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RESUMO

Sevoflurano e isoflurano sdo anestésicos inalatorios utilizados tanto para a
indugéo quanto para a manutengdo da anestesia. Apesar de serem amplamente utilizados
na pratica clinica, seus mecanismos sinapticos de acdo ndo sdo completamente
elucidados. Além disso, esses farmacos também causam relaxamento muscular
esquelético durante sua utilizacdo em procedimentos cirdrgicos. Este efeito pode estar
relacionado a um efeito inibitorio destes agentes na liberacdo de acetilcolina na regido
da jungdo neuromuscular. Desta forma, o objetivo deste trabalho foi investigar e
comparar os efeitos pré-sinapticos dos anestésicos sevoflurano e isoflurano na jungéo
neuromuscular de camundongos, utilizando técnicas de microscopia Optica para
visualizar a reciclagem de vesiculas sinapticas. No presente trabalho, preparacoes
neuromusculares de diafragma de camundongos foram isoladas e os aglomerados de
vesiculas sinapticas marcados com a sonda fluorescente FM1-43 com o objetivo de
avaliar a interferéncia do sevoflurano e isoflurano no ciclo espontaneo ou evocado das
mesmas. Sevoflurano e isoflurano (0,45, 0,6 e 0,9 mM) ndo alteraram a exocitose
espontdnea de vesiculas sinapticas. Além disso, sevoflurano e isoflurano néo
apresentaram efeito inibitério sob o estimulo despolarizante gerado por solucéo
concentrada de KCI, um estimulo Na'-independente. Por outro lado, sevoflurano e
isoflurano mostraram significativo efeito inibitorio sob os estimulos despolarizantes
Na’-dependente evocados por 4AP (ImM) e veratridina (100 pM), sugerindo uma agéo
destes anestésicos em canais para Na’. Além disso, o efeito inibitorio de sevoflurano
sob a desmarcacdo do FM1-43 induzida por 4AP foi maior do que o observado com
isoflurano. A exocitose evocada por veratridina (100 uM) foi inibida por tetrodotoxina
(1 uM TTX), porém nenhuma inibicéo adicional foi observada quando TTX foi usada
conjuntamente com 0s anestésicos testados. Contudo, TTX 0,5 UM concentracdo esta
que reduz em 50% a exocitose induzida pela veratridina, com 0,45 mM de sevoflurano
ou de isoflurano inibiu o estimulo despolarizante da veratridina de forma similar a
inibicdo causada por 1uM TTX, indicando que estes anestésicos podem ter como alvo
canais para Na* voltagem-dependente. Nossos resultados mostram que os anestésicos
volateis sevoflurano e isoflurano inibem a exocitose evocada por estimulos dependentes
de Na* provavelmente por atuarem em canais para Na* sensiveis a TTX. Estes achados
podem contribuir para um melhor entendimento dos efeitos neuromusculares
observados durante a administracao destes farmacos na anestesia geral.

Palavras-chave: sevoflurano; isoflurano; exocitose; juncdo neuromuscular; FM1-43.
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ABSTRACT

Sevoflurane and isoflurane are halogenated anesthetics used for induction and
maintenance of anesthesia. Despite being routinely used in clinical practice, their
synaptic mechanisms of action are not clearly understood. In addition, these drugs also
cause skeletal muscle relaxation during their administration in clinical procedures. This
effect might be correlated with an inhibitory effect on the release of acetylcholine at the
neuromuscular junction. Thereby, the aim of this work was to investigate and compare
the presynaptic effects of sevoflurane and isoflurane at the mouse
neuromuscular junction using optical techniques to visualize the recycling of synaptic
vesicles. In the present study, diaphragm nerve-muscles preparations of mice were
isolated and clusters of synaptic vesicles were labeled using the fluorescent vital dye
FM1-43 to examine whether these volatiles anesthetics might interfere with the
spontaneous and/or evoked exocytosis. Our data showed that both sevoflurane and
isoflurane (0.45, 0.6 and 0.9 mM) did not evoke spontaneous exocytosis of synaptic
vesicles. In addition, sevoflurane and isoflurane had no effect in
inhibiting depolarization evoked by KCI (60 mM), a Na+-independent stimulus.
However, sevoflurane and isoflurane significantly inhibited the depolarization evoked
by 4AP (1mM) and veratridine (100 pM), suggesting a putative action on
sodium channels. Furthermore, the inhibition of FM1-43 destaining evoked by 4AP was
greater under sevoflurane treatment compared to isoflurane. Exocytosis evoked by
veratridine was inhibited by tetrodotoxin (1 uM TTX) but no further inhibition was
observed when TTX (1 uM) was associated with either anesthetic. Nevertheless, a
reduced TTX concentration (0.5 pM) used together with 0.45 mM sevoflurane or
isoflurane showed an inhibition similar to TTX (1 uM) alone, indicating that both
agents may target in voltage gated sodium channels. Thus, our data suggest that the
volatile anesthetics sevoflurane and isoflurane inhibit exocytosis evoked by sodium
dependent depolarization and it might act on sodium channels that are sensitive to
TTX. These findings contribute to a better understanding of some clinical muscular

aspects observed during administration of these halogenated volatile agents.

Key words: sevoflurane; isoflurane; exocytosis; neuromuscular junction; FM1-43.
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1. INTRODUCAO

1.1 A Jungdo Neuromuscular

Sinapses sdo regides especializadas que permitem a comunicacao entre uma célula
pré-sindptica com uma célula alvo pos-sinaptica. Até o presente momento, dois tipos de
sinapses foram descritos: a sinapse elétrica e a sinapse quimica (ZHAI & BELLEN,
2004). A sinapse elétrica € um mecanismo de comunicacdo e transmissdo de impulsos
através da conducdo de ions por proteinas de membrana de uma célula para outra, em
regides especializadas (gap junctions) (revisado por HORMUZDI et. al., 2004). Ja nas
sinapses quimicas, mais lentas do que a sinapse elétrica, um sinal elétrico resultante da
propagacdo de correntes idnicas é convertido em um sinal quimico, representado pela
liberacdo de neurotransmissores que irdo atuar sobre a célula alvo (KATZ, 1966;
revisado por ZHAI & BELLEN, 2004).

A juncdo neuromuscular (JNM) da classe dos mamiferos (FIGURA 1) é um dos
modelos atuais de sinapses mais utilizados para estudos neuroquimicos e
neurofisioldgicos e de melhor compreendimento, dada sua simplicidade estrutural,
tamanho e acessibilidade (KUMMER et.al., 2006). Esta estrutura consiste em uma
sinapse quimica composta por uma célula pré-sinaptica (terminal axonal de um
neurdnio motor) contendo abundantes vesiculas sindpticas preenchidas com o
neurotransmissor acetilcolina (ACh), uma fenda sinaptica e um aparato de recepcdo na
membrana da célula pos-sinaptica (célula muscular). Em determinadas regides da
terminagdo, é possivel observar, no plano ultraestrutural, regiGes eletrondensas
denominadas zonas ativas que marcam 0s sitios subcelulares da transmissdo sinaptica.
Cada zona ativa pode ser identificada pela sua associagdo com aglomerados de vesiculas
sinapticas pequenas, de aproximadamente 50nm de diametro, preenchidas com ACh em.
Nestas regides, vesiculas sinapticas se ancoram, fusionam-se com a membrana e
liberam neurotransmissores na fenda sindptica. O aparato de recepcdo pds-sinaptico,
justaposto a zonas ativas, contém aglomerados de receptores de neurotransmissores e
canais ibnicos e é referido como densidade pds-sinaptica, dada sua aparéncia quando
observado sob microscopio eletronico de transmissdo (GARNER et.al., 2000). Na JNM
de camundongos este aparato € formado por receptores nicotinicos para a ACh. Esses
receptores ndo estdo uniformemente distribuidos pelo aparato pds-sinaptico, mas sim

formando agrupamentos nas dobras da membrana pés-sinaptica, atingindo nesses locais

15



densidades que podem chegar a mais de 10000 por mm? Esse arranjo permite aos
receptores detectar de forma réapida e eficiente a ACh liberada durante a exocitose
(revisado por HALL, 1992 E HALL & SANES, 1993).

A exocitose de vesiculas ocorre na zona ativa e a subseqiiente recuperagdo
endocitica dos componentes vesiculares pode ocorrer tanto na zona ativa quanto na area
da zona peri-ativa (ROOS & KELLY, 1999).

Todo este arranjo demonstrado anteriormente garante a integracdo entre células
nervosas e as celulas musculares e constitui um modelo para o estudo do ciclo de

vesiculas sinapticas e possiveis interferéncias farmacoldgicas neste processo.
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Figura 1: Juncdo Neuromuscular de camundongo. (A) Micrografia eletronica de

varredura de JNM de camundongo. Nota-se a presenca de terminais axonais (setas)
disposto de forma circular sobre uma célula muscular estriada esquelética, que apresenta
na membrana pds-sindptica diversas dobras juncionais, nas cristas das quais se
concentram aglomerados de receptores para ACh (TORREJAIS et al, 2002) (Barra de
escala: 10 um). (B) Imagem de microscopia de fluorescéncia de JNM de camundongo
(Matheus de C. Fonseca). Observa-se 0 ax6nio mielinizado (seta) e o terminal pré-
sinptico de aspecto circunscrito (estrela) (Barra de escala: 10 um). (C) Micrografia
eletronica de transmissdo de uma JNM de camundongo (Hermann A. Rodrigues). O
componente pré-sindptico apresenta diversas vesiculas sinapticas e algumas
mitocondrias. A célula muscular, pds-sinaptica, apresenta em sua membrana dobras
juncionais. Os elementos pré e pos-sinapticos sdo separados por uma estreita fenda

sindptica (Barra de escala: 1 um).
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1.2 A comunicagao neuronal e o ciclo de vesiculas sinapticas

A comunicacdo neuronal quimica é um fenémeno regulado e de grande
importancia para a realizacdo das atividades vitais do organismo. Para que esta
comunicagdo ocorra de forma adequada e precisa, uma série de eventos precisa ocorrer:
a despolarizacdo de uma célula pré-sinaptica devido a dindmica dos canais i0nicos; a
exocitose de vesiculas sinapticas mediada por proteinas especificas; e a liberacdo de
neurotransmissores que se ligardo a seus receptores especificos e desencadeardo
resposta tipica. As regides especializadas de comunicagdo entre o terminal axonal de um
neurdnio e uma célula pos-sindptica onde os neurotransmissores sdo liberados da célula
pré-sinaptica e ativam seus receptores pés-sindpticos sao denominadas sinapses
(SHERINGTON, 1906, WU et.al., 2010).

O ciclo de vesiculas sinapticas envolve um trafego ciclico destas organelas, o qual
pode ser descrito em dois grandes eventos gerais: (1) Exocitose: (a) 0s
neurotransmissores sdo sintetizados e ativamente transportados para dentro das
vesiculas sinapticas; (b) as vesiculas agrupam-se em na regido da zona ativa; ()
ancoram-se nela; (d) amadurecem e entdo; (e) tornam-se aptas para a fuséo e
consequente exocitose disparada pelo influxo de Ca®* para o interior do terminal
(SUDHOF, 2004) (FIGURA 2). (2) Endocitose: apds a exocitose, as vesiculas
sinapticas sdo endocitadas e recicladas por uma de trés vias alternativas: (a) endocitose
chamada “Kiss and Run” - neste modelo, apds as vesiculas liberarem os
neurotransmissores via um poro de fusdo transiente, elas sdo recapturadas, podendo
permanecer no local, ser novamente preenchidas com neurotransmissor e submeter-se a
um novo ciclo de exocitose ou, alternativamente, podendo ndo ancorar e permitir que
outras vesiculas ocupem seu lugar (CECCARELLI et al., 1973; SUDHOF, 2004); (b)
endocitose mediada pela formacdo da cobertura de clatrina (FIGURA 3) - ap0s a
completa fusdo da membrana da vesicula com a membrana plasmatica do terminal,
forma-se uma cobertura de clatrina, que ailiada por proteinas acessorias, fornece a forca
necessaria para a invaginacdo da membrana. Em seguida, a vesicula é reacidificada e
repreenchida diretamente ou apds passar por um endossoma intermediario (HEUSER &
REESE, 1973; MURTHY & DE CAMILLI, 2003); (c) endocitose via grandes
invaginacdo de membrana e formacdo de cisternas, das quais brotam novas vesiculas
cobertas por clatrina (TAKEI et al., 1995; RICHARDS et al., 2000) (FIGURA 3).
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Os eventos que culminam com a exocitose de vesiculas sinapticas se iniciam com a
chegada de um potencial de a¢do no terminal pré-sinaptico, que levard a modificacao
estrutural em proteinas especializadas de membranas, responsaveis pelo influxo/efluxo
de ions, denominadas canais i6nicos (SUDHOF, 2004). A abertura de canais para Na*
(ions sodio) sensiveis a voltagem (CSSV) leva ao influxo deste ion no terminal axonal
aumentando o potencial de membrana desta regido (SUDHOF, 2004).
Consequentemente, ocorre a abertura de canais para Ca?* (jons célcio) sensiveis a
voltagem (CCSV) que permitem o influxo de Ca®* para o interior do terminal,
desencadeando assim a exocitose de vesiculas sinapticas e subsequente liberacdo do
neurotransmissor na fenda sinédptica. (FIGURA 2). Para que a membrana retorne a seu
potencial de repouso, existe a participacdo dos canais vazantes para K* (ions potassio) e
ativo trabalho da bomba ATPésica de Na* e K*.

A exocitose de vesiculas sinapticas compartilha muitos principios basicos e
proteinas homdlogas com outros eventos de fusdo de membrana (L1 & CHIN, 2003). Os
componentes conservados da maquinaria geral de fusdo vesicular incluem as chamadas
proteinas SNARE [soluble NSF attachment receptor — vesiculares (v-SNARE) e
membranares (t-SNARE)], ATPase NSF, Muncl18/nSec 1,GTPase Rab3 e proteinas
exociticas (LI & CHIN, 2003; SUDHOF, 2013) Além destes elementos conservados, a
exocitose de vesiculas sindpticas usa um conjunto de proteinas Unicas como a
sinaptotagmina, complexina, Munc 13 e RIM, responsaveis pela rapida resposta a
alteraces no transiente de Ca®* intracelular (L1 & CHIN, 2003). A maquinaria minima
essencial para a fusdo de vesiculas sindpticas é composta pelas proteinas do complexo
SNARE: 1) a sinaptobrevina/VVAMP, localizada na membrana da vesicula e também
chamada de v-SNARE (vesicular SNARE); 2) sintaxina e SNAP-25, situadas na
membrana plasmatica do terminal pré-sinaptico e por esta razdo chamadas de t-SNARE
(target SNARE) (SOLLNER et al., 1993). A fusdo de membranas que possibilita a
liberacdo dos neurotransmissores é regida pela progressiva interacdo entre SNARES de
vesicula sinaptica com as da membrana do terminal. A sinaptotagmina | € uma proteina
integral presente na membrana da vesicula sinaptica que funciona como um sensor para
Ca®*, ligando-se a este fon, o que permitira a interacdo das v-SNARESs com as proteinas
t- SNARESs e desencadeara a exocitose da vesicula (MURTHY & DE CAMILLI, 2003;
CHAPMAN, 2006).

Como mencionado, a transferéncia de impulsos nervosos para a célula-alvo pés-

sinaptica ocorre atraves da liberacdo de neurotransmissores a partir de vesiculas
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sinapticas previamente maturadas. A maturacdo das vesiculas compreende a
acidificacdo do limem da organela, preenchimento com neurotransmissores, associacao
com proteinas de membrana e agrupamento em um dos trés possiveis pools ou
aglomerados de vesiculas conhecidos: o aglomerado prontamente liberavel, o
aglomerado de reciclagem ou o aglomerado de reserva (R1ZZOLI & BETZ, 2005;
ALABI & TSIEN, 2012). Com isso, pode-se dizer que a manutengdo da transmisséo
sinaptica relaciona-se diretamente com a disponibilidade de vesiculas sinapticas
preenchidas com uma alta concentracdo de neurotransmissores e passiveis de serem
exocitadas. (SCHWEIZER & RYAN, 2006).
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Figura 2: A exocitose de vesiculas sinapticas. O influxo de Na* no terminal gera uma
mudanca no potencial de membrana da célula, fazendo com que o interior do terminal
fique carregado positivamente. Esta mudanca de potencial leva a abertura de canais para
K* e Ca®* sensiveis a voltagem. O influxo de K* leva ao restabelecimento do potencial
de membrana, enquanto que o influxo de Ca®*é responsével por desencadear o evento de
exocitose vesicular. A exocitose de vesiculas ocorre gracas a um conjunto de proteinas,
dentre elas, proteinas SNARE. Apds a exocitose, por¢cdes de membrana sdo endocitados
para o interior do terminal pré-sinaptico para a formacao de novas vesiculas passiveis de

serem novamente preenchidas com neurotransmissores e, assim, iniciar um novo ciclo.

FONTE: www.cnsforum.com/content/pictures/imagebank/hirespng/vesicle_fusion.png

21



A

Heuser-Reese

C

Bulk retrieval

A
T

i 58T

vy JJ""' %

</\_ \".~_’ ] " ".. y
& »
O P R R )
_O_ﬂ__b - Q-f"-/"(' -

Figura 3: Modelos propostos de endocitose de vesiculas sinapticas. (A) Endocitose

mediada por capa de clatrina. Modelo proposto por Heuser & Reese no qual as vesiculas
sindpticas sdo completamente integradas a membrana da zona ativa durante a exocitose
e sdo recicladas por meio de endocitose mediada por capa de clatrina. Micrografia
eletrnica (a direita) demonstrando a presenca de depressdes de membrana e vesiculas
cobertas por capa de clatrina (setas) em terminacdo motora submetida a estimulo
elétrico. E possivel observar também a presenca de cisternas "c". (B) Modelo de kiss
and run (a esquerda) proposto por Ceccarelli no qual, durante a liberacdo de
neurotransmissores, as vesiculas abrem um poro de fusdo transitério, mas nao se
fundem completamente a membrana pré-sindptica, sendo recicladas localmente.
Micrografia eletrdnica (a direita) de terminagdo motora submetida a estimulo elétrico de
baixa frequéncia por duas horas. Destaca-se a auséncia de vesiculas cobertas por capa
de clatrina e de cisternas. (C) Diagrama representando endocitose via grandes
invaginacdes de membrana (a esquerda) apds liberacao vesicular. Micrografia eletronica
(a direita) indicando invaginacfes de membrana contendo FM1-43 fotoconvertido (setas
negras) ou desprovidas do marcador (seta clara) (TAKEI et al., 1996, RICHARDS et
al., 2001) (revisado por ROYLE & LAGNADO, 2003).
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1.3 Os anestésicos inalatorios

De todos 0s marcos e conquistas na historia da medicina, o controle da dor aguda
durante procedimentos cirargicos pode ser considerado como um dos poucos que
potencialmente afetou a todos os seres humanos. A demonstracdo das propriedades
anestésicas do volatil éter por Willian Morton em 1846 foi uma das descobertas mais
significantes na ciéncia médica e desde entdo diversos outros compostos tém sido
desenvolvidos, sempre buscando alternativas mais efetivas e com menores efeitos
colaterais para producéo da anestesia (VANDAM, 1994).

Os anestésicos inalatorios sdo substancias de grande importancia e utilizacdo na
medicina moderna (HEMMINGS et.al., 2005), com o intuito de promover 0s seguintes
principais efeitos: imobilidade, inconsciéncia, analgesia e supresséo de reflexos do
sistema nervoso autdbnomo. Apesar de existirem relatos de uso destas substancias por
mais de 150 anos e serem amplamente utilizadas na pratica clinica, os mecanismos
moleculares e celulares de acdo destas drogas ainda ndo estdo completamente
elucidados. Logo, um grande esforgo tem sido feito para elucidar seus alvos moleculares
e consequentemente seus efeitos nas terminagdes nervosas.

Os anestésicos ja foram considerados como drogas sem receptores, produtoras de

um mesmo efeito neurobioldgico, agindo, portanto nos mesmos alvos. Porém,
atualmente, esta hipotese tem sido contestada (SOLT & FORMAN, 2007) ja que
estudos recentes demonstraram que diferentes classes de anestésicos gerais atuam por
vias diferentes em distintos alvos, enfatizando assim a existéncia de multiplos sitios e
mecanismos de acdo. Além disso, estudos tém demonstrado que 0s anestésicos atuam
tanto em alvos pré-sinapticos, quanto em alvos pds-sinapticos (FRANKS, 2006).
A depressdo da neurotransmissdo excitatoria e/ou facilitacdo da neurotransmissdo
inibitéria sdo os principais efeitos neurobioldgicos dos anestésicos gerais na
neurotransmissdo sinaptica central e também, salvo algumas excecdes, na periférica
(OUYANG et.al., 2003; PEROUANSKY, 2008).

Didaticamente, os anestésicos gerais podem ser divididos em duas classes,
conforme sua via de administracdo: anestésicos inalatorios e anestésicos intravenosos.
Os anestésicos inalatorios geralmente sdo utilizados para a manutencdo da anestesia. Os
anestésicos intravenosos sdo empregados para induzir a anestesia, fornecer anestesia
complementar ou permitir anestesia nos procedimentos operatorios curtos. Dentre 0s
anestésicos inalatorios mais utilizados atualmente, podemos destacar: halogenados em
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geral (halotano, enflurano, isoflurano, sevoflurano e desflurano) e 6xido nitroso. Ja
entre 0s anestésicos gerais intravenosos destaca-se o etomidato, alguns barbitdricos e o
propofol (HEMMINGS, 2005).

Apesar do grande interesse em se descobrir 0s exatos mecanismos de acdo destas
drogas, é desejavel que um anestésico ideal, ndo importando qual seja seu mecanismo
de acdo, apresente um efeito indutor rapido (mas também suave), ofereca Otimas
condicdes para a realizacdo de uma cirurgia e permita rapida recuperacdo do paciente
quando a administracdo da droga for cessada. Até o presente momento, quase todos 0s
anestésicos gerais utilizados apresentam vantagens e desvantagens terapéuticas
(FIGURA 4) e nenhum ¢é capaz de realizar todos os efeitos mencionados por si mesmo
(HEMMINGS et.al., 2005), porém alguns, como os inalatdrios sevoflurano e isoflurano,

estdo mais proximo em atender os requisitos mencionados anteriormente.
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Desvantagens Terapéuticas Vantagens Terapéuticas
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® Boa analgesia

(® Deve ser administrado
utilizando-se um vaporizador
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©® Anestesia incompleta
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® Deve ser utilizado com
outros anestésicos para
se obter anestesia cirtirgica

| ® Relaxamento da musculatura
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. ® Boa analgesia
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Figura 4: Vantagens e desvantagens terapéuticas dos anestésicos gerais
intravenenosos e inalatorios. Dentre o0s anestésicos inalatérios, os halogenados
sevoflurano e isoflurano se destacam por apresentarem poucos efeitos adversos
conhecidos.

Fonte: Howland, D., , Mycek, M. J. Farmacologia llustrada. Traducdo da 3? edicao.
Porto Alegre: Artmed Editora S.A.; 2007. p. 125-138.
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1.4 Sevoflurano, Isoflurano e os anestésicos inalatérios.

Os anestésicos inalatorios sdo substancias volateis utilizadas para inducao e/ou
manutencdo da anestesia, que apresentam vantagens farmacocinéticas expressivas sobre
0s anestesicos intravenosos. Aumentando ou diminuindo a concentragdo da substancia
que é inspirada pelo paciente, é possivel aumentar ou diminuir a concentracdo deste
agente no sangue e nos tecidos corporais, 0 que permite mudancas rapidas na
profundidade da anestesia e oferece um método simples para induzir, manter ou cessar a
anestesia geral. (TORRI, 2010).

Desde a década de trinta, novos anestésicos inalatérios vém sendo produzidos. Os
primeiros eram inflamaveis, porém este problema veio a ser resolvido com a introducéo
de um &tomo de flior na estrutura da molécula. Além disso, esta alteracdo trouxe
beneficios como aumento da estabilidade e menor efeito na camada de 0z6nio (JONES,
1990; MERRET & JONES, 1994)

Em 1972, o sevoflurano foi descrito pela primeira vez (WALLIN et.al., 1975),
porém com uso aprovado apenas em 1990 no Japdo. Dentre as propriedades deste
farmaco, incluem-se os pequenos efeitos sobre o sistema cardiorrespiratorio, efeitos
reversiveis no sistema nervoso central, auséncia de efeito toxico cumulativo com as
exposicoes repetidas, dentre outras. Como apresenta um baixo coeficiente de particdo
sangue:gas, a inducdo e a recuperacdo anestésicas sdo mais rapidas e previsiveis.
Apresenta ainda odor adocicado, sem provocar irritacdo do trato respiratério e um
potente efeito broncodilatador, tornando-o um excelente candidato para inducdo de
anestesia sob mascara tanto em adultos quanto em criancas (JACOB et.al., 2009).
Atualmente é o anestésico inalatério mais usado em humanos no mundo (CESAROVIC
et.al., 2010), porém, seus mecanismos de acdo ainda ndo foram completamente
esclarecidos.

O anestésico isoflurano, também uma substancia volatil do grupo dos
halogenados, é o anestésico inalatério mais utilizado na clinica veterinaria desde 1988.
Por possuir um coeficiente de particdo sangue:gads maior do que sevoflurano, a
recuperacdo dos pacientes apds o procedimento anestésico € um pouco mais lenta,
guando comparado com pacientes submetidos a anestesia com sevoflurano
(MATTHEWS, 2003). Em cées adultos, a inducdo com mascara anestésica e a
recuperacao é mais rapida, e de melhor qualidade com o sevoflurano, comparativamente
com o isoflurano (HOFMEISTER, et.al., 2008).
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Diferentes alvos moleculares em varias regifes do sistema nervoso estdo
envolvidos nos véarios componentes da anestesia geral mediada por anestésicos
inalatorios ou venosos e estes alvos podem variar entre os anestésicos. Além disso, 0s
anestésicos necessarios durante muitos procedimentos cirargicos afetam tanto a
transmissdo sinaptica excitatoria e inibitéria no sistema nervoso central (RICHARDS
et.al., 2002). ExperimentacGes eletrofisioldgicas mostram que as ac¢des sinapticas dos
anestésicos gerais inalatérios envolvem alvos tanto pré e / ou pds-sindpticos
(HEMMINGS, 2009).

DINIZ e colaboradores (2013) mostraram que 0s anestésicos volateis, como
halotano e sevoflurano induzem a liberacio de [*H] GABA, em fatias de cértex cerebral
de rato por induzir o transporte reverso deste neurotransmissor. Outros estudos
realizados pelo nosso grupo também mostraram que o anestésico inalatério sevoflurano
induz a liberacdo de serotonina e dopamina em fatias de cérebro de rato, agindo pré-
sinapticamente (DINIZ, 2007; SILVA, 2008). Além disso, VALADAO e colaboradores
(2013) mostraram que o anestesico intravenoso etomidato, estimula a exocitose de
vesiculas sindpticas e também pode interferir com 0s receptores nicotinicos para
acetilcolina (nAChRs) pos-sinapticos, indicando que esta droga pode exercer um efeito
pré e pos-sinaptico. Sevoflurano, interagindo diretamente com nAChR , também
potencializa o efeito de drogas ndo despolarizantes geradoras de bloqueio
neuromuscular e leva a respostas mais intensas do que outros anestésicos volateis, como
halotano e isoflurano (PAUL, 2002; NITAHARA, 2010) .

Portanto, estes farmacos alteram a liberacdo de neurotransmissores e/ou modulam
as respostas pos-sinapticas (PASHKOV & HEMMINGS, 2002). No entanto, as
contribuicdes de cada um desses alvos ndao foram ainda claramente definidas.

Desde os anos 1980, os canais i6nicos tém sido considerados como o alvo
molecular mais promissor para 0s anestésicos gerais (HEMMINGS, 2005), mas uma
investigacdo mais profunda ainda é necessaria. Grandes esforcos tém sido feitos a fim
de obter uma melhor compreensdo de como 0s anestésicos volateis interferem com a
transmissdo neuromuscular. Por exemplo, KENNEDY & GALINDO (1975) mostraram
que o enflurano é capaz de provocar um relaxamento muscular atuando diretamente
sobre a placa motora. HEDENSTIERNA & EDMARK (2005) também mostraram 0s
efeitos da anestesia geral com anestésicos inalatorios e paralisia muscular gerada por
eles sobre o sistema respiratorio. Outros trabalhos anteriores mostraram os efeitos pos-

sinapticos de anestésicos inalatdrios sobre a liberacdo de neurotransmissores no plano
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da JNM. VIOLET (1997), por exemplo, mostrou que nAChRs neuronais e musculares
s80 sensiveis aos anestésicos gerais, incluindo o sevoflurano , com graus diferentes de
sensibilidade. TASSONYI (2002) e colaboradores mostraram que 0S anestésicos
volateis e cetamina sdo os inibidores mais potentes do subtipo neuronal dos receptores
nACh e também produzem excelente efeito inibidor sobre o subtipo muscular.

No entanto, 0s mecanismos pré-sindpticos, mais especificamente, 0s passos
bésicos para a liberagdo de neurotransmissores envolvidos nos efeitos causados pelo

sevoflurano nas jungdes neuromusculares, permanecem obscuros.
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2. OBJETIVOS

2.1 Objetivo Geral

- Investigar o provavel efeito dos anestésicos inalatérios sevoflurano e isoflurano
na exocitose espontanea e evocada de vesiculas sinapticas na JNM de diafragma de

camundongo.

2.2 Objetivos Especificos

- Realizar curva dose-resposta dos anestésicos sevoflurano e isoflurano na

exocitose espontanea de vesiculas sinapticas em JNMs de diafragma;

- Investigar se sevoflurano e isoflurano sdo capazes de bloquear a exocitose de
vesiculas sinapticas evocada por estimulo independente de fons Na® nas JNMs de

diafragma de camundongos;

- Investigar se sevoflurano e isoflurano séo capazes de bloquear a exocitose de
vesiculas sinapticas evocada por estimulos dependentes do influxo de fons Na" nas

JNMs de diafragma de camundongos.

- Comparar o efeito blogueador dos anestésicos sevoflurano e isoflurano na
exocitose com o efeito de um bloqueador de acdo conhecida em JNMs de diafragma de

camundongos.
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3. MATERIAL E METODOS

3.1 Animais utilizados

Neste estudo, utilizamos camundongos fémeas da linhagem Swiss com idade
média de 7-8 semanas. Todos os animais foram fornecidos pelo Centro de Bioterismo
(CEBIio) da Universidade Federal de Minas Gerais. Todos os procedimentos foram
aprovados pelo Comité de Etica em Experimentacdo Animal (CETEA) e Comissdo de
Etica no Uso de Animais (CEUA) com o protocolo CETEA-UFMG 82/2008.

3.2 Solucgdes

-Solucéo Ringer
- NaCl 135 mM, KCI 5 mM, CaCl; 2 mM, MgCl, 1 mM, NaHCO3 12 mM,
NaH,PO4 1 mM, D-glicose 11 mM, pH ajustado para 7.4.

- Solucéo Ringer Alto Potéssio (60 mM):
- NaCl 80 mM, KCI 60 mM, MgCl; 2 mM, NaHCO3 12 mM, NaH,PO, 1 mM,
D-glicose 11 mM, pH ajustado para 7.4.

- Solucéo aquosa de sevoflurano e isoflurano

Os anestésicos foram gentilmente doados pelo Prof. Renato Santiago Gomez do
Departamento de Cirurgia da Faculdade de Medicina da UFMG e armazenado em
temperatura ambiente (25 °C).

Dada a sua baixa solubilidade, para cada experimento foi preparada uma solucéo
estoque concentrada do anestésico sevoflurano (15 — 16mM) ou isoflurano (11 — 13
mM) e deixada em agitacdo em um rotador vertical por no minimo 6 horas. Isto foi feito
com o objetivo de se produzir uma solucdo homogénea do anestésico em questao.

Em parceria com o Departamento de Quimica do Instituto de Ciéncias Exatas da
UFMG (ICEX-UFMG), apos a producdo da solu¢cdo homogénea dos anestésicos, estas
foram avaliadas através da extracdo com heptano (MILLER & GANDOLFI, 1979) em
um aparelho de cromatografia gasosa Hewlett Packard Series 11-5890. Esse aparelho era
equipado com uma coluna capilar (DB-WAX, 30 metros de comprimento; didmetro
interno 25 mm; espessura de filme de 0,33 um; temperatura maxima: 325°C), onde dois
microlitros da solugdo estoque eram introduzidos diretamente através de um septo
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(elastdmero). As condi¢bes de separacdo incluiam uma analise cromatografica a
temperatura constante da coluna (80°C) e uma mistura de hidrogénio (fluxo: 35, 350 e
30 ml /min, respectivamente) como gas carreador. A leitura da solugdo injetada era feita
através de um detector FID (100°C) e as curvas eram plotadas em um computador
equipado com o programa Varian Star 5.5. Este procedimento foi realizado com o
objetivo de avaliar a homogeneidade da solu¢do produzida. Posteriormente, utilizando a
mesma técnica, avaliamos a porcentagem de perdas do anestésico no decorrer do
experimento, dado a volatilidade do farmaco. Desta maneira, a concentracdo exata
testada em cada experimento foi conhecida e as corre¢fes de concentracdo necessarias
para a producdo das solucBes anestésicas foram feitas. Posteriormente, em nosso
protocolo experimental, uma amostra da solugé@o estoque produzida era retirada com o
auxilio de uma seringa e diluida em mouse Ringer presente em um frasco vedado, com
0 objetivo de se obter a concentracdo desejada a ser testada nos experimentos

subsequentes de microscopia de fluorescéncia.

3.3 Reagentes e toxinas

= Toxina d-tubocurarina (Sigma-Aldrich, St. Louis, MO, EUA);
= FM1-43 (Molecular Probes Inc., Eugene, OR, EUA);

= 4-aminopiridina (4AP) (Sigma-Aldrich St. Louis, MO, EUA);
= Veratridina (VER) (Sigma-Aldrich, St. Louis, MO, EUA)

= Tetrodotoxina (TTX) (Sigma-Aldrich, St. Louis, MO, EUA);
»  -Conotoxina GIIIB (Sigma-Aldrich, St. Louis, MO, EUA);
= Sevoflurano 1 ml/Iml (Instituto BioChimico, RJ, Brasil)

= Isoflurano 1 ml/ml (Instituto BioChimico, RJ, Brasil)

3.4 Marcacao dos aglomerados vesiculares e monitoramento do ciclo de

vesiculas sinapticas com o marcador fluorescente FM1-43

O ciclo das vesiculas sinapticas pode ser monitorado utilizando sondas
fluorescentes captadas durante a endocitose e liberadas durante a exocitose
(LICHTMAN et al., 1985; BETZ, MAO, BEWICK, 1992; RIBCHESTER, MAO,
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BETZ, 1994). Desta maneira podemos visualizar a reciclagem de vesiculas em um
terminal neuronal.

O desenvolvimento de tais ferramentas para estes estudos foi um passo
fundamental para a melhor compreensdo dos processos que envolvem a reciclagem das
vesiculas sinapticas e, com isso, a comunicacdo neuronal (COUSIN e ROBINSON,
1999).

Para a realizacdo de nossos estudos de monitoramento do ciclo de vesiculas
sinapticas, musculos diafragma de camundongos foram dissecados, montados em
camara propria forrada com Sylgard®, fixados com alfinetes entomolégicos e banhados
por solugdo Ringer aerada por uma mistura de 5%C0O% 95%0°,

Os aglomerados de vesiculas sinapticas foram marcados utilizando a sonda
fluorescente FM1-43 (4 uM) (BETZ & BEWICK, 1993). Esta molécula anfipatica
apresenta em uma extremidade duas caudas lipofilicas compostas por quatro grupos
metilenos e um grupo metil terminal, o que facilita sua ligacdo reversivel com
membranas celulares (BETZ & BEWICK, 1993). Na outra extremidade, uma porcao
carregada positivamente previne a completa insercdo do marcador nas membranas
bioldgicas (BETZ e BEWICK, 1993; WU et al., 2009). Entre estas duas porcles da
molécula encontra-se o fluor6foro, formado por dois anéis aromaticos conectados entre
si por uma ligagdo dupla (FIGURA 5A). Tal fluoréforo é responsavel pela emisséo do
espectro luminoso quando hé excitacdo da sonda. Em nosso estudo, o0 marcador FM1-43
era adicionado a camara contendo a preparacdo neuromuscular, permitindo a ligacédo
deste na membrana da terminacdo nervosa. Seguido a isto, adicionavamos uma solucéao
despolarizante de KCI 60 mM (solucdo Ringer Alto K*), durante 10 minutos, com o
objetivo de evocar a exocitose das vesiculas sinapticas. Esta solucdo era acrescida da
toxina d-tubocurarina (16 puM) - potente bloqueador de nAChR — para impedir as
contragbes do musculo durante a estimulagdo. Ap6s corrido o tempo, a solucdo
despolarizante era substituida por Ringer normal, contendo FM1-43 e d-tubocurarina e
0 musculo era incubado durante 15 minutos para garantir a captacdo da sonda durante o
processo de endocitose compensatéria. Este processo possibilita a internalizacdo do
marcador (BETZ et.al., 1992) fazendo com que as vesiculas sinapticas endocitadas
apresentem o marcador aprisionado em seu interior e aderido a sua membrana.
(FIGURA 5B). Isto possibilitard a visualizacdo de aglomerados vesiculares marcados
com a sonda, em um microscopio de fluorescéncia, sob a forma de pontos fluorescente.

Como o FM1-43 néo é especifico para membranas de terminais nervosos, mas sim para
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todas e qualquer tipo de membrana lipidica, se fez necessario um periodo de lavagem da
preparacdo por cerca de 20 minutos para que o excesso do marcador fosse removido e,
consequentemente, uma diminuicdo do background fosse obtida para a captura de
imagens de melhor qualidade. Tal lavagem era feita utilizando solu¢do Ringer normal
adicionada de d-tubocurarina (16 uM).

Para visualizar a exocitose de aglomerados de vesiculas sinapticas, um novo
estimulo, ap6s o procedimento de marcacdo com o FM1-43, era aplicado. A sonda era
entdo liberada no meio externo, levando a uma diminuicdo do sinal fluorescente, uma
vez que o FM1-43 é 300 vezes menos fluorescente quando ndo esta ligado as
membranas celulares (BETZ et.al., 1992) (FIGURA 6).
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Figura 5. O marcador fluorescente FM1-43 é utilizado para monitoramento dos passos de
endocitose e exocitose de vesiculas sindpticas em neurénios. (A) Estrutura molecular do
FM1-43, sonda fluorescente utilizada para o monitoramento do ciclo de vesiculas
sinapticas. (Basic Neurochemistry, seventh edition. Edited by Siegel et. al., 2006) (B)
Marcacgdo de aglomerados vesiculares com a sonda fluorescente FM1-43. (1,2) Marcagéo
da membrana do terminal pré-sinaptico com o FM1-43 adicionado & solu¢do. O neur6nio foi
estimulado na presenga de FM1-43. Observe no detalne em aumento maior que a sonda ndo
emite sinal fluorescente quando ndo ligada a membrana devido a seu baixo rendimento
quantico. Notar que a membrana que originou uma nova vesicula sinaptica estd marcada com a
sonda. (3) Uma breve lavagem remove as moléculas de FM que ndo foram internalizadas. (4)
Um segundo ciclo de exocitose induzido por estimulagdo resulta na liberagcdo da sonda que foi
internalizada durante a endocitose. (Modificado de GUATIMOSIM and VON GERSDORFF.
Optical monitoring of synaptic vesicle trafficking in ribbon synapses. Neurochemistry
International Volume 41, Issue 5, November 2002, Pages 307-312).
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Figura 6. Ciclo de vesiculas sindpticas marcadas com o marcador FM1-43 visualizados por
microscopia Optica de fluorescéncia. A) Imagens representativas de duas terminacfes
nervosas motoras de masculo diafragma com seus respectivos aglomerados de vesiculas
sinapticas marcados com FM1-43, submetidos a fotodesmarcacdo (painel superior) ou a
estimulacdo com solucdo Ringer Alto Potéssio (painel inferior) durante sete minutos. Observar
perda do sinal fluorescente. B) Quantificacdo da perda de sinal fluorescente devido a
fotodesmarcacdo (~10%) e ao estimulo com KCI 60mM (~50%). N= 3 animais para cada grupo
experimental (fotodesmarcacdo e KCI 60mM); 30 pontos fluorescentes analisados para cada

grupo experimental. Barra de escala: 10pum
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3.5 Exposicédo da preparacgdo ao anestesico e neurotoxinas

Depois de marcadas com FM1-43, as preparagdes neuromusculares foram
submetidas a diferentes concentracfes do anestésico sevoflurano ou isoflurano (0,45
mM, 0,6 mM e 0,9 mM). Devido a volatilidade destes agentes, a preparacao
neuromuscular foi perfundida continuamente com a solucdo anestésica preparada,
através de uma bomba de perfusdo Samtronic ST670, com o objetivo de se manter a
concentracdo anestésica testada constante durante o procedimento. O efeito do
anestésico na exocitose de vesiculas sinapticas foi investigado na presenca apenas do
anestésico ou conjuntamente com neurotoxinas e agentes despolarizantes, com o

objetivo de verificar se este firmaco bloqueia a exocitose evocada por esses estimulos.

3.6 Aquisicdo e andlise das imagens

As imagens foram adquiridas utilizando um microscépio de fluorescéncia (Leica
DM 2500) acoplado a uma camera Leica DFC345FX nos seguintes valores de tempo: 0,
1, 3, 5 e 7 minutos apo6s o inicio da perfusdo. A aquisicéo foi feita pelo programa Leica
Application Suite 4.0, em que foi possivel selecionar o tempo de exposi¢do da
preparacdo e 0 ganho da imagem para evitar possiveis saturacdes que poderiam vir a
distorcer a analise. Utilizamos uma lente objetiva de imersdo com aumento de 63X e
abertura numérica de 0,90. A luz utilizada na excitacdo do fluor6foro era proveniente de
uma lampada HXP R120/45C — VIS e filtrada (505/530nm) para que o comprimento de
onda excitacdo/ emissdo desejado pudesse ser selecionado. Todos 0s experimentos

foram realizados com no minimo trés réplicas.

3.7 Analise estatistica

As analises cromatograficas foram avaliadas atraves do software Varian Star 5.5
em que as areas das curvas obtidas em cada injecdo eram obtidas e comparadas. As

analises estatistica foram feitas utilizando o programa GraphPad Prisma 5.0, através do

test-t pareado de Student. P<0,05 foi considerado estatisticamente significante.
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Ja para os experimentos de microscopia de fluorescéncia, as analises das
imagens foram realizadas utilizando os softwares Image J e Microsoft Office Excel. A
média da intensidade da fluorescéncia foi determinada para cada grupo de aglomerado
de vesiculas e tabelada em graficos criados utilizando o programa GraphPad Prisma 5.0.

As analises estatisticas foram feitas utilizando o test-t pareado de Student. P<0,05 foi

considerado estatisticamente significante.
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4. RESULTADOS

4.1 Efeito do sevoflurano e isoflurano na exocitose espontanea de vesiculas

sinapticas de JNMs de diafragma de camundongo

No primeiro conjunto de experimentos investigamos o efeito do sevoflurano e
isoflurano na exocitose espontanea de vesiculas sinapticas na JNM de camundongos.
Para isso, preparacdes de musculo diafragma contendo terminais nervosos motores
marcados com FM1-43 foram continuamente perfundidas com concentragdes clinicas
(0,45 mM e 0,6 mM) ou supra-clinica (0,9 mM) de sevoflurano ou isoflurano durante 7
minutos (FIGURAS 7 e 8). Imagens representativas dos terminais nervosos antes
(painéis superiores) e apds (painéis inferiores) a fotodesmarcacdo sdo mostrados nas
Figuras 7A e 8A. Como representado, ap6s 7 minutos de exposicdo a luz, uma reducgéo
de ~10% na fluorescéncia é observada. As Figuras 7B-D mostram que as preparagdes
perfundidas durante 7 minutos com sevoflurano em qualquer uma das concentracfes
testadas (0,45, 0,6 ou 0,9 mM) ndo apresentaram reducdo significativa do sinal
fluorescente quando comparadas com o controle (fotodesmarcagéo). O mesmo resultado
foi observado com isoflurano (FIGURAS 8B-D) nas mesmas concentra¢fes acima. O
gréfico da FIGURA 9 representa a quantificacdo da reducdo do sinal fluorescente
devido a fotodesmarcacdo (P > 0.05; N = 9 animais, 63 pontos fluorescentes
analisados), tratamento com sevoflurano/isoflurano 0,45 mM (P > 0.05; N = 4 animais,
28 pontos fluorescentes analisados), tratamento com sevoflurano/isoflurano 0,6 mM (P
> 0.05; N = 4 animais, 28 pontos fluorescentes analisados) e tratamento com
sevoflurano/isoflurano 0,9 mM (P > 0.05; N = 4 animais, 28 pontos fluorescentes
analisados). Como observado, estes dados nos permite concluir que os anestésicos
inalatorios sevoflurano e isoflurano ndo séo capazes de evocar a exocitose de vesiculas

sinapticas na JNM de diafragma de camundongos.
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Figura 7: O anestésico inalatério sevoflurano nédo induz a exocitose de vesiculas sindpticas na JNM de diafragma de camundongo. (A) Imagens
representativas da reducgdo da fluorescéncia devido a iluminagdo durante 7 minutos (fotodesmarcacdo). Painel superior: antes da iluminagdo. Painel inferior:
ap6s 7 minutos de iluminacdo. (B) Imagens representativas de terminacGes nervosas antes (painel superior) e apds incubagdo com sevoflurano 0,45 mM por 7
minutos (painel inferior). (C) Imagens representativas de terminacfes nervosas antes (painel superior) e ap6s incubagdo com sevoflurano 0,6 mM por 7 minutos
(painel inferior). (D) Imagens representativas de terminagdes nervosas antes (painel superior) e apés incubagdo com sevoflurano 0,9 mM por 7 minutos (painel

inferior). Barra de escala =10 pm
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Figura 8: O anestésico inalatdrio isoflurano também néo é capaz de evocar a exocitose de vesiculas sindpticas na JNM de diafragma de camundongo.
(A) Imagens representativas da redugdo da fluorescéncia devido a iluminacdo durante 7 minutos (fotodesmarcacéo). Painel superior: antes da iluminag&o. Painel
inferior: apos 7 minutos de iluminacdo. (B) Imagens representativas de terminagGes nervosas antes (painel superior) e apos incubacdo com isoflurano 0,45 mM
por 7 minutos (painel inferior). (C) Imagens representativas de terminagdes nervosas antes (painel superior) e apds incubacédo com isoflurano 0,6 mM por 7
minutos (painel inferior). (D) Imagens representativas de terminacdes nervosas antes (painel superior) e apds incubacdo com isoflurano 0,9 mM por 7 minutos

(painel inferior). Barra de escala = 10 ym
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Figura 9: Sevoflurano e isoflurano ndo estimulam a exocitose de vesiculas sindpticas na
JNM. Quantificagdo do sinal fluorescente apds fotodesmarcagdo ou incubagdo com diferentes
concentragdes de sevoflurano ou isoflurano. AF, fluorescéncia normalizada (F-F0/100). Os
resultados expressos constituem a média +EPM de 147 pontos fluorescentes de 15 terminacdes
nervosos de 15 animais para fotodesmarcacdo e 28 pontos fluorescentes de 4 terminacbes
nervosas de 4 animais para cada uma das outras condicGes experimentais (sevoflurano ou

isoflurano 0,45 mM; sevoflurano ou isoflurano 0,6 mM e sevoflurano ou isoflurano 0,9 mM).
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4.2 Sevoflurano e isoflurano nédo inibem a exocitose de vesiculas sindpticas

evocada por solugdo despolarizante de KCI.

Estudos apontam que 0s anestésicos gerais podem interagir com diferentes tipos
de canais idnicos ativados por voltagem, dentre eles os canais para Na© K*, e Ca*
(Hemmings et al., 2009). Além disso, alguns estudos tem demonstrado que 0s
anestésicos gerais inalatorios causam relaxamento muscular e podem potencializar o
efeito de drogas bloqueadoras neuromusculares como o vecurdnio (SUZUKI et al.,
1999; GHATGE et.al., 2003). Sendo assim, para investigar um possivel mecanismo
pelo qual o sevoflurano e o isoflurano geram tal relaxamento muscular, o subsequente
conjunto de experimentos investigou se estes anestésicos sdo capazes de bloquear
diferentes estimulos despolarizantes que mimetizam um potencial de acdo fisioldgico,
sejam dependentes ou independentes do influxo de fons Na".

Solucdes altamente concentradas de KCI sdo rotineiramente utilizadas como um
método farmacol6gico para evocar a exocitose de vesiculas sindpticas em terminacGes
nervosas de maneira independente de Na* (NICHOLLS, 1993). Um nivel aumentado na
concentragio extracelular de K* despolariza a membrana celular por deslocar o
equilibrio de fons K* que leva a ativacéo de canais para Ca** dependentes de voltagem.
A ativacido destes canais leva a um influxo de Ca?* para o interior da terminacdo
nervosa e, consequentemente, exocitose de vesiculas sinapticas independente de Na®.
Para investigar se sevoflurano e isoflurano eram capazes de interferir com a exocitose
induzida por KCI (60 mM), terminagdes nervosas marcadas com FM1-43 foram pré-
incubadas com sevoflurano ou isoflurano nas concentragdes de 0,45 ou 0,9 mM. Em
seguida, as preparacdes foram continuamente perfundidas com solucdo de KCI 60mM
acrescida do anestésico nas mesmas concentracbes mencionadas. Preparacdes tratadas
com KCI 60mM exibem uma perda de ~60% na intensidade de fluorescéncia ap6s 7
minutos de tratamento. TerminacBes nervosas pré-incubadas e continuamente
perfundidas com sevoflurano ou isoflurano 0,45 ou 0,9mM e estimulados com KCI
60mM, exibiram um padréo de desmarcacdo similar as preparacoes tratadas apenas com
KCI 60mM. Imagens representativas de terminagdes nervosas antes e apos a
fotodesmarcacao, estimulacdo com KCI 60mM na auséncia ou presenca dos anestesicos
estudados sdo apresentadas nas FIGURAS 10 e 11. Resultados de diferentes
experimentos estdo quantificados na FIGURA 12. A desmarcacdo evocada por KCI 60

mM foi estatisticamente diferente da fotodesmarcacdo (P < 0,001; N=10 animais, 100
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pontos fluorescentes analisados), mas similar & desmarcacao de todos 0s outros grupos
experimentais (KClI 60 mM + sevoflurano 0,45; KCI 60 mM + sevoflurano 0,9 mM;
KCIl 60 mM + isoflurano 0,45 e KCI 60 mM + sevoflurano 0,90 (P > 0,05; N= 3
animais, 21 pontos fluorescentes analisados para cada condicdo experimental). Este
resultado sugere, portanto, que sevoflurano e isoflurano ndo inibem a exocitose de
vesiculas sinépticas evocada por KCI, um estimulo despolarizante independente do
influxo de Na™.
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Figura 10: O anestésico inalatorio sevoflurano néo € capaz de bloquear a exocitose de vesiculas sinapticas evocada por KCI 60 mM na JNM de
diafragma de camundongo. (A) Imagens representativas da reducdo da fluorescéncia devido a iluminagdo durante 7 minutos (fotodesmarcacdo). Painel
superior: antes da iluminacédo. Painel inferior: apds 7 minutos de iluminacdo. (B) Imagens representativas de terminacdo nervosa antes (painel superior) e apds 7
minutos de tratamento com KCI 60 mM (painel inferior). (C) Imagens representativas de terminacdo nervosa antes (painel superior) e ap6s 7 minutos de
tratamento com KCI 60 mM + sevoflurano 0,45 mM (painel inferior). (D) Imagens representativas de terminagdo nervosa antes (painel superior) e apds 7

minutos de tratamento com KCI 60 mM + sevoflurano 0,9 mM. Barra de escala =10 um
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Figura 11: O anestésico inalatério isoflurano ndo é capaz de bloquear a exocitose de vesiculas sinapticas evocada por KCI 60 mM na JNM de
diafragma de camundongo. (A) Imagens representativas da reducdo da fluorescéncia devido a iluminagdo durante 7 minutos (fotodesmarcacgdo). Painel
superior: antes da iluminacédo. Painel inferior: ap6s 7 minutos de iluminacdo. (B) Imagens representativas de terminacdo nervosa antes (painel superior) e apds 7
minutos de tratamento com KCI 60 mM (painel inferior). (C) Imagens representativas de terminagdo nervosa antes (painel superior) e ap6s 7 minutos de
tratamento com KCI 60 mM + sevoflurano 0,45 mM (painel inferior). (D) Imagens representativas de terminacdo nervosa antes (painel superior) e apos 7

minutos de tratamento com KCI 60 mM + sevoflurano 0,9 mM. Barra de escala = 10 um
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Figura 12. Sevoflurano, isoflurano e a exocitose evocada por KCI 60mM. Quantificacdo do
sinal fluorescente ap6s fotodesmarcacdo (primeira barra), evocada por KCI 60 mM (segunda
barra), KCl 60 mM + sevoflurano ou isoflurano 0,45 mM (terceiras barras pareadas) e KCI 60
mM + sevoflurano ou isoflurano 0,9 mM (quartas barras pareadas) ou incubacdo com diferentes
concentragdes de sevoflurano ou isoflurano.  AF, fluorescéncia normalizada (F-F0/100). Os
resultados expressos sdao da média +tEPM de 150 pontos fluorescentes de 15 terminacGes
nervosas de 15 animais para fotodesmarcacdo, 100 pontos fluorescentes de 10 terminacgdes
nervosas de 10 animais para KCI 60 mM e 21 pontos fluorescentes de 3 terminagfes nervosas
de 3 animais para cada uma das outras condi¢des experimentais (KCI 60 mM + sevoflurano ou

isoflurano 0,45 ou 0,9 mM). *P<0.05 comparado a primeira barra (fotodesmarcagao).
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4.3 Sevoflurano e isoflurano inibem a exocitose de vesiculas sinapticas

evocada por 4-aminopiridina em JNMs de diafragma de camundongo.

Canais para Na" ativados por voltagem tém sido considerados como importantes
alvos para 0s anestésicos gerais, especialmente para os anestésicos inalatorios. Ja € bem
elucidado que concentragdes clinicas de anestésicos inalatorios inibem canais para Na*
em terminagOes nervosas isoladas de neur6nios de ratos, assim como possuem atividade
inibitéria de subunidades alfa de canais para Na® de mamiferos heterologamente
expressos. (HEMMINGS, 2009). Baseado nessas observagdes, nosso proximo passo foi
investigar em nosso modelo experimental se o sevoflurano poderia interferir com a
exocitose de vesiculas sinapticas evocada por 4AP (1 mM) ou por veratridina (100 pM).
A despolarizacdo de membrana evocada por 4AP € associada com a extensdo temporal
do potencial de a¢io causado pelo bloqueio da corrente de K*, o que leva a abertura de
canais para Na* e consequente abertura de canais para Ca?*, ocasionando a liberagéo de
neurotransmissores na fenda sindptica. (ENOMOTO & MAENO, 1981). A Figura 13B
mostra que terminacfes nervosas incubadas com 4AP (1 mM) por 7 minutos exibem
uma reducdo na intensidade do sinal fluorescente da sonda FM1-43 (Quantificacdo
expressa na FIGURA 15; P < 0,0001 quando comparado a fotodesmarcacdo; N = 7
animais, 49 pontos fluorescentes analisados).

Preparacdes neuromusculares pré-incubadas e continuamente perfundidas com
sevoflurano na concentracdo de 0,45 mM (P = 0,0158; N = 4 animais, 28 pontos
fluorescentes analisados) e 0,6 mM (P = 0,0024; N = 4 animais, 28 pontos
fluorescentes) apresentaram uma significativa reducdo da exocitose evocada por 4AP
(decaimento de ~15% do sinal fluorescente) (FIGURAS 13C e 15). O sevoflurano na
concentracdo de 0,9 mM inibiu de forma ainda mais significativa a desmarcacdo do
FM1-43 induzida pelo 4AP (1 mM) (P < 0,01; N = 4 animais, 28 pontos) quando
comparado com 4AP + sevoflurano 0,6 mM mM (FIGURA 13D e 15, decaimento de
~10% no sinal fluorescente). Podemos entdo inferir que na JNM de camundongos o
sevoflurano inibe consideravelmente a exocitose de vesiculas sinapticas evocada por
4AP, um mecanismo dependente de Na*, na JNM de camundongos.

De maneira similar, observamos que o anestésico isoflurano foi capaz de inibir a
exocitose evocada por 4AP, porém de maneira menos pronunciada que sevoflurano.
(FIGURA 14). De fato, preparacbes neuromusculares pré-incubadas e continuamente

perfundidas com isoflurano nas concentrages testadas (0,45, 0,6 ou 0,9 mM) exibiram
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uma reducdo de ~20% do sinal fluorescente quando estimuladas com 4AP (1 mM) (P <
0,05 quando comparado com 4AP sozinho; N = 3 animais, 28 pontos fluorescentes
analisados para cada grupo experimental) (FIGURAS 14 e 15). Com isso, mostramos
que isoflurano inibe consideravelmente a exocitose de vesiculas sinapticas evocada 4AP
na JNM de camundongo, porém com uma eficiéncia estatisticamente menor do que

sevoflurano.
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Figura 13: O anestésico inalatdrio sevoflurano inibe a exocitose de vesiculas sindpticas evocada por 4AP (1 mM) em JNM de diafragma camundongos
(A) Imagens representativas da redugdo da fluorescéncia devido & iluminacdo durante 7 minutos Painel superior: antes da iluminacdo. Painel inferior: apds 7
minutos de iluminacdo. (B) Imagens representativas de terminacdo nervosa antes (painel superior) e apos tratamento com 4AP 1 mM (painel inferior). (C)
Imagem representativa de terminacdo nervosa antes (painel superior) e apés tratamento com 4AP 1 mM + sevoflurano 0, 45 mM durante 7 minutos. (D)

Imagem representativa de terminacdo nervosa antes (painel superior) e apds 7 minutos de tratamento com 4AP 1 mM + sevoflurano 0, 9 mM (painel inferior).

Barra de escala = 10 pm
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Figura 14: O anestésico inalatorio isoflurano inibe a exocitose de vesiculas sinapticas evocada por 4AP (1 mM) (A) Imagens representativas da reducgdo da
fluorescéncia devido & iluminagdo durante 7 minutos Painel superior: antes da iluminagdo. Painel inferior: ap6s 7 minutos de iluminacdo. (B) Imagens
representativas de terminacdo nervosa antes (painel superior) e apés tratamento com 4AP 1 mM (painel inferior). (C) Imagem representativa de terminacao
nervosa antes (painel superior) e apds tratamento com 4AP 1 mM + isoflurano 0, 45 mM durante 7 minutos. (D) Imagem representativa de terminagdo nervosa

antes (painel superior) e ap6s 7 minutos de tratamento com 4AP 1 mM + isoflurano 0, 9 mM (painel inferior). Barra de escala = 10 pm
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Figura 15: Os anestésicos inalatorios sevoflurano e isoflurano inibe a exocitose de vesiculas
sindpticas evocada por 4AP (1 mM) em JINM de diafragma camundongos (A)
Quantificacdo da perda de fluorescéncia devido a fotodesmarcacdo (primeira barra), tratamento
com 4AP (1 mM) (segunda barra), tratamento com 4AP (1 mM) + sevoflurano 0,45 mM
(terceira barra), tratamento com 4AP (1 mM) + sevoflurano 0,6 mM (quarta barra) e tratamento
com 4AP (1 mM) + sevoflurano 0,9 mM (quinta barra). AF, fluorescéncia normalizada (F-
FO0/100). Os resultados expressos representam a média EPM de 49 pontos fluorescentes de 7
animais de 7 terminagdes nervosas para 4AP 1mM e 28 pontos fluorescentes de 4 terminagdes
nervosas de 4 animais para cada uma das outras condi¢Bes experimentais. *P<0,05 quando
comparado com a primeira barra (fotodesmarcacgdo). **P<0,05 quando comparado com a
segunda barra (4AP 1 mM). a P<0,05 quando comparado com isoflurano (cada concentragéo) .

b P<0.05 quando comparado com sevofluran0 0, 45 ou 0,6mM.
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4.4 Sevoflurano e isoflurano inibem a exocitose de vesiculas sinapticas

evocada por veratridina em JNM de diafragma de camundongo.

Em sequéncia, investigamos se sevoflurano e isoflurano inibem a exocitose de
vesiculas sinapticas evocada pela veratridina, outro estimulo despolarizante dependente
de canais para Na*. Este farmaco atua de maneira distinta de 4AP, por atuar de forma
direta no canal para Na®. A veratridina impede a inativacio de canais para Na’
previamente ativados e, desta maneira, causa uma despolarizacdo de membrana
(BARNES e HILLE, 1988).

PreparacOes tratadas com veratridina (100 uM) durante 7 minutos exibem uma
significativa exocitose de vesiculas sinépticas (~45% de reducdo do sinal fluorescente)
(P<0,0001 quando comparado a fotodesmarcacdo; N=10 animais, 70 pontos
fluorescentes analisados) (FIGURA 16). Preparacfes neuromusculares pré-incubadas e
continuamente perfundidas com sevoflurano 0,45 mM exibiram uma redugdo no
estimulo despolarizante evocado pela veratridina (~25% de reducdo do sinal
fluorescente) (P <0,05; N=4 animais, 28 pontos fluorescentes analisados). Na presenca
do anestésico, a reducao no sinal fluorescente foi menor do que na auséncia do farmaco
e ndo houve efeito inibitério mais proeminente quando concentraces mais altas foram
utilizadas. (0,6 ou 0,9 mM, P < 0,05; N=4 animais, 28 pontos fluorescentes analisados
para cada condi¢cdo) (FIGURA 16). Desta maneira, conclui-se que o sevoflurano inibe a
exocitose de vesiculas sinapticas evocada pela veratridina.

Resultados similares foram observados quando isoflurano foi utilizado no lugar de
sevoflurano. PreparacGes pré-incubadas e continuamente perfundidas com isoflurano
0,45, 0,6 ou 0,9 mM também inibiram significativamente a exocitose induzida pela
veratridina (~25% de reducéo do sinal fluorescente) (P<0,05; N=4 animais e 28 pontos

fluorescentes analisados para cada condicéo experimental) (FIGURA 17)
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Figura 16: Sevoflurano e isoflurano inibem a exocitose de vesiculas sinpaticas evocada por
veratridina (100 uM) em JNMs de diafragma. Quantificacdo do sinal fluorescente apds
fotodesmarcagdo (primeira barra), evocada por veratridina 100uM (segunda barra), veratridina
100uM + sevoflurano ou isoflurano 0,45mM (terceiras barras pareadas), veratridina 100uM +
sevoflurano ou isoflurano 0,6mM (quartas barras pareadas), veratridina 100uM + sevoflurano
ou isoflurano 0,9mM (quintas barras pareadas). AF, fluorescéncia normalizada (F-F0/100). Os
resultados expressos sao da média +EPM. Os resultados expressos representam a média +EPM
de 150 pontos fluorescentes de 15 terminacBes nervosas de 15animais para fotodesmarcacéo,
100 pontos fluorescentes de 10 terminagdes nervosas de 10 animais para veratridina 100uM e
28 pontos fluorescentes de 4 terminacdes nervosas de 4 animais para cada uma das outras
condicBes experimentais (veratridina 100uM + sevoflurano ou isoflurano 0,45, 0,6 e 0,9mM).
*P<0,05 quando comparado a primeira barra (fotodesmarcacao). ** P< 0,05 quando comparado

a segunda barra (veratridina 100uM).
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A exocitose evocada pela veratridina é praticamente abolida (~80%) pela
tetrodotoxina (TTX) na concentragdo de 1 pM (P = 0.0027 quando comparado com
veratridina 100 pM; N=3 animais, 21 pontos fluorescentes analisados) e em
aproximadamente 45% por TTX 0,5 pM (FIGURA 17) (P = 0,00236 quando
comparado com a veratridina 100 pM; N=3 animais, 21 pontos fluorescentes
analisados). Os resultados mostrados anteriormente nos levaram a perguntar se
sevoflurano/isoflurano e TTX poderiam exercer um efeito aditivo em inibir a exocitose
evocada pela veratridina. Como a TTX 1 uM quase aboliu completamente o estimulo da
veratridina, para responder a esta pergunta nds utilizamos a concentracdo de 0,5 uM de
TTX (FIGURA 18). Nossos resultados mostraram que incubacdo simultanea de
terminagfes nervosas com TTX 05 puM e sevoflurano ou isoflurano 0,45 mM
produziram um efeito sinérgico aditivo em inibir a exocitose de vesiculas induzida pela
veratridina (~15% de reducdo do sinal fluorescente) quando comparado com
sevoflurano ou isoflurano 0,45 mM sozinhos (~25% de reducdo do sinal fluorescente)
(P = 0,022; N=4 animais, 28 pontos fluorescentes analisados, para cada condicdo
experimental) ou com TTX 0,5 uM sozinha (~25% de reducao do sinal fluorescente) (P
= 0,0432; N=4 animais, 28 pontos fluorescentes analisados) (FIGURA 17).

Desta maneira, em conjunto, nossos dados mostram que sevoflurano e isoflurano
reduzem a exocitose de vesiculas sinapticas através de um blogueio nos canais para Na*
sensiveis a TTX na JNM de diafragma de camundongos e oferecem novas informacdes

acerca dos mecanismos de acdo do sevoflurano neste sistema.
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Figure 17. Os anestésicos isoflurano e sevoflurano inibem com a exocitose de vesiculas
sinapticas induzida por veratrina (100 pM) em JNMs de diafragma de camundongo. (A)
Quantificacdo do sinal fluorescente apos incubacdo com veratridina 100uM (primeira barra),
veratridina 100uM + TTX (1 uM) (segunda barra), veratridina 100uM + TTX (0,5 uM)
(terceira bar), veratridina 100uM + 0,45mM sevoflurano ou isoflurano (quartas barras pareadas)
e veratridina 100uM + 0,45 mM isoflurano ou isoflurano + TTX 0,5 uM (quintas barras
pareadas). AF, fluorescéncia normalizada (F-FO0/100). Os resultados expressos sdo da média
+EPM de 100 pontos fluorescentes de 10 terminais nervosos de 10 animais (veratridina 100
uM) e 28 pontos fluorescentes de 4 terminais nervosos de 4 animais pra cada uma das outras
condicBes experimentais (veratridina 100 uM + TTX 1 uM; veratridina 100 uM + 0,5 uM TTX;
veratridina 100 uM + sevoflurano ou isoflurano 0,45mM e veratridina 100 uM +sevoflurano ou
isoflurano 0,45mM + TTX 0,5 uM). *P<0,05 comparado a primeira barra (veratridina 1200uM).
** P< 0,05 comparado a segunda barra (veratridina 100uM+ TTX 1 uM). *** P<0,05
comparado a terceira barra (TTX 0,5 uM) a,b P<0,05 quando comparado respectivamente a

veratridina 100 pM + sevoflurano 0,45mM e veratridina 100 uM + isoflurano 0,45mM.
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5. DISCUSSAO

Os anestésicos gerais agem no sistema nervoso central e periférico, levando a
auséncia de consciéncia e da resposta a dor, além de promover a imobilizacdo do
paciente, necessario nos procedimentos cirdrgicos, através de um relaxamento muscular
(JONES, 1999). Os anestésicos volateis sdo administrados pela via inalatoria e sdo
eliminados principalmente pelos pulmdes (TREVOR & WHITE, 2004). Além disso,
alguns destes agentes, como o sevoflurano e isoflurano, sdo rapidamente eliminados do
organismo permitindo uma répida recuperacdo anestésica, 0 que reduz a acdo de
metabdlitos toxicos em outros 6rgdos, como figado e rins (MUIR et al, 2007).

Diversos estudos tém sido publicados anualmente tentando esclarecer 0s
mecanismos celulares e moleculares envolvidos na acdo dos anestésicos inalatorios. 1sso
é de extrema importancia, uma vez que cerca de 13,5% da populacdo é submetido a
algum tipo de anestesia a cada ano (CLERGUE et al., 1998). Sabe-se que esses agentes
atuam primariamente em sinapses e parece nao afetar a conducdo axonal (GRIFFTHS &
NORMAN, 1993). Classicamente, a acdo destas drogas envolve a potencializacdo da
neurotransmissdo inibitéria, marcadamente as sinapses GABAérgicas no sistema
nervoso central, e depressdo da neurotransmissdo excitatéria seja ela central ou
periférica (HEMMINGS, 2009).

Os anestésicos inalatérios sevoflurano e isoflurano apresentam diversas
propriedades que os fazem como drogas de escolhas em procedimentos clinicos
necessarios. Atualmente, o sevoflurano é o anestésico inalatério mais utilizado em seres
humanos enquanto que o isoflurano é o farmaco de escolha para procedimentos
anestésicos envolvendo animais tanto em laboratérios de pesquisa quanto em clinicas
veterinarias (CESAROVI et al. 2010)

Contudo, como qualquer anestésico moderno, estes agentes também produzem
alguns efeitos colaterais considerados minimos quando comparados com outros
anestésicos. Adicionalmente, sevoflurano e isoflurano apresentam uma propriedade
extremamente desejavel para a anestesia: 0 relaxamento muscular (SUZUKI et.al.,
1996). Os anestesicos inalatérios sevoflurano, isoflurano, enflurano e desflurano
produzem um relaxamento muscular esquelético considerado duas vezes maior do que o
halotano. (WENKER, 1998). Muitos estudos mostram como estas drogas agem no
sistema nervoso central, porém ainda ndo estad bem estabelecido o efeito destes agentes

anestésicos no sistema nervoso periférico, em especial, na JNM. Encontrar a resposta
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para esta pergunta poderia nos oferecer mais informacdes sobre como estas drogas
causam o relaxamento muscular observado durante a anestesia. Seria este apenas um
efeito central ou poderia haver também alguma atuacdo marcadamente periférica?

Os efeitos inibitdrios dos anestésicos volateis na comunicacdo neuromuscular
tém sido demonstrados em estudos in vitro (KENNEDY & GALINDO, 1975;
BHATTACHARYYA etal., 1994) e in vivo (SUZUKI, 1996). SUZUKI e
colaboradores (1999) mostraram que o sevoflurano deprime potencias de agéo
compostos em masculos e causa uma diminuicdo na amplitude dos mesmos sob
estimulacao repetitiva. Além disso, todos os anestésicos volateis, incluindo sevoflurano
e isoflurano, potencializam o efeito de agentes bloqueadores ndo despolarizantes que
impedem a comunicagdo neuromuscular (SUZUKI et al., 1999; MOTAMED &
DONATI, 2002). Além disso, VIOLET et al (1997) demonstraram que estes anestésicos
por si s6 sdo também capazes de bloquear receptores nicotinicos musculares e
neuronais.

Todos estes efeitos mencionados anteriormente vém a sugerir que 0s anestésicos
volateis interferem de alguma maneira com a comunicacdo na JNM, podendo exercer
tanto efeitos pré como pds-sinapticos. Alguns estudos tém tido foco nos efeitos dos
anestésicos volateis sob os componentes pds-sinapticos envolvidos com a comunicagao
neuromuscular (PAUL et al., 2002; SUZUKI et al., 2009). Contudo, os componentes
pré-sinapticos que poderiam ser alvo dos anestésicos volateis para causar o relaxamento
muscular ainda sdo pouco investigados. Sendo assim, neste trabalho investigamos 0s
efeitos dos anestésicos inalatérios sevoflurano e isoflurano sob a exocitose espontanea e
evocada de vesiculas sinapticas marcadas com a sonda fluorescente FM1-43 na JNM de
diafragma de camundongos.

Estudos prévios ja mostraram que 0s anestésicos isoflurano e halotano
aumentam a liberacdo basal de dopamina em corpo estriado de ratos (KEITA et al.,
1999). Além disso, apesar de SILVA e colaboradores (2007) terem demonstrado que o
sevoflurano na concentracdo de 0,46mM aumenta significativamente a liberacdo de
dopamina, esta ocorria por um mecanismo nédo-vesicular, sendo assim independente do
ciclo de vesiculas sinadpticas. Estudos executados por SCHICHINO et al (1998)
mostram que anestésicos volateis como isoflurano e sevoflurano inibem a liberagdo de
ACh de maneira dose-dependente em fatias corticais de rato ndo-estimuladas. NARUO
e colaboradores (2005) sugerem que quando neurdnios de ganglio de caramujos sdo

isolados e incubados com concentrac@es clinicas de sevoflurano na presenca de FM1-43
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e na auséncia de estimulacdo, nenhum efeito no ciclo de vesiculas sinapticas €
observado. Em nosso modelo, também um sistema colinérgico, nés investigamos se
sevoflurano e isoflurano seriam capazes de evocar a exocitose de vesiculas sinapticas
em uma preparagdo nao-estimulada.

Quando as preparacdes neuromusculares contendo as vesiculas sinapticas
marcadas com FM1-43 foram incubadas com diferentes concentragdes de sevoflurano
ou isoflurano (0,45, 0,6 e 0,9mM), nés ndo observamos decaimento significativo na
fluorescéncia do FM1-43 quando comparado com preparacdes ndo tratadas com o0s
anestésicos. Este resultado sugere, portanto, que sevoflurano e isoflurano ndo séo
capazes de estimular a exocitose de vesiculas sinapticas na JNM de camundongos.
(FIGURAS 7 e 8).

Ja é documentado que anestésicos volateis halogenados como sevoflurano e
isoflurano causam relaxamento muscular esquelético durante cirurgias nas quais esses
agentes sdao empregados (WAUD e WAUD, 1975 a e b; GHATGE et al., 2003). Este
efeito poderia ocorrer devido a um efeito inibitorio sobre a exocitose evocada de
vesiculas sinapticas. Apesar de alguns trabalhos mostrarem que anestésicos volateis
podem inibir canais para Na* e canais para Ca®* dos tipos P e Q, sejam eles somaticos
ou heterologamente expressos (KAMATCHI, 1999), nesse trabalho nds observamos que
sevoflurano e isoflurano ndo foram capazes de inibir a exocitose evocada por solugéo de
KCI 60mM, um estimulo despolarizante independente de Na" que atua diretamente nos
canais para Ca®* dependentes de voltagem, levando a abertura dos mesmos
(NICHOLLS, 1993).

Corroborando este achado, WESTPHALEN e colaboradores (2013) sugerem que
o isoflurano inibe de uma maneira bem mais pronunciada a liberacdo de
neurotransmissores evocada por 4AP do que a evocada por KCl. HEMMINGS et al.
(2005) também demonstraram em modelo de neurdnios hipocampais que, apesar de ter
sido observada uma inibicdo da exocitose de vesiculas sinapticas evocada por estimulo
elétrico, este anestésico ndo inibe a exocitose de vesiculas induzida por KCI. Esses
dados, em conjunto com os que foram apresentados nesse trabalho sugerem que tanto
no SNC quanto na periferia, o sitio pré-sindptico de acdo dos anestésicos volateis
sevoflurano e isoflurano deve estar localizado numa etapa anterior ao influxo de Ca**
para o terminal neuronal.

Diversas evidéncias sugerem um papel importante desempenhado pelos

anestésicos inalatorios como bloqueadores de canais para Na* gerando, desta forma, um
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bloqueio na comunicacdo celular (RATNAKUMARI & HEMMINGS, 1998;
LINGAMANENI et al., 2001; OUYANG et al., 2003; WESTPHALEN et al., 2003;
WU et al., 2004, HEROLD & HEMMINGS, 2012). Com o objetivo de investigar e
adquirir novas informacdes acerca das agdes pré-sinapticas de sevoflurano e isoflurano
na JNM, nos testamos se estes agentes anestésicos seriam capazes de abolir ou inibir a
exocitose de vesiculas sinapticas evocada por estimulos despolarizantes dependentes de
Na', como 4AP e veratridina.

Preparacdes nervo-musculo estimuladas por 4AP, um estimulo despolarizante
que mimetiza um potencial de acdo capaz de induzir a liberacdo de neurotransmissores
através da ativacdo de canais para Na* e Ca’ respectivamente, exibiram um decaimento
consideravel na fluorescéncia do marcador FM1-43. Este efeito observado foi
significativamente inibido quando as preparacdes foram pré-incubadas e continuamente
perfundidas com sevoflurano ou isoflurano (FIGURAS 11 e 12). WESTPHALEN e
equipe (2013) também demonstraram que o volatil isoflurano inibe a liberacéo de varios
neurotransmissores no sistema nervoso central, como dopamina, GABA, glutamato,
norepinefrina e ACh, quando evocada por 4AP. Além disso, LEITE et al (2010)
mostrou que altas concentrac@es de propofol, um agente anestésico intravenoso, inibem
a exocitose de vesiculas sinapticas evocada por 4AP na JNM de rds. Evidéncias
eletrofisioldgicas também oferecem evidéncias de que isoflurano e outros anestésicos
inalatérios inibem as correntes de Na™ e a amplitude dos potencias de acdo em terminais
nervosos isolados da neurohipdfise, via blogueio dos canais pra Na+ desta preparacao
(OUYANG et al., 2003; OUYANG & HEMMINGS, 2005).

E importante destacar que OUYANG e colaboradores (2009) mostraram que
tanto isoflurano quanto sevoflurano inibem de forma similar os canais para Na*
dependentes de voltagem por diferentes mecanismos. Contudo, em nosso modelo nés
demonstramos que isoflurano inibe a exocitose evocada por 4AP de forma
significativamente menos eficiente quando comparado com sevoflurano, como
mostrado nas FIGURAS 11 e 12. Diferencas em poténcia de efeito entre os diferentes
anestésicos inalatorios ja é observada e, ao mesmo tempo, controversa. PARK e
colaboradores (1997), por exemplo, mostraram que tanto isoflurano quanto halotano séo
equipotentes em causar relaxamento muscular em um modelo de bronquio de rato
contraido. Por outro lado, quando preparacbes de nervo cidtico e mausculo
gastrocnémico de gatos foram incubados com isoflurano, halotano ou sevoflurano, s6

foi observado efeito neuromuscular inibitério na presenca de sevoflurano (SUZUKI,
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1996). Além disso, WULF (1998) demonstrou que a potenciacdo dos efeitos
neuromusculares inibitorios do bloqueador neuromuscular cisatracirio é mais eficiente
em procedimentos anestésicos com sevoflurano do que com isoflurano. Estas diferencas
podem ocorrer devido a diferencas fisico-quimicas entre os diferentes anestésicos
volateis (STRUM et al., 1987; YASUDA et al., 1989). Também ndo podemos excluir
diferentes interacdes destes anestésicos com outros componentes celulares como PKC,
CAMP etc. o que poderia gerar diferentes poténcias inibitdrias. Contudo, 0 mecanismo
preciso que poderia explicar estas diferencas continua obscuro e necessita de mais
investigacao.

O papel dos canais para Na* como possivel alvo para os efeitos inibitorios dos
anestésicos inalatorio sevoflurano e isoflurano na JNM foi mais profundamente
analisado por nosso grupo. Para isso, testamos qual seria o efeito destes anestésicos
sobre a exocitose de vesiculas sinapticas evocada pela veratridina. Esta toxina ativa
diretamente os canais para Na“ e impedem a inativagcdo dos mesmos (NICHOLLS,
1993). Sevoflurano e isoflurano inibiram de maneira similar a exocitose de vesiculas
sinapticas evocada pela veratridina. (FIGURAS 13A e 14A). Este resultado vai ao
encontro com muitos outros achados da literatura em que o efeito de diversos
anestésicos sob os canais para Na® foram investigados. RATNAKUMARI &
HEMMINGS (1997) observaram que 0 anestésico intravenoso propofol inibe de
maneira dose-dependente a liberacdo de glutamato a partir de sinaptosomas de ratos.
RATNAKUMARI & HEMMINGS (1998) e LINGAMANENI et al. (2001) também
demonstraram que 0s anestésicos inalatério halotano e isoflurano também causam uma
reducdo de aproximadamente 50% da liberagcdo de glutamato evocada pela veratridina.
Em adicdo, HARRIS & BRUNO (1985) sugeriram que o éter, halotano, enflurano e até
mesmo o alcool apresentam efeito inibitorio sobre os canais para Na'.

Muitos estudos prévios ja foram realizados investigando o efeito intrinseco da
veratridina sobre os canais para Na* e os resultados encontrados sugerem fortemente
que esta toxina prolonga a atividade destes canais e seu efeito € inibido pela toxina TTX
(revisado por CATTERAL et.al., 2005). Todas as isoformas conhecidas de canais para
Na® voltagem-dependentes (Na,) podem ser bloqueadas com alta especificidade e
poténcia pela TTX, porém algumas isoformas, conhecidas como tetrodotoxina-
resistentes, s&o0 menos responsivas aos efeitos dessa toxina quando comparadas com as
outras isoformas (GOLDIN, 2001).
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Em nosso modelo, a concentracdo de 0,5 uM de TTX inibiu significativamente a
exocitose evocada pela veratridina a 100 pM. Sevoflurano e isoflurano acentuaram de
forma significativa o efeito da TTX, fazendo com que a exocitose fosse menor quando
as preparacdes eram expostas a veratridina 100 uM. Isto sugere a possibilidade de um
sinergismo farmacoldgico entre dois antagonistas moduladores dos canais para Na®
(sevoflurano/isoflurano e TTX) diminuindo, assim, o efeito despolarizante da
veratridina e, com isso, a exocitose de vesiculas sindpticas (FIGURAS 17 e 18).
Corroborando nossos achados, ZHANG et.al., (2010) mostraram que, ao realizar
infusdo intratecal de TTX em camundongos, a poténcia do anestésico isoflurano era
aumentada consideravelmente. Esta interacdo entre drogas € consistente com a
especificidade farmacoldgica da TTX para os canais para Na* e reforca a hipotese de
que estes canais como tendo um papel importante produzido pelos anestésicos
inalatérios (HEMMINGS, 2009)

Em um estudo utilizando registros eletromiograficos com estimulacdo trem-de
quatro (do inglés, train-of-four, TOF) realizado por NITAHARA e colaboradores
(2007), foi mostrado que pacientes miasténicos e normais apresentavam uma grande
depressdo das funcdes neuromusculares quando eram submetidos a anestesia com
sevoflurano. Porém, este efeito inibitorio do sevoflurano era mais proeminente em
pacientes miasténicos. Logo apds o término da administracdo da droga, 0s registros
voltavam aos seus valores normais, indicando, portanto, um restabelecimento das
atividades neuromusculares para 0s niveis considerados normais. Baseado neste
resultado e em nossos outros achados, nds sugerimos que o efeito pré-sindptico destes
anestésicos inalatorios contribui de forma importante para o relaxamento muscular
observado em procedimentos clinicos em que a utilizacdo destas drogas é necessaria.
Sendo assim, este estudo sugere que um blogueio dos canais para Na* efetuado pela
anestesia com sevoflurano e isoflurano, pode contribuir para o relaxamento muscular

Em conjunto, o corpo de nossos dados sugere que sevoflurano e isoflurano inibem a
exocitose de vesiculas sinapticas por atuarem de forma direta em canais para Na',
efetuando o bloqueio dos mesmos, sem qualquer efeito direto nos canais para Ca*. Este
trabalho oferece novas informagfes na compreensdo de como estes anestésicos causam

o relaxamento observado durante sua administracdo em procedimentos cirurgicos.
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6. CONCLUSAO

Em resumo, através da utilizacdo de técnicas de microscopia Optica de
fluorescéncia, este trabalho demonstrou que os anestésicos halogenados, sevoflurano e
isoflurano ndo se apresentam com potencial de evocar a exocitose de vesiculas
sinapticas. Em adicdo, estes agentes ndo afetaram a exocitose evocada por KCI 60mM,
estimulo independente de ions Na*. Contudo, concentragdes clinicas destes anestésicos
inibem consideravelmente a exocitose evocada por estimulos dependentes de fons Na”,
como veratridina e 4AP, sendo este efeito mais pronunciado quando as preparagdes
foram pré-incubadas e continuamente perfundidas com sevoflurano. Estes dados
indicam que tanto sevoflurano quanto isoflurano interferem com a liberacdo de
neurotransmissores por atuar em passos anteriores ao influxo de Ca®* para o terminal
neuronal, provavelmente por atuar nos canais para Na* dependentes de voltagem. Desta
maneira, este trabalho oferece novos dados acerca dos mecanismos pelos quais estes

anestésicos causam os efeitos neuromusculares observados durante a anestesia geral.
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Comparative presynaptic effects of the volatile anesthetics sevoflurane and

isoflurane at the mouse neuromuscular junction

Abstract

Introduction: Sevoflurane and isoflurane are anesthetics that cause muscle
relaxation and potentiate the effect of neuromuscular blocking agents. Their
presynaptic mechanisms of action are not clearly understood, especially at the motor
nerve terminal level. Methods: We compared the presynaptic effects of these
anesthetics on the exocytosis of synaptic vesicles labeled with the dye FM1-43 at the
mouse neuromuscular junction. Results: Both anesthetics did not evoke spontaneous
exocytosis of synaptic vesicles, but significantly inhibited the depolarization evoked by
4AP and veratridine, suggesting a putative action on sodium channels. Exocytosis
evoked by veratridine was inhibited by tetrodotoxin alone or in conjunction with
sevoflurane or isoflurane indicating that both agents may target in voltage-gated sodium
channels. Conclusion: We suggest that sevoflurane and isoflurane inhibit exocytosis
evoked by sodium-dependent depolarization and it might act on tetrodotoxin-sensitive
sodium channels. These findings contribute to a better understanding of some clinical

muscular effects induced by these anesthetics.

Keywords: Sevoflurane, Isoflurane, neuromuscular junction, FM1-43, synaptic vesicle,

eXOocCytosis.
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1. Introduction

A great effort has been made during the last decades to understand the cellular and
molecular mechanism underlying general anesthesia and how those anesthetics produce
their related effects such as amnesia, hypnosis, unconsciousness and muscle relaxation
12 Different molecular targets in several regions of the nervous system are involved in
the multiple components of general anesthesia, and these targets can vary among the
distinct anesthetics. In addition, the anesthetics affect both excitatory and inhibitory
synaptic transmission in the nervous system®. Several experimental approaches support
the action of general anesthetics at the synaptic level involving presynaptic and/or
postsynaptic targets?. Nevertheless, the contributions of each of these targets have not
been clearly defined yet. Since the 1980s, presynaptic ion channels have been
considered as the most promising molecular target for general anesthetics*, but further

investigation is still remaining.

Sevoflurane and isoflurane are volatile anesthetics that present many properties
that make them useful for induction and/or maintenance of general anesthesia with the
ability to cause unconsciousness, analgesia and also muscle relaxation®. Although both
drugs interact directly with nicotinic acetylcholine receptor (nAChR) and also potentiate
the effect of nondepolarizing neuromuscular-blockade drugs, sevoflurane leads to more

intense outcomes than other volatile anesthetics, such as halothane and isoflurane®®

Because of the desirable muscle relaxation effect evoked by several anesthetics,
one opened question is: how do volatile anesthetics interfere with neuromuscular
transmission? For instance, Kennedy and Galindo (1975)" showed that enflurane is able
to cause muscle relaxation, acting directly on the motor neuron endplate. Hedenstierna

and Edmark (2005)® also showed the effects of general anesthesia and muscle paralysis
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on the respiratory system. In addition, some works have already investigated the
postsynaptic effects of inhalatory anesthetics. Violet et al. (1997)°, for example, showed
that muscle or neuronal nAChRs subtype are sensitive to general anesthetics, including
sevoflurane, with different degrees of sensibility. Tassonyi et al. (2002)*° showed that
volatile anesthetics and ketamine are the most potent inhibitors of neuronal nAChRs
subtype and also produce great inhibitory effect on the muscle subtype. However, the
presynaptic mechanisms, more specifically, the basic steps for neurotransmission
release involved in the effects caused by sevoflurane and isoflurane at neuromuscular
junctions (NMJs) remain unclear.

In this work, we aimed to investigate the presynaptic effect of the volatile anesthetics
sevoflurane and isoflurane at the NMJ level. By visualizing synaptic vesicles recycling
with FM1-43, a powerful tool to study the synaptic vesicles cycle*****. We provided
direct evidences that sevoflurane and isoflurane have a presynaptic action at the mouse
NMJ, by inhibiting voltage-gated sodium channels. Our study provides for the first time
data that might help to explain some of the neuromuscular effects observed during the

administration of volatile anesthetics.

2. Materials and Methods

2.1 Reagents

The fluorescent dye FM1-43 was purchased from Molecular Probes (Eugene, OR,
USA); d-tubocurarine, 4-aminopyridine (4AP), veratridine, tetrodotoxin (TTX) and p-
conotoxin were purchased from Sigma-Aldrich (St.Louis, MO, USA). The inhalatory

anesthetics were obtained from Instituto Biochimico Ind. Farm. Limitada (ltatiaia RJ,
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Brazil). All other chemicals and reagents were of analytical grade. Experiments were
performed in accordance with the local animal care committee (CETEA-UFMG).
Efforts were made in order to minimize the suffering and number of animals used in this

study.
2.2 Preparation of Anesthetic Solutions

For each experiment, the perfusion solution (134 mM NaCl, 5 mM KCI, 2 mM
CaCl;, 1 mM MgCl,, 12 mM NaHCOs3;, 1 mM NaH,PO,4, 11 mM d-glucose) was
saturated with sevoflurane or isoflurane and rotated for at least 6 hours at room
temperature (23-25°C) in an airtight glass tube®. The saturated solution (13 — 16 mM
for sevoflurane and 11 — 13 mM for isoflurane) was diluted with normal mouse Ringer
in order to obtain the desired concentration of each anesthetic (0.45, 0.60 or 0.90 mM).
The diluted anesthetic solution was introduced to the perfusion chamber through
polyethylene tubing from a closed syringe. The perfusion of the preparation was
performed by an infusion system (model ST670) from Samtronic (S& Paulo, SP,
Brazil) during 7 min. Because of the volatility of sevoflurane and isoflurane and
attendant losses (~33%), the final anesthetic concentrations exiting the perfusion
chamber were determined by gas-cromatography following n-heptane extraction as
previously described™®. Analysis by gas-liquid chromatography was performed on a
Hewlett Packard Series 11-5890gas chromatograph equipped with a DB-WAX capillary
column 30m x 0.25mm with a film thickness of 0.33 pm (80°C) and a flame ionization

detector (100°C). The volume of injection was 2L
2.3 Staining and Destaining with FM1-43

The experiments described below were performed according to Valadédo et. al.,

(2013)™°. Diaphragm nerve-muscle preparations were dissected from Swiss female adult
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mice (30-40g), divided into two hemidiaphragms, and pinned flat in a sylgard-line
perfusion chamber containing mouse Ringer solution (134 mM NaCl, 5 mM KCI, 2 mM
CaCly, 1 mM MgCl;, 12 mM NaHCO3, 1 mM NaH,PQO4, 11 mM d-glucose) gassed with
95% O, — 5% CO;. FM1-43 (4 uM) was then used to stain the recycling pool of
synaptic vesicles'?. The structure of this dye presents a hydrophobic tail, which allows it
to reversibly bind to biological membranes, and a polar head that impairs it to fully
permeate the plasma membrane™™’. Therefore, FM1-43 binds to synaptic membrane
and after stimulating the nerve terminal to cause synaptic vesicles exocytosis and
consequently compensatory endocytosis, the fluorescent dye is incorporated resulting in
a typical pattern of staining of the synaptic vesicles*?. If the nerve terminals are
resubmitted to a new round of stimulation, in the absence of FM1-43 in the external
medium, the dye is released to the hydrophilic medium, resulting in a decrease of
fluorescence intensity, which reflects the exocytosis of synaptic vesicles™™*". In our
experiments, the muscles were incubated with d-tubocurarine (16 uM) to avoid
contractions during stimulation. The muscles were stimulated for 10 min with modified
Ringer solution containing a high concentration of KCI (80 mM NaCl, 60 mM KCl, 2
mM CaCl,, 1 mM MgCl,, 12 mM NaHCO3;, 1 mM NaH,PO,4, 11mM d-glucose) in the
presence of FM1-43 (4 uM). Thereafter, the preparation was kept resting in mouse
Ringer solution for 10 min to guarantee FM1-43 uptake. The excess of FM1-43 adhered
to the muscle membranes were removed during a 20 min washing period in gassed
mouse Ringer solution. Images were acquired during 7 min with intervals of 2 min. The
destaining at the absence of stimulus due to photobleaching of FM1-43 when it is
exposed to illumination (around 10% of decrease in fluorescence) was used as a control

for destaining.

2.4 Exposure to the anesthetic and other drugs
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After labeling the recycling pool of synaptic vesicles, neuromuscular preparations were
continuously exposed to different sevoflurane or isoflurane concentrations during 7 min
to evaluate its effect on spontaneous exocytosis. We also performed experiments to
investigate the anesthetics® effect on evoked synaptic vesicles exocytosis by Na'-
dependent (1 mM 4AP and 100 uM veratridine) or Na'-independent (60 mM KCI)
stimuli. In this case, preparations were pre-exposed to the anesthetic tested and then
perfused with the depolarizing solution also containing the anesthetic, throughout the
whole image acquisition period (7 min). All procedures were performed in room

temperature (25 - 30°C).

2.5 Fluorescence microscopy

All images were acquired using a fluorescence microscope (Leica DM2500) coupled
to a CCD camera (12 bits, Leica DFC345FX) using a water immersion objective (63x,
0.95 NA) and visualized in a computer screen using Leica Application Suite 4.0
software. Excitation light came from a 100 W Hg lamp and passed through filters
(505/530 nm) to select the desired fluorescence spectrum. The experimental parameters
for collection of images were kept the same in control and test contra lateral

hemidiaphragms in a given trial.

2.6 Image and statistical analysis

Images were analyzed using the softwares Image J and Microsoft Excel. The mean
fluorescence intensity was determined for each cluster of fluorescent spots. Data were
normalized and then converted to a percentage graphic representation using GraphPad
Prisma 4.0. Statistical analysis was performed using unpaired Student’s t-Test. P < 0.05

values were considered statistically significant.
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3 Results

3.1 Effect of isoflurane and sevoflurane on spontaneous synaptic vesicles

exocytosis

Figure 1A shows representative image of a control experiment showing nerve
terminal fluorescence loss due to FM1-43 photobleaching during illumination time (7
min). As expected, the fluorescence loss due photobleaching was negligible (Figure
1G). Figures 1B and C show representative images of nerve terminals from
neuromuscular preparations that were continuously perfused with 0.45 mM sevoflurane
and 0.45 mM isoflurane, respectively, for 7 min and we observed no change in
fluorescence intensity. No further fluorescence decay was detected when the
preparations were exposed to any of clinical (0.45 mM or 0.6 mM) or supra-clinical
sevoflurane concentrations tested (0.9 mM) (not shown). Likewise, the preparations
perfused with isoflurane at the same concentrations did not show further fluorescence
decay when compared to photobleaching. Quantification of normalized fluorescence
loss due to photobleaching and treatment with 0.45 mM sevoflurane or isofluanre is
represented on Figure 1G. Therefore, these data show that neither sevoflurane nor

isoflurane evoke synaptic vesicles exocytosis at the mouse NMJ
Effect of sevoflurane and isoflurane on evoked synaptic vesicles exocytosis

It is already known that general anesthetics affect voltage-gated Na ** K*, and Ca?*
channels®®. In addition, some studies have shown that inhaled anesthetics cause a great
muscle relaxation and potentiate the effect of neuromuscular blocking agents®. Thereby,
in order to access how sevoflurane and isoflurane are able to generate such muscle

relaxation, the next set of experiments aimed to investigate whether these volatile
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anesthetics may block different depolarizing stimuli, mainly Na’-dependent or Na'-

independent.

Elevated extracellular KCI concentration has been used extensively as a
pharmacological tool for evoking synaptic vesicles exocytosis in isolated nerve
terminals on a Na'-independent manner™. Increased extracellular K* levels depolarize
the membrane by shifting the K* equilibrium potential above the threshold for
activation of voltage-gated Ca?* channels, leading to Ca®* influx and then a Na*
channel-independent neurotransmitter release. We therefore tested whether sevoflurane
and isoflurane could interfere with exocytosis evoked by KCI (60 mM). Preparations
treated with 60mM KCI exhibit a ~ 60% fluorescence decay, as shown on Figure 1D.
Nerve terminals pre-incubated and continuously perfused with 0.45 mM sevoflurane or
isoflurane also showed a loss in fluorescence intensity due to stimulation with 60 mM
KCI as similar as preparations untreated with the anesthetic. Same result was observed
with 0.9 mM sevoflurane or isoflurane (data not shown). Figure 1E shows
representative images of a nerve terminal treated with 60 mM KCI + 0.45 mM
sevoflurane. Figure 1F shows representative images of a nerve terminal treated with
60mM KCI + 0.45 mM isoflurane. Results from independent experiments are
summarized in Figure 1G. FM1-43 destaining evoked by 60 mM was statically
different from photobleaching but similar to all the other experimental groups (60 mM
KCI + 0.45 mM sevoflurane, 60 mM KCI + 0.90 mM sevoflurane, 60 mM KCI + 0.45
mM isoflurane and 60 mM KCI + 0.90 mM isoflurane. Thereby, this result suggests that
sevoflurane and isoflurane are not able to block synaptic vesicles exocytosis evoked by

high KCI concentrations, a stimulus that is independent on extracellular Na* influx.

Voltage-gated sodium channels have been emerging as important targets for some

inhaled anesthetics. It is now evident that volatile anesthetics at clinical concentrations
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inhibit sodium channels in isolated rat nerve terminals and neurons, as well as in
heterologously expressed mammalian Na*-channel o subunits®. We therefore tested in
our system whether sevoflurane and isoflurane might interfere with exocytosis evoked
by Na’-dependent stimuli such as 4-aminopyridine (4AP) (1 mM) and veratridine (100
HM). 4AP depolarization is associated with prolongation of the presynaptic action
potential evoked by blocking the K* current, thus leading to Na* channels activation and
neurotransmitter release?’. Incubation of nerve terminals with 4AP (1 mM) during 7 min
induced a ~35% decay in FM1-43 fluorescence intensity (Figure 2B). Preparations pre-
incubated and continuously perfused with 0.45 mM sevoflurane (Figure 2C) or 0.6 mM
presented a reduced 4AP-evoked exocytosis (~15% decay in fluorescence intensity).
Moreover, preparations pre-incubated and continuously perfused with 0.90 mM
sevoflurane showed a complete inhibition of 4AP-evoked exocytosis (~10% decay in
fluorescence intensity, similar to photobleaching) (Figure 2E). Although crescent
concentrations of isoflurane such as 0.45mM, 0.60 mM or 0.90 mM also induced an
inhibition of 4AP-evoked exocytosis, it is noteworthy that this was less pronounced than
that caused by the same concentrations of sevoflurane. All preparations treated with any
of the isoflurane concentrations showed an approximately 20% decay in FM1-43
fluorescence intensity evoked by 4AP. Figure 2D shows representative images of a
nerve terminal treated with 0.45 mM isoflurane. These data indicate that although both
anesthetics inhibit synaptic vesicles exocytosis evoked by a 4AP, the inhibition caused

by sevoflurane is greater than the one induced by isoflurane

To further test this hypothesis, we next investigated the effect of sevoflurane and
isoflurane on veratridine-evoked exocytosis. This pharmacological agent acts in a
different manner than 4AP by interacting directly with the sodium channel, and

therefore leading to its activation (by slowing inactivation), and consequently
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depolarizing the plasma membrane®. Incubation of neuromuscular preparations with
veratridine (100 uM) during 7 min induced a significant FM1-43 destaining (~45%)
(Figure 3). The destaining evoked by veratridine was approximately 70% abolished by 1
MM TTX and significantly reduced (~ 45%) by 0.5 uM TTX (Figure 3). Preparations
pre-incubated and continuously perfused with 0.45 mM sevoflurane showed a great
inhibition on veratridine-evoked exocytosis (~ 25% decay in fluorescence intensity)
(Figure 3). Increased concentrations of sevoflurane (0.6 mM and 0.9 mM) did not
provide any further inhibition (data not shown). The same result was observed when
was used (Figure 3). Preparations pre-incubated and continuously perfused with 0.45
mM isoflurane significantly inhibited veratridine-evoked synaptic vesicles exocytosis (~
25% decay in fluorescence intensity). Increased concentrations (0.6 mM and 0.9 mM)

did not show further inhibition either (data not shown).

Our previous results prompt us to ask if sevoflurane/isoflurane and TTX have an
additive effect on inhibiting veratridine-evoked FM1-43 destaining. Since 1 pM TTX
almost completely abolish veratridine-evoked stimulus, we performed experiments
using a lower TTX concentration (0.5 uM). Our results showed that simultaneous pre-
incubation of nerve terminals with 0.45 mM sevoflurane and 0.5 uM TTX produced a
significant inhibition of veratridine-induced vesicle exocytosis (~ 15% decay in
fluorescence intensity) with an additive effect when compared to 0.5 pM TTX alone.
The same result was observed when 0.45 mM isoflurane and 0.5 pM TTX were used
combined (Figure 3). Taken together, these results suggest that sevoflurane and
isoflurane reduce sodium-dependent synaptic vesicles exocytosis by blocking Na*

sodium channels sensitive to TTX at the mouse NMJ.
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4 Discussion

The inhaled anesthetics sevoflurane and isoflurane have many properties that
make them very useful for surgical procedures. Nowadays, sevoflurane is the most
common anesthetic used for inhalation anesthesia in humans while isoflurane is the
most used in animals®. However, as any modern anesthetic, both agents produce side
effects. Previous studies showed that isoflurane and sevoflurane might cause
hypercapnia, acidosis and a marked decrease in respiration rate?’. In addition, volatile
anesthetics do not only potentiate the action of neuromuscular blocking agents but also
have muscle relaxants properties of their own. Enflurane, isoflurane, desflurane, and
sevoflurane produce skeletal muscle relaxation that is about twice as high as that
associated with halothane®®. This relaxation might occur due to a blockage on

neuromuscular transmission at the pre and/or postsynaptic level®>®®.

Inhibitory effects of volatile anesthetics on neuromuscular transmission have been
shown in in vitro”?* and in vivo studies®. For example, Suzuki et al. (1999)?° showed
that sevoflurane depressed compound muscle action potentials and caused fading
amplitudes under a train of repetitive stimulation. Volatile anesthetics were already
reported to reinforce the effects of non-depolarizing blocking agents %%"?. In addition,
Violet et al. (1997) showed that these drugs are also able to inhibit the muscular and
neuronal nAChR all by itself. All these effects mentioned above show that volatile
anesthetics interfere somehow with the neuromuscular transmission, either at the pre-
synaptic or post-synaptic levels or both. Some studies have focused on the postsynaptic
effects of sevoflurane and isoflurane ®%?°. Nevertheless, the presynaptic mechanisms
behind this volatile anesthetics capacity to produce muscle relaxation are not clear.
Therefore, in this work, we investigated the effects of sevoflurane and isoflurane on

spontaneous and evoked synaptic vesicles exocytosis labeled with the vital fluorescence
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dye FM1-43 at the mouse NMJ, an experimental model that provides a direct way to

investigate neurotransmitter release in an isolated synapse.

Regarding the presynaptic effects of these anesthetics, it is already known that
isoflurane and halothane increases basal dopamine release in the rat striatum®. In
addition, although Silva and colleagues (2007)*® have shown that sevoflurane (0.46
mM) increases significantly the release of dopamine, it was by a non-vesicular process,
independent of synaptic vesicles exocytosis. Moreover, Schichino et al. (1998)*
showed that volatile anesthetics such as sevoflurane and isoflurane suppressed
acetylcholine (ACh) release in a dose-dependent manner in non-stimulated rat cerebral
cortex. Interestingly, Naruo et al. (2005)* showed that when non-stimulated neurons
isolated from ganglia of snails were incubated with clinical sevoflurane concentrations
in the presence of FM1-43, there was no alteration on synaptic vesicles recycling. In our
model, also a cholinergic system, we investigate if sevoflurane and isoflurane would be
able to evoke synaptic vesicles exocytosis, leading to ACh release. When preparations
were treated with sevoflurane or isoflurane (0.45, 0.60 and 0.90 mM) we observed no
decay in fluorescence intensity of FM1-43-labeled nerve terminals. This result indicates
that these anesthetics do not stimulate synaptic vesicles exocytosis at the mouse NMJ

(Figure 1).

It has been reported that ether derivative fluorinated volatile anesthetics such as
sevoflurane and isoflurane causes skeletal muscle relaxation during surgical
procedures™**3*. This effect could be due to an inhibitory effect on evoked synaptic
vesicles exocytosis. Although there are some findings showing that somatic and
heterologously expressed Na* and also P/Q-type voltage-gated Ca®* channels can be
inhibited by volatile anesthetics®, here we showed that, for the NMJ, neither

sevoflurane nor isoflurane were able to inhibit FM1-43 destaining evoked by 60 mM
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KCI, a Na+ independent stimulus that acts directly by opening Ca?* channels (Figure 1).
Westphalen and colleagues (2013)*® suggested that the volatile anesthetic isoflurane
significantly inhibits the 4AP-evoked release of neurotransmitter (Na'-dependent
stimulus) with greater sensitivity compared with KCI-evoked exocytosis. Hemmings et
al. (2005)* also showed that in hippocampal neurons, despite isoflurane inhibition of
synaptic vesicles exocytosis evoked by electrical pulses of stimulation, this drug does
not abolish this process when high K* solution is used as stimulus. Since KCl-evoked
exocytosis was not inhibited, the major presynaptic target for inhibition of exocytosis by
these volatiles must lie upstream of Ca?* entry through nerve terminal voltage-gated

Ca®* channels coupled to synaptic vesicle exocytosis.

It is already known that accumulation of Na* at both vertebrate and invertebrate
nerve terminals augments transmitter release by triggering the increase of intracellular
Ca®* concentrations and, in addition, Na* per se can activate the asynchronous
neurotransmitter release *°. Therefore, the Na* influx to the terminal is a key point for
the release of neurotransmitters. Considerable evidences support a role for Na* channel
blockade in the inhibition of synaptic vesicle exocytosis by volatile

373839404142 1n order to gain further insight about the presynaptic actions of

anesthetics
sevoflurane and isoflurane at the NMJ, we tested if sevoflurane and isoflurane would be

able to inhibit synaptic vesicles exocytosis evoked by 4AP or veratridine.

Preparations stimulated by 4AP, a stimulus that mimics synaptic action-potential-
evoked neurotransmitter release in requiring activation of Na“ and Ca®* channels
exhibited a significant decrease in fluorescence intensity (Figure 2). This effect was
significantly inhibited by clinical sevoflurane or isoflurane concentrations (Figure 2).
Accordingly, Westphalen and colleagues (2013)* showed that the volatile anesthetic

isoflurane inhibits the 4AP-evoked release of many neurotransmitters, such as
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dopamine, (y-amino butyric acid) GABA, glutamate, norepinephrine and ACh, at
central nervous system. In addition, Leite et al. (2011)*® also showed that high
concentrations of an intravenous anesthetic (propofol) inhibited synaptic vesicles
exocytosis evoked by 4AP. Indeed, electrophysiological data evidence offers some
evidence that isoflurane inhibits nerve terminal Na* currents and action potential
amplitude through Na® channels blockage in isolated neurohypophysial nerve
terminals®***. Although Ouyang and colleagues (2009)*> showed that isoflurane and
sevoflurane inhibits equally voltage-gated Na+ channels by voltage- and use-dependent
mechanisms, we observed in our experimental model that inhibition of 4AP-evoked
exocytosis by sevoflurane was greater than the inhibition caused by isoflurane as shown
on Figure 3. These differences in potency among many different volatile anesthetics are
already observed and controversial. Park and colleagues*, for instance, studying the 5-
HT-precontracted rat bronchi found that isoflurane and halothane are equipotent in
relaxing it. On the other hand, previous work showed a neuromuscular inhibitory effect
of sevoflurane (not isoflurane or halothane) on the cat sciatic nerve and gastrocnemius
muscle?® complex. In addition, the augmentation of the neuromuscular blocking effects
of cisatracurium during sevoflurane anesthesia is also more efficient than isoflurane
anesthesia*’. These variations might be due the different physicochemical properties of

these halogenated anesthetics*®*°.

However, the precise mechanism why these
differences observed for the volatile anesthetics, explaining the seemingly more potent
effect of sevoflurane compared with isoflurane and other halogenated drugs, remain

unclear and need further investigation.

The role of Na* channels as a putative target for volatile anesthetics at the mouse
NMJ was further analyzed by testing the effects of sevoflurane and isoflurane on

veratridine-evoked synaptic vesicles exocytosis, since it directly acts on Na channels
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Y Sevoflurane and isoflurane significantly inhibited veratridine-evoked FM1-43

destaining (Figure 3), similar to previous studies showing that intravenous anesthetic
propofol inhibits the veratridine-evoked glutamate release in synaptosomes in a dose-
dependent manner®. Halothane and isoflurane also causes a 50% inhibition of
veratridine-evoked glutamate release from synaptosomes **. Moreover, Harris and
Bruno, (1985)°! suggested that ethanol and other anesthetic drugs such as diethyl ether,

halothane and enflurane are able to inhibit sodium channel.

It is well known that veratridine enhances the activity of most Na® channels
(reviewed™) and its effect is blocked by TTX. All isoforms of voltage-gated Na'
channels (Na,) can be blocked with high potency and specificity by the TTX, however
some isoforms, known as TTX-resistant, are less sensitive compared with other
isoforms®®. In our model, TTX (0.5 uM) significantly inhibited FM1-43 destaining and
both anesthetics sevoflurane and isoflurane caused further inhibition of veratridine-
evoked destaining by TTX. In accordance to our data, Zhang et al. (2010)** have shown
that intrathecal infusion of TTX increases the potency of the volatile anesthetic
isoflurane. These drug interactions are consistent with the known pharmacological
specifity of this Na* channel modulator, and further support a role for this channel

action in the immobilization produced by inhaled anesthetics®.

In common anesthetic practice, nondepolarizing muscle relaxant agents are currently
used to facilitate intubation of the trachea, mechanical ventilation, and surgical access
and there are evidences that volatile anesthetics might enhance the effect these agents
(reviewed by Tassonyi et al 2002™). In addition, several clinical studies have reported
that volatile anesthetics such as iso and sevoflurane potentiate the inhibitory effect of
non-depolarizing muscle relaxants *”°® *°. In general, nondepolarizing muscle relaxants

are competitive antagonists of nicotinic receptors and at the NMJ level, these receptors
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are expressed both pre and post-synapticaly ® ®*. Considering that at the NMJ, nicotinic
pre-synaptic receptors are stimulatory autoreceptors that increases ACh release upon
demand ®!, we cannot rule out the possibility that the inhibitory effect of iso and
sevoflurane on exocytosis might be due to an inhibition of those channels. However,
because all the experiments here, to avoid muscle contraction during imaging, had to be
performed in the presence of d-tubocurarine (that inhibits both neuronal and muscle
nicotinic receptor), we cannot address the sole contribution of pre-synaptic nicotinic

autoreceptors in the anesthetics effect on synaptic vesicles exocytosis.

Finally, in a study using electromyography with train-of-four (TOF) stimulation,
Nitahara and colleagues (2007)>° showed that in control and myastenic patients,
sevoflurane has an inhibitory effect on neuromuscular transmission. Interestingly, this
inhibitory effect of sevoflurane was more prominent in myasthenic patients. Based on
this observation and in our data showing that sevoflurane and isoflurane block
presynaptic Na* channels (Figure 2 and 3), we therefore suggest that this presynaptic
effect of volatile anesthetics contribute to the muscular relaxation observed during

surgical procedures under these volatile anesthetics.

Taken together, our data show that sevoflurane and isoflurane inhibit synaptic
vesicles exocytosis by directly acting on Na* channels with no action on voltage-gated
Ca®* channels. This mechanism of action give further information of how these

anesthetics might cause neuromuscular depression observed in clinical procedures.
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Figure 2




Figure 3
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Figure 1. Sevoflurane and isoflurane neither evoke the exocytosis of synaptic
vesicle nor interfere with the exocytosis evoked by 60 mM KCI at the mouse NMJ.
(A) Representative image of fluorescence loss due to photobleaching during
illumination for 7 min. Upper panel: before illumination. Lower panel: after 7 min of
illumination. (B) Representative image of nerve terminal before (upper panel) and after
incubation with 0.45 mM sevoflurane (lower panel). (C) Representative image of nerve
terminal before (upper panel) and after incubation with 0.45 mM isoflurane (lower
panel). (D) Representative image of nerve terminal before (upper panel) and after
treatment with 60 mM KCI for 7 min (lower panel). (E) Representative image of nerve

terminal before (upper panel) and after treatment with 60 mM KCI + 0.45 mM
100



sevoflurane for 7 min. (F) Representative image of nerve terminal before (upper panel)
and after treatment with 60 mM KCI + 0.45 mM isoflurane for 7 min. (G)
Quantification of fluorescence signal after photobleaching, incubation with 0.45 mM
sevoflurane or isoflurane, 60 mM KCI and 60 mM KCI + 0.45 mM sevoflurane or
isoflurane. AF =(F0-F/100), normalized fluorescence. The results are mean = SEM of
150 fluorescent spots from 15 nerve terminals of 15 animals (photobleaching), 28
fluorescent spots from 4 nerve terminals of 4 animals for 0.45 mM sevoflurane or
isoflurane, 100 fluorescent spots from 10 nerve terminals of 10 animals (60 mM KCI)
and 21 fluorescent spots from 3 nerve terminals of 3 animals for each of the other
experimental conditions (60 mM KCI + 0.45 mM sevoflurane or isoflurane). *P<0.05

when compared to the second bar (photobleaching). Scale Bar =10 pm

Figure 2. The anesthetic sevoflurane inhibits exocytosis of synaptic vesicles evoked
by 4AP (1 mM) greater than isoflurane at the mouse NMJ (A) Representative image
of fluorescence loss due to photobleaching during illumination for 7 min. Upper panel:
before illumination. Lower panel: after 7 min of illumination. (B) Representative image
of nerve terminal before (upper panel) and after treatment with 1mM 4AP for 7 min
(lower panel). (C) Representative image of nerve terminal before (upper panel) and after
treatment with 1 mM 4AP + 0.45 mM sevoflurane for 7 min (lower panel). (C)
Representative image of nerve terminal before (upper panel) and after treatment with 1
mM 4AP + 0.45 mM isoflurane for 7 min (lower panel). (D) Quantification of
destaining by photobleaching (first bar) and evoked by 1 mM 4AP (second bar), 1 mM
4AP + 0.45 mM sevoflurane or isoflurane (third paired bars), 1 mM 4AP + 0.6 mM
sevoflurane or isoflurane (fourth paired bars) and 1 mM 4AP + 0.9 mM sevoflurane or

isoflurane (fifth paired bars). AF=(F0-F/100), normalized fluorescence. The results are
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mean + SEM of 150 fluorescent spots from 15 nerve terminals of 15 animals
(photobleaching), 100 fluorescent spots from 10 nerve terminals of 10 animals (1 mM
4AP) and 28 fluorescent spots from 4 nerve terminals from 4 animals per each
experimental condition. *P<0.05 when compared to the first bar (photobleaching).
**P<0.05 when compared to the second bar (1 mM 4AP). # P<0.05 when comparing
b

4AP + sevoflurane (each concentration) to 4AP + isoflurane each concentration.

P<0.05 comparing 1 mM 4AP + 0.45mM sevoflurane with 1 mM 4AP + 0.9 mM

sevoflurane. Scale Bar =10 um.

Figure 3. The anesthetics sevoflurane and isoflurane interfere with exocytosis of
synaptic vesicles induced by veratridine (100 pM) probably targeting in voltage-
gated sodium channels. Quantification of destaining by 100 uM veratridine (first bar),
veratridine + TTX (1 uM) (second bar), 100 uM veratridine + TTX (0.5 pM) (third bar),
100 uM veratridine + 0.45mM sevoflurane or isoflurane (fourth paired bars) and 100
MM veratridine + 0.45 mM isoflurane or isoflurane + 0.5 uM TTX (fifth paired bars).
AF=(F0-F/100), normalized fluorescence. The results are mean + SEM of 150
fluorescent spots from 15 nerve terminals of 15 animals (photobleaching), 100
fluorescent spots from 10 nerve terminals of 10 animals (100 uM veratridine) *P < 0.05
when compared to the first bar (100 uM veratridine), 28 fluorescent spots from 4 nerve
terminals of 4 animals per each experimental condition. **P<0.05 when compared to
the second bar (100 uM veratridine + 1 uM TTX). *** P<0.05 when compared to the
third bar 100 uM veratridine + 0.5 uM TTX. * P<0.05 when compared respectively to
100 puM veratridine + 0.45 mM sevoflurane and 100 pM veratridine + 0.45 mM

isoflurane.
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Effect of intravenous anesthetic propofol on synaptic
vesicle exocytosis at the frog neuromuscular junction
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Aim: To investigate the presynaptic effects of propofol, a short-acting intravenous anesthetic, in the frog neuromuscular junction.
Methods: Frog cutaneous pectoris nerve muscle preparations were prepared. A fluorescent tool (FM1-43) was used to visualize the
effect of propofol on synaptic vesicle exocytosos in the frog neuromuscular junction.

Results: Low concentrations of propofol, ranging from 10 to 25 pmol/L. enhanced spontaneous vesicle exocytosis monitored by FM1-
43 in a Ca®"-dependent and Na'-independent fashion. Higher concentrations of propofol (50, 100, and 200 pymol/L) had no effect on
spontaneous exocytosis. By contrast, higher concentrations of propofol inhibited the Na™-dependent exocytosis evoked by 4-aminopyri-
dine but did not affect the Na™-independent exocytosis evoked by KCI. This action was similar and non-additive with that observed by

tetrodotoxin, a Na* channel blocker.

Conclusion: Our data suggest that propofol has a dose-dependent presynaptic effect at the neuromuscular transmission which may
help to understand some of the clinical effects of this agent on neuromuscular function.

Keywords: propofol; neuromuscular junction; frog; FM1-43; synaptic vesicle; general anesthetic
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Introduction

During the last decade, there was a significant progress related
to the knowledge of the mechanism of action ot general anes-
thetic. Cellular and molecular mechanisms underlying general
anesthesia are not vet fully elucidated but general anesthetics
seems to act in both presynaptic and postsynaptic molecular

tal‘gets[l'*].

There is now a great body of evidences that clini-
cal concentrations of most general anesthetics act on specific
ligand-gated ion channels like GABA and glutamate receptors
and/or other important ion channels, such as voltage gated
sodium channels, potassium channels and HCN-pacemaker
channels®. Nevertheless, characterizing the molecular targets
of general anesthetics has challenged many research groups
over the years.

Propofol is one of the most widely used general anesthetic
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agent for induction and maintenance of anesthesia. Previous
works performed in central nervous system (CNS) synapses
have shown an inhibition of calcium channels by propofol™7,
Other works showed that propotol inhibited calcium-depen-
dent glutamate release evoked by veratridine and 4-AP with
greater potency than Na* channel-independent release evoked
by KC1® ). In addition, there were evidences in the literature
suggesting that high doses of propofol might have a direct
effect on Na* channelst*,

It is well described the sedative and hypnotic etfects of
propofol on CNS. Nevertheless, there are few studies inves-
tigating its effect on neuromuscular transmission. Indeed,
it has been proposed that propofol has a dual eftect on the
neuromuscular junction. Low concentrations of propofol
stimulate skeletal muscle contractions elicited direct and indi-
rectly™ but high concentrations of this agent inhibit skeletal
muscle contractions evoked direct and indirectly? ', The
mechanisms underlying the neuromuscular effects of propofol
include reduction of muscular blood flow, a direct effect on
the postjunctional membrane receptors, and reduction on ace-

tylcholine (ACh) release on the neuromuscular junction>.
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FM1-43 is a fluorescent tool that has been used to study
synaptic vesicle recycling at the neuromuscular junction2.
The molecular characteristics of this fluorescent marker allow
its internalization during synaptic vesicle endocytosis as well
as its release during exocytosis™!. In the present work, we
investigated the effect of propofol on synaptic vesicle exocyto-
sis, a crucial step for neurotransmitter release. We used FMI1-
43 to visualize the effect of several concentrations of propotol
on spontaneous and evoked exocytosis at frog neuromuscular
junction.

Materials and methods

Reagents

FM1-43 was purchased from Molecular Probes (Eugene, OR,
USA), d-tubocurarine, 4-aminopyridine (4AP), tetrodotoxin
(TTX), 2APB, dantrolene and omega-conotoxin GVIA were
purchased from Sigma-Aldrich (St Louis, MO, USA). Propotfol
was obtained from Fresenius (Uppsala, Sweden) and azu-
molene was obtained from Proctor & Gamble (Norwich, NY,
USA). All other chemicals and reagents were of analytical
erade. All procedures were approved by the local animal care
committee (CETEA-UFMG).

Staining and destaining with FM1-43
The frog neuromuscular junction has been an invaluable
experimental model for elucidating many aspects of neu-
rotransmission which is the basis of neuronal communication.
Two decades ago, Betz and colleagues have introduced the use
of the fluorescent dye FM1-43 to visualize synaptic vesicles
recycling in motor nerve terminals of the frog neuromuscu-
lar junction™ * %1
to elucidate the mechanisms that governed synaptic vesicle
recycling and consequently neurotransmitter release in several
neuronal cell types™.

In the present work, frog cutaneous pectoris nerve muscle

. Using this powerful tool, it was possible

preparations were dissected from Rana catesbeiana (about
60 g) and mounted in a sylgard-lined chamber containing
frog Ringer solution (115 mmeol/L NaCl, 2.5 mmol/L KCl,
1.8 mmol/L CaCl,, 5 mmol/L HEPES, pH 7.2). FM1-43 (4
pmol /L) was used to stain the recycling pool of synaptic
vesicles™!, This dye presents a hydrophobic tail that revers-
ibly binds to membranes and a polar head that impairs it to
fully permeate the plasma membrane ™!, Therefore, FM1-
43 binds to synaptic membrane and when the nerve terminal
is submitted to a stimulus that causes exocytosis of synaptic
vesicles and, consequently, a compensatory endocytosis, the
fluorescent dye is incorporated, resulting in a typical pattern
of staining™. After a new round of stimulation, in the absence
of FM1-43 in the external medium, the dye is released to the
hydrophilic medium, resulting in a decrease ot tluorescence
intensity, reflecting the exocytosis of synaptic vesicle !, In
our experiments, the muscles were incubated with d-tubocu-
rarine (16 pmol/L) to prevent contractions during stimulation.
The muscles were stimulated for 10 min with moditied Ringer
solution (57.5 mmol/L NaCl, 60 mmol /L KCl, 1.8 mmol/L
CaCl,, 5 mmol/L HEPES, pH 7.2) in the presence of FM1-43
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(4 pmol/L). Thereatter, the preparation was kept resting for
15 min to guarantee FM1-43 uptake. The excess of FM1-43
adhered to the muscle membranes was removed during an
one hour washing period in frog Ringer solution. Images were
acquired in intervals of 5 min until the end of the experiments.
The destaining at the absence of stimulus (photobleaching)
was used as a control.

After labeling with FM1-43, neuromuscular preparations
were exposed to different concentrations of propofol dur-
ing 30 min to evaluate its effect on spontaneous exocytosis.
Experiments were also performed to investigate the effect of
propofol on Na*-dependent exocytosis evoked by 4AP. After
labeling neuromuscular preparations with FM1-43, muscles
were exposed to 4AP (1 mmol/L) during 30 min. To test the
role of extracellular Na* on 4AP-evoked exocytosis, the neu-
romuscular preparation was initially incubated for 30 min
in trog Ringer containing 1.0 pmol/L TTX and, thereafter,
it was exposed to 4AP for 30 min. The propofol effect on
4AP-induced exocytosis was investigated by pre-incubation
in propotol (100 pmol/L) solution during 10 min before 4AT
exposure. Similar protocols were applied to investigate the
effects of propofol and TTX on Na'-independent exocytosis
evoked by 60 mmol/L KCI.

Experiments that investigated the role of extracellular Ca*
on the vesicular release induced by propotol were performed
in modified Ringer solution without Ca®* but containing EGTA
(2.0 mmol/L), an extracellular Ca®" chelator. The prepara-
tions were incubated in moditied Ringer during 30 min before
application of propofol. In experiments performed with the
calcium channel blocker omega-conotoxin GVIA, the prepara-
tions were pre-incubated in Ringer containing toxin for 30 min
before propofol. The participation of intracellular Ca** stores
on the exocytosis evoked by propotol was also investigated.
For this purpose, preparations were incubated for 30 min in
Ringer containing 2APB (100 pmol/L), an IP; receptor blocker,
or azumolene (100 pmol/L), a rvanodine receptors blocker
before the addition of propofol.

Fluorescence microscopy and imaging analyses

Images were acquired using a fluorescence microscope (Zeiss
Axioskop) coupled to a CCD camera (Micromax) and visual-
ized in a computer. The microscope was equipped with water
immersion objectives (63%, 0.95 NA and 40%, 0.75 NA). Exci-
tation light came from a 100 W Hg lamp and passed through
filters (505/530 nm) to select the fluorescence spectrum. The
experimental parameters for collection of images were always
identical in control and test contralateral muscles in a given
trial.

Statistical analysis

Image analysis was performed using the softwares Image J
and Microsott Excel. The mean fluorescence intensity was
determined for each group of spots and plotted against the
time as percentage of its mean initial fluorescence using the
software Sigma Plot 9.0. Statistical analysis was performed
using paired Student’s t-Test or ANOVA. P<0.05 values were
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considered statistically significant.

Results
FM1-43 staining and destaining of nerve terminals
Frog cutaneous-pectoris neuromuscular junctions were

25
B The nerve

stained with FM1-43 as previously described
terminal that was stained with FM1-43 shows fluorescent
spots corresponding to clusters of synaptic vesicles that were
able to pick up the dye (Figure 1A, upper panel). When this
previously labeled terminal was submitted to a new depolar-
izing stimulus by modified Ringer containing 60 mmol/L KCl,
in the absence of FM1-43 in external medium, we observed a
signiticant reduction in fluorescence (Figure 1A, lower panel).
The loss of fluorescence was due to dye release to external
medium, that correspond to synaptic vesicle exocytosis™).
Exposure of nerve terminals to illumination without any depo-
larizing stimulus resulted in a small decrease on fluorescence
(maximum 10%) attributable to dye photobleaching®!. A
representative image of the terminal betore (upper panel) and
atter illumination (lower panel), in the absence of stimulus,
is shown in Figure 1B. To quantify the decrease in fluores-
cence that occurs after stimulation with 60 mmol /L KCl and
photobleaching, the mean fluorescence intensity for each syn-
aptic vesicle cluster was measured and plotted as gray levels
against time (Figure 1C). The small reduction in fluorescence
observed corresponds to photobleaching whereas the larger
destaining curve obtained during depolarization stimulus cor-
responds to synaptic vesicle exocytosis.
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Figure 1. Synaptic vesicles recycling visualized by the fluorescent
dye FM1-43. (A) Upper panel: Representative nerve terminal that
was incubated in modified Ringer containing 60 mmol/L KCI for 10
min in the presence of FM1-43. Note the formation of fluorescent
spots, corresponding to clusters of synaptic vesicles that were able to
pick up dye. Lower panel: The same terminal after a second round of
depolarization with modified Ringer containing 60 mmol/L KCI, now in the
absence of extracellular dye. Note a pronounced destaining of fluorescent
spots, corresponding to exocytosis of synaptic vesicles and dye release to
the external medium. (B) Representative image of fluorescence loss due
to photobleaching during illumination for 30 min. Upper panel: before
illumination. Lower panel: after 30 min of illumination. (C) Quantification
of FM1-43 fluorescence loss due to photobleaching and KCI fluorescence
loss due to exocytosis of synaptic vesicles. The results are mean=SEM of
65 spots from 8 nerve terminals of 4 animals. Scale Bar=10 pm.

Effect of low concentrations of propofol on spontaneous synaptic
vesicle exocytosis

Nerve terminals labeled with FM1-43 were bathed in different
concentrations of propofol (10 to 200 pmol/L) for 30 min (Fig-
ure 2). Fluorescence of representative terminals before and
atter photobleaching (Figure 2A); propotol 10 pmol/L (Figure
2B), and propotol 200 pmol/L (Figure 2C) were obtained.
Low concentrations of propofol ranging from 10 to 25 umol/L
significantly reduced FIM1-43 fluorescence, corresponding to
exocytosis of previously labeled vesicular clusters (*P<0.01
compared to photobleaching) (Figure 2D). On the other hand,
high doses of propofol (50-200 pmol/L) had no etfect on FM1-
43 destaining from motor nerve terminals (Figure 2D), sug-
gesting a dose-dependent eftect of the anesthetic agent.
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Figure 2. Dose-response curve of exocytosis induced by propofol. (A)
Representative image of fluorescence loss due to photobleaching during
illumination for 30 min. Upper panel: before illumination. Lower panel:
after 30 min of illumination. (B) Representative image of fluorescence
loss before (upper panel) and after (lower panel) 30 min in the presence
of propofol 10 pmol/L. (C) Representative image of fluorescence loss
before (upper panel) and after (lower panel) 30 min in the presence of
propofol 200 pmol/L. (D) Quantification of exocytosis evoked by different
concentrations of propofol. The results are mean+=SEM of 131 fluorescent
spots from 15 nerve terminals of 8 animals. °P<0.01 compared to the
second bar (photobleaching). Scale Bar=10 ym.

The next set of experiments was performed to identify the
mechanism(s) by which low doses of propofol induced exo-
cytosis of synaptic vesicles. Pre-incubation of nerve terminals
with TTX (1.0 pmol/L), a voltage-gated Na"-channel blocker,
did not affect the vesicle exocytosis evoked by propofol (data
not shown). By contrast, the etfect of low doses of propofol
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on spontaneous exocytosis monitored by FM1-43 destain-
ing was Ca*-dependent (Figure 3A). Indeed, we observed a
statistically significant inhibition of exocytosis evoked by low
doses of propofol in the presence of the external Ca’ chelator
EGTA (2.0 mmol/L) or in the presence of omega-toxin GVIA
(5 pmol /L), that blocks N-type calcium channels (Figure 3A).
The FM1-43 destaining in the presence of GVIA was not signif-
icantly different from that due to photobleaching (P>0.05). In
addition, we observed that the effect of low doses of propotol
on synaptic vesicles exocytosis was independent on intracel-
lular Ca™ stores (Figure 3B). Our data suggest that FM1-43
destaining induced by propofol (10 pmol/L) was Ca*" depen-
dent and Na*-independent.

Effects of high concentrations of propofol on exocytosis evoked
by depolarizing stimuli
It has been shown that propotol at concentrations around 100
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Figure 3. Low doses of propofol evoke synaptic vesicles exocytosis that
is dependent on external calcium. (A) FM1-43 destaining evoked by
photobleaching (second bar), propofol (10 ymol/L) (third bar), propofol
(10 pmol/L)+EGTA (2 mmol/L) (fourth bar), propofol (10 pmol/L)+GVIA (5
pymol/L) (fifth bar). MNote that even though EGTA was apparently slightly
less effective than GVIA, both agents inhibited the propofol-evoked
destaining. The results are mean+=SEM of 192 fluorescent spots from
20 nerve terminals of 10 animals. "P<0.05 compared to the second
bar (photobleaching). "P<0.01 compared to propofol (10 pmol/L). (B)
FM1-43 destaining evoked by photobleaching (second bar), propofol (10
umol/L) (third bar), propofol (10 pmol/L)+azumolene (100 pymol/L) (fourth
bar), propofol (10 ymol/L)+2APB (100 pmol/L) (fifth bar). The results
are mean=SEM of 237 fluorescent spots from 18 nerve terminals of 9
animals. *P<0.01 compared to the second bar (photobleaching).
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pmol/L inhibits skeletal muscle evoked contractions™™ 'l We
therefore tested in our system if this concentration of propo-
fol could alter with 4AP-evoked FM1-43 destaining, which
is dependent on extracellular Na*. The incubation of nerve
terminals with 4AP (1.0 mmol/L) during 30 min induced a
significant FM1-43 destaining (Figure 4A). The destaining
evoked by 4AP was reduced by TTX (P<0.01 compared to 4AP
alone). Pre-incubation of FM1-43 stained nerve terminals with
propofol (100 pmol/L) also reduced the 4AP-evoked exocy-
tosis (Figure 4A; P<0.01 compared to 4AP alone). Moreover,
the simultaneous pre-incubation with propotol (100 pmol/L)
and TTX (1.0 pmol/L) produced a significant inhibition of 4AP
evoked FM1-43 destaining without any additive etfect (Figure
4A), suggesting that propofol reduces the 4AP-induced vesicle
exocytosis by blocking Na* channels sensitive to TTX.

We next tested the effect of high doses of propofol on Na'-
independent exocytosis evoked by modified Ringer containing
60 mmol/L KCI. Nerve terminals were stained with FM1-43
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0SS 1 mmol/L 4AP
=2 1 mmol/L 48P+1 pmol/L TTX
1 1 mmel/L 4AP+100 pmel/L propofol
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11 80 mmaol/L KCI+100 pmol/L propofol
E=B 60 mmol/L KCI+1 ymol/LTTX
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Figure 4. High doses of propofol inhibit synaptic vesicles exocytosis by
a Na*-dependent manner. (A) Graphic comparing FM1-43 destaining
evoked by photobleaching (second bar), 4AP (1 mmol/L, third bar), 4AP
(1 mmol/L)+TTX (1 pmol/L) (fourth bar), 4AP (1 mmol/L)+propofol (100
pumol/L) (fifth bar) and 4AP (1 mmol/L)+propofol (100 pmol/L)+TTX
(1 pmol/L) (sixth bar). The results are mean+SEM of 114 fluorescent
spots from 10 nerve terminals of 5 animals. °P<0.05 compared to the
second bar (photobleaching). P<0.01 compared to 4AP (1 mmol/L). (B)
Quantification of exocytosis evoked by photobleaching (second bar), KCI (60
mmol/L) (third bar); KCI (60 mmol/L)+propofol (100 pmol/L) (fourth bar);
KCI (60 mmol/L)+TTX (1 pmol/L) (fifth bar). The results are meantSEM
of 120 fluorescent spots from 10 nerve terminals of 5 animals. °P<0.01
compared to the second bar (photobleaching).
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and we observed a significant reduction on fluorescence atter
incubation with KC1 for 30 min (Figure 4B). Pre-incubation of
terminals with TTX had no effect on KCl-evoked reduction in
fluorescence, confirming the data that depolarization induced
by high concentration of K" is independent of extracellular
Na* ™! (Figure 4B). In addition, pre-incubation with high
doses of propofol did not inhibit KCl-evoked Na™-independent
exocytosis (Figure 4B). Taken together, these results suggest
that high doses of propofol inhibit synaptic vesicles exocytosis
on the neuromuscular junction by a Na'-dependent manner.

Discussion
Propoftol is widely used during general anesthesia, as well as
for sedation in the intensive care unit. However, tatigue of
the respiratory muscles, especially the diaphragm, may cause
respiratory failure. Indeed, it has been demonstrated that
volatile (halothane, enflurane, isoflurane, and sevoflurane)
and intravenous (propofol and midazolam) anesthetics cause
diaphragmatic contractile dystunction which may probably
contributes to acute respiratory failure!?"*** Studies in vivo
suggested that several mechanisms such as reduction of blood
flow, tailure of neuromuscular transmission, and impairment
of membrane excitation and excitation-contraction (E-C)
coupling may be responsible for the neuromuscular effects
of propotol. However, in vive studies preclude any specifi-
cation regarding the mechanism involved on the anesthetic
effect and the use of the fluorescent probe FM1-43 enabled
us to assess specitically a presynaptic effect of this agent on
the neuromuscular junction. Hemmings et al® had already
performed a pioneer study on cultured hippocampal neurons
using this fluorescent dye to probe synaptic vesicles exocytosis
in the presence of isoflurane and they showed that isoflurane
depresses exocytosis evoked by multiple presynaptic targets.

In the present work, we examined the effect of propofol on
spontaneous and evoked synaptic vesicle exocytosis at the
neuromuscular junction, an experimental model that provides
a direct way to investigate neurotransmitter release in an iso-
lated synapse. We found that propofol, at low concentrations
ranging from 10 to 25 pmol/L, induced synaptic vesicles exo-
cytosis monitored by FM1-43 destaining on a Ca*-dependent
and Na™-independent manner. By contrast, high concentra-
tions of propofol ranging from 50 to 200 pmol/L were ineftec-
tive to induce synaptic vesicle exocytosis.

It is well known that exocytosis depends on external Ca
and we observed that in the absence of this ion, there was a

2+[23]

significant reduction on FM1-43 destaining evoked by low
doses of propofol, suggesting that synaptic vesicles exocytosis
evoked by propofol is Ca*"-dependent. In addition, we inves-
tigated which calcium channel subtype could be the target
of low doses of propofol at the frog neuromuscular junction
and we observed an inhibition of propofol evoked exocyto-
sis in the presence of the N-type inhibitor omega-conotoxin
GVIA. Because the FM1-43 destaining evoked by propofol in
the presence of GVIA was similar to that due to photobleach-
ing (P>0.05) , we suggest that propofol might act on N-type
calcium channels promoting calcium influx that is coupled to
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synaptic vesicles exocytosis. Different from our data, previous
works performed in CNS synapses have shown a predominant
inhibition of calcium channels by propofol®7. However, none
of them have shown evidences that N-type calcium channels
could be a target for propofol action. This discrepancy might
be due to the fact that these studies were performed in brain
slices that maintain intact neuronal circuitry whereas in the
present work we were looking at nerve terminals without con-
nection with motor neuron cell bodies. Therefore, we cannot
rule out the possibility that propofol may exert an inhibitory
effect on calcium channels located at motor neurons’ cell bod-
ies that are located at the spinal cord. Because we are look-
ing at events that take place exclusively at the synaptic nerve
terminal, such inhibition would not be detected in our experi-
mental model. Nonetheless, our data provide direct evidences
that low doses of propofol might act through N-type calcium
channel that are directly coupled to synaptic vesicle exocy-
tosis at motor nerve terminals. Moreover, we showed that
propetol and KCl-evoked exocytosis were not affected by TTX
suggesting that both conditions did not increase the synaptic
vesicle exocytosis by interfering with Na® channels. Therefore,
propofol and KCl can induce exocytosis in a Ca™’-dependent
and Na™-independent fashion suggesting that this anesthetic
may act directly on Ca* entry through N-type voltage-gated
Ca™ channels.

In agreement with our data, it has been observed that low
concentrations of propofol increased the amplitude of the indi-
rectly-elicited twitch and tetanic contractions in chick biventer
cervices skeletal muscle, indicating that, in low concentrations,
this anesthetic may stimulate skeletal muscle!**],

Previous work showed that propofol, at concentrations of
42 and 112 pmol/L, inhibited contraction of isolated rat dia-
phragm by decreasing ACh release on neuromuscular junc-
tion"® These authors also observed that this agent inhibited
muscle contraction evoked by electrical field stimulation, sug-
gesting that propofol, at this concentration range, may act by
inhibiting Ca®" entry through presynaptic voltage-gated Ca”™
channels. In the present work high doses of propotol inhibited
Na*-dependent exocytosis evoked by 4AP but did not have
any significant effect on Na'-independent exocytosis evoked
by KCL. The decrease on vesicle exocytosis induced by 4AP
in the presence of high doses of propotol is in correspondence
with data showing a decreasing on the contractility of fatigued
canine diaphragm with propofol in a dose-related fashion™.
Previous studies in rat brain synaptosomes showed that
propofol inhibits Ca**-dependent glutamate release evoked by
veratridine and 4-AP with greater potency than Na* channel-
independent release evoked by KCI®**] In addition, it has
been observed that high concentrations of propotol selectively
inhibited 4AP-evoked but not KCl-evoked [*H]norepinephrine
releasel®]. Considering that high doses of propofol inhibited
4AP-evoked synaptic vesicles exocytosis in a similar manner
to TTX and did not interfere with KCl-evoked exocytosis, we
could suggest that the effect of propotfol on neuromuscular
junction is thus caused primarily by inhibition of action poten-
tial-evoked synaptic vesicle exocytosis at a step upstream of
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Ca™ entry through voltage-gated Ca®* channels, possibly as
a result of Na* channel blockade. In addition, there are evi-
dences in the literature suggesting that high doses of propofol
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Abstract

We investigated the effects of cholesterol removal on spontaneous and KCl-evoked synaptic vesicle recycling at the frog neuro-
muscular junction. Cholesterol removal by methyl-p-cyclodextrin (MBCD) induced an increase in the frequency of miniature end-
plate potentials (MEPPs) and spontaneous destaining of synaptic vesicles labeled with the styryl dye FM1-43. Treatment with
MPCD also increased the size of MEPPs without causing significant changes in nicotinic receptor clustering. At the ultrastructural
level, synaptic vesicles from nerve terminals treated with MBCD were larger than those from control. In addition, treatment with
MPBCD reduced the fusion of synaptic vesicles that are mobilized during KCl-evoked stimulation, but induced recycling of those
vesicles that fuse spontaneously. We therefore suggest that MBCD might favor the release of vesicles that belong to a pool that
is different from that involved in the KCl-evoked release. These results reveal fundamental differences in the synaptic vesicle
cycle for spontaneous and evoked release, and suggest that deregulation of cholesterol affects synaptic vesicle biogenesis and
increases transmitter packing.

Introduction

Many studies in the last two decades have reported the presence of
membrane microdomains with elevated proportions of cholesterol,
sphingolipids and glycolipids (for a review see Lingwood et al.,
2009). These microdomains, named membrane rafts, are thought to
allow the preferential association of many proteins (Simons & van
Meer, 1988; Brown & Rose, 1992; Simons & lkonen, 1997). More
than 200 proteins have been localized to rafts (Foster et al., 2003)
including those related to control of the synaptic vesicle cycle,
which is a key step for neurotransmitter release at the synapse
(Yoshinaka et al., 2004).

Synaptic vesicle exocytosis is regulated by a set of proteins, includ-
ing the SNARE complex, which mediates the fusion of synaptic

vesicles with the presynaptic membrane at active zones (reviewed by
Murthy & De Camilli, 2003; Sudhof, 2004). In this context, it is note-
worthy that changes in cholesterol content have a strong impact on
synaptic transmission (Thiele et al., 2000; Cho et al., 2007). Zamir &
Charlton (2006) reported that acute depletion of cholesterol with
methyl-B-cyclodextrin (MBCD) blocked action potential conductance
in the crayfish neuromuscular junction (NMJ) and increased miniature
end-plate potential (MEPP) frequency. In hippocampal neurons, Was-
ser et al. (2007) observed that removal of synaptic vesicle cholesterol
with MBCD resulted in an increase in the frequency of miniature
excitatory postsynaptic current events and a decrease in evoked vesi-
cle fusion. Taken together these findings suggested that the presence
of cholesterol favors evoked synaptic vesicle fusion over spontancous
release, suggesting some fundamental difference in the vesicle pools
that contribute to each form of release, or to intrinsic differences in
the release mechanisms for evoked vs. spontaneous release, or both.
Although vesicle pools in the vertebrate NMJ have been extensively
characterized (Rizzoli & Betz, 2005), there is still no consensus of
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the frog NMJ using electrophysiology, optical and electron micros-
copy techniques to examine changes to evoked and spontaneous
release and to the structure of the synapse during cholesterol deple-
tion.

Material and methods
Drugs and chemicals

FM1-43, Vybrant Lipid Raft Kit and o-bungarotoxin-Alexa 594
were purchased from Invitrogen (Carlsbad, CA, USA); MPBCD,
hydroxypropyl-y-cyclodextrin (HyCD) and p-tubocurarine were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). All other chemi-
cals and reagents were of analytical grade.

Nerve-muscle preparations

All procedures were approved by the local animal care committee
(CETEA-UFMG) and followed NIH guidelines for the care and use
of laboratory animals. Experiments were performed on NMJs from
frogs (Rana catesbeiana) weighing ~60 g. Frogs were killed by
decapitation. The cutaneous pectoris muscle and a segment of its
attached nerve were then dissected out and maintained in frog
Ringer solution (115 mm NaCl, 2.5 mm KCI, 1.8 mm CaCly, 5 mm
HEPES, pH adjusted to 7.2 with NaOH). Unless stated otherwise,
all treatments and measurements were carried out in frog Ringer.
During all imaging experiments, D-tubocurarine (16 pm) was
included in the frog Ringer to prevent contractions. During electro-
physiological experiments, tetrodotoxin (300 nm) was included in
the frog Ringer to avoid action potentials.

Measuring exo- and endocytosis with FM1-43

Experiments with FM1-43 were done according to protocols
described by Betz et al. (1992), Betz & Bewick (1992) and Guatim-
osim ef al. (1998a,b). Cutaneous pectoris muscles were stained by
incubating in high-K* (60 mm) frog Ringer containing FM1-43
4 pm) for 10 min. After KCl (60 mm) stimulation, preparations
were maintained in normal frog Ringer (+ FM1-43) for 15 min to
allow FMI1-43 uptake during the compensatory endocytosis that
occurs after stimulation. Following labeling, muscles were washed
for > 1 h in normal frog Ringer to remove extracellular FM1-43.

To investigate the effects of cholesterol removal on synaptic vesi-
cle exocytosis, preparations labeled with FM1-43 were exposed to
MBCD (1-10 mm) for 30 min at room temperature (25 °C). The
same protocol was used for experiments using electron microscopy.
As MBCD can bind FM dyes (Dason er al., 2010), in experiments
to assess the role of MPCD on endocytosis we used a modified pro-
tocol. The preparations were pre-incubated with MBCD (10 mm) for
30 min, washed for 15 min to remove the drug and then stimulated
with KCI1 (60 mm) in the presence of FM1-43 as described above.

Staining of lipid rafts at frog NMJs

To stain lipid rafts at frog motor nerve terminals, we used the fluo-
rescent subunit B from cholera toxin (CTxB-Alexa 488) available in
the Vybrant Lipid Raft Kit (Invitrogen). Cutaneous pectoris muscles
were incubated for 15 min in Ringer containing CTxB-Alexa 488
(1 pg/mL). Then, the muscles were incubated for 15 min with the
antibody anti-CTxB and then fixed with paraformaldehyde (4%, in
PBS) at 4 °C for 40 min. To investigate the effects of cholesterol
removal on membrane rafts, muscles were pre-incubated with
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MBCD (10 mm) or HYCD (10 mm) for 30 min before labeling with
CTxB-Alexa 488. Staining of nerve terminals in preparations treated
with MBCD (10 mm) or HyCD (10 mm) was compared with that
obtained in untreated controls.

Staining of nicotinic receptors at frog NMJs

Cutaneous pectoris muscles were incubated for 20 min with o-
bungarotoxin-Alexa 594 (4 pg/mL). After labeling, muscles were
washed and fixed with paraformaldehyde (4%, in PBS) at 4 °C. To
investigate the effects of cholesterol sequestration on nicotinic acetyl-
choline receptor (nAChR) clusters, frog NMJs were pre-incubated
with MBCD (10 mm) for 30 min before labeling with a-bungarotoxin.

Fluorescence microscopy and image analyses

Images of frog NMlJs stained with FM1-43 were acquired using a
fluorescence microscope (Leica DM2500) equipped with water-
immersion objectives [63 x , 0.95 NA and (or) 40 x , 0.75 NA]
and coupled to a CCD camera (12 bits, DFC345FX; Leica) and
visualized on a computer screen using Leica Application Suite 4.0
software. Images of frog motor terminals labeled with CTxB-Alexa
488 and o-bungarotoxin-Alexa 594 were collected in a confocal
microscope (Zeiss LSM 510 from CEMEL, ICB-UFMG) using a
40 x (1.30 NA) oil objective. An argon and helium-neon laser
were used for excitation of terminals stained with CTxB-Alexa 488
and nAChR clusters marked with a-bungarotoxin, respectively.

Electrophysiological recordings

Standard intracellular recording techniques were used to record
MEPPs with an Axoclamp-2A amplifier (Molecular Devices, Sunny-
vale, CA, USA). The 10-times Vi, output of the amplifier was band-
pass filtered (0.1 Hz—10 KHz) and amplified a further 500-fold prior
to digitization and acquisition on a computer running WinEDR
(John Dempster, University of Strathclyde). Microelectrodes were
fabricated from borosilicate glass and had resistances of 8-15 MQ
when filled with 3 M KCl. The membrane potential was also
recorded and used to comrect MEPP sizes to a standard resting
potential of —80 mV using the method of Katz & Thesleff (1957).
MPBCD was added directly to the bath from a Ringer stock solution
to the final concentrations given in the text.

Transmission electron microscopy

For ultrastructural analysis, preparations were incubated for 30 min
with frog Ringer solution (control), or with frog Ringer containing
MBCD (10 mm) or HyCD (10 mm). Following the incubation period,
tissue was fixed in ice-cold modified Karnovsky fixative solution
(4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer at 4 °C) overnight, washed with cacodylate buffer
(0.1 M), cut into four pieces, post-fixed in reduced osmium (2%
osmium tetroxide containing 1.6% potassium ferrocyanide), con-
trasted en bloc with uranyl acetate (2%), dehydrated through an
ascending series of ethanol solutions and embedded in EPON. The
blocks were then sectioned (50 nm) and collected on 200-mesh cop-
per grids and contrasted with lead citrate. The sections were viewed
with a 120-kV electron microscope (Tecnai-G2-Spirit-FEI/Quanta
microscope; Philips, Eindhoven, The Netherlands). Experiments and
analyses involving electron microscopy were performed in the Center
of Microscopy at the Universidade Federal de Minas Gerais, Belo
Horizonte, MG, Brazil (http://www.microscopia.ufmg.br).
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EM image analysis

NMIJs were identified based on the presence of junctional folds in
the postsynaptic membrane. Single sections through the NMJ were
traced and the terminal areas and synaptic vesicle number were
determined. Synaptic vesicle distribution was evaluated by quantifi-
cation of the vesicles located at different distances from the active
zone within the selected area, as described by Becherer et al
(2001) and Hua er al. (2011) and the vesicles counted were marked
to prevent their recounting. We counted the number of vesicles
located within 10-50 nm of the presynaptic membrane. Vesicle cir-
cumference was calculated as C = 2x[(d? +d3)/2]*° considering
the longest diameter (d;) and the diameter at right angles (da)
according to Van der Kloot et al. (2002). Synaptic vesicle shape
was quantified using the shape factor described by Croft et al
(2005): shape factor = (4 x m x arca)/(pcrimctcr)z. This parameter
reaches a maximum of 1 for a circular object. All image analysis
in this study was performed ‘blind” in the sense that the person
performing the analysis did not know what treatment the sample
had received.

Statistical analysis

Image analysis was performed using the program Imagel (Wayne
Rasband, National Institutes of Health, Bethesda, MD, USA). Data
were analysed in Microsoft Excel and plotted using the program
SigmaPlot 10.0 (SyStat Software) or GraphPad Prism 4 or Igor
(Wavemetrics). Statistical significance was evaluated using the
paired or un-paired Student’s #-test or the Kolmogorov—Smirnov
test, as described in the text. Values of P < 0.05 were considered
significant.

Results

To investigate the effects of cholesterol on exo- and endocytosis at
the frog NMJ we used MPCD, a cyclic dextrin with a hydrophobic
core that extracts cholesterol from the cellular membrane (Kilsdonk
et al., 1995). Figure 1A shows representative images of nerve termi-
nals previously labeled with FM1-43 before (upper panels) or after
(lower panels) treatment with KCl (60 mm), MPCD (10 mm) or
HyCD (10 mm). As expected, KCI (60 mm) caused strong destain-
ing of the nerve terminal that reflects loss of FM dye due to exocy-
tosis of labeled synaptic vesicles (Betz et al., 1992). Treatment with
MPBCD (10 mm) also caused strong FM destaining whereas HyCD
[a cyclic dextrin with a much lower affinity for cholesterol (Ohtani
et al., 1989)] had no effect, suggesting that cholesterol removal
stimulates exocytosis. Figure 1B shows destaining curves for MBCD
(1, 5 and 10 mm), photobleaching (control) and KCl (60 mm).
Results from independent experiments are summarized in Fig. 1C.
Destaining by MPBCD was significantly greater than photobleaching
controls for concentrations of 5 mm (¢ = 5.45, P = 0.006, unpaired
Student’s r-test) and 10 mm (14 = 7.95, P =0.001, unpaired
Student’s #-test). Destaining by HyCD (10 mm) was not different
from photobleaching control (z = 0.10, P =0.93, unpaired
Student’s r-test).

To confirm membrane raft disruption by MBCD (10 mm), we
used the fluorescent subunit B from cholera toxin (CTxB-Alexa
488), which has affinity for the ganglioside GM1 located at mem-
brane rafts (Harder et al., 1998). Pre-incubation of neuromuscular
preparations with HyCD (10 mm for 30 min) did not cause any sig-
nificant change in CTxB labeling of motor terminals (1 = 1.7,
P = 0.17; unpaired Student’s t-test; Fig. 1D and E). On the other

hand, pre-incubation with MBCD (10 mm for 30 min) significantly
inhibited staining with fluorescent CTxB (zy =9, P = 0.0008;
unpaired Student’s r-test; 45 nerve terminals per experimental condi-
tion; Fig. 1D and E, for quantification). The results obtained based
on fluorescently labeled CTxB binding to membrane surface GM1
provided a visual confirmation that rafts were successfully disrupted
by the treatment with MBCD.

We next investigated whether MBCD-induced FM1-43 destaining
at frog NMJs was due to an increase in spontaneous synaptic vesicle
fusion with the plasma membrane. To test this, we measured MEPPs
in the same fiber before and during treatment with MPCD or HyCD.
Treatment with MBCD (10 mwm) induced a time- and dose-dependent
increase in MEPP frequency that was not observed with HyCD
(10 mm). Figure 1F shows a single representative experiment in
which the increase in MEPP frequency is visible in the membrane
potential traces or as a leftward shift in the distribution of MEPP
intervals. For statistical analysis, MEPP frequency for each experi-
ment was normalized to its own control before averaging, and we
tested whether the average normalized frequency was greater than 1
(Fig. 1G). These data showed that MPCD caused a dose- and time-
dependent increase in MEPP frequency that was not observed in
preparations treated with HyCD. Application of MBCD (10 mwm,
5 min) increased MEPP frequency by 18 + 1.6-fold (mean + SEM;
t3 = 10.6, P = 0.0018, single sample #-test, n = 4) whereas in prepa-
rations treated with HyCD (10 mm, 5 min) MEPP frequency was
0.95 &+ 0.12 of control (#; = 0.42, P = 0.70, single sample -test,
n=4).

In addition to the increase in MEPP frequency described above,
treatment with MBCD also increased the size of MEPPs (Fig. 2). In
experiments in which MEPPs were recorded from the same fiber
before and during treatment with MBCD (2.5 mmM, 10 min), MEPP
amplitudes were increased by 25 £ 12% (mean £+ SEM; P < 0.05,
n = 3, Kolmogorov—Smimov test). We also observed that the half-
width of MEPPs was increased after treatment with MBCD, as can
be observed in Fig. 2A in which the broken line represents the con-
trol MEPP scaled to peak amplitude of the MEPP recorded after
MpCD. To quantify the effect of MBCD on the MEPP time course,
we measured the area under the MEPP by calculating its time inte-
gral. MBCD (2.5 mm, 10 min) increased MEPP integrals by
60 = 25% (mean £+ SEM; P < 0.05; Kolmogorov-Smirnov test;
n = 3; compare Fig. 2B).

The slowing of the MEPP decay, reflected in a larger time
integral, could result from an inhibitory action of MPCD on acetyl-
cholinesterase. To test this, we measured the effect of MBCD after
pre-treatment with neostigmine (10 pm, 30 min). As expected,
neostigmine increased MEPP areas (Fig. 2C). In the presence of
neostigmine, MBCD (2.5 mM, 10 min) further increased MEPP inte-
grals by 60 + 10% (mean + SEM; P < 0.05; Kolmogorov—Smir-
nov test; n = 3), indicating an effect that was additive to the effect
of neostigmine (compare Fig. 2B and C). Hence, the effect of
MBCD was not due to inhibition of acetylcholinesterase.

A second possible explanation for the increase in MEPP size after
MPBCD may be related to changes on proper clustering of nAChRs at
the NMJ as the stability of these receptors is extremely important to
the correct functioning of cholinergic synapses. To test this possibil-
ity, we stained nAChR clusters with o-bungarotoxin-Alexa 594 after
pre-incubation with MBCD (10 mm). These experiments revealed no
morphological alterations in comparison with that obtained in control
condition (Fig. 2D). Although treatment with MBCD revealed a
small tendency to increase the intensity of labeling with fluorescent
bungarotoxin, this might be a consequence of a better accessibility of
the toxin to the nAChR clusters after cholesterol sequestration. Thus,
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FiG. 1. MBCD evokes exocytosis at the frog NMJ and disrupts membrane rafts. (A) Fluorescence images of nerve terminals after labeling the recycling vesicle
pool with the fluorescent dye FM1-43 by stimulation followed by extensive washing. Upper panels show initial staining and lower panels show remaining fluo-
rescence after 30 min in the indicated treatments (control, 60 mm KCI, 10 mm MBCD or 10 mm HyCD, a negative control for non-specific effects of cyclodext-
rins). (B) Dose and time dependence of destaining evoked by MPCD. Traces from top to bottom are control, MBCD (1, 5 and 10 mm) and KC1 (60 mm)
averaged from three independent experiments. (C) Destaining quantification after 30 min treatment with cyclodextrins at the concentrations shown (in mm)
(n = 3 animals per experimental condition. *P < 0.05). (D) Images of nerve terminals stained with Alexa-488-labeled cholera toxin B in control or cyclodex-
trin-treated preparations. (E) Quantification of cholera toxin staining from three independent experiments (*P < 0.05). (F) MEPPs recorded with an intracellular
electrode. Upper panels of each pair show a 10-s portion of the recording immediately before addition of cyclodextrin (10 mm MBCD or 10 mm HyCD as indi-
cated) and lower panels show recording from the same junction after 5 min treatment. Scale bars are 0.5 mV and 1 s. Panels o the right give the cumulative
frequency distribution of intervals between successive MEPPs from the same recordings. Black traces are in control and grey traces after reatment with cyclo-
dextrin. Note logarithmic scale on the ordinate. (G) Time- and concentration-dependence of cyclodextrins on the frequency of MEPPs. At each junction, MEPPs
were recorded in control and after treatment with cyclodextrin at the concentration and for the times indicated. For each junction tested, effects were measured
as the frequency of MEPP measured after treatment divided by the frequency in control in the same end plate (m = 4 animals per experimental condition;
*P < 0.05).

treatment with MPCD does not appear to generate any gross disrup- 3.1 £ 0.31 pm? (18 nerve terminal profiles); £, = 1.04, P = 0.36 for
tions to postsynaptic AChR receptors in our model. control vs. HyCD; £, =0.71, P =0.52 for control vs. MBCD;
We next examined NMJs at the ultrastructural level to determine unpaired Student’s z-test]. The same was observed for the total num-

if MPCD causes changes to the structure of the synaptic terminals. ber of synaptic vesicles [Fig. 3A-C and E; Control: 110 4 8.0
Preparations treated with MBCD (10 mm) or HyCD (10 mm) (mean = SEM) (15 nerve terminal profiles); HyCD: 127 £ 5.0 (15
showed no difference regarding surface area [Fig. 3A-D; Control: nerve terminal profiles); MPCD: 123 + 2.0 (18 nerve terminal pro-
3.4 £+ 0.25 pm? (mean = SEM) (15 nerve terminal profiles); files); £ = 1.626, P =0.1793 for control vs. HyCD; t, = 1.439,
HyCD: 3.7 + 0.18 pm> (15 nerve terminal profiles); MPBCD: P = 0.2236 for control vs. MBCD; unpaired Student’s #-test].
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(10 mm). Scale bar: 10 pm (n = 3 animals per experimental condition).

We compared the circumference (Van der Kloot ef al., 2002) and
shape (Croft et al., 2005) of synaptic vesicles of motor terminals
from control and those treated with HyCD and MBCD. We observed
an increase in the circumference of synaptic vesicles in terminals
treated with MPCD (10 mm) when compared with untreated termi-
nals or terminals treated with HyCD (10 mm) [Fig. 3F: con-
trol = 239 + 1.5 nm  (mean + SEM); HyCD = 240 + 1.5 nm;
MBCD =249 + 1.6 nm; P > 0.05 for HyCD vs. control and
P < 0.0l for MBCD vs. control and HyCD; Kolmogorov—Smimov
test; 322 synaptic vesicles from 15 nerve terminal profiles for
control and HyYCD and 18 nerve terminal profiles for MBCD]. In
contrast, we observed no change in the shape factor (SF) in any
of the experimental groups (Fig. 3G - untreated control:
SF =0.923 + 0.002; HyCD: SF=0921 + 0.0018; MfACD:
SF = 0.924 + 0.0019; P > 0.05; Kolmogorov-Smimov test; 322
synaptic vesicles from 15 nerve terminal profiles for control and
HvCD and 18 nerve terminal profiles for MPBCD).

We next investigated the effects of MBCD (10 mm) on KCI
(60 mm)-evoked synaptic vesicle release measured as FM dye
destaining evoked by KCI (60 mm). Control preparations labeled with
FM 1-43 were readily destained with KC1 (60 mm) [Fig. 3H second
bar; 43.64 + 1.898% (mean 4+ SEM); 1 = 14.92, P = 0.0001;
unpaired Student’s #-test; 15 fluorescent spots from three terminals
for each condition]. In contrast, when preparations were first partially
destaining by MBCD (10 mm, 30 min), no further destaining was
observed when KCIl was applied [Fig. 3H, third and fourth bar,
respectively;  KCl + MBCD = 34.67 £ 2.219%  (mean £+ SEM);
MPBCD = 30.07 + 1.067%; t, = 1871, P =0.1347, unpaired
Student’s z-test; 15 fluorescent spots from three terminals for each
condition]. We thus suggest that after treatment with MBCD
(10 mm), the remaining labeled synaptic vesicles cannot be released
by KCL

Exocytosis and FM dye destaining evoked by KCI depend on Ca®"
influx through the voltage-gated calcium channel (VGCC; Guatimo-
sim er al., 1997). To investigate if MPCD treatment inhibits exocy-

tosis through inhibition of the VGCC, we compared the amount of
destaining by the calcium ionophore ionomycin (10 pM) in untreated
preparations and in preparations pre-treated with MBCD (10 mwm,
30 min), then washed to avoid possible sequestration of ionomycin
by MBCD. We observed a statistically significant inhibition of exo-
cytosis evoked by ionomycin after treatment with MPCD [Fig. 3H
compare fifth and sixth bars; ionomycin = 42.80 + 2.041%
(mean + SEM); ionomycin + MBCD = 33.92 + 2.386%; 1, = 2.828,
P < 0.05; unpaired Student’s #-test; 15 fluorescent spots from three
nerve terminals for each condition]. These results indicate that treat-
ment with MBCD inhibits Ca2+—dcpcndcnt exocytosis.

After evoked exocytosis, synaptic vesicle pools are replenished by
compensatory endocytosis (Ceccarelli et al., 1973; Heuser & Reese,
1973; Richards et al., 2001; reviewed by Royle & Lagnado, 2003).
Endocytosis can be studied by observing the uptake of FM1-43 in
response to stimulation (Ribchester et al., 1994). To investigate the
effect of cholesterol removal on endocytosis, preparations of frog
NMlJs were pre-incubated with MBCD (10 mm) or HyCD (10 mm)
before staining with FM1-43 under KCI stimulation (see Methods).
Pre-incubation with MBCD significantly reduced FM1-43 uptake
induced by KCI (60 mm) (compare Fig. 4A and C). When we mea-
sured the fluorescence intensity from several spots, we observed that
the NMJ pre-incubated with MPBCD showed a lower intensity fluo-
rescent signal (91.49 + 7.036 arbitrary units (AU); mean + SEM)
than those incubated with KCI alone (138.3 + 6.788 AU) and pre-
incubated with HyCD (147.7 &+ 6.112 AU). Furthermore, when
MBCD (10 mm) was used as the secretagogue we did not observe
FM1-43 uptake in nerve terminals (z, = 4.792, P = 0.0001 for
MPBCD pre-incubated vs. KCI alone; unpaired Student’s r-test;
t» = 6.035, P <0.0001 for MBCD pre-incubated HyCD;
unpaired Student’s r-test; 45 fluorescent spots from three nerve ter-
minals for each condition; Fig. 4D and E).

Previous studies have suggested that spontaneously released ves-
icles do not belong to the readily releasable pool (RRP, vesicles
immediately available for evoked release) (Sara er al., 2005).

V.
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FIG. 3. Optical and ultrastructural analysis of synaptic vesicle exocytosis in nerve terminals treated with MBCD. (A—C) Representative electron micrographs
from frog motor nerve terminals in control condition (A) or after 30 min of incubation with HyCD (10 mm) (B) or MBCD (10 mm) (C). Scale bar: 100 nm,
magnification: 23 000x . (D) Average area of the presynaptic terminals. (E) Average total number of synaptic vesicles per nerve terminal. (F) Cumulative prob-
ability of synaptic vesicle circumference measured from EM sections of NMJs in control, HyYCD and MBCD condition. (G) Cumulative probability of synaptic
vesicle shape measured from EM sections of NMIJs in control, HyCD and MBCD condition (n = 3 animals per experimental condition). (H) Graph representing
FM1-43 destaining induced by KCI1 (60 mwm), KCI (60 mm) + MBCD (10 mm), MBCD (10 mm), ionomycin (10 pm) and MBCD (10 mm) wash + ionomycin
(10 pum) [n = 3 animals per experimental condition; *P < 0.05 compared with photobleaching; **P < 0.05 compared with KCI alone; *P < 0.05 comparing ion-

omycin 10 pm and ionomycin 10 pm + MBCD (10 mm)].

Reinforcing this hypothesis, recent work in central synapses
showed that vesicles that recycle spontaneously and under depolar-
izing stimuli do not mix and are segregated in different vesicular
pools (Fredj & Burrone, 2009; Chung et al., 2010). Because our
data show that MBCD induces spontaneous vesicle release without
stimulating FM1-43 uptake, we looked at ultrathin sections of neu-
romuscular preparations in control conditions or in muscle exposed
to MBCD (10 mm) to visualize the distribution of synaptic vesicles
in nerve terminals, especially in the vicinity of the active zones
which is the location of the RRP. We did not detect any differ-
ence concerning the distribution of synaptic vesicles in control and

MBCD-treated nerve terminals, despite the increase in exocytosis
induced by cholesterol depletion (Fig. 1). In addition, the number
of synaptic vesicles that were close to the active zone were the
same, suggesting that at least for the NMJ, the RRP seems to be
intact [Fig. 4F: 10 nm — MBCD: 3.0 £ 1.0 synaptic vesicles
(mean = SEM), Control: 4.0 £+ 1.0; 20 nm — MBCD: 5.0 &+ 1.0,
Control: 4.0 £ 1.0; 30nm - MBCD: 50 #+ 1.0, Control:
5.0 £ 0.0; 40 nm — MBCD: 5.0 = 1.0, Control: 6.0 £ 0.0; 50 nm
— MBCD: 7.0 = 1.0, Control: 6.0 = 0.0; P > 0.05, unpaired Stu-
dent’s #-test; 15 nerve terminal profiles for control and 18 nerve
terminal profiles for MPCD].
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FiG. 4. MBCD and synaptic vesicle endocytosis in frog motor nerve terminals. (A) Nerve terminal labeled with FM1-43 during a high KCI stimulus for 10
min. Note the typical fluorescent spots of FM1-43 labeling. (B) Motor terminal pre-incubated with HyCD (10 mm, 30 min), followed by a washing time of
15 min and subsequent staining with FM1-43 in a high KCIl medium. (C) Terminal pre-incubated with MBCD (10 mm, 30 min) followed by a washing time of
15 min and subsequent staining with FM1-43 in a high KCl medium. Note the reduced FM1-43 uptake. (D) Terminal pre-incubated with MBCD (10 mm,
30 min) followed by a washing time of 15 min and subsequent staining with FM1-43. There was no detectable FM1-43 uptake when MBCD was used as stim-
uli. Scale bars: 10 pm for each image. (E) Graph comparing the fluorescence intensity of nerve terminals stained with FM1-43 in the conditions described in
A-D [n =3 animals per experimental condition; *P < 0.05 compared with KCl (60 mm) alone; **P < 0.05 compared with pre-incubation with HyCD
(10 mm)]. (F) Histogram representing the average number of vesicles located at different distances from the active zone (n = 7 and n = 5 active zones for
MPBCD and Control, respectively, from three animals per experimental condition). For this quantification we used electron micrographs obtained individually
under control and MBCD conditions. All active zone profiles fully visualized were used for quantification.

Discussion

Here we have investigated the effect of cholesterol removal by
MPBCD in synaptic vesicle recycling at motor nerve terminals of the
frog NMJ. We confirmed that MBCD treatment increased MEPP fre-
quency, but we also found an increase in MEPP amplitude that may
be due to an increase in the size of synaptic vesicles resulting in
increased capacity for neurotransmitter release. Hence, membrane
cholesterol regulates both the size of synaptic vesicles and quantal
size defined as the post-synaptic membrane potential change induced
by release of a single quantum of neurotransmitter. We also showed
that after cholesterol removal by MBCD, KCl-evoked synaptic vesi-
cle exocytosis is impaired, suggesting that normal levels of mem-
brane cholesterol are important to maintain a balance between
populations of synaptic vesicles that belong to a pool responsible
for spontaneous release and a pool responsible for evoked release
of neurotransmitter. Our data suggest that MBCD-treated prepara-
tions continue to release FM1-43 dye from labeled vesicles during
exocytosis, but are unable to internalize dye during compensatory
endocytosis. This remarkable characteristic suggests that lack of
cholesterol changes the way vesicles undergo exo-endocytosis,
perhaps facilitating a mechanism of kiss-and-run that allows for dye
diffusion out of vesicles, but that limits lateral diffusion of FM1-43,

Using FM1-43 imaging and electrophysiology techniques, we
showed that acute cholesterol removal induces FM1-43 destaining of

labeled synaptic vesicles and increases the frequency of MEPPs.
Although Zamir & Charlton (2006) reported no MPCD-induced
effects on MEPP amplitude or kinetics at the crayfish NMJ, we
observed an increase in MEPP amplitude that could not be explained
by effects of MBCD on acetylcholinesterase (Fig. 2B and C). As
MPBCD has been reported to disperse nAChRs in myoblast cultures
(Stetzkowski-Marden et al., 2006), we examined AChR receptor
density and distribution with fluorescent bungarotoxin and observed
no difference in untreated and treated preparations (Fig. 2B and C).

To further investigate changes that could generate large MEPPs,
we looked at MPCD-treated and untreated nerve terminals at the
ultrastructural level. Considering that our ultrastructure data show no
difference regarding the terminal area or the total number of synap-
tic vesicles in control or MBCD (10 mm)-treated terminals (Fig. 3D
and E), this result could not be explained by endocytosis inhibition.
We therefore suggest that synaptic vesicles that fuse spontaneously
under MBCD treatment endocytose differently from those that are
released under KCl-evoked stimulation and may not be able to inter-
nalize FM1-43. This result is in agreement with previous work from
Zefirov et al. (2004), showing a weak FMI1-43 staining when frog
NMlJs were soaked in hyperosmotic solution compared with high-
potassium medium, suggesting two modes of recycling depending
on the stimuli paradigm.

Recent studies have shed additional light on the mechanism that
cholesterol removal interferes with synaptic vesicle exocytosis.
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Smith et al. (2010) showed that activity of presynaptic protein kin-
ases such as PKA and PKC is sensitive to changes of membrane
cholesterol content at cerebellar synapses, suggesting that cholesterol
might restrain the access of the aforementioned active kinases to the
exocytotic release apparatus. Data obtained from our research group
also showed that cholesterol removal facilitates protein kinase acti-
vation that favors spontaneous synaptic vesicles and glutamate
release in cortical synaptosomes (Teixeira et al., 2012). Therefore, it
would be interesting to test in future experiments at the NMJ if the
massive increase in spontancous release observed after cholesterol
removal is also sensitive to protein kinase inhibitors. Mailman et al.
(2011) also showed that cholesterol biosynthesis inhibitors of the
statin family, such as lovastatin, are able to impair synaptic vesicle
exocytosis in hippocampal neurons, proposing that these neurons
need a certain level of endogenous cholesterol biosynthesis for the
maturation and maintenance of fully functional synapses and that
chronic exposures to these drugs may affect synaptic transmission.
These findings raise the question of whether those drugs might also
affect peripheral neurotransmission.

Most synaptic systems seem to rely on several pools of vesicles
to maintain effective neurotransmission. At the frog NMJ, the main
characteristics of vesicle pools can be described as follows: (i)
readily releasable pools, which comprises ~10 000 vesicles (0.4%
total); (i1) recycling pool corresponding to ~75 000 vesicles (14—
19% total); and (iii) reserve pool with ~400 000 vesicles (80%
total) (data extracted from a review by Rizzoli & Betz, 2005). The
precise location of synaptic pools and the molecular components
that distinguish members of the pools have been under intense
debate and investigation (Rizzoli & Betz, 2005). More recently, an
attempt has been made to relate those vesicle pools to modes of
release (Sara et al., 2005; Wasser et al., 2007; Fredj & Burrone,
2009; Wasser & Kavalali, 2009; Hua er al., 2011). Our data show
that preparations that are cholesterol-depleted failed to internalize
FM1-43 after a depolarizing stimulus (Fig. 4C). Moreover, MBCD
increases destaining of vesicles and augments the frequency of
MEPPs, suggesting that it can increase exocytosis. Considering that
kinetics of partitioning/departitioning of FM1-43 into membranes is
not affected by cholesterol levels on the double layer of phospho-
lipids (Wu er al., 2009), the effects of MBCD over exo-/endocyto-
sis should result from alterations on membrane traffic but not on
FM affinity for membranes. Sara er al. (2005) have proposed that
the functional segregation of vesicles that belong to the spontane-
ous and evoked release pool may be mediated by differences in
the protein and/or lipid composition of the synaptic vesicles that
make up the two pools. This raised the question of whether those
vesicles that fuse spontaneously under MBCD treatment belong to
a distinct pool of vesicles, which is not part of the recycling pool
of synaptic vesicles. Those vesicles might be unable to internalize
FM1-43 because they are not recruited during an evoked stimulus.
Indeed, Fredj & Burrone (2009) performed studies in cultured hip-
pocampal neurons showing that calcium-dependent evoked and
spontaneous vesicle fusion recruits distinct pools of synaptic vesi-
cles. They also showed evidence that spontaneously released vesi-
cles are mobilized from a resting pool, which was originally
described as an activity-independent set of vesicles that do not par-
ticipate in vesicle cycling. More recently, two clegant studies pro-
vided additional evidence that vesicles from the resting pool are
more prompt to recycle spontaneously and this might involve dif-
ferent proteins other than the canonic SNARES (Hua et al., 2011:
Ramirez & Kavalali, 2012). In agreement with this hypothesis, we
showed that under MBCD treatment there an enlargement of syn-
aptic vesicles and modest FM1-43 uptake, suggesting that at least
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for the frog NMJ, synaptic vesicles recycle differently after choles-
terol removal.

It is interesting, however, that MPBCD impairs FM1-43 but at the
same time increases its release from vesicles. It is possible that
removal of cholesterol leads vesicles to undergo a kiss-and-run type
of exocytosis. In this framework, FM1-43 inside vesicles would be
able to diffuse down its gradient concentration when a fusion pore
1s formed, that would also allow for the release of neurotransmitter.
However, during the endocytic process, dye embedded in the plasma
membrane may not diffuse laterally and enter the synaptic vesicle
lumen, perhaps due to limits imposed by a fusion pore, which
would explain the lack of intemalization of the dye upon MBCD
treatment. This interpretation is also consistent with the fact that the
synaptic vesicle population determined by electron microscopy is
not changed in MPBCD-treated nerve endings, despite increased exo-
cytosis. Therefore, this result lends additional support to the idea
that release of spontaneous and evoked synaptic vesicles might be
regulated independently, requiring distinct synaptic vesicle recycling
machinery and pools (Ramirez & Kavalali, 2011).

However, we noted that synaptic vesicles were larger in MPBCD-
treated nerve terminals than in control terminals (Fig. 3F). Van der
Kloot et al. (2002) showed that at the frog NMJ the synaptic vesicle
content of acetylcholine can change without any notable alteration
in synaptic vesicle size. However, whether an enlarged synaptic
vesicle may store a higher quantity of neurotransmitter was not
determined. The mechanisms responsible for the regulation of how
much neurotransmitter a synaptic vesicle can stock are not well-
established. At least for dopaminergic secretory cells, there is a cor-
relation between the size of the synaptic vesicle and the amount of
transmitter it can store (Sulzer & Pothos, 2000). In addition, Colliv-
er et al. (2000) showed that the amount of transmitter stored in a
vesicle by the vesicular monoamine transporter (VMAT) can regu-
late its volume in PC12 cells. Additional evidence came from exper-
iments performed in Drosophila larval NMJ by Zhang et al. (1998).
These researchers have shown that mutants for a clathrin adaptor
protein required for endocytosis (AP180) present an increased quan-
tal size (Zhang et al, 1998) due to larger vesicles. Lastly, Rodal
et al. (1999) showed that extraction of plasma membrane cholesterol
from HEp-2 and other cell lines with MBCD perturbs formation of
clathrin-coated endocytic vesicles, revealing an intimate interaction
between this sterol and formation of clathrincoated vesicles. Our
data are consistent with the possibility that in cholinergic nerve
terminals the amount of transmitter stored may change with the size
of the vesicle. However, because we do not know if the decreased
level of cholesterol can change the H"-ATPase activity or the activ-
ity of the vesicular ACh transporter in our model, it is impossible to
conclude if an increase in vesicle diameter increased ACh storage or
vice versa, Some authors have investigated the H-pumping and
ATPase activity of vacuolar ATPase, which was reconstituted into
phospholipid vesicles, and showed that the omission of cholesterol
inhibited the development of ApH without much effect on ATPase
activity (Perez-Castineira & Apps, 1990). The interrelationship
between the cholesterol content in synaptic vesicle membrane and
the ability of vesicles to accumulate protons was directly confirmed
in experiments with isolated synaptic vesicles (Tarasenko et al,
2010). As has been revealed, MPCD (3 mm) added to synaptic vesi-
cles caused dissipation of the proton gradient, whereas MBCD com-
plexed with cholesterol induced additional acidification of vesicles.

Nonetheless, the increase in synaptic vesicle circumference and
amplitude of MEPPs are consistent. MBCD increased synaptic vesi-
cle circumference by 4.3 + 1.3%, which corresponds to a
13.5 4+ 3.9% increase in vesicle volume assuming spherical vesicles.
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If enlarged synaptic vesicles contained more ACh, then at least part
of the observed increase in quantal size could be explained by the
effect of MBCD on synaptic vesicle size. Other possible causes of
increased quantal size include changes in AChR sensitivity to ACh,
changes in AChR single-channel conductance, reduced desensitiza-
tion of AChR or an increased input resistance of the muscle fiber.

In conclusion, this work has provided new data showing that
membrane cholesterol acts on the modulation of synaptic vesicle
cycle and seems to be essential for the balance between KCl-evoked
and spontancous release at the frog NMJ. Moreover, our results
reinforce the hypothesis of coexistence of a synaptic vesicle pool
mobilized during activity and another pool that is more ready to be
released spontancously that have distinct sensitivity to cholesterol
removal.
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Abstract

In vertebrates, nerve muscle communication is mediated by the release of the neurotransmitter acetylcholine packed inside
synaptic vesicles by a specific vesicular acetylcholine transporter (VAChT). Here we used a mouse model (VAChT KD"°")
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we propose that decreased VAChT levels affect synaptic vesicle biogenesis and distribution whereas a lower ACh content
affects vesicles shape.
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[3,9,11]. In addition, VAChT KDHOM mice present a pro-
nounced deficit in neuromuscular transmission characterized by a
reduction in quantal content and size, reduced miniature end-plate
potentials frequency, impairment of motor performance and
severe deficit in muscle strength [9,10]. Understanding how
synaptic terminals respond to reduced expression of this
transporter is relevant, as decreased levels of VAChT have been
reported in response to drug treatments [12,13], as well as in
distinct neurodegenerative diseases [14,15]. To mvestigate wheth-
er decreased levels of VAChT, and consequently reduced ACh
storage, can regulate any aspect of the SV cycle, studies using the
NM]J are ideal, due to the homogenous cholinergic nature of this

Introduction

Acetylcholine (ACh) plays an important role during nervous
system  development [1,2.3]. In
junction (NM]), ACh is synthesized in presynaptic terminals of
cholinergic neurons from choline and acetyl-coenzyme A (acetyl-
CoA) by choline acetyltransferase (ChAT) and then transported
into synaptic vesicles (SVs) by the vesicular acetylcholine
transporter (VAChT) [4]. After depolarization, ACh is released
into the synaptic cleft and binds to nicotinic receptors present on

mammalian neuromuscular

the postsynaptic muscle membrane, transmitting the signal for
muscular contraction [4,5].

The release of neurotransmitters depends on its storage into SVs synapse and its accessibility to imaging and clectron microscopy.

Although studies using the fluorescent dye FM1-43 suggested
that VAChT KDHOM mice appear to have normal SV cycle [9], a
detailed ultrastructural investigation of the NM] in these mice was
not performed. In the present study we characterized, at the
ultrastructure level, the morphology of synaptic nerve terminals
from diaphragm muscles of VAChT KDHoM
show that reduced expression of VAChT does not interfere with

[6,7,8], and VAChT expression represents a key point in the
regulation of cholinergic transmission [9,10]. VAChT knockout
(VAChT*" ! mice appear to have normal SV recycling, but they
are unable to store or release sufficient ACh in response to neural
activity. As a consequence, they do not survive more than few
minutes after birth [3]. In contrast, mice with 70% reduced

JAChT expression (VAChT KDH”'\I) reach adulthood, but these

mice. Our data

animals show cardiac dysfunction and cognitive alterations
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the overall morphology of the NM]J, but changes the distribution
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Figure 1. Alteration in SVs recycling and distribution after hypertonic sucrose stimulation in VAChT KD"°™ NMJs. A and B -
Representative records of MEPPs obtained from the diaphragm muscle of VAChT WT and VAChT KD"M mice, respectively, measured in the presence
of hypertonic sucrose solution (500 mM) at the end of 10 minutes. C -Graph comparing the mean values of normalized MEPPs frequency measured in
the presence of hypertonic sucrose during 10 minutes. The results were normalized using the basal MEPPs values for each genotype. D — Graph
showing the mean values of MEPP amplitude before (time zero) and during 10 minutes in hypertonic solution. In C and D all results are expressed as
mean * SEM.* p<<0.05; n=4 animals per genotype E- Confocal representative images of NMJs from the diaphragm muscle of VAChT WT (E1-E3) and
VAChT KD"°M mice (E4-E6): E1 and E4- presynaptic terminals stained with FM1-43 fx after hypertonic stimulation for 10 min; E2 and E5- postsynaptic
nAChR clusters stained with s-bungarotoxin-Alexa 594; E3 and E6- colocalization of synaptic elements. Scale bar =10 um. F- Graph showing the
fluorescence intensity of the presynaptic terminal in arbitrary units (AU) (* p<<0.05). G- Graph comparing the fluorescence intensity of the
postsynaptic nAChR clusters in arbitrary units (AU.). (n=3 animals of each genotype). H and |- Representative electron-micrographs of two
diaphragm NMJs profiles of VAChT WT and VAChT KD"®™ mice after hypertonic stimulation for 10 min, showing altered distribution and reduced
number of SVs inside the areas labeled within the circles: 50 and 300 nm from the membrane, small and big circles respectively. Scale bar =500 nm.
Magnification 50.000x. J- Graph comparing the relationship of SVs/um? of presynaptic terminal. (** p<<0.01). K- Graph showing the average number
of SVs located at different distances from the presynaptic active zones. (n=3 individual animals per genotype; * p<<0.05).
doi:10.1371/journal.pone.0078342.g001

of SV within the nerve terminal. In addition, reduced expression 4% in PBS for 40 min and mounted onto glass slide using
of VAChT changes the shape of SVs suggesting that neurotrans- PmLong® Gold antifade reagent.

mitter content may play a key role in maintaining their structure.

Our results demonstrate a link between ACh storage and Confocal microscopy and image analysis

regulation of SV recycling. Images of NM]Js stained with FM1-43fx and a-bungarotoxin
were acquired using a 40x ol immersion (NA 1.30) objective
Materials and Methods attached to a laser-scanning confocal microscope (Zeiss 510
. META) located at Center of Acquisition and Processing of Images
Drugs and chemicals (CAPI) — ICB — UFMG. An argon (488 nm) and helium-neon
Fb,-Il—-‘},'%lf‘_X and ProLong® Gold antifade were purchased from (543 nm) laser were used for excitation of termials stained with
Invitrogen'*; d-tubocurarine, ADVASEP-7, (+)-Vesamicol hy- FM 1-43fx and nAChR cluster marked with o-bungarotoxin,
drochloride were purchased from Sigma-Aldrich and p-conotoxin respectively. Z series optical sections were collected at 2.0 pm
was obtained from Alomone Labs. All other chemical and reagents intervals and the whole hemidiaphragms were scanned. The nerve
were of analytical grade. terminals were indentified considering their colocalization with
nAChR clusters. Images were converted to gray scale format (8
Ethics Statement bits) and each synaptic element was individually evaluated and the
All experimental procedures were carried out in accordance mean fluorescence intensity was considered for comparison
with protocol approved by the local animal care committee between genotypes.
(CETEA-UFMG — protocol 40/2009) and followed NIH guide-
lines for the Care and Use of Animals in Research and Teaching. Electrophysiological recordings
Standard intracellular recording techniques were used to record
Nerve-muscle preparation miniature endplate potentials (MEPPs) with an Axopatch-200
Generation of VAChT KD"™ mice has been previously amplifier (Molecular Devices). Recordings were low-pass filtered at
described in detail [9]. The experiments were performed using 5 KHz and amplified 50X prior to digitization and acquisition on
adult 3 month-old VAChT WT and VAChT KD"* mice. The  a computer running WinEDR (John Dempster, University of
diaphragm muscle associated with the corresponding nerve were Strathclyde). Microelectrodes were fabricated from borosilicate
dissected out, split in two hemidiaphragms and bathed in mouse glass and had resistances of 8-15 M when filled with 3 M KCL

Ringer solution (135 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MEPPs were recorded during 10 min in presence of normal
MgCly, 12 mM NaHCO;, 1 mM NaH,PO,, 11 mM D-glucose, Ringer and during exposure to sucrose hypertonic solution
pH 7.4) and bubbled with a mixture of 5%C02/95%02. In (500 mM). p-Conotoxin GIIIB (0.37 pM) was added to avoid

transmission electron microscopy experiments, diaphragm muscles muscle contraction. MEPP amplitudes were recorded and scaled
were fixed in ice-cold modified Karnovsky solution fixative (4.0% for differences in resting potential using —70 mV as the standard.
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium MEPPs were recorded in the same fiber for 10 min before and
cacodylate buffer). during application of hypertonic sucrose.

Monitoring endocytosis with FM1-43fx Transmission Electron Microscopy (TEM)

Experiments with FM1-43 were performed according to the For ultrastructural characterization, VAChT WT and VAChT
protocol previously described [16,17] except that a fixable (fx) KD"M mice were anesthetized with ketamine/xilazine (70/
FM1-43 analog was used. Diaphragm muscles were stimulated 10 mg/kg) 1.p. and transcardially perfused with ice-cold PBS for
with hypertonic sucrose solution (500 mM) containing FM1-43fx 10 min, followed by ice-cold fixative modified Karnovsky solution
(8 pM) for 10 min. After stimulation, the preparation was for 10 min. Perfused diaphragm muscles were maintained in
maintained at rest in normal Ringer solution with FM1-43fx for fixative solution overnight at 4°C. For experiments with stimula-
10 min to guarantee maximal FM1-43fx uptake during compen- tion, nerve muscle preparations were electrically stimulated
satory endocytosis. Following labeling, muscles were washed for (20 Hz/5 min) through the phrenic nerve (calcium-dependent
1 hour in normal mouse Ringer containing Advasep-7 (1 mM) to stimuli) and immediately fixed or stimulated with hypertonic
remove extracellular FM1-43fx. For labeling of nicotinic acetyl- sucrose solution (500 mM) for 10 min (calcium-independent
choline receptor (nAChR) clusters, the preparations were exposed stimuli). After stimulation, the preparation was maintained at rest
to o-bungarotoxin-Alexa 594 (12 pM) during 20 minutes and then for 10 minutes in mouse Ringer solution without sucrose and fixed
washed [16]. Diaphragms were post-fixed with paraformaldehyde in ice-cold modified Karnovsky solution overnight at 4°C.
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Figure 2. The reduced expression of VAChT alters SVs distribution involved in eletrically stimulated NMJs. A and B - Representative
images of two NMJs from diaphragm muscle of VAChT WT and VAChT KD"°M mice after electrical stimulation (20 Hz for 5 minutes) showing an
altered SVs distribution from the active zone within the circles: 50 and 300 nm from the membrane, small and big circles respectively. Scale bar
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=500 nm. Magnification 50.000x. C- Graph of the ratio SVs/area of presynaptic terminal in umz. D - Graph showing the average number of SVs
located at different distances from the presynaptic active zones. E and F- Four serial sections of NMJs from VAChT WT (E1-E4) and VAChT KD"oM (F1-
F4) diaphragm showing the altered SVs distribution in the active zone (* represent areas depleted of 5Vs touching the membrane) of motor terminals
of VAChT KD"M after electrical stimulation. Scale bar =500 nm. Magnification 50.000x. (n = 3 individual animals per genotype. * p<<0.05, ** p=0.005;

#*% b =0.0006).
doi:10.1371/journal.pone.0078342.g002

To investigate the effects of reduced ACh storage in SVs
morphology, the diaphragm muscle from C57BL/6 mice was
electrically stimulated (3 Hz/20 min) through the phrenic nerve in
the presence of (*)-vesamicol (4 pM), a VAChT inhibitor [18]
and immediately fixed overnight at 4°C.

After fixation, samples were washed with cacodylate buffer
(0.1 M), cut into several pieces, post-fixed in reduced osmium (1%
osmium tetroxide containing 1,6% potassium ferrocyanide),
contrasted en bloc with uranyl acetate (2% uranyl acetate 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. Serial ultrathin sections (50 nm) were
collected and mounted on formvar-coated slot cooper grids and
contrasted with lead citrate. Sections were viewed with a Tecnai-
G2-Spirit-FEI/Quanta  electron microscope (120 kV  Philips)
located at Microscopy Center — UFMG or with an EM 10 Zeiss
electron microscope (80 Kv) located at CAPI (ICB — UFMG).

TEM image analysis

NM]Js of interest were selected based on the presence of
junctional folds in the postsynaptic membrane. Single sections
through NMJs of interest were traced and the terminal areas
(cross section area of each nerve terminal), postsynaptic
junctional folds length and SV number were determined. SV
distribution was evaluated by quantification of the vesicles located
at different distances from the active zone within the selected area
(small and big circle), as previously described [19,20] and vesicles
counted were marked to prevent their recounting. Vesicles within
50 to 300 nm of the presynaptic membrane were counted in
50 nm bins. We have defined active zone as presynaptic regions
immediately opposed to postsynaptic fold within 300 nms from
the plasma membrane. Vesicle circumference was measured
using the equation 27 [(d,*+d,”)/2]"™” considering the longest
diameter (d1) and the diameter at right angles (42) [8]. SVs shape
was determined using the equation: shape factor = (4x m x
area)/(perimeter)”. This parameter reaches a maximum of 1 for a
circular object [21]. All image analysis in this study was
performed “blind” in the sense that the person performing the
analysis did not know what genotype or treatment the sample had
received.

Statistical Analysis

Image analysis was performed using the program Image J
(Wayne Rasband, National Institutes of Health, USA) or Image-
Pro Plus® 4.0 (4.5 (Media Cybernetics, Silver Spring, MD, EUA)
or AxioVision 4.8 (Carl Zeiss). Data were analyzed in Microsoft
Excel and plotted using the program SigmaPlot 10.0 (SyStat
Software) or GraphPad Prism 4 or Igor (Wavemetrics). The
averages = standard error of the mean (SEM) from each group
were calculated and compared. Statistical significance was
evaluated using the paired or un-paired Student’s #test or the
Komogorov-Smirnov test, as described in the text. Values of
P<0.05 were considered significant.
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Results

Previous studies from our research group showed that
internalization of FM1-43 by motor terminals of VACh'T KDHOM
mice and WT controls in response to electrical stimulation is very
similar, suggesting that endocytosis is not affected in VAChT
KD"M mice [9]. Likewise, internalization of FM1-43 by NM]s of
VAChT*"*! mice indicates the existence of bulk SV recycling
even in the absence of this transporter [3]. To further investigate
the recycling and distribution of SV from the readily releasable
pool (RRP) in nerve terminals from diaphragm muscle of VAChT
KD"M mice we used hypertonic sucrose (500 mM) as a stimulus
[22]. Hypertonic extracellular solution has been shown to increase
the frequency of MEPPs at the frog and rat NMJs [23,24,25,26].
The mechanism behind this increase is still unknown, however, it
has been described that hypertonicity does not require Ca®" influx
or release from internal stores and may facilitate fusion of docked
vesicles [22,27]. Figures 1A and 1B show two representative traces
of MEPPs measured from diaphragm neuromuscular preparations
of VAChT WT and KDHOM respectively, at the end of
10 minutes in the presence of hypertonic sucrose solution
(500 mM). Before hypertonic solution, MEPPs frequencies were:

JAChT WT (0.4+0.1 s ') and VAChT KD"™ (0.7+0.1 5"
(mean = SEM). Application of hypertonic solution increased
MEPPs frequency in both WT and VAChT KDHOM prepara-
tions. In WT, the increased frequency was sustained for
ten minutes. In contrast, MEPPs frequency in VAChT KDHOM
decreased steadily from the peak. After 10 minutes of hypertonic
stimulation, the MEPPs frequency in VAChT WT was
16.£3.7 times the pre-stimulation frequency whereas in VAChT
KDHOM frequency was only 3.1%0.8 times the pre-stimulation
value (Figure 1C — p<<0.05; unpaired Student’s #test; 4 muscle

fiber for each genotype). Before hypertonic solution, MEPP

amplitude was: VAChT WT (1.120.2 mV) VAChT KD"OM
(1.L0Z£0.2 mV) (mean = SEM). Application of hypertonic solution
decreased MEPP amplitude in the mutants but not in WT. The
decrease in amplitude in VAChT KD"OM yyas seen as soon as the
first minute, where MEPP amplitude was 0.620.1 mV (Figure 1D
— p<0.05; paired Students #test; 4 muscle fiber for each
genotype). These data suggest that during hypertonic stimulation,
vesicle filling cannot keep up with release and VAChT KDHOM
mutants release partially filled vesicles. The decrease in frequency,
which occurs later, may reflect either reduced release or release of
empty vesicles. If the latter, it suggests that vesicles filling occurs in
at least two stages.

One potential mechanism to explain these results is that some
synaptic vesicles in the RRP of VAChT KDHOM mice have low
levels of neurotransmitter that make them mvisible for electro-
physiology recordings. A second potential mechanism is that in the
absence of VAChT, a population of SVs in the RRP is impaired.
To determine which of these two potential mechanisms are
involved with reduced MEPP frequency in VAChT KD OM mice
in response to hypertonic stimulation, we initially measured
internalization of FMI1-43fx to evaluate endocytosis under this
condition. Figures 1E1 and E4 show representative images of
diaphragm nerve terminals labeled with FM1-43 fx from VAChT
WT and VAChT KDHOM mice, respectively. When we measured
fluorescence intensity, we observed that the presynaptic terminals
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Figure 3. VAChT KD"°™ NMJs have normal morphology but altered SVs distribution in the absence of stimulus. A and B-
Representative images of nerve terminal profile from VAChT WT and VAChT KD"™ mice in the absence of stimulation showed a altered SVs
distribution from the active zone within the circles: 50 and 300 nm from the membrane, small and big circles respectively. Scale bar =500 nm.
Magnification 50.000x. C- Graph showing the area of the presynaptic terminals in um?, D- Graph comparing the total postsynaptic membrane lenght
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{um). E - Graph of the ratio SVs/area of presynaptic terminal in umz. F- Graph showing the average number of 5Vs located at different distances from
the presynaptic active zones. G and H- Four serial sections of the profile of NMJs of VAChT WT (G1-G4) and VAChT KpHeM (H1-H4) mice showing the

altered SVs distribution in the active zone (* represent depletion areas of SVs) of motor terminals of VAChT K

D"°M in the absence of stimulus. Scale

bar =500 nm. Magnification 50.000x. (n=5 individual animals per genotype. * p<<0.05).

doi:10.1371/journal.pone.0078342.g003

of VAChT KDHOM showed decreased fluorescent signal when
compared to terminals from VAChT WT mice [WT =4587%
4190 AU. (mean * SEM); KD"M=3160+2.809 AU
p=<<0.05; unpaired Student’s #-test], suggesting that recycling of
SVs of the RRP in VAChT KD might be reduced (Figure 1F
— quantification of 1248 and 572 presynaptic nerve terminal in
WT and KDV, respectively; n =3 mice per genotype). Because
hypertonic stimuli recruit a small number of SVs, FMI1-43 fx
internalization and fluorescence levels of presynaptic terminals are
reduced in both genotypes. So to ensure that the measurement of
fluorescent signal was really occurring at the nerve terminals level
we performed the labeling of postsynaptic nAChR clusters with a-
bungarotoxin to identify the precise location of the presynaptic
terminals. Figures 1E2 and E5 show representative images of
diaphragm postsynaptic nAChR clusters labeled with #-bungaro-
toxin-Alexa 594 from VAChT WT and VAChT KDHOM mice,
respectively. We observed that fluorescence intensity of postsyn-
aptic elements was similar between genotypes [WT =56.21%
4088 AU. (mean *+ SEM) KD"OM=5067+5285 AU,
p = 0.4535; unpaired Student’s #-test] (Figure 1G —quantification
of 1814 and 1609 postsynaptic nAChR clusters in WT and
KDHO'“, respectively; n= 3 mice per genotype). Figures 1E3 and
E6 show the colocalization of pre and postsynaptic elements in
diaphragm muscle from VAChT WT and VAChT KD"™ mice,
respectively.

To precisely determine whether the NMJ of VAChT KDHOM
mice show reduction in the number of SVs from RRP when
submitted to hypertonic stimulation, we used transmission electron
microscopy. Ultrastructural analysis showed a reduction in the
total number and altered distribution of SVs in presynaptic nerve
terminals from VAChT KD animals compared to WT
(Figure 1H and 1I — small and big circles standing for synaptic
vesicles located within 50 and 300 nm from the plasma membrane
respectively). Morphometric analysis confirmed that the total
number of SVs/pm® was significantly reduced in VAChT
KDHOM mice (17.0+0.0 SVs) when compared to WT controls
(27.0£1.0 SVs) (Figure 1] — p<<0.01, unpaired Student’s #test).
Additionally, we analyzed the distribution of SVs in motor nerve
terminals of VAChT KD"™ mice after sucrose stimulation and
found a altered distribution of SVs located near the presynaptic
active zones when compared with VAChT WT mice (Figure 1K —
250 nm: WT =5.0 SVs (mean), KD"M =40 SVs; 300 nm:
WT =6.0 SVs, KDHOM =4 0 SV, p=<<0.05, unpaired Student’s +
test; 15 nerve terminal profiles per genotype; n=3 mice per
condition).

We next investigated at the EM level, the distribution and
recycling of SVs in diaphragm nerve terminals of VAChT
KD"™ mice after electrical stimulation (20 Hz/5 min). We
observed an altered distribution of SVs near the presynaptic active
zones from NMJs of VAChT KDHOM | igure 2A and 2B — small
and big circles standing for synaptic vesicles located within 50 and
300 nm from the plasma membrane respectively). However, we
did not observe any difference in the total number of SVs/pm?* of
terminal between genotypes (Figure 2C — WT =29.0%4.0 SVs
[mean * SEM]; KDHOM =99,0+3.0 SVs; p=0.05; unpaired
Student’s ftest; 15 nerve terminals profile per genotype; n=3
mice per genotype), confirming our previous observation that SV
recycling evoked by electrical stimulation is normal in VAChT
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KDMOM nerve terminals [9]. Quantitative analysis confirmed that
the NMJs of VAChT KD"™ mice exhibited an altered
distribution of SVs located at different distances from presynaptic
active zone after electrical simulation when compared with the

'AChT WT mice [Figure 2D — 50 nm: WT = 3.0 SVs (mean),
KD"OM =20 SVs; 100 nm: WT =4.0 SVs, KDHM =30 8Vs;
150 nm: WT =6.0 SVs, KD =40 SVs; 200 nm: WT =8.0
SVs, KDHOM =5 0 SVs; 250 nm: WT = 9.0 SVs, KDFM =60
SVs; 300 nm: WT =11.0 SVs, KDHOM =6.0 SVs; p<0.05,
unpaired Student’s -test; we analyzed 15 nerve terminals profiles
per genotype; n =3 mice per genotype|. Figures 2E and 2F show
four serial sections (50 nm thick) of NMJs of VAChT WT (E1-E4)
and VAChT KD"OM (F1-F4) mice after electrical stimulation
(20 Hz/5 min), respectively. These serial sections of NM]Js of

JAChT KD"OM animals illustrate the altered distribution of SVs
in the presynaptic terminals of the diaphragm muscle after
electrical simulation (Figure 2— F1-F4 — asterisks represent areas
depleted of SVs near the plasma membrane).

We also looked at the ultrastructure of motor endplates from the
diaphragm of VAChT KD"°™ and WT mice in absence of
stimulation. We found that the NMJs of VAChT KD"™ and
WT mice presented a very similar morphology, regarding terminal
area, postsynaptic length and total number of SVs (Figure 3A and
3B- small and big circles standing for synaptic vesicles located 50
and 300 nm from the plasma membrane respectively). Morpho-
metric analysis showed that there was no difference in the surface
area of merve endings (cross section area of nerve terminals)
comparing VAChT WT (3.635%0.4854 um?) and VACHT
KDMOM  mice (3.601+0.6639 pm?) (Figure 3C — p=0.05;
unpaired Student’s #test; 25 nerve terminals per genotype; n=>5
mice per condition). We also measured the length of the
postsynaptic junctional folds considering possible compensatory
changes in muscle cell due to the cholinergic deficit, but no
differences were observed between genotypcs (Figure 3D -WT =
15.96+1.458 pm [mean = SEM]: KD"™ =1451+1.377 pm;
p=0.05; unpaired Student’s +test; 25 nerve terminals profile per
genotype; n=5 mice per genotype).

Considering that VGLUT1 KO mice exhibit a reduction in the
number of SVs in non-stimulated glutamatergic nerve terminals
[28], we asked whether the decreased VACHT levels could have a
similar effect in the number of SVs in cholinergic motor terminals.
However, we observed no difference in the total number of SVs/
pum” of terminal between VAChT WT (25.0%3.0 SVs [mean =
SEM]) and VAChT KDHOM (96.0£2.0 SVs) in the absence of
stimulation (Figure 3E — p>0.05; unpaired Student’s f-test; 25
nerve terminal profiles per genotype; n =5 mice per genotype).

However, quantitative analysis showed an altered distribution of
SVs located at different distances from the presynaptic active zone
in VAChT KD when compared to VAChT WT mice in the
absence of stimulation [Figure 3F —50 nm: WT = 6.0 SVs (mean),
KDHOM =30 SVs; 100 nm: WT =12.0 SVs, KDHOM =60
SVs: 150 nm: WT = 17.0 SVs, KD"™ =9.0 SVs; 200 nm: WT
=23.0 SVs, KDHOM =140 SVs; 250 nm: WT =29.0 SVs,
KDHOM =17.0 SVs; 300 nm: WT = 35.0 SVs, KD"M =20.0
SVs; p<<0.05, unpaired Student’s t-test; (25 nerve terminals profiles
per genotype: n = 5 mice per genotype)]. Figures 3G and 3H show
four serial sections (50 nm thick) of unstimulated NMJs of VAChT
WT (G1 — G4) and VAChT KDHOM (H1-H4) mice, respectively,
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Figure 4. SVs morphology in nerve terminal from VAChT KD"°™ mice is influenced by neurotransmitter content. A and B -

Representative images of nerve terminal profile from VAChT WT and VAChT KD"®M mice after electrical stimulation (20 Hz for 5 minutes). Scale bar
=500 nm. Magnification 50.000x. C- Representative image of nerve terminal profile from diaphragm muscle of WT mice after treatment with (*)-
vesamicol (4 uM) during electrical stimulation (3Hz/20 min). Scale bar =500 nm. Magnification 50.000x. D- Graph showing the average number of
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SVs located at different distances from the presynaptic active zones (n=3 individual animals for condition. * p<<0.05, ** p<<0.01; *** p<<0.0001). E-

Frequency histogram of SVs circumference measured from sections of NMJs from diaphragm of VAChT WT and VAChT K

HOM - ;
D mice after electrical

stimulation and WT mice after treatment with (*)-vesamicol. F- Cumulative probability 8!,10': of the data in (E). (n=3 individual animals per

experimental condition). G- Frequency histogram of SVs shape VAChT WT and VAChT KD

H R . N . .
mice after electrical stimulation and WT mice after

treatment with (*)-vesamicol. H- Cumulative probability plot of the data in (G). (n =3 individual animals per experimental condition).

doi:10.1371/journal.pone.0078342.g004

which allows a more accurate monitoring of the distribution of
SVs in motor terminals. Altered distribution of SVs near active
zones in nerve terminals of VAChT KDHOM does not account for
a change in the total number of vesicles (Figure 1E), probably
because the SVs near active zones represent only a small fraction
of the total number (about 500,000) of vesicles present in motor
terminals of vertebrates [29].

The size and shape of SVs and specialized secretory granules
can be influenced by changes in neurotransmitter transporter
expression or by the amount of transmitter stored. For instance,
overexpression or reduced expression of VGLUT in Drosophila
NMJs determine an increase or decrease in the diameter of SVs,
respectively [30,31]. Increased vesicular loading is coupled with an
increase in specialized secretory vesicle volume [32,33]. Addition-
ally, the morphology of SVs also seem to correlate with
neurotransmitter filling [8,34]. Consistent with these findings, in
the present work we observed that NMJs of VAChT KDHOM mice
show numerous vesicles with irregular morphology (flattened and
elliptical) (Figure 4). To test whether the change in shape of SVsin
motor terminals of VAChT KD"™ mice occurs due to a
reduction m ACh quantal content, we compared the circumfer-
ence and shape of SVs of motor terminals from VAChT WT
(Figure 4A), VAChT KDHOM mice (F igure 4B) and WT mice
treated with (Z)-vesamicol (Figure 4C), a VAChT blocker
[35,36,37]. Quantitative analysis show a similar total number of
SVs in nerve terminals of VAChT KD"™ VAChT WT (non-
treated) and WT treated with ()-vesamicol (not shown).

Additionally, we analyzed the distribution of SVs in motor
terminals of VAChT KDH™ (non-wreated) and found a altered
distribution of SVs located at different distances from presynaptic
active zone when compared with the WT weated with (Z)-
vesamicol [Figure 4D — 50 nm: KD"M =1.0 SVs (mean),
Vesamicol =2.0 SVs; 100 nm: KDHOM =30 SVs, Vesamicol
=5.0 SVs; 150 nm: KDHOM =40 SVs, Vesamicol =8.0 SVs;
200 nm: KD"OM =50 SVs, Vesamicol =12.0 SVs; 250 nm:
KDHOM =60 SVs, Vesamicol =14.0 SVs; 300 : KDHOM =60
SVs, Vesamicol = 16.0 SVs; p<<0.05, unpaired Student’s #-test; we
analyzed 15 nerve terminals profiles per genotype; n =3 mice per
condition|. However, we observed that nerve terminals from

AChT KD"M exhibited SVs slightly smaller (224.0+1.0 nm)
than those from VAChT WT (226.021.0 nm) (p<<0.05; Kolmo-
gorov-Smirnov test). We also observed that nerve terminals from
WT treated with (#)-vesamicol presented even smaller SVs
(203+2.0 nm) compared to VAChT KDHOM and VAChT WT
mice (p<<0.0001; Kolmogorov-Smirnov test. Figure 4E and 4F —
712 vesicles for WT and KD and 724 vesicles for vesamicol
from 15 nerve terminal profiles for each experimental condition;
n = 3 mice per condition). Furthermore, NMJs from both VAChT
KDHM pon-treated and WT mice treated with (+)-vesamicol
showed a reduced number of SVs with spherical shape when
compared with VAChT WT (non-treated) (p<<0.0001; Kolmo-
gorov-Smirnov test. Figure 4G and H —1104 vesicles for WT and
KD and 1193 vesicles for vesamicol from 15 nerve terminal
profiles for each experimental condition; n =3 mice per experi-
mental condition). These results suggest that the distribution and
morphology of SVs in motor terminals from diaphragm NM]J of
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JAChT KDHOM mice may be related to level of VAChT
expression and ACh storage, respectively.

Discussion

In this study, we investigated the impact of reduced expression
of VAChT on the morphology of NMJs from the diaphragm
muscle of VAChT KD"®™ adult mice. Using transmission
electron microscopy we found that the synaptic elements of NMJs
exhibited normal overall morphology concerning presynaptic
terminals size, total number of SVs per terminal and postsynaptic
membrane length, when compared with VAChT WT. Consider-
ing that ACh coordinates synaptic maturation [1,3,38,39], our
results suggest that reduced expression of VAChT ensures a
minimal level of ACh release which is sufficient to maintain the
development and normal formation of neuromuscular synapses in
VACHT KD"™ mice. Differently, VAChT**? or ChAT KO
mice exhibit abnormal development of NM]Js, showing increase in
motoneurons and nerve terminals number, dilated motor end-
plates, profusion of ACh receptors in the proximity of nerve
terminals, multiple synaptic sites on individual myotubes; hyper-
innervation of individual synaptic sites and decreased number of
junctional folds in the postsynaptic membrane [1,2,3].

A new finding of this study relates to our results using
hypertonic sucrose to stimulate SV recycling from the RRP in
motor nerve terminals from diaphragm of mice with cholinergic
deficit. We found that VAChT KD mice exhibit reduced
MEEP frequency and amplitude during hypertonic stimulation.
Furthermore, we observed a reduction in FM1-43fx staining in
these mice, compatible with the reduction in the total number of
SVs revealed by ultrastructural analysis when compared to WT.
Hypertonic extracellular solution increases MEPP frequency at the
vertebrate NM]J [23,24,25,26]. Although the mechanism for such
enhancement is unknown, there are evidences suggesting that this
stimulus does not require Ca”™ influx or release from internal
stores and consists of a calcium-independent neurotransmitter
release that mobilizes specifically the RRP [22,27]. Therefore, our
results suggest that, at least to hypertonic stmulation, the
reduction in the MEPPs frequency does not occur only by
competition between empty and filled vesicles [10], but also by
considerable defect of SVs recycling from RRP.

The NM]J of vertebrates has a total vesicle pool of about
500,000 vesicles [29], which are divided into three pools showing
distinct functional properties: the readily releasable pool (RRP),
the recycling pool (RP) and the resting pool (R,P), according to the
proposal for unifying terminology [40]. Aside from differences in
spatial location, no other ultrastructural features clearly distinguish
the SVs pools within a presynaptic terminal [29,40]. Thus, subtle
changes of SV distribution in motor terminals of VAChT KD"OM
would not be perceived during FM1-43 staining when considering
the existence of such a large total pool. However, our ultrastruc-
tural data show altered SV distribution near active zones in
hypertonically stimulated (Figure 1), electrically stimulated
(Figure 2) and non-stimulated nerve terminals (Figure 3), suggest-
ing a defect in vesicle mobilization in VAChT KD OM mice
compared to WT. An elegant study performed in primary cultures
of neonatal rat hippocampal neurons [41] suggested that SVs
undergo alterations, or maturation processes that result in the
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reduction of their mobility and in their clustering into a preexisting
pool. Interestingly, our data shows that synaptic vesicle distribu-
tion near the active zone in vesamicol treated WT mice differs
from VAChT KDHOM F igures 4D). Based on this and the afore
mentioned work in hippocampal neurons [41], we suggest that a
change in the number of copies of VAChT per synaptic vesicle in

TAChT KDHO'“, may signal an immature state of cholinergic
SVs and make them less mobile early, resulting in reduction in the
clustering of SVs in individual pools and reduced interconversion
of vesicles between pools [29,40,42].

Another possibility to explain the change in the SVs distribution
in motor nerve terminals of VAChT KD ™ mice could lie in the
fact that changes in VAChT expression may impair the expression
of proteins that regulate vesicle mobility and thereby impair the
formation of vesicular pools or result in dispersion of vesicles.
Some studies have shown a correlated expression between proteins
involved with SVs mobility and vesicular neurotransmitter
transporter from the central nervous system, especially to
VGLUT-1, VGLUT-2 and VGAT [28,43], but not VAChT
[43]. However, it would be reasonable that presynaptic proteins
could regulate the mobility of SVs in motor terminals of VAChT
KDHOM, through the interaction with the VAChT. Future studies
could focus on the mechanisms of interaction between VAChT
and other presynaptic protein and the consequences of reduced
expression of this transporter for the formation of SVs pools.

Another important finding of this work relates to the observed
alteration in morphology of SVs from NM] of VAChT KD"OM
mice. Considering that VAChT KD"™ animals have a reduction
in the number of copies of the transporter in the SVs membrane
and that they exhibit reduced quantal ACh content [10], we
hypothesized that the change in meorphology of SVs is a
consequence of the reduced filling with ACh. To test this
hypothesis we compared circumference and shape of SVs from
NM]J of VAChT KD" OM mice and WT treated with vesamicol, a

'ACHhT blocker [35,36,37]. Ultrastructural analysis revealed that
the pharmacological inhibition of VAChT also changes the
morphology of SVs.

The relationship between SVs size and changes in quantal
acethylcholine content has been investigated specially at cholin-
ergic nerve terminal from the frog NMJ [8]. At the NMJ
cholinergic SV recycling continued to occur in nerve terminals
stimulated in the presence of vesamicol, showing that transport of
ACh mto recycled vesicles is not a requisite for repeated SV cycle
[44]. Experiments using hypertonic gluconate and aspartate
solution to increase quantal size showed an increase in the size
of MEPPs that was not accompanied by changes in SV size [8]. In
addition, vesicle size was not substantially decreased when the
quantal content was reduced by treatment with hemicholinium
(inhibitor of choline uptake) or NH, " (which diminishes the proton
gradient for ACh uptake into the vesicles). However, treatment
with vesamicol induced a decrease in vesicle size [8], which agrees
with our findings from mice with reduced VAChT expression and
treated with vesamicol described in Figure 4. Interestingly,
previous work suggested that vesamicol may be altering vesicle
size by a mechanism other than inhibiting VAChT [8], but our
data showing changes in circumference and shape in VAChT
KDHOM and vesamicol treated nerve terminals indicate that this
might not be the case at least in the mice NM]J.
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