series of behavior and oxygen consumption tests in
VAChT-KD"®™ and WT mice. Oxygen consumption while resting and
under maximal intensity was measured using a maximal incremental
test (MIT). The duration, distance, maximum velocity (Vméx), the
work, and oxygen handling parameters were evaluated. We found a
significant reduction in the MIT duration and distance (Table 3) in
VAChT-KD"*M mice. The maximum velocity is also reduced (Table 3).
Additionally, the work performed is significantly reduced in VAChT-
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Fig. 5. Pyridostigmine (PYR) treatment partially reverses
morphology alterations in EDL and soleus muscles in
VAChT-KD"°M mice. A-B: Images of EDL (A) and soleus (B)
muscle fibers from WT and VAChT-KD"M mice treated and
non-treated with PYR. C. Cumulative frequency of muscle
fibers areas of the EDL from WT and VAChT-KD"°M mice
showing VAChT-KD"OM-PYR partially restoring muscle fibers
to WT values. D. In the Soleus, VAChT-KD"®M-PYR partially
restored the sizes of its muscle fibers. For the EDL and soleus
at least 1130 and 1573 myofibers, respectively, were ana-
lyzed from three animals per genotype/treatment.
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KD"M mice compared to WT mice (Table 3). Despite these differences,
the oxygen consumed is the same between genotypes while resting and
under MIT (Table 3). This finding is more surprising given that VAChT-
KD"®M mice weigh significantly less than WT mice (Table 3).

Given that skeletal muscles may be similarly affected in individuals
with VAChT mutations, we tested if increasing the levels of ACh at the
synaptic cleft reverses the functional and morphological features found
in VAChT-KD"™ mice. To address this, WT and VAChT-KD"°™ mice
were treated with the cholinesterase inhibitor pyridostigmine (1 mg/kg,
twice daily) for 28 days. We then compared the muscle fiber average
CSA among the different treatments and genotypes in the EDL and so-
leus muscles. In this case, we specifically compared the distribution of
muscles sizes using a cumulative frequency graph (Fig. 5C and D) due to
the inherent high variability of muscle sizes across genotypes and fol-
lowing pyridostigmine treatments. This analysis revealed that pyr-
idostigmine partially restores the size of muscle fibers in the EDL of
VAChT-KD"M mice (Table 4 and Fig. 5A and C). Although the treat-
ment reduces the CSA of WT-treated compared with non-treated WT
mice (Table 4 and Fig. 5C), the size of muscle fibers in non-treated
VAChT-KD"M mice remains reduced compared to treated WT mice
(Fig. 5A and C). In the soleus muscle, pyridostigmine partially reduces
the hypertrophy observed in VAChT-KD"®™ muscle fibers (Fig. 5B and
D). These findings led us to ask if pyridostigmine treatment improves
motor function in VAChT-KD"®™ mice. We found that animals treated
with pyridostigmine perform better in the open-field task (Table 4).
VAChT-KD"M mice treated with pyridostigmine did not perform better
in the rotarod or wire-hanging test based on a Kruskal-Wallis with
Dunn's multiple comparison test. However, intra-genotype comparisons
revealed that VAChT-KD"®™ mice treated with pyridostigmine perform
2.5 times better on both tests compared with vehicle treated VAChT-
KD"M mice (Table 4). These differences were significant using a two-
tailed unpaired student t-test.

4. Discussion

Most CMS cases are related to mutations in postsynaptic proteins
and the prevalence of pre-synaptic mutations are very rare and, until
now, only found in SNAP25B (Shen et al., 2014), Synaptotagin-2
(Herrmann et al., 2014), Synaptobrevin-1 (Shen et al., 2017), MUNC13-1
(Engel et al., 2016), ChAT (Byring et al., 2002; Ohno et al., 2001), and
CHT- 1 (Bauché et al., 2016). However, recent reports revealed con-
genital myasthenia in individuals caused by mutations in the VAChT
gene (Aran et al., 2017; Schwartz et al., 2018; O'Grady et al., 2016).
Using VAChT mouse models to study CMS (VAChT-KD"°™ and VAChT-
Knockout), our group has found motor (Prado et al., 2006), cardiac
(Lara et al., 2010), and synaptic (de Castro et al., 2009; Lima et al.,
2010; Prado et al., 2006; Rodrigues et al., 2013) alterations that re-
semble some of the features later discovered in patients with VAChT
mutations (O'Grady et al., 2016; Aran et al., 2017; Schwartz et al.,
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2018). For example, we previously showed that NMJs in the diaphragm
from VAChT-KD"™ mice exhibit several abnormalities, including al-
tered recycling of synaptic vesicles (Rodrigues et al., 2013). Those
published findings led us to hypothesize that reduced cholinergic
transmission may differentially affect the size and biochemical prop-
erties of muscle fiber subtypes. Thus, in the present study, we in-
vestigated the impact of lowering ACh on the fast-contracting EDL, the
slow-contracting soleus, and the gastrocnemius muscles.

4.1. Fast type muscle fibers are preferentially affected by reduced
cholinergic transmission

Different mouse models of neuromuscular disorders have revealed
that fast-twitch skeletal muscles are more susceptible to atrophy than
slow-contracting muscles (Harandi et al., 2014; Wang and Pessin, 2013;
Biral et al., 1989). In addition, denervation or tetrodotoxin (TTX)
blockade of nerve impulses preferentially cause the atrophy of fast type
muscle fibers in the diaphragm (Aravamudan et al., 2006) and gastro-
cnemius muscles (Zhan and Sieck, 1992). We found that fast-twitch
muscle fiber types (2B, 2X) are smaller in the EDL muscle of VAChT-
KD"OM compared with WT mice using light microscopy. Ultrastructural
analysis corroborated this finding, and revealed that myofibrils degrade
in muscle fibers of the EDL muscle from VAChT-KD"®M mice. Inter-
estingly, the EDL muscle of VAChT-KD"®™ mice contained fewer type
2B and more type 2X fibers compared to WT mice. This shift in the ratio
of muscle fiber types in fast muscles has also been observed in aged
animals (Larsson and Ansved, 1995; Larsson et al. 1993, 1995), where
cholinergic transmission has been found to also be altered.

In addition to cellular changes, reduced cholinergic transmission
also affects the molecular composition of the EDL muscle. We found
that Atrogin-1 is reduced while no changes were found in MuRF1 in the
EDL muscle of VAChT-KD"®M mice. This finding was surprising because
muscle fibers atrophy in the EDL muscle of adult VAChT-KD"°™ mice,
and Atrogin-1 and MuRF1 promote muscle atrophy when induced
(Bodine and Baehr, 2014). However, the pro-myogenic genes MyoD and
myogenin are reduced in the EDL of VAChT-KD"°M mice. In addition to
playing critical roles in muscle biogenesis, myogenin and MyoD also
regulate the expression of Atrogin-1 and MuRF1 (Bonaldo and Sandri,
2013; Hyatt et al., 2003; Moresi et al., 2010). The observed reduction in
myogenin, MyoD, and Atrogin-1 expression in the EDL muscle from
VAChT-KD"M suggests that reduced cholinergic transmission inhibits
myogenesis but also atrophy in adult fast type muscles. These findings
thus raise the possibility that myogenesis is impaired during develop-
mental stages and/or the growth of newly formed muscle fibers is in-
hibited in the EDL of adult VAChT-KD"°™ mice, potentially accounting
for fewer and smaller muscle fibers. This is a possibility that can be
assessed in future studies designed to analyze the number and size of
muscle fibers during development in addition to myogenin and Myod
expression in VAChT-KD"®™ mice. If the formation and growth of

Table 4

Results of the treatment with Pyridostigmine (PYR) on mice muscle histology and behavior.
HISTOLOGY WT WTPR VAChT-KD"M VAChT-KD"OM PYR Statistics
EDL - CSA (um?) 1191 + 28.9 998.7 + 24.8° 936.5 + 23° 1009 + 28.4% p = 0.0007*
Soleus — CSA (um?) 1199 + 364 1031 + 59.1 1535 + 168.7 1258 + 97.7 Ns*
BEHAVIOR WT WTPYR VAChT KD"M VAChT KD"OM PYR Statistics
Open-field 95 + 27 106.4 + 18 46 + 11% 83.4 + 16.7¢ p = 0.0007%
Rotarod (s) 225 + 100 271 + 64 104 + 60.3" 263 + 29 p=0.03
Wire-hang (s) 28.4 + 10 39.2 + 6.2 50 = 1.1% 12 + 2.1 p = 0.0007

Statistical analysis was deployed to compare differences between at least 3 WT and 3 VAChT-KD"°™ mice. Values represent Mean * SEM. Statistics for rotarod and
wire-hang: Kruskal-Wallis with Dunn's multiple comparison test. For the EDL, at least 1130 myofibers in a n = 3 animals per genotype/treatment were analyzed. In
soleus, at least 1573 myofibers in a n = 3 animals per genotype/treatment were analyzed. For behavior n = 5 animals per genotype/treatment. * Statistically
different from WT; ® different from WT?'®; © different from VAChT-KDM, #0One-way ANOVA followed by Newman-Keuls Multiple Comparison Test.
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muscle fibers is disrupted in the EDL muscle of VAChT-KD"™, it would
resemble findings reported following analysis of the R6/2 mice model
for Huntington's disease where muscle fiber maturation is also impaired
and partly due to progressive Cl-channel defects (Miranda et al., 2017).
Irrespective, our findings show that reducing cholinergic transmission
by 65% is deleterious to fast type muscle fibers.

4.2. Type 1 muscle fibers size increase under reduced cholinergic
transmission

In contrast to the EDL, reduced cholinergic transmission causes
muscle fibers in the soleus to hypertrophy. This finding was unexpected
because the soleus is a tonic muscle, and we thus expected that reducing
ACh by 65% would be detrimental to the viability of the soleus muscle.
What could then account for the increased size of muscle fibers in the
soleus muscle? One possibility is that atrophy of the gastrocnemius
increases the functional load on the soleus to maintain balance thereby
leading to compensatory hypertrophy of muscle fibers in the soleus.
This possibility is supported by published studies showing that com-
pensatory hypertrophy occurs in the soleus muscle (Allen et al., 2001)
(Hanzlikové et al., 1975; Minderis et al., 2016). Another possibility, not
mutually exclusive, is that type 1 fibers, which make a large proportion
of the soleus muscle, resist degeneration and instead hypertrophy when
cholinergic transmission is reduced. In this regard, Pax-7 and MyoD are
both increased in the soleus muscle of VAChT-KD"°™ mice, both genes
important for myogenesis. Thus, mechanical overload could promote
the proliferation of Pax-7-expressing satellite cells, thereby leading to
increased expression of myogenic factors. However, the increased oxi-
dative profile of the soleus muscle in VAChT-KD"™ mice suggests an
alternative possibility. In these mice, the soleus is populated by more
type 1 muscle fibers and has augmented expression of PGCl-a, and
MTND-1. Accompanying these changes was a loss of type 2A muscle
fibers, further indicating that muscle fibers with a fast type profile are
more affected by reduced cholinergic transmission preferentially. These
changes are also found in aged skeletal muscles, where there is a shift
from fast to slow fiber types (Holloszy et al., 1991; Larsson and Ansved,
1995; Miljkovic et al., 2015; Thompson, 1994). Therefore, it may be
possible that the changes observed in the soleus muscle of VAChT-
KD"°M mice are more indicative of a premature aged phenotype.

4.3. Reduced cholinergic transmission impacts physical capacity

Previous data has shown that mice with reduced VAChT expression
perform worse than WT mice in running tests (Prado et al., 2006). Here,
in addition to the treadmill test, we measured oxygen consumption, a
gold standard for the evaluation of aerobic capacity (Petrosino et al.,
2016; Silva et al., 2016; Speakman, 2013). Interestingly, despite the
reduction in duration, distance, and Vmax, VAChT-KD"°™ and WT mice
consumed the same oxygen amount during the tests. This result may be
due to the lower mechanical efficiency of the VAChT-KD"°™ mice re-
sulting from cardiac dysfunction (Lara et al., 2010).

4.4. Pyridostigmine treatment reverses muscle pathology caused by reduced
cholinergic transmission

Ultimately, the increased availability of ACh in the synaptic cleft
caused by pyridostigmine partially reverses EDL atrophy and soleus
hypertrophy in our mice. In addition, performance in open field, ro-
tarod, and wire hanging are partially improved in comparison with non-
treated mice. Since pyridostigmine acts preferably at the level of the
peripheral nervous system, these results indicate that the reduced
performance in the tests is due to abnormalities in hind limb muscles,
including those analyzed herein. In our pyridostigmine treated mice, we
cannot rule out an effect of increased ACh availability induced by this
cholinesterase inhibitor in presynaptic auto-receptors. Previous work
has shown that pyridostigmine increases neurotransmitter released
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following each nerve impulse in a mouse nerve muscle preparation
(Vizi and Somogyi, 1989). This effect is mediated by nicotinic auto-
receptors with positive feedback in the NMJ (Bowman et al., 1990;
Starke et al., 1989). In addition, several experiments have shown a
modulatory effect of presynaptic ACh release by agonists and antago-
nists of presynaptic muscarinic receptors (Ganguly and Das, 1979;
Wessler, 1989; Santafé et al., 2003). Future experiments will be needed
to clarify this point. Importantly, the successful reversion of some of the
muscle changes and performance improvement obtained with pyr-
idostigmine treatment of VAChT-KD"®M mice have interesting im-
plications for neuromuscular disorders, such as CMS. Indeed, a mild
clinical improvement was observed in patients with a biallelic variant
of the VAChT gene that were treated with pyridostigmine (O'Grady
et al., 2016). Taken together, these data emphasize the importance of
maintaining normal cholinergic activity for preserving the structure of
skeletal muscle fibers, and ultimately motor function.
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Abstract

Background: Cholinergic dysfunction occurs during aging and in a variety of diseases, including amyotrophic
lateral sclerosis (ALS). However, it remains unknown whether changes in cholinergic transmission contributes to
age- and disease-related degeneration of the motor system. Here we investigated the effect of moderately
increasing levels of synaptic acetylcholine (ACh) on the neuromuscular junction (NMJ), muscle fibers, and
motor neurons during development and aging and in a mouse model for amyotrophic lateral sclerosis (ALS).

Methods: Chat-ChR2-EYFP (VAChT™P) mice containing multiple copies of the vesicular acetylcholine transporter
(VAChT), mutant superoxide dismutase 1 (SOD19%3%), and Chat-IRES-Cre and tdTomato transgenic mice were used in
this study. NMJs, muscle fibers, and a-motor neurons’ somata and their axons were examined using a light microscope.
Transcripts for select genes in muscles and spinal cords were assessed using real-time quantitative PCR. Motor function
tests were carried out using an inverted wire mesh and a rotarod. Electrophysiological recordings were collected to
examine miniature endplate potentials (MEPP) in muscles.

Results: We show that VAChT is elevated in the spinal cord and at NMJs of VAChT™P mice. We also show that
the amplitude of MEPPs is significantly higher in VAChT™P muscles, indicating that more ACh is loaded into
synaptic vesicles and released into the synaptic cleft at NMJs of VAChT™® mice compared to control mice. While
the development of NMJs was not affected in VAChT™P mice, NMJs prematurely acquired age-related structural
alterations in adult VAChT™P mice. These structural changes at NMJs were accompanied by motor deficits in
VACHhT™P mice. However, cellular features of muscle fibers and levels of molecules with critical functions at the
NMJ and in muscle fibers were largely unchanged in VAChT™P mice. In the SOD1°%** mouse model for ALS, increasing
synaptic ACh accelerated degeneration of NMJs caused motor deficits and resulted in premature death specifically in
male mice.

Conclusions: The data presented in this manuscript demonstrate that increasing levels of ACh at the synaptic cleft
promote degeneration of adult NMJs, contributing to age- and disease-related motor deficits. We thus propose that
maintaining normal cholinergic signaling in muscles will slow degeneration of NMJs and attenuate loss of motor
function caused by aging and neuromuscular diseases.
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Background

The organization and stability of synapses is dictated by
the actions of pre- and postsynaptic organizing mole-
cules, including neurotransmitters [1-3]. The vertebrate
neuromuscular junction (NMJ), the synapse formed be-
tween a-motor neurons and skeletal muscle fibers, is
under the influence of the neurotransmitter acetylcho-
line (ACh) [1]. In addition to promoting muscle contrac-
tion, several lines of evidence indicate that ACh acts as
an anti-synaptogenic factor [4, 5]. ACh promotes disper-
sion of nicotinic acetylcholine receptors (AChR) from
postsynaptic sites by inducing posttranslational changes
and accelerating the endocytosis of AChRs [6]. In mice
lacking ACh, developing muscles contain larger and
more complex postsynaptic sites that are innervated by
silent motor axons. These postsynaptic sites initially
form but fail to mature in the absence of neural-derived
agrin (z-agrin), a molecule with critical roles in stabiliz-
ing AChRs [7, 8]. These findings have led to the hypoth-
esis that ACh acts in concert with z-agrin in sculpting
and stabilizing postsynaptic sites [7].

The recent generation of transgenic mice with altered
expression of the vesicular acetylcholine transporter
(VAChT) has made it possible to examine the impact of
varying levels of ACh throughout the lifespan of mice
[9, 10]. VACHT functions to load ACh into synaptic
vesicles, thereby regulating the amount of neurotrans-
mitter released [11]. Young adult mice with reduced
expression of VACKT (VAChT*P) have reduced choliner-
gic neurotransmission [10] while mice overexpressing
VAChT (CHAT-ChR2-EYFP; herein called VACHT™P)
[12, 13] release more ACh at cholinergic synapses and
thus have heightened cholinergic transmission [9]. Both
transgenic lines exhibit cognitive deficits, indicating that
cholinergic circuits in the brain are highly sensitive to
both increasing and decreasing synaptic ACh. In the lower
motor system, decreasing synaptic ACh by approximately
70 %, as is the case in VAChT®P mice, results in symp-
toms resembling myasthenia gravis [10]. These mice also
exhibit moderate changes in the shape and distribu-
tion of synaptic vesicles in a-motor axon nerve end-
ings [14]. Conversely, young adult VAChT™P mice
have enhanced motor endurance consistent with in-
creased cholinergic tone [9].

During aging and throughout the progression of amyo-
trophic lateral sclerosis (ALS), neuromuscular function
decreases suggesting that increasing the release of ACh
may potentially preserve muscle tone [1, 15]. Here we
used VAChT™P mice to determine the contribution of
chronically increasing synaptic ACh levels on develop-
ing, aging, and ALS-afflicted NMJs. We discovered that
NMJs prematurely acquire age-related structural alter-
ations in VAChT™P mice. These structural changes at
NMyJs are accompanied by a moderate reduction in the size
of muscle fibers and motor deficits in aged VAChT'P
mice. To determine if increased cholinergic transmission
affects the progression of ALS-like pathology, we examined
SOD1%** mice overexpressing VAChT. Increasing cholin-
ergic transmission selectively affected male SOD1%%**
mice, prematurely causing motor deficits, degeneration of
NMJs, and accelerating death of these mice. Together,
these findings demonstrate that increasing cholinergic
transmission accelerates the degeneration of NMJs during
aging and progression of ALS-like pathology in a mouse
model of the disease.

Methods

Mice

Several transgenic lines were used in these experi-
ments. We obtained the following lines from The
Jackson Laboratory: VAChT'™P (B6.Cg-Tg(Chat-COP4*
H134R/EYFP,SIc18a3)6Gfng/]) [13], SOD1°%** (B6.Cg-
Tg(SOD1*G93A)1Gur/]) [16], ChAT-IRES-Cre (B6;129
S6-Chat < tm1(cre)Lowl>/]) [17], tdTomato (B6;129S6-
Gt(ROSA)26Sor"" HCAG tdTomate)tize 1) 18], Mice over-
expressing VACKhT [13] contained several bacterial
artificial chromosomes (BAC) modified to express
channelrhodopsin from the ChAT locus. However, the
BAC construct used to generate these transgenic mice
also contained an intact VAChT locus, thus introducing
additional functional copies of the VAChT gene. All trans-
genic mice overexpressing VAChT (VACKhT™P) [13] were
maintained as heterozygous and allowed free access to
food and water. For histological and biochemical analysis
of NMJs, muscle fibers, motor neurons, and motor axons,
we used at least four mice per genotype per experiment.
All experiments were carried out under NIH guidelines
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and animal protocols approved by the Virginia Tech Insti-
tutional Animal Care and Use Committee.

Electrophysiological recordings

We recorded miniature endplate potentials (MEPPs)
using an Axoclamp 2A amplifier. Recordings were band-
passed filtered at 0.1 to 5 kHz, further amplified 50
times by a Cyberamp, and then sampled on a computer
at a frequency of 100 kHz. Microelectrodes were fabri-
cated from borosilicate glass using a Narishige puller
(PN-30) and had resistances of 8—15 Mohms when filled
with 3 M KCl. The microelectrodes were inserted into
the muscle fiber in the endplate region to record MEPPs.
Tetrodotoxin (100 nM) was added to the bath solution
to prevent muscle contraction. The signals were digitized
by a board from National Instruments (NIDAQ-MX) and
acquired by the program WinEDR (John Dempster, Uni-
versity of Strathclyde). MEPP amplitudes were corrected
to a standard resting potential of -70 mV. Approximately
100 MEPPs in five different synapses per muscle were an-
alyzed. We used three muscles from three different ani-
mals per genotype at 4 months of age.

Immunohistochemistry and histological analysis under
confocal microscopy

Imaging NMJs

Mice were anesthetized with isoflurane and perfused
transcardially with 4 % paraformaldehyde in phosphate
buffered saline (PBS). The extensor digitorum longus
(EDL) muscle was then dissected. Whole muscles were
blocked for 1 h at room temperature (blocking solution;
1 % Triton X-100, 3 % BSA, 5 % goat serum in PBS) and
then incubated with primary antibodies for 24 h in
blocking solution to visualize AChRs, axons, and synap-
tic vesicles. Following staining with primary antibodies,
muscles were washed three times with PBS-T (0.1 % Tri-
ton X-100) and incubated for 2 h with Alexa 488 or 555
conjugated a-bungarotoxin (fBTX, Life Technologies;
1:1000) and secondary antibodies. After washing with
PBS-T, the muscles were whole-mounted onto slides
using Vectashield (Vector Labs). The primary antibodies
used were synaptotagmin-2 (znp-1, Zebrafish Inter-
national Resource Center; 1:100) and VAChT (Millipore;
1:250). The secondary antibodies used were Alexa-647
anti-mouse IgG2a (Life Technologies; 1:1000) and Alexa-
647 anti-guinea pig IgG (Life Technologies; 1:1000).

NMJ analysis

To analyze structural features at NMJs, maximum inten-
sity projections of confocal stacks were created using
ZEN software (Zeiss). We analyzed structural features
following the criteria previously described by Valdez
et al. [19]. Briefly, fragmented AChRs are defined as five
or more AChR clusters in small islands with round
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shape and/or a segment of the postsynapse. It also in-
cludes NMJs with small and/or irregularly shaped AChR
clusters. Full or partial denervation describes postsynaptic
sites not appropriately opposed by the nerve terminal.
Multiple innervations are the simultaneous innervation of
the postsynapse by two or more axons. A nerve sprout oc-
curs when the nerve extends beyond AChR clusters in any
direction. Colocalization is the extent of pre- and postsyn-
aptic apposition measured using ZEN software. To quan-
tify the size of NMJs, the region occupied by AChRs was
measured using Image] software.

Fluorescence intensity analysis

To analyze the fluorescence intensity of VAChT immu-
nostaining at NM]Js, maximum intensity projections of
confocal stacks were created using ZEN software (Zeiss).
Using Zen Black software (Zeiss), individual NMJs were
outlined and the mean fluorescence intensity was deter-
mined by Zen Black software with background fluores-
cence subtracted. The mean fluorescence intensity for
individual NMJs was averaged to find the overall fluores-
cence intensity for each animal.

Muscle fiber diameter/central nuclei

The tibialis anterior (TA) muscle was dissected from
perfused mice, transferred into a 30 % sucrose solution
for 2 days, and cut using a cryostat at 14-pm thickness.
To visualize muscle fiber size and location of nuclei, the
sections were stained by first blocking for 1 h at room
temperature (0.1 % Triton X-100, 3 % BSA, 5 % goat
serum in PBS) and then incubated with an antibody
against laminin (L9393, Sigma; 1:100) for 24 h in block-
ing solution. The sections were washed three times in
PBS and incubated for 3 h with secondary antibodies
(Alexa-568 anti-rabbit IgG, Life Technologies; 1:1000).
After washing with PBS, sections were incubated with
4’,6-diamidino-2-phenylindole (DAPI; Sigma; 1:1000),
washed with PBS, and mounted using Vectashield. The
area outlined by laminin was measured using Image]
software. At least 300 muscle fibers per mouse were ran-
domly selected and used for this analysis. Myonuclei lo-
cated in the center of muscle fibers were counted. At
least 1000 nuclei per mouse were counted.

Nerve counts

To visualize motor axons, Chat-Cre;tdTom mice were
used. The peroneal nerve was dissected from perfused
mice and embedded in a tissue-freezing medium (Tissue-
Tek). The specimens were cut in a cryostat at 10-pm
thickness. Sections were blocked for 1 h at room
temperature (0.1 % Triton X-100, 3 % BSA, 5 % goat
serum in PBS) and subsequently incubated with antibodies
for both neurofilament (smi-312, Covance; 1:1000) and S-
100 (Z0311, Dako; 1:400) for 24 h in blocking solution.
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Sections were then washed three times with PBS for
5 min each and incubated with secondary antibodies
(Alexa-488 anti-mouse IgG1, Alexa-647 anti-rabbit IgG,
Life Technologies; 1:1000). After washing with PBS, sec-
tions were mounted in Vectashield. Axons expressing
tdTom and neurofilament were counted as motor axons.
Axons labeled with only neurofilament are sensory axons.

Expression analysis using quantitative PCR

Mice were first anesthetized with isoflurane, and then
the muscles and spinal cord regions, including cervical,
thoracic, lumbar, and sacral regions, were dissected and
flash frozen in liquid nitrogen. Total RNA was prepared
using Aurum Total RNA Mini kit (Bio-Rad) following
the manufacturer’s instructions. Complementary DNA
(cDNA) was synthesized from 500 ng of total RNA using
the iScript cDNA synthesis kit (Bio-Rad). PCR amplifica-
tion was performed on the Bio-Rad CFX Connect Real-
Time System (Bio-Rad) using iTaq Universal SYBR
Green Supermix (Bio-Rad). All primers used in this
study are listed in Table 1.

SOD1%93*A copy number analysis

DNA isolation was performed with the DNeasy Blood
and tissue kit (Qiagen). Changes in transgene copy num-
bers were evaluated using TagMan probe-based quanti-
tative real-time PCR by determining the difference in

Table 1 PCR primers

Gene Fw (5'-3") Rv (5'-3")

GAPDH  CCCACTCTTCCACCTTCGATG  GTCCACCACCCTGITGCTGTAG
AChE CTACACCACGGAGGAGAGGA  CTGGTTCTTCCAGTGCACCA
AChRy GCTCAGCTGCAAGTTGATCTC  CCTCCTGCTCCATCTCTGTC
AChRe GCTGTGTGGATGCTGTGAAC  GCTGCCCAAAAACAGACATT
MuSK CCACACTGCGTGGAATGAGC  CTCTGCAAATGGGCATGGG
LRP4 GGCAAAAAGCAGGAACTTGT  TCTACCCAGTGGCCAGAACT
Rapsyn GTGCCATGGAGTGTTGTGAG ~ CGGTTTCCGATCTCAGTCAT
Dok7 GGGTACTGGGCTGGAGTCTT  TCGGACGATGCAGTCAAACA
CDK5 GCCAGACTATAAGCCCTACCC  GTCAGAGAAGTAGGGGTGCT
MyHC2A  GAGTGAGCAGAAGCGGAATGCT  GCGGAACTTGGATAGATTTGTG
MyHC2B  CACCTGGACGATGCTCTCAGA  GCTCTTGCTCGGCCACTCT
MyHC2X  GCTAGTAACATGGAGGTCA TAAGGCACTCTTGGCCTTTATC
Myogenin  GCACTGGAGTTCGGTCCCA GTGATGCTGTCCACGATGGA
Foxol GAGTTAGTGAGCAGGCTACATTT  TTGGACTGCTCCTCAGTTCC
Atrogin-1  GCAGCAGCTGAATAGCATCCA  GGTGATCGTGAGGCCTTTGAA
Agrin-8  CTTTGATGGGCGGACCTACA  CGCTTTCTCAGCTGGGATCT
Agrin-11  CAGTGGGGGACCTAGAAACAC TTTCAGGGCTCTCAGTCACAG
Agrin-19  CTTTGATGGGCGGACCTACA  AGTTTCAGGGGCTGGGATCT
Chat CCTGGATGGTCCAGGCACT GTCATACCAACGATTCGCTCC
VAChT GAGAGTACTTTGCCTGGGAGGA  GGCCACAGTAAGACCTCCCTTG
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threshold cycle (ACT) between the transgene (hSOD1)
and an internal positive control gene. Primers for
hSOD1 were as follows: IMR9665 or Forward = 5'-GG
GAAGCTGTTGTCCCAAG-3’; and IMR9666 or Re-
verse = 5'-CAAGGGGAGGTAAAAGAGAGC-3'. The
TagMan probe used for hSOD1 is 13854 =5"-CTGC
ATCTGGTTCTTGCAAAACACCA-3'. The primers for
the internal positive control gene were as follows:
IMR1544 or Forward = 5'-CACGTGGGCTCCAGC
ATT-3"; and IMR3580 or Reverse = 5-TCACCAGTC
ATTTCTGCCTTTG-3'. The TagMan probe for the in-
ternal positive control gene is TmoIMR0105 = 5'-CCA
ATGGTCGGGCACTGCTCAA-3'. These primers and
probes are described in the Jackson Laboratories proto-
col for genotyping hSOD1 transgenic mice. We made
minor modifications to the protocol to compare levels of
hSOD1 between mice. We used 5 ng of genomic DNA,
the TagMan Universal PCR Mastermix (Thermo Fisher
Scientific), and the Bio-Rad CFX Connect Real-Time
System (Bio-Rad) to amplify hSOD1. The following PCR
settings were used: 50 °C for 2 min, 95 °C for 10 min, 40
PCR cycles of 95 °C for 15 s, 60 °C for 1 min. To deter-
mine relative copy numbers, we compared the ACT
value between SOD1%%** and SOD1°%**;VAChT™? for
hSOD1 after subtracting the CT value of the internal
control gene for each sample. The same ACT value indi-
cates that there is no difference in the number of hSOD1
between SOD1%*** and SOD1%***;VAChT ™ mice.

Behavioral tests

Hanging test

We examined motor function using an inverted grid
hanging test [20]. The mice were placed on the center of
a wire grid, which was mounted 25 cm above the table.
After gently inverting the wire grid, we recorded the
time the mouse remained hanging from the wire mesh.
Each mouse was tested three times with at least 5-min
breaks between trials. When comparing the ability of
mice to stay on the wire mesh, we only used the max-
imum time they spent hanging for each trial.

Rotarod test

Mice were placed on a rotarod (Ugo Basile Instruments).
The time that the mice were able to spend on the rotat-
ing platform was recorded. The following settings were
used: for 400-day-old VAChT™P and wild-type mice, ac-
celeration was set to 8.0 rpm/min with no reverse. The
maximum speed was set to 50 rpm and the minimum
speed was 4 rpm. To test motor function in SOD1%%*4
mice, acceleration was set to 5.0 rpm/min with no re-
verse. The maximum speed was set to 80 rpm and the
minimum speed was 2 rpm. Each mouse was tested
three times with at least 5-min breaks between trials.
When comparing the ability of mice to stay on the
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rotarod, we only used the maximum time they spent on
the rotating platform for each trial.

At least eight animals were tested on both the rotarod
and hanging tests. To compare motor function between
young adult mice, 5-month-old male wild-type and
VAChT™P mice were used. To compare motor function
between middle-aged mice, 13-month-old female wild-
type mice and VAChT™P mice were examined. We ex-
amined male mice expressing SOD1%4,

Analysis of survival rates

All mice affected with ALS were regularly observed.
Mice were euthanized when they were unable to right
themselves back up after lying on their sides. A Kaplan—
Meier log rank test was used to compare the lifespan be-
tween the groups of mice affected with ALS.

Statistical analysis

Student’s t test and a one-way ANOVA followed by
Tukey—Kramer and Kolmogorov-Smirnov tests were
used to compare differences between groups. Data were
expressed as the mean + SE (standard error). P<0.05
was considered statistically significant.

Results

VAChT is increased at NMJs of VAChT™"P mice

To assess the impact of altering acetylcholine (ACh)
levels on the neuromuscular system, we examined a
transgenic mouse line with increased expression of the
vesicular acetylcholine transporter (VAChT) gene
(ChAT-ChR2-EYFP [9, 21]; herein called VACHhT™P).
These mice have been shown to release threefold more
synaptic ACh in the brain [9]. In this study, we only ex-
amined VAChT™P heterozygous mice. We first con-
firmed that VAChT is expressed at higher levels in the
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spinal cord of VAChT™P heterozygous mice using quan-
titative PCR (qPCR). As expected, we found VAChT
messenger RNA (mRNA) significantly increased in the
spinal cord of VAChT™P mice compared to litter mate
controls (Fig. 1a). We next used immunohistochemistry
to examine the concentration of VAChT protein at
neuromuscular junctions (NMJs) in the extensor digi-
torum longus (EDL) muscle. NMJs were visualized using
fluorescently tagged a-bungarotoxin (fBTX), which binds
selectively to nicotinic acetylcholine receptors (AChRs)
located on the postsynaptic region of the NM]J. Using the
same scanning parameters, VAChT immunofluorescence
was invariably more intense at NMJs of VAChT™P mice
(Fig. 1c-d) compared to NM]Js of control mice (Fig. 1b, d).

Miniature endplate potential amplitudes are increased in
VAChT™"P muscles

To determine the impact of overexpressing VAChT on
quantal size, we measured miniature endplate potentials
(MEPPs) in the diaphragm muscle from 4-month-old
controls and from VAChT™P mice. While the frequency
of MEPPs was unchanged (Fig. 2a), the amplitude of
MEPPs was significantly higher in VAChT"™P compared
to control mice (Fig. 2b, ¢). The mean MEPP amplitude
was 0.86 £ 0.12 (mean + SEM per muscle fibers per ani-
mal) mV in control mice (median = 0.75 mV) and 1.235
+0.18 mV in VAChT™ mice (median = 1.244 mV). We
also found that the frequency of large mini amplitudes
increased in VAChT™P mice (Fig. 2c). Reinforcing the
notion that MEPP amplitudes are larger in VACHT™
animals compared to controls, the cumulative probabil-
ity plot (Fig. 2d) shows a shift to the right in the
VAChT™P  curve (P<0.001, Kolmogorov-Smirnov).
These findings demonstrate that VAChT overexpression
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augments the amount of ACh loaded into and released
from synaptic vesicles at NM]Js.

Normal development of NMJs in VAChT™P mice

Several lines of evidence indicate that ACh acts as an anti-
synaptogenic factor at NMJs [4, 5, 7]. We thus asked if in-
creased ACh levels affect developing NM]Js in the predom-
inantly fast-twitch EDL muscle. To facilitate analysis of
motor nerve endings, we generated VAChT™P mice ex-
pressing tdTomato specifically in cholinergic neurons.
This was accomplished by mating VAChT™P mice
with ChAT-IRES-Cre [17] and tdTomato [18] mice.
Control and VAChT™P mice are referred herein as
ChAT-Cre;tdTomato and VAChT™P;ChAT-Cre;tdTo-
mato, respectively. To ascertain that VACKhT expres-
sion is not affected by expression of Cre from the
ChAT (Chat-Cre) locus and tdTomato from the Rosa
locus (tdTomato), we examined VAChT mRNA levels
in the spinal cord of wild-type, Chat-Cre;tdTomato,
and VAChT"™P;Chat-Cre;tdTomato mice. While VAChT
transcripts were significantly elevated in the spinal cord of
VACKhT"™P;Chat-Cre;tdTomato mice, there was no differ-
ence between wild-type and Chat-Cre;tdTomato mice
(Fig. 3h). We thus used VAChT™P and control mice ex-
pressing tdTomato to examine NMJs at postnatal day 9
(P9). At this age, NMJs are still in the process of

developing from a small plaque, often occupied by mul-
tiple innervating o-motor nerve endings, to a large
pretzel-like structure [22]. We found that increased
VACHT expression had no effect on the development of
NMyJs. The size of AChR clusters, the percent apposition
between pre- and postsynaptic sites, and the incidence of
multiply innervated NM]Js are similar in the EDL muscle
of VAChT'™ and control mice (Fig. 3a—e). Next, we asked
if increased ACh affects expression of the gamma and ep-
silon subunits of AChRs in developing EDL muscles. The
epsilon subunit replaces the gamma subunit as NM]Js

mature [23], altering the functional properties of
AChRs [24, 25], and thus serves as a functional
marker for maturing NMJs. Our analysis revealed

similar levels of both the gamma and epsilon subunits
in VAChT™P mice compared to control mice of the
same age (Fig. 3f). Collectively, these findings demon-
strate that the structural and functional maturation of the
NM]J are unaffected by higher levels of synaptic ACh.
Nerve activity has been well documented to influence
the maturation and specification of muscle fiber types
[26]. There are four major types of skeletal muscle fibers
that can be identified based on their expression of myosin
heavy chain (MyHC) isoforms (type 1, 24, 2X, or 2B) [27].
We thus asked if altering levels of ACh affect muscle bio-
genesis, independently of changes at NMJs. In the tibialis
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size of AChR clusters (c), apposition between the presynaptic (green in a and b) and postsynaptic apparatus (red in a and b), d and the incidence
of multiply innervating NMJs () were unchanged in VAChT™? mice. Transcripts for the gamma and epsilon subunits of AChRs were also unchanged in
developing (P9) EDL and TA muscles from VAChT™? mice (f). Similar levels of myosin heavy chains type 2A, 2B, and 2X were also found in TA + EDL of
developing (P9) control and VACKT™™ mice (g). While VAChT mRNA is elevated in the spinal cord of VAChT™P; Chat-cretdTom mice, it is unchanged in
the spinal cord of 3-month-old Chat-cretdTom mice compared to wild-type mice (h). All mice used in this study were maintained on a C57BL/6 back-
ground. The following mice were used for NMJ analysis: Ctrl = Chat-cretdTom and VAChT™P = VACKhT™P-Chat-cre;tdTom. At least four mice were used
for each genotype and per experiment. At least 25 NMJs per animal were examined. Scale bar= 10 pm. Error bar = Standard Error. P=0.008

anterior (TA) and EDL muscles of 9-day-old VAChT?
mice, mRNA levels for MyHC type 2A, 2B, and 2X were
similar to those in control mice (Fig. 3g). These findings
show that the increased level of synaptic ACh in
VAChT™P does not alter the normal development of
muscle fibers and NMJs in the TA and EDL muscles.

NMJs exhibit age-related changes in young adult
VAChT™P mice

In adulthood, the NMJ undergoes functional and struc-
tural changes due to diseases, injury, aging, and exercise
[19, 28]. Since all these different conditions inevitably
affect cholinergic transmission, we assessed the impact of
moderately increasing synaptic ACh on adult NMJs. In
the EDL muscle of 1-, 5-, and 19-month-old VAChT™P
and aged-matched control mice, we examined NMJs for
fragmentation, denervation, sprouting of motor axon
nerve endings, and innervation by multiple motor axons.
These cellular characteristics are a hallmark of NMJs in
aged EDL muscles. We thus refer to them as age-related
structural features. In 1-month-old male VAChT™P mice,
there was no change in the number of fragmented and de-
nervated NMJs compared to control mice of the same age
and sex (Fig. 4a, b, e, f). However, NM]Js were often found
multiply innervated (Fig. 4g) and with motor axons
sprounting beyond the postsynaptic site (Fig. 4h) in 1-
month-old VAChT™? mice. By 5 months of age, frag-
mented and denervated NM]Js were more prevalent in

male VAChT™P mice (Fig. 4d—f) compared to age- and
sex-matched control and 1-month-old VAChT™P mice
(Fig. 4c, e, f). The number of multiply innervated NMJs
and axons sprouting beyond the postsynaptic site
was similar between 1- and 5-month-old VAChT™P mice
(Fig. 4g, h). NMJs were similarly affected in 5-month-old
female VAChT™P mice (Fig 4i-1). At 19 months of age,
the incidence of NM]Js with deleterious age-related struc-
tural changes further increased in female VAChT™P mice
compared to control mice (Fig. 5a—d). Contrary to our ex-
pectations, these findings show that moderately increasing
synaptic ACh accelerates aging of NMJs.

We next asked if structural alterations at NM]Js in
VAChT"™P mice are the result of changes in key molecules
with critical functions at NMJs. For this, we examined
mRNA levels for eight NMJ-associated molecules in the
EDL muscle of 5- and 19-month-old mice. Although
acetylcholinesterase (AChE) was expressed at similar
levels in the EDL muscle of 5-month-old control and
VAChT™P mice, AChE was significantly reduced in aged
VAChT'™P (Fig. 6a). In contrast, mRNA for the gamma
and epsilon nicotinic AChR subunits (Fig. 6b, c) [29], the
muscle-specific kinase (MuSK) (Fig. 6d) [30], the LDL
receptor-related protein 4 (LRP4) (Fig. 6e), rapsyn (Fig. 6f),
the docking protein 7 (Dok7) (Fig. 6g), and the cyclin-
dependent kinase 5 (CDK5) (Fig. 6h) were unchanged in
the EDL muscle of 5- and 19-month-old VAChT™P mice
compared to control mice of the same age.
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(See figure on previous page.)

Fig. 4 NMJs progressively degenerate in adult VAChT™P mice. At 1 month of age, there is an increased incidence of NMJs with age- and
disease-related structural features in the EDL muscle of VAChT™P compared to control mice (a, b, e-h). By 5 months of age, there is an
additional increase in the number of fragmented and denervated NMJs in male (e-h) and female (i-) VACHhT™P mice. a-motor axons
expressed tdTomato in these mice (green in a-d). Scale bar=50 um (a-d), 10 um (a’-b™’). All mice used in this study were maintained
on a C57BL/6 background and only male mice were examined. Ctrl = Chat-cre;tdTom and VAChT™P = VAChT™P:Chat-cre;tdTom. At least

four mice were used for each genotype and per experiment. Error bar = Standard Error. *P value <0.05, **P value <0.01

NMJ degeneration precedes motor deficits in VAChTY? mice
The accelerated aging of NMJs suggests that motor
function may be compromised in VAChT'™P mice. To
explore this possibility, we tested motor function of
5- and 13-month-old VAChT™P and control mice by
measuring the latency to fall from a wire mesh and
from a rotating platform. At both ages, we found no
difference in body weight between genotypes (Fig. 7a, d).
At 5 months of age, VAChT'™ and control mice per-
formed equally well on both tests (Fig. 7b, c). However,
13-month-old VAChT™P mice were unable to support
their own weight on an inverted wire mesh as long as age-
and sex-matched control mice (Fig. 7e). However, 13-
month-old VAChT™P mice spent the same amount of
time on the rotarod as control mice of the same age
(Fig. 7f). These findings indicate that, in addition to

accelerating degeneration of NM]Js, increasing synaptic
ACh compromises motor function.

NMJ degeneration precedes muscle atrophy in
VAChT™P mice

We next examined the effect of increasing cholinergic
activity on muscle fibers’ structure and molecular com-
position. To start, we stained 14 pm muscle cross sec-
tions from the TA muscle of 5- and 19-month-old mice
with an antibody against laminin to visualize and meas-
ure the perimeter of all muscle fibers. This analysis
showed that the size of muscle fibers is unchanged in 5-
month-old VAChT™P mice compared to control mice of
the same age (Fig. 8¢, e). However, muscle fibers were
slightly smaller in 19-month-old VAChT™? mice (Fig. 8a,
b, d, e). To determine if the reduced size of muscle fibers
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Fig. 5 Accelerated aging of NMJs in aging VAChT™® mice. a-motor nerve endings (green in a and b) were visualized using an antibody against
synaptotagmin-2 (Syn-2; green). There were more fragmented and denervated NMJs found in 19-month-old VAChT™? (b—d) compared to control
(a, c=d) mice of the same age and sex. Four mice per genotype were examined and at least 50 NMJs per animal analyzed. Scale bar =20 um.
Error bar = Standard Error. *P value <0.05, **P value <0.01
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in 19-month-old VAChT™P mice is due to atrophy, we
examined the location of myonuclei using 4',6-diami-
dino-2-phenylindole (DAPI). Myonuclei located away
from the peripheral membrane mark degenerating and
regenerating muscle fibers. In 5-month-old VAChT"?
and control mice, all myonuclei were found adjacent to
the peripheral membrane. While a small number of
muscle fibers contained myonuclei near the middle of

the cytoplasm in 19-month-old mice, there was no dif-
ference between VAChT'™P and control mice (Fig. 8f).
To further assess the effect of increasing synaptic ACh
on muscle fibers, we examined levels of MyHC types
2A, 2B, and 2X in the EDL muscle. Transcripts for these
genes were similarly expressed in 5- and 19-month-old
VAChT™P and control mice (Fig. 9a—c). Moreover, levels
of myogenin, forkhead box protein Ol (Foxol), and
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Fig. 8 Analysis of muscle fibers in young adult and old VAChT™® mice. Muscle fibers were examined in VAChT™ and control mice. Muscle fibers
in the TA muscle were stained with an antibody against laminin to visualize their size (red) and labeled with the nuclei marker, DAPI (green), to
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fibers is similar in 5-month-old control and VAChT™P mice (c, e). However, muscle fibers are smaller in 19-month-old VAChT™P mice (d, e). There
are also no significant differences in the number of muscle fibers with centrally located myonuclei between 19-month-old VAChT™P control mice
(f). At least four female mice per genotype maintained on a C57BL/6 background were used to compare transcript levels. Scale bar = 20 um. Error
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Sugita et al. Skeletal Muscle (2016) 6:31

Page 12 of 17

A MyHC2A B MyHC2B C MyHC2X
1.5 - 15 1
w304 (HCtr 0 i
3 B VAChT"» 3 3
<1.0 <10 -
22.0 z Z
E S E
2 2 2
F1.0 %05 ®05
2 & @
0= 0 - 0 4
Months 5 19 Months: Months: 5 19
D E F
15 - Myogenin 15 - Foxo1 20 - Atrogin-1
] ' % 0
@
§ g g
<10 4 £10 4 g
['4 o 4
£ E E1.0
g g 2
E 0.5 4 3 0.5 4 s
& ¢ &
0 - 0 - 0 -
Months: 5 19 Months: 5 19 Months: 5 19
Fig. 9 Analysis of transcripts associated with muscle fiber identity (MyHC2A, MyHC2B, MyHC2B) and markers of muscle regeneration and atrophy
(Myogenin, Foxo1, Atrogin-1) revealed no change in the EDL muscle of VAChTHYP compared to control mice at 5 and 19 months of age (a-f). At
least four female mice per genotype maintained on a C57BL/6 background were used to compare transcript levels. Error bar = Standard Error

Atroginl [31-33], markers of atrophying and regenerating
muscle fibers, were also unchanged in the EDL muscle of
VAChT™P compared to control mice of the same age
(Fig. 9d—f). These findings indicate that the deleterious
age-related structural features found at NMJs do not re-
sult in significant myogenic changes in VAChT™P mice.

Presynaptic degeneration occurs in the absence of
obvious changes in motor neurons in VAChT™P mice

We next asked if degeneration of NMJs results in loss of
motor neurons. For this purpose, we compared the
number of motor axons present in the peroneal nerve of
control and VAChT™ mice expressing tdTomato [18]
specifically in cholinergic neurons [17]. To count motor
axons, we generated 10-um cross sections of the com-
mon peroneal nerve, a mixed nerve that innervates the
TA, EDL, and other hind limb muscles (Fig. 10a). This
analysis revealed no difference in the number of motor
axons in 1- and 5-month-old VAChT™P mice compared
to control mice of the same age (Fig. 10b). The total
number of peripheral axons, including sensory afferents,
was also unchanged in VAChT™P mice (Fig. 10c).

As a response to presynaptic degeneration and in-
creased expression of VAChT, motor neurons may in-
crease expression of agrin isoforms that function to
stabilize the NM]J [34]. To explore this possibility, we ex-
amined transcripts for neural agrin isoforms (z-agrin) in
the spinal cord of 5-month-old VACKT™P and control
mice. While we found that z-agrin isoforms were not
statistically altered in the spinal cord of VAChT' mice
compared to control mice, it is worth noting that all

three z-agrin isoforms were moderately and consistently
higher, approximately 1.8-fold for all isoforms in
VACKT™P mice (Fig. 10d). If motor neurons were to in-
crease these z-agrin isoforms in VAChT'™P mice, it
would likely be to stabilize nAChRs on the postsynaptic
region, and thus prevent further fragmentation and de-
nervation of NM]Js. It is also plausible that overexpres-
sion of VACHT results in induction of genes involved in
the biosynthesis of ACh. This seems unlikely, however,
since the choline acetylcholine transferase (ChAT) is
expressed at similar levels in the spinal cord of
VAChT™P and control mice (Fig. 10e). Together with
the lack of axonal degeneration, these findings indicate
that increasing synaptic ACh directly affects the struc-
tural integrity of the NM]J.

Increased cholinergic transmission accelerates ALS
pathogenesis

Early and progressive degeneration of NM]Js is a hallmark
of amyotrophic lateral sclerosis (ALS) [35]. In addition,
dysregulated cholinergic transmission has become recog-
nized as a factor that exacerbates ALS-related pathologies
in mice and in cultured motor neurons [36-39]. To deter-
mine the impact of altering cholinergic transmission on
ALS-related pathological features, we crossed VAChT'™P
mice with SODI1°”* transgenic mice (SOD1%4;-
VACKT™P). Increasing cholinergic transmission selectively
accelerated death of male SOD1°%** mice by approxi-
mately 10 days (Fig. 11a). Although male SOD1%%*4;-
VAChT™P mice weighed the same as SOD1%** mice
(Fig. 11c), they had diminished motor function before the
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onset of neurological symptoms (Fig. 11d, e). At 75 days of
age, male SOD1%”**;VAChT™ mice were unable to stay
as long as the SOD1°*** mice on an inverted wire mesh, a
test that measures motor function (Fig. 11d, e). Along with
early motor deficits, we found that motor axons prema-
turely vacate NMJs in 90-day-old male SOD1%%4;-
VAChTP (Fig. 11f-h). These early behavioral and cellular
changes were specific to male mice; we found no differ-
ences in survival between SODI®*;VACHhT'™® and
SOD19%# female mice (Fig. 11b). We also found no
changes in copy numbers between SOD1%°** and SOD1-
G93AVACHT™P mice, strongly suggesting that increased
levels of ACh accelerate degeneration of the neuromuscu-
lar system in male SOD1%%*# mice.

Discussion

Impact of increasing synaptic ACh on NMJs, muscle fibers,
and motor neurons

VACKHT plays a critical role in the storage of ACh in syn-
aptic vesicles [10, 40, 41]. In VACKT™P mice, VAChT

and ACh secretion is increased in brain tissue [9]. Our
qPCR and immunofluorescence analysis revealed that
VACHT is similarly increased in the spinal cord and at
the NM]J. Previous experiments have examined the
amount of ACh released from hippocampal slices from
these mice [9]. However, these studies did not address
whether increased expression of VACKT results in
more ACh loaded into synaptic vesicles in vivo and
in motor neurons. Our finding that MEPP amplitudes
are increased in VAChT™P mice strongly suggests
that overexpressing VAChT increases ACh accumula-
tion in matured synaptic vesicles. These results sug-
gest that at least a population of mature synaptic
vesicles can accumulate higher amounts of ACh upon
increased levels of transporter protein. Vesicular ACh
accumulation by VAChT is complex and thought to
be tightly regulated [42]. Our data suggest that poten-
tial changes in expression or trafficking of VAChT to
synaptic vesicles can regulate the amount of ACh se-
creted by nerve endings by direct regulation of
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neurotransmitter accumulation in synaptic vesicles. Previ-
ous reports have shown that overexpression of VAChT in
immature nerve-muscle Xenopus cultures increases both
amplitude and frequency of MEPPs. This was interpreted
as incorporation of VAChT in immature synaptic vesicles
can both increase the amount of ACh stored in vesicles as
well as increase the number of filled vesicles available for
spontaneous release [43]. We did not observe an increased
frequency of MEPPs in adult mice overexpressing VAChT,
suggesting that the population of vesicles available for
spontaneous release is unchanged in the NM]J.

In addition to its function in neurotransmission, ACh
plays a critical role in the development of the NMJ. ACh
acts as an anti-synaptogenic molecule by decreasing the
stability of AChRs, and through this activity, it is be-
lieved to function together with the neural-derived fac-
tor, z-agrin, in sculpting the NMJ [5]. In this regard,
while deletion of genes that prevent the synthesis [5, 7]
and transport [41] of ACh into synaptic vesicles cause

significant changes at NMJs, the impact of increasing
synaptic ACh levels on developing and adult NMJs had
not been examined. We now show that the rate of
synapse elimination, the size of AChR clusters, and their
apposition with presynaptic sites are unchanged in de-
veloping VAChT™P mice. In addition, we found no dif-
ference in the development of muscle fibers. The normal
development of NMJs and muscle fibers in VAChT'"P
mice may be attributed to different factors. The add-
itional ACh released by motor neurons in VACHT™
mice may not change muscle action potentials as ACh is
already in excess during development [24]. Another
plausible explanation, though not necessarily mutually
exclusive, is that synaptic ACh and z-agrin are present at
saturating levels compared to nAChRs during develop-
ment. Thus, developing NMJs and muscle fibers are
likely immune to further increasing ACh at the synaptic
cleft, as is the case in VAChT™P mice. Regarding synap-
tic elimination, all motor neurons in VAChT" mice are
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likely to retain their “competitive vigor” [44, 45] since
ACh is likely increased by the same magnitude in all
NM]Js. Hence, the time motor axons spend competing
for the same target would not be expected to change in
VAChT™P compared to those in control mice.

In adulthood, the incidence of NM]Js with deleterious
structural features increases with aging in control mice,
and those features are more pronounced in VAChT™P
mice. These findings indicate that NMJs within the
EDL muscle vary in their susceptibility to increased
levels of ACh at the synaptic cleft. The EDL muscle is
primarily composed of muscle fibers that express my-
osin heavy chain type 2A and type 2B [28]. Thus, it is
plausible that one of these muscle fiber type is more
susceptible to increased synaptic ACh levels, a possibil-
ity not addressed in this work. Another possibility is
that NM]Js receiving less resource within a motor unit
fail to adequately repair following structural changes
driven by increased ACh at their synaptic clefts. In this
regard, it has been shown that NMJs within the same
motor unit respond differently to aging [28]. It is also
possible that some motor neurons are more active,
resulting in earlier degeneration of NMJs that make up
their motor unit. Thus, an increase in the amount of
synaptic ACh together with less functional z-agrin in
adult NMJs would result in structural changes due to
increased destabilization of AChRs. However, this con-
clusion is not supported by the lack of changes in tran-
script for the gamma AChR subunit, which is closely
associated with increased internalization and degrad-
ation of AChRs. While NM]Js are clearly affected in
adult VAChT™P mice, it remains possible that choliner-
gic dysregulation elsewhere in the peripheral and cen-
tral nervous system, including the spinal cord, may
cause or contribute to the precocious degeneration of
NMJs observed in young adult VAChT'™P mice. Re-
gardless, the results in this paper do not support previ-
ous suggestions [1, 15] that decreased neuromuscular
function as a result of aging and ALS should be re-
versed by increased release of ACh at the NM]J synaptic
cleft. Instead, these findings raise the possibility that
the age-related increase in cholinergic transmission re-
ported by several published studies contribute to the
degeneration of NMJs [46-50].

It is interesting that old VAChT™P mice present with
worse muscle function than age-matched control mice.
This is in striking contrast with better performance of
young VAChT™P mice on the treadmill [9]. Interest-
ingly, recent analysis of the cardiac muscle in VACHhT"P
mice showed that they have preserved cardiac function
when challenged with angiotensin II, a model of heart
failure [51]. These data suggest that the better perform-
ance of VAChT™P mice on the treadmill may be a result
of better cardiovascular fitness.
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Male SOD1%%*# mice are selectively susceptible to
increased ACh levels

We also showed that increasing cholinergic transmission
selectively affects male mice harboring SOD19%*, In-
creased synaptic ACh causes NMJs to prematurely de-
generate and accelerates death of male SOD19”** mice.
While our findings demonstrate that increasing synaptic
ACh does not affect female SOD1%%* mice, it is worth
noting that SOD19%** mice acquire neurological symp-
toms by 90 days and die within the first 160 days of life.
Hence, it remains possible that increasing ACh at NM]Js
affects the initiation and progression of ALS-related
pathology in long-lived female mice expressing mutant
genes known to cause ALS, in addition to further ex-
acerbating neurological symptoms in long-lived male
mice expressing the same mutant genes. Irrespective,
our data corroborates published findings indicating that
male animals and humans are more susceptible to ALS
[52, 53], and factors that suspect of altering the initiation
and progression of the disease [54—58].

Significance to understanding aging- and disease-related
changes at NMJs

It is now recognized that cholinergic dysfunction occurs
in neurons harboring ALS-causing mutant genes and
during normal aging [1, 35, 36, 59]. In addition, perisy-
naptic Schwann cells were recently shown to be uniquely
sensitive to altered cholinergic transmission prior to the
initiation of ALS-related symptoms in a mouse model
for the disease [37]. The identification of mutations in
cholinergic receptors in patients with ALS provides add-
itional evidence that changes in cholinergic transmission
directly drives degeneration of motor neurons and their
NMJs [38, 39, 60]. In this regard, the only FDA-
approved drug to treat ALS, riluzole, was recently shown
to bind and to block the activity of muscle nicotinic
AChRs obtained from patients with the disease [61]. The
results presented in this paper provide evidence that in-
creased cholinergic tone deteriorates NMJs in a mouse
model of ALS and during normal aging. Thus, modulation
of cholinergic transmission should be considered in ap-
proaches aimed at preventing degeneration of the motor
system during the progression of ALS and normal aging.

Conclusions

This study sought to determine the impact of increasing
synaptic ACh levels on developing, aging, and ALS-
afflicted NMJs using mice expressing multiple copies of
VACHT. We showed that while NMJs develop normally
in VAChT™P mice, they progressively degenerate as the
mice aged. This study also revealed that destruction
of NMJs precedes degeneration of muscle fibers and
motor neurons during aging and in mice harboring
an ALS-causing mutant gene. Together, the data in
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this paper demonstrate that dysregulated levels of
ACh cause pathophysiological changes at NMJs and
contribute to loss of motor function during aging and
the progression of ALS.
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ABSTRACT

Huntington's disease (HD) is an autosomal dominant neurodegenerative disease characterized by chorea,
incoordination and psychiatric and behavioral symptoms. The leading cause of death in HD patients is
aspiration pneumonia, associated with respiratory dysfunction, decreased respiratory muscle strength
and dysphagia. Although most of the motor symptoms are derived from alterations in the central ner-
vous system, some might be associated with changes in the components of motor units (MU). To explore
this hypothesis, we evaluated morphofunctional aspects of the diaphragm muscle in a mouse model for
HD (BACHD). We showed that the axons of the phrenic nerves were not affected in 12-months-old
BACHD mice, but the axon terminals that form the neuromuscular junctions (NM]Js) were more frag-
mented in these animals in comparison with the wild-type mice. In BACHD mice, the synaptic vesicles of
the diaphragm NM]Js presented a decreased exocytosis rate. Quantal content and quantal size were
smaller and there was less synaptic depression whereas the estimated size of the readily releasable
vesicle pool was not changed. At the ultrastructure level, the diaphragm NM]Js of these mice presented
fewer synaptic vesicles with flattened and oval shapes, which might be associated with the reduced
expression of the vesicular acetylcholine transporter protein. Furthermore, mitochondria of the dia-
phragm muscle presented signs of degeneration in BACHD mice. Interestingly, despite all these cellular
alterations, BACHD diaphragmatic function was not compromised, suggesting a higher resistance
threshold of this muscle. A putative resistance mechanism may be protecting this vital muscle. Our data
contribute to expanding the current understanding of the effects of mutated huntingtin in the neuro-
muscular synapse and the diaphragm muscle function.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

incoordination, motor impersistence, psychiatric and behavioral
symptoms (Finkbeiner, 2011; Walker, 2007). The worldwide prev-

Huntington's disease (HD) is an autosomal dominant neurode- alence of HD is 5—10 cases per 100,000 people (Baig et al., 2016). It

generative  disease clinically

characterized by chorea, is caused by an excessive number of CAG repeats (>37) in the

Huntingtin gene (IT15), which translates into an elongated poly-
glutamine (polyQ) tail in the Huntingtin (HTT) protein (IMicNeil
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0197-0186/© 2018 Elsevier Ltd. All rights reserved.

et al,, 1997; Rubinsztein et al., 1996; The Huntington's Disease
Collaborative Research Group, 1993).
The leading cause of death in HD patients is pneumonia (Roos,
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2010), which is mainly due to dysphagia and aspiration (Heemskerk
and Roos, 2011). Respiratory dysfunction, decreased respiratory
muscle strength and lung volumes, as well as swallow dysfunction,
are some of the factors underlying respiratory failure and
dysphagia (Heemskerk and Roos, 2011; Jones et al., 2016).

The main cause of motor symptoms is the death of striatal
medium spiny and cortical pyramidal neurons (DiFiglia et al., 1995;
Vonsattel and DiFiglia, 1998). Mutant HTT (mHTT) with expanded
polyQ are prone to aggregate, thereby affecting several key
neuronal processes such as nuclear transcription, apoptosis, mito-
chondrial function, axonal transport and neurotransmitter release,
all eventually leading to neuronal death (Harjes and Wanker, 2003;
Li and Li, 2004). Other possible explanations are: i) the mutation of
the protein confers a new function to HTT that is toxic to the cell
(gain of toxic function); and ii) the normal protein is sequestered in
clusters formed by mHTT, thus leading to loss of normal protein
function (Browne and Beal, 2004; Imarisio et al., 2008; Zuccato
et al., 2010).

The HTT is a 348 kDa multiple domain protein that is usually
expressed at high levels in the central nervous system (CNS) of
humans and rodents (Difiglia et al., 1997; Ferrante et al., 1997). Both
the normal and mutated forms are also expressed in tissues outside
the CNS such as in the skeletal muscle, heart, liver, pancreas, kidney,
testis and stomach (Van Der Burg et al., 2009). Although normal
HTT can be found in the cell nucleus, the protein is primarily found
in the cytoplasm associated to organelles such as the Golgi com-
plex, mitochondria, endoplasmic reticulum, synaptic vesicles, and
cytoskeletal components (Hoffner et al., 2002). Interestingly, a large
number of proteins interact with HTT to help axonal transport by
microtubules (Schulte and Troy Littleton, 2011). Gauthier et al.
(2004) showed that normal HTT is capable of improving vesicular
transport by interacting with huntingtin-associated protein 1
(HAP1), which is attached to the p150 subunit of dynactin. The HAP
1 is also found associated with motor proteins such as dynein and
kinesin that are proteins involved with retrograde and anterograde
axonal transport (Caviston and Holzbaur, 2009; Wu and Zhou,
2009; Schulte and Troy Littleton, 2011).

Although several studies have focused on elucidating the
mechanisms of neurodegeneration in the brain, the expression of
the IT15 gene and HTT are not restricted to this organ, as they occur
in many peripheral tissues, including skeletal muscles (Farrar et al.,
2011; Sassone et al., 2009; Smith et al., 2006; Yuen et al., 2012).
Previous studies have shown contractility reduction, muscle atro-
phy, dysregulation of contractile proteins, changes in NM]Js, and
electrophysiological alterations in skeletal muscles of HD mouse
models (Mielcarek, 2015; Sathasivam et al., 1999). However, these
studies are limited to the early stages of the disease in mice, which
correspond to the pre-clinical manifestation of the disease in
humans. There are a few reports considering HD in the skeletal
muscles of patients with the late stages of the disease. For example.
the sternomastoid muscle, a skeletal neck muscle important for
head stability, was investigated by Valadao et al. (2017).

One feature of HD is the progressive weakness and uncoordi-
nated movements of the face, neck, lips and diaphragm muscle,
which underlie the chewing and swallowing difficulties that arise
in patients later in their life, when the first symptoms of the disease
appear (Brotherton et al, 2012). However, the structural and
functional alterations in the diaphragm of HD patients remains
poorly understood. We have previously described neuromuscular
synaptic defects in the diaphragm of 3-months-old BACHD mouse
model for HD, which corresponds to the pre-clinical stage in
humans. We found morphological alterations in the shape and
circumference of synaptic vesicles, decreased exocytosis and a
reduction in the amplitude of miniature endplate potentials
(MEPPs) in diaphragm NM]Js from BACHD mice (de Aragao et al.,

2016). However, the main impairments in diaphragm function
occur at later stages of the disease and virtually nothing is known
about the changes in this muscle in patients with advanced HD.

To further understand the mechanisms underlying HD progres-
sion, we investigated the motor pathology of the diaphragm nerve-
muscle communication in the 12-months-old BACHD mouse
model, which corresponds to the late clinical manifestation of the
disease in humans. The BACHD mouse is a particularly attractive
model because it shows symptoms that closely resemble human HD
such as progressive motor and cognitive impairment, psychiatric-
like disturbances and striatal neuronal loss. Moreover, it allows for
the study of the later stages of the disease (Gray et al., 2008).

2. Materials and methods
2.1. Drugs and chemicals

FM1-43, FM1-43fX, a-bungarotoxin (a-btx) and ProLong® Gold
antifade were purchased from Invitrogen™; p—tubocurarine and
ADVASEP-7 were purchased from Sigma—Aldrich. All other chem-
icals and reagents were of analytical grade.

2.2. Animals and ethical procedures

The experimental procedures were carried out in accordance
with the protocol approved by the local Ethics Committee on
Animal Experimentation - CEUA/UFMG — protocol 036/2013. All
efforts were made to minimize animal suffering and to reduce the
number of animals used. This study was not pre-registered. The
experimental procedures in this work were performed at De-
partments of Morphology and Physiology of Universidade Federal
de Minas Gerais (UFMG) and the Department of Pharmacology,
Institute of Biosciences of the Universidade do Estado de Sao Paulo
(UNESP). We used the male mouse from the strains FVB/NJ wild-
type (WT) and FVB/N-Tg (HTT*97Q) IXwy/] (BACHD) (RRID: SCR
#008197). These transgenic animals were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA) and were housed at the
animal care facility of the Department of Physiology and
Biophysics at the Universidade Federal de Minas Gerais (UFMG).
Upon arrival, the animals were housed at 23 °Con a 12 hlight/12 h
dark cycle with food (Nuvilab CR-1) and water provided ad libitum.
All animals used in this study were genotyped 10 days after birth
using multiplex PCR (HTT-Forward: CCGCTCAGGTTCTGCTTTTA/
HTT-Reverse: GGTCGGTGCAGCGGCTCCTC.

Actin- Forward: TGGAATCGTGTGGCATCCATCA/Actin- Reverse:
AATGCCTGGGTA CATGGGGTA).

All animals used in this study were appropriately identified by
numbers according to their genotype (WT or BACHD) and separated
into mini-isolator cages (length: 48.3 cm; width: 33.7 cm; height:
21.4 cm) with a maximum of four animals per cage. The mice were
randomly divided into two groups using a table of random numbers.
The number of experiments is provided in the figure legends/results
section. The experimental groups remained constant from the
beginning to the end of the study. For all experiments involving
morphology and electrophysiology techniques, mice from both ge-
notypes (WT and BACHD) were deeply anesthetized with ketamine/
xylazine (0.1 mL/20 g) in accordance with the CEUA/UFMG protocol.
All surgical procedures are described in the appropriate following
sections. The experimental procedures were performed in the af-
ternoon and by the end of each surgical procedure, animals were
euthanized by a super-dosage of anesthetics.

2.3. Nerve-muscle preparation

The phrenic nerve was processed following the transmission
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electron microscopy (TEM) protocol (see below, topic 2.8). The
semi-thin cross sections (300 nm) obtained and stained with to-
luidine blue as described were used to capture images of whole
phrenic nerve cross-sections from WT and BACHD mice using a 20x
objective in a ZEISS Axio Lab. A1 microscope. The cross-sectional
area of the nerve was measured using Image] plugins (NIH). To
quantify axonal myelination we used the G-ratio, which was
calculated measuring the axonal inner diameter and dividing it by
the outer diameter following the formula: G =d/D, where G is the
G-ratio, d is the inner diameter, and D is the outer diameter (Chau
et al., 2000).

For FM1-43 experiments, the diaphragm muscle was dissected
out, split in two hemi diaphragms and bathed in mouse Ringer
solution (135 mM NacCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 12 mM
NaHCOs3, 1 mM NayHPO4, and 11 mM p-glucose) that was bubbled
with a mixture of 95% 0,—5% CO, and the pH adjusted to 7.4.

For Transmission Electron Microscopy (TEM) experiments, the
diaphragm muscles were fixed in ice-cold modified Karnovsky
solution fixative (4.0% paraformaldehyde and 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer).

2.4. Staining of pre and post-synaptic elements

Experiments were performed as described previously
(Rodrigues et al., 2013). Briefly, immediately after dissection, the
diaphragm muscles were labeled with a-btx- Alexa Fluor 555
(12 uM) for 20 min to visualize the clusters of nicotinic receptors in
the postsynaptic membrane. FM1-43fx (8 uM) was added to stain
recycling synaptic vesicles during stimulus with a high-K* solution
(60 mM KCl) for 10 min. After stimulation, the diaphragm muscle
preparations were maintained at rest in normal Ringer solution
with FM1-43fx for 10 min to guarantee maximal dye uptake during
compensatory endocytosis. Excess of FM1-43fx adhering to the
muscle plasma membrane and nerve terminal membrane was
removed during a 40 min washing period in mouse Ringer solution
devoid of FM1-43fx. To reduce the background fluorescence, we
added Advasep-7 (1 mM) during the washing step (after FM1-43fx
staining). Diaphragms were fixed with 4% paraformaldehyde for
40 min and then mounted onto slides using ProLong® Gold (Invi-
trogen, SP, Brazil) mounting medium.

2.5. Confocal microscopy and image analysis

Confocal microscopy experiments followed the steps described
in previous works published by our group (Valadao et al., 2017;
Rodrigues et al., 2013). Images of NM]Js stained with FM1-43fx and
a-btx - Alexa Fluor 555 were acquired with a confocal laser scan-
ning microscope (Zeiss LSM 880 - located at Center of Acquisition
and Processing of Images (CAPI) — ICB/UFMG), using an oil im-
mersion objective (63x/NA 1.4) for quantification of pre and post-
synaptic elements. The excitation light came from an argon laser
(488 nm) and the emission spectrum was set from 507 to 564 nm to
FM 1-43fx. To visualize the a-btx - Alexa Fluor 555 staining, we
used a helium-neon laser (543 nm) and the emission light was
collected (577—697 nm). Optical sections in Z series mode were
collected at 2.0 um intervals. During image acquisition, whole hemi
diaphragms were scanned and the images were obtained from
muscle areas with stained pre and post-synaptic terminals. Quan-
titative analyses of nerve terminals were carried out with Image ]
software (Wayne Rasband, National Institutes of Health, USA). For
each set of experiments, the images were converted to a gray scale
format of 8 bits. All marked synaptic elements were individually
evaluated and the mean fluorescence intensity was considered for
comparisons between genotypes. The nerve terminals were iden-
tified considering their colocalization with nicotinic acetylcholine

receptors (nAChR) clusters.

We used the method of particles analysis to obtain the NM]s
fragmentation index based on the pixels presented in each image
(Pratt et al., 2013). Briefly, the images were converted into a binary
image pattern and then skeletonized. Next, to describe the con-
nectivity for each pixel in the image, a histogram was generated
using the Binary Connectivity Class plugin from Image] (Pratt et al.,
2013). We analyzed the degree of fragmentation in pre- and post-
synaptic elements comparing muscle samples obtained from WT
and BACHD mice. The parameters adopted for fragmentation were
defined according to evaluation criteria that establish fragmenta-
tion by five or more islands both in the presynaptic and post-
synaptic membranes, as described by Valdez et al. (2010).

2.6. Monitoring exocytosis with FM1—43

These experiments were performed as described in de Aragao
et al. (2016) and Rodrigues et al. (2013). The fluorescent dye FM1-
43 binds reversibly to the outer leaflet of biological membranes
membrane without permeating them, being a powerful tool to track
exocytosis, endocytosis and recycling of secretory granules or vesi-
cles (Betz and Bewick, 1992). FM1-43 binds to the synaptic mem-
brane and after a stimulus that causes exocytosis of synaptic vesicles
and consequently a compensatory endocytosis, the fluorescent dye is
incorporated. This results in a typical staining pattern of the synaptic
vesicles (Betz and Bewick, 1992). When the nerve terminals are
subjected to a new round of stimulation in the absence of FM1-43 in
the external medium, the dye is released into the hydrophilic me-
dium, leading to a decrease in the fluorescence intensity, which
represents the exocytosis of synaptic vesicles (Rizzoli and Betz, 2004;
Betz et al., 1996; Betz and Bewick, 1992). The neuromuscular prep-
arations were stimulated by the addition of a saline solution con-
taining a high concentration of potassium (60 mM KCl) in the
presence of the vital dye FM1-43 (4 pum) for 10 min. After stimula-
tion, the preparation was left for 10 min to rest in Ringer solution
containing FM1-43. Then, the preparation was washed in Ringer
solution devoid of FM1-43 for at least 20 min to allow the excess of
labeled FM1- 43 adhered to the membrane of the synaptic terminal
and the muscle cell membrane to be removed. The preparations
were incubated in the presence of p-tubocurarine (16 M) to prevent
muscle contractions during the entire experimental procedure. For
each animal, we used only one presynaptic terminal for monitoring
the destaining process (exocytosis).

2.7. Optical imaging and analyses

Images of NMJs stained with FM1-43 were acquired using a
fluorescence microscope (Leica DM2500) coupled to a Leica DFC
345FX camera and visualized in a microcomputer with the Leica
Application Suite software (LAS). The microscope was equipped
with a water immersion objective (63x, 0.95NA). Excitation light
came from a 100-W Hg lamp and passed through filters (505/
530 nm) to select the fluorescence spectrum appropriate to the
excitation of the FM1-43. All image adjustment variables such as
binning and the exposure time were maintained constant for im-
ages acquired in the same experiment. Image analyses were per-
formed using the software Image ] allowing quantification of the
brightness of several regions of interest. The mean fluorescence
intensity was determined for each group of fluorescent spots and
plotted as a percentage of its mean initial fluorescence using
Microsoft Excel and Graph Pad Prism 4.0.

2.8. Transmission electron microscopy

These experiments were performed as described in Rodrigues
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Fig. 2. BACHD mice show fragmentation of diaphragm neuromuscular junctions (NM]J). A-B": Representative images of diaphragm NM]s of 12-months-old WT and BACHD mice.
A and B: Presynaptic terminals labeled with FM1-43fx (green). A’ and B’: Postsynaptic acetylcholine receptors (AChRs) labeled with Alexa-555 a-bungarotoxin (red). A” and B”:
Merged images. C and D: Representation of the particle analysis for both genotypes (red numbers indicate the number of fragments in each NM]). C' and D’: Skeletonization
rendering of fragmentation in endplates from WT and BACHD. E—I: Graphs showing fragmentation of NM]Js (E), the index of co-localization (F), total number of synaptic elements
(G), pre- and postsynaptic elements area (H) and fluorescence intensity (I). Results are presented as mean + SD of 55 NMJs per genotype. Mann-Whitney test (F and H); unpaired
Student's t-test (E, G and I); **p = 0,0031; n = 3 animals per genotype. Scale bar = 50 um. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

et al. (2013). For ultrastructural analysis, diaphragm muscles were Microscopy Center.
fixed overnight in a modified Karnovsky solution at 4°C. After
fixation, the samples were washed with cacodylate buffer (0.1 M).
The preparations were cut into several pieces, post-fixed in reduced
osmium (1% osmium tetroxide containing 1.6% potassium ferrocy-
anide) for 90 min at 4 °C, washed with water, contrasted en bloc
with uranyl acetate (2% uranyl acetate in deionized water) and
dehydrated through an ascending series of ethanol solutions. After
dehydration, the samples were embedded in EPON resin. Then, the
blocks were sectioned in semi-thin sections (300 nm) that were
placed onto glass slides and stained with toluidine blue to aid the
selection of regions of interest. Ultra-thin sections (50 nm) were
collected on 300 mesh copper grids and contrasted with lead cit-
rate. The sections were viewed with a Tecnai-G2- Spirit-FEI/Quanta
electron microscope (120kV Philips) located at the UFMG's

2.9. TEM imaging analysis

NM]Js were selected based on the presence of mitochondria and
junctional folds in the postsynaptic membrane. Single sections
through terminals of interest were traced and the cross-section
area of each nerve terminal and the number of synaptic vesicles
were determined. Analyses were performed as described in
Rodrigues et al. (2013).

Vesicle circumference was measured using equation 27 [(d
2 + d 2)/2] 0.5 considering the longest diameter (d) and the
diameter at right angles (d») (Van der Kloot et al., 2002). Synaptic
vesicles shape was determined using the equation: shape factor =
(4 x T x area)/(perimeter). This parameter reaches a maximum of

Fig. 1. BACHD mice do not present alterations in phrenic nerve morphology. A—B: Representative images of axons from 12-months-old WT and BACHD mice, respectively. Note
the typical axons with preserved structure in both genotypes (inserts in A and B). Axons were stained with toluidine blue. Scale bar: 10 pum. C—H: Quantification of nerve area (C),
number of axons per nerve area (D), axon's diameter (E), axoplasm diameter (F), G-ratio [G = d/D, where G is the G-ratio, d is the inner diameter, and D is the outer diameter] (G),
and myelin thickness (H). I: Histogram of the axonal size. n =3 animals per group. We analyzed one semi-thin section per animal; 659 axons in WT and 708 in BACHD. Mann-
Whitney test (E, F, G and H); unpaired Student's t-test, p>0.05 (C, D and I). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 3. BACHD mice show decreased synaptic vesicles exocytosis in the diaphragm
nerve terminals. A: Representative images of the axon terminal of WT and BACHD
diaphragm labeled with FM1-43 before (time 0') and 7 min (time 7’) after the depo-
larizing stimulus. B: Fluorescent signal decay during 7 min following the depolarizing
stimulus in WT (green) and BACHD (red) nerve terminals. Black and gray curves
represent fluorescence decay control due to photobleaching. C: Graph showing fluo-
rescence decay due to photobleaching and exocytosis evoked by KCl stimulus in WT
(white) and BACHD (gray) animals. Five fluorescent points per nerve terminal were
analyzed and four animals per genotype were used for quantification. The results
express the mean + SEM of 20 fluorescent points for each experimental group. Un-
paired Student's t-test; *p < 0.05, ***p < 0.0001. Scale bar = 10 pm. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

1 for a circular object (Croft et al., 2005). The values for circum-
ference and shape factor are shown by a histogram and a cumu-
lative probability plot and compared using the Mann Whitney test.
The graphs were plotted using the software Minitab and Sigma Plot
10.0 0 (SyStat Software) Graph Pad Prism 4.0. While determining
the average circumference of the synaptic vesicles, we did not
correct for variability in the plane of the section through which the
vesicles were cut. Although this is likely to underestimate vesicle
diameter and lead to variability in size and shape, we did not expect
this to change the interpretation of our results. Indeed, these effects
should be similar for the identically prepared samples from WT and
BACHD mice. Van der Kloot et al. (2002) used a similar approach.

2.10. Electrophysiology

Hemi-diaphragm nerve-muscle preparations were prepared as
described above and maintained in Ringer solution bubbled with
carboxygen (5%C02/95% 02) at room temperature (22—24C). For
recordings, muscles were pinned onto a bed of silicon rubber
(Sylgard; DowCorning, Midland, MI) in a 5 mL chamber on the stage

of a dissecting microscope and perfused with carboxygenated
Ringer at 1-2 mL/min. Microelectrodes were fabricated from bo-
rosilicate glass using a Narishige puller (PN-30) and had resistances
of 8—15 MQ when filled with 3M KCI. Recordings were made with
an Axoclamp 2A 10-X preamplifier (Molecular Devices) connected
to a CyberAmp 380 (Molecular Devices) that filtered the signal at a
band with of 0.1-5 kHz and then applied further amplification by
20—100 times, as needed. A second channel recorded the DC-
coupled 10 times Vm signal which was used to correct for resting
potential and non-linear summation (see below). Data was
sampled at 100 kHz by a digital-to-analog converter (National In-
struments) in a PC computer controlled by the program WinEDR
(kindly provided by John Dempster, University of Strathclyde).

Microelectrodes were inserted into the muscle fibers in the
endplate region as verified by the presence of miniature endplate
potential (MEPP) with rise time <1 ms. To measure quantal size,
tetrodotoxin (100 nM) was included in some experiments to avoid
action potentials and movement artifacts. In experiments with
nerve stimulation, we used the cut-fiber method (Barstad and
Lilleheil, 1968) which depolarizes the nerve fiber thus preventing
muscle contraction. For stimulation, the nerve was drawn into a
suction electrode and suprathreshold 0.1 ms voltage pulses were
applied. Amplitudes of EPPs and MEPPs were corrected to a stan-
dard resting potential of —70 mV for intact fibers or —36 mV for cut
fiber experiments. EPP amplitudes were further corrected for non-
linear summation (McLachlan and Martin, 1981).

To measure quantal size in intact fibers, we sampled >100
MEPPS from each of 5 fibers from 5 animals of each genotype. For
measurements of EPP, quantal content, tetanic depression and
readily-releasable pool, measurements were from 4 to 7 fibers per
animal from 3 different animals per genotype. The nerve stimula-
tion protocol consisted of 90 stimuli applied at 0.3 Hz followed by
1500 stimuli at 30 Hz. MEPP amplitudes were captured during the
intervals between stimuli. Quantal content was calculated by the
direct method and expressed in units of EPP/MEPP, for which
quantal size (i.e. MEPP amplitude) was determined separately for
each fiber. Synaptic depression was calculated as the average of 30
EPP amplitudes at the end of a 50 s train at 30 Hz, normalized to the
amplitude of the first EPP in the train. Readily-releasable pool was
estimated by fitting a line to the relationship of QC vs =QC
(Elmqvist and Quastel, 1965). For these calculations, the linear fit
started at the second EPP, to allow for facilitation and 10 EPPs were
used for the fit. Estimates of RRP are expressed in units of EPP/MEPP
(i.e. quanta).

2.11. Neuromuscular preparation and recording of muscle
contractions

The phrenic nerve-diaphragm muscle preparation was removed
and mounted for myographic recording “in vitro”, as described by
Gallacci and Oliveira (1994). Briefly, the preparation was mounted
vertically in a conventional isolated organ-bath chamber contain-
ing 15 mL of Ringer's solution. This solution was gassed with O,
(95%) + CO2 (5%) and maintained at 35°C. Muscle contractions
were recorded by isometric force transducer (FT03, Grass) coupled
to an AcquireLab Data Acquisition System (Gould). Indirect con-
tractions were evoked by supramaximal strength pulses delivered
from an electronic stimulator (S88K, Grass) and applied to the
phrenic nerve using a suction electrode. Once mounted in the test
apparatus, muscles were allowed to stabilize for 30 min, and an
indirect stimulation (0.2 Hz, 5 ms) was used to establish the muscle
viability.
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Fig. 4. Reduced quantal release at BACHD NMJs. A: Amplitude cumulative distribution function (CDF) and histogram for MEPPs recorded from WT NM]J (grey lines) or BACHD NM]J
(black lines). Groups are pooled from 5 animals of each genotype. For each group, 45 fibers were sampled from each animal, resulting in 24 fibers in each group. B. Frequency of
MEPPs measured in WT or BACHD NMJ. Data are from the same groups as shown in panel A. C. Average EPP amplitudes during 30 Hz stimulation. Data are pooled from 3 animals of
each genotype, 4—7 fibers per animal, resulting in N = 14 fibers (WT) and 20 fibers (BACHD). Note change in horizontal scale after EPP# 100. Insert: Average quantal content of each
EPP in the stimulus train plotted against the cumulative quantal content. Quantal content was determined as EPP/MEPP where quantal size was determined for each fiber by
recording MEPPs in the intervals between evoked events. Lines indicate extrapolation of the initial linear phase of depression to the horizontal axis to estimate RRP. D. Average
quantal content of EPPs recorded during low frequency stimulation (0.3 Hz). E. Extent of depression induced by 50 s of 30 Hz stimulation. For each fiber, the average amplitude of 15
events at the end of a 50 s train were normalized to the amplitude of the first EPP in the train. F. Readily reliable pool, determined for each fiber using the method illustrated in the
inset to Panel C. Experimental groups for Panel C insert, Panel D and Panel E are the same as described above for Panel C. For determination of RRP, fibers that exhibited less than 15%
depression generated unreliable estimates and were excluded from analysis, resulting in N = 12 fibers for WT and 14 fibers for BACHD.

2.12. Safety margin of synaptic transmission

The overall safety margin of the synaptic transmission was
evaluated from the susceptibility of indirectly evoked contractions
of the diaphragm muscle to the blockade induced by the addition of
increasing concentrations of pancuronium bromide or magnesium
to the organ bath, allowing 10 min between each concentration.
The ratio of muscle tension in the presence and absence of

pancuronium or magnesium was used to estimate the safety
margin of neuromuscular transmission.

Other preparations were submitted to a gradual increase of
tetanic stimulation, starting at 70 Hz and ending at 220 Hz, with a
gradual increase of 10 Hz. Each tetanus lasted 5 s with an interval of
10 min between them. During this interval, supramaximal pulses
(0.2Hz; 0.5 ms) evoked indirect contractions. The ability of the
preparation to support the different tetanus was assessed by the
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Fig. 5. BACHD mice present ultrastructural changes in the morphology of the synaptic vesicles of diaphragm NM]Js. A: Representative image of a WT diaphragm nerve ter-
minal. B: Representative images of a BACHD nerve terminal presenting synaptic vesicles with heterogeneous sizes. Scale bar = 500 nm. A’ and B’: Representative images showing
nerve terminals with changes in the size and shape of the synaptic vesicles (red arrows). Scale bar = 500 nm. C: Graph representing the number of synaptic vesicles per terminal
area (Unpaired student's t-test; *p = 0.0286). D: Boxplot comparing the synaptic vesicles shape in WT and BACHD mice (Mann Whitney test, ***p < 0.0001). E: Boxplot comparing
synaptic vesicles circumference in WT and BACHD mice (Mann Whitney test, ***p < 0.0001). We analyzed at least 15 NM]Js profiles from three animals per genotype. All integrally
visualized synaptic vesicles were used for the quantification of shape and circumference. A total of 3723 synaptic vesicles were analyzed for WT and 2343 for BACHD F—H: Western
blot analysis of VAChT (F), ChAT (G) and AChE (H) proteins in diaphragm muscle of WT and BACHD. GAPDH was used as a control of protein loading between experiments. GAPDH
protein levels are similar between WT and BACHD. Data are presented as a percentage of WT (Unpaired student's t-test; ***p = 0.0286, *p = 0.04). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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relationship between the amplitude of the initial tetanic peak
amplitude and the moment at which the stimulus was ended.

2.13. Fatigue resistance

After the diaphragm muscle was stabilized, the preparations
were submitted to a repeat sequence of 30 tetanic contractions,
with 5 s long, 130 Hz and an interval of 20 s. Fatigue resistance was
defined as the amplitude of the last contraction of the series rela-
tive to the first, expressed as a percentage. Results were expressed
as mean =+ S.E. Data were analyzed by ANOVA complemented by the
Tukey-Kramer test. Values of p < 0.05 were considered significant.

2.14. Western blot

To detect the vesicular ACh transporter (VAChT), Choline ace-
tyltransferase (ChAT) and Acetylcholinesterase (AChE) in dia-
phragm muscles, 50 pg of protein were separated by SDS-PAGE. The
antibodies used and their sources are as follow: anti-VAChT
(1:2000; Sigma-Aldrich Cat# V5387 RRID: AB_261875), anti-ChAT
(1:1000; Abcam Cat#ab70219 RRID: AB_1209541) and anti-AChE
(1:1000; Thermo Fisher Scientific Cat#MA3-042 RRID:
AB_325478) Glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
1:3000; Santa Cruz Biotechnology Cat#sc- 20356 RRID:
AB_641103). Validation data for each antibody were obtained from
the data-sheet provided by the company. Immunodetection was
carried out using enhanced chemiluminescence (Amersham Bio-
sciences). Protein levels were expressed as a ratio of optical den-
sities. GAPDH was used as a protein loading control.

2.15. Statistical analysis

All data were registered using Microsoft Excel and were plotted
using the program GRAPHPAD PRISM 6. For data with normal dis-
tribution, values were represented as the mean =+ standard devia-
tion (mean + SD) and statistical significance was evaluated using
the unpaired Student's t-test. When data were not normally
distributed, the values were represented as the median and the
Man-Whitney test was used to assess statistical significance. Values
of p < 0.05 were considered significant. Exact p-values are provided
in the figure legends. During the analyses, the investigators were
blinded to the genotypes and experimental groups. Each genotyped
animal was assigned a number that was revealed to the investigator
only after the analyses ended.

In this work, we used a minimum of three animals per genotype
for each data set to detect a difference at 95% confidence (a = 0.05)
and 0.8 statistical power. The exact n for each experimental pro-
cedure is described in the figure legends. All data points were
treated as outliers and excluded from the data analysis outside the
95% confidence interval.

3. Results

We previously described neuromuscular synaptic defects in the
diaphragm of adult (3-months-old) BACHD mice (de Aragao et al.,
2016). Herein, we asked if aging would exacerbate those defects.
We initially looked at the structure of the phrenic nerve that is
responsible for innervation of the diaphragm muscle in 12-months-
old BACHD and WT mice. Histological analysis of this nerve showed
that, in both genotypes, the phrenic nerve was preserved
(Fig. 1A—B), with no alterations in the analyzed parameters: i)
nerve area (C) ii) number of axons per area (D); iii) axon diameter
(E); iv) axoplasm diameter (F); v) G-ratio (G); and vi) size of the
axons (H).

Labeling the nerve-muscle preparations with the activity-

dependent fluorescent marker FM1-43fx and the postsynaptic
nicotinic receptors for ACh with the a-btx conjugated to Alexa Fluor
555, revealed significant alterations in the motor nerve terminals
during depolarizing stimulus. Fig. 2 shows representative images of
pre- and postsynaptic elements of the diaphragm NM]Js of WT
(Fig. 2A—A") and BACHD (Fig. 2B- B”) mice. Fragmentation analysis
showed that diaphragm NM]Js from 12-month-old BACHD mice are
more fragmented than diaphragm NM]s of WT animals (Fig. 2C—C,
D-D’ and E). The quantitative analysis of the pre- and postsynaptic
elements showed no statistically significant differences in the
following morphological parameters: i) co-localization of pre- and
postsynaptic elements (Fig. 2F); ii) total number of elements
(Fig. 2G); iii) area of the elements (Fig. 2H). Measuring endocytic
activity through fluorescence intensity of the presynaptic elements
did not reveal significant differences between the genotypes
(Fig. 2I). Next, using FM1-43, we measured the exocytosis of syn-
aptic vesicles in the diaphragm NM]Js of BACHD and WT animals.
The fluorescence intensity was reduced in the diaphragm NM]Js of
both BACHD and WT mice, especially in the later (Fig. 3B). The KCI-
evoked decrease in the fluorescent signal in the nerve terminals
was greater in the WT in comparison with the BACHD mice
(Fig. 3C). Diaphragm NM]Js of WT mice showed a decrease in fluo-
rescence of approximately 50% whereas the diaphragm NM]Js of
BACHD mice lost about 35% of their fluorescent signal (Fig. 3C). No
significant differences were observed between WT and BACHD
photobleaching values (Fig. 3C).

Electrophysiological recordings show that MEPPs of BACHD
mice have smaller amplitudes when compared with WT (Fig. 4A).
In contrast, there was no significant difference in MEPPs frequency
between the two genotypes. (Fig. 4B).

Since we found that BACHD animals have a decreased rate of
destaining, which suggests an imparment in the exocytosis, we
measured evoked release during low frequency (0.3 Hz) and high
frequency (30Hz) stimulation. In between evoked events, we
captured MEPPs to calculate quantal content by the direct method
(EPP/MEPP). Both EPP amplitude and quantum content were
significantly reduced in BACHD animals (WT: EPP = 26.6 + 5.5 mV,
QC=39+4.8; BACHD: EPP=14.0+25mV QC=24.7+31,
p < 0.05). During high frequency stimulation, average EPP ampli-
tude declined in both WT and BACHD groups, however tetanic
depression was stronger in WT groups (Fig. 4E). At the end ofa 50 s
train at 30Hz, EPP amplitudes in WT fibers had declined by
38 +3.2% of compared to a decline of only 18 + 8.5% in the BACHD
Group (p < 0.05).

We estimated the size of the Releasable pool using a calculation
based on the method of Elmqvist and Quastel (1965). EPPs were
measured during 30 Hz stimulation and the QC of each EPP in the
train plotted as a function of the cumulative release (Fig. 4C, insert)
and a line fit to the initial, linear phase of depression and extrap-
olating to the horizontal axis. These data indicate an available pool
of about 1200 quanta, with no significant difference between WT
and BACHD animals. Based on these results, we conclude that,
although the pool of vesicles available is similar in WT and BACHD
NMy]J, the BACHD group have a lower release probability, resulting in
fewer quantal released. These findings explain the reduction in FM-
143 destaining as described above. A consequence of the reduced
release probability is that BACHD exhibit less synaptic depression
during 30 Hz stimulation.

Since we observed a decrease of quantal size in the diaphragm
NM]Js of BACHD, we investigated whether there were ultrastruc-
tural changes in the size and shape of the synaptic vesicles in the
diaphragm NM]Js of these mice. The qualitative analysis of the
electron micrographs of the diaphragm NM]Js showed that the
nerve terminals of both genotypes presented similar morphology of
the terminal area and post-junctional folds (Fig. 5A—B). We also
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Fig. 6. BACHD mice present ultrastructural changes in the mitochondrial of diaphragm muscle fiber, despite having normal functional parameters. A—B: Representative
images of diaphragm skeletal muscle fibers from 12- month-old old WT and BACHD mice, respectively. C—E: Representative electron micrographs of diaphragm fibers from WT (C
and E) and BACHD mice (D and F). Note morphological alterations such as abnormal mitochondria in different stages of degeneration in both genotypes (red arrows in C-F). G—H:
Time course of indirectly evoked twitches in phrenic-diaphragm preparations of WT and BACHD animals in the presence of Pancuronium (G) and Magnesium (H). Twitch am-
plitudes were expressed as a percentage from the control situation (without pancuronium or magnesium). I: Time course of tetanic fade of indirectly evoked contractions induced
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observed that the nerve terminals of BACHD animals contained less
synaptic vesicles in their interior (Fig. 5 B’-C). Moreover, the dia-
phragm NM]Js of BACHD mice presented vesicles with irregular
morphology (varying sizes, flattened or with elliptical shape)
(Fig. 5D). Additionally, the circumference and shape of the synaptic
vesicles of the diaphragm NM]Js of BACHD animals were smaller
than that found in the diaphragm NM]Js of WT mice (Fig. 5E). Given
that the expression of cholinergic neuronal markers such as ChAT,
AChE and VAChAT is reduced in transgenic mice for HD (Aquilonius
et al., 1975; Smith et al., 2006; Massouh et al., 2008), we also
examined VAChT, ChAT and AChE protein expression levels in the
diaphragm NM]s of 12—months-old BACHD animals. We found a
significant reduction in the expression of VAChT and ChAT, but
AChE was not reduced in the diaphragm NM]s of BACHD compared
to WT mice (Fig. 5F—H).

In light of the above-reported observations, we investigated the
general morphology of the diaphragm muscle fibers. The qualita-
tive analysis showed no morphological changes in the diaphragm
muscle fibers of both genotypes (Fig. 6A—B). However, ultrastruc-
tural analysis revealed abnormal mitochondria with vacuoles in the
diaphragm NM]Js of WT and BACHD animals, as shown in the
representative images displayed in Figs. 6C—F. Lastly, we asked if all
the presynaptic and muscle alterations described above could
compromise diaphragm function in BACHD mice. We found no
differences between the genotypes with regards to the suscepti-
bility of neuromuscular blockade induced by pancuronium bro-
mide (Fig. 6G) or excess of magnesium (Fig. 6H), indicating that the
safety margin of diaphragm's synaptic transmission is preserved in
12-months-old BACHD mice. In addition, experiments with
increasing frequencies of tetanic stimulation also showed no dif-
ferences between the experimental groups (Fig. 61). The fatigue
resistance test revealed similarities between WT and BACHD ani-
mals (Fig. 6]). These data indicate that despite all morphological
changes, the diaphragm muscle maintains its functional capacity in
the BACHD mice.

4. Discussion

One of the main pathological features of HD is brain neuro-
degeneration, although cellular dysfunctions have also been re-
ported in other structures such as the spinal cord motor neurons,
nerves, NMJs and the skeletal muscles (Valadao et al., 2017;
Mielcarek, 2015; Zielonka et al., 2014; Ribchester et al., 2004).
Previous work from our group showed that 3-months-old BACHD
mice exhibit: i) decreased number of synaptic elements in dia-
phragm NM]Js; ii) reduced synaptic vesicle exocytosis; iii) changes
in the form and sizes of the synaptic vesicles; and iv) decreased
spontaneous ACh release, thus suggesting a deficit of neuromus-
cular function (de Aragao et al., 2016). To better understand the
progression mechanisms of HD, we investigated the advance of
motor pathology in the diaphragm of 12-months-old BACHD mice.

In BACHD, the NM]Js from phrenic nerve, which innervates the
diaphragm muscle, did not differ from the WT mice regarding the
index of co-localization, the total number and area of pre- and
postsynaptic elements and the endocytosis process. However,
diaphragm NM]Js of BACHD were more fragmented compared with
WT, indicating that diaphragm NM]Js of BACHD mice are undergo-
ing a neurodegenerative process. These results are in agreement
with previous morphological evaluations showing an increase of
NMJ fragmentations of different models for neurodegenerative

diseases such as HD and ALS (Valadao et al., 2017; Valdez et al.,
2010, 2012).

The decreased FM1-43 destaining rate and smaller synaptic
depression observed in BACHD mice argue in favor of a decreased
vesicular exocytosis rate. This indicates that middle-aged (12-
months-old) BACHD present alterations in exocytosis of synaptic
vesicles similar to previous observations in younger animals (3-
month-old BACHD) (de Aragao et al, 2016). Abnormal in-
teractions between mHTT and proteins that are involved with the
exocytosis process may influence the release of neurotransmitters
(Sari, 2011; Saudou and Humbert, 2016; Zuccato et al., 2010). Also,
several studies demonstrated the reduction of synaptic proteins
involved in synaptic vesicle exocytosis in the postmortem brain of
WT animals and in HD mice. These proteins include complexin II, V-
SNARE (synaptobrevin 2), and Rab3A (Morton and Edwardson,
2001; Smith et al., 2005, 2007). These reports show that mHTT
interacts with key proteins of the exocytosis process of synaptic
vesicles, which may explain the lower rate of exocytosis seen in the
BACHD in relation to WT mice.

Diaphragm NM]Js of BACHD mice had a reduced quantal size,
when compared with WT animals. Reduction in MEPPS’ size in the
3-months-old BACHD mice has been reported by de Aragao et al.
(2016), indicating that the deficit in the quantal size in BACHD
mice remains at more advanced ages. This could be due to less ACh
per vesicle since we observed here a decrease in ChAT and VAChT
expression levels in BACHD diaphragms.

We observed no differences in the frequency of MEPPs between
BACHD and WT mice, showing similarity in the rate of spontaneous
release in both genotypes. On the other hand, we observed less
EPPs depression. Data from the literature regarding neurotrans-
mission are divergent, with two reports showing increased syn-
aptic vesicles exocytosis and neurotransmitter release (Rozas et al.,
2010, 2011), decreased release (Khedraki et al., 2017; and a report
showing no differences in the neurotransmission mechanism
(Ribchester et al., 2004). The differences between some of these
studies and our observations may be due to the different transgenic
models used.

We found changes in the morphological aspect of synaptic
vesicles. Electron micrographs revealed that the presynaptic ter-
minals of the diaphragm NM]Js of BACHD mice possessed altered
synaptic vesicles shape (elliptic and flattened) and circumference
compared with the WT counterparts. de Aragao et al. (2016), also
observed a similar result in 3-months-old BACHD. The mHTT binds
more strongly to the synaptic vesicles compared with the normal
HTT, thus altering the structure of the vesicle and affecting
neurotransmitter release (Li et al., 2003), which could explain the
alterations observed in the structure of the synaptic vesicles.

Reduction in VAChT protein expression can lead to reduced
vesicular content of ACh, which can be seen as changes in both
MEPPs and synaptic vesicle size in KD VAChT mice (Rodrigues et al.,
2013). The reduction in quantal size we observed in the present
study could be due to smaller vesicular content of ACh due to less
VAChHT to fill the vesicles. Moreover, transgenic HTT mice have
reduced expression of cholinergic neuronal markers such as ChAT
(Aquilonius et al., 1975; Massouh et al., 2008), AChE, and VAChT
(Smith et al., 2006). These findings may also be related to smaller
quantal size we observed. Considering that the synaptic vesicles
morphology seems to correlate with the level of their filling with
neurotransmitters (Budzinski et al., 2009; Rodrigues et al., 2013;
Van der Kloot et al., 2002), we suggest that the changes in the

by increasing frequency of stimulus in mouse phrenic-diaphragm preparations of WT and BACHD animals. Each point represents the relation between the initial and the 44 final
peak of the tetanic stimulation. J: Relative amplitude of indirectly evoked tetanic contractions in rat phrenic-diaphragm preparations of WT and BACHD animals after a series of 30
stimulus (130 Hz, 5s long at each 20 s). X-axis represents the amplitude of the last contraction of the series relative to the first. Values are expressed as mean + SEM. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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circumference of the synaptic vesicles described here may be a
consequence of decreased filling with ACh. Further research will be
needed to verify this hypothesis.

Ultrastructural changes were observed in the diaphragm muscle
of 12-months-old BACHD animals, including mitochondria at
different stages of degeneration. However, these changes were also
found in the control muscles. According to Regmi et al. (2014),
mitochondrial degeneration may be related to age. Biopsies of
human muscle reveal that characteristics such as decreased activ-
ities of tricarboxylic acid cycle enzymes and those related to
oxidative phosphorylation and ATP synthesis may be related to
factors such as mitochondrial volume decrease, increased oxidative
stress, mitochondrial DNA (mtDNA), and/or altered mitochondrial
morphology observed during aging of muscle cells (Bua et al., 2002;
Marzetti et al., 2013). Valadao et al. (2017) also described similar
ultrastructural changes in the mitochondria of the sternomastoid
muscle of 12-months-old BACHD mice. In addition, several studies
support the hypothesis that mitochondria dysfunction is involved
in the pathophysiological process of several neurodegenerative
diseases, particularly HD (Browne and Beal, 2004; Reddy et al.,
2009).

In light of the morphological changes observed in the dia-
phragm NM]Js of 12-months-old BACHD animals, we hypothesized
that the neuromuscular function would also be affected in these
mice. Therefore, we evaluated the overall safety margin of the
synaptic transmission regarding the resistance to the neuromus-
cular blockade induced by pancuronium bromide or magnesium
(del Castillo and Engbaek, 1954). No differences in the susceptibility
of the neuromuscular blockade induced by pancuronium bromide
or excess of magnesium were found between both genotypes,
indicating that the safety margin of synaptic transmission was
preserved in the diaphragm NM]Js of BACHD mice. This suggests
that the phrenic nerve of the diaphragm muscle of BACHD animals
may be adapted to the period of exposure to HD or that the pre- or
postsynaptic alterations were not enough to alter the neurotrans-
mission process observed in our methodology.

Physiological tetanic stimulation induces depletion of ACh
output, which is balanced by increased synthesis and transfer of
neurotransmitter from mobilization stores (Padmaja and Mantha,
2002). However, the progressive increase of tetanic frequency can
disrupt this balance and preparations with compromised safety
margin will be more susceptible to such changes, presenting an
absence of sustained tetanic stimulation, which is known as tetanus
fade (Gissen and Katz, 1969). We used a tetanic protocol and
evaluated the fatigue resistance of the phrenic-diaphragm prepa-
ration from BACHD and WT mice. Diaphragm muscle resistance to
fatigue animals was not significantly different between the BACHD
and WT mice. Importantly, the diaphragm muscle is vital for sur-
vival since it is involved in the respiratory process. Therefore, it is
likely that even if morphological changes are present, the dia-
phragm probably has a higher resistance threshold than some other
muscles when it undergoes functional tests. Future studies char-
acterizing the contractile properties of other muscles may allow
comparisons and provide insights on the mechanisms of dia-
phragm resistance.

5. Conclusions

In summary, here we provide evidence that aging maintains
alterations in the diaphragm NM]Js (i.e: reduced exocytosis and ACh
release, and altered shape and size of synaptic vesicles) of 12-
months-old BACHD mice. Further, aging does not lead to further
changes (i.e: in endocytosis, or muscle ultrastructure) in the BACHD
mice diaphragm. Additionally, we noted that WT mice presented
losses in the parameters analyzed, probably due to aging. This may

have masked the effects of HD in the 12-months-old BACHD mice.
Our functional analysis suggested that the phrenic nerve might be
less affected by the neurodegeneration processes occurring in HD.
Therefore, we propose that putative resistance mechanisms may be
protecting this vital muscle to allow for survival. The results pre-
sented herein contribute to expand the current understanding of
the effects of mHTT in the neuromuscular synapse and in the dia-
phragm muscle function.
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Abstract

Involuntary choreiform movements are clinical hallmark of Huntington’s disease, an autosomal dominant neurodegenerative disor-
der caused by an increased number of CAG trinucleotide repeats in the huntingtin gene. Involuntary movements start with an
impairment of facial muscles and then affect trunk and limbs muscles. Huntington’s disease symptoms are caused by changes in
cortex and striatum neurons induced by mutated huntingtin protein. However, little is known about the impact of this abnormal pro-
tein in spinal cord motoneurons that control movement. Therefore, in this study we evaluated abnormalities in the motor unit (spinal
cervical motoneurons, motor axons, neuromuscular junctions and muscle) in a mouse model for Huntington’s disease (BACHD).
Using light, fluorescence, confocal, and electron microscopy, we showed significant changes such as muscle fibers atrophy, frag-
mentation of neuromuscular junctions, axonal alterations, and motoneurons death in BACHD mice. Noteworthy, the surviving
motoneurons from BACHD spinal cords were smaller than WT. We suggest that this loss of larger putative motoneurons is accom-
panied by a decrease in the expression of fast glycolytic muscle fibers in this model for Huntington’s disease. These observations

show spinal cord motoneurons loss in BACHD that might help to understand neuromuscular changes in Huntington’s disease.

Introduction

Huntington’s disease (HD) is a progressive, autosomal dominant,
debilitating, and neurological disease caused by an increased CAG
trinucleotide repetition at the short arm of chromosome 4 that leads
to a polyglutamine expansion in the huntingtin (Htt) protein (Hunt-
ington’s Disease Collaborative Research Group, 1993; Bates, 2005).
Its symptoms include cognitive and psychiatric disturbances and
progressive motor decline with involuntary movements, rigidity,
bradykinesia, and dystonia starting with motor impairment in facial
muscles and then progressing to trunk and limb muscles (Bates
et al., 2002).

It has been described that Htt interacts with more than two hun-
dred proteins and it is involved in many functions, such as regulat-
ing gene transcription, cell signaling, vesicular transport, exocytosis,
endocytosis, etc. (Harjes & Wanke, 2003; Zuccato et al., 2010).
Furthermore, Htt plays a critical role in cell survival by regulating
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apoptotic pathways (Ona et al., 1999). For example, synthesis of
Htt protects striatal neurons from apoptotic stimuli (Rigamonti et al.,
2000).

Previous reports have shown that mutated Htt (mHtt) leads to the
generation of insoluble toxic protein aggregates, which accumulate
inside the striatum, causing cellular dysfunction, degeneration and
neuronal death, all hallmarks of HD neuropathology (Sathasivam
et al., 1999; Moffitt et al., 2009). In mammals, besides the Central
Nervous System (CNS), Htt is expressed in a number of tissues and
organs, including skeletal muscles (Hoogeveen et al., 1993; Li
et al., 1993; Trottier et al., 1995). Indeed, Sathasivam et al. (1999),
using R6/2 mouse model for HD, observed force and contractility
reduction and deregulation in the transcription of contractile proteins
that are directly related to the presence of protein aggregates in mus-
cles. Ribchester ef al. (2004), used the same mouse model to
demonstrate peripheral disorders, including muscle atrophy as well
as morphological and electrophysiological changes in neuromuscular
junctions (NMJs). Recently, Mielcarek (2015) also observed muscle
contractile dysfunction and progressive loss of functional motor
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units in R6/2 mice. However, these studies only speculated the pos-
sibility of changes in motoneurons from the spinal cord. Thus, even
though several groups have been investigating alterations induced
by mHtt (Sathasivam et al., 1999; Ribchester ef al., 2004; Zielonka
et al., 2014; Mielcarek, 2015), to our knowledge, little is known
about motor unit changes induced by mHtt.

In this study, we investigated by a combination of methods (optical,
confocal, and transmission electron microscopy) putative abnormal-
ities in muscle fibers, neuromuscular junctions, spinal roots, and spinal
cord motoneurons in a transgenic model for HD (BACHD). This mur-
ine HD model expresses the complete human Hrr gene (Gray et al.,
2008), with a mutant full length sequence coding for a polyglutamine
strech (CAA-CAG) that is more stable through generations compared
to the R6/1 and R6/2 mice models (Mangiarini et al., 1996; Kazantsev
et al., 1999; Yang et al., 1997). In addition, BACHD mice present
robust motor deficits (such as decreased rotarod performance and
hypolocomotion) and a slow progression of the disease, allowing to
conduct more detailed longitudinal studies when compared to other
models of fast progression like the R6/2 (Menalled ef al., 2009; Yang
& Gray, 2011). The rational for this study relies upon recent evidence
indicating that muscle wasting in HD might occur independently of
the cortex and basal ganglia dysfunction (Van Der Burg et al., 2009;
Mantovani et al., 2016).

Materials and methods
BACHD mice

FVB/NJ (wild type) and FVB/N-Tg (HTT*97Q)IXwy/] (BACHD)
male transgenic mice were generated by Gray et al. (2008) introduc-
ing 170 kb human Htt in 240 kb RP11-866L6 BAC. Htt locus was
altered by inserting an exonl with 97 mixed CAA-CAG repeats into
the human Hrt gene. The animals were purchased from Jackson Lab-
oratory (Bar Harbor, ME, USA) and used to establish a new colony
where 12 months old (mo) WT and BACHD mice were obtained.

Our experiments were done in 12 months WT and BACHD ani-
mals as previous studies using this mouse model demonstrated mor-
phological changes in the brain, like atrophy of the cerebral cortex
(Gray et al., 2008). Furthermore, Holmes e al. (2002), showed that
changes in behavior tests were more pronounced in 12 months
BACHD mice (For a detailed review see Yang & Gray, 2011).

Mice were held in a place with controlled temperature (23 °C) in
a 12 h light/12 h dark cycle and with food and water provided ad li-
bitum. Animal care was in accordance with the Universidade Federal
de Minas Gerais Ethics Committee on Animal Experimentation
(CEUA) under approved protocol #036/2013.

Skeletal muscle and spinal roots morphology

Animals from both genotype (WT and BACHD) were deeply anes-
thetized with ketamine/xylazine (0.1 mL/20 g) in accordance with
CEUA/UFMG protocol. The sternomastoid (STM) muscle were dis-
sected out and fixed in 4% glutaraldehyde diluted in phosphate-buf-
fered saline (0.2 m) for 24 h at room temperature. After dehydration
in an ascending series of alcohols (70, 80, 90, 95% 2X), samples
were embedded in glycolmethacrylate resin (Leica) and sectioned in
a microtome (Reichert Jung) where 5 um thick sections were
obtained. Sections from muscle samples were stained with toluidine
blue (EMS), to determine the cross-sectional area (CSA) of individ-
ual myofibers. Images were acquired using a microscope (Leica
DM2500) coupled to a CCD camera (Leica DFC345FX). Muscles
sections were imaged with 10x objective.

Samples containing cervical ventral roots were processed follow-
ing Transmission electron microscopy (TEM) protocol (see below).
Semi-thin cross-sections (300 nm) were obtained and stained with
toluidine blue. Images of whole ventral roots cross-sections from
WT and BACHD mice were captured using a 20x objective in a
ZEISS Axio Lab.Al microscope. The cross-sectional area of the
ventral roots was measured using ImageJ plugins (NIH), and the
total number of axons counted. To quantify axonal myelination we
used the G-ratio, which was calculated measuring the axonal inner
diameter and dividing it by the outer diameter following the for-
mula: G = d/D, where G is the G-ratio, d is the inner diameter and
D 1is the outer diameter (Chau er al., 2000). The size adopted to
classify large myelinated fibers was >4.5 pm, according to the eval-
uation criteria described by Kong & Xu (1999).

Skeletal muscle fiber typing

The STM muscle fiber typing was performed according to the proto-
col described by Valdez et al. (2012). Mice were sacrificed and the
STM muscles were dissected. Samples were put in freezing molds
covered with OCT freezing medium (Easy Path) and was fresh fro-
zen in isopentane (Sigma-Aldrich) cooled in liquid nitrogen and
stored at —80 °C. The muscle was cut on a cryostat (Leica
CM3050S) and the cross-sections (10 pm) were collected on glass
slides coated with gelatin (Sigma-Aldrich). First, slides containing
muscle sections passed through blockade step with 3% BSA, 5%
goat serum and 0.1% Triton X-100, 30 min at room temperature.
The muscle sections were then incubated overnight at 4 °C with the
following primary antibodies all diluted in 3% BSA, 5% goat serum:
anti-MyHC I (NCL-Novocastra, Leica 1 : 250); anti-MyHC IIA
(SC-71, Developmental Studies Hybridoma Bank, DSHB 1 : 100),
anti-MyHC IIX (BF-35 which recognizes all types of muscles fibers
except fast IIX, DSHB 1 : 100) and anti-MyHC IIB (BF-F3, DSHB
1 : 100). Slides were washed three times with PBS 1x and incu-
bated for 1 h at room temperature with secondary antibodies Alexa
488 goat anti-mouse IgG1 (recognizes type I, IIA and IIX antibod-
ies) and Alexa 488 goat anti-mouse IgM (recognizes IIB antibody).
The slides were then washed three times with PBS 1x and cover-
slipped using ProLong® Gold antifade (Thermo Scientific). Images
were acquired in a fluorescence microscope (Leica DM2500) cou-
pled to a Leica DFC 345FX camera and visualized in a microcom-
puter using the Leica Application Suite software (LAS). The
microscope was equipped with air objective (10x, 0.25 NA). Exci-
tation light came from a 100W Hg lamp and a FITC filter was used
to collect emitted light. We imaged the whole STM muscle cross-
sections. Each fiber type was expressed as a percentage of the total
number of fibers counted.

Cervical spinal cord immunofluorescence

To evaluate the expression of caspase-3 in BACHD spinal cords, cer-
vical segments (C1-C3) were dissected, and immediately immersed
in neutral-buffered formalin (NBF) for 24 h. Thereafter, samples
were dehydrated in increasing concentrations of ethanol (70, 80, 90,
95, and 100%), cleared in xylene and embedded in paraffin. Sections
(5 pm) were obtained using a microtome (model HM335E; Microm,
Inc., Minneapolis, MN). Nonspecific antibody binding was blocked
by incubation of the samples in a solution of 2% BSA with 0.1%
Tween-20 for 1 h in a moist chamber. Sections were incubated with
primary antibody (polyclonal rabbit anti-caspase-3, 1 : 100; Sigma-
Aldrich, Saint Louis, MO) diluted in blocking solution overnight at
4 °C in a moist chamber. Sections were then washed 3 Xs with PBS
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and incubated with secondary antibody (Alexa Fluor 488 goat anti-
rabbit 1 : 1000; Invitrogen, Eugene, OR) for 1 h. Subsequently, sec-
tions were washed 3 Xs with PBS, and in the last wash, stained with
DAPI to allow identification of cells nuclei (1 : 1000; Invitrogen,
Eugene, OR). The stained slides were imaged using NIKON
ECLIPSE Ti microscope (100x objective, N.A: 1.49). All digital
images were quantitatively analyzed using IMAGE J software (Wayne
Rasband, National Institutes of Health, USA).

For specific labeling of putative motoneurons, cervical spinal cord
segments (C1-C3) were removed and fixed with 4% PFA for 48 h.
Subsequently these segments were kept in 30% sucrose for 24 h.
Then, the samples were oriented in freezing molds covered with
freezing medium OCT (Easy Path) and were fresh frozen in isopen-
tane (Sigma-Aldrich) cooled in liquid nitrogen and stored at
—80 °C. The cervical spinal cords were cut on a cryostat (Leica
CM3050S) and the cross sections (30 um) were collected on gelatin
coated slides. The slides containing sections of the cervical segments
were blocked 60 min at room temperature with 3% BSA, 5% don-
key serum and 0.1% Triton X-100. Then, the sections were incu-
bated overnight at 4 °C with the following primary antibody diluted
in 3% BSA, 5% donkey serum: ChAT anti-goat, AB 144P Millipore
Corporation (1 : 100).

Slides were washed 3 Xs with PBS 1x and incubated for 2 h at
room temperature with secondary antibody Alexa 488 donkey anti-
goat IgG1 (1 : 800). The slides were washed again 3Xs with PBS
1x and mounted using ProLong® Gold antifade (Thermo Scientific
Invitrogen™). Images were acquired using a 63x oil immersion
(N.A: 1.4) objective attached to a laser-scanning confocal micro-
scope (Zeiss LSM 510 Meta, Zeiss GmbH, Jena, Germany). An
Argon (488 nm) laser was used for excitation of motor neurons
marked with anti-ChAT and Alexa 488. The Z series optical sections
were collected at 2.0 pum intervals. All digital images were quantita-
tively analyzed using IMAGE 1 software (Wayne Rasband, National
Institutes of Health, USA), to determine both the number and Ferret
diameter of putative motoneurons. The total number of putative
motoneurons located in the ventral horn of the cervical spinal cord
segments (C1-C3) were counted and had their diameter measured.

NMJ immunofluorescence and confocal microscopy analysis

Mice were anesthetized with ketamine/xylazine (0.1 mL/20 g) and
left ventricular transcardiac perfused with ice-cold 4% paraformalde-
hyde in 0.1M phosphate-buffered saline (PBS; pH 7.4). Muscles were
dissected and blocked in 3% BSA + 5% goat serum + 0.5% Triton
X-100 for 30 min at room temperature. Next, primary antibody anti-
synaptotagmin was added (Anti-synaptotagmin, anti-mouse, IgG2A,
DSHB, 1 : 250) in the blocking solution, and incubated overnight at
4 °C. Muscles were washed 3x with PBS and incubated 1 h at room
temperature with Alexa 555-a-bungarotoxin (a-btx) 1 : 1000 (Molec-
ular Probes, Eugene, OR) together with secondary antibody 1 : 1000
(Alexa-488 goat anti-mouse IgG2A; Invitrogen). Muscles were then
washed 3x with PBS and whole-mounted slides using Vectashield
(Vector Laboratories, Eching, Germany).

Images of NMJs stained with anti-synaptotagmim and bungaro-
toxin (o-btx) were acquired using a 63x oil immersion (N.A: 1.4)
objective attached to a laser-scanning confocal microscope (Zeiss
LSM 510 Meta, Zeiss GmbH, Jena, Germany. Argon (Ar 488 nm)
and helium-neon (He-Ne, 543 nm) lasers were used for excitation
of terminals stained with anti-synaptotagmin and acetylcholine
receptors (nAChR) clusters marked with (o-btx), respectively. The Z
series optical sections were collected at 2.0 um intervals and the
whole STM muscle samples were scanned. The nerve terminals
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were identified considering their colocalization with nAChR clusters.
Images were converted to gray scale format (8 bits) and each synap-
tic element was individually evaluated. We used the method of par-
ticles analysis to obtain the NMJs fragmentation index, based on the
pixels presented in each image. Briefly, the images were converted
into a binary image pattern and were skeletonized. Next, to describe
the connectivity for each pixel in the image, a histogram was gener-
ated using the BinaryConnectivityClass plugin from ImaGeJ (Pratt
et al., 2013). We analyzed the degree of fragmentation in pre- and
postsynaptic elements comparing the muscle samples from WT and
BACHD mice. The parameters adopted for fragmentation were
defined according to the evaluation criteria described by Valdez
et al. (2010), which establishes fragmentation by five or more
islands both in the presynaptic and postsynaptic membranes.

Transmission electron microscopy (TEM)

For ultrastructure analyses, we wused the protocol previously
described by our research group (Rodrigues et al., 2013). Briefly,
mice were anesthetized with ketamine/xylazine (0.1 mL/20 g), left
ventricular transcardiac perfused with ice-cold modified Karnovsky
fixative (4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 m
sodium cacodylate buffer at 4 °C) and maintained in this solution
for at least 24 h at 4 °C. Cervical spinal cord segments (C1-C3)
and the STM muscles from WT and BACHD mice were then
removed. After fixation, samples were washed with cacodylate buf-
fer (0.1 m), cut into several fragments, post-fixed in reduced osmium
(1% osmium tetroxide containing 1.6% potassium ferrocyanide),
contrasted en bloc with uranyl acetate (UA, 2% in deionized water),
dehydrated through an ascending series of ethanol solutions and
embedded in EPON. Blocks were sectioned (50 nm) and collected
on 200 or 300 mesh copper grids and contrasted with lead citrate.
Sections were viewed with a Tecnai- G2-Spirit FEI/Quanta electron
microscope (120 kV Philips). The same protocol was used to obtain
semi-thin sections of cervical ventral roots. Images of the semi-thin
sections encompassing whole ventral roots were acquired using
ZEISS Axio Lab.Al (20x objective, N.A: 0.45) and analyzed quali-
tatively and quantitatively as described previously. We analyzed a
total of 3.222 axons in WT animals and 1.937 in BACHD.

For the quantification of lipofuscin granules, 30 electron micro-
graphs of the motoneurons from the cervical spinal cord were used
for each genotype. The counting of beads was performed using the
software IMAGEJ plugins (NIH). Data are presented as granules/area
using the GRaPHPAD Prism 6.

Statistical analysis

All Data were analyzed using Microsoft Excel and plotted using the
program GrapHPAD Prism 6. Statistical significance was evaluated
using the un-paired Student’s #-test and represent the mean £ Stan-
dard deviation (mean + SD) or (median), as described in the text.
When data were not normally distributed, we applied the Man—
Whitney test, as described in the text. Values of P < 0.05 were con-
sidered significant.

Results

Changes in BACHD STM muscle fibers area, MyHC
expression and ultrastructure

Previous studies suggested that limb and trunk muscle of HD
patients are affected during disease progression, causing significant
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postural instability (Tian e al., 1992; Brozova et al., 2011). Based
on this observation, we began our investigation by searching for
morphology changes in a neck muscle directly involved in head
posture, the STM muscle, in a mouse model for HD disease
(BACHD).

Figure 1(A-B) shows representative transverse section images of
STM muscle fibers from 12 months control (WT) and diseased
(BACHD) mice. An initial analysis of the STM muscle fiber show
no signs of degeneration in both genotypes at the age indicated.
However, when compared to WT muscles fiber CSA, BACHD mice
presented a reduction in approximately 40% in CSA suggesting a
possible muscle fibers atrophy (BACHD: 1333 pum? vs. 2772 pm>
for WT (Median); P = 0.0001; We have analyzed ~3000 muscle
fibers per genotype, n = 3 individual animals per genotype; Mann—
Whitney test) (Fig. 1H).

As we noted atrophy of the STM muscle, our next step was to
investigate whether this atrophy was associated to shifts in MyHC
isoforms expression. Skeletal muscle fibers are characterized as slow-
twitch fiber (type I) and three types of fast-twitch fibers (type IIA,
type 1IX and type IIB) (reviewed by Wang & Pessin, 2013). For this
purpose, we performed an immunostaining for fiber types using
specific monoclonal antibodies against the different MyHC isoforms.
The representative images in Fig. 1C show cross-sections of the
STM muscle fibers from WT. Figure 1C—C"” shows the staining for
type I, IIA, IIX, and IIB muscle fibers respectively. Figure 1D-D"”
shows the same staining for BACHD muscle fibers. Compared to
WT, we observed more fibers stained for the IIA fibers in BACHD
(Fig. 1D’). Indeed our quantification showed that the percentage of
IIA fibers were in fact increased in BACHD STM muscle fibers
[BACHD: 44.0 &+ 4.0% vs. WT: 342 4+ 1.7% (Mean 4+ SD);
t4 = 3.8; P = 0.01; We counted each fiber type in one muscle section
in n = 3 individual animals per genotype; unpaired student 7-test]. In
addition, BACHD mice presented less staining for the IIX muscle
fibers in STM compared to WT (Fig. 1D"). Quantification of several
muscle fibers from both genotypes stained for IIX showed a reduc-
tion in the percentage of these fibers in the BACHD STM muscle
[BACHD: 18.7 & 4.0% vs. WT: 28.0 £ 4.1% (Mean + SD);
t4 = 2.8; P = 0.04; n = 3 individual animals per genotype; unpaired
student r-test]. These data showed that there was a significant fiber-
typing switch in BACHD STM muscles.

We next performed a qualitative ultrastructure analysis of STM
muscle fibers from BACHD mice (Fig. 1E-G, 90 images analyzed
per genotype from 3WT and 3 BACHD animals). In comparison to
WT muscle (Fig. 1E), analysis of the ultrastructure of the STM in
BACHD mice revealed: (i) sarcoplasmic reticulum (SR) significantly
enlarged, invading spaces (demarcated area in F) that were previ-
ously occupied by myofibrils (Fig. 1G, red arrows); (ii) Mitochon-
dria containing abnormal vacuoles within the mitochondria matrix
(Fig. 1G, blue arrow); (iii) increase in inter-myofibrilar glycogen
deposits (Fig. 1G, yellow arrows) and (iv) areas with dramatic
decrease in myofibrils (Fig. 1F, asterisk). Together, the ultrastructure

alterations can be an indicative that muscle fibers are under a degen-
erative process, corroborating the muscle histology data.

NMJs alterations in BACHD mice

Given the degree of STM- muscle atrophy and the pronounced
changes observed in BACHD muscle fibers, our next step was to
investigate whether muscle damage could be related to alterations at
neuromuscular junctions. To address this question, STM- muscle
whole mounts from WT and BACHD mice were stained with pre-
(synaptotagmin) and postsynaptic (o-btx) markers and the NMJs
morphology were examined by confocal microscopy.

Figure 2 shows representative images of presynaptic nerve termi-
nals from 12 months WT (Fig. 2A) and BACHD (Fig. 2 C) STM
muscles. Figure 2A’ and C' shows the postsynaptic AChRs stained
with a-btx in the same WT and BACHD muscle fibers respectively.
The Fig. 2B and D shows representations of the particle analysis of
NMIJs of WT and BACHD. Figure 2B’ and D’ shows the skele-
tonization of NMJs of WT and BACHD. Our analyzes showed nor-
mal structure and synaptic elements colocalization in the NMJs from
WT animals. In contrast, we observed that in BACHD STM muscles
the presynaptic axon terminals did not completely co-localized with
the postsynaptic AChRs [BACHD: 873 4+ 2.0% for vs.
98.4 £+ 1.6% for WT (mean + SD); 74 = 8.0; **P = 0.001 unpaired
student rtest] (Fig. 2C and C" and 2E for quantification), supporting
the view of an ongoing degenerative process like denervation. We
next analyzed the degree of denervation in NMJs and observed that
many NMIJs from BACHD STM muscles were partially denervated
[BACHD: 20.0 & 4.0% vs. 2.7 + 2.3% for WT (mean + SD);
1y = 6.5; **P = 0.002 unpaired student #-test] (Fig. 2F for quantifi-
cation and 2C"), with patches of postsynaptic AChRs showing no
presynaptic partner associated to them (arrow). Additionally, we
found that the areas of the pre- and postsynaptic terminals in the
BACHD NMJs were smaller than WT [Presynaptic area- BACHD:
923 pm? vs. 1655 pum? for WT (median); ***P = 0.0001 (Fig. 2G);
Postsynaptic area- BACHD: 1011 pm?* vs. 1669 pm? for WT (me-
dian); ***P = 0.0005 (Fig. 2H)]. In general, the pre- and postsynap-
tic elements were significantly fragmented in BACHD but not in
WT [BACHD: 817 £4.7% vs. 58.0+2.6% for WT
(mean + SD); t, =7.6; **P =0.001 unpaired student r-test
(Fig. 2I)]. We have analyzed 75 NMJs per genotype in n = 3 indi-
vidual animals per genotype.

Axonal abnormalities in BACHD mice

We next evaluated whether the changes described here in BACHD
NMIJs could be a consequence of damage in motor axons close to
the spinal cord. Thus, our next set of experiments aimed to investi-
gate axons exiting the ventral roots. Semi-thin cross-sections of the
cervical ventral roots were obtained and stained with toluidine blue
(see methods). Qualitative analysis showed that, compared to WT

Fi1G. 1. Decreased CSA, reduction in IIB fiber typing and ultrastructure abnormalities in BACHD STM muscle fibers. (A—B) Representative images of STM skeletal
muscle fibers from 12 months old WT and BACHD mice. Scale bar: 50 pm: C-C" to D-D": Representative images of STM fiber typing from 12 months old WT
and BACHD mice. Note that the STM from BACHD presented less staining for the ITIX fibers in comparison to WT (C" and D"). The IIA fibers are also increased in
this muscle (C" and D’). Scale bar: 50 um. (E-F) Representative electron micrographs of STM fibers from WT and BACHD animals. Observe a normal triad in WT
(red box). Note a reduction in the number of myofibrils in the sarcomere (asterisk) in BACHD. (G) High magnification view of the area shown in F depicting enlarge-
ment and invasion of the sarcoplasmic reticulum (demarcated area). Also note the presence of vacuoles within the inner space of mitochondrial organelles (blue
arrow), abnormal deposition of glycogen in inter-myofibrilar space (yellow arrows) and atypical SR (red arrows). Scale bar: 500 nm. We have analyzed 90 images
for WT and 90 images for BACHD from three individual animals per genotype). (H) The box plot shows the CSA median values for WT and BACHD STM muscle
fibers. These results represent the median = SD of more than 3.000 muscle fibers per genotype (***P < 0.0001; Man—Whitney test; n = 3 individual animals per
genotype). (I) Quantitative analysis of the fiber typing showing decreased expression of IIX isoform and an increase in the expression of the IIA in 12 months old
BACHD STM muscle fibers compared to WT. The results represent the mean £ SD (unpaired Student’s 7-test, *P < 0.05, n = 3 animals per genotype).
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FIG. 2. Fragmentation and denervation in NMJs from BACHD. (A-C") Representative images of STM- NMJs from 12 months WT and BACHD mice. (A and
C) Presynaptic terminals labeled with Alexa-488 anti-synaptotagmin antibody (green). (A’ and C’) Postsynaptic AChRs labeled with Alexa-555 o-bungarotoxin
(red). (A" and C") Overlapping images showing partial denervation (arrow). Scale bar: 10 pm. (B and D) Representation of particle analysis for both genotypes
(red numbers). (B’ and D’) Skeletonization rendering of fragmentation in endplates from WT and BACHD. (E-I) Graphs showing the degree of colocalization
(E) **P = 0.001 unpaired student #-test], partial denervation (F) **P = 0.002 unpaired student r-test], pre-synaptic area (G) ***P = 0.0001), post-synaptic area
(H) ***P = 0.0005] and fragmentation of the endplates (I) **P = 0.001 unpaired student z-test]. The results represent the mean = SD from 75 NMIJs per geno-

type (n = 3 individual animals per genotype).

(Fig. 3A), axons from BACHD mice presented severe morphology
changes (Fig. 3B red arrows). The quantitative analysis of the ven-
tral roots demonstrated a reduction in the number of axons per area
in BACHD [BACHD: 0.08 + 0.03 axons/um? vs. 0.2 + 0.02 ax-
ons/pm2 for WT (mean + SD); 7, = 5.7;**P = 0.004 unpaired stu-
dent 7-test] (Fig. 3E). The histogram in Fig. 3F shows a reduction in
the number of larger myelinated fibers (>4.5 pm) in BACHD [Inter-
val  between 5-6 microns-BACHD: 48.7 &£ 3.8 pm  vs.
90.7 + 12.7 um for WT (mean + SD); #, =5.5; **P = 0.005
unpaired student r-test; interval between 6-—7 microns- BACHD:
41.3 £ 3.0 um vs. 84.3 &+ 6.1 pm for WT (mean 4+ SD); 4, = 10.1;
*¥#kp = (0.0004 unpaired student t-test; interval between 7-8
microns- BACHD: 40.0 +£ 6.5 pum vs. 70.3 & 6.0 pum for WT
(mean + SD); #4, = 6.0; **P = 0.004 unpaired student r-test and
interval between 8 and 9 microns- BACHD: 20.7 + 4.1 pm vs.
33.3 + 5.0 pum for WT (mean + SD); #4 = 3.3; *P = 0.02 unpaired
student #-test, n = 3 individual animals per genotype (Fig. 3F)].
However, the G-ratio (relationship between axonal inner and outer
diameter) [BACHD: 0.6 £+ 0.1 vs. 0.7 + 0.1 for WT (mean 4+ SD);
ty = 0.7; P = 0.5 unpaired student #-test] and the thickness of the
myelin sheath ratio [BACHD: 1.5 4+ 0.1 pm vs. 1.5 £ 0.1 pum for
WT (mean 4+ SD); 7, = 0.4; P = 0.7 unpaired student z-test, n = 3
individual animals per genotype] were not different from control,
(Fig. 3G—H). We have analyzed one semi-thin section per animal in

n = 3 mice per genotype. Ultrastructure analyses confirmed the histo-
logical observations and showed that axons from BACHD presented
various degenerative features such as structural breakdown of the
myelin sheath with lamellar separations (Fig. 3D, yellow arrows) and
vacuoles within the axoplasm (blue arrows). We have qualitatively
analyzed 30 images for each animal in n = 3 mice per genotype.

Motoneurons loss and atrophy in the spinal cord from BACHD
mice

We next looked at the morphology and number of cervical spinal
cord motoneurons. To identify putative spinal cord motoneurons we
used an antibody that recognizes the enzyme ChAT. We found that
there were ChAT- positive neurons clustered in the ventral horn of
the cervical spinal cord segments in both genotypes. Figure 4 shows
representative images of cervical segments stained with anti-ChAT
from WT (Fig. 4A) and BACHD (Fig. 4B). Figure 4C shows an
example of an atrophic ChAT-positive putative motoneuron in
BACHD (white arrow). Confirming this observation, quantitative
analysis of putative motoneurons’ diameters showed statistically sig-
nificant reduction in this parameter in BACHD compared to WT
[BACHD: 264 &+ 14 pum vs. 328 28 um for WT
(mean + SD); 7, = 3.5; *P =0.02; n =3 individual animals per
genotype; unpaired student z-test] (Fig. 4L). In addition, we detected
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Fi1G. 3. Axonal changes in BACHD. (A-B) Representative images of axons from 12 months WT and BACHD respectively. Note in A typical axons with preserved
structure and shape whereas in B note the presence of atypical axons in degeneration with morphological abnormalities (red arrows). The axons were stained by tolu-
idine blue. Scale bar: 40 pm. (C-D) Electron micrograph of the axons from WT and BACHD. Note in D axons with signs of degeneration like lamellar separation
(yellow arrows) and vacuolization in the axoplasm (blue arrows). We analyzed 90 electron micrographs per genotype. Scale bar: 2 pm. (E-H). Quantification of the
number of axons by nerve area, number of large axons (>4.5 pm), G-ratio and myelin thickness, respectively. We have analyzed 9 semi-thin sections per genotype
and a total of 3.222 axons in WT and 1.937 in BACHD (*, **, ***P < .05, unpaired Student’s #-test, n = 3 individual animals per genotype).

a reduction in the number of putative ChAT-positive motoneurons
in sections of the cervical spinal cord segments [BACHD:
270 + 22.6 vs. 3423 + 29 for WT; (mean + SD); t, = 3.4;
*P = 0.02; n = 3 individual animals per genotype; unpaired student
t-test] (Fig. 4K). A similar reduction in the total number of cells
was observed in cervical spinal cord segments stained with toluidine
blue [BACHD: 128.7 £ 11.7 vs. 177.0 £ 26.5 for WT (mean =+
SD); t, =2.9; *P =0.04; n =3 individual animals per genotype;
unpaired student 7-test] (Fig. 4M).

Comparing to WT motoneurons, qualitative analysis of TEM
micrographs showed atypical atrophic nuclei in a BACHD motoneu-
ron (Fig. 4H-white arrow). We also observed an increase in the
number of lipofuscin granules in BACHD motoneurons (Fig. 4G —
red arrows) compared to WT (Fig. 4F — red arrows) [BACHD:

0.2 £ 0.1 granules/area vs. 0.1 £ 0.03 granules/area for WT (mean
+ SD); #, = 2.5;*P = 0, 03; n = 3 individual animals per genotype.
We have analyzed 30 motomeurons per genotype, unpaired student’s
t-test]. Furthermore, we observed vacuolated mitochondria in
BACHD motoneurons (Fig. 4]) that were not observed at WT
counterparts (Fig. 41).

To test whether putative motoneurons were undergoing apoptosis,
we immunostained sections that contained C1-C3 cervical segments
from WT and BACHD spinal cords with an antibody against cas-
pase-3, a marker of cell death. Figures 4D-E show representative
images of the caspase-3 in the cervical segments from BACHD and
WT mice. Compared to WT, we observed approximately three times
more putative motoneurons positive for caspase-3 in BACHD spinal
cords (Fig. 40) [BACHD: 126 £ 10.6 cells vs. 42 £+ 13.1 for WT
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Fi1G. 4. Motoneurons atrophy in BACHD cervical spinal cords. (A—C) Representative images of putative motoneurons from cervical spinal cord sections stained for
ChAT from 12 months WT (A) and BACHD (B). (C) Atypical motoneuron. Scale bar: 50 um. (D-E) Fluorescence images of motoneurons stained for caspase-3 in
WT (D) and BACHD (arrow). Nuclei were stained with DAPI. Inset: putative motoneuron positive for caspase-3 in BACHD. Scale bar: 50 pm. (F-G) Ultrastruc-
tural images showing motoneuron with more lipofuscin granules (red arrows) in BACHD compared to WT. (H) Representative images of an atrophic motoneuron
from BACHD spinal cords. Scale bar: 5 um. (I-J) Representative images normal and vacuolated mitochondria in WT and BACHD respectively. Scale bar: 500 nm.
(K) Quantification of ChAT-positive motoneurons profiles in WT and BACHD cervical spinal cords (~150 neurons analyzed per genotype). (L) Ferret diameter. (M)
Number of cell profiles in spinal cord sections from WT and BACHD stained with toluidine blue (~2.000 cells analyzed per genotype; unpaired student’s #-test;
*P < 0.05; n = 3 animals per genotype). (N) Quantification of the number of lipofuscin granules/area in WT and BACHD motoneurons (Total analyzed 87 granules
in WT and 224 granules in BACHD from 30 motoneurons per genotype; unpaired student’s #-test; *P < 0.05; n = 3 animals per genotype). (O) Graphical quantifi-
cation of motoneurons stained positively for caspase-3 in WT and BACHD (~150 neurons analyzed per genotype; unpaired student’s #-test; **P < 0.001; n = 3 ani-

mals per genotype). All results described here are from n = 3 individual animals per genotype and were expressed as mean £ SD.

(mean + SD); #4 = 8.6; **P = 0.001; n = 3 individual animals per
genotype; unpaired student’s r-test]. This result indicates that the
activation of apoptotic cascades may be responsible for the putative
motoneuron degeneration observed in BACHD spinal cords.

Discussion

Most scientific investigations on HD disease focused their studies
mainly in the brain pathology and the neurological symptoms that
arise from such alterations. From this perspective, and taking advan-
tage of BACHD murine model for HD, we investigated putative
alterations caused by mHtt in the motor unit (NMJs, axons and
spinal cord motoneurons) that control muscle contraction.

We first investigated the impact of the mHtt on the last component
of the MU: the skeletal muscle. It is well described that the motor
symptoms in HD involve involuntary movements of the face and
limbs and postural instability of the neck and trunk (Bates et al.,
2002). In this study, we evaluated possible changes in the STM, a
neck muscle important for head control and posture (Kim, 2015). We
found that many of the STM muscle fibers were significantly smaller
in the HD mice than in the age-matched control fibers (WT mice)
(Fig. 1 and schematic representation in Fig. 5). Consistent with our
results, atrophy of skeletal muscles has been considered a hallmark for
HD in humans (Farrer, 1985; Farrer & Meaney, 1985; Ribchester
et al., 2004; Trejo et al., 2004). Mielcarek (2015) observed in R6/2
mice significant physiological alterations in the contractile properties
of the extensor longus digitorum (EDL) and tibialis anterior (TA)

muscles, as well as a reduction in muscle mass. Although it has been
suggested that mHtt has deleterious effects on muscles in R6/2 mice,
via accumulation of poly-glutamine aggregates (Sathasivam et al.,
1999; Moffitt et al., 2009) and formation of inclusions in myoblasts
and myotubes (Orth et al., 2003), the subjacent mechanism(s) of mus-
cle atrophy is (are) not yet elucidated.

The ultrastructure analyses of STM muscle fibers from BACHD
showed enlargement of the sarcoplasmic reticulum, invading the
myofibrils region. We also observed the presence of vacuoles inside
the mitochondria. Moreover, we observed the presence of inter-myo-
fibrillar glycogen and disorganization of the triads (Fig. 1). These
changes suggested a pathological ongoing process during muscle
atrophy in BACHD mice. Furthermore, the mitochondrial defects
reported here might be a key factor to the degenerative process seen
in HD animal models and patients with this disease. Indeed, mHitt
protein has been found to interfere with the normal function of mito-
chondria (Chaturvedi et al., 2009; Chandra et al., 2016).

Another ultrastructure change that caught our attention was the
great amount of glycogen granules accumulated at the inter-myofi-
brillar spaces in the BACHD STM muscle fibers. It is known that
glycogen accumulation at these spaces and in the intra-myofibrillar
compartments are normal events and the deposits are used depend-
ing on the muscle energy demand (Marchand et al., 2002). How-
ever, we cannot exclude the fact that the abnormally high levels of
glycogen may be a consequence of energy imbalance caused by
putative mitochondrial dysfunction. In addition, areas of degraded
contractile structures together with invaded portions of the
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sarcoplasmic reticulum were described in denervated muscles (Pelle-
grino & Franzini, 1963). The authors also reported that, during atro-
phy, there was a reduction in the number of the contractile filaments
similar to what we have reported here for BACHD STM muscle
fibers (Fig. 1F). Here, we have also observed changes in sarcoplas-
mic reticulum and myofibrils. Moreover, it has been reported that
there is a close relationship between the accumulation of inter-myo-
fibrillar glycogen and SR function (Nielsen ez al., 2009).

We next performed the muscle fiber typing to confirm that the
BACHD STM muscle fibers atrophy could be related to a decrease
in the proportion of the largest IIX fiber type. We observed that
STM muscles from BACHD mice presented a decrease in large
fibers (IIX) and partial increase in smaller fibers (IIA) (Fig. 1).
Such reduction in fast-twitch fibers (IIX) is in accordance with
previous works from the literature showing that they are more vul-
nerable than slow-twitch fibers under a variety of atrophic condi-
tions (reviewed by Wang & Pessin, 2013). Data from the literature
have shown that motoneurons and their NMJs differ drastically in
sizes with the biggest ones, with largest NMlJs, innervating fast
muscle fibers (Burke er al., 1971; Mantilla et al., 2007). We there-
fore hypothesized that the reduction in IIX muscle fibers in
BACHD might also be associated to other alterations described
here such as decrease in the area of pre- and postsynaptic elements
(Fig. 2) and decreased size of putative motoneurons in BACHD
(Fig. 4) (see also the cartoon in Fig. 5). However, we cannot rule
out the possibility that the reduction in ChAT-positive cells diame-
ter observed in BACHD spinal cords reflects putative motoneurons
shrinkage before they die. Decrease in neuron’s size has been rec-
ognized in other degenerative disorders such as Alzheimer’s,
Parkinson’s diseases and in ALS patients, where there is a deple-
tion of large pyramidal neurons from the primary motor cortex
(Betz cells) and large spinal cord motoneurons compared to control
subjects (Kiernan & Hudson, 1991). Additional experiments are
necessary to clarify if larger motoneurons selective die in BACHD
spinal cords.

Our next experiments were designed to investigate whether
BACHD mice showed alterations in the NMJs. STM-NMJs from
BACHD presented several degenerative signs such as loss of colo-
calization between the pre- and postsynaptic elements, reduction in
the synaptic area, endplates fragmentation and partial denervation
(Fig. 2 and schematic representation in Fig. 5).

Many morphological studies on NMJs in neurodegenerative dis-
eases (Sarantseva et al., 2011; Valdez et al., 2012; Xia et al., 2012)
or in age-related degenerative processes (Balice-Gordon, 1997;
Courtney & Steinbach, 1981; Gutmann ez al., 1971; Valdez et al.,
2010) correlated similar alterations to the axonal denervation

process. For example, Ribchester et al. (2004) observed changes in
NMIJs from R6/2 mice such as denervation, reduction in the area of
presynaptic terminals, increased acetylcholine sensitivity, and reduc-
tion in the sensitivity to p-conotoxin (Ribchester). Therefore, it has
been suggested that mHtt might alter synaptic components and then
interfere with its structure affecting neurotransmission (Smith er al.,
2005). The results presented here are in line with this view.

After observing abnormalities in key components of the motor
unit such as skeletal muscle and NMJs, we analyzed the ventral
roots of the cervical spinal cord. The ultrastructural analysis of the
ventral roots of the cervical segment of BACHD spinal cords
showed lamellar separation and vacuoles in the myelin sheath and
axoplasm (Fig. 3 and schematic representation in Fig. 5). Further-
more, we observed an intense process of axonal degeneration with
decrease in diameter and number per area. We also observed that
the myelinated fibers that were most affected in BACHD animals
were of the highest caliber. Previous work demonstrated similar
changes in ultrastructure preferable seen in large-caliber fibers in the
sciatic nerve of the R6/2 mice (Wade et al., 2008). Sobue et al.
(1981) also found higher incidence of large-caliber fibers at the
expense of smaller caliber in cervical ventral roots of patients with
ALS. These data suggested that large myelinated fibers, correspond-
ing to o-motoneurons fibers, were selectively affected and that the
small myelinated fibers, corresponding to y-motor neurons fibers,
were preserved to some extent (Sobue eral, 1981; Biscoe
et al.,1982).

Previous studies performed in R6/2 mice models for HD showed
marked atrophy of skeletal muscles like TA and EDL and they
related these findings on skeletal muscle atrophy to possible alter-
ations in the o-motoneurons. However, none of these studies investi-
gated what might be happening to o-motoneurons (Ribchester er al.,
2004; Mielcarek, 2015). Furthermore, Mielcarek (2015) showed,
through functional tests, that the physiological evaluation of the
motor unit of the R6/2 mice presented a progressive loss in the
number of motor units in the EDL muscle. Our findings mighte con-
tribute to a better understanding of muscle atrophy in this mice
model for HD as we observed death and atrophy of putative
motoneurons.

As we demonstrated neuronal loss in the cervical segment of the
spinal cord, our next experiments aimed to investigate whether these
neurons were undergoing apoptosis. A quantitative analysis of the
number of caspase-3 positive neurons revealed that cervical spinal
cords from BACHD mice had three times more neurons positive for
Caspase-3 than their WT counterparts (Fig. 4). Our data suggest that
the reported neuronal death in the cervical spinal cord in BACHD
might be occurring by an activation of the apoptotic cascade.
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These data are in accordance to previous studies using mouse
models for HD that showed neuronal death by apoptosis in other
regions of the CNS (Dragunow et al., 1995). Other works also sug-
gested that the Htt could be a substrate to caspase-3, leading to an
increase in the cleavage rate of Htt, causing additional stress to the
cell and consequently the cell death by apoptosis (Wellington ez al.,
2002). Furthermore, Toulmond et al. (2004) showed that the inhibi-
tion of the activity of caspase-3 by its reversible inhibitor (M-826),
resulted in a significant reduction in the neuronal death in rat models
for HD.

We next investigated through TEM possible alterations at the
ultrastructural level in motoneurons from cervical spinal cords of
BACHD mice. Mitochondria are vital organelles that generate
energy to all cellular processes and regulate cell function, thus, any
impairment in these structures can lead to generation of reactive
oxygen species that can induce cell death by necrosis or apoptosis
(Benard et al., 2007). It has been shown that mitochondria dysfunc-
tion plays an important role in the pathogenesis of HD (Browne &
Beal, 2004; Reddy et al., 2009). In our study, we observed cristae
disruption and vacuoles in mitochondria (Fig. 4). Previous in vivo
studies showed that N-terminals Htt fragments could directly inter-
fere with mitochondria functioning, resulting in calcium related-
abnormalities and subsequent energy deficit (Panov et al., 2002). It
is interesting to note that neurons are the first cells to be affected by
mitochondria alterations as they are very sensitive to oxidative
stress, excitotoxic stress, expression of inflammatory signals, pro-
apoptotic signals and energy depletion that might play a role in the
observed neuronal death in HD (Kim et al., 2010a, b).

Another feature that we observed in the EM images was the pres-
ence of lipofuscin granules (Fig. 4H) in BACHD motoneurons. It is
well-described that the accumulation of these granules in neurons
during aging is a normal process (Samorajski e al., 1965). How-
ever, there are evidences that this deposition may also be related to
neurodegenerative diseases such as Alzheimer’s disease and Amy-
otrophic Lateral Sclerosis (Mcholm er al., 1984; Cataldo et al.,
1994). Furthermore, it is known that oxidative stress caused by
mitochondrial damage in brain of HD patients leads to the increase
in lipofuscin granules (Brown, 1999). Based on these evidences, we
suggested that the accumulation of lipofuscin granules observed in
motoneurons from BACHD might be a sign of degeneration. In
addition, we suggested that the mitochondria observed in motoneu-
rons at the ultrastructure level might be related to cell atrophy and
death by apoptosis in cervical spinal cord from BACHD mice.

In conclusion, our study provides evidences of significant alter-
ations at the spinal cord motoneurons, ventral roots, NMlJs, and
STM muscle in a mouse model for HD (see Fig. 5). We suggest
that although this disease is caused by damage in the upper CNS
structures that control movement, the motor unit, which is the final
pathway of the motor system, also suffers significant changes in
BACHD. Further experiments are necessary to identify mechanisms
involved in these alterations. Therefore, our data may open new
routes of investigation and could help in establishing new directions
in the therapeutics of HD.
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